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List of Abbreviations 
 

 

 

aa: amino acid 
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LLC: Lewis Lung Carcinoma  

LRP: Low-density lipoprotein receptor -Related Protein 

NIF: Neutrophil Inhibiting Factor 

OD: Optical Density 

OPG: Osteoprotegerin 
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RAP: Receptor Associated Protein 
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t-PA: tissue-type Plasminogen Activator  

SD: Standard Deviation 

SEM: Standard Error of the Mean 

SSL-5: Staphylococcal Superantigen-Like-5 
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TF: Tissue Factor 

TLR: Toll-Like Receptor  

TSP-1: Thrombospondin-1 

UL: Ultra Large 

VLDL-R: Very-Low Density Lipoprotein Receptor  

WP: Weibel-Palade 

VWD: Von Willebrand Disease 

VWF: Von Willebrand Factor 

Wt: Wild-type 
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Von Willebrand Factor (VWF) 

In 1926, the Finnish pediatrician Dr. Erich A. von Willebrand (1870-1949) described a 
novel bleeding disorder1;2. Although to some extent similar to the bleeding disorder 
hemophilia, there were a number of marked differences. Whereas classical hemophilia 
mainly affected males and was characterized by joint and soft tissue hemorrhage, the 
predominant symptoms in the new pathology were mucosal bleedings. In addition, both 
genders were carriers of the disease. This disorder was originally called “hereditary pseudo-
hemophilia”. Indeed, blood levels of factor VIII were found to be reduced in some of the 
patients 3-5. However, it was not until 1971 that the main protein missing in these patients 
was identified. This protein, initially designated FVIII related antigen (FVIII:RAg), has 
been renamed von Willebrand factor (VWF)6. Consequently, the disorder is renamed von 
Willebrand disease (VWD) in honor of its discoverer. 

Life Cycle of VWF 

From Gene to Protein  

In 1985, four independent teams determined the cDNA sequence of VWF 7-10. Its gene 
is located on the short arm of chromosome 12 (12p13.3)7;9 and comprises of about 178 kilo 
base pairs (kb) and 52 exons11. After transcription into a messenger RNA of about 9 kb, 
translation leads to a 2813 amino acid (aa) pre-pro-VWF. A 21 to 29 kb long nonfunctional 
pseudo-gene has also been reported, which is located on chromosome 2212. This pseudo-
gene corresponds to exons 23-34 of the authentic gene and displays more than 95% 
homology13.  

Pre-pro-VWF is synthesized in megakaryocytes and endothelial cells (EC)14-16 as a 
protein comprising of a signal peptide of 22 aa (exons 2-3), a propeptide of 741 aa (exons 
3-18) constituted of domains D1 and D2, and a 2050 aa mature subunit (exons 19-52)11 
organized in 12 distinct domains: D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK (Figure 1). 
Pre-pro-VWF undergoes a similar maturation process in both megacaryocyte and ECs15. In 
the endoplasmatic reticulum (ER), the signal peptide is cleaved off to give the precursor 
pro-VWF. Pro-VWF is N-glycosylated on 12 asparagines (Asn 857, 1147, 1231, 1515, 
1574, 2223, 2290, 2357, 2400, 2546, 2585 and 2790)17, where the formation of 
intermolecular disulfide bridges (Cys 2771, 2773 and 2811)18-20 in the CK domain induces 
the dimerization of the pro-VWF21;22.  

Dimerized subunits are transported to the Golgi apparatus, where further glycosylation 
takes place. N-linked glycans undergo maturation, while O-linked glycosylations occur 
mainly in the region of the A1 domain (Thr 1248, 1255, 1256, 1468, 1477 and 1487; Ser 
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1263 and 148617). Two other sites for O-linked glycosylation are found at positions 1679 
(A3 domain) and 2298 (B domain). The total carbohydrate-content contributes up to 20% 
of the mass of WVF.  

In the trans-Golgi network, VWF is sulfated23 and undergoes multimerization. This 
process, which may proceed independently of the dimerization22, is due to the formation of 
disulfide bonds at the N-terminal part of the protein. Disulfide bond formation only occurs 
under conditions of acidic pH, preferably at pH 5.824;25. This stage involves the D’-D3 
region of the mature subunit and the propeptide26;27. The propeptide constitutes disulfide 
isomerase activity and contributes to the proper alignment of the dimeric subunits28. During 
maturation, a furin cleaves the propeptide that remains non-covalently associated with 
mature VWF in a 1:1 stoichiometric ratio until secretion29;30. VWF may be secreted 
constitutively or stored in α-granules in platelets and Weibel-Palade (WP) bodies in ECs. 

 
VWF Storage and Secretion 

Weibel-Palade Bodies 

In 1964, the anatomist E.R. Weibel and the physiologist G.E. Palade described a novel 
architecture within ECs, the so called WP-bodies. WP-bodies are rod-shaped cytoplasmic 
components, which consist of a bundle of fine tubules enveloped by a tightly fitted 
membrane. WP-bodies measure up to 3 µm in length and are about 0.1 µm thick31. The 
formation of WP-bodies completely relies on the presence of VWF. Indeed, WP-bodies are 

