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ABSTRACT

Japanese encephalitis virus (JEV) strains can be separated into 5 genotypes (g1 to g5) based on sequence similarity. JEV g5 strains
have been rarely isolated and are poorly characterized. We report here the full characterization of a g5 virus generated using a
cDNA-based technology and its comparison with a widely studied g3 strain. We did not observe any major differences between
those viruses when their infectious cycles were studied in various cell lines in vitro. Interestingly, the JEV g5 strain was highly
pathogenic when inoculated to BALB/c mice, which are known to be largely resistant to JEV g3 infection. The study of chimeric
viruses between JEV g3 and g5 showed that there was a poor viral clearance of viruses that express JEV g5 structural proteins in
BALB/c mice blood, which correlated with viral invasion of the central nervous system and encephalitis. In addition, using an in
vitro model of the blood-brain barrier, we were able to show that JEV g5 does not have an enhanced capacity for entering the
central nervous system, compared to JEV g3. Overall, in addition to providing a first characterization of the understudied JEV
g5, our work highlights the importance of sustaining an early viremia in the development of JEV encephalitis.

IMPORTANCE

Genotype 5 viruses are genetically and serologically distinct from other JEV genotypes and can been associated with human en-
cephalitis, which warrants the need for their characterization. In this study, we characterized the in vitro and in vivo properties
of a JEV g5 strain and showed that it was more neuropathogenic in a mouse model than a well-characterized JEV g3 strain. The
enhanced virulence of JEV g5 was associated with poor viral clearance but not with enhanced crossing of the blood-brain barrier,
thus providing new insights into JEV pathogenesis.

Japanese encephalitis virus (JEV) is a member of the Flavivirus
genus in the Flaviviridae family. JEV has a positive-sense RNA

genome encoding a single polyprotein. This polyprotein is pro-
cessed by host- and JEV-encoded proteases into 10 proteins: three
structural proteins (core [C], premembrane [prM], and envelope
[E]) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5).

JEV is a significant human pathogen and the causative agent
for Japanese encephalitis, one of the most important viral enceph-
alitides of medical interest in Asia, with an incidence of approxi-
mately 67,900 cases per year, among which are about 20,000 fatal
cases (1). About 20 to 30% of the symptomatic human cases are
fatal, while 30 to 50% of survivors can develop long-term neuro-
logical sequelae (2). JEV is maintained in an enzootic cycle be-
tween Culex tritaeniorhynchus mosquitoes and amplifying verte-
brate hosts, such as water birds and domestic swine (3). Humans
and several other animals can also be infected, but since they do
not develop a sufficient level of viremia to infect mosquitoes, they
are thought to be dead-end hosts (4).

Phylogenetic studies based on the viral envelope protein se-
quences allow the division of JEV strains into five genotypes (g1 to
g5). From the isolation of the prototype strain of JEV in 1935 until
recently, most of the circulating strains of JEV belonged to g3 and
were at the origin of major epidemics in Southeast Asian countries
(5). Recently, a shift in prevalence from JEV g3 to g1 has been
observed in several Asian countries (6–8), while some strains of
JEV g5 have been occasionally isolated in China in 2009 (9) and in
South Korea in 2010 (10). The JEV g5 prototype strain, strain
Muar, was originally isolated in 1952 from an encephalitis patient

in Malaysia (11) and was found to be genetically and serologically
distinct from other genotypes (12–14). No other JEV g5 strain had
been identified until 2009-2010, and little characterization of this
virus has been made. The recent finding that JEV g5 is still circu-
lating in Asia (9, 10) has highlighted the need for an in-depth
characterization of g5 viruses, especially given that they share little
sequence identity with JEV strains belonging to the well-studied
genotype 1 or 3.

A recent report described the construction of molecular virol-
ogy tools that will help characterize the prototype strain Muar
(15). In the present study, we used a cDNA-based technology to
produce a g5 virus derived from the recently isolated strain
XZ0934 (9). The pathogenicity of this molecular clone of JEV g5
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was analyzed and compared to a well-characterized JEV g3 strain.
We showed that while BALB/c mice were largely resistant to JEV
g3, they were sensitive to JEV g5 infection and developed viral
encephalitis. The marked neuropathogenicity of JEV g5 for
BALB/c mice was mostly dependent on the virus capacity to sus-
tain an early viremia in mice. The study of chimeric JEV between
g3 and g5 demonstrated the implication of the structural protein
region in the neuroinvasive properties of JEV g5 in BALB/c mice.

MATERIALS AND METHODS
Cells. Mosquito Aedes albopictus C6/36 cells were maintained at 28°C in
Leibovitz medium (L15) supplemented with 10% heat-inactivated fetal
bovine serum (FBS). Baby hamster kidney-derived BHK-21, chicken fi-
broblast-derived DF-1, human neuroblastoma-derived SK-N-SH, and
human kidney-derived HEK293T cells were maintained at 37°C in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% FBS.
JEV replicon cells were cultured in DMEM supplemented with 10% Tet
System Approved FBS (catalog no. 631106; Clontech).

JEV-RP-9 production (genotype 3). JEV g3 strain RP-9 is a plaque-
purified variant of the NT109 strain, isolated from Culex tritaeniorhynchus
mosquitoes in Taiwan in 1985 (16). A molecular cDNA clone of JEV-RP-9
was kindly provided by Yi-Lin Ling (17). This plasmid was modified to
ensure correct propagation in bacteria, through site-directed mutagenesis
of a bacterial cryptic promoter, located between positions 1787 and 1873,
that had not yet been identified in the genome of JEV RP-9 (18). We first
used the primer pairs 5=-CAAGCTCAGTGAAGTTGACATCAGGCCAC
CTG-3=/5=-CAGGTGGCCTGATGTCAACTTCACTGAGCTTG-3= and
5=-GGCCACCTGAAATGCAGGCTGAAAATGG-3=/5=-CCATTTTCAG
CCTGCATTTCAGGTGGCC-3= to introduce silent mutations predicted
to disrupt the bacterial promoter (mutations are underlined); then, we
reintroduced a missing nucleotide at position A1915 using the primers
5=-AGAAAAATTCTCGTTCGCAAAAAATCCGGCGGACAC-3= and 5=-
GTGTCCGCCGGATTTTTTGCGAACGAGAATTTTTCT-3=. A nonsi-
lent mutation at position 3216, which changed the isoleucine at position
247 in the NS1 protein to a valine, was also reverted to the wild-type
sequence using primers 5=-CATCATTCCGCATACCATAGCCGGACCA
AAAAGCAA-3= and 5=-TTGCTTTTTGGTCCGGCTATGGTATGCGGA
ATGATG-3=. The resulting plasmid, pBR322(CMV)-JEV-RP9, could
then be stably propagated at 30°C in Stbl2 cells (catalog no. 10268-019;
Life Technologies). To produce infectious virus, the molecular clone was
transfected into HEK293T cells using Lipofectamine 2000 (catalog no.
11668-019; Life Technologies). At 3 days posttransfection, viral superna-
tants were collected and used to infect C6/36 cells in order to grow final
virus stocks for experiments.

JEV-XZ0934 production (genotype 5). JEV g5 strain XZ0934 was iso-
lated from Culex tritaeniorhynchus mosquitoes in China in 2009 (9). Four
different plasmids containing partial cDNA of JEV-XZ0934 (GenBank
accession number JF915894) were synthesized by GeneCust. The first
plasmid was designed so that a cytomegalovirus (CMV) promoter se-
quence was fused to a sequence encompassing nucleotides 1 to 2226 of
JEV-XZ0934. The second and third plasmids contained cDNA sequences
encompassing nucleotides 2183 to 5595 and 5564 to 8184 of JEV-XZ0934.
The last plasmid contained a cDNA sequence encompassing nucleotides
8149 to 10983, immediately adjacent to the hepatitis delta virus (HDV)
ribozyme, and was followed by a simian virus 40 (SV40) poly(A) se-
quence. The sequence of interest in each plasmid was amplified by PCR
using Phusion High-Fidelity DNA polymerase (catalog no. F-530S;
Thermo Scientific) and the primer pairs 5=-AGGGCATCGGTCGACTA
GTA-3=/5=-GTCTCTGAGCACCCTTAAGAGTGGTCGTGAAAGCCTT
TCCCAGT-3=; 5=-ACTGGGAAAGGCTTTCACGACCACTCTTAAGGG
TGCTCAGAGAC-3=/5=-TGGAGTCAGGGAAGGGGTCAGTCGTTCC
TGGT-3=; 5=-ACCAGGAACGACTGACCCCTTCCCTGACTCCA-3=/
5=-AGGCCATTTCCAGAACACGCAGAGTGCGTTGCTCCT-3= and 5=-
AGGAGCAACGCACTCTGCGTGTTCTGGAAATGGCCT-3=/5=-ATC
GATTTAAGATACATTGA-3=. Each fragment shared an overlap of 44,

