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Platelets are essential in haemostasis and thrombosis but also harbour 
inflammatory properties 

Despite their small size (ø2-4 µm) and the lack of a nucleus, platelets play a 
substantial role in the blood circulation. Under physiological circumstances, the 
endothelial lining of the vessel wall possesses mechanisms to dampen platelet 
activation, amongst others the secretion of prostacyclin (PGI2) and nitric oxide. Cyclic 
adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) 
are key second messengers in platelets via which the platelet inhibitory effects of 
PGI2 and NO are transduced. cAMP and cGMP levels are tightly regulated by 
phosphodiesterases (PDEs). Vascular damage and exposure of matrix proteins such 
as collagen and von Willebrand factor (VWF) activate platelets to fulfil their 
haemostatic function, i.e. prevent bleeding by the formation of a platelet-fibrin plug.1,2 

In pathological conditions, excessive platelet activation, for example 
following atherosclerotic plaque rupture or erosion, can lead to the development of 
large thrombi and consequent vessel occlusion and/or release of an embolus and 
multiple clinical presentations, including stroke and ischemic heart 
disease/myocardial infarction.3 Treatment hereof with antiplatelet drugs (aspirin and 
P2Y12 antagonists) is mainly focused on the inhibition of platelet activation and 
subsequent platelet thrombus formation. However, stroke and ischemic heart 
disease are still a large load for global healthcare, of which more specifics are given 
in Figure 1. This is partly caused by the inefficiency of the current treatment in 
preventing the development of recurrent events, making one consider whether 
different pathways should be targeted. Atherosclerosis, a predominantly 
inflammation-driven disease, is the main underlying pathology of cardiovascular 
diseases. The interwovenness of inflammation and thrombosis in these diseases is 
increasingly being acknowledged. This is supported by the fact that platelet function 
is not only limited to haemostasis and thrombosis, but also extends to inflammation 
and immunity.4 Pro-inflammatory platelet responses are characterized by direct and 
indirect interactions with activated endothelium and leukocytes.5,6 Secretory factors 
and the corresponding signalling pathways are central elements in indirect 
communication between platelets, endothelial cells and leukocytes, as further 
described below and in Figure 2. In spite of the recognition that platelets possess 
inflammatory capacity, there is a lack of knowledge how platelets affect inflammation 
and the relevance thereof in (patho)physiology. 
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Figure 1. This thesis describes a number of clinical problems with a high global burden and 
an established or potential underlying mechanistic role for platelets. The data represented 
are from the references referred to in the figure. 
 

Role for platelet-derived constituents and -vesicles in vascular 
interactions 

Histological analyses revealed that in half to two-third of patients with acute 
myocardial infarction, coronary thrombi were days to weeks old, suggestive of an 
irregular period of plaque instability and thrombus growth prior to vessel 
occlusion.14,15 As platelets become activated, they secrete α- and dense-granules.16 
There are >300 soluble proteins release by platelet α-granules, ranging from growth 
factors, proteases, immune mediators, microbicidal proteins to (anti)coagulant and 
fibrinolytic proteins.17 Dense granules release the autocrine and paracrine agent 
adenosine diphosphate (ADP), among others. ADP release creates a positive 
feedback mechanism by binding to the respective G protein-coupled receptors P2Y1 

and P2Y12.18 Signalling downstream of ADP-P2Y12 involves a reduction in the 
intracellular platelet concentration of the second messenger cAMP. The combined 
release of these mediators may evoke persistent thrombus activity and propagation 
of pathological platelet responses.19 The cargo of platelet α- and dense-granules can 
be released locally and serve as a bridge between platelets and other vascular cells 
(20). Important in these interactions are chemokines, specifically chemokine (C-X-C 
motif) ligand 4 (CXCL4; platelet factor 4, PF4) and chemokine (C-C motif) ligand 5 
(CCL5; RANTES).5,21-23 Previously, we have shown that platelet-derived matrix 
metalloproteinases are capable of degrading a collagen matrix at the site of 
thrombus formation in vitro.24 This suggests that platelet-derived constituents may 
exert prolonged effects on a damaged vessel wall. Yet, additional in vivo evidence 
is required to substantiate this hypothesis. Moreover, more insight is required into 
the underlying mechanisms of how platelet-derived constituents interact with a 
healthy, inflamed and damaged vessel wall, see Figure 2. 

Technical advances led to an increased interest in platelet extracellular 
vesicles (EVs) and their potential role in disease.25 Common to an emerging field, 
the interpretation of EV measurements is currently hampered by a lack of 
standardization.26 The membrane and content of extracellular vesicles resembles 
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their parent cell, generating a large variety of EVs and EV subsets, of which the 
functional relevance is not fully understood. The type of platelet extracellular 
vesicles, released upon platelet activation, depends on the activation stimulus.27 
Platelet extracellular vesicles can also release their content systemically by moving 
through the circulation or even through the endothelial cell layer or the blood-brain 
barrier.28 This is indicative for the therapeutic and diagnostic potential of EVs, either 
in the treatment of injuries and trauma or as a biomarker of a wide variety of 
diseases.29-33 

 
Figure 2. Direct and indirect interactions between platelets, endothelial cells, and 
leukocytes. (I) Secreted prostacyclin and nitric oxide by endothelial cells dampen platelet 
activation. (II) Endothelial activation weakens these mechanisms, leading to platelet activation. (III) 
Platelets can interact directly with the endothelium, leukocytes or extracellular matrix proteins. (IV) 
Platelet-derived constituents or extracellular vesicles are deposited on the endothelium or released 
in the circulation. Mechanisms how these constituents and vesicles interact with the vessel wall and 
leukocytes and what the implications are for the underlying pathophysiology of cardiovascular 
diseases requires more mechanistic insights. 
 

SLC44A2 as a potential novel genetic determinant of venous 
thrombosis 

Genetics play an important role in the underlying pathophysiology of 
bleeding and thrombotic disorders, for example in haemophilia, von Willebrand 
disease, and venous thrombosis (VT).(34-36) Although multiple genetic and other 
risk factors have already been discovered, VT still causes a major burden on public 
health with an incidence of 1-2 per 1000 people and a high recurrence and mortality 
(Figure 1 and references 11-13). Genome-wide association studies (GWAS) have 
been used in an attempt to identify genetic risk factors for VT and discovered solute 
carrier family 44 member 2 (SLC44A2) as a novel candidate gene.37-40 SLC44A2, or 
choline transporter-like protein 2, is a transmembrane glycoprotein and a presumed 
choline transporter.41 Two transcription variants of SLC44A2 exist which are 
expressed in many tissues and cells, including platelets.41,42 Interestingly, the 
function of the transcription variant in platelets and neutrophils is not related to 
choline transport, but still unknown. Recently, SLC44A2 has been suggested as a 
binding partner of the VWF A1 domain, which binds to platelet GPIbα.43,44 A mutation 
in the human neutrophil antigen 3 (HNA3) epitope on SLC44A2 is involved in 
immune diseases,45-47 and the same variant is associated with venous 
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thrombosis.37,48 The role of neutrophils and platelets and their interactions in venous 
thrombosis has previously been investigated, however, the results are inconclusive 
and highly depend on the experimental model used.49-51 The role of SLC44A2 herein 
is still unknown and needs to be explored further. 
 
HFpEF: a disease with a complicated and poorly recognized aetiology 

Heart failure is a complex disease with a high prevalence, incidence and 
mortality (Figure 1 and reference 52) and is often preceded by and accompanied with 
other (metabolic) syndromes, such as hypertension, type 2 diabetes mellitus, and 
obesity.53 More than half of the patients suffer from the subtype heart failure with 
preserved ejection fraction (HFpEF), presenting structural and functional cardiac 
alterations.54 Treatment of HFpEF is still inadequate partially due to the underlying 
pathophysiology which is complex and not completely understood.53,55 HFpEF 
patients usually display a pro-inflammatory state involving leukocyte activation and 
endothelial dysfunction.56,57 Vascular inflammation is a main focus of mechanistic 
HFpEF research, making it remarkable that the ex vivo role of platelets herein has 
not yet been investigated, despite their known inflammatory functions. 
 
GWAS and network biology: generation and analysis of big data 

The high global burden of, amongst others, the diseases displayed in Figure 
1 and the lack of effective treatment and/or mechanistic knowledge, requires a 
different research approach. The invention of high-throughput technologies, such as 
GWAS and ‘-omics’ techniques, and emergence of digitization has resulted in the 
generation of large and complex datasets, also referred to as ‘big data’.58 In GWAS, 
the entire genome of a study group with a specific phenotype or disease is studied 
and compared to a control group to identify single nucleotide polymorphisms (SNPs) 
associated with the phenotype or disease.59,60 The use of GWAS has mainly been 
implemented in cardiovascular diseases,61-63 but is also being used in investigating 
cancer and other diseases.64 

In addition to GWAS, the use of ‘-omics’ technologies in cardiovascular 
research, including platelet research, is expanding.34,65-69 A powerful tool to analyse 
the large datasets generated by these technologies is network biology. Network 
biology can be defined in multiple ways.70-72 In contrast to computational modelling 
and simulations, the application of network and pathway analysis in haemostasis is 
still limited, although increasing.73-77 Using open sources such as PlateletWeb, 
Reactome, Gene Ontology and Cytoscape, one can create a clear and structured 
visualization of their own datasets.78-81 This does not only make big data analysis 
more approachable, but also allows prediction of new therapeutic targets. Together, 
this creates a vast opportunity to pursue open research questions. 
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Aims and outline of this thesis 
In this thesis, we aimed to provide novel insight into the inflammatory and 

haemostatic functions of platelets by making use of emerging technologies. 
Emphasis is placed on the involved signalling pathways and the interaction with 
endothelial cells and leukocytes. In Chapter 1, relevant background information is 
given regarding the main subjects of this thesis, in combination with a brief 
introduction about the known role of all factors involving platelet activation in a 
thrombotic or inflammatory environment. Chapter 2 provides an in-depth mechanistic 
overview of the interactions between platelets and the activated endothelium, 
integrated with essential methodological variables of microfluidic studies. In Chapter 
3, the role of platelets in atherosclerosis is described, from atherosclerosis initiation 
and plaque formation, to plaque rupture and atherothrombosis, and eventually 
plaque healing. Chapter 4 gives new insights into the effects of platelet 
phosphodiesterase 3 and -5 inhibition in thrombo-inflammatory conditions. Of 
particular importance herein are pro-coagulant and pro-inflammatory platelet 
responses via the secretion of chemokines and extracellular vesicles. The effects of 
anti-platelet medication on the release of platelet-derived chemokines and on 
monocyte migration are further discussed in Chapter 5. In Chapter 6, endothelial-, 
leukocyte- and platelet (dys)function are determined in patients with HFpEF, a 
disease in which vascular inflammation plays an important, but yet undefined role. 
In particular, determination of platelet activation and the stratification for type 2 
diabetes mellitus might contribute to a better understanding of HFpEF 
pathophysiology and the involvement of comorbidities. Chapter 7 aims to identify the 
role of a newly identified gene in venous thrombosis. Using different murine 
thrombosis models, this study aims to shed light on the role of SLC44A2 in venous 
thrombosis and the involvement of platelets and neutrophils herein. Chapter 8 
highlights the use of network analyses in order to have a comprehensive look into 
signalling pathways and revealing possible new targets or processes important in 
platelet activation. In the final Chapter 9, the most important findings of this thesis 
are critically discussed in relation to the literature. 
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Abstract 
Traditionally, in vitro flow chamber experiments and in vivo arterial 

thrombosis studies have been proved to be of vital importance to elucidate the 
mechanisms of platelet thrombus formation after vessel wall injury. In recent years, 
it has become clear that platelets also act as modulators of inflammatory processes, 
such as atherosclerosis. A key element herein is the complex cross talk between 
platelets, the coagulation system, leukocytes, and the activated endothelium. This 
review provides insight into the platelet- endothelial interface, based on in vitro flow 
chamber studies and cross referenced with in vivo thrombosis studies. The main 
mechanisms of platelet interaction with the activated endothelium encompass (1) 
platelet rolling via interaction of platelet glycoprotein Ib-IX-V with endothelial-
released von Willebrand factor with a supporting role for the P-selectin/P-selectin 
glycoprotein ligand 1 axis, followed by (2) firm platelet adhesion to the endothelium 
via interaction of platelet αIIbβ3 with endothelial αvβ3 and intercellular adhesion 
molecule 1, and (3) a stimulatory role for thrombin, the thrombospondin-1/CD36 axis 
and cyclooxygenase 1 in subsequent platelet activation and stable thrombus 
formation. In addition, the molecular mechanisms underlying the stimulatory effect 
of platelets on leukocyte transendothelial migration, a key mediator of 
atheroprogression, are discussed. Throughout the review, emphasis is placed on 
recommendations for setting up, reporting, interpreting, and comparing endothelial-
lined flow chamber studies and suggestions for future studies. 
 
Introduction 

Under physiological conditions, platelets, the coagulation system and the 
endothelium function in favour of each other. Platelets maintain the integrity of the 
endothelium, while this endothelium releases nitric oxide and prostacyclin and 
expresses the ectonucleotidase CD39 to keep platelets in a resting state.1 
Additionally, platelets arrest bleeding (haemostasis) after vessel wall injury by 
forming a thrombus. Our understanding of the reactions leading to thrombus 
formation after injury of a healthy, non-atherosclerotic artery has been largely based 
on in vitro flow chamber studies with human and mouse blood and in vivo mouse 
studies, with the main processes being platelet activation, thrombin generation, and 
fibrin clot formation.2 In spite of different characteristics of mouse platelets in 
comparison with human platelets, such as the lack of the protease activated 
receptor-1 (PAR1) receptor, an approximately twofold higher plasma concentration, 
and a shorter life span,3 the thrombus forming process of human and mouse platelets 
over surfaces coated with collagen occurs via similar mechanisms.4,5 Moreover, the 
experimental outcome of these flow chamber experiments correlates well with the 
outcome of in vivo arterial thrombosis models.6 Commonly used schemes of 
haemostasis start with platelet adhesion to von Willebrand factor (VWF), which is 
facilitated by the high shear rate at the arterial vessel wall. Subsequent activation of 
platelets is promoted by the release of paracrine mediators, like adenosine 
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diphosphate (ADP) and thromboxane.2 Thrombin, generated at the surface of a 
subpopulation of pro-coagulant platelets and at disrupted subendothelial 
membranes, activates platelets and cleaves fibrinogen into fibrin,5,7 promoting 
thrombus growth and stabilization.4 Thrombin also activates a negative feedback 
loop to suppress its own generation by binding to endothelial-expressed 
thrombomodulin. Thrombomodulin- bound thrombin proteolytically activates the 
anticoagulant factor protein C, which is also bound to the endothelium via endothelial 
protein C receptor. Activated protein C inactivates coagulation factors Va and VIIIa 
leading to dampening of thrombin generation.2 

Under inflammatory conditions, the cross talk between platelets, the 
coagulation system, and the endothelium is no longer favourable but is thought to 
exacerbate inflammation.8,9 Although some players in this cross talk have been 
identified, the puzzle is far from complete. A key aspect in the cross talk appears to 
be the stimulatory effect of platelets and platelet-derived microvesicles on leukocyte 
transendothelial migration, which is a known mediator of atheroprogression. 
Platelets interact via P-selectin with leukocyte P-selectin glycoprotein ligand 1 
(PSGL-1). The platelet-leukocyte interaction is strengthened via interaction of 
leukocyte αMβ2 integrin with platelet receptors glycoprotein Ib (GPIb), junctional 
adhesion molecule A or junctional adhesion molecule C, or αIIbβ3 (via fibrinogen).10-

13 Vice versa, leukocytes can secrete substances, like human neutrophil peptides,14 
that induce platelet activation. An important consequence of these cellular 
interactions is platelet-, leukocyte-, and endothelial cell (EC)–granular secretion, 
leading to the release of soluble constituents and to an increased surface expression 
of membrane receptors, which fuels a complex and vicious pro-inflammatory circle. 
Interestingly, platelets can also actively deposit granular constituents on the inflamed 
endothelium, as demonstrated for the chemokines CCL5 (RANTES) and CXCL4 
(platelet factor 4). The presence of CXCL4 was found to enhance the CCL5-induced 
arrest of leukocytes on activated ECs.15 For a more in-depth description about the 
role of chemokines in inflammatory and thrombotic processes, the authors refer to 
recent reviews by van der Vorst et al.,16 Koenen,17 and Soehlein et al..18 

A true challenge for the future is not to obtain new pieces of the puzzle, but 
to integrate the mechanistic evidence and identify the main players in this cross talk 
in the human system. This review article provides a means to do so with regard to 
the direct cell-cell interactions between platelets and the endothelium. 
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Figure 1. Key methodological variables in endothelial-lined flow chamber studies. Flexibility 
in flow chamber design has resulted in a range of different endothelial-lined flow chamber setups. 
Listed here are key variables between those studies: (1) Flow chamber dimensions: to achieve 
laminar flow, a height/width ratio of <0.2 is recommended. (2) Presence/absence of RBCs: RBCs 
are required for platelet margination and may influence the efficacy of certain antithrombotic agents, 
like dipyridamole. (3) Culturing of ECs under static or shear stress conditions: ECs change 
phenotype upon sensing mechanical stress; hence, culturing under shear stress is advised. (4) 
Presence/absence of Ca2+ and Mg2+: physiological Ca2+ and Mg2+ levels are required for integrin 
function and for coagulation to take place. (5) Different EC sources: distinctive endothelial 
heterogeneity throughout the vasculature illustrates the importance of using an EC source 
appropriate to the research question. In addition, the expression level of several proteins that are 
involved in thrombus formation is affected by the passage number. (6) Confluency of EC layer: 
should be reported as a lack of confluency may trigger thrombus formation, because of exposure 
of subendothelial matrix components to the blood. Additional clarification is provided in the text. To 
enable comparison between studies, we encourage reporting the variables specified in this figure. 
 
Status quo of endothelial-lined flow chamber studies: blood 
compartment 

Flow chamber studies into mechanisms of platelet-endothelial interactions 
have been rapidly emerging over recent years. Although technical advances in 
microfluidics have increased flexibility in flow chamber design, this has also 
hampered standardization and comparison of results between studies.19,20 In this 
paragraph, key variables between flow chamber studies are listed, and it is explained 
how these variables could influence the platelet-endothelial interface (Figure 1). 
Strikingly, a major potential source of variation, flow channel dimension, is only 
reported in a minority of papers. Grosso modo platelets can undergo 2 types of 
interactions: platelet-platelet interactions and platelet-surface interactions. The 
transition between situations in which platelet-surface interactions or platelet-platelet 
interactions dominate is a function of channel  size  and  aspect  ratio  (height/width)  
with  values  of  <0.2 are being recommended to achieve constant shear stress, and 
thus laminar flow, across the middle of the adhesive surface.20 Under these 
physiological conditions, red blood cells (RBCs) become centered in the middle of 
the vessel/flow chamber and push platelets towards the wall of the flow chamber (i.e. 
so-called platelet margination). Importantly, RBCs may also influence the efficacy of 
antithrombotic agents. For example, the antithrombotic effects of the 

Ca2+ 

Ca2+ 
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phosphodiesterase type 5 (PDE5) inhibitor dipyridamole are largely attributed to its 
inhibition of adenosine reuptake by RBCs and to a lesser extent to its inhibition of 
platelet PDE5.21 Hence, having RBCs present in the blood sample is of key 
importance to mimic the physiological process of platelet adhesion under flow, and, 
in general, superior to the use of platelet-rich plasma. The fact that there are no clear 
differences observed in study outcomes between studies with whole blood vs 
platelet-rich plasma (Table 1) does not impact the importance of having RBCs 
present, if only because several other factors also vary between these studies. 

The type of anticoagulant used and in particular whether the anticoagulant 
does (e.g. citrate) or does not (e.g. hirudin, PPACK) remove divalent cations forms 
another potential source of variation. The adhesive properties of integrins α2β1 and 
αIIbβ3 are quite sensitive to the extracellular levels of divalent cations, because of 
their Ca2+ and/ or Mg2+ binding domains, which control ligand binding.22 Indeed, Rataj 
et al.23 reported reduced thrombus coverage in the presence of citrate when 
compared with heparin anticoagulated whole blood. Even with physiological Ca2+ 
and Mg2+ levels present (e.g. in heparin- anticoagulated blood), one has to be aware 
that, although integrin function is no longer impaired, the coagulation process is still 
blocked. As a consequence, the role of thrombin, a key protease in the coagulation 
cascade, and also a potent platelet activator, is not taken into account. Importantly, 
thrombin, and coagulation factors Xa, activated protein C, and the tissue factor/factor 
VIIa complex, also interact with PAR1 on the endothelium, thereby promoting the 
release of endothelial-derived VWF and the exposure of tissue factor and P-selectin 
at the endothelial surface.2 Using a method where native non-anticoagulated whole 
blood was perfused directly from the vein of the donor through the flow chamber, 
Kirchhofer et al.24 were the first to demonstrate that inhibition of thrombin led to 
greatly reduced platelet deposition, and fibrin deposition, on TNF-α–stimulated ECs 
under flow. Since then, to the best of our knowledge, only 2 groups have studied the 
contribution of the coagulation system to thrombus formation and/or channel 
occlusion in endothelium-lined flow chambers. Harris et al.25 found a strong reduction 
in platelet surface area coverage and thrombus volume upon treatment of 
heparinized whole blood with the thrombin inhibitor bivalirudin, suggesting that 
anticoagulation with heparin did not suffice to block thrombin generation in this model 
where human blood was perfused over porcine ECs. Ciciliano et al.26 recalcified 
citrated blood to allow coagulation to occur and observed reduced channel occlusion 
with hirudin and heparin in this setup. In contrast, in collagen-lined flow chambers 
the interplay between coagulation and platelets has been more extensively 
characterized, as reviewed elsewhere.5 The variables reported here (Figure 1) are 
not an exhaustive list, and other differences affect results, as reported elsewhere.27-

29 
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Status quo of endothelial-lined flow chamber studies: endothelial 
compartment 

Regarding the endothelial compartment, the following key aspects often vary 
between studies: culturing of ECs under shear vs static conditions, the type of 
stimulus used to trigger EC activation, the source and passage number of ECs, and 
the confluency of the EC layer (Figure 1). ECs sense mechanical stresses through 
several proteins that are also involved in the interaction of ECs with platelets and 
leukocytes, for example, β2 and β3 integrins, platelet and endothelial cell adhesion 
molecule 1, vascular endothelial cadherin, G-protein coupled receptors, and the 
cytoskeleton itself,30 triggering a differential regulation of ~3% to 6% of endothelial 
genes.31 Following a shear stress transcriptional response, initiated by these 
receptors, 3 major types of responses can occur in ECs: (1) a detrimental, immediate 
response leading to the induction of endothelial activation; (2) a protective, chronic 
response causing suppression of endothelial activation, anti-inflammatory effectors, 
and morphologic adaptation to flow; or (3) a dysfunctional response to disturbed 
stresses leading to endothelial activation, inflammation, and atherogenesis.32 TNF-
α is the most frequently used EC stimulus in flow chamber studies (Suppl. Table 1). 
In response, ECs release VWF and present several effector proteins on their 
membrane, such as E-selectin, P-selectin, intercellular adhesion molecule 1 (ICAM-
1), VCAM-1, and tissue factor.33,34 Alternatively, PMA, TGF-β1, STX-2, IFN-γ, 
cholesterol, FeCl3, and heat have been used to activate or damage the endothelium 
(Suppl. Table 1). To our knowledge, no comprehensive comparison of cellular 
changes in ECs has been made between these agonists. 

Of those genes that are influenced by the shear stress transcriptional 
response, the following non-exhaustive subset is involved in haemostasis and 
thrombosis: thrombomodulin, tissue factor, endothelial nitric oxide synthase, platelet 
and endothelial cell adhesion molecule 1, VCAM-1, and P-selectin.31 By and large, 
a pattern of protective antithrombotic changes can be seen when the ECs are 
cultured under physiological laminar flow patterns, while changes in flow profiles 
during the experiment are pro-thrombotic and pro-atherogenic.31 Without flow, the 
long-term shear induced alterations to EC protein expression and phenotype will 
likely not present.30 Altogether, the previously mentioned points advocate for 
culturing ECs under flow conditions that are representative for the vessel and the 
underlying (patho)physiology. Of note, not only shear stress, but also the interaction 
of platelets35 or platelet-derived microRNAs36,37 with ECs can modulate EC gene 
expression. 

It is important to note that there is distinctive endothelial heterogeneity 
throughout the vasculature, including differences in tissue factor pathway inhibitor 
(predominantly in the capillaries), endothelial protein C receptor (large veins and 
arteries), endothelial nitric oxide synthase (found mostly arterial), and VWF 
(predominantly present in the veins under physiological conditions).38 The study by 
Dong et al39 represents one of few studies where different sources of ECs were 
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examined in flow studies in a quantitative manner. They showed that the number of 
ultra-long VWF strings is EC source dependent, with fewer ultra-large VWF strings 
forming on human coronary artery endothelial cells and human lung microvascular 
endothelial cells, both used after 4 to 5 passages, than on primary HUVECs and 
human umbilical artery endothelial cells. It remains to be determined whether the 
difference in passage number underlies the decreased ultra-large VWF strings 
formation in human coronary artery endothelial cells and human lung microvascular 
endothelial cells, or whether this is related to an inherent difference in VWF 
production. 

Measurements of cell viability and confluence of the EC layer are another 
set of meaningful quality controls. Because platelets can interact with the 
extracellular matrix on which ECs are seeded, a lack of confluence can affect the 
outcome of the study. An example of the latter is provided by Sylman et al.,40 who 
used heat to activate ECs and found that the large contribution of α6 to platelet 
aggregate formation in their model was because of exposure of the laminin-rich 
matrix after receding of the EC upon heat treatment. In addition, it is of relevance to 
report the passage number of the ECs used in the flow studies, because the 
expression level of several proteins that are involved in thrombus formation, such as 
galectin 1,41,42 are affected by the number of passages. Altogether, a main aim of 
this review is to increase awareness of the variables that may cause variation in flow 
chamber studies and to facilitate comparison between studies by reporting these 
variables. 
 

 
Figure 2. Schematic overview of the various interactions between platelet and endothelial 
surface molecules. Platelets interact with activated ECs via the following main mechanisms: (1) 
Platelet rolling via interaction of platelet GPIb-IX-V with endothelial-released VWF with a supporting 
role for the P-selectin/PSGL-1 axis. (2) Firm platelet adhesion to the endothelium via interaction of 
platelet αIIbβ3 with endothelial αvβ3 (via VWF, fibrinogen, fibronectin) and ICAM-1 (via fibrinogen). 
Alternatively, platelet αIIbβ3

 can also interact with the endothelial GPIb-IX-V (via VWF). (3) A 
stimulatory role for thrombin and the thrombospondin-1 (TSP-1)/CD36 axis in platelet activation. 
More detailed information is provided in the text. 
 
Mechanisms of platelet rolling over activated endothelium 
 To integrate the experimental data obtained from flow chamber studies into 
a unifying model of platelet-EC interaction, in this review, experimental data from 
flow studies were combined with knowledge obtained from in vivo thrombosis 
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studies. It is thought that the main mechanism of platelet rolling on the activated 
endothelium is mediated via interaction of platelet GPIb-IX-V complex with VWF,35 
with a supporting role for the P-selectin/PSGL-1 axis (Figure 2). Inhibition of GPIbα, 
in flow chamber experiments, resulted in a shear-dependent reduction in platelet 
translocation and binding to VWF strings33,39,43-45 and is accompanied by a reduction 
in platelet surface area coverage,46,47 aggregate volume,40 and channel occlusion.26 
Similar results were obtained upon targeting the A1 domain of VWF,39,43 in the 
presence of VWF-free plasma26 or upon desmopressin treatment of the 
endothelium.48 This fits with the textbook knowledge that the contribution of platelet 
adhesion to immobilized VWF via GPIb-V-IX is considerably accelerated by high 
shear forces present in the arterial circulation, as a consequence of conformational 
changes in the immobilized VWF. Shear rate (per second) and shear stress (in dynes 
per square centimetre) are the 2 shear variables that are used in flow chamber 
studies. Shear rate is the rate at which adjacent layers of the blood are moving with 
respect to each other and increases while approaching the vessel wall. As platelet 
adhesion occurs at the vessel wall, wall shear rate is meant in this review when 
talking about shear rate. Shear stress is the (viscous) force of the blood applied on 
the vessel wall and is a linear function of the wall shear rate and the blood viscosity. 
For the major vessels of the human circulatory system, the wall shear rate can be 
compared with the shear stress (Figure 3). The variety in shear between the vessels 
is partly dependent on the diameter of the vessel (i.e. smaller blood vessels have a 
higher shear rate/stress than bigger blood vessels). An area for future research is to 
investigate whether platelets have a shear optimum when adhering to the 
endothelium and, if so, at which wall shear rate this optimum occurs. 
 In addition to VWF-GPIb, multiple in vivo and in vitro studies also show a 
role for both platelet PGSL-1 with endothelial P-selectin46,49 and platelet P-selectin 
with endothelial PSGL-150 in mediating platelet rolling and adhesion to activated 
endothelium. Antibodies against anti–P-selectin have been shown to reduce platelet 
translocation and binding to VWF strings,44 platelet adhesion,51 and surface area 
covered46 under both low shear (2.5 dynes/cm2) and high shear (50 dynes/cm2, 
1500/s) flow conditions (Table 1; Suppl. Table 2). Although platelets contain ~8900 
copies of P-selectin per platelet,52 PSGL-1 was shown to be only present in small 
amounts on the platelet protein level.49 Burkhart et al.52 even failed to detect PGSL-
1 in the human platelet proteome. Yet, the latter finding could be influenced by the 
fact that PSGL-1 is heavily glycosylated, which potentially hampers its digestion by 
trypsin, and hence the subsequent detection by mass spectrometry. PSGL-1 is 
functionally expressed, albeit at low levels, by ECs in certain organs under conditions 
of chronic inflammation.50,53 Furthermore, it has been suggested that activated 
platelets might also use the GPIb-IX-V complex as an alternative receptor for rolling 
over endothelial P-selectin.33 Yet, to our knowledge, the latter study by Romo et al. 
received no follow up in literature so far, and a binding site for P-selectin on GPIb 
has not been reported. Moreover, inhibition of GPIb or P-selectin did not result in a 
complete inhibition of the adhesive potential of P-selectin or GPIb-expressing 
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Chinese hamster ovary cells.33 Taken together, this points to a supporting role of the 
P-selectin/PSGL-1 axis in platelet-endothelium interaction, in particular under 
conditions where little VWF is present. 
 
