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Abstract

Japanese encephalitis virus (JEV) 18 the most important
cause of viral encephalitis commonly known as "brain fever™. It
appears in the form of frequent epidemies throughout Southeast
Asia. China. India and the Asia-Pacitic belt. The disease 18
caused by a flavivirus named Japanese encephalits virus that 15
spread to humans by the bite of infected Culicme mosquitoes.
primarily  Culey tritaenioriynchus and Culex vishnui, v the
Indian context. A mouse brain-derived inactivated vaceine was
available until recently. but it has been discontinued largely due
{o safety concerns. A cell culture-derived attenuated JE vaccine
is produced in China and consumed 1t sev ol asian countries.
including India. but this is not manufactured as per internatton-
ally acceptable norms. Several new promising IE vaccine can-
didates are under various stages of development, some of which
have entered clinical trials These new candidate JE vaceines
are cost-effective and hase the potential to gencrate long-lasting

immunity
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Introduction

Japanese encephalitis (JI}) was first reported
from Japan in the late 1800's, but has since spread 10
other parts of Asia (BOX-1, Fig. 1). It is an arthro-
pod-borne viral disease and is the most common viral
encephalitis in Southeast Asia with more than 3 bil-
lion inhabitants. The virus, Japanese encephalitis vi-
rus (JEV) is spread by the bite of (‘ulex mosquitoes,
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predominantly Culex tritaeniorhynchus and  Culex
vishnui, in the Indian context. The major amplifying
vertebrate hosts are domestic pigs. Wading and
migratory birds are also involved in the transmission
cycle. Man is an incidental host and viral titres are
usually very low, so that further transmission does not
oceur. For this reason, humans are regarded as dead-
end hosts (Fig. 2).
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Box-1

Japanese Encephalitis - Historical Facts
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Box-2
Japanese Encephalitis fact sheet

e 1870's - First JE outbreak in Japan

e 1924 - Isolation of JEV from a fatal case of encephalitis
in monkeys

e 1935 - Isolation of Nakayama strain from a fatal human
case

¢ 1950 - Elucidation of route of virus transmission

e 1955 - First Indian JE cases in Vellore. Tamil Nadu

e 1973 - First Indian JE ¢pidemic in Bankura, West Bengal
e 1978 - Gorakhpur strain (GP78) was isolated

e 1990 - JE spreads to Western and North Western India

e 2006 - India imported SA 14-14-2 vaccine from China

Geographic range India. Pakistan. Nepal. China, South
Asia. Southeast  Asta,  Oceania,

Northern Australia

Major vectors Culex tritaeniorhvnchus, Cx. vish-
¢ g nui, Cxo pipiens, Cxo gelidus, Cx.

fuscocephala

Major vertebrate hosts Domestic  pigs.  migratory  birds,
ardeid (wading) birds

High risk groups Infants and children below 10 years,
elderly. non-immune  adults, 1m-

munocompromised individuals

Annual ncidence  of - 30.000
disease

Annual mortality -10.000
Annual morbidity 15.000

Fig. 1- Geographic distribution of Japanese encephalitis.
Source : Centers for Disease Control and Prevention
(CDC). Atlanta

Following a bite from an infected mosquito, the
virus amplifies and disseminates through the body by
the blood-vascular system. JEV, being neurotropic,
eventually enters the central nervous system (CNS),
predominantly colonizing the thalamus. Symptoms of
febrile illness develop after 5-15 days of incubation.
In cases of severe disease, patients display neurologi-
cal symptoms, including behavioural changes, focal
neurologic deficits, generalized hypotonia, movement
disorders, often resembling Parkinsonism, accompa-
nied by seizures. The cardinal clinical feature of this
disease is encephalitis. The annual incidence of dis-
ease is ~50,000, with mortality amounting to ~10,000.
The disease predominantly affects infants and young
children and the survivors are left with life-long
neuro-psychiatric sequelae, a major complication of
JE (BOX-2).

