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Abstract

Japanese encephalitis (JE), an acute inflammatory disease of
the brain, is caused by infection with Japanese encephalitis
virus (JEV). Children are most susceptible to JEV, which is
commonly found in Asia. JEV is an enveloped RNA virus that
is genetically similar to West Nile, dengue, and yellow fever
viruses. No specific antiviral drugs are currently available to
treat JE disease, but four types of vaccine are licensed
locally to prevent JEV infection. However, the disease
continues to be an important global health priority. Of the
four vaccines, the most widely used in JE-endemic countries
is the live-attenuated vaccine SAq4-14-2. In our previous
work, we cloned a genome-length cDNA of SA14-14-2 and
rescued recombinant viruses entirely from the cloned cDNA
(pBac/SA14-14-2).

In the present study, we engineered this functional
SA14-14-2 cDNA to construct a self-replicating subgenomic
replicon (pBac/SA;4-14-2Rep) by deleting the coding region
for its two viral envelope glycoproteins, prM and E. After
transfection of BHK-21 cells with the replicon RNA
transcribed in vitro from pBac/SA14-14-2Rep, a combination
of confocal microscopic imaging and immunoblotting
showed the transient replication of the replicon RNA in the
cytoplasm of RNA-transfected cells. Moreover, transfection
of the SA14-14-2 replicon RNA into a BHK-21 cell line stably
expressing all three JEV structural proteins (C, prM and E)
led to the production of single-round infectious particles
that packaged the replicon RNA, with a titer of ~10°
infectious units per ml. Our SAy;-14-2-based replicon
represents a valuable tool for studying JEV RNA replication
in low-level biocontainment facilities and provides a useful
platform for developing new vaccine vectors against an
array of human and animal pathogens.
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Introduction

Japanese encephalitis virus (JEV) belongs to the genus
Flavivirus in the family Flaviviridae [1]. Within the genus, JEV is
genetically related to other clinically important human
pathogens, such as West Nile (WNV), dengue (DENV), and yellow
fever (YFV) viruses [2]. Like all flaviviruses, JEV is an enveloped
RNA virus that has an inner core composed of a plus-strand RNA
genome and multiple copies of the capsid (C) protein; this core is
surrounded by an outer lipid bilayer with 180 copies of the viral
membrane (M) and envelope (E) proteins embedded in it [3,4].
The linear genomic RNA is approximately 11,000 nucleotides
long [5] and contains a single long open reading frame (ORF)
flanked by two short non-coding regions (NCRs) at the 5" and 3’
ends that possess cis-acting RNA elements required for viral
replication [6,7].

Upon entry into a susceptible host cell, the viral genomic RNA
serves as an mRNA for the translation of a polyprotein precursor.
This precursor is then co- or post-translationally processed into
at least 10 smaller proteins, arranged as NH,-C-prM-E-NS1-
NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH (prM is the precursor of
M, and NS stands for nonstructural protein) [8]. The three N-
terminal structural proteins (C, prM and E) are required for the
formation of infectious virus particles, and the seven C-terminal
nonstructural proteins (NS1 to NS5) are involved in the assembly
of viral replication complexes in which viral RNA synthesis takes
place [9,10]. Recently, a C-terminally extended form of NS1
(NS1’) has been shown to be expressed through a -1 ribosomal
frameshift at the beginning of NS2A [8,11,12]. Viral RNA
replication occurs entirely in the cytoplasm of infected cells.

JEV is a zoonotic arbovirus that is maintained in a natural
transmission cycle involving a number of vertebrate hosts and
mosquito vectors. From the perspective of medical importance,
wading birds are the main reservoirs for viral maintenance,
domestic pigs are the primary hosts for viral amplification, and
culicine mosquitoes (i.e., Culex tritaeniorhynchus) are the
principal vectors for viral transmission [13]. Humans become
infected through the bite of a JEV-infected mosquito; only a
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minority of these bites result in clinical disease, ranging from a
nonspecific febrile illness to the full-blown Japanese encephalitis
(JE), a potentially fatal inflammatory disease of the central
nervous system [14,15].

