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Introduction 

Japanese encephalitis (JE) is a zoonotic and mosquito-borne viral disease caused 
by the JE virus (JEV) belonging to the genus Flavivirus in the family Flaviviridae. 
Since the first clinical case of JE was reported in Japan in 1871, human JEV infec-
tions have been reported in 24 countries, including Australia and most Asian 
countries, such as China, Korea, and India [1–4]. In the Korean veterinary field, 
JEV has been identified in mosquitoes, pigs, and seals, since it was first isolated 
from pigs in 1969 [5,6]. The JEV genome encodes 3 structural proteins—the cap-
sid, precursor membrane, and envelope E proteins—and 7 non-structural pro-
teins—NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5. Among the 3 structural 
proteins, the E protein plays key roles in virulence and the induction of neutraliz-
ing antibodies (Abs) [7]. Although only one JEV serotype exists, on analyzing the 
nucleotide sequence of the genomic RNA, it is divided into 5 genotypes (G1–G5) 
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Abstract

Japanese encephalitis virus (JEV) is a mosquito-borne virus that can infect pigs, 
horses, and other mammals, including humans. Sero-epidemiological investigations 
of JEV have been performed using hemagglutination inhibition (HI), virus neutral-
ization (VN) tests and enzyme-linked immunosorbent assay (ELISA). A need exists 
for a new ELISA that can detect JEV antibodies in the sera of several animal species. 
We aimed to develop a blocking ELISA (B-ELISA) for detecting JEV antibodies in 
pig and horse serum samples. JEV antibodies in 218 pig and 315 horse serum sam-
ples were measured using HI and VN tests. The purified KV1899-306 strain was 
used as an antigen for B-ELISA. The purified antibody (7A13) was conjugated with 
horseradish peroxidase and used as a detector antibody. The sera of pigs and horses 
to measure antibody against JEV were subjected to B-ELISA and analyzed. The 
B-ELISA had a diagnostic sensitivity of 94.6% to 100%, a specificity of 91.2 to 100%, 
and an accuracy of 94.9 to 98.6% compared with those of the HI and VN tests in 
pig and horse sera. The B-ELISA had a higher correlation with pig sera (r = 0.89 
and 0.90 for VN and HI) than with horse sera (r = 0.75 and to 0.79). The new 
B-ELISA could be useful in the sero-surveillance of JEV in pig and horse sera and 
replace indirect ELISA. 
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[8]. In South Korea, the genetic shift of JEV from G3 to G1 oc-
curred in the late 1990s, and around 2010, G5 appeared and be-
came the dominant genotype [5,6,9]. Although clinical signs of 
JEV infection in pigs serving as amplification hosts in the natu-
ral transmission of JEV are generally mild, JEV causes repro-
ductive failure, such as abortion or still-birth in sows and fatal 
neurological disease in piglets [10]. Most horses infected with 
JEV are usually asymptomatic, but horses that develop clinical 
signs show fever, a decreased appetite, and neurological signs, 
such as circling and convulsion [11]. To prevent the resurgence 
of JE in animals in South Korea, annual serological monitoring 
has been performed using horse and pig serum. Other animals, 
including  cattle, dogs, and goats, can be infected by mosquitoes 
carrying JEV [10]. The incidence and risk of JEV infection are 
increasing in several animals with global warming; however, se-
rological studies to detect JEV Abs in several animal species are 
lacking in South Korea. 

JEV Abs can be measured in serum samples through several 
methods. Hemagglutination inhibition (HI), the complement 
fixation test (CFT), virus neutralization (VN), the plaque reduc-
tion neutralization test (PRNT), and the enzyme-linked immu-
nosorbent assay (ELISA) are standard methods for detecting 
JEV Abs in animals [12]. CFT is difficult to use because of its 
low sensitivity. Although the VN, PRNT, and HI tests are accu-
rate and useful for measuring JEV Abs, they must be performed 
by skilled technicians and are unsuitable for large-scale serum 
screening. Therefore, a relatively simple assay, such as ELISA, is 
preferred to test a large number of sera samples. The general 
advantages of ELISA are that it does not require handling of live 
JEV in a biosafety cabinet, is fast and simple, and requires a 
small amount of serum [13]. Immunoglobulin (Ig) M-ELISAs 
have been developed for diagnosing recent JEV infections in 
humans and horses [14,15]. Blocking ELISA (B-ELISA) using 
the NS1 protein has been reportedly used to confirm field JEV 
infection in animals that were not vaccinated or inoculated with 
an inactivated vaccine [16]. In South Korea, where live JEV vac-
cine has been applied to animals, commercialized ELISA kits 
for serological monitoring of JE in several animal species are 
rare. 

