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ARTICLE INFO ABSTRACT

Keywords:
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Acute ischemic stroke (AIS) is the most common type of stroke and requires immediate reperfusion. Current
acute reperfusion therapies comprise the administration of intravenous thrombolysis and/or endovascular
thrombectomy. Although these acute reperfusion therapies are increasingly successful, optimized secondary
antithrombotic treatment remains warranted, specifically to reduce the risk of major bleeding complications. In

Platelets . s s . .. . .
Goagulation the development of AIS, coagulation and platelet activation play crucial roles by driving occlusive clot formation.
Major bleeding Recent studies implicated that the intrinsic route of coagulation plays a more prominent role in this development,

however, this is not fully understood yet. Next to the acute treatments, antithrombotic therapy, consisting of
anticoagulants and/or antiplatelet therapy, is successfully used for primary and secondary prevention of AIS but
at the cost of increased bleeding complications. Therefore, better understanding the interplay between the
different pathways involved in the pathophysiology of AIS might provide new insights that could lead to novel
treatment strategies. This narrative review focuses on the processes of platelet activation and coagulation in AIS,
and the most common antithrombotic agents in primary and secondary prevention of AIS. Furthermore, we
provide an overview of promising novel antithrombotic agents that could be used to improve in both acute
treatment and stroke prevention.

1. General introduction

Stroke is the second leading cause of death worldwide, affecting
approximately 13,7 million people, whereof 5,8 million people die each
year. When combined, stroke-related deaths and disabilities cause an
annual loss of healthy life of 116 million years. Additionally, the inci-
dence of recurrent strokes is estimated at 7-20% at 1 year post-stroke,
and 16-35% at 5 years post-stroke, further increasing functional
dependence and mortality [1,2]. Moreover, due to the demographic age
shift, this number is expected to rise even more each year [3,4].
Therefore, it is not only warranted to improve stroke treatment in the
acute setting, but to focus on secondary prevention as well.

Up to 80% of all strokes are of acute ischemic nature, the remainder
is caused by intracranial hemorrhages (ICH), though actual proportions

may differ depending on population and/or ethnicity [4]. Acute
ischemic stroke (AIS) is caused by sudden occlusion of an artery sup-
plying the brain, resulting in impairment or loss of neurological function
given no timely reperfusion of that vascular territory [4,5]. AIS can
result from either an embolic (approximately 20%) or non-embolic
event, though most papers do not make this distinction [6]. Currently,
the main approach for determining clot origin is based on clot histology
[71.

There are three treatment options in the acute setting of AIS next to
the initiation of antiplatelet therapy with e.g. acetylsalicylic acid (i.e.
aspirin): 1) intravenous thrombolysis (IVT); 2) endovascular throm-
bectomy (EVT); 3) a combination of IVT and EVT. IVT comprises the
timely administration of a thrombolytic agent, typically a recombinant
tissue plasminogen activator (rtPA), to dissolve the clot and restore
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cerebral perfusion, whereas EVT utilizes mechanical removal of the clot
via a catheter-based approach. With regards to current acute treatment
options, the MR CLEAN NO-IV trial investigated the added benefit of IVT
prior to EVT on clinical outcome in AIS patients, but found neither
inferiority nor non-superiority compared to EVT alone [8]. Likewise, the
MR CLEAN MED investigated the effect of periprocedural heparin,
acetylsalicylic acid, neither, or both on clinical outcome in EVT patients.
Due to the incidence of heparin-related bleedings the trial was prema-
turely terminated without providing a clear beneficial effect of ace-
tylsalicylic acid or heparin on functional outcome [9].

Occlusive clot formation results from two closely intertwined pro-
cesses, namely the activation of platelets and the activation of coagu-
lation. Activated coagulation factors give rise to the formation of
thrombin, which cleaves soluble fibrinogen into insoluble fibrin, but
also, amongst others, promotes the activation of upstream coagulation
factor XI (FXI) and the activation of platelets. In turn, the surface of
activated platelets provides the main proteolytic site for coagulation
factors, again promoting the formation of fibrin (Fig. 1) [10-12]. While
this process is essential to arrest bleeding (hemostasis), excess reciprocal
activation can result in thrombus formation (thrombosis). Literature
regarding the initiation of thrombus formation in AIS remains up for
debate. While some evidence suggests excess levels of circulating hy-
perreactive platelets expressing high levels of P-selectin as a possible
driving factor [13,14], other recent evidence proposes local
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hypercoagulability to be a key trigger of clot formation [15,16]. The
latter is supported by a systematic review indicating an association be-
tween increased levels of specific plasma biomarkers for hypercoagu-
lability, i.e. vVWF, FXIa and FXIIa, and increased risk for AIS [10].

Both scenarios may be valid, but likely depend on the etiology of AIS.
While atrial fibrillation (AF)-related stroke may be dominated by hy-
percoagulability, atherothrombosis-related stroke may be initially
influenced by platelet reactivity [17,18]. The latter is comparable with
acute coronary artery disease. However, there may be vascular bed-
specific differences in atherothrombosis where contact activation may
be more prominent in AIS, compared to the coronary circulation, given
that subjects with a factor XI deficiency appear to be protected against
stroke, but not against myocardial infarction [19]. These considerations
are important in the ongoing search for improved prognostic biomarkers
for clinical outcome of AIS, but also for safer treatment options [20].

First, this review will focus on the key players involved in thrombus
formation underlying AIS: 1) the role of platelets; 2) the role of the
coagulation cascade. Second, this review will provide insights into: 1)
current antithrombotic management for both primary and secondary
prevention; 2) promising new antithrombotic agents for the prevention
or treatment of AIS.

