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Abstract: Dengue has become the most important arboviral infection worldwide with more
than 30 million cases of dengue fever estimated to occur each year. The need for a dengue
vaccine is great and several live attenuated dengue candidate vaccines are proceeding
through clinical evaluation. The need to induce a balanced immune response against all
four DENV serotypes with a single vaccine has been a challenge for dengue vaccine
developers. A live attenuated DENV chimeric vaccine produced by Sanofi Pasteur has
recently entered Phase III evaluation in numerous dengue-endemic regions of the world.
Viral interference between serotypes contained in live vaccines has required up to three
doses of the vaccine be given over a 12-month period of time. For this reason, novel
DENV candidate vaccines are being developed with the goal of achieving a protective
immune response with an immunization schedule that can be given over the course of a
few months. These next-generation candidates include DNA vaccines, recombinant
adenovirus vectored vaccines, alphavirus replicons, and sub-unit protein vaccines. Several
of these novel candidates will be discussed.
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1. Introduction
Dengue viruses belong to the Flaviviridae family and present as four distinct serotypes; DENV-1,
DENV-2, DENV-3, and DENV-4, with each serotype capable of causing the full spectrum of dengue
illness [1]. It is currently estimated that there are more than 3.6 billion people at risk for dengue
infection with 36 million cases of dengue fever, more than 2 million cases of severe dengue, and more
than 21,000 deaths occurring each year [2]. Epidemiological studies have determined that the risk for
more severe dengue illness is higher following a second, heterotypic DENV infection than for a
primary DENV infection [3,4], although severe illness can occur following primary infection. Potential
immune enhancement resulting from prior infection is thought to increase virus replication, which has
been shown to correlate with disease severity [5]. Although severe dengue illness can occur with a
third or fourth DENV infection, this risk appears to be very low [4]. For these reasons, there is
consensus that a successful DENV vaccine must ideally protect against all four DENV serotypes.
Additional characteristics of the ideal dengue vaccine are the ability to induce long-lived immunity to
all four DENV serotypes with a limited number of doses given over a period of weeks to a few months
and affordability such that the vaccine can be made available to the populations most at risk for
dengue infection.
Infection with one DENV serotype is thought to induce long-lived if not life-long homotypic
immunity but only short-term heterotypic immunity [6]. Neutralizing antibody against the envelope (E)
glycoprotein is the main determinant of protection against dengue and therefore, induction of
neutralizing antibody against all four DENV serotypes is the target for dengue vaccines [7]. Antibody
responses against prM and NS1 have also been identified as protective [8,9]. The E protein is
comprised of three domains, I, II, and III. It is the epitopes on the surface of domain III that primarily
elicit serotype-specific neutralizing antibody responses and for this reason, antigens comprised of
domain III epitopes have been proposed as candidate vaccines [10]. In order to prevent irreversible
conformational change of E as it is processed through the acidic trans-Golgi network, E must be
expressed with prM and thus, most sub-unit dengue vaccines have utilized prM and E as the antigens
of choice [11].
The DENV vaccines furthest along in clinical development are live attenuated vaccines (LAV).
Several investigational tetravalent LAV candidates are currently being evaluated in clinical trials
[12–14]. However, developing a tetravalent LAV that is sufficiently attenuated for each of the
monovalent components yet immunogenic for all four dengue serotypes has been a challenge
[13,15–17]. Despite these challenges, Phase III efficacy trials of a live attenuated tetravalent chimeric
dengue vaccine based on the yellow fever 17D virus (CYD) produced by Sanofi Pasteur are underway
in a number of dengue-endemic areas. In addition, a live attenuated recombinant tetravalent dengue
vaccine developed by the U.S. National Institutes of Health has been evaluated in a number of Phase I
studies and will soon begin clinical evaluation in Brazil and a live attenuated chimeric vaccine
produced by Inviragen has entered Phase I clinical trials. These candidates have been well described
elsewhere and will not be discussed here [12,18–21].
A challenge to live attenuated dengue vaccine development is the ability to induce a balanced
immune response to all four serotypes. It is thought that viral interference, whereby one vaccine virus
serotype outcompetes the others resulting in the induction of neutralizing antibodies to that virus at the
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expense of the others, may be responsible for this unbalanced antibody response [15,22,23]. A strategy
to overcome viral interference/immunodominance is to deliver multiple doses of the live candidate
vaccine. For instance, three doses of the CYD vaccine given over a 12-month period of time to
dengue-naïve children and adults induced neutralizing antibody to all four serotypes in more than 60%
of vaccinees [18]. A second approach being developed to induce a balanced antibody response to all
four serotypes over a compressed dosing schedule is to use non-propagating candidate vaccines that
express the protective antigens of the four DENV. This article will focus on non-live attenuated
dengue vaccine candidates that have shown promise in preclinical evaluation but have not started
clinical evaluation or are in the very early stages of clinical evaluation.
Several novel dengue vaccine candidates have been developed including DNA vaccines,
viral-vectored candidates, and sub-unit protein vaccines (Table 1). These candidates have several
potential advantages over replicating LA dengue vaccine candidates. The DNA vaccines, nonpropagating viral vectored candidates, and sub-unit protein vaccines discussed below do not replicate
in mammalian cells, allowing for their administration to immunocompromised hosts, a general
contraindication for live replicating vaccine viruses. Recombinant poxviruses and adenoviruses
expressing foreign proteins have been demonstrated to induce strong humoral and cellular responses in
humans against various pathogens [24–26]. DNA vaccines and viral-vectored dengue vaccines express
their proteins de novo within the cell, and because of intracellular translation and processing of
the gene products, MHC class I dependent immune responses can be induced in addition to
humoral immunity.
Table 1. Next-generation dengue vaccines in development.
Vaccine
Naked DNA vaccines—monovalent
Naked DNA vaccines—tetravalent
DNA “shuffle” vaccines
Recombinant adenovirus vaccines
Alphavirus replicons
Sub-unit protein vaccine
E protein domain III

State of Development
Preclinical
Phase I clinical trial
Preclinical
Preclinical
Preclinical
Preclinical
Phase I clinical trial
Preclinical

