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Abstract Dengue virus is the most widespread geograph-
ically of the arboviruses and a major public health threat in
the tropics and subtropics. Scientific advances in recent
years have provided new insights about the pathogenesis of
more severe disease and novel approaches into the
development of antiviral compounds and dengue vaccines.
Phylogenetic studies show an association between specific
subtypes (within serotypes) and severity of dengue. The
lack of association between maternal antibodies and
development of severe dengue in infants in a recent study
has called for the rethinking or refinement of the current
antibody-dependent enhancement theory of dengue hemor-
rhagic syndrome in infancy. Such studies should stimulate
new directions of research into mechanisms responsible for
the development of severe dengue. The life cycle of dengue
virus readily shows that virus entry and replication can be
targeted by small molecules. Advances in a mouse model
(AG 129 mice) have made it easier to test such antiviral
compounds. The efforts to find specific dengue inhibitors
are intensifying and the tools to evaluate the efficacy of
new drugs are now in place for rapid translation into trials
in humans. Furthermore, several dengue vaccine candidates
are in development, of which the chimeric dengue/yellow
fever vaccine has now entered phase 3 trials. Until the
availability of a licensed vaccine, disease surveillance and

vector population control remain the mainstay of dengue
prevention.
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Introduction

Dengue viruses are the most widespread geographically of
the arboviruses and are found in tropical and subtropical
areas where 2.5 billion to 3 billion people are at risk of
infection [1]. Dengue viruses are transmitted by mosquitoes
of the genus Aedes, subgenus Stegomyia (eg, Aedes aegypti
and A. albopictus). A. aegypti is well established in much of
the tropical and subtropical world [1]. As a peridomiciliary
mosquito, A. aegypti is well adapted to urban life and
typically breeds in clean, stagnant water (eg, rain water)
and thrives on human proximity. Coupled with the
epidemic potential of its blood meal–seeking behavior
through feeding on multiple human hosts during a single
blood meal, A. aegypti is the main epidemic vector of
dengue virus [2]. A. albopictus, often regarded as a
secondary vector although it has been implicated in several
dengue outbreaks such as that in Hawaii in 2001 [3], is
continuing its geographic expansion into tropical and
temperate climates. However, the scale of epidemic
mediated by A. albopictus has been much smaller relative
to A. aegypti [1].

Dengue is also the most rapidly spreading mosquito-
borne viral disease in the world. In the past 50 years, the
incidence of dengue has increased 30-fold with increasing
geographic expansion to new countries and, in the present
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decade, from urban to rural settings [4••]. An estimated 50
million to 100 million dengue infections occur annually.
The World Health Organization (WHO) South-East Asian
and Western Pacific Regions bear nearly 75% of the current
global disease burden of dengue [4••]. Dengue inflicts a
significant health, economic, and social burden on the
populations of endemic areas. Globally, the number of
disability-adjusted life years (DALYs) per million popula-
tion lost to dengue is estimated to be between 528 and 621
per million population [4••]. With an annual average of
574,000 cases reported, the aggregate annual economic cost
of dengue for eight study countries in the Americas and
Asia is at least $587 million [5]. Preliminary adjustment for
under-reporting could raise this total to $1.8 billion, and
incorporating costs of dengue surveillance and vector
control would raise the amount further. Dengue imposes
substantial costs on both the health sector and the overall
economy [5].

The presence of all four serotypes of dengue virus (or
hyperendemicity) throughout the tropical and subtropical
world since the 1970s also raises the likelihood of increased
incidence of severe dengue disease [1]. Furthermore,
hyperendemicity also increases the probability of secondary
infection in the population, which is epidemiologically
associated with severe dengue [6].

As a consequence of the expanding geographical
distribution of both the virus and the mosquito vector,
increased frequency of epidemics, and the emergence of
dengue hemorrhagic fever in new areas, WHO has
classified dengue as a major international public health
concern. The reasons for the resurgence are complex, and
are likely a combination of multiple factors, including
population growth associated with rapid uncontrolled
urbanization, increased movement of viruses in people
among countries and regions via international travel,
demographic changes, poor vector control, genetic changes
in circulating or introduced viruses, and modulating
climatic factors [7•].

This paper provides an update on recent trends in dengue
epidemiology activity, new insights into dengue virology,
and novel approaches for dengue control with a special
focus on vaccine development.