The majority of adults living in endemic areas
have acquired immunity against JEV. However, trav-
ellers to endemic arcas are particularly at risk, de-
pending on the season of their visit and the nature of
their outdoor activities, inspite of the fact that only
3% ot the vector mosquitoes are infected, even in hy-
perendemic areas'. There is no specific treatment for
JE. Only supportive care can be provided to alleviate
the symptoms. JE cannot be totally eradicated due to
its animal reservoir, but the disease can be held at bay
by effective vaccination. However, the only licensed
JE vaccine. the mouse brain-derived JE vaccine has
been withdrawn from the international market due to
inherent drawbacks pertaining primarily to safety.
Moreover, Central Research Institute (CRI), Kasauli,
the only JE vaccine manufacturer in India has recently
stopped its production as its vaccine production proc-
ess was not compliant with the current international
norms. Thus, there is a pressing need to develop a
safe and effective JE vaccine. Efforts in this direction
are going on, both in India and abroad, and several
promising vaccine candidates are currently in various
stages of development.

Epidemiology

Two major epidemiological patterns of disease
are observed. These are either endemic cases or epi-
demic cases. These two patterns are confined to spe-
cific geographical areas. In northern areas, such as
northern Vietnam, northern Thailand, Korea, Japan,
Taiwan, China, Nepal, and northern India JE occurs
in the form of epidemics during the summer/monsoon
months. The southern areas, such as southern Viet-
nam, southern Thailand, Indonesia, Malaysia, Philip-
pines, Sri Lanka and southern India are endemic for
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Japanese encephalitis virus genome and proteins
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JE and cases occur sporadically throughout the year  flaviviruses of immense medical importance (Table
with a peak after the onset of the monsoon season. 1). JEV is a single-stranded, positive-sense RNA vi-
.The Indian scenario reveals that JE is progressively rus. It's approximately 11 kB genome consists of a
moving westwards, and it would not be very surpris-  single open reading frame (ORF) that encodes a sin-
ing if it soon spreads throughout India. gle Polyprmem of approximately 3,400 amino ac-
: ids™. This polyprotein is subsequently cieaved co-
Pathogenesis and post-translationally by host and viral proteases

into three structural and seven non-structural proteins.
The three structural proteins include envelope (E),
R o membrane (M) and capsid (C). The non-structural
rus multiplies in the Langerhans-type dendritic cells proteins include NSI, NS2A, NS2B, NS3, NS4A
in regional lymph nodes. After a transient phase of  \g4p 4nd NS5 (FIGURE 2). Of all these proteins, the
viremia, invasion of the ,CNS takes plgce by the viral envelope (E) protein is of considerable impor-
haematophe?gus way or via the endothelial system. tance from a vaccine development standpoint. The
Unl.mown.tactors allow t'he breakdoyvr? _Of the blood- reason for this being the fact that all the neutralizing
brain-barrier (BBB), bu.I it could be facrlhtated by neu- (Nt) epitopes are present on the surface of the E pro-
rotransmitters. CNS lCS'?nS srelpredomlTar}tly SCENINtein and it is the Nt antibodies that are the proven
the_ thalamus and the Gerabra pedunc £ h.owever, primary mediators of protective immunity against
lestons can also be found in the substantia nigra, the JEV infection. It follows that the majority of the vac-

cerebral and the cer?bc;llar GOFIEK. 35 well ali i tlhe cine development efforts concentrate on the E protein
anterior horn Cell.s fo tle nga: C(_)rd' fJEV as ‘a]so as the vaccine antigen, largely due to the reasons
been reported to infect the developing fetus transpla- highlighted above.

centally and cause abortions’.

JEV, after being injected by the bite of infected
Culicine mosquitoes, penetrates the skin, and the vi-

Prevention
The pathogen
No specific treatment is currently available for
JEV, the aetiologic agent of JE, belongs to the  the management of JE patients. Moreover, since JE is
family Flaviviridae, which contains many other  a zoonosis, it can never be totally eradicated from the
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face of the earth by measures such as vaccination
However. efficient and sustained vaccination cam-
paigns can most certainly keep the discase at bay.
Vector control measures, though having certain limi-
tations. both economically and logistically. should be
in place to buttress the vaccination efforts. The vari-
ous vaccination strategies currently in development
have been discussed in the following sections in de-
tails as this is the most feasible preventive measure
available to control Ji.

Table I Major human Maviviral discases and their endemic
arcas.

