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Essentials

• Procoagulant platelets can be detected using GSAO in

human whole blood.

• Stable coronary artery disease is associated with a

heightened procoagulant platelet response.

• Agonist-induced procoagulant platelet response is not

inhibited by aspirin alone.

• Collagen plus thrombin induced procoagulant platelet

response is partially resistant to clopidogrel.

Summary. Background: Procoagulant platelets are a sub-

set of highly activated platelets with a critical role in

thrombin generation. Evaluation of their clinical utility in

thrombotic disorders, such as coronary artery disease

(CAD), has been thwarted by the lack of a sensitive and

specific whole blood assay. Objectives: We developed a

novel assay, utilizing the cell death marker, GSAO [(4-

(N-(S-glutathionylacetyl)amino)phenylarsonous acid], and

the platelet activation marker, P-selectin, to identify pro-

coagulant platelets in whole blood by flow cytome-

try. Patients/Methods: Using this assay, we characterized

the procoagulant platelet population in healthy controls

and a cohort of patients undergoing elective coronary

angiography. Results: In patients with CAD, compared

with patients without CAD, there was a heightened pro-

coagulant platelet response to thrombin (25.2% vs.

12.2%), adenosine diphosphate (ADP) (7.8% vs. 2.7%)

and thrombin plus collagen (27.2% vs. 18.3%). The

heightened procoagulant platelet potential in CAD

patients was not associated with other markers of platelet

function, including aggregation, dense granule release and

activation of a2bb3 integrin. Although dual antiplatelet

therapy (DAPT) was associated with partial suppression

of procoagulant platelets, this inhibitory effect on a

patient level could not be predicted by aggregation

response to ADP and was not fully suppressed by clopi-

dogrel. Conclusions: We report for the first time that pro-

coagulant platelets can be efficiently detected in a few

microliters of whole blood using the cell death marker,

GSAO, and the platelet activation marker, P-selectin. A

heightened procoagulant platelet response may provide

insight into the thrombotic risk of CAD and help identify

a novel target for antiplatelet therapies in CAD.

Keywords: coronary artery disease; flow cytometry;

platelet activation; platelet aggregation inhibitors; platelet

function studies; procoagulant platelets.

Introduction

Procoagulant platelets are an important functional plate-

let subset in thrombotic disorders. These platelets provide

a membrane surface for the assembly of coagulation fac-

tors, an essential step for generation of the thrombin

burst and fibrin formation, thereby linking primary and

secondary hemostasis [1–3]. In animal models, procoagu-

lant platelets localize preferentially at sites of collagen
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exposure and are maximally generated by exposure to a

combination of thrombin and collagen [4].

Acute coronary syndrome is caused by a sudden

decrease in coronary blood flow, usually as a result of

occlusion of a coronary artery by a thrombus developing

in response to rupture or erosion of an atheromatous

plaque [5,6]. Platelets are crucial cellular determinants of

the blood prothrombotic potential [7–9], which together

with the plaque properties influences the magnitude of

intraluminal thrombus (partial vs. occlusive). Despite

their pivotal role in the pathogenesis of atherothrombo-

sis [6,10], there are no reports evaluating the procoagu-

lant platelet subset in patients with coronary artery

disease (CAD).

Clinical interest in measuring procoagulant platelets

has been hampered by a lack of sensitive and specific

assays. Phosphatidylserine (PS) exposure is a prerequisite

for platelet procoagulant function; however, beyond PS

exposure, the identity of procoagulant platelets remains

debated [11–15]. We recently published a flow cytometry

method for washed platelets using a combination of a cell

death marker, GSAO [(4-(N-(S-glutathionylacetyl)amino)

phenylarsonous acid], and a platelet activation marker, P-

selectin [16]. When tagged with a reporter compound such

as the fluorophore AF647 at the c-glutamyl residue,

tagged GSAO is taken up by procoagulant platelets and

retained in their cytoplasm by covalent bonding to pro-

teins containing closely spaced di-thiols [17]. Platelets

demonstrating intracellular GSAO uptake and exposure

of P-selectin (indicating degranulation) were shown to

undergo cyclophilin D-mediated necrosis and provide a

procoagulant surface supportive of thrombin generation

[16]. Therefore, we refer to this GSAO+/P-selectin+ plate-

let subset as procoagulant platelets.

In the present study we establish a method for detec-

tion of GSAO+/P-selectin+ procoagulant platelets in

whole blood and investigate its application in patients

with stable CAD. We demonstrate that patients with

CAD have heightened procoagulant platelet responses

and hypersensitivity to thrombin and adenosine diphos-

phate (ADP) compared with either healthy controls and

patients without CAD, and that this novel response is not

predicted by other markers of platelet activation.

Methods

Patients and controls

Study approval Human studies were approved by the

University of New South Wales (UNSW) (HC13191), the

St Vincent’s Hospital (SVH) and Concord Repatriation

General Hospital (CRGH) Human Research Ethics Com-

mittees (HREC/12/SVH/11, HREC/14/CRGH/21 and

HREC/15/CRGH/54) and conducted according to the

Declaration of Helsinki. All healthy volunteers and

patients gave written informed consent.

Study populations In the CAD derivation cohort, clini-

cally stable patients over 18 years of age with suspected

CAD presenting for coronary angiography were prospec-

tively recruited from St Vincent’s Hospital (SVH) (Syd-

ney, Australia). Exclusion criteria were pregnancy, known

hematological disorder affecting platelet number or func-

tion, and use of GPIIb/IIIa inhibitors. For the validation

cohort, patients with the same criteria were recruited

from Concord Repatriation General Hospital (CRGH)

(Sydney, Australia) and evaluated for stable versus unsta-

ble CAD. In both cohorts, CAD was defined by presence

of luminal stenosis on angiography. Healthy control sub-

jects were enrolled from staff and students at the UNSW,

ANZAC Research Institute and CRGH (Sydney, Aus-

tralia). Healthy control subjects abstained from antiplate-

let therapies including NSAIDs for 14 days.

