
Dengue as a clinical entity is thought to date back at 
least several hundred years, and its aetiology was recog-
nized as a mosquito-borne virus nearly 100 years ago. 
Military physicians in the United States and Japan began 
efforts to develop a vaccine against dengue during the 
Second World War, when the virus strains were isolated. 
Progress since that time has been disappointingly slow. 
The geographical range of dengue virus transmission has 
expanded considerably in tropical and subtropical regions 
of the globe, and the number of cases of dengue illness 
reported worldwide has increased more than 30‑fold 
since the 1960s1. Only in the last few years did the first 
dengue vaccine enter a field efficacy trial. The slow pace 
of vaccine development reflects the unique set of chal-
lenges that dengue presents, which are of great relevance 
to basic and applied immunology (BOX 1). This Review 
briefly summarizes the key clinical, virological and epi-
demiological facts about dengue. The primary focus is 
to review recent studies of antibody and T cell responses 
to dengue virus and their association with favourable 
(protection against infection or illness) or unfavourable 
(enhancement of disease) clinical outcomes.

Dengue virus
Dengue virus, the causative agent of dengue, is a small, 
enveloped virus that contains a single-stranded, positive-
sense (messenger) RNA genome and is a member of the 
family Flaviviridae. The term ‘dengue virus’ actually 
refers to a group of four genetically and antigenically 

related viruses that are known as serotypes (DENV‑1 
to DENV‑4). All four dengue virus serotypes cause the 
same clinical manifestations and show similar patterns 
of systemic dissemination, with tropism principally for 
monocytes, macrophages and dendritic cells2,3.

Dengue viruses are transmitted to humans by mos-
quitoes of the genus Aedes. The distribution of Aedes 
spp. mosquitoes explains the heavy burden of viral 
transmission in tropical and subtropical areas that 
encompass more than half of the human population. 
These regions also include popular destinations for tour-
ists from temperate developed countries, presenting  
a constant risk for the spread of dengue virus into  
non-endemic areas4,5.

Most dengue virus infections pass with minimal 
or no symptoms. The classical clinical presentation of  
dengue virus infection, dengue fever, is an acute illness 
lasting approximately 4–7 days. Fever, chills and malaise 
are common but nonspecific. Severe retro-orbital head-
ache and myalgias are more characteristic symptoms 
of dengue. Other common disease features include 
leukopenia, thrombocytopenia (sometimes severe) and 
elevated levels of hepatic transaminases. Symptoms 
and signs of infection resolve without complications 
in the vast majority of cases. However, distinctive fea-
tures of spontaneous bleeding, plasma leakage, or both 
may appear towards the end of the illness. The dengue 
plasma-leakage syndrome, named dengue haemorrhagic 
fever, occurs in only a small percentage of patients, but 

Institute for Immunology and 
Informatics and Department 
of Cell and Molecular Biology, 
University of Rhode Island, 
Providence, Rhode Island 
02903, USA.
e‑mail:  
arothman.uri@gmail.com
doi:10.1038/nri3014
Published online 15 July 2011

Immunity to dengue virus: a tale of 
original antigenic sin and tropical 
cytokine storms
Alan L. Rothman

Abstract | Dengue is a mosquito-borne viral disease of expanding geographical range and 
incidence. The existence of four viral serotypes and the association of prior dengue virus 
infection with an increased risk for more severe disease have presented significant obstacles 
to vaccine development. An increased understanding of the adaptive immune response to 
natural dengue virus infection and candidate dengue vaccines has helped to define the 
specific antibody and T cell responses that are associated with either protective or 
pathological immunity during dengue infection. Further characterization of immunological 
correlates of disease outcome and the validation of these findings in vaccine trials will be 
invaluable for developing effective dengue vaccines.
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is the most important contributor to a severe clinical 
outcome. Increased vascular permeability in dengue 
haemorrhagic fever results in decreased circulating 
plasma volume, haemoconcentration, and pleural and 
peritoneal effusions, and severe, life-threatening shock 
can ensue.

The transient nature of plasma leakage, its asso-
ciation with the late febrile phase and the paucity of 
structural damage to the vasculature in autopsy studies 
initially suggested that circulating factors were primarily 
responsible for this phenomenon. Studies have shown 
that plasma levels of pro-inflammatory and vasoactive 
cytokines are elevated in patients with dengue haemor-
rhagic fever before and at the time of plasma leakage, 
and the degree of elevation correlates with disease sever-
ity (reviewed in REF. 6) (BOX 2). As in the case of infection 
with several other viruses (such as influenza viruses and 
hantaviruses), the scenario envisioned is that excessive 
immune activation creates a cascade of cytokine pro-
duction resulting in increased vascular permeability:  
a ‘cytokine storm’.

Experimental and observational studies indicate 
that the adaptive immune response to dengue virus has 
both protective and detrimental aspects. Individuals 
who have been infected with one dengue virus sero-
type (primary dengue virus infection) have long-term 
protective immunity against re-infection with the same 
serotype. There is also transient resistance to infection 
with other dengue virus serotypes, but this heterotypic 
protective immunity lasts only a few months, after 
which these individuals are once again susceptible to 
infection with other serotypes (secondary dengue virus 
infection)7. Subsequently, the remaining cross-reactive 
immune response to other serotypes has the potential 
to increase the risk for developing dengue haemorrhagic 

fever, at least in some individuals. Indeed, several pro-
spective studies found that, in children above the age of 
1 year, dengue haemorrhagic fever is 15‑fold to 80‑fold 
more frequent during secondary dengue virus infection 
than during primary infection. However, even during 
primary infection, dengue haemorrhagic fever occurs 
in a small percentage of patients in this age group8–10. 
Infants born to mothers with established immunity to 
dengue virus are a special group at high risk for dengue 
haemorrhagic fever and hospitalization during primary 
infection in the first year of life11,12, as discussed below.

