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ABSTRACT
The unexpectedly low vaccine efficacy of Dengvaxia®, developed by Sanofi Pasteur, and a higher risk of
severe diseases after vaccination among dengue-naive children or children younger than 6 years old, have
cast skepticism about the safety of dengue vaccination resulting in the suspension of school-based
immunization programs in the Philippines. The absence of immune correlates of protection from dengue
virus (DENV) infection hampers the development of other potential DENV vaccines. While tetravalent live-
attenuated tetravalent vaccines (LATVs), which mimic natural infection by inducing both cellular and
humoral immune responses, are still currently favored, developing a vaccine that provides a balanced
immunity to all four DENV serotypes remains a challenge. With the recently advanced understanding of
virion structure and B cell immune responses from naturally infected DENV patients, two points of view in
developing a next-generation dengue vaccine emerged: one is to induce potent, type-specific neutralizing
antibodies (NtAbs) recognizing quaternary structure-dependent epitopes by having four components of
vaccine strains replicate equivalently; the other is to induce protective and broadly NtAbs against the four
serotypes of DENV with a universal vaccine. This article reviews the studies related to these issues and the
current knowledge gap that needs to be filled in.
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Introduction

Dengue is a mosquito-borne disease caused by any of the four
genetically close-related but antigenically distinct virus sero-
types of the genus Flavivirus.1 An estimated 390 million den-
gue infections occur annually, and about 96 million people
have clinically apparent disease.2 Despite large efforts in
implementing various mosquito control programs, dengue
continues to be a growing public health problem due to
many reasons, including climate change, mass and speed of
public transportation, and population growth.3 Besides vector
control strategies, various vaccine approaches against dengue
virus (DENV) have been developed over the last 50 years to
prevent this infection. The first dengue vaccine, Dengvaxia®,
licensed for use in a number of countries, is a live-attenuated
chimeric yellow fever-DENV tetravalent dengue vaccine
(CYD-TDV). However, an unexpectedly low vaccine efficacy
among dengue naïve children or children younger than
6 years old was revealed in phase III clinical trials.4,5 Follow-
up studies also showed an elevated risk of severe dengue
requiring hospitalization among seronegative individuals
receiving the vaccination, thus suggesting that the vaccine
mimics a primary DENV infection in naïve patients, who
might be sensitized with increased vulnerability to antibody-
dependent enhancement (ADE) after primary DENV
infection.6–8 As a result, this vaccine is now only recom-
mended for DENV-immune individuals who are currently
living in dengue-endemic countries.9,10 Further, the safety

concern of dengue vaccination among seronegative indivi-
duals has also resulted in the suspension of school-based
immunization programs in the Philippines.11

Many reviews have discussed the difficulties of Dengvaxia®
in inducing a balanced immunity against all four serotypes of
DENV12–20 and provided several guidelines in the develop-
ment of next-generation dengue vaccines.21–23 Hence, the
development of a dengue vaccine capable of eliciting high
levels of balanced immunity to all four DENV serotypes,
which can persist for many years in the post-Dengvaxia era,
has become imperative. However, the role of virion maturity
of the vaccine strains comprising Dengvaxia® or other live-
attenuated tetravalent (LATV) dengue vaccines in the induc-
tion of balanced immunity and vaccine protection remains
poorly defined. This article focuses on the current knowledge
on unbalanced B and T cell immunity from LATV immuniza-
tion, broadly neutralizing antibodies (NtAbs) induced from
natural DENV infection, and the role of structurally-mature
or homogeneous virion particles in the future design of den-
gue vaccine in a post-Dengvaxia era.

Current status of LATV dengue vaccine development

The majority of dengue infections are asymptomatic or present as
flu-like symptoms known as “classical” dengue fever (DF); how-
ever, some may progress to severe disease, including dengue
hemorrhagic fever (DHF) or dengue shock syndrome (DSS).24
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A new classification developed by theWorld Health Organization
(WHO) in 2009 further divides dengue cases into two classifica-
tions: dengue with or without warning signs and severe dengue.25

Due to the disease burden and its public health importance, the
development of an effective dengue vaccine has been considered
as a top priority. Since live-attenuated vaccines (LAV) against
other flaviviruses such as yellow fever and Japanese encephalitis
viruses have been proven to be highly effective, a LATV against
DENV is favored and three of them are at the forefront. The
world’s first licensed dengue vaccine, Dengvaxia®, was developed
by Sanofi Pasteur and is a recombinant tetravalent vaccine based
on the capsid and non-structural (NS) proteins of highly immu-
nogenic and safely attenuated yellow fever virus (YFV) 17D
vaccine strain backbone, which has been in use since the
1930s.18 The premembrane (prM) and envelope (E) protein
genes of each of the four DENV serotypes replaced that of YFV,
and were expressed as a chimeric yellow fever-DENV vaccine.
The other leading LATV dengue vaccine candidates were respec-
tively developed by the US National Institutes of Health (NIH)
and Butantan Institute, and the Centers for Disease Control and
Prevention (US-CDC).26 The NIH/Butantan vaccine (LATV Δ30
with two formulations, TV003 and TV005) consists of DENV-1,
−3 and −4 strains that were attenuated by deleting 30 amino acids
at the 3ʹ untranslated region and a chimeric DENV-2 that was
produced by substituting the prM and E protein genes of the
attenuated DENV-4 with those of DENV-2.27 The US-CDC
vaccine (TDV, formerly DENVax), initially licensed to Inviragen
and recently acquired by Takeda, is a mixture of an attenuated
DENV-2 strain and three recombinant viruses with prM and
E genes from DENV-1, −3, and −4 on a DENV-2 genome
backbone.28 Both NIH/Butantan and US-CDC/Takeda vaccines
are still the subject of intensive clinical trials, while the Dengvaxia®
vaccine already completed phase III clinical trials and is licensed
in a number of countries including Brazil, Mexico, El Salvador,
Paraguay, the Philippines and recently in countries within the
European Union and the USA. However, Dengvaxia® is only
licensed for use among individuals aged 9 to 45 years (with
different age ranges in some countries). Importantly, the WHO
recommends vaccination only to individuals who have had
a previously documented dengue infection confirmed either by
a diagnostic test or by a medical history of dengue illness.20

Dengue virions are heterogeneous and dynamic

Dengue virions exist as a heterogeneous population.29

During virus replication, the newly synthesized immature
DENV particle is assembled in the endoplasmic reticulum
at neutral pH and then translocated through the trans-Golgi
network (TGN) inside the low-pH secretory vesicles. The pr
portion of prM protein, positioned to cover the fusion loop
(FL) peptide at the distal end of each E protein, prevents

premature fusion during the maturation process.30,31 For the
virion to become fully infectious, the pr molecule is cleaved
by the TGN-resident furin-like protease and released during
virion particle egress to become the membrane (M) protein
containing mature virion exposed to neutral pH in the extra-
cellular milieu. However, the pr/M cleavage by the furin-like
protease within these low-pH secretory vesicles is inefficient
due to the variations in the level of furin expression among
different cell types. The computational prediction also indi-
cated the presence of sub-optimal amino acid motif sur-
rounding the pr and M junction region cleavable by furin-
like protease.32,33 For these reasons, dengue virions released
from infected cells consist of different degrees of maturation,
and can be characterized as heterogeneous and mosaic par-
ticles with pr portion of prM proteins that are uncleaved
(immature DENV), incompletely cleaved (partially mature
DENV) or completely cleaved (mature DENV).34,35 The
exact composition of these structurally heterogeneous
DENV virions in human and mosquito during natural infec-
tion is unknown, although a recent publication suggested
that it could be mostly mature in humans.36 Notably, this
heterogeneity of virion particles could be influenced by
DENV serotypes, genotypes or strains, passage history
of the virus or the target cell types supporting DENV
replication.37,38

Furthermore, studies have established that the organiza-
tion of E protein on the surface of DENV particles is flexible
and dynamic under different temperatures and pH environ-
ments, although E proteins are tightly packed as 90 anti-
parallel homodimers forming an icosahedral symmetry.39,40

This phenomenon, termed virus ‘breathing’, allows antibo-
dies to bind to transiently exposed cryptic epitopes and
neutralize the virus.29 However, this dynamic behavior that
creates a “bumpy” conformation of E protein on the surface
of virion particles is not a common feature to all DENVs and
is influenced by temperature, duration of incubation and
different strains of DENV.41 Different E protein mutations
can also have profound effects on virus ‘breathing’ and
exposure of antibody epitopes.42

Currently, the precise maturation state of the viral parti-
cles expressed by all dengue LAV candidates is undefined.
Monitoring and controlling the maturation state during the
production of LAV is also particularly difficult. Table 1
summarizes the strains of the three foremost dengue
LATVs. DENV-1 strain 16007 (isolated in Thailand in
1964) is currently included as a vaccine antigen and belongs
to an extinct genotype with mutations most likely derived
from cell culture passage. So far, no study has been per-
formed to investigate the virion structure heterogeneity of
LATV dengue vaccine strain and its association with vaccine
efficacy yet.