Figure 1: Structure of pre-pro-VWF. Pre-pro-VWF is composed of a signal peptide (SP), a propeptide (D1-
D2 domains), and mature VWF subunit (D’-CK domains). Cleavage of the SP leads to the formation of pro-
VWF. VWF dimerizes via its CK domain and multimerizes via its D’-D3 region in a propeptide-dependent 
manner. During intracellular processing, propeptide is proteolytically separated from the mature VWF 
subunit. ADAMTS-13 can cleave VWF in its A2 domain. Mature VWF can interact with several ligands listed 
for each binding domain. * represents the cleavage sites of VWF. 
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lacking in ECs from VWF-deficient mice32 and dogs27. In addition, expression of wt-VWF 
could re-establish WP-bodies in aortic endothelial cells from VWF-deficient dogs27. These 
results confirmed previous studies where cell lines (that usually produce no WP-body-like 
vesicles) transfected with VWF cDNA revealed pseudo-WP-bodies formation33;34. VWF 
storage in WP-bodies seems dependent on proper dimerization35, but not 
multimerization27;36. A non-covalent interaction with the propeptide37 is required to target 
the mature VWF to the WP-bodies. This interaction involves Arg416 residue in the 
propeptide and Thr869 in N-terminal mature VWF in humans28. 

Several proteins have been reported to be present in WP-bodies (reviewed in Michaux 
and Cutler, 200456; Rondaij et al., 200638; Table 1). A direct interaction between VWF and 
some proteins like P-selectin40;41, interleukin-842;43 and osteoprotegerin (OPG)51 seems 
responsible for their targeting to WP-bodies. The presence of those co-stored molecules in 
WP-bodies suggests that endothelial cells participate in different physiological functions 
such as haemostasis, inflammation, and angiogenesis. Absence of WP-bodies due to VWF-
deficiency may result in impaired intracellular location of of the other proteins usually 
found in this compartment, among which P-selectin, tissue-type plasminogen activator, 
CD63, interleukin-8, endothelin57, and recently the tie-2 ligand angiopoietin-244. 

Secretion 

The average concentration of VWF in the population is about 10 µg/mL (~40 nM, based on 
monomer concentration), although a broad range from 40% to 240% of the population 
mean is considered as normal 58. Plasma levels of VWF may vary depending on 
physiological regulation and genetic parameters.  

Mature VWF synthesized in ECs can be secreted in a constitutive or regulated fashion, 
at least in vitro from cultured cells. Constitutive secretion is a non-polarized process that 
mainly concerns lower molecular weight multimers59. Stimulation of ECs results in release 
of WP-bodies content mainly constituted of high molecular weight VWF60. 

Exocytose of WP-bodies is controlled by thrombogenic and inflammatory secretagogue 
stimulations (reviewed in Rondaij et al, 2006)38 such as thrombin61, fibrin62, C5b-963, 
histamine64, epinephrine65, TNFα and Il-1β51 and physical factors like hypoxia and blood 
flow66;67. Pharmacological molecules like 1-Desamino-8-D-Arginin Vasopressin 
(DDAVP)68;69 were also developed in the prospect to treat patients with reduced VWF 
level. In vitro, chemicals like PMA and the calcium ionophore A23187 can also trigger the 
release of VWF60;70;71.  
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Table 1: Contents of WP-bodies38. WP-bodies are storage organelles formed in ECs in presence of VWF. Several 
molecules involved in different physiological functions are also present in these vesicles. Upon stimulation, the 
contents of the WP-bodies are released in the circulation. 
 

Contents of WP-bodies Function References 

VWF Haemostasis 39 

P-selectin  Inflammation, Leukocyte adhesion 40;41 

Interleukin-8  Inflammation, Granulocyte adhesion 42;43 

Angiopoietin-2  Inflammation, Vascular homeostasis 44 

Eotaxin-3  Inflammation,  Eosinophil recruitment 45 

CD63  Cell adhesion/migration 46;47 

Calcitonin-gene-related peptide  Vasodilatation 48 

Endothelin  Vasoconstriction 48;49 

Endothelin-converting enzyme (ECE)  Vasoconstriction 50 

Osteoprotegerin (OPG)  Vascular homeostasis 51 

α1,3-fucosyltransferase VI  Membrane glycosylation 52 

Tissue-type plasminogen activator (t-PA)  Fibrinolysis 53;54 

Rab27a  - 55 

 

Two main pathways seem to be implicated in exocytosis of WP-bodies. A rapid one is 
triggered by agonists such as thrombin or histamine, which induce intracellular calcium 
mobilization, stress fiber formation and loss of endothelial barrier function by disassembly 
of tight and adherent junctions72. A less rapid one involves cyclic AMP and may be induced 
by epinephrine or vasopressin 65. This kind of stimulation promotes VE-cadherin mediated 
cell-cell contacts and improves barrier function of endothelial cells73;74. Depending on the 
signaling pathway, all or only part of the WP-bodies fuse with the cellular membrane and 
release their content75.  

Size Regulation 

VWF circulates in plasma as a multimeric protein, whose molecular weight varies from 500 
kDa for the dimers up to 20,000 kDa for the largest multimers. A characteristic multimeric 
pattern of VWF is visible on SDS-agarose gel electrophoresis (Figure 2). The biggest 
multimers, called ultra or unusually large (UL-) VWF can be observed just after release 
from WP-bodies. In normal individuals, two enzymes are known to regulate the size of the 
multimers: thrombospondin-1 (TSP-1)76 and “A Desintegrin And Metalloprotease with 
ThromboSpondin motif” (ADAMTS)-1377.  
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In vitro, thrombospondin-1 has the capacity to induce new thiols in VWF, and to reduce 
VWF multimer size76. Surprisingly, the average size of VWF multimers are smaller in 
thrombospondin-1-deficient mice than in control mice78. In contrast, the size of platelet-
derived multimers is increased in these deficient mice. This suggests that thrombospondin-1 
contributes to the regulation of platelet-derived multimers rather than reducing the size of 
ultra-large VWF multimers released from endothelial cells. 

