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Abstract

Immunosuppressive status against infections in monocytes from neonates and elderly subjects has been re-
ported. The interaction between dengue virus and monocytes/macrophages plays an important role during
dengue disease. The aim of this study was to determine the cytokine response of monocytes from individuals
with different ages after infection with dengue virus. Monocyte/macrophage cultures from neonatal, adult, and
elderly subjects (n=10 each group) were incubated with all four dengue virus types (DENV-1 to -4). After 1
and 3 days of culture, cytokine concentrations (TNF-o, IL-6, and IL-1f) were determined in culture super-
natants by enzyme-linked immunosorbant assay. Increased production of all studied cytokines was induced by
the different viral types in monocyte/macrophage cultures regardless of their source. However, lower cytokine
concentrations were found in neonatal and elderly monocytes. The relative monocyte/macrophage immuno-
suppressive status observed in neonates and the elderly could be relevant during dengue infection in those age

groups and important in innate and adaptive immunity responses against this virus.

Introduction

MONOCYTES/MACROPHAGES (Mo/M@®) are one of the
major target cells of dengue virus (DENV; genus
Flavivirus, family Flaviviridae). These cells are responsible
for the dissemination of DENV after its initial entry via the
mosquito vector (15). It has been shown that soluble medi-
ators released from DENV-infected Mo/M @ exert prominent
effects on the biologic properties of endothelial cells and the
hematopoietic cell population (1,5,31), suggesting that the
interaction of DENV with Mo/M® could play a role in
the pathogenesis of DENV. Previous clinical reports have
shown that dengue shock syndrome is rare in neonates (6) and
that elderly people are at lower risk of presenting with
hemorrhagic manifestations (12) during DENV infection—
features that are related to the level of circulating proin-
flammatory cytokines. In this regard, tumor necrosis factor-
alpha (TNF-o), interleukin-1 beta (IL-1), and interleukin-6
(IL-6) represent important Mo/M@® soluble mediators and
could play a role in the development of the disease
(11,22,33,35). Since it has been shown that monocytes from

neonates and the elderly have immunosuppressive status
against infections (9,13,21,23,28,30,34,36), the cytokine
(TNF-o, IL-6, and IL-1f) response of monocytes from ne-
onates, young adults, and elderly subjects were analyzed
during experimental DENV infection with each of the four
DENV types (DENV-1 to -4).

Materials and Methods
Preparation of virus stock and virus titration

Each of the DENV laboratory prototype strains—DENV-
1 (Hawaii), DENV-2 (New Guinea C), DENV-3 (H-87), and
DENV-4 (H-241)—were propagated in C6/36HT mosquito
cells that were cultured in Eagle’s minimal essential me-
dium (EMEM) containing 10% fetal bovine serum (FBS)
prior to viral infection. The cell culture supernatant was
harvested after 5 days of incubation, and cell debris were
removed by centrifugation. The clarified virus stocks were
aliquoted and stored at —70°C until used. Viruses were ti-
trated by plaque formation assays on Vero cells (3). Briefly,
cells were planted at a density of 1x10° cells/well in
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24-well plates, and subsequently, serial dilutions of virus
were added, and the mixtures were incubated at 37°C for 7
days. Afterwards, the plaques were visualized by staining
with a 1% crystal violet dye solution. Virus concentrations
are given as plaque-forming units (PFU)/mL. Virus stocks
were free of endotoxin as determined by the limulus ame-
bocyte lysate assay (Charles River Laboratories, Wilming-
ton, MA).

