
The dengue viruses (DENV) (BOX 1) are members of 
the Flavivirus genus of the Flaviviridae family, which 
includes several viruses that pose a threat to public 
health, including yellow fever virus (YFV), West Nile 
virus (WNV), Japanese encephalitis virus (JEV) and 
tick-borne encephalitis virus (TBEV)1. Each of the four 
serotypes of DENV (DENV-1, DENV-2, DENV-3 and 
DENV-4) is capable of causing the full spectrum of clini-
cal manifestations following DENV infection, ranging 
from an asymptomatic infection to dengue fever (DF) 
and the most severe disease, dengue haemorrhagic 
fever (DHF) and dengue shock syndrome (DSS). DENV 
causes significantly more human disease than any other 
arbovirus, as evidenced by the estimated 50–100 million 
DENV infections and hundreds of thousands of cases of 
DHF and DSS that occur annually, with children bearing 
much of the disease burden2,3. DHF and DSS remain a 
leading cause of hospitalization and death of children in 
at least eight southeast Asian countries2.

Prior to the 1970s, only five countries located in south-
east Asia had reported DHF4. However, DHF has now been 
documented in >60 countries, and DENV is endemic in 
>100 countries, including most of southeast Asia, south-
ern and central America, the Caribbean and South Pacific 
regions2 (FIG. 1). DENV is present in Africa, but intense dis-
ease outbreaks are rarely reported, which may be partly due 
to limited surveillance5. Co-circulation of each serotype is 
common within the countries that are most affected by 
DENV6. This rapid and intense spread of DENV to most of 
the tropical and subtropical world has lead to its classifica-
tion as an emerging infectious disease and has resulted in 
intensified efforts to prevent infection.

DENV is transmitted to humans through the bite of an 
infected Aedes mosquito7. Aedes aegypti, a highly domes-
ticated mosquito, is by far the predominant vector of 
DENV, but Aedes albopictus can also sustain transmission8. 

The dramatic increase in the incidence of disease caused 
by DENV in the Americas over the past three decades is 
mainly due to the geographical expansion of Ae. aegypti 
after the decline of vector control efforts9. DENV is unu-
sual among the arboviruses in that it does not require an 
enzootic cycle for maintenance of epidemic transmis-
sion in humans (FIG. 2). Rather, the virus is maintained 
by a human-to-mosquito-to-human cycle of transmis-
sion. A sylvatic cycle of transmission does exist in the 
forests of Asia and western Africa between non-human 
primates and Aedes mosquitoes, but the contribution of 
this enzootic cycle to urban epidemic transmission is 
believed to be minimal7.

Clinical disease
The World Health Organization (WHO) has provided 
case definitions for DF, DHF and DSS caused by DENV2 
(BOX 2). Infection by DENV can result in a range of 
clinical manifestations, from inapparent infection to DF, 
DHF and DSS2,10,11. Although classic DF has been recog-
nized for >200 years12, DHF and DSS has only recently 
been recognized as a clinical syndrome, the first reports 
being made in the 1950s13. The degree of vascular leak 
and haemorrhagic manifestations generally differentiate 
these clinical syndromes. Atypical clinical presentations 
can include fulminant haemorrhagic disease with organ 
failure and encephalopathy.

Classic dengue fever. In general, the majority of DENV 
infections are either asymptomatic or only mildly 
symptomatic10,14, although conditions have occasionally 
favoured a more symptomatic presentation of the dis-
ease in the infected population, as seen in Tahiti in 1971 
(REF. 15). Most symptomatic infections present as classic 
DF, with an incubation period that can range from 3 to 
14 days but is generally 4 to 7 days16–20. DF presents with 
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Abstract | The number of cases of severe dengue disease continues to grow in endemic areas 
of southeast Asia, Central and South America, and other subtropical regions. Children bear 
the greatest burden of disease, and the development of an effective vaccine remains a global 
public health priority. A tetravalent vaccine is urgently needed and must be effective against 
all four dengue virus serotypes, be cost-effective and provide long-term protection. In this 
Review we discuss the unique immunological concerns in dengue virus vaccine development 
and the current prospects for the development of an acceptable vaccine, a goal that is likely to 
be reached in the near future.
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branched or dendritic 
morphology and are the most 
potent stimulators of T-cell 
responses.

a sudden onset of fever accompanied by headache, pain 
behind the eyes, generalized myalgias and arthralgias, 
flushing of the face, anorexia, abdominal pain and nau-
sea. It is generally believed that, following inoculation 
into the skin by a feeding mosquito, the virus replicates 
in local dendritic cells, with subsequent systemic infection 
of macrophages and lymphocytes, followed by entry of 
the virus into the bloodstream. Although DENV varies 
greatly in its ability to produce viraemia in patients of 
all ages, high-titre viraemia (~105–106 infectious units 
per ml) occurs during the febrile period, seeding other 
areas such as the liver21. Viraemia following vaccination 
with live attenuated virus vaccines will need to be much 
lower than this to be free of disease symptoms. Rash is 
common in DF, with a reported incidence in some stud-
ies of >80% and it can be evanescent and polymorphic 
in its appearance16,17,22. The rash can present as macular, 
maculopapular, morbilliform, scarlatiniform or petechial 
in character and is most commonly seen on the trunk, 
the insides of the arms and thighs, and the plantar and 
palmar surfaces. Intense pruritus and desquamation of 
the rash can occur. DF is typically milder in younger 

children compared with older children and adults23–25. 
Leukopenia, thrombocytopenia and elevation in serum 
transaminases are common laboratory abnormalities 
reported in symptomatic DENV infection16,26–28 and, 
along with rash, can be seen in some recipients of 
acceptably attenuated live virus vaccine candidates. A 
full recovery from DF can be expected, although some 
dengue infections resulting in atypical severe disease 
without manifestations of DHF or DSS have been fatal.

