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Plasmid vectors containing Japanese encephalitis virus (JEV) premembrane (prM) and envelope (E) genes
were constructed that expressed prM and E proteins under the control of a cytomegalovirus immediate-early
gene promoter. COS-1 cells transformed with this plasmid vector (JE-4B clone) secreted JEV-specific extra-
cellular particles (EPs) into the culture media. Groups of outbred ICR mice were given one or two doses of
recombinant plasmid DNA or two doses of the commercial vaccine JEVAX. All mice that received one or two
doses of DNA vaccine maintained JEV-specific antibodies 18 months after initial immunization. JEVAX
induced 100% seroconversion in 3-week-old mice; however, none of the 3-day-old mice had enzyme-linked
immunosorbent assay titers higher than 1:400. Female mice immunized with this DNA vaccine developed
plaque reduction neutralization antibody titers of between 1:20 and 1:160 and provided 45 to 100% passive
protection to their progeny following intraperitoneal challenge with 5,000 PFU of virulent JEV strain SA14.
Seven-week-old adult mice that had received a single dose of JEV DNA vaccine when 3 days of age were
completely protected from a 50,000-PFU JEV intraperitoneal challenge. These results demonstrate that a
recombinant plasmid DNA which produced JEV EPs in vitro is an effective vaccine.

Japanese encephalitis (JE) is a mosquito-borne viral disease
of major public health importance in Asia. More than 35,000
cases and 10,000 deaths are reported annually (52). Japanese
encephalitis virus (JEV) is a member of the genus Flavivirus in
the family Flaviviridae. More than 70 species in the Flavivirus
genus have been genetically and serologically classified (29).
Other important human pathogenic flaviviruses include yellow
fever, dengue type 1 to 4 (DEN1 to DEN4), tick-borne en-
cephalitis (TBE), and St. Louis encephalitis (SLE) viruses.
Vaccination has been an effective mechanism for prevention of
flavivirus infection in humans and domestic animals. Three
JEV vaccines are in widespread production and use (52).
These are inactivated virus from infected mouse brain, inacti-
vated virus from primary hamster kidney cells, and a live at-
tenuated SA14-14-2 vaccine. Only inactivated JEV vaccine,
JEVAX, produced in mouse brain is distributed commercially
and available internationally (52). Inactivated, mouse brain-
derived whole virus vaccine is costly to prepare and carries the
risk of allergic reaction to murine encephalitogenic basic pro-
teins or gelatin stabilizer (45; M. M. Andersen, and T. Ronne,
Letter, Lancet 337:1044, 1991). Since 1989, an unusual number
of systemic reactions characterized by generalized urticaria
and/or angioedema following JEVAX immunization have been
reported from Australia, Canada, and Denmark (36). A major
problem associated with use of the inactivated mouse brain
vaccine is the failure to stimulate long-term immunity (39).
Multiple immunization is recommended to provide adequate
protection (28, 39). The attenuated JEV vaccine, SA14-14-2, is
undergoing clinical trials (31). However, because of regulatory
issues this vaccine has not found wide acceptance outside the
People’s Republic of China (11).

Several experimental recombinant virus, attenuated virus,
and subunit JEV vaccines have been reported. Recombinant
baculovirus vector that contained the JEV envelope (E) pro-
tein gene has been used to infect insect cells and produce E
protein that has been studied as a biosynthetic immunogen
(33). Recombinant vaccinia viruses expressing the JEV genes
extending from premembrane (prM) to NS2B proteins have
been the most promising candidate vaccines. These candidate
vaccines produced extracellular virus-like particles (EPs) in
infected cell culture that induced high titers of neutralizing and
hemagglutination-inhibiting antibodies and protective immu-
nity in mice (19–21, 47, 54). Recombinant vaccinia viruses
expressing the same JEV genes based on the attenuated vac-
cinia virus strain, NYVAC-JEV, or canarypox, ALVAC-JEV,
were tested in phase I human trials (18). In this trial, only 1 in
10 ALVAC-JEV recipients developed detectable viral neutral-
izing antibody, and vaccinia virus-preimmune recipients had a
significantly lower humoral immune response.

Inoculation of animals with purified plasmid vectors (DNA)
by the intramuscular (i.m.) or intradermal route leads to ex-
pression of the recombinant vector-encoded protein in trans-
fected cells, resulting in stimulation of a protein-specific im-
mune response. Plasmid DNA vaccines provide an alternative
to attenuated, inactivated, or virus-vectored subunit vaccines.
Flavivirus DNA vaccines for Murray Valley encephalitis,
DEN2, JE, SLE, and TBE (Central European encephalitis and
Russian spring summer encephalitis) viruses have been devel-
oped and tested in the mouse model (4, 17, 24, 30, 38, 49). All
of these plasmid DNA constructs contained similar transcrip-
tional regulatory elements and a flavivirus gene cassette. Vac-
cination of mice with these plasmid DNA vaccines induced a
virus-specific antibody response, as detected by enzyme-linked
immunosorbent assay (ELISA). However, production of neu-
tralizing antibody leading to 100% protection of vaccinated
animals from virus challenge was observed only after multiple
immunizations or delivery of DNA to the epidermis by particle
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bombardment (4, 24, 49). In this study, we constructed a JEV
prM and E gene cassette that incorporates an extended signal
peptide sequence at the NH2 terminus of the prM gene and
Kozak’s sequence, an optimal translation enhancing element
surrounding the AUG site. JEV protein expression was char-
acterized using six different recombinant vectors containing the
same insert. The humoral immune response and protection
from virulent JEV challenge following immunization with the
recombinant plasmid DNAs were compared to findings for the
human vaccine, JEVAX, licensed by the U.S. Food and Drug
Administration, in outbred ICR mice.

