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Abstract

Dengue remains one the most important mosquito borne disease worldwide. Infection with one of 

the serologically related dengue viruses (DENV) can lead to a wide range of clinical 

manifestations and severity. Severe dengue is characterized by plasma leakage and abnormal 

bleeding that can lead to shock and death. There is currently no specific treatment for severe 

dengue due to gaps in understanding of the underlying mechanisms. The transient period of 

vascular leakage is usually followed by a rapid recovery and is suggestive of the effects of short 

lived biological mediators. Both the innate and the adaptive immune systems are activated in 

severe dengue and contribute to the cytokine production. We discuss the immunological events 

elicited during a DENV infection and identify candidate cytokines that may play a key role in the 

severe manifestations of dengue and possible interventions.
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Introduction

Dengue is the most common vector borne disease worldwide. Approximately 350 million 

people are infected by dengue viruses (DENV) each year, and close to one million of these 

are symptomatic cases.[1] DENV are transmitted by the mosquito vectors Aedes aegypti and 

to a lesser extent Aedes albopictus, which inhabit tropical and subtropical areas. Although 

the highest burden of dengue is in Southeast Asia and Western Pacific Regions where 75% 

of dengue occurs, dengue is also endemic in Central and South America and parts of Africa. 

Major dengue outbreaks in South Asia and the Middle-East have been reported [2,3]. A few 

presumed locally transmitted dengue cases have been reported in Europe and the United 

States [4,5].
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DENV, the etiologic agents of dengue, are four genetically and serologically related viruses 

belonging to the family Flaviviridae. Infection with DENV can lead to a wide spectrum of 

clinical illness from a nonspecific febrile syndrome to dengue hemorrhagic fever (DHF) 

characterized by increased vascular permeability, hemorrhage and shock [6]. Although the 

minority of dengue cases develops severe plasma leakage and bleeding, the need for close 

monitoring for timely detection and management of these severe manifestations puts a great 

strain on the public health system in endemic areas, many of which are resource-limited. 

There are no reliable markers to predict the development of severe manifestations or specific 

interventions currently available. The lack of predictive markers and specific treatments is a 

consequence of gaps in understanding of the underlying mechanisms of severe dengue 

disease.

The hallmark of severe dengue is a transient perturbation in blood vessel integrity and 

coagulation. Recovery is usually rapid and complete, suggesting that the key mechanisms 

are functional rather than structural changes in the vasculature; these changes are most likely 

due to effects of locally produced biological mediators, especially cytokines and other 

soluble factors released as a consequence of complex interactions between DENV and host 

innate and adaptive immune responses. In this article we review current understanding of 

events leading to the induction of the innate and adaptive immune responses in dengue and 

the consequences on these responses on the development of severe manifestations of dengue.

Dengue viruses and dengue clinical manifestations

DENV are small enveloped viruses containing a single-stranded RNA approximately 10 

kilobases in length. The viral genome is a positive sense RNA that encodes a single 

polyprotein that is cleaved to produce 10 viral proteins, three structural proteins-C (capsid), 

prM (membrane), and E (envelope)- and seven nonstructural proteins: NS1, NS2A, NS2B, 

NS3, NS4A, NS4B, and NS5 [7,8]. The envelope protein plays an important role in viral 

binding and entry into host cells[9–11] and is the main target of neutralizing antibodies, 

which define the 4 DENV serotypes (DENV1, DENV2, DENV3, and DENV4) [7]. The 

nonstructural proteins of DENV function in viral polyprotein processing, RNA replication, 

and virion assembly [7]. Several nonstructural proteins also play a role in modifying host 

immune responses. NS2A, NS2B, NS4B and NS5 proteins have been shown to interfere 

with type I interferon (IFN) signaling [12,13]. NS5 and NS4B have been demonstrated to 

induce the production of chemokines and proinflammatory mediators [14,15]. NS proteins 

are important targets of the cell mediated immune system, especially CD8+ T cells.[16]

