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ABSTRACT

The safety and efficacy of the live-attenuated Japanese encephalitis virus (JEV) SA14-14-2 vaccine are attributed to mutations
that accumulated in the viral genome during its derivation. However, little is known about the contribution that is made by most
of these mutations to virulence attenuation and vaccine immunogenicity. Here, we generated recombinant JEV (rJEV) strains
containing JEV SA14-14-2 vaccine-specific mutations that are located in the untranslated regions (UTRs) and seven protein
genes or are introduced from PCR-amplified regions of the JEV SA14-14-2 genome. The resulting mutant viruses were evaluated
in tissue culture and in mice. The authentic JEV SA14-14-2 (E) protein, with amino acid substitutions L107F, E138K, I176V,
T177A, E244G, Q264H, K279M, A315V, S366A, and K439R relative to the wild-type rJEV clone, was essential and sufficient for
complete attenuation of neurovirulence. Individually, the nucleotide substitution T39A in the 5=UTR (5=-UTR-T39A), the capsid
(C) protein amino acid substitution L66S (C-L66S), and the complete NS1/2A genome region containing 10 mutations each sig-
nificantly reduced virus neuroinvasion but not neurovirulence. The levels of peripheral virulence attenuation imposed by the
5=-UTR-T39A and C-L66S mutations, individually, were somewhat mitigated in combination with other vaccine strain-specific muta-
tions, which might be compensatory, and together did not affect immunogenicity. However, a marked reduction in immunogenicity
was observed with the addition of the NS1/2A and NS5 vaccine virus genome regions. These results suggest that a second-generation
recombinant vaccine can be rationally engineered to maximize levels of immunogenicity without compromising safety.

IMPORTANCE

The live-attenuated JEV SA14-14-2 vaccine has been vital for controlling the incidence of disease caused by JEV, particularly in
rural areas of Asia where it is endemic. The vaccine was developed >25 years ago by passaging wild-type JEV strain SA14 in tis-
sue cultures and rodents, with intermittent tissue culture plaque purifications, to produce a virus clone that had adequate levels
of attenuation and immunogenicity. The vaccine and parent virus sequences were later compared, and mutations were identified
throughout the vaccine virus genome, but their contributions to attenuation were never fully elucidated. Here, using reverse
genetics, we comprehensively defined the impact of JEV SA14-14-2 mutations on attenuation of virulence and immunogenicity
in mice. These results are relevant for quality control of new lots of the current live-attenuated vaccine and provide insight for
the rational design of second-generation, live-attenuated, recombinant JEV vaccine candidates.

Japanese encephalitis virus (JEV) is transmitted in an enzootic cy-
cle between Culex mosquitoes and aquatic birds or domestic

pigs and is the leading cause of viral encephalitis in Asia, with
�60,000 cases estimated to occur annually (1–4). In areas where
the disease is endemic, children are at high risk for disease (5), but
all age groups lacking adequate levels of immunity are susceptible
to infection, and this is a major concern as the virus continues to
expand its geographic range (3). JEV is a member of the genus
Flavivirus and has a single-strand, plus-sense RNA genome that is
nearly 11 kb in length. The viral genome contains a single open
reading frame (ORF) that codes for a polyprotein and is flanked by
5= and 3= untranslated regions (UTRs) that are important for virus
replication (6). The long viral polyprotein is processed by viral and
host cellular proteases into three structural proteins (capsid [C],
precursor membrane [prM], and envelope [E]) and at least seven
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) (7). The structural proteins make up the virion, where
the C protein binds viral RNA, the prM protein prevents prema-
ture viral membrane fusion, and the E protein is responsible for
cell binding and entry (8). The nonstructural proteins are pro-
duced in infected cells and have multiple functions during the
virus life cycle, including virus replication and host immune eva-
sion (7, 9, 10).

Japanese encephalitis is a vaccine-preventable disease, and in-
activated vaccines have been available for human use for �50
years (11–13). In developing countries, the use of inactivated vac-
cines is limited by their relatively high cost and the need for mul-
tiple doses in order to achieve adequate levels of immunity (13,
14). In 1988, China’s National Institute for the Control of Phar-
maceutical and Biological Products approved the use of a novel
live-attenuated JEV vaccine (SA14-14-2) produced in primary
hamster kidney (PHK) cells (Chengdu Institute of Biological
Products). This live-attenuated vaccine gradually replaced the in-
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activated vaccines used previously in China due to its excellent
level of safety and efficacy (12, 15). The JEV SA14-14-2 vaccine has
more recently become available in Cambodia, India, South Korea,
Laos, Myanmar, Nepal, Sri Lanka, and Thailand, and it has been
administered to millions of children, with no reported serious
adverse events (12, 16–21). The World Health Organization
prequalified the production of the JEV SA14-14-2 vaccine in 2013,
which should facilitate its expanded distribution in additional
countries.

The live-attenuated JEV SA14-14-2 vaccine strain was derived
from wild-type (WT) JEV strain SA14, which was originally iso-
lated from mosquito larvae by several passages in suckling mouse
brain (15). The SA14 parent virus strain was passaged 100 times in
PHK cells, followed by plaque purifications in primary chicken
embryo cells, peripheral passages in mice and hamsters, and addi-
tional plaque purifications to generate the stably attenuated and
immunogenic SA14-14-2 strain (15). The attenuated phenotype
of JEV SA14-14-2 is attributed to a multitude of mutations that
accumulated throughout the viral genome during its derivation
and have been identified by several different groups that com-
pared the sequence of JEV SA14-14-2 to that of its WT parent
virus (15, 22–25). However, the genetic determinants responsible
for attenuation of the JEV SA14-14-2 vaccine strain have not been
fully elucidated.

