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Insights into dengue immunity from vaccine trials
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The quest for an effective dengue vaccine has culminated in two approved vaccines and another that has com-
pleted phase 3 clinical trials. However, shortcomings exist in each, suggesting that the knowledge on dengue
immunity used to develop these vaccines was incomplete. Vaccine trial findings could refine our understanding
of dengue immunity, because these are experimentally derived, placebo-controlled data. Results from these
trials suggest that neutralizing antibody titers alone are insufficient to inform protection against symptomatic
infection, implicating a role for cellular immunity in protection. These findings have relevance for both future
dengue vaccine development and application of current vaccines for maximal public health benefit.
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INTRODUCTION
Dengue is an acute viral disease that is prevalent throughout the
tropical world. It afflicts an estimated 100 million people annually
(1). This disease is caused by infection with any one of four different
dengue viruses (DENV-1 to DENV-4), which are principally but
not exclusively transmitted by the mosquito Aedes aegypti (2).
This mosquito is highly adapted to the urban environment, where
human population density is often high. This proximity to humans
and exclusivity for human blood meals renders it a highly efficient
vector for DENV. As the geographic footprint of A. aegypti expands
from the tropics to the subtropics, the global burden of dengue is
projected to worsen in the coming decades (3). This burden is
likely underappreciated, because besides acute illness, a proportion
of patients with dengue experience post-acute long-term sequelae
such as fatigue, poor memory, and impaired concentration (4–6).
Reducing the global burden of dengue is, thus, an urgent public
health priority.

A. aegypti population suppression has, until now, been the only
way to prevent dengue at a population level. This approach has been
remarkably successful in the Pan American Aedes eradication
program, as well as the national vector control programs of Cuba
and Singapore (7). However, sustaining these successes has
proven challenging, not solely because of high costs involved. In
Singapore, long-term reduction in DENV transmission resulted
in a population with low herd immunity that is now more suscep-
tible to epidemics, despite sustained low-vector population density
(7). Therefore, elevating andmaintaining population-level immuni-
ty through vaccination has to be a cornerstone of any successful
dengue prevention program.
The endeavor to develop a dengue vaccine started with the foun-

dational work of A. Sabin (8–10). A major challenge in the develop-
ment of a safe and efficacious vaccine is the complexity of dengue
pathogenesis. A lasting adaptive immune response that develops
after one DENV infection is specific to that DENV; protection
against the remaining three heterologous DENVs is transient (9,
10). Moreover, antibodies that develop after one DENV infection

can enhance a second heterologous DENV infection to increase
the risk of severe dengue (11). The biology of such antibody-depen-
dent enhancement (ADE) of DENV infection will be expanded
upon in the later section. To fully protect against all four DENVs
and prevent the risk of ADE, vaccine development efforts have
focused on selecting vaccine candidates that elicit a balanced neu-
tralizing antibody response against all four DENV types (12–14).
After more than half a century since the work of Sabin, we now
have two approved live-attenuated tetravalent dengue vaccines; a
third vaccine has completed phase 3 clinical trials.
Although dengue is now technically a vaccine-preventable

disease, there is still room for additional vaccines that elicit fewer
side effects while providing even better adaptive immunity against
dengue. This Review, however, is not focused on the different
vaccine platforms that have been used or can be used to develop
dengue vaccine candidates. It is also not meant to provide a head-
to-head comparison of the current vaccines for adoption by public
health agencies of dengue-endemic countries. The aim of this
Review is to glean a more nuanced understanding of dengue immu-
nity from the vaccine efficacy outcomes of the completed phase 3
clinical trials; refining our knowledge of dengue immunology
could further firm the foundation for development of next-genera-
tion dengue vaccines.

DENGUE VACCINES
The developmental history of dengue vaccines (15–17) and the dif-
ferent constructs of those that have completed phase 3 clinical trials
have been reviewed elsewhere (18). In summary, the first approved
dengue vaccine, CYD-TDV, is a chimeric vaccine based on a yellow
fever virus 17D (YF17D) backbone in which the pre-membrane
(PrM) and envelope (E) genes of YF17D have been replaced by
those of DENVs (Fig. 1) (18). Its use, however, is limited to those
with prior DENV infection because of an increased risk of severe
dengue when the vaccine is given to those without prior DENV in-
fection, possibly due to ADE (19). The second vaccine, TAK003,
uses an attenuated DENV-2 backbone with the PrM and E genes
replaced with those from wild-type DENV-1, DENV-3, and
DENV-4 (Fig. 1) (18). This vaccine recently received approval
from the European Union for use in those 4 years old and above,
even in those without prior DENV infection. A third vaccine,
TV003, recently completed phase 3 clinical trials with promising
results. This tetravalent vaccine is constructed by deleting 30

1Program in Emerging Infectious Diseases, Duke-NUS Medical School, Singapore
169857, Singapore. 2Viral Research and Experimental Medicine Centre, SingHealth
Duke-NUS Academic Medical Centre, Singapore 169857, Singapore. 3Saw Swee
Hock School of Public Health, National University of Singapore, Singapore
117549, Singapore. 4Department of Infectious Diseases, Singapore General Hospi-
tal, Singapore 169856, Singapore.
*Corresponding author. Email: engeong.ooi@duke-nus.edu.sg

