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Persistence of Wild-Type Japanese Encephalitis Virus
Strains Cross-Neutralization 5 Years After JE-CV
Immunization
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Alain Bouckenooghe6

Background. The live-attenuated Japanese encephalitis (JE) vaccine (JE-CV; IMOJEV) induces a protective response in children.
A shift in circulating JE virus strains suggests that a genotype shift phenomenon may occur throughout Southeast Asia. We assessed
the neutralization of wild-type (WT) JE virus isolates at distal time points after vaccination.
Methods. We analyzed serum samples from a subset of 47 children who had received a JE-CV booster after an inactivated JE
vaccine primary immunization. We measured antibody titers (50% plaque reduction neutralization test) using a panel of WT JE
strains at baseline, then after the booster at 28 days and 6 months in all subjects present at the time points and in a subset at
year 5. Three additional recent isolates were tested at year 5.
Results. Of 47 subjects, 43 (91.5%) subjects had JE neutralizing antibody titers ≥10 (reciprocal serum dilution) against the homologous strain before JE-CV boost; all were seroprotected up to year 5 after the JE-CV boost. Baseline WT seroprotection ranged
between 78.7% and 87.2%; all subjects were seroprotected against the 4 WT strains at 28 days and 6 months; year 5 seroprotection
ranged between 95.7% and 97.9%. Similar rates of protection against 3 additional WT isolates were observed at year 5.
Conclusions. The long-term immune responses induced after a JE-CV booster dose in toddlers were able to neutralize WT
viruses from various genotypes circulating in Southeast Asia and India.
Clinical Trials Registration. NCT00621764.
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Japanese encephalitis (JE) is a mosquito-borne viral infection
that is considered a disease of major public health importance
because of its high epidemic potential, high case-fatality rate,
and the severity of sequelae among survivors. Despite the availability of effective vaccines for many decades, JE is still believed
to cause >68 000 cases of encephalitis annually, resulting in approximately 15 000 deaths [1–3]. JE also causes major neurological sequelae, affecting more than one-third of survivors. An
estimated 3 billion persons live in JE-endemic areas and are at
risk if not vaccinated [3]. Expatriates and children living in these
endemic areas are also at risk of contracting JE, as well as
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travelers and military personnel deployed overseas [4; 5, chap
4]. There is no speciﬁc treatment for JE and the virus cannot
be eradicated given its animal reservoir. Hence, vaccination is
the most effective approach to disease control [6]. New JE vaccines have been bringing signiﬁcant improvement in terms of
safety, immunogenicity, and modern updated production
methods.
A single serotype of JE virus has been identiﬁed, although antigenic heterogeneity has been reported between different isolates. The existence of a single serotype is also supported by
detailed phylogenetic analysis [7].
Sequence heterogeneity between the different isolates was
used to deﬁne 4 main genotypes based on a 240-base nucleotide
sequence stretch of viral premembrane ( prM). This region was
selected because it shows the largest sequence variation of the
whole JE virus genome. A ﬁfth JE virus genotype (V) recently
reemerged in Asia (China and South Korea) [8–11].
Recent analyses of circulating strains have shown a shift
from genotype III in favor of genotype I in Vietnam [12] and
Thailand [13], suggesting that a genotype shift phenomenon
may be occurring throughout Southeast Asia [9, 12]. There is
no indication yet that this shift toward genotype I is affecting
the efﬁcacy of the JE vaccines in use, which are all derived
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from genotype III viruses (strains Nakayama, P3, Beijing-1, and
SA14-14-2), although some studies have shown differences in
the capability of the serum samples from vaccinees who received genotype III to neutralize in vitro wild-type (WT) strains
from nonvaccine strains, namely genotype I isolates [14, 15]. In
addition, most studies that have assessed the neutralization of
WT strains in vaccinees have tested serum samples taken at
the peak of the effector immune response, that is, 28 days
after vaccination, when antibody titers are at their maximum
[14–18]. We sought to assess whether responses at distal time
points after vaccination were still able to neutralize recent WT
isolates, including those from genotype I.

