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Dengue is a flaviviral disease that is currently a public
health problem of global proportions. Vaccines for other
flaviviral diseases have been successfully made. But a
dengue vaccine has been elusive despite decades of
effort. Several factors such as the existence of four
antigenically distinct viruses that cause disease, the
immune enhancement phenomenon underlying disease
pathogenesis and the lack of a good animal model of
the disease have collectively contributed to making
the task of developing a dengue vaccine a formidable
one. Global awareness of dengue in recent years
has kindled renewed interest in developing dengue
vaccines.
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Introduction

THE earliest efforts to develop a vaccine for dengue were
initiated in the early 1940s (ref. 1). Today, at the turn of
the first decade of the 21st century, a dengue vaccine has
yet to be licensed for human use. Dengue, perceived as an
obscure disease of tropical countries, has been neglected
for long. This perception has been undergoing a radical
reversal in recent years”. This is reflected in the important
advances made in our understanding of the virus and the
disease®, and vaccine development efforts are proceeding
with a new sense of purpose and urgency”® . This has
resulted in a keen appreciation of the factors that make
the development of dengue vaccines a complex and chal-
lenging task. This article will provide a brief overview of
dengue disease, the rationale that drives and the hurdles
that confront vaccine development efforts, the various
approaches to dengue vaccines, current status of clinical
trials and conclude with the challenges that must be
addressed successfully before a dengue vaccine can
become available for human use.
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Dengue disease and need for a vaccine

Dengue is a mosquito-borne viral disease, which has
become a major global public health problem with a dra-
matic expansion in recent decades®. The disease is caused
by any one of four closely related, yet antigenically dis-
tinct, dengue viruses (DENV-1, DENV-2, DENV-3 and
DENV-4) of the family Flaviviridae, which also includes
other members like yellow fever (YF), tick-borne ence-
phalitis (TBE), Japanese encephalitis (JE) and West Nile
(WN) viruses. All Flaviviridae members possess a single-
stranded, (+) sense RNA genome of relatively simple
organization, consisting of a single open reading frame
(ORF) flanked by 5 and 3’ non-translated regions
(NTRs) as shown in Figure 1. The single ORF directs the
synthesis of a long polyprotein that is processed by the
combined action of viral and host proteases into 10 viral
proteins that consist of three structural proteins (capsid C,
membrane M (which is synthesized as the larger precur-
sor prM) and envelope E) and seven non-structural (NS)
proteins®.

DENYV infection produces a spectrum of clinical symp-
toms ranging from inapparent or mild febrile illness, or
dengue fever (DF), to severe and fatal dengue haemor-
rhagic fever (DHF) and dengue shock syndrome (DSS).
DENYV inoculated into the skin by a mosquito bite repli-
cates initially in the local dendritic cells’, followed by
systemic infection and release into the bloodstream. DF
presents with a sudden onset of fever that coincides with
the appearance of DENV in the blood. At the peak of the
febrile phase, virus levels in the blood can be as high as
10° infectious units/ml. Fever is accompanied by head-
ache, retro-orbital pain, severe general bodyache and skin

Figure 1. A schematic representation of the genomic organization of
DENVs and other flaviviruses. The ~11kb long flaviviral genomic
RNA contains a single pen reading frame (ORF), flanked by ~100 base
5” and ~450 base 3’ non-translated regions (NTRs), shown by the short
black lines at either end. The 10 viral proteins encoded by the single
ORF are shown by the red and blue boxes, with the alphabets indicating
the structural proteins and numbers indicating the NS proteins. The
genes encoding the structural proteins prM and E which are used in
many recombinant vaccine approaches are shown in blue while the rest
are in red.
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rashes. In most cases a full recovery from DF occurs. In
DHF and DSS, apart from very high fever, the patients
manifest 10-100 fold higher viraemia', thrombocyto-
penia, haemorrhagic manifestations and evidence of vas-
cular leakage into interstitial spaces™”'". In the absence
of hospitalization DHF/DSS is associated with high case
fatality rates'>"?.