Materials

GSAO [4-(N-((S-glutathionyl) acetyl)amino)benzoic acid]

and control compound GSCA were synthesized and con-

jugated to amine-reactive succinimidyl ester Alexa Fluor

647-NHS (AF647) (Life Technologies, Carlsbad, CA,

USA) as described previously [17–19]. Bovine thrombin

and Gly-Pro-Arg-Pro (GPRP) were purchased from

Sigma Aldrich (Sydney, NSW, Australia), equine tendon

collagen (type I) Collagen Reagens HORM from Takeda

Pharmaceuticals (Linz, Austria), and adenosine 5-dipho-

sphate (ADP) from Helena Laboratories (Mt Waverly,

VIC, Australia).

Blood collection

Blood for procoagulant platelet assays was collected into

3.2% citrate tubes. Healthy control samples were col-

lected from the antecubital fossa vein via a 21G butterfly

needle. In the derivation cohort, multiple arterial blood

samples were collected from 60 patients. The first blood

sample was taken from the femoral or radial artery imme-

diately following the sheath insertion and before intra-

arterial heparin administration. Paired arterial and

peripheral venous blood samples gave similar procoagu-

lant platelet responses (Figure S1). Blood from patients in

the validation cohort was collected via a 20G intravenous

cannula inserted into a cubital fossa vein after discarding

the first 3 mL.

Whole blood procoagulant platelet assay

Our previously described assay using combination

GSAO/P-selectin to identify procoagulant platelet subsets

in washed platelets [16] was modified for detection in

whole citrated blood. Briefly, 15 lL of whole blood was

diluted with Hank’s balanced salt solution (HBSS, pH

adjusted to 7.35), final concentrations of GPRP, (2.5 mM)
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(Sigma-Aldrich) and calcium, (2.5 mM) - with and with-

out agonists. Reactions were stopped after 10 min of

incubation at room temperature by a 20-fold dilution

with HBSS, aliquots labeled for 15 min with fluorescent

tagged antibodies to CD62P (Psel.KO2.3) (eBioscience,

San Diego, CA, USA), CD41a (HIP8) (BD Biosciences,

San Diego, CA, USA), CD45 (HI30) (StemCell Technolo-

gies, Vancouver, BC, Canada) and GSAO conjugated to

AF647. Samples were then fixed with two volumes of

PAMFix (Platelet Solutions Ltd, Nottingham, UK),

transferred to FACS tubes, washed once, resuspended

and stored at room temperature in the dark for 1 h prior

to analysis on a BD FACS Canto II or LSRFortessa with

acquisition of 10 000 platelet events.

Whole blood aggregometry and flow cytometry assays of

platelet activation

Whole blood aggregometry and standard flow cytometry

assays [20–22] are described in Data S1.

Statistical analyses

Statistical analyses were performed using statistical soft-

ware (either PRISM 6.05, GraphPad Software, San

Diego, CA, USA, or S-PLUS 8, TIBCO Software, Palo

Alto, CA, USA). Differences were considered statistically

significant at P < 0.05. Further details can be found in

Data S1.

Results

Procoagulant platelets can be detected using GSAO in

human whole blood

We have previously determined that GSAO identifies the

coagulation factor-binding platelet population in human

platelet-rich plasma (PRP), whereas annexin V had poorer

specificity [16] (Figure S2). To identify this population in

whole blood, platelets were defined as events within the

CD41a-positive and CD45-negative region (platelet gate)

(Fig. 1A). P-selectin and GSAO thresholds delimiting the

procoagulant platelet (GSAO+/P-selectin+) region were

determined on agonist-treated samples using isotype-

matched antibody and GSCA controls, respectively

(Fig. 1B). Procoagulant platelets are minimal in healthy

human whole blood in the absence of an activating factor

(Fig. 1C). Following agonist stimulation, procoagulant

(GSAO+/P-selectin+) platelets are generated (Fig. 1D).

The strongest single agonist for procoagulant platelet for-

mation in whole blood was thrombin (Fig. 1E). Stimula-

tion with collagen alone resulted in generation of few

procoagulant platelets, but a combination of collagen and

thrombin was synergistic (Fig. 1E, F) as was previously

demonstrated in washed platelets [16]. As expected, the

weaker platelet agonist, ADP, had little effect on the

generation of procoagulant platelets in healthy controls

(Fig. 1E). A small proportion of platelets takes up cell

death marker GSAO without evidence of activation (P-

selectin negative) (Fig. 1B), and is referred to as apoptotic

as per our previous characterization [16], and did not

increase in response to agonist stimulation (Fig. 1G).

The procoagulant platelet response to physiological

agonists thrombin, collagen and thrombin plus collagen

was measured in 10 young healthy adults (Table 1).

Unstimulated blood contained 0.66% (95% confidence

interval [CI], 0.22–0.74) procoagulant platelets, which

increased to 13.2% (95% CI, 10.8–15.15) with thrombin

stimulation (P < 0.0001) and 17.2% (95% CI, 14.5–19.9)
with thrombin/collagen (P < 0.0001).

The combination of GSAO/P-selectin has advantages over

other flow cytometry markers for identification of

procoagulant platelets in human whole blood

To evaluate matrix impact on agonist-induced formation of

procoagulant platelets, the procoagulant platelet response

was compared between whole blood, PRP and washed pla-

telets from the same individuals. Equal volumes of each

substrate were processed in parallel according to the whole

blood protocol described above. The proportion of proco-

agulant platelets was significantly higher in whole blood

compared with either PRP or washed platelets (Fig. 2A).