DHF and DSS. The more severe forms of DENV infec-
tion, DHF and DSS, are characterized by fever, throm-
bocytopenia, haemorrhagic manifestations and evidence 
of increased vascular permeability with leakage of intra-
vascular fluid into interstitial spaces9,29,30 (BOX 2). Viraemia 
is generally 10–100-fold greater in DHF and DSS than 
in DF31,32. DHF/DSS is primarily a disease found in 
children under the age of 15 in hyper-endemic areas in 
which all four serotypes of DENV are circulating2,19. The 
haemorrhagic manifestations of DHF include: capillary 
fragility; petechiae, ecchymoses or purpura; bleeding 
from the mucosa, gastrointestinal tract or other sites; 

Box 1 | The dengue virus genome and virus particle

Dengue virus (DENV) 
contains a single-stranded, 
positive-sense RNA genome. 
The DENV genome 
comprises approximately 
10,600 nucleotides and is 
capped by a 5′-type 1 
structure (m7G5′ppp5′A), but 
it does not contain a 
polyadenylated 3′-tail 
sequence101. Both the 5′- and 
3′-untranslated regions 
(UTRs) have key roles in the 
regulation of translation and 
genomic RNA synthesis102. 
Translation of viral RNA 
yields a single polypeptide 
that is co-translationally 
processed by viral and 
cellular proteases, 
generating three structural 
proteins and at least seven 
non-structural (NS) proteins 
(see the figure, part a).

The DENV virion is a 
spherical, enveloped virus 
that has a diameter of approximately 50 nm103 (see the figure, part b). The virion contains three structural proteins 
(capsid (C), membrane (M) and envelope (E)) and the RNA genome. The membrane precursor, prM, is believed to aid in the 
folding of the E glycoprotein and both are integrated in the lipid bilayer of the virion by two transmembrane regions that 
surround a nucleocapsid of unknown structure103. At a late stage of virion assembly in the trans-Golgi network, prM is 
cleaved by furin, which results in a rearrangement of the M and E proteins on the virion surface yielding mature infectious 
virions. The surface of the mature DENV virion is smooth with the envelope proteins aligned in pairs parallel to the virion 
surface104. The E glycoprotein mediates cell attachment and fusion and is also the major target of protective antibodies. 
The E glycoprotein can be divided into three structural or functional domains: the central domain; the dimerization 
domain which presents a fusion peptide; and the receptor-binding domain. Virions enter cells by receptor-mediated 
endocytosis, which is followed by fusion of the viral and cellular membranes mediated by the E protein under acidic 
conditions within the endosome102. Following fusion, the RNA genome dissociates from the viral nucleocapsid and 
enters the cytoplasm where it functions as mRNA and is translated. Virion assembly occurs in the endoplasmic reticulum 
and viruses exit the cell through the Golgi network. Part b reproduced with permission from REF. 104 © Cell Press.
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Hypovolemia
A decrease in intravascular 
number.

Ascites
The accumulation of fluid in the 
peritoneal cavity.

Councilman bodies
An eosinophilic globule seen in 
the liver of individuals with viral 
haemorrhagic fevers, especially 
yellow fever. Councilman 
bodies result from necrosis of a 
single liver cell.

Adaptive immune response
Represented by B and T 
lymphocytes that express 
antigen-specific receptors. 
Memory lymphocytes persist, 
providing immunity against re-
infection.

and haematemesis or melena. The clinical course of DHF 
resembles classical DF in its initial presentation of abrupt 
onset of high fever and other non-specific constitutional 
signs and symptoms. Around the time of defervescence, 
the patient’s condition suddenly deteriorates, with the 
advent of haemorrhagic manifestations with or without 
symptoms of hypovolemia due to plasma leakage. Increased 
vascular permeability allows the loss of plasma into the 
interstitial spaces resulting in pleural effusion, a finding 
that is not always accompanied by haemorrhagic manifes-
tations. Ascites is also common, with a reported incidence 
of >50% in DHF patients examined by ultrasound proce-
dures33,34. Hypovolemic shock ensues when sufficient leak-
age of plasma into the interstitial spaces has occurred. The 
course of shock is short, but life-threatening, and patients 
usually succumb or recover within 24 hours. Fulminant 
liver failure and neurological manifestations have been 
described in patients with dengue35–38. Hepatomegaly is 
evident in a high percentage of children with DHF in 
Thailand, where up to 98% of children with DHF were 
reported to have liver enlargement19,30,39. Histological 
examination of the liver has shown marked steatosis, 
hepatitis with necrosis, and Councilman bodies in some of 
these cases. The pathogenesis of DHF and DSS is com-
plex and still not completely understood. The observed 
alterations in coagulation and vascular permeability are 
believed to arise from a combination of increased virus 
replication; increased death of cells from infection or 
cytotoxic immune cells or antibodies; complement acti-
vation; and increased release of inflammatory mediators 
by infected cells or immune cells. The role of the immune 
response in DHF/DSS is discussed below.

