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Developments in the field of platelet biology have led to 
new insights into platelet formation, function, hetero-
geneity, genetics, signalling (Fig. 1), and communication. 
Together, these advances open new horizons not only 
for better understanding of the multiple roles of these 
anucleated cells in healthy conditions, but also for new 
ways to target platelets in disease states. In this Review, 
we provide an overview of the latest developments in 
our understanding of platelet functions and populations 
in normal physiology and in haemorrhagic, thrombotic, 
and inflammatory disease processes.

Platelet formation, fate, and ageing
Platelets are anucleate blood cells (2–4 μm in diameter) 
with multiple functions and a short lifespan, circulat-
ing in blood for 7–10 days in humans and for a shorter 
time in mice, after which platelets are eliminated in the 
spleen and liver1. Thrombopoiesis (the production of 
platelets) occurs primarily in the bone marrow, and is 
preceded by the differentiation of haematopoietic stem 
cells into polyploid megakaryocytes (50–100 μm in 
diameter), which shed numerous long-branching cyto-
plasmic protrusions called proplatelets. Megakaryocyte 
homing has also been reported in the mouse lungs2, 
but at a much lower density than in the bone marrow3. 

Thrombopoiesis is driven by the interplay of several 
transcription factors (see section on Platelet genetics, 
mass, and activation), with a negative feedback role of 
thrombopoietin in the final stage of platelet production. 
Thrombopoietin, which is produced in the liver, stimu-
lates the thrombopoietin receptor in megakaryocytes to 
induce the formation of proplatelets via a mechanism 
that is activated at low platelet counts in blood4. In reac-
tive thrombopoiesis, such as that occurring in inflam-
matory states, IL-6 enhances the process of proplatelet 
formation by increasing thrombopoietin levels5.

Human megakaryocytes cultured from haematopoi-
etic precursor cells or obtained from pluripotent stem 
cells are not all the same, and have major heterogenei-
ties in their differentiation programme and glycoprotein 
expression profiles6,7. Common to designated mega-
karyocytes is the maturation process, during which these  
cells become polyploid through endomitotic cell cycles 
and their overall size increases8. In vivo observations 
show that the mature megakaryocytes shed proplatelets, 
where proplatelet elongation seems to rely on rearrange-
ments of the microtubule cytoskeleton, involving the 
motor protein dynein9. This process ensures redistrib-
ution of organelles, vesicular structures, and granules 
from the megakaryocyte cell body to the proplatelets. 
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Ex vivo studies have established that proplatelets further 
develop and divide into platelets.

In the traditional model of proplatelet forma-
tion, migration of megakaryocytes from osteoblastic 
to vascular niches in the bone marrow is needed to 
establish contact with the circulation8. However, stud-
ies using advanced microscopy approaches show that 
the bone marrow is highly vascularized and densely 
packed with low-motility megakaryocytes, the major-
ity already residing at capillary sinusoidal vessels3. 
In addition, the early idea that platelet formation is a 
consequence of megakaryocytic apoptosis needs to be 
revised. In mouse, the combined loss of two apoptotic 
pathways (BAK–BAX-mediated intrinsic apoptosis and 
Fas ligand-inducible extrinsic apoptosis) did not affect 
thrombopoiesis, indicating that the apoptotic routes are 
dispensable for platelet production10.

Several studies indicate that the megakaryocyte 
environment is a controlling factor in thrombopoie-
sis, a concept that supports the observed hetero-
geneity between these cells. A report established that  
type I collagen suppresses proplatelet formation (via 
glycoprotein VI (GPVI) and integrin α2β1), whereas 
type IV collagen, fibrinogen, and fibronectin stimulate 
this process11. Integrin-linked, mechanosensitive ion 
channels12 and local shear stresses8 might mediate the 
environmental effects on thrombopoiesis. In addition, 
proplatelet formation is controlled by proteasomal regu-
lation of cytoskeletal elements, involving small GTPase 
proteins13. Taken together, these regulation pathways 
point to adaptations of certain megakaryocytes to the 
environment, thereby affecting the way and extent of 
proplatelet formation.

Platelets are eliminated from the circulation in differ-
ent ways, such as seclusion in spleen and other organs, 
‘consumption’ to maintain vascular integrity, deposition 
at the activated vessel wall, activation per se, micro-
vesiculation, or ageing. However, which platelet fractions 
are cleared by each of these routes is unknown. Several 
mechanisms have been proposed for the clearance of 
activated or ageing platelets from the circulation. An 
early model is that activated or apoptotic platelets expose 
phosphatidylserine on their outer membrane surface 
and are cleared via scavenging receptors on phago-
cytic cells in the liver and other organs. Support for this 
model comes from the finding that platelet lifespan is 

determined by a balance in the cytoplasm between the 
pro-apoptotic BAX–BAK pathway and anti-apoptotic 
proteins such as BCL-2, with a change towards the 
pro-apoptotic pathway with ageing14 (Fig. 2). Thus, 
administration of the BCL-2 inhibitor ABT-737 to mice 
resulted in shorter circulation times of platelets15. In this  
setting, apoptosis-induced exposure of phosphatidyl-
serine serves as a recognition signal for phagocytic cells 
to mediate platelet clearance.

A second mechanism of platelet removal is loss of 
the negatively charged sugar moiety sialic acid (usually 
detected in the GPIb–V–IX complex, which is highly 
expressed in platelets) from the surface of senescent 
platelets by the action of sialidases, which can also be 
derived from platelets. Desialylated platelets are rec-
ognized by the hepatic asialoglycoprotein receptor 1.  
Of note, this receptor signals to increase thrombopoie-
tin production by liver cells, thereby promoting platelet 
formation1,4. How the loss of sialic acid is linked to apop-
tosis is unclear. Another determinant of platelet lifespan 
might be — directly or indirectly — the gradual loss of 
RNA content in ageing platelets16. In addition to the liver, 
the spleen and lungs also act as platelet reservoirs and as 
potential sites for surface modification and platelet clear-
ance17. However, the sorting pathways to these organs 
and subsequent platelet fates remain to be determined.

Heterogeneity in structure and function
Heterogeneity between human platelets was described 
in 1969 while platelet isolation procedures were being 
developed with the use of density gradients, showing 
that the larger, denser platelets had a greater metabolic 
potential than the smaller platelets18. Subsequently, 
a study using platelets from patients with platelet stor-
age pool deficiency showed that the denser and more 
reactive platelets were enriched in α-granules19. Another 
study in baboons indicated that the heterogeneity in 
platelet density was not a consequence of age-related 
changes20. In patients with hereditary macrothrombo-
cytopenia, this heterogeneity in platelet size can increase 
substantially, suggesting regulatory mechanisms at  
the level of transcription factors21. In the past decade, the  
concept of platelet structural heterogeneity in terms of 
size (small or large), content (light or dense), protein 
expression profile (low or high signalling or glycopro-
tein content), and age (young or old) has gained renewed 
interest, as reviewed elsewhere22.

Cultured megakaryocytes, even when derived from 
a single clone of pluripotent stem cells, have major dif-
ferences in glycoprotein expression profiles7. Similarly, 
different platelet populations can be distinguished based 
on the levels of glycoprotein or signalling receptors, as 
observed by multicolour flow cytometry22. Whether plate-
let size (mean platelet volume) is the main determinant of 
glycoprotein expression levels is still unclear. Individual 
platelets can be enriched in certain receptors (for exam-
ple, GPVI), but not in other receptors (for example, the 
GPIb–V–IX complex). Larger platelets are likely to be 
enriched in internal membranes (endoplasmic reticu-
lum, mitochondria, lysosomes, and secretory granules) 
compared with smaller platelets. One can also speculate 
that, apart from being a result of the variability between 

Key points

•	Multiomic approaches combined with functional testing of platelets have greatly 
advanced the understanding of genetic factors of platelet-related haemorrhagic 
disorders, but to a lesser extent the understanding of the causes of platelet 
hyper-reactivity.

•	Negative and positive platelet priming alter the threshold for platelet activation in the 
circulation, with consequences for diagnostic assays.

•	The diverse pathways of information transfer by platelets through release of bioactive 
molecules and extracellular vesicles are still incompletely understood.

•	Platelets contribute to thromboinflammatory processes by their capacity to interact 
functionally with the activated endothelium, leukocytes, and coagulation proteins; 
the mechanisms are multivariate.

•	Platelet populations and specific platelet responses are promising targets for new 
antithrombotic treatment of patients with cardiovascular disease.
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megakaryocytes, the heterogeneity in platelet density and  
size results from the stochastic process of membrane  
and organelle separation during proplatelet formation.

The distinction between heterogeneity in plate-
let structure and heterogeneity in platelet responses is 
important. However, how structural heterogeneity relates 
to variation in platelet responses is largely unknown. 
What is clear is that platelets from a given individual can 
greatly differ in their responses, such as agonist-induced 
spiking patterns of intracellular Ca2+ levels, the extent 

of cell spreading via small GTPase-regulated proteins, 
or the tendency to phosphatidylserine exposure23. 
Accordingly, individual platelets can differ from each 
other in the extent of signalling or in the formation of 
signalosomes that are responsible for classic platelet 
functions, such as adhesion, integrin αIIbβ3 activation, 
secretion, and procoagulant activity (Fig. 1).