Although PS exposure is a prerequisite for coagulation

factor binding [1,15,23], PS exposure alone is not consid-

ered sufficient for formation of procoagulant platelets

[14,15,24]. We demonstrate that all GSAO+ platelets have

PS exposure by either lactadherin or annexin V binding,

thus confirming the capacity of this platelet subset to bind

coagulation factors. The same experiments demonstrated a

strong correlation between GSAO uptake and surface

binding of activated coagulation factor Xa (F Xa) (Fig. 2B,

Figure S2A, S2B, S8). Imperfect correlation between PS

and coagulation factor binding has previously been

reported [4,25] and under the conditions of our assay, a

proportion of PS-exposing platelets did not appear to bind

FXa (Fig. 2B, Figure S2C). Significantly, GSAO uptake

was limited to the subpopulation of PS-exposing platelets

that showed evidence of surface FXa binding. We com-

pared GSAO with an alternative cytoplasmic cell death

marker, Zombie NIRTM, which enters cells with compro-

mised membranes but binds cytoplasmic ligands via amine

rather than dithiol linkage. Although Zombie NIRTM

labeled necrotic nucleated mammalian cells in control

experiments (Figure S3), it failed to detect procoagulant

platelets in thrombin-treated whole blood (Fig. 2C).

Coronary artery disease is associated with a heightened

procoagulant platelet potential

Using the GSAO-based whole blood assay we examined

the procoagulant platelet potential of a derivation cohort
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of 60 patients undergoing routine coronary angiography

(Table 2) (Figure S4). Of 54 eligible patients with no his-

tory of heparin exposure, 10 patients (18%) had no his-

tory of exposure to antiplatelet agents, whereas 33% were

treated with dual antiplatelet therapy (DAPT). A P2Y12

inhibitor (clopidogrel) as a sole antiplatelet agent was

taken by only one (2%) patient. Angiography confirmed

abnormal coronary arteries in 29 (54%) patients. How-

ever, in those with no exposure to P2Y12 antagonists,

angiographically confirmed CAD was observed less fre-

quently (41%).

Few patients undergoing angiography are not on anti-

platelet agents, thus comparison was performed to deter-

mine if patients on aspirin could be analyzed together

with patients without antiplatelet therapy. Consistent with

our previous observations in healthy volunteers [16],

exposure to aspirin was not associated with inhibition of

a procoagulant platelet subset in response to either

thrombin (odds ratio [OR], 1.1; P = 0.966; 95% CI, 0.7–
1.7) or thrombin plus collagen (OR, 0.9; P = 0.554; 95%

CI, 0.6–1.4) (Fig. 3A, B).

To examine the effects of CAD on procoagulant platelets,

data were analyzed from non-heparinized blood samples

from patients on no antiplatelet therapy or aspirin alone,

Table 1 Procoagulant platelet response to physiological agonists in

healthy humans

Agonist Mean (n = 10)

Range (10th–90th
percentile)

No agonist (resting) 0.66% 0.09–1.7%
Collagen (10 lg mL�1) 1.2% 0.27–2.9%

Thrombin (2 U mL�1) 13.15% 6.1–21.5%
Thrombin (2 U mL�1)

and Collagen (10 lg mL�1)

17.3% 8.1–26.8%
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Fig. 1. Gating strategy for detection of procoagulant platelets in human whole blood using the cytoplasmic cell death marker (GSAO). (A) Pla-

telets are defined as CD41a positive but CD45 negative events. (B) Threshold values for P-selectin and GSAO-positive regions are set using a

thrombin plus collagen-stimulated sample stained with IgG isotype control and control GSCA, respectively. GSAO+/P-selectin+ (Procoag)

quadrant (outlined in red) contains procoagulant platelets. GSAO+/P-selectin� (Apopt) quadrant (outlined in green) contains apoptotic plate-

lets. (C) Very few platelets show the procoagulant phenotype (P-selectin+/GSAO+) in unstimulated whole blood. (D) Following stimulation

with thrombin plus collagen a significant proportion of platelets exhibited the procoagulant phenotype. (E) Characterization of the stimulus-

induced procoagulant platelet response in human whole blood. (F) Synergistic interaction between thrombin and collagen occurred at all levels

of individual agonist concentrations. Normalized agonist dose (maximal [100%] for collagen [100 lg mL�1] and thrombin [6.3 U mL�1])

expressed as percent maximal is shown on a logarithmic scale. A representative example is shown. (G) Apoptotic platelets are a very small sub-

population that does not increase with agonist stimulation. (E, G) Mean � SEM, n = 16–35. One-way ANOVA with Sidak’s correction for multi-

ple comparisons, *P < 0.05, **P < 0.0001. ADP, adenosine diphosphate; GSAO, [(4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid];

PLA, platelet leukocyte aggregates; WBC, white blood cells. [Color figure can be viewed at wileyonlinelibrary.com]
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with and without angiographic CAD (Table 2) (Figure S4).

Patients with no evidence of CAD demonstrated a similar

stimulus-induced procoagulant platelet response to healthy

controls (Fig. 3C). Compared with either healthy controls

or patients without CAD, patients with CAD showed a

heightened platelet procoagulant potential in response to

thrombin (12.2 � 3.4% vs. 25.2 � 1.7%, P < 0.001) or

thrombin plus collagen (18.2 � 2.2 vs. 25.2 � 3.9%,

P < 0.05) (Fig. 3C). The apoptotic (GSAO+/P-selectin�)

platelet subset failed to demonstrate any differential effect

according to CAD status (Fig. 3D). Patients without CAD

had the expected synergistic increase in procoagulant plate-

lets when collagen was added to thrombin (thrombin vs.

thrombin plus collagen 12.2 � 3.4% vs. 18.2 � 2.2%

*P < 0.05); however, platelets from CAD patients reached

maximal procoagulant potential with thrombin stimulation

alone and no further increment occurred with addition of

collagen, suggesting hypersensitivity to thrombin (thrombin

vs. thrombin plus collagen in CAD patients 25.2 � 3.5%

vs. 25.2 � 3.8%, P = 0.9684) (Fig. 3E).