Despite many studies using in vitro and animal 
models, our knowledge of protective and pathological 
immune responses to dengue virus relies primarily on 
clinical and epidemiological studies. Primates are the 
only vertebrates known to be infected by dengue virus 
in nature. Both humans and non-human primates are 
susceptible to dengue virus infection, but the viral 
strains isolated from humans and non-human primates 
are genetically distinct, indicating that these transmis-
sion cycles diverged in the distant past13. Furthermore, 
dengue haemorrhagic fever is not known to occur in 
non-human primates in either natural or experimen-
tal settings. Laboratory animals, such as mice and 
other rodents, are susceptible to experimental dengue 
virus infection, and various disease models have been 
described in mice. Although these models display some 
features of human dengue disease, they each have sig-
nificant limitations (reviewed in REF. 14) (TABLE 1). For 
example, these models have, for the most part, relied 
on mouse-adapted viruses that appear to be attenu-
ated with respect to human infection. New models 
such as ‘humanized’ mice are promising15,16, but have 
not yet yielded new insights into dengue virus-specific 
immune responses.

Antibody responses to dengue virus
Targets of the antibody response to dengue virus. The 
precursor membrane (pre‑M) and envelope (E) struc-
tural proteins and non-structural protein 1 (NS1) are 
the principal targets of the antibody response to dengue 
virus infection in humans (FIG. 1), as demonstrated by 
western blotting and the characterization of panels of 
monoclonal antibodies. Antibody responses have also 
been detected to other non-structural proteins, includ-
ing NS3 and NS5. However, these responses are weak, 
especially in primary dengue virus infections17,18. NS3 
and NS5 localize exclusively within virus-infected cells, 
but cell lysis owing to viral cytopathic effect or immune 
cell-mediated lysis may make these proteins accessible 
for binding to B cell receptors.

Dengue virus E protein. The most extensive charac-
terization of B cell epitopes has been accomplished for 
the E glycoprotein, which is the principal surface com-
ponent of the dengue virion. The three main domains 
that are bound by antibodies correspond to the three 
domains in the crystal structure, with multiple epitopes 
residing within each domain19,20 (FIG. 1). Antibodies to 
all of the epitopes display varying degrees of cross- 
reactivity across the four dengue virus serotypes 

Box 1 | Dengue: challenges to vaccine development

•	Multiple viral serotypes

•	Incomplete cross-protection

•	Viral interference

•	Immunological interference

•	Animal models are not faithful to human disease

•	No validated immunological correlates of immunity 
(protective or pathological)

Box 2 | Plasma markers associated with severe dengue

Cytokines
IFNα, IFNγ, IL‑6, IL‑8, IL‑10, CXCL9, CXCL10, CXCL11, MIF, TNF and VEGF
Soluble receptors
Soluble CD4, soluble CD8, soluble TNF receptor, soluble IL‑2 receptor and IL‑1 receptor 
antagonist

Coagulation factors or endothelial cell markers
Von Willebrand factor, tissue factor, plasminogen activator inhibitor, soluble 
thrombomodulin and soluble VCAM1; soluble VEGF receptor 2 (inverse association)

CXCL, CXC-chemokine ligand; IFN, interferon; IL, interleukin; MIF, macrophage migration 
inhibitory factor; TNF, tumour necrosis factor; VCAM1, vascular cell adhesion molecule 1; 	
VEGF, vascular endothelial growth factor.
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Table 1 | Features of animal models of dengue 

Host species or strain Virus strain Route of challenge Virological and clinical features Refs

Immunocompetent inbred 
mouse strains (for example, 
BALBc or C57BL6) or 
outbred mouse strains

Various, including clinical 
isolates and mouse-adapted 
strains; high or low dose inocula

Intravenous, intraperitoneal, 
intramuscular, subcutaneous

Minimal or no viraemia 
No disease, dengue virus-specific 
antibody and T cell responses

107–109

Mouse brain-adapted strains; 
high dose inocula

Intracerebral No viraemia 
Lethal encephalitis

110

Laboratory-adapted strains 
(16681, P23085); high dose 
inocula

Intravenous, intradermal Viraemia 
Thrombocytopenia, haemorrhage, 
liver damage,  
TNF production

111,112

Immunodeficient mice 
lacking B or T lymphocytes

Various Intravenous, intraperitoneal Minimal or no viraemia 
No disease

109

Mice deficient in 
complement components

Clinical strain (PL046); high dose 
inocula

Intravenous Early viraemia 
Elevated haematocrit

113

Mice deficient in 
components of IFNα or  
IFNγ signalling pathways

Various Intravenous, intraperitoneal Low viraemia 
No disease

109

Mice deficient in 
components of IFNα and 
IFNγ signalling pathways

Various Intravenous, intraperitoneal High viraemia 
Late lethal encephalitis

114,115

Mouse-adapted strain (D2S10) Intravenous, intraperitoneal High viraemia 
Early plasma-leakage syndrome 
(TNF-mediated)

115

Humanized mice (SCID 
mice engrafted with 
human stem cells)

Various Intravenous, intraperitoneal, 
intramuscular, subcutaneous

Low or moderate viraemia 
Fever, rash, thrombocytopenia

15,16

Non-human primates Various, clinical isolates or tissue 
culture-adapted strains; high or 
low dose inocula

Subcutaneous Low or moderate viraemia 
No disease, mild or moderate 
thrombocytopenia

76,116,117

IFN, interferon; SCID, severe combined immunodeficient; TNF, tumour necrosis factor.