Extrinsic
Pathway

he
tring
Pathway
O—a@
/J '\
r: R
v v
- &
| D
&
Birw
e
Platelet
acivation
Blockage In artery Nt
Enlarged final infarct ;
volume N\

Initial infarct volume

-

E—@

Fibrin clot
formation

Fig. 1. Overview of coagulation and thrombo-inflammation. The extrinsic and intrinsic coagulation are activated by pathway specific events and converge into the
common coagulation pathway to form thrombin for clot stabilization. Thrombin can form a direct positive feedback loop for the activation of the intrinsic coag-
ulation by activating factor XI, and an indirect positive feedback loop by the activation of platelets that activate factor XII via neutrophil extracellular traps (NETS).
Coagulation can be linked to inflammatory pathways via activation of the kinin-kallikrein system, leading to the formation of bradykinin, and subsequent activation
of the complement system and breakdown of the BBB. F = Factor; a = activated form; TF = tissue factor, PAR = protease-activated receptors; NETs = neutrophil-
extracellular traps; MAC-1 = Integrin aMp2; PKK = prekallikrein; KAL = kallikrein; BK bradykinin; HMWK = high molecular-weight kininogen; BBB = blood-brain
barrier; PL = Phospholipid; Ca2+ = Calcium. Of note, thrombo-inflammation is not included in this review. Created with Biorender.com.
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2. Thrombus formation in the course of acute ischemic stroke
2.1. Role of platelets in acute ischemic stroke

Platelets are important in the onset of AIS due to their prominent role
in wound healing and clot formation. Upon vascular damage, initial
binding of platelets to the injured endothelium is mediated through
interaction of the platelet glycoprotein Ib (GPIb) with subendothelial
von Willebrand factor (vWF), leading to initial platelet tethering,
platelet-vessel wall adhesion and primary hemostasis by formation of a
platelet plug [11]. Consequent to initial platelet activation, platelet
binding to subendothelial collagen via glycoprotein VI (GPVI) results in
further platelet activation and firm platelet adhesion [21]. Additionally,
GPVI binding to fibrin amplifies platelet activation and stimulates
thrombus growth and stabilization [22,23]. The processes described
above lead to activation of GPIIb/Illa, resulting in platelet aggregation
by binding fibrinogen or vVWF between receptors [11,24].

Several preclinical and clinical studies addressed the role of specific
platelet surface receptors in AIS development (Table 1). One study
assessed the role of GPIb, GPVI and GPIIa/IlIb in AIS, by using a tran-
sient middle cerebral artery occlusion mouse model (tMCAO), lasting 1
hour. Complete blockage of these receptors was achieved by injection of
specific monoclonal antibodies 1 hour before occlusion. Results showed
that interfering with early platelet activation and platelet-vessel wall
adhesion via GPIb depletion, decreased the ischemic infarct size by 60%.
This also led to improved functional outcomes 24 hours post-AIS
without increasing the risk for intracerebral hemorrhage. Moreover,
blocking GPIb 1 hour after occlusion was as effective as prophylactic
administration resulting in comparable reductions in ischemic infarct
size. The beneficial effects of GPIb interference might be indicative of
the essential platelet-vessel wall interaction under high shear forces,
suggesting a central role of GPIb in stroke development [25]. These
results were confirmed by other studies utilizing the same tMCAO mouse
model with analogous infarct size assessment techniques, indicating that
selectively blocking early stages of platelet activation and platelet-vessel
wall interaction protected against AIS [11,26,27]. Similar to the
depletion of GPIb, depleting GPVI resulted in decreased ischemic infarct
sizes, though to a lesser extent [25]. Interestingly, using a GPVI-fusion
protein which binds to collagen and other GPVI ligands and thereby
prevents platelet binding to the surface led to reduced infarct size and
improved functional outcome [28]. In addition, targeting the down-
stream signaling events of GPVI by either genetic or pharmacological
deletion of spleen tyrosine kinase (Syk) showed a similar favorable effect
in reducing ischemic stroke size and improved neurological outcome
[29].

Despite the strong evidence for the importance of GPVI in AIS
pathophysiology in animal models, its involvement in human AIS is not
well understood. Using blood samples from AIS patients, studies showed
higher GPVI expression levels on platelets and higher soluble GPVI
(sGPVI) in plasma compared to healthy individuals [30-32]. On the
contrary, Wurster et al. showed higher levels of surface expressed GPVI
and a lower level of sGPVI in AIS patients compared to patients suffering
from a transient ischemic attack (TIA) and patients with non-ischemic
events [33]. These findings may support the notion that GPVI is an
important contributor to AIS in both experimental models and humans.
In contrast, blocking GPIIb/Illa in both mice and AIS patients increased
the occurrence of intracerebral hemorrhage and mortality in a dose-
dependent manner, while not affecting the course of stroke [25,34].

2.2. In vivo platelet activity

Upon platelet activation, platelets release autocrine mediators (e.g.
ADP and thromboxane A2) leading to further (autocrine) platelet acti-
vation via activation of specific G-protein coupled receptors (GCPRs),
possibly affecting clinical outcome after AIS [24]. Sustained platelet
activation leads to the release of their granular content into the
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Table 1
Summary of the main findings of all included original articles regarding changes
of platelet activity or platelet inhibition in acute ischemic stroke.

Model
type
Mice - Pharmacological
tMCAO inhibition
(60-90 [
min)

Target Study Intervention

type

Main findings

@ Reduced AIS
volumes [11,27]
Improved
neurological
functional
outcome
[11,25,27]

@ Protection
against stroke
without
increasing
bleeding
complications
[25-27]
Reduced infarct
size and
improved
functional
outcome [28]
Reduced AIS
volumes [29]
Improved
neurological/
functional
outcome [25,29]
@ Protection
against stroke
without
increasing
bleeding
complications
[25,26,36]
Increased GPVI
surface
expression is
significantly
higher in AIS
patients [33]
Increased GPVI
surface
expression levels
are associated
with increased

Glycoprotein In vivo

Ib (GPIb)

Genetic depletion @

Glycoprotein In vivo

VI (GPVI)

Mice - Pharmacological [
tMCAO inhibition

(60-90 [}
min)

Case-
control

Humans n.a. ]

Cohort n.a. [

stroke risk and

poorer clinical

outcome [31]
@ Reduced soluble
GPVI levels are
associated with
increased AIS
risk [34]
No protection
against AIS but
increased
bleeding
complications
[25,26]
No definite
protection
against AIS but
increased
bleeding
complications
[35]

Mice -
tMCAO
(60-90
min)

Glycoprotein In vivo
IIb/Illa

(GPIIb/IIIa)

Pharmacological [ ]
inhibition

Humans RCT

tMCAO = transient middle cerebral artery occlusion; RCT = randomized
controlled trial; AIS = acute ischemic stroke; n.a. = not applicable.

circulation, increased copy number of the surface expressed receptors as
well as shedding of surface expressed receptors which is a proxy measure
of their in vivo activity [12].