ERRATUM POSTED 16 AUGUST 2023

SC I ENCE TRANSLAT IONAL MED IC INE | R EV I EW

Ooi and Kalimuddin, Sci. Transl. Med. 15, eadh3067 (2023) 12 July 2023 1 of 12

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational U

niversity of Singapore on A
ugust 16, 2023

https://www.science.org/doi/10.1126/scitranslmed.adk1254
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscitranslmed.adh3067&domain=pdf&date_stamp=2023-07-12


nucleotides in the 30 untranslated region of DENV-4 and DENV-1
(rDEN4∆30 and rDEN1∆30), as well as 30 and 31 nucleotides from
DENV-3 (rDEN4∆30/31). The DENV-2 component was construct-
ed by splicing the DENV-2 PrM and E genes into the rDEN4∆30
backbone (Fig. 1) (18).
Because the above vaccines are live, albeit attenuated, and tetra-

valent, vaccination should ideally cause four simultaneous DENV
infections that drive B cell responses to the E protein of all four
DENVs (Fig. 1) (20); splicing of PrM genes into the chimeric con-
structs was necessary to ensure proper E protein folding and virion
maturation. High binding affinity and type-specific neutralizing an-
tibodies are also more likely to develop with viremic infection.
Longer duration of vaccine viremia is a direct correlate of neutral-
izing antibody titers to the related yellow fever vaccine, arguably the
most potent vaccine available in the world (21). Consequently,
because CYD-TDV vaccination produces mostly chimeric
YF17D–DENV-4 viremia (22), CYD-TDV vaccination produces
mostly DENV-4–specific neutralizing antibodies; neutralization of
DENV-1 to DENV-3 is mostly due to cross-neutralizing antibodies
(23). Similarly, TAK003 vaccination produces detectable DENV-2
viremia solely (24), resulting in the corresponding enrichment of
DENV-2–specific neutralizing antibodies (25).
Viremia with all four DENV components can be produced from

TV003 (26). Correspondingly, neutralizing antibodies specific for
each of the four DENVs are produced after TV003 vaccination
(27). However, in the formulation of TV003 that progressed to

phase 3 clinical trial, also known as Butantan DV, vaccine viremia
was detected at maximum to only two of the four DENV compo-
nents in each participant (28). Remarkably, a phase 1 clinical trial of
a proprietary formulation of TV003 by MSD (Merck in United
States), known as V181, produced tetravalent viremia in most vac-
cinated individuals (29). Comparison on the outcome of future
vaccine efficacy studies on V181 with those observed for Butantan
DV could shed further light on how vaccine viremia shapes dengue
immunity. Nonetheless, this Review will focus on the dengue im-
munology lessons that can be drawn from the Butantan DV formu-
lation of TV003, because it has completed a phase 3 clinical trial.
Besides neutralizing antibodies, vaccination also produces other

adaptive immune responses. Non-neutralizing antibodies can
trigger protective Fc effector functions, such as complement activa-
tion and antibody-dependent cellular cytotoxicity (antibody-de-
pendent phagocytosis will be covered in more detail in a later
section) (30). Antibodies against the nonstructural 1 (NS1)
protein, whose role in dengue pathogenesis is discussed in greater
detail in a later section, are also generated from vaccination;
however, these antibodies would be directed against the virus that
was used as the genetic backbone of the vaccine (Fig. 1). Similarly,
although CD4+ T cell epitopes have been found in the E protein,
most of the T cell epitopes, and especially the CD8+ T cell epitopes,
are located in the capsid (C) and NS proteins (Fig. 1) (31). Most of
the vaccine-induced cellular immune response, therefore, would be
directed against the NS proteins of the virus that was used as the
genetic backbone and therefore may not be balanced across all
four DENVs.
Although these vaccines have the potential to reduce the overall

dengue burden, observations from the phase 3 clinical trials, as well
as long-term follow-up of trial participants, have shown that they
are not perfect (19, 32–37). Vaccine efficacy against symptomatic
DENV infection varies between each of the four types of DENV.
Moreover, all three vaccines show greater efficacy in those with
prior DENV infection (seropositive at baseline) than those who
have not been infected with at least one type of DENV (seronegative
at baseline). A summary of the efficacy end points of the clinical
trials for CYD-TDV, TAK003, and TV003 is shown in Table 1.
Questions remain about the durability of protection and the need
for booster doses. The extent to which waning immunity would
affect dengue pathogenesis, and by the type of DENV, remains
uncertain.

CHALLENGES IN UNDERSTANDING DENGUE IMMUNITY
Knowledge of dengue immunity has had to rely on descriptive data
from epidemiological observations. The quality of such data is de-
pendent on the sensitivity of the study or surveillance methods used
to detect and type dengue cases. Given the wide spectrum of clinical
presentation, which could be modified by factors such as the DENV
strain (39–43), ethnicity (44), and age (45), coupled with the diffi-
culty of obtaining human samples at consistent time points during
infection, it is thus unsurprising that there is considerable heteroge-
neity in the data. This heterogeneity hinders the identification of
immune correlates of protection for dengue (46).
Besides the difficulty in deriving clear immune correlates of pro-

tection from epidemiological studies, the understanding of dengue
immunity is also hampered by the lack of an animal model that
closely recapitulates DENV infection and disease pathogenesis in