32, and 36 nucleotides, respectively, with the next fragment, which per-
mitted assembly of the viral full-length genome after transfection into
HEK293T cells using Lipofectamine 2000 (catalog no. 11668-019; Life
Technologies). At 3 days posttransfection, viral supernatants were col-
lected and used to infect C6/36 cells in order to grow final virus stocks for
experiments. Viral RNA was extracted from the supernatants using
NucleoSpin RNA (catalog no. 740955; Macherey-Nagel) according to the
manufacturer’s instructions. Most of the JEV genome was amplified by
reverse transcription (RT)-PCR using the SuperScript III One-Step RT-
PCR system with Platinum Taq DNA polymerase (catalog no. 12574-018;
Life Technologies) and the primer pairs 5=-AGAAGTTTATCTGTGTGA
AC-3=/5=-GTCTCTGAGCACCCTTAAGAGTGGTCGTGAAAGCCTTT
CCCAGT-3=; 5=-AATTGGAACCACCATTTGGA-3=/5=-GAGTGATCTC
ATTCTCGTCCCA-3=; 5=-AGATGGTGTTGAGGAAAGTGA-3=/5=-AAC
CCAATCGCAGACAAAAC-3=; 5=-CTCAGTTCCACTGGGTGGTT-3=/
5=-AACCATTTCAAAGCCTGGTG-3=; 5=-GACCTCGGACGAATGCTA
TC-3=/5=-TTTGGGTCCTCTCCAAACTG-3= and 5=-TCCATACATGCC
AAAGGTGA-3=/5=-AGATCCTGTGTTCTTCCTCA-3=. The PCR frag-
ments were then sequenced by Eurofins Genomics.

JEV S-g5/NS-g3 chimeric virus production. A silent mutation that
created a unique restriction site (AflII) at positions 2208 to 2213 (resi-
dues 705 and 706 of the viral polyprotein) was introduced directly in
pBR322(CMV)-JEV-RP9 through PCR mutagenesis using primers 5=-AC
TGGGAAAGGCTTTCACGACCACTCTTAAGGGTGCTCAGAGAC-
3= and 5=-GTCTCTGAGCACCCTTAAGAGTGGTCGTGAAAGCCTTT
CCCAGT-3= (the AflII site is underlined). The resulting pBR322(CMV)-
JEV-RP9(AflII) plasmid was used as the template to generate the chimeric
JEV. The fragment corresponding to nucleotides 114 to 2213 and flanked
by the unique sites ApaI and AflII was replaced with the homologous
fragments of JEV g5 strain XZ0934 (nucleotides 114 to 2213, obtained
from a cDNA synthesized by GeneCust). The resulting plasmid had the
JEV-RP-9 5=- and 3=-noncoding regions as well as the coding sequences
for all JEV-RP-9 nonstructural proteins, but most of the structural protein
genes were derived from JEV-XZ0934. As described for JEV-RP-9 pro-
duction, the resulting infectious clone was propagated in Stbl2 cells and
transfected to cells to produce JEV S-g5/NS-g3, followed by amplification
in C6/36 cells. The progeny virus was sequenced as described above.

JEV S-g3/NS-g5 chimeric virus production. The chimeric JEV S-g3/
NS-g5 virus was produced as described for JEV-XZ0934, except that the
first PCR fragment containing the CMV promoter sequence was fused to
a sequence encompassing nucleotides 1 to 2229 of JEV-RP-9, instead of
nucleotides 1 to 2226 of JEV-XZ0934. This fragment was amplified from
pBR322(CMV)-JEV-RP9 using the primers 5=-AGGGCATCGGTCGAC
TAGTA-3= and 5=-GTCTCTGAGCACCCTTAAGAGTGGTCGTGAAA
GCCTTTCCCAGT-3=. As described for JEV-XZ0934 production, the dif-
ferent PCR fragments were cotransfected to cells to produce JEV S-g3/NS-
g5, followed by amplification in C6/36 cells. The progeny virus was
sequenced as described above. Recombination events over the consensus
sequence of nucleotides 2205 to 2215 led to the production of a chimeric
JEV that is composed of the region of nucleotides 1 to 2215 of JEV-RP-9
followed by the region of nucleotides 2216 to 10983 of JEV-XZ0934.

Antibodies. Mouse hybridomas producing the monoclonal antibody
4G2 anti-flavivirus E were purchased from ATCC (catalog no. HB-112),
and a highly purified antibody preparation was produced by RD Biotech
(Besançon, France). Mouse monoclonal antibody anti-JEV NS5 and rab-
bit polyclonal antibody anti-JEV C were kindly provided by Yoshiharu
Matsuura (19, 20). The antibody against calnexin was purchased from
Enzo Life Sciences (catalog no. ADI-SPA-865). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse and anti-rabbit IgG antibodies were
obtained from Bio-Rad Laboratories (catalog no. 170-6516 and 170-6515,
respectively). Alexa Fluor 488-conjugated goat anti-mouse IgG antibody
and Cy3-conjugated donkey anti-rabbit IgG antibody were obtained from
Jackson ImmunoResearch (catalog no. 115-545-003 and 711-165-152, re-
spectively).
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RT-qPCR. For quantitative RT-PCR (RT-qPCR), RNA was extracted
from samples using NucleoSpin RNA (catalog no. 740955; Macherey-
Nagel) according to the manufacturer’s instructions. The quantitation
of a given target RNA was done on 8 �l or 200 ng of RNA using the
QuantiTect SYBR green RT-PCR kit (catalog no. 204243; Qiagen) accord-
ing to the manufacturer’s instructions. The MiniOpticon real-time PCR
system (Bio-Rad) was used to measure SYBR green fluorescence with the
following program: reverse transcription step at 50°C (30 min), followed
by an initial PCR activation step at 95°C (15 min), 40 cycles of denatur-
ation at 94°C (15 s), annealing at 58 to 60°C depending on the primer pairs
(30 s), and extension at 72°C (30 s). Results were analyzed using the CFX
Manager software (Bio-Rad).

For viral genome quantification, we used a primer pair designed to
equally amplify JEV-RP-9 and JEV-XZ0934 genomes: 5=-AGAAAAGAR
ATGAGGTGTGGKAGTG-3= and 5=-ACGGCTTCCCACATTTGA-3=,
where R and K represent a mix of G and A and of G and T, respectively.
The RNA standard used for quantification of JEV copy numbers was an
in vitro transcript synthesized from a ClaI-linearized JEV-RP-9 repli-
con plasmid, J-R2A (21). In vitro transcripts were synthesized using a
MEGAscript SP6 transcription kit (catalog no. AM1330; Life technol-
ogies) according to the manufacturer’s instructions, and the absence
of template DNA after DNase digestion was monitored through ab-
sence of qPCR amplification from the in vitro transcript.

The different mouse host genes were amplified using the following
primer pairs: for Aif1, 5=-GGATTTGCAGGGAGGAAAAG-3= and 5=-TG
GGATCATCGAGGAATTG-3=; for Il6, 5=-TCCTACCCCAATTTCCAAT
GC-3= and 5=-TGAATTGGATGGTCTTGGTCCT-3=; for Trail, 5=-CCCT
GCTTGCAGGTTAAGAG-3= and 5=-GGCCTAAGGTCTTTCCATCC-
3=; for Icam1, 5=-ATAACTGGACTATAATCATTCTG-3= and 5=-AGCCT
TCTGTAACTTGTAT-3=; for Ptprc, 5=-GCCCAAACAAATTACACAT-3=
and 5=-TTAGGCGTTTCTGGAATC-3=. Target gene expression was nor-
malized to the expression of the reference gene for hypoxanthine guanine
phosphoribosyl transferase (Hprt), measured using the primers 5=-CTG
GTGAAAAGGACCTCTCG-3= and 5=-TGAAGTACTCATTATAGTCAA
GGGCA-3=.

FFA. For focus-forming assays (FFA), BHK-21 cells were seeded in
24-well plates. Tenfold dilutions of virus samples were prepared in dupli-
cate in DMEM, and 200 �l of each dilution was added to the cells. The
plates were incubated for 1 h at 37°C. Unadsorbed virus was removed,
after which 1 ml of DMEM supplemented with 1.6% carboxymethyl cel-
lulose (CMC), 10 mM HEPES buffer, 72 mM sodium bicarbonate, and
2% FBS was added to each well, followed by incubation at 37°C for 32 h.
The CMC overlay was aspirated, and the cells were washed with PBS and
fixed with 4% paraformaldehyde for 15 min, followed by permeabiliza-
tion with 0.1% Triton X-100 for 5 min. After fixation, the cells were
washed with phosphate-buffered saline (PBS) and incubated for 1 h at
room temperature with anti-E antibody (4G2), followed by incubation
with HRP-conjugated anti-mouse IgG antibody. The plates were devel-
oped with the Vector VIP peroxidase substrate kit (catalog no. SK-4600;
Vector Laboratories) according to the manufacturer’s instructions.