DENV infects a variety of cell types in vitro including epithelial cells, endothelial cells, 

hepatocytes, muscle cells, dendritic cells, monocytes and mast cells. However, cells of the 

immune system appear to be the major target for infection in vivo [17–21]. A number of 

studies have shown that C-type lectins including DC-SIGN (CD209) and CLEC5A 

expressed on dendritic cells and macrophages are cellular receptors of DENV [22,11]. DC-

SIGN likely functions primarily as a target for viral attachment, since viral internalization 

occurs in cells expressing DC-SIGN mutated to lack its internalization sequence [23]. In 

contrast, DENV binding to CLEC5A has been shown to also induce the production of 

proinflammatory cytokines [22].
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A primary DENV infection in young children is usually asymptomatic or manifests as a 

non-specific febrile illness. In older children and in adults, primary DENV infection results 

in Dengue Fever (DF), which is characterized by high fever, retroorbital pain, myalgia, 

leukopenia, thrombocytopenia, and hemorrhagic manifestations[24]. These symptoms are 

self-limited and the majority of DF cases recover within 4–7 days without requiring 

significant intervention. Following recovery, individuals develop long-lasting protective 

immunity to the same DENV serotype. There is cross reactivity at the humoral and cellular 

level for the other DENV serotypes, but it provides partial protection lasting only several 

months, following which individuals are fully susceptible to heterologous secondary DENV 

infection.

A minority of patients develop dengue hemorrhagic fever (DHF), which is characterized by 

fever, severe thrombocytopenia, hemorrhagic tendency, and plasma leakage [25]. Plasma 

leakage is the feature that distinguishes DHF from DF and is the principal cause of severity, 

with the potential to lead to circulatory insufficiency and death [25,26]. Plasma leakage in 

DHF characteristically occurs in the chest and abdominal cavities [27] around the time of 

defervescence. DHF is also strongly associated with secondary DENV infections; although 

only 2–3% of secondary DENV infections trigger DHF, multiple cohort studies have 

demonstrated a 15- to 80-fold increase in risk for DHF compared to primary DENV 

infections [28,29].

Figure 1 depicts the typical clinical progression of an individual with severe DHF. Plasma 

leakage occurs around the time of defervescence and at the nadir of platelet counts. Plasma 

leakage causes an increase in hematocrit (hemoconcentration). Severe plasma leakage can 

lead to shock and organ failure. Bleeding may occur at any time during the illness but is 

more common in patients with shock. Judicious use of intravenous fluid is paramount in the 

supportive care during this critical phase which usually lasts about 48–72 hours. Patients 

usually show a rapid improvement after this period. Pulmonary edema may develop in some 

cases after the critical phase when extravascular fluid is reabsorbed into the circulation.

Relevance and limitations of studies of dengue pathogenesis

In vitro studies of DENV infection using various cell types have elucidated the mechanisms 

of viral replication and immune evasion. These studies have also shown that the interaction 

between DENV and host cells results in the production and release of proinflammatory, 

antiviral, and immunoregulatory cytokines. DENV-infected macrophages and endothelial 

cells produced IL-8, an effect mediated by DENV NS5 and NS4B proteins [14,15,30]. 

DENV-infected endothelial cells also secreted IL-6, CXCL10, CXCL11, and RANTES [31]. 

These mediators can enhance permeability and have chemoattractant properties that could 

contribute to inflammation and plasma leakage in vivo [14]. DENV-infected dendritic cells 

produced matrix metalloproteinase (MMP)-2 and MMP-9, which enhance permeability of 

endothelial monolayers by downregulating VE-Cadherin expression [32]. However, the 

findings in these cell culture models do not necessarily reflect the relative contribution of 

these soluble factors to pathology in vivo. Studies with skin explants have also demonstrated 

that tissue macrophages and dendritic cells in the skin and keratinocytes may be targets after 

the initial inoculation of virus by mosquitoes [33,34].
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Studies in animal models have provided further insights into disease process. Non-human 

primates infected with DENV develop viremia. However, viremia levels are low relative to 

humans, and these animals do not usually develop clinical disease [35,36]. A study reported 

bleeding manifestations in rhesus macaques after high dose intravenous inoculation, but this 

artificial approach to generating viremia may have limited relevance to natural DENV 

infection in humans [37]. A number of mouse models have also been developed. Severe 

combined immune deficient (SCID) mice transplanted with human hematopoietic stem cells 

generated human T cells, B cells, macrophages, dendritic cells and NK cells and produced a 

robust immune response to DENV infection [38–40]. Other mouse models including 

interferon receptor gene knock-out mice or mice infected with high dose wild-type or 

mouse-adapted DENV strains have demonstrated viremia and clinical signs after infection 

including thrombocytopenia, hemorrhage, and plasma leakage in the intestine [41–44]. 

