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Abstract. Secondary heterologous dengue infection is a risk factor for severe disease manifestations because of the
immune-enhancement phenomenon. Succeeding clinical infections are seldom reported, and the clinical course of tertiary
and quaternary dengue infections is not clear. Cuba represents a unique environment to study tertiary/quaternary dengue
infections in a population with known clinical and serologic dengue markers and no dengue endemicity. We took advantage
of this exceptional epidemiologic condition to study the effect of primary, secondary, tertiary, and quaternary dengue
infection exposure on the expression of pro-inflammatory and regulatory cytokines, critical in dengue infection pathogen-
esis, by using a dengue infection ex vivomodel. Whereas secondary exposure induced a high cytokine response, we found a
significantly lower expression of tumor necrosis factor-a, interferon-g, interleukin-10, and tumor growth factor-b after
tertiary and quaternary infectious challenge. Significant differences in expression of the cytokines were seen between the
dengue immune profiles, suggesting that the sequence in which the immune system encounters serotypes may be important
in determining the nature of the immune response to subsequent infections.

INTRODUCTION

Dengue is among the major causes of morbidity and mor-
tality in children in many disease-endemic countries in Asia
and the Americas.1 Any of the four dengue virus serotypes
(DENV-1, DENV-2, DENV-3, and DENV-4) serotypes,
which are transmitted to humans by the urban freshwater-
breeding mosquito Aedes aegypti, can produce an infection
that ranges from asymptomatic, to dengue fever (DF), charac-
terized by general aches and occasional minor bleeding, to a
life-threatening complications known as dengue hemorrhagic
fever (DHF) with or without shock, and dengue shock syn-
drome (DSS).2 Infection induces life-long protective immunity
to the infecting serotype, accompanied by short-term cross-
protective immunity against the other serotypes. Subsequent
infection with a different dengue serotype is more likely to
cause DHF/DSS. In 2009, new dengue classification guidelines
to streamline dengue diagnosis and treatment were published
by the World Health Organization.3 In this article, we will use
the prior classification system as the patients from whom the
samples were taken were classified by DF, DHF, and DSS.
Epidemiologic data suggest a greater risk ofDHF/DSSduring

secondary infections, and immunopathologic mechanisms, such
as immune-enhancement phenomenon, have been proposed to
contribute to DHF risk.4 This contribution occurs when non-
neutralizing antibodies resulting from the primary infection
favor dissemination of the second infecting dengue virus, a phe-
nomenon known as antibody-dependent enhancement,5 and
cross-reactive memory T cells from a primary infection recog-
nize antigen from the secondary infection, resulting in increased
T cell activation and cytokine production.6

Contrary to most dengue-endemic countries where several
dengue serotypes co-circulate, epidemics in Cuba are caused
by a single serotype and have been fully controlled, offering
the possibility to explore memory T cell response to dengue

virus in persons with a well-characterized dengue virus infec-
tion history. In 1977–1978 DENV-1 caused a massive DF
epidemic that affected 44.5% of the population in Cuba.7

Four years later, a DENV-2 epidemic spread throughout the
country with more than 344,203 cases, 10,312 DHF/DSS cases,
and 158 deaths.8,9 In 1997, a DENV-2 outbreak was reported in
themunicipality of Santiago deCubawith 2,946 cases, 205DHF/
DSS cases, and 12 deaths.10 Finally in 2001, a DENV-3 epi-
demic was reported in Havana. During this outbreak, there
were 12,889 cases of DF, 78 cases of DHF/DSS, and 3 deaths.11

One controversial topic in dengue research is the identifica-
tion of the factors involved in the infection outcome during the
second, third or fourth dengue virus heterotypic re-infection
relative to a first or second infection, and which factors are
involved in protection or induction of a determined clinical
outcome. Taking advantage of the epidemiologic dengue situa-
tion in Cuba during 1977–2001, in which sequences of dengue
virus infections are well defined, we addressed the role of cross-
reactive memory T cells by measuring expression of tumor
necrosis factor-a (TNF-a), interferon-g (IFN-g), tumor growth
factor-b (TGF-b), and interleukin-10 (IL-10) cytokines in
peripheral blood mononuclear cells (PBMC) from persons with
different dengue immune profiles (dengue naive, primary, sec-
ondary, and tertiary dengue infection) after ex vivo re-challenge
with DENV-1, DENV-2, and DV-3. Specifically, PBMC
collected from healthy persons with primary, secondary, and
tertiary dengue infections and dengue-naive persons were
challenged with infective DENV-1, DENV-2 and DENV-3.
Expression of mRNA for IL-10, TNF-a), IFN-g, and TGF-b
was quantified.

