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Abstract 
Japanese encephalitis virus (JEV) is one of the leading causes of epidemic encephalitis in South Asian countries. Due to 
the short-term viremia, detecting IgM antibodies by ELISA is treated as the front-line diagnostic assay. Co-circulation and 
multiple exposures to antigenically cross-reactive flaviviruses in India pose a challenge in serodiagnosis. Replacing the 
whole virus antigen currently used in the JE IgM detection kits (ELISA) may improve the specificity and sensitivity of the 
existing JE MAC ELISA kits. For this purpose, we developed a stably transfected cell clone, BHK-IE6, which expresses a 
high amount of VLPs up to 37 µg/ml and is consistent in expression up to 40 passages. For the expression of VLPs in the 
secretory form, we cloned the JEV G-I prM-E coding gene along with the C-terminal signal sequence of capsid protein in 
the BHK-21 cells using the pcDNA3.1 + mammalian expression vector. The immune assays performed demonstrated its 
immune reactivity equivalent to the parental JEV strain. Simultaneously performed ELISAs using the whole virus antigen 
and newly developed antigen gave comparable results for JE positive and negative samples, which established the utility of 
developed JEV E-VLP as an antigen. Reduced cross-reactivity and increased specificity were observed when tested with dual 
positive sera for anti-JEV and DENV antibodies. These findings confirm the efficiency and reliability of newly developed 
recombinant E-VLP antigen expressed by the BHK-IE6 cell clone as an antigen in serodiagnostic assays. The implementation 
and progress in developing cross-reactivity-reduced antigens would improve serodiagnosis and disease burden estimates of 
flavivirus infection.

Key points  
• pcDNA3.1/JE-Sig-prM-E plasmid transfected BHK-21 cells stably express VLPs.
• Sodium butyrate induction enhanced the extracellular expression of VLPs.
• Application of JEV-E VLPs increases the specificity of JE IgM ELISA.
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Introduction

Japanese encephalitis (JE) caused by the JE virus (JEV) 
represents the significant etiology of pediatric encephalitis 
and disability. An estimated three billion people from 
Asian and Western Pacific regions live in JE endemic areas 
(WHO, 2015). Despite the extensive JE vaccination efforts, 
JEV is responsible for an estimated 67,900 clinical cases, 
with an average of 13,600 to 20,400 deaths per year. JE 

clinical symptoms range from mild febrile illness to acute 
meningomyeloencephalitis leading to 20–30% fatalities, 
out of which 30–50% survivors suffer long-term neurologic 
or psychiatric sequelae (CDC, 2013). JEV is a member of 
the Flaviviridae family, transmitted by Culex mosquitoes in 
an enzootic transmission cycle involving birds, swine, and 
other non-avian vertebrate hosts. Based on genetic analysis 
of partial or full-length sequence, the globally isolated JEV 
strains are classified into five genotypes: GI to GV (Uchil 
and Satchidanandam 2001; Schuh et al. 2014). During the 
last 2 decades, a dramatic change in the JE epidemiology 
has been documented as JEV GI was gradually introduced in 
most Asian countries and dominated by displacing the earlier 
prevalent GIII strains (Sarkar et al.2012; Schuh et al. 2014).
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Flavivirus envelope (E) glycoprotein poses different 
biological functions, including induction of the neutral-
izing antibodies, protective immunity, virulence, and cell 
tropism, making it a major target for antiviral immunity 
(Ali and Igarashi 1997). JEV RNA is rarely detectable in 
cerebrospinal fluid (CSF) or serum samples due to short-
term viremia. Hence, JE diagnosis relies mainly on detecting 
IgM antibodies developed against the JEV in acute CSF or 
serum samples. Accordingly, the World Health Organiza-
tion (WHO) anti-JEV IgM ELISA is a front-line method for 
JEV diagnosis (Martin et al. 2000; WHO, 2006). However, 
co-circulation of multiple antigenically cross-reactive flavi-
viruses in the region may result in a false diagnosis. Such 
a compromised outcome observed in endemic areas raises 
significant public health concerns for the intervention pro-
grams that need careful interpretation (Mansfield et al. 2017; 
Johnson et al. 2016). Thus, developing new or refinement of 
existing tools for robust, specific, and sensitive diagnostic 
during early infection is necessary to implement effective 
control measures.