Immunity to DENV infection
The adaptive immune response to DENV infection con-
tributes to the resolution of infection and has a major 
role in protection from re-infection. Conversely, it is 
also believed to have a crucial role in the enhancement 
of disease severity seen in patients with DHF or DSS. 
Therefore, immunization against DENV disease must 
address both the issues of protective immunity and 
the proposed pathogenic role of antibodies in patients 
with DHF or DSS (BOX 3 and FIG. 3). It is clear that the 
presence of neutralizing antibodies directed against 
the virus envelope (E) protein is the main mediator of 
protection against DENV infection, and induction of 
protective levels of neutralizing antibodies is therefore 
the major goal of immunization. Both live attenuated 
vaccines and non-living vaccines, such as inactivated 
virus vaccines, virus-like particles or DNA vaccines, 
each readily induce both neutralizing antibodies and 
protective immunity. Barriers to successful immuniza-
tion, such as the inability to induce long-lasting pro-
tective immunity, that exist for hepatitis C virus and 
HIV, are not shared with DENV. Robust neutralizing 
antibody responses develop after DENV infection 
and are believed to provide lifelong protection against 
re-infection with the same DENV serotype and short-
lived protection of only a few months duration against 
a heterologous DENV serotype16,40,41 (BOX 3). This short 
period of crossprotection has been associated with the 
presence of crossreactive neutralizing antibodies that 
wane rapidly after infection42; however, the exact media-
tor of this protection has not been identified. The role of 
DENV-specific cellular immunity in protection against 

Figure 1 | A decade of dengue disease 1995–2005. Dengue virus (DENV) is endemic in most of the world’s tropical and 
subtropical areas. The number of dengue fever and dengue haemorrhagic fever cases during a single year are shown. A 
lack of dengue surveillance in Africa during the past decade has made it difficult to assess the level of DENV endemicity in 
this region. Information taken from WHO DengueNet and PAHO.
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re-infection appears to be minor43, yet T-cell-mediated 
immunity to DENV, by analogy to WNV, is likely to con-
tribute significantly to viral clearance44–46, and additional 
research is needed to define the role of T-cell-mediated 
immunity against DENV.

In endemic areas, illness caused by DENV in infants 
less than six months of age is unusual and indicates that 
passively transferred maternal antibodies can protect 
the infant47–49. The titre of neutralizing antibody in 
mothers’ sera was found to correlate with the age of the 
infant at the time of DENV disease onset, and infants 
with a neutralizing antibody titre of >1:10 were resist-
ant to DENV disease48. Antibody-mediated resistance 
to DENV infection has also been demonstrated experi-
mentally by passive transfer of monoclonal antibodies 
in mice50,51. Monoclonal antibodies against the virus E 
protein were found to be protective and were primarily 
associated with high neutralizing activity, but protec-
tive monoclonal antibodies that were non-neutralizing 
were also identified. Neutralizing antibodies to domain 
II and domain III of the E protein (BOX 1) primarily block 
membrane fusion and virus attachment, respectively1,52–54 

(BOXES 1,3).
Another feature of immunity to DENV that is of 

considerable interest to vaccine developers is the abil-
ity of a second administration of a live attenuated, 
tetravalent DENV vaccine to infect monkeys in which 
neutralizing antibodies have been induced by the first 
dose of vaccine55. When the second dose of vaccine is 
given 1 month after the first dose, a boosting effect is not 
seen. However, a robust boost can be achieved when 
the second dose is administered after a longer interval 
of approximately 4 months55–57. Presumably, the immu-
nological factors that result in short-term heterotypic 
immunity are effective at preventing infection with the 

second dose of vaccine given at 1 month but not at 4 
months. The ability to re-infect after 4 months in the 
presence of neutralizing antibody is surprising. Perhaps 
the ability of DENV to infect using the IgG Fcγ receptor 
(FcγR) allows it to infect a sufficient number of cells in 
the presence of neutralizing IgG antibody to induce a 
vigorous secondary immune response. It is possible that 
the boost in titre to all four DENV serotypes is the result 
of a breakthrough infection by a single serotype that 
induces a heterotypic boost in neutralizing antibody to 
all four serotypes.