A constellation of mutations found in the E protein is consid-
ered to be the primary genetic determinant of attenuation of the
JEV SA14-14-2 vaccine strain (15), and this assertion is based
largely on a study demonstrating that multiple mutations in the E
protein are critical for attenuation of neurovirulence for a recom-
binant, chimeric JEV/yellow fever virus (YFV) 17D vaccine can-
didate (ChimeriVax-JE) (26). More recent studies support this
conclusion and have demonstrated that passage of JEV SA14-
14-2 in mouse brain results in amino acid substitutions in the
E protein that produce a neurovirulent phenotype (27, 28).
However, a recombinant WT JEV Nakayama clone containing
prM-E or 5=-UTR-C-prM-E of the JEV SA14-14-2 vaccine
strain produced viruses with similar or moderately lower levels

of neurovirulence than that of the WT parent virus (29), sug-
gesting that mutations in other regions of the virus genome also
contribute to attenuation. One recent study demonstrated that
a nucleotide substitution in the JEV SA14-14-2 NS2A gene ab-
lates the formation of NS1=, an elongated form of NS1 pro-
duced by a translation frameshift, and confers an attenuation
phenotype on WT recombinant JEV (30). The contribution of
other JEV SA14-14-2 nonstructural protein mutations to at-
tenuation of virulence has not been evaluated.

The goal of the current study was to comprehensively define
the genetic determinants of attenuation of the JEV SA14-14-2 vac-
cine strain. This was accomplished by introducing vaccine strain-
specific mutations or PCR-amplified regions of the vaccine virus
genome into a recombinant WT JEV clone. The resulting recom-
binant JEV (rJEV) mutants were evaluated in vitro and in vivo,
revealing that mutations found in multiple regions of the JEV
SA14-14-2 genome contribute to its tissue culture phenotype, at-
tenuation, and immunogenicity in mice.

MATERIALS AND METHODS
Cells. Vero (African green monkey kidney) cells were maintained at 37°C
in OptiPRO SFM (serum-free medium) (Gibco) supplemented with 4
mM L-glutamine (Gibco). C6/36 (Aedes albopictus mosquito) cells were
maintained at 32°C in Eagle’s minimum essential medium (EMEM)
(Lonza) supplemented with 10% fetal bovine serum (FBS) (HyClone), 2
mM L-glutamine, and 0.1 mM nonessential amino acids solution (NEAA)
(Gibco). HEK-293T (human kidney) cells were maintained at 37°C in
EMEM supplemented with 10% FBS, 2 mM L-glutamine, and 100 U/ml
penicillin-streptomycin (Gibco). Raji (human B-cell lymphoblast) cells
were maintained at 37°C in RPMI 1640 medium supplemented with 10%
FBS, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin.

Viruses. The rJEV India/78 (genotype III strain 7812474) and rJEV
mutant strain 14-14-2 (rJEVmut14-14-2) stocks were derived from cDNA
clones that were described previously (31, 32). Our JEV SA14-14-2 labo-
ratory strain was passaged once in Vero cells to obtain a working stock that
was characterized in a previous study (32).

Construction and recovery of rJEV mutants. Synthesized cDNA gene
regions encoding point mutations were inserted as cloned fragments into

FIG 1 Diagram of rJEV mutants. JEV SA14-14-2 vaccine strain-specific nucleotide substitutions in the UTR and amino acid substitutions in proteins that were
introduced into the wild-type rJEV clone are indicated above the molecule. Multiple mutations in the same gene region were introduced together for that region.
Regions that were incorporated into rJEV to generate mutants 1 to 11 are indicated below the molecule. Regions 5 and 6 were combined to generate rJEVmut5/6,
as all four mutations are located in the NS2B/3 viral protease. Mutant virus 10 contains all of the vaccine strain-specific mutations except for those found in the
E protein, and mutant virus 11 contains the entire set of mutations.
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plasmid pJEV India/78 (Fig. 1), which was described previously (31). The
T39A (5=-UTR) and T292C (C-L66S amino acid change) nucleotide muta-
tions were inserted as AscI-BstBI cDNA fragments. The C1296T, G1389A,
A1503G, A1506G, G1769T, and A1813T nucleotide mutations (E-L107F,
-E138K, -I176V, -T177A, -Q264H, and -K279M amino acid substitutions,
respectively) were inserted as an XbaI-SacI cDNA fragment. The G3528C
nucleotide mutation (NS1-D351H amino acid mutation) was inserted as an
MfeI-FseI cDNA fragment. The G4403T (NS2B-E63D), A4408G (NS2B-
D65G amino acid mutation), A4782G (NS3-M59V amino acid mutation),
and C4921G/T4922C (NS3-A105G amino acid mutation) nucleotide muta-
tions were inserted as an FseI-StuI cDNA fragment. The A7227G nucleotide
mutation (NS4B-I106V amino acid change) was inserted as a BclI-XmaI
cDNA fragment. The C8832T (NS5-H386Y amino acid change), T9688C
(NS5-V671A amino acid change), and T10428C (3=-UTR) nucleotide muta-
tions were inserted as MluI-HpaI cDNA fragments. PCR-amplified cDNA
fragments of the E, NS1, NS2A, and NS5 genes of JEV SA14-14-2 were also
introduced into pJEV India/78 as described previously (32) (Fig. 1). Recovery
of the mutant viruses from in vitro transcripts and by transfection in Vero or
C6/36 cells was performed as described previously (31, 32). The recovered
viruses were biologically cloned by multiple terminal endpoint dilutions and
subsequently amplified in Vero cells prior to sequence analysis.

