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Venous thromboembolism represents the third leading vascular disease 
after myocardial infarction and stroke. Erythrocytes, the most abundant 
cells in venous thrombi, are thought to be innocent bystanders that be-
come tangled up in the fibrin mesh of venous thrombi. This thesis pro-
vides evidence that erythrocytes can bind to von Willebrand factor. The 
interaction between erythrocytes and von Willebrand factor increases sig-
nificantly when the wall shear stress approaches stasis. Moreover, detailed 
microscopy imaging demonstrates that erythrocytes, von Willebrand fac-
tor, and fibrin show a striking pattern in human venous thrombi by form-
ing erythrocyte-von Willebrand factor-erythrocyte and erythrocyte-von 
Willebrand factor-fibrin complexes. The interaction between erythrocytes, 
von Willebrand factor, and fibrin may contribute to the stabilization and 
propagation of a venous thrombus and could be a novel target for clinical 
intervention.
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It has to start somewhere
It has to start sometime
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INTRODUCTION

A continuous circulation of blood through blood vessels is essential for human life. Blood 

supplies oxygen and nutrients to tissues and removes carbon dioxide and waste products 

via the lungs, kidneys, and liver. An impaired or obstructed circulation may result in (local) 

hypoxia with subsequent cell necrosis which severely damages tissues and organs and may 

become fatal when vital organs fail. To prevent this, the human body has adopted multiple 

safety measures. Blood is contained within an enclosed environment wherein the blood 

pressure is strongly regulated. Exposure of blood to its surrounding tissues is prevented by 

a highly organized cell layer, the endothelial cells, that lines the inner wall of all blood ves-

sels. Leakage of blood vessels due to damage is quickly averted by the adhesion of blood 

platelets and the initiation of blood coagulation at sites of vascular damage. Because of the 

importance of these processes, a malfunction of any of these systems may result in severe 

pathology. In particular hemostasis, the process which prevents leakage of blood into the 

tissues, is exceptionally well regulated.

Hemostasis

When an injury to a blood vessel causes damage to the endothelium, almost instantly the 

process of hemostasis is initiated. Blood leakage and subsequent exposure to the suben-

dothelium causes platelet activation. Activated platelets immediately adhere to proteins of 

the subendothelial matrix and start to form a plug at the site of injury. This process is called 

primary hemostatis. Simultaneously, molecular changes in platelets and exposure of tissue 

factor under the damaged endothelial layer to plasma Factor VII initiates the activation of 

the coagulation system which causes fibrin formation.1,2 The latter process is called sec-

ondary hemostasis. Together, these processes ensure that blood remains contained within 

damaged blood vessels.

Primary hemostasis
Upon disruption of the vessel wall, at sites of damaged endothelium, platelets bind to 

extracellular matrix components which initiates primary hemostasis. Collagen and von 

Willebrand factor (VWF) are the most important platelet-supporting proteins.3 Collagen is 

an efficient substrate for platelet adhesion and exposure of collagen to the bloodstream 

has been shown to be a major trigger for thrombus formation.4 Collagens type I and III are 

the major forms found in blood vessels.5 Platelets can bind to collagen via the receptor 

glycoprotein IV (GPIV) and the integrin α2β1 (GPIa/GPIIa).4,6,7 Besides binding to collagen, 

the interaction of the platelet receptor GPIb-V-IX to the A1 domain of VWF is one of the 

primary events in platelet adhesion (Figure 1A).8,9 VWF is a large glycoprotein consisting of 

2050 amino acids.10 Multiple VWF subunits are assembled into large multimers which are 

stored in Weibel-Palade bodies of endothelial cells and in the α-granules of platelets and 
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are released upon endothelial or platelet activation.11 When released by activated endo-

thelial cells, VWF forms ultra-large VWF strings that can bind and capture platelets from 

the blood stream.12 In addition, VWF is also constitutively secreted from endothelial cells 

into the blood stream.13 Upon blood vessel damage, VWF can bind to collagen via its A3 

domain (Figure 2).14,15 Immobilization of VWF on a surface greatly enhances platelet bind-

ing to VWF.16 Moreover, exposing VWF to high shear stress causes conformational changes 

within VWF and exposure of the A1 domain which promotes platelet binding (Figure 2).17 

VWF multimers can be reduced in size through proteolytic cleavage by ADAMTS13 (a 

metalloproteinase with a thrombospondin type 1 motif, member 13) at the VWF A2 domain 

(Figure 2).18 Larger VWF multimers are hemostatically more active than the smaller multi-

mers.19 Eventually, VWF is cleared from the circulation by macrophages in the liver and the 

spleen.20,21

A
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D

Collagen GPIV

VWF GPIb-IX-V

α2β1 Phosphatidylserine

αIIbβ3 PAR1 / PAR4

FXa
FX

FIXa
FVIIIa FXa
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Prothrombin
Thrombin

Thrombin

Thrombin

Figure 1. Primary hemostasis. A, Platelets bind collagen and VWF (von Willebrand factor) via respectively 
GPIV and GPIb-V-IX and platelets become activated. B, Platelets spread, become rounded and adhesion is 
increased via inside-out signalling. α-Granules release their content, which induces autocrine and paracrine 
signalling and phosphatidylserine is exposed. C, The tenase and prothrombinase complexes are formed on 
the negatively charged surface of phosphatidylserine-exposing platelets and thrombin is formed. D, Throm-
bin causes further platelet activation via PAR-1 and PAR-4 receptors and mediates fibrin formation.
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Upon binding to collagen via the receptor GPIV or to VWF via the platelet receptor GPIb-

V-IX, platelets become activated (Figure 1A).22 Elevated cytosolic calcium levels are part 

of the main signals that mediate platelet activation.23 Once activated, a multitude of 

processes occur that enhance primary hemostasis and contribute to secondary hemo-

stasis. Activated platelets release the content from their α-granules, change shape, their 

adhesiveness increases, and they acquire a pro-hemostatic surface by phosphatidylserine 

exposure (Figure 1B).3 Increased adhesiveness is achieved by a conformational change and 

clustering of the integrin αIIbβ3 which mediates stable binding to VWF and fibrinogen.24 In 

addition, activation and clustering of the platelet integrin α2β1 results in firm adhesion to 

collagen (Figure 1B).25 Binding of an integrin to its ligand causes integrin clustering and 

consequently outside-in signalling which further activates platelets.22 During platelet acti-

vation, shape changes cause the platelets to spread and increase adhesiveness by increas-

ing platelet receptor expression via pseudopod formation.26 Further platelet activation is 

achieved by secretion of autocrine agents. Upon activation, platelets release, among oth-

ers, ADP, ATP, serotonin, and they produce the lipid signalling molecules thromboxane A2 

and lysophosphatidic acid which further cause platelet activation (Figure 1B).3,27 Activated 

platelets expose phosphatidylserine which increases the formation of tenase (FVIIIa-FIXa) 

and prothrombinase (FVa-FXa) complexes, which results in a dramatic increase in thrombin 

generation (Figure 1C).28,29 Thrombin, generated on the pro-coagulant platelet surface, will 

produce fibrin clots which will capture additional platelets.30 Phosphatidylserine exposure 

thus links primary hemostasis with secondary hemostasis. In addition to its role in coagula-

tion, thrombin will also activate platelets directly via its G-protein coupled receptors PAR1 

(protease-activated receptor 1) and PAR4 (Figure 1D).31 Eventually, activated platelets will 

contract the clot and form a tight impermeable barrier to stop bleeding.32
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Figure 2. VWF (von Willebrand factor) domains and protein interaction sites. Different domains of VWF 
are illustrated based on the domain assignment by Zhou et al.134 N- and O-linked glycosylation is shown as 
closed and open lollipops, respectively.
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Secondary hemostasis (coagulation)
Blood coagulation can be divided into three separate phases: an initiation phase, an ampli-

fication phase, and a propagation phase.33 The initiation phase starts when the vasculature 

is damaged and subendothelial matrix and cells become exposed to the bloodstream. The 

subendothelial cells such as smooth muscle cells and fibroblasts expose tissue factor (TF), 

which binds coagulation Factor VII (FVII). TF is a cofactor of FVII and promotes proteolysis 

and activation to FVIIa (Figure 3A).34–36 Small traces of FIX and FX are proteolytically cleaved 

by the TF/FVIIa complex into FIXa and FXa, respectively (Figure 3A).37,38 Next, FXa can as-

sociate with small traces of FVa to form the prothrombinase complex on the TF-expressing 

cells.39 The prothrombinase complex converts prothrombin (FII) into thrombin (Figure 3A).40

FXIaFXI

FVII

FVII

FVIIa

FX

FVIIa

FXa

FXa FVa

Prothrombin Thrombin

A Initiation

B Amplification

C Propagation

Thrombin Thrombin

FVIIIaFVIII

FVIIIa FIXa

FXaFX

Thrombin

FVIIIa FIXa

FXaFX

FXa FVa

Prothrombin Thrombin
FXIIIa

Fibrin

FXIII

FXIa

FIXaFIX

FIXaFIX

Fibrin

FVaFV

Figure 3. Secondary hemostasis. A, Factor VII binds to tissue factor (TF) expressed by smooth muscle cells 
and becomes activated. FIX and FX become activated by the TF/FVII complex. The FXa/FVa complex pro-
motes thrombin generation. B, Thrombin activates platelets and converts FV, FVIII and FXI into FVa, FVIIIa 
and FXIa, respectively. On the phosphatidylserine-exposing surface of activated platelets the FVIIIa/FIXa 
complex converts FX into FXa. C, FXIa converts FIX into FIXa. The FVIIIa/FIXa complex activates more FX. The 
prothrombinase complex (FXa/FVa) produces significant amounts of thrombin to form fibrin fibres. Eventu-
ally, thrombin activates FXIII which crosslinks fibrin fibres.
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After coagulation initiation, blood coagulation goes into a phase of amplification. The 

thrombin produced by the prothrombinase complex activates platelets that adhere at 

sites of injury (Figure 3B).41 Simultaneously, thrombin amplifies the prothrombinase 

activity by converting platelet-derived FV into FVa.42,43 Thrombin also converts FVIII into 

FVIIIa which supports FXa generation by acting as a cofactor for FIXa on the surface of ac-

tivated platelets.44,45 In addition, to amplify the coagulation response, thrombin converts 

FXI into FXIa (Figure 3B).46

Next, instead of the TF-expressing surfaces which initiated coagulation, the propaga-

tion phase occurs on procoagulant phospholipid surfaces, like activated platelets.47,48 

Thrombin-activated FXIa converts FIX into FIXa, which associates with thrombin-cleaved 

FVIIIa.49–51 The FVIIIa/FIXa complex catalyzes the conversion of FX into FXa on phospha-

tidylserine-exposing cell membranes (Figure 3C).52 Eventually, the FXa/FVa complex 

produces sufficient amounts of thrombin to from fibrin fibres, which are covalently 

crosslinked by the thrombin-activated plasma transglutaminase FXIIIa to yield a fibrin 

clot (Figure 3C).53

In addition to this, the classical intrinsic FXI-FXII pathway is activated in parallel with 

extrinsic TF pathway. Among triggers that have been found to activate the intrinsic path-

way are: collagen, polyphosphates, and neutrophil extracellular traps (NETs).54–56 FXII is 

activated by these triggers, which subsequently leads to the activation of plasma FXI, 

FIX, FX, and thrombin formation.57

Coagulation regulation
To prevent uncontrolled, widespread clot formation, regulation of coagulation is necessary. 

Two major systems that regulate coagulation can be distinguished: protease inhibitors 

and the protein C/protein S pathway. First, anticoagulation is established by circulating 

protease inhibitors that eliminate activated coagulation factors by targeting their active 

sites. Among these protease inhibitors, tissue factor pathway inhibitor (TFPI) and the ser-

ine protease inhibitor (serpin) antithrombin are the most studied. TFPI regulates the first 

steps of blood coagulation by direct inhibition of free FXa and by interaction with the TF/

FVIIa/FXa complex.58–60 TFPI contains Kunitz-type domains which mimic the substrates of 

coagulation proteases thereby preventing their proteolytic function.61,62 Antithrombin is a 

serine protease inhibitor (serpin) with high affinity towards the key coagulation proteases 

FIXa, FXa, and thrombin.63–65 In contrast with TFPI, antithrombin has a protruding reactive 

center loop (RCL) which is characteristic of serpins.66 The RCL interacts with the protease 

active site cleft of coagulation proteases and becomes, after cleavage, incorporated in 

the protease thereby blocking its function.67,68 The anticoagulant activity of antithrombin 

towards FIXa and FXa is strongly enhanced by heparin, but minimally affects thrombin 

inhibition.69,70
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A second anticoagulant system is provided by the protein C/protein S pathway. Acti-

vated protein C (APC) in complex with protein S supresses tenase and prothrombinase 

activity by proteolytic inactivation of FVIIIa and FVa.71,72 Thrombin can bind to thrombo-

modulin expressed by endothelial cells.73 Here, it proteolytically cleaves protein C which 

is bound to a nearby endothelial protein C receptor.74,75 Once cleaved, protein C can as-

sociate with its cofactor protein S to form a complex that proteolytically cleaves FVa and 

FVIIIa leading to downregulation of prothrombinase activity.72,76 The cleavage of protein 

C and binding to its cofactor protein S is necessary for optimal anticoagulant activity. 

APC only cleaves FVa when the thrombin-generating surface comes from endothelial 

cells, while it does not when it is provided by platelets.77 It has also been shown that 

platelets provide protection against FVa proteolytic cleavage by APC.78 Therefore, it is 

assumed that APC does not function to downregulate coagulation, but rather to prevent 

clotting on healthy, uninjured blood vessels.3

Hemostatic pathologies

Hemostatic pathologies can present themselves either as bleeding or as thrombosis and 

may cause severe and possibly life-threatening disease. Insufficient hemostasis may result 

in bleeding, while over-active clotting results in thrombosis. Hemostatic disorders can 

have many different causes. They can be congenital or acquired and can involve primary 

hemostasis, secondary hemostasis or both.

Bleeding
Bleeding disorders can be broadly classified into primary and secondary hemostatic 

defects. Primary hemostatic disorders include von Willebrand disease, thrombocytope-

nia, and platelet defects. They result mainly in mucocutaneous bleeding symptoms like 

petechiae or easy bruising.79,80 In contrast, secondary hemostatic disorders which consist 

of congenital or acquired deficiencies of coagulation factors, typically present with deep 

bleeding into muscles and joints.80,81

Among the primary hemostatic disorders, von Willebrand disease (VWD) is the most 

common bleeding disorder.82 VWD affects up to 1 % of the population and results from 

inherited mutations that involve the synthesis or function of VWF or can be acquired due 

to formation of anti-VWF antibodies, increased proteolysis and clearance, or decreased 

synthesis.83 VWD is classified into six different types (type 1, 2A, 2B, 2M, 2N, and 3) all 

having a qualitative or quantitative deficiency in VWF and present itself with mild to severe 

bleeding.83 Type 1 VWD is due a partial quantitative deficiency of plasma VWF. This disorder 

is difficult to manage as a plasma VWF level slightly below the usual normal range (50–200 

IU/dL) may or may not present itself with bleeding.84 The type 2 VWD patients suffer from 

a qualitative defect of VWF.83 Type 2A is characterized by an insufficiency to form large 

multimers which are more hemostatically active.83 Type 2B VWD presents itself with a gain 
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of function defect. The platelet receptor GPIb binding to VWF is enhanced. This defect 

results in spontaneous platelet binding and subsequent rapid clearance of the platelet-

VWF complex from the circulation and consequently a loss of large VWF multimers and 

potentially thrombocytopenia.83 In contrast, type 2M VWD is characterized by a reduced 

ability to bind the platelet receptor GPIb.83 VWF in type 2N VWD patients shows a normal 

multimer pattern and these patients have normal plasma VWF levels, however VWF from 

these patients shows less binding to FVIII causing a quantitative decrease in plasma FVIII 

levels.83 Finally, type 3 VWD patients have a homozygous defective VWF gene and show a 

complete absence of VWF production. This last type of VWD is the most severe form and 

patients with type 3 VWD may suffer from life-threatening external and internal bleeding.83

Platelet-involved bleeding disorders include a broad range of platelet abnormalities. 

A reduced platelet count known as thrombocytopenia may cause mild bleeding. The 

reduced platelet count can be caused by a reduced production or an increased destruc-

tion of platelets.79 Platelets can also have functional defects. Some examples of bleeding 

disorders that are caused by such functional defects are: the Bernard-Soulier syndrome 

which is caused by a deficiency of the platelet VWF receptor GPIb-IX-V; Glanzmann throm-

basthenia, which is characterized by a deficiency of the integrin αIIbβ3, and platelets from 

patients with the Scott syndrome, which are deficient in phosphatidylserine exposure.85,86

Secondary hemostatic disorders are characterized by defects or deficiencies of coagula-

tion factors. Hemophilia, although relatively rare, is the most well-known bleeding disorder.87 

There are two main types of hemophilia: hemophilia A, which is characterized by a deficiency 

of FVIII and hemophilia B, in which there is insufficient FIX, causing the bleeding disorder.87 

Once activated, FVIII and FIX form a complex which catalyzes the conversion of FX into FXa on 

phosphatidylserine-exposing cell membranes.52 A deficiency of either one of these proteins 

causes excess bruising or mild to severe spontaneous bleeding into joints or internal organs.87 

Both FVIII and FIX are X-linked genes, which is why mainly males suffer from hemophilia. 

Hemophilia A occurs in 1 in 5000 males and haemophilia B in 1 in 30.000 males.88 Other co-

agulation factor deficiencies are even less common. A deficiency of FXIII, FXI, FX, FVII, FV, FII, 

or fibrinogen occurs at an incidence of 1:500.000 to 1:2.000.000.80,81 Other causes of bleeding 

can be liver disease, vitamin K deficiency, or antibodies that inhibit coagulation factors.89–91

Thrombosis
Thrombosis, as opposed to bleeding, is the unwanted clotting of blood within the blood 

vessels. This happens when activation of the hemostatic pathway exceeds the normal 

regulatory counterbalance by anticoagulant factors which should limit thrombus formation 

to the injured area. Thrombosis can occur in the arterial circulation as well as in the venous 

circulation. Both may cause unwanted obstruction of one or more blood vessels which may 

result in local hypoxia and tissue damage, but the mechanisms behind arterial and venous 

thrombosis are significantly different.
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Arterial thrombosis

Ischemic heart disease and stroke are mostly caused by arterial thrombosis and represent 

the major cause of death worldwide.92 Arterial thrombosis is mostly caused by the rupture 

of an atherosclerotic plaque, while less often it is caused by intima erosion.93 Atherosclerotic 

plaque formation starts with the accumulation of lipoproteins in the subendothelial space 

(intima), which triggers endothelial cell activation and leukocyte recruitment (Figure 4A).94 

Once the leukocytes have transmigrated through the intima, monocytes differentiate into 

macrophages which start taking up lipoproteins, become foam cells, and release proteases 

and cytokines (Figure 4B).94 Within the atherosclerotic plaque, lymphocytes will further 

enhance local inflammation by producing proinflammatory cytokines that promote plaque 

growth.94 Sustained local inflammation, oxidative-stress, cell necrosis and the release 

of proteases may result in the disruption of the atherosclerotic plaque.94 Plaque rupture 

A

C

B

D

Erythrocyte

Platelet

Lipoprotein

Collagen

VWF

Fibrin

Leukocyte

Foam Cell

Necrotic Cell

Figure 4. Arterial thrombosis. A, Lipoproteins accumulate in the subendothelial space, endothelial cells are 
activated and leukocytes are recruited. B, Leukocytes transmigrate through the endothelial layer. Mono-
cytes differentiate into macrophages, take up lipoproteins, become foam cells and release cytokines and 
proteases (little blue circles). C, The atherosclerotic plaque ruptures due to sustained inflammation, oxida-
tive stress, and cell necrosis. Platelets immediately adhere to exposed collagen, VWF (von Willebrand fac-
tor), and fibronectin. D, Tissue factor triggers activation of coagulation and thrombin and fibrin are formed. 
Fibrin captures more platelets causing thrombus growth.



19

Introduction

1
exposes the subendothelial matrix and releases thrombogenic material (e.g. tissue factor, 

lipids, foam cells, necrotic cell debris) from the core of the plaque into the arterial circula-

tion. Upon plaque rupture, platelets immediately adhere to and start to aggregate on col-

lagen, fibronectin, and VWF released from the plaque, via the platelet adhesion receptors 

GPIV and GPIb-V-IX (Figure 4C).95 Within minutes, tissue factor triggers the activation of 

the coagulation cascade and thrombin and fibrin are formed.95 Once platelet aggregation 

has begun and coagulation is initiated, platelets stably bind to VWF and collagen by the 

integrins α2β1 and αIIbβ3 and the clot is further stabilized by fibrin (Figure 4D). Characteristic 

of arterial thrombosis is that the thrombus forms during exposure to high shear forces.96 

Moreover, the thrombus is largely composed of aggregated platelets which have a greyish 

white colour, therefore arterial thrombi are often referred to as white thrombi.

Venous thrombosis

Deep vein thrombosis mostly develops in the veins of the lower extremities but other veins 

may also be affected.97–100 A deep venous thrombus may embolize and flow towards the 

lungs where it may become a blood clot in the lungs, known as a pulmonary embolism.97 

Deep vein thrombosis and pulmonary embolism are collectively referred to as venous 

thromboembolism and represents the third leading vascular disease after myocardial 

infarction and stroke.101 Venous thrombi mostly develop in venous valve pockets and in 

the absence of endothelial injury.102 Blood stasis in these venous valve pockets promotes 

hypoxia and creates a hypercoagulable environment which can trigger thrombogenesis 

(Figure 5A).103–105 Upon hypoxia endothelial cells become activated which triggers Weibel-

Palade body exocytosis.106 The endothelial Weibel-Palade bodies release P-selectin and 

VWF which recruit leukocytes, platelets, and TF-positive microparticles (Figure 5B).56,107,108 

Leukocytes, in particular monocytes, express TF and together with the TF-positive mic-

roparticles initiate FVII-dependent coagulation.56,108 Neutrophils, which are less positive for 

TF, form complexes with platelets which trigger NET formation.56,109 These NETs promote 

FXII-dependent coagulation (Figure 5C).56 Once coagulation is initiated, fibrin, VWF and 

NETs form a scaffold for platelet and erythrocyte adhesion (Figure 5D).56,109 In contrast 

with arterial thrombosis, venous thrombi develop at very low shear forces or even stasis.96 

Moreover, venous thrombi are largely composed of erythrocytes instead of platelets.102 The 

presence of erythrocytes in the thrombi give them a red colour, therefore venous thrombi 

are referred to as red thrombi.
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Figure 5. A venous thrombus developing in a venous valve pocket. A, Blood stasis in a venous valve pocket 
causes local hypoxia. B, Endothelial cells are activated and release P-selectin and VWF (von Willebrand fac-
tor) which recruit leukocytes, platelets, and TF-positive microparticles. C, TF-positive monocytes and mi-
croparticles initiate FVII-dependent coagulation. Neutrophils release NETs (neutrophil extracellular traps) 
which promote FXII-dependent coagulation. D, Fibrin, VWF, and NETs form a scaffold for platelet and eryth-
rocyte adhesion.

Erythrocytes in thrombosis and hemostasis

Conventionally, hemostasis was primarily regarded a function of platelets, coagulation 

factors, and endothelial cells. Later, leukocytes were also shown to actively contribute 

to thrombosis and hemostasis. In contrast, erythrocytes have generally been viewed as 

innocent bystanders in the clotting process, despite their prominent presence in clots 

and thrombi. However, evidence that erythrocytes actively contribute to thrombosis and 

hemostasis has been steadily increasing.

The first link between erythrocytes and hemostasis was shown by the observation 

that increasing the haematocrit decreases bleeding times in patients that suffer from 

bleeding or anemia.110–112 Conversely, increased hematocrit levels have been associated 

with venous thrombosis.113,114 Moreover, patients that suffer from conditions that cause a 

strong increase of the haematocrit, like polycythemia vera, are prone to develop throm-

bosis.115 Thus, anemia increases the risk of bleeding while erythrocytosis increases the 
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risk of thrombosis. The effect of hematocrit on hemostasis can be explained by several 

different mechanisms. First, erythrocytes can influence hemostasis by a process called 

platelet margination.116 Erythrocytes move away from the blood vessel wall when ex-

posed to shear flow due to their deformability.116 The erythrocyte movement away from 

the vessel wall causes platelet movement towards the vessel wall by volume exclusion.116 

This process is called platelet margination and brings platelets in close proximity to the 

vessel wall which promotes platelet-wall contact followed by adhesion.116 Erythrocytes 

also contribute to the regulation of platelet activation by releasing compounds that 

activate platelets and scavenge inhibitors of platelet activation. Erythrocytes can release 

ADP which activates platelets via their purinergic receptors.117,118 Also, hemolysis results 

in the release of ADP from erythrocytes which causes platelet activation.118 Following 

hemolysis, cell free hemoglobin enhances platelet activation by abrogating the inhibi-

tory effect of nitric oxide on platelet activation.119

Besides affecting platelets, erythrocytes can also modulate secondary hemostasis. 

Similar to platelets, erythrocytes can expose phosphatidylserine on their outer leaflet 

of their membrane.120,121 Phosphatidylserine exposed on the outer leaflet of cell mem-

branes provides binding sites for the tenase (FVIIIa-FIXa) and prothrombinase (FVa-FXa) 

complexes, thereby strongly promoting thrombin formation.28,29 Under physiological 

conditions erythrocytes do not expose phosphatidylserine, however, phosphatidylserine 

exposure can be triggered by many pathologies (e.g. sickle cell disease or β-thalassemia) 

or during storage in blood banks.122–124 Erythrocytes can also reduce clot dissolution by 

suppressing plasmin generation.125

Erythrocytes were also shown to interact with many cells and proteins that are pres-

ent in thrombi. Erythrocytes can bind to platelets via the erythrocyte membrane protein 

ICAM-4 and the platelet integrin αIIbβ3.126,127 Furthermore, erythrocytes bind to activated 

neutrophils and fibrin albeit that the latter adhesive event was likely mediated by an 

additional plasma protein.128 One of the most studied erythrocyte adhesion events is 

the adhesion to endothelial cells. While the adhesion of healthy erythrocytes to endo-

thelial cells has barely been described, endothelial adhesion of erythrocytes affected by 

pathologies (e.g. sickle cell disease or β-thalassemia) or cold storage by blood banks has 

been recognized for a long time.129–131

This thesis addresses the conditions during which healthy erythrocytes may interact with 

the vascular endothelium and how erythrocytes contribute to venous thrombosis. The dif-

ferent chapters of this thesis provide additional introduction to this aspect of the work and 

a discussion of the mechanisms involved as well as their potential clinical consequences.
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Scope of the thesis

Erythrocytes significantly contribute to thrombosis and hemostasis. However, despite the 

extensive knowledge about primary and secondary hemostasis, the role of erythrocytes 

in thrombosis and hemostasis has barely been explored. Erythrocytes form the bulk mass 

of venous thrombi. It is well known that venous thrombi develop in the absence of endo-

thelial injury by the recruitment of leukocytes and platelets. However, uncertainty remains 

about the moment erythrocytes come into play when a venous thrombus is developing. It 

remains unknown whether erythrocytes can bind the endothelial cells at an early stage or 

whether this depends on the formation of a fibrin network. The question whether erythro-

cytes are passively trapped in this fibrin network or actively recruited by a specific binding 

mechanism also remains open. Although it was shown that reducing erythrocyte retention 

produces smaller clots in mice models of venous thrombosis, and erythrocyte retention 

depends on FXIIIa-mediated fibrin fiber formation and clot stiffening, the mechanisms that 

mediate erythrocyte retention in thrombi are not fully understood.132,133

The aim of this thesis was to gain insight into the interaction between normal, non-

sickle erythrocytes and endothelial cells and to identify adhesion events between eryth-

rocytes and proteins or cells that are involved in venous thrombosis.

Chapter 2 describes the adhesion of healthy erythrocytes, activated by a calcium influx, to 

endothelial cells. Here it is also shown that erythrocyte adhesion to endothelial cells is me-

diated by ultra large VWF multimers released from activated endothelial cells. Chapter 3 

shows that erythrocytes adhere specifically to VWF and that this adhesion depends on a 

reduction of the wall shear stress. It also shows that the lipid signalling molecule lysophos-

phatidic acid can trigger a calcium influx into erythrocytes that promotes their adhesion to 

VWF. Furthermore, in human venous thrombi, erythrocyte-VWF complexes and VWF-fibrin 

complexes were identified, suggesting an in vivo function for erythrocyte-VWF interaction. 

Chapter 4 shows that erythrocyte-VWF complexes cannot be found in fresh blood samples. 

Chapter 5 gives an overview of the link between the ABO blood group system and VWF. 

Chapter 6 provides a general discussion of this thesis, focussing on future research and 

possible clinical implications. In addition, Appendix I focusses on the differences between 

endothelial cells from arteries and veins and shows that they can be distinguished by their 

F-actin-anchored focal adhesions. Finally, Appendix II shows that in vitro investigation 

of the interaction between blood and endothelial cells requires specific anticoagulation 

strategies to prevent unwanted endothelial activation.
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Proud like a God don’t pretend to be blind
Trapped in yourself, break out instead
Beat the machine that works in your head

Guano Apes



Chapter 2
Platelet-independent 
adhesion of calcium-loaded 
erythrocytes to  
von Willebrand factor

Michel W.J. Smeets1, Ruben Bierings2, Henriet Meems2, 
Frederik P.J. Mul1, Dirk Geerts3, Alexander P.J. Vlaar4, 
Jan Voorberg2, and Peter L. Hordijk1,5

1 Department of Molecular Cell Biology, Sanquin-Academic Medical Center 
Landsteiner Laboratory, Amsterdam, The Netherlands

2 Department of Plasma Proteins, Sanquin-Academic Medical Center 
Landsteiner Laboratory, Amsterdam, The Netherlands

3 Department of Pediatric Oncology/Hematology, Erasmus University Medical 
Center, Rotterdam, The Netherlands

4 Department of Intensive Care Medicine, Amsterdam Medical Center, 
Amsterdam, The Netherlands

5 Department of Physiology, VU University Medical Center, Amsterdam, The 
Netherlands

PLoS One.2017 Mar 1;12(3):e0173077.



32

Chapter 2

ABSTRACT

Adhesion of erythrocytes to endothelial cells lining the vascular wall can cause vaso-

occlusive events that impair blood flow which in turn may result in ischemia and tissue 

damage. Adhesion of erythrocytes to vascular endothelial cells has been described in 

multiple hemolytic disorders, especially in sickle cell disease, but the adhesion of normal 

erythrocytes to endothelial cells has hardly been described. It was shown that calcium-

loaded erythrocytes can adhere to endothelial cells. Because sickle erythrocyte adhesion 

to endothelial cells can be enhanced by ultra-large von Willebrand factor multimers, we 

investigated whether calcium loading of erythrocytes could promote binding to endothe-

lial cells via ultra-large von Willebrand factor multimers. We used (immunofluorescent) 

live-cell imaging of washed erythrocytes perfused over primary endothelial cells at 

venular flow rate. Using this approach, we show that calcium-loaded erythrocytes strongly 

adhere to histamine-stimulated primary human endothelial cells. This adhesion is medi-

ated by ultra-large von Willebrand factor multimers. Von Willebrand factor knockdown or 

ADAMTS13 cleavage abolished the binding of erythrocytes to activated endothelial cells 

under flow. Platelet depletion did not interfere with erythrocyte binding to von Willebrand 

factor. Our results reveal platelet-independent adhesion of calcium-loaded erythrocytes to 

endothelium-derived von Willebrand factor. Erythrocyte adhesion to von Willebrand factor 

may be particularly relevant for venous thrombosis, which is characterized by the forma-

tion of erythrocyte-rich thrombi.
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INTRODUCTION

Healthy erythrocytes do not bind to the endothelial cells (ECs) that line the vascular wall. In 

contrast, in multiple hematologic disorders and most prominently in sickle (SS) cell disease, 

erythrocyte adhesion to ECs does occur.1–5 This causes vaso-occlusive events that impair 

blood flow which, in turn, can result in ischemia and tissue damage.5 Since Hebbel et al. 

observed the binding of SS erythrocytes to endothelial cells, many mechanisms that may 

cause erythrocyte-EC adhesion have been described.5–7 One of the most studied mecha-

nisms is the adhesion of SS erythrocytes to ECs via ultra-large VWF (ULVWF) multimers.8,9 

In vitro EC-derived ULVWF multimers can greatly enhance the adherence of SS erythrocytes 

to ECs, but only slightly augment the adhesion of normal erythrocytes.8,10 An ex vivo rat 

mesocecum perfusion model confirmed these results and showed that the release of VWF 

from desmopressin-stimulated ECs significantly increased adhesion of SS erythrocytes 

to the venular endothelium.9 Also a correlation between the clinical severity of sickle cell 

disease, deduced from the extent of hemolysis, and plasma levels of total active VWF was 

found.11

Although the SS erythrocyte-EC interaction via ULVWF is well-accepted, the adhesion 

of normal erythrocytes to ECs has hardly been described. In addition to SS erythrocytes, 

also calcium-loaded erythrocytes can adhere to ECs.7 Furthermore, in the ex vivo rat 

mesocecum model perfused with desmopressin, it was shown that ULVWF released from 

ECs also promoted the adhesion of normal erythrocytes to the venular endothelium.12 

Based on these previous findings, we investigated whether calcium loading of erythro-

cytes could enhance the binding of erythrocytes to ECs via ULVWF multimers. Our results 

reveal platelet-independent adhesion of calcium-loaded erythrocytes to endothelium-

derived VWF.

METHODS

Erythrocytes and platelets isolation

Blood studies were approved by the Sanquin Research Institutional Medical Ethical Com-

mittee in accordance with the Dutch regulations and the 1964 Declaration of Helsinki 

standards. Whole blood was collected in 3.8 % sodium citrate tubes (Greiner Bio-One) from 

healthy, anonymized volunteers that provided written informed consents which were 

approved by the Sanquin Research Institutional Medical Ethical Committee. Platelet-rich 

plasma (PRP) was separated from the erythrocyte-rich pellet by centrifugation at 200xg 

(15 min). The erythrocytes were washed in SAGM (150 mmol/L NaCl, 1.25 mmol/L adenine, 

28.82 mmol/L mannitol, 49.95 mmol/L D-glucose) and resuspended in SAGM (concentra-

tion ~ 3.5 × 109 cells/mL).
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Acid citrate dextrose was added to the PRP (10 % v/v) prior to centrifugation at 2000xg 

(5 min). The platelet pellet was washed twice with wash buffer (36 mmol/L citric acid, 103 

mmol/L NaCl, 5 mmol/L KCl, 5 mmol/L EDTA (ethylenediaminetetraacetic acid), 56 mmol/L 

D-glucose, pH 6.5 containing 0.35 % [wt/vol] bovine serum albumin) and resuspended to 

200-400 × 106 cells/mL in HEPES(+) buffer (132 mmol/L NaCl, 20 mmol/L HEPES (N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid), 6 mmol/L KCl, 1 mmol/L MgSO4•7H2O, 

1.2 mmol/L K2HPO4•3H 2O, 2.5 mmol/L CaCl2, 5.5 mmol/L D-glucose, pH 7.4).

Cells were counted using an Advia 2120 Hematology System hematology analyzer (Siemens).

Erythrocyte calcium loading or depletion

Erythrocytes (108 cells/mL) suspended in HEPES(+) (2.5 mmol/L calcium) buffer, HEPES 

buffer with the indicated concentrations of calcium, or HEPES buffer supplemented with 5 

mmol/L EGTA (ethylene glycol tetraacetic acid) were treated with 1 µmol/L ionomycin for 

1 hour. Treated erythrocytes were washed in HEPES(+) buffer with the equivalent calcium 

concentration, stored at room temperature and resuspended, prior to a flow assay, in 1 % 

BSA/HEPES(+) or 1 % BSA/HEPES buffer without calcium supplemented with 5 mmol/L 

EGTA. Both buffers were supplemented with 100 µmol/L histamine.

EC culture and flow chambers

Pooled human umbilical vein ECs (HUVECs) (Lonza), human aortic ECs (HAECs) (Lonza), 

human microvascular ECs (HMEC-1)13 (obtained from Dr Ades [Centers for Disease Control 

and prevention, Atlanta, GA]) and blood outgrowth ECs (BOECs) (isolated as described 

previously)14 were cultured in fibronectin (FN)-coated flasks in EBM-2 medium (Lonza) 

supplemented with EGM-2 SingleQuot Kit Suppl. & Growth Factors (Lonza). ECs (7.5 × 104 

cells/mL) were seeded in FN-coated µ-Slide VI 0.4 ibiTreat flow chambers (Ibidi). The ECs 

were cultured for 5 days before flow experiments. When indicated, the ECs were stimulated 

with 10 ng/mL TNF-α (Peprotech) for 24 hours. HUVECs were used until passage 5, BOECs 

and HAECs until passage 7, and the cell line HMEC-1 until passage 15.