Agonist-induced activation of platelets increases their 
heterogeneity in responsiveness, with evidence showing 
that distinct platelet populations with respect to almost 
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Fig. 1 | Major signalling events and responses during platelet activation. Platelet receptors are ordered clockwise 
according to stages of increasing platelet activation38,154. a | Platelet inhibition occurs via nitric oxide (NO) and 
prostaglandin I2 (PGI2; also known as prostacyclin) IP receptor, acting via guanylate cyclase (GC) and adenylyl cyclase (AC), 
with ensuing activation of protein kinase G (PKG) and protein kinase A (PKA), respectively. b |Platelet activation is initiated 
by interaction of adhesion receptors (integrins α6β1, α2β1, αIIbβ3, and glycoprotein (GP) Ib–V–IX complex) with their 
ligands, such as collagen and von Willebrand factor (vWF). Signalling through these receptors is limited at this stage  
and involves multiple small G-protein regulators (SGRs), SRC-family kinases (SFKs), and serine/threonine-protein  
kinases (STKs). c | Release of the soluble agonists ADP and thromboxane A2 (TXA2) leads to activation of the purinoceptors 
P2Y12 and P2Y1 and the TXA2 receptor (TP). P2Y12, acting through the G protein Gαi, inhibits AC but stimulates 
phosphoinositide 3-kinases (PI3Ks). P2Y1 and TP signal via Gαq proteins followed by phospholipase Cβ (PLCβ) stimulation, 
inducing Ca2+ release into the cytoplasm, protein kinase C (PKC) activation, and further downstream events. TP receptors 
also stimulate Gα12/13 proteins, triggering Rho-associated protein kinase (ROCK) activation, implicated in platelet shape 
change and spreading. d | Amplification of platelet activation. GPVI and C-type lectin-like receptor 2 (CLEC2) induce 
strong signalling via protein tyrosine kinase pathways involving SFK and SYK proteins that results in the activation of  
PI3K and PLCγ and Ca2+ release into the cytoplasm. e | Thrombin is a strong platelet agonist and triggers the Gαq-coupled 
receptors PAR1 and PAR4 (PAR3 and PAR4 in mouse). f | Conformational changes of integrins, including αIIbβ3, from a 
low-affinity to a high-affinity state for their ligands, in part downstream of PLC, PKC, and PI3K , and involving CalDAG–GEFI  
(Ca2+- and diacylglycerol-regulated guanine nucleotide-exchange factor I). This pathway includes other SGRs (RAS3A  
and RAP1B), and cytoskeleton-linked signalling molecules (kindlin and talin isoforms). g | TXA2 release is mediated by 
Ca2+-dependent and protein kinase-dependent activation of cytosolic phospholipase A2 (cPL A2) and activation of 
cyclooxygenase 1 (COX1). h | Induction of α-granule and δ-granule secretion by strong agonists depends on Ca2+ and PKC 
and involves SGR and SNAP receptor (SNARE) complexes. i | Platelet membrane ballooning and phosphatidylserine (PtdSer) 
exposure occurs in response to combinations of high Ca2+-mobilizing agonists, mediated by the ion channel anoctamin 6 
(ANO6). Intracellular protein degradation is mediated by calpain 2. PIP3, phosphatidylinositol 3,4,5-triphosphate.
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every platelet response can emerge. These different popu-
lations include platelets with or without secretion, plate-
lets with or without activated integrins, platelets carry ing 
a fibrin coat, and platelets with membrane ballooning and 
exposed phosphatidylserine24–26. In addition, plate-
let populations can be distinguished on the basis of  
major functional impairments related to ageing, storage,  
or apoptosis27.

 Limited progress has been made to understand the 
causes and consequences of platelet functional hetero-
geneity. Examples of age-related platelet heterogeneity 
are shown in Fig. 2. Newly formed platelets (reticulated 
platelets containing rough endoplasmic reticulum with 
ribosomes) are enriched in multiple footprint RNA spe-
cies, which in part degrade with platelet ageing16,28. As 
a consequence, old platelets have a relative increase in 
the more-stable circular RNA species compared with 
younger platelets. In mice, extended platelet age results 
in platelet exhaustion, a state characterized by a dimin-
ished capacity for secretion and thrombus formation29,30. 
In addition, during their time in circulation, platelets 
can process their microRNA cargo31,32 and acquire new 
RNAs33, which can alter protein expression levels to 
some extent. These processes can provide platelets with 
a high potential for versatility and adaptivity in structure 
and function.

In the whole platelet fraction in blood, sensi-
tive proteomic analyses have revealed the presence 
(and for most proteins also the estimated copy num-
bers) of >5,000 platelet proteins, and have provided 
insight into post-translational modification patterns 
(phosphorylation, acetylation, and cleavage) that can 
regulate the functions of these proteins34,35. Just one 
example is the complete proteomic analysis of platelets 
from a patient with the rare Scott syndrome, which is 
characterized by the lack of the procoagulant platelet 
population; this study revealed new insights into the 
Ca2+-dependent mechanisms of phosphatidylserine 
exposure and intracellular protein phosphorylation 
and cleavage36. In the near future, quantitative multi-
omic analyses of isolated platelet populations will 
provide more detailed information on structure– 
function relationships. Furthermore, genetically mod-
ified mice can also provide new insights. For instance, 
the 14-3-3ζ protein, previously considered to mediate 

GPIb–V–IX signalling events, has recently been iden-
tified as a regulatory component linking mitochon-
drial respiration to the formation of the procoagulant, 
phosphatidylserine-exposing platelet population37.

Platelets in haemostasis and thrombosis
The vascular endothelium continuously prevents platelet 
activation processes via multiple mechanisms, of which 
the best-studied are: ectonucleotidases (which degrade 
ATP and ADP), thrombomodulin (which inactivates 
thrombin), and the release of prostaglandin I2 (PGI2; also 
known as prostacyclin) and nitric oxide38 (Fig. 1). PGI2 and 
nitric oxide suppress most platelet activation processes, 
including adhesion, pseudopod formation, secretion, 
aggregation, and procoagulant activity. The prevailing 
concept is that this suppression is impaired at sites of 
vascular injury, by erosion or rupture of an atheroscle-
rotic plaque, or by vascular inflammation (cytokine and  
von Willebrand factor (vWF) release)39,40.

Ex vivo, whole-blood, flow studies have indicated 
that fibrillar collagens (type I and type III), which are 
present in the vascular intima and media as well as in 
atherosclerotic plaques41, are among the most potent 
platelet-activating substances42, thus explaining why 
deeper vascular injury or disintegration of an athero-
sclerotic plaque causes full, occlusive thrombus forma-
tion. Animal thrombosis models further indicate that 
collagen-induced platelet activation and thrombus for-
mation are greatly increased by thrombin generated via 
tissue factor43. Tissue factor is highly expressed on sub-
endothelial smooth muscle cells and macrophages, and 
to a limited extent also on the inflamed endothelium43.

The cascade of reactions induced by collagen and 
tissue factor–thrombin is considered to be, at least in 
part, common in haemostasis and arterial thrombosis. 
In mice, both collagen and tissue factor have a role in 
tail bleeding and experimental thrombosis induced by 
arterial ligation or FeCl3 application44; a process that 
in vitro can be mimicked in microfluidics chambers 
coated with collagen and tissue factor45,46. Mouse mod-
els further indicate that a reduction of the platelet count 
to <30% is needed to affect tail bleeding or large-vessel 
thrombosis, suggesting that platelet count alone is not 
a major determinant for thrombosis47. With regard to 
haemostasis, this study supports a multi-hit model in 
which, in addition to thrombocytopenia, another trig-
ger (such as inflammation) is needed for bleeding to 
occur48. Of note, in models of deep venous thrombo-
sis, triggering can be independent of collagen. Venous 
thrombosis is promoted by low shear rates in the venous 
part of the circulation, resulting in different types of red 
thrombus formed, thereby pointing to a more impor-
tant triggering role of the coagulation process than in 
arterial thrombosis38.

During the development of a thrombus, incorpor-
ated platelets are differently exposed to collagen and 
thrombin, which contributes to the heterogeneity in 
platelet responses (Fig. 3). This heterogeneity is observed 
in distinct aspects. In rabbit or mouse arteries, thrombi 
formed in vivo show an inner core of densely packed, 
contracted platelets that is surrounded by an outer shell 
of loosely adhered platelets with limited activation49,50. 
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Fig. 2 | Platelet alterations during ageing. During their time in the circulation, platelets 
have a reduction in their RNA content and lose sialic acid residues of glycoproteins in the 
cell membrane, with the latter change promoting hepatic clearance of the platelets. 
Activation of the pro-apoptotic BAX–BAK pathway in aged platelets results in 
caspase-dependent surface exposure of phosphatidylserine, which serves as a 
recognition signal for phagocytic cells to uptake platelets. In terms of functionality , 
senescent platelets have impaired adhesion and aggregation responses.
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Therefore, platelets in the outer shell are less influenced 
by collagen and/or thrombin activation, whereas the 
densely packed platelets in the inner layer might be 
more activated, and adjacent platelets can interact via 
contact-dependent signalling and gap junctions51,52.

Both in vivo and ex vivo studies of collagen-dependent 
thrombus formation also revealed another form of 
platelet response heterogeneity. The aggregated plate-
lets in the thrombus, presenting integrin αIIbβ3 (also  
known as GPIIb/IIIa) activation and a secretory 
pheno type (P-selectin expression), are surrounded by  
distinct patches of platelets with phosphatidylserine 
exposure and coagulation factor-binding properties53 
(Fig. 3). Procoagulant platelets are characterized by high 
Ca2+-dependent signals and this platelet population 
in part overlaps with the so-called coated (or COAT) 
platelets, which serve as anchoring points for the for-
mation of a fibrin coating25. Considering GPVI and the 
protease-activated receptors PAR1 and PAR4 as the main 
platelet receptors for collagen and thrombin, respec-
tively, in humans, this setting implies potent positive 
interactions between platelet and coagulation activa-
tion pathways (Fig. 4). However, these interactions might 
differ between conditions of haemostasis (fast process  
and low shear stress), arterial thrombosis (fast process and  
high shear stress), and venous thrombosis (slow process 

and near stasis). The platelet population with phospha-
tidylserine exposure dramatically increases the generation  
of both factor Xa (tenase complex) and thrombin (pro-
thrombinase complex)43, and the generated thrombin 
can further increase this platelet population. GPVI can 
also serve as a signalling receptor for fibrin, thereby prov-
iding another link between coagulation and platelet  
activation54. Apart from the extrinsic coagulation path-
way triggered by tissue factor, the intrinsic coagulation 
pathway (via factor XII and factor XI) can also contribute 
to the thrombus activity, for example, through factor XII 
activation at collagen fibres55 or via platelet-produced 
polyphosphate clusters56.

A comparison of platelet-adhesion ligands has shown 
that combined GPVI and GPIb–V–IX interacting sur-
faces (for instance, containing collagen and vWF) prov-
ide the most potent substrate for thrombus formation 
at high-shear stress conditions, followed by interacting 
surfaces for C-type lectin-like receptor 2 (CLEC2)42. 
Similarly, in vivo mouse models point to crucial roles 
for GPVI and CLEC2 in arterial thrombus formation 
and in haemostasis48,57. Platelet adhesion to collagen via 
GPVI, enforced by integrin α2β1, induces SRC family 
kinase (SFK) and SYK protein tyrosine kinase activation, 
which leads to stimulation of phospholipase Cγ, eleva-
tion in cytosolic Ca2+ levels, and stimulation of protein 
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kinase C isoforms (Fig. 1). Via a series of downstream 
events involving small GTPase-regulating proteins58, 
integrin αIIbβ3 opens up to bind fibrinogen, which acts 
as a bridge between platelets to form an aggregate or 
thrombus. Other events downstream of cytosolic Ca2+ 
elevation are granular secretion of secondary mediators 
(including ADP and ATP) and the release of thrombox-
ane A2 (reFs38,59). In particular, platelets that experience 
prolonged Ca2+-dependent signalling will swell, undergo 
membrane ballooning, and expose phosphatidylserine 
at their membrane surface, owing to activation of the 
Ca2+-activated ion channel–phospholipid scramblase, 
anoctamin-6 (ANO6) and mediated by the intracellu-
lar protease calpain 2 (Fig. 1)36,60. Membrane ballooning 
increases the surface of the phosphatidylserine-exposing 
platelets, probably serving to increase their capacity for 
coagulation factor binding26.

