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Abstract: Platelets are considered as significant players in innate and adaptive immune responses.
The adhesion molecules they express, including P-selectin, CD40L, and CD42b, facilitate interactions
with many cellular effectors. Upon interacting with a pathogen, platelets rapidly express and enhance
their adhesion molecules, and secrete cytokines and chemokines. A similar phenomenon occurs after
exposure of platelets to thrombin, an agonist extensively used for in vitro activation of these cells.
It was recently reported that the dengue virus not only interacts with platelets but possibly infects
them, which triggers an increased expression of adhesion molecule P-selectin as well as secretion of
IL-1β. In the present study, surface molecules of platelets like CD40L, CD42b, CD62P, and MHC class
I were evaluated at 4 h of interaction with dengue virus serotype 2 (DENV-2), finding that DENV-2
induced a sharp rise in the membrane expression of all these molecules. At 2 and 4 h of DENV-2
stimulation of platelets, a significantly greater secretion of soluble CD40L (sCD40L) was found (versus
basal levels) as well as cytokines such as GM-CSF, IL-6, IL-8, IL-10, and TNF-α. Compared to basal,
DENV-2 elicited more than two-fold increase in these cytokines. Compared to the thrombin-induced
response, the level generated by DENV-2 was much higher for GM-CSF, IL-6, and TNF-α. All these
events induced by DENV end up in conspicuous morphological changes observed in platelets by
confocal microscopy and transmission electron microscopy, very different from those elicited by
thrombin in a more physiological scenery.

Keywords: Immune response; platelets; dengue virus; CD40L

1. Introduction

Platelets not only participate actively in hemostasis, but also in the function of the endothelium
and maintaining vascular integrity [1]. In addition, they play a significant role in the immune response.
For example, they have both pre-mRNA and mature IL-1β, making them important producers of
this interleukin [2]. They also contain some cytokines and chemokines (e.g., RANTES, MIP-1α and
TGF-β) [3] and present antigens through MHC class I molecules [4].
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Among other immunological activities of platelets is their notable capacity to bind to several
viruses, including human immunodeficiency virus, rotavirus, hepatitis C virus, cytomegalovirus,
Epstein-Barr virus, and dengue virus (DENV) [5,6]. Moreover, platelets exhibit numerous receptors
that respond to viruses [7] and release antimicrobial peptides [5,8]. Their interaction with pathogens
occurs through membranal receptors, such as Toll-like receptors (TLRs 1, 2, 3, 4, 5, 6, 7/8 and 9) [9],
Fc receptors, and DC-SIGN molecules [5].

Furthermore, platelets are the main source of soluble CD40L (CD154) [10], a molecule that plays a
pivotal role in modulating innate and adaptive immune responses, mostly through the CD40L-CD40
interaction [11]. Among the different cellular functions made possible through CD40L-CD40 binding
are in B lymphocytes, the maturation and isotype switching induced by T cells [12], and, in endothelial
cells, the expression of adhesion molecules (e.g., ICAM-1, E-selectin, P-selectin, and VCAM-1) [13,14],
and the release of MCP-1, IL-6, and tissue factor [12,15].

In severe dengue cases, the three most important characteristics found are an acute
thrombocytopenia, endothelial dysfunction and a cytokine storm. Numerous studies have explored
the underlying mechanisms involved in DENV-induced thrombocytopenia, leading to multiple
hypotheses [16–18]. Furthermore, hemorrhagic clinical outcomes in dengue cases are also accompanied
by a significant endothelial activation and dysfunction [19]. Thrombocytopenia is observed in both
dengue and dengue hemorrhagic cases, although it is more frequent and profound in the latter ones [20].
Among the mechanisms underlying thrombocytopenia in dengue are: Suppression of marrow that
affects both megakaryopoiesis and thrombopoiesis; antibodies against viral protein NS1 self-reacting
with platelets components [20]; and apoptosis through platelets’ mitochondrial dysfunction [16].

Compared to platelets from healthy donors, those from patients infected with DENV show a
decay in their aggregation capacity [21]. Upon contact with DENV, there is P-selectin glycoprotein
(CD62P)-mediated activation of platelets as well as a significant release of IL-1β [16]. A characteristic
reported in dengue secondary infections is the phosphatidylserine translocation to the platelet
membrane, an event that could possibly increase macrophage-mediated phagocytosis and contribute to
thrombocytopenia [22]. During a severe dengue outcome, however, the entire mechanisms underlying
the dramatic drop in the concentration of platelets and the increased production of the immune
mediators are still unclear. The impact of these factors on the overall immune response also requires
further investigation.

The aim of this study was to examine the response of platelets to DENV serotype 2 (DENV-2) in
an in vitro system. We focus on the protein levels of some immune response effectors (CD40L/MHC
class I molecules), such as the adhesion molecules required for intercellular interactions (CD42b and
CD62P). Also, soluble effectors such as cytokines (IL-8, IL-6, TNF-α, IL-1-β, IL-10 and GM-CSF) and
sCD40L were examined. Finally, the impact of these changes induced by DENV-2 was evaluated
at the morphological level in platelets. Possible functional implications for the observed changes
are discussed.