Table 1. Vaccine strains formulated within the three foremost dengue live-attenuated vaccines.

DENV-1 DENV-2 DENV-3 DENV-4

Dengvaxia (by Sanofi Pasteur)18 PUO-359/TVP-1140 PUO-218 PaH881/88 1228 (TVP-980)
LATV Δ30 (by NIH/Butantan)27 Western Pacific Tonga/74 Sleman/78 Dominica/814669/1981
TDV* (by US-CDC/Takeda)28 16007 16681, PDK-53 16562 1036

*formerly named DENVax

HUMAN VACCINES & IMMUNOTHERAPEUTICS 2329



Virion heterogeneity as a way to evade antibody
neutralization

The E protein is the major surface-exposed structural glyco-
protein with an ectodomain comprising of three distinct
domains – EDI, EDII, and EDIII, which are connected by
flexible hinges that allow its rearrangement during virus
assembly, maturation and infection.43 As such, E protein is
notably the major target of NtAbs.44,45 However, the humoral
immune response in humans who recovered from primary
DENV infection is dominated by antibodies that recognize the
prM or fusion-loop epitope (FLE) at the distal end of the EDII
of the E protein.37 These anti-prM and anti-FLE antibodies
are highly cross-reactive with other DENV serotypes, but are
poorly neutralizing and can potently promote ADE of
infection.

ADE contributes an important role in the pathogenesis of
severe dengue and is modulated by the concentration of
antibodies. As posited by the concept of “multiple-hit”
mechanism, neutralization occurs when the virion is bound
by antibodies with a stoichiometry exceeding a required
threshold; virion-antibody engagement below the threshold
has the potential to enhance viral infection through cells
bearing Fc-receptors.46,47 This threshold of neutralization is
also determined by the antibody affinity and the accessibility
of epitopes on the virion. Detailed functional studies demon-
strated that the concentration of antibodies to promote max-
imal enhancement of infection is about half the amount
required for neutralization.48 Although there is no robust
serological assay that could accurately predict protection or
the risk of ADE and severe disease, a pediatric cohort study
in Nicaragua demonstrated that a narrow range of low anti-
body titers (1:21–1:80) predicts a high risk of severe
dengue.49 Furthermore, the maturation status of virion par-
ticles influences its susceptibility to neutralization or ADE of
infection as shown in West Nile virus (WNV) and
DENV.37,50 Completely mature virions have diminished

neutralization sensitivity to anti-FLE antibodies, with neu-
tralization levels that fail to exceed 60–80% even at high
concentration unless the virus breathes.51 On the contrary,
highly prM-containing immature particles, which better
exposes the FLE epitopes under a trimetric organization of
E protein, are preferentially recognized by anti-FLE
antibodies.52 Moreover, anti-prM antibodies do not bind to
mature virions because the latter do not possess prM pro-
teins, but when bound to partially-mature virions, they pos-
sess partial neutralization activities that plateau at 10–60%
even at high antibody concentration.37 Both anti-prM and
anti-FLE antibodies can neutralize partially-mature virions
but only at sub-optimal levels, which may predispose the
individual to ADE of infection. The inefficient prM cleavage,
particularly in DENVs, may have evolved as both an
immune evasion and infection enhancement strategies,
which are important for the virus to survive during its
natural life cycle, leading to the production of poorly
NtAbs targeting the prM protein and FLE.53 Currently,
there is poor understanding of the threshold of anti-prM
or anti-FLE antibodies in dengue-experienced patients and
their association with disease severity.53,54 Finally, no inves-
tigations have been made to identify the level of anti-prM or
FLE antibodies among seronegative individuals after receiv-
ing LATV dengue vaccine, and the potential of those anti-
bodies in “sensitizing” them, thus increasing their risk for
hospitalization due to an eventual dengue infection later on.

Human monoclonal antibodies from dengue patients
as a gateway to understanding protection

Understanding B cell response and the induction of antibo-
dies produced is crucial for human health and vaccine devel-
opment. Different pathways to generate short- (SLPCs) and
long-lived plasma cells (LLPCs) and memory B cells (MBCs),
and how these different paths impact antibody diversity and
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affinity have been reviewed in detail.55 Following the first
DENV encounter (primary infection), humans develop
MBCs and LLPCs that secrete polyclonal homotypic NtAbs
against the infecting serotype, as well as short-lived, cross-
reactive antibodies with low to moderate neutralizing activity
to other serotypes (Figure 1).56–58 Subsequent infection with
a different serotype of DENV can lead to three types of anti-
body responses: induction of homotypic NtAbs specific to the
newly infecting serotype, a memory recall and boost in the
neutralizing antibody response to the prior infecting
serotype,59,60 and the production of heterotypic antibody cap-
able of cross-neutralizing the remaining serotypes, even those
that were not yet encountered by the individual.13,61

Therefore, following infection with two different serotypes
of DENV, an individual generally develops a broadly neutra-
lizing antibody response sufficient to provide protection
against all four serotypes of DENV based on epidemiological
observations.62–64

Recent analysis of a panel of human monoclonal anti-
bodies (MAbs) isolated from DENV-infected patients has
identified a number of potently neutralizing MAbs, with
50% in vitro neutralization (Nt50) values at concentrations
within the picomolar range.65 Several of these antibodies
bind to conformational-dependent epitopes on the quatern-
ary structures of E protein present on the intact virions but
not to monomeric recombinant E protein.51,66–68 Some of
them have been structurally characterized, including
DENV-1-specific 1F4 and HM14c10 MAbs,69,70 DENV-
3-specific 5J7 MAb,71 and DENV-2-specific 2D22 MAb.72

The other types of MAbs bind to epitopes across the inter-
face of two head-to-tail E monomers, making up the
E dimer epitope (EDE) as mapped by X-ray crystallography
and cryo-electron microscopy (cryo-EM).65,73 They occupy
a highly conserved site where prM interacts with E protein
as it passes through the trans-Golgi network, hence many of
these EDE mAbs are broadly cross-reactive and can neu-
tralize all four DENV serotypes. Unlike the anti-FLE anti-
bodies, these EDE mAbs can potently neutralize both high
and low prM-containing DENVs that are produced in
insect and human monocyte-derived dendritic cells,
respectively.51 Interestingly, these antibodies have prophy-
lactic and therapeutic activities in mouse models of DENV
infection and disease, implying that quaternary structure-
dependent epitopes are the main targets of protective and
broadly NtAbs induced after secondary DENV infection in
humans.70,72

At present, the mechanism of generating these potent,
broadly NtAbs during DENV infections is not well-
understood.74 It remains unclear whether they come from
a low-affinity, cross-reactive antibody-producing MBCs
induced by primary infection, and are later activated and
affinity-matured by repeat infection to become high-affinity
cross-reactive NtAbs, or if they come from a small population
of MBCs induced by structurally mature particles, which
expanded after secondary infection and are maintained as
MBCs or LLPCs (Figure 1). Since not all NtAbs are equally
protective, the quality and quantity of these antibodies are of
paramount importance.16 Studies to define how these qua-
ternary epitope-recognizing NtAbs evolve over time and how

different DENV strains with varying degrees of maturity affect
the induction of such immune response should be prioritized
in the design of the next-generation DENV vaccine.