JE MAC ELISA detects anti-JEV IgM antibodies early 
in the course of infection, but its specificity and sensitivity 
depend on the purity and type of antigen preparations used 
to capture the IgM antibodies in clinical samples (Cuzzubbo 
et al. 1999). The commercially available JEV IgM ELISA 
kits based on the whole virus show significant cross-reactiv-
ity in regions endemic to JE and dengue and have a risk of 
handling high titer virus (Ravi et al. 2006). The use of immu-
nodominant envelope protein in place of complete virion as 
an antigen in the assay will help to reduce flavivirus cross-
reactivity (Innis et al. 1989). In India, only a few JE IgM 
ELISA kits are available commercially, like the IgM ELISA 
kit manufactured by ICMR-National Institute of Virology 
(NIV), Pune, which employs cell culture grown inactivated 
JEV GIII strain as an antigen and a flavivirus-specific mono-
clonal antibody to detect the antigen-IgM antibody complex 
(Kedarnath et al. 1986; Gadkari and Shaikh, 1984). Field 
studies performed using various JE IgM kits concluded their 
limitations on specificity and the use of specimens that need 
improvement (Lewthwaite et al. 2010). This study explored 
the use of VLPs as an antigen generated by expressing the 
E protein-coding region of JEV GI strain (0,945,054) along 
with the precursor membrane protein (prM) and a signal 
sequence located at the C-terminus of the nucleocapsid 
coding region in the mammalian expression system. The 
signal sequence is essential for generation, self-assembly, 
antigenic integrity, and extracellular release of recombinant 
protein as virus-like particles (VLPs) mimicking the JEV 
structure (Taylor et al. 2016). We have observed minimized 
false positivity with samples from dengue cases. Further-
more, the newly developed IgM-ELISA assay was standard-
ized using well-characterized reference panel sera from JE 

positive and negative cases and compared with the existing 
JE IgM ELISA kit.

Materials and methods

Cloning of JEV envelope glycoprotein

Viral RNA from JEV G I strain (0,945,054-Human)-infected 
culture supernatant was extracted, and RT-PCR amplified 
using forward primer JE-F390-KpnI and reverse primer 
JE-R2477-EcoRI, for cloning of the JEV envelope protein-
coding region, along with C-terminal signal (Sig) peptide of 
nucleocapsid membrane protein-coding regions (genomic 
location 390 to 2477 nt; GenBank Accession # MT859415). 
The PCR-purified product was cloned in pcDNA3.1 + mam-
malian expression vector and transformed into Escherichia 
coli TOP 10 chemically competent cells as per standard 
protocol (Maniatis et al.1982). The recombinant plasmid 
carrying JEV insert was isolated from transformed bacte-
ria and confirmed for the insert DNA by PCR amplification 
and sequencing with T7 forward and BGH reverses primers 
(Table 1).

Transient expression of recombinant E protein

Baby hamster kidney cells (BHK-21) maintained in Mini-
mum Essential Medium (MEM, Sigma-Aldrich) supple-
mented with 10% fetal bovine serum (FBS: Gibco), penicillin 
(100 U/ml), and streptomycin (100 µg/ml) were transfected 
with Lipofectamine 3000 transfection kit (Thermo Fisher 
Scientific) following the manufacturer’s instructions. Briefly, 
the cells at 0.25 ×  106/ml seeding density were transfected 
with 3 µg of recombinant plasmid using P3000 enhancer 
(6 µl) reagent and Lipofectamine 3000 (6 µl) and incubated 
at 37 °C with 5%  CO2 for expression analysis up to 96 h 
post-transfection. After every 24 h of transfection, IFA and 
ELISA were performed to confirm the expression and secre-
tion in cells and cell supernatant, respectively.

