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Preface

This module is part of the series The Immunological Basis for Immunization,
which was initially developed in 1993 as a set of eight modules focusing on the vaccines
included in the Expanded Programme on Immunization (EPI)1. In addition to a general
immunology module, each of the seven other modules covered one of the vaccines
recommended as part of the EPI programme — diphtheria, measles, pertussis, polio,
tetanus, tuberculosis and yellow fever. The modules have become some of the most
widely used documents in the field of immunization.
With the development of the Global Immunization Vision and Strategy (GIVS)
(2005–2015) (http://www.who.int/vaccines-documents/DocsPDF05/GIVS_Final_
EN.pdf) and the expansion of immunization programmes in general, as well as the
large accumulation of new knowledge since 1993, the decision was taken to update
and extend this series.
The main purpose of the modules — which are published as separate disease/vaccinespecific modules — is to give immunization managers and vaccination professionals
a brief and easily-understood overview of the scientific basis of vaccination, and also
of the immunological basis for the World Health Organization (WHO) recommendations
on vaccine use that, since 1998, have been published in the Vaccine Position Papers
(http://www.who.int/immunization/documents/positionpapers_intro/en/index.
html).
WHO would like to thank all the people who were involved in the development of
the initial Immunological Basis for Immunization series, as well as those involved in
its updating, and the development of new modules.

1

This programme was established in 1974 with the main aim of providing immunization for children
in developing countries.
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1. Introduction