Currently, dengue is prevalent in more than a hundred,
mostly economically resource-poor countries in the tropi-
cal and sub-tropical regions of the globe, which provide
an ideal habitat for the mosquito vectors that spread the
disease. In many of these countries, multiple DENV sero-
types co-circulate. Outbreaks occur with increasing regu-
larity'". The disease which was mostly prevalent in the
cities has started spreading to rural areas as well.
According to the World Health Organization (WHO),
more than 2.5 billion people live in dengue-endemic areas
with about 50 million DENV infections and 500,000
DHF/DSS cases occurring each year'®. Recent estimates
of the annual incidence of DENV infections by an inter-
national consortium known as the Paediatric Dengue
Vaccine Initiative (PDVI) suggest that it may, in fact, be
several times higher than WHO estimates'’. It is now
almost universally recognized that this situation prevails
due to massive unplanned urbanization, overpopulation,
increasing global travel and the inability to eradicate the
mosquito vectors. Consequently, there is global consen-
sus that a dengue vaccine is urgently needed™'®. The
PDVI which emerged subsequently has been charged
with the responsibility of accelerating the development of
a dengue vaccine.

Rationale underlying dengue vaccine design

The design of the dengue vaccine stems from our current,
albeit incomplete™'’, understanding of the pathogenesis
of DHF/DSS. Infection with any one DENV serotype
provides lifelong homotypic immunity with only transient
cross-protection against the remaining three serotypes'™.
DENYV infections tend to be severe in those who have
pre-existing antibodies to a different serotype, acquired
either through maternal transfer or a primary infection'” ',
It is believed that non-neutralizing IgG antibodies result-
ing from prior infection complexed to heterotypic
DENVs during a secondary infection are taken up more
efficiently by Fc receptor-bearing monocytes and macro-
phages in a phenomenon termed “antibody dependent en-
hancement’ (ADE)“‘zl. This, in turn, can lead to increased
viral replication and increased viral load. It is beginning
to be realized that ADE may not rely solely on Fc recep-
tors to mediate enhanced viral uptake. DENV proteins,
particularly prM and NSI, elicit antibodies that cross-
react with host endothelial antigens™**. These antibodies
complexed to DENV can potentially target the latter for
entry into host cells through cross-recognition of host cell
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antigens. It has been shown recently that anti-NS1 anti-
body can bind to and damage endothelial cells*!. Recent
studies of the T-cell repertoire after secondary DENV
infection suggest that expansion of pre-existing memory
T-cell populations (with greater avidity for the primary,
but not the secondary serotype), may be responsible for
sub-optimal viral clearance®. Whether through ADE or
sub-optimal viral clearance, the increased virus load
triggers a vigorous cytokine storm that damages the endo-
thelium with concomitant capillary leakage and severe dis-
case®™”. The immunopathologic mechanism underlying
DHF/DSS, taken together with the co-circulation of
multiple DENV serotypes in the endemic areas, dictates
that a dengue vaccine must be tetravalent, capable of
affording durable protection against infection by all four
serotypes simultaneously. This is easier said than done.

Hurdles in dengue vaccine development

Vaccines against diseases caused by related flaviviruses
such as YF, JE and TBE viruses have been made and are
licensed in many countries such as US, China, Japan and
Europe''*°. The expectation that making dengue vaccines
using similar approaches would be quickly accomplished
has been belied. Why has a dengue vaccine been elusive
all these years? Several factors have contributed jointly to
making the task of developing a dengue vaccine a complex
and challenging task™'"*’. First, in contrast to YF, JE or
TBE vaccines that are monovalent, targeting single flavi-
viruses, a dengue vaccine has to be tetravalent. Thus,
there is the need to develop not one, but four vaccines
that can collectively target all four DENV serotypes.
Second, the immune response elicited by such a tetra-
valent vaccine must be balanced and durable. If solid
immunity to all four is not achieved, there is a possibility
that the vaccine recipient could be sensitized to severe
disecase through the immune enhancement phenomena
mentioned above. Third, how protective immunity is
induced is not well understood. By analogy with the other
flavivirus vaccines mentioned above, it is assumed but
not proven that neutralizing antibodies mediate protection
against DENV infection in vivo. Evaluating vaccine
induced immunity is a challenging task as it is necessary
to demonstrate that each of the four immunogens in the
tetravalent vaccine induces immunity. This task is bound
to be confounded by the co-circulation of non-DENV
flaviviruses in dengue-endemic areas. Finally, one of the
biggest hurdles has been the lack of an appropriate ani-
mal model system to evaluate experimental dengue
vaccines. Mice and monkeys are used, though they do not
manifest any dengue-like illness, to carry out pre-clinical
assessment and examine if human trials are warranted.
Clinical testing and long-term evaluation are the only
means of assessing safety, immunogenicity and reacto-
genicity of experimental vaccines.
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Approaches to develop dengue vaccines

