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Abstract

Background: Aspirin and platelet P2Y12 inhibitors, such as ticagrelor, suboptimally

inhibit microvascular thrombosis during ST-elevation myocardial infarction. Glycopro-

tein (GP) IIb/IIIa inhibitors may further inhibit this but cause excessive bleeding.

Objectives: We investigated whether combination of glenzocimab, a GPVI inhibitor,

with aspirin and ticagrelor provides additional antithrombotic effects, as GPVI has a

critical role in atherothrombosis but minimal involvement in hemostasis.

Methods: We investigated the effects of glenzocimab (monoclonal antibody Fab frag-

ment) using blood from healthy donors and patients with acute coronary syndrome

treated with aspirin and ticagrelor. Platelets were stimulated with multiple agonists,

including atherosclerotic plaque, from patients undergoing carotid endarterectomy.

Results: Aspirin and ticagrelor partially inhibited atherosclerotic plaque-induced

platelet aggregation by 48% compared with control (34 ± 3 vs 65 ± 4 U; P < .001).

Plaque-induced platelet aggregation, adhesion, secretion, and activation were critically

dependent on GPVI activation. Glenzocimab alone reduced plaque-induced aggregation

by 75% compared with control (16 ± 4 vs 65 ± 4 U; P < .001) and by >95% when

combined with aspirin and ticagrelor (3 ± 1 vs 65 ± 4 U; P < .001). Glenzocimab reduced

platelet aggregation, adhesion, and thrombin generation when added to blood of

aspirin- and ticagrelor-treated patients with acute coronary syndrome. Glenzocimab

shared several antithrombotic effects with the GPIIb/IIIa inhibitor eptifibatide with less

effect on general hemostasis assessed by rotational thromboelastometry. In a murine

intravital model of ST-elevation myocardial infarction, genetic depletion of GPVI

reduced microvascular thrombosis.

Conclusion: Addition of glenzocimab to aspirin and ticagrelor enhances platelet inhi-

bition via multiple mechanisms of atherothrombosis. Compared with a GPIIb/IIIa
behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY

0/).
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inhibitor, glenzocimab shares multiple antithrombotic effects, with less inhibition of

mechanisms involved in general hemostasis.
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Essentials

• The glycoprotein (GP) VI inhibitor glenzocimab potently

inhibits atherosclerotic plaque-induced platelet

activation.

• Combination of glenzocimab with aspirin and ticagrelor

amplifies multiple antithrombotic effects.

• Glenzocimab shares many antithrombotic effects with

GPIIb/IIIa inhibitors.

• GPVI inhibition appears to have less impact on mecha-

nisms of hemostasis than GPIIb/IIIa inhibitors.
1 | INTRODUCTION

Despite contemporary dual antiplatelet therapy, consisting of aspirin

and a potent platelet P2Y12 inhibitor, such as ticagrelor, up to 40% of

patients with ST-elevation myocardial infarction (STEMI) develop

microvascular obstruction [1]. Microvascular obstruction leads to

increased myocardial infarct size, and patients have a particularly high

risk of subsequent major adverse cardiovascular events of approxi-

mately 20% in the first year [1]. Embolization of thrombus and

atherosclerotic plaque material is thought to play an important role in

the pathophysiology of microvascular obstruction, but this process is

multifactorial and still incompletely understood [2,3]. There is limited

evidence that platelet glycoprotein (GP) IIb/IIIa inhibitors, such as

eptifibatide, can reduce microvascular obstruction if administered

directly into the coronary vasculature [4]. However, they cannot be

used routinely because of their significant effect on general hemo-

stasis and are associated with an increased incidence of major

bleeding [5]. This presents an unmet clinical need for novel anti-

platelet strategies that provide more antithrombotic potency than

aspirin and potent P2Y12 inhibitors but have less impact on hemo-

stasis than the addition of GPIIb/IIIa inhibitors, such as eptifibatide.

Inhibition of platelet GPVI presents a promising antithrombotic

strategy that blocks multiple critical mechanisms of atherothrombosis

while leaving general hemostasis intact [6]. GPVI is the main platelet

activation receptor for collagen, which is one of the most pro-

thrombotic components of atherosclerotic plaque that is exposed af-

ter plaque rupture [7]. Recent studies have demonstrated that GPVI is

also a receptor for fibrin and has major roles in thrombus growth and

stability [8,9]. In animal models, inhibition of platelet GPVI improves

microperfusion following obstruction of a coronary artery, resulting in

a reduction in myocardial infarct size [10]. Despite the major roles of

GPVI in several critical aspects of thrombosis, GPVI deficiency is
generally associated with minimal impact on hemostasis in animal

models and does not affect tail bleeding time in mice [11,12]. GPVI

deficiency is very rare in humans and again only appears to have a

minimal impact on hemostasis [13]. In particular, it is clear that GPVI

deficiency does not cause a major bleeding defect like GPIIb/IIIa

deficiency (Glanzmann thrombasthenia) [14]. Furthermore, GPVI is

only present on platelets, thereby reducing the risk of GPVI inhibitors

having off-target effects.