Japanese encephalitis (JE) is the most important recognized cause of childhood viral
encephalitis in Asia, causing an estimated 50 000 clinical cases and 10 000 deaths
every year (Solomon, 1997; WHO, 2008). Japanese encephalitis virus (JEV) is a
mosquito-borne member of the Flavivirus genus in the family Flaviviridae. Other viruses
in the same serogroup include West Nile virus (WNV), Murray Valley encephalitis virus
(MVEV) and Saint Louis encephalitis virus (SLEV) (Figure 1).
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Figure 1: Phylogenetic relationships of medically important flaviviruses.
Phylogenetic reconstruction based on complete polyprotein sequences performed
using maximum likelihood analysis (PAUP v.4.0b10). Tick- and mosquito-borne
viruses are highlighted.
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Although the incidence of JE has reduced considerably in Japan, the Republic of Korea,
and Taiwan, China, and to a lesser extent in China and Thailand, the distribution of
epidemic JE has expanded to areas such as western India and Nepal where it has become
a substantial public-health problem (Igarashi, 1992; Akiba et al., 2001; Ohrr et al.,
2005; WHO, 2008). There is no specific treatment for the disease, and vector control
and infection prevention in amplifying hosts are not practical in resource-poor countries
(Marfin & Gubler, 2005). The World Health Organization (WHO) encourages the use of
JE vaccine as the single most effective preventive measure (WHO, 2006). The high cost
of the commercially available inactivated mouse brain-derived vaccine, uncertain supply
and the need for multiple injections have made control of JE by vaccination difficult in
many countries. More recently, other JE vaccines, in particular a live attenuated vaccine,
are replacing the classical JE mouse brain-derived vaccines, bringing gains in operational
and vaccine costs. Other JE vaccines, either recently licensed or in late-stage clinical
development, are expected to broaden the supply base of JE vaccines.
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2. Japanese encephalitis virus
structure and replication
The JEV genome is a single-strand of positive-sense ribonucleic acid (RNA) almost
11 kilobases in length (Figure 2), which is associated with the highly basic capsid protein
to form an isometric 30 nm diameter nucleocapsid core enclosed by a lipid membrane
containing the glycosylated E and M proteins (Sumiyoshi et al., 1987; Rice, 1996).
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Figure 2: Schematic of flavivirus RNA genome showing viral proteins produced
by proteolytic cleavage of viral polyprotein (to scale). Structural proteins,
capsid (C); envelope (E), and matrix (M) are in darker shading than
non-structural (NS) proteins. Untranslated region (UTR) shown as line.
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Much of what is known about the structure and replication of flaviviruses,
including JEV, is derived from structural, biochemical and functional studies of
tick-borne encephalitis virus (TBEV) and dengue-2 virus (DENV-2). The E protein is
the largest structural protein; it is responsible for viral attachment to cellular receptors,
specific membrane fusion, and elicits a protective antibody response. The E protein
consists of a homodimer lying parallel to the viral surface. Each monomer consists
of three domains; (i) domain I has a central beta barrel and acts as a hinge that links
domains II and III; (ii) domain II is an elongated dimerisation region; (iii) domain
III is a C-terminal immunoglobulin-like module (Mandl et al., 1989; Rey et al., 1995;
Modis et al., 2003). It is thought that domain III, which projects from the viral surface,
is responsible for the virus binding to the cellular receptor(s) (Rey et al., 1995).
Flaviviruses enter host cells by receptor-mediated endocytosis (Chambers et al.,
1990) via an as-yet unidentified receptor; recent results suggest that the mechanism of
entry and receptor usage of JEV is distinct from that of dengue viruses (Boonsanay &
Smith, 2007). Inside the cell, the nucleocapsid is uncoated by acid-dependent fusion
of the viral and endosomal membranes (Bressanelli et al., 2004). The genomic RNA is
released into the cytoplasm where translation of the uncoated viral genome takes place.
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The translated polyprotein is co- or post-translationally processed by a combination
of virus-specific non-structural protease complex, NS2B-NS3, host cell signal
peptidase and, unidentified host cell-specific protease, into the 10 viral proteins
(Figure 2) and assembled into a virus-specific replication complex. Extensive proliferation
of membranous organelles in the perinuclear region is seen in flavivirus-infected cells
(Hase et al., 1990), and may represent virus factories in which translation, RNA synthesis
and virus assembly occur. In immature virions in the cell, the glycosylated precursor
of M protein (prM) is closely associated with E protein and acts as a ‘chaperone’ to
prevent low pH-induced rearrangements of E protein, thus allowing efficient secretion
and proper folding (Konishi & Mason, 1993; Heinz et al., 1994; Allison et al., 1995).
Immediately before virion release, prM is cleaved by a furin-like enzyme associated
with the trans-Golgi membrane, leaving only M protein associated with the mature
virion (Stadler et al., 1997).
Strains of JEV can be classified into four distinct genotypes (designated I to IV)
(Chen et al., 1990 and 1992; Uchil & Satchidanandam, 2001). The extent of variation
between genotypes is limited, and cross-reactivity between representatives of different
genotypes is observed in serological assays, resulting in the classification of JEV as
a single serotype (Tsarev et al., 2000). A comprehensive study of the evolution of E
genes of JEV demonstrated that all four genotypes circulated in the Indonesia-Malaysia
region, whereas only the more recent genotypes (I to III) circulate in other areas
(Solomon et al., 2003). These results suggest that JEV originated from an ancestral
virus in the Indonesia-Malaysia region where it evolved into distinct genotypes
(of which genotypes I to III have since spread across Asia), whereas genotype IV strains
have been isolated only since the early 1980s. Until the 1990s most isolates belonged
to genotype III; more recently, the predominantly isolated strains in China, Japan,
Thailand and Viet Nam belonged to genotype I (Wang et al., 2007; Nitatpattana et al.,
2008) with descriptions of co-circulation of genotypes I and III, followed by more
recently genotype I only. This suggests that genotype I is replacing genotype III in
south-east Asia. There are relatively few isolates of genotype II. Recombination signals
have been detected in the E gene of some JEV strains suggesting coinfection with viruses
of different genotypes (Twiddy & Holmes, 2003) but evidence of recombination in
JEV strains is a controversial area.
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3. Japanese encephalitis —
the disease
In areas with high JE transmission, young children most commonly develop
clinical signs; older children and adults have generally developed immunity through
earlier asymptomatic exposure. Symptomatic patients typically develop a few days
of non-specific febrile flu-like illness, which can include diarrhoea, and rigors.
In patients that progress to more serious disease, this is followed by headache, vomiting,
and a reduced level of consciousness, often heralded by a convulsion. The majority of
JEV infections are subclinical (Vaughn & Hoke, 1992). Encephalitis is usually severe,
resulting in a fatal outcome in a quarter of cases and residual neuropsychiatric sequelae
in 30% of cases (Burke & Leake, 1988; Halstead, 1992). Recently published studies
have demonstrated that JE infection can result in permanent neurological disability in
survivors (Ding et al., 2007; Ooi et al., 2008).
The clinical presentation of severe disease can vary. Seizures, which are a risk factor
for development of sequelae (Ooi et al., 2008), occur frequently, being reported in up
to 85% of children and 10% of adults (Dickerson et al., 1952; Kumar et al., 1990).
The classic description of JE includes a Parkinson’s disease-like dull, flat ‘mask-like’
face with wide, unblinking eyes, tremor, generalized hypertonia, and cogwheel rigidity.
These features were reported in 70% to 80% of American service personnel and 20% to
40% of Asian children (Poneprasert, 1989; Kumar et al., 1990). In one study, a subgroup
of patients presenting with acute flaccid paralysis (55%) had evidence of acute JEV
infection compared with only 1% of age-matched controls (Solomon et al., 1998).
Limited data indicate that JE acquired during the first or second trimesters of pregnancy
causes intra-uterine infection and miscarriage (Chaturvedi et al., 1980; Mathur et al.,
1985). Infections that occur during the third trimester of pregnancy have not been
associated with adverse outcomes in newborns.
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4. Ecology and
epidemiology
The virus is transmitted in an enzootic cycle among mosquitoes and amplifying
vertebrate hosts, chiefly ardeid (wading) birds and domestic pigs (Burke & Leake,
1988). Humans are incidental hosts. Culex mosquitoes, primarily C. tritaeniorhynchus,
are the principal vectors. These species are prolific in rural areas where their larvae breed
in ground pools and especially in flooded rice fields. All elements of the transmission
cycle are prevalent in rural areas of Asia, where most human infections occur.
Because vertebrate amplifying hosts and agricultural activities may be situated within
and at the periphery of cities, JE cases are increasingly reported from urban locations.
The geographic spread of JE may be related to increasing international trade and travel,
and global warming could permit overwintering in more temperate regions.
JEV is transmitted seasonally in most areas of Asia, but there are, in broad terms,
two epidemiological patterns. In northern (temperate) regions, JEV is transmitted
during the summer months, around May to September (Okuno, 1978; Umenai
et al., 1985; Burke & Leake, 1988; Monath, 1990; Halstead, 1992). In southern
(subtropical and tropical) regions, the virus is largely endemic, with sporadic outbreaks
throughout the year, peaking at the start of the rainy season. A variety of explanations
have been offered for this regional variation, but the generally favoured hypothesis is
that climate is the underlying factor. Seasonal patterns of viral transmission are correlated
with the abundance of vector mosquitoes and of vertebrate amplifying hosts which,
in turn, fluctuate with rainfall, the rainy season, and the migratory patterns of avian
hosts. In some tropical locations, however, irrigation associated with agricultural
practices is a more important factor affecting vector abundance, and transmission may
be year-round (Rosen, 1986; Sucharit et al., 1989; Thongcharoen, 1989; Service, 1991).
Patterns of JE viral transmission vary regionally, within individual countries, and from
year-to-year. In areas where JE is endemic, and in the absence of immunization, annual
incidence ranges from 1 to 10 per 10 000 (Hoke et al., 1988). Children less than 15 years
of age are principally affected. Seroprevalence studies indicate nearly universal exposure
by adulthood; calculating from a ratio of asymptomatic to symptomatic infections of
200 to 1, approximately 10% of the susceptible population is infected per year. In areas
where routine immunization of children has been introduced, there has been a shift in
the age of JE cases to older children and teenagers (Wong et al., 2008) and a secondary
increase has also been observed in the elderly, presumably due to immunosenescence
(Arai et al., 2008). “Herd immunity” cannot be attained through vaccination due to
the zoonotic nature of the virus — it remains in the environment.