Current dengue vaccine candidates developed with
consideration of the antigen maturity

Variations in the arrangement and conformation of the
E proteins among dengue virion particles may be associated
with its role in shaping the antibody response to DENV
infection. Although there were dengue vaccine studies that
intended to avoid the induction of anti-FLE antibodies,75,76

very few studies have compared immunogenicity based on the
maturity of the viral antigen. Nevertheless, a chimeric DENV-
1/2 LAV (cD1-4pm) with improved prM cleavage was pre-
viously evaluated.77 The cD1-4pm was generated from the
attenuated DENV-2 strain 16681-PDK53 genome backbone
having a prM/E gene fragments from DENV-1 strain
03–0398. This chimeric virus is relatively mature with 12%
of the prM protein remaining on the surface of viral particles.
Mice immunized with cD1-4pm developed NtAbs predomi-
nantly against DENV-1 and only a minimal anti-DENV-2
NtAbs. On the other hand, monkeys immunized with cD1-
4pm showed no viremia as compared to those immunized
with the less mature, higher prM-possessing parental vaccine
strain of DENV-1, although the geometric mean antibody
titers showed similar levels between the two groups of
animals.77 More recently, a study demonstrated that a highly
mature DENV-2 strain 16681-derived virus-like particles
(mD2VLP) produced from mammalian COS-1 cells can gen-
erate higher cross-reactive NtAbs, and mice receiving pas-
sively transferred antibodies from immunized mice were
protected against all four serotypes of DENV.32 Further, cryo-
EM reconstruction showed that these mD2VLP particles pos-
sess a T = 1 icosahedral symmetry with a groove located
within the E protein dimers near the 2-fold vertices and
exposed highly overlapping, cryptic neutralizing epitopes.32

The results highlighted the potential of these “epitope-
resurfaced” mature-form D2VLPs in inducing quaternary
structure-recognizing broadly cross-reactive NtAbs.
Covalently locked E protein dimers through cross-linking of
the inter-subunit disulfide bonds is another dengue vaccine
design that can also present resurfaced conformational EDE
epitopes and with reduced exposure of the immunodominant
FLE.78

Unbalanced B cell immunity of LATV dengue vaccine

Ideally, a tetravalent dengue vaccine should induce a balanced
B and T cell-mediated immunity against all four DENV ser-
otypes while maintaining high structural maturity so that it is
less capable of inducing anti-prM or anti-FLE antibodies. In
order to confer robust B cell immunity, this vaccine should
present quaternary structure-dependent epitopes that are
unique to each serotype to act as the main targets of protec-
tive NtAbs. Nonetheless, unbalanced B cell immunity was
observed in the clinical trials of LATV dengue vaccines.
DENV-naïve subjects who received CYD-TDV developed
high levels of type-specific NtAbs to DENV-4, whereas cross-
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reactive NtAbs dominated the DENV-1, DENV-2, and
DENV-3 responses.79 This was further supported by the ear-
lier studies which showed that the magnitude of neutralizing
antibody response against DENV-4 was higher than that from
the other serotypes after the first dose in seronegative
subjects.80,81 Similarly, the US-CDC/Takeda vaccine induced
potent DENV-1 and −2 quaternary epitope-specific NtAb
responses; however, DENV-3 epitope-specific antibody
response was not observed.82 A study among vaccinees who
received sequential monovalent NIH/Butantan vaccines sug-
gested that cross-reactive anti-E antibodies significantly con-
tributed to the heterologous neutralizing activities against
both exposed and unexposed DENV serotypes.83 However,
no further study on NIH/Butantan tetravalent dengue vaccine
can be found whether neutralization antibodies against four
serotypes of DENV are contributed by either serotype-specific
or by cross-reactive epitopes.

Unbalanced B cell immunity could be further exacerbated
when the LATV dengue vaccines are provided to persons with
prior flavivirus exposure. The emergence of Zika virus (ZIKV)
in DENV-endemic regions has raised the critical question of
how the pre-existing ZIKV immunity modulates the immune
response to and clinical outcomes of subsequent DENV vacci-
nation and vice versa. Studies in human, mouse or monkey
demonstrated that pre-existing anti-DENV antibodies can
either contribute to cross-protection or mediate ADE, depend-
ing on the quality and quantity of antibodies generated (see
reviews84–87). Few studies evaluating immune response of fla-
vivirus vaccines in human or mice pre-exposed with JEV or
DENV suggested no impact on the induction of virus-specific
neutralizing antibody response; however, cross-reactive anti-
body response was observed.88,89 At sub-neutralizing levels,
these cross-reactive antibodies possess DENV infection-
enhancement activity. In a small clinical trial of the NIH/
Butantan LATV dengue vaccine, a single dose vaccination
with TV003 among those with prior YFV or DENV exposure
was associated with significantly higher neutralizing antibody
titers to DENV-2 to −4, in particularly DENV-2, but not to
DENV-1, than the flavivirus-naïve population.90 Whether
LATV dengue vaccine serves as “sensitizer” among flavivirus
pre-exposed group and leads to severe disease as observed from
Dengvaxia or not awaits the conclusions of phase III clinical
trial.

(Un) balanced T cell immunity of LATV dengue
vaccine

DENV infection induces potent innate immune responses,
which in turn shape the adaptive immune responses, includ-
ing not only B cell humoral responses with antibody produc-
tion but also cellular responses mediated by CD4+ and CD8+

T cells.74 The immunodominant epitopes recognized by CD4+

and CD8+ T cells have been mapped, with CD8+ T cells
preferentially targeting NS proteins, such as NS3, NS4b and
NS5; and CD4+ T cell responses toward structural proteins
and NS1.91–93 Both CD4+ and CD8+ T cell responses have
been suggested to mediate protection in animal models or
DENV-infected patients (see reviews65,74,94,95). Like B cell
immunity, cellular immune responses against DENV can be

also cross-reactive against multiple DENV serotypes due to
the similarity of genomic sequences. Cross-reactive memory
T cells recalled during secondary infection were observed with
responses skewed towards a higher pro-inflammatory cyto-
kine production and immunopathology in clinically severe
patients.74,91 The protective or pathogenic role of T cells in
DENV infection remains controversial, which may be deter-
mined by the sequence of infection, the degree of cross-
reactivity and the viral load.74,96

Although the key immunological elements required to
produce an ideal dengue vaccine are currently unknown,
induction of moderate and balanced CD4+ and CD8+

T lymphocyte-mediated immunity may improve the efficacy
and safety. The inability to induce CD8+ T cell response
against DENV has been one of the explanations for the poor
protective efficacy among DENV seronegative individuals
who received Dengvaxia®, which contains the NS proteins of
YFV.18,97 Instead, a memory T cell recall to DENV NS3,
similar to natural infection, was found in DENV-immune
subjects and suggested that the persistent antigen-specific
memory T cell response mediated the protection.14,98,99 The
two other LATV dengue vaccines, developed by US-CDC/
Takeda and NIH/Butantan, are built on a DENV backbone
rather than a YFV backbone and are hoped to generate better
protective T cell responses than Dengvaxia. Immunization
with two doses of US-CDC/Takeda TDV vaccine triggered
both DENV-2 specific and cross-reactive CD8+ T cell
responses, which persisted for more than six months.100

However, whether this cross-reactive CD8+ T cell response
is protective or pathogenic remains a question. On the other
hand, vaccination with NIH/Butantan TV003 vaccine not
only elicited protective NtAbs but also induced antigen-
specific CD8+ T cell response, which is focused on the highly
conserved NS proteins.101 Similar magnitude, frequency, and
specificity of the vaccine-specific CD4+ T cell response, com-
pared to those humans naturally exposed to DENV, were also
observed, suggesting a protective T cell response against
severe disease.102 It is important to note that none of those
three LATV dengue vaccines, with at least one chimeric
serotype, is capable of inducing type-specific T cell immunity.
Whether cross-reactive T cell immune response confers
immunopathology or protection as natural infection awaits
the results of two currently ongoing phase III clinical trials for
the NIH/Butantan and US-CDC/Takeda vaccines or the four-
year safety follow-up of CYD-TDV.

Conclusions

Ideally, a dengue vaccine should induce both potent humoral
(NtAbs) and cellular (Th1 or cytotoxic T lymphocytes) pro-
tective immunity against the four serotypes of DENV. LAVs
should be optimal in this respect. The main concern about
Dengvaxia® is the increased risk of severe disease exposure to
DENV infection in vaccinated children who were naïve to
DENV.103 The current most plausible hypothesis for the
underlying mechanism is that the vaccine, acting as
a “primary-like infection”, initiates a first immune response
to dengue in seronegative individuals; this predisposes them
to a higher risk of severe disease upon encountering
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a “secondary-like”, wild-type dengue virus infection as
explained by the ADE theory. However, the potential role of
the lacking antigen-specific, protective CD8+ T cell immunity
could not be ignored. So far, the major immunological corre-
lates of protection from infection or severe disease are still
unknown.104,105 In the future, antibody kinetics and the level
of triggered cellular responses should be addressed in order to
establish which profiles of responses are induced by vaccina-
tion and if such response is most likely to be protective or
enhancing. To date, we do not know yet whether the second-
generation dengue vaccines will exhibit a similar mechanism
or not. As the protective immunity would be fundamentally
different in both DENV-naïve and DENV-primed individuals,
all dengue vaccine trials must be designed to obtain separate
safety and efficacy data to prevent extrapolation of results
from one group to the other.6,106

Future perspectives

DENVs are naturally produced as heterogeneous populations.
Variations in prM and E sequences, virion maturation state,
and virus breathing strongly affect epitope presentation and
interactions with human antibodies, which lead to either virus
neutralization or enhancement of infection. Most importantly,
the presence of anti-DENV antibodies is not sufficient for
neutralization and protection; instead, a stoichiometry is
influenced by the heterogeneity of the virion surface. Given
the well-established correlates of protection for Tick-borne
encephalitis virus (TBEV), YFV and JEV vaccines based on
the measurement of neutralizing antibody titers (1:10 respec-
tively), it clearly indicates that the quality of the antibody
response is an important element of protection provided by
flavivirus vaccines.107,108 Therefore, improving the quality as
well as the quantity of anti-DENV NtAbs is a paramount
objective in the development of the next-generation dengue
vaccines.