Endothelial cell damage was associated with tissue infiltration of macrophages that secreted 

TNF-α [45,46]. Anti-TNF-α treatment inhibited hemorrhage in these models. However, 

findings in animal models must be interpreted with caution since none of these models 

closely mimics severe disease in humans.

Given the limitations of cell culture and animal models of dengue, human clinical studies 

remain critical to the understanding of the pathogenesis of dengue. Most studies have 

focused on identifying markers in the circulation that differ between DF and DHF or 

between severe and non-severe cases [47]. The finding of significantly different levels of 

biological markers between groups may provide clues regarding the mechanisms of severe 

manifestations of dengue, especially plasma leakage and bleeding, and may provide a 

rationale for testing specific interventions. In addition, these studies may provide predictors 

that can identify patients at risk for severe disease. However, there are caveats in interpreting 

findings from these studies: 1) different biomarkers exhibit distinct kinetics during the 

progression of the disease, therefore, the timing of sample collection is integral to 

interpreting and comparing findings from different studies, 2) the quality and completeness 

of clinical and laboratory data affect the accuracy of clinical classification, 3) differences in 

sample collection and processing may impact levels of certain biological molecules, 

particularly those that may be released or consumed during coagulation [48,49]. With these 

limitations taken into consideration, findings from these studies have provided important 

insights into the process leading to severe manifestations of dengue.

Limited studies of human tissue samples from fatal cases have provided unique and perhaps 

the most relevant information regarding dengue pathogenesis [50–52]. The most striking 

finding from these studies is the relative absence of tissue inflammation. Endothelial cell 

edema and perivascular edema have been the most common histological findings. DENV 

antigen and/or genome have been consistently found in monocyte, tissue macrophages and 

lymphocytes. Some studies have demonstrated viral antigen in other cell types including 

endothelial cells, hepatocytes, and cardiac muscle cells. However, most of these studies are 

small case series or cases with specific or unusual manifestations [53,54 ]. There has been 

limited evidence of endothelial injury measured as apoptosis or structural changes [54]. 

These findings together with the transient nature of plasma leakage and rapid recovery 

suggest that transient perturbation of vascular barrier integrity is the main mechanism 

underlying plasma leakage in DHF, and that the activation of endothelial cells and the 
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coagulation system is likely mediated by cytokines produced by the innate and adaptive 

immune system.

Virus introduction and activation of the innate immune system

Although plasma leakage in DHF occurs at the end of the acute illness, there is substantial 

evidence that the pathophysiologic processes are set in motion at the earliest stages of 

infection (Figure 2). Introduction of DENV by mosquito bites activates the innate immune 

system. Cells that are initially infected include epidermal and dermal dendritic cells [34,55]. 

In vitro studies demonstrated the production of antiviral and proinflammatory cytokines by 

these cells when exposed to DENV. These cytokines include type I IFNs and chemotactic 

factors such as migration inhibition factor (MIF), monocyte chemotactic factor (MCP), and 

IL-8 [56–58]. This initial and focal cytokine response is not likely the cause of clinical 

symptoms but potentially plays an important role in regulating local viral replication and 

dissemination by recruiting virus-susceptible cells to the inoculation site. Infection of 

dendritic cells by DENV also induces the production of MMP-2 and MMP-9 which may 

facilitate migration of dendritic cells to the local lymph nodes where virus further replicates 

and subsequently enters the circulation.[32] Mast cells residing in the skin may also be 

involved in this early phase of infection [59]. DENV activate mast cell degranulation, a 

process that does not require replicating DENV. Elevated chymase levels in the blood of 

dengue patients indicate that mast cell degranulation occurs during the early phase of dengue 

[59]. Lower levels of serum chymase were found in DHF cases suggesting that mast cell 

activation is associated with protective effects, possibly through the recruitment of iNK T 

cells to the site of viral inoculation [60].

