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Thromboinflammatory challenges in stroke pathophysiology
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Abstract

Despite years of encouraging translational research, ischemic stroke still remains as one of the highest unmet medical needs
nowadays, causing a tremendous burden to health care systems worldwide. Following an ischemic insult, a complex signal-
ing pathway emerges leading to highly interconnected thrombotic as well as neuroinflammatory signatures, the so-called
thromboinflammatory cascade. Here, we thoroughly review the cell-specific and time-dependent role of different immune
cell types, i.e., neutrophils, macrophages, T and B cells, as key thromboinflammatory mediators modulating the neuroin-
flammatory response upon stroke. Similarly, the relevance of platelets and their tight crosstalk with a variety of immune
cells highlights the relevance of this cell-cell interaction during microvascular dysfunction, neovascularization, and cellular
adhesion. Ultimately, we provide an up-to-date overview of therapeutic approaches mechanistically targeting thromboinflam-
mation currently under clinical translation, especially focusing on phase I to III clinical trials.
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Introduction

Despite continuous improvements in stroke care over the
past decades, contraindications of the currently approved
recanalization therapies, such as an increased bleeding risk
or the occlusion of only small vessels, prevent ~70% of all
stroke patients to receive either intravenous thromboly-
sis with recombinant tissue plasminogen activator (rt-PA,
Alteplase) or endovascular therapy (EVT), i.e., mechanical
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thrombectomy [1]. Moreover, ~30% of patients receiving
intravenous thrombolysis experience re-occlusion events,
therefore early secondary prophylaxis treatment is also a
major therapeutic strategy in acute stroke treatment [2].
This risk of recurrent strokes after an initial event is also
increased by other risk factors such as hypertension, diabe-
tes, hyperlipidemia, and atrial fibrillation [3].

Even if the clinical outcome for the individual patient
is still improved compared to patients receiving no reca-
nalization therapies, thrombolysis-related complications
display a major issue. The most severe complication as
well as a contraindication for intravenous thrombolysis
is the increased risk for intracerebral hemorrhage, espe-
cially if recanalization is performed too late. Even though
this complication is rare and affects only ~5% of patients
after rt-PA treatment, unfortunately leading to severe clini-
cal scenarios including longer periods of hospitalization,
and a 5-fold increase risk of disability or palliative care
at discharge from the hospital [4, 5]. Similarly, ~50% of
thrombectomized patients still present suboptimal out-
comes after a large vessel occlusion despite this highly
effective therapeutic strategy [6]. In patients neither eligi-
ble for pharmacological nor mechanical procedures, spon-
taneous recanalization often occurs. However, in case the
vessel occlusion persists over time, the risk of unforeseea-
ble infarct growth and therefore worsened clinical outcome
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significantly increases. As a result, patients recover-
ing from an ischemic event often suffer from any kind
of post-stroke disability. The fraction of these patients is
highly variable, ranging from 24 to 96%, depending on
the socio-economical composition of the cohort, the time
of follow-up measurement as well as the scales used for
evaluation. Overall, ~30% of patients experience various
types of disability, including physical impairment, cogni-
tive dysfunction, loss of overall quality of life, memory
loss, depression or anxiety [7—10]. This severe impairment
in daily quality of life entails a major burden in health care
costs reaching ~26€ billion in Europe per year not includ-
ing social care, productivity loss, and private caretaking,
altogether close to ~60€ billion yearly [11]. Therefore,
novel cerebroprotective approaches improving post-stroke
outcomes are yet in urgent need.

Upon brain ischemia, a complex pathophysiological cas-
cade is initiated involving both thrombotic and inflammatory
pathways acting as key contributors to ischemic damage.
Indeed, following the ischemic event, microvascular throm-
bosis resulting in poor cerebral blood flow directly causes
neurological deficits and worsened long-term prognosis [12].
At the same time, a strong inflammatory response occurs
causing cytokine overproduction, leukocyte infiltration, and
generalized tissue damage surrounding the infarcted area.
Therefore, the relevance of the complex interplay between
thrombotic and inflammatory events highlights thromboin-
flammation as a key contributor to post-stroke damage [13].

Platelets, frequently considered the main contributor to
ischemic stroke, directly modulate thrombosis and hemosta-
sis through the different receptors expressed on their surface,
being involved in both detrimental and beneficial functions
in the complex pathophysiology of ischemic stroke. Indeed,
after an ischemic insult, platelets inside the hypoxic micro-
vasculature affected by the ischemic event are exposed to the
extracellular matrix where binding is initiated, subsequently
leading to platelet activation, aggregation, and thrombi for-
mation [12]. Additionally, platelets are able to interact with
different types of immune cells inducing a thromboinflam-
matory crosstalk response [14] either positively contribut-
ing to angiogenic processes [15] and neovascularization, or
promoting the secretion of pro-inflammatory soluble factors
[16]. This ischemic scenario debilitates the blood-brain bar-
rier (BBB) allowing immune cells to infiltrate the infarcted
area affecting neuronal homeostasis and microglial activity,
and subsequently promoting the development of the infarct
lesion. Additional immune cells may also extravasate from
perivascular areas, leptomeningeal spaces and the choroid
plexus into the ischemic brain also exacerbating cerebral
injury [17]. Importantly, depending on the immune cell
type involved, i.e., neutrophils, monocytes, and T or B cells,
their dynamic contribution to tissue damage or regeneration
strongly differ over time.
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Thus, we here provide an updated overview of the role of
thromboinflammation in stroke pathomechanism centered
on platelet-mediated microvascular impairment, cell-specific
neuroinflammatory response, and the associated cellular
crosstalk. A broad overview of the most relevant rodent
transgenic lines is extensively presented encouraging novel
research perspectives and further preclinical investigation [13].
Additionally, we thoroughly reviewed thromboinflammation-
related therapies currently under clinical assessment, presenting
an up-to-date overview of the therapeutic advances in the field.

Thrombosis and inflammation: the concept
of thromboinflammation

Despite a fast restoration of cerebral blood flow after stroke,
recanalization of the occluded vessel entails progressive
tissue damage, also known as ischemia-reperfusion injury.
Brain reperfusion triggers a complex pathomechanistic cas-
cade of thrombotic factors and secondary thrombotic events
deeply involved in vascular lesions after stroke promoting
platelet activation and thrombi formation. Similarly, cerebral
reperfusion elicits a strong inflammatory response includ-
ing the upregulation of cell adhesion molecules, cytokines
release, and transmigration of several subsets of leukocytes,
altogether mediating neuroinflammation [18]. This complex
interplay between inflammation and coagulation processes,
so-called thromboinflammation, is a key contributor to post-
stroke tissue damage strongly associated with neuronal death
and vascular dysfunction [19].