Glenzocimab (previously known as ACT017) is a novel humanized

antibody fragment that blocks platelet GPVI and, therefore, potently

inhibits collagen-induced platelet aggregation [15,16]. Emerging evi-

dence also shows that glenzocimab is able to cause platelets in a pre-

formed thrombus to disaggregate [17]. A phase I clinical trial published

in 2019 demonstrated that a single dose of glenzocimab has a half-life

of approximately 12 to 24 hours and was safe, well-tolerated, and had

no effect on hemostasis, as assessed by bleeding time [15]. In a phase Ib

study of fibrinolysis-treated patients with stroke, glenzocimab had a

favorable safety profile with no overt effect on risk of intracranial

mailto:markthomas@doctors.org.uk


F I GUR E 1 Inhibition of platelet glycoprotein (GP) VI signaling and platelet aggregation in response to atherosclerotic plaque, collagen, and

collagen-related peptide. Blood was sampled from healthy volunteers, and agonists and inhibitors were added ex vivo. (A) Dose-dependent

inhibition of dimeric GPVI (2.5 μg/mL) binding to 70 μg/mL atherosclerotic plaque by glenzocimab 1-50 μg/mL. (B) Dose-dependent inhibition of

monomeric GPVI binding (2.5 μg/mL) to 70 μg/mL atherosclerotic plaque by glenzocimab 1-50 μg/mL (C) Glenzocimab 50 μg/mL alone

significantly decreases 70 μg/mL atherosclerotic plaque-mediated Syk (Y525/526) phosphorylation and the addition of antiplatelet agents
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hemorrhage or other forms of major bleeding [18]. On the basis of this

study, a 1 g dose of glenzocimab was chosen as the optimal dose to

clinically investigate and a phase I study previously showed this dose

results in a Cmax of 59.9 μg/mL [15].

Previous studies have demonstrated that individual antagonists of

platelet receptors P2Y12, GPVI, α2β1, and GPIb can inhibit collagen and

atherosclerotic plaque to varying degrees [7,17,19–21] and we aimed to

determine the additional effects of a GPVI inhibitor compared to other

inhibitors. In a clinical trial of patients with STEMI, a specific GPVI in-

hibitor could currently only be investigated in combination with aspirin

and P2Y12 inhibitors, as it would be considered unethical to withhold

these well-established treatments until glenzocimab has been estab-

lished to also provide similar benefits in patients. Furthermore, as

glenzocimab is administered intravenously, coadministration with

aspirin and a potent P2Y12 inhibitor would also facilitate long-term

treatment with these medications. It has not previously been shown

whether the GPVI inhibitor glenzocimab blocks atherosclerotic plaque-

induced platelet responses or whether it provides additional effects

compared to aspirin and a potent P2Y12 inhibitor. We therefore

investigated whether glenzocimab provides additional antithrombotic

effects compared to aspirin and ticagrelor, which are used routinely for

the treatment of STEMI.
2 | METHODS

Detailed materials and methods are described in the Supplementary

Appendix.
2.1 | Patient samples

Aspirin, ticagrelor, glenzocimab, and eptifibatide were added to the

blood of healthy volunteers ex vivo. Blood was also sampled from 20

aspirin- and ticagrelor-treated patients with acute coronary syndrome

(ACS) and either glenzocimab or eptifibatide were added ex vivo. We

assessed the effects of glenzocimab using dose-response curves. In

experiments with a single concentration of glenzocimab, we used 50

μg/mL glenzocimab as this is representative of the Cmax (59.9 μg/mL)

after a 1 g dose [17]. Atherosclerotic plaque was obtained from 10

patients with symptomatic carotid artery stenosis undergoing carotid
(ASA) 30 μM and ticagrelor 1 μM or 6F1 10 μg/mL on top of glenzocimab c

50 μg/mL alone blocks atherosclerotic plaque-induced linker for activation

amplified by ASA 30 μM and ticagrelor 1 μM or 6F1 10 μg/mL. (E) Glenzo

(Y1217) phosphorylation and completely blocks tyrosine phosphorylation

partially reduced phosphorylation. (F) Representative western blot images

pathway, which is significantly inhibited by the novel GPVI inhibitor, glenz

related peptide (CRP)-induced platelet aggregation in platelet-rich plasma

observed for ASA 30 μM and ticagrelor 1 μM. (H) Glenzocimab 50 μg/mL p

aggregometry, leaving only slight residual platelet aggregation ie, fully block

μM entirely inhibits CRP-stimulated platelet aggregation. (I) Glenzocimab

aggregation in hirudinized whole blood, indicating involvement of the oth

blockade with the addition of 6F1 10 μg/mL. (J) Representative multiple e

platelet aggregation by glenzocimab and 6F1. Results are expressed as me

with the uninhibited sample (control) using 1- or 2-way ANOVA followed by

and ***P < .001). AUC, area under the curve.
endarterectomy, then homogenized and pooled. All experiments

involving human subjects were performed in accordance with the

Declaration of Helsinki and Good Clinical Practice and approved by

the National Health Service Research and Ethics Committees (North

West – Haydock Research Ethics Committee 20/NW/0001 and West

Midlands – South Birmingham Research Ethics Committee 18/WM/

0386). Use of blood from healthy volunteers was approved by the

University of Birmingham Ethics Review (ERN_11-0175).
2.2 | Assessment of platelet function

Platelet aggregation was assessed by light transmission aggregometry

and multiple electrode aggregometry. Platelet adhesion and aggrega-

tion under flow conditions were assessed using microfluidics and an

automated imaging system (EVOS, Thermo Fisher Scientific). Platelet

spreading was assessed using an optical assay. Platelet signaling was

assessed by Western blotting. Thrombin generation was assessed using

a calibrated automated thrombogram (Stago). Clot viscoelastic prop-

erties were assessed using rotational thromboelastometry (ROTEM).
2.3 | Experimental animals and study design

All experiments were performed in accordance with UK laws with UK

Home Office approval under PPL P0E98D513 and 70/8576. GPVI-/-

mice were compared with wild-type (WT) using intravital imaging of a

myocardial ischemia-reperfusion model as previously described

(described in more detail in the Supplementary Appendix) [22].
2.4 | Statistical analysis

