
Article

Mediators and molecular pathways involved
in the regulation of neutrophil extracellular

trap formation mediated by
activated platelets

Agostina Carestia,* Tomás Kaufman,* Leonardo Rivadeneyra,* Verónica Inés Landoni,†

Roberto Gabriel Pozner,* Soledad Negrotto,* Lina Paola D’Atri,* Ricardo Mart́ın Gómez,‡
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ABSTRACT
In addition to being key elements in hemostasis and

thrombosis, platelets amplify neutrophil function. We

aimed to gain further insight into the stimuli, mediators,

molecular pathways, and regulation of neutrophil ex-

tracellular trap formation mediated by human platelets.

Platelets stimulated by lipopolysaccharide, a wall com-

ponent of gram-negative bacteria, Pam3-cysteine-

serine-lysine 4, a mimetic of lipopeptide from

gram-positive bacteria, Escherichia coli, Staphylococ-

cus aureus, or physiologic platelet agonists promoting

neutrophil extracellular trap formation and

myeloperoxidase-associated DNA activity under static

and flow conditions. Although P-selectin or glycoprotein

IIb/IIIa were not involved, platelet glycoprotein Ib, neu-

trophil cluster of differentiation 18, and the release of

von Willebrand factor and platelet factor 4 seemed to

be critical for the formation of neutrophil extracellular

traps. The secretion of these molecules depended on

thromboxane A2 production triggered by lipopolysac-

charide or Pam3-cysteine-serine-lysine 4 but not on

high concentrations of thrombin. Accordingly, aspirin

selectively inhibited platelet-mediated neutrophil ex-

tracellular trap generation. Signaling through extracel-

lular signal-regulated kinase, phosphatidylinositol

3-kinase, and Src kinases, but not p38 or reduced

nicotinamide adenine dinucleotide phosphate oxidase,

was involved in platelet-triggered neutrophil extracel-

lular trap release. Platelet-mediated neutrophil extra-

cellular trap formation was inhibited by prostacyclin.

Our results support a role for stimulated platelets in

promoting neutrophil extracellular trap formation,

reveal that an endothelium-derived molecule contrib-

utes to limiting neutrophil extracellular trap formation,

and highlight platelet inhibition as a potential target for

controlling neutrophil extracellular trap cell death.

J. Leukoc. Biol. 99: 000–000; 2016.

Introduction
NETs are webs of histone-modified nuclear material and proteins
that include elastase and MPO extruded from activated
neutrophils during the inflammatory response [1]. NETs exhibit
antimicrobial functions by trapping and killing extracellular
pathogens in the blood and tissues during infection [1–3]. NETs
were found in preeclampsia [4], small-vessel vasculitis [5],
systemic lupus erythematosus [6], and thrombosis [7], suggesting
that they may also have a role in the pathogenesis of several
noninfectious inflammatory diseases.
Platelet–neutrophil interactions are critical to NET in-

duction during sepsis mediated by gram-negative bacteria [8,
9]. NETs released into the vasculature ensnare bacteria from
the bloodstream and prevent dissemination, a phenomenon
that is decreased after platelet depletion or the disruption of
integrin-mediated platelet–neutrophil binding [8]. Platelets
also seem to be relevant mediators of NETs both during
bacterial infections and in sterile inflammatory conditions,
such as in different experimental models of acute lung injury
[10, 11]. Moreover, human thrombi of patients with myo-
cardial infarction mainly consist of activated platelets,
neutrophils, and NETs in close proximity to platelets [12]. In
addition, human platelets stimulated with TRAP or ADP have
been shown to induce NETs, suggesting that classic agonists
of platelet activation might also trigger NET production
[10, 12].
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The mediators and molecular pathways involved in human
platelet-mediated NET generation remain poorly defined. In this
sense, engagement between adherent neutrophils and activated
platelets (stimulated by LPS or plasma from septic patients) was
shown to initiate NET release through b2-integrin–mediated
platelet–neutrophil engagement [8] and requires platelet TXA2

formation and MEK signaling in neutrophils [10]. In addition,
activated platelets present high mobility group box 1 protein
to neutrophils and commit them to autophagy and NET
generation [12].
In this study, we aimed to gain a deeper insight into the

stimuli, mediators, and molecular pathways involved in the
production of NETs mediated by human platelets.

