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Purpose of review

With the marked rise in dengue globally, developing well tolerated and effective vaccines and therapeutics
is becoming more important. Here we discuss the recent developments in the understanding of immune
mechanisms that lead to severe dengue and the learnings from the past, that can help us to find therapeutic
targets, prognostic markers, and vaccines to prevent development of severe disease.

Recent findings

The extent and duration of viraemia often appears to be associated with clinical disease severity but with
some variability. However, there also appear to be significant differences in the kinetics of viraemia and
nonstructural protein 1 (NS1) antigenemia and pathogenicity between different serotypes and genotypes of
the DENV. These differences may have significant implications for development of treatments and in
inducing robust immunity through dengue vaccines. Although generally higher levels of neutralizing
antibodies are thought to protect against infection and severe disease, there have been exceptions and the
specificity, breadth and functionality of the antibody responses are likely to be important.

Summary

Although there have been many advances in our understanding of dengue pathogenesis, viral and host
factors associated with occurrence of severe dengue, vascular leak and the immune correlates of protection
remain poorly understood.
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INTRODUCTION

Dengue is the most rapidly emerging mosquito-
borne virus infection globally with the incidence
of dengue and associated morbidity and mortality
markedly increased in recent years [1,2]. Although
highly variable between regions and centres, it is
estimated that 54% of infections with the dengue
virus (DENV) lead to asymptomatic/inapparent ill-
ness [3] with 18% of those with symptomatic illness
requiring hospitalization [4]. Of the hospitalized
patients, 36.8% develop plasma leakage [5], which
can lead to pleural effusions, ascites, shock, and
poor organ perfusion, thereby contributing to organ
dysfunction and severe bleeding.

During the early dengue outbreaks in Asia from
1950 to 1970, case fatality rates (CFRs) were between
10 and 20% in many countries in Southeast Asia
[6,7]. The current CFR for Southeast Asia is approx-
imately 0.2% [8], whereas the CFRs were reported
to be higher in Bangladesh (0.52%), Philippines
(0.34%), and in Indonesia (0.72%) in the recent
outbreaks last year [1]. CFRs have declined over
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time, not because dengue has become less severe,
but because plasma leakage and other complications
are detected earlier, for initiation of timely and
personalized fluid replacement. However, when
healthcare systems become overwhelmed with
many patients, careful monitoring and timely fluid
replacement become difficult. This leads to more
patients developing shock, organ dysfunction and
severe bleeding, resulting in higher mortality rates.
Being able to predict those who will progress to
severe disease is an intense area of research activity.
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KEY POINTS

� The extent and duration of viraemia appears to be
often associated with clinical disease severity, but there
is variation.

� Following a secondary dengue infection, most
individuals develop broadly neutralizing antibodies,
which protect against subsequent infection and severe
disease, although some individuals may still develop
infection and illness.

� DENV infects B cells, altering their receptor signalling,
interferon responses and antigen processing, especially
in those who progress to severe disease.

� An overall dysregulated IFN response, with an
enhanced proinflammatory response in seen in
individuals who progress to severe disease.

� Although many cytokines, chemokines and
inflammatory lipid mediators have shown to be
elevated during early illness in those who progress to
develop plasma leakage, the nonredundant mediators
and mechanisms responsible for endothelial dysfunction
are not understood.

Tropical and travel-associated diseases
In this review, we discuss the recent developments
in the understanding of immune mechanisms that
lead to severe dengue and the learnings from the
past that can help us to find therapeutic targets,
prognostic markers and vaccines to prevent devel-
opment of severe disease.Wehave focused primarily
on recent advances based on publicationswithin the
last 18 months, as per journal guidelines.
CAN WE PREVENT SEVERE DISEASE BY
TARGETING THE VIRUS?

Many clinical trials for antivirals for treatment of
dengue have been carried out and so far, none of
these have shown any substantial efficacy in phase 2
clinical trials [2]. Some of the challenges in assessing
antivirals in acute dengue is the short viraemia, with
peak viraemia coinciding with onset of symptoms.
Data from controlled dengue human infectionmod-
els (DHIMs) show that onset of viraemia occurs
between 3 and 6days from inoculation, with the
onset of fever occurring 2.25days, following detect-
able viraemia [9

&&

]. The duration of viraemia is often
significantly shorter in those who experience a sec-
ondary dengue infection [10

&

,11]. In dengue-naive
DHIMs, the duration of viraemia is on average
7.3days. In longitudinal studies, it is 4.9 days, pos-
sibly because of early clearance of the virus in those
with preexisting antibodies to the DENV [10