Studies of biological markers have demonstrated that the early febrile phase is characterized 

by high levels of virus or soluble NS1 protein along with elevated levels of type I IFN 

[61,62]. This is consistent with results from sequential genome expression studies which 

showed that the early gene expression in peripheral blood cells of dengue patients is 

dominated by type I IFN-mediated response genes [63]. Higher levels of viremia and NS1 

protein have been associated with more severe disease [64,61]. This may reflect a relatively 

defective innate immune response in patients with severe disease. Studies in rhesus monkeys 

have demonstrated that plasmacytoid dendritic cells, a major producer of type I IFN, are 

mobilized into the circulation after DENV infection. Furthermore, comparatively lower 

frequencies of plasmacytoid dendritic cells were found in the peripheral blood of DHF 

patients [62]. These findings indicate that the early response of type I IFN is critical in 

regulating viral replication and dissemination.

In addition to type I IFN, dendritic cells and monocyte/macrophages also produce 

proinflammatory cytokines that can increase vascular permeability. Interactions between 

DENV and CLEC5A, a selectin molecule expressed by macrophages, elicited TNF-α 
production and plasma leakage in a mouse model [22]. Macrophage derived TNF-α has 

been implicated in hemorrhage via production of reactive oxygen species in DENV-infected 

mice [46]. The NS1 protein has been shown to have a permeability enhancing effect on 

endothelial cells through activation of TLR4 and by inducing MIF production which 

increases permeability through mechanisms involving autophagy [65,66]. Treatment with 
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antibody specific to NS1 prevented plasma leakage and death in mice [67]. Although 

findings from these studies are compelling, it is difficult to reconcile the observations that 

the permeability-enhancing effects of NS1 occur within hours of interaction with endothelial 

cells in vitro, whereas plasma leakage in dengue occurs at the time when virus and NS1 

protein are cleared from the circulation, several days after peak levels in the circulation. 

Nevertheless, these findings provide a strong rationale for testing interventions targeted at 

NS1 in future studies.

Other populations of innate immune cells, namely NK and NK-like cells, are activated 

during DENV infection. Flow cytometric studies showed that the frequencies of activated 

NK cells are higher in patients with DHF compared to those with DF [68]. NK cells may be 

activated directly by DENV virions or through interaction with DENV-infected dendritic 

cells, a process which requires dendritic cell derived IFN-α and TNF-α [69]. An early 

increase in IL-15 levels accompanied the expansion of NK cells in dengue patients [70]. 

Cytolytic activity of NK cells mediated by the perforin-granzyme pathway or by the Fas-

FasL pathway may provide antiviral effects but at the same time mediates tissue injury. In a 

mouse model, NK cell infiltration in the liver was observed during the very early phase of 

the infection and was associated with liver injury [71]. Consistent with this notion, elevated 

liver enzyme levels have been frequently observed in dengue patients especially those who 

subsequently developed DHF [72]. Human and animal studies have demonstrated that NK-

like T cells, iNKT cells, are also activated during DENV infection and the frequencies of 

cells expressing an activation marker (CD69) correlated with disease severity [73]. iNKT 

cells are CD3+ T cells that express CD56 and recognize CD1-restricted lipids, and are 

potent secretors of cytokines especially IFN-γ and IL-4 [74]. Depletion of iNKT cells in 

DENV-infected immunocompetent mice prevented liver injury and plasma leakage, 

supporting a role in dengue pathogenesis [75]. Recruitment of iNKT cells appeared to 

require local mast cell activation by DENV and therefore may be important in limiting local 

viral replication [60].