MATERIALS AND METHODS

Reagents
ASA, purified LPS derived from Escherichia coli O111:B4, AA, ADP, PI,
thymus DNA, diphenyl iodonium, LT-B4, poly-L-lysine, and dihydrorhod-
amine 123 were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Pam3CSK4 was obtained from InvivoGen (San Diego, CA, USA). TMB was
from Thermo Scientific (Waltham, MA, USA). Micrococcal nuclease was
purchased from Roche Diagnostics (Mannheim, Germany). PGI2 and
a TXB2 ELISA kit were obtained from Cayman Chemical (Ann Arbor, MI,
USA). A human CXCL4/PF4 ELISA kit was purchased from R&D Systems
(Minneapolis, MN, USA). TO-PRO 3, SYBR Gold, anti-rabbit Alexa 488,
and anti-rabbit Alexa 546 Abs were obtained from Invitrogen (Carlsbad,
CA, USA). Recombinant human PF4 and Abs against human PF4 were
obtained from PeproTech (Rocky Hill, NJ, USA). Myeloperoxidase, rabbit
anti-HNE Abs, and LTC4 were obtained from Calbiochem–Merck
Millipore (Darmstadt, Germany). mAbs against CD18–FITC and unlabeled
vWF were obtained from Immunotech (Marseille, France). The mAb
against MPO-FITC was from BioLegend (San Diego, CA, USA). Blocking
Abs against human TLR2 (clone T2.5) and TLR4 (HTA125) were
purchased from eBioscience (San Diego, CA, USA). The mouse mAb anti-
human P-selectin (CLB/thromb/6) and eptifibatide were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-CD42b (GPIb)
blocking Abs, FITC, and unlabeled irrelevant immunoglobulin IgG1 were
purchased from BD Biosciences (San José, CA, USA). Rabbit anti-human
vWF was obtained from Dako (Glostrup, Denmark, and Carpinteria, CA,
USA). Inhibitors (U 0126, Ly 294002, SB 203580, and PP1) were purchased
from Biomol (Plymouth Meeting, PA, USA).

Bacterial culture and preparation
Escherichia coli DH5 a and Staphylococcus aureus bacteria were purchased from
Invitrogen and American Type Cell Culture 6538, respectively. The bacteria were
cultured at 37°C under aerobic conditions in Luria Bertani (E. coli) or medium
composed of tryptone, yeast extract, and sodium chloride (S. aureus).

Isolation of neutrophils
Neutrophils were isolated from the peripheral blood of healthy donors as
previously described [13]. This study was performed according to institutional
guidelines (National Academy of Medicine, Buenos Aires, Argentina) and
approved by the institutional ethics committee. All patients provided written,
informed consent for the sample collection and subsequent analysis. Cell
suspensions contained .98% neutrophils and 10–15% of CD61+ cells. The
cells were resuspended in RPMI 1640 supplemented with FBS (0.5%).

Preparation of platelets
Blood was drawn directly into plastic tubes containing 3.8% sodium citrate.
Platelets were isolated as previously described [14] and were resuspended

in RPMI 1640 supplemented with FBS (1%) at 2.4 3 108/ml. Platelets were
incubated with LPS, Pam3CSK4, E. coli, or S. aureus bacteria or the
indicated platelet agonist for 30 min at 37°C and then transferred to
neutrophils.

NET formation assay under static conditions
In all experiments, NET formation was visualized by immunofluorescence
microscopy and quantified by evaluation of the DNA released in the
supernatants by fluorometry or ELISA.

Immunofluorescence assays for static conditions
Nonstimulated or activated platelets (as described above) were trans-
ferred to neutrophils (5 3 105/ml) adhered on poly-L-lysine–treated
coverslips and placed in 24-well, flat-bottom plates in a humidified
incubator at 37°C with CO2 (5%) for 1 h [10]. Then, the cells were fixed
with paraformaldehyde (1%), permeabilized with 0.1%Triton, and
blocked with goat serum. Cells were then stained with mouse anti-human
MPO–FITC Abs (1:20) and rabbit anti-HNE (1:1000) or the corre-
sponding IgG controls. For HNE staining Alexa Fluor 546–labeled goat
anti-rabbit secondary Abs, DNA was stained with TO-PRO 3. Mounted
specimens were analyzed by confocal fluorescence microscopy using
a FV-1000 microscope (Olympus, Tokyo, Japan) equipped with a
Plapon 360/NA1.42 objective.

Quantification of extracellular DNA
Nonstimulated or activated platelets were transferred to adhered neutrophils
in 24-well, flat-bottom plates without coverslips. The plates were placed in
a humidified incubator at 37°C with CO2 (5%) for 1 h. DNA released from
neutrophils during NETosis was digested with micrococcal nuclease (500 mU/ml)
for 15 min. EDTA (5 mM) was added to stop the nuclease activity [15].
Supernatants were collected, centrifuged and DNA was measured in the
supernatants using SYBR Gold in a fluorometer (BioTek Instruments,
Winooski, VT, USA). The calibration curve was constructed using thymus
DNA of a known concentration.

HNE–DNA complexes ELISA
Quantification of HNE–DNA complexes were performed as previously
described [10]. Briefly, 96-well plates were coated with 5 mg/ml anti-HNE
Abs overnight at 4°C. After washing 3 times, 20 ml of sample was added to
the wells with 80 ml incubation buffer containing a peroxidase-labeled anti-
DNA mAb (Cell Death ELISAPLUS, Roche Diagnostics, dilution 1:25).
The plate was then incubated for 2 h, shaken at 300 rpm at room
temperature. After 3 washes, 100 ml of peroxidase substrate (ABTS;
Thermo Scientific) was added. Absorbance at 405 nm wavelength was
measured after 20 min incubation at room temperature in the dark. Values
for soluble HNE–DNA complexes were expressed as their fold increase in
absorbance above the control.