JE occurs throughout most of Asia and parts of the Western
Pacific region, with a high likelihood of the disease spreading
around the world [16,17]. In endemic areas, JE has a fatality rate
of 20-30%, and up to 50% of survivors have permanent
neurological and/or psychiatric complications [9]. Currently,
there is no clinically approved treatment available for JE, but
there are four types of JE vaccine licensed for local use in
different countries [9]. Of these, the live-attenuated SA4-14-2
vaccine has become the most widely administered in JE-affected
areas. In our previous studies, we determined the complete
genome sequence of SA14-14-2, cloned its full-length cDNA into
a bacterial artificial chromosome (BAC), and rescued infectious
viruses from the cloned cDNA [18,19].

We now report that using our full-length infectious SA14-14-2
cDNA molecular clone, we have succeeded in constructing a
transiently self-replicating subgenomic replicon that lacks the
viral prM and E genes. We have also demonstrated that
transfection of the in vitro synthesized SA;4-14-2 replicon RNA
into a packaging cell line leads to the production of single-round
infectious particles that encapsidate the replicon RNA. Our
SA14-14-2-based replicon system offers a new platform for
developing a novel viral vector that should be applicable to the
development of vaccines against many pathogens of humans
and animals.

Materials and Methods

Cells

Baby hamster kidney (BHK-21) cells were cultivated in alpha
minimal essential medium (MEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 1x MEM vitamin solution, 50
units/ml penicillin, and 50 pg/ml streptomycin [20]. Two
derivatives of BHK-21 cells (BHK/SinRep19 and BHK/
SinRep19/JEV C-E) were maintained under the same conditions
in the presence of 1 pg/ml puromycin [21]. All cell culture
reagents were purchased from GIBCO.

Plasmid construction

Using our recently developed full-length infectious cDNA
clone of SA14-14-2 (designated pBac/SAqi4-14-2 [19]), we
constructed two subgenomic cDNA clones by overlap extension
PCR and standard recombinant DNA techniques. (1) For pBac/
SA14-14-2Rep, two overlapping DNA fragments were first
amplified by PCR of pBac/SAis-14-2 with two primer pairs,
SArepl+SArep2 and SArep3+SArep4, respectively. The two
amplified fragments were then combined in a second round of
PCR with the outermost primers SArepl and SArep4, and the
1,066-bp Pacl-Sphl fragment of the resulting amplicons was
ligated with the 2,644-bp Sphll-BamHI and 12,863-bp BamHI-
Pacl fragments of pBac/SA14-14-2 (2).
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For pBac/SAi,-14-2Rep/AAG, the first two DNA fragments
were produced by PCR amplification of pBac/SA14-14-2 with two
pairs of primers, SArepAAG1+SArepAAG2 and
SArepAAG3+SArepAAG4. Again, these two PCR products were
joined by a second round of PCR with the outermost primers,
SArepAAG1 and SArepAAG4. The 1,395-bp Sacll-Aatll fragment
of the fused amplicons was ligated with the 8,077-bp Aatll-Pacl
and 7,101-bp Pacl-Sacll fragments of pBac/SA4-14-2Rep. Table 1
provides a list of the primers used in this study.

In vitro transcription and RNA transfection

The full-length SA14-14-2 cDNA clone and its two derivatives
were digested with Xbal to make linear template DNAs, and then
blunted with mung bean nuclease to remove the Xbal-generated
5’ overhangs. The linearized DNAs were purified by phenol-
chloroform extraction followed by ethanol precipitation. RNA
transcripts were synthesized by in vitro transcription with SP6
RNA polymerase (New England Biolabs) in the presence of the
cap analog m’G(5’)ppp(5’)A (New England Biolabs), as described
previously [19]. The integrity and yield of the RNA transcripts
were determined by agarose gel electrophoresis and the
incorporation rate of [3H]UTP, respectively [22]. Under our
optimized conditions, RNAs were transfected into BHK-21 or
BHK-21-derived cell lines by electroporation using a BTX model
ECM 830 electroporator (Harvard Apparatus), as described
elsewhere [6,7,20].