MATERIALS AND METHODS

Cell culture and virus strain. COS-1, COS-7, and SV-T2 cells (1650-CRL,
1651-CRL, and 163.1-CCL; American Type Culture Collection) were grown at
37°C in Dulbecco’s modified Eagle medium (Gibco Laboratories, Grand Island,
N.Y.) supplemented with 10% heat-inactivated fetal bovine serum (HyClone
Laboratories, Inc., Logan, Utah), 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 7.5% NaHCO3 (30 ml/liter), penicillin (100 U/ml), streptomycin
(100 mg/ml). COS-1 and COS-7 cells were derived from simian virus 40 (SV40)
transformed CV1 cells which have an African green monkey kidney cell origin.
SV-T2 cells were derived from SV40-transformed mouse fibroblasts. Vero cells
were grown under the same conditions except that 5% fetal calf serum without
nonessential amino acid was used. C6/36 cells (13) were grown at 28°C in the
same medium used for the COS-1 cells. The SA14 strain of JEV, propagated by
intracranial inoculation into suckling mouse brain, was used for animal chal-
lenges and plaque reduction neutralization tests (PRNT). The SA14 virus used
in ELISA and Western blot experiments was propagated in C6/36 cells and
purified by ultracentrifugation on 30% glycerol–45% potassium tartrate gradi-
ents (37).

Construction of plasmids expressing JEV prM and E gene proteins. Genomic
RNA was extracted from 150 ml of SA14 mouse brain JEV by using a QIAamp
viral RNA kit (Qiagen, Santa Clarita, Calif.). RNA was adsorbed on a silica
membrane, eluted in 80 ml of diethyl pyrocarbonate (Sigma Chemical Co., St.
Louis, Mo.)-treated water, and used as a template for amplification of JEV prM
and E genes. Primer sequences were obtained from the published data (35). A
single cDNA fragment containing genomic nucleotides (nt) 389 to 2478 was
amplified by reverse transcriptase-mediated PCR (RT-PCR). Restriction en-
zyme sites for KpnI and XbaI and Kozak’s sequence for an optimal translation
initiation (25, 26) were engineered at the 59 terminus of the cDNA by amplimer
14DV389. An in-frame translation termination codon, followed by a NotI re-
striction site, was introduced at the 39 terminus of the cDNA by amplimer

c14DV2453 (Fig. 1). A single-tube RT-PCR was performed using a Titan RT-
PCR Kit (Roche Molecular Biochemical, Indianapolis, Ind.). The RT-PCR
product was purified using a QIAquick PCR purification kit (Qiagen), and the
DNA was eluted with 50 ml of 1 mM Tris-HCl (pH 7.5).

All vector constructions and analyses were carried out using standard tech-
niques (46). RT-PCR-amplified cDNA was digested with enzymes KpnI and NotI
and inserted into the KpnI-NotI site of eukaryotic expression plasmid vector
pCDNA3 (Invitrogen, Carlsbad, Calif.). Electroportion-competent Escherichia
coli XL1-Blue cells (Stratagene, La Jolla, Calif.) were transformed by electro-
poration (Gene Pulser; Bio-Rad Laboratories, Hercules, Calif.) and plated on
Luria broth (LB) agar plates that contained carbenicillin (100 mg/ml; Sigma).
Clones were picked and inoculated into 3 ml of LB containing carbenicillin (100
mg/ml). Plasmid DNA was extracted from a 14-h LB culture by using a QIAprep
Spin Miniprep kit (Qiagen). Automated DNA sequencing was performed as
recommended on an ABI Prism 377 DNA sequencer (Perkin-Elmer/Applied
Biosystems, Foster City, Calif.). Both strands of the cDNA were sequenced and
compared to the published SA14 virus sequence (35).

The pCDNA3 fragment from nt 1289 to nt 3455, which contained the f1-
encoded eukaryotic origin of replication (ori), SV40 ori, neomycin coding region,
and SV40 poly(A) elements, was deleted by PvuII digestion and then self-ligated
to generate plasmid pCBamp. The pCIBamp vector, which contained a chimeric
intron insertion at the NcoI-KpnI site of the pCB vector, was constructed by
excising the intron sequence from pCI (Promega, Madison, Wis.) by digestion
with NcoI and KpnI. The resulting 566-bp fragment was cloned into NcoI-KpnI-
digested pCBamp to replace its 289-bp fragment. Figure 2 shows a schematic
drawing of plasmids pCDNA3, pCBamp, and pCIBamp.

The DNA fragment containing the JEV coding region in the recombinant
plasmid pCDJE2-7, derived from the pCDNA3 vector, was excised by NotI and
KpnI or XbaI digestion and cloned into the KpnI-NotI sites of pCB, pCIB, pCEP4
(Invitrogen), and pREP4 (Invitrogen) and into the SpeI-NotI site of the pRc/
RSV (Invitrogen) expression vector to create pCBJE1-14, pCIBJES14, pCEJE,
pREJE, and pRCJE, respectively. Both strands of the cDNA from each plasmid
vector were sequenced, and recombinant clones with a correct nucleotide se-
quence were identified. Plasmid DNA for in vitro transformation or mouse
immunization was purified by anion-exchange chromatography using an Endo-
Free Plasmid Maxi kit (Qiagen).

