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Background:  Japanese  Encephalitis  (JE)  virus  occurs  in  wide  regions  of  Asia  with  over  3 billion  people
living  in areas  at  risk  for JE. An  estimated  68,000  clinical  cases  of JE  occur  every  year,  and  vaccination  is  the
most  effective  prophylactic  measure.  One  internationally  licensed  vaccine  containing  the  inactivated  JE
virus strain  SA14-14-2  is Ixiaro® (Valneva,  Austria).  According  to recommendations,  basic  immunization
consists  of  vaccinations  on  day  0, day  28,  and  a booster  dose  12–24 months  later.  Protection  in terms
of  neutralizing  antibody  titers  has been  assessed  up  to  12 months  after  the  third  dose  of  the  vaccine.
The  current  investigation  was designed  to  evaluate  antibody  decline  over  time  and  to  predict  long-term
duration  of  seroprotection  after  a booster  dose.
Method: In  a preceding  trial,  volunteers  received  basic  immunization  (day  0,  day  28)  and  one  booster
dose  against  JE 15  months  later. A  follow  up blood  draw  6 years  following  their booster  dose  was  carried
out  in  67  subjects.  For  antibody  testing,  a 50%  plaque  reduction  neutralization  test  (PRNT50-test)  was
used.  PRNT50 values  of  10 and  above  are  surrogate  levels  of  protection  according  to  WHO  standards.
Result:  Seventy-six  months  following  the  booster  dose,  96%  of the tested  subjects  had  PRNT50 titers  of  10
or  higher.  Geometric  mean  titer  (GMT)  was  148  (95%  CI confidence  interval:  107–207).  Antibody  titers
were  lower  in  volunteers  50 years  of age  and  older.  Vaccination  history  against  other  flaviviruses  (yellow

fever or  tick  borne  encephalitis)  did  not  significantly  influence  PRNT50 titers.  A two-step  log-linear  decline
model  predicted  protection  against  JE of approximately  14  years  after  the  booster  dose.
Conclusion:  Six  years  after  a  booster  dose  against  JE, long-term  protection  could  be  demonstrated.
According  to  our results,  further  booster  doses  should  be  scheduled  10 years  following  the  first  booster
dose.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Japanese Encephalitis, JE, is caused by the Japanese Encephalitis
irus, JEV. The disease is endemic in many countries in Asia harbor-

ng a population of more than 3 billion [1,2]. This also is the region

ith highest annual growth in international tourism; in 2013, 248
illion tourists were registered in this region [3].
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The pathogen causes at minimum 68,000 annual episodes of JE
and is the most important virus responsible for encephalitis in Asia
[4,5]. Furthermore, it is a relevant disease in travel medicine: in
the past, JEV has caused several cases of JE in travelers [6–8]. There
is no specific antiviral treatment for JE, so prevention is even more
important. Aside from the use of repellents, the only way to prevent
JE is prophylactic vaccination, which is recommended for travelers
going to endemic regions for longer periods of time (4 weeks or
more) and for travelers performing extensive outdoor activities [2].

There are two internationally licensed vaccines for travelers to
Asia to prevent JE called Ixiaro® (approved in Europe, some coun-

tries in Asia and USA, brand name Jespect® in Australia; Valneva
Austria GmbH, Vienna, Austria), and Imojev® (live-recombinant
(chimeric) vaccine, Sanofi-Pasteur, Lyon, France, approved in
Australia and some Asian countries). Ixiaro® is a vero-cell derived
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Table 1
Demographic and baseline characteristics of subjects returning for a blood draw 76
months after booster vaccination.

N = 67, n %

Female 39 58
Male 28 42
Age  <50 years 61 91
Age  50 years and above 6 9
TBE  vaccination 31 46
No  TBE vaccination 36 54
YF  vaccination 5 8
M. Paulke-Korinek et al. /

hole-virus alum adjuvanted vaccine containing the inactivated
train SA14-14-2 adsorbed to Alum. Its high immunogenicity and
afety has been demonstrated in clinical trials and post-marketing
se [9–11]. Recommended basic immunization schedule consists of
hree vaccinations: day 0 and day 28, followed by a booster vaccina-
ion 12–24 months later [12]. To date, there is no recommendation
or consecutive booster doses. Mathematical models predicted pro-
ection after the booster for at least 4 years in 95% of the subjects and
rotection for 8 years in 50% of the tested subjects [13]. However,
ntil today there are no clinical data verifying these calculations,
nd immunity after the booster dose in adults has been investi-
ated only up to 12 months after booster (dose 3) [14]. Information
n long term immunity after JE vaccination is needed to provide
ecommendations for scheduling further booster doses.