&

].
Indeed in, a DHIM following a prime-boost vacci-
nation schedule where the individuals were
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challengedwithDENV-1, the vaccinated individuals
had earlier onset of viraemia, which cleared earlier
than the control (vaccine-naive) individuals [12

&&

].
In DENV-3 DHIMs, both DENV viraemia and

NS1 antigenemia correlated with duration of fever
and rise in liver enzymes [9

&&

], whereas DENV-1
DHIMs failed to show such an association [13].
Higher viral loads during early illness have shown
to associate with a modest but increased risk of
progression to severe disease and thrombocytopenia
[14], although some studies do not show any asso-
ciation [15

&&

,16]. Importantly, those who experi-
ence plasma leakage and severe dengue are likely
to have delayed clearance of the virus, resulting in
prolonged viraemia [11,14]. Progression to severe
disease was associated with downregulation of type
I and III interferon-signalling pathways and antigen
presentationwith an upregulation of pathways asso-
ciated with proinflammatory immune responses
(Fig. 1) [15

&&

]. Therefore, a dysfunctional antiviral
response with an associated proinflammatory
response could lead to prolonged viraemia, with a
delay in clearance of the virus in patients with severe
disease [17].

Although all DENV serotypes can cause dengue
haemorrhagic fever (DHF) or severe dengue, DENV-
2 has shown to associate with an increased risk
disease severity inmany studies [16,18]. The kinetics
of viraemia vary widely between different DENV
serotypes, with the lowest viral loads seen in infec-
tion with DENV-2, although it is associated with a
worse disease outcomes (Fig. 1) [16,19]. Further-
more, primary infections with DENV-3 were more
likely to result in symptomatic infection and DHF
[20]. This could potentially explain the association
of viral loads with clinical disease severity in DENV-
3 DHIMs, but not in DENV-1 [9

&&

,13]. Given that the
four DENV serotypes share approximately 75%
sequence homology and there is a further 6–8%
nucleotide diversity between different genotypes
within each DENV serotype [17], it is not surprising
that significant variations between viral loads, dis-
ease severity and pathogenicity exist between sero-
types and genotypes.
WHAT IS THE ROLE OF DENGUE
NONSTRUCTURAL PROTEIN 1 IN THE
PATHOGENESIS OF SEVERE DISEASE?

DENV NS1 is a viral particle and secretory protein
and has shown to induce proinflammatory cytokine
production, endothelial dysfunction and interfere
with coagulation pathways based on in-vitro experi-
ments and inmouse models [17]. In acute infection,
many studies give contrasting results regarding NS1
antigenemia and disease severity. Although some
Volume 37 � Number 5 � October 2024
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FIGURE 1. Contribution of the dengue virus and dengue NS1 in pathogenesis of severe disease. The extent and duration of
viraemia appears to be often associated with clinical disease severity, but with notable variations. However, there appears to
be significant differences in the kinetics of viraemia and NS1 antigenemia and pathogenicity between different serotypes and
genotypes of the DENV. The existing data on NS1 causing disease pathogenesis are largely derived from in-vitro and mouse
experiments, and there remain many unanswered questions. Figures were created using Biorender.com.
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show earlier clearance of NS1 in those with DHF
[11], some show that NS1 positivity is associated
with severe disease in primary but not secondary
dengue infections [21]. Furthermore, lower NS1
antigen levels are seen in DENV-2, which associates
with higher risk of severe disease [22]. These con-
trasting findings may be because of differences in
viraemia between DENV serotypes and genotypes,
and possibly due to the structural differences of
secretory NS1 (Fig. 1).

NS1 is essential in the formation of the virus
replication complex and exists as a membrane asso-
ciated form or a secretory form. The secretory form
may exist as a dimer, tetramer or a hexamer and
form complexes with high-density lipoprotein
(HDL) (Chew, 2024). Although recent in-vitro data
show NS1-HDL complexes induced proinflamma-
tory cytokines from macrophages [23] and NS1
causes endothelial dysfunction in vitro and inmouse
0951-7375 Copyright © 2024 Wolters Kluwer Health, Inc. All rights rese
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models [17,24], studies using nonmouse-adapted
DENV strains show that exogenous administration
of NS1 did not lead to worsening of vascular leak
[25]. These studies using nonmouse-adapted DENVs
in symptomatic mouse models showed that active
immunization with NS1 or transfer of NS1-specific
antibodies did not ameliorate DENV-induced patho-
genesis [25]. Although NS1-HDL complexes were
shown to induce proinflammatory cytokines in vitro
[23], these studies do not explain the reasons for
higher risk of severe disease in those with diabetes
and obesity, which associate with lower HDL levels.
It is possible that the interactions between NS1-HDL
and other lipids could influence the pathogenicity
of NS1, which warrants further investigations. Due
to the limited understanding of NS1 in causing
disease pathogenesis and given that the existing
data are largely derived from in vitro and mouse
experiments, it would be important to explore the
rved. www.co-infectiousdiseases.com 351
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functional aspects of NS1, including structural inter-
actions with different lipids and host molecules and
more robust data frompatients with varying severity
of acute dengue.
WHAT TYPE OF DENGUE VIRUS-SPECIFIC
ANTIBODIES PROTECT AGAINST SEVERE
DISEASE?

