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Summary

Dengue virus (DENV) is a mosquito-borne pathogen that causes up to ~100 million dengue cases 

each year, placing a major public health, social and economic burden on numerous low- and 

middle-income countries (LMICs). Major advances by scientists, vaccine developers, and affected 

communities are revealing new insights and enabling novel interventions and approaches to 

dengue prevention and control. Such research has highlighted further questions about both the 

basic understanding of dengue and efforts to develop new tools. We discuss existing approaches to 

dengue diagnostics, disease prognosis, surveillance, and vector control in LMICs as well as 

potential consequences of vaccine introduction. We also summarize current knowledge and recent 

insights into dengue epidemiology, immunology, and pathogenesis, and their implications for 

understanding natural infection and current and future vaccines.

Introduction

Dengue is the most prevalent arboviral disease of humans, with 3.6 billion people living in 

areas at risk of transmission and an estimated 390 million dengue virus (DENV) infections 

and 96 million dengue cases annually.1 Dengue is endemic to the tropical belt of Asia, Latin 

America, and the Pacific, circulates across Africa, and has recently caused local outbreaks in 

the United States and parts of Europe.1–3 Dengue has expanded globally since the 1960s, 

driven by population growth, urbanization, increased travel, and insufficient vector control 

programs. Despite increased funding and advances in dengue research, dengue epidemics 

are intensifying in frequency, magnitude and geographic reach.4 The burden of dengue 

globally is estimated at 15.8 disability-adjusted life years per 100,000 individuals, with 

major economic, social, and political impact.5,6 Public health systems are strained by the 

relentless spread of DENV and other arboviruses, such as chikungunya and Zika (ZIKV) 

viruses, and discouraged by decades of failed vector control programs and lack of 

interventions.

However, never before has the level of resources and commitment from diverse researchers 

and stakeholders been as great, focused on increasing the basic knowledge, potential 

treatments and vaccines, and new vector control strategies, with the ultimate goal of 
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conquering dengue. Here, we address existing tools and current needs for dengue diagnostics 

and surveillance in low- and middle-income countries (LMICs) and how these will be 

impacted by the introduction of dengue vaccines. We review current knowledge and research 

gaps in immunology/epidemiology in the context of natural infection and vaccines, as well 

as in dengue pathogenesis and new approaches to vector control. Many of these insights call 

into question existing paradigms in the dengue field and raise many new and exciting 

questions.

Case management

Dengue is caused by four DENV serotypes (DENV1-4), transmitted by the daytime-biting 

mosquitoes Aedes aegypti and Ae. albopictus. Dengue fever is characterized by debilitating 

symptoms including high fever, arthralgia, myalgia, anorexia, petechiae/rash, and retro-

orbital pain. Because symptoms are non-specific and overlap with many other infections, 

such as chikungunya and Zika, laboratory diagnosis is required. Upon defervescence, during 

“the critical phase” (days 4–6 of illness), a fraction of patients (~500,000/year) develop 

Dengue Hemorrhagic Fever/Dengue Shock Syndrome (DHF/DSS), characterized by well-

described clinical and hematological features that can facilitate clinical diagnosis of dengue 

even without laboratory confirmation: thrombocytopenia, hemorrhagic manifestations, liver 

damage, leukopenia, pleural effusion and other signs of vascular leakage, and hypovolemic 

shock, leading to organ failure.7 In 2009, a new classification of disease severity was 

adopted by the WHO, with “severe dengue” encompassing additional manifestations of 

severe disease.8 Mortality due to dengue can be greatly reduced by early diagnosis and 

timely and judicious fluid management; hence, laboratory diagnosis together with clinical 

acumen is critical.8

A combination of diagnostic methods that target different time periods post-onset of 

symptoms maximizes diagnostic sensitivity (Table 1); however, only early acute-phase 

diagnostics can impact clinical management. These include detection of viral RNA, virus, 

and NS1 protein. Variable quality of available assays and high cost are still limiting factors,9 

often placing them out of reach for national coverage. The IgM ELISA is widely used for 

dengue diagnosis, but in fact the timing of the samples (≥5 days) means that results are 

obtained too late for clinical decision-making. A major unmet need is affordable, easy-to-

perform acute-phase dengue diagnostics. This is even more urgent given the recent, 

widespread introduction of ZIKV into the Americas, as conventional dengue serological and 

even NS1 diagnostic assays are cross-reactive with ZIKV infections, making the 

interpretation of serological diagnostics more complex in endemic areas. Neutralization tests 

can be performed to detect virus-specific neutralizing antibodies and to determine the 

etiology of flavivirus infection, but only after ~6 months post-infection.

Importantly, for diagnostics to have a true impact on disease outcome, systems need to close 

the loop between the clinic, the laboratory and the patient. Other than rapid diagnostic tests 

(RDTs), which are rarely used in the public sector in LMICs, most diagnostic information 

obtained at centralized laboratories is used to inform national surveillance systems, while 

clinicians and patients often do not receive timely feedback for decision-making that can 

affect case management and disease outcome. New information and communication 
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technology (ICT) tools are being developed that improve work and information flows around 

time-sensitive disease diagnosis and response as well as outbreak prevention. A major 

priority is integration of these tools into national data systems and involvement of all 

stakeholders from the beginning to ensure bi-directional flow of clinical and diagnostic 

information that benefits both surveillance systems and patients alike.