IFA. Expression of JEV-specific gene products by the various recombinant
expression plasmids was evaluated by indirect immunofluorescence antibody
assay (IFA) in the transient expression system using COS-1, COS-7, and SV-T2
cells. For transformation, cells were grown to 75% confluence in 150-cm2 culture
flasks, trypsinized, and resuspended in 4°C phosphate-buffered saline (PBS) to a
final density of 1 3 107 to 2 3 107 cells/ml. Five hundred microliters of cell
suspension was then electroporated with 10 mg of plasmid DNA, using a Bio-Rad
Gene Pulser II set at 250 V and 960 mF. Cells were diluted with 25 ml of fresh
medium after electroporation and seeded into one 75-cm2 flask. Forty-eight
hours after transformation, the medium was removed, and the cells were

FIG. 1. Map of the JEV genomic structure (top) and the DNA sequence of oligonucleotides used in RT-PCR to construct the transcription unit for the expression
of prM-E protein coding regions (bottom). Potential transmembrane helices of viral polyprotein are indicated by blackened areas.
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trysinized and resuspended in 5 ml of PBS with 3% normal goat serum. Ten-
microliter aliquots of the cell suspension were then spotted onto slides, air dried,
and fixed with acetone at 4°C for 10 min. Immunofluorescent mapping of the E
protein-specific epitopes was performed using a panel of murine monoclonal
antibodies (MAbs) (15, 42, 55) and JEV-specific hyperimmune mouse ascitic
fluid (HIAF). All antibodies were tested at 1:400 dilution in PBS.

Selection of an in vitro-transformed stable cell line constitutively expressing
JEV-specific gene products. COS-1 cells transformed with 10 mg of pCDJE2-7
DNA by electroporation were incubated in nonselective culture medium for 24 h
and then treated with neomycin (G418; 0.5 mg/ml; Sigma). G418-resistant col-
onies, which became visible after 2 to 3 weeks, were cloned by limited dilution in
G418-containing medium. Expression of the JEV proteins was determined by
IFA using JEV HIAF. One IFA-positive (JE-4B) and one IFA-negative (JE-5A)
clone were selected for further analysis and maintained in medium containing
200 mg of G418 per ml. These stably transformed cells secreted antigen in the
form of EPs (A. Hunt and G. J. Chang, unpublished data).

Antigen capture ELISA for detection of E protein secreted into culture fluid.
The antigen capture ELISA, a modification of the procedure described by Guira-
khoo et al. (8), was used to detect E protein from transiently transformed cells
or JE-4B culture fluid. Flavivirus group-reactive MAb 4G2 was used to capture
the JEV antigens (7). The 4G2-captured antigen was detected using horseradish
peroxidase-conjugated MAb 6B6C-1 by incubation for 1 h at 37°C. Enzyme ac-
tivity on the solid phase was detected with 3,39,5,59-tetramethylbenzidine ELISA
substrate (Life Technologies, Grand Island, N.Y.); the reaction was stopped with
the addition of 2 M H2SO4, and the optical density was measured at 450 nm.

Mouse experiments. Three-day-old mixed-sex or 3-week-old female ICR out-
bred mice were vaccinated i.m. with 50 or 100 mg of plasmid DNA at a concen-
tration of 1 mg/ml in PBS or subcutaneously (s.c.) with 1/10 or 1/5 of the adult
human dose of JEVAX (manufactured by the Research Foundation for Micro-
bial Disease of Osaka University and distributed by Connaught Laboratories,
Swiftwater, Pa.). The chloramphenicol acetyltransferase (CAT) protein expres-
sion plasmid pCDNA3/CAT (Invitrogen) was used as the vaccination control.
Selected groups of mice were boosted 3 weeks later with an additional dose of
plasmid vaccine or JEVAX. Mice were bled from the retro-orbital sinus; serum
samples were evaluated for JEV antibody by ELISA and Western blotting using
purified JEV and by PRNT.

Mice vaccinated at 3 days of age were challenged intraperitoneally (i.p.) 7
weeks postvaccination with JEV strain SA14 (50,000 PFU/100 ml) and observed
for 3 weeks. To evaluate passive protection by maternal antibody, pups were
obtained from mating of nonimmunized males with immunized females 9 weeks
following their vaccination with plasmid DNA at 3 weeks of age. Pups were
challenged by the i.p. route 3 to 15 days after birth with SA14 virus (5,000
PFU/100 ml) and observed daily for 3 weeks. Postchallenge serum was collected
from survivors and tested for reactivity with JEV antigens by ELISA and West-
ern blotting.

Serological tests. Postvaccination and postchallenge serum samples were
tested for the ability to bind to purified JEV by ELISA, neutralize JEV infectivity
by PRNT, or recognize JEV proteins by Western blotting (12, 41, 48). The PRNT
assay was performed by incubating ;200 PFU of SA14 virus in 100 ml of
Dulbecco’s modified Eagle medium containing 5% bovine serum albumin and 20
mM HEPES buffer (pH 8.0) with serial twofold dilutions of serum specimens,
started at 1:10, in 100 ml of the same buffer in 96-well trays at 4°C overnight.
Serum specimens were heat inactivated at 56°C for 30 min before use. Duplicate
100-ml aliquots were assayed for infective virus by plaque formation on Vero cell
monolayers. The percent plaque reduction was calculated relative to virus con-
trols without serum. Titers were expressed as the reciprocal of serum dilutions
yielding a 90% reduction in plaque number (PRNT90).