Fig. 1. Immunodominant proteins of dengue virus (DENV) andmolecular con-
structs of three live-attenuated tetravalent dengue vaccines. DENV is a single-
stranded positive-sense RNA virus comprising three structural [capsid (C), pre-
membrane (PrM), and envelope (E)] and seven nonstructural (NS1 to NS5) proteins.
The antibody response to DENV is directed primarily against the PrM, E, and NS1
proteins. The DENV-specific CD4+ T cell response mainly targets the C protein, fol-
lowed by E, NS3, NS2A/B, and NS5, whereas the CD8+ T cell response is mainly
targeted to NS3, followed by C, NS5, and NS4A/B. CYD-TDV is based on an atten-
uated yellow fever (YFV) backbone with the PrM and E genes replaced by those of
each of four DENV serotypes. TAK003 uses an attenuated DENV-2 backbone with
the PrM and E genes replaced with those from wild-type DENV-1, DENV-3, and
DENV-4 strains. TV003 is constructed by deleting 30 nucleotides in the 30 untrans-
lated region of DENV-4 and DENV-1 (rDEN4∆30 and rDEN1∆30), as well as 30 and
31 nucleotides from DENV-3 (rDEN4∆30/31). The DENV-2 component was con-
structed by splicing the DENV-2 PrM and E genes into the rDEN4∆30 backbone.
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humans. Mouse models that produce disease are mostly immuno-
compromised, particularly through knockout of genes in the inter-
feron (IFN) signaling pathway, which is a critical part of the
immune response to DENV infection in humans (47). Conclusions
from mouse studies thus cannot be directly extrapolated to dengue
in humans (48). Nonhuman primates (NHPs) can be infected with
DENV (49, 50), although most do not develop a dengue-like disease
despite detectable viremia (51). Thus, the approximation of dengue
immunity studies in animals to human immunity is uncertain.

An approach to attaining experimental and appropriately con-
trolled data is to apply a controlled human infection model
(CHIM) (52). The work of dengue vaccine development by Sabin
relied on such experimental infection studies in human volunteers
(9, 10). Although conducing such challenge studies in a similar
manner would now rightly be ethically unsound, it is noteworthy
that Sabin used unpassaged, wild-type DENVs without observing
severe dengue in any of the infected volunteers. More recent ap-
proaches in human infection studies have used partially attenuated
DENVs for a greater safety margin (53, 54). The resultant clinical
phenotypes of such challenge infection have ranged from afebrile
viral rash (55) to mild dengue-like, self-limiting acute illness (56).
However, the use of partially or naturally attenuated DENV strains
may underestimate the magnitude of immunity needed to protect
against symptomatic infection from wild-type DENVs. For in-
stance, TV003 vaccination in individuals not previously exposed
to DENV infection conferred 100% protection against viremic
outcome when challenged with the partially attenuated DENV-2
(rDEN2Δ30 Tonga/74) strain (55). However, rDEN2Δ30 Tonga/
74 infection produced a maximum viremia of only 2.9 log10
plaque-forming units (PFU)/ml (55). Another human infection
model that elicited a self-limiting febrile illness used a partially at-
tenuated DENV-1 strain that produced peak viremia ranging from
4.1 to 4.8 log10 PFU/ml; the equivalent viral RNAemia in these in-
dividuals was 5.9 to 7.9 log10 RNA copies per ml (56). In contrast,
RNAemia in patients with dengue is commonly in the range of 6 to
9 log10 viral RNA copies per ml at diagnosis (57). Although the in-
oculation dose and route of infection—subcutaneous injection
versus intradermal inoculation through a mosquito bite—differ
between experimental and naturally acquired DENV infection out-
comes, the greater viral burden may necessitate more robust adap-
tive immune response from vaccination to prevent symptomatic
outcome. The point estimate of efficacy of TV003 in preventing
symptomatic infection in those seronegative at baseline in the
phase 3 clinical trial, albeit measured at 2 years follow-up instead
of a challenge infection at 6 months after vaccination, was 57.9%
(38). Taken collectively, we submit that CHIM is an extremely
useful approach to down-select vaccine candidates that are unlikely
to achieve desirable degrees of efficacy from further costly clinical
development, but it is not yet at a stage for us to accurately extrap-
olate true vaccine efficacy.
Although a detailed understanding of dengue immunity would

have aided dengue vaccine development, findings from phase 3 clin-
ical trials on dengue vaccines now provide a unique opportunity to
further our understanding of dengue immunity. Clinical trials
provide hypothesis-driven, placebo-controlled experimental data
derived from large sample sizes; each of the four phase 3 trials of
dengue vaccines has enrolled more than 15,000 participants. They
are conducted in dengue-endemic regions where wild-type DENVs
circulate through natural Aedes mosquito-human cycles. The trials
have also universally used active case detection to determine vaccine
efficacy; all febrile episodes were tested for DENV infection using
the most sensitive diagnostic tool, reverse transcription polymerase
chain reaction. Phase 3 trial findings (32, 33, 35, 36) and long-term
follow-up observations (19, 34, 37, 58) are, thus, opportune for re-
fining our knowledge of dengue immunity.

Table 1. Efficacy in protection against virologically confirmed dengue
(VCD) and hospitalized VCD of the three different dengue vaccines.
The time interval from completion of vaccination to measurement of
efficacy differs; this table is provided for easy reference to the primary and
secondary outcomes of the trials and is not intended to compare between
the trials. ND, not determined due to study design; NA, not available due to
either insufficient events or data that have yet to be reported.