Western blotting. Protein lysates were prepared by cell lysis in radio-
immunoprecipitation assay (RIPA) buffer (catalog no. RB4476; Bio Basic)
containing protease inhibitors (catalog no. 11873580001; Roche). Equal
amounts of proteins or purified reporter viral particles (RVPs) were
loaded on a NuPAGE Novex 4 to 12% bis-Tris protein gel (Life Technol-
ogies) and transferred to a polyvinylidene difluoride (PVDF) membrane
(catalog no. 170-4156; Bio-Rad) using the Trans-Blot Turbo Transfer
system (Bio-Rad). After blocking the membrane for 1 h at room temper-
ature in PBS-Tween (PBS-T) plus 5% milk, the blot was incubated over-
night at 4°C with appropriate dilutions of the primary antibodies. The
membrane was then washed in PBS-T and then incubated for 1 h at room
temperature in the presence of HRP-conjugated secondary antibodies.
After washes in PBS-T, the membrane was developed with Pierce ECL
Western blotting substrate (catalog no. 32106; Thermo Scientific) and
exposed to film.

Endo-H assay. Equal amounts of protein lysates were subjected to
digestion with endo-�-N-acetylglucosaminidase H (endo-H; catalog no.
P0702S; New England BioLabs) in the presence of the manufacturer’s
buffer G5 and protease inhibitors (catalog no. 11873580001; Roche) for
30 min at 37°C. Undigested and digested samples were separated on a
Novex 8% Tris-glycine protein gel (Life Technologies) and then analyzed
by Western blotting with anti-JEV E 4G2 antibody as described above.

Immunofluorescence assay. Cells were grown on coverslips and fixed
with methanol for 15 min at �20°C. After fixation, the cells were washed
with PBS, and JEV proteins were detected with appropriate dilutions of
the primary antibodies, followed by incubation with fluorophore-conju-
gated secondary antibodies. The coverslips were mounted with ProLong
Gold Antifade reagent with DAPI (4=,6-diamidino-2-phenylindole; cata-
log no. P36931; Life Technologies). The slides were examined using a
fluorescence microscope (Axioplan 2 Imaging; Zeiss).

Mouse experiments. Three-week-old female BALB/c or C57BL/6
mice were housed under pathogen-free conditions at the Institut Pasteur
animal facility. The protocols and subsequent experiments were ethically
approved by the Ethic Committee for Control of Experiments on Animals
(CETEA) at the Institut Pasteur and declared to the French Ministère de
l’Enseignement Supérieur et de la Recherche (no. 000762.1) in accordance
with European regulations. Experiments were conducted in accordance
with the guidelines of the Office Laboratory of Animal Care at the Institut
Pasteur. Groups of mice were intraperitoneally inoculated with various
doses of JEV diluted in 100 �l of Dulbecco’s PBS (DPBS) supplemented
with 0.2% endotoxin-free serum albumin or intracranially inoculated
with JEV diluted in 20 �l of DPBS supplemented with 0.2% endotoxin-
free serum albumin.

Mice were bled by puncturing at the retro-orbital sinus level. To mea-
sure the amount of viral RNA in blood, 50 �l of blood was processed with
the RNA lysis buffer from the NucleoSpin RNA kit (catalog no. 740955;
Macherey-Nagel) according to the manufacturer’s instructions. For en-
zyme-linked immunosorbent assay (ELISA) and seroneutralization assay,
the blood was collected using a Capiject capillary blood collection tube
(catalog no. 3T-MG; Terumo), and the serum was separated after centrif-
ugation for 10 min at 4,000 � g. To measure the amount of viral RNA in
tissues, each organ was collected and stored at �80°C until RNA extrac-
tions were performed. At that time, each sample was ground in DMEM
(30%, wt/vol) using a tissue-homogenizing kit (catalog no. KT03961-1-
009.2; Precellys). RNA was extracted from 1/10 of the homogenate follow-
ing instructions from the NucleoSpin RNA kit (catalog no. 740955; Ma-
cherey-Nagel).

Detection of antibodies by ELISA. Soluble recombinant proteins
SNAP-JEV.EDIII, which are composed of JEV g3 or g5 E protein domain
III fused in frame to the C terminus of SNAP-tag, were produced in stable
S2 cells and purified on chelating column chromatography and then a
Superdex column (22). The total protein concentration of purified re-
combinant JEV proteins tagged with SNAP was determined using a bicin-
choninic acid (BCA) protein assay kit (catalog no. 23225; Thermo Scien-
tific), and 100 ng of highly purified SNAP-JEV.EDIII g3 or g5 was diluted
in DPBS and used to coat 96-well plates at 4°C overnight. Recombinant
SNAP protein served as a negative antigen control. Plates were incubated
at 40°C with mouse serum sample diluted at 1:50 in PBS-T plus 3% milk.
The plates were then washed in PBS-T and incubated in the presence of
HRP-conjugated anti-mouse IgG antibody. After washes in PBS-T, plates
were finally incubated with TMB substrate (catalog no. 50-76-00; KPL),
and absorbance was measured at 450 nm. Sera obtained from DPBS-
inoculated mice served as negative controls, and experimental samples
values were calculated as a fold increase over the DPBS values.

JEV replicon cell line. The JEV-RP-9 replicon plasmid J-R2A was
kindly provided by Yi-Lin Ling (21). First, the J-R2A plasmid was modi-
fied so that the hepatitis delta virus ribozyme was placed immediately
adjacent to the JEV-RP-9 3=-end and was followed by an SV40 poly(A)
sequence. To do so, the corresponding sequence in the pBR322(CMV)-
JEV-RP-9 plasmid was excised through digestion with NsiI and ClaI and
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cloned into the similarly treated J-R2A. Next, the plasmid was modi-
fied to replace the SP6 promoter with an inducible PTRE3G promoter
(Clontech). The PTRE3G promoter was amplified from the pTRE3G
vector (catalog no. 631173; Clontech) using the primers 5=-CTCGAG
TTTACTCCCTATCAGTGA-3= (XhoI site underlined) and 5=-TCAC
ACAGATAAACTTCTCGGTTCACTAAACGAGCT-3= (JEV-RP-9 nu-
cleotides 1 to 18 underlined). Nucleotides 1 to 249 of the JEV-RP-9
genome were amplified using the primers 5=-AGCTCGTTTAGTGAA
CCGAGAAGTTTATCTGTGTGA-3= (PTRE3G promoter nucleotides
291 to 308 underlined) and 5=-TGATAAGAGCCAGCACGAATCG-3=.
The primers were designed so that both fragments shared a sequence
homology of 36 nucleotides. A second round of PCR using these first
two fragments allowed the amplification of a fragment composed of
the PTRE3G promoter fused to the nucleotides 1 to 249 of JEV-RP-9.
This fragment was digested with XhoI and ApaI and cloned into the
J-R2A plasmid treated with SalI and ApaI. The resulting pTRE3G-JEV-
RP9.replicon plasmid was amplified in Stbl2 cells (catalog no. 10268-
019; Life Technologies). HEK293T cells were cotransfected with the
pTRE3G-JEV-RP9.replicon and the pTK-Hyg selection vector (catalog
no. 631750; Clontech), and stable cells were selected with 50 �g/ml of
hygromycin.

RVP production. The fragment encompassing the structural genes of
JEV-RP-9 was amplified using the primers 5=-GAAGATCTATGACTAA
AAAACCAGGAGGGCCCGGT-3= (BglII site underlined) and 5=-TTCT
GCAGTCAAGCATGCACATTGGTCGCTAAGA-3= (PstI site under-
lined). The fragment was digested with BglII and PstI and cloned into the
similarly treated pTRE3G vector (catalog no. 631173; Clontech). The
resulting pTRE3G-JEV-RP9.CprME plasmid was amplified in Stbl2 cells
(catalog no. 10268-019; Life Technologies). The pTRE3G-JEV-XZ0934.
CprME plasmid containing JEV-XZ0934 structural genes was designed in
the same way as the pTRE3G-JEV-RP9.CprME plasmid and was synthe-
sized by GeneCust.

To produce JEV g3 or JEV g5 RVPs, HEK293T-JEV-RP9.replicon cells
were plated in a 10-cm dish and then transfected with pTRE3G-JEV-
RP9.CprME or pTRE3G-JEV-XZ0934.CprME, respectively, using Lipo-
fectamine 2000 (catalog no. 11668-019; Life Technologies) according to
the manufacturer’s instructions. The expression of the JEV replicon and
structural genes was induced using the Tet-Express system (catalog no.
631177; Clontech) according to the manufacturer’s instructions. The su-
pernatants containing RVPs were collected at 48 h postinduction and
clarified by centrifugation for 5 min at 1,000 � g, and aliquots were stored
at �80°C.