A validation and extension study was performed in an

independent cohort of CAD patients undergoing coro-

nary angiography (n = 33) from a second institution

(Table 3, Figure S4). Eleven patients had no P2Y12 expo-

sure. Because only two patients had no angiographic evi-

dence of CAD, a comparison was made with healthy

controls. This analysis confirmed the significant increase

in procoagulant platelets in patients with CAD without

P2Y12 exposure in response to thrombin (13 � 1.2% vs.

25.6 � 4.6%, P < 0.001) and thrombin plus collagen

(18.3 � 1.5% vs. 27.5 � 2.9%, P < 0.01) (Fig. 3F). In

addition, a small but significant increase in circulating

procoagulant platelets was detected in the CAD patients,

regardless of antiplatelet therapy (Fig. 3G).

Stimulus-induced platelet procoagulant potential is

favorably modified by dual antiplatelet therapy

In the validation CAD cohort, we analyzed the effect of

DAPT (aspirin plus either clopidogrel, ticagrelor or prasug-

rel) vs. aspirin alone. Four study participants met criteria

for unstable CAD (Table S1); however, comparison of

stable and unstable DAPT patients showed no statistical

difference in procoagulant platelet response (Figure S5),

thus the DAPT cohort was analyzed as a whole. After

thrombin stimulation, DAPT-treated CAD patients were

similar to healthy controls (13.0 � 1.2% vs. 14.3 � 2.2%,

P = 0.68), losing the hypersensitization to thrombin seen in

CAD with no exposure to P2Y12 inhibitors (Fig. 3H). In

contrast, DAPT did not suppress the increased procoagu-

lant platelet response to thrombin and collagen

(27.6 � 3.1% vs. 22.0 � 2.9, P = 0.24) (Fig. 3H). The

increase in circulating procoagulant platelets in CAD versus

healthy controls was present regardless of aspirin or DAPT

therapy (2.3 � 0.45 vs. 1.2 � 0.15%, P < 0.05 [aspirin];

2.1 � 0.17 vs. 1.2 � 0.15, P < 0.01 [DAPT]; Fig. 3G).

Patients with CAD demonstrate an abnormal procoagulant

platelet response to ADP

CAD patients in the validation cohort demonstrated a

significantly increased response to 5 lM ADP compared
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Fig. 2. GSAO-based assay has advantages over other markers of cell death for identification of procoagulant platelets in human whole blood.

(A) Whole blood is the preferred substrate for demonstration of procoagulant platelet potential. Citrated blood samples from individuals were

prepared as whole blood (WB), platelet-rich plasma (PRP) or washed platelet (WP) preparations. Each preparation was treated with thrombin

(2 U mL�1), collagen (10 lg mL�1), or a combination of both, then stained with GSAO/P-selectin. WB demonstrated higher levels of GSAO+/
P-selectin+ platelets compared with PRP or WP from the same draw. (B) Most GSAO+ platelets externalized PS (lactadherin+); however, a sig-

nificant proportion of lactadherin+ platelets did not take up GSAO. Pseudocolors are used to indicate population density. (C) Thrombin (2

U mL�1)-treated WB samples were stained either with a standard panel of markers or a modified panel where GSAO was replaced with the

amine reactive dye Zombie NIR, fixed and analyzed by flow cytometry. Procoagulant platelets identified by GSAO were not identified by Zom-

bie NIR (n = 3, paired-t-test, *P < 0.05). GSAO, [(4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid]. [Color figure can be viewed at

wileyonlinelibrary.com]
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with healthy controls (7.5 � 1.0% vs. 2.7 � 0.9%,

P < 0.05), which was attenuated in DAPT-treated

patients (7.5 � 1.0% vs. 4.1 � 0.5%, P < 0.01) (Fig. 4A).

A dose–response curve in a subset of patients with CAD

(n = 3) demonstrated the abnormal response to ADP at

concentrations as low as 0.625 lM (Fig. 4B). Of note,

procoagulant platelet formation in healthy controls

remained relatively insensitive to ADP stimulation, even

at supra-physiological doses (Figure S6). To confirm this

unexpected finding, a third cohort of CAD patients was

recruited, who demonstrated the same pattern of response

(Figure S7). Comparison was also performed between

parallel whole blood samples anticoagulated with either

citrate or hirudin in a subset of angiogram patients on

aspirin or no antiplatelet therapy, but not P2Y12 inhibi-

tors. As expected, thrombin stimulation showed increased

procoagulant platelets in citrate, but reduction to non-

stimulated numbers in hirudin (12.2 � 4.7% vs.

3.9 � 1.5%, n = 4, *P = 0.02). In contrast, ADP-stimu-

lated procoagulant platelet numbers were similar in

citrate versus hirudin (5.8 � 1.3% vs. 6.1 � 1.3%, n = 4,

P = 0.78), indicating that the heightened ADP response

in CAD was not mediated by endogenous thrombin (data

not shown).

To investigate the procoagulant platelet response in

relation to the potency of P2Y12 inhibition, we subdi-

vided patients in the validation cohort into those without

P2Y12 inhibition (n = 11), those on aspirin plus P2Y12

inhibition (clopidogrel, n = 12) and those on more potent

inhibitors (ticagrelor or prasugrel, n = 9) (Figure S4).