Prognostic tests to detect biomarkers associated with severe dengue to enable better triage 

and treatment of patients are sorely lacking in clinical settings. Clinical manifestations are 

currently the only data used for predicting dengue disease severity. Recent studies have 

revealed quantifiable molecules and immune signatures during the course of DENV 

infection; translating these potential biomarkers into practical clinical tests requires 

significant research and evaluation, especially in the context of vaccine rollout. Advances in 

technology that allow for multiple biomarker analysis with small sample volumes will 

enable implementation of these assays in the clinical context in LMICs and could aid 

clinical trials of vaccine or drug interventions.

Surveillance/outbreak response/sero-epidemiogical studies

Most dengue-endemic countries rely on syndromic dengue surveillance, with laboratory-

based confirmation of a subset of cases. Laboratory-enhanced sentinel surveillance systems 

provide more precise information to public health authorities on time, location, serotype, and 

disease severity, thus enabling an earlier trigger for interventions to mitigate outbreaks. 

Functional laboratory-based surveillance systems will be critical for deployment of vaccine 

trials and for eventual vaccine roll-out. Serological assays that detect increases in DENV-

specific antibodies are widely used by most public health systems for confirmation of 

disease and for differentiating primary from secondary DENV infections (Table 1). Sero-

epidemiological studies can monitor the overall prevalence of DENV infection in a 

population and are usually based on IgG or Inhibition ELISA or Hemagglutination 

Inhibition, although more specific methods, such as neutralization tests, are available.

Critically, once DENV vaccines are widely distributed, serological assays will no longer 

distinguish immune responses due to DENV infection from vaccine-induced immunity. 

Furthermore, cross-reactivity with other flaviviruses with widespread circulation, such as 

ZIKV and West Nile virus (WNV), as well as national vaccination programs against 

flaviviral diseases such as yellow fever in Latin America and Japanese encephalitis in Asia, 

can confound interpretation of serological assays. Serological methods to distinguish 

flavivirus infection are urgently needed, particularly in secondary infections.

Crowd-sourcing of symptom data and community entomology efforts enable affected 

communities to gain ownership of control strategies and represent powerful sources of 

information for outbreak detection. ICTs and social networks can play an important role in 

disease, vector and outbreak reporting from the community to local and regional authorities. 

A handful of such technologies have been used successfully in pilot implementations and 

within studies, including using cell phone tower signals to track human movement for 

prediction of the most likely outbreak locations in Pakistan;10 online and smart phone 

applications to report dengue mosquito breeding sites in Mexico11, Nicaragua and 
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Colombia; and near real-time search-query data that estimate impending outbreaks globally 

(Google dengue-trends, DengueMap). While information gained through crowd-sourcing 

needs to be validated by laboratory confirmation of etiology, the power of these technologies 

together with the strength of communities mobilized through knowledge should be 

harnessed as integral aspects of national surveillance systems and for documenting the 

impact of vaccine introduction.

Vector control

Excellent vector control reviews have been written recently;12 here, we review key points in 

the context of vaccination programs. To date, preventing or reducing DENV transmission 

has depended entirely on controlling the mosquito vectors. Even after vaccine deployment, 

vector control will continue to be part of control strategies to reduce disease risk and burden. 

The concept of integrated dengue management is now widely accepted.13,14

The recent chikungunya and Zika epidemics have placed vector control at the forefront of 

public health responses, but the same challenges that existed decades ago remain today. 

LMICs mostly focus their efforts on source reduction (elimination of vector breeding 

containers), environmental management, and larvicide abatement of water storage 

receptacles and use chemical fogging as an outbreak response. Chemicals in thermal fogs or 

ultra-low-volume aerosols target adult mosquitoes and only work at a very local level. They 

need to be repeatedly applied, which has led to the development of resistance as well as 

environmental and health impacts of unknown magnitude. The widely applied 

organophosphate larvicides such as temephos are also of questionable efficacy and pose 

potential health risks.15,16 A recent large cluster randomized controlled trial demonstrated 

that temephos had no effect in reducing household entomological indices or incidence of 

DENV infection, and in fact was associated with increased dengue risk, possibly due to a 

false sense of protection and consequential lack of environmental management activities.15

Other approaches exist, such as biological control with organisms that prey upon the aquatic 

immature Aedes, like small crustaceans and larvivorous fish,17 and biologically-derived 

insecticides, but more data are needed to understand cost-effectiveness of large-scale 

implementation. Trials of genetically modified mosquitoes as a population suppression 

strategy are currently ongoing that involve engineering a lethal gene into mosquitoes to 

ensure sterility following mating with wild mosquitoes.18 A new population replacement 

approach is underway in several trial sites worldwide using mosquitoes infected with the 

wMel strain of the bacteria Wolbachia that shortens the mosquito lifespan and blocks virus 

development, thus reducing DENV transmission.19 The scale-up potential, trade-off between 

the fitness cost of these variants and their virus-blocking ability, and impact of introducing 

modified organisms into the ecosystem need to be further evaluated.20 Finally, community-

based approaches that include entomological surveillance and evidence-based, active 

participation of affected populations in source reduction have been shown to result in 

reduced household Aedes entomological indices, DENV infection incidence, and dengue 

disease.15,21 For vector control efforts to work, they need to involve community participation 

and be sustained year-to-year, during inter-epidemic periods, and especially in high-risk 

locations.
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New guidelines, based on validated strategies and models and that expand the toolbox 

available to governments are urgently needed. The impact that vector control interventions 

have on health and disease burden needs be systematically investigated. Further, consensus 

on the timing and nature of a combination of vector control approaches with dengue 

vaccines should be pursued. Scaling up successful pilots and trials is the next frontier, and 

models informing this process are critical.22 Despite the challenges, vector control will need 

to be included in any integrated strategy for dengue prevention.