Live imaging of erythrocyte binding to ECs under flow

Erythrocytes (108 cells/mL) were incubated for one hour with 1 µmol/L ionomycin or 10 

µmol/L valinomycin. DMSO or H2O were used as controls. Erythrocytes (108 cells/mL) with 

or without platelets (concentrations as indicated) or with or without monoclonal anti-VWF 

CLB-RAg20-coupled fluoresbrite YG microspheres (Ø 3 µm) (Polysciences) supplemented 

with 100 µmol/L histamine, 1 U/mL thrombin, or vehicle were perfused for 10 minutes over 

ECs.15 All perfusions were performed with a syringe pump (NE-1010 ProSense) at 0,57 mL/

min which gives a wall shear stress of 0.72 dyne/cm2 and a wall shear rate of 100 s-1. Real-

time imaging was performed by an Axiovert 200M microscope (Carl Zeiss Microscopy) with 

an Orca-R  2 camera (Hamamatsu) using a 20x air objective.



35

Erythrocyte adhesion to von Willebrand factor

2

Live fluorescent imaging under flow

Ionomycin- or control-treated erythrocytes (109 cells) were stained using PKH67GL (Sigma 

Aldrich). Platelets (4 × 107 cells) were stained using anti-CD42b-APC (Life Technologies). 

Alexa Fluor 568-labelled anti-VWF (Dako) antibody was prepared using a Zenon Alexa 

Fluor 568 Rabbit IgG Labeling Kit (Molecular Probes). Erythrocytes (108 cells/mL) with or 

without platelets (4 × 106 cells/mL), anti-VWF Alexa Fluor 568 (1.2 µg/mL) and 100 µmol/L 

histamine were perfused over ECs for 10 minutes. Real-time imaging was performed using 

the Axiovert 200M with a 40x oil objective (NA 1.3).

Effects of ADAMTS13 on erythrocyte binding to ECs under flow

Ionomycin-treated erythrocytes (108 cells/mL) were perfused with 100 µmol/L histamine 

over ECs for 10 minutes. Without flow interruption, perfusion was continued with or with-

out 5 % autologous platelet-poor-plasma or 5 µg/mL recombinant ADAMTS13 (purified 

as described before)16 for 10 minutes. At each time point images were acquired using an 

Axiovert 200M microscope with a 20x air objective.

VWF knockdown

Six pre-tested VWF-specific shRNA constructs (Sigma MISSION TRC-Hs 2.0 shRNA li-

brary)17 were used in VWF knockdown and function interference experiments. The results 

shown were obtained with TRCN0000373946 (ACATGGAAGTCAACGTTTATG, targeting nt 

6360–6380 of VWF RefSeq NM_000552.3). The non-targeting hairpin control SHC002 (Sig-

ma Aldrich) was used as a negative control. shRNA constructs were packaged into lentiviral 

particles in HEK293T cells after TransIT LT1 (Mirus) mediated transfection together with the 

pHDM-HgPM2, pRC-CMV-Rev1b, pHDMG-G, and pHDM-TAT1B packaging plasmids for 24 

and 48 hours. HUVECs were transduced twice with a 24 hour interval. Forty eight hours 

after the first transduction, 7.5 × 104 EC/mL were seeded in flow chambers and cultured for 

6 days, used for flow assays, fixed using paraformaldehyde (PFA) (4 % w/v) for 15 minutes, 

or lysed in sample buffer (0.125 mol/L UltraPure Tris-HCl (tris(hydroxymethyl)aminometh-

ane), 10 % glycerol, 2 % SDS, 2 % β-mercapto-ethanol, 0.001 % bromophenol blue, pH 6.8).

Flow Cytometry

Erythrocytes (108 cells/mL) in HEPES(+) buffer or HEPES buffer with 5 mmol/L EGTA were 

treated with 1 µmol/L ionomycin or control (DMSO) for 1 hour. Erythrocytes (105 cells) were 

incubated with BSA (1 % w/v) for 15 minutes and subsequently stained using Annexin V-FITC 

(BD Pharmingen) and anti-CD235a-PE (Sanquin) for 15 minutes. Phosphatidylserine (PS) 

exposure was determined with a FACSCanto II flow cytometer (BD). Data were analyzed 

using FlowJo version 10.0.8r1 (LLC).



Chapter 2

36

Erythrocyte sorting

Erythrocyte ultra-purification was performed by fluorescence-activated cell sorting (FACS) 

using a FACSAria III cell sorter (BD). Erythrocyte concentrates (107 cells/mL) were stained 

using anti-CD235a-FITC (Sanquin) and anti-CD42b-APC (Life Technologies) for 30 minutes. 

Erythrocytes were purified by positive sorting for CD235a and negative sorting for CD42b 

with doublet exclusion by using FSC-H and FSC-W.

Western blot

Cell lysates were run on a 12.5 % polyacrylamide gel and transferred onto Amersham™ Pro-

tan™ 0.2 µm nitrocellulose blotting membranes (GE Healthcare). Membranes were stained 

using anti-ICAM1 (Santa Cruz Biotechnology), anti-actin (Sigma Aldrich), anti-VWF (Dako) 

overnight at 4°C and counterstained with anti-mouse HRP (Dako) or anti-rabbit HRP (Dako) 

for 1 hour. Immobilized antigens were detected by chemiluminescence using Pierce ECL 

Western Blotting Substrate (Thermo Scientific) and exposed on Fuji Medical X-Ray films 

(Fujifilm).

Immunofluorescence imaging

Paraformaldehyde-fixed samples were permeabilized with Triton X-100 (0.5 % v/v) for 5 

minutes and blocked with BSA (2 % w/v) for 30 minutes. ECs were stained with anti-VWF 

(Dako), anti-VWF CLB-RAg20 (Sanquin), anti-VE-cadherin (Santa Cruz Biotechnology), 

or anti-PECAM (Sanquin) for 1 hour. Next, ECs were stained with anti-Rabbit Alexa Fluor 

488 (Thermo Fisher) and anti-Goat Alexa Fluor 633 (Thermo Fisher) for 1 hour. Fluorescent 

images were acquired using a LSM510 Meta confocal microscope (Carl Zeiss) with a EC 

Plan-Neofluar 40x oil objective (NA 1.3).

VWF ELISA

ECs were stimulated with HEPES(+) buffer containing 100 µmol/L histamine for 10 minutes 

or lysed in HEPES(+) buffer with Triton X-100 (1.0 % v/v). Intracellular or secreted VWF was 

assayed by sandwich enzyme-linked immunosorbent assay (ELISA) as described previously 

using rabbit polyclonal anti-VWF (Dako) as coating antibodies and HRP-conjugated rabbit 

polyclonal anti-VWF (Dako) for detection of bound VWF.18 Standard curves were made 

from dilutions of culture supernatants of HEK293 cells stably producing recombinant VWF. 

Optical density levels measured below 2 times the blank were set to 0 pmol/L.

Imaging and analysis

Images were taken using Zen 2012 software version 1.1.2.0 (Carl Zeiss). For all image pro-

cessing ImageJ version 1.49g (https://imagej.nih.gov/ij/) was used. Weibel-Palade bodies 

were quantified using the functions “threshold” and “analyze particles” within regions of 

interest based on the VE-cadherin staining. Erythrocyte adhesion was quantified using the 
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ImageJ plugin Cell Counter. Erythrocytes were qualified as firmly adherent when they re-

mained immobile for 5 seconds before and 5 seconds after each time point otherwise they 

were qualified as loosely adherent. For each experiment, tile scans (3800 µm width) were 

made (Supplemental Figure I). Each data point represents the average number of adher-

ent erythrocytes within 15 fields of view (FOV; 1 FOV = 419.23 × 319.41 µm) (Supplemental 

Figure I).

Statistical analysis

Data shown are means±SD. Statistical comparisons were made using an unpaired, 2-tailed 

Student’s t test, 1-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test, 

or 2-way ANOVA followed by Bonferroni’s post hoc test, where appropriate. Statistical 

analysis was performed using GraphPad Prism version 6.04 (GraphPad Software). For all 

tests, results were considered statistically significant at P < 0.05. Graphs showing individual 

data points are provided in Supplemental Figure VIII and IX.

RESULTS

Erythrocyte binding to ECs

To analyze the adhesion of normal erythrocytes to primary human ECs, we used in vitro 

flow chambers in which washed erythrocytes were perfused over cultured EC monolayers 

at a wall shear rate of 100 s-1 and wall shear stress of 0,72 dyne/cm2 corresponding to the 

conditions in post-capillary venules or veins.19,20 First we confirmed that the ECs formed a 

confluent and stable monolayer within the perfusion chambers by staining for VE-cadherin 

(Figure 1A). We also confirmed that the ECs kept their endothelial phenotype after culturing 

in the perfusion chambers by staining for VWF and VE-cadherin or PECAM (Supplemental 

Figure II). In contrast to SS erythrocytes, healthy erythrocytes do not bind to ECs, which 

we confirmed by perfusing freshly isolated normal erythrocytes over EC monolayers.7 An 

example of this experiment can be seen in Supplemental Video I. Previously, the release 

of ULVWF multimers from ECs was shown to cause adhesion of normal erythrocytes to 

the venular endothelium in an ex vivo rat mesocecum model.12 Thrombin and histamine 

may induce increased release of endothelial ULVWF multimers during episodes of vascular 

Table 1. Blood Cell Counts Measured From the Washed Erythrocyte Concentrates Used in Figure 1C and 1D

Mean Absolute Number (x109 Cells/L) 
and Range (x109 Cells/L) Percentage of Total and Range, %

Erythrocytes 3267 (2450–3700) 99.88 (99.75–99.97)

Platelets 2.67 (0–6) 0.10 (0.00–0.24)

White Blood Cells 0.82 (0.16–1.34) 0.02 (0.007–0.036)
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Figure 1. Erythrocyte binding to ECs (endothelial cells). A, Human umbilical vein endothelial cells (HU-
VECs) cultured in perfusion chambers and stained for VE-Cadherin (red) and nuclei (blue). The dashed box 
corresponds to the zoomed region. Scale bar represents 50 µm. B, Erythrocytes treated for 1 hour with iono-
mycin (1 µmol/L) were perfused over histamine- (100 µmol/L) activated HUVECs (37°C and 5 % CO2). Adhe-
sion was recorded for 10 minutes. Images are stills from the video in Supplemental Video I at the indicated 
times in minutes. The arrow indicates the direction of the flow. The dashed box corresponds to the zoomed 
region. Scale bar represents 50 µm. C, Quantification of adhesion of ionomycin- (1 µmol/L) or control-treat-
ed (1 h) erythrocytes perfused (10 min) with or without histamine (100 µmol/L) over HUVECs. A schematic 
outline of the quantification method is shown in Supplemental Figure 1. D, Ionomycin- or control-treated 
erythrocytes perfused with or without thrombin (1 U/mL) over HUVECs. E, Ionomycin- or control-treated 
erythrocytes perfused over TNF-α- (10 ng/mL) or control-treated (24 h) HUVECs. F, Kinetics of ionomycin- or 
control-treated erythrocyte accumulation after perfusion with or without histamine (100 µmol/L) over HU-
VECs (Control-Control: ●; Histamine-Control: ○; Control-Ionomycin: ■; Histamine-Ionomcyin □). Adhesion 
of erythrocytes from 3 independent donors was quantified at a 1 minute time interval for 10 minutes. For C 
to E the average number of adherent erythrocytes within 15 field of view (FOV; 1 FOV = 419.23 × 319.41 µm) 
was used. For F the absolute number of adherent erythrocytes within 1 FOV was used. Values are means±SD 
(n = 3; Each n represents single independent experiments using cells from different donors). Statistical anal-
ysis was performed using a 2-way analysis of variance (ANOVA) in which all means were compared with 
the double-blank control followed by Bonferroni’s post hoc test. Ery indicates erythrocytes. **P < 0.01; 
****P < 0.0001.



39

Erythrocyte adhesion to von Willebrand factor

2

injury, inflammation, and infection.21,22 Yet, in our flow-model, washed erythrocytes that 

contained virtually no platelets and white blood cells as shown in Table 1, showed little 

adhesion to ECs activated with 100 µmol/L histamine or 1 U/mL thrombin (Figure 1C and 

1D). However, since it has been described that calcium-loaded erythrocytes can adhere to 

ECs, we tested the effect of calcium loading on erythrocyte-EC interaction.7 Erythrocyte 

treatment with 1 µmol/L ionomycin induced a rapid calcium influx followed by phospha-

tidylserine exposure and cell volume decrease (Supplemental Figure II). Interestingly, 

calcium-loaded erythrocytes adhered to non-treated ECs (Figure 1C and 1D; Supplemental 

Video I). Moreover, a double hit experimental set-up in which erythrocytes were loaded 

with calcium and perfused over histamine- or thrombin-activated ECs, induced strong and 

abundant adhesion of erythrocytes to ECs (Figure 1B-1D; Supplemental Video I). In con-

trast, the pro-inflammatory cytokine TNF-α, which is also secreted during injury, inflamma-

tion and infection, did not promote the binding of normal or calcium-loaded erythrocytes 

to ECs, despite the upregulation of EC adhesion molecules such as intercellular adhesion 

molecule 1 (Figure 1E; Supplemental Figure II). To test the effect of a different ionophore on 

erythrocyte adhesion to ECs we also stimulated erythrocytes with the potassium ionophore 

valinomycin. Although valinomycin caused a significant potassium efflux from erythro-

cytes, only minor adhesion of treated erythrocytes to ECs could be observed (Supplemental 

Figure III). To investigate the dynamics of the erythrocyte-endothelium adhesion process, 

ionomycin- or control-treated erythrocytes from 3 independent donors were perfused with 

or without histamine over ECs. Control treated erythrocytes showed both in the presence 

and absence of histamine no adhesion to ECs (Figure 1F). On the contrary, the adhesion of 

calcium-loaded erythrocytes in the absence of histamine increased during the first minutes 

after which an equilibrium between attaching and detaching cells established (Figure 1F). 

The double hit experimental set-up induced strong and abundant adhesion of erythrocytes 

to ECs within the first minutes followed by a gradual increase in absolute numbers of adher-

ent cells (Figure 1F).

We also looked at the ratio between firmly adherent erythrocytes and loosely adherent 

erythrocytes (Supplemental Figure IV). Although some erythrocytes detach after adher-

ing to ECs (Supplemental Video I), quantification showed that both in the ionomycin-

treated condition as in the double hit experimental set-up the absolute number of loosely 

adherent erythrocytes is small (Supplemental Figure IV). The maximal amount of loosely 

adherent erythrocytes was observed after 10 minutes perfusion of ionomycin-treated 

erythrocytes over histamine-treated ECs. Here, the amount of loosely adherent erythro-

cytes peaked at 8 % (Supplemental Figure IV).

These data show that adhesion of erythrocytes to ECs can be induced by calcium ac-

cumulation within the erythrocytes and is greatly enhanced upon the activation of ECs by 

either histamine or thrombin.
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Intracellular calcium accumulation potentiates erythrocyte adhesion to ECs

Before we tested whether ULVWF multimers were involved in the adhesion of calcium-

loaded erythrocytes to ECs, we determined the role of calcium in this process. While 

intracellular calcium is important for cell signaling, extracellular calcium is important for 

maintaining a functional conformation of adhesion molecules.23,24 Preventing the ionomy-

cin-induced intracellular increase of calcium (Figure 2Ai) by 5 mmol/L EGTA pre-incubation 

(Figure 2Aii) caused an almost complete (~92 %) reduction of erythrocyte adhesion to 

histamine-activated ECs (Figure 2B). When extracellular calcium was removed by adding 5 

mmol/L EGTA to the flow buffer after the ionomycin-induced calcium influx (Figure 2Aiii), 

only a 32 % reduction in erythrocyte-EC adhesion was observed (Figure 2B). Significantly 

less erythrocytes adhered to ECs when intracellular calcium was kept low compared with a 

reduction in extracellular calcium (Figure 2B). When erythrocyte calcium influx was induced 

in the presence of varying calcium concentrations, increasing erythrocyte-EC adhesion 

could be observed at a calcium concentration of 25 µmol/L and higher (Figure 2C). A signifi-

cant increase of erythrocyte-EC adhesion was observed at intracellular calcium levels of 50 

µmol/L and higher (Figure 2C). These results suggest that the adhesion of erythrocytes to 

activated ECs depends on intracellular calcium accumulation whereas extracellular calcium 

is not required for erythrocyte-EC binding.
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Figure 2. Intracellular calcium accumulation potentiates erythrocyte adhesion to ECs (endothelial cells). 
A, Schematic representation of the different experimental conditions used to analyze the role of intra- and 
extracellular calcium for erythrocyte adhesion to ECs. (i) Ionomycin- (1 µmol/L) treated (1 h) erythrocytes 
perfused (10 min) using a calcium-rich buffer. (ii) Ionomycin plus EGTA- (5 mmol/L) treated erythrocytes 
perfused using a calcium-rich buffer. (iii) Ionomycin-treated erythrocytes perfused using an EGTA-sup-
plemented buffer. (I = Ionomycin, E = EGTA) B, Quantification of adhesion of erythrocytes treated as de-
scribed in panel A perfused (10 min) with histamine (100 µmol/L) over human umbilical vein endothelial cells 
(HUVECs). C, Quantification of adhesion of erythrocytes loaded with increasing concentrations of calcium 
perfused (10 min) with histamine (100 µmol/L) over HUVECs. Adherent erythrocytes were quantified as in 
Figure 1. Values are means±SD (n = 4; Each n represents single independent experiments using cells from dif-
ferent donors). Statistical analysis was performed using a 1-way analysis of variance (ANOVA) (B), or a 1-way 
ANOVA in which all means were compared with 0 µmol/L calcium (C) each followed by Bonferroni’s post hoc 
test. Ery indicates erythrocytes. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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von Willebrand factor mediates erythrocyte-EC binding

Next we determined whether ULVWF multimers from the ECs were involved in the adhesion 

of calcium-loaded erythrocytes to ECs. Interestingly, calcium-loaded erythrocytes bound 

at low levels in a random fashion to control-treated ECs (Figure 3A and 3B; left panels), 

while calcium-loaded erythrocytes perfused over histamine- or thrombin-activated ECs 

adhered in high numbers and clusters of adherent cells aligned in the direction of the flow 

(Figure 3A and 3B right panels). The alignment of erythrocytes adherent to ECs resembled 

platelet-binding to VWF (Figure 3C and 3D). We therefore investigated the role of VWF 

in erythrocyte-EC interaction by perfusing monoclonal anti-VWF coupled beads (CLB-

RAg20-beads) together with calcium-loaded erythrocytes over histamine-activated ECs to 

visualize the VWF strings. The CLB-RAg20-beads bound, together with the erythrocytes, to 

the ECs and aligned along the same track as the erythrocytes in the direction of the flow 

(Figure 3E; Supplemental Figure V). We also perfused PKH67-labeled calcium-loaded eryth-

rocytes in combination with Alexa Fluor 568-conjugated polyclonal anti-VWF antibodies 

over histamine-activated ECs which confirmed that erythrocytes adhered to EC-derived 

VWF strings (Figure 4A; Supplemental Video II).
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Figure 3. Erythrocytes adherent to activated ECs (endothelial cells) align in the flow direction. A, Iono-
mycin- (1 µmol/L) treated (1 h) erythrocytes perfused (10 min) without (left panel) or with histamine (100 
µmol/L) (right panel) over human umbilical vein endothelial cells (HUVECs). B, Ionomycin-treated (1 h) 
erythrocytes perfused without (left panel) or with (right panel) thrombin (1 U/mL) over HUVECs. The dashed 
boxes correspond to the zoomed regions. The arrow indicates the direction of the flow. C, Ionomycin-treated 
erythrocytes perfused with histamine over HUVECs. Adherent erythrocytes are marked by (*). D, Platelets 
perfused (10 min) with histamine (100 µmol/L) over HUVECs. Adherent platelets are marked by arrowheads. 
E, Ionomycin-treated erythrocytes mixed with monoclonal anti-VWF CLB-RAg20-coupled fluoresbrite YG 
microspheres (Ø 3 µm) perfused (10 min) with histamine over HUVECs. Scale bars represent 50 µm. Ery 
indicates erythrocytes. His indicates histamine. Iono indicates ionomycin.



Chapter 2

42

The plasma metalloprotease ADAMTS13 (a disintegrin and metalloproteinase with 

a thrombospondin type 1 motif, member 13) can cleave VWF strings.25 The binding of 

calcium-loaded erythrocytes to histamine-activated ECs did not change after subse-

quent perfusion of control HEPES buffer (Figure 4Bi), but was significantly reduced after 

perfusion of 5 % autologous plasma or 5 µg/mL recombinant ADAMTS13 over the adher-

ent erythrocytes (Figure 4Bii and 4Biii respectively). This indicates that VWF cleavage 

prevents erythrocyte adhesion to activated ECs.

Finally, lentivirally transduced short hairpin RNA against VWF significantly reduced 

the endothelial VWF levels (Figure 4C), caused a loss of VWF-positive endothelial 

Weibel-Palade bodies (Supplemental Figure 6) and reduced VWF string formation upon 

histamine activation of ECs (Supplemental Figure 6). Importantly, VWF knockdown sig-

nificantly reduced the adhesion of calcium-loaded erythrocytes to histamine-activated 

ECs (Figure 4C). Together, these results suggest that the adhesion of calcium-loaded 

erythrocytes to histamine-activated ECs depends on ULVWF strings.
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Figure 4. VWF (von Willebrand factor) mediates erythrocyte adhesion to ECs (endothelial cells). A, Iono-
mycin- (1 µmol/L) treated (1 h) erythrocytes labeled with PKH67 (green), mixed with Alexa Fluor 568-labelled 
anti-VWF antibody (red) perfused (10 min) with histamine (100 µmol/L) over human umbilical vein endothelial 
cells (HUVECs). The dashed box corresponds to the zoomed region. Scale bar represents 50 µm. B, Quantifi-
cation of adhesion of ionomycin-treated erythrocytes perfused (10 min) with histamine over HUVECs (Ctrl), 
followed by 10 minutes perfusion with (i) control buffer (Buffer), (ii) 5 % autologous plasma (Plasma), or (iii) 5 
µg/mL ADAMTS13 (ADAMTS13). C, Quantification of adhesion of ionomycin-treated erythrocytes perfused 
with histamine over HUVECs transduced with lentivirus encoding a control short hairpin (shCtrl) or a short 
hairpin against VWF (shVWF). Adherent erythrocytes were quantified as in Figure 1. (left panel) Western blot 
and densitometric quantification of VWF levels in cell lysates of the lentivirally transduced HUVECs. (right 
panel) Values are means±SD (n = 3; Each n represents single independent experiments using cells from dif-
ferent donors). Statistical analysis was performed using a 2-tailed Student’s t test. Ery indicates erythrocytes. 
*P < 0.05; **P < 0.01.
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VWF levels determine binding of calcium-loaded erythrocytes to ECs

In addition to HUVECs, we investigated erythrocyte adhesion to blood outgrowth ECs 

(BOECs), which are more closely related to microvascular endothelial cells, human aortic 

ECs (HAECs), and a human microvascular EC line (HMEC-1).26 As we observed with HUVECs 

(Figure 5A), the double hit experimental design induced the most abundant erythrocyte-EC 

adhesion to BOECs (Figure 5B), HAECs (Figure 5C), and HMEC-1 (Figure 5D), albeit that the 

absolute number of adherent erythrocytes differed between EC types with lowest binding 

to the HMEC-1 cell line. Next, we questioned whether differences between intracellular 

VWF levels of the various EC types could explain the different amounts of adherent eryth-

rocytes. VWF stainings of the different EC types showed a reduction of Weibel-Palade bod-
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Figure 5. VWF (von Willebrand factor) levels determine binding of calcium-loaded erythrocytes to ECs 
(endothelial cells). A, Quantification of adhesion of ionomycin- (1 µmol/L) or control-treated (1 h) erythro-
cytes perfused (10 min) with or without histamine (100 µmol/L) over human umbilical vein endothelial cells 
(HUVECs); B, blood outgrowth endothelial cells (BOECs); C, human arterial endothelial cells (HAECs); or D, 
the cell line human microvascular endothelial cell-1 (HMEC-1). Adherent erythrocytes were quantified as in 
Figure 1. E, Quantification of VWF-positive area per cell based on VE-Cadherin and VWF stained HUVECs, 
BOECs, HAECs, and the cell line HMEC-1. F, Intracellular VWF levels and G, secreted VWF levels after 10 
minutes induction by histamine (100 µmol/L) from HUVECs, BOECs, HAECs, and the cell line HMEC-1 mea-
sured by ELISA. H, The absolute number of ionomycin-treated erythrocytes adherent to histamine-treated 
ECs (obtained from A to D) are plotted against secreted VWF levels (pmol) (obtained from G). Different EC 
types are marked: ● HUVEC; ▲ BOEC; ■ HAEC; ▼ HMEC1. Values are means±SD (n = 3; Each n represents 
single independent experiments using cells from different donors). Statistical analysis was performed using 
a 2-way analysis of variance (ANOVA) in which all means were compared with the double-blank control (A to 
D) or a 1-way ANOVA in which all means were compared with HUVECs (E to G) each followed by Bonferroni’s 
post hoc test. Ery indicates erythrocytes. FOV indicates field of view. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.



Chapter 2

44

Merge

DIC CD235a

CD42b

VWF

A

B

Histamine / Ionomycin Erythrocytes / Platelets

M
er

ge
VW

F
C

D
23

5a

Platelets (mL-1)
0

50

100

150

200

Er
y 

pe
r F

O
V

4x
10

6

4x
10

7

1x
10

80

*

C i iii

ii

105

104

103

0

-103

103 104104 1050-103

FSC-A

SS
C

-A
C

D
42

b

CD235a
103 104104 1050-103

105

104

103

0

-103
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ments using cells from different donors). Statistical analysis was performed using a 1-way analysis of vari-
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ies in the HAECs compared to the HUVECs and the BOECs and an almost complete absence 

in the HMEC-1 cell line (Figure 5E; Supplemental Figure VII). This suggests reduced VWF 

levels in the HAECs and the HMEC-1 cell line. This was confirmed when we measured both 

intracellular VWF levels and histamine-induced, secreted VWF levels (Figure 5F and 5G). 

By plotting the absolute number of ionomycin treated erythrocytes adherent to histamine 

treated ECs against secreted VWF levels, a positive correlation between VWF levels and 

erythrocyte adhesion could be observed (Figure 5H). These data show that erythrocyte-EC 

adhesion is not specific to HUVECs and can be observed using ECs from different vascular 

beds, however the extent of erythrocyte adhesion depends on the VWF levels of the ECs.

Erythrocytes bind independent of platelets to VWF

Platelets are the main cells that bind VWF.27 We questioned whether erythrocytes bind to 

VWF strings in a fashion independent of platelet binding. Calcium-loaded erythrocytes, 

mixed with platelets, and perfused over histamine-activated ECs, bound side-by-side to 

the same VWF strings (Figure 6A and 6B). Furthermore, in the presence of increasing num-

bers of platelets, there was no significant increase in the number of adherent erythrocytes 

(Figure 6B). The platelet integrin αIIBβ3 has been described to bind to the erythrocyte mem-

brane molecule ICAM-4 thereby facilitating erythrocyte binding to VWF.28,29 However, we 

observed platelet-independent binding of erythrocytes to VWF from histamine-activated 

ECs using live immunofluorescent imaging of anti-CD235a-FITC-labeled calcium-loaded 

erythrocytes mixed with CD42b-APC-labeled platelets and Alexa Fluor 568-labeled anti-

VWF antibodies (Figure 6B). Furthermore, erythrocytes purified by FACS, based on the 

expression of CD235a and lack of CD42b, bound to EC-derived VWF strings (Figure 6C). 

Together, these results suggest that calcium-loaded erythrocytes can bind, independent 

of platelets, to VWF strings and that platelets and erythrocytes do not show significant 

competition for binding sites on ULVWF strings.

DISCUSSION

Under physiological flow, erythrocytes do not adhere to the vessel wall. In contrast to 

erythrocytes, platelets do adhere to the vessel wall under flow, provided the endothelium 

is activated. Such activation, for example by histamine or thrombin, induces the release 

of VWF from Weibel-Palade bodies.21,22 Platelets will adhere to unfolded VWF under flow 

and thereby participate in primary hemostasis (Figure 7A).30 The current study shows that 

calcium-loaded erythrocytes can also adhere, in a platelet-independent fashion, to VWF 

strings released by activated ECs (Figure 7B).

Accumulation of calcium within erythrocytes is associated with a number of hereditary 

anemias including sickle cell disease, however calcium influxes into normal erythro-
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cytes have also been described.23,31 For instance, calcium influxes were observed after 

erythrocyte cold storage.32 Furthermore, the expression of a NMDA receptor channel on 

erythrocyte membranes has been reported for rat and later in human erythrocytes.33,34 

It was shown that NMDA receptor agonists including glutamate, N-methyl D-aspartate 

(NMDA), homocysteic acid, and glycine could raise erythrocyte intracellular calcium lev-

els.34 Furthermore, lysophosphatidic acid, a second messenger generated by activated 

platelets that assists in clot formation, was shown to cause a calcium influx into erythro-

cytes.35,36 Whether these stimuli would cause a sufficient raise in intracellular calcium to 

induce the binding of erythrocytes to VWF remains to be established.

Besides the erythrocyte binding to ULVWF strings which we describe here, erythrocyte 

adhesion to endothelial cells can also be mediated by many other mechanisms. The 

endothelial proteins αVβ3, and P-selectin and the erythrocyte proteins BCAM/Lu, CD44, 

and CD36 were also shown to facilitate an EC-erythrocyte interaction.2,37–40 However, if 

any of these receptors were involved in the adhesion of calcium-loaded erythrocytes to 

ECs, this interaction should also occur in the absence of ULVWF multimers. Although our 
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Platelets VWF
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- Thrombin
- Histamine

Endothelial Activation
- Thrombin
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Calcium Influx
Double Hit
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Figure 7. A double hit model describes erythrocyte adhesion to vascular ECs (endothelial cells). A, A sin-
gle hit model for the adhesion of circulating cells to activated endothelium is shown. Endothelial activation 
by histamine or thrombin leads to the release of von Willebrand factor (VWF) from Weibel-Palade bodies.21,22 
Platelets adhere to VWF under flow and thereby contribute to primary hemostasis.27 Normal erythrocytes 
do not adhere to VWF and remain in circulation. B, Double hit model for adhesion of circulating cells to ECs. 
ECs, activated by histamine or thrombin, release VWF from Weibel-Palade bodies. Platelets adhere to the 
VWF strings. In addition, calcium-loaded erythrocytes can adhere independently of platelets to VWF strings. 
Micro-thrombi-like structures are formed.
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results do not rule out a possible partial contribution of adhesion mechanisms, other than 

through VWF, the ADAMTS13 cleavage- and the VWF-knockdown experiments showed 

that the majority of calcium-loaded erythrocytes adhere to endothelial cells via ULVWF 

strings.

The reduced adhesion of calcium-loaded erythrocytes to ECs from microvascular 

beds (HMEC-1) compared to ECs from macrovascular beds (HUVEC, and HAEC) seems 

contradictory to previous studies. Microcirculatory studies using ex vivo mesocecum vas-

culature of the rat showed a strong inverse correlation between adhesion of SS erythro-

cytes and the venular diameter.9,19 However, in our experiments we applied a similar wall 

shear stress on the different EC types, while in the ex vivo model, the wall shear stress 

changes along the vasculature which thereby could interfere with erythrocyte adhesion. 

Furthermore, we showed a positive correlation between the amount of ULVWF produced 

by the different types of endothelial cells with the amount of adherent, calcium-loaded 

erythrocytes. Although the microvascular endothelial cell line HMEC-1 produced barely 

any VWF, the VWF levels of the primary HUVEC, BOEC, and HAECs were in line with 

previous results.41 These differences could explain the apparent contradiction.

Platelets are the main cells to bind to VWF. Erythrocyte ICAM-4 can bind the platelet 

integrin αIIBβ3.28 Thus, platelets could potentially facilitate the erythrocyte-VWF interac-

tion.29 In this study we show that an ultra-pure erythrocyte population can in vitro adhere 

to VWF in a platelet-independent fashion. This does not exclude that platelet-erythrocyte 

complexes could enhance erythrocyte-VWF binding, but our data suggests that the con-

tribution of platelets to erythrocyte binding is limited.

The function of erythrocyte binding to VWF is not known. However, increasing evi-

dence shows that erythrocytes play an important role in hemostasis.29 Their rheological 

properties cause platelets to be concentrated in the periphery of the blood vessels, 

close to the vessel wall.42 In addition, the negative surface of PS-exposing erythrocytes 

facilitates thrombin generation.43 Erythrocytes also play an important role in thrombosis. 

In contrast to white arterial thrombi that consist mainly of platelets, erythrocytes are 

the major cellular component of red venous thrombi.44,45 Our in vitro results show that 

VWF-associated erythrocytes will readily form thrombus-like structures. In vivo, VWF-/- 

mice were shown to be protected from thrombosis in a deep venous thrombosis model 

by preventing the adhesion of platelets and leukocytes to the vascular endothelium.46 

A similar erythrocyte-VWF interaction may therefore contribute to the formation or 

propagation of venous thrombi.

In summary, this study shows that erythrocyte adhesion to ECs is rapidly induced when 

(i) erythrocytes undergo a calcium-influx and (ii) VWF is released from ECs. Our work 

shows that the adhesion of erythrocytes to ECs is mediated by newly released ULVWF 

strings and is independent of platelets. The calcium-loaded erythrocytes interact with 

endothelial-bound ULVWF strings through unidentified receptors. Future work is needed 
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to define the molecular characteristics of erythrocyte receptors that can bind VWF as 

well as the VWF domain that is responsible for this interaction. Finally, investigating 

whether the erythrocyte-VWF interactions could play a role in hemostasis and (venous) 

thrombosis and exploring ways to modulate these interactions will likely prove to be of 

clinical relevance.
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C

A B

C

Direction of flow

Supplemental Figure I. Example of the standardized method used for quantification of adherent 
erythrocytes. A, An example of the raw data acquired which was used for quantification of adhesion of 
ionomycin-treated erythrocytes perfused with histamine over human umbilical vein endothelial cells (HU-
VECs). For each experiment the average number of adherent erythrocytes within 15 field of view (FOV; 1 
FOV = 419.23 × 319.41 µm) represented by the colored numbers was used. The arrow indicates the direction 
of flow. The dashed box corresponds to the zoomed region. Scale bar represents 500 µm. B, Magnification 
of a single FOV showing the counted adherent erythrocytes marked by turquoise colored numbers (2). Scale 
bar represents 50 µm. C, Raw data representing the quantification of adherent erythrocytes from one single 
condition from one single donor.
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Supplemental Figure II. Additional controls for erythrocyte and endothelial activation. A, human umbili-
cal vein endothelial cells (HUVECs) were cultured in perfusion chambers and stained for von Willebrand fac-
tor (VWF) (green) and VE-Cadherin (red) or B, PECAM (red) and nuclei (blue). The dashed boxes correspond 
to the zoomed regions. Scale bars represent 50 µm. C and D, Erythrocytes were treated (1 h) with Ionomycin 
(1 µmol/L) or DMSO in the presence or absence of EGTA (5 mmol/L). Phosphatidylserine exposure (C) and 
relative size (D) of Annexin V-FITC and anti-CD235a-PE labeled erythrocytes (105 cells) were determined with 
a FACSCanto II flow cytometer (BD). E, Western blot and densitometric quantification of ICAM-1 levels in cell 
lysates of control- or TNF-α-(10 ng/mL) treated (24 h) HUVECs. Values are means±SD (n = 3; Each n repre-
sents single independent experiments using cells from different donors). Statistical analysis was performed 
using a 1-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test (C) or a 2-tailed Student’s 
t test (D and E). *P < 0.05; **P < 0.01; ***P < 0.001.
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Supplemental Figure III. Valinomycin and erythrocyte-EC (endothelial cell) adhesion. A, Valinomycin- 
(10 µmol/L) or control-treated (1 h) erythrocytes perfused (10 min) with or without histamine (100 µmol/L) 
over human umbilical vein endothelial cells (HUVECs). Adherent erythrocytes were quantified as in Figure 
1. Values are means±SD (n = 3; Each n represents single independent experiments using cells from different 
donors). Statistical analysis was performed using a 2-way analysis of variance (ANOVA) in which all means 
were compared with the double-blanc control followed by Bonferroni’s post hoc test. B, Extracellular po-
tassium levels of valinomycin- or control-treated erythrocytes measured by a blood gas analyzer. Values 
are means±SD (n = 3; Each n represents single independent experiments using cells from different donors). 
Statistical analysis was performed using a 1-way analysis of variance (ANOVA) in which all means were com-
pared with the DMSO control. Ery indicates erythrocytes. **P < 0.01; ***P < 0.001.
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Supplemental Figure IV. Firmly adherent erythrocytes versus loosely adherent erythrocytes. A, Abso-
lute number of firmly and loosely adherent erythrocytes after perfusion (2.5, 5, or 10 min) of ionomycin- (1 
µmol/L) treated (1 h) erythrocytes with or without histamine (100 µmol/L) over human umbilical vein endo-
thelial cells (HUVECs). B, Percentages of firmly and loosely adherent erythrocytes. Erythrocytes were quali-
fied as firmly adherent when they remained immobile for 5 seconds before and 5 seconds after each time 
point, otherwise they were qualified as loosely adherent. Adherent erythrocytes were quantified as in Figure 
1. All bars represent the average of three independent experiments. (n = 3; Each n represents single indepen-
dent experiments using cells from different donors) The open bars represent firmly adherent erythrocytes. 
The filled bars represent loosely adherent erythrocytes. Ery indicates erythrocytes.
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Supplemental Figure V. Erythrocytes and CLB-RAg20-beads adhere to ECs (endothelial cells). Ionomy-
cin- (1 µmol/L) treated (1 h) erythrocytes mixed with monoclonal anti-VWF CLB-RAg20-coupled fluoresbrite 
YG microspheres (Ø 3 µm) (green) perfused (10 min) with histamine (100 µmol/L) over human umbilical vein 
endothelial cells (HUVECs). The dashed box corresponds to the zoomed region. Scale bars represent 50 µm.
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Supplemental Figure VI. VWF (von Willebrand factor) knockdown in ECs (endothelial cells). A, human 
umbilical vein endothelial cells (HUVECs) lentivirally transduced with a control short hairpin (shCtrl) or a 
short hairpin against VWF (shVWF) were fixed using 4 % paraformaldehyde and stained for VWF (green) and 
VE-Cadherin (red). B, Alexa Fluor 568-labelled anti-VWF antibody (red) perfused (10 min) with histamine 
(100 µmol/L) over lentivirally transduced HUVECs expressing a control short hairpin (shCtrl) or a short hair-
pin against VWF (shVWF). The dashed box corresponds to the zoomed region. Scale bars represent 50 µm.
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Supplemental Figure VII. Weibel-Palade bodies in different types of ECs (endothelial cells). Human um-
bilical vein endothelial cells (HUVECs), blood outgrowth endothelial cells (BOECs), human arterial endothe-
lial cells (HAECs), and the cell line human microvascular endothelial cell-1 (HMEC-1) were fixed using 4 % 
paraformaldehyde and stained for von Willebrand factor (VWF) (green) and VE-Cadherin (red). The dashed 
box corresponds to the zoomed region. Scale bars represent 50 µm.
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Supplemental Figure VIII. Individual data points from Figure 1 – Figure 4. The individual data points from 
respectively (A) Figure 1, (B) Figure 2, and (C) Figure 4 are shown.
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Supplemental Figure IX. Individual data points from Figure 5 – Supplemental Figure 4. The individual 
data points from respectively (A) Figure 5, (B) Figure 6, (C) Supplemental Figure 2, (D) Supplemental Figure 
3, and (E) Supplemental Figure 4 are shown.
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Supplemental Figure X. Original Western blot data. A, The original full scale film of the ICAM-1 control 
from Supplemental Figure 2. B, The original full scale film of the VWF knockdown check from Figure 4. The 
first layer of a stacked exposure is shown. C, The third film layer of the stacked exposure of the VWF knock-
down check from Figure 4 is shown.