The present study was designed to assess the antibody decline
pproximately 6 years after a booster dose against JE with inactiv-
ted vaccine and to predict long-term duration of seroprotection
n a population vaccinated in a preceding vaccine trial against JE.
urthermore, influence of age and gender on antibody titers was
ssessed and it was tested whether history of vaccination against
avivirus infection such as tick borne encephalitis (TBE) or yellow

ever (YF) had an impact on antibody titers.

. Methods

.1. Study design

In this study, 155 subjects from a preceding trial were invited
or a blood draw 76 months after their booster dose against JE. In
he preceding trial, subjects received basic immunization and one
ooster dose approximately 15 months later. Study participants
ere assigned to different age groups (<50; 50 years and older)

ccording to their age at the time of the booster vaccination. Group-
ng for vaccination history regarding YF and TBE depended on the
accination history at any time before the blood draw at month 76
in some cases before, in some cases after vaccination against JE).
istory of travel to JE endemic countries since the booster dose was
ollected.

Subjects were invited at one study site in Austria and one study
ite in Germany. The study was conducted according to GCP, a pos-
tive opinion by the responsible ethics committees was available
nd all subjects provided informed consent.

.2. Laboratory procedures

After sampling, sera were stored below −20 ◦C until analysis.
era were analyzed using a 50% plaque reduction neutralization
est (PRNT50-test) at Valneva Austria GmbH as described previ-
usly [13]. PRNT50 values of 10 were regarded the surrogate level
f protection according to World Health Organization, WHO.

. Statistical analysis

Based on the variability of PRNT50 titers determined at previous
ime points 35 patients from each of the two centers are sufficient
o detect the predicted titer decrease with 90% power at the 5% sig-
ificance level. As only 67 subjects could be included the expected
ower is marginally reduced to 88%.

Data were entered into a Microsoft Excel 2010 database and
valuated by Graph Pad Prism 4.0 and SPSS 22.0. For calculations
f geometric mean titer, GMTs, titers below the cut off PRNT50 of

0 were set at 5. The seroprotection rate, SPR, was  the rate of sub-

ects with JEV neutralizing antibody titers ≥1:10 in a PRNT50. For
llustrative purposes, we calculated the geometric mean titer strat-
fied by tick-borne encephalitis vaccination history, yellow fever
No  YF vaccination 61* 92

* In one subject, YF vaccination history was unknown.

vaccination history, gender and age groups. Log titers were tested
by a general linear model with gender, age group and history of vac-
cination against other flaviviruses as factors. Antibody decline was
analyzed using previously measured PRNT50 titers during follow
up starting with the titer obtained approx. 4 weeks after booster.
Based on the previous analysis [14], a breakpoint at 6 months was
applied and the dependency of log titers on months of follow up
determined by a General Estimation Equation (GEE) model with
an unstructured correlation matrix and gender, age, and history of
vaccination against other flaviviruses as covariates.

Individual titer results determined in preceding studies were
obtained from the manufacturer and the mean duration of pro-
tection after a booster dose of JE vaccine was calculated using the
regression coefficients from the GEE model and the titer 4 weeks
after booster as described previously [13].

4. Results

Blood samples were drawn from 67 study participants (34% of
the subjects originally vaccinated in a preceding trial; 43% of the
invited subjects) with a mean age of 38.8 (±11.0 SD) years at the
time of the blood draw. 58% of the subjects were females. Demo-
graphic data are summarized in Table 1. Their last booster dose
was on average 75.5 (SD ±1.2; min  72.8 months, max  77.4 months)
months earlier. Seventeen subjects reported history of travel to JE
endemic countries.

4.1. Geometric mean titers and estimated duration of protection

The PRNT50 GMT  was 148 (95% CI: 107–207), and 96% of the
tested subjects had protective antibody titers (i.e., PRNT50 titers
≥10). GMTs and SPRs since primary immunization are shown in
Table 2 together with titers obtained at previous time points. On
average, GMTs were higher in females (GMT 168; 95% CI 106–264)
than in males (GMT 125; 95% CI 76–207) (not statistically signifi-
cant, p = 0.372, Fig. 1). GMTs in subjects 50 years of age and older
at time of booster vaccination (n = 6) were lower (GMT 52; 95% CI
10–269) compared to antibody titers in subjects below 50 years
(GMT 165; 95% CI 118–230), this trend was  statistically significant
(p = 0.048, Fig. 1).