Mechanisms of platelet adhesion, activation, and thrombus formation 
on activated endothelium 
 Stable adhesion of platelets to the endothelium requires activation of 
integrins on the platelet and endothelial surface. A key player herein is platelet αIIbβ3 
integrin (Table 1).54 Its contribution to platelet adhesion and thrombus formation on 
activated endothelium was examined using a range of inhibitors that compete with 
the binding of VWF and fibrinogen to the integrin, often by (in)directly interacting with 
the RGD binding pockets of αIIbβ3.55 Similar to blockage of GPIbα, αIIbβ3 inhibition 
resulted in reduced platelet-containing VWF strings44 accompanied by a reduction in 
platelet adhesion56 and hence reduced platelet surface area coverage,25,34,46,47,57-59 
platelet aggregate volume,40 and channel occlusion26,60 (Table 1). Integrin αIIbβ3 
interacts with the endothelium via the bridging molecules VWF, fibrinogen, and 
fibronectin, which can all bind to endothelial αvβ3 integrin. Inhibition of endothelial 
αvβ3 reduces stable platelet adhesion by ~50%, both under flowing61 and static 
conditions,62,63 suggesting the involvement of other receptors in mediation stable 
platelet-endothelial interactions. Indeed, endothelial ICAM-1, using fibrinogen as a 
bridging molecule, and endothelial GPIb-IX-V, via VWF, have also been shown to 
interact with platelet αIIbβ3 and mediate platelet adhesion (Figure 2).62 

 Strikingly, the contribution of platelet receptors in the subsequent thrombus 
forming process has only investigated in a limited manner. So far, interventions into 
soluble platelet activation factors revealed the importance of the coagulation 
cascade, primarily via thrombin,24-26 but also of secondary feedback loops via 
cyclooxygenase 126 and of adenosine triphosphate-P2X1 interaction64 in mediating 
thrombus formation on activated endothelium. In addition, there appears to be a role 
for the TSP-1–CD36/CD47 axis in mediating platelet arrest.65 Lagadec et al.65 
hypothesized that the interaction of TSP-1 with CD36 induces the exposition of the 
cell-binding domain of TSP-1, allowing its ligation with platelet CD47 and subsequent 
activation of platelet αIIbβ3 integrin. This fits with in vitro flow chamber and in vivo 
arterial thrombosis studies, which indicate a platelet activating and thrombus-
stabilizing role for TSP-1, via CD36.66,67 Moreover, TSP-1 has also been shown to 
protect endothelium-bound VWF from ADAMTS13-mediated degradation, thereby 
further enhancing the dynamic recruitment of platelets into developing thrombi.68 The 
observation that the TSP-1/CD36 interaction may also stimulate platelet activation 
by inhibition of the inhibitory cyclic adenosine monophosphate/cyclic guanosine 
monophosphate signalling pathways in platelets,69,70 and that TSP-1 is present in 
high amounts in the α-granules of platelets (±100,000 copies/platelet),52 makes TSP-
1 potentially a vital player in platelet activation and stable thrombus formation on 
inflamed endothelium. 
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Figure 3. Wall shear rates and corresponding shear stresses in the vascular system. The 
data presented are from de Groot and Sixma83 and Sakariassen et al.84 assuming blood as a 
Newtonian fluid with a constant viscosity and a laminar flow. Asterisk indicates that shear stress is 
irrelevant because of microcirculatory blood flow. 
 
Platelet interactions with ECs from lymphatic or xenogeneic origin 

Beyond their well-known role as mediators of haemostasis and thrombosis, 
platelets are also involved in mouse embryonic lymphatic development. Intriguingly, 
platelet adhesion and activation to lymphatic ECs is regulated via a different 
mechanism to that in vascular ECs. Podoplanin, constitutively expressed by  LECs  
but  not  present in vascular ECs, supports platelet arrest to LECs via interaction with 
platelet CLEC-2.71 The CLEC-2 receptor signals via a similar signalling pathway as 
GPVI,7 and inhibition of their downstream kinases Src and Syk reduces stable 
platelet-LEC interactions and platelet surface area coverage.71 Interestingly, 
although blockage of integrin αIIbβ3 did abolish aggregate formation on LECs, it also 
led to an increase in platelet surface area coverage. This latter is likely because of 
the fact that CLEC-2 levels in human platelets are much lower than those for αIIbβ3 
(2000 vs 64,200–83,300 per platelet, respectively),52 and platelets thus preferentially 
bind to activated αIIbβ3, and form compact 3D aggregates, on LECs. Yet, upon 
blockage of αIIbβ3, platelets only adhere to podoplanin and form a homogeneous 
monolayer, which results in an increased surface area coverage. This example 
highlights that merely taking output parameters into account does not always 
adequately reflect the actual underlying process. 

Endothelial-lined flow chamber studies have also been used as   a model for 
xenograft rejection, showing an essential role for the complement system in platelet 
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interaction with ECs of xenogeneic origin.23,25,46 Whether perfusion of human blood 
over allogeneic ECs (i.e. from different individuals of the same species) also induces 
some activation of the complement system or not remains to be established. Briefly, 
Galbusera et al.46 found that human serum induced porcine EC activation and 
thrombosis in a parallel plate flow chamber. The underlying mechanism involved 
complement-induced endothelial activation, with reactive oxygen species–triggered 
overexpression of endothelial-expressed P-selectin and αvβ3 as a consequence 
(Suppl. Table 2). This proposed mechanism was confirmed by Rataj et al.,23 who 
demonstrated that blockage of complement factor 5 reduced platelet surface area 
coverage. In addition, Harris et al25 recently showed that galactose 1,3α-galactose 
transferase–deficient porcine ECs resist hyperacute rejection and display a 
significant decrease in human platelet surface area coverage and aggregate volume 
when compared with wild-type porcine ECs. Combined, these findings from flow 
chamber studies on xenoactivation could be useful to assist with finding new 
strategies to control platelet activation and prevent xenograft rejection. This is 
relevant given the interest in xenotransplantation of pig organs into humans as a 
possible strategy to solve the current shortage of organs for human transplant. 
 
Conclusion and future perspectives 

Over recent years, technical advances have led to the development of a 
range of endothelial-lined flow chamber devices. In this review, we show that these 
devices hold promise in the field of haemostasis to provide insight into the main 
players in the cross talk between platelets, the coagulation system, leukocytes, and 
the endothelium. Although there is ample insight into the mechanisms underlying 
platelet rolling and arrest on activated endothelium (Figure 2), it remains obscure 
what happens after platelet adhesion. So far, the importance of the coagulation 
cascade, primarily via thrombin, and secondary feedback loops, among others via 
TSP-1, in mediating thrombus formation and stabilization on activated endothelium 
have been revealed. Of thrombi formed on collagen type I, it has been demonstrated 
that they consist of at least 3 platelet subpopulations: aggregating platelets with 
(reversible) integrin activation, pro-coagulant platelets exposing phosphatidylserine 
and binding coagulation factors, and contracting platelets with cell-cell contacts 
residing in the core of the thrombus.72,73 An open question is if, and to what extent, 
thrombus composition on activated endothelium differs from thrombus formation on 
collagen and between ECs from different vascular beds. Herein, an important 
technical challenge lies in including the coagulation system in endothelial-lined flow 
chamber studies in a controlled way. The study by Ciciliano et al.26 is a solid attempt 
at this in recent years. 

Recent technological advances in the flow chamber field partly stem from 
the high flexibility in design of microfluidics and have, among others, resulted in 
microfluidics that model the microvasculature60,74 or stenotic arteries.75,76 A 
multiparameter-based analysis of flow chamber experiments is another recent 
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development.77 Overall, the different designs, setups, and analyses between flow 
chamber studies do not necessarily have to hamper comparison of experimental 
results, as long as key variables, such as flow channel dimensions, EC origin plus 
passage number, presence/absence of RBCs, and/or divalent cations Ca2+ and Mg2+ 
are routinely reported. Despite a good correlation between the experimental 
outcome of in vitro flow chamber experiments and in vivo arterial thrombosis 
studies,6 it is important to be aware of the characteristics of each model. For 
instance, the CLEC-2 ligand podoplanin is not present in vascular ECs but does 
become upregulated in the wall of the inferior vena cava during a murine model of 
deep vein thrombosis, modulating thrombosis.78 In a vascular endothelial- lined flow 
chamber model this pro=thrombotic role of CLEC-2 would not be observed. Vice 
versa, flow chamber studies can provide insight into in vivo studies, for instance in 
the underlying mechanism of how FeCl3, a commonly used trigger of vascular 
damage, induces thrombosis.26 

Mechanistically, a rapidly emerging and in vogue topic is on the interactions 
of platelet-derived microparticles with the (activated) endothelium and the short- and 
long-term cellular effects of these interactions.79 In addition, studies into the role of 
the glycocalyx in platelet-endothelial interactions,80 post-thrombotic processes such 
as fibroblast infiltration into the thrombus,81 and platelet-dependent matrix 
degradation82 provide promising avenues to provide novel mechanistic insight. 

In sum, in the short-term endothelial-lined flow chamber studies are suited 
to increase our knowledge of the mechanisms underlying platelet activation and 
thrombus formation on activated endothelium. In the long term, they hold promise 
for opening up new investigatory paths to find targets that are only involved in the 
interplay of vascular cells and haemostatic cells in pathological chronic conditions 
such as diabetes and atherosclerosis. 
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Abstract 
Atherosclerosis is an underlying cause of a broad array of cardiovascular 

diseases characterized by plaques, arterial wall thickening initiated by 
hyperlipidaemia, pro-inflammatory signals, endothelial dysfunction and the influx of 
inflammatory cells. By still incompletely characterized mechanisms, these plaques 
can destabilize or erode, leading to thrombosis and blood vessel occlusion and 
becomes clinically manifest as angina pectoris, myocardial infarction (MI) or stroke. 

Among the several blood cell types that are involved in the development of 
atherosclerosis, the role of platelets during the thrombotic occlusion of ruptured or 
eroded plaques is well established and clinically exploited as evident by the 
extensive use of platelet inhibitors. However, there is increasing evidence that 
platelets are also involved in the earlier stages of atheroma development by 
exhibiting pro-inflammatory activities. The scope of this review is to describe the role 
of platelets in the initiation and propagation stages of atherosclerosis and beyond; in 
atherothrombotic complications. 
 
1. Contribution of platelets to the early onset of atherosclerotic lesions 
 The development of atherosclerosis starts already at an early age as local 
vascular inflammation and fatty streaks, some of which progress over time to 
become clinically relevant atheromas at a later stage in life.1 Under the inflammatory 
conditions present during early athero- genesis, the endothelial cells of the vessel 
wall express certain adhesion molecules, e.g. ICAM-1, and release vWF, which 
makes them permissive for transient and stable interactions with (activated) 
platelets. Activated platelets are thought to promote the onset of plaque formation or 
progression in multiple ways, which can be categorized in I) depositing chemokines 
on the inflamed endothelium and thereby recruiting leukocytes, II) binding to the 
endothelium and triggering an inflammatory response in endothelial cells, III) binding 
to and activating leukocytes, IV) releasing extracellular vesicles (EVs) (Figure 1A). 

  
1.1 Inflammatory interactions of platelets with endothelial cells 
 Rolling of platelets over endothelial cells is mainly mediated by von 
Willebrand factor (VWF),2 which is released from the Weibel-Palade bodies of 
activated endothelial cells, and by platelets themselves. It can be conceived that 
VWF retained on the vessel wall binds to passing platelets via the platelet GPIb-IX-
V complex, which might in turn serve as a bridge to facilitate leukocyte recruitment 
(see below).3 Deletion of VWF leads to a reduction of atherosclerotic plaque 
formation in mice.4 Interaction between platelet P-selectin and endothelial PSGL-1 
supports platelet rolling over the inflamed endothelium. Whilst rolling, platelets 
deposit the chemokines CCL5 (RANTES) or CXCL4 (platelet factor 4) onto the 
endothelium, which increases recruitment of monocytes by 2- to 3-fold5 and 
neutrophils to carotid arteries of mice.6 Platelet-specific genetic deletion, or 
pharmacologic blockade of P-selectin was shown to result in a reduced deposition 
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of CCL5 by platelets on endothelial cells and on the vessel wall.6,7 However, the 
exact role of how P-selectin mediates CCL5 deposition is unclear. Deposited CCL5 
can also undergo interactions with other inflammatory factors, e.g. with human 
neutrophil peptide 1 (HNP1), which potentiates the vascular recruitment of classical 
monocytes8 and with CCL17 to attract T cells to sites of inflammation.9 Heteromeric 
interactions of CCL5 and CXCL4 further enhance monocyte recruitment.10 Inhibition 
of the interactions of CCL5 with CXCL4, CCL17, and HNP1 by specifically designed 
synthetic peptides leads to a reduction of leukocyte recruitment in vitro, and to a 
reduced plaque formation when administered to mice in models of atherosclerosis 
(CXCL4 and CCL17)9,10 or to decreased myocardial tissue damage when given to 
mice in models of heart ischemia reperfusion (CXCL4, HNP1).8,11 

Firm platelet adhesion to the endothelium occurs via interaction of platelet 
αIIbβ3 with endothelial αvβ3 and ICAM-1, as reviewed in detail by Coenen et al..12 Of 
note, mice double deficient in ApoE and αIIb display attenuated atherosclerosis in the 
carotid artery and aorta when compared to ApoE knockout mice.13 Yet, there are 
several other receptors mediating the platelet-endothelial interface with a key role 
for the cell-bound cytokine CD154 (CD40 ligand) and its receptor CD40 in leukocyte 
recruitment and endothelial inflammation.14 Both are present in platelets; CD154 is 
presented surface-bound after platelet activation and also released in a soluble form, 
whereas CD40 is constitutively expressed in a membrane-bound fashion.14,15 A 
recent study highlighted an involvement of CD154 and ultra-large multimers of VWF 
(UL-VWF) in the platelet-mediated recruitment of monocytes to the vessel wall.16 
Stimulation of endothelial cells with sCD154 or activated platelets under high shear 
flow conditions led to a release of UL-VWF, which served as a substrate for 
monocyte adhesion in vitro and in vivo. In addition, perfusing plasma from patients 
with cardiovascular disease over activated endothelial cells was found to lead to an 
increased length of secreted UL-VWF, with an increase of adherent platelets, 
compared to controls.16 Moreover, during early plaque development, platelet CD154 
can induce endothelial inflammation by trans-interactions with endothelial CD40.17 
Interestingly, cis-interactions of CD154 with platelet-CD40 leads to proteolytic 
release of soluble CD154 (sCD154).14 By serving as an activating ligand for integrin 
αIIbβ3 on platelets, sCD154 was shown to exert stabilizing autocrine functions during 
arterial thrombus formation.15 In a later study by Lievens and colleagues, the role of 
CD154 in thrombus stabilization was confirmed and platelet CD154 appeared to 
stimulate atherogenesis.18 Repeated injections with activated wild type platelets into 
hyperlipidaemic mice resulted in accelerated plaque development, an effect that was 
far less prominent after injections with CD154-deficient platelets,18, similar to 
observations with P-selectin-deficient platelets.7 Unlike CD154, CD40 was not found 
to play a role in thrombus stabilization, but platelet-CD40 was also found to play a 
role in atherosclerotic plaque development and phenotype,19 an observation that 
appears to be somewhat at odds with its previously described function in regulating 
CD154 activity,14 and asks for further investigation. 
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Figure 1. Platelet-related mechanisms in atherosclerosis and atherothrombotic ischemic 
events. (A) Platelets can support atherogenic vascular inflammatory processes by i) binding to 
oxidized low-density lipoprotein (oxLDL), causing platelet activation and accelerating foam cell 
formation, ii) binding to and activating leukocytes, and iii) supporting the influx and differentiation 
of monocytes/macrophages, iv) depositing chemokines on the inflamed endothelium and thereby 
recruiting leukocytes, v) binding to the endothelium and triggering an inflammatory response in 
endothelial cells, vi) bridging leukocytes to the endothelium by binding to von Willebrand factor 
(VWF), vii) releasing extracellular vesicles. (B) Platelets can support ischemic thrombo-
inflammatory processes by i) releasing inflammatory mediators that act on monocytes and 
neutrophils, ii) directly facilitating leukocyte recruitment and infiltration at the site of injury, iii) 
stimulating the release of neutrophil extracellular traps that can serve as a substrate for the 
coagulation reaction and for leukocyte recruitment. 
 

An open question with potential relevance for the role of platelets in plaque 
development is whether platelets can leave the blood vessel and enter surrounding 
tissues, e.g. plaques. Although platelets do not appear to exit the vessel when bound 
to transmigrating leukocytes,20 platelets are able to actively migrate towards the 
chemokines CXCL12 and CXCL14 in chemotaxis experiments.21,22 In addition, 
platelets have been found outside of blood vessels in inflamed or ischemic tissues,23 
yet it is unclear whether they actively migrate outside blood vessels in a self-
supported fashion. However, platelets have been shown to enter the plaque interior 
through leaky microvessels.24 As outlined below, platelets might contribute to the 
formation of foam cells. At later stages, they might disintegrate into microvesicles, 
which can influence macrophage and smooth muscle cells phenotype (see section 
1.3). However, isolated microvesicles from human plaques have been found to be of 
diverse cellular origins, except from platelets.25 
 
1.2 Platelet-leukocyte interactions 
 Although platelet-leukocyte interactions appear to be involved in pathologic 
inflammation and thrombosis, they also appear to serve physiologic functions, for 
instance in host defence. Activated platelets can bind to monocytes, neutrophils and 
lymphocytes and can increase their adhesiveness to inflamed endothelial cells or 
exposed sub-endothelial cells (for further reference please consult: 26-29). 
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Given their ability to interact with many molecular and cellular partners, 
platelets have been shown to serve as a bridge from the leukocyte to the vessel 
wall.30-32 Such mechanisms might lead to an increased accelerated influx of 
mononuclear cells into the developing plaque. During dyslipidaemia, an important 
role for the formation of platelet-leukocyte adhesion might be played by oxidized low-
density lipoprotein (oxLDL), which can directly activate platelets through the CD36 
receptor.33,34 Besides increasing platelet adhesiveness to immobilized substrates, 
binding of oxLDL to platelets leads to pro-inflammatory activation, increasing 
adhesion to neutrophils and monocytes and enhancing leukocyte extravasation and 
foam cell formation.35,36 Thus, changes in plasma under pathologic conditions might 
modulate platelet-endothelial and platelet-leukocyte interactions. 

Platelet-leukocyte interactions are receiving increasing attention as possible 
interventional target. Pharmacologic and genetic manipulation of platelet-monocyte 
interactions by altering or blocking the binding site on macrophage antigen 1 (Mac-
1, CD11b/CD18) for glycoprotein 1bα (GP1bα) led to reduced thrombosis in carotid 
arteries and cremaster arterioles in mice, without affecting hemostasis.37 A similar 
approach was followed for the interaction of Mac-1 with CD154, using a blocking 
peptide or a novel antibody that specifically blocks the binding site for CD154 on 
Mac-1.38,39 Blocking the Mac-1 – CD154 interaction led to a reduced leukocyte 
recruitment, inflammation and decreased atherosclerotic plaque formation, without 
affecting normal host defence. As opposed to the Mac-1– GP1bα pair, the exact role 
of Mac-1 – CD154 interaction for platelet-leukocyte interplay remains to be 
pinpointed. Platelet adhesion to endothelial cells can thus support monocyte 
recruitment, and several studies have indicated an involvement of chemokines. For 
example, the membrane-bound chemokines CX3CL1 (fractalkine) and CXCL16, 
expressed on vascular cells, are involved in the interaction of monocytic cells with 
endothelial cells. Interestingly, inhibition of platelet adhesion also led to a reduction 
of adherent monocytes to inflamed endothelial cells.40 Multiple complementary 
mechanisms might be involved. For example, expression of CX3CL1 on activated 
endothelial cells might directly activate platelets, leading to the expression of P-
selectin, facilitating the capture of monocytes.40,41 Further, CX3CL1 supports the 
interaction of VWF with GPIbα.42 In addition to CX3CL1, CXCL16 exerts a similar 
supportive function in the recruitment of platelets and monocytes to the vessel 
wall.43,44 

It has to be noted that although a large number of studies have shown that 
platelets interact with endothelium during vascular inflammation and atherogenesis 
and serve as a bridge for leukocytes to the larger arterial and venous vessel wall, 
less evidence is present on whether platelets also serve this role in a microvascular 
context. Although the effects of the pharmacological compounds used cannot be 
clearly ascribed to a single cell type, the phosphodiesterase inhibitor cilostazol and 
aspirin were shown to reduce platelet-leukocyte aggregation in the injured 
microvasculature of mice.45,46 
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1.3 Release of extracellular vesicles and miRNA transfer 
Next to the release of chemokines and other bioactive substances, platelets 

can also release EVs upon activation (the authors refer to ref. 151 for a 
comprehensive overview). These EVs have the potential to modulate biologic 
processes distal from the site of platelet activation.47,48 So far, platelet-derived EVs 
have been demonstrated to enhance the recruitment of monocytes and neutrophils 
to the vessel wall during inflammation;49,50 deposit chemokines that trigger the 
recruitment of monocytes;51 directly promote monocyte differentiation into 
macrophages;51 alter macrophage genotype and function;53,54 induce proliferation 
and transformation of smooth muscle cells to a pro-inflammatory phenotype;55 upon 
infiltrating the bone marrow, modulate the behaviour of megakaryocytes to alter 
thrombopoiesis during inflammation.56 Although these observations might be 
explained by the action of proteins and lipids carried by EVs, a number of interesting 
studies have also pointed towards nucleic acids, notably microRNAs (miR), as 
molecular effectors. Platelets are a main contributor to the plasma pool of circulating 
miRNAs and contain miRNAs linked to atherosclerosis. The miRNAs-126, -223, 191-
5p and -320b have been found to be transferred from platelets and their EVs to 
endothelial cells.57-59 MiRNA-126 – the most abundant miRNA in platelets60 – 
controls VCAM-1 expression, which is linked to endothelial dysfunction.61 Platelet 
miRNA223 can regulate endothelial gene expression and appears to have 
quiescence promoting effect on endothelial cells,59 e.g. via downregulating ICAM-1 
expression.58,62 Also, miRNA320b can downregulate ICAM-1 and miRNA191-5 
inhibits endothelial cell apoptosis and angiogenesis (see expert review by 
Elgheznawy and Fleming59). It should be noted that in vitro experiments are the basis 
of the findings above, and that evidence supporting functional transfer of platelet-
derived miRNA in vivo is still scarce. Interestingly, miRNA223 is downregulated in 
patients with diabetes mellitus type.63,64 

 
1.4 Platelet hyperreactivity as risk factor for atherosclerotic cardiovascular disease 

Increased activity of platelets, defined as a lowered activation threshold 
and/or a refractiveness towards antiplatelet therapy, is considered a risk factor for 
atherosclerosis and major cardiovascular events.65 Interestingly, (treatment-
resistant) platelet hyperreactivity is often observed in patients with diabetes.66 
Hyperglycaemia is a hallmark of (uncontrolled) diabetes and this has been shown to 
increase platelet activity in a number of ways. For example, dysregulated calcium 
signalling in platelets during diabetes leads to increased activity of the protease 
calpain-1.67 This results in the degradation of particular proteins that regulate platelet 
activity e.g. platelet endothelial cell adhesion molecule-1 (CD31), which is a negative 
regulator of platelet function.68 

Being a systemic metabolic disease, diabetes also affects metabolic 
processes within platelets. The high availability of glucose leads to an increased 
activity of the polyol pathway and to oxidative stress. The enzyme aldose reductase 
is the starting point of the polyol pathway, which is activated after stimulation of 
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platelets with collagen, leading to oxidative stress and to an increased release of the 
autocrine platelet activator thromboxane A2.69 In a follow-up study, the oxidative 
stress caused by the increased activity of aldose reductase was shown to lead to 
mitochondrial dysfunction and to apoptosis in platelets, as characterized by 
exposure of phosphatidylserine on the platelet outer membrane.70 Interestingly, this 
was linked to increased thrombus size in a model of arterial thrombosis. 

Mitochondria play an important role in platelet function,71 and there is rich 
evidence in literature that platelet activity is tightly linked to mitochondrial 
(dys)function (recent examples e.g. refs. 71,73). Platelet hyperreactivity associated 
with mitochondrial dysfunction was also observed during ageing in mice.74 This 
finding was explained by increased circulating levels of tumour necrosis factor-α 
(TNF-α), which is associated with ageing. In the bone marrow, TNF-α skewed the 
polarization of hematopoietic progenitor cells towards megakaryocytes, leading to 
enhanced production of hyperreactive platelets with more mitochondria that had 
altered metabolic function. Although it is unknown whether this mechanism 
contributes to the risk for adverse cardiovascular events associated with platelet 
hyperreactivity in humans, the study demonstrates that an inflammatory state can 
be propagated by the production of platelets with a hyperreactive and potentially pro-
inflammatory phenotype.74 

Another mechanism for increased platelet reactivity is an increased relative 
number of so-called reticulated platelets, young platelets that contain more α- and 
dense granules and mitochondria and have an increased reactivity compared with 
older platelets.75,76 A recent study in mice indicated that high glucose levels led to 
increased platelet production by the bone marrow megakaryocytes, with the 
circulating platelets having a high fraction of reticulated platelets.77 This 
hyperglycaemia-induced thrombocytosis might contribute to the hyperreactivity 
observed with diabetes. In addition, reticulated platelets might be less sensitive to 
antiplatelet therapy, which might contribute to the increased risk for ischemic events 
in patients with diabetes.78 However, the sensitivity of reticulated platelets to platelet 
inhibitors might depend on the compound and the contribution of this young platelet 
fraction to resistance to antiplatelet therapy is currently still incompletely clarified.79-

81 
Besides diabetes, platelet hyperreactivity and continuous platelet activation 

are observed in myelodysplastic syndromes such as polycythaemia vera and 
essential thrombocythemia.82 Considered a risk factor (or precursor) for these 
syndromes is clonal haematopoiesis of indeterminate potential (CHIP), which is 
characterized by the clonal expansion of bone marrow cells carrying particular gene 
mutations that occur and accumulate during a human lifespan (notably in the genes 
coding for TET2, ASXL1, DNMT3A).83 Although the occurrence of CHIP by itself is 
generally not accompanied by symptoms, it is associated with a strongly increased 
risk for developing myelodysplastic syndromes and cancer,83 and intriguingly, also 
atherosclerotic cardiovascular disease.84 Many of the gene mutations that are linked 
to CHIP also affect the activation state of blood cells in general and of platelets in 
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particular. For example, an increased platelet activation state and increased 
amounts of circulating platelet-monocyte and platelet-neutrophil complexes were 
observed in carriers of the JAK2V617F mutation,85 which might contribute to an 
increased risk for thrombosis in these individuals.82 Although future research is 
necessary to clarify the relation between CHIP and platelet hyperreactivity, it is 
tempting to speculate that platelets might contribute to the increased cardiovascular 
risk observed in CHIP carriers. An overview of the gene mutations that may 
contribute to CHIP in relation to platelet function is provided elsewhere.86 
 
Table 1. Expression levels of human and mouse platelet proteins involved in atherosclerosis 
and vascular inflammation. 

 
Derived from a: 136, b: 137, c: www.uniprot.org. 
PF4, platelet factor 4; PF4var, platelet factor 4 variant; C(X)CL, C-(X)-C motif chemokine ligand; 
PBP, platelet basic protein; RANTES, regulated on activation, normal T cell expressed and 
secreted; TARC, thymus and activation regulated chemokine; GP, glycoprotein; PSGL-1, P-
selectin glycoprotein ligand 1; β2M, β-2 microglobulin; JAM-A, junctional adhesion molecule A; 
PECAM-1, platelet-endothelial cell adhesion molecule-1; HNP1, human neutrophil peptide 1, 
neutrophil defensin 1; TNFRSF5, Tumour necrosis factor receptor superfamily member 5; CD, 
cluster of differentiation; CD40L, CD40 ligand. 
‘n.d.’ not detectable according to refs. 136 or 137. 
‘-’ gene not present in mouse. 
 