2. Material and Methods

2.1. DENV-2 Stock Preparation and Titration

The dengue virus stock employed herein was the serotype 2 strain Yuc-20452, isolated in 2012
from a patient in the Yucatan Peninsula, Mexico. DENV-2 was cultivated on C6/36 confluent cell
monolayers, propagated in T-75 culture containing L-15 Leibovitz’s medium (Sigma Aldrich, St. Louis,
MO, USA), supplemented with 10% of fetal bovine serum (FBS) (Gibco, Waltham, MA, USA), 2 mM
L-glutamine, vitamins, and non-essential amino acids. Infections were carried out in a 2% of FBS L-15
Leibovitz’s medium along with an uninfected control treated under the same conditions. After 7 days
of infection, the supernatant of virus-infected (DENV group) and uninfected (mock) C6/36 cells was
harvested and then both precipitated by using polyethylene glycol 8000 (Sigma Aldrich, St. Louis,
MO, USA) to a final concentration of 8%, followed by incubation of the mix overnight at 4 ◦C. The next
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day, the solution was centrifuged at 1500 G for 30 min. The pellets were collected and resuspended
in phosphate buffer solution (PBS), pH 7.4, and stored at −70 ◦C to await further use. Virus titration
was performed with confluent C6/36 cell monolayers in 24-well plates. Briefly, serial 10-fold dilutions
of virus stock were prepared, with 200 µL placed in each well and the plate gently rocked for 40 min
at room temperature [3]. Subsequently, cell monolayers were covered with an overlay of semisolid
medium consisting of 1% carboxymethyl cellulose (Sigma, St. Louis, MO, USA) in L-15 medium with
2% FBS. After five days, the overlay was gently removed to evaluate the viral antigen by counting
the plate units and determining the viral titers with an immunohistochemistry assay. The primary
antibody used was a 1:200 dilution of anti-DENV E-protein 4G2, and the secondary antibody used
was a 1:2000 dilution of goat anti-mouse IgG-HRP (Invitrogen, Carlsbad, CA, USA). The quantity of
infectious particles was expressed as foci-forming units (FFU)/mL, which were revealed with 3,3′

diaminobenzidine (Sigma, St. Louis, MO, USA).

2.2. Obtention of Platelets from the Plasma of Healthy Donors

Platelets were obtained from the plasma of healthy donors who signed informed consent and
attended the blood bank of the “Dr. Carlos Mac Gregor Sánchez Navarro” Hospital, belonging to
the Instituto Mexicano del Seguro Social, in Mexico City. Blood was drawn into tubes containing
a 3.2% citrate solution (Becton Dickinson, Franklin Lakes, NJ, USA), followed by centrifugation of
each sample at 400 G for 10 min at RT, which allows the elimination of all the other blood cells
and keeps platelet-rich plasmas (PRP). Platelets were separated from the plasma by centrifuging at
1000 G for 10 min at RT. Subsequently, the supernatant was discarded, and the pellet was cautiously
re-suspended in Tyrode’s solution (used to resemble physiological conditions), to avoid undesired
activation. The platelet suspension was adjusted to 3 × 108/mL and maintained at RT.

2.3. DENV-2 Stimulation Assays of Platelets

For the experiments herein described, washed platelet suspensions were adjusted to
1 × 107 cells/mL and incubated with DENV-2 (MOI of 0.2 or 0.5) at 37 ◦C in 5% CO2 atmosphere
for 2 or 4 h, depending on each assay. For all the experiments, a mock group (already described)
and a positive control with thrombin were included. Briefly, for the cytometric assays, platelets were
exposed to a MOI of 0.5 of DENV-2 for 4 h and then analyzed. After treatment, a 100 µL suspension of
platelets was transferred to a clean light-protected tube and stained as later described. For ELISA tests,
supernatants from DENV-2-treated platelets (MOI = 0.2) were obtained at 4 h and kept at −70 ◦C until
further analysis.

Finally, for examination of platelets by confocal microscopy and transmission electron microscopy
(TEM), the initial platelet suspensions were adjusted to 3 × 108 cells/mL and exposed to the virus
stimulus (MOI of 0.2 and 0.5, respectively) for not less than 4 h.

2.4. Cytometric Analysis of Molecules in Platelets

To investigate whether DENV-2 induces changes in molecules presented in the membrane of
platelets, cytometric assays were carried out for CD62P, CD42b, MHC-I, and CD40L surface molecules.
After treatment, the platelets were stained with specific antibodies for 30 min at RT in the dark and
cells fixed with 1% paraformaldehyde solution. Antibodies used for these assays were conjugated
to fluorophores as follows: anti CD62P-PE (eBiosciences, San Diego, CA, USA), anti CD42b-PE
(BioLegend, San Diego, CA, USA), anti MHC-I-FITC (BD Biosciences, San Jose, CA, USA), and anti
CD40L-PE (BD Biosciences, San Jose, CA, USA). For each treatment, 1 µg of fluorescent antibody was
added to each 106 platelets for incubation. Then platelets were washed and re-suspended in 250 µL
of PBS for acquisition. The events corresponding in size (FS) and granularity (SS) to platelets were
selected. Readings were made with a FACS ARIA-III (BD, San Jose, CA, USA) cytometer. A total of
150,000 events were acquired and platelets were selected as singlets. The assays were independently



Viruses 2018, 10, 357 4 of 13

conducted in triplicate. Finally, the acquisition analysis was done on FlowJo 8.7 software (BD, Franklin
Lakes, NJ, USA).

2.5. Evaluation of sCD40L Levels in Platelet Supernatants by ELISA Test

Platelets obtained from the plasma of healthy donors (n = 15) were stimulated with DENV-2
(MOI of 0.2) for 2 and 4 h at 37 ◦C in 5% CO2 atmosphere. Thrombin stimulation was used for the
positive control. Platelets were centrifuged at 2000 G for 10 min at RT, and the supernatant was
collected. Secreted CD40L (sCD40L) was measured with the ab9999-CD40L Human ELISA Kit (Abcam,
Cambridge, UK), according to the manufacturer’s instructions. Final readings were made on a Spectra
Max M3 (Molecular Devices, San Jose, CA, USA). Assays for each donor were performed in duplicate.

2.6. Multi-Array for Cytokine and Chemokine Quantification

For these assays, suspensions of 3 × 108 platelets/mL from heathy donors were stimulated with
DENV-2 (0.2 MOI) for 4 h at 37 ◦C in 5% CO2 atmosphere; mock and thrombin (0.02 U/mL) groups
were included in the assay. After stimulus, platelets were centrifuged at 2000 G for 10 min at RT;
supernatants were collected and kept at −70 ◦C until used. Supernatants from each experimental
group were pooled (n = 6 for each pool) for the analysis, and two pools were examined for each
experimental group, DENV-2 treated, mock, and thrombin. Cytokines and chemokines (GM-CSF,
IFNγ, IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17A, and TNF-α) were measured in these
samples with the Human Inflammatory Cytokines Multi-Analyte ELISArray Kit MEH-004A (Qiagen
Hilden, Germany). Readings for optical density were made at OD = 450 nm immediately on a Spectra
Max M3 (Molecular Devices, Sunnyvale, CA, USA). The protocol was developed in accordance with
the manufacturer’s recommendations. Samples were tested in duplicate, and optical densities for each
tested group were graphed.

