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In healthy subjects and patients with hematological diseases, platelet populations can be distinguished with
diﬀerent response spectra in hemostatic and vascular processes. These populations partly overlap, and are less
distinct than those of leukocytes. The platelet heterogeneity is linked to structural properties, and is enforced by
inequalities in the environment. Contributing factors are variability between megakaryocytes, platelet ageing,
and positive or negative priming of platelets during their time in circulation. Within a hemostatic plug or
thrombus, platelet heterogeneity is enhanced by unequal exposure to agonists, with populations of contracted
platelets in the thrombus core, discoid platelets at the thrombus surface, patches of ballooned and procoagulant
platelets forming thrombin, and coated platelets binding ﬁbrin. Several pathophysiological hematological
conditions can positively or negatively prime the responsiveness of platelet populations. As a consequence, in
vivo and in vitro markers of platelet activation can diﬀer in thrombotic and hematological disorders.

1. Introduction

2. Intrinsic factors of platelet heterogeneity

Individual platelets interact in numerous ways with the vessel wall
or adherent blood cells. This versatility is fundamental to the role of
platelets in a wide range of (patho)physiological processes, ranging
from vascular repair, hemostasis and thrombosis, to inﬂammation
progression, innate immunity and tumor metastasis. In the past years,
evidence has been accumulating that circulating platelets are markedly
heterogeneous in properties, which has led to the suggestion that
identiﬁable populations of platelets with specialized response spectra
are best suited for speciﬁc roles. In the present paper, we resume the
current evidence for heterogeneity in terms of composition and functions of platelets during their formation from megakaryocytes, when
circulating over time in the circulation, and once adhered to a vessel
wall. We further describe how various physiological and pathophysiological conditions can change or prime the responsiveness of circulating
platelets, and hence alter the distribution of platelet populations. We
ﬁnally deﬁne how in vitro and in vivo markers of platelet activation
phenotypes can be judged in relation to thrombotic and hematological
disorders.

Platelets from a given subject, healthy or diseased, greatly vary in
receptor expression levels and markedly diverge in responsiveness once
activated. Diﬀerent populations of activated platelets can be distinguished, which can diﬀerently interact with the inﬂamed or injured
vessel wall and diﬀerently support hematological processes. This heterogeneity is explained by several intrinsic factors, including variability
of clonal megakaryocytes, unequal division of megakaryocyte-derived
proplatelets, and modiﬁcations upon ageing of the newly formed platelets.

⁎

2.1. Heterogeneity between megakaryocytes and platelets
Heterogeneity between megakaryocytes, whether or not linked to a
speciﬁc niche in the bone marrow or lungs, is a likely cause of interplatelet variability, although there is only limited literature available
on this subject. Several authors have described that polyploid megakaryocytes, either cultured from CD34+ hematopoietic stem cells or
derived from immortalized cell lines, considerably diﬀer from cell to
cell, in terms of levels of cytoplasmic and membrane proteins, as well as
in agonist-induced Ca2 + transients [1–3]. Recently, this was demonstrated also for megakaryocytes derived from single-cell clones of
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Fig. 1. Intrinsic heterogeneity in platelet composition and functions.
(A, B) Diﬀerential expression of key adhesive receptors in the total platelet population, immunologically stained for GPIbα or GPVI. Indicated in the ﬂow cytometric histograms are the
estimated copy numbers, based on proteome analysis [128]. (C, D) Platelets stimulated with a GPVI agonist immunologically stained for CD62P in combination with CD63; or CD62P in
combination with a marker for activated integrin αIIbβ3. Shown is the presence of diﬀerent platelet populations with alpha granule secretion (CD62P+) with or without dense granule
secretion or αIIbβ3 activation. (E) Two apoptotic platelet populations after stimulation with BH3 mimetic ABT-737, displaying low or high phosphatidylserine (PS) exposure.

scatter plots (ﬂow cytometry) point to a considerable variation in size,
which is in agreement with the relative large distribution width of the
platelet volume (blood cell count). Sizable heterogeneity between platelets is also detectable by quantifying the abundantly expressed receptors. Thus, ﬂow cytometric proﬁles of platelets that are stained with
ﬂuorescent antibodies against integrin β3 (CD61) point to a large interplatelet variation in expression levels of this integrin [9,10]. Similarly,
staining for GPIbα or GPVI gives histograms, which show an about 10fold diﬀerence in ﬂuorescence intensity (indicative of expression level)
of platelets in the lower and upper 10% percentiles (Fig. 1A–B). Evidence for signaling heterogeneity comes from recordings of the Ca2 +
responses of single platelets from an arbitrary donor, which appear to
vary greatly in the type of transient Ca2 + ﬂuxes after stimulation via
ADP, thrombin or collagen receptors [11].