A high platelet reactivity is also observed in mice with a genetic deletion of 
the junctional adhesion molecule (JAM)-A, leading to markedly reduced activation 
thresholds due to enhanced outside-in signalling through the αIIbβ3 integrin.87,88. In 
our study, this platelet hyperreactivity was exploited to investigate its role in 
atherosclerotic plaque development. We observed that hyperreactive JAM-A–/– 
platelets released more CCL5 and CXCL4 into the blood. They also interacted more 

Protein class/name Platelet copy number Protein accession numberc 
 Humana Mouseb Human  Mouse 

Chemokines    
PF4; CXCL4 563,000 274,032 P02776  Q9Z126 
PF4var; CXCL4L1 352,000 – P10720  – 
PBP; CXCL7 479,000 176,316 P02775  Q9EQI5 
RANTES; CCL5 4,500 n.d. P13501  P30882 
TARC; CCL17 n.d. n.d. Q92583  F6R5P4/Q9WUZ6 
Glycoproteins    
GPIbbeta 49,000 157,581 P13224  P56400 
GPIX 32,400 63,503 P14770  O88186 
GPV 30,200 35,620 P40197  O08742 
GPIbalpha 18,900 46,154 P07359  O35930 
Platelet GP4; CD36 16,700 n.d. P16671  Q08857/Q9QZU3 
PSGL-1 n.d. n.d. Q14242  Q62170 
Other    

β2M 19,600 34,170 P61769  P01887 
JAM-A 13,300 14,860 Q9Y624  O88792 
PECAM-1; CD31 9,400 5,566 P16284  Q08481 
P-selectin; CD62P 8,900 35,970 P16109  Q01102 
Neutrophil defensin 1; HNP1 3,100 – P59665  – 
TNFRSF5; CD40 1,300 n.d. P25942  P27512 
CD40L; CD154 1,600 n.d. P29965  P27548 
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strongly with leukocytes and with a dysfunctional vascular endothelium than their 
wild type counterparts. Hyperlipidaemic mice with hyperreactive platelets showed 
accelerated development of atherosclerosis89 and also increased neointima 
formation after wire-injury.90 As the majority of experimental studies investigating the 
role of platelets in vascular disease were performed using loss-of-function mutations 
in platelets,91 the above study demonstrated that a gain-of-platelet function can result 
in increased plaque formation. The platelet-derived molecules involved in 
atherosclerosis and vascular inflammation are summarized in Table 1 and the 
platelet-related mechanisms discussed in this section are summarized in Table 2. 
 
1.5 Translation mouse data to human 

Although there is a large body of data from animal models in the different 
stages of plaque development,91,92 this is yet incompletely translated to humans. The 
evidence for a role of platelets in atherogenesis in humans is limited and largely 
indirect, which might be attributed to the fact that experimental options are far more 
abundant in animal models. Several platelet-derived chemokines and growth factors 
are detectable in atherosclerotic plaques.93,94 Persistent platelet activation has been 
reported in association with major cardiovascular risk factors that accelerate 
atherogenesis.95 A relationship between increased platelet activation markers and 
the extent of carotid intima/media thickness, a marker of plaque size, has been 
described.96,97 In addition, platelet reactivity was associated with plaque morphology 
as determined by intravascular ultrasound.98 Although these studies do not provide 
as solid an experimental link between platelet function and atherosclerosis as 
genetic or pharmacologic mouse studies, they do provide evidence for a role of 
platelets in plaque development in humans. The recent clinical trials CANTOS,99 
COLCOT100 and LoDoCo2101 have convincingly demonstrated that inflammation 
plays an important role in the pathophysiology of cardiovascular diseases. 
Suppression of inflammation significantly reduced the risk for adverse events e.g. 
myocardial infarction. It is unclear whether lowering inflammation would also have 
effects on platelet functions. To address such questions, indicators of the 
inflammatory functions of platelets could be measured within the course of similar 
future study set ups e.g. circulating platelet-leukocyte complexes, circulating platelet-
derived microvesicles and platelet protein and nucleic acid content. 
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Table 2. Platelet-related atherogenic mechanisms. 
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2. Contribution of platelets to atherothrombosis and vascular 
remodelling 
2.1 Platelets in atherothrombosis development 

Opposed to the aforementioned processes of atherosclerosis development, 
the role of platelets in subsequent thrombus formation is well-studied and 
established.102-104 Traditionally, a plaque was described as either being stable or 
vulnerable, where the latter is more prone to rupture. Plaque rupture releases 
thrombogenic and pro-inflammatory substances thereby stimulating platelet 
activation and the formation of platelet-rich thrombi.102,103,105 It is thought that the 
primary mechanisms of atherothrombosis after plaque rupture are similar to those of 
thrombus formation in a healthy, non-atherosclerotic vessel.103,106 In brief, platelets 
can adhere to exposed collagen and VWF via their GPVI and GPIbα receptors, 
respectively, followed by αIIbβ3 integrin-dependent platelet aggregation. 
Subsequently, platelets release their granular and vesicular contents, evoking 
positive feedback loops via the soluble agonists ADP and thromboxane A2 (TxA2).102 
 
2.2 Platelets in plaque rupture and plaque erosion 

The conception and importance of plaque rupture and subsequent 
processes as described above are recently being debated by Quillard et al. and Libby 
et al., who emphasize the importance of not only plaque rupture, but of plaque 
erosion as a cause of acute coronary syndromes.107,108 Contrasting with the common 
vision of the past years,102 they state that plaque rupture results in a ‘red’ fibrin-rich 
thrombus, whereas the ‘white’ platelet-rich thrombus is being formed after plaque 
erosion.107-109 The proposed mechanism in plaque erosion involves the damage and 
activation of the endothelial cells, resulting in the exposure of extracellular matrix 
and subendothelial compounds to the blood.107 As discussed in more detail in our 
previous work, interactions of platelets with activated endothelium are distinct from 
the aforementioned thrombotic processes.12 Interestingly, in vivo evidence of the role 
of platelets in atherothrombosis is either predominantly based on models of plaque 
rupture or no clear distinction is made between rupture, erosion and healing.103,104 

Plaque disruptions are often asymptomatic and followed by plaque healing. 
Even though this disruption of the plaque is nonfatal, it contributes to plaque 
progression and narrowing of the lumen.110 Recent studies have focused on the 
mechanism of atherosclerotic plaque healing and its potential importance, as healed 
plaques are associated with long-term clinical stability, while impaired healing with 
recurrent acute coronary syndromes.111,112 Given their importance in wound healing, 
it appears plausible that platelets also play a role in the healing of ruptured plaques. 
However, this notion has not yet been investigated. 
 
2.3 Platelet-leukocyte interaction in atherothrombosis 

Various vascular diseases, including atherosclerosis and ischemic stroke, 
are thought to be associated with thrombosis as well as inflammation, creating a 
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state of so-called thrombo-inflammation, in which not only platelets, the coagulation 
system and inflamed endothelial cells are of importance, but also leukocytes.113 The 
chemokine NAP-2 (CXCL7) derived from platelets, regulates leukocyte shape 
change and forms a chemotactic gradient within the thrombus, guiding leukocytes 
through the thrombus to the site of vascular injury.114 Thrombin was shown to be a 
major player in leukocyte attraction, as it promotes P-selectin expression on mouse 
platelets through cleavage of platelet PAR4,115 allowing interaction of leukocyte 
PSGL-1 with platelet P-selectin. However, it was also demonstrated that fibrin in 
thrombi can potentially act as a physical shield and reservoir for thrombin and hence 
limit the amount of intravascular leukocyte migration.115 

Neutrophils play a key role in acute and chronic inflammation, through their 
release of granule contents and NETs, which can trigger blood coagulation. 
Furthermore, NETs are involved in many pathological inflammatory processes, e.g. 
thrombosis and atherosclerosis.116,117 This is demonstrated in animal models and in 
patients. For example, the formation of NETs was shown to be increased by 
activated platelets118 and NETosis was found to be involved in the pathophysiology 
of MI.11,119. Furthermore, NETs are found in atherosclerotic lesions and in coronary 
thrombi removed from AMI patients.120,121 It is thought that NETs distribute 
thrombosis by serving as a scaffold for adherent platelets, erythrocytes, and 
fibrin.122,123 Furthermore, NETs in thrombi might increase inflammation thereby 
increasing cell death, plaque instability and impairing regression.122,124 Taken 
together, platelets attract neutrophils into arterial thrombi, the neutrophils can 
exacerbate the inflammatory reaction and propagate thrombosis by the formation of 
NETs. 

Figure 2. Hematopoietic cell-specific RNA expression of human genes involved in 
atherosclerosis. Orange colour marks platelet cell type RNA expression relative to other 
hematopoietic cell populations (log2 fpkm). Red indicates high relative expression and blue 
indicates low relative expression. Data source and further information on: 
https://blueprint.haem.cam.ac.uk/mRNA/. 
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Table 3. Platelet-related mechanisms in myocardial infarction. 

 

2.4 Complement and platelet-secreted factors in MI 
Platelet-secreted factors are involved in the initiation and progression of 

atherosclerosis, may serve as a bridge between platelets and other cells, and 
contribute to the subsequent development of atherothrombotic diseases such as MI 
and stroke. Among these factors is β-2 microglobulin (β2M), a subunit of the major 
histocompatibility complex 1, which plasma levels are increased immediately after 
an MI. Increased levels of β2M resulted in the mobilization and differentiation of pro-
inflammatory monocytes, which occurs through a non-canonical TGFβ signalling. 
Interestingly, platelets are a major source of β2M, and a recent study demonstrated 
that platelet-derived β2M (plt-β2M) was responsible for mediating this effect.125 In 
plt-β2M-deficient mice, increased classical TGFβ signalling occurred, inducing the 
dominance of a pro-reparative monocyte phenotype. This had implications for 
cardiac repair after ischemia, since plt-β2M–/– mice showed an early reparative 
response after experimental MI. Thus, β2M levels might control TGFβ-signalling and 
thereby the fraction of classical and reparatory monocytes.125 

Platelets and endothelial cells express P-selectin upon activation, which 
facilitates transient and stable interactions with leukocytes, and might thus serve as 
an interesting target for therapeutic intervention. In the SELECT-ACS trial, a blocking 
anti-P-selectin monoclonal antibody, inclacumab, was administered to patients with 
acute coronary syndrome scheduled for coronary angiography and/or percutaneous 
intervention.126 Compared to placebo controls, patients receiving inclacumab 
showed decreased markers of myocardial damage, indicating that P-selectin 
blockade might be beneficial for the treatment of acute ischemic events.126 

Platelets contain and store serotonin (5-hydroxytryptamine, 5-HT) in their 
dense granules and platelet-derived serotonin is associated with myocardial 
ischemia and reperfusion injury and with a worsened outcome.127,128 Platelet 
serotonin has been shown to mediate neutrophil infiltration in states of acute 
inflammation or tissue damage.129 During MI, platelets release high amounts of 
serotonin, leading to increased neutrophil infiltration into ischemic tissue. Mice 
lacking platelet serotonin had decreased infarct size and improved cardiac function 
after experimental MI. Serotonin caused degranulation of both mouse and human 
neutrophils. Interestingly, administration of selective serotonin reuptake inhibitors 
(SSRIs) depleted serotonin from platelets and this also reduced myocardial damage 
after MI in mice. In humans, serotonin levels correlated with neutrophil activation 
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parameters and the use of SSRIs lowered neutrophil CD11b expression and 
circulating levels of myeloperoxidase.130 

Next to small molecules present in platelet releasates, the expression of the 
gamma globulin receptor FcγRIIa and the complement system on platelets are 
associated with MI and stroke.131,132 The complement system consists of three 
pathways with complement factor C3 in the centre, which is cleaved into C3a and 
C3b. The inflammatory function of the complement system in general133 and in 
particular C3b134 has been linked to platelet activation, coagulation and thrombosis. 
In a recent study, complement C3aR and C3a have been shown to be involved in 
the pathophysiology of MI through activation of integrin αIIbβ3.132 Thus, complement 
factors might serve as interesting targets for the treatment of MI and stroke. 

In general, it can be appreciated that platelet-secreted factors are interesting 
targets in atherothrombotic diseases, as proteomic and network analysis revealed 
differentially released proteins from platelets in patients with acute coronary 
syndrome and stable angina pectoris.135 The platelet-related mechanisms discussed 
in this section are schematically represented in Figure 2 and summarized in Table 
3. 
 
3. Concluding remarks 

In this review article, the multifaceted role of platelets in the development of 
atherosclerosis and its subsequent acute clinical consequences have been 
discussed. Being best known for their acute thrombotic properties among physicians 
and investigators, therapeutics have been primarily directed against molecules and 
receptors that mediate platelet activation and aggregation. However, since platelets 
also have a role in wound healing, the role of these compounds in the recovery of 
vascular and/or ischemic damage has not yet been assessed. As outlined in this 
article, platelets harbour many different therapeutic opportunities that are interesting 
to pursue. Notably, the inflammatory responses facilitated by platelets, primarily 
located in the vasculature, might be dampened by specific inhibitors that do not affect 
the haemostatic potential of platelets. As platelets are supportive rather than 
executive immune cells, this could have less risk to be accompanied by immunologic 
side effects than directly targeting leukocytes. Therapeutic targeting of inflammatory 
platelet functions might not only be beneficial for the longer-term prevention of 
plaque formation, but also offer chances for the manipulation of the repair reaction 
during the acute phase of MI or stroke. 
 
Highlights 

• Platelets have an essential role in haemostasis and are also critically 
involved in major thrombotic events e.g. myocardial infarction and stroke. 

• Antiplatelet therapy is primarily directed against the haemostatic function of 
platelets. 
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• Platelets have many roles in the development of atherosclerosis and 
vascular inflammation preceding major thrombotic events. 

• Platelets are also involved in post-ischemic inflammation. 
• These functions are reviewed in this paper and presented as interesting 

therapeutic targets. 
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Abstract 
Objective: Platelets possess not only haemostatic, but also inflammatory 

properties, which combined are thought to play a detrimental role in thrombo-
inflammatory diseases such as acute coronary syndromes and stroke. 
Phosphodiesterase 3 and -5 inhibitors have demonstrated efficacy in secondary 
prevention of arterial thrombosis, partially mediated by their anti-platelet action. Yet, 
it is unclear whether such inhibitors also affect platelet-inflammatory functions. Here, 
we aimed to examine the effect of the PDE3A inhibitor cilostazol and the PDE5 
inhibitor tadalafil on platelet function in various aspects of thrombo-inflammation. 

Approach and results: Cilostazol, but not tadalafil, delayed ex vivo platelet-
dependent fibrin formation under whole blood flow over type I collagen at 1000 s-1. 
Using whole blood from Pde3a deficient mice, we confirmed the inhibitory effect of 
cilostazol on PDE3A. Interestingly, cilostazol specifically reduced the release of 
phosphatidylserine- (PS) positive extracellular vesicles (EVs) from human platelets 
while not affecting total EV release. Both cilostazol and tadalafil reduced the 
interaction of human platelets with inflamed endothelium under arterial flow and the 
release of the chemokines CCL5 and CXCL4 from platelets. Moreover, cilostazol, 
but not tadalafil, reduced monocyte recruitment and platelet-monocyte interaction in 
vitro.  

Conclusions: In conclusion, this study demonstrated yet unrecognized 
roles for platelet PDE3A and platelet PDE5 in platelet pro-coagulant and pro-
inflammatory responses. 
 
Introduction 

In atherosclerosis and its major clinical presentation, myocardial infarction 
and stroke, there is a strong crosstalk between inflammatory and thrombotic 
processes. For instance, platelets are considered to promote atherogenesis by 
recruiting leukocytes to the inflamed endothelium (via chemokines) and by triggering 
an inflammatory response in endothelial cells through direct interaction or with 
released extracellular vesicles (EVs).1 Prevention of (recurrent) cardiovascular 
events predominantly comprises therapy with platelet activation inhibitors, such as 
aspirin and clopidogrel, or dual pathway inhibition with a low dose anticoagulant on 
top of aspirin.2 Despite this comprehensive treatment, a quarter of the yearly arising 
strokes and myocardial infarcts is reoccurring,3,4 highlighting a need for new or 
additional treatment options.  

In contrast to standard anti-platelet and anti-coagulant drugs, which dampen 
platelet- or coagulant activity, phosphodiesterase (PDE) inhibitors act by promoting 
vasodilation and platelet inhibitory pathways.5 The PDEs 2, 3 and 5 are expressed 
in platelets and hydrolyse cAMP (PDE2, PDE3) and cGMP (PDE2, PDE3, PDE5) to 
adenosine monophosphate and guanosine monophosphate, respectively, thereby 
lowering the threshold for platelet activation.5 Whereas PDE2 inhibitors are still under 
preclinical development, the PDE3A inhibitor cilostazol (IC50 PDE3 inhibition: 0.2 μM) 
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is prescribed to alleviate symptoms of intermittent claudication in patients with 
peripheral artery disease and for secondary stroke prevention.6-8 Of note, cilostazol, 
as opposed to aspirin and clopidogrel, does not influence bleeding time.9,10 The 
PDE5 inhibitor dipyridamole was formerly used as a standard treatment for 
secondary stroke treatment in combination with aspirin, but current guidelines now 
advise monotherapy with aspirin or with clopidogrel.11-14 Dipyridamole (IC50 PDE5 
inhibition: 0.9 μM) is known for its antithrombotic action. However, the platelet 
inhibiting function of dipyridamole does not only rely on its action via PDE5, but also 
on the blockage of adenosine reuptake.15 In contrast to dipyridamole, tadalafil (IC50 
PDE5 inhibition: 1.8 nM), sildenafil (IC50 PDE5 inhibition: 5.22 nM), and vardenafil 
(IC50 PDE5 inhibition: 0.7 nM) have a high specificity in only inhibiting PDE5 and 
these compounds are used for the treatment of erectile dysfunction.5 Tadalafil and 
sildenafil are also beneficial in pulmonary arterial hypertension.16 The effect of PDE3 
inhibition on haemostatic or thrombotic platelet activation and aggregation has been 
explored widely, but research on the platelet pro-inflammatory function of cilostazol 
is limited. Moreover, research about PDE5 inhibition with its specific inhibitor tadalafil 
with regard to a thrombotic or inflammatory state is scarce. 

Here we examine the effect of the PDE3A inhibitor cilostazol and the PDE5 
inhibitor tadalafil on platelet function in various aspects of thrombo-inflammation. 
 

Methods 
Data are available upon reasonable request from the corresponding author. 

Reagents and detailed methods of all procedures are provided in the Data 
Supplement. 
 
Blood collection 

Human blood was obtained from healthy donors after full informed consent 
in compliance with the Declaration of Helsinki. Studies were approved by the local 
Medical Ethics Committee. Users of antiplatelet and/or anticoagulant medication 
were excluded. Regarding the flow experiments under inflammatory conditions, 
human whole blood was kindly provided by the Experimental Centre for Technical 
Medicine (ECTM) at the University of Twente. 
 
Mice 

Animal experiments were approved by the Ethics Committee for Animal 
Well-Being of the Faculty of Medicine, Université Libre de Bruxelles (ULB), protocol 
LA1230331-621N, in line with the regional and national regulations and the EU 
directives. All experiments were performed in accordance with relevant guidelines 
and regulations. Mice were bred and maintained under standard husbandry 
conditions and regular diet in the animal facility of the Faculty of Medicine, ULB. 
Genotyping was performed as described.17 Male and female C57BL/6 wild type (WT) 
and Pde3a-/- mice between 10 and 26 weeks old were anaesthetized by 
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intraperitoneal injection with 800 μl avertin, which was standard procedure approved 
by the Ethical Committee for the procurement of biological materials for ex vivo 
studies. The effects of the anaesthesia were verified by checking the foot reflex. No 
post-anaesthetic effects were present as the mice were directly euthanized by 
cervical dislocation after blood collection on 3.2% sodium citrate via retro-orbital 
puncture. 
 
Cell culture 

Human umbilical vein endothelial cells (HUVECs) were cultured in ECGM 
medium (PromoCell) in a humidified atmosphere with 5% CO2 at 37 °C. HUVECs 
between passage 5 and 7 were used. 

Human acute monocytic leukaemia (THP-1) cells were cultured in RPMI-
1640 Glutamax medium supplemented with 20% FCS and 1% 
penicillin/streptomycin in a humidified atmosphere with 5% CO2 at 37 °C. THP-1 cells 
between passage 5 and 16 were used. 
 
Statistical analysis 

Flow perfusion experiments over collagen were analysed with a two-way 
ANOVA, except for time to fibrin formation with the pharmacological intervention, 
which was tested with an ordinary one-way ANOVA. Flow perfusion experiments 
over inflamed endothelium and the experiments regarding THP-1 migration, 
cAMP/cGMP levels and VASP phosphorylation were analysed with a Kruskal-Wallis 
test. THP-1 adhesion was evaluated with a Wilcoxon matched-pairs signed rank test. 
Statistical testing for remaining experiments was performed using an ordinary one-
way ANOVA. Correction for multiple comparisons was achieved with Dunnett’s, 
Dunns, Sidak’s and Holm-Sidak’s post-hoc testing. All data was statistically analysed 
with Graphpad Prism 8.4.3. 
 
Results 
Function of PDE3A and PDE5 in the activation of human and mouse platelets 

To determine the effects of cilostazol and tadalafil on platelet activation 
markers, washed human platelets were incubated with increasing concentrations of 
these compounds prior to stimulation with the collagen-analogue CRP (0.3 μg/ml) 
and analysed by flow cytometry (Figure 1A). In suspension, cilostazol dose-
dependently inhibited platelet integrin αIIbβ3 activation and secretion of platelet α- 
and dense granules (Figure 1B). Tadalafil significantly inhibited platelet integrin 
activation at 5 nM and above, while secretion of α-granules was only decreased at 
20 and 50 nM. Dense granule secretion was not affected at these concentrations 
(Figure 1C). In resting or CRP-stimulated washed platelets, incubation with cilostazol 
or with tadalafil neither led to significantly altered cAMP and cGMP levels nor to 
altered phosphorylation of VASP at serine-157 or -239 (Suppl. Table 1 and Suppl. 
Figure 1). 
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Surprisingly, in platelets from WT or Pde3a–/– (knockout; KO) mice 
measured with flow cytometry, integrin αIIbβ3 activation and α-granule secretion were 
unaltered upon stimulation of diluted whole blood with increasing doses of the 
platelet agonists ADP, AYPGKF (PAR4) or CRP (GPVI) (Suppl. Figure 2). There 
were no indications of platelet pre-activation as activation markers of unstimulated 
platelets levels were < 3 % (Suppl. Figure 2). 

 
Figure 1. PDE3A and PDE5 inhibition dose-dependently decreases platelet integrin 
activation and granule secretion. Washed platelets were activated with collagen-related peptide 
(CRP, 0.3 µg/ml) and platelet integrin αIIbβ3 activation (PAC-1: 65.68 ± 17.42%) and platelet α-
granule secretion (CD62P: 72.74 ± 8.17%), δ-granule secretion (CD63: 20.36 ± 13.97%) were 
measured by flow cytometry (A). Dose-dependent decrease by PDE3A (B) and PDE5 (C) inhibition. 
Shown are data in duplicate in percentage normalized against the activated platelets without 
inhibitor. Corresponding vehicle controls were included for every condition. Histograms: black is 
control, red is CRP, pink is cilostazol (5 µM), blue is tadalafil (10 nM). Mean + S.D., n = 5-7, * 
p<0.05, *** p<0.001, **** p<0.0001. Statistics: ordinary one-way ANOVA followed by Holm-Sidak’s 
multiple comparisons test. CRP, collagen-related peptide. 
 
PDE3A, but not PDE5, inhibition delays platelet-dependent coagulation, while 
maintaining initial haemostatic thrombus formation in human and mouse 
platelets 

Haemostatic platelet thrombus formation involves reciprocal interaction 
between platelets and coagulation factors.18 To our knowledge, we are first to assess 
the role of PDE3A and PDE5 on in vitro platelet thrombus formation under 
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coagulating conditions using pharmacological inhibitors and blood from mice 
deficient for Pde3a. Of note, global Pde5a KO mice are embryonically lethal and no 
conditional Pde5a KO mouse models exist.19 

Upon perfusion, human platelets adhered instantaneously to the collagen I 
and tissue factor surface and formed large and fibrin-rich thrombi with an average 
time to fibrin formation of 302 seconds. Platelet-collagen interaction as such was not 
affected by cilostazol (50 μM, 95-98% protein-bound in plasma) or tadalafil (100 nM, 
94% protein-bound in plasma) as the integrated feature size, which reflects platelet 
surface area coverage with respect to large thrombi and smaller platelet clusters,20 
was unaltered (Figure 2A, B). Interestingly, cilostazol, but not tadalafil, significantly 
increased time to fibrin formation to 384 seconds (p=0.03, Figure 2C). Surface area 
coverage of the platelet activation markers fibrin(ogen), CD62P and CD63 was 
unaltered (Suppl. Figure 3). 

In a similar experimental setup, blood from Pde3a KO mice was compared 
to that of WT mice (Figure 2D-F). Mouse thrombi were analysed based on their 
morphologic appearance, in which the integrated feature size was significantly 
decreased with blood Pde3a KO mice upon perfusion over the collagen type I 
surface, in the absence of tissue factor (p=0.05, Figure 2F). When coagulation was 
stimulated by including tissue factor in the collagen type I surface, the differences 
between WT and KO mice were abolished (Figure 2F). No phenotypic differences of 
thrombi were observed between genotypes (Suppl. Figure 4). To expand the 
experimental window for picking up an effect of PDE3 inhibition in mice, iloprost was 
added to the blood, which causes a raise in cAMP levels. In our hands, such 
experimental window is smaller in mouse platelets when compared to human 
platelets as mouse platelets are more easily activated with as a consequence lower 
basal cAMP levels. Interestingly, the time to fibrin formation was increased in blood 
from Pde3a KO in comparison to blood from WT mice, in the presence of iloprost 
(Figure 2G). When investigating the activation markers of adherent platelets, surface 
area coverage of JON/A, CD62P, or annexin V was found to be uniform among WT 
and Pde3a deficient mice (Suppl. Figure 3). Altogether, these data suggest a 
promoting role for PDE3A, but not PDE5, in platelet-dependent fibrin formation, with 
platelet-collagen interaction under flow ranging from mildly inhibited to unaltered 
depending on the extent of coagulation. 
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Figure 2. Effects of PDE-inhibition or genetic deletion on platelet-dependent coagulation 
under flow over collagen. Recalcified citrate-anti-coagulated human (A-C) or mouse (D-G) blood 
was perfused over a collagen type I surface or a combined collagen type I plus tissue factor surface 
for 7 (mouse) or 8 (human) min at a wall shear rate of 1000 s-1. (A) Representative brightfield 
images after 8 minutes of blood perfusion without inhibitor (0.1% ethanol) or in the presence of 
cilostazol (50 μM) or tadalafil (100 nM). Quantitative analysis of integrated feature size (B) and time 
to fibrin formation (C). Representative brightfield images of blood perfusion of WT mice and Pde3a-
/- mice over collagen type I without (D) or with (E) tissue factor in the absence of iloprost under 
coagulating conditions. Quantitative analysis of integrated feature size (F) and time to fibrin (G). 
Scale is 20 μm. Mean ± S.D., n = 4-6 (human) or 4-5 (mouse), * p<0.05. Statistics: two-way ANOVA 
followed by Dunnett’s (B) or Sidak’s (F, G) multiple comparisons test. Time to fibrin formation 
(human) was tested by ordinary one-way ANOVA followed by Holm-Sidak’s multiple comparisons 
test (C).  Ilo, iloprost; KO, knockout; TF, tissue factor; WT, wild type. 
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PDE3A and PDE5 inhibition decreases platelet adhesion to inflamed 
endothelial cells 

Next, we investigated the role of PDE3A under thrombo-inflammatory 
conditions, first specifically in platelet-endothelial interactions, in which different 
receptors are involved than in platelet interactions with vascular matrix 
components.21,22 Healthy endothelial cells ensure platelet quiescence, among others 
via the secretion of prostacyclin and nitric oxide,23 and indeed, no platelet adhesion 
was visible during and after whole blood perfusion over untreated endothelial cells 
(data not shown). Inflammatory conditions were created by overnight or 4-hour 
stimulation of HUVECs with TNF-α (10 ng/ml), which gave similar results (data not 
shown). Whole blood perfusion over inflamed endothelial cells resulted in the 
adhesion of single platelets, which clustered but remained a single layer of platelets 
(Figure 3A). Pre-treatment of blood from healthy volunteers with cilostazol reduced 
platelet adhesion on the inflamed endothelium, already at a dosage which is 10-fold 
lower (5 µm, Figure 3B) than used for the platelet-collagen interaction experiments 
(Figure 2). Interestingly, incubation with 10 nM tadalafil, which is 10-fold lower dose 
than the one used for platelet-collagen interaction under flow (Figure 2), inhibited 
platelet-endothelial interaction to a similar extent as cilostazol. These data suggest 
that pharmacological inhibition of PDE3A and PDE5 inhibits interactions of platelets 
with inflamed endothelium.  

 
Figure 3. Platelet adhesion on inflamed endothelium is decreased upon PDE3A or -5 
inhibition. Recalcified citrate-anti-coagulated human blood was perfused over HUVECs treated 
with 10 ng/ml TNF-α for 10 minutes at a wall shear rate of 1000 s-1. (A) Representative brightfield 
images after 10 minutes of blood perfusion without inhibitor (0.1% ethanol) or in the presence of 
cilostazol (5 μM) or tadalafil (10 nM). Quantitative analysis of platelet surface area coverage (B) in 
percentage normalized against whole blood perfusion without inhibitor. Scale is 100 μm. 
Interquartile range, n = 4-6, * p<0.05, ** p<0.01. Statistics: Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test. 
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Monocyte migration to and adhesion on platelets is reduced by inhibition of 
PDE3A but not of PDE5 

In the context of (thrombo-)inflammation, platelets facilitate monocyte 
activation and migration into the endothelium via chemotaxis and via direct 
interaction with monocytes.1,24 Platelet-induced monocyte migration was studied with 
a chemotaxis chamber (Figure 4). Washed platelets already induced migration of 
THP-1 cells without the addition of a platelet agonist (Figure 4A, B), which is 
suggestive of platelet activation in the well. Platelet activation with CRP shows a 
positive trend (p=0.11) to further increased THP-1 cell migration. Cilostazol (5 μM) 
pre-treatment diminished the CRP-induced chemotaxis, whereas PDE5 inhibition 
with tadalafil showed no effect (Figure 4B). Subsequently, we studied the effect of 
PDE3A inhibition on monocyte adhesion to a platelet monolayer, formed on a 
collagen type I surface, under flow conditions. Inhibition of PDE3A caused a 
relatively small, but significant (p=0.04), reduction in THP-1 adhesion to platelets 
(Figure 4C, D). Taken together, inhibition of PDE3A and thus increasing cAMP in 
platelets decreases both platelet-induced monocyte migration as well as adhesion 
of monocytes on platelets. 
 