Virus replication in Vero cells. Vero cells were infected with viruses at
a multiplicity of infection (MOI) of 0.01 PFU/cell for 1 h and washed twice
with phosphate-buffered saline (PBS) (Gibco), followed by the addition
of medium. At 3 days postinfection, the medium was harvested, and the
virus titer was determined in Vero cells. Plaques were visualized on day 3
by immunostaining, and plaque size was measured.

Mouse studies. Studies in mice were performed in accordance with
the regulations and guidelines of the NIH (Bethesda, MD) and approved
by the Animal Care and Use Committee of the NIAID. Viruses were tested
for neuroinvasiveness by intraperitoneal (i.p.) inoculation and for neuro-
virulence by intracerebral (i.c.) inoculation of 3-week-old, weanling, fe-
male Swiss Webster mice (Taconic). Groups of 6 or 10 mice were inocu-
lated with a 0.1-ml dose of virus i.p. or a 0.01-ml dose of virus i.c. and
monitored for 21 days for signs of encephalitis, which included tremors,
seizure, and paralysis. Moribund mice were humanely euthanized to min-
imize pain and distress. The 50% lethal dose (LD50) values were deter-
mined by the method of Reed and Muench (39). Serum was collected
from i.p. inoculated mice on study day 21 for neutralization assays.

Production of JEV reporter virus particles. JEV SA14-14-2 reporter
virus particles (RVPs) expressing green fluorescent protein (GFP) were
produced in HEK-293T cells, as described previously (32). RVP titers
were determined by serial dilution of JEV RVP stocks and infection of Raji
cells in 96-well plates. Following 2 days of incubation, the cells were fixed
with paraformaldehyde, and the percentage of GFP-expressing cells was
determined by flow cytometry.

JEV RVP serum neutralization assay. The JEV RVP serum neutral-
ization assay was carried out as described previously (31). The data were
analyzed by using GraphPad Prism (GraphPad Software, La Jolla, CA)
and were fit by a dose-response curve (variable slope) in order to deter-
mine the 50% effective neutralization concentration (EC50). Titers are
reported as the reciprocal geometric mean EC50 titer (GMT). Seroconver-
sion was indicated for mice with a detectable neutralizing antibody EC50

titer (�8).
Statistical analysis. Statistical analyses were performed by using

GraphPad Prism. Virus titers were analyzed by using one-way analysis of
variance (ANOVA) with Dunnett’s test, and a P value of �0.05 was re-
quired for significance. Mouse survival analyses were done by using a log
rank (Mantel-Cox) test, and a P value of �0.05 was required for signifi-
cance.

RESULTS
Identification of vaccine strain-specific mutations. The com-
plete genome sequences contained in GenBank for WT JEV strain
SA14 (GenBank accession no. M55506, D90194, and U14163) and

vaccine strain JEV SA14-14-2 (accession no. AF315119, D90195,
and JN604986) were compared in order to identify nucleotides
and amino acids that consistently differed between these viruses. A
similar analysis was reported previously by Song and colleagues
(33) and yielded results identical to those of our analysis. Table 1
lists only mutations that were consistently found to distinguish
the vaccine strain from its WT parent virus. In total, 17 JEV SA14-
14-2 vaccine strain-specific mutations were identified. The 5= and
3=UTRs each contained a single nucleotide difference, and amino
acid differences were identified in the C, E, NS1, NS2B, NS3,
NS4B, and NS5 proteins. However, consistent differences were
not identified in the prM, NS2A, or NS4A protein. The E protein
contained the greatest number of differences, with six amino acid
substitutions. The NS2B/3 viral protease had four amino acid dif-
ferences, while the remaining proteins each had one or two amino
acid substitutions.

Recovery of recombinant JEV mutants. The WT rJEV In-
dia/78 clone was used as the basis for these reverse-genetics studies
because it demonstrates a high level of virulence in weanling mice
and allowed us to evaluate the phenotype produced by SA14 par-
ent and vaccine-specific mutations. The JEV SA14-14-2 vaccine
strain-specific mutations listed in Table 1 were introduced as
point mutations into the cDNA of WT rJEV India/78 to generate
rJEV mutant 1 (rJEVmut1) to rJEVmut9 (Fig. 1). rJEV mutant 5/6
combined mutations found in both NS2B and NS3, as they are
located in the viral protease. rJEV mutant 10 contained the 11
mutations identified outside the E protein gene, while rJEVmut11
contained all 17 mutations that were specific for JEV SA14-14-2
(Fig. 1). Regions of the JEV SA14-14-2 genome that encoded
amino acid residues different from those of WT rJEV India/78,
which were not identified as being vaccine strain specific and are
likely part of the genetic background of the WT vaccine parent
strain JEV SA14, included only E, NS1, NS2A, and NS5. Each of
these regions was PCR amplified from JEV SA14-14-2 and used to

TABLE 1 Nucleotide and amino acid residues that are consistently
different between consensus genome sequences of the JEV SA14-14-2
vaccine strain and the wild-type JEV SA14 parent virus strain