Supplemental Video I. Erythrocyte adhesion to endothelial cells under flow. Ionomycin- (1 µmol/L) or 
control-treated (1 h) erythrocytes perfused (10 min) with or without histamine (100 µmol/L) over human 
umbilical vein endothelial cells.
(http://journals.plos.org/plosone/article/file?type=supplementary&id=info:doi/10.1371/journal.
pone.0173077.s011)

Supplemental Video II. Fluorescently labeled erythrocytes adhere to immunofluorescently labeled VWF 
(von Willebrand factor) under flow. (http://journals.plos.org/plosone/article/file?type=supplementary&id=i
nfo:doi/10.1371/journal.pone.0173077.s012)
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ABSTRACT

Objective

Venous thromboembolism is a major contributor to global disease burden. Leukocytes 

and platelets initiate thrombogenesis on blood stasis and initiate the formation of a fibrin, 

VWF (von Willebrand factor), and neutrophil extracellular trap scaffold for erythrocytes. 

However, there is little knowledge on how erythrocytes become stably incorporated into 

this scaffold. Recently, we described the adhesion of calcium-loaded erythrocytes to 

endothelial-derived VWF strings. Because VWF is part of the scaffold of venous thrombi, we 

questioned whether reduced flow or stasis promotes the adhesion of normal erythrocytes 

to VWF and whether venous thrombi show evidence of erythrocyte-VWF interactions.

Approach and results

In the present work, we perfused, under controlled shear conditions, washed, normal eryth-

rocytes over surface-immobilized plasma and extracellular matrix proteins and showed 

that normal erythrocytes specifically bind to VWF. The interaction between erythrocytes 

and VWF significantly increased when the wall shear stress was reduced. Next, we inves-

tigated whether erythrocyte-VWF interactions support the structure of venous thrombi. 

High-resolution immunofluorescence imaging of human venous thrombi showed a striking 

pattern between erythrocytes, VWF, and fibrin, which suggests that VWF plays a support-

ing role, linking erythrocytes to fibrin in the thrombus.

Conclusion

Our data suggest that erythrocyte retention in venous thrombi is mediated by erythrocyte-

VWF or erythrocyte-VWF-fibrin interactions. Targeting erythrocyte retention could be a 

new strategy in the treatment or prevention of venous thrombosis.
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INTRODUCTION

Deep vein thrombosis (DVT) and pulmonary embolism, collectively referred to as venous 

thromboembolism (VTE), are major contributors to global disease burden.1 VTE represents 

the third leading vascular disease after myocardial infarction and stroke.1–3 Studies from 

Western Europe, North America, Australia, and Southern Latin America reported overall 

annual incidences of VTE ranging from 0.75 to 2.69 per 1000 individuals.1 The global inci-

dence of VTE is likely to increase with improving life expectancy in low- and middle-income 

countries and an aging population.1

DVT develops mostly in the lower extremities, but the upper extremities,4 splanchnic 

veins,5 and cerebral veins may also be affected.6 Venous thrombi are fibrin- and red blood 

cells-rich red clots and mostly develop in the absence of endothelial injury.7 Venous valve 

pockets are the most frequent sites of deep vein thrombogenesis8,9 where a hypercoagu-

lable environment, hypoxia, and blood stasis can trigger thrombogenesis.7,10,11 Hypoxia 

activates endothelial cells and induces Weibel-Palade body exocytosis.12,13 Weibel-Palade 

body-derived P-selectin and VWF (von Willebrand factor) recruit leukocytes, platelets, 

and tissue factor-positive microparticles.12,14,15 Tissue factor-positive microparticles and 

monocytes initiate FVII-dependent coagulation12,15,16, while platelet-neutrophil com-

plexes foster neutrophil extracellular trap formation, which promotes FXII-dependent 

coagulation.12,17 Finally, fibrin, VWF, and neutrophil extracellular traps form a scaffold for 

platelet and erythrocyte adhesion and promote thrombus formation and growth.12,17

FXIII(a) mediates erythrocyte retention in venous thrombi.18 However, it remains unclear 

whether erythrocytes themselves become crosslinked to the clot or to fibrin or other clot-

bound proteins or cells.18 Erythrocytes bind to activated neutrophils, activated platelets, 

and fibrin at reduced shear rates.18,19 Recently, we described platelet-independent bind-

ing of calcium-loaded erythrocytes to endothelial-derived VWF strings.20 Therefore, we 

questioned whether flow reduction would promote the adhesion of normal erythrocytes 

to VWF and whether venous thrombi show evidence of erythrocyte-VWF interactions.

Here we showed that a reduction of flow promotes erythrocyte adhesion to VWF. 

Detailed analysis of venous thrombi further showed that erythrocytes are closely associ-

ated to fibrin, with clusters of VWF at the erythrocyte-fibrin contact sites. These findings 

support that reduced flow and stasis stimulates retention of erythrocytes in fibrin-rich 

venous thrombi through their interaction with VWF.
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MATERIALS AND METHODS

Erythrocytes and platelets isolation

Blood studies were approved by the Sanquin Research Institutional Medical Ethical Com-

mittee in accordance with the Dutch regulations and the 1964 Declaration of Helsinki 

standards. Whole blood was collected in 3.8 % sodium citrate tubes (Greiner Bio-One) from 

healthy, anonymized volunteers that provided written informed consents which were 

approved by the Sanquin Research Institutional Medical Ethical Committee. Platelet-rich 

plasma (PRP) was separated from the erythrocyte-rich pellet by centrifugation at 200xg (15 

min). Erythrocytes were washed in SAGM (150 mmol/L NaCl, 1.25 mmol/L adenine, 28.82 

mmol/L mannitol, 49.95 mmol/L D-glucose) and resuspended in SAGM (concentration ~ 

3.5 × 109 cells/mL).

Acid citrate dextrose was added to PRP (10 % v/v) prior to centrifugation at 2000xg (5 

min). The platelet pellet was washed twice with wash buffer (36 mmol/L citric acid, 103 

mmol/L NaCl, 5 mmol/L KCl, 5 mmol/L EDTA (ethylenediaminetetraacetic acid), 56 mmol/L 

D-glucose, pH 6.5 containing 0.35 % [wt/vol] bovine serum albumin) and resuspended to 

200-400 × 106 platelets/mL in HEPES(+) buffer (132 mmol/L NaCl, 20 mmol/L HEPES (N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid), 6 mmol/L KCl, 1 mmol/L MgSO4•7H2O, 

1.2 mmol/L K2HPO4•3H 2O, 2.5 mmol/L CaCl2, 5.5 mmol/L D-glucose, pH 7.4).

Cells were counted using an Advia 2120 Hematology System hematology analyzer 

(Siemens).

Erythrocyte calcium loading or depletion

Erythrocytes (108 cells/mL) suspended in HEPES(+) buffer (with 2.5 mmol/L CaCl2) or 

HEPES(-) buffer (without 2.5 mmol/L CaCl2 and supplemented with 5 mmol/L EGTA) 

(ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid) were treated with 1 

µmol/L ionomycin (Calbiochem 407952) or 5 µmol/L lysophosphatidic acid (LPA) (Santa 

Cruz sc-201053) for 1 h. Ionomycin- or LPA-treated erythrocytes were washed in HEPES(+) 

or HEPES(-) buffer, stored at room temperature and resuspended, prior to a flow assay, in 

HEPES(+) buffer supplemented with 1 % BSA.

Substrate flow model

µ-Slide VI 0.4 ibiTreat flow chambers (Ibidi) were coated (1 h, 37°C) with BSA (1 % w/v), 10 µg/

mL recombinant VWF (purified and characterized as described before by van den Biggelaar 

et al. 2007),42 0.1 mg/mL collagen type I (BD Pharmingen), 30 µg/mL fibronectin (Sanquin), 

10 µg/mL fibrinogen (TriniClot, Sanquin), or 10 µg/mL fibrin (fibrinogen incubated with 1 U/

mL thrombin (Haematologic Technologies), 15 min, 37°C) and blocked (30 min, 37°C) with 

BSA (1 % w/v).
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Platelets (25 × 107 cells/mL) were perfused over coated slides at 0.75 dyne/cm2 for 10 min. 

Adherent platelets were fixed using paraformaldehyde (4 % w/v, 5 min). Erythrocytes (108 

cells/mL), untreated or treated as described above were perfused over the coated slides 

for 5 min at indicated wall shear stress. For the whole blood assays washed erythrocytes, 

heparin anticoagulated whole blood, citrate anticoagulated whole blood, or recalcified 

citrate anticoagulated whole blood diluted to 1 % hematocrit in HEPES buffer without 

calcium were perfused (5 min, 0.250 or 0.125 dyne/cm2) over immobilized rVWF. In the 

undiluted whole blood assay, citrate anticoagulated whole blood was perfused 5 min at 

0.500, 0.250 or 0.125 dyne/cm2 followed by washing with HEPES buffer without calcium 

for 10, 15 or 45 min respectively.

All perfusions were performed with a syringe pump (NE-1010 ProSense). The used 

experimental flow rates and the according shear rates and wall shear stress are listed 

in Table 1. For the calculation of the wall shear stress an estimated dynamic viscosity of 

culture medium of 0.72 mPa·s was used; the increase in viscosity induced by erythrocytes 

or platelets was not taken into consideration. For comparison purposes, Table 1 provides 

also the calculated wall shear stress based on an assumed whole blood dynamic viscosity 

of 3.80 mPa·s. Real-time imaging was performed by an Axiovert 200M microscope (Carl 

Zeiss Microscopy) with an Orca-R  2 camera (Hamamatsu) using a 20x air objective.

Immunohistochemistry

Human venous thrombi embedded in paraffin were stained using Elastica von Gieson 

stain (EVG), rabbit polyclonal anti-VWF (1:2000, Dako A0082) after Tris/EDTA pH 9 antigen 

retrieval, rabbit polyclonal anti-GLUT-1 (1:100, Neomarkers RB-9052) after Tris/EDTA pH 

9 antigen retrieval, or mouse monoclonal anti-CD31 (1:40, Dako M0823) after citrate pH 6 

antigen retrieval. The thrombi were counterstained using anti-mouse- or anti-rabbit-HRP 

Dako REAL EnVision Detection System (undiluted, Dako K500711–2) and 3,3’-diamino-

benzidine (DAB). Images were acquired using an Axiovert 200M microscope (Carl Zeiss 

Microscopy) with a 10x air objective and an AxioCam ICc3 camera (Carl Zeiss Microscopy) 

or a EOS 1000D Single Lens Reflex Camera (Canon) equipped with a 18–55 mm lens (Canon) 

and a 49 mm Macro Extension Tube Set (Fotodiox).

Immunofluorescence imaging

Paraformaldehyde-fixed samples from the platelet adhesion assay were blocked with PBS 

BSA (1 % w/v) for 10 min. Platelets were stained with mouse monoclonal anti-CD61 (1:60, 

Dako M0753) for 1 h. Next, the platelets were stained with goat anti-mouse Alexa Fluor 488 

(10 µg/mL, Invitrogen/Thermo Fisher Scientific A11001) for 1 h. Per condition 15 random 

images were acquired using a LSM510 Meta confocal microscope (Carl Zeiss) with a EC 

Plan-Neofluar 40x oil objective (NA 1.3).
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Human venous thrombi embedded in paraffin were stained using rabbit polyclonal anti-

VWF (10 µg/mL, Dako A0082), mouse monoclonal anti-VWF (10 µg/mL, CLB-RAg20),43 

mouse monoclonal anti-CD42b-APC (1:100, Molecular Probes/ThermoFisher Scien-

tific A15459), or rabbit polyclonal anti-fibrinogen-HRP (10 µg/mL, Dako P0445) after Tris/

EDTA pH 9 antigen retrieval and counterstained with Chicken anti-Mouse Alexa Fluor 488 

(10 µg/mL, Invitrogen/Thermo Fisher Scientific A21200), chicken anti-Rabbit Alexa Fluor 

488 (10 µg/mL, Invitrogen/Thermo Fisher Scientific A21441), or goat anti-Rabbit Alexa 

Fluor 633 (10 µg/mL, Invitrogen/Thermo Fisher Scientific A21070). As isotype controls the 

thrombi were stained using mouse IgG1 (10 µg/mL, Sanquin M1451) or normal rabbit IgG 

(10 µg/mL, Santa Cruz SC-2027) after Tris/EDTA pH 9 antigen retrieval and counterstained 

with Chicken anti-Mouse Alexa Fluor 488 (10 µg/mL, Invitrogen/Thermo Fisher Scientific 

A21200) and Goat anti-Rabbit Alexa Fluor 633 (10 µg/mL, Invitrogen/Thermo Fisher Sci-

entific A21070). Images were acquired using a LSM510 Meta confocal microscope (Carl 

Zeiss) with an EC Plan-Neofluar 10x air objective (NA 0.3) or an EC Plan-Neofluar 40x oil 

objective (NA 1.3), or a TCS SP8 confocal microscope (Leica) with a 40x oil objective (HC 

PL APO CS2 NA 1.3).

Flow cytometry

Erythrocytes (108 cells/mL) in HEPES(+) buffer or HEPES buffer without calcium but with 5 

mmol/L EGTA were treated with 1 µmol/L ionomycin, 5 µmol/L LPA or control-treated for 

1 h. Erythrocytes (105 cells) were incubated with BSA (1 % w/v) for 15 min and subsequently 

stained using Annexin V-FITC (1:20, BD Pharmingen) and anti-CD235a-PE (1:100, Sanquin) 

for 15 minutes. Phosphatidylserine (PS) exposure was determined with a FACSCanto II flow 

cytometer (BD). Data were analyzed using FlowJo version 10.0.8r1 (LLC).

Imaging and analysis

Images were taken using Zen 2012 software version 1.1.2.0 (Carl Zeiss) or Leica Application 

Suite X software version 3.1.5.16308 (Leica). For all image processing, ImageJ version 1.49g 

(https://imagej.nih.gov/ij/) was used. Platelet surface coverage was quantified using the 

functions “threshold” and “analyze particles” within a single image (225 × 225 µm). Erythro-

cyte adhesion was quantified using the ImageJ plugin Cell Counter (as described in Smeets 

et al. 2017).20 Erythrocytes were qualified as firmly adherent when they remained immobile 

for 5 s before and 5 s after each time point otherwise they were qualified as loosely adherent. 

For each erythrocyte adhesion experiment, tile scans (3800 µm width) were made. For each 

data point adherent erythrocytes in 15 field of view (FOV) were counted and the average 

number of adherent erythrocytes per FOV is depicted. (FOV; 1 FOV = 419.23 × 319.41 µm).
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Statistical analysis

Data shown are mean±SD. Each n represents single independent experiments using cells 

from different donors. Statistical comparisons were made using an unpaired, 2-tailed 

Student’s t test or a 1-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc 

test where appropriate. Statistical analysis was performed using GraphPad Prism version 

6.04 (GraphPad Software). For all tests, results were considered statistically significant at 

P < 0.05.

RESULTS

Erythrocytes bind specifically to VWF

To analyze the adhesion of erythrocytes to VWF, flow chambers, coated with surface-

immobilized plasma and extracellular matrix proteins, were used. First, the functionality 

of the substrates was tested using platelet perfusion. Washed platelets bound to VWF, 

collagen type I, fibronectin, fibrinogen, and fibrin as previously described21–23 (Figure 1A). 

In contrast, erythrocytes perfused at a postcapillary venule24 or venous25 shear rate only 

bound significantly to VWF, with limited or no binding to the other substrates (Figure 1B). 

Washed erythrocytes contained virtually no platelets or white blood cells as shown in 

Table 2. Finally, although ionomycin-induced calcium-loading of erythrocytes significantly 

promoted VWF binding, only a limited number of such erythrocytes bound to the other 

substrates (Figure 1C).

Flow reduction promotes erythrocyte binding to VWF

Erythrocytes bind activated neutrophils, activated platelets, and fibrin at reduced shear 

rates.18,19 Therefore, we tested whether flow reduction would also promote the adhesion 

of erythrocytes to VWF. Erythrocytes were perfused over surface-immobilized proteins at 

different shear rates (see Table 1). Increasing the wall shear stress to ≥ 1 dyne/cm2 did not 

promote erythrocyte adhesion to VWF. In contrast, wall shear stress reduction significantly 

increased erythrocyte-VWF binding, with limited or no binding of erythrocytes to the con-

trol (BSA), or other substrates (Figure 2A and 2B; Supplemental Figure I and Supplemental 

Movie I in the online-only Data Supplement). Wall shear stress reduction < 0.5 dyne/cm2 

induced rapid and firm adhesion of many erythrocytes to VWF (Figure 2C). Although wall 

shear stress reduction induced erythrocyte rolling over the control substrate, the absolute 

number of firmly adherent cells remained low (4 %). Wall shear stress reduction also induced 

erythrocyte rolling over VWF. However, significantly more erythrocytes (82 %) remained 

firmly adherent (Supplemental Figure IIA and IIB).

Furthermore, we tested the erythrocyte-binding efficiency to different VWF multimer 

sizes by perfusing erythrocytes at 0.250 dyne/cm2 over immobilized low, intermediate, or 
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Figure 1. Erythrocytes bind specifically to VWF (von Willebrand factor). A, Platelet adhesion after perfu-
sion (10 min, 0.75 dyne/cm2) over immobilized BSA, recombinant VWF (rVWF), collagen type I, fibronectin, 
fibrinogen, or fibrin. For each experiment, the average surface coverage of platelets within 15 fields of view 
(FOV; 1 FOV = 225 × 225 µm) was calculated. B, Erythrocyte adhesion after perfusion (5 min, 0.75 dyne/cm2) 
over immobilized BSA, rVWF, collagen type I, fibronectin, fibrinogen, or fibrin. C, Control- or ionomycin-
treated (1 µmol/L, 1 h) erythrocyte adhesion after perfusion (5 min, 0.75 dyne/cm2) over immobilized BSA, 
rVWF, collagen type I, fibronectin, fibrinogen, or fibrin. For each experiment, the average number of adher-
ent erythrocytes within 15 FOV (1 FOV = 419.23 × 319.41 µm) was used. Values are means±SD, n = 3. Statisti-
cal analysis was performed using a 1-way analysis of variance (ANOVA) in which all means were compared 
with BSA as control followed by Bonferroni’s post hoc test (A and B) or a 2-tailed Student’s t test (C). Ery 
indicates erythrocytes. *P < 0.05; **P < 0.01; ****P < 0.0001.
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high molecular weight VWF. While erythrocytes showed binding to low molecular weight 

VWF, the binding significantly increased when perfused over intermediate molecular 

weight VWF (Supplemental Figure III). Erythrocyte-binding to high molecular weight 

VWF was comparable with the low molecular weight VWF (Supplemental Figure III).

We also tested whether erythrocytes in whole blood would adhere to VWF, and how 

this adhesion would compare to platelet-VWF adhesion at different wall shear stresses. 

First, we compared washed erythrocytes to heparin anticoagulated whole blood, citrate 

anticoagulated whole blood, and recalcified citrate anticoagulated whole blood all di-

luted to 1 % hematocrit. No significant difference in erythrocyte-VWF binding could be 

observed between washed erythrocytes or whole blood (Figure 3A). After perfusion of 

undiluted citrate anticoagulated whole blood at 0.500 dyne/cm2, significant platelet-VWF 

binding was observed. While platelet binding was reduced at a wall shear stress of 0.250 

dyne/cm2, limited erythrocyte binding was observed (Figure 3B). Moreover, adherent 

erythrocytes appeared to be recruited by platelets (Figure 3B; arrowhead). However, in 

line with previous results, abundant erythrocyte-VWF adhesion occurred at a wall shear 

stress of 0.125 dyne/cm2 (Figure 3B). Together, these results show that flow reduction 

promotes erythrocyte-VWF binding.

Table 1. Experimental Flow Rates With Wall Shear Rates and Wall Shear Stresses

Flow Rate,
mL/min Wall Shear Rate, s-1

Wall Shear Stress
HEPES,* dyne/cm2

Wall Shear Stress
Blood, † dyne/cm2

0.790 139 1.00 5.29

0.570 100 0.72 3.81

0.390 69 0.49 2.61

0.295 52 0.37 1.97

0.200 35 0.25 1.34

0.100 18 0.13 0.67

*Assuming that the viscosity of HEPES(+) buffer is 0.72 mPa·s
†Assuming that the viscosity of whole blood is 3.80 mPa·s

Table 2. Blood Cell Counts Measured From the Washed Erythrocyte Concentrates Used in Figure 1B

Mean Absolute Number (x109 Cells/L) 
and Range (x109 Cells/L) Percentage of Total and Range, %

Erythrocytes 3220 (2550–4310) 99.92 (99.85–99.97)

Platelets 2 (1–5) 0.05 (0.03–0.10)

White Blood Cells 0.43 (0.18–1.2) 0.01 (0.005–0.027)
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Figure 2. Flow restriction promotes erythrocyte adhesion to VWF (von Willebrand factor). A, Images re-
corded after erythrocyte perfusion (5 min) at a wall shear stress of 0.5, 0.25, or 0.125 dyne/cm2 over recom-
binant VWF (rVWF). The arrow indicates the direction of the flow. Dashed boxes correspond to the zoomed 
regions. Scale bars represent 50 µm. B, Erythrocyte adhesion after perfusion (5 min) at a wall shear stress 
of 1.0, 0.75, 0.5, 0.375, 0.25, or 0.125 dyne/cm2 over immobilized BSA or rVWF. For each experiment, the 
average number of adherent erythrocytes within 15 fields of view (FOV) was used. C, Kinetics of erythrocyte 
adhesion to immobilized BSA (circles) and rVWF (squares) at 0.250 and 0.125 dyne/cm2 are shown. Adhesion 
of erythrocytes from 3 independent donors was quantified at 30 s intervals for 5 min. Values are means±SD, 
n = 3. Statistical analysis was performed using a 1-way analysis of variance (ANOVA) in which all means were 
compared with 1 dyne/cm2 as control followed by Bonferroni’s post hoc test. Ery indicates erythrocytes. 
*P < 0.05; ****P < 0.0001.
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Flow reduction is more effective in promoting erythrocyte-VWF interaction 
than calcium loading

We previously reported that calcium loading promotes erythrocyte-VWF interaction.20 

Therefore, we tested whether calcium loading and flow reduction synergistically promote 

erythrocyte-VWF binding. Ionomycin-induced erythrocyte-calcium loading induced a re-

duction in erythrocyte size and phosphatidylserine exposure (Supplemental Figure IV) and 

significantly enhanced erythrocyte-VWF binding at a wall shear stress of 1 and 0.5 dyne/cm2 

(Figure 4A). However, below 0.5 dyne/cm2, this additive effect was not significant anymore 

(Figure 4A). Inhibiting the ionomycin-induced intracellular calcium increase by EGTA prein-

cubation prevented phosphatidylserine exposure and reduced erythrocyte-VWF adhesion 

(Figure 4B). Flow reduction combined with ionomycin-induced calcium loading caused only 

limited binding to other substrates (Supplemental Figures V and VI). A similar response was 
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Figure 3. Erythrocytes adhere to VWF (von Willebrand factor) after whole blood perfusion. A, Erythro-
cyte adhesion after perfusion (5 min, 0.250 or 0.125 dyne/cm2) of washed erythrocytes, heparin anticoagu-
lated whole blood, citrate anticoagulated whole blood, or recalcified citrate anticoagulated whole blood 
diluted to 1 % hematocrit over immobilized recombinant VWF (rVWF). For each experiment, the average 
number of adherent erythrocytes within 15 fields of view (FOV) was used. Values are means±SD, n = 3. Sta-
tistical analysis was performed using a 1-way analysis of variance (ANOVA) in which all means were com-
pared with washed erythrocytes as control followed by Bonferroni’s post hoc test. (No significant differences 
were observed.) B, Erythrocyte and platelet adhesion after perfusion (5 min, 0.500, 0.250, or 0.125 dyne/cm2) 
of undiluted citrate anticoagulated whole blood over immobilized rVWF. The arrow indicates the direction 
of the flow. Arrowheads indicate platelets associated with erythrocytes. Dashed boxes correspond to the 
zoomed regions. Scale bars represent 50 µm. Ery indicates erythrocytes; and WB, whole blood.
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observed when a calcium influx was induced using lysophosphatidic acid (LPA), which also 

could be prevented by EGTA preincubation (Figure 4C and 4D; Supplemental Figure VB). 

However, LPA did not affect erythrocyte size and did not cause phosphatidylserine expo-

sure (Supplemental Figure IV). Although calcium influx promotes erythrocyte-VWF adhe-

sion, flow reduction had the most pronounced effect on adhesion. These results show that 

flow reduction is the major inducer of erythrocyte-VWF adhesion.

Erythrocyte-VWF and fibrin-VWF complexes are prominently present in 
human venous thrombi

Blood stasis is an important risk factor for DVT, and venous thrombi are rich in erythro-

cytes7; therefore, we addressed whether erythrocyte-VWF complexes are present in human 

venous thrombi. First, VWF localization was analyzed within venous thrombi. Demographic 

and clinicopathological characteristics of patients are given in Table 3. Slides were stained 

with Elastica von Gieson stain, VWF, GLUT1 (a marker for erythrocytes), or CD31 (to visual-
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Figure 4. Flow restriction is more effective in promoting erythrocyte-VWF (von Willebrand factor) in-
teraction than calcium loading. A and C, Ionomycin- (1 µmol/L), lysophosphatidic acid- (LPA; 5 µmol/L), 
or control-treated (1 h) erythrocyte adhesion after perfusion (5 min, 1.0, 0.5, or 0.25 dyne/cm2) over im-
mobilized recombinant VWF (rVWF). B and D, Ionomycin- (1 µmol/L), LPA- (5 µmol/L), or control-treated 
(1 h) erythrocyte adhesion with or without EGTA (5 mmol/L) after perfusion (5 min, 0.5 dyne/cm2) over im-
mobilized rVWF. For each experiment, the average number of adherent erythrocytes within 15 fields of view 
(FOV) was used. Values are means±SD, n = 3. Statistical analysis was performed using a 2-tailed Student’s t 
test (A and C) or 1-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. (B and D) Ery 
indicates erythrocytes. *P < 0.05; **P < 0.01; ***P < 0.001.
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ize platelets). Supplemental Figure VIIA shows several erythrocyte-rich thrombi within an 

arteriovenous malformation, one of which is magnified in Supplemental Figure VIIB. This 

thrombus showed limited CD31 staining but showed erythrocyte-rich regions, as deduced 

from the GLUT1 staining, that were VWF positive (Supplemental Figure VIIC and VIID). In-

terestingly, the VWF-positive areas had an elongated appearance, with erythrocytes accu-

mulated along the structures (Supplemental Figure VIIE, arrowhead). Moreover, regions of 

reduced VWF positivity still showed VWF-positive erythrocytes (Supplemental Figure VIIE, 

asterisk). These data suggest that erythrocytes may interact with VWF in venous thrombi.

For higher resolution imaging and to investigate whether erythrocytes interact with 

VWF, sections of the same thrombus were immunofluorescently stained for CD42b 

(staining platelets) and VWF. Erythrocytes were visualized based on their autofluores-

cence.26 Figure 5A shows several erythrocyte-rich thrombi within an arteriovenous 

malformation. The thrombus showed only limited CD42b (platelets) staining, but large 

sections stained positive for VWF and erythrocytes (Figure 5C). VWF was nonuniformly 

distributed throughout the thrombus. Areas positive for both VWF and CD42b (region I), 

positive for VWF but negative for CD42b (region II), intermediate positive for VWF (region 

III), and low positive for VWF (region IV) could be distinguished (Figure 5D and 5E; Supple-

mental Figure VIII). Interestingly, VWF structures surrounding the erythrocytes could be 

observed in almost every region (Supplemental Figure VIII). These VWF structures were 

especially prominent in areas with intermediate VWF staining (Supplemental Figure VIII), 

but sections with low VWF staining also revealed colocalization of VWF and erythrocytes 

(Figure 5E arrowheads). These data suggest that VWF colocalizes with erythrocytes in 

venous thrombi.

Fibrin, together with VWF, forms the scaffold of venous thrombi7; therefore, we tested 

whether VWF and fibrin colocalize with erythrocytes. The specificity of used antibodies 

was confirmed using isotype controls and secondary-antibody only staining (Supplemen-

tal Figure IX). In the studied venous thrombi, VWF-dense regions colocalized with fibrin-

dense regions (Supplemental Figure XA through XC). Interestingly, VWF was often found 

on the periphery of fibrin structures (Figure 6A, arrows; Supplemental Figure XC). More-

over, VWF frequently localized between the fibrin and erythrocyte interface (Figure 6B; 

Table 3. Demographic and Clinicopathological Characteristics of Patients.

Sample Sex Age, y Pathology Location Intervention Thrombus Age

Patient A Male 37 Arteriovenous 
malformation

Armpit Excision 
malformation

Organized 
thrombus

Patient B Male 37 Venous shunt Forearm Excision vein Not organized 
thrombus

Patient C Female 40 Deep venous 
thrombosis

Unknown Excision vein Organized 
thrombus
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Figure 5. VWF (von Willebrand factor) significantly contributes to the structure of venous thrombi. 
A-E, Human venous thrombus immunofluorescently stained (Patient A; arteriovenous malformation). The 
thrombus was stained using rabbit polyclonal anti-VWF counterstained with anti-Rabbit Alexa Fluor 488 
and mouse monoclonal anti-CD42b-APC (staining platelets). Erythrocytes were visualized based on auto-
fluorescence (excitation 561 nm, emission 575–615 nm). Boxes correspond to the zoomed regions. Dashed 
lines mark the regions I-IV with, respectively, areas positive for both VWF and CD42b (region I), positive for 
VWF but negative for CD42b (region II), intermediate positive for VWF (region III), and low positive for VWF 
(region IV). The arrowhead indicates dense VWF-positive spots. Scale bars in panel A and B represent 1 mm; 
in panel C and D, 200 µm; and in panel E, 25 µm.
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Figure 6. VWF (von Willebrand factor) localizes peripheral of fibrin and between erythrocytes and fibrin 
in human venous thrombi. Immunofluorescent staining of a human venous thrombus (Patient A; arterio-
venous malformation). The thrombus was stained using mouse monoclonal anti-VWF counterstained with 
anti-Mouse Alexa Fluor 488 and rabbit polyclonal anti-fibrinogen-HRP counterstained with anti-Rabbit Al-
exa Fluor 633. Erythrocytes were visualized based on autofluorescence (excitation 561 nm, emission 575–615 
nm). A, The arrows indicate dense VWF-positive areas adjacent to fibrin-positive areas. B, The arrows in-
dicate dense VWF-positive areas adjacent to fibrin-positive areas and erythrocytes. Unmerged images are 
above (A) and below (B) the merged images. Boxes correspond to the zoomed regions. Scale bars represent 
25 µm.
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Supplemental Figure XD). Detailed imaging showed VWF-positive spots between eryth-

rocytes and between erythrocytes and fibrin (Figure 6B; Supplemental Figure X). These 

VWF spots were observed in high-density fibrin-VWF regions, as well as in low-density 

VWF regions (Supplemental Figure XD). Similar erythrocyte-VWF-fibrin complexes were 

found in thrombi from a venous shunt (Supplemental Figure XIA) and a thrombus from 

a patient with deep venous thrombosis (Supplemental Figure XIB). Together, these data 

suggest that erythrocyte-VWF and erythrocyte-VWF-fibrin networks are a prominent 

feature of venous thrombi, which may contribute to their structural integrity.

DISCUSSION

Venous thrombus size is primarily determined by erythrocyte content.18 However, there is 

little knowledge on how erythrocytes become stably incorporated into the scaffold built 

from fibrin, VWF, and neutrophil extracellular traps.27 In the present study, it was demon-

strated that under reduced wall shear stress, erythrocytes specifically bind to VWF. Fur-

thermore, imaging of venous thrombi showed a striking pattern of erythrocytes, VWF, and 

fibrin, which suggests that VWF has a supporting role in the structure of venous thrombi by 

forming erythrocyte-erythrocyte and erythrocyte-fibrin links.

Erythrocytes are actively retained within a thrombus during thrombogenesis.18 The trans-

glutaminase factor XIII is crucial for red blood cell retention in clots.18 Fibrinogen γ-chain 

residues 390 to 396 mediate FXIII-A2B2 binding and activation.18 Fibγ390–396A mice developed 

smaller thrombi with fewer erythrocytes than thrombi from wild-type mice in an inferior 

vena cava stasis model.18 The smaller thrombus size was explained by reduced erythrocyte 

retention during clot retraction.18 Inhibiting FXIIIa increased erythrocyte mobility and ex-

trusion from contracting clots.28 Factor XIIIa evidently contributes to erythrocyte retention 

during thrombogenesis; however, FXIIIa was not able to crosslink erythrocytes directly to 

fibrin.28 Secondary to fibrin, > 147 plasma proteins serve as a substrate for FXIIIa.29 VWF, with 

12 identified reactive glutamine residues, is one of the proteins that has been identified as 

a FXIIIa substrate.29,30 VWF was shown to be covalently associated with fibrin clots through 

the fibrin α-chain.29,30 In the present study, we showed that VWF localizes in and around 

fibrin-rich regions of venous thrombi. VWF crosslinked to fibrin could improve erythrocyte 

retention because erythrocytes showed strong and abundant adhesion to VWF at reduced 

shear rates, which are in the range of those in venous valve pockets and are associated with 

venous thrombogenesis.27,31

A large number of risk factors for VTE has been identified. These include cancer and 

major surgery but also increased levels of coagulation factors, particularly factor VIII, 

prothrombin, and VWF.32,33 The important role for VWF in DVT was shown by the protec-
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tion from thrombosis of VWF(-/-) mice in an inferior vena cava stenosis model.14 Infusion of 

recombinant factor VIII did not rescue thrombosis in VWF(-/-) mice; impaired coagulation 

was, therefore, not the reason these mice did not develop DVT.14 Furthermore, venous 

thrombosis rarely appears in patients with von Willebrand’s disease, and the major-

ity of patients who developed a venous thrombotic manifestation received substitution 

therapy with FVIII/VWF concentrates.34 VWF is important in the initiation state of venous 

thrombotic events by recruiting platelets and leukocytes,12,14 but our data show that 

VWF can play an additional important role during thrombus propagation by promoting 

erythrocyte retention at sites of reduced flow.

