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Abstract—Glycoproteins 11b-IIla (GPIIb-111a), also known as alIbB3 integrins, are key platelet adhesion
receptors. These molecules are the most abundant (over 10000 copies per cell) transmembrane receptors
playing a crucial role in thrombus formation by promoting platelet aggregation. Integrins need to undergo
activation and transit to high-affinity state for their ligands — fibrinogen, fibrin, and von Willebrand factor
(VWF) — in order to form bonds between platelets. Activation of integrins is mediated by a set of various mes-
sengers through intracellular signalization. Integrins alIbB3, like other integrins, are capable of reverse signal
transmission inside the cell, called “outside-in” signaling. Recent studies have shown heterogeneity of the
thrombus structure and the existence of a stable and dense inner core and a fluid-like loose shell. Since plate-
let aggregation is provided by integrin-mediated interactions, one can suggest that it is the features of integrin
activation and clustering that strongly influence the formation of thrombus architecture. This work is intent
on systematizing recent data concerning activation and functioning of platelet integrins olIbB3 and searching

for correlations between thrombus heterogeneity and the state of integrins on the platelets surface.
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1. INTRODUCTION

Integrins are cell-surface transmembrane receptors
responsible for intercellular binding [1]. Cell aggrega-
tion and adhesion to the vessel wall is mediated by this

Abbreviations: ADMIDAS, domain adjacent to MIDAS; Btk, Bru-
ton tyrosine kinase; CalDAG-GEFI, Ca?* and diacylglycerol regu-
lated guanine nucleotide exchange factor I; CHO, Chinese hamster
ovary cells; CLEC-2, C-type lectin-like receptor 2; DAG, diacyl-
glycerol; DTS, dense tubular system; EGF, Epidermal Growth
Factor; FERM, 4.1 protein, ezrin, radixin, moesin; GPCR,
G-protein-coupled receptor; GPIb, glycoprotein Ib; GPVI, glyco-
protein VI; ICIn, chloride channel regulatory protein; IP3, inositol
trisphosphate; ITAM, immunoreceptor tyrosine-based activation
motif; LAT, linker for activation of T cells; LIMBS, ligand-associ-
ated metal-binding site; MIDAS, metal-ion dependent adhesion
site; PAR, protease-activated receptor; PH domain, pleckstrin
homology domain; PI3K, phosphatidylinositide 3-kinase; PIP,,
phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol
(3,4,5)-trisphosphate; PKA, protein kinase A; PKC, protein kinase C;
PLCB(y-2),Phospholipase CB(y-2); PP1, protein phosphatase 1;
RASA3, Ras GTPase-activating protein 3; RIAM, Rapl—-GTP-
interacting adapter molecule; SFK, Src family kinases; SH-2, Src
homology 2 domain; Syk, Spleen tyrosine kinase; TRAP, thrombin
receptor-activating peptide; VWF, von Willebrand factor.
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membrane protein family [2]. Integrins are heterodi-
meric proteins that consist of noncovalently associated
o and B subunits. Upon activation o~ and B-chains
change interposition that results in an enhanced ligand
affinity. Thus, integrins are able to exist in low-affinity
and high-affinity states. Intermediate activation state
has also been reported [3, 4]. Like the other adhesive
receptors, integrins are closely associated with the
cytoskeleton and thus are capable of mediating whole
cell adhesion. However, the ability to change the
ligand affinity as well as signal transduction through
the cell membrane both ways is a unique feature of
integrin family proteins.

Integrins provide aggregation of platelets—blood
cells responsible for the integrity of the circulatory sys-
tem. This class of adhesive receptors plays a pivotal
role in the hemostasis (the process that causes hemor-
rhage to stop) and thrombosis [2, 5, 6]. Upon vessel
wall damage and vascular endothelium dysfunction,
platelets become activated as a result of interaction
with extracellular matrix proteins (collagen, fibronec-
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tin, laminin) and/or soluble agonists (ADP, thrombin,
adrenaline, thromboxane) [7]. Activated platelets
adhere to the breach in the vessel wall, form a hemo-
static plug and thus abrogate blood loss. Whole variety
of integrins is present on the platelets surface: 023,
5B, a6B; (B, subfamily), olLB, (B, subfamily),
olIbP;, ovP; (B; subfamily). Only one of the major
platelet integrins, olIbB; (GPIIb-IIla), is able to
switch to the high-affinity state during activation. Fur-
thermore, allbf; is present in the highest number of
copies—100000 per cell [8—10].

