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Do platelet mediators and coagulation
factors affect the formation of neutrophil
extracellular traps?
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Atherothrombosis Research Centre/Laboratory of Biochemistry, Department of Chemistry,
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ABSTRACT

Aim: To investigate the effect of factor Xa (FXa), thrombin and platelets, under activation or resting conditions,
on neutrophil extracellular traps (NETs) formation (NETosis). Materials and Methods: Neutrophils, isolated
from apparently healthy volunteers, were challenged with 25-50 nM FXa, 0.2-8 U/mL thrombin, 5-100 uM ad-
enosine diphosphate (ADP), 0.1-0.5 mM arachidonic acid (AA), 5-15 ug/mL collagen, 100 uM protease-activated
receptor (PAR)-4 activating peptide, 10-100 uM PAR-2 activating peptide or 25-100 nM phorbol 12-myristate
13-acetate (PMA). Moreover, neutrophils were challenged with platelet-rich plasma (PRP), activated with ADP
(ata concentration of either 20 uM, in an aggregometer, or of 50 uM, in situ). Neutrophils were incubated for 3.5
hat37°Cand 5% CO, and an immunofluorescence protocol followed, in order to stain neutrophils and NETs for
myeloperoxidase and DNA. Finally, NETs and neutrophils were microscopically visualized and the percentage of
NET-releasing neutrophils of each of the above experimental conditions was evaluated. Results and Conclusion:
Among the agonists studied, only PMA and AA, induced robust NETosis, at a threshold concentration of 25 nM
and 0.25 mM, respectively. Furthermore, platelets pre-activated with ADP, but not resting platelets induce the
formation of NETs, a phenomenon that is also observed when platelets were activated with ADP in situ, in the
presence of neutrophils. The present results provide an additional mechanism through which platelets contribute
to various pathophysiological conditions in which NETs are implicated, such as inflammation and thrombosis.
The whole spectrum of platelet mediators that are implicated in NETosis needs to be further investigated.
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1.INTRODUCTION proteins and are generated by activated neutrophils.' The

Neutrophil extracellular traps (NETs) are threads of de- procedure of the formation of NETs is termed as NETosis.

condensed chromatin, which are decorated with numerous
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Originally, NETs were studied for their anti-microbial prop-
erties, since they entrap and possibly kill pathogens, by
providing a high local concentration of microbicidal pro-
teases, such as neutrophil elastase and myeloperoxidase
(MPO)." However, later, extended research, has revealed
that NETs are also present under sterile inflammatory
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conditions and they participate in the pathogenesis of
multiple diseases, e.g. cancer,? diabetes mellitus® and
Alzheimer’s disease.* Importantly, it is established that
NETs are heavily involved in atherogenesis, as well as in
arterial and venous thrombosis.®

In addition to their central role in the coagulation
cascade, coagulation factors Xa (FXa) and thrombin exert
cellular effects via protease-activated receptors (PARs),5”
which are expressed on virtually all cell types. FXa activates
PAR-1 and -2, whereas thrombin activates PAR-1, -3 and
-4, but not PAR-2.57

Platelets play a key role in hemostasis and thrombo-
sis, however they also interact and activate leukocytes,
including neutrophils, thus participating in inflammatory
responses as well as in atherogenesis.? The platelet-neu-
trophil interaction is mediated by P-selectin, expressed on
the platelet surface, and P-selectin glycoprotein ligand-1,
which is expressed on the surface of neutrophils.?

In the present study, we investigated the effect of
FXa and thrombin, as well as platelets, in their resting
and activation conditions, on neutrophils activation and
NETs production.

2. MATERIALS AND METHODS

2.1. Reagents

Adenosine diphosphate (ADP), arachidonic acid (AA),
thrombin from human plasma, Histopaque®-1119, heat
inactivated (HI) human serum from clotted whole blood,
phorbol 12-myristate 13-acetate (PMA) and 4',6-diamidino-
2-phenylindole (DAPI) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Collagen type IV was purchased from
Chrono-Log Corporation (Philadelphia, PA, USA). PAR-2 and
-4 activating peptides were purchased from Bachem (Basel,
Switzerland). FXa was purchased from Haematologic Tech-
nologies, Inc. (Essex Junction, VT, USA). Anti-MPO antibody
was purchased from Santa Cruz (Dallas, TX, USA). Ficoll®
Paque Plus was purchased from GE Healthcare (Chicago,
IL, USA). Roswell Park Memorial Institute (RPMI) Media
1640 was purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA). BioCoat Cellware poly-L-lysine 12 mm
coverslips were purchased from Becton Dickinson (La Jolla,
CA, USA). Goat anti-rabbit IgG (H+L) secondary antibody,
Alexa Fluor® 488, was purchased from Invitrogen (Thermo
Fisher Scientific, Waltham, MA, USA).