Several different strategies, schematized in Figure 2, are
being undertaken for the development of tetravalent den-
gue vaccines>™®7. Of these, vaccine candidates based on
live viruses, attenuated either empirically or rationally,
are in advanced stages of development. The tetravalent
live attenuated dengue vaccine candidates being currently
evaluated in clinical trials are physical mixtures contain-
ing attenuated DENV strains corresponding to the four
serotypes (monovalent vaccine strains). The perception of
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Figure 2. Current strategies for creating experimental dengue vac-
cines. The native DENV is represented schematically in the centre. The
outer envelope made of the M (the mature form of prM) and E proteins
is shown by the blue circle. The dashed circle represents the viral C
protein covering the genomic RNA which is shown by the linear coil.
The structural and non-structural genes are shown in blue and red re-
spectively. The different ways of creating vaccines are shown by the
numbers: (1) Passaging the DENV in a semi-permissive host in tissue
culture results in attenuation (attenuating mutations are shown by the
black dots on the RNA genome). (2) Using infectious clone technology,
specific attenuating mutations can be engineered into the genomic
RNA. The introduction of the A30 mutation (shown by the circle in the
3’ NTR) is depicted. (3) Infectious clone technology can also be used to
graft the prM + E genes (blue) into the YF17D backbone (green). The
resulting chimeric virus which carries this hybrid genome contains
YF17D-encoded C (dashed green line), but DENV-encoded M and E.
Instead of YF17D, attenuated DENV backbones (for example, DENV-2
PDK-53, rDEN4A30), may also be used to make intertypic chimeras.
(4) DENV virions can be chemically treated, for example with forma-
lin, to produce inactivated virus vaccine. The RNA genome is shown
with a dotted line to indicate inactivation. (5) E gene or its carboxy-
terminal region encoding EDIII can be expressed in heterologous
systems for use as subunit vaccines; recombinant E and EDIII antigens
are shown by the solid and hatched blue spheres respectively. (6) The
prM + E genes or the EDIII genes (shown by the solid blue bar) may be
inserted into plasmid vectors (shown by the black circle) for use as
DNA vaccines.
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potential difficulties with the live attenuated approach
and an increased global awareness of dengue in recent
years have led to the exploration of alternative strategies,
based on recombinant DENV antigens expressed using
different heterologous hosts and genetic vaccination,
using plasmids and viral vectors. Again, most of these
alternate strategies, with a few recent exceptions, envi-
sion the creation of monovalent vaccines, which could be
incorporated together in physical mixtures, to produce
tetravalent vaccines. Each of these approaches has its
unique advantages and drawbacks. For example, the live
attenuated vaccines which can provide a robust and dura-
ble immune response carry the inherent risk of reversion
to virulence. The non-replicating vaccines, on the other
hand, which eliminate the safety risk may not be as good
at inducing a potent, long-lasting immune response.
However, these issues may be addressed through the use
of suitable adjuvants and booster immunizations.