ADAMTS-13 cleaves VWF within the A2 domain between residues Tyr1605 and 
Met1606, thereby reducing the average size of VWF multimers. Deficiency of ADAMTS13 
in humans and mice is characterized by the presence of an increased average multimeric 
size, underscoring the in vivo relevance of this enzyme79-83. Reduction of VWF multimeric 
size also reduces its capacity to interact with platelets (see Haemostatic Functions of VWF). 
Dong and coworkers84 demonstrated that UL-VWF multimers form long strings along the 
surface of stimulated endothelial cells under conditions of flow, and that these strings 
become filled with platelets. More recently, these platelet-rich strings were reported to 
persist for a prolonged period of time at the surface of stimulated mouse endothelium in 
case of ADAMTS13 inhibition83;85. Therefore, ADAMTS-13 seems to be a key element in 
the inactivation of VWF. 

 

Figure 2: Characteristic multimeric pattern of human plasma-derived 
VWF after SDS-agarose gel electrophoresis. VWF circulates in plasma as 
a multimeric protein, the molecular weight of which varies from 500 kDa 
for the dimers up to 10,000 kDa for the largest multimers. SB: satellite 
bands; proteolytic fragments resulting from cleavage by ADAMTS13. (Data 
kindly provided by Dr. E. Groot).  
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Figure 3: Interaction between VWF and the platelet receptors GPIb/V/IX and αIIbβ3.  Platelets are 
recruited at the site of vascular injury by VWF. Initial platelet-VWF tethering interactions are mediated by 
GPIb/V/IX under conditions of flow, resulting in deceleration of platelets and the initiation of intracellular 
signaling pathways. Combined with the intracellular calcium mobilization that triggers extracellular calcium 
influx, both pathways are designed to amplify integrin αIIbβ3 activation. Activated αIIbβ3 will then be able 
to firmly bind VWF and other ligands (fibrinogen, fibronectin) allowing platelet-platelet interaction (Adapted 
from Jackson et al., 2003228).  

 
 
 
 
 
 
Figure 4: Structure of GPIbα.  GPIbα is a 
glycoprotein belonging to the platelet receptor 
GPIb/V/IX, a complex of proteins responsible 
for adhesion of circulating platelets to VWF. 
GPIbα contains N- and O-glycans, a leucin-
rich domain and sulfated tyrosins. (By courtesy 
of Dr. C.V. Denis; Adapted from McEver, 
2001229) 
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Haemostatic Functions of VWF  

Under normal conditions, platelets and VWF circulate in a quiescent state. In case of 
vascular damage, the subendothelial matrix becomes exposed. VWF interacts with the 
matrix and recruits platelets at the site of injury86;87. Platelets are activated, aggregate and 
form a platelet plug closing the damaged vessel. In parallel, exposure of tissue factor (TF) 
will trigger the coagulation cascade88 leading to thrombin and fibrin formation. The fibrin 
network is required to stabilize the platelet plug.  

Collagen-Platelet Interaction 

Resting platelets and VWF circulate together in blood where they do not interact with each 
other under normal conditions. In case of vascular injury, platelets need to be rapidly 
recruited from the flowing blood for thrombus formation. This recruitment is mediated by 
VWF under conditions of high shear rate. Therefore, VWF must be firmly anchored at the 
exposed subendothelial matrix (Figure 3). VWF can interact with several ligands from the 
matrix via its domains A1 (heparin89, sulfatides90 or collagen type I, III and VI91-93), and A3 
(fibrillar collagens type I and III91;94). Binding of A3 domain to exposed collagen and/or 
high shear stress is thought to induce a conformational change in VWF allowing the 
interaction with platelets. Shielding of the A1 domain by the D’-D3 region95 or A2 
domain96 might be disrupted, which allows the interaction between the A1 domain and the 
plateletGPIb-IX-V complex (Figure 4). VWF-GPIbα interactions are characterized by fast 
association and dissociation, allowing platelets deceleration under conditions of high 
shear86.  

In vitro, VWF can also acquire this active conformation under static conditions by 
immobilization on a glass or plastic surface or in the presence of activators like ristocetin 
(antibiotic synthesized by actinomycete Nocardia lurida) or snake venoms. The main 
activators extracted from venoms are bitiscitin, a 31kDa protein from B. Arietans; and 
botrocetin, a 25-27 kDa protein from B. jararaca97. 

Platelet-Platelet Interaction 

Another interaction of VWF with platelets concerns integrin αIIbβ3 (or GPIIbIIIa), a 
platelet-specific receptor also able to interact with fibrinogen, fibronectin and vitronectin98. 
On activated platelets, αIIbβ3 integrins cluster and adopt an active conformation responsible 
for binding to the Arg2507-Gly2506-Asp2507 sequence in the VWF-C1 domain99;100. This 
interaction induces platelet aggregation and initiates the recruitment of other activated 
platelets. In association with fibrinogen, VWF participates in the formation of a stable 
platelet plug86;101;102. 
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Factor VIII Carrier 

VWF has also an indirect role in haemostasis as a carrier of FVIII103. FVIII is mainly 
synthesized in the liver104 and composed of a non-covalently bound light and a heavy 
chain105 (for review: Lenting et al., 1998106). Upon secretion, FVIII quickly and strongly 
binds to the D’-D3 region (residues 764 and 1035) of VWF107. Binding to VWF is needed 
to maintain appropriate levels of FVIII in the circulation108. A decrease in VWF level or a 
defective interaction with VWF induces low FVIII levels in plasma. FVIII remains bound 
to VWF until it is activated by thrombin. Activated FVIII (FVIIIa) is a cofactor for factor 
IXa and participates in the tenase complex (FVIIIa, FIXa, zymogen factor X, Ca2+ and 
negatively charged phospholipids)109. Tenase complex formation results in activation of 
factor X by factor IXa and activated factor X induces thrombin formation. 