Establishment of cells stably expressing JEV E 
protein

The transfected cells were seeded to obtain single-cell cul-
tures by limiting dilutions in a 96-well microplate. The 
growth media was supplemented with 1000 µg/ml of G418 
(Sigma-Aldrich) to allow only positively transfected cells 
to grow. Wells with single-cell colonies were marked and 
propagated to larger culture flasks and maintained under 
G418. Clones with higher OD were labeled according to 
their location in 96-well plates and cryo-preserved. At the 
end of every fifth passage, the presence of JEV insert in 
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cellular DNA was confirmed by PCR amplification and 
sequencing using the insert specific primers (Table.1).

Induction of recombinant protein expression

One of the stable clones (BHK-IE6) was induced with differ-
ent concentrations (ranging from 0 to 36 mM/ml) of sodium 
butyrate  (C4H7NaO2) (Sigma), and the level of recombinant 
protein expression was monitored. Briefly, a monolayer of 
BHK-IE6 clone grown in 24-well plate was induced with 
different concentrations of sodium butyrate, and levels of 
expression were verified by ELISA.

Immunofluorescence assay (IFA)

The immunofluorescence assay was carried out as described 
by Gangwar et al. (2011) to detect recombinant JEV E pro-
tein expression in transfected BHK-21 cells (Gangwar et al. 
2011). Immune mice serum generated against the parental 
JEV strain was used as a primary source of antibodies.

Antigen capture ELISA

Antigen capture ELISA was performed to detect recom-
binant protein expression in the cell supernatant as previ-
ously described (Cecilia et al. 1988; Gangwar et al. 2011). 
Briefly, the supernatant of transfected cells was added to 
the wells precoated with mouse anti-JEV-specific mono-
clonal antibody (HS-3: An India strain JE-733913 was 
used for the MAbs development, and HS-3 is JE strain 
specific and specifically detects the E-II of the E glyco-
protein). The JEV E antigen captured to the solid phase 

was detected with biotin-conjugated HS-3 antibodies and 
subsequently with avidin horseradish peroxidase using 
TMB as liquid substrate (Dako Corp Carpinteria, Califor-
nia). Clone supernatant with a signal-to-noise (S/N) ratio 
of more than 2 was considered positive (Gangwar et al. 
2011).

SDS‑PAGE and western blotting

The protein samples prepared from transfected cell superna-
tants were separated on 10% (SDS-PAGE) and analyzed by 
western blotting (Laemmli, 1970). Briefly, the SDS-PAGE 
separated proteins were transferred on the nitrocellulose 
membrane and, after blocking the membrane, were exposed 
to HS-3 antibodies (1:20 diluted in TBS). After extensive 
washing with 1XTBS-T(0.1%Tween-20), the blot was incu-
bated with goat anti-mouse horseradish peroxidase (HRP) 
conjugate at a dilution of 1:3000 for 1 h at RT. Further, 
the blot was developed with DAB and hydrogen peroxide 
(30%H2O2) in TBS (Towbin et al. 1979).

Protein extracted from 100 µl of cell supernatant was har-
vested at different passage numbers of the transfected cell 
line (BHK-IE6), and an increasing concentration of BSA 
(1 to 5 µg) was separated on 10% SDS-PAGE. The CBB-
stained SDS-PAGE was analyzed through the ImageJ soft-
ware (https:// imagej. en. lo4d. com/), and a standard graph of 
BSA concentration against the pixel density of the bands 
was plotted (Alonso Villela et al. 2020). The pixel density 
of E protein obtained from each band was plotted on the 
standard graph, and the amount of E protein per 100 µl of 
cell supernatant was estimated.