Discase

Fndemic areas

India. China. South-cast Asia
and Oceania

Japunese encephalitis

Yellow fever South America and Africa

Dengue Fropics. worldwide

West Nile Purope. Africa. Asiaand North

America

St Louis encephalitis North and South America

Murray Valley encephalitis — Australia

I'ick-borne encephalitis Furope and Asia

Justification for vaccination

There is no effective drug treatment tor the dis-
ease. Morcover, there is no effective method of envi-
ronmental control of JE transmission. Although im-
provements in agricultural practices due to betterment
of socio-economic status have led to reduced discase

burden in some countries, large-scale vaccination of

susceptible human populations appears to be the logi-
cal approach towards controlling JE. both now, and in
the future’. The effect of mass-scale vaccination
apainst JE has already shown great promise in various
regions of China and has led to decreased disease
burden in countries like Japan, Korea and Thailand.
hence justifying vaccination efforts.

HWho should be vaceinated?

Japanese encephalitis vaccine is reccommended
for native and expatriate residents of” endemic arcas.
laboratory workers potentially exposed to the Virus.
and for travellers spending 30 days or more in en-
demic arcas. It should be borne in mind that vaccina-
tion against JE in endemic areas will have to be a
concerted effort as approximately 3 billion people
currently live in JE-endemic regions, where more than
70 million children are born each year. It should be

noted that given the mostly infrequent occurrence of

JE in carly infancy and the likely interference with
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passively acquired maternal antibodies during the tirst
months of life. vaccination is not recommended for
children below the age of 6 months.

Current vaccnies agdinst JI7

The only JIT vaceines that are currently available
are manufactured in China and are based on the
mammalian cell-culture svstem. These vaccines are
cither inactivated or live-attenuated. The inactivated
vaccine utilizes the Beijing P-3 strain of JEV that has
been propagated in Primary Hamster Kidney (PHK)
cells. This inactivated JI2 vaccine has now largely
been replaced by the live attenuated vaccine. This
vaccine utilizes the stably neuro-attenuated SA 14-14-
2 strain of JIV. but continues to propagate the virus
in the PHK cell line. The PHK cell line is not a
WIO-certificd vaccine substrate, a major hindrance
for the vaceine's large-scale acceptability, in spite of
its high efficacy and safety. This vaccine is manufac-
wred by the Chengdu Institute of Biological Products
(CDIBP)Y. China. The vaccine has been used for over
20 years in over 200 million children in China since
its licensure in 1988". Other countries that have li-
censed and used the vaccine are South Korea (since
2001). Nepal (since 1999), and India (since 2006). In
India. vaccination with this vaccine started on 15"
May. 2006, with almost 10 million children in 4 states
and 11 districts being vaccinated. With regard to the
65 serious adverse events (including 22 deaths) re-
ported after mass vaccination campaigns in India, an
expert committee constituted by the WHO confirmed
that these were not related to the imported SA 14-14-
2 vaccine . A recent study in the Philippines has re-
vealed that the SA 14-14-2 vaccine can be safely ad-
ministered along with measles vaccine in 9 month old
infants without any loss of immunogenicity in cither
of the vaccines”. Combined administration along with
other vaccines currently used in the national immuni-
zation program need 1o be carried out so that SA 14-
14-2 vaccine can. in the future, be incorporated into
the routine childhood immunization program. A ma-

jor advantage of this vaccine is that it is inexpensive

and hence would be affordable by the economically
weak target population.

Until a few of years back, the mouse brain-
derived inactivated JEV vaccine (JE-VAX®), manu-
factured by BIKEN (Japan) and various other compa-
nies around the globe, such as CRI (Kasauli, India).
was the only licensed JE vaccine that was available
internationally. However, due to certain inherent
drawbacks. pertaining particularly to safety ’ the vac-
cine has been withdrawn from the international mar-
ket. JI vaccine manufacture in India has also ceased"
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and hence. there is great urgency to develop a cost-
eftective JE vaccine.

JE vaccines under development

Quite a few innovative JE vaccines are cur-
rently under various stages of development. These
include vaccines based on recombinant proteins. virus
like particles (VLPs). infectious clones, or simply
"naked DNA". These approaches encompass vartous
vaccine technologies, including prokaryotic and eu-
karyotic expression systems, mammalian cell culture
approaches, development of chimeras involving the
yellow fever virus 17D as a vaccine construct back-
bone or the development of plasmid DNA constructs.
The new generation vaccines should ideally stimulate
both the cellular and humoral arms of the adaptive
immune system for effective protection against JEV
infection. The recent developments in this field are
summarized and evaluated as under.