Modeling dengue transmission

Modeling dengue transmission enables evaluation of benefits and trade-offs of different 

dengue control methods; this is increasingly important as interventions such as vaccine and 

new vector control strategies come closer to implementation (Table 2). Mathematical models 

have been developed to identify determinants of the oscillations of DENV serotypes in 

endemic settings, including the roles played by the mosquito vector and by enhancement 

from prior exposure to heterologous DENV strains.23 Recent research using statistical 

models has shown that dengue epidemic size and disease severity may be affected by human 

movement, changes in population age structure, and regional climate variables;24–29 further 

work is needed to better understand these effects and build predictive models for government 

preparedness on the local and regional level. Recent observations of homologous DENV re-

infection,30,31 viremic heterologous asymptomatic infections,32 cross-reactivity with other 

flaviviruses,33 and frequent DENV exposure34,35 should be further studied in an 

epidemiological modeling framework to understand their role in DENV immunity and 

DENV transmission. In light of the different degrees of vaccine efficacy in previously 

DENV-naïve and DENV-exposed individuals,36–38 models to estimate vaccine efficacy 

stratified by immune status as well as to explore effects of vaccination on DENV 

transmission are critical.39 Such models should continue to be developed in concert with 

vaccination efforts and should account for heterogeneity in prior DENV exposure within 

countries and across regions.

The virus: serotypes, genotypes, and strains

DENV serotypes, genotypes, and clades can differ in intrinsic virulence and epidemic 

capacity.34,40–43 A better understanding of the genetic basis for virulence and enhanced 

replication in mosquitoes and humans would improve our ability to predict epidemics that 

pose a greater risk of disease. A further question is whether epidemic force (the 

symptomatic:inapparent infection (S:I) ratio) affects the threshold of neutralizing antibodies 

or other immune correlates that protect against subsequent infection.34 Prior immunity 

(determined by the serotype/genotype/clade/strain of the first infection) in relation to the 

second infecting strain can also affect infection outcome (inapparent vs. symptomatic) and 

disease severity at both the individual and population level.31,44–47 Thus, a priority is 

estimating the impact of genetic variation on the breadth of the immune response induced by 

natural infection and vaccination48 and the resulting protection against diverse DENV 

strains. Another recent discovery is that genetic differences alter the exposed epitopes on the 

virion and thus affect neutralization profiles.49,50 Some such amino acid variants are seen in 

highly laboratory-adapted strains that are parent strains for current vaccines;51 therefore, 
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how these substitutions affect the immunogenicity of vaccine strains compared with natural 

isolates needs to be investigated.

Clade replacement is a characteristic feature of DENV evolution.52 The relative contribution 

of intrinsic fitness differences,43,44,53 escape from neutralization,54–56 cross-serotype 

enhancement,50,57,58 or stochastic effects (e.g., climate, geography, genetic bottlenecks)54,59 

remain poorly understood. Estimating the contribution of these factors to DENV evolution 

could enable prediction of the strength and/or severity of epidemics. Tetravalent dengue 

vaccines induce imbalanced responses against DENV1-4 in some individuals60,61 and 

different combinations of type-specific and cross-reactive neutralizing antibodies, raising the 

question of whether vaccination could create a level of population immunity that facilitates 

evolution of certain lineages that better escape host immunity.

Immune responses in the epidemiological context

Post-primary infections

The interval of time between first and second DENV infection modulates infection and 

disease outcome. The average period of cross-protection is 1.6–2 years against symptomatic 

DENV infection and 2.6 years against severe disease;62–64 these observations are consistent 

with long-term follow-up data from vaccine trials.36 Hypotheses include waning of cross-

serotype neutralizing antibodies, epidemic force, increased risk of being exposed to a 

different serotype, or other immune mechanisms such as waning T cell protection.34,62–65 In 

the absence of DENV re-exposure, neutralizing antibody titers decay rapidly in magnitude 

between 1–6 months, then decay gradually for up to a year after primary infection.34,35,66,67 

However, in endemic settings, after the initial decrease, the magnitude of neutralization titers 

remains relatively stable for years after primary infection, with some individuals exhibiting 

decay and others boosts.34,35,67 Anti-DENV neutralizing antibody responses are also 

thought to become more type-specific for months and possibly years after primary infection.
68–70 However, many individuals have broad neutralization profiles one year post-infection 

in non-endemic settings71,72 and after many years in endemic settings.34,35,73 Comparing 

longitudinal patterns of neutralization titers in non-endemic compared with endemic settings 

is important for establishing the decay rate and cross-reactivity of neutralizing antibodies 

over time.

Post-secondary infections

Following a secondary infection with a different DENV serotype, the neutralizing antibody 

response becomes broadly neutralizing and is thought to reduce incidence of subsequent 

severe disease. Symptomatic third and fourth DENV infections do occur, but are rarely 

severe.45,47,74 Understanding the properties of post-secondary immunity, for instance, the 

cross-reactive EDE epitope,75 will improve understanding of what constitutes a protective 

multivalent response.