In an activated state olIbP; is capable of binding
fibrinogen and von Willebrand factor (vWF) mole-
cules, which are both present in in blood plasma and
can be released from the platelet alpha granules [11]
during platelet activation. vVWF can be released by the
activated endothelial cells [12—14]. Other ligands —
vitronectin, fibronectin, and thrombospondin regu-
late platelet adhesion to the subendotheial matrix
exposed in case of vessel wall damage [14]. Activated
platelets aggregate via alIbB;-fibrinogen/vVWF-ol1bf3;
bonds forming a thrombus which can then cover the
breach or occlude the whole vessel [6, 15].

Arterial thrombus formed in microvessel has a het-
erogeneous structure. Highly activated platelets are
located close to the injury. They release granules con-
tent (soluble activators), which provides further clot
growth. These platelets are closely packed, forming a
stable thrombus core [16, 17]. Platelets of the outer
part are less activated and weakly connected, forming
the thrombus shell. The shell is loosely packed and can
“flow” around the dense core. One can assume that
there is a significant difference in adhesion forces,
which results in the gradient of packing density. In its
turn, the extent of interplatelet interaction can be var-
ied by the strength of single bonds or local increases of
bonds density. oLlIbf; is the most potent candidate for
being a regulator of this process.

Platelet activation causes integrin ligand affinity
change via an “inside-out” signaling pathway. It has
also been proposed that the integrin activation can be
induced by the ligand itself [18]. Inside-out activation
requires changes in the subcellular localization of
Talin-1, Kindlin-3 and the small GTPase Rap1b [19—22].
Raplb activation implies the exchange of the bound
GDP to GTP. This process engages two important
secondary messengers of the platelet signaling — Ca?*
and  phosphatidylinositol  (3,4,5)-trisphosphate.
olIbp; cytoplasmic tails can be associated with actin-
bound Talin-1 and Kindlin. Thereby integrin activa-
tion can be induced by the lateral stresses of mem-
brane resulting in the impact on the actin cytoskeleton
[23]. allbp; interaction with its ligands leads to the
further enhancement of platelet activation (“outside-
in” activation). Outside-in activation can be experi-
mentally observed in the process of platelet spreading
on fibrinogen-coated surface [18, 24]. Integrin-

dependent signaling is known to depend on Syk tyro-
sine kinase usually activated by ITAM-bearing recep-
tors [25]. alIbpB; has no ITAM domain, therefore it is
still under discussion which protein acts as a mediator
and if this mediator is required [26—29].

Integrin alIbB3 is also found in megakaryocytes,
mast cells, basophils and some tumor cells (melano-
mas, squamous cell carcinomas, etc.) [30—36]. Never-
theless, binding to anti-CD61 and anti-CD41 (antibod-
ies against 33 and alIb chains) are often used as platelet
markers. Outside-in or inside-out signaling disruptions
as well as platelet allbB; deficiency (Glanzmann
thrombasthenia) lead to severe hemostatic disorders:
menorrhagia, nosebleeds, gastrointestinal bleedings,
postpartum hemorrhages, and postoperative bleeding
[37, 38]. In patients with Glanzmann thrombasthenia
thrombus growth on collagen is disturbed at any shear
rates, while in patients with Bernard—Soulier syn-
drome (VWF receptor GPIb deficiency) clot formation
is normal at low shear rates [39].

The aim of this review is a survey of the knowledge
on platelet alIbP; functioning, the influence of weak
and strong platelet activation at alIb; clustering, and
the role of integrins in the process of the thrombus
heterogeneous structure formation.

2. MOLECULAR EVENTS
OF allbB; ACTIVATION

2.1. Structure of Integrin olIbf;

Integrins are integral plasma membrane glycopro-
teins composed of o and P chains. Each subunit con-
sists of a large extracellular domain, a transmembrane
region, and a short cytoplasmic sequence of amino
acids. Extracellular domain of the allIb chain consists
of B-propeller—the structure of a series of repeats,
which forms a seven-pointed (seven blades) circularly
threaded sequence with a central cavity [40, 41]. Aspar-
tate bonded cations increase the rigidity of the interface
between [B-propeller and underlying domains (thigh,
calfl, calf2). Flexible hydrophobic “genu” between the
thigh and the calfl allows to change the interposition
of the allb and B3 chains [42—44] (Fig. 1a).

