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Platelet activation and PS exposure

Platelets play a crucial role in the maintenance of normal blood circulation. Their primary 
role is to seal injured vessels by the formation of a platelet plug and to support the recovery 
of the injury by the release of cytokines, chemokines and growth factors. Collagen fibers 
exposed to blood after an injury will bind von Willebrand Factor (VWF), which captures 
platelets via GPIbα. This interaction results in rolling of platelets over the damaged vessel 
wall, followed by firm adhesion via the platelet collagen receptors integrin α2ß1 and GPVI, 
which both initiate platelet activation. Activation of platelets amongst others will result in 
the release of thromboxane A2 and ADP which further propagates the activation of platelets 
in the near vicinity. Thromboxane A2 is synthesized from polyunsaturated fatty acids that 
are liberated from phospholipids upon platelet activation, while ADP is stored in dense 
granules and secreted from activated platelets. The final result of platelet activation is the 
‘opening’ of the integrin αIIbß3, which in its active conformation can bind the plasma proteins 
fibrinogen and VWF. Fibrinogen is a molecule with two identical halves, and therefore 
it can form a bridge between two activated αIIbß3 receptors expressed on two different 
platelets. Fibrinogen but also vWF can act as a glue between two platelets, enabling the 
formation of a platelet aggregate1. 

A platelet aggregate is unstable in time; it needs stabilization by fibrin network formation, 
which is formed after activation of the coagulation cascade. Blood coagulation is initiated by 
tissue factor. Under normal conditions, tissue factor is not exposed to blood, but after injury 
blood will encounter tissue factor present in the underlying tissue. Moreover, circulating 
activated monocytes can express tissue factor. Tissue factor binds factor VIIa, and the tissue 
factor-VIIa complex will convert factor X to its active form, factor Xa. Factor Xa can together 
with factor Va and anionic phospholipids convert prothrombin into thrombin, the enzyme 
responsible for the conversion of the soluble fibrinogen into the insoluble fibrin1. At low 
tissue factor concentrations VIIa-tissue factor complex will first activate factor IX to factor 
IXa and factor IXa will together with factor VIIIa and anionic phospholipids activate factor X 
to factor Xa. Platelets provide the negatively charged surface necessary for the coagulation 
factors to bind. Unactivated platelets do not expose negatively charged phosphatidylserine 
(PS). Early studies showed that platelets activated with the combination of thrombin and 
collagen were able to expose PS on their surface, due to the transfer of PS from the inner 
to the outer leaflet of the membrane2. The dual activation with thrombin and collagen 
leads to a prolonged elevation in cytosolic calcium, necessary for PS exposure. This 
prolonged calcium elevation inactivates flippase and activates floppase and scramblase. 
These ATP-dependent translocases maintain phospholipid asymmetry. Inactivation of 
flippase by calcium induces the loss of phospholipid asymmetry between the inner and the 
outer leaflets leading to the exposure of PS on the external surface3. A prolonged calcium 
elevation results furthermore in the activation of calcium-dependent protease calpain. 
Upon calcium binding, calpain is translocated from the cytosol to the plasma membrane 
where it dissembles the cytoskeleton of the plasma membrane, resulting in the formation 
of microparticles4-7. 

Platelets in inflammation

Evidence for a role of platelets in inflammation has grown over the last few years. α-granules 
of platelets are the major source of several growth factors and coagulation proteins, but 
also contain high abundant pro- and anti-inflammatory cytokines, such as transforming 
growth factor ß (TGFß, an immunosuppressive factor)9, and CD40L, which promotes a 
protective adaptive immune respons10. Platelets are important for the progression of 
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atherosclerosis. Platelets can bind to the injured or inflamed endothelium directly, or via 
red blood cells11 and express α-granule protein P-selectin on their surface. P-selectin binds 
to P-selectin glycoprotein ligand-1 (PSGL-1) on leukocytes resulting in tethering and rolling 
of leukocytes on the endothelium12. Blocking platelet adhesion in ApoE-/- mice reduced 
leukocyte accumulation and reduced atherosclerotic plaque progression13. Furthermore, 
P-selectin knockout mice showed delayed atherosclerotic lesion formation14,15. Platelets 
secrete CD40L, interleukin (IL)-1ß and RANTES, leading to an up-regulation of intracellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on 
endothelial cells, enabling further recruitment of monocytes towards the vessel wall14,15. 
Ligation of PSGL-1 induces activation of Mac-1 resulting in firm binding of leukocytes to 
platelets via GPIbα, which subsequently could lead to further monocyte infiltration and 
atherosclerotic plaque progression, as shown in figure 1. 

 
Figure 1. Platelet adhesion to inflamed endothelium, leading to leukocyte adhesion and subsequent 

infiltration16.

Platelets furthermore showed to be essential for the progression of rheumatoid arthritis, 
AIDS, malaria and dengue. Interactions via the platelet receptors GPVI and the Fc-receptor 
γ-chain are major inducers of platelet microparticle production in patients suffering from 
arthritis17. These microparticles activate fibroblast-like cells in the joint cavity to produce 
IL-1, which further propagates inflammation. Also in sepsis, platelets play a prominent 
role. Platelets are able to bind LPS and transport this to neutrophils, which in turn can 
stimulate neutrophil degradation leading to the release of DNA. Free neutrophilic DNA 
forms Neutrophil Extracellular Traps (NETs) that trap and kill bacteria using antimicrobial 
agents as neutrophil elastase and histones18. Although this indicates a proinflammatory 
function, these NETs are also able to capture and aggregate platelets, leading to thrombus 
formation19,20, indicating an interplay between coagulation and inflammation.

Von Willebrand Factor

The formation of arterial thrombi involves many different components, one of which is 
von Willebrand Factor (VWF). VWF plays a crucial role in initial platelet adhesion and 
aggregation under conditions of high shear 21. Furthermore, increased plasma levels of VWF 
in plasma are an indication for endothelial activation and, increased thrombotic potential. 
Elevated plasma levels of vWF are prognostic for cardiovascular events22. Von Willebrand 
Factor is an ultralarge multimeric protein stored in the Weibel-Palade bodies of endothelial 
cells. It consists of multimers ranging from 500 to 10.000 kDa of which the longest are 
most active in haemostasis23. In the Weibel-Palade bodies, VWF is stored in ultra large form 
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(UL-VWF, >10.000 kDa) in helical tubes, forming a size of 1-5 mm24,25. The helical form 
and their location close to the plasma membrane, results in organized secretion of UL-
VWF25 upon activation. During secretion by endothelial cells, the UL-VWF multimers are 
immediately proteolysed into to the multimer sizes found in the plasma. 

A single mature VWF subunit consists of D, A, B and C domains, with the platelet GPIb 
binding epitope in the A1 domain26. Plasma VWF circulates within a knot-like conformation, 
shielding the A1 domain from interacting with platelets. Upon arterial injury, collagen is 
exposed and VWF immediately adheres via its collagen binding sites in the A3 domains. 
Due to the high shear, the knot-like structure of VWF winds off and elongate in the direction 
of flow. The A1 domain becomes available for platelet adhesion27. Platelets tether via 
adhesion through the GPIbα to the VWF A1 domain, which is followed by firm adhesion to 
collagen and aggregate formation, leading to the formation of thrombi28.  

ADAMTS13 cleavage of von Willebrand Factor

UL-VWF multimers are proteolysed into smaller fragments by ADAMTS13, a disintegrin 
and metalloproteinase with a thrombospondin type 1 motif member 13 (figure 2)29,30. 
ADAMTS13 is constitutively active in plasma and can cleave VWF within the A2 domain, 
residues Met1605-Tyr1606, when VWF is in its elongated form31-33. After cleavage of UL-
VWF, the resulting multimers are smaller and will fold towards an intertwined conformation, 
which is unable to bind platelets. A deficiency in ADAMTS13 can lead to hyperactive VWF 
multimers, which spontaneously bind platelets forming small agglutinates that will stick in 
the microcirculation. 

Figure 2. VWF cleavage by ADAMTS13 via the A2 domain prevents the formation of microthrombi41.

This can lead to thrombotic thrombocytopenic purpura (TTP), a microangiopathic disorder 
in which platelet-rich microthrombi are formed within arterioles and capillaries blocking 
the blood flow34,35. This disease is characterized by anemia, thrombocytopenia, neurologic 
abnormalities, renal failure, and fever35. If left untreated, it leads to organ failure and death 
in over 90% of the cases. TTP can be hereditary, when caused by a homozygous mutation in 
the ADAMTS13 gene36. More commonly, it is induced after the formation of inhibitory auto-
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antibodies against ADAMTS13 leading to acquired form of TTP37. Current treatment exists 
of plasma exchange therapy, removing the auto-antibodies and replacing ADAMTS1338-40.

Plasmin cleavage of von Willebrand Factor

In addition to ADAMTS13, plasmin can have similar effects on the degradation of VWF 
multimers42-44. The first evidence for this was described in 198543. Plasmin is a serine 
protease mostly known for its role in the degradation of fibrin clots, a process named 
fibrinolysis45. The zymogen plasminogen is released from the liver into the circulation 
and can be activated by tissue-type plasminogen activator (tPA) or urokinase-type 
plasminogen activator (uPA)45. Activation of plasminogen to plasmin involves cleavage 
of the peptide bond between Arg561 and Val56246.  There are two major glycoforms of 
plasminogen present, Glu-plasminogen and Lys-plasminogen47. Lys-plasminogen is the 
N-terminal truncated form of Glu-plasminogen by cleavage of Lys76-Lys77, and is only 
generated in cases of endothelial injury, and more susceptible for activation by uPA than 
Glu-plasminogen47,48. Circulating plasminogen comprises a Pan-apple domain, a serine 
protease domain and five kringle domains. The Pan-apple domain keeps plasminogen in 
a closed conformation, while the kringle domains mediate interactions with receptors and 
substrates via binding to lysine residues. These interactions initiate a conformational change 
of plasminogen, making it accessible for uPA and tPA for activation into plasmin. uPA and 
tPA are not the only activators of plasminogen. Streptokinase activates plasminogen by 
inserting an isoleucine of streptokinase into the amino-terminal binding cleft. This initiates 
the transition of plasminogen towards the active conformation46. Streptokinase is a protein 
secreted by several species of streptococci. It can be used as an effective thrombolytic drug, 
similar to tPA and uPA (urokinase). Treatment of acute myocardial infarction patients with 
thrombolytic therapy was shown to stimulate plasmin induced VWF proteolysis43,49. In TTP 
patients, the role of plasmin on VWF cleavage has never been investigated. Nevertheless, 
plasmin activity is reportedly present in partial ADAMTS13 deficient patients50. The authors 
observe a truncated form of ADAMTS13 in plasma from an acute-phase TTP patient.  This 
truncated form was a result of direct proteolysis by plasmin, in cases of absence of the 
inhibitor α2-antiplasmin. 

uPA and the uPA-receptor

uPA has a much lower affinity to fibrin that tPA and has been shown to be more important 
in other metabolic processes such as pericellular proteolysis51-53. uPA is a serine protease 
and expressed by a variety of cell types as pro-uPA in a single-chain conformation. Pro-uPA 
binds to its receptor, uPAR, located on the surface of many cell types including endothelial 
cells, leukocytes, megakaryocytes and platelets54-57. Pro-uPA has little capacity to activate 
plasminogen58, but can be converted into the active two-chain protease uPA by plasmin59,60. 
This subsequently leads to local amplification of pericellular plasmin generation, as 
shown in vitro and in vivo61-63. uPAR is not constitutively expressed on endothelial cells, 
but its expression is dependent on several factors. In vitro, uPAR expression is increased 
in non-confluent cell layers, and becomes down-regulated when the monolayer becomes 
confluent64. In vivo, uPAR expression is generally found in low concentrations on quiescent 
endothelial cells, as demonstrated in e.g. the kidney, thymus, liver, lung and heart of normal 
mice65. Cellular injury or activation is necessary to induce the expression of uPAR66. 
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History of angioplasty and stenting

Platelet adhesion to injured vessel walls can lead to thrombotic complications, but it can 
also promote endothelial recovery and healing. In patients with acute myocardial infarction, 
percutaneous coronary intervention (PCI) followed by stent implantation is the standard 
form of treatment. This treatment leads to massive endothelial damage and immediate 
platelet adhesion. The first step towards the present PCI technology was the use of balloon 
angioplasty, which was applied for the very first time in 1964 by radiologist Charles Dotter67. 
He dilated a stenotic superficial femoral artery of an 82-year old woman with painful leg 
ischemia and gangrene. The successful dilation returned the circulation in her leg and the 
artery stayed open until she died a few years later of other causes. In 1969, Dotter introduced 
the coil spring endarterial tube graft68, which prevented frequently occurring occlusions in 
the recanalized femoral artery. The coil spring endarterial tube graft was successful in canine 
models, and based on the animal experiments, he introduced the first stent type in men. 
Ten years after this introduction, other interventional radiologists designed several other 
new expandable stents and many animal models were used to study the safety of the stents 
before use in clinical practice. The first original balloon-expandable stent was made by 
Julio Palmaz69, who weaved a stainless-steel wire under the microscope into a crisscrossed 
tubular pattern. The crossover points were soldered to keep the stent expanded after balloon 
inflation. His stents were successfully used in peripheral-, renal- and coronary arteries and 
it was the first stent approved by the Food and Drug Administration (FDA) for vascular use. 
The first reported clinical trials however showed mixed results70-72. Improved outcome was 
observed in some but still many patients suffered from in-stent restenosis. 

Restenosis and drug eluting stents

Restenosis is a common complication of stent implantation after PCI, which is characterized 
by the recurrence of a narrowed blood vessel, leading to restricted blood flow. There 
are two main types of restenosis that occur after stent placement. The first is caused by 
thrombus formation, also known as in-stent thrombosis. The damaged tissue due to 
balloon angioplasty and stent placement triggers thrombus formation within the stent. The 
introduction of anti-platelet therapy reduces the thrombosis rate significantly. The second 
type of restenosis is mainly caused by proliferating vessel wall cells, and is also known 
as neointimal hyperplasia. Smooth muscle cells in the medial layer of the artery become 
activated and accumulate in the intima where they secrete matrix proteins. Due to this 
process, the arterial wall thickens, leading to narrowing of the lumen. Drug eluting stent 
were developed to overcome neointimal hyperplasia. The first generation drug eluting stents 
mainly consisted of Cypher sirolimus-eluting stents and Taxus paclitaxel-eluting stents. 
These drugs prevent the proliferation of vascular smooth muscle cells (VSMCs) to thereby 
prevent neointima thickening and restenosis. Different trails and studies showed a reduced 
rate of angiographic restenosis and target vessel revascularization in drug-eluting stents, 
compared with bare-metal stents73,74. Patients with a stent receive dual anti-platelet therapy 
(clopidogrel and aspirin) to reduce the risk of stent thrombosis. After discontinuation of the 
dual antiplatelet therapy however, a high rate of stent thrombosis returned75,76. This may be 
due to poor reendothelialization caused by to the antiproliferative drugs present on the stent 
surface. Next to the second generation drug-eluting stents that were brought on the market to 
overcome the unwanted proliferation of smooth muscle cells, a new strategy was developed 
that did not only aimed at preventing restenosis, but also at improving reendothelialization. 
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Endothelial progenitor cells and the GenousTM stent

The endothelial cell lining of an artery acts as a semipermeable barrier controlling the 
passage of molecules between blood and the vessel wall77. Furthermore, the endothelium 
regulates many vital functions such as vascular tone, hemostasis, lipid homeostasis and 
inflammation77. An antithrombotic and anticoagulant balance of the endothelium is required 
to prevent thrombosis and bleeding. Therefore, endothelial cells express and release 
several factors and proteins to control haemostasis, including nitric oxide, prostacyclin, 
thrombomodulin, CD39, and many more78. It is clear that a healthy endothelium is very 
important to circumvent clinical problems. After stent placement, a healthy endothelium 
would keep smooth muscle cells quiescent, thereby preventing excessive VSMC proliferation 
and neointima formation79,80. To improve the endothelial cell growth on a stent, stents were 
coated with antibodies against CD34. It is thought that these antibodies would capture 
CD34+ endothelial progenitor cells (EPCs). Endothelial progenitor cells are derived from 
the bone marrow and circulate in the blood in low numbers. Despite an enormous quantity 
of studies on EPCs, the exact definition of EPCs remains unclear and not consistent. Most 
commonly, EPCs are characterized by the marker combinations CD133+CD34+VEGFR2+ 
and CD34+VEGFR2+ on the cell surface81,82. In vitro, EPCs were shown to differentiate 
into mature endothelial cells81,83. In vivo, EPCs improved the neovascularization, wound 
healing, limb ischemia and post-myocardial infarction84-88. EPCs play also an important role 
in revascularization of prosthetic grafts and stents. Increasing the capture of circulating 
EPCs on a stent surface would increase reendothelialization, which makes it a promising 
strategy to reduce in-stent thrombosis and restenosis89-92. The company OrbusNeich created 
a stent coated with antibodies against CD34 to capture EPCs. The first published data on an 
anti-CD34 coated Genous stent in 16 patients showed that the stent was safe and feasible90. 
None of these patients developed stent thrombosis and only 1 out of 16 patients needed 
target vessel revascularization. Remarkably, neointimal thickness was not reduced in these 
stents compared to historical data of bare metal stents. Larger studies observed favorable 
clinical outcomes, although some cases of restenosis were still observed93-96. CD34 is not 
specific for EPCs, it is also present on the surface of megakaryocytes97 and smooth muscle 
progenitor cells98,99. An explanation for the disappointing results regarding restenosis could 
be the differentiation of the captured cells towards mature smooth muscle cells, instead of 
endothelial cells might explain the increased stenosis. 

The role of platelets in reendothelialization

Patients receive dual anti-platelet therapy after stent placement to inhibit platelet thrombus 
formation. In the last few years, new light is shed on the role and function of platelets. 
Not only are they responsible for thrombosis, they also play a major role in endothelial 
regeneration100-104. Platelets are filled with different organelles including α-granules. The 
α-granules contain a large variety of proteins, including growth factors, cytokines and 
chemokines. Platelets are the major source of vascular endothelial growth factor (VEGF), 
platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF), angiostatin, 
platelet factor 4 (PF4) and tumor necrosis factor α (TNFα). These factors play a major role 
in controlling haemostasis, inflammation and angiogenesis105-108. Upon activation, the 
α-granules are released and the content will be secreted into the circulation. The α-granules 
also contain P-selectin, which is present in the membrane of the granules. Upon activation, 
P-selectin is expressed on the outer membrane of the platelets, and therefore commonly 
used as a platelet activation marker109. P-selectin mediates the binding of platelets to PSGL-
1 present on leucocytes110. Later studies showed that PSGL-1 is also present on EPCs and 
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that they can adhere to platelets via P-selectin/PSGL-1 interaction100,111.  Via P-selectin/
PSGL-1 interaction, EPCs can migrate towards the site of injury, as shown in figure 3. 
Platelets subsequently support the differentiation into mature endothelial cells100. This was 
supported by in vitro experiments in which platelets were shown to stimulate chemotaxis, 
migration and proliferation of EPCs, as well as the differentiation of EPCs towards mature 
endothelial cells101-104. Platelet activation and α-granules release therefore serves as a 
capturing mechanism for EPCs via P-selectin, and also for cell growth and differentiation 
via the secreted growth factors and cytokines.

Figure 3. PSGL-1 – P-selectin dependent rolling of EPCs over adherent platelets. Adapted from Zimmerman112.

Predicting restenosis using a new generation biomarkers

In several clinical studies, Genous stents have been shown to cause restenosis only in a 
subpopulation of patients95. Besides developing new stent coatings to limit the amount of 
restenotic patients, we also aimed to discover new biomarkers predicting which patients 
develop restenosis. Biomarker discovery and validation consists of a few steps. First, a 
new target is identified and an assay to detect this target is developed followed by the 
validation of this assay in individuals with and without disease. Second, retrospective 
studies are performed to study whether the assay can discriminate between patients with 
and without a certain event. To do so, a cut-off has to be established to define a threshold 
for a positive screening result.  Third, prospective screening studies are applied to large 
cohorts to determine its predictive value. If the biomarker is predictive, it can be used in 
the clinic113. Many biomarkers are successfully incorporated in diagnostic decision making 
such as troponin I and troponin T for myocardial infarction114, and b-type natriuretic peptide 
(NT-proBNP) for heart failure115. Furthermore, prognostic biomarkers have been found that 
have the ability to predict future cardiovascular events (e.g. C-reactive protein116, IL-6117, 
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fibrinogen118, PAI-1119) although there is no clear consensus on the value and use of these 
markers120. The most common way to identify new biomarkers nowadays is using genomics 
and proteomics. With these techniques, samples from healthy donors are compared with 
samples from patients, looking for differences in the genome or proteome. This screening 
method provides the researcher with a long list of markers, but in many cases, only a few 
interesting targets can be identified and validated in large cohorts. Even though much 
progress has been made in predicting cardiovascular disease (CVD), the rate of death due to 
CVD is still unnecessary high. According to statistics from the United States in 2008, 2200 
Americans die every day from CVD, with 33% being younger than 75 years121. Therefore, 
new methods for biomarker discovery are necessary taking into account the complex 
biology of atherosclerotic disease. 

OUTLINE OF THIS THESIS

Within this thesis, we highlight different functions of platelets, important in the initiation and 
progression of atherothrombosis. In chapter 2, we describe a newly discovered mechanism 
of procoagulant platelet formation leading to the formation of FLow-Induced PRotrusions 
(FLIPRs). These FLIPRs provide an increased surface for the capturing of circulating monocytes 
towards the vessel wall. In chapter 3, we measured platelet responsiveness towards agonists 
in atherosclerotic patients. We determine a relation between platelet responsiveness and 
atherosclerotic plaque composition. In chapter 4, we investigated the potential role of uPA/
uPAR activated plasmin in the cleavage of VWF. These results could lead to new insights 
into the prevention of thrombotic microangiopathy in TTP patients. In chapter 5 and 6, 
we aimed to optimize the current anti-CD34 coated Genous stent to improve outgrowth 
of the captured CD34+ cells towards mature endothelial cells, thereby preventing in-stent 
thrombosis and restenosis. In chapter 5, we studied the capacity of different proteins to 
find an ideal combination that support optimal reendothelialization but at the same time 
prevent smooth muscle cells growth. In chapter 6, we describe the results of the in vivo 
studies where we tested the best stent coatings identified in chapter 5 with and without 
the anti-CD34 antibody in a rabbit model. We compared these new coatings with the 
clinically used Genous and bare metal stents. In chapter 7, we investigated whether there is 
information in plasmas of the patients predictive for restenosis. The plasma of one patient is 
unique and could therefore contain information that can predict future CVD. We developed 
a standardized assay in which we analyze the ability of these plasmas to stimulate cultured 
endothelial cell growth and prevent smooth muscle cell growth. 
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ABSTRACT      

Rationale: Platelets are the most important cells in the primary prevention of blood loss 
after injury. In addition, platelets are at the interface between circulating leukocytes and the 
(sub)endothelium regulating inflammatory responses. 

Methods and Results: In the present study we describe the formation of extremely long, 
negatively charged membrane strands that emerge from platelets adhered under flow. 
These FLow-Induced PRotrusions (FLIPRs) are formed downstream adherent and activated 
platelets, and reach lengths up to 250 µm. FLIPR formation occurs on 19.5 ± 4.1% of 
the platelets in a process that depends both on shear and the activation of calpain. FLIPR 
formation is accompanied by a disassembly of the F-actin and microtubule organization. 
We further show that monocytes selectively roll over FLIPRs in a P-selectin / PSGL-1 
dependent manner, thereby capturing FLIPR fragments as microparticles on their surface. 

Conclusions: Platelet membrane extensions provide a way to capture monocytes towards 
the vessel wall and transfer platelet membranes to circulating monocytes to form platelet 
microparticle-monocyte complexes. We propose that this mechanism may play a role in the 
pro-inflammatory function of platelets and platelet-derived microparticles. 
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INTRODUCTION   

Platelets play a prominent role in the primary hemostatic response, but they are 
also required to supply the coagulation cascade as a source for negatively charged 
phospholipids1,2. Platelet activation and exposure to strong agonists (collagen and 
thrombin), induces the expression of phosphatidylserine on their membranes. The 
presence of a negatively charged surface enhances the coagulation cascade through 
binding of vitamin K-dependent coagulation factors1-5, thereby  accelerating the formation 
of thrombin and fibrin by 10,000-fold. Previous studies have proposed that these 
procoagulant platelets further develop into phosphatidylserine-exposing microparticles and 
so-called balloon-shaped platelets that are capable to further support fibrin formation6-8. 
The formation and function of balloon-shaped platelets and procoagulant microparticles has 
previously been described by others2,3,9,10. Under static conditions, platelets form membrane 
blebs and procoagulant balloons after adhesion to platelet-activating surfaces2,3,9. Platelets 
adhered to an activating surface initially provide a surface for the recruitment of other 
platelets. In time, integrin αIIbß3 becomes down-regulated and the platelets become less 
adhesive to other platelets, while both the platelet procoagulant activity as well as its pro-
inflammatory phenotype become increased2,11,12. 

There is increasing evidence that platelets play a crucial role in inflammation13. Platelets can 
bind to leukocytes via a P-selectin–PSGL-1 interaction. Through this interaction, platelets 
attract leukocytes towards the arterial wall, thereby promoting inflammatory responses 
such as atherosclerosis14,15. Activated platelets can bind leukocytes in the circulation to 
form circulating platelet-leukocytes complexes. Increased numbers of these complexes 
are observed in patients with percutaneous coronary intervention16, acute myocardial 
infarction16, stable coronary artery disease17 and ischemic stroke18. 

Despite the large number of studies, the dynamic process that leads to the formation of 
balloon-shaped platelets under conditions of physiological flow has never been visualized. 
In the present study, we show the timed formation of flow-induced membrane protrusions, 
termed FLIPRs, which develop down-stream of spread platelets after activation with an 
agonist resulting in the formation of balloon-shaped platelets. FLIPRs are extremely long 
membrane strands that are composed of negatively charged phospholipids, providing a 
procoagulant surface. When these cellular protrusions severe, they form procoagulant 
microparticles. New incoming platelets do not interact with pre-existing FLIPRs, suggesting 
that their adhesive properties are decreased. Monocytes on the other hand, selectively roll 
over FLIPRs in a fashion that depends on P-selectin–PSGL-1. Firm interaction resulted in 
the fragmentation of the protrusions and severing along with the flow, leading to membrane 
retrieval and the formation of circulating platelet microparticle – monocyte complexes.  
 

MATERIALS AND METHODS   

Materials 

Human serum albumin (HSA) was purchased from MP Biomedicals (ImmunoO fraction 
V; Amsterdam, the Netherlands). Fibrinogen was obtained from Enzyme Research 
Laboratories (Swansea, UK) and von Willebrand Factor (VWF) from Biotest AG (Dreieich, 
Germany). GFOGER and CRP-XL were produced as described before19,20. RGD-W was 
purchased from the NKI (Amsterdam, the Netherlands). Calpeptin was obtained from Enzo 
Life Sciences (Antwerpen, Belgium). ABT-737 was purchased from Selleck biochemicals 
(Munich, Germany) and Q-VD-OPh from R&D systems (Abingdon, UK).   
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The following antibodies were used for immunofluorescent staining: anti-GPIb (HIP-1) 
(eBiosciences, Vienna, Austria); anti-P-selectin, anti-fibrinogen, and anti-GPIb (SZ2) (Santa 
Cruz, Heidelberg, Germany); anti-prothrombin (Dako, Heverlee, Belgium), anti-PF4 and 
anti-bTG (R&D systems); annexin A5-FITC (Biovision, MountainView, CA, USA); phalloidin-
FITC (Invitrogen, Bleiswijk, the Netherlands); and anti-a-tubulin (eBiosciences). Secondary 
antibodies labeled with Alexa fluor 488, Alexa fluor 555, and Alexa fluor 680 were 
purchased from Invitrogen. Lactadherin-FITC (Haematologic Technologies, Essex Junction, 
VT, USA) and FITC- or TRITC-labeled monoclonal antibodies against GPIb, P-selectin, 
and CD14 (BD Biosciences, Franklin Lakes, NJ, USA) were used for FACS analysis.   
 
Blood collection 

Blood was collected from healthy volunteers who had not been on anticoagulant 
or antiplatelet medication for at least 10 days before blood withdrawal. The study was 
approved by the University Medical Center Utrecht (UMCU) Ethics Committee. Blood was 
anticoagulated with 10% sodium citrate (3.2% w.v.). For annexin A5 and anti-prothrombin 
adhesion stainings, blood was anticoagulated using 100 U/mL hirudin. Platelet richt 
plasma (PRP) and washed platelets were prepared as described before21. Platelet count was 
determined using CellDyn1800 (Abbott, Hoofddorp, the Netherlands) and set to 350x109/L. 
 
Real-time perfusion studies 

Glass coverslips were cleaned with chromic-sulfuric acid (Sigma, Zwijndrecht, the 
Netherlands), rinsed with dH2O and placed in a polydimethylsiloxane (PDMS) perfusion 
chamber with a channel height of 75 mm and width of 2 mm. The channels were coated 
with fibrinogen (100 µg/mL), VWF (10 µg/mL), fibronectin (100 µg/mL) or GFOGER+CRP-
XL (100 µg/mL and 200 µg/mL, respectively) for 1.5 hours at room temperature and 
blocked with 1% HSA overnight at 4˚C. PRP and washed platelets were perfused using 
a syringe pump (Harvard Apparatus, Holliston, MA, USA) at a shear rate of 300 sec-

1. Washed platelets that were perfused over fibrinogen were activated using collagen 
related peptide (CRP, 500 ng/mL) after 15 minutes of perfusion. FLIPR formation was 
visualized with an inverted microscope (Zeiss observer Z.1, Carl Zeiss, Sliedrecht, the 
Netherlands). Movies and snapshots were recorded with differential interference contrast 
(DIC) microscopy, using a 40x/1.25 oil or 100x/1.25 oil EC-plan Neofluar objective (Carl 
Zeiss). For reflection interference contrast microscopy (RICM) analysis, a 63x/1.25 oil 
EC-plan Neofluor antifluor objective (Carl Zeiss) was used in combination with an HBO 
lamp. All images were analyzed with AxioVision software (Release 4.6, Carl Zeiss) and 
ImageJ software (Release 1.41, National Institutes of Health, Bethesda, MD, USA).   
 
Immunofluorescent staining of adhered platelets and FLIPRs 

After perfusion, adhered platelets and FLIPRs were fixed under flow using 2% 
paraformaldehyde (PFA). For intracellular staining, samples were permeabilized with 
1% Triton-X100 (Riedel de Haën, Seelze, Germany). Samples were blocked using 
10% normal goat serum for 30 minutes. Immunofluorescent staining was performed 
using antibodies against GPIb, p-selectin, PF4, ß-TG, fibrinogen, α-tubulin and CD14. 
Secondary antibodies containing either AF488 or AF555 were used to visualize the 
stainings. Stains were analyzed using a Zeiss LSM 510 meta confocal (Carl Zeiss).  
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Determination of GPIb distribution across membranes   

Pictures of GPIb-stained platelets were taken using confocal microscopy. ImageJ was used to 
determine the intensity of the staining, with the histogram option being directed at selected 
platelets with and without a FLIPR. The intensity of the normal platelets was set at 100% and used 
to calculate the intensity of the platelets with a FLIPR in the same microscopic picture.   
 