Table 1  Primers used for cloning and sequencing of recombinant clone

a The primers were named after the nucleotide position of viral sequence and polarity. F viral genomic sense, R viral genomic anti-sense. Nucleo-
tide numbering is based on the sequence from GenBank accession # MT859415
b Viral and non-viral sequences are in uppercase and lowercase, respectively. Restriction endonuclease sites are in bold and underlined, and 
names are in parenthesis

Primer  namea Sequenceb (5′–––––––––3′)

Primers used for the cloning of JEV GI 0,945,054 (Sig-prM-E) in pcDNA3.1 + cloning and expression vector
JE-F390-KpnI gtgggtaccgccgccgccatgGGC AAA 

AAA CAA AAC AAA AGA GGA G 
(KpnI)

JE-R2477-EcoRI acagaattcTTA GGC ATG CAC GTT 
GGT CGC TAA AAACA (EcoRI)

Primers used for the sequencing and confirmation of recombinant clone
T7 forward taatacgactcactataggg
BGH reverse tagaaggcacagtcgagg
JE1804F GCT CAG TGA AGT TAA CAT CAG 
JE1379F CAT CAA ATA CGA AGT TGG CAT 
JE1578R ACG CTT CAG TGT TCA GTC CACTC 
JE831R GTG TGG CTT TCG TTG AAT CCAG 
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Purification and TEM analysis of VLPs

The clarified cell supernatant of the BHK-IE6 cells contain-
ing JE-VLPs was precipitated using 12% polyethylene glycol 
(PEG; molecular mass, approximately 6,000 Da) and 0.5 M 
NaCl. Briefly, the cell supernatant along with PEG and NaCl 
was incubated at 4 °C with constant stirring for 2 h and cen-
trifuged at 14,000 rpm for 45 min to get the pellet. The pellet 
was resuspended in TNE buffer and filtered through 100 kDa 
MWCO filters (Merck) to remove any other cellular con-
taminants. Purified JE VLPs were examined under the trans-
mission electron microscope (TEM) Tecnai 12 BioTwin™ 
(FEI Company, the Netherlands), and images were captured 
using a side-mounted 2 k × 2 k CCD camera (Mega view III, 
Olympus, Japan), as described by Gangodkar et al. (2010).

Characterization of the BHK‑IE6 clone

The expression stability of the BHK-IE6 clone and the 
impact of multiple harvesting of expressed protein were 
evaluated. The cell supernatant at every 5th passage and 
soup harvested from a single monolayer at every 72 h mul-
tiple times (n = 4) was analyzed by antigen capture ELISA. 
The cells were cryopreserved using standard protocol for the 
long-term storage of the BHK-IE6 clone (Phelan and May 
2016) and stored in liquid nitrogen.

Comparative IgM capture ELISA using JE‑VLPs 
and commercial kit antigen

JE IgM capture ELISA was developed using the expressed 
E protein as an antigen to detect anti-JEV IgM antibodies 
in clinical specimens. Standard panel of human sera pre-
tested to be JE IgM positive (n = 10), JE IgM indeterminate 
(n = 10), JE IgM negative (n = 10), dengue IgM positive 
(n = 10), dengue IgM negative (n = 10), and dual positive 
for IgM antibodies to JE and dengue were used as test 
samples to evaluate the specificity and utility of the newly 
developed VLP antigen-based assay. Briefly, IgM antibodies 
from patient sera were captured on anti-human IgM-coated 
wells, and the antigen–antibody complex was probed with 
biotin-labeled HS-3 monoclonal antibodies (MAb) followed 
by avidin-HRP and TMB as substrate. The reaction was ter-
minated by adding 1 N  H2SO4, and the optical density (OD) 
value was measured at 450 nm. JE MAC ELISA based on 
conventional inactivated antigen and JEV E antigen-based 
IgM ELISA were simultaneously performed to test the 
serum samples. Briefly the virus stock was inactivated by 
adding 0.5% glycine powder (Sigma-Aldrich) and 1:2000 
final concentration of formalin (Sigma-Aldrich) and stirring 
the mixture at 4 °C for 48 h; residual formalin was removed 
by keeping the inactivated virus stock in fume hood for 1 h. 
One hundred microliters of JEV recombinant E protein 