The single patient on clopidogrel alone was analyzed with

the aspirin + clopidogrel group. Addition of clopidogrel

to aspirin decreased the excess ADP and thrombin

responses but did not inhibit the response to thrombin

and collagen (P = 0.99), whereas patients on prasugrel

and ticagrelor demonstrated marked reduction in throm-

bin and collagen response compared with clopidogrel

(4.5 � 27.2% prasugrel or ticagrelor vs. 1.8 � 12.0%

clopidogrel, n = 8–22, P < 0.05) and no P2Y12 inhibitors

(3.1 � 27.6% prasugrel or ticagrelor vs. 1.8 � 12.0% no

P2Y12 inhibitor, P < 0.01), (Fig. 4C). Ex vivo addition of

increasing doses of ticagrelor to blood from CAD

Table 2 Derivation cohort patient demographics

Clinical variables All patients

No heparin before

sample collection No P2Y12 inhibitors

Number of patients 60 54 27

Age, median (IQR), years 65 (56–75) 66 (56–75) 63 (56–75)
Gender

Male, no. (%) 38 (63) 33 (61) 14 (52)

Female, no. (%) 22 (37) 21 (39) 13 (48)

Smoking

Yes, no. (%) 7 (12) 7 (13) 4 (15)

No, no. (%) 47 (78) 42 (78) 22 (81)

Unknown, no. (%) 6 (10) 5 (9) 1 (4)

Diabetes

Yes, no. (%) 17 (28) 15 (28) 7 (26)

No, no. (%) 37 (62) 33 (61) 19 (70)

Unknown, no. (%) 6 (10) 6 (11) 1 (4)

Hypertension

Yes, no. (%) 39 (65) 35 (65) 16 (59)

No, no. (%) 17 (28) 15 (28) 10 (37)

Unknown, no. (%) 4 (7) 4 (7) 1 (4)

Dyslipidemia

Yes, no. (%) 43 (72) 39 (72) 18 (67)

No, no. (%) 14 (23) 13 (24) 9 (33)

Unknown, no. (%) 3 (5) 2 (4) –
Type of procedure

Elective, no. (%) 48 (80) 48 (89) 27 (100)

Urgent, no. (%) 12 (20) 6 (11) –
CAD confirmed by angiogram, no. (%) Yes

33 (55)

No

22 (37)

Yes

29 (54)

No

20 (37)

Yes

11 (41)

No

16 (59)

Antiplatelet therapy, no. (%)

Aspirin 27 (82) 12 (55) 23 (79) 11 (55) 9 (82) 8 (50)

Clopidogrel 18 (55) 1 (5) 15 (52) 1 (5) – –
Prasugrel – 1 (5) – – – –
Ticagrelor 6 (18) 3 (14) 2 (7) 2 (10) – –
Aspirin + P2Y12 inhibitor 17 (52) 4 (18) 14 (48) 3 (15) –

CAD, coronary artery disease; IQR, interquartile range.
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patients on aspirin alone resulted in suppression of

procoagulant platelet formation in response to throm-

bin + collagen stimulation to levels of healthy volunteers

(Fig. 4D). Of note, healthy controls showed minimal sup-

pression of procoagulant platelet formation with ex vivo

addition of ticagrelor.
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P2Y12-treated patients demonstrated inhibition of platelet

aggregation as measured by Multiplate aggregation response

to ADP. Despite this, they showed a range of procoagulant

platelet responses from 7.5% to 65%, with half of P2Y12-trea-

ted patients generating more procoagulant platelets than the

90th percentile for healthy controls (Fig. 4E).

Measures of platelet aggregation do not predict

procoagulant platelet potential

Platelet aggregation and flow cytometric measures of pla-

telet activation have been proposed as biomarkers for

CAD [26]. Thus, to assess whether the GSAO-defined

procoagulant responses are independent of other markers

of platelet activation, additional blood samples were col-

lected from the validation cohort and markers of platelet

activation, aggregation, a-granule release (P-selectin),

dense granule release (CD63) and a2bb3 integrin activa-

tion (PAC-1) were measured in parallel with procoagulant

platelet potential. There was no significant correlation

between procoagulant platelet formation and whole blood

platelet aggregation in response to stimulation with ADP

or arachidonic acid, or flow cytometric detection of P-

selectin, CD63 and PAC-1 exposure in response to ADP,

SFLLRN, thrombin and thrombin plus collagen

(Table 4). This suggests that measurement of procoagu-

lant platelets in addition to platelet activation is not

redundant.

Discussion

A subpopulation of platelets can become procoagulant in

response to strong agonists, support coagulation and gen-

erate fibrin. Fresh coronary thrombi consist of erythro-

cytes, neutrophils and aggregated platelets within a fibrin

meshwork. This composition suggests that fibrin stabiliza-

tion of the atheroplatelet aggregate is a key feature of

occlusive coronary thrombosis [27,28]. Standard platelet

assays and antiplatelet therapies measure and target,

respectively, aggregation and platelet activation rather

than procoagulant function. Selective inhibition of platelet

procoagulant function may provide a targeted approach

to coronary thrombosis by specifically inhibiting thrombin

Table 3 Validation cohort patient demographics

Clinical variables All patients

No P2Y12

inhibitors

P2Y12

inhibitors

Number of patients 33 11 22

Age, median (IQR), years 64 (56–70) 64 (55–75) 65 (58–68)
Gender

Male, no. (%) 30 (91) 10 (91) 20 (91)

Female, no. (%) 3 (9) 1 (9) 2 (9)

Smoking

Yes, no. (%) 10 (30) 3 (27) 7 (32)

No, no. (%) 23 (70) 8 (73) 15 (68)

Unknown, no. (%) – – –
Diabetes

Yes, no. (%) 13 (39) 4 (36) 9 (41)

No, no. (%) 20 (61) 7 (64) 13 (59)