Continuous variables are presented as means ± SEM. Differences in

continuous variables between groups were assessed either by 1- or 2-

way analysis of variance (ANOVA) as appropriate with Dunnett’s correc-

tion for multiple comparison. If ANOVA was not computable due to one or

more missing values, then a linear mixed model analysis was utilised in its

place. A 2-tailed P value of less than .05 was considered significant. All

statistical analyses were performed using GraphPad Prism (version 9).
ompletely inhibit Syk (Y525/526) phosphorylation. (D) Glenzocimab

of T cells (LAT) (Y200) phosphorylation, and its inhibitory effect is

cimab 50 μg/mL inhibits atherosclerotic plaque-induced PLCγ2
upon combination with ASA and ticagrelor, which on their own

showing plaque activates platelets via a GPVI signaling-dependent

ocimab. (G) Glenzocimab at 5 μg/mL fully blocks 3 μg/mL collagen-

(PRP) in light transmission aggregometry with no inhibitory effect

otently inhibited 3 μg/mL CRP in whole blood in multiple electrode

ed by the addition of ASA 30 μM and ticagrelor 1 μM. Eptifibatide 9

50 μg/mL incompletely inhibits collagen-stimulated platelet

er collagen receptor (integrin α2β1), which was confirmed by full

lectrode aggregometry tracings for blockade of collagen-mediated

an ± SEM (n = 3-4). The effect of treatment groups was compared

Dunnett’s correction for multiple comparisons (*P < .05, **P < .01,



F I GUR E 2 Glenzocimab inhibits atherosclerotic plaque-mediated platelet aggregation and ATP secretion. (A) Glenzocimab (1-50 μg/mL)

dose-dependently inhibits atherosclerotic plaque-induced platelet aggregation and is amplified by the addition of aspirin 30 μM and ticagrelor

1 μM in PRP assessed by light transmission aggregometry (LTA). (B) Representative tracings of dose-dependent inhibition of atherosclerotic

plaque-induced platelet aggregation by glenzocimab. (C) Glenzocimab 50 μg/mL provides further inhibition of atherosclerotic plaque-induced

platelet aggregation when combined with ASA 30 μM and ticagrelor 1 μM, which is similar to eptifibatide 9 μM in whole blood aggregation

assessed by multiple electrode aggregometry. (D) Glenzocimab 50 μg/mL potently blocks atherosclerotic plaque-stimulated platelet ATP

3240 - ALENAZY ET AL.
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3 | RESULTS

3.1 | Glenzocimab binds to both monomeric and

dimeric GPVI and abolishes platelet GPVI signaling in

response to atherosclerotic plaque

GPVI is expressed on platelet membranes in monomeric and dimeric

forms, which can differ in their affinity for GPVI ligands [23]. ELISA

demonstrated that atherosclerotic plaque material bound to both the

monomeric and dimeric forms of GPVI (Supplementary Figure S1A, B).

Atherosclerotic plaque strongly induced tyrosine phosphorylation of

Syk, linker for activation of T cells, and PLCγ2 (Figure 1C–E), consistent

with activation of GPVI, which was sustained for at least 1 hour

(Supplementary Figure S2A–E). Glenzocimab inhibited the binding of

atherosclerotic plaque to both monomeric and dimeric GPVI (Figure 1A,

B) and abolished GPVI activation and downstream signaling of Syk,

linker for activation of T cells, and PLCγ2 in response to atherosclerotic

plaque material (Figure 1C–F). We also used the specific GPVI agonist

collagen-related peptide (CRP) to confirm that glenzocimab fully inhibits

GPVI-mediated platelet responses (Figure 1G, H).

In contrast, aspirin and ticagrelor did not significantly reduce

activation of GPVI and its downstream signaling in response to

atherosclerotic plaque material, apart from partial inhibition of PLCγ2

phosphorylation (Figure 1C–F). In keeping with this, aspirin and tica-

grelor also only had minimal effect on platelet aggregation induced by

the specific GPVI agonist CRP (Figure 1G, H).

We then investigated whether atherosclerotic plaque also acti-

vated another major collagen receptor, α2β1, using 6F1, a monoclonal

antibody that specifically inhibits α2β1. 6F1 had no effect on athero-

sclerotic plaque-induced platelet signaling or aggregation, indicating

that these were not mediated by α2β1 (Figure 1C–J). Horm collagen is

a commercial preparation of a mixture of nonhuman collagens that is

commonly used to investigate platelet function. Glenzocimab did not

completely inhibit Horm collagen-induced platelet responses

(Figure 1I). The residual response could be fully inhibited by the

addition of 6F1, indicating that response to Horm collagen is both

GPVI- and α2β1-dependent.
3.2 | Glenzocimab blocks atherosclerotic plaque-

induced platelet aggregation and secretion

Atherosclerotic plaque-induced platelet aggregation was assessed by

both light transmission aggregometry and multiple electrode

aggregometry (Figure 2A–F). The combination of aspirin and the
secretion, while conventional antiplatelet agents (ASA 30 μM, ticagrelor 1

combined. (E) Glenzocimab 50 μg/mL and eptifibatide 9 μM similarly reve

stimulation with atherosclerotic plaque in PRP assessed by LTA. (F) The d

atherosclerotic plaque-stimulated aggregation of ASA and ticagrelor pretre

The effect of treatment groups was compared with the uninhibited sample

for multiple comparisons (*P < .05, **P < .01, and ***P < .001). ATP, aden

plasma.
potent P2Y12 inhibitor ticagrelor partially inhibited atherosclerotic

plaque-induced platelet aggregation by �25% to 40% (Figure 2A, C)