Studies in AIS patients show hyperreactivity of platelets in the (sub)
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acute or even recovery phase of AIS, through assessment of platelet
activation markers [12]. Induruwa et al. found elevated P-selectin
(CD62P) and GPVI expression on resting platelets within 8 hours of
stroke onset compared to healthy controls, indicating a higher platelet
activation state in stroke patients. The level of GPVI dimers further
increased after 3-months follow-up, whereas no difference was seen in P-
selectin levels [32]. These results were confirmed by Marquardt et al.,
showing that patients with AIS had an excess of platelets expressing
CD62P and CD63 on day 1 after the stroke event. Interestingly, CD62P
expression rapidly declined during the first days/weeks after stroke,
presumably due to shedding, while CD63 expression remained elevated
for at least 90 days after stroke [13]. Given that the average lifespan of
platelets ranges from 7 to 10 days, such long periods of elevated CD63
expression might indicate prolonged platelet activation. Therefore,
CD63 expression might be a suitable biomarker for the occurrence of
secondary thrombotic events, though further research is warranted [13].

3. Thrombus formation through activation of the coagulation
system

Under physiological circumstances, vascular trauma results in the
activation of primary hemostasis, enabling the aggregation of platelets,
followed by the formation of a platelet plug that binds to subendothelial
collagen. Next, secondary hemostasis facilitates platelet plug stabiliza-
tion by propagating fibrin formation, initiated by two distinct pathways:
the extrinsic and intrinsic coagulation. Both pathways converge into a
common coagulation pathway, ultimately leading to the formation of a

Table 2
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fibrin mesh [35].

Both pathways are characterized by pathway-specific plasma coag-
ulation factors, i.e. serine proteases, and act through cleavage of
downstream substrates in an avalanche-like manner. This process, from
vascular trauma to stabilized clot formation, arises from highly coordi-
nated protein-protein interactions (Fig. 1). Disturbances in these pro-
cesses may give rise to pathological hypercoagulable conditions. In AIS
patients, cardioembolism or unstable plaque erosion/rupture are the
main initiators for these thromboembolic events. Understanding the
specific coagulation processes involved in AIS development, could lead
to improved targeted therapies, and better clinical outcomes [36,37].

3.1. The extrinsic coagulation pathway

Under pathological conditions, such as atherosclerotic plaque
rupture, tissue factor (TF), an integral membrane protein, gets exposed
to the circulation, thereby increasing its blood- borne concentrations,
and promoting secondary hemostasis. In addition, inflammatory cyto-
kines can stimulate TF expression in monocytes and macrophages
leading to further exacerbation of the extrinsic coagulation. Exposed TF
can bind to coagulation factor VII (FVII) causing FVII activation (FVIIa).
The TF-FVIIa complex cleaves FIX and FX, resulting in thrombin and
subsequent fibrin generation [38,39] (Fig. 1). The TF:FVIIa complex is
inhibited by either tissue factor pathway inhibitor (TFPI) via formation
of a tetramolecular complex (TF:FVIIa:TFPI:FXa) or by antithrombin
(AT) through formation of FVIIa:AT complex [40]. Several preclinical
and clinical studies addressed the role of the extrinsic coagulation in AIS

Summary of the main findings of all included original articles regarding changes of coagulation activity or inhibition of coagulation in acute ischemic stroke.

Target Model type Study type Intervention Main findings
Tissue factor Humans Cohort and case- n.a. @ Increased levels of circulating TF are potential risk factors for AIS [47]
(TF) control @ Reduced TF levels and increased tissue factor-bearing microparticle levels at
onset of AIS [49]
@ Increased TF activity and antigen levels at onset of AIS [76]
Factor VII Humans Case-control n.a. @ Reduced FVII antigen levels in AIS [49]
(FVID) @ Reduced FVIIa-AT levels in AIS [49]
@ Increased FVIIa-AT levels in AIS [53]
@ Increased FVIIa levels in AIS [53]
RCT Administration of @ No IVT treatment: reduced FVII/FVIIa levels post-AIS [51,76]
VT @ IVT treatment: reduced FVIIa and increased FVII levels in post-AlS [51,76]
Factor XII Mice/rats - tMCAO (60 Experimental Pharmacological @ Reduced AIS volume without increased in infarct-associated hemorrhage
(FXII) min - permanent) inhibition [57,59,60,72]
@ Unaltered infarct size [63]
Genetic depletion @ Reduced AIS volume without increased infarct-associated hemorrhage
[57,59,60]
Humans Case-control/ n.a. @ No association between FXII antigen levels and AIS risk or clinical outcome
prospective cohort after AIS [65,66]
@ No changes of FXII antigen levels between baseline and 3 days post-AIS [67]
@ Increased FXIla:Cl-esterase-inhibitor complex levels are associated with in-
crease AIS risk in young women [68]
Plasma Mice - tMCAO (60 min Experimental Pharmacological @ Reduced infarct size, edema and improved Behavior ~ Without
kallikrein - permanent) inhibition neurological increasing infarct-associated hemor-
(PK) rhages [70,72]
Genetic depletion @ Reduced infarct size, edema and improved Behavior ~ Without
neurological increasing infarct-associated hemor-
rhages [70]
Humans Case-control n.a. @ No association between PK antigen levels and increased risk of AIS [65]
@ Increased PK:Cl-esterase-inhibitor complex levels are associated with increase
AIS risk in young women [68]
Factor XI (FXI) Mice/rabbits - tMCAO Experimental Pharmacological @ Reduced cerebral microembolic signals and prolonged bleeding time [73]
(60 min - permanent) inhibition @ FXlla-mediated FXI activation plays a crucial role in AIS development [64]
Genetic depletion @ Reduced ischemic brain injury and improved neurological behavior without
increased infarct-associated hemorrhages [57]
Humans Cohort and case- n.a. @ Increased FXI antigen and activity levels are associated with increased AIS risk
control [65,66,74]

No association between FXI antigen levels and AIS risk [75]

No changes of FXI antigen levels between baseline and 3 days post-AIS [67]
Increased FXIa:Cl-esterase-inhibitor and FXIa:Antithrombin complex levels
are associated with increase AIS risk in young women [68]

tMCAO = transient middle cerebral artery occlusion; RCT = randomized controlled trial; FVIla = Activated factor FVII; FVIIa-AT = Factor VIla-antithrombin complex;

AIS = acute ischemic stroke.