Reference
[27–38]
[39,40]
[41,42]
[43–46]
[47,48]
[49,50]
[51–54]

2. Next Generation Vaccines
2.1. DNA Vaccines
DNA vaccines have the potential to induce humoral and cellular immune responses similar to those
of live attenuated vaccines described above but without some of the safety issues inherent to
live vaccines. They offer the additional advantage of very low cost and excellent stability over a
wide-range of temperature and for long periods of time. The first dengue DNA vaccine developed
utilized the plasmid p1012D2ME to express the prM signal sequence, prM, and 92% of the DEN2
NGC E protein truncated at the carboxy terminus to enhance secretion of E [27]. Mice were inoculated
intramuscularly or intradermally on study days 0, 9, 22, and 57. In intradermally inoculated mice,
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neutralizing antibody was detected out to 11 months. This vaccine was later administered with a
recombinant fusion protein containing 103 amino acids of the Domain III of the DEN2 envelope
protein fused to the maltose-binding protein (MPB) of E. coli in a prime-boost protocol [29]. Three
doses of the DNA vaccine given with the recombinant fusion protein (RD/RD/RD) were compared to
three doses of the DNA vaccine alone (D/D/D), three doses of the recombinant fusion protein alone
(R/R/R), the recombinant fusion protein followed by two doses of the DNA vaccine (R/D/D), or the
DNA vaccine followed by two doses of the recombinant protein (D/R/R). The RD/RD/RD and D/R/R
groups developed much higher neutralizing antibody titers than did the D/D/D or the R/D/D groups.
Unfortunately, when this strategy was later evaluated in non-human primates, no protection against
viremia was observed in animals that received the DNA vaccine with or without the recombinant
fusion protein alone or as part of a prime-boost protocol [28].
The DENV-2 DNA vaccine was later administered with a plasmid expressing mouse CpG motifs,
significantly enhancing the neutralizing antibody response of the DNA vaccine [30]. A further attempt
to improve the neutralizing antibody response induced by the DENV-2 DNA vaccine was made by
constructing a plasmid that expressed the DENV-2 prM and E protein fused to the carboxy-terminal
sequence of the lysosome-associated membrane protein (LAMP) [31]. In this experiment, fusion of the
prM-E to LAMP effectively targeted the protein to the lysosomal compartment of NIH3T3 cells.
Targeting of protein to the lysosomal compartment for degradation would presumably allow for MHC
class II presentation and therefore, an enhanced CD4+ T helper cell and antibody response. Mice
immunized with the prM-E-LAMP DNA construct developed higher antibody titers than those
immunized with the prM-E construct. This response was further augmented when the prM-E-LAMP
construct was administered with a second plasmid that expressed mouse GM-CSF [31]. Not only were
higher neutralizing antibody titers induced by the prM-E-LAMP DNA vaccine, but the antibody titers
persisted for nearly 1 year post-vaccination [32].
A DENV-1 DNA vaccine expressing the prM and carboxy-truncated or full-length E was evaluated
in mice [33]. Of all the constructs, the DNA vaccine expressing prM and full-length E induced the best
neutralizing antibody response. This construct was then administered intradermally (ID) or
intramuscularly (IM) to Aotus monkeys at time 0 and then boosted at 1 and 5 months, followed by
challenge with wild-type DENV-1 at 11 months [35]. The DEN1 DNA vaccine administered by the ID
route induced higher neutralizing antibody titers and greater protection against challenge than that
administered by the IM route [35]. However, when this vaccine was administered to rhesus macaques
with a pUC19 plasmid expressing CpG motifs, there was no significant difference in the neutralizing
antibody titer or protection against wild-type DENV-1 challenge compared to the group that received
the DNA vaccine without the pUC19 plasmid, possibly due to differences in non-human primate CpG
motifs compared with mouse CpG motifs [34]. To test this hypothesis, the DENV-1 DNA vaccine was
administered to Aotus monkeys alone, with a plasmid (pHis64) containing multiple copies of human
immunostimulatory sequence (ISS) motifs, or with pHis64 and a plasmid expressing Aotus GM-CSF
[36]. Monkeys were given 3 doses of vaccine (0, 1, and 5 months) and then challenged with wild-type
DENV-1 at 6 or 11 months. The formulation containing both the GM-CSF and ISS-expressing
plasmids in addition to the DNA vaccine did not increase neutralizing antibody titers significantly but
did afford 100% protection to animals challenged 6 months after vaccination. In a proof-of-concept
Phase I clinical trial of this DNA vaccine alone, 12 healthy adult subjects received three vaccinations
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of 1.0 mg of plasmid DNA expressing the prM and E genes of DENV-1 and 12 subjects received
5.0 mg of plasmid DNA expressing the prM and E genes of DENV-1. The dosing interval was 0, 1,
and 5 months and the vaccine was administered using a needle-free device [37]. Unfortunately,
the DNA vaccine was poorly immunogenic in humans with only 5/12 subjects in the high-dose
group producing measurable neutralizing antibody. This vaccine may be further evaluated as part of a
prime-boost strategy.
Konishi et al. developed a tetravalent DNA vaccine by combining four plasmids, each expressing
the signal-prM-E sequence of one of the four DENV serotypes [38,39]. A mixture comprised of 25 mg
of each plasmid induced a fairly well-balanced neutralizing antibody response to all four DENV
serotypes in mice; the response was heightened when the interval between first and second
immunization was increased from 3 to 7 weeks [39]. The antibody response to the four DENV
serotypes induced by the DNA vaccines was further boosted 2- to 4-fold when an inactivated JE
vaccine or subunit protein DEN2 vaccine was administered with the DNA vaccine [40]. Studies to
evaluate the protective efficacy of this tetravalent dengue DNA vaccine co-administered with JE-Vax
or a sub-unit DENV-2 vaccine are currently being planned in non-human primates.
The technique of DNA shuffling was utilized to develop DNA chimeric vaccine constructs
encoding antigens comprised of prM and E epitopes of all four DENV serotypes in a single
construct [41,42]. Seven out of the 67 clones that were chosen for screening induced neutralizing
antibody to all four DENV serotypes in mice; three of these clones protected 80%–100% of mice from
lethal DENV-2 challenge [41]. Macaques were vaccinated with 5 mg of one of the three shuffled DNA
clones or a mixture of all three shuffled DNA clones on study day 0, 28, and 84. Four weeks after the
third dose, variable neutralizing antibody responses were detected in animals vaccinated with the
individual shuffled DNA clones with only one clone inducing neutralizing antibody to all four DENV
serotypes [42]. Higher neutralizing antibody titers were induced to all four DENV serotypes by the
formulation containing all three shuffled DNA clones. Animals were challenged at week 32 with
wild-type DENV-1 or DENV-2. Disappointingly, only partial protection was observed against
DENV-1 and no protection against DENV-2 was observed. These constructs may be further developed
by the incorporation of immunostimulatory sequences or adjuvants to improve the immune response.
2.2. Adenovirus-Vectored Vaccines
Although DNA vaccines have shown promise in mouse models, the potency of these vaccines has
been somewhat disappointing, as discussed above. The limited success of DNA vaccines is thought to
be due to their poor uptake and limited expression in the host cell. To improve the delivery and