MPO activity
After NET induction, medium was removed and then NETs were digested with
micrococcal nuclease, as described above. MPO activity was measured in
supernatants by adding TMB, and absorbance was read at 450 nm after
stopping the reaction with sulfuric acid. The calibration curve was constructed
using purified MPO of a known concentration [16].

NET formation in a flow chamber assay
Evaluation of NET formation under flow was evaluated as previously described
[9]. Briefly, neutrophils (1 3 107/ml) were loaded onto a plasma-coated
chamber slide and allowed to adhere at 37°C in a CO2 (5%) atmosphere for
45 min. After removing plasma, different concentrations of resting or
activated platelets were warmed at 37°C for 30 min before perfusing through
the flow chamber (GlycoTech, Gaithersburg, MD, USA) at 10 ml/min (shear
force, 1 dyne/cm2) for 5 min.
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Immunofluorescence assays for flow conditions
The cells were fixed with 1% paraformaldehyde, blocked, stained with an anti-
HNE Ab or the corresponding IgG control, washed, stained with a secondary
Ab and PI (2 mg/ml), and mounted on slides. Images for NET evaluation were
taken and analyzed by confocal fluorescence microscopy.

Measurement of TXB2, vWF, and PF4 release
After platelet stimulation, the reaction was stopped by the addition of ice-cold
EDTA (2 mM) and ASA (500 mM) for TXB2 detection and with PGI2 (75 nM)
for PF4 and vWF. The samples were centrifuged, and the supernatants were
stored at 280°C until assayed. TXB2, vWF, and PF4 levels in the supernatants
were measured using commercial ELISA kits for TXB2 and PF4 and as
previously described for vWF [14].

Flow cytometry studies
For CD18 expression, neutrophils were stimulated for 60 min, fixed, and
stained with FITC-conjugated CD18 or IgG1. For extracellular vWF, stimulated
platelets were incubated with an Ab against vWF or IgG1 and then stained with
a secondary Ab conjugated with Alexa 488. For ROS generation, neutrophils
were stimulated and incubated with dihydrorhodamine (5 mM) for 60 min at
37°C. The samples were analyzed on a FACSCalibur flow cytometer using
Cellquest software (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis
The results are expressed as means 6 SEM and were analyzed by 1-way ANOVA
followed by the Newman-Keuls multiple comparison test to determine
significant differences between groups. P values ,0.05 were considered
statistically significant.

RESULTS

Platelet activation by LPS or Pam3CSK4 triggers
NET formation
The contribution of platelets to NETosis triggered by bacteria
has been previously inferred using human platelets stimulated
with LPS, a TLR4 agonist and a major component of the gram-
negative bacteria cellular wall [8, 9, 12]. Because there are no
reports of the role of gram-positive bacteria in platelet-mediated
NETosis, we analyzed the effect of Pam3CSK4, a TLR1/TLR2
agonist and a synthetic mimetic of the main lipopeptide wall
component of gram-positive bacteria [17]. Confocal microscopy
studies showed that the addition of nonstimulated platelets to
the neutrophils did not trigger NET formation (Fig. 1A).
However, platelets that were prestimulated with LPS or
Pam3CSK4 induced the generation of NETs (Fig. 1A). To
discriminate between the contribution of TLR-activated plate-
lets and the direct effect of TLR agonists on neutrophils, we
stimulated neutrophils with similar concentrations of each
compound in the absence of platelets. As shown in Figure 1B
and C, both LPS and Pam3CSK4 induced NETs in a concen-
tration-dependent manner; however, the NET quantity was
significantly lower than those generated in the presence of
platelets (Fig. 1B and C). Of note, in agreement with previous
reports [10], around 25% of the donor samples failed to
produce NETs upon neutrophil stimulation without platelets.
The observation that similar results were obtained when
HNE–DNA complexes (which are only present in NETs) were
evaluated (Fig. 1D), confirmed that the release of extracellular
DNA was associated with NET formation and not with any other

possible cell death mechanisms. Moreover, morphologic anal-
ysis of neutrophils labeled with PI or acridine orange, showed
that neither platelets stimulated with LPS nor those stimulated
with Pam3CSK4 induced neutrophil apoptosis or necrosis (data
not shown). MPO that decorates NETs retains its enzymatic
activity [16]. To evaluate whether platelet-mediated NETosis
also influences MPO activity, the enzymatic activity was
measured after micrococcal nuclease digestion of NETs using
a standard TMB peroxidase activity assay. Figure 1E shows that,
although neutrophil stimulation with LPS or Pam3CSK4
increased the MPO activity compared with basal levels, it was
greater in the presence of stimulated platelets.
When platelets were preincubated with a blocking anti-TLR4

or anti-TLR2 Ab, washed, and then stimulated with the TLR
ligands, the amount of released DNA was reduced to those
observed with nonstimulated platelets (Fig. 1F), confirming
a specific response mediated by the interaction of LPS and
Pam3CSK4 with platelet TLR4 and TLR2, respectively. Control
IgG did not modify NET release.
To determine whether potentiation mediated by platelets was