A. Ceulemans et al.

development (Table 2).

The importance of TF and FVII in normal hemostasis is supported by
studies demonstrating an increased likelihood of spontaneous hemor-
rhages in humans with severe FVII-deficiencies [41]. As described
elsewhere, humans and mice lacking FVII and/or TF are not viable and
die in the embryonic or perinatal phase [38,41,42]. On the other hand,
elevated levels of circulating and monocyte-expressed TF are associated
with an increased risk for the development of venous and arterial
thrombosis [43,44]. Changes in the extrinsic pathway have been shown
to play a role in AIS pathogenesis as well [45].

Early studies reported decreased FVIIa:AT complex (i.e. proxy for in
vivo FVII activation), FVIla:ag and elevated TF-bearing microparticle
plasma levels in the acute phase of first-ever AIS, compared to healthy
controls [48,49]. In contrast, patients with prior AIS showed increased
FVIIa:AT complex plasma levels, compared to healthy controls [40,46].
In addition, a subgroup of patients who received thrombolysis showed
significantly lower levels of FVII at day 7 compared with the patients
who did not receive thrombolysis [47]. Likewise, Welch et al. showed a
significant decrease in FVIIa at 48 hours after thrombolysis with alte-
plase, though this patient population was extremely small (n = 2), and
hence meaningful conclusions cannot be drawn [48].

Furthermore, studies identified several single nucleotide poly-
morphisms in the FVII gene associated with increased FVII:ag, as risk
factors for AIS development, however data are conflicting [49,50].
Interestingly, a prospective population-based study showed an associa-
tion between increased FVIIa and AIS, while FVIIa-AT was not signifi-
cantly associated after adjustment for risk factors and FVII clotting
activity showed no association at all [50].

The differences seen in the association between FVII and AIS could
originate from the different stroke etiology or underlying mechanisms
by which these complexes are generated or incorporated in the clot
during the acute phase of stroke. For instance, AIS patients with AF
showed lower FVIl:ag compared to non-AF AIS patients [47,51].
Importantly, the increased FVII:ag levels appeared to be associated with
overall AIS after adjustment for warfarin treatment [51]. To unravel the
relevance of FVII:ag levels, more studies should be performed.

3.2. The intrinsic coagulation pathway

While the extrinsic coagulation pathway has been associated with
the development of AIS, the involvement of the intrinsic coagulation
pathway in AIS pathophysiology remains elusive. Therefore, precise
mechanisms of activation of the intrinsic coagulation are gaining more
awareness. Recent histological studies showed the presence of neutro-
phil extracellular traps within AIS thrombi, which could be an important
player in the FXII mediated intrinsic coagulation [52,53]. Consequently
to FXII activation, FXIIa is formed and converts FXI into FXIa, promoting
the cleavage of FIX into FIXa. Eventually, FIXa gives rise to the forma-
tion of FXa, leading to thrombin generation via the common coagulation
pathway (Fig. 1). Several preclinical and clinical studies addressed the
role of the intrinsic coagulation in AIS development (Table 2).

Data from FXII deficient individuals and animal studies utilizing FXII
deficient mice models show that FXII is not essential for normal hemo-
stasis, since its deletion or blockage does not increase bleeding risk [54].
Epidemiologically, however, there is no data showing protection against
AIS in FXII deficient subjects, while for FXI deficiency such protective
effect has been observed [19,55]. Renné et al. and Kleinschnitz et al.
demonstrated improved reperfusion after experimental stroke using
mice with genetic deletion or pharmacological inhibition of FXII
[54,56]. Pharmacological blockage of FXII by rHA-infestin-4, in a mouse
and rat tMCOA model, resulted in decreased infarct sizes [57-59].
Notably, one study in mice showed no reduction in ischemic infarct size
after pharmacological selective inhibition of FXII by COU254 [60].
However, the pharmacodynamics- and kinetics of COU254 in animals is
lacking, therefore, the lack of effect might be due to insufficient dosage
[60]. In addition, inhibition of the signaling cascade downstream of FXII
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by either genetically depleting FXI or by selectively inhibiting FXII-
mediated FXI activation, while leaving FXI activation by thrombin
intact, increased cerebral reperfusion, and led to improved neurological
outcomes in mice [54,61]. This evidence supports a role of FXII (and
FXII-mediated FXI activation) in AIS pathophysiology, although the role
of this protein in humans remains controversial. A population based
case-control study and a retrospective cohort study showed that
increased FXII:ag in humans is not associated with an increased risk for
AIS [62,63], while another study showed no significant changes of FXII:
ag between baseline and 3 days post-AlIS [64]. Siegerink et al. showed
that increased FXIIa activity measured by FXIIa:Cl-esterase-inhibitor
complexes were significantly associated with increased risk for AIS in
young females on oral contraceptives [65].

Importantly, FXIIa can also trigger inflammation by cleaving plasma
prekallikrein (PKK) to kallikrein (PK), leading to the formation of bra-
dykinin (BK) [66]. When uninhibited, such as in patients with congenital
angioedema, this results in inflammation and edema formation, and
might enlarge the infarcted area in case of stroke. In accordance with
findings regarding FXII deletion or blockage, PK deletion or blockage
with DX-88 in mice resulted in smaller cerebral infarct volumes and
reduced neurological deficits [67,68]. Similarly, blocking PK and FXIIa
by Sylvestin was protective against experimental stroke in mice [69]. As
is the case for deficiencies in FXII, deficiencies in PK are not associated
with spontaneous hemorrhages. Moreover, increased PK:ag was neither
associated with an increased risk for AIS, nor was there a significant
association between increased PK:ag and PK activity [62,67]. While PK
antigen levels showed no association with increased AIS risk, increased
PKa:Cl-esterase-inhibitor complexes - indicating in vivo PK activity -
demonstrated significant association with AIS in young women on oral
contraceptives [65].

