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Severe dengue: questioning the paradigm
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Abstract
Severe dengue has been recognised for more than 200 years, but attempts to define, categorize and explain the condition have hotly
contested for more than four decades. Resolution of this controversy may provide new insights for the management of patients.
� 2009 Elsevier Masson SAS. All rights reserved.
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1. Introduction

There is a common misconception that severe forms of
dengue first appeared in 1950s in southeast Asia. While it is
true that the syndrome became a serious public health problem
in that period, it was not a new phenomenon; significant
mortality associated with haemorrhagic symptoms had been
described in the earliest epidemic of dengue-like disease on
record, in Philadelphia in 1780, and in later epidemics on the
Swahili coast of East Africa and in Australia [1]. Even in
Europe, at least 1000 people died in 1927e1928 in a massive
epidemicd1,000,000 casesdin refugee camps in Greece [2].

Severe denguedcommonly referred to as ‘‘Dengue Hae-
morrhagic Fever (DHF)’’ to distinguish it from ‘‘classic’’
dengue fever (DF)dis characterized by an increase of
vascular permeability that can lead to life-threatening hypo-
volemic shock. The mechanisms that give rise to this condition
have been debated for decades, but remain unresolved. There
are four distinct serotypes of the virus, designated DEN-1 to
DEN-4, and a widely held but hotly contested hypothesis is
that after a ‘‘primary’’ infection with one of these serotypes,
‘‘secondary’’ infections by one or more of the others can
precipitate a process referred to as ‘‘antibody dependant
enhancement’’ (ADE). Confirmation of this hypothesis is
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hampered by the absence of a reliable animal model. An
associated controversy is the validity of graded sets of criteria
to categorize severity that are recommended by the World
Health Organization (WHO). Both issues are of prime
importance for the management and treatment of patients, and
to future acceptance of dengue vaccines.

In the years after World War II, rapid urbanization coupled
with enormous infestations of the highly competent peri-
domestic vector, Aedes aegypti L., led to an explosive increase
in the prevalence and incidence of dengue in south-east Asia.
A simple explanation for the «new» syndrome is the «iceberg
effect»; the escalating numbers of ‘‘classic’’ infections led to
an increased awareness of the relatively rare manifestations
that had been first observed more than two centuries earlier.
Moreover, as all four serologically distinct dengue viruses
were in circulationdin essence four separate diseasesdthe
population was subject to an increasing frequency of epidemic
transmission. Nevertheless, the concept that DHF had emerged
as a new form of the disease gained rapid acceptance in the
medical world [3].

In the mid 70’s, the WHO [4] proposed a clinical classifi-
cation of dengue severity to assist in the diagnosis and
management of patients, and to monitor the incidence of the
disease. According to this classification, dengue could mani-
fest in two ways:

1. Dengue Fever (DF), a relatively benign disease, with an
acute phase of 3e7 days and a combination of symptoms
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that could include sudden onset of high fever, headache,
myalgia, arthralgia, rash and moderate haemorrhage, fol-
lowed by a prolonged convalescence but without serious
sequelae;

2. Dengue Haemorrhagic Fever (DHF), a severe, sometimes
life-threatening disease, characterized by plasma leakage
due to an increase of vascular permeability. This was
defined by haemo-concentration with a 20% or greater
increase of haematocrit and a platelet count below
100,000/mm3.

DHF was assigned four grades of severity. In grades 1 and 2
there were no signs of circulatory failure whereas grades 3 and
4, termed ‘‘Dengue Haemorrhagic Fever/Dengue Shock
Syndrome (DHF/DSS)’’, were characterized by circulatory
failure and hypovolemic shock that could be fatal in 5e15% of
cases.

2. DHF and the sequential infection theory

Early observations in Bangkok, Thailand, indicated that,
with the exception of infants less than 1-year of age, the
majority of patients with DHF had experienced one or more
previous dengue infections; this led to the sequential infection
hypothesis. A process termed ‘‘Antibody Dependent
Enhancement’’ (ADE), demonstrated by in vitro experiments,
was proposed: primary infections give rise to non-neutralizing
but enhancing antibodies which, in a subsequent infection (by
another serotype) enhance the entry of virus into Fc-g
receptor-positive cells such as monocytes and phagocytes.
This results in an increase in virus replication and the release
of mediators of vascular permeability that give rise to the
shock syndrome [5]. An additional hypothesis, termed
‘‘aberrant T-cell response’’, was also proposed [6] to explain
disease severity during secondary dengue infection: the reac-
tivation of serotype cross-reactive memory T cells gives rise to
abnormal T-cell activation and cytokine release or apoptosis.
The two mechanisms were not considered to be mutually
exclusive. By the mid-1970s, it was widely accepted that
severe dengue, as described by the WHO criteria, was fully
attributable to sequential dengue infections.