Homologous symptomatic re-infection

Type-specific neutralizing responses were thought to provide sterilizing immunity against 

homologous re-infection;76,77 however, evidence now exists that homologous re-infection 
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can lead to symptomatic disease.30,31 Study of symptomatic homologous infection will help 

us understand why type-specific protection fails, which may provide insight into cases of 

low vaccine efficacy.

Boosting

DENV re-exposures may “boost” neutralizing antibody titers in DENV-immune individuals, 

providing individuals longer protection against a subsequent symptomatic infection. Vaccine 

trials show boosted neutralizing antibody responses upon repeat vaccination (although not 

necessarily improvements in efficacy);78 experimentally inoculated non-human primates 

challenged with the homologous strain a year later display boosted antibody responses;79 

and neutralization titers in children in endemic areas on average increase in magnitude 

between first and second infection.34,35 It is critical to determine whether natural boosting in 

endemic areas modifies an individual’s subsequent infection/disease risk and evaluate 

implications for vaccine deployment – does natural boosting improve long-term vaccine 

efficacy?

Immune correlates of protection and risk

Neutralizing antibodies

A critical metric of protection is the potency of neutralizing antibodies against future 

infecting strains; thus, neutralization assays are a key tool for decision-making by clinicians, 

epidemiologists, vaccine developers, and policy makers. However, current assays do not 

adequately capture the full complexity of the neutralizing antibody response, and results are 

highly variable across laboratories. Moreover, the results of recent clinical trials of Sanofi’s 

tetravalent dengue vaccine evidenced that quality as well as quantity of neutralization titers 

need to be taken into account.60

Neutralization titers vary significantly across laboratories and between methods, with assay 

parameters such as virus preparation (maturation state, cell source), virus strain, 

complement, cell type, DC-SIGN expression, presence of EDTA, plasma vs. serum, percent 

plaque or immunofocus reduction, and method of measurement of infected cells influencing 

outcome.80,81 The maturation state of the virus stock may alter how well the virus is 

neutralized, as for instance, antibodies that recognize the fusion loop or prM only bind to 

immature virions, where these epitopes are exposed.81,82 DENV virions are now thought to 

be “mosaic”, with some regions of the virus smooth and mature and others spiky and 

immature.83 Even in the mature form, DENV particles “breathe”, with E monomers 

sampling a range of structures between the mature and pre-fusion state.51 Higher (e.g., 

febrile) temperatures and longer incubation periods enable antibodies access to otherwise 

concealed “cryptic” epitopes as the virions breathe, affecting neutralization titers.51,84 

Finally, the virus strain chosen can also impart variability, as some strains are better or worse 

neutralized than others.73,85

The cell type used as substrate for measuring neutralization remains a critical concern. The 

validated cell line for vaccine developers is Vero, derived from green monkey kidneys.86 

Neutralization assays conducted on Vero cells appear to detect only type-specific 
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neutralizing responses, while other cell lines, including those expressing DC-SIGN, can 

capture type-specific and cross-reactive neutralizing antibody responses.81 Development of 

assays with biologically relevant substrates is paramount for better understanding of immune 

correlates and neutralization titers.

The variability in neutralization titers, and thus generalizability of what titer corresponds 

with protection under all assay conditions, has been a point of contention to date and has 

complicated studies of immune correlates in natural infections and vaccines. An optimal 

neutralization assay remains a holy grail for the dengue field. Although neutralization titers 

have long been treated as a correlate of protection against DENV, only recently have studies 

demonstrated a significant association between the quantity of cross-reactive pre-infection 

neutralizing antibody titers and reduced risk of symptomatic secondary infection.34,87,88

Aside from the quantity of neutralizing antibodies, more attention has focused recently on 

the quality: type-specificity versus serotype cross-reactivity and epitope repertoire. To date, 

the majority of antibodies generated after primary DENV infection have been found to be 

cross-reactive and weakly neutralizing.89 Many bind around the fusion loop region on 

domain II (EDII); nonetheless, some antibodies that bind this region are potently 

neutralizing.90,91 Following both primary and secondary infection, the most potently 

neutralizing antibodies are virion-specific and often bind across dimers, contacting up to 

three monomers simultaneously, thus throwing a ‘wrench’ into the DENV E protein 

machinery that successfully prevents fusion.75,92–95 These antibodies bind multiple sites on 

the E protein, including regions of EDIII, the fusion loop, and the hinge of EDI/II.93 New 

tools are becoming available to dissect the repertoire of polyclonal sera, using depletion 

methods and epitope-transplanted recombinant viruses;49,96,97 applying these to better 

understand the antibody response and potential immune correlates in DENV natural 

infections and vaccines is an area of active research.