The immune response to DENV not only mediates 
protection from disease, it also appears to be a major 
factor in the pathogenesis of DHF and DSS (FIG. 3), 
although other factors such as the virulence of differ-
ent virus strains and host genetic factors might have 
a role58–62. The exact immunological mechanisms that 
mediate enhanced disease remain incompletely defined. 
However, a strong association of severe disease in 
humans undergoing a heterotypic secondary infection 
has been established11,14,31,63,64. The enhanced disease 
severity that is observed after secondary infection by 
a different DENV serotype is believed to be mediated 
primarily by pre-existing, non-neutralizing heterotypic 
antibodies that enhance access of DENV to FcγR-bear-
ing cells (FIG. 3). Such cells presumably would be inef-
ficiently infected in the absence of antibody. This results 
in an increase in both the total number of FcγR-bearing 
cells infected and the total amount of virus produced. 
This increase in virus replication contributes to the 
increased titre of virus in the blood of DHF and DSS 
patients31,32 (FIG. 3). This phenomenon is termed anti-
body-dependent enhancement (ADE)65,66. Immune 
activation and extensive tissue injury caused by aug-
mented virus replication, complement activation and 
apoptosis presumably mediate the pathological events 
of DHF and DSS67.

A role for ADE in the development of DHF or DSS 
that is independent of the cellular immune response 
is suggested by the timing of DHF or DSS in infants, 
as this generally occurs between the ages of 6 and 12 
months in endemic areas47,48,68. When the maternal anti-
body titre to DENV decreases below a protective level 
(by approximately 6 months of age), infants are actually 
at an increased risk for the development of DHF and 
DSS for a short window of time, despite the fact that 
they have never been infected with a DENV and lack 
DENV-specific cellular immunity. After the complete 
degradation of maternal antibodies, infants lose their 
enhanced susceptibility to DHF and DSS. These obser-
vations strongly suggest that pre-existing antibodies in 
the absence of DENV-specific cellular immunity are suf-
ficient to promote the increased virus replication seen in 
DHF and DSS, mediated in part by ADE69–72 (FIG. 3).

ADE and the immunopathogenesis of DHF are fea-
tures of DENV infection that certainly must be considered 
in a vaccination programme against DENV. However, 
existing evidence indicates that a vaccine that induces 
sustained neutralizing antibody responses against each 
DENV serotype will be effective at preventing disease and 
will not contribute to enhanced disease.

Figure 2 | Transmission of dengue viruses. Because of the high level of viraemia 
resulting from dengue virus (DENV) infection of humans, the viruses are efficiently 
transmitted between mosquitoes and humans without the need for an enzootic 
amplification host. DENV is spread principally by the Aedes aegypti mosquito, which 
breeds in domestic and peridomestic water containers, increasing the frequency of 
contact between mosquitoes and humans. In addition, a sylvatic cycle for dengue 
transmission has been documented in western Africa114 and southeast Asia115. However, 
unlike the impact that widespread sylvatic transmission of yellow fever virus has on 
human disease, the contribution of the observed sylvatic cycle of dengue transmission 
to human infection is unknown, but appears to be minimal.
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a  Dengue fever (DF)

b  Dengue haemorhagic fever (DHF)

 Rapid/weak pulse and narrow pulse pressure; or manifestations of hypotension, cold, 
 clammy skin and restlessness
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d  Time course of clinical signs and symptoms

Parenteral route
A route other than the 
gastrointestinal route, such as 
intravenous, subcutaneous or 
intradermal.

The ideal vaccine
The ideal DENV vaccine would be free from significant 
reactogenicity, would induce the level of protection 
afforded by infection with any of the four wild-type 
viruses, and would provide lifelong protection. Weak 
immune responses that wane below protective levels 
over time are not acceptable in the context of the severe 
consequences seen during secondary DENV infections. 
As many regions with endemic DENV are in develop-
ing countries with limited health resources, the vac-
cine must be economical with minimal or no repeat 
immunizations. This should be possible to achieve with 
existing vaccine candidates and vaccine technologies, 
and two major aspects of DENV immunobiology 

come into play to make this feasible. First, protection 
is largely mediated by neutralizing antibodies that can 
be efficiently induced by both live and non-living vac-
cines. Second, DENV can infect in the presence of pre-
existing homologous immunity even when the vaccine 
is administered through a parenteral route, a property 
that makes it possible to generate secondary antibody 
responses using a live attenuated virus vaccine. As 
infection with live attenuated or non-living virus vac-
cines generally induces less antibody than does infec-
tion with wild-type virus, it is highly likely that at least 
two doses of vaccine will be needed to induce the high 
levels of antibodies that develop following infection 
with wild-type DENV. If this goal can be achieved in 
the short term, then additional booster immuniza-
tions years later might not be necessary, as infection 
with wild-type DENV is thought to provide lifelong 
protection. However, in non-endemic regions where 
natural infections are infrequent, consideration should 
be given to the possible need for additional booster 
immunizations. Thus, the ideal DENV vaccine could 
be either a live attenuated tetravalent vaccine given in 
two doses with a 3–6-month interval between doses, or 
a non-living virus vaccine, such as inactivated whole 
virus, subviral particles, a vectored vaccine or a DNA 
vaccine, given in multiple doses to induce the high 
levels of long-lived antibodies that develop following 
wild-type DENV infection.