Immunofluorescence assay (IFA)

Cells (1 x 10°) grown on 4-well glass bottom chamber slides
(Lab-Tek) were washed in phosphate-buffered saline (PBS) and
fixed/permeabilized with cold methanol at -20°C for 10 min. The
cells were washed with PBS (3 x 10 min) and blocked with 5%
bovine serum albumin (BSA) in PBS at room temperature for 30
min. After three 10-min washes in PBS, they were incubated for
1 h at room temperature with a primary antibody diluted in PBS
containing 2.5% BSA. The primary antibodies used in this
indirect IFA were four rabbit polyclonal antisera raised against
JEV C (0-C; 1:2,000 dilution), M (a-M; 1:250 dilution), E (a-EN-
term. 1.2 000 dilution), and NS1 (a-NS1N-t™. 1:2 000 dilution)
[8].

After three 10-min washes in PBS, the cells were again
incubated for 1 h at room temperature with a secondary Cy3-
conjugated goat anti-rabbit antibody (1:1,000 dilution;
Molecular Probes) diluted in PBS containing 2.5% BSA. After
three 10-min washes in PBS, the cells were counterstained with
300 nM 4’,6-diamidino-2-phenylindole (DAPI, Molecular Probes)
in PBS at room temperature for 5 min. They were then washed
with PBS (2 x 10 min), mounted using an antifade mounting
medium (Dako), and examined using an LSM-710 confocal
microscope controlled by the Zen 2010 software (Carl Zeiss).

Immunoblot analysis

Cells (3 x 10°) plated in 6-well plates were lysed with 200 ul of
1x sample buffer (80 mM Tri-HCI [pH 6.8], 2.0% SDS, 10%
glycerol, 0.1 M DTT, and 0.2% bromophenol blue). One-tenth of
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each total cell lysate was separated by SDS-PAGE, transferred to
a polyvinylidene difluoride membrane (Millipore), and blocked
with 5% nonfat dried milk in wash buffer (0.2% Tween 20 in PBS)
at room temperature for 1 h.

After three 10-min washes in wash buffer, the blots were
incubated at room temperature for 2 h with one of the following
primary antibodies [8,23]: mouse anti-JEV hyperimmune ascitic
fluid (a-JEV; 1:1,000 dilution), rabbit anti-C antiserum (o-C;
1:3,000 dilution), rabbit anti-M antiserum (a-M; 1:1,000
dilution), rabbit anti-E antiserum (a-EN-™™: 1:4,000 dilution),

Table 1: List of primers used in this study.
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rabbit anti-NS1 antiserum (a-NS1N-trm: 1:3.000 dilution), or
rabbit anti-GAPDH antiserum (a-GAPDH; 1:5,000 dilution). After
three 10-min washes in wash buffer, the blots were again
incubated at room temperature for 2 h with an alkaline
phosphatase (AP)-conjugated secondary antibody against mouse
or rabbit 1gG (Jackson Immuno Research; 1:5,000 dilution). They
were then washed three times and developed by incubating
with a mixture of 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
and nitro blue tetrazolium (NBT).

Primer Sequence Orientation
SArep1 5-TAGTTAATTAACCTGCAGGGGGCTGTTAGAGG-3’ Forward
SArep2 5-TCAATGGCACATCCAGTGTCGGCTCCTGCACAAGCTATGA-3’ Reverse
SArep3 5-TCATAGCTTGTGCAGGAGCCGACACTGGATGTGCCATGA-3' Forward
SArep4 5-TTTGCATGCTGTTCCAAGCTCTGTGCTCATCA-3 Reverse
SArepAAG1 5-GACCCGCGGTTTTGGGAGATGGTTGATGAAGAGA-3’ Forward
SArepAAG2 5-CAGCGGTTTGACGGCACATCCCGCTGCGCTGATCGCCATCCTGG-3 Reverse
SArepAAG3 5-CCAGGATGGCGATCAGCGCAGCGGGATGTGCCGTCAAACCGCTG-3 Forward
SArepAAG4 5-TCAAGACGTCTTCGTATCTCCTGAGTGAGGTCAT-3’ Reverse
Results We used each of the three recombinant cDNAs (pBac/