forward-programmed human pluripotent stem cells. After re-programming, individual megakaryocytes of the same clone showed a 100-fold
diﬀerence in expression levels of common receptor proteins, such as
glycoprotein (GP)Ibα, GPVI and integrin αIIbβ3, as assessed by ﬂow
cytometry [4]. No studies are yet available to demonstrate whether
distinct megakaryocytes (in the bone marrow) also yield diﬀerent types
of platelets. However, one can expect that single platelets ‘inherit’ at
least in part their expression proﬁles of receptors and other signaling
molecules from their precursor megakaryocyte. It has been shown that
when the environment of megakaryocytes changes (e.g. upon inﬂammation or diabetes), the transcriptome of platelets is inﬂuenced as
well [5,6]. For instance, patients diagnosed with the autoimmune disease systemic lupus erythematosus (SLE) may have an altered platelet
transcriptome. The changes in platelet mRNA and protein levels were
linked to increased procoagulant activity and platelet-monocyte interactions in SLE patients [7].
Proplatelets are formed from the demarcation compartment of
megakaryocytes by pinching oﬀ the cytosol containing cell membrane
compartment and organelles [8]. Although studies are lacking, it can be
conceived that part of the heterogeneity between platelets may come
from unequal retention or re-distribution of the cellular components
from the mother cell, including surface receptors, actin and tubulin
cytoskeletons, signalosomes, internal membrane vesicles, secretory
granules, ribosomes, and mitochondria.
Clear evidence for heterogeneity in platelet size and volume comes
from ﬂow cytometric proﬁles and blood count histograms. Forward side

2.2. Populations of activated platelets
Platelets, upon activation by agonists, are known to form populations with diﬀerent surface properties [10]. For instance, platelets stimulated with a maximal dose of a GPVI agonist showing CD62P expression (marker of α-granule secretion) only display CD63 expression
to a certain degree (marker of δ-granule and lysosome release), while
the majority of platelets that express CD62P do have activated integrin
αIIbβ3 (Fig. 1C–D). Inter-platelet heterogeneity in granule release has
also been observed by electron microscopy [12]. Thus, secretion of
granule content can occur in two diﬀerent ways: single granule
390
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both clearance and “consumption” (at the enormous vascular bed in the
human body). Clearance can be triggered by prior platelet activation
and an apoptotic process, e.g. resulting in the surface exposure of PS
[39], or by other still unknown causes.
Evidence for a link between platelet ageing and apoptosis comes
from experiments with mice, lacking the pro-apoptotic proteins Bax/
Bak, in which platelet survival is greatly extended [40]. Because aged,
Bak-deﬁcient platelets showed a reduced capability of thrombin- and
collagen-induced secretion, these were designated as exhausted platelets [41]. On the other hand, in mice lacking the anti-apoptotic protein
Bcl-xL, platelet lifetime was shortened and platelet function was also
reduced [40]. The interpretation was that a loss of Bcl-xL leads to activation of Bax/Bak to induce a pro-apoptotic condition. In patients
with malignancies, who were treated with the Bcl-xL-degrading drug
Navitoclax (a BH-3 mimetic also known as ABT-263), platelet lifetime
was also shortened, thus resulting in mild thrombocytopenia [39].
Characteristics of apoptotic platelets are mitochondrial dysfunction,
caspase proteolytic activity, refractoriness to integrin activation, and
surface exposure of phosphatidylserine [42,43].
Another ﬁnding was that aged platelets gradually loose sialic acid
residues from their surface membrane glycoproteins [38]. Desialylated
platelets were found to be recognized by Ashwell-Morell receptors in
the liver, mediating platelet clearance and, interestingly, also mediating
release of thrombopoietin, which is the main cytokine regulating platelet formation from megakaryocytes [44]. These data are suggestive
for a gradual, ongoing formation of the population of (pro)apoptotic
platelets.

secretion (both α and δ granules), or secretion of multiple granules
fused into one large compartment (mainly α granules) [12]. Dependent
on the strength of an activation trigger, secretion of the granule content
appears to be regulated diﬀerently and can result in diﬀerent secretion
patterns (Fig. 1C–D) [12,13]. Another consistent observation is that,
regardless of the agonist used, a fraction of 10–20% of the platelets fails
to stain for CD62P [14], suggesting that some platelets are refractory to
α-granule secretion.
A striking heterogeneity is observed when platelets in suspension
are stimulated with combinations of collagen and thrombin receptor
agonists. In addition to a population showing integrin αIIbβ3 activation
and granule secretion, another population of swollen platelets appears
with exposed phosphatidylserine at their outer membrane surface, inactivated/closed integrins, and capability of coagulation factor binding
[15,16]. Depending on the activating conditions, the majority of the
latter platelets also have a transglutaminase-dependent ﬁbrin coat at
their surface [17], which is in agreement with the early description of
coated or COAT platelets [18]. As described below, the various platelet
populations are considered to have diﬀerent roles, in supporting platelet aggregation, procoagulant activity and ﬁbrin formation. The formation of phosphatidylserine-exposing, procoagulant platelets is linked
to a prolonged, high cytosolic Ca2 + level [19,20] i.e. a condition required for swelling and phospholipid scrambling via the Ca2 +-dependent anoctamin-6 channel (gene ANO6 or TMEM16F) [21,22]. It can be
speculated that, in single platelets, diﬀerences in both receptor expression levels and in activity of the Ca2 +-ﬂux machinery determine
the formation of the platelet populations.
Populations of platelets with diﬀerent surface properties are also
formed after stimulation with the proapoptotic BH3 mimetic ABT-737
[23]. Typically, platelets with low and high phosphatidylserine exposure are formed in this case (Fig. 1E).