2.7. Analysis of Platelets by Confocal Transmission Microscopy

Platelets were stimulated with a 0.2 MOI for 4 h at 37 ◦C in 5% CO2 atmosphere as well as controls,
cells were fixed with 4% paraformaldehyde and analyzed by confocal microscopy to examine broad
effects. Images were acquired in bright field on a Nikon Ti Eclipse inverted confocal microscope
(Nikon, Tokyo, Japan) through a 100× oil immersion (NA 1.45) objective lens; the transmitted light
detector was used as light source. Images were acquired using NIS Elements v.5.00. For transmission
electron microscopy analysis, platelets were treated with DENV-2 (0.5 MOI) for 4 h at 37 ◦C in 5% CO2

atmosphere; for these experiments, a mock group and a positive control with thrombin were included
(as described in Section 2.1). After treatment, all platelets were fixed with 4% glutaraldehyde and
examined under a Joel 2100 transmission electron microscope (JEM-2100F, Tokyo, Japan). For each
condition, images were acquired at 50,000×. Assays were independently performed in triplicate.

2.8. Statistical Analysis

The statistical analysis was processed on GraphPad Prism, version 6.0 (GraphPad, San Diego,
CA, USA). For comparisons between three groups, one-way ANOVA was used to determine
differences. For comparisons between two groups, continuous variables were analyzed with the
Student’s t-test in case of parametric distributions. The Mann–Whitney U test was employed for
nonparametric distributions.

3. Results

3.1. Cytometric Analysis for Identification of Platelets

After carefully eliminating plasma by washing healthy donor platelets, these were analyzed with
a flow cytometer. Singlets selected for this purpose (Figure 1A) constituted 98 ± 1.25% of all cells
presented in washed suspensions. The singlets were delimited and separated from smaller particles
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based on size and complexity (as shown in Figure 1B), and that population representing 52.79% of
the initial singlets was further examined. To assure that the resulting population corresponded to
platelets, the CD42b molecule was used as a specific marker and its presence confirmed on the cell
surface. Later, this molecule was also used as an activation indicator in the platelet surface. In the
histogram, a unique CD42b-stained population was observed (Figure 1D) and was clearly separated
from the auto-fluorescence control (Figure 1C). This type of verification for the platelet population was
performed along the subsequent assays.

Figure 1. Platelet selection by cytometric analysis. Cells were obtained from wash platelet rich
plasma (PRP) from healthy donors, carefully washed and resuspended in Tyrode’s solution. (A) Washed
platelet suspension was acquired in the cytometer and singlets selected; these represented 98 ± 1.25%;
(B) Platelet population was selected by size and granularity and separated from smaller size particles,
which accounted for 52.79% in this particular analysis presented. Finally, to validate the selected
population, the CD42b molecule was used as platelet marker, auto-fluorescence was measured (C);
and anti-CD42-PE identified platelets, which exhibit this marker (D).

3.2. DENV-2 Induced Density of CD42b and CD62P Adhesion Molecules in Human Platelets

After platelets treatment with virus, a lower percentage of platelets expressing CD42b (receptor
for vWF) was found in the DENV-2-treated than mock groups (73–87% versus 92–98%, respectively;
Figure 2A). However, for those DENV-2-treated platelets positive to CD42b, there was a significantly
greater density of this molecule in membrane than in the mock group (Figure 2B).

The activation of platelets caused by exposure to DENV-2 at a MOI of 0.5 was assessed by
quantifying the percentage of these cells expressing CD62P (P-selectin) and its density on the cellular
surface. A significantly higher percentage (74–86%) of DENV-2-exposed platelets tested positive to
CD62P than that found in the mock control group (33–55%). The DENV-2 value was close to the
90 ± 5% found in the positive control group (Figure 2C).
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Figure 2

Figure 2. DENV-2 induced changes in CD42b molecule and activation CD62P marker on human
platelets. Platelets from healthy donors (n = 10) were analyzed. Platelets were incubated with
DENV2 to a MOI of 0.5 for 4 h at 37 ◦C. For each experiment, mock and thrombin groups were
included. Percentages of platelets expressing CD42b molecule in each group are shown (A); as well as
median fluorescence intensity (MFI) that indicate density of of CD42b molecule on the cell surface (B);
as a measure of platelet activation, the percentage of CD62P-expressing platelets was determined (C);
as well as MFI of CD62P expression (D). Unpaired t-test and Mann-Whitney U distribution were used
for these experiments, where ** p < 0.01 and *** p < 0.001, ns = not significant.

3.3. DENV-2-Exposed Platelets Released Higher Levels of GM-CSF, IL-6, IL-8, IL-10 and TNF-α.

The evaluation of cytokines released by platelets was carried out after 4 h of treatment with
DENV-2, using a MOI of 0.2. All the cytokines in multi-analyte-array were analyzed, but only
those cytokines that exhibited higher levels that mock control are presented (Figure 3). Among
the cytokines that showed increased levels in the resulting supernatants were GM-CSF, IL-6, IL-8,
IL-10, and TNF-α, when compared with the mock group. Meanwhile, comparing positive control,
the DENV-2-stimulated platelets showed considerably higher levels of GM-CSF, IL-6, and TNF-α than
the thrombin-treated platelets.