Other platelet-adhesive receptors (for instance, integ-
rin α6β1, interacting with laminin, or platelet glyco-
protein 4 (CD36), interacting with thrombospondin)  
are less potent in leading to thrombus formation than 
GPVI, GPIb–V–IX, and CLEC2, but still mediate adhe-
sion under flow conditions in vitro42. These receptors 
cause platelet adhesion to the subendothelial matrix, for 
example, for the maintenance of vascular integrity. In 
mice, integrin α6β1 deficiency impairs arterial thrombus 
formation but does not affect haemostasis, suggesting 
an enforcing role for subendothelial laminins together 
with collagens61.

Platelet genetics, mass, and activation
Gene-sequencing analysis of patients with a family 
history of bleeding is a common way to identify the 
underlying causes of platelet-function defects. In these 
patients, multiple mutations have been identified in 
genes encoding platelet receptors, signalling proteins 
upstream and downstream of second messengers, and 
cytoskeletal proteins62,63. In the majority of cases, roles 
of these genes in thrombosis and haemostasis have been 
confirmed in mouse or zebrafish studies. In addition, 
abnormalities — usually linked to changes in platelet 
count — have been identified in genes encoding tran-
scription factors implicated in haematopoiesis and meg-
akaryocytopoiesis, such as FLI1, GATA1, NFE2, RUNX1, 
and TAL1 (reFs64,65). Risk of bleeding can also be linked 
to mutations in several genes encoding proteins regulat-
ing the biogenesis of α-granules or δ-granules, such as for 
the grey platelet syndrome (NBEAL2 and GFI1B) and 
Hermansky–Pudlak syndrome (HPS1, HPS3, HPS9, 
and other genes)

Conventional Sanger sequencing techniques have 
fairly low success rates of <50% in identifying possible 
genetic causes in patients with defects in platelet function 
or coagulation function. Despite this limitation, variants 
associated with a bleeding tendency have been identi-
fied in >51 genes that are mainly related to platelets or 
coagulation66. Newer approaches using high-throughput 
and full-genome sequencing techniques have so far  
provided higher success rates of >70%67,68. A more 
integra tive approach is needed for further completion 
of this list of platelet disease-related genes. For optimal 
support of patient diagnosis and management, a com-
bination of genomic, epigenomic, and phenotypic data 
sets, as well as protein–protein interaction networks and 
 standardized clinical phenotyping, is advised69.

A different approach to find genetic variance that 
is linked to haemostasis comes from the search of 
healthy individuals with extreme platelet traits (such 
as high or low platelet count, mass, and plateletcrit), 
with the rationale that these traits are indicative of an 
altered megakaryocytopoiesis or platelet clearance70. 
In 2011, a first meta-analysis of genome-wide associa-
tion studies, including >66,800 individuals, identified 
68 genomic loci associated with platelet count or vol-
ume, with the majority related to regulation of platelet 
formation71. An extension of this work by identifying 
megakaryocyte-matched epigenomic data and finding 
promoter, long-range, transcription factor interactions 
(super-enhancers) resulted in a much larger set of 423 
non-coding, genome-wide variants, all associated with 
platelet count or plateletcrit72. Several of these variants 
were linked to changes in platelet activation, as shown by 
multiparameter tests of platelet function. An important 
continuation of this work will be the identification of 
altered super-enhancer sites in patients with haemostatic 
or thrombotic disorders.

Despite the progress in genetic analyses made so far, 
linking genetic variations or mutations to dysfunctional 
platelets or altered coagulation properties for the pre-
diction of bleeding is not easy. Reasons are the often 
multigenetic causes of haemorrhagic disorders, the con-
founding effects of acquired factors, and the insight that 
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α-Granules
Platelet secretion granules 
containing multiple stored 
proteins including growth 
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Platelet secretion granules with 
dense appearance in electron 
microscopy, containing 
Ca2+-bound nucleotides (ADP, 
ATP, and polyphosphates).
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Product of mean platelet 
volume and platelet count 
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even in patients carrying the same mutation (for exam-
ple, in the Ca2+-signalling protein STIM1 or ORAI1), 
platelet functionality can differ73.

Some progress has been made in the elucidation of 
genetic factors that contribute to platelet hyperreactiv-
ity. Gain-of-function mutations have been described in 
only a few genes, for instance, genes encoding plate-
let GPIbα (GP1BA) or ORAI1 (ORAI1)62,73. These 
gain-of-function mutations can lead to positive prim-
ing of platelets and thereby even to activation-induced 
thrombocytopenia (see section on Priming to mod-
ulate responsiveness). Mutations have been identi-
fied in several genes associated with a high platelet 
count (thrombocytosis) and which can be thrombo-
genic; for example, genes encoding components of 
the thrombopoietin-induced signalling pathway such 
as thrombopoietin (THPO), its receptor (MPL), and 
the downstream kinases (JAK2)64. Also, deficiencies 
in several genes encoding anticoagulation proteins 
are associated with a prothrombotic propensity67. An 
intriguing finding is that a polymorphism in GP6 is 
linked with an increased risk of venous thrombosis74. 
Of note, correlations between common genetic vari-
ants of platelet glycoproteins and thrombosis came from 
early, low-powered studies75.

Platelets in bidirectional communication
As secretory cells, activated platelets release multiple 
substances from different storage granules: α-granules, 
δ-granules, and lysosomes. The secretion products can 
influence many physiological and pathophysiological 
processes beyond haemostasis, such as inflammation, 
immunity, angiogenesis, and tumour growth76. Platelets 
also produce other bioactive components such as eicosa-
noids and extracellular vesicles. Conversely, platelets can 
uptake plasma and even cellular components, thus pro-
viding another mechanism by which the environment 
influences platelets (TAble 1).

Platelet exocytosis or secretion requires fusion of 
intracellular granules with the plasma membrane, a pro-
cess that is regulated by SNAREs (SNAP receptors) and 
connected regulatory proteins, via the interaction of ves-
icle SNAREs (vSNAREs) with target-membrane SNAREs 
(tSNAREs). Mouse and cellular experimental models 
have shown that both vSNAREs (VAMP2, VAMP3, and  
VAMP8) and tSNAREs (syntaxin 8, syntaxin 11,  
and SNAP23), together with small GTPases and 
MUNC18 and MUNC13 proteins, whose functions are 
not well understood, are required for the secretion of 
α-granules and δ-granules77. A study published in 2018 
points to a regulatory role of microtubules, with the motor 
protein kinesin 1 contributing to α-granule and δ-granule 
secretion78. Lysosomal secretion has been studied more 
incidentally, especially in the context of Hermansky–
Pudlak syndrome (which is characterized by a combined 
defect of δ-granules and lysosomes), describing a role 
for the lysosome-related complex BLOC1–BLOC3 in 
this process79. Lysosomal secretion can be responsible 
for the surface expression of resident reticular proteins  
in platelets, such as protein disulfide isomerases80.

An initial report suggesting that individual α-granules 
in platelets have differences in their protein cargo81 can 
be understood from the finding that the protein-sorting 
process can differ during the formation of individual 
granules82. However, results from proteomic studies 
have pointed to a similar release pattern of all granule 
cargo proteins, whereas the release kinetics depend on 
the type and strength of the applied stimulus76. Detailed 
ultramicroscopic analysis has demonstrated that, at 
lower levels of stimulation, α-granules and δ-granules 
tend to exocytose individually, whereas at high agonist 
levels, the α-granules tend to fuse first, a process called 
compound exocytosis83.

In both humans and mice, defects in α-granules (grey 
platelet syndrome), δ-granules (Hermansky–Pudlak 
syndrome), or both (platelet storage pool deficiencies) 
can result not only in bleeding, but also in impaired 
wound healing, reduced inflammation, or aberrant 
vascular remodelling, which emphasizes the multiple 
functions of platelet-stored granule contents84,85. The 
neurobeachin-like 2 (NBEAL2) protein is essential for 
the biogenesis of α-granules. Mice deficient in NBEAL2 
phenocopy the grey platelet syndrome in humans and 
are protected from arterial thrombosis and thromboin-
flammatory stroke85. In addition to the cyclooxygenase 1 
product thromboxane A2 (whose formation is sup-
pressed by aspirin intake), activated platelets produce a 
whole range of other bioactive eicosanoids, as described 
in detail elsewhere86.

In the past decade, attention has been focused on 
the release of membrane vesicles from platelets. These 
extracellular vesicles comprise exosomes (40–100 nm 
in diameter) and microvesicles (100–1,000 nm in 
diameter). The majority of vesicles in blood circula-
tion are platelet-derived and/or megakaryocyte-derived 
(CD41+)87, suggesting a role in blood-related processes. 
Such a role is confirmed by the presence of bio active 
cytokines, eicosanoids, coagulation factors, and RNA 
species in platelet-derived extracellular vesicles. 
Interactions between these vesicles and other cells are 

Table 1 | Overview of platelet–environment communication mechanisms

Platelet response Mechanism Physiological and 
pathophysiological 
consequences

Platelet influence on environment

α-Granule and δ-granule 
secretion

Single-vesicle or 
compound exocytosis

Release of bioactive 
mediators and exposure of 
leukocyte interactors

Lysosomal secretion Late-stage exocytosis Release of endoplasmic 
reticulum-resident proteins

Eicosanoid release Cyclooxygenase and 
lipoxygenase mediated

Release of short-lived 
mediators

Extracellular vesicle 
shedding

Ca2+-dependent and 
Ca2+-independent

Coagulation support and 
communication

Influence of environment on platelets

Sensitization or 
desensitization to activation

Negative or positive 
priming

Exhausted or pre-activated 
platelets

Uptake of plasma 
components

Endocytosis via 
endosomes

Adaptation to plasma 
conditions

Uptake of cellular 
components

Unknown Information transfer 
(tumour adaptation)

www.nature.com/nrcardio

R e v i e w s

172 | MARCH 2019 | voluMe 16 



possible through ligand presentation and/or membrane 
fusion87,88. Interactions of platelet-derived extracellular 
vesicles with leukocytes are mostly reported in the con-
text of inflammation89,90. Interestingly, depending on 
the platelet state (ageing or activation), the extracellu-
lar vesicles seem to diverge in glycoprotein expression 
levels and differ in modulating monocyte functions91. 
An inflammatory role of platelet-derived extracellular 
vesicles (formed by platelet activation) is observed in 
rheumatoid arthritis, stimulating cytokine production 
from synovial fibroblasts92. However, to what extent 
platelet-derived extracellular vesicles contribute to 
platelet communication with their surroundings is 
still unclear.

A small number of studies also describe that platelets 
can take up plasma-derived or cell-derived components, 
for instance, RNA species from tumour cells — which 
leads to the formation of what has been designated, per-
haps improperly, as tumour-educated platelets — with a 
potential for cancer diagnostics93. The physiological and 
pathophysiological importance of this communication 
from the environment to platelets needs to be estab-
lished. Specific unanswered questions with regard to the 
bidirectional environment–platelet interactions are how 
platelet microRNAs, for instance, carried in extracellular 
vesicles, are transferred and functionalized to and from 
other cells. The literature so far is confined to observa-
tions of microRNA transfer from platelets to endothelial 
cells94 or tumour cells95.

