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Dengue virus (DENV) produces an acute infection that results in the overproduction of proinflammatory cytokines. Although
increased levels of the immunoregulator soluble ST2 (sST2) protein have been reported in the serum of patients with dengue, its
importance during DENV infection remains unclear. The purpose of this study was to evaluate the effect of a recombinant human
sST2 protein on the production of TNF-𝛼 and IL-6 in an in vitro model of DENV infection. Peripheral blood mononuclear cells
(PBMCs) were permissive to in vitro DENV infection since viral antigen was detected in CD14+ monocytes by flow cytometry
(median, 1%; range, 0–2.2), and in their supernatants TNF-𝛼 and IL-6 were detected. However, sST2 protein was not detected.
Using multiple staining on infected PBMC we found that only CD14+ cells produced TNF-𝛼 and IL-6. Treatment with human
recombinant sST2 protein decreased lipopolysaccharide-induced monocyte TNF-𝛼 and IL-6 production. However, this effect was
not observed when the monocytes were pretreated with sST2 and later infected with DENV-2. These results suggest that sST2 has
different roles in the regulation of TNF-𝛼 and IL-6 expression in human monocytes stimulated with LPS and DENV-2.

1. Introduction

Currently, dengue is the most important arboviral disease
worldwide in terms of morbidity, mortality, and economic
impact [1]. Peripheral blood mononuclear cells (PBMCs)
are cellular targets for dengue virus (DENV) infection [2],
with monocytes being preferentially infected [3, 4]. However,
data exist suggesting that T and B lymphocytes can also
become infected [5, 6]. Following dengue infection, the
virus induces production and liberation of proinflammatory
cytokines such as TNF-𝛼 and IL-6, which induce changes
in vascular permeability, a dominant clinical trait of severe
dengue infections [5, 7–9].

Increased serum levels of sST2 protein have been reported
in patients with dengue [10, 11]. The interleukin-1 receptor-
like-1 protein (IL1RL1), also known as ST2, is a member of
the IL1R/Toll-like receptor (TLR) superfamily [12]. The ST2
gene has three isoforms generated from alternative mRNA
splicing: a membrane-anchored long form (ST2L), a secreted
soluble form (sST2), and amembrane-anchored variant form
(ST2V) [13, 14]. It has been postulated that both ST2L and

sST2 are involved in the control of cytokine expression
during inflammatory events to regulate exacerbated inflam-
matory responses [15]. Treatment with recombinant sST2
protein decreases the in vitro production of proinflammatory
cytokines in murine macrophages stimulated with LPS and
in vivo in murine models of sepsis, arthritis, and ischemia
[16–19], conditions that involve uncontrolled inflammatory
reactions. The biological importance of increased serum
levels of sST2 in patients with dengue remains unknown;
further, the cellular source of sST2 remains undefined.There-
fore, the objective of this study was to evaluate the possible
immunoregulatory effects of recombinant sST2 protein on
the production of proinflammatory cytokines in an in vitro
model of DENV-2 infection.

2. Materials and Methods

2.1. Virus. DENV serotype 2 (DENV-2) was kindly supplied
by the Colombian National Institute of Health and harvested
using C6/36 cells. Additionally, a cellular lysate of C6/36 cells
was prepared (mock inoculum) under the same conditions
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without inoculation of the virus. Viral titres were obtained by
enzymatic immunodetection of foci of infected cells through
monolayers of LLC-MK2 cells.

2.2. Obtaining PBMCs and Monocytes. Peripheral venous
blood was collected from healthy adult donors who autho-
rised, through means of an informed consent, the use of
their blood components for this research study. This study
was approved by the Ethics Committee of the Universidad
El Bosque. Donors seronegative for DENV IgM and IgG
(immunochromatographic kit, Dengue Duo Cassette, Panbio
Diagnostics) were selected. PBMCs andmonocytes were then
obtained under sterile conditions using reagents with endo-
toxin levels under 0.3 EU/mL. The PBMCs obtained through
a Ficoll gradient (Hypaque-1077, Sigma) were resuspended
in maintenance media (RPMI-1640, Gibco) supplemented
with 10% FBS (Gibco), 100U/mL penicillin, and 100 𝜇g/mL
streptomycin (Gibco). Next, cells were transferred at a density
of 1 × 106 cells/mL in 15mL polypropylene tubes to avoid
adherence (Becton Dickinson) or in 96-well plates (Corning)
and incubated at 37∘C in an atmosphere with 5% CO

2
and

70% humidity. Monocytes, obtained by adherence in 75 cm2
culture flasks, were detached and plated at a concentration of
2 × 10

4 cells per well in 96-well polyethylene plates.