MATERIALS AND METHODS

Study participants. The study included 58 residents from
Havana (32 women and 26 men 18–60 years of age, mean
age = 32.3 years) with IgG titers ³ 40 against DENV when
tested by enzyme-linked immunosorbent assay.12 Because
antibodies in serum can neutralize different dengue virus
serotypes, serotypes that infected participants were identified
by using a plaque-reduction neutralization test.13–15
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Twenty-seven persons were classified as having primary
dengue immune cases (10 primary DENV-1, 10 primary
DENV-2, and 7 primary DENV-3 cases). Thirty-one persons
were classified as having secondary dengue immune cases, 10
in the sequence DENV-1/DENV-2, 8 in the sequence DENV-1/
DENV-3, and 6 in the sequenceDENV-2/DENV-3. Seven per-
sons were classified as having tertiary cases (DENV-1/
DENV-2/DENV-3). The chronologic order of infection is
known by the dengue history in Cuba, and particularly in
Havana (DENV-1 in 1977–1978,7 DENV-2 in 1981,8,9 and
DENV-3 in 200111). Ten persons from Havana (3 women
and 7 men 20–60 years of age, mean age = 33.4 years) without
antibodies against dengue as tested by enzyme-linked immu-
nosorbent assay,12 were included as negative controls.
This study was conducted according to the Declaration of

Helsinki as a statement of ethical principles for medical
research involving human subjects, and was approved by the
institutional ethical review committees of the Institute of
Tropical Medicine Pedro Kourı́ and the Cuban National
Academy of Sciences. Written informed consent was obtained
from each person at enrollment into the study.
Neutralization assay. Dengue serotypes that previously

infected participants were identified by using a plaque-
reduction neutralization test in BHK-2115 cells with some
modifications.16 Briefly, BHK-21 cells were grown at 37°C
in complete medium E-minimal essential medium supple-
mented with 10% heat-inactivated fetal bovine serum, 1%
penicillin/streptomycin, 10%L-glutamine, and sodium bicar-
bonate to adjust the pH to 7.4–7.8. Serum from each person
included in the study was diluted from 1:10 to 1:100,000.
Hyperimmune ascites fluid to each serotype (Centers for
Disease Control and Prevention, Atlanta, GA) and human
serum without antibodies to dengue virus were used as posi-
tive and negative controls, respectively. Negative and posi-
tive controls were used at 1:10 serum dilutions. For antibody
titration, 100 mL of each serum dilution was incubated for
1 hour at 37°C with 100 mL of virus working dilution calcu-
lated to give 10–20 plaque-forming units/50 mL of the final
volume of virus-serum mixture. After incubation, 50 mL of
virus-serum mixtures was added to the cell suspension in
triplicate. After incubation for 4 hours at 37°C in an atmo-
sphere of CO2, 0.5 mL of overlay medium described above
was added to each well. Infected cells were incubated for 5–
9 days depending on the dengue virus serotype. After incu-
bation, plates were rinsed with tap water, and cells were
stained with a solution of naphthol blue black and acetic
acid. The serum dilution that resulted in a 50% reduction
in plaque count as determined by probabilistic analysis was
considered the end point titer. The neutralizing antibody
titer is expressed as the reciprocal of this value.
According to previously established criteria,17 serum sam-

ples with neutralizing antibody titers ³ 30 against one of the
dengue serotypes were considered positive for a past infec-
tion with that serotype. Serum samples with neutralizing
antibody titers ³ 30 to 2 serotypes were considered second-
ary infections. When a serum sample was monovalent to one
of the serotypes, the person was considered to have a pri-
mary case. When a serum sample was bivalent and neutral-
ized two serotypes, the person was considered to have a
secondary case. When a serum sample had antibodies to
three serotypes, the person was considered to have a possi-
ble tertiary infection.

Virus strains used in the neutralization assay were DENV-1
Angola 6PC6/36 HT (Angola, 1998), DENV-2 A15 4PR 3PC6/
36 HT (Cuba, 1981), and DENV-3 116/00 3PC6/36 HT (Cuba,
2000). The DENV-1 strain was supplied by Robert Shope
(University of Texas Medical Branch, Galveston, TX).
Dengue virus preparation. Dengue virus antigens were pre-

pared as described.18 C636 cell lines from Ae. albopictus mos-
quitoes were grown to confluence, infected at a multiplicity of
infection of 0.1 plaque-forming units/cell with the dengue
strains DENV-1-113 Peru 1990, DENV-2 A15 Cuba 1981, and
DENV-3 116 Cuba 2000, and cultured in minimum essential
medium supplemented with 2% fetal calf serum. When a 50%
cytopathic effect was observed, culture supernatant was clari-
fied by centrifugation at 10,000 rpm for 30 minutes at 4°C.
Culture supernatant from non-infected C636 cells was used as
a negative control antigen (mock control). The BHK-21 clone
15 cell line was used for virus titration as described.15

Dengue virus stimulation of PBMC for reverse transcription–
polymerase chain reaction. Peripheral venous blood (20 mL)
was collected from each study participant. PBMC were iso-
lated from 15 mL of citrated venous blood by using standard
density gradient centrifugation with Ficoll-Paque (Pharmacia
Biotech, Uppsala, Sweden), and serum samples were obtained
from 5mL of peripheral venous blood without anti-coagulant.19