Priming to modulate responsiveness
Circulating platelets are subjected to a balanced spec-
trum of activating and inactivating biomolecules 
and conditions. Under physiological conditions, 
when vascular activation or injury is absent, the net 
result is inhibition of spontaneous platelet adhesion 
and activation. This insight has led to the concept of 
negative or positive platelet priming (Fig. 5) to describe 
physiological and pathophysiological conditions in 
which the threshold for platelet activation is increased 
(negative platelet priming) or lowered (positive platelet 
priming)22.

Several components circulating in the blood are  
unable to trigger platelet activation, but can act as posi-
tive primers and potentiate the activation process in the 
presence of stronger agonists. For example, adrenaline 
acts as a positive primer by binding to the Gαi-coupled 
α2-adrenergic receptor, which lowers cytosolic cAMP 
levels and thus augments platelet activation by other ago-
nists38,96. Other positive primers are insulin-like growth 
factor I and thrombopoietin, both of which enhance 
platelet activation via phosphatidylinositol 3-kinase 
(PI3K) signalling pathways97. Several positive primers 
present in plasma (such as the vitamin K-dependent pro-
tein GAS6) or derived from platelets (such as thrombo-
modulin and soluble CD40 ligand (sCD40L)) increase 
collagen-dependent platelet responses and thrombus 
stability98,99. These priming events will add to the activat-
ing effects of platelet-derived autacoids (thromboxane A2 
and ADP). Positive priming can also be induced locally 
by high wall-shear stresses, for example, at vessel steno-
tic sites with increased vWF activity, thereby promoting 

thrombus formation39,100. Such positive platelet priming 
has clinical relevance; for example, it can override the 
inhibitory effects of aspirin and P2Y  purinoceptor 12 
(P2Y12) blockade on platelet function101.

Negative platelet-priming substances include bio-
active mediators released from endothelial cells. PGI2 
and prostaglandin E2 (PGE2) bind to the platelet IP and 
EP2 and EP4 receptors, respectively, causing elevation of 
cytosolic cAMP levels, which increases the threshold for 
platelet activation (Fig. 1). Of note, at low dose, PGE2 can 
also act as a positive primer by interacting with the PGE2 
receptor EP3 subtype102. Endothelial cell-produced nitric 
oxide impedes platelet activation mediated by elevation 
in cytosolic cGMP levels103. A 2017 study indicated that 
polyunsaturated fatty acid products of 12-lipoxygen-
ase can also hamper platelet activation via elevation of 
 cytosolic cAMP levels104.

In disease conditions, the excitability of platelets can 
be modified by systemic and local changes in the balance 
between negative and positive priming factors22. For 
instance, diabetes mellitus, hyperglycaemia, and states 
of increased vascular stress might prime platelets to 
increase their responsiveness to agonists (hyper-reactive 
platelets)105. In atherosclerosis, platelet responsive-
ness can be modulated by feedback of platelet-derived 
chemokines, with C-X-C motif chemokine 12 (CXCL12; 
also known as SDF1) promoting and C-C motif chemo-
kine 5 (CCL5) suppressing platelet aggregation106. 
Taking this concept further, extensive positive priming 
can lead to further activation of (a population of) circu-
lating platelets, which subsequently causes refractoriness 
to activation (so-called exhausted platelets). This platelet 
phenotype is seen in blood samples from patients with 
solid tumours, sepsis, or stroke, and can explain the low 
platelet activation responses in vitro22. Whether this 
impairment affects all platelets or only certain platelet 
populations, such as the low-responsive ageing platelets, 
is unclear. Plasma from patients with coronary artery 
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disease frequently has elevated levels of platelet prod-
ucts (such as platelet factor 4, β-thromboglobulin, and 
sCD40L) compared with plasma from healthy individu-
als107, most likely as a consequence of in situ platelet acti-
vation. Although evidence exists for altered platelet 
responses in other systemic diseases such as chronic 
kidney disease and renal insufficiency22, the responsible 
priming factors are unknown.

Platelets in vascular inflammation
Studies dating back to the 1960s demonstrated that 
platelets have a key role in maintaining the confluent 
endothelial structure and the endothelial barrier func-
tion108. In the context of blood transfusion, this process 
is known as platelet consumption. Platelet adhesion also 
has a role in the development of blood vessels (with a 
pro-angiogenic effect) and lymphatic vessels, as well 
as in the ‘leaky’ blood vessels of tumours48. Platelets 
adhered to the endothelium can further assist in the 
recruitment of progenitor cells to the vasculature109. For 
these multiple physiological functions, one can safely 
assume that platelets cause essential changes in the vessel 
wall through the release of biomediators (growth factors, 
lipid products, and cytokines). Nevertheless, further 
mechanistic research is needed.

Limited progress has been made in understand-
ing how platelets alter the vessel wall in conditions of 
inflammation39,110. Thromboinflammation describes the 
interaction of platelets, leukocytes, and the coagulation 
system at sites of inflamed vessel wall. This concept unites 
various vascular conditions with a certain inflammatory 
component, such as systemic inflammation, atheroscle-
rosis111, ischaemic stroke112, and ischaemia–reperfusion 
injury113. In vivo studies in mice have demonstrated that 
at the inflamed vessel wall, platelets roll and adhere to the 
activated endothelium110,112. The adhered platelets can 
prevent inflammation-induced bleeding events in skin, 
brain, lungs, and other organs. Mouse studies also indi-
cate roles of the receptors involved in arterial thrombosis, 
GPIb–V–IX, GPVI, and CLEC2, in inflammation-linked 
haemostasis and ischaemia, as well as redundant roles of 
the common G protein-coupled receptors and integrin 
αIIbβ3-dependent aggregation of platelets110,114.

Multiple mechanisms (with undefined relative 
importance) contribute to the bidirectional interac-
tions between platelets, leukocytes, and the vessel wall 

during the progression of atherosclerosis, vascular 
remodelling, inflammation, and ultimately throm-
bus formation (Fig. 6). These mechanisms involve, for 
example, platelet trapping by ultralarge vWF multim-
ers deposited on endothelial cells, which are secreted 
from Weibel–Palade bodies115. Other examples are 
multi-molecular platelet contacts with leukocytes 
(monocytes, neutrophils, and T cells), in particular via 
the GPIb–V–IX‒integrin, CD40L‒CD40, and P-selectin‒
PSGL1 (P-selectin glycoprotein ligand 1) axes116–118; the 
multiple proteins released from the platelet α-granules85; 
bimolecular interactions between platelet-derived and 
leukocyte-derived chemokines106,119; contributions of 
platelet-derived extracellular vesicles120; and processes 
involving coagulation factors, complement factors, 
and the fibrinolysis system121. Of current interest is the 
involvement of neutrophils in thromboinflammatory 
processes in part via late formation of neutrophil extra-
cellular traps (NETs)110,122. Taken together, the existence 
of these multiple mechanisms indicates that the commu-
nication of platelets and platelet-derived mediators with 
components of the inflammatory pathways is complex, 
especially because in haemostasis and inflammation 
the roles of platelets partly overlap. How platelets regu-
late inflammation and immunity has been reviewed in 
detail previously123–125.

Arterial thrombotic events are commonly induced 
by rupture of an atherosclerotic plaque (most com-
monly plaques with a thin-cap fibroatheroma and a 
thrombo genic necrotic core), and these frequently, but 
not always, result in the formation of vaso-occlusive 
platelet thrombi mixed with red clots126. Mouse mod-
els of experi mental atherosclerotic plaque rupture or 
damage point to potent thrombogenic roles of collagen 
and tissue factor (plaque-derived or media-derived), 
which trigger persistent platelet and coagulation acti-
vation127,128. An alternative cause of thrombus forma-
tion is plaque erosion129. This process is characterized 
by superficial damage of atherosclerotic plaques with 
a small necrotic core, the exposure of subendothelial 
layers (leaving the fibrous cap more or less intact), and 
the formation of mostly white, platelet-rich thrombi130. 
A proof-of-concept study suggests that antiplatelet 
therapy alone (without stent implantation) is bene-
ficial in patients with plaque erosion, in accordance 
with the high platelet content of thrombi formed in 
these patients131.

Current platelet-targeted therapeutics
Antiplatelet drugs are the first-choice therapy for the 
treatment of cardiovascular disease and the prevention 
of atherothrombosis132. However, growing evidence 
indicates that also the coagulation system has a sub-
stantial role in disease progression133. A limitation of 
current treatment options is that the number of anti-
platelet medicines in clinical use is fairly limited. The 
same holds true for prohaemostatic therapies, that is, 
therapies to prevent platelet-related bleeding, where 
treatment options are restricted to drugs that increase 
platelet count (such as thrombopoietin) or to transfu-
sion of platelet preparations in the case of pathological 
thrombocytopenia.
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Fig. 6 | Platelets in vascular thromboinflammation. Platelets are attracted to the early 
inflamed vessel wall, where they interact with leukocytes and promote coagulation. 
These interactions with leukocytes trigger vascular outside-in signalling processes that, 
in more advanced stages of thromboinflammation, promote atherosclerosis progression 
and vascular remodelling. Rupture or erosion of a vulnerable atherosclerotic plaque 
results in nonocclusive or occlusive formation of a platelet–fibrin thrombus followed by 
leukocyte invasion of the thrombus.
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Aspirin (acetylsalicylic acid) is the drug most com-
monly prescribed in cardiovascular disease (TAble 2). 
Aspirin irreversibly inhibits platelet cyclooxygenase 1,  
thereby blocking the formation of thromboxane A2. 
Expert position papers still support the use of low-dose 
aspirin for primary prevention of cardiovascular dis-
ease in individuals at increased risk of cardiovascular 
disease, despite the non-negligible risk of bleeding asso-
ciated with aspirin therapy134,135. NSAIDs, although tar-
geted at inflammatory processes, also reversibly inhibit 
cyclooxygenases and, therefore, have the same adverse 
effect on bleeding as aspirin.

Dual antiplatelet therapy (aspirin in combination 
with P2Y12 blockage) is the standard treatment for 
secondary prevention of atherothrombotic events 
in patients with acute coronary syndrome or after  
coronary stent implantation133. Platelet P2Y12 recep-
tors can be irreversibly targeted with the prodrugs 
clopidogrel and prasugrel, and more recently, with the 
reversible receptor antagonists ticagrelor and cangre-
lor, which do not require metabolization and, there-
fore, have a faster antiplatelet effect136. In patients with 
symptomatic peripheral artery disease, single antiplate-
let therapy with either aspirin or clopidogrel is indi-
cated, with a more favourable benefit-to-risk ratio than 
the use of dual antiplatelet therapy, although the risk 
of thrombosis recurrence remains particularly high in  
this patient population133.