FXI deficiency is associated with a relatively mild bleeding disorder,
and reduced risk of AIS and venous thromboembolisms in humans [62].
The cerebral protective effect was confirmed by experiments in rabbits,
revealing a negative dose-dependent relationship between FXI inhibi-
tion and cerebral microembolic signals [70,71]. Additionally, increased
FXI:ag and activity were associated with an increased AIS risk and un-
favorable clinical outcome in AIS patients [62,63]. Furthermore, the risk
of arterial thrombosis in relation to oral contraceptives study showed an
association between elevated levels of FXIa:Cl-esterase-inhibitor and
FXIa:AT complexes and AIS in young females [65]. Interestingly, a good
association was revealed between FXI:ag and activity, while this asso-
ciation was not seen for FXII:ag and PK:ag and their respective activity
[62]. Interestingly, Rohmann et al. showed that increased FXIa activity
after first-ever stroke (either ischemic stroke, hemorrhage or venous
sinus thrombosis, based on WHO-criteria) was associated with worse
vascular outcomes, defined as a combination of secondary AIS, MI or
death due to any cause during the follow-up period [63]. In contrast,
other studies neither found differences between FXI:ag levels at baseline
and 3 days post-AIS, nor between FXI:ag levels and increased risk for AIS
[64,72]. Notably, results of the latter study need to be regarded with
caution as the plasma samples used for analysis were approximately 20
years old. These controversial findings point towards the urgent need for
new studies to clarify the relative contribution of the intrinsic pathway
factors in AIS development.

4. Antithrombotic management
4.1. Current antithrombotic agents

Antithrombotic therapy is applied to reduce the risk for primary or
secondary AIS, and consists of antiplatelet or anticoagulant therapy
(Fig. 2). Current guidelines strongly recommend anticoagulant therapy
for primary stroke prevention in AF patients who have an increased risk
for stroke development [73]. However, the use of these anticoagulants is
accompanied with an increased risk of major bleeding, also including
intracranial hemorrhage (ICH) [74]. Currently, several oral
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Fig. 2. Overview of current and novel antithrombotic agents in stroke treatment. Mechanisms of action of current and novel antiplatelet and anticoagulant agents are
depicted by indicating the major pathways. Current treatments are indicated with beige and light blue textboxes and novel targets are indicated in red textboxes. For
further details, see paragraph 4. F = Factor; FXIla = Activated FXII; TF = Tissue factor; FVIIa = Activated factor VII; FIXa = Activated factor IX; FVIIIa = activated
factor VIII; FXa = Activated factor X; FVa = Activated factor V; Flla = Thrombin; PAR1/4 = Protease-activated receptor 1/4; ADAMTS13 = A Disintegrin and
metalloproteinase with a thrombospondin type 1 motif member 13; (ul)VWF = (ultra large) Von Willebrand factor; GPIb = Glycoprotein Ib; GPVI = Glycoprotein VI;
GPIIb/Illa = Glycoprotein IIb/Illa; ADP = Adenosine triphosphate; P2Y1,12 = ADP-based chemoreceptor; AA = Arachidonic acid; TXA2 = Thromboxane A2; COX1
= Cyclooxygenase 1. Created with Biorender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

anticoagulants are used for the primary prevention of stroke in patients
suffering from e.g. AF: 1) vitamin-K antagonists (VKAs; e.g. warfarin,
acenocoumarol); 2) direct oral anticoagulants (DOACs); (e.g. dabigatran
directed against Flla or rivaroxaban, apixaban and edoxaban directed
against FXa).

The effectiveness of the VKA warfarin, for the prevention of stroke in
AF patients, has been well established [75,76], but DOACs, including
dabigatran, apixaban, rivaroxaban, and edoxaban, are increasingly
recommended over VKAs by guidelines. Several meta-analyses demon-
strated no superiority or non-inferiority of DOACs over warfarin for the
prevention of stroke, while others showed superiority of DOACs (studies
summarized in Table 3). Regarding the risk of major bleeding and ICHs,
DOACs have a better safety profile compared to warfarin (Table 3). The
major bleeding risk in AF patients treated with warfarin was
0.71-9.47%, and for DOACs treatment this risk ranged from 0.39 to
5.26% risk. Both for warfarin and DOACs treatment the risk for ICH and
hemorrhagic stroke was much lower than for major bleeding, however,
warfarin-treated patients represented a higher risk of ICH in comparison
to DOACs-treated patients (0.9-1.77% vs. 0.44-0.69%, respectively).

In addition, the use of DOACs in secondary stroke prevention after
embolic stroke of undetermined source (ESUS), a subset of cryptogenic
stroke, has also been studied [77,78]. A large systematic review and
meta-analysis assessed the efficacy and safety of DOACs compared with
aspirin in ESUS patients. DOACs showed no superiority to aspirin for the
prevention of recurrent stroke in ESUS patients (Table 3). The ATTICUS
trial, investigating the efficacy and safety of apixaban compared to
aspirin in ESUS patients, was stopped prematurely due to futility [78].
The major bleeding risk was 2.20% for DOACs versus 1.38% for aspirin,
and the clinically relevant non-major bleeding risk was 2.98% for
DOACS versus 1.91% for aspirin. Lastly, hemorrhagic stroke occurred in
0.30% in DOAC-treated patients and in 0.14% in aspirin-treated patients
[771.
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Despite that the differential effect between DOACs and warfarin has
been widely studied, there are no studies available directly comparing
the various DOACs with each other. A recent systematic review and
meta-analysis comparing the efficacy of each DOAC showed the highest
efficacy for apixaban in reducing stroke, whereas the highest risk for ICH
was associated with rivaroxaban [79].