specific for platelets activated by the cell wall components or
whether it was also triggered by the bacteria, platelets were
stimulated with different concentrations of E. coli and S. aureus,
as a gram-negative and gram-positive bacteria, respectively.
Similar to LPS and Pam3CSK4, both bacteria induced NET
formation, and it was potentiated in the presence of platelets
(Fig. 1G and H).
Using a flow chamber system, we observed that the perfusion

of nonstimulated platelets did not result in NETs (Fig. 2A). In
contrast, LPS- or Pam3CSK4-treated platelets avidly induce the
release of DNA (Fig. 2A). Again, the direct stimulation of
neutrophils with LPS or Pam3CSK4 without platelets triggered
a reduced degree of NETosis (Fig. 2A). Interestingly, although
NETosis was observed after 5 min of platelets perfusion, in the
static model, neutrophils required at least 30 min of incubation
with stimulated platelets to release DNA (Fig. 2B). NET
generation was induced in a platelet number–dependent manner
(Fig. 2C). Although in the static model, a minimum of 1.25 3 108

platelets/ml was required to observe a potentiated effect, under
flow conditions, that number decreased to 0.1 3 108 platelets/ml
(Fig. 2D).
Together, these findings indicate that platelets significantly

promote NET formation in response to TLR4 and TLR2
activation by gram-negative and gram-positive bacteria or their
wall components.

Platelet activation by classic platelet agonists also
induces NET formation
NETs develop not only during sepsis but also during sterile
inflammation, conditions in which several platelet agonists are
synthesized, released, or both [4–7]. Thus, we next explored the
effect of human platelet activation by physiologic agonists in NET
generation. The stimulation of platelets with ADP, collagen,
thrombin, or AA promoted NET formation (Fig. 3A). Re-
markably, among all of the agonists, AA was the strongest
stimulus and the only one that triggered NETs without platelets
by direct neutrophil activation (Fig. 3A). The metabolism of AA
in leukocytes occurs mainly through the lipoxygenase enzyme
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that leads to the generation of LTs [18]. For this reason, we
analyzed the effect of LTB4 and LTC4 on NETosis. We found
that LTB4 is a potent inducer of NETs, whereas LTC4 failed to
trigger NETs (Fig. 3B). Moreover, NET induction by AA or LTB4
was suppressed by the pretreatment of neutrophils with Ly29311,
an antagonist of the LTB4 receptor, which strongly supports the
role of LTB4 in NETosis (Fig. 3B). Moreover, activation of
neutrophils with AA increased NET-associated MPO activity and
HNE–DNA complexes, and it was further increased in presence
of platelets (Fig. 3C and D).
Although the perfusion of AA over immobilized neutrophils

induced NET formation under flow conditions, the amount of
released DNA using AA-stimulated platelets was greater (Fig.
3E). Together, these data indicate that NET generation is
promoted after human platelet activation induced by TLR2 and
TLR4 agonists and by physiologic platelet agonists under static
or flow conditions.

Platelet and neutrophil membrane receptors involved in
NET formation
We next studied whether platelet-induced NETosis was mediated
by soluble or membrane factors. For this purpose, platelets
stimulated with LPS, Pam3CSK4, or AA were centrifuged, and
then neutrophils were stimulated with platelet supernatants.
Figure 4A shows that although the supernatants of the stimulated
platelets promoted NETs, it was to a lesser degree than the
NETosis induced by whole platelet suspensions (supernatant and
cells together). Interestingly, stimulated platelets without the

supernatants (centrifuged after stimulation and resuspended in
RPMI 1640) also induced NETs, indicating that both soluble and
membrane-bound platelet components are required for NET
generation.
To analyze the contribution of cell–cell interactions, we first

evaluated the role of P-selectin, the main platelet cell adhesion
molecule that mediates neutrophil–platelet interactions [19].
When stimulated platelets pretreated with the anti-P-selectin Abs
were added to the neutrophils, the NET quantity was similar to
that of the samples without Abs, indicating that P-selectin does
not mediate platelet-induced NETs (Fig. 4B). However, this Ab
effectively suppressed the formation of thrombin-induced
platelet–neutrophil heterotypic aggregates (data not shown).
GPIIb/IIIa and GPIb/V/IX are the major platelet surface

receptors involved in platelet activation. Blocking GPIIb/IIIa
with the integrin antagonist eptifibatide did not modify NET
generation. However, the preincubation of platelets with
a blocking Ab against GPIb significantly decreased NET
formation triggered by LPS, Pam3CSK4, or AA (Fig. 4B). Because
it was reported that platelets bind to neutrophils in response to
LPS or TRAP via b2-integrin (CD18) [8, 11], we also analyzed the
participation of this integrin. We found that neutrophil activation
by LPS, Pam3CSK4, or AA augmented CD18 expression on the
neutrophil membrane surface (Fig. 4C). Additionally, the
blockade of this integrin significantly inhibited the release of
DNA triggered by platelets stimulated by any agonist (Fig. 4D).
Thus, GPIb on platelets and CD18 on neutrophils appear to be
key receptors involved in platelet-mediated NETosis.