when used at therapeutic concentrations (Cmax of aspirin is

approximately 20 μM [24], and Cmax of ticagrelor is approximately 1

μM [25]) that fully inhibited their specific target pathways

(Supplementary Figure S3). We investigated the effect of 1 to 50 μg/

mL of glenzocimab, as this corresponds with the Cmax of �60 μg/mL

when glenzocimab is administered to humans at an optimal dose

[15]. At 10 to 50 μg/mL concentrations, glenzocimab provided near-

complete inhibition of atherosclerotic plaque-induced platelet ag-

gregation, which was entirely inhibited by further addition of aspirin

and ticagrelor (Figure 2A, C). Eptifibatide alone also provided com-

plete inhibition of plaque-induced platelet aggregation, and the

combination of aspirin, ticagrelor, and glenzocimab provided similar

levels of inhibition of platelet aggregation as the combination of

aspirin, ticagrelor, and eptifibatide (Figure 2A, C). Glenzocimab

provided potent inhibition of platelet secretion, assessed by ade-

noine triphosphate release, to a greater extent than achieved by

aspirin, ticagrelor, or eptifibatide, either on their own or in combi-

nation (Figure 2D). We also investigated whether these drugs were

able to cause platelet disaggregation after aggregation had already

commenced following exposure to atherosclerotic plaque material.

Both glenzocimab and eptifibatide caused disaggregation when

added to blood that had been pretreated with aspirin and ticagrelor

and then exposed to atherosclerotic plaque (Figure 2E, F). Since

glenzocimab potently inhibited platelet activation, we next investi-

gated whether it blocked platelet adhesion.
3.3 | Glenzocimab blocks platelet activation and

spreading following adhesion to atherosclerotic

plaque material

Under flow conditions, the combination of aspirin and ticagrelor

caused partial inhibition of platelet adhesion to atherosclerotic plaque

material and P-selectin expression (Figure 3A–D). Glenzocimab and

the combined use of aspirin, ticagrelor, and glenzocimab again caused

near-complete inhibition of platelet adhesion to atherosclerotic pla-

que material and P-selectin expression, which was comparable to the

effect of eptifibatide (Figure 3A–D). Under static conditions, the

combination of aspirin and ticagrelor had no significant effect on

platelet adhesion to atherosclerotic plaque (Figure 3E–G). The com-

bination of glenzocimab, aspirin, and ticagrelor, in contrast, potently

inhibited platelet adhesion to atherosclerotic plaque, and eptifibatide

only reduced platelet spreading but not adhesion (Figure 3E–G).
μM, and eptifibatide 9 μM) only produce significant effects when

rse aggregation of ASA and ticagrelor pretreated platelets after

isaggregation potency of glenzocimab and eptifibatide on

ated platelets. The results are expressed as mean ± SEM (n = 3-4).

(control) using 1- or 2-way ANOVA followed by Dunnett’s correction

oine triphosphate; AUC, area under the curve; PRP, platelet-rich



F I GUR E 3 Glenzocimab inhibits platelet-thrombus formation and P-selectin expression on atherosclerotic plaque in a microfluidic chamber

at arterial shear rates and also reduces platelet adhesion to atherosclerotic plaque under static conditions when combined with ASA and

ticagrelor. (A) Glenzocimab 50 μg/mL and eptifibatide 9 μM profoundly block platelet-thrombus formation and platelet adhesion on 1 mg/mL

atherosclerotic plaque in flowing blood at 1000 s-1 as reflected by surface coverage percentage while dual treatment with ASA 30 μM and

ticagrelor 1 μM partially reduced platelet adhesion. (B) Glenzocimab 50 μg/mL entirely inhibits P-selectin expression on 1 mg/mL

3242 - ALENAZY ET AL.
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3.4 | Glenzocimab inhibits the procoagulant

function of platelets, including phosphatidylserine

exposure, thrombin generation, and fibrin-mediated

platelet aggregation

GPVI is involved in a complex amplification loop between platelets

and the coagulation system, particularly driven by platelet activation

driven by fibrin, as well as collagen, and atherosclerotic plaque ma-

terial [8,9,21,26]. We therefore next investigated whether glenzoci-

mab was able to inhibit fibrin-induced platelet responses, thereby

blocking subsequent phosphatidylserine exposure and thrombin gen-

eration, which further drive fibrin formation.

Fibrin induced �45% platelet aggregation, which was reduced to

approximately 20% by aspirin and ticagrelor (Figure 4A). Glenzocimab

provided potent inhibition, reducing platelet aggregation to 7%, which

was similar to eptifibatide (Figure 4B). In a microfluidic model of

platelet-thrombus formation on collagen under arterial flow condi-

tions, aspirin, ticagrelor, and eptifibatide had no significant effect on

platelet procoagulant status, as assessed by Annexin V expression in

response to collagen exposure (Figure 4C, D). In contrast, this was

potently inhibited by glenzocimab, with near-complete inhibition

when glenzocimab was used in combination with aspirin and ticagrelor

(Figure 4C, D). We next assessed tissue factor-induced platelet

thrombin generation using a calibrated automated thrombogram. This

showed no effect of aspirin and ticagrelor on thrombin generation in

platelet-rich plasma, whereas glenzocimab and eptifibatide both

inhibited peak thrombin generation by >50% (Figure 4E, F).
3.5 | Ex vivo addition of glenzocimab provides

amplified antithrombotic effects in blood from aspirin-

and ticagrelor-treated patients with ACS

We next evaluated the effect of the addition of glenzocimab and

eptifibatide ex vivo on platelet function when added to blood samples

from aspirin- and ticagrelor-treated patients with ACS. Despite

treatment with aspirin and ticagrelor, platelet mechanisms that are

mediated by GPVI were still active, and platelets were able to

aggregate in response to collagen and formed thrombi on collagen

under flow conditions (Figures 5A–F). The addition of glenzocimab
atherosclerotic plaque under arterial shear (1000 s-1) with less effect of e