Live attenuated viruses can be manufactured eco-
nomically and, as such, are the front-runners in the effort 
to produce a DENV vaccine. Live attenuated DENV vac-
cines have been identified that are infectious in humans 
at doses of 103 infectious units73. Such vaccines grow 
to greater than 107 infectious units per ml in Vero cell 
culture and can induce levels of antibodies following 
the administration of two doses that are comparable 
with those achieved following infection with wild-type 
virus, at least in non-human primates73. Hence, a single 
100 ml Vero cell culture can yield nearly 1 million doses 
of vaccine for a single DENV serotype. It remains to be 
demonstrated that a non-living vaccine can be made that 
is as immunogenic and as economically feasible as a live 
attenuated virus. However, if this can be achieved, such 
a vaccine would be a useful immunogen.

Current vaccine approaches
Efforts to develop a DENV vaccine have focused mainly 
on live attenuated virus vaccines, inactivated virus vac-
cines and subunit virus vaccines. The success of the 
live attenuated yellow fever (YF) 17D and JEV SA14-
14-2 vaccines and of the JEV and TBEV inactivated 
vaccines provides clear guidance for the development 
of a successful dengue vaccine. Other dengue vaccine 
approaches, including subunit, vectored and DNA vac-
cine preparations, are in early development and will only 
be briefly addressed below. The requirements that four 
dengue vaccines must be developed and combined as 
a single vaccine to preclude the development of ADE, 
DHF and DSS in vaccinees and that the vaccine provides 
long-term immunity are the major challenges to vaccine 
development.

Box 2 | The range of dengue disease

The case definitions of dengue fever (DF), dengue haemorrhagic fever (DHF) and dengue 
shock syndrome (DSS) are indicated as provided by the WHO2. For a diagnosis of DHF 
Grade I, each of the four criteria listed in part b of the figure must be met. There is a 
contention from some clinicians that this requirement results in an under-reporting of 
severe dengue disease as a patient with only two or three severe conditions would be 
classified as having DF100. A generalized time course of the events associated with DF, 
DHF and DSS is indicated in part d of the figure. The incubation period before the 
development of signs of infection generally ranges from 4 to 7 days. Hypovolemic shock 
can develop during the late stage of disease and usually lasts 1 to 2 days.
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Live attenuated vaccine candidates. Several principles 
have guided the development of live attenuated vac-
cine candidates for DENV. First, live virus vaccines 
can induce durable humoral and cellular immune 
responses, mimicking natural infection. Live virus 
vaccines derived from an attenuated DENV should 
theoretically induce a broad humoral and cellular 
immune response to both structural and non-struc-
tural (NS) proteins, whereas vaccines derived from 
attenuated antigenic chimeric viruses would induce a 
more restricted response to the NS proteins, depend-
ing on the genetic background (see below). Second, 
the replication of a live DENV vaccine needs to be 
sufficiently restricted to preclude the development of 
significant illness. Symptoms such as fever, headache 
and arthralgia that are seen in natural dengue disease 
would generally not be acceptable following vaccina-
tion, whereas asymptomatic or sub-clinical signs of 
infection such as mild rash, mild liver enzyme eleva-
tions and transient leukopenia are to be expected as 
they are part of the normal response to a replicating 
DENV and would be acceptable. Replication of the 
vaccine candidate along with its inevitable asympto-
matic or subclinical signs of infection is needed to 
induce a protective immune response, and such is the 
nature of the delicate balance between vaccine reac-
togenicity and immunogenicity. A level of viraemia 
of 101 to 102 infectious units per ml, as observed fol-
lowing YF vaccination74, appears to be a reasonable 
range for a live DENV vaccine. Third, the virus should 
have reduced transmissibility by mosquitoes, which 
can be controlled by a low titred viraemia, such that 
the 1–2 µl of blood ingested by the mosquito does not 

contain sufficient virus to initiate an infection or the 
presence of viral mutations that restrict replication 
in the mosquito. Fourth, the virus should have high 
infectivity for humans so that it is infectious at low 
dose, replicates with reasonable efficiency in tissue 
culture and can be delivered at low cost. Fifth, each 
of the four components of the vaccine must replicate 
sufficiently in humans to induce a balanced neutral-
izing antibody response to each of the four serotypes. 
Sixth, it is best if the genetic basis of attenuation for 
each of the four components is clearly defined so that 
genetic stability can be monitored during all phases of 
manufacture and use in humans. The mutations that 
confer the attenuation phenotype should be geneti-
cally and phenotypically stable following replication 
in humans. With these principles in mind, the live 
attenuated virus vaccines under development will be 
discussed.