In addition to their role as a key cellular target of proinflammatory cytokines in the 

pathogenesis of plasma leakage, endothelial cells also participate in antiviral defense and 

inflammation. Transcriptional analysis of DENV-infected endothelial cells showed 

activation of transcriptional programs related to cell death, type I IFN, angiogenesis, 

cytokines and chemokines, complement, and coagulation [76,77]. Cultures of human 

umbilical vein endothelial cells showed altered membrane integrity even though the 

frequencies of infected endothelial cells were low [78,79]. DENV infection of primary 

human endothelial cells also led to changes in cell surface receptors for vascular endothelial 

growth factor-A (VEGF-A) and an increase in VEGF-A responsiveness; this effect was 

observed in both DENV-infected cells and uninfected (bystander) cells in the same culture. 

These findings suggest that the biological response to DENV by endothelial cells may be 

widespread and occur in both infected and uninfected cells [80].

In summary, in the early phase of infection DENV activates a wide range of cells of the 

innate immune system through various mechanisms (Figure 2). The resulting cytokine 

environment affects local and systemic viral replication. If this early response fails to control 

viral replication, high levels of viremia and NS1 protein develop, and these viral products 
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further activate the innate immune system leading to the amplification of cytokine 

production. As the infection progresses, bidirectional interactions between the innate and the 

adaptive immune system may lead to the exaggeration of immune responses and contribute 

to disease severity.

Activation of the adaptive immune system and its consequences

Both humoral and cellular adaptive immunity are activated during DENV infections and 

play critical roles in viral eradication as well as in disease pathogenesis. Due to the existence 

of multiple DENV serotypes and the lack of long term cross-serotype protective immunity, 

individuals in dengue-endemic areas are often infected more than once. Outbreak studies 

and prospective cohort studies have demonstrated that a previous DENV exposure is a strong 

predisposing factor for severity in a subsequent infection [29,81]. This observation 

implicates adaptive immune responses in severe dengue.

Primary infection with DENV stimulates naïve CD4+ and CD8+ T cells to become activated 

and differentiate into effector T cells that eradicate virus infection by direct lysis of virus-

infected cells or by the production of cytokines.[82] Many different HLA-restricted T cell 

epitopes recognized on different proteins have been identified in DENV-immune individuals. 

Several studies indicate that non-structural proteins are more frequently recognized by 

CD8+ T cells, while structural proteins are better recognized by CD4+ T cells. [83,84] 

Depending on the epitope recognized, these T cells can respond to a second infection with a 

different DENV serotype. After a primary infection the strongest response is typically to the 

serotype of DENV that the subject has been exposed to, while responses after secondary 

infection are highly serotype cross-reactive [82]. Responses to the corresponding epitope 

variants of the heterologous DENV serotypes reveal different patterns of effector functions 

including cytolytic activity and cytokine production. A typical hierarchy of effector 

responses to heterologous epitopes has been production of MIP-1β> release of cytotoxic 

granules> production of TNF-α > production of IFN-γ [85]. In parallel with this in vitro 

observation, flow cytometric analysis of CD8+ T cells from patients with DHF demonstrated 

lower frequencies of cells with cytolytic function compared to those from DF cases, whereas 

the frequencies of cells producing proinflammatory cytokines were comparable or higher in 

DHF cases [86]. These finding suggest that defective or suboptimal cytolytic function during 

a secondary DENV infection in combination with enhanced cytokine production may be an 

important step in the development of severe disease. Most studies to date have described the 

production of Th1 cytokines and minimal production of Th2 cytokines by DENV-specific T 

cells. IL-17 and IL-21 secretion by DENV-specific T cells is just beginning to be described 

and therefore the roles of these cytokines in dengue pathogenesis are currently unknown 

[83].

Studies of acute dengue illness demonstrate high levels of T cell activation in vivo. Both the 

expression of activation markers on T cells and frequencies of DENV-specific T cells are 

markedly elevated during acute infection [68,87]. The kinetics of T cell activation remain the 

subject of some controversy. Expression of CD69, an early marker of activation, was highest 

soon after symptom onset [68], whereas other activation markers (e.g., CD38, HLA-DR, and 

CD71) and frequencies of tetramer-positive cells peaked at the time of defervescence or 
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slightly thereafter [88]. The possibility that T cell activation is initially occurring in 

secondary lymphoid tissues prior to their appearance in the blood must be taken in 

consideration, however, confounding the interpretation of these results. Serum levels of 

soluble markers of T cell activation, such as sIL-2R, sTNFR, and sCD8, may reflect cellular 

activation throughout the body, and have been reported to be significantly higher in patients 

with more severe disease compared to individuals with milder disease [89,90]. These factors 

may also be produced by other immune cells, however.