2.3. Cell Infection with DENV-2. Infections with DENV-2
were performed at a multiplicity of infection (MOI) of 0.1.
For negative controls, cells incubated with mock inoculum
or cells treated with media alone were used. Depending on
the assay, the PBMCs were infected for 6, 12, or 24 hours;
supernatants or pelleted cells were recovered at each time
point for analysis by flow cytometry.

2.4. Bioactivity of Recombinant Human sST2 (rh-sST2).
Monocytes were pretreated with 10 𝜇g/mL of recombinant
human sST2 (rh-sST2/Fc, R&D Systems) for 3 hours and then
stimulated with 50 ng/mL of Escherichia coli lipopolysaccha-
ride (LPS, Sigma) for 12 hours, at which time cell-free super-
natants were recovered to determine the concentrations of
TNF-𝛼 and IL-6 using flow cytometry. For negative controls,
cells treated with 10𝜇g/mL human IgG (AbD Serotec) and
cells cultured with maintenance media alone were used.

2.5. Effect of rh-sST2 on Monocytes Infected with DENV-2.
Monocytes were pre-treated with 10, 25, or 50 𝜇g/mL of rh-
sST2 for 3 hours and then infectedwithDENV-2 at anMOI of
0.1 for 12 hours; cell-free supernatants were then recovered to
determine the concentrations of TNF-𝛼 and IL-6 using flow
cytometry. For negative controls, cells treated with 10, 25, or
50𝜇g/mL human IgG (AbD Serotec) and cells treated with
mock inoculum were used.

2.6. Detection of Infected Cells and Intracellular Cytokines by
Flow Cytometry. Dengue virus detection in cells was made
using an anti-flavivirus monoclonal antibody (Chemicon,
MAB8744, mouse isotype IgG2a, clone 6B6C-1), followed
by a secondary anti-mouse IgG2a coupled to FITC (Bec-
ton Dickinson). The following other primary antibodies

(IgG1 isotype) were used to detect surface markers: anti-
CD3-Pacific Blue (Becton Dickinson), anti-CD19-APC-Cy7
(Becton Dickinson), and CD14-PerCP Cy5.5 (eBioscience).
Between 10 and 12 hours before harvesting the cells for
analysis, 10 𝜇g/mL brefeldin A (BD GolgiPlug) was added.
During staining, the cells were incubatedwith a viability stain
(LIVE/DEAD Fixable Aqua Dead Cell Stain, Invitrogen). For
intracellular staining, the cells were fixed and permeabilised
with Cytofix/Citoperm solution (Becton Dickinson) accord-
ing to the manufacturer’s instructions. Antibodies used
to detect intracellular cytokines were TNF-𝛼-APC (Becton
Dickinson) and IL-6-PE (eBioscience). A total of 100000
events were acquired and analysed using a FACSCanto II flow
cytometer (Becton Dickinson), using FACSDiva software.

2.7. Cytometric Bead Array (CBA) Assay for Cytokine Levels.
Thequantification of TNF-𝛼 and IL-6 in culture supernatants
was performed using a CBA assay (BD Biosciences) accord-
ing to themanufacturer’s instructions, which has a theoretical
limit of detection of 0.7 pg/mL and 1.6 pg/mL for TNF-𝛼
and IL-6, respectively. All of the samples were acquired and
analysed using a FACSCanto II flow cytometer (Becton-
Dickinson), using FACSDiva and FCAP Array software.

2.8. Statistics. The data were analysed with the statistical
program SPSS version 18. Nonparametric Mann-Whitney
andWilcoxon tests were used. In all cases, values of 𝑃 < 0.05
were considered significant.