Chain B3 consists of the A-domain, which extends
into the cavity of the allb subunit propeller by virtue
of arginine (Arg261) [42, 45—47]. A-domain has sev-
eral metal binding domains (MIDAS, ADMIDAS,
LIMB, see Fig. 1b) [48] and also binds EGF-domains
via hybrid domain. EGF domains are rich in cysteines
and form rod-shaped structure via disulfide bonds
[49, 50]. A flexible hydrophobic “genu” is also present
between EGF and hybrid domains as in the o.IIb chain
[46, 51].

Transmembrane domain of alIbB3 consists of two
crossed helixes. ollb also contains GFFKR sequence
in its transmembrane domain. In inactivated alIbB3 this
sequence is hidden in the plasma membrane (Fig, 1a),
but when the receptor conformation changes,
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Fig. 1. Platelet olIbB;—integrin structure. (a) Extracellular domain of the clasped olIbfB; integrins (PDB : 3FCS). Three metal
binding sites are depicted in domain I of the B3-chain. (b) Aminoacid residues adjoining the metal-binding sites. (c) Unclasped

form of the olIbP; integrin bound to ligand (PDB : 3FCS).

GFFKR goes to the cytosol and becomes a docking
site for multiple effector proteins [53, 54] (Fig. 1b).

Cytoplasmic domains of both o and B subunits are
small sequences, which include functional motifs,
such as NxxY [55, 56].

Integrins allbP; are able to bind a number of
ligands: fibrinogen, fibrin, VWE. They bind different
sequences of fibrinogen (KQAGDYV) and VWF (RGD).
MIDAS and ADMIDAS cation binding domains play
an important role in ligand coordination [57].

Due to flexible “genu” domains of alIb and 35 sub-
units, integrins can change conformation and switch
from the closed (low-affinity) to the open (high-affinity)
state.

2.2. Membrane-Dependent Events of Integrin Activation

Cytoplasmic domain of the B; subunit contains two
NxxY motifs, which serve as the docking sites for
Talin-H and kindlin-3 which are known to lead to the
conformational changes in oIIbf;. Inactive Talin-H is
associated with Talin-R and cannot bind B; subunit.
Couple of Talin subunits can be separated by a set of
different pathways. High Ca?* concentration activates
calpain, which cleaves the bond between Talin-H and
Talin-R and makes Talin-H active. On the other hand,
Talin subunits can be separated as a result of Talin and
RIAM interaction [58, 59].

FERM domains of the free Talin-H bind NxxY
domains on the alIbB3. This is proposed to be one of

the main stages of alIbp; activation. Talin-H can link
integrins with an actin cytoskeleton directly or via vin-
culin, thus promoting platelet shape change. Talin-H
is able to interact with membrane phosphoinositides
(e.g., PIP,), inactivating in the process [60]. The
importance of Talin was demonstrated in the studies
of integrin- and Talin-contrasfected CHO cells: in the
absence of Talin integrins did not switch to the active
state [55, 61].

The kindlin family of proteins also plays a signifi-
cant role in oLl IbP; activation, since neither the inside-
out nor the outside-in signaling works without them
[62, 63]. Like talin, kindlin interacts with NxxY motif
of B; integrin subunit (often with the one which is dis-
tant from the membrane) via FERM-domain. Kindlin
also holds PH-domain, which associates with mem-
brane phosphoinositides [62, 63]. Nonetheless, the
exact mechanism of ollbf; activation mediated by
kindling-3 remains unclear [64].

Filamin and ICAP proteins can block integrins
activation by competing with talin and kindlin [65].
Migfilin displaces filamin from the cytoplasmic
domain of the B3 subunit serving as a cofactor of inte-
grin activation, in particular kindling-2 cofactor, as it
was demonstrated in CHO cells.

CIB [66], ICIn [67], Aupl [68], PP1 phosphatase
[69], and sharpin [70] are able to bind allb, but their
roles remain unspecified.
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2.3. Integrin Inside-Out Signaling

2.3.1. GPCR-induced activation. The majority of
the platelet receptors, including thrombin-activated
PAR1 and PAR4, as well as ADP-activated P2Y, and
P2Y,,, transmit cellular signals through G-proteins
(GPCRs, G-protein-coupled receptors) [71]. GPCR
binding to its ligand leads to the GDP-to-GTP
exchange in the Ga subunit of heterotrimeric G-pro-
tein and complex dissociation, resulting in the appear-
ance of GPy and Go-GTP signal transmitters. Gy
and Go-GTP of class q can activate phospholipase C[3
(PLCP) together or independently [72]. Moreover,
Go-GTP of class i and z, produced upon platelet acti-
vation, inhibit adenylate cyclase, thus lowering cCAMP
concentration and therefore enhancing the PLCJ
activation [73]. Gy, which is present in 50000 copies
per platelet [74], is capable of activating PI3Ky.