Von Willebrand Disease 

VWD is the most common inherited bleeding disorder (more than 1% of the population), 
and results from quantitative or qualitative defects of VWF (reviewed in Sadler et al., 
2006). More than twenty subtypes of VWD have been described, but current classification 
consists of six distinct types110 (for more information: www.vwf.group.shef.ac.uk). 

VWD Types 1 and 3 

VWD types 1 and 3 are determined by quantitative defects. VWD type 1 (80-90% cases of 
VWD) is characterized by a reduced antigen (Ag) level (5-50% of normal)58;111 due to 
reduced synthesis, impaired secretion or increased clearance112;113. All sizes of multimers 
are present and functional. VWD type 3 is the less common and the most severe one114, 
characterized by a markedly reduced or absent VWF level in platelet and plasma caused by 
large gene deletion115-118, transcriptional defects, frame shifts or nonsense mutations119-121. 
VWD types 1 and 3 are both associated with a decrease in FVIII plasma levels. 

VWD Type 2 

VWD type 2 (20% cases of VWD) is characterized by qualitative defect of VWF. Usually, 
VWF:Ag levels are in the normal range. Four main subtypes are described (2A, 2B, 2M, 
2N). The most common VWD type 2 is type 2A. This VWD is associated with an absence 
of the largest multimers and decreased VWF function due to a defect in intracellular 
transport of the high molecular weight multimers122;123 or increased proteolysis by 
ADAMTS-13 after secretion124. Type 2B VWD is caused by mutations in the A1 domain 
leading to a gain-of-function in the binding of GPIbα125;126. This may induce spontaneous 
interactions between platelets and VWF127 resulting in loss of the most reactive multimers 
and a mild thrombocytopenia. Consequently, patients suffer from repeated bleeding 
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events128. VWD type 2M is manifested by specific defects in VWF-platelet interactions due 
to mutations in the A1 domain impairing the binding to GPIbα129-131. Finally, type 2N is 
defined by a defective VWF binding to FVIII and consequently low levels of circulating 
FVIII due to early clearance132-134. Type 2N VWD symptoms resemble those of 
haemophilia A.  

Non-Haemostatic Functions of VWF 

VWF is well known to participate in haemostatic processes, but recent studies revealed that 
VWF could interact with several cellular receptors involved in proliferation or adhesion in 
non-haemostatic functions.  

VWF and Smooth Muscle Cells Proliferation 

Although the role of VWF in plasma has well been studied, the role of VWF present in the 
sub-endothelial matrix remains uncertain. Qin et al. (2003)135 reported that smooth muscle 
cell proliferation showed a positive dose-response curve with vWF stimulation in vitro. In a 
flow cessation model (carotid artery ligation), intimal hyperplasia in carotid arteries was 
prominent in C57BL/6J mice (control), absent in RIIIS/J (with natural low plasma VWF), 
and moderate in RIIIS/J mice treated with DDAVP. VWF level in plasma as well as VWF 
deposition in subjacent intima in intact endothelium positively correlated with intimal 
hyperplasia degree. These results corroborate the observations of VWF deposition in 
hyperplastic intima in stenosed arterial graft136, arteries with atherosclerotic plaques137 or 
after balloon angioplasty138. Over-expression of VWF could therefore be a risk factor for 
the pathogenesis of intimal hyperplasia. 

 

 

 
Figure 5: Structure of PSGL-1. PSGL-1 is a dimeric 
mucin-like glycoprotein. For proper binding to P-selectin, 
PSGL-1 must contain O-glycans with a core-2 branched 
motif containing the sialyl Lewis X antigen; Furthermore, 
tyrosine residues located in the N-terminal part must be 
sulfated. (By courtesy of Dr. C.V. Denis; Adapted from 
McEver, 2001229). 
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VWF and Bacterial Adhesion  

VWF was also reported interact with proteins derived from Staphylococcus aureus, bacteria 
known to cause superficial skin infection, or more serious invasive infection such as 
osteomyelitis, septic arthritis and endocarditis. S. aureus expresses a number of surface 
proteins able to bind plasma proteins or components of the extra-cellular matrix to escape 
from immune responses and facilitate the adhesion to host cells and platelets139-141. Bacteria 
were reported to bind to resting platelets in different manners. A first type of interaction 
requires fibrinogen or fibronectin that bridge platelet receptor GPIIb/IIIa to either bacterial 
clumping factor A or fibronectin binding proteins142. Platelets can also interact with 
bacteria via their FcγRIIa receptor binding to antibodies against a bacterial antigen143. VWF 
was reported to interact with S. aureus protein A 144;145. This interaction can mediate S. 
aureus adhesion to immobilized platelet in a shear dependant manner146. The interactive 
site for protein A were recently reported to be within the A1 and D’-D3 domains 147.  

VWF and Inflammation  

Inflammation is the first response of the immune system to infection, irritation, or trauma, 
and is characterized by a cascade of physiological steps to repair the damaged tissue. Blood 
vessels dilate upstream the infection (causing redness and heat) and constrict downstream. 
The permeability of the capillary increasing in the area triggers tissue swelling, which can 
cause nerve compression and pain. During inflammation, leukocytes are recruited from 
flowing blood into the damaged tissues. Neutrophils recruited in infected areas in the early 
stage are gradually replaced by monocytes after a couple of days (in case of persistent 
inflammation). 