Although a LATV dengue vaccine is currently preferable, it
remains challenging to have all four component strains repli-
cate equally with proper dosing and be able to induce
balanced serotype-specific NtAbs. If an individual with
repeated exposure to different serotypes of DENV generally
develops a broad immune response sufficient to provide pro-
tection against all DENV serotypes, a strategy to induce such
broadly NtAbs should be considered in developing the next-
generation dengue vaccine.13 A monovalent universal dengue
vaccine capable of inducing broadly NtAbs or a heterologous
prime-boost vaccination strategy in combination with LAV
such as Dengvaxia® for immune-refocusing could possibly be
an alternative solution.

Using system vaccinology to guide vaccine design by reverse
engineering, vaccines that were previously difficult to make
such as vaccines for human immunodeficiency virus (HIV) or
respiratory syncytial virus (RSV), are now possible.109 Although
technically challenging, designing a dengue vaccine that pre-
sents quaternary structures and EDE epitopes to induce broadly
cross-reactive NtAbs with rational aid from the current under-
standing of immune responses from natural DENV infection, is
full of potentials.110 VLP antigens, with repetitive proteins on
the surfaces of antigens, allow “cross-linking” several receptors

on the surface of B cells. VLPs could be the best candidate for
dengue vaccine as they trigger the strongest and durable anti-
body responses, including LLPCs.111 Yet the absence of immune
correlates of protection from DENV infection hampers the
development of other potential DENV vaccines. Currently,
dengue LAVs are still favored because they induce both cellular
and humoral immune responses mimicking those elicited by
natural infection. We believe that it is imperative to apply the
fundamental knowledge on memory B cell biology, broadly
NtAbs, and virion structure biology to contemporary proble-
matic infection to better guide vaccine design and future
research and development.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This review was supported by the Ministry of Science and Technology
Taiwan (MOST-107-2313-B005-038-MY3)

References

1. Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus genome:
organization, expression and replication. Annu Rev Microbiol.
1990;44:649–88. doi:10.1146/annurev.mi.44.100190.003245.

2. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW,
Moyes CL, Drake JM, Brownstein JS, Hoen AG, Sankoh O, et al.
The global distribution and burden of dengue. Nature.
2013;496:504–07. doi:10.1038/nature12060.

3. Kyle J, Harris E. Global spread and persistence of dengue.
Annu Rev Microbiol. 2008;62:71–92. doi:10.1146/annurev.
micro.62.081307.163005.

4. Hadinegoro S, Arredondo-García JL, Capeding MR, Deseda C,
Chotpitayasunondh T, Dietze R, Muhammad Ismail HIH,
Reynales H, Limkittikul K, Rivera-Medina DM, et al. Efficacy and
long-term safety of a dengue vaccine in regions of endemic disease.
N Engl J Med. 2015;373:1195–206. doi:10.1056/NEJMoa1506223.

5. Capeding M, Tran N, Hadinegoro S, Ismail H, Chotpitayasunondh
T, Chua M, Luong C, Rusmil K, Wirawan D, Nallusamy R, et al.
Clinical efficacy and safety of a novel tetravalent dengue vaccine in
healthy children in Asia: a phase 3, randomised, observer-masked,
placebo-controlled trial. Lancet. 2014. doi:10.1016/S0140-6736(14)
61060-6.

6. Rodriguez-Barraquer I, Mier-Y-Teran-Romero L, Ferguson N,
Burke D, Cummings D. Differential efficacy of dengue vaccine by
immune status. Lancet. 2015;385:1726. doi:10.1016/S0140-6736(15)
60889-3.

7. Halstead S. Dengvaxia sensitizes seronegatives to vaccine
enhanced disease regardless of age. Vaccine. 2017;35:6355–58.
doi:10.1016/j.vaccine.2017.09.089.

8. Sridhar S, Luedtke A, Langevin E, ZhuM, BonaparteM,Machabert T,
Savarino S, Zambrano B, Moureau A, Khromava A, et al. Effect of
dengue serostatus on dengue vaccine safety and efficacy. N Engl
J Med. 2018;379:327–40. doi:10.1056/NEJMoa1800820.

9. World Health Organization. Dengue vaccine: WHO position
paper, July 2016 - recommendations. Vaccine. 2017;35:1200–01.
doi:10.1016/j.vaccine.2016.10.070.

10. Wilder-Smith A, Hombach J, Ferguson N, Selgelid M, O’Brien K,
Vannice K, Barrett A, Ferdinand E, Flasche S, Guzman M, et al.
Deliberations of the strategic advisory group of experts on immu-
nization on the use of CYD-TDV dengue vaccine. Lancet Infect
Dis. 2019;19:e31–e38. doi:10.1016/S1473-3099(18)30494-8.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 2333

http://dx.doi.org/10.1146/annurev.mi.44.100190.003245
http://dx.doi.org/10.1038/nature12060
http://dx.doi.org/10.1146/annurev.micro.62.081307.163005
http://dx.doi.org/10.1146/annurev.micro.62.081307.163005
http://dx.doi.org/10.1056/NEJMoa1506223
http://dx.doi.org/10.1016/S0140-6736(14)61060-6
http://dx.doi.org/10.1016/S0140-6736(14)61060-6
http://dx.doi.org/10.1016/S0140-6736(15)60889-3
http://dx.doi.org/10.1016/S0140-6736(15)60889-3
http://dx.doi.org/10.1016/j.vaccine.2017.09.089
http://dx.doi.org/10.1056/NEJMoa1800820
http://dx.doi.org/10.1016/j.vaccine.2016.10.070
http://dx.doi.org/10.1016/S1473-3099(18)30494-8


11. Pang T, Gubler D, Goh D, Ismail Z, Asia Dengue Vaccine Advocacy
Group. Dengue vaccination: a more balanced approach is needed.
Lancet. 2018;391:654. doi:10.1016/S0140-6736(18)30245-9.

12. Durbin AP, Gubler DJ. What is the prospect of a safe and effective
dengue vaccine for travelers? J Travel Med. 2019. doi:10.1093/jtm/
tay153.

13. Whitehead S, Subbarao K. Which dengue vaccine approach is the
most promising, and should we be concerned about enhanced
disease after vaccination? The risks of incomplete immunity to
dengue virus revealed by vaccination. Cold Spring Harb Perspect
Biol. 2018;10:a028811. doi:10.1101/cshperspect.a028811.

14. Guy B, Lang J, Saville M, Jackson N. Vaccination against dengue:
challenges and current developments. Annu Rev Med.
2016;67:387–404. doi:10.1146/annurev-med-091014-090848.

15. Guy B. Which dengue vaccine approach is the most promising,
and should we be concerned about enhanced disease after vacci-
nation? Questions raised by the development and implementation
of dengue vaccines: example of the Sanofi Pasteur tetravalent
dengue vaccine. Cold Spring Harb Perspect Biol. 2018;10:
a029462. doi:10.1101/cshperspect.a029462.

16. de Silva A, Harris E. Which dengue vaccine approach is the most
promising, and should we be concerned about enhanced disease after
vaccination? The path to a dengue vaccine: learning from human
natural dengue infection studies and vaccine trials. Cold Spring Harb
Perspect Biol. 2018;10:a029371. doi:10.1101/cshperspect.a029371.

17. Screaton G, Mongkolsapaya J. Which dengue vaccine approach is
the most promising, and should we be concerned about enhanced
disease after vaccination? The challenges of a dengue vaccine.
Cold Spring Harb Perspect Biol. 2018;10:a029520. doi:10.1101/
cshperspect.a029520.

18. Guy B, Jackson N. Dengue vaccine: hypotheses to understand
CYD-TDV-induced protection. Nat Rev Microbiol. 2016;14:
45–54. doi:10.1038/nrmicro.2015.2.

19. Plotkin S. Dengue vaccine, A double-edged sword. J Pediatric
Infect Dis Soc. 2019 Jan 18. doi: 10.1093/jpids/piy140.

20. Wilder-Smith A. Four-year safety follow-up of the tetravalent
dengue vaccine CYD-TDV. Clin Microbiol Infect. 2018;24:
680–81. doi:10.1016/j.cmi.2018.03.024.

21. Vannice K, Wilder-Smith A, Barrett ADT, Carrijo K, Cavaleri M,
de Silva A, Durbin AP, Endy T, Harris E, Innis BL, et al. Clinical
development and regulatory points for consideration for
second-generation live attenuated dengue vaccines. Vaccine.
2018;36:3411–17. doi:10.1016/j.vaccine.2018.02.062.