Mahidol University (Bangkok, Thailand) and the 
Walter Reed Army Institute of Research (WRAIR) 
have used conventional methods to develop DENV 
vaccine candidates by passage in tissue culture cells. 
As the Mahidol vaccine candidates have not achieved 
a balanced immune response to each of the four com-
ponents and systemic symptoms have occurred in 
recipients of the tetravalent vaccine, this vaccine will 
not be discussed further75–77. The WRAIR candidates 
were each passaged in primary dog kidney (PDK) cells 
with terminal passages in fetal rhesus lung cells, and 
monovalent vaccine candidates have been evaluated 
in rhesus macaques and in Phase I clinical trials to 
identify the passage level for each of the PDK-derived 
vaccine candidates that possess an appropriate balance 
between attenuation and immunogenicity. In human 
studies, the DENV-2, DENV-3 and DENV-4 vaccines 
were only mildly reactogenic, but the DENV-1 can-
didate retained moderate reactogenicity with 40% of 
vaccinees developing fever and generalized rash56. 
Following a single administration of the monovalent 
candidate vaccines to seronegative adult volunteers, 
the seroconversion rates ranged from 46–100% for 
each DENV serotype, with the highest rate achieved 
by DENV-1. The under-attenuated nature of the 
DENV-1 component was also evident in early testing 
of the tetravalent formulation, which also indicated 
that the DENV-4 component was slightly over-attenu-
ated56,57. To address these issues the dosage levels of 
each component were adjusted and, eventually, the 
DENV-1 component was replaced with a further pas-
saged virus (PDK-27 rather than PDK-20) whereas 
the DENV-4 component was replaced with a lower 
passaged virus (PDK-6 rather than PDK-20) to 
improve immunogenicity. Current tetravalent formu-
lations are in Phase II testing in North America and 
southeast Asia. With the exception of the DENV-2 
PDK-53 candidate78, the mutations contributing to 
the attenuation phenotypes of the Mahidol University 
or WRAIR vaccine candidates have not been identi-
fied, partly because the vaccine candidates were never 
biologically cloned, which has made genetic analysis or 
re-derivation of the vaccine candidates difficult79.

Box 3 | Protective immunity to dengue virus (DENV) infections 

Infection provides both short and long term protection
• Long-term homotypic protection16,41

• Short-term heterotypic protection16,74

Protective antigens
• E glycoprotein is the major protective antigen51,105

• Additional minor protective antigens are M and NS1 (REFS 50,106)

Antibodies are protective in vitro and in vivo
• Passive transfer of antibodies decreases infection/disease50,51

• Maternal antibodies decrease DENV disease in infants48,49

• Monoclonal antibody to E is protective51

• Antibodies neutralize infectivity in vitro107

• Neutralizing antibodies block virus attachment and/or fusion with cells52,53

• Antibody-dependent cell-mediated cytotoxicity108,109

• Complement-mediated cytotoxicity110

Infection and immune boosting in the presence of neutralizing antibodies55,111

Cellular immune responses
• Weakly protective43

• Major contributor to viral clearance44–46

• Skewed CD8+ T-cell response to low affinity primary antigens during secondary 
infections112

Innate immunity
• Virus escapes effects of interferon (IFN) by encoding putative IFN antagonist (NS4B)113
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Reverse genetic technique
A method that allows the 
production of viruses from 
cloned cDNA.

A separate strategy has been used in the Laboratory 
of Infectious Diseases at the National Institute of Allergy 
and Infectious Diseases. Here, reverse genetic techniques 
have been used to introduce defined attenuating dele-
tion mutations into the 3′-untranslated region (UTR) 
of DENV-4 and DENV-1 full-length cDNA clones80,81. 
The 3′ 172–143 deletion mutation, later referred to as 
∆30, specified a desirable balance between the level of 
attenuation and immunogenicity for both DENV-1 and 
DENV-4 in monkeys and humans, but not for DENV-2 
and DENV-3 (REFS 82,83). The DENV-1 and DENV-4 
vaccine candidates containing the ∆30 mutation were 
safe, asymptomatic and immunogenic at 103 plaque-
forming units (pfu), with a faint rash observed in 
about half of the volunteers, leukopenia in 7–40%, 
and transient increases in alanine aminotransferase 
(ALT) enzyme levels in a few volunteers, especially 
at a higher vaccine dose of 105 pfu for DEN4∆30 
(REFS 84–86). Vaccine virus was not transmitted from 
infected vaccinees to mosquitoes probably because the 
level of viraemia was low (101 pfu per ml) and because 
the ∆30 mutation is attenuating for replication in 
mosquitoes87. The ∆30 mutation remained genetically 
stable following replication in humans. Because the 
DEN2∆30 and DEN3∆30 viruses were not suitable vac-
cine candidates, an alternative chimeric strategy based 
on the DEN4∆30 vaccine candidate was used to create 
candidates for DENV-2 and DENV-3. The DEN2/4∆30 
and DEN3/4∆30 vaccine candidates that were gener-
ated contained the membrane precursor (prM) and 
E proteins of DENV-2 or DENV-3 in a DEN4∆30 
genetic background, and these antigenic chimeric 
viruses were highly attenuated for monkeys83,88. Both 
the DEN2/4∆30 and DEN3/4∆30 vaccine candidates 
have low oral infectivity for Ae. aegypti mosquitoes83,88. 
The attenuation of the DEN2/4∆30 and DEN3/4∆30 
viruses was a result of chimerization and the presence 
of the ∆30 mutation. The DEN2/4∆30 and DEN3/4∆30 
chimeric vaccine candidates have been combined with 
DEN1∆30 and DEN4∆30 to create a tetravalent for-
mulation that has been shown to be attenuated (peak 
titres of <102 pfu per ml), broadly immunogenic and 

protective in rhesus monkeys55. Phase I testing of 
DEN2/4∆30 has shown the vaccine candidate to be 
safe and immunogenic at a dose of 103 pfu89, and clini-
cal testing of DEN3/4∆30 is currently under way. The 
suitability of this tetravalent formulation for humans 
has not yet been studied.