Real-time calcium flux microscopy  

Calcium flux was visualized in washed platelets (suspended in HEPES-Tyrode buffer, pH 7.3) 
that had been incubated with 1 µM Oregon green BAPTA-1, AM (Invitrogen) at 37˚C for 30 
minutes. Platelets were centrifuged again in the presence of 10 ng/mL PGI2 and resuspended 
in HEPES-Tyrode buffer (pH 7.3) with 1 mM CaCl 2. Perfusion was performed and calcium 
flux was visualized and analyzed using AxioVision software (Release 4.6, Carl Zeiss).  
 
FACS analysis and western blot on microparticles 

Washed platelets were perfused in a calcium rich buffer over fibrinogen. FLIPR formation 
was created by perfusion of 500 ng/mL CRP after 15 minutes. The control perfusion was 
not activated with CRP. Flowthroughs were collected and centrifuged twice at 1500xg 
for 15 minutes in the presence of PGI2 and 20 mM EDTA to prevent platelet activation 
during centrifugation in the presence of CRP remnants. For FACS analysis, the supernatant 
containing microparticles was then incubated with antibodies against GPIb and lactadherin 
for 20 minutes and fixed using 0.2% formaldehyde in 0.9% NaCl. All samples were analyzed 
using the FACSCalibur from BD Biosciences. Microparticles were gated based on forward- 
and side-scatter properties, and the number of GPIb+/lactadherin+ events was counted and 
compared to that of the isotype controls. For westernblots, the platelet-free plasma was 
centrifuged at 20,000xg for 1 hour, and the microparticle-containing pellet resuspended 
in sample buffer in the presence of dithiothreitol (DTT). Proteins were separated by SDS-
PAGE and transferred to a polyvinylidene fluoride membrane (Millipore, Amsterdam, The 
Netherlands). Odyssey Blocking buffer (LI-COR Biosciences, Lincoln, NB, USA) was used for 
blocking and for primary antibody (anti-GPIb, SZ-2) and secondary antibody (goat anti-mouse 
AF680) incubation. Protein bands were visualized with the Odyssey Imaging system (LI-
COR Biosciences). Quantification was performed using ImageJ software (Release 1.41).      
 
Electron microscopy 

Microparticle-containing plasma samples were collected after perfusion (as described 
in the FACS and western blot section) at the outlet of the perfusion chamber. The 
microparticles were isolated using differential centrifugation. The samples were 
prepared as described previously by Heijnen et al22, and analyzed in a JEOL 1200CX 
electron microscope at 80 kV (JEOL, Nieuw-Vennep, The Netherlands).  
 
Monocyte perfusion 

Citrated whole blood was diluted with HEPES-Tyrode (pH 7.3) and a Ficoll seperation was 
performed. The pellet was resuspended in HEPES-Tyrode buffer (pH 7.3) with 1 mM CaCl -

2. Monocytes were isolated using CD14+ magnetic beads (Miltenyi Biotec, Leiden, the 
Netherlands). Washed platelets were perfused for 15 minutes followed by activation with 
CRP for 5 minutes. Monocytes were then perfused, and rolling and adhesion were studied 
during real-time perfusion. The flowthrough during these perfusions was captured and the 
monocyte fraction was stained with CD14 and GPIb for 20 minutes and fixed using 0.2% 
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formaldehyde in 0.9% NaCl. CD14+ cells were gated based and GPIb mean fluorescence 
intensity was measured within this gate to analyze the presence of platelet (microparticles) on 
the monocytes. All samples were analyzed using the FACSCalibur from BD Biosciences.  
 
Statistics 

Each experiment was repeated 3 to 5 times (as indicated in the figure legends). The samples 
were non-normally distributed because of the small sample sizes. Therefore, the significant 
difference between two different samples was compared using the Mann-Whitney U 
test. A p-value of less than 0.05 was considered significant. All data analyses were 
performed with computer software (SPSS-pc Version 15.0, SPSS Inc., Chicago, IL, USA).  
 

RESULTS  

Activation- and shear-induced platelet membrane protrusions  

Washed platelets were perfused through a perfusion chamber coated with fibrinogen at a 
low arterial shear rate of 300 sec-1. Platelets adhered readily to the immobilized protein and 
became fully spread. CRP (500 ng/mL) was subsequently perfused to further activate the 
adhered platelets via interaction with glycoprotein VI (GPVI). Upon addition of CRP, spread 
platelets started forming long membrane protrusions. These Flow Induced Protrusions 
(FLIPRs) derive from the luminal platelet membrane and are formed down-stream the flow 
direction (figure 1a, top panel). The length of the FLIPRs was variable and depended on 
the flow profile. FLIPRs up to 250 µm were frequently observed. Their initiation and full 
extension is usually rapid (within seconds), but occasionally could take up to 5 minutes. 
FLIPR formation occurred on 19.5 ± 4.1 % of the spread platelets and was generally 
detected within 5 minutes after CRP addition. Low FLIPR formation was also observed 
without the addition of CRP on other physiological substrates like fibrinogen (without CRP 
stimulation), fibronectin, collagen peptides GFOGER + CRP-XL and VWF (figure 1a, lower 
panels). However, all these substrates appeared less potent in activating platelets, and hence 
therefore, a dual activation is suggested to be necessary to induce FLIPR formation. Platelets 
with a FLIPR were activated and exhibit decreased α-granule markers PF4 (figure 1b) and 
ßTG (data not shown). Membrane-bound activation marker P-selectin was present on the 
FLIPR membrane (figure 1c). To test the possibility that FLIPRs have a procoagulant nature, 
we analyzed the interaction with annexin A5 and prothrombin, to study the exposure of 
negatively charged phospholipids. Platelets exhibiting FLIPRs readily bound annexin A5 
(figure 1d, left) and prothrombin (figure 1d, right), whereas platelets without FLIPRs were 
negative. These results indicate that FLIPR-forming platelets have a greater procoagulant 
potential.  

Disrupted cytoskeleton in platelets with FLIPR 

FLIPR elongation was accompanied by major changes in the platelet morphology. These 
included a change in shape and size, a decreased GPIb membrane density (figure 2b), and 
occasionally complete disintegration. The final end stage often resembled that of balloon-
shaped ghosts. The initiation of FLIPR formation is shown in figure 2a. Fluorescent staining 
of the actin cytoskeleton using phalloidin-FITC revealed the characteristic staining pattern 
seen in intact spread platelets (figure 2c, top left). In contrast, FLIPR-forming platelets 
showed a decreased actin-staining intensity and a disorganized actin architecture. 
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Figure 1: Platelet activation under shear induces a loss of platelet-membrane integrity, resulting in long 
membrane protrusions. (a) Washed platelet perfusions at a flow rate of 30.3 µL/min, resulting in a shear 
rate of 300 sec-1. Top: FLIPR formation upon perfusion over immobilized fibrinogen, after addition of CRP. 
Middle: perfusion over VWF. Bottom: perfusion over GFOGER+CRP-XL. (b,c) Confocal images showing IF 
staining of PF4 and GPIb (b) and P-selectin and GPIb (c). (d) Fluorescent staining for annexin A5 (green) 
and prothrombin (in red, GPIb green) after perfusion of hirudin PRP. Punctuated staining found in some 
fluorescent stainings of FLIPR membranes is a result of fixation and staining. FLIPRs are not completely 
attached to the surface after fixation and parts can be washed away during the staining procedure. Flow 
direction is indicated with an arrow. 
 
 
Some actin staining could also be detected within the FLIPRs (arrowheads in figure 2c, 
top right). In non-FLIPR-forming spread platelets the microtubules were arranged in a 
characteristic circular-shaped fashion (figure 2c, bottom left), while the microtubules of 
platelets forming protrusions appeared mostly disassembled (figure 2c, bottom right). 
α-Tubulin-staining intensity was highly increased in the remnants of the platelets and was 
occasionally found on the extended tips of the FLIPRs (figure 2c, bottom right).

Platelet FLIPR formation depends on extracellular calcium and calpain activation 
Washed platelets perfused over fibrinogen did not form FLIPRs in the absence of calcium. 
Addition of CRP resulted in extensive FLIPR formation on fibrinogen in the presence of 
calcium, while no FLIPR formation was observed when CRP was added to a calcium-free 
buffer (figure 3a). Inhibition with calpeptin (100 µg/mL), an inhibitor of calpain, completely 
blocked FLIPR formation, indicating that calcium-dependent calpain activation is required 
for FLIPR formation (Figure 3a). 
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Figure 2: Cytoskeleton disassembly as a result of platelet disintegration and FLIPR formation. (a) After 
perfusion with CRP, the platelet membrane forms FLIPRs in the direction of the flow, while the platelet body 
decreased in size (encircled by punctuated line). (b) Platelets were stained with anti-GPIb after perfusion. 
Fluorescence intensity was measured and quantification performed on 20 platelets from 5 different donors. 
(c) Actin cytoskeleton was stained with phalloidin (red: GPIb; green: phalloidin [top]) and microtubules with 
α-tubulin (red: GPIb; green: α-tubulin [bottom]). Normal platelets indicated on the left, platelets with FLIPR 
on the right. Arrowheads indicate disrupted cytoskeleton. Flow direction is indicated with an arrow. Error 
bars indicate standard deviation.

The influx of calcium was visualized using Oregon green labeling. CRP stimulation of 
spread platelets revealed a distinct calcium peak (assayed by Oregon green signal) prior 
to the formation of FLIPRs, indicating an influx of calcium into the cytoplasm (figure 3b).  
To study the involvement of the apoptotic pathway in FLIPR formation, we next 
tested the BH3-mimetic compound ABT-737 (1 µM) and the caspase inhibitor 
Q-VD-Oph (50 µM) on FLIPR formation while perfusion over GFOGER and CRP-
XL. None of the compounds had any effect on the number of FLIPR forming 
platelets (figure 3c). We conclude from these experiments that shear-induced FLIPR 
formation is caspase-independent and regulated by the calpain pathway.   
 
FLIPR formation results in the formation of microparticles 

Reflection Interference Contrast Microscopy was used to study the adhesion of FLIPRs 
to the various substrates during perfusion. While the spread platelets showed distinct 
attachment sites to their substrates, visualized as dark contact areas, FLIPRs revealed 
little apparent interaction sites with the substrate (figure 4a, DIC right, RICM left). These 
observations support the concept that the protrusions derive from the luminal aspect of 
the adherent cells. The platelet bodies that formed a FLIPR showed reduced adhesion 
sites, indicating removal of membrane from the substrate. During perfusion, many 
FLIPRs severed from the platelets and disintegrated into smaller fragments, presumably 
becoming microparticles. This severing usually occurred within several seconds, but 
could also take several minutes, depending on the local shear stress environment.  

*
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Figure 3: Calcium-dependent calpain activation leads to FLIPR formation. (a) Perfusion of washed platelets 
over fibrinogen in the presence and absence of calcium (1 mM), CRP (500 ng/mL), and calpeptin (100 µg/
mL). (b) Calcium flux indicated by an increase in Oregon green signal during perfusion over fibrinogen after 
CRP activation. Arrow indicates the moment of FLIPR formation. (c) Perfusion over fibrinogen, with CRP 
stimulation after pre-incubation with ABT-737 (1 µM) and Q-VD-OPh (50 µM). Results of three separate 
experiments were quantified. Error bars indicate standard deviation. 

 
Figure 4: FLIPR formation leads to the formation of platelet microparticles. (a) RICM picture showing surface 
contact in black and no surface contact in white. Accessory DIC picture is shown on the left. Arrowheads 
indicate localization of FLIPRs. Flow direction is indicated with an arrow. (b) Whole-mount TEM images of 
the flowthrough captured after perfusion. Negative staining indicates the presence of elongated structures ≥ 
1.5 µm long and ~ 100 nm thick. (c) Western blot for GPIb on microparticles isolated from the flowthrough. 
Data are depicted as mean GPIb intensity relative to the control without perfusion. (d) FACS analysis on 
microparticle-rich plasma. The number of GPIb+/lactadherin+ particles was quantified. Data are depicted as 
a fold increase in the amount of microparticles compared to the control without perfusion. Results of three 
separate experiments were quantified. Error bars indicate standard deviation. 
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We next captured the microparticles that were released during perfusion at the outlet of 
the flow chamber, i.e. in the flowthrough, for further analysis. Perfusions in which FLIPRs 
were formed by CRP activation were compared with control perfusions in the absence of 
CRP activation and with non-perfused PRP. Microparticle samples from the flowthrough 
were visualized by transmission electron microscopy (TEM) and consisted of elongated 
membrane structures of various lengths and generally and ~70 nm in diameter (figure 
4b). They frequently exhibited a larger membrane bleb at the one end of the membrane 
(up to 300 nm in diameter). These extended membrane microparticles were only found 
in the flowthrough of perfusions where FLIPRs were formed, and were absent in control 
flowthroughs. To further characterize these microparticles, we collected the flowthrough 
after perfusion with or without added CRP and performed a western blot using anti-GPIb 
antibodies. As expected, GPIb intensity was significantly increased in the samples with 
added CRP, consistent with FLIPR formation (4.6 ± 0.4 fold increase in GPIb intensity, 
figure 4c). Subsequent FACS analysis of these samples was next performed to confirm 
the presence of negatively charged phospholipids (lactadherin+), and revealed similar 
differences. GPIb+/lactadherin+ particles (size range: 300 nm to 1 µm) were higher 
in number after FLIPR formation than in the control samples (control perfusion 1.3 ± 
0.4, FLIPR perfusion 4.6 ± 1.4 fold increase in GPIb intensity, figure 4d). These results 
indicate that FLIPR formation results in the formation of microparticles, and that the 
surface of these microparticles is enriched in negatively charged phospholipids.  
 
FLIPRs attract and capture circulating monocytes  

In an attempt to visualize real-time local fibrin formation on platelet-forming FLIPRs 
we performed perfusions with recalcified plasma. Unfortunately, fibrin formation was 
observed throughout the whole perfusion chamber and did not allow us to conclude 
whether fibrin generation was selectively initiated on the FLIPRs (data not shown).  
To study the possible role of FLIPRs in recruiting other circulating cells, we isolated 
monocytes and neutrophils from whole blood and perfused them in a calcium rich buffer 
over platelet-forming FLIPRs. Upon interaction with FLIPRs, monocytes selectively slowed 
down, resulting in rolling and sometimes firm adhesion (figure 5a, adhesion shown in figure 
5d). The rolling was specific for monocytes, as neutrophils did not roll selectively over 
the FLIPRs, but also over normal spread platelets (data not shown). Addition of an anti-P-
selectin antibody completely blocked monocyte rolling on FLIPRs, indicating that this is 
a P-selectin/PSGL-1-dependent interaction (figure 5b, bottom). Interestingly, rolling of the 
monocytes over FLIPRs resulted in the apparent transfer of FLIPR fragments (microparticles) 
to the monocytes, possibly because FLIPRs are not firmly attached to the surface. When 
monocytes did not adhere to the surface, they continued to circulate with attached platelet 
microparticles. To confirm that FLIPR membranes are delivered to the circulating monocytes, 
we next measured GPIb+ particles on CD14+ cells. Monocytes that were perfused over the 
platelets were captured and incubated with antibodies against CD14 and GPIb. The GPIb 
intensity in CD14+ cells was measured and was found significantly higher in monocytes 
perfused over FLIPRs compared to monocytes perfused over platelets without FLIPRs 
(24913 ± 9934 with FLIPRs, 7035 ± 3608 without FLIPRs) as shown in figure 5e. Confocal 
microscopy using CD14 and GPIb antibodies as respectively monocyte and platelet marker 
further showed that the monocytes contained bound platelet fragments, originating from 
the transient interactions with FLIPRs under flow (figure 5c). These results show that platelet 
FLIPR formation contributes to the capturing of circulating monocytes, and that FLIPR-
derived membranes are transferred to the surface of circulating monocytes, supporting the 
formation of MP-monocyte complexes. 
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Figure 5: FLIPRs expose PS and capture monocyte from the circulation. (a) Monocytes were perfused over 
FLIPRs to study rolling. Monocytes are indicated with an arrowhead. (b) Anti-P-selectin addition resulted in 
complete inhibition of monocyte rolling. Flow direction is indicated with an arrow. (c) Spread monocyte on 
the surface after rolling over a FLIPR. (d) Monocytes were captured in the flowthrough and the GPIb intensity 
on CD14+ cells was measured using FACS analysis. Error bars indicate standard deviation. (e) Captured 
monocytes from the flowthrough were stained for CD14 and GPIb. Size of the adhered GPIb+ particles
indicates the adhesion of platelet microparticles.
  

DISCUSSION  

In the present study, we describe the formation of membrane extensions, termed FLIPRs 
(FLow-Induced PRotrusions), which develop down-stream from adherent spread platelets 
after activation with the GPVI agonist CRP. FLIPRs derive from the luminal site of adherent 
platelets, can become extremely long and express both P-selectin and negatively charged 
phospholipids. FLIPRs severe as a result of local variations in shear stress, thereby forming 
procoagulant microparticles and leaving behind typical balloon-shaped platelets attached 
to the surface. Monocytes selectively roll over FLIPRs in a P-selectin - PSGL-1 dependent 
fashion. These transient interactions of the monocytes result either in irreversible adhesion 
to the FLIPRs, or in the retrieval of membrane fragments from the FLIPRs, thereby forming 
platelet microparticle-monocyte complexes into the circulation. We propose that these 
protrusions may serve as a capturing platform for circulating inflammatory cells, and 
as vehicle for the selective transfer of platelet membranes to the transient interacting 
monocytes, thereby forming platelet microparticle-monocyte complexes. 

The formation of procoagulant balloon-shaped platelets using a combination of collagen 
and thrombin or alternatively through the addition of a calcium ionophore has been 
described before 2,3,6,9,19. Platelet activation with strong agonists results in high intracellular 
calcium influx and PS exposure, thereby supporting thrombin and fibrin generation and 
the formation of microparticles2,6. These procoagulant platelets are referred to as balloon-
shaped platelets, COATED platelets and SCIP platelets, all describing globally the same 
phenotype2,12,19. In our flow model we observe a similar phenotype. FLIPRs are induced by 
a combination of physiological shear stress and cellular activation. The formation of FLIPRs 
results in a multiplication of the total platelet surface. 
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Figure 6: Model of FLIPR formation.

Importantly, this increased surface does not bind other platelets essential as described for 
SCIP platelets, due to the calcium-dependent down-regulation of the adhesive function 
of integrin αIIbß3

11. Our study also revealed that these membrane extensions bind annexin 
A5, and thus represent potent procoagulant surfaces. While the procoagulant properties of 
balloon-shaped platelets are well described6, we found no evidence that the formation of 
fibrin was specifically initiated by FLIPRs. Balloon-shaped platelets exhibit high PS exposure 
on their outer membrane leaflet, which supports the formation of thrombin and fibrin2,3,6,23. 
Also in vivo, balloon shaped platelets have been found in close proximity to fibrin networks 
in human skin wounds24,25.  

Our real-time flow experiments further show that circulating monocytes selectively roll 
over the long membrane extensions in a P-selectin/PSGL-1 dependent manner. Monocytes 
support coagulation, as they may express tissue factor26. Studies have shown that 
accumulation of leukocytes to the injured vessel wall depends on their interaction with 
platelets and results in increased formation of fibrin27-29. Besides their role in haemostasis and 
thrombosis, the capacity of platelets to regulate inflammation is now firmly established13. 
SCIP platelets have a proinfammatory phenotype and support the capturing and spreading 
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of neutrophils12. Furthermore, monocyte adhesion to platelets results in the release of 
cytokines, thereby also promoting an inflammatory phenotype30. Incubating monocytes with 
procoagulant microparticles results in monocyte activation, and promotes their migration 
and differentiation31. Our data suggest that FLIPR formation could support the capturing of  
monocytes towards the vascular wall, leading to increased infiltration of monocytes, a  
process that is relevant for both the progression of cardiovascular disease and vascular  
regeneration.  

Monocyte rolling over FLIPRs does not only result in firm adhesion to attached platelets, but 
also in transient interactions. Monocytes captured membrane fragments from the FLIPRs. 
This was confirmed by fluorescence microscopy, showing GPIb positive microparticles 
on monocytes after perfusion over collagen-induced FLIPRs. This mechanism of platelet 
microparticle-monocyte formation may be relevant for the role of platelets in rheumatoid 
arthritis, as shown recently by Boillard et al32. In this study GPVI-mediated microparticle 
formation promotes the inflammatory response. As such, the monocyte-FLIPR interaction 
may support monocytes to capture microparticles under flow conditions. Previous studies 
have shown that platelet monocyte complexes (PMC) are able to induce a proinflammatory 
phenotype in circulating monocytes which results in increased endothelial adhesiveness33. 
PMC were also shown as a marker for cardiovascular disease. Increased PMC were measured 
after percutaneous coronary intervention16, acute myocardial infarction16, stable coronary 
artery disease17, graft occlusion34 and ischemic stroke18. The importance of monocyte-
platelet microparticle complex formation in vivo remains to be established. We suspect that 
platelet microparticle-monocyte complexes are perhaps an underestimated phenomenon, 
which cannot be distinguished from PMC with FACS analysis. It is therefore plausible that 
previous studies that claimed to measure PMC, did in fact measure monocyte-platelet 
microparticle complexes. 
Platelets store membrane in the open canalicular system. This reservoir of membrane may 
be important for the platelet’s capacity to form long membrane extensions35. In the past 
decade, studies have shown the formation of membrane extensions on platelets interacting 
at high shear rates to VWF35-37. Although these membrane extensions, termed tethers, 
show some similarities with the present FLIPRs, they differ in several aspects: i) tethers are 
generated exclusively on VWF at high shear rates; ii) tether formation on VWF does not 
depend on platelet activation; iii) tethers form upstream of platelets, and iv) their formation 
occurs rapidly (within 1 minute) and they serve as a capturing mechanism to decelerate 
fast-moving platelets through the formation of adhesion points. In contrast, FLIPR formation 
i) occurs on several physiological substrates; ii) takes place on irreversibly spread, activated 
platelets; iii) FLIPR formation is a timed process (it occurs not directly after a platelet is 
attached and spread); iv) FLIPRs appear downstream the adhered platelets; and v) FLIPRs 
have little contact with the surface. Another major difference between tethers and FLIPRs 
is their length. Tethers reach a maximum length of ~30 µm, while FLIPRs can grow up to 
250 µm in length, possibly pulling all the membrane from the open canalicular system and 
perhaps secretory granules38. A common characteristic shared by tethers and FLIPRs is their 
capability to form procoagulant microparticles. 

In conclusion, we have described the formation of long membrane extensions that 
derive from adherent and activated platelets, which we termed FLIPRs. FLIPRs are 
formed downstream as a result and shear and activation of calpain. Circulating 
monocytes selectively interact with these membrane extensions and capture 
membrane fragments, thereby generating platelet microparticle - monocyte complexes. 
Further studies are required to determine to what extent FLIPR formation occurs 
also in vivo and contributes to the role of platelets in the inflammatory response.    
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ABSTRACT
 
Introduction: Atherosclerosis is a chronic inflammatory disease with a prominent role for 
platelets and monocytes. Platelets support monocytes in their capacity to infiltrate into the 
vessel wall. Hyperactive platelets could play a role in atherosclerotic plaque progression 
and destabilization. 

Aim: To study the association between platelet responsiveness and macrophage infiltration 
into the carotid plaque in patients undergoing carotid endarterectomy. 

Methods: Platelet responsiveness was measured with a whole blood assay to quantify 
platelet P-selectin expression on the platelet membrane in response to concentration series 
of adenosine diphosphate (ADP). Macrophage infiltration was semi- quantitatively analyzed 
in the carotid plaque, and categorized into no/minor or moderate/heavy staining

Results: Platelet responsiveness was measured in blood from 91 patients undergoing 
carotid endarterectomy obtained just before procedure. Platelet responsiveness to ADP was 
significantly lower in the group with no/minor macrophage staining (n = 67, 7020 ± 3442) 
compared to the group with moderate/heavy staining (n = 24, 8969 ± 3485). This difference 
remained significant after correction for age, gender, aspirin and clopidogrel use. 

Conclusion: Platelet hyperresponsiveness to ADP is related to macrophage infiltration into 
the carotid plaque. 
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INTRODUCTION

Atherosclerotic plaque rupture and subsequent thrombosis is the often fatal result of many 
cardiovascular diseases (CVD)1. Rupture-prone plaques are characterized by a large lipid 
core, a thin fibrous cap covering the core and the presence of macrophages indicating 
ongoing inflammation, whereas the more stable plaques generally contain more smooth 
muscle cells and collagen, and less macrophages2. Due to disturbed blood flow, low shear 
stress, endothelial cell activation, intimal lipid accumulation, and other stimuli, endothelial 
cells allow the transmigration of monocytes from the circulation into the plaque3. Once in 
the plaque, monocytes differentiate into macrophages, which can secrete proteases and 
inflammatory proteins that are able to weaken the fibrous cap, leading to plaque disruption 
and thrombosis. 

Platelets support the adhesion and infiltration of monocytes and thereby the progression of 
atherosclerosis. Platelets bind to the endothelium and upon activation and express P-selectin 
on their membrane, which supports tethering and rolling of leukocytes via P-selectin 
Glycoprotein Ligand-1 (PSGL-1) on the endothelium4. Once PSGL-1 on monocytes is ligated, 
it induces activation of Mac-1, resulting in firm adhesion of the monocytes to platelets via 
platelet GPIbα, subsequently leading to monocyte infiltration and atherosclerotic plaque 
progression5,6. Inhibition of platelet adhesion using GPIbα blocking antibodies significantly 
reduced leukocyte accumulation and atherosclerotic plaque progression7. Also in P-selectin 
knockout mice, delayed atherosclerotic lesion formation was observed by decreased 
recruitment of monocytes towards the vessel wall8,9.

Although the role of platelets in the initiation and progression of atherosclerosis is well 
established, it is not known whether the presence of hyperreactive platelets in the circulation 
is a risk factor for monocyte accumulation and infiltration. Furthermore, measuring 
platelet responsiveness is a promising biomarker because anti-platelet therapy decreases 
the cardiovascular disease incidence10. Platelets can be activated via multiple receptors, 
provoking a different response eventually leading to α-granule release and P-selectin 
expression, mediating monocyte rolling and adhesion. Platelet function assays such as 
light transmission aggregometry, Verify Now and platelet function analysis system (PFA) 
lack the sensitivity, specificity and reproducibility to provide insights in the major platelet 
signaling pathways11-14. Moreover, they measure platelet aggregation and but they do not 
measure the expression of P-selectin on the platelet surface. We have used flow-cytometric 
based analysis of platelet P-selectin expression to quantify platelet activation15,16. Whole 
blood is activated with increasing concentrations of adenosine diphosphate (ADP) to trigger 
α-granule release and hence P-selectin expression on the outer membrane of the platelet, 
which is an established quantitative read-out for platelet activation. We have used this 
platelet activation assay to evaluate platelet function in relation to plaque inflammation.

MATERIALS AND METHODS

Patient selection

All studied patients were included in the Athero-Express biobank, a longitudinal study in 
patients undergoing carotid endarterectomy (CEA), as described in detail previously17. In 
summary, all patients undergoing CEA at the University Medical Center, Utrecht and St. 
Antonius Hospital, Nieuwegein, the Netherlands were asked to participate. Indications for 
CEA were reviewed by a multidisciplinary vascular team and were based on recommended 
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criteria of the Asymptomatic Carotid Atherosclerosis Study, the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET), and the European Carotid Surgery Trial (ECST)18,19. 
Patients completed a questionnaire at baseline regarding medication use, cardiovascular 
risk factors, and medical history. The Institutional Review boards of the two participating 
hospitals approved the study and all patients provided informed consent. For the present 
study, patients undergoing CEA in the University Medical Center Utrecht were included 
from January 13th 2011 and July 19th 2012. 

Platelet activation assay

Blood was obtained before anesthesia and before administration of any intravenous 
anticoagulant at the CEA procedure via the arterial sheath and collected in 3.2% tri-
sodium citrate tubes for immediate platelet function analysis. Platelet responsiveness was 
determined with an agonist concentration series of ADP (Roche, Woerden, the Netherlands) 
ranging from 8 nM to 125 mM. The serial dilutions were prepared in 50 mL HEPES buffered 
saline (HBS; 10 mM HEPES, 150 mM NaCl, 1 mM MgSO4, 5 mM KCl, pH 7.4) with the 
addition of PE-labeled mouse anti-human P-selectin and FITC-labeled mouse anti-human 
GPIb antibodies (BD Biosciences, Breda, the Netherlands). The platelet activation assay 
was performed by the addition of 5 µL whole blood to each sample of the serial dilution, 
an incubation time of 20 minutes, followed by the addition of 500 µL fixative (0.2% 
formaldehyde and 0.9% NaCl). Samples were analyzed with a FACSCanto flow cytometer 
(BD Biosciences) on the same day. Analysis was performed with FACSDiva software (BD 
Biosciences). Single platelets were gated based on scatter properties and GPIb-FITC signal, 
and the mean fluorescent intensity for P-selectin-PE was measured. Dose-response curves 
were produced using Prism 5 software (GraphPad Prism 5, La Jolla, USA) and the area under 
the curve (AUC) was calculated in arbitrary units.

Tissue processing and histologic examination of macrophages and collagen content

Atherosclerotic plaques were collected during conventional CEA and immediately 
transported to the laboratory for processing. According to a standardized protocol, plaques 
were divided in 5-µm segments along the longitudinal axis. The segment with the largest 
plaque burden was defined as the culprit lesion and was fixed in formaldehyde (4%), 
embedded in paraffin, and histologically examined. Plaque characteristics have been scored 
by two independent observers, blinded for clinical outcome with a good intra observer and 
inter observer reproducibility20. Macrophages (CD68) were analyzed semi-quantitatively 
at original magnification x40 in 4 categories (no, minor, moderate, and heavy staining). 
Plaques with no/minor CD68 staining were negative or had clusters with less than 10 cells 
present; plaques with moderate/heavy staining showed cell clusters with >10 cells present 
or abundance of positive cells. 