Furin
An endoprotease that is 
important for cleaving and 
activating precursor proteins, 
such as transforming growth 
factor-β and von Willebrand 
factor. Viruses, such as HIV, 
may exploit the activity of  
host cell furin to promote  
viral assembly.

(and other flaviviruses). Importantly, owing to the 
dimeric conformation of the E protein on the virion 
surface and its tight packing in the mature form, not 
all of the antibody epitopes are equally accessible for 
antibody binding. For example, under saturating condi-
tions, only 120 of the 180 available E protein domain III 
epitopes recognized by one monoclonal antibody could 
be occupied, owing to steric interference at the remain-
ing sites21. Another domain III epitope is accessible only 
during the dynamic rearrangement of the E protein 
that occurs at physiological temperatures22. The fusion 
loop in domain II of the E protein is almost completely 
inaccessible in the mature virion, and antibodies to 
this epitope apparently bind to either immature viri-
ons or a post-entry or pre-fusion transition state after 
low pH‑induced rearrangement of the E protein into a  
trimeric conformation23.

The serological response to the E protein after natu-
ral dengue virus infection in humans is highly serotype 
cross-reactive24. Corresponding to the findings using 
serum, most E protein-specific human monoclonal 
antibodies were found to bind to more than one dengue 
virus serotype25,26. Domain III of the E protein, which 
contains the putative receptor-binding region that 
allows the virus to target host cells, is the most variable 
in amino acid sequence between serotypes. Antibodies 
specific for this domain show the greatest degree of sero-
type specificity, but make up a minor component of the 
overall antibody response during infection24,27.

Dengue virus pre‑M and NS1 proteins. The pre‑M  
protein forms a heterodimer with the E protein during 
initial virion assembly and is subsequently cleaved by host 
cell-expressed furin during the final stage of virion matu-
ration before egress28. Following cleavage, the remaining 
fragment — the M protein — is completely hidden by the 
E protein dimers in the mature virion and is inaccessi-
ble to antibody binding29. However, incomplete cleavage 
appears to be a common occurrence for dengue virus, 
at least in vitro, yielding immature and partially mature 
particles that can be bound by pre‑M protein-specific 
antibodies30. Antibodies to the pre‑M protein are highly 
serotype cross-reactive.

The NS1 protein is a glycoprotein that is produced 
in infected cells but is not incorporated into the virion. 
NS1 forms a multimeric structure and can be found on 
the surface of infected cells or can be released as a solu-
ble molecule in cell culture and in vivo31–33. Antibodies 
specific for NS1 are also highly serotype cross-reactive30.

Functions of dengue virus-specific antibodies. 
Antibodies specific for dengue virus proteins mediate 
a wide range of functions in vitro. Neutralization of 
infection by dengue virus-specific antibodies can occur 
through several different mechanisms, including inhibi-
tion of binding to cell surface receptors or post-binding 
inhibition of viral fusion34,35. Neutralizing antibodies are 
directed against the E protein and include antibodies 
to nearly all of the epitopes. Neutralization apparently 
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Figure 1 | Antibody responses to dengue virus protein targets and antibody functions. a | The dengue virus life 
cycle and sources of antigens are shown. Dengue virions bind to cell surface receptors (these have not been completely 
characterized), and the virions are internalized through endocytosis. Acidification of the endocytic vescicle leads to 
rearrangement of the surface envelope (E) glycoprotein, fusion of the viral and vesicle membranes and release of viral 
RNA into the cytoplasm. Viral genomic RNA is then translated to produce viral proteins in endoplasmic reticulum 
(ER)‑derived membrane structures, and the viral proteins and newly synthesized viral RNA assemble into immature 
virions within the ER lumen. Cleavage of the viral precursor membrane (pre‑M) protein by the host cell enzyme furin 
leads to the formation of mature virions, which are secreted from the cell. In addition, some of the synthesized 
non-structural protein 1 (NS1) is expressed on the plasma membrane of the cell or secreted, and some virions are 
secreted in an immature form. Mature and immature virions induce antibody responses to the E protein, and these 
antibodies can function in neutralization or in antibody-dependent enhancement of infection. Immature virions also 
induce antibody responses to the pre‑M protein. Antibodies specific for NS1 can interact with membrane-bound NS1 
and cause complement-dependent lysis of virus-infected cells. b | The structure of the dengue virus E glycoprotein 
ectodomain and characteristics of E protein‑specific antibodies are shown. The three domains of the E protein are 
coloured in red (domain I), yellow (domain II) and blue (domain III). c | The mechanisms of neutralization and 
enhancement by dengue virus-specific antibodies are shown. At high levels of epitope occupancy, antibodies can block 
the binding of virions to the cellular receptor or can block fusion at a post-binding stage. At lower epitope occupancy 
levels, antibodies can enhance the uptake of virions into cells by interacting with immunoglobulin (Fc) receptors.
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Altered peptide ligands
(APLs). Peptide variants that 
are derived from the original 
antigenic peptide. They 
commonly have amino acid 
substitutions at residues that 
contact the T cell receptor 
(TCR). TCR engagement by 
APLs usually leads to partial or 
incomplete T cell activation. 
Antagonistic APLs can 
specifically antagonize and 
inhibit T cell activation induced 
by the wild-type antigenic 
peptide.

requires a minimum occupancy of the available epitopes, 
which has been estimated to be ~30 sites per virion36. 
However, measurement of the neutralizing activity of 
immune sera or monoclonal antibodies is affected by 
the assay method and by the cell substrate used37.