While platelets can bind to collagen,21 fibronectin,21 fibrinogen,22 and fibrin23, eryth-

rocytes in our study showed little binding to substrates other than VWF. Contradicting 

results have been published about erythrocyte-fibrin(ogen) binding. It has been shown 

that erythrocytes can bind fibrin(ogen) at reduced shear rates,27,35 though it is not clear 

if this occurs via direct binding or that additional plasma proteins recruit erythrocytes to 

fibrin(ogen).19 Although this study confirmed adhesion of erythrocytes to fibrin(ogen), 

the number of adherent cells was limited. The large difference observed in absolute 

numbers between erythrocytes binding to fibrin(ogen) and erythrocytes binding to VWF 

suggests that at reduced shear rates erythrocytes preferentially bind to VWF.

How erythrocytes interact with VWF is as yet unknown. Interestingly, although an 

increase of wall shear stress promotes platelet adhesion to VWF,36 this study shows that 

the adhesion of erythrocytes to VWF is promoted by a reduction in wall shear stress. This 

mechanism could be a fundamental difference between white arterial thrombi, which 

are formed at high shear stress and consist mainly of platelets, and red venous thrombi, 

which are formed at low shear stress and consist mainly of erythrocytes. This also sug-

gests that the erythrocyte receptor for VWF differs from the high-affinity receptors for 

VWF on platelets. We screened erythrocytes for the presence of the integrins αV, β1, β2, 

and β3, with endothelial cells or leukocytes as positive controls, and none of them could 

be found. Erythrocytes were also negative for GPIbA and P-selectin (data not shown). All 

these findings are in line with previous results.37 To find a possible receptor that mediated 

erythrocyte-VWF adhesion, we applied a blocking strategy on potential erythrocyte-

specific VWF receptors. Blocking Lu/BCAM using a highly specific antibody which blocks 

erythrocyte binding to Laminin, α5 did not interfere with the erythrocyte-VWF interac-

tion. Also blocking CD44 with hyaluronic acid did not interfere with erythrocyte binding 

to VWF (data not shown).

Besides the striking difference in VWF adhesion between erythrocytes and platelets 

based on the wall shear stress and, thereby, the involved receptors, the multimer size 

of VWF may also represent another difference in erythrocyte adhesion versus platelet 

adhesion. Where platelets are known to preferentially bind to high molecular weight 

VWF,36 our data suggest erythrocytes preferred intermediate molecular weight VWF. This 
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indicates that erythrocytes may be less likely to adhere to the ultra large VWF multim-

ers released by platelets and endothelial cells, which are important in hemostasis and 

arterial thrombosis, but likely first need ADAMTS13-mediated proteolysis of VWF before 

adhesion. It would be of interest to see if the ADAMTS13-mediated, proteolytic cleaved 

VWF multimers would also bind erythrocytes in the circulation, which could, thereby, 

contribute to the rapid clearance of VWF.

Whether erythrocytes, similar to platelets, adhere to the A1 domain of VWF is not 

known. The whole blood assay suggests competition between platelet and erythrocyte 

adherence. Platelets preferred shear stresses of ≥ 0.250 dyne/cm2 for VWF adherence, 

while erythrocytes bind at a shear stress of ≤ 0.250 dyne/cm2. Caution should be taken 

as the immobilized VWF is likely unfolded during the coating process, which causes the 

exposure of the A1 domain which promotes platelet recruitment. Whether erythrocytes 

also need this unfolding and A1 domain exposure or whether they can bind to globular 

VWF needs to be determined. However, erythrocytes prefer low shear stress, which 

makes VWF less susceptible for unfolding, suggesting that erythrocytes could bind to 

VWF while it is still in its globular conformation.

Besides the effects of different shear forces on the erythrocyte-VWF interaction, this 

study also described that the erythrocyte-VWF interaction could be enhanced via an 

LPA-induced calcium influx into erythrocytes. LPA can be formed via the autotaxin-LPA 

axis on activated platelets.38 In good agreement, platelets have been described to be 

essential for venous thrombogenesis.12,14 Although LPA promoted erythrocyte adhesion 

to VWF, it did not induce phosphatidylserine exposure on the erythrocyte membrane as 

seen in the ionomycin-treated cells. Therefore, phosphatidylserine exposure may con-

tribute to VWF adhesion but seems unlikely to be the main cause of binding. How calcium 

loading enhances erythrocyte adhesion to VWF remains unclear, but these data suggest 

the presence of an intrinsic signaling cascade that affects potential VWF receptors on the 

erythrocytes.

Finally, this study has potential limitations. Even though the in vitro immobilized VWF 

assay cannot fully represent the microenvironment of an in vivo developing thrombus, 

it does provide a clean method to investigate erythrocyte-VWF interaction. Moreover, 

the whole blood assay and the venous thrombi sections suggests that the erythrocyte-

VWF interaction can occur in vivo. However, the human venous thrombi tissue sections 

represent the end result of an in vivo developed thrombus which provides descriptive 

information but limited insight into mechanisms driving thrombogenesis. Nevertheless, 

these data strongly suggest erythrocyte-VWF and fibrin-VWF interactions, which may 

play a supportive role in these thrombi. Finding the erythrocyte receptor that mediates 

VWF binding and targeting these receptors in an in vivo venous thrombosis model would 

uncover the role of erythrocyte-VWF interaction in venous thrombosis.
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To conclude, our data demonstrate that under reduced wall shear stress, erythrocytes 

specifically bind to VWF, which suggests that VWF plays a supporting role in the structure 

of venous thrombi by forming erythrocyte intercellular links and erythrocyte-fibrin links. 

A larger venous thrombus size is associated with increased morbidity and mortality 

and results in increased recurrence of VTE.39 Venous thrombosis is treated by targeting 

the coagulation cascade.40,41 However, the main side effect of anticoagulant therapy is 

bleeding.40,41 Our study suggests that erythrocyte retention in venous thrombi could, in 

addition to fibrin network stiffness, be mediated by erythrocyte-VWF or erythrocyte-

VWF-fibrin interactions. If the erythrocyte-VWF interaction proves to significantly 

contribute to the structural integrity of venous thrombi, targeting erythrocytes, instead 

of the coagulation cascade, could not only provide novel intervention strategies but also 

minimize bleeding.
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Supplemental Figure I. Flow restriction induced only limited binding of erythrocytes to substrates other 
than VWF (von Willebrand Factor). A, Erythrocyte adhesion after perfusion (5 min) at a wall shear stress of 
0.75, 0.375, or 0.125 dyne/cm2 over immobilized collagen type I, fibronectin, fibrinogen, or fibrin. For each 
experiment, the average number of adherent erythrocytes within 15 fields of view (FOV) was used. Values 
are means±SD (n = 3; Each n represents single independent experiments using cells from different donors). 
Statistical analysis was performed using a 1-way analysis of variance (ANOVA) in which all means were com-
pared with 0.75 dyne/cm2 followed by Bonferroni’s post hoc test. Ery indicates erythrocytes. *P < 0.05.
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Supplemental Figure II. Shear stress controls firm adhesion of erythrocytes to VWF (von Willebrand fac-
tor). A, Absolute number of firmly and loosely adherent erythrocytes after 5 minutes perfusion over BSA 
(control) or recombinant VWF (rVWF). B, Percentages of firmly and loosely adherent erythrocytes. Erythro-
cytes were qualified as firmly adherent when they remained immobile for 5 seconds before and 5 seconds 
after each time point, otherwise they were qualified as loosely adherent. For each experiment the number 
of adherent erythrocytes within 1 field of view (FOV) was used. All bars represent the average of three inde-
pendent experiments. (n = 3; Each n represents single independent experiments using cells from different 
donors) The open bars represent firmly adherent erythrocytes. The filled bars represent loosely adherent 
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Supplemental Figure III. Erythrocytes showed increased binding to intermediate molecular weight VWF 
(von Willebrand factor). (Left panel) Erythrocyte adhesion after perfusion (5 min, 0.250 dyne/cm2) over im-
mobilized low molecular weight (LMW), intermediate molecular weight (IMW), or high molecular weight 
(HMW) recombinant VWF (rVWF). For each experiment, the average number of adherent erythrocytes 
within 15 fields of view (FOV) was used. Values are means±SD (n = 3; Each n represents single independent 
experiments using cells from different donors). Statistical analysis was performed using a 1-way analysis of 
variance (ANOVA) in which all means were compared with each other followed by Bonferroni’s post hoc test. 
Ery indicates erythrocytes. *P < 0.05; **P < 0.01. (Right panel) VWF multimer size analysis. Pooled plasma 
was used as control.
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Supplemental Figure IV. Erythrocyte phosphatidylserine exposure. Ionomycin- (1 µmol/L), lysophospha-
tidic acid (LPA; 5 µmol/L) or control-treated (1 h) erythrocytes in the presence or absence of EGTA were 
stained using mouse monoclonal anti-CD235a-PE and annexin V-FITC and analyzed for phosphatidylserine 
exposure. A, Erythrocytes were gated, B, doublets were excluded, C, the cells were confirmed to be posi-
tive for CD235a, and D, phosphatidylserine exposure was measured using annexin V. E, The relative size of 
CD235a-positive erythrocytes based on FCS and F, the percentage of annexin V-positive erythrocytes were 
determined with a FACSCanto II flow cytometer. Values are means±SD (n = 3; Each n represents single in-
dependent experiments using cells from different donors). Statistical analysis was performed using a 1-way 
analysis of variance (ANOVA) in which all means were compared with the control-treated cells followed by 
Bonferroni’s post hoc test. ****P < 0.0001.
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Supplemental Figure V. Calcium-loading combined with flow restriction does not promote erythrocyte 
adhesion to BSA. A, Ionomycin- (1 µmol/L) or control-treated (1 h) erythrocyte adhesion after perfusion (5 
min, 1.0, 0.5, or 0.25 dyne/cm2) over immobilized BSA. B, LPA- (5 µmol/L) or control-treated (1 h) erythrocyte 
adhesion after perfusion (5 min 1.0, 0.5, or 0.25 dyne/cm2) over immobilized BSA. For each experiment the 
average number of adherent erythrocytes within 15 fields of view (FOV) was used. Values are means±SD 
(n = 3; Each n represents single independent experiments using cells from different donors). Statistical analy-
sis was performed using a 2-tailed Student’s t test. Ery indicates erythrocytes. *P < 0.05; **P < 0.01.
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Supplemental Figure VI. Calcium loading slightly enhances erythrocyte adhesion to collagen type I, fi-
bronectin, fibrinogen, or fibrin at reduced wall shear stresses. A, Ionomycin- (1 µmol/L) or control-treated 
(1 h) erythrocyte adhesion after perfusion (5 min, 0.5 or 0.25 dyne/cm2) over immobilized collagen type I, B, 
fibronectin, C, fibrinogen, or D, fibrin. For each experiment the average number of adherent erythrocytes 
within 15 fields of view (FOV) was used. Values are means±SD (n = 3; Each n represents single independent 
experiments using cells from different donors). Statistical analysis was performed using a 2-tailed Student’s 
t test. Ery indicates erythrocytes. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Supplemental Figure VII. Erythrocytes localize around VWF- (von Willebrand factor) positive structures 
in venous thrombi. (Immuno)histochemical staining of a human venous thrombus (Patient A; arteriove-
nous malformation). The thrombus was stained using Elastica von Gieson stain, rabbit polyclonal anti-VWF, 
rabbit polyclonal anti-GLUT1 (staining erythrocytes), or mouse monoclonal anti-CD31 (staining platelets). 
One thrombus is indicated by the dashed line (B). Boxes correspond to the zoomed regions. The arrowhead 
indicates a dense VWF-positive structure surrounded by erythrocytes. The asterisk indicates VWF positivity 
in a low erythrocyte-density region. Scale bars in panel A to C represent 1 mm, and in panel D and E 50 µm.
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Region I Platelets Erythrocytes VWF

Region II Platelets Erythrocytes VWF

Region III Platelets Erythrocytes VWF

Region IV Platelets Erythrocytes VWF

Supplemental Figure VIII. VWF significantly contributes to the structure of venous thrombi. The high-
lighted regions from the immunofluorescently stained human venous thrombus (Patient A; arteriovenous 
malformation) from Figure 5 are shown. The thrombus was stained using rabbit polyclonal anti-VWF, coun-
terstained with anti-Rabbit Alexa Fluor 488 and mouse monoclonal anti-CD42b-APC (staining platelets). 
Erythrocytes were imaged based on their autofluorescence (excitation 561 nm, emission 575–615 nm). Scale 
bars represent 25 µm.
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Supplemental Figure IX. Isotype controls of immunofluorescently stained human venous thrombi. Im-
munofluorescent staining of human venous thrombi (Patient A; arteriovenous malformation) using mouse 
monoclonal anti-VWF (CLB-RAg20)43 and rabbit polyclonal anti-fibrinogen-HRP and counterstained with 
anti-Mouse Alexa Fluor 488 and anti-Rabbit Alexa Fluor 633. The thrombus was also stained using a mouse 
IgG1 isotype control counterstained with anti-Mouse Alexa Fluor 488, normal rabbit IgG counterstained with 
anti-Rabbit Alexa Fluor 633 (Isotype Controls), or anti-Mouse Alexa Fluor 488 and anti-Rabbit Alexa Fluor 633 
(secondary antibodies only). Erythrocytes were imaged based on their autofluorescence (excitation 561 nm, 
emission 575–615 nm). Scale bars represent 25 µm.
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Supplemental Figure X. Human venous thrombi contain erythrocyte-VWF (von Willebrand factor) and 
erythrocytes-VWF-fibrin complexes. A to D, Immunofluorescent staining of a human venous thrombus 
(Patient A; arteriovenous malformation). The thrombus was stained using mouse monoclonal anti-VWF 
(CLB-RAg20)43 counterstained with anti-Mouse Alexa Fluor 488 and rabbit polyclonal anti-fibrinogen-HRP 
counterstained with anti-Rabbit Alexa Fluor 633. Erythrocytes were visualized based on autofluorescence 
(excitation 561 nm, emission 575–615 nm). Boxes correspond to the zoomed regions. Arrows indicate dense 
VWF-positive spots. Scale bars in panel A to C, represent 20 µm and in panel D from left to right respectively 
20, 5, and 2 µm.
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A Fibrin / Erythrocytes / VWF Fibrin / Erythrocytes / VWFB

Patient B Patient C
Supplemental Figure XI. Additional human venous thrombi that contain erythrocyte-VWF (von Wille-
brand factor) and erythrocytes-VWF-fibrin complexes. A, Immunofluorescent staining of a human venous 
thrombus (Patient B; venous shunt). B, Immunofluorescent staining of a human venous thrombus (Patient 
C; deep venous thrombosis).The thrombi were stained using mouse monoclonal anti-VWF (CLB-RAg20)43 
counterstained with anti-Mouse Alexa Fluor 488 and rabbit polyclonal anti-fibrinogen-HRP counterstained 
with anti-Rabbit Alexa Fluor 633. Erythrocytes were visualized based on autofluorescence (excitation 561 
nm, emission 575–615 nm). Boxes correspond to the zoomed regions. Arrows indicate dense VWF-positive 
spots between erythrocytes and between erythrocytes and fibrin. Scale bars represent 25 µm.

Supplemental Video I. Flow restriction promotes erythrocytes adhesion to VWF (von 

Willebrand factor). Erythrocytes were perfused at a wall shear stress of 0.5, 0.25, or 0.125 

dyne/cm2 over recombinant VWF (rVWF) or at a wall shear stress of 0.125 dyne/cm2 over a 

control substrate (BSA). Videos were recorded during 5 minutes of perfusion. The scale bar 

represents 50 µm.

(http://atvb.ahajournals.org/highwire/filestream/304766/field_highwire_adjunct_

files/2/ATVB_ATVB-2017-309885D_supp3.avi)



If everything could ever feel this real forever
If anything could ever be this good again
The only thing I’ll ever ask of you
You’ve got to promise not to stop when I say when

Foo Fighters



Chapter 4
Circulating Erythrocytes are 
Negative for von Willebrand 
Factor

Michel W.J. Smeets,1 Simon Tol,2 Mark Hoogemboezem,2 
Erik Mul,2 and Peter L. Hordijk1,3

1 Department of Molecular Cell Biology, Sanquin-Academic Medical Center 
Landsteiner Laboratory, Amsterdam, The Netherlands;

2 Central Facility, Sanquin-Academic Medical Center Landsteiner Laboratory, 
Amsterdam, The Netherlands;

3 Department of Physiology, VU University Medical Center, Amsterdam, The 
Netherlands

Manuscript in preparation



98

Chapter 4

ABSTRACT

Objective

Venous thromboembolism is a global major burden of disease. Venous thrombi are com-

posed of erythrocytes, fibrin, leukocytes, and von Willebrand factor (VWF). Recently, we 

described the adhesion of calcium-loaded erythrocytes to endothelial-derived VWF strings. 

We also described that under reduced wall shear stress, erythrocytes specifically bind to 

VWF and we showed a possible supporting role for erythrocyte-VWF and VWF-fibrinogen 

interactions in venous thrombi. Because erythrocytes were shown to bind specifically to 

VWF, we hypothesized that erythrocytes would also bind to VWF in the circulation.

Approach and results

In the present work, we used flow cytometry and imaging flow cytometry of washed, 

normal erythrocytes and platelets and showed that normal, circulating erythrocytes do not 

carry VWF. However, small subsets of erythrocytes were found to be positive for fibrinogen. 

Moreover, we showed that a polyclonal anti-VWF antibody which is widely used in clinical 

diagnostics, cross reacts with the erythrocyte blood group A.

Conclusion

Our data shows that circulating erythrocytes do not carry VWF, but small subsets are posi-

tive for fibrinogen. Further research is needed to clarify the cause and relevance of circulat-

ing erythrocyte-fibrinogen complexes.
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INTRODUCTION

Venous thromboembolism is a global major burden of disease.1 Venous thrombi are com-

posed of erythrocytes, fibrin, leukocytes, and von Willebrand factor (VWF).2,3 VWF, which 

circulates as a disulfide-linked multimer composed of 270-kDa subunits in circulation, plays 

an important role in hemostasis.4,5 At sites of vascular damage it binds to collagen and 

mediates platelet adhesion, which can result in formation of a hemostatic plug.4 Besides 

platelet adhesion, we recently described the adhesion of calcium-loaded erythrocytes 

to endothelial-derived VWF strings.6 We also have shown that under reduced wall shear 

stress, erythrocytes specifically bind to VWF and we showed a possible supporting role for 

erythrocyte-VWF and VWF-fibrinogen interaction in venous thrombi.7 How erythrocytes 

bind to VWF and whether this also happens under physiological circumstances in the circu-

lation remains unclear. Interestingly, VWF expresses the ABO blood group antigens which 

are well known to be present on erythrocytes.8 In addition, ABO blood group is strongly 

associated with plasma VWF levels wherein the highest VWF:Ag levels were found in blood 

group AB individuals, followed by group B, group A, and the lowest VWF:Ag levels were 

found in group O individuals.9–11 Moreover, among patients with venous thrombosis, blood 

group O was found to be less common compared to healthy controls.12–16 These observa-

tions suggest a link between erythrocytes, ABO blood group, and VWF. Because erythro-

cytes were shown in vitro to bind specifically to VWF, we investigated whether circulating 

erythrocytes would carry VWF molecules on their membranes.

MATERIALS AND METHODS

Erythrocytes and platelets isolation

Blood studies were approved by the Sanquin Research Institutional Medical Ethical Com-

mittee in accordance with the Dutch regulations and the 1964 Declaration of Helsinki stan-

dards. As described previously,6,7 whole blood was collected in 3.8 % sodium citrate tubes 

(Greiner Bio-One) from healthy, anonymized volunteers that provided written informed 

consents which were approved by the Sanquin Research Institutional Medical Ethical 

Committee. Platelet-rich plasma (PRP) was separated from the erythrocyte-rich pellet by 

centrifugation at 200xg (15 min). Erythrocytes were washed in SAGM (150 mmol/L NaCl, 

1.25 mmol/L adenine, 28.82 mmol/L mannitol, 49.95 mmol/L D-glucose) and resuspended 

in SAGM (concentration ~ 3.5 × 109 cells/mL).

Acid citrate dextrose was added to PRP (10 % v/v) prior to centrifugation at 2000xg 

(5 min). The platelet pellet was washed twice with wash buffer (36 mmol/L citric acid, 

103 mmol/L NaCl, 5 mmol/L KCl, 5 mmol/L EDTA (ethylenediaminetetraacetic acid), 56 

mmol/L D-glucose, pH 6.5 containing 0.35 % [wt/vol] bovine serum albumin) and resus-
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pended to 200-400 × 106 platelets/mL in HEPES(+) buffer (132 mmol/L NaCl, 20 mmol/L 

HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid), 6 mmol/L KCl, 1 mmol/L 

MgSO4•7H2O, 1.2 mmol/L K2HPO4•3H 2O, 2.5 mmol/L CaCl2, 5.5 mmol/L D-glucose, pH 

7.4).

Cells were counted using an Advia 2120 Hematology System hematology analyzer 

(Siemens).

Flow cytometry

Erythrocytes (106 cells) mixed with or without platelets (105 cells) were incubated with BSA 

(1 % w/v) in HEPES(+) buffer for 30 minutes and subsequently stained using mouse mono-

clonal anti-CD235a-FITC (1:100, Sanquin M1593), mouse monoclonal CD42b-APC (1:100, 

Molecular Probes/Thermo Fisher Scientific A15459), rabbit polyclonal anti-VWF (10 µg/mL, 

Dako A0082), mouse monoclonal anti-VWF (10 µg/mL, CLB-RAg20),17 mouse monoclonal 

anti-VWF (10 µg/mL, CLB-RAg35),17 rabbit polyclonal anti-fibrinogen-HRP (10 µg/mL, Dako 

P0445), mouse monoclonal anti-CD61 (1:100, Dako M0753), mouse Control IgG1 (1:100, 

Sanquin M1451), or normal rabbit IgG (10 µg/mL, Santa Cruz SC-2027) for 60 minutes. 

Afterwards the cells were counterstained using donkey anti-Rabbit Alexa Fluor 568 (10 µg/

mL, Invitrogen/Thermo Fisher Scientific A10042), goat anti-Rabbit Alexa Fluor 633 (10 µg/

mL, Invitrogen/Thermo Fisher Scientific A21070), chicken anti-mouse Alexa Fluor 488 (10 

µg/mL, Invitrogen/Thermo Fisher Scientific A21200), or goat anti-mouse Alexa Fluor 633 

(10 µg/mL, Invitrogen/Thermo Fisher Scientific A21050). The samples were analyzed using 

a FACSCanto II flow cytometer (BD) or ImageStreamX Mark II imaging flow cytometer 

(Merck Millipore/Amnis). Flow cytometry data was analyzed using FlowJo version 10.0.8r1 

(LLC). Imaging flow cytometer data was processed using Ideas software version 6.2.183.0 

(Merck Millipore/Amnis) and imageJ version 1.49g (https://imagej.nih.gov/ij/).

RESULTS

Isolated erythrocytes are positive for VWF

To test whether circulating erythrocytes carry VWF, erythrocytes were isolated from citrate 

anticoagulated whole blood, washed, and analyzed using imaging flow cytometry. The 

washed erythrocyte samples contained little platelets or leukocytes (Table 1). The isolated 

and washed erythrocytes showed various subsets that were differentially positive for VWF. 

One subset showed homogenous VWF-positivity on the cells (Figure 1A; top panel), while 

a different subset showed a spotted pattern of VWF on the cells (Figure 1A; middle panel), 

and another subset was negative for VWF (Figure 1A; bottom panel). All subsets were posi-

tive for CD235a, confirming that the cells were erythrocytes (Figure 1A).
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Table 1. Blood Cell Counts Measured From the Washed Erythrocyte Concentrates Used in This Study.

Mean Absolute Number (x109 Cells/L) 
and Range (x109 Cells/L) Percentage of Total and Range, %

Erythrocytes 3689 (2860 – 4400) 99.87 (99.71–99.94)

Platelets 3.18 (1–8) 0.08 (0.03–0.14)

White Blood Cells 1.51 (0.85 – 2.26) 0.04 (0.023–0.056)

To test whether the VWF-positive signal could be caused by platelet remnants in the 

erythrocyte concentrates, erythrocytes and platelets were mixed and stained for CD61 

(staining platelets) and VWF. Single platelets, determined by morphology, were CD61 

and VWF positive (Figure 1B; upper panel). Erythrocyte-platelet complexes could be 

found in the erythrocyte-platelet mix. While the erythrocyte-platelet complexes showed 

a clear distinction, based on CD61-positivity, between the platelet and the erythrocyte, 

both cells stained positive for VWF (Figure 1B; middle panel). Single erythrocytes could 

also be found in the erythrocyte-platelet mix. These erythrocytes stained positive for 

VWF but negative for CD61 (Figure 1B; bottom panel).

These data suggest that erythrocytes which are freshly isolated from the circulation 

can be positive for VWF and this VWF positivity is not caused by platelet-erythrocyte 

complexes.

A DIC CD235a VWF

DIC CD235a VWF

DIC CD61 VWFB

DIC CD61 VWF

DIC CD61 VWFDIC CD235a VWF

Figure 1. Isolated erythrocytes stain positive for VWF (von Willebrand factor). A, Washed and purified 
erythrocytes (106 cells/mL) were labeled with anti-CD235a-FITC (green) and anti-VWF (Dako A0082) counter 
stained with Alexa Fluor 568. B, Isolated erythrocytes (106 cells/mL) were mixed with isolated platelets (105 
cells/mL) and labeled with mouse anti-CD61, rabbit anti-WVF (Dako A0082), and counterstained using anti-
mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 568. All samples were analyzed using the imaging flow 
cytometer ImageStreamX Mark II after gating for single cells and clear focus. Scale bars represent 10 µm.

Purified erythrocytes show variation in VWF-positivity between donors

To test whether erythrocytes from different donors show variation in VWF positivity, 

erythrocytes from different donors were isolated, stained for VWF and analyzed using flow 

cytometry. First the purity of the samples was analyzed by staining for CD235a (staining 

erythrocytes) and CD42b (staining platelets). The specificity of the anti-CD235a and anti-

CD42b antibodies and the optimal working concentration for detection were determined 

using erythrocyte and platelet concentrates (Supplemental Figure I). When gated for 
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erythrocytes (Figure 2A) the samples were almost completely positive for CD235a while 

very few cells were positive for CD42b (Figure 2B and 2C). Once we established that there 

was very little platelet contamination, the samples were stained for VWF. The erythrocyte 

concentrate was 100 % positive for VWF (Figure 2D). To test for variation between donors, 

additional erythrocyte concentrates were isolated and stained for VWF. Interestingly, 
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Figure 2. Purified erythrocytes show variation in VWF (von Willebrand factor) positivity between do-
nors. Washed and purified erythrocytes (106 cells/mL) were labeled with anti-CD235a-FITC and anti-CD42b-
APC. A, Erythrocytes were gated B, and confirmed to be positive for CD235a and negative for CD42b. C, 
Antibody specificity was determined using mouse IgG1 antibodies (Grey histogram: IgG1 control; Blue histo-
gram: anti-CD235a). D, Washed and purified erythrocytes (106 cells/mL) were labeled with rabbit anti-WVF 
(Dako A0082) or normal rabbit IgG, and counterstained using anti-Rabbit Alexa Fluor 633. (Grey histogram: 
normal rabbit IgG control; Blue histogram: anti-VWF) E, VWF positivity was measured for several donors as 
described in D. All samples were analyzed using a FACSCanto II flow cytometer.
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erythrocytes from additional donors showed large variation in VWF-positivity (Figure 2E). 

Whereas donor 1 showed both high VWF-positive cells and low VWF-positive cells, eryth-

rocytes from donor 2 were 100 % positive for VWF, and erythrocytes from donor 3 were 

100 % negative for VWF. These data show that there is large variation in VWF-positivity on 

erythrocytes between donors.

Erythrocytes show only VWF-positivity when using a polyclonal anti-VWF 
antibody

Since we found that freshly isolated erythrocytes can be positive for VWF and that there is 

a strong variation of VWF-positivity between donors, we wanted to confirm the presence 

of VWF on erythrocytes using different VWF antibodies. When isolated erythrocytes were 

stained using a polyclonal anti-VWF antibody, erythrocytes from donor 4 and 5 were posi-

tive for VWF while erythrocytes from donor 6 were negative for VWF (Figure 3). Remark-

ably, these results could not be confirmed using the monoclonal anti-VWF antibody RAg-20 

(Figure 3; middle panels).17 Erythrocytes from all three donors were also negative for VWF 

when stained using the monoclonal anti-VWF antibody RAg-35 (Figure 3; lower panels).17

The polyclonal anti-VWF antibody (Dako A0082) cross-reacts with blood 
group A

Because we could not confirm VWF positivity on erythrocytes using monoclonal antibodies, 

we questioned whether the polyclonal anti-VWF antibody (Dako A0082) cross reacts with 

erythrocyte-specific markers. VWF is known to be decorated with ABO blood group sug-

ars that are attached to N-linked oligosaccharide chains.8 To test whether the polyclonal 

anti-VWF antibody (Dako A0082) would cross react with the ABO blood group sugars on 

erythrocytes, erythrocytes were purified from donors with different ABO blood groups and 

stained with the polyclonal anti-VWF antibody. While the A- and AB+ donors were stained 

positive, the donors with blood group B+ and O+ remained negative (Figure 4A). These data 

were further confirmed when we analyzed the anti-VWF positivity of erythrocytes from 

additional donors. Erythrocytes from all the A+ and A- donors as well as the AB+ donor 

were positive when labeled with the polyclonal anti-VWF antibody, while all the B+ and O+ 

donors remained negative (Figure 4B). Furthermore, the A2+ donor shows approximately 

25 % less VWF staining compared to the A1(+/-) donors. These data strongly suggest that 

the polyclonal anti-VWF antibody (Dako A0082) cross reacts with blood group A antigens.

Erythrocytes show slight fibrinogen-positivity that varies between donors

Freshly isolated erythrocytes do not carry VWF (Figures 3 and 4). Interestingly, however, 

anti-fibrinogen antibodies which were used as isotype controls in this study showed small 

erythrocyte subsets that were positive for fibrin(ogen) (Figure 5). These subsets ranged 

between 0.22 %-10.00 % of the erythrocyte populations (Figure 5). Furthermore, in con-
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trast to the polyclonal anti-VWF antibodies, there was no relation between the size of the 

fibrin(ogen)-positive erythrocyte subset and ABO blood group (Figure 5).
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Figure 3. Erythrocytes show only VWF (von Willebrand factor) positivity when using a polyclonal anti-
VWF (Dako A0082) antibody. Washed and purified erythrocytes (106 cells/mL) were labeled with polyclonal 
rabbit anti-VWF (Dako A0082), monoclonal mouse RAg-20 anti-VWF, or monoclonal mouse RAg-35 anti-
VWF antibodies and counter stained using anti-Rabbit Alexa Fluor 633 or anti-Mouse Alexa Fluor 633. VWF 
positivity was measured for several donors. All samples were analyzed using a FACSCanto II flow cytometer.
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Figure 4. The polyclonal anti-VWF (von Willebrand factor) antibody (Dako A0082) cross-reacts with 
blood group A antigens. A, Washed and purified erythrocytes (106 cells/mL) were labeled with polyclonal 
rabbit anti-VWF (Dako A0082) and counterstained using anti-Rabbit Alexa Fluor 633. VWF positivity was 
measured for several donors with different blood groups. B, The mean fluorescence intensity of washed 
erythrocytes from individual donors labeled with polyclonal rabbit anti-VWF (Dako A0082) and counter 
stained using anti-Rabbit Alexa Fluor 633 is shown. The ABO blood type and Rh factor are shown for each 
sample. All samples were analyzed using a FACSCanto II flow cytometer.
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Figure 5. Purified erythrocytes show variation in fibrinogen positivity between donors. Washed and puri-
fied erythrocytes (106 cells/mL) were labeled with anti-fibrinogen-HRP and counterstained using anti-Rabbit 
Alexa Fluor 633. Fibrinogen positivity was measured for several donors. The ABO blood type, Rh factor, and 
percentage fibrinogen-positive erythrocytes are shown for each sample. All samples were analyzed using a 
FACSCanto II flow cytometer.

DISCUSSION

Previous in vitro work showed that erythrocytes can specifically adhere to VWF and this 

adhesion was strongly promoted when the shear stress in the flow model was reduced.6,7 

Moreover, erythrocyte-VWF complexes were found in human venous thrombi.7 In addition 

to this, ABH antigens have been described to be present on VWF and the ABO blood group 

status of an individual influences plasma VWF levels.8,10 These observations led to the 

hypothesis that circulating erythrocytes could carry VWF and thereby affect plasma VWF 

levels.

In this study, erythrocytes from healthy blood donors were found positive for an anti-

VWF antibody (Dako A0082), which is widely used in diagnostics. Platelets contain VWF 

in their α-granules and have been described to be able to form complexes with erythro-

cytes.18–20 False-positive results caused by erythrocyte-platelet complexes were excluded 

by co-staining for platelet specific markers GP1b and CD61, which are absent on normal 

erythrocytes.21 The VWF-staining on erythrocytes suggested that circulating erythro-

cytes carry VWF on their membranes. However, strong inter-donor variation was found 

between the number of VWF-positive erythrocytes. A clear distinction could be made 
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between 100 % positive individuals, intermediate positive individuals and 100 % negative 

individuals. Further analysis showed that erythrocytes from all individuals that were 

positive for VWF were also positive for ABO blood group A or AB, whereas erythrocytes 

from blood group O and B individuals were always 100 % negative for VWF. Moreover, the 

individual that was intermediate positive for VWF (Figure 1, Donor 1), carries blood group 

A2. The A2 genotype causes the expression of less efficient α1→3 N-acetylgalactosamin-

yltransferase activity with consequently less conversion of erythrocyte H antigens into A 

antigens.22,23 These erythrocytes are thus less positive for A antigens which suggests that 

the level of VWF staining depends on the amount of A antigens present on erythrocytes. 

Although it could be possible that VWF specifically binds to erythrocytes which are posi-

tive for blood group A antigens, these results could not be reproduced when two different 

monoclonal VWF antibodies were used. Together these results strongly suggest that the 

anti-VWF antibody Dako A0082 cross reacts with blood group A antigens and erythro-

cytes do not carry VWF in the circulation. VWF is known to carry the ABO blood group 

antigens, it could thus very well be that during the production of the anti-VWF antibody 

(Dako A0082) immunization against A antigens occurred, or anti-A antibodies from the 

rabbits contaminated the product during purification. Why no anti-B immunization or 

contamination has occurred remains unknown.

Although it seems reasonable that erythrocytes do not bind VWF under normal circum-

stances in the circulation, we cannot completely rule out that erythrocytes in the circula-

tion carry VWF. The observation that erythrocytes form complexes with VWF in venous 

thrombi suggests that this interaction can occur in vivo.7 Moreover, it was shown that 

erythrocytes bind to VWF at very low shear rates and binding was lost when shear rates 

were increased.7 This implies that the interaction between erythrocytes and VWF is based 

on low affinity binding which may be lost during the processing of the erythrocytes.

Furthermore, the VWF staining on erythrocytes showed two distinct patterns. All 

erythrocytes that were stained positive for VWF using the Dako A0082 antibody showed 

a homogenous or a concentrated distribution of the staining. Because the ABO antigens 

are present on multiple erythrocyte membrane proteins (e.g. Band 3, Band 4.5, and 

glycophorin A) and also on glycosphingolipids, a homogenous distribution would be 

expected if the anti-VWF antibody (Dako A0082) would stain A antigens.24–27 The spotted 

pattern suggests that either VWF clumps stick to erythrocytes or the distribution of A 

antigens on erythrocytes is not homogenous.

In contrast to VWF, fibrin(ogen) staining on erythrocytes did not correlate with ABO 

blood groups. It would be interesting to investigate whether the fibrinogen present on 

erythrocytes became associated during the processing of the blood or was already pres-

ent on erythrocytes before blood collection. If the latter is true, circulating erythrocytes 

could potentially be predictive for the hemostatic capacity of an individual or for recent 

hemostatic/thrombotic events.
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To conclude, this study suggests that erythrocytes, freshly purified from the circula-

tion, do not carry VWF. However, small erythrocyte subsets were found which are positive 

for fibrin(ogen). Our data suggests that the anti-VWF antibody Dako A0082 cross reacts 

with blood group A antigens. If so, care should be taken as this antibody is broadly used 

for immunohistochemistry and other assays in both research and clinical diagnostics.28,29 

Cross reactivity with blood group A antigens would cause staining of multiple proteins on 

many cell types (eg. endothelial cells, epithelial cells, erythrocytes, platelets) and could 

interfere with the interpretation of results.
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Supplemental Figure I. Optimization of anti-CD235a-FITC and anti-CD42b-APC labeling. A, Washed and 
purified erythrocytes (106 cells/mL) were labeled 1:10, 1:100, or 1:1000 with anti-CD235a-FITC. (Grey histo-
gram: IgG1 control; Blue histogram: anti-CD235a-FITC) B, Washed and purified platelets (107 cells/mL) were 
labeled 1:10, 1:100, or 1:1000 with anti-CD42b-APC. (Grey histogram: IgG1 control; Blue histogram: anti-
CD42b-APC) All samples were analyzed using a FACSCanto II flow cytometer.
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INTRODUCTION

A link between the ABO blood group and von Willebrand factor (VWF) has been recognized 

for many years. VWF levels have consistently been found to be 25 % higher in non-O 

individuals compared to O-individuals.1 The increased VWF level in non-O individuals has 

been associated with an increased thrombotic risk.2 How the ABO blood group affects the 

VWF levels remains unknown. The ABO blood group antigens have been found on VWF, 

platelets, endothelial cells, and most of all erythrocytes.3–7 The interaction between VWF 

and platelets or endothelial cells has well been studied, however, little is known about the 

interaction of non-sickle erythrocytes and VWF. Recently, our group showed that calcium-

loaded erythrocytes strongly adhere to ultra large VWF strings secreted by endothelial 

cells.8 This interaction occurred at a venous shear stress and was independent of platelets.8 

Later, we showed that healthy normal erythrocytes were able to adhere to immobilized 

VWF.9 The amount of adhesive events increased strongly when the wall shear stress 

was reduced and could not be observed on substrates other than VWF.9 The interaction 

was again independent of platelets and could be enhanced by calcium influxes into the 

erythrocytes.9 Moreover, erythrocyte-VWF and VWF-fibrin complexes were observed in 

histological sections made from human venous thrombi, suggesting that erythrocyte-VWF 

interactions can occur in vivo and may contribute to thrombosis or hemostasis.9 We also 

studied whether circulating erythrocytes carry VWF. Although VWF-positive erythrocytes 

could be found, this was likely explained by binding of the anti-VWF antibody to blood 

group A antigens on erythrocytes. However, the presence of erythrocyte-VWF complexes 

in the circulation could not be fully excluded. Normal erythrocytes are thus able to bind 

to VWF under specific circumstances. How this interaction is mediated remains unclear. 