Construction of a subgenomic replicon based on the
live-attenuated JE vaccine SA;4-14-2 virus

Our recent study reported the first development of a
genetically stable full-length infectious cDNA clone for
SA14-14-2, designated pBac/SA;4-14-2 [19]. For this purpose we
employed the single-copy BAC vector pBeloBAC11, which was
shown to be able to house the large insert of the ~11-kb full-
length JEV cDNA in E. coli [20]. In the present work, we aimed to
construct a replication-competent, propagation-deficient viral
replicon as a new vaccine platform based on our functional
SA14-14-2 cDNA.

To this end, we introduced an internal in-frame deletion of
2,001 nucleotides into pBac/SA;4,-14-2 to remove all of the
coding sequence for the two viral surface glycoproteins prM and
E, thereby creating pBac/SAi4-14-2Rep (Figure 1a). In this
replicon, the correct membrane insertion and biogenesis of the
viral NS1 protein was ensured by fusing the last 22 amino acid
residues of the viral C protein, which act as an internal signal
sequence originally for the subsequent protein prM, directly to
the N-terminus of NS1. As a negative control, we also generated
a replication-defective replicon, pBac/SA;4-14-2Rep/AAG (Figure
1a), in which the critical Gly-Asp-Asp (GDD) motif at positions
667 to 669 in the viral NS5 polymerase active site were replaced
by Ala-Ala-Gly (AAG).

© Under License of Creative Commons Attribution 3.0 License

SA14-14-2, pBac/SA14-14-2Rep, and pBac/SA14-14-2Rep/AAG) as
a template for in vitro run-off transcription with SP6 RNA
polymerase under our optimized experimental conditions
[19,20], after linearization by Xba | digestion and subsequent
mung bean nuclease treatment to remove the 5’ overhang CTAG
left by the Xba | digestion. Following transcription, the integrity
of the RNA transcripts was examined by agarose gel
electrophoresis.

On a 0.6% agarose gel, the genome-length RNA transcribed
from pBac/SA14-14-2 migrated just below the 3-kb marker DNA
band (Figure 1b), as we described previously [22]. We noted that
the subgenomic RNA made from pBac/SA14-14-2Rep ran slightly
faster in the gel (Figure 1b) than did the genome-length RNA
derived from pBac/SA;4,-14-2 (used as a reference), in
agreement with its smaller size resulting from the deletion of
the viral prM and E genes. As expected, the RNA derived from
pBac/SA;4-14-2Rep/AAG  co-migrated precisely with that
synthesized from pBac/SA;4-14-2Rep.
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Figure 1: Construction of a subgenomic replicon of the live-
attenuated JE vaccine SA14-14-2 virus. (a) Schematic diagram
of the SA14-14-2 replicon vectors used in this study. The
genome-length infectious cDNA clone of SA;4-14-2 (pBac/
SA44-14-2) was used to generate two subgenomic cDNA
constructs, pBac/SA;4-14-2Rep and pBac/SA;4-14-2Rep/AAG.
The viral ORF is shown, along with black horizontal bars at
both termini that represent the 5" and 3’ NCRs. White vertical
lines represent major cleavage sites within the color-coded
polyprotein. An asterisk indicates a site of the GDD-to-AAG
mutation introduced into the NS5 polymerase active site. (b)
Synthesis of SA;4-14-2 replicon RNAs by in vitro run-off
transcription. Each of the three linearized cDNAs was
transcribed by SP6 RNA polymerase. Aliquots of the
transcription reactions were run on a 0.6% agarose gel
containing ethidium bromide. The 3-kb DNA band serves as a
reference band.
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Characterization of the subgenomic replicon
SA,4-14-2Rep for transient replication and gene
expression in mammalian cells