Figure 1. NET formation triggered by platelets.
(A) Neutrophils (5 3 105/ml) were incubated for
60 min with platelets (Plt) (2.4 3 108/ml) that
were prestimulated with LPS (1 mg/ml) or
Pam3CSK4 (1 mg/ml) for 30 min. The cells were
then fixed; permeabilized; stained with TO-PRO 3
for DNA (blue), the specific markers anti-human
neutrophil elastase (HNE, red), and anti-MPO
(green); and visualized by confocal fluorescence
microscopy (n = 10). Original magnification, 360
(scale bar, 20 mm). Neutrophils were incubated with
different concentrations of LPS (B) or Pam3CSK4
(C), and then, DNA was quantified in the super-
natants by fluorometry (n = 10). HNE–DNA
complexes (D) and MPO activity (E) were mea-
sured in supernatants. (F) Plt (2.4 3 108/ml) were
preincubated with anti-TLR4 or 2 Abs and stimu-
lated with LPS (1 mg/ml) or Pam3CSK4 (1 mg/ml),
and then, DNA was quantified in the supernatants
by fluorometry (n = 4). (G and H) Neutrophils were
incubated with E. coli (G) or S. aureus stimulated Plt
(H), and then, DNA was quantified in the super-
natants by fluorometry (n = 4). *P , 0.05 vs. none.
#P , 0.05 vs. LPS, Pam3CSK4, E. coli, or S. aureus
without Plt or IgG of the same agonist.
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Molecules involved in platelet-mediated NET formation
Having demonstrated that supernatants from LPS-, Pam3CSK4-,
or AA-stimulated platelets generated NETs, we next aimed to
identify which mediators were involved. Because GPIb appeared
to be required for platelets to trigger NETosis (Fig. 4B), we

examined the role of vWF, the main ligand of this GP [20].
Platelet activation by all 3 platelet agonists resulted in vWF
release and its binding to the platelet membrane (Fig. 5A and B).
In addition, the blocking of vWF markedly reduced platelet-
mediated NET formation (Fig. 5C), further suggesting a role of
vWF in this process.
After activation, platelets express or secrete a wide variety of

molecules that can modulate neutrophil responses. Among
them, PF4 both activates leukocytes and exerts antimicrobial
activity [21]. The stimulation of platelets with LPS, Pam3CSK4,
or AA resulted in PF4 release (Fig. 5D). DNA release was
markedly prevented after PF4 blocking (Fig. 5E), whereas the
stimulation of neutrophils with human recombinant PF4
resulted in NET generation (Fig. 5F). Taking together, these
results strongly suggest an important role for PF4 in NET
generation.
Considering that the generation of TXA2 mediates NET

formation triggered by LPS-activated platelets [10], we next
confirmed and extended the effect of TXA2 on NET formation
mediated by LPS-, Pam3CSK4-, and AA-stimulated platelets. The
activation of platelets with each of these molecules resulted in
the generation of TXB2, the stable metabolite of TXA2 (Fig.
5G). In addition, when platelets were preincubated with ASA
(an inhibitor of TXA2 generation), NET formation was sup-
pressed (Fig. 5H). To our knowledge, the presence of TXA2

receptor in neutrophils has not been described previously.
Thus, it is conceivable that TXA2 produced by platelets induces
the release of other mediators responsible for triggering NETs.
To address this hypothesis, we next measured the release of vWF
and PF4 in platelets preincubated with ASA. As shown in Figures
5I and J, ASA completely abrogated the vWF and PF4 release by
LPS-, Pam3CSK4-, or AA-activated platelets. In contrast, the
stimulation of ASA-treated platelets with a high thrombin
concentration (1 U/ml), which triggers activation independent
of TXA2, resulted in the release of DNA (0.65 6 0.09 mg/ml),
vWF, and PF4 (2.5 6 0.12- and 2.7 6 0.3-fold increase vs.
control, respectively; n = 3).

Signaling pathways involved in platelet-mediated
NET formation
Although the molecular bases governing NETs are still not
completely elucidated, activation of the NADPH oxidase and the
RAF/MEK/ERK axis appears to be relevant for PMA-induced
NET formation [22, 23]. To determine whether these trans-
duction signals were also involved in platelet-mediated NETosis,
we initially evaluated ROS formation (signaling downstream
NADPH activation). Although platelets stimulated with LPS,
Pam3CSK4, or AA failed to trigger ROS, a moderate but
significant increase in ROS levels was observed in neutrophils
activated by TLR ligands or AA (Fig. 6A). However, the
preincubation of both cell types with diphenyl iodonium, an
inhibitor of NADPH oxidase, did not modify the DNA release
(Fig. 6B–D), suggesting that ROS are not involved in platelet-
triggered NETosis. On the other hand, the individual or
combined treatment of neutrophils or platelets with U0126,
a specific inhibitor of ERK, reduced NET production (Fig.
6B–D). A similar degree of inhibition was also observed when
both cell types were preincubated with PP1, an inhibitor of Src