The tropism of dengue virus for monocytes and 
macrophages, which both express receptors for immuno
globulins, also creates the opportunity for dengue 
virus-specific antibodies to enhance viral entry, a phe-
nomenon termed ‘antibody-dependent enhancement of 
infection’. Antibody-dependent enhancement of infec-
tion occurs because host cell uptake of virus–antibody 
complexes is more efficient than the entry of free virus 
through the host cell-expressed receptor(s). Antibody-
dependent enhancement of infection can be mediated 
by E protein-specific antibodies under conditions of low 
antibody concentration or low antibody avidity, when 
the number of antibody molecules bound per virion is 
below the threshold necessary for neutralization of the 
virus36. Antibody-dependent enhancement can also be 
mediated by pre‑M protein-specific antibodies30. In this 
case, uncleaved pre‑M protein on immature or partially 
mature virions is targeted by the host antibody response, 
and pre‑M protein cleavage and virion maturation may 
occur as the virus–antibody complexes are taken up by 
the host cell. Infection of monocytes by virus–antibody 
complexes can also alter cellular responses to infec-
tion, including the upregulation of IL‑10 production in  
genetically predisposed individuals38,39.

Dengue virus-specific antibodies of the appropri-
ate subclasses can also bind to complement proteins 
and promote their activation. Fixation of complement 
to virions by antibodies specific for the pre‑M and/or  
E proteins can inhibit viral infection40. Antibodies  
specific for NS1 on the host cell plasma membrane 
can also direct complement-mediated lysis of infected 
cells41. NS1‑specific antibodies may also contribute to 
antibody-dependent cellular cytotoxicity42,43.

T cell responses to dengue virus
Targets of the T cell response to dengue virus. Dengue 
virus proteins are translated from the viral genomic 
RNA as a single polyprotein, which is subsequently 
cleaved to yield the three structural proteins and seven 
non-structural proteins. This coding strategy should 
generate equimolar amounts of all ten proteins. In 
keeping with this, T cell epitopes are found throughout 
the dengue virus polyprotein44 (FIG. 2). These epitopes 
appear to follow the general principles of T cell epitope 
immunogenicity, and they show MHC molecule bind-
ing kinetics that are similar to those of other immuno-
dominant viral epitopes. Most of the identified T cell 
epitopes, for both CD4+ and CD8+ T cells, reside in the 
NS3 protein, which represents only ~20% of the den-
gue virus amino acid coding sequence. Limitations in 
the availability of reagents may explain the apparent 
immunodominance of NS3 for T cell recognition, at 
least in part. However, a recent study using overlapping 
peptides covering the entire DENV‑2 polyprotein also 
found that the highest ex vivo T cell responses were 
directed to the NS3 region45.

Given that there is ~70% amino acid identity between 
the four dengue virus serotypes, T cell epitopes are highly 
conserved across serotypes, with the typical epitope hav-
ing >6 residues that are completely conserved and sev-
eral others that are reasonably well conserved46–49. A high 
percentage of the T cell clones studied have shown reac-
tivity to more than one dengue virus serotype, although 
serotype-specific T cell clones have also been found and 
some exceptional T cell clones differentially recognize 
viral strains within the same serotype50.

Functions of dengue virus-specific T cells. Dengue 
virus-specific T cells recognize virus-infected cells 
and respond with a diverse set of effector functions, 
including proliferation, target cell lysis and the pro-
duction of a range of cytokines (FIG. 2). In vitro, both 
CD4+ and CD8+ human T cells with specificity for 
dengue virus have demonstrated the capacity to lyse 
MHC-matched virus-infected cells51,52. However, the 
mechanism of viral peptide presentation by MHC 
class II molecules in this in vitro system has not been 
defined. Therefore, the relevance of this in vitro obser-
vation to the elimination of virus-infected cells, such 
as monocytes and macrophages, in vivo is uncertain. 
A broad array of cytokines is produced by dengue 
virus-specific T cells in response to the recognition 
of peptide–MHC complexes on target cells. For most 
T cells studied, the pattern of cytokine production fol-
lows a T helper 1 (TH1)- or TH0‑like profile. Thus, these 
T cells produce interferon‑γ (IFNγ), tumour necrosis 
factor (TNF), interleukin‑2 (IL‑2) and CC‑chemokine 
ligand 4 (CCL4; also known as MIP1β), whereas the 
production of TH2‑type cytokines, such as IL‑4, is less 
common46,47,49,53.

As is the case for dengue virus-specific antibodies, 
amino acid differences between serotypes can affect 
the avidity of the interaction between peptide–MHC 
complexes on dengue virus-infected cells and the T cell 
receptors of individual dengue virus-specific T cell 
clones, and this has functional consequences (FIG. 2). 
The functional avidities of individual dengue virus-
specific T cells have been assessed in vitro mainly by 
testing T cell functional responses to graded concentra-
tions of synthetic peptides. T cells recognize and lyse 
target cells at peptide concentrations lower than those 
required to stimulate the same T cells to proliferate53–55. 
Furthermore, the peptide concentrations required to 
stimulate various cytokine responses differ. The induc-
tion of IFNγ production requires a relatively high 
peptide concentration, whereas progressively lower 
concentrations of peptide are required to induce the 
production of TNF and CCL4 (REF. 55). Peptide variants 
found in different dengue virus serotypes act as altered 
peptide ligands, shifting the peptide dose–response 
curve towards either increased or decreased respon-
siveness of the T cell. In our experience, the result is a 
qualitative change or skewing in the cytokine response 
profile for many T cell clones, typically with increased 
production of inflammatory cytokines (such as TNF 
and CCL4) and decreased production of IFNγ and IL‑2 
(REFS 46,49,55).
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Figure 2 | T cell responses to dengue virus protein targets and T cell effector functions. a | The dengue virus life 
cycle and sources of antigens are shown. Viral attachment, internalization, fusion and translation proceed as described in 
FIG. 1. Newly synthesized viral proteins enter the MHC class I and II presentation pathways and viral peptide epitopes are 
presented on the cell surface within the binding groove of MHC molecules. MHC class II molecules present peptides to 
CD4+ T cells, which principally produce cytokines but are also capable of lysing infected cells. MHC class I molecules present 
peptides to CD8+ T cells, which principally lyse infected cells but also produce cytokines. b | A schematic of the dengue virus 
polyprotein is shown at the top and the locations of well-defined epitopes that are recognized by human T cells are marked 
by arrows. c | Three of the well-defined T cell epitopes are shown to demonstrate the incomplete sequence conservation of 
typical T cell epitopes. The location of the epitope, its recognition by CD4+ or CD8+ T cells and its HLA restriction are 
indicated at the top. The predominant sequences for each of the four serotypes are shown. Residues that are completely 
conserved are shown in black and residues that are not completely conserved are shown in red. d | Variant epitopes alter 
the T cell functional response, and the figure shows two examples. The full agonist peptide (top) induces a full range of 
T cell responses — production of multiple cytokines (for example, IFNγ, TNF and CCL4) and lysis of the infected cell. 
A partial agonist peptide varying at one residue (bottom; altered residue in red) induces a skewed functional response, 
involving production of some cytokines (CCL4 in this example) but little production of other cytokines (such as IFNγ) and 
inefficient cell lysis. C, capsid protein; CCL4, CC‑chemokine ligand 4; E, envelope protein; ER, endoplasmic reticulum; 
IFNγ, interferon-γ; NS, non-structural protein; pre-M, precursor membrane protein; TNF, tumour necrosis factor.