 
Figure 4. PDE3A inhibition decreases platelet-induced migration and platelet-induced 
adhesion of THP-1 cells under flow. Representative images (A) and quantitative analysis (B) of 
THP-1 cell migration to medium, and to washed platelets, untreated or additionally stimulated with 
CRP and inhibited with cilostazol (5 μM) or tadalafil (10 nM). Red arrows indicate THP-1 cells. 
Representative images (C) or quantitative analysis (D) of THP-1 adhesion to collagen alone, and 
to washed platelets in the absence or presence of cilostazol (5 μM). Interquartile range (B), mean 
± S.D. (D), n = 6 (A, B) or 7 (C, D), * p<0.05. Statistics: Kruskal-Wallis test followed by Dunn’s 
multiple comparisons test (B) and Wilcoxon matched-pairs signed rank test (D). Cilo, cilostazol; 
CRP, collagen-related peptide; plt, platelets; tada, tadalafil. 
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Platelet chemokine- and pro-coagulant EV release are regulated by PDE3A and 
partly by PDE5 

Platelet chemokines promote leukocyte recruitment to the inflamed 
endothelium.1,24 We examined the effect of PDE3A and PDE5 inhibition on the 
release of the chemokines CCL5 (RANTES) and CXCL4 (platelet factor 4) by 
platelets. Convulxin- or thrombin-activated platelets secreted a substantial amount 
of CCL5 and CXCL4 (Figure 5A, B, p<0.0001, Suppl. Figure 5). Both cilostazol and 
tadalafil reduced this chemokine release (Figure 5A, B, p<0.01, Suppl. Figure 5), 
implicating a thus far unexplored role for PDE3A and -5 signalling in the secretion of 
pro-inflammatory factors from platelets. 

Platelet-derived EV play an important role in both haemostasis and 
inflammation and other cardiovascular diseases.25,26 NTA was used to measure total 
platelet EV release. Stimulation of platelets with convulxin or thrombin resulted in a 
3.3-fold and 2.4-fold increase of EV release, respectively (Suppl. Figure 5C, D, 
p<0.01). Neither cilostazol (5 μM) nor tadalafil (10 nM) affected the total platelet EV 
release induced by convulxin (Figure 5C) or thrombin (Suppl. Figure 5). Cells can 
shed various EV subtypes, among which pro-coagulant EV have gained 
considerable attention.27 Pro-coagulant (PS-positive) platelet EV release, 
determined with a prothrombinase-based assay and expressed as the amount of 
lipids (nM), was increased after platelet stimulation with convulxin (12.2-fold, Figure 
5D, p<0.01, Suppl. Figure 5D) or with thrombin (5.9-fold, Suppl. Figure 5, p<0.001). 
PDE5 inhibition was not associated with altered pro-coagulant EV release. 
Importantly, cilostazol significantly decreased pro-coagulant EV release induced by 
convulxin (Figure 5D, p=0.02), whereas it showed a tendency of reduction of pro-
coagulant EVs after platelet stimulation with thrombin (p=0.08) (Suppl. Figure 5). 

Taken together, the above findings suggest that the pathways of pro-
inflammatory platelet functions are regulated through the actions of PDE3A and 
PDE5, although potentially in different ways. 
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< Figure 5. Effect of PDE3A and -5 inhibition on convulxin-induced chemokine and 
extracellular vesicle release by platelets. Washed platelets were stimulated with convulxin (100 
ng/ml) without or with cilostazol (5 µM) or tadalafil (10 nM), and the release of chemokines CCL5 
(A) and CXCL4 (B), and of total (C) and pro-coagulant (D) platelet extracellular vesicle (EV) was 
measured. (A, B) Mean ± S.D., n = 27-29 (control, CVX) or 10-11 (cilo, tada). (C, D) Interquartile 
range, n = 15-16 (control, CVX; NTA), 9-11 (cilo, tada; NTA), 21-22 (control, CVX; PTase), 4-5 (cilo, 
tada; PTase), * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Statistics: ordinary one-way ANOVA 
followed by Dunnett’s (A, B) or Holm-Sidak’s (C, D) multiple comparisons test. Cilo, cilostazol; CVX, 
convulxin; NTA, nanoparticle tracking analysis; PTase, prothrombinase; tada, tadalafil. 
 
Discussion 

Platelets are increasingly considered to not only have a main role in 
haemostasis and thrombosis, but also to be important in other conditions, such as 
vascular inflammation.28,29 In so-called thrombo-inflammatory diseases, 
mechanisms of thrombosis and inflammation are intertwined, and can elicit and 
amplify one another. Here we report yet unrecognized roles for PDE3A and PDE5 in 
platelet pro-coagulant and pro-inflammatory responses. We found that PDE3A, but 
not PDE5, promotes platelet-dependent coagulation, through the delay of platelet-
dependent fibrin formation and the reduction of pro-coagulant platelet EV release. 
With respect to pro-inflammatory responses, we observed that PDE3A and PDE5 
promote platelet-chemokine release and the interaction of platelets with inflamed 
endothelium. Platelet PDE3A also promotes monocyte recruitment and platelet-
monocyte interaction.  

Both pharmacologic inhibition of PDE3A and -5 led to an unaltered platelet 
surface area coverage, platelet integrin activation, and granule secretion on collagen 
type I under flow. This might seem in contrast to previous studies that found reduced 
thrombus volume and platelet aggregation under shear flow.30-36 However, these 
studies were performed in the absence of coagulation. The experimental setting in 
our study encompassed coagulating conditions, which is an important difference in 
methodology, since thrombus formation and coagulation are interconnected by the 
interaction of platelets with coagulation factors.18 For example, thrombin generated 
on the platelet thrombi, being a potent agonist, might dampen the effects of cilostazol 
on integrin activation, secretion and thrombus formation. Of note, cilostazol did 
reduce integrin activation and secretion of α- and dense granules of washed platelets 
under non-coagulating conditions, which is in agreement with others.37-39 

Our pharmacological studies were complemented by ex vivo perfusion using 
whole blood from Pde3a-deficient mice. Pde3a-deficient platelets displayed normal 
integrin activation and thrombus formation, but an increased time to fibrin formation 
under coagulating conditions. These results correspond to the pharmacologic 
PDE3A inhibition using cilostazol in human platelets and suggest that this delay in 
fibrin formation can be attributed to direct actions on PDE3A enzyme activity and not 
by e.g. blockage of adenosine reuptake, as observed with dipyridamole. Yet, in 
contrast to treatment of human platelets with cilostazol, we found integrin αIIbβ3 

activation and CD62P expression in flow cytometry to be unaltered in Pde3a KO 
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platelets after stimulation with various platelet agonists. This might reflect differences 
in responses of the washed human platelets compared to those in diluted mouse 
whole blood. Nevertheless, the findings raise the question on the role of PDE3A in 
activation of mouse platelets versus human platelets. One explanation might be 
different amounts of the enzymes in platelets; human platelets have on average 
1,400 copies of PDE3A and 10,900 copies PDE5 per platelet,40 and mouse platelets 
contain 3,400 copies of PDE3A and 50,382 of PDE5.41 Evidence on the role of 
PDE3A in murine platelet activation is scarce in literature. One study reported that 
cAMP concentrations in resting Pde3a-deficient platelets was twice as high as in WT 
counterparts, which would suggest that these Pde3a–/– platelets have a higher 
activation threshold.42 
 Previous studies have largely focused on the role of cilostazol on the (non-
inflamed) endothelium with respect to platelet-endothelium interaction, but such data 
are lacking for tadalafil. Cilostazol was found to directly act on the endothelium by 
inducing NO production,43 and by suppressing expression of endothelial P-selectin 
and intercellular adhesion molecule-1 (ICAM-1),44 which will dampen platelet 
activation and platelet-endothelial interaction.21 Our findings demonstrate that 
cilostazol and tadalafil reduce the adhesion of platelets in whole blood to activated 
endothelial cells under arterial shear conditions. As endothelial cells also contain 
PDE3A and PDE5 and both inhibitors are present during the perfusion experiments, 
a role for endothelial PDE3/PDE5 in the reduced platelet-endothelium interaction 
with cilostazol and tadalafil cannot be excluded a priori. However, this would involve 
an instantaneous alteration of expressed receptors for platelet adhesion in activated 
endothelial cells, which is rather unlikely. Our findings with cilostazol extend those 
by Fukuoka et al.,45 who found that cilostazol inhibits platelet-endothelial cell 
interaction in murine cerebral microvessels after transient bilateral common carotid 
artery occlusion using infusion of labelled platelets obtained from a donor mouse. Of 
note, it is unclear from the article whether these donor platelets were also treated 
with cilostazol or not.  In addition, elevation of cAMP in platelets by cilostazol was 
shown to reduce initial platelet accumulation at sites of laser-induced endothelial 
injury in vivo.46 Taken together, our data suggest that platelet PDE3A and PDE5 do 
not only regulate thrombotic platelet responses, but also platelet function under 
inflammatory conditions. 

During the past years, the importance of platelets in vascular inflammation 
and inflammatory diseases has been recognized, in which not only platelet-
endothelial interactions are involved, but also the interplay between platelets and 
leukocytes.47,48 Migration and adhesion of monocytes towards and onto platelets was 
decreased upon PDE3A inhibition, although the inhibiting effects observed for 
monocyte adhesion were not as pronounced as for monocyte migration. Our findings 
extend earlier work in which a similar reduction by cilostazol treatment in binding of 
monocytes to collagen-activated platelets was observed, albeit under static 
conditions in a flow cytometer.37 Importantly, we show that platelet PDE3A inhibition 
resulted in a strong reduction of the release of chemokines CCL5 and CXCL4, which 
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is in agreement with the reduction in a-granule release by PDE3 inhibition. These 
chemokines promote the adhesion of monocytes to endothelial cells.49,50 
Interestingly, PDE5 inhibition decreased the release of CCL5 and CXCL4, while 
leaving monocyte migration unaffected. Beyond monocyte recruitment, CCL5 and in 
particular CXCL4 are also involved in neutrophil recruitment and activation, T cell 
differentiation, and injury responses of vascular smooth muscle cells.51-54 Thus, the 
inhibition of CCL5 and CXCL4 release from platelets might be beneficial for the 
prevention of these pathological effects. In summary, cilostazol inhibits monocyte 
recruitment to and adhesion on platelets, presumably via the reduced release of 
CCL5 and CXCL4.  

In our study, neither cilostazol nor tadalafil altered total platelet EV levels 
measured by nanoparticle tracking analysis. Conflicting reports exist about the effect 
of cilostazol on platelet EV release.55 No role of PDE3A inhibition in platelet EV 
release was found when this was measured with an ELISA.56,57 In contrast, cilostazol 
decreased total platelet EV levels determined with flow cytometry.36,39,58-61 The lack 
of consistent effects of cilostazol on EV release is presumably related to the method 
of characterization, emphasizing the need for standardization.26 
Platelet extracellular vesicles exert pro-coagulant properties.62,63 The increased pro-
coagulant activity in stroke and myocardial infarct patients is characterized by 
phosphatidylserine- (PS) or tissue factor expressing cells and extracellular 
vesicles.64-66 We are the first to distinguish between total EV levels and the number 
of pro-coagulant EVs in the context of phosphodiesterase inhibition. We found 
reduced pro-coagulant (PS-positive) extracellular vesicle release by cilostazol but 
not by tadalafil. Interestingly, acetylsalicylic acid had no effect on either total EV 
release in stroke patients nor pro-inflammatory or pro-coagulant EV release.67 A 
remaining question is to what extent and how our pro-coagulant EV fraction differs 
from our total EV fraction and therefore, an important next step would be to fully 
characterize the platelet extracellular vesicles using fluorescent markers to obtain 
an advanced perspective of distinct EV subtypes, in healthy subjects and in various 
platelet-associated diseases.  

Taken together, our findings demonstrate that the PDE3A inhibitor cilostazol 
not only delays platelet-dependent fibrin formation and platelet pro-coagulant EV 
release, but it also dampens platelet-mediated inflammatory responses. It would be 
of particular interest to examine whether cilostazol treatment also affects platelet 
(pro-coagulant) EVs in patients and whether the EV level is associated with 
(reduced) thrombotic events. 
 
Highlights 

• We identified novel roles for platelet PDE3A and PDE5 in promoting pro-
coagulant and pro-inflammatory platelet functions. 

• PDE3A inhibition with cilostazol reduces pro-coagulant extracellular vesicle 
release. 
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• Release of the chemokines CCL5 and CXCL4 is decreased by either 
cilostazol or the PDE5 inhibitor tadalafil. 

• Our findings add mechanistic insight substantiating a beneficial effect of 
cilostazol in thrombo-inflammatory diseases. 
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Supplemental methods 
Reagents 

Cilostazol (Cas no. 73963-72-1) was ordered from Tebu Bio (Le-Perray-en-
Yvelines, France) and tadalafil (Cas no. 171596-29-5) from Merck (Kenilworth, NJ, 
USA). Iloprost was bought in the hospital pharmacy of Maastricht University Medical 
Centre+ (MUMC+, Maastricht, The Netherlands) and sodium nitroprusside (SNP) 
from Janssen Pharmaceutica (Beerse, Belgium). Apyrase was obtained from Merck 
(Kenilworth, NJ, USA). Cross-linked collagen-related peptide (CRP) was purchased 
from CambCol Laboratories (Cambridge, UK), convulxin from Enzo (Zandhoven, 
Belgium), thrombin from Haematologic Technologies (Essex Junction, VT, USA) and 
collagen type I (HORM collagen) from Takeda (Tokio, Japan). 2-methylthio 
adenosine diphosphate (2-MeS-ADP) was bought from Santa Cruz Biotechnology 
(Dallas, TX, USA) and Ala-Tyr-Pro-Gly-Lys-Phe (AYPGKF) from Bachem 
Biosciences (Bubendorf, Switzerland). The monoclonal antibodies (mAbs) PAC-1, 
JON/A, anti-CD62P and anti-CD63 were purchased from Becton Dickinson (Franklin 
Lakes, NJ, USA), Emfret (Eibelstadt, Germany), Becton Dickinson (PE, Franklin 
Lakes, NJ, USA)/Beckman Coulter (FITC, Brea, CA, USA) and ITK Biolegend (San 
Diego, CA, USA), respectively. The mAbs against vasodilator-stimulated 
phosphoprotein (VASP) (phospho-Ser 157 and phospho-Ser 239) were purchased 
from Biomol (Hamburg, Germany). Fluorescently labelled fibrinogen and annexin V 
were purchased from Invitrogen Life Technologies (Thermofisher, Waltham, MA, 
USA). Tissue factor was ordered from Innovin (London, UK), D-Phe-Pro-Arg-
chloromethylketone (PPACK) from Merck (Kenilworth, NJ, USA) and fragmin from 
Pfizer (New York, NY, USA). Calcium and magnesium were purchased from Merck 
(Kenilworth, NJ, USA) and Ambion (Thermofisher, Waltham, MA, USA). Saponin and 
formaldehyde were purchased from Merck (Kenilworth, NJ, USA). Human umbilical 
vein endothelial cells (HUVECs) were purchased from Lonza (Basel, Switzerland), 
THP-1 cells were from Leibniz-Institut DSMZ (ACC 16, Braunschweig, Germany), 
Endothelial Cell Growth Medium (ECGM) from Promocell (Heidelberg, Germany) 
and RPMI-1640 glutamax medium, fetal calf serum and penicillin/streptomycin were 
purchased from Gibco, Thermo Fisher (Waltham, MA, USA). Tumour necrosis 
factor-α (TNF-α) was purchased from Merck (Kenilworth, NJ, USA). 
 
Platelet isolation 

Blood was drawn on 3.2% sodium citrate (Vacuette, Greiner bio-one). Whole 
blood was centrifuged at 240 g for 15 minutes without break to obtain platelet-rich 
plasma (PRP). Washed platelets were prepared by addition of 1:10 acid citrate 
dextrose (ACD, 80 mM trisodium citrate, 52 mM citric acid and 183 mM glucose) to 
the PRP and centrifugation at 2230 g for 2 minutes. Subsequently, the platelet pellet 
was resuspended in Hepes buffer pH 6.6 (10 mM Hepes, 136 mM NaCl, 2.7 mM 
KCl, 2 mM MgCl2, 0.1% glucose and 0.1% bovine serum albumin (BSA)). After 
addition of 0.1 U/ml apyrase and ACD (1:15), the platelet suspension was 
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centrifuged again at 2230 g for 2 minutes. The final platelet pellet was suspended in 
Hepes buffer pH 7.45. Platelet count was measured using a Sysmex XP-300 
(Sysmex). 
 
Platelet activation with flow cytometry 

Human washed platelets (50x106 platelets/ml) were incubated with a range 
of concentrations of cilostazol or tadalafil for 20 minutes. Next, the platelets were 
activated with collagen-related peptide (CRP; 0.3 μg/ml) in the presence of 2 mM 
CaCl2 for 15 minutes and αIIbβ3 integrin activation and α- and dense granule secretion 
were measured with PAC-1 (FITC, 1:20), anti-CD62P (FITC, 1:10) and anti-CD63 
(APC, 1:20) antibodies with an Accuri C6 flow cytometer (Beckton Dickinson). 

Mouse blood was diluted 25 times in Thyroid Hepes buffer pH 7.45 (5 mM 
Hepes, 136 mM NaCl, 2.7 mM KCl, 0.42 mM NaH2PO4, 2 mM MgCl2, 0.1% glucose 
and 0.1% BSA) with addition of 20 µM PPACK and 20 U/ml fragmin. Diluted blood 
was incubated for 4 minutes with 5 nM iloprost and activated with a concentration 
range of AYPGKF (50 µM, 75 µM and 100 µM), CRP (0.5 µg/ml, 1 µg/ml and 10 
µg/ml) or 2-MeS-ADP (0.01 µM and 0.1 µM) in the presence of 2 mM CaCl2 for 10 
minutes. αIIbβ3 integrin activation and α-granule secretion were measured with 
JON/A (PE, 1:10) and anti-CD62P (FITC, 1:10) antibodies with an Accuri C6 flow 
cytometer. 
 
cAMP/cGMP measurements 

Washed platelets (200x106 platelets/ml) were incubated with cilostazol (5 
μM) or tadalafil (10 nM) for 20 minutes or iloprost (10 nM) and sodium nitroprusside 
(SNP, 0.1 μM) for 2 minutes. Subsequently, the platelets were activated with CRP 
(0.3 μg/ml) in the presence of 2 mM CaCl2 for 15 minutes. Ice-cold ethanol was 
added after which the samples were directly snap frozen in liquid nitrogen and stored 
at -80 °C until continuation of the assay. After thawing and centrifugation at 350 g 
for 10 minutes, the samples were dried under nitrogen at 56 °C and dissolved in 
assay buffer. cAMP and cGMP were measured using the Amersham Biotrak 
Enzymeimmunoassay (EIA) System (GE Healthcare Life Sciences) according to the 
manufacturer’s instructions. 
 
VASP phosphorylation with flow cytometry 

Washed platelets (100x106 platelets/ml) were incubated with cilostazol (5 
μM) or tadalafil (10 nM) for 20 minutes or iloprost (10 nM) and SNP (0.1 μM) for 2 
minutes. Subsequently, the platelets were activated with CRP (0.3 μg/ml) in the 
presence of 2 mM CaCl2 for 15 minutes. Fixation was performed with 2% 
formaldehyde in phosphate-buffered saline (PBS) with 0.2% BSA for 15 minutes and 
the platelets were permeabilised with 0.1% saponin in PBS with 0.2% BSA after two 
centrifuge steps at 2230 g for 2 minutes and in between washing with PBS with 0.2% 
BSA. The fixated and permeabilised platelets were stained with anti-p-VASP S157 
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and S239 (FITC, 1:100) antibodies and analysed with an Accuri C6 flow cytometer 
(Beckton Dickinson). 
 
Collagen-mediated whole blood thrombus formation under flow 

GPVI-mediated thrombus formation under flow was performed using a 
parallel plate flow chamber (3,000 x 50 μm) as described by de Witt et al. and Brouns 
et al..1,2 Human blood was incubated with cilostazol (50 μM), tadalafil (100 nM) or 
vehicle (0.1% ethanol) for ten minutes. Recalcified blood (f.c. 6.3 mM CaCl2 and 3.2 
mM MgCl2 [human] or 7.5 mM CaCl2 and 3.5 mM MgCl2 [mouse]) was perfused for 
eight minutes at 1000 s-1 over microspots that were coated with 50 μg/ml collagen 
type I and, where indicated, post-coated after one hour with 500 pM tissue factor. 
Because in our hands mouse platelets can more easily be activated than human 
platelets, the stable prostacyclin analogue iloprost (5 nM) was added as an extra 
condition in the murine perfusion experiments. Human blood was stained with 
fluorescently labelled fibrinogen (Alexa Fluor 546, 1:200) and with anti-CD62P 
(FITC, 1:40) and anti-CD63 (APC, 1:50) antibodies and murine blood with JON/A 
(PE, 1:20), anti-CD62P (FITC, 1:40) antibodies and annexin V (Alexa Fluor 647, 
1:200). Brightfield and fluorescence images were taken during perfusion with an 
EVOS FL microscope with 60x magnification. Time to fibrin formation was 
determined by visual inspection of the formation of fibrin fibres from platelet thrombi. 
Analysis of the images was performed with Fiji ImageJ software. Images were scored 
based on morphology, contraction and multilayer. 
 
Platelet activation on and interaction with inflamed endothelium 

Platelet activation on and interaction with inflamed endothelium was 
examined using polydimethylsiloxane (PDMS) flow chambers (300 x 50 μm), made 
by standard soft lithography techniques. A mold was fabricated by patterning 
channel-like structures in SU-8 negative photoresist (Microchem) on a silicon wafer 
using photolithography. PDMS base and curing agent (Sylgard 184) were mixed at 
a 10/1 ratio (w/w) and degassed for 2h. The degassed PDMS was poured on the 
wafer and baked overnight at 60 °C. After the curing step the PDMS slab was 
removed from the wafer resulting in embossed channels in the PDMS slab. In- and 
outlets were made using a 1 mm biopsy puncher (Integra Miltex). Subsequently, the 
flow chambers were made by plasma treatment (Femto Science Cute, O2 plasma 50 
W at 50 kHz and 40 seconds exposure) of the PDMS structures and a glass slide 
(Thermo Scientific) followed by bonding of the two layers. The channels were coated 
with a 100 μg/ml collagen type I (Corning, rat tail) solution in PBS for 30 minutes, 
after which HUVECs were seeded by introducing 10 μl cell suspension with a 
concentration of 15 x 106 cells/ml in ECGM medium (PromoCell). After 30-minute 
incubation, this step was repeated whilst incubating top-side down to coat both the 
bottom and the top of each channel. When confluency was reached, the cells were 
treated overnight or for 4 hours with TNF-α (10 ng/ml). 
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Recalcified blood (f.c. 6.32 mM CaCl2 and 3.16 mM MgCl2), incubated with 
cilostazol (5 μM), tadalafil (10 nM) or vehicle (0.1% ethanol) for ten minutes and 
stained with 1 μg/ml DiOC6, was perfused over the inflamed endothelial cell layer for 
ten minutes at 1000 s-1. Subsequently, the channels were rinsed with Hepes buffer 
(supplemented with 200 mM CaCl2, 1 μg/ml heparin, 1% glucose and 1% BSA) and 
stained with anti-CD62P (PE, 1:40) and anti-CD63 (APC, 1:50) antibodies. 
Brightfield and fluorescence images were taken with an EVOS FL microscope with 
20x magnification. Analysis of the images was performed with Fiji ImageJ software. 
 
THP-1 cell migration 

Washed platelets (250x106 platelets/ml) were incubated with cilostazol (5 
μM) or tadalafil (10 nM) for 20 minutes and activated with CRP (1.5 μg/ml) in the 
presence of 2 mM CaCl2 for 15 minutes and applied to the bottom well of a 12-well 
chemotaxis chamber (Neuro Probe). A polycarbonate membrane filter of 25 by 80 
mm with 5 μm pores and a silicon gasket were carefully applied to prevent air 
bubbles and the top 12-wells plate was placed. THP-1 cells (1x106 cells/L) were 
added in the upper wells and the complete chamber was incubated at 37 °C with 5% 
CO2. After 90 minutes, the chamber was disassembled and non-migrated cells and 
debris on top of the filter was carefully removed. Subsequently, the filter was stained 
using a Diff-Quick staining (Eberhard Lehmann GmbH) and five representative 
images per well were made with a Leica DM2000 microscope with 40x objective. 
Analysis of the images was performed with Fiji ImageJ software. 
 
THP-1 cell adhesion 

Adhesion of THP-1 cells to a platelet monolayer was determined as 
previously described,3 with minor adjustments. Briefly, a glass coverslip was coated 
with Horm collagen (50 µg/ml) for 1 hour at room temperature. Subsequently, the 
coverslip was blocked for 30 minutes with 1% BSA in Hepes buffer pH 7.45 and 
mounted into an Ibidi sticky-Slide VI 0.4. The channels were incubated with washed 
platelets (20x106 platelets/ml, isolated as described above) for 1 hour at 37 °C. After 
removing non-adherent platelets and blocking the channel with 5% BSA in Hepes 
buffer pH 7.45 for 30 minutes at room temperature, platelets were inhibited with 5 
µM cilostazol for 20 minutes at 37 °C. Fluorescent labelling and perfusion of 
leukocytes was performed at a shear rate of 0.2 dynes/cm2 (0.2 ml/min). 
 
Platelet extracellular vesicle (EV) release 

Platelets were isolated from whole blood as described above with minor 
modifications. To obtain PRP, 1:15 ACD was added to the blood and this was 
centrifuged at 350 g for 15 minutes without break. The PRP was supplemented with 
ACD (1:10) and centrifuged at 1200 g for 15 minutes. The platelet pellet was 
resuspended in Hepes buffer pH 6.6 (with 0.2% glucose and 0.5% BSA) and 
centrifuged again at 1200 g for 15 minutes after addition of 1:10 ACD. The final 
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platelet pellet was suspended in Hepes buffer pH 7.45 (with 0.2% glucose and 0.5% 
BSA). 

Washed platelets (200x106 platelets/ml) were incubated with cilostazol (5 
μM), tadalafil (10 nM) or vehicle (0.1% ethanol) for ten minutes at 37 °C, and 
stimulated with convulxin (100 ng/ml) or thrombin (5 nM) for 30 minutes at 37 °C. 
After centrifugation at 2520 g for 5 minutes, the supernatant was passed through a 
0.8 μm hydrophilic Minisart syringe filter (Sartorius) to a fresh tube and centrifuged 
at 20,000 g for 1 hour at 4 °C. The supernatant was stored for chemokine analysis 
and the EV pellet was resuspended in Hepes buffer pH 7.5, snap frozen in liquid 
nitrogen and stored at -80 °C for further examination. 
 
Chemokine analysis 

CCL5 (RANTES) and CXCL4 (platelet factor 4) concentrations in platelet 
supernatant were measured using an enzyme-linked immunosorbent assay (ELISA) 
kit from R&D systems according to the manufacturer’s instructions. The biotinylated 
goat anti-human detection antibody for CCL5 was made in-house from sera of goats 
immunized with human CCL5 at Eurogentec sarl (Seraing, Belgium). 
 
Platelet EV analysis 

Platelet EV concentration was measured with nanoparticle tracking analysis 
(NTA) using the Nanosight NS300 (Malvern Panalytical). NTA determines 
concentration and size of particles based on their Brownian motion.4 Samples were 
diluted 1:20 in Hepes buffer pH 7.45 without BSA and measured under static 
conditions with a 488 nm laser and a camera level of 13. Three videos of 60 seconds 
each were captured per sample. Hepes buffer pH 7.45 with 0.5% BSA was measured 
to correct for the dissolvent of the samples. 

Additionally, pro-coagulant platelet EV release was analysed with a 
prothrombinase-based assay. In this assay, formation of thrombin on a lipid surface 
is measured as described.5 Here, the membrane of the platelet EV served as the 
lipid surface. Briefly, the prothrombinase complex consisted of purified bovine 
coagulation factors Xa (0.05 nM) and Va (1 nM) in Hepes buffer pH 7.7 (25 mM 
Hepes, 150 mM NaCl, 5 mM CaCl2 and 0.5% BSA). Indicated amounts of platelet 
phospholipids or EV were incubated for 10 minutes at 37 °C. Human prothrombin 
(500 nM, Haematologic Technologies) was added and subsamples were added to 
cold buffer pH 7.9 (50 mM Tris, 20 mM EDTA and 175 mM NaCl). Subsequently, 
thrombin substrate P2238 (Pepscan) was added and subsamples were measured in 
a plate reader every 30 seconds for 15 minutes at wavelengths of 405 nm and 490 
nm at 37 °C. The lipid concentration was calculated from changes in the absorbance, 
compared to the lipid calibration curve. 
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Supplemental table and figures 
Supplemental Table 1. Effects of PDE-inhibition on platelet cAMP and cGMP levels. 