CYD-TDV
(CYD14)
(32)

CYD-TDV
(CYD15)
(33)

TAK003
(35, 36)

TV003
(38)

Primary end point*:

VCD (%) 56.5 60.8 80.2 79.6

Other efficacy
end points:

Hospitalized
VCD (%)

67.2 80.3 90.4† NA

VCD by DENV type

DENV-1 (%) 50.0 50.3 73.7 89.5

DENV-2 (%) 35.0‡ 42.3 97.7 69.6

DENV-3 (%) 78.4 74.0 62.6 NA

DENV-4 (%) 75.3 77.7 63.2‡ NA

VCD by baseline serostatus and DENV type

Negative
(overall) (%)

35.5‡ 43.2‡ 66.2 73.5

DENV-1 (%) ND ND 67.8 85.5

DENV-2 (%) ND ND 98.1 57.9

DENV-3 (%) ND ND −68.2‡ NA

DENV-4 (%) ND ND NA NA

Positive
(overall) (%)

74.3 83.7 76.1 89.2

DENV-1 (%) ND ND 72.0 96.8

DENV-2 (%) ND ND 93.7 83.6

DENV-3 (%) ND ND 61.8 NA

DENV-4 (%) ND ND 61.2‡ NA

*Efficacy of CYD-TDV was determined over a 1-year period starting at 1
month after dose 3. Efficacy of TAK003was determined over a 1-year period
after dose 2. Efficacy of TV003 was determined over a 2-year period after a
single dose. †VE for hospitalized dengue was determined at 18 months
after the second dose of the vaccine. ‡Not statistically significant.
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HUMORAL IMMUNITY
Dengue serology was developed and used to test convalescent serum
samples for evidence of DENV infection in the late 1940s and 1950s
(59–61). Experience gained from serological assays and studies on
convalescent serum indicates that virus neutralization tests, such as
plaque reduction neutralization test (PRNT) and focus reduction
neutralization test, offer the greatest specificity to determine the
history of primary DENV infection. Given that most secondary
dengue cases are caused by infection with a DENV heterotypic to
that which caused the primary infection (11), as well as experimen-
tal studies in NHPs (62, 63), neutralizing antibodies are thought to
be absolutely required for dengue immunity.

Neutralizing antibodies and PRNTs
A plaque reduction test for DENV neutralizing antibodies was first
developed using cell monolayers grown in glass prescription bottles
(64). This “macro” test used 0.4 ml of serum to react against a fixed
inoculum of DENV starting at a serum dilution of 1:10. This
method was eventually replaced by “micro” PRNT, which required
a smaller volume of serum and cell monolayer grown in 12- or 24-
well tissue culture plates (65–67). Because the “macro” test was used
as a reference point for the development of “micro” PRNTs, most
continued to use the same starting dilution of 1:10. Neutralization
of 50% or more of the virus inoculum (PRNT50) at the starting di-
lution of 1:10 was thus widely interpreted as a positive finding in
convalescent serum.
Given the assumption that DENV infection produces lasting im-

munity to the DENV that caused the infection (9, 10), a PRNT50
titer of 10 or greater to the homotypic DENV in a convalescent
patient with dengue was often assumed to be indicative of immuni-
ty. However, more recent studies suggest that there is no single pro-
tective neutralizing antibody threshold for the four DENVs. A
cohort study suggested that individuals with less than a fourfold
rise in neutralizing antibodies in convalescent serum compared
with paired preinfection serum were vulnerable to reinfection
with the same strain of DENV (68); detectable neutralizing antibody
titers alone are, thus, insufficient to prevent even homotypic rein-
fection. In addition, it appears that the threshold of neutralizing an-
tibody needed to protect against symptomatic infection is not
consistent across all four DENVs. Post hoc analysis of the serolog-
ical data from CYD-TDV phase 3 clinical trials indicated the need
for higher neutralizing antibody titers to protect against sympto-
matic DENV-2 infection compared with the other three DENVs
(69) (Table 2) (69); the difference in antibody titer is still striking
even if comparison was limited to DENV-1 to DENV-3, where
the antibodies are mostly not specific to each of these three
DENVs (23). Likewise, a dengue cluster–based investigation
found close contacts of cases who had a similar high probability
of exposure to infectious mosquito bites because the cases were pro-
tected from DENV-1 and DENV-4 infection when their PRNT
titers were 11 and 16, respectively; protection against DENV-2 in-
fection, in contrast, required a PRNT titer of 323 (70). These find-
ings collectively suggest that not only is there no singular threshold
of neutralizing antibody titer for protection against all four DENVs
but also that protection against DENV-2 requires a much higher
neutralizing antibody titer than the other DENVs.

Stoichiometry of DENV neutralization
The four DENV virions share a common architecture: The inner
nucleocapsid is surrounded by viral E and membrane (M) proteins
displayed on an endoplasmic reticulum–derived lipid membrane.
Cryo–electron microscopy images reveal a total of 180 E and 180
M proteins that decorate the outer layer of the lipid membrane
and are arranged into 60 asymmetrical icosahedral units (71, 72).
DENV is neutralized if enough E proteins are bound with antibod-
ies, and the stoichiometry depends on how and where the antibody
binds the E protein (73, 74).
The stoichiometry of DENV neutralizationmay be influenced by

the extent of virus maturation. Because DENV is trafficked from its
site of replication through the trans-Golgi network for cellular
egress, incomplete proteolytic cleavage of the pr peptide from the
M protein could affect the extent of virus maturation (75, 76). Im-
mature virions are more likely to be produced in culture than in
human infection, potentially underestimating howmuch antibodies
are needed to neutralize DENV (77). However, there is no evidence
that DENV-2 produces more mature virions than the other DENVs
and, thus, is unlikely to explain differences in the higher neutraliz-
ing antibody threshold required for protection.
The stoichiometry requirement for DENV neutralization would