Antibody-dependent enhancement (ADE)

A major concern for dengue vaccines is that they might induce enhancing DENV antibodies 

that could increase risk of severe disease in vaccinated individuals. ADE is posited to occur 

when antibodies to a previous DENV infection recognize but do not neutralize a subsequent 

infection with a different serotype, and the resulting immune complexes facilitate virus entry 

into target Fcγ receptor-bearing cells, leading to higher viral load and activation of T cells 

that secrete TNF-α and other vasoactive cytokines. Passively transferred heterotypic 

antibodies increase viremia levels in rhesus monkeys98,99 and induce lethal vascular leak 

syndrome with an otherwise sub-lethal dose of DENV in interferon receptor-knockout mice.
100,101 In humans, studies of the incidence of severe dengue in infants demonstrate a strong 

correlation between peak incidence of DHF/DSS in infants, age of the infants, decay of 

maternal neutralizing antibodies, persistence of anti-DENV maternal IgG antibodies, and 

fold-enhancement by neat antisera on Fcγ receptor-bearing cells.102–107 Fold-enhancement 

titers measured on primary human monocytes can also distinguish between asymptomatic 

and severe DENV2 infections in children.108 Heterotypic immunity is a risk factor for severe 

dengue, consistent with the hypothesis that enhancing antibodies could contribute to severe 

disease.40 The initial observation of higher rates of hospitalized dengue cases in young 

Katzelnick et al. Page 8

Lancet Infect Dis. Author manuscript; available in PMC 2018 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vaccinees compared with controls in Year 3 follow-up data of recent clinical trials has raised 

concerns about vaccine-induced ADE of infection.36 However, to date, the association 

between enhancement titer and disease severity has not been proven.105,109,110 Further, there 

is still controversy as to which cell substrate to use for the in vitro enhancement assay.110,111 

A research priority is establishing whether disease severity is mediated by the degree of 

ADE. Possibly, enhancing antibodies in the absence of sufficient neutralizing antibodies are 

contributing factors, but symptomatic infections only progress to severe disease in the 

context of other host and virus-related determinants.

B cells

The B cell repertoire following DENV infection is composed of long-lived plasma cells 

(LLPCs) and memory B cells (MBCs). After primary infection, individuals are thought to 

develop a type-specific neutralizing response over time in non-endemic regions.68–70 One 

hypothesis is that this occurs in the absence of re-infection, whereby high-affinity MBCs 

naturally replenish the LLPC population.112 An alternative hypothesis is that LLPCs are 

long-lived, but not life-long, and the LLPC-derived serum neutralization titer decays over 

time in a pathogen-specific way.113–115 A critical priority is to determine whether 

maintenance of long-lived type-specific neutralizing antibodies requires re-exposure to 

DENV. Following secondary infection, potent cross-reactive neutralizing antibodies have 

been identified,75,116 but the origin of these B cells remains poorly understood. Identifying 

these antibodies in post-secondary infection peripheral blood mononuclear cells (PBMCs) 

and then tracing them back to identify their lineage in samples taken after prior infection(s) 

is a major priority. Another outstanding question is whether DENV in humans resembles 

WNV in mice, where LLPCs expressed the highest-affinity receptors and MBCs had lower-

affinity receptors but recognized a wider range of epitopes.117

T cells

The importance of T cells in protection against and pathogenesis of severe dengue remains 

an active area of research. Cross-reactive T cells have long been postulated to play a role in 

dengue immunopathogenesis, but have also recently been shown to be protective as well.
118,119 In general, CD8+ T cells contribute to the antiviral response by directly killing 

infected cells and secreting IFN-γ and TNF-α. Recent research indicates that CD8+ T cells 

may protect against secondary DENV infection in mice and humans.120–122 Because CD8+ 

T cells primarily target non-structural proteins,123 vaccines that do not include DENV non-

structural proteins may miss an important immune mechanism for preventing severe disease.
124 In contrast, tetravalent vaccination that includes non-structural proteins from multiple 

DENV types induces a multifunctional CD8+ T cell response that is directed toward epitopes 

conserved among serotypes, potentially providing CD8+ T cell-mediated control of 

infection.119

CD4+ T cells indirectly control DENV infection by facilitating B and CD8+ T cell activation 

and memory, as well as secreting inflammatory cytokines.65 Certain CD4+ T cell responses 

are thought to be a signature for DHF pathogenesis;125 however, this relationship has not 

been tested to predict disease outcome. In mouse models, memory CD4+ T cells mediate 

protection in secondary cases.126 Anti-DENV CD4+ T cells in humans may also directly 
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control DENV infection by killing infected cells.127 CD4+ T cell epitopes identified to date 

focus on structural and non-structural proteins, with additional characterization ongoing in 

human populations.65 The role of memory CD4+ T cells induced by natural infection and 

vaccination in stimulating protective antibody-mediated immunity and robust CD8+ T cell 

responses during secondary infection in humans is an important area of research.

Innate immunity

Interferons constitute a powerful antiviral response, and DENV has evolved numerous 

mechanisms to evade the human innate immune response, targeting multiple stages in the 

interferon signaling pathway.128 Gene expression studies of dengue cases of varying severity 

highlighted differences according to day of illness and revealed shock signatures – DSS 

cases had reduced interferon-stimulated genes and increased mitochondrial function.129,130 

Another notable observation was that DENV induces CD14+CD16+ monocytes, which can 

promote B cell differentiation into plasmablasts and antibody secretion.131 Current efforts 

are focused on generating network models of DENV infection and correlating innate 

immune signatures with adaptive immune responses.

Other antibody effector functions

Few studies have examined other antibody attributes in human populations. Regarding 

antibody isotypes, IgG1 and IgG3 differed significantly between DF and DHF cases, while 

IgG4 and IgA were more common in DSS cases.132 Antibody-dependent cell-mediated 

cytotoxicity (ADCC) in pre-infection samples was associated with reduced viremia during 

secondary infection,133 but others found ADCC activity in acute sera from DHF/DSS cases 

but not DF cases.134 More research is needed to explore these potential additional immune 

correlates.

Pathogenesis

Host genetics, DENV immune history, infection sequence with particular DENV serotypes 

and strains, and viral genetics modulate the immune response and impact disease outcome. 