RESULTS

Effect of the promoter and poly(A) signal on the efficiency of
JEV prM and E protein expression. Four eukaryotic cell ex-
pression plasmids that contained the JEV coding region ex-
tending from genomic nt 390 to nt 2478 were constructed. This
region of the genome encoded the prM and E genes. The
Kozak sequence for the eukaryotic translation initiation site
(underlined) of 29 to 14, GCCGCCGCCATGG, at the 59
terminus (2, 25, 26, 27) and the in-frame translation terminat
ion sequence at the 39 terminus of cDNA were incorporated
directly into cDNA by RT-PCR using viral RNA as a template.
Transcription of the JEV genes in plasmid pCDJE2-7 was
controlled by the human cytomegalovirus (CMV) early IA
gene promoter/enhancer. The resulting mRNA is terminated
and stabilized by a bovine growth hormone (BGH) transcript
ion terminator and a poly(A) signal, respectively. The tran-
scriptional control elements in pREJE were replaced by the
Rous sarcoma virus (RSV) long terminal repeat promoter and
SV40 poly(A). The pCEJE and pRCJE plasmids contain CMV
plus SV40 poly(A) and RSV plus BGH poly(A), respectively
(Table 1).

To determine the influence of the promoter and poly(A)
elements on JEV prM and E protein expression, recombinant
plasmids pCDJE2-7, pCEJE, pRCJE, and pREJE were ini-

FIG. 2. Schematic representations of plasmid vectors pCDNA3, pCBamp, and pCIBamp. These plasmids include the CMV promoter/enhancer element, BGH
poly(A) signal and transcription termination sequence [BHGp(A)], ampicillin resistance gene (Amp), and ColE1 ori for selection and maintenance in E. coli. The f1
ori for single-stranded rescue in E. coli cells, SV40 ori, neomycin coding region, and SV40 poly(A) [SV40 p(A)] sequences were deleted from pCDNA3 to generate
pCBamp. An intron sequence was inserted in the NcoI-KpnI site of pCBamp to generate pCIBamp. The multiple cloning site for the insertion of JEV genes, located
between the TATA box of the CMV promoter/enhancer and BHG poly(A) site, is shown.
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tially tested for the ability to express JEV prM and E proteins
following transformation of various mammalian cells. COS-1,
COS-7, and SV-T2 cells were transiently transformed with
equal amounts of pCDJE2-7, pCEJE, pRCJE, or pREJE plas-
mid DNA. The SV-T2 cell line was excluded from further
testing after preliminary results showed that less than 1% of
pCDJE2-7-transformed SV-T2 cells were expressing JEV an-
tigen.

JEV antigens were expressed in COS-1 and COS-7 cells
transformed by all four recombinant plasmids, thus confirming
that the CMV or RSV promoter and BGH or SV40 poly(A)
elements were functionally active. However, the percentage of
transformed cells and the level of JEV antigens expressed, as
determined by the number of IFA-positive cells and IFA in-
tensity, respectively, differed significantly (Table 1). A signifi-
cantly higher percentage of pCDJE2-7-transformed COS-1
cells expressed JEV proteins with greater IFA intensity at a
level equal to that observed with JEV-infected cells. Cells
transformed with the pCEJE, pREJE, or pRCJE vector, on the
other hand, showed a lower percentage of antigen-expressing
cells as well as a lower IFA intensity. Vectors containing the
CMV promoter and BGH poly(A) were selected for further
analysis (Fig. 2).

To determine whether the enhanced expression of JEV
proteins by the pCDJE2-7 vector was influenced by the SV40
ori, we constructed the pCBJE1-14 vector in which a 2,166-bp
fragment containing the f1 ori, SV40 ori, neomycin coding
region, and SV40 poly(A) elements was deleted. A chimeric in-
tron was then inserted into pCBJE1-14 to generate pCIBJES14.
Plasmid pCIBJES14 was used to determine whether the ex-
pression of JEV proteins could be enhanced by an intron
sequence. Following transformation, both pCBJE1-14 and
pCIBJES14 vectors resulted in cells expressing levels of JEV
proteins similar to that observed with the pCDJE2-7 vector
(Table 1). These results indicated that expression of the JEV
proteins was influenced only by the transcriptional regulatory
elements encoded in the recombinant plasmid. Neither the
SV40 ori nor the intron sequence enhanced JEV protein ex-
pression in the cells used.

Epitope mapping of E protein expressed by a stably trans-
formed cell line constitutively expressing JEV-specific gene
products. Authenticity of the JEV E protein expressed by the
JE-4B clone was demonstrated by epitope mapping by IFA
using a panel of JEV E-specific murine MAbs. JEV HIAF and
one irrelevant mouse ascitic fluid were used as positive and
negative antibody controls, respectively. Four JEV-specific, six
flavivirus subgroup-specific, and two flavivirus group-reactive
MAbs reacted similarly with the 4B clone and with JEV-in-
fected COS-1 cells (Table 2).

Detection of JEV E protein secreted by the JE-4B COS-1 cell
line. An antigen capture ELISA, employing flavivirus group-
reactive, anti-E MAbs 4G2 and 6B6C-1, was used to detect
JEV E proteins that were secreted into the culture fluid by the
COS-1 cell clone JE-4B. Antigen could be detected in the
culture fluid the first day following seeding of the cells with
maximum ELISA titers that ranged from 1:16 to 1:32.