3. Environmental factors of platelet heterogeneity
Platelets can interact with a large variety of glycoproteins in the
inﬂamed or damaged vessel wall. The adhesive interactions include:
activated endothelial cells expressing von Willebrand factor (VWF);
subendothelial matrix components such as laminins, collagens, thrombospondins; adhered plasma proteins, such as VWF, ﬁbrin(ogen), ﬁbronectin and vitronectin; leukocytes under inﬂammatory conditions;
lymphatic wall components like podoplanin; tumor cells; and other
platelets via ﬁbrinogen bridges. Given that these adhesive ligands all
induce diﬀerent signaling pathways, the response of an adhered platelet
will vary with the precise location and substrate of adhesion. Well
studied is the environmental directed heterogeneity in responses of
platelets adhering to collagen and assembling into a thrombus [10,16].
The formation of platelet populations in thrombus formation is further
stimulated by the local generation of thrombin [45,46].

2.3. Changes with platelet maturation, ageing and apoptosis
Early studies supposed that platelet activity correlates with platelet
size and, hence, receptor and granule numbers [24,25]. Later papers
have focused on platelet age, considering that newly formed platelets
are larger in size and therefore more active than older platelets [26,27].
However, there is still not much support for the idea that platelet size is
the only or main factor determining platelet responsiveness to agonists.
Association studies do not suggest such a relation. For instance, in a
cohort of healthy individuals, mean platelet volume negatively correlated with the amount of newly formed platelets, suggesting that young
platelets are not necessarily the largest ones [28].
A consistent ﬁnding is that newly formed platelets are enriched in
mRNA, as observed by speciﬁc mRNA-staining and cell counting analyses [29]. Young platelets with detectable mRNA in the cytoplasm
have been termed as reticulated platelets [30,31] or immature platelet
fraction [32]. The latter fraction, with a normal reference range of
1–5%, is considered to reﬂect the rate of platelet production in the bone
marrow. Given that platelets have overall lost > 90% of the mRNA of
their progenitor cells - while retaining the stable circular RNAs - [33], it
is clear that the residual mRNA levels in reticulated platelets reﬂect
incomplete mRNA maturation. Interestingly, subject age does not seem
to be an important modiﬁer of reticulated platelets, as in older subjects
only ~2% of all > 6000 identiﬁed mRNA and miRNA species were
found to be changed in expression levels [34]. On the other hand, a
Spanish hemophilia study showed that the reticulated platelet fraction
has a high heritability component [35]. Recent papers describe that
certain combinations of mRNA and miRNA correlate with platelet
phenotype, raising the possibility to use these RNA species as biomarkers of platelet function [36,37].
With a circulation time of 7–10 days and a remarkably constant
platelet count over time, the daily turnover (production and removal)
of platelets is extremely well regulated, being estimated at about 1011
platelets per day [8,38]. Platelet removal from the circulation occurs via

3.1. Platelet heterogeneity upon adhesion and activation
Platelets will respond diﬀerently, when interacting with speciﬁc
vascular wall-derived proteins. This response heterogeneity is studied
most extensively for platelets adhering to ﬁbrillar collagen via the receptors GPVI and integrin α2β1 [16,47]. Both receptors act in synergy
to immobilize and thereby activate platelets via the GPVI signalosome,
resulting in Ca2 + elevation, integrin activation and granular secretion
[48,49]. Collagen ﬁbrils allowing platelet adhesion to both receptors
are most strongly activating, and form the largest platelet aggregates. A
population of the collagen-adhered platelets – subjected to the highest
Ca2 + ﬂuxes –, responds by surface exposure of procoagulant phosphatidylserine [50]. This so-called procoagulant response is accomplished via the ion channel anoctamin-6 [22], and accompanied by
marked morphological changes involving swelling, bleb and balloon
formation [51,52]. Phosphatidylserine exposure facilitates the binding
of multiple coagulation factors and promotes thrombin generation
[19,20]. Remarkably, the majority of collagen-bound platelets is refrained from phosphatidylserine exposure and swelling.
391
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Fig. 2. Heterogeneity of platelet responses.
(A) Distinct calcium ﬂuxes of single platelets adhered under ﬂow to collagen. Based on the time between adhesion and increase in calcium signal, platelets were classiﬁed as having a fast,
delayed or absent activation response. (B) Platelet populations in thrombi formed on collagen: aggregating platelets characterized by integrin activation and CD62P expression (green)
and procoagulant platelets forming blebs/balloons and exposing PS (red).