2.2. Isolation of neutrophils

Heparinized whole blood was withdrawn from fast-
ing, non-smoking, apparently healthy volunteers, who
had not received any anti-platelet and anti-inflammatory
drugs for at least two weeks prior to venipuncture. The
whole blood was diluted with normal saline, it was care-
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fully overlayed on a Histopaque®-1119 and Ficoll® Paque
Plus gradient and then it was centrifuged at 700 x g for 30
min, at room temperature (RT). The polymorphonuclear
leukocyte (PMN) zone was aspirated, diluted with 12.5
mM phosphate-buffered saline (PBS) and centrifuged at
200 x g for 10 min, at RT. Finally, the PMN pellet, enriched
in neutrophils, was re-suspended with RPMI Media 1640,
supplemented with 2% HI human serum.

2.3. Preparation of platelet-rich plasma

Platelet-rich plasma (PRP), autologous to the neu-
trophils, was prepared as previously described.’ Briefly,
whole blood was centrifuged at 126 x g for 15 min, at RT.
The upper two-thirds of the PRP layer were aspirated and
the remaining PRP was further centrifuged at 1500 x g for
20 min, at RT, to obtain platelet-poor plasma (PPP). The
number of platelets in the PRP was counted using a hemo-
cytometer and it was adjusted to 2.5 x 10°/pL with PPP.

2.4. NETs generation and visualization

Neutrophils (2 x 10°) were added to 24-well plates,
in which poly-L-lysine coverslips were pre-placed, and
incubated for 1 h at 37°C and 5% CO,, in order to allow
the cells to bind to the coverslips.

The effect of coagulation factors and various classic
platelet agonists on NETs generation was investigated.
We tested FXa (25-50 nM), thrombin (0.2-8 U/mL), ADP
(5-100 uM), AA (0.1-0.5 mM), collagen (5-15 pg/mL) and
PAR-4 activating peptide (sequence AYPGKF-NH,; 100
UM). In addition, we studied the effect of a selective,
PAR-2 activating peptide (sequence SLIGRL-NH,; 10-100
uM) on the formation of NETs, since PAR-2 is expressed
on neutrophils.” PMA, a widely used NET inducer, was
used as a positive control for induction of NETosis at a
concentration range of 25-100 nM.

In other experiments, PRP was activated with 20 uM
ADP at 37°C for 5 min, under 1200 RPM stirring conditions,
in a Chrono-Log Model 700 Lumi-Aggregometer (Chrono-
Log Corporation, Philadelphia, PA, USA) and the total
suspension of the activated PRP was then immediately
transferred to neutrophils, at a physiological ratio of 150
x 10° platelets/6 x 10° neutrophils. Alternatively, PRP was
added to neutrophils, at the above ratio, and activated in
situ with 50 uM ADP.

In all the above experimental conditions, neutrophils
were incubated for 3.5 h at 37°C and 5% CO,, to produce
NETs. Afterwards, the cells and NETs were fixed and then
an immunofluorescence protocol was followed. According
to this protocol, neutrophils and NETs were incubated with
an anti-MPO primary antibody and the goat anti-rabbit
19G (H+L) secondary antibody, Alexa Fluor® 488, for MPO
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visualization. In addition, neutrophils and NETs were
incubated with 200 ng/mL DAPI, for DNA visualization.
NETs were imaged with an Olympus BX41 fluorescence
microscope and with a Leica TCS SP5 confocal microscope,
with a HC PL APO CS 63X oil lens and the LAS AF software.
The number of cells that release NETs was counted, and
the percentage of NET-releasing neutrophils was obtained
from 5 representative optical fields.

3. RESULTS AND DISCUSSION

The coagulation factors FXa and thrombin were tested
at arange of concentrations of 25-50 nM and 0.2-8 U/mlL,
respectively. Even at the maximal concentration tested, FXa
or thrombin did not induce substantial NETosis (Figure 1).

To study the effect of activated platelets and therefore
the effect of platelet - neutrophil cell to cell interaction or
the effect of platelet-secreted mediators, we first studied
the effect of various platelet agonists on NETosis, in a
wide variety of concentrations. Among all agonists tested,
only PMA and AA induced robust NETosis (Figure 2A).
The threshold concentration of the above agonists that
induced the maximum of NETs production, were 25 nM
for PMA and 0.25 mM for AA. All other agonists, i.e. ADP,
collagen, PAR-4 and PAR-2 agonists, even at the maximum
concentration tested, did not induce substantial NETosis
(Figure 2A). Representative confocal microscopy images
of untreated neutrophils, as well as PMA-and AA-induced
NETosis, at the maximum concentration tested, are shown
in Figure 2B.