Fero cell culture-derived vaceines

Various laboratories have focused their attention
on Vero cells. derived from the African green monkey
(Cercopithicus uethiops) kidney to propagate the vac-
cine virus. For more than a decade, Vero cells have
been used to manufacture polio as well as rabies vac-
cines with excellent records of safety, thus advocating
Vero as a safe cell-line for producing vaccines for
human use '

Several research groups around the world are
working on the development of a Vero cell-derived 115
vaccine using various local isolates of JEV. Using an
attenuated derivative of the Chinese SA 14-14-2
strain of JEV grown on Vero cells, a purified-
inactivated vaccine (PIV) was made which induced
high titres ot JEV Nt antibodies in mice in a dose-
dependent manner after two injections . The vaccine
protected mice against morbidity and mortality after
challenge with virulent JEV. Compared to the mouse
brain-derived vaccine, the Vero cell-derived JE-PIV
was more immunogenic and as effective at preventing
encephalitis in mice.

In Japan, using the Beijing-1 strain of JEV
grown in Vero cells. an industrial-scale process con-
torming to ¢cGMP criteria has been developed " n
pre-clinical and small-scale phase 1 clinical trials, the
vaccine was found to be safe and its etfectiveness to
be equivalent to that of the mouse brain-derived inac-
tivated vaccine . However, clinical trials using a
larger sample size are required to further validate the
safety and effectiveness of this vaccine.
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Intercell (Austria) has developed a Vero cell-
derived JE vaccine IXIARO® that utilizes the SA 14-
14-2 neuro-attenuated strain ot JEV. This vaccine
candidate uses a two dose vaccination regimen and
has successfully undergone pivotal phase Il clinical
trials'". This vaccine has been approved by the US
FDA on March 30, 2009 and has also received mar-
keting authorization by the European Commission on
April 2, 2009.

The authors have developed a Vero cell-derived
formaldehyde-inactivated JE vaccine using P20778,
an Indian strain of JEV'C. These studies indicated
that virus inactivation with formalin at 22°C, which
required shorter incubation period, was as good or
better than virus inactivation at 4°C as it generated
higher titers of anti-JEV antibodies in mice. Signifi-
cantly, sera from the immunized mice effectively neu-
tralized different strains of JEV, albeit with different
efficiency. Efforts are currently underway to scale-up
this technology for industrial scale production of this
vaccine following ¢cGMP guidelines.

Recombinant protein vaccines

The L protein of JEV and other flaviviruses are
involved in such important functions as receptor bind-
ing and membrane fusion and have been shown to
induce virus-neutralizing antibodies. As the virus Nt
antibodies are considered as the cardinal mediators
for protection against JEV infection, the JEV E pro-
tein. thus, has the potential to be used as an immuno-
gen capable ol generating protective immunity. The
JEV E protein has been synthesized in various forms
using different expression systems. Immunogenicity
of these various forms of the protein has been tested
in murine model. the details of which are presented
below.

The Escherichia coli system

One of the earliest studies using the E. coli plat-
form demonstrated that a 27-residue long fragment,
between amino acids 373 and 399 of JEV E protein,
fused to protein A or glutathione-S-transferase, used
in conjunction with a strong adjuvant elicited virus Nt
antibodies in mice'’. The same peptide generated JEV
Nt antibodies in mice when presented using the John-
son Grass Mosaic virus-like particles without the use
of an adjuvanlw Although the immunized mice were
protected against lethal JEV challenge, utility of this
vaccinogen comprising a single epitope is very lim-
ited.

The authors have evaluated the possibility of de-
veloping a peptide vaccine against the domain Il
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fragment of JEV E protein (E-DIll). Two constructs
were tested, one bearing an MBP-tag, while the other
a His-tag. Immunization studies were carried out in
mice using breund's adjuvant or athydrogel. In both
cases. Nt antibodies were generated that protected the
mice against a lethal dose of JEV. The antibody-
inductive as well as protective efficacy of the E-DIIH-
His in combination with athydrogel proved to be su-
perior, and comparable to the commercial mouse
brain-derived vaccine'”.