Original antigenic sin
The potential for an individual to be infected with 
dengue virus on several different occasions during 
a lifetime, as described above, is a distinctive clinical 
and immunological feature of dengue. Importantly, the 
second and subsequent dengue virus infections always 
involve different viral serotypes than the previous 
infection(s), owing to long-lasting homotypic protec-
tive immunity against the primary strain. If exceptions 

to this rule exist in nature, they have yet to be firmly 
documented. Nevertheless, secondary dengue virus 
infections differ immunologically from primary infec-
tions as a consequence of the fact that the immune 
response (to the secondary infection) occurs in the con-
text of pre-existing heterotypic immunity that is sero-
type cross-reactive. Memory B and T cells induced by 
the prior exposure to a different dengue virus serotype 
are capable of responding more rapidly than naive cells 
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during the acute secondary infection. However, because 
of sequence diversity between the dengue virus sero-
types, the memory B and T cells that are re-activated 
during secondary infection may not have optimal avid-
ity for the corresponding epitopes of the new infecting 
virus. The alteration in immune response, skewed by 
the ‘memory’ of the previous infection, is referred to as 
‘original antigenic sin’.

For antibody responses, affinity maturation occurs 
within the first few weeks after the onset of primary den-
gue virus infection56. This selects for memory B cells and 
plasma cells with the highest specificity and/or affinity 
for the infecting viral serotype, as evidenced by a wide 
difference in homotypic versus heterotypic neutraliz-
ing antibody titres37,57,58. With subsequent dengue virus 
infection, antibody responses are notably different and 
are characterized by much higher antibody titres and 
a broader pattern of neutralization of the four dengue 
virus serotypes. Titres of antibodies specific for the virus 
serotype that caused the earlier infection increase sub-
stantially, and often remain higher than the titres of anti-
bodies specific for the currently infecting serotype57,59, 
the phenomenon that led to the original coinage of the 
term original antigenic sin.

For T cell responses, there are fewer data available 
comparing primary and subsequent dengue virus infec-
tions. Overall, T cell responses after primary dengue 
virus infections are characterized by higher homotypic 
than heterotypic responses46,60. However, this pattern 
breaks down at the level of individual T cell epitopes, 
and the degree of serotype cross-reactivity is different 
for the various measurements of T cell function47,55. 
T cell responses after secondary infections are highly 
serotype cross-reactive61. Some studies have shown 
higher responses to the previously encountered dengue 
virus serotype, consistent with preferential expansion of 
memory T cell populations with higher avidity for that 
serotype than the new infecting serotype48. However, our 
recent studies have revealed a more complex pattern of 
serotype cross-reactivity, suggesting that other factors 
that are unique to the individual patient have a strong 
influence on the T cell response to secondary infection 
(H. Friberg, H. Bashyam, T. Toyosaki-Maeda, J. A. Potts, 
T. Greenough, S. Kalayanarooj, R. V. Gibbons, A. Nisalak, 
A. Srikiatkhachorn, S. Green, H. A. F. Stephens, A.L.R. 
and A. Mathew, unpublished observations).

Immune responses associated with protection
Antibody responses associated with protection. 
Adoptive transfer of immune serum or monoclonal anti-
bodies specific for pre‑M, E or NS1 proteins can protect 
mice from lethal challenge with dengue virus20,41,62,63. 
Similarly, passive transfer of antibodies can protect 
against infection with dengue virus in non-human 
primate models64. High-avidity antibodies, particularly 
those specific for epitopes on domain III of the E pro-
tein, appear to be most effective at providing protection 
from infection and/or disease20. NS1‑specific antibod-
ies mediate complement-dependent lysis of infected 
cells41; however, this may not fully explain their  
protective effects in vivo65.

Assessment of the protective effects of dengue virus-
specific antibodies in humans relies on associations from 
prospective cohort studies, in which exposure to dengue 
virus is difficult to evaluate. High titres of dengue virus-
specific neutralizing antibodies have been associated 
with a lower likelihood of severe disease during second-
ary infection66,67, but conflicting results have also been 
reported67. Infection and viraemia can clearly occur, even 
in patients with pre-existing high titres of neutralizing 
antibodies that can bind to the infecting viral serotype67. 
In these cases, the antibodies detected are presumed to 
be cross-reactive antibodies from a prior heterotypic 
dengue virus infection; the available assays are not able to 
distinguish such heterotypic antibodies from homotypic 
antibodies, which are thought to provide sterile immunity.

