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Integrins are heterodimeric transmembrane receptors composed of a and § chains, with an N-terminal extracellular do-
main forming a globular head corresponding to the ligand binding site. Integrins regulate various cellular functions in-
cluding adhesion, migration, proliferation, spreading and apoptosis. On platelets, integrins play a central role in adhesion
and aggregation on subendothelial matrix proteins of the vascular wall, thereby ensuring hemostasis. Platelet integrins
belong either to the p1 family (a2p1, a5p1 and a6p1) or to the B3 family (allbp3 and avp3). On resting platelets, integrins
can engage their ligands when the latter are immobilized but not in their soluble form. The effects of various agonists
promote an inside-out signal in platelets, increasing the affinity of integrins for their ligands and conveying a modest
signal reinforcing platelet activation, called outside-in signaling. This outside-in signal ensures platelet adhesion, shape
change, granule secretion and aggregation. In this review, we examine the role of each platelet integrin in hemostatic plug
formation, hemostasis and arterial thrombosis and also beyond these classical functions, notably in tumor metastasis

and sepsis.

Blood platelets: their role in
hemostasis, arterial thrombosis
and beyond

Blood platelets are small, anucleate, discoid cells that are
derived from cytoplasmic extensions of megakaryocytes
into the bone marrow sinusoids.' Platelets play a major
role in hemostasis by arresting bleeding following vascular
injury. They adhere, become activated and aggregate at
the lesion site to form a hemostatic plug that reduces the
bleeding, a process called primary hemostasis. A similar
process can occur under pathological conditions, follow-
ing rupture or injury of an evolved atherosclerotic plaque
in a diseased artery. Platelets adhere, activate and aggre-
gate on the exposed reactive plaque material. The result-
ing thrombus can cause vessel occlusion at the lesion
site, or form emboli which can occlude a downstream
vessel and lead to severe ischemic pathologies such as
myocardial infarction, ischemic stroke and obstructive pe-
ripheral arterial disease.? Platelets also maintain vascular
integrity as evidenced by endothelial thinning and fenes-
tration in the capillaries and post-capillary venules of
thrombocytopenic rabbits.? This was confirmed by the

leakage of blood fluids from vessels of thrombocytopenic
mice.* Furthermore, platelets prevent inflammatory
bleeding as evidenced by local bleeding under inflamma-
tory conditions in the skin, lungs, and brain of thrombo-
cytopenic mice.®

The molecular mechanisms of platelet interactions with
the vascular wall are well documented. Under high shear
conditions, von Willebrand factor (VWF), present in the
subendothelium and adsorbed from plasma onto adhesive
proteins of the vessel wall, recruits platelets through its
interaction with the glycoprotein (GP) Ib-I1X-V complex.
Stable adhesion of platelets is then ensured by the p1in-
tegrin family, namely a2p1, a5p1 and a6p1, which interact
with collagen, fibronectin and laminins, respectively. In-
tegrin allbp3 is also implicated in stable platelet adhesion,
mostly through its interactions with vVWF and subendothe-
lial fibronectin. The capture of platelets facilitates the in-
teraction of GPVI with collagen, inducing an intracellular
signaling cascade leading to sustained platelet activa-
tion.%’ The latter results in platelet shape change, filopodia
formation and secretion of the contents of intracellular
granules, including adenosine diphosphate (ADP) and ade-
nosine triphosphate. Activated platelets also synthesize
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and liberate thromboxane A2 (TxA2). By interacting with
their respective receptors, P2Y, and P2Y_ for ADP, P2X for
adenosine triphosphate and thromboxane and prostag-
landin receptor for TxA2, these soluble agonists amplify
the platelet activation, upregulating the affinity of allbp3
for its main ligand, soluble fibrinogen. Fibrinogen forms
bridges between adjacent platelets, ensuring platelet ag-
gregation and formation of the hemostatic plug.® Some
activated platelets expose negatively charged phospholi-
pids, phosphatidylserine, allowing the recruitment of co-
agulation factors, thrombin generation and the formation
of an insoluble fibrin network which stabilizes the platelet
plug.

Besides their role in hemostasis and thrombosis, platelets
are also implicated in non-hemostatic functions. On the
one hand, these functions can be physiological such as
embryonic and fetal development with the involvement of
C-type lectin-like receptor 2 (CLEC-2) in blood and lym-
phatic vessel separation,® angiogenesis and tissue repair
through their ability to release proangiogenic factors such
as vascular endothelial growth factor and platelet-derived
growth factor, and innate immunity through the ex-
pression of toll-like receptors 1-9 which recognize pa-
thogens and induce secretion of antimicrobial factors.” On
the other hand, platelets are also involved in pathological
processes. A role in tumor metastasis has been demon-
strated by Gasic and collaborators since thrombocytope-
nia reduces the capacity of tumor cells to colonize the
lungs after their intravenous injection, a process reversed
by platelet transfusion." Conversely, thrombocytopenia in-
creases septic mortality in patients.” Platelets have also
been proposed to contribute to rheumatoid arthritis™ and
autoimmune diseases such as systemic lupus erythema-
tosus.™