expose phosphatidylserine. Given that adjacent platelets can form gap
junctions [60], and communicate with each other [61], it is possible
that cross-communication in the aggregate protects against anoctamin6-dependent procoagulant activity. In a study where platelet adhesion
to multiple surfaces was examined, the response heterogeneity in
thrombus formation with diﬀerent populations of platelets formed was
a constant ﬁnding, regardless of the surface type and adhesive receptors
involved (GPIb-V-IX, GPVI, CLEC-2, α6β1, αIIbβ3 or CD36) [62].
Recent in vivo studies with mice, where laser-induced injury was
applied to cremaster or femoral arterioles, have pointed to another level
of platelet heterogeneity within thrombi, i.e. an inner core of aggregated and contracted platelets, surrounded by an outer shell of
loosely adhered platelets [63,64]. Two speciﬁc platelet populations
were distinguished, i.e. platelets in the thrombus core having

3.2. Platelet heterogeneity within a thrombus
Heterogeneity in platelet activation properties progresses during
collagen-dependent thrombus formation in ﬂowing blood, both in vitro
and in vivo. At high, arterial wall-shear rates, platelet adhesion to collagen/VWF is accomplished via GPVI, integrin α2β1 and the VWF receptor, GPIb-V-IX [53,54]. Single-cell studies of adhered platelets from
ﬂowing blood again show marked diﬀerences in Ca2 + ﬂuxes (Fig. 2A)
[55]. Thrombi formed under high-shear ﬂow show clusters of aggregated platelets (staining for activated integrin αIIbβ3 and P-selectin),
alternated with patches of ballooned phosphatidylserine-exposing platelets (binding annexin A5 and coagulation factors) (Fig. 2B) [56,57].
The population of aggregated platelets also undergoes contraction
[58,59]. It is not quite clear how platelets ‘decide’ to either aggregate or
392
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activation [80], although some authors report an enhancing eﬀect of
TNFα on collagen-induced aggregation [81].
Besides the positive enforcement of such plasma molecules on platelet function, the wall shear stress is of great inﬂuence as well. Rapid
changes in laminar blood ﬂow and shear rate, which occur at sites of
stenosis promote platelet aggregate formation [58,65,82]. This wallshear eﬀect is highly dependent on VWF activity and autocrine platelet
stimulation [65]. As such, disturbances in blood ﬂow can be considered
as a positive priming condition.
Several dietary nutrients are known to positively modulate platelet
responsiveness. In addition, gut microbes may contribute to platelet
hyperreactivity via the generation of trimethylamine N-oxide (TMAO)
from dietary sources of trimethylamine, present in a western diet. The
generated TMAO is proposed to prime platelet activation by enhancing
Ca2 + release from intracellular stores [83].

undergone secretion and CD62P expression, and platelets in the outer
shell without secretion [63,64]. Several factors may contribute to the
heterogeneous thrombus buildup, including local levels of soluble platelet agonists (ADP, thromboxane A2) and the local wall shear gradients
[65]. Also, this type of platelet heterogeneity in thrombi is likely to be
inﬂuenced by the type of injury, vascular bed location and the physiological or pathological state of the vessel.
3.3. Coagulation and thrombus heterogeneity
Under conditions favoring coagulation, e.g. with tissue factor present, the formation of thrombin and ﬁbrin in a thrombus appear to be
highly localized processes. In mouse microvascular thrombosis models,
thrombin activity and ﬁbrin deposits appeared to be concentrated at the
thrombus base, i.e. close to the vascular localization of tissue factor
[66]. In vitro models of thrombus formation showed that the population
of phosphatidylserine-exposing platelets was responsible for the
binding of coagulation factors (prothrombin, factors Va, IXa and Xa),
and also for the formation of thrombin and ﬁbrin [46,57]. A potent
feedback loop was identiﬁed, in that the local formation of thrombin
enhanced thrombin-mediated phosphatidylserine exposure of nearby
platelets, thus increasing the population of procoagulant platelets [46].
Fibrin formation appeared to be initially linked to PS exposure, and
secondarily dependent on integrin αIIbβ3 activation and transglutaminase-dependent ﬁbrin cross-linking [17,67]. In vitro models further indicated that ﬁbrin preferentially localized near the sites of tissue factor
and on procoagulant (coated) platelets [68]. Other identiﬁed elements
of heterogeneity in a thrombus are the local secretion of polyphosphate
clusters (activating factor XII) [69], and the phosphatidylserine-dependent accumulation of plasmin (activating the ﬁbrinolytic system)
[70]. Taken together, during thrombus formation, the coagulation
process appears to enhance the formation of distinct platelet populations, and increase the heterogeneity in platelet functions.