6
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5. The nature of immunity to
Japanese encephalitis
5.1

Immunity following natural infection

Neutralizing antibodies appear during the first week after natural infection and
last for many years, probably for life. The importance of antibodies to E protein in
protective immunity against JE has been demonstrated in mice and pigs using different
experimental systems (Kimura-Kuroda & Yasui, 1988; Mason et al., 1989 and 1991;
Konishi et al., 1992 and 1998a; Jan et al., 1993). In addition, the NS1 protein evokes
a strong humoral response which protects against challenge, probably through an
Fc-dependent complement-mediated pathway, i.e. not neutralizing antibodies
(Schlesinger et al., 1993).
Although there is good evidence for the role of cell-mediated immunity in recovery
from infection by flaviviruses, the role of virus-specific T cell responses in protection
against infection is not well defined. Virus-specific CD4+ and CD8+ T cells have been
isolated and found to proliferate in response to JEV stimulation (Konishi et al., 1995).
Vaccinees receiving inactivated virus vaccine (i.e. no non-structural proteins) have
been shown to produce CD4+ T cells (Aihara et al., 1998) and those receiving a
poxvirus-based vaccine based on JEV prM and E proteins have been shown to produce
CD8+ T cells (Konishi et al., 1998b), both of which mediated JEV-specific cytotoxic
activities.
In the murine model, JEV-specific cytotoxic T lymphocytes (CTLs) are induced by
JEV infection or immunization with extracellular particle-based or poxvirus-based
vaccines (Murali-Krishna et al., 1994; Konishi et al., 1997a and 1997b). Whether these
specific T cell responses are protective against JEV infection is still controversial.
Adoptive transfer of splenocytes or T lymphocytes has been reported to protect
mice from a lethal challenge (Mathur et al., 1983; Murali-Krishna et al., 1996).
However, depending on the route of transfer and age and strain of recipient animals,
adoptively transferred T cells were not always protective (Miura et al., 1990;
Murali-Krishna et al., 1996). DNA immunization with plasmids expressing C, NS1,
NS2A, NS2B, NS3 or NS5 stimulated CTL, but only provided partial protection
against lethal intraperitoneal challenge in mice (Konishi et al., 2003). On the other hand,
plasmid DNA expressing prM and E gave rise to protective virus neutralizing antibody,
suggesting that virus neutralizing antibody prevents virus dissemination to the brain
and provides more efficient protection then CTL capable of killing virus-infected cells.
These results suggest that, as with many other acute viral infections, virus neutralizing
antibodies are critical for protection.
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5.2

Vaccine-induced immunity and correlates of protection

As antibodies play a central role in protection against infection, these have been considered as
correlates of protection (Hombach et al., 2005). A number of serological methods are used in
studying antibody responses to JE including neutralization, haemagglutination inhibition
(HI), complement fixation (CF), enzyme-linked immunosorbent assay (ELISA),
and the indirect fluorescent antibody test (IFA). However, antibodies measured by HI,
CF, ELISA and IFA do not correlate with protection. Only neutralizing antibodies
correlate with protection.
The neutralization test is the most specific measure of antibody, i.e. little cross-reaction
with other flaviviruses. To measure neutralizing antibody titres, the plaque reduction
neutralization test (PRNT) is most often used. The essence of the test is that when JEV is grown
on a cell monolayer, it causes plaques to form. The number of plaques formed is reduced if
the virus has been mixed with serum containing neutralizing antibody, and this reduction
in plaques gives a measure of the antibody titre. Hombach et al. (2005) recommend an
end-point of 50% reduction in PRNT, but no international standard for the exact procedure
or choice of end-points has been established. A recent study showed that there were
some differences in neutralization titre depending on the JEV strain used in the plaque
reduction neutralization test (Ferguson et al., 2008), an aspect to be considered when
assessing vaccine-induced immune responses.
Determination of immunoglobulin M (IgM) antibodies by ELISA is the most useful
method indicating recent infection (Burke et al., 1985; Innis et al., 1989). Heterologous
antibodies (e.g. to dengue and West Nile viruses) are a potential source of false-positive
reactions. To determine whether antibodies are specific to JEV, epitope-blocking ELISA
(Burke et al., 1987), or analysis of ELISA absorbance ratios to the respective antigens
can be used, and these are often confirmed by a plaque reduction neutralization test.
To determine the neutralizing antibody titre that is protective against JEV, mice were
passively immunized with anti-JEV antibody and then challenged with 105 median
50% lethal dose (MLD50) of JEV, which is thought to be a typical dose transmitted by
an infectious mosquito bite. Mice that had neutralizing antibody (PRNT) titres greater
than 1 in 10 were found to be protected against infection, whereas mice with lower titres
were not (Lubiniecki et al., 1973; Oya, 1988). Neutralizing antibody titres greater than
1 in 10 are therefore extrapolated to indicate post-vaccination seroconversion and protection
in humans; observations from vaccine trials in people support the adoption of this criterion
(Halstead & Tsai, 2004).
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6. Vaccines

6.1

Mouse brain-derived inactivated JE vaccine

Immunogenic, efficacious, and safe inactivated vaccines have been available for over
50 years and have been widely used in middle- and high-income Asian countries.
Their use in low-income Asian countries has been hampered by cost, complex
immunization schedules, and limited availability, among other factors. Some mouse
brain-derived inactivated virus vaccines are manufactured in Asia for the domestic
market only, including in Thailand and Viet Nam, but the vaccines produced by
Biken in Japan and Green Cross in the Republic of Korea have also been manufactured
for international distribution. However, production of the former vaccine was
stopped by some manufacturers in 2006 in anticipation of the new cell-derived formula
(section 6.2) becoming available for national use. In the interim, limited stocks of
inactivated vaccine are available internationally.