Recent Trends in Epidemiology

The number of cases reported annually to WHO ranged
from 0.4 to 1.3 million in the decade from 1996 to 2005
[4••]. The number of cases varies substantially from year to
year, with epidemics occurring every 3 to 5 years. The
underlying reason for this cyclical trend is poorly under-
stood but is perhaps best explained by demographic,
immunologic, and environmental changes combined [7•,

8–10]. Climatic influences, such as the El Nino southern
oscillation (ENSO) and global warming, have been sug-
gested as other factors contributing to the cyclical pattern of
dengue activity [7•, 11]. Furthermore, dengue activity is
seasonal within a year in most endemic countries related to
seasonal rainfall and temperature changes [8, 12, 13]. The
greatest burden of dengue in endemic countries is in
children. However, there has been an increasing trend of
adult infection in certain countries [14, 15•]. Most travelers
with dengue have been adults [16].

South-East Asia and Western Pacific

The countries of the region have been divided into four
distinct climatic zones with different dengue transmission
potential. Epidemic dengue is a major public health problem
in Indonesia, Malaysia, Myanmar, Sri Lanka, Thailand,
Cambodia, Philippines, Laos, Viet Nam, and Timor-Leste,
which are in the tropical monsoon and equatorial zone where
A. aegypti is widespread in urban and less so in rural areas,
with multiple virus serotypes circulating, and where dengue
is a leading cause of hospitalization and death in children
[7•]. Cyclical epidemics are increasing in frequency and in-
country geographic expansion is occurring in Bangladesh,
India, and Maldives—countries in the deciduous dry and
wet climatic zone with multiple virus serotypes circulating
[4••]. In 2004, Nepal and Bhutan reported the country’s first
dengue outbreak [4••]. In 2005, WHO’s Global Outbreak
Alert and Response Network (GOARN) reported an
outbreak with a high case-fatality rate (3.55%) in Timor-
Leste [4••]. Dengue has also spread throughout the Pacific
Islands. Between 2001 and 2008, the three most affected
Pacific island countries were French Polynesia, New
Caledonia, and Cook Islands according to notifications to
WHO [4••].

Middle East

Recent outbreaks (2005–2006) of dengue have been
recorded in Pakistan, Saudi Arabia, Sudan, and Yemen
[17]. In Pakistan, the first confirmed outbreak of dengue
hemorrhagic fever (DHF) occurred in 1994 [4••]. Since
then, the expansion of dengue infections with increasing
frequency and severity has been reported from large cities
in Pakistan as far north as the North-West Frontier
Province.

Africa

Despite poor surveillance for dengue in Africa, it is clear
that epidemic dengue fever caused by all four dengue
serotypes has increased dramatically since 1980, with most
epidemics occurring in eastern Africa, and to a smaller
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extent in western Africa [1, 4••, 18]. Likewise, travelers
returning from Africa with dengue have been documented
[12, 19], which, along with the observed seroprevalence
rate in Africa [20], suggests that the true incidence of
dengue in Africa is likely to be much larger than thought.
Although dengue may not appear to be a major public
health problem in Africa compared to the widespread
incidence of malaria and HIV/AIDS, the increasing
frequency and severity of dengue epidemics worldwide
calls for a better understanding of the epidemiology of
dengue infections with regard to the susceptibility of
African populations to dengue and the interference between
dengue and the other major communicable diseases of the
continent.

Americas

From 2001 to 2007, more than 30 countries of the Americas
notified a total of 4,332,731 cases of dengue, with 2007
being the worst year on record since 1985, with 918,495
cases of dengue in the Americas [4••].

North America, Europe, Australia, New Zealand

The majority of cases in Western industrialized countries
are imported [16, 21]. Nevertheless, indigenous outbreaks
of dengue in Hawaii have been reported [3], and sporadic
outbreaks with local transmission occurred in Texas at the
border with Mexico [22]. TropNetEurope reports hundreds
of dengue cases imported to Europe every year [23].
Australia has the vector for dengue and indigenous out-
breaks have occurred in Northern Australia (Queensland) as
a result of importation [24, 25].

Recent reports indicate an increasing trend in both
dengue incidence and geographic distribution. The reported
cases probably represent only the tip of the iceberg of actual
dengue virus activity and the true dengue incidence; hence,
the disease burden is likely to be much larger than indicated
here.