Thromboinflammation and the kallikrein/kinin system

The contact system, also named plasma kallikrein-kinin
system (KKS), consists of a network of serially connected
serine proteases mediating thrombus formation, vascular
permeability, and blood pressure changes upon brain ischemia.
The contact-kinin pathway is initiated by the activation of the
blood coagulation factor XII (FXIla), which cleaves plasma
prekallikrein into plasma kallikrein (PK). PK subsequently
acts on high-molecular-weight kininogen, inducing the release
of the proinflammatory peptide hormone bradykinin (BK)
[20]. Consequently, BK binding to its endothelial bradykinin
receptor 1 and 2 (BIR/B2R) initiates several inflammatory
signaling cascades resulting in thrombin generation and the
influx of circulating immune cells, altogether resulting in
thrombus formation and neuroinflammation [21, 22] (Fig. 1).
Among the different KKS components, PK represents one
of the most promising therapeutic targets due to its dual
mode of action as a proinflammatory and prothrombotic
enzyme. Indeed, genetic deletion of plasma kallikrein [22],
kininogen [23] or bradykinin receptor 1 [21], together with
the pharmacological blockade of plasma kallikrein [21, 22]
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Fig.1 The role of the plasma kallikrein-kinin system on thrombo-
inflammation. (1) Upon endothelial damage, platelets are activated
through the binding of the GPIb-V-IX to vWF, or GPVI to exposed
collagen. (2) Activated platelets release polyphosphates which acti-
vate FXII. (3) FXIla activates FXI, (4) leading to the subsequent
activation of thrombin. (5) Thrombin facilitates the enzymatic cleav-
age of fibrinogen to fibrin, forming and stabilizing the thrombus. (6)
The contact-kinin pathway itself is initiated by FXIIa, which cleaves
PPK into PK. (7) PK subsequently acts on KNG, inducing the release
of the proinflammatory peptide hormone BK. (8) Consequently, BK
binding to its endothelial bradykinin receptor 1 and 2 initiates several
inflammatory signaling cascades resulting in breakdown of tight junc-
tion proteins and edema formation. (9) Activation of the complement
system leads to cleavage of the key molecule C3 into C3a and C3b.
(10) Subsequently, C5 is cleaved into C5a and CS5b, (11) resulting

significantly mitigated intracerebral thrombus formation
and stabilized the blood-brain barrier, thereby reducing the
number of brain-infiltrating immune cells [22, 24].

In addition to cleaving kininogen, PK also induces adeno-
sine diphosphate (ADP)-dependent platelet aggregation after
interacting with the surface of platelets through binding to
allbp3 integrin and cleaving protease-activated-receptor
(PAR)-1 [25]. Moreover, the KKS is also able to interact
with the thrombolytic agent rt-PA, frequently administered
to stroke patients to promote clot dissolution. Indeed, ele-
vated bradykinin levels and an increase in cleaved kinino-
gen could be observed in stroke patients after rt-PA infusion
[26]. In EXII”" or PK”" mice, kininogen was not altered after
rt-PA administration demonstrating that rt-PA-mediated
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in the formation of the MAC on endothelial cells and platelets. (12)
The MAC induces the release of nanoparticles that enhance the pro-
teolytic formation of thrombin by FVa, initiating coagulation. (13) In
parallel, large amounts of ATP and Ca®* are released which phospho-
rylate C3b and attenuates proteolytic cleavage of C3b. (14) Thrombin
also promotes the conversion of C3 and C5 to their effector molecules
(C3a, C3b, C5a, C5b) and promotes complement activation. (15)
Subsequently, C3a and C5a are capable of enhancing the inflamma-
tory response as well as platelet activation. Abbreviations: ATP, aden-
osinetriphosphat; B1/2R, bradykinin receptor 1/2; FXII, factor XII;
GP, Glycoprotein; KNG, high-molecular-weight-kininogen; MAC,
membrane attack complex; P, phosphorylation; PK, plasma kal-
likrein; polyP, polyphosphates; PPK, plasma prekallikrein; vWF, von
Willebrand factor. Created with BioRender.com

kininogen cleavage requires PK and FXII action. Therefore,
either genetic deficiency or pharmacological inhibition of
these mediators reduces rt-PA-dependent intracerebral hem-
orrhage, edema formation, and infarct volume upon ischemic
stroke, supporting the hypothesis that FXII activates plasma
kallikrein upon rt-PA treatment [26, 27].

Thromboinflammation on microcirculation
and blood-brain barrier leakage

Brain microvasculature (<100pm of diameter) includes the
vast majority of the endothelial cells (EC) present in the cen-
tral nervous system (CNS) providing all metabolic and nutri-
tion requirements to the brain parenchyma, also supporting
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several neurovascular physiological functions [28]. Under
physiological conditions, Ecs maintain vascular integrity by
exerting an anti-platelet, anti-coagulant, and anti-inflammatory
role. Indeed, quiescent Ecs release potent platelet antagonists
including the cluster of differentiation (CD) 39/ecto-adenosine
diphosphatase enzyme and prostaglandin 12 (PGI2) preventing
platelet adhesion and activation. Moreover, basal EC-depend-
ent nitric oxide release prevents leukocyte recruitment in the
vessel wall via minimizing P-selectin expression, blocking
chemokine expression, and reducing transcription of adhesion
molecules, such as E-selectin, vascular cell adhesion molecule
(VCAM)-1, and intercellular adhesion molecule-1 (ICAM-1).
Similarly, PGI2-dependent reduction of leukocyte adhesion
and activation directly down-regulates inflammation [29].

Upon an ischemic event, the release of unstable free radi-
cals and specific matrix metalloproteinases (MMP) debilitates
endothelial tight junctions damaging the neurovascular unit,
altogether compromising microvascular integrity and increas-
ing BBB permeability [30]. This microvascular homeostasis
dysfunction directly promotes major endothelial dysregula-
tion within the close interaction amongst brain microvascular
endothelial cells, leukocytes, platelets, and erythrocytes; thus
promoting thrombosis and neuroinflammatory events [31]. Cer-
tainly, neutrophils are the first-in-line defensive cells, rapidly
recruited within minutes and later transmigrated through the
endothelium upon ischemic conditions. This neutrophil influx
promotes a pro-thrombotic cascade increasing the expression of
selectins (P- and E-selectin) and the adhesion molecule ICAM-1,
thus resulting in neurovascular microthrombosis. Similarly, neu-
trophils can express several pro-neuroinflammatory mediators
including neutrophil extracellular traps (NETS), reactive oxygen
species (ROS), and serine proteases which collectively enhance
thromboinflammation [28]. Platelets, apart from being first
responders to endothelial disruption, belated neuroinflammatory
events are also able to initiate a platelet-dependent response, ulti-
mately leading to thrombin formation and fibrin crosslinks via
diverse glycoproteins, activation of tissue factor (TF) receptors
and selectins, and promoting macrophage (Mac)-1/fibrin inter-
action [18]. Thus, the direct crosstalk among various cell types,
such as microvascular endothelial cells, platelets, neutrophils and
other immune cell types is heavily involved in thromboinflam-
matory processes following the ischemic insult.

The role of platelets

in thromboinflammation

Platelet activation

Platelets are known to play both beneficial and detrimental
roles after stroke. Indeed, the ability of platelets to

contribute to inflammation, immunity, angiogenesis, and
neurogenesis remains, however, partially controversial [15,
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16, 32-36]. Although their main purpose is to maintain
vascular integrity, under pathological conditions such as
thrombocythemia or thrombocytosis, platelets are able to
promote excessive thrombus formation or excessive bleeding
[37]. Thus, interfering with the coagulation cascade carries
both therapeutic opportunities as well as significant risks.
The three main glycoprotein receptors (GP) present on
the platelet surface are GPIb, GPVI, and GPIIb/IIla whereas
each of those inherits specific functions resulting in thrombus
formation (Fig. 1). After the ischemic event, platelets are
exposed to the extracellular matrix and binding is initiated
by the common receptor complex GPIb-V-IX. This contact
is facilitated by the receptor subunit GPIba coupling to the
von Willebrand factor (vWF), which is either released by
endothelial cells or platelets a-granules [38—40]. However,
even though vWF is immobilized at the sites of vascular
injury, the contact itself is happening quite rapidly only
allowing platelets to tether, which is not sufficient to form
a stable adhesion under high shear conditions. Importantly,
both genetic deletion of the vVWF [41] and pharmacological
blockade of the respective binding site [42, 43] significantly
reduce infarct volumes in experimental stroke models.
Still, this rolling of platelets is crucial to activating other
receptors, for instance, GPVI to interact with their respective
binding partners, i.e., collagen, fibrin, and laminin [44—46].
Specifically, GPVI is known to be the major signaling
receptor for collagen, leading to the immobilization of
platelets and coagulation via direct modulation of FXII.
Activation through fibrin, instead, promotes and accelerates
thrombus growth as well as stabilization; while the activation
of GPVI via laminin induces spreading and adhesion of
platelets, although the exact role in physiological and
especially pathophysiological conditions is yet to be elucidated.
Importantly, GPVI is not able to maintain a stable adhesion
between platelets but instead, induces potent platelet activation.
Mediated by a tyrosine phosphorylation cascade, the activation
leads to shape changes, the release of granule-stored factors,
and intracellular calcium mobilization [44, 47-49], altogether
resulting in the release of secondary mediators such as ADP
and thromboxane. Ongoing GPVI signaling not only results
in the release of procoagulant and proinflammatory factors,
but also, together with platelet derived polyphosphates, leads
to the activation of FXII which subsequently triggers the
intrinsic coagulation cascade and the contact system [50, 51].
Indeed, pharmacological blocking [52] or genetic depletion
of GPVI [53] and FXII [51] reduces infarct development
by preventing platelet adhesion and aggregation, thereby
directly modulating thromboinflammation [21, 22, 51, 54].
Additionally, thrombi formation through platelet aggregation
requires a scaled platelet response including conformational
changes of the GPIIb/IIla receptor through high affinity
binding to its partners such as fibrinogen [55], to finally
stabilize the platelet clot. Contrary to the abovementioned
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receptors, modulation of GPIIb/IIIa signaling in experimental
stroke models increased intracerebral hemorrhage while
reducing overall survival [53, 56]. Clinically, trials evaluating
the effect of GPIIb/IIla inhibitors have been terminated
prematurely due to dramatic bleeding events [57, 58].