6.1.1 Development of mouse brain-derived inactivated JE vaccines
Soon after the isolation of JEV in the 1930s, Japan and the former Soviet
Union produced crude vaccines by inactivating virus grown in mouse brains
(Smorodintsev et al., 1940). During World War II, a similar vaccine was developed for
the American Army by Albert Sabin and colleagues. It was shown to be immunogenic
and was given to 60 000 American soldiers during an encephalitis outbreak in 1945 in
Okinawa, Japan (Sabin, 1947).
Since it was licensed in Japan in 1954, the production of the mouse brain-derived
vaccine has been refined (Halstead & Tsai, 2004). WHO has issued written standards
for production, quality control and clinical evaluation of inactivated JEV vaccines,
including mouse brain-derived vaccines, and these were updated in 2007 (WHO, 2007).
Previously, most formalin-inactivated vaccines were based on a derivative of the original
Nakayama strain of JEV isolated in 1935, but from 1989 onwards the vaccine produced
for the domestic market in Japan, and later the vaccine produced in Thailand and
Viet Nam was prepared using the Beijing-1 strain (also a genotype III strain),
which had been isolated in China in 1948. The Beijing-1 strain was found to induce
antibodies that were superior to those induced by the Nakayama strain at neutralizing
a wide variety of wild-type JEV strains.

9

6.1.2 Administration of mouse brain-derived inactivated JE vaccines
The recommended dose of the current mouse brain-derived vaccine, which contains the
strain Beijing-1, is 0.5 ml delivered subcutaneously for children three years and older
(half the volume for children aged 1ñ2 years). A variety of dosage regimens are used depending
on the setting (Monath, 2002). In endemic parts of Asia, a two-dose primary immunization
schedule is used. Children typically receive their first dose at any age between one and
three years; the second dose is given seven to 30 days, ideally four weeks, later.
Adequate protection throughout childhood is provided by a booster dose one year
after the primary immunizations and further boosters every three years (WHO, 2006). In Japan
and the Republic of Korea, where the incidence of JE has declined, the first dose is given at
18 months to three years, whereas in Thailand, vaccination is initiated at 18 months,
Sri Lanka and Viet Nam at 12 months, and in Sarawak, Malaysia, at nine months.
For travellers (and military personnel) a three-dose primary schedule is recommended
as a two-dose regimen fails to produce neutralizing antibody in at least 20% of subjects.
The recommended immunization schedule is three doses on days 0, 7, and 28 or
30 (CDC, 1993; WHO, 2006). If there is insufficient time available before departure,
an accelerated regimen (days 0, 7, and 14) is recommended by the USA Centers for Disease
Control and Prevention (CDC). Both regimens produce nearly 100% seroconversion,
but geometric mean antibody titres are significantly lower six months after the accelerated
regimen. Although not ideal, even two doses given seven days apart produce antibody
in 80% of recipients and so, under exceptional circumstances, might be better than
nothing (CDC, 1993). The WHO recommends two doses, preferably given four weeks
apart, or three doses given at 0, 1 and 4 weeks (WHO, 2006). For continued protection,
booster doses are recommended.
Limited data are available on the requirement for administration of booster doses.
Studies of American Army vaccine recipients that were based in endemic countries
showed that antibody titres were maintained for up to three years in nearly 95% of recipients
(Gambel et al., 1995). Boosters are currently recommended every three years up to the age of
15 years., The practice has varied over time in different parts of Asia. Annual boosters during
childhood were given in the Republic of Korea until the 1980s; in Japan boosters are given
approximately every five years, and in poorer countries that are able to afford only primary
vaccination in a limited number of children, no boosters are given at all. WHO recommends
an initial booster after one year, and thereafter every three years up to the age of 15.
Other age-ranges might need to be considered in newly endemic regions. Natural boosting,
by exposure to JEV or heterologous flaviviruses such as dengue, might be important in regions
where these viruses circulate.