22. Anderson K, Endy T, Thomas S. The dynamic role of dengue
cross-reactive immunity: changing the approach to defining vac-
cine safety and efficacy. Lancet Infect Dis. 2018;18:e333–e338.
doi:10.1016/S1473-3099(18)30126-9.

23. Tripathi N, Shrivastava A. Recent developments in recombinant
protein-based dengue vaccines. Front Immunol. 2018;9:1919.
doi:10.3389/fimmu.2018.01919.

24. Wilder-Smith A, Ooi E, Horstick O, Wills B. Dengue. Lancet.
2019;393:350–63. doi:10.1016/S0140-6736(18)32560-1.

25. World Health Organization. Dengue: guidelines for diagnosis,
treatment, prevention and control. New ed. Geneva, Switzerland:
WHO Press Chp 4; 2009. p. 91–106.

26. Torresi J, Ebert G, Pellegrini M. Vaccines licensed and in clinical
trials for the prevention of dengue. Hum Vaccin Immunother.
2017;13:1059–72. doi:10.1080/21645515.2016.1261770.

27. Whitehead S. Development of TV003/TV005, a single dose, highly
immunogenic live attenuated dengue vaccine; what makes this vac-
cine different from the Sanofi-Pasteur CYD™ vaccine? Expert Rev
Vaccines. 2016;15:509–17. doi:10.1586/14760584.2016.1115727.

28. SB H. Which dengue vaccine approach is the most promising, and
should we be concerned about enhanced disease after vaccination?
There is only one true winner. Cold Spring Harb Perspect Biol.
2018;10:a030700. doi:10.1101/cshperspect.a030700.

29. Dowd K, Pierson T. The many faces of a dynamic virion: implications
of viral breathing on flavivirus biology and immunogenicity. AnnuRev
Virol. 2018;5:185–207. doi:10.1146/annurev-virology-092917-043300.

30. Li L, Lok S-M, Yu I-M, Zhang Y, Kuhn RJ, Chen J, Rossmann MG.
The flavivirus precursor membrane-envelope protein complex:
structure and maturation. Science. 2008;319:1830–34. doi:10.1126/
science.1153263.

31. Kostyuchenko V, Zhang Q, Tan J, Ng T, Lok S. Immature and mature
dengue serotype 1 virus structures provide insight into the maturation
process. J Virol. 2013;87:7700–07. doi:10.1128/JVI.00197-13.

32. ShenW,Galula JU, Liu JH, LiaoMY,Huang CH,Wang YC,WuHC,
Liang JJ, Lin YL, Whitney MT, et al. Epitope resurfacing on dengue
virus-like particle vaccine preparation to induce broad neutralizing
antibody. Elife. 2018;7:e38970. doi: 10.7554/eLife.38970.

33. Tian S, Huajun W, Wu J. Computational prediction of furin clea-
vage sites by a hybrid method and understanding mechanism
underlying diseases. Sci Rep. 2012;2:261. doi: 10.1038/srep00261.

34. Pierson T, Diamond M. Degrees of maturity: the complex struc-
ture and biology of flaviviruses. Curr Opin Virol. 2012;2:168–75.
doi:10.1016/j.coviro.2012.02.011.

35. Junjhon J, Edwards TJ, Utaipat U, Bowman VD, Holdaway HA,
Zhang W, Keelapang P, Puttikhunt C, Perera R, Chipman PR, et al.
Influence of pr-M cleavage on the heterogeneity of extracellular
dengue virus particles. J Virol. 2010;84:8353–58. doi:10.1128/
JVI.00696-10.

36. Raut R, Corbett KS, Tennekoon RN, Premawansa S,Wijewickrama A,
Premawansa G, Mieczkowski P, Rückert C, Ebel GD, De Silva AD,
et al. Dengue type 1 viruses circulating in humans are highly infectious
and poorly neutralized by human antibodies. Proc Natl Acad Sci
U S A. 2019;116:227–32. doi:10.1073/pnas.1812055115.

37. Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P,
Vasanawathana S, Limpitikul W, Puttikhunt C, Edwards C,
Duangchinda T, Supasa S, et al. Cross-reacting antibodies enhance
dengue virus infection in humans. Science. 2010;328:745–48.
doi:10.1126/science.1185181.

38. Katzelnick L, Fonville JM, Gromowski GD, Bustos Arriaga J,
Green A, James SL, Lau L, Montoya M, Wang C, VanBlargan LA,
et al. Dengue viruses cluster antigenically but not as discrete
serotypes. Science. 2015;349:1338–43. doi:10.1126/science.aac5017.

39. Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J,
Lenches E, Jones CT, Mukhopadhyay S, Chipman PR,
Strauss EG, et al. Structure of dengue virus: implications for
flavivirus organization, maturation, and fusion. Cell.
2002;108:717–25. doi:10.1016/s0092-8674(02)00660-8.

40. Fibriansah G, Ng T-S, Kostyuchenko VA, Lee J, Lee S, Wang J,
Lok S-M. Structural changes in dengue virus when exposed to
a temperature of 37°C. J Virol. 2013;87:7585–92. doi:10.1128/
JVI.00757-13.

41. KuhnR,DowdK, BethPostC, PiersonT. Shake, rattle, and roll: impact
of the dynamics of flavivirus particles on their interactions with the
host. Virology. 2015;479–480:508–17. doi:10.1016/j.virol.2015.03.025.

42. Dowd K, Mukherjee S, Kuhn R, Pierson T. Combined effects of the
structural heterogeneity and dynamics of flaviviruses on antibody
recognition. J Virol. 2014;88:11726–37. doi:10.1128/JVI.01140-14.

43. Modis Y, Ogata S, Clements D, Harrison S. A ligand-binding
pocket in the dengue virus envelope glycoprotein. Proc Natl
Acad Sci. 2003;100:6986–91. doi:10.1073/pnas.0832193100.

44. Roehrig JT. Antigenic structure of flavivirus proteins. Adv Virus
Res. 2003;59:141–75. doi:10.1016/s0065-3527(03)59005-4.

45. Pierson T, Fremont D, Kuhn R, Diamond M. Structural insights
into the mechanisms of antibody-mediated neutralization of fla-
vivirus infection: implications for vaccine development. Cell Host
Microbe. 2008;4:229–38. doi:10.1016/j.chom.2008.08.004.

46. Dowd K, Pierson T. Antibody-mediated neutralization of flaviviruses:
a reductionist view. Virology. 2011;411:306–15. doi:10.1016/j.
virol.2010.12.020.

47. Pierson T, Diamond M. A game of numbers: the stoichiometry of
antibody-mediated neutralization of flavivirus infection. Prog Mol
Biol Transl Sci. 2015;129:141–66. doi:10.1016/bs.pmbts.2014.10.005.

48. Pierson TC, XuQ, Nelson S, Oliphant T, Nybakken GE, Fremont DH,
DiamondMS. The stoichiometry of antibody-mediated neutralization
and enhancement of West Nile virus infection. Cell Host Microbe.
2007;1:135–45. doi:10.1016/j.chom.2007.03.002.

2334 J. U. GALULA ET AL.

http://dx.doi.org/10.1016/S0140-6736(18)30245-9
http://dx.doi.org/10.1093/jtm/tay153
http://dx.doi.org/10.1093/jtm/tay153
http://dx.doi.org/10.1101/cshperspect.a028811
http://dx.doi.org/10.1146/annurev-med-091014-090848
http://dx.doi.org/10.1101/cshperspect.a029462
http://dx.doi.org/10.1101/cshperspect.a029371
http://dx.doi.org/10.1101/cshperspect.a029520
http://dx.doi.org/10.1101/cshperspect.a029520
http://dx.doi.org/10.1038/nrmicro.2015.2
http://dx.doi.org/10.1093/jpids/piy140
http://dx.doi.org/10.1016/j.cmi.2018.03.024
http://dx.doi.org/10.1016/j.vaccine.2018.02.062
http://dx.doi.org/10.1016/S1473-3099(18)30126-9
http://dx.doi.org/10.3389/fimmu.2018.01919
http://dx.doi.org/10.1016/S0140-6736(18)32560-1
http://dx.doi.org/10.1080/21645515.2016.1261770
http://dx.doi.org/10.1586/14760584.2016.1115727
http://dx.doi.org/10.1101/cshperspect.a030700
http://dx.doi.org/10.1146/annurev-virology-092917-043300
http://dx.doi.org/10.1126/science.1153263
http://dx.doi.org/10.1126/science.1153263
http://dx.doi.org/10.1128/JVI.00197-13
http://dx.doi.org/10.7554/eLife.38970
http://dx.doi.org/10.1038/srep00261
http://dx.doi.org/10.1016/j.coviro.2012.02.011
http://dx.doi.org/10.1128/JVI.00696-10
http://dx.doi.org/10.1128/JVI.00696-10
http://dx.doi.org/10.1073/pnas.1812055115
http://dx.doi.org/10.1126/science.1185181
http://dx.doi.org/10.1126/science.aac5017
http://dx.doi.org/10.1016/s0092-8674(02)00660-8
http://dx.doi.org/10.1128/JVI.00757-13
http://dx.doi.org/10.1128/JVI.00757-13
http://dx.doi.org/10.1016/j.virol.2015.03.025
http://dx.doi.org/10.1128/JVI.01140-14
http://dx.doi.org/10.1073/pnas.0832193100
http://dx.doi.org/10.1016/s0065-3527(03)59005-4
http://dx.doi.org/10.1016/j.chom.2008.08.004
http://dx.doi.org/10.1016/j.virol.2010.12.020
http://dx.doi.org/10.1016/j.virol.2010.12.020
http://dx.doi.org/10.1016/bs.pmbts.2014.10.005
http://dx.doi.org/10.1016/j.chom.2007.03.002


49. Katzelnick L, Gresh L, Halloran ME, Mercado JC, Kuan G,
Gordon A, Balmaseda A, Harris E. Antibody-dependent enhance-
ment of severe dengue disease in humans. Science.
2017;358:929–32. doi:10.1126/science.aan6836.