B cells play a unique role in the immune response to dengue by secreting antibodies 

following activation through the B cell receptor. Antibodies to DENV can mediate multiple 

functions in vitro including neutralization, antibody dependent cell-mediated cytotoxicity 

(ADCC), antibody-dependent enhancement (ADE), and complement fixation [91]. The E, 

prM and NS1 proteins are major targets of antibodies generated during primary and 

secondary DENV infections. Antibodies to E and prM have been shown to enhance infection 

of Fc receptor-bearing cells in vitro via ADE, and this has been speculated to contribute to 

pathogenesis in vivo. DENV entry via ADE was also found to suppress the antiviral state of 

host cells by blocking IFN-α and to induce IL-10 production thus allowing increased 

replication [92]. These findings parallel the higher viremia with elevated IL-10 and low IFNs 

detected in patients with more severe dengue disease [64,93]. However other in vitro models 

have not found induction of IL-10 in the setting of ADE [94].

Studies of acute dengue illness also demonstrate high levels of B cell activation. Between 

40–70% of all CD19+ B cells in the peripheral blood have markers associated with 

plasmablasts during severe acute secondary DENV infection, which is much higher than 

frequencies reported during a primary DENV infection or other acute viral illnesses [95–97]. 

In contrast, DENV-specific memory B cells exist at very low frequencies in the blood and do 

not actively secrete Ab. Memory B cells have been detected using fluorescently labeled virus 

[98], these memory B cells may be particularly relevant in subsequent DENV infections.

B cell activation during DENV infection may contribute to disease pathogenesis through 

mechanisms beyond antibody production. Activated B cells produce a number of cytokines 

including IL-6, IL-10, IL-35, CCL3, GM-CSF, and TNF-α. Some of these cytokines 

including IL-6, IFN-γ, and TNF-α regulate the differentiation of effector and memory 

CD4+ T cells, whereas IL-10 and IL-35 can negatively regulate immune responses [99]. B 

cell cytokine responses to DENV have largely been overlooked to date but are likely to be an 

important aspect of B cell biology to DENV.

Cytokine mediated pathology in severe dengue

Given the transient and reversible nature of vascular permeability and coagulopathy in 

dengue and the evidence of activation of innate and adaptive immunity discussed above, we 

and others have favored the model that severe dengue represents the culmination of a 

cascade of immune responses, with disease mediated by multiple soluble and short-lived 

immune effectors (Figure 2). Evidence to support this model has largely relied on the 

measurement of the levels of candidate biological mediators in dengue cases with varying 

severity. A number of cytokines and biological mediators have been implicated in dengue 
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pathogenesis from these studies. However, conflicting results have been reported. Distinct 

study design, timing of sample collection, sample processing, and study populations likely 

contribute to these conflicting results, but the possibility that different pathways could 

produce similar clinical manifestations must also be considered.

TNF-α is one of the most studied cytokines in dengue both in human and in animal models. 

TNF-α may be released from either the innate immune system through virus interaction with 

monocytes/macrophages, and NK or iNKT cells, and by the adaptive immune system by 

activation of virus-specific CD4+ or CD8+ T cells. Exposure of endothelial cells to TNF-α 
in vitro resulted in increased permeability and cell death [100]. TNF-α also induces 

expression of tissue factor (TF) that can initiate the coagulation cascade. As such, TNF-α 
may play an important role in the two main pathological processes in severe dengue: plasma 

leakage and coagulopathy. In humans, elevated levels of TNF-α and soluble TNF-α 
receptors have been reported in DHF cases [70,89]. The relatively elevated levels of soluble 

forms of TNF receptors may reflect in vivo activation of cells through these receptors. 