During thrombus formation and after restoration of cer-
ebral blood flow, the complement system in conjunction with
platelets is activated [59] enhancing cerebral damage [60]. The
central molecule complement component 3 (C3) connects the
classical, lectin, and alternative complement pathways. In
detail, the activation of the complement system leads to C3
and C5 being cleaved into their respective bioactive fragments
C3a, C3b and C5a, C5b. During thrombosis, C3a and C5a fos-
ter platelet activation and aggregation by inducing exposure of
P-selectin for the recruitment of neutrophils to the endothelium
[61]. Precisely, C5a induces upregulation of TF and plasmino-
gen activator inhibitor-1 expression on neutrophils, monocytes
and endothelial cells [62—64]. C5b also supports the forma-
tion of the membrane attack complex (MAC) which initiates
coagulation and influences platelet activation [65]. MAC can
subsequently induce the release of membrane microparticles
from platelets and endothelial cells that expose additional
binding sites for Fva leading to enhanced prothrombinase
activity and coagulation [66, 67]. Later, thrombin is able to
cleave C3 and CS5 into their respective fragments C3a, C3b,
C5a, and C5b resulting in increased complement activation
as part of a positive feedback loop [68]. Experiments carried
out in ischemic animal models indicate that the blockade of
complement components exerts protective effects, including
inhibition of C1, C3, C5 and the MAC [69-72]. Translation-
ally, C3 and C3a levels have been shown to be upregulated in
plasma from ischemic stroke patients [73], similar to comple-
ment deposits in human post-stroke brain tissue [74].

Platelet function in cerebral microvascular
impairment

Besides their hemostatic actions, platelets directly act
on the microvasculature to maintain vascular integrity,
preserve microvascular function, and closely interact with
the surrounding immune cells. Under ischemic conditions,
the microvasculature develops an inflammatory phenotype
linked to impaired blood flow regulation and recruitment
of inflammatory cells, ultimately leading to the leaking of
vascular barriers [31, 75, 76]. Platelets, in this scenario, not
only seal breaches in the endothelial wall but also prevent
leukocyte infiltration by tightening the endothelial belt
around transmigrating leukocytes, preventing hemorrhage
and plasma protein extravasation into the surrounding
tissue [77]. Additionally, platelet adhesion and clotting at
sites of endothelial injury during inflammatory processes
directly prevent hemorrhages [78]. In fact, platelets exert
a variety of processes including activation upon contact

with damaged endothelium and exposed collagen as
previously described. Moreover, even though the evidence
is scarce, there are also hints that platelets are activated by
contact with intact endothelium in the microcirculation.
Specifically, degranulation induces disruption of endothelial
cells consequently attracting and activating large amounts
of additional platelets [79, 80]. Typical anti-platelet agents
were unable to tackle this prothrombotic and potentially risk-
bearing phenotype [81]. Thus, it is worth highlighting the
role of intact platelets in maintaining microvascular integrity.

Platelets in neovascularization

The relevance of platelets in facilitating stroke recovery after
an ischemic event is still questionable [12]. Platelets store
and release considerable amounts of trophic factors includ-
ing the platelet-derived growth factor (PDGF), vascular
endothelial growth factor, fibroblast growth factor, trans-
forming growth factor (TGF)-p, platelet factor 4 (PF4), and
the brain-derived neurotrophic factor, all playing a major
role in cerebral vascularization [82, 83]. These elements are
able to orchestrate the subsequent response to ischemia pro-
moting neurogenesis and neovascularization from 12 hours
up to 21 days after the ischemic event [84]. Indeed, using
platelet lysate as treatment significantly increases new blood
vessels and newborn cells surrounding the ischemic lesion,
even though some of them remain undifferentiated [34, 35,
85]. Enhancing angiogenic and neurogenic processes by
platelet lysate treatment also contributed to decreased behav-
ioral deficits up to 90 days after stroke [35]. However, in
other brain ischemia models, platelets remain as regulators
of neovascularization either in a positive or negative direc-
tion, suggesting a sophisticated time-dependent role within
stroke pathophysiology [15, 16]. Promoting angiogenic pro-
cesses in boundary regions around the ischemic core leads
to improved behavioral performance [86]. Importantly, the
role of platelets in neovascularization and neurogenesis still
remains poorly described since the majority of post-stroke
studies tackling thromboinflammation are focused on acute
experimental settings frequently overlooking long-term sce-
narios. Thus, highlighting and designing future experimen-
tation based on recent findings could shed a new light on
platelets as key regulators of different thromboinflammatory
processes, carrying out important roles in stroke pathophysi-
ology and recovery beyond the hyper-acute phase.

Neuroinflammatory response after ischemic
stroke

Thromboinflammation involves the progression of the

coagulation cascade and the activation of immune cells at the
thrombus site, thus leading to blood-brain barrier damage.

@ Springer
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This scenario results in the CNS opening towards the
periphery allowing immune cells to enter the infarcted area
and initiate several immunological processes responsible
for secondary infarct growth. Depending on the type of
immune cell involved, their contribution to tissue damage or
regeneration strongly differs. Therefore, deep understanding
of this complex immunological network, incorporation of
recent findings, and their accurate interpretation are key to
develop mechanistic insights into ischemic stroke pathology
(Fig 2).