The structure and function of integrins

Integrins are a superfamily of heterodimeric transmem-
brane receptors resulting from the association of two gly-
coprotein chains, a and p. In man, various combinations
of 18 a subunits and eight g subunits can form 24 different
integrins.® The N-terminal extracellular domain of the a
subunit consists of the g propeller, thigh, and calf-1 and -
2 domains. A particularity exists for nine of the integrin a
chains which present over the B propeller an al-domain
containing the ligand binding site,”” a metal ion-dependent
adhesion site (MIDAS).” The N-terminal extracellular do-
main of the g subunit is composed of the I, hybrid, ple-
xin-semaphorin-integrin, integrin epidermal growth
factor-1 to 4 and B-tail domains. The I domain contains
three metal ions site: the MIDAS, the synergistic metal
binding site, also known as ligand-associated metal bind-
ing site (LIMBS), and the adjacent to MIDAS (ADMIDAS)."®
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The N-terminal a subunit § propeller domain (for integrins
that do not present al-domains) and the  subunit gl do-
main, assemble to form a globular head corresponding to
the ligand binding site.” The transmembrane domain is
composed of two parallel helices in close proximity, which
need to be separated for the integrin to signal.” Finally,
the short C-terminal intracellular domains of both sub-
units interact non-covalently and are important for inte-
grin signaling.

Agonist binding to platelet receptors promotes an intra-
cellular signal, called inside-out signaling, which leads to
a change in the conformation of the integrin extracellular
domain, increasing the affinity for its ligands. Electron
microscopy has enabled identification of three different
integrin conformations:™ (i) in the resting state the ecto-
domain is closed and folded, forming an inverted V, and
the integrin has a low affinity for extracellular ligands, the
binding site being close to the membrane surface; (ii) in
the intermediate state the ectodomain expands, but the
globular head remains closed and the integrin has an in-
termediate affinity for its ligands; (iii) in the high affinity
state the integrin is expanded and the globular head is
open, exposing the ligand binding site (Figure 1). Besides
their conformational changes following cell stimulation,
integrins also cluster into oligomers to increase the avidity
for their ligands.®

Integrins are receptors for soluble ligands, cell surface li-
gands and matrix proteins which mediate cell-cell and
cell-extracellular matrix interactions. They regulate gen-
eral functions such as cell adhesion, migration, prolifer-
ation, spreading and apoptosis and also participate in
numerous pathophysiological processes such as hemo-
stasis, thrombosis and immune responses.

The repertoire of platelet integrins

Two integrin families are expressed on platelets. Firstly,
the p1 integrins a2p1, a5p1 and a6p1 which mainly ensure
platelet adhesion on extracellular matrix proteins.?°?> Sec-
ondly, the B3 integrins with allbp3 implicated mostly in
platelet aggregation and avp3 for which no major hemo-
static function has been identified. The expression levels,
ligands, expression on other cell types and general roles
of these platelet integrins are summarized in Table 1.

The role of integrins in megakaryo-
cyte biology and platelet generation

The role of integrins in the regulation of megakaryopoiesis
was recently described in detail in a review by Katya Ravid’s
group.? Integrins, being major adhesion receptors, have
been shown to contribute to the anchorage of megakaryo-
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cytes to the extracellular matrix proteins of the bone mar-
row such as fibrinogen and fibronectin, notably through
allbB3 and a5p1, to regulate megakaryopoiesis.?*?* Most of
the integrins expressed by megakaryocytes also regulate
post-adhesion events such as spreading and migration,
which is the case of a2p1 and allbp3.2%2" While platelets are
limited to the expression of six integrins, it has been pro-

A Resting state with B Intermediate state
low affinity for ligands
Folded form

Extended form with
closed head

C High affinity state
Extended form with
open head
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posed that megakaryocytes express two additional ones,
namely a3p1 and a4p1.2%? Integrin a3p1 has been reported
to mediate the interaction of megakaryocytes with a fibro-
blast matrix and reduced fibroblast proliferation, suggesting
a potential contribution to myelofibrosis.?® The expression
of a4p1 appears limited to the early stages of megakaryocyte
maturation and could contribute to this process.?*3°

Figure 1. Integrin conformations. (A)
Integrin in the resting state, with a folded
ectodomain and low affinity for its ligands.
(B) Integrin in the intermediate state with
an extended ectodomain and a closed
globular head. It has an intermediate
affinity for its ligands. (C) Integrin in the
high affinity state for its ligands, with an
extended ectodomain and opened globular
head exposing the ligand binding site.

Table 1. Expression levels, ligands, expression on other cell types and general roles of platelet integrins.

(apart from
on platelets)

migration,
angiogenesis

migration and
differentiation

epithelium
structure

a2p1 a5p41 a6p1 allbf3 avp3
5 if;g'sﬁsraor_ 80,000 on the cell
Copies per | i leads to varia- 2,000-4,000 2,000-4,000 surface and 30,000 ~100
platelet . on OCS and a
ble expression levels
. granule membranes
in humans
Main Zgni%igé%ﬁ?GET Fibronectin (RGD and Laminins Fibrinogen (RGD and Vitronectin
ligand 9 yp PHSRN sequences) KQAGDV sequences)
collagen)
Complement prote!n VWEF, fibronectin, VWEF, fibronectin,
Other complex C1q, lami- : e o
liands nins. netrin-a - TSP-1 vitronectin, fibrin, fibrinogen,
9 ’ ’ TSP-1, CD40L osteopontin
perlecan
. . . Smooth muscle cells,
s Endothelial cells, fi- Endothelial cells, pe- :
Epithelial cells, . ) . endothelial cells,
Other . broblasts, lymphocy- ricytes, eosinophils, None :
. endothelial cells, . r fibroblasts, neutro-
localizations . tes, monocytes, neutrophils, cancer (platelet-specific) .
fibroblasts phils, osteoclasts,
cancer cells cells
cancer cells
General role Cell adhesion and Cell adhesion, Cell differentiation, Cell adhesion and