Unknown, no. (%) – – –
Hypertension

Yes, no. (%) 26 (79) 9 (82) 17 (77)

No, no. (%) 7 (21) 2 (18) 5 (23)

Unknown, no. (%) – – –
Dyslipidemia

Yes, no. (%) 21 (64) 6 (55) 15 (68)

No, no. (%) 12 (36) 5 (45) 7 (32)

Unknown, no. (%) – – –
Type of procedure

Elective, no. (%) 28 (85) 11 (100) 17 (77)

Urgent, no. (%) 5 (15) – 5 (23)

Antiplatelet therapy, no. (%)

Aspirin 28 (85) 7 (64) 21 (96)

Clopidogrel 13 (39) – 13 (59)

Prasugrel 1 (3) – 1 (5)

Ticagrelor 8 (24) – 8 (36)

Aspirin + P2Y12 inhibitor 21 (64) – 21 (96)

CAD confirmed by angiography, no. (%)

Yes 31 (94) 9 (82) 22 (100)

No 2 (6) 2 (18) 0 (0)

Unknown – – –

CAD, coronary artery disease; IQR, interquartile range.

Fig. 3. CAD is associated with a heightened procoagulant platelet potential and loss of synergism between thrombin and collagen that is not

affected by aspirin. DAPT ameliorates thrombin hypersensitivity in CAD but only partially suppresses thrombin and collagen. (A, B) Blood

samples (1–4 per individual) were collected during coronary angiography from 60 patients on either aspirin or no antiplatelet agents. Procoagu-

lant platelets were assayed in whole blood samples treated with thrombin (2 U mL�1) or thrombin (2 U mL�1) plus collagen (10 lg mL�1).

Data are shown as the percentage of platelets with the procoagulant phenotype (GSAO+/ P-selectin+). Linear mixed effects models, two-tailed

tests, *P < 0.05. (C) Platelets from patients with CAD showed increased stimulus-induced procoagulant potential compared to those without

CAD and healthy controls. Two-way ANOVA analysis with Tukey correction for multiple comparisons. Mean � SEM, n = 11 (CAD), n = 16

(no CAD) and n = 10 (healthy controls). P < 0.0001. (D) Apoptotic platelet subset (GSAO+/P-selectin�) did not vary according to the pres-

ence of CAD. Two-way ANOVA analysis with Tukey correction for multiple comparisons. Mean � SEM, n = 11 (CAD), n = 17 (no CAD). (E)

Platelets from CAD patients showed increased procoagulant response to thrombin and thrombin collagen compared with angiographically nor-

mal patients (**P < 0.01). However, CAD patients failed to respond to further stimulation with addition of collagen to thrombin (thrombin

vs. thrombin plus collagen, paired t-test, P = 0.9684). (F) Validation of heightened procoagulant platelet response to thrombin and thrombin

collagen in an independent cohort of CAD patients not treated with P2Y12 antagonists. Mean � SEM, n = 11 (CAD) and n = 10 (healthy con-

trols), t-test **P < 0.01. (G) Without stimulation, circulating procoagulant platelets were elevated in CAD patients compared with healthy con-

trols (t-test *P < 0.05, **P < 0.01)). Levels of circulating procoagulant platelets were not statistically different between patients on aspirin or

DAPT. (H) DAPT reduced the hypersensitivity to thrombin and restored the synergism between thrombin and collagen stimulation compared

with thrombin alone (t test **P < 0.01) in the validation CAD cohort. DAPT (n = 22), no P2Y12 (n = 11). APA, antiplatelet agents; CAD,

coronary artery disease; DAPT, dual antiplatelet therapy; GSAO, [(4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid]; NS, not significant.
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generation within a thrombus without affecting endothe-

lial fibrin formation [29].

We have shown recently that the necrosis marker,

GSAO, together with the platelet activation marker,

P-selectin, can identify agonist-induced procoagulant

platelets in vitro in a washed platelet assay and in in vivo

in models of mouse thrombosis. GSAO identified that

procoagulant platelets positively correlated with platelet

thrombus size and fibrin formation [16]. Although PS

exposure was detected on all GSAO+ platelets, in keeping

with other studies [4,14,15,23–25], the correlation between

PS exposure and binding of FXa was not perfect. The

current study shows that procoagulant platelets can also

be identified using GSAO and P-selectin within a few

microliters of whole blood. Compared with a washed-pla-

telet system, the magnitude of agonist-induced procoagu-

lant platelets was lower with the whole-blood method

that uses dilution rather than with washing to stop the

agonist stimulation, thus minimizing ex vivo activation.

This assay enables assessment of procoagulant platelet

potential in healthy humans and patients with CAD.

Alternative assays for procoagulant platelets, or for the

closely related subset known as coated platelets [4], have

largely been performed in PRP [30] or washed platelets

[31]. These preparations have a well-documented require-

ment for relatively large volumes of blood, and reliance

on skilled operators and specialized blood collection pro-

cedures, which hampers the study of procoagulant plate-

lets in clinical settings. Our assay uses agonist stimulation

within a whole-blood matrix and results in minimal

manipulation. In keeping with another study of the pro-

coagulant platelet response in whole blood [32], our

results show that thrombin rather than collagen was the

most potent inducer of procoagulant platelets in healthy

controls, with a preserved characteristic synergistic

response of the thrombin/collagen combined stimulation.

Previous studies show that platelet adhesion to immobi-

lized collagen causes PS exposure, and co-stimulation

with other agonists such as thrombin is needed to

obtain substantial fractions of PS-exposing platelets

[1,33]. Our data suggest that in a soluble whole-blood

assay, collagen is likely to have a potentiating rather than

primary inducing role in the formation of a procoagulant

phenotype.