theoretically favor antibodies that bind quaternary epitopes made
up of two or more E proteins; fewer antibodies would be needed
to neutralize each virion. Many of the DENV-type–specific mono-
clonal antibodies isolated from convalescent individuals bind such
quaternary epitopes (78–83). Because protection against homotypic
DENV reinfection is thought to be long lasting, the presence of such
type-specific quaternary epitope-binding neutralizing antibodies
could, by logical extension, be indicative of type-specific immunity.
Efficacy outcomes from the phase 3 clinical trials provide mixed
support for this logic. Although the presence of type-specific anti-
bodies from CYD-TDV and TAK003 vaccination tracked with the
respective type-specific vaccine efficacy (23, 25, 84, 85), preliminary
reports from the TV003 trial suggest amore nuanced interpretation.
In CYD-TDV and TAK003, the predominant type-specific antibod-
ies produced after vaccination were to DENV-4 (23) for CYD-TDV
and DENV-2 (25, 85) for TAK003. Correspondingly, the highest
protection offered by these two different vaccines was against symp-
tomatic infection by DENV-4 and DENV-2, respectively. In con-
trast, TV003 vaccination was found to produce comparable titers
of type-specific antibodies to all four DENVs and especially
against DENV-1 and DENV-2 (27, 86, 87). Nonetheless, in those
without prior DENV infection, the efficacy of Butantan DV,
which is analogous to TV003 (28), against symptomatic DENV-2
was lower than for DENV-1 infection (57.9% versus 85.5%) (38).
Whether this difference is statistically significant is not known at
the time of writing of this Review, because the respective 95% con-
fidence intervals of these point estimates have yet to be reported.
Thus, although each of the four DENV-specific neutralizing anti-
bodies offer a degree of protection, the titers needed for protection
against each of the four DENVs differ.

The differential threshold for type-specific DENV
neutralization may reflect propensity for antibody-
dependent infection
DENV infects myeloid-derived cells, such as monocytes, macro-
phages, and dendritic cells. Besides entry through cognate recep-
tor–mediated endocytosis, antibody-decorated DENVs may be
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taken up by these antigen-presenting cells through activating Fcγ
receptors (FcγRs). Because DENVs share a sizeable proportion of
their structural antigens, infection with one DENV type induces an-
tibodies that cross-react with the other DENV serotypes. Sub-neu-
tralizing concentrations of cross-reactive antibodies could therefore
facilitate infection by offering DENV an alternative activating FcγR-
mediated entry pathway (11, 88). Entry through activating FcγRs
also appears to be a more efficient pathway for viral entry than
cognate receptor–mediated endocytosis (88, 89). Such an entry
pathway has been associated with increased risk of severe disease
during a secondary infection with a DENV heterotypic to that
which caused the primary infection (90). Likewise, waning concen-
trations of maternal neutralizing antibodies to concentrations that
enhance infection have also been associated with increased risk of
severe dengue (91–93). This process has been termed ADE of
DENV infection.
The requirement for greater concentrations of antibodies to

prevent DENV-2 infection in humans could reflect the differences
in risk of ADE between the four DENVs. Although ADE has been
widely attributed as a pathogenic mechanism for severe secondary
dengue (94, 95), it is a far more nuanced process than is perhaps
appreciated. Observations from a cohort study in Nicaragua
found maximal risk of severe dengue only in those with baseline
preinfection antibodies that were within a restricted range of titers
(96). Another study in Thailand, using a different serological assay,
also arrived at the same conclusion (97). Experimentally, live atten-
uated yellow fever virus (the prototype virus of the flavivirus genus
to which DENV belongs to) infection was only enhanced in those
with a specific range of cross-reactive antibody titers generated by
Japanese encephalitis vaccination (21).
The restricted range of antibody titers suitable for ADE is likely

due to the requirement of appropriately sized virus-antibody
immune complex for optimal co-ligation of appropriate immunor-
eceptors. High antibody concentrations aggregate DENV to form
large immune complexes that co-ligate the less-abundant but inhib-
itory FcγRIIB. FcγRIIB contains a cytoplasmic immunoreceptor ty-
rosine-based inhibitory motif (ITIM), the signaling of which blocks
viral entry and, hence, ADE (Fig. 2A) (98, 99). Activating FcγRs,
such as FcγRIIA, contain a cytoplasmic immunoreceptor tyro-
sine-based activating motif (ITAM) that promotes uptake of
DENV-antibody complexes. It also rapidly induces expression of

IFN-stimulated genes (ISGs) that are antiviral in function (100)
and limit viral replication (Fig. 2B). For ADE to occur, DENV
must elicit activating FcγR-mediated uptake without triggering
ISG expression. It achieves this by binding the leukocyte immuno-
globulin-like receptor B1 (LILRB1), which signals to inhibit up-reg-
ulation of ISGs in host myeloid-derived cells (Fig. 2C) (101, 102).
Interaction of antibody-DENV complexes at the point of entry
into myeloid cells enables the virus to evade host antiviral responses
that cannot be achieved through the non-ADE entry pathway alone
(103, 104). Given the requirement for these interactions, the four
DENVs could thus have different inherent propensities for ADE.
Suspicion that the four DENVs exploit the FcγR-mediated entry

pathway differently has existed for some time (105). Studies that
found increased risk of severe dengue in infants at a time of
waning maternal antibodies were conducted when DENV-2 was
prevalent (91–93). In contrast, the study that did not show a
similar increased risk was carried out when the predominant circu-
lating virus was DENV-3 (106). A study in Khampaeng Phet, Thai-
land found DENV-1 and DENV-3 to be the main causes of
symptomatic primary dengue. In contrast, the rate of symptomatic
DENV-2 infection was elevated in infants through maternal anti-
body enhancement and in those with secondary dengue; the ratio
of symptomatic secondary to primary infection was also higher
for DENV-4, although the overall proportion of symptomatic
DENV-4 infection was the smallest in this cohort (107). A longitu-
dinal analysis of dengue cases reported in Bangkok from 1994 to
2006 also found similar trends: DENV-1 and DENV-3 were more
often associated with primary dengue than DENV-2, whereas sec-
ondary DENV-2 was more associated with dengue hemorrhagic
fever than the other DENV types (108). DENV-2 has also been
more frequently associated with dengue shock syndrome (109,
110). Last, modeling of dengue cases reported over a 6-year
period in Vietnam also found DENV-2 to be the greatest risk
factor for symptomatic dengue among those with secondary infec-
tion (111).
Perhaps the most emphatic evidence to support differential risk