One link between erythrocytes and VWF is the ABO blood group. The ABO blood group 

is expressed on erythrocytes as well as on VWF, however on both the function remains 

unknown. Interestingly, the ABO blood group is also expressed on several different platelet 

membrane glycoproteins including GPIa, Ib, IIb, IIa, IIIa, IV, V, and PECAM-1 which all play 

important roles in cell-substrate or cell-cell adhesion.10–14 Whether the ABO blood group on 

these platelet receptors has any functional role is unknown. In this review, we discuss the 

expression of the ABO blood group on VWF, its implication for plasma VWF levels, and its 

association with venous thrombosis. Finally, we will discuss the role the ABO blood group 

could play in the relation between erythrocytes and VWF.

von Willebrand factor

VWF is a large glycoprotein involved in hemostasis. It mediates platelet adhesion to the 

subendothelium, subsequent platelet aggregation and serves as a coagulation factor VIII 

carrier.15,16 It is synthesized within endothelial cells and either secreted constitutively into 

the plasma or it is stored in specific intracellular organelles known as Weibel-Palade bod-
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ies.17–20 Multiple stimuli can induce secretion of VWF from the Weibel-Palade bodies into 

the plasma including thrombin, histamine, and epinephrine.21–23 VWF is also synthesized 

in platelets where it can be found in platelet α-granules.24,25 The human VWF gene is lo-

cated on the short arm of chromosome 12 (12p12 → 12pter) and encodes a protein of 2813 

amino acids.26 This protein consists of a 22 amino acids signal peptide, a 741 amino acids 

propeptide, and the 2050 amino acids mature VWF.27 The mature VWF protein contains 

several functional domains based on structural data of VWF (Figure 1).28 Several domains 

interact with other proteins or molecules. VWF has a FVIII binding domain at the TIL’ and 

E’ segments (formerly D3 domain), a platelet GPIb binding site within the A1 domain, a 

collagen binding site in the A3 domain, and the integrin binding sequence RGD at the C4 

domain (Figure 1).28–31 Before secretion, VWF undergoes complex posttranslational modi-

fications.32 In the endoplasmic reticulum 12 high mannose N-linked oligosaccharides are 

added to VWF.32 Next, VWF forms dimers via interchain disulfide bonds between their CK 

domains followed by the assembly of large multimers in the trans-Golgi network via the 

formation of interchain disulfide bonds between the D’D3 assembly of two dimers.32 The 

glycans are processed to complex forms and are sulfated.32 In addition, 10 O-linked oligo-

saccharides are added to threonyl and seryl residues.32 Finally, the propeptide is cleaved 

during the multimerization phase.32 Until secretion, the processed mature VWF is stored 

in Weibel-Palade bodies as large multimers of > 10.000 kDa with its free propeptide in a 

stoichiometry of 1:1.33 Upon secretion into the circulation VWF can bind platelets and the 

largest VWF multimers are most hemostatically active.34 The multimers can be reduced in 

size via ADAMTS13 (a metalloproteinase with a thrombospondin type 1 motif, member 

13)-mediated proteolytic cleavage at the VWF A2 domain.35 Finally, VWF is cleared from 

the circulation by macrophages in the liver and the spleen.36,37

A1 A2 A3D1 assembly D2 assembly D’D3 assembly 

VWD1 C8-1 Til
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Figure 1. VWF (von Willebrand factor) domains and protein interaction sites. Different domains of VWF 
are illustrated based on the domain assignment by Zhou et al.28 N- and O-linked glycosylation is shown as 
closed and open lollipops, respectively.
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ABO blood group

The ABO blood group system was discovered by the Austrian scientist Karl Landsteiner in 

1900, who described the A, B, and O bloodgroup.7 Later, the fourth blood type “AB” was 

described (Figure 2A).38 In 1910 the A and B antigens were hypothesized to be produced 

by two independent dominant alleles by von Dungern and Hirzfeld.39 After which in 1924 

Bernstein demonstrated the correct blood group inheritance pattern of three alleles A, B, 

and O at one locus.40 In 1948 Morgan and Watkins proposed that the antigen of the O gene 

should be called ‘H-substance’.41 H-substance was proposed to be the precursor of A and B 

substances.41 The large amount of H-substance on blood group O cells could be explained 

by the fact that it remains unconverted on these cells.41 The identification of individuals who 

lacked A, B, and H antigens on their red cells and their secretions, but showed anti-A, anti-B, 

and anti-H antibodies in their sera, called the Bombay Oh phenotype, strongly suggested 

that the H-substance is the result of a genetically independent blood group system (Hh).42 

Individuals that have the Bombay phenotype are homozygous for the rare inactive allele h 

which makes them unable to synthesize the H precursor substance which is necessary for 

the A and B gene expression.43 The ABO gene has been mapped to the region 9q34.2 at the 

distal end of the long arm of human chromosome 9 and the cloning of the H-gene (FUT1, 

Fucosyltransferase-1) followed by the assignment of this gene locus to the region 19q13.3 

on chromosome 19 proved the independence of the Hh locus from the ABO locus.44–46 

Screening of anti-H, anti-A, and anti-B reagents with, by then described, monosaccharide 

components of the blood group substances resulted in the identification of L-fucose, N-

acetylgalactosamine, and D-galactose as being their respective immunodominant sugars 

(Figure 2B).47–49 The A- and B-specific monosaccharides are added to the H antigenic 

structure by a glycosyltransferase expressed by the ABO gene. The ABO polymorphisms 

that determine the different blood groups were shown to be four nucleotide substitutions 

at the ABO locus leading to amino-acid changes (residues 176, 235, 266, and 268) between 

A and B individuals and a single nucleotide deletion at the ABO locus (nucleotide position 

258) causing a shift in the reading frame in blood group O individuals.50 Due these polymor-

phisms A individuals express α1→3 N-acetylgalactosaminyltransferase activity and convert 

the H antigen into A by addition of N-acetylgalactosamine (Figure 2C). On the other hand, 

B individuals express α1→3 galactosyltransferase activity and convert the H antigen into B 

by addition of D-galactose (Figure 2C). While O individuals lack transferase activity due the 

frameshift mutation and remain positive for the H antigen (Figure 2C). Individuals with blood 

group A can also be divided between A1 and A2 individuals based on their α1→3 N-acetyl-

galactosaminyltransferase activity.51,52 The A2 allele can be distinguished from the A1 allele 

by having a deletion of the normal stop codon, which makes the encoded protein longer and 

thereby less efficient in converting the H structure into A antigens.51,53 More details about the 

discovery of the ABO blood group can be found in a review by Watkins (2001) and about gene 

mutations that result in the A and B subgroups in a review by Yamamoto (2001).54,55
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Figure 2. The carbohydrate structure and antigens of the ABO Blood groups. A, Erythrocytes carrying 
different ABO antigens and the respective circulating antibodies (ABs) against the ABO blood groups are 
shown. B, The structure of respectively the A antigen (N-Acetylgalactosamine), B antigen (D-Galactose), and 
H antigen (L-Fucose) is shown. C, The carbohydrate structures of the Bombay (hh) phenotype, blood group 
O phenotype, blood group A phenotype, and blood group B phenotype with their associated transferases 
are shown.

ABO blood group and VWF

In 1964 Preston and Barr first identified a relationship between ABO blood group phenotype 

and plasma FVIII:C (a one-stage clotting assay to determine plasma FVIII) levels.56 Later, 

FVIII/VWF concentrates prepared from pooled plasma were found to inhibit erythrocyte 

agglutination by anti-A sera, anti-B sera, or anti-H lectin.57 In the same study, covalently 

linked A, B, and H blood group structures were identified on oligosaccharides of the human 

FVIII/VWF complex.57 After that, the A, B, and H structures were identified on N-linked oli-

gosaccharides on human VWF.3 Later, ABO antigens have also been characterized on core 2 

O-glycans on VWF.58 ABO-positive O glycans constituted about 1 % of the VWF O-glycome, 

whereas 13 % of the N-linked oligosaccharide chains contained the ABO blood groups.3,58
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VWF A, B, and H blood group antigens correspond with the individual's ABO pheno-

type.59 ABO-incompatible bone marrow transplantations showed that VWF positive for A, 

B, and H blood group antigens is mainly synthesized and secreted by endothelial cells.60 

Where blood group antigens on erythrocytes gradually converted to the donor’s type, 

plasma VWF did not change after ABO-incompatible bone marrow transplantation.60 

Interestingly, although plasma VWF contains A, B, and H, blood group antigens, platelet 

VWF on the other hand shows no or minor blood group antigenicity.60,61 Platelet-VWF 

was found to exist as a distinct natural glycoform.62 It does not express AB blood group 

determinants, however precursor H antigen expression was found to be similar to that on 

plasma-VWF.62

ABO blood group and VWF antigen levels

It is necessary to maintain normal VWF levels in the circulation. High plasma VWF levels 

have been associated with an increased risk of venous and arterial thrombosis.2,63 While 

on the contrary, low plasma VWF levels may lead to a bleeding tendency. Von Willebrand 

disease (VWD) type I is characterized by mild to moderate bleeding and is caused by low-

ered plasma VWF levels.64 VWD type 3 is also characterized by a quantitative deficiency in 

plasma VWF levels. Here, individuals suffer from severely reduced or a complete absence 

of VWF and severe bleeding.64 On the contrary, VWD type 2 and all its associated subtypes 

are characterized by a qualitative defect of VWF.64

The plasma VWF levels are usually determined by a quantitative ELISA which measures VWF 

antigen levels (VWF:Ag). The activity of VWF is mostly measured by the ristocetin cofactor 

assay (VWF:RCo) in which the ability of VWF to agglutinate platelets in the presence of the 

antibiotic ristocetin is measured, or the collagen binding assay (VWF:CB) which evaluates 

the binding of VWF to immobilized collagen.65,66 Plasma FVIII levels are routinely measured 

by a one-stage clotting assay (FVIII:C). Common laboratory values for VWF:Ag and FVIII:C 

are within the range of 50–150 IU dL-1 and normal reference plasma is given an arbitrary 

value of 100 IU dL-1. Plasma VWF levels can vary widely within a population.67 Age was found 

to be significantly predictive of VWF:Ag values and VWF levels were found to be slightly but 

significantly higher in men compared to women.67,68 Moreover, ABO blood group signifi-

cantly affects VWF:Ag values. Within a group diagnosed with type I VWD, these individuals 

have lowered plasma VWF:Ag levels and are clinically presented with bleeding, blood group 

O was overrepresented whereas blood groups A, B, and AB were underrepresented when 

compared with the expected pattern of ABO blood group distribution.68 Similar results 

were found in a population study among healthy blood donors. Within a cohort of 5052 

donors, 75 individuals had a plasma VWF level ≤ 50 IU dL-1.67 Within this group blood group 

O was over-represented compared with the rest of the cohort.67 The finding that blood 

group O can be associated with low VWF:Ag levels was further confirmed in studies that 
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compared VWF:Ag levels with ABO blood groups. The highest VWF:Ag levels were found 

in AB donors, followed by group B, group A, and the lowest VWF:Ag values were found in 

group O individuals.67–69 Heterozygous O individuals (AO or BO genotype) showed slightly, 

but proportionally lower plasma VWF:Ag and VWF:RCo values than non-O individuals (AA, 

AB, or BB genotype).70 Whereas homozygous O individuals (OO genotype) showed much 

lower plasma VWF:Ag and VWF:RCo values.70 Other studies also showed that VWF:Ag 

levels were significantly different between OO and non-OO genotypes.71,72 Significant 

difference was demonstrated in VWF:Ag levels between O heterozygotes and noncarriers 

of the O allele.71 VWF:Ag levels could be ordered according to the genetically determined 

blood groups: AB > AA > BO > AO >> OO.71 Furthermore, the quantity of A antigen present 

on VWF has been related to the ABO genotype of the individual and correlated with the 

plasma level of α1→3 N-acetylgalactosaminyltransferase activity.73 A antigen on VWF was 

highest in A1A1 individuals and was significantly higher in A1O1 than in A2O1 individuals.73 

In blood group O and A2O1 individuals plasma VWF levels were inversely correlated with 

the quantity of H antigen present on VWF.73 These studies indicated that the O allele had a 

direct functional effect on VWF:Ag levels. Moreover, it was shown that in Bombay patients 

VWF:Ag levels were significantly lower than in groups AB, A, or B and lower than in group O 

individuals.74 In addition to this, it was also reported that the VWF levels in the first year of 

life were fundamentally different in comparison to the levels for adults and adolescents.75 

At the age of 1 to 3 months VWF:Ag and VWF:RCo levels were high independent from 

ABO(H) blood group.75 Between the age of 4 and 12 months VWF:Ag and VWF:RCo levels 

decreased, after which the VWF:Ag and VWF:RCo levels from individuals with blood group 

non-O continuously increased whereas the levels of blood group O individuals remained 

similar.75 Thus, starting at the age of 13 months significant differences between blood group 

non-O compared to blood group O individuals could be observed, which may be associated 

with the physiologic development of the ABO(H) and I blood group system.75

The VWF gene is located on chromosome 12 (12p12 → 12pter), whereas the gene for 

ABO blood group determination is on chromosome 9 (9q34).26,76 The effect of ABO blood 

group on plasma VWF levels was shown to be due to a direct functional effect of the ABO 

locus, rather than linkage-disequilibrium.71 A study that aimed at identifying common 

genetic determinants in VWF levels in healthy individuals described 48 single nucleotide 

polymorphisms (SNPs) associated with VWF.77 These included 19 SNPs at the ABO blood 

group locus and 24 SNPs at the VWF locus.77 Five SNPs at the ABO locus were found to 

have independent associations with VWF levels and, after adjustment for age and gender, 

the selected ABO SNPs could explain 15 % of the variance in VWF levels.77 These results 

were confirmed in a genome-wide association analysis in two young and healthy cohorts. 

Signals were identified at ABO and VWF.78 According to a linkage analysis based on sibling 

structure within the cohorts, signals at the ABO locus explained 24.5 % of the variance in 
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VWF levels.78 SNPs tagging the O and A2 alleles were associated with lower VWF levels, in 

contrast to those tagging the B and A1 alleles which were associated with higher VWF lev-

els.78 Moreover, in a meta-analysis of genome-wide association studies four genes known 

for VWF associations were again associated with low VWF levels (ABO, VWF, STXB5, and 

STAB2) and in addition a novel gene, UFM1, was associated with low VWF levels.79 The SNP 

with the strongest signal was found in the ABO blood group gene (rs8176704:A4G).79

ABO blood group and VWF clearance

ABO blood group thus has a significant effect on VWF:Ag levels. This effect can theo-

retically be caused by a difference in VWF synthesis, secretion, or clearance. Following 

stimulation of endothelial cells, VWF and its propeptide are released in equimolar amounts 

from Weibel-Palade bodies, after which they have a different lifespan.33,80 Where VWF 

propeptide is cleared from the circulation with a half-life of approximately 2 hours, mature 

VWF has a half-life between 10 and 12 hours.80 Based on these differences, VWF propeptide 

levels are a measure of VWF secretion, while the VWF half-life, which can be deduced from 

VWF propeptide levels at steady state and VWF:Ag levels at steady state, is a measure of 

VWF clearance.

VWF secretion was found to be higher in men than in women, but VWF half-life did not dif-

fer between them.81 There was also an association found between VWF propeptide levels 

and VWF half-life and age in which both increase with age, however secretion accounted 

for most of the variation.81 A linear association was found between VWF propeptide and 

VWF:Ag, FVIII:Ag, and FVIII:C levels.81 Also a linear association was found between VWF 

half-life and VWF:Ag, FVIII:Ag, and FVIII:C levels.81 Moreover, VWF from non-O individuals 

had a longer mean half-life compared to O inviduals.81,82 On the contrary, ABO antigens 

were not found on VWF propeptide and the VWF propeptide levels were similar in O and 

non-O individuals.81 Also no association was found between VWF propeptide levels and 

VWF half-life, indicating that VWF secretion and clearance rates did not influence each 

other.81 Thus, ABO blood group does not influence VWF secretion. Moreover, with the 

absence of ABO blood group antigens on the propeptide no difference in its clearance 

was found, while VWF clearance itself could be associated with the presence of ABO blood 

group antigens.

These results were confirmed in a study where VWF survival was monitored in healthy 

subjects after desmopressin (1-desamino-8-d arginine vasopressin; DDAVP) treatment.83 

Desmopressin is a synthetic analogue of vasopressin that induces exocytosis of VWF 

from Weibel-Palade bodies.84 The VWF elimination half-life was found to be significantly 

shorter in blood group O than in non-O individuals.83 Also, a linear correlation was found 

between steady state VWF:Ag levels and VWF elimination half-life.83 The VWF propep-

tide to VWF:Ag ratio was significantly higher in blood group O than in non-O individuals 
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and correlated inversely with VWF elimination half-life, while the baseline release and 

endothelial release after stimulation were found to be similar.83 Based on these results it 

could be concluded that ABO blood group strongly influenced VWF clearance, but not the 

synthesis or the release from endothelial cells.83 Also, lower VWF values in blood group O 

individuals can be explained by a shorter VWF survival.83 A shorter VWF survival between 

blood group O and non-O could even be detected in patients with increased clearance 

associated with the VWD Vicenza (R1205H) mutation.85

To address whether clearance differences are attributable to the blood group antigens on 

the VWF molecule itself or the ABO blood group status of the individual who clears the VWF 

protein, Groeneveld et al studied the clearance of exogenous VWF in VWF-/- mice.86 VWF 

purified from donors with blood group A, B, or O, containing their respective antigens, was 

cleared at a similar rate after injecting in VWF-/- mice.86 This suggested that VWF clearance 

is not influenced by ABH antigens present on VWF.86 Similar results were obtained when 

VWF-/- mice were injected with Haemate-P, a plasma-derived-VWF concentrate obtained 

from a pool of donors including all ABO blood groups.86 Here, the loading of A-VWF and 

B-VWF was not significantly affected over time.86 When the same experiment was done in 

type 3 VWD patients, unexpectedly, a two-fold decrease in the amount of A and B antigen 

loading on VWF after infusion was observed, while in a third patient the loading of A and 

B antigens remained steady over time.86 The influence of the ABO blood group status of 

the individual rather than the ABH antigen loading of the VWF protein on clearance was 

also studied. A shorter half-live of both VWF:Ag and VWF:RCo were observed in type 3 

VWD patient with blood group O versus non-O blood group patients.86 Similar results were 

observed in type 1 and type 2A VWD patients.86 Together these results suggest that blood 

group O individuals clear VWF faster than blood group A or B individuals and this difference 

in clearance is independent of the blood group status of VWF.86 This is supported by the 

observation that recombinant VWF that lacks the ABH antigens showed a similar pharma-

cokinetic profile in patients with VWD as human plasma-derived-VWF.87,88

ABO blood group and VWF proteolysis

Besides an effect of ABO blood group on plasma VWF levels, ABO blood group was also 

shown to have an effect on the susceptibility of VWF to proteolysis by ADAMTS13.89 Pro-

teolysis was greater for blood group O VWF than for non-O VWF and could be ranked in 

the order O ≥ B > A ≥ AB.89 Moreover, it has been shown that VWF purified from Bombay 

patients was cleaved significantly faster than either blood group O or blood group AB 

VWF.74 The oligosaccharide chain composition was suggested to influence the conforma-

tion of VWF and thereby its susceptibility for ADAMTS13 proteolytic cleavage.74 VWF 

treated with the amidase Peptide:N-Glycosidase F, which cleaved more than 90 % of the 

N-linked glycan chains from VWF, was shown to have an approximately 4-fold increased 
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affinity for ADAMTS13 compared with control VWF.90 ADAMTS13 cleaved PNG-treated 

VWF faster than control VWF and cleavage could also be observed in the absence of urea.90 

Recombinant VWF with a mutation of N1574, but not N1515, increased the susceptibility of 

VWF to ADAMTS13 proteolysis and also allowed cleavage in the absence of urea, demon-

strating that specific N-linked glycans of VWF have a modulatory effect on the interaction 

with ADAMTS13.90 On the contrary, it was shown that α2-6-linked sialic acid on VWF is 

predominantly expressed on N-linked glycans and specifically enhances proteolysis by AD-

AMTS13.91 Proteolytic cleavage by ADAMTS13 was markedly impaired after desialylation 

of VWF and was significantly more marked than that previously ascribed to the N-linked 

ABO(H) blood group antigenic determinants.91 Interestingly, N-linked sialylation was found 

to be markedly reduced on platelet-VWF compared with plasma-VWF.62 This differential 

glycosylation caused platelet-VWF to exhibit specific resistance to ADAMTS13 proteolytic 

cleavage.62

Interestingly, ABO blood group thus influences ADAMTS13-mediated proteolytic 

cleavage of VWF, but ABO blood group genotype did not influence plasma VWF multi-

mericity.70,74,89 Whether this is caused by the protective role of the α2-6-linked sialic acid 

on VWF remains unknown. Moreover, VWF from patients with VWD Vicenza who carry 

the R1205H mutation showed increased clearance albeit having a normal proteolysis by 

ADAMTS13.92,93 Similar observations were seen with three different cysteine-mutations 

(C1130F, C1149R, and C2671Y) in VWF.94 Patients carrying these mutations showed in-

creased clearance after desmopressin treatment, but showed no change in ADAMTS13 

susceptibility.94 These data suggest that albeit ABO blood group and sialic acid influences 

VWF’s susceptibility for ADAMTS13-mediated proteolytic cleavage, cleavage of VWF and 

VWF clearance are not directly associated with each other.

ABO blood group and venous thrombosis

Blood group O was found to be less common among patients with venous thrombosis than 

among controls.2,95–98 Non-O blood group, increased VWF levels, and an increased FVIII 

plasma concentration have been associated with an increased risk of venous thrombosis.2,99 

Moreover, several studies have shown that non-O blood group was an independent risk 

factor for venous thrombosis.97,99 In a report that studied at the genetic level the relation-

ship between plasma levels of FVIII and VWF and ABO blood group between patients with 

thrombosis and controls, ABO alleles A1 and B were found more frequent in the thrombosis 

group while alleles O1, O2, and A2 were more frequent in the controls.100 In this study a low-

risk group for venous thrombosis of individuals with genotypes O1O1, O1O2, and O1A2, 

which were H-antigen rich, could be distinguished from a high-risk group with genotypes 

A1A1, A1B, O1A1 and O1B, which were H-antigen poor.100 The thrombosis group as well as 

the control group showed significantly lower levels of FVIII:C and VWF:Ag in the H-antigen 

rich group compared to the H-antigen poor group.100 In keeping with these results a sepa-
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rate study showed that compared with OO genotypes all non-OO genotypes except A2 

homozygotes and A2-O heterozygous combinations (A2A2, O1A2, O2A2) were associated 

with an increased risk for thrombosis.101 Interestingly, there was only a moderate decrease 

in the thrombosis risk for non-OO carriers compared with OO carriers after adjustment for 

FVIII:C only, for VWF:Ag only, or for both FVIII:C and VWF:Ag, suggesting the presence of 

some risk-enhancing effect of the ABO blood group itself.101 The observation that com-

pared with OO, A2A2, and A2O genotypes all other genotypes were associated with an 

increased risk for thrombosis was confirmed in a systemic review and meta-analysis that 

showed an almost 2.5-fold increased risk for VTE for the combined blood groups A1A1, A1B, 

and BB and a 2-fold increased risk for VTE for the combined blood groups A1O, BO, and A2B 

compared with the combined blood groups OO, A2A2, and A2O.102

In addition to this, a nested case-control study showed that non-O blood group was 

independently associated with the risk of venous thromboembolism, and added to the 

risk associated with FV Leiden.103 In keeping with these results, ABO blood group was 

also shown to modify the risk of venous thrombosis in families with hereditary thrombo-

philia.104 The highest risk of venous thrombosis was presented by the AB blood group car-

riers, whereas A2A2 and OO individuals showed the lowest risk of venous thrombosis.104 

A supra additive effect was observed when combining ABO blood groups and the severity 

of thrombophilia.104 Individuals with both high-risk thrombophilia and blood groups AB 

showed a 14-fold increased risk of venous thrombosis compared with individuals without 

thrombophilia and blood group O.104 Interestingly, in a multivariate analysis AB blood 

group remained again associated with an increased venous thrombosis risk, suggesting 

that ABO blood group may affect thrombosis risk by means other than affecting FVIII and 

VWF levels.104

In keeping with this, patients who had an episode of deep vein thrombosis had higher 

VWF propeptide levels than controls independent of ABO blood group.81 These higher 

levels of VWF propeptide were associated with venous thrombosis, although a large 

proportion of the risk disappeared after adjustment for FVIII:Ag.81 On the contrary, VWF 

half-life was similar between patients and controls, ABO blood group did not influence 

this observation, and the VWF half-life only marginally influenced thrombosis risk, which 

disappeared after adjustment for FVIII:Ag.81 Thus it seems that mainly increased VWF 

secretion increases the risk of venous thrombosis and any effect of ABO blood group on 

thrombosis risk seems to be independent of its effect in VWF:Ag and FVIII:C levels.

CONCLUSION

To summarize, ABO blood group influences plasma VWF:Ag levels. The VWF:Ag levels 

can be ordered according to the ABO blood group genotype in the order: Bombay Oh < 
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OO << A2O < A1O < BO < A1A1, BB < AB. ABO blood groups can theoretically influence 

plasma VWF:Ag levels by having an effect on synthesis, secretion or clearance of VWF. The 

ABO blood groups were found on mature VWF, but not on VWF propeptide. Moreover, 

no associations between ABO blood group and VWF propeptide levels were found. Thus, 

ABO blood groups do not affect VWF synthesis or secretion, but affect VWF clearance. The 

clearance of VWF was found to be higher in O versus non-O individuals. However, evidence 

has been presented that VWF clearance is not influenced by ABH antigens present on VWF 

itself, but depends on the ABO blood group status of the individual. A summary of the rela-

tion between ABO blood groups and VWF:Ag levels, VWD type 1, VWF half-life, and venous 

thrombosis risk is given in Table 1.

Table 1. A Summary of the Relation Between ABO Blood Groups and VWF:Ag Levels, VWD type 1, VWF 
Half-life, and Venous Thrombosis Risk.

VWF:Ag Levels

Bombay < OO << AO, BO < AA, BB < AB

VWD Type 1

Overrepresented: Underrepresented:

O A, B, AB

VWF Half-life

AB, A, B > O

Venous Thrombosis Risk

Low-risk group (H-antigen rich): High-risk group (H-antigen poor):

O1O1, O1O2, O1A2, A2A2 , O2A2 A1A1, A1B, BB, A2B, O1A1 and O1B

Because erythrocytes are the main circulating cells that express the ABO blood groups 

and recent work has shown that erythrocytes are able to bind to VWF, it would be inter-

esting to investigate whether erythrocytes influence the VWF:Ag levels in the circulation. 

A better understanding of the effect of ABO blood groups on VWF:Ag levels could be 

beneficial for the diagnosis of VWD type 1 and the treatment and prevention of venous 

thrombosis.
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SUMMARY AND CONCLUDING REMARKS

A continuous circulation of blood and a tight regulation of blood coagulation is essential 

for human life. Disturbed blood coagulation may result in bleeding when coagulation is im-

paired, or thrombosis, when blood undesirably clots within the circulation. In both events, 

deregulated cell-cell or cell-protein contact as well as changes in protein function play an 

important role.

Circulating cells, for example platelets, leukocytes and erythrocytes, contribute signifi-

cantly to blood coagulation. Platelets, with their specialized functions in primary hemo-

stasis, are the key cells that mediate blood clotting. When the endothelium is damaged, 

platelets can bind to collagen via the receptor glycoprotein IV (GPIV) and the integrin 

α2β1 (GPIa/GPIIa) and to von Willebrand factor (VWF) via the receptor GPIb-V-IX and the 

integrin αIIbβ3 (GPIIb/GPIIIa).1–7 Once bound to collagen or VWF, a rise in cytosolic calcium 

levels activates the platelets causing α-granule secretion, shape changes, increased 

adhesiveness, and phosphatidylserine exposure.1,8,9 The negatively charged surface of 

phosphatidylserine exposing platelets promotes the formation of tenase (FVIIIa-FIXa) 

and prothrombinase (FVa-FXa) complexes, thrombin generation, and eventually fibrin 

production.10–12

Leukocytes also significantly contribute to blood clotting. In arterial thrombosis, 

monocytes are recruited to activated endothelial cells, migrate through the intima, 

differentiate into macrophages, take up lipoproteins, and cause local inflammation 

which eventually may trigger the rupture of an atherosclerotic plaque and the release 

of thrombogenic material into the circulation.13 In venous thrombosis leukocytes 

are also recruited by activated endothelial cells, but instead of migrating through the 

intima, monocytes trigger FVII-dependent coagulation by tissue factor (TF) expression 

and neutrophils promote FXII-dependent coagulation through the release of neutrophil 

extracellular traps (NETs).14–17

In contrast, the role of erythrocytes in hemostasis is less understood. Hematocrit levels 

are strongly associated with the efficiency of hemostasis. Anemia increases the risk of 

bleeding while erythrocytosis, on the other hand, increases the risk of thrombosis.18,19 

This is mostly explained by erythrocyte-induced platelet margination.20 Similar to 

platelets, erythrocytes can also expose phosphatidylserine on the outer leaflet of the cell 

membrane and promote the formation of tenase (FVIIIa-FIXa) and prothrombinase (FVa-

FXa) complexes and thrombin formation.21,22 Phosphatidylserine exposure on erythro-

cytes can be triggered by a calcium influx or conditions that stress the erythrocytes (e.g. 

sickle cell disease or storage in blood banks).23–25 Furthermore, erythrocytes can also bind 

platelets via ICAM-4 and the platelet integrin αIIbβ3, they can bind to activated neutro-

phils, and they can bind to fibrin at low shear stress.26–28 The most studied thrombotic 

event involving erythrocytes is the adhesion of sickle erythrocytes to endothelial cells. 
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Sickle erythrocytes can bind to endothelial-derived VWF strings, which may cause vaso-

occlusive events.29,30 However, this interaction has hardly been described with non-sickle 

erythrocytes. Other mechanisms by which erythrocytes could contribute to hemostasis 

remain to be investigated.

Where leukocytes are part of the initiation process of both arterial and venous throm-

bosis and platelets are the main cells found in arterial thrombi, erythrocytes form the 

bulk of venous thrombi.31 For a long time, erythrocytes were thought to be innocent 

bystanders that become tangled up in the fibrin mesh of venous thrombi. Although it is 

known that venous thrombi develop in the absence of endothelial injury by the recruit-

ment of leukocytes and platelets, it remains uncertain when erythrocytes come into play 

during the development of a venous thrombus. Whether erythrocytes can bind to the 

activated endothelial cells is currently not well studied. Another question that needs to 

be addressed is whether erythrocytes are passively trapped in the fibrin network or are 

actively recruited by a specific binding mechanism. Interestingly, in mouse models of 

venous thrombosis it was shown that reducing erythrocyte retention produced smaller 

clots and that erythrocyte retention depended on FXIIIa-mediated fibrin fibre forma-

tion and clot stiffening.32,33 Reducing erythrocyte retention in venous thrombi could 

thus be beneficial for patients suffering from venous thrombotic events. However, the 

mechanisms that drive erythrocyte retention in venous thrombi are currently not fully 

understood. Therefore, understanding how erythrocytes contribute to the development 

of venous thrombosis is of great importance.

In this thesis, we aimed to generate insight in how and when erythrocytes can bind to 

endothelial cells and to the glycoprotein VWF. First, we started out with a brief overview 

about thrombosis and hemostasis (Chapter 1). Next, we described a double hit model to 

investigate erythrocyte adhesion to endothelial cells. Using this model we showed that 

erythrocytes, which were activated by a calcium influx, could bind to endothelial-derived 

UL (ultra large)-VWF strings (Chapter 2). In addition, we showed that erythrocytes ex-

posed to low shear stress can specifically bind to immobilized recombinant VWF. This 

interaction was independent of platelets. We also provided new insight into the structural 

composition of venous thrombi and suggested that the erythrocyte-VWF-fibrin interac-

tion contributes to this architecture (Chapter 3). We could not find VWF on circulating 

erythrocytes, but found small erythrocyte populations that were positive for fibrin (Chap-

ter 4). Finally, we discussed the link between the ABO blood groups and VWF (Chapter 5).

Erythrocytes adhere to endothelial cells in a double hit model

As mentioned before, venous thrombi develop in the absence of endothelial injury.31 Local 

hypoxia activates the endothelial cells upon which they release the content of Weibel-

Palade bodies and express adhesion molecules.34 ULVWF strings released by Weibel-Palade 

bodies recruit platelets.15 Simultaneously, P-selectin, which is translocated from the Weibel-
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Palade bodies to the plasma membrane, recruits leukocytes.14 Next, tissue factor-positive 

monocytes and microparticles initiate FVII (factor FVII) dependent coagulation.14 Platelet-

neutrophil complexes induce neutrophil extracellular trap (NET) formation, which provides 

a surface for FXII-dependent coagulation.14 Finally, initiation of coagulation results in fibrin 

formation, which together with VWF and NETs, forms a scaffold for platelets and erythro-

cytes.35 It has been well established that erythrocytes form the bulk of venous thrombi and 

contribute to the propagation of the thrombus. However, whether erythrocytes can adhere 

to activated endothelial cells like platelets and leukocytes, thereby contributing to the ini-

tiation of a venous thrombus, remains unclear. It is well described that sickle erythrocytes 

adhere to endothelial cells and thereby can induce thrombotic and vaso-occlusive events.36 

Multiple receptor ligand combinations for sickle cell adhesion to endothelial cells have been 

identified.36 The adhesion of sickle erythrocytes to endothelial cells can be mediated by the 

binding of integrin α4β1 on the erythrocyte membrane to its endothelial ligand vascular cell 

adhesion molecule-1, by bridging of CD36 expressed by erythrocytes and endothelial cells 

via thrombospondin, or by the interaction between the Landsteiner-Weiner blood group 

glycoprotein (ICAM-4) with the integrin αVβ3.36
–42 On the contrary, non-sickle erythrocytes 

have been described to show only minor adhesion to endothelial cells.30,43 However, the ma-

jor drawback of these studies is that the experimental setup was optimized to investigate 

sickle erythrocyte adhesion to endothelial cells. Variables that affect non-sickle erythrocyte 

adhesion to endothelial cells, like shear stress, endothelial cell activation, or erythrocyte 

stimulation, were only individually tested. How their combined effect influences non-sickle 

erythrocyte adhesion to endothelial cells is currently not known. Therefore, we used in 

Chapter 2 a double-hit experiment design to investigate under which circumstances 

non-sickle erythrocytes adhere to endothelial cells. In contrast to earlier findings, we were 

able to show that non-sickle erythrocytes can adhere to endothelial cells, provided that (1) 

endothelial cells are activated and (2) erythrocytes are exposed to a stressor that induces 

a calcium influx. Although calcium-loaded erythrocytes also showed increased binding to 

non-activated endothelial cells, significant adhesion was mainly observed when calcium-

loaded erythrocytes were perfused over endothelial cells that were activated by thrombin 

or histamine. The increased binding of calcium-loaded erythrocytes to resting endothelial 

cells can be explained by the increase of phosphatidylserine exposure on the erythrocyte 

membrane. Phosphatidylserine is a ligand for CXCL16/SR-PSOX and has been shown to 

mediate calcium-loaded erythrocyte adhesion to endothelial cells.44

To induce a calcium influx into the erythrocytes, we used a non-physiological stimulus 

(ionomycin), however physiological calcium influxes into non-sickle erythrocytes have 

also been described. Erythrocytes express NMDA receptors which, upon stimulation, me-

diate calcium influxes.25,45 Also the lipid signalling molecule lysophosphatidic acid (LPA) 

was shown to cause a calcium influx into erythrocytes.46 As described in Chapter 3, LPA is 

able to promote erythrocyte adhesion and this effect depends on an increase of intracel-
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lular calcium. Interestingly, cell activation by calcium influxes is a common mechanism 

among many cell types. Platelets, for instance, also rely on increased cytosolic calcium 

levels for proper activation.8,47 It would be interesting to see whether, beside lysophos-

phatidic acid, other platelet-activating stimuli (e.g. ADP, serotonin, thromboxane A2) can 

also induce calcium fluxes into erythrocytes. In addition, outside-in signalling can activate 

platelets once they adhere to a substrate.47 Despite the differences between erythrocyte 

and platelet adhesion, it would be of interest to investigate whether erythrocyte-VWF in-

teraction causes a similar outside-in signalling. Moreover, investigating the downstream 

effectors in erythrocytes that respond to increased cytosolic calcium levels and how they 

modulate erythrocyte adhesiveness could shed more light on the role of erythrocyte 

adhesion in thrombosis and hemostasis.