2.3.2. Tyrosine-kinase induced activation. Upon
adhesion to a damaged wall of a vessel, platelets inter-
act with the components of extracellular matrix pro-
tein collagen. Collagen activates platelet GPVI recep-
tors. This induces a tyrosine-kinase signaling cascade,
based on Syk and SFK kinases [76—78]. After the
GPVI activation by collagen, SFK phosphorylates two
tyrosine-containing YxxL motifs in the Fcy-chain
(ITAM), which is covalently bound to GPVI. Syk
binds phosphorylated YxxLL motifs by its SH-2
domains that turn into an active state. Active Syk-
kinases phosphorylate large adaptor protein LAT,
which rapidly forms complexes with PI3K[ and
PLCy2 [79]. PI3Kp and PI3Kyproduce PIP; from PIP,.
PIP; serves as a docking site for a set of PH-domain-con-
taining proteins, among which are Btk and the above
mentioned kindlin. Activated PLCy2 and PLCP
hydrolize PIP; and produce IP; and DAG [25, 80, 81].
Signaling via other tyrosine-kinase-dependent receptors
CLEC-2 and FcyRlIla, which act in a more specific
physiological settings, closely resembles GPVI.

2.3.3. Rap1, RASA3, CalDAG-GEFI. 1P; and DAG
produced by PLC are important secondary messen-
gers of the platelet activation. 1P; binds 1P receptors
on the surface of the dense tubular system (DTS, a
remnant of the megakaryocyte endoplasmic reticu-
lum). This leads to a release of free calcium ions into
the platelet cytosol [71, 84]. DAG activates PKC—a
serine kinase capable of phosphorylating multiple tar-
gets in a cell. An increase in the concentration of free
calcium ions results in an activation of not only cal-
pain, but also of CalDAG-GEFI [85]. This protein
catalyzes reaction of the exchange of GDP on GTP in
the nucleotide binding site of Raplb. Active Raplb
together with RIAM and talin-H leads to the activa-
tion of allbP; integrin [22, 58, 86]. Rapl1b-GTP can
inactivate spontaneously as a result of GTP hydrolysis.
This reaction can be significantly enhanced upon
binding of Raplb by GAP-proteins (GTPase activat-
ing proteins). Major platelet GAP is RASA3 [87, 88].

KANEVA et al.

RASA3 contains PH-domain that can bind with PIP,
and PIP,. This changes cellular localization of RASA3.
Thus, after PIP; production, RASA3 leaves integrin-
enriched areas, which increases Raplb-GTP lifetime
and results in the alIbP;-integrin activation [87, 88].
Furthermore, it is hypothesized that phosphorylation
of CalDAG-GEFI by PKA (which is inhibited upon
platelet activation) prevents the CalDAG-GEFI-
mediated GDP—GTP exchange in the Rap1b nucleo-
tide binding site. Thus, integrin activation pathway is
inhibited in resting platelets (see Fig. 2a) [59, 85].

2.3.4. Role of platelet interaction with vWF in the
integrin activation. Vessel wall damage in not limited to
the extracellular matrix proteins exposure. Another
major outcome of this process is an activation of the
endothelial cells, which release Weibel—Palade bodies
containing VWF. vWF is a multimeric protein, which can
be formed by dozens of 250-kDA monomers [89, 90].
vWF was also reported to be present in the blood
plasma and platelet a-granules [91]. High shear rates
in the blood flow (alongside with the turbulent flows)
result in the unfolding of VWF multimers bound to
collagen or endothelial cells. vVWF unfolding exposes
its A1 domains that bind platelet GPIb receptors. This
is the main event in the initial platelet adhesion and,
probably, further platelet activation via tyrosine-kinase
signaling pathway (Syk and SFK) [92]. vWF also binds
active ollIbB;-integrins by its C1 domains. This induces
integrin outside-in signaling (see Section 2.4), amplifi-
cation of the platelet activation, and further platelet
aggregate formation at sites of vessel wall breach [93].