Previously, we reported that indirect ELISA (I-ELISA) had a 
sensitivity (91.8%–95.0%) and specificity (92.2%–94.7%) com-
pared with those of the HI, VN, and PRNT tests [17]. The 
I-ELISA kit, which is economical and highly sensitive, was de-
veloped and commercialized to detect only JEV Abs in pig se-
rum. In this study, we developed B-ELISA, which has the ad-
vantage of being applicable to sera from various animals be-
cause JEV transmitted by mosquitoes can cause disease in sev-

eral animals. Since pigs and horses are continuously vaccinated 
in areas where JE is endemic, the use of B-ELISA will contribute 
to preventing JE infections by rapidly monitoring JE Abs. 

Materials and Methods 

Cells, viruses, and serum samples 
C6/36 cells (Aedes albopictus clone, ATCC CRL-1660) were 

cultured in Dulbecco’s modified Eagle’s medium supplemented 
with 100 IU/mL penicillin, 10 μg/mL streptomycin, 0.25 μg/mL 
amphotericin B (Gibco BRL, USA), and 10% heat-inactivated 
fetal bovine serum (Gibco BRL) at 29°C in a CO2 incubator. 
The C6/36 cells were used to propagate and titrate the KV1899-
306 strain (KVCC no: VR2300018), which was passaged 306 
times in various cells after isolation from pig sera. Vero cells 
(African green monkey kidney cells, ATCC CCL-81) were also 
used for an immunofluorescence assay (IFA) and the VN test. 
In total, 218 pig serum samples were collected from pig farms 
and 315 horse serum samples were collected from the Korea 
Racing Authority, for regular equine serum testing, in 2021. 
Whether the pigs or horses from which blood was collected 
were vaccinated against JE is unknown. All serum samples were 
subjected to VN and HI tests and B-ELISA. Positive serum 
samples for classical swine fever virus (CSFV), porcine respira-
tory reproductive syndrome virus (PRRSV), swine influenza vi-
rus (SIV), equine influenza virus (EIV) and West-Nile virus 
(WNV) included in commercialized ELISA kits were used for 
cross-reactivity. 

Growth kinetics 
The growth kinetics of the KV1899-306 strain was examined 

to determine the optimal harvest date for the C6/36 cells. Ex-
cept for the use of different types of cells, the procedure was 
performed as previously described [18]. The viral titers of the 
KV1899-306 strain were determined in accordance with the 
standard method of Reed and Muench [19] and expressed as 
the 50% tissue culture infectious dose (TCID50/mL).  

Propagation and purification of the KV1899-306 strain 
The C6/36 cells planted in 175 cm2 cell culture flasks were in-

fected with the KV1899-306 strain at a multiplicity of infection 
of 0.1. After incubation at 29°C for 4 days, the infected cells 
were frozen and thawed 3 times. JEV was purified using discon-
tinuous sucrose gradient centrifugation, as described previously 
[17]. The purified JEV antigen concentration was determined 3 
times using a NanoDrop 1000 UV/Vis spectrophotometer 
(Thermo Fisher Scientific, USA). Viral particles in the purified 
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JEV were observed by electron microscope.  

Characterization and conjugation of mAb 7A13 
A monoclonal Ab (mAb; 7A13, Korean Collection for Type 

Cultures [KCTC] no: 18999P) against JEV was characterized 
using the indirect fluorescence assay, HI test, and western blot 
(WB) assay. For the IFA of 7A13, the Vero cells infected with 
the KV1899-306 strain were fixed, reacted with the mAb, and 
examined under a 100 ×  fluorescence microscope (TE2000-U; 
Nikon Instruments, Japan). The HI test for 7A13 was per-
formed according to the standard method [20]. For the WB as-
say, the purified JEV antigen was dissolved in sodium dodecyl 
sulfate-polyacrylamide gel sample buffer. The JEV antigen 
transferred to a nitrocellulose paper electrophoretically and re-
acted with the mAb (7A13). The blots were developed using the 
BCIP/NBT (Invitrogen, USA) substrate. The purified mAb 
7A13 was conjugated with horseradish peroxide (HRP), as de-
scribed previously [21]. The 7A13-HRP conjugate measured 3 
times was used as the detector Ab for B-ELISA. 