3. Results

Initially, the PBMCs were infected for 24 hours at a MOI of
0.1, and infection was verified by flow cytometry. The results
showed that of the subpopulations analysed, infection was
observed only in CD14+ monocytes (median, 1%; range, 0–
2.2) compared to CD14+ cells treated with mock inoculum
(median, 0.3%; range, 0.1–0.5) (𝑃 < 0.05) (Figure 1(a)). In
contrast, infection was not observed in the other populations
analysed (Figure 1(b)).

Simultaneously, the production of proinflammatory sol-
uble cytokines was quantified. As shown in Figure 2, TNF-
𝛼 and IL-6 production was detected in the supernatants
from infected PBMCs at all time points assayed. However,
the concentrations of TNF-𝛼 tended to decrease over time.
At 6 hours after inoculation, the median TNF-𝛼 concen-
tration was 414 pg/mL (range, 224–604); this concentration
decreased to 222 pg/mL (range, 44–289) at 12 hours and
to 65 pg/mL (range, 2–96) at 24 hours after inoculation
(Figure 2(a)). In contrast, the concentrations of IL-6 in the
culture supernatants increased over time; the median value
of 5213 pg/mL (range, 3065–9381) at 6 hours after inoculation
increased to 7454 pg/mL (range, 5737–12331) at 12 hours
and to 11788 pg/mL (range, 8521–38509) at 24 hours after
inoculation (Figure 2(b)).

Additionally, the PBMC subpopulations responsible for
the production of proinflammatory cytokineswere identified.
CD14+ monocytes produced TNF-𝛼 and IL-6 at 12 and 24
hours after infection. In contrast, neither of the two cytokines
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Figure 1: The CD14+ monocytes subpopulation is permissive to infection with DENV-2. PBMCs were infected with DENV-2 at an MOI of
0.1 for 24 hours. Significant differences were observed only in infected CD14+ monocytes compared to the mock (a). A representative result
from one of the healthy subjects is shown, in whom it can be seen that only CD14+ monocytes have a higher percentage of DENV positive
cells compared to mock (1.4% versus 0.5%) (b). Results expressed as box and whisker plots summarizing data from eight healthy subjects.
Significance was calculated using the Mann-Whitney test ∗𝑃 < 0.05.
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Figure 2: DENV-2 induces the production of proinflammatory cytokines in PBMCs. PBMCs were infected with DENV-2 at an MOI of 0.1
for 6, 12, or 24 hours; concentrations of TNF-𝛼 (a) and IL-6 (b) were quantified in the supernatants using a CBA assay.The data were obtained
after subtracting the concentration values of each cytokine quantified in the supernatants of the mock-inoculated cells. The median values
obtained from mock-inoculated cells were 4 pg/mL (range, 0–14) and 125 pg/mL (range, 56–1153) for TNF-𝛼 and IL-6, respectively. Results
expressed as box and whisker plots summarizing data from three healthy subjects.

evaluated were detected in T and B lymphocytes. As shown in
Table 1, more CD14+monocytes produced TNF-𝛼 and IL-6 at
12 hours post-infection.

Previously we found that patients with acute-phase DHF/
DSS had greater sST2 levels in sera than DF patients or
controls [11], but the cellular source of sST2 remains un-
defined. To evaluate whether PBMCs could produce sST2,
an ELISA was performed to quantify the levels of sST2 in
the supernatants of PBMCs infected with DENV-2 for 12,
24, 48, 72, and 96 hours. sST2 was not detected in any of
the four replicates from any time point for any condition,
neither was sST2 detected from mock-inoculated PBMCs
(data not shown). As a positive control for the ELISA, sera
from patients with dengue fever or dengue hemorrhagic fever
previously analyzed were used [11].