For RVP purification, the clarified supernatant was loaded over a su-
crose cushion consisting of 15% sucrose in TNE (10 mM Tris-HCl [pH
7.5], 2.5 mM EDTA, 50 mM NaCl) and centrifuged at 100,000 � g for 2.5
h at 4°C. The supernatants were discarded, and the purified RVPs were
suspended in TNE buffer.

For the infectivity assays, BHK-21 cells were seeded in 24-well or 96-
well tissue culture plates in DMEM supplemented with 2% FBS. Then,
purified RVPs or portions of supernatants containing RVPs were added to
the cells, and the plates were incubated for 1 h at 37°C. Unadsorbed RVPs
were removed, after which DMEM supplemented with 2% FBS was added
to the cells, followed by incubation at 37°C. At 24 h postinfection, the
samples were processed according to the instructions in the Renilla lucif-
erase assay system (24-well format; catalog no. E2820; Promega) or the
Renilla-Glo luciferase assay system (96-well format; catalog no. E2720;
Promega). The Renilla luciferase signal was read using a Centro XS3
LB960 (Berthold Technologies) plate reader.

Seroneutralization assay. The serum samples were decomplemented
by heating at 56°C for 30 min and were 2-fold serially diluted in DMEM
supplemented with 2% FBS, with a starting dilution of 1:20. Each dilution
was incubated for 1 h at 37°C with an equal volume of purified g3 or g5
RVP. Remaining RVP infectivity was assayed on BHK cells seeded in a
96-well plate, as described above. Sera obtained from DPBS-inoculated
mice served as negative controls. The infectivity values obtained with the

negative-control samples were set as 100% infectivity, and the rest of the
experimental values were calculated reciprocally to those samples.

Brain microvascular endothelial cells and pericytes. Brain microvas-
cular endothelial cells and pericytes were isolated from 6-week-old female
BALB/c mice and cultured according to previously reported methods (23,
24). Briefly, the brains from 5 adult mice were harvested and diced in 10
ml of DMEM-HEPES medium. After centrifugation at 290 � g for 5 min,
the pellets were digested with 5 ml of papain solution (catalog no.
LK003178; Worthington Biochemical) and 250 �l of DNase solution (cat-
alog no. LK003172; Worthington Biochemical), both diluted in DMEM-
HEPES, for 70 min at 37°C. The digested solution was then triturated to
break the microvessels through 10 passages with a 19-gauge needle, fol-
lowed by 10 passages with a 21-gauge needle. The brain homogenate was
then mixed with a solution of 22% (vol/vol) bovine serum albumin (BSA)
and centrifuged at 1,360 � g for 10 min. The blood vessel cell pellets were
subsequently suspended with endothelial cell growth medium and
washed by spinning down at 290 � g for 5 min. The obtained cells were
finally plated in endothelial cell growth medium on collagen-coated (cat-
alog no. 3440-100-01; Trevigen) 6-well plates and cultured at 37°C until
reaching confluence. The endothelial cell growth medium is composed of
endothelial basal medium EBM-2 (catalog no. 190860; Lonza), 5% FBS,
1.4 �M hydroxycortisone (catalog no. H0135-1MG; Sigma), 5 �g/ml
ascorbic acid (catalog no. H4544-25G; Sigma), 1% chemically defined
lipid concentrate (catalog no. 11905-031; Life Technologies), 10 mM
HEPES, and 1 mg/ml basic fibroblast growth factor (catalog no. F0291-
25UG; Sigma). To grow endothelial cells, one set of cells was cultured in
endothelial cell growth medium and 4 �g/ml of puromycin for 10 days. To
grow pericytes, another set of cells was grown for 7 days in endothelial cell
growth medium in the absence of puromycin and then switched to peri-
cyte growth medium, composed of pericyte basal medium (catalog no.
1201-b; ScienCell), 2% FBS, and pericyte growth supplement (catalog no.
1252; ScienCell).

To determine the purity of the cultures, each cell preparation was
examined in an immunofluorescence assay. We found that the majority of
endothelial cells were expressing the CD31 cell marker (catalog no. PA5-
16301; Thermo Scientific) while the majority of pericytes were expressing
the NG2 cell marker (catalog no. PA5-17199; Thermo Scientific). The
endothelial cells were seeded onto collagen-coated Transwell inserts (cat-
alog no. 3450; Corning) at a density of 1 � 105 cells per well,3 days prior to
experiments. The pericytes were seeded onto collagen-coated 12-well
plates at a density of 2 � 104 cells per well 3 days prior to experiments. On
the day of the experiment, a coculture was established by putting the
culture inserts containing the endothelial cells into the plates containing
the pericytes.

Statistical analysis. An unpaired t test was used to compare quantita-
tive data, and a log rank (Mantel-Cox) test was used to compare survival
data. GraphPad Prism was used for all statistical analysis.

RESULTS
Characterization of a JEV g5 strain derived from JEV-XZ0934
cDNA. We decided to characterize a representative JEV g5 strain,
JEV-XZ0934, recently isolated from Culex tritaeniorhynchus mos-
quitoes in China in 2009 (9). The genome of JEV-XZ0934 was
assembled in cells by cotransfection in HEK293T cells of four
overlapping fragments corresponding to the viral genome,
flanked by a CMV promoter and an SV40 polyadenylation signal.
To allow for correct termination of the recombined full-length
genome, a hepatitis delta virus (HDV) ribozyme sequence was
included at the 3=-end of the genome. The virus recovered in the
supernatants of the transfected cells was amplified in C6/36 cells,
and the viral RNA was extracted and sequenced to ensure that no
mutation had arisen during viral production. As a representative
strain of JEV g3, we selected the well-characterized JEV-RP-9,
isolated from Culex tritaeniorhynchus mosquitoes in Taiwan in
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1985 (16, 17). JEV-RP-9 was produced in parallel with JEV-
XZ0934 by transfection of a molecular clone in HEK293T cells,
followed by amplification in C6/36 cells. For simplification, and
since those viruses were chosen as representative strains for geno-
types 3 and 5, JEV-RP-9 and JEV-XZ0934 are here referred to as
JEV g3 and JEV g5, respectively.

The titers of both C6/36-grown viral stocks in BHK-21 cells

were determined, and the apparition of infection foci was detected
using 4G2, a pan-flavivirus antibody directed against the E pro-
tein. We noted that the JEV g5 foci were of smaller size than JEV g3
foci (Fig. 1A). The viral RNA contents extracted from the viral
stocks were quantified, and we observed a strict correlation be-
tween JEV RNA copies and JEV titers (Fig. 1B), which showed that
the two JEV genotypes’ viral stocks had a comparable specific in-
fectivity (Fig. 1C) and were both suitable for further comparative
analysis.

Comparison of JEV g3 and g5 growth in cultured cell lines.
Next, we studied the kinetics of JEV g3 and g5 viral production in
representative cell lines, such as mosquito C6/36 cells, chicken
fibroblasts DF-1 cells, or human neuroblastoma SK-N-SH cells.
We infected the cells at a multiplicity of infection (MOI) of 1 and
analyzed the progeny virus production at 24, 48, and 72 h postin-
fection using a standard focus-forming assay (FFA). Although we
noted that JEV g5 viral production was less efficient in SK-N-SH
cells than was JEV g3 production, the two viruses had comparable
viral growths in the different cell lines tested (Fig. 2A).

Next, we analyzed the steady-state accumulation of the struc-
tural E protein and the nonstructural NS5 protein in infected SK-
N-SH cells. While JEV g5 accumulated higher levels of NS5 pro-
tein than did JEV g3, both viruses accumulated comparable levels
of intracellular E protein (Fig. 2B). We observed that the E protein
of JEV g5 migrated faster than JEV g3 E protein (Fig. 2B). Since it
is not predicted that these E proteins have significantly different
molecular weights (g3, 53.44 kDa; g5, 53.71 kDa), we asked
whether this faster migration of JEV g5 E protein could be linked
to a different state of posttranslational modification, such as N-
glycosylation. To verify that JEV g5 E protein was N-glycosylated

FIG 1 Production and characterization of JEV g3 and g5 viral stocks. JEV g3
and g5 were produced after transfection of infectious DNA into mammalian
cells, followed by amplification of viral stocks in C6/36 cells. (A) Example of
infectious foci developed for JEV g3 and g5 after FFA in BHK-21 cells. (B)
Qualification of viral stocks grown from C6/36 cells: infectious virus contents
of the supernatants were analyzed by titration on BHK-21 cells (dashed bars),
while viral RNA was quantified by RT-qPCR (gray bars). A representative
experiment (n � 3) is shown. The error bars represent the standard deviations
of the means (the assays were done in duplicate). (C) The specific infectivity
was calculated as the number of viral RNA molecules per infectious unit of
each virus.