Comparison of immune responses in mice vaccinated with
pCDJE2-7 genetic vaccine and JEVAX. Plasmid pCDJE2-7 was
used as a nucleic acid vaccine to induce an antibody response
in mice by immunizing groups of five 3-week-old female ICR
outbred mice. Mice were bled at 3, 6, 9, 23, 40, and 60 weeks
after immunization, and antibody titers were determined by
ELISA or by PRNT. As expected, sera from animals in the
pCDNA3/CAT control group did not contain JEV antibody.
All animals immunized with pCDJE2-7 and JEVAX serocon-
verted by 3 weeks after the first vaccination (Table 3). The
antibody titers were similar irrespective of the number of doses

TABLE 1. Transient expression of JEV prM and E proteins by various recombinant plasmids in two transformed cell lines

Recombinant
plasmid

IFA intensity/% positivea

Name Promoter Intron Poly(A) Ori COS-1 COS-7

pCDNA3 CMV No BGH SV40 pCDJE2-7 31/40 31/35
pCBamp CMV No BGH No pCBJE1-14 31/45 ND
pCIBamp CMV Yes BGH No pCIBJES14 31/39 ND
pCEP4 CMV No SV40 OriP pCEJE 21/4 21/3
pREP4 RSV No SV40 OriP pREJE 11/3 11/2
pRc/RSV RSV No BGH SV40 pRCJE 11/3 11/3
pCDNA3 CMV No BGH SV40 pCDNA3/CAT 2 2

a Various cell lines were transformed with pCDNA3/CAT (negative control), pCDJE2-7, pCBJE1-14, pCIBJES14, pCEJE, pREJE, or pRCJE. Cells were trypsinized
48 h later and tested by IFA with JEV HIAF. Data are presented as the intensity (scale of 11 to 41) and percentage of IFA-positive cells. pCDNA3/CAT-transformed
cells were used as the negative control. ND, not determined. 2, negative.

TABLE 2. Epitope mapping of E protein expressed by JE-4B,
a pCDJE2-7 stably transformed clone of COS-1 cells,

with JEV-reactive antibodiesa

MAb or
antiserum

Biological activity
of MAb

IFA intensity
of cells

Specificity Biological
function

JEV
infected 4B

MAbs
MC3 JEV specific 21 21
2F2 JEV specific HI, N 41 41
112 JEV specific 41 41
503 JEV specific N 41 31
109 Subgroup HI 21 11
N.04 Subgroup HI, N 31 41
201 Subgroup 11 11
203 Subgroup 41 31
204 Subgroup 21 21
301 Subgroup HI 21 21
504 Flavivirus 41 41
6B6C-1 Flavivirus 21 21
3B4C-4 VEE 2 2

HIAF
Anti-JEV 41 31
Anti-WEE 2 2

PBS 2 2

a VEE, Venezuelan equine encephalomyelitis virus; WEE, Western equine
encephalomyelitis virus. 2, negative.
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of pCDJE2-7 or JEVAX given. Mouse serum samples col-
lected 9 weeks after immunization were also tested by Western
blotting using purified JEV. Serum specimens from DNA-
vaccinated mice, which had reactivity similar to that of JEV
HIAF, detected E and prM proteins (Fig. 3). However, mouse
serum from JEVAX-immunized mice reacted only with E pro-
tein. Comparable ELISA antibody titers were maintained in
DNA-vaccinated groups for up to 60 weeks, at which time the
experiment was terminated. Only one of four mice in the
JEVAX group remained JEV antibody positive at 60 weeks
postinoculation. These results demonstrated that one dose of
JEV-specific nucleic acid vaccine was more effective in main-
taining JEV antibody levels in mice than the commercially
available vaccine JEVAX.

Comparison of various nucleic acid vaccine constructs and
JEVAX for ability to induce JEV-reactive antibody in different
age groups of mice. Similar amounts of JEV protein were
expressed by COS-1 cells transformed by either pCDJE2-7,
pCBJE1-14, or pCIBJES14. JEV antibody induction by these
nucleic acid constructs was compared to results for JEVAX in
two different age groups of mice. Three-day-old mixed-sex or
3-week-old female ICR outbred mice, 10 per group, were vac-

cinated i.m. with 50 or 100 mg of plasmid DNA or s.c. with 1/10
or 1/5 of the adult human dose of JEVAX, respectively. Se-
rum specimens were collected at 7 weeks after immuniza-
tion and tested at 1:400 or 1:1,600 by ELISA. Ninety to 100%
of all 3-week-old mice that received pCBJE1-14, pCDJE2-7,
pCIBJES14, or JEVAX had antibody titers of $1:1,600. How-
ever, a significant difference in antibody response was observed
in 3-day-old groups that received various vaccines. None of the
3-day-old JEVAX-vaccinated mice had antibody titers higher
than 1:400. All 3-day-old mice vaccinated with pCBJE1-14
had antibody titers higher than 1:1,600. Seroconversion of
100% was observed at 1:400 in 3-day-old mice that received
pCDJE2-7 or pCIBJES14, but only 60% of both mouse groups
were positive at 1:1,600. pCBJE1-14 was the most effective of
three DNA constructs tested. The minimum dose of this DNA
construct capable of providing 100% seroconversion (1:400 by
ELISA) by i.m. immunization in 3-week-old mice was deter-
mined to be 25 mg (data not shown).