The authors have also evaluated the Possibility
of developing an oral vaccine against JEV™. Recom-
binant I2 protein synthesized in £ coli was adminis-
tered orally to mice with an immunostimulatory cyto-
sinc-phosphate-guanosine  (CpG) motif-containing
oligodeoxynucleotide as an adjuvant. The immunized
mice made high titers of anti-E and anti- JEV antibod-
ies that, however, failed to neutralize JEV activity,
and did not protect the mice against lethal JEV chal-
lenge. The absence of Nt antibodies may be related to
the use of the denatured L protein. These results,

however, demonstrated the oral immunogenicity of

the JEV E protein, suggesting that a properly folded
protein may generate antibodies with Nt activity,

The baculovirus svstem

The baculovirus expression system, utilizing
Awtographa californica nuclear polyhedrosis virus
(ACNPV), has been used to obtain expression of many
foreign genes. including thbse that require proteolyvtic
processing, glycosylation, or secretion. A major ad-

vantage of this system is the abundant expression of

recombinant proteins, which are, in many cascs, anti-
genically, immunogenically, and functionally similar
to their native counterparts.

A recombinant baculovirus containing the com-
plete coding sequence of JEV structural proteins prM
and E. together with the parts of sequences encoding
the C and the NSI proteins, was found to synthesize
the processed prM and the b proteins in Spodoprera

frugiperda (S1-9) cells ' The I protein synthesized
Jrugy I )

by the baculovirus recombinant was glvcosylated and
similar in size to the authentic viral protein, and was
located on the surface of the infected cells. Mice im-
munized with cells infected with the recombinant vi-
ruses developed JEV-neutralizing antibodies, al-
though the titres were lower than those seen in JEEV-
infected mice. Protective efficacy of the recombinant
baculovirus-expressed 12 protein was, however, not
investigated.

b 5] . -
In another study™, baculovirus recombinants
were constructed that synthesized the E protein or the
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NS1 glycoprotein of JEV individually or together.
Around 70% protection was recorded in mice immu-
nized with cells infected with recombinant virus syn-
thesizing the E or the E+NSI proteins, compared to
the 30% protection seen in the unimmunized mice.
No protection was seen in mice immunized with cells
infected with the NSI-expressing recombinant. Nt
antibodies were detected only in E glycoprotein-
recipient mice. The significance of the protection re-
ported in these studies is not clear, as the virus dose
used for the challenge was sub-optimal, since only
70% of the control mice succumbed to the chaltenge.
However. in a subsequent study " the baculovirus-
expressed JEV L protein was found to be more eftica-
cious. In this study. 100% of mice immunized with
S§7-9 cells infected with the recombinant baculovirus
synthesizing the prM and E proteins, were protected
from a lethal JEV challenge, while only 8% mice in
the unimmunized control group survived the chal-
lenge. This study thus provides encouraging cvidence
for pursuing further work on baculovirus systems for
developing a protein subunit vaccine against JEV.

Cell culture system

The full-length JEV E protein when expressed in
mammalian cells remained within the cell in a form
that was poorly immunogenic. However, when it was
expressed together with prM. as a prM-E fusion pro-
tein, it was secreted as sub-viral particles (SVPs) that
were highly immunogenic in mice inducing JEV Nt
antibodies and virus-specific memory T-lymphocytes
that conlerred  protection against live virus chal-
lcngc"l . Chinese hamster ovary (CHO), COS-1 and
rabbit Kidney-derived RK13 cells. permanently trans-
fected with the JEV prM-I2 sequence showed con-
tinuous production of extracellular particles (EPs)
which generated Nt antibodies in immunized mice
that protected them against lethal JEV challenge e oF
This particulate H2V antigen has the potential to be a
promising second generation JE subunit vaccine that
should be sate. cheap and etfective.

Recombinant virus vacceines

Recombinant viruses are usetul tools in vaccine
rescarch. A variety of viruses have been investigated
as potential vectors for developing recombinant vi-
ruses. An important feature of almost all recombinant
viruses is their ability to induce both humoral as well
as cell-mediated immune responses. Canary-pox. vac-
cinia, yellow fever, and more recently, adenoviruses
have been used for the development of recombinant
vaccines against JE. These are briefly reviewed as
under.
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Recombinant poxvirus system

Konishi er af™ constructed vaccmia recombi-
nants expressing different JEV proteins. They showed
that vaccinia recombinants co-expressing the struc-
tural proteins prM and E generated high titers of JEV
Nt antibodics in mice, which were protected against a
lethal JEV challenge. However, recombinants ex-
pressing NS1, although generated anti-NS1 antibod-
jes. these induced only a low level of protection in
mice against lethal JEV challenge.