While oral anticoagulants are indicated for both primary and sec-
ondary stroke prevention in AF patients, antiplatelet therapy is used for
the initial and long-term secondary prevention of stroke in patients with
history of noncardioembolic ischemic stroke, atherothrombotic stroke,
lacunar or cryptogenic stroke. The primary choice of treatments consists
of aspirin and clopidogrel for the first 21-90 days after AIS followed by
either aspirin or clopidogrel [80]. In addition, ticagrelor is used less
frequently, while prasugrel is contraindicated due to significantly
increased risk in major and/or fatal bleedings [94].

Similar to the anticoagulant therapies, antiplatelet therapy is also
associated with increased bleeding risk. This has also been supported by
the fact that the wide-spread use of (low-dose) aspirin for cardiovascular
prophylaxis increases the major bleeding risks (relative risk = 1.71; 95%
confidence interval [CI], 1.41-2.08)) [81]. Noteworthy, the increase in
absolute risk was only modest, as only one major bleeding (both intra-
cranial and gastro-intestinal) occurred in 769 patients treated with low-
dose aspirin [81]. Interestingly, a meta-analysis indicated prophylactic
use of aspirin resulted in a lower risk of AIS in apparently healthy adults,
whereas it had no protective effect against AIS in patients with cardio-
vascular diseases [82].

P2Y12 inhibitors, such as clopidogrel and ticagrelor, are also asso-
ciated with increased bleeding risk. In case of clopidogrel, a previous
study showed increased risk of upper and lower gastrointestinal bleed-
ings [83]. Furthermore, despite the greater and faster platelet inhibition
of ticagrelor compared to clopidogrel, a meta-analysis showed non-
superiority of ticagrelor over clopidogrel in major adverse cardiac
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Summary of meta-analyses investigating medication associated bleeding risks.
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Patient population Medication type Bleeding type Calculated risk (HR, RR, Bleeding risk
OR or ARR) (%)
Primary stroke prevention
Dahal et al. [82] AF patients with/without HD Warfarin vs control Major bleeding HR =1,15; 95 % CI: 0.88 to n.a.
1.49
(CKD without HD)
HR = 1.30; [95 % CI: 1.08
to 1.56]
(CKD with HD)
Randhawa et al. AF patients with CKD Warfarin vs control Hemorrhagic stroke HR = 1.46; [95 % CI: 1.05 1.77% vs
[83] to 2.04] 1.47%
Major bleeding HR = 1.20; [95 % CI: 0.99 9.47% vs
to 1.47] 10.45%
Ruff et al. [84] AF patients DOACs vs warfarin Hemorrhagic stroke RR = 0.49; [95 % CI: 0.38 0.44% vs
to 0.64] 0.9%
ICH RR = 0.48; [95 % CI: 0.39 0.69% vs
to 0.59] 1.45%
Major bleeding RR =1.25; [95%CI: 1.01to  5.26% vs
1.55] 6.16%
Carnicelli et al. AF patients DOACs vs warfarin ICH HR = 0.45 [95%CI 0.37 to 0.63% vs
[85] 0.56] 1.4%
Major bleeding HR = 0.86 [95%CI 0.74to  5.05% vs
1.01] 5.94%
Liew et al. [86] AF patients DOACs vs warfarin ICH RR = 0.42 [95%CIL: 0.34to  0.6% vs
0.53] 1.45%
Bleeding related mortality RR = 0.54 [95%CI: 0.44to  0.39% vs
0.67] 0.71%
Sun et al. [87] ACS patients Clopidogrel vs Major bleeding OR =1.22; [95%CI: 0.93t0  n.a.
ticagrelor 1.61]
Lei et al. [88] Individuals with or without cardiovascular disease Aspirin vs placebo Hemorrhagic stroke OR=1.32;[95%CI:1.04to  1.67% vs
1.68] 0.17%
Major bleeding OR =1.62; [95%CI: 1.31to  0.66% vs
2.00] 0.41%
Secondary stroke prevention
Liu et al. [89] Non-valvular AF patients after first ICH DOACs vs warfarin ICH DOACs vs no DOACs: n.a
RR = 0.91; [95%CI: 0.53 to
1.55]
Warfarin vs no warfarin:
RR =1.00; [95%CI: 0.45 to
2.22]
DOACs vs warfarin:
RR = 0.68; [95%CI: 0.54 to
0.86]
Major bleeding DOACs vs no DOACs:
RR =1.50; [95%CI: 0.94 to
2.40]
DOACs vs warfarin:
RR = 0.54; [95%CI: 0.26 to
1.10]
Paciaroni et al. Patients with recent AIS Clopidogrel vs AIS or ICH RR =0.72; [95%CIL: 0.55t0  4.5% vs
[90] aspirin 0.94] 10.2%
Major bleeding RR=0.57; [95%CI: 0.45t0  3.39% vs
0.741° 2.19%
McQuaid et al. Individuals for primary or secondary prophylaxis of  Aspirin vs placebo ICH RR=1.65; [95%CI: 1.12to  n.a.
[91] cardiovascular diseases 2.44]
Major bleeding RR = 1.71; [95 % CI: 1.41 n.a.
to 2.08]
Aspirin vs ICH RR =1.38; [95%CI: 0.89 to 0.49% vs
clopidogrel 2.15]% 0.35%
Major bleeding RR =1.13; [95%CI: 0.90 to 1.55% vs
1.431% 1.38%
DAPT vs aspirin ICH RR =0.71; [95%CI: 0.23 to 0.11% vs
2.2317 0.08%
Major bleeding RR =0.73; [95%CI: 0.60to  3.69% vs
0.8817 2.68%
DAPT vs ICH RR = 0.62; [95%CI: 0.38to  1.05% vs
clopidogrel 1.031% 0.66%
Major bleeding RR = 0.42 [95%CI: 0.32to  4.45% vs
0.551% 1.87%
Bhatia et al. [92] Patients with previous stroke or TIA DAPT vs aspirin Hemorrhagic stroke RR =1.82; [95%CI: 0.83t0  0.23% vs
3.981% 0.12%
Major bleeding RR =2.22; [95%CI: 1.41to  0.66% Vs
4.341% 0.27%