2.4. Activation Amplification: Outside-1In Signaling

After activation and transition into a high-affinity
state, platelet integrins oLl1bf3; can bind fibrin, fibrinogen,
or VWE. This results in an additional amplification of
platelet activation—outside-in signaling [94]. As was men-
tioned above, cytoplasmic domains of activated integrins
are bound to actin cytoskeleton via talin and kindlin com-
plexes. Upon cell activation, most of the signaling mole-
cules relocate by means of diffusion or actin cytoskeleton
reconstruction. Thus integrins can form heteroclusters
with other receptors, such as GPIb, GPVI, FcyRlla [24,
27, 28, 95]. SFK kinases are bound to polyproline
amino-acid regions in the cytoplasmic regions of these
receptors via SH-3 domains [96, 97]. Thus, active SFK
are located in the close proximity of activated olIbf3,
integrins. SFK phosphorylates tyrosine residues in the
integrin NxxY motifs, which results in the additional acti-
vation of Syk and SFK kinases. This amplifies the platelet
activation. It was demonstrated many times that GPVI or
FcyRlla deficiency results in disordered activation of
integrin alIbPB; and disturbance in the thrombus growth
in mice. On the other hand, clustered oIIbf; integrins can
activate Syk-kinases in the absence of GPVI or FcyRlIla
[27, 28]. Furthermore, tyrosine residues phosphoryla-
tion in the cytoplasmic domain of the B3-chain is not
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Fig. 2. Schematic representation of platelet intracellular signaling, mediating and mediated by a.lIbf; integrins. (a) “Inside-out”
olIbP; integrin activation; (b) platelet signaling amplification scheme (“outside-in” signaling).

required for Syk activation. The prime hypothesis is that
Syk can associate with the cytoplasmic domain of the
3-chain of allbp; integrin and activate via autophos-
phorylation or trans autophosphorylation [29]. Positive
feedback loop, produced by the outside-in signaling sig-
nificantly amplifies platelet activation (see Fig. 2b).

2.5. Platelet Integrin Clustering and Irreversible
Fibrinogen Binding

As was mentioned previously, platelet integrin clus-
tering is required for an effective platelet activation

amplification (outside-in signaling). However, plate-
let integrin clustering role in the process of thrombus
growth remains unclear. Integrin clustering can be
observed by binding of exogenous human plasma
fibrinogen, conjugated with fluorescent or radioactive
label [98]. For experimental assessment, washed
platelets from suspension or platelets from the whole
blood are immobilized on a glass, covered by an adhe-
sive protein [89, 99].

Pictures of binding of FITC-conjugated exogenous
human serum fibrinogen by washed platelets are given
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Fig. 3. Fluorescently labeled fibrinogen binding by human blood platelets: microscopy. Upper image, in differential interference
contrast, lower image, FITC fluorescence (epifluorescence). (a, b) Washed platelets were perfused by syringe pump through the
flow chamber with fibrinogen coated glass (100 ug/mL). Non-immobilized platelets were washed by Tyrode’s buffer for 20 min.
This was followed by application of 10 uM ADP solution and FITC-labeled fibrinogen (100 ug/mL) [100]. Fibrinogen binding
was observed by epifluorescence. This was followed by the perfusion with Tyrode’s buffer and washing away non-bound fibrino-
gen. (a) Platelet before washing off of fibrinogen; (b) platelet after fibrinogen was washed off. Irreversible fibrinogen binding was
observed in a form of high intensity fluorescence “clusters”. (c, d) Washed platelets were perfused by syringe pump through the
flow chamber with anti-PECAM 1 antibodies (VM64, 20 ug/mL). Non-immobilized platelets were washed by Tyrode’s buffer for
20 min. This was followed by perfusion with 10 uM ADP solution and FITC-labelled fibrinogen (100 ug/mL) [100]. Activated
(spread) platelets bound fibrinogen (c), while non-activated platelets (with lamellipodiae), did not (d).

in Fig. 3 [100]. In the first experiment (Figs. 3a and 3b)
platelets were spread on fibrinogen. Irreversible fibrino-
gen binding with integrin clusters can be observed
(fibrinogen clusters remain bound to platelets after wash-
ing by the solution, Fig. 3b), while fibrinogen binding to
single integrin molecules is disrupted upon cell suspen-
sion dilution (fibrinogen clusters in Fig. 3b are more con-
trast than in Fig. 3a). In the experiment illustrated in
Figs. 3c and 3d, platelets were spread on the anti-
PECAM 1 -receptor antibodies [101]. Platelets were then
activated by 10 uM of ADP. It can be seen that platelet
spreading correlates with the integrin cluster formation
(in Fig. 3c a spread platelet binds fibrinogen, while a
non-spread platelet in Fig. 3d, does not).