- migration,
angiogenesis

CDA40L: cluster of differentiation 40 ligand; OCS: open canalicular system; TSP-1: thrombospondin 1; vVWF: von Willebrand factor.
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With regard to platelet generation, it has been reported
that only platelet-expressed integrins on megakaryocytes,
avp3, allbp3, a2p1, a5p1 and a6p1, contribute to a distinct
degree to proplatelet extension or regulation.??%3"-33 |t
should however be noted that a2-, a5- and a6-deficient
mice have a normal platelet count, while a3 knockouts
have only a modest reduction, which does not suggest a
key role of these integrins on their own in platelet pro-
duction.’*3® |In agreement, patients with Glanzmann
thrombasthenia have a platelet count in the normal range,
but patients with a gain-of-function mutation exhibit
macrothrombocytopenia, suggesting a potential role of
allbp3 in the regulation of platelet count.®” In addition, it
is possible that integrins compensate for each other, as
they do for platelet function, and that multiple defi-
ciencies in mice could highlight a more prominent role in
platelet production.

The activation state of integrins and
integrin signaling

Integrins constantly oscillate between a low and a high af-
finity state, and it is well accepted that on resting pla-
telets, integrins are mainly present in a low affinity state.
Activation of platelets through many different receptors
generates inside-out signaling, resulting in upregulation of
the affinity of integrins which change to a high affinity
state and become able to bind adhesive proteins in their
soluble form, which is best illustrated by allbf3 becoming
able to bind fibrinogen in solution. However, when ligands
(VWEF, fibrinogen, laminins, fibronectin, collagen...) are im-
mobilized on a surface, integrins of resting platelets can
engage and support recruitment of resting, unstimulated
platelets.?®*3° This has been demonstrated in numerous
flow-based experiments in which whole blood perfused
over immobilized adhesive proteins showed efficient pla-
telet adhesion through either 1 or p3 integrins. It should
however be underlined that integrins ensure platelet cap-
ture only under low or intermediate flow (<900 s7), as
above such a threshold, GPIb is essential.*® This is most
likely explained by the fact that immobilized adhesive pro-
teins present a different conformation from that in sol-
ution, exposing cryptic sites and increasing the affinity of
integrins. This has been well described for vVWF which is
in a globular form in solution and unfolds even under low
shear when immobilized on a surface.” This observation
also indicates that platelet integrins do not require effi-
cient inside-out signals to engage immobilized ligands,
suggesting that platelets contain a sufficient number of
integrins in a ready-to-go state to ensure rapid adhesion.
Nevertheless, this is not incompatible with the fact that
platelet activation certainly increases the affinity of an
elevated number of integrins for their ligands. In the fol-
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lowing paragraphs, two distinct aspects of integrin signal-
ing will be discussed, one called inside-out signaling
which leads to integrin activation and is mediated by bind-
ing of agonists to platelet receptors, and the other con-
veyed by the integrin, which ensures platelet adhesion and
induces outside-in signaling, reinforcing platelet shape
change, granule secretion and aggregation.

Activation of platelet integrins (inside-out signhaling)

The binding of agonists such as collagen, ADP, TxA2 and
thrombin to their respective platelet receptors, GPVI, P2Y.
and P2Y , thromboxane and prostaglandin receptor and
protease-activated receptor, promotes integrin activation
through inside-out signaling, which involves the activation
of phospholipase C (PLC) p or y pathways. PLC hydrolyzes
phosphatidylinositol (4,5)-bisphosphate into diacylglycerol
and inositol-1,4,5-triphosphate (IP3), thereby activating
protein kinase C (PKC) and mobilizing intracellular cal-
cium*? through IP3 receptor channels. The post-calcium
events of inside-out signaling have been particularly well-
described for allbf3 activation. PKC and intracellular cal-
cium, via calcium and diacylglycerol-regulated guanine
nucleotide exchange factor | binding and activation, in-
duce the conversion of Ras-related protein (Rap) 1b-GDP
into Rap1b-GTP, the activated form.*® Activated Rap1ib is
then translocated to the plasma membrane and binds to
talin, which interacts with the B3 cytoplasmic tail to
change the conformation of the integrin and induce its ac-
tivation.** This was demonstrated using mice with a 3
L746A substitution selectively disrupting the interaction
between B3 and talin and mice with a defect in talin-1;
allbp3 activation was reduced in these animals, resulting
in defective platelet aggregation and an increased bleed-
ing time.***¢ Kindlin-3 was also shown to participate in 3
integrin activation by enhancing the interaction between
talin and the B3 subunit.*” Other proteins are involved in
the last step of 3 integrin activation, such as integrin-
linked kinase, which serves as an adaptor protein forming
an integrin-linked kinase/PINCH/parvin complex linked to
the B3 tail,”® adhesion and degranulation promoting
adapter protein and paxillin, which act as bridging mol-
ecules between talin and kindlin.*®®® Moreover, there are
also negative regulators of the activation of platelet 3 in-
tegrin, such as Ras GTPase-activating protein 3 (Rasa3).
On resting platelets, Rasa3 in close proximity to integrins
in the plasma membrane has a negative regulatory effect.
The mechanism by which activated phosphoinositide 3-
kinase (PI3K) impairs Rasa3 activity, thus inducing integrin
activation, is still unknown®' (Figure 2). Regulators of G-
protein signaling (RGS) also act as negative regulators
since platelets from Rgs10”- and Rgs16™~ mice present in-
creased integrin activation, as measured by flow cyto-
metry.®*%® Other proteins, such as a-actinin®* and calcium
and integrin-binding protein 1,°®> would also be involved in
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Figure 2. Mechanism of allbf3 inside-out signaling. On platelets, the collagen-GPVI interaction induces PLCy2 activation while
ADP-P2Y,, TxA2-TP and thrombin-PAR interactions induce PLCP activation. Activated PLC then generates IP3 and DAG, which
mobilize intracellular calcium and activate PKC, respectively, leading to CalDAG-GEFI activation. The ADP-P2Y_ interaction
activates PI3K which inhibits Rasa3. Activated CalDAG-GEFI and inhibited Rasa3 induce Raplb activation, which binds to talin,
thereby enabling activation of integrin allbf3 and a change in its conformation. Kindlin-3, by enhancing the interaction between
talin and allbp3, also participates in allbf3 activation. ADP: adenosine diphosphate; ATP: adenosine triphosphate; CalDAG-GEFI:
calcium and diacylglycerol-regulated guanine nucleotide exchange factor I; DAG: diacylglycerol; GPVI: glycoprotein VI; GTP:
guanosine triphosphate; IP3: inositol-1,4,5-triphosphate; PAR: protease-activated receptor; PI3K: phosphoinositide 3-kinase;
PKC: protein kinase C; PLC: phospholipase C; RAP1b: Ras-related protein 1b; Rasa3: Ras GTPase-activating protein 3; TP:
thromboxane and prostaglandin receptor; TxA2: thromboxane A2.