Following the initial infection with the DENV, sero-
type-specific strongly neutralizing antibodies (Nabs)
and cross-reactive antibodies are generated [26

&&

].
Although some of these cross-reactive antibodies
neutralize all four DENV serotypes, the poorly neu-
tralizing cross-reactive antibodies facilitate infec-
tion through binding to FcgRs on immune cells,
which is known as antibody-dependent enhance-
ment (ADE) [26

&&

]. ADE is thought to be responsible
for increased disease severity during a secondary
dengue infection with a different DENV serotype
(Fig. 2) [17,18]. Although after a secondary dengue
FIGURE 2. Contribution of the dengue virus-specific neutraliz
protection against dengue and possible involvement in disease pa
antibodies are thought to protect against infection and severe dise
and functionality of the antibody responses are likely to be impor
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infection, most individuals develop broadly Nabs,
which protect against subsequent infection and
severe disease [27], symptomatic infection has still
been reported in those with high Nabs following
natural infection or vaccination [12

&&

,26
&&

]. Occa-
sionally re-infection with the same serotype has also
been reported in those with high Nabs to specific
serotypes [28,29].

Previously it was shown that individuals who
received a live-attenuated dengue vaccine (TV003),
were completely protected from infection when re-
challenged with DENV-2, 6months following one
dose of the vaccine [30]. However, recently, it was
shown that those who received a prime-boost
dengue vaccine schedule (tetravalent inactivated
dengue vaccine followed by a tetravalent live-atte-
nuated dengue vaccine), when challenged with an
attenuated DENV-1 virus, 27–65months following
the booster dose were not protected against infec-
tion [12

&&

]. In fact, the onset of viraemia and peak
viraemia occurred earlier in vaccinees, compared
ing antibodies and nonstructural protein 1 antibodies for
thogenesis. Although generally higher levels of neutralizing
ase, there have been exceptions and the specificity, breadth
tant. Figures were created using Biorender.com.
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with dengue-naive controls, despite the presence of
DENV-1-specific Nabs. Importantly, the vaccinees
had an earlier disease onset and more severe symp-
toms compared with the controls [12

&&

]. A strong
association was observed between in-vitro ADE
assays and the onset of viraemia in the vaccinees,
suggesting earlier viraemia and increased disease
severity is likely to be due to ADE [12

&&

].
These findings have significant implications for

dengue vaccination strategies. Firstly, different vac-
cines may elicit DENV-specific antibodies, targeting
different epitopes resulting in broadly Nabs, while
some vaccines may generate serotype-specific
poorly neutralizing Nabs. Indeed, dengue vaccines
may mimic a primary dengue infection and lead to
more severe disease during subsequent natural
infection, which was observed with the CYD-TDV
vaccine [31]. Apart from neutralization, the func-
tionality of the antibody response plays an impor-
tant role in determining clinical outcomes [32,33].
Natural infection or dengue vaccines may induce
antibodies, with varying affinity to different FcgRs,
affecting their likelihood of causing ADE as shown
in DHIMs in vaccinated individuals (those who
received the prime-boost vaccination schedule)
[12

&&

]. In acute dengue, higher levels of afucosylated
DENV-specific IgG1 associated with increased
dengue disease severity and not levels of Nabs
[34]. Therefore, the functionality of DENV-specific
antibodies does appear to play a significant role in
subsequent disease severity or protection, which
incompletely understood (Fig. 2).