 
Fold change of cAMP and cGMP levels of washed platelets, untreated or additionally stimulated 
with the agonist CRP (0.3 µg/ml) or the PDE inhibitors cilostazol (5 μM), tadalafil (10 nM) or the 
endothelium-like secretory products iloprost (10 nM) or sodium nitroprusside (0.1 μM). Mean ± 
S.E.M., n = 3-10, ** p<0.01. Statistics: Kruskal-Wallis test followed by Dunn’s multiple comparisons 
test. CRP, collagen-related peptide; SNP, sodium nitroprusside. 
 

 
Supplemental Figure 1. Effects of PDE-inhibition on VASP phosphorylation. Phosphorylation 
level, shown as median fluorescence intensity (MFI), of the VASP serine residue 157 (A) and the 
VASP serine residue 239 (B) is increased by the endothelium-like secretory products iloprost (10 
nM) and sodium nitroprusside (0.1 µM). Interquartile range, n = 6, **** p<0.0001. Statistics: Kruskal-
Wallis test followed by Dunn’s multiple comparisons test. Cilo, cilostazol (5 µM); CRP, collagen-
related peptide (0.3 µg/ml); SNP: sodium nitroprusside; tada, tadalafil (10 nM). 
 
 
 

  cAMP cGMP 
  - CRP + CRP - CRP + CRP 
Control 1 ± 0.22 0.77 ± 0.17 1 ± 0.15 1.06 ± 0.57 
Cilostazol 1.15 ± 0.21 1.05 ± 0.25 1.23 ± 0.42 1.47 ± 0.78 
Tadalafil 1.08 ± 0.24 1.06 ± 0.23 1.38 ± 0.47 1.16 ± 0.65 
Iloprost 9.92 ± 1.60**  0.68 ± 0.35  
SNP 1.34 ± 0.37  7.4 ± 2.72  
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Supplemental Figure 2. Platelets from Pde3a-/- mice show normal αIIbβ3 integrin activation 
and α-granule secretion. Platelet integrin αIIbβ3 activation (A) and platelet α-granule secretion (B) 
were unaffected in Pde3a-/- mice compared with WT mice. Statistics: two-way ANOVA followed by 
Holm-Sidak’s multiple comparisons test. Mean + S.D., n = 4. KO, knockout; WT, wild type. 
 

 
Supplemental Figure 3. Effects of PDE-inhibition or genetic deletion on platelet activation 
markers under flow over collagen under coagulating conditions. Recalcified citrate-anti-
coagulated human (A-C) or mouse (D-F) blood was perfused over a collagen type I surface or a 
combined collagen type I plus tissue factor surface for 7 (mouse) or 8 (human) min at a wall shear 
rate of 1000 s-1. Human blood was perfused without inhibitor (0.1% ethanol) or in the presence of 
cilostazol (50 μM) or tadalafil (100 nM). Quantitative analysis of surface area coverage of AF546-
fibrin(ogen) (A), α-granule secretion (FITC-anti-CD62P) (B) and δ-granule secretion (APC-anti-
CD63) (C) (human) and αIIbβ3 activation (PE-JON/A) (D), α-granule secretion (FITC-anti-CD62P) 
(E) and phosphatidylserine (PS) exposure (AF647-annexin A5) (F) (mouse). Mean ± S.D., n = 2-5 
(human) or 4-5 (mouse). Statistics: two-way ANOVA followed by Dunnett’s (A-C) or Sidak’s (D-F) 
multiple comparisons test. Ilo, iloprost; KO, knockout; TF, tissue factor; WT, wild type. 
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Supplemental Figure 4. Pde3a-/- mice show normal platelet thrombus formation depending 
on morphology, contraction, and multilayer. Recalcified citrate-anti-coagulated mouse blood 
was perfused over a collagen type I surface or a combined collagen type I plus tissue factor surface 
at a wall shear rate of 1000 s-1. Representative images of blood perfusion of WT mice and Pde3a-/- 
mice over collagen type I without (A, C) or with (B, D) tissue factor under coagulating conditions in 
the absence (A, B) or presence (C, D) of iloprost (5 nM). Quantitative analysis of morphological 
score (from 0: no or hardly any adhered platelets to 5: large size thrombi) (E), contraction score 
(from 0: no contraction to 3: fully contracted) (F) and multilayer score (from 0: no multilayer to 3: 
large fully multilayered thrombi) (G). Scale is 20 μm. Mean ± S.D., n = 4-5. Statistics: two-way 
ANOVA followed by Sidak’s multiple comparisons test. Ilo, iloprost; KO, knockout; TF, tissue factor; 
WT, wild type. 
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Supplemental Figure 5. Influence of PDE3A and -5 inhibition on thrombin-induced 
chemokine and extracellular vesicle release by platelets. Washed platelets were stimulated 
with thrombin (5 nM) without or with cilostazol (5 µM) or tadalafil (10 nM), and the release of 
chemokines CCL5 (A) and CXCL4 (B), and of total (C, E) and pro-coagulant (D, F) platelet 
extracellular vesicle (EV) was measured. (A, B) Mean ± S.D., n = 24-27 (control, IIa) or 8-11 (cilo, 
tada). (C, D) Mean + S.D., n = 15-16 (C), 17-22 (D). (E, F) Interquartile range, n = 15 (control, IIa; 
NTA), 9-10 (cilo, tada; NTA), 17-22 (control, IIa; PTase), 4-6 (cilo, tada; PTase), ** p<0.01, *** 
p<0.001, **** p<0.0001. Statistics: ordinary one-way ANOVA followed by Dunnett’s (A-D) or Holm-
Sidak’s (E, F) multiple comparisons test. Cilo, cilostazol; IIa, thrombin; NTA, nanoparticle tracking 
analysis; PTase, prothrombinase; tada, tadalafil. 
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Abstract 
The cause of atherothrombosis is rupture or erosion of atherosclerotic 

lesions, leading to myocardial infarction or stroke. Here, platelet activation plays a 
major role, leading to the release of bioactive molecules, e.g. chemokines and 
coagulation factors, and to platelet clot formation. Several antiplatelet therapies have 
been developed for secondary prevention of cardiovascular events, in which 
anticoagulant drugs are often combined. Besides playing a role in haemostasis, 
platelets are also involved in inflammation. However, it is unclear whether current 
antiplatelet therapy also affects platelet immune functions. In this study, the possible 
anti-inflammatory effects of antiplatelet medications were investigated on chemokine 
release using ELISA and on the chemotaxis of THP-1 cells towards platelet 
releasates. 

We found that antiplatelet medication acetylsalicylic acid (ASA) led to 
reduced chemokine (C-C motif) ligand 5 (CCL5) and chemokine (C-X-C motif) ligand 
4 (CXCL4) release from platelets, while leukocyte chemotaxis was not affected. 
Depending on the agonist, αIIbβ3- and P2Y12-inhibitors also affected CCL5 or CXCL4 
release. The combination of ASA with a P2Y12 inhibitor or a phosphodiesterase 
inhibitor did not provide an additive reduction on CCL5 or CXCL4 release. 
Interestingly, these combinations did reduce leukocyte chemotaxis. This study 
provides evidence that combined therapy of ASA and a P2Y12 or PDE3 inhibitor can 
decrease the inflammatory leukocyte recruiting potential of the releasate of activated 
platelets. 
 
Introduction 

Atherothrombosis, a result of atherosclerotic plaque rupture or erosion, 
leads to acute coronary syndromes (ACS), ischemic strokes and cardiovascular 
deaths and contributes to the global burden of premature mortality and morbidity.1 
Platelet activation plays a central role in atherothrombosis, which in turn leads to the 
release of pro-thrombotic and pro-inflammatory factors and amplifies activation of 
the coagulation cascade.2,3 Although the importance of platelets in the acute phase 
of cardiovascular disease (CVD) is undisputed, their relevance for the development 
of atherosclerosis is incompletely understood. Many studies have highlighted 
functions of platelets beyond haemostasis.4 For example, platelets can bridge 
leukocytes to the inflamed vessel wall,5-7 they release extracellular vesicles with pro-
inflammatory activity8,9 and they can induce the release of neutrophil extracellular 
traps.10,11 In addition, platelets also release chemokines from a-granules upon 
activation.12,13 

Chemokines are a group of small chemotactic cytokines that orchestrate cell 
trafficking and play important roles in immune responses, inflammation, 
angiogenesis, and cell differentiation.14 The CC- and CXC-chemokines are the 
largest subfamilies. Among the most abundant CC-chemokines in platelets is CCL5 
(RANTES, +/- 4,500 copies per platelet).15 Platelet activation leads to CCL5 release 
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from the a-granules and CCL5 can also be deposited on inflamed endothelium and 
leading to subsequent monocyte arrest.13 CXCL4 (platelet factor 4) is the most 
abundant CXC chemokine in platelets (355,000 copies per platelet).15 CXCL4 is a 
largely platelet-specific chemokine and, similar to CCL5, stored in a-granules. 
Binding of CCL5 to CXCL4 increases monocyte arrest to endothelial cells under 
flow.16,17 Besides facilitating CCL5-induced monocyte arrest, CXCL4 has several 
reported physiologic functions, e.g. modifying differentiation of T-cells and 
macrophages, activation of smooth muscle cells, inhibition of apoptosis of 
neutrophils and monocytes, and increasing oxLDL uptake.18 

Control of platelet reactivity is essential for the secondary prevention of 
adverse cardiovascular events.19,20 After myocardial infarction, "dual antiplatelet 
therapy", i.e. combined treatment with the cyclooxygenase inhibitor acetylsalicylic 
acid (aspirin) and with purinergic receptor P2Y12 antagonists, e.g. clopidogrel, 
prasugrel or ticagrelor is recommended. For immediate platelet effects, the 
intravenous P2Y12 antagonist cangrelor or aIIbb3 antagonists are available. Finally, 
cilostazol is a phosphodiesterase 3 (PDE3) inhibitor and is implemented as a 
treatment for patients with peripheral arterial disease (PAD).21 Of note, all platelet 
inhibition strategies bear a non-negligible risk of severe bleeding complications. In 
addition, a substantial number of patients does not optimally respond to antiplatelet 
therapy.22 

During antiplatelet therapy, a reduction of inflammation was observed in 
patients.23 However, it is unclear whether this is due to direct effects of antiplatelet 
therapy on platelets or indirect, non-platelet dependent effects.23 The aim of this 
study is to investigate the influence of common antiplatelet drugs on inflammatory 
functions of platelets and whether this influence is distinct from their established anti-
haemostatic effects. Specifically, the effects of common antiplatelet medications 
were investigated on the release of chemokines by platelets from healthy donors and 
on the chemotactic properties of platelets towards mononuclear cells. This study 
provides additional evidence that the anti-inflammatory effects seen in clinical trials 
might originate from platelets, depending on the pathway of platelet activation. 
 
Materials and methods 
Platelet isolation and activation 

Blood was collected from healthy volunteers and two patients with 
Glanzmann thrombasthenia, with established deficiency in integrin αIIbβ3,24 with a 21 
Gauge needle (vacutainer precision glide, BD) into citrate tubes (9 ml coagulation 
sodium citrate 3.2% vacuette®, Greiner Bio-One, Kremsmünster, Austria). Platelet-
rich plasma (PRP) was obtained by centrifugation of blood at 350 g for 15 min. 
Washed platelets were obtained by centrifugation of PRP at 1240 g for 15 min, and 
a wash step with platelet buffer pH 6.6 (10 mM HEPES buffer, 2 mM CaCl2, 136 mM 
NaCl, 2.7 mM KCl, 2 mM MgCl2 supplemented with 0.5% BSA and 0.2% glucose). 
All centrifugation steps were performed in presence of anticoagulant acid citrate 
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buffer (80 mM trisodium citrate, 52 mM citric acid and 183 mM glucose), to prevent 
platelet activation during isolation procedure. After pelleting, platelets were 
resuspended in platelet buffer pH 7.45 (10 mM HEPES buffer, 2 mM CaCl2, 136 mM 
NaCl, 2.7 mM KCl, 2 mM MgCl2 supplemented with 0.5% BSA and 0.2% glucose) at 
a concentration of 2x108 platelets/ml. The use of human subjects was approved after 
full informed consent by the local Maastricht ethics committee (METC), and studies 
were performed accordance with the declaration of Helsinki. 

Washed platelets (2x108/ml) were activated with different agonists, 100 
ng/ml convulxin (CVX, Enzo Life Sciences, Lausen, Switzerland), 50 µM TRAP-6 
(AnaSpec Inc. California, USA), or 5 nM thrombin (Haematologic Technologies New 
Hampshire, USA) for 30 min at 37°C. Platelets were pre-incubated for 5 min at 37 
°C with inhibitors prior to activation, as described. Integrin αIIbβ3 ligand binding was 
blocked with 10 nM tirofiban (CAS 144494-65-5, Correvio Int. Geneve, Switzerland) 
or eptifibatide (Integrilin, CAS 188627-80-7, GlaxoSmithKline, Brentford, UK). P2Y12 
was inhibited with cangrelor (CAS 163706-06-7, Novartis, Basel, Switzerland), PDE3 
with cilostazol (73963-72-1, Tebu Bio, Le Perray-en-Yvelines, France) and 
thromboxane A2 generation with aspirin (ASA (100 mg, CAS 50-78-2, Bayer, 
Leverkusen, Germany). Activated platelets were spun down by centrifugation at 300 
g for 5 min, after which the supernatant was filtered with PK50 MiniSart sterile 0.8 
µm filters (Sartorius, Göttingen, Germany) and centrifugated for 1 hr at 20 000 g. 
Samples were collected and snap frozen into liquid nitrogen and stored at -80°C until 
analyses. 
 
Chemokine determination 

Washed platelets (2x108/ml) were activated as described and after time 
points (5, 15, 30 and 60 min) chemokine samples were collected. Secretion of 
chemokine CCL5 was determined by an in-house Enzyme-Linked Immune Sorbent 
Assay (ELISA), while CXCL4 secretion was determined by an ELISA kit from R&D 
Systems (according to manufacturer’s instructions). For CCL5, samples were diluted 
into PBS with 1% BSA, and incubated for 2 h at room temperature in a Maxisorb 96 
wells plate (Nunc), coated with CCL5 capture antibody (R&D Systems, Minnesota, 
USA). After washing with PBS buffer containing 0.05% Tween-20, a second antibody 
(biotin-labelled goat anti-human CCL5 mAb, home-made) was added, and incubated 
for 2 hours at room temperature. For detection, incubation with HRP-labelled 
streptavidin (R&D Systems Minnesota, USA) was performed in the dark for 20 min 
at room temperature. A TMB substrate kit (KPL Inc. Massachusetts, USA) was used 
and colour development was measured at 450 nm and 550 nm wavelength. Data 
analysis was performed with a 4-parameter logistic fit calculation. 
 
Cell migration assay 
 Assessment of THP-1 cell migration towards a chemoattractant, a 12-well 
Boyden chemotaxis chamber (NeuroProbe, Gaithersburg, Germany) with a 5 µm 
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pore polycarbonate membrane (NeuroProbe, Gaithersburg, Germany) was used. 
The chemoattractant are the supernatants after platelet activation. Donor samples 
were pooled per condition and diluted 4 times in RPMI 1% FBS medium (Gibco 
Thermo Fisher Scientific, Massachusetts, USA). Chemoattractants were added to 
the lower compartment of the chamber. THP-1 cells in a concentration of 1x106/mL 
cells were added to the upper compartment of the chamber. After incubation of 1.5 
hours at 37 °C, the membrane was cleared of non-migrated cells and the membrane 
was stained with Diff-Quick stain (Eberhard Lehmann GmbH, Berlin, Germany). 
Stained membrane was imaged with light microscopy (Leica), and cells were 
counted manually in 5 fields per well and expressed as cells/mm2. This migration 
assay was repeated at least 4 times per condition. 
 
Statistical analysis 

Experiments were performed using platelets from at least 3 different blood 
donors. Experimental data were represented as median with interquartile range. 
Statistical analysis was performed with the Kruskal-Wallis test with Dunns correction. 
Significance of differences of a p-value <0.05 were considered significant. Statistical 
analysis was performed with Graphpad Prism software version 9.0.0. 
 
Results 
Release of chemokines from activated platelets is not dependent on activation 
pathway 

Platelet activation leads to release of their content e.g. coagulation and 
growth factors, chemokines, and of extracellular vesicles. In this study, a focus lies 
on the release of the chemokines CXCL4 and CCL5. Platelet activation by convulxin 
(GPVI agonist), thrombin (PAR-1 and -4 agonist), and TRAP-6 (PAR-1 agonist) led 
to comparable levels of released chemokine (Figure 1A-B). Intriguingly, there was a 
notable donor-to-donor difference regarding chemokine release by activated 
platelets (Figure 1A-B). Already after 5 min of platelet activation, maximum levels of 
CCL5 and CXCL4 were observed with both convulxin- and thrombin-stimulation 
(Figure 1C-D). These findings indicate that activated platelets release chemokines 
rapidly upon stimulation of GPVI or PAR-1/-4 receptors. 
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Figure 1. Different platelet activation pathways have no influence on chemokine release. 
Washed platelets (2x108/ml) were activated with convulxin (CVX, 100 ng/ml), thrombin (IIa, 5 nM), 
or TRAP-6 (50 µM) for 30 min at 37°C. Platelets were removed and chemokines CCL5 (A) and 
CXCL4 (B) were determined with ELISA. Chemokine release was followed in time after convulxin 
(C) and thrombin (D) activation. White circles represent no stimulated platelets, black circles 
represent convulxin activation and white triangles represent thrombin activation, gray triangles 
represents TRAP-6 activation. CTRL: n = 31, CVX: n = 29, IIa: n = 29, and TRAP-6: n = 15. Median 
with interquartile range (A, B), Mean ± SE (C, D). *** p<0.001, Kruskal-Wallis with Dunn's test. 
 
Impact of platelet aggregation inhibitors on CCL5 and CXCL4 release by 
platelets 

Some clinical studies suggested that inhibition of αIIbβ3 integrin, responsible 
for platelet aggregation, reduces the inflammatory response in patients.23 To 
investigate whether platelet aggregation inhibitors can also inhibit chemokine 
release, washed platelets were incubated with eptifibatide or tirofiban for 5 min prior 
to platelet activation with convulxin or thrombin. The release of CCL5 was not 
significantly reduced after antiplatelet treatment (Figure 2A-B). Interestingly, 
whereas eptifibatide hardly showed an effect, the release chemokine CXCL4 was 
decreased by over 50% after treatment with tirofiban (Figure 2C-D). This difference 
in CCL5 and CXCL4 release was also observed in platelets isolated from patients 
with Glanzmann thrombasthenia, who have defective αIIbβ3 integrins (Figure 2A-C). 
These data suggest that the chemokines CCL5 and CXCL4 are released by 
differential pathways. Taken together, these findings imply that inhibition of integrin 
αIIbβ3 only has minor effects on chemokine release from activated platelets. 
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Figure 2. Effects of antiplatelet drugs against αIIbβ3 on chemokine release. Washed platelets 
(2x108/ml) were incubated with indicated compounds, 5 min prior to platelet activation and 
chemokine release was determined. CCL5 release after convulxin (A) and thrombin (B) activation 
and CXCL4 release after convulxin (C) and thrombin (D) activation. Platelets isolated from 
individuals with Glanzmann thrombasthenia were activated with convulxin (A, C) and chemokines 
were determined as described. Black circles represent convulxin activation and white triangels 
represent thrombin activation. CTRL: n = 29, eptifibatide: n = 7, tirofiban: n = 4, and Glanzmann: n 
= 2. Median with interquartile range. * p<0.05, Kruskal-Wallis with Dunn's test. 
 
Single or dual antiplatelet therapy influences CCL5 and CXCL4 release 

ASA and P2Y12 inhibitors are commonly prescribed antiplatelet drugs for the 
secondary prevention of major adverse cardiovascular events.25,26 Platelet inhibition 
with ASA did not show a significant effect on CCL5 release from convulxin-activated 
platelets, whereas CCL5 release after thrombin activation was reduced (Figure 3A). 
Interestingly, unlike CCL5, CXCL4 chemokine was reduced after stimulation of 
convulxin or thrombin (Figure 3B). Similar to ASA, the release of CCL5 was not 
affected by cangrelor after stimulation of the GPVI pathway using convulxin (Figure 
4A). However, CCL5 release was reduced by cangrelor after stimulation of the PAR-
1/PAR-4 pathway with thrombin (Figure 4B). The release of CXCL4 was reduced by 
cangrelor after stimulation with thrombin and a downward trend (p=0.1) was 
observed upon stimulation with convulxin (Figure 4C-D). Combined treatment of 
platelets with both ASA and cangrelor did not further increase the overall inhibition 
of chemokine release (Figure 4A-D). 
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Figure 3. Effect of ASA on chemokine release. Washed platelets (2x108/ml) from healthy 
volunteers exposed to ASA (50 µM) were activated and CCL5 (A) and CXCL4 (B) release was 
determined as described. Circles represent convulxin activation and triangels represent thrombin 
activation. CTRL: n = 29, and ASA: n = 8. Median with interquartile range. * p<0.05, ** p<0.01, *** 
p<0.001, Kruskal-Wallis with Dunn's test. 
 

 
Figure 4. Effects of P2Y12 inhibition on chemokine release. Washed platelets (2x108/ml) from 
healthy volunteers exposed to ASA (50 µM) were activated and CCL5 (A, B) and CXCL4 (C, D) 
release was determined as described. Prior to activation, platelets were incubated with P2Y12 
inhibitor cangrelor for 5 min. Black circles represent convulxin activation and white triangels 
represent thrombin activation. CTRL: n = 29, P2Y12: n = 4, and P2Y12 + ASA: n = 8. Median with 
interquartile range. * p<0.05, ** p<0.01, Kruskal-Wallis with Dunn's test. 
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Impact of combined cilostazol and ASA treatment on CCL5 and CXCL4 release 
from activated platelets 

Inhibition of platelet cAMP via PDE3 with cilostazol was shown to have an 
inhibiting effect on chemokine CCL5 and CXCL4 release upon stimulation with 
convulxin or thrombin in our recent study (chapter 4 of this thesis). To investigate 
whether cilostazol has an additional effect on CCL5 and CXCL4 release from ASA-
treated platelets, these platelets were incubated with cilostazol for 10 min prior to 
platelet activation. This only resulted in a minimal decrease of chemokine release 
compared to ASA alone (Figure 5), except when CCL5 release was measured after 
triggering with convulxin (Figure 5A). Here, addition of cilostazol resulted in a 
stronger decrease of CCL5 release than ASA alone (Figure 5A). The combination of 
cilostazol with cangrelor had no additional effect on the release of CCL5 and CXCL4 
(Figure 6). These data suggest that combined treatment of platelets with ASA and 
cilostazol does not potentiate the inhibition of chemokine release after platelet 
activation.   

 
Figure 5. Dual treatment with ASA + cilostazol treatment has no additional effects on 
chemokine release. Washed platelets (2x108/ml) from healthy volunteers exposed to ASA (50 µM) 
were activated and CCL5 (A, B) and CXCL4 (C, D) release was determined as described. Platelets 
were incubated 10 min prior to activation with the PDE3 inhibitor cilostazol. Black circles represent 
convulxin activation and white triangles represent thrombin activation. Ctrl: n = 29, ASA: n = 8, and 
ASA + Cilo: n = 6. Median with interquartile range. * p<0.05, ** p<0.01 and *** p<0.001, Kruskal-
Wallis with Dunn’s test. 
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Figure 6. Combination treatment with cangrelor + cilostazol treatment has no additional 
effects on chemokine release. Washed platelets (2x108/ml) from healthy volunteers were pre-
treated with P2Y12 inhibitor cangrelor 5 min before activation and CCL5 (A, B) and CXCL4 (C, D) 
release was determined as described. Platelets were incubated 10 min prior to activation with the 
PDE3 inhibitor cilostazol. Black circles represent convulxin activation and white triangles represent 
thrombin activation. Ctrl: n = 29, P2Y12: n = 4, and P2Y12 + Cilo: n = 4. Median with interquartile 
range. * p<0.05, ** p<0.01 and *** p<0.001, Kruskal-Wallis with Dunn’s test. 
 
Combined treatment of platelets with aspirin and cangrelor or cilostazol 
inhibits chemotaxis of monocytic cells. 
 Chemokines CCL5 and CXCL4 are involved in various immune pathways, 
for example migration and adhesion of leukocytes. To investigate the possible 
effects of antiplatelet drugs on platelet-induced leukocyte migration, a Boyden 
chemotaxis chamber was used to assess the migration of monocytic THP1 cells 
towards platelet supernatants. Releasates of platelets activated with convulxin 
induced a more pronounced chemotactic response than those induced after 
activation with thrombin (Figure 7). Platelet activation after exposure to ASA or 
tirofiban did not lead to a reduced migration with both agonist (Figure 7A). 
Interestingly, the chemotactic potential of platelets releasate was reduced after 
inhibition with cangrelor, but only when activated with convulxin (Figure 7B). This 
inhibition was more pronounced when cangrelor was combined with ASA (Figure 
7B). Inhibition of platelets with cilostazol alone led to a slight decrease of migration, 
which could be further reduced by a combination with ASA (Figure 7C). The 
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combination of cangrelor and cilostazol had no effect of the migration of monocytic 
cells (Figure 7D). Taken together, this data suggests that combined therapy of ASA 
and αP2Y12 or PDE3 inhibitor can decrease the inflammatory leukocyte recruiting 
potential of the releasate of activated platelets. 
 

 
Figure 7. Chemoattractant properties of activated platelets and the effects of antiplatelet 
drugs. Migration of monocytic cells (1x106/mL) was induced in a 12-well chemotaxis chamber for 
90 min at 37 °C. Buffer, or supernatants of resting or activated washed platelets was added in the 
bottom compartment. If applicable, platelets were activated by convulxin or thrombin without or with 
ASA or tirofiban (A), cangrelor (aP2Y12) or ASA + P2Y12 (B), Cilostazol (cilo) or ASA + Cilo (C), 
P2Y12 or P2Y12 + cilo (D). n = 4. Median with interquartile range. * p<0.05, Kruskal-Wallis with Dunn’s 
test. 
 
Discussion 

In this study, we investigated the effect of antiplatelet medication on platelet-
chemokine release and platelet releasate-induced chemotaxis. We focused on 
convulxin and thrombin as these agonists potently trigger protein kinase C activation, 
which is critical for platelet granule secretion27 as chemokines CCL5 and CXCL4 
reside in a-granules.13 We could confirm previous observations that chemokine 
release is a rapid response after platelet activation and occurs nearly 
instantaneously within 5 min after activation.28,29 Interestingly, although activation 
with convulxin and thrombin led to similar amounts of CCL5 and CXCL4 released 
along with a similar time course, the release of CCL5 induced by convulxin appeared 
to be more resistant to antiplatelet compounds than the release of CXCL4. A clear 
reduction of CXCL4 release was observed after treatment of platelets with tirofiban. 
This effect was less pronounced when eptifibatide was used. Interestingly, there was 
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no reduction of CCL5 release after incubation with any aIIbb3 inhibitor, neither was 
CCL5 or CXCL4 release reduced in platelets from the two Glanzmann patients. 
However, tirofiban appeared to not interfere with other chemoattractants released by 
platelets, as it did not influence migration of monocytic cells. It should be taken into 
account that the aIIbβ3 antagonists on the market are both structurally and functionally 
different, which lead to different outcome in different studies. For example, abciximab 
is a humanized fab fragment of the monoclonal 7e3, the cyclic peptide eptifibatide is 
not specific to aIIbb3 integrin, but also binds to αMβ2 and to avb3, and tirofiban is 
considered to be specific for aIIbb3 integrin and binds to the RGD binding site on the 
integrin, which might lead to neoepitopes.23,30,31 In animal models, blockade or 
genetic deletion of aIIbb3 reduced platelet interactions with the endothelium and with 
leukocytes.32,33 This was also observed in models with human platelets and 
endothelial cells34 and in patients with acute coronary syndrome.35,36 In our study, 
we investigated platelet-releasate induced leukocyte migration but did not study 
direct interaction of platelet (-chemokines) with leukocytes and/or the endothelium. 
With regard to the findings in this study, it can be stated that depending on which 
platelet-derived chemokines are investigated, there is an anti-inflammatory effect of 
these drugs. 

ASA is well known for its anti-platelet and anti-inflammatory effects. ASA 
irreversibly acetylates cyclooxygenases (COX) -1 and -2, thereby inhibiting the 
production of thromboxane A2 (TXA2) via COX-1, leading to inhibition of platelet 
aggregation and decreased vasoconstriction.37 A low dose (81-100 mg 23) of ASA 
has anti-inflammatory effects, by triggering the synthesis of arachidonic acid 
metabolites leading to blockade of the expression of CXCL8 in macrophages and 
endothelial cells 23,38). In this study, we have observed that ASA significantly 
decreased chemokine release through the thrombin-induced pathway (PAR-1/PAR-
4), and to a lesser extent after activation with convulxin. Despite the observed 
reduction of chemokine release, the anti-inflammatory response of ASA was not 
reflected in the migration of monocytes in this study, which was unaffected by ASA. 
This may suggest that ASA mediates its anti-inflammatory response mainly in a 
platelet-independent manner. 