(3 µg/well) was served as antigen. Virus stock of JE G-I 
strain 0,945,054 with 1 ×  106 PFU/ml titer was served as 
positive control, and non-infected BHK-21 cells supernatant 
were served as negative antigen controls in the assay. JEV 
GI strain 0,945,054 used in this study was originally isolated 
from human serum sample of hospitalized case. As per the 
NIV Virus Registry, the sample ID 0,945,054 denotes the 
year 2009 followed by the human clinical specimen’s num-
ber collected in 2009. Further, the test results were inter-
preted according to the JE IgM ELISA kit instructions, and 
the results were compared with each other. As per the JE 
IgM EISA protocol, test sera giving OD of ≤ negative control 
by a factor of 3 were considered negative, while sera giving 
OD of ≥ negative control by a factor of 5 were considered 
positive. The newly developed test was considered valid only 
if the OD of the negative control is ≤ 0.8 and the OD of 
positive control was ≥ 5 times the OD of negative controls.

Results

Cloning of JEV envelope glycoprotein

RT-PCR of JEV RNA genome with forward JE-F390-KpnI 
and reverse JE-R2477-EcoRI primer resulted in amplifica-
tion of a 2121 bp DNA fragment ( Sig-prM-E) containing 
KpnI site upstream to the Kozak sequences and initiation 
codon at 5′ end and stop codon downstream to the EcoRI 
site at its 3′ end (Fig. 1). Ligation of the fragment and 
pcDNA3.1 + plasmid (5.4 bp) after sequential digestion with 
KpnI and EcoRI resulted in the construction of a recombi-
nant pcDNA3.1/JE-Sig-prM-E (7506 bp) plasmid carrying 
insert DNA (Fig. 1). DNA sequencing of the insert, ampli-
fied from an isolated plasmid of transformed E. coli, con-
firmed directional, in-frame cloning of the JEV Sig-prM-E 
fragment in pcDNA 3.1.

Stable expression of JEV envelope protein

As evident from IFA, the JEV E protein expression was 
observed in > 40% of the transfected BHK-21 cells by the 
end of 24 h and continued until 96 h of transfection (Fig. 2). 
By limiting dilution and propagation of transfected cells 
under G418 pressure, we achieved 39 cell clones express-
ing JEV E protein. However, we found a loss of IFA posi-
tivity in 19 clones at the six serial passages. Furthermore, 
IFA and antigen-capture ELISA confirmed the expression 
and extracellular secretion of JEV E protein by the clones 
obtained. One of the BHK-21 clones (BHK-IE6) was fur-
ther expanded in a higher capacity culture flask under G418 
selection pressure. Comparatively similar morphology was 
observed between BHK-21 and BHK-IE6 clones where no 
polykaryocytes formation was found (Fig. 3).
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Induction of JEV E protein expression

As established by antigen-capture ELISA performed on 
cell-free supernatant, a gradual increase in JEV E protein 
expression by the stably transfected BHK-IE6 clone with 
increasing concentrations of sodium butyrate was observed, 
and maximum amount of expressed protein 37 µg/ml was 
observed at 72 h post-induction with 28 mM of sodium 
butyrate after addition at 24 h post-seeding. But a decline in 
E protein expression was documented at higher concentra-
tions (32–36 mM) of sodium butyrate (Fig. 4). Western blot 
analysis further established the expression and reactivity of 
the 54 kDa JEV E protein (Fig. 5).

Characterization of the BHK‑IE6 clone

Expression levels of the BHK-IE6 clone was found to be 
stable up to 30 passages as the level of expression was unal-
tered. As described earlier, using the ImageJ software and 
the CBB-stained SDS-PAGE, we recorded increased JEV 
E protein expression from passage 1 to 10. At 5th and 10th 
passage level, 26 and 33 µg of E protein were estimated from 
1 ml of cell supernatant. From passage level 10 to 25, equal 
amount of E protein expression was observed (33–34 µg/
ml). However, E protein expression declined after 25 pas-
sages up to 10 µg/ml at the 40th passage (Fig. 6a). In a single 

Fig. 1  Amplification of E gene of JEV. Lane 1: 2.1 kb PCR product 
as an insert. Lane 2: linearized vector—5.4 kb (pcDNA 3.1 + digested 
with KpnI and EcoRI restriction enzymes). Lane 3: linearized 
recombinant plasmid—7.5  kb containing vector + insert. Lane 4: 
1 Kb + DNA extension ladder (Life Technologies, USA)