Representative images for platelet-thrombus formation and adhesion on a

P-selectin expression on a plaque under flow at 0, 3, and 10 minutes (indic

marginally reduces washed human platelet spreading on 70 μg/mL athero

platelets, whereas eptifibatide 9 μM and dasatinib 10 μM significantly redu

combination of ASA 30 μM and ticagrelor 1 μM or 6F1 10 μg/mL significan

plaque as reflected by the number of adherent platelets. However, eptifiba

and it required a combination with ASA and ticagrelor to significantly inh

platelet adhesion. (G) Representative images for platelet spreading and ad

presented as mean ± SEM (n = 6 for platelet-thrombus formation and adhes

for platelet spreading). The effect of treatment groups was compared with t

Dunnett’s correction for multiple comparisons (*P < .05 and **P < .01).
further reduced collagen and CRP-induced platelet aggregation by

approximately 50% and 100%, respectively (Figure 5A–C). Eptifibatide

fully inhibited both collagen- and CRP-induced aggregation

(Figure 5A–C). The addition of glenzocimab also provided further in-

hibition of platelet adhesion and aggregation on collagen under flow

conditions, which was completely blocked by the addition of eptifi-

batide (Figure 5D, E). Furthermore, peak thrombin generation in

response to tissue factor was reduced by approximately 50% by both

glenzocimab and eptifibatide (Figure 5G, H).
3.6 | Despite comparable antithrombotic effects,

glenzocimab has markedly less effect on general

hemostasis assessed by ROTEM compared with a

GPIIb/IIIa inhibitor

ROTEM assesses clot viscoelastic properties under low shear condi-

tions and is an indicator of general hemostasis because it is mediated

by the coagulation cascade as well as platelets. ROTEM is therefore

recommended for monitoring hemostasis during cardiac surgery by

the National Institute for Health and Care Excellence, UK [27]. A clot

formation time (CFT) of >159 seconds and maximum clot firmness

(MCF) <50 mm are both associated with an approximately 4-fold in-

crease in risk of major bleeding [27]. Although ROTEM is one of the

only available clinically recommended assessments of hemostasis, it is

relatively insensitive, and it has previously been shown that there is

only a minimal role of TxA2 and adenosine diphosphate-dependent

mechanisms and patients with clinically relevant plasma levels of

nonvitamin K oral anticoagulants may have normal values [28,29].

Glenzocimab, aspirin, and ticagrelor had no effect on CFT as

assessed by the intrinsic pathway (INTEM) or extrinsic pathway

(EXTEM) in blood from healthy donors (Figure 6A, B). Conversely,

eptifibatide dramatically prolonged CFT to a mean of >300 seconds,

as assessed by both INTEM and EXTEM (Figure 6A, B). Similarly, none

of glenzocimab, aspirin, or ticagrelor affected MCF assessed by

EXTEM and INTEM (Figure 6C, D). In contrast, eptifibatide reduced

MCF when added to blood from healthy donors to a mean of <50 mm

(Figure 6C, D). These findings were confirmed by adding glenzocimab

or eptifibatide ex vivo to the blood of patients treated with aspirin and

ticagrelor. Glenzocimab did not affect CFT or MCF as assessed by
ptifibatide 9 μM combined with aspirin and ticagrelor. (C)

plaque under flow. Scale bar: 50 μm. (D) Representative images for

ated above the figure). Scale bar: 50 μm. (E) Glenzocimab 50 μg/mL

sclerotic plaque as assessed by the total surface area of spread

ced platelet spreading. (F) Combining glenzocimab with either the

tly reduces static adhesion of platelets on 70 μg/mL atherosclerotic

tide 9 μM alone shows only marginal inhibition in static conditions,

ibit static platelet adhesion. Dasatinib 10 μM completely blocked

hesion under static conditions. Scale bar: 50 μm. The results are

ion under flow, n = 4 for P-selectin expression under flow, and n = 4

he uninhibited sample (control) using 1- or 2-way ANOVA followed by



F I GUR E 4 Glenzocimab blocks fibrin-mediated platelet aggregation and platelet procoagulant responses. (A) Glenzocimab at 5 μg/mL

inhibited fibrin-stimulated platelet aggregation more than the combined use of ASA 30 μM and ticagrelor 1 μM as assessed in PRP by light

transmission aggregometry (LTA). (B) Eptifibatide 9 μM blocked fibrin-induced platelet aggregation in PRP assessed by LTA. (C) Glenzocimab

50 μg/mL significantly blocks phosphatidyl serine (PS) exposure in flowing blood over 200 μg/mL collagen at 1000 s-1 as measured by Annexin

V, whereas ASA 30 μM, ticagrelor 1 μM, and eptifibatide 9 μM alone did not inhibit PS exposure. The addition of ASA and ticagrelor on top of
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INTEM or EXTEM, whereas eptifibatide again had a large effect that

was similar to the aforementioned results in healthy volunteers

(Figure 6E–H).
3.7 | GPVI depletion prevents microvascular

thrombosis in a murine model of myocardial infarction

We used an intravital model of ischemia-reperfusion injury that

models STEMI in a transgenic GPVI-deficient mouse [30]. The left

anterior descending coronary artery was ligated for 45 minutes, and

following the release of the ligature, microvascular thrombosis was

observed in WT mice by the accumulation of platelets (Figure 7A, B).