To examine the ability of the subgenomic SA;4-14-2Rep or
SA14-14-2Rep/AAG replicon to establish autonomous replication
in cells, the corresponding in vitro-synthesized RNAs were
transfected into naive BHK-21 cells by electroporation, and viral
protein expression was then monitored by IFA with four rabbit
polyclonal antisera specific for the JEV C (a-C), M (a-M), E (a-EN-
term) ‘and NS1 (a-NS1IN-t™) proteins. As a positive control, the
full-length RNA derived from pBac/SA;4-14-2 was included in
parallel. At 20 h post-transfection, we observed clear expression
of the C and NS1 proteins, but not of prM and E, in cells
transfected with the SA14-14-2Rep RNA, predominantly localized
to the cytoplasmic and perinuclear compartments (Figure 2).
The positive and negative controls behaved as expected, in that
all four viral proteins tested were readily detected in the
SA14-14-2 RNA-transfected cells, and none was detectable in the
SA14-14-2Rep/AAG  RNA-transfected cells  (Figure  2).
Interestingly, it was noted that unlike the full-length SA{4-14-2
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RNA, the subgenomic SA14-14-2Rep RNA did not induce
apparent cytopathic effects even at 72 h post-transfection,
although both RNAs were replication-competent (data not
shown).

( N

Mock pBac/SAL.-14-2 pBac/SA1+-142Rep pBac/SA1s-14-2Rep/AAG

a-C

a-M

a-EN=m

NS ]

Figure 2: Autonomous replication of the subgenomic replicon
SA;4-14-2Rep. Naive BHK-21 cells were mock-transfected
(Mock) or transfected with the RNAs transcribed from each of
the three cDNA constructs (pBac/SA14-14-2, pBac/SA14
-14-2Rep, and pBac/SA;4-14-2Rep/AAG), as indicated. At 20 h
post-transfection, the cells were fixed, permeabilized, and
immunostained with one of the four JEV protein-specific
rabbit antisera (a-C, a-M, a-EN-term, and a-NS1N-term),
followed by a Cy3-conjugated goat anti-rabbit IgG (red). Cell
nuclei were stained with DAPI (blue). The inset images are
enlarged views of the boxed areas where DAPI staining is
excluded.

. J

To evaluate the proteolytic processing at the junction
between the C and NS1 regions of the polyprotein precursor
produced from the subgenomic replicon SA14-14-2Rep, total cell
lysates of BHK-21 cells mock-transfected or transfected with the
replicon SA;4-14-2Rep (or the full-length SA{4-14-2 RNA as a
positive control) were harvested at 24, 48, and 72 h post-
transfection and subjected to immunoblotting with the
hyperimmune mouse ascitic fluid raised against JEV and the
same four rabbit antisera specifically recognizing the JEV C, M, E,
and NS1 proteins. At 24 h post-transfection, both the ~12-kDa C
protein and the ~45-kDa NS1 protein were clearly detected in
the SA14-14-2Rep RNA-transfected cells, as seen in the SA4-14-2
RNA-transfected cells (Figure 3). However, the accumulation
levels of these proteins in the SA;4-14-2Rep RNA-transfected
cells gradually decreased over the 72-h period of study because
of the lack of viral spread, while their levels in the SA;4-14-2
RNA-transfected cells were increased at 48 h post-transfection
as a result of viral spread, but dramatically decreased at 72 h
post-transfection as a result of virus-induced cell death (Figure
3). Also, we confirmed that there was no expression of the prM
or E proteins in the SAi4-14-2Rep RNA-transfected cells. Our
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results indicate that SA14-14-2Rep represents a functional JEV
replicon that is capable of initiating RNA replication and gene
expression but lacks the ability to produce infectious virus.
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Figure 3: Transient gene expression of the subgenomic
replicon SA;4-14-2Rep, Naive BHK-21 cells were mock-
transfected (Mock) or transfected with the RNAs transcribed
from pBac/SA14-14-2 or pBac/SA;4-14-2Rep. Whole-cell
lysates were collected at 24, 48, and 72 h post-transfection,
and equal amounts of the lysates were analyzed by
immunoblotting using JEV-specific hyperimmune mouse
ascitic fluid (a-JEV) or each of the four JEV protein-specific
rabbit antisera (a-C, a-M, a-EN-™ and a-NS1N-term),
Immunoblotting with an anti-GAPDH rabbit antiserum (a-
GAPDH) is shown as a loading and transfer control.
Immunoreactive proteins were visualized by probing with an
AP-conjugated goat anti-mouse or anti-rabbit IgG, as
appropriate, and staining with a mixture of BCIP and NBT for
the colorimetric detection of AP-labeled molecules. JEV
proteins are specified on the right, and the positions of
molecular weight markers (kDa) are shown on the left. Open
arrowheads indicate three additional M-reactive proteins.
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Figure 4: Generation of single-round infectious SA1,-14-2
particles. (a) Schematic diagram illustrating a method for the
generation of single-round infectious particles. The replicon
SA14-14-2Rep RNA was transfected into two stable BHK-21
cell lines: BHK/SinRep19 (control), which expresses the
SinRep19 vector alone, and BHK/SinRep19/JEV C-E, which
expresses the three JEV structural proteins (C, prM, and E). At
72 h post-transfection, the yield of trans-complemented
infectious particles accumulated in the culture supernatants
was determined by infection of naive BHK-21 cells, followed
by immunostaining for the NS1 protein expressed from the
encapsidated SA;4-14-2Rep RNA. (b) Production of single-
round infectious particles. Naive BHK-21 cells were mock-
infected (Mock) or infected with the culture supernatants
harvested from the SA;4-14-2Rep RNA-transfected BHK/
SinRep19 or BHK/SinRep19/JEV C-E cells, as indicated. At 20 h
post-infection, cells were subjected to IFA with a rabbit anti-
NS1 antiserum (a-NS1N-term) and a Cy3-conjugated goat
anti-rabbit IgG (red). Cell nuclei were labeled with DAPI
(blue). Representative images are shown with virus titers
indicated below each image, IU -infectious unit.
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Production of propagation-deficient single-round
infectious SA14-14-2 particles by trans-
complementation