HI and VN tests 
Before conducting the HI and VN tests, all serum samples 

were inactivated in a water bath at 56°C for 30 min. The HI and 
VN tests were performed as reported previously [17]. The HI 
titer of JEV was expressed as the reciprocal of the highest serum 
dilution that showed complete HI. An HI titer of 1:10 or higher 
was considered positive. The VN antibody (VNA) titer of JEV 
was expressed as the reciprocal of the highest serum dilution 
that completely inhibited the viral cytopathic effect (CPE). The 
serum was diluted 1:2 to 1:256. A VNA titer ≥  1:2 was consid-
ered positive. 

Optimization and application of B-ELISA 
The checkerboard titration method was used to determine 

the optimal viral antigen concentration, serum dilution factor, 
and concentration of the 7A13-HRP conjugate. A 96-well mi-
croplate (Corning, USA) was coated with 100 μL of purified 
JEV antigen in carbonate buffer (pH 9.6) and incubated at 4°C 
overnight. After incubation, the solution was discarded, and the 
microplate coated with the JEV antigen was blocked with 1% 
casein solution. The purified JEV antigen at 3 concentrations (1 
μg/mL, 2 μg/mL, and 4 μg/mL); serum panel samples at 3 dilu-
tions (1:5, 1:10, and 1:20); and 7A13-HRP conjugate at 3 con-
centrations (0.5 μg/mL, 1 μg/mL and 1.5 μg/mL) were used to 
determine the optimal conditions for B-ELISA. The plate was 
washed with phosphate saline solution containing 0.05% Tween 
20. After washing, 100 µL of 3,3',5,5'-tetramethylbenzidine 

(TMB) solution and 50 µl of 0.5 M sulfuric acid were used as 
substrate and stop solutions, respectively. The absorbance at 450 
nm was measured using an ELISA reader (Sunrise; Tecan, Swit-
zerland). The percentage inhibition (PI) was calculated as fol-
lows: PI =  (1 − absorbance value of the sample/absorbance val-
ue of the negative sample) ×  100. The serum samples were 
evaluated as positive if the PI was >  40 in the pig serum and 
> 30 in the horse serum. Calculations of specificity, sensitivity, 
and accuracy were performed using a previously reported 
method [17].  

Statistical analysis  
A linear regression analysis (least-squares method) was used 

to determine the correlation coefficient (r value) between the 
absorbance of B-ELISA and the HI or VNA titer. The r value 
was automatically calculated using the Excel ver. 2010 software 
(Microsoft Corp., USA). 

Results 

Propagation and purification of the KV1899-306 strain 
The KV1899-306 strain exhibited unique CPEs (Fig. 1A) and 

was subjected to growth kinetics tests to determine the optimal 
harvest time. The viral content harvested daily for 7 days was 
determined in 96-well microplates. As shown in Fig. 1C, the 
KV1899-306 strain propagated in the C6/36 cells had the high-
est viral titer (107.0 TCID50/mL) at 4 and 5 days post-inoculation 
(DPI). Therefore, the optimum harvest time for the KV1899-
306 strain was determined to be 4 DPI. The JEV antigen of the 
KV1899-306 strain for the new B-ELISA was purified by su-
crose gradient centrifugation after concentration with PEG-
8000. The purified antigen containing 0.98 mg/mL was ob-
served under an electron microscope, which revealed spherical 
viral particles 50 to 60 nm in diameter (Fig. 1D). 