Monocyte/macrophage cultures

Monocytes were isolated from heparinized peripheral
blood obtained from human healthy male neonates (umbil-
ical cord blood), young adults (3545 years old), and elderly
subjects (65-70 years old; n=10 per group). Individuals or
parents were informed about the study procedures, and their
consents were obtained before enrollment in the investiga-
tion following the ethical committee guidelines of the bio-
ethical committee of the Medical School (Universidad del
Zulia, Maracaibo, Venezuela). All individuals were tested
for circulating DENV NS1 protein and anti-dengue IgM and
IgG antibodies (Dengue NS1 Ag+Ab combo; SD Bioline,
Seoul, South Korea). Positive subjects to any of these pa-
rameters were excluded from this study. Mononuclear cells
were isolated by density centrifugation over 1.077 Histo-
paque (Sigma Chemical Co, St. Louis, MO). Total mono-
nuclear leukocyte recovery from the interface were washed
and suspended in RPMI 1640 medium containing 10% FBS
and penicillin/streptomycin. Afterwards, 300 uL/well of a
cellular suspension (4x 10° cells/mL) were layered on 24-
well plastic tissue culture plates (Nunc, Roskilde, Denmark)
and incubated for 3h at 37°C and 5% CO,. Nonadherent
cells were washed out with warm medium, and adhered cells
(approx 3x10° cells) were used for experiments. To assess
the purity of the cultures, cells were reacted with an FITC-
conjugated anti- human CD14 monoclonal antibody (Sigma
Chemical Co.), and the percentage of CD14+cells was
determined by microscopy with an epifluorescence system
(Zeiss, Oberkochen, Germany).

Infection of Mo/M® cultures

Monocytes from each subject were infected with each
DENYV type at a multiplicity of infection of 1, and incubated
for 1 and 3 days at 37°C, 5% CO,. Controls represent
monocytes cultured with supplemented medium without
virus. In addition, monocyte cultures were incubated with
LPS (50ng/mL; Sigma-Aldrich Company, St. Louis, MO)
for the same period of time. All cultures were performed in
triplicate. Intracellular viral antigens were detected by an
indirect immunofluorescence assay using a DENV-specific
polyclonal antibody (Chemicon/Millipore, Billerica, MA).
Uninfected cultures from each group were used as negative
controls.

Cytokine determination

Cytokine concentrations (TNF-o, IL-6, and IL-1f) were
determined in supernatant cultures by enzyme-linked im-
munosorbant assay (ELISA) following the manufacturer’s
indications (R & D Systems, Minneapolis, MN). Cell
monolayers were sonicated to determine total cellular pro-
tein content per well (Bio-Rad Laboratories, Inc., Hercules,
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CA) in order to normalize supernatant cytokine concentra-
tion (pg/mg of cellular protein). Indexes of neonatal, adult,
and elderly cytokine productions were also determined by
neonatal cytokine values/neonatal cytokine values, adult
cytokine values/neonatal cytokine values, or elderly cyto-
kine values/neonatal cytokine values. These indexes repre-
sent the cytokine values obtained by all DENV infection
types or by LPS.

Statistical analysis

Data were expressed as mean tstandard deviation. Dif-
ferences between groups were determined by analysis of
variance following by Bonferroni’s post-hoc test. Statistical
significance was considered when p <0.05.

Results

In this study, Mo/M@ (purity >95%) were co-cultured
with the laboratory strains of DENV-1 to -4 or with LPS. In
order to determine the response capacity of Mo/M@® ac-
cording to the age of the donor, monocytes from neonates,
young adults, and elderly individuals were tested for the
cytokine response during infection by DENV. Increased
production of TNF-¢, IL-6, and IL-1f were induced by the
different viral types in cultures from neonatal, adult, and
elderly individuals. DENV-2 induced the highest production
of TNF-o and IL-1f, and DENV-4 of IL-6. The grade of
cytokine responses was influenced by monocyte source
(Table 1). In general, lower values in TNF-«, IL-6, and IL-
1 production (Figs. 1-3) were found in neonatal Mo/M®,
followed by elderly Mo/M @, while the highest values were
observed in adult Mo/M@®. These findings were observed at
days 1 and 3 postinfection, and the cytokine pattern of Mo/
M@ response induced by DENV was similar to that ob-
served in LPS-treated cultures, as indicated by the index of
elderly or adult cytokine values/neonatal cytokine values
(Fig. 4).