50. Nelson S, Jost CA, Xu Q, Ess J, Martin JE, Oliphant T,
Whitehead SS, Durbin AP, Graham BS, Diamond MS, et al.
Maturation of West Nile virus modulates sensitivity to
antibody-mediated neutralization. PLoS Pathog. 2008;4:
e1000060. doi:10.1371/journal.ppat.1000060.

51. Dejnirattisai W, Wongwiwat W, Supasa S, Zhang X, Dai X,
Rouvinski A, Jumnainsong A, Edwards C, Quyen NTH,
Duangchinda T, et al. A new class of highly potent, broadly neu-
tralizing antibodies isolated from viremic patients infected with
dengue virus. Nat Immunol. 2015;16:170–77. doi:10.1038/ni.3058.

52. Cherrier MV, Kaufmann B, Nybakken GE, Lok S-M, Warren JT,
Chen BR, Nelson CA, Kostyuchenko VA, Holdaway HA,
Chipman PR, et al. Structural basis for the preferential recognition
of immature flaviviruses by a fusion-loop antibody. Embo J.
2009;28:3269–76. doi:10.1038/emboj.2009.245.

53. Morrone S, Lok S. Structural perspectives of antibody-dependent
enhancement of infection of dengue virus. Curr Opin Virol.
2019;36:1–8. doi:10.1016/j.coviro.2019.02.002.

54. Rodenhuis-Zybert I, Da Silva Voorham J, Torres S, van de
Pol D, Smit J. Antibodies against immature virions are not
a discriminating factor for dengue disease severity. PLoS Negl
Trop Dis. 2015;9:e0003564. doi:10.1371/journal.pntd.0003564.

55. Cyster JG, Allen CDC. B cell responses: cell interaction dynamics and
decisions. Cell. 2019;177:524–40. doi:10.1016/j.cell.2019.03.016.

56. de Alwis R, Smith SA, Olivarez NP, Messer WB, Huynh JP,
Wahala WMPB, White LJ, Diamond MS, Baric RS, Crowe JE,
et al. Identification of human neutralizing antibodies that bind to
complex epitopes on dengue virions. Proc Natl Acad Sci U S A.
2012;109:7439–44. doi:10.1073/pnas.1200566109.

57. de Alwis R, Williams KL, Schmid MA, Lai C-Y, Patel B, Smith SA,
Crowe JE, Wang W-K, Harris E, de Silva AM, et al. Dengue
viruses are enhanced by distinct populations of serotype
cross-reactive antibodies in human immune sera. PLoS Pathog.
2014;10:e1004386. doi:10.1371/journal.ppat.1004386.

58. Beltramello M, Williams KL, Simmons CP, Macagno A,
Simonelli L, Quyen NTH, Sukupolvi-Petty S, Navarro-Sanchez
E, Young PR, de Silva AM, et al. The human immune response
to Dengue virus is dominated by highly cross-reactive antibodies
endowed with neutralizing and enhancing activity. Cell Host
Microbe. 2010;8:271–83. doi:10.1016/j.chom.2010.08.007.

59. Wrammert J, Onlamoon N, Akondy RS, Perng GC, Polsrila K,
Chandele A, Kwissa M, Pulendran B, Wilson PC,
Wittawatmongkol O, et al. Rapid and massive virus-specific plas-
mablast responses during acute dengue virus infection in humans.
J Virol. 2012;86:2911–18. doi:10.1128/JVI.06075-11.

60. Priyamvada L, Cho A, Onlamoon N, Zheng N-Y, Huang M,
Kovalenkov Y, Chokephaibulkit K, Angkasekwinai N,
Pattanapanyasat K, Ahmed R, et al. B cell responses during
secondary dengue virus infection are dominated by highly
cross-reactive, memory-derived plasmablasts. J Virol.
2016;90:5574–85. doi:10.1128/JVI.03203-15.

61. Corbett K, Katzelnick L, Tissera H, Amerasinghe A, de Silva AD,
de Silva AM. Preexisting neutralizing antibody responses distin-
guish clinically inapparent and apparent dengue virus infections
in a Sri Lankan pediatric cohort. J Infect Dis. 2015;211:590–99.
doi:10.1093/infdis/jiu481.

62. Durbin A, Schmidt A, Elwood D, Wanionek KA, Lovchik J,
Thumar B, Murphy BR, Whitehead SS. Heterotypic dengue infec-
tion with live attenuated monotypic dengue virus vaccines: impli-
cations for vaccination of populations in areas where dengue is
endemic. J Infect Dis. 2011;203:327–34. doi:10.1093/infdis/jiq059.

63. Gibbons R, Kalanarooj S, Jarman RG, Nisalak A, Vaughn DW,
Endy TP, Mammen MP, 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;77:910–13. doi:10.4269/ajtmh.2007.77.910.

64. Olkowski S, Forshey BM, Morrison AC, Rocha C, Vilcarromero S,
Halsey ES, Kochel TJ, Scott TW, Stoddard ST. Reduced risk of
disease during postsecondary dengue virus infections. J Infect Dis.
2013;208:1026–33. doi:10.1093/infdis/jit273.

65. Screaton G, Mongkolsapaya J, Yacoub S, Roberts C. New insights
into the immunopathology and control of dengue virus infection.
Nat Rev Immunol. 2015;15:745–59. doi:10.1038/nri3916.

66. Smith SA, de Alwis AR, Kose N, Harris E, Ibarra KD, Kahle KM,
Pfaff JM, Xiang X, Doranz BJ, de Silva AM, et al. The potent and
broadly neutralizing human dengue virus-specific monoclonal
antibody 1C19 reveals a unique cross-reactive epitope on the bc
loop of domain II of the envelope protein. MBio. 2013;4:e00873–
00813. doi:10.1128/mBio.00873-13.

67. Tsai W, Lai C-Y, Wu Y-C, Lin H-E, Edwards C, Jumnainsong A,
Kliks S, Halstead S, Mongkolsapaya J, Screaton GR, et al. High-
avidity and potently neutralizing cross-reactive human monoclo-
nal antibodies derived from secondary dengue virus infection.
J Virol. 2013;87:12562–75. doi:10.1128/JVI.00871-13.

68. Rouvinski A, Guardado-Calvo P, Barba-Spaeth G, Duquerroy S,
Vaney M-C, Kikuti CM, Navarro Sanchez ME, Dejnirattisai W,
Wongwiwat W, Haouz A, et al. Recognition determinants of
broadly neutralizing human antibodies against dengue viruses.
Nature. 2015;520:109–13. doi:10.1038/nature14130.

69. Fibriansah G, Tan JL, Smith SA, de Alwis AR, Ng T-S,
Kostyuchenko VA, Ibarra KD, Wang J, Harris E, de Silva A, et al.
A potent anti-dengue human antibody preferentially recognizes the
conformation of E protein monomers assembled on the virus surface.
EMBO Mol Med. 2014;6:358–71. doi:10.1002/emmm.201303404.

70. Teoh E, Kukkaro P, Teo EW, Lim APC, Tan TT, Yip A, Schul W,
Aung M, Kostyuchenko VA, Leo YS, et al. The structural basis for
serotype-specific neutralization of dengue virus by a human antibody.
Sci Transl Med. 2012;4:139ra183. doi:10.1126/scitranslmed.3003888.

71. Fibriansah G, Tan JL, Smith SA, de Alwis R, Ng T-S,
Kostyuchenko VA, Jadi RS, Kukkaro P, de Silva AM, Crowe JE,
et al. A highly potent human antibody neutralizes dengue virus
serotype 3 by binding across three surface proteins. Nat Commun.
2015;6. doi:10.1038/ncomms7341.