Nucleotide
position(s) Region or gene

Amino acid
position

Nucleotide or amino
acid in JEV strain

SA14a SA14-14-2b

39 5= UTR None T A
292 C 66 Leu Ser
1296 E 107 Leu Phe
1389 E 138 Glu Lys
1503 E 176 Ile Val
1506 E 177 Thr Ala
1769 E 264 Gln His
1813 E 279 Lys Met
3528 NS1 351 Asp His
4403 NS2B 63 Glu Asp
4408 NS2B 65 Asp Gly
4782 NS3 59 Met Val
4921 � 4922 NS3 105 Ala Gly
7227 NS4B 106 Ile Val
8832 NS5 386 His Tyr
9688 NS5 671 Val Ala
10428 3= UTR None T C
a Consensus of GenBank accession no. M55506, D90194, and U14163.
b Consensus of GenBank accession no. AF315119, D90195, and JN604986.
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generate rJEV mutants (Table 2). The rJEV E and NS1/2A mutants
each contained 10 mutations compared to WT rJEV India/78, while
rJEVmutNS5 had 4 mutations compared to rJEV India/78 (Table 2).
rJEV mutant strain 14-14-2 contained the JEV SA14-14-2 PCR-am-
plified E, NS1/2A, and NS5 gene regions introduced together into the
cDNA plasmid of rJEVmut11 and also included one nucleotide
change in each UTR and the G3599A nucleotide change in NS2A that
ablates NS1= formation (30). In total, rJEVmut14-14-2 contains 32
mutations relative to rJEV India/78 and comprises 29 amino acid
substitutions distributed throughout eight viral proteins (Table 2).
All rJEV mutants were recovered in either C6/36 or Vero cells, bio-
logically cloned in Vero cells, and sequenced. Several rJEV mutants
contained adventitious silent nucleotide changes, including rJEV-
mut3 (T1715C and G6575T), rJEVmut5/6 (A1073T, C2567T, and
T3431C), rJEVmut7 (G8054A), rJEVmut9 (T5613C, C9500A, and
A9602G), rJEVmut10 (T3530C), rJEVmut11 (A3044G and T8747C),
rJEVmutE (T2430C and C2963A), and rJEVmutNS1/2A (C1691A).
The sequences of rJEV mutants 1, 2, 4, 8, NS5, and 14-14-2 matched
their cDNA clones.

Phenotype in Vero cells. The plaque sizes and peak virus titers
of the rJEV mutants were measured in Vero cells and compared to
those of WT rJEV and the JEV SA14-14-2 laboratory strain. Most
of the rJEV mutants had a large plaque size (�2 mm) and mean
peak virus titers that were similar to those of WT rJEV, and there-
fore, many JEV SA14-14-2 mutations do not individually produce
a tissue culture phenotype (Table 3). rJEV mutants 2, 3, 10, and E
had medium plaque sizes (1 to 2 mm) and significantly lower
mean peak virus titers than those of WT rJEV (Table 3). The phe-
notype of rJEV mutants 2 and 10 or mutants 3 and E were indis-
tinguishable from one another in Vero cells. This indicates that the
C-L66S mutation (rJEVmut2 and -10) and at least one of six vac-
cine strain-specific E protein mutations (rJEVmut3 and -E) were
responsible for the observed reductions in plaque size and repli-
cative fitness compared to WT rJEV. Recombinant JEV mutants
11 and 14-14-2 had small plaque sizes (�1 mm), like the JEV
SA14-14-2 laboratory strain, and significantly lower mean peak
virus titers than those of WT rJEV (Table 3). Thus, the reduction
in peak virus titer and small plaque size compared to most WT JEV

TABLE 2 Recombinant JEV mutants bearing PCR-amplified segments of the JEV SA14-14-2 genome

Nucleotide position(s)a Region or gene
Amino acid
position

Nucleotide or amino acid

rJEV

rJEV mutantc

E NS1/2A NS5 14-14-2b

39 5= UTR None T ● ● ● A
292 C 66 Leu ● ● ● Ser
1296 E 107 Leu Phe ● ● Phe
1389 E 138 Glu Lys ● ● Lys
1503 E 176 Ile Val ● ● Val
1506 E 177 Thr Ala ● ● Ala
1708* E 244 Glu Gly ● ● Gly
1769 E 264 Gln His ● ● His
1813 E 279 Lys Met ● ● Met
1921* E 315 Ala Val ● ● Val
2073* E 366 Ser Ala ● ● Ala
2293* E 439 Lys Arg ● ● Arg
2509* NS1 11 Arg ● Lys ● Lys
2917* NS1 147 Arg ● His ● His
3181* NS1 235 Gly ● Asp ● Asp
3351* NS1 292 Gly ● Ser ● Ser
3493* NS1 339 Arg ● Met ● Met
3528 NS1 351 Asp ● His ● His
3539* NS2A 2 Asn ● Lys ● Lys
3599* NS2A 22 Glu (G) ● A ● A
3652* NS2A 40 Ala ● Val ● Val
4085* NS2A 184 Gln ● His ● His
4403 NS2B 63 Glu ● ● ● Asp
4408 NS2B 65 Asp ● ● ● Gly
4782 NS3 59 Met ● ● ● Val
4921 � 4922 NS3 105 Ala ● ● ● Gly
7227 NS4B 106 Ile ● ● ● Val
8499* NS5 275 Asp ● ● Asn Asn
8832 NS5 386 His ● ● Tyr Tyr
8899* NS5 408 Ser ● ● Asn Asn
9688 NS5 671 Val ● ● Ala Ala
10428 3= UTR None T ● ● ● C
a Mutations at nucleotides indicated with an asterisk were not identified as vaccine strain specific and probably represent differences in the genetic backgrounds of the JEV SA14
and rJEV India/78 wild-type strains.
b JEV SA14-14-2 PCR-amplified E, NS1/2A, and NS5 gene regions were cloned into the cDNA plasmid of rJEVmut11, which already contained mutations at nucleotides 39, 292,
4403 to 7227, and 10428 (shaded gray), to generate rJEV mutant 14-14-2 (32).
c Bullets indicate that the nucleotide or amino acid is the same as that for rJEV.
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strains, which are characteristics of JEV SA14-14-2 in tissue cul-
ture, are apparently produced by a combination of vaccine strain-
specific mutations in multiple genes or UTRs.