Leukocytes do not adhere to the endothelium under normal conditions. In case of 
inflammation, cytokine-activated ECs rapidly upregulate P-selectin, followed by E-selectin, 
both of which are natural ligands for the adhesion receptor PSGL-1 that is constitutively 
expressed on leukocytes148. PSGL-1 is an homodimeric 120-kDa mucin-like glycoprotein 
(Figure 5) which requires dimerization, sulfation of at least one of the three tyrosins 
residues149;150 and the presence of sialic acids on O-glycosylations for proper binding to P-
selectin151-153. PSGL-1 is responsible for the tethering and rolling of leukocytes on the 
vessel wall154 (Figure 6), resembling the function of GPIbα on platelets. PSGL-1 can also 
mediate leukocyte signalling (For review: Yang et al., 1999150; Cummings, 1999155). In 
monocytes, binding of P-selectin can induce tissue factor activity and expression of several 
cytokines such as tumour necrosis factor, monocyte chemotactic protein and Il-8 156-158.  
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Moreover, engagement of PSGL-1 induces activation of the leukocyte-specific β2-

integrin family159 (Figure 7). Stimulation of leukocytes induces a reorganisation of the 
cytoskeleton, redistribution of PSGL-1 on the polymorphonuclear cell (PMN) surface, 
which reduces leukocyte adhesion to P-selectin160 and induces clustering of β2-integrins. 
This clustering increases the avidity for their ligands (such as ICAMs, iC3b, fibrinogen, or 
NIF; for review, Springer, 1995161; Dickeson et al., 1998162). The strong interaction 
between the integrins and their endothelial ligands like ICAM-1 and ICAM-2 mediates firm 
leukocyte adhesion. A deficiency in CD18 causes Leukocyte Adhesion Deficiency 
(LAD)163, which is associated with chronic bacterial infections. In contrast, over-expression 
of CD18 is found in patients suffering from rheumatoid arthritis and Crohn disease164.  

Figure 6:  Adhesion of leukocytes to endothelial cells. The initial capture and rolling of leukocytes is 
mainly mediated by transient interactions between PSGL-1 on leukocytes and P-selectin (and E-selectin) on 
endothelial cells. Leukocyte L-selectins and α4 integrins are also involved but to a lesser extent. 
Chemoattractants on the endothelial surface and engagement of leukocyte receptors activate leukocytes 
integrins. Active αLβ2 and αMβ2 and the α4 integrins (α4β1 and α4β7) can then interact with endothelial 
intercellular adhesion molecule 1 (ICAM-1), ICAM-2, VCAM-1 and MAdCAM-1. These latter interactions 
are responsible for the stable adhesion of leukocytes on the endothelium. Adhered leukocytes can then 
eventually extavasate. (Adapted from Ulbrich et al., 2003230).  
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VWF also seems to be a player in the inflammatory process. In a model for acute 

inflammation, VWF-/- mice with cytokine-induced meningitis showed a reduction in 
neutrophil infiltration in comparison to control mice32. This effect of VWF appeared to be 
indirect via P-selectin, which is co-stored in the WP-bodies. In absence of VWF, WP-
bodies are not formed, resulting in an impaired surface exposure of P-selectin upon 
stimulation of endothelial cells. VWF may also interact with leukocytes in a direct manner. 
First, the VWF-propeptide comprises an interactive site for the integrins α4β1 and α9β1, 
which are expressed by leukocytes165;166. Furthermore, Koivunen and coworkers suggested 
that mature VWF could directly interact with leukocytes167. Under static conditions, 
monocytic THP-1-cells adhered to immobilized VWF in a β2-integrin dependent manner. 
This interaction appeared to be inhibited via peptides comprising a leu-leu-gly motif. This 
motif is present twice in VWF: in the VWF-D3 domain (residues 965-967) and between the 
VWF-A1 and -A2 domains (residues 1482-1484). The ability of VWF to interact with 
THP-1-cells suggests a link between VWF and components of the inflammatory system. 

VWF and Atherosclerosis  

Atherosclerosis is an inflammatory disease where the formation of multiple plaques hardens 
arteries. Several genetic and environmental parameters are involved: age, gender, diabetes, 
dyslipidemia, high blood pressure, obesity, smoking, stress, etc.168. Fatty streak formation 
(small subendothelial deposit of lipids) in the intimae of big arteries characterizes the early 
stage of the pathology. Activated during the initial damage of the vessels, endothelium 

 
 
 
 
 
 
Figure 7: Structure of β2-integrins. β2-integrins are 
α/β heterodimers. Upon stimulation, β2-integrins 
adopt an active conformation allowing the I-domain 
located in the α-chain to bind ligands such as ICAM-
1 and ICAM-2. (Adapted from Harris et al., 2003 231) 
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recruits circulating leukocytes that slow down, adhere and finally transmigrate into the 
intimae. In case of atherosclerosis, monocytes differentiate into macrophages, phagocytose 
oxidized low-density lipoprotein (ox-LDL), subsequently turn into big foam cells and 
eventually die. At the site of injury, leukocytes secrete inflammatory cytokines and 
metalloproteases. Those secreted molecules trigger SMC proliferation and migration into 
the intimae as well as the production of extracellular matrix. Simultaneously, a protective 
fibrous cap can form between the fatty deposits and the artery lining. When the plaque 
ruptures, a rich procoagulant surface is exposed to the circulation, triggering the formation 
of platelet-rich thrombi. Such thrombi may lead to the obstruction of vessels, associated 
with ischemic events such as myocardial infarction and stoke169. 