3.4. DENV-2 Induced a Higher Display of MHC Class I Molecules in Platelets

To explore the relevance of MHC class I molecules in response to DENV-2 in our system,
measurement of the intensity of membrane expression was made, as well as the percentage of platelets
displaying the respective molecule (Figure 4). There was a significant increase in the percentage of
platelets expressing MHC class I in the DENV-2 versus mock group. A range of 23–35% was determined
for the mock group and 50–75% for the DENV-2-exposed platelets (Figure 4A). Mean fluorescence
intensity (MFI) revealed also a significantly greater mean density (p < 0.01) of MHC-I molecules on the
surface of DENV-2 stimulated platelets (Figure 4B).
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Figure 3. Higher levels of TNF-α, IL-6, IL-8, GM-CSF, and IL-10 were released from DENV-2
exposed platelets. Cytokines and chemokines were evaluated, two pools from six supernatants
for each experimental group. Original supernatants were obtained from 3 × 108/mL human platelets
after 4 h of stimulation with DENV-2 (MOI 0.2), mock or thrombin. Cytokines were measured by
optical density GM-CSF (A); TNF-α (B); IL-1β (C); IL-6 (D); IL-8 (E) and IL-20 (F) at 450 nm. TNF-α,
IL-8, GM-CSF, and IL-10 were elevated after DENV-2 incubation. IL-6 showed to be more elevated than
thrombin control, and IL-1β only showed a small increment. Since each bar contains values of only
two pools, only standard deviation is shown. No statistical analysis was performed on these data.
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Figure 4. DENV-2 induced an increase of MHC-I and CD40L molecules on platelets. Platelets
were obtained from healthy donors (n = 10) and divided in the three experimental groups. Platelets,
DENV-2, and MOI 0.5 were incubated for 4 h at 37 ◦C; mock and thrombin groups were also processed.
Percentage of MHC-I expressing platelets (A) and MFI of MHC-I (B) were determined. Additionally;
percentage of platelets expression CD40L (C); and MFI in platelets of CD40L (D) were evaluated.
Significant increases of MHC class I and CD40L were observed in the DENV-2 treated platelets for
both percentages and density of molecules in the cell surface. Unpaired t test and Mann-Whitney U
distribution were used, where ** p < 0.01 and *** p < 0.001).
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3.5. DENV-2 Induced Membranal Display of CD40L and Release of Its Soluble Form in Platelets

To examine CD40L in platelets in response to DENV-2, we performed both cytometric analysis of
membranal form and ELISA test for the soluble molecule. There was a significantly higher percentage
of platelets expressing CD40L (mock, 40–55%; DENV-2, 72–90%; thrombin, 92–98%) (Figure 4C) and a
greater mean density on the surface of CD40L-positive platelets treated with DENV-2 in comparison
with the mock group (MFI; p < 0.01) (Figure 4D). Platelets exposed to thrombin served as the positive
control and exhibited higher membranal levels of CD40L. Platelets exposed to DENV-2 rapidly released
soluble CD40L (Figure 5); at 2 h, levels ranged from 20 to 50 pg/mL. These levels were higher than
those released after treatment with thrombin. At 4 h, post-treatment levels of sCD40L in platelets
decayed, although they remained significantly higher than the mock group (p < 0.001).

Figure 5

A) sCD40L (2 h) B) sCD40L (4 h)
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Figure 5. Human platelets release sCD40L after DENV stimulus. In supernatants of 3 × 108/mL
treated platelets from healthy donors (n = 15), soluble CD40L was measured by ELISA test. At 2 and
4 h, platelets were DENV-2 stimulated, MOI 0.2, at 37 ◦C. Optical density was read at 450 nm and
amount of sCD40L calculated for each experimental group. Unpaired t test was used, ** p < 0.01 and ns
= not significant.

3.6. DENV-2-Induced Significant Morphological Changes in Human Platelets

The effect of DENV-2 stimulation on the platelet morphology was evaluated with confocal
microscopy and TEM. For these assays, platelets were exposed to DENV-2 to a MOI of 0.2 for 4 h and
examined by confocal microscopy; significant morphological changes were observed (Figure 6B): these
included swollen and elongated cells, which were not observed in mock control (Figure 6A); platelets
treated with PEG/FBS or treated with an unrelated PEG-precipitated virus. The overall analysis
showed these morphological changes occurred in 31 to 35% of the platelets exposed to DENV-2
treatment at the examined MOI (0.2) and time point (4 h). In addition, notorious changes occurred in
the thrombin group, although morphology clearly differed from the DENV-2-treated group. To obtain
better details on the morphological changes, platelets were examined by TEM at a higher MOI (0.5) of
DENV-2 at the same time point (4 h). No considerable modification, due to undesirable activation in
the shape of platelets was found in the mock group (Figure 6D,G), but DENV-2 induced drastic changes
(Figure 6E,H), very different to those observed in the thrombin group (Figure 6F,I). Non-stimulated
platelets had a nearly discoid shape, while the thrombin control exhibited a ball-shaped platelet with
a compact central electrodense zone and filopodia-like long cytoplasmic prolongations. Contrarily,
platelets exposed to DENV-2 displayed multiple cytoplasmic vacuoles as well as numerous membrane
blebs and microvilli (Figure 6E), meanwhile, some of these platelets displayed more profound changes
(Figure 6H).
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Figure 6 Mock
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Figure 6. DENV-2 induced conspicuous morphological changes in human platelets. Platelets
stimulated with DENV-2, MOI 0.2 (B) and MOI 0.5 (E,H) for 4 h, mock (and thrombin were incubated at
37 ◦C, and analyzed by TEM in triplicate. A representative image of the observed changes is presented.
Conspicuous morphological changes occur in DENV-2-treated platelets (B,E,H), very different to those
observed in thrombin positive control (C,F,I), meanwhile, mock control showed a normal platelet
morphology (A,D,G). Images were captured at 50,000×. Duplicate assays were independently repeated
three times.

4. Discussion

The hallmarks of severe dengue cases are deregulated complement activation, cytokine storm,
the activation and apoptosis of B and T lymphocytes, and hematologic alterations [23]. Among the
fundamental features are a deep thrombocytopenia along with a vascular dysfunction. The deregulated
complement system and some cytokines may contribute to endothelial damage, causing greater
vascular leakage [23].