Using this assay in patients with angiographically con-

firmed CAD, we identified a heightened procoagulant pla-

telet response to ADP, thrombin and thrombin/collagen

and a small but expanded population of circulating pro-

coagulant platelets in CAD, indicating that measures of

procoagulant platelets have potential utility as a marker

of atherothrombotic risk. The degree of the procoagulant

platelet response in CAD patients was not associated with

traditional markers used to measure platelet response,

including aggregation, dense granule release and activa-

tion of a2bb3 integrin, indicating that information

provided by this assay is not redundant and may facili-

tate identification of patients who will benefit from thera-

peutic targeting of this functionally important platelet

phenotype.

Importantly, our results reveal that the presence of CAD

is associated with an altered biological response to agonist

stimulation. In particular, CAD patients demonstrate a

markedly heightened response to P2Y12 receptor stimula-

tion, with quantifiable procoagulant platelet formation

observed at low-dose ADP (0.625 lM), and a marked

response at a standard agonist dose (5 lM). Two indepen-

dent cohorts showed a clear hyperreactivity to thrombin in

patients with CAD compared with healthy controls. In

addition to an absolute increase in agonist procoagulant

platelets, a maximal procoagulant response could be

attained in CAD in response to thrombin alone, without a

need for co-stimulation with a GPVI agonist (collagen),

and lastly a small increase in circulating procoagulant pla-

telets could be detected. These patterns indicate that plate-

lets in patients with CAD may be primed to form

procoagulant platelets with minimal stimuli, perhaps

Fig. 4. Clopidogrel abrogates the abnormal response to ADP and thrombin but not to a thrombin and collagen combination in patients with

CAD, and shows a discordant inhibitory effect on platelet aggregation and procoagulant potential. (A) CAD patients without P2Y12 exposure

show an increased procoagulant response to ADP 5 lM (2.7% � 1.8% vs. 7.6% � 3.2%, *P < 0.05) that is abrogated in patients on DAPT

(7.6% � 3.2% vs. 4.1% � 2.5%, t-test **P < 0.01). (B) Platelets from patients with CAD showed heightened procoagulant response to ADP

(≥ 0.625 lM) compared with healthy controls. Treatment with clopidogrel restored the pattern of response. n = 3, t-test *P < 0.05, **P < 0.01.

(C) Compared with patients without P2Y12 antagonists, patients on clopidogrel showed significant inhibition of procoagulant platelet formation

in response to ADP 5 lM (*P < 0.05) or thrombin 2 U mL�1 (*P < 0.05), but not thrombin 2 U mL�1 and collagen 10 lg mL�1 (t-test

P = 0.99). Patients on prasugrel or ticagrelor demonstrated significant inhibition of thrombin/collagen-induced procoagulant platelets compared

with patients on clopidogrel (27.2 � 4.5% vs. 12.0 � 1.8%, n = 8–22, t-test P < 0.05); however, there was no additional inhibition of procoag-

ulant response to ADP (P = 0.3) or thrombin (P = 0.13) in patients on prasugrel or ticagrelor vs. clopidogrel. (D) Ex-vivo spiking of ticagrelor

into subjects’ blood stimulated with thrombin (2 U mL�1) and collagen (10 mg mL�1) showed that ticagrelor reduced procoagulant platelet

formation in CAD patients on aspirin only (n = 5), to the same level as in healthy controls (n = 6). (E) The GSAO-based assay allows identifi-

cation of clopidogrel-treated patients with heightened procoagulant platelet response despite adequate suppression of aggregation. Correlation

between ADP-induced platelet aggregation responses (y-axis) measured in whole blood and the procoagulant platelet response to thrombin plus

collagen (x-axis). Dotted horizontal green lines represent the published normal range for ADP-induced aggregation in healthy blood donors

[43]; dotted vertical black lines represent the 10th and 90th percentile range for thrombin plus collagen-induced procoagulant platelets in

healthy controls. Treatment with P2Y12 antagonists is associated with suppression of ADP-induced aggregation; however, a significant

proportion of procoagulant responses remain above the 90th percentile. ADP, adenosine diphosphate; AUC, area under curve; CAD, coronary

artery disease; DAPT, dual antiplatelet therapy; GSAO, [(4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid]. [Color figure can be viewed

at wileyonlinelibrary.com]

© 2018 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on

Thrombosis and Haemostasis.

1206 L. Pasalic et al



through chronic exposure to low-level agonists associated

with atheroma or stenosis.

Currently marketed antiplatelet drugs do not specifi-

cally suppress platelet procoagulant function, reflecting a

potential therapeutic opportunity in the management of

CAD [34–36]. Similar to other studies [16,37,38], aspirin,

the most frequently prescribed antiplatelet agent targeting

the TXA2 pathway, had no effect on the agonist-induced

procoagulant platelet subset in our patient cohort, regard-

less of CAD status. The effect of P2Y12 antagonists on

procoagulant platelet formation in CAD has not previ-

ously been studied, although inhibition of coated platelets
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after in vivo administration of clopidogrel has been shown

in patients undergoing elective coronary catheterization

[39]. Our study shows clear amelioration of the thrombin

hypersensitivity and abnormal ADP response in patients

with CAD treated with P2Y12 inhibitors, with strong

P2Y12 inhibitors ticagrelor and prasugrel demonstrating a

greater inhibitory effect compared with clopidogrel. We

speculate that the thrombin hypersensitivity may be

related to the autocrine feed-forward action of granule-

released ADP on the P2Y12 receptor.

Importantly, the procoagulant response to a combina-

tion of collagen/thrombin was not significantly suppressed

in patients on clopidogrel, even in individuals with a

demonstrated inhibition of ADP-induced aggregation.