In 1978, Fuster et al. showed that swine deficient in VWF did not develop multiple 
atherosclerotic plaques by opposition with the controls, suggesting that VWF contributes to 
plaque formation170. In other studies, this observation could not be reproduced and it was 
suggested that the differences were mostly due to a polymorphism in the apolipoprotein 
B100 (protein regulating the cholesterol level)171;172. On the other hand, an atherosclerosis 
model of rabbits fed with a cholesterol-rich diet showed that plaque formation was 
associated with increased synthesis of VWF and deposition of VWF in the plaques137;173. In 
addition, WP-bodies are highly expressed in ECs covering the artery branches where 
atherosclerotic plaques are more likely to be formed174. Furthermore, ox-LDL and shear 
(known to initiate atherosclerosis) can trigger WP-bodies exocytosis and release of VWF in 
the atherosclerotic region67;175. Apparently, there is a certain relationship between VWF and 
the development of atherosclerosis. 

The role of VWF in atherosclerosis was also studied in a murine model where VWF -/- 
mice were bred to an atherosclerosis-prone background using mice lacking LDL receptor 
(LDLR-/-)176. After 8 weeks on an atherogenic diet (rich in saturated fat and cholesterol), 
fatty streaks formed in LDLR-/-VWF-/- mice were 40% smaller and contained fewer 
monocytes than those in LDLR-/-VWF+/+ mice. After 22 weeks (early fibrous plaque stage), 
the difference in lesion size in the aortic sinus persisted. Interestingly, the lesion 
distribution in the aortas of LDLR-/-VWF-/- animals was different from that of LDLR-/- 
VWF+/+ animals. In VWF-positive mice, half of all lesions were located at the branch points 
of the arteries, whereas lesions in this area were not as prominent in the VWF-deficient 
mice. These results indicate that the absence of VWF primarily affects the regions of the 
aorta with disturbed flow that are prone to atherosclerosis177. Despite these results in the 
animal model, the lack of VWF did not seem protective for atherosclerosis in a study 
performed with VWD type 3 patients178. However, it is noteworthy to mention that patients 
are treated with clotting factors during bleeding episodes. In contrast, animal models were 
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never treated, which may provide an explanation for the differences observed for VWD 
type 3 patients and VWF-deficient mice. 

VWF and Cancer 

Cancer is one of the principal causes of death in developed countries. Even though its 
development tends to increase with age, this disease may affect people at any time. This 
pathology is characterized by uncontrolled cell division and spreading leading to tumour 
formation. This tumour grows, eventually intravasates and invades adjacent tissue or distant 
sites (metastasis) by transport via the bloodstream or lymphatic system. Associated with 
tumour progression, the haemostatic system is involved in different stages of cancer 
development: from growth and dissemination to the development of deep vein thrombosis 
and pulmonary emboli179. For instance, platelets can form aggregates with tumour cells in 
the circulation. These aggregates can be sequestrated in various end-organs and result in 
thrombocytopenia180. In addition, those aggregates facilitate tumour cell adhesion to the 
vascular endothelium. Indeed, a reduction in the number of platelets associates with 
decreased extent of metastasis in mice181.  

Identification of platelet-specific receptors such as GPIbα and the integrins αvβ3 and 
αIIbβ3 on tumour cells182-184 inspired many studies on adhesive molecules acting on the 
platelet-tumour cell interaction like fibronectin, fibrinogen or VWF185;186. Among those, 
multimeric VWF is of particular interest. Tumour cells can indeed bind VWF187. Under 
conditions of flow, VWF promotes platelet-dependant adhesion of the human colon 
carcinoma cell line LS174T188 and human colon tumour cell line HRT-18 to HUVECs189. In 
addition, Karpatkin and coworkers (1988)190 demonstrated in a mouse model that adhesion 
of tumour cells CT26 and HCT8 to platelets could be partially inhibited by antibodies 
against VWF or fibronectin. In vivo, anti-VWF or anti-αIIbβ3 antibodies could partially 
inhibit metastasis of diverse tumour cells. Whereas a role of VWF in the development of 
metastasis in patients remains to be elucidated, increased levels of plasma VWF seems to 
correlates with tumour progression191-193. 

Clearance of VWF 

Despite its multi-functionality, it seems likely that most of the produced VWF molecules 
will not participate in physiological processes due to their short life duration in the 
circulation. The half-life of VWF administrated in VWD type 3 patients is about 15 hours 
on average194;195. Although the process of VWF clearance has not been completely 
identified, several parameters like mutations124 or glycosylation196;197 have been recognised 
as modulators of this process (for review, Lenting et al., 2007198). For instance, ABO blood 
group determinants present on N-linked glycans, is one of the main known parameters196. 
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Indeed, the average concentration of VWF is about 25% lower in persons with blood group 
O (about 40% of the general population), compared to non-O individuals197. Another 
parameter is sialylation. Deficiency of ST3Gal-IV (enzyme attaching sialyl-groups to 
terminal galactose residues)199 and enzymatic removal of sialyl-groups200 can severely 
reduce VWF’s half–life in plasma. Sialyl-groups may protect VWF from receptors such as 
asialoglycoprotein-receptor which binds non-sialylated terminal galactose-residues. 
Recently, contribution of O-linked glycans to the clearance of VWF was also reported. 
Sialylated tumour-associated T-antigen (more than 70% of the VWF O-linked glycans) was 
found to negatively correlate with plasma levels of VWF201.  