Regarding the immune response, several host cells (e.g., monocytes/macrophages, T lymphocytes
and endothelial cells) participate in proinflammatory cytokine production [24]. The role of platelets in
the overall immune response and vascular dysfunction has been diminished during a dengue infection.
As effectors of the immune system, therefore, platelets secreted important quantities of some cytokines
and are central mediators for some intercellular communication [25–27].

Although DENV is known to interact with platelets, it is still debatable whether the virus induces
a productive infection in vitro in these cells [6,28]. However, unrefutably, platelets get infected by
DENV in vivo [22,29,30]. This notorious difference is probably due to the short time (up to 6 h) that
platelets can be maintained in vitro once the plasma is removed from the preparation. It is true that
platelet concentrates can be conserved up to seven days; however, these showed not to be a suitable
source of platelets for the kind of analysis we perform in this investigation. Clearly, in vivo analysis
is both valuable and irreplaceable, but instead of allowing to assess solely the response of a single
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cell type, it gives information on the overall response of multiple cells participating in infection and
response in a specific time point in the host.

Another significant effect is that DENV-platelet interaction clearly causes several profound
changes in cell function [16–18]. Two of the current findings reveal an increase in CD62P and MHC
class I molecules coincide with a recent report on the proteomics of DENV-infected platelets [31].
A drop in the percentage of platelets expressing CD42b was observed for those exposed DENV in
comparison with the mock group (Figure 2A). However, among those platelets treated with DENV
and still positive to CD42b, the MFI revealed that the density of this molecule in the cell surface was
greater than for the mock group. Thus, this could have a relevant impact at the physiological level;
while some platelets may interact strongly with endothelium, others may lose this ability after being
exposed to DENV. No significant differences were observed in CD42b when comparing DENV-treated
(pathological) and thrombin-exposed (physiological) platelets. Thus, the pattern of CD42b found on
the membrane is interesting in terms of platelet functionality. It is known that CD42b, also called
GP1BA, interacts with subendothelial von Willebrand factor (vWF). Additionally, it has been linked to
genetic defects leading to rare bleeding illnesses [32].

In relation to cytokines, the most significant differences between mock and DENV-treated groups
were found with GM-CSF, IL-6, IL-8, IL-10, and TNF-α. It has been reported that secretion of both
IL-6 and GM-CSF is significantly enhanced in patients with severe dengue. Likewise, significant
systemic levels of TNF-α have been associated with severe secondary infections with dengue [33].
In supernatants, levels of three cytokines (GM-CSF, IL-6, and TNF-α) were higher than those observed
with the physiological agonist thrombin. The impact of these cytokines in the overall immunopathology
of dengue remains to be established in further investigations.

In regard to the expression of the CD40L protein in platelets, an almost two-fold increase was
detected in the DENV-2 versus mock group at 4 h with a MOI of 0.2. The expression of the CD40L
protein on the surface of platelets is known to modulate the inflammatory response of endothelial
cells [34].

One of the most striking findings of the present study was in regard to the secretion of sCD40L,
being much higher in platelets exposed to DENV-2 than those in the mock group. The level of sCD40L
was five-fold higher at 2 h of platelet interaction with DENV-2 and two-fold higher at 4 h. Hence,
platelets rapidly release sCD40L molecules upon interaction with the virus. This discovery seems
particularly relevant when considering the multiple functions of sCD40L in the immune response
(e.g., participation in vascular endothelium and activation of B cells). A significant role of sCD40L in
both inflammation and the humoral immune response is therefore likely [5]. Giving further support
to an important biological role of sCD40L in dengue is the decreased serum concentration of this
molecule recently identified in patients with the virus [35].

The morphology of platelets in the DENV-2-treated group, on the other hand, was herein
characterized by conspicuous changes indicative of cells in the process of dying, and observed changes
seem more dramatic than in previous reports [22]. It is well documented that platelets’ apoptosis
increases significantly in vivo in secondary infected patients, as well as in vitro in response to all four
DENV serotypes [22]. Moreover, levels of activation (CD62P and PAC-1 binding), the presence of C3
(complement factor)/IgG on cell surface, and apoptosis (phosphatidylserine expression) correlate with
drops in platelets numbers [30]. A very significant finding in both investigations is that expression
of activation and apoptosis markers in platelets due to DENV exposure resulted in an increase
in phagocytosis of these cells mediated by monocytic cells [22,30], which account for another key
mechanism contributing to platelet destruction.

It is important to emphasize that we used DENV MOIs trying reflected viral titers naturally
attainable in an infected individual; strikingly, under these conditions, we observed significant changes
in slightly more than 30% of platelets. In addition, in this experimental system, additional effectors
carried in plasma (such as antibodies, complement fractions, and cytokines) were removed, allowing
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the sole examination of the DENV-platelet interaction. We suggest that the DENV-platelet interaction
alone could account for mechanisms leading to thrombocytopenia.

The detailed correlation of these changes with the translocation of phosphatidylserine to the
platelet surface remain to be examined in future studies. However, the observed events triggered
by DENV make us ponder how these may later impact platelets’ interactions with other important
cellular types, including monocytes to condition phagocytosis, endothelial cells to mediate activation,
and neutrophils to induce either diapedesis or production of extracellular traps. Such interactions
could possibly explain some of the immunopathogenic characteristics observed with dengue infection.

Author Contributions: Conceptualization, D.N.-A. and M.I.S.; Methodology, D.N.A. and M.A.M.-P.; Validation,
L.E.S.-T., M.E.C.-M., N.A.C.-P. and M.I.S.; Formal Analysis, D.N.A. and M.I.S.; Investigation, D.N.A. and M.A.M.-P.;
Resources, L.E.S.-T. and N.A.C.-P.; Data Curation, M.I.S.; Writing-Original Draft Preparation, D.N.-A. and
M.E.C.-M.; Writing—Review & Editing, M.A.M.-P. and M.I.S.; Supervision, N.A.C.-P., M.E.C.-M. and M.I.S.;
Project Administration, M.E.C.-M. and M.I.S.; Funding Acquisition, M.I.S.