FIG 2 Analysis of JEV g3 and g5 infectious cycle in vitro. (A) Aedes albopictus-derived C6/36 cells, chicken fibroblast-derived DF-1 cells, or human neuroblas-
toma-derived SK-N-SH cells were infected with JEV g3 or g5 at an MOI of 1. The infectious virus released to the supernatants at 24, 48, and 72 h postinfection
was quantified by FFA. The error bars represent the standard deviations of the means (titrations were done in duplicate). Asterisks indicate that the differences
between experimental samples at each time point are statistically significant, using the unpaired t test (***, P � 0.001; **, 0.001 � P � 0.01; *, 0.01 � P � 0.05;
not significant, P � 0.05). (B) The cell lysates of infected SK-N-SH cells were analyzed for the presence of JEV E and NS5 proteins, as well as calnexin (CNX) by
Western blotting. (C) Trafficking of E proteins through the secretory pathway was analyzed in SK-N-SH cell lysates 48 h postinfection. Cell lysates were treated
with endo-H and then analyzed by Western blotting with anti-JEV E antibody. (D) SK-N-SH cells were analyzed by immunofluorescence staining for the
presence of the JEV C (red), E (green), and NS5 (green) proteins. The images were taken at a magnification of �200. For each panel, results from a representative
experiment (n � 2 repeats) are shown.
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on position 154, as in other JEV strains (25), we treated cell lysates
with endo-H, an enzyme that removes immature high-mannose
glycans from endoplasmic reticulum (ER)-associated proteins
(26). As shown in Fig. 2C, both JEV g3- and g5-infected cells
contained a pool of E proteins that were sensitive to endo-H treat-
ment, thus indicating that both E proteins were glycosylated.

Last, the subcellular distribution of JEV C, E, and NS5 proteins
within infected SK-N-SH cells was examined by immunofluores-
cence at 48 h postinfection (Fig. 2D). We noted that the JEV g5 E
protein accumulation pattern was more discrete within infected
cells while JEV g5 NS5 presented a slightly stronger staining,
which was concordant with the higher levels of intracellular accu-
mulation as observed by Western blotting (Fig. 2B).

Taken together, these results showed that the use of cDNA-
based technology allows the production of a JEV g5 that is as
competent as JEV g3 at infecting representative cell lines.

Study of JEV g5 pathogenicity in a mouse model. The patho-
genic properties of JEV g3 and g5 were evaluated in two different
inbred mice that differ in their susceptibility to JEV. Similar to
previous findings (27), we observed no dose dependence in the
survival curve of sensitive mice following peripheral injection with
JEV (data not shown), and consequently we chose to inoculate 103

FFU of JEV in the following in vivo experiments.
First, 3-week-old C57BL/6 mice were injected intraperitone-

ally with 103 FFU of JEV. These mice are highly susceptible to JEV,
and we observed the development of symptoms linked to an inva-
sion of the central nervous system (CNS), such as limb paralysis
and encephalitis. The survival rate ranged between 0 and 17%
after infection with JEV g3 or g5 (Fig. 3A), with a comparable
mean survival time of 10 days. This confirmed that both viruses

are neuroinvasive and pathogenic in a susceptible inbred mouse
strain.

Unlike C57BL/6, the BALB/c mouse strain is known to present
inherent resistance to JEV infection (28, 29). To evaluate the sus-
ceptibility of BALB/c mice to JEV, we first inoculated 3-week-old
mice intracranially with 10 FFU of virus. All mice died within 8
days postinoculation, thus indicating that JEV g3 and g5 were both
neurovirulent in the BALB/c mouse model (Fig. 3B). Next,
3-week-old BALB/c mice were injected intraperitoneally with 103

FFU of JEV. While the majority of JEV g3-infected mice remained
asymptomatic and survived the inoculation, a small portion (less
than 10%) developed typical symptoms of encephalitis and suc-
cumbed to JEV infection (Fig. 3B). All surviving mice serocon-
verted and had high JEV-specific antibody titers (20 days postin-
oculation; Fig. 3C). Interestingly, when BALB/c mice were
injected with JEV g5, the survival rate was below 25%, with a mean
survival of 11 � 2 days (Fig. 3B). The mice presented limb paral-
ysis and encephalitis, and the onset of symptoms spanned 5 to 14
days. These results show that JEV g5 has neuroinvasive properties
in BALB/c mice, an inbred mouse strain known to be usually re-
sistant to other JEV strains.

Humoral response to JEV in BALB/c mice. Since the humoral
response plays a critical role in protecting mice from infection
with neuroinvasive flaviviruses (27, 30), we asked whether the
susceptibility of BALB/c mice to JEV g5 could be associated to a
failure at eliciting neutralizing antibodies. First, we monitored the
apparition of antibodies directed against JEV E domain III (DIII),
which are known to exhibit potent neutralizing activity (31, 32).
The apparition and titers of JEV E DIII-specific IgGs were similar
for JEV g3 and g5 (Fig. 3C). It is worth noting that the mice sur-

FIG 3 Analysis of JEV g3 and g5 infection in vivo. Groups of 3-week-old C57BL/6 (A) or BALB/c (B) mice were monitored for survival after intraperitoneal (IP)
injection with 103 FFU of JEV g3 or g5 (n 	 12 per group) or after intracranial (IC) injection with 10 FFU of either virus (n 	 6 per group). Results from a
representative experiment (n � 2 repeats) are shown. Asterisks indicate that the differences between survival curves are statistically significant using the log rank
(Mantel-Cox) test (***, P � 0.001; **, 0.001 � P � 0.01; *, 0.01 � P � 0.05; ns, not significant, P � 0.05). (C) Sera were collected from mice at 20 days
postinoculation and anti-JEV IgGs were quantified by ELISA using recombinant proteins corresponding to the domain III (DIII) of either JEV g3 or g5 E protein.
The ELISA absorbance values were measured at 450 nm and were represented as a fold increase relative to the absorbance values from sera of mice inoculated with
DPBS. Each symbol represents an individual mouse, and values from 3 independent experiments are presented.
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viving JEV g5 inoculation did not produce higher IgG titers than
those of mice succumbing to the infection, suggesting that the
total production of anti-JEV IgG was not directly related to pro-
tection against JEV g5.

Next, the JEV neutralization potency of mice sera was evalu-
ated using single-cycle reporter viral particles (RVPs). RVPs were
produced in cells stably transformed with a JEV-RP-9 (g3) sub-
genomic replicon expressing the viral nonstructural proteins and
a Renilla luciferase reporter. Those cells were transfected with a
plasmid that expresses either JEV g3 or JEV g5 structural proteins
(C, prM, and E), leading to successful release of RVPs (Fig. 4A and
B). Successful entry of the recombinant RVPs into new target cells
leads to genome release and subsequent expression of a luciferase
reporter gene (Fig. 4B). Such a system has been shown to be sen-
sitive and potent for use in seroneutralization assays (33). To de-
tect JEV-neutralizing antibodies, each RVP preparation was incu-
bated with corresponding immune sera collected from BALB/c
mice at 5, 7, 9, or 20 days post-JEV inoculation, and the remaining
RVP infectivity was assayed by infection on BHK-21 cells. Inter-
estingly, anti-JEV g3 neutralizing antibodies were detected as early
as 5 to 7 days postinoculation, whereas g5-neutralizing antibodies
were not consistently observed within the first 9 days of JEV in-
fection (Fig. 4C). Nonetheless, by 20 days postinoculation, the

mice surviving JEV g5 inoculation had raised potent neutralizing
antibodies against g5 RVPs (Fig. 4C).

Additionally, we investigated whether the anti-JEV antibodies
raised in mice could have cross-protective capacity against JEV g3
or JEV g5. We observed that immune sera collected at 20 days
from BALB/c mice surviving JEV challenge had a similar neutral-
ization potency against their homologous RVP (Fig. 4C and D).
Interestingly, while sera obtained from JEV g3-inoculated mice
equally neutralized both JEV g3 and g5 RVPs (Fig. 4D, left), im-
mune sera from JEV g5-inoculated mice exerted a lower neutral-
izing activity against JEV g3 RVPs than against JEV g5 RVPs (Fig.
4D, right).