Studies of primary dengue virus infection in infants 
born to mothers with established immunity to dengue 
virus provide a means to isolate the effects of passively 
acquired dengue virus-specific antibodies. The inci-
dence of dengue virus infection, and in particular dengue 
haemorrhagic fever, is low during the first few months of 
life, and a minimum neutralizing antibody titre for pro-
tection against infection has been suggested12. However, 
the problems with current neutralizing antibody assays 
(discussed above) confound the interpretation of the 
results from these studies as well.

T cell responses associated with protection. T cell activ-
ity requires the presentation of viral peptides on the sur-
face of infected cells in the context of MHC molecules 
and, unlike B cells, T cells do not recognize intact viri-
ons. Therefore, it would not be possible for dengue virus-
specific T cells to provide sterilizing immunity against 
viral infection. Nevertheless, the lysis of virus-infected 
cells and/or the antiviral effects of T cell cytokines (such 
as IFNγ) could theoretically restrict viral replication and 
inhibit the development of disease. However, there have 
been fewer studies of T cell-mediated protection than of 
antibody-mediated protection.

Adoptive transfer of virus-specific T cells is one 
approach to separate the effects of T cell-mediated 
immunity from those of humoral immunity, and one 
study found that dengue virus-specific CD8+ T cell 
clones could partially protect mice from lethal dengue 
virus challenge68. An alternative approach, involving 
immunization with antigens that induce dengue virus-
specific T cells but not neutralizing antibodies, has also 
shown that T cells are sufficient to protect mice from 
lethal infection69–71. Most studies of this type have used 
vaccines designed to induce CD8+ T cells, but a study 
of a particulate capsid protein vaccine found that CD4+ 
T cells can also contribute to protective immunity to 
dengue virus71. Many of these studies have demonstrated 
that IFNγ-producing dengue virus-specific T cells are 
present following immunization, but IFNγ was not 
proven to be essential for the protective effect.

It is more challenging to clearly define a protec-
tive role for dengue virus-specific T cells in humans. 
Other than congenital antibody deficiencies, there are 
no clinical scenarios in which memory T cells are pre-
sent in the absence of dengue virus-specific antibodies. 
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Nevertheless, by collecting blood samples from prospec-
tively enrolled individuals in dengue-endemic areas, it 
is possible to test for correlations between pre-infection 
dengue virus-specific T cell responses and the outcome 
of infection. So far, these studies have been done only 
in small study cohorts. One study compared patients 
who were hospitalized during their subsequent dengue 
virus infection with patients who were not hospitalized 
(a decision made independently by the clinician that 
presumably reflected the severity of disease). The mean 
T cell proliferation responses and cytokine secretion 
levels prior to infection were similar in the two cohorts, 
but IFNγ production in response to a broad range of 
serotypes was significantly more common among 
patients who were not hospitalized72. In a separate 
group of subjects, the frequencies of cytokine-producing 
CD4+ T cells were higher in patients who experienced 
a subclinical secondary dengue virus infection than in 
patients who had a symptomatic secondary infection73. 
In addition, a clinical study of recipients of a candidate 
tetravalent vaccine who were subsequently challenged 
with infectious dengue virus found that protective 
immunity (that is, protection from the development of 
fever or viraemia during challenge) was associated with 
sustained in vitro IFNγ responses mediated by dengue 
virus-specific T cells in blood samples collected during 
the acute phase74. However, pre-challenge blood samples 
did not identify an immunological correlate of outcome 
in that study.

A protective effect of dengue virus-specific T cells can 
also be inferred from studies of HLA associations with 
dengue disease. Specific HLA alleles were found to be 
significantly more common among patients with dengue 
fever than among those with the more severe dengue 
haemorrhagic fever in one or more studies reviewed 
in REF. 75. These alleles (or allele groups) included 
HLA‑A*0203, HLA‑A*29, HLA‑A*33, HLA‑B*13, 
HLA‑B*15, HLA‑B*44, HLA‑B*52, HLA‑DRB1*04, 
HLA‑DRB1*07 and HLA‑DRB1*09. T cell epitopes 
have been defined for some of these alleles, but no 
data are available to implicate specific epitopes in any 
protective effect.

Immune responses associated with disease
Antibody responses associated with disease. The well-
established finding that patients with secondary dengue 
virus infections have an increased risk for developing 
dengue haemorrhagic fever provides strong evidence 
for a pathological side to the dengue virus-specific 
immune response. This association, juxtaposed with 
the occurrence of dengue haemorrhagic fever during 
primary infection in infants under 1 year of age, has 
focused the attention of many groups on the possible 
detrimental effects of dengue virus-specific antibodies. 
Antibody-dependent enhancement of infection provides 
a straightforward explanation for more severe disease in 
both settings, as increased infection of immunoglobulin  
receptor-expressing cells (such as monocytes and 
macrophages) could explain the greater level of cytokine 
production that occurs. Antibody-dependent enhance-
ment of dengue virus infection has been demonstrated 

in vivo using adoptive transfer of dengue virus-specific 
immunoglobulins; in monkeys, increased virus titres 
were observed76 and, in immunodeficient mice, increased 
virus titres and mortality were noted77. Moreover, infec-
tion-enhancing activity was displayed in vitro by sera 
obtained from subjects who had serological evidence 
of previous dengue virus infection (prior to secondary 
dengue virus infection) and by sera from the mothers of 
infants who later developed dengue haemorrhagic fever 
during primary dengue virus infection12,66,78–80.