Funding: This research was funded by Secretaría de Investigación y Posgrado (SIP)-Instituto Politécnico Nacional
grant numbers 20144072 and 20171604.

Acknowledgments: To obtain the images of TEM the authors were generously assisted by Edgar Oliver-Villegas
and Rosario Espinosa-Mellado from the Central de Microscopía, ENCB-IPN. The confocal microscopy analysis
was kindly documented by Vadim Pérez-Koldenkova at the Laboratorio Nacional de Microscopía Avanzada,
Centro Médico Nacional Siglo XXI, Instituto Mexicano del Seguro Social. We also thank Carlos Machain and
María Alba Loroño-Pino for kindly giving us the DENV-2 isolate used in this study. The authors thank to Allan
Larsen and Enrique Muñoz-Castro for their critical review and suggestion for this manuscript. The authors are
finally grateful to Diana Alhelí Domínguez-Martínez and Yesica Garcia-Lozano, former students of Posgrado en
Inmunología, for their support in the development of this investigation. MISS and LEST are COFAA-IPN, EDI and
SNI fellows. MECM is a COFAA-IPN and EDD program fellow.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boulaftali, Y.; Hess, P.R.; Kahn, M.L.; Bergmeier, W. Platelet immunoreceptor tyrosine-based activation motif
(ITAM) signaling and vascular integrity. Circ. Res. 2014, 114, 1174–1184. [CrossRef] [PubMed]

2. Lindemann, S.; Tolley, N.D.; Dixon, D.A.; McIntyre, T.M.; Prescott, S.M.; Zimmerman, G.A.; Weyrich, A.S.
Activated platelets mediate inflammatory signaling by regulated interleukin 1beta synthesis. J. Cell Biol.
2001, 154, 485–490. [CrossRef] [PubMed]

3. Herter, J.M.; Rossaint, J.; Zarbock, A. Platelets in inflammation and immunity. J. Thromb. Haemost. 2014,
12, 1764–1775. [CrossRef] [PubMed]

4. Chapman, L.M.; Aggrey, A.A.; Field, D.J.; Srivastava, K.; Ture, S.; Yui, K.; Topham, D.J.; Baldwin, W.M., 3rd;
Morrell, C.N. Platelets present antigen in the context of MHC class I. J. Immunol. 2012, 189, 916–923.
[CrossRef] [PubMed]

5. Assinger, A. Platelets and infection—An emerging role of platelets in viral infection. Front. Immunol. 2014,
5, 649. [CrossRef] [PubMed]

6. Chabert, A.; Hamzeh-Cognasse, H.; Pozzetto, B.; Cognasse, F.; Schattner, M.; Gomez, R.M.; Garraud, O.
Human platelets and their capacity of binding viruses: Meaning and challenges? BMC Immunol. 2015, 16, 26.
[CrossRef] [PubMed]

7. Hottz Eugenio, D.; Bozza Fernando, A.; Bozza Patrícia, T. Platelets in immune response to virus and
immunopathology of viral infections. Front. Med. 2018, 5, 121. [CrossRef] [PubMed]

8. Vieira-de-Abreu, A.; Campbell, R.A.; Weyrich, A.S.; Zimmerman, G.A. Platelets: Versatile effector cells in
hemostasis, inflammation, and the immune continuum. Semin. Immunopathol. 2012, 34, 5–30. [CrossRef]
[PubMed]

9. Cognasse, F.; Nguyen, K.A.; Damien, P.; McNicol, A.; Pozzetto, B.; Hamzeh-Cognasse, H.; Garraud, O.
The Inflammatory Role of Platelets via Their TLRs and Siglec Receptors. Front. Immunol. 2015, 6, 83.
[CrossRef] [PubMed]

10. Nomura, S.; Fujita, S.; Nakanishi, T.; Yokoi, T.; Shimamoto, K.; Miyamoto, R.; Ito, T. Platelet-derived
microparticles cause CD154-dependent activation of dendritic cells. Platelets 2012, 23, 81–82. [CrossRef]
[PubMed]

http://dx.doi.org/10.1161/CIRCRESAHA.114.301611
http://www.ncbi.nlm.nih.gov/pubmed/24677237
http://dx.doi.org/10.1083/jcb.200105058
http://www.ncbi.nlm.nih.gov/pubmed/11489912
http://dx.doi.org/10.1111/jth.12730
http://www.ncbi.nlm.nih.gov/pubmed/25224706
http://dx.doi.org/10.4049/jimmunol.1200580
http://www.ncbi.nlm.nih.gov/pubmed/22706078
http://dx.doi.org/10.3389/fimmu.2014.00649
http://www.ncbi.nlm.nih.gov/pubmed/25566260
http://dx.doi.org/10.1186/s12865-015-0092-1
http://www.ncbi.nlm.nih.gov/pubmed/25913718
http://dx.doi.org/10.3389/fmed.2018.00121
http://www.ncbi.nlm.nih.gov/pubmed/29761104
http://dx.doi.org/10.1007/s00281-011-0286-4
http://www.ncbi.nlm.nih.gov/pubmed/21818701
http://dx.doi.org/10.3389/fimmu.2015.00083
http://www.ncbi.nlm.nih.gov/pubmed/25784910
http://dx.doi.org/10.3109/09537104.2011.595850
http://www.ncbi.nlm.nih.gov/pubmed/22150414


Viruses 2018, 10, 357 12 of 13

11. Sprague, D.L.; Elzey, B.D.; Crist, S.A.; Waldschmidt, T.J.; Jensen, R.J.; Ratliff, T.L. Platelet-mediated
modulation of adaptive immunity: Unique delivery of CD154 signal by platelet-derived membrane vesicles.
Blood 2008, 111, 5028–5036. [CrossRef] [PubMed]

12. Elgueta, R.; Benson, M.J.; de Vries, V.C.; Wasiuk, A.; Guo, Y.; Noelle, R.J. Molecular mechanism and function
of CD40/CD40L engagement in the immune system. Immunol. Rev. 2009, 229, 152–172. [CrossRef] [PubMed]