expression of antigenic sequence, several viral vector platforms have been evaluated as candidate
dengue vaccines, including adenovirus vectors, attenuated vaccinia vectors, and alphavirus vectors.
Recombinant replication-deficient adenovirus (Ad) vectors can express large quantities of antigen,
making them extremely immunogenic. Because of their ability to induce potent humoral and cellular
immune responses, they have been utilized to develop candidate vaccines for a variety of pathogens,
including dengue [43–45,55–58]. Complex adenovirus vectors (cAd) have been developed by
GenPhar Inc. that contain large deletions in the adenoviral E1, E3, and E4 regions, allowing for the
incorporation of large amounts of foreign DNA. Therefore, these cAd vectors are capable of
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accommodating the prM and E glycoprotein complex of two DENV in a single vector [43,44].
cAdVaxD(1-2) contains the prM-E of DENV-1 and DENV-2 at opposite ends of the vector and
cAdVaxD(3-4) contains those of DENV-3 and DENV-4. Both cAdVaxD vectors were found to be
immunogenic in mice and were then evaluated in a non-human primate model. Rhesus macaques
received doses (109 infectious units each) approximately 2 months apart of a tetravalent vaccine
formulated by mixing the two vectors cAdVaxD(1-2) and cAdVaxD(3-4) [45]. Animals were
challenged with wild-type DENV at either 4 or 24 weeks following vaccination. Although only 22% of
animals had a tetravalent neutralizing antibody response following the first dose of vaccine, all animals
developed a tetravalent neutralizing antibody response following the second dose. Those animals
challenged at 4 weeks were completely protected against DENV-1 and DENV-3 and demonstrated
minimal breakthrough viremia for DENV-2 (1 animal for 1 day) and DENV-4 (3 animals for 1 day).
Animals challenged 24 weeks after vaccination were also completely protected from DENV-1 and
DENV-3, and significant protection against DENV-2 and DENV-4 was also induced. However, 3/4
animals challenged with DENV-4 were viremic and the titer of viremia appeared higher than that of
control animals. Although animals developed anti-adenovirus antibodies following the first dose of
vaccine, the second dose was able to boost both dengue and adenovirus antibodies suggesting that the
antibody did not inhibit the second dose. Based on these results, the authors believe further evaluation
of these constructs in a clinical trial is warranted.
A heterologous prime-boost strategy involving a bivalent rAd vector (rAd-C) encoding a chimeric
antigen comprised of the envelope domain III of DENV-2 and DENV-4 was evaluated in mice [46].
Mice were immunized with 108 PFU of rAd-C and then boosted 15 days later with a plasmid
expressing the same chimeric antigen (pVAX-EDIII-4/2). A balanced neutralizing antibody response
as well as a T cell response specific to DENV-2 and DENV-4 was induced in the mice suggesting that
this strategy could overcome viral interference. Work is ongoing to construct a similar bivalent rAd
vector for DENV-3 and DENV-1 with the hope of eventually developing a tetravalent DENV vaccine.
2.3. Alphavirus Replicon Vaccines
Non-propagating Venezuelan equine encephalitis virus replicon particles (VRP) are being evaluated
by the Carolina Vaccine Institute as a platform for DENV vaccine development. VRPs have several
attributes including their ability to express high levels of a foreign gene in a single round of infection,
their inherent adjuvant activity, and their efficient infection of dendritic cells [59,60]. A single 106 IU
dose of VRP expressing the prM-E proteins of DENV-2 NGC induced neutralizing antibody in
3-week-old mice, even in the presence of maternal anti-DENV antibody [47]. To assess the ability of
the VRP to protect against lethal DENV challenge, BALB/c mice received a single dose of the
DENV-2 VRP at 3 weeks of age or two immunizations 2 weeks apart (at age 3 weeks and 5 weeks).
Doses ranging from 104–106 IU were evaluated. The 106 dose of the DENV-2 VRP completely
protected all mice from DENV2 challenge, whether they had received one or two doses. Lower doses
induced high level of protection but did not completely protect all mice. Interestingly, 11/12 pups born
to DENV-2 VRP-vaccinated dams were also protected from a lethal DENV-2 challenge administered
three weeks after birth. A second VRP expressing the soluble E protein of DENV-3 was evaluated in
rhesus macaques [48]. Animals received three immunizations containing 108 IU of the DENV-3 VRP
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at week 0, 7, and 18 and were then challenged 15 weeks after the third immunization. Neutralizing
antibody to DENV-3 was induced following the first immunization and all animals were completed
protected from wild-type DENV-3 challenge. Evaluation of a tetravalent DENV-VRP in non-human
primates is planned.
2.4. Recombinant 80E Sub-Unit Protein Vaccine
The Drosophila S2 system is able induce high level expression of proteins of interest and was
therefore chosen to express a plasmid containing the prM and N-terminal 80% of the E gene sequence
of DENV-2 [49]. The produced polyprotein is then cleaved by endogenous proteases to release the 80E
protein with a native-like N terminus. Two doses of the DENV-2 sub-unit 80E protein were
administered to rhesus macaques in combination with one of seven different adjuvants at a
three-month dosing interval [49]. Animals were challenged with wild-type DENV-2 two months after
the last dose of vaccine. All animals developed detectable neutralizing antibody after the first dose and
this response was boosted by the second dose. The highest neutralizing antibody titers were elicited by
r80E protein formulated with the adjuvants AS05 or AS08 and protection against viremia was
correlated with a higher neutralizing antibody titer at challenge. Recombinant sub-unit E proteins
(80E) of the other DENV serotypes were produced using this same system. A tetravalent formulation
of the recombinant 80E proteins was evaluated in mice and non-human primate experiments. In some
instances, the NS1 protein of DENV-2 was included in the formulation to potentially enhance the
immune response to the vaccine [50]. Macaques were immunized with the tetravalent formulation four
times (day 0, 28, 67, and 102) and were challenged five months after the last dose. Due to the limited
number of monkeys in each group, monkeys were only challenged with DENV-2 or DENV-4.
Monkeys developed a robust neutralizing antibody response to all four DENV serotypes and were
completely protected from DENV-2 challenge. The recombinant 80E subunit protein of DENV-1
adjuvanted with alum was recently evaluated in a Phase I clinical trial and preparations for a Phase I
clinical trial of a tetravalent formulation is being planned [61]. Further development of this vaccine
candidate was recently transferred from Hawaii Biotech to Merck and Co.
2.5. E protein Domain III Vaccine
The E protein of dengue is comprised of three domains, domain I, II, and III. Domain III contains
the binding site for cellular receptors and antibodies directed against domain III have potent
neutralizing activity [10,62,63]. Domain III contains serotype-specific and sub-specific epitopes that
generate antibodies which neutralize the virus very well [64]. Vaccines containing only the E protein
domain III epitopes are attractive because they would putatively be less likely to induce antibodies
capable of causing enhanced viral entry upon subsequent wild-type dengue virus infection. Several
candidate vaccines comprised of the domain III region of the dengue envelope protein have been
evaluated in pre-clinical studies. One such vaccine incorporating the domain III of DENV-2 fused to