Characterization of the JEV-specific Ab 
The 7A13 hybridoma secreting specific JEV Abs was propa-

gated, and its activity was identified using the IFA, HI test, and 
WB assay. As shown in Fig. 2A–C, mAb 7A13 showed intracy-
toplasmic fluorescence in the JEV-infected Vero cells and had 
an HI titer of 1:20. In the WB assay, mAb 7A13 specifically re-
acted with the 54 k Da JEV E protein (Fig. 2D). The ascites fluid 
produced by BALB/c mice inoculated with 7A13 hybridoma 
was purified with a protein G column, and the concentration of 
the purified Ab was 2.6 mg/mL. 
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Fig. 1. Cytopathic effect of KV1899-306 strain that was infected into C6/36 cells (A) and normal cells (B), growth kinetics of KV1899-
306 strain (C) and virus particles of KV1899-306 strain (D). Scale bars: (A, B) 100 μm.
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Fig. 2. Confirmation of Japanese encephalitis (JEV)-specific monoclonal antibody 7A13 using immunofluorescence assay (A, B), hem-
agglutination inhibition (HI) (C), and western blot assay (D). Scale bars: (A, B) 100 μm. M, protein ladder; lane 1, purified JEV antigen. 
Monoclonal antibody 7A13 shows specific intracytoplasmic fluorescence in the Vero cells infected with JEV KV1899-306 strain and has a 
HI titer of 1:20. In the western blot assay, it reacts to the JEV E protein (54 k Da).
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100 μm 100 μm
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Optimization of B-ELISA 
The JEV antigen was tested at 3 concentrations to determine 

the optimal coating concentration. As shown in Fig. 3A, the 2 
μg/mL JEV antigen had the highest negative serum/positive se-
rum (N/P) value (1.29). The serum samples diluted to 1:5, 1:10, 
and 1:20 were tested to determine the optimal serum dilution 
rate; 1:10 had the highest N/P value (2.23) and was selected as 
the serum dilution rate (Fig. 3B). The 7A13-HRP conjugate 

concentration had the highest N/P value (1.69) at 1 μg/mL 
among the 3 concentrations (Fig. 3C). 

Correlation and application of the serologic assay 
The absorbance value from B-ELISA was compared with 

those of the titers of VN and HI using 218 pig serum samples 
and 315 horse serum samples to evaluate its diagnostic reliabili-
ty. In Figs. 4 and 5, correlations between the PI% of B-ELISA 
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Fig. 3. Determination of the purified Japanese encephalitis (JEV) antigen concentration (A), serum dilution factor (B) and 7A13-horserad-
ish peroxidase (HRP) conjugate concentration (C) for establishing blocking enzyme-linked immunosorbent assay (ELISA) on the basis of 
the negative serum/positive serum (N/P) absorbance value using the horse sera. The highest N/P values were used to determine the opti-
mal antigen concentration (2.0 μg/mL), serum dilution (1:10), and 7A13-HRP conjugate concentration (1 μg/mL) for the blocking ELISA.

Fig. 4. Correlation between the VNA (A) and hemagglutination inhibition (HI) (B) titer and percent inhibition of blocking enzyme-linked 
immunosorbent assay (ELISA) for detecting Japanese encephalitis (JEV) antibodies using 218 pig serum samples. The r values of virus 
neutralization (VN) and HI in the pig sera were 0.89 and 0.9, respectively.

AA BB

Fig. 5. Correlation between the virus neutralization antibody (VNA) (A) and hemagglutination inhibition (HI) (B) titer and percent inhibi-
tion of blocking enzyme-linked immunosorbent assay (ELISA) for detecting Japanese encephalitis (JEV) antibodies using 315 horse serum 
samples. The r values of virus neutralization (VN) and HI in horse sera were 0.75 and 0.79, respectively.

AA BB
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and VN and between the PI% of B-ELISA and HI are indicated 
by regression lines. The r values for VN and HI were 0.89 and 
0.9 in the pig sera and 0.75 and 0.79 in horse sera, respectively. 
As shown in Fig. 6, 99 (99.0%) of 100 pig serum samples show-
ing an HI titer of 1:10 or higher had PI values ≥  40, and 275 
(97.9%) out of 281 horse serum samples with an HI titer of 1:10 
or higher had PI values ≥  30. The B-ELISA results were posi-
tive if the PI of the pig and horse serum samples exceeded 40% 
and 30%, respectively, and were negative if they were less than 
40% and 30%, respectively (Fig. 6). The sensitivity, specificity, 
and accuracy of B-ELISA using 218 pig serum samples were 
100%, 97.5%, and 98.6%, respectively, compared with those of 
the VN test, and 99.0%, 98.3%, and 98.6%, respectively, com-
pared with those of the HI test (Table 1). The sensitivity, speci-
ficity, and accuracy of B-ELISA using 315 horse serum samples 
were 94.6%, 100.0%, and 94.9%, respectively, compared with 
those of the VN test, and 97.9 %, 91.2 %, and 97.1%, respective-
ly, compared with those of the HI test (Table 1).  