We next evaluated whether activated platelets can
induce NETosis. To activate platelets in situ, i.e. in the pres-
ence of neutrophils, we have chosen a platelet agonist,
among those tested in the present study, that was inactive
towards NETs production by neutrophils. Among these
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FIGURE 1. Effect of coagulation factors on the formation of NETs.
The bar graph depicts NETosis induced by 50 nM FXa and 8 U/mL
thrombin. The above results represent the mean + SD of at least
4 different neutrophil preparations.
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FIGURE 2. A. Effect of various agonists on the formation of NETs.
The bar graph depicts NETosis induced by 25 nM PMA, 100 uM
ADP, 0.25 mM AA, 15 pg/mL collagen, 100 uM AYPGKF-NH, and
100 uM SLIGRL-NH,. The above results represent the mean + SD
of at least 4 different neutrophil preparations. B. Representative
confocal microscopy images of untreated neutrophils, as well as
NETs from neutrophils treated with 25 nM PMA or 0.25 mM AA.
Neutrophils and NETs were stained for myeloperoxidase (MPO) and
DNA with DAPI. Magnification 63x. Abbreviation: N; neutrophils.

agonists we have chosen ADP since its platelet receptor
P2Y12, is the main target of antiplatelet therapy used
currently in the clinical practice.” ADP cannot induce
neutrophil activation and NETosis, since neutrophils do
not express functional P2Y12 receptor.’? We first investi-
gated whether the total suspension of platelets activated
with ADP in an aggregometer could induce NETosis. As
expected, ADP, at the concentration of 20 pM, induced
a full platelet aggregatory response when added to the

w



PRP in the aggregometer (Figure 3A). The total suspension
of the ADP-activated PRP induced a significant NETosis
when incubated with the neutrophil suspension for 3.5 h
as compared with resting PRP (Figure 3B). Similarly, when
the PRP was activated with ADP insitu, in the presence of
neutrophils, it induced NETs production, which was not
observed in the absence of ADP (Figure 3C). Representa-
tive confocal microscopy images of neutrophils in the
presence of untreated PRP, as well as in the presence of
PRP, either pre-activated in the aggregometer or activated
in situ with ADP, are shown in Figure 3D.

The present study demonstrates that the coagulation
factors FXa and thrombin, as well as the platelet agonists
ADP, collagen and PAR-4 agonist, do not induce NETs
production. This is possibly due to the absence of the
expression of their corresponding functional receptors on
neutrophils, or due to the fact that these receptors may be
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linked to other neutrophil functions, such as chemotaxis,
but not to NET formation.'>' It has been suggested that
PAR-2 is expressed in neutrophils.’ However, in the pre-
sent study we showed that the PAR-2 activating peptide
does not cause substantial NETosis. This could be possibly
due to the fact that this receptor may be linked to other
neutrophil functions but not to NET formation, or this
receptor may be not functional in neutrophils.

By contrast the platelet agonist AA, induced robust
NETosis, comparable in magnitude to PMA, the potent
neutrophil activator and inducer of NETs production. In
platelets, AA is physiologically hydrolyzed from the mem-
brane bilayer phospholipids, or taken up by them when
added in vitro, to form thromboxane A, via the cyclooxy-
genase-1 pathway.'® In neutrophils, AA is metabolized via
the lipoxygenase-1 pathway, which among other active
metabolites, it leads to the formation of leukotriene B,,'®
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FIGURE 3. A. Representative aggregation curve of the response of PRP, activated with 20 uM ADP. B. Effect of PRP, treated with 20 uM
ADP in an aggregometer, on the formation of NETs (*p = 0.03, compared with either PPP or untreated [resting; Rest.] PRP). C. Effect of

PRP, treated with 50 uM ADP in situ, on the formation of NETs (**p =0.011, compared with either PPP or untreated [resting; Rest.] PRP).
D. Representative confocal microscopy images of neutrophils in the presence of untreated PRP, as well as in the presence of PRP, either
pre-activated in the aggregometer or activated in situ with ADP. Neutrophils and NETs were stained for myeloperoxidase (MPO) and
DNA with DAPI. Magnification 63x. Abbreviation: N; neutrophils.
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that could be the main metabolite responsible for the
AA-induced NETosis.

An important observation of the present study is that
in the presence of platelets, ADP can induce NETosis even
though itis inactive when added directly to neutrophils. This
finding is consistent with our observation that the suspen-
sion of platelets activated with ADP, also induces NETosis.
These results suggest that activated platelets, through cell
to cell interaction with neutrophils or by secreting mediators
such as P-selectin or AA or by shedding platelet micropar-
ticles could potently induce the production of NETSs.