the maltose-binding region of E. coli was evaluated in a prime boost protocol with a DNA vaccine as
described above [29]. The domain III region of DENV-2 was fused with the meningococcal P64
protein (P64K) to generate a DENV-2 vaccine. Two fusion proteins were developed; one (PD3)
inserted the domain III region into the lipoil-binding domain of P64K, the second (PD5) fused the
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domain III region to the C-terminus of P64K [51]. The entire P64K protein was required in order to
obtain optimal folding, and therefore immunogenicity, of the DENV-2 protein [65]. Fifty micrograms
of PD3 or PD5 (with CFA) were administered to rhesus macaques (3 animals per group) at
4 time-points; day 0, 30, 90 and 210. Animals were challenged with wild type DENV-2 45 days after
the fourth dose. All animals had detectable neutralizing antibody after the fourth dose and 4/6 had
detectable neutralizing antibody at challenge. All animals that received PD5 were completed protected
from viremia following DENV-2, as were 2/3 animals in the PD3 group.
PD5 was further evaluated with either the outer membrane vesicle of N. meningitidis (OMV) or the
capsular polysaccharide of serogroup A (CPS-A) as an adjuvant [54]. Non-human primates were
immunized with one of the two formulations at day 0, 30, 90, and 150 and then challenged with wild
type DENV-2 45 days after the last dose. Levels of neutralizing antibody were higher in the group of
monkeys immunized PD5-CPS-A. The monkeys that received PD5-OMV had viremia titers following
challenge that were similar to the control group; they were not protected. One animal that received
PD5-CPS-A was completed protected against viremia following challenge and the second was partially
protected [54].
A chimeric protein expressing the domain III E region and capsid protein of DENV-2 was mixed in
a 3:1 protein:oligonucleotide ratio with 50-base-long DNA oligonucleotides in order to create
aggregates of the antigens [52]. The capsid protein was included for proper folding of E. Both the
aggregate and non-aggregate forms of the vaccine were evaluated in mice. Mice were immunized on
day 0, 15, and 30 and were then challenged one month after the last dose with wild type DENV-2.
Both forms of the vaccine induced similar titers of neutralizing antibody however, splenocytes isolated
from mice immunized with the aggregate form had better secretion of IFN-γ than those isolated from
mice immunized with the non-aggregate form of the vaccine. In addition, the aggregate form of the
vaccine induced better survival from wild type challenge than did the non-aggregate form
(70% vs. 20%). The authors speculated that the superior survival was due to cell mediated immunity
induced by the aggregate form of the vaccine as both vaccines induced similar titers of neutralizing
antibody [52]. The aggregate domain III-capsid vaccine, when administered 3 months after
immunization with a live DENV-2 as part of a prime-boost approach, markedly boosted the
neutralizing antibody response to DENV-2 in monkeys [53]. PBMCs collected from vaccinated
monkeys 6 months after the booster dose secreted high levels of IFN-γ following stimulation with the
domain III-capsid protein, indicative of a cell-mediated immune response. The authors propose that the
domain III-capsid aggregate vaccine could be used in a prime-boost strategy with live attenuated
vaccines resulting in an attractive immunization schedule as the vaccine was able to boost after only a
three month interval.
3. Conclusions
Dengue has become the most important mosquito-borne virus in the world with more than 3 billion
persons at risk annually for infection. As large epidemics of dengue continue to occur each year, the
need for effective control measures becomes more urgent, and vaccines are considered a significant
component. Although a live attenuated DENV vaccine candidate is in Phase III clinical evaluation,
three doses of this vaccine must be given over a 12-month period of time to induce neutralizing
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antibodies to all four serotypes in flavivirus-naïve individuals. Several novel, second-generation
DENV vaccine candidates have progressed through preclinical evaluation and have entered or will
soon enter evaluation in humans. These vaccines are being developed to overcome some of the
obstacles that live attenuated vaccines have encountered. Numerous DNA vaccines have been
developed, and although the immune response induced by these vaccines was not as potent or as
protective as live vaccines, these vaccines may be utilized as part of a heterologous prime-boost
strategy. Antigens expressed by DNA vaccines have the potential advantages of both MHC class I and
class II presentation, the ability to be administered to immunodeficient hosts, and the ability to induce
a balanced immune response to all four DENV serotypes. When used as part of a prime-boost strategy,
the dosing interval can be compressed such that multiple doses can be administered over a relatively
short period of time.
Recombinant adenovirus vectored DENV vaccines are also being developed. These vaccines have
many of the potential advantages of DNA vaccines, including the ability to be administered over a
compressed dosing schedule (0 and 2 months). Additionally, they can generally induce more potent
immune responses than naked DNA vaccines. Although there is a concern that pre-existing adenovirus
antibodies in persons previously exposed to adenovirus could blunt the response to a rAd DENV
vaccine, rhesus macaques that developed adenovirus antibodies after the first dose of a rAd DENV
vaccine developed a good booster response to the DENV antigen when given a second dose of rAd
DENV vaccine two months following the first dose [43]. rAd DENV vaccines have been evaluated as
stand-alone vaccines as well as part of a prime-boost strategy in preclinical studies. Based on the
promising results of these studies, evaluation of rAd DENV vaccines in human clinical trials
is anticipated.
A very promising approach for the development of a potent tetravalent DENV vaccine is the use of
an alphavirus replicon to express the protective antigen of DENV. A potential advantage of this
vaccine over live attenuated DENV vaccines is its ability to induce neutralizing antibody against
DENV when the vaccine is administered in the presence of maternal antibody. Alphavirus VRPs have
also been evaluated as part of a prime-boost strategy to induce broadly neutralizing antibodies to all
four DENV serotypes when given in a compressed administration schedule.
Many sub-unit protein vaccines have been evaluated in preclinical animal models and some are
approaching or have been evaluated in clinical trials. Recombinant E protein domain III vaccines have
been evaluated in non-human primate studies and have successfully induced protection against viremia
following wild-type DENV challenge. These vaccines have potential in prime-boost protocols as they
can be given as early as 3 months following a live vaccine. Finally, the sub-unit protein 80E vaccine
was shown to be immunogenic and protective when given as a monovalent or tetravalent formulation
in preclinical evaluation. This candidate is rapidly advancing; a Phase I clinical trial of a monovalent
formulation has been completed and a Phase I clinical trial of a tetravalent formulation is being
planned. As these promising next-generation DENV vaccines make their way into and through clinical
trials, it is hoped that they will be able to overcome the hurdle of viral interference and induce potent
neutralizing antibody responses in DENV-naïve individuals in a relatively short dosing interval.