Live attenuated dengue vaccines

Propagation of viruses serially in an unnatural cell sub-
strate can lead to the selection of mutants better adapted
to replication in vitro than in the natural living host. This
strategy has been utilized to empirically attenuate
DENVs. The development of attenuated DENVs stems
from the discovery that they could be propagated in
primary dog kidney (PDK) cells with accompanying
changes in some of their properties™. In general, with in-
creasing passage number, plaques become progressively
smaller, and the viruses tend to show increased tempera-
ture sensitivity, decreased cytopathicity and mouse
neurovirulence™. Using these properties as biologic
markers, DENVs can be assessed at each passage for the
degree of attenuation attained. However, as attenuating
mutations have the potential to occur anywhere on the
viral genome, the immune response induced by such
attenuated viruses may not necessarily be to wild-type viral
proteins. Additionally, it must be noted that attenuating
point mutations are more prone to reversion than dele-
tions. This is clearly an empirical and time-consuming
process to obtain potential vaccine strains, showing an
acceptable balance of attenuation and immunogenicity,
corresponding to each of the four DENV serotypes. This
has been done by two groups independently, one at
Mahidol University in Thailand®, and the other at the
Walter Reed Army Institute for Research (WRAIR) in
the USA™. Both groups have spent nearly three decades
to date on this. However, neither group has biologically
cloned its attenuated strains’. Further, attenuating muta-
tions have been identified for only the Mahidol DENV-2
vaccine candidate known as PDK-53 (ref. 32). This
vaccine virus, in which the mutations have been mapped
to the 5" NTR, NS1 and NS3, is currently being used to
develop intertypic chimeric vaccine strains (see below).
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In contrast to the conventional and empirical approach
described above, reverse genetics has been employed
more recently to introduce defined attenuating mutations
into the DENV genomic RNA. This is also referred to as
infectious clone technology. Attenuation is achieved by
by site-directed mutagenesis of a plasmid-borne full-
length ¢cDNA clone of the DENV genome, followed by its
in vitro transcription to ‘infectious’ RNA, from which the
recombinant DENV carrying the attenuating mutations
can be recovered by transfecting it into permissive cells.
It was shown that substituting discrete nucleotides in the
terminal part of the 3" NTR of DENV-1 (ref. 33) and
DENV-2 (ref. 34) with corresponding nucleotides from
WN virus genome resulted in attenuation. The insertion
of this mutation, referred to as ‘mutF’ into the genomes
of the remaining two DENV serotypes has not been de-
scribed. However, a 30 nucleotide deletion (A30) in the 3
NTR of DENV-4, originally identified as one of a panel
of 3’ NTR mutants®, has emerged as a promising muta-
tion from the perspective of a live attenuated vaccine.
This deletion removes nucleotides 10,478-10,507 of the
DENV-4 genomic RNA, with concomitant loss of a stem
loop structure known as TL2 implicated in replication.
The A30 mutation has been shown to provide an accept-
able balance between attenuation and immunogenicity
both in monkeys® and humans®. As the attenuating muta-
tion is confined to the 3” NTR, the A30 vaccine viruses
should be able to elicit immune responses to the wild-type
viral-encoded proteins. Another advantage is that deletion
mutations are more stable compared to point mutations,
minimizing the likelihood of reversion. Live attenuated
vaceine strains, corresponding to all four DENV sero-
types, carrying the A30 mutation have been constructed
using reverse genetics at the US NIH**. Interestingly,
introduction of the A30 mutation into the homologous
3/ NTR of DENV-1 (ref. 37), but not DENV-2 (ref. 40)
and DENV-3 (ref. 39) resulted in acceptable attenuation.
While the reason for this is not clear, an alternate
approach has been used successfully to develop attenu-
ated A30 vaccine viruses corresponding to DENV-2 and
DENV-3. This approach termed antigenic chimerization,
takes advantage of the fact that serotype-specificity is
determined by the structural proteins, predominantly so
by the E protein. Additionally, it is common to include
the prM protein, as it is believed to assist in the mainte-
nance of the structural/antigenic integrity of the E pro-
tein. Using this approach, the prM and E protein-coding
region of the rDEN4A30 attenuated vaccine vector was
replaced with the corresponding region taken from either
DENV-2 or DENV-3, to create the intertypic chimeric
viruses, TDEN2/4A30 (ref. 38) and rDEN3/4A30 (ref. 39)
respectively. Antigenic chimerization is also being used
by researchers at the CDC in the USA to create intertypic
chimeric vaccine viruses based on the use of DENV-2
PDKS53 vaccine virus mentioned above, as the backbone
to carry the prM and E genes of DENV-1, -3 and -4
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(ref. 41). A variation of this approach utilizes the empiri-
cally attenuated yellow fever vaccine virus (YF17D) as the
vaccine carrier to host the prM/ and E genes of the
DENVs. YF17D-derived chimeric viruses, known as
ChimeriVax viruses, encoding prM and £ genes of
DENV-1, DENV-2, DENV-3 and DENV-4 have been de-
veloped by Acambis/Sanofi Pasteur™ ™. It must be noted
that in contrast to the DENV/DENV intertypic chimeras
which carry all DENV genes, the ChimeriVax viruses
carry only the DENV structural genes encoding prA and
E with C and all NS protein genes being provided by
YF17D vector (Figure 2). While antigenic chimerization
per se can contribute to attenuation of the ChimeriVax
viruses, the contribution of the attenuating mutations of
the YF17D backbone is not quite clear. Attenuating muta-
tions, mapped to the structural genes of YF17D, are lost
during ChimeriVax construction.