Apart from glycosylation, mutations may also affect VWF clearance. The first mutation 
identified with increased clearance was Arg1205His in VWD patients with Vincenza 
subtype202. To demonstrate the direct causative effect of this mutation, the survival of the 
purified recombinant protein carrying the Arg1205His mutation was tested in VWF-
deficient mice. This experiment showed a ten-fold reduced mean residence time for the 
mutant compared to wt-VWF203. Similar results were obtained for Cys1130Phe and 
Cys149Arg mutants204. Patients with those mutations are also characterized by an increased 
propeptide/VWF ratio, which is a surrogate marker for increased clearance. Using this 
propeptide/VWF ratio, four other families suspected for VWD type 1 were analysed205. All 
affected family members had a propeptide/VWF ratio outside the normal range and 
presented a strongly decreased survival of endogenous VWF after desmopressin-treatment. 
Sequencing of their VWF gene revealed that two families had a Tyr1144Gly replacement 
and two families a Ser1179Phe mutation. 

 

β2-glycoprotein-I 

Antithrombotic Effects of β2-glycoprotein-I  

β2-glycoprotein-I (β2GPI) (Figure 8), is a 48 kDa protein circulating in plasma at a 
concentration of approximately 3 µM. Composed of five domains (I-V), β2GPI can bind 
anionic phospholipids via its domain V206;207 with rather low affinity (Kd = 330 nM). Its 
phospholipid-binding properties provide β2GPI with the potential to influence coagulation 
and/or fibrinolysis related reactions that occur at such anionic phospholipid surface208. 
Recently, β2GPI was also reported to inhibit binding of GPIbα to VWF209, thereby 
protecting platelets from spontaneous aggregation in the circulation. Furthermore, β2GPI 
can partially inhibit ADP-induced platelet aggregation210. Those results suggest an 
antithrombotic role for β2GPI. However, the few known individuals with β2GPI 
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deficiency211 as well as β2GPI-deficient mice212 are not characterized by obvious 
spontaneous haemostatic abnormalities. 

 

 

 

β2-glycoprotein-I in the Antiphospholipid Syndrome 

β2GPI has also been identified as a major antigen in APS213. This non-inflammatory 
autoimmune disease is characterized by thrombosis or pregnancy morbidity and the 
presence of anti-phospholipid antibodies214. Actually, APS patients develop autoantibodies 
directed against proteins that bind negatively-charged phospholipids like prothrombin215 
and β2GPI216. Anti-β2GPI antibodies increase the affinity of β2GPI for anionic 
phospholipids by several hundred folds217 and allow β2GPI to bind several cells and 
activate them218 via the putative receptors Annexin A2219, β2GPI receptors of the Toll-like 
receptor (TLR) family TLR-2 and TLR-4220, and receptors of the LDL-receptor family. 
β2GPI-activated endothelial cells were found to induce thrombosis in the presence of a 
priming factor such as LPS in a cellular model221. 

Figure 8: Ribbon drawing of the crystal 
structure of β2GPI showing five dinsctinct 
domains and N-linked glycans. β2GPI can bind 
anionic phospholipids via its domain V.   
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The anti-β2GPI antibody/β2GPI complex can also interact with platelets thereby 
increasing their adhesion to collagen222. Dimerization of β2GPI induced by the anti-β2GPI 
antibody is thought to be responsible for these effects. Using a model of dimeric protein 
composed of two β2GPI coupled via the apple 4 domain of Factor XI (domain responsible 
for dimerization of Factor XI), similar results were obtained for platelet adhesion223. This 
dimeric model allowed the identification of two platelet receptors for β2GPI: GPIbα and 
apolipoprotein E receptor 2' (member of the LDL-receptor family)224. With the same model, 
Pennings et al., reported that dimeric β2GPI could interact with other members of the LDL-
receptor family, such as LDL-R related protein (LRP), megalin, LDL-R and the very-low 
density lipoprotein receptor (VLDL-R)225.  

Apart from platelets and endothelial cells, β2GPI interacts with monocytes under 
influence of antibodies. Indeed, the anti-β2GPI antibody/β2GPI complex can activate 
monocytes and induce expression of pro-inflammatory cytokines and tissue factor226;227, the 
major initiator of the coagulation system. This β2GPI-dependent tissue factor expression on 
monocytes contributes to the thrombotic complications in patients suffering from APS. The 
leukocyte surface receptor involved has not yet been identified.  

 

Aim of This Thesis 

From historical perspective, VWF has been allocated as a haemostatic protein. More 
recently, it has become apparent that VWF participates in processes that go beyond primary 
haemostasis. The aim of my study was to investigate the various aspects of VWF-related 
biology, not only with regard in its classical functions, but also in relation to its potential 
interaction with cells. The study may be summarized as a series of research questions:  

1. Is VWF able to bind monocytes and PMNs, and which receptors contribute to this 
process? 

2. Is β2GPI able to bind PMNs, and which receptors mediate this interaction? 

3. What is the effect of VWF-deficiency in tumour metastasis? 

4. Are active VWF levels increased in patients who have experienced myocardial 
infarction? 

5. What is the in vivo effect of mutations associated with defective binding of VWF to 
GPIbα, αIIbβ3 or collagen? 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter One 

29 

References 
 1.  von Willebrand EA. Hereditär Pseudohemofili. Finska Läkarsällskapetes Handl 1926;68:87-112. 
 2.  Von Willebrand EA. Hereditary pseudohaemophilia. Haemophilia. 1999;5:223-231. 
 3.  Alexander B GB. Dual hemostatic defect in pseudohemophilia. J Clin Invest 1953;32: 
 4.  Larrieu MJ Soulier JP. Déficit en facteur antihémophilique A chez une fille associé à un trouble 

saignement. Rev Hematol 1953;8: 
 5.  Quick AJ Hussey CV. Hemophilic condition in the female. J Lab Clin Med 1953;42: 
 6.  Zimmerman TS, Ratnoff OD, Powell AE. Immunologic differentiation of classic hemophilia (factor 8 

deficiency) and von Willebrand's dissase, with observations on combined deficiencies of 
antihemophilic factor and proaccelerin (factor V) and on an acquired circulating anticoagulant against 
antihemophilic factor. J Clin Invest 1971;50:244-254. 