Virulence phenotype in weanling mice. Wild-type rJEV and
most of the rJEV mutants were screened for virulence in mice by
using a dose of 104 PFU i.p. and a dose of 102 PFU i.c. (Table 4 and
Fig. 2). JEV SA14-14-2 and rJEVmut14-14-2 were inoculated at a
dose of 104 PFU i.p. and i.c. When inoculated by the i.p. route, WT
rJEV caused 100% and 90% mortality (95% average) in experi-

ments 1 and 2 and mice had 8- and 7-day (7.5-day average) me-
dian survival times, respectively. Mice inoculated i.p. with rJEV
mutants 5/6, 7, 8, 9, and NS5 had moderately increased survival
(10 to 40%) in comparison, but the survival curves were not sig-
nificantly different from that for WT rJEV. Thus, NS2B/3, NS4B,
NS5, and 3=-UTR vaccine strain-specific mutations, along with
mutations in the vaccine virus NS5 genome region, made little or
no contribution to attenuation of virus neuroinvasion. In con-
trast, mice inoculated by the i.p. route with rJEV mutants 1, 2, 3,
10, and NS1/2A had considerably higher rates of survival, 40 to
90%, and the survival curves for these viruses were significantly
different from that for WT rJEV. Notably, the nucleotide substi-
tution T39A in the 5= UTR (rJEVmut1) and the amino acid sub-
stitution L66S in the C protein (rJEVmut2) each substantially re-
duced virus neuroinvasion, with 70% of mice surviving i.p.
inoculation. rJEV mutant 10, which contained 11 vaccine strain-
specific mutations, including 5=-UTR-T39A and C-L66S, but
lacked mutations in E, appeared to be less attenuated, with only
40% of mice surviving i.p. inoculation. However, the mouse sur-
vival curves for rJEV mutants 1 and 2 were not significantly dif-
ferent from that of rJEVmut10 (by a log rank test). rJEV mutant 3,
which contained the six vaccine strain-specific E protein muta-
tions, demonstrated a significant amount of attenuation but had
some residual virulence, with 1 of 10 mice developing signs of
encephalitis leading to a moribund state on day 18 following i.p.
inoculation. rJEV mutants E, 11, and 14-14-2 behaved like the JEV
SA14-14-2 laboratory strain, with i.p. inoculation of mice result-
ing in no mortality or signs of encephalitis.

For mice inoculated by the i.c. route (Table 4 and Fig. 2), WT
rJEV caused 100% mortality, and mice had 5- and 6-day (5.5-day
average) median survival times for experiments 1 and 2, respec-
tively. Mice inoculated with rJEV mutants 4, 5/6, 9, 10, NS1/2A,
and NS5 had 100% mortality, and the survival curves were not

TABLE 3 Phenotype of rJEV mutants in Vero cells

Virus Plaque sizea

Mean peak titer
(log10 PFU/ml) � SDb

rJEV Large 8.0 � 0.3
rJEVmut1 Large 7.8 � 0.4
rJEVmut2 Medium 6.7 � 0.4c

rJEVmut3 Medium 7.3 � 0.1c

rJEVmut4 Large 7.8 � 0.3
rJEVmut5/6 Large 8.1 � 0.1
rJEVmut7 Large 7.8 � 0.3
rJEVmut8 Large 7.8 � 0.4
rJEVmut9 Large 8.0 � 0.2
rJEVmut10 Medium 6.6 � 0.5c

rJEVmut11 Small 6.4 � 0.5c

rJEVmutE Medium 7.3 � 0.1c

rJEVmutNS1/2A Large 7.5 � 0.2
rJEVmutNS5 Large 8.0 � 0.1
rJEVmut14-14-2 Small 6.0 � 0.4c

JEV SA14-14-2 Small 7.1 � 0.3c

a Measured at 3 days postinfection, where small indicates a plaque size of �1 mm,
medium indicates a plaque size of 1 to 2 mm, and large indicates a plaque size of
�2 mm.
b Data were from at least two duplicate experiments per virus.
c Significantly different from rJEV by ANOVA with Dunnett’s test (P � 0.05).

TABLE 4 Virulence screening of rJEV mutants and control viruses in weanling mice

Virus

i.p. inoculation i.c. inoculation

Dose
(PFU)

No. of alive
mice/total
no. of mice % survival

Median survival
time (days)

Significant
difference
from rJEVa

Dose
(PFU)

No. of alive
mice/total
no. of mice % survival

Median
survival
time (days)