The achievements (such as better efficacy) and limita-
tions (such as metabolic conversion of prodrugs and the 
risk of bleeding) obtained with dual antiplatelet therapy 
are discussed in detail elsewhere136,137. Of note, current 
antiplatelet drugs target autocrine release mechanisms 
(thromboxane A2 and ADP), rather than receptors of 
primary platelet agonists, and are aimed to reduce one 

particular response of platelets, namely platelet aggrega-
tion. The use of integrin αIIbβ3 inhibitors is restricted  
to patients at high risk of cardiovascular disease, owing to  
the fairly high risk of bleeding associated with the 
investigated drugs. Vorapaxar, a competitive inhibitor 
of the PAR1 receptor for (plasma-generated) thrombin, 
reduces ischaemic events in different patient groups, but 
again at the expense of an increased risk of bleeding136.  
In summary, an unmet clinical need remains for anti-
platelet agents that effectively prevent arterial thrombosis  
with minimal risk of bleeding.

In the field of interventional cardiology, many stud-
ies have focused on the optimal antithrombotic treat-
ment regimens for the prevention of thromboembolic 
events. Owing to the progress made by the introduction 
of drug-eluting stents (which release anti-proliferative 
agents) and by new stent materials and designs, the 
rate of in-stent thrombosis has now been greatly 
reduced138,139. Nevertheless, further optimization of 
antithrombotic treatment is required in patients with 
coronary artery disease139. Current guidelines recom-
mend personalized treatment and adjusted duration of 
dual antiplatelet therapy on the basis of the individual 
risk profile140. However, dual antiplatelet therapy has 
meanwhile become the standard of care in patients 
(without anticoagulation) undergoing transcatheter 
aortic valve implantation141,142. Given that the primary 
mechanism of thrombus formation after transcatheter 
aortic valve implantation is still unclear, ongoing trials 
need to reveal whether antiplatelet or anticoagulant 
therapy is the preferred treatment strategy143. The same 
holds true for the treatment of patients with implanted 
left ventricular assist devices, in whom the risk of bleed-
ing due to loss of high-molecular-weight vWF multimers 
in the plasma complicates antithrombotic treatment144.

Table 2 | Current and potential antiplatelet drugs

Target (drug) Inhibitory mechanism Platelet-function 
assay

Current targets

COX1 (aspirin and NSAIDs) Blocked TXA2 formation (autocrine) LTA , PFA-100

P2Y12 (clopidogrel and prasugrel) Irreversibly inhibited ADP receptors (autocrine) LTA , VerifyNowa, VP

P2Y12 (ticagrelor) Reversibly inhibited ADP receptors (autocrine) LTA , VerifyNow , VP

Integrin αIIbβ3 (abciximab, eptifibatide  
and tirofiban)

Blocked integrin αIIbβ3 (aggregation) LTA , VerifyNow

PAR1 (vorapaxar) Blocked thrombin receptors (coagulation) LTA , VerifyNow

Potential targets

Factor Xa or thrombin Suppressed coagulation (anticoagulants) TEM, coagulation tests

GPIb-V–IX Blocked adhesion to vWF (flow-dependent) PFA-100, microfluidics

GPVI and CLEC2 (revacept) Blocked ITAM-like signalling receptor LTA , microfluidics

TKIs (>20 drugs) Blocked ITAM-like signalling (SFK , BTK , and SYK) LTA , microfluidics

PI3Kβ and PDI Inhibited integrin αIIbβ3 (aggregation) LTA , microfluidics

Ecto-nucleotidases Inactivated autocrine ADP and ATP LTA , microfluidics

PAR1 and PAR4 (pepducins) Blocked thrombin receptors (coagulation) LTA , VerifyNow

BTK , Bruton tyrosine kinase; CLEC2, C-type lectin-like receptor 2; COX1, cyclooxygenase 1; GP, glycoprotein; LTA, light 
transmission aggregometry ; P2Y12, P2Y purinoceptor 12; PAR, protease-activated receptor ; PDI, protein disulfide isomerase;  
SFK, SRC-family kinase; TEM, thrombo-elastometry ; TKI, tyrosine kinase inhibitor ; TXA2, thromboxane A2; VP, VASP phosphorylation; 
vWF, von Willebrand factor. aOther point-of-care platelet aggregation tests available.
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Novel platelet-targeted therapeutics
While most of the approved antiplatelet drugs suppress 
autocrine events involved in platelet aggregation, as 
measured by light-transmission aggregometry, novel 
drugs in development are frequently directed against 
other platelet-activation processes, such as adhesion, sig-
nalling, secretion, procoagulant activity, and interaction 
with coagulation components (TAble 2). These new tar-
gets imply that new tests for other platelet functions, and 
maybe for platelet populations, are needed to evaluate 
drug efficacy in vitro and ex vivo. In addition to plate-
let function tests, the search for genetic determinants 
of non-responsiveness to current and novel antiplatelet 
drugs, for instance, with the use of genome-wide associ-
ation studies and candidate-gene approaches, might also 
aid in improving treatment efficacy and the development 
of personalized treatment strategies145.

Targeting GPVI and GPIb–V–IX. Efforts are under-
way to target the primary adhesive receptors GPVI 
(for collagen) and GPIb–V–IX (for vWF), given that 
these glycoproteins are expressed only on platelets  
and megakaryocytes. Clinical trials targeting GPVI and 
GPIb–V–IX performed so far are described extensively 
elsewhere136. Novel drugs directed against platelet popu-
lations with the active conformation of integrin αIIbβ3 
are also being tested.

PI3Kβ inhibitors. The targeting of platelet signalling 
proteins has as a general disadvantage that similar sig-
nalling processes in other cells will also be affected. 
Nevertheless, such drugs provide noteworthy treatment 
options. Given the strong thrombo-protective phenotype 
of PI3Kβ-deficient mice, mimicked by the use of selec-
tive PI3Kβ inhibitors146, it seems that these inhibitors 
in combination with aspirin show a greater antiplate-
let potency but less risk of bleeding compared with the 
 conventional combination of aspirin and clopidogrel147.

Tyrosine kinase inhibitors. Tyrosine kinase inhibitors 
are widely used as targeted strategies for the treatment 
of cancers. Tyrosine kinase inhibitors commonly act by 
competition with ATP in the conserved catalytic domain 
of the protein tyrosine kinase superfamily. More than 
20 of the currently prescribed tyrosine kinase inhibitors 
also suppress platelet responses or reduce plateletcrit, 
with several inducing mild bleeding148. The assumed 
targets in platelets of many of these tyrosine kinase 
inhibitors are SYK, BTK (Bruton tyrosine kinase), and 
SRC family members, although some inhibitors can 
also affect mitogen-activated protein kinase (MAPK) 
signalling148. Of note, these tyrosine kinases are cru-
cial for platelet signalling through the GPVI, CLEC2, 
and FcγRIIA receptors (Fig. 1). Indeed, BTK inhibitors 
were shown to substantially suppress GPVI-dependent 
thrombus formation on human atherosclerotic plaque 
tissue ex vivo149. This observation implies a potential 
use of tyrosine kinase inhibitors for antiplatelet therapy, 
although adverse effects on other cells and organs are 
inevitable. Low dosing and short-term use of tyrosine 
kinase inhibitors might provide the solution to prevent 
adverse effects.

Targeting the platelet-secretion process. Preclinical 
data indicate that elements of the platelet-secretion 
process can be targeted for antithrombotic therapy. 
Potential targets are lysosome-derived protein disulfide 
isomerases136, platelet-secreted ADP (degradation is 
promoted by recombinant ectonucleotidases)150, and 
platelet P-selectin151. Another approach is inhibition of 
the process of granule secretion, for example, by inter-
fering with SNARE complexes, which might have both 
antithrombotic and anti-inflammatory effects. In this 
context, targeting the population of highly activated 
platelets with secreted granule content might be an 
attractive  therapeutic strategy.

Targeting the platelet–coagulation pathway inter-
action. The potent mutual interactions between plate-
lets and coagulation pathways (Fig. 4) provide largely 
unexplored opportunities for a targeted antithrombotic 
intervention, although caution is required because of 
the risk of bleeding. Especially promising in this respect 
will be interventions aiming to suppress the popula-
tion of procoagulant platelets. For instance, suppression 
of procoagulant platelets might normalize the fairly 
high fractions of this platelet population reported in 
patients with coronary artery disease152. An important 
question is whether treatment with thrombin recep-
tor inhibitors or with antiplatelet plus anticoagulant 
drugs indeed abolishes the formation or the function of  
procoagulant platelets.

In addition to vorapaxar, other small molecules 
against the thrombin receptors PAR1 and PAR4 were 
shown to be effective in inhibiting thrombus formation 
in preclinical settings and in non-human primates136. 
With adequate dosing as a prerequisite, improved efficacy 
in thrombosis prevention can be reached by combining 
antiplatelet and anticoagulant drugs. For example, results  
from a large clinical trial published in 2017 showed that 
aspirin together with a low dose of the factor Xa inhib-
itor rivaroxaban is beneficial in patients with stable 
atherosclerotic vascular disease153. This topic has been 
extensively reviewed elsewhere133.

Conclusions
Writing a broad, up-to-date Review on platelet biology 
and clinical targets is challenging in that choices must be 
made on the main discussion items, superfluous details 
need to be left out, and many primary research papers 
cannot be mentioned. In this Review, we focused on a 
number of new and lesser-known concepts and mecha-
nisms of platelet biology and function that might direct 
future research. These new concepts and clinical per-
spectives are the presence of platelet populations with 
heterogeneity in formation, structure, and properties, 
and the consequences of this heterogeneity for functional 
specialization; the advances of genetic and proteomic 
approaches, providing information on an increasing 
number of platelet proteins, which can contribute to 
quantitative or qualitative platelet disorders as well as 
non-platelet-based diseases; important roles of plate-
lets in thromboinflammatory processes in interaction 
with leukocytes and the vessel wall; evidence on how 
circulating or adhered platelets can communicate with 

www.nature.com/nrcardio

R e v i e w s

176 | MARCH 2019 | voluMe 16 



their environment via lipids, bioactive peptides, proteins, 
RNA species, and extracellular vesicles; and the response 
adaptation of platelets to their environment by negative 
or positive priming. All these new insights will stimulate 
the development of new medications for the treatment 
of cardiovascular disease and related conditions. New 
intervention approaches can include targeting the strong 

positive interactions between platelets and coagulation 
components, the populations of procoagulant or secret-
ing platelets, positive priming conditions, for instance, 
those giving rise to pre-activated platelets, and platelets 
in patients with specific genetic disorders.

Published online 14 November 2018

1. Quach, M. E., Chen, W. & Li, R. Mechanisms of 
platelet clearance and translation to improve platelet 
storage. Blood 131, 1512–1521 (2018).

2. Lefrancais, E. et al. The lung is a site of platelet 
biogenesis and a reservoir for haematopoietic 
progenitors. Nature 544, 105–109 (2017).

3. Stegner, D. et al. Thrombopoiesis is spatially  
regulated by the bone marrow vasculature.  
Nat. Commun. 8, 127 (2017).

4. Grozovsky, R., Giannini, S., Falet, H. & Hoffmeister, K. M. 
Regulating billions of blood platelets: glycans and 
beyond. Blood 126, 1877–1884 (2015).