A resistance of patients towards ASA leads to suboptimal antiplatelet 
therapy.22 This issue is addressed for example by combining ASA with a second 
antiplatelet drug, e.g. P2Y12 receptor inhibitors (clopidogrel, ticagrelor, prasugrel). 
Unlike for clopidogrel, ticagrelor and cangrelor have less data available on their 
influence on circulating markers of inflammation in patients, although ticagrelor more 
efficiently reduced CXCL8 levels in healthy volunteers than clopidogrel.39 
Clopidogrel was shown to reduce inflammatory markers in CVD patients, and it can 
interfere with leukocyte-platelet interactions, although it is unclear whether this is due 
to vascular or antiplatelet effects.40-42 Furthermore, clopidogrel reduced CCL5 
plasma levels both in animals and in patients.43-45 All P2Y12 antagonists appear to 
interfere with the interaction of platelets with monocytes and with neutrophils41,42 
although all may have platelet independent effects, as stated above. We have 
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observed that treatment of platelets with cangrelor showed a similar effect as with 
ASA. The chemokine release induced by thrombin is inhibited, whereas chemokine 
release induced by convulxin was less well inhibited by cangrelor. Inhibition of 
platelets with cangrelor alone did not lead to a reduced migration of monocytic cells. 
Although cangrelor in combination with ASA did not lead to a further reduction of 
chemokine release compared with ASA or cangrelor alone, the combination of both 
compounds almost eliminated the attraction of monocytic cells by platelet 
supernatant. A possible explanation for this observation might be that the 
combination of ASA and cangrelor can inhibit the release of several 
chemoattractants from platelets.  

So far, this study has focussed on the effect of antiplatelet medications and 
combinations on the inflammatory properties of platelets. Interestingly, we have 
observed differential protein and extracellular vesicle secretion patterns after platelet 
activation throughout this, and in other studies.46,47 In this study, we have observed 
differential CCL5 and CXCL4 release under the influence of different antiplatelet 
medications. This would suggest that these chemokines are differently packaged 
inside the α-granule of platelets and that their differential release is governed by 
autocrine feedback activation mechanisms. Although differential packaging and 
release of granule content has been described previously in literature, it remains 
controversial whether this is a physiologic regulatory principle48,49 or a stochastically 
occurring process.50,51 Support for the latter comes from studies that show that 
platelet secretion depends on several factors, e.g. cargo solubility, granule shape, 
and/or granule-plasma membrane fusion routes.50 In addition, a-granule proteins 
were found to be stochastically stored in the granules into subdomains.51 Others did 
find evidence for a functional separation of a-granule content and of their release 
depending on the context of platelet activation.48,49 Unlike the previous studies, this 
study also took the effects of inhibitors of platelet activation and activation into 
account, thereby revealing a differential release of a-granule content. 

The PDEs -3 and -5 regulate the cAMP- and cGMP-dependent signalling 
pathways in platelets, and the PDE3 inhibitor cilostazol was shown to inhibit platelet 
aggregation and the release of P-selectin, CXCL4 and platelet-derived growth factor 
in previous studies (reviewed in 52). In this study, the combination of ASA and 
cilostazol did not further inhibit chemokine release after platelet activation compared 
to ASA alone. However, when combined, monocyte recruitment was decreased, 
which suggests that the combination of ASA and cilostazol can inhibit the release of 
chemoattractants from platelets. 

In summary, on basis of our findings we can conclude that the majority of 
antiplatelet drugs influence the release of inflammatory mediators, chemokines in 
this study, from activated platelets. Although ASA, P2Y12 receptor inhibitors and 
PDE3 inhibitors also have an effect on the vasculature and leukocytes, they are also 
able to reduce inflammation in a platelet-dependent manner e.g. by modulating 
interactions of platelets with other immune cells,41,42 and by inhibition of platelet 
secretion through the thrombin activation pathway (this study). Interestingly, 
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chemokine release from platelets can be effectively reduced by specific 
combinations of medications. Dual therapy with ASA and a P2Y12 receptor inhibitor 
or with cilostazol shows promising effects in reducing the pro-inflammatory 
properties of platelets. The reduction of inflammation by targeting of chemokine 
release during the antiplatelet treatment of atherothrombosis could be supplemented 
with an anticoagulant, e.g. rivaroxaban (direct anti-factor Xa inhibitor) to further 
combat cardiovascular inflammation while minimizing the risk for bleeding 
complications. 
 

Key findings 
• Combined therapy of ASA and αP2Y12 or a PDE3 inhibitor decreases 

platelets pro-inflammatory potential of leukocyte recruitment. 
• Secretion triggered via PAR-1/-4 is the most affected by anti-platelet 

medications. 
• As single therapy, cangrelor and ASA are comparable in the reduction of 

platelets pro-inflammatory chemokine release. 
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Abstract 
Background: Genome wide association studies (GWAS) identified 

SLC44A2 as a novel susceptibility gene for venous thrombosis (VT) and previous 
work established that SLC44A2 contributed to clot formation upon vascular injury. 

Objective: To further investigate the role of SLC44A2 in VT by utilizing 
SLC44A2 deficient mice (Slc44a2−/−) in two representative disease models. 

Methods: Mice were included in a hypercoagulability model driven by 
siRNA-mediated hepatic gene silencing of anticoagulants Serpinc1 (antithrombin) 
and Proc (protein C) and a flow restriction (stenosis) model induced by partial ligation 
of the inferior vena cava. 

Results: In the hypercoagulability model, no effect in onset was observed 
in Slc44a2−/− animals; however, a drop in plasma fibrinogen and von Willebrand 
factor coinciding with an increase in blood neutrophils was recorded. In the 
neutrophil dependent stenosis model after 48 hours, Slc44a2−/− mice had 
significantly smaller thrombi both in length and weight with less platelet accumulation 
as a percentage of the total thrombus area. During the initiation of thrombosis at 6 
hours post-stenosis, Slc44a2−/− mice also had smaller thrombi both in length and 
weight, with circulating platelets remaining elevated in Slc44a2−/− animals. Platelet 
activation and aggregation under both static- and venous and arterial shear 
conditions were normal for blood from Slc44a2−/− mice. 

Conclusions: These studies corroborate the original GWAS findings and 
establish a contributing role for SLC44A2 during the initiation of VT, with indications 
that this may be related to platelet-neutrophil interaction. The precise mechanism 
however remains elusive and warrants further investigation. 
 
1. Introduction 

Venous thrombosis (VT) is a major contributor to the global health burden 
with a number of well-characterized genetic determinants identified, that are all 
linked to coagulation pathways.1  A recent meta-analysis of 12 genome wide 
association studies (GWAS) identified a novel susceptibility locus for VT within the 
SLC44A2 gene which had never been linked to coagulation and/or haemostasis 
before.2 The association between SLC44A2 and thrombotic events has been next 
reported in a second GWAS study, confirming SLC44A2 as being a unique 
contributor to thrombotic disease.3 

The solute carrier family 44 member 2 protein (SLC44A2)4 is a presumed 
choline transporter based on its sequence; however, functional evidence remains 
limited.5 We previously characterized SLC44A2 deficient mice (Slc44a2−/−) by 
evaluating several parameters of haemostasis including thrombin generation, 
transcriptional profiling of coagulation related genes, plasma levels of coagulation 
factors, von Willebrand factor (VWF) antigen plasma levels, multimerization, and 
localization within vessels, in addition to recording responses to vascular injury.6,7 
We established that Slc44a2−/− have relatively normal haemostasis with the 
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exception of a reduced level  of circulating plasma VWF (~20%). These mice have 
also an impaired response to laser injury of the cremaster arterioles, with significantly 
less platelet accumulation measured at the site of injury in the C57BL/6 background. 

In the present study we delineate the importance of SLC44A2 in VT by 
utilizing Slc44a2−/− mice in two different VT models; the hypercoagulability small 
interfering ribonucleic acid (siRNA)-induced model and the flow restriction (stenosis) 
model. In the first model, mice are injected with siRNA targeting hepatic expression 
of the anticoagulants Proc (protein C) and Serpinc1 (antithrombin), thereby creating 
a state of hypercoagulability and resulting in the formation of pronounced blood clots 
within the large veins in and around the mandibular area of the head.8 In the second 
model thrombus formation is induced by reduction in blood flow of the inferior vena 
cava (IVC) by approximately 90%, thereby activating the local endothelium and the 
recruitment of immune cells.9 
 
2. Methods 
2.1 Mice 

Mice deficient for SLC44A2 (Slc44a2−/−) were previously generated10 and 
introduced on a C57BL/6J background.7,10 Slc44a2−/− and littermate controls 
(Slc44a2+/+) were genotyped using ear biopsy DNA as described.11 Experimental 
animal procedures were approved by local animal welfare committees at the Leiden 
University Medical Center and Aix-Marseille University. All experiments were 
performed blinded for genotype. 
 
2.2 Spontaneous thrombosis following silencing of antithrombin and protein 
C 

Female Slc44a2−/− and Slc44a2+/+ mice 6 weeks of age were intravenously 
injected with siRNAs targeting antithrombin (siSerpinc1: #S62673; Ambion) and 
protein C (siProc: #S72192) complexed with invivofectamine 3.0 (Invitrogen) as 
previously described.8 A dose of 80 nmol of siSerpinc1 and siProc per kg of body 
weight in study one and 60 nmol in study two was used. The endpoint was reached 
once 50% of all mice displayed previously described typical clinical features.8 Blood 
was collected 24 hours pre-injection via tail cut using dipotassium 
ethylenediaminetetraacetic (K2EDTA) acid coated vials (Sarstedt). Blood was also 
collected from the IVC with 11 µmol/L sodium citrate upon sacrifice and under 
anaesthesia induced by subcutaneous injection of ketamine (100 mg/kg), xylazine 
(12.5 mg/kg), and atropine (125 µg/kg). Cell counts were assessed by SysmexXT-
2000iV (Sysmex Europe GMBH). 
 
2.3 Thrombosis following stenosis of the IVC 

Male Slc44a2−/− and Slc44a2+/+ mice 11 to 12 weeks of age underwent 
partial ligation of the IVC as previously described,9,11 with all side branches below 
the renal veins completely ligated. A 50 µL blood sample was collected from the 
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periorbital eye plexus directly before the collection surgery and stabilized with 0.5 
mol/L K2EDTA. Cell counts were assessed by Sysmex XN 3000 instrument. 
 
2.4 Plasma analysis 

VWF antigen levels were determined by enzyme-linked immunosorbent 
assay (ELISA) with anti-human VWF (DAKO A082) as described.12 Fibrinogen levels 
were measured by ELISA according to the manufacturer's protocol, with the 
exception of using 1 mol/L H2SO4 and half the reaction volume (MGF-EIA, Stago). 
Extracellular DNA was quantified using the Quant-iT PicoGreen DNA Assay Kit 
(ThermoFisher Scientific). 
 
2.5 Liver analysis 

RNA was isolated from liver using RNA-Bee (Tel-Test, Inc) and 
subsequently cDNA was synthesized according to manufacturer's protocol 
(SuperScript II Reverse Transcriptase, Thermo Fisher). Liver transcript levels of 
Slc44a2, Serpinc1, and Proc were determined by quantitative polymerase chain 
reaction (qPCR).13 IVC RNA was isolated using the RNeasy microkit (Qiagen 
74034). cDNA was synthesized and transcript levels of Slc44a2, Ccl2, Cxcl1, Cxcl5, 
Il6, Selplg, and Vcam1 were quantified by qPCR. ß-actin (Actb) was used as 
reference gene (primers Table S1 in supporting information). Fibrin in liver (and also 
lungs) was determined by immunoblotting using the mouse monoclonal 59D8 anti-
fibrin antibody as previously described.14 
 
2.6 Histology 

Following removal, thrombi were measured, weighed, and frozen in optimum 
cutting temperature (OCT; Tissue Tek). Serial cryo sections from the medial region 
of the thrombi were made at 10 µm. Immunohistochemical staining was performed 
as described11 using anti-Ly6G (Biolegend #127602; 1:1000 dilution), anti-
citrullinated histone H3 (CitH3; Abcam #ab5103; 1:300 dilution), anti-VWF (DAKO 
#A0082; 1:4000 dilution; Abcam # ab11713; 1:50 dilution), anti-glycoprotein Ib 
(GPIb; Emfret #R300; 1:2000 dilution) and anti-tissue factor (TF; in-house re- source, 
1:2000 dilution) antibodies. The corresponding secondaries were anti-Rat IgG 
horseradish peroxidase (HRP) conjugated (Abcam #ab205720; 125 µg/mL) or anti-
Rabbit IgG HRP conjugated (DAKO # P039901-2; 125 µg/mL) and signal was 
visualized using Vector NovaRED (Vector Laboratories #SK4800). 
Immunofluorescence staining was performed as before11 using the fluorophore-
conjugated secondaries anti-rabbit 488 (#A- 11008), anti-rat 568 (#A-11077), anti-
sheep 647 (#A-21448) (Invitrogen, all at 1:750 dilution). Microscopic images were 
taken using the Panoramic MIDI Slide Scanner and Caseviewer software 
(3Dhistech). Quantifications were calculated using the Fiji ImageJ program.15 Per 
mouse, when a thrombus was available, one stained section from the medial region 
was used for comparison. 
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2.7 Reactive oxygen species production 
Citrated blood was collected via tail cut and leukocyte activation was 

measured ex vivo in 25 µL blood incubated with anti-CD11b (BD Pharmingen; clone 
M1/70), anti-B220 (eBioscience; clone RA3-6B2), and anti-Ly6G (eBioscience, clone 
1A8) for 30 minutes on ice. Erythrocytes were then lysed using 0.155 mol/L NH4Cl, 
0.01 mol/L KHCO3, 0.1 mmol/L ethylenediaminetetraacetic acid (EDTA) for 10 
minutes at 20°C and remaining cells were incubated with DHR-123 (ThermoFischer, 
#D23086, 1:1000, 10 minutes, 37°C) and stimulated or not with phorbol myristate 
acetate (PMA; 2 µg/mL, Sigma P8139, 10 minutes, 37°C). Fluorescence was 
measured on an LSR II flow cytometer (BD Bioscience). 
 
2.8 Platelet aggregation 

Citrated blood was collected via IVC and centrifuged at 313 g for 3 minutes 
at room temperature using a soft break. Platelet rich plasma layer (PRP) and one 
third of the erythrocytes layer was collected and separately centrifuged at 704 g for 
15 seconds using soft break. Platelet counts were determined by Sysmex and 
adjusted with platelet poor plasma (PPP). PRP was further diluted into 
HEPES:Tyrode pH 7.3 and rested for 30 minutes before measurements. PRP was 
then incubated with 1.2 mmol/L thrombin receptor activating peptide 4 (TRAP4; 
Bachem, #4035529-005) or 24 µmol/L adenosine diphosphate (ADP; HART 
biological). Aggregation was measured for 15 minutes on a Thrombo-Aggregometer 
(SD Medical, #TA-8V) against PPP. 
 
2.9 Platelet perfusion 

Platelet adhesion and activation following perfusion over coverslip coated 
with VWF-binding peptide (50 µg/mL, Dept. of Biochemistry, Cambridge University) 
or collagen type I (50 µg/ mL, HORM collagen, Takeda) was assessed as described 
before.16 Citrated whole blood was re-calcified with 7.5 mmol/L CaCl2 and 3.75 
mmol/L MgCl2 in the presence of D-phenylalanyl-prolyl-arginyl chloromethyl ketone 
(PPACK; 53 µmol/L, Calbiochem) and heparin (5 U/mL), labelled with 0.5 µg/mL 
DiOC6 (AnaSpec). Analysis of fluorescence images was performed with pre-defined 
scripts in Fiji software.15,17 
 
2.10 Platelet activation by flow cytometry 

Citrated tail blood was diluted 25 times in Tyrode HEPES pH 7.45 (5 mmol/L 
HEPES, 136 mmol/L NaCl, 2.7 mmol/L KCl, 0.42 mmol/L NaH2PO4, 2 mmol/L MgCl2, 
0.1% glucose and 0.1% bovine serum albumin) in the presence of PPACK (20 
µmol/L) and fragmin (20 U/mL, Pfizer). The blood was activated for 10 minutes with 
various concentrations of cross-linked collagen-related peptide (CRP-XL, from 
Cambridge University), 2-methylthio- adenosine-5'-diphosphate (2-MeSADP, 
BioConnect), or the protease activated receptor 4 (PAR4) agonist AYPGKF. 
Platelets were labelled with anti-GPIIbIIIa (JON/A; Emfret, PE, 1:10 dilution) and 
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anti-P-selectin (CD62P; Emfret, FITC, 1:10 dilution), and activation measured with 
an Accuri C6 flow cytometer (Becton Dickinson). 
 
2.11 Statistics 

For phenotype free survival, differences were calculated using the Mantel-
Cox log rank test method. Spearman's correlation was used to compute r and 
determine correlation between immunohistochemical stains. Reactive oxygen 
species (ROS) production and platelet aggregation were evaluated by t-test. 
Changes in platelet binding under perfusion and platelet activation with flow 
cytometry were determined by two-way analysis of variance. Statistical testing for 
the remaining readouts were calculated using the Mann-Whitney rank-sum test. All 
calculations were performed using the Prism statistical program, version 8 
(GraphPad). 

 
Figure 1. Hypercoagulability mediated venous thrombosis through siRNAs targeting 
Serpinc1 and Proc in SLC44A2 deficient mice. (A) Phenotype free survival in SLC44A2 deficient 
mice (Slc44a2−/−, −/−) and littermate wild type controls (Slc44a2+/+, +/+) shown as percentage 
following injection with 80 nmol/kg siRNA (n = 12 per group). (B) Phenotype free survival following 
injection with 60 nmol/kg siRNA (n = 6 per group). The following blood parameters were measured 
after treatment with 80 nmol/kg siRNA: (C) Plasma fibrinogen levels 32 hours post-treatment 
expressed as a percentage of MPP (mouse pool plasma), (D) plasma VWF (von Willebrand factor) 
levels 32 hours post-treatment expressed as a percentage of MPP (mouse pool plasma), (E) blood 
platelet counts at time of sacrifice. For reference platelet levels of Slc44a2+/+ before siRNA 
treatment are represented by the dotted line (mean cell counts). (F) Circulating neutrophil levels at 
time of sacrifice. For reference platelet levels of Slc44a2+/+ mice before siRNA treatment are 
represented by the dotted line (mean cell counts). Statistical analysis for phenotype free survival 
determined using Mantel-Cox test. Solid line represents median value. Statistical differences were 
evaluated using Mann-Whitney rank-sum test (NS = non-significant; *signifies p<0.05; **signifies 
p<0.01; ****signifies p<0.0001). 
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3. Results 
3.1 SLC44A2 does not alter onset in a model of hypercoagulability driven VT 

In order to determine whether SLC44A2 had an effect on thrombus 
formation driven by hypercoagulability, we induced a hypercoagulable state in 
SLC44A2 deficient mice (Slc44a2−/−) and wild type control (Slc44a2+/+) through 
siRNA-mediated knockdown of hepatic expression of the anticoagulants 
antithrombin (Serpinc1) and protein C (Proc). Venous thrombosis and related 
features in this model are same for male and female mice, but well characterized 
particularly for female mice.8,18 We thus used female mice here. After 24 hours, mice 
from both groups began to present typical features coinciding with thrombotic 
coagulopathy, i.e. oedema of mandibular area and bleeding around the eye. At the 
time of sacrifice, 32 hours post-siRNA treatment, 50% of Slc44a2+/+ (6/12) and 92% 
of Slc44a2−/− mice (11/12) had developed the observable phenotype (Figure 1A), but 
this difference in onset was not significant. Both groups lost approximately 8% of 
their original body weight (Figure S1 in supporting information). To validate the 
incidence over a more protracted timeline, we repeated the study using a lower dose 
of siRNA. Again no significant difference could be observed with 43% of Slc44a2+/+ 
(3/7) and 29% of Slc44a2−/− mice (2/7) developing the phenotype 32 hours post 
injection (Figure 1B). All mice were affected at the collection point of 46 hours. Upon 
sacrifice, knockdown of hepatic Serpinc1 and Proc was confirmed and was 70% and 
98% lower, respectively, as compared to untreated control mice. This was 
comparable between genotypes (Figure S2 in supporting information), although Proc 
levels were lower (p=0.0024) in Slc44a2−/−, measured at 1% of control versus 3.6% 
in Slc44a2+/+. 

In additional to macrovascular thrombosis in the head the deposition of fibrin 
in the lungs and liver typically occurs in this model.8,18 Accordingly, fibrin was 
detected in both the lungs and liver of the Slc44a2+/+ mice and was comparable to 
Slc44a2−/− mice (Figure S3 in supporting information). Fibrinogen levels in the 
plasma were lowered in the Slc44a2−/− mice as compared to Slc44a2+/+ (p=0.0129, 
Figure 1C). We confirmed the previously described reduction in circulating VWF of 
~20% in Slc44a2−/− mice before siRNA treatment (p=0.0211, Figure S4 in supporting 
information).7 Remarkably, upon sacrifice following thrombosis, this difference in 
VWF was even more pronounced as measured antigen levels were 66% lower in 
Slc44a2−/− mice as compared to Slc44a2+/+ (p<0.0001, Figure 1D). No differences in 
blood cell counts prior to injection and following siRNA treatment were observed. 
Platelet consumption is associated with thrombosis in this model and even though 
four Slc44a2+/+ mice did not develop an observable thrombus, corresponding with 
higher amounts of blood platelets, there was no significant difference in platelet 
levels following treatment between genotypes (Figure 1E). Interestingly, a significant 
increase in blood neutrophils (p=0.0017, Figure 1F) was recorded in the Slc44a2−/− 
mice upon sacrifice. However, the formation of thrombi in this model was previously 



Chapter 7 

126 
 

demonstrated to occur independently of VWF or neutrophils.18 Thus, even with such 
changes, SLC44A2 does not affect thrombosis incidence in this model. 
 

 
Figure 2. Venous thrombosis in SLC44A2 deficient mice following 48 hours stenosis of the 
inferior vena cava (IVC). (A) Incidence of thrombosis after 48 hours in wild type (Slc44a2+/+, +/+) 
(n = 10) or SLC44A2 deficient mice (Slc44a2−/−,−/−) (n = 15), shown as percentage (%). (B) Length 
and (C) weight of thrombi formed at 48 hours. (D) Immunohistochemical (IHC) staining of neutrophil 
marker Ly6G in a representative thrombus from a Slc44a2+/+  and Slc44a2−/−, with high 
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magnification from Slc44a2+/+ (location is indicated by the black box; left) and quantification of 
positive area as a percentage of total thrombus area (right, +/+ n = 8, −/− n = 11). (E) Blood 
neutrophil counts at time of sacrifice (48 hours; +/+ n = 9, −/− n = 12). (F) IHC staining of the 
NETosis marker citrullinated histone H3 (CitH3) in a representative thrombus of a Slc44a2+/+ and 
Slc44a2−/−, with high magnification from Slc44a2+/+ (location is indicated by the black box; left) and 
quantification of positive area as a percentage of total thrombus area (right, +/+ n = 8, −/− n = 11). 
(G) Correlation plot between LY6G and CitH3 staining (+/+, n = 8; −/−, n = 11). (H) Plasma DNA 
level at time of sacrifice (48 hours; ng/mL; +/+, n = 9; −/−, n = 11). (I) Reactive oxygen species 
(ROS) produced by Slc44a2+/+ or Slc44a2−/− neutrophils ex vivo following activation of whole blood 
with 2 µg/mL phorbol 12-myristate 13-acetate (PMA), quantified by FACS analysis, expressed in 
median fluorescence index (MFI; n = 5). (Note on numbers: blood samples that became coagulated 
or thrombi that were damaged during sectioning were not included for subsequent analysis.) Black 
bars equal 500 µm. Red bars equal 50 µm. Solid line represents median value. Statistical 
differences for ROS production were evaluated by t-test and for remaining biological readouts, the 
Mann-Whitney rank-sum test (*signifies p<0.05; **signifies p<0.01; ****signifies p<0.0001). 
 
3.2 Slc44a2−/− mice have reduced thrombosis following 48 hours of stenosis 

We continued by using a model demonstrated to be dependent on 
neutrophils and VWF: the flow restriction (stenosis) model of deep vein thrombosis 
(DVT).11,19,20 Male mice, littermates of the female mice used in the previous model, 
were used in respect of the “3R’s” rule for more ethical use of animals and to maintain 
the same environmental exposure and breeding sources for mice included in the 
different VT models.21 In this model the blood flow was reduced by approximately 
90%, with blood stasis activating the local endothelium and driving inflammation-
mediated thrombosis.9 Following 48 hours, 100% of the Slc44a2+/+ mice (10/10) and 
80% of the Slc44a2−/− mice (12/15) developed a thrombus (Figure 2A). The thrombi 
formed in Slc44a2−/− mice were significantly smaller both in length (−43%, p=0.0120) 
and weight (−52%, p=0.0099; Figure 2B-C). Mice heterozygous for SLC44A2 
(Slc44a2+/−) were found to have 100% incidence (7/7) with median thrombus 
measurements for length and weight falling between those of the Slc44a2+/+and 
Slc44a2−/− groups (Figure S5 in supporting information), suggesting a dose-
dependent effect of SLC44A2 on VT. No differences in thrombi neutrophil density 
were visible (Ly6G staining, Figure 2D) and the levels of circulating blood neutrophils 
at the time of sacrifice were also similar (Figure 2E). To determine whether neutrophil 
extracellular trap release (NETosis) was affected, we evaluated CitH3 staining into 
the obtained thrombi. A trend was observed for lower CitH3 in the Slc44a2−/− mice 
(p=0.0908; Figure 2F) and the positive correlation found between the neutrophil and 
CitH3 staining (r=0.7708; p=0.0252) in Slc44a2+/+ was absent in Slc44a2−/− animals 
(r=0.2207; p=0.5143; Figure 2G) suggesting reduced NETosis within thrombi in 
absence of SLC44A2. However, no signs of systemic decrease in plasma DNA levels 
could be found 48 hours after stenosis (Figure 2H). Additionally, ex vivo production 
of reactive oxygen species (ROS) by stimulated neutrophils was not different 
between neutrophils deficient or not for SLC44A2 (Figure 2I). Together these data 
demonstrate a role for SLC44A2 in stenosis driven thrombosis and suggest a 
possible effect on NETosis at the site of thrombosis. 
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Figure 3. von Willebrand factor (VWF) and platelet characteristics of SLC44A2 deficient mice 
following 48 hours stenosis and ex vivo under flow conditions. (A) Immunohistochemical (IHC) 
staining of VWF in thrombus of a representative wild type (Slc44a2+/+, +/+) and SLC44A2 deficient 
mice (Slc44a2−/−, −/−), with high magnification from Slc44a2+/+ (location is indicated by the black 
box; left) and quantification (right) of positive area as a percentage of total thrombus area in 
Slc44a2+/+ (n = 8) or Slc44a2−/− mice (n = 11). (B) Plasma VWF levels after 48 hours stenosis 
expressed as a percentage of MMP (mouse pool plasma; +/+ n = 9, −/− n = 12). (C) IHC staining 
of glycoprotein Ib (GPIb) in thrombus of a representative Slc44a2+/+ and Slc44a2−/−, with high 
magnification from Slc44a2+/+ (location is indicated by the black box; left) and quantification (right) 
of positive area as a percentage of total thrombus area (+/+ n = 8, −/− n = 11). (D) Correlation plot 
between thrombus weight and circulating blood platelets (+/+ n = 9, −/− n = 12). (E) 
Immunofluorescent co-stain of GPIb (red) and VWF (cyan) on thrombus sections (left) with 
correlation plot (right; +/+ n = 8; −/− n = 11). (F) Percentage of VWF positive area colocalized with 
GPIb. (G) Representative images of DiOC6-labeled platelets of a wild type (Slc44a2+/+, +/+) control 
(up) and a SLC44a2 deficient mouse (Slc44a2−/−, −/−; down) on a surface coated with VWF-binding 
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peptide. Scale bar is 20 µm. (H) Percentage of stable platelet area coverage over a 30 second time 
period in field view within heparinized and D-phenylalanyl-prolyl-arginyl chloromethyl ketone 
(PPACK) treated whole blood flowing over slides coated with a murine VWF binding peptide at 
venous shear rate (150 s−1) over time (n = 5 per group). (Note on numbers: blood samples that 
became coagulated or thrombi that were damaged during sectioning were not included for 
subsequent analysis.) (I) Percentage platelets displaying a firm or transient interaction with VWF-
binding peptide determined by a method described by Meyer dos Santos et al.17 Black and white 
bars equal 500 µm. Red bar equals 50 µm. Statistical differences between for platelet perfusion 
were evaluated by two-way analysis of variance and for remaining biological readouts, the Mann-
Whitney rank-sum test. Coefficient r calculated using Spearman's correlation (*signifies p<0.05) 
 

3.3 Slc44a2−/− mice have less platelet accumulation after 48 hours stenosis 
Previously, we determined that Slc44a2−/− have a reduced level of circulating 

plasma VWF antigen when compared to Slc44a2+/+.7 To investigate whether the 
VWF release from the endothelium was reduced in SLC44A2 deficient mice, this 
discharge was stimulated using intraperitoneal injection of 2 mg/kg 
lipopolysaccharides (LPS), a dose inducing Weibel-Palade body release. VWF 
plasma levels were increased following LPS injection; however, in time we observed 
no differences in VWF levels between Slc44a2+/+ and Slc44a2−/− mice (Figure S6 in 
supporting information). This suggests that smaller thrombi in Slc44a2−/− mice are 
not likely due to reduced levels of available VWF following stenosis. We also found 
that VWF distribution within thrombi was comparable between the two genotypes by 
constituting approximately 30% of the thrombus area (Figure 3A) and that plasma 
VWF at 48 hours post-stenosis was not significantly different between groups 
(p=0.2030; Figure 3B). When we focused on platelets, platelet counts could be 
correlated to thrombus size both in Slc44a2+/+ and Slc44a2−/− mice as platelet 
accumulation is a major determinant of thrombus size at 48 hour-stenosis (Figure 
3D). Remarkably though, the proportion of platelet marker GPIb-positive area was 
significantly reduced (p=0.0259) in thrombi from Slc44a2−/− mice (Figure 3C). As 
VWF and GPIb are established binding partners,22 we evaluated the relationship of 
the two proteins on serial sections. VWF was strongly associated with GPIb in 
Slc44a2+/+ mice (r =0.9004; p=0.0023); however, this association was absent in 
Slc44a2−/− (r=−0.3471; p=0.2956; Figure S7 in supporting information). We then 
verified these relationships on the same thrombus section by confocal microscopy. 
We measured a clear association between VWF and GPIb in the Slc44a2+/+ group (r 
=0.9048; p=0.0046) and none within the Slc44a2−/− (r =0.2818; p=0.4023) (Figure 
3E). Moreover, the area of VWF that co-localized with GPIb was reduced in the 
Slc44a2−/− animals (−36%, p=0.0506; Figure 3F). As this indicated a possible altered 
interaction between GPIb and VWF, we evaluated the binding potential of platelets 
to VWF under venous flow (150 s−1) ex vivo using slides coated with a murine VWF 
binding peptide and perfused with whole blood. We observed a comparable increase 
of platelet binding with a final mean surface area coverage of 15.4% (5.6%-22.2%) 
by Slc44a2+/+ platelets and 19.7% (17.2%-25.6%) by Slc44a2−/− platelets after 6 
minutes (p=0.9122; Figure 3G). When we further dissect between firmly adherent 
and translocating platelets we also did not observe differences, indicating that also 
stable binding of platelets is unaffected by SLC44A2 (Figure 3H). To evaluate 
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whether platelets under arterial flow have altered adherence, whole blood was 
perfused over collagen at 1000 s−1, also here no differences were observed (Figure 
S8 in supporting information). Based on these findings, platelet accumulation is 
reduced in thrombi from Slc44a2−/− mice at 48 hours and this is not related to VWF 
availability. Additionally, perfusion studies revealed that platelet-VWF interactions 
did not seem to be affected in Slc44a2−/− mice. 