To investigate  whether the replication-competent
subgenomic SA14-14-2Rep RNA can be packaged into single-
round infectious particles when the missing prM and E structural
proteins are provided in trans, we took advantage of a stable
BHK-21 cell line (BHK/SinRep19/JEV C-E) we had previously
developed [21] that constitutively expresses all three JEV
structural proteins (C, prM, and E). This cell line persistently
carries a noncytopathic Sindbis virus (SINV) replicon RNA that
contains two additional cistrons driven by its own subgenomic
promoter, one for the three JEV structural proteins and the
other for the puromycin resistance gene as a dominant
selectable marker. As a control, we used another stable BHK-21
cell line (BHK/SinRep19) harboring the SINV vector replicon RNA
without any insertion of JEV genes [21].
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We transfected the SA;4-14-2Rep RNA into the BHK/
SinRep19/JEV C-E or BHK/SinRep19 cell line. At 72 h post-
transfection, the culture supernatants were collected and used
to infect naive BHK-21 cells. We then quantitated the number of
cells expressing the NS1 protein from the packaged
SA14-14-2Rep RNA by IFA using the rabbit anti-NS1 antiserum
(Figure 4a). As presented in Figure 4b, the yield of infectious
SA14-14-2 particles from the RNA-transfected BHK/SinRep19/JEV
C-E cells was estimated to be 0.6-1.0 x 10° infectious units/ml.
As expected, no infectious particles were detected in the
supernatant from the RNA-transfected BHK/SinRep19 cells. We
also confirmed that there was no evidence of RNA
recombination that would potentially generate propagation-
competent infectious virions, as shown by the reinfection of
naive BHK-21 cells with the culture supernatant harvested from
replicon particle-infected BHK-21 cells (data not shown).

Discussion

Previously, we developed the first full-length infectious cDNA
clone of SA14-14-2 [19], a live-attenuated JE vaccine that has
been widely used for human immunization in several JE-endemic
countries [9]. In the present study, we have engineered the
functional genome-length SA;4-14-2 c¢DNA to create a self-
replicating subgenomic replicon SAi4-14-2Rep lacking its two
viral surface glycoproteins, prM and E. After transfection into
permissive BHK-21 cells, we demonstrated the ability of the
SA14-14-2Rep RNA to establish transient replication and gene
expression, with no concomitant production of infectious
particles. Furthermore, we have shown that the replication-
competent SA14-14-2Rep RNA is capable of being encapsidated
into propagation-deficient single-round infectious particles
when the missing prM and E proteins are supplied in trans.
Altogether, this SA14-14-2Rep replicon system can help us
elucidate the molecular basis of JEV RNA replication without the
use of high-level biocontainment facilities, and it provides a
powerful new tool for delivering and expressing foreign genes of
interest for modern molecular medicine.