Cells were adjusted to a concentration of 2 + 106 in 1,000 mL
of RPMI 1640 supplemented with 5% autologous serum,
2 mM glutamine, 100 mg of streptomycin/mL, 100 units of
penicillin, and cultured for 24 hours at 37°C in the presence
of DENV-1, DENV-2, or DENV-3 at a multiplicity of 0.1 or
mock control (supernatant of uninfected C636 cells), respec-
tively. Phytohemagglutinin (Sigma, Poole, United Kingdom),
5 mg/mL, served as a positive assay control. After 24 hours,
cells were separated from the supernatants and both were
frozen at –80°C.
Gene expression analysis. DNase-treated total RNA was

isolated from stimulated PBMC by using the RNeasy Mini Kit
(QIAGEN, Hilden, Germany) and evaluated by using the
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA). cDNA was synthesized from mRNA with poly(dT)
primers and Superscript II reverse transcriptase (Life Technol-
ogies, Rockville, MD) and quantified by real-time PCR analy-
sis by using the ABI Prism 7700 sequence detection system
(Applied Biosystems, Foster City, CA), according to the man-
ufacturer’s protocols. Samples were analyzed in triplicate for
expression of TNF-a, IFN-g, TGF-b, IL-10, and the housekeep-
ing gene hypoxanthine phosphoribosyltransferase-1. Specific
expression was calculated in relation to that of hypoxanthine
phosphoribosyltransferase-1 by using the delta/delta Ct method
as recommended by Applied Biosystems.
Statistical analysis. Means of quantitative variables (TNF-a,

IFN-g, IL-10, and TGF-b) were analyzed between groups
according to dengue immunity categories and serotype of den-
gue virus used for stimulation by using the Mann-Whitney U
test. P values < 0.05 were considered statistically significant.
SPSS software version 10 (SPSS, Inc., Chicago, IL) was used
for all analyses.

RESULTS

The objective of this study was to explore how prior infec-
tion with one or several different dengue serotypes influence
expression of TNF-a, IFN-g, IL-10, and TGF-b. TNF-amRNA
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expression is shown in Figure 1. We determined levels of
expression of PBMC from dengue-naive persons (control
group) and from persons with confirmed primary infection (to
DENV-1, DENV-2, and DENV-3) challenged with DV-1,
DV-2 and DV-3. The control group showed significantly
higher expression of TNFa induced by infective DENV-1,
DENV-2, and DENV-3 than uninfected C636 cell culture
supernatant used as a mock control (P < 0.001), and primary
challenge with DENV-2 induced significantly higher TNFa
expression than DENV-1 and DENV-3 (P < 0.001).
The three groups of persons with primary dengue infections

(Figure 1) also showed significantly higher TNF-a in response
to DENV-1, DENV-2, and DENV-3 stimulation compared
with the mock control. DENV-1 primary immune persons
showed significantly higher TNF-a gene expression in
response to DENV-2 and DENV-3 serotype cross-reactive
dengue challenge, and the highest response was to DENV-2.
DENV-1 and DENV-3 heterotypic challenge also induced
significant TNF-a gene expression in dengue 2 primary
immune persons, and the highest response was to DENV-3.
Dengue 3 primary immune persons showed higher expression
of these cytokines in response to secondary DENV-2 heterol-
ogous challenge. TNF-a gene expression in cells from persons
immune to two and three dengue infections after DENV-1,
DENV-2, and DENV-3 challenge is shown in Figure 1.

DENV-1/DENV-2 secondary immune persons showed sig-
nificantly higher TNF-a expression after DENV-1, DENV-2,
and DENV-3 challenge than with the mock control, and
higher expression was observed after heterotypic tertiary
challenge with DENV-3. We also measured levels of TNFa
expression induced by DENV-1, DENV-2, and DENV-3 ter-
tiary challenge in cells from DV-1/DV-3 secondary immune
persons. There was a significant induction of TNF-a by
DENV-1, DENV-2, and DENV than with the mock control,
but there were no differences in TNFa expression induced by
the three DENV serotypes. Induction of TNFa expression in
DENV-2/DENV-3 immune persons was significantly higher
than with the mock control, but lower than that observed in
DENV-1/DENV-2 and DENV-1/DENV-3 secondary immune
groups. Quaternary challenge in DENV-1/DENV-2/DENV-3
immune persons showed low levels of expression of TNF-a,
which were comparable with those observed in dengue-naive
persons, and there were no differences among serotypes.
IFN-g expression is shown in Figure 2. We measured the

response of dengue-naive persons and dengue primary immune
persons. Significantly higher expression of IFN-g induced by
infective DENV-1, DENV-2, and DENV-3 was observed in
cells collected from dengue-naive persons than that induced
by uninfected C636 cell culture supernatant, indicating that
induction of IFN-g resulted from dengue infection.