13. Kotowicz, K.; Dixon, G.L.; Klein, N.J.; Peters, M.J.; Callard, R.E. Biological function of CD40 on human
endothelial cells: Costimulation with CD40 ligand and interleukin-4 selectively induces expression
of vascular cell adhesion molecule-1 and P-selectin resulting in preferential adhesion of lymphocytes.
Immunology 2000, 100, 441–448. [CrossRef] [PubMed]

14. Zhao, L.Q.; Wei, R.L.; Cheng, J.W.; Cai, J.P.; Li, Y. The expression of intercellular adhesion molecule-1
induced by CD40-CD40L ligand signaling in orbital fibroblasts in patients with Graves’ ophthalmopathy.
Investig. Ophthalmol. Vis. Sci. 2010, 51, 4652–4660. [CrossRef] [PubMed]

15. Hammwohner, M.; Ittenson, A.; Dierkes, J.; Bukowska, A.; Klein, H.U.; Lendeckel, U.; Goette, A. Platelet
expression of CD40/CD40 ligand and its relation to inflammatory markers and adhesion molecules in
patients with atrial fibrillation. Exp. Biol. Med. 2007, 232, 581–589.

16. Hottz, E.D.; Oliveira, M.F.; Nunes, P.C.; Nogueira, R.M.; Valls-de-Souza, R.; Da Poian, A.T.; Weyrich, A.S.;
Zimmerman, G.A.; Bozza, P.T.; Bozza, F.A. Dengue induces platelet activation, mitochondrial dysfunction
and cell death through mechanisms that involve DC-SIGN and caspases. J. Thromb. Haemost. 2013,
11, 951–962. [CrossRef] [PubMed]

17. Hottz, E.D.; Lopes, J.F.; Freitas, C.; Valls-de-Souza, R.; Oliveira, M.F.; Bozza, M.T.; Da Poian, A.T.;
Weyrich, A.S.; Zimmerman, G.A.; Bozza, F.A.; et al. Platelets mediate increased endothelium permeability in
dengue through NLRP3-inflammasome activation. Blood 2013, 122, 3405–3414. [CrossRef] [PubMed]

18. Hottz, E.D.; Medeiros-de-Moraes, I.M.; Vieira-de-Abreu, A.; de Assis, E.F.; Vals-de-Souza, R.;
Castro-Faria-Neto, H.C.; Weyrich, A.S.; Zimmerman, G.A.; Bozza, F.A.; Bozza, P.T. Platelet activation
and apoptosis modulate monocyte inflammatory responses in dengue. J. Immunol. 2014, 193, 1864–1872.
[CrossRef] [PubMed]

19. Zapata, J.C.; Cox, D.; Salvato, M.S. The role of platelets in the pathogenesis of viral hemorrhagic fevers.
PLoS Negl. Trop. Dis. 2014, 8, e2858. [CrossRef] [PubMed]

20. Hotzz, E.; Tolley, N.D.; Zimmerman, G.A.; Weyrich, A.S.; Bozza, F.A. Platelets in dengue infection. Hematology
2011, 8, e33–e38. [CrossRef]

21. Hathirat, P.; Isarangkura, P.; Srichaikul, T.; Suvatte, V.; Mitrakul, C. Abnormal hemostasis in dengue
hemorrhagic fever. Southeast Asian J. Trop. Med. Public Health 1993, 24 (Suppl. 1), 80–85. [PubMed]

22. Alonzo, M.T.; Lacuesta, T.L.; Dimaano, E.M.; Kurosu, T.; Suarez, L.A.; Mapua, C.A.; Akeda, Y.; Matias, R.R.;
Kuter, D.J.; Nagata, S.; et al. Platelet apoptosis and apoptotic platelet clearance by macrophages in secondary
dengue virus infections. J. Infect. Dis. 2012, 205, 1321–1329. [CrossRef] [PubMed]

23. John, D.V.; Lin, Y.S.; Perng, G.C. Biomarkers of severe dengue disease—A review. J. Biomed. Sci. 2015, 22, 83.
[CrossRef] [PubMed]

24. Pang, T.; Cardosa, M.J.; Guzman, M.G. Of cascades and perfect storms: The immunopathogenesis of dengue
haemorrhagic fever-dengue shock syndrome (DHF/DSS). Immunol. Cell Biol. 2007, 85, 43–45. [CrossRef]
[PubMed]

25. Garraud, O.; Hamzeh-Cognasse, H.; Cognasse, F. Platelets and cytokines: How and why? Transfus. Clin. Biol.
2012, 19, 104–108. [CrossRef] [PubMed]

26. Yun, S.-H.; Sim, E.-H.; Goh, R.-Y.; Park, J.-I.; Han, J.-Y. Platelet activation: The mechanisms and potential
biomarkers. BioMed Res. Int. 2016, 2016, 9060143. [CrossRef] [PubMed]

27. Koupenova, M.; Mick, E.; Mikhalev, E.; Benjamin, E.J.; Tanriverdi, K.; Freedman, J.E. Sex differences in platelet
toll-like receptors and their association with cardiovascular risk factors. Arterioscler. Thromb. Vasc. Biol. 2015,
35, 1030–1037. [CrossRef] [PubMed]

28. Kar, M.; Singla, M.; Chandele, A.; Kabra, S.K.; Lodha, R.; Medigeshi, G.R. Dengue Virus Entry and Replication
Does Not Lead to Productive Infection in Platelets. Open Forum Infect. Dis. 2017, 4, ofx051. [CrossRef]
[PubMed]