Cross-reactivity in the B-ELISA  
The B-ELISA was developed with the specific JEV mAbs, and 

specificity of the B-ELISA was examined with 5 positive serum 
samples for CSFV, PRRSV, SIV, EIV and WNV. As shown in Ta-
ble 2, the PI value of the sera for the CSFV, PRRSV, SIV, EIV 
was 5 or less, indicating negative, whole, the PI value of the 
horse serum for WNV was 51.1, indicating positive. 

Discussion 

JEV transmitted by the Culex mosquito causes diseases in 
several animal species. Pigs serving as the amplifying host of 
JEV are related to spillover to humans. Horses, the end hosts of 
JEV, can develop fatal encephalitis upon infection. Cattle infect-
ed with JEV develop neutralizing Abs [22]. JEV infection in 
various animal species, such as goats, dogs, and cats, is mostly 
subclinical and induces HI or neutralizing Abs [11]. Ardeid 
wading birds are involved in enzootic transmission. JEV infec-
tion is regionally extending from Asia to southern Australia, 
Angola, and Italy [23]. Although JEV infection has not been re-
ported in livestock in Korea since 2008, JE incidence in humans 
is increasing every year [24]. Vaccination against JE in pigs and 
horses is believed to have contributed to the non-occurrence of 
JE. Approximately half (49.7%) of the Korean horses in 2007 
were seropositive for JEV [25]. Although JE has been monitored 
annually in pig and horse sera, commercialized ELISA kits for 
horse sera are unavailable in South Korea. In the event JE 
re-emerges owing to climate change, the demand for serological 
tests for JEV will increase. Therefore, the development of a 
B-ELISA to measure JEV-specific Abs in pigs and horses would 
be timely. 

The VN test for measuring anti-JEV Abs requires skilled 
technicians and cell culture facilities, including microscopes 
and CO2 incubators. The HI test also requires goose blood cells 
and is a slightly complicated procedure. While, VN and HI tests 
are the standard methods for JEV serological studies, many lab-

Fig. 6. Distribution of percentage inhibition (PI) values obtained by blocking enzyme-linked immunosorbent assay (ELISA) for pig sera 
(n = 218) and horse sera (n = 315). The arrows indicate cutoff values of 40 for pig sera and 30 for horse sera. Of the pig serum samples, 
99.0% (99/100) of positive serum samples for Japanese encephalitis virus (JEV) had a PI value of > 40 (A), and of the horse serum sam-
ples, 97.9% (275/281) of positive serum samples had a PI value of > 30 (B).

AA BB
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oratories prefer ELISAs, which are easy to perform without spe-
cialized equipment. The previously developed I-ELISA is limit-
ed to pig serum [17]. Therefore, we developed a new B-ELISA 
using a purified antigen and mAb to measure JEV-specific Abs 
in the sera of several animals. 

Several ELISAs have been reported to measure anti-JEV Abs 
in humans and animals [14–16]. An IgM ELISA was developed 
for diagnosing recent JEV infections. A B-ELISA using the NS1 
protein was developed to differentiate between vaccination and 
field infection with serum, whereas an I-ELISA developed using 
purified JEV can be applied to animals bitten by mosquitoes 
carrying JEV. However, these ELISAs cannot be applied for the 
serological monitoring of JEV in various animals. This can be 
overcome by using B-ELISA that utilizes the competition be-

tween the Ab in serum and HRP-conjugated Ab [13]. In our 
B-ELISA, mAb 7A13 conjugated with peroxidase reacted with a 
coated virus that was not blocked by the JEV Abs in the serum. 
When the TMB substrate was added to the B-ELISA plate, a de-
crease in color intensity indicated the presence of anti-JEV Abs 
in the tested serum. Considering that Abs against JEV have been 
confirmed in pigs, horses, cattle, and goats [10], developing a 
tool for the sero-surveillance of several animals is worthwhile. 