Significant
difference
from rJEVa

rJEVb 104 1/20 5 7.5 NA 102 0/20 0 5.5 NA
rJEVmut1 104 7/10 70 �21 Yes 102 1/10 10 5.5 No
rJEVmut2 104 7/10 70 �21 Yes 102 0/10 0 6 Yes
rJEVmut3 104 9/10 90 �21 Yes 102 6/9c 67 �21 Yes
rJEVmut4 104 3/10 30 9 No 102 0/10 0 5 No
rJEVmut5/6 104 4/10 40 7.5 No 102 0/10 0 5 No
rJEVmut7 104 4/10 40 6 No 102 1/10 10 5 No
rJEVmut8 104 2/10 20 7 No 102 0/10 0 6 Yes
rJEVmut9 104 1/10 10 6 No 102 0/10 0 5 No
rJEVmut10 104 4/10 40 12.5 Yes 102 0/10 0 5 No
rJEVmut11 104 10/10 100 �21 Yes 102 8/10 80 �21 Yes
rJEVmutE 104 10/10 100 �21 Yes 102 10/10 100 �21 Yes
rJEVmutNS1/2A 104 7/10 70 �21 Yes 102 0/10 0 6 No
rJEVmutNS5 104 1/10 10 7 No 102 0/10 0 5 No
rJEVmut14-14-2 104 10/10 100 �21 Yes 104 10/10 100 �21 Yes
JEV SA14-14-2 104 10/10 100 �21 Yes 104 10/10 100 �21 Yes
Mockb NAd 20/20 100 �21 Yes NA 20/20 100 �21 Yes
a Determined by the log rank test, with a P value of �0.05 being required for significance.
b Results from two different experiments were combined.
c One mouse died from trauma at the injection site.
d NA, not applicable.
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significantly different from that for WT rJEV. Mice inoculated
with rJEV mutants 2 and 8 had 100% mortality and very modest
but significantly longer 6-day median survival times than mice
inoculated with WT rJEV in experiment 1, whereas mice inocu-
lated by the i.c. route with rJEV mutants 1 and 7 had a moderately
10% increased survival rate and 5- to 5.5-day median survival
times and were not significantly different from mice inoculated
with WT rJEV. Only the rJEV mutants that contained JEV SA14-
14-2 E protein amino acid substitutions (rJEVmut3, -11, -E, and
-14-14-2) had substantial levels of neurovirulence attenuation.
Mice inoculated with rJEV mutants 3 and 11 had 67% and 80%
survival rates, respectively, and the survival curves were signifi-
cantly different from that for WT rJEV but not from each other.
Mice inoculated i.c. with rJEV mutants E and 14-14-2 behaved like
the JEV SA14-14-2 laboratory strain, causing no mortality or signs
of encephalitis.

The i.c. LD50 values in weanling mice were determined for rJEV
mutants that caused incomplete or no mortality by the i.c. route in
the initial virulence screening (Table 5). Mice inoculated with
rJEV mutants 1 and 7 had i.c. LD50 values of �1 PFU, like WT
rJEV, and were not attenuated for neurovirulence. Only rJEV mu-
tants bearing JEV SA14-14-2 E protein mutations were attenuated
for neurovirulence. Mice inoculated with rJEV mutants 3 and 11
had similar i.c. LD50 values, which were �1,000-fold higher than
the LD50 of WT rJEV, but still possessed a residual level of neuro-

virulence, whereas mice inoculated with rJEVmutE had an i.c.
LD50 value of �10,000 PFU, causing no mortality at this dose,
similar to rJEVmut14-14-2. The six mice inoculated with rJEV-
mutE at a dose of 104 PFU i.c. became scruffy and mildly lethargic
on day 6, but no other clinical signs were apparent, and they re-
solved within 24 h, whereas mice inoculated with the same dose of
rJEVmut14-14-2 did not show any clinical signs, and this is prob-
ably the contribution of attenuating mutations located in regions
of the genome outside the E protein gene.

Immunogenicity in weanling mice. Immunogenicity was eval-
uated for rJEV mutants that had substantial levels of neuroviru-
lence attenuation (Table 6). Mice immunized with 104 PFU of the
JEV SA14-14-2 laboratory strain had 100% seroconversion and a
neutralizing antibody GMT of 473. In comparison, rJEVmut14-
14-2 administered at the same dose was moderately less immuno-
genic, with only 70% seroconversion and a neutralizing antibody
GMT of 247. rJEVmutE produced 100% seroconversion and a
neutralizing antibody GMT that was �4-fold higher than that of
the JEV SA14-14-2 laboratory strain and 8-fold higher than that of
rJEVmut14-14-2 (Table 6). This indicates that mutations located
in regions of the virus genome outside the E protein gene moder-
ately reduce immunogenicity. However, underattenuated rJEV
mutants 3 and 11 had similar, high levels of immunogenicity,
producing 100% seroconversion and neutralizing antibody GMTs
�2-fold different from that of rJEVmutE (Table 6). Therefore, the

FIG 2 Survival of weanling mice inoculated with rJEV mutants and control viruses. Groups of 10 mice were inoculated with virus or mock infected and
monitored for 21 days for signs of encephalitis. All viruses were inoculated at a dose of 104 PFU i.p. Most viruses were screened at a dose of 102 PFU i.c., except
for rJEVmut14-14-2 and JEV SA14-14-2, which were tested at a dose of 104 PFU i.c. Experiments 1 and 2 were performed independently, and a statistical
comparison with wild-type rJEV is shown in Table 4.
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combination of vaccine strain-specific mutations apparently did
not affect levels of immunogenicity, suggesting that additional
mutations in the JEV SA14-14-2 NS1/2A or NS5 genome region
contribute to the reduced immunogenicity of rJEVmut14-14-2.

DISCUSSION

The live-attenuated JEV SA14-14-2 vaccine is safe and effective,
but many of the mutations that potentially contribute to its stable
attenuation and high level of immunogenicity have not been eval-
uated. The current study was designed to comprehensively define
the genetic determinants of JEV SA14-14-2 that contribute to its
attenuation of virulence for mice. Multiple groups have deter-
mined the sequence of this vaccine strain and compared it to the
sequence of its WT parent virus, JEV SA14, in order to identify
mutations that might contribute to virulence attenuation (15, 22–
25). However, it has been challenging to decipher the mutations
that are truly vaccine strain specific because the nucleotide se-
quence of the initial JEV SA14 virus stock used to derive the vac-
cine strain has not been reported. Furthermore, the sequences of
both virus strains in GenBank differ considerably because of vari-
able tissue culture passage histories, resulting in previously re-
ported estimates of 57 to 61 nucleotide differences and 24 to 31
amino acid differences between the JEV SA14 and SA14-14-2
strains (15). Here we identified a total of 17 mutations, including

nucleotide changes in the UTRs and amino acid substitutions in
the polyprotein, that consistently differed between the complete
genome sequences of JEV SA14 and SA14-14-2. A similar obser-
vation was made previously by Song and colleagues (33).