Statistical analysis

Because of a limited patient numbers, macrophage amounts were binned and analyzed 
into two categories; no/minor and moderate/heavy. ADP levels were compared between 
plaques with no/minor and moderate/heavy staining using the t test. Mean values were 
corrected for possible confounders (age, gender, acetylsalicylic acid and clopidogrel use) 
using UNIANOVA. A P value of < 0.05 was defined as statistically significant in all analyses. 
All statistical analyses were performed using SPSS version 20.0 software (IBM Corp, IBM 
SPSS Statistics for Windows, Armonk, NY).
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RESULTS

Platelet responsiveness and patient characteristics

We measured the platelet responsiveness towards different agonists in 91 patients (66 males) 
undergoing CEA, with a mean age of 72 years. Of these patients, 14 were asymptomatic 
and 75 presented with symptoms of which 23 patients with amaurosis fugax, 26 with 
transient ischemic attack and 26 with stroke. From 2 patients, symptoms were not known. 
Baseline characteristics are described in table 1. Clinical characteristics were compared to 
the area under the curve (AUC) after ADP stimulation. Clopidogrel use had a significant 
influence (P < 0.001) on platelet activation by ADP. The AUC after ADP stimulation in 
patients using clopidogrel (n=9) was 2943 ± 2685 whereas the AUC after ADP stimulation 
in patients without clopidogrel (n=80) was 8085 ± 3650. No other significant differences 
were observed, indicating that the differences in platelet response towards ADP stimulation 
are not influenced by any of the clinical characteristics mentioned in table 1, expect for the 
use of anti-platelet drug clopidogrel. 

Table 1. Baseline clinical characteristics 

All patients (n=91)

Age, years 71.6 (9.5)
Male gender 66/91 (73)
Body mass index, kg/m2 25.4 (5.1)
Current smoking 31/88 (35)
Diabetes mellitus 18/91 (20)
Hypertension 54/88 (61)
Use of ≥1 antihypertensive drugs 64/90 (71)
Hypercholesterolemia 53/75 (71)
Total cholesterol, mmol/L 4.9 (1.5)
History of peripheral intervention 27/91 (30)
History of coronary artery disease 36/91 (40)
Glomerular Filtration Rate, CG, ml/min 69.2 (24.5)
Acetylsalicylic acid use 73/89 (82)
Dipyridamole use 62/90 (69)
Clopidogrel use 9/89 (10)
Statin use 77/90 (86)
Clinical presentation  
            Asymptomatic 14/89 (16)
            Amaurosis fugax 23/89 (26)
            Transient ischemic attack 26/89 (29)

       Stroke 26/89 (29)
Days from clinical event to CEA, if symptomatic,
median (IQR)

18 (11-31)

Bilateral carotid stenosis (>50%) 33/72 (47)
 
Continuous values are means, with standard deviation in parentheses (unless specified 
otherwise). Dichotomous variables are numbers of total (percentage). 
CG: Cockroft-Gault; IQR: interquartile range; CEA: carotid endarterectomy. 
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Figure 1. Histology of macrophage infiltration in carotid plaques. 
CD68 immunostaining (brown). (a) Minor macrophage staining (40x magnification). (b) Higher magnification 
of the indicated area in (a) (100x magnification). (c) Heavy macrophage staining (40x magnification). (d) 
Higher magnification of the indicated area in (c). (100x magnification).

Platelet responsiveness towards ADP correlates with macrophage infiltration

Histological examination of the carotid plaque showed that platelet responsiveness towards 
ADP was significantly associated with macrophage infiltration. In figure 1, representative 
examples of carotid plaques with minor (figure 1a, with higher magnification in 1b) and 
heavy (figure 1c, with higher magnification in 1d) macrophage staining are shown. Dose-
response curves of platelet activation by ADP were produced for patients with no/minor 
(n=67) and moderate/heavy (n=24) macrophage staining in the carotid plaque based on 
semi-quantitative analysis of macrophage staining (figure 2a). Patients with plaques dissected 
with no/minor macrophage staining was accompanied with a dose-response curve that was 
shifted to the right and with a lower maximum activation response, compared to moderate/
heavy macrophage staining, indicating a lower response to ADP. From every individual 
patient, the dose-response curve and the AUC was calculated. Semi-quantitative analysis 
of macrophage staining showed a correlation with the AUC after ADP stimulation (6995 ± 
3406 vs 9255 ± 4530, P = 0.013) for sections with no/minor and moderate/heavy staining 
respectively, as shown in figure 2b. Other plaque characteristics, as smooth muscle cell 
content and calcifications, did not correlate to platelet responsiveness. 

Multivariable analysis of the AUC after ADP stimulation, corrected for age, gender, 
clopidogrel and aspirin use still shows a significant correlation between platelet response 
towards ADP and plaque macrophage infiltration (7020 ± 3442 vs 8969 ± 3485, P = 
0.023, table 2), Baseline P-selectin expression without ADP stimulation did not show any 
differences between the two groups (data not shown).
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Figure 2. Platelet responsiveness towards ADP related to macrophage infiltration. 
(a) Dose response curve towards increasing concentrations of ADP for patients with no/minor (grey line, 
n=67) and moderate/heavy (black line, n=24) plaque macrophage content. (b) AUC after ADP stimulation 
comparing no/minor and moderate/heavy macrophage staining in the plaque. Error bars represent standard 
deviation. MFI: mean fluorescence intensity.

Table 2: Platelet activation by ADP and macrophage infiltration in the plaque

AUC after ADP stimulation, 

univariable

 

P

All patients (n=91) 7591 (3841)

No/minor macrophage infiltration (n=67) 6995 (3406)

Moderate/heavy macrophage infiltration (n=24) 9255 (4530) 0.013
 

AUC after ADP stimulation, 

multivariable*

 

P

All patients (n=91) NA

No/minor macrophage infiltration (n=67) 7020 (3442)

Moderate/heavy macrophage infiltration (n=24) 8969 (3485) 0.023

*Corrected for age, gender, acetylsalicylic acid and clopidogrel use 
All values are means ± standard deviation. ADP: adenosine diphosphate;  
AUC: area under the curve; NA: not applicable

DISCUSSION

Atherosclerosis is a chronic inflammatory disease with a prominent role for monocytes and 
macrophages3. Progression of atherosclerosis could result in rupture of an atherosclerotic 
plaque resulting in acute clinical manifestations such as myocardial infarction and stroke1. 
Platelets are important for the adhesion and infiltration of monocytes into the vessel 
wall and the subsequent progression of atherosclerosis7-9. In this retrospective study, we 
have shown that platelet responsiveness towards ADP is associated with the amount of 
macrophages present in the carotid plaque, independent of the use of anti-platelet drugs. 
These observations indicate that platelet sensitivity towards ADP activation plays a role in 
the monocyte recruitment and infiltration into the inflamed endothelium.
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Inflammation and lipid accumulation are hallmarks of a vulnerable plaque and contribute 
to plaque destabilization2. Platelets mediate monocyte rolling and adhesion to the vessel 
wall and are therefore considered to play an essential role in atherosclerotic plaque 
progression. Platelets not only adhere to the vessel wall upon endothelial damage and 
exposure of subendothelial proteins, but adhesion can also take place towards inflamed 
endothelial cells. In vitro studies showed that platelets adhere to intact activated endothelial 
cells21,22. Using intravital microscopy, in vivo studies showed P-selectin and integrin αIIbß3 
platelet adhesion to inflamed endothelium under high shear23-25. Upon adhesion and 
activation, platelets release their α-granule content including potent inflammatory proteins 
that are able to enhance the adhesive and chemotactic properties of endothelial cells26,27. 
Furthermore, monocyte chemoattractants such as PF4 and RANTES are released leading to 
monocyte tethering and rolling over the platelet-exposed P-selectin4,28,29. Monocytes firmly 
attach to the endothelium via adhesion molecules subsequently leading to infiltration and 
differentiation into monocytes. 

We have optimized a whole blood platelet activation assay, to measure dose dependent 
platelet activation by ADP, using flow cytometric quantification of P-selectin expression on 
the platelet membrane. ADP is stored in the dense-granules of platelets and released upon 
platelet activation, whereupon it can activate more platelets via the P2Y12, P2Y1 and P2X1 
receptors. Inflamed endothelium does not induce excessive platelet activation and therefore 
we have chosen ADP as a less-potent activator of platelets in our cohort, which might be 
more representative for the in vivo situation. Other platelet agonists (such as collagen and 
thrombin) induce a more pronounced activation compared to ADP. Furthermore, several 
studies have indicated the P2Y receptors as important mediators of atherosclerosis30,31. 
P2Y12-/- mice showed reduced macrophage infiltration and atherosclerotic plaque size due 
to diminished α-granule release of PF4 and P-selectin30. 

Potent anti-platelet drugs are used for the prevention of platelet aggregation in cardiovascular 
diseases. Our platelet activation assay is sensitive for the use of clopidogrel since this 
drug blocks the P2Y12 receptor irreversibly. Therefore, the platelet becomes less sensitive 
towards ADP stimulation. Affirmatively, we found a highly significant decrease in platelet 
response to ADP stimulation. Of our 9 patients treated with clopidogrel, 8 had no/minor 
macrophage infiltration, whereas only 1 had moderate/heavy macrophage infiltration. This 
latter patient had a significantly higher AUC after ADP stimulation. No patients were treated 
with other P2Y12 inhibiting drugs, like cangrelor or prasugrel. Even though this study 
comprises limited patient numbers, our data indicates that prevention of platelet activation 
by clopidogrel might influence macrophage infiltration. This is confirmed by others in mice 
models, showing a reduced and more stabilized atherosclerotic plaque in mice treated with 
clopidogrel32 and in P2Y12-/- mice30, although some studies show no protective effect of 
clopidogrel on atherosclerosis33. 

Conventional platelet activation assays have been raised questioned regarding their 
sensitivity and reproducibility11-14. In our assay, we measure platelet responsiveness towards 
a concentration series of ADP. This assay provides additional information compared to other 
platelet function tests that only measure baseline P-selectin expression, because of the 
concentration range that was used. Baseline P-selectin expression can be highly influenced 
by blood withdrawal and sample handling. Measuring the responsiveness of platelets 
towards a certain agonist provides a lot more information. Therefore, this platelet function 
test can be very suitable as a biomarker for cardiovascular diseases. 
Our study comprises several limitations. Results from previous studies suggest that platelet 
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monocyte complexes (PMC) are an indication for the interaction between platelets and 
monocytes at the vascular wall and the progression of atherosclerosis. PMC can induce a 
proinflammatory phenotype in circulating monocytes which results in increased endothelial 
adhesiveness34. Furthermore, increased PMC were measured after percutaneous coronary 
intervention35, acute myocardial infarction35, stable coronary artery disease36, graft 
occlusion37 and ischemic stroke38. Unfortunately, we did not measure the amount of PMC 
in our study which could support our observed findings. However, recent findings showed 
that increased platelet responsiveness towards ADP is associated with increased PMC in 
patients with coronary artery disease (Rutten et al., unpublished results). Furthermore, 
patient numbers were limited in this study, not allowing for an optimal multivariable 
analysis to show that macrophage infiltration is causally related to platelet activation. We 
also evaluated the possibility of advanced model-based adjustment techniques by using a 
propensity score model to adjust for confounders. However, this was not suitable, because 
a good balance could not be achieved within patients with similar propensity scores, which 
is likely also an effect of the limited sample size. Still, we could adjust for age, gender, 
aspirin- and clopidogrel use, showing an association between platelet activation by ADP 
and macrophage infiltration independent of these factors. In the future, larger studies are 
necessary to confirm our findings and to be able to study independent associations and 
causality.

In conclusion, we show that an increased responsiveness of platelets towards ADP is 
associated with increased macrophage infiltration in the carotid plaque, independent of 
gender, age, aspirin and clopidogrel use.
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ABSTRACT 

Background: Von Willebrand factor (VWF) multimer size is controlled through continuous 
proteolysis by ADAMTS13. This prevents spontaneous platelet agglutination and 
microvascular obstructions. Deficiency in ADAMTS13 is associated with the development 
of thrombotic thrombocytopenic purpura (TTP), where life-threatening episodes of 
microangiopathy damage kidneys, heart and brain. Enigmatically, a complete ADAMTS13 
deficiency does not lead to continuous thrombotic disease. We hypothesized that plasmin, 
the key enzyme of the fibrinolytic system, serves as a physiological backup enzyme for 
ADAMTS13 in the degradation of pathological platelet-VWF complexes. This plasmin is 
purposely generated by the urokinase (uPA) system on activated endothelial cells. 

Methods and results: Plasminogen activation, either by uPA or streptokinase, leads to rapid 
degradation of platelet-covered VWF strings on endothelial cells in absence of ADAMTS13. 
Plasmin also destructs platelet agglutinates in suspension, but does not reduce aggregate 
formation on collagen surfaces under flow. Plasminogen directly binds to immobilized 
VWF in a lysine-dependent manner, through a binding site in VWF A1 domain. Patients 
with acute TTP episodes have elevated plasma levels of plasmin-α2-antiplasmin (PAP)-
complexes that increase with the extent of thrombocytopenia. However, plasminogen 
activation during TTP attacks is unrelated to ADAMTS13 activity, suggesting that it is 
triggered by microangiopathy.

Conclusions: We propose that during ADAMTS13 deficiency, plasminogen activation on 
endothelial cells can act as a natural backup for the degradation of obstructive platelet-
VWF complexes. Our findings suggest that stimulation of plasmin activity with thrombolytic 
agents may have therapeutic value in the treatment of VWF-mediated microangiopathies.
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INTRODUCTION

Von Willebrand factor (VWF) is a multimeric protein that circulates in plasma and can 
be released from endothelial cells and activated platelets during vascular injury. Unlike 
VWF in plasma, which usually circulates in a globular form, VWF has an unfolded 
conformation during its release from endothelial cells1. In this state, VWF can directly 
bind platelets via its A1 domain2,3 and passively bridge multiple platelets together without 
inducing their activation (agglutination). The metalloprotease ADAMTS-13 cleaves VWF 
at the Tyr1605-Met1606 bond in the A2 domain4, preferably when VWF is unfolded5. This 
proteolysis is essential to prevent the formation of pathological platelet-VWF complexes 
that obstruct the vasculature1,6. Hence, ADAMTS-13 deficiency triggers the formation of 
ultralarge VWF multimers in plasma4,7, which are associated with episodes of thrombotic 
thrombocytopenic purpura (TTP)8. TTP patients characteristically experience recurrent 
episodes of microangiopathy, intermitted by prolonged remission periods. This is thought 
to be a result of fluctuating ADAMTS13 activity levels, caused by inhibitory antibodies that 
often cause for ADAMTS13 deficiency. Remarkably, patients and mice that are completely 
and persistently deficient in ADAMTS13 activity, can achieve remission and do not present 
with continuous symptoms of microangiopathy9. This suggests that additional factors 
beyond ADAMTS13 activity modulate the presentation of TTP attacks. 

We here propose a hypothesis that may help to explain the unpredictable nature of TTP 
pathology: a second proteolytic mechanism exists that is capable of degrading dangerously 
large VWF-platelet complexes in absence of ADAMTS13. One candidate enzyme that can 
substitute for ADAMTS13 and degrade platelet-VWF complexes is plasmin. Active plasmin 
is able to cleave VWF and alters its platelet-binding capacity under purified conditions10-12. 
Plasminogen can be activated by tissue-type plasminogen activator (tPA) or urokinase-type 
plasminogen activator (uPA)13. Whereas tPA has a high affinity for fibrin14, uPA has little affinity 
for fibrin prior to activation15. As a result, tPA is considered the most important plasminogen 
activator in fibrinolysis16-18. In contrast, uPA becomes an efficient plasminogen activator 
on its receptor uPAR, which is presented by activated endothelial cells, amongst others 
during hypoxia19,20. uPA and uPAR are involved in (tumor) cell migration, differentiation, 
proliferation and matrix degradation, indicating that its role extends beyond fibrinolysis21-23. 

In this study, we investigated whether plasmin could substitute for ADAMTS13 to degrade 
platelet-VWF complexes. We show that plasminogen activation by uPA on endothelial 
cells leads to a lysine-dependent cleavage of platelet-covered VWF strings. We demonstrate 
elevated plasmin-α2-antiplasmin (PAP) complexes in plasma of acute TTP patients. These 
levels inversely correlate with the degree of thrombocytopenia, irrespective of ADAMTS13 
and α2-antiplasmin activity, suggesting that plasminogen activation is triggered during 
microangiopathy. Episodes of acute TTP are currently treated with therapies that aim to 
restore ADAMTS13 activity, such as plasmapheresis. Neutralizing autoantibodies against 
ADAMTS13 often reduce therapeutic efficacy. We here provide experimental evidence 
to show that induction of plasminogen activation by thrombolytic agents can be used to 
controllably degrade platelet agglutinates, which may offer therapeutic opportunities for the 
complicated clinical management of TTP.
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METHODS

Blood collection

Blood was collected from healthy volunteers who had not been on anticoagulant or 
antiplatelet treatment for at least 10 days before blood withdrawal under approval by the 
University Medical Center Utrecht (UMCU) Ethics Committee. Blood was anticoagulated 
with trisodium citrate (3.2% w/v). Platelet rich plasma (PRP) and washed platelets were 
prepared by centrifugation as described before24. Platelet counts were determined using 
CellDyn1800 (Abbott, Hoofddorp, the Netherlands) and set to 200x109/L.

Human umbilical vein endothelial cell (HUVEC) isolation and cell culture

HUVEC were freshly isolated from umbilical cords by trypsinization as described 
previously25. Isolated cells were cultured for 2 passages in HUVEC medium (EndoPrime 
Base Medium, enriched with EndoPrime Kit Supplements, PAA, Pasching, Austria) in culture 
flasks coated with 5 µg/mL fibronectin (purified according to Klebe et al26). 

Immunofluorescence microscopy

Confluently grown HUVEC were pre-activated with 100 nM phorbol 12-myristate 13-acetate 
(PMA; Sigma-Aldrich, Zwijndrecht, the Netherlands) overnight. Cells were fixed with 4% 
paraformaldehyde. Subsequently, uPAR was visualized with mouse anti-human uPAR (R&D 
systems, Abingdon, United Kingdom), followed by a blocking step with 10% normal goat 
serum in phosphate buffered saline (21 mM Na2HPO4, 2.8 mM NaH2HPO4, 140 mM NaCl, 
pH=7.4; PBS). Goat anti-mouse AF488 (Invitrogen, Bleiswijk, the Netherlands) was used 
as second antibody. Excess antibody was removed by repeated washing with PBS, 0.1% 
bovine serum albumin. Cells were embedded with DAPI prolonged gold (Invitrogen). In 
similar fashion, VWF was stained on HUVEC after stimulation with100 nM PMA and after 
treatment for 60 minutes with 216 µg/mL plasminogen (purified by lysine-sepharose affinity 
chromatography) with or without 10 ng/ml uPA (Komabiotech, Seoul, Korea). VWF was 
stained on HUVEC using rabbit anti-human VWF (Dako, Heverlee, Belgium) and goat anti-
rabbit AF488. Cells were embedded with DAPI Prolonged Gold (Invitrogen).

Chromogenic plasminogen activation assay

HUVEC were overnight stimulated with 100 nM PMA and then incubated with a 
concentration range of uPA, and 216 µg/mL plasminogen for 1 hour at 37˚C. The supernatant 
was centrifuged for 10 min at 1000xg to spin down any cell remnants. 0.5 mM pNAPEP1751 
(Biopep, Mauguio, France) was added to the samples and the absorbance was read at 
1-min intervals at 405nm for 1 hour at 37˚C with a microplate reader (Versamax, Molecular 
Devices, Sunnyvale, United States).

Enzyme-linked immunosorbent assay (ELISA) for VWF release

HUVEC were stimulated overnight with 100 nM PMA and treated with 216 µg/mL 
plasminogen, 10 ng/mL uPA, 200 mM ɛ-aminocaproic acid (ɛACA), 10 ng/mL tPA (Actilyse, 
Boehringer Ingelheim, Alkmaar, the Netherlands) or combinations thereof in HUVEC 
medium. The supernatant was centrifuged for 10 minutes at 1000xg to remove cell 
remnants. MaxiSorp 96-wells plates (Nunc Thermo Scientific, Waltham, USA) were coated 
with rabbit anti-human VWF (Dako) in 40 mM Na2CO3, 35 mM NaHCO3, 3 mM NaN3, pH 
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9.6. Wells were washed with PBST (PBS, 0.05% Tween20) and blocked at 37˚C with PBS, 
1% BSA. Samples and standards (a concentration series of purified VWF in culture medium) 
were incubated for 1 hour at 37˚C followed by rabbit anti-human VWF/HRP (Dako) as 
a detection antibody. Finally, 100 µL/well TMB substrate (3,3’,5,5’-Tetramethyl-benzidine; 
Tebu-Bio Heerhugowaard, the Netherlands) was added and the reaction was stopped with 
50 µL/well 1M H2SO4 and the absorbance was measured at 450 nm with an ELISA plate 
reader.

Platelet-VWF complex formation on HUVEC

HUVEC were cultured on coverslips and stimulated with PMA as described above. They 
were subsequently placed into a laminar-flow perfusion chamber and placed under an 
inverted microscope (Zeiss observer Z.1, Carl Zeiss, Sliedrecht, the Netherlands). Lyophilized 
platelets (BioData Corporation, Horsham, USA) were resuspended in M199 culture medium 
(Invitrogen) without supplements, and perfused over the HUVEC at a shear of 300 sec-1 
using a syringe pump (Harvard Apparatus, Holliston, USA). After 5 minutes of perfusion, 
M199 medium containing 100 mM PMA, 216 µg/mL plasminogen, 10 ng/mL uPA, 10 U/
mL streptokinase and/or 200 mM ɛACA was perfused over the HUVEC with platelet-VWF 
strings attached to it. Movies and snapshots were recorded with differential interference 
contrast (DIC) microscopy, using a 40x/1.25 oil or 100x/1.25 oil EC-plan Neofluar objective 
(Carl Zeiss). All images were analyzed with AxioVision software (Release 4.6, Carl Zeiss) 
and ImageJ software (Release 1.41, National Institutes of Health, Bethesda, USA).

Plasminogen binding ELISA 

Nunc PolySorp ELISA plates (Thermo Scientific, Breda, the Netherlands) were coated with 
5 µg/mL VWF or 1 µg/mL recombinant VWF A1 domain (U-protein Express, Utrecht, the 
Netherlands). The plates were blocked with 2% bovine serum albumin in PBS for 1 hour. 
Plasminogen binding was analysed in PBS containing 50 µM PPACK and 50 µM GGACK 
(Pro-Phe-Arg-chloromethylketone and Glu-Gly-Arg-chloromethylketone, respectively, 
Haematologic Technologies Inc, Vermont, USA) to prevent enzymatic activity and in the 
presence of 200 mM ɛACA where indicated. Competition ELISAs were performed by 
determining the binding of 100 µg/mL plasminogen in the presence of a concentration 
range of VWF A1 domain. After plasminogen binding, plates were washed with PBS 0.05% 
Tween and incubated with goat anti-plasminogen (Affinity Biologicals, Ancaster, Canada). 
HRP-labeled RAGPO (Dako) was added followed by staining with TMB substrate (Tebu-Bio) 
and H2SO4. Absorbance was measured at 450 nm.

Western blotting

10 µg/mL purified VWF was incubated with 10 U/mL streptokinase (Streptase, CSL Behring, 
Ontario, Canada) and respectively 10, 100, 250, 750 and 1000 µg/mL plasminogen for 2 
hours at 37°C. The samples were mixed 1:1 with sample buffer containing DTT and boiled 
for 10 minutes at 95°C. SDS-PAGE was performed using a 6% running and 4% stacking 
polyacrylamide gel and proteins were transferred to a polyvinylidenefluoride membrane 
(Millipore, Amsterdam, the Netherlands). Odyssey blocking buffer (LI-COR Biosciences, 
Lincoln, NB, USA) was used for blocking and for primary antibody (anti-VWF, Dako) and 
secondary antibody (goat anti-rabbit AF680, A21057, Invitrogen). Protein bands were 
visualized with the Odyssey Imaging system (LI-COR Biosciences). Quantification was 
performed using ImageJ software (Release 1.41).
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Platelet agglutination and aggregation

Agglutination assays were performed with both washed platelets (WP) and platelet rich 
plasma (PRP). For WP, 10 µg/mL purified VWF was mixed with 10 U/mL streptokinase, 216 
µg/mL plasminogen, 200 mM ɛACA, 10 ng/mL tPA or combinations thereof. The mixed 
samples were immediately added to pre-warmed washed platelets (200x103/µL) containing 
200 µM RGDW (NKI, Amsterdam, the Netherlands), 100 µg/mL iloprost (Bayer, Leverkussen, 
Germany) and 0.6 mg/mL ristocetin (Biopool Us Inc, Jamestown, NY). Agglutination assays 
in PRP were performed by adding 10 U/mL streptokinase with or without 200 mM ɛACA 
to pre-warmed PRP (200 G/L) containing 200 µM RGDW, 100 µg/mL iloprost and 1.6 mg/
mL ristocetin. Agglutination was recorded for 30 minutes at 37°C with an aggregometer 
(Chrono-log model 700, Stago, Leiden, the Netherlands). Platelet aggregation experiments 
were performed with WP, to which 1 mg/mL purified fibrinogen and 10 µg/mL VWF were 
added. Aggregation was induced by the addition of 1 IU/mL α-Thrombin or 5 µg/mL type I 
collagen (Horm-collagen; Nycomed, Linz, Austria) in the presence or absence of 10 U/mL 
streptokinase and 216 µg/mL plasminogen.

Aggregate formation under flow and real-time video microscopy

Coverslips were attached to polydimethylsiloxane (PDMS) perfusion chambers. The channels 
were coated with 0.1 mg/mL type I collagen and blocked overnight at 4˚C with 1% human 
serum albumin. Whole blood with and without 100 U/mL streptokinase was perfused at 
a shear rate of 1600 sec-1 for 5 minutes and movies and snapshots were recorded with 
differential interference contrast (DIC) microscopy, using a 40x/1.25 oil Neofluar objective 
(Carl Zeiss). All images were analyzed with AxioVision software (Release 4.6, Carl Zeiss) 
and ImageJ software (Release 1.41).

Patient studies
Plasma samples from healthy individuals and patients with TTP were collected in trisodium 
citrate (3.2% w/v). Plasma samples of TTP patients in remission without clinical signs of 
microangiopathy were obtained between 1 month and 6 years after they experienced 
their latest episode. Samples from patients with acute TTP were obtained before plasma 
transfusion and on consecutive days during acute disease state. All donors and patients 
gave written informed consent. Approval was obtained from the Medical Ethical committee 
of the University Medical Center Utrecht. Plasma was prepared by double centrifugation 
at 2000xg for ten minutes and stored at -80 °C. ELISAs were performed on citrated plasma 
samples obtained from TTP patients in remission and acute status. Control samples were 
obtained from the healthy volunteers and were age and gender matched to the TTP patients. 
PAP-complexes were determined by ELISA, according to the manufacturer’s protocol 
(Technoclone, Vienna, Austria). ADAMTS13 activity was determined using fluorescence 
resonance energy transfer (FRETS) assay for ADAMTS13 activity (Peptides International, 
Lexington, USA). ADAMTS13 activity of normal pooled plasma was set at 100%, and the 
values obtained in individual plasma samples were expressed as percentage of normal 
pooled plasma. Similarly, α2-antiplasmin activity was determined by incubating 10 µL 
purified plasmin (13 nkat/mL; Roche, Woerden, the Netherlands) for 30 seconds with 10 µL 
of 5-times pre-diluted citrated patient plasma in HBS. After incubating for 30 seconds, 40 
µL plasmin substrate was added (6 mM; MM-L-Tyr-Arg-pNA, Roche) and conversion was 
measured at 405nm for 300 seconds. Slopes were determined and related to the capacity 
of normal pooled plasma (defined as 100%) to inhibit plasmin activity. 
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Statistics

The significant difference between groups of patient samples was compared using the 
Mann-Whitney U test. A p-value of less than 0.05 was considered significant. We indicated 
p-values <0.05 with * and <0.01 with **. All data analyses were performed with computer 
software (IBM SPSS Statistics 20.0, SPSS Inc., Chicago, IL, USA).

RESULTS

Plasmin degrades platelet-VWF complexes on endothelial cells 

To investigate our primary hypothesis that plasmin formation on endothelial cells could 
substitute for ADAMTS13, we cultured endothelial cells, stimulated them to release 
VWF under flow and monitored them by real-time video microscopy. Stable platelet-
VWF complexes formed under flow in absence of ADAMTS13 that were followed for five 
minutes prior to experiments. Subsequently, plasma levels of plasminogen (Plg; 216 µg/
mL) with or without 10 ng/mL of uPA were added. We found that uPA and plasminogen 
together immediately degraded platelet-covered strings of VWF (Figure 1a). A monoclonal 
antibody that blocks the interaction of uPA with its receptor uPAR27 protected these 
platelet-VWF complexes from degradation (Figure 1b). Addition of plasminogen or uPA 
alone (Figure 1c, d) did not reduce the stability of these strings. This indicates that activated 
endothelial cells support sufficient uPA-dependent plasminogen activation through uPAR 
expression to degrade nearby platelet-VWF complexes in a matter of seconds. In parallel 
control experiments, we determined that these endothelial cells externalize uPAR by 
immunofluorescence microscopy and support uPA-mediated plasminogen activation in 
chromogenic substrate assays after stimulation (Supplemental Figure 1). It was previously 
reported that platelet-VWF complexes are efficiently targeted for degradation by ADAMTS135. 
We next investigated whether the binding of platelets was also required for the cleavage 
of VWF by plasmin. Hereto, we incubated activated HUVEC under static conditions with 
plasminogen only, or uPA and plasminogen together. When these HUVEC were incubated 
with uPA and plasminogen together, the vast majority of VWF was removed from the cell 
surface within one hour (Figure 1e) and was now present in the supernatant (Figure 1f; data 
are normalized to VWF release by uPA-dependent plasminogen activity after one hour; 
100% represents 49.7 ng/mL of released VWF antigen). In other experiments, we found that 
simultaneous incubation of activated HUVEC with tPA (10 ng/mL) and plasminogen did not 
induce the release of VWF (Figure 1f). Moreover, platelet-VWF complexes on endothelial 
cells were not degraded by plasminogen in the presence of tPA under flow (not shown). 
These result from the above experiments indicate that uPA-triggered plasmin activity is 
independently able to degrade endothelial-cell released VWF in the presence and absence 
of platelets.

Plasminogen binds to and cleaves VWF in a lysine-dependent manner.