4.2. Negative priming: key roles of endothelial mediators
Not all platelets are freely circulating, as part of the platelets are
kept in the spleen and lungs [84,85]. In mice the lungs also signiﬁcantly
contribute to platelet biogenesis [86]. Whether this also applies to the
human situation, remains to be explored. Clearly, these pools of marginated platelets in the lungs and spleen are exposed to diﬀerent environments. Unclear is at which rate and to what extent the platelet
pools exchange, as well as how these diﬀerent locations alter the activation properties. Adaptation in properties can also arise, when platelets are ﬂowing through the micro- and macro-vascular beds lined with
specialized endothelial cells.
At least three endothelial-derived substances – likely there are more
– are accountable for the major negative priming eﬀect of the vessel
wall on platelet activation. These are prostacyclin, nitric oxide and
CD39/CD73 [87]. Prostacyclin (prostaglandin I2), a short-lived eicosanoid produced by endothelial cells, binds to the platelet IP receptor,
which couples to the Gs GTP-binding protein, stimulates adenylate
cyclase and thereby elevates the inhibitory second messenger cyclic
AMP [88]. Continuous exposure of circulating platelets to prostacyclin
leads to cyclic AMP elevation and thereby platelet inhibition. In freshly
isolated platelets, supra-basal levels of cyclic AMP have indeed been
measured [72]. However, IP receptors can desensitize and the functional eﬀects of prostacyclin on platelets may be most prominent locally, i.e. after platelet adhesion [87]. Prostaglandin E2 (EP receptor
agonist) also has an inhibitory, though more complex action mechanism [88]. The eﬀect of PGE2 depends on the receptor isotype that is
activated. Activation of EP3 isoforms by PGE2 leads to sensitization of
platelets, while binding of PGE2 to EP2 or EP4 receptors causes platelet
inhibition. It has been proposed that speciﬁcally the blocking of EP3
could be beneﬁcial for the prevention of atherothrombosis [89].
The unstable free radical nitric oxide is membrane-permeable, and
interacts with intracellular guanylate cyclase, raising the inhibitory
second messenger cyclic GMP in platelets [90]. Nitric oxide is produced
by endothelial nitric oxide synthase isoforms in response to the pulsatile
ﬂow of blood. Together, elevated levels of cyclic AMP and cyclic GMP
accomplish strong platelet inhibition via a ﬂood of protein phosphorylation reactions, mediated by the protein kinases A and G, respectively
[91,92]. The levels of both cyclic nucleotides are balanced via cyclic
nucleotide-dependent phosphodiesterases. The hormone insulin can
also aﬀect platelet reactivity via cyclic AMP and GMP elevation. In
diabetic patients, who are resistant to insulin, a loss of these inhibitory
pathways might contribute to platelet hyperreactivity [93,94].
The endothelial-expressed ecto-nucleotidases CD39 and CD73 degrade intra-vascular ATP/ADP and AMP, respectively, to ultimately
produce adenosine [87]. These activities convert potent platelet-activating autacoids (ATP, ADP) into a platelet inhibitor (adenosine, activating Gs) [87]. Both mouse and human studies point towards a modulating role of ecto-nucleotidases in thrombus formation and
thrombosis. In addition to the inhibitory A2-adenosine receptor,

4. Positive and negative priming of platelets
Multiple bioactive molecules in the blood can enhance or suppress
platelet functionality. In psychological and neurobiological sciences,
the implicit memory eﬀect by which exposure to a ﬁrst stimulus inﬂuences the response to a next stimulus, is called ‘priming’ [71]. By
analogy, we can consider the exposure of platelets to enhancing or
suppressing agents as positive or negative priming events. Fig. 3 gives
an illustration of potential priming biomolecules that are either derived
from the vascular wall or found in plasma.
4.1. Positive priming: key roles of plasma derived factors
Several hormones enhance platelet activation processes (shape
change, secretion, aggregation), when applied in combination with
other agonists. Epinephrine, binding to the Gi-coupled α2-adrenergic
receptor, reduces intracellular cyclic AMP levels which, e.g. enhances
Ca2 + ﬂuxes raised by agonists like ADP and thrombin [16,72].
Thrombopoietin, a growth factor for megakaryocytes, also sensitizes
platelets to agonists at threshold concentrations [73,74], and at shear
stress [75]. Similarly, insulin-like growth factor-1 (IGF1) enhances
platelet activation provided that other agonists are present [76]. In vitro
studies indicate that positive priming of platelets with thrombopoietin
or insulin-like growth factor-1 can overcome the inhibitory eﬀects on
platelet function by aspirin or P2Y12 receptor treatment [77]. This
suggests that positive priming of platelets can be a mechanism of resistance to antiplatelet therapy.
Other positive priming molecules are Gas6 (plasma-derived) and
soluble CD40L (platelet-derived), both of which stabilize and extend
platelet aggregation [78,79]. TNFα, a pro-inﬂammatory cytokine which
is synthesized in high amounts during inﬂammatory conditions, is
capable of inducing platelet activation mainly indirectly via endothelial
393
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Fig. 3. Concept of negative and positive priming of platelets.
The indicated factors can cause negative or positive priming of platelet activation processes, either plasma-derived or from the vessel wall.