Alternate dengue vaccines

In contrast to the live, replicating vaccines described
above, a host of non-replicating vaccine strategies are also
being explored for the development of dengue vaccines.
These approaches focus on inactivated viruses, recombi-
nant DENV antigens and the use of non-replicating
vectors designed to deliver and express DENV antigens
in vivo.

Inactivated vaccines, by definition, possess the advan-
tage of conferring immunity without the risk of infection.
Purified virus can be inactivated by different methods and
used as vaccines. As the purified inactivated virus (PIV)
is non-infectious, it has to be formulated in a good adju-
vant to elicit a potent immune response. However, the
low growth titers attained by DENVs in tissue culture and
concerns that inactivation can adversely affect their anti-
genicity have contributed to a lack of keen interest in
developing inactivated dengue vaccines™. Using DENV
adapted to grow to high titers in certified Vero cells, one
group has shown that DENV-2 can be inactivated with
low concentrations of formalin with retention of immu-
nogenicity ™.

In contrast to whole virus-based strategies described so
far, several initiatives that focus on a subunit approach have
emerged recently. Subunit vaccines are non-infectious
like the PIVs, but eliminate their disadvantage of yield
limitation. These are based on DENV antigens, either pro-
duced as recombinant proteins in heterologous systems™® >’
or encoded by plasmids® ® or viral vectors®"®. In this
context, the preferred DENV antigen is the E protein, for
a variety of reasons. It is a large, multifunctional protein
involved in several critical aspects of DENV biology
such as receptor recognition, membrane fusion and virion
morphogenesis®. The E protein has been implicated in the
generation of neutralizing antibodies and the induction of
protective immunity''. It is responsible for eliciting the
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first and longest lasting antibody response to DENV
infection’” as it contains multiple serotype-specific, con-
formation-dependent neutralizing epitopes' "', Recom-
binant E protein and its derivatives have been expressed
and purified using different heterologous systems including
E. coli®™"37355% yeast™ % and baculovirus®’ expression
systems. The results have not been encouraging. Whereas
full-length E protein made in E. coli and baculovirus
tends to be insoluble, in yeast, expression yields are low.
The most promising subunit vaccine candidate so far, has
been produced by expressing carboxy-terminally trun-
cated versions of the E molecule, using the Drosophila
expression system™®’?. Genetic vaccination is another
strategy that has been developed for many infectious dis-
eases. It has also been applied to dengue by different
groups. Many of the genetic vaccine approaches use the
DENV E-encoding sequences inserted into a plasmid® %
or viral vector®®, By analogy with the chimeric vaccines
described above, many genetic vaccines include prM
along with E. This has the added advantage of generating
non-infectious virus like particles in vivo.

In recent years we have witnessed the emergence of
interest in the development of subunit dengue vaccines
based on a discrete ~100 amino acid residue sub-domain
of the E protein known as envelope domain III (EDIII).
This has been fuelled by the realization that several
attributes of the larger E protein, critical from a vaccine
perspective, are actually associated with EDIIL. Thus,
experimental EDIII vaccines based on recombinant anti-
gens 73339839 1 plasmids® o and  virus-vectors® "%
have been developed. Interestingly, some groups have
developed tetravalent vaccines by incorporating EDIIIs of
DENV serotypes 1-4 into a single construct™ %,

Current progress

As mentioned already, almost all approaches, with a few
recent exceptions, are based on developing single sero-
type-specific vaccines, also referred to as monovalent
vaccines. The four monovalent vaccines are then physi-
cally mixed into a single formulation to obtain a tetrava-
lent dengue vaccine. Thus, the making of a dengue vaccine
entails the development of five, four monovalent plus a
single tetravalent vaccine candidates. In addition to ex-
tensive pre-clinical testing in mice and monkeys, each of
the four monovalent vaccine candidates needs to be tested
in human trials for safety, immunogenicity and efficacy,
before being mixed into a suitable tetravalent formula-
tion, which in turn has to undergo extensive clinical
development. This is one of the factors that have made
this a long drawn process. The live attenuated vaccine
candidates are currently the most advanced candidates,
having reached phase II clinical testing, as tetravalent
formulations (Table 1). Some of experimental vaccines
are in early phase I stage, while the majority of the vac-
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cines mentioned under the alternate category are still in
pre-clinical phase of development. An overview of the
current status of the different dengue vaccines in clinical
trials is provided below’”.