ADAMTS13 requires direct binding to VWF for cleavage28. We subsequently investigated 
whether plasmin acts in a similar fashion and found that plasminogen can bind directly 
to immobilized VWF (Figure 2a). This binding is completely inhibited by addition of the 
soluble lysine analog ɛACA (200 mM29), indicating that this interaction is similar to the 
binding of plasminogen to fibrin30. In good correspondence to these binding studies, the 
cleavage and release of VWF by uPA-activated plasmin on endothelial cells was dependent 
on lysines and abrogated by addition of ɛACA (Figure 2b).  
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Figure 1: Plasmin degrades platelet-VWF complexes on endothelial cells in a uPA/uPAR-dependent manner.
Time-lapse morphology of stable platelet-covered VWF strings after addition of a) plasminogen (Plg) and 
uPA, b) Plg and uPA in presence of a blocking antibody against uPAR, and c) Plg only or d) uPA only. Scale 
bars represent 25 µm. e) immunohistochemical determination of VWF retention on endothelial cell surface 
after incubation with plasminogen with or without uPA. VWF in green, nuclei (DAPI) in blue. Scale bars 
represent 25 µm. f) release of VWF antigen from PMA-stimulated endothelial cells into culture supernatant, 
determined by ELISA, after treatment with Plg, with and without uPA or tPA. Error bars indicate standard 
deviations (n=3). Data are normalized to VWF release by uPA-dependent plasminogen activity after one 
hour. 100% represents 49.7 ng/mL of released VWF antigen. Microscopy images are representative for 
experiments that were repeated at least three times.
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Figure 2: Lysine-dependent binding of plasminogen to VWF and its A1 domain mediates cleavage.
a) Dose-dependent binding of plasminogen (Plg) to immobilized VWF in presence and absence of ɛACA. b) 
Release of VWF antigen from endothelial cells into culture supernatant, determined by ELISA, after treatment 
with Plg and uPA in presence and absence of ɛACA. Error bars indicate standard deviations (n=3). Data are 
normalized to VWF release by uPA-dependent Plg activity after one hour. 100% represents 49.7 ng/mL of 
released VWF antigen. c) Time-lapse morphology of stable platelet-covered VWF strings after addition of Plg 
and uPA without ɛACA and d) with ɛACA. Scale bars represent 25 µm. e) Direct lysine-dependent binding of 
Plg to immobilized VWF A1 domain. f) Dose-dependent competition between recombinant VWF A1 domain 
in solution and immobilized VWF for Plg binding. Error bars indicate standard deviations; experiments were 
repeated at least three times.

Similarly, ɛACA protected platelet-covered VWF strings against degradation in the presence 
of uPA and plasminogen (Figure 2 c, d).  

Together, these findings suggest that lysine-dependent interactions between VWF and 
plasmin are required for the cleavage of VWF. We next aimed to identify a binding site 
for plasminogen in VWF. VWF contains numerous lysine residues, dispersedly located 
throughout the molecule (http://www.uniprot.org/uniprot/P04275). The most lysine-
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rich area in the mature molecule resides in VWF A1 domain: KKKK1383-1386. We therefore 
investigated whether this domain is has the capacity to bind plasminogen independently. 
First, we confirmed that plasminogen directly binds to immobilized recombinant VWF A1 
domain, in a lysine-dependent manner (Figure 2e). Moreover, the binding of plasminogen 
to immobilized VWF was competitively inhibited by A1 domain in solution (Figure 2f). 
These experiments indicate that VWF A1 domain contains a high-affinity lysine-dependent 
binding site for plasminogen. 

Figure 3: Streptokinase-activated plasminogen lysine-dependently degrades platelet-VWF complexes.
Time-lapse morphology of stable platelet-covered VWF strings after addition of a) streptokinase-activated 
plasminogen (Plg strep) and b) streptokinase-activated Plg and ɛACA. Scale bars represent 25 µm. c) 
Ristocetin-induced platelet agglutination in the presence of Plg with or without streptokinase, tPA or uPA. 
d) Addition of ɛACA prevents agglutinate breakdown by streptokinase-activated Plg (either added prior to- 
or 9 minutes after onset of agglutination; indicated with black arrow). e) Lysine-dependent degradation of 
ristocetin-induced platelet agglutination in platelet-rich plasma by streptokinase-activated Plg. Shown figures 
are representative for experiments that were performed at least three times.
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Streptokinase-activated plasminogen degrades platelet-VWF complexes

We next investigated whether therapeutic thrombolytic agents that trigger plasminogen 
activation can also be used to degrade platelet-VWF complexes and bypass the necessity 
for uPA and ADAMTS13. Hereto, we activated plasminogen with streptokinase, which is 
used in the treatment of myocardial infarction and pulmonary embolism. Streptokinase-
activated plasminogen slowly degraded purified VWF in solution (Supplemental Figure 
2), as was reported earlier for purified plasmin10,11. In contrast, streptokinase-activated 
plasminogen rapidly cleaved platelet-covered VWF strings from endothelial cells under 
flow (Figure 3a). This cleavage was also lysine-dependent; ɛACA protected against 
streptokinase-mediated degradation of platelet-VWF complexes (Figure 3b). The cleavage 
of VWF by ADAMTS13 can occur in the absence of endothelial cells5,31. So far, we had 
only studied the effects of plasminogen activation on the surface of endothelial cells. These 
cells present lysine-dependent plasminogen receptors on their surface that may contribute 
to the localization of plasmin activity on their surface32. We therefore next investigated 
whether plasmin-mediated destruction of platelet-VWF complexes was restricted to the 
endothelial cell surface. Hereto, we triggered platelet agglutination by ristocetin in the 
presence streptokinase-activated plasminogen. Although platelet-VWF complexes formed 
normally, they became unstable and fell apart immediately after full agglutination (Figure 
3c). In contrast, the addition of plasminogen alone, or in the presence of uPA or tPA 
did not induce degradation of these complexes. This indicates the critical role for uPAR 
expression by endothelial cells during our previous experiments. Moreover, platelet-
VWF complexes in suspension were fully protected against degradation by streptokinase-
activated plasminogen in the presence of ɛACA (Figure 3d) and addition of ɛACA after the 
onset of plasmin digestion immediately halted further degradation (Figure 3d; ɛACA added 
after 9 minutes of agglutination is indicated by black arrow). Also in platelet-rich plasma, 
ristocetin-induced platelet agglutinates were sensitive to breakdown by streptokinase-
activated plasminogen in a lysine-dependent manner (Figure 3e). These data indicate 
that thrombolytic plasminogen activators can bypass ADAMTS13 and uPA to induce the 
breakdown of platelet agglutinates.

Uncontrolled plasmin activity can affect multiple important targets in the hemostatic 
system, which are involved in platelet aggregation and hemostasis (e.g. fibrinogen, platelet 
Glycoprotein Ibα31). We therefore investigated whether the levels of streptokinase-activated 
plasminogen that degrade platelet-VWF complexes, also generally affect platelet aggregate 
formation. Hereto, we triggered platelet activation by type I collagen or α-thrombin. Both 
these physiological agonists induced complete and irreversible platelet aggregation in the 
presence of streptokinase-activated plasminogen. However, we found that the initial phase 
of platelet aggregation was delayed (Figure 4 a, b), suggesting an auxiliary role for VWF 
during the initiation of aggregate formation. Under flow, platelet aggregate build up on 
immobilized collagen at arterial shear remained unaffected in the presence of streptokinase-
activated plasminogen (Figure 4c; quantification of surface coverage in panel 4d), even 
when whole blood was pre-incubated with streptokinase for 5 minutes prior to perfusion. 
Together, these data indicate that globular plasma VWF, nor collagen-bound VWF form 
efficient targets for plasmin-mediated breakdown, whereas platelet-VWF complexes are 
rapidly degraded. 
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Figure 4: The effect of streptokinase-activated plasminogen on primary hemostasis.
The effect of streptokinase-activated plasminogen (Plg strep) and ɛACA on platelet aggregation, triggered by 
a) type I-collagen (Col), or b) α-thrombin. c) Whole blood perfusion over immobilized type I-collagen at 
1600 sec-1 shear in the presence or absence streptokinase (5 minutes preincubated with whole blood). d) 
Quantification of surface coverage (n=4 experiments with individual donors). Scale bars represent 25 µm; 
error bars indicate standard deviations.

Plasminogen activation during thrombotic thrombocytopenic purpura attacks

As we had found that plasmin can degrade platelet-VWF complexes in absence of 
ADAMTS13 activity, we hypothesized that plasminogen activation may also occur 
during attacks of microangiopathy in TTP. We next aimed to investigate the status of the 
plasminogen activation system in a collection of citrated plasma samples from TTP patients, 
acquired both during times of TTP attack as well as during times of remission. We set out to 
characterize our cohort in two ways. First, we determined ADAMTS13 activity and confirmed 
that it was lowered during active TTP (mean ± SD = 4.35 ± 9.66%; n=32), compared to 
remission samples (14.84 ± 16.73%; n=26) (Figure 5a). Intriguingly, a significant number of 
TTP patients had little (8 patients <10%) or no (9 patients) detectable ADAMTS13 activity, 
despite being in remission. As a second characterization, we determined the incidence of 
α2-antiplasmin deficiency amongst our group of TTP patients. This deficiency was recently 
reported to translate into gradual proteolysis of ADAMTS13 and VWF in a TTP patient33. 
We found that α2-antiplasmin activity was slightly lowered during acute TTP (97.6% ± 
13.3) compared to patients in remission (105.7% ± 8.2) and healthy controls (103.4% ± 
6.0) (Figure 5b). However, no α2-antiplasmin deficiencies were found amongst our patients 
that could help to explain their lowered ADAMTS13 levels or development of TTP attacks.

We next went on to determine levels of plasmin-α2-antiplasmin (PAP)-complexes, which 
serve as a marker for recent plasminogen activation (Figure 5c). During active TTP, PAP-
complex levels were elevated (2.57 ± 1.97 µg/mL) compared to patients in remission (1.26 
± 0.54 µg/mL). For control purposes, we also determined these PAP-complex levels of in a 
group of normal healthy donors (NHD; 1.20 ± 0.32 µg/mL; n=19). Based on these values, 
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we defined having elevated PAP-complex levels as being above the mean of this group + 
3x SD34. In active TTP patients, 8 out of 26 (31%) had elevated PAP-complexes. During 
remission, 2 out of 32 TTP patients (6%) and none of our healthy donors had elevated PAP-
complex levels.

Figure 5: Plasminogen activation in thrombotic thrombocytopenic purpura. 
a) ADAMTS13 activity levels in TTP patients in remission and during active disease. b) α2-antiplasmin 
activity and c) PAP-complex levels in TTP patients in remission, during active disease and in normal healthy 
donors (NHD). d) PAP-complexes in all TTP patients, categorized by platelet counts (open symbols represent 
patients in remission; closed symbols represent patients during active disease).

We next categorized all our patient samples by platelet counts, as a marker for disease 
severity, and investigated a correlation with PAP-complex levels. We found that these 
complexes were predominantly elevated in samples of patients with platelet counts below 
50x103 platelets/µL (4.05 ± 2.27 µg/mL; Figure 5d; Acute TTP samples in closed circles; 
remission samples in open circles). In the second category (50-100 x103 platelets/µL), 
PAP-complexes were only modestly increased (1.69 ± 0.63 µg/mL) over the third (100-
150 x103/µL) and higher categories, which had normal PAP-complex levels (1.25 ± 0.44 
µg/mL). This indicated that plasminogen activation mainly occurs in patients with severe 
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thrombocytopenia, which is clinically linked to microangiopathy. We next analyzed whether 
there was a direct association between lowered ADAMTS13 activity and elevated PAP-
complexes. In TTP patients with undetectable ADAMTS13 activity, PAP-complexes were 
elevated, whereas they were normal in samples with low (1-20%) and moderate- to normal 
activity (20-100%) (Figure 6a). However, this negative association between ADAMTS13 
activity and PAP-complex levels only held true in patients with acute TTP attacks (Figure 6b), 
whereas no correlation between ADAMTS13 and PAP-complexes was found in remission 
samples (Figure 6c). This indicates that the state of TTP activity, rather than the absence of 
ADAMTS13 activity, induces plasminogen activation in TTP patients. We further explored 
this rationale by analyzing the relationship between ADAMTS13 activities, platelet counts 
and PAP-complex levels in repeated samples from three individual acute TTP patients that 
were taken on admission and on consecutive days during plasmapheresis treatment. In a 
first patient, platelet counts were directly related to ADAMTS13 activity: with increasing 
ADAMTS13 activity, platelet counts were correspondingly higher (Figure 6d). Inversely, PAP-
levels were high in this patient when platelet counts were low and normalized with higher 
platelet counts. The data from this single patient support the well-described antithrombotic 
properties of ADAMTS13 and shows that plasminogen activation is induced during attacks 
of thrombocytopenic microangiopathy. In contrast, platelet counts varied widely while 
ADAMTS13 activity remained undetectable despite plasmapheresis in two other patients 
(Figure 6 e, f). However, in good correspondence to our first patient, PAP-complexes in these 
patients were elevated in samples taken during severe thrombocytopenia, but normalized 
with increasing platelet counts. These data indicate that thrombocytopenia (and concurrent 
microangiopathy), rather than ADAMTS13 deficiency, triggers plasminogen activation in 
TTP patients.

Figure 6: The relationship between plasminogen activation and ADAMTS13 activity in thrombotic 
thrombocytopenic purpura. PAP-complexes in a) all TTP patients, b) acute TTP and c) TTP patients in 
remission. d-f) Platelet counts, ADAMTS13 activity (open symbols; left y-axis) and PAP-complex levels 
(closed symbols; right y-axis) in three individual acute TTP patients determined on several consecutive days 
during treatment by plasmapheresis.
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DISCUSSION

Attacks of TTP are hallmarked by occlusion of the microvasculature by platelet-VWF 
complexes and are life-threatening unless proper treatment is provided. ADAMTS13 
deficiency is often caused by autoantibodies and forms an important risk factor for TTP 
attacks6. Enigmatically, TTP patients can achieve remission while their ADAMTS13 activity 
remains undetectable9. Moreover, both patients and knockout mice with continuous 
deficiency do not present with continuous symptoms of TTP. As a result, it has been 
postulated that additional susceptibility factors beyond ADAMTS13 deficiency modify 
the onset TTP attacks35. In the present studies, we explored the hypothesis that a second 
enzyme can substitute for ADAMTS13 in its absence. Several candidate enzymes have been 
identified in vitro that can fulfill this role, such as thrombin, neutrophil elastase, granzyme 
M and plasmin12. TTP is generally characterized by fibrin-poor obstructive thrombi, 
modestly elevated thrombin-antithrombin (TAT)-complex levels and normal D-dimer levels. 
This suggests that the involvement of thrombin in TTP pathology is limited. Similarly, TTP 
episodes are not well-known for extensive neutrophil activation or the presence of elastase 
in the circulation. Taken together, out of the reported candidate enzymes, we hypothesized 
that plasmin is the primary candidate to investigate for its potential involvement in TTP.

Our in vitro experiments show that platelet-VWF complexes can be efficiently degraded 
through uPA-triggered plasminogen activation on endothelial cells (Figure 1). This can 
take place in the absence of ADAMTS13, through direct lysine-dependent binding of 
plasminogen to VWF (Figure 2). Furthermore, exogenously added thrombolytic agents (i.e. 
streptokinase) degrade platelet-VWF complexes with equal efficacy and can be securely 
controlled by the administration of lysine-analogues (Figure 3). In contrast, plasminogen 
activation has little effect on platelet aggregation in suspension and under flow (Figure 4). 
These findings indicate that platelet-VWF complexes, rather than platelet aggregates in 
general are susceptible to degradation by plasmin activity. The cleavage of VWF by plasmin 
has been previously reported10-12. In these studies, globular (plasma) VWF was exposed 
to plasmin activity for prolonged periods of time (hours). The resulting degraded VWF 
displayed a shifted multimer pattern and a reduced capacity to support primary hemostasis. 
We propose that the cleavage of VWF by plasmin is a function of its conformation: like 
ADAMTS13, plasmin has limited affinity for the binding to- and cleavage of globular VWF. 
The unfolding of VWF enhances the susceptibility of VWF for plasmin-targeted degradation. 
As a result, uPA-triggered plasminogen activation destroyed platelet-VWF complexes on 
endothelial cells and in suspension in a matter of seconds after their formation. However, 
the cleavage of VWF under static conditions both on endothelial cells (Figure 1f) and in 
solution (Supplemental Figure 2) took considerably longer.

In the past, plasminogen activation (marked by PAP-complexes36) and unrestricted plasmin 
activity33 have been reported to take place during episodes of TTP for reasons that remain 
poorly understood. Even though modestly elevated TAT-complex levels have been reported 
in TTP, although this is not corresponded by formation fibrin-rich thrombi35 or generation of 
fibrin degradation products36,37, leaving the reasons for plasminogen activation uncertain. 
In our studies, we found elevated PAP-complexes in acute TTP patients with deep 
thrombocytopenia (Figure 5, 6), which hallmarks the catastrophic platelet consumption by 
microangiopathy. Since plasmin can efficiently disintegrate platelet-VWF in the absence 
of ADAMTS13, we propose that the observed plasminogen activation in TTP serves as an 
emergency mechanism to locally clear obstructive platelet-VWF complexes. This hypothesis 
is underlined by a recently published case-report, showing that the administration of 
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lysine-analogues can exacerbate a pre-existing microangiopathy38. Microscopic analyses 
of glomeruli revealed TTP-like fibrin-poor platelet obstructions in this patient, suggesting 
that targeting plasmin activity may interfere with the innate capacity of the vasculature to 
degrade obstructive agglutinates. Interestingly, the use of lysine analogues has also been 
associated with the development of acute cortical renal necrosis in patients without pre-
existing microangiopathy39 and even in patients with hemophilia A40, indicating that this 
rare side-effect is unrelated to excessive secondary hemostasis. It is attractive to think that 
proper clearance of platelet-VWF complexes was also impaired in these patients.

The identification of an endogenously present secondary mechanism for the degradation of 
platelet-VWF generates a large number of questions. First, how can the (micro)vasculature 
‘sense’ obstructions and induce plasmin formation? It is possible that endothelial cells 
sense hypoxia and subsequently stimulate plasminogen activation by upregulating and 
externalizing uPAR, as was shown to occur in vitro20. Secondly, if plasmin formation is 
meant to clear vascular obstructions, why are platelet-VWF complexes not immediately 
cleared during TTP? At present, it is difficult to speculate what would happen if TTP 
attacks occur without concomitant plasminogen activation. Potentially, the frequency 
or severity of clinically manifesting attacks could increase, as the potential to cope with 
subclinical microangiopathy becomes reduced. To study this, appropriate in vivo studies 
are necessary. Furthermore it is possible that in TTP patients, prior to the manifestation of 
clinical symptoms, components of the plasminogen activation system were depleted by 
consumption. For instance, lowered uPA levels were described during active TTP, possibly 
indicating consumption and depletion of this low-abundant plasma protein36.  

Finally, are there therapeutic opportunities to harness the capacity of plasmin in the 
treatment of microangiopathies? Although there certainly is a well-known risk for 
developing bleeding events secondary to fibrinolytic treatment, interesting opportunities 
may still present themselves in this direction. Platelet-VWF complexes are highly sensitive to 
plasmin and are degraded in seconds, while fibrin breakdown usually takes much longer41. 
Potentially, a single dose of a low amount of systemic plasminogen activation, insufficient 
for the clearance of fibrin, could suffice to restore the microcirculation. Moreover, if 
plasminogen activation during acute TTP is insufficient as a result of uPA consumption, 
uPA replacement therapy may offer great benefits. Current treatments for the management 
of TTP are time-consuming, costly, and complicated by inhibitory autoantibodies. Hence, 
any potential option for swiftly bypassing autoimmune ADAMTS13 deficiency warrants 
further investigation. In conclusion, we propose that plasminogen activation as is seen 
during TTP is meant for locally clearing obstructions of the microvasculature. This last line 
of proteolyic defense can operate independently of other enzymes, and may explain the 
episodal phenotype of TTP, but falls short to completely prevent microangiopathy. 
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SUPPLEMENTAL FIGURES

Supplemental figure 1: Activated endothelial cells express uPAR and support plasminogen activation by 
uPA. a) immunohistochemical stainting of uPAR (red) on HUVEC (nuclei in blue) without or with PMA. Scale 
bars represent 20 µm. b) A concentration series of uPA was added PMA-stimulated HUVEC in the presence 
of plasminogen (216 µg/mL). Conversion of chromogenic substrate was determined at 405 nm for 1 hour at 
37°C.

Supplemental figure 2: Streptokinase-activated plasminogen degrades VWF under purified conditions. 
10 µg/mL VWF was incubated for two hours at 37°C with a concentration series of streptokinase-activated 
plasminogen and analyzed by western blot.
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ABSTRACT 

Reendothelialization of the stent surface after PCI is known to be an important determinant 
of clinical outcome. We compared the effects of biological stent coatings, fibronectin, 
fibrinogen and tropoelastin, on umbilical vein endothelial cell (HUVEC) and vascular 
smooth muscle cell (VSMC) characteristics. Umbilical cord arterial segments were cultured 
on coated surfaces and VSMC outgrowth (indicating proliferation and migration) was 
measured after 12 days. mRNA was isolated from HUVEC and VSMC cultured on these 
coatings and gene expression was profiled by QPCR. Procoagulant properties of HUVEC 
were determined by an indirect chromogenic assay which detects tissue factor activity. The 
varying stent coatings influence VSMC outgrowth: 31.2 ± 4.0 mm2 on fibronectin, 1.6 ± 0.3 
mm2 on tropoelastin and 8.1 ± 1.5 mm2 on a mixture of fibronectin/fibrinogen/tropoelastin, 
while HUVEC migration remains unaffected. Culturing HUVEC on tropoelastin induces 
increased expression of VCAM-1 (13.1 ± 4.4 pg/ml), ICAM-1 (5.1 ± 1.3 pg/ml) and IL-8 
(11.6 ± 3.1 pg/ml) compared to fibronectin (0.7 ± 0.2 pg/ml, 0.8 ± 0.2 pg/ml, 2.3 ± 0.5 
pg/ml respectively), while expression levels on fibronectin/fibrinogen/tropoelastin remain 
unaltered. No significant differences in VCAM-1, ICAM-1 and IL-8 mRNA expression are 
found in VSMC. Finally, HUVEC cultured on tropoelastin display a 5-fold increased tissue 
factor activity (511.6 ± 26.7%), compared to cells cultured on fibronectin (100 ± 3.9%) or 
fibronectin/fibrinogen/tropoelastin (76.3 ± 25.0%). These results indicate that tropoelastin 
inhibits VSMC migration but leads to increased inflammatory and procoagulant markers on 
endothelial cells. Fibronectin/fibrinogen/tropoelastin inhibits VSMCs while compensating 
the inflammatory and procoagulant effects. These data suggest that coating a mixture of 
fibronectin/fibrinogen/tropoelastin on a stent may promote reendothelialization, while 
keeping unfavorable processes such as restenosis and procoagulant activity limited.
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INTRODUCTION

Stent implantation after percutaneous coronary intervention (PCI) is a widely applied method 
to dilate stenotic coronary arteries. Major complications of stent placement are restenosis 
and in-stent thrombosis. Bare-metal stents provoke a cascade of unfavorable inflammatory 
responses, starting with cytokine release leading to the infiltration of inflammatory cells and 
to the activation of vascular smooth muscle cells (VSMCs) in the tunica media1,2, eventually 
leading to restenosis of the stented segment. Contractile VSMCs are present in all normal 
healthy arteries to sustain vascular tone and resistance. Upon injury, the cells differentiate 
into synthetic VSMCs and gain the ability to proliferate and migrate3. This phenotype switch 
leads to decreased expression of SM α-actin mRNA, increased growth factor expression and 
deposition of extracellular matrix3-5. 

Drug-eluting stents (DES) significantly reduce the incidence of in-stent restenosis by 
inhibiting proliferation of VSMC and endothelial cells (ECs). Proliferation of ECs however, 
is necessary for reendothelialization of the stent surface and a delay in this process can 
result in late stent thrombosis6. ECs proliferate and migrate from the injured vessel wall 
onto the stent struts to cover the metal surface. Furthermore, previous studies have shown 
the capacity of circulating endothelial progenitor cells to home to exposed subendothelium 
and thereby promoting reendothelialization7,8. Coatings promoting the reendothelialization 
have been studied extensively. These studies focus on the use of antibodies or peptides 
to capture endothelial progenitor cells, or proteins to support the formation of a new 
endothelial layer in both stents and vascular grafts9-14. These surface were able to enhance 
the reendothelialization but non of these studies take along the effect of restenosis by 
inhibiting the smooth muscle cell migration. In the present study, we aimed to develop 
a possible stent coating that facilitates EC outgrowth, while it inhibits VSMC migration. 
Furthermore, procoagulant activity and expression of adhesion molecules on endothelial 
cells should be minimized. In this study, purified matrix and plasma proteins were studied 
because these simulate the conditions of a healthy artery and prevent inflammatory 
reactions due to foreign materials. Elastin is the most abundant extracellular matrix protein 
in the vascular wall and is formed by crosslinking several tropoelastin molecules which 
are secreted by VSMCs. Elastin is able to regulate the phenotypic switch and inhibit the 
proliferation and migration of VSMCs in vitro15-17. Extracellular matrix protein fibronectin 
and soluble plasma protein fibrinogen were both shown to facilitate EC adhesion as well as 
EC and VSMC proliferation and migration18-20. Contractile VSMCs cultured on fibronectin 
have been shown to become more synthetic due to this protein coating21.

In our study, we aim to develop an optimal possible stent coating, consisting of a cocktail of 
tropoelastin, fibronectin and fibrinogen to facilitate optimal EC outgrowth and to minimize 
VSMC proliferation, migration and inflammatory gene expression. Results show that 
fibrinogen and fibronectin matrix support both favorable EC outgrowth and unfavorable 
VSMC outgrowth. A tropoelastin surface decreased the proliferation and migration of 
VSMCs, while it induced an inflammatory and procoagulant response, indicated by 
excessive expression of VCAM-1, ICAM-1 and IL-8 mRNA in ECs, and increased tissue 
factor (TF) activity. Our data indicate that a surface coating of fibronectin, fibrinogen and 
tropoelastin facilitated optimal EC outgrowth, while VSMC outgrowth, inflammatory and 
procoagulant responses were minimal. 
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MATERIALS AND METHODS

Protein purification

Human fibronectin was purified from citrated plasma using affinity chromatography over 
a gelatin-Sepharose column as described by Klebe et al22. Fibrinogen was purchased from 
Enzyme Research Laboratories (Swansea, UK). Tropoelastin was made by culturing E.coli 
containing the plasmid for tropoelastin. Cell pellets were lysed with BugBuster (Merck 
KGaA, Damstadt, Germany). The inclusion bodies were extracted with 6 M urea, 50 mM 
Tris and 150 mM NaCl pH 7.9. The supernatant was incubated with nickel immobilized 
metal affinity chromatography (NI-IMAC) resin, washed with 20 mM Imidazole in 6 M urea, 
50 mM Tris and 150 mM NaCl pH 7.9. Tropoelastin was eluted with 300 mM Imidazole in 
6 M urea, 50 mM Tris and 150 mM NaCl pH 7.9. The fraction was dialyzed against HBSS 
and analyzed by SDS-PAGE for purity. 

Single proteins were diluted with PBS to a concentration of 100 µg/mL. Protein mixtures 
with two proteins contained 50 µg/mL of each protein. The protein mixture containing 
all three proteins contained 50 µg/mL fibronectin, 45 µg/mL fibrinogen and 5 µg/mL 
tropoelastin. Surfaces were coated with the different proteins via adsorption for 60 minutes 
at room temperature. 

Cell culturing

Human umbilical vein endothelial cells (HUVECs) were isolated from the umbilical vein. 
Trypsin-EDTA solution (Invitrogen, Breda, The Netherlands) was added to the vein and 
incubated for 15 minutes at 37 ºC. The trypsin solution containing the endothelial cells, 
was flushed out the vein and cells were spun down for 5 minutes at 350g. The pellet was 
resuspended in Endothelial Growth Medium-2 (EGM-2, Lonza, Walkersville, USA) and 
cultured until passage 3. 

VSMCs were isolated from the umbilical cord arteries. The arteries were isolated from the 
umbilical cord and rinsed with HBS (0.5 mM Hepes, 150 mM NaCl, 1 mM MgSO4, 5 
mM KCl) and 200 U/mL pen/strep (Invitrogen, Breda, The Netherlands). The arteries were 
dissected into small pieces and plated onto uncoated 6-wells plates with the lumen facing 
down. DMEM (Invitrogen, Breda, The Netherlands) containing 10% FBS, 100 U/mL pen/
strep and L-glutamine (Invitrogen) was added to the wells and refreshed 3 times a week. 
After approximately two weeks, cells were trypsinized and transferred to a T75 flask in 
F-12K nutrient mixture (Invitrogen) containing 10% FBS, 100 U/mL pen/strep, 10 mM 
Hepes (Invitrogen), 10 mM TES (Sigma, Zwijndrecht, The Netherlands), 1 x ITS (Sigma), 2.5 
mg/mL ascorbic acid and 15 mg ECGS (Sigma). Before using the cells in an assay, the cells 
were placed on DMEM containing 10% FBS overnight. Cells were used until passage 6.  

Migration assay

A 96-wells plate was coated with different protein coatings, air dried and cell seeding 
stoppers (Platypus Technologies, Madison, USA) were added to each well. HUVECs were 
added in a concentration of 5x105 cells per well in EBM medium containing 0.5% FBS 
(BioWhittaker Europe, Verviers, Belgium). VSMCs were seeded in a concentration of 
2.5x105 cells per well in DMEM containing only 0.5% FBS. Cells were able to adhere for 4 
hours and cell seeding stoppers were taken out followed by gently washing with PBS. Fresh 
cell culture medium containing 0.5% serum was added to the wells and cells were able to 
migrate for 20 hours. The cell coating conditions were optimized to reduce variation in cell 
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adhesion. The wells were coated with an optimized cell numbers to guarantee a confluent 
monolayer formation. The optimal conditions were obtained by comparing different cell 
concentrations. An equal amount of cells was used for all wells to make sure we are only 
looking at cell migration. The assay was performed in medium with 0.5% FCS, limiting 
the proliferative capacity of the cells. After this time period, cells were washed, fixed with 
2% paraformaldehyde for 20 minutes, fixed with methanol for 5 minutes and stained with 
May-Grünwald Giemsa. Pictures were made using a Zeiss inverted microscope with 25x 
magnification. ImageJ software was used and a macro was programmed that quantified the 
amount of pixels, which illustrate the absence of cells present in the center of the well. Pixel 
intensity gives a reliable indication about the number of cells that migrated into the circle 
for each well. The pre-migration control (stopper stayed in during this time point) was set at 
0% and the results of all other wells were calculated to this number. 

VSMC outgrowth assay

Arteries were isolated from the umbilical cord and rinsed with HBS (0.5 mM Hepes, 150 
mM NaCl, 1 mM MgSO4, 5 mM KCl) and 200 U/mL pen/strep. The arteries were dissected 
into small pieces and plated onto 6-wells plates coated with the different proteins with the 
lumen facing down. DMEM containing 10% FBS, 100 U/mL pen/strep and L-glutamine was 
added to the wells and refreshed 3 times a week. After 12 days, the cross sectional area of 
the cell covered surface around the pieces of artery was measured using millimeter paper 
printed on a transparent sheet. 

mRNA isolation and QPCR

HUVECs and VSMCs were cultured on the different protein coatings in 6-wells plates 
for 24 hours. mRNA was isolated using TriPure reagent according to the manufactures 
protocol (Roche, Almere, The Netherlands). After isolation, total RNA was treated with 
DNAse (GE Healthcare, Hoevelaken, The Netherlands). The presence of genomic DNA 
was tested by QPCR using housekeeping gene primers. cDNA was synthesized using the 
iScript cDNA synthesis kit (Bio-Rad, Veenendaal, The Netherlands) and 500 ng of total 
RNA. Amplification was performed using 10µL IQTM SYBR Green supermix (Bio-Rad, 
Veenendaal, The Netherlands) and 10µL cDNA. HUVEC values were corrected for the 
amount of ß-actin, VSMC values for the amount of GAPDH. Primers used for QPCR were 
as follows: ß-actin forward 5’-gatcggcggctccatcctg-3’ reverse 5’-gactcgtcatactcctgcttgc-3’, 
GAPDH forward 5’-acagtcagccgcatcttc-3’ reverse 5’-gcccaatacgaccaaatcc-3’, VCAM-
1 forward 5’-gctgctcagattggagactca-3’ reverse 5’-cgctcagagggctgtctatc-3’, ICAM-
1 forward 5’-ttgaaccccacagtcacctat-3’ reverse 5’-cctctggcttcgtcagaatca-3’, IL-8 
forward 5’-ctcttggcagccttcctgatt-3’ reverse 5’-actctcaatcactctcagttct-3’, eNOS forward 
5’-gagacttccgaatctggaacag-3’ reverse 5’-gctcggtgatctccacgtt-3’.