The Virus

Dengue viruses (DENV) belong to the family of Flavivir-
idae. The spherical, enveloped virus contains three struc-
tural proteins and seven nonstructural proteins. The
membrane precursor, prM, is believed to aid in the folding
of the envelope (E) glycoprotein. The E glycoprotein
mediates cell attachment and fusion and is also the major
target of protective antibodies [26]. DENV has four
serologically distinct serotypes (DENV-1, DENV-2,
DENV-3, DENV-4). Infection with one serotype confers
long-term immunity to that serotype, but not to the others

[27]. DENV serotypes can be distinguished by virus-
neutralizing antibodies if the patient has had only one
flavivirus infection, but cross-reactive antibodies against
the E protein and nonstructural proteins such as NS1 and
NS3 are produced against the other serotypes after
secondary infection, making serotype-specific diagnosis
more difficult in secondary or multiple infections [28]. All
four virus serotypes cause a spectrum of illness ranging
from asymptomatic or mild febrile illness to classical
dengue fever (DF) and to more severe disease manifested
as DHF and dengue shock syndrome (DSS). The mecha-
nisms for developing severe dengue are not fully under-
stood. Severity of disease is likely to depend on various
factors, including the strain and serotype of the infecting
virus, age, genetic background of the patient and the degree
of viremia [28, 29]. Many prospective, population-based
cohort and clinical studies have established secondary
infections with a heterotypic dengue virus serotype as a
major risk factor for severe disease. Antibody-dependent
enhancement (ADE) describes the boosting of virus
replication in Fc-receptor bearing cells (especially mono-
cytes and macrophages) by pre-existing, nonprotective
levels of cross-reactive dengue antibodies [30]. It is
postulated that ADE results in an amplified cascade of
cytokines and complement activation causing endothelial
dysfunction, platelet destruction, and consumption of
coagulation factors, which result in plasma leakage and
hemorrhagic manifestations [30]. These studies suggest that
the immune response to a second heterotypic infection
worsen rather than mitigate disease, although such events
are not frequent.

However, not all dengue viruses can be enhanced,
suggesting that the strain of virus is a major determining
factor in virulence [31]. A recent prospective, nested, case-
control study of primary DENV3 infections during infancy
showed that infants exhibit a full range of disease severity
after primary DENV infections [32••]. This study did not
find an association between enhancing maternal antibodies
and the development of DHF in infants [32••].

The evolution of dengue viruses has had a major impact
on their virulence for humans and on the epidemiology of
dengue disease around the world [33]. The RNA genome of
the virus is susceptible to random mutations due to the lack
of proofreading capacity of the RNA-dependent RNA
polymerase, which could thus give rise to more virulent
strains following increased levels of infection in a popula-
tion [34]. Although antigenic and genetic differences in
virus strains have become evident, the lack of animal
models for severe dengue has made it difficult to study
variation in virulence among dengue viruses. However,
phylogenetic studies of many different dengue virus
samples have led to the association between specific
subtypes (within serotypes) and the presentation of more
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or less severe disease [33]. Currently, dengue viruses can be
classified as being of epidemiologically low, medium, or
high impact [33]. Subtypes within the American genotype
of DENV-2 and genotype IV of DENV-3 for example are
less virulent with a reduced ability to grow in cell cultures
and mosquitoes compared to the Asian genotypes of
DENV-2 and DENV-3. Analysis of envelope protein amino
acid changes predicted to have accompanied endemic/
epidemic emergence suggested a role for domain III in
adaptation to new mosquito and/or human hosts [35].
Studies have suggested that specific viral structures may
contribute to increased replication in human target cells and
to increased transmission by the mosquito vector. In
addition, mutations to the nonstructural genes could also
play an important role in mediating epidemic transmission
and increase disease severity [36]. Phylogenetic and
epidemiological analyses suggest that the genotypes and
subtypes with greater epidemic potential are now displacing
those that have lower epidemiological impact [7•].

Although substantial progress has been made in under-
standing viral structure and viral interaction with host cells
[37], much remains to be learned about the involvement of
the immune system in disease pathogenesis. Although viral
factors likely influence replication efficiency and hence
epidemic transmission and virulence, host factors could
also play a significant role in the degree of viremia. Given
their compact genomes, dengue viruses probably require an
extensive number of host factors; however, only a limited
number of human, and an even smaller number of insect
host factors, have been identified. A genome-wide RNA
interference screen in Drosophila melanogaster cells using
a well-established double-stranded RNA library was re-
cently conducted [38••]. This screen identified 116 candi-
date dengue virus host factors (DVHFs). Although some
were previously associated with flavivirus (eg, V-ATPases
and α-glucosidases), most of the DVHFs were newly
implicated in dengue virus propagation [38••]. The authors
describe a notable conservation of required factors between
dipteran and human hosts. This work suggests new
approaches to control infection in the insect vector and
the mammalian host.