Microvascular thrombosis was significantly lower in GPVI-deficient

mice than in WT mice (Figure 7A, D). At 30 to 60 minutes post-

reperfusion, platelet accumulation was over 4-fold lower in GPVI-

deficient mice (P < .01; Figure 7A, B, D). There was no significant

effect of GPVI deficiency on neutrophil accumulation (P = .08;

Figure 7B–D).
4 | DISCUSSION

Microvascular obstruction occurs in up to 40% of patients with STEMI

treated with primary percutaneous coronary intervention despite dual

antiplatelet therapy consisting of aspirin and a potent P2Y12 inhibitor

[1]. The addition of platelet GPIIb/IIIa inhibitors may help to reduce

microvascular obstruction mediated by microvascular thrombosis, but

they are not recommended for routine use due to their significant

effect on general hemostasis [31]. We therefore investigated whether

a novel platelet GPVI inhibitor, glenzocimab, provides additional

antithrombotic effects when used with aspirin and a potent P2Y12

inhibitor but with less effect on general hemostasis than a GPIIb/IIIa

inhibitor.

The main findings of this study are as follows: (a) aspirin and

ticagrelor only achieve partial inhibition of atherosclerotic plaque-

induced platelet responses; (b) atherosclerotic plaque-induced

platelet responses are critically dependent on platelet GPVI and are

potently inhibited by a novel GPVI inhibitor, glenzocimab; (c) glen-

zocimab provides multiple additional antithrombotic effects (inhibition

of platelet aggregation, platelet adhesion, and thrombin generation)

when added to the blood of aspirin and ticagrelor-treated patients

with ACS ex vivo; (d) glenzocimab has less effect on general hemo-

stasis than the GPIIb/IIIa inhibitor eptifibatide; and (e) depletion of
glenzocimab amplified its effect on PS exposure. (D) Representative image

blood over collagen at 0, 3, and 10 minutes (indicated above the figure). Sca

induced by 1 pM tissue factor as assessed by calibrated automated thromb

ticagrelor 1 μM. Eptifibatide 9 μM significantly reduced peak thrombin wh

thrombogram for thrombin generation was assessed by CAT. The results

platelet aggregation, n = 4 for Annexin V measurement under flow, and n =

compared with the uninhibited samples (vehicle control) using 1- or 2-wa

(*P < .05, **P < .01, and ***P < .001). PRP, platelet-rich plasma.
GPVI in an animal model of myocardial infarction reduces microvas-

cular thrombosis.

Aspirin and potent P2Y12 inhibitors have greatly improved patient

outcomes following ACS by inhibiting platelet pathways that are

mediated by TxA2 and adenosine diphosphate, respectively. These

secondary mediators have a major role in amplifying platelet activa-

tion through G protein-coupled receptors (GPCRs). Inhibition of these

central pathways provides partial inhibition of a wide range of

different platelet pathways [32], leading to broad antithrombotic ef-

fects and widespread effects on hemostasis. However, in patients with

STEMI, treatment with aspirin, a potent P2Y12 inhibitor, and a

parenteral anticoagulant is not always sufficient for the treatment of

microvascular thrombosis and thromboinflammation caused by

embolization of thrombus and atherosclerotic plaque material. Indeed,

a recent study demonstrated that achieving high levels of P2Y12 in-

hibition during STEMI with the potent P2Y12 inhibitor cangrelor did

not reduce microvascular obstruction [33]. Our results demonstrate

that aspirin and ticagrelor only provide partial inhibition of athero-

sclerotic plaque-mediated platelet responses, thereby providing an

explanation for their observed lack of efficacy in preventing micro-

vascular obstruction in STEMI. We demonstrated that atherosclerotic

plaque-mediated platelet responses were mediated almost exclusively

by GPVI, which is an immunoreceptor tyrosine-based activation motif

(ITAM)-coupled receptor, rather than a GPCR. This is in agreement

with several previous studies that have demonstrated this critical role

of GPVI in atherosclerotic plaque-induced platelet responses with

additional but less critical roles of GPIb, α2β1, and P2Y12

[6,7,19–21,34]. Although aspirin and P2Y12 inhibitors potently

downregulate the response to a number of different GPCRs, they have

less impact on activation of ITAM-coupled receptors, in keeping with

previous studies [19,35,36]. We noted that P2Y12 inhibition still had a

moderate effect on atherosclerotic plaque-induced adhesion and

thrombus formation under flow conditions, however, in keeping with a

prior study that used the potent P2Y12 inhibitor ARC69931MX

(cangrelor) [20]. In contrast to this study, we saw less overall effect of

ticagrelor on atherosclerotic plaque-induced platelet responses,

particularly in aggregation assays, which is likely to be due to differ-

ences in plaque preparation or could be related to less complete

P2Y12 inhibition or differences in mechanisms of action of ticagrelor

compared to cangrelor [37]. Recent studies, including our own, have

also shown that Syk and Btk inhibitors can inhibit downstream

signaling of GPVI, thereby inhibiting atherosclerotic plaque-induced

platelet responses [34,38–41]. Glenzocimab appears more potent

than clinically available Btk and Syk inhibitors investigated in these

in vitro studies; however, the effects of Btk inhibitors may compound
s for Annexin V measurement in flowing hirudin-anticoagulated

le bar: 50 μm. (E) Glenzocimab significantly reduces peak thrombin-

ogram (CAT, Stago), whereas there was no effect of ASA 30 μM and

en combined with ASA and ticagrelor. (F) A representative

are shown as mean ± SEM (n = 4 for polymerized fibrin-stimulated

7 for thrombin generation). The effect of the treatment group was

y ANOVA followed by Dunnett’s correction for multiple comparisons



F I GUR E 5 Amplified effects of glenzocimab on ex vivo platelet responses in aspirin- and ticagrelor-treated patients. (A) Glenzocimab 50 μg/
mL provided additional inhibition of 3.2 μg/mL Horm collagen-induced platelet aggregation in patients treated with aspirin and ticagrelor.