FIGURE 1. Effect of prior infection with dengue virus on expression of tumor necrosis factor alpha (TNF alpha) in persons with IgG titers ³ 40
against dengue virus when tested by enzyme-linked immunosorbent assay in Havana, Cuba. Mock, peripheral blood mononuclear cells (PBMC)
challenged with uninfected C636 supernatant; D1, PBMC challenged with dengue virus 1; D2, PBMC challenged with dengue virus 2; D3, PBMC
challenged with dengue virus 3. Panels show different scales according to the range of values observed.
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IFN-g expression in DENV-1 primary immune persons was
higher after exposure to DENV-1, DENV-2 and DENV-3
than with the mock control. The highest expression was
obtained after DENV-2 challenge. Dengue 2 and dengue 3
immune persons also showed significantly higher expression to
the three infective dengue serotypes than to the mock control.
The highest IFN-g expression in the dengue 2 primary infected
group was in response to heterologous DENV-3 re-exposure,
and dengue 3 immune persons showed highest expression after
DENV-3 challenge. IFN-g expression of DENV-1/DENV-2,
DENV-1/DENV-3, and DENV-2/DENV-3 secondary immune
cases and IFN-g expression of DENV-1/DENV-2/DENV-3
immune (tertiary) cases is shown in Figure 2.
The DENV-1/DENV-2 immune persons showed significantly

higher IFN-g expression to heterotypic tertiary challenge with
DENV-3. The DENV-1/DENV-3 immune persons showed sig-
nificantly higher IFN-g mRNA expression after dengue infec-
tive challenges than with the mock control, and the highest
response was to DENV-2, followed by DENV-3 and DENV-1.
Lower levels of IFN-g expression were observed in cells from
the DENV-2/DENV-3 secondary immune group, and there
were no differences among the three DENV serotypes. Induc-
tion of IFN-g expression in DENV-1/DENV-2/DENV-3 tertiary
persons after quaternary challenge showed lower levels.
Levels of IL-10 expression are shown in Figure 3. Infective

DENV-1, DENV-2, and DENV-3 induced significantly higher

mRNA expression of IL-10 in dengue-naive persons and in
dengue 1, dengue 2, and dengue 3 primary immune persons than
with the mock control. Homologous DENV-1 re-challenge
induced a higher up-regulation of IL-10 gene expression for
dengue 1, Dengue-2, and dengue-3 primary immune persons.
There were no statistically significant differences in mRNA
expression of IL-10 in DENV-1/DENV-2, DENV-1/DENV-3,
and DENV-2/DENV-3 secondary immune persons after
DENV-1, DENV-2, and DENV-3 challenge, but the levels of
expression were similar to those observed in primary immune
persons in response to homotypic challenge. The IL-10 expres-
sion described in response to quaternary challenge was notably
low for all three dengue challenging serotypes.
TGF-b expression is shown in Figure 4. Significantly higher

TGF-b expression was observed in dengue-naive persons after
challenge with DENV-1, DENV-2, and DENV-3 than with the
mock control. Dengue 1 primary immune persons showed
higher TGFb gene expression in response to homologous
DENV-1 re-challenge, dengue 2 immune persons showed the
highest TGF-b expression to DENV-2 challenge, and dengue 3
immune persons showed the highest TGF-b expression to
DENV-3 challenge.
TGF-b expression in response to tertiary challenge with

DENV-1, DENV-2, and DENV-3 (Figure 4) showed differ-
ences according to the dengue immune profile of the person.
DENV-1/DENV-2 persons had significantly higher expression

FIGURE 2. Effect of prior infection with dengue virus on expression of interferon-gamma (IFN gamma) in persons with IgG titers ³ 40 against
dengue virus when tested by enzyme-linked immunosorbent assay in Havana, Cuba. Mock, peripheral blood mononuclear cells (PBMC)
challenged with uninfected C636 supernatant; D1, PBMC challenged with dengue virus 1; D2, PBMC challenged with dengue virus 2; D3, PBMC
challenged with dengue virus 3. Panels show different scales according to the range of values observed.
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to DENV-2 challenge than to DENV-1 and DENV-3 chal-
lenge. TGF-b expression in DENV-1/DENV-3 persons was
significantly higher to DENV-3. DENV-2/DENV-3 persons
showed significantly higher expression in response to DENV-2
and DENV-3 than to DENV-1, but significantly lower than
that observed in DENV-1/DENV-2 and DENV-1/DENV-3
persons. Quaternary challenge of persons with DENV-1/
DENV-2/DENV-3 tertiary cases also showed low levels of
expression to DENV-1, DENV-2, and DENV-3, but signifi-
cantly higher than with the mock control.