VWF is a substrate for erythrocyte adhesion

While sickle erythrocytes can adhere via many different mechanism to endothelial cells, 

we describe in chapter 2 that non-sickle erythrocytes mainly adhere to ULVWF strings that 

are released from activated endothelial cells. The adhesion of non-sickle erythrocytes to 

VWF has, to our knowledge, only been described by Wick et al. In this study, the authors 

investigated the adhesion of sickle and non-sickle erythrocytes to endothelial cells with 

or without the addition of endothelial cell supernatant. However, they did not look at the 

effect of endothelial cell activation and ULVWF string secretion on erythrocyte adhesion. 

Moreover, to our knowledge we are the first group that investigated erythrocyte adhesion 

to VWF in the context of venous thrombosis.

The adhesion of erythrocytes to protein substrates other than VWF has often been de-

scribed. For instance, erythrocytes from patients with polycythemia vera were shown to 

adhere to laminin α5 via Lu/BCAM.48 Erythrocytes were also shown to adhere to fibrino-

gen and fibrin, however conflicting results have been reported about this interaction. 

Aleman and co-workers previously reported that erythrocytes adhered to fibrinogen and 

this adhesion persisted at a shear rate of 1000 s-1.32 However, prior to the flow assay, 

erythrocytes were statically incubated on the fibrinogen layer during which they can 

settle and adhere.32 Static incubation is a valid approach, keeping in mind that a venous 

thrombus develops during blood stasis or at near static conditions. However, in a differ-

ent study by Goel et al. only minor erythrocyte adhesion could be observed when they 

were perfused at near static shear rates (50 s-1) over fibrin.28 Based on their observations 

they concluded that erythrocyte adhesion to fibrin was mediated by secondary plasma 

proteins that bound to fibrin.28 In chapter 3 we used a robust method to examine the 

interaction between erythrocytes and purified proteins. Using this method, we showed 

that erythrocytes bind to VWF and that the adhesion increased significantly when the 

wall shear stress approached stasis. However, little binding to fibrinogen or fibrin could 

be observed which is in line with the results from Goel et al. In addition, we observed 
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little binding of erythrocytes to collagen or fibronectin. This preferential binding to VWF 

suggests that the erythrocyte-VWF interaction is either mediated by a highly specific 

receptor or via an interaction that depends on distinct epitopes that are mainly present 

within VWF.

The level of shear stress determines the adhesion of erythrocytes to VWF

As mentioned before, we showed that the adhesion of erythrocytes to VWF increased 

significantly when the wall shear stress approached stasis. This condition is characteristic 

for venous thrombosis. Our data showed that erythrocytes begin to adhere to VWF at a wall 

shear stress below 1 dyne/cm2 and when the wall shear stress approaches stasis, the adhe-

sion of erythrocytes to VWF significantly increases. Although the adhesion mechanism that 

mediates erythrocyte binding to VWF is yet unknown, the observation that erythrocytes 

only bind to VWF at a very low wall shear stress suggests that the initial binding to VWF is 

either mediated by a low affinity interaction or by an interaction partner that is present at 

a low copynumber. In contrast, platelets can adhere to VWF at high shear stress (> 20 dyne/

cm2). This is accomplished by an initial interaction between the platelet receptor GPIb-V-IX 

and VWF which slows the platelets down and causes platelet activation, followed by firm 

adhesion to VWF via the integrin αIIbβ3. As described by Joneckis et al. and observed by our 

group (Chapter 3) erythrocytes do not express common adhesion receptors for VWF (GPIb, 

αIIbβ3, αVβ3, αVβ5).41 Thus, erythrocytes bind to VWF via one or more undiscovered mecha-

nisms what makes it an interesting topic for future research. Although nothing is known 

about these binding mechanisms, we can argue about some potential candidates. One 

potential candidate receptor for VWF on erythrocytes is the Duffy antigen also known as 

the Duffy antigen receptor for chemokines (DARC). DARC acts as a multi-specific receptor 

for chemokines that contain the C-C or C-X-C motif.49 One of the molecular characteristics 

of VWF is the abundant presence of cysteine residues within each monomere.50 These 

cysteine residues are not only important for the structure and multimerization of VWF, 

but also determine its clearance rate, binding to and cleavage by ADAMTS13, and bind-

ing to the platelet receptor GPIb-V-IX.50–54 Interestingly, VWF (NCBI Reference Sequence: 

NP_000543.2) contains 8 C-C motifs and 32 C-X-C motifs which makes it a potential can-

didate ligand for DARC. While in contrast, the proteins to which only minor erythrocyte 

adhesion was observed, have 0–1 C-C motif (fibrinogen), 0–1 C-C and 0–3 C-X-C motifs 

(collagen), or 12 C-X-C motifs (fibronectin). In case erythrocytes use DARC to bind to VWF 

and the other proteins, the variable amount of C-C and C-X-C motifs between each protein 

could explain the difference in erythrocyte adhesion.

Another candidate group of molecules that could mediate erythrocyte adhesion to 

VWF are sulfated glycolipids. These sulfate ester-containing glycolipids are common con-

stituents of cell membranes and can be found in cells from the brain, kidney, and spleen, 

but are also found in the membranes of platelets and erythrocytes.55 Sulfated glycolipids 
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have been shown to mediate cell adhesion.55 More interestingly, VWF has been shown 

to bind specifically and with high affinity to sulfatides isolated from human erythrocytes 

and platelets.56 This sulfatide-VWF interaction is known to contribute to the adhesion of 

sickle erythrocytes to VWF and could possible also mediate the adhesion of non-sickle 

erythrocytes to VWF.38 Although, compared to platelets, erythrocytes contain relatively 

low amounts of sulfatide in their membranes, this could explain why erythrocytes only 

adhere to VWF at a reduced wall shear stress (Chapter 3).57 As discussed earlier, we 

propose that the adhesion of erythrocytes to VWF is mediated by either a low affinity 

interaction or a high affinity interaction partner that is expressed at a low copynumber 

on the erythrocyte membrane.

Inhibiting erythrocyte adhesion to VWF with inhibitors that specifically prevent inter-

actions between sulfated glycolipids and their ligands, could be the first step to prove 

the involvement of sulfated glycolipids in the binding of erythrocytes to VWF. The most 

potent inhibitor for VWF binding to sulfatide is high molecular weight dextran sulfate.38,55 

Although high molecular weight dextran sulfate indeed did prevent erythrocyte binding 

to VWF (data not shown), it caused severe agglutination of erythrocytes which prevented 

us to use this method for further investigation. To circumvent this problem, it may be 

considered to test whether sulfated monosaccharides are able to inhibit the binding of 

erythrocytes to VWF.

It has been shown that short chain glycolipids are often cryptic in the plasma mem-

brane of cells and exposure can be regulated by membrane lipid composition or may 

change during the cell cycle or cell differentiation.58 Moreover, Roberts et al. suggested 

that calcium and magnesium binding may increase the accessibility of sulfatides in the 

erythrocyte membrane.57 Whether a calcium influx also promotes the accessibility of 

erythrocyte sulfatides is not known. However, a steep rise of the intracellular calcium 

level does interfere with the flip-flopping of phosphatidylserine, which results in in-

creased phosphatidylserine exposure on the outer leaflet of the membrane.59 Such a 

change of membrane lipid composition may enhance the accessibility of sulfatides and 

thereby promote erythrocyte adhesion to VWF. This theory could explain the enhanced 

adhesion of erythrocytes to VWF which we have observed after exposure to the calcium 

ionophore ionomycin (Chapter 2 and 3).

Interestingly, the ABH substances of the ABO blood groups are attached to glycopro-

teins, but also to glycosphingolipids.60 Whether the different blood groups result in slight 

changes in membrane lipid composition and thereby contribute to variation in the acces-

sibility of sulfatides is not known. However, independent from whether sulfatides regulate 

erythrocyte adhesion to VWF or not, it would be interesting to test if erythrocytes from 

different ABO blood groups show variation in their ability to bind to VWF. In Chapter 4 we 

found such a difference when we performed a FACS analysis of erythrocytes and looked 

at the presence of VWF on the cell membrane. However, uncertainty remained whether 
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our antibody cross-reacted with the A antigens or whether indeed VWF preferentially 

binds to the A-positive erythrocytes. The erythrocyte-VWF adhesion assay described in 

Chapter 3 could be used to test whether erythrocytes from different ABO blood groups 

show differences in adhesion capabilities.

The unresolved link between the ABO blood group system, VWF, and 
erythrocyte adhesion

A link between the ABO blood group system and VWF is known already for a long time. We 

have reviewed this topic in Chapter 5. Briefly, ABO blood group influences plasma VWF:Ag 

levels and the VWF:Ag levels can be ordered according to the ABO blood group genotype 

in the order: Bombay Oh < OO << A2O < A1O < BO < A1A1, BB < AB. ABO blood groups can 

theoretically influence plasma VWF:Ag levels by having an effect on synthesis, secretion or 

clearance of VWF, but no effects on synthesis or secretion could be found. Thus, ABO blood 

groups affect VWF clearance rates. Interestingly, evidence has been presented that VWF 

clearance is not influenced by ABH antigens present on VWF itself, but depends on the ABO 

blood group status of the individual.

ABO blood group antigens can be found on several different platelet membrane gly-

coproteins including GPIa, Ib, IIb, IIa, IIIa, IV, V, and PECAM-1 which all play important 

roles in cell-substrate or cell-cell adhesion.61–65 Despite the fact that the presence of 

ABO blood group antigens on platelets is known already for a long time and has enjoyed 

great interest in the field of transfusion research, the exact function of the ABO antigens 

on these receptors is not known.66 However, it has been shown that ristocetin-induced 

platelet aggregation (VWF:RCo) is higher in non-O samples compared to blood group O 

samples.67 More interestingly, after correcting for VWF:Ag levels the observed difference 

in VWF:RCo remained significant.67 This implies that VWF-platelet binding is modulated 

by the ABO blood groups independent of the variation in VWF levels that have been de-

scribed between the different blood groups. Although beyond the scope of our research, 

it would be interesting to see how the ristocetin cofactor assay responds when plasma 

purified VWF is combined with ABO (mis)matched platelets.

However, as platelets do not adhere to VWF under normal physiological circumstances, 

any differences in VWF adhesion between platelets from different ABO blood groups 

would likely still not explain the variation in VWF levels between individuals from differ-

ent blood groups. In the case ABO blood group antigens modulate platelet adhesion to 

VWF, it would be interesting to see whether the same is true for erythrocyte adhesion 

to VWF. VWF adhering to circulating erythrocytes could contribute to the differences 

in VWF:Ag levels between individuals from different ABO blood groups. Although, we 

studied circulating erythrocyte-VWF complexes and the results only suggested cross 

reactivity between the anti-VWF antibody (Dako A0082) with blood group A antigens, 

the presence of erythrocyte-VWF complexes could not be excluded (Chapter 4). Binding 
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to erythrocytes could potentially stabilize VWF in the circulation similar to the stabiliza-

tion of FVIII by VWF. Stabilization could protect it from ADAMTS13-mediated cleavage or 

clearance. This theory could explain the stratification of VWF:Ag levels between different 

ABO blood groups. The increased binding of VWF to non-O erythrocytes would also fit 

with the in Chapter 5 described independent association between ABO blood groups 

and venous thrombosis. Where under physiological circumstances plasma VWF could 

be stabilized by erythrocytes, VWF-erythrocyte complexes could contribute to venous 

thrombosis at a pathologically low shear stress (as seen in Chapter 3). Increased binding 

of VWF to non-O erythrocytes could explain the independent effects of ABO blood group 

on the risk for venous thrombosis. It would also explain the possibility to distinguish a 

low-risk group carrying genotypes O1O1, O1O2, O1A2, A2A2, or O2A2 compared to a 

high risk group which carries the genotypes A1A1, A1B, BB, A2B, O1A1, or O1B.

Human venous thrombi suggest that erythrocyte-VWF-fibrin complexes 
determine their composition

In Chapter 3 we describe that erythrocytes, VWF, and fibrin show a striking pattern in 

human venous thrombi by forming erythrocyte-VWF-erythrocyte and erythrocyte-VWF-

fibrin complexes. To our knowledge this is the first time that such complexes within human 

venous thrombi are visualized. Whether these complexes contribute to venous thrombus 

initiation, propagation, or stabilization is not known. However, our data suggests that VWF 

forms an important link between erythrocytes and fibrin and in this way could play a sup-

porting role in the structure of venous thrombi.

Work from Wolberg AS and colleagues showed that transglutaminase factor XIII is 

critical for erythrocyte retention within venous thrombi and this directly affects throm-

bus size.32 Moreover, they showed that FXIIIa-dependent erythrocyte retention in clots is 

mediated by fibrin α-chain crosslinking.33 Wolberg and colleagues suggested that α-chain 

crosslinking results in increased clot stiffness and this could explain erythrocyte reten-

tion.33 Besides fibrin crosslinking many other substrates for FXIIIa that are crosslinked to 

clots have been identified.68 Interestingly, Hada et al. showed that FXIIIa also crosslinks 

VWF to fibrin and VWF is specifically crosslinked to the fibrin α-chain.69 Based on these 

studies and the erythrocyte-VWF-fibrin complexes we described in Chapter 3, we would 

like to hypothesize that: in addition to increases in clot stiffness, FXIIIa-mediated fibrin 

α-chain crosslinking with VWF could mediate erythrocyte retention in venous thrombi. 

To test this hypothesis, it would be interesting to see whether differences in erythrocyte 

retention can be observed when clotting assays are performed with blood samples from 

WT mice and VWF-/- mice.
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SUMMARY AND HYPOTHETICAL MODEL

To summarize, erythrocytes were thought to be innocent bystanders that become tangled 

up in the fibrin mesh of venous thrombi, but in this thesis, we describe that erythrocytes 

can bind to VWF and this interaction may contribute to the stabilization and propagation 

of a venous thrombus.

In contrast to arterial thrombi, venous thrombi develop in the absence of endothelial 

injury. We showed that non-sickle erythrocytes can adhere to endothelial cells, provided 

that (1) endothelial cells are activated and (2) erythrocytes are exposed to a stressor that 

induces a calcium influx. Platelets also depend on increased cytosolic calcium levels for 

proper activation which could make this observation a similarity between arterial and 

venous thrombosis. We also described that erythrocytes adhere to ULVWF strings that 

are released from activated endothelial cells or to VWF that is immobilized on a surface. 

VWF as a substrate for cell adhesion is also a similarity between arterial and venous 

thrombosis, however platelets contribute to arterial thrombosis and erythrocytes con-

tribute to venous thrombosis. Furthermore, we showed that erythrocytes preferentially 

bind to VWF and show only minor binding to fibrin(ogen), or other substrates. We also 

showed that the adhesion of erythrocytes to VWF increased significantly when the wall 

shear stress approached stasis. This fits with the difference between arterial thrombosis, 

which occurs at high wall shear stress and involves platelets, and venous thrombosis, 

which occurs at low wall shear stress and involves erythrocytes.

Erythrocytes do not express common receptors for VWF. Although the receptor for 

VWF remains unknown, we suggested two possible candidates: the Duffy antigen, based 

on the high amount of C-C and C-X-C motifs present in VWF, and sulfated glycolipids, 

because sulfatides have been shown to bind specifically and with high affinity to VWF. 

Compared to platelets, erythrocytes contain relatively low amounts of sulfatide in their 

membranes, which could explain why erythrocytes only adhere to VWF at a reduced wall 

shear stress. Moreover, it has been shown that short chain glycolipids are often cryptic 

in the plasma membrane of cells and can become more accessible under certain circum-

stances. This could explain why erythrocyte stimulation promotes adhesion to VWF.

A link between the ABO blood group system and VWF is known for a long time. ABO 

blood group influences plasma VWF:Ag levels by affecting VWF clearance rates and this 

depends on the ABO blood group status of the individual, but not on the blood group 

status of VWF itself. VWF-platelet binding is modulated by the ABO blood groups, but 

whether erythrocytes from different ABO blood groups show variation in their ability to 

bind to VWF is unknown. VWF adhering to circulating erythrocytes could contribute to 

differences in VWF:Ag, but the existence of circulating erythrocyte-VWF complexes is 

not yet proven. Binding to erythrocytes could potentially stabilize VWF in the circulation 

similar to the stabilization of FVIII by VWF, but could also promote venous thrombosis.
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VWF-erythrocyte complexes could contribute to venous thrombosis at a pathologically 

low shear stress. We showed that erythrocytes, VWF, and fibrin show a striking pattern 

in human venous thrombi by forming erythrocyte-VWF-erythrocyte and erythrocyte-

VWF-fibrin complexes. Other groups showed that transglutaminase factor XIII is critical 

for erythrocyte retention within venous thrombi and this directly affects thrombus size. 

FXIIIa-dependent erythrocyte retention in clots is mediated by fibrin α-chain crosslink-

ing. Moreover, it was shown by other groups that FXIIIa can crosslink VWF to fibrin and 

VWF is specifically crosslinked to the fibrin α-chain.

This brings us to a final hypothetical model. Activated endothelial cells recruit leuko-

cytes and platelets and release VWF from the Weibel-Palade bodies. At near static blood 

flow erythrocytes can adhere to VWF via sulfatides in their membranes. Simultaneously, 

leukocytes and platelets promote coagulation on the activated endothelial cells. While 

fibrin is formed, FXIIIa-mediated fibrin α-chain crosslinking enhances clot stiffening, but 

also promotes VWF crosslinking to fibrin α-chains. The combination of a stiff clot, low 

shear stress, VWF crosslinked to fibrin, and an procoagulant environment that may ac-

tivate erythrocytes and increases accessibility of sulfatides causes erythrocyte retention 

within the clot.

FUTURE PERSPECTIVE

What the function of erythrocyte adhesion to VWF is, is yet unknown. However, our data 

and other recent developments show that erythrocytes are not the inert cells that only 

carry oxygen and carbon dioxide through our bodies without further interaction with their 

environment. As a next step, it is essential to define how important erythrocyte adhesion to 

VWF is in thrombogenesis. Questions that need to be answered are: Do erythrocyte-VWF 

complexes significantly contribute to (venous) thrombosis? How do erythrocytes bind to 

VWF? Are Duffy or sulfatides involved in the adhesion of erythrocytes to VWF? Is there a 

difference in erythrocyte-VWF binding between ABO blood groups? Do erythrocyte-VWF 

complexes determine plasma VWF levels and what does this mean for VWD type 1 diag-

nosis? And finally, can we modulate the erythrocyte-VWF interaction and thereby reduce 

erythrocyte retention in venous thrombi? Time will tell as both basic science and clinical 

studies will provide the necessary answers, but for now erythrocytes represent an interest-

ing point of focus in thrombosis research.
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Someday girl, I don’t know when
We’re gonna get to that place
Where we really wanna go
And we’ll walk in the sun
But till then tramps like us
Baby, we were born to run

Bruce Springsteen
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ABSTRACT

Objective

Vascular endothelial-cadherin- and integrin-based cell adhesions are crucial for endothelial 

barrier function. Formation and disassembly of these adhesions controls endothelial re-

modelling during vascular repair, angiogenesis and inflammation. In vitro studies indicate 

that vascular cytokines control adhesion through regulation of the actin cytoskeleton, 

but it remains unknown whether such regulation occurs in human vessels. We aimed to 

investigate regulation of the actin cytoskeleton and cell adhesion within the endothelium 

of human arteries and veins.

Approach and results

We used an ex vivo protocol for immunofluorescence in human vessels, allowing detailed en 

face microscopy of endothelial monolayers. We compared arteries and veins of the umbili-

cal cord and mesenteric, epigastric and breast-tissues and find that the presence of central 

F-actin fibers distinguishes the endothelial phenotype of adult arteries from veins. F-actin 

in endothelium of adult veins as well as in umbilical vasculature predominantly localizes 

cortically at the cell boundaries. By contrast, prominent endothelial F-actin fibers in adult 

arteries anchor mostly to focal adhesions containing integrin-binding proteins paxillin and 

focal adhesion kinase and follow the orientation of the extracellular matrix protein fibro-

nectin. Other arterial F-actin fibers end in vascular endothelial-cadherin-based endothelial 

focal adherens junctions. In vitro adhesion experiments on compliant substrates demon-

strate that formation of focal adhesions is strongly induced by extracellular matrix rigidity, 

irrespective of arterial or venous origin of endothelial cells.

Conclusions

Our data show that F-actin-anchored focal adhesions distinguish endothelial phenotypes 

of human arteries from veins. We conclude that the biomechanical properties of the vascu-

lar extracellular matrix determine this endothelial characteristic.
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INTRODUCTION

The luminal side of blood and lymphatic vessels is covered by an endothelial cellular mono-

layer that forms a selective barrier for solutes, immune cells, and other circulating cells. 

Increased vascular permeability during chronic inflammation often underlies the develop-

ment of vascular disease.1–3 Moreover, during aging, when prolonged structural changes of 

the extracellular matrix (ECM) within the blood vessel wall cause stiffening of the arteries, 

enhanced endothelial monolayer permeability strongly contributes to the development 

of hypertension, atherosclerosis, and other cardiovascular diseases.4–6 Unfortunately, not 

many effective therapies are currently available to treat leaky vessels,7 and a better under-

standing of the endothelial phenotypes in human vasculature could provide new insights 

for treatment possibilities.

Endothelial cells make adhesive contacts to the ECM of the vascular wall as well as 

homotypic adhesion between neighbouring cells. Both adhesion structures are essential 

to regulate and maintain the barrier function of endothelium. Monolayer integrity is 

controlled by the vascular endothelial-cadherin (VE-cadherin) complex, which mediates 

homotypic binding between cells and is the central component of endothelial cell-cell 

junctions (adherens junctions).8,9 This complex consists of the transmembrane protein 

VE-cadherin and intracellularly associated catenins and adaptor proteins that link VE-

cadherin to the F-actin cytoskeleton.10–12 Adhesion of endothelial cells to the vascular 

ECM occurs through various transmembrane adhesion receptors, in particular via in-

tegrins.13,14 Integrins sense the composition and rigidity of the ECM. Their interaction 

with ECM components triggers the recruitment of adaptor and signalling molecules to 

integrin cytoplasmic tails. This provides them, in analogy to the organization of cadherin 

complexes, with a structural and functional link to the F-actin cytoskeleton.15–17

Importantly, the phenotype of endothelium, which depends on cell adhesion, is differ-

ent across the vascular network, and its morphology strongly reflects local endothelial 

function.18 Microscopic imaging of distinct vascular beds from mice reveals that endothe-

lial cell-cell junctions gradually change organization during embryonic development19 

and rapidly remodel during inflammation20 or angiogenesis.21 In bovine or mouse aorta, 

endothelial cells contain F-actin fibers, which are thought to depend on high shear flow 

rates of the bloodstream.22,23 The polymerization of F-actin is important to change junc-

tional and cytoskeletal structures required for endothelial cell alignment in the direction 

of flow.24 Moreover, inflammatory stimuli induce F-actin fiber formation in rat endothelial 

cells within the vascular wall in situ.25 It is not yet known to what structures F-actin fibers 

attach in the endothelium of blood vessels, and it is also unclear if organization of the actin 

cytoskeleton relates to differences in endothelium of human arteries and veins.
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In cultured cells on 2D ECM substrates, integrin-based adhesions manifest in so-called focal 

adhesions (FAs) at the end of F-actin bundles.26,27 Integrins are essential for vascular develop-

ment, and for adhesion of endothelial cells to ECM in the vascular wall.13 However, evidence 

for local regulation of endothelial integrin-based FAs by F-actin in the vasculature is limited. 

FAs in vivo have been described in basal epidermal cells in the skin28 and in tubular cells of 

injured kidneys29 of rodents. Also analysis of vascular tissue sections shows that integrins 

localize to the basal part of endothelial cells.30 However, integrin-based adhesion structures 

of cells in 3D matrices (ie, mesenchymal cells or tumor cells) function differently compared 

to cells in 2D conditions.31,32 The existence and the role of F-actin-anchored FAs in vivo, 

including in the endothelium, is therefore still debated today. Here, we employed an ex vivo 

protocol for en face multicolor immunofluorescence imaging of human arterial and venous 

blood vessels. With this approach, we demonstrate that arterial F-actin fibers are attached 

to integrin-based FAs and to VE-cadherin-based focal adherens junctions. The prominent 

F-actin fibers clearly distinguish the endothelial phenotypes of adult arteries from veins.

MATERIAL AND METHODS

Human vessel preparations for microscopy

Umbilical cords were obtained from the Gynecology and Obstetrics unit at the Slotervaart 

Hospital (Amsterdam, the Netherlands), stored in phosphate buffered saline supplemented 

with 1 mmol/L calcium chloride and 0.5 mmol/L magnesium chloride (PBS++) at 4°C and 

processed within 24 hours after birth. The umbilical vein was cannulated and flushed with 

warm PBS++ to remove residual blood. Thereafter, the umbilical cord was cut in sections of 

approximately 1 cm in length. The umbilical vein was opened in the longitudinal direction 

and residual connective tissue was carefully removed, without damaging the umbilical 

arteries. Subsequently, the arteries were prepared in a similar manner. After washing with 

PBS++, the opened umbilical vasculature was fixed with 4 % paraformaldehyde (PFA) for 10 

minutes at room temperature (RT). The fixed umbilical veins and arteries were stored in 

PBS++ at 4°C before en face immunofluorescent stainings.

Healthy human blood vessels were obtained from tissue that remains after pathological 

analysis of mesentery from patients that underwent intestinal tumor resection in the 

Academic Medical Center (Amsterdam, the Netherlands). Mammary and epigastric vessels 

were collected from remaining tissue of patients that underwent breast reconstruction 

in the Antoni van Leeuwenhoek Hospital (Amsterdam, the Netherlands). All vessels were 

obtained with informed consent and according the (Dutch) guidelines for secondary used 

materials. The vessels (ranging from 0.5 – 2.5 cm in length) were stored in PBS++ at 4°C for 

no longer than 24 hours until further preparation. The surrounding fatty tissue was removed 
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and vessels were immobilized with small pins on a silicone layer within a petri dish to cut 

the vessel open in the longitudinal direction. Thereafter, the vessels were carefully washed 

with PBS++ to remove residual (clotted) blood and fixed with 4 % PFA for 10 minutes at RT.

Cell culture

Primary human arterial endothelial cells (HAECs) from different donors and pooled human 

umbilical vein endothelial cells (HUVECs) were purchased from Lonza (Baltimore M.D.) 

and cultured in EGM-2 medium supplemented with EGM-2 bulletkit (Lonza). Cells were 

passaged by trypsinization. Passage 2 – 4 HAECs or HUVECs were plated on fibronectin-

coated glass coverslips, ibi-Treat µ-Slide VI0.4 flow slides (Ibidi) or on Softview glass-bottom 

dishes coated with polyacrylamide crosslinked with different bisacrylamide concentrated 

hydrogels of 0.5 or 25 kPa rigidity (Matrigen, Brea, CA). After overnight incubation, conflu-

ent monolayers of HAECs or HUVECs were fixed with 4 % PFA/PBS++ for 10 minutes at RT 

prior to immunofluorescence stainings. For flow experiments µ-Slides were connected to 

a Watson-Marlow 520Du pump using a flow-through-kit from Ibidi and cells (4 hours after 

plating) were subjected to laminar shear flow at venous (2 dyne/cm2) or arterial (15 dyne/

cm2) rates for 18 hours with supplemented EGM-2 medium.

Antibodies

Mouse monoclonal antibodies against VE-cadherin, clone F-8 (Santa Cruz Biotechnology) 

or clone 55-7H1 directly coupled to Alexa Fluor 647 (BD Pharmingen), were used in com-

bination with rabbit polyclonal antibodies raised against phosphorylated paxillin (pY118) 

and phosphorylated focal adhesion kinase (FAK, pY397) (Invitrogen). Rabbit polyclonal 

VE-cadherin antibody (Cayman) was used combined with mouse monoclonal clone 165 for 

paxillin and mouse monoclonal antibody against fibronectin, clone 10 (both from BD Trans-

duction Laboratories). Secondary goat-anti-mouse or goat-anti-rabbit antibody coupled 

to Alexa Fluor 488, and goat-anti-mouse or goat-anti-rabbit secondary coupled to Alexa 

Fluor 568 were obtained from Invitrogen. We used phalloidin conjugate labelled with the 

fluorescent dye CF633 (Biotium) or Acti-stain 555 (Cytoskeleton, Inc.) to visualize F-actin. 

Hoechst 33342 (Molecular Probes) was used to stain the cell nuclei.

Immunofluorescence microscopy

Sections of the fixed blood vessels from mesenteric, mammary, epigastric, and umbilical 

cord tissue were immobilized on a petri dish coated with a silicone layer, with the endothe-

lial side facing up, to perform en face immunofluorescent stainings. The vessels were per-

meabilized with 0.5 % Triton X100 in PBS++ for 10 minutes and blocked for 30 minutes with 

2 % bovine serum albumin (BSA) in PBS++. Next, the vessels were incubated for 1 hour at RT 

with primary antibodies, which were diluted in 0.5 % BSA in PBS++. After washing with 0.5 % 

BSA in PBS++, the vessels were incubated with secondary antibodies, including phalloidin 
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and Hoechst diluted in 0.5 % BSA in PBS++. Finally, the vessel was mounted with mowiol in 

a glass bottom microwell dish (MatTek Corporation) with the endothelium facing down for 

confocal laser scanning microscopy (Zeiss LSM 510) equipped with a 63 × 1.4 N.A. Plan Apo 

oil objective and Argon, DioDe 405, HeNe 633 lasers. HAECs and HUVECs on glass coverslips 

or flexible substrates were immunofluorescently stained using the same protocol and subse-

quently imaged in PBS on an upright widefield microscope (Zeiss Imager.Z2) equipped with 

a 40 × 1.0 N.A. Pln Apo water objective and Hamamatsu Orca-R2 digital camera. HAECs and 

HUVECs on Ibidi flow chambers were imaged in PBS on an inverted widefield microscope 

(Zeiss Observer.Z1) equipped with a 40 × 1.4 N.A. Plan Apo oil objective and Hamamatsu 

Orca-R2 digital camera. All obtained images were enhanced for display with an unsharp 

mask filter and adjusted for brightness/contrast in ImageJ (National Insitutes of Health).

Quantifications and statistical analysis

The number of focal adhesions (FA) per cell was quantified using the cell counter plug-in in 

ImageJ software. For each experimental condition (HUVEC or HAEC plated on 0.5 kPa, 25 

kPa, or glass substrates) at least 10 representative images of two independent experiments 

were analysed. For each picture, the phosphorylated paxillin pY118 puncta associated with 

F-actin were counted. Out-of-focus cells were excluded from the analysis. The ratio of the 

number of F-actin-connected FAs and the and the number of cells was determined. All 

values are presented as average±standard deviation. Statistical analysis and P-values were 

calculated using two-tailed Students t tests and were considered significant at P < 0.01.

RESULTS

En face microscopy of human umbilical veins to visualize the endothelium at 
subcellular resolution

To study the morphology of endothelial cells within human vasculature, we first optimized 

immunofluorescence on isolated veins from human umbilical cord tissue that is commonly 

used as source for isolation of human umbilical vein endothelial cells.33 After isolation of 

veins from the umbilical cord, vessels were cannulated and flushed with saline to remove 

residual blood. After fixation, the veins were opened in the longitudinal direction to enable 

immunofluorescence staining and imaging of the endothelial monolayer en face (from the 

luminal side). Confocal microscopy of umbilical veins stained for VE-cadherin, F-actin, and 

nuclei, revealed that this approach nicely visualizes at high resolution the cellular morphol-

ogy of a human vascular endothelial monolayer (Figure 1). The endothelium, the only vas-

cular cell type that stains positive for VE-cadherin, forms a tight monolayer and VE-cadherin 

localizes clearly at the cell-cell junctions between cells. The cell-cell junctions are aligned 

by circumferential F-actin cables in a manner that is very similar to the organization of VE-
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cadherin and F-actin in stable junctions of in vitro cultured human umbilical vein endothelial 

cells.34–38 F-actin, but not VE-cadherin, is also clearly present in the cell layers on the basal 

side of the endothelium that contain the vascular smooth muscle cells (Figure 1; Supple-

mental Movie I). This result indicates that en face microscopy of immunostained umbilical 

veins visualizes the endothelial morphology within human vasculature at high resolution.
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Figure 1. En face imaging of an umbilical vein. Different single channel and merged confocal images from a 
z-stack of the endothelial monolayer and subendothelial cellular layers of an umbilical vein immunofluores-
cently stained for vascular endothelial (VE)-cadherin (red), F-actin (green) and Hoechst (blue). See supple-
mental movie I for the complete z-stack of this stained umbilical vein. Scale bar represents 20 µm.
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VE-cadherin and F-actin organization in human mesenteric arteries

To investigate the morphology of endothelium within human adult vasculature, we applied 

immunofluorescence on vessels that were isolated from healthy sections of the mesen-

tery that remain after pathological analysis of colon resections from patients with cancer 

(Figure 2A; Images 1–5). En face confocal microscopy shows that endothelial monolayers 

of human mesenteric arteries are connected by VE-cadherin-based cell-cell junctions as 

expected, in addition, display prominent F-actin fibers that locate centrally in individual 

endothelial cells (Figure 2A; image 6). In cultured endothelial cells adherens junctions 

continuously switch between stable and remodelling conformations depending on local 

F-actin dynamics.10 Stable cell-cell junctions are visible as linear contacts between cells 

paralleled by thick F-actin cables, which we clearly observe in endothelium of mesenteric 

arteries (Figure 2B; upper image row and Figure 3A). In addition, we find punctate endothe-

lial adherens junctions that are connected to perpendicular F-actin bundles in mesenteric 

arteries (Figure 2B; middle image row), which are reminiscent of remodelling focal adherens 

junctions in endothelial cell cultures34 and dynamic endothelial junctions in the vasculature 

of mice.19,21 This indicates that F-actin regulates endothelial cell-cell junctions both in vitro 

and in vivo through a common mechanism. In addition, we find irregular cell-cell junctions 

in mesenteric arteries that seem not related to the organization of F-actin at first glance. 

However, these other adherens junctions do associate with thin F-actin bundles that are 

much less intense than the central F-actin fibers (Figure 2B; lower image row). Although 

not unexpected, these results further show that the organization of F-actin in mesenteric 

arteries is very different from its organization in umbilical veins.

← Figure 2. En face imaging of the endothelium of a human mesenteric artery. A, Procedure of prepara-
tion of human vessels for en face immunofluorescence microscopy. Images 1 to 5 is a photo series of the 
isolation of a mesenteric artery: section of obtained mesentery (1), removal of fatty tissue (2), the isolated 
artery (3), immobilization of the artery with pins on a silicone layer and longitudinal opening (4), fixation and 
antibody stainings from the luminal side of the vessel (5). Photo 6 is a confocal image of an immunofluores-
cence staining of mesenteric arterial endothelium stained for vascular endothelial (VE)-cadherin (red) and F-
actin (green). Scale bar represents 20 µm. B, Single channel and merged confocal images of enlarged views 
from regions of interest from image in A6 that show different adherens junction conformations in mesen-
teric arteries: linear adherens junctions, focal adherens junctions and other junction types. White arrows 
indicate perpendicular F-actin bundles connected to focal adherens junctions. Scale bar represents 5 µm.



Appendix I

160

Comparison of endothelial phenotypes between human arteries and veins 
from various tissues

To further characterize human endothelia, we compared VE-cadherin and F-actin stainings 

in arteries and veins isolated from various human tissues. We first compared arteries and 

veins from the adult mesentery. Additionally, we studied isolated arteries and veins either 

from the umbilical cord or from healthy tissue of patients undergoing breast reconstruc-

tion. Confocal microscopy showed that in all analysed vessels from the different tissue 

origins, the endothelium forms a tight monolayer and VE-cadherin demarcates the cell-cell 

junctions (Figure 3). Furthermore, immunofluorescence stainings without primary antibod-

ies show that the detected VE-cadherin signal in endothelium of human vessels is specific 

(Supplemental Figure I). Interestingly, the endothelium of mesenteric arteries is different 

from the mesenteric veins, as we observe no central F-actin cables in the veins (Figure 3A). 