Neutrophils

The cell number of neutrophil granulocytes in circulation
increases ~4-6h after the ischemic event resulting in direct
migration into the infarct area within 6-8h after the ischemic
event (Fig. 2A) [87]. Accumulation in the damaged area
peaks 1-3 days after the event, being no longer detectable
after 15 days [88]. During ischemic brain injury, a plethora
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chronic

~140d

of chemo- and cytokines initiate the recruitment and acti-
vation of neutrophil granulocytes. Specifically, chemokine
(C-X-C motif) ligand (CXCL)-1,2 and 5 and their respective
receptors (CXCR)-1,2 and 4 contribute to their recruitment
within the ischemic brain lesion [89]. Indeed, the elevation
of CXCL-1 and CXCL-5 was confirmed in cerebrospinal
fluid from stroke patients together with the increased pres-
ence of chemokine (C-C motif) ligands 2, 3, and 5 in blood,
mediating neutrophil recruitment [90]. In fact, induction
of transient middle cerebral artery occlusion (tMCAOQO) in
CCR2 knockout mice has a cerebroprotective effect due to
reduced neutrophil infiltration post-stroke. However, using
CCR2 as a therapeutic strategy turns out to be widely unspe-
cific for neutrophils [91]. Contrary, targeting the neutrophil
adhesion to the endothelial barrier by blockade of ICAM-
1[92], Mac-1 [93], and selectins [94] have been shown as
promising targets for improving post-stroke outcomes in
rodents. These results, however, failed to be translated to
stroke patients [95-97].
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«Fig.2 The role of immune cells in thrombosis and tissue damage
after ischemic stroke. (A) During acute ischemic stroke, neutrophils
promote thrombosis via release of NETSs, inflammatory factors and BBB
destabilizing factors. Influx of neutrophils into the brain parenchyma heavily
depends on reperfusion and is still controversially discussed regarding
their role in persistent tissue damage and repair. In humans, neutrophil cell
count and NET propagation in the peripheral blood are connected to severe
ischemic stroke. Depletion of NETS, neutrophils and blocking of adhesion
to the endothelial barrier in mice correlated with improved ischemic
outcome. Early inhibition of neutrophil-dependent mediators of damage
e.g., MMPs and ROS result in enhanced cerebral protection. (B) The role
of MM in acute ischemic stroke is not fully understood. Yet, MM are not
involved in thrombosis formation, but monocytes are able to differentiate
upon thrombus formation into inflammatory macrophages. Influx into the
brain parenchyma afterwards might shape the inflammatory milieu found
in ischemic lesions. Absence of MM, either through splenectomy or CCR2
deletion, led to less stroke burden in mice. However, CCR2 seems to be
controversial since other studies showed enhancement of detrimental stroke
processes. Accordingly, interrupting the chemokine axis for macrophage
migration into the brain results in severe ischemic stroke. (C) General stroke
experimentation with T cells uncovered that lymphocytes are involved in
thrombus formation and immunological responses in the brain parenchyma.
T cell deficiency led to protection against severe consequences of ischemic
stroke. Genetic alteration in TCRs of T helper and cytotoxic T cells claimed
TCR independent inflammation during the acute phase of ischemic
stroke. (D) Knock-out of natural killer cells or conservative yd T cells and
deletion of co-stimulatory signal molecules further underlines a general
independent inflammatory response after acute ischemic stroke. Tregs are
an anti-inflammatory subset of T helper cells. In stroke patients, the number
of circulating Treg cells positively correlates with the infarct size and
absence of immunosuppression. Experimentation with mice, highlighted
a detrimental role of Tregs participating in thrombus formation leading to
severe ischemic damage and worse functional outcome. Adoptive transfer
of Tregs into specific T cell deficient models or expansion of the Treg
population was detrimental while transcription factor knock-out models
and antibody depletion experiments targeting Tregs were inconclusive.
In the chronic phase, however, Tregs are mandatory for recovery in the
chronic phase after stroke proven in different experimental settings. (E)
CTLs exert their surveillance function via TCR mediated apoptosis
induction and secretion of inflammatory cytokines. CTLs are not involved
in thrombosis propagation. Despite CTLs mediate detrimental effects via
TCRs in the chronic phase, in the acute ischemic stroke however, CTLs
enhance inflammation in a TCR-independent manner. Depletion of CD8*
T cells or use of knock-out models for TCRs of CTL led to stroke protection
even in the chronic phase after ischemic insult. In patients biopsies, the
number of CTL and the amount of granzyme B in brain parenchyma
were in accordance with the severity of ischemic brain damage. (F) B
cells are ambivalent immune cells in the pathogenesis of ischemic stroke.
In thrombosis development, B cells have been extensively investigated in
mice and found negligible for stroke induction. However, knock-out mouse
models found no effects (RAG1™; JHD™) or beneficial effects (uMT)
of B cells on brain protection processes in the acute phase of ischemic
stroke. Antibody-mediated depletion of B cells controversial mediated
cognitive decline and aggravated recovery in the chronic phase after stroke.
Experiments in mice and humans led to contrary results. Abbreviations:
pMt, inactivating mutation in the first M transmembrane exon of the p
heavy chain domain; BBB, blood-brain barrier; CCL, chemokine (C-C
motif) ligand; CCR, chemokine (C-C motif) receptor; CTL, cytotoxic T
cell; CXCR, chemokine (C-X-C motif) receptor; JHD, JH gene deficiency
for antibody heavy chain; KbDb, gene of the major histocompatibility
complex class; MC, monocyte; MM, monocytes/macrophages;
MMP, matrix-metalloproteinases; M, macrophage; NET, neutrophil
extracellular trap; PirB, paired immunoglobulin-like receptor B; PMN,
polymorphonuclear leukocytes; RAG, recombination activating gene;
ROS, reactive oxygen species; TCR, T cell receptor; TF, tissue factor;
Treg; regulatory T cells; VLA, very late antigen. Created with BioRender.com

Preclinically, blocking neutrophil influx into the brain
improves neurological outcomes in mice [98]. Specifically,
neutrophil depletion reduces tissue damage, infarct volume,
edema formation, and hemorrhagic transformation in dif-
ferent stroke animal models [98-100]. However, it seems
controversial whether neutrophils reach damaged brain
parenchyma after the ischemic insult since only a persis-
tent accumulation in perivascular spaces around venules
has been detected [87]. In fact, a study of post-mortem tis-
sues of 16 ischemic stroke patients confirmed neutrophils
accumulated in the leptomeninges and perivascular spaces,
although very low numbers were found in the parenchyma
[101]. Therefore, reperfusion appears to be critical for neu-
trophils to reach the injured brain parenchyma. Otherwise,
without reperfusion, neutrophils will only reach the injured
areas via retrograde collateral pathways from the leptome-
ningeal vessels to the perivascular space and then to the
parenchyma [102, 103]. However, despite a low presence in
the ischemic brain parenchyma, neutrophils critically con-
tribute to vascular damage promoting thromboinflammation.
Importantly, higher neutrophil counts in blood were associ-
ated with larger infarct volumes and poor clinical outcomes
in stroke patients [101, 104, 105]. Thus, among others,
neutrophils produce extracellular traps, tissue factors, and
proinflammatory molecules that lead to severe BBB leakage
and enhanced thrombus formation [106—110]. Additionally,
targeting neutrophil-mediated mechanisms that disrupt BBB
integrity through the secretion of proteases (matrix metal-
loproteinases, elastase, cathepsin G, and proteinase 3) turned
out to protect mice from severe ischemic injury in several
preclinical stroke models (Fig. 2) [87, 111].