of severe dengue by the four DENVs in those with secondary
dengue comes from a recent study that examined the risk factors
for severe dengue. This study, which involved more than 5600
dengue cases, found high plasma viremia, secondary infection,
and infection with DENV-2 to be factors associated with increased
risk of severe dengue. Moreover, within the range of viremia com-
monly detected during the early febrile phase of illness (plasma of 6
to 9 log10 viral RNA copies/ml), risk of plasma leakage (Fig. 3A) and
severe dengue (Fig. 3B) were highest in patients with secondary
DENV-2 infection (57). Collectively, these findings suggest that
DENV-2 has the highest immunological requirement for protection
against infection.

Anti-NS1 antibodies
Although neutralizing antibodies primarily directed against the
PrM and E proteins of DENV play an important role in vaccine ef-
ficacy, some have proposed that an effective dengue vaccine should
also elicit antibodies against NS1. NS1 is the only DENV protein to
be secreted from the cell during acute infection (112) and has been
implicated in experimental models of DENV pathogenesis as a
direct cause of endothelial dysfunction and vascular leakage and
as a driver for the release of proinflammatory cytokines from
immune cells (112). Correspondingly, anti-dengue NS1 antibodies

Table 2. CYD-TDV elicited neutralizing antibody titers associated with
50% vaccine efficacy against symptomatic infection from each of the
four DENVs. PRNT50 titers were measured 1 month after the third dose of
CYD-TDV, and VE was determined in the first year after completion of
three doses.

CYD-TDV (CYD14)* CYD-TDV (CYD15)†

PRNT50 titer associated with 50% VE

DENV-1 70 70

DENV-2 600 300

DENV-3 110 <10

DENV-4 20 <10

*Data estimated from figure S8 in (69). †Data estimated from figure S9
in (69).
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appear to play a protective role, at least in mouse models of infec-
tion. Mice vaccinated against NS1 are protected from lethal virus
challenge (113), and more recently, two monoclonal antibodies
against flavivirus NS1 were shown to reduce viremia, endothelial
dysfunction, and vascular leak, leading to increased survival in
DENV-infected mice (114, 115). Importantly, unlike cross-reactive
or sub-neutralizing antibodies to the E protein, anti-NS1 antibodies
are not able to induce ADE.
The evidence for the pathogenic role of NS1 in humans is less

clear. Although some studies have found an association between
higher NS1 antigenemia and severe disease (116), others have
shown conflicting results (117). Patients with secondary DENV-2
are more likely to have undetectable NS1 concentrations than
those with primary infection, although this same study also found
that high NS1 concentrations were associated with the nadir of
thrombocytopenia (118). Although the pathogenic role of NS1
and the protective function of anti-NS1 antibodies have yet to be
proven clinically, there nevertheless may be some benefit for
dengue vaccines to elicit anti-NS1 antibodies to potentially modu-
late disease severity in breakthrough symptomatic infections.

CELLULAR IMMUNITY
To date, dengue vaccine development has primarily been focused
on inducing high and balanced titers of neutralizing antibodies to
prevent symptomatic illness fromDENV.However, neutralizing an-
tibodies are only one component of the adaptive immune response.
Cellular immunity, driven by CD4+ and CD8+ T cells, also plays an
important role in viral control and prevention of disease (119).
Helper CD4+ T cells support other components of the immune
system such as B cells and macrophages, through secretion of cyto-
kines such as IFN-γ, tumor necrosis factor–α (TNF-α), and inter-
leukin-2 (IL-2) (120, 121), whereas cytotoxic CD8+ T cells directly
kill virus-infected cells (121). Thus, both neutralizing antibodies
and the cellular immune response play complementary roles to
control infection and mitigate disease severity.
The role of T cells in DENV infection has been a somewhat con-

tentious issue, with both pathological and protective roles being
proposed. Previously, it was thought that antigen-specific T cells
induced during a primary DENV infection would result in the ex-
pansion of low-affinity, cross-reactive memory T cells during sec-
ondary heterotypic infection, resulting in increased
immunopathology due to a lower ability to clear virus and the se-
cretion of inflammatory cytokines, a phenomenon known as orig-
inal antigenic sin (122, 123). A study in Thai children hospitalized
with dengue found that DENV-specific T cells in secondary infec-
tion were of low affinity to the infecting serotype, with stronger af-
finity to other serotypes likely responsible for prior infection (124).
These T cell studies were done in the acute stage of infection in chil-
dren with severe dengue. Consequently, this “original antigenic sin”
explanation may only represent a subset of patients with secondary
dengue. Unlike the acute phase of illness, studies in those who have
recovered from dengue found strong cross-reactive T cell responses
(125). It is now increasingly thought that T cells likely play a pro-
tective role in dengue, with DENV-specific T cell responses being
associated with protective efficacy (31). Stronger and more poly-
functional antigen-specific CD8+ T cell responses have been
found in individuals with human leukocyte antigen (HLA) alleles
that are associated with a reduced susceptibility to severe disease
(126). In a similar vein, DENV infection induces cytolytic DENV-