Vaccine: JE-CV

JE-CV, JE live-attenuated vaccine (IMOJEV; Sanoﬁ Pasteur), is
constructed by replacing the premembrane and envelope
coding sequences from the yellow fever vaccine virus (strain
17D) genome with the corresponding sequences from the
JE SA14-14-2 virus strain, as described elsewhere [19, 20]
JE-CV was developed by Acambis, now part of Sanoﬁ Pasteur.
The reconstituted vaccine was stored at 2°C to 8°C and a 0.5- L
vaccine dose, containing 104 PFU, was administered within
4 hours of reconstitution by subcutaneous injection in the deltoid region.
Phase II Study

The study design, participants and procedures have been described before and the trial was registered with Clinicaltrials.
gov (NCT 00621764) [17]. Brieﬂy, this phase II, open-label
crossover study of JE-CV booster vaccination with hepatitis A
vaccine as a safety control was conducted in Thailand in 100
children aged 2–5 years who had been vaccinated at age 12–
18 months with 2 doses of a mouse-brain derived inactivated
JE vaccine (Beijing strain), according to the national immunization schedule at that time. Participants were randomly allocated
to receive a single dose of JE-CV (0.5 mL) subcutaneously, followed 28 days later by hepatitis A vaccine (0.5 mL given intramuscularly), or vice versa, using an interactive voice response
system based on randomization lists prepared by the study
sponsor for each center and age stratum using the block method. Vaccine identity was not masked. The time between the primary immunization (inactivated JE vaccine) and JE-CV booster
administration was 12.8 months (range, 5.5–38.9 months; interquartile range, 9.9–14.4 months). The immune responses
against JE-CV virus were determined from serum samples obtained up to year 5 after JE-CV boost.
The protocol was approved by the ethics committee or institutional review board of the 4 participating centers and the
study was conducted according to Good Clinical Practice guidelines. The child’s parent or guardian provided signed informed
consent to the study before exposure to any study procedures.
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Serum samples from all children were assessed for antibody responses against JE-CV virus, and selected samples were also
tested for responses to WT JE viruses. The samples evaluated
for the current analysis were taken at baseline, 28 days after
JE-CV vaccination, then at either 6 or 7 months after the JECV vaccination (depending on administration sequence), and
at year 5.
A panel of WT JE strains was used for antibody testing in the
phase II study: a 1991 genotype I isolate from Korea (1991 TVP8236), a 1983 genotype II isolate from Thailand (B1034/8), a
1949 genotype III isolate from China (Beijing), and a 1981 genotype IV isolate from Indonesia (JKT 9092/TVP-6265) [17].
WT assays were initially performed on samples taken at baseline
and at 28 days, and 6 months after JE-CV vaccination in all subjects present at the corresponding time points. These 4 strains,
as well as 3 additional ones, were also tested in a subset of subjects on serum samples obtained at the year 5 follow-up visit: a
2003 genotype I isolate from Thailand (JEV-SM1), a 1997 genotype III isolate from Vietnam (JEV-902/97), and a 2005 genotype III isolate from India (JEV-057434) [18]; these 3 WT
strains were added to the testing schedule to assess crossneutralization to strains more recent than the original 4 WT
strains evaluated. Further details on the WT isolates are provided in Table 1. A serological correlate based on JE virus neutralizing antibody titers is accepted and recommended by a panel of
experts assembled by the World Health Organization (WHO); a
threshold of ≥1:10 using a 50% plaque reduction neutralization
test (PRNT50) is accepted as evidence of protection [22, 23].
Neutralization Tests

Antibody titers were tested by PRNT50. For all WT JE strains,
testing was conducted at the WHO Flavivirus Diagnostics Reference Laboratory for Asia at the Center for Vaccine Development (Mahidol University, Thailand) using serial 10-fold
dilutions of the serum samples mixed with a constant challenge
dose of each respective JE virus and inoculated in duplicate onto
wells conﬂuent with LLC-MK2 cells. The neutralizing antibody
titer was calculated and expressed as the reciprocal serum dilution (1/dil) reducing the mean plaque count by 50%, as calculated by probit analysis. Antibody testing for JE-CV strain was
performed at Focus Diagnostics using serial 2-fold dilutions of
serum samples mixed with a constant challenge dose of JE-CV
and inoculated in duplicate onto wells conﬂuent with Vero cells.
The assay had a lower limit of quantiﬁcation titer of 10 (1/dil).
Children with titers ≥10 (1/dil) are considered seroprotected
against JE [23].
Statistical Methods

The analysis of neutralizing antibody to JE viruses was done
using the geometric mean titer (GMT) and seroprotection
rate (deﬁned as the proportion of subjects with a JE PRNT50
neutralizing antibody titer ≥10). Assuming that log10
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MATERIALS AND METHODS

JE Viruses

Table 1.