Tetravalent formulations of the Mahidol vaccine have
consistently been plagued with heightened reactogenicity
of the DENV-3 component as evidenced by systemic
symptoms in trial volunteers’®’®. The failure to achieve
acceptable levels of DENV-3 attenuation® has led to the
Mabhidol vaccine not being actively developed any fur-
ther. The WRAIR attenuated DENV vaccine strains also
manifested similar problems of balancing attenuation and
immunogenicity in phase I trials of 16 different tetra-
valent formulations. The DENV-1 component was signifi-
cantly under-attenuated and the DENV-4 component was
slightly over-attenuated® **. In an effort to address this,
these two components were replaced and dosages modi-
fied®. A pilot open-label, safety and immunogenicity trial
of this modified WRAIR candidate tetravalent vaccine
(formulation 17), administered in two doses, six months
apart, to a small number of 6-7-year-old Thai children
was completed in 2004. The results of this trial which
were published recently show that the vaccine was well
tolerated with no serious adverse events. One child
developed mild transient fever and DENV-4 vaccine
viraemia one week after receiving the boost. In the remain-
ing children, neutralizing antibodies to all four DENVs
were observed when assayed one month after the second
dose. The geometric mean titers specific to DENV-1, -2,
-3 and -4 in these children were 55, 475, 350 and 171
respectively®. Results of a phase I/IT trial completed in
mid-2006, designed to look at the effect of giving an
additional boost to Thai children who had received two
doses of the WRAIR tetravalent vaccine in an earlier
study, are not yet available. A phase 1/II randomized,
controlled, double-blinded trial to evaluate the WRAIR
vaccine in 51 flavivirus-naive 12-15-month-old Thai
infants is scheduled to be completed at the end of this
year. Multiple formulations of the WRAIR tetravalent
vaccine have undergone phase II testing in adults in USA.
Formulation 17 which was tested in one of these phase 11
studies was reported to induce tetravalent seroconversion
in 63% of the volunteers®. Additional phase II trials are
underway in Puerto Rico and Thailand (Table 1).

A monovalent chimeric vaccine created by inserting
DENV-2 prM and E genes into the YF17D backbone,
referred to a ChimeriVax-DEN2, was first tested in
humans as a prelude to testing the tetravalent formula-
tions. This phase I study revealed that the monovalent
ChimeriVax-DEN2 vaccine is safe and immunogenic.
Further, this trial also showed that prior immunity to YF
facilitates the induction of high levels of long-lasting
cross-neutralizing antibody response to all four DENVs.
Many of the vaccine recipients manifested transient virae-
mia®. A randomized, double-blind, placebo-controlled
phase I study of the safety and immunogenicity of the
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Table 1. Dengue vaccines in clinical trials”
Vaccine Targets Developer Phase Trial sites
LAV® All four DENV serotypes  WRAIR/GSK /11 Thailand, Puerto Rico, USA
cYD® All four DENV serotypes  Sanofi-Aventis 11 Thailand, Singapore, Vietnam, Peru,
Australia, Mexico, USA
A30 Single serotypes® NIAID I USA
prM/E DNA DENV-1 WRAIR I USA
E (ecto)! protein  DENV-1 Hawaii I USA
Biotech

"Data based on a search of the ClinicalTrials.gov website with the search term ‘dengue’, http://www.clinicaltrials/

gov/ct/search?2term=dengue

"LAV and CYD are being tested as tetravalent vaccines (targeting all four DENV serotypes simultaneously).
‘Several different A30 candidates are being tested as monovalent vaccines (targeting each of the four DENV sero-

types separately).

YRecombinant DENV-1 E protein ectodomain (N-terminal 80%) formulated in alum.