this negative regulation through a competitive effect at
the talin binding site.

The molecular mechanisms of 1 integrin activation are
less well known. It has been proposed that the mechan-
ism of activation of a2f1 might resemble that of allbp3,
with a rise in intracytoplasmic calcium levels and the in-
volvement of talin and kindlin-3.4"*° It has been suggested
that PI3K,*" actin polymerization and Rho GTPase®® may
also be implicated. In contrast to allbf3 and a2f1, in a5p1
inside-out signaling, kindlin-1 and -2 would have an in-
hibitory rather than an activating effect.*®

Platelet outside-in signaling

Once ligands have bound to platelet 1 or 33 integrins, they
induce a signaling cascade called outside-in signaling. For
a2p1 and allbp3, this outside-in signaling involves Src kinase

which is constitutively associated to the f subunit and
phosphorylated on tyrosine 529 to maintain its inhibition.®°
The integrin-ligand interaction induces protein-tyrosine
phosphatase-1B recruitment, dephosphorylation of Src and
subsequent Src activation.®’ Activated Src recruits and
phosphorylates spleen tyrosine kinase (Syk), which is then
in an activated state.®® Activated Syk phosphorylates SLP76
and PLCy2 to induce the formation of a signaling complex,’*
® including PI3K in the case of allbp3.%® Activated PLCy2 then
generates IP3 and diacylglycerol, leading to intracellular cal-
cium mobilization and activation of PKC, respectively. To-
gether, these events result in further integrin activation,
platelet shape change and filopodia formation. With regard
to platelet a6p1, only the implication of Syk and PLCy2 has
been described,®® while the outside-in signaling cascades of
a5p1 and avp3 have not yet been studied (Figure 3).
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Apart from the best known actors involved in outside-in
signaling downstream of allbf3, additional players have
been proposed. The auto-phosphorylation of Fyn, another
Src family kinase linked to the 3 cytoplasmic tail, has
been shown to promote the phosphorylation of two tyro-
sines of the B3 tail, Tyr747 and Tyr759,°” inducing: (i) the
phosphorylation and activation of proline-rich tyrosine ki-
nase 2 which stimulates PI3Kp and activates the Akt path-
way to regulate platelet adhesion and spreading;®® (ii)
adaptor protein phosphorylation in the form of Dok2,°®

olIbp3
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Grb2 and Shc associated with B3, leading to activation
of the mitogen-activated protein kinase pathway; and (iii)
recruitment of myosin linked to the B3 cytoplasmic tail
and interaction with the actin cytoskeleton which in turn
regulates platelet morphological changes.” Moreover, c-
Src and Gal13 cluster with the B3 tail, inducing Rho
GTPase-activating protein, which inhibits a small GTPase
from the Rho family called Ras homolog family member
A, thereby causing platelet spreading. Cleavage of the link
between Src and the B3 cytoplasmic tail by calpain then

05p1

\ 021

RhoGAP | Pyk2 | Dok2 l l
' She Mg JoLers PLCY2
| Grb2 / R A
PI3Kp/ 41 /\‘ ‘
RhoA [ ALt IP3 | DAG | IP3 | DAG
- ] L]
l | Ca* | PKC | Ca* | PKC
Integrin activation \ v /
Platelet shape change Platelet shape change