DISCUSSION

Immunity to a single dengue virus infection does not pro-
vide heterologous protective immunity to subsequent infec-
tions. Exposure to a second heterologous dengue infection is
considered the main risk factor for DHF/DSS.20 However,
there are few studies on the incidence of dengue disease after
a third or fourth dengue infection.21–23

Data presented compare the inflammatory/anti-inflammatory
response after primary, secondary, tertiary, and quaternary
challenge. Our results confirm that primary dengue challenge
induces TNF-a, IFN-g, IL-10, and TGF-b expression at early
stages after infection, but notably lower than the secondary
exposure. Our results also corroborate that heterologous sec-
ondary re-challenge induced a dominant inflammatory (IFN-g,

TNF-a) response, and homologous re-challenge triggered a
pattern dominated by regulatory cytokines.24

We also show that tertiary and quaternary exposure results
in a milder inflammatory response with a high regulatory
immune response compared with secondary exposure. It is
believed that after a secondary dengue infection, a heterolo-
gous protective immunity is raised and the threat of dengue is
reduced, although there are reports of possible tertiary infec-
tion resulting in DHF.21,22

Havana has a unique epidemiologic dengue situation in
which residents could have had immunity to two of the four
dengue viruses before the DENV-3 epidemic in 2001–2002.
DENV-1 circulated in 1977–19797 and DENV-2 infections
occurred in 1981.25,26 This pattern resulted in a number of
possible combinations of dengue immune profiles for second-
ary and tertiary heterotypic infections after the 2001–2002
DENV-3 epidemic (DENV-1/DENV-3, DENV-2/DENV-3,
and DENV-1/DENV-2/DENV-3).
The immunopathologic mechanisms of DHF include a series

of altered immune response mechanisms. Among them are a
rapid and uncontrolled increase in the levels of cytokines,
especially TNF-a and IFN-g, which in turn induce the clinical
manifestations of DHF such as plasma leakage, shock, and
hemorrhagic manifestations.27–29

In the present study, we examined the memory cellular
immune response by measuring the expression of two critical

FIGURE 3. Effect of prior infection with dengue virus on expression of interleukin-10 (IL-10) in persons with IgG titers ³ 40 against dengue
virus when tested by enzyme-linked immunosorbent assay in Havana, Cuba. Mock, peripheral blood mononuclear cells (PBMC) challenged with
uninfected C636 supernatant; D1, PBMC challenged with dengue virus 1; D2, PBMC challenged with dengue virus 2; D3, PBMC challenged with
dengue virus 3. Panels show different scales according to the range of values observed.
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mediators of pro-inflammatory response (IFN-g and TNF-a)
and two central mediators of regulatory response (TGF-b and
IL-10).24 Our results show that TNF-a and IFN-g mRNA
expression was significantly lower in the dengue-naive control
group compared with all dengue-immune persons (P < 0.001).
However, when we compared the pro-inflammatory response
induced by primary dengue challenge of PBMC collected from
dengue-naive persons to DENV-1, DENV-2, and DENV-3,
the response was significantly higher to DENV-2.
There are several reports on mild or asymptomatic DENV-2

primary infection.29–35 As our results suggest, DENV-2 seems
to be more immunogenic than the other serotypes, and gener-
ates a stronger pro-inflammatory immunologic response, which
is necessary to control viral infection. Much of the antiviral
potential of effector cells of the innate and adaptive immune
system (natural killer cells and cytotoxic T cells) is caused by
production of antiviral cytokines such as IFN-g and TNF-a at
the site of the infection. Importantly, the same cytokines also
control viral infections indirectly by modulating the induction,
amplification, recruitment, and effector functions of the
immune response and by up-regulating antigen processing and
display of viral epitopes at the surface of infected cells.30

Recently, a human challenge model for dengue infection
showed a possible protective role for sustained IFN-g levels
during the acute phase of illness.31

Significantly higher gene expression of TNF-a and IFN-g in
response to DENV-2 and DENV-3 heterologous challenge in

DENV-1 primary immune cases was found, and the highest
response was to DENV-2 Although DENV-1/DENV-2 and
DENV-1/DENV-3 sequences of dengue infection were asso-
ciated with severe illness during the 1981 (DENV-2) and
2001 (DENV-3) epidemics, respectively, greater severity
was observed during the 1981 epidemic. Previous studies
demonstrated that in 1981, 98% of DHF cases occurred
during a secondary DENV-1/DENV-2 infection while in
2001, 73% of DHF cases occurred during a secondary
DENV-1/DENV-3 infection.9,32

Population-based epidemiologic studies have shown that
infection with DENV-2 in persons previously infected with a
different dengue serotype is a major risk factor for DHF and
DSS.33–37 However, despite co-circulation of several dengue
serotypes in the Americas, it was not until the epidemic of
1981 in Cuba that the first DHF cases occurred; this coincided
with the introduction of a new genetic type of DENV-2, the
Southeast Asian genotype.38,39 Since that time, other coun-
tries in the Americas have reported DHF associated with
secondary dengue serotype 2 viruses of the Southeast Asian
genotype and not the indigenous American genotype.40,41

Thus, it has been suggested that a specific genotype of
DENV-2 may have the propensity to cause DHF, whereas
other genotypes are associated with the less severe DF.42–48