Monocytes/macrophages

Infiltration of monocytes/macrophages (MM) can be detected
within 24h post-stroke reaching its peak latest at day 3 after
the ischemic event, although they can still be detected in
the ischemic area up to 28 days while they undergo pheno-
type changes (Fig. 2B) [106, 112, 113]. Upon reperfusion,
monocytes infiltrate into the infarct area, primarily within the
core and peri-infarct area [114]. Among other inflammatory
cytokines, adhesion molecules, and chemokines, monocyte
infiltration is largely dependent on CCR2, directly linked to
the monocyte chemoattractant protein 1 [115, 116]. In fact,
during acute ischemic stroke, CCR2-deficient mice devel-
oped smaller infarct volume, reduced brain edema, and atten-
uated expression of inflammatory molecules [91, 117]. In
line with this, splenectomy or splenic irradiation of MM led
to decreased MM infiltration into the ischemic hemisphere
together with reduced infarct volume, neuronal apoptosis,
BBB damage, and cerebral edema [91, 118, 119]. Other
studies, however, demonstrated that the absence of MMs via
CCR2 knockout or CCR2 antagonist treatment exacerbated
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brain lesions and elevated the risk of hemorrhagic transfor-
mation [120, 121]. Blocking the infiltration of macrophages
also impaired spontaneous long-term functional recovery
and aggravated neurological dysfunction [122]. However,
inhibition of CCR2 or direct splenectomy reduced mono-
cyte infiltration into the cerebral ischemic tissue not affecting
infarct size nor neurological recovery [118, 123, 124]. These
experimental contradictions may be caused by the diversity
of (i) experimental animal models used, (ii) the severity of
ischemia, and (iii) the different methods used to inhibit the
entry of monocytes into the ischemic tissue. Additionally,
the phenotype of MMs, i.e., M1 as a pro-inflammatory role
and M2 associated with inflammatory resolution and repair,
definitely play a critical role in ischemic pathomechanisms. In
mice after tMCAO, M2 markers are increased within the first
weeks after occlusion and decrease thereafter, suggesting a
persistent proinflammatory stimulus that destabilizes a perma-
nent M2 phenotype switch in the ischemic brain lesion [113,
121, 125]. In contrast, studies in human patients reported an
initial M1 inflammatory phenotype within the lesion that
shifts to anti-inflammatory M2 features as the lesion matures
[101]. Overall, the role of MM and its effects on stroke patho-
physiology is highly controversial since adverse effects cannot
be fully attributed to a single MM phenotype or to an MM-
mediated pathomechanism. However, it is likely that MMs
play supportive roles in inflammation and repair upon stroke.

T cells

Upon stroke, the hallmarks of thromboinflammation are evi-
dently centered on microvascular dysfunction and a remark-
able T cell-dependent increased inflammatory response sub-
sequently leading to tissue death (Fig. 2C). CD3* T cells are
present in the ischemic area as early as day 1 remaining in
high numbers until 3-5 days after tMCAO [126, 127]. More-
over, despite most studies being limited to the first 7 days
post-stroke, a long-term T cell response can be demonstrated
in the brain parenchyma up to day 28 [128, 129]. During
thromboinflammation, T cells exert their mechanistic contri-
bution by interacting with the endothelium via the very late
antigen-4:ICAM-1, and the lymphocyte function-associated
antigen-1:ICAM-1. Similarly, both endothelium and plate-
lets modulate T cells via P-selectin glycoprotein ligand-1
(PSGL)-1:P-selectin, CD40:CD40L, or through CD84 (only
platelets) [130]. These interactions cause microvascular dys-
function, increased thrombus formation and, subsequently,
impaired cerebral reperfusion after tMCAO. For instance,
soluble CD84 accumulates in the microvessels, binds to CD4
T cells, and promotes T cell recruitment [14]. Then, T cells
accumulate in small cerebral vessels that interact with the
endothelium promoting reperfusion injury, and therefore,
stroke progression [131]. Significant reductions in leuko-
cyte infiltration and platelet adhesion have been described
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in CD4* T cell”, CD8* T cell”, Interferon (IFN)-gamma™",
and recombination activating gene (Rag) 17~ stroke mice.
Indeed, immunodeficient Ragl'/ “mice lacking both T and
B cells show a significantly reduced infarct volume and
improved neurological outcome. Indeed, when these ani-
mals were reconstituted with wild-type CD4" and CD8* T
lymphocytes or IFN-gamma™ splenocytes, the detrimental
phenotype was rescued. Thus, T cells contribute critically
to cerebral ischemia, although their deleterious effect does
not depend on antigen recognition, T cell receptor (TCR)
costimulation, or thrombus formation. TCR-transgenic mice
carrying a single CD8" (transgene receptor of cytotoxic T
cells (2C)/RAG?2, deficient in recombination activation
gene (OT)II/RAG1 mice) or CD4T TCR (OTI/RAG1, 2D2/
RAGI mice), and mice lacking costimulatory TCR signaling
(programmed cell death protein (PD)I'/‘, CD28", PD17,
B7-H17" mice) were highly susceptible to tMCAO. Simi-
larly, genetic deletion of natural killer T cell and yd-T cells
seem not to protect from severe cerebral damage [132]. Alto-
gether, the role of different T cell subsets in ischemic stroke
appears to be both time- and severity-dependent.

Regulatory T cells (Tregs)

As a subset of T helper cells, Tregs mediate suppressive
and tolerogenic functions limiting autoimmunity (Fig. 2D)
[133]. In stroke, however, the dynamics of Tregs and their
pathogenic role are highly time-dependent. Focusing on
thromboinflammation, stroke volume was remarkably
reduced in Tregs-depleted mice (DEREG) 1 day after the
stroke insult, while 3 weeks of reconstitution treatment in
DEREG mice completely reverted the detrimental phenotype
leading to enlarged infarct sizes [134]. Similarly, injecting
CD4*CD25" Treg cells 1 day before tMCAO induction
resulted in enhanced infarct size; while the transfer of Treg
cells into RAG1” mice 1 day after tMCAO confirmed the
detrimental role of regulatory T cells during acute ischemic
stroke [134]. Likewise, expansion of Tregs via anti-CD28
superagonist (CD28 SA) to C57BL/6, RAG1 and DEREG
mice results in larger infarct volumes and worse neurologi-
cal outcome 1 day after tMCAO [135]. In related studies,
despite reporting a decreased infarct size after CD28 SA
injection, pronounced functional deficits were visible 7
days after stroke [135]. Importantly, Treg activity could
be directly modulated by interleukin (IL) release. Indeed,
intraperitoneal application of IL-2/IL-2 antibodies prior
to tMCAO increased the number of Treg cells, associated
with a decreased infarct size and improved sensorimotor
outcomes [136, 137].

Within the sub-acute ischemic phase, deletion of Tregs
cells using anti-CD25 antibodies 3 or 14 days after tMCAO
neither changed the infarct volume nor the behavioral out-
come at 14 and 27 days [138]. Similarly, Treg depletion
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starting 7 days after ischemic stroke did not alter primary
outcome parameters and neuronal tissue loss in the later
stages. However, concerning long-term stroke recovery, Treg
depletion significantly worsened later neurological outcomes
suggesting the important role of this cell type in neuro-repair
during the chronic phase post-stroke [139, 140]. Long-term
depletion of Tregs increases the number of reactive astro-
cytes and enhances the expression of neurotoxic genes
[140] while preventing white matter injury repair through
oligodendrogenesis. Similarly, depletion of Tregs causes a
decrease in re-myelination, thinner myelin sheaths, reduced
nerve fiber conduction from myelinated axons, and reduced
numbers of newly-generated oligodendrocytes [139], all
closely related to long-term recovery and tissue repair.

Clinical observation studies have indicated that infarct
volume was associated with reduced T helper cell counts in
the periphery between days 1-4 upon stroke [141]. However,
despite the suppressive effects of Treg cells being attenu-
ated, the proportion of Treg cells in the peripheral blood
is known to be increased in ischemic patients compared
to controls starting at day 7 and lasting until the 3rd week
after the insult [142, 143]. However, different infarct vol-
umes and diverse lesions in the hemisphere thus result in the
different effects of Treg cells [144]. Altogether, it remains
unclear how Treg functions modulate stroke pathophysiol-
ogy in a highly dynamic and time-dependent manner after
the ischemic event.