Immunofluorescent staining VCAM-1 

HUVECs were cultured in a 24-wells plate coated with the different proteins for 48 hours 
in EGM-2 medium. Cells were washed with PBS and fixed with 4% paraformaldehyde for 
30 minutes. VCAM-1 on the outer membranes was stained with mouse-anti-human VCAM-
1 (R&D systems, Abingdon, United Kingdom) and counterstained with goat-anti-mouse 
AF488 (Invitrogen, Breda, The Netherlands). DAPI containing Prolong gold (Invitrogen, 
Breda, The Netherlands) was used to embed the cells. VCAM-1 expression was analyzed 
using a Zeiss Axiovert40 inverted microscope (Zeiss, Sliedrecht, The Netherlands). 
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IL-8 ELISA

HUVECs were cultured in a 48-wells plate coated with the different proteins for 72 hours 
in EGM-2 medium. The supernatant was taken off and the IL-8 concentration was measured 
by ELISA according to the manufactures protocol (human CXCL8/IL-8 ELISA, R&D Systems, 
Abingdon, UK).   

TF activity assay

For analysis of tissue factor (TF) procoagulant activity, HUVECs were cultured in a 
96-wells plate on the different protein coatings for 6 hours. Cells were washed with HBS 
and incubated with 2 µg/mL factor X (FX, purified from fresh-frozen plasma as described 
previously23), 10 U/mL recombinant factor VIIa (rFVIIa, Novo Nordisk, Alphen aan de Rijn, 
The Netherlands) 10 mM CaCl2 and 5 mM glucose. FXa generation was measured at 405nm 
after the addition of FXa substrate (Pentapharm, Basel, Zwitserland). An antibody against TF 
(Generous gift from Dr. M. Kjalke, Hemostasis Biology, Novo Nordisk, Mavlov, Denmark) 
was added to block the reaction. Procoagulant activity was calculated based on a standard 
curve derived from serial dilutions of recombinant TF (Innovin, Dade Behring, Liederbach, 
Germany). 

Whole blood perfusion 

Blood was drawn from the median cubital vein and anti-coagulated with 10% sodium 
citrate (3.2% w/v). Glass coverslips were coated and blocked in 1% human serum albumin 
(ImmunoO fraction V, MP Biomedicals, Amsterdam, The Netherlands) at 4ºC overnight. The 
coverslips were placed on a laminar-flow perfusion chamber and the perfusion chamber 
was placed upside down in a 37ºC water bath. Plasma of the corresponding blood donor 
was perfused through the tubes and perfusion chamber to rinse. Whole blood was perfused 
for 30 minutes at venous shear rates (300 sec-1) or 10 minutes at arterial shear rates (1600 
sec-1). Coverslips were fixed in 4% paraformaldehyde for 30 minutes, methanol for 5 
minutes and stained with May-Grünwald Giemsa afterwards. Platelet covered area was 
quantified using Leitz microscope and Optimas 6.5 software.
 
Characterization of the coated surfaces

96-wells plates were coated with the different protein mixtures followed by blocking with 
10% fatty acid free BSA (Sigma, Zwijndrecht, The Netherlands). Wells were incubated 
with antibodies against one of the proteins using anti-fibrinogen (Santa Cruz, Heidelberg, 
Germany), anti-fibronectin (R&D systems, Abingdon, United Kingdom) or anti-elastin 
(Millipore, Amsterdam, the Netherlands). HRP labeled goat anti-mouse (Dako, Heverlee, 
Belgium) was added followed by TMB substrate (Tebu-bio, Heerhugowaard, the Netherlands) 
and H2SO4 to stop the reaction. The OD was measured at 450nm.  

Statistics

A Mann-Whitney test in SPSS 15.0 was used to compare the difference between 2 coatings 
with each other. N=3 for all experiments. Values are presented as mean ± SEM. A value of 
p < 0.05 was regarded significant. 
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RESULTS

HUVEC and VSMCs migration 

We investigated the effect of fibronectin, fibrinogen and tropoelastin and mixtures of these 
proteins on the migration of HUVECs and VSMCs. Migration of HUVECs and VSMCs was 
investigated by seeding cells around cell seeding stoppers. When these stoppers were taken 
out, an empty spot was created to allow cell migration for 20 hours. A small decrease in 
HUVEC migration was observed with cells on tropoelastin, with a migration of 72.3 ± 
1.3% compared to cells on fibronectin (81.6 ± 2.3%) as shown in figure 1. A decrease in 
VSMC migration was clearly observed on a coating with tropoelastin, which resulted in 
a migration of 60.8 ± 3.3% compared to fibronectin which induced migration for 83.8 ± 
2.6%. The mixture of FN/Fg/Tropo resulted in a migration of 68.6 ± 0.7%. These results 
show that tropoelastin induces less VSMCs migration and that a mixture of FN/Fg/Tropo still 
contains enough tropoelastin to exert the same effect on the migration.  

Figure 1: HUVEC and VSMC migration on different protein coatings. 
HUVECs (a) and VSMCs (b) were able to migrate on the different protein coatings towards the empty spot 
for 20 hours. A May-Grünwald Giemsa staining was performed to quantify the percentage of migration. The 
results of the quantification (c) show inhibited migration of VSMCs on a tropoelastin (60.8 ± 3.3%) and FN/
Fg/Tropo (68.6 ± 0.7%) coating compared to the migration on fibronectin (83.8 ±2.6%). Experiments were 
performed with 3 different primary HUVEC and VSMC donors. Error bars indicate SEM. 
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VSMC outgrowth from umbilical cord arteries 

A widely applied method to isolate VSMCs is by placing pieces of artery with the lumen 
down in a tissue culture dish in DMEM medium containing FBS. After a few days, migrated 
cells can be observed around the artery which will start to proliferate. With this isolation 
method, synthetic VSMCs are selected which are highly proliferative and contain less 
actin compared to the contractile VSMCs. To investigate whether the coating can inhibit 
the migration and proliferation of VSMCs from the artery, the wells were coated with the 
different protein mixtures and subsequently pieces of artery were added to the wells. After 
12 days, the size of each piece of artery and the size of the cell covered area around that 
piece of artery was measured. The coverage as depicted in figure 2b is the cell covered area 
minus the size of the artery in mm2. 

Figure 2: VSMC outgrowth from the umbilical cord artery on different protein coatings. 
Pieces of artery were placed lumen down on the different protein coatings and outgrowth of cells from the 
pieces of artery was measured after 12 days. a) Top row shows outgrowth of cells from the pieces of artery 
(black in left corner, white circle is microscope light). Bottom row shows higher magnification of the cells 
with elongated VSMCs on FN and Fg and disorganized VSMCs on tropo suggesting contractile VSMCs. b) 
Cell covered area was measured in 3 separate experiments with umbilical cords from 3 different donors and 
graphed. Inhibited outgrowth was observed on tropoelastin (1.6 ± 0.3 mm2) and FN/Fg/Tropo (8.1 ± 1.5 mm2) 
compared to fibronectin (31.2 ± 4.0 mm2). Error bars indicate SEM.   



81

      3

    5

   A fibronectin-fibrinogen-tropoelastin coating in vitro | 

Fibronectin was a potent stimulator of the outgrowth resulting in a cell covered area of 
31.2 ± 4.0 mm2 whereas this outgrowth was almost completely abrogated by tropoelastin 
with an area of 1.6 ± 0.3 mm2. The mixture of FN/Fg/Tropo also had a decreased outgrowth 
compared to fibronectin with a cell coverage of 8.1 ± 1.5 mm2. When the phenotype of the 
cells was examined, elongated and nicely arranged SMCs could be observed from cells on 
fibronectin and fibrinogen whereas the few SMCs on tropoelastin were disorganized and 
less vital. These results indicate an inhibited switch from the contractile to the synthetic 
phenotype by tropoelastin, even in the presence of other proteins.

Inflammatory and adhesion molecule expression levels in HUVECs and VSMCs

Increased expression of adhesion markers such as VCAM-1 and inflammatory markers 
such as IL-8 enhance migration and adhesion of inflammatory cells from the circulation. 
To investigate whether the expression of these markers is influenced by the surface coating, 
mRNA was isolated from HUVECs cultured on the different proteins for 24 hours and gene 
expression levels were measured by QPCR. This was the timepoint with the most prominent 
differences observed in a pilot experiment. All values were normalized for the housekeeping 
gene ß-actin. The culturing of HUVECs on tropoelastin resulted in an increased mRNA 
expression of VCAM-1 of 13.1 ± 4.4 pg/mL compared to fibronectin (0.7 ± 0.2 pg/mL) as 
shown in figure 3a. ICAM-1 levels also increased on tropoelastin cultured cells (5.1 ± 1.3 
pg/mL compared to FN 0.7 ± 0.2 pg/mL) as well as IL-8 (11.6 ± 3.1 pg/mL compared to FN 
2.3 ± 0.5 pg/mL). The increase of these gene expression levels were significantly less on 
the mixture of FN/Fg/Tropo (VCAM-1 3.8 ± 1.9 pg/mL, ICAM-1 1.1 ± 0.2 pg/mL, IL-8 4.3 
± 1.8 pg/mL) but an increase compared to fibronectin was found in all mixtures in which 
tropoelastin was present. Downregulation of eNOS mRNA levels indicates a dysfunctional 
endothelium since less NO can be produced by the endothelial cells. eNOS mRNA levels 
were measured and a trend towards a decrease in eNOS was found when cells were 
cultured  on tropoelastin (2.6 ± 0.4 pg/mL) compared to fibronectin (3.6 ± 0.8 pg/mL).  This 
decrease is gone when cells are cultured on the mixture of FN/Fg/Tropo (3.9 ± 0.8 pg/mL) 
(supplemental figure 2). All experiments were performed with HUVECs isolated from three 
different donors. In each experiment, the same variation between the different coatings was 
observed but the exact values changed between donors due to donor variability, explaining 
the relatively large error bars. An immunofluorescent staining for membrane VCAM-1 was 
performed on HUVECs cultured on the different proteins for 48 hours to examine whether 
the mRNA is translated into functional protein. Fluorescent staining indicates an increased 
staining intensity for HUVECs on tropoelastin compared to fibronectin as shown in figure 
3b. Also, an ELISA for IL-8 was performed on the supernatant of cells that were cultured on 
the different coatings for 72 hours, as shown in figure 3c. The supernatant of cells cultured 
on tropoelastin contained 393.3 ± 63.8 pg/mL IL-8 which is a high increase compared to the 
IL-8 levels measured in the supernatant of cells cultured on fibronectin (95.9 ± 11.1 pg/mL). 
Culturing HUVECs on a mixture of FN/Fg/Tropo did not give an increase in IL-8 (124.3 ± 
19.5 pg/mL). These results are comparable to the differences found in IL-8 mRNA expression 
levels and indicate effective translation of the mRNA into protein. Besides HUVECs, also 
VSMCs were cultured on the different proteins for 24 hours and mRNA was isolated. All 
VSMC values were normalized for the housekeeping gene GAPDH, since ß-actin levels 
might be affected by the phenotype switch. QPCR indicated no significant differences in 
VCAM-1, ICAM-1 and IL-8 expression in these cells (supplemental figure 3). These results 
show that culturing HUVECs on tropoelastin leads to an increased inflammatory and 
adhesion marker expression, while VSMC gene expression levels are not influenced by the 
tropoelastin coating. 
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Figure 3: Inflammatory and adhesion molecule expression levels in HUVECs. 
a) HUVECs were cultured on the different proteins and mRNA was isolated. Expression levels of VCAM-1, 
ICAM-1 and IL-8 were determined by QPCR. Culturing HUVEC on tropoelastin induces increased expression 
of VCAM-1 (13.1 ± 4.4pg/mL), ICAM-1 (5.1 ± 1.3pg/mL) and IL-8 (11.6 ± 3.1pg/mL) compared to fibronectin 
(0.7 ± 0.2pg/mL, 0.8 ± 0.2pg/mL, 2.3 ± 0.5pg/mL respectively), while expression levels on FN/Fg/Tropo 
remain unaffected. b) Immunofluorescent staining for VCAM-1 (green) and DAPI (blue) on HUVECs cultured 
for 24 hours show an increase in VCAM-1 surface expression on HUVEC cultured on tropoelastin compared 
to fibronectin. c) IL-8 ELISA on the supernatant of HUVECs after 72 hours of culturing on the different 
proteins. Increase in IL-8 protein levels on tropoelastin (393.3 ± 63.8 pg/mL), compared to fibronectin (95.9 
± 11.1 pg/mL) and FN/Fg/Tropo (124.3 ± 19.5 pg/mL). All experiments were performed with 3 different 
primary HUVEC cultures. Error bars indicate SEM.
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Procoagulant activity on HUVECs 

In addition to increased inflammation, a procoagulant state of HUVECs is also an 
unfavorable characteristic of cells on a stent surface. Under normal physiological conditions, 
endothelial cells have an anticoagulant surface and do not express TF. Under inflammatory 
conditions, TF can be exposed leading to complex formation with factor VIIa resulting in 
activation of factor X and thereby the initiation of the extrinsic pathway of coagulation. To 
examine whether the coating induces expression of active TF on the surface of HUVEC, 
factor Xa formation was measured after the addition of factor X, recombinant factor VIIa and 
calcium. The amount of Xa is dependent on the concentration active TF present on the cell 
surface. Figure 4 shows that an increased TF activity was measured on HUVECs cultured on 
tropoelastin (511.6 ± 26.7%) compared to fibronectin (100 ± 3.9%) whereas no differences 
were found on the mixture of FN/Fg/Tropo (76.3 ± 25.0%). An antibody against TF blocked 
the Xa formation completely indicating that it was TF from the cells resulting in factor Xa 
formation. These results show an increased procoagulant state of HUVECs when cultured 
on tropoelastin. 

Figure 4: TF activity on HUVECs. 
TF activity on the outer membrane of HUVECs was measured after 6 hours of culturing on the different 
proteins. Increased TF activity was measured on cells cultured on tropoelastin (511.6 ± 26.7%) compared 
to cells cultured on fibronectin (100% ± 3.9%) or FN/Fg/Tropo (76.3 ± 25.0%). An antibody against TF 
(αTF) added to the cells blocked the reaction. Experiments were performed with 3 different primary HUVEC 
cultures. Error bars indicate SEM.
   

Platelet adhesion under flow conditions

Platelets are known to adhere to fibronectin and fibrinogen under flow conditions. To 
analyze the amount of adhered platelets to the different coatings, citrate anti-coagulated 
blood was perfused over coated coverslips in a laminar-flow perfusion chamber. Blood was 
perfused at either venous shear rates (300 sec-1, figure 5a) for 30 minutes or arterial shear 
rates (1600 sec-1, figure 5b) for 10 minutes and adhered cells were fixed and stained with 
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May-Grünwald Giemsa. The platelet covered area was quantified and the results show that 
platelet adhesion is abrogated in the presence of tropoelastin (0%) under both shear rates. 
Fibrinogen is the most adhesive substrate and shows high surface coverage under both 
venous and arterial shear rates, 72 ± 8% and 84 ± 6% respectively. Platelets perfused over 
fibronectin adhere well under lower shear rates, 51 ± 3%, but the coverage is decreased 
with high shear rates to 13 ± 3%. Also the mixture with FN/Fg/Tropo supports platelet 
adhesion better under venous shear rates, 75 ± 13%, compared to arterial shear rates, 37 ± 
8%. These results show decreased platelet adhesion in the presence of tropoelastin but still 
a reasonable amount of adhesion on the mixture of FN/Fg/Tropo. 

Figure 5: Platelet covered area on different protein coatings. 
a) Adhered platelets were stained with May-Grünwald Giemsa after 30 minutes of perfusion of citrated 
whole blood under venous shear rates (300 sec-1) and b) after 10 minutes of perfusion under arterial shear 
rates (1600 sec-1). c) Quantification of platelet covered area of 3 different blood donors. Platelets were not 
able to adhere to tropoelastin (0%) but adhered to the mixture of FN/Fg/Tropo under both venous (75 ± 13%) 
and arterial (37 ± 8%) shear rates. Experiments were performed with 3 different blood donors. Error bars 
indicate SEM. 
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DISCUSSION

In this study, we have characterized the effect of fibrinogen, fibronectin and tropoelastin 
coatings on endothelial cell and smooth muscle cell growth and function. Tropoelastin has 
both favorable and unfavorable properties. On one hand, a tropoelastin matrix decreases the 
smooth muscle cell migration, while on the other hand, it does not support an effective EC 
outgrowth. The ECs that adhered to tropoelastin were proinflammatory and procoagulant, 
which indicates that tropoelastin matrix by itself is not an optimal stent coating. Fibrinogen 
and fibronectin matrix support EC outgrowth, but do also allow unfavorable VSMC 
outgrowth. Our data indicate that a mixture of FN/Fg/Tropo supported EC migration without 
triggering inflammation and coagulation, while VSMC migration was minimized. 

Table 1: Summary results of different protein coating properties 
The effects of the different coatings in the in vitro assays are summarized in the table. When the coating 
shows an increased effect in the corresponding assay, it is indicated with a “+”. When the coating shows a 
decrease in the specific assay, it is indicated with a ”-“. 

       
 FN Fg Tropo FN/Fg FN/Tropo Fg/Tropo FN/Fg/Tropo

HUVEC migration + + + + + + +

VSMC migration +  - - + + -  +/-

VSMC outgrowth + + - +  +/- - -

VCAM-1, ICAM-1, IL-8 expression 
HUVEC

- - + - +/-  +/- -

VCAM-1, ICAM-1, IL-8 expression 
VSMC

- - - - - - -

VCAM-1, IL-8 protein levels - - + - + +/- -

TF activity - - + - +/-  +/- -

Platelet adhesion venous shear + + - + - - +

Platelet adhesion arterial shear +/- + - + - - +/-

Stent coatings capturing circulating endothelial progenitor cells (EPC) or promoting 
endothelial cells growth have been shown to be successful with regards to improved 
reendothelialization. Antibodies against CD34 or VE-cadherin coated on the stent struts 
increased endothelial progenitor cell adhesion and thereby the formation of a new 
endothelial layer9-11,14,24. RGD-peptides and a REDV-epitope recognizing endothelial cell 
specific integrins, were shown to activate endothelial cell spreading and proliferation 
improving reendothelialization12,25. However, restenosis is not always prevented by the 
improved formation of an endothelial lining and non of these studies take along the 
effect of restenosis by inhibiting the smooth muscle cell migration. Smooth muscle cells 
are still activated by the stent placement and will still be able to contribute to neointimal 
hyperplasia. Drug-eluting stents are able to prevent this, but delay the healing of the artery 
and thereby increasing the risk for in-stent thrombosis. 
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In this study, we characterized the possible stent coatings on endothelial cell growth 
but also on their capability to inhibit smooth muscle cell migration. In vivo, the coating 
should provide an optimal surface for endothelial cells while smooth muscle cell migration 
should be inhibited when the cells come into close proximity of the stent struts. Elastin and 
tropoelastin are known for their capacity to inhibit VSMC proliferation and migration15-17. 
Our results show that tropoelastin has a similar effect as the main molecule elastin and is 
also suitable for the inhibition of VSMC migration. Tropoelastin can also promote endothelial 
cell proliferation when coated onto a stainless steel surface compared to an uncoated 
surface26. Conflicting results showed that endothelial cells were unable to form a monolayer 
on tropoelastin coated surfaces due to the decreased ability to adhere to the protein27. Our 
results support the results of Yin et al26 and show that tropoelastin is indeed able to induce 
endothelial cells proliferation but to a lesser extent as fibronectin and fibrinogen. Also, cell 
adhesion to tropoelastin in our experiments was not decreased as observed by Williamson 
et al27. Besides the limited capacity of tropoelastin for EC outgrowth, we also observed that 
tropoelastin induced increased inflammatory gene expression and increased procoagulant 
activity indicates an unfavorable complication of tropoelastin matrix. A fibrinogen coating 
was shown by previous studies to enhance endothelial cell adhesion and SMC proliferation 
and migration18,20 and also this was supported by our data. Fibronectin is known as a potent 
stimulator of cell adhesion and growth. Previous studies showed its ability to stimulate the 
differentiation of contractile VSMCs into a synthetic state and promote proliferation and 
migration19,21. 

Another characteristic of fibronectin and fibrinogen is that both these proteins are capable 
of capturing platelets under flow conditions28,29. In our hands, fibrinogen was the strongest 
platelet adhesive surface under both arterial and venous shear rates. No platelet adhesion 
and spreading were observed on tropoelastin and when tropoelastin was mixed with 
fibrinogen or fibronectin, adhesion was almost completely inhibited. The mixture of FN/
Fg/Tropo was still able to obtain an almost 40% platelet covered surface under arterial 
shear rates. Many studies focus on the suppression of platelet adhesion to the stent surface 
since this would lead to thrombosis and finally to occlusion of the stent. Recent studies, 
however, have shown that platelets might be necessary for reendothelialization. Platelets 
are a rich source of cytokines and growth factors that can induce differentiation of EPCs 
towards mature endothelial cells, and platelets have the capacity to facilitate homing of ECs 
and EPCs towards injury30-36. Moreover, activated platelets express P-selectin which binds 
P-selectin glycoprotein ligand-1 (PSGL-1) on EPCs resulting in tethering and rolling of these 
cells on the activated platelets33,36. A coating of platelet adhesive proteins on a stent surface 
that captures only a monolayer of platelets might facilitate the reendothelialization process 
by providing a source of growth factors and an extra capturing mechanism. 

It is unknown how the coating would be modified by plasma proteins upon stent 
implantation. The platelet adhesion experiments were performed with whole blood so the 
proteins present in the blood were able to bind to the surface and influence our own protein 
coatings. Plasma fibrinogen is known to bind immediately to the surface37. However, a 
diminished platelet adhesion in the presence of tropoelastin could still be observed 
indicating that our coating is still present on the surface. A major limitation of this study is 
the use of plastic and glass coated surfaces. Proteins binding to the metal surface of a stent 
are known to exhibit a different structure38. In vivo stent placement in a large animal model 
should further indicate the efficacy of this stent coating.

Taken together, a stent coating with the natural matrix and plasma components fibronectin, 
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fibrinogen and tropoelastin, could be a favourable coating that facilitates endothelial cells 
growth and that inhibits the negative side effects of smooth muscle cells activation. This stent 
may be an alternative for drug-eluting stents, which also inhibit the activation of VSMCs but 
do not allow reendothelialization, because EC proliferation is blocked. In vivo experiments 
are required to investigate whether this coating indeed leads to reendothelization and 
reduced restenosis. This stent coating might represent a novel therapeutic approach for 
improving the efficiency and long-term safety of stent placement in cardiovascular disease 
patients. 
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SUPPLEMENTAL FIGURES

Supplemental figure 1: Characterization of the coated surfaces
Tissue culture treated 96-wells plates were coated with the different proteins. Using antibodies against 
the different proteins, the presence of all the proteins was established (fibronectin top, fibrinogen middle, 
tropoelastin bottom graph). The highest OD450 was measured in wells were only one protein in a 
concentration of 100 µg/mL was coated. When a mixture of 2 proteins was coated, a decreased OD450 was 
measured and the results indicate the presence of both proteins in an equal manner. The mixture of three 
proteins also shows the presence of all three proteins after coating. Since only 5 µg/mL tropoelastin was used 
in this mixture, a lower OD450 is measured for this protein. Experiment was performed three times. Error 
bars indicate SEM.

Supplemental figure 2: eNOS mRNA expression in HUVECs. 
HUVECs were cultured on the different proteins and mRNA was isolated. Expression levels of eNOS were 
determined by QPCR. Culturing HUVEC on tropoelastin reduced the expression of eNOS (2.6 ± 0.4 pg/mL) 
compared to fibronectin (3.6 ± 0.8 pg/mL), while expression levels on FN/Fg/Tropo remain unaffected (3.9 
± 0.8 pg/mL). Experiment was performed with 3 different primary HUVEC cultures. Error bars indicate SEM. 
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Supplemental figure 3: Inflammatory and adhesion molecule expression in HA-VSMCs. 
HA-VSMCs were cultured on the different proteins and mRNA was isolated. Expression levels of VCAM-1, 
ICAM-1 and IL-8 were determined by QPCR. No significant differences were observed between the coatings 
on gene expression levels. All experiments were performed with 3 different primary HUVEC cultures. Error 
bars indicate SEM.
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ABSTRACT

Aim: Capture of endothelial progenitor cells (EPC) by an immobilized CD34 antibody on 
the stent struts has been shown to initiate reendothelialization. We attempted to optimize 
the CD34 antibody coating by combining it with proteins to facilitate optimal endothelial 
cell growth, while limiting smooth muscle cell outgrowth. 

Materials and Methods: Stents were coated with a combination of fibronectin, fibrinogen 
and tropoelastin; with or without the anti-CD34 antibody. The stents were implanted in 
rabbit iliac arteries for 7 and 28 days. 

Results: Stent endothelialization after 7 days showed no difference. Neointima formation 
was significantly reduced after 28 days in stents with the CD34 antibody. The presence of 
the different protein coatings did not affect intimal hyperplasia. 

Conclusions: These results indicate that the presence of additional co-immobilized proteins 
next to the anti-CD34 antibody neither improve reendothelialization nor neointima 
formation. 
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INTRODUCTION

Drug-eluting stents (DES) reduce neointima formation by inhibiting proliferation of 
vascular smooth muscle cells (VSMCs). This beneficial effect of early generation DES 
was accompanied by delayed vascular healing due to inhibitory effects of the drug on 
endothelial cells (ECs) leading to thrombotic complications1-4. Anti-proliferative drugs 
were non-specific and influence outgrowth of both, SMCs and endothelial cells, while 
proliferation of endothelial cells is desired. New generation DES showed a lower risk for 
stent thrombosis compared to bare metal stents5,6, due to improvements of the stent design 
and drug coatings. 

Besides drug eluting stents, other promising strategies have been used to reduce in stent 
thrombosis and restenosis. One of them is improving the endothelial cell coverage of 
the stent. A functionally intact endothelium prevents thrombotic complications, and 
also regulates the proliferation of the underlying SMCs. Endothelial cells can migrate 
from the injured vessel wall but also circulating endothelial progenitor cells (EPCs) are 
capable of homing towards the exposed sub-endothelium which subsequently promotes 
reendothelialization7,8. Capturing circulating EPCs on a stent surface enhances stent 
endothelialization and is therefore a promising strategy to reduce in-stent thrombosis and 
restenosis9-12. The GenousTM stent was designed for capturing EPCs using a CD34 antibody 
immobilized on the on the stent surface. Unfortunately, clinical studies did not show 
improved outcome compared to a bare metal stent10,13,14. In the current study, we aimed to 
study the effect of combining new stent coatings with anti CD34 antibodies on endothelial 
cell stent coverage and neointima formation. 

In a previous study, we analysed the properties of stent coatings in vitro. We found that a 
combination of tropoelastin, fibronectin and fibrinogen facilitated optimal endothelial cell 
growth, while VSMC outgrowth and endothelial inflammatory and procoagulant responses 
were kept minimal15. In this study, a rabbit model was used to study these specific stent 
coatings in vivo with and without the EPC capturing anti-CD34 antibody. 

MATERIALS AND METHODS

Experimental design

Forty-four female New-Zealand White Rabbits (3.5 to 4 kg, Charles River, Wilmington, 
USA) were studied. Stents were implanted in the left and right iliac arteries.  In each rabbit, 
2 randomly chosen stents were placed in both iliac arteries, one in each artery. After 7 or 28 
days, animals were sacrificed whereupon stents were excised for histological analysis. All 
animal experiments were performed after receiving approval from the Ethical Committee 
on Animal Experimentation of the UMC Utrecht, the Netherlands. Animal care followed 
established guidelines.

Stent design

The stent coatings that were used are bare metal, anti-CD34, fibronectin/fibrinogen, 
fibronectin/fibrinogen/anti-CD34, fibronectin/fibrinogen/tropoelastin and fibronectin/ 
fibrinogen/tropoelastin/anti-CD34. Bare metal and anti-CD34 were commercially available 
stents (R-Stent Evolution 2, Genous  Bio-engineerd stent, OrbusNeich B.V., Hoevelaken, 
the Netherlands). The other coatings were custom-made, non-FDA approved devices using 
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the same stent platform as that of the bare metal stents (Ssens, Enschede, the Netherlands; 
OrbusNeich B.V., Hoevelaken, the Netherlands). Fibrinogen was purchased from Enzyme 
Research Laboratories (Swansea, UK), fibronectin from Millipore (Billerica, USA). 
Tropoelastin was purified as described before15. The proteins were covalently coupled to 
the stent surface on both sides of the stent. 

Anesthesia

Before operation and termination, rabbits were fasted overnight. As premedication, rabbits 
were injected with 0.5 mL vetranquil and 0.5 mL methadone intra muscular. Etomidate 
(2 mL) was injected via the ear vein and after intubation rabbits were ventilated with a 
mixture of oxygen and air (1:2), and 1.5% isoflurane. An air vein was used for continuous 
administration of 4 µg/hr sufentanil. 

Stent implantation

Rabbits were injected with 150 U/kg heparin i.v. prior to vessel manipulation. 1 mg/kg 
meloxicam s.c. was administered before surgery as analgesia. A 4F sheath was placed in 
the right common carotid artery and angiograms of the iliac arteries were obtained by 
contrast injection. No nitrates were used. A Fogarty catheter (4.5F) was inserted via the 
sheet and placed in the iliac arteries using angiography. The balloon was dilated and pulled 
through the iliac artery for approximately 3 centimeters to create endothelial damage. This 
denudation was performed twice in both iliac arteries. After endothelial denudation, the 
stents (3.5 x 13 mm) were inserted via the sheet. Pressure was applied to inflate the balloon 
and unfold the stent to a size of 3.4 mm. After stenting, a second angiogram was obtained. 
After surgery, rabbits daily received freshly prepared drinking water with 10 mg aspirin 
(Aspro, Bayer, Mijdrecht, the Netherlands) per 100 mL water. Rabbits consumed about 350 
mL water a day and their drinking behavior was monitored. 