According to mathematical modeling using a log linear function
with a structural break at 6 months, average protection is estimated
to last for a total of 14 years after the booster dose (range 2–25
years) (Fig. 2), which is twice as long as originally predicted after
analysis of 12-months antibody titers. Table 3 shows the estimated
duration of protection for different titer levels 4 weeks after the
booster dose.

4.2. Vaccination against tick-borne encephalitis and yellow fever
Thirty-one subjects were previously vaccinated against TBE and
36 subjects had no TBE vaccination history. PRNT50 GMT  in sub-
jects vaccinated against TBE were lower with values of 127 (95% CI
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Table 2
GMT  for JE neutralizing antibodies and Seroconversion rates (SCR) after primary series and booster, (Confidence interval CI).

Time point GMT 95% CI SCR 95% CI

Post primary series
Day 56 183 [136; 246] 97% (65/67) 90%; 100%
Month  15 20 [15; 27] 96% (64/67) 87%;99%

Post  booster
Day 28 927 [651; 1321] 100% (67/67) 95%;100%
Month 6 514 [350; 754] 99% (66/67) 92%; 100%
Month  12 353 [240; 519] 99% (66/67) 92%; 100%
Month  76 148 [107; 207] 96% (64/67) 87%; 99%
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Fig. 1. PRNT50 GMTs in males and females, subjects below 50 years and 50 years of age
vaccination history as well as subjects with tick borne encephalitis (TBE) vaccination hist
significant (*).

Fig. 2. Titers post booster in 67 volunteers followed for 76 months. Estimated titer
decline using a log linear function with a structural break at 6 months is shown.

Table 3
Examples of post-booster titers and the associated predicted duration of protection
and  its 95% confidence interval.

Titer after the booster Estimated
duration of
protection in
years

95% CI

100 7.4 [6.7;8.1]
500  12.5 [11.3;13.8]
900  14.4 [13.0;15.8]
1000 14.8 [13.3;16.2]
1500 16.1 [14.5;17.6]
 and older, subjects with history of yellow fever (YF) vaccination and without YF
ory and without TBE vaccination history. P-values <0.05 are considered statistically

79–205; mean age 33.6 ± 11.5 years) compared to subjects with-
out history of TBE vaccination (GMT 170; 95% CI 106–272; mean age
31.7 ± 10.6 years), but the difference was not statistically significant
(p = 0.403, Fig. 1).

YF vaccination history was present in five subjects, 61 subjects
were not vaccinated against YF and in one person YF vaccination
history was unknown. GMTs in persons with YF vaccination his-
tory were 105 (95% CI 12–882) compared to persons without YF
vaccination (GMT 154; 95% CI 109–218); the difference was  not
statistically significant (p = 0.726, Fig. 1).

No statistically significant difference in antibody titers in sub-
jects with or without prior exposure to TBE or YF vaccination was
observed (Table 4).

4.3. Subjects with PRNT50 titers below 10 “low responders”
In three subjects, PRNT50 antibody titers were below the cut off
level of 10 at month 76. None of them was vaccinated against YF or
traveled to JE-endemic regions since the booster dose. Two of them

Table 4
GMTs for JE neutralizing antibodies and estimated duration of protection (months)
and  95% confidence intervals in participants with and without history of TBE or YF
vaccination. p-values from analysis of variance with linear contrasts.

History of TBE or YF vaccination

W/o  With

Post-Booster n = 35 n = 32 p-value
Day 28 1204 (756; 1918) 697 (403; 1205) 0.117
Month 6 587 (356; 970) 444 (241; 818) 0.421
Month 12 471 (284; 782) 257 (142; 466) 0.083
Month 76 164 (101; 265) 133 (83; 214) 0.551
Duration of protection 175 (156; 195) 152 (130; 175) 0.124
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ere aged 35 years (one vaccinated against TBE, last vaccination in
010); the third person was 51 years old at the time of the booster
ose. Neither of them had a relevant medical history. None of these
ubjects had detectable titers before the booster but all developed
rotective titers 4 weeks after the booster. One of these subjects
lready was seronegative 6 months after the booster. Within error
f measurement, their antibody kinetics followed a one component
ecline, i.e., they lacked the second component that results in a
lowing down of antibody loss.