29. Noisakran, S.; Onlammon, N.; Songprakhon, P.; Hsiao, H.M.; Chokephaibulkit, K.; Perng, G.C. Cell in
dengue virus infection in vivo. Adv. Virol. 2010, 2010, 164878. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood-2007-06-097410
http://www.ncbi.nlm.nih.gov/pubmed/18198347
http://dx.doi.org/10.1111/j.1600-065X.2009.00782.x
http://www.ncbi.nlm.nih.gov/pubmed/19426221
http://dx.doi.org/10.1046/j.1365-2567.2000.00061.x
http://www.ncbi.nlm.nih.gov/pubmed/10929070
http://dx.doi.org/10.1167/iovs.09-3789
http://www.ncbi.nlm.nih.gov/pubmed/20107176
http://dx.doi.org/10.1111/jth.12178
http://www.ncbi.nlm.nih.gov/pubmed/23433144
http://dx.doi.org/10.1182/blood-2013-05-504449
http://www.ncbi.nlm.nih.gov/pubmed/24009231
http://dx.doi.org/10.4049/jimmunol.1400091
http://www.ncbi.nlm.nih.gov/pubmed/25015827
http://dx.doi.org/10.1371/journal.pntd.0002858
http://www.ncbi.nlm.nih.gov/pubmed/24921924
http://dx.doi.org/10.1016/j.ddmec.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/7886614
http://dx.doi.org/10.1093/infdis/jis180
http://www.ncbi.nlm.nih.gov/pubmed/22383677
http://dx.doi.org/10.1186/s12929-015-0191-6
http://www.ncbi.nlm.nih.gov/pubmed/26462910
http://dx.doi.org/10.1038/sj.icb.7100008
http://www.ncbi.nlm.nih.gov/pubmed/17130899
http://dx.doi.org/10.1016/j.tracli.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22682309
http://dx.doi.org/10.1155/2016/9060143
http://www.ncbi.nlm.nih.gov/pubmed/27403440
http://dx.doi.org/10.1161/ATVBAHA.114.304954
http://www.ncbi.nlm.nih.gov/pubmed/25657311
http://dx.doi.org/10.1093/ofid/ofx051
http://www.ncbi.nlm.nih.gov/pubmed/28491890
http://dx.doi.org/10.1155/2010/164878
http://www.ncbi.nlm.nih.gov/pubmed/22331984


Viruses 2018, 10, 357 13 of 13

30. Ojha, A.; Nandi, D.; Batra, H.; Singhal, R.; Annarapu, G.K.; Bhattacharyya, S.; Seth, T.; Dar, L.;
Medigeshi, G.R.; Vrati, S.; et al. Platelet activation determines the severity of thrombocitopenia in dengue
infection. Sci. Rep. 2017, 7, 41697. [CrossRef] [PubMed]

31. Trugilho, M.R.O.; Hottz, E.D.; Brunoro, G.V.F.; Teixeira-Ferreira, A.; Carvalho, P.C.; Salazar, G.A.;
Zimmerman, G.A.; Bozza, F.A.; Bozza, P.T.; Perales, J. Platelet proteome reveals novel pathways of platelet
activation and platelet-mediated immunoregulation in dengue. PLoS Pathog. 2017, 13, e1006385. [CrossRef]
[PubMed]

32. Clemetson, K.J.; Clemetson, J.M. Platelet GPIb complex as a target for anti-thrombotic drug development.
Thromb. Haemost. 2008, 99, 473–479. [CrossRef] [PubMed]

33. Bozza, F.A.; Cruz, O.G.; Zagne, S.M.; Azeredo, E.L.; Nogueira, R.M.; Assis, E.F.; Bozza, P.T.; Kubelka, C.F.
Multiplex cytokine profile from dengue patients: MIP-1beta and IFN-gamma as predictive factors for severity.
BMC Infect. Dis. 2008, 8, 86. [CrossRef] [PubMed]

34. Henn, V.; Slupsky, J.R.; Grafe, M.; Anagnostopoulos, I.; Forster, R.; Muller-Berghaus, G.; Kroczek, R.A. CD40
ligand on activated platelets triggers an inflammatory reaction of endothelial cells. Nature 1998, 391, 591–594.
[CrossRef] [PubMed]

35. Tramontini Gomes de Sousa Cardozo, F.; Baimukanova, G.; Lanteri, M.C.; Keating, S.M.; Moraes Ferreira, F.;
Heitman, J.; Pannuti, C.S.; Pati, S.; Romano, C.M.; Cerdeira Sabino, E. Serum from dengue virus-infected
patients with and without plasma leakage differentially affects endothelial cells barrier function in vitro.
PLoS ONE 2017, 12, e0178820. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep41697
http://www.ncbi.nlm.nih.gov/pubmed/28139770
http://dx.doi.org/10.1371/journal.ppat.1006385
http://www.ncbi.nlm.nih.gov/pubmed/28542641
http://dx.doi.org/10.1160/TH07-12-0718
http://www.ncbi.nlm.nih.gov/pubmed/18327394
http://dx.doi.org/10.1186/1471-2334-8-86
http://www.ncbi.nlm.nih.gov/pubmed/18578883
http://dx.doi.org/10.1038/35393
http://www.ncbi.nlm.nih.gov/pubmed/9468137
http://dx.doi.org/10.1371/journal.pone.0178820
http://www.ncbi.nlm.nih.gov/pubmed/28586397
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	DENV-2 Stock Preparation and Titration 
	Obtention of Platelets from the Plasma of Healthy Donors 
	DENV-2 Stimulation Assays of Platelets 
	Cytometric Analysis of Molecules in Platelets 
	Evaluation of sCD40L Levels in Platelet Supernatants by ELISA Test 
	Multi-Array for Cytokine and Chemokine Quantification 
	Analysis of Platelets by Confocal Transmission Microscopy 
	Statistical Analysis 

	Results 
	Cytometric Analysis for Identification of Platelets 
	DENV-2 Induced Density of CD42b and CD62P Adhesion Molecules in Human Platelets 
	DENV-2-Exposed Platelets Released Higher Levels of GM-CSF, IL-6, IL-8, IL-10 and TNF-. 
	DENV-2 Induced a Higher Display of MHC Class I Molecules in Platelets 
	DENV-2 Induced Membranal Display of CD40L and Release of Its Soluble Form in Platelets 
	DENV-2-Induced Significant Morphological Changes in Human Platelets 

	Discussion 
	References