Viruses 2011, 3

1809

Acknowledgments
Support for A.P.D. (in part) and S.S.W. is provided by the Intramural Research Program of the
National Institute of Allergy and Infectious Diseases, National Institutes of Health, USA.
Conflict of Interest
The authors declare no conflict of interest.
References and Notes
Halstead, S.B.; Vaughn, D.W. Dengue vaccines. In Vaccines, 5th ed.; Plotkin, S., Orenstein,
W.A., Offit, P.A., Eds.; Elsevier: Philadelphia PA, USA, 2008, 1155-1162.
2. Beatty, M.; Letson, G.W.; Margolis, H.S. Estimating the global burden of dengue. Am. J. Trop.
Med. Hyg. 2009, 81, 231.
3. Burke, D.S.; Nisalak, A.; Johnson, D.E.; Scott, R.M. A prospective study of dengue infections in
Bangkok. Am. J. Trop. Med. Hyg. 1988, 38, 172–180.
4. Gibbons, R.V.; Kalanarooj, S.; Jarman, R.G.; Nisalak, A.; Vaughn, D.W.; Endy, T.P.; Mammen,
M.P., Jr.; Srikiatkhachorn, A. Analysis of repeat hospital admissions for dengue to estimate the
frequency of third or fourth dengue infections resulting in admissions and dengue hemorrhagic
fever, and serotype sequences. Am. J. Trop. Med. Hyg. 2007, 77, 910–913.
5. Vaughn, D.W.; Green, S.; Kalayanarooj, S.; Innis, B.L.; Nimmannitya, S.; Suntayakorn, S.; Endy,
T.P.; Raengsakulrach, B.; Rothman, A.L.; Ennis, F.A.; et al. Dengue viremia titer, antibody
response pattern, and virus serotype correlate with disease severity. J. Infect. Dis. 2000, 181, 2–9.
6. Sabin, A. Research on dengue during World War II. Am. J. Trop. Med. Hyg. 1952, 1, 30–50.
7. Kaufman, B.M.; Summers, P.L.; Dubois, D.R.; Eckels, K.H. Monoclonal antibodies against
dengue 2 virus e-glycoprotein protect mice against lethal dengue infection. Am. J. Trop. Med.
Hyg. 1987, 36, 427–434.
8. Kaufman, B.M.; Summers, P.L.; Dubois, D.R.; Cohen, W.H.; Gentry, M.K.; Timchak, R.L.;
Burke, D.S.; Eckels, K.H. Monoclonal antibodies for dengue virus prm glycoprotein protect mice
against lethal dengue infection. Am. J. Trop. Med. Hyg. 1989, 41, 576–580.
9. Henchal, E.A.; Henchal, L.S.; Schlesinger, J.J. Synergistic interactions of anti-ns1 monoclonal
antibodies protect passively immunized mice from lethal challenge with dengue 2 virus. J. Gen.
Virol. 1988, 69, 2101–2107.
10. Roehrig, J.T.; Bolin, R.A.; Kelly, R.G. Monoclonal antibody mapping of the envelope
glycoprotein of the dengue 2 virus, Jamaica. Virology 1998, 246, 317–328.
11. Guirakhoo, F.; Bolin, R.A.; Roehrig, J.T. The Murray Valley encephalitis virus prm protein
confers acid resistance to virus particles and alters the expression of epitopes within the r2 domain
of E glycoprotein. Virology 1992, 191, 921–931.
12. Morrison, D.; Legg, T.J.; Billings, C.W.; Forrat, R.; Yoksan, S.; Lang, J. A novel tetravalent
dengue vaccine is well tolerated and immunogenic against all 4 serotypes in flavivirus-naive
adults. J. Infect. Dis. 2010, 201, 370–377.