5. Kaser, A. et al. Interleukin-6 stimulates 
thrombopoiesis through thrombopoietin: role in 
inflammatory thrombocytosis. Blood 98, 2720–2725 
(2001).

6. den Dekker, E. et al. Cell-to-cell variability in the 
differentiation program of human megakaryocytes. 
Biochim. Biophys. Acta 1643, 85–94 (2003).

7. Moreau, T. et al. Large-scale production of 
megakaryocytes from human pluripotent stem  
cells by chemically defined forward programming.  
Nat. Commun. 7, 11208 (2016).

8. Machlus, K. R. & Italiano, J. E. Jr. The incredible 
journey: From megakaryocyte development to platelet 
formation. J. Cell Biol. 201, 785–796 (2013).

9. Bender, M. et al. Microtubule sliding drives 
proplatelet elongation and is dependent on 
cytoplasmic dynein. Blood 125, 860–868 (2015).

10. Josefsson, E. C. et al. Platelet production proceeds 
independently of the intrinsic and extrinsic apoptosis 
pathways. Nat. Commun. 5, 3455 (2014).

11. Semeniak, D. et al. Proplatelet formation is selectively 
inhibited by collagen type I through Syk-independent 
GPVI signaling. J. Cell Sci. 129, 3473–3484  
(2016).

12. Abbonante, V. et al. A new path to platelet production 
through matrix sensing. Haematologica 102,  
1150–1160 (2017).

13. Shi, D. S. et al. Proteasome function is required for 
platelet production. J. Clin. Invest. 124, 3757–3766 
(2014).

14. McArthur, K., Chappaz, S. & Kile, B. T. Apoptosis in 
megakaryocytes and platelets: the life and death of  
a lineage. Blood 131, 605–610 (2018).

15. Mason, K. D. et al. Programmed anuclear cell death 
delimits platelet life span. Cell 128, 1173–1186 
(2007).

16. Alhasan, A. A. et al. Circular RNA enrichment in 
platelets is a signature of transcriptome degradation. 
Blood 127, e1–e11 (2016).

17. Male, R., Moon, D. G., Garvey, J. S., Vannier, W. E.  
& Baldeschwieler, J. D. Organ distributions of 
liposome-loaded rat platelets. Biochem. Biophys.  
Res. Commun. 195, 276–281 (1993).

18. Karpatkin, S. Heterogeneity of human platelets. I. 
Metabolic and kinetic evidence suggestive of young 
and old platelets. J. Clin. Invest. 48, 1073–1082 
(1969).

19. Vicic, W. J. & Weiss, H. J. Evidence that platelet 
α-granules are a major determinant of platelet density: 
studies in storage pool deficiency. Thromb. Haemost. 
50, 878–880 (1983).

20. Savage, B., McFadden, P. R., Hanson, S. R. &  
Harker, L. A. The relation of platelet density to platelet 
age: survival of low- and high-density 111indium- 
labeled platelets in baboons. Blood 68, 386–393 
(1986).

21. Freson, K. et al. Platelet characteristics in patients 
with X-linked macrothrombocytopenia because of a 
novel GATA1 mutation. Blood 98, 85–92 (2001).

22. Baaten, C. C. F. M. J., Ten Cate, H., van der  
Meijden, P. E. J. & Heemskerk, J. W. M. Platelet 
populations and priming in hematological diseases. 
Blood Rev. 31, 389–399 (2017).

23. Heemskerk, J. W. M., Mattheij, N. &  
Cosemans, J. M. E. M. Platelet-based coagulation: 
different populations, different functions. J. Thromb. 
Haemost. 11, 2–11 (2013).

24. Jackson, S. P. & Schoenwaelder, S. M. Procoagulant 
platelets — are they necrotic? Blood 116, 2011–2018 
(2010).

25. Mattheij, N. J. et al. Coated platelets function in 
platelet-dependent fibrin formation via integrin αIIbβ3 
and transglutaminase factor XIII. Haematologica 101, 
427–436 (2016).

26. Agbani, E. O. et al. Coordinated membrane ballooning 
and procoagulant spreading in human platelets. 
Circulation 132, 1414–1424 (2015).

27. Vogler, M. et al. BCL2/BCL-XL inhibition induces 
apoptosis, disrupts cellular calcium homeostasis and 
prevents platelet activation. Blood 117, 7145–7154 
(2011).

28. Schubert, S., Weyrich, A. S. & Rowley, J. W. A tour 
through the transcriptional landscape of platelets. 
Blood 124, 493–502 (2014).

29. Pleines, I. et al. Extended platelet in vivo survival 
results in exhausted platelets. Blood 126, 416 
(2015).

30. Pleines, I. et al. Intrinsic apoptosis circumvents the 
functional decline of circulating platelets but does  
not cause the storage lesion. Blood 132, 197–209 
(2018).

31. McManus, D. D. & Freedman, J. E. MicroRNAs in 
platelet function and cardiovascular disease. Nat. Rev. 
Cardiol. 12, 711–717 (2015).

32. Rowley, J. W. et al. Dicer1-mediated miRNA 
processing shapes the mRNA profile and function of 
murine platelets. Blood 127, 1743–1751 (2016).

33. Clancy, L., Beaulieu, L. M., Tanriverdi, K.  
& Freedman, J. E. The role of RNA uptake in platelet 
heterogeneity. Thromb. Haemost. 117, 948–961 
(2017).

34. Burkhart, J. M. et al. The first comprehensive and 
quantitative analysis of human platelet protein 
composition allows the comparative analysis of 
structural and functional pathways. Blood 120,  
e73–82 (2012).

35. Zeiler, M., Moser, M. & Mann, M. Copy number 
analysis of the murine platelet proteome spanning the 
complete abundance range. Mol. Cell. Proteom. 13, 
3435–3445 (2014).

36. Solari, F. A. et al. Combined quantification of the 
global proteome, phosphoproteome and protein 
cleavage to characterize altered platelet functions in 
the human Scott syndrome. Mol. Cell. Proteom. 15, 
3154–3169 (2016).

37. Schoenwaelder, S. M. et al. 14-3-3ζ regulates the 
mitochondrial respiratory reserve linked to platelet 
phosphatidylserine exposure and procoagulant 
function. Nat. Commun. 7, 12862 (2016).

38. Versteeg, H. H., Heemskerk, J. W. M., Levi, M.  
& Reitsma, P. S. New fundamentals in hemostasis. 
Physiol. Rev. 93, 327–358 (2013).

39. Jackson, S. P. Arterial thrombosis: insidious, 
unpredictable and deadly. Nat. Med. 17, 1423–1436 
(2011).

40. Mastenbroek, T. G., van Geffen, J. P., Heemskerk, J. W. M. 
& Cosemans, J. M. E. M. Acute and persistent  
platelet and coagulant activities in atherothrombosis. 
J. Thromb. Haemost. 13 (Suppl. 1), S272–S280 
(2015).

41. Shekhonin, B. V., Domogatsky, S. P., Muzykantov, V. R., 
Idelson, G. L. & Rukosuev, V. S. Distribution of type I, 
III, IV and V collagen in normal and atherosclerotic 
human arterial wall: immunomorphological 
characteristics. Coll. Relat. Res. 5, 355–368 (1985).

42. De Witt, S. M. et al. Identification of platelet function 
defects by multi-parameter assessment of thrombus 
formation. Nat. Commun. 5, 4257 (2014).

43. Swieringa, F., Spronk, H. M. H., Heemskerk, J. W. M. 
& van der Meijden, P. E. J. Integrating platelet and 
coagulation activation in fibrin clot formation. Res. 
Pract. Thromb. Haemost. 2, 450–460 (2018).

44. Dubois, C., Panicot-Dubois, L., Merrill-Skoloff, G., 
Furie, B. & Furie, B. C. Glycoprotein VI-dependent and 
-independent pathways of thrombus formation in vivo. 
Blood 107, 3902–3906 (2006).

45. Zhu, S., Lu, Y., Sinno, T. & Diamond, S. L. Dynamics of 
thrombin generation and flux from clots during whole 
human blood flow over collagen/tissue factor surfaces. 
J. Biol. Chem. 291, 23027–23035 (2016).

46. Zilberman-Rudensko, J. et al. Coagulation factor XI 
promotes distal platelet activation and single platelet 
consumption in the bloom stream under shear flow. 
Arterioscler. Thromb. Vasc. Biol. 36, 510–517 (2016).

47. Morowski, M. et al. Only severe thrombocytopenia 
results in bleeding and defective thrombus formation 
in mice. Blood 121, 4938–4947 (2013).

48. Boulaftali, Y., Hess, P. R., Kahn, M. L. & Bergmeier, W. 
Platelet immunoreceptor tyrosine-based activation 
motif (ITAM) signaling and vascular integrity. Circ. Res. 
114, 1174–1184 (2014).

49. Van Gestel, M. et al. Real-time detection of  
activation patterns in individual platelets during 
thromboembolism in vivo: differences between 
thrombus growth and embolus formation.  
J. Vasc. Res. 39, 534–543 (2002).

50. Stalker, T. J. et al. A systems approach to hemostasis: 
3. Thrombus consolidation regulates intrathrombus 
transport and local thrombin activity. Blood 124, 
1824–1831 (2014).

51. Brass, L. F. & Stalker, T. J. Minding the gaps—and  
the junctions, too. Circulation 125, 2414–2416 
(2012).

52. Vaiyapuri, S. et al. Gap junctions and connexin 
hemichannels underpin hemostasis and thrombosis. 
Circulation 125, 2479–2491 (2012).

53. Swieringa, F., Kuijpers, M. J., Lamers, M. M., van der 
Meijden, P. E. J. & Heemskerk, J. W. M. Rate-limiting 
roles of the tenase complex of factors VIII and IX in 
platelet procoagulant activity and formation of 
platelet-fibrin thrombi under flow. Haematologica 
100, 748–756 (2015).

54. Mammadova-Bach, E. et al. Platelet glycoprotein VI 
binds to polymerized fibrin and promotes thrombin 
generation. Blood 126, 683–691 (2015).

55. Van der Meijden, P. E. J. et al. Dual role of collagen in 
factor XII-dependent thrombus and clot formation. 
Blood 114, 881–890 (2009).

56. Verhoef, J. J. et al. Polyphosphate nanoparticles on 
the platelet surface trigger contact system activation. 
Blood 129, 1707–1717 (2017).

57. Payne, H., Ponomaryov, T., Watson, S. P. & Brill, A. 
Mice with a deficiency in CLEC-2 are protected against 
deep vein thrombosis. Blood 129, 2013–2020 
(2017).

58. Stefanini, L. et al. RASA3 s a critical inhibitor of  
RAP1-dependent platelet activation. J. Clin. Invest. 
125, 1419–1432 (2015).

59. Golebiewska, E. M. et al. Syntaxin 8 regulates platelet 
dense granule secretion, aggregation, and thrombus 
stability. J. Biol. Chem. 290, 1536–1545 (2015).