In conclusion, the present study demonstrates that
activated platelets induce NETs production thus provid-
ing an additional mechanism through which platelets
contribute to various pathophysiological conditions in
which NETs are implicated, such as inflammation and

NEPINHWH

thrombosis. This new finding may be clinically significant
in patients receiving antiplatelet therapy with the platelet
P2Y12 antagonists clopidogrel or ticagrelor. The whole
spectrum of platelet mediators that are implicated in
NETosis needs to be further investigated.
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Ennpedalouv ol aiponetaliakoi StapecoAaBntég Kat ot mapdyovteg mAENG
TO OXNMATIOUO OUSETEPOPIAIKWY SIKTUWV Xpwpativng (NETs);

HpakAri¢ X. Mooxovdg, ZtuAiavi NMamaddkn, Zogia ZidnpomouAou,

ANéEavOpoc A. ToeNéTNG

Epeguvnrtiké Kévtpo ABnpobpdufwonc/Epyaoctripto Bioxnueiag, Turiua Xnueiag, Mavemotriuio lwavvivwy,

lwavviva, EAAGSa

TkomoG: H digpelivnon Tng Spdong Twv mapayoviwy miéng Xa (factor Xa, FXa), Bpoufivng kat Twv alporme-
TaA WV, UTIO CLVONKEG EVEPYOTTOINONG I EV NPEUIA, OTO OXNUATIONO OUSETEPOPINKWV SIKTUWV XpWUATIVNG
(neutrophil extracellular traps, NETs" vétwon). YAtka kat MéBodot: OuSetepO@IAa, AMOpOVWUEVA ATIO (al-
VOUEVIKA LYILEiG eBeNovTEG, embpdoBnkav pe 25-50 nM FXa, 0,2-8 U/mL 6poufivng 5-100 uM S19wo@opIkng
adevooivnc (adenosine diphosphate, ADP), 0,1-0,5 mM apaxidovikou o&£oc (arachidonic acid, AA), 5-15 ug/mL
KoA\ayévou, 100 uM evepyomoinTikoL memTidiou Tou umodoxéa PAR-4, 10-100 uM evepyomolinTikoU menTidiou
Tou PAR-2 1§ 25-100 nM o&IKAG puploTiKiG ®opBoAng (phorbol 12-myristate 13-acetate, PMA). EmmAéoy, ta
oudetepo@ia emdpdoOnkav pe MAdopa mouoto og alpomnetalia (platelet-rich plasma, PRP), evepyormotnuévo
pe ADP (ouykévtpwong 20 UM o€ cuCOWPEVOUETPO, 1 50 UM, in situ). Ta oudetepdPINa emwdAoTnKav yia 3,5 h
otoug 37°C kat 5% CO, kat akoAouBnoe avoocoBoplopdg pe Xpwon TnG pueholmepoéelddong kat tou DNA. Ta
oudetepo@iha kal ta NETs mapatnprnOnkav UKPOOKOTTIKA KAl UTTOAOYIOTNKE TO TTOGOOTO TWV OUSETEPOPIAWY
TTOU UTTECTNOAV VETWON Yla KABE pia amo Tig mapandvw cuvOnkes. AmoteAéopata Kat Zuumépacpa: Meta-
&0 TV aywvIoTWV MoV PEAETHONKAY, pévo To PMA kal To AA, TTPOKAAECQV LOXUPN VETWON, UE CUYKEVTPWON
KATw@AI0L Ta 25 nM kai 0,25 mM, avtioTtolya. EmmAéoy, aigometdAia mpoevepyomoinuéva pe ADP, al\d oxt
ALUOTIETAALA €V NPEWIA, TTPOKAAOUV To oxnuatiopd twv NETS, éva @atvouevo mou emiong mapatnpeital étav
Ta alpometdAia evepyomotOnkav pe ADP in situ, mapoucia oudetepo@ilwy. Ta amoTeAéCUATA AUTA TTAPEXOUV
évav emmpPooBeTo pnxaviopd Slapécou Tou OTToIoU TA AIOTIETANA CUVEIOPEPOUV O SIAPOPEC TABoPUaI-
OMOYIKEC KATAOTACEIC OTIC omroieg epmAékovTal Ta NETS, 6mmwg gival n @Aeypov Kal n 8poupwon. To mAfpeg
PACUA TWV AlPOTTETOANAKWVY SlapecoAafnTwy mou eUmAéKovTal 0TN VETWoN XPrilel mepattépw Slepelivnong.

NEZEIX KAEIAIA: Apayiboviké o0, mapdyovtag mriéng Xa, oudetepo@iAikd diktua xpwuativng, aiuometdAia,

BpouBivn
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