However, although a heightened thrombin/collagen

response was not abrogated by clopidogrel, more potent

P2Y12 antagonists ticagrelor and prasugrel were associ-

ated with a significant reduction in the collagen potentia-

tion effect. This novel action of P2Y12 antagonism in

reducing procoagulant platelet potential may offer an

additional mechanistic insight into the observed benefits

of DAPT over aspirin alone in preventing ischemic

events, both short and long-term, after myocardial infarc-

tion and coronary artery stenting, as well as providing

insights into differences in clinical outcomes seen with

clopidogrel versus prasugrel or ticagrelor [40–42].
Although antiplatelet agents (aspirin, P2Y12 antagonists)

have resulted in a significant reduction of cardiovascular

mortality over recent decades, patients on DAPT continue

to experience significant rates of major adverse coronary

events (MACE) and use of existing platelet function testing

to adjust P2Y12 inhibitor therapy has not improved out-

comes to date. Our assay identified 40% of P2Y12-treated

CAD patients who remained hyper-responsive to thrombin

and collagen on procoagulant platelet testing (Fig. 4E),

despite showing marked suppression of ADP-induced plate-

let aggregation. These findings suggest that use of the

GSAO-based assay may identify patients on DAPT who

remain at a heightened risk of thrombotic complications

despite an adequately inhibited aggregation response.

Therefore, standard aggregation assays would not be useful

in detecting this additional facet of biological resistance

to clopidogrel, which adds an increased impetus to develop-

ment of novel therapies that target hyper-responsive proco-

agulant platelets for patients with CAD.

This study is subject to limitations that apply to all

proof-of-concept studies. We cannot determine causality

and it remains unknown if platelets become hyperreactive

in response to atherosclerotic milieu, or if individuals with

increased propensity to form procoagulant platelets are

predisposed to develop CAD; longitudinal and family

studies in patients with early CAD are needed to deter-

mine this. The study population was relatively heteroge-

neous and predominantly characterized by stable CAD.

Thus, we have not yet been able to explore the associa-

tion between procoagulant platelet formation and MACE

outcome. Future studies are planned to evaluate procoag-

ulant platelet responses in more diverse healthy popula-

tions to allow establishment of age and/or gender-specific

reference ranges. Finally, because of the novel nature of

Table 4 Correlation between traditional markers of platelet activation and procoagulant platelet potential

Activation parameter Agonist

Procoagulant

(GSAO+/P-selectin+)
platelets (%)

Thrombin

(2 U mL�1) plus collagen

(10 lg mL�1)

Thrombin

(2 U mL�1)

r2 Significance r2 Significance

Aggregation ADP (6.7 lM) 0.06 NS 0.07 NS

AA (1 mM) 0.02 NS 0.35 NS

Alpha granule release (P- selectin) ADP (5 lM) 0.05 NS 0.08 NS

SFLLRN (20 lM) 0.01 NS 0.00 NS

Thrombin (2 U mL�1) <0.01 NS 0.01 NS

Thrombin (2 U mL�1) plus collagen (10 lg mL�1) 0.04 NS 0.04 NS

Dense granule release (CD63) ADP (5 lM) 0.01 NS 0.18 <0.05
SFLLRN (20 lM) 0.00 NS 0.02 NS

Thrombin (2 U mL�1) 0.06 NS 0.00 NS

Thrombin (2 U mL�1) /collagen (10 lg mL�1) 0.04 NS 0.00 NS

Integrin activation (PAC-1) ADP (5 lM) 0.08 NS 0.08 NS

SFLLRN (20 lM) 0.11 NS 0.01 NS

Thrombin (2 U mL�1) 0.08 NS 0.01 NS

Thrombin (2 U mL�1) /collagen (10 lg mL�1) 0.21 NS 0.07 NS

SFLLRN indicates Ser-Phe-Leu-Leu-Arg-Asn (protease-activated receptor 1 activating peptide). Correlation was determined by Pearson’s test

for normally distributed data and Spearman Rho for non-parametric data. Data presented are pooled for all 33 patients from the validation

cohort as no differences were found when correlation analysis was performed separately for the no P2Y12 and P2Y12 subgroups. AA, arachido-

nic acid; ADP, adenosine diphosphate adenosine diphosphate; GSAO, [(4-(N-(S-glutathionylacetyl)amino)phenylarsonous acid].
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the GSAO-based assay, all statistical analyses were per-

formed with the attendant limitations of uncontrolled

variables.

In conclusion, we show that the GSAO-based whole-

blood assay is a robust and reproducible method for eval-

uation of procoagulant platelets using a few microliters of

whole blood. We demonstrated the assay’s utility as a

potential clinical tool in the setting of CAD by showing,

for the first time, the heightened procoagulant platelet

potential in these patients; platelets are sensitized to

thrombin and ADP, giving a potential insight into CAD

pathophysiology. Furthermore, the fact that DAPT mod-

ulates the platelet procoagulant response differentially

according to the agonist provides additional insight into

the mechanism of P2Y12 inhibition in CAD, and has

potential therapeutic implications. The GSAO-based

assay for measurement of procoagulant platelets in whole

blood should facilitate translational and clinical research

into the pathophysiological role of this platelet functional

subpopulation, identify individuals that require more

potent P2Y12 inhibition and perhaps point to future

potential therapeutic targets in thrombotic diseases.
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Fig. S2. GSAO identifies the coagulation factor-binding

platelet population while annexin V has poorer specificity.

Fig. S3. Zombie NIRTM labelling of necrotic mammalian

cells.

Fig. S4. Study schema.

Fig. S5. Procoagulant platelets according to clinical sta-

tus: unstable vs. stable CAD patients.

Fig. S6. Healthy controls show minimal formation of

procoagulant platelets in response to ADP.

Fig. S7. Additional cohort of CAD patients confirms sen-

sitization of patients with CAD to ADP stimulation.

Fig. S8. Time course of annexin V staining and GSAO

uptake.
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