Several reports examined differences between DENV-2
American versus Asian strains, and attempted to explain
why the American DENV-2 genotype strains lack the

FIGURE 4. Effect of prior infection with dengue virus on expression of tumor growth factor b (TGFb) in persons with IgG titers ³ 40 against
dengue virus when tested by enzyme-linked immunosorbent assay in Havana, Cuba. Mock, peripheral blood mononuclear cells (PBMC)
challenged with uninfected C636 supernatant; D1, PBMC challenged with dengue virus 1; D2, PBMC challenged with dengue virus 2; D3, PBMC
challenged with dengue virus 3. Panels show different scales according to the range of values observed.
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properties necessary to cause severe disease in a second-
ary heterotypic infection. Results of these studies support
the hypothesis that specific structural differences between
the Southeast Asian and American genotypes may be involved
in disease pathogenesis.49–53

In this study, we compared only the ability of induction of
the studied cytokines in secondary heterotypic infection
between dengue serotypes and we used only the DV-2 A15
4PR 3PC6/36 HT Cuban strain (A15/81 strain) a Southeast
Asian genotype. It would be interesting in future studies to
address differences in the cellular immune response to the
different strains of the four serotypes, in particular the
American and Southeast Asian genotypes of DENV-2. Dif-
ferences in the pattern of cellular immune response induced
by the different strains could also be associated with differ-
ences in disease severity.
TNF-a and IFN-g gene expression in DENV-2 primary

immune cases was significantly higher in response to chal-
lenge with DENV-1, DENV-2, and DENV-3 than with the
mock control, and significantly higher with heterologous
DENV-1 and DENV-3 stimulation than with homologous
stimulation. In addition, expression in response to DENV-3
was significantly higher than that seen with DENV-1
Because TNF-a and IFN-g have been reported as critical
cytokines in DHF pathogenesis,27 our ex vivo model results
may support that association.
Heterotypic challenge also induced significant TNF-a and

IFN-g gene expression in dengue 3 persons with primary
infections, and the highest response was seen with DENV-2
challenge. DENV-2 has been the serotype most associated
with disease severity in the course of a secondary infec-
tion,33–37 and high levels of TNF-a and IFN-g have been
frequently associated with severe dengue.6,28,54–60 This find-
ing is not consistent with higher IFNg and TNF-a responses
observed in PBMC from dengue-naive persons in response
to DENV-2 challenge, especially if one considers that
DENV-2 primary infection is frequently mild or asymptom-
atic. However, IFN-g and TNF-a are essential for effective
control of viral infection. IFN-g and TNF-a are not per se
the causes of human dengue infection pathogenesis; it is the
complex interplay of self-reinforcing pathologic events that
ultimately manifests in DHF/DSS and increased vascular
permeability and circulatory failure involved in a secondary
dengue heterotypic infection.
DENV-1/DENV-2 and DENV-1/DENV-3 secondary

immune persons showed the highest expression of pro-
inflammatory mediators in response to the serotype to which
persons have not exposed, after tertiary challenge with
DENV-1, DENV-2, and DENV-3. This finding is consistent
with that observed in dengue 1 or dengue 3 immune persons,
and can be explained for similar reasons: higher pro-
inflammatory cytokine secretion and lower avidity cross-
reactive T cells during the course of heterotypic dengue virus
infection. Cross-reactive T cells with higher avidity for an
infecting serotype are preferentially activated, and cells spe-
cific to the current infecting serotype are killed by activation-
induced cell death.61 The consequences may be inefficient
viral clearance and enhanced immunopathologic changes
caused by massive and uncontrolled production of pro-
inflammatory mediators targeting vascular endothelial cells,
which leads to fluid and protein leakage that ultimately
results in DHF/DSS.62

Although tertiary challenge generally showed a weaker
inflammatory response to heterologous dengue virus chal-
lenge than the secondary challenge, DENV-1/DENV-2
immune persons showed higher TNF-a and IFN-g expression
after heterotypic tertiary challenge with DENV-3. We previ-
ously reported six confirmed DHF/DSS patients with tertiary
DENV-3 infections (DENV-1/DENV-2/DENV-3) during the
2001 outbreak.21,22 Others reports on dengue hospital admis-
sions found no differences in the risk between a first dengue
infection and a third/fourth dengue infection.21,22 The signifi-
cantly higher expression of TNFa and IFNg found in our
ex vivo model after a tertiary challenge with DENV-3 could
be related to reports of a possible tertiary infection by this
serotype, resulting in dengue disease and even in the severe
clinical outcome observed in some persons.21,22

DENV-2/DENV-3 immune persons showed significantly
lower TNF-a and IFN-g gene expression than DENV-1/
DENV-2 and DENV-1/DENV-3 immune persons after ter-
tiary challenge (P < 0.0001). A stronger immunologic response
induced by DENV-2 could also imply a wider and specific
memory immune response that confers not only a life-long
protective immunity to the primary infecting serotype, but a
longer cross-protective immunity against other serotypes. This
suggestion might also explain why dengue 2 immune persons
that had a heterotypic secondary infection show development
of mild or asymptomatic disease, as was observed in the
DENV-3 epidemic in Cuba in 2000–2001.11