80

(continued on next page)



A. Ceulemans et al.

Table 3 (continued)

Thrombosis Research 236 (2024) 74-84

Patient population

Medication type

Hariharan et al. Patients with embolic stroke of undetermined source

[771

DOACsS vs aspirin

Bleeding type Calculated risk (HR, RR, Bleeding risk
OR or ARR) (%)

Hemorrhagic stroke RR = 2.21; [95%CI: 0.29 to 0.30% vs
16.69] 0.14%

Clinically relevant non-major ~ RR =1.56; [95%CI: 1.25to0  2.98% vs

bleeding 1.96] 1.91%

Major bleeding RR=1.77; [95%CI: 0.80to  2.20% vs
3.89] 1.38%

Abbreviations: AF = Atrial fibrillation; HD = Hemodialysis; CKD = Chronic kidney disease; ACS = Acute coronary syndrome; VTE = Venous thromboembolism; ICH =
Intracranial hemorrhage; AIS = Acute ischemic stroke; TIA = Transient ischemic attack; DOACs = Direct oral anticoagulants; DAPT = Dual antiplatelet therapy
(aspirin+P2Y12 inhibitor); RRR = Relative risk reduction; RR = Risk ratio; OR = Odds ratio; HR = Hazard ratio; ARR = Absolute risk reduction; n.a = Not applicable;

CI = Confident interval.

events (MACE) and in secondary stroke development [84]. Additionally,
ticagrelor was associated with a higher bleeding risk in patients with
acute coronary syndrome [84].

A large retrospective study comparing the safety and efficacy of
aspirin versus clopidogrel monotherapy for secondary AIS prevention
showed non-superiority of clopidogrel over aspirin. However, clopi-
dogrel use was significantly associated with increased mortality, but the
mechanism of this observation remains uncertain [85]. This finding was
not in line with the CAPRIE trial that showed that monotherapy of
clopidogrel was superior to aspirin in terms of major bleeding and
recurrent stroke in AIS patients [86]. These results were confirmed in a
meta-analysis including 5 large studies with over 29.000 patients in total
receiving either clopidogrel or aspirin as monotherapy. This meta-
analysis revealed that clopidogrel treatment resulted in a significantly
lower risk for MACE, recurrent stroke and bleeding compared with
aspirin, without difference in all-cause mortality [87].

The reduction in recurrent stroke and/or MACE upon aspirin mon-
otherapy can be further attenuated by combining aspirin with one of the
P2Y12 inhibitors (i.e. utilizing DAPT). When comparing aspirin mono-
therapy with DAPT in a meta-analysis including 4 major trials, the
reduction in both recurrent stroke and MACE was apparent in the DAPT
group, but at the expense of increased bleeding risk [88]. The PRINCE
study showed that, in patients with minor stroke or TIA, DAPT with
ticagrelor and aspirin resulted in decreased platelet activity compared to
dual antiplatelet therapy with clopidogrel and aspirin, in particular in
patients with CYP2C19 loss-of-function allele carriers. However, pa-
tients who received ticagrelor plus aspirin had more bleeding events
compared to the clopidogrel plus aspirin group [89].

According to the guidelines of the American Heart Association and
American Stroke Association, short term DAPT is only recommended in
high risk patients and long term DAPT is not recommended for sec-
ondary prevention [80].

From the above discussion it appears that there remains room for
improvement of current antithrombotic medication in AIS management,
to further reduce thrombotic risk as well as the major bleeding com-
plications, in the acute phase and during secondary prevention.

4.2. Potential new antithrombotic agents

Current therapeutic strategies mainly focus on the acute aspect of
stroke pathophysiology: restoring blood flow to the infarcted brain tis-
sue by dissolving/removing the occluding thrombus and preventing re-
occlusion. While effective, current invasive interventions, i.e. IVT and/
or EVT, can still cause potential life-threatening complications such as
vessel perforation, dissection or hyperperfusion injury including hem-
orrhagic transformation of infarcted brain tissue [90]. Therefore, here is
a need for new agents that either support current therapies or that target
novel pathways. Below we discuss 5 potential new therapies that can
interfere with coagulation and platelet activation with possibly less
impact on hemostasis [91].
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4.2.1. ADAMTS13

ADAMTS13 is a protease that cleaves vVWF, decreasing coagulation
activity, and therefore, a potential target to improve functional outcome
in AIS patients. A previous study showed that lower levels of ADAMTS13
were associated with a higher risk for AIS [92]. Similar results were
found in a recent study with 43 AIS patients showing a significant as-
sociation between the lowest quartile of ADAMTS13 at baseline and
worse clinical improvement assessed via NIHSS-score after 24 hours.
Additionally, patients in the lowest ADAMTS13 quartile showed sig-
nificant increases in inflammatory markers between baseline and 90
days post-stroke. However, further research is needed to determine if
pre-stroke inflammatory biomarkers are associated with low levels of
ADAMTS13 and post-stroke clinical outcome [93].

Denorme et al. showed that ADAMTS13 was able to dissolve rtPA-
resistant, vWF-rich clots in a middle cerebral artery occlusion (MCAO)
model in mice. Furthermore, ADAMTS13 is suggested to improve
recanalization in wild type mice (77.6% + 18.0%, 50 minutes after
occlusion), compared to ADAMTS13™/~ mice (32.9% =+ 9.6%, 50 mi-
nutes after occlusion) [94]. Additioally, a recent animal study with
constitutively —active ~ADAMTS13 (caADAMTS13; Alall44Val
ADAMTS13) showed a 5-fold enhanced activity against fluorescence
resonance energy transfer substrate von Willebrand factor 73 (FRETS-
VWF73) compared to wildtype ADAMTS13 (WtADAMTS13) in both a
distal FeCl3 middle cerebral artery occlusion and tMCAO model.
Furthermore, animals treated with caADAMTS13 showed significant
restoration of regional cerebral blood flow (rCBF) and reduced lesion
volume compared to animals treated with wtADAMTS13 [95]. Phase I
human studies [96] and a recent proof of principle study in a patient
with severe hereditary thrombotic thrombocytopenic purpura, showed
the safety and potential efficacy of recombinant ADAMTS13 adminis-
tration [97].