Secretion of the granule contents
TxA2 formation
Clot retraction

Integrin activation
Filopodia formation

Figure 3. Mechanisms of platelet integrin outside-in signaling. Binding of fibrinogen to allbf3 induces c-Src activation followed
by the recruitment of Syk, which phosphorylates SLP76 and PLCy2, leading to the formation of a signaling complex. Activated
PLCy2 then generates IP3 and DAG, which mobilize intracellular calcium and activate PKC, respectively. Additional factors have
been proposed to participate in the outside-in signaling of allbf3 with the auto-phosphorylation of Fyn enabling the
phosphorylation of tyrosines on 3, thereby inducing: (i) activation of Pyk2 and stimulation of PI3Kp and Akt; (ii) Dok2, Grb2 and
Shc phosphorylation leading to MAPK activation; (iii) recruitment of myosin linked to the p3 cytoplasmic tail and interaction with
the actin cytoskeleton. Moreover, the clustering of c-Src and Ga13 induces RhoGAP activation, inhibiting RhoA. Altogether, these
events promote further integrin activation, platelet shape change, granule content release and TxA2 synthesis as well as clot
retraction. The a2p1-collagen interaction induces outside-in signaling through Src activation leading to recruitment of Syk, which
phosphorylates SLP76 and PLCy2. Similarly, the a6p1-laminin interaction induces outside-in signaling through Syk recruitment
followed by PLCy2 phosphorylation. PLCy2 generates IP3 and DAG, which mobilize intracellular calcium and activate PKC,
respectively. These outside-in signaling pathways lead to platelet shape change, integrin activation and filopodia formation. The
outside-in signaling mechanisms of a5p1 and avf3 have not yet been studied. DAG: diacylglycerol; Dok2: docking protein 2; Grb2:
growth factor receptor-bound protein 2; IP3: inositol-1,4,5-triphosphate; MAPK: mitogen-activated protein kinase; PI3K:
phosphoinositide 3-kinase; PKC: protein kinase C; PLC: phospholipase C; Pyk2: proline-rich tyrosine kinase 2; RhoA: Ras homolog
family member A; RhoGAP: Rho GTPase-activating protein; Syk: spleen tyrosine kinase; TxA2: thromboxane A2.

Haematologica | 108 July 2023
1739



REVIEW ARTICLE - Platelet integrins: hemostasis, thrombosis, and more

induces Ras homolog family member A activation and clot
retraction.”? These pathways enhance allbp3 activation
and promote platelet shape change, granule content re-
lease and TxA2 synthesis as well as fibrin clot retraction
(Figure 3). In addition, it has been suggested that allbp3
could use FcyRIIA as a signaling partner. The interaction of
allbp3 with its ligand would induce intracellular phos-
phorylation of FcyRIIA and amplify the platelet activation
signal.”*™ However, this concept was recently challenged
by work from our group which did not identify a major
functional role of FcyRIIA in the outside-in signaling of
allbp3.”™

Role of GPVI in platelet activation on immobilized
fibrinogen: impact on the importance of allbf33
outside-in signaling

We recently identified a major role of GPVI in platelet ac-
tivation on fibrinogen, which is instrumental in platelet
spreading, but not adhesion.”®’” This activation occurs via
a direct interaction between GPVI and fibrinogen, while
allbp3 is required to support platelet adhesion. This find-
ing indicates that GPVI mediates a signal following platelet
adhesion to fibrinogen which is distinct from allbf3 out-
side-in signaling and that the signaling measured upon
platelet adhesion to fibrinogen cannot be exclusively re-
lated to outside-in signaling as reported so far. Impor-
tantly, only human but not murine GPVI is a functional
receptor for fibrinogen,”” which explains a long un-
answered question why resting mouse platelets deposited
on immobilized fibrinogen do not spread. This was notably
demonstrated by the observation that expression of
human GPVI in mouse platelets led to a nice spreading on
fibrinogen as human platelets do.”” We proposed that the
GPVI-fibrinogen interaction is functionally important as it
results in thrombus build-up. As a consequence, these
observations indicate that the outside-in signaling of
allbp3, which has been assessed in a model consisting of
depositing platelets on immobilized fibrinogen, has been
overestimated and that some of the actors identified
might not even be specific as they could belong to the
GPVI signaling pathway. A re-investigation of allbf3 out-
side-in signaling, in the absence of GPVI, appears required
for a more thorough investigation of the signaling actors
really involved downstream of platelet integrins and their
physiological importance.