Antiviral Drugs

Currently, no specific antiviral therapy is available for
dengue, and treatment remains only supportive. The
rationale for dengue antivirals arises from clinical studies
that have noted that the quantity of virus circulating in the
blood of patients who develop severe dengue (eg, DHF and
DSS) is higher by around 1–2 logs compared with patients
suffering from mild dengue disease [4••, 29]. Similar
differences in viral load have been observed in animal

models of ADE [39]. This observation suggests the
potential benefit of antiviral therapy such as safe small-
molecule compounds that can reduce viral load in the acute
phase of the disease. An animal model—AG129 mice that
are deficient for the interferon-α/β and interferon-γ
receptors—is now being used for testing anti-dengue drugs
[40••]. As a proof of concept, Schul et al. [40••]
demonstrated that a clinical isolate of dengue virus can be
used to infect AG129 mice, and antiviral compounds that
block viral replication can clear viremia in a dose-
dependent manner, even after delayed treatment, and
suppress proinflammatory host responses. The life cycle
of dengue virus readily shows that the steps involved in
virus entry, membrane fusion, RNA genome replication,
assembly, and ultimate release from the infected cell can be
targeted by small molecules [41, 42•]. The entry of virus
into host cells is mediated by the E protein and is the target
for neutralizing antibodies that limit viral replication.
Several small-molecular inhibitors have been shown to
target viral entry [43, 44]. Currently, the most advanced
targets are the NS2B/NS3 protease and the NS5 RNA-
dependent RNA polymerase, and several in-silico and high-
throughput screens yielding several lead compounds have
been reported [45–47]. New targets—including E, NS3
helicase, and NS5 methyltransferase—are being explored
[43, 48–50]. Further extensive characterization of the
AG129 mouse model has demonstrated it to be one of the
only models that permits infection by all four serotypes of
dengue virus and allows antibody-mediated protection and
enhancement of DENV infection [51]. In summary, the
efforts to find specific dengue inhibitors are intensifying
and the tools to evaluate the efficacy of new drugs are in
place for rapid translation to human patients.

Dengue Vaccine Development

The development of a dengue vaccine has been a priority of
WHO for three decades. The challenges in dengue vaccine
development are summarized in Table 1. The main
challenges have been the fear of ADE, the lack of a good
animal model, and a reliable surrogate marker of immunity.
Mice are often used as a small-animal model for the initial
evaluation of the ability of candidate vaccines to induce a
protective immune response. However, the results are not
always predictive of what will happen in nonhuman
primates and humans (ie, a candidate vaccine that protects
mice may not be as effective in nonhuman primates and
humans) [4••]. The second animal model is the nonhuman
primate, and a variety of species have been used as models
to evaluate candidate dengue vaccines. Unfortunately,
although nonhuman primates demonstrate viremia, they
do not present clinical disease and do not accurately predict
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attenuation in humans. Despite formidable challenges to
developing tetravalent dengue vaccines, significant prog-
ress has been made in recent years and the pace towards
clinical efficacy trials has accelerated substantially.

Four types of dengue vaccines are in development: live
attenuated vaccines, chimeric live attenuated vaccines,
inactivated or subunit vaccines, and nucleic acid–based
vaccines.

Live Attenuated Vaccines

Live attenuated vaccines (LAVs) can induce durable
humoral and cellular immune responses because they most
closely mimic a natural infection. Several parameters are
crucial for LAVs: the viruses must be sufficiently attenuated
and must have low viremia, low reactogenicity, and high
immunogenicity. The viremia level must also be low so that
no transmission of the viruses by mosquitoes can occur.

The mutations that confer the attenuation phenotype
should be stable and not revert to wild type or other virulent
forms. Managing viral interference and balancing attenua-
tion to produce acceptable tetravalent immunogenicity with
minimal reactogenicity is another challenge [52]. Each of
the four components of the vaccine must induce a balanced
neutralizing antibody response.