1.

Viruses 2011, 3

1810

13. Simasathien, S.; Thomas, S.J.; Watanaveeradej, V.; Nisalak, A.; Barberousse, C.; Innis, B.L.;
Sun, W.; Putnak, J.R.; Eckels, K.H.; Hutagalung, Y.; et al. Safety and immunogenicity of a
tetravalent live-attenuated dengue vaccine in flavivirus naive children. Am. J. Trop. Med. Hyg.
2008, 78, 426–433.
14. Sun, W.; Cunningham, D.; Wasserman, S.S.; Perry, J.; Putnak, J.R.; Eckels, K.H.; Vaughn, D.W.;
Thomas, S.J.; Kanesa-Thasan, N.; Innis, B.L.; et al. Phase 2 clinical trial of three formulations
of tetravalent live-attenuated dengue vaccine in flavivirus-naive adults. Hum. Vaccin. 2009, 5,
33–40.
15. Kanesa-thasan, N.; Sun, W.; Kim-Ahn, G.; Van Albert, S.; Putnak, J.R.; King, A.;
Raengsakulsrach, B.; Christ-Schmidt, H.; Gilson, K.; Zahradnik, J.M.; et al. Safety and
immunogenicity of attenuated dengue virus vaccines (aventis pasteur) in human volunteers.
Vaccine 2001, 19, 3179–3188.
16. Sabchareon, A.; Lang, J.; Chanthavanich, P.; Yoksan, S.; Forrat, R.; Attanath, P.; Sirivichayakul,
C.; Pengsaa, K.; Pojjaroen-Anant, C.; Chambonneau, L.; et al. Safety and immunogenicity of a
three dose regimen of two tetravalent live-attenuated dengue vaccines in five- to twelve-year-old
thai children. Pediatr. Infect. Dis. J. 2004, 23, 99–109.
17. Guirakhoo, F.; Pugachev, K.; Zhang, Z.; Myers, G.; Levenbook, I.; Draper, K.; Lang, J.;
Ocran, S.; Mitchell, F.; Parsons, M.; et al. Safety and efficacy of chimeric yellow fever-dengue
virus tetravalent vaccine formulations in nonhuman primates. J. Virol. 2004, 78, 4761–4775.
18. Poo, J.; Galan, F.; Forrat, R.; Zambrano, B.; Lang, J.; Dayan, G.H. Live-attenuated tetravalent
dengue vaccine in dengue-naive children, adolescents, and adults in Mexico city: Randomized
controlled phase 1 trial of safety and immunogenicity. Pediatr. Infect. Dis. J. 2011, 30, e9–e17.
19. Capeding, R.Z.; Luna, I.A.; Bomasang, E.; Lupisan, S.; Lang, J.; Forrat, R.; Wartel, A.; Crevat, D.
Live-attenuated, tetravalent dengue vaccine in children, adolescents and adults in a dengue
endemic country: Randomized controlled phase I trial in the Philippines. Vaccine 2011, 29,
3863–3872.
20. Durbin, A.P.; Whitehead, S.S. Dengue vaccine candidates in development. Curr. Top. Microbiol.
Immunol. 2010, 338, 129–143.
21. Whitehead, S.S.; Durbin, A.P. Prospects and challenges for dengue virus vaccine development. In
Frontiers in Dengue Virus Research; Hanley, K.A., Weaver, S.C., Eds.; Caister Academic Press:
Portland, OR, USA, 2010.
22. Guy, B.; Barban, V.; Mantel, N.; Aguirre, M.; Gulia, S.; Pontvianne, J.; Jourdier, T.M.; Ramirez,
L.; Gregoire, V.; Charnay, C.; et al. Evaluation of interferences between dengue vaccine serotypes
in a monkey model. Am. J. Trop. Med. Hyg. 2009, 80, 302–311.
23. Kitchener, S.; Nissen, M.; Nasveld, P.; Forrat, R.; Yoksan, S.; Lang, J.; Saluzzo, J.F.
Immunogenicity and safety of two live-attenuated tetravalent dengue vaccine formulations in
healthy Australian adults. Vaccine 2006, 24, 1238–1241.
24. Moss, B. Genetically engineered poxviruses for recombinant gene expression, vaccination, and
safety. Proc. Natl. Acad. Sci. U. S. A. 1996, 93, 11341–11348.
25. Liniger, M.; Zuniga, A.; Naim, H.Y. Use of viral vectors for the development of vaccines.
Expet Rev. Vaccine. 2007, 6, 255–266.