associate with bleeding disorders [98,99]. Loss-of-function mutations,
often accompanied by thrombocytopenia, in particular concern genes of
transcription factors, the actin-myosin and tubulin cytoskeletons, signaling proteins, and granule secretion-regulating proteins [98,99].
Genetic polymorphisms in these and other genes may also inﬂuence
platelet responsiveness.
A clear example how a genetic deﬁciency can imbalance the formation of platelet populations is the Scott syndrome, a mild bleeding
disorder. Herein, mutations in the ANO6 gene result in the near absence
of the procoagulant, phosphatidylserine-exposing platelet population
due to inability of phospholipid scrambling [21,22], resulting in a severely compromised ﬁbrin formation [68].
In addition to genetics, there is accumulating evidence for acquired
forms of low-responsive platelets. A primary loss-of-function is observed in patients with hematological malignancies and thrombocytopenia. For instance, platelets from patients with acute leukemia can be
impaired in adhesion, aggregation and secretion. These functional defects are likely a consequence of dysfunctional megakaryocytopoiesis
[100,101].
In patients with renal failure and associated uremia, it is considered
that impaired platelet adhesion to the vessel wall is the main cause of
bleeding. Several indicators of low platelet responsiveness are described, including impaired Ca2 + ﬂuxes, reduced secretion and low
platelet aggregation [102]. On the other hand, also impaired platelet
adhesion to the vessel wall due to anemia may explain the hemorrhagic
complications in these patients. A low hematocrit limits the margination of platelets towards the vessel wall, and might furthermore restrict
the availability of red blood cell-derived ADP and the scavenging eﬀect
of hemoglobin on nitric oxide as a platelet inhibitor [102]. Other papers
report that renal failure increases the risk of thrombosis, e.g. by increasing the population of apoptotic, phosphatidylserine-exposing platelets [103].

platelets possess receptors linked to protein-tyrosine phosphatases,
which also suppress activation processes [95]. The physiological ligands of these are mostly unknown. Indirectly, also the thrombin-inactivating activity of endothelial thrombomodulin contributes to platelet suppression, i.e. by preventing thrombin-induced activation [96].
Some nutritional components can contribute to negative priming, e.g. a
mild to moderate alcohol consumption may lower platelet reactivity by
inhibiting thromboxane formation [97].
Given that circulating platelets are exposed to a plethora of positive
and negative priming molecules, their net eﬀect must be prevention of
platelet adhesion and activation, unless positive stimuli prevail, such as
at a damaged vessel wall. The implicit assumption is that a shift or
disturbance in the balance of positive and negative priming molecules
causes a change in the threshold of platelet activation. This could for
example explain why the population of coated platelets increased in a
variety of pathophysiological conditions [18].
5. Pathology induced alterations in platelet populations
Considering that multiple bioactive mediators present in the blood
or derived from the vessel wall inﬂuence the tendency of platelet activation, it can be expected that disease conditions associated with
vascular abnormalities or blood changes enhance the positive priming
of platelets. An increasing number of reports points to such increased
priming events, often ascribed to the formation of diﬀerent ‘types’ of
platelets, especially in patients with high-burden inﬂammatory, prothrombotic or hematological diseases (Table 1). Albeit diﬀerent terms
are used to annotate the platelet changes, the majority of papers refers
to either a gain-of-function (high-responsive platelets) or a loss-offunction (low-responsive platelets). A still unresolved question is how
these functional changes relate to the formation of speciﬁc platelet
populations.
5.1. Negatively primed platelets in disease

5.2. Positively primed platelets in disease

The genetic makeup of a subject co-determines platelet responsiveness. Rare genetic modiﬁcations of over 25 diﬀerent platelet proteins have been described that result in low-responsive platelets, and

Diabetes has often been associated with platelet hyperreactivity, i.e.
enhanced platelet adhesion, activation, aggregation and platelet-dependent thrombin generation [104]. This increased responsiveness of
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Table 1
Platelet phenotypes and activation markers in hematological and other diseases, induced by negative or positive priming. Representative examples from the literature are given.
Clinical condition

Hemostatic balance

Type of PLT

PLT activation markers in vivo

PLT activation testing in vitro

Ref.

Negatively primed (low responsive)
Congenital defects: Scott syndrome

Mild bleeding

Procoagulant

n.d.