Quantitative angiography

Angiograms of the iliac arteries before and after stent placement were obtained during 
intervention and termination (Philips BV Pulsera, Eindhoven, the Netherlands). The diameter 
of the lumen at maximal stenosis was measured using ImageJ before stenting, after stenting, 
and just before termination (Release 1.41, National Institutes of Health, Bethesda, MD, 
USA) and calibrated using a ruler placed in the same image during angiography. Ratio 
lumen loss was defined as the angiographic diameter after stenting / angiographic diameter 
at termination.

Tissue preparation and histological analysis

Animals were sacrificed after 7 (n=23) and 28 (n=21) days and stents were harvested. 
Heparin (1000 U/kg, i.v.) was administered prior to vessel manipulation. Catheters were 
placed in the aorta and vena cava under anesthesia (as described before) An angiogram 
was made to analyze the stents and surrounding arteries. Ringers lactate was perfused into 
the aorta to flush the stent to remove all blood cells. After perfusion with buffer, 100 mL 
4% paraformaldehyde (PFA) buffered with PBS was perfused via the aorta to pressure fix 
the tissue. Subsequently, the rabbits were sacrificed and the stents and adjacent arteries 
were dissected. The stents that were obtained after 7 days were cut axially in 2 equal parts. 
One part of this stent was used for morhpometric analyses and part was used for electron 
microscopical imaging. Morphometric analyses were executed on the stents obtained 
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after 7 and 28 days rabbits which were fixed in formalin for at least 72 hours followed by 
embedding in methyl metacrylate (MMA) for further histological analysis. Sections were 
cut with a diamond-coated saw at the center of top, the center and the bottom of the 
stent. A Hematoxylin-Eosin staining was performed for morphometric analysis. Neointima 
formation was traced manually using pictures made at a 20x magnification using ImageJ. 
Half of the stent from rabbits terminated after 7 days was used for scanning electron 
microscopy (sEM). For this purpose, stents were fixed in a 1.5% glutarealdehyde in 0.1 
M cacodylate buffer pH 7.2. A secondary fixation using 1% osmium tetroxide in 0.1 M 
cacodylate buffer was performed, followed by dehydration. Samples were critical point 
dryed, sprayed with platinum and analyzed using sEM (Phenom desktop sEM, Phenom-
World BV, Eindhoven, the Netherlands). Pictures were made at 380x magnification and 
stent endothelialization was quantified manually using ImageJ. 

Statistics

The differences between two coatings was compared with a Mann-Whitney test. Values are 
presented as mean ± standard error of the mean (SEM). A value of P < 0.05 was regarded 
significant. Statistical analysis was performed using SPSS version 20 software.

RESULTS

Quantitative angiography     

Stents were positioned in the iliac arteries of rabbits for a period of 7 or 28 days. Examples 
of angiograms of stented arteries after 7 and 28 days, prior to termination are shown in 
figure 1. 

Figure 1: Angiographic analysis. Angiograms obtained 7 and 28 days after stent placement. Location of the 
stent is indicated with an arrow. 

Quantification of balloon/artery ratio and lumen loss are shown in table 1, and no differences 
were observed for any stent type. No stent thrombosis or occlusion was observed directly 
after stent placement and after 7 or 28 days. 

Stent endothelialization after 7 days of stent placement

Stents were harvested after 7 days for endothelialization analysis. Endothelialized surface 
was measured with scanning electron microscopy (sEM) analysis in 8 single pictures per 
stent at a 350 times magnification. A representative example for each coating is shown in 
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figure 2a. In each picture, stent outlines were determined and the percentage of coverage 
on the stent struts was measured. Coverage in the different groups was 74.3 ± 7.5 % in BMS, 
75.8 ± 6.1 % in αCD34, 85.6 ± 3.7 % in fibronectin/fibrinogen, 85.1 ± 4.5 % in fibronectin/
fibrinogen/tropoelastin, 87.9 ± 4.0 % in fibronectin/fibrinogen/αCD34 and 89.1 ± 4.3 % in 
fibronectin/fibrinogen/tropoelastin/αCD34. No significant differences between the groups 
were found in endothelialization after 7 days (figure 2b, P = 0.867 for BMS vs αCD34, 
P = 128 for αCD34 vs fibronectin/fibrinogen/tropoelastin/αCD34). A detailed picture of 
cells with endothelial morphology is shown in figure 2c. This morphology was found in all 
samples.

Table 1. Angiographic analysis.
Pre and post diameter indicate diameter before and after stent placement. B/A ratio is balloon/artery ratio, FU 
the follow-up diameter after 7 or 28 days, and LL the lumen loss after 7 or 28 days. No significant differences 
between the groups were observed. 

Pre (mm) Post (mm) B/A ratio FU (mm) LL

7 days

BMS 13.56 ± 0.69 16.95 ± 0.96 1.27 ± 0.09 16.93 ± 2.01 0.67 ± 2.16

αCD34 14.02 ± 1.01 16.82 ± 0.91 1.28 ± 0.09 17.24 ± 1.98 1.72 ± 1.72

FN/Fg 13.54 ± 0.86 16.93 ± 1.01 1.25 ± 0.06 17.03 ± 2.06 -0.91 ± 3.07

Fn/Fg/αCD34 13.47 ± 0.79 16.98 ± 0.59 1.27 ± 0.07 16.57 ± 2.31 1.07 ± 2.16

FN/Fg/Tropo 14.20 ± 0.98 17.05 ± 0.97 1.26 ± 0.08 17.14 ± 1.64 1.14 ± 4.48

FN/Fg/Tropo/αCD34 13.62 ± 0.91 16.87 ± 0.83 1.27 ± 0.08 17.37 ± 1.91 0.31 ± 1.37

28 days

BMS 14.42 ± 0.79 17.88 ± 1.27 1.23 ± 0.07 17.72 ± 1.78 0.16 ± 1.99

αCD34 13.43 ± 1.08 17.05 ± 0.89 1.27 ± 0.07 17.30 ± 2.06 2.63 ± 6.53

FN/Fg 13.25 ± 0.88 16.85 ± 0.87 1.28 ± 0.09 16.06 ± 2.34 0.79 ± 2.21

Fn/Fg/αCD34 13.51 ± 0.90 17.28 ± 0.86 1.28 ± 0.08 17.11 ± 1.97 0.33 ± 1.90

FN/Fg/Tropo 13.32 ± 0.44 17.19 ± 0.90 1.29 ± 0.06 17.40 ± 1.16 -0.21 ± 1.22

FN/Fg/Tropo/αCD34 13.45 ± 0.98 16.98 ± 0.64 1.27 ± 0.09 17.09 ± 1.70 -0.10 ± 1.74

Neointima formation in the stent

A haematoxilin eosin staining was performed on all stents and examples are shown in 
figure 3a. After 7 days, no neointima formation could be observed. Stents harvested after 28 
days did show intimal hyperplasia. Quantification revealed significantly less neointima in 
αCD34 coated stents compared to bare metal stents as shown in figure 3b (0.125 ± 0.010 
mm versus 0.147 ± 0.006 mm in αCD34 and BMS respectively, P =0.046). A coating with 
either fibronectin/fibrinogen or fibronectin/fibrinogen/tropoelastin results in a neointima 
comparable to a bare metal stent (0.146 ± 0.006 mm (P = 0.902) and 0.139 ± 0.007 mm (P 
= 0.456)). When the CD34 antibody was present in these coatings, the amount of neointima 
was significantly decreased (P = 0.009 for fibronectin/fibrinogen with and without αCD34, 
P = 0.028 for fibronectin/fibrinogen/tropoelastin with and without αCD34). The amount 
of neointima in these stents was equal compared to the stents coated with only αCD34 
(0.122 ± 0.005 mm (P = 0.836) and 0.113 ± 0.006 mm (P = 0.282)). In figure 3c, detailed 
representative examples are shown from fibronectin/fibrinogen/tropoelastin/αCD34 (top) 
and BMS (bottom) stents.
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Figure 2: Stent endothelialization after 7 days. (A) Scanning Electron Microscopy pictures of the stents after 
7 days. Representative pictures are shown from the six different groups. Percentages coverage measured 
within the rabbit of which the picture is shown, is indicated in the picture. Scale bars represent 150 µm. (B) 
Quantification of sEM pictures. 8 pictures per stent were analyzed; n=8 for BMS, FN/Fg and FN/Fg/αCD34; 
n=7 for αCD34, FN/Fg/Tropo and FN/Fg/Tropo/αCD34. Error bars represent standard error of the mean (SEM). 
(C) Detailed picture of typical cell type found in all rabbits. Morphologic analysis indicates an endothelial 
morphology. Scale bars represent 25 µm.

DISCUSSION

Here we investigated whether additional protein coating of anti-CD34 GenousTM stents 
could improve patency in an in vivo rabbit model. The goal of this study was to identify 
coating conditions that stimulate the outgrowth of captured endothelial progenitor cells 
without subsequent increase in neointima formation. The protein combinations that were 
applied have previously been shown to facilitate optimal endothelial cell growth in vitro, 
while smooth muscle cell outgrowth and endothelial inflammatory and procoagulant 
responses were kept minimal13. In this in vivo study, the stent coatings fibronectin/
fibrinogen and fibronectin/fibrinogen/tropoelastin did not show a significantly improved 
stent endothelialization 7 days after stent placement compared to a bare metal stent. 
Surprisingly, the presence of the anti-CD34 antibody did not show a significant effect on 
endothelialization as visualized by scanning electron microscopy. A decreased neointima 
formation was observed after 28 days when the anti-CD34 antibody was present on the 
stent, while no additional effect of the coated proteins was observed. When the proteins 
were coated on the stent without the antibody, the neointima formation was comparable to 
the bare metal stent. These results indicate that the coating of fibronectin/fibrinogen and/or 
tropoelastin on the stent did not improve stent endothelialization or intimal hyperplasia in 
vivo compared to the anti-CD34 coated GenousTM control stent. 

The GenousTM stent is designed to capture CD34+ cells from the circulation to improve
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Figure 3: Neointima formation after 28 days. (A) HE staining on the stented iliac arteries, embedded in 
MMA. Representative pictures are shown from the six different groups, with on the left the artery after 7 
days and on the right the artery after 28 days. (B) Quantification of neointima formation. 3 sections per stent 
were analyzed; n=6 for αCD34; n=7 for BMS, FN/Fg, FN/Fg/αCD34 and FN/Fg/Tropo; n=8 for FN/Fg/Tropo/
αCD34. Error bars represent standard error of the mean (SEM). (C) Detailed pictures of neointima formation 
after 28 days.

endothelialization of the stent struts. Capturing circulating endothelial progenitor cells 
(EPC) on a stent surface was shown to increase endothelialization and is therefore a 
promising strategy to reduce in-stent thrombosis7-10. Improved endothelialization has been 
implied to result in decreased restenosis but this was shown not to be necessarily true14. 
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Clinical studies using the GenousTM showed no improvement in outcome and late loss 
was similar compared to bare metal stents8,11,12. CD34 is used as a marker for endothelial 
progenitor cells. Despite an enormous quantity of studies on endothelial progenitor cells, 
the exact definition of EPCs remains unclear and not consistent. Most commonly, EPCs are 
characterized by the marker combinations CD133+CD34+VEGFR2+ and CD34+VEGFR2+ 
on the cell surface15,16. Capturing endothelial progenitor cells with only an antibody against 
CD34 might therefore not elicit a capturing of specifically EPCs. De Boer et al. suggested 
that captured CD34+ cells exposed to shear and activated platelets result in differentiation 
towards mature endothelium17,18. Progenitor cells may be highly plastic in their ultimate 
phenotypic preference and environmental and local cytokine factors on circulating cells 
may be more important than a specific EPC marker in determining phenotype differentiation. 

To overcome this problem, we coated different proteins on the stent surface together with 
the anti-CD34 antibody, namely fibronectin, fibrinogen and tropoelastin. Fibronectin and 
fibrinogen were chosen for their capacity to improve endothelial cell adhesion, migration 
and differentiation13,19-22. Because these proteins were also able to promote smooth muscle 
cell growth, tropoelastin was added to the mixture to inhibit smooth muscle cell proliferation 
and migration23-25. The effect of the coated proteins did not show any additional effect 
on intima hyperplasia. This was unexpected since we previously obtained in vitro results 
showing the beneficial effects of our stent coatings on endothelial cells growth and smooth 
muscle cell inhibition13. These unexpected findings can possibly be due to the ‘Vroman 
effect’, which exhibits the covering of foreign surfaces placed in the bloodstream by plasma 
proteins. Fibrinogen is one of the first proteins that will adhere to a surface followed by 
replacement by high molecular weight kinonogen26. Furthermore, our in vitro setup was 
performed in an isolated setting, using a single cell type in each experiment and without 
taking the effect of blood cells and proteins into account. In the in vivo model, stents were 
placed after denudation where they were exposed to an artery without an endothelial layer, 
and with a necrotic medial layer due to the Fogarty denudation. This leads to the adhesion 
of platelets and inflammatory cells, which can induce local conditions that are very difficult 
to simulate in a cell culture model, but that can activate the surrounding cells in such a way 
that the proteins coated on the stent cannot overcome this problem. 

In our results, no difference was observed in stent coverage between the bare metal and 
anti-CD34 coated stents after 7 days. Our study could not confirm the earlier reported 
accelerated endothelialization that was observed with the anti-CD34 coated stents in 
animal experiments14. Iliac arteries were pressure fixed under flow and preparation was 
performed using standardized protocols, and we do not expect that the obtained results 
are explained by wrong tissue preparation. The time points for endothelialization analysis 
in this study was 7 days. In a recent study by van Beusekom et al., the authors observed 
improved reendothelialization using an anti-CD34 coated stent after 2 and 5 days14. After 
7 days, all of our stents were almost completely covered, indicating that 7 days might 
have been too late to observe differences in stent coverage. Furthermore, the 28 days time 
point shows minor differences of which the clinical relevance is questionable. It might 
be possible that larger differences would have been found if the stents were removed at a 
later time point. Even though 28 days is commonly used in literature to study neointima 
formation in rabbits, investigating the results at a later time point might show interesting 
differences27,28. Another study limitation is the lack of stainings for endothelial cell markers 
to test the viability of the endothelialized surface14, which can give more details in the 
capacity of the proteins to improve endothelialization. Due to the embedding of our stents 
in MMA, our antibodies were not able to recognize the correct epitopes, and we therefore 
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cannot rely on the quality of our stainings.

Dual stent coatings that are coated with antiproliferative drugs on the intimal side, and the 
anti-CD34 antibody on the luminal side of the artery have shown promising results29. The 
anti-CD34 coated stents were able to capture endothelial progenitor cells as well as inhibit 
smooth muscle cells. Next to this new generation stent coating, stents coated with more 
specific markers for endothelial progenitor cells would be a more suitable clinical application. 
Stents coated with antibodies against VE-cadherin show better endothelialization and less 
neointima formation compared to stents coated with antibodies against CD349,30. Similar 
improvements were obtained using stents coating with cyclic RGD-peptides and GPVI/
CD13331,32. 

In conclusion, a stent coated with fibronectin, fibrinogen and/or tropoelastin does not 
improve stent endothelialization or decrease intima hyperplasia. The anti-CD34 covered 
stent slightly reduced intimal hyperplasia. Alternative coatings with fibronectin, fibrinogen 
and/or tropoelastin do not further accelerate endothelialization or inhibit neointima 
formation. 
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ABSTRACT 

Cardiovascular disease is a major health problem and the number one cause of death 
worldwide. There is a need for prognostic insight to predict the risk of an individual patient 
for adverse events. Several biomarkers have been tested in clinical prediction models. 
Those models have learned us that biomarkers with a good risk prediction on population 
level only have a minor contribution to the prognosis of an individual patient. The limited 
prognostic value of biomarkers is a consequence of the complexity of atherosclerotic disease 
pathophysiology, which involves chronic inflammation, cholesterol metabolism, platelet 
function and many other complex processes that may overrule the effects of individual 
factors. We studied the effect of the total plasma microenvironment on the migration of 
endothelial cells and smooth muscle cells as these are deemed to play an essential role 
in disease progression. We developed a cell assay that measures endothelial and smooth 
muscle cell migration in the presence of plasma samples of individual atherosclerotic 
patients and healthy donors. Migration response was highly variable among patient plasmas: 
HUVEC migration ranged from 23.8 to 79.4% and VSMC ranged from 3.7 to 36.5%. There 
was no correlation between observed effects of single plasma samples on smooth muscle 
cells and endothelial cells. These effects were not caused by microvesicles present in 
patient plasmas. ICAM-1, VCAM-1 and IL-8 levels in cell supernatants were also affected by 
plasma stimulations and showed differences between patients and controls. Cell migration 
did not correlate to any clinical characteristics, use of medication and follow-up data. The 
current study shows that plasma microenvironment influences the growth of vascular cells. 
Larger studies on the effects of the microenvironment on cell migration should show the 
consequences of this effect for vascular diseases.
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INTRODUCTION

Cardiovascular disease (CVD) is a major health problem and the number one cause of 
death globally1. In 2008, around 17.3 million people died from CVD1. The underscores the 
need for a better understanding of disease pathogenesis to reduce the high mortality rate2.
The underlying cause of CVD in many cases is the presence of an atherosclerotic plaque. 
Atherosclerosis is a chronic inflammatory and metabolic disease that remains asymptomatic 
for many years, but can lead to symptoms upon rupturing of a plaque or after an arterial 
occlusion3. Plaques can be divided in two main types, the stable and the unstable 
(vulnerable) plaque4. The stable plaque contains generally more smooth muscle cells and 
collagen whereas the vulnerable plaque is rich in macrophages, microvessels, intraplaque 
haemorrhages and lipid cores, usually with a lack of a smooth muscle cell rich fibrous 
cap5. The vulnerable plaque is frequently observed post hoc in patients who suffered from 
a major cardiovascular event, such as stroke and myocardial infarction. 

In the ideal situation, the risk for CVD of an individual patient can be determined with 
a simple measurement. Only a few biomarkers have been identified with a potential to 
predict future cardiovascular events. These include C-reactive protein6, IL-67, fibrinogen8 
and PAI-19. Still none of these markers showed a convincing contribution to the risk 
prediction for individual patients10. Atherosclerosis is a disease with a complex biology 
where the expression of inflammatory agonists and antagonists can both be increased in 
an attempt to search for a balance and homeostasis. Therefore the measurement of a single 
biomarker may not represent the activity of disease since it could also be a consequence 
of reverse causality. We hypothesised that the total biological response of vascular cells 
induced by its microenvironment, the plasma of the patient, is the best reflection of in 
vivo situation and subsequently reveals predictive markers for major adverse events. We 
developed a standardized cell assay in which the cells were stimulated with plasma samples 
of individual patients. The read-out of the cellular response was migration and proliferation 
and these values were related to patient characteristics. 

MATERIALS AND METHODS

Plasma collection

Donor blood was collected from healthy volunteers in the UMC Utrecht (Utrecht, the 
Netherlands) who had not taken anticoagulant or antiplatelet medication for at least 10 
days before blood withdrawal. Patient plasma samples were obtained from the Athero-
Express Biobank (UMC Utrecht, the Netherlands). This biobank contains plasma samples 
and atherosclerotic plaque tissue of patients included for carotid endarterectomy from 
2002-2012. Both studies were approved by the University Medical Center Utrecht (UMCU) 
Ethics Committee.

All blood samples were drawn from the median cubital vein and anticoagulated with 
sodium heparin. Plasma was prepared by centrifuging whole blood twice for 15 minutes 
at 2000 x g.Vesicle free plasma was obtained by centrifugation at 100.000 x g for 1 hour. 
The supernatant was stored as vesicle free plasma. Plasma samples were thawed an equal 
amount of times during this study.
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Cell culturing

Primary human umbilical vein endothelial cells (HUVECs) were purchased from Lonza 
(Walkersville, USA) and cultured in Endoprime base medium enriched with Endoprime 
kit supplements (PAA, Pasching, Austria). Passage 6 was used in all experiments. Human 
arterial vascular smooth muscle cells were obtained from ATCC (Wesel, Germany) and 
cultured in F-12K nutrient mixture (Invitrogen, Breda, The Netherlands) containing 10% FBS 
(BioWhittaker Europe, Verviers, Belgium), 100 U/ml pen/strep, 10 mM Hepes (Invitrogen), 
10mM TES (Sigma, Zwijndrecht, The Netherlands), 1xITS (Sigma), 2.5 mg/ml ascorbic acid 
and 15 mg ECGS (Sigma). Passage 5 was used in all experiments. 

Migration assay

HUVEC were starved overnight in M199 medium (Invitrogen) with 0.5% FCS (BioWhittaker). 
HA-VSMC also underwent overnight starvation, but with DMEM medium (Invitrogen). A 
96-wells plate was coated with 5 µg/mL fibronectin, air dried and cell seeding stoppers 
(Platypus Technologies, Madison, USA) were added to each well. HUVECs were added in a 
concentration of 5x105 cells per well and VSMCs were seeded in a concentration of 2.5x105 
cells per well. Cells were left to adhere for 4 hours before cell seeding stoppers were taken 
out followed by gently washing with PBS. Fresh cell culture medium (HUVEC in M199, 
VSMC in DMEM) containing 20% patient or 20% healthy donor plasma was added to the 
wells and cells were able to migrate for 20 hours. After this time period, cells were washed, 
fixed with 2% paraformaldehyde for 20 minutes and with methanol for 5 minutes and 
stained with May-Grünwald Giemsa. Pictures were made using a Zeiss inverted microscope 
with 25x magnification. ImageJ software was used and the edge of migrated cells was drawn 
manually. Using this, the size of the surface without cells was measured. The pre-migration 
control was set at 0% and the results of all other wells were calculated to this number. 

mRNA isolation and QPCR

HUVEC were starved overnight in M199 medium with 0.5% FCS. The cells were seeded in 
fibronectin coated 6-wells plates for 4 hours. Plasma samples both from healthy donors as 
well as patients were pooled based on the results of the migration assay. Plasmas of 5 patients 
were pooled and culture medium with 20% of the pooled plasma was added to the cells. 
All samples were performed in triplo. HUVEC were incubated for 24 hours, washed with 
PBS and dissolved in TriPure reagent (Roche, Almere, The Netherlands). mRNA was isolated 
according to the manufacturers protocol. After isolation, total RNA was treated with DNAse 
(GE Healthcare, Hoevelaken, The Netherlands). The presence of genomic DNA was tested 
by QPCR using housekeeping gene primers. cDNA was synthesized using the iScriptc DNA 
synthesis kit (Bio-Rad, Veenendaal, The Netherlands) and 500 ng of total RNA. Amplification 
was performed using 10µl IQTM SYBR Green supermix (Bio-Rad,Veenendaal, The Netherlands) 
and 10µl cDNA. HUVEC values were corrected for the amount of p0. Primers used for QPCR 
were as follows: p0 forward 5’-tgcacaatggcagcatctac-3’ reverse 5’-atccgtctccacagacaagg-3’, 
VCAM-1 forward 5’-gctgctcagattggagactca-3’ reverse 5’-cgctcagagggctgtctatc-3’, ICAM-
1 forward 5’-ttgaaccccacagtcacctat-3’ reverse 5’-cctctggcttcgtcagaatca-3’, IL-8 forward 
5’-ctcttggcagccttcctgatt-3’ reverse 5’-actctcaatcactctcagttct-3’.

Statistics

Data is represented as median ± IQR. Difference between two groups were compared using 
the Mann-Whitney U test. When more than two groups were compared, the Kruskal-Wallis 
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test was used. For regression analysis, Pearson’s correlation was determined. A p-value of 
less than 0.05 was considered significant. All data analyses were performed with SPSS 20 
(IBM SPSS Statistics, Armon, USA).

RESULTS

Plasma stimulation results in HUVEC and VSMC migration

Growth factor free culture medium was completed with 20% healthy donor plasma or 
20% patient plasma and added to HUVEC and VSMC and cell migration was measured 
after 20 hours. As a positive control, normal culture medium for both cell lines was used 
as an indication of assay quality. The migration distance was calculated as the percentage 
of the open area after 20 hours, compared to the size of the open area after removal of the 
stoppers. In figure 1a (top panel), examples of low and high migration are shown when 
plasma was added to HUVEC. Large differences in migration were found for both healthy 
donors (from 34.8 to 70.6%) as well as Athero-Express patients (from 23.8 to 79.4%), as 
shown in figure 1b (top graph). Percentage cell migration of healthy donors overlapped 
with the patients but this last group showed a wider variability in migration. In figure 1a 
(bottom panel), examples are shown on low and high migration of VSMC. The variability 
in migration of VSMC is smaller compared to HUVEC, but still a wide range in migration 
capacity can be observed. VSMC migration of healthy donors ranged from 11.2 to 28.8%, 
and in AE patients from 3.7 to 36.5% (figure 1b, bottom graph). These results indicate that 
cell stimulation with plasma from different individuals results in a significantly variable 
response. In figure 1c, the correlation between HUVEC and SMC migration induced by 
individual samples is shown. No correlation between HUVEC and VSMC migration was 
observed, indicating that the response to the plasma components is specific per cell type.

Cell-derived membrane vesicles do not influence plasma-induced cell migration

Plasma is enriched with cell-derived membrane vesicles such as exosomes and 
microparticles. We wondered whether cell-derived membrane vesicles could be responsible 
for the difference in cell migration we observed in our migration assay. To study this, 
plasma samples from healthy donors were depleted from vesicles using ultracentrifugation. 
Migration assays were performed on HUVEC and VSMC with vesicle depleted and non-
depleted, plasma. Correlations of these assays are shown in figure 2a (HUVEC) and figure 
2b (VSMC). Results show that the same amount of migration is obtained with vesicle free 
plasma as with normal plasma for both cell types. This indicates that the migration observed 
in our assay is not influenced by the cell-derived membrane vesicles, but by other plasma 
soluble components. 

Changes in inflammatory gene expression levels after plasma stimulation

The results of the migration assay showed clear variability in HUVEC migration in both 
healthy donors and AE patients. Next we examined whether plasma stimulations were also 
able to induce different gene expression levels. We pooled 5 plasma samples of patients 
that induced the lowest, medium or highest HUVEC migration. For healthy donors, the 
samples with the lowest and highest response were pooled. HUVEC were stimulated with 
these pooled plasma samples for 24 hours after which mRNA was isolated. QPCR analysis 
of different inflammatory genes (VCAM-1, ICAM-1 and IL-8) was performed and the values 
were corrected for housekeeping gene p0. 
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Figure 1: Cell migration induced by human plasma samples. a) HUVEC (top panel) and VSMC (bottom 
panel) migration assay. Representative examples of low and high responders are shown for both cell types, 
after 20 hours of migration. b) Quantification of HUVEC (top panel) and VSMC (bottom panel) migration. 
HUVEC: N= 15 for healthy donors and n=68 for AE patients, VSMC: N= 13 for healthy donors and n=70 for 
AE patients. c) Correlation between HUVEC and VSMC migration. 

Figure 2: Role of cell-derived membrane vesicles in cell migration. a) Correlation between HUVEC 
migration with normal plasma and vesicle-free plasma, both from healthy donors. b) Correlation between 
VSMC migration with normal plasma and vesicle-free plasma.

Results showed that healthy donor plasma led to increased VCAM-1, ICAM-1 and IL-8 mRNA 
expression compared to patient plasma, both from the low and high HUVEC migration 
groups. No differences were seen between levels of VCAM-1, and ICAM-1 mRNA levels 
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in the groups with low and high migratory capacity in the healthy donor samples (figure 
3a and 3b). A large decrease in IL-8 expression was observed in healthy donors with high 
HUVEC migration compared to healthy donors with low HUVEC migration as shown in 
figure 3c. All gene expression levels were much lower in patient plasma stimulated HUVEC 
compared to healthy donor plasma stimulated HUVEC. For all three genes, the same trend 
was observed; plasma samples that showed an increased HUVEC migration, showed a 
decrease in inflammatory gene expression levels. These results indicate again that plasma 
stimulation of HUVEC results in a response specific for the individual donor or patient. 

Figure 3: Inflammatory gene expression levels after plasma stimulation. Gene expression levels of VCAM-1 
(a), ICAM-1 (b) and IL-8 (c) after 24 hours stimulation with healthy donor and AE-patient plasma. Error-bars 
indicate range. 

Plasma-induced cell migration does not predict patient characteristics and outcome

Large differences in cell migration after plasma stimulation were observed and we 
analysed whether this variability correlated with patient characteristics. In table 1, patient 
characteristics are compared between the tertiles in HUVEC migration. No significant 
differences were observed. Also common types of medication, such as aspirin and 
clopidogrel, are included, but these medications did not show any influence on HUVEC 
migration. In table 2, the same analysis is shown for VSMC and no differences are observed 
between the tertiles in VSMC migration.

Table 1: Patient characteristics compared to HUVEC migration. 

HUVEC migration Low Medium High P-value

Number of patients 22 23 23

   

Age, mean/SD 65,3/9,5 67,6/9,1 68,9/10,4 0,449

Male gender (%) 59,1 56,5 69,6 0,629

Smoker (%) 18,2 26,1 21,7 0,816

Diabetes (%) 18,2 17,4 13,0 0,88

Hypertension (%) 90,9 73,9 91,3 0,116

Hypercholesterolimia (%) 50,0 73,9 43,5 0,116

BMI, mean/SD 26.7/3.5 26.2/4.6 27.7/4.5 0,424

Statin use (%) 72,7 91,3 69,6 0,142

Aspirin use (%) 45,5 39,1 47,8 0,762



      7

| Chapter 7

114

Poor migration of endothelial and high migration of smooth muscle cells in vivo can result 
in stenosis of an artery or restenosis after endarterectomy or stenting. Therefore, the results 
of the migration assays were correlated to these parameters in the AE follow up database. 
Athero-Express patients underwent carotid endarterectomy and the atherosclerotic plaque 
was stored in the biobank. Before removal of the plaque, the amount of stenosis in the 
artery was determined via duplex measurements. The degree of preoperative stenosis is 
divided into 2 groups: 0-70% occlusion and 70-100% occlusion.  

Table 2: Patient characteristics compared to VSMC migration.

VSMC migration Low Medium High P-value

Number of patients 23 24 23  

   

Age, mean/SD 67,4/8,8 67,3/9,4 68,4/11,4 0,92

Male gender (%) 60,9 66,7 65,2 0,912

Smoker (%) 13,0 29,2 17,4 0,372

Diabetes (%) 26,1 4,2 17,4 0,115

Hypertension (%) 87,0 87,5 78,3 0,625

Hypercholesterolimia (%) 60,9 62,5 43,5 0,29

BMI, mean/SD 27.6/4.7 26.9/3.7 26.2/3.4 0,499

Statin use (%) 90,9 75,0 69,6 0,318

Aspirin use (%) 45,5 54,2 39,1 0,648

No association was observed between the degree of stenosis and in vitro HUVEC (figure 
4a) and VSMC migration (figure 4c). After 1 year, the percentage of lumen restenosis in the 
operative artery was again determined during the follow-up. Again, no differences were 
observed between the 0-70% occlusion and 70-100% occlusion group after 1 year when 
compared to both HUVEC (figure 4b) and VSMC migration (figure 4d). 