6.1.3 Efficacy of mouse brain-derived inactivated JE vaccines
Studies of the immune response in vaccine recipients, revealed important differences
between residents of endemic areas, and travellers, which have led to the different vaccination
schedules being recommended. When Asian children were vaccinated with a primary
regimen of two doses of Nakayama or Beijing-1 strain-derived vaccines, 94% to 100%
had neutralizing antibody to the homologous strain, although seroconversion rates were
lower against the non-vaccine strain (Nimmannitya et al., 1995). Nearly 100%
seroconversion was achieved after a 1-year booster dose. By contrast, seroconversion rates
in travellers and military personnel from the United Kingdom and United States of America
after a two-dose primary vaccination regimen were lower (33% to 80%) (Henderson,
1984;
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Poland et al., 1990; Sanchez et al., 1990; Gambel et al., 1995). A three-dose primary schedule
was more effective, giving seroconversion in more than 90% of recipients and higher geometric
mean titres (Sanchez et al., 1990; Gambel et al., 1995). The difference in vaccine immunogenicity
between the two populations is presumed to be due to a degree of naturally-acquired
immunity among the Asian children because of exposure to JEV and, potentially,
other flaviviruses, particularly dengue. However, the differences in the age of the
populations studied (most of the travellers and military personnel were adults) might also
be important.
Two randomized double-blind placebo-controlled trials have assessed the clinical efficacy
of formalin-inactivated JE vaccines. In the first, conducted in 1965 and published in a
non-peer-reviewed publication, nearly 134 000 children aged 3ñ7 years in Taiwan,
China, were given either a single (n=22 194) or a double (n=111 749) dose of the
Nakayama vaccine (a less purified form than todayís vaccine); nearly 132 000 children were
given tetanus toxoid as placebo, and around 140 000 were unvaccinated (Hsu et al., 1971).
The JE attack-rates per 100 000 recipients were 24.9 in the unvaccinated group, 18.2 in the
placebo group, 9.0 in the single-dose group, and 3.6 in the double-dose group. Thus, a single
dose of vaccine yielded 50% (95% CI: 26% to 88%) efficacy, and two doses gave 80% (95% CI:
71% to 93%) efficacy. In the second trial, the Biken vaccine was assessed in the 1980s in northern
Thailand (Hoke et al., 1988). Children, aged one to 14 years, randomly allocated to
three groups, received two doses (one week apart) of either the Biken monovalent
Nakayama vaccine (n=21 628), the bivalent Nakayama/Beijing-1 vaccine (n=22 080),
or tetanus toxoid as placebo (n=21 516). After a 2-year observation period, the JE attack
rate in the placebo group was 51 per 100 000, whereas in both vaccine groups it was five per
100 000 giving a protective efficacy of 91% (95% CI: 70% to 90%). These results were accepted by the
United States Food and Drug Administration as evidence for efficacy, leading to the
Biken vaccine being licensed in the USA for travellers (Halstead & Tsai, 2004).
A retrospective analysis of the efficacy of the mouse brain-derived inactivated virus
vaccine containing the Nakayama strain in Taiwan, China, using immunization records
from 1971 to 2000, suggested that, among one to 14-year-old children, a single dose
of JE vaccine gave a protective efficacy of 86%, and there was a significantly lower
incidence of disease than in unvaccinated children (Yang et al., 2006). Therefore,
vaccine might still be beneficial for infectious disease control at the population level for
some JE epidemic- or endemic-developing countries with limited resources.
The question of whether the inactivated virus vaccines (which are based on genotype
III strains) are efficacious against other genotypes of JEV has been raised. There are no
clinical or epidemiological data to suggest that it is a problem, and studies have shown that
virus neutralizing antibodies raised in response to immunization with inactivated virus
vaccine, cross-react with different JEV strains, although neutralizing antibody titres vary
and are usually less than that against the homologous virus in the vaccine (Okuno et al.,
1987; Kurane & Takasaki, 2000).
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6.1.4 Safety of mouse brain-derived inactivated JE vaccines
Inactivated vaccines are generally regarded as safe, and the mouse brain-derived
JEV vaccines have a long history of use. Local reactions (tenderness, redness or swelling,
occur in around 20% of vaccinated individuals and mild systemic side-effects (headache,
low-grade fever, myalgias, malaise, and gastrointestinal symptoms) occur shortly after
vaccination in around 5% to 10% of vaccinees (Hoke et al., 1988; Poland et al., 1990;
Sanchez et al., 1990; Andersen & Ronne, 1991; Ruff et al., 1991; Defraites et al.,
1999).
There has been a concern that, because the vaccine is grown in mouse brain, an immune
response may be raised against mouse neural tissue which could attack the human nervous
system causing autoimmune-type conditions such as acute disseminated encephalomyelitis
(ADEM). However, no causal relationship has been established, and the WHO Global
Advisory Committee on Vaccine Safety (GACVS) recently concluded that there is
no evidence of increased risk of ADEM associated with administration of the inactivated
JE vaccine of assured quality (WHO, 2005).
As the formalin-inactivated JE vaccine became available to travellers from
Australia, Europe and North America, hypersensitivity reactions (including urticaria,
angioedema, and bronchospasm) not previously reported, were described (Ruff et al., 1991;
Berg et al., 1997; Plesner & Ronne, 1997; Plesner et al., 2000; Sohn, 2000). The risk
of adverse reactions led to recommendations that, for travellers, the vaccine only be
administered to those at high risk of infection (CDC, 1993).

6.2

Inactivated cell culture-derived vaccines

Limitations of the formalin-inactivated vaccines grown in mouse brain include
the complexity and high cost of production, concerns over adverse reactions and,
increasingly in some countries, reluctance to use animals in vaccine production.
As a result there has been much attention focussed on the development of cell-culture
systems to grow viruses for inactivated virus vaccines.

6.2.1 Inactivated vaccine containing Peking-3 or Beijing 1
Studies in China showed primary hamster kidney (PHK) cells gave the highest
yield of JEV (Lee et al., 1965). A formalin-inactivated vaccine produced from the
Peking-3 (P3) strain of JEV grown in PHK cells has been used in China since the 1960s
and for many years was the country’s principal JE vaccine (Halstead & Tsai, 2004).
The vaccine, which is not purified, is stabilized with 0.1% human serum albumin
and presented as a liquid formulation. The primary course consists of two 0.5 ml
subcutaneous doses given one week apart to children aged 6–12 months, then boosters
one year later at school entry, and again at 10 years of age. After primary immunization,
only 60% to 70% of children seroconverted, and antibody levels waned rapidly, but a booster
dose elicited a strong anamnestic response in 93%–100% of recipients (Monath, 2002).
In five randomized field trials in China involving a total of 498 361 children,
of whom 310 627 received the vaccine, the vaccine’s efficacy ranged from 76% to 95%
(Halstead & Tsai, 2004). The vaccine has only been licensed in China, and is gradually
being replaced with the live attenuated vaccine (see below).
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Vaccines grown in Vero cells (a continuous cell line derived from African green monkeys,
and a conventional substrate for vaccine production), have also been developed.
One such vaccine, a formalin-inactivated P3 virus grown in Vero cells in roller bottles,
has been licensed in China (Ding et al., 1998). Inactivated Vero cell-grown Beijing-1
strain vaccines are being developed by several Japanese companies using microcarrier
technology to increase the yield (Sugawara et al., 2002), and the vaccine developed by
Biken was licensed in Japan in 2009. This lyophilized, preservative-free vaccine is given
with the same schedule as the traditional mouse brain-derived vaccine.