Importantly, a prospective cohort study has shown that preillness PBMC from some patients 

that subsequently developed severe illness secreted TNF-α while those from individuals 

with subsequent milder dengue did not [101]. These findings provide a strong rationale for 

the use of TNF-α inhibitors for treatment in dengue. TNF-α is an attractive candidate 

molecule for intervention since currently there are a number of biological molecules 

including antibodies and receptor antagonists that are approved and have well-characterized 

safety profiles [102]. Side effects of TNF-α blockade, which include reactivation of 

mycobacterial infection, must be taken into consideration when designing an intervention 

study.

Vascular permeability is regulated by a functionally related set of cytokines that play key 

roles in angiogenesis. These include Vascular Endothelial Growth Factor-A (VEGF-A), 

angiopoietin-1, and angiopoietin-2 [103]. VEGF-A is the most potent permeability 

enhancing cytokine known, and elevated levels have been reported in DHF at the time of 

plasma leakage [80]. Changes in the levels of its soluble receptors including sVEGFR1 and 

sVEGFR2 have been reported in dengue [80]. In particular, decreased levels of sVEGFR2 

were reported to correlate with the extent of plasma leakage and the levels of viral RNA in 

plasma of dengue patients. Angiopoietin-1 counteracts the permeability enhancing effect of 

VEGF-A [104]. Lower levels of angiopioetin-1 have been shown in dengue cases with 

plasma leakage. Interestingly, the levels of angiopoietin-1 antagonist, angiopoietin-2, had 

been shown to be elevated in DHF patents [105]. In addition to its permeability enhancing 

effect, VEGF-A is also a potent inducer of tissue factor (TF) expression by endothelial cells 

which may activate the coagulation system leading to coagulopathy.[106] This VEGF-A 

effect is also antagonized by angiopoietin-1 [106]. Taken together, these findings suggest 

that a concerted change in the levels of angiogenic cytokines occurs that may contribute to 

both increased vascular permeability and coagulopathy in severe dengue. The underlying 

mechanisms for these changes in angiogenic cytokine levels are not understood. The 

modulatory effects of DENV on VEGFR2 expression and signaling in endothelial cells 

mentioned above provide one potential mechanism, but it is not known whether the same 

effects also occur in vivo. Angiogenic cytokines are potential target for therapeutic 
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intervention since there are a number of biologicals and small molecule inhibitors that are 

either in clinical use or in clinical trials for other indications.

Elevated levels of IL-10 have been a consistent finding in severe dengue [107,108]. IL-10 is 

a key immunoregulatory cytokine and is produced by a number of cells including monocyte/

macrophages, dendritic cells, and regulatory T cells (Tregs). As noted earlier, monocytes 

have been shown to produce IL-10 when infected with DENV especially via ADE. Genetic 

polymorphisms of IL-10 gene have been reported to correlate with IL-10 produced by 

DENV-infected monocytes in vitro and associate with disease severity [109]. Lower 

frequencies of Tregs were reported in DHF cases compared to DF cases, [110] this would 

not explain the higher levels of IL-10 in DHF but will be consistent with the hypothesis that 

the immunopathology in DHF may be due to insufficient induction of Treg. Elevated IL-10 

levels occur late in the course of illness and may reflect an enhanced induction of Tregs in 

DHF as a response to the intense cellular immune activation earlier in illness (Figure 2). On 

balance, a deleterious or beneficial effect of the immunosuppressive and anti-inflammatory 

functions of IL-10 may depend on the timing of its production. IL-10 produced by infected 

macrophages early in infection may facilitate viral replication and dissemination while IL-10 

produced later in illness by regulatory T cells may be critical in attenuating the immune 

response and immune-mediated tissue injury.