JE Virus Strains Used in the PRNT50 Test

JE Virus

Genotype

Country of Origin

Year of Origin

Virus Origin

Passage History of Virus

Accession No.

TVP-8236

I

Korea

1991

Culex tritaeniorhynchus

6 passages in mosquito cell lines;
6 passages in Vero cells

Not available

JEV-SM1

I

Thailand

2003

Pig

2 passages in mosquito cell lines;
3 passages in Vero cells

GenBank: DQ087971.1

B1034/8

II

Thailand

1983

Pig

2 passages in mosquito cell lines;
4 passages in Vero cells

GenBank: D00997.1

III

China

1949

Human

5 passages in Vero cells

GenBank: L48961

JEV-902/97

III

Vietnam

1997

Human

1 passage C6/36 cells;
1 passage in suckling mouse;
3 passages in LLC-MK2 cells

GenBank: JQ390453.1

JEV-057434

III

India

2005

Human

2 passages in mosquito cell lines;
3 passages in Vero cells

GenBank: EF623988.1

JKT 9092/TVP-6265

IV

Indonesia

1981

Culex vishnui mosquitoes

1 passage in mosquito cell lines;
4 passages in Vero cells

GenBank: U70409

JE-CV

III

Chimeric virus, YF 17D with envelope sequence from
SA14-14-2 [21]

5 passages on Vero cells

Not applicable

Abbreviations: JE, Japanese encephalitis; PRNT50, 50% plaque reduction neutralization test.

transformation of the titers would follow a normal distribution,
the mean and 95% conﬁdence intervals (CIs) were calculated
for log10 titers, using the usual calculation for normal distribution, then antilog transformation was applied to the results of
those calculations to provide ﬁnal GMT and CI values. CIs
for the single proportion were calculated using the exact binomial method (Clopper-Pearson method). The results are presented for the full analysis set (ie, for all participants present
at the ﬁrst vaccination visit who received ≥1 dose of vaccine
and had serum samples available for WT testing at year 5).
RESULTS
Study Population

There were 100 children aged 2–5 years enrolled in the study.
The subset was deﬁned as the 47 subjects present at year 5 visits
with remaining serum samples available for conducting WT assessments at this time point (these 47 subjects had been tested
with JE-CV virus and the 4 original WT isolates at baseline
before JE-CV immunization and at 28 days and 6 months
after JE-CV vaccination). The subset of 47 was similar to the
100 enrollees in terms of age, sex, weight, height, and body
mass index at enrollment (see Table 2). An equal number of
subjects in the subset received JE-CV as ﬁrst or at second vaccine administration in the crossover design.

and 6 months; at year 5, seroprotection ranged between
95.7% (95% CI, 85.5%–99.5%) for genotypes I and II and
97.9% (88.7%–99.9) for genotypes III and IV (Figure 1).
Similar rates of protection were observed against the 3 “recent” WT isolates not tested before year 5: 91.5% (95% CI,
79.6%–97.6%) for genotype I and 95.7% (85.5%–99.5%) and
97.9% (88.7%–99.9%) for genotype III. More particularly, the
seroprotection rates for the 3 genotype III strains tested (1949
Beijing, 1997 JEV-902/97, and 2005 JEV-057434 isolates) are
similar, as are those for the 2 genotype I strains (1991 TVP8236 and 2003 JEV-SM1 isolates) (Figure 1).

Table 2.

Demographic Characteristics at Screening
All (n = 47)a

Characteristic
Sex, No. (%)
Male

20 (42.6)

Female

27 (57.4)

Age at screening, y
Mean (SD)

2.5 (0.5)

Range

2.0–4.8

Median (IQR)

2.3 (2.2–2.7)

Weight at screening, kg
Mean (SD)

12.8 (1.6)

Range

9.8–17.2

Median (IQR)

Seroprotection Rates

12.6 (11.6–13.6)

Height at screening, cm

As measured by the immune response against JE-CV, 43 children (91.5%; 95% CI, 79.6%–97.6%) had protective JE neutralizing antibody titers before administration of the JE-CV
booster, and all 47 (100%; 92.5%–100%) presented with protective JE neutralizing antibody titers after the JE-CV booster at 28
days, 6 months, and 5 years. Seroprotection at baseline ranged
between 78.7% (95% CI, 64.3%–89.3%) for genotype IV and
87.2% (74.3%–95.2%) for genotypes II and III. All 47 children
were seroprotected against the 4 WT strains tested at 28 days