In vitro enhancing activity has also been reported for
sequential flavivirus infections, but, except for an inconclusive
study with monkeys, has never been demonstrated in vivo [7].

3. Questioning the paradigm

In SE Asia, confirmation of the ADE controversy was
hampered by the high incidence of transmission, particularly
in urban areas, but contrary evidence was apparent in several
other outbreaks. In 1972, for example, an epidemic of DEN-2
occurred on Niue, a remote island in the South Pacific where
there was no evidence of any dengue transmission for at least
25 years [8]. About 90% of the population (4600) in all age
groups were affected. A number of patients fitted the DHF
definition, with 12 fatal cases that included children less than
15 years of age; there was no doubt that these were primary
cases. Kuberski et al. [9] made similar observations during
a DEN-1 outbreak in Fiji in 1975. They found no significant
difference in the incidence of haemorrhage and other clinical
symptoms in primary vs. secondary infections. In a Bangkok
study, about ten percent of children with DHF/DSS, all four
years old or more, were primary infections, two of which were
fatal [10]. Lastly a retrospective study of the 1927e1928
DEN-1 epidemic in Greece confirmed that fatal cases had
occurred in many patients with primary infections [11].

In the light of these observations, Rosen questioned the
justification for separating dengue into two clinical enti-
tiesdbenign and severedand the validity of the WHO defi-
nition of DHF He suggested that, as with other infectious
diseases, there was a continuum from non-clinical to fatal
cases, and that haemorrhage and shock were not necessarily
linked to the same pathogenic mechanism [9]. Moreover, an
intensive review of reports on the involvement of specific
organs, revealed that unusual haemorrhage, severe liver and
neurologic perturbations had been described for both DF and
DHF [12].

Despite all this evidence supporters of the ADE concept
continued to maintain that severe cases, defined as DHF, were
the result of secondary infection. As a result, it was feared that
a monovalent vaccine could induce enhancing antibodies, with
serious consequences, and a tetravalent vaccine might carry
the same risk if response to one or more serotypes were
incomplete.

In Tahiti, Murgue et al [13] examined risk factors for DHF
after two consecutive epidemics e DEN-3 in 1989 and DEN-2
in 1996. Their study was based on 401 children hospitalized
with dengue with ages ranging from less than 1 year (one
patient) to 17 years. Ten of these cases were fatal. They used
the WHO classification and a range of other clinical and
biological criteria to select 50 of the most severe cases.
Seventeen of these (34%) did not fulfil the requirements for
DHF (severe dengue) because there was no plasma leakage,
yet these included six of the ten fatal cases, with hepatic
involvement (transaminases> 20 times), severe thrombocy-
topenia (<20,000), severe haemorrhage and shock. They also
reviewed cases that fitted the DHF definition; seven of 49
(14.5%) were primary infections, of which all but one were
more than one year old. They concluded that (i) many severe
cases did not fit the WHO definition of DHF and (ii) a signif-
icant portion of DHF cases were primary infections. They also
questioned the relevance of the WHO classification in the
management of DHF cases because the main criteria (hae-
moconcentration) could only be assessed in retrospect. Several
subsequent studies in Southeast Asia, Central and North
America have confirmed and extended these conclusions.

4. The inadequacies of the WHO classification

Irrespective of classification as DF (defined by absence of
haemoconcentration and/or thrombocytopenia) or DHF, severe
dengue is associated with a range of manifestations including
haemorrhage and/or thrombocytopenia [13e16], hepatic
alterations [13,17,18], central nervous system manifestations
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[13,18,19] and shock syndrome [14e16]. Acute distress
respiratory syndrome [20], heart disease [21], renal insuffi-
ciency [22], pancreatitis [23], hemophagocytosis, spontaneous
spleen rupture have also been reported, as well as serious
sequelae [24e26].

In addition, although hypovolemic shock associated with
plasma leakage is an obvious manifestation of severe disease,
plasma leakage can occur without thrombocytopenia or hae-
morrhage [14,16]. Moreover, several studies have noted the
difficulty of assessing capillary leakage during the acute phase
of illness, when clinical signs of effusion are absent, and
when, in the absence of a pre-infection value, the haematocrit
appears within a ‘‘normal range’’ [13]. In such cases, diag-
nosis can only be made restrospectively, i.e., when the hae-
matocrit has stabilized, and is therefore of marginal value in
the management of patients. Lastly, in consequence of the
WHO classification, there is a tendency for physicians to
classify all severe cases as DHF [13e15]. This results in
misleading estimates of the incidence of severe cases and
additional confusion over the pathogenesis of the disease.