Figure 4 presents flow cytometry data. In the
experiment illustrated in Fig. 4a, platelet fibrinogen
binding upon activation by thrombin and TRAP-6,
followed by a twofold dilution by the buffer, was
assessed. Dilution of the cell suspension resulted in a
decrease of fibrinogen binding upon weak agonist
stimulation (TRAP-6). Thus, at specific conditions,
fibrinogen binding by platelet integrins (or at least by
some integrin domain) is reversible. Upon stimulation
of platelets (2 x 107 cells/ymL) by ADP and a further
20-fold dilution of the suspension with a fibrinogen-
free buffer, a clear separation of platelets into two sub-
populations differing in binding of labeled fibrinogen
was observed (Fig. 4b). It is likely that one of the popula-

tions (with low integrin activation degree) binds fibrino-
gen reversibly, while the other one, irreversibly [100].

These results may suggest that there is a heteroge-
neity in platelet activation state, which corresponds to
the ligand—integrin activation degree: single integrin
molecules that bind fibrinogen reversibly and integrin
clusters that bind fibrinogen irreversibly. It is noteworthy
that in a recent report of researchers of the Technological
University of Georgia at ISTH SSC 2018 meeting, the
existence of a new “not complete activation” state of
platelets was proposed independently; this state can be
induced by mechanoreception via glycoprotein Ib. It is
proposed that this state of platelet activation corre-
sponds to a low-affinity binding of integrins to fibrino-
gen and fibronectin [102]. However, this suggestion
requires additional confirmation, since it contradicts
previously published data [103—106] on binding of
fibrinogen of activated integrin antibodies (PAC-1) by
activated platelets in cell suspension. Only one type of
fibrinogen binding sites was described. It should also be
taken into account that receptors bound with fibrinogen
are mostly clustered [107].

3. MECHANICS OF THE alIbB;—LIGAND
INTERACTIONS

Platelet—platelet interactions should be strong enough
to resist flow forces acting on a growing thrombus. Atomic
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Fig. 4. Flow cytometry of FITC-labelled fibrinogen binding to platelets in a diluted cell suspension. Platelets were washed as was
described previously [71]. (a) Continuous flow cytometry performed as described elsewhere [71, 128]: time dependence of FITC flu-
orescence intensity in arbitrary units. Platelet concentration was 10° cells/mL. Fibrinogen was added before the experiment (data
not shown). After that, activators (thrombin, 25 nM, black curve; TRAP-6, 10 uM, gray curve) were added to the cell suspension.
After a twofold dilution by fibrinogen-free solution, a decrease in fibrinogen binding is observed for weak activation (TRAP-6).
(b) Fibrinogen binding by platelets in cell suspension (2 X 107 cells/mL) before and after the ADP-induced stimulation (10 uM).
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Fig. 5. Interaction strength of alIbB3-integrin and its ligands. (a) Histogram of the critical rupture forces for ollbBs-integrin—
fibrinogen interaction. Reproduced from [94]. (b) Critical rupture forces profiles for olIbf;-integrin interactions with its ligands [110].

force microscopy shows that the force between platelets
can reach a value of nanonewtons [108].

The mechanics of binding to its ligands was studied
by the group of R. Litvinov et al. [94, 109, 110] by means
of an optical tweezers — a highly focused laser beam,
which allows manipulating small dielectric objects.
Optical tweezers can be also used for measuring the
force applied to the held object, which is proportional to
the magnitude of its displacement from the tweezer
center. For the experiments, they utilized silica pedes-
tals coated with various olIbB; ligands. Silica pedestal
was brought into contact with latex bead coated with
purified human allbf; receptors [94, 110].

The study on interaction of integrins with fibrino-
gen revealed that the critical force distribution has
two modes, being a sum of exponentially decreasing
(up to 20—50 pN) and normally distributed (peaked
at 70—80 pN) parts (Fig. 5a). The bimodal nature of
the distribution possibly suggests that ol1bf;—fibrino-
gen complex exists in two bound states with different
stability [94].