CytotoxicT cells

CDS8™ T cells (CTL) mediate their cytotoxic effect by antigen-
recognition through the T cell receptor/major histocompat-
ibility complex-1 and pro-inflammatory cytokine secretion to
eliminate viral infection or defective cells (Fig. 2E) [145]. In
stroke, the deleterious effects of CD8* T cells predominantly
occur within the chronic phase rather than the first days after
the occlusion although early depletion studies have also been
conducted [127, 146]. Adoptive transfer of ovalbumin (OVA)-
TCR CD8* T cells resulted in reduced CD8* T cell activation
and infiltration, lowering infarct volume at day 7 and therefore
suggesting opposing TCR-dependent effects [147]. Similarly,
delayed depletion of CD8" T cells at day 10 after ischemic
stroke improves recovery and reduces long-term chronic neu-
roinflammation in male mice [148], also found at days 7 and
14 including a rescued phenotype in Rag” mice after CTL
reconstitution [146, 149]. Increased numbers of CD8" T cells
detected in the CNS also correlate with severe cerebral dam-
age and worse functional outcome within the chronic phase
after an ischemic event [148]. Clinically, robust infiltration
of activated T cells into the infarct brain has been reported
on day 140 after stroke, of which > 60% are CD3* CD8* T
cells, suggesting a long-lasting T cell response in the human
ischemic brain [101, 148, 150].

B cells

As a subset of the adaptive immune system, B cells are able
to induce a humoral immune response and lead antigen
presentation (Fig. 2F) [151, 152]. In mice after experimental
cerebral ischemia, B cells infiltrate into the brain starting
after day 7 up to 12 weeks after tMCAO [153]. Infarct size
remains unaffected in T and B cells deficient mice (RAG17")
confirming a non-detrimental role of B cells in ischemia
[134]. Accordingly, other B cell-depletion models, i.e.,
anti-CD20 or JH gene deficiency for antibody heavy chain
(JHD), showed no changes in stroke volumes or functional
outcomes [154]. Contrary, B cells comprising an inactivating
mutation in the first M transmembrane exon of the p heavy
chain domain (uMT) mice develop significantly larger
lesions, higher mortality and elevated infiltration rates 48h
after tMCAO; a phenotype fully rescued via reconstitution
of B cells and directly attributed to IL-10-produced by B
cells [155, 156]. In addition, polyclonal activated and non-
activated B cell transfer into syngeneic mice ameliorates
functional deficits and reduces inflammatory influx within
the first 96h after stroke via IL-10-mediated up-regulation
[157]. Both phenotypic scenarios could therefore be attributed
to diminished IL-10-dependent recruitment of neutrophils into
the brain resulting in less cerebral damage [158]. Clinically,
B cells are directly associated with an increased risk of
developing dementia and cognitive decline. Interestingly, B
cell counts are significantly higher in patients suffering from
post-stroke dementia [153, 159]. Thus, B cell diapedesis
occurred in areas remote to the infarct mediate motor and
cognitive recovery linked to cognitive prognosis [159]. Hence,
whether the role of B cells is beneficial or detrimental has
not yet been clearly described, although their relevance in
thromboinflammation is of ultimate importance for disease
progression.

Interactions between platelets and immune cells

The intense crosstalk between platelets and a variety of
immune cells highlights the relevance of this cell-cell inter-
action in stroke pathophysiology. Platelets can contribute
to inflammation via the secretion of soluble factors such as
(i) macrophage inflammatory protein 1o and CCLS for the
recruitment and activation of leukocytes, (ii) PF4 to recruit
neutrophils, (iii) sSCD40L to potentiate IgG production of
B cells, and (iv) PDGEF, IL-1p and TGF-f to modulate the
inflammatory response [160—168]. Additionally, platelets
are also able to take part in inflammatory processes by
direct interaction with immune cells through multiple sur-
face receptors and ligands, primarily GPIba, P-selectin, and
CD40L [169-171] (Fig. 3).
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Fig.3 Interaction between platelets and immune cells. An intense
cross-talk between platelets and immune cells takes place during
ischemic stroke and the subsequent neuroinflammatory cascade. Plate-
lets, especially after activation, express multiple receptors, enabling
them to interact with immune cells in the peripheral blood. P-selectin

on the platelet surface interacts with PSGL-1 on neutrophils, mono-
cytes and activated T cells

leading to recruitment of additional
immune cells followed by transmigration through membranes. CD40L

mainly interacts with its correspondent receptor CD40 on neutrophils
and B cells, resulting in recruitment, migration and trafficking of

Monocyte O T cell @ Bcell ® Macrophage

immune cells. The interaction between GPIba and Mac-1 on mono-
cytes and activated macrophages subsequently leads to a “rolling”
behavior of the affected cells, facilitating adhesion to the endothe-
lial surface as well as transmigration. Additionally, activated platelets
secrete a plethora of signaling molecules including chemoattractants,
chemokines and other inflammatory mediators. Abbreviations: CCL,
chemokine (C-C motif) ligand; CD, cluster of differentiation; GP, gly-
coprotein; IL, interleukin; Mac-1, macrophage-1 antigen; PF, platelet

GPlba

GPIba, as part of the GPIb-V-IX receptor complex, is
responsible for binding to vWF and also known to bind to
the Mac-1 antigen on leukocytes promoting vascular inflam-
mation and thrombosis [172]. Upon activation, leukocyte
Mac-1 can bind to endothelial ICAM-1 to support transmi-
gration followed by binding of ICAM-2 present on platelets
to leukocyte Mac-1 [173]. Blocking either GPIb or its ligand
vWF A1 domain with an antibody, or through genetic dele-
tion, significantly reduced the number of infiltrated T cells
as well as the overall infarct volume [43, 174, 175]. Over-
all, GPIba is the most important receptor when it comes to
platelet-neutrophil interactions, enabling a strong connection
between these two cell types and the damaged endothelium.
Subsequently, this connection facilitates neutrophils to trans-
migrate through the endothelium and promotes downstream

signaling for the recruitment and adhesion of additional
cells.
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factor; PSGL, P-selectin glycoprotein ligand; TGF, tumor growth fac-
tor; TNF, tumor necrosis factor. Created with BioRender.com

P-selectin

P-selectin, also called CD62, is a glycoprotein receptor
stored in a-granules which is upregulated and translocated to
the surface upon platelet activation [176, 177]. The PSGL-1
on leukocytes acts as the counterpart mediating neutrophil
rolling, and subsequently leading to leukocyte activation
via Mac-1. The interaction between platelets and neutro-
phils also leads to transendothelial migration of neutrophils
and the promotion of tissue inflammation [178, 179]. Thus,
platelets are able to orchestrate the inflammatory response
in different disease pathomechanisms by the formation of
platelet-leukocyte-aggregates (PLA) at the site of injury, and
recruitment of additional immune cells [180, 181]. Further-
more, this interaction is stimulated by binding of platelet
P-selectin to leukocyte PSGL-1, followed by the interaction
between GPIba on the platelet surface and Mac-1 present on
leukocytes to further stabilize the adhesion of PLAs [181,
182]. P-selectin deficient mice display fewer atherosclerotic


https://biorender.com

Seminars in Immunopathology (2023) 45:389-410

399

lesions with a smaller number of leukocytes present in these
lesions [183—185]. In line with these findings, clinical stud-
ies observed increased P-selectin expressions as well as high
levels of PLAs in blood samples from stroke patients [186].
Activated platelets also induce monocyte production of
cyclooxygenase 2, an enzyme responsible for the synthesis of
other proinflammatory factors, which was found to be highly
upregulated in chronic inflammatory conditions including
brain ischemia [187, 188]. Additionally, the interaction of
platelets with monocytes leads to the production and release
of platelet-produced IL-1p, IL-6 as well as tumor necrosis
factor a. These cytokines are strongly associated with leuko-
cyte activation and increase the expression of several other
proinflammatory mediators upon stroke [168, 189].