 
Figure 4. Thrombosis in SLC44A2 deficient mice following 6 hours stenosis of the inferior 
vena cava (IVC). (A) Incidence of thrombosis after 6 hours in mice wild type (+/+, n = 6) or SLC44A2 
deficient mice (−/−, n = 8), shown as percentage. (B) Length and (C) weight of thrombi formed at 6 
hours. (D) Correlation plot of GPIb and VWF immunostaining on thrombus sections (+/+, n = 6; −/−, 
n = 5). (E) Percentage of VWF positive area co-localized with GPIb. (F) Correlation plot of GPIb 
and citrullinated histone H3 immunostaining on thrombus sections. (G) Transcript levels of 
inflammatory molecules produced by the local IVC in Slc44a2+/+ (+/+, n = 6) or Slc44a2−/− (−/−, n = 
5) for SLC44A2 collected at 6 hours post-stenosis as compared to non-ligated control C57BL/6J 
mice (n = 3); chemokine (C-C motif) ligand 2 (Ccl2), chemokine (C-X-C motif) ligand 1 (Cxcl1), 
Cxcl5, interleukin-6 (Il6). (H) IVC expression of mRNA transcripts encoding adhesion molecules; P-
selectin and vascular cell adhesion molecule 1 (VCAM1) following 6 hours stenosis. Bars represent 
mean values with standard deviation (error bars). (I) Nuclear stain (DAPI) of leukocytes in thrombi 
from Slc44a2+/+ and Slc44a2−/− mice (top left) with quantification as a percentage of total thrombus 
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area (+/+ n = 6; −/− n = 5). (J) Quantification of immunofluorescent (IF) staining of tissue factor (TF; 
left) as a percentage of total thrombus area. Representative image of IF co-stain by confocal 
microscopy of neutrophil marker Ly6G, TF, and nuclear stain (DAPI; right panel). Yellow arrows 
indicate Ly6G positive cells and white arrows indicate TF positive cells. Yellow bar equals 500 µm 
and white bar equals 20 µm. Statistical differences were evaluated using Mann-Whitney rank-sum 
test (*signifies p<0.05; **signifies p<0.01; ***signifies p<0.001). 
 

3.4 Thrombosis in Slc44a2−/− mice is reduced at 6 hours post-stenosis 
To gain further insight into the role of SLC44A2 during the initiation phase of 

thrombosis, thrombosis was measured 6 hours post IVC ligation. At this time point 
100% of the Slc44a2+/+ (6/6) and 62.5% of the Slc44a2−/− mice formed thrombi (5/8) 
(Figure 4A). The thrombi from the Slc44a2−/− mice were again smaller both in length 
(−83%, p=0.0007) and weight (−99%, p=0.0013; Figure 4B-C). As before, we 
observed that Slc44a2+/− mice (incidentally included) fell in between with 75% 
incidence (3/4) and median values of length and weight halfway in between those of 
the Slc44a2+/+ and Slc44a2−/− (Figure S9 in supporting information). An independent 
experiment executed by a different operator, in a different facility, substantiated 
these findings, with significant effects of genotype on thrombus weight (p=0.0020) 
and length (p=0.0010), and again no effect on incidence (Figure S10 in supporting 
information). Evaluation of the thrombi revealed large variability within each group 
for GPIb staining with high and low subsets for both Slc44a2+/+ and Slc44a2−/−, 
leading to no significant differences with regard to platelet density (Figure S11A in 
supporting information). Similarly, no differences could be detected with regard to 
VWF staining (Figure S11B). We found again a correlation between the VWF and 
GPIb staining in Slc44a2+/+ mice (r=0.8857; p=0.0333) that persisted this time in 
Slc44a2−/− (r=0.9000; p=0.0833; Figure 4D). The percentage of VWF that co-
localized with GPIb was also comparable between the groups (Figure 4E). These 
data indicate that the early binding of platelets to VWF is unaltered. Additional 
quantification determined no differences in thrombus density in neutrophils (Ly6G 
staining) and NETs (CitH3 staining; Figure S11C-D). The CitH3-positive area was 
found to be strongly correlated with GPIb levels in Slc44a2+/+ mice (r=0.9429; 
p=0.0167), but not in the Slc44a2−/− animals (r=0.5000; p=0.4500; Figure 4F), which 
was not observed at the 48-hour time point (Figure S12 in supporting information). 

Stenosis is followed by an acute response from the local endothelium 
marked by upregulation of inflammatory cytokines and adhesion markers.9 
Transcript levels of cytokines CCL2, CXCL1, CXCL5, and IL-6 in the IVC 6 hours 
post-stenosis were increased compared to control untreated IVC (p<0.05), which 
was in line with previous reports.9 However, there were no differences in transcript 
levels between genotypes (Figure 4G). The same observations were made for the 
transcripts coding for the adhesion molecules P-selectin and VCAM-1, which are 
central to immune cell interactions with the endothelium (p<0.05; Figure 4H). These 
data indicate a normal inflammatory response by the endothelium in Slc44a2−/− mice 
after stenosis. 
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In this model endothelial activation is followed by recruitment of immune 
cells to the site of stenosis. Leukocytes incorporated into the thrombi can be 
visualized using a nuclear stain because platelets and erythrocytes are enucleated 
cells. Interestingly, when the thrombi were stained with 4′,6-diamidino-2-
phenylindole (DAPI), the density of DAPI-positive leukocytes was significantly 
elevated in the Slc44a2−/− mice (%, p=0.0303; Figure 4I). This was not observed at 
48 hours post-stenosis (Figure S13 in supporting information). As we established 
there was no difference in Ly6G positive cell composition (Figure S11C); this 
observation suggests that the increased leukocytes are likely not neutrophils. TF 
production by leukocytes is another critical step in this model and we observed a 
two-fold increase in TF immunostaining density in thrombi from the Slc44a2−/− 
animals (p=0.0043; Figure 4J). Interestingly, the nucleated cells that co-localized 
with TF were mainly Ly6G negative (Figure 4J) while all nucleated cells were Ly6C 
positive (Figure S14 in supporting information) indicating that these are likely 
monocytes, which was previously reported to be the main source of TF in this model.9 
Together these data demonstrate that SLC44A2 is important during the initiation of 
thrombosis, but not for endothelial activation in this VT model. 
 

3.5 Platelet activation, aggregation, and neutrophil interactions are unaltered 
in Slc44a2−/− platelets 

We established that SLC44A2 deficiency has a pronounced effect on 
stenosis-driven thrombosis, coinciding with reduced platelet accumulation after 2 
days without any noticeable effect on platelet/VWF co-localization. We hypothesized 
that SLC44A2 may be involved after platelet adhesion to the vessel wall in 
subsequent stages of platelet activation. We observed that the consumption of 
platelets from circulation had not yet occurred in the Slc44a2−/− mice at 6 hours post-
stenosis. As a result, the levels of circulating platelets differ between Slc44a2+/+ and 
Slc44a2−/− after stenosis (p=0.0061; Figure S15 in supporting information). The 
upregulation of membrane protein P-selectin (CD62P) is a key step during platelet 
activation,23 whereas a feature of later stages of platelet activation is the binding of 
platelets to fibrinogen via the αIIbβ3 integrins. When we look at the percentage 
positive platelets for CD62P exposure as well as αIIbβ3 activation after stimulation 
with different concentrations of ADP, PAR4 agonist and collagen-related peptide 
CRP-XL, we observed a significantly lowered exposure in Slc44a2−/− platelets under 
some conditions (Figure S16 in supporting information). When we, however, 
analyzed the median fluorescence intensity of both CD62P and αIIbβ3 we did not find 
an effect of SLC44A2 (Figure 5A-B). To determine if SLC44A2 had an effect on 
platelet-platelet interactions, we measured platelet aggregation using PRP following 
activation using TRAP-4 (strong stimulus) and ADP (weak stimulus). We did not 
detect any significant differences in platelet aggregation in Slc44a2−/− (Figure 5C-D). 
This is in line with our previous observation, using washed platelets, in which platelet 
aggregation induced by thrombin or collagen was unaffected.7 Together, this is 
suggestive of a normal response by Slc44a2−/− platelets. 
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In addition to the primary role of platelets in haemostasis, they can also 
activate neutrophils and stimulate NETosis24 as neutrophils and NETs can activate 
and recruit platelets.20,25,26 To evaluate whether SLC44A2 influenced murine platelet-
neutrophil interactions, we perfused recalcified whole blood at venous shear rates 
(150 s−1) over slides coated with a VWF capturing peptide. Under these conditions, 
we did not observe neutrophil binding to the platelets that adhered to the slides; 
however, the rapid formation of fibrin and coagulation of the blood also made the 
analysis challenging. We then used a different approach and analysed platelet-
leukocyte interactions within the thrombi of the mice obtained 6 hours after stenosis. 
Here we could clearly distinguish leukocytes adjacent to platelets and record if they 
were either positive or negative for CitH3 (Figure 5E, left panel). We noticed that 
areas positive for GPIb strongly overlapped with VWF expression (Figure 5E, right 
panel) as we saw earlier (Figure 4D). Quantification of the total number of platelet-
leukocyte interactions revealed that more platelets were found interacting with CitH3 
positive cells in Slc44a2+/+ mice than in Slc44a2−/− mice (Figure 5F); however, this 
difference was not significant when thrombus size was taken into account (Figure 
5G). 
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< Figure 5. Characterization of platelets in SLC44A2 deficient mice. Percentage of cells positive 
for (A) exposed P-selectin (CD62P) or (B) activated integrin αIIbβ3 following activation with ADP (1, 
5, 10 µmol/L), protease-activated receptor 4 (PAR4) agonist AYPGKF (50, 100, 200 µmol/L) or 
collagen related peptide (CRP-XL; 0.5, 1 or 10 µg/mL) as determined by flow cytometry and 
quantified as the percentage of cells staining positive (%) in wild type (Slc44a2+/+, n = 5) or SLC44A2 
deficient mice (Slc44a2−/−, n = 5). Platelet aggregation following stimulation with (C) 1.2 mmol/L 
thrombin receptor activating peptide 4 (TRAP-4) or (D) 24 µmol/L adenosine diphosphate (ADP)  in 
Slc44a2+/+ and Slc44a2−/−. (E) Immunofluorescent co-stain of thrombi from Slc44a2+/+ and 
Slc44a2−/− of nuclei (DAPI; blue), platelet marker GPIb (red), and citrullinated histone H3 (CitH3; 
green) with and without additional visualization of staining with VWF (cyan; left). Higher 
magnification indicates leukocyte-platelet interactions (yellow triangles) and leukocytes positive for 
CitH3 without platelet interactions (white triangles) with (right bottom) and without (right top) 
additional visualization of VWF. Yellow bar represents 500 µm, white bar represents 10 µm. (F) 
Quantification of nucleated cells in contact with platelets either positive or negative for CitH. (G) 
Number of platelet interactions with leukocytes per mm2 of thrombus. Statistical differences for flow 
cytometry were calculated using two-way analysis of variance (shown as mean with standard 
deviation [SD]) and for aggregometry, t-test (shown with mean and SD). For platelet-leukocyte 
quantifications, statistical differences were evaluated using Mann-Whitney rank-sum test (*signifies 
p<0.05; **signifies p<0.01). 
 
4. Discussion 
Genomic studies can be a powerful tool for identifying novel factors that contribute 
to pathophysiology.27,28 SLC44A2 is the first gene outside of the coagulation cascade 
found to be associated with VT risk.2,3 VT is influenced both by inflammation and 
coagulation.29 During inflammation, endothelial cells and neutrophils will play a major 
role in the initiation phase of thrombosis, whereas hypercoagulability will mostly 
influence the propagation phase.9 Here we used SLC44A2 deficient mice in two 
independent models of VT. We have substantiated the genomic data from the GWAS 
and established a functional role for SLC44A2 in stenosis-, but not in 
hypercoagulability-, driven thrombosis. The absence of a role for SLC44A2 in 
thrombosis driven by hypercoagulability supports the notion that SLC44A2 does not 
interfere with the coagulation system. This is in agreement with our previous finding 
that SLC44A2 does not influence mouse haemostasis (including coagulation) under 
normal conditions7 and also with the observation that variation in SLC44A2 did not 
associate with haemostasis phenotypes included in the GWAS.2 For stenosis-driven 
thrombosis we observed that SLC44A2 deficiency affects thrombus size after 6 and 
48 hours of blood flow restriction in mice. This is interesting because in contrast to 
the hypercoagulability model, the stenosis model is inflammation driven, indicating a 
role for SLC44A2 in inflammation-regulated thrombosis. This suggests that 
neutrophil recruitment and/or activation could be altered in Slc44a2−/− mice. Our data 
do not permit us to conclude on a possible reduction in neutrophil adhesion to the 
vessel wall in absence of SLC44A2 but they could still suggest a possible reduction 
in NETosis and platelet accumulation in this model. The percentage of platelets 
activated ex vivo was slightly reduced under specific conditions; the median 
fluorescence index (MFI) of platelet activation markers however was not affected, 
leading us to conclude that the overall platelet activation is unaffected. Moreover, 
aggregation and thrombus formation in vitro/ex vivo were found to be normal for 
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blood from SLC44A2 deficient mice, which is suggestive of normal haemostatic 
function of Slc44a2−/− platelets. Despite the normal haemostatic function of platelets, 
altogether, these studies establish a contributing role for SLC44A2 during the 
initiation of VT. 

The function of SLC44A2 is poorly understood, although there is emerging 
data that describe ways it may be modulating thrombosis. SLC44A2 is suggested to 
be a binding partner of VWF and this interaction on neutrophils led to agglutination 
when in the presence of plasma containing anti-SLC44A2 antibodies (HNA3A), 
thereby inducing transfusion related acute lung injury (TRALI).30 Additionally, 
findings presented at the European Congress on Thrombosis and Hemostasis 2018 
demonstrated that a specific allelic variant of SLC44A2, also associated with VT, 
plays a role in neutrophil binding to VWF which leads to NETosis after priming with 
TNF-α.31 Most recently, it was shown that platelets primed by VWF display activated 
integrin αIIbβ3 (but not CD62P), which can then bind neutrophil SLC44A2 and 
mediate NETosis under venous flow.32 Based on these findings, the role of SLC44A2 
is supposedly limited to neutrophil biology and NET release; however, the suggested 
binding partner differs. One theory suggests a direct interaction with VWF and the 
other with platelet integrin αIIbβ3 following adherence to VWF. Combining all these 
findings would implicate SLC44A2 as a binding partner of two elements involved in 
thrombosis, one being VWF and the other platelet integrin αIIbβ3, with both binding 
to SLC44A2 on neutrophils. 

Neutrophils are known to be a major driver of venous thrombosis in the 
stenosis model.9 Therefore it is tempting to speculate that SLC44A2 on neutrophils 
is responsible for the underlying effects of this protein on thrombus formation. In the 
current study, upon stenosis we observe a trend for less CitH3 within the Slc44a2−/− 
thrombi at 48 hours, which is in line with the notion that SLC44A2 deficient 
neutrophils are less active in the production of NETs. However, we demonstrated 
that neutrophil activation is still occurring in these mice both in vivo and ex vivo, as 
determined by CitH3 staining, plasma DNA levels, and ROS production. It is possible 
that the observed reduced platelet incorporation into Slc44a2−/− thrombi at 48 hours 
is due to slightly less NETosis as this process promotes platelet aggregation through 
the interaction of NET bound cathepsin G with platelet P2Y12 and αIIbβ3 receptors.26,33 

Alternatively, platelet activation can also drive NET production through the 
presentation of high mobility group box 1 (HMGB1)34 or CD62P.35 This would support 
our observation of increased CitH3 expression with increasing platelet levels in 
thrombi following 6 hours stenosis in the Slc44a2+/+ mice. Importantly, though, we 
did observe direct contact of platelets with CitH3 positive leukocytes within the 
thrombi of both groups at 6 hours, implying that platelets deficient for SLC44A2 can 
still activate neutrophils, even when they are also lacking SLC44A2. Interestingly, 
the lost correlation of GPIb and VWF at 48 hours is in line with the previous finding 
of reduced platelet accumulation following laser injury of the cremaster arterioles.7 
This may, however, still be related to neutrophil activation as it was demonstrated to 
also contribute to clot formation in this model.36 
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To better address the importance of SLC44A2 in platelets versus 
neutrophils, a more dynamic system would be useful such as intra-vital microscopy 
combined with live cell imaging of the cell types following stenosis.9 Furthermore, as 
SLC44A2 is expressed by many cell types central to thrombosis including endothelial 
cells, leukocytes, platelets, and erythrocytes, cell transfer experiments or cell-
specific knock-outs may also be necessary when dissecting out the contributions of 
certain compartments or cell types. In particular neutrophil and platelet specific 
Slc44a2 knockouts would be of interest for future investigations as our data, in 
addition to the findings from others,30-32 points toward SLC44A2 involvement on 
these two cell types as being relevant to VT pathophysiology. With the existence of 
mice carrying a conditional allele for Slc44a2, these studies are certainly feasible. 
We do not find evidence that SLC44A2 is important for endothelial activation 
following stenosis. Notably, in the present study we used female mice for the 
hypercoagulability model and male mice for the stenosis model, which was in part 
because it allowed comparison with previous published studies using these models. 
Future work using a cell-specific approach may include both sexes, allowing 
detection of possible sex-specific effects, which was not possible in the present 
study. 

In conclusion, by utilizing a murine representation of DVT, we were able to 
corroborate the recent genomic studies identifying SLC44A2 as a susceptibility gene 
for VT and establish that SLC44A2 is key during the initiation of thrombosis with 
indications that this may be related to platelet-neutrophil interaction, either directly 
and/ or indirectly. The precise mechanism however remains elusive and warrants 
further investigation. 
 
Essentials 
• SLC44A2 does not affect onset in a murine model of venous thrombosis driven 

by hypercoagulability. 
• Mice lacking SLC44A2 have less severity of venous thrombosis in the stenosis 

model following 6 and 48 hours. 
• There is significantly less platelet accumulation in thrombi of SLC44A2 deficient 

mice at 48 hours post-stenosis. 
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Supplemental table and figures 
Table S1 qPCR primer sequences used for (coagulation) gene profiling of lung and liver. 

Gene Forward Primer Reverse Primer 

Actb AGGTCATCACTATTGGCAACGA CCAAGAAGGAAGGCTGGAAAA 
Slc44a2 CGGAAGGACGCAGTCTATGG AGGAAGAGCAACACACAGCA 
Serpinc1 CCCTGGCCGACTTCACAA  TTTTGCAGTGCCTGTGCTACA 
Proc GCGTGGAGGGCACCAA CCCTGCGTCGCAGATCAT 
Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 
Cxcl1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC 
Cxcl5 GTTCCATCTCGCCATTCATGC GCGGCTATGACTGAGGAAGG 
Il6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 
Selplg ACCGTGGTCATGCTAGAGAGA ACTGAGGTTAGACTCCACTGTG 
Vcam1 AGTTGGGGATTCGGTTGTTCT CCCCTCATTCCTTACCACCC 
 

 
Figure S1. Comparable levels of weight loss in the hypercoagulability model of thrombosis. 
Weight loss over time following treatment with siRNA targeting the anticoagulants antithrombin and 
protein C as a percentage of total weight of SLC44A2 deficient (-/-) and wild type control mice (+/+) 
represented as mean with SD (n = 12 per group). 
 

 
Figure S2. Confirmation of knockdown of Serpinc1 and Proc at the transcriptional level. Liver 
gene transcript levels of (A) Serpinc1 and (B) Proc after siRNA-mediated hepatic knockdown of 
Serpinc1 and Proc (n = 12 per group) and un-injected controls (n = 4) in SLC44A2 deficient 
(Slc44a2-/-) and wild type control mice (Slc44a2+/+). The comparative threshold cycle method with 
β-actin as internal control was used for quantification and normalization. The mean is represented 
as fold change compared to un-injected Slc44a2-/- and Slc44a2+/+ mice. Error bars represent the 
difference between 2^(ΔΔCt). Statistical differences were evaluated using Mann-Whitney rank-sum 
test (** signifies p<0.01). 
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Figure S3. Fibrin deposition in peripheral organs following treatment with siRNA. Deposition 
of fibrin in arbitrary units (AU) in liver (A) and lungs (B) of SLC44A2 deficient (Slc44a2-/-) and wild 
type control mice (Slc44a2+/+) following treatment with siRNA targeting the anticoagulants 
antithrombin and protein C (n = 12 per group). Black lines represent median value. Statistical 
differences were evaluated using Mann-Whitney rank-sum test. 
 

 
Figure S4. Plasma VWF levels before treatment with siRNA. Plasma VWF (Von Willebrand 
Factor) levels before siRNA treatment expressed as a percentage of MPP (mouse pool plasma) in 
SLC44A2 deficient mice   (-/-, n = 16) and wild type control mice (+/+, n = 16). Statistical differences 
were evaluated using Mann-Whitney rank-sum test (* signifies p<0.05). 
 

 
Figure S5. Thrombosis in SLC44A2 deficient mice following 48 hour stenosis of the inferior 
vena cava. (A) Incidence of thrombosis after 48 hours in SLC44A2 deficient mice (-/-, n=10), mice 
heterozygous for SLC44A2 (+/-, n = 7) or wild type control (+/+, n = 15) shown as percentage. (B) 
Length and (C) weight of thrombi formed after 48 hours. Black lines represent median value. 
Statistical differences between 3 genotypes were evaluated using ANOVA Kruskal-Wallis test 
(p=0.0130 for length; p=0.0090 for weight) and Dunn’s multiple comparison test. (* signifies p<0.05; 
** signifies p<0.01). 
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Figure S6. Plasma VWF levels following LPS stimulation. Mice were injected with 2 mg/kg 
lipopolysaccharides (LPS) and blood samples collected over a time course of 24 hours. Plasma 
VWF levels were determined by ELISA and compared to a relative standard of mouse pooled 
plasma (MPP) (n = 11 per group). 
 

 
Figure S7. Relationship between VWF and GPIb in thrombi following 48 hour stenosis. (A) 
Correlation plot between GPIb staining and VWF staining on serial thrombus sections after 48 hour 
stenosis of SLC44A2 deficient (Slc44a2-/-, n = 11) and wild type control mice (Slc44a2+/+, n = 8). (B) 
Representative images of IHC staining of GPIb and VWF. Coefficient r calculated using Spearman’s 
correlation. 
 

 
Figure S8. Representative images of platelet adhesion after 3.5 minutes of whole blood perfusion 
of blood from Slc44a2+/+ mice (A) or Slc44a2-/- mice (B) at 1000 s-1 over collagen type I. Quantitative 
analysis of platelet surface area coverage (C) and JON/A surface area coverage (D). Scale is 10 
μm. Mean + S.D., n = 5-7. 
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Figure S9. Thrombosis in SLC44A2 deficient mice following 6 hour stenosis of the inferior 
vena cava. (A) Incidence of thrombosis after 6 hours in mice wild type (Slc44a2+/+) (n = 6), 
heterozygous (Slc44a2+/-) (n = 4) or knockout (Slc44a2-/-) (n = 8) for SLC44A2, shown as 
percentage. (B) Length and (C) weight of thrombi formed after 6 hours. Black lines represent 
median value. Statistical differences between genotypes were evaluated using ANOVA Kruskal-
Wallis test (p=0.0010 for length; p=0.0020 for weight) and Dunn’s multiple comparison test. (** 
signifies p<0.01; *** signifies p<0.0001). 
 

 
Figure S10. Thrombosis in SLC44A2 deficient mice following 6 hour stenosis of the inferior 
vena cava. (A) Incidence of thrombosis after 6 hours in mice wild type (Slc44a2+/+) or knockout 
(Slc44a2-/-) (n = 9) for SLC44A2, shown as percentage. (B) Length and (C) weight of thrombi formed 
after 6 hours. Black lines represent median value. Statistical differences between genotypes were 
evaluated using ANOVA Kruskal-Wallis test (p=0.0010 for length; p=0.0020 for weight) and Dunn’s 
multiple comparison test. (* signifies p<0.05). 
 

 
Figure S11. Immunohistochemical characterization of thrombi following 6 hour stenosis. 
Quantification of immunohistochemical (IHC) staining of (A) glycoprotein Ib (GPIb), (B) von 
Willebrand Factor (VWF), (C) neutrophil marker Ly6G and (D) citrullinated histone H3 (CitH3) as a 
percentage of total thrombus area (%). (Slc44a2+/+ (+/+) n = 6; Slc44a2-/- (-/-) n = 5). Black lines 
represent median value. Statistical differences were evaluated using Mann-Whitney rank-sum test. 
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Figure S12. Correlation of platelets and citrullinated histones. Correlation plot of GPIb and 
citrullinated histone H3 immunostaining on thrombus sections in SLC44A2 deficient (Slc44a2-/-, n = 
11) and wild type control mice (Slc44a2+/+, n = 8) following 48 hour stenosis of the inferior vena 
cava. 
 

 
Figure S13. DAPI positive area. Nuclear stain (DAPI) of leukocytes in thrombi from SLC44A2 
deficient mice  (-/-, n = 11) and wildtype control mice (+/+, n = 8) as a percentage of total thrombus 
area following 48 hour stenosis of the inferior vena cava. 
 

 
Figure S14 Tissue factor Ly6C staining. Immunofluorescent staining of tissue factor (TF; red), 
Ly6C (green) and nuclear stain (DAPI; blue) in thrombi from Slc44a2+/+ and Slc44a2-/- mice, light 
blue signal indicates co-localization of DAPI and Ly6C. 63x magnification. 
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Figure S15. Blood platelet counts at 6 hours post-stenosis of the IVC. Circulating blood 
platelets counts at sacrifice following 6 hours stenosis procedure. Black lines represent median 
value. Statistical differences were evaluated using Mann Whitney rank-sum test. (Slc44a2+/+ n = 4; 
Slc44a2-/- n = 5) (** signifies p<0.01). 
 

 
Figure S16. Platelet activation. Percentage of cells positive for (A) exposed P-selectin (CD62P) 
or (B) activated integrin αIIbβ3 following activation with adenosine diphosphate (ADP; 1, 5, 10 
µmol/L), Protease-Activated Receptor 4 (PAR4) agonist AYPGKF (50, 100, 200 µmol/L) or collagen 
related peptide (CRP-XL) (0.5, 1 or 10 µg/mL) as determined by flow cytometry and quantified as 
the percentage of cells staining positive (%) in platelets from SLC44A2 deficient mice ( Slc44a2-/-
,n = 5) and wild type control mice (Slc44a2+/+,n = 5). 
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Abstract 
The healthy endothelium controls platelet activity through release of 

prostaglandin I2 (PGI2) and nitric oxide. The loss of this natural brake on platelet 
activity can cause platelets to become hyperreactive. PGI2 attenuates platelet 
activation by adenosine diphosphate (ADP) through stimulating of cyclic adenosine 
monophosphate (cAMP) production and subsequent phosphorylation changes by 
protein kinase A (PKA). We hypothesize that proteins or processes involved in 
platelet hyperactivity downstream of the cAMP-PKA pathway can serve as a “switch” 
in platelet activation and inhibition. 

We designed a network biology approach to explore the entangled platelet 
signalling pathways downstream of PGI2 and ADP. The STRING database was used 
to build a protein-protein interaction network from proteins of interest in which we 
integrate a quantitative platelet proteome dataset with pathway information, relative 
RNA expression of hematopoietic cells, the likelihood of the proteins being 
phosphorylated by PKA, and drug-target information from DrugBank in a biological 
network. 