A dominant theory has been that immunopathogenic mechanisms result in a “cytokine 

storm” that leads to vascular leak and thus contributes to severe dengue disease in secondary 

infections.118 However, severe disease does develop in some instances after primary DENV 

infection, and many patients with high viremia recover from DF without developing plasma 

leakage.42

Complement activation, which coincides with the timing of plasma leakage, can be triggered 

by DENV-antibody complexes.135 A hypothesis based on molecular mimicry posits that 

some DENV-induced antibodies can cross-react with host proteins such as plasminogen, 

thrombin and platelets.136–140 More research is needed to understand the potential role of 

these pathways in dengue pathogenesis.

DENV NS1 has been shown to contribute to vascular leak via both cytokine-dependent and -

independent mechanisms. In one study, purified NS1 directly activated mouse macrophages 

and human PBMCs via Toll-like receptor 4 (TLR4), leading to induction and release of 

proinflammatory and vasoactive cytokines/chemokines. Both NS1-mediated activation of 
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PBMCs and NS1-induced permeability in vitro were inhibited by a TLR4 antagonist and by 

anti-TLR4 antibodies.141 A parallel study showed that recombinant NS1 directly induced 

vascular leak and a lethal NS1-mediated disease in a mouse model;142 these pathogenic 

effects were blocked by NS1-immune polyclonal mouse serum and anti-NS1 monoclonal 

antibodies, and mice immunized with NS1 from each of the four DENV serotypes were 

protected against lethal DENV2 challenge.142 NS1 was also shown to induce 

hyperpermeability in human endothelial cell monolayers independent of cytokines via 

disruption of the glycocalyx layer that lines the endothelium.143 These findings identify new 

potential targets for dengue therapeutics and support inclusion of NS1 in dengue vaccines.

Dengue vaccines

Of the dengue vaccines in development, live-attenuated vaccines (LAV) are the most 

advanced, with three candidates in Phase 2/3 (NIH TV-003/TV-005 and Takeda TDV 

vaccines) or Phase 4 (Sanofi Dengvaxia) trials. Other approaches in pre-clinical or early 

clinical development include non-replicating or single-replication vectored vaccines 

packaged in DENV structural proteins; purified, inactivated virus vaccines; subunit-based 

vaccines (e.g., EDIII or NS1 protein); and DNA-based vaccines.144 Novel approaches being 

explored include “scaffolding” complex epitopes, such as the cross-neutralizing EDE 

epitope; bivalent vaccines that present two potent neutralizing type-specific epitopes 

simultaneously; and recombinant viruses on which epitopes recognized by enhancing 

antibodies are “masked”.97,145,146

Remaining knowledge gaps and research priorities in relation to dengue vaccines are 

discussed throughout and summarized in Table 2. In addition, some questions were raised by 

the first Phase 3 efficacy trials and long-term follow-up studies. The Year 3 follow-up data 

from the Sanofi Phase 3 clinical trial showed an increased risk of hospitalization cases in 

young vaccinated versus control individuals.36 Further, combined data for all Phase 2b and 3 

clinical trials demonstrated no significant protective effect of vaccination in naïve 

individuals under age 9.36 In discussing these results, the developers posit, among other 

hypotheses, that primary vaccination in young individuals place them at risk of a severe 

infection sooner than the placebo group, which will eventually catch up over time.147

Whether young age or naïve status is the greater risk factor is a critical remaining question, 

as is the effect of potential roll-out in highly-endemic versus low-endemic settings or in 

areas with only one DENV serotype circulating. Another question is the quality of the 

immune response after primary vaccination in naïve individuals as compared to a primary 

natural DENV infection and the risk of subsequent severe infection.

To date, no published vaccine correlate of protection against dengue exists. Recent studies of 

natural DENV infections show a significant association between the quantity of cross-

reactive pre-infection neutralizing antibody titers and reduced risk of symptomatic 

secondary infection.34,87,88 However, neutralizing antibody titers may be a “correlate of 

protection” but not a “mechanistic correlate of protection”.148 Establishing both mechanistic 

and nonmechanistic correlates of protection will require examining a suite of measures of 

the immune response in relation to disease outcome for each vaccine. Collecting and 
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maintaining sample banks or biorepositories for continued monitoring of vaccines and 

research is of critical importance for identifying DENV correlates of protection.

Conclusion

We have reviewed progress in diagnostics, clinical research, epidemiology, entomology, 

virology, immunology, pathogenesis, and vaccine development, as well as the results of 

multiple high-quality clinical studies and field sites, in the context of understanding natural 

DENV infections and current and future vaccination efforts. In addition, we have highlighted 

knowledge gaps and the urgent need for translational research. With the recent licensure of 

the first dengue vaccine and several others entering Phase 3 trials, as well as the current Zika 

pandemic, researchers, funders, vaccine developers and public health professionals have the 

responsibility to join efforts to focus research on key questions that will ensure that 

populations living in flavivirus-affected areas have access to cost-effective and accurate 

diagnostics, responsive surveillance systems, and the safest and most effective treatments 

and vaccines possible.
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Panel 1

Search strategy and selection criteria

We identified articles published in English and Spanish by searching PubMed for the 

section headings below (e.g. “dengue vector control”). These articles were reviewed for 

relevant references. Historical articles describing major discoveries, recent studies (last 

10 years), and studies covering distinct topics were selected for review.
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Panel 2

Major public health and research priorities

• Develop affordable, easy-to-perform acute-phase diagnostics and prognostics 

to enable timely evidence-based case management, including rapid feedback 

from central national laboratories to clinics to directly improve patient 

treatment.