Finally, because the CD14+ monocytes were the only
cellular population permissive for infection in vitro and they
were responsible for the production of TNF-𝛼 and IL-6, the
possible immunoregulatory effects of rh-sST2 were evaluated
in this cellular population. First, the bioactivity of rh-sST2
was verified, and its effect on LPS-induced TNF-𝛼 and
IL-6 production was evaluated. The monocytes pre-treated
with rh-sST2 and LPS stimulated produced significantly
less TNF-𝛼 and IL-6 compared to the monocytes not pre-
treated with rh-sST2 and LPS stimulated (Figure 3(a)). To
test whether this same effect was detectable during DENV
infection, monocytes were pre-treated with different concen-
trations of rh-sST2 and infected. As seen in Figures 3(b)
and 3(c), the median concentrations of TNF-𝛼 and IL-6
in the supernatants of monocytes infected and pre-treated
with 10 𝜇g/mL of rh-sST2 were 854 pg/mL (range, 352–
1244) and 12374 pg/mL (range, 4479–15604), respectively.

Table 1: Tumor necrosis factor alpha and interleukin-6 production
by human CD14+ monocytes infected with DENV.

Percentage of monocytes producing cytokinea

TNF-𝛼 IL-6 TNF-𝛼/IL-6
Mock 0.6 (0.6–0.9) 0.5 (0.4–0.6) 0.2 (0.1–0.3)
DENV-2

12 h p.i. 9.9 (7.9–12.5) 5.6 (3.4–8.5) 3.6 (1.8–7.2)
24 h p.i. 0.6 (0.5–1.8) 2.9 (0.8–28) 0.8 (0.7–7.0)

aPercentages were expressed as the median (range) from three healthy
subjects processed independently.Mock infected andDENV-infectedmono-
cytes were processed simultaneously to detect CD14+ cells and intracellular
cytokine.

Contrary to what was observed with LPS, these levels were
not different compared to cytokine concentrations produced
by the infected monocytes that were not pre-treated with rh-
sST2. Equally, we did not observe significant differenceswhen
we used several concentrations (Figures 3(b) and 3(c)).

4. Discussion

The model of infection used in this study has characteristics
that approximate the conditions of in vivo infections; in other
words a lower MOI, unfractionated PBMCs, and monocytes
maintained in suspension were used. Of the subpopula-
tions analysed, only CD14+ monocytes were infected with
DENV-2. Moreover, the production of TNF-𝛼 and IL-6 was
detected in supernatants from infected PBMCs, and CD14+
monocytes were identified as the cellular source of these
cytokines during DENV-2 infection. Therefore, this is the
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Figure 3: Treatment with rh-sST2 decreases the production of TNF-𝛼 and IL-6 in human CD14+ monocytes stimulated with LPS, but not
in DENV-2-infected monocytes. Monocytes were pre-treated with 10𝜇g/mL of rh-sST2 or IgG for 3 hours and were then stimulated or not
with LPS (a) or were pre-treated with 10, 25, or 50𝜇g/mL of rh-sST2 or IgG for 3 hours and were infected or not with DENV-2 using an
MOI of 0.1 ((b) and (c)) for 12 hours, at which time TNF-𝛼 and IL-6 were quantified in the culture supernatants using a CBA assay. The
data were obtained after subtracting the concentration values of each cytokine quantified in the supernatants of the mock-inoculated cells.
The median values obtained from mock-inoculated cells were 25 pg/mL (range, 9–49) and 251 pg/mL (range, 202–1104) for TNF-𝛼 and IL-6,
respectively. Results expressed as box and whisker plots summarizing data from six healthy subjects. Significance was calculated using the
Wilcoxon test ∗𝑃 < 0.05.

first study that utilised an in vitro unfractionated PBMC
model of infection to simultaneously identify the cellular
subtypes that were preferentially infected and responsible for
the production of proinflammatory cytokines.