We distilled 30 proteins from existing phosphoproteomics datasets 
(PXD000242, PXD001189) that putatively can be “turned on” after ADP-mediated 
platelet activation and subsequently switched “off” after platelet inhibition with 
iloprost. A protein-protein interaction network with 20 additional interactors was 
created to also include related proteins. Gene ontology enrichment analysis revealed 
biological processes related to vesicle secretion and cytoskeletal reorganization to 
be overrepresented coinciding with topological clusters in the network. Next to 
expected proteins like phosphodiesterase 3A, our method highlighted several novel 
proteins related to vesicle transport, platelet shape change, and small GTPases as 
potential switch proteins in platelet activation and inhibition. Our novel approach 
demonstrates the benefit of data integration by combining existing tools and datasets 
and visualization to obtain a more complete picture of complex molecular 
mechanisms. 
 
Introduction 

Endothelial dysfunction is a common feature of cardiovascular diseases 
such as atherosclerosis and hypertension.1,2 It is characterized by reduced 
availability of nitric oxide (NO) and the inability to adequately maintain vascular 
homeostasis.3 Normally, the endothelium limits platelet activity and aggregation 
through prostaglandin I2 (PGI2) and NO. The loss of this natural brake on platelet 
activity can cause platelets to become hyperreactive, which contributes to the 
progression of cardiovascular diseases.4 For instance, insulin resistance and 
hypoglycaemia in type 2 diabetes mellitus (T2DM) are known to lead to reduced 
platelet sensitivity to PGI2 and NO.5,6 Furthermore, platelet hyperreactivity can 
contribute to antiplatelet drug resistance, which is associated with poor 
cardiovascular outcome.7-9 PGI2 attenuates platelet activation through binding to the 
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IP platelet membrane receptor, inducing activation of adenylate cyclase (AC), and 
subsequent production of cyclic adenosine monophosphate (cAMP) and cAMP-
dependent activation of protein kinase A (PKA). PKA phosphorylates a range of 
proteins, consequently leading to inhibition of platelet aggregation, secretion and 
shape change. Activation of the adenosine diphosphate (ADP) receptor P2Y12 leads 
to inhibition of AC, thereby releasing the natural brake on platelet activation. A 
second main signalling route downstream of P2Y12 is activation of phosphoinositide 
3-kinase (PI3K), which leads to activation of the platelet integrin αIIbβ3 receptor and 
enables platelet aggregation.10 Taken together, this highlights the cAMP-PKA 
signalling axis as an interesting starting point to identify novel key players in platelet 
activation and inhibition. 

We hypothesize that downstream of the cAMP-PKA pathway are proteins or 
processes that can serve as a “switch” in platelet activation and inhibition. Molecular 
switches are abundant in many different biological functions. A known molecular 
switch in platelet (in)activation is the Rap1, a small GTPase that is essential in 
integrin αIIbβ3 activation after stimulation of G protein-coupled receptors (GPCR).11 
Hydrolyzation of Rap1b-GTP by the GTPase Ras GTPase-activating protein 3 
(RASA3) to a GDP-bound form causes the protein to be switched off.12 Binding of 
ADP to P2Y12 results in inhibition of RASA3 by PI3K, thereby driving αIIbβ3 activation 
and platelet aggregation.13 Besides this known example of a switch protein, the 
process of platelet activation/hyperreactivity relies on many more proteins that form 
a complex system of pathways with numerous interactions. In this article we aim to 
find proteins that can be utilized as targets to reverse platelet hyperreactivity. We 
developed a network biology approach to integrate information from different data 
sources to address our aim and to explore the entangled platelet signalling pathways 
downstream of PGI2 and ADP. 
 
Methods 

We designed a network biology approach to find putative switches in platelet 
activation and inhibition. The workflow that we developed is schematically 
represented in Figure 1 and explained below. 
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Figure 1. Schematic overview of the methodological workflow to find switches in platelet 
activation and inhibition downstream of cAMP/PKA signalling using a publicly available 
phosphoproteomics dataset.14,15 

 
Phosphoproteomics dataset 

To create a selection of proteins with putative involvement in the resolution 
of platelet activation, we made use of publicly available phosphoproteomics 
datasets. Beck et al. reported on the phosphoproteomics response of iloprost (a 
stable prostacyclin analogue)-stimulated platelets (dataset containing 2739 
phosphopeptides; 360 proteins with regulated (99% confidence) phosphorylation).15 
Additionally, they reported on a dataset combining iloprost and ADP stimulation on 
platelet protein phosphorylation (containing >4797 phosphopeptides; 608 proteins 
regulated).14 These datasets can be accessed through ProteomeXchange under the 
accession PXD000242 and PXD001189, respectively. In the present study we 
extracted proteins from these datasets based on known platelet signalling routes, 
see paragraph ‘Data selection and characterization’ under Results for detailed 
description. 
 
Network generation  

We utilized the StringApp16 in Cytoscape 3.7.217 to build a protein-protein 
interaction network with the 30 selected proteins involved in the resolution of platelet 
activation based on known pathway information downstream IP and P2Y12/1 as 
protein query. A confidence score cut-off of 0.5 was selected to include enough 
nodes in the network, while maintaining a high selectivity.16 Subsequently, the 
network was expanded to incorporate an additional 20 interactors based on their 
total connectivity relative to their overall connectivity in the STRING database. These 
proteins may provide mechanistic links between nodes in the network and thereby 
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might reveal relevant processes. All processes were automated in R (version 3.6.3) 
using the RCy3 package.18 
 
Functional enrichment analysis 

Gene Ontology (GO) enrichment analysis on all proteins in the resulting 
network and their corresponding genes was performed using the integrated tool from 
PANTHER on the GO website (http://geneontology.org/).19-21 Main settings that were 
used are: Biological process, Homo sapiens, Fisher’s exact test type and false 
discovery rate as correction (P<0.05). We used a default enrichment significance 
threshold of 0.05 to find significantly overrepresented pathways or processes 
corresponding to clusters observed in the network. 
 
Protein Kinase A prediction and druggability 

GPS 5.0 is a tool to predict and score phosphorylation sites based on their 
kinase consensus sequence.22 A higher score indicates an increased probability for 
protein phosphorylation at the specific site by the specified protein kinase. The 
threshold was set to the highest probability and the outcome was visualized on nodes 
using Cytoscape. 

Information on FDA-approved drugs and their interactions from the 
DrugBank database version 5.1.023 were incorporated into the network using 
CyTargetLinker24 and visualized in Cytoscape. CyTargetLinker is a Cytoscape 
application integrating different “linksets”, e.g. drug-target, microRNA-target, and 
regulatory interactions into a network. 
 
Copy number and relative RNA expression 

We incorporated existing25 quantitative data on the platelet proteome 
dataset in our network to show the estimated copy number in human platelets. To 
obtain an indication of the relative expression of proteins in our network in 
hematopoietic cells, we used Blood RNAexpress, which is made freely available by 
the Blueprint consortium.26 

 
Results 
Data selection and characterization 

Knowing that the cAMP-PKA pathway is a major platelet inhibitory pathway27 
and that phosphorylation events are essential in effectuating signalling events to 
platelet function, we used a publicly available phosphoproteomics dataset on platelet 
cAMP/PKA-dependent signalling upon stimulation with ADP, iloprost or both14,15 as 
a starting point. We subtracted a set of proteins from the database of which we 
presume to be putative switch proteins or part of switch ‘processes’. Hereto we made 
the following assumptions: 1) to specifically investigate the resolution of platelet 
activation, platelets have to be activated first, 2) proteins involved in platelet 
deactivation lie downstream of the prostacyclin receptor. We started by selecting 
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proteins that showed up- and/or downregulation upon platelet treatment with the 
agonist ADP for 30 seconds followed by treatment with iloprost, a stable prostacyclin 
analogue. This yielded 349 phosphosites corresponding to 215 unique proteins to 
be significantly regulated, see Figure 2. This first selection of phosphopeptides still 
contains a significant number of proteins that are involved in platelet activation 
through P2Y1 and not P2Y12 and do not necessarily play a role platelet inhibition by 
iloprost. We therefore narrowed down our selection by omitting phosphopeptides 
that were regulated only after ADP stimulation. We then assumed that the group of 
resting platelets receiving iloprost treatment had phosphorylation that can prevent or 
“switch off” proteins or processes involved in platelet activation. Thus, we only 
included peptides that were regulated when treated with iloprost, ultimately obtaining 
a comprehensive list of proteins with potential switches that can be “turned on” after 
ADP stimulation and “off” after iloprost mediated platelet inhibition. The final protein 
selection consisted of 30 proteins (Supplemental Table 1). Twenty of these proteins 
had significant upregulated phosphosites while 13 proteins had significant 
downregulated phosphosites. The validity of this approach was supported by the 
identification of PDE3A, an established effector of cAMP/PKA signalling, among the 
30 selected proteins. Interestingly, CNST, FGA and KALRN had both up and 
downregulated phosphosites. Moreover, most proteins had differential regulation of 
phosphorylation sites between the different experimental groups often at the same 
phosphorylation site. In sum, using a publicly available dataset we used knowledge 
about related pathways to extract 30 proteins downstream cAMP/PKA signalling with 
potential involvement in activation and subsequent inactivation of platelets. 

 
Figure 2. Summary of pathway information and protein selection. After 30 seconds ADP 
stimulation and subsequent 30 seconds iloprost treatment 349 phosphosites corresponding to 215 
unique proteins were significantly regulated. Omitting those regulated only after just 30 seconds 
ADP stimulation resulted in 73 proteins. Cross-referencing these 73 proteins with those regulated 
after just 30 seconds iloprost treatments resulted in a final selection of 30 proteins. 
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Enrichment of vesicle-related biological processes 
GO enrichment analysis can reveal over-represented, also termed 

‘enriched’, biological processes found in a dataset. If processes are enriched in the 
dataset, it means that genes annotated to a specific GO process are over-
represented compared to the entire background set. On the 30 selected proteins, 
GO enrichment analysis for biological processes revealed only vesicle-mediated 
transport to be significantly enriched. When including the additional 20 interactors 
from the STRING database not only vesicle-related biological processes (46.93 to > 
100 fold enrichment) but also positive regulation of cyclin-dependent protein kinase 
activity (36.34 fold enrichment), processes involving small GTPases (7.53 fold 
enrichment) and tight junctions (26.57 fold enrichment) were found to be enriched, 
see Table 1. 
 
Table 1. Table of significantly enriched GO biological processes. Fold enrichment with raw p-
value and false discovery rate (FDR) is shown. For statistical analysis, the Fisher Exact test was 
used. 

 
Network analysis 
Phosphopeptide regulation 

The protein-protein interaction network was created with the 30 selected 
proteins mentioned under ‘Data selection and characterization’. We added 20 
additional interactors to include proteins that are likely to play a role in the major 
biological processes covered by the network. Ultimately, it contained 30 regulated 
proteins, 20 additional interactors and 79 edges connecting the nodes (Figure 3). 
Regulated phosphosites – according to Beck et al.14,15 - were visualized on the nodes 
with pie charts and node size was mapped to indicate the total number of 
phosphosites found in each protein. The network contained 4 major clusters 
consisting of 4 or more nodes. 13 out of 15 nodes from the largest cluster (Figure 
3a) are related to vesicle-mediated transport and 6 out of 9 nodes from the second 
largest cluster (Figure 3b) are related to cell shape or regulation of small GTPase 
mediated signal transduction. The smaller clusters are related to cyclin-dependent 
kinases (Figure 3c) and tight junctions (Figure 3d) and contain less than 6 nodes. 
Finally, 14 nodes did not have any protein interaction to other nodes in the 
constructed network (Figure 3e). Some proteins, like CCNY, are additional 

GO biological processes Fold enrichment Raw P-value FDR 

SNARE complex assembly (GO:0035493) > 100 4.77E-06 6.31E-03 

Vesicle fusion (GO:0006906) 46.93 6.63E-13 1.05E-08 

Positive regulation of cyclin-dependent protein kinase activity (GO:1904031) 36.34 9.80E-05 5.02E-02 

Tight junction organization (GO:0120193) 26.57 1.96E-05 1.73E-02 

Vesicle targeting (GO:0006903) 18.11 8.24E-05 4.84E-02 

Cytosolic transport (GO:0016482) 16.7 1.89E-06 3.00E-03 

Endosomal transport (GO:0016197) 10.56 2.40E-05 1.81E-02 

Vesicle-mediated transport (GO:0016192) 4.4 1.70E-09 5.40E-06 

Regulation of protein localization (GO:0032880) 4.31 8.95E-05 4.89E-02 

Regulation of small GTPase mediated signal transduction (GO:0051056) 7.53 1.50E-04 6.24E-02 
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interactors but also show regulation, because they did have relevant phosphorylation 
sites according to the dataset but did not pass our selection (Figure 2). Other 
proteins, such as CABLES1, did have phosphorylation sites but none of these were 
significantly changed by ADP/iloprost treatment. The topological clusters in the 
network correspond with the results from the enrichment analysis, indicating that 
these are functional clusters related to specific biological processes. In the dataset 
generated by Beck et. al., STXBP5, SEC22B, STON2 and LRMP, all proteins from 
the largest cluster, show no phosphopeptide regulation after just ADP stimulation. 
However after ADP + iloprost and after just iloprost, they show multiple upregulated 
sites. FGA seemed to be downregulated when treated with ADP but upregulated 
when treated with only iloprost (Figure 3a). 

 
Figure 3. Protein-protein interaction network of potential “switch” candidates in the platelet 
activation. Total number of phosphorylation sites as reported by Beck et al. (15) are represented 
by node size and regulation is visualized by either red or blue for upregulated or downregulated 
sites respectively. Proteins added to the network by StringApp are represented by squares. 
Corresponding gene names are indicated per node. (a) Cluster of proteins related to vesicle-
mediated transport. (b) Cluster of proteins related to regulation of small GTPase mediated signal 
transduction and cell shape. (c) Cluster related to cyclin-dependent kinases. (d) Cluster related to 
tight junctions. (e) Single nodes representing proteins that do not have direct interactions with other 
proteins in the network. 
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PKA phosphorylation scores and quantitative platelet proteome 
We hypothesized that phosphorylation by PKA plays a role in regulating 

molecular switches of platelet activity and inhibition. Proteins with a high likelihood 
of being phosphorylated by PKA were identified with the GPS tool algorithm and 
visualized as blue nodes in an alternative representation of the network (Figure 4). 
As expected, almost all of the 30 proteins in our original list had GPS scores above 
the highest threshold and matched with the found phosphorylation sites of the 
dataset with the exception of MARCH2. Interestingly, several interactors added 
using StringApp, such as RAC1, VTI1B and CCNY, also had high GPS scores. The 
estimated copy number per platelet, based on mass spectrometric (MS) quantitation 
by Burkhart et al.,25 was incorporated in the network visualization as node size 
(Figure 4). The 12 proteins that did not have an estimated copy number were 
indicated with a red outline (Figure 4), meaning that they are either absent in platelets 
or present below the MS detection limit. No quantitative data was available for 
VAMP4 (Figure 4a) and RHOB (Figure 4b) and in the cluster corresponding to tight 
junctions, no proteins other than CLDN5 were detected in the platelet proteome 
(Figure 4c). 
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< Figure 4. Protein-protein interaction network of potential “switch” candidates in the 
platelet activation. Estimated copy numbers are visualized as node size and the fill colour 
indicates potential PKA substrates. Red outline indicates no known copy number in platelets. 
Proteins added to the network by StringApp are represented by squares. (a) Cluster of proteins 
related to vesicle-mediated transport. (b) Cluster of proteins related to regulation of small GTPase 
mediated signal transduction and cell shape. (c) Cluster related to Cyclin-dependent kinases. (d) 
Cluster related to tight junctions. (e) Single nodes representing proteins that do not have direct 
interactions with other proteins in the network. 
 

To obtain an indication of the relative expression of proteins in our network 
in hematopoietic cells, we used the publicly available database Blood RNAexpress.26 
For reference, the gene GP1BA, coding for part of the GP1b receptor and well known 
to be abundant in platelets, had an average relative normalized gene expression, 
log2 fpkm, of over 9. All genes had a log2 fpkm higher than 1, with the exception of 
FGA, OR14A2, CLDN4/22/25 and REC114 (named C15orf60 in dataset). Several 
genes revealed by our analysis; SLAIN2, MARCH2, VAMP3, ARPP19, STON2, 
PHKB, ABLIM3, and IMUP (named C19orf33 in dataset) had a log2 fpkm higher than 
9 (Supplemental Table 2 log2fpkm_heatmap). This indicates that these genes are 
more abundantly expressed in platelets when compared to other hematopoietic cells. 
 

 
Figure 5. Clustered heatmap of relative hematopoietic cell-specific RNA expression of genes 
in the network. Orange colour marks platelet cell type RNA expression relative to other 
hematopoietic cell populations (log2 fpkm). Red indicates high relative expression and blue 
indicates low relative expression. Data source and further information on: 
https://blueprint.haem.cam.ac.uk/mRNA/. 
 
Integration of DrugBank database 

Drug-target interactions were integrated into the network to give a clear and 
quick overview of current FDA-approved drugs that have one of the proteins in the 
network as target. In Figure 6, blue diamonds represent drugs and orange shapes 
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display their targets. In the largest cluster related to vesicle mediated transport, FGA 
stood out as a protein targeted by 18 drugs. In the smaller cluster representing 
mostly proteins involved in cell shape or regulation of small GTPase mediated signal 
transduction, RHOB and RAC1 were targeted by botulinum toxin type A and 
azathioprine, respectively. PDE3A, although not connected to the rest of the 
network, was in the initial selection of potential “switch” proteins and was targeted 
by 11 drugs. 

 
Figure 6. Protein-protein interaction network of potential “switch” candidates in the platelet 
activation with FDA approved drug target interactions from DrugBank. Drugs are represented 
by diamonds and targets are visualized as coloured squares. PDE3A and FGA are targeted by 
many known drugs including generic ones such as zinc. Drugs that have more than 20 known 
targets are marked by a red outline. Node fill colour represents the type of drug; red = approved, 
yellow = investigational, red = experimental, orange = drug target. 
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Discussion 
In this study we developed a network biology approach to find putative novel 

switches in the cAMP-PKA signalling pathway in platelets. The network analyses 
were automated in R and can be adapted to include different proteins or an entirely 
different dataset. Our method can be used to repurpose existing datasets and 
provide a coherent overview of mechanisms involved to predict novel connections, 
by visually integrating multiple datasets. Here, this method was utilized to distil 
proteins from an existing phosphoproteomics dataset containing both activation and 
inhibition of platelets.14,15 Proteins not related to phosphorylation were inherently not 
included in the original phosphoproteomics datasets, as well as proteins excluded 
by our stringent selection, e.g. effectors downstream PKA after only ADP stimulation. 
However, such candidates might still be included through the addition of interactors 
using tools like the StringApp. Furthermore, although cAMP-PKA signalling is a 
major platelet inhibitory pathway, other pathways such as NO-cGMP/PKG signalling 
inhibit platelet activation. An advantage of our workflow is that it is designed in such 
a way that it could be readily adapted to process an alternate data selection or a 
different dataset entirely. Following our rationale, we were able to extract a subset 
of 30 proteins from this dataset, i.e. those proteins displaying both altered 
phosphorylation status upon sequential treatment of platelets with ADP plus iloprost 
and altered phosphorylation by iloprost treatment only. We postulate that the activity 
of these 30 proteins can be modified after ADP-mediated platelet activation and 
subsequently remodified after platelet inhibition with iloprost. 

GO enrichment analysis revealed that multiple biological processes related 
to vesicle secretion, regulation of small GTPases and regulation of cyclin-dependent 
protein kinase activity were significantly overrepresented in our obtained list of 30 
proteins. These processes are known to be important in platelet physiology. Platelets 
influence haemostasis by secreting granules and communicate with their 
environment by producing extracellular vesicles. Small GTPases play a pivotal in the 
control of vesicle trafficking and platelet aggregation or thrombus formation via αIIbβ3. 
Network analysis showed several clusters corresponding to these enriched 
biological processes to be well defined. We will discuss regulated proteins that are 
detected/detectable in the platelet proteome (27 out of 30, Figure 4) and have a high 
GPS score for PKA according to the cut-off of the GPS tool, as our hypothesis is that 
downstream of the cAMP-PKA pathway are proteins or processes that can serve as 
a “switch” in platelet activation and inhibition.  

The largest cluster in our analysis is related to vesicle mediated transport. 
Interesting proteins in this cluster included FGA, STXBP5, STON2, SEC22B, LRMP, 
and VTI1B. The role proteins of these 6 proteins in platelet function has well been 
described for FGA and less well for the others. Fibrin is a major constituent of thrombi 
and essential to normal hemostasis. Syntaxin-binding protein 5 (STXBP5) has 
contradicting in platelets and endothelial cells, it promotes granule secretion in 
platelets but inhibits exocytosis in endothelial cells.28 A single-nucleotide 
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polymorphism in the STXBP5 locus has also been associated with a decreased 
thrombotic phenotype.29 In this study STXBP5 is indicated as a putative PKA 
substrate, which is in line with other phosphoproteomics studies on resting 
platelets.30 Stonin-2 (STON2) is involved in the endocytic machinery, synaptic 
vesicle recycling and clathrin coated vesicle uncoating.31 To our knowledge Stonin-
2’s function has not been described in platelets even though Stonin-2 mRNA 
expression is relatively high in platelets compared to other haematopoietic cells, 
making it an interesting target for future research. SEC22B is a membrane-resident 
trafficking protein that is required for ɑ-granule production in megakaryocytes and 
can interact with NBEAL2, which is associated with grey platelet syndrome. LRMP 
better known as inositol 1,4,5-triphosphate receptor associated 2 (IRAG2), interacts 
with the inositol 1,4,5-triphosposphate receptor in mice indicating a potential role in 
calcium homeostasis.32 Platelet endocytosis/exocytosis is important in e.g. 
loading/release of α-granules. Studies have also implicated that integrin trafficking 
contributes to platelet activation and thrombosis by controlling their surface 
expression.33 As more mechanistic studies show platelet endocytosis to be involved 
in platelet function,34 it is interesting to see a pronounced representation in our 
network analysis. 

The second largest cluster of proteins was related to regulation of small 
GTPase mediated signal transduction and cell shape. This cluster included 
ARHGEF6, PPP1R14A, KALRN, MYO9B, and ABLIM3, all with high PKA score. Not 
much is known about ABLIM3’s function in platelets. However, the other proteins 
have been studied extensively in relation to platelet function. ARHGEF6 has 
previously been reported to be substrates for PKA and PKG and acts as a mediator 
in reducing Rac1-GTP levels leading to less outside-in platelet signalling.35 Protein 
phosphatase 1 regulatory subunit 14A (PPP1R14A or CPI-17)  is a phosphorylation 
dependent inhibitor protein of myosin phosphatase. Phosphorylation at Thr-38 
causes a conformational change that greatly increases its inhibitory potential.36 
Although phosphorylation happens mainly through PKC and Rho-associated protein 
kinase (ROCK), it has a potential PKA target consensus sequence, as indicated by 
the GPS 5.0 algorithm. Phosphorylation of PPP1R14A has been shown to regulate 
shape change in platelets trough calcium-independent signalling pathways. Platelet 
shape change is necessary for complete platelet activation. PPP1R14A could 
therefore be involved in a potential switch in platelet hyperreactivity as it can regulate 
myosin light chain phosphatase.37 Another protein related to Rac/Rho protein 
signalling is kalirin (KALRN). In platelets, adenosine 5'-diphosphate-ribosylation 
factor 6 (ARF6) controls platelet spreading via integrin αIIbβ3 trafficking and can 
recruit KALRN to the plasma membrane leading to Rac activation.33,38 The ATP 
binding site within KALRN might be used as a starting point in the design of specific 
inhibitors. Inhibition of Rac1 by small molecules has been studied in the context of 
platelet secretion as a potential future antiplatelet drug.39 MYO9B has recently been 
indicated to regulate RhoA activation though phosphorylation by PKA and PKG.40 
RhoA is a molecular switch controlled by GTPases. Platelet activation by ADP in 
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RhoA knockout mice results in defective platelet function and unstable thrombi 
formation.41 RAC1 and RHOB were central nodes interacting with most of these 
proteins. Rho GTPases are known key regulators of platelet cytoskeleton and 
function and serve as molecular switches downstream of platelet surface receptors. 
It is therefore expected that these proteins emerge as potential candidates from our 
selection. 

The cluster related to Cyclin-dependent kinases contained at least three 
interesting proteins all with significantly upregulated phosphorylation sites after ADP 
and iloprost treatment; CDK16/17 and Cyclin-Y (CCNY). Regulation of cyclin-
dependent protein kinase activity might seem surprising at first sight as cyclin-
dependent proteins belong to a class of proteins involved in cell cycle, transcription 
and mRNA processing and platelets do not have a nucleus with limited mRNA 
processing capacity.42 However, recent focus on the role of non-coding RNA, nuclear 
receptors and post-transcriptional modifications in platelets reveal a more intricate 
transcriptional landscape than previously thought.43,44 In HEK293a cells, CDK16 is 
recruited to the plasma membrane and activated by CNNY. This process is regulated 
by Ser-153 and can be inhibited by PKA phosphorylation.45 In line with these 
findings, we found Ser-153 to be a putative PKA phosphorylation site. Platelets 
lacking CCNY show decreased spreading and clot retraction, but increased 
adhesion to collagen.46 Taken together, these new findings suggest that CCNY could 
play an important role in the outside-in signalling in platelets. 

Finally, the smaller clusters and single nodes in our network also contain 
interesting proteins that are worth mentioning. PDE3A, CLDN5, GCSAML, MTSS1, 
ARPP19, MACF1, TBC1D23, UBE20, GAS2L1, PHKB, SCAMP3, CNST, RGCC, 
SLAIN2, and EIF3B. As expected, among the 30 proteins revealed by pathway 
analysis, we found proteins known to be involved in the cAMP-PKA signalling axis, 
e.g. PDE3A. While iloprost causes cAMP levels to go up, PDE3A hydrolyses cAMP. 
In diabetes mellitus, platelet hyperreactivity is believed to at least partly be caused 
by reduced platelet sensitivity to insulin, which leads to decreased endothelial PGI2 
expression, increased P2Y12-mediated Gi activity and decreased platelet cAMP 
levels, thus leading to increased platelet activation.47,48 PKA-induced 
phosphorylation of PDE3A creates a negative feedback loop, indicating PDE3A 
being a key element in the cAMP/PKA pathway at least in initiation of platelet 
activation.49 Although not directly connected to any other nodes in the PPI network, 
it is foreseeable that PDE3A is returned from the analysis as an interesting target. In 
fact, the validity of the method presented in this study can be inferred by its 
identification of PDE3A. 

As more large datasets are generated daily by innovative studies utilizing 
high-throughput methods, integration of these datasets to put them in a specific 
context are necessary. Finding novel players in platelet activation/inhibition can help 
us better understand pathologies where platelet hyperreactivity is prevalent. Further 
experimental studies using a more causal analysis approach can reveal what effect 
a phosphorylation event has on a protein's function.50 Experimental knockout mice 
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or using inhibitors in flow experiments for the aforementioned proteins are valid 
options to further validate the roles of these proteins in platelet hyperreactivity. 
Finally, this study shows the importance and benefit of data integration and 
visualization with existing tools and datasets to obtain a complete picture of complex 
molecular mechanisms involved. 
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ABLIM   Actin-binding LIM protein 
AC   Adenylate cyclase 
ADP   Adenosine diphosphate 
ARF6   Adenosine 5'-diphosphate-ribosylation factor 6 
ARPP19  cAMP-regulated phosphoprotein 19 
CABLES1  CDK5 and ABL1 enzyme substrate 1 
CalDAG-GEFI  Calcium- and DAG-regulated guanine exchange factor-1 
cAMP   Cyclic adenosine monophosphate 
CCNY   Cyclin-Y 
CLDN   Claudin 
CNST   Consortin 
FGA   Fibrinogen alpha chain 
GO   Gene Ontology 
GPCR   G protein-coupled receptors 
IMUP   Immortalization up-regulated protein 
KALRN   Kalirin 
MARCH2  E3 ubiquitin-protein ligase MARCHF2 
NO    Nitric oxide 
OR14A2  Olfactory receptor 14A2 
PDE3A   Phosphodiesterase 3A 
PGI2    Prostaglandin I2 
PHKB   Phosphorylase b kinase regulatory subunit beta 
PI3K   Phosphoinositide 3-kinase 
PKA   Protein kinase A 
PPP1R14A  Protein phosphatase 1 regulatory subunit 14A 
RAC1   Ras-related C3 botulinum toxin substrate 1 
RASA3   Ras GTPase-activating protein 3 
REC114  Meiotic recombination protein REC114 
RHOB   Rho-related GTP-binding protein RhoB 
ROCK   Rho-associated protein kinase 
SLAIN2   SLAIN motif-containing protein 2 
STON2   Stonin-2 
T2DM   Type 2 diabetes mellitus 
VAMP   Vesicle-associated membrane protein  
VTI1B   Vesicle transport through interaction with t-SNAREs 
homolog 1B 
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Supplemental tables 
Supplemental Table 1. Overview of characteristics of the proteins in our network related to 
network position, platelet expression, and involved biological processes. 

 
 
Supplemental Table 2. Average relative normalized gene expression (log2fpkm values) of 
the proteins in our network in hematopoietic cells derived from Blood RNAexpress. Available 
upon request.
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