Eptifibatide 9 μM completely blocked collagen-stimulated platelet aggregation ex vivo. (B) Glenzocimab 50 μg/mL completely blocked 3 μg/mL

collagen-related peptide (CRP)-stimulated platelet aggregation ex vivo in samples from aspirin- and ticagrelor-treated patients. (C)

Representative aggregation traces for CRP-induced platelet aggregation. (D) Glenzocimab 50 μg/mL significantly decreased platelet-thrombus
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over time when given clinically as they have an irreversible effect on

platelets, thereby preventing direct comparisons of potency.

The specific GPVI inhibitor glenzocimab provided potent inhibi-

tion of atherosclerotic plaque-induced platelet responses and pro-

vided multiple additional antithrombotic effects when added to the

blood of aspirin- and ticagrelor-treated patients with ACS. We also

demonstrated that GPVI inhibition by glenzocimab provides mild

anticoagulant effects in the form of reduced thrombin generation

mediated by a reduction in fibrin-mediated platelet activation.

Furthermore, we demonstrated the in vivo relevance of these mech-

anisms by showing that GPVI plays a critical role in microvascular

thrombosis in an animal model of STEMI and ischemia-reperfusion.

Taken together, these findings suggest that GPVI inhibition could

potentially reduce 2 separate but equally important pathophysiolog-

ical mechanisms during STEMI: atherosclerotic plaque-induced

platelet activation and microvascular thrombosis triggered by

ischemia-reperfusion injury.

The effects of glenzocimab shared many similarities with eptifi-

batide, which inhibits the platelet GPIIb/IIIa receptor (also known as

αIIbβ3). The main antiplatelet effects of GPIIb/IIIa inhibitors are

traditionally attributed to blockade of GPIIb/IIIa inside-out signaling,

preventing cross-linking of GPIIb/IIIa by fibrinogen, thereby pre-

venting platelet aggregation. However, GPIIb/IIIa also acts in

conjunction with GPVI to signal via ITAM when activated by fibrin-

ogen and mediates a wide range of distinct mechanisms, including

platelet spreading and stable thrombus formation [30,42–44]. Indeed,

glenzocimab and eptifibatide both provided similar inhibition of

atherosclerotic plaque-induced platelet aggregation and adhesion, as

well as fibrin-induced platelet aggregation and thrombin generation. It

has previously been shown that eptifibatide can promote disaggre-

gation of formed platelet aggregates [45]. We demonstrated that both

glenzocimab and eptifibatide could cause disaggregation of platelets

that had already been triggered by atherosclerotic plaque material.

This is consistent with another recent report on the ability of glen-

zocimab to promote platelet disaggregation [17] and demonstrates

potential benefits of a GPVI inhibitor following atherosclerotic plaque

rupture in STEMI. Of note, eptifibatide provided greater inhibition of

Horm collagen-induced platelet responses than glenzocimab. This is

explained by our results showing that platelet responses to Horm

collagen are not mediated purely by GPVI but also have an important

contribution from α2β1 (a recent report also demonstrated a role of

GPR56 [46]). In contrast, atherosclerotic plaque-mediated responses

were overall mostly mediated by GPVI. Our experiments were
growth (assessed by fluorescence intensity) on 200 μg/mL Horm collagen

aspirin and ticagrelor ex vivo. (E) Glenzocimab 50 μg/mL additionally reduce

mL Horm collagen in flowing blood from patients treated with ASA and tic

and adhesion under flow. Scale bar: 50 μm. (G) Glenzocimab 50 μg/mL and

initiated by 1 pM tissue factor in platelet-rich plasma (PRP) samples from

ticagrelor. (H) Representative thrombogram. The results are presented as

aggregation, n = 18 for flow adhesion, and n = 7 for thrombin generation

eptifibatide (9 M) was compared with the unspiked sample (vehicle contro

comparisons (*P < .05, **P < .01, and ***P < .001). AUC, area under the c
performed using homogenized pooled plaque material from multiple

donors and therefore demonstrated the overall mechanisms involved

in atherosclerotic plaque-induced platelet responses. However, plaque

heterogeneity, exposure of collagen, and lesion rupture may all in-

fluence the differential role of mechanisms of platelet activation and

are worthy of further investigation.

In contrast to their similar antithrombotic effects, eptifibatide

had a dramatic effect on general hemostasis assessed by ROTEM,

while glenzocimab had no measurable effect. Although this demon-

strates the marked effect of GPIIb/IIIa inhibitors on hemostasis, it

does not rule out an effect of glenzocimab, as aspirin and ticagrelor

also did not affect the ROTEM measurements despite their known

effect on hemostasis. However, these findings were also in keeping

with the well-established profound hemostatic defect caused by in-

hibition or deficiency of GPIIb/IIIa and the minor effect of GPVI

deficiency on hemostasis [11–14]. GPIIb/IIIa inhibitors, P2Y12 in-

hibitors, and aspirin have all achieved potent platelet inhibition by

combining broad effects on multiple platelet activation pathways that

are involved in both thrombosis and hemostasis. Instead, GPVI in-

hibition offers a more selective approach of inhibiting a single

pathway with greater potency to specifically reduce atherosclerotic

plaque- and fibrin-induced platelet responses and leave general he-

mostasis intact. The minor role of GPVI in general hemostasis is

supported by previous studies that have shown no effect of glen-

zocimab on hemostasis in nonhuman primates and in a phase 1

clinical trial [15]. Providing additional reassurance, a patient with

GPVI deficiency did not display any signs of bleeding when treated

with dual antiplatelet therapy [47].