Plasma-induced cell migration does not correlate with plaque characteristics

During carotid endarterectomy, the atherosclerotic plaque was dissected and characterized. 
HUVEC and VSMC migration was correlated to different plaque phenotype and quantity 
of different cell types measured using (immuno)histochemistry. No significant differences 
were observed in HUVEC plasma induced migration between patients with a fibrous, 
fibroatheromatous or atheromatous plaques (figure 5a). For VSMC, a significant increased 
percentage of migration was found when the fibroatheromatous group was compared with 
the atheromatous group (figure 5b). Plasma induced HUVEC migration did not correlate 
with plaque neovessel formation (r2 = 003, figure 5c). In addition, percentage plasma 
induced VSMC migration did not correlate with the presence of SMC in the plaques (r2= 
0.01, figure 5d). 
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Figure 4: Cell migration response to plasma related to patient characteristics. a) Correlation between 
preoperative stenosis and HUVEC migration. b) Correlation between stenosis after one year follow-up 
and HUVEC migration. c) Correlation between preoperative stenosis and VSMC migration. d) Correlation 
between stenosis after one year follow-up and VSMC migration. 

DISCUSSION

We have evaluated the responsiveness of endothelial and smooth muscle cell cultures to 
plasma of patients with cardiovascular diseases to study whether such an assay could be 
used as a predictive marker for the onset of cardiovascular disease. We reasoned that testing 
the behavior of cells in their microenvironment could provide more valuable information 
regarding the progression of atherosclerotic disease than biomarkers that measure only 
a single protein. We have used a standardized cell assay of cell stimulated with plasma 
obtained from different patients and measured the effect on cell migration. Large differences 
are observed in both HUVEC and VSMC migration between microenvironmental stimulation 
with plasmas of individual patients and healthy controls. We were not able to correlate 
the variability of migratory induction to clinical parameters, clinical end-points or plaque 
composition. 

With our migration assay, large differences were measured in the response of cell migration 
to plasma. In general, the response on the Athero-Express patient plasma completely 
overlapped the response on healthy donor plasma. To our surprise, we found that the overall 
expression of pro-inflammatory genes after incubation with patient plasma is much lower 
than when healthy donor plasma was used. This is a very interesting observation, but since 
these results are obtained with pooled samples, we were not able to correlate individual 
responses on mRNA levels to clinical characteristics. Therefore, changes in mRNA levels 
upon plasma stimulation might be an interesting target for future studies, especially due to 
the large differences between patients and controls. 
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Figure 5: Cell migration response to plasma related to plaque characteristics. a) Overall plaque phenotype 
related to HUVEC migration. b) Overall plaque phenotype related to VSMC migration. c) Plaque neovessel 
density related to HUVEC migration. d) Plaque SMC staining related to VSMC migration.

To get further insights into the plasma components that are responsible for the large 
differences in cell migration, we compared the two different cell types to see whether 
these cells respond equally to the plasma stimulations. Results of the correlation between 
the two cell types show no correlation at all, indicating that the cell migration response to 
plasma is specific for the cell type used in the assay. Plasma microenvironment contains a 
high variety of soluble growth factors, but it also contains cell-derived membrane vesicles 
that can be actively secreted or budded off due to activation by many cell types, including 
monocytes, platelets and endothelial cells11. These vesicles can contain high concentrations 
of mRNA and proteins that can influence cell growth and migration12-14. To study whether 
cell-derived membrane vesicles influenced the cell migration in our assay, we performed a 
migration assay with normal plasma and vesicle free plasma. The same migration responses 
were obtained comparing plasma with and without vesicles, indicating that the cell-derived 
membrane vesicles do not cause migration of either HUVEC or VSMC. These results show 
that the vesicles do not influence cell migration in our assay and that the large inter-
individual variability in migration is due to the effects of other plasma components. 

We found a strong variation in the effects of endothelial cell and VSMC migration between 
the different plasma samples. However, this variation did not correlate with any of clinical 
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parameters and plaque characteristics tested. A potential target group for our cell migration 
test was patients who undergo stent placement. Those patients have a high risk for restenosis, 
while there is no reliable biomarker available to predict the risk of restenosis in the individual 
patient15-17. Based on the variability we have observed between individual plasmas, we 
propose that plasma microenvironment can potentially have a contribution to the existing 
risk prediction even though we were unable to identify a correlation between cell migration 
and clinical parameters. Our findings that migration due to plasma stimulations does not 
predict restenosis after one-year follow-up or pre-operative stenosis indicates that the 
plasma effects on cell migration cannot be used as biomarker for restenosis in patients on 
stent placement. 

We developed an assay based on endothelial and smooth muscle cell response to plasma 
of different patients. Both endothelial cell migration and VSMC migration was highly 
variable among individuals. Large variability was observed in the migration assay following 
microenvironment stimulation that did not correlate to any patient characteristics, use of 
medication or follow-up data. Migration could be influenced simply by the amount of 
one single plasma protein that has no influence on patient characteristics, for example 
albumin or fibrinogen18-20. However, it was not our objective to assess individual factors 
responsible for the large spread in migration. In contrast we studied the hypothesis that a 
complete microenvironment reflects the in vivo situation best. Our data shows that there is 
some potential for microenvironment measurements in the classification of atherosclerotic 
plaques. 
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Platelets in atherothrombosis

Advances in scientific discoveries, clinical improvements and public awareness, have 
contributed to the decline in cardiovascular disease related deaths. Despite this successful 
decline in mortality, cardiovascular disease is still the number one cause of death worldwide1. 
Tailored treatment strategies may further decrease cardiovascular disease incidence. 
Predictive biomarkers and further insight in disease etiology may improve the success of 
tailored therapy. Atherosclerosis is the basis of many of the cardiovascular complications, 
such as myocardial infarction, stroke and microangiopathies2. Atherosclerosis is a chronic 
inflammatory arterial disease which is asymptomatic for decades until atherosclerotic 
plaque rupture2. Atherosclerosis is thought to be initiated by the activation of endothelial 
cells, which can occur due to hemodynamic turbulence, smoking, dyslipidimea and 
inflammatory factors. The activated endothelium becomes permeable to monocytes and 
lipoproteins, leading to the progression of atherosclerosis. Once migrated into the plaque, 
monocytes can differentiate into macrophages, and secrete proteases and inflammatory 
proteins, weakening the fibrous cap, leading to plaque disruption and thrombosis3. The 
composition of the advanced atherosclerotic plaque determines its stability. Plaques 
containing a large lipid core, microvessels and many macrophages have an increased risk 
for rupturing compared to plaques with a high smooth muscle cell and collagen content4. 
Rupture of a plaque leads to the formation of a thrombus which may occlude essential 
arteries that as a consequence fail to supply blood to vital organs such as brain or heart. This 
ischemic occlusion may lead to myocardial infarction or stroke. 

Atherothrombosis comprises the crosstalk between atherosclerosis and the formation of 
occlusive thrombi. Platelets play a pivotal role in atherothrombosis; both in the formation 
of a thrombus after plaque rupture, and in the initiation of atherosclerosis5. Platelets that 
interact with inflamed endothelium are activated and secrete inflammatory mediators from 
their α-granules containing many growth factors, chemokines and cytokines6. This further 
enhances endothelial cell activation leading to the upregulation of adhesion molecules 
and the secretion of inflammatory cytokines. Activated platelets express P-selectin on their 
surface, the major receptor responsible for the recruitment of monocytes. Via P-selectin 
glycoprotein ligand-1 (PSGL-1), monocytes bind to platelet P-selectin resulting in tethering 
and rolling of the monocytes on the vessel wall7. The adhesion molecules present on the 
endothelial cells support firm adhesion of the monocytes leading to their infiltration and 
progression of atherosclerosis3.  

New insights into the role of platelets in the initiation of atherosclerosis

Although the central role of platelets in the recruitment of monocytes towards the vessel 
wall has been described extensively, we found novel insights in the mechanism of 
monocyte capturing by platelets. In chapter 2 we describe the formation of flow-induced 
protrusions (FLIPRs). These extremely long platelet membrane protrusions are formed under 
low arterial flow conditions and significantly increase the total platelet surface. FLIPRs are 
able to capture circulating monocytes in a PSGL-1/P-selectin dependent manner, and could 
therefore serve as a landing strip for the capturing of monocytes in vivo leading to the 
progression of atherosclerosis. 

The results described in chapter 2 are all obtained in ex vivo experiments. Washed platelets 
are perfused over surfaces coated with isolated adhesive proteins and activated with a 
potent agonist. In vivo, platelets are exposed to a more complex system and the response 
of platelets is influenced by many factors. Therefore, visualization of FLIPR formation in 
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vivo is desirable to understand the true physiological function. Unfortunately, there is no 
mouse model to study this. FLIPRs are very thin membrane elongations that can easily be 
missed with conventional microscopy in isolated settings ex vivo. Visualization within an 
artery in the presence of red blood cells therefore requires a microscope with a very high 
magnification and resolution. Fluorescence intravital or two-photon intravital microscopy 
are two important techniques used to study the formation of thrombi8, but also the 
formation of platelet decorated VWF strings9. Even though these techniques have provided 
important information about platelet function, they are not useful in the visualization of 
FLIPR formation due to the difficulty in distinguishing individual platelets, let alone platelet 
derived protrusions. 

In our ex vivo experiments, we used calpeptin as an inhibitor of FLIPR formation. Calpeptin 
is a membrane-permeable compound inhibiting the protease calpain. Calpain translocates 
upon calcium binding from the cytosol to the plasma membrane where it disassembles 
the cytoskeleton from the plasma membrane10. Inhibition of calpain activation not only 
prevents FLIPR formation, but also leads to decreased α-granule secretion, spreading and 
aggregation11-13. In vivo experiments showed that inhibition of calpain in LDLR-/- mice 
inhibited angiotensin II induced atherosclerosis development14, indicating that calpains 
play a role in atherosclerosis, hypothetically in part due to a decreased FLIPR formation. 
Because other cell types, including endothelial cells and monocytes, also contain calpain, 
platelet specific calpain inhibition is warranted. A possible option is to specifically inhibit 
platelet calpain in ApoE-/- mice and analyze lesion size and inflammatory cell content to 
determine the effect of calpain inhibition on atherosclerosis progression. With this, we 
would have an indirect method to determine a physiological function of FLIPR formation 
in vivo. 

Dual role for PS exposure on platelets

The presence of negatively charged phosphatidylserine (PS) on the FLIPRs may support 
the initiation of coagulation. Very early studies showed the presence of balloon shaped 
platelets (the end stage of FLIPR formation) in human skin biopsies surrounded by fibrin15,16. 
Recent studies confirmed these results showing the formation of platelet balloons in vitro 
and their ability to support the formation of fibrin17. Whether FLIPRs support coagulation 
remains to be proven. We show that FLIPRs provide a surface for the capture of circulating 
monocytes. Previous studies showed that procoagulant balloon-shaped platelets generated 
high levels of the proinflammatory platelet-activating factor (PAF) and had enhanced 
neutrophil adhesion18. In addition, monocyte adhesion to platelets results in the release of 
cytokines, thereby also promoting an inflammatory phenotype19. Incubation of monocytes 
with procoagulant microparticles results in activation, and promotes monocyte migration 
and differentiation20. FLIPR formation results in a 80-fold rise in platelet surface, significantly 
increasing the surface for the capturing of monocytes, possibly by pulling the membrane 
from the open canalicular system21. FLIPR formation is not reversible, and platelets should 
therefore be cleared from the circulation. Exposure of PS on the outer membrane is a 
clearance signal for the removal by phagocytes22,23. 

The expression of PS can be a consequence of programmed cell death, which was shown 
to play an important role in the regulation of platelet procoagulant PS exposure24. Cell 
death includes several pathways including the beneficial programmed process apoptosis 
or the detrimental process of necrosis, which is due to external factors. Platelet stimulation 
with potent agonists leading to the formation of balloon-shaped platelets was indicated 
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as a tightly regulated cell death pathway mediated by high sustained levels of cytosolic 
calcium, loss of phospholipid asymmetry and microparticle formation, independent of 
caspase activation24. Induction of apoptosis using BH3 mimetic compound ABT-737 also 
leads to PS exposure and procoagulant activity but is dependent on caspase activation 
and reduced in the absence of apoptotic proteins Bak and Bax24. This data indicates 
the presence of two separate pathways regulating PS exposure in platelets. Because the 
formation of balloon-shaped platelets is not dependent on caspase activation, this form of 
cell death is recognized as necrosis. We showed that FLIPR formation is also not dependent 
on caspase activation and the characteristics of necrosis resemble the aspects we observe 
in FLIPR formation: high sustained cytosolic calcium, cleavage of cytoskeletal proteins, 
membrane instability, microparticle formation and the release of the intracellular contents 
(e.g. α-granule contents). Hypothetically, FLIPR formation results in the adhesion of 
monocytes promoting monocyte infiltration into the vascular wall, followed by clearance of 
the platelet and FLIPR remnants. This is supported by our results showing increased platelet 
microparticle – monocyte complexes after a perfusion of monocytes over FLIPRs. These 
circulating platelet microparticle - monocyte complexes can be a result of phagocytosis 
but it was also shown that these complexes have an increased adhesiveness for endothelial 
cells due to the induced proinflammatory phenotype of the monocytes25. 

The increase in platelet microparticle – monocyte complexes that we measure after 
FLIPR formation and subsequent monocyte perfusion is potential source of circulating 
platelet – monocyte complexes measured in vivo. Several groups have demonstrated an 
increase in circulating platelet - monocyte complexes (PMC) after percutaneous coronary 
intervention26, acute myocardial infarction26, stable coronary artery disease27, graft 
occlusion28 and ischemic stroke29. PMCs are therefore seen as a potential biomarker to 
predict cardiovascular events. These studies measured the presence of a platelet marker 
on monocytes but did not show the presence of an actual platelet. It might very well be 
that these studies are measuring platelet microparticle – monocyte complexes, as a result 
of in vivo FLIPR formation. It would be interesting to differentiate between platelets and 
microparticles attached to monocytes in large patient cohorts and determine the predictive 
value of platelet microparticle – monocyte complexes for cardiovascular events. Further 
investigation is necessary to study the function of FLIPRs in atherosclerosis progression. 

Platelet responsiveness indicative for FLIPR formation?

The percentage of FLIPR-forming platelets was not the same in every donor (unpublished 
findings). We quantified FLIPR formation in many donors and found large differences 
between individuals. The sensitivity of platelets towards activation through the coated 
fibrinogen or the perfused collagen related peptide (CRP) might influence platelet 
responsiveness of individuals. In chapter 3, we measured the responsiveness of platelets in 
patients undergoing carotid endarterectomy. A large variation in the response of platelets 
towards agonist stimulation was observed. High responders to ADP had increased numbers 
of macrophages in the atherosclerotic plaque. These results suggest that hyper-responsive 
platelets enhance the adhesion and infiltration of monocytes into the plaque. Besides ADP, we 
also measured the responsiveness of platelets towards CRP and thrombin receptor activating 
peptide (TRAP). These potent platelet activators showed a similar trend with macrophage 
infiltration, although not significant. CRP and TRAP are very potent in activating platelets 
and show an approximately 3 fold higher maximum P-selectin expression after activation 
with the highest concentrations agonist compared to ADP (unpublished observations). The 
formation of a thrombus requires high platelet activation and complete α-granule release 
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for the formation of a stable platelet plug. Platelet adhesion to inflamed endothelium does 
not require massive platelet activation and therefore measuring the sensitivity towards ADP 
might be a good measurement of platelet responsiveness important for the progression 
of atherosclerosis. In chapter 2, we describe FLIPR formation as a possible mechanism 
for platelet surface increase for the capturing of circulating monocytes towards the 
vessel wall. In chapter 3, we show that the sensitivity of platelets is associated with the 
amount of monocyte infiltration into the plaque. It might be that the sensitivity towards 
agonists determines the amount of FLIPRs that are formed by adhered platelets. Platelets 
with increased responsiveness have an increased FLIPR formation, thereby an increased 
adhesion of monocytes resulting in more macrophage infiltration into the plaque. 

VWF cleavage in TTP patients; plasmin to the rescue 

Von Willebrand factor (VWF) is a multimeric protein essential for the capturing of platelets 
upon aggregate formation. The multimeric size of VWF is regulated by metalloprotease 
ADAMTS1330. Patients with thrombotic thrombocytopenic purpura (TTP) suffer from VWF-
rich microthrombi that block their microcirculation in predominantly kidney and brain. 
The spontaneous formation of these small microthrombi is due to the presence of ultralarge 
VWF multimers31. These patients are characterized by a decreased levels or total deficiency 
of ADAMTS13.  The common cause of ADAMTS-13 deficiency is the presence of inhibitory 
antibodies, but in rare cases it can also be due mutations in this enzyme.32 It is striking that 
patients can achieve complete remission and disappearance of the microthrombi without 
restoration of the enzyme activity. This suggests that an alternative mechanism is present 
to cleave VWF in absence of ADAMTS13. In chapter 4, we investigated the potential of 
plasmin to degrade VWF multimers in TTP patients. Already in 1985 it was shown that 
plasmin could degrade VWF33. We have found that plasminogen activated via uPAR/uPA is 
able to degrade VWF multimers. By binding and activation of pro-uPA into uPA, pericellular 
plasmin generation occurs in close proximity to the released VWF multimers. The activation 
of plasmin is dependent on the presence of uPAR on the activated endothelial cells. uPAR 
is moderately expressed in a variety of tissues including kidneys, spleen, lungs, heart, liver 
and blood vessels. Within the vasculature, upregulation of uPAR is expressed on injured or 
migrating endothelial cells34,35. uPA and uPAR are not only involved in plasmin activation 
but also play a major role in cell migration, adhesion and invasion. The expression of uPAR 
can be regulated via internalization, which is initiated after binding of uPA and plasminogen 
activator inhibitor-1 (PAI-1) and the presence of LDL-receptor-related protein (LRP)36,37. 
uPAR was shown to be a major regulator in cancer metastasis and high uPAR expression 
levels show a high risk for different types of cancer38-41. A number of studies have also 
suggested a role for uPA and uPAR in the initiation and progression of atherosclerosis42,43. 
Overexpression of uPA contributes to the progression of atherosclerosis44. Furthermore, 
elevated uPA plasma levels were measured in patients with unstable angina, and correlated 
with plaque instability45. The effect of uPA and uPAR on atherosclerosis can mainly be 
assigned to their presence on macrophages. uPAR is highly expressed in macrophages and 
co-localization occurred predominantly in ruptured plaques46. The levels of uPA expression 
by macrophages determines the lesion size in ApoE/- mice47, and uPA overexpression 
specifically in macrophages resulted in accelerated atherosclerosis, myocardial infarcts and 
early mortality48. It is suggested that these results are partly dependent on uPAR and are an 
effect of uPA induced cell migration and cell-matrix interactions.

In our experiments with plasmin induced VWF cleavage, a large role for uPA/uPAR 
on circulating monocytes is not expected because they were not present in our in 
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vitro experiments. Platelets on the other hand might be a valuable source for uPAR. 
Megakaryocytes contain uPAR and uPAR mRNA49, and also platelets express uPAR on their 
membrane playing an important role in inflammation50. Expression of uPAR on platelets 
bound to endothelial cells secreted VWF strings might provide plasmin activation sites, 
ideally localized for the cleavage of VWF. If platelet uPAR is involved in the activation of 
plasminogen into plasmin, this process might also play a role the prevention of normal 
thrombus formation. VWF plays an important role in platelet adhesion to the injured vessel 
wall and subsequent aggregate formation. Clot-lysis time was reduced in the presence of 
platelets possibly due to platelet uPA/uPAR mediated plasmin generation51,52. Additionally, 
plasminogen deficient mice have a faster arterial thrombus formation compared to wild 
type mice53. We did not observe any effect of plasmin on platelet aggregate formation 
on collagen surfaces under conditions of high shear, but we did found a delayed platelet 
agglutination in PRP stimulated with thrombin in the presence of streptokinase-activated 
plasminogen. It is therefore interesting to study whether plasmin cleavage of VWF is a 
natural antithrombotic mechanism, by for example measuring levels of plasmin-cleaved 
VWF in patients with thrombotic complications, such as myocardial infarction and stroke. 
To do so, a new and cleavage product specific assay should be developed. Immunisation 
of llamas would be a preferred way to obtain specific antibodies for plasmin cleaved vWF. 

Therapeutic options for treatment of TTP

Besides the biological role of uPA/uPAR induced plasmin activation on VWF degradation, 
we investigated possible therapeutic options for acute phase TTP patients. Streptokinase is 
a Food and Drug Administration (FDA) approved thrombolytic drug capable of activating 
plasminogen. We showed that streptokinase-activated plasminogen is able to degrade VWF. 
Current plasma exchange and infusion is an expensive and time-consuming method with 
possible side effects and therefore, new therapy strategies are warranted. The obtained data 
indicates that streptokinase might be very effective in cleaving VWF-rich microthrombi in 
vivo. To test this, we should treat mice with TTP episodes with streptokinase. ADAMTS13-/- 
mice develop, similar to humans, no spontaneous TTP but need injections with low-dose 
shigatoxin54. Based on our results, we hypothesize that treatment with streptokinase should 
be able to degrade the microthrombi that are formed during the TTP episodes induced 
with shigatoxin. Furthermore, this degradation can be prevented with the lysine analoque 
ɛ-aminocaproic acid (ɛACA). Blocking uPAR in this animal model should result in inhibition 
of physiological plasmin generation and therefore possibly aggravates TTP in this mouse 
model. Using an FDA approved drug, we provide an easier and cheaper method for 
treatment of acute TTP episodes. Unfortunately, there are two major disadvantages with 
the use of streptokinase. First, there is an increased risk for bleeding. Potentially, in the 
absence of fibrin in TTP, the risk might be lower than in patients with myocardial infarction 
or stroke where streptokinase is used as a thrombolytic agent. Activation of plasmin does 
not influence primary haemostasis (as shown in chapter 4), and was furthermore shown not 
to cleave globular VWF55. Second, streptokinase is derived from bacteria which will induce 
an immune response after successive treatments. In future studies, we should focus on the 
development of safer drugs with similar properties to streptokinase. Not only streptokinase, 
but also uPA is clinically used as a thrombolytic agent. Even though this drug does not 
give problems with bleedings and multiple doses, we do not prefer this drug for treatment 
of acute TTP. First, we need to measure uPA levels in acute and remission phase plasma 
from TTP patients. If uPA is not the limiting factor during acute TTP, extra administration of 
uPA would not induce more formation of plasmin. Second, the ability of uPA to activate 
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plasminogen is depending on the presence of uPAR. And lastly, streptokinase activates 
plasminogen systemically and therefore in larger concentrations, leading to immediate 
cleavage of VWF multimers.

Platelet adhesion to stents, preventing restenosis or promoting thrombosis?

Upon stent placement, patients are at a very high risk for thrombosis. Platelet inhibition 
with dual anti-platelet therapy aspirin and clopidogrel is the most common treatment to 
prevent thrombus formation within the stent. Bare metal stents adhere inflammatory cells 
leading to the activation of the underlying smooth muscle cells and restenosis of the artery. 
A drug-eluting stent prevents restenosis but increases the risk for in-stent thrombosis due 
to the inhibition of smooth muscle cell and endothelial cell proliferation. In chapter 5, 
we describe possible new stent coatings that should be able to prevent both restenosis 
and thrombosis. Based on a literature search, our candidate proteins were fibronectin, 
fibrinogen and tropoelastin. We tested the properties of these proteins on endothelial and 
smooth muscle cells growth and we identified the best combination of the three coatings 
that provided optimal growth of endothelial cells while smooth muscle cell proliferation 
and migration was inhibited. We furthermore learned from the literature that a single 
monolayer of platelets should be beneficial for improved outcome after stent placement. 
Platelet inhibitors, such as aspirin and clopidogrel inhibit aggregate formation but do not 
prevent platelet monolayer formation and granule release. Platelet α-granules are filled with 
growth factors and cytokines (e.g. VEGF, PDGF, PF4 and angiostatin) that are released upon 
activation and that can stimulate cell growth56-59. Platelets furthermore express P-selectin on 
their membrane, which supports rolling of PSGL-1+ leukocytes60,61. In addition to monocytes 
(chapter 2 of this thesis) endothelial progenitor cells (EPC) also express PSGL-1 on their 
surface, allowing rolling of EPCs over activated platelets62. Upon firm adhesion of the EPCs 
via integrin mediated binding, the platelet monolayer on the stent secrete growth factors 
induce migration, proliferation and differentiation of EPCs towards mature endothelial 
cells62-66. In chapter 5, we measured the percentage of platelet coverage supported by the 
different protein combinations. The endothelial and smooth muscle cell assays were all 
performed in absence of platelets because of the difficulty of platelet culturing in vitro. After 
a few hours platelets will die, secreting different mediators that have detrimental effects 
on the cultures cells. In addition, we performed our assays with mature endothelial cells 
instead of CD34+ cells. Our focus was therefore on the characterization of the proteins on 
cell growth, instead of the effect of platelets on the differentiation of CD34+ cells. We tried 
several methods to induce differentiation of CD34+ cells into mature endothelial cells on our 
different protein coatings. Unfortunately, culturing of CD34+ cells into mature endothelial 
cells is a rather ineffective method that requires a lot of blood, show varying results between 
donors, and is only successful in less then half of the attempts. Because of these technical 
difficulties, we were not able to study CD34+ cell outgrowth between the different coatings. 
To overcome this problem, the different coatings were tested in vivo as described in chapter 
6. Stents were coated with the different protein combinations (fibronectin, fibrinogen and 
tropoelastin) that seem to optimal in in vitro experiments in combination with a CD34 
capturing antibody for the adhesion of EPCs. In contrast to our expectations, this had no 
effect on stent endothelialization and neointima formation. These unexpected findings 
can be explained by the ‘Vroman effect’, which means that plasma proteins will cover 
foreign surfaces placed in the bloodstream. Fibrinogen is one of the first proteins that 
will adhere to a surface followed by replacement by high molecular weight kininogen67. 
This effect may explain the differences between our in vitro and in vivo experiments. But 
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an important question remains what the effect of platelets is on stent endothelialization. 
Should platelet aggregation really be inhibited after stent placement? As mentioned before, 
literature indicates that platelets are very important endothelial regeneration after injury. The 
highly abundant growth factors present in α-granules also suggest a pro-healing function 
of platelets. It would therefore be interesting to investigate stent endothelialization and 
neointima formation in stents coated with collagen. Upon arterial injury, this subendothelial 
protein is exposed leading to platelet aggregation and subsequent endothelial regeneration. 
Coating a stent with collagen would provide a natural surface recognized by the body as 
an injury and therefore induce the normal healing process. With normal endothelial repair, 
less inflammatory cells will adhere potentially leading to a decreased neointima formation. 
Future studies should indicate whether platelets can support the formation of an endothelial 
cell layer.

GenousTM stent induced restenosis and personalized treatment

Our proposed stent coatings from chapter 5 were not superior to the established stents in 
vivo as described in chapter 6. We additionally used bare metal and the anti-CD34 coated 
GenousTM stent as controls for our in vivo study. Although improved endothelialization was 
expected within the Genous stent, we did not observe this. In the quantification, we measured 
the area of the stent that was covered and uncovered with cells. In this quantification, we 
did not distinguish between endothelial and smooth muscle cells. Therefore, the covered 
area is not a direct measurement of endothelialization. By morphological analysis, we 
determined the presence of smooth muscle cells on all of the stent struts and the surrounding 
vessel wall. The presence of smooth muscle cells covering the stent struts indicates a degree 
of vascular damage. This was created by the stent but likely also by denudation using a 
4.5F Fogarty balloon. Previous studies showed that balloon denudation not only removes 
the endothelial layer but also induces medial necrosis, contributing to increased intimal 
hyperplasia68,69. In patients, the injury present in an artery is different due to the underlying 
disease and the presence of an atherosclerotic plaque. We chose to use an animal model 
without pre-exciting disease and therefore denudation in our experiments was performed 
to simulate endothelial damage. The denudation could theoretically explain the smooth 
muscle cell coverage that was observed after 7 days and the retarded endothelial cell 
coverage, as supported by previous studies68.  Although the GenousTM stent did not show any 
improvement over the other stent coatings concerning endothelialization, we did observe a 
decreased neointima formation in the presence of the anti-CD34 antibody. Previous clinical 
studies support this finding, indicating that the number of patients with restenosis is lower 
compared to patients with a bare metal stent70-73. 

Even though these improved results were obtained, it also showed that a subpopulation of 
patients still suffered from restenosis70-73. This indicates that every patient responds differently 
towards a stent. Some patients would benefit more from a drug-eluting stent while other 
patients will have fewer complaints with a GenousTM stent. Predicting how a single patient 
would respond to a certain stent would lead to personalized treatment and less incidences 
of stent restenosis. Therefore, a test measuring the risk for restenosis in a single patient is 
needed. We attempted to set up a new way for biomarker discovery as described in chapter 
7. We stimulated cells with plasma from single patients, using migration of endothelial- 
and smooth muscle cells as a read-out. Unfortunately, our assay was not sensitive enough 
to measure differences that reflect clinical characteristics. A more sensitive read-out, for 
examples differences in mRNA levels, would potentially give better results. The idea of 
using patient plasma samples as a biomarker is very attractive because measure the total 
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biological response upon stimulation with the complete microenvironment. Thereby, we 
can measure the potential effects of the microenvironment on certain cell types, possibly 
revealing predictive markers for major adverse events. 

CONCLUDING REMARKS

Atherosclerosis is not longer a typical disease of the western world. The number of individuals 
with vessel wall diseases increases tremendously in countries such as China, Brazil and 
India. Already at a young age, lesions start to develop and progress into potentially dangerous 
lesions with clinical implications. Risk factors including hypertension, smoking, high fat 
diet, stress and hypercholesterolemia aggravate lesion progression and increase the risk for 
rupturing of the atherosclerotic plaque leading to clinical events like myocardial infarction 
and stroke. There is a great need for new treatment strategies, predictive biomarkers and a 
better understanding of the underlying biological processes.