The role of integrins in the formation
of a hemostatic plug

Integrins play a major role in platelet adhesion at the site
of vascular injury. Under low shear flow (<900 s™), integrins
are sufficient to allow the capture of platelets on their im-
mobilized ligands, while at higher shear (>900 s™), the
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GPIb-1X complex is required to recruit platelets to VWF im-
mobilized on adhesive proteins, with integrins ensuring
stable adhesion.*® In mice, the threshold shear rate
needed for integrins to capture circulating platelets is
much higher than in humans.*®’® Platelet integrins con-
tribute to platelet activation through outside-in signaling,
but the level of activation generated is very modest com-
pared to that induced by soluble agonists.**%8° Concern-
ing aggregation, allbp3 is the major platelet integrin
involved due to its ability to bind plasma fibrinogen,
thereby enabling platelet-platelet interactions. allbp3-
VWF bonds are also implicated in platelet aggregate
formation; this was found to be important in the absence
or presence of low levels of fibrinogen, notably in aggre-
gates formed in blood from afibrinogenemia patients.®
However, VWF also supports platelet aggregation in the
presence of fibrinogen since: (i) flowing platelets attach
to VWF under a very wide range of wall shear rates, in-
cluding low shears of 100 s™;*° and (ii) vVWF on activated
platelets is central to enabling platelet attachment to
thrombi, indicating the key role of GPIb-vWF bonds in pla-
telet aggregation under normal conditions, i.e. in the pres-
ence of fibrinogen.®? Furthermore, under very high shear
conditions, platelet aggregation depends strongly on vVWF
through its ability to unfold, bind platelets and form rolling
aggregates.® In addition to B3, platelet a5p1 could be im-
plicated in thrombus formation in vitro on collagen. In-
deed, perfusion of whole blood from mice genetically
deficient in a5 in the platelet linage (PF4Cre-a57") over
collagen, a surface that does not activate a5p1, resulted
in a reduced thrombus volume as compared to that fol-
lowing perfusion of whole blood from control mice.* This
suggests that a5p1 contributes to thrombus formation
through an interaction with plasma fibronectin. However,
the same effect was not observed using human blood per-
fused over collagen in the presence of an anti-a5 blocking
antibody.

The importance of platelet integrins
in hemostasis

Despite their involvement in platelet adhesion and aggre-
gation, platelet p1 integrins do not seem to play a crucial
role in hemostasis since the only patient described to
have an a2p1 defect was a female who displayed moderate
hemorrhages limited to childhood, which disappeared
after puberty.®* Furthermore, a6p1-deficient patients do
not have a bleeding diathesis and no patients with a5p1
deficiency have been reported. These observations were
confirmed in mice in which inactivation of 02,**% a5% or
06 genes® did not modify the tail bleeding time. Moreover,
mice deficient in all three 1 integrins in the platelet linage
(PF4Cre-p17") had a normal bleeding time,®® in agreement
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with results obtained in our laboratory (Online Supple-
mentary Figure S1A, B). Nevertheless, another mouse strain
deficient in all three p1 integrins on hematopoietic cells
did have an increased tail bleeding time,®” suggesting com-
pensatory mechanisms between the different 1 integrins.
The variation in bleeding time between these mouse
strains is difficult to explain, but could arise from the dif-
ferent targeting approaches, i.e., a deficiency in the pla-
telet linage versus all hematopoietic cells.

Integrin allbp3 is well known to play a critical role in
hemostasis, as illustrated by a rare and severe hemor-
rhagic disease called Glanzmann thrombasthenia, which
occurs when one subunit of the integrin is absent or non-
functional. This disease is characterized by a reduction in
the ability of platelets to adhere and spread on fibrinogen
and to aggregate. Patients with Glanzmann thrombasthe-
nia exhibit a marked hemorrhagic phenotype.®® Fur-
thermore, mice with allb or 3 gene inactivation have a
Glanzmann thrombasthenia phenotype with bleeding
linked to surgery, an increased bleeding time and an ab-
sence of platelet aggregation and thrombus formation
under flow conditions.®?®°° |In addition, an immunodefi-
ciency syndrome called leukocyte adhesion deficiency
(LAD)-Ill induces a Glanzmann thrombasthenia-like bleed-
ing disorder due to a mutation of the kindlin-3 gene in
hematopoietic cells: platelet surface expression of allbp3
integrin is normal but the mutation causes a defect in 33
integrin activation, inducing a decrease in fibrinogen bind-
ing and platelet aggregation.® Contrary to Glanzmann pa-
tients, platelets from LAD-IIl patients have an adhesion
defect on immobilized collagen in perfusion assays since
a2p1 integrin is unable to bind collagen due to the kind-
lin-3 mutation.®? In sharp contrast, integrin avp3 does not
seem to play a major part in hemostasis. This is supported
by the modest role of this integrin in platelet functions,
but also because no mutation of avp3 has been reported
to be responsible for a hemorrhagic condition in man.

The importance of platelet integrins
in arterial thrombosis

In humans, the presence of an allele inducing enhanced
expression of a2f1 has been described to be associated
with an increased risk of myocardial infarction, diabetic
retinopathy and stroke,?*** potentially linked to increased
platelet adhesion. Consistent with these clinical results,
platelet 1 integrins were reported to play a role in experi-
mental thrombosis, as PF4Cre-B1”/- mice showed reduced
thrombosis in in vivo models based on a mechanical- or
laser-induced lesion;®*® however, such protection was not
observed in an independent study relying on mechanical
injury of the carotid artery, challenging the view of a key
role of platelet B1 integrins in arterial thrombosis.®® To
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date, no study has compared the relative importance of
individual integrins in experimental thrombosis. There is
some controversy over the importance of a2p1 in experi-
mental thrombosis because while some groups identified
a role for this integrin in models relying on injuries induced
by rose Bengal and ferric chloride,’®®" others did not ob-
serve any protection after a mechanical injury.®® In agree-
ment with the study by Griner and colleagues, our group
also did not identify any obvious role after either injury of
the carotid artery induced by ferric chloride (Online Sup-
plementary Figure S2A, B) or deep laser injury of mes-
enteric  arteries in a2-deficient mice (Online
Supplementary Figure S2C, D). We recently reported that
a5p1 does not seem to play a major role in arterial throm-
bosis as PF4Cre-05”" mice did not display reduced throm-
bosis in three different in vivo models (ferric chloride injury
of the carotid artery, mechanical lesion of the abdominal
aorta and laser lesion of mesenteric arterioles).** Concern-
ing a6p1, our group observed that PF4Cre-a6~/" mice are
protected against thrombosis in in vivo models using a
mechanical or laser lesion.*® This protection reached the
same level as in the PF4Cre-B17/- mice mentioned above,®*
suggesting that the platelet 1 integrin with greatest im-
portance in arterial thrombosis is a6f1.