6.2.2 Inactivated vaccine derived from Vero cells containing strain
SA14-14-2
The Walter Reed Army Institute of Research (WRAIR) in the United States
have adapted the live attenuated SA14-14-2 strain (see below) to growth on Vero
cells, i.e. the SA14-14-2/PHK vaccine developed in China was passaged in primary
dog kidney cell culture, and subsequently Vero cells, at WRAIR. Because this uses
an attenuated rather than a virulent virus, production is easier, requiring biosafety
level 2 rather than level 3 facilities. An inactivated vaccine based on this virus was
licensed to Intercell (Vienna, Austria). In a multicentre blinded and randomized phase III
clinical trial head-to-head with the Biken mouse brain-derived inactivated virus vaccine,
the cell-derived vaccine had a good safety profile and a better local tolerability profile.
Seroconversion rates were higher after two doses of the cell-derived vaccine (98%)
than after three doses of the mouse brain-derived vaccine (95%), and geometric
mean titres were higher. Persistence of titres has been shown for up to 24 months
(Tauber et al., 2008; Schuller et al., 2008 and 2009). In 2009, the vaccine was licensed for
adult travellers in several developed countries, and Novartis has acquired marketing and
distribution rights for Europe, the United States and certain other markets including
Asia and Latin America. A phase II paediatric trial of the vaccine, which began in
India in 2007 as a joint venture with Biological E, has recently been completed, and a
phase III paediatric study was launched in 2009.

6.3

Live attenuated SA14-14-2 vaccine

The live attenuated SA14-14-2 vaccine was developed cooperatively by two Chinese
institutes (the Chengdu Institute of Biological Products, and the National Institute of
Control for Pharmaceuticals and Biological Products). The vaccine has been produced
in China since 1989 and over 300 million doses have been used to vaccinate Asian
children. This live vaccine, manufactured by several producers in China, has also been
licensed in several Asian countries; however only the Chengdu Institute of Biological
Products’ vaccine has obtained a licence for export.
To produce the live attenuated JEV strain, the wild-type strain SA14, isolated from
Culex pipiens larvae collected in Xian, China, in 1954 (Xin et al., 1988), was passaged
empirically in a range of cell-culture systems (Figure 3). After isolation, SA14 was
passaged 11 times in weanling mice. The parent virus was then attenuated by passage
100 times in PHK cells to generate a variant, termed 12-1-7, which was no longer
neurovirulent in monkeys but was not stable. To produce a stable, attenuated virus,
it was then inoculated intraperitoneally into mice, harvested from the spleen, plaquepurified further in chick embryo cells, and passaged subcutaneously in mice and
orally in hamsters before further purification in PHK cells (Halstead & Tsai, 2004).
The resultant strain, SA14-5-3, did not revert to virulence after intracerebral passage
in suckling mice and was still attenuated. It was safe in humans but in large field trials
13

in southern China had poor immunogenicity in flavivirus-naive subjects. To increase
immunogenicity, the virus was therefore passaged subcutaneously in suckling mice
five times, and twice plaque-purified on PHK cells to produce SA14-14-2. Overall,
SA14-14-2 is as attenuated as SA14-5-3 but is more immunogenic.
Figure 3: Schematic of empirical derivation of SA14-14-2 live attenuated vaccine
strain

SA14 parent
(isolated f rom C. pipiens, 11
passages in weanling mice)

Neurovirulence in
monkeys lost

100x PHK
3x plaque pfctn (CE)
Clone 12-1-7
2x plaque pfctn (CE)
Clone 17-4
1x mouse (IP)
Clone 2
3x plaque pfctn (CE)
1x CE plaque passage
Clone 9
1x mouse (SC)
1x CE plaque passage
Clone 9-7
6x hamster (PO)
2x plaque pfctn (PHK))

Non-virulent & stable

Non-virulent, stable
& immunogenic

Clone 5-3
5x suckling mouse (SC)
2x plaque pfctn (PHK)
Clone 14-2

Key:
IP=intraperitoneal; PO=per os; SC=subcutaneous; CE=chick embryo;
PHK=primary hamster kidney; pfctn=purification
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Currently, the exact molecular basis of attenuation of SA14-14-2 is not known due to
the lack of studies using reverse genetics. However, several publications agree on seven
amino acid substitutions in the process of passaging SA14 to generate SA14-14-2/PHK
(E-138, E-176, E-315, E-439, NS2B-63, NS3-105 and NS4B-106) (Nitayapahan et al.,
1990; Aihara et al, 1991; Ni et al., 1994 and 1995). Further studies showed that although
residue 138 of E protein had a dominant effect, attenuation depended on at least three
distinct clusters in different combinations (Arroyo et al., 2001).
The vaccine is produced from seed virus by infecting PHK cells, and is manufactured
as a freeze-dried product in one- or five-dose presentations stabilized with gelatin
and sorbitol. After reconstitution with normal saline, the vaccine must be used within
six hours in order to comply with the WHO open vial policy — a 0.5ml dose is given
by subcutaneous injection.
The SA14-14-2 vaccine based on a genotype III strain protected mice against challenge
with JEV strains belonging to different genotypes from Indonesia, Thailand and
Viet Nam (Xin et al., 1988).

6.3.1 Efficacy of SA14-14-2 vaccine
SA14-14-2 vaccine has undergone a series of clinical trials and observational studies
in China, the Republic of Korea and Nepal. However, no randomized clinical trials
comparing the efficacy of SA14-14-2 vaccine with placebo or other JE vaccines have
been conducted. Several small trials demonstrated that after a single dose of SA14-14-2,
85% to 100% of children seroconvert, with a proportion seroconverting dependent
on the quantity of vaccine administered in a dose (Halstead & Tsai, 2004). In China,
SA14-14-2 vaccine has traditionally been administered annually as part of a spring
vaccination campaign, with two doses given one year apart, and a further dose
given at school entry age; this schedule was adopted based on operational criteria.
However, the vaccine’s efficacy was demonstrated in several open-label field
studies in China between 1988 and 1993 that involved nearly 600 000 children
(Halstead & Tsai, 2004). Comparisons of the incidence of JE in vaccinated and
unvaccinated children showed a protective efficacy of around 98% after one or more doses.
These findings were confirmed in a more rigorous, relatively simple and inexpensive
post-licensure case-control study in which the prevalence of immunization was compared
between 56 JE cases and 1299 age- and village-matched controls (Hennessy et al., 1996).
The effectiveness of one dose was 80% (95% CI: 44%–93%) and of two doses one
year apart, 97.5% (CI: 86%–99.6%). Although more rigorous and extensive, this study
also has its limitations, in that vaccine histories were unreliable and when vaccinations
were given was not detailed.
The efficacy of single-dose vaccine given just before the JE season, was assessed in a
similar case-control study in Nepal in 1999, when approximately 160 000 children were
vaccinated (Bista et al., 2001). None of 20 JE cases had received vaccine, compared with
326 of 557 age- and sex-matched village controls, giving a short-term protective efficacy
of 99.3% (CI: 94.9%–100%). Subsequently, the duration of immunity after a single
dose of SA14-14-2 was examined. In July 1999, Nepalese children aged one to 15 years
were given a single dose of SA14-14-2. A case-control study conducted one year later
gave a protective effect 12–15 months after vaccination of 98.5% (CI: 90.1%–99.2%)
(Ohrr et al., 2005). A further study five years after administration of the single dose
gave a protective efficacy of 96.2% (CI: 73.1%–99.9%) (Tandan et al., 2007). A recent
case-control study in India corroborates these findings.
15