The vaccine strain-specific mutations or PCR-amplified re-
gions of the JEV SA14-14-2 genome were introduced into a WT
rJEV clone, and virus phenotypes were initially studied in Vero
cell cultures. Only rJEV mutants containing vaccine strain-spe-
cific mutations in the C or E protein had significantly reduced
replicative fitness in Vero cells. However, the entire set of vaccine
strain-specific mutations was necessary to recapitulate the tissue
culture phenotype of JEV SA14-14-2. Surprisingly, this phenotype
is not necessarily produced by a combination of vaccine strain-
specific C and E protein mutations because previously described
JEV SA14-14-2 Vero cell-adapted variants containing a C-S66L
reversion mutation retained a small plaque size (32). Further-
more, the combined set of vaccine strain-specific mutations lo-
cated outside the E gene did not collectively produce a tissue cul-
ture phenotype different from that of C-L66S alone. Thus, it
appears that vaccine strain-specific mutations found in the E pro-
tein coupled with those in the nonstructural protein genes or
UTRs produce the small plaque size that is characteristic of JEV
SA14-14-2 in tissue culture.

The rJEV mutants were evaluated for neurovirulence attenuation
by i.c. inoculation of weanling mice. The only rJEV mutants that had
substantial levels of neurovirulence attenuation were those bearing
vaccine strain-specific E protein mutations or the authentic JEV
SA14-14-2 E protein. This is consistent with the conclusions that were
made by Yu and have been drawn based on studies by Arroyo and
colleagues using ChimeriVax-JE (15, 26). However, the four reported
E protein mutations (L107F, E138K, I176V, and T177A) that, when
reverted, were the minimum set of mutations needed to restore a
neurovirulent phenotype in mice for ChimeriVax-JE (26) were insuf-
ficient to completely attenuate neurovirulence of our WT rJEV. This
result indicates that virus chimerization also contributes significantly
to the neurovirulence attenuation of ChimeriVax-JE virus. The set of
E protein mutations identified as being vaccine strain specific (L107F,
E138K, I176V, T177A, Q264H, and K279M) produced rJEV mutants
that had residual levels of neurovirulence, while the authentic JEV
SA14-14-2 E protein, which also contained the mutations E244G,
A315V, S366A, and K439R (Fig. 3), relative to WT rJEV India/78, was
critical for complete attenuation of neurovirulence. rJEVmutE
caused some mild clinical signs in mice that were inoculated with a
high dose by the i.c. route, indicating that attenuating mutations in

TABLE 6 Immunogenicity of rJEV mutants in weanling mice
inoculated by the i.p. route

Virus
Dose
(PFU)

No. of mice with
seroconversion/total
no. of mice

Neutralizing
antibody titera

(reciprocal EC50)

GMT Range

JEV SA14-14-2 104 10/10 473 124–1,026
rJEVmut14-14-2 104 7/10 247 �8–4,556
rJEVmutE 104 10/10 1,857 937–3,736
rJEVmut11 104 10/10 1,156 496–3,605
rJEVmut3 104 9/9 1,361 506–2,521
Mock NAb 0/10 �8 �8
a Geometric mean titer calculated only for seroconverted mice.
b NA, not applicable.

TABLE 5 Neurovirulence (i.c. LD50) of rJEV mutants in weanling mice

Virus
Dose
(PFU)

No. of alive
mice/total
no. of mice

Median survival
time (days) LD50 (PFU)

rJEVmut14-14-2 104 6/6 �21 �10,000

rJEVmutE 104 6/6 �21 �10,000
103 6/6 �21
102 6/6 �21

rJEVmut11 104 2/6 8.5 3,162
103 4/6 �21
102 6/6 �21
101 6/6 �21

rJEVmut3 104 1/6 7 1,995
103 5/6 �21
102 4/6 �21
101 6/6 �21

rJEVmut1 102 0/6 6 0.3
101 1/6 8.5
100 3/6 15.5
10�1 5/6 �21

rJEVmut7 102 0/6 5.5 0.3
101 0/6 6
100 1/6 6.5
10�1 5/6 �21

rJEV 102 0/6 6 0.7
101 0/6 6.5
100 3/6 17
10�1 5/6 �21

Mock NAa 6/6 �21 NA
a NA, not applicable.
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other regions of the virus genome might minimize vaccine reactoge-
nicity and could be important for overall safety.

Our results deviate from those obtained by Chambers and col-
leagues, which indicated that the JEV SA14-14-2 E protein was
insufficient to attenuate the neurovirulence of WT rJEV Na-
kayama (29). It is important to note that the virus in their study
had acquired mutations relative to the JEV SA14-14-2 sequence,
including an E protein reversion mutation, V315A, which could
account for the difference in the observed attenuation of neuro-
virulence demonstrated in our study. Interestingly, Ni and col-
leagues reported that E protein amino acid substitutions A315V
and K439R might in fact be vaccine strain specific and important
for attenuation of neurovirulence for JEV SA14-14-2 (23). Fur-
thermore, JEV SA14-14-2 variants described previously are com-
pletely attenuated for neurovirulence and lack the E protein mu-
tations T177A and Q264H (15, 23, 24, 32, 34). Taken together,
these observations suggest that the collection of the E protein mu-
tations L107F, E138K, I176V, E244G, K279M, A315V, S366A
(compared to rJEV India/78), and K439R (Fig. 3) is responsible
for complete neurovirulence attenuation of JEV. The location of
these mutations in all three E protein structural domains and the
stem-anchor region indicates that multiple E protein functions,
including cell attachment and entry or virus assembly and release,
are probably impaired in neurons of the central nervous system.
Reversion of individual or combinations of these JEV SA14-14-2 E
protein mutations to the WT amino acid (such as F107L, K138E,
G244E, and possibly V315A) is capable of restoring some level of
neurovirulence in mice (27–29), emphasizing that their cumula-
tive effect on neurovirulence attenuation is critical for vaccine
safety.