Previously, it has been shown that higher concentrations
of sST2 are found in the dengue patients’ serum [10, 11].
However, the cellular source of sST2 and its role during
DENV infection remain undefined. Therefore, this study
aimed to address these two questions. First, sST2 was not
detected in the supernatants of PBMCs infected with DENV-
2. These results are consistent with what has been reported
in other in vitro disease model studies, where higher levels of
sST2 were detected in patient serum samples. For example,
in an in vitro sepsis model, Van’t Veer et al. [20] was unable
to detect sST2 in plasma taken from LPS-stimulated whole
blood samples. Similarly, Mildner et al. [21] found that LPS

stimulation of PBMC caused a massive increment of IL-1-𝛼,
IL-1-𝛽, IL-6, and TNF-𝛼, whereas sST2 and IL-33 were not
detectable in the supernatant. In a further attempt, they found
that this supernatant caused a highly significant increment
of sST2 secretion, when coincubated with alveolar epithelial
cells and cardiac myocytes. Wagenaar et al. [22] evaluated
the in vitro production of sST2 in Leptospira-infected whole
blood or PBMCs and also failed to detect sST2. Our results
suggest that PBMCs are not directly responsible for the
production of the sST2 that is present in the serum of patients
with dengue. In contrast, there are reports demonstrating
that when infected with DENV or treated with recombi-
nant TNF-𝛼 or sera from dengue patients, primary human
umbilical vein endothelial cell cultures (HUVECs) signifi-
cantly increased both sST2 mRNA and protein expression
[11, 23].
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Second, it has been reported that in some murine disease
models, such as sepsis, arthritis, and ischemia, recombinant
sST2 protein has an immunoregulatory role by suppressing
the production of proinflammatory cytokines both in vitro
and in vivo [16, 19]. In this study, it is reported for the
first time, using primary cell culture, that the rh-sST2 pro-
tein caused a significant reduction in LPS-induced human
monocyte production of TNF-𝛼 and IL-6. However, the
pretreatment with rh-sST2 did not decrease the TNF-𝛼 or IL-
6 production in monocytes infected with DENV-2.

These differences found in the response of DENV-
infected or LPS-stimulated monocytes could be explained
because the induction of cytokine production in monocytes
can be stimulated using different signalling pathways, with
sST2 only modulating one of those. Recently, it has been
demonstrated that DENV is recognised by TLR-3 in U937
human monocytic cells [24], inducing the expression of IL-
8 through this pathway. Moreover, Brint et al. [25] demon-
strated that ST2 knockoutmice showan increased production
of proinflammatory cytokines when IL-1R, TLR2, TLR4,
and TLR9 are activated, indicating that ST2 is a negative
regulator of signalling through those receptors. However,
when the TLR3 receptor was stimulated, this same effect was
not observed. Additionally, it has been shown that sST2 acts
as a negative regulator of TLR-4 and TLR-1 signalling in
murine macrophages stimulated with LPS by suppressing the
mRNA expression of TLR-4 and TLR-1 [18, 19]. However, the
data are contradictory when analysing the effect of sST2 on
the activation of NF-𝜅B, a common transcription factor in
the TLR signalling pathway [18, 26]. All this evidence could
suggest that the elevated levels of sST2 observed in the serum
of patients with dengue could be not directly related to the
regulation of the immune response during infection.

It has been suggested that the increase in sST2 observed
during DENV infection is related to the disease severity. In a
previous study carried out by our group [11], we found higher
levels of sST2 in the serum of patients with dengue haem-
orrhagic fever compared to dengue fever patients. Similarly,
higher levels of sST2 have been reported in the serum of
patients with secondary infections, compared to patients who
present a primary infection [10]. Due to the loss of vascular
endothelial integrity in severe dengue infection, it is possible
that there is an exposure of underlying fibroblasts to serum
factors, such as TNF-𝛼 and IL-6, which could induce the
expression of sST2 in these cells; in this way sST2 could be
considered rather as a marker for tissue damage [21].

5. Conclusions

The results obtained in this study support the idea that
CD14+ monocytes are the principal target cells for DENV
and that they respond to infection by producing TNF-𝛼 and
IL-6. Additionally, sST2 was not detected in supernatants
from DENV-infected PBMCs, suggesting that this protein
is not produced in vitro by PBMCs. Additionally, this study
describes for the first time the immunoregulatory effect of
rh-sST2 on primary cultures of humanmonocytes stimulated
with LPS. Further, our results suggest that sST2-Fc does not

exercise a direct immunoregulatory effect on the production
of TNF-𝛼 or IL-6 by PBMCs infected in vitro with DENV-2.
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