A study conducted in the Philippines demonstrated that SA14-14-2 can be safely
co-administered with measles vaccine at nine months of age without significantly
affecting the immune response to either vaccine (Gatchalian et al., 2008). The modest
reduction observed in both seroconversion and geometric mean titre (GMT) titre for
measles vaccine when co-administered with SA 14-14-2 was considered acceptable,
but further studies were encouraged (WER, 25 January 2008). Additional coadministration studies have been conducted in Sri Lanka to corroborate the findings
and these are awaiting publication.

6.3.2 Safety of SA14-14-2 vaccine
The attenuation of the SA14-14-2 vaccine strain has been demonstrated in various
animal models (Halstead & Tsai, 2004). As for any live virus, one safety concern is the
possibility of reversion to a virulent form. Vaccine safety was assessed in a post-licensure,
randomized, placebo-controlled trial in 26 000 children (Liu et al., 1997). One month
after vaccination, the two groups (vaccinated and placebo control) had similar rates
of hospitalization and illness. There were no cases of post-vaccination anaphylaxis or
neurological disease. Numerous other smaller studies have demonstrated a very good
safety record for SA14-14-2 vaccine (Xin et al., 1988; Sohn et al., 1999).
The SA14-14-2 vaccine did not immediately gain regulatory approval outside
China because of concerns about the PHK substrate, which is not an accepted cell
type for vaccine production (i.e. primary hamster kidney cell culture derived from
baby hamsters), uncertainty about the quality-control tests for adventitious agents,
and other issues related to manufacturing practices. The WHO developed guidelines
to facilitate the international acceptance of the vaccine (WHO, 2002). Work is still
in progress to follow-up on GACVS recommendations made in 2005. As a result
of a comprehensive review on the safety of the vaccine conducted by GACVS in
2005, some specific recommendations were made requesting more detailed study
of: the safety profile in special risk groups including immunocompromised people
and pregnant women; whether viral shedding occurs in vaccinees and the potential
implications of such shedding; further analysis of sequential or co-administration of
JE and measles vaccines; the interchangeability of inactivated and live JE vaccines;
the safety of vaccine administration to infants aged under one year, and the implications
for the efficacy and safety of the vaccine in infants with maternal antibodies against
JE virus. Also, population-based safety data from the use of the vaccine in countries with
a functioning adverse events following immunization (AEFI) system were considered
desirable (WHO, 2005). In the meantime acceptable results of vaccine co-administration
with measles vaccine and immunogenicity in children below one year of age have been
published (Gatchalian, 2008). Publication of the results of other studies (viraemia and
interchangeability of vaccines) is awaited.
On balance, no specific safety signal is associated with this vaccine, and GACVS
noted that reported data suggest an excellent safety and efficacy profile of the SA1414-2 vaccine. While not WHO-prequalified, this vaccine is now licensed and used in
many countries, including China, India, the Republic of Korea, Nepal, Sri Lanka and
Thailand.
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6.4

Chimeric yellow fever–JE vaccine

Chimeric yellow fever–JE vaccine (JE-CV) is a live, attenuated vaccine against JE,
in which the prM-E genes of attenuated JEV strain SA14-14-2 were inserted into an
infectious clone of the 17D-204 yellow fever vaccine strain (Chambers et al., 1999).
The chimaeric virus replicated efficiently in vitro and was shown to be immunogenic,
efficacious, and safe in mice and nonhuman primates, being even more attenuated
than the original 17D-204 yellow fever strain (Guirakhoo et al., 1999; Monath et al.,
2000). The chimaeric virus was incapable of infecting mosquitoes by oral feeding
and had reduced replication after indirect intrathoracic inoculation, allaying fears of
secondary transmission after vaccination and suggesting that it is unlikely to be
transmitted by mosquitoes biting recently vaccinated individuals (Bhatt et al., 2000;
Reid et al., 2006). In a small phase I trial, the vaccine was shown to be safe and
immunogenic (Monath et al., 2002). The vaccine was also well tolerated in a larger
phase 2 clinical trial (Monath et al., 2003) in which 82 (94%) of 87 subjects administered
graded doses (1.8–5.8 log10) of chimeric yellow fever–JE vaccine developed neutralizing
antibodies. The JE-CV vaccine appears to provide protective levels of neutralizing
antibody after a single dose, but a second dose administered 30 days later had no booster
effect. A separate study explored immunological memory, both in subjects who had
received JE-CV vaccine nine months before, and in vaccine-naive subjects challenged
with inactivated mouse-brain vaccine. Anamnestic responses were observed in the
pre-immune individuals (Monath et al., 2003). Interestingly, in both humans and
monkeys, prior yellow fever immunity did not reduce the response to the chimeric
vaccine (Guirakhoo et al., 1999), but there was a suggestion, though it was not
statistically significant, that JE-CV vaccine reduced the response to YF 17D vaccine
administered 30 days later.
The vaccine was developed as a single-dose Japanese encephalitis vaccine primarily for
people living in endemic countries of the Asian Pacific region. The clinical development
is being done mainly in Australia and Thailand, and a license application was submitted
in 2009. The vaccine is presented as freeze-dried powder in 1- or 4-dose presentations
to be reconstituted before use.
Notably, a minimally invasive alternative route of delivery of the JE-CV vaccine has
been assessed in nonhuman primates (Dean et al., 2005). Cutaneous delivery by either
skin microabrasion or intradermal delivery using microneedles gave rise to higher levels
of virus neutralizing antibodies than conventional subcutaneous injection.