Fig. 2  Immunofluorescence 
assay for detection of JEV E 
glycoprotein in transfected 
BHK- 21 cells and BHK-IE6 
clone obtained through single 
cell dilution of transfected cells. 
a BHK-21 cells transfected 
with recombinant plasmid; b 
single cell clone BHK–IE6; c 
BHK-21 cells infected with JE 
0,945,054; d mock-transfected 
BHK-21 cells. The polyclonal 
antibodies against the JEV GI 
were used as primary antibody 
while goat-anti-mouse antibod-
ies conjugated with FITC were 
used as secondary antibodies. 
The images were taken using 
Floid™ cell imaging station 
(Invitrogen) at 20 × magnifica-
tion with the scale bar = 100 µm
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passage of BHK-IE6, culture fluid harvested post-induction 
with sodium butyrate showed expression of 32–35 µg of JEV 
E protein in the 1st and 2nd harvests (72 and 144 h), which 
was slightly declined to 25 µg at 3rd harvest (216 h), while 
on 4th harvest (288 h), it reached to 12 µg (Fig. 6b). Even 
after 6 months of storage by cryopreservation and revival, 
the expression levels did not alter.

Electron microscopic analysis of expressed JEV E 
protein

Transmission electron microscopy imaging of the negative-
stained recombinant JEV E protein showed spherical mor-
phologic features of flaviviruses (Fig. 7b), suggesting its 
appearance of virus-like particles. The variable size of VLPs 
ranged from 30 to 50 nm. The spherical structures taken up 

by the purified JEV E protein confirmed their assembly as 
VLP.

Comparative IgM capture ELISA using JE‑VLPs 
and commercial kit antigen

The newly developed JE IgM ELISA based on expressed 
JEV E protein as an antigen was assessed for specificity 
using a panel of pre-characterized human sera. The OD val-
ues obtained for the JE positive and negative sera by the 
newly developed JEV E antigen-based IgM ELISA were 
equivalent to the conventional JE IgM ELISA (Supple-
mentary Table.1). The comparative analysis of OD values 
obtained from newly developed ELISA and conventional 
ELISA for each sample showed the correlation coefficient 
of 0.997 (Fig. 8), confirming the utility of newly developed 

Fig. 3  No change in cell mor-
phology and polykaryocytes 
formation was observed in 
recombinant BHK-IE6 cells a 
compared with MOCK-BHK-21 
cell monolayer. b The images 
were taken using Floid™ cell 
imaging station (Invitrogen) 
at 20 × magnification with the 
scale bar = 100 µm

Fig. 4  Enhanced expression of 
E protein by sodium butyrate 
induction (Multiple conc. of 
NaBu (0–36 mM) used for 
induction and culture super-
natants harvested after 24, 48, 
and 72 h post-induction were 
analyzed for the E protein con-
centration. Maximum amount of 
protein was detected after 72 h 
of induction using 28 mM of 
sodium butyrate by antigen-cap-
ture ELISA to detect the amount 
of E protein expressed
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Fig. 5  Coomassie brilliant blue (CBB) stained SDS-PAGE and West-
ern blot analysis of the VLPs expressed in stably transfected cell 
clone BHK-IE6. Lanes 1, 2, and 3: purified cell supernatant of sta-
bly transfected cell clone BHK-IE6. Lane 4: cell supernatant of mock 
transfected BHK-21 cells. Lane 5: standard protein molecular weight 

markers (a). The blot was probed with anti-JEV HS-3 monoclonal 
antibody. Lane 1, standard protein molecular weight markers; lane 2, 
JE virus infected cell soup; lane 3, VLPs expressing BHK-IE6 cell 
soup; lane 4, negative control BHK-21 cell soup (b)