60. Mattheij, N. J. A. et al. Survival protein anoctamin-6 
controls multiple platelet responses including 
phospholipid scrambling, swelling and protein 
cleavage. FASEB. J. 30, 727–737 (2016).

61. Schaff, M. et al. Integrin α6β1 is the main receptor for 
vascular laminins and plays a role in platelet adhesion, 
activation, and arterial thrombosis. Circulation 128, 
541–552 (2013).

62. Bunimov, N., Fuller, N. & Hayward, C. P. Genetic loci 
associated with platelet traits and platelet disorders. 
Semin. Thromb. Hemost. 39, 291–305 (2013).

63. Nurden, A. T. & Nurden, P. Inherited disorders of 
platelet function: selected updates. J. Thromb. Haemost. 
13, S2–S9 (2015).

64. Bianchi, E., Norfo, R., Pennucci, V., Zini, R. & 
Manfredini, R. Genomic landscape of megakaryopoiesis 
and platelet function defects. Blood 127, 1249–1259 
(2016).

65. Tijssen, M. R. et al. Genome-wide analysis of 
simultaneous GATA1/2, RUNX1, FLI1, and SCL 
binding in megakaryocytes identifies hematopoietic 
regulators. Dev. Cell 20, 597–609 (2011).

66. Freson, K. & Turro, E. High-throughput sequencing 
approaches for diagnosing hereditary bleeding  

NATuRe Reviews | CardIOlOgy

R e v i e w s

  voluMe 16 | MARCH 2019 | 177



and platelet disorders. J. Thromb. Haemost. 15,  
1262–1272 (2017).

67. Simeoni, L. et al. A comprehensive high-throughput 
sequencing test for the diagnosis of inherited 
bleeding, thrombotic and platelet disorders. Blood 
127, 2791–2803 (2016).

68. Bastida, J. M. et al. Introducing high-throughput 
sequencing into mainstream genetic diagnosis practice 
in inherited platelet disorders. Haematologica 103, 
148–162 (2018).

69. Lentaigne, C. et al. Inherited platelet disorders:  
toward DNA-based diagnosis. Blood 127, 2814–2823 
(2016).

70. Astle, W. J. et al. The allelic landscape of human blood 
cell trait variation and links to common complex 
disease. Cell 167, 1415–1429 (2016).

71. Gieger, C. et al. New gene functions in 
megakaryopoiesis and platelet formation. Nature 
480, 201–207 (2011).

72. Petersen, R. et al. Platelet function is modified by 
common sequence variation in megakaryocyte super 
enhancer. Nat. Commun. 8, 16058 (2017).

73. Nagy, M. et al. Variable impairment of platelet 
functions in patients with severe, genetically linked 
immune deficiencies. Haematologica 103, 540–549 
(2018).

74. Snoep, J. D. et al. The minor alleleof GP6 T13254C  
is associated with decreased platelet activation and  
a reduced risk of recurrent cardiovascular events and 
mortality: results from the SMILE-Platelets project.  
J. Thromb. Haemost. 8, 2377–2384 (2010).

75. Williams, M. S. et al. Genetic regulation of platelet 
receptor expression and function: application in 
clinical practice and drug development. Arterioscler. 
Thromb. Vasc. Biol. 30, 2372–2384 (2010).

76. Joshi, S. & Whiteheart, S. W. The nuts and bolts of 
the platelet release reaction. Platelets 28, 129–137 
(2017).

77. Golebiewska, E. M. & Poole, A. W. Platelet secretion: 
from haemostasis to wound healing and beyond. 
Blood Rev. 29, 153–162 (2015).

78. Adam, F. et al. Kinesin-1 is a new actor involved in 
platelet secretion and thrombus stability. Arterioscler. 
Thromb. Vasc. Biol. 38, 1037–1051 (2018).

79. Meng, R. et al. Defective release of α granule and 
lysosome contents from platelets in mouse 
Hermansky-Pudlak syndrome models. Blood 125, 
1623–1632 (2015).

80. Sharda, A. et al. Defective PDI release from platelets 
and endothelial cells impairs thrombus formation  
in Hermansky-Pudlak syndrome. Blood 125,  
1633–1642 (2015).

81. Battinelli, E. M., Markens, B. A. & Italiano, J. E. Jr. 
Release of angiogenesis regulatory proteins from 
platelet α granules: modulation of physiologic and 
pathologic angiogenesis. Blood 118, 1359–1369 
(2011).

82. Sobota, J. A., Ferraro, F., Back, N., Eipper, B. A.  
& Mains, R. E. Not all secretory granules are created 
equal: partitioning of soluble content proteins.  
Mol. Biol. Cell 17, 5038–5052 (2006).

83. Eckly, A. et al. Respective contributions of single and 
compound granule fusion to secretion by activated 
platelets. Blood 128, 2538–2549 (2016).

84. King, S. M. et al. Platelet dense-granule secretion 
plays a critical role in thrombosis and subsequent 
vascular remodeling in atherosclerotic mice. 
Circulation 120, 785–791 (2009).

85. Deppermann, C. et al. Gray platelet syndrome and 
defective thrombo-inflammation in Nbeal2-deficient 
mice. J. Clin. Invest. 123, 3331–3342 (2013).

86. O’Donnell, V. B., Murphy, R. C. & Watson, S. P. Platelet 
lipidomics: modern day perspective on lipid discovery 
and characterization in platelets. Circ. Res. 114, 
1185–1203 (2014).

87. Edelstein, L. C. The role of platelet microvesicles in 
intercellular communication. Platelets 28, 222–227 
(2017).

88. Melki, I., Tessandier, N., Zufferey, A. & Boilard, E. 
Platelet microvesicles in health and disease. Platelets 
28, 214–221 (2017).

89. Dinkla, S. et al. Platelet microparticles inhibit IL-17 
production by regulatory T cells through P-selectin. 
Blood 127, 1976–1986 (2016).

90. Duchez, A. C. et al. Platelet microparticles are 
internalized in neutrophils via the concerted activity of 
12-lipoxygenase and secreted phospholipase A2-IIA. 
Proc. Natl Acad. Sci. USA 112, E3564–E3573 
(2015).

91. Vasina, E. M. et al. Aging- and activation-induced 
platelet microparticles suppress apoptosis in monocytic 
cells and differentially signal to proinflammatory 

mediator release. Am. J. Blood Res. 3, 107–123 
(2013).

92. Boilard, E. et al. Platelets amplify inflammation in 
arthritis via collagen-dependent microparticle 
production. Science 327, 580–583 (2010).

93. Best, M. G. et al. RNA-seq of tumor-educated platelets 
enables blood-based pan-cancer, multiclass, and 
molecular pathway cancer diagnostics. Cancer Cell 28, 
666–676 (2015).

94. Gidlof, O. et al. Platelets activated during myocardial 
infarction release functional miRNA, which can be 
taken up by endothelial cells and regulate ICAM1 
expression. Blood 121, 3908–3917 (2013).

95. Michael, J. V. et al. Platelet microparticles infiltrating 
solid tumors transfer mi-RNAs that suppress tumor 
growth. Blood 130, 567–580 (2017).

96. Keularts, I. M., van Gorp, R. M., Feijge, M. A.,  
Vuist, W. M. & Heemskerk, J. W. α2A-adrenergic 
receptor stimulation potentiates calcium release in 
platelets by modulating cAMP levels. J. Biol. Chem. 
275, 1763–1772 (2000).

97. Blair, T. A. et al. Phosphoinositide 3-kinases p110α 
and p110β have differential roles in insulin-like growth 
factor-1-mediated Akt phosphorylation and platelet 
priming. Arterioscler. Thromb. Vasc. Biol. 34,  
1681–1688 (2014).

98. Cosemans, J. M. E. M. et al. Potentiating roles for 
Gas6 and Tyro, Axl and Mer (TAM) receptors in  
human and murine platelet activation and thrombus 
stabilization. J. Thromb. Haemost. 8, 1797–1808 
(2010).

99. Kuijpers, M. J. et al. Platelet CD40L modulates 
thrombus growth via phosphatidylinositol 3-kinase β, 
and not via CD40 and IκB kinase α. Arterioscler. 
Thromb. Vasc. Biol. 35, 1374–1381 (2015).

100. Westein, E. et al. Atherosclerotic geometries spatially 
confine and exacerbate pathological thrombus 
formation poststenosis in a von Willebrand 
factor-dependent manner. Proc. Natl Acad. Sci. USA 
110, 1357–1362 (2013).

101. Blair, T. A., Moore, S. F. & Hers, I. Circulating primers 
enhance platelet function and induce resistance to 
antiplatelet therapy. J. Thromb. Haemost. 13,  
1479–1493 (2015).

102. Swieringa, F., Kuijpers, M. J. E., Heemskerk, J. W. M. 
& van der Meijden, P. E. J. Targeting platelet receptor 
function in thrombus formation: the risk of bleeding. 
Blood Rev. 28, 9–21 (2014).

103. Naseem, K. M. & Roberts, W. Nitric oxide at a glance. 
Platelets 22, 148–152 (2011).

104. Tourdot, B. E. et al. 12-HETrE inhibits platelet 
reactivity and thrombosis in part through the 
prostacyclin receptor. Blood Adv. 1, 1124–1131 
(2017).

105. Kraakman, M. J. et al. Neutrophil-derived S100 
calcium-binding proteins A8/A9 promote reticulated 
thrombocytosis and atherogenesis in diabetes.  
J. Clin. Invest. 127, 2133–2147 (2017).

106. Von Hundelshausen, P. et al. Chemokine interactome 
mapping enables tailored intervention in acute and 
chronic inflammation. Sci. Transl Med. 9, 384 
(2017).

107. Ferroni, P. et al. Biomarkers of platelet activation in 
acute coronary syndromes. Thromb. Haemost. 108, 
1109–1123 (2012).

108. Ho-Tin-Noe, B., Demers, M. & Wagner, D. D.  
How platelets safeguard vascular integrity. J. Thromb. 
Haemost. 9 (Suppl. 1), 56–65 (2011).

109. Chatterjee, M. & Gawaz, M. Platelet-derived CXCL12 
(SDF-1α): basic mechanisms and clinical implications. 
J. Thromb. Haemost. 11, 1954–1967 (2013).

110. Ho-Tin-Noe, B., Boulaftali, Y. & Camerer, E. Platelets 
and vascular integrity: how platelets prevent bleeding 
in inflammation. Blood 131, 277–288 (2018).

111. Croce, K. & Libby, P. Intertwining of thrombosis and 
inflammation in atherosclerosis. Curr. Opin. Hematol. 
14, 55–61 (2007).

112. Nieswandt, B., Kleinschnitz, C. & Stoll, G. Ischaemic 
stroke: a thrombo-inflammatory disease? J. Physiol. 
589, 4115–4123 (2011).

113. Maiocchi, S., Alwis, I., Wu, M. C. L., Yuan, Y. & 
Jackson, S. P. Thromboinflammatory functions of 
platelets in ischemia-reperfusion injury and its 
dysregulation in diabetes. Semin. Thromb. Hemost. 
44, 102–113 (2018).