Fig. 2. Antibody-dependent enhancement (ADE) requires an optimal ratio of
antibody to DENV to engage appropriate cellular receptors. A gradient of
number of antibody molecules per DENV is shown from left to right. (A) High anti-
body:DENV ratios aggregate DENV to co-ligate the inhibitory Fcγ receptor IIB
(FcγRIIB), which signals through its immunoreceptor tyrosine-based inhibitory
motif (ITIM) cytoplasmic tail to inhibit uptake of the immune complex. (B) At mod-
erate antibody:DENV ratios, the immune complex is of a size that co-ligates acti-
vating FcγR, depicted here as FcγRIIA, which has an immunoreceptor tyrosine-
based activating motif (ITAM) cytoplasmic tail. In such a context, DENV infection
remains inhibited, either through the antibody binding sufficient number of epi-
topes to prevent fusion of DENV with endosomal membranes necessary to release
the RNA into the cytoplasm (left) or through ITAM-mediated signaling that up-reg-
ulates interferon-stimulated genes (ISGs) to induce an antiviral state in the
myeloid-derived cell (right). (C) At sub-neutralizing antibody:DENV ratios, addi-
tional interaction between DENV and leukocyte immunoglobulin-like receptor
B1 (LILRB1), which has an ITIM signaling cytoplasmic tail, inhibits ISG induction
to promote a cytoplasmic environment that is more favorable for enhanced
DENV infection.

Fig. 3. Secondary DENV-2 infection is associated with the highest risk of vas-
cular leak and severe dengue. Plots are adapted from figure 4 in (57). (A) The
probability of plasma leakage in patients with dengue experiencing a secondary
DENV-1, DENV-2, DENV-3, or DENV-4 infection is shown. (B) The probability of
severe dengue in patients experiencing a secondary DENV-1, DENV-2, DENV-3,
or DENV-4 infection is shown. The area between the dashed lines in each graph
represents the amount of viremia commonly detected in patients with dengue
in the febrile phase of illness.
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specific CD4+ T cells that are correlated with protective HLA DR
alleles (127). In a nested case–control study of school age children
in Thailand, children with higher frequencies of IFN-γ–, IL-2–, and
TNF-α–secreting DENV-specific T cells were more likely to develop
asymptomatic rather than symptomatic dengue DENV infection
(128). Such observations suggest a protective role for T cells
in dengue.
CD8+ T cell responses to DENV target mainly the NS3 protein,

followed by C, NS5, and NS4A/B, whereas CD4+ responses target
mainly C, followed by E, NS3, NS2A/B, and NS5 (31). Cellular im-
munity from these DENV-reactive T cells may be particularly im-
portant for rapid clearance of infection when neutralizing
antibodies are not present at sufficiently high titers to sterilize infec-
tion. The functional role of T cells has been demonstrated in allo-
geneic kidney transplant recipients, who were given T cell–
suppressive therapies to prevent graft rejection (129, 130). With
low T cell counts, these patients had a protracted course of
DENV infection and eventually only cleared the infection when
the T cell counts recovered to near the lower limit of normal
values (129).

T cell responses elicited by dengue vaccination
CYD-TDV uses a yellow fever (YF17D) backbone and, thus, lacks
DENV NS proteins that contain a large proportion of CD8+ T cell
epitopes (Fig. 1) (126, 131, 132). Although there is some degree of
cross-reactivity to DENV with T cells induced by YF17D vaccina-
tion, these tend to be limited and of much lower magnitude (125).
For example, although CYD-TDV vaccination in baseline dengue-
naïve individuals induced strong CD8+ T cell responses against
YF17D NS3, cross-reactive CD8+ responses against DENV NS3
were muted (133). This lack of a strong DENV-specific T cell re-
sponse could be one of the contributory reasons for the poor effica-
cy of CYD-TDV against DENV-1 and DENV-2.
TAK003 instead uses an attenuated DENV-2 virus, PDK53, as its

backbone for the DENV-1, DENV-3, and DENV-4 constructs. Un-
surprisingly, in dengue-naïve and dengue-exposed adolescents vac-
cinated with TAK003, the highest frequencies of IFN-γ–secreting
CD4+ and CD8+ T cells were directed against DENV-2 NS1, with
detectable, although lower, cross-reactive responses observed
against DENV-1, DENV-3, and DENV-4 NS proteins (134).
Similar findings have been reported in flavivirus-naïve adults
(135). The T cell responses induced by TAK003 mirror its efficacy
profile, with the highest clinical efficacy against DENV-2 compared
with the other three serotypes: 97.7% for DENV-2, 73.7% for
DENV-1, and 62.6% against DENV-3; the efficacy results for
DENV-4 were inconclusive because of insufficient cases (35–37).
TV003 induces a broad and polyfunctional CD8+ T cell response

mirroring that of natural secondary DENV infection; more than
90% of those responses were directed against conserved DENV se-
quences, suggesting that TV003-induced T cell responses should be
able to recognize epitopes from all four serotypes (136). This tetra-
valent vaccination outcome in T cell responses contrasts with those
induced after monovalent vaccination; conserved sequences only
accounted for 46% in DEN1∆30, 16% in DEN2/4∆30, 54% in
DEN3∆30/31, and 7% in DEN4∆30 vaccination. Moreover, T
cells elicited by monovalent vaccination targeted both structural
and NS proteins (136), although differences in CD8+ T cell immu-
nodominance patterns exist across the four DENVs (137). For
example, 51% of the CD8+ T cell responses after DENV-3 infection

targeted structural proteins, whereas only 19% targeted structural
proteins after DENV-2 infection. These differences could be due
to variations in antigen processing and presentation during infec-
tion with the different DENVs. Thus, although almost all the
CD8+ T cell responses elicited by tetravalent vaccination were ob-
served to be directed against the NS proteins (primarily NS3 and
NS5), similar to the response after secondary infection, it remains
unclear whether T cells targeting conserved epitopes alonewould be
equally protective across the different serotypes.