6.5

Poxvirus-vectored vaccines

ALVAC and NYVAC, two highly attenuated recombinant poxvirus vectors, have
been tested as candidates for vaccination against JE. Recombinant vaccines delivering
prM-E or prM-E-NS1 genes induced protective immunity in mice and monkeys in
challenge experiments, and proceeded to clinical studies (Mason et al., 1991; Konishi et
al., 1992). ALVAC-JE was poorly immunogenic in all human subjects and NYVAC-JE
was poorly immunogenic in those that had previously been vaccinated against smallpox
(Kanesa-thasan et al., 2000). Although these results were disappointing, interest in
recombinant poxviruses has been revived recently using the Modified Vaccine Ankara
(MVA) platform, and preclinical studies are in progress.
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6.6

DNA vaccine

DNA-mediated immunization involves the introduction into tissues of a DNA plasmid
carrying an antigen-coding gene that transfects cells in vivo leading to expression of
the encoded antigen and resulting in an immune response. Two doses of plasmid DNA
vaccines encoding JEV PrM-E genes produced promising results in mice and pigs
(Konishi et al., 1998a and 2000). Although successful in many animal models of various
diseases, in general, DNA vaccines remain insufficiently immunogenic in humans.
Furthermore, DNA vaccines are better at inducing cell-mediated immune responses
compared to humoral responses, and all evidence to date indicates that protective
immunity for JEV is induced by neutralizing antibodies. As DNA vaccines offer
the advantages of ease of manipulation and simplicity of manufacture, and stability
and resistance to temperature extremes so that the storage, transport, and distribution
of DNA-based vaccines is more practical and less expensive, various approaches to
improve the immunogenicity of DNA vaccines against JE continue to be investigated
(Ashok & Rangarajan, 2002; Imoto & Konishi, 2005; Wu et al., 2006).
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7. Immunization strategies
for Japanese encephalitis
endemic countries
The number of countries introducing JE vaccination into their routine childhood
immunization schedules is increasing. With improved vaccines becoming available
and a better understanding of the burden of disease, it is anticipated that, by 2012,
the global demand for JE vaccines will be more than double the current demand
(Marfin & Gubler, 2005). Of particular note was the introduction in India of mass
vaccination campaigns aimed at vaccinating 100 million children with JE vaccine
in the period 2006 to 2010. With the aid of the WHO, UNICEF and PATH,
9.3 million children were vaccinated in 2006 using the live attenuated SA14-14-2 vaccine
(Biswal et al., 2007). Increased production of the SA14-14-2 vaccine together with
availability of new JE vaccines (Table 1) is likely to assure the supply.
Table 1: Summary of currently licensed or submitted vaccines
against Japanese encephalitis
Description
(strain)

Producer

Availability

Notes

Inactivated vaccines
Mouse brain-derived
(Nakayama or Beijing-1)

Kitasota, Japan
Green Cross,
Republic of Korea
CRI, India
Vabiotech, Viet Nam
GPO, Thailand

International
Domestic
Domestic
International
Domestic
Domestic/India
Domestic/region

3-dose primary with repeat boosters
(regimen dependent on setting)
Dose:1ml (Nakayama) / 0.5 ml
(Beijing-1)

Primary hamster kidney (P3) Multiple, China

Domestic

2-dose primary with repeat boosters

Vero (P3)

China

Domestic

Vero (Beijing-1)

Biken, Japan

Domestic

3-dose primary with repeat boosters

Vero (SA14-14-2)

Intercell;
Biological E, India

Traveller & military;
Paediatric

2-dose primary, boosters TBD (adult);
Phase II/III paediatric trials in progress
in India

China, mainly
Chengdu Institute of
Biological Products

China, India, Nepal,
Republic of Korea, Sri
Lanka

Single-dose primary, boosters TBD*

Licence application
filed in Australia &
Thailand

Single-dose primary, boosters TBD*

Live-attenuated vaccines
Primary hamster kidney
(SA14-14-2)

Genetically-engineered vaccines
Chimeric yellow fever – JE
(SA14-14-2)

*

Sanofi

TBD, to be decided.
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The high protective effect of one dose of SA14-14-2 vaccine provides an argument for
integration of a single dose of the live attenuated vaccine into the WHO Expanded
Immunization Programme (EPI) at 12 to 15 months of age. The JE-CV vaccine has
similar potential to be introduced into immunization programmes as a single-dose
vaccine. The use of simpler and less expensive schemes will improve the acceptance and
hence effectiveness of immunization programmes compared to the traditional mouse
brain-derived vaccines.
WHO recommends as the most effective immunization strategy in JE endemic settings
a one-time catch-up campaign followed by incorporation of the JE vaccine into the
routine childhood immunization schedule (WHO, 2006). As yet, guidelines tailored
for different endemicity patterns have not been developed.
Vaccination in response to outbreaks needs to be further explored. It may not be
an efficient means of control in the absence of a routine immunization programme,
as the short duration of outbreaks means that there may not be sufficient time for an
adequate campaign to be conducted, and immunity established in vaccine recipients.
Finally, it is expected that JE vaccines will become WHO-prequalified in the near future,
helping to make them more widely available by facilitating financial support through
the international community.
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IVB’s mission is the achievement of a world
in which all people at risk are protected
against vaccine-preventable diseases.
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team; and the Expanded Programme on
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