Protective immunity conferred by the nucleic acid vaccine.
Mice immunized at 3 days of age were challenged by the i.p.
route at 7 weeks postvaccination with the SA14 strain of JEV
(50,000 PFU/100 ml) and observed for 3 weeks. One hundred
percent of the animals that received various nucleic acid vac-
cine constructs were protected. In contrast, only 40 and 30% of
mice that received JEVAX and pCDNA3/CAT, respectively,
survived virus challenge (Fig. 4). These results suggested that
the DNA vaccine could be effective as a neonatal vaccine. In
contrast, JEVAX was not as effective in neonatal animals.

FIG. 3. JEV-specific reactivity of prechallenge and postchallenge serum sam-
ples obtained from mice immunized with DNA vaccine or JEVAX. Serum
specimens collected from the mice used in the experiments represented in Tables
3 and 4 were randomly selected and tested at 1:1,000 dilution by Western blot
analysis using purified JEV as the antigen. pCDJE2-7x2-S was the serum from
one of the mice challenged at 4 days of age (Table 4). NMAF, 4G2-AF, and JEV
HIAF were the mouse ascitic fluids included as normal mouse, E-specific, and
JEV hyperimmune controls, respectively.

FIG. 4. Postchallenge survival rates of mice (10 per group) that were immu-
nized with pCDJE2-7, pCBJE1-14, pCIBJES14, pcDNA3/CAT, or JEVAX at 3
days of age and challenged i.p. with 50,000 PFU of JEV (SA14) 7 weeks postim-
munization. A P value of 0.003 was obtained by Fisher’s exact test when the
survival rate of the JEV DNA-immunized groups was compared with that of the
pcDNA3/CAT or JEVAX group.

TABLE 3. Persistence of the immune response in mice (five per group) immunized with pCDJE2-7 or JEVAX

Inoculationa
ELISA titer (log10) PRNT90 titer

3b 6 9 23 40 60c 3 6 9

pCDJE2-7
1 dose 2.6–3.2 3.8–5.0 3.8–4.4 .3.2 .3.2 2.4, 2.4, 3.8, 4.4 ,20 20 40–160
2 doses 2.6–3.8 4.4 3.8–4.4 .3.2 .3.2 2.6, 3.8, 3.8 ,20 20–40 40–160

JEVAX, 2 doses 2.6–3.8 4.4–5.0 3.8–5.6 .3.2 .3.2 ,2, ,2, ,2, 4.4 ,20 20–40 20–160

pCDNA3/CAT, 2 doses ,100 ,100 ,100 NDd ND ND ,20 ,20 ,20

a Three-week-old mice were inoculated i.m. with one or two 100-mg doses of plasmid DNA or twice s.c. with one-fifth of the human dose of JEVAX.
b Weeks postimmunization.
c Individual serum titers.
d ND, not determined.
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Passive protection of neonatal mice correlated with the ma-
ternal antibody titer. Female 3-week-old ICR mice were vac-
cinated with one or two doses of pCDJE2-7 plasmid DNA (100
mg/100 ml) or twice with one-fifth of the adult human dose of
JEVAX. For evaluation of passive protection by maternal an-
tibody, pups were obtained from matings of experimental fe-
males with nonimmunized male mice. Pups were challenged by
the i.p. route at 3 to 5 or 13 to 15 days after birth with SA14
virus (5,000 PFU/100 ml). Survival rates and average survival
time correlated with the maternal neutralizing antibody titers
(Table 4). One hundred percent of pups nursed by mothers
with a PRNT of 1:80 survived viral infection regardless of the
type of vaccine received by the mothers. None of the pups from
mothers which received pCDNA3/CAT plasmid DNA survived
(Table 4). Partial protection (45% [5 of 11 pups] to 67% [8 of
12 pups]) was observed in older pups that were nursed by the
mothers which had serum PRNT titers of 1:20 and 1:40, re-
spectively. However, none of the 3-day-old pups survived virus
challenge when the mothers had a serum PRNT titer of 1:20 or
1:40. Maternally transferred antibody can only be detected in
the circulation of the young mouse up to 40 days after birth. An
appreciable level of maternally derived antibody is maintained
in the circulation of the young mouse 24 days or more post-
partum (1). JEV ELISA antibody detected in the serum of
97% (29 of 30) of the postchallenge pups at 12 weeks after
virus challenge was unlikely to be residual maternally trans-
ferred antibody. The presence of JEV antibody in the surviving
pups challenged at 3 to 4 or 13 to 15 days of age strongly
suggested that maternal antibody did not provide sterilizing
immunity to the pups. It also indicated that 3- to 4- or 13- to
15-day-old mice could mount an immune reaction to a live-
virus challenge. Partial protection in older pups could be ex-
plained by the opportunity to accumulate a large quantity of
passive antibody due to the length of nursing time before chal-
lenge. One randomly selected postchallenge serum sample also
reacted with prM and E proteins by Western blotting (Fig. 3).