Viruses 2011, 3

1811

26. Catanzaro, A.T.; Koup, R.A.; Roederer, M.; Bailer, R.T.; Enama, M.E.; Moodie, Z.; Gu, L.;
Martin, J.E.; Novik, L.; Chakrabarti, B.K.; et al. Phase 1 safety and immunogenicity evaluation of
a multiclade HIV-1 candidate vaccine delivered by a replication-defective recombinant
adenovirus vector. J. Infect. Dis. 2006, 194, 1638–1649.
27. Kochel, T.; Wu, S.J.; Raviprakash, K.; Hobart, P.; Hoffman, S.; Porter, K.; Hayes, C. Inoculation
of plasmids expressing the dengue-2 envelope gene elicit neutralizing antibodies in mice. Vaccine
1997, 15, 547–552.
28. Simmons, M.; Murphy, G.S.; Hayes, C.G. Short report: Antibody responses of mice immunized
with a tetravalent dengue recombinant protein subunit vaccine. Am. J. Trop. Med. Hyg. 2001, 65,
159–161.
29. Simmons, M.; Murphy, G.S.; Kochel, T.; Raviprakash, K.; Hayes, C.G. Characterization of
antibody responses to combinations of a dengue-2 DNA and dengue-2 recombinant subunit
vaccine. Am. J. Trop. Med. Hyg. 2001, 65, 420–426.
30. Porter, K.R.; Kochel, T.J.; Wu, S.J.; Raviprakash, K.; Phillips, I.; Hayes, C.G. Protective efficacy
of a dengue 2 DNA vaccine in mice and the effect of cpg immuno-stimulatory motifs on antibody
responses. Arch. Virol. 1998, 143, 997–1003.
31. Raviprakash, K.; Marques, E.; Ewing, D.; Lu, Y.; Phillips, I.; Porter, K.R.; Kochel, T.J.; August,
T.J.; Hayes, C.G.; Murphy, G.S. Synergistic neutralizing antibody response to a dengue virus type
2 DNA vaccine by incorporation of lysosome-associated membrane protein sequences and use of
plasmid expressing gm-csf. Virology 2001, 290, 74–82.
32. Lu, Y.; Raviprakash, K.; Leao, I.C.; Chikhlikar, P.R.; Ewing, D.; Anwar, A.; Chougnet, C.;
Murphy, G.; Hayes, C.G.; August, T.J.; et al. Dengue 2 prem-e/lamp chimera targeted to the mhc
class ii compartment elicits long-lasting neutralizing antibodies. Vaccine 2003, 21, 2178–2189.
33. Raviprakash, K.; Kochel, T.J.; Ewing, D.; Simmons, M.; Phillips, I.; Hayes, C.G.; Porter, K.R.
Immunogenicity of dengue virus type 1 DNA vaccines expressing truncated and full length
envelope protein. Vaccine 2000, 18, 2426–2434.
34. Raviprakash, K.; Porter, K.R.; Kochel, T.J.; Ewing, D.; Simmons, M.; Phillips, I.; Murphy, G.S.;
Weiss, W.R.; Hayes, C.G. Dengue virus type 1 DNA vaccine induces protective immune
responses in rhesus macaques. J. Gen. Virol. 2000, 81, 1659–1667.
35. Kochel, T.J.; Raviprakash, K.; Hayes, C.G.; Watts, D.M.; Russell, K.L.; Gozalo, A.S.; Phillips,
I.A.; Ewing, D.F.; Murphy, G.S.; Porter, K.R. A dengue virus serotype-1 DNA vaccine induces
virus neutralizing antibodies and provides protection from viral challenge in aotus monkeys.
Vaccine 2000, 18, 3166–3173.
36. Raviprakash, K.; Ewing, D.; Simmons, M.; Porter, K.R.; Jones, T.R.; Hayes, C.G.; Stout, R.;
Murphy, G.S. Needle-free biojector injection of a dengue virus type 1 DNA vaccine with human
immunostimulatory sequences and the gm-csf gene increases immunogenicity and protection from
virus challenge in aotus monkeys. Virology 2003, 315, 345–352.
37. Beckett, C.G.; Tjaden, J.; Burgess, T.; Danko, J.R.; Tamminga, C.; Simmons, M.; Wu, S.J.;
Sun, P.; Kochel, T.; Raviprakash, K.; et al. Evaluation of a prototype dengue-1 DNA vaccine in a
phase 1 clinical trial. Vaccine 2011, 29, 960–968.

Viruses 2011, 3

1812

38. Konishi, E.; Yamaoka, M.; Kurane, I.; Mason, P.W. A DNA vaccine expressing dengue type 2
virus premembrane and envelope genes induces neutralizing antibody and memory b cells in
mice. Vaccine 2000, 18, 1133–1139.
39. Konishi, E.; Kosugi, S.; Imoto, J. Dengue tetravalent DNA vaccine inducing neutralizing antibody
and anamnestic responses to four serotypes in mice. Vaccine 2006, 24, 2200–2207.
40. Imoto, J.; Konishi, E. Dengue tetravalent DNA vaccine increases its immunogenicity in mice
when mixed with a dengue type 2 subunit vaccine or an inactivated Japanese encephalitis vaccine.
Vaccine 2007, 25, 1076–1084.
41. Apt, D.; Raviprakash, K.; Brinkman, A.; Semyonov, A.; Yang, S.; Skinner, C.; Diehl, L.; Lyons,
R.; Porter, K.; Punnonen, J. Tetravalent neutralizing antibody response against four dengue
serotypes by a single chimeric dengue envelope antigen. Vaccine 2006, 24, 335–344.
42. Raviprakash, K.; Apt, D.; Brinkman, A.; Skinner, C.; Yang, S.; Dawes, G.; Ewing, D.; Wu, S.J.;
Bass, S.; Punnonen, J.; et al. A chimeric tetravalent dengue DNA vaccine elicits neutralizing
antibody to all four virus serotypes in rhesus macaques. Virology 2006, 353, 166–173.
43. Holman, D.H.; Wang, D.; Raviprakash, K.; Raja, N.U.; Luo, M.; Zhang, J.; Porter, K.R.;
Dong, J.Y. Two complex, adenovirus-based vaccines that together induce immune responses to all
four dengue virus serotypes. Clin. Vaccine Immunol. 2007, 14, 182–189.
44. Raja, N.U.; Holman, D.H.; Wang, D.; Raviprakash, K.; Juompan, L.Y.; Deitz, S.B.; Luo, M.;
Zhang, J.; Porter, K.R.; Dong, J.Y. Induction of bivalent immune responses by expression of
dengue virus type 1 and type 2 antigens from a single complex adenoviral vector. Am. J. Trop.
Med. Hyg. 2007, 76, 743–751.
45. Raviprakash, K.; Wang, D.; Ewing, D.; Holman, D.H.; Block, K.; Woraratanadharm, J.; Chen, L.;
Hayes, C.; Dong, J.Y.; Porter, K. A tetravalent dengue vaccine based on a complex adenovirus
vector provides significant protection in rhesus monkeys against all four serotypes of dengue
viruses. J. Virol. 2008, 82, 6927–6934.
46. Khanam, S.; Rajendra, P.; Khanna, N.; Swaminathan, S. An adenovirus prime/plasmid boost
strategy for induction of equipotent immune responses to two dengue virus serotypes.
BMC Biotechnol. 2007, 7, 10.
47. White, L.J.; Parsons, M.M.; Whitmore, A.C.; Williams, B.M.; de Silva, A.; Johnston, R.E. An
immunogenic and protective alphavirus replicon particle-based dengue vaccine overcomes
maternal antibody interference in weanling mice. J. Virol. 2007, 81, 10329–10339.
48. White, L.J.; Yingsiwaphat, V.; Wahala, W.; Parsons, M.M.; Fuller, L.; Collier, M.; Sariol, C.A.;
de Silva, A. An alphavirus replicon based dengue vaccine is immunogenic and protective in
rhesus macaques and induces predominantly domain iii reactive neutralizing antibodies. In
Proceedings of The American Society of Tropical Medicine and Hygiene 59th Annual Meeting,
American Society of Tropical Medicine and Hygiene, Atlanta, GA, USA, 2010; Volume 83,
p. 246.
49. Putnak, J.R.; Coller, B.A.; Voss, G.; Vaughn, D.W.; Clements, D.; Peters, I.; Bignami, G.; Houng,
H.S.; Chen, R.C.; Barvir, D.A.; et al. An evaluation of dengue type-2 inactivated, recombinant
subunit, and live-attenuated vaccine candidates in the rhesus macaque model. Vaccine 2005, 23,
4442–4452.