Figure 2. Platelet-mediated NET formation under static and flow
conditions. (A) NETs were formed under shear forces in vitro with LPS-
or Pam3CSK4-stimulated platelets (Plt). The cells were fixed, stained,
and visualized by confocal fluorescence microscopy (n = 4). (B) LPS-
or Pam3CSK4-stimulated Plt were incubated with neutrophils under
static conditions for different times, and then, DNA was quantified in
the supernatants by fluorometry (n = 4). (C and D) Different platelet
concentrations were prestimulated with LPS or Pam3CSK4 and
incubated with neutrophils. The DNA released under static conditions
was measured by fluorometry (C), and NETs formed under both static
and flow conditions were visualized by confocal microscopy (D).
Original magnification, 360 (scale bar, 20 mm) (n = 4). *P , 0.05 vs.
5 min or without Plt.
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pathways (Fig. 6B–D). The PI3K pathway is involved only in
neutrophils because preincubation of neutrophils but not
platelets with Ly294002 significantly reduced NET formation
(Fig. 6B–D). Interestingly, the blockade of P38 in any cellular
type did not show significant effects (Fig. 6B–D). Thus, signaling
through ERK, PI3K, and Src kinases, but not P38 or NADPH,
participates in platelet-triggered NET release.

Effect of endothelial-derived platelet inhibitor on
platelet-triggered NET formation
The endothelium is the cellular substrate for vascular NET
formation [8, 24]. Because an endothelial-derived molecule,
such as PGI2, physiologically regulates platelet activation [25], we
evaluated the effect of this molecule on platelet-mediated
NETosis. Platelets were preincubated with PGI2, before activation
with LPS, Pam3CSK4, or AA. The pretreatment of platelets with
this inhibitor resulted in a marked decrease of NET formation
under static (Fig. 7A) or flow conditions (Fig. 7B), highlighting
the role of this physiologic platelet activation modulator on
platelet-triggered NETosis.

DISCUSSION

In this study, we extended the knowledge about the role of
platelets in NET formation. Human platelet activation with
components of both gram-negative (LPS) and gram-positive
(Pam3CSK4) bacteria results in NET production via binding to
the TLR4 and TLR2 receptors, respectively. Moreover, activa-
tion of platelets with E. coli or S. aureus also promoted NET
generation. Platelet-mediated NET formation occurs under
static or flow conditions. In accordance with a more-physiologic
setting, the time for NET formation, as well as the number of

platelets, under flow conditions was less than that required
under static conditions. Platelet-mediated NETosis seems not to
be restricted to platelet activation by bacteria because TRAP
stimulation also resulted in the release of neutrophil DNA [10].
In addition, while this manuscript was in preparation, Maugeri
et al. [12] showed that collagen or ADP platelet challenge
resulted in NET formation. Our results are in agreement with
those observations and further show that platelet stimulation
with AA also triggered NETosis. Moreover, among all of the
platelet agonists, including LPS and Pam3CSK4, AA was the
most potent.
The observation that stimulated platelets or their supernatants

triggered NET formation indicated that platelet membrane
surface and soluble components are able to induce NETosis. The
interaction of platelets with neutrophils has been attributed
mainly to the cross-talk between P-selectin and its counter-
receptor PSGL-1 [19]. Platelet stimulation by Pam3CSK4 or AA
results in the expression of P-selectin [14]. However, controver-
sial results have been shown regarding the exposure of this
molecule triggered by LPS [14, 26]. We now show that blocking
P-selectin did not modify NET production. Similar findings were
reported by Maugeri et al. [12]. Moreover, they also showed that
recombinant P-selectin was not able to induce NETs. These data
indicate that NETosis triggered by platelets, either by bacterial
components or platelet agonists, is a P-selectin–independent
phenomenon. In contrast, NET formation in mice appears to
be dependent on the presence of P-selectin in platelets and
neutrophil PSGL-1 or Mac-1 [27, 28]. The differences re-
garding the role of P-selectin and PSGL-1 could be associated
with an in vivo effect of P-selectin, not included in our study, or
to the different species. We also found that platelet-stimulated
NET formation depends on the platelet GPIb and the