Although amajor portion of DENV-specific anti-
bodies is directed against the virus envelope, a sig-
nificant proportion of antibodies andmemory B-cell
responses are also directed against NS1, prM and the
capsid protein [35,36]. Although previous studies
have shown that NS1-specific antibodies rise in
patients with DHF, it is not clear if this relates to
higher NS1 antigen levels possibly seen in patients
with DHF [37]. Although certain monoclonal anti-
bodies targeting specific regions of NS1 were shown
to protect against endothelial permeability in vitro
and in dengue mouse models [38], there are limited
data available on differences in the quantity, spe-
cificity and functionality of NS1-specific antibodies
in preventing disease severity or causing immuno-
pathogenesis in different settings, for example,
when carrying different lipid payloads. In addition
to NS1 antibodies, antibodies to precursor mem-
brane (prM) can also contribute to disease patho-
genesis by ADE. Although the immature virus with
prM is noninfectious, these particles cause infection
as anti-prM antibodies facilitate infection through
binding to FcgRs causing ADE [36,39]. Therefore, the
levels of antiprM antibodies, and their functionality
0951-7375 Copyright © 2024 Wolters Kluwer Health, Inc. All rights rese
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could also affect disease severity, which has not been
fully studied in acute dengue infection.
WHAT COULD AFFECT THE QUALITATIVE
AND QUANTITATIVE DIFFERENCES IN
DENGUE VIRUS-SPECIFIC ANTIBODIES?

Active replication of DENV within B cells in patients
with acute dengue resulted in downregulation of
genes involved in B-cell receptor signalling, inter-
feron-stimulated genes and antigen processing,
which was more pronounced in those who pro-
gressed to severe disease [15

&&

]. High frequencies of
plasmablasts are seen in patients with acute dengue,
especially in those with severe disease [40]. Signifi-
cant expansion of the plasmablasts in patients with
severe COVID-19, was shown to be due to extrafol-
licular B-cell activation [41]. Although this has not
been investigated in acute dengue, it is possible that
altered B–T-cell interactions lead to generation of
extrafollicular plasmablasts, which potentially pro-
duce poor-quality, short-lasting antibodies with
altered functionality. Unfortunately, there are very
limited data available on the functionality and phe-
notype of B-cell responses in acute dengue and the
specificity and functionality of antibody responses
associated with protection in dengue.
WHICH TYPE OF T-CELL RESPONSES ARE
ASSOCIATED WITH PROTECTION?

The debate whether DENV-specific T-cell responses
are protective or pathogenic continues. Studies do
show that early appearance of IFNg-producing T
cells to overlapping peptides of DENV NS3 and
NS5 are associated with milder illness and early
clearance of the virus [42]. Furthermore, a lower
magnitude of DENV-specific T-cell responses were
seen in those with HLA alleles associated with severe
disease [43]. However, several earlier studies using T-
cell clones have shown that both CD4þ and CD8þ T
cells were highly activated, withmagnitude of CD8þ

T cells specific to the primary infecting DENV sero-
type, correlating with disease severity [44,45

&

].
More recent studies show that those who had

mild illness had an expansion of memory CD4þ and
CD8þ T cells, with an increased cell proliferation and
enhanced cellular metabolism profile, whereas pro-
gression toDHFwas associatedwith a predominantly
type I innate immune response, with an inflamma-
tory transcriptomic and inflammatory chemokine
profile [45

&

]. Another recent study showed that there
was an expansion of regulatory T cells along with a
higher frequency of CD4þ and CD8þ memory T-cell-
expressing exhaustionmarkers in thosewhoprogress
to severe disease [15

&&

]. CD8þ T cells expressed
rved. www.co-infectiousdiseases.com 353
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markers of T-cell dysfunction (CTLA-4, LAG3, TIGIT
and PDCD1), with downregulation of interferon-
stimulated genes in those who progressed to severe
dengue [15

&&

]. Both these studies showadysregulated
IFN responsewith higher IFNg levels (mainly derived
from T cells and natural killer (NK) cells), and an
increased expression of IFN-signalling genes was
associated with progression to severe disease
[15

&&

,45
&

]. However, both these recent studies have
focused on the overall T-cell compartment rather
than DENV-specific T cells.

As it was shown that B cells and other antigen-
presenting cells had impaired capacity for antigen
presentation, this could lead to reduction in DENV-
specific T cells in those with severe dengue [15

&&

].
Indeed, previous studies have shown a reduced fre-
quency of DENV-specific T cells in those with severe
dengue, for example, through suppression by IL-10
[42,46]. As regulatory T cells expressingmany inhib-
itory co-stimulatory molecules were seen to expand
during early illness in those who progress to severe
disease, they could possibly be an important source
of IL-10 leading to suppression of DENV-specific T-
cell responses [15

&&

]. Given that Nabs alone do not
confer protection against subsequent infection and
severe disease, it would be crucial to further under-
stand the role of DENV-specific T cells in protection
and pathogenesis. This is an important gap in
knowledge that needs to be addressed, by carefully
conducted longitudinal studies in those with vary-
ing history of previous dengue or other flavivirus
infection such as Zika, as these can modulate the
subsequent T-cell responses upon natural infection
or vaccination.
MECHANISMS OF VASCULAR LEAK AND
SEVERE DENGUE