Chimeric Yellow fever Dengue (CYD) tetravalent
vaccine administered in two doses, six months apart, has
been carried out®®. About 45% of the volunteers mani-
fested viraemia, with maximum titers of about 140
PFU/ml, and ~32% seroconverted (PRNT5,>1: 10) to all
four DENVSs, after one dose. Immunogenicity data from
the second dose have not been reported. The interim
analysis has revealed the existence of inherent differences
in the replication traits of each of the four component
viruses in the tetravalent CYD vaccine formulation and
the need to readjust the infective dose of the vaccine
components in the tetravalent CYD formulation. It was
also observed in this study that tetravalent seroconversion
was ~69% in recipients with prior YF immunity. To
evaluate the role of prior exposure to flaviviruses further,
a phase II trial of the CYD tetravalent vaccine was car-
ried out in Australian adults, who had been previously
immunized with either an investigational dengue vaccine
or YF vaccine. The results from this study which was
completed in early 2008 are not available yet. Several
phase 1II trials of the investigational tetravalent CYD vac-
cine, in flavivirus-naive and -immune children and adults,
are currently underway in different countries and are
scheduled for completion starting from the end of 2009 to
mid-2015 (Table 1). One of these studies which has been
recently initiated in Thailand, aims to recruit ~4000 chil-
dren in the age range of 4-11 years to assess the efficacy
of the tetravalent CYD vaccine candidate administered in
three doses.

Unlike the empirically live attenuated and ChimeriVax
vaccines above, almost all of the A30 vaccine variants are
currently in phase I trials. These are being tested as
monovalent vaccines. Some trials have been completed
and many are still ongoing to evaluate different doses and
immunization schedules. Results from some of the com-
pleted trials are available. The first vaccine to be tested in
this series that paved the way to sustained work on the
A30 vaccines was TDEN4A30. A first trial of this vaccine
in 20 human volunteers showed that it was well tolerated,
mildly reactogenic, produced low levels of transient

374

viraemia and elicited high titers of neutralizing anti-
bodies™. A phase II study reported more recently showed
that rDEN4A30 administered at a low dose of just 10 PFU
was adequately immunogenic, inducing neutralizing anti-
bodies that could broadly neutralize several DEN-4 geno-
types®’. Similarly, rDEN1A30 and rDEN2/4A30 vaccine
viruses, were safe and immunogenic in healthy adult
volunteers, inducing a robust and durable immune res-
ponses to DENV-1 (ref. 88) and DENV-2 (ref. 89)
respectively. Phase [ trials of DENV-3 A30 vaccine can-
didates are either currently underway or planned. A tetra-
valent formulation containing rDEN1A30, rDEN2/4A30,
rDEN3/4A30 and rDEN4A30 which has been reported to
show encouraging results in Rhesus monkeys™ is yet to
be tested in humans.

Regarding the alternate vaccines, so far one phase I
study of a plasmid vaccine encoding the prM and £ genes
of DENV-1 has been completed in human volunteers for
safety and immunogenicity . No results have been posted
from this study yet. A phase I study of a carboxy-
terminally truncated DENV-1 E protein expressed using
the Drosophila cell system has just been initiated
recently”. All other alternate vaccine candidates being
developed are in pre-clinical stages. Many of these have
been tested in mice and/or monkeys and have been shown
to elicit virus neutralizing antibodies. In most instances,
with the few exceptions mentioned above 39016399 {hege
are being developed as monovalent vaccines.

Challenges

Dengue vaccine development efforts are proceeding at a
hitherto unprecedented pace. However, there are several
challenges that need to be addressed before dengue
vaccine becomes a reality. The major pre-licensure issues
are highlighted below.

The issue of viral interference poses safety concerns.
Interference, first seen with the Mahidol vaccine, is a
major issue confronting developers of live attenuated
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vaccine candidates. When four monovalent live attenu-
ated DENV vaccine strains were mixed together into a
single tetravalent formulation, immune responses were
predominantly directed to one serotype with the exclusion
of the others’®’""”. This was correlated to increased rep-
lication of one particular component in the tetravalent
formulation. Whereas this could be partially addressed by
empirical adjustments of the tetravalent formulation, it
could not be eliminated altogether. The induction of
unequal levels of neutralizing antibodies against the four
DENV serotypes has also been seen with the WRAIR
vaccine® ™. It was felt that interference would not occur
if all monovalent vaccine viruses in the tetravalent formu-
lation replicated with similar efficiency. However, the
CYD vaccine strains, all of which are based on the
YF17D backbone, mixed into tetravalent formulations do
manifest evidence of interference™**”'. Interference has
been observed with CDC’s PDK-53 based tetravalent
formulations as well*. These data underscore the lack of
our understanding of the potential for replication interfer-
ence among the components of a live attenuated tetra-
valent vaccine.