Over the last few decades, a number of plus-strand RNA
viruses, particularly alphaviruses and flaviviruses, have been
extensively investigated for use as viral vectors, not only for the
expression of heterologous genes in a variety of animal cells but
also for the development of novel antiviral and anticancer
vaccines [24]. The foundation of this RNA-based viral vector
approach was laid in the late 1980s, when Rice and co-workers
first succeeded in cloning a full-length infectious cDNA of SINV
(an alphavirus) [25], creating a replicon by replacing the viral
structural protein-coding region with a reporter gene [26], and
then making a chimeric virus by introducing a second
subgenomic promoter, which drives the expression of a
heterologous protein [27,28]. Since then, the same strategy has
been applied to other alphaviruses, such as Semliki forest virus
and Venezuelan equine encephalitis virus (VEEV). These
alphavirus-based vectors have been employed as a vaccine
platform and evaluated in preclinical or clinical studies for a
broad range of pathogens, including human immunodeficiency
virus, human papilloma virus, hepatitis C virus, influenza A virus,
Marburg virus, Plasmodium yoelli and Bacillus anthracis [29].
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Moreover, the SINV-based vector has been developed for both
short-term transient and long-term stable protein expression
[30]. Recently, the VEEV-based replicon has been modified to
encode subgenomic RNAs, which are not only transcribed from
the subgenomic promoter but also amplified by the previously
underutilized viral replicases [31].

Among flaviviruses, the virus used for the live-attenuated YF
vaccine 17D was the first and best studied for use in developing
a viral vector as a vaccine platform [32]. The YF17D vaccine is
considered to be one of the most effective human vaccines, with
an outstanding safety profile, making it an attractive candidate
for creating a viral vaccine vector. In 1989, an important
milestone was achieved by producing infectious YF17D virus
from an in vitro-ligated cDNA template [33]. Since then, the
YF17D virus has been used as a backbone to generate several
chimeric virus vaccines by replacing its prM and E protein coding
region with that of other flaviviruses, such as JEV, WNV, and four
different serotypes of DENV [34]. Of these, the YF-JE chimera is
the first viral vector vaccine that has been approved for human
use to date in Australia, Malaysia, the Philippines, and Thailand
[9]; the other two chimeric vaccines (YF-WN and YF-DEN) are in
late-phase clinical studies [34]. Similarly, other flaviviruses have
been used to exchange their prM and E genes or to express and
deliver an antigen from unrelated pathogens [29].

RNA virus-based vectors have a broad spectrum of
applications, ranging from vaccination to gene therapy for
genetic diseases, including cancer. The major advantages of
using such a viral vector include: (1) a relatively small genome
size, which can be readily manipulated using infectious cDNA
technology; (2) cytoplasmic RNA amplification, which prevents
nuclear involvement and promotes high levels of gene
expression; and (3) synthesis of double-stranded RNA
intermediates during genome replication, which enhances
antigen-specific immune responses [24,35,36]. However, several
limitations have to be overcome in order for the use of the RNA
virus-based vectors to be further expanded, particularly with
respect to their limited packaging capacity and biosafety-related
issues. In this regard, our SAj4-14-2-based replicon is a
promising platform for developing a new vaccine vector, because
SA14-14-2 is capable of packaging recombinant genomes as large
as ~15 kb [21] and does not require high-level biocontainment
facilities (biosafety levels 3 and 4) [37]. We expect that the full-
length infectious SA14-14-2 cDNA we developed previously [19]
and its subgenomic replicons we created in the present study
will offer new opportunities for basic and clinical research
directed toward the development of novel JEV-based vaccine
vectors [21,38,39].
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