Discussion

During inflammatory reactions, increased production of
TNF-o, IL-6, and IL-1p can be produced in inflamed tissues
by Mo/M@®. The sustained inflammation after bacterial in-
fection in neonates, resulting in inflammatory sequelae, is
well known (13), suggesting an altered monocyte function.
This study assessed the potential contribution of Mo/M®
from neonates, young adults, and elderly subjects in the
production of cytokines after infection with DENV. Al-
though in general all tested cytokines were increased after
DENYV infection compared to control cells (uninfected Mo/
M®) in all age groups, the viral-neonatal Mo/M@ interac-
tion showed decreased production of cytokines when com-
pared to other Mo/M® groups (i.e., elderly and adult
monocytes), suggesting a diminished response to DENV by
neonate Mo/M@. It is well known that neonates are born
with quantitative and qualitative defects in both adaptive
and innate immune responses (23,36). Thus, the neonatal
Mo/M@® response observed in this study may be related to
intrinsic functional deficiency of neonatal status. In this
regard, lymphocyte subset percentages in cord blood from
neonates and neonatal cytokine responses to bacterial anti-
gens were observed to be diminished when compared to
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TABLE 1. CYTOKINE PRODUCTION ACCORDING TO VIRAL TYPE AT DAYS 1 AND 3
Cytokine/Day DENV-1 DENV-2 DENV-3 DENV-4 Control
Neonatal
TNF-o/1 63.76 £4.25%* 132.1 £2.40* 62.33 £3.54%* 65.7+£1.95%* 9.57%£0.66
TNF-o/3 71.3441.94%* 185.3+3.11* 78.27+1.62%* 75.810.54%* 12.0+£0.43
1L-6/1 1479 £12.5%* 165.7£5.77%* 140.4 £7.51%* 215.2+5.38* 60.89+5.3
1L-6/3 217 £2.30%* 219+ 11.6%* 189+6.32%* 298.3+3.5% 84.38£4.27
IL-1p/1 43.84+0.36%* 145.2 £1.64* 54.59 £0.93%** 43.06£0.6%* 11.04£0.33
IL-15/3 56.03 £3.24%* 180.6 +£1.08* 65.83 £2.85%* 62.3+1.19%* 15.35£0.71
Adult
TNF-o/1 135.941.04%* 230.6+1.2* 130.7 £0.86%* 133.5£1.6%* 15.29£0.16
TNF-o/3 162.1£2.65%* 261.7+1.03* 156.6 £ 1.46%* 157£2.77+%* 17.26£0.41
1L-6/1 279.5£12.7%* 259.4£16.5%* 279 £8.59** 396.7 +7.49* 105.2+£1.21
1L-6/3 310.8 £2.60** 293.3+4.69%** 314.7£5.23*%* 473 +£21.63* 122.7£2.29
IL-1p/1 T4.73£0.7%* 195.5+£0.72* 75.55£1.65%* 77.31£1.2%* 1595£1.75
IL-15/3 93.59£2.32%%* 223.1+1.13* 86.72+£2.41%* 88.17£1.9%* 19.2+£0.72
Elderly
TNF-0/1 85.09+1.38%** 155.2+£0.58* 90.06 £ 1.04%** 86.27 £4.3%* 10.04 £0.07
TNF-o/3 92.29£2.03%* 202.8+4.41%* 98.78 £0.81** 97.8+1.91%* 13.76 £0.28
1L-6/1 238.3+10.7%* 212.4 £6.65%* 2437 £27.3%* 367.1+5.14* 90.03 £2.08
1L-6/3 289.4£3.43%* 259.3£7.57** 286+ 8.60** 397.7+4.80* 111.6£6.43
IL-1p/1 71.21£0.94%** 164 +0.36* 63.15£0.69%* 68.96 £1.2%* 13.26 £0.16
IL-15/3 83.17£0.21%** 213.7+1.14%* 71.63£0.67** 7494 1.23%* 17.1£0.81

Boldface numbers represent the cytokine high values observed during a particular dengue type infection.
*p<0.01 versus all other groups; **p <0.001 versus control (uninfected Mo/M@ cultures).