Several lines of evidence question whether antibody-
dependent enhancement of infection alone is sufficient to 
explain dengue haemorrhagic fever. First, dengue haem-
orrhagic fever can occur, albeit at a lower frequency, in 
primary dengue virus infection in older children and 
adults, and this indicates that antibody-dependent 
enhancement is not required for the development of 
plasma leakage81. Second, although average peak virus 
titres are higher in patients with dengue haemorrhagic 
fever than in patients with dengue fever, virus titres are 
several logs below peak levels by the time plasma leak-
age occurs, and there are many patients who have high 
virus titres but do not develop plasma leakage81–83. These 
findings suggest that increased viraemia alone is not the 
direct cause of plasma leakage and that other mechanisms 
are involved in the cytokine storm phenomenon. Last, 
several prospective studies have found no significant dif-
ference in the antibody-dependent infection-enhancing 
activity of pre-infection serum from patients who did 
and did not subsequently develop dengue haemorrhagic 
fever. Thus, antibody-dependent infection-enhancing 
activity is not useful as a correlate of disease risk12,80.

Several other mechanisms by which dengue virus-
specific antibodies could contribute to dengue haemor-
rhagic fever have been proposed. First, virus–antibody or  
antigen–antibody complexes could activate the com-
plement pathway. Complement activation is a feature 
of severe dengue infection, and is temporally related to 
plasma leakage84,85. Second, some dengue virus-specific 
antibodies have been reported to cross-react with host 
proteins. For example, antibodies generated against the 
E protein can recognize plasminogen86, and NS1‑specific 
antibodies can also bind to various coagulation or 
endothelial cell-expressed proteins87. Antibody binding 
to one or more of these host proteins could activate coag-
ulation pathways and/or alter endothelial cell function. 
However, the kinetics of these antibody responses do not 
correspond well to the timing of plasma leakage.

T cell responses associated with disease. T cell-derived 
cytokines have pleiotropic effects, including the induc-
tion or enhancement of inflammation and the altera-
tion of vascular permeability. Infusion of either IL‑2 or 
TNF can induce systemic vascular leakage88,89, and this 
provides a theoretical basis for the participation of T cells 
in the pathogenesis of dengue haemorrhagic fever. The 
evidence of increased levels of cytokines in the circula-
tion of patients with dengue haemorrhagic fever has 
been noted above. In support of a role for T cells in this 
cytokine production in vivo, studies have also shown high 
levels of soluble forms of T cell surface molecules (such as 
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Figure 3 | The antigenic make-up of various dengue vaccine approaches in 
development. A schematic of the dengue virus genome is shown at the top. The Sanofi 
Pasteur vaccine contains four chimeric live flaviviruses, each derived from the yellow fever 
virus genome with the precursor membrane (pre‑M) and envelope (E) gene segments 
replaced by the corresponding gene segments of each of the four dengue virus serotypes 
(DENV‑1 to DENV‑4). The US National Institutes of Health (NIH) vaccine contains a mixture 
of four recombinant dengue virus genomes; the DENV‑2 component is a chimeric dengue 
virus derived from a DENV‑4 genome with pre-M and E gene segments replaced by those 
of DENV‑2. This vaccine also contains attenuating mutations in the 3ʹ untranslated region 
(UTR) that are not shown in the figure. The CDC/Inviragen vaccine contains a mixture of 
four recombinant DENV‑2 genomes; the DENV‑1, DENV‑3 and DENV‑4 components are 
chimeric dengue virus genomes. The Merck/Hawaii Biotech vaccine is a recombinant 
protein vaccine containing the E glycoprotein ectodomains of all four dengue virus 
serotypes. Other vaccines in development use plasmids or heterologous viral vectors  
to express only the pre‑M and E gene segments of all four dengue virus serotypes.

soluble CD4, soluble CD8 and soluble IL‑2R) in patients 
with dengue haemorrhagic fever, and this is indicative of 
T cell activation83,90,91. In addition, the frequency of acti-
vated T cells in vivo (as determined by expression of the 
activation marker CD69 on peripheral blood T cells) was 
found to be significantly higher in patients with dengue 
haemorrhagic fever than in those with dengue fever92.

Increased T cell activation and cytokine production 
have been reported in patients with dengue haemorrhagic 
fever during both primary and secondary dengue virus 
infections92,93. Thus, it is unclear to what extent the level 
of T cell activation during acute infection is determined by 
factors existing before the acute infection (such as mem-
ory T cells induced by earlier infections or immuniza-
tions) versus early events during the acute infection (such 
as the amount of virus injected by the mosquito or the 
replication kinetics of the infecting virus strain). Studies 
of acute dengue virus infection show that, by the time the 
infection is detected, the immunological events associ-
ated with plasma leakage are already in progress83,91,94. 
Prospective collection of blood samples before second-
ary dengue virus infections is the only way to address 
this issue. In one cohort study (mentioned above), T cells 
from a subset of patients showed in vitro TNF secretion in 
response to stimulation with dengue virus antigens, and 

all of these patients were hospitalized by the treating phy-
sician, which suggests a greater clinical severity of illness72. 
These findings imply that specific patterns of memory 
T cell responses represent a higher risk for more severe 
disease, but that there may not be one single predisposing 
factor that explains all severe dengue cases.

As with protective T cell responses, HLA association 
studies provide additional evidence that T cell responses 
can determine a more severe clinical outcome. Several 
studies have found an association between dengue 
haemorrhagic fever and HLA‑A2 in ethnic Thais95,96, 
although a study in Vietnamese patients failed to show 
this link97. A more detailed study using high-resolution 
molecular typing of HLA‑A2 found a positive association 
of dengue haemorrhagic fever with HLA‑A*0207 but a 
negative association with HLA‑A*0203 (REF. 96). Other 
allele groups that were more frequent in patients with 
dengue haemorrhagic fever than in patients with den-
gue fever or in control individuals in at least one study 
include HLA‑A*01, HLA‑A*24, HLA‑A*31, HLA‑B*15, 
HLA‑B*46 and HLA‑B*51 (reviewed in REF. 75). However, 
none of these associations has been defined to the level of 
a specific epitope or mechanism.