. Discussion

This is the first clinical study presenting data on the long term
mmunity up to 76 months after the booster dose (delivered 15

onths following primary vaccination) with inactivated JE vaccine
A14-14-2. Six years after the booster dose, PRNT50 GMTs still were
48 and 96% of the tested subjects had PRNT50 antibody titers above
0, the surrogate level of protection.

Our study population represents about one-third of the origi-
al population included in the preceding trial, but seems to reflect
he original population very well. GMTs of our study cohort at ear-
ier time points are very comparable to GMTs published for the
riginal larger cohort [13]. Mathematical modeling from titers up
o 12 months after booster predicted a protection rate of 95% 4
ears following the booster dose and a protection of 50% of the
ubjects after 8 years [13]. However, these estimates were conser-
ative since for the slow component of antibody decline only the
ime point 12 months after booster was available. Therefore, the
bservational period was extended to get a more precise estimate
f antibody decline and to determine the optimal time point for a
urther booster vaccination. From follow up data about 6 years after
he first booster dose, we predict an average period of protection of
4 years. Correlates of protection (i.e., PRNT50≥10) were detected

n 96% of the tested subjects 6 years after the booster dose and it is
stimated that 75% of the subjects will be protected for 10 years or
onger.

As a sign of immunosenescence, immune response is impaired
n the elderly after vaccination, such as vaccinations against TBE,
etanus or JE [15–18]. This goes in line with our findings showing
hat antibody titers were lower in subjects 50 years of age and older
at time of basic immunization, one subject was 49 years old, the
thers were aged 50 years and older at priming). Since only six
ubjects in our study were in this older age group and considering
he result from other investigations [17,18], efforts should be raised
o get more insight into the influence of ageing on the immune
esponse after JE vaccination.

Belonging to the same family of viruses, it has been discussed
hether there may  be any interference or cross-reactivity of anti-

odies against JE with those from other flaviviruses as these viruses
ave highly conserved envelope protein amino acid sequences
19–22]. This was addressed in an investigation also using the
A14-14-2 vaccine in 420 subjects where JE antibody titers were sig-
ificantly higher during basic immunization course after the first

E vaccination but not after the second in persons with anti-TBE
ntibodies compared to subjects without TBE vaccination [23]. TBE
ntibody titers, however, were not influenced by history of YF or
E vaccination in another study with approx 180 vaccinees [24].

hether or not previous TBE or YF vaccination interfered with JE
ntibody response or antibody decline was also addressed in this
tudy. There was no statistically significant difference in antibody
iters in subjects with or without prior exposure to TBE or YF vac-
ination and also antibody decline was not affected (Table 4).
History on travel to JE endemic regions was collected and
ndeed, there were 17 subjects who visited endemic areas and this
ad the theoretic potential of a natural booster. However, in all of
hese subjects antibody titers followed the curve as it was expected
ne 33 (2015) 3600–3604 3603

i.e., increase after booster vaccination and afterwards decline of
antibody titers. If any of these persons had a natural booster dose,
this could be identified by increasing antibody titers which did not
occur in any of these subjects.

There were three subjects with antibody titers below the pro-
tective threshold at months 76 after the booster dose. One of these
subjects developed protective antibody titers after the basic immu-
nization course. Each of them had protective titers 4 weeks after
the booster dose but titers were again low (although above the
limit of protection), and declined faster in those three persons than
in the other study participants. This suggests that there is a very
small proportion of primary “low-responders”, in our case 4% of the
tested subjects. This is a phenomenon that has also been described
after other vaccinations such as TBE vaccination or hepatitis A and
hepatitis B vaccination [24–28]. Antibody kinetics in these three
individuals followed a one-component decline. This suggests an
imbalance between memory B cells and long-lived antibody secret-
ing plasma cells.

6. Conclusion

Long-term protection after a booster dose against JE up to 6
years following basic immunization and one booster dose with
the inactivated JE vaccine containing the strain SA14-14-2 could
be shown. Mathematical models predict that protection will, on
average, last for 14 years. Our results suggest that further booster
vaccinations should be scheduled approximately 10 years after the
first booster dose. This recommendation is based on an estimated
rate of 75% with protective titers after 10 years and the assumption
of a fast anamnestic response. Five years after the second booster,
the protection rate was  predicted to be 95%.
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