There are currently 2 GPVI inhibitors that are being tested in

clinical trials: glenzocimab and revacept. Revacept is a dimeric fusion

protein of the GPVI extracellular domain and the human Fc-fragment,

which mimics dimeric GPVI and binds to exposed GPVI agonists, such

as collagen [48–50]. Revacept indirectly blocks access of dimeric

platelet GPVI to agonists but does not directly block the function of

the GPVI receptor and does not bind to monomeric GPVI or block

monomeric GPVI-mediated responses induced by fibrin [23]. In the

recent ISAR-PLASTER study, revacept did not reduce troponin release

following percutaneous coronary intervention for stable coronary

artery disease [51]. Potentially explaining these results, revacept is

thought to only inhibit dimeric, but not monomeric, GPVI-mediated

platelet responses and offers substantially less potent inhibition

than antibody-based approaches [7,23]. Our current results demon-

strate that atherosclerotic plaque activates both the monomeric and
in flowing blood perfused at 1000 s-1 from patients treated with

d platelet adhesion (assessed by platelet coverage area) on 200 μg/
agrelor. (F) Representative images for platelet-thrombus formation

eptifibatide 9 μM significantly reduced peak thrombin generation

patients with acute coronary syndrome treated with aspirin and

mean ± SEM (n = 21 for multiple electrode aggregometry

). The effect of spiking samples with glenzocimab (50 μg/mL) and

l) using a linear mixed model with Dunnett’s correction for multiple

urve.



F I GUR E 6 Glenzocimab has less

effect on hemostasis (assessed by

rotational thromboelastometry) than

eptifibatide. (A) There was no effect of

glenzocimab 50 μg/mL (even when

combined with aspirin 30 μM and

ticagrelor 1 μM) on clot formation time

(CFT) on whole blood coagulation

stimulated via the extrinsic pathway

(EXTEM). In contrast, eptifibatide (9 μM)

dramatically increased the EXTEM-CFT

as assessed by rotational

thromboelastometry in healthy donors

in vitro. (B) Similarly, glenzocimab, aspirin,

and ticagrelor had no effect on CFT

stimulated via the intrinsic pathway

(INTEM), whereas eptifibatide

dramatically increased the INTEM-CFT

in healthy donors in vitro. (C)

Glenzocimab, aspirin, and ticagrelor did

not affect maximum clot firmness (MCF)

in whole blood coagulation stimulated via

EXTEM. In contrast, eptifibatide

significantly decreased EXTEM-MCF in

healthy donors in vitro. (D) Glenzocimab,

aspirin, and ticagrelor also did not affect

MCF stimulated via INTEM. Again,

eptifibatide significantly decreased

INTEM-MCF in healthy donors in vitro.

(E) Glenzocimab 50 μg/mL did not affect

EXTEM-CFT, whereas eptifibatide 9 μM
significantly increased EXTEM-CFT

ex vivo in whole blood from patients with

acute coronary syndrome (ACS) treated

with aspirin and ticagrelor. (F) Similarly,

glenzocimab 50 μg/mL did not affect

INTEM-CFT, whereas eptifibatide 9 μM
significantly increased INTEM-CFT

ex vivo in whole blood from patients with

ACS treated with aspirin and ticagrelor.

(G) Glenzocimab 50 μg/mL did not affect

EXTEM-MCF, which was significantly

decreased by eptifibatide 9 μM ex vivo in

whole blood from patients with ACS

treated with aspirin and ticagrelor. (H)

Both glenzocimab 50 μg/mL and

eptifibatide 9 μM did not significantly

affect INTEM-MCF ex vivo in whole

blood from patients with ACS treated

with aspirin and ticagrelor. The results

are presented as mean ± SEM (n = 3 for

healthy donors and n = 8 for patients

with ACS). The effect of different

treatments was compared with the

unspiked samples by 1-way ANOVA

followed by Dunnett’s correction for

multiple comparisons (*P < .05, **P < .01,

and ***P < .001).
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F I GUR E 7 Genetic depletion of glycoprotein (GP) VI reduced microvascular thrombosis in a murine model of ST-elevation myocardial

infarction and ischemia-reperfusion injury. A time course of intravital imaging of the beating heart was obtained using an upright intravital

microscope focused on a stabilized region of the beating left ventricle and its microvasculature. (A) After 45 minutes of ligation of the left

anterior descending coronary artery, the ligature was removed, and the heart was reperfused, with significantly reduced platelet deposition in

the coronary microvessels of GPVI-depleted mice compared with wild-type (WT) mice. (B) Representative image of microvascular deposition of

platelets (red) and neutrophils (green) in WT mice. (C) There was no significant effect of the genetic depletion of GPVI on neutrophil deposition.

(D) Representative image of microvascular deposition of platelets (red) and neutrophils (green) in mice with GPVI genetic depletion. WT (n =

10) compared with GPVI-deficient mice (n = 6) using 2-way ANOVA (*P < .05, **P < .01, and ***P < .001).
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dimeric forms of GPVI, and we have also previously shown that in-

hibition of monomeric GPVI is required for inhibition of fibrin-

mediated platelet responses [23]. For a GPVI inhibitor to fully

inhibit atherosclerotic plaque- and fibrin-induced platelet responses,

inhibition of both monomeric and dimeric GPVI is likely to be neces-

sary, as achieved by glenzocimab in this study.

In summary, the addition of a novel GPVI inhibitor, glenzocimab,

to aspirin and ticagrelor provides amplified inhibition of multiple

critical mechanisms of atherothrombosis, including platelet activation

in response to atherosclerotic plaque. Glenzocimab and the GPIIb/IIIa

inhibitor, eptifibatide, share many similar antithrombotic effects,

although glenzocimab has less impact on mechanisms involved in

hemostasis than eptifibatide.
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