Monomeric fibrin (m-fibrin) displayed a signifi-
cantly higher probability of interaction with allbB,
than fibrinogen (Fig. 5b). However, the disruption
force peaks were barely distinguishable and the mean
force was much higher, thus one can suggest that the
interactions could be multimolecular. The compari-
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‘rombin

." Integrins

Fig. 6. Model of a microvascular thrombus. Microvascular thrombus has a heterogenous structure: it consists of a dense core that
contains highly activated platelets and a fluid shell composed of weakly activated cells. Core platelets release ADP from their
dense granules. Density of the core accounts for a impeded diffusion of ADP and thrombus from the core to the shell (thrombin
gradient is depicted by a darker color). Fibrin is localized at the thrombus base. It is assumed that alIbf;-integrins in the platelet
core are clustered. This amplifies platelet activation (granule release, transition to a procoagulant state) and strengthening of the
platelet—platelet bonds. Core platelets also change shape (not shown in the figure for simplification).

son between the critical forces for m-fibrin and fibrin-
ogen should be qualitative. It also should be taken into
account that the inhibition by 1 mM of yC-dodeca-
peptide (H12) abolished the second mode of allIbf;—
fibrinogen interaction. With the 1 mM of cRGD added
for both fibrin and fibrinogen only exponentially
decreasing part of force distribution was observed.
This may indicate that the critical force and the num-
ber of possible states varies for integrins interacting
with different ligands [94]. For interaction of ollIbf;
with polymerized fibrin, one can distinguish two peaks
in critical force distribution, with mean value higher
than that for other ligands [110].

Thus, the critical forces for the ollbP;—ligand
complexes should be ranged in the following order: fibrin
polymer > fibrin monomer > fibrinogen (Fig. 5b).
Integrin—ligand complex presumably exists in two
states with different stability. Nevertheless, we cannot
specify, to what extent the forces between platelets
change during the activation, as the isolated receptors
were studied, so it is not possible to analyze their state.

Earlier Litvinov et al [111] investigated platelet
interaction with fibrinogen. The distribution of the
critical forces for ADP-activated platelets was also
found to be bimodal, but the first peak was interpreted
as a non-specific interaction, since it was detected for
unstimulated platelets. At the same time, we can sug-
gest that some integrins of these platelets were also
activated, as SEM image showed that the platelets
were balloon-shaped and had filopodia [111]. There-
fore, this result cannot be interpreted unambiguously.
On the other hand, earlier studies [103—106] investi-
gated platelet interaction with fibrinogen and PAC-1
(the antibody to activated allIbP;) in suspension and
reported the existence of a single binding site type.

4. PLAUSIBLE ROLE OF allIbf,
IN THE THROMBUS STRUCTURE

The development of the murine models of the in
vivo thrombus formation has taken studies of the
thrombus structure and dynamics to the next level.
The use of fluorescent labeling and confocal micros-
copy makes it possible to investigate the details of the
thrombus formation process in the damaged thin-
walled microvessel with a high resolution.

This is how it was shown that the microvascular
thrombus has a heterogeneous structure (Fig. 6): a sta-
ble part is adjacent to the injury, while outer layers are
fluid-like [7]. The analysis of intrathrombus transport
of fluorescently labeled albumin revealed that the inner
part of the thrombus is more dense (less albumin is
observed in the gaps between cells). One can suppose
that platelet packing density heterogeneity is caused by
the heterogeneity of the forces. Indeed, platelets and
their adhesive receptors differ in the extent of activation
in different parts of the clot: P-selectin positive degran-
ulated platelets are localized close to the damaged ves-
sel wall [7, 16] there fibrin is also found. Dense, stable
and highly activated part is called the core; loose,
fluid-like part of slightly activated platelets is called
the shell [7].

It is believed that the core requires thrombin gener-
ation — in the presence of its inhibitor the core is abol-
ished, the thrombus itself is unstable and undergoes
cycles of growths and disruptions [7, 16]. It is also
assumed that the packing density heterogeneity leads to
the gradient of thrombin concentration. Thrombin is
retained in the core — this, on the one hand, limits the
growth of a clot, but on the other, contributes to the
polymerization of fibrin in an already formed core [7, 17].
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Platelet activation via ADP receptor P2Y, is criti-
cal for the formation of thrombus shell. In the experi-
ments in the presence of cangrelor (P2Y,, inhibitor)
the size of the shell was significantly reduced while the
core remained unaffected. At the same time, for mice
with Gy, gain of function mutation, the shell but not the
core was reduced in size. This mutation eliminated nega-
tive feedback during P2Y,-induced signaling (usually
provided by the RGS proteins-dependent inactivation).
Thus, it is shown that the P2Y , signaling is important for
the formation of the thrombus shell [7]. As mentioned
above, P2Y, is associated with G;-protein; P2Y , activa-
tion leads to protein kinase A inactivation and PI3KYy
activation, that is additional inside-out integrin activa-
tion. It is likely that thromboxane A2, the other second-
ary mediator if secondary activation, has a significant
role in the formation of thrombus shell.