Characterization of JEV g5 infection in BALB/c mice. Among
the multiple factors governing JEV pathogenesis, viremia in blood
and in peripheral organs was shown to be important for successful
invasion of the CNS by JEV and by related flaviviruses (27, 30, 34).
RNA was extracted from blood samples at 2, 3, and 4 days after
peripheral inoculation of BALB/c mice. At 2 days postinoculation,
viral RNA could be detected by RT-qPCR in blood samples and we
noted that the levels of JEV g5 RNA were significantly higher than
those of JEV g3 (Fig. 5A). A day 3 postinoculation, sustained
viremia could still be detected in JEV g5-infected animals but not
in JEV g3-inoculated mice (Fig. 5A). At 4 days postinoculation,

FIG 4 Production of JEV reporter viral particles for seroneutralization experiments. (A and B) In order to produce RVPs, a stable HEK293T cell line
expressing a Tet-Express-inducible JEV-RP-9 (g3) replicon RNA, which encodes a Renilla luciferase reporter in place of the JEV structural proteins, was
transfected with a plasmid encoding either JEV g3 or g5 structural genes under the control of a Tet-Express-inducible promoter. The expression of the JEV
replicon and structural genes was induced, and cell lysates and RVPs containing supernatants were collected at 48 h postinduction. The supernatants from cells
that had not been transfected with the JEV structural genes served as a control. Results from a representative experiment (n � 3 repeats) are shown. (A) The cell
lysates were analyzed by Western blotting for JEV E and calnexin (CNX) as a loading control. The RVPs released in the supernatants were purified and analyzed
by Western blotting using JEV E antibody (extracellular). (B) The successful production of RVPs was detected using an infectivity assay, in which BHK-21 cells
were infected with 200 �l of supernatants. Productive delivery of the JEV replicon was quantified by measuring Renilla expression at 24 h postinfection (dashed
bars). The content of RVPs in the culture supernatants was also analyzed by RT-qPCR, and the replicon RNA level quantification (gray bars) was plotted along
the values obtained from the corresponding infectivity assay. RLU, Renilla light units. (C and D) For seroneutralization assays, JEV g3 or g5 RVPs were incubated
with dilutions of sera collected from mice inoculated with 103 FFU of either JEV g3 or JEV g5. Sera from 6 individual mice were used in each experiment, and sera
collected from DPBS injected mice served as a control. After incubation, the RVPs were used to infect BHK-21 cells. Intracellular Renilla luciferase activity was
quantified at 24 h postinfection as a measure of successful RVP entry. Infectivity was measured as a function of the Renilla luciferase activity obtained with the
control sera. Results from representative experiments (n 	 2 repeats) are shown. Asterisks indicate that the differences between experimental samples are
statistically significant at each time point, or at each dilution, using the unpaired t test (***, P � 0.001; **, 0.001 � P � 0.01; *, 0.01 � P � 0.05; not significant,
P � 0.05). (C) To measure the seroneutralization activity in sera collected at 5, 7, 9, and 20 days postinfection, g3 RVPs were incubated with a single dilution (1:20)
of g3-inoculated mouse sera, while g5 RVPs were incubated with the same dilution of g5-inoculated mouse sera. (D) JEV g3 (gray) or g5 (white) RVPs were
incubated with serial dilutions (1:20 to 1:320) of sera collected at 20 days from mice inoculated with either JEV g3 (left) or JEV g5 (right).
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viral RNA could no longer be detected in the blood samples re-
gardless of the virus tested (Fig. 5A). The levels of JEV RNA were
also measured in the spleens, livers, kidneys, and brains of BALB/c
mice at 5, 7, and 9 days postinoculation. We observed little to no
infection of these peripheral organs by either JEV strain (Fig. 5B to
D). In brains, high levels of JEV g5 but no JEV g3 could be detected
from 7 to 9 days postinoculation (Fig. 6A). The mice that had high
levels of JEV in brain presented symptoms resulting from CNS
invasion at the time of collection.

Next, we analyzed the expression pattern of genes commonly
involved in different aspects of neuropathogenesis, such as micro-
glia activation (AIF-1 mRNA) (Fig. 6B) and synthesis of inflam-
matory cytokines (interleukin-6 [IL-6], IL-1�, and tumor necro-
sis factor alpha [TNF-
] mRNA) (Fig. 6 and data not shown) or
activation of cell death pathways (TRAIL mRNA) (Fig. 6D). We
observed a concomitant activation of those genes in the brains of
BALB/c mice that had been inoculated with JEV g5 and that pre-
sented an infection of the CNS (Fig. 6B to D). JEV g5 infection of
brains also resulted in the activation of the intercellular adhesion
molecule ICAM-1 (Fig. 6E), which promotes the transmigration
of immune cells across the vascular endothelium. Accordingly, we
observed infiltration of immune cells in JEV g5-infected brains
(CD45 mRNA [Fig. 6F]). Importantly, all of those genes were
induced only once JEV g5 RNA could be detected in mice brains,
and their expression was not induced in the brains of mice chal-
lenged with JEV g3.

Viral determinants of JEV g5 pathogenicity. In an effort to
understand the molecular basis of the marked neuropathogenicity
of JEV g5, we generated two mutant viruses in which the structural

protein region of one virus was replaced with that of the other
virus. The first chimeric virus had the JEV-RP-9 (g3) 5=- and 3=-
untranslated region (UTR) sequences, as well as the coding se-
quences for all JEV-RP-9 nonstructural proteins, but had most of
its structural proteins derived from JEV-XZ0934 (g5) (Fig. 7A).
For simplification, the resulting virus is here referred to as JEV
S-g5/NS-g3. A reciprocal chimeric virus that had the structural
proteins of JEV-RP-9 and the nonstructural proteins of JEV-
XZ0934 was also constructed and is referred to as JEV S-g3/NS-g5
(Fig. 7A). For each chimeric JEV, there was no change in viral
growth in cultured cell lines compared to the parental viruses
(data not shown). Interestingly, the chimeric virus that had the
nonstructural proteins of JEV g3, i.e., JEV S-g5/NS-g3, developed
infectious foci similar in size to those of JEV g3 (Fig. 7B). Recip-
rocally, JEV S-g3/NS-g5, like JEV g5, developed small foci on
BHK-21 cells (Fig. 7B), thus showing that the observed difference
in focus size is likely linked to a property of JEV nonstructural
proteins.

Groups of 3-week-old BALB/c mice were peripherally in-
jected with the same dose of chimeric or parental JEV. Up to
70% of the mice inoculated with JEV g5 or JEV S-g5/NS-g3
developed an infection and succumbed from a neuropatho-
genic disease, while no mortality was observed for mice inocu-
lated with JEV g3 or JEV S-g3/NS-g5 virus (Fig. 7C). The mean
survival of mice inoculated with JEV S-g5/NS-g3 or JEV g5 was
similar (13 � 1 days). All surviving mice had raised titers of
anti-JEV antibodies by 21 days postinoculation (data not
shown). Next, we analyzed the development of JEV S-g5/NS-g3
infection in BALB/c mice. Similarly to what had been observed

FIG 5 Measure of viral burden in BALB/c mice infected with JEV g3 or g5. (A) Total blood was collected from mice inoculated with 103 FFU of JEV g3 or g5 at
2, 3, and 4 days postinfection, and total RNA was extracted. JEV RNA was quantified by RT-qPCR, and the limit of detection of the assay, corresponding to values
obtained from mice injected with DPBS, is shown as a dotted line. Each sign represents an individual mouse, and results from a representative experiment (n 	
2 repeats) are shown. Asterisks indicate that the differences between experimental samples are statistically significant at each time point using the unpaired t test
(***, P � 0.001; **, 0.001 � P � 0.01; *, 0.01 � P � 0.05; not significant, P � 0.05). The spleen (B), liver (C), and kidney (D) were collected from mice inoculated
with 103 FFU of JEV g3 or g5 at 5, 7, and 9 days postinfection. Total RNA was extracted from each organ, and JEV RNA was quantified by RT-qPCR. The results
were normalized to HPRT mRNA and are expressed as the relative fold increase over RNA from DPBS-infected controls. The limit of detection of the assay,
corresponding to values obtained from mice injected with DPBS, is shown as a dashed line. Each sign represents an individual mouse, and results from a
representative experiment (n 	 2 repeats) is shown.
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with JEV g5 (Fig. 5A), JEV S-g5/NS-g3 viremia was sustained in
blood for a longer time than JEV g3 (Fig. 7D). We also moni-
tored the viral burden in brains and noted that, concomitantly
to JEV invasion of the CNS, neuropathogenesis-related genes
were induced in the brains of BALB/c mice infected with JEV
S-g5/NS-g3 (Fig. 7E). Overall, these results suggest that the JEV
structural protein region may play a critical role in the neuro-
pathogenicity of genotype 5.