The sensitivity, specificity, and accuracy of B-ELISA were an-
alyzed on the basis of the results of the VN and HI tests using 
218 pig and 315 horse serum samples. The sensitivities (94.6%–
100%) of B-ELISA in pig and horse sera compared with those of 
the VN and HI tests were higher than those of previous studies 
[17,26]. The specificities (91.2%–100%) of B-ELISA were simi-
lar or higher than those of the I-ELISAs using purified viral 
particles (91.8%–98.0%) [17,26]. The sensitivity and specificity 
of an ELISA can be enhanced using an mAb that blocks the epi-
tope [27]. In our study, we used mAb 7A13, which has neutral-
izing activity against JEV, as the detector Ab. The properties of 
mAb 7A13 affected the sensitivity and specificity of B-ELISA. 
Moreover, B-ELISA showed high accuracy (94.9%–98.6%) in 
pig and horse sera, indicating that it is suitable for the sero-sur-
veillance of JEV in pigs and horses. 

Reproducibility, precision and stability of the B-ELISA kit will 
be mentioned in the documents required for the industrializa-

Table 1. Sensitivity, specificity, and accuracy of the blocking ELISA to detect anti-JEV antibodies in comparison with the VN and HI tests us-
ing pig and horse sera 

VN HI
Positive Negative Total Positive Negative Total

Pig sera
 Blocking ELISA
  Positive 98 3 101 99 2 101
  Negative 0 117 117 1 116 117
  Total 98 120 218 100 118 218
 Sensitivity 98/98 (100.0) 99/100 (99.0)
 Specificity 117/120 (97.5) 116/118 (98.3)
 Accuracy (98+117)/218 (98.6) (99+116)/218 (98.6)
Horse sera
 Blocking ELISA
  Positive 278 0 278 275 3 278
  Negative 16 21 37 6 31 37
  Total 294 21 315 281 34 315
 Sensitivity 278/294 (94.6) 275/281 (97.9)
 Specificity 21/21 (100.0) 31/34 (91.2)
 Accuracy (278+21)/315 (94.9) (275+31)/315 (97.1)

Values are presented as number only or number (%). Sensitivity (%) = [(no. of positives in both tests) / (no. of positives in the VN or HI test)] × 100. 
Specificity (%) = [(no. of negatives in both tests) / (no. of negatives in the VN or HI test)] × 100. Accuracy (%) = [(no. of positives in both tests + no. of 
negatives in both tests) / (total number of samples)] × 100.
ELISA, enzyme-linked immunosorbent assay; JEV, Japanese encephalitis; VN, virus neutralization; HI, hemagglutination inhibition.

Table 2. Cross-reaction of 5 positive serum samples in B-ELISA 

Serum samples Host PI (%) Result
Antibody to CSFV Swine 3.2 Negative
Antibody to PRRSV Swine 1.5 Negative
Antibody to SIV Swine 3.4 Negative
Antibody to EIV Equine 4.6 Negative
Antibody to West-Nile virus Equine 51.1 Positive

B-ELISA, blocking enzyme-linked immunosorbent assay; PI, percentage 
inhibition; CSFV, classical swine fever virus; PRRSV, porcine respiratory 
reproductive syndrome virus; SIV, swine influenza virus; EIV, equine influ-
enza virus.
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tion process. Further serological investigations using B-ELISA 
in sera from other animals, including cattle, are required.  

In conclusion, this study describes the development of a new 
B-ELISA for measuring JEV Abs in pig and horse sera. The per-
formance of B-ELISA was compared with those of the VN and 
HI tests using 218 pig and 315 horse serum samples. The high 
sensitivity, specificity, and accuracy of B-ELISA suggested its 
potential in monitoring pigs and horses suspected of being in-
fected with JEV or for measuring the immune response after 
vaccination. Furthermore, this new B-ELISA can be used to 
measure JEV Abs in serum samples from various other animals, 
including cattle and goats. 
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