those observed in adults (25). Plasma cytokine concentra-
tions (IL-1 o, IL-1f, and IL-6) and cytokine production by
neonatal monocytes after in vitro lipopolysaccharide stim-
ulation have been found to be decreased compared to plasma
and monocytes from adults (28). In addition, blocking cy-
tokine condition has been reported in neonates. Plasma
levels of interleukin-1 receptor antagonist (IL-1ra) and IL-
Ira produced in vitro by neonatal peripheral blood mono-
cytes stimulated with LPS were significantly higher than
plasma and monocytes from adults (27). The reduced re-
sponse of neonatal Mo/M@ to DENV could also be related
to immunosuppression activities from growth factors. It has
been reported that Insulin-like growth factor-I may be a key
regulator of neonatal immune responses in maturation pro-
cesses and inflammation by suppressing proinflammatory
Thl responses (29). It has also been demonstrated that an
increment of distinct inhibitory receptors on neonatal pe-
ripheral blood immune cells could play a role in the regu-
lation of the neonatal immune system (36). Decreased
production of TNF-¢, IL-6, and IL-1/ by neonatal Mo/M®
after interaction with DENV could have an effect in the
pathogenesis of DENV in this age group, since these cyto-
kines play important roles in the development of the disease
(11,22,33,35). However, besides the immunosuppressant
status observed in neonatal Mo/M®, human cord blood
mononuclear cells are capable of increasing expression/
secretion of high mobility group box 1 protein (HMGBI)
triggered by diverse stimuli. HMGB1 mediates the response
to infection, injury, and inflammation, inducing dendritic
cells maturation and Th-1 responses (7). This could be im-
portant in the neonatal response of Mo/M® to DENV, since
this virus has been shown to induce the translocation of
HMGBI1 from the nucleus to the cytoplasm in human
monocytes, which is followed by further proinflammatory
events (24). In addition, monocytes and T-lymphocytes

from neonates are capable, like those from adults, of rec-
ognizing the presence of pathogens through Toll-like re-
ceptors (TLRs) (8), and these receptors play a role in the
susceptibility and severity of complicated DENV infection
(10). The clinical relevance of the observed decreased IL-
1, IL-6, and TNF-a production in neonatal Mo/M® re-
mains to be clarified, since several studies have shown that
dengue shock syndrome is rare in neonates (6), and this
condition has been related to increased circulation of
proinflammatory cytokines.

On the other hand, ageing may contribute to the immune
dysregulation that affects the elderly (32). It has been
demonstrated that the number of myeloid dendritic cells
progressively declines with age, accompanied by a decrease
of CD34 +precursors and impaired ability of dendritic cells
to produce IL-12 upon stimulation (9). In this study, Mo/
M@ from elderly subjects had decreased production of cy-
tokines after DENV infection compared to young adult
leukocytes, suggesting impairment in the production of cy-
tokines in older individuals. Monocyte alterations in elderly
subjects have been previously described. Monocytes from
elderly individuals had decreased accessory function for
PHA-stimulated T-cells from young individuals (30). Lower
cytokine production and low regulation of co-stimulatory
proteins such as CD80 (essential for optimal activation of
T-cells) on monocytes from older adults were observed for
all TLR ligands tested when compared to cells from young
individuals (34). Therefore, the impaired response to DENV
by elderly monocytes found in this study could be involved
in the course of DENV in elder individuals (21). In this
regard, it has been reported that DENV infection in the
elderly is related to a higher likelihood of being hospital-
ized, and those individuals are at higher risk for death
in comparison to infants, youth, and young adults, be-
sides being at lower risk of presenting with hemorrhagic
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compared to adult monocyte cultures were observed at days 1 and 3. These responses were similar to those observed with

LPS stimulation.

manifestations (12). However, elder individuals with im-
paired production of Mo/M¢-produced IL-1f, IL-6, and
TNF-o, as suggested by our results, could have high con-
centrations of these cytokines, since other cells such as
T-lymphocytes and NK cells are capable of producing these
cytokines during DENV infection (15,33).