i.p. inoculation of mice with JEV is used to evaluate the capac-
ity of the virus to replicate in peripheral tissues and subsequently
invade the central nervous system, leading to morbidity and mor-
tality. Wild-type rJEV India/78 has a relatively high potential for
neuroinvasion, and this was substantially reduced by the vaccine
strain-specific mutations 5=-UTR-T39A and C-L66S, indicating
that these mutations probably restrict virus replication in periph-
eral tissues. For the C-L66S mutation, this phenotype might be
related to the significantly reduced levels of virus replication ob-
served in tissue culture. The 5=-UTR-T39A mutation did not af-
fect virus titers in tissue culture, although this nucleotide substi-

tution is located in a region of the 5= UTR that was previously
demonstrated to be important for West Nile virus RNA-depen-
dent RNA polymerase activity (35). Surprisingly, the combined
set of vaccine strain-specific mutations found in rJEVmut10, in-
cluding 5=-UTR-T39A and C-L66S, did not have an additive effect
on attenuation of virulence, suggesting that some of these muta-
tions are compensatory. The entire NS1/2A vaccine virus genome
region also significantly reduced virus neuroinvasion. This phe-
notype was apparently produced by at least one of nine mutations
that were not identified as vaccine strain specific, including an
NS2A nucleotide change previously demonstrated to reduce JEV
neuroinvasion (30). It was more difficult to determine the contri-
bution of E protein mutations to the attenuation of virus neuro-
invasion, as these mutations were also responsible for substantial
levels of neurovirulence attenuation, and these two phenotypes
could not be uncoupled.

To better understand the effect of JEV SA14-14-2 mutations on
vaccine immunogenicity, neutralizing antibody titers were mea-
sured for mice inoculated with mutant viruses that demonstrated
a substantial level of attenuation of neurovirulence. rJEVmut14-
14-2 was less immunogenic than the JEV SA14-14-2 laboratory
strain, and this is likely due to the clonal nature of the recombi-
nant virus stock compared to the mixture of highly immunogenic
virus variants that were previously demonstrated to be present in
our JEV SA14-14-2 laboratory stock (32). rJEVmutE, bearing the
same E protein as that of rJEVmut14-14-2 but no additional mu-
tations, was much more immunogenic. Thus, mutations located
outside the E protein gene markedly reduced vaccine immunoge-
nicity. The mutations responsible for this phenotype are likely
those that restricted virus replication and dissemination in mouse
peripheral tissues and consequently reduced neuroinvasion. It is
likely that compensatory vaccine strain-specific mutations miti-
gated the restricted level of peripheral replication imposed by the
5=-UTR-T39A and C-L66S mutations and in combination did not
affect immunogenicity. Furthermore, the collection of E protein
mutations that were responsible for complete attenuation of neu-
rovirulence produced a mutant virus that was equally as immu-
nogenic or more immunogenic than underattenuated rJEV mu-
tants, indicating that these mutations do not compromise vaccine
immunogenicity. Together, these observations imply that one or

FIG 3 JEV E protein structure (PDB accession no. 3P54) with the location of amino acid differences between JEV SA14-14-2 and wild-type rJEV India/78
indicated. Amino acid substitutions are located in structural domain I (residues 138, 176, 177, and 279), domain II (residues 107, 244, and 264), and domain III
(residues 315 and 366). Residue 439 is located in the stem-anchor portion of the E protein and is not pictured here. Boxed residues indicate the locations of amino
acids that consistently differed between vaccine virus and parent virus sequences and were considered vaccine strain specific.
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more mutations in the NS1/2A genome region substantially re-
duced the immunogenicity of rJEVmut14-14-2.

The contribution made by most JEV SA14-14-2 vaccine strain
mutations to attenuation and immunogenicity had not been pre-
viously evaluated. Here, we modified a WT rJEV cDNA clone to
contain 17 vaccine strain-specific mutations or PCR-amplified
segments of the vaccine virus genome and evaluated their impor-
tance for attenuation in mice. The authentic JEV SA14-14-2 E
protein was sufficient for complete attenuation of neurovirulence,
whereas mutations in other regions of the virus genome predom-
inantly reduced virus neuroinvasion. Recent efforts have been
made by others to produce West Nile virus, tick-borne encepha-
litis virus, and dengue virus prM-E chimeric virus vaccine candi-
dates in an rJEV SA14-14-2 backbone (36–38). In order to achieve
adequate levels of attenuation by using this approach, it might be
necessary to introduce attenuating mutations in the chimeric vi-
rus E proteins, particularly for neurotropic flaviviruses. Addition-
ally, our data indicate that some JEV SA14-14-2 mutations that
reduce virus neuroinvasion also reduce vaccine immunogenicity.
Therefore, a second-generation rJEV SA14-14-2 vaccine strain
variant can be rationally engineered to maximize levels of immu-
nogenicity without affecting vaccine safety.
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