One can assume that ADP concentration on the
outer thrombus layers is sufficient only for reversible
or partly reversible activation of a limited number of
platelet integrins (weak activation, similarly to Fig. 4a,
TRAP-6). It may be due to the fact that the loose
thrombus shell allows soluble agonists leakage or that
the required ADP concentration cannot be provided
by its sources (e. g., degranulated platelets). That is why
the shell is unstable. Thrombin leads to strong platelet
activation and fibrin formation near the injury — fibrin
itself binds alIbB; and strengthens the thrombus. At
the same time thrombin distribution is restrained, lim-
iting thrombus growth.

5. INACTIVATION OF PROCOAGULANT
PLATELET INTEGRINS

Upon strong activation [112], platelets can turn
into procoagulant ones, undergoing necrosis-like [113,
144] programmed cell death [84]. Negatively charged
phosphatidylserine (PS) externalizes in the outer
membrane of these platelets, enhancing the assembly
of procoagulant complexes [115, 116]; other specific
reactions also take place [117, 118]. Interestingly, inte-
grins are inactive in procoagulant platelet subpopula-
tion [119]. Presumably, during this process there
occurs integrins activation and subsequent inactiva-
tion, but the mechanism is still unclear [120]. It is
assumed that calpain cleavage of integrin-associated
cytoskeletal proteins and phospholipid scrambling both
contribute to integrin inactivation [121], although in
some works calpain inhibition did not affected this
phenomenon [122]. Remarkably, procoagulant plate-
lets remain attached to the thrombus [123, 124]. This
interaction is provided [ 125] by alpha-granule protein-
covered “cap” formation mediated by transglutami-
nase activity and fibrin polimerization [126]. The cap
promotes binding to adjacent platelets.

105
6. CONCLUSIONS

Integrins ol IbP; are platelet receptors that mediate
stable aggregation. They can change conformations —
presumably there is a spectrum of states with different
affinity to ligands (fibrinogen, fibrin, von Willebrand
factor). For integrin to switch to high-affinity state
Ca?*- and phosphoinositide-dependent activation of
Rap1b GTPase is required. Some studies [43, 53] con-
sider stress-dependent integrin-associated actin cyto-
skeleton rearrangement as alternative pathway of the
ollIb; activation. Weak platelet activation results in
reversible integrins binding (similarly to Fig. 4a,
TRAP-6), while strong activation leads to irreversible.
The integrins clustering seems necessary and suffi-
cient for the occurrence of outside-in signaling and
platelet activation amplification.

The ability of integrins to exist in different states
(activated and inactive) is of great importance for the for-
mation of thrombus heterogeneous structure. For the
core, thrombin is critical, just as ADP is important for the
shell. It can be assumed that integrins of thrombus shell
platelets weakly interact via fibrinogen because ADP
cannot induce intensive enough olIbf; activation and
clustering. On the other hand, a large fraction of integrins
on the activated platelets of the thrombus core is clustered
and allbB;—fibrinogen/fibrin binding is irreversible.
The complex of integrin—ligand clusters is stable and can
resist high forces probably due to the increase of local
receptor density. Therefore, the stability and high density
of the inner thrombus part is ensured. Inflated packing
density of the core prevents thrombin leakage, on the one
hand, promoting its high local concentration and fibrin
polymerization and on the other hand, confines throm-
bus core growth. Strongly activated platelets release ADP
from dense granules, providing weak activation of plate-
lets of the clot outer layers (the concept is shown in
Fig. 6) [7, 16, 17].

Further studies require the development of new
methods which would allow the measurement of crit-
ical platelet integrin—ligand forces. Nowadays the data
for isolated receptors is available, thus only the order
of magnitude can be estimated. It is impossible to
compare values for integrins of different activation
extent or evaluate clustering contribution.

It was shown that fibrin binds alIbf3; stronger than
fibrinogen [110]; it is necessary to analyze its input into
the stability of the thrombus in vivo. This would allow
making a conclusion on whether fibrin can be used as a
pharmacological target for clot destabilization.
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