From the above, as stated by Deen [27] and Setiati [28], it is
evident that the WHO definitions of DF and DHF are inade-
quate and misleading. The best that can be said is that, as with
many other viral infections, infection can present with a wide
spectrum of severity, from asymptomatic to serious and
sometimes fatal. An alternate approach could be to classify
cases as following:

1. Severe vs. non-severe
2. Severe cases would cover the full range of severe mani-

festations, including shock with or without plasma
leakage, liver involvement, central nervous system
involvement, haemorrhage, thrombocytopenia, etc.

3. The definition of shock due to plasma leakage would be
(i) simple and practical for the diagnosis and the
management of the patients, (ii) independent of throm-
bocytopenia or bleeding; (iii) suitable for use in countries
where dengue is endemic or epidemic.
5. Persistence of the sequential infection hypothesis

In the past decade, following the reports of Barnes & Rosen
[8] and Murgue et al. [13], a number of authors have reported
plasma leakage in primary infections [15,16,19,29,30].
Moreover, in Nicaragua, Harris et al. [15] observed that 50%
of confirmed dengue infections in 1-year olds and 90% in
3-year olds were secondary infections but were not associated
with plasma leakage or shock, and the same was true for
adults. Lastly, in a prospective study conducted in Thailand
Laoprasopwattana et al. evaluated enhancing activity in the
plasma of 60 children during pre-secondary dengue infection
[31]. The majority of samples enhanced dengue infection of
human cells in vitro, but this enhancing activity did not predict
clinical severity in subsequent infections. Despite this wealth
of epidemiological and laboratory evidence, the hypotheses
of sequential infection hypothesis and the hypothesis of
enhancing antibodies remain persists, and indeed is widely
accepted. To resolve this controversy, and despite widen
evidence that plasma leakage occur during both primary and
secondary infections, it is essential to demonstrate that
secondary infection does not augment the risk of this
phenomenon. The absence of an appropriate animal model is
a major impediment to resolution of this question.

Inoculation of the rhesus monkey, Macaca mulatto with
dengue virus (DENV) induces viraemia, neutralizing anti-
bodies and changes in haematological parameters, but infec-
tions are asymptomatic so these animals are not suitable
models for investigation of pathogenesis [32]. As an alterna-
tive, A/J SCID mice reconstituted with human cells were
infected with DENV cultured in mosquito cell lines or with
mouse brain adapted strains. There was no alteration of
vascular permeability, but paralysis, in some cases associated
with haemostatic or haematopoietic abnormalities [33,34] and
liver involvement was observed. However, NOD/SCID mice
xenografted with CD34þ cells, and infected with a dengue
2 serotype that gives high titres in vitro in human dendritic
cells, induced erythaema and thrombocytopenia but no paral-
ysis [35].

In another study, mice lacking interferon receptors were
infected with an initially non-mouse adapted dengue 2 strain
that had been alternately passaged in mosquito cells and in
mice [36]. There were no symptoms of paralysis, but there
were signs of increased vascular permeability, producing
significant levels of TNF-a. The same mice infected with the
parental DENV develop paralysis and had normal vascular
permeability. When inoculated subcutaneously with the
passaged dengue 2 strain, infection was primarly in macro-
phages and dendritic cells during the first week of infection,
a cell tropism that has also been reported in humans [37].
Virus was detected in lymph nodes, spleen, bone marrow and
circulating white blood cells, but not in the liver.

In vitro and in vivo studies indicate that when DENV is
injected into the dermis, the primary targets for infection are
the skin immature dendritic cells (DCs) that are normal resi-
dents of the skin [38]. Infection is not altered by a DENV-
enhancing immune serum [38,39]. The attachment of DENV
to DCs is through the expression of the C-type lectin: DC-
specific intercellular adhesion molecule 3 (ICAM-3)-grabbing
non-integrin (DC-SIGN or CD209) [39]. Early interactions
between mosquito-cell-derived DENV and DCs may be crucial
for productive infection [40], for transporting viral antigens to
secondary lymphoid organs and for developing anti-viral
immunity. In vitro studies have demonstrated that a broad
array of other enveloped viruses exploit DC-SIGN, or more
generally C-type lectin for infection [41] (Lazach PY in
Methods Mol Biol, 2007; 379:51-68).

Replication of DENV has been confirmed by immunohis-
tochemistry and in situ hybridization in tissue specimens from
patients with serologically or virologically confirmed dengue
infections and plasma leakage.