Figure 3. Platelet activation by classic platelet
agonists induces NET formation. (A) Neutrophils
(5 3 105/ml) were incubated for 60 min with
platelets (Plt) (2.4 3 108/ml) that were presti-
mulated with ADP (20 mM), collagen (col;
10 mg/ml), thrombin (Thr; 0.05 U/ml), or AA
(100 mM) for 30 min. or with leukotriene (LT)B4
(1026 M) or C4 (1026 M) in the presence or
absence of the LTB4 antagonist Ly29311 (1026 M)
(B). DNA was quantified in the supernatants
by fluorometry (n = 10). Neutrophils were
incubated with AA-stimulated Plt and NET-
associated MPO activity (C) and DNA–HNE
complexes (D) were measured in supernatants.
(E) NET formation occurred under shear forces
in vitro with AA-stimulated Plt. The cells were
fixed and stained with PI for DNA (red) and the
specific marker anti-HNE (green) and were
visualized by confocal fluorescence microscopy.
Original magnification, 360 (scale bar, 20 mm)
(n = 4). *P , 0.05 vs. none. #P , 0.05 vs. same
agonist without Plt or AA or LTB4 without
Ly29311.
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neutrophil b2-integrin. In this context, the cooperation
between this receptor/counterreceptor system has been
considered another major event involved in sustaining platelet–
neutrophil adhesion [29, 30]. Although a murine model of lung
injury blocking the platelet GPIIb/IIIa decreased NET levels and
tissue damage [10], our in vitro data showed that in human
platelets, this GP does not appear to participate in platelet-
mediated NETosis because the preincubation of platelets with
eptifibatide did not prevent NET production.
We concluded that vWF, PF4, and TXA2 released from

platelets are soluble mediators that orchestrate NET production
based on 3 observations: 1) platelet stimulation with LPS,
Pam3CSK4, or AA triggered the synthesis and/or secretion of
vWF, PF4, and TXA2; 2) inhibition of their action markedly
decreased NET formation; and 3) human recombinant PF4 was
a strong NET inducer.

GPIb in platelets and PSGL-1 and b2-integrin in neutrophils
are vWF receptors [31]. We found that blocking GPIb and b2-
integrin prevented NET generation. Thus, it is conceivable that,
upon being released, vWF may act as a bridge that brings
platelets and neutrophils into proximity. Previous studies in
a mice model of deep vein thrombosis have shown that strings of
citrullinated histone 3 colocalizes with vWF in the thrombi,
suggesting that vWF released from endothelial cells and platelets
and NETs form a mutually supportive network that contributes to
vWF A1 domain activation and to the growth and stabilization of
a venous thrombus [32]. Our data give further support to this
hypothesis and reveal for the first time, to our knowledge,

Figure 4. Receptors involved in platelet-mediated NET formation. (A)
Platelets (Plt; 2.4 3 108/ml) were stimulated with LPS (1 mg/ml),
Pam3CSK4 (1 mg/ml), or AA (100 mM) for 30 min, and then, whole Plt
(Plt + supernatant), supernatant only, or Plt only (without supernatant)
were coincubated with neutrophils (5 3 105/ml) for 60 min, and DNA
was quantified in the supernatants by fluorometry (n = 4). (B) Plt were
preincubated with the corresponding IgG control, anti–P-selectin (anti-
P-sel), anti-GPIb Ab, or eptifibatide (EPTI); washed; stimulated with
LPS (1 mg/ml), Pam3CSK4 (1 mg/ml), or AA (100 mM); and
coincubated with neutrophils for 60 min, and then, DNA was quantified
in the supernatants (n = 4). (C) Neutrophils were stimulated with LPS
(1 mg/ml), Pam3CSK4 (1 mg/ml), or AA (100 mM), and then CD18
expression was measured by flow cytometry. (D) Neutrophils were
preincubated with the corresponding IgG control or an anti-CD18 Ab,
washed, and coincubated with resting or activated Plt, and then DNA
was quantified in the supernatants (n = 4). *P, 0.05 vs. none. #P , 0.05
vs. whole Plt or IgG of the same agonist.

Figure 5. Molecules involved in NET formation mediated by platelets.
vWF release (A) and platelet surface-bound vWF (B) were measured in LPS
(1 mg/ml)-, Pam3CSK4 (1 mg/ml)-, or AA (100 mM)-stimulated platelets by
ELISA and flow cytometry, respectively. (C) Plt were incubated with an
anti-vWF Ab or the corresponding IgG control and washed before
stimulation and incubation with neutrophils, and DNA was measured by
fluorometry. (D) PF4 release was assayed in resting or stimulated Plt.
Neutrophils were incubated with Plt pretreated with an anti-PF4 Ab (E) or
the corresponding IgG control or recombinant PF4 (1.5 mg/ml)-
stimulated Plt (F), and DNA was measured (n = 4). (G) Thromboxane
(TXB2) release was measured in resting or stimulated Plt by ELISA. (H) Plt
preincubated or not with ASA (1 mM) was stimulated with LPS,
Pam3CSK4, or AA, incubated with neutrophils, and then, DNA was
quantified in the supernatants by fluorometry. vWF (I) and PF4 (J) release
were measured in stimulated Plt preincubated with ASA (1 mM). *P, 0.05
vs. none. #P , 0.05 vs. IgG of the same agonist or neutrophils.
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a functional role for human platelet-derived vWF. Moreover, it
was reported that circulating vWF binds and immobilizes
extracellular DNA released from neutrophils acting as a linker
for leukocyte adhesion to the endothelium, supporting leukocyte
extravasation and inflammation [33]. Thus, vWF circulating or
released from endothelial cells, platelets, or both appear to have
relevant roles in different stages of platelet-mediated NET
formation.
The role of platelet-derived chemokines, such as PF4