The ChimeriVax platform has been used by Acambis 
(Cambridge, USA) to create chimeric vaccine candidates 
by substituting the genes for the prM and E proteins from 
each of the four DENV serotypes into the live attenuated 
YF17D vaccine strain. It can be assumed that the attenu-
ation of these vaccine candidates is derived from the 
mutations present in the YF17D genetic background and 
chimerization itself, although the contribution of each of 
these components has not been formally demonstrated90. 
The monovalent vaccine candidates have been shown 
to have low infection rates for Ae. albopictus, and are 
essentially non-infectious for Ae. aegypti mosquitoes91. 
In monkeys, administration of a tetravalent formula-
tion of 103–104.5 pfu of each component induced a high 
level of neutralizing antibody that was effective against 
a broad collection of DENV serotypes. However, mon-
keys experienced a peak viraemia (primarily DENV-4) 
of 102–103 pfu per ml, which is higher than that observed 
with other DENV vaccine candidates92. The monovalent 
ChimeriVax-DEN2 vaccine candidate was successfully 
evaluated in humans and shown to be safe and immu-
nogenic74. Early reports of the Phase I testing of the 
ChimeriVax tetravalent vaccine indicate that it is safe 
without any serious adverse side effects, but might need 
to be given at doses greater than 104 pfu per ml (sanofi 
pasteur, unpublished data).

Using the attenuated DENV-2 PDK-53 vaccine strain 
developed by Mahidol University, researchers at the US 
CDC have developed a set of chimeric vaccine candi-
dates based on the three attenuating mutations of the 
DENV-2 PDK-53 strain that exist outside the structural 
genes. The vaccine candidates have been shown to be 
immunogenic and protective in mice93, and a tetrava-
lent study in monkeys has been recently completed. 
Preclinical study of the vaccine candidates is ongoing 
and a Phase I study in humans is anticipated.

Figure 3 | Model for antibody-dependent enhancement of dengue virus replication. Antibody (Ab)-dependent 
enhancement of virus replication occurs when heterotypic, non-neutralizing Ab present in the host from a primary 
dengue virus (DENV) infection binds to an infecting DENV particle during a subsequent heterotypic infection but cannot 
neutralize the virus. Instead, the Ab–virus complex attaches to the Fcγ receptors (FcγR) on circulating monocytes, thereby 
facilitating the infection of FcγR cell types in the body not readily infected in the absence of antibody. The overall outcome 
is an increase in the overall replication of virus, leading to the potential for more severe disease31.
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Prime–boost strategy
When a single application of a 
vaccine is insufficient, repeated 
immunizations are carried out 
with either the same vaccine 
preparation (homologous 
prime–boost) or different 
vaccine preparations 
(heterologous prime–boost) to 
sequentially stimulate a better 
immune response.

Whole virus inactivated vaccines. Inactivated vaccines 
have two major advantages over live attenuated virus 
vaccines: safety, as it is not possible for inactivated vac-
cines to revert to a more pathogenic phenotype; and 
induction of a balanced antibody response, as each of 
the four serotypes in a multivalent inactivated virus vac-
cine should be equally immunogenic. Nonetheless, the 
use of inactivated whole virus vaccines presents its own 
challenges: the vaccine only contains the DENV struc-
tural proteins and thus fails to induce any immunity to 
the non-structural proteins; adjuvants are required for 
optimal immunogenicity in seronegative subjects and 
these can add expense and reactogenicity to the vaccine; 
multiple booster doses are required to provide long-term 
immunity; and they can be expensive to manufacture 
as DENV does not grow to high titres in tissue culture 
cells. These challenges make an inactivated DENV vac-
cine a less attractive vaccine candidate for use in DENV-
endemic areas, but they might be useful as a military or 
traveller’s vaccine, or as a part of a prime–boost strategy 
with live or replicating vaccines94.

A purified, inactivated DENV-2 vaccine has been 
manufactured by WRAIR and a DENV-1 equivalent 
will soon enter clinical trials95,96. For preparation of the 
inactivated vaccine candidates, the viruses were propa-
gated in certified Vero cells, concentrated by ultrafiltra-
tion and purified on sucrose gradients. The high-titre 
purified virus (approximately 109 pfu per ml) was then 
inactivated with formalin. The DENV-2 vaccine with 
alum and other adjuvants induced high neutralizing 
antibody levels and protection against viraemia in a 
primate model97.