Mean (SD)

89.5 (3.9)

Range

83.0–102.0

Median (IQR)

89.0 (87.0–91.0)

BMI at screening, kg/m²
Mean (SD)

16.0 (1.5)

Range

13.3–19.8

Median (IQR)

15.8 (15.1–16.5)

Ethnic origin, No. (%) Asian

47 (100.0)

Abbreviations: BMI, body mass index; IQR, interquartile range.
a

Full analysis set with samples available for testing against wild-type strains at 5 years.

JE-CV Wild-Type Strain Cross-Protection

•

JID 2017:215 (15 January)

•

223

Downloaded from https://academic.oup.com/jid/article-abstract/215/2/221/2514396 by guest on 21 May 2019

Beijing

Seroprotection rates against 7 wild-type Japanese encephalitis (JE) virus strains up to 5 years after booster vaccination with JE-CV (n = 47).

Immunogenicity

The GMTs (JE-CV virus assay) increased from 47.7 (95% CI,
34.3–66.4) before booster dose to 2838.4 (1919.5–4197.3) at
28 days after booster vaccination, remaining well above the protection threshold at 6 months (1072.4; 95% CI, 695.0–1654.7)
and up to year 5 (205.6; 143.3–295.0). The pattern of change
in neutralizing antibody titers for WT strains, when assessed,
was the same as for JE-CV virus. The highest postdose GMT
value against each strain was measured at 28 days, and the

lowest at year 5. The year 5 value for each of the 4 strains tested
from baseline to year 5 was approximately 10-fold lower than
that at 28 days but remained well above the protective threshold,
and was approximately 2–3 times the baseline value (Figure 2).
At 28 days, the highest GMT value for the 4 original WT strains
was 1699.4 (95% CI, 1153.0–2504.7) for genotype III Beijing
strain and the lowest was 793.3 (552.3–1139.5) for genotype
IV JKT 9092/TVP 6265; these 2 strains also achieved the highest
and lowest GMTs at year 5, with values of 181.3 (124.0–264.9)

Figure 2. Box plots of log10 antibody titers (expressed as reciprocal serum dilution) against 7 wild-type (WT) Japanese encephalitis (JE) virus strains up to 5 years after
booster vaccination with JE-CV (n = 47).
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Figure 1.

and 69.5 (51.7–99.3), respectively. At year 5, the GMTs against
the 3 more recent WT strains were of similar magnitude compared with the values observed against the other 4 WT strains:
88.3 (95% CI, 60.4–128.9) for genotype I JEV-SM1, and 120.2
(85.5–169.0) and 122.4 (90.8–165.0) for genotype III JEV-902/
97 and JEV-057434, respectively.
DISCUSSION
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Previous publications have described the immune response to a
JE-CV vaccination in pediatric populations when JE-CV was
used as a single dose for primary immunization, and as a JE
booster vaccination in subjects immunized earlier with a JE vaccine (either inactivated mouse brain-derived vaccine or JE-CV)
[17, 24, 25] These studies also demonstrated that the seroprotective response after a JE-CV booster vaccination persisted in almost all vaccine recipients up to year 5, and neutralizing
antibody titers remained well above the threshold for protection
[26]. A modeling approach predicted that the seroprotection
rate in children after a JE-CV booster vaccination at age 2–5
years would be high for ≥10 years [27]. In contrast, limited or
no data have been reported or published on the cross-neutralization of circulating WT JE virus strains over time after JE vaccination. A previous article [15] reported the immune responses
in terms of seroprotection rates and GMTs against JE-CV virus
and WT strains up to 6 months after a JE-CV booster vaccination. Assessment of immune responses to WT strains from all 4
JE virus genotypes is recommended as part of the evaluation of
new JE vaccines [22].
We report here the cross-neutralization of a range of different
WT JE virus strains from the 4 main genotypes up to 5 years
after JE-CV booster vaccination. In our sample of 47 children
aged 2–5 years at the time of the booster dose, with serum samples available at year 5 for testing the 4 original WT strains previously assessed up to 6 months after JE-CV booster
vaccination, as well as 3 more recent WT strains, seroprotection
rates remained high 5 years after JE-CV booster vaccination,
with 92%–96% of vaccinees protected against genotype I strains
and 96%–98% protected against genotype III strains. These results compare with a 100% seroprotection rate against homologous JE-CV virus at all postbaseline time points.
The observation of a strong booster immune response, while
many subjects still had titers above the 10 IU/mL WHOsupported correlate of protection, conﬁrms that prior vaccination does not confer sterile immunity. The booster response was
strong, multifold higher than the original response. Feroldi et al
[25] previously described a memory response in children who
received a primary vaccination of JE-CV and a JE-CV booster
12–24 months later; there was a measurable robust response
within the ﬁrst 7 days . This documented memory and boosting
response can reassure us that the risks for clinically apparent
infection with a WT virus after prior vaccination is unlikely, because it would take a few days for a neurotropic virus such as JE