Immune responses to dengue vaccines
Several different approaches to the development of vac-
cines against dengue have been followed, and these have 
significant differences in their immunological targets 
(FIG. 3). Live attenuated dengue virus strains were devel-
oped by several groups through serial passage in tissue 
culture. Immunization with individual live attenuated 
strains of dengue virus induced antibody and T cell 
responses comparable in titre and specificity to natural 
infection98–101. However, simultaneous administration 
of strains of all four dengue virus serotypes as tetra
valent vaccines introduced additional complications. 
Inter-serotype interference at the level of viral replica-
tion resulted in a dominant viraemia with one or two 
of the four viruses, and immunodominance further 
skewed both the antibody and T cell responses such 
that responses to one or more serotypes were subopti-
mal. Predictors of the pattern of immune response to the 
tetravalent formulations have not been defined. Given 
these challenges, as well as undesirable safety profiles, 
the vaccine candidates that were based on empirically 
attenuated dengue virus strains have been abandoned.

The development of technology to generate syn-
thetic flavivirus genomes and to manipulate them to 
create viable chimeric viruses has permitted the genera-
tion of viruses that have specific attenuating mutations 
and express desired immunological targets. One such 
approach has used the genome of the vaccine strain of 
yellow fever virus to produce a tetravalent dengue virus 
vaccine, by replacing the gene segments encoding the 
yellow fever virus pre‑M and E proteins with the cor-
responding segments from representative strains of 
each of the four dengue virus serotypes102. This vac-
cine induces dengue virus-specific antibody and T cell 
responses directed against epitopes on the pre‑M and 
E proteins, although responses to the four serotypes are 
not equal because interference and immunodominance 
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Figure 4 | A balance between favourable and unfavourable factors determines 
the clinical outcome of dengue virus infection. Virus inoculation by Aedes aegypti 
mosquitoes results in viral dissemination, which in turn results in disease manifestations; 
high virus titres are necessary but not sufficient to cause severe disease. Viral and host 
factors affect early viral replication and influence the level of viraemia. Other host factors 
affect the levels of production of various cytokines (such as interferon-γ (IFNγ) and 
tumour necrosis factor (TNF)) and determine the severity of illness for any given level of 
viraemia. APL, altered peptide ligand.

Anamnestic response
The enhanced immune 
response that occurs against 
an antigen as a result of 
previous host exposure to a 
related antigen.

still occur103. This vaccine also induces T cell responses 
to the yellow fever virus non-structural proteins104 and 
presumably antibody responses to yellow fever virus 
non-structural proteins as well. Most dengue virus and 
yellow fever virus epitopes are highly divergent and, not 
unexpectedly, antibody and T cell responses to the den-
gue virus non-structural proteins following administra-
tion of this vaccine are low to undetectable. However, 
some degree of cross-reactivity with dengue virus and 
other flaviviruses may explain the anamnestic response 
observed to subsequent flavivirus immunizations.

The use of attenuated dengue virus strains as the 
genetic backbone for the construction of dengue– 
dengue chimaeras has yielded a hybrid vaccine approach, 
in which single-serotype strains and mixed-serotype  
chimeric strains are combined to produce a tetravalent 
formulation105,106 (FIG. 3). Clinical testing is still in an early 
stage, and the antibody and T cell responses to the tetra
valent vaccine have not been reported. However, this 
vaccine might be expected to express different epitopes 
in varying proportions, depending on the ‘dose’ of each 

segment of the genome. The impact of this variation, in 
combination with the effects of interference and immuno
dominance seen with other live dengue vaccines, will need 
to be determined as the clinical studies progress.

Other candidate dengue vaccines in development 
express only subsets of the dengue virus proteome. These 
include protein subunit vaccines (such as those that use 
recombinant E protein); inactivated whole virions that 
contain only structural proteins; nucleic acid vaccines 
that encode pre‑M and E proteins with or without NS1; 
and heterologous viral vectors (such as measles virus) 
that express these same dengue virus genome segments. 
Most such vaccines have been designed specifically to 
induce dengue virus-specific neutralizing antibodies. 
Preclinical testing has yielded promising results, but 
clinical trials of these vaccines are in an early stage or 
have yet to begin.

Conclusions and perspectives
The available evidence suggests that the outcome of 
dengue virus infection depends on the balance between 
favourable and unfavourable immune responses, the for-
mer providing control of viral replication and the latter 
enhancing the inflammatory and vascular permeability 
response to a given level of antigen expression (FIG. 4). 
Host genetics, the sequence of infection with different 
dengue virus serotypes and strains, and probably other 
factors specific to the individual patient modulate the 
pattern of the immune response, particularly with regard 
to cross-reactivity with other dengue virus serotypes not 
yet encountered.

The lack of reliable immunological markers for either 
protective or pathological immune responses to dengue 
virus represents a major gap in our current knowledge 
base and should be a high priority as clinical trials of den-
gue vaccines progress into the phase of testing vaccine 
efficacy. Whether the same markers will apply to all of 
the different vaccine approaches is also an open question 
and will necessitate a cautious approach to extrapolating 
from studies of natural infection or other vaccines. New 
animal models may help to address these questions exper-
imentally, but they are not yet at the stage at which they 
can provide reliable information to guide vaccine devel-
opment or testing. For the foreseeable future, carefully 
designed clinical studies will remain essential to advance 
efforts to reduce the global impact of dengue.
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