Fig. 6  a Effect of long-term 
passage on production of 
JEV-VLP antigen by BHK-IE6 
clone. IE6 cells were passaged 
every 3 days in a 75  cm2 flask, 
and the amount of antigen 
produced by IE6 cells from the 
different passages was analyzed 
using ELISA; b the culture 
supernatant of confluent BHK-
IE6 cells of passage no. 39 was 
refreshed every 72 h, and the 
amount of JEV-VLP antigen in 
culture supernatants was deter-
mined by ELISA

Fig. 7  Transmission elec-
tron micrograph of JE virus 
0,945,054 as a control (a). 
Expressed JEV envelope gly-
coprotein showing 40–50 nm 
diameter virus-like particles (b) 
(magnification, × 60,000; scale 
bar = 100 nm)

1951Applied Microbiology and Biotechnology (2022) 106:1945–1955



1 3

JEV E protein-based antigen in place of conventional whole 
virus antigen. Out of the 10 indeterminate samples, all 
yielded to be negative except 1 sample. (Table S1). Out of 
the 10 dual positive samples selected, only 2 sera were found 
to be positive (Table S2). The standard panel of dengue 
IgM positive and negative human sera were tested negative 
(Table S3). The comparative analysis between VLP antigen 
and conventional inactivated antigen was done in triplicates 
using a standard human sera panel to validate the new assay 
developed.

Discussion

JE is one of the important public health issues endemic to 
most parts of India except the arid and highland regions. 
Virus isolation or genome detection of viral RNA in clini-
cal samples is treated as the “gold standard” of diagnosis, 
but short-term viremia and low titer of the virus during 
infection limit their applications. Hence, detection of IgM 
antibodies by MAC-ELISA in clinical specimens is widely 
recommended by WHO as the front-line screening assay for 
JE diagnosis (WHO, 2006). False positivity due to the pres-
ence of cross-reactive antibodies resulting from sequential 
or co-infection with flaviviruses in human clinical specimens 
limits the accuracy of currently used JE MAC-ELISA (Garg 
et al. 2012). The antigenic differences among JEV GI and 
GIII strains result in partial protection against GI strains in 
animals immunized with GIII strains (Ye et al. 2014). Hence, 
JE MAC-ELISA assays based on antigen derived from JEV 
GIII need to be re-evaluated for its sensitivity and specificity 

to diagnose the prevalent GI strains. All this prompted us to 
develop a JEV GI-specific IgM detection assay.

Flavivirus E protein is responsible for eliciting an 
antiviral immune response. Co-expression of the prM-E 
coding genes in mammalian cells gives rise to small, 
non-infectious, self-assembled VLPs, biologically and 
immunologically equivalent to the native virion (Koni-
shi and Mason, 1993). Cloning the 390–2477 nt sequence 
amplified from JEV GI strain 0,945,054 in mammalian 
expression vector pcDNA 3.1 + resulted in expression and 
extracellular secretion of JEV E protein in the form of VLP 
(Fig. 7). Signal peptide located at the C-terminus of nucle-
ocapsid plays a vital role in translocation and extracel-
lular secretion of the E protein in its mature form as VLP 
(Konishi and Mason, 1993). Flavivirus VLPs expressed 
in mammalian cells are gaining increasing importance in 
research on host-virus interactions, diagnostics, and vac-
cine development as the similar immunogenicity of the 
expressed protein in VLPs form with the native virus is 
established (Krol et al. 2019). The transient expression of 
JEV E protein in 40% of cells was achieved by transfec-
tion of the recombinant vector (pcDNA 3.1-JE-Sig-prM-
E) in BHK-21 cells, which are widely used for the virus 
propagation and expression of higher levels of flaviviral 
proteins (Cruz et al. 1998). Cellular clones stably express-
ing the recombinant protein were obtained by single-cell 
purification and propagation under G418 (Fig. 2b). The 
expressed JEV E protein morphologically and immuno-
logically mimicked the parental virus as detected by EM 
analysis, IFA, antigen capture ELISA, and Western blot 
using anti-JEV monoclonal and polyclonal antibodies. The 
long-term stability of the BHK-IE6 clone was established 

Fig. 8  Comparison of IgM cap-
ture ELISA using recombinant 
JEV-derived VLPs as antigen 
(X-axis) and conventional (inac-
tivated virus) antigen (Y-axis). 
The correlation coefficient 
(R = 0.997) and P < 0.0001 
indicating that the VLPs are 
antigenically equivalent to the 
native virus antigen prepara-
tions
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by detecting a good amount of VLPs in cell supernatant up 
to 40 passages. Considering all characteristics exhibited 
by the expressed VLPs, they can be explored as a vaccine 
as described earlier (Chang et al. 2020; Fan et al. 2018).