Safety concerns associated with the vaccinia vi-
rus have led to the development of highly attenuated
derivatives of it. NYVAC is one such virus derived
from vaccinia by the deletion of 18 ORFs ' Immuni-
zation of pigs with recombinant NYVAC expressing
JEV prM., E and NS1 proteins generated JEV Nt anti-
bodies. which were elevated further, following a
booster dose . The immunized pigs developed lower
levels of viremia compared to the non-immunized
controls, when challenged with high dose of live JLIV.

Another attenuated derivative of vaccinia that
has been used for making recombinant viruses for
vaccine purpose is the modified vaccinia virus Ankara
(MVA) strain. The MVA/IEV recombinants gener-
ated JEV Nt antibodies comparable with those in-
duced by the commercial inactivated JEV vaccine in
mice and these were protected against a highly lethal
dose of JEV'

Due to the safety concerns associated with repli-
cation-competent recombinant viruses, avipoxviruses
have been examined as potential recombinant vaccine
vectors. These viruses infect mammalian cells abor-
tively. while maintaining the capacity to present anti-
gens to the immune system. Canarypoxvirus has re-
ceived the most attention as the recombinant vaccine
veetor since it induced immunity more efficiently
than other avipoxviruses. ALVAC is an attenuated
vaccine strain of canarypoxvirus. Mice immunized
with an ALVAC recombinant expressing the prM, I
and the NS1 proteins of JEV produced JEV Nt anti-
bodies that protected them from a lethal JEV chal-
lcngew.

Raengsakulrach ¢f al. Y have evaluated NY VAC-
JEV and ALVAC-JEV recombinants in rhesus mon-
keys where they were found to be safe and immuno-
genic to varying degrees. These recombinants were
further evaluated in a controlled, randomized, double-
blind clinical trial to assess safety and immunogenic-
ity in human volunteers * NYVAC-JEV elicited an-
tibody responses to JEV antigens in recipients, but
here also, as in the previous study in rhesus monkeys.

~.
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ALVAC-JEV vaccine was poorly immunogenic.
However. the NYVAC JEV vaccine candidate in-
duced Nt antibodies only in the vaccinia-naive recipi-
ents. while vaccinia-immune volunteers failed to de-
velop protective antibodies. These data indicated that
pre-existing immunity to poxvirus vector interfered
with the antibody responses to the recombinant ,gene
products suggesting that alternate viral vectors for
antigen delivery need to be investigated.

Recombinant adenovirus system

In recent vears. adenoviruses have shown great
promise as vectors for recombinant vaccine develop-
ment. Besides being safe, these viruses have teen
shown to induce effective humoral and cellular im-
mune responses in experimental animals. During the
ongoing cftorts to develop potential JEV vaccine can-
didates, the authors constructed a recombinant virus
using human adenovirus 5 (AdS) that synthesized the
prMand B proteins of JEVY. Recombinant adenovi-
rus. RAdEs, synthesizing the carboxy-truncated secre-
tory form of JEV L protein. was significantly more
immunogenic in mice than the recombinant synthesiz-
ing the full-length membrane-anchored E - protein.
Mice immunized with RAdEs. given intra-muscularly
(IM). generated high titres of JEV Nt antibodies and
splenocyvtes from animals  secreted large
amounts of 1EN- in the presence of JEV and showed
cytotoxic activity against JEV-infected cells. Naive
mice immunized with RAdEs were completely pro-
tected against a lethal intra-cerebral (1C) challenge
with JEEV. Mice with pre-existing Ad5 Nt antibody
titres similar to those in voung children, could also be
immunized successfully by RAdLs demonstrating its
potential as a candidate vaccine for children, the pri-
mary targets of JEV infection.

these

Recombinant yellow fever virus system

Yellow tever (YI) 17D is a live, attenuated vac-
cine that has been in use for nearly 70 years with ex-
cellent record of safety and efficacy. Inoculation of a
single dose of YF17D leads to generation of life-long
immunity in nearly 100% of the vaccines. The vac-
cine manufacturing procedure is well established and
the vaccine is licensed for human use by the interna-
tional health authorities. Thus YF17D is an ideal vac-
cine vector for making recombinant vaccines.