[22,68]

Hematological malignancies

Bleeding

Hypo-responsive

PLT count ↓
TPO ↑
NO ↑

PS ↓
ﬁbrin formation ↓
αIIbβ3, CD62P, CD63, GPIb ↓

Renal failure and uremia

Bleeding (thrombosis)

Dysfunctional

Positively primed (high responsive)
Diabetes type 2

Prothrombotic

Angry

Prothrombotic
Prothrombotic

Hyper-reactive
Hyper-reactive

Hypercholesterolemia
Myeloproliferative neoplasms (ET,
PCV)

Positively primed and secondarily inactive (low responsive)
Cancers (solid tumors)
Prothrombotic
Hyper-reactive
(exhausted)
Sepsis
Thrombosis, bleeding
Hyper-reactive/
exhausted
Stroke

Bleeding

Exhausted

Major trauma (brain)

Bleeding

Hypo-responsive

Viral hemorrhagic fever

Thrombosis (bleeding)

Exhausted/reticulated

[100,101]

↓
CD62P, Ca
PS, caspase ↑

[102,103]

sCD62P, sCD40L ↑
PF4, MPV ↑, NO ↓
PLT turnover, MPV ↑
PLT count ↑

GPIb, CD41, GPVI ↑ CD63,
CD62P, CAT ↑
LTA ↑
LTA, CD62P, CAT ↑

[104,105,129,130]

sCD62P, PEV ↑
PLT count ↑
PLT count ↓
sCD62P, sTLT, PEV ↑

CD62P, CD63, GPIb ↑
TxB2 ↓
CD62P ↑
LTA, ﬁbrinogen binding ↓
(severe sepsis)
CD62P, CD63 ↓ mepacrine ↓

[112–115]

sCD62P, βTG ↑
TxB2 (urine) ↑
PEV ↑
CD62P, PAC mAb ↑
(unstimulated)
sCD62P, sGPVI ↑
TPO, IPF, MPV ↑

2+

[108,109,131–133]
[110,111]

[116,119]

[120–122]

LTA ↓

[123,124]

αIIbβ3, CD62P, CD63 ↓

[125,126]

Abbreviations: CAT, calibrated automated thrombin generation in PRP; ET, essential thrombocytopenia; IPF, immature platelet fraction; LTA, light transmission aggregometry; MPV,
mean platelet volume; NO, nitric oxide; PCV, polycythemia vera; PEV, platelet-derived extracellular vesicles; PF4, platelet factor 4; PLT, platelet; PS, phosphatidylserine; s, soluble; β–TG,
β-thromboglobulin; s, soluble; TLT, TREM-like transcript-1; TPO, thrombopoietin.

platelet count, platelet activation can be enhanced in vivo, as deduced
from the presence of platelet-derived soluble (s)CD62P in the blood
plasma [112]. This associates in vitro with a low-level of platelet activation, leading to the assumption that these platelets are ‘exhausted’,
i.e. displaying a secondarily down-regulated responsiveness to agonists
(CD62P, CD63 expression), although the primarily enhanced activation
may predispose patients to an increased risk of thromboembolic complications [113,114]. Another marker of ongoing platelet activation in
cancer patients is the accumulation of platelet-derived extracellular
vesicles, interestingly, with almost no eﬀect on mean platelet volume
[115]. Strikingly, in those patients a high mean platelet volume associates (though with low odds ratio) with a decreased risk of venous
thromboembolism [113].
In sepsis, as a life-threatening condition of systemic inﬂammation,
platelets are positively primed as a result of endothelial damage or
activation in combination with enhanced coagulant activity. This leads
to increased plasma levels of platelet secretion products as well as
platelet-derived extracellular vesicles [116]. It has been demonstrated
that several pathogens can interact with platelets via Toll-like receptors,
FcγRIIa and/or integrin αIIbβ3, thus inducing platelet activation
[116–118]. In severe sepsis, also secondary defects in platelet function
have been observed, often concomitantly with a lowering in platelet
count [116,119].
Papers studying patients who suﬀered a stroke, report increased
levels in the circulation of platelet activation markers, including
sCD62P, β-thromboglobulin and thromboxane B2, in those patients with
a high risk of bleeding [120,121]. Since this is accompanied by an
impaired platelet activation tendency in vitro, the authors type such
platelets as exhausted [122]. A similar platelet phenotype is expected in
patients with acute coronary syndrome before the initiation of antiplatelet therapy. An exhausted platelet type has also been observed
after major trauma, in particular brain injury, where plasma markers of
platelet activation are elevated, while the platelets after isolation are
hypo-responsive in terms of aggregation [123,124]. The suggestion was
made that sub-endothelial tissue exposure upon injury causes a low