This thesis provides a better understanding of the role of platelets in atherothrombosis. 
We first identified a new mechanism of monocyte adhesion to the vessel wall via platelet 
derived FLIPRs. Furthermore, we showed that macrophage infiltration is dependent on the 
responsiveness of platelets towards ADP. These two studies both show that platelets are very 
important for the infiltration of monocytes into the atherosclerotic plaque. Understanding 
this mechanism better will eventually lead to a better treatment strategy. In addition, 
we found that plasmin cleaves VWF multimers. We studied the role of this enzyme in 
TTP patients and found that plasmin can act as a natural backup for the degradation of 
obstructive platelet-VWF complexes. We have indications that the role of this enzyme goes 
beyond the degradation of microthombi in absence of ADAMTS13. It is our hypothesis that 
uPA/uPAR generated plasmin might have an important role in microvascular thrombosis 
and possibly even in atherosclerosis. Besides the description of this novel mechanism, 
we have translated our knowledge into the improvement of current therapies. We have 
searched for new biomarkers to predict the risk for restenosis and we optimized αCD34 
stent coatings. Stents were coated with platelet adhesive proteins because platelet adhesion 
might be very beneficial for improved stent endothelialization. The proteins of our choice 
were unfortunately not able to improve outcome, however we still believe that platelets 
are very efficient in improving stent endothelialization and further studies are necessary to 
address this issue. 
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NEDERLANDSE SAMENVATTING

De rol van bloedplaatjes bij aderverkalking 

Aderverkalking is de onderliggende ziekte bij veel cardiovasculaire problemen, zoals een 
hartinfarct en beroerte. Het is een chronische ontstekingsziekte van de grote bloedvaten 
die vele jaren onopgemerkt kan blijven. Risicofactoren voor het ontwikkelen van 
aderverkalking zijn onder andere roken, een verhoogd cholesterol en een ongezonde 
leefstijl. Aderverkalking begint doordat de endotheelcellen, de cellen die de binnenkant 
van een bloedvat bedekken, ontstoken raken. Deze cellen raken doorlaatbaar voor 
ontstekingscellen en cholesterol. Onder de endotheelcellen vormt zich een ophoping van 
ontstekingscellen en vet, de plaque. Deze plaque groeit met de jaren steeds groter en kan 
instabiel worden en scheuren. Zodra de endotheelcellaag die de plaque bedekt scheurt, 
komt de inhoud van de plaque in contact met het bloed en ontstaat er een bloedprop. 
Deze bloedprop kan essentiële slagaderen afsluiten met als gevolg dat er geen bloed meer 
stroomt naar vitale organen zoals de hersenen of het hart, resulterend in een beroerte of 
hartinfarct.

Bloedplaatjes spelen hierbij een belangrijke rol. Hun primaire rol is om wondjes af te dichten 
door een bloedplaatjesprop te vormen. Ze hechten direct aan het wondgebied, veranderen 
van vorm en klonteren samen om op deze manier het gat te dichten. Dit gebeurt niet alleen 
bij het scheuren van een plaque, maar ook bij een wondje waarbij het bloedvat beschadigd 
is geraakt. Bloedplaatjes zijn dus essentieel om een bloeding te stoppen en de normale 
bloedcirculatie te handhaven. Tevens zijn bloedplaatjes belangrijk in het herstel van de 
schade doordat hun inhoud de groei van nieuwe cellen kan bevorderen. Bloedplaatjes 
bevatten veel stofjes zoals groeifactoren en stollingseiwitten. Als een bloedplaatje hecht 
aan de beschadigde vaatwand, worden deze stofjes uitgescheiden en kunnen ze gebruikt 
worden door bijvoorbeeld de endotheelcellen om te herstellen. 
Bloedplaatjes zijn erg belangrijk bij de ontwikkeling van aderverkalking, doordat ze kunnen 
binden aan de ontstoken endotheelcellen. Als bloedplaatjes hieraan binden komt er een 
receptor op hun oppervlakte. Ontstekingscellen binden niet heel goed aan endotheelcellen, 
maar wel aan deze bloedplaatjesreceptor. Doordat de bloedplaatjes aan de endotheelcellen 
hechten kunnen ontstekingscellen dus weer hechten aan de met bloedplaatjes bedekte 
vaatwand en zich zo ophopen in de plaque. 

Wij doen veel experimenten waarbij we een beschadigd bloedvat namaken en hier bloed 
overheen laten stromen. Dit kunnen we filmen met een microscoop zodat we goed kunnen 
zien wat er precies met alle cellen gebeurt, en we een idee hebben van wat er precies in ons 
lichaam plaatsvindt. In hoofdstuk 2 hebben wij bloedplaatjes van gezonde donoren laten 
stromen over een kunstmatig beschadigd bloedvat en hebben wij gekeken naar de hechting 
van de bloedplaatjes. Wij vonden hiermee een nieuw mechanisme waarbij een deel van 
de gehechte bloedplaatjes van vorm veranderde en een enorme oppervlaktevergroting 
onderging. Een enkel bloedplaatje kan een lange draad vormen wat wel 50 keer groter 
is dan het originele oppervlakte. Op deze manier ontstaat er een landingsbaan voor 
ontstekingscellen die in het bloed langs komen stromen en hierdoor makkelijker kunnen 
hechten. Doordat de ontstekingscellen makkelijker kunnen hechten zal dit dus ook de 
aderverkalking verergeren.

Om hart- en vaatziekten te verminderen is het belangrijk de ziekte goed te kunnen 
behandelen, maar ook om te voorspellen hoe erg de aderverkalking is in een patiënt. Wij 
wilden weten of we met 1 druppel bloed konden voorspellen hoeveel ontstekingscellen 
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er in de plaque van een patiënt zitten en daarmee te kunnen bepalen hoe ernstig de 
aderverkalking is. In hoofdstuk 3 hebben wij bloed afgenomen van patiënten waarbij de 
plaque in de halsslagader chirurgisch verwijderd is. In dit bloed hebben we gemeten hoe 
gevoelig de bloedplaatjes zijn voor activatie. Wij zagen dat er een grote spreiding zat in 
deze gevoeligheid en dat patiënten met hele gevoelige bloedplaatjes meer ontstekingscellen 
in de plaque hadden. Wij hebben  dus een simpele methode gevonden waarmee wij met 
een druppel bloed kunnen bepalen hoeveel ontstekingscellen er in de plaque zitten. Helaas 
kunnen wij met deze meting niet voorspellen hoe erg de aderverkalking is. 

Het knippen van von Willebrand Factor

De vorming van een bloedplaatjesprop is afhankelijk van verschillende componenten. 
Één daarvan is het eiwit von Willebrand Factor (VWF). VWF is een heel lang eiwit dat 
uitgescheiden wordt door ontstoken endotheelcellen, dus ook in een wondgebied. 
Bloedplaatjes kunnen goed hechten aan VWF, voornamelijk in gebieden waar bloed 
met hoge snelheden stroomt. Op deze manier worden bloedplaatjes weggevangen en 
vastgehouden om ook in deze gebieden een stabiele bloedprop te kunnen vormen. De 
grootte van VWF moet gereguleerd worden om te voorkomen dat bloedplaatjes spontaan 
aan VWF kunnen hechten en zo een bloedprop vormen zonder dat er een wond is. In het 
bloed is er daarom een enzym aanwezig genaamd ADAMTS13, wat VWF in kleine stukjes 
kan knippen. Patiënten met trombotische trombocytopenische purpura (TTP) hebben 
vaak geen ADAMTS13 in hun bloed waardoor VWF-rijke bloedproppen de bloedstroom 
blokkeren, voornamelijk in de nieren en hersenen. Patiënten moeten hiervoor een dure en 
tijdrovende behandeling ondergaan om hun eigen plasma te vervangen door donor plasma, 
omdat de ziekte zonder behandeling dodelijk kan aflopen. TTP patiënten ondervinden 
niet altijd hinder van de ziekte, ze hebben vaak maar een paar keer per jaar een actieve 
fase. Het is niet duidelijk waarom deze patiënten de rest van het jaar doorkomen zonder 
problemen terwijl ze toch het VWF knippende enzym niet hebben. Wij kwamen daarom 
met het idee dat er een alternatief mechanisme aanwezig is wat ook VWF kan knippen, 
in afwezigheid van ADAMTS13. In hoofdstuk 4 onderzochten wij of het enzym plasmine 
hiertoe in staat was. Als een wondje na schade gedicht en herstelt is, moet de aanwezige 
bloedprop worden opgeruimd; plasmine speelt hierbij een grote rol door het knippen van 
fibrine. Onze resultaten laten zien dat plasmine ook VWF kan knippen, op een soortgelijke 
manier als ADAMTS13. Ook hebben wij laten zien dat TTP patiënten in de actieve fase van 
de ziekte meer plasmine in hun plasma hebben dan patiënten die niet in de actieve fase 
zitten. Dit geeft aan dat het alternatieve mechanisme inderdaad actief is in deze patiënten, 
maar dat het niet voldoende is om de problemen tegen te gaan. Om de behandeling van 
TTP patiënten makkelijker en goedkoper te maken, hebben wij in onze experimenten getest 
of het medicijn streptokinase, wat plasmine actief maakt, kan helpen om VWF te knippen. 
Onze experimenten tonen aan dat dit inderdaad het geval is, wat veelbelovend is voor 
de behandeling van TTP patiënten. Verdere studies moeten aantonen of streptokinase bij 
patiënten in de actieve fase van de ziekte de problemen kan verhelpen. 

De hechting van bloedplaatjes aan stents

Bloedplaatjesadhesie aan beschadigde endotheelcellen kan leiden tot de vorming van een 
bloedprop, maar kan ook zorgen voor het herstel en genezing van de endotheelcel. Patiënten 
met een acuut hartinfarct worden gedotterd, waarbij er een ballon wordt opgeblazen in de 
afgesloten slagader om zo de blokkade op te heffen en de bloedstroom richting het hart 
weer op gang te helpen. Om het bloedvat open te houden wordt er ook een stent geplaatst 
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tijdens deze behandeling. Een stent is een klein buisje van een kippengaasstructuur. Het 
plaatsen van een stent zorgt voor een grote beschadiging van de endotheelcellen en een 
directe hechting van bloedplaatjes. Doordat de stent van metaal is gemaakt hechten er 
ook direct ontstekingscellen. Deze ontstekingscellen zorgen dat een diepere laag cellen 
in het bloedvat, de gladde spiercellen, geactiveerd raakt. De gladde spiercellen gaan 
hierdoor massaal delen en zorgen zo voor een verdikking van de wand van het bloedvat. 
Dit veroorzaakt een vernauwing van het bloedvat en hierdoor een beperkte bloedtoevoer. 
Om te zorgen dat er minder ontstekingscellen kunnen hechten aan de stent is het wenselijk 
om de stent zo snel mogelijk te bedekken met een nieuwe endotheelcellaag. Om het 
lichaam zo snel mogelijk zelf de stent te laten bedekken met endotheelcellen, hebben 
wij een antilichaam geplaatst op de stent. Een antilichaam herkent en bind specifieke 
receptoren op cellen. In het bloed circuleren stamcellen die kunnen groeien tot volwassen 
endotheelcellen. CD34 is een receptor die specifiek op deze cellen voorkomt en niet op 
andere cellen in het bloed. In eerdere studies is een antilichaam tegen CD34 op stents 
geplaatst, maar dit zorgde niet voor een enorme verbetering in patiënten die deze stent 
geplaatst kregen. Wij hadden het idee om naast dit antilichaam ook eiwitten op de stents te 
plaatsen die de hechting van bloedplaatjes kunnen ondersteunen. Zoals eerder beschreven 
bevatten bloedplaatjes veel groeifactoren die de vorming van een nieuwe en gezonde 
endotheelcellaag kunnen bevorderen. In hoofdstuk 5 hebben wij hiervoor verschillende 
eiwitten getest. We hebben een selectie gemaakt van 3 verschillende eiwitten, alle met 
andere eigenschappen. Fibronectine, wat de groei van endotheelcellen bevorderd; 
fibrinogeen, wat de hechting van bloedplaatjes ondersteunt; en tropoelastine, wat de 
activatie van gladde spiercellen tegen gaat. Wij laten zien dat een combinatie van deze 
3 eiwitten inderdaad een goed effect heeft op de groei van endotheelcellen, er voldoende 
bloedplaatjes aan hechten, en de gladde spiercellen geremd worden. In hoofdstuk 6 
hebben wij deze eiwitten op stents geplaatst in aan- of afwezigheid van het antilichaam 
tegen de CD34 receptor. In konijnen hebben we vaatschade aangebracht in de slagaders 
van de achterpoten. Na het aanbrengen van de vaatschade hebben we de stents geplaatst 
en na 7 en 28 dagen hebben we gekeken naar de hechting van cellen en het herstel van 
het bloedvat. Helaas zagen wij geen verbetering met onze nieuwe stents ten opzichte van 
de gewone metalen stent en de stent met enkel het antilichaam tegen de CD34 receptor. 
Onze studie heeft dus niet geresulteerd in de verbetering van de huidige therapie, maar wel 
nieuwe ideeën gebracht voor toekomstige studies.

Dat de stent met antilichamen tegen de CD34 receptor geen verbetering ten opzichte 
van andere stents laat zien ondersteunt eerdere studies. Daarin is beschreven dat een 
subpopulatie van patiënten nog steeds last heeft van de vernauwing van het bloedvat na 
het plaatsen van de stent. Dit geeft aan dat iedere patiënt anders reageert op een stent. Het 
voorspellen van hoe een patiënt zou reageren op een bepaalde stent zou kunnen leiden tot 
een gepersonaliseerde behandeling en een betere uitkomst. Om dit te kunnen voorspellen 
is een test nodig die het risico op vernauwing bepaalt. Wij hebben geprobeerd een test op te 
zetten waarbij we op een nieuwe manier op zoek zijn gegaan naar voorspellende waarden. 
In hoofdstuk 7 laten wij zien dat we endotheelcellen en gladde spiercellen hebben gekweekt 
in aanwezigheid van het plasma van verschillende individuele patiënten. Het effect wat het 
plasma had op deze cellen hebben wij geanalyseerd en met die resultaten hebben we 
gekeken of we het risico op vernauwing konden voorspellen. Helaas was onze analyse 
niet gevoelig genoeg om verschillen te meten die de klinische waarden reflecteren. Wel is 
onze manier een aantrekkelijke methode om op zoek te gaan naar nieuwe voorspellende 
waarden omdat met deze methode het effect van het gehele plasma bestudeerd wordt en 
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niet een enkel eiwit.

Aderverkalking is niet langer een typische ziekte van de westerse wereld. Het aantal 
patiënten met vaatwandaandoeningen is enorm verhoogd in landen zoals China, Brazilië 
en India. Reeds op jonge leeftijd beginnen plaques zich te ontwikkelen met een mogelijk 
dodelijke afloop als gevolg. Er is een grote behoefte aan nieuwe therapieën, testen met een 
voorspellende waarde en een beter begrip van de onderliggende biologische processen. Dit 
proefschrift heeft op al deze vlakken iets bijgedragen, hopelijk resulterend in een verdere 
daling van hart- en vaatziekten. 
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DANKWOORD

Met veel plezier kijk ik terug op de afgelopen vier jaar. Het was soms stressvol, maar  ik vond 
het vooral een leuke en leerzame tijd. De supervisie vanuit twee verschillende afdelingen 
met beide een andere focus heeft uiteindelijk geresulteerd in een erg gevarieerd onderzoek 
wat duidelijk te zien is in dit proefschrift. Door het werken vanuit twee afdelingen heb ik 
veel leuke mensen leren kennen, die op verschillende manieren hebben bijgedragen aan 
mijn promotie. Hen wil ik hier dan ook hartelijk bedanken. 

Beste Prof. Dr. Pasterkamp, beste Gerard,
Ruim 6 jaar geleden kwam ik als onzeker meisje mijn pre-master stage lo pen bij jou op het 
lab. Door jouw aanstekelijke enthousiasme voelde ik me meteen op mijn plek en begon 
ik 2 jaar later vol goede moed aan mijn promotieonderzoek. Tijdens onze besprekingen 
wist jij steeds vanuit een andere invalshoek de data zo te bekijken, waardoor steeds weer 
nieuwe en goede ideeën op tafel kwamen. Gelukkig was er ook altijd ruimte voor luchtige 
gesprekken over voetbal, vakanties en nieuwe ontwikkelingen op relationeel vlak. Ik ben 
erg blij dat ik mijn promotie onder jouw hoede heb mogen uitvoeren, al was ik tot jouw 
ergernis toch te vaak ‘boven’ en met bloedplaatjes bezig. Bedankt dat je ondanks mijn 
interesse in de hematologie in me bent blijven geloven en me bent blijven steunen. Ik had 
me geen betere promotor kunnen wensen.  

Beste dr. Roest, beste Mark, 
Voor mijn tweede masterstage stond ik bij jou op de stoep en moest je je ineens gaan 
inlezen in EPCs. Een lastig onderwerp, maar gelukkig voor jou, vonden we ook hierbij een 
rol voor bloedplaatjes. Het project heeft nogal wat tegenslagen gekend, maar gelukkig is 
er toch een hoop moois uit voortgekomen, met natuurlijk ons hoogtepuntje; de FLIPRs. 
Naast de serieuze discussies kon ik bij jou altijd even klagen over het één of ander, al heb 
ik maar al te goed geleerd dat ik goed moet oppassen met persoonlijke dingen vertellen 
in dronken toestand ;) Ondanks alle drukte blijf je vrolijk en weet je ook zeker even tijd te 
maken voor een praatje. Iets waar ik altijd veel bewondering voor heb gehad. Ik heb onze 
samenwerking  als bijzonder prettig ervaren en ik ben dan ook blij dat ik de komende 
maanden onder jouw hoede mag blijven werken.

Beste Prof. Dr. De Groot, beste Flip, 
Iedere week zaten we met ons groepje bij jou in de kamer voor de werkbespreking, iedereen 
met zijn eigen onderwerp en ideeën. Ik bewonder het enorm hoe snel jij kan schakelen 
van het ene naar het andere onderwerp, overal een kritische blik op weet te werpen en met 
goede suggesties kan komen. Ik ben dan ook meer dan trots dat we met de naam FLIPRs 
zijn verder gegaan en dat dit zo hartelijk werd ontvangen op de NVTH.

Beste dr. Höfer, beste Imo, 
Ondanks dat er weinig resultaten uit zijn gekomen, heb ik met veel plezier gewerkt aan 
onze konijnenstudie. Jij was daarbij onmisbaar met je kennis en ervaring. Tijdens mijn 
presentaties wist je altijd scherp commentaar te geven, wat ik bijzonder op prijs stel. 
Bedankt voor al je hulp!

Geachte leden van de leescommissie, Prof.dr. Hack, Prof.dr. Meyaard, Prof.dr. Kappelle, 
Prof.dr. Mertens en Prof.dr. Vanhoorelbeke. Ik wil u allen vriendelijk bedanken voor het 
beoordelen van mijn manuscript. Beste Karen, ik wil u hartelijk bedanken voor de discussies 
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rondom ons onderzoek naar VWF en plasmine, de mogelijkheid om in vivo proeven te 
doen in Kortrijk. Ik kijk uit naar een mooie samenwerking in de toekomst. 

Mede dankzij OrbusNeich is mijn project tot stand gekomen. Erik, hartelijk dank voor 
alle input, de snelle levering van stents en de kritische blik op de resultaten. Ondanks dat 
het geen directe toepassingen voor jullie heeft opgeleverd, hoop ik toch dat jullie op een 
succesvol project terugkijken. Steve, thank you for all the input throughout this project and 
the warm welcome in Fort Lauderdale. 

Het grootste deel van mijn promotietijd heb ik doorgebracht op het lab van de hematologie. 
Hier wil ik dan ook veel mensen bedanken voor hun hulp en natuurlijk de gezelligheid. 

Harry, jouw scherpe blik heeft het FLIPR stuk naar een hoger niveau getild. Dank voor je 
input, je enthousiasme rondom microscopie en alle discussies. Bedankt dat je me de kans 
hebt gegeven om een presentatie te geven op de komende ISTH. Ik ben er van overtuigd dat 
zowel dit praatje als het toekomstige manuscript goed ontvangen gaan worden! 
Coen, dankzij jou heb ik een erg mooi hoofdstuk toe kunnen voegen aan dit boekje. Ik ben 
blij dat ik naar jou toe ben gekomen om een project samen te kunnen doen en ik had niet 
kunnen bedenken dat het zo succesvol zou worden. Dat jij zelfs diep in de nacht na liters 
bier nog over wetenschap kunt praten, is soms onbegrijpelijk. Dit toont maar al te goed aan 
wat jou passie is. Zelfs mijn stinkschoenen in Liverpool wisten jou niet te stoppen!
Ray, jij als vesicle-man hebt je draai al goed weten te vinden binnen het plaatjes- en 
stollingslab. Zelfs de taartenbakcompetitie stap jij in als deelnemer in plaats van als jurylid 
zoals de rest van de stafleden, wat ik zeker een complimentje waard vind! Richard, wat 
zal jij het toch zwaar hebben om een kamer te moeten delen met Mark en Harry. Succes! 
Rob, bedankt voor de plasma samples en data van de TTP patiënten. Dankzij deze samples 
hebben we ons stuk naar een veel hoger niveau kunnen tillen. 
 
Rolf, als student was ik al onder de indruk van jouw kennis, toen met name over de indeling 
van de vriezers, nu van jouw ideeën en input op allerlei verschillende projecten. Waar ik 
vaker mensen over hoor, was helaas ook voor mij het geval; ik was in het begin best een 
beetje bang voor jou... Maarten, op jouw aanraden staat Beb Vuyk nu ook in mijn kast en 
dat is al meerdere malen een succes gebleken! Suus, vaak tot ’s avonds laat nog aan het 
pipetteren op lab 3, zelfs toen je hoogzwanger was. Ondanks dat, altijd met een glimlach 
op je gezicht! Eszter, eerst vele verhalen over je gehoord en nu ben je weer terug op ons 
lab. Succes met Coen als baas ;)

Met 10 man op de AIO kamer was het vaak een kippenhok, maar gelukkig was het ook een 
plek om hard te werken en serieuze discussies te voeren. 4-uur-bier-uur was natuurlijk het 
hoogtepunt van iedere vrijdag al was er ook wel eens 2-uur-bacardi cola-uur op maandag. 
Tja Thijs, die inspiratie hadden we toen hard nodig als beginnende AIO. En nu is het 
einde tot echt daar, oh kak. Gelukkig hebben we 4 leuke jaren achter de rug met veel 
leuke feestjes en congressen, is de verse bananen-mojito toch wel mijn favoriete cocktail 
geworden en krijg ik een grote glimlach op mijn gezicht bij het horen van de Spice Girls. 
Heel veel succes als KCIO! En Eelo, ook voor jou zit het er nu na 4 jaar hard werken op. 
Eindelijk kunnen de telefoons weer aan in de AIO kamer zonder streepjes te krijgen. Heel 
veel plezier en succes in Engeland, maar natuurlijk eerst nog met jullie bruiloft! Agon, 
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not only a good scientist, but also a perfect husband and daddy. Who else stops during a 
competitive UMC estafette to kiss his wife? Good luck in your final months while working 
on the ‘most important’ factor in coagulation. Bert, met jou valt er altijd wel iets te beleven. 
Is het niet op een feestje (heb echt al iets te vaak je kont gezien), dan is het wel tijdens één 
van je presentaties waar de grapjes nooit kunnen ontbreken (kont-ent, haha!). Peter-Paul, 
een arts met een duidelijke passie voor onderzoek. Ik hoop dat er snel iets moois uit onze 
peppe-sessies komt. Marije, wat is labwerk toch fantastisch om te doen, niet?! Ik hoop dat 
je snel alles af kan ronden en dan weer lekker de kliniek in kan. Vivian, your perseverance 
is something I admire. It is not easy to do a PhD when your supervisor is not in the same 
hospital, and you have a baby at home. Keep up the good work! Steven, je lijkt me te blijven 
achtervolgen. Van het HLO naar College Station, naar het LKCH. Ik ben benieuwd waar ik 
je hierna tegen ga komen. Je hebt een mooie bijdrage aan het plasmine stuk geleverd en 
die tweede plek dus zeker verdiend. Susan, die gewoon even K3 jurkjes voor onze act in 
elkaar naait die nog goed passen ook! Wat een topact was dat ;) Sander, niet alleen goed in 
het isoleren van vesicles, ook in het vertellen van mooie (en vaak vieze) verhalen. Ik hoop 
dat je snel een oplossing vindt voor je tarrels. Marco, dankzij jouw hulp hebben we een 
mooie NVTH AIO dag achter de rug. Jouw organisatorisch vermogen is iets om trots op te 
zijn. En het beeld van jou in een K3 jurkje zal ik nooit vergeten… ;) Jessica, heel veel succes 
de komende jaren met je promotie! Meta, wat een toeval dat jij in Indonesië belandde met 
iemand die ik toch ook wel heel goed bleek te kennen! Heel veel succes met afronden en 
veel geluk met je mooie gezinnetje. 
Arnold, er is niets waar jij geen oplossing voor hebt. Je staat altijd voor iedereen klaar en 
bent op ieder feestje tot laat aanwezig. Waar haal je toch al die energie vandaan? We hadden 
ons geen betere hoofdanalist kunnen wensen. Elske, mede door jouw hulp is dit proefschrift 
tot stand gekomen. Je hebt veel gedaan, helaas tot jouw grote frustratie niet altijd even 
succesvol. We hebben samen duidelijk gemerkt hoe frustrerend wetenschap soms kan zijn. 
Maar desondanks is er een hoop moois uitgekomen waar je echt trots op mag zijn! Arjan, 
de redder in nood bij microscoop en FACS problemen. Ondanks mijn ongeduld hebben 
we mooie dingen kunnen doen op de microscoop. Animaties maken kun je als de beste en 
ik hoop dan ook snel een figuur en filmpje te kunnen publiceren met jou naam eronder! 
Silvie, altijd behulpzaam bij problemen met HUVEC en andere lab issues. Dat we nog maar 
vaak sushi gaan eten! Annet, altijd in voor een praatje, dat maakt het extra gezellig op lab 
1. Maaike, ik kijk met veel plezier terug op het dagje Winterberg! Simone, Brigitte, Sandra, 
Grietje, Brechtje, Kim, Tesy, Bas en Cor, bedankt voor de gezellige koffiepauzes en jullie 
inbreng op het lab! Joukje, bedankt voor alle hulp met declaraties, afspraken maken en alle 
vragen die ik maar steeds weer had. 

Collega’s komen en gaan, maar sommige mensen vergeet je natuurlijk nooit! Valentina, 
sempre ben organizzato e pulito-up ;) Hai sempre ascoltato i miei problemi e lamentele, 
e mi manchi davvero ora nella stanza AIO. Non solo, ma anche il divertimento e feste che 
abbiamo avuto! Spero che bei tempi arriveranno a Colonia! Esther, het is maar weer eens 
duidelijk hoe zwaar het is om kliniek te combineren met het afronden van een promotie. 
Nog even volhouden! Attie, het weekje Sardinië was heerlijk, ik kijk nu alweer uit naar 
september! Succes met alles in de toekomst. Judith, heel veel succes met het afronden van 
je promotie. Met een CV zoals jij hebt en al je kennis ga je het helemaal maken! Dianne, 
van Toronto naar Melbourne, ik ben best een beetje jaloers! Succes in de toekomst. Cees, 
je had zin in een feestje dus; kom je een biertje drinken?
Tuna, jij zorgt altijd weer voor levendige discussies op werkbesprekingen en retraites. Ook 
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al werken we aan totaal andere onderwerpen, het is een aanvulling jullie op de gang erbij 
te hebben. Sanne, Jonas, Rimke, Maarten, Tineke, Tineke, Berris, Julie, Maureen, Inger, 
Simone, Ruud, Esther en Laurens, bedankt voor jullie bijdrage aan het LKCH, zowel 
wetenschappelijk als sociaal!

Natuurlijk verdienen ook mijn studenten flinke waardering voor al hun werk. Bart, met 
een technische blik heb je veel problemen op het lab opgelost. Helaas kan je alleen niet 
van mij winnen met bier adten ;) Lejla, je kreeg van mij een lastig project maar je hebt 
uitstekend werk verricht en natuurlijk voor veel gezelligheid gezorgd. Succes met je AIO 
project! Chantal, jij hebt het FLIPR project nieuw leven ingeblazen en veel mooie data 
gegenereerd. Dank daarvoor! Michel, een beetje eigenwijs af en toe maar daardoor heb je 
wel een mooi nieuw project opgepikt en heel veel goeie proeven gedaan. Publicatie volgt 
hopelijk spoedig! Bob, jouw handigheid komt goed van pas tijdens je project waarbij je 
soms onverwacht veel moet knutselen. We gaan er echt iets moois van maken! 

Met veel plezier heb ik de afgelopen jaren als AIO-lid in het NVTH bestuur gezeten. 
Tilman, Frank, Martin, Cees, Suzanne, Jeroen, Hugo en natuurlijk ook Mark, bedankt voor 
de gezelligheid tijdens de vergaderingen en etentjes. 

Natuurlijk heb ik ook met veel plezier bij de experimentele cardiologie gewerkt en ook 
daar wil ik vele mensen bedanken. 

Ellen, tijdens onze cursus in het James Boswell hadden we allebei net een baan bij de cardio 
gekregen. Een spannende tijd brak aan die voorbij gevlogen is! En Pleunie en Sanne, ook 
voor jullie zit de promotietijd er al (bijna) op. Succes allemaal met afronden! Joyce, dank 
voor alle hulp met de database, zo hebben we er samen een leuk manuscript van gemaakt 
wat hopelijk snel een mooie publicatie zal worden! Marten, de microenvironment tests 
worden door jouw inbreng echt een succes. Amir, Dyneema testen op trombinegeneratie 
had nogal wat voeten in aarde, maar ik ben blij je te hebben kunnen helpen. Sander L, 
altijd weer presentaties waarvan iedereen z’n oren gaan klapperen, maar een hele mooie 
nieuwe insteek voor de AE. Vince, Geert, Crystel, Bas, Dries, Zhiyoung, Janine, Vera en 
Frederieke succes allemaal met jullie promotieonderzoek.
Dominique, Joost S, Joost F, Mirjam, Onno, Fatih, Leo, Hester, Jiong-Wei, Alain en Krijn, 
het was leuk met jullie te kunnen samenwerken binnen het lab. Bedankt voor alle hulp en 
inbreng tijdens de werkbesprekingen. 
Corina, dankzij jou heb ik toch mooi met mijn hoofd in de Volkskrant mogen pronken. 
En wie weet waar nog meer! De koffiepauzes, zeker tijdens mijn studententijd, waren 
altijd weer gezellig! Sander, altijd een grote hulp met AE samples en het verzamelen van 
bloed voor mijn studies. En voorlopig kan je nog een paar maanden bij mij droogijs komen 
bietsen hoor ;) Loes, lang geleden al samen op het HLO. Nu een grote gezelligheidsfactor 
op het lab. Aryan, zeker als student was er soms een grote drempel om je iets te vragen, 
maar jouw kennis en ervaring zijn zeker onmisbaar. Vahideh, during the months you were 
in the lab, we’ve learned a lot from each other. Not just in the lab but also from the different 
cultures. I hope you are able to follow your dreams. Marjolein en Chaylendra, het was 
altijd gezellig met jullie bij de koffie, soms zelfs iets tè wat het werk niet ten goede kwam 
;) Karlijn, ik heb veel van je geleerd tijdens mijn stage en dat heeft me als AIO in het begin 
zeker op weg geholpen. Succes als KCIO! Evelyn, Marlijn, Merel, Joyce, Cees, bedankt 
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voor alle hulp met de konijnexperimenten. Het was altijd weer gezellig om een dagje in 
het GDL te staan. Noortje, Astrid, Ben, Maike, Krista, Esther, bedankt voor alle hulp en 
gezelligheid op het lab. 
Ineke en Marjolijn, bedankt voor jullie hulp bij vragen, problemen en al het papierwerk. En 
natuurlijk ook voor de gezelligheid en praatjes op het secretariaat. 

Alle lieve vrienden, heel erg bedankt voor jullie steun maar natuurlijk nog veel meer voor 
alle gezelligheid. Studentenfeestjes, intro-kampen en biertjes in de Poli bij Uranymus; 
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