Susceptibility of mouse brain pericytes to JEV g5 infection.
Although the mechanisms of JEV CNS invasion are not yet clearly
defined, it is generally admitted that crossing and/or disruption of
the blood-brain barrier (BBB) is a major factor favoring JEV neu-
ropathogenesis (35–38). To assess the capabilities of the two JEV
genotypes to cross the BBB, we established an in vitro model for
BBB using primary brain microvascular endothelial cells and peri-
cytes. Pericytes are multipotent cells that surround capillaries and
were recently shown to be important in regulating the breaching
of the endothelial barrier by inducing the production of inflam-
matory cytokines, such as IL-6, following JEV infection (24). Pri-
mary endothelial cells were isolated from BALB/c mice and grown

on a Transwell insert above primary pericytes. The endothelial
cells were infected at an MOI of 10 with JEV g3 or g5. The crossing
of the endothelial barrier and subsequent infection of pericytes
were analyzed at 48 and 96 h postinfection. While JEV infection of
endothelial cells was not overly productive, we observed that JEV
g5 did not infect endothelial cells as efficiently as JEV g3 (Fig. 8A).
Both viruses were able to cross the endothelial barrier and to infect
productively the pericytes (Fig. 8B). Since JEV g5 levels were not as
high as JEV g3 in the pericyte chamber (Fig. 8B), we asked whether
this was a consequence of the less efficient infection of endothelial
cells (Fig. 8A). Pericytes were infected with JEV g3 or g5 at an MOI
of 10, and cells and supernatants were collected at 24 h, 48 h, and
72 h postinfection for analysis. We observed that JEV g3 was more
efficient than JEV g5 at infecting BALB/c pericytes (Fig. 8C), lead-
ing to a stronger induction of IL-6 mRNA (Fig. 8D). An upregu-
lation of IL-6 protein production is likely to contribute to a greater
disruption of the endothelial barrier by JEV g3 but not JEV g5.
These results suggest that the marked neuroinvasive properties of
JEV g5 were not associated to a greater efficacy of virus to cross the
BBB in BALB/c mice.

FIG 6 Relative RNA levels of markers specific for inflammatory responses in the brain of infected mice. (A to F) Brains were collected from mice
inoculated with 103 FFU of JEV g3 or g5 at 5, 7, and 9 days postinfection. Total RNA was extracted, and JEV RNA (A) and mRNA for AIF-1 (B), IL-6 (C),
TRAIL (D), ICAM-1 (E), and CD45 (F) were quantified by RT-qPCR. The results were normalized to hypoxanthine phosphoribosyltransferase (HPRT)
mRNA and are expressed as the relative fold increase over RNA from DPBS-infected controls. The limit of detection of the assay, corresponding to values
obtained from mice injected with DPBS, is shown as a dotted line. Each symbol represents an individual mouse, and results from a representative
experiment (n 	 2 repeats) are shown.
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DISCUSSION

The main objective of this study was to improve our knowledge of
the poorly characterized genotype 5 JEV strains. To date, the large
majority of the studied JEV strains belong to genotypes 1 and 3,
which are only 90 to 92% identical to g5 strains at the amino acid
level (9, 10). Since the isolation of the prototype strain Muar in
1952 (11), no other g5 strains had been isolated in regions of
endemicity for over 50 years. However, during recent campaigns
of viral identification in mosquito pools, it was discovered that
JEV strains belonging to g5 were still circulating (9, 10). Such a
finding raises the interesting question as to what factors might
restrict its expansion. JEV g5 was isolated in Culex tritaenio-
rhynchus (9) and Culex bitaeniorhynchus (10) mosquitoes and was
also shown recently to infect experimentally Culex quinquefascia-
tus and Aedes detritus (39). While it is clear that JEV g5 strains can
be efficiently transmitted by mosquitoes, there is further need to
evaluate their potential for vector infection and transmission and
compare them to those of highly circulating genotypes. Reservoir
hosts, such as birds or pigs, develop the high viremia needed for
infection of mosquitoes (3) and thus are another important factor
in JEV natural transmission. Further investigation of avian and
porcine species’ capacity for amplifying JEV g5 is needed to ad-

dress the contribution of reservoir hosts in restricting these vi-
ruses’ circulation.

Production and characterization of a live JEV g5 using a cDNA-
based technology. In spite of being rarely isolated in areas of en-
demicity, the fact that a JEV g5 strain had been associated with a
case of human encephalitis (11) warrants the need for further
characterization of viruses belonging to this genotype. In the pres-
ent work, we performed assembly of cDNA portions of the JEV-
XZ0934 genome within cells and were able to produce and char-
acterize a JEV g5 virus. We systematically compared the infectious
properties of this JEV g5 strain with JEV-RP-9, a g3 strain that has
been extensively studied in vitro and in vivo (17, 38, 40–42). The
biological properties of JEV g5 were evaluated by infecting cell
lines from various origins (Fig. 2). Three major phenotypic differ-
ences between g3 and g5 viruses could be reported. First, JEV g5
induces the formation of small foci, a feature also observed for the
chimeric JEV S-g3/NS-g5 but not the parental JEV g3 (Fig. 7B),
thus suggesting that the nonstructural protein region of g5 con-
tributes to this phenotype. While the development of small infec-
tion foci in cultured cell lines has been associated to virus attenu-
ation (43, 44), this was not the case with JEV g5, as it was highly
pathogenic for mice (Fig. 3A and B). Second, we detected a level of

FIG 7 The use of chimeric viruses links JEV g5 structural genes to pathogenicity in BALB/c mice. (A) Schematic representation of the genomic RNA of JEV g3
(light gray) and g5 (dark gray) and of the chimeric viruses JEV S-g5/NS-g3 and S-g3/NS-g5, which express most of the structural proteins (C, prM, and E [amino
acids 1 to 472]) of one genotype, fused to part of the E protein (amino acids 473 to 500) and the nonstructural proteins (NS1 to NS5) of the other. (B) Example
of infectious foci developed for JEV g3, g5, S-g5/NS-g3, and S-g3/NS-g5 after FFA in BHK-21 cells. (C) Groups of 3-week-old BALB/c mice (n 	 12 per group)
were monitored for survival after intraperitoneal (IP) injection with 103 FFU of JEV g3, g5, S-g5/NS-g3, or S-g3/NS-g5. Results from a representative experiment
(n � 2 repeats) are shown. Asterisks indicate that the differences between survival curves are statistically significant using the log rank (Mantel-Cox) test (***, P �
0.001; **, 0.001 � P � 0.01; *, 0.01 � P � 0.05; ns, not significant, P � 0.05). (D) Total blood was collected from mice inoculated with 103 FFU of JEV g3 or
S-g5/NS-g3 at 2, 3, and 4 days postinfection, and total RNA was extracted. JEV RNA was quantified by RT-qPCR, and the limit of detection of the assay,
corresponding to values obtained from mice injected with DPBS, is shown as a dotted line. Each sign represents an individual mouse, and results from a
representative experiment (n 	 2 repeats) is shown. Asterisks indicate that the differences between experimental samples are statistically significant at each time
point using the unpaired t test (***, P � 0.001; **, 0.001 � P � 0.01; *, 0.01 � P � 0.05; not significant, P � 0.05). (E) Brains were collected from mice inoculated
with 103 FFU of JEV S-g5/NS-g3 at 9 days postinfection. Total RNA was extracted, and JEV RNA (plotted on the left y axis) and mRNA for AIF-1, IL-6, TRAIL,
ICAM-1, and CD45 (plotted on the right y axis) were quantified by RT-qPCR. The results were normalized to HPRT mRNA and are expressed as the relative fold
increase over RNA from DPBS-infected controls. Each symbol represents an individual mouse, and results from a representative experiment (n 	 3 repeats) are
shown.
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JEV g5 NS5 protein accumulation in infected human neuronal
cells that was higher than that observed for JEV g3 (Fig. 2B and D),
also observed in other cell lines (data not shown). While such a
difference in nonstructural protein accumulation did not appear
to have a direct impact on the JEV infectious cycle, it is probable
that it has an implication on other aspects of JEV infection that
remain to be determined. Third, immunofluorescence analysis
showed that JEV g5 E protein displays a weaker signal and a more
diffuse pattern inside infected cells than does JEV g3 E protein
(Fig. 2D). Intriguingly, JEV g5 E protein exhibited a lower appar-
ent molecular weight on SDS-PAGE than did JEV g3 E protein,
which was not associated to a change in its glycosylation profile
(Fig. 2B and C). It would be of interest to investigate whether the
biochemical characteristics of JEV g5 E protein are linked to the
pathogenic properties of viruses expressing this protein.

JEV g5 is highly pathogenic in mice. One major finding of our
study was that JEV g5 displayed a marked neuropathogenicity in
BALB/c mice while JEV g3 was essentially attenuated (Fig. 3B).
BALB/c mice are known to generally display resistance to periph-
eral infection with nonneuroadapted JEV g3 strains (28, 29). The
viruses that caused mice to develop fatal encephalitis, namely, JEV

g5 and chimeric JEV S-g5/NS-g3, presented a sustained viremia in
mice inoculated by the peripheral route, while JEV g3 was rapidly
cleared in challenged animals (Fig. 5A and 7D). The viral load in
blood is known to be an important factor in the development of
JEV encephalitis, and the control of early viremia is crucial for
disease development in the case of JEV (27, 45) and related en-
cephalitic viruses (30, 34, 46). It was also reported that a better
infection of myeloid cells could be linked to an enhanced patho-
genesis in a mouse model of JEV infection (47). Hence, we first
hypothesized that a greater efficiency at infecting mouse periph-
eral blood mononuclear cells (PBMCs) could cause JEV g5 sus-
tained early viremia. Nevertheless, we did not observe any differ-
ences in the ability of JEV g3 or g5 to infect BALB/c mouse-derived
PBMCs in vitro (data not shown). Although systemic infection of
peripheral tissues, such as the spleen, could also allow viral ampli-
fication and subsequent neuroinvasion (30, 48), we did not ob-
serve any significant viral load in peripheral tissues of mice in-
fected with JEV g5 (Fig. 5B to D), thereby excluding systemic
infection as a cause for enhanced lethality.