Viral antigens were detected in the liver (Kupffer cells and
sinusoidal endothelial cells), in the spleen (macrophages,
multinucleated cells and reactive lymphoid cells) as well as in
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the kidney tubules, in the lung and blood clot samples.
However, viral RNA was only demonstrated in cells in the
spleen and blood clot samples (macrophages, reactive splenic
lymphoid cells), peripheral lymphocytes and peripheral blood
monocytes [42]

After attachment and viral replication, complex interactions
between viral factors, host genetics and immunological
response via chemical mediators probably contribute to the
development of severe manifestations (including plasma
leakage), which may be associated with enhanced viraemia
[43,44]. Phylogenetic studies have suggested a possible asso-
ciation between specific genotypes within a serotype, and
clinical outcome of the disease. The best example is the
Southeast Asian genotype of DEN-2 which has been identified
in outbreaks with plasma leakage and/or hypovolemic shock.
This genotype has superceded the less virulent native or
autochthonous genotypes in the Americas [45]. Determinants
of higher virulence in the Southeast Asian genotype may be
related to specific regions of the viral genome that give
a higher probability of infection, transmission and displace-
ment. Other studies have demonstrated differences in nucle-
otides or amino-acid sequences of the viral genome, mostly on
the E gene DEN-2 virus but also on complete genome
sequences. This suggests that structural differences may be
involved in disease severity [46]. It is not clear, however,
whether some strains are virulent because they grow well in
vivo, because they are highly cytopathic, or because they
induce high levels of cytokines.

On the other hand, Roche et al. [47] observed no associ-
ation between amino acid substitutions and disease severity
among nine isolates of DEN-3 virus, six of which were
derived from cases with severe manifestations (without or
with plasma leakage) including both primary and secondary
infections. These data suggest a more complex mechanism
involving the interaction of host and other factors. Indeed,
clinical isolates of DENV had an in vitro inhibitory effect on
the growth of human haematopoietic progenitor cells obtained
from fresh cord blood samples, dependent upon the dengue
viral strain [48] but also on the cord blood sample used
(Murgue, unpublished data). These observations may indicate
(i) a differential capacity of DENV strains to infect DC-SIGN-
expressing cells or others and thus a differential infectivity
[40] and/or (ii) evidence of genetic heterogeneity of DENV
receptors such as DC-SIGN [49] and/or (iii) a differential
release of chemical mediators.

Several in vitro studies have suggested that the dysfunction
of vascular endothelial cells during plasma leakage is related
to the production of cytokines. In vivo, an increase of T cell
activation markers and of various cytokines [50] and adhesion
molecules [51e54] have been observed in the sera of dengue
patients with plasma leakage. However, it is not clear whether
these factors are inducers or markers of the increase of
vascular permeability.

Overproduction of soluble gelatinolytic matrix metallo-
proteinase (MMP)-9, and to a lesser extent of MMP-2 in
a viral dose-dependant and antibody-independent manner, has
been demonstrated after DENV infection of immature DCs
[55]. In vitro, these compounds enhanced endothelial perme-
ability of primary umbilical vascular endothelial cell mono-
layers, but permeability was markedly reduced by a specific
anti MMP-9 antibody. These findings were confirmed in vivo,
using a mouse vascular leakage model. The enhancement of
permeability was associated with a loss of expression of the
platelet endothelial adhesion molecule-1 and vascular endo-
thelial-cadherin cell adhesion molecule and, a redistribution of
F-actin fibres. The production of gelatinolytic MMP could be
activated by soluble factors such as IL-6, IL-8, TNF-a, TGF-b,
VEGF and VCAM-1, induced in response to dengue infection.
These results could prove useful in therapeutic approaches to
the treatment of dengue-induced vascular leakage.

For physicians, the issue of overwhelming importance is
how to anticipate the likelihood of the development of plasma
leakage and subsequent complications. As already mentioned,
haemoconcentration can fulfil this role but in practice is of
limited value. A number of other predictive factors have been
suggested but investigation have been plagued by lack of
sufficient samples during the course of the disease. However,
a few studies have indicated elevated levels of soluble
thrombomodulin, sICAM-1, sVCAM-1 [52], and circulating
endothelial cells in the early febrile stage of patients who
subsequently presented signs of plasma leakage (with or
without a shock syndrome). A coincident increase of
sICAM-1, sVCAM-1 and circulating endothelial cells has
been reported in patients with plasma leakage. Furthermore,
sVCAM-1 might be able to discriminate, between patients
with plasma leakage, those who will develop a shock
syndrome, without regard to previous infection [52].
6. Conclusion

Physicians confronted with cases of severe dengue face
a dilemma; several authors have challenged the WHO classi-
fication because it fails to describe the overall range of severe
manifestations, and it is clear that the issue requires a new
approach.

The development of vaccines has been hampered by the
sequential infection hypothesis, which a number of clinical
studies have showed to be invalid. In recent years, new
perspectives on the issue of the pathogenesis have been
explored, but have not resolved the entire question. Recent
studies are cause for optimism that it may be possible to
predict the likely progression of the disease. The resolution of
all these issues will require funding for a coordinated multi-
disciplinary effort, including experimentation of promising
therapeutic drugs in clinical trials.
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