Chimeric Live Attenuated Vaccines

The dengue vaccine with the most advanced development
is the dengue/yellow fever chimeric vaccine. This vaccine
uses the 17D yellow fever vaccine virus as its genetic
backbone and replaces the yellow fever envelope (E) and
prM genes with those from each of the four dengue viruses.
This vaccine was shown to be attenuated, efficacious, safe,
and highly unlikely to be transmitted by arthropod vectors
[53]. ChimeriVax-Dengue (Sanofi Pasteur, Lyon, France)
elicits antibodies only to dengue [54]. Current requirements
for the development of live viral vaccines (including yellow
fever 17D) produced from potentially neurotropic wild-type

viruses, include tests for neurovirulence in nonhuman
primates [55]. Neurovirulence in mice and monkeys was
reduced compared to the yellow fever 17D vaccine virus
[55]. These results suggest that rare neurotropic disease
seen with the yellow fever vaccine [56] are less likely to
occur with ChimeriVax-Dengue, although rare events can
only be excluded with very large sample sizes. ChimeriVax-
Dengue has also been tested in subjects with preexisting
yellow fever immunity. The results showed that preexisting
immunity to yellow fever virus did not interfere with
immunization, and long-lasting and cross-neutralizing
antibody responses to all four dengue serotypes were
documented [57]. Currently, a large phase 2b trial on safety
and immunogenicity is taking place in Singapore.

Another chimeric live vaccine uses the PDK-53 DEN-2
Mahidol vaccine candidate as a backbone. This virus was
attenuated by passage in primary dog kidney cells. Similar
to the concept of the yellow fever/dengue chimeric vaccine,
the prM and E genes of DENV-2 are replaced with those of
DENV-1, DENV-3, and DENV-4. Phase 1 safety trials are
underway in the United States and Colombia. The three
attenuating mutations of the PDK-53 DEN-2 are located
outside the structural protein genes of and appear to be
quite stable. The tetravalent vaccine produced by combin-
ing the four chimeric dengue viruses is protective when
administered to mice and monkeys [58, 59]. Phase 1 trials
in humans are planned.

A third chimeric live vaccine uses a DENV-4 attenuated
by a Δ30 deletion of the 3′-untranslated region as the
backbone. The prM and E proteins are replaced as above.
Tetravalent formulations are being developed incorporating
the into wild-type DENV-4, DENV-2, and DENV-3 viruses
resulting in rDEN1/4Δ30, rDEN2/4Δ30, and rDEN3/4Δ30
[60].

Inactivated Vaccines

Whole-virus inactivated vaccines have two major advan-
tages over live attenuated virus vaccines. First, it is not

Challenges

Lack of immunologic correlate

Lack of a good animal model

Concern about antibody-dependent enhancement

Viral interference

Reversion to virulence

Requirements

The viruses should provide long-lasting immunity

A balanced immune response to all four dengue viruses

The genetic basis for attenuation

Viremia levels must be sufficiently low to prevent uptake by mosquitoes

Table 1 Challenges and require-
ments in dengue vaccine
development
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possible for inactivated vaccines to revert to a more
pathogenic phenotype; second, induction of a balanced
antibody response is easier to attain [26]. The requirement
for multiple dosing and the relatively shorter term of
immunity make this approach less attractive compared to
the others, although both limitations could be overcome
through the development of novel adjuvants. However,
such developments are likely to be expensive and would
not meet the needs of dengue in endemic countries, which
mostly have developing economies.

DNA Vaccines

DNA shuffling and screening technologies have been used
to construct DNA expression vectors encoding the epitopes
of the four dengue serotypes. Shuffled DNA vaccines have
shown immunogenicity, and phase 1 monovalent dengue
vaccine studies are currently underway [61]. DNA vaccines
afford advantages in terms of ease of production, stability,
and transport at room temperature, decreased likelihood of
replication interference, and the possibility to vaccinate
against multiple pathogens in a single vaccination [26].
However, DNA vaccines necessitate multiple dosing and
experimental adjuvants, and they are unlikely to be
economical.

Conclusions

Phylogenetic studies of many different dengue virus
samples have led to the association between specific
subtypes (within serotypes) and severity of dengue. Dengue
genotypes and host factors play a more significant role in
the development of more severe disease than previously
thought. A recent study by Libraty et al. [32••] even
suggests that rethinking or refinement of the current ADE
pathogenesis model for infant DHF is needed, and this
study should stimulate new directions of research into
mechanisms responsible for the development of DHF. The
life cycle of dengue virus readily shows that the steps
involved in virus entry, RNA genome replication, and
ultimate release from the infected cell can be targeted by
small molecules. Advances in a mouse model (AG 129
mice) have made it easier to test antiviral compounds. The
efforts to find specific dengue inhibitors are intensifying
and the tools to evaluate the efficacy of new drugs are now
in place for rapid translation to human patients.

Recent years have seen a rapid acceleration of the
development of dengue vaccines. Various candidates are in
development, of which the chimeric dengue/yellow fever
vaccine has now entered phase 3 trials. Until the availability of
a licensed vaccine, disease surveillance and vector population
control remain the mainstay of dengue prevention.
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