Induction by sodium butyrate increases the recombi-
nant protein expression by BHK-IE6 clones, which carry 
the gene of interest under the control of the CMV promoter 
present in the expression vector. The amount of JEV E pro-
tein (35–37 µg/ml) expressed by the BHK-IE6 after induc-
tion by 28 mM of sodium butyrate is significantly higher 
than that of the F, JE-4B, and J12#26 cells reported earlier 
(Konishi et al., 2001; Kojima et al. 2003). Higher levels 
of recombinant protein expression exert a metabolic bur-
den leading to cell toxicity and growth retardation (Wu 
et al. 2016). However, we did not detect cellular toxicity 
as the cell morphology, and growth characteristics were 
comparable to the control BHK-21 cells (Fig. 3). On the 
contrary, the expression of JEV E protein in Vero cells was 
non-productive, probably due to the cell toxicity induced by 
expressed proteins (Kojima et al. 2003). Upon single-cell 
dilution of the cells obtained by transfection, we obtained 
39 G418-resistant clones, but only 20 of these were posi-
tive by IFA, indicating the low frequency of recombination 
of the insert downstream to translation initiation elements. 
Extracellular secretion of expressed E protein also suggests 
that the intact genomic insert is located downstream of the 
translation initiation element under the transcription control 
of the CMV promoter.

Improvement of the currently available JE IgM ELISA 
using the purified immunodominant E protein as an antigen 
reduces the cross-reactivity (Innis et al. 1989; Lewthwaite 
et al. 2010). Our data indicate that JEV GI VLPs generated 
in this study can replace the JEV GIII whole virus as a supe-
rior antigen in IgM ELISA because both the ELISA, newly 
developed and conventional ELISA, correctly established 
the identity of JE IgM positive and negative sera and gave 
100% sensitivity, and no cross-reactivity in sera from dengue 
cases was observed in newly developed ELISA and gave 
100% specificity of the assay.

The 8 of the 10 JE and DEN dual IgM positive sera con-
firmed by conventional assays turned negative by the newly 
developed JE E antigen-based IgM ELISA. The 2 positive 
sera giving borderline positive OD values tested positive 
in both the dengue IgM ELISA and newly developed JE 
E antigen-based ELISA. Similarly, we obtained negative 
results for 9/10 sera tested indeterminate by the conventional 
JE IgM ELISA. These results might be due to exposure to 
both the JEV and DNEV, or the false-positive IgM ELISA 
results are frequently associated with autoimmune diseases, 
leptospirosis, and rheumatoid arthritis factor (Henle et al. 
1979; Berlioz-Arthaud & Gurusamy, 2008). Negative JE 
IgM ELISA results obtained with all of the dengue IgM 
positive sera with newly developed JE E antigen-based IgM 

ELISA suggests it is not cross-reacting with the anti-DENV 
IgM and has increased specificity towards anti-JEV IgM.

In conclusion, JE is an important cause of epidemic 
encephalitis, so the availability of sensitive, specific, and 
rapid diagnostics assay is necessary to estimate the disease 
burden and to devise control strategies. Our study indicates 
that replacing cell culture-derived JEV GIII whole virus 
antigen with expressed VLP from JEV GI will yield more 
specific results in cases where multiple flaviviruses are 
co-circulating. All these are preliminary results; However, 
before implementing it in routine diagnostics, it must be 
passed through testing of sera collected from laboratory-con-
firmed non-JE AES cases and population in the JE endemic 
regions, which becomes a major limitation of this study.
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