4.2.2. FXII inhibition

FXII(a) inhibition is of interest due to its minimal role in hemostasis.
Inhibition of FXIIa by the macrocyclic peptide inhibitor FXII900 resulted
in reduced thrombosis in a mouse, rabbit and pig FeCl3 MCAO model,
and decreased clotting in an extracorporeal membrane oxygenation
setting in rabbits [98]. However, the efficacy has yet to be established in
a patient population.

In addition, the monoclonal antibody Garadacimab, directed against
the catalytic domain of FXIIa, showed good tolerance at different doses
in animal cynomolgus monkeys. Consequently, optimal doses for first-
in-human phase I trials were selected: 0.1, 0.3, 1, 3 and 10 mg/kg for
intravenous administration and 1, 3 and 10 mg/kg for subcutaneous
administration [99]. In a subsequent phase II study, Garadacimab was
well tolerated and reduced the number of monthly attacks in patients
suffering hereditary angioedema that results from dysregulation in the
FXII-kallikrein-kinin system [100].

4.2.3. FXI inhibition
FXI(a) inhibition has gained a lot of attention lately due to its
postulated low bleeding risk, yet potent anticoagulation potential [101].
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Abelacimab, a monoclonal antibody against FXI and FXIa was safe and
effective when compared to low molecular weight heparin (LMWH) in
preventing postoperative venous thromboembolism [102]. Currently, it
is being tested as primary prevention in AF patients in the AZALEA-
TIMI71 phase II study comparing its effect on bleeding with rivarox-
aban in patients with moderate-to-high risk of stroke (NCT04755283).

In addition, the PACIFIC-STROKE phase II clinical trial in AF patients
compared different doses of the small molecule asundexian, and found
doses of 20 mg and 50 mg, once daily, to be associated with decreased,
mostly minor, bleeding complications, compared with standard dosing
of apixaban. Moreover, 50 mg asundexian reached near-complete free
FXIa inhibition in AF patients [103]. The PACIFIC-STROKE phase IIb
trial studied asundexian in patients with non-cardioembolic AIS for
secondary prevention and showed no reduction in AIS, and associated
bleedings were not increased compared to placebo [104]. The
OCEANIC-AF phase III trial aimed to evaluate the efficacy (decrease in
AIS risk) and safety (major bleeding events) of asundexian in AF patients
compared to apixaban (NCT05643573). The trial was stopped prema-
turely due to inferior efficacy, as shown by the study’s independent data
monitoring committee [105]. In addition, the ongoing OCEANIC-
STROKE phase III trial is investigating the efficacy and safety of asun-
dexian on top of standard-of-care antiplatelet therapy compared to
placebo for prevention of AIS in patients who suffered AIS of non-
cardioembolic origin or patients at high risk of a TIA (NCT05686070)
[105]. Lastly, the OCEANIC-AFINA phase III trial will investigate the
efficacy and safety of asundexian compared to placebo in AF patients
who are at risk for AIS or systemic emboli and are ineligible for regular
oral anticoagulant treatment. The OCEANIC-AFINA trial has yet to start
recruiting.

Milvexian, an oral FXlIa inhibitor, was effective as compared to
LMWH in prevention against venous thromboembolism in patients un-
dergoing knee arthroplasty [106]. The AXIOMATIC-SSP phase II clinical
trial (NCT03766581) investigated Milvexian as secondary prevention on
top of standard-of-care DAPT for 3 weeks followed by SAPT after AIS or
TIA. Within the 90 days follow-up period, the reduction in the rate of AIS
was accompanied by nonsignificant increase in bleeding events [107].
Currently, the LIBREXIA-AF phase III clinical trial is investigating the
effect of Milvexian in the secondary prevention of recurrent stroke in
patients after AIS or TIA on top of standard-of-care antiplatelet therapy
with 4 years of follow-up period (NCT05702034).

4.2.4. GPVI inhibition

Glenzocimab is a humanized monoclonal antibody, directed against
the platelet GPVI receptor with favorable antithrombotic effect while
having limited impact on hemostasis. Inhibiting GPVI showed a great
potential in reducing infarct volume in an in vivo ischemic stroke model
[108]. Currently, the first clinical trials testing novel GPVI inhibitors are
ongoing. A recent phase I study showed a good safety and tolerability
profile in healthy volunteers [109,110]. The phase Ib/IIa clinical study
administering Glenzocimab on top of the standard of care stroke treat-
ment (intravenous tPA and mechanical thrombectomy) showed a lower
rate of ICH compared to patients only receiving the standard care
treatment, in an unpublished interim safety analysis [111]. Given these
surprising and promising results of the phase Ib/Ila clinical trial, Glen-
zocimab has entered the phase II/III trial as an add-on therapy in AIS
patients (NCT05070260). While most novel drugs aim to improve pri-
mary or secondary prevention of AIS, the GREEN phase II/III trial aims
to evaluate the efficacy of Glenzocimab in addition to EVT compared to
EVT plus placebo in acute treatment (NCT05559398).

5. Conclusion

Approximately half of the surviving stroke patients suffer from per-
manent disabilities caused by the first stroke event, and up to 35% suffer
from recurrent stroke within 5 years after the initial event. To date, AIS
therapies comprise IVT and/or EVT followed by antiplatelet therapy as
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secondary prevention. In vulnerable patients (e.g. patients with AF),
anticoagulants are used as primary prevention. These current antith-
rombotic therapies, however, are associated with an increased risk for
major bleedings (up to 10%) and hemorrhagic stroke (up to 2%).
Therefore, potentially safer antithrombotic agents are warranted. Based
on preclinical and early clinical studies, several novel antithrombotics
(e.g. GPVI inhibitor glenzocimab, FXII and FXI(a) inhibitors) emerged
suggesting benefits in preventing AIS as primary or secondary preven-
tion without impacting hemostasis. Most of these therapies are currently
in clinical trials.
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