Recent pre-clinical data show that further dose adjust-
ments and multiple inoculations of the tetravalent Chi-
meriVax vaccine can partially ameliorate this problem”.
Similarly, encouraging results have been obtained using
tetravalent A30 vaccine formulations in monkeysgl". But,
will these optimized formulations remain ‘optimal’ in the
human recipient is a question that can be addressed only
through clinical trials. The fact that humans are the only
true models of dengue disease has been a major challenge
in vaccine development. Experiments in humans are
unethical unless justified by adequate pre-clinical data.
Unfortunately, neither the mouse nor the monkey models
used in pre-clinical development studies manifests
dengue. Clearly, these models have severe limitations and
many candidates that show promise in preclinical stages
tend to fail in humans. Consequently, clinical trials are
the only means of obtaining information of relevance to
dengue vaccine development.

Evaluating candidate vaccines in population-based
phase III efficacy trials in “at risk” populations is going to
be a major challenge”. Because of changes in dengue
transmission intensity patterns, circulating DENVs and
other co-circulating flaviviruses in different regions, effi-
cacy trials will need to be carried out in multiple trial
sites with highly characterized flavivirus epidemiology.
Trial sites need to be developed prior to initiating such
efficacy trials. PDVI has initiated long-term surveillance
of several cohorts to gather data on the incidence and
prevalence of dengue in many geographical sites'’. Once
efficacy trials are underway, it will be necessary to
evaluate if the experimental tetravalent vaccine confers
protection to all four DENV serotypes. Currently, there
are no methods to distinguish homotypic and heterotypic
antibodies in a tetravalent response. As mostly one
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DENV tends to predominate in a given geographical
region, trials will need to be done at multiple sites to
show efficacy against all four DENV serotypes’. This
would be a complicated task as DENVs co-circulate with
other flaviviruses. In addition, the phase III efficacy trials
must also include long-term safety and follow up to
evaluate the risk of vaccine-induced sensitization to
dengue disease.

A major bottleneck in dengue vaccine development is
the lack of established correlates indicative of protective
immunity against the disease. It is necessary to identify
such correlates which can be used as clinical end-points
in vaccine trials. This will help in evaluating the vaccine
candidates and accelerate the vaccine development pro-
cess. There 1s a general consensus that neutralizing anti-
bodies represent a primary correlate of protection against
DENYV infections. This stems from several lines of data,
including animal studies, vaccine trials and population
cohort studies”. For example, infants in dengue endemic
areas are protected against DENV infection during the
initial months of their lives when they still have mater-
nally acquired anti-DENV neutralizing antibodies™. How-
ever, there is no information on the antibody titers
required to confer protection against DENV infection.
Neutralizing antibody titers are measured using an in
vitro plaque reduction neutralization test (PRNT). The
biological relevance of this test needs to be established.
Currently, a PRNTs titre of =1 : 10 is taken as evidence
of seroconversion® and is assumed to reflect activation of
immunologic memory akin to that associated with recovery
from infection. It has been suggested that post-challenge,
rather than pre-challenge, titer of neutralizing antibodies
may be critical for protection®. While a role for cell-
mediated immunity in the clinical outcome of the disease
1s recognized, it is considered unlikely to provide a single
correlate of protection. WHO has recommended that
comprehensive immunological data should be generated
from future vaccine trials to define correlates of protec-
tion against dengue™.

Concluding remarks

The live attenuated dengue vaccines are front runners in
advanced clinical development and there is cautious
optimism that one of these may eventually be licensed for
human use. Current indications are that these vaccines
will need to be administered in 2 or 3 doses to achieve
tetravalent seroconversion. Using such a vaccine, travel-
lers from non-endemic regions can expect to be fully im-
munized before visiting dengue-endemic regions. However,
in dengue-endemic areas, partially seroconverted recipi-
ents are likely to face the possibility of infection before
completion of the immunization schedule. Another con-
cern in the context of the resource-poor nations in tropi-
cal and sub-tropical regions that bear a major burden of
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dengue disease is cost. A dengue vaccine for use in these
countries has to be not only safe and efficacious, but also
inexpensive. From this perspective, there is a need for the
development of potent non-replicating subunit vaccines
that will not only eliminate safety issues but also be
affordable. The alternate non-replicating vaccines that are
in early stages of development will benefit immensely
from the ongoing efforts aimed at better understanding
the pathogenesis and the development of newer models of
the disease.
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