Chambers ¢r ol'® constructed a chimeric virus
(ChimeriVax-JE) by replacing the genes encoding
prM and E proteins of YF17D virus with the corre-
sponding genes of SA 14-14-2, an attenuated strain of
JEV. Following successful pre-clinical development
in murine and primate models, ChimeriVax- JE en-
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tered a randomized, double-blind clinical trial which
demonstrated that the vaccine candidate induced JEV
Nt antibodies in 100% of naive (n=6) as well as
YF17D-immune (n=6) subjectsﬂ. JE antibody levels
were higher in YF-immune than in naive subjects,
dispelling concerns about the anti-vector immunity.
Subsequently, in a double-blind Phase-11 clinical trial
carried out in a larger number of individuals (n=99)
who received either ChimeriVax-JE. placebo or the
YF17D vaccine, ChimeriVax-JE was found to be well
tolerated with 94% of individuals developing JEV Nt
antibodies™®. Significantly, immunological memory
was demonstrated in ChimeriVax-JI. immunized in-
dividuals in the form of an anamnestic response fol-
lowing the challenge with the mouse brain-derived
inactivated JE-VAX".

DNA vaccines

Nucleic acid or genetic vaccines, more popularly

known as DNA vaccines, represent the most recent of

the vaccine development strategies. In this approach,
DNA encoding the protective immunogen, or a part
thereof, is placed under the control of a strong eu-
karyotic promoter in a bacterial plasmid which is then
administered IM or intradermally (D). DNA vaccines
offer potential advantages over other modes of vacci-
nation. For example, vaccine interference due to pre
existing antibodies to other flaviviruses or to the vac-
cine vector does not pose a problem with DNA vac-
cines. Besides, these vaccines are likely to be cheaper,
safer, and easier to manufacture, making them an at-
tractive alternative to conventional vaccines. Over the
past decade, quite a few candidate DNA vaccines for
JE have been developed and tested in animal models
with varying degree of success. These are reviewed as
under.

It has been known that the antibodies directed
against JEV E protein neutralize virus activity in vitro

and the JEV Nt antibodies are important mediators of

protection against the disease. Morcover, it has been
established that another structural protein. pr. is
essential for the intracellular processing and secretion
of L protecin in the correct conformation. As a result,
the majority of JEV DNA vaccine constructs incorpo-
rate both E and prM.

Although early studics with JEV DNA vaccine
candidates encoding prM and L genes clicited low
titres of Nt antibody in mice, it was subsequently
demonstrated that a single IM injection of as little as
25 ug of recombinant plasmid DNA, encoding the
JEV prtM and E proteins, could induce JEV Nt anti-
bodies capable of protecting the immunized mice

KAUSHIK BHARATL et al.

against lethal viral challengew. This remarkable find-
ing stems from the novel design of the gene cassette
that included the Kozak's consensus sequence for en-
hanced translation and the computer predicted optimal
signal-peptide encoding sequence preceding the prM
and E genes of JEV.

Ashok and Rangarajan“' have evaluated the im-
munogenicity of a plasmid that contained the JEV E-

" encoding sequence without any signal peptide. The E

protein synthesized by the plasmid remained intracel-
lular. The plasmid was able to raise a protective im-
mune response in mice even though JEV-specific an-
tibodies were undetectable.

Considering that the form of the immunogen
might affect its immunogenicity. the authors studied
the immunogenicity in mice of plasmidos, delivered
IM or 1D (using a gene gun) that synthesized the
membrane-anchored (pMEa) and the secreted (pML:s)
forms of the JEV L protein " Form of the E protein
or the route of DNA delivery did not atfect the Jevel
of protection seen in immunized mice where about
60% protection was seen in an IC JEV challenge
model. This was significantly lower than ~90% pro-
tection afforded by the commercial formalin-
inactivated vaccine in mice. The plasmid constructs
were recently evaluated in a primate (Macaca mu-
lattaj model, where the DNA vaccine candidates effi-
ciently primed the immune system that subsequently
generated a vigorous anamnestic immune response
upon a sham challenge with the mouse brain-derived
inactivated vaccine, used as a control™.