and RANTES, in NETosis has been demonstrated recently
in a neutrophil- and platelet-dependent mouse model of
ventilator-induced lung injury [11]. Our results give further
support to the role of PF4 in NETosis triggered by human
platelets and also demonstrate that this chemokine is
released upon platelet stimulation with TLR4 or TLR2
ligands.
The presence of TXA2 receptor in neutrophils has not been

described; thus, considering that, once released into the platelet
cytoplasm, AA is rapidly metabolized to TXA2, a strong autocrine
and paracrine platelet activator, it could be argued that TXA2

produced by platelets accounts for the release of vWF and PF4,
which, in turn, trigger NET formation. In fact, this hypothesis
appears to be the case for platelet agonists that induce a-granule
secretion in a TXA2-dependent manner. Using ASA-treated
platelets, which prevent TXA2 formation, we found that vWF and
PF4 release and NET formation were inhibited in platelets
challenged by LPS, Pam3CSK4, or AA. In contrast, and despite
the fact that TXA2 was not synthesized, the release of vWF, PF4,
and NETs was normal in platelets activated by a high-thrombin
concentration.
We also demonstrated that LTB4 is a NET inducer. Although

LTs are mainly produced by leukocytes, the transcellular
metabolism of AA may occur from platelets to neutrophils that

are in close contact [34]. Therefore, in addition to being directly
produced by stimulated neutrophils, LTB4 can be generated
during the cross talk of platelets and neutrophils in the process of
NET formation. Moreover, this effect could be more relevant
under the therapeutic use of ASA, where AA could be exclusively
metabolized by the lipoxygenase enzyme of neutrophils. In fact,
AA stimulation of ASA-treated platelets did not completely
prevent NET formation. Notably, the application of LTB4 in the
skin induces NET formation and the synthesis of interleukin-17,
which is involved in the pathogenesis of psoriasis [35]. Whether
platelets contribute to this process is a relevant issue that remains
to be investigated.
Although the signaling pathways mediating NET formation

are still not completely elucidated, the activation of NADPH
and the MAPK–ERK pathways appears to be relevant, at least
for NETs induced by PMA-activated neutrophils [23]. In
contrast with these observations, we found that the inhibition
of NADPH did not interfere with NET formation induced by
LPS-, Pam3CSK4-, or AA-stimulated platelets, suggesting that
ROS are not mediators of NETs under these conditions.
However, ERK, Src, or PI3K activation is required for platelet-
mediated NET induction.
Intravascular NETs are firmly attached to the vessel walls

of liver sinusoids [8]. Here, we demonstrated that the
preincubation of platelets with PGI2 down-regulated NET
production under static and flow conditions, which suggests
that the preservation of endothelial antiplatelet activity
would be critical to the prevention of excessive NET
formation.
In conclusion, our data show that platelets activated by TLR2

and TLR4 ligands as well as classic platelet agonists trigger
NETosis under static or flow conditions. The orchestrated action
between platelet GPIb and neutrophil CD18 and the secretion of

Figure 6. Signaling pathways involved in platelet-
mediated NET formation. (A) Plt and neutrophils
were stimulated with LPS (1 mg/ml), Pam3CSK4
(1 mg/ml), or AA (100 mM), and then, ROS
generation was measured by flow cytometry.
Neutrophils (B), Plt (C), or both (D) were
pretreated with an inhibitor of NADPH (diphenyl
iodonium [DPI], 10 mM), ERK (U0126, 10 mM),
Src (PP1, 5 mM), PI3K (Ly294002, 5 mM), or P38
(SB203580, 25 mM), and then, DNA was measured
by fluorometry (n = 4). *P , 0.05 vs. none. The
concentrations of the inhibitors were selected from
pilot studies and were the minimal amount that
completely suppressed phosphorylation of the
specific target proteins (data not shown).
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TXA2, PF4, and vWF mediate the release of these structures.
Furthermore, platelet-induced NET formation is tightly regu-
lated by endothelial-derived PGI2 and is selectively controlled by
ASA-induced platelet inhibition. The signaling pathways in-
volved in NET formation mediated by platelets include
activation of ERK, PI3K and Src kinases. Our results highlight
that platelets are relevant contributors to host-defense cellular
responses.
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(2000) Platelet glycoprotein iba is a counterreceptor for the leukocyte
integrin Mac-1 (CD11b/CD18). J. Exp. Med. 192, 193–204.

31. Pendu, R., Terraube, V., Christophe, O. D., Gahmberg, C. G., de Groot,
P. G., Lenting, P. J., Denis, C. V. (2006) P-selectin glycoprotein ligand 1
and b2-integrins cooperate in the adhesion of leukocytes to von
Willebrand factor. Blood 108, 3746–3752.

32. Brill, A., Fuchs, T. A., Savchenko, A. S., Thomas, G. M., Martinod, K., De
Meyer, S. F., Bhandari, A. A., Wagner, D. D. (2012) Neutrophil
extracellular traps promote deep vein thrombosis in mice. J. Thromb.
Haemost. 10, 136–144.
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