Measuring cellular immunity routinely
Although it is now clear that an effective dengue vaccine should be
capable of inducing DENV-specific cellular immunity, it remains
unknown what this minimum threshold needs to be. Cellular im-
munity is seldom evaluated as a correlate of protection in DENV
vaccine development, with both vaccine developers and regulators
relying almost exclusively on antibody titers to identify vaccine can-
didates. A contributing factor is the absence of standardized T cell
assays, which are simple to perform and interpret. DENV-specific T
cells constitute only a tiny proportion of all T cells in the body and
usually require complex functional assays to be detected (31). Cur-
rently used assays such as IFN-γ enzyme-linked immunospot
(ELISpot) and flow cytometry–based assays are labor intensive,
time consuming, and require highly specialized technical expertise
and equipment (138). In addition, such assays are usually per-
formed on peripheral blood mononuclear cells, which require
large blood volumes; this makes them unsuitable for large-scale de-
ployment, especially in pediatric populations. Fortunately, more
user-friendly T cell assays are now on the horizon. For example, a
recently developed rapid cytokine release assay requiring only small
volumes of whole blood (<1 ml) demonstrated good sensitivity and
specificity in assessing severe acute respiratory syndrome coronavi-
rus 2–specific T cell responses (139). The use of such standardized
assays could be expanded to DENV vaccine development and would
enable correlates of protection that integrate both antibody and T
cell measurements to be defined (140).

THE FUTURE OF DENGUE VACCINES
A lesson to be learned from the phase 3 clinical trials is the need for
dengue vaccines to elicit the full spectrum of adaptive immune re-
sponses. Neutralizing antibodies can protect but require titers that
may be too high to be attained in those without prior DENV infec-
tion. Moreover, although neutralizing antibodies prevent infection,
sustained titers of such antibodies may require repeated exposure to
DENVs (141). Engendering humoral responses to the NS1 protein,
as well as CD8+ T cell responses to the C and NS proteins, could
produce the multilayered immune response that may be necessary
for the prevention of dengue and severe dengue. The lack of such a
multilayered response may explain the increased risk of hospitaliza-
tion and severe dengue observed in DENV-naïve vaccinees who re-
ceived CYD-TDV (19). In contrast, it may have been such a
multilayered DENV-directed response that, at least in part,
averted increased rates of individuals hospitalized with dengue,
despite the lack of efficacy against symptomatic DENV-3 infection
in DENV-naïve TAK003 vaccinees (37). Phase 4 clinical studies of
TAK003 should shed further light on the respective roles of these
adaptive immune responses in protecting against dengue and
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severe dengue, especially against those caused by DENV-3 in those
without prior DENV infection.
Ideally, any dengue vaccine should prevent both symptomatic

infection and DENV transmission. Such a vaccine would need to
robustly elicit both neutralizing antibodies and T cells, given their
complementary roles in immunity. However, even if a dengue
vaccine is not able to achieve high titers of neutralizing antibodies
across all four serotypes, one that is able to induce a broad and sus-
tained T cell response may still be highly effective in protecting
against hospitalized dengue and severe disease. Similar lessons
can be drawn from our experience with coronavirus disease 2019
(COVID-19) vaccines; although current COVID-19 mRNA vac-
cines are not able to sustainably protect against infection by the
Omicron variant because of antibody escape mutations, protection
against severe disease is maintained through preserved virus-specif-
ic T cell responses (142–147). Furthermore, vaccination also brings
benefit at the population level: Modeling of CYD-TDV vaccination,
carried out before the World Health Organization’s recommenda-
tion for pre-vaccination to ensure vaccination of only those with
prior DENV infection, suggested cost-effectiveness of this vaccine
if priced competitively, for countries with high dengue endemicity
(148). Improved overall outcomes with TAK003 and TV003 vacci-
nation are thus likely to bring even greater cost-effectiveness to
dengue prevention for endemic countries. Thus, a vaccine that
fully protects against neither symptomatic infection nor transmis-
sion but prevents hospitalization and severe dengue may not be
perfect but would, nonetheless, be a useful solution for popula-
tion-level dengue control.
Last, we suggest that, until a single-dose vaccine that fully pro-

tects against disease from all four DENVs is available, a heterolo-
gous prime-boost approach could exploit the strengths, and at the
same time overcome the limitations, of each of these vaccines. Clin-
ical observations indicate that after two episodes of infection, the
third and fourth episodes of DENV infection are mostly asymptom-
atic (149). Hence, priming with a single dose of TAK003 followed by
boosting with CYD-TDV, for instance, could simulate sequential
infection because vaccine viremia studies indicate different types
of infection from these vaccines; TAK003 showed measurable
DENV-2 vaccine viremia (24), whereas vaccine viremia was detect-
ed predominantly from the DENV-4 followed by the DENV-3 com-
ponents of CYD-TDV (22). Similar combinations could also be
envisaged with TV003. A heterologous prime-boost approach
could, thus, negate the need for years of vaccine development
before dengue is no longer merely a theoretically, but rather a
truly, vaccine-preventable disease.
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