Encouraged with the potential of DNA vaccines
against JE. cfforts are now focused on improving their
immunogenicity. The authors have tried to address
this issue in two ways. Firstly, by investigating the
delivery of plasmid DNA in a particulate form to en-
hance its uptake by the professional APCs. They
found that DNA adsorbed onto cationic microparti-
cles showed enhanced immunogenicity in mice'.
They believe that use of smaller cationic particles in
the nano-range would further enhance the efficacy of
the candidate DNA vaccine. Secondly. by investigat-
ing the co-administration of JEV DNA vaccine and
plasmids encoding the cytokines interleukin-2 (IL.-2)
or granulocyte-macrophage colony-stimulating factor
(GM-CSF) in mice improved the immunogenicity of
the DNA vaccine. The authors findings showed that
ID co-administration of JEV DNA vaccine and plas-
mid encoding GM-CSF using the gene gun enhanced
anti- JEV antibody titres resulting in an increased
level of protection in mice against jethal JEV chal-
lenge At present, work is in progress (0 enhance
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Virus used

Manufacturer
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Dosing

Status

BIKEN/IE-VAX®

SA 14-14-2

IXIARO®

Mouse brain-
derived. Tnacts-
vated

PHK cell-
cultured; Live-
attenuated

Vero cell- cul-
tured; Inactivated

Nakayama

SA 14-14-2

SA 14-14-2

BIKEN. Japan:
Sanofi Pasteur.
USA. Green
Cross. South Ko-
rea. CRI India

Chengdu Institute
of Biological
Products. China

Intercell. Austria:
Indian partner:

I'hree doses at 0.
7, 30 days. Boost-
ing after 1 year
and subsequently,
every 3 years till

child 1s 10 ycars of

age.

Single dose

Two doses at
and 30 days

Withdrawn from

international mar-

ket; Manufacture
stoppéd at CRI

Currently in use in

China. India, Ko-

rea. Sri Lanka and
Nepal

Pivotal Phase II1
trials completed:

JEV SA 14-14-2

and YV 17D chi-

meric infectious
clone

Chimeri-Vax-
PR

Infectious clone;
[.ive-attenuated

Biological 12 US FDA approved
in March 2009;
Europcan Com-
mission granted,

Marketing
authorization in
April 2009

Acambis, UK Phase I trial in
USA. Australia

and Asia

Single dose

the immunogenicity of the DNA vaccine candidate by
making fusion constructs that would target the antigen
to particular cellular compartments or target certain
receptors on the surface of APC's for efficient antigen
delivery.

Conclusions

Despite the immense clinical significance of
flaviviruses in general and JE in particular, there is, as
yet, no chemoprophylactic or chemotherapeutic agent
available for these viruses. Though there is some hope
that antiviral agents may be found in ncar future,
for the present, vaccination appears to be the only
logical alternative. However, it should be borne in
mind that JE cannot be totally eradicated as for dis-
cases like smallpox. polio or measles, where humans
are the only host. At the most, this zoonotic disease
can be held at bay by the judicious vaccination of
humans.

Now that the manufacture of the mouse brain-
derived inactivated vaccine has been discontinued,
there is all the more urgency to develop a safe and
effective vaccine against JE. The two main factors
that need to be addressed carcfully while investigating
the applicability of some of these alternative vaccines
are their long-term cfficacy and the cost. Policy mak-

ers and health officials should bear in mind that the
target populations for the JEE vaccines are the cco-
nomically weaker strata of the society. This is an im-
portant reason why the mouse brain-derived vaccine
could not be used for mass-scale vaccination.

At present there are quite a few promising JE
vaceine candidates that are in various stages of devel-
opment (Table- 2). Vero cell-derived inactivated JEV
vaccine and YF virus based recombinant vaccine
ChimeriVax-JI2, are under advanced clinical evalua-
tions. JEV DNA vaccine candidates have been evalu-
ated in non-human primatcs""‘ " and may enter clini-
cal trials soon. Moreover, Intercell's IXIARO® has
been approved by the US FDA and received the go
ahead by the Luropean Commission last year. The
coming five years, thus, will be an exciting period for
JE vaccine development where an efticacious vaccine
is likely to emerge. However, further rescarch cfforts
need to be directed towards making these as single-
dose vaccines with long lasting immunc response.
Besides, vaccines that could be administered by non-
invasive means would be most desirable.
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