In general, tertiary challenge (simulation of a tertiary infec-
tion), showed a milder Th1 response to heterologous dengue
virus challenge than secondary challenge. This finding could be
the result of the heterotypic neutralizing capacity of antibodies
against DENV-1 and DENV-2 in persons with secondary den-
gue infections. The weaker inflammatory Th1 response to a
tertiary heterologous dengue virus challenge observed is also
consistent with an increase in protective immunity after two
heterotypic dengue infections. There are few reports of tertiary
dengue infections, and those have been associated mostly with
milder dengue.21,22

Homologous dengue virus re-challenge induced higher
up-regulation of TGF-b and IL-10 gene expression in per-
sons with dengue 1, dengue 2, and dengue 3 primary infec-
tions. The highest expression of TGF-b and IL-10 in PBMC
from dengue 1, dengue 2 and dengue 3 primary immune
persons was in response to the homotypic challenge, which
is associated with an effective, balanced, and protective
serotype-specific memory immune response.
Because over-expression of pro-inflammatory cytokines

and over-activation of the immune system during heterolo-
gous secondary infection has been associated with severe
dengue,63–66 the secondary homologous protective response
could be associated with a balanced inflammatory/regulatory
response.67–69 Regulatory activities of the cytokines are prob-
ably crucial in controlling the inflammatory response during
dengue disease, which is necessary for control of viral infec-
tion, and the balance among inflammatory/regulatory media-
tors could be related to recovery of most patients with a
dengue secondary infection.9,31,70,71

The IL-10 response of persons with a bivalent infection
history showed higher expression in response to the third
challenge with the three serotypes. This finding could be
explained by the bivalent immunity, which confers wider
memory protective immunity associated with IL-10, which in
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addition to its regulatory role of anti-inflammatory response,
can perform other functions, such as leukocyte recruitment,
particularly cytotoxic T-cells.72–74

The IL-10 response in persons with a DENV-1/DENV-2/
DENV-3 history is notably lower when compared with that of
other groups of study participants. A previous trivalent
immunity, which increases serotype cross-reactive immune
protectiveness, enables rapid and effective control of the
infection. This control avoids an excess of pro-inflammatory
cytokines (levels of which are also low in tertiary-infected
persons). As a result, there is low induction of regulatory
cytokines such as IL-10.
DENV-1/DENV-2 immune persons showed significantly

higher expression of TGF-b to DENV-2 tertiary challenge.
In DENV-1/DENV-3 persons, TGF-b expression was signifi-
cantly higher to DENV-3 challenge. In DENV-2/DENV-3
persons, there was significantly higher TGFb expression in
response to challenge with DENV-2 and DENV-3. These
findings might indicate that DENV-2 and DENV-3 are more
immunogenic than DENV-1 in terms of regulatory cytokines
induction, thereby inducing a stronger regulatory DENV-2/
DENV-3–specific memory immune response.
DENV-2/DENV-3 challenge showed significantly lower

levels of TGF-b expression than DENV-1/DENV-2 and
DENV-1/DENV-3 challenges (P < 0.0001), which is similar to
tertiary DENV-1/DENV-2/DENV-3 challenge. Interestingly,
these secondary infection sequence groups also showed signifi-
cantly lower expression of TNF-a and IFN-g. Effective and
rapid control of infection by heterovalent antibodies, which are
products of the memory humoral immune response produced
afterDENV-2andDENV-3 infections, could prevent activation
of the TH antiviral and pro-inflammatory TNF-a and IFN-g
response. Low levels of TGF-b expression could be caused by
absence of the stimulus of inflammatory cytokines.75,76

It is also interesting that persons with DENV-2/DENV-3
secondary infections showed levels of TNF-a and IFN-g
expression as low as those seen in persons with tertiary
DENV-1/DENV-2/DENV-3 infections, and tentatively, lower
TGF-b levels of expression. This finding could indicate that
DENV-2/DENV-3 secondary infection may induce a cross-
reactive cellular protective immunity that confers protection
against the four dengue virus serotypes. These results could
be useful for vaccine strategies.
Quaternary challenge in DENV-1/DENV-2/DENV-3 per-

sons showed low expression levels of the four cytokines. This
finding could be the result of a previous trivalent immunity,
which increases serotype cross-reactive immune protective-
ness, enabling rapid and effective control of infection. There
are recent reports that confirm the importance of cell-
mediated response in conferring protective response against
dengue virus.77,78 This is the first report of cytokine expres-
sion after a quaternary dengue challenge, and supports the
importance of heterovalent immunity to achieve a successful
dengue vaccine.
In contrast to other countries characterized by co-circulation

of several dengue virus serotypes, Cuba represents a unique
environment to study tertiary and quaternary dengue chal-
lenges in a population with a well-defined history of dengue
virus infections. We took advantage of this situation to investi-
gate variations in expression of four cytokines with critical
roles in DHF immunopathogenesis after secondary, tertiary,
and quaternary ex vivo challenge in a sequence-specific

manner. We confirmed that previous immunity to a dengue
virus serotype determines the cellular immune response pat-
tern in subsequent infections.
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19. Böyusn A, 1968. Isolation of mononuclear cells and granulocytes
from human blood. Scand J Clin Lab Invest 21 (Suppl 9): 77–89.