A likely explanation for enhanced JEV g5 virulence is that im-
mune cells elicit stronger host innate and adaptive immune re-
sponses following infection with JEV g3 than with JEV g5, thus
restricting virus spread. In C57BL/6 mice, it was demonstrated
that the control of viremia levels and CNS invasion with another
JEV g3 strain strongly depended on the presence of B cells and on
the ability to produce antibodies, whereas the T cells had a mar-
ginal contribution in mounting an early response to JEV infection
(27). While we did not evaluate the contribution of T cells in this
work, we note that a T-cell epitope present in JEV g3 E protein
(CYHASVTDI) and found to elicit the T-cell response in BALB/c
mice (49) was conserved in JEV g5. Nevertheless, it would be
worth assessing the contribution of the T-cell response and the
involvement of the major histocompatibility complex in BALB/c
mouse susceptibility to JEV g5.

An unexpected finding was that JEV g5 did not raise neutral-
izing antibodies at days 5 to 7 postinoculation while JEV g3 did
(Fig. 4C). A blunted early humoral response has already been
shown to be a turning point in the development of viral encepha-
litis mediated by neurovirulent flaviviruses (27, 30, 47). Neutral-
izing anti-JEV antibodies were detected within the first week of
JEV g3 infection, which matches the peak of IgM antibody pro-
duction. Since levels of anti-JEV IgM in serum are known to be an
important factor governing the outcome of JEV or West Nile virus
(WNV) infections (50, 51), a blunted IgM response against JEV g5
could be responsible for the observed lack of neutralizing activities
of anti-JEV antibodies at early infection times. Such a delay in the
mounting of an early protective immunity could explain, in part,
the high sensitivity of BALB/c mice to JEV g5 infection.

The levels of anti-JEV IgG antibodies were similarly raised in
mice infected with JEV g3 and in those infected with JEV g5 (Fig.
3C). Interestingly, IgG antibodies that were raised against JEV g5
had poor neutralizing activity against JEV g3 (Fig. 4D). Such re-
sults could reflect a low propensity for JEV g5 to elicit the produc-
tion of antibodies directed toward the more conserved epitopes
among the JEV genotypes. Importantly, the mice that survived
JEV g3 infection had raised levels of neutralizing antibodies that
were only slightly less potent at inhibiting JEV g5 than JEV g3 (Fig.
4D). This information is of particular meaning since most of the
currently available JEV vaccines were raised against JEV g3 vi-
ruses. Thus, it is of importance to evaluate the cross-protective

FIG 8 Analysis of JEV g3 and g5 crossing of the blood-brain barrier in vitro. (A
and B) Primary endothelial cells and pericytes were isolated from BALB/c
mice. Endothelial cells were grown on a Transwell insert, separated from the
pericytes that were grown in the lower chamber. The endothelial cells were
infected with JEV g3 or g5 at an MOI of 1. The infectious virus released to the
supernatants in the upper chamber (A) or the lower chamber (B) at 48 and 96
h postinfection was quantified by FFA. The error bars represent the standard
deviations of the means (titrations were done in duplicate), and results from a
representative experiment (n � 2 repeats) is shown. Asterisks indicate that the
differences between experimental samples are statistically significant at each
time point using the unpaired t test (***, P � 0.001; **, 0.001 � P � 0.01; *,
0.01 � P � 0.05; not significant, P � 0.05). (C and D) Primary BALB/c peri-
cytes were infected with JEV g3 or g5 at an MOI of 1. The infectious virus
released to the supernatants at 24, 48, and 72 h postinfection was quantified by
FFA (C). Total RNA was also extracted from infected cells, and IL-6 mRNA
was quantified by RT-qPCR (D). The results were normalized to HPRT mRNA
and are expressed as the relative fold increase over RNA from mock-infected
controls. The error bars represent the standard deviations of the means, and
results from a representative experiment (n � 2 repeats) are shown. Asterisks
indicate that the differences between experimental samples are statistically
significant at each time point using the unpaired t test (***, P � 0.001; **,
0.001 � P � 0.01; *, 0.01 � P � 0.05; not significant, P � 0.05).
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capacity of current vaccination strategies against other circulating
JEV genotypes, such as g5 JEV strains.

In our model of JEV encephalitis, it appears that the marked
neuropathogenicity of JEV g5 in BALB/c mice is associated mainly
to its capacity at invading the CNS. While circulation of cytokines
and chemokines is known to facilitate BBB breaking and viral
neuroinvasion (48, 52–54), we found that proinflammatory cyto-
kines or immune response-related genes were induced only once
the virus could be detected in the mouse brain (Fig. 6). In addi-
tion, we did not observe any early activation of genes related to
viral infection in peripheral organs other than the brain (data not
shown). Experimental infection of mice with JEV has generally led
to a similar observation, whereby viral infiltration of the CNS
leads to infection of microglia and other resident cells, which in
turn activates production of cytokines and chemokines that pro-
mote neuronal death and BBB disruption (38, 47, 55, 56). While
the JEV g3 strain used in this study was not generally found to be
neuroinvasive in BALB/c mice (Fig. 3B), we note that it was com-
petent at activating microglia and subsequent inflammatory
markers in the brains of susceptible mice, such as C57BL/6 (Fig.
3A; data not shown). Since JEV infection of endothelial cells is
believed to be the virus entry site into the brain (35, 37), we de-
cided to evaluate the capacity of JEV g5 to cross the BBB using an
in vitro model (Fig. 8). Surprisingly, we found that primary
BALB/c endothelial cells were more permissible to JEV g3 infec-
tion than JEV g5. JEV g3 also infected primary BALB/c pericytes at
a higher rate than JEV g5, and the infection induced a higher
production of IL-6 than did g5. Overall, in this ex vivo model of
BBB, JEV g3 appeared to have a better capacity to mediate endo-
thelial cell disruption and CNS invasion, despite the fact that it was
poorly neuroinvasive in BALB/c mice. This exemplifies the limit of
in vitro models in the comprehensive study of JEV-related enceph-
alitis. In the particular case of the mouse model employing
BALB/c mice, a sustained blood viremia and a blunted humoral
response are the main factors favoring JEV g5 entry in the CNS
and the subsequent development of viral encephalitis.

JEV g5 neuropathogenicity associates with the structural
protein region. Although both JEV g3 and g5 strains are able to
infect the CNS, they greatly differed in their capacity at invading
the CNS of BALB/c mice. The use of chimeric JEV demonstrated
the key role of the structural protein region in the neuroinvasive-
ness of JEV g5 (Fig. 7). As stated earlier, the percentage of identity
between g3 and g5 viruses is unusually low among JEV genotypes.
In the particular case of JEV strains RP-9 (g3) and XZ0934 (g5), it
spans 91.52% at the amino acid level. Among the structural pro-
teins, the sequence identity is of 79% for C (26 divergent amino
acids), 90% for prM (17 divergent amino acids), and 92% for E (42
divergent amino acids). Since JEV S-g5/NS-g3 contains a chimeric
E protein between g5 (amino acids 1 to 412) and g3 (amino acids
413 to 500), the number of divergent amino acid residues in E
potentially involved in JEV g5 virulence can be restricted to 40.
One of the critical issues to be addressed in the future relates to the
identification of the E residues that contribute to the pathogenic
properties of JEV strain XZ0934.

Limitations. We acknowledge that our study is based essen-
tially on the use of molecular clones of JEV g3 and g5 and not on
wild-type isolates. In particular, the available sequence of strain
XZ0934, which we used as a representative JEV g5 strain, was
obtained from a single plaque pick and consequently may or may
not reflect the average sequence of the viral population. Since only

two full-length sequences (strains Muar and XZ0934) (9, 14) and
one E protein sequence (strain 1827) (10) of g5 viruses are cur-
rently available, it is not yet known if XZ0934 is representative of
this particular genotype. It remains therefore to be determined
whether the marked neuropathogenicity of JEV strain JEV-
XZ0934 can be generalized to other JEV g5 isolates. Comparative
sequence analysis of the structural protein region between strains
Muar and XZ0934 identified 16 nonconserved amino acid resi-
dues (9 in C, 1 in prM, and 6 in E), while there were 2 diverging
residues between the E proteins of strains XZ0934 and 10-1827,
both of which were isolated more recently. Therefore, it is urgent
to determine which viral determinants could contribute to the
marked neuropathogenicity of XZ0934 in a mouse model. Such
study will broaden our knowledge of the molecular basis of the
pathogenicity of JEV strains belonging to genotype 5.
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