• Promote laboratory-enhanced sentinel surveillance to enable early 

introduction of interventions to mitigate dengue outbreaks, which can be 

further supplemented with information from crowd-sourcing technologies that 

enable communities to be directly involved in control efforts.

• Generate new guidelines for vector control based on validated strategies 

proven to reduce DENV infection and disease, including community-based 

approaches for source reduction, that governments can use to imrpove control 

programs.

• Incorporate recent insights into the immune responses to natural DENV 

infection and vaccination, including the differences observed between DENV-

naïve and DENV-exposed individuals in vaccine efficacy, to develop 

increasingly sophisticated models of dengue immunity.

• Understand the genetic basis for virulence, enhanced replication in 

mosquitoes and humans, immunogenicity, and neutralizing properties of 

genetically diverse DENV strains.

• Estimate decay rates of cross-reactive neutralizing antibodies following 

primary infection in both endemic and non-endemic settings.

• Understand why type-specific protection can fail and result in homologous 

reinfection, and further study if frequent DENV exposure maintains long-term 

protective immunity.

• Establish why post-secondary responses induce multivalent protective 

immunity, including identifying B cells producing potently neutralizing 

antibodies and identifying their lineage.

• Determine to what degree disease severity is mediated by antibody-dependent 

enhancement.

• Identify the role of memory CD4+ T cells in stimulating protective antibody-

mediated immunity and robust CD8+ T cell responses during secondary 

infection.

• Investigate protective effector functions of anti-DENV antibodies.

• Further study the role of the NS1 protein in dengue pathogenesis to develop 

new targets for therapeutics and protective dengue vaccines.
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• Clearly convey to public health practitioners in dengue-affected areas that 

naïve dengue status is likely a major risk factor for the increase in severe 

disease observed in young children in the Sanofi Phase 3 clinical trial so that 

public health practitioners can decide whether the vaccine should be used in 

low-endemic settings and in areas with only one DENV serotype circulating.
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Figure 1. Key questions about the adaptive immune response following primary and secondary 
DENV infection
The black line represents the level of individual host immunity (y-axis) over time (x-axis). 

Abbreviations: Ab, antibody; S:I ratio, symptomatic to inapparent infection ratio; MBC, 

memory B cell; LLPC, long-lived plasma cell; SLPC, short-lived plasma cells.
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Table 1

Tools for case management, surveillance, outbreak response, and sero-epidemiological studies.

Description Application and future priorities

Case management tools: diagnostics using direct assays during the viremic phase (<5 days of illness)

 Viral RNA detection such as reverse transcriptase (RT)-PCR, real-
time RT-PCR, as well as virus isolation, are highly sensitive but 
expensive.

Promising lower-cost molecular biological techniques are being 
developed149 but require further validation to be commercialized.

 Numerous commercial ELISA kits and RDTs for NS1 exist, but 
have a wide range of sensitivity depending on DENV serotype, 
primary/secondary infection, and commercial brand, and are too 
expensive for public sector use.

More affordable NS1 assays are needed, and new commercial assays 
need to continue to be evaluated by a panel of reference laboratories.9

 NS1 is present early in infection, and anti-DENV IgM antibodies 
are detectable later in illness, making a combination test a promising 
tool for dengue diagnosis.

Current assays are of variable quality and are expensive; thus, they 
need to be further developed to be used affordably in LMICs.

Case management tools: prognostic tests for triage and treatment of severe dengue patients

 Clinical manifestations are currently the only tool for predicting 
severe dengue disease.

Promising biomarkers include: innate immunity gene expression 
profiles, specific cytokines, T and B cell activation markers, and 
complement activation,150 but require development into validated 
assays.

Surveillance and outbreak response tools: serological assays and crowd-sourcing

 IgM capture ELISAs are widely available and are used by most 
public health systems; however, a single positive DENV-specific IgM 
is only a probable diagnosis.

IgM seroconversion in paired acute- and convalescent-phase (15–21 
days post-onset) sera is required for confirmation of DENV infection, 
but paired samples are often not available.

 Commercial IgM ELISAs and RDTs are available but of variable 
quality.

New commercial IgM assays should be evaluated by a panel of 
reference laboratories.

 Changes in IgG titer and the IgG/IgM ratio are often detected 
byIgG capture ELISA to differentiate primary from secondary 
DENV infections; many kits are comercially available.

Some kits need to be better validated and standardized. For example, 
kits are comercially available to distiguish primary and secondary 
infections using a single IgG test during the acute phase; these should 
be interpreted with caution.

 There have been some successes using crowd-sourcing 
technologies to monitor and control dengue outbreaks10,11 (Google 
dengue-trends, DengueMap, DengueChat).

Crowd-sourcing technologies for illness reporting need to be validated 
by laboratory confirmation of etiology; these technologies should be 
paired with community entomology efforts and be used to enhance 
national surveillance.

Sero-epidemiological tools: more specific serological assays in post-convalescent phase or vaccinees

 DENV infection in a population can be measured using IgG or 
Inhibition ELISA or Hemagglutination Inhibition.

These methods are not as specific as neutralizing assays, but are easier 
to perform at large scale.