platelets is explained by high blood-glucose levels, oxidative stress and
increased vascular shear stress [105]. Under these hyperglycemic conditions, advanced glycation end products (AGEs) are generated, which
activate platelets via the CD36 pathway [106]. Further, activation of
the receptor of AGEs (RAGE) by S100A8/A9 may lead to enhanced
production of TPO, thereby increasing platelet production from megakaryocytes upon hyperglycemia [107]. In diabetic patients, antiplatelet
treatment strategies were shown to be eﬀective for the secondary prevention of ischemic complications [104].
Plasma cholesterol levels can positively prime platelets, such as
manifested by the enhanced activity and larger size of platelets from
patients with familial hypercholesterolemia, in whom total lipid and
low-density lipoprotein levels are severely elevated. Accumulation of
cholesterol in the platelet membrane enhances platelet aggregation by
inﬂuencing the membrane structure and signaling via surface receptors
[108,109]. Hypercholesterolemia is also linked to increased platelet
production and turnover [108]. Similarly, oxidation of low-density lipoproteins in the intima of atherosclerotic lesions is considered to result
in enhanced platelet activation [108].
In the myeloproliferative neoplasms, essential thrombocytosis and
polycythemia vera, quantitative as well as qualitative platelet abnormalities have been identiﬁed. Particularly in patients carrying the
JAK2V617F mutation, for whom aspirin treatment is recommended,
platelet responsiveness is increased (secretion, aggregation and procoagulant activity), which eﬀect is in part associated with thromboembolic complications [110,111].
5.3. Positively primed and secondarily inactivated platelets in disease
Despite the presence of positive priming molecules in vivo, platelet
activation in vitro may appear to be impaired. This can be a direct
consequence of prior activation in the circulation resulting in secondary
loss of function. In such cases, authors describe the dysfunctional platelets often as exhausted platelets.
In patients with diﬀerent types of solid tumors, apart from a high
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monitoring of anti-platelet therapy. Table 2 presents an outline of how
diﬀerent test outcomes relate to distinct platelet populations, provided
that sample processing is up to standards.
The proposed concept of partly overlapping platelet populations
that are subjected to positive/negative priming can shed new light on
the often paradoxical information obtained from diﬀerent diagnostic
platelet function and activity tests. Fig. 4 shows a ﬂow chart aiming to
structure the information obtained from such tests for a risk estimate of
hemorrhage or thrombosis. From the ﬁgure, it will be clear that information on both activation markers in vivo and platelet responsiveness in vitro is needed to obtain a complete picture. It is noted though
that platelets are deprived of endothelial inhibitors when performing in
vitro measurements, which inﬂuences their responsiveness. Assay
measurements should preferably include markers of diﬀerent platelet
populations, given their speciﬁc contribution to hemostasis or thrombosis. Understanding of the redistribution of platelet populations in
patients with particular hemorrhagic or thrombotic tendencies will also
aid in designing an optimized treatment. One such an example is the
administration of DDAVP to patients with a mild congenital platelet
function defect which selectively augments the formation of coated
platelets by enhancing Na+/Ca2 + mobilization [127].

Table 2
Markers of the diﬀerent platelet populations. For abbreviations and explanation, see text
and Table 1.
Platelet population

Markers

Reticulated
Secretory

mRNA (immature platelet fraction)
PF4, βTG release
CD62P, CD63 expression
TxB2 formation, serotonin
Fibrinogen binding
PAC1 mAb binding (activated integrin αIIbβ3)
Platelet-leukocyte aggregate formation
PS exposure, coagulation factor binding
Extracellular vesicle formation
PS exposure
Fibrin binding, transglutaminase activity
Extracellular vesicle formation
PS exposure
Extracellular vesicle formation

Aggregating

Procoagulant
Coated

Apoptotic

level of platelet activation, resulting in dysfunctional circulating platelets with an activation history.
Higher fractions (populations) of reticulated platelets have been
detected in patients with viral hemorrhagic fever due to hantaviral
disease, which was accompanied by increased levels of activation
markers such as sCD62P and sGPVI, followed by a secondary loss in
platelet activity in vitro [125]. A similar phenotype of exhausted platelets has been described for patients with a severe dengue infection
[126].
It is currently unclear how the diﬀerent pathologies induce speciﬁc
changes in platelet function. The pathological environment may alter
one speciﬁc platelet population or it rather aﬀects all circulating platelets and thereby elicit a shift in the distribution of the diﬀerent platelet populations. It can be reasonably presumed that this change is
speciﬁc for the pathological environment. Furthermore, the impact of a
pathological condition on platelet function may be multifactorial (e.g.
diabetes) and therefore even more complex.

Practice points

• Platelet
•

heterogeneity can originate from diﬀerences between
megakaryocytes, variation in proplatelet formation, unequal platelet
priming and environmental conditions, as well as platelet ageing.
Changes in the physiological environment upon disease can hence
inﬂuence platelet populations and platelet responses.
Combining of both in vivo and in vitro markers of platelet activation
and activity permits better assessment of a platelet-related thrombotic or hemorrhage risk.

Research agenda

• How the pathophysiological environment aﬀects platelet popula-

6. Platelet heterogeneity and risk assessment for bleeding and
thrombosis: recommendations

•

For diagnosing a known or suspected risk of thrombosis or bleeding,
current routine measurements include (i) platelet count and mean volume, (ii) plasma markers of in vivo platelet activation, and (iii) in vitro
platelet activation tests. Particularly, the latter tests are used for the

tions and their responsiveness is incompletely understood and
warrants further investigation.
The causes and consequences of platelet heterogeneity have only
partly been resolved. Characterization of the preferential response
spectrum of certain platelet populations may contribute to risk
factor assessments for prediction of thrombotic or hemorrhagic
complications.

Fig. 4. Concept of negative and positive platelet priming resulting in changed platelet activation markers in vivo and altered platelet activities in vitro.
Flow chart for assessing changes in platelet functions in patients with thrombosis or bleeding risk.
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