72. Fibriansah G, Ibarra KD, Ng T-S, Smith SA, Tan JL, Lim X-N,
Ooi JSG, Kostyuchenko VA, Wang J, de Silva AM, et al. DENGUE
VIRUS. Cryo-EM structure of an antibody that neutralizes dengue
virus type 2 by locking E protein dimers. Science. 2015;349:88–91.
doi:10.1126/science.aaa8651.

73. Rey F, Stiasny K, Vaney M, Dellarole M, Heinz F. The bright and
the dark side of human antibody responses to flaviviruses: lessons
for vaccine design. EMBO Rep. 2018;19:206–24. doi:10.15252/
embr.201745302.

74. Slon CJ, Mongkolsapaya J, Screaton G. The immune response
against flaviviruses. Nat Immunol. 2018;19:1189–98. doi:10.1038/
s41590-018-0210-3.

75. Crill WD, Hughes HR, Trainor NB, Davis BS, Whitney MT,
Chang GJJ. Sculpting humoral immunity through dengue vaccina-
tion to enhance protective immunity. Front Immunol. 2012;3:334.
doi: 10.3389/fimmu.2012.00334.

76. Chao D-Y, Crill WD, Davis BS, Chang G-J-J. Can reductions in the
cross-reactivity of flavivirus structural proteins lead to improved
safety and immunogenicity of tetravalent dengue vaccine
development? Future Virol. 2015;10:477–80. doi:10.2217/fvl.15.13.

77. Keelapang P, Nitatpattana N, Suphatrakul A, Punyahathaikul S,
Sriburi R, Pulmanausahakul R, Pichyangkul S, Malasit P,
Yoksan S, Sittisombut N. Generation and preclinical evaluation
of a DENV-1/2 prM+E chimeric live attenuated vaccine candidate
with enhanced prM cleavage. Vaccine. 2013;31:5134–40.
doi:10.1016/j.vaccine.2013.08.027.

78. Rouvinski A, Dejnirattisai W, Guardado-Calvo P, Vaney M-C,
Sharma A, Duquerroy S, Supasa P, WongwiwatW, Haouz A, Barba-

HUMAN VACCINES & IMMUNOTHERAPEUTICS 2335

http://dx.doi.org/10.1126/science.aan6836
http://dx.doi.org/10.1371/journal.ppat.1000060
http://dx.doi.org/10.1038/ni.3058
http://dx.doi.org/10.1038/emboj.2009.245
http://dx.doi.org/10.1016/j.coviro.2019.02.002
http://dx.doi.org/10.1371/journal.pntd.0003564
http://dx.doi.org/10.1016/j.cell.2019.03.016
http://dx.doi.org/10.1073/pnas.1200566109
http://dx.doi.org/10.1371/journal.ppat.1004386
http://dx.doi.org/10.1016/j.chom.2010.08.007
http://dx.doi.org/10.1128/JVI.06075-11
http://dx.doi.org/10.1128/JVI.03203-15
http://dx.doi.org/10.1093/infdis/jiu481
http://dx.doi.org/10.1093/infdis/jiq059
http://dx.doi.org/10.4269/ajtmh.2007.77.910
http://dx.doi.org/10.1093/infdis/jit273
http://dx.doi.org/10.1038/nri3916
http://dx.doi.org/10.1128/mBio.00873-13
http://dx.doi.org/10.1128/JVI.00871-13
http://dx.doi.org/10.1038/nature14130
http://dx.doi.org/10.1002/emmm.201303404
http://dx.doi.org/10.1126/scitranslmed.3003888
http://dx.doi.org/10.1038/ncomms7341
http://dx.doi.org/10.1126/science.aaa8651
http://dx.doi.org/10.15252/embr.201745302
http://dx.doi.org/10.15252/embr.201745302
http://dx.doi.org/10.1038/s41590-018-0210-3
http://dx.doi.org/10.1038/s41590-018-0210-3
http://dx.doi.org/10.3389/fimmu.2012.00334
http://dx.doi.org/10.2217/fvl.15.13
http://dx.doi.org/10.1016/j.vaccine.2013.08.027


SpaethG, et al. Covalently linked dengue virus envelope glycoprotein
dimers reduce exposure of the immunodominant fusion loop
epitope. Nat Commun. 2017;8:15411. doi:10.1038/ncomms15411.

79. Henein S, Swanstrom J, Byers AM, Moser JM, Shaik SF,
Bonaparte M, Jackson N, Guy B, Baric R, de Silva AM.
Dissecting antibodies induced by a chimeric yellow
fever-dengue, live-attenuated, tetravalent dengue vaccine
(CYD-TDV) in naive and dengue-exposed individuals. J Infect
Dis. 2017;215:351–58. doi:10.1093/infdis/jiw576.

80. Poo J, Galan F, Forrat R, Zambrano B, Lang J, Dayan G. Live-
attenuated tetravalent dengue vaccine in dengue-naïve children,
adolescents, and adults in Mexico City: randomized controlled
phase 1 trial of safety and immunogenicity. Pediatr Infect Dis.
2011;30:e9–17. doi:10.1097/INF.0b013e3181fe05af.

81. Dayan G, Thakur M, Boaz M, Johnson C. Safety and immuno-
genicity of three tetravalent dengue vaccine formulations
inhealthy adults in the USA. Vaccine. 2013;31:5047–54.
doi:10.1016/j.vaccine.2013.08.088.

82. Swanstrom J, Henein S, Plante JA, Yount BL, Widman DG,
Gallichotte EN, Dean HJ, Osorio JE, Partidos CD, de Silva AM,
et al. Analyzing the human serum antibody responses to a live
attenuated tetravalent dengue vaccine candidate. J Infect Dis.
2018;217:1932–41. doi:10.1093/infdis/jiy063.

83. Tsai W-Y, Durbin A, Tsai -J-J, Hsieh S-C, Whitehead S,
Wang W-K. Complexity of neutralizing antibodies against multi-
ple dengue virus serotypes after heterotypic immunization and
secondary infection revealed by in-depth analysis of cross-reactive
antibodies. J Virol. 2015;89:7348–62. doi:10.1128/JVI.00273-15.

84. Wen J, Shresta SS. Antigenic cross-reactivity between Zika and
dengue viruses: is it time to develop a universal vaccine? Curr
Opin Immunol. 2019;59:1–8. doi:10.1016/j.coi.2019.02.001.

85. Masel J, McCracken MK, Gleeson T, Morrison B, Rutherford G,
Imrie A, Jarman RG, Koren M, Pollett S. Does prior dengue virus
exposure worsen clinical outcomes of Zika virus infection?
A systematic review, pooled analysis and lessons learned. PLoS Negl
Trop Dis. 2019;13:e0007060. doi: 10.1371/journal.pntd.0007060.

86. Andrade D, Harris E. Recent advances in understanding the
adaptive immune response to Zika virus and the effect of previous
flavivirus exposure. Virus Res. 2018;254:27–33. doi:10.1016/j.
virusres.2017.06.019.

87. Priyamvada L, Hudson W, Ahmed R, Wrammert J. Humoral
cross-reactivity between Zika and dengue viruses: implications
for protection and pathology. Emerg Microbes Infect. 2017;6:
e33. doi:10.1038/emi.2017.42.

88. Prompetchara E, Ketloy C, Keelapang P, Sittisombut N,
Ruxrungtham K. The immunogenicity of tetravalent dengue DNA
vaccine in mice pre-exposed to Japanese encephalitis or Dengue
virus antigens. Asian Pac J Allergy Immunol. 2015;33:182–88.
doi:10.12932/AP0508.33.3.2015.

89. Saito Y, Moi ML, Takeshita N, Lim CK, Shiba H, Hosono K, Saijo M,
Kurane I, Takasaki T. Japanese encephalitis vaccine-facilitated den-
gue virus infection-enhancement antibody in adults. BMC Infect
Dis. 2016;16:578. doi:10.1186/s12879-016-1873-8.

90. Whitehead S, Durbin AP, Pierce KK, Elwood D, McElvany BD,
Fraser EA, Carmolli MP, Tibery CM, Hynes NA, Jo M, et al. In
a randomized trial, the live attenuated tetravalent dengue vaccine
TV003 is well-tolerated and highly immunogenic in subjects with
flavivirus exposure prior to vaccination. PLoS Negl Trop Dis.
2017;11:e0005584. doi:10.1371/journal.pntd.0005584.

91. Duangchinda T, Dejnirattisai W, Vasanawathana S, Limpitikul W,
Tangthawornchaikul N, Malasit P, Mongkolsapaya J, Screaton G.
Immunodominant T-cell responses to dengue virus NS3 are asso-
ciated with DHF. Proc Natl Acad Sci U S A. 2010;107:16922–27.
doi:10.1073/pnas.1010867107.