 Neutralization assays are considered most specific and can 
differentiate certain flaviviruses, including DENV1-4 and ZIKV, in 
primary infections and >6 months post-infection.

In secondary DENV infections, cross-reactivity among the four 
serotypes impairs interpretation of neutralization titers in a single 
sample, although longitudinal annual samples have enabled 
reconstruction of DENV immune history.41,64
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Table 2

Research priorities for modeling dengue transmission.

Issues Research priorities

Geographic dissemination of DENV is attributable to human movement, 
which functions by heterogeneous mixing.24,29

Develop models that accurately describe human movement and 
mosquito density to understand different levels of disease risk 
within cities.

Climate variables play a major role in region-wide epidemics.25,26 Incorporate climate variables to improve prediction of epidemics 
so that governments can prioritize dengue control efforts.

The demographic transition affects R0, leaving more individuals DENV-
naïve until older ages.27,28

Identify the role of population age structure on DENV 
transmission in additional settings.

Homologous re-infection has recently been shown to occur, and infected 
individuals can have high viremia, suggesting they may contribute to 
transmission.30

Heterologous asymptomatic infections contribute to transmission, as 
these individuals can have high viremia and have greater movement than 
sick individuals32.

Incorporate homologous re-infection and heterologous inapparent 
infections into epidemiological models to more accurately 
estimate DENV exposure and transmission.

Frequent DENV exposure in high-transmission settings may modify 
immunity and transmission in DENV-immune individuals.34,35

Take into account frequent DENV re-exposure in maintaining 
long-term protection and attenuating transmission in the DENV-
immune.

Worldwide, other flaviviruses circulate in dengue-endemic areas, e.g. 
Japanese encephalitis/JEV vaccination in Southeast Asia,33 yellow fever 
vaccination and now ZIKV in the Americas.

Estimate changes in DENV transmission in populations also 
infected by related flaviviruses.
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Table 3

Research priorities in the context of dengue vaccination roll-out and evaluation.

Issues Research priorities

Some immune biomarkers may be predictive of disease severity.150 Develop prognostic tests for research and clinical trials.

Dengue vaccine roll-out will make distinguishing previous DENV 
infection from vaccine-induced immunity difficult.

Develop serological methods to distinguish natural and vaccine-induced 
immunity.

Other flaviviruses such as Zika confound serological diagnostic 
methods.

Develop new serologic assays to differentiate acute infections with 
DENV from ZIKV and other flaviviruses

Crowd-sourcing technologies used by empowered communities 
have great potential for outbreak detection.

Validate and incorporate crowd-sourcing for surveillance systems and 
documenting the impact of vaccine introduction.

Vaccines may have different efficacy in previously DENV-naïve 
and -immune individuals.36–38

Stratify vaccine efficacy by immune status39 and update/develop models 
with additional vaccine trial and follow-up data.

Dengue vaccines may protect against disease but not transmission. Use models to compare effects of full vs. partial protection against 
transmission following vaccination.

Vaccine-induced neutralizing antibody responses are often higher to 
vaccine parent strains than genetically distinct isolates.48

Study how immune responses induced by vaccination protect against 
diverse strains.

Amino acid substitutions in laboratory-adapted/vaccine parent 
strains can alter the exposed epitopes.51

Estimate how substitutions in laboratory-adapted strains affect 
immunogenicity compared with immunogenicity of natural isolates.

Tetravalent dengue vaccines may induce unbalanced responses or 
different combinations of type-specific and cross-reactive 
antibodies against DENV1-4.60,61

Evaluate whether vaccination could increase the risk of DENV lineages 
evolving to escape host immunity.

Homologous re-infection can lead to symptomatic disease.30,31 Understand why type-specific protection fails, in order to provide 
potential insight into low vaccine efficacy.

Frequent DENV re-exposures may “boost” levels of neutralizing 
antibody titers.

Evaluate whether natural boosting improves immunity and long-term 
vaccine efficacy.

Neutralization titers are highly variable under distinct assay 
conditions.80,81

Define the most critical variables that modulate neutralization assays and 
identify neutralization tests that correlate with vaccine-induced 
protection.

New tools are available to dissect the repertoire of polyclonal sera.
49,96,97

Apply these new tools to assess the “quality” of the neutralizing 
antibody response following natural infection and vaccination.

CD8+ T cells primarily target non-structural proteins.119,123 Determine the role of non-structural proteins in inducing protective 
CD8+ T cells in vaccinees.

CD4+ T cells facilitate B cell and CD8+ T cell activation and 
memory.119

Determine the role of memory CD4+ T cells in inducing protective 
natural and vaccine-induced immunity.

Mice immunized with NS1 are protected against lethal DENV 
challenge and anti-NS1 antibodies prevent vascular leak and 
endothelial hyperpermeability.142

Investigate whether anti-NS1 immunity following dengue vaccination 
contributes to protection against endothelial hyperpermeability and 
severe disease.

Following CYD vaccination, young vacinees had higher risk of 
hospitalized dengue than controls in follow-up data of recent 
clinical trials.36

Determine whether the risk of hospitalized dengue in young vaccinated 
individuals is mediated by age and/or DENV-naïve status,147 and 
whether risk is mediated in part by ADE.

Neutralizing antibody titers may not be the only correlate of 
protection.148

Study diverse measures of the immune response in relation to disease 
outcome for each vaccine.

Improved correlate of protection measures will be developed over 
time.

Establish biorepositories of vaccines samples for future research.
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