DISCUSSION

The flavivirus virion contains a capsid protein (C), a mem-
brane protein (M), and an E protein. The prM MAbs, exhib-
iting weak or undetectable neutralizing activity in vitro, can

provide passive protection following DEN2 virus challenge
(16). However, the E protein plays a dominant role in gener-
ating neutralizing antibodies and providing protective immu-
nity in the host. Passive transfer of JEV E-specific neutralizing
MAbs has been shown to protect recipients from JEV-induced
fatal encephalitis (3, 16, 32, 55). Antigenic and structural anal-
ysis using various panels of MAbs has shown that most of the
E protein epitopes that elicit virus-neutralizing antibodies are
conformationally dependent (9, 40). Coexpression of both pro-
teins as type I transmembrane proteins is essential to maintain
proper E conformation and prevent the E protein from under-
going irreversible, low-pH-catalyzed conformational changes
(8–10, 19, 50). A 2-kb genomic region, from the internal signal
peptide at the carboxyl terminus of C to the transmembrane
domain at the carboxyl terminus of the E gene, is essential for
expressing authentic proteins. These authentic prM and E pro-
teins are able to self-assemble into virus-like particles in cells
infected by either recombinant vaccinia virus or alphavirus
vector or in cells transformed by recombinant plasmid DNA (4,
19, 22, 48; Hunt and Chang, unpublished data).

A gene cassette including the elements listed above was
amplified from SA14 virus by RT-PCR in the present study.
Optimal sequence composition surrounding the translation ini-
tiation site (29 to 14) was incorporated into the 14DV398
amplifying primer (2, 26, 27) (Fig. 1). Recombinant plasmids
containing the CMV early gene promoter/enhancer and the
BHG poly(A) terminator as transcription regulatory elements
expressed JEV proteins with the highest efficiency in three
different cell lines. Protein expression and the serological re-
sponse of mice immunized with DNA vaccine were not influ-
enced by the presence or absence of the SV40 ori or an intron
sequence in recombinant plasmids. Virus-specific proteins, se-
creted into culture medium, could be detected by antigen cap-
ture ELISA as early as 48 h after plasmid transformation (data
not shown). The authenticity of the E protein produced by the
pCDJE2-7 stably transformed cell line, JE-4B, was demon-
strated by MAb epitope mapping.

Vaccine potential and characteristics of various eukaryotic
plasmids that express flavivirus prM and E proteins are sum-
marized in Tables 5 and 6. All constructs listed had the same
transcriptional control elements and similar viral gene cas-
settes. DEN2 plasmid, which contains prM and 91% of E, is
the only exception (Table 6). The JEV DNA vaccine reported
in this study is the only construct that stimulated complete
protective immunity in mice by a single dose of vaccine given
by the i.m. route (Table 5). Sequences surrounding the trans-
lation initiation site and the composition of the signal peptide
preceding the prM protein are the two major differences
among the constructs that may contribute to increasing the
vaccine potential of our construct (Table 6). Conserved fea-
tures of the sequences which flank vertebrate translation ini-
tiation sites include a strong preference for purine at the 23
position; a higher frequency of G at positions 29, 26, 23, and
14; and a preference for A or C at positions 25, 24, 22, and
21 (2). Instead of the sequence used in previous publications,
the sequence used in our construct was 29 z GCCGCCGCC
ATGG, which fits the general criteria listed above. Although
less than 1% of eukaryotic mRNA sequences exhibit this se-
quence, the experimental data have suggested that this se-
quence provides exceptionally high levels of translation poten-
tial (2, 26).

Signal peptides determine translocation and orientation of
inserted protein, hence the topology of prM and E. Signal
peptide differences in our plasmid construct may account for
the efficient translocation and correct topology, thus increasing
prM and E secretion. A machine-learning program using neu-

TABLE 4. Ability of maternal antibody from JEV nucleic acid-
vaccinated female mice to protect their pups from fatal JE

Vaccinated mothera JEV-challenged pups

Vaccine PRNT90
Age

(days)

No. of
survivors/
total in

litter

Avg
survival

time
(days)

ELISAb

1 3 pCDJE2-7 40 4 0/11 5.27
2 3 pCDJE2-7 80 4 12/12 NAc 12/12
2 3 JEVAX 20 3 0/16 4.75
2 3 pCDNA3/CAT ,10 5 0/14 4.00

1 3 pCDJE2-7 20 15 5/11 10.0 5/5
2 3 pCDJE2-7 40 14 8/12 13.75 7/8
2 3 JEVAX 80 13 5/5 NA 5/5
2 3 pCDNA3/CAT ,10 14 0/14 6.14

a Mice were inoculated i.m. with one or two 100-mg doses of pCDJE2-7 DNA
or twice s.c. with one-fifth of the adult human dose of JEVAX. Serum samples
were collected 9 weeks postvaccination for PRNT testing prior to mating with
nonimmune male.

b Number of JEV ELISA antibody-positive animals (titer $ 1:400)/number of
survivors. Serum specimens were collected for testing 12 weeks after challenge.

c NA, not applicable.
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ral networks trained on eukaryotes (SignalP-NN at http://www
.cbs.dtu.dk/services/) was applied to test the efficiency of the
prM signal peptide sequence in the different plasmid con-
structs (34) (Table 6). The most probable location and orien-
tation of transmembrane helices in the prM-E protein were
then determined by a hidden Markov model-trained computer
program (6 [TMHMM at http://www.cbs.dtu.dk/services/]).
SignalP-NN searches correctly predicted the signal peptidase
cleavage site of all constructs. However, a considerable differ-
ence in cleavage potential (C score, between 0.578 and 1.000)
was observed (Table 6). Cleavage potential differences may be
influenced by the amino acid composition and length of the h
region in various constructs (44).