20. Bravo JR, Guzman MG, Kouri GP, 1987. Why dengue haemor-
rhagic fever in Cuba? 1. Individual risk factors for dengue
haemorrhagic fever/dengue shock syndrome (DHF/DSS). Trans
R Soc Trop Med Hyg 81: 816–820.

21. Alvarez M, Rodriguez-Roche R, Bernardo L, Vazquez S, Morier
L, Gonzalez D, Castro O, Kouri G, Halstead SB, Guzman MG,
2006. Dengue hemorrhagic fever caused by sequential dengue
1-3 virus infections over a long time interval: Havana epidemic,
2001–2002. Am J Trop Med Hyg 75: 1113–1117.

22. Gibbons RV, Kalanarooj S, Jarman RG, Nisalak A, Vaughn DW,
Endy TP, MammenMP Jr, Srikiatkhachorn A, 2007. Analysis of
repeat hospital admissions for dengue to estimate the frequency
of third or fourth dengue infections resulting in admissions and
dengue hemorrhagic fever, and serotype sequences. Am J Trop
Med Hyg 77: 910–913.

23. Guzman MG, Alvarez A, Vazquez S, Alvarez M, Rosario D,
Pelaez O, Cruz G, Rodriguez-Roche R, Pavon A, Gonzalez A,
Morier L, Ruiz D, Kourı́ G, Halstead SB, 2012. Epidemiologic
studies on dengue 3 In Playa Municipality, Havana, Cuba, 2001–
2002. Int J Infect Dis 16: e198–e203.

24. Sierra B, Perez AB, Vogt K, Garcia G, Schmolke K, Aguirre E,
Alvarez M, Kern F, Kourı́ G, Volk HD, Guzman MG, 2010.
Secondary heterologous dengue infection risk: disequilibrium
between immune regulation and inflammation? Cell Immunol
262: 134–140.

25. Guzman MG, 2005. Global voices of science. Deciphering dengue:
the Cuban experience. Science 309: 1495–1497.

26. Guzman MG, Kouri G, Bravo J, Soler M, Morier L, Vazquez S,
Diaz A, Fernandez R, Ruiz A, Ramos A, 1988. Dengue in
Cuba: history of an epidemic [in Spanish]. Rev Cubana Med
Trop 40: 29–49.

27. Kurane I, 2007. Dengue hemorrhagic fever with special emphasis
on immunopathogenesis. Comp Immunol Microbiol Infect Dis
30: 329–340.

28. Cardier JE, Marino E, Romano E, Taylor P, Liprandi F, Bosch N,
Rothman AL, 2005. Proinflammatory factors present in sera
from patients with acute dengue infection induce activation and
apoptosis of humanmicrovascular endothelial cells: possible role
of TNF-alpha in endothelial cell damage in dengue. Cytokine
30: 359–365.

29. Mangada MM, Rothman AL, 2005. Altered cytokine responses
of dengue-specific CD4+ T cells to heterologous serotypes.
J Immunol 175: 2676–2683.

30. Guidotti LG, Chisari FV, 2001. Noncytolitic control of viral infec-
tions by the innate and adaptive immune response. Annu Rev
Immunol 19: 65–91.

31. Gunther VJ, Putnak R, Eckels KH, Mammen MP, Schererd JM,
Lyonsa A, Szteine MB, Sunf W, 2011. A human challenge
model for dengue infection reveals a possible protective role
for sustained interferon gamma levels during the acute phase
of illness. Vaccine 29: 3895–3904.

32. Guzman MG, Pelaez O, Kouri G, Quintana I, Vazquez S, Penton
M, Avila LC, 2006. Final characterization of and lessons learned
from the dengue 3 epidemic in Cuba, 2001–2002 [in Spanish].
Rev Panam Salud Publica 19: 282–289.

33. Vaughn DW, Green S, Kalayanarooj S, Innis BL, Nimmannitya S,
Suntayakorn S, Endy TP, Raengsakulrach B, Rothman AL,
Ennis FA, Nisalak A, 2000. Dengue viremia titer, antibody
response pattern, and virus serotype correlate with disease
severity. J Infect Dis 181: 2–9.

34. Ocazionez RE, Gomez SY, Cortes FM, 2007. Dengue hemorrhagic
fever serotype and infection pattern in a Colombian endemic
area [in Spanish]. Rev Salud Publica (Bogota) 9: 262–274.

35. Thomas L, Verlaeten O, Cabié A, Kaidomar S, Moravie V,
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