The same phenotypic distinction in F-actin organization was observed between arteries 

and veins from mammary (thoracic) or epigastric tissue (Figure 3B and 3C). We observed no 

clear differences between endothelial phenotypes in umbilical arteries and umbilical veins, 

which both lack prominent central F-actin cables (Figure 3D). Within veins the endothelium 

is less thick than in arteries, and often the most intense F-actin signal does not follow the 

shape of endothelial cells. Instead, the F-actin signal originates from the underlying vascular 

smooth muscle cells (see also confocal z-stack in Figure 1 and Supplemental Movie I). These 

results indicate that the presence of central F-actin fibers distinguishes the endothelial 

phenotype of human adult arteries from veins.

20 μm 20 μm 20 μm 20 μm

20 μm 20 μm 20 μm 20 μm

A Human mesenteric artery Human mammary arteryB Human epigastric artery Human umbilical arteryC D

Human mesenteric vein Human mammary vein Human epigastric vein Human umbilical vein
VE-Cadherin / F-Actin

Figure 3. Central F-actin fibers in human adult arteries, but not in veins. Confocal images of immunofluo-
rescent vascular endothelial (VE)-cadherin (red) and F-actin (green) staining in human arteries and veins from 
mesentery (A), mammary tissue (B), epigastric tissue (C) or umbilical cord (D). Scale bars represent 20 µm.
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Visualization of endothelial focal adhesions in human mesenteric arteries

In vitro most F-actin fibers are anchored to adhesion protein structures.26 A small portion 

of the F-actin fibers we observe in endothelium of adult arteries are indeed connected to 

VE-cadherin-based cell-cell adhesions (Figure 2B), whereas most other F-actin bundles do 

not. F-actin fibers in cultured arterial endothelial cells are attached to integrin-based FAs 

that are marked by phosphorylated paxillin (pY118) and connect to the ECM (Figure 4A). 

To investigate if F-actin fibers in arteries are part of integrin-based adhesions, we stained 

mesenteric arteries for paxillin pY118, F-actin and VE-cadherin. Confocal imaging showed 

that phosphorylated paxillin is distributed at the basal plane of endothelial cells in a dotted 

pattern indicative of FAs (Figure 4B). Detailed image analysis of subcellular regions show 

a clear colocalization of phosphorylated paxillin precisely at the ends of F-actin fibers 

(Figure 4C; ROI 1 and 2; co-localization is yellow). Also, the orientation of individual F-actin 

fibers is similar to the direction of the elongated shape of its anchored FA, indicating that 

they are part of the same cellular structure. At subcellular regions in the proximity of cell-cell 

junctions we find that F-actin fibers can either terminate in paxillin-positive FAs (Figure 4D; 

white arrows), whereas others end at VE-cadherin-based focal adherens junctions that are 

devoid of paxillin (Figure 4D; yellow arrows). The existence of integrin-based adhesions in 

human arteries was confirmed by immunofluorescence imaging of phosphorylated focal 

adhesion kinase pY397 (Figure 5A), and by stainings with a paxillin antibody that recognizes 

the protein irrespective of its phosphorylation status (Figure 5B). Next, we investigated if 

the structure of arterial ECM relates to endothelial F-actin fibers. Immunofluorescence 

stainings in adult arteries for the ECM component fibronectin clearly show that endothelial 

cells follow the orientation of deposited fibronectin (Figure 5C). Importantly, prominent 

endothelial F-actin fibers are aligned by fibronectin fibrils in the ECM, suggesting that vas-

cular ECM and endothelial morphology are tightly correlated. Taken together, these results 

demonstrate the existence of endothelial FAs in human arterial endothelium.

Biomechanical properties of ECM determine endothelial phenotype and focal 
adhesion formation

What causes the differences in endothelial morphology between arteries and veins and 

between adult and umbilical arteries? In part, differences between arteries and veins are 

governed by genetic factors.18,39 Nevertheless, also the biomechanical properties of blood 

vessels are critical components that affect endothelial function.18,40,41 Shear forces derived 

from blood flow are lower in veins compared to arteries.42–44 Because shear stress remodels 

FAs and promotes integrin activation in vitro,45–47 we first examined whether differences in 

laminar flow rates of arteries and veins could underlie the presence of endothelial F-actin 

fibers and FAs in vessels. Both arterial and endothelial cells cultured in vitro aligned to 

laminar shear flow at 2 dyne/cm2 (a venous flow speed) after 18 hours, displaying aligned 

F-actin fibers and FAs (Figure 6). Also laminar shear flow at an arterial speed of 15 dyne/cm2 



Appendix I

162

induced similar aligned phenotypes in both endothelial cell types (Figure 6). These results 

suggest that the difference between arterial and venous flow rates does not directly induce 

the arterial or venous endothelial phenotypes observed in vessels.
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Figure 4. Endothelial focal adhesions (FAs) in human mesenteric artery. Merged confocal images of im-
munofluorescence staining for phosphorylated pY118 paxillin (red), F-actin (green) and vascular endothelial 
(VE)-cadherin (blue) in cultured arterial endothelial cells (A) and in a human mesenteric artery (B). Scale bar 
represents 20 µm. C, Single channel and merged images of 2 enlargement views of FAs from the mesenteric 
artery in 4B. Scale bar represents 10 µm [in region of interest (ROI) 1] and 5 µm (in ROI 2). D, Single channel 
and merged images of an enlargement view of 4B (ROI 3) showing F-actin fibers ending at phospho-paxillin 
positive FAs (indicated by white arrows) or VE-cadherin positive focal adherens junctions (FAJs; indicated by 
yellow arrows). Scale represents bar 5 µm.
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Figure 5. Molecular analysis of endothelial focal adhesions and their association with extracellular matrix 
in arteries. Single channel and merged confocal images of immunofluorescence stainings for phosphorylated 
pY397 FAK (A) or paxillin (B) in red, F-actin (green) and vascular endothelial (VE)-cadherin (blue) in mesenteric 
arteries. Right image rows show zoomed images of focal adhesions. Scale bars represent 10 or 5 µm. C, Single 
channel and merged confocal images of immunofluorescence stainings for fibronectin (red), F-actin (green) or 
VE-cadherin (blue) in a mammary artery (of note, this artery was obtained from tissue of a patient who previ-
ously received radiation therapy). White arrows in the enlarged image row (right) show F-actin fibers that fol-
low fibronectin orientation. Scale bars represent 20 or 5 µm. ROI indicates region of interest.

Arteries and veins not only differ in blood flow rates, but veins are also more compliant 

(less stiff) than arteries, a property that is largely determined by the vascular ECM and 

activity of smooth muscle cells.48,49 The vascular wall of arteries and veins in the umbilical 

cord might be more elastic compared to adult vessels.50 Forces generated by stiff ECM 

are exerted on, and predominantly regulate, adhesions between cells and the ECM.51,52 

The formation of FAs and organization of F-actin in cultured endothelial cells is promoted 

by substrate stiffening.6,53 This also applies to cultured arterial endothelial cells, because 

we find that their morphology on soft matrices (0.5 kPa) reflects a venous phenotype 

(Figure 7). In contrast, a significantly increased number of F-actin-linked FAs form once 

the cells are cultured on 25-kPa stiff substrates or on glass, they also adopt an arterial 

endothelial phenotype and contain significantly more FAs compared to on soft 0.5-kPa 

substrates (Figure 7A and 7B). This suggests that endothelial morphology and function 

is in a large part determined by the biomechanical properties of its ECM environment 

rather than intrinsic differences between arterial and venous cells.
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Figure 6. Focal adhesion distribution is similar in endothelial cells subjected to arterial or venous lami-
nar flow. Single channel and merged immunofluorescence widefield images of human arterial endothelial 
cells (HAECs) and human umbilical vein endothelial cells (HUVECs) that were subjected to laminar shear flow 
at venous (2 dyne/cm2) or arterial (15 dyne/cm2) rates, or non-flowed (static). Arrow indicates the direction 
of flow which was applied from top to bottom. Cells were stained for phosphorylated paxillin pY118 (red), 
F-actin (green), and vascular endothelial (VE)-cadherin (blue). Scale bar represents 20 µm.
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Figure 7. Substrate rigidity promotes the number of focal adhesions (FAs) in arterial and venous endo-
thelial cells. A, Single channel and merged immunofluorescence widefield images of human arterial endo-
thelial cells (HAECs) and human umbilical vein endothelial cells (HUVECs) plated on top of fibronectin-coat-
ed compliant polyacrylamide substrates of 0.5 or 25 kPa rigidity or fibronectin-coated glass coverslips. Cells 
were stained for phosphorylated paxillin pY118 (red), F-actin (green), and vascular endothelial (VE)-cadherin 
(blue). Scale bar represents 20 µm. B, Graph shows a quantification of the average number of F-actin-con-
nected FAs per cell detected in immunofluorescence images of HUVECs (black bars) or HAECs (white bars). 
At least 10 images of two independent experiments per condition were analysed. Values are means±SD (er-
ror bars). P-values were calculated with 2-tailed, homoscedastic Student’s t tests.



Appendix I

166

DISCUSSION

This study presents results from a microscopy approach for detailed en face analysis of 

endothelial monolayers of ex vivo human vasculature. The two key conclusions from the 

experiments are (i) endothelial FAs anchored to F-actin fibers exist in adult human arter-

ies and (ii) F-actin is differently organized in adult arteries and veins. We propose that the 

biomechanical properties of the vascular wall regulate this endothelial characteristic. Fur-

thermore, we observed different conformations of VE-cadherin-based cell-cell junctions 

that may relate to the distribution of F-actin at or near the junctions.

Distinct endothelial properties in arteries and veins

As mentioned earlier, the organization and the function of endothelial monolayers depends 

on location within the vascular network.18 Interestingly, perturbations of the endothelial 

barrier induced by inflammatory agents occur preferentially at the venous side of the cir-

culation.54,55 However, much of our knowledge concerning morphological and functional 

responses of endothelial monolayers is based on in vitro studies. In particular, vascular 

permeability factors activate signalling pathways that transiently remodel F-actin stress 

fibers and actomyosin contractility to induce endothelial permeability.56–60 Such induced 

alterations in the F-actin cytoskeleton depend on cell-ECM adhesion and directly influence 

VE-cadherin function and cell-cell junction adhesiveness.34,61–63 Importantly, two recent 

studies showed that phosphorylation of VE-cadherin at tyrosine 685 is specifically high 

in venous vasculature of mice, but not in arteries.64,65 Inflammatory agents promote the 

phosphorylation of VE-cadherin at Y685, which correlates with and is required for vascular 

leak formation in venules.64 These results strongly indicate that the endothelium of arteries 

and veins contain intrinsic differences that might explain their distinctive susceptibility to 

transient vascular leaks during inflammation. Although not shown, it is tempting to specu-

late that the differences we observe in endothelium of human arteries and veins somehow 

contribute to this susceptibility.

Elucidating abnormalities in blood vessels that underlie vascular disease

To elucidate the mechanism that underlies chronic endothelial permeability in cardiovascu-

lar disease, it would be interesting to analyse age-related ECM stiffening and consequent 

regulation of F-actin-anchored focal adhesions in human arteries. Gradual changes in the 

composition of the vascular ECM are the major cause for arterial wall stiffening during ag-

ing. Flexible components of the ECM, mainly elastin, are degraded, whereas deposition 

of more rigid components, such as collagen, is increased. This, combined with increased 

cross-linking to other matrix proteins including fibronectin, enhances the rigidity of the 

vessel wall.4,5 Atomic force microscopy indentation measurements on the subendothelial 

matrix of mouse thoracic aortas shows that rigidity is increased 2- to 3-fold in aged mice.6 
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Such elevation in stiffness is sufficient to increase endothelial permeability in aging arteries 

and is suggested to drive atherosclerosis and other cardiovascular diseases.6,61,66 Deter-

mining the endothelial phenotype in arteries from young and old individuals, or in vessels 

from healthy or cardiovascular disease tissue, combined with subendothelial mechanical 

indentation measurements of the vascular wall, would demonstrate whether age-related 

ECM stiffening is associated with regulation of endothelial adhesions. Improving our fun-

damental knowledge of the role of endothelial adhesion in pathogenesis of cardiovascular 

disease may eventually be used for therapeutic intervention. Such intervening strategies 

should be focused on the primary response of endothelial cells to increased arterial ECM 

stiffening.

Taken together, this study shows endothelial adhesion structures in human vessels at a 

resolution that was not shown before. The identified FAs anchored to F-actin is a feature 

of adult arteries, but not of veins or vasculature of the umbilical cord. At this point it is 

still unclear what endothelial function is related to the observed differences. However, 

we suggest that these differences in endothelial phenotype could be attributed to the 

biomechanical properties of the surrounding vessel wall. Finally, we recommend en face 

microscopy for molecular assessment of human endothelium to understand endothelial 

dysfunction in development of vascular disease.
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SUPPLEMENTAL MATERIAL

Human Epigastric Artery

VE-Cadherin / Hoechst
10 μm

Anti-VE-Cadherin
Goat Anti-Mouse Alexa 488

Hoechst

Human Epigastric Artery

10 μm
Secondary AB / Hoechst Goat Anti-Mouse Alexa 488 Hoechst

Supplemental Figure I. Investigating specificity of VE-cadherin immuno-stainings in human vessels. 
Confocal images of immunofluorescent vascular endothelial (VE)-cadherin (red) Hoechst (blue) or second-
ary antibody only stainings in human epigastric arteries. Scale bars represent 10 µm.

Supplemental Movie I. Confocal z-stack of an umbilical vein immunofluorescently stained 

for vascular endothelial (VE)-cadherin (red), F-actin (green) and Hoechst (blue) from Fig-

ure 1. Z-resolution is 0.47 µm per stack.

(http://atvb.ahajournals.org/highwire/filestream/238327/field_highwire_adjunct_

files/3/ATVB_ATVB-2014-304180D_Movie_I.avi)





Darling, just don’t put down your guns yet
If there really was a God here
He’d have raised a hand by now
Darling, you’re born, get old, and die here
Well that’s quite enough for me dear
We’ll find our own way home somehow

Editors
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ABSTRACT

Objective

Red blood cell transfusion is an essential therapy in conditions associated with tissue 

hypoxia due to anemia. However, clinical studies showed an increase in morbidity and 

mortality associated with the age of red cell concentrates (RCC), the number of received 

units of erythrocyte concentrates or both. This suggests that the “quality” of erythrocyte 

concentrates could be a major determinant of the clinical outcome of patients who receive 

blood transfusions. The reduction in quality of erythrocytes and changes in the erythrocyte 

storage medium are collectively called: “the storage lesion”.

Consequences that are associated with the storage lesion may lead to pathology 

including leukocyte and erythrocyte extravasation into tissues, inflammation, vascular 

permeability, and edema. Therefore, we investigated the effect of cold-stored RCCs on 

endothelial monolayer permeability and vascular stability.

Approach and results

In the present work, we analyzed endothelial monolayer integrity using Electric Cell-sub-

strate Impedance Sensing (ECIS) and immunofluorescence imaging. Exposing endothelial 

cell monolayers to washed, 35 days cold-stored, erythrocytes did not affect the endothelial 

barrier function. However, cold-stored erythrocyte supernatant induced a persistent reduc-

tion in barrier function independent of storage time. A thrombin-antithrombin complex 

ELISA indicated that the reduction in barrier function was induced by citrate-anticoagulated 

plasma residues within the erythrocyte concentrates that caused thrombin formation and 

endothelial activation upon addition to the assays. Hirudin, which binds to and inhibits ac-

tivated thrombin, completely blocked the supernatant-induced endothelial cell activation 

and prevented the loss of endothelial integrity.

Conclusion

Cold-stored erythrocytes do not reduce endothelial cell barrier function. However, the su-

pernatant from such erythrocytes contains remnants of plasma. This could lead to throm-

bin formation in the assay which impairs endothelial integrity. These data show that it is 

recommended to take the effects of different anticoagulation strategies into consideration 

when doing in vitro assays testing effects of blood plasma on endothelial cells.
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INTRODUCTION

Erythrocyte transfusion is an essential therapy in conditions associated with tissue hypoxia 

due to anemia. According to the World Health Organization, each year eighty-five million 

patients receive an erythrocyte transfusion. Improved storage conditions (e.g. use of plastic 

bags, optimized additive solutions, and leukoreduction) enable storage of erythrocytes up 

to 35 days (common in Europe) or 42 days (United States). During this storage period the 

erythrocytes undergo changes that negatively affect their in vivo survival and function.1 

These changes are collectively called the “storage lesion”.

During erythrocytes storage, glucose, ATP, 2,3-diphosphoglycerate levels go down, 

while lactate, intracellular Na+, and extracellular K+ increase.2 On the erythrocyte mem-

branes, proteins become damaged due storage-induced oxidative stress.3 Under these 

conditions, phosphatidylserine, an important component of the lipid bilayer, translocates 

to the outer layer of the plasma membrane where it serves as a signal for erythrocyte 

removal and hemolysis occurs.2,4 Moreover, during storage the proportion of discocytes 

decreases, while that of echinocytes steadily increases. Furthermore, after prolonged 

storage (28–35 days), the proportion of spheroechinocytes and spherocytes rapidly 

increases.5 Similarly, glycophorin A-positive microparticles accumulate slowly before 28 

days of storage while increasing exponentially after this period.5 The transition from 

discocytes to spherocytes comes with a strong reduction in surface-to-volume ratio and 

increased cell density. A high surface-to-volume ratio enables erythrocytes to navigate 

through small capillaries and cross narrow inter-endothelial slits in the spleen6, while 

a decreased surface-to-volume ratio results in splenic sequestration.7 Besides splenic 

sequestration, cold storages also induces erythrocyte adhesion to endothelial cells.8–10

The correlation between the storage lesion and clinical outcome remains not clear, 

however one consequence associated with the storage lesion is transfusion-related acute 

lung injury (TRALI).11,12 TRALI is defined as the onset of respiratory distress after blood 

transfusion.11 This is caused by the adherence of primed neutrophils to the pulmonary 

endothelium, followed by mediators in the blood transfusion that activate the endothe-

lial cells and pulmonary neutrophils, which results in capillary leakage and subsequent 

pulmonary oedema.11 Because the second hit, the blood transfusion, can be antibody-

mediated or non-antibody-mediated, we hypothesized that the cold stored erythrocytes 

could cause a reduction of endothelial-barrier function.
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MATERIALS AND METHODS

Erythrocytes and supernatant isolation

Blood studies were approved by the Sanquin Research Institutional Medical Ethical Com-

mittee in accordance with the Dutch regulations and the 1964 Declaration of Helsinki 

standards.

Erythrocyte concentrates were produced according to the standardized Dutch pro-

cedures of blood collection and processing (as described before by Burger et al. 2010).2 

Approximately 500 mL whole blood was mixed with 70 mL citrate phosphate dextrose 

(89.4 mmol/L Na3citrate•2 H2O, 15,5 mmol/L citric acid•H2O, 14,1 mmol/L Na2HPO4•2 

H2O, 128,6 mmol/L glucose•2 H2O, pH 5.6) and cooled to 22°C. Within 24 hours after 

donation, erythrocytes were separated from the buffy coat and plasma by centrifugation 

(2800 g, 8 min) and resuspended in approximately 100 mL SAGM (150 mmol/L NaCl, 1.25 

mmol/L adenine, 28.82 mmol/L mannitol, 49.95 mmol/L D-glucose). Leukocytes were 

removed using a leukoreduction filter and the erythrocyte concentrates were stored at 

4°C. Cells were counted using an Advia 2120 Hematology System hematology analyzer 

(Siemens). After 1 or 35 days cold storage of the erythrocyte concentrates, supernatant 

was isolated by centrifugation (2000 g, 15 min, 4°C) and aliquots were stored at -80°C.

Plasma was isolated from whole blood collected in 3.8 % sodium citrate tubes (Greiner 

Bio-One) from healthy, anonymized volunteers that provided written informed consents 

which were approved by the Sanquin Research Institutional Medical Ethical Committee. 

Platelet-rich plasma (PRP) was separated from the erythrocyte-rich pellet by centrifuga-

tion (200 g, 15 min, room temperature). Plasma was isolated from the PRP by centrifuga-

tion (2000 g, 5 min, room temperature).

Electric cell-substrate impedance sensing

ECIS 8W10E PET 8 well arrays (Ibidi, Applied BioPhysiscs) were coated with 10 mmol/L 

l-cysteine (15 min, 37°C), washed with 0.9 % NaCl, and coated with fibronectin (60 min, 

37°C). In each well ± 1,0·105 HUVECs (Lonza) (maximal passage 5) were seeded, the arrays 

were connected to an ECIS ZΘ (Ibidi, Applied BioPhysiscs), and with a 3 minutes interval 

resistance was measured using the multi frequency settings (± 24 h, 37°C, 5 % CO2). When a 

stable endothelial monolayer was formed (± 24 h) the endothelial cells were pre-treated for 

2 hours with 0.1, 0.3, 1.0, or 3.0 units hirudin (Sigma Aldrich 94581-1EA) or incubated with 

washed, cold stored (35 days) erythrocytes (102, 103, 104, 105, 106, or 107 cells), cold-stored (1 

or 35 days) erythrocyte supernatant (0.01 %, 0.1 %, 1.0 %, 10 %), SAGM (10 %), HEPES buffer 

(132 mmol/L NaCl, 20 mmol/L HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 

acid), 6 mmol/L KCl, 1 mmol/L MgSO4•7H2O, 1.2 mmol/L K2HPO4•3H 2O, 2.5 mmol/L CaCl2, 

5.5 mmol/L D-glucose, pH 7.4) (10 %), thrombin (0.01, 0.1, 1.0, 10.0 units/ml) (Sigma Al-

drich), citrate phosphate dextrose (2.8 %), microparticle depleted (centrifugation for 60 
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min, 4°C at 2000 g, 4000 g, or 100000 g) cold stored (35 days) erythrocyte supernatant, 

donor matched plasma (2 % final concentration) or 10 µM Y-27632 (Calbiochem 688000). 

Resistance measurements were continued for 5–10 hours.

Immunofluorescence imaging

HUVECs (Lonza) cultured on coverslips were control-treated or treated with 10 % cold stored 

(35 days) erythrocyte supernatant or 1 unit/mL thrombin (Sigma Aldrich) for 1 hour 37°C 

and 5 % CO2. The samples were fixed in 4 % paraformaldehyde PBS++ (PBS supplemented 

with 1 mmol/L CaCl2 + 0,5 mmol/L MgCl2) (10 min, room temperature), washed with PBS++, 

permeabilized 0.5 % Triton X100 in PBS++ (5 min, room temperature), and blocked with 2 % 

BSA in PBS++ (30 min, room temperature). The samples were stained with rabbit polyclonal 

anti-VE-cadherin (Cayman Chemical, 160840) and Phalloidin CF633 (Biotum, 00046) 

(60 min, room temperature, dark), followed by the secondary antibody goat anti-rabbit 

Alexa Fluor 488 (Thermofisher, Invitrogen, A11008) (60 min, room temperature, dark), and 

mounted using Mowiol (overnight, room temperature, dark). Images were acquired using 

a LSM510 Meta confocal microscope (Carl Zeiss) with an EC Plan-Neofluar 40x oil objective 

(NA 1.3) and Zen 2012 software version 1.1.2.0 (Carl Zeiss). Images were deconvolved using 

Huygens Software version 11 (Scientific Volume Imaging) and processed using ImageJ ver-

sion 1.49g (https://imagej.nih.gov/ij/).

Thrombin-antithrombin complex ELISA

Thrombin-antithrombin (TAT-)complexes were assayed by sandwich enzyme-linked 

immunosorbent assay (ELISA). Anti-thrombin (Sanquin αTr-Mab-3) 5 μg/mL in 0.1 mol/L 

NaAc (pH 5.5) was coated on Nunc-Immuno MicroWell 96-Well Plates (overnight, room 

temperature). For washing of the plates 0.02 % Tween-20 in PBS was used. The plates were 

incubated with the calibration curve, a two-fold serial dilution of normal serum starting at 

91 ng/mL TAT-complexes, and samples diluted 5 times in HPE buffer (Sanquin) (1 h, room 

temperature). The plates were incubated with anti-antithrombine III-Mab-0-bt (Sanquin) 

in HPE buffer (1 h, room temperature). For detection of TAT-complexes the plates were 

incubated with anti-mouse-HRP (Dako P0447) (20 min, room temperature), followed by 

incubation with TMB substrate (TMB 0.1 mg/mL in 0.11 mol/L NaAc (pH: 5.5) + 0.003 % 

H2O2) (10 min, room temperature), and the reaction was stopped using 1 mol/L H2SO4. The 

optical density was measured at an absorbance of 450 nm. Optical density levels of samples 

far above the standard curve prevented the calculation of absolute TAT-complex levels.

Statistical analysis

Data shown are mean±SD. Statistical comparisons were made using a 1-way analysis of 

variance (ANOVA) followed by Bonferroni’s post hoc test. Statistical analysis was per-
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formed using GraphPad Prism version 6.04 (GraphPad Software). For all tests, results were 

considered statistically significant at P < 0.05.

RESULTS

Cold-stored erythrocyte supernatant decreases endothelial barrier function

To analyze the effect of cold stored erythrocytes on endothelial barrier function, endothelial 

cells cultured on Electric Cell Substrate Impedance Sensing (ECIS)-electrodes were used. 

Exposure of the endothelial cells to 35 days cold stored erythrocytes (102–107 erythrocytes 

mL-1) did not affect the barrier function when compared to the control (HEPES buffer) (Fig-

ure 1A; Supplemental Figure IA). Interestingly, the supernatant, separated from the cold 

stored erythrocytes did reduce the endothelial barrier function (Figure 1A; Supplemental 

Figure IA). The reduction in barrier function was not induced by the additive solution (SAGM) 

that was used for erythrocyte storage (Figure 1B; Supplemental Figure IB). Moreover, the 

endothelial response could clearly be distinguished from a thrombin-induced reduction 

in endothelial barrier function, a widely studied approach to study mechanisms driving 

endothelial integrity. While a thrombin-mediated reduction of endothelial resistance is a 

transient response, the erythrocyte supernatant-induced reduction in resistance persisted 

for several hours (Figure 1B). Immunofluorescent imaging of fixed endothelial cells after 

treatment with cold stored erythrocyte supernatant showed that the supernatant caused 

actin stress fiber formation and a loss of stable VE-cadherin-mediated cell-cell junctions. 

(Figure 1C) This response was similar to that induced by thrombin and could not be ob-

served after SAGM-treatment (Figure 1C).

Neither microparticles nor citrate caused a decrease in endothelial barrier 
function

Citrate, the anticoagulant used during the processing of the erythrocyte concentrate, 

chelates Ca2+-ions. Calcium is important for preserving the endothelial barrier function, 

since the main cell-cell adhesion protein VE-cadherin is calcium-dependent.13 Therefore, 

chelation of calcium ions could explain the loss of endothelial barrier function. When en-

dothelial cells were treated with 2.8 % citrate phosphate dextrose, no effect on endothelial 

barrier function was observed, while cold stored erythrocyte supernatant caused a sig-

nificant and persistent reduction in endothelial barrier function (Figure 2A; Supplemental 

Figure IIA). Titrating the cold stored erythrocyte supernatant showed that a minimum of 

10 % supernatant (v/v) induced a significant reduction in endothelial barrier function, sug-

gesting that a certain dose of the stimulating compound is necessary to show any effects 

(Figure 2B; Supplemental Figure IIB). Prolonged cold storage of erythrocytes induces sig-

nificant microparticle formation5, which have pro-coagulant characteristics.4,14 Circulating 
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microparticles also cause endothelial dysfunction.15 To analyze the effect of erythrocyte 

microparticles, present in the supernatant, on endothelial barrier function, the supernatant 

was differentially centrifuged at 2000xg (removing spherocytes and erythrocyte ghosts), 

4000xg (removing cell debris), or 100000xg (removing microparticles). None of these cen-

trifugation steps, including the removal of microparticles from the supernatant inhibited 

the reduction in endothelial barrier function (Figure 2C; Supplemental Figure IIC).
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Figure 1. Cold-stored erythrocyte supernatant decreases endothelial barrier function. Normalized re-
sistance of a confluent EC monolayer, measured by ECIS, after treatment with (A) HEPES (control), 102, 
103, 104, 105, 106, 107 erythrocytes mL-1, or 10 % cold stored erythrocytes supernatant. (n = 3) (B) ECs treated 
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Cadherin (red) and F-actin (green). Asterisks indicate intercellular gaps. Scale bars represent 25 µm.
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In endothelial cells, induction of acto-myosin-based contractility can mediate loss 

of cell-cell adhesion and increased permeability. This contractility is induced through 

a RhoA-ROCK (Rho Kinase) pathway.16 To test if the observed effect was mediated by 

this signaling pathway, we tested whether the Rho kinase (ROCK)-specific inhibitor 

Y-27632 could inhibit the supernatant-induced reduction in barrier function. Treatment 

of endothelial cells with Y-27632 significantly reduced the reduction of endothelial mono-

layer resistance caused by erythrocyte supernatant (Figure 2D; Supplemental Figure IID). 

These data show that the reduction in endothelial barrier function was neither caused 

by microparticles nor by citrate. However, the cold stored erythrocyte supernatant ap-

parently triggered an intracellular signaling cascade, mediated by ROCK, which caused a 

decrease in endothelial barrier function.

Recalcification of citrate anticoagulated plasma causes thrombin generation 
and endothelial barrier dysfunction

Although we have excluded erythrocytes, SAGM, citrate, and microparticles as inducers 

of the reduced endothelial barrier function, the exact trigger remained unknown. To test 
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sistance of a confluent EC (endothelial cell) monolayer, measured by ECIS, after treatment with (A) EGM-2 
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whether plasma remnants in the cold stored erythrocyte supernatant caused the disruption 

in barrier function, we compared the supernatant with a combination of washed erythro-

cytes and SAGM, plasma and SAGM, and a combination of erythrocytes with plasma. Inter-

estingly, every condition that contained citrate anticoagulated plasma caused a disruption 

of endothelial barrier function (Figure 3A; Supplemental Figure IIIA). Thrombin itself causes 

a fast and strong reduction in endothelial barrier function.17 We reasoned that thrombin in 

plasma remnants in cold stored erythrocyte concentrates could cause the endothelial bar-

rier dysfunction. However, when we measured thrombin-antithrombin complexes in simi-

lar conditions as depicted in Figure 3A, very little thrombin-antithrombin complexes could 

be found (Figure 3B). Alternatively, thrombin could have been generated after plasma was 

exposed to EGM-2 culture medium. After measuring thrombin-antithrombin complexes 

in EGM-2 or EGM-2 with erythrocyte supernatant it became evident that thrombin was 

generated as soon as the erythrocyte supernatant became exposed to the EGM-2 culture 

C

A

N
or

m
al

iz
ed

 
R

es
is

ta
nc

e

B

0 1 2 3 4 5
Time (Hours)

1.25

1.00

0.75

0.50

0.25

0.00

SAGM + Ery
SAGM + Plasma

Erythrocyte Sup.
Ery + Plasma

0 1 2 3 4 5
Time (Hours)

N
or

m
al

iz
ed

 
R

es
is

ta
nc

e

1.25

1.00

0.75

0.50

0.25

0.00

D

N
or

m
al

iz
ed

 
R

es
is

ta
nc

e

Time (Hours)
0 1 2 3 4 5

1.25

1.00

0.75

0.50

0.25

0.00

0.3 U Hirudin
1.0 U Hirudin
3.0 U Hirudin

Blan
c

Seru
m

Ery 
+ P

las
ma

SAGM + 
Plas

ma

EGM-2

EGM-2 
+ E

ry 
Sup.

4.0

3.0

2.0

1.0

0.0

SAGM + 
Ery

Ery 
Sup.

O
pt

ic
al

 D
en

si
ty

 
(4

50
 n

m
)

Control (SAGM)
Ery Sup.
0.1 U Hirudin

0.1 U/ml Thrombin
0.01 U/ml Thrombin

Control (SAGM)
10 U/ml Thrombin
1 U/ml Thrombin

Figure 3. Plasma remnants in cold stored erythrocyte products interferes with endothelial barrier func-
tion. A, Normalized resistance of a confluent EC monolayer, measured by ECIS, after treatment with washed 
cold stored erythrocytes mixed with SAGM, 10 % cold stored erythrocytes supernatant, washed cold stored 
erythrocytes mixed with plasma, or SAGM mixed with plasma. B, Thrombin-antithrombin complex ELISA. 
Serum was used as positive control. The samples from (A) were measured and EGM-2 culture medium with 
or without 10 % cold stored erythrocyte supernatant. Results are given in optical density (absorbance 450 
nm). C, Normalized resistance of a confluent EC monolayer, measured by ECIS, after treatment with SAGM 
(control), or respectively 0.01, 0.1, 1.0, or 10 U/mL thrombin. D, Normalized resistance of a confluent EC 
monolayer, measured by ECIS, after treatment with SAGM (control), or 10 % cold stored erythrocytes super-
natant after pretreatment (2 h) with respectively, 0, 0.1, 0.3, 1.0, or 3.0 units hirudin. Values are means±SD 
(n = 3; Each n represents single independent experiments using samples from different donors).



Appendix II

184

medium (Figure 3B). Excessive thrombin generation could also explain the prolonged re-

duction of endothelial monolayer resistance. However, treatment of endothelial cells with 

varying concentrations of thrombin showed that the amplitude of the response was deter-

mined by the thrombin concentration, but the duration of the response was barely affected 

(Figure 3C; Supplemental Figure IIIB). Although the duration of the response caused by cold 

stored endothelial supernatant was different from a normal thrombin response, it seemed 

evident that thrombin caused the loss of endothelial integrity induced by cold stored 

erythrocyte supernatant. This was further substantiated by pre-treating endothelial cells 

with hirudin, a natural inhibitor of thrombin, which induced a dose-dependent inhibition 

of supernatant-induced reduction of endothelial barrier function (Figure 3D; Supplemental 

Figure IIIC). These data show that recalcification of citrate anticoagulated plasma causes 

thrombin generation and endothelial barrier dysfunction.

DISCUSSION

In this study, we investigated the effect of cold stored erythrocytes on endothelial barrier 

function, in order to test if the erythrocyte storage lesion could have negative effects on 

vascular integrity. Erythrocytes stored for 35 days in SAGM, followed by washing in HEPES 

buffer, did not affect endothelial barrier function. Interestingly however, the supernatant 

from such cold stored erythrocytes had a pronounced and persistent negative effect on 

monolayer integrity. Exposing endothelial cells to cold stored erythrocyte supernatant 

caused actin stress fibre formation and a loss of stable VE-cadherin junctions. This reduc-

tion in endothelial barrier function was not caused by the SAGM storage medium, citrate, 

or erythrocyte microparticles. However, we found that thrombin, derived from plasma 

remnants in cold-stored erythrocyte concentrates and generated during the assay caused 

the persistent endothelial barrier dysfunction. Hirudin, which binds to and inhibits acti-

vated thrombin18, could prevent this erythrocyte supernatant-induced endothelial barrier 

dysfunction. Although thrombin caused the initial reduction in endothelial barrier function, 

persistent barrier dysfunction could not be explained by thrombin alone. Treatment of 

endothelial cells with a thrombin concentration of 10 units/mL was still reversible. This 

suggests that persistent endothelial barrier dysfunction is caused by a component which 

acts secondary to thrombin.

Besides thrombin generation, fibrin formation was also observed during our assays. 

Fibrin forms, after thrombin-mediated cleavage of fibrinogen, a dense network which is 

able to trap erythrocytes in clots.19 This network could possibly affect endothelial cells 

during the thrombin response and prevents them from re-establishing a stable non-per-

meable monolayer, explaining the long-term reduction in endothelial integrity. A direct 

effect of fibrin on endothelial cells has been described before by Kadish J et al.20 Direct 
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contact of fibrin resulted in disorganization of endothelial monolayer architecture.20 Fur-

thermore, C-terminal fragments of the fibrinogen γ chain (γC) induce in vitro endothelial 

barrier dysfunction and in vivo microvascular leakage via integrin-β3 and RhoA signal-

ling.21 Endothelial barrier dysfunction was dependent on γC fragment concentration and 

was mild and reversible at lower concentrations (< 40 µg/mL). At a concentration above 

40 µg/mL, endothelial permeability was severe and persisted for several hours.21 In our 

assays fibrinolysis after fibrin formation could be the source of C-terminal fragments 

of the fibrinogen γ chain and affect endothelial barrier function. This may explain the 

persistent barrier dysfunction we observed.