Endothelial dysfunction leading to increased capil-
lary permeability is the hallmark of severe dengue
[17]. Although many cytokines, chemokines and
inflammatory lipid mediators have shown to be
elevated during early illness in those who progress
to develop plasma leakage [17,45

&

,47], the exact
mechanisms leading to endothelium dysfunction
or the mediators responsible for these mechanisms
are unknown. Although dengue NS1 has been
shown to increase endothelial permeability in vitro
and in mouse models using mouse-adapted strains
[24,48], studies using nonmouse-adapted strains
have not replicated these results [25]. Furthermore,
increased capillary permeability occurs in acute
dengue when NS1 antigen levels decline [22]. There-
fore, the role of NS1 in causing vascular leakage in
acute dengue and the potential structural differen-
ces in NS1 based on its interaction with different
354 www.co-infectiousdiseases.com
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lipid mediators and DENV strain-dependent
changes should be further investigated.

Mast cell proteases (chymase, tryptase) and
inflammatory lipids, including platelet-activating
factor (PAF), leukotrienes, prostaglandins, phospho-
lipase A2 enzymes, Ang-2, VEGF, IL-6, IL-1b and
TNFa, which lead to endothelial dysfunction and
protection (sphingosine-1-phosphatase), are altered
in those who developed plasma leakage [17,49,50].
However, the relative contribution of these different
mediators in causing vascular leakage or the factors
that lead to their increase are not fully understood.
Given the crucial role that plasma leakage plays in
denguedisease severity, itwouldbe important forany
potential treatment for dengue to reduce plasma
leakage, inorder to reduce associateddisease severity.
WHY DO ONLY SOME INDIVIDUALS
DEVELOP VASCULAR LEAK AND ORGAN
DYSFUNCTION?

Diabetes, cardiovascular disease, hypertension, obe-
sity and asthma are associated with an increased risk
of developing severe dengue [18]; and obesity has
shown to associate with an increased risk of hospi-
talization [51]. The risk of severe dengue associated
with these comorbidities is greater than the risk with
a secondary dengue infection [18]. Obesity, diabetes
and the other comorbidities are also a risk factor for
severe disease with SARS-CoV-2 and other viral
infections [52]. Obesity and diabetes are linked with
dysfunctional adipose tissue, increased infiltration
of activated classical macrophages, increase in mast
cells with an altered phenotype, altered adipokine
profile leading to inflammation, increased intestinal
permeability and endotoxaemia, chronic low-grade
inflammation, dysfunctional NK and T-cell
responses and waning of Nab responses [53–55].
Diabetes also has shown to lead to concurrent bac-
terial infection in those with dengue contributing to
increased disease severity and mortality [56]. Given
that diabetes, obesity and other related comorbid-
ities are rapidly increasing globally, it would be
important to identify the mechanisms that lead to
severe dengue in these individuals for better man-
agement and development of therapeutic targets.
CONCLUSION

In summary, as the extent of viraemia and more
importantly the duration of viraemia often appears
to associate with clinical disease severity, antivirals
would perhaps be anticipated to reduce disease
severity. However, given the very short duration
of viraemia, it is challenging to initiate treatment
early enough to achieve a therapeutic benefit.
Volume 37 � Number 5 � October 2024
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Furthermore, there appears to be significant differ-
ences in the kinetics of viraemia and pathogenicity
between different genotypes within the serotypes of
the DENV. These differences may have significant
implications for development of treatments and in
inducing robust immunity throughdengue vaccines.
Although dengue NS1 has been shown to contribute
to disease pathogenesis in vitro and inmousemodels,
many studies have shown conflicting results with
limited data in individuals with acute dengue. Again,
the pathogenicitymay vary in differentDENV strains
as well as different interactions between NS1 and
host lipids and structural differences.

Although generally higher levels of Nabs are
thought to protect against infection and severe
disease, this may not always be the case and there
are many unknowns regarding the specificity,
magnitude, breadth and functionality of antibody
responses that associate with protection. Similarly,
although recent studies highlight important changes
in the T-cell compartment that are associated with
progression to severe disease, there are limited data
on the specificity and functionality of T-cell
responses that are associated with protection. Most
importantly, there are again limited data on how the
past infection history with previous DENV serotype
or other flavi-viruses affect subsequent immune
responses to dengue. Therefore, although there has
beenmanyadvanced inourunderstandingofdengue
pathogenesis, there are still many unknowns regard-
ing the most important questions in immune
responses that associate with severe dengue such as
the mediators that lead to vascular leak, the viral
factors that associate with disease pathogenesis and
the correlates of protection against dengue disease.
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