The proinflammatory cytokines are a key factor in the
pathogenesis of dengue. TNF-o, IL-6, and IL-1f play im-
portant roles during DENYV infection, and the low response
for those cytokines by DENV-infected monocytes from
neonates and elderly people could be important in the de-
velopment of the disease. TNF-o, IL-6, and IL-1f have
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been involved in DENV hemorrhagic manifestations. In
this regard, a rapid increase in the levels of cytokines, es-
pecially TNF-o, plays a key role in inducing unique clini-
cal manifestations of dengue hemorrhagic fever such as
plasma leakage, shock, and hemorrhagic manifestations
(20). DENV infection leads to increased platelet-derived IL-
1p that contributes to increased vascular permeability (17).
IL-6 has been associated with disease severity, especially in
dengue hemorrhagic fever/dengue shock syndrome patients

(4). Therefore, decreased levels of those cytokines (compared
to adult response) could be involved in decreased hemorrhagic
manifestations. In this regard, clinical reports have shown that
dengue shock syndrome is rare in neonates (6) and that elderly
people are at lower risk of presenting with hemorrhagic
manifestations (12) during dengue infection, findings related
to the level of circulating proinflammatory cytokines.
Interestingly, DENV-2 appears to have a higher stimu-
latory effect on TNF-o and IL-1f production by Mo/M¢
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Decreased cytokine values in neonatal and elderly monocyte cultures infected with all viral types compared to adult
monocyte cultures were observed at days 1 and 3. These responses were similar to those observed with LPS stimulation.

than the rest of the other DENV types. We do not have a
clear explanation for this phenomenon, but the higher pro-
duction of cytokines induced by DENV-2 (TNF-a, IL-1p)
and by DENV-4 (IL-6) could involve these viral types in
severe forms of DENV (2,16,19,33).

The interaction of viruses with proteins expressed on cell
membranes could be an important factor to define cytokine
cell response. DENV entry in target cells occurs via clatrhin-
mediated endocytosis and the process is initiated after the
binding of DENV virions to putative receptors that include

DC-SIGN, the mannose receptor (MR), and glycosamino-
glycans (GAG) such as heparan sulfate. To date, no DENV-
or Flavivirus-specific receptors have been identified, and the
binding step between DENV and DC-SIGN, MR, GAG, and
other unidentified receptor(s) is not well understood. Other
receptors such as pattern recognition receptors (PRR) in-
cluding TLR3, TLR7, RIG-I, and MDAS are induced during
DENV infection and are involved in type I IFN induction
after the infection. It has also been reported that CLECS5A is
critical for DENV-induced lethal disease in animal models
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(14,26). The interaction of DENV with any of those proteins
could stimulate the release of proinflammatory cytokines.
However, to our knowledge, there are no reports on the dif-
ferential expression of putative DENV receptors in cells from
individuals in different stages of life (i.e., children, adults,
elderly) that could be involved in the differential cytokine
response observed in this study. In this study, Dengue intra-
cellular viral antigens were detected in cells by a nonspecific
dengue type antibody. Many positive cells were found, sug-
gesting that viral entry occurred (data not shown). The
presence of intracellular viral antigen could be involved in
cytokine production. However, the interaction of DENV with
CLECS5A does not result in viral entry, but stimulates the
release of proinflammatory cytokines (14,26). Therefore, the
viral stimulatory cytokine production observed in this study
could be related to intra- and/or extracellular stimulation.

During this study, both neonatal and elderly Mo/M® had
a lower cytokine response to DENV infection than young
adult Mo/M @, suggesting that an immunosuppressive con-
dition exists at both ends of life, which is probably due to
different physiopathological mechanisms. The balance be-
tween proinflammatory/anti-inflammatory cytokine effects
and other mechanisms of inflammation could mediate the
final response to DENV and the course of the disease. In
addition, the innate immune system initiates and supports
adaptive immunity (18), suggesting that the initial response
of neonatal and elderly Mo/M® could support different
adaptive immunity responses than that observed in young
adults. Further investigation is required to determine the
cytokine profile response and the cellular expression of
relevant proteins involved in cytokine production in DENV-
infected patients according to the age of donors.
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