CD40L

The receptor CD40L, mainly located on the surface of acti-
vated T cells, has also been found to be present on the plate-
let surface [190, 191]. Its counterpart, CD40, is expressed
on a variety of cells, including B cells and neutrophils, and
involved in the regulation of adaptive immunity [192]. After
being cleaved via metalloproteinases, CD40L can be found
in solution as sCD40L, acting as a modulator of inflamma-
tion [193], and subsequently binding to endothelial CD40
thus increasing the expression of multiple adhesion mol-
ecules (e.g., ICAM-1, VCAM-1) required for leukocyte
migration and trafficking [194]. Blocking CD40L on plate-
lets may preserve and enhance Treg response by promot-
ing proliferation of forkhead-box-protein P3* T cells [195].
Their differentiation requires high levels of TGF-f, as those
released by platelets [196]. The amplification of Tregs via
a super-agonist worsened stroke outcome, highlighting the
participation of Tregs in lesion growth [135]. Also, adop-
tive transfer of Tregs to Rag”" mice, lacking mature T and
B cells, resulted in an increased infarct size dependent on the
presence of platelets. The presence of both Tregs and platelets
reduced cerebral blood flow and increased brain fibrin levels
compared to platelet-depleted mice, while the Treg immu-
nological function remained unaltered, indicative of platelet-
Treg-associated microvascular dysfunction and thrombosis
[134]. Another platelet-born pro-infiltration factor is CD84,
a soluble homophilic immunoreceptor that is shed from
platelets after ischemic stroke. Mice deficient for platelet or
T cell CD84 developed smaller infarct volumes and displayed
fewer infiltrated T cells inside the brain parenchyma. Notably,
higher CD84 levels on platelets isolated from stroke patients
were associated with worsened clinical outcomes. Accord-
ing to this, soluble CD84 stimulates T cells and shapes their
migratory behavior after cerebral ischemia [14].

Current clinical translation
of anti-thromboinflammatory treatment
approaches

Nowadays, intravenous rt-PA and endovascular treatment
(EVT) are the only treatments approved for acute ischemic
stroke in Europe and the USA, although several other thera-
peutic approaches tackling thromboinflammation are cur-
rently under clinical evaluation.

Anticoagulants and antithrombotics

Pharmacological agents targeting different key players
along the coagulation cascade have already been well-estab-
lished in the daily clinical setting to further prevent throm-
bosis and hemostatic disorders. However, although they are
primarily used within the early phases of stroke treatment,
their effect on stroke recovery and survival remains widely
discussed.

Heparins

Through binding antithrombin-III and increasing its
anticoagulative effect, unfractionated heparin and novel
derivatives such as low-molecular-weight heparins (LMWH)
are broadly used in different clinical scenarios. Heparins
are able to exert pleiotropic anti-inflammatory effects on
the immune system, e.g., by (i) interacting with various
complement factors, chemokines, and cytokines, (ii)
reducing inflammatory damage to the cellular glycocalyx
membrane, or (iii) interfering with PAR1 dependent
signaling [197]. However, administering unfractionated
heparin as a periprocedural treatment to standard EVT led
to no overall benefit on functional outcome 90 days post-
stroke assessed by the modified Rankin Scale. Indeed,
moderate-dose heparin treatment resulted in an increased
ratio of intracranial hemorrhage (ISRCTN76741621)
[198]. However, low-dose administration of unfractionated
heparin may be beneficial periprocedurally. The previously
mentioned study seems to have been analyzed in a combined
manner for both moderate and low doses of unfractionated
heparin and importantly, most adverse effects were only
detected in the moderate dose group leading, of course, to
early trial termination. Concerning LMWH, a recent meta-
analysis concluded that its effect was not associated with a
reduced risk of suffering a recurrent event, unfortunately
together with an increase in all-cause mortality in patients
older than 70 years. [199]. Up to now, long-term heparin
treatment post-stroke remains not an ideal therapeutic option
due to potential side-effects.
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GPIIb/Illa inhibitors

Tirofiban, Eptifibatide, and Abciximab are currently the
most broadly extended GPIIb/IIIa inhibitors [200]. Apart
from inhibiting platelet aggregation and subsequently
interfering with thrombin formation, blockade of GPIIb/
IITa also leads to a reduction in IL-1f and CD40L signal-
ing [201]. However, the potential therapeutic application of
these drugs is still controversial and undergoing an intense
debate. Indeed, a previous meta-analysis concluded that nei-
ther Tirofiban nor Eptifibatide led to significant long-term
effects on patient outcome, pointing out an increase in mor-
tality rate potentially caused by a higher risk of intracranial
hemorrhage [202]. Contrary, further meta-analyses showed
that therapeutic administration of a GPIIb/IIIa inhibitor,
especially Tirofiban, was not able to increase functional out-
comes 90 days after the ischemic event, although associated
mortality rates were significantly decreased [200, 203, 204].
Overall, the rates of bleeding complications in the afore-
mentioned studies remained tolerable with the exception of
Abciximab, which increased the likelihood of symptomatic
intracranial hemorrhage [200, 203, 204]. Therefore, recent
findings propose GPIIb/IIla-inhibitors, especially Tirofiban,
as a promising therapeutic option for future clinical appli-
cation in stroke recovery although larger studies are still
required.

Thrombin and thrombin-receptor

Coagulation factor II (thrombin) regulates a vast amount
of physiological effects including hemostatic balance of
pro- and anti-coagulative factors, cell protection, and pro-
inflammatory cytokine release. However, thrombin is also
involved in several pathological effects primarily focused
on BBB disruption, neuroinflammation, and neurotoxicity
upon stroke [205]. Argatroban, more commonly used to treat
heparin-induced thrombocytopenia, is a potent thrombin
inhibitor. Indeed, patients treated with Argatroban showed
a significant improvement in neurological outcomes with-
out an associated increase in bleeding complications [206].
Therefore, its potential effect on long-term stroke recov-
ery was recently under clinical evaluation although pre-
viously described improvements to functional outcomes
have not been observed. This could however be attributed
to high drop-out rates, a study population consisting of
patients with relatively mild clinical neurological deficits
(median NIHSS 8-9), and fewer patients with large vessel
occlusions (NCT03740958) [207]. Similarly, acting as a
thrombin receptor-inhibitor selective for PAR1, Vorapaxar
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showed a promising therapeutic profile when combined
with acetylsalicylic-acid for a total of 60 days in patients
with prior ischemic stroke [208]. However, a more compre-
hensive study focusing on Vorapaxar as long-term second-
ary stroke prevention revealed that beneficial results were
limited to patients with a history of myocardial infarction
(NCTO00526474) [209]. Nevertheless, modulating throm-
bin and especially its PAR1-mediated neuroinflammatory
response post-stroke should still be explored further in future
studies.

Factor XI

Modulation of the coagulation contact pathway through FXI
revealed substantial evidence of its potential therapeutic effect
aiming to offer an anticoagulatory effect without affecting
the extrinsic coagulation pathway, and therefore potentially
minimizing the risk of severe bleeding complications [210].
In fact, deficiency in FXT has previously been associated with
a decrease in overall cardiovascular events, while patients
with excessive amounts of FXI presented an increased risk
of ischemic stroke [210-212]. Proteomic analysis of FXIs
involvement in venous thromboembolisms revealed that FXI
could potentially increase inflammatory cytokine release,
recruitment of leukocytes, and degranulation of neutrophils
via a multitude of inflammatory signaling pathways [213].
However, patients treated with the oral FXIa inhibitor
Asundexian (BAY 2433334) showed no benefit compared
to non-treated patients within the scope of a randomized,
placebo-controlled phase IIb trial (NCT04304508) [214].
Therefore, this therapeutic approach has recently evolved into
a stroke prevention strategy rather than an acute treatment.
Specifically, there is currently an active (not recruiting) phase
II trial where Abelacimab (MAA868), a human monoclonal
antibody selectively binding and inhibiting FXI and FXIa,
is used for patients suffering from atrial fibrillation (AF)
and high-risk stroke (NCT04755283) [215]. In parallel,
another phase III study is also underway assessing the
efficacy of Abelacimab on the rate of ischemic stroke or
systemic embolism in patients with AF unsuitable for
oral anticoagulation therapy (NCT05712200). Similarly,
the small molecule Milvexian (BMS-986177) has also
been tested as an oral FXIa inhibitor in combination with
Aspirin and Clopidogrel to identify its effect on stroke
prevention, although the study results are not publicly
available (NCT03766581) [216]. Altogether, FXI
inhibition appears to be a promising therapeutic strategy
for patients at high risk of an ischemic event or related
indications.
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Glycoprotein VI (GPVI)