With regard to 3 integrins, the role of avp3 in thrombosis
is poorly defined but would seem to be minor, since
PF4Cre-ov”’~ mice display a normal response in experimen-
tal models of thrombosis (Online Supplementary Figure S2E,
F). In contrast, the other platelet 3 integrin, allbf3, is un-
doubtedly the most crucial platelet integrin in arterial
thrombosis, because of its ability to ensure platelet aggre-
gation and thrombus growth and stability.8®° Its impor-
tance in thrombosis is attested by the existence of a class
of clinical antiplatelet agents targeting this integrin.

Integrins as antithrombotic targets

Integrin allbp3 is a well-established antithrombotic target
and three antiplatelet agents currently used in clinical
practice target this receptor. Abciximab is a Fab fragment
from a chimeric monoclonal antibody that interacts with
the ligand-binding site of the $3 chain, but also with the
KQAGDV sequence of the allb chain, which impairs ligand
interaction with allbf3 through a conformational effect.®®
Eptifibatide is a cyclic heptapeptide containing the KGD
sequence® and tirofiban is a synthetic non-peptidic mol-
ecule derived from tyrosine, both obtained from snake
venom disintegrins. They both interact with the binding
pocket between the allb and B3 chains, blocking fibri-
nogen and VWF binding.®® All three antiplatelet agents are
administered intravenously in emergency situations such
as myocardial infarction and percutaneous coronary inter-
ventions because they are highly antithrombotic. To ex-
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pand the use of anti-allbp3 molecules towards the pre-
vention of cardiovascular disease, oral anti-allbp3 prep-
arations have been developed. However, unacceptable
side effects were observed, notably increased hemorrhage
and mortality, ending the clinical trials.®® This increased
mortality was described to be linked to a paradoxical pla-
telet activation by oral allbpf3 antagonists which bind to
the receptor and promotes its activation.”" Current anti-
allbp3 agents target this integrin in its resting and acti-
vated states, resulting in an enhanced risk of bleeding. To
reduce this risk, it has been proposed that drugs targeting
only activated allbp3 could be used. Such agents would
have the advantage of not targeting resting allbp3, thereby
avoiding their pre-activation, and would only block the ac-
tivated pro-thrombotic form of integrins. The potential of
such agents has been nicely described by the group of
Karlheinz Peter, who showed that a single-chain anti-ac-
tivated allbp3 antibody, SCE5, impaired experimental
thrombosis with a minimal effect on hemostasis.'” This
type of agents currently includes variable fragments of
blocking anti-activated allbf3 antibodies,®® small mol-
ecules interfering with the metal ion-dependent adhesion
site of p3'°* and agents targeting the outside-in signaling
of the integrin rather than the integrin itself°®

There are currently no antithrombotic agents targeting
any of the other four platelet integrins. Since avf3 and
a5p1 do not play major roles in experimental arterial
thrombosis®® (Online Supplementary Figure S2E, F), they
are unlikely to be suitable targets for antithrombotic
therapy. With regard to integrin a2p1, a reduction in
thrombus formation was reported,®®®’ indicating that this
receptor could represent a potential antithrombotic tar-
get. However, a2p1 is not platelet-specific and blocking
this receptor might have side effects. In addition, the ob-
servation of embolization in mice deficient in a2p1 sug-
gests that targeting this integrin could be harmful.?’
Finally, platelet a6p1 plays an important part in experi-
mental thrombosis but not in hemostasis as PF4Cre-a6-
/- 'mice have a normal bleeding time.*® Hence a6f1 might
represent a new and safer antithrombotic target as com-
pared to allbp3. Nevertheless, since a6f1 is not only ex-
pressed on platelets but also on endothelial cells® and
is implicated in epithelial anchoring,'®’ targeting this re-
ceptor could have side effects.

The importance of platelet integrins
beyond hemostasis

Tumor metastasis

A role of platelets in tumor metastasis has been suggested
since thrombocytosis is often observed in cancer patients.”®
Some cancer cells, such as ovarian cancer cells, can express
interleukin-6, thereby inducing the synthesis of a regulator
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of platelet production, thrombopoietin, directly by the tumor
cells or in the liver. Moreover, in rodent models of experi-
mental metastasis, thrombocytopenia reduced the ability of
tumor cells to colonize the lungs, which was restored by
platelet transfusion." The involvement of platelet p1integrins
has been proposed since mice deficient in all platelet 1 in-
tegrins (PF4Cre-p17-) developed less lung metastasis than
control animals in models of orthotopic metastasis or in-
travenous tumor cell injection.® This effect seemed to be
mostly due to platelet a6p1 as PF4Cre-a6~- and PF4Cre-
B17- mice presented very similar results in both experimen-
tal models. A possible mechanism could depend on an
interaction between platelet a6p1 and ADAM-9 on tumor
cells,*® which would form a platelet shield around the cells,
preventing the deleterious effects of high shear stress and
helping the cells to escape immune surveillance.™ Platelet
a2p1 integrin has been described to play a role in epithelial-
mesenchymal transition, a process stimulating the invasive
properties of tumor cells! Interaction of a2p1 with MCF-7
breast cancer cells caused the cells to secrete transforming
growth factor-p1,"* a cytokine known to promote epithelial-
mesenchymal transition. As far as concerns platelet p3 in-
tegrins, the use of allbp3 inhibitors and transplantation of
bone marrow from p3-deficient mice into irradiated wild-
type mice have been reported to decrease experimental
metastasis.™*™ allbp3 could be implicated in the formation
of a shield around tumor cells through platelet allbp3-tumor
cell avp3 interaction via a ligand (fibrinogen, vVWF or throm-
bospondin) acting as a bridge between the two integrins,™
as in the a6p1-ADAM-9 interaction. However, the involve-
ment of allbp3 is controversial since in a mouse model of
lung colonization, 10 days after inoculation, allb-deficient
mice developed more metastasis than control animals.™