virus to enter the nervous system—the virus would be effectively
neutralized. In fact, the analysis of vaccine viremia showed that
no subjects had viremia in the boosted pediatric cohort while
this was a common observation (though at very low titers) in
naive adult or pediatric subjects vaccinated for the ﬁrst time [17].
Two genotype I strains of different origins were tested, with
similar seroprotection rates and GMTs at year 5 being observed
for strains isolated in Thailand (2003 JEV-SM1) and in Korea
(1991 TVP-8236). In addition, the year 5 cross-neutralization
response to a newer genotype III strain (2005 JEV-057434
from India) was similar to the responses to strains isolated in
China (1949 Beijing) or Vietnam (1997 JEV-902/97). The antibody titers at the 28-day and 6-month time points were similar
for the 3 WT strains representing genotypes I–III, but those for
a genotype IV strain were lower than all other WT isolates at 28
days, 6 months, and 5 years, although at all these time points the
GMT values remained well above the protective threshold, and
the seroprotection rate was high (97.9%–100%). However, for
the recent WT isolates, no data before year 5 are available. As
expected, and as already observed in adults [28], the lower
GMTs were in response to the genotype IV strain, despite a
high seroprotection rate.
All currently approved JE vaccines are based on a single
strain, and all available epidemiological data suggest that they
are able to induce a protective response against all circulating
JE viruses [29]. The vaccine strain SA14-14-2 (a parent strain
of the JE-CV virus) has been characterized antigenically in animal studies using panels of monoclonal and polyclonal antibodies and JE viruses; the results showed that antibodies
elicited by SA14-14-2 were able to neutralize all the strains tested [30]. In addition, protection against JE viruses belonging to
the 4 major genotypes was demonstrated after passive transfer
of mouse serum samples raised against JE-CV [22, 28].
JE virus genotypes seem to have no relevance in terms of the
elicited protection against disease but are useful for characterizing circulating JE viruses [8, 31]. There is no evidence for any
correlation between a genotype and location, virulence or antigenicity. The functional signiﬁcance of the prM nucleotide variation and of the genotypes remains to be established.
JE-CV (IMOJEV) is indicated in individuals 9 months of age
or older. In pediatric populations, JE-CV is recommended as
single dose for primary immunization, with a booster dose
given preferably 12–24 months after primary vaccination. The
cross-neutralization of WT JE strains up to 28 days after a single
dose for primary immunization has been reported elsewhere
[17]. Owing to the recommended immunization regimen combining a single dose primary immunization and a booster dose,
the assessment of WT JE strains after primary vaccination was
assessed only up to 6 months after JE-CV administration (data
not shown), because it has been demonstrated that the administration of a JE-CV booster dose induces high antibody titers
for long-lasting protection in children [26].
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showed effective cross-neutralization of the same recent WT
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strains (eg, Nakayama, Beijing, SA14-14-2) but in contrast to
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over time has not been assessed. Our study ﬁndings show that
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strains of the 4 main genotypes circulating in Southeast Asia
and India, where JE is endemic [14, 15].
In conclusion, the seroprotective response after a JE-CV
booster vaccination persists in almost all vaccine recipients
up to 5 years and neutralizing antibody titers remain well
above the threshold for protection. The serum samples obtained from JE-CV vaccinees 28 days, 6 months, and 5 years
after vaccination can neutralize WT viruses of the 4 main genotypes circulating in Southeast Asia and in India where JE is
endemic. Our data are useful for decision making concerning
JE vaccination strategy, keeping in mind that a shift from genotype III to genotype I strains has been increasingly observed
in some Asian countries.
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