As previously mentioned, GPVI not only strongly contrib-
utes to thrombosis, but also to the recruitment of immune
cells, increasing inflammatory signaling following an
ischemic event and therefore represents a potential novel
anti-thrombotic therapy that is currently under clinical
assessment [44]. Glenzocimab (ACTO017), a Fab fragment of
humanized anti-GPVI monoclonal antibody, has been devel-
oped recently to specifically inhibit GPVI being currently
under evaluation in several clinical trials [217]. In 2019,
a phase II trial started where Glenzocimab was adminis-
tered to stroke patients in combination with the standard-of-
care, i.e., rt-PA or thrombectomy, to assess its safety profile
(NCT03803007) [218]. After completion, two follow-up
phase II/IT trials, i.e., GREEN and ACTISAVE, are ongoing
assessing the efficacy of Glenzocimab in addition to EVT
aiming to be completed within 2025-2026 (NCT05559398,
NCT05070260). Thus, early inhibition of GPVI appears to
be one of the most promising therapeutic approaches nowa-
days which might be translated to clinical practice within
the upcoming years.

Kallikrein/kinin system

As a key thromboinflammatory player, the KKS aims to be a
promising therapeutic target, yet under investigation. Human
tissue kallikrein (KLK)-1 activity leads to the release of
bradykinin which subsequently binds to its receptor (B1R/
B2R). As previously described, KLK1 triggers several sign-
aling cascades, facilitating not only vasodilation but also
anti-inflammatory effects [219]. DM-199, a recombinant
form of KLK1, entered a phase II clinical trial in 2017 where
its safety and tolerability were assessed in acute ischemic
stroke patients (NCT03290560) [219]. Unfortunately, the
results of the study remain confidential [219]. However, a
follow-up phase II/III study is currently active and recruit-
ing patients evaluating the effects of DM-199 on func-
tional outcome, and the associated incidence of recurrent
stroke in patients ineligible to receive either endovascular
or thrombolysis therapy (NCT05065216). Hence, pharma-
cological modulation of the KKS remains, together with
GPVI, as one of the most promising approaches tackling
thromboinflammation.

Anti-inflammatory approaches

As inflammatory pathways are closely connected to stroke
pathogenesis, multiple anti-inflammatory strategies are

currently under evaluation, focusing on either novel or repur-
posed drugs. Toll-like receptor (TLR)-4 is a transmembrane
protein which upon activation leads to cytokine production
and innate immune system response. Therefore, the novel
TLR-4 antagonist ApTOLL represents a promising novel
candidate for anti-inflammatory stroke therapy [220]. After
a phase I clinical trial (NCT04742062) [221], ApTOLL just
recently completed a more extensive clinical assessment in
a phase Ib/Ila clinical study (NCT04734548) [222]. Pre-
liminary results of this study point towards a decrease in
mortality rates as well as improved functional outcomes,
although final results are yet to be published [223]. Addition-
ally, ApTOLL is currently undergoing further pre- and also
clinical evaluation for its application for treating COVID-19,
intracerebral hemorrhage, myocardial infarction, and mul-
tiple sclerosis.

Extensive research already exists on the role of the pro-
inflammatory cytokine IL-1f in atherothrombosis and
ischemic stroke. The CANTOS study tested the efficacy of
Canakinumab, a monoclonal IL-1p antibody, in reducing
rates of recurrent cardiovascular events and stroke among
patients who already suffered a heart attack and display
increased levels of high-sensitivity C-reactive protein
(hsCRP) (NCTO01327846) [224, 225]. Here, over 4 years, an
overall reduction in cardiovascular endpoints and stroke was
evident [225]. Additionally, patients treated with Canaki-
numab showed a dose-dependent reduction in hsCRP and
IL-6 levels, while no significant change was detected in
IL-18 [225, 226]. Therefore, modulation of cytokines might
be a potential approach although still in a preliminary evalu-
ation stage.

Vinpocetine has been established as a therapeutic agent
modulating inflammation by inhibiting the NF-kB pathway
and improving perfusion [227, 228]. Indeed, Vinpocetine-
treated patients presented (i) decreased microglial and sys-
temic inflammatory response, (ii) reduced secondary lesion
growth at 7 days, and (iii) improved recovery at 90 days
post-stroke, suggesting NF-kB modulation as an effective
approach for stroke treatment (NCT02878772) [228]. Simi-
larly, fingolimod, a sphingosine-1-phosphate (S1P)-receptor
modulator used in the treatment of multiple sclerosis, has
been tested in several clinical trials focusing on thromboin-
flammatory parameters. Recent data associates fingolimod
administration with reduced infarct growth and improved
neurological outcomes in clinical settings [13, 229]. Despite
still being in an early developmental stage, anti-inflamma-
tory treatments for long-term stroke recovery may offer a
promising therapeutic strategy and should therefore be seri-
ously considered in future clinical routine (Table 1).

@ Springer
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Future outlook

Beyond the acute phase post-stroke, thromboinflammatory
processes are involved in tissue regeneration, neuronal plas-
ticity, cognitive recovery, and microvascular angiogenesis
deeply modulating the complex ischemic cascade in a highly
dynamic and time-dependent manner. However, clinical tri-
als targeting thromboinflammation over the past decade have
been less successful than expected. Stroke patients are fre-
quently considered as sharing the same underlying patho-
mechanism, and therefore heterogeneity of stroke lesions
has indeed been hampering the progress of clinical trials
in the field [230]. Therefore, mechanism-based biomarkers
which allow endophenotype patients based on their underly-
ing pathomechanism are of urgent need. Mechanistic cluster-
ing of patients will thus lead to a homogeneous clinical trial
design, reduced numbers needed to treat, and subsequently
personalized therapy [231].

Novel therapeutic options within the thromboinflammatory
field are currently emerging. Reduction in circulating lym-
phocytes using the immunosuppressant fingolimod is known
to reduce infarct volume and improve neurological outcomes
[13, 229]. Additionally, early inhibition of GPVI (Glenzo-
cimab) appears to be one of the most promising approaches
currently under clinical evaluation aiming to modulate the
thrombotic and pro-inflammatory pathways after the ischemic
event. Additionally, the novel TLR-4 antagonist ApTOLL also
represents one of the first-in-line therapeutic options under
development at the moment, reducing mortality rates in stroke
patients. Contrary, despite neuroprotective compounds having
unfortunately not yet reached clinical settings, preserving the
ischemic tissue after stroke remains a solid approach. Thus,
early and extremely safe interventions administered during the
hyper-acute phase, even before the patient reaches the clinics,
should definitely be considered in future clinical trial designs.
Similarly, administering neuroprotectants during thrombolysis
or thrombectomy procedures could maximally reduce reperfu-
sion injury upon recanalization.

Importantly, in complex indications such as brain
ischemia, many pathophysiologically relevant signaling
mechanisms are simultaneously dysregulated. Therefore,
therapeutic strategies focused on a multi-target, multi-drug
approach could ultimately reverse this scenario to physi-
ological conditions. Thus, following a multi-drug network
pharmacology strategy using different drugs acting on the
same causal underlying mechanism aims to be the direc-
tion for treating complex indications such as brain ischemia
[232]. Overall, exploring the critical interface between
neuroinflammation and thrombosis is leading to (i) a deep
understanding of the underlying pathomechanism, (ii) novel
therapeutic approaches, and (ii) late-stage clinical trials
which will hopefully reach clinical routine and patient ben-
efit within the upcoming years.

@ Springer
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