A wide range of other cytokines have also been reported to be associated with dengue 

disease severity, but findings have been somewhat inconsistent and their relevance to disease 

pathogenesis is tenuous [47]. Those that seem more promising as potential contributors to 

disease include IL-6, and chemokines including IL-8, CCL2/MCP-1 and CXCL10/IP10 

[108]. Chemokines play a key role in recruiting inflammatory cells to the site of viral 

infection and immune activation, and may thereby contribute to a cascade of cytokine 

production in dengue (Figure 2). The levels of a number of soluble cytokine receptors 

including sIL-1R, ST1, and sIL-2R have been shown to be elevated in severe dengue, but it 

is unclear whether these soluble receptors are a general marker of immune activation, a 

specific marker of cytokine signaling, or involved in disease pathogenesis through their 

biological functions. It is also possible that soluble receptors may interfere with the 

immunoassay for the cytokines resulting in falsely low levels. Elevated sIL-2R levels 

correlated with liver enzyme levels in dengue patients in one study [64] suggesting that this 

cytokine pathway plays some role in dengue severity.

Conclusion

Studies demonstrating exaggerated immune activation in severe dengue strongly suggest a 

critical role of the immune response in the pathogenesis of dengue. Both innate and adaptive 

immunity (and their interactions) are involved in this process. The current challenges in the 

clinical care of dengue are the lack of specific interventions to ameliorate the unwanted 

consequences of immune activation and the lack of reliable predictors for severe disease. 

Although a number of biological mediators have been implicated in disease severity, 

identifying the key molecule or molecules remains a challenge. There is a critical gap in the 

understanding of the relative contributions of various mediators in dengue pathogenesis 

which is required for the rational development for specific interventions. Due to the 
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complexities and redundancy of the cytokine network, intervention strategies may include a 

combination of agents that target multiple cytokine pathways that play different roles at 

distinct stages of the disease. For example, treatment early in the infection might aim to 

control viral replication and attenuate the subsequent immune activation. The treatment in 

this phase may include antiviral agents including interferons. Treatment later in the course of 

the illness might target the amplification of the adaptive immune response using 

immunosuppressive agents. Finally, treatment might target mediators that contribute to 

specific manifestations of severe dengue including vascular leakage, coagulopathy, and end 

organ dysfunction. The prerequisite understanding of the disease process underscores the 

need for well-designed human studies with well-characterized patient populations and high 

quality clinical and laboratory data. New developments such as analytical platforms that 

allow simultaneous measurements of multiple analytes or transcription factors may help in 

providing a more global view of the biological process. However, interpretation of such data 

requires powerful and sophisticated analysis algorithms and must be done in the context of 

meaningful, objective, and quantifiable clinical indicators.
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Abbreviations

CLEC5A C-type lectin domain family 5 member A

DCSIGN dendritic cell-specific Intercellular adhesion molecule-3-

grabbing non-integrin

DENV dengue virus

DF dengue fever

DHF dengue hemorrhagic fever

IFN interferon

IL interleukin

LPS lipopolysaccharide

MCP monocyte chemotactic factor

MIF migration inhibition factor

MMP matrix metalloproteases

NS nonstructural

VE-Cadherin vascular endothelial cadherin

VEGF-A vascular endothelial growth factor-A
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VEGFR1 vascular endothelial growth factor receptor 1

VEGFR2 vascular endothelial growth factor receptor 2
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Fig 1. 
Clinical course of dengue hemorrhagic fever. Clinical events and laboratory findings during 

phases of illness from the febrile phase through the critical phase and into the recovery 

phase is shown. Hemoconcentration (an increase in hematocrit) occurs during the critical 

phase and is an indication of plasma leakage. Platelet counts decline during the illness 

reaching the lowest point around the time when plasma leakage occurs. Shaded areas 

represent the normal ranges for temperature, hematocrit, and platelet count.
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Fig 2. 
Immunological events in DENV infection. DENV is introduced through mosquito bites and 

infects local immune cells including resident dendritic cells, mast cells, and blood-derived 

dendritic cells. Cytokines produced by these local immune cells regulate viral replication 

and further recruit immune cells to the site of infection. Infected cells migrate to local lymph 

nodes where DENV further replicates and activates B and T cells leading to differentiation 

of these cells into effector cells. DENV disseminates through the circulation and further 

amplified the innate and the adaptive immune responses. The cytokines produced by these 

immune cells activate endothelial cells resulting in the perturbation of vascular integrity and 

coagulopathy. NS1 protein may act directly on endothelial cells to enhance vascular 

permeability. These cytokines may affect other cell types including hepatocytes leading to 

liver injury.
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