The most commonly used anticoagulants for collecting blood sample are: citrate, 

EDTA, and heparin. Because recalcification of citrate anticoagulated plasma remnants 

in our sample had a negative effect on endothelial barrier function, different antico-

agulation strategies should be taken into consideration in assays where the effect of 

plasma samples on endothelial barrier function needs to be tested. Citrate and EDTA 

anticoagulated samples will be recalcified once they are added to the endothelial cell 

culture. This recalcification will trigger thrombin activation and fibrin formation, which 

both affect endothelial barrier function. This can be prevented by supplementing these 

samples with hirudin or the selective and irreversible thrombin inhibitor PPACK.22 Hepa-

rin anticoagulated samples should not be a problem in assays where endothelial barrier 

function is measured, because heparin binds to and activates antithrombin III, which 

then inactivates thrombin.23,24 To conclude, it is recommended to take the effects that 

anticoagulation strategies could have on your readout into consideration when doing in 

vitro endothelial cell-blood cell assays.
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Supplemental Figure I. Relative reduction of endothelial monolayer resistance after cold stored eryth-
rocyte exposure. A, Maximal reduction of endothelial monolayer resistance, measured by ECIS, after 
treatment with HEPES (control), 10 % cold stored erythrocytes supernatant, or 107, 106, 105, 104, 103, 102 
erythrocytes mL-1. (n = 3) B, Maximal reduction of endothelial monolayer resistance, measured by ECIS, af-
ter treatment with SAGM (control), 1 U/mL thrombin, or 10 % cold stored erythrocytes supernatant. Values 
are means±SD (n = 3; Each n represents single independent experiments using samples from different do-
nors). Statistical analysis was performed using a 1-way analysis of variance (ANOVA) in which all means 
were compared with HEPES (A) or SAGM (B) as control followed by Bonferroni’s post hoc test. **P < 0.01; 
****P < 0.0001.
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Supplemental Figure II. Relative reduction of endothelial monolayer resistance after treatment with 
erythrocyte supernatant. A, Maximal reduction of endothelial monolayer resistance, measured by ECIS, 
after treatment with EGM-2 (control), SAGM, 2.8 % citrate phosphate dextrose, or 10 % cold stored eryth-
rocytes supernatant. B, Maximal reduction of endothelial monolayer resistance, measured by ECIS, after 
treatment with SAGM (control), 1 U/mL thrombin, or respectively 0.01 %, 0.1 %, 1.0 %, or 10 % cold stored 
erythrocytes supernatant. C, Maximal reduction of endothelial monolayer resistance, measured by ECIS, 
after treatment with SAGM (control), or at 2000 g, 4000 g, or 100000 g microparticle depleted cold stored 
erythrocytes supernatant. D, Maximal reduction of endothelial monolayer resistance, measured by ECIS, af-
ter treatment with SAGM (control), or 10 % cold stored erythrocytes supernatant with or without 10 µmol/L 
Y27632. Values are means±SD (n = 3; Each n represents single independent experiments using samples from 
different donors). Statistical analysis was performed using a 1-way analysis of variance (ANOVA) in which all 
means were compared with EGM-2 or SAGM as control (A to C) or a multiple comparison 1-way ANOVA (D) 
each followed by Bonferroni’s post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001 ****P < 0.0001.
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Supplemental Figure III. Hirudin prevents the thrombin induced reduction of endothelial monolayer 
resistance. A, Maximal reduction of endothelial monolayer resistance, measured by ECIS, after treatment 
with washed cold stored erythrocytes mixed with SAGM, 10 % cold stored erythrocytes supernatant, washed 
cold stored erythrocytes mixed with plasma, or SAGM mixed with plasma. B, Maximal reduction of endo-
thelial monolayer resistance, measured by ECIS, after treatment with SAGM (control), or respectively 0.01, 
0.1, 1.0, or 10 U/mL thrombin. C, Maximal reduction of endothelial monolayer resistance, measured by ECIS, 
after treatment with SAGM (control), or 10 % cold stored erythrocytes supernatant after pretreatment (2 h) 
with respectively, 0, 0.1, 0.3, 1.0, or 3.0 units hirudin. Values are means±SD (n = 3; Each n represents single 
independent experiments using samples from different donors). Statistical analysis was performed using 
a 1-way analysis of variance (ANOVA) in which all means were compared with SAGM mixed with washed 
erythrocytes (A) or SAGM as control (B to C) followed by Bonferroni’s post hoc test. *P < 0.05; ***P < 0.001 
****P < 0.0001.





Look up through the trees to feel as small as you can
You hear the clocks counting down
The nights are longer now than ever before
But now you see the lights from the town

Editors
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Een onbelemmerde circulatie van bloed door ons lichaam is essentieel om menselijk leven 

mogelijk te maken. De rode bloedcellen (erythrocyten) voorzien organen van zuurstof 

en voorkomen een ophoping van koolstofdioxide in de organen door deze weer weg te 

transporteren waarna het via de longen uitgescheiden kan worden. Tevens voorziet de 

bloedsomloop in het transport van voedingsstoffen, signaalstofjes (bijvoorbeeld hormo-

nen en cytokinen) en afvalstoffen om ons lichaam goed te laten functioneren. Daarnaast 

beschermen de witte bloedcellen (leukocyten) ons lichaam tegen ziekteverwekkers 

(pathogenen). Om deze circulatie in stand te houden heeft ons lichaam, naast een goed 

functionerende hartspier, een systeem nodig om de continue circulatie van het bloed in 

stand te houden. Bloed moet altijd binnen de bloedvaten blijven, immers zou het weglek-

ken van bloed leiden tot een tekort aan rode cellen (anemie) waardoor niet voldoende 

zuurstof bij organen kan komen (hypoxie). Om bloed binnen de bloedvaten te houden, 

bestaat de bloedvatwand uit een laag gespecialiseerde cellen (endotheelcellen) welke de 

doorlaatbaarheid van voedingstoffen, afvalstoffen en witte bloedcellen strikt reguleren, 

maar tevens ook een barrière vormen voor de rode bloedcellen. Desondanks kan een 

bloedvat beschadigt raken en zal het bloed weg kunnen lekken. Om dit probleem op te 

lossen, heeft ons lichaam een systeem ontwikkeld om bloed van een vloeibare substantie in 

een vaste substantie om te zetten, het bloed stolt, zodat er een korstje kan ontstaan welke 

het beschadigde bloedvat dicht. In het proces van bloedstolling spelen de bloedplaatjes 

(trombocyten) en stollingseiwitten (stollingsfactoren) een belangrijke rol. De stollings-

factoren samen met de bloedplaatjes kunnen dus bloedstolsels maken welke ons lichaam 

nodig heeft om beschadigde bloedvaten te herstellen. Dit proces moet sterk gereguleerd 

worden door ons lichaam. Stolt het bloed niet goed genoeg dan kan er lekkage optreden 

(bloeding), stolt het bloed daarentegen te goed dan kan het bloed in de bloedvaten gaan 

stollen (trombose) en bloedvaten gaan blokkeren.

Trombose kent twee varianten: het bloed kan stollen in een slagader (arterie) of in een 

ader (vene). Zowel arteriële als veneuze trombose leiden tot een verstoorde bloedsom-

loop en kunnen levensbedreigend zijn. Echter, zijn ze heel erg verschillend van elkaar. 

Arteriële trombose ontstaat meestal door aderverkalking (atherosclerose). Atheroscle-

rose ontstaat door de ophoping van vetachtige stoffen in de slagaderwand. Er ontstaat 

een ontsteking (inflammatie) op de plek waar deze vetachtige stoffen zich ophopen en 

witte bloedcellen gaan op die plek onder de bloedvatwandcellen zitten om de schadelijke 

stoffen op te ruimen. De schadelijke stoffen en witte bloedcellen gaan zich op den duur 

ophopen onder de bloedvatwand en vormen een ontstoken plakkaat (atherosclerotische 

plaque) in de slagader. Het kan voorkomen dat deze plaque kapot gaat waardoor op deze 

locatie het bloed ineens aan alle schadelijke stoffen en opgehoopte witte bloedcellen 

bloot wordt gesteld. Als dit gebeurd kan het bloed spontaan gaan stollen en het stolsel 
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dat wordt gevormd, kan vervolgens een slagader blokkeren. Als zo’n blokkade optreedt 

kan er geen bloed en dus ook geen zuurstof meer komen bij het achterliggende weefsel. 

Dit weefsel raakt hierdoor beschadigd en kan zelfs volledig afsterven. Arteriële trombose 

vindt meestal plaats bij de slagaders die het hart of de hersenen van bloed voorzien en 

is daardoor meestal de oorzaak van een hartinfarct, een TIA (transient inschemic attack; 

een herseninfarct zonder blijvende schade) of een stroke (een herseninfarct met blijvende 

schade).

Veneuze trombose, daartegenover, ontstaat in aders en er gaat aan de ontwikkeling 

van het stolsel een heel ander proces vooraf. Veneuze trombose ontstaat meestal door-

dat het bloed tijdelijk stil komt te staan binnen de circulatie. Niet de hele bloedsomloop 

zal stil komen te staan, maar het bloed kan, wanneer het zeer langzaam stroomt, in 

bijvoorbeeld de kleppen in de aders van je benen of je armen lokaal stil blijven staan. 

Hier gaat vaak een langdurige periode van weinig beweging aan vooraf, denk aan lang 

stilzitten in een vliegtuig. Zodra het bloed lang stilstaat bij zo’n klep in een ader, zal het 

omliggende weefsel langzaam aan alle zuurstof opmaken. Bij een gebrek aan nieuw, vers 

bloed zal er heel lokaal hypoxie optreden. Dit lokale gebrek aan zuurstof zorgt ervoor dat 

de bloedvatwandcellen geactiveerd raken. Een geactiveerde bloedvatwandcel zal stofjes 

uit gaan scheiden die witte bloedcellen lokken (cytokinen en chemokinen). Tevens zal 

de geactiveerde bloedvatwandcel een specifiek bloedstollingseiwit uitscheiden welke 

von Willebrand factor heet. Von Willebrand factor is een heel bijzonder eiwit welke een 

belangrijke rol speelt in bloedstolling. Dit eiwit heeft de unieke eigenschap dat het een 

soort microscopisch kleine elastiekjes kan vormen in de bloedsomloop die bloedplaatjes 

vangen. De combinatie van witte bloedcellen en von Willebrand factor welke bloedplaat-

jes vangt creëert een situatie in de ader die bloedstollingsfactoren activeert. Hierdoor zal 

een bloedstolsel ontstaan. Zolang het bloedstolsel in de armen of de benen zit, kan het 

tot verstoppingen op die locatie zorgen, met als gevolg het opzwellen van het weefsel 

dat zich voor het stolsel bevindt. Het bloed kan immers niet meer terug stromen naar het 

hart. Dit kan zeer veel pijn teweeg brengen en ernstige schade veroorzaken. Een veneus 

bloedstolsel kan ook losschieten en ergens anders een blokkade (embolie) vormen en 

daarmee ernstige schade aan longen, hart of hersenen veroorzaken.

Hoewel er al veel bekend is over het ontstaan van arteriële trombose, is er relatief nog 

weinig kennis van veneuze trombose. Het is bekend dat bloedplaatjes (trombocyten) een 

grote rol spelen in arteriële trombose. De bloedplaatjes geven een arteriële trombus zijn 

karakteristieke wit/grijze kleur. Een veneuze trombus daarentegen heeft een karakteris-

tieke rode kleur, welke veroorzaakt is door de massale aanwezigheid van rode bloedcel-

len (erythrocyten). Wat deze rode bloedcellen doen in deze trombus, hoe ze er komen en 

welke rol van betekenis ze spelen is tot op heden onbekend.

Het onderzoek in dit proefschrift richt zich op het achterhalen van de rol van rode 

bloedcellen in veneuze trombose. We hebben geprobeerd antwoorden te vinden op vra-
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gen als: kunnen rode bloedcellen plakken aan de bloedvatwandcellen? Hoe blijven rode 

bloedcellen in een veneus stolsel zitten? Kunnen rode bloedcellen plakken aan bepaalde 

(stollings)eiwitten? Is er een link tussen rode bloedcellen en het stollingseiwit von Wil-

lebrand factor?

In hoofstuk 1 wordt er een korte algemene introductie gegeven over bloedstolling. De 

rol van bloedplaatjes en bloedstollingseiwitten wordt besproken. Tevens bespreken we 

enerzijds de oorzaken van bloedingen en anderzijds het proces van arteriële en veneuze 

trombose. We hebben ook gekeken naar wat er bekend is over de rol van rode bloedcellen 

in bloedstolling. Vandaaruit is ons onderzoek gestart met een aantal onderzoeksvragen 

welke het eerste hoofdstuk afronden.

Hoofdstuk 2 beschrijft de eerste bevindingen van onze studie. Door gebruik te maken 

van hele kleine kamertjes waarin we bloedvatwandcellen afkomstig van navelstrengen 

van pasgeboren baby’s hebben gekweekt, konden we testen hoe bloed reageert onder 

bepaalde omstandigheden met de bloedvatwand. We kwamen tot de conclusie dat onder 

normale omstandigheden rode bloedcellen niet plakken aan de bloedvatwandcellen. In-

teressant echter, de rode bloedcellen plakken massaal aan de bloedvatwand als de bloed-

vatwandcellen geactiveerd raken en tevens de rode cellen geladen worden met calcium. 

Een dubbele hit leidt dus tot het plakken van rode bloedcellen aan de bloedvatwand. 

Tevens laten we in dit hoofdstuk zien dat de rode bloedcellen plakken aan het eiwit von 

Willebrand factor. Dit eiwit vormt een soort elastiekjes op de bloedvatwandcellen welke 

de rode bloedcellen vangen. Zonder het eiwit von Willebrand factor neemt het aantal 

rode bloedcellen dat aan de bloedvatwand blijft plakken sterk af. Tenslotte laten we ook 

zien dat rode bloedcellen uit zichzelf aan von Willeband factor blijven plakken zonder 

eventuele hulp van bloedplaatjes.

Nu we weten dat rode bloedcellen aan von Willebrand factor plakken, willen we ook 

weten hoe specifiek deze interactie is en of deze interactie gebeurd onder een omstan-

digheid die karakteristiek is voor arteriële of voor veneuze trombose. De resultaten 

van dit onderzoek zijn beschreven in hoofdstuk 3. Hier hebben we wederom gebruik 

gemaakt van de kleine kamertjes waar we bloed doorheen hebben gepompt, echter 

hebben we er deze keer voor gekozen om geïsoleerde eiwitten te gebruiken in plaats 

van bloedvatwandcellen. Door deze techniek te gebruiken, hebben we aan kunnen tonen 

dat rode bloedcellen heel specifiek aan von Willebrand factor plakken, maar niet tot 

nauwelijks aan andere eiwitten welke we ter controle hebben getest. Nog belangrijker, 

we hebben tevens aangetoond dat rode cellen steeds prominenter aan von Willebrand 

factor gaan plakken naarmate het bloed langzamer gaat stromen. Wederom konden we 

dit niet waarnemen als we bloed over controle eiwitten lieten stromen. Het langzaam 

tot niet meer stromen van bloed is karakteristiek voor veneuze trombose. Waar aan de 

andere kant, het steeds sneller stromen van bloed, door een vernauwing van het bloed-

vat, karakteristiek is voor arteriële trombose. Zoals eerder al genoemd bevinden rode 
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bloedcellen zich met name in een veneuze trombus en bloedplaatjes met name in een 

arteriële trombus. Interessant genoeg, in hoofdstuk 3 laten we zien dat zodra het bloed 

langzamer gaat stromen de rode cellen aan von Willebrand factor gaan plakken. Terwijl 

als het bloed sneller gaat stromen, bloedplaatjes aan von Willebrand factor gaan plakken. 

Het lijkt er dus op dat we een heel specifiek onderscheid hebben ontdekt tussen veneuze 

en arteriële trombose. Verder hebben we in dit hoofdstuk ook gekeken of we rode bloed-

cellen konden zien plakken aan von Willebrand factor in bloedstolsels van patiënten die 

een veneuze trombus hadden. Verbazingwekkend genoeg leek er een duidelijk patroon 

in deze stolsels te zitten, waarbij rode cellen met elkaar en met fibrine, het eiwit dat 

bloedstolsels vormt, werden verbonden door von Willebrand factor. Rode bloedcellen 

die binden aan von Willebrand factor lijken dus een belangrijke rol te spelen in veneuze 

trombose.

Om verder te gaan met ons onderzoek naar het binden van rode bloedcellen aan von 

Willebrand factor, hebben we onderzocht of we aanwijzingen konden vinden of rode 

bloedcellen ook in de normale bloedsomloop von Willebrand factor met zich meedragen. 

In hoofdstuk 4 is beschreven hoe we rode bloedcellen hebben geanalyseerd door middel 

van een techniek genaamd fluorescent activated cell sorting naar de aanwezigheid van 

von Willebrand factor op hun celmembraan. We hebben geen von Willebrand factor op 

het celmembraan van vers geïsoleerde rode bloedcellen kunnen ontdekken. Echter, we 

hebben wel ontdekt dat een antilichaam tegen von Willebrand factor welke veel wordt 

gebruikt in de medische diagnostiek kruis reageert met bloedgroep A op de rode bloed-

cellen. Met dit antilichaam kun je dus naast bloedplaatjes en bloedvatwandcellen dus 

ook aan rode bloedcellen een labeltje hangen. Dit is iets om rekening mee te houden, 

wanneer men gebruik maakt van dit antilichaam.

Hoewel rode bloedcellen in de normale circulatie dus niet aan von Willebrand factor 

lijken te plakken, is er toch een interessante relatie tussen rode bloedcellen en von Wil-

lebrand factor. In hoofdstuk 5 beschrijven we aan de hand van een literatuurstudie de 

relatie tussen het ABO bloedgroepen systeem en von Willebrand factor. Er is een verband 

tussen bloedgroepen en de hoeveelheid von Willebrand factor in de bloedsomloop. 

Mensen met bloedgroep A, B of AB hebben beduidend meer von Willebrand factor in 

hun bloed dan mensen met bloedgroep O. Diverse studies suggereren dat de variatie 

van von Willebrand factor in het bloed direct afhankelijk is van de bloedgroep van de 

persoon. Nog interessanter is dat enkele studies suggereren dat de ABO bloedgroep 

van de persoon zelf en niet die van von Willebrand factor, welke ook de ABO bloedgroep 

suikers draagt, bepalend is voor de hoeveelheid von Willebrand factor in het bloed. Wat 

de precieze link is tussen de ABO bloedgroepen en von Willebrand factor, blijft voorals-

nog onbekend. Echter, wat zeer interessant is, is dat wij aangetoond hebben dat rode 

bloedcellen, welke de voornaamste cellen zijn die de ABO bloedgroepen dragen, aan von 

Willebrand factor kunnen binden, terwijl er tevens een duidelijke link is tussen de ABO 
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bloedgroepen en de hoeveelheid von Willebrand factor in het bloed. Hier is dus nog veel 

ruimte voor toekomstig onderzoek.

In hoofdstuk 6 vatten we onze bevindingen samen en bediscussiëren we de mogelijke 

implicaties van onze resultaten. Zo komt bijvoorbeeld het mechanisme achter de binding 

van rode bloedcellen aan von Willebrand factor aan bod. Verder gaan we hier dieper in 

op de verschillen en overeenkomsten tussen arteriële en veneuze trombose en gaan we 

hierbij ook in op de rol van rode bloedcellen in beide processen. Tenslotte wordt er voor-

zichtig gekeken naar mogelijke toepassing van onze bevindingen in de kliniek. Ondanks 

dat onze bevindingen erg basaal zijn er diverse vervolg onderzoeken nodig zijn, zouden 

rode bloedcellen mogelijk een goed doel kunnen zijn om in te grijpen bij het ontstaan of 

voorkomen van trombose.

Naast het werk dat gericht is op trombose, rode bloedcellen en von Willebrand factor, 

hebben we tevens nog aan twee andere projecten gewerkt. De resultaten van deze 

projecten zijn opgenomen in de appendices. In appendix I is een onderzoek beschreven 

waarbij we hebben gekeken naar de verschillen tussen arteriële en veneuze bloedvat-

wandcellen. In dit onderzoek hebben we voor het eerst de bloedvatwandcellen in een 

menselijke bloedvatwand op een hoge resolutie in beeld kunnen brengen zonder ze eerst 

uit hun natuurlijke omgeving weg te hebben gehaald. Deze studie heeft aangetoond dat 

er een verschil is in het skelet van cellen (cytoskelet) tussen arteriële en veneuze bloed-

vatwandcellen. Tevens laten we in deze studie zien dat er verschil is in de wijze waarop 

deze cellen vastzitten aan de bloedvaten. De resultaten van dit onderzoek dragen bij aan 

onze kennis van de bloedvaten en kunnen op de lange termijn bijdragen aan studies naar 

trombose, bloeding en ontsteking.

Tenslotte hebben we in appendix II onderzocht of rode bloedcellen, die gebruikt wor-

den voor bloedtransfusies, kunnen leiden tot het verminderen van de barrière functie van 

bloedvatwandcellen. In deze studie zijn we tot de conclusie gekomen dat de rode bloed-

cellen, die de bloedbank gebruikt voor bloedtransfusies, niet direct leiden tot een ver-

minderde barrière functie van de bloedvatwandcellen. Tevens hebben we in deze studie 

aangetoond dat bij het onderzoek doen naar de barrière functie van bloedvatwandcellen, 

bloedplasma een groot effect kan hebben. Zodra bloed buiten de bloedsomloop komt, 

zal het altijd gaan stollen. Eiwitten die geactiveerd worden tijdens bloedstolling kunnen 

grote effecten uitoefenen op de bloedvatwandcellen. Bloedstolling zal dus altijd voorko-

men moeten worden als men bloedvatwandcellen buiten het lichaam wilt onderzoeken. 

Antistollingsmiddelen hebben echter ook een sterk effect op de bloedvatwandcellen. De 

laatste conclusie die we trekken in dit proefschrift is: voor het onderzoeken van bloedvat-

wandcellen in combinatie met bloed zal men altijd moeten proberen, om bloedstolling 

te voorkomen, het juiste anticoagulans te gebruiken zodat de bloedvatwandcellen niet 

worden geactiveerd.
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Dutch Endothelial Biology (DEBS) Fall Meeting.
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Sanquin Science Day
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San Francisco, USA

Poster 2014



201

PhD Portfolio

AIII

3th DSCB Trippenhuis meeting
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Interactive Infection & Immunity retreat (Triple I).
Kameryck, The Netherlands

Oral 2013

3rd Cardiovascular Conference Noordwijkerhout, the Netherlands Poster 2013
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International Society of Blood Transfusion, Amsterdam, The Netherlands Attended 2013

Dutch Endothelial Biology (DEBS) Fall Meeting.
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“Stasis promotes erythrocyte adhesion to von Willebrand factor”
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Editorial Scott Diamond “When flow goes slow, von Willebrand factor can bind red blood cells” 
about the publication “Stasis promotes erythrocyte adhesion to von Willebrand factor”
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“F-actin-anchored focal adhesions distinguish endothelial 
phenotypes of human arteries and veins“
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Left: Cover September 2017 edition, Atherosclerosis Thrombosis and Vascular Biology journal. Image is 
from the article: “Stasis promotes erythrocyte adhesion to von Willebrand factor” Right: Cover September 
2014 edition, Atherosclerosis Thrombosis and Vascular Biology journal. Image is from the article: “F-actin-
anchored focal adhesions distinguish endothelial phenotypes of human arteries and veins”
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DANKWOORD

Eindelijk is het dan zover. Het moment van afronden is officieel aangebroken. Het is lastig 

te beschrijven hoe ik me voel om na 5 jaar werken de laatste hand te leggen aan dit boek. 

Ik denk dat alleen de mensen die hetzelfde traject hebben doorlopen, zullen begrijpen hoe 

het is om dit punt te bereiken. Na jaren van hard werken, bloed (ja, zeer veel bloed), zweet 

en tranen (een enkele), blader ik door dit werk heen en kan ik maar een ding bedenken: ik 

ben trots op het eindresultaat!

Dit punt heb ik nooit kunnen bereiken zonder de hulp van anderen. Allereerst en het 

meest van iedereen wil ik mijn promoter bedanken. Peter, bedankt dat je mij deze kans 

hebt geboden en dat je deze test met mij hebt doorstaan. Ik kan me herinneren dat je bij 

mijn sollicitatiegesprek vroeg naar een slechte eigenschap van me. Hierop antwoorde 

ik: koppigheid. Als we nu terugkijken op de afgelopen jaren denk ik dat je dat wel kan 

beamen. Waar jij geïnteresseerd was in endotheelcellen, was ik alleen maar bezig met 

rode bloedcellen aan gekke eiwitten vast te plakken. Desondanks stond je altijd achter 

me en heb je me van begin tot eind gesteund. Je gaf me alle ruimte en vrijheid om mijn 

eigen weg te ontdekken. Dit kon ik erg waarderen, hoewel dit soms ook twijfel bij me 

zaaide. Was ik wel op de goede weg? Ging het me wel lukken om een proefschrift te 

kunnen maken? Nou… Beste Chef, ik denk dat dat wel goed is gekomen! Bedankt!

Naast Peter wil ik ook de leden van mijn promotiecommissie bedanken: Ellen, Dorus, 

Arthur, Victor en Coen. Hartelijk bedankt voor het doorlezen en beoordelen van mijn 

proefschrift. Tevens wil ik mijn co-promoter, Stephan, bedanken voor de hulp bij de 

totstandkoming van dit proefschrift en zijn bijdrage aan een van de hoofdstukken.

Ook wil ik Yvonne en Nathalie in het bijzonder bedanken. Ik ben trots dat jullie op mijn 

verdediging als paranimfen aan mijn zijde zullen staan.

Yvonne, mijn maatje bij MCB, jij was altijd in het lab te vinden… behalve ’s ochtends. 

Wat heb jij veel tijd in je werk gestoken. Terwijl iedereen naar huis was of bij Radeon aan 

het bier zat en Willem thuis de aardappelen al op had staan, ging jij nog even cellen door-

zetten of virus oogsten. Wat heb jij het verdient om binnenkort ook je PhD af te ronden. 

Ik kijk nu al uit naar je werk over de drie biggetjes. Jij was er altijd voor een praatje en met 

jou heb ik een hele leuke tijd bij Sanquin gehad. Heel veel succes met het afronden van je 

PhD en bedankt voor alles! Nog even volhouden!

Nathalie, de vrolijke, energieke meid die kan werken als een paard, de tijd dat je bij 

Sanquin was, was zeer gezellig. Terwijl ik rode cellen aan van alles en nog wat probeerde 

te plakken, knutselde jij de ene na de andere biosensor in elkaar. Mijn lange dagen achter 

de microscopen werden een stuk leuker toen jij met alle biosensoren metingen ging 

verrichten. Ook het sparren over onze projecten, ondanks dat die mijlen ver uiteen la-

gen, vond ik zeer fijn. Ik vond het dan ook zeer jammer dat jij halverwege je PhD moest 

verhuizen. Gelukkig is daarna het contact gebleven en hebben we nog leuke dingen 
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ondernomen. Ik wens jou al het beste toe en hoop dat je een leuke postdoc plek gaat 

vinden en nog ver komt in de wetenschap.

Ook wil ik mijn kamergenootjes van Y312 bedanken. Anne-Marieke, wat had ik de 

afgelopen jaren zonder jou moeten beginnen? Ondanks dat je continu bezig was met 

experimenten doen voor Stephan, Jaap, of Coert, het lab draaiende hield, studenten uit 

de brand aan het helpen was en een eindeloze lijst klusjes op aan het knappen was, stond 

je altijd klaar om mij en de overige PhD studenten bij te staan voor van alles en nog wat. 

Met jou heb ik alles kunnen delen van vreugde tot frustratie. Ik durf oprecht te zeggen 

dat jij een van de belangrijkste mensen op ons lab bent. Bedankt voor alles! Eloise, ook 

jij bedankt voor al je hulp. Bij jou kon ik altijd met problemen terecht en je zorgde voor 

de nodige gezelligheid op onze kamer. Tom, Ebbie, naast het feit dat het nog wel eens 

handig was om iemand met jouw kennis en ervaring op ICT gebied op de kamer te heb-

ben, zorgde je ook voor de nodige gezelligheid. Je wist in je eentje de testosteron levels in 

onze kamer af en toe goed omhoog te krikken. Ik hoop je in de toekomst nog eens op tv 

terug te zien bij een grote gamecompetitie! Daphne, jij natuurlijk ook hartelijk bedankt 

voor de gezellige tijd en de samenwerking bij een van de hoofdstukken in dit boek. Ik 

wens je het beste voor jou en je gezin.

Daarnaast wil ik een hele groep mensen bedanken voor hun bijdragen aan de diverse 

hoofdstukken in dit boek. Marjon, Henriët en Carmen wil ik graag bedanken voor een 

uiterst prettige samenwerking. Alexander, Dirk, Jan en Joost voor het kritisch lezen van 

de diverse stukken en de positieve bijdrage aan alles. Herm-Jan, bedankt dat je altijd 

open stond voor mijn vele vragen en dat je altijd behulpzaam was en meedacht over de 

problemen die ik trotseerde. Hans, het patiënten materiaal dat je hebt geleverd voor ons 

onderzoek heeft bijgedragen aan hele nieuwe inzichten en heeft hoofdstuk 3 in dit boek 

naar een hoger niveau weten te tillen. Bedankt voor dit alles.

Tevens wil ik graag de mensen bedanken die binnen Sanquin onmisbaar zijn om alles 

draaiend te houden en mij veel steun hebben geboden bij de diverse experimenten die 

heb ik heb gedaan. Erik, ons regelmannetje die de apparatuur werkend weet te houden 

en af en toe met zijn grappen de grenzen weet op te zoeken, wat kon ik genieten van 

je “brulmails”, zolang ik niet diegene was die de brokken had gemaakt. Helaas zijn de 

temperatuursensors in microscopen en ik geen goed huwelijk dus heb ik ook vaker de 

wind van voren moeten krijgen. Desondanks zorgde je er altijd voor dat alles zo snel mo-

gelijk weer operationeel was en zorgde je voor een vrolijke sfeer binnen Sanquin. Mark en 

Simon, de manusjes-van-alles die de FACSEN en microscopen werkend weten te houden 

ondanks dat iedereen (meestal) onbewust erg zijn best doet om alles te slopen, jullie zijn 

de mannen die repareren wat er te repareren valt, op het lab bijspringen als iemand erom 

vraagt en van elke gelegenheid die er is om een borrel te drinken, gebruik maken. Zonder 

jullie was niet alleen mijn tijd op Sanquin anders geweest, maar zou heel Sanquin anders 

zijn. Jullie inzet en gezelligheid dragen niet alleen bij aan de sfeer op de Centrale Facili-



teit, maar dragen bij aan de sfeer van heel Sanquin. Floris, altijd in een goede stemming 

en altijd bereid om iemand te helpen, ook jou wil ik bedanken voor alles! Corrie, Johanna 

en Suzanne, wat een goedlachs gezelschap vormen jullie. Zonder jullie inzet zouden de 

dagen van vele mensen op het lab er heel anders uitzien. Jullie dragen er gegarandeerd 

aan bij dat alles binnen Y3 en Y4 blijft lopen en dat doen jullie ook nog met het nodige 

plezier. Bedankt daarvoor! Marion, Gerty en Wanda, bedankt dat jullie altijd alles snel en 

goed hebben geregeld. Ook jullie zijn onmisbaar binnen Sanquin. Mya, Erik en Richard, 

bedankt met jullie hulp met de Advia, vragen met betrekking tot het verwerken van rode 

cellen en de experimenten die ik met jullie hulp heb gedaan. Ook Boukje, Anton en 

Michel wil ik bedanken voor de behulpzaamheid. Judy en Paul bedankt dat jullie met een 

eindeloos goed humeur altijd voor een goede sfeer weten te zorgen.

Daarnaast wil ik ook graag al mijn collega’s op Y3 bedanken. Lilian, bedankt voor de 

gezelligheid zowel op het lab als bij de borrels! Nog even de laatste loodjes volhouden 

en dan kan het surfen beginnen. Ik wens je heel veel plezier en succes in Australië. Jos, 

geweldig om te zien hoe je altijd kalm bent en lekker je ding blijft doen. Ik hoop dat je je 

weg positief blijft volgen en wens je het beste in de toekomst. Kaleem, een harde werker 

binnen de groep, jou wil ik in het bijzonder bedanken voor de dingen die ik van je heb 

geleerd. Ik wens je het beste met je nieuwe baan en met de toekomst. Dion, maak dat 

boek af! Als ik het kan, moet jou het zeker lukken! Bedankt voor de tijd bij MCB en in het 

bijzonder tijdens alle borrels. Heel veel succes met je carrière. Jeffrey, wat een bulk aan 

energie heb jij! Met hard werken, veel humor en een goede motivatie heb je bewezen dat 

jij uit bijzonder hout bent gesneden. Jij wist altijd de stemming erin te houden zowel op 

het lab als daarbuiten. Ik wens jou en Djuna al het goeds! Alex, you are the best! The brief 

time you spent in the Netherlands was a time of great joy. I wish you all the best and who 

knows, maybe someday I will visit you in Mexico. Janine, ook jij heel veel succes met je 

PhD. Sofia, I wish you also good luck with your PhD. For Janine, Bram, Robert and Sofia I 

would like to quote our inhouse communication specialist: “Baby steps. It’s all about baby 

steps.” Ivo, bedankt voor de goede gesprekken bij de microscopen en denk eraan: nog 

even volhouden. Je bent ver op weg en voor je het weet sta je ineens met je eigen boek in 

je handen. Timo, het was gezellig met jou erbij en ik vond het fijn om af en toe eens mijn 

eigen taal te horen in plaats van het ruwe Hollands. Ik ben blij dat jij je plek hebt gevonden 

binnen de grenzen van Limboland in het sjune Mestreech. Heel veel succes met je nieuwe 

baan. I would also like to thank Igor, Jisca and Sveta. You guys are great and it was a pity 

that everybody had to go different ways. Jaap, Mar, Coert en Ruben wil ik bedanken voor 

het feit dat ik altijd met vragen bij jullie terecht kon, voor de ondersteuning wanneer het 

nodig was en voor de gezelligheid zowel binnen als buiten Sanquin. I would also like to 

thank everybody from the PE department for the nice collaborations and a great time. 

Tevens bedankt aan alle studenten die bij ons hebben gewerkt. Het zijn er teveel om op 
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te noemen, maar bijzondere dank voor de gezelligheid gaan naar Nicolette, Bart, Aafke, 

Martin, Eider, Sanne, en Lotte.

Verder wil ik ook Annemarie Koorneef, Marten Hansen, Claudia Tersteeg en de Bel-

gische club uit Kortrijk bedanken voor de leuke tijd in de VS. Annemarie, ook jij moet nog 

even volhouden! Voor je het weet heb je dat boek af. Claudia voor jou nog een bijzonder 

bedankje: met jouw supervisie in Utrecht is het werk in dit boek allemaal begonnen. 

Door mijn werk in Utrecht aan von Willebrand factor had ik al snel door hoe het kwam 

dat de rode bloedcellen tijdens mijn promotie onderzoek aan een soort bungeekoorden 

leken te hangen. Zonder die kennis was de kans groot dat ik tijdens mijn onderzoek deze 

observatie naast me neergelegd had en een hele andere weg was ingeslagen. Jij was ook 

diegene die me erop wees dat ik bij Sanquin kon solliciteren waar ik uiteindelijk mijn PhD 

plek heb gevonden. Hierdoor heb je meer aan dit boek bijgedragen dan je je vast bewust 

van bent. Bedankt voor alles!

Buiten Sanquin zijn er ook nog een aantal mensen die ik graag wil bedanken. Allereerst, 

Etienne, jij zult vast en zeker ook blij zijn als ik klaar ben met dat vreemde werk. De 5 jaar 

dat ik aan mijn PhD heb gewerkt, heb ik veel aan mijn neus voorbij laten gaan. Achteraf 

gezien heb ik meer tijd in dit werk gestoken dan misschien nodig was. Desondanks bleef 

jij achter me staan. Daarvoor wil ik je bedanken. In 2018 hebben we gelukkig al de eerste 

plannen in de agenda staan om wat in te halen. Hanneke, ook jou wil ik bedanken voor 

de gezellige tijd en dat ik lief en leed met jou kon delen. Ellen, tijdens mijn tijd als PhD 

student heb je heel veel voor mij betekend. Dank je.

Ten slotte wil ik mijn familie bedanken. Pap, Mam en Alan, bedankt voor jullie on-

voorwaardelijke steun. Er is veel gebeurd de afgelopen jaren en ik was niet altijd de 

makkelijkste en toch stonden jullie altijd achter mij.

Bedankt!



Good Riddance
Another turning point, a fork stuck in the road
Time grabs you by the wrist, directs you where to go
So make the best of this test, and don’t ask why
It’s not a question, but a lesson learned in time
It’s something unpredictable, but in the end it’s right
I hope you had the time of your life

Billie Joe Armstrong
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Venous thromboembolism represents the third leading vascular disease 
after myocardial infarction and stroke. Erythrocytes, the most abundant 
cells in venous thrombi, are thought to be innocent bystanders that be-
come tangled up in the fibrin mesh of venous thrombi. This thesis pro-
vides evidence that erythrocytes can bind to von Willebrand factor. The 
interaction between erythrocytes and von Willebrand factor increases sig-
nificantly when the wall shear stress approaches stasis. Moreover, detailed 
microscopy imaging demonstrates that erythrocytes, von Willebrand fac-
tor, and fibrin show a striking pattern in human venous thrombi by form-
ing erythrocyte-von Willebrand factor-erythrocyte and erythrocyte-von 
Willebrand factor-fibrin complexes. The interaction between erythrocytes, 
von Willebrand factor, and fibrin may contribute to the stabilization and 
propagation of a venous thrombus and could be a novel target for clinical 
intervention.