114. Kleinschnitz, C. et al. Targeting platelets in acute 
experimental stroke: impact of glycoprotein Ib, VI,  
and IIb/IIIa blockade on infarct size, functional 
outcome, and intracranial bleeding. Circulation 115, 
2323–2330 (2007).

115. Bierings, R. & Voorberg, J. Up or out: polarity of VWF 
release. Blood 128, 154–155 (2016).

116. Sreeramkumar, V. et al. Neutrophils scan for activated 
platelets to initiate inflammation. Science 346, 
1234–1238 (2014).

117. Gerdes, N. et al. Platelet CD40 exacerbates 
atherosclerosis by transcellular activation of 
endothelial cells and leukocytes. Arterioscler. Thromb. 
Vasc. Biol. 36, 482–490 (2016).

118. Wang, Y. et al. Leukocyte integrin Mac-1 regulates 
thrombosis via interaction with platelet GPIbα.  
Nat. Commun. 8, 15559 (2017).

119. Koenen, R. R. et al. Disrupting functional interactions 
between platelet chemokines inhibits atherosclerosis 
in hyperlipidemic mice. Nat. Med. 15, 97–103 
(2009).

120. Vajen, T., Mause, S. F. & Koenen, R. R. Microvesicles 
from platelets: novel drivers of vascular inflammation. 
Thromb. Haemost. 114, 228–236 (2015).

121. Ekdahl, K. N. et al. Thromboinflammation in 
therapeutic medicine. Adv. Exp. Med. Biol. 865, 3–17 
(2015).

122. Martinod, K. et al. Neutrophil histone modification by 
peptidylarginine deiminase 4 is critical for deep vein 
thrombosis in mice. Proc. Natl Acad. Sci. USA 110, 
8674–8679 (2013).

123. Muller, K. A., Chatterjee, M., Rath, D. & Geisler, T. 
Platelets, inflammation and anti-inflammatory effects 
of antiplatelet drugs in ACS and CAD. Thromb. 
Haemost. 114, 498–518 (2015).

124. Chatterjee, M. & Geisler, T. Inflammatory contribution 
of platelets revisited: new players in the arena of 
inflammation. Semin. Thromb. Hemost. 42, 205–214 
(2016).

125. Koupenova, M., Clancy, L., Corkrey, H. A. &  
Freedman, J. E. Circulating platelets as mediators of 
immunity, inflammation, and thrombosis. Circ. Res. 
122, 337–351 (2018).

126. Virmani, R., Burke, A. P., Farb, A. & Kolodgie, F. D. 
Pathology of the vulnerable plaque. J. Am. Coll. 
Cardiol. 47, C13–C18 (2006).

127. Hechler, B. & Gachet, C. Comparison of two murine 
models of thrombosis induced by atherosclerotic 
plaque injury. Thromb. Haemost. 105 (Suppl. 1), 
S3–12 (2011).

128. Kuijpers, M. J. E. et al. Complementary roles of 
platelets and coagulation in thrombus formation on 
plaques acutely ruptured by targeted ultrasound 
treatment: a novel intravital model. J. Thromb. 
Haemost. 7, 152–161 (2009).

129. Farb, A. et al. Coronary plaque erosion without 
rupture into a lipid core. A frequent cause of coronary 
thrombosis in sudden coronary death. Circulation 93, 
1354–1363 (1996).

130. Sato, Y. et al. Proportion of fibrin and platelets  
differs in thrombi on ruptured and eroded coronary 
atherosclerotic plaques in humans. Heart 91,  
526–530 (2005).

131. Xing, L. et al. EROSION study (Effective 
Anti-Thrombotic Therapy Without Stenting: 
Intravascular Optical Coherence Tomography-Based 
Management in Plaque Erosion): a 1-year follow-up 
report. Circ. Cardiovasc. Interv. 10 (2017).

132. Mackman, N. Triggers, targets and treatments for 
thrombosis. Nature 451, 914–918 (2008).

133. Olie, R. H., van der Meijden, P. E. J. & Ten Cate, H.  
The coagulation system in atherothrombosis: 
implications for new therapeutic strategies. Res. Pract. 
Thromb. Haemost. 2, 188–198 (2018).

134. Patrono, C. et al. Antiplatelet agents for the treatment 
and prevention of coronary atherothrombosis.  
J. Am. Coll. Cardiol. 70, 1760–1776 (2017).

135. Halvorsen, S. et al. Aspirin therapy in primary 
cardiovascular disease prevention: a position paper of 
the European Society of Cardiology working group on 
thrombosis. J. Am. Coll. Cardiol. 64, 319–327 (2014).

136. McFadyen, J. D., Schaff, M. & Peter, K. Current and 
future antiplatelet therapies: emphasis on preserving 
haemostasis. Nat. Rev. Cardiol. 15, 181–191 (2018).

137. Cattaneo, M. P2Y12 receptors: structure and function. 
J. Thromb. Haemost. 13 (Suppl. 1), S10–S16 (2015).

138. Claessen, B. E. et al. Stent thrombosis: a clinical 
perspective. JACC Cardiovasc. Interv. 7, 1081–1092 
(2014).

139. Torrado, J. et al. Restenosis, stent thrombosis, and 
bleeding complications: navigating between Scylla  
and Charybdis. J. Am. Coll. Cardiol. 71, 1676–1695 
(2018).

140. Levine, G. N. et al. 2016 ACC/AHA Guideline Focused 
Update on duration of dual antiplatelet therapy in 
patients with coronary artery disease: a report of the 
American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. 
J. Am. Coll. Cardiol. 68, 1082–1115 (2016).

www.nature.com/nrcardio

R e v i e w s

178 | MARCH 2019 | voluMe 16 



141. Jones, B. M. et al. Matching patients with the 
ever-expanding range of TAVI devices. Nat. Rev. 
Cardiol. 14, 615–626 (2017).

142. Nishimura, R. A. et al. 2017 AHA/ACC Focused Update 
of the 2014 AHA/ACC Guideline for the management 
of patients with valvular heart disease: a report of  
the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. 
J. Am. Coll. Cardiol. 70, 252–289 (2017).

143. Raheja, H. et al. Comparison of single versus dual 
antiplatelet therapy after TAVR: a systematic review 
and meta-analysis. Catheter Cardiovasc. Interv. 00, 
1–9 (2018).

144. Baumann Kreuziger, L. M., Kim, B. & Wieselthaler, G. M. 
Antithrombotic therapy for left ventricular assist 
devices in adults: a systematic review. J. Thromb. 
Haemost. 13, 946–955 (2015).

145. Bergmeijer, T. O. et al. Genome-wide and candidate 
gene approaches of clopidogrel efficacy using 
pharmacodynamic and clinical end points-Rationale 
and design of the International Clopidogrel 
Pharmacogenomics Consortium (ICPC). Am. Heart. J. 
198, 152–159 (2018).

146. Gilio, K. et al. Non-redundant roles of phosphoinositide 
3-kinase isoforms α and β in glycoprotein VI-induced 
platelet signaling and thrombus formation. J. Biol. 
Chem. 284, 33750–33762 (2009).

147. Nylander, S., Wagberg, F., Andersson, M., Skarby, T.  
& Gustafsson, D. Exploration of efficacy and bleeding 

with combined phosphoinositide 3-kinase β inhibition 
and aspirin in man. J. Thromb. Haemost. 13,  
1494–1502 (2015).

148. Tullemans, B. M. E., Heemskerk, J. W. M. &  
Kuijpers, M. J. E. Acquired platelet antagonism: 
off-target antiplatelet effects of malignancy treatment 
with tyrosine kinase inhibitors. J. Thromb. Haemost. 
16, 1–14 (2018).

149. Busygina, K. et al. Oral Bruton tyrosine kinase 
inhibitors selectively block atherosclerotic 
plaque-triggered thrombus formation in humans. 
Blood 131, 2605–2616 (2018).

150. Moeckel, D. et al. Optimizing human apyrase to treat 
arterial thrombosis and limit reperfusion injury 
without increasing bleeding risk. Sci. Transl. Med. 6, 
248ra105 (2014).

151. Tardif, J. C. et al. Effects of the P-selectin antagonist 
inclacumab on myocardial damage after percutaneous 
coronary intervention for non-ST-segment elevation 
myocardial infarction: results of the SELECT-ACS  
trial. J. Am. Coll. Cardiol. 61, 2048–2055  
(2013).

152. Pasalic, L. et al. Novel assay demonstrates that 
coronary artery disease patients have heightened 
procoagulant platelet response. J. Thromb. Haemost. 
16, 1198–1210 (2018).

153. Eikelboom, J. W. et al. Rivaroxaban with or without 
aspirin in stable cardiovascular disease. N. Engl.  
J. Med. 377, 1319–1330 (2017).

154. Bye, A. P., Unsworth, A. J. & Gibbins, J. M. Platelet 
signaling: a complex interplay between inhibitory  
and activatory networks. J. Thromb. Haemost. 14, 
918–930 (2016).

Acknowledgements
The authors thank the Cardiovascular Centre (HVC) of 
Maastricht University Medical Centre, The Netherlands, for 
support. We thank C. Baaten and J. van Geffen (Maastricht 
University, The Netherlands) for their help in preparing the 
figures before submission.

Author contributions
Both authors researched data for the article, discussed its 
content, wrote the manuscript, and reviewed and edited it 
before submission.

Competing interests
P.E.J.v.d.M. is a consultant at Bayer AG. J.W.M.H. is a 
founder and shareholder of FlowChamber BV.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

Reviewer information
Nature Reviews Cardiology thanks E. Gardiner, M. Gawaz, 
and the other, anonymous reviewer for their contribution to 
the peer review of this work.

NATuRe Reviews | CardIOlOgy

R e v i e w s

  voluMe 16 | MARCH 2019 | 179


	Platelet biology and functions: new concepts and clinical perspectives
	Platelet formation, fate, and ageing
	Heterogeneity in structure and function
	Platelets in haemostasis and thrombosis
	Platelet genetics, mass, and activation
	Platelets in bidirectional communication
	Priming to modulate responsiveness
	Platelets in vascular inflammation
	Current platelet-targeted therapeutics
	Novel platelet-targeted therapeutics
	Targeting GPVI and GPIb–V–IX. 
	PI3Kβ inhibitors. 
	Tyrosine kinase inhibitors. 
	Targeting the platelet-secretion process. 
	Targeting the platelet–coagulation pathway interaction. 

	Conclusions
	Acknowledgements
	Fig. 1 Major signalling events and responses during platelet activation.
	Fig. 2 Platelet alterations during ageing.
	Fig. 3 Environmental and platelet factors influencing platelet heterogeneity in the thrombus.
	Fig. 4 Coagulation pathways contributing to the heterogeneous nature of thrombus formation.
	Fig. 5 Negative and positive priming factors influencing platelet responses.
	Fig. 6 Platelets in vascular thromboinflammation.
	Table 1 Overview of platelet–environment communication mechanisms.
	Table 2 Current and potential antiplatelet drugs.