Recombinant subunit vaccines. Dengue antigens, 
primarily E proteins, have been produced in several 
expression systems to generate subunit vaccine can-
didates. Not surprisingly, most of the subunit prepa-
rations elicited moderate to high levels of antibody 
following immunization of mice. Although such vac-
cines are anticipated to achieve a high level of safety, 
it is likely that they will share some or all of the dif-
ficulties outlined above for inactivated DENV vaccines. 
So far, a DENV subunit vaccine has not been tested in 
humans. However, two studies in rhesus monkeys have 
recently been completed using monovalent DENV-2 or 

DENV-4 truncated E proteins. Guzman et al. immu-
nized monkeys with four doses of 100 µg of E protein 
(DENV-4), using alum as an adjuvant, and achieved 
only partial protection against wild-type DENV-2 chal-
lenge98. In collaboration with Hawaii Biotech, Putnak 
et al. immunized monkeys with two doses of DENV-2 
E protein produced in Drosophila cells and formulated 
with each of five different adjuvant combinations97. 
Although the DENV neutralizing antibody titres 
before challenge varied widely, one group of monkeys 
receiving the highest dose of antigen together with two 
adjuvants was completely protected. Hawaii Biotech is 
currently manufacturing affinity-purified E protein for 
each of the four DENV serotypes and will soon initiate 
a Phase I clinical trial.

Live vectored and nucleic acid vaccines. Although 
numerous recombinant vector systems have been used 
to express DENV antigens, the resulting vaccine candi-
dates have achieved limited success using modified vac-
cinia or adenovirus vectors and additional development 
of suitable vector platforms will be necessary. Rather 
than using live vectors to express DENV antigens, such 
antigens can be expressed from DNA constructs that 
are introduced into cells and subsequently translated 
into dengue antigens or subviral particles. In recent 
experiments using genes encoding prM and E pro-
teins from DENV-1, it was shown that three doses of 
vaccine protected Aotus monkeys following challenge 
with wild-type virus99. A clinical trial with an improved 
DENV-1 DNA construct delivered in three doses is cur-
rently under way. DNA vaccines afford advantages over 
conventional vaccines, including ease of production, 
stability and transport at room temperature, decreased 
likelihood of replication interference and the possibil-
ity to vaccinate against multiple pathogens in a single 
vaccination. Nonetheless, recent experience with DNA 
vaccines has highlighted the necessity for multiple doses, 
experimental adjuvants and immunostimulatory motifs, 
and specialized injection equipment. Prime-boost strat-
egies using a combination of live vectors or DNA vec-
tors expressing the E protein have been investigated, but 
such strategies for tetravalent DENV development seem 
too complicated at present for economical delivery and 
use in endemic areas.

Table 1 | A partial list of dengue vaccine candidates that are under development

Vaccine type Vaccine developer(s) Clinical testing status Refs

Live attenuated WRAIR/GSK Biologicals Tetravalent, Phase II 57,116

Live attenuated Mahidol University/sanofi pasteur No current testing 77

Live attenuated, chimeric NIAID, NIH Monovalent (DENV-1 – 4), Phase I/II 73,89

Live attenuated, chimeric Acambis/sanofi pasteur Tetravalent, Phase I 74,92

Live attenuated, chimeric CDC/InViragen Preclinical 93

Inactivated virus WRAIR Preclinical 97

Subunit Hawaii Biotech Begins 2007 97

DNA Navy Medical Research Center Monovalent (DENV-1), Phase I 99
GSK, GlaxoSmithKline; NIAID, National Institute of Allergy and Infectious Diseases; NIH, National Institutes of Health; 
WRAIR, Walter Reed Army Institute of Research.
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Future prospects for vaccines
A list of vaccine candidates close to, or currently in, 
clinical evaluation is presented in TABLE 1. Although the 
pace of vaccine development has recently increased, the 
challenges facing the development and delivery of an 
acceptable vaccine to endemic areas are still signifi-
cant. Little is known about the potential for replication 
interference among the components of a live attenuated 
tetravalent vaccine, especially in the context of vac-
cinees with variable levels of pre-existing immunity. In 
addition, precise correlates of protection have not been 
identified, although it is generally assumed that neutral-
izing antibody has a significant role in protection. Before 
large-scale vaccine trials are undertaken in endemic 
regions, the infrastructure and methods must be in 
place to determine not only the efficacy of the vaccine, 
but also the safety and immunogenicity of vaccination 
of both dengue-exposed and dengue-naive individuals, 
including adults and children. These types of trials will 
probably also necessitate a re-evaluation of the WHO 

classification system for dengue disease, which is viewed 
by many as too rigorous in its assignment of case defini-
tions and uses definitions that are often difficult to fulfill 
in first-level referral clinics100. Guidance documents for 
the evaluation of a dengue vaccine have been distributed 
by the WHO, and additional guidelines are being pre-
pared. The capacity for inexpensive vaccine manufacture 
and distribution is continually changing, especially as 
the number of local, rather than global, companies step 
forward to manufacture vaccine in their own countries. 
Although this type of local manufacture could help to 
provide vaccine to those who need it most, it is depend-
ent on innovative financing schemes in countries with 
primarily emerging economies. Although long overdue, 
the development of a safe and effective dengue vaccine is 
moving forward at an unprecedented rate, mainly owing 
to the use of reverse genetics and the availability of Vero 
cells for manufacture, with a high likelihood that the 
challenges of vaccine development and implementation 
can be overcome.
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