Sepsis

Platelets have also been described to play a role in sep-
sis, a life-threatening organ dysfunction caused by infec-
tion-induced dysregulation of the inflammatory response
leading to a pro-inflammatory state. Thrombocytopenia
is present in 20 to 60% of septic patients'” and negatively
influences the prognosis.”? In line with the observation of
a potential benefit of platelets in sepsis, it has been
demonstrated that thrombocytopenia promotes the
growth and dissemination of bacteria and increases sys-
temic inflammation, tissue damage and mortality during
experimental sepsis in mice.” However, platelet allbf3
would appear to have a deleterious effect under septic
conditions, since anti-allbp3 agents decrease the activa-
tion of coagulation, endothelial dysfunction and tissue
injury characteristic of sepsis. Thus, eptifibatide has been
shown to reduce mortality and improve clinical indicators
in experimental mouse models of sepsis.™ Another anti-
allbp3 molecule, AZ-1, decreased endothelial cell injury
and mortality in a model of endotoxin shock in rabbits.?°
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Table 2. Platelet integrins in platelet function, hemostasis, arterial thrombosis and beyond.

a2p1

a5p1

Platelet adhesion to

a6p1

allbB3

avf3

Platelet adhesion to fibronectin Platelet adhesion to Platelet ac!he3|on t_o .
. VWF and fibronectin = Platelet adhesion to
Role collagen laminins . .
. Low platelet vitronectin,
in platelet S . . e
. activation Platelet aggregation fibronectin, fibrinogen
function Low platelet Low platelet e .
activation activation through fibrinogen or and fibrin
In vitro thrombus VWEF binding
formation
No crucial role No crucial role No crucial role Major role No crucial role
1 patient with o231
deficiency described: Patients with 641 allbp3 deficiency or
moderate No patient described deficiency: no bleed- dysfunction: hemor- No patient described
_ hemorrhages only ing diathesis rhagic disease (GT)
Role in during childhood
hemostasis
Platelet a2p1 Platelet o531 Platelet a6p1 Platelet allbp3
: - . - . - genetically deficient
genetically deficient  genetically deficient = genetically deficient N
. . N . mice: GT phenotype s
mice: normal mice: normal mice: normal bleeding o
L L . with increased
bleeding time bleeding time time o
bleeding time
. . No major role in . . Most important No major role in
Role in experimental . Role in experimental . . .
. experimental : platelet integrin in experimental
thrombosis . thrombosis : . :
Role i thrombosis arterial thrombosis thrombosis
ein
arterial allbp3 as an
thrombosis antithrombotic target:
- - - abciximab -
eptifibatide
tirofiban
Potential role in : Potential role in
Role Proposed role in .
cancer cell . experimental
beyond o - experimental model . -
. epithelial-mesenchy- : metastasis and
hemostasis of lung metastasis

mal transition

GT: Glanzmann thrombasthenia; vWF: von Willebrand factor.

Finally, abciximab reduced sepsis-induced organ damage
in a baboon model.” No role in sepsis has been identified
to date for platelet p1 integrins. In brief, as yet there are
not enough data to draw conclusions on a deleterious ef-
fect of platelet integrins in sepsis and further studies
need to be carried out, including in genetically deficient
mice.

Alongside their involvement in tumor metastasis and sep-
sis, platelets have been suggested to be implicated in
rheumatoid arthritis and systemic lupus erythemato-
sus,®™? but no role of platelet integrins has yet been de-
scribed in these diseases.

Conclusions

The main role of platelet integrins is to form a hemo-
static plug by participating in: (i) platelet adhesion at the

sepsis

vascular wall; (ii) platelet activation, even though the ac-
tivation level stays low as compared to that induced in
response to soluble agonists; and (iii) platelet aggre-
gation, ensured by allbf3, with a secondary role for a5p31.
Platelet allbp3 plays a major role in hemostasis as evi-
denced by Glanzmann thrombasthenia, with platelet p1
integrins also being implicated in this process. Concern-
ing arterial thrombosis, as for hemostasis, the main pla-
telet integrin implicated is allbf3, with platelet p1
integrins also playing a role, probably mostly through
a6p1. Besides these classical roles, platelet integrins
have also been described to be implicated in non-hemo-
static processes such as tumor metastasis and sepsis.
The role of platelet integrins in hemostasis, arterial
thrombosis and beyond are summarized in Table 2.
Further studies are required to better comprehend the
implication of platelet integrins and potentially improve
the treatment of these diseases.
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