Viruses 2011, 3

1813

50. Clements, D.E.; Coller, B.A.; Lieberman, M.M.; Ogata, S.; Wang, G.; Harada, K.E.; Putnak, J.R.;
Ivy, J.M.; McDonell, M.; Bignami, G.S.; et al. Development of a recombinant tetravalent dengue
virus vaccine: Immunogenicity and efficacy studies in mice and monkeys. Vaccine 2010, 28,
2705–2715.
51. Hermida, L.; Bernardo, L.; Martin, J.; Alvarez, M.; Prado, I.; Lopez, C.; Sierra Bde, L.; Martinez,
R.; Rodriguez, R.; Zulueta, A.; et al. A recombinant fusion protein containing the domain iii of
the dengue-2 envelope protein is immunogenic and protective in nonhuman primates. Vaccine
2006, 24, 3165–3171.
52. Valdes, I.; Bernardo, L.; Gil, L.; Pavon, A.; Lazo, L.; Lopez, C.; Romero, Y.; Menendez, I.;
Falcon, V.; Betancourt, L.; et al. A novel fusion protein domain iii-capsid from dengue-2, in a
highly aggregated form, induces a functional immune response and protection in mice. Virology
2009, 394, 249–258.
53. Valdes, I.; Gil, L.; Romero, Y.; Castro, J.; Puente, P.; Lazo, L.; Marcos, E.; Guzman, M.G.;
Guillen, G.; Hermida, L. The chimeric protein domain iii-capsid of dengue virus serotype 2
(den-2) successfully boosts neutralizing antibodies generated in monkeys upon infection with
den-2. Clin. Vaccine Immunol. 2011, 18, 455–459.
54. Valdes, I.; Hermida, L.; Martin, J.; Menendez, T.; Gil, L.; Lazo, L.; Castro, J.; Niebla, O.; Lopez,
C.; Bernardo, L.; et al. Immunological evaluation in nonhuman primates of formulations based on
the chimeric protein p64k-domain iii of dengue 2 and two components of neisseria meningitidis.
Vaccine 2009, 27, 995–1001.
55. Santra, S.; Seaman, M.S.; Xu, L.; Barouch, D.H.; Lord, C.I.; Lifton, M.A.; Gorgone, D.A.;
Beaudry, K.R.; Svehla, K.; Welcher, B.; et al. Replication-defective adenovirus serotype 5 vectors
elicit durable cellular and humoral immune responses in nonhuman primates. J. Virol. 2005, 79,
6516–6522.
56. Barouch, D.H.; Nabel, G.J. Adenovirus vector-based vaccines for human immunodeficiency virus
type 1. Hum. Gene Ther. 2005, 16, 149–156.
57. Sullivan, N.J.; Sanchez, A.; Rollin, P.E.; Yang, Z.Y.; Nabel, G.J. Development of a preventive
vaccine for ebola virus infection in primates. Nature 2000, 408, 605–609.
58. Jaiswal, S.; Khanna, N.; Swaminathan, S. Replication-defective adenoviral vaccine vector for the
induction of immune responses to dengue virus type 2. J. Virol. 2003, 77, 12907–12913.
59. MacDonald, G.H.; Johnston, R.E. Role of dendritic cell targeting in venezuelan equine
encephalitis virus pathogenesis. J. Virol. 2000, 74, 914–922.
60. Thompson, J.M.; Whitmore, A.C.; Konopka, J.L.; Collier, M.L.; Richmond, E.M.; Davis, N.L.;
Staats, H.F.; Johnston, R.E. Mucosal and systemic adjuvant activity of alphavirus replicon
particles. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 3722–3727.
61. Coller, B.A.; Clements, D.; Ogata, S.; Martyak, T.; Thorne, M.; Yelmene, M.; Parks, E. Clinical
development of a recombinant subunit vaccine for dengue. In Proceedings of the American
Society of Tropical Medicine and Hygiene 59th Annual Meeting, Atlanta, GA, USA, 4–
7 November 2010; p. 248.
62. Zhang, W.; Chipman, P.R.; Corver, J.; Johnson, P.R.; Zhang, Y.; Mukhopadhyay, S.; Baker, T.S.;
Strauss, J.H.; Rossmann, M.G.; Kuhn, R.J. Visualization of membrane protein domains by
cryo-electron microscopy of dengue virus. Nat. Struct. Biol. 2003, 10, 907–912.

Viruses 2011, 3

1814

63. Roehrig, J.T. Antigenic structure of flavivirus proteins. Adv. Virus Res. 2003, 59, 141–175.
64. Crill, W.D.; Roehrig, J.T. Monoclonal antibodies that bind to domain iii of dengue virus e
glycoprotein are the most efficient blockers of virus adsorption to vero cells. J. Virol. 2001, 75,
7769–7773.
65. Hermida, L.; Rodriguez, R.; Lazo, L.; Silva, R.; Zulueta, A.; Chinea, G.; Lopez, C.; Guzman,
M.G.; Guillen, G. A dengue-2 envelope fragment inserted within the structure of the p64k
meningococcal protein carrier enables a functional immune response against the virus in mice.
J. Virol. Methods 2004, 115, 41–49.
© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