92. Rivino L, Kumaran EAP, Jovanovic V, Nadua K, Teo EW, Pang SW,
Teo GH, Gan VCH, Lye DC, Leo YS, et al. Differential targeting of
viral components by CD4+ versus CD8+ T lymphocytes in dengue
virus infection. J Virol. 2013;87:2693–706. doi:10.1128/JVI.02675-12.

93. Grifoni A, Angelo MA, Lopez B, O’Rourke PH, Sidney J, Cerpas C,
Balmaseda A, Silveira CGT, Maestri A, Costa PR, et al. Global

assessment of dengue virus-specific CD4+ T cell responses in
dengue-endemic areas. Front Immunol. 2017;8:1309. doi:10.3389/
fimmu.2017.01309.

94. Rivino L. Understanding the human T cell response to dengue
virus. Adv Exp Med Biol. 2018;1062:241–50. doi:10.1007/978-981-
10-8727-1_17.

95. Rivino L, Lim M. CD4+ and CD8+ T-cell immunity to Dengue -
lessons for the study of Zika virus. Immunology. 2017;150:146–54.
doi:10.1111/imm.12681.

96. Rothman A. Immunity to dengue virus: a tale of original antigenic
sin and tropical cytokine storms. Nat Rev Immunol.
2011;11:532–43. doi:10.1038/nri3014.

97. Slifka M, Amanna I. Dengue serostatus and dengue vaccine safety and
efficacy. N Engl J Med. 2018;379:1968. doi:10.1056/NEJMc1811986.

98. Dayan G, Galán-Herrera J-F, Forrat R, Zambrano B,
Bouckenooghe A, Harenberg A, Guy B, Lang J. Assessment of
bivalent and tetravalent dengue vaccine formulations in flavivirus-
naïve adults in Mexico. Hum Vaccin Immunother.
2014;10:2853–63. doi:10.4161/21645515.2014.972131.

99. Harenberg A, Begue S, Mamessier A, Gimenez-Fourage S, Ching
Seah C, Wei Liang A, Li Ng J, Yun Toh X, Archuleta S, Wilder-
Smith A, et al. Persistence of Th1/Tc1 responses one year after tetra-
valent dengue vaccination in adults and adolescents in Singapore.
Hum Vaccin Immunother. 2013;9:2317–25. doi:10.4161/hv.25562.

100. Chu H, George S, Stinchcomb D, Osorio J, Partidos C. CD8+
T-cell responses in flavivirus-naive individuals following immuni-
zation with a live-attenuated tetravalent dengue vaccine candidate.
J Infect Dis. 2015;212:1618–28. doi:10.1093/infdis/jiv258.

101. Kirkpatrick B, Whitehead SS, Pierce KK, Tibery CM, Grier PL,
Hynes NA, Larsson CJ, Sabundayo BP, Talaat KR, Janiak A, et al.
The live attenuated dengue vaccine TV003 elicits complete pro-
tection against dengue in a human challenge model. Sci Transl
Med. 2016;8:330ra336. doi:10.1126/scitranslmed.aaf1517.

102. Angelo M, Grifoni A, O’Rourke PH, Sidney J, Paul S, Peters B, de
Silva AD, Phillips E, Mallal S, Diehl SA, et al. Human CD4+ T cell
responses to an attenuated tetravalent dengue vaccine parallel those
induced by natural infection in magnitude, HLA restriction, and
antigen specificity. J Virol. 2017;91:e02147–02116. doi:10.1128/
JVI.02147-16.

103. Katzelnick L, Coloma J, Harris E. Dengue: knowledge gaps, unmet
needs, and research priorities. Lancet Infect Dis. 2017;17:e88–
e100. doi:10.1016/S1473-3099(16)30473-X.

104. St John A, Rathore A. Adaptive immune responses to primary and
secondary dengue virus infections. Nat Rev Immunol. 2019 Jan
24. doi:10.1038/s41577-019-0123-x.

105. Katzelnick L, Harris E. Participants in the summit on dengue
immune correlates of protection. Immune correlates of protection
for dengue: state of the art and research agenda. Vaccine.
2017;35:4659–69. doi:10.1016/j.vaccine.2017.07.045.

106. Russell P, Halstead S. Challenges to the design of clinical trials for
live-attenuated tetravalent dengue vaccines. PLoS Negl Trop Dis.
2016;10:e0004854. doi:10.1371/journal.pntd.0004854.

107. Ishikawa T, Yamanaka A, Konishi E. A review of successful
flavivirus vaccines and the problems with those flaviviruses for
which vaccines are not yet available. Vaccine. 2014;32:1326–37.
doi:10.1016/j.vaccine.2014.01.040.

108. Plotkin S. Correlates of protection induced by vaccination. Clin
Vaccine Immunol. 2010;17:1055–65. doi:10.1128/CVI.00131-10.

109. Koff W, Burton DR, Johnson PR, Walker BD, King CR, Nabel GJ,
Ahmed R, Bhan MK, Plotkin SA. Accelerating next-generation
vaccine development for global disease prevention. Science.
2013;340:1232910. doi:10.1126/science.1232910.

110. Tsai W-Y, Chen H-L, Tsai -J-J, Dejnirattisai W, Jumnainsong A,
Mongkolsapaya J, Screaton G, Crowe JE, Wang W-K. Potent
neutralizing human monoclonal antibodies preferentially target
mature dengue virus particles: implication for novel strategy for
dengue vaccine. J Virol. 2018;92:e00556–00518. doi:10.1128/
JVI.00556-18.

111. Cohen J. Waning immunity. Science. 2019;367:224–27. doi:10.1126/
science.364.6437.224.

2336 J. U. GALULA ET AL.

http://dx.doi.org/10.1038/ncomms15411
http://dx.doi.org/10.1093/infdis/jiw576
http://dx.doi.org/10.1097/INF.0b013e3181fe05af
http://dx.doi.org/10.1016/j.vaccine.2013.08.088
http://dx.doi.org/10.1093/infdis/jiy063
http://dx.doi.org/10.1128/JVI.00273-15
http://dx.doi.org/10.1016/j.coi.2019.02.001
http://dx.doi.org/10.1371/journal.pntd.0007060
http://dx.doi.org/10.1016/j.virusres.2017.06.019
http://dx.doi.org/10.1016/j.virusres.2017.06.019
http://dx.doi.org/10.1038/emi.2017.42
http://dx.doi.org/10.12932/AP0508.33.3.2015
http://dx.doi.org/10.1186/s12879-016-1873-8
http://dx.doi.org/10.1371/journal.pntd.0005584
http://dx.doi.org/10.1073/pnas.1010867107
http://dx.doi.org/10.1128/JVI.02675-12
http://dx.doi.org/10.3389/fimmu.2017.01309
http://dx.doi.org/10.3389/fimmu.2017.01309
http://dx.doi.org/10.1007/978-981-10-8727-1_17
http://dx.doi.org/10.1007/978-981-10-8727-1_17
http://dx.doi.org/10.1111/imm.12681
http://dx.doi.org/10.1038/nri3014
http://dx.doi.org/10.1056/NEJMc1811986
http://dx.doi.org/10.4161/21645515.2014.972131
http://dx.doi.org/10.4161/hv.25562
http://dx.doi.org/10.1093/infdis/jiv258
http://dx.doi.org/10.1126/scitranslmed.aaf1517
http://dx.doi.org/10.1128/JVI.02147-16
http://dx.doi.org/10.1128/JVI.02147-16
http://dx.doi.org/10.1016/S1473-3099(16)30473-X
http://dx.doi.org/10.1038/s41577-019-0123-x
http://dx.doi.org/10.1016/j.vaccine.2017.07.045
http://dx.doi.org/10.1371/journal.pntd.0004854
http://dx.doi.org/10.1016/j.vaccine.2014.01.040
http://dx.doi.org/10.1128/CVI.00131-10
http://dx.doi.org/10.1126/science.1232910
http://dx.doi.org/10.1128/JVI.00556-18
http://dx.doi.org/10.1128/JVI.00556-18
http://dx.doi.org/10.1126/science.364.6437.224
http://dx.doi.org/10.1126/science.364.6437.224

	Abstract
	Introduction
	Current status of LATV dengue vaccine development
	Dengue virions are heterogeneous and dynamic
	Virion heterogeneity as away to evade antibody neutralization
	Human monoclonal antibodies from dengue patients as agateway to understanding protection
	Current dengue vaccine candidates developed with consideration of the antigen maturity
	Unbalanced B cell immunity of LATV dengue vaccine
	(Un) balanced T cell immunity of LATV dengue vaccine
	Conclusions
	Future perspectives
	Disclosure statement
	Funding
	References