The TMHMM program correctly predicted five transmem-
brane helices encoded in the prM-E protein. Significant differ-
ence in the probable orientation of the first transmembrane
helix was observed in three JEV constructs (Fig. 5). In our
pCDJE2-7 construct, the first 12 amino acids of the n region
form a short loop in the cytoplasmic side that causes the fol-
lowing h region (transmembrane helix) to be inserted in a tail
orientation. Secretion of JEV protein could be detected by
antigen capture ELISA in pCDJE2-7 transient expression
studies in which less than 5% of the cells were positive by IFA
(data not shown). Thus, there is a high probability that prM
and E proteins expressed by pCDJE2-7 would be expressed in
the correct orientation, as type I transmembrane proteins (Fig.
5A). There is also a high probability that the prM protein of
pcDNA3JEME could be expressed as a type II membrane
protein with its transmembrane h region inserted in a head
orientation because of the absence of positively charged amino
acids in its n region (Fig. 5B). Efficient protein synthesis in

conjunction with correct topology of expressed prM and E
(Fig. 5A) would most likely enhance EP formation and secre-
tion in transformed cells.

Another characteristic that could explain the excellent vac-
cine potential of our JEV construct is its ability to produce EPs
which have a virus-like polymeric structure that enhances an-
tigenic stability and provides a high-density presentation to
antigen-presenting cells, such as macrophages, dendritic cells,
and Langerhans cells (5). When DNA is given by the i.m.
route, the majority of antigen is expressed by non-antigen-
presenting muscle cells. The efficacy of a DNA vaccine is there-
fore dependent on transfection of antigen-presenting cells or
to reprocessing of antigen derived from other cells. Muscle
cells transfected by our construct could conceivably synthesize
and secrete EPs, which are highly immunogenic and have been
shown to elicit good cellular and humoral responses (22, 23).

Genetic JEV vaccine that induced a completely protective
immunity in neonatal mice and a maternally transferable pro-
tective immunity in young adult mice by a single i.m. immuni-
zation was demonstrated in this study. Additional studies are
planned to address the effectiveness of a DNA vaccine in
overcoming the potential influence of maternally transferred
flavivirus antibodies on the induction of JEV antibody in neo-
natal mice.

Immunization of pigs is a theoretical means of interrupting
transmission and amplification of JEV and thereby preventing
human infections (43). The JEV DNA vaccine could also be
used as a veterinary vaccine in pregnant sows to prevent JEV-
induced stillbirth and abortion (51, 53). Maternally transferred
antibody could also interrupt piglets as the JEV-amplifying
host and thus reduce human infection.

TABLE 5. Vaccine potential of various eukaryotic plasmids that express flavivirus prM and E proteinsa

Virus
In vitro

secretion
of EPs

Immunization Protection from
virus challenge Reference

Dosage Route/method Neutralizing antibodyb

JE Yes 25–100 mg 3 1 i.m./needle Yes (1:20–1:16090%) 100% This report
ND 100 mg 3 2 i.m./needle No Partial 30
ND 10–100 mg 3 2 i.m. or i.d./needle Yes (1:10–1:2090%) 100% 24

MVE Yes 100 mg 3 4 i.m./needle ND Partial 4
Yes 1–2 mg 3 2–4 i.d./gene gun Yes (80–32050%) 100% 4

SLE ND 100 mg 3 2 i.m./needle No Partial 38
CEE ND 1 mg 3 1–2 i.d./gene gun Yes (1:100–1:1,60080%) 100% 49
RSSE ND 1 mg 3 1–2 i.d./gene gun ND 100% 49
DEN2 ND 200 mg 3 3 i.d./needle Yes (1:10–1:32050%) None 17

a MVE, Murray Valley encephalitis; CEE, Central European encephalitis; RSSE, Russian spring-summer encephalitis; i.d., intradermal; ND, not done.
b Plaque reduction neutralization titer followed by percentage reduction endpoint used in the test.

TABLE 6. Characteristics of various eukaryotic plasmids expressing flavivirus prM and E proteins

Virusa Plasmid Sequence surrounding
translation initiation site Amino acids preceding prM proteinb SP potential

(C score)c Reference

JE pCDJE2-7 29•GCCGCCGCCATGG•14 MGRKQNKRGGNEGSIMWLASLAVVIACAGA /MKL Yes (0.921) This report
pJME 29•GGCTCAATCATGG•14 MWLASLAVVIACAGA /MKL Yes (0.578) 30
pCDNA3JEME 29•GAATTCACCATGG•14 MNEGSIMWLASLAVVIACAGA /MKL Yes (0.921) 24

MVE pCDNA3.prM-E 29•TGATTTCAAATGT•14 MSKKRGGSETSVLMVIFMLIGFAAA /LKL Yes (0.819) 4
SLE pSLE1 ? ?LDTIN RRPSKKRGGTRSLLGLAALIGLASS /LQL Yes (0.709) 38
DEN2 p1012D2ME ? ?AGMIIMLIPTVMA /FHL Yes (0.646) 17
TBE SV-PEwt 29•GCGGCCGCCATGG•14 MVGLQKRGKRRSATDWMSWLLVITLLGMTLA /ATV Yes (1.000) 48
RSSE pWRG7077 29•GTAGACAGGATGG•14 MGWLLVVVLLGVTLA /ATV Yes (0.762) 50
CEE pWRG7077 29•ACGGACAGGATGG•14 MSWLLVITLLGMTIA /ATV Yes (0.609) 50

a Abbreviations are as given in Table 5, footnote a.
b Single amino acid code. Positively charged amino acid is indicated by bold letter. Signal peptidase cleavage site is indicated by /.
c Cleavage potential of signal peptide (SP) predicted by SignalP-NN at http://www.cbs.dtu.dk/services (34).
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