 7.  Ginsburg D, Handin RI, Bonthron DT et al. Human von Willebrand factor (vWF): isolation of 
complementary DNA (cDNA) clones and chromosomal localization. Science 1985;228:1401-1406. 

 8.  Lynch DC, Zimmerman TS, Collins CJ et al. Molecular cloning of cDNA for human von Willebrand 
factor: authentication by a new method. Cell 1985;41:49-56. 

 9.  Verweij CL, de Vries CJ, Distel B et al. Construction of cDNA coding for human von Willebrand 
factor using antibody probes for colony-screening and mapping of the chromosomal gene. Nucleic 
Acids Res. 1985;13:4699-4717. 

 10.  Sadler JE, Shelton-Inloes BB, Sorace JM et al. Cloning and characterization of two cDNAs coding for 
human von Willebrand factor. Proc.Natl.Acad.Sci.U.S.A 1985;82:6394-6398. 

 11.  Mancuso DJ, Tuley EA, Westfield LA et al. Structure of the gene for human von Willebrand factor. 
J.Biol.Chem. 1989;264:19514-19527. 

 12.  Shelton-Inloes BB, Broze GJ, Jr., Miletich JP, Sadler JE. Evolution of human von Willebrand factor: 
cDNA sequence polymorphisms, repeated domains, and relationship to von Willebrand antigen II. 
Biochem.Biophys.Res.Commun. 1987;144:657-665. 

 13.  Mancuso DJ, Tuley EA, Westfield LA et al. Human von Willebrand factor gene and pseudogene: 
structural analysis and differentiation by polymerase chain reaction. Biochemistry 1991;30:253-269. 

 14.  Jaffe EA, Hoyer LW, Nachman RL. Synthesis of von Willebrand factor by cultured human endothelial 
cells. Proc.Natl.Acad.Sci.U.S.A 1974;71:1906-1909. 

 15.  Sporn LA, Chavin SI, Marder VJ, Wagner DD. Biosynthesis of von Willebrand protein by human 
megakaryocytes. J.Clin.Invest 1985;76:1102-1106. 

 16.  Yamamoto K, de W, V, Fearns C, Loskutoff DJ. Tissue distribution and regulation of murine von 
Willebrand factor gene expression in vivo. Blood 1998;92:2791-2801. 

 17.  Titani K, Kumar S, Takio K et al. Amino acid sequence of human von Willebrand factor. Biochemistry 
1986;25:3171-3184. 

 18.  Schneppenheim R, Budde U, Krey S et al. Results of a screening for von Willebrand disease type 2N in 
patients with suspected haemophilia A or von Willebrand disease type 1. Thromb.Haemost. 
1996;76:598-602. 

 19.  Enayat MS, Guilliatt AM, Surdhar GK et al. Aberrant dimerization of von Willebrand factor as the 
result of mutations in the carboxy-terminal region: identification of 3 mutations in members of 3 
different families with type 2A (phenotype IID) von Willebrand disease. Blood 2001;98:674-680. 

 20.  Katsumi A, Tuley EA, Bodo I, Sadler JE. Localization of disulfide bonds in the cystine knot domain of 
human von Willebrand factor. J.Biol.Chem. 2000;275:25585-25594. 

 21.  Wagner DD, Marder VJ. Biosynthesis of von Willebrand protein by human endothelial cells: 
processing steps and their intracellular localization. J.Cell Biol. 1984;99:2123-2130. 



General introduction –––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

30 

 22.  Voorberg J, Fontijn R, Calafat J et al. Assembly and routing of von Willebrand factor variants: the 
requirements for disulfide-linked dimerization reside within the carboxy-terminal 151 amino acids. 
J.Cell Biol. 1991;113:195-205. 

 23.  Carew JA, Browning PJ, Lynch DC. Sulfation of von Willebrand factor. Blood 1990;76:2530-2539. 
 24.  Mayadas TN, Wagner DD. In vitro multimerization of von Willebrand factor is triggered by low pH. 

Importance of the propolypeptide and free sulfhydryls. J.Biol.Chem. 1989;264:13497-13503. 
 25.  Vischer UM, Wagner DD. von Willebrand factor proteolytic processing and multimerization precede 

the formation of Weibel-Palade bodies. Blood 1994;83:3536-3544. 
 26.  Rosenberg JB, Haberichter SL, Jozwiak MA et al. The role of the D1 domain of the von Willebrand 

factor propeptide in multimerization of VWF. Blood 2002;100:1699-1706. 
 27.  Haberichter SL, Merricks EP, Fahs SA et al. Re-establishment of VWF-dependent Weibel-Palade 

bodies in VWD endothelial cells. Blood 2005;105:145-152. 
 28.  Haberichter SL, Jacobi P, Montgomery RR. Critical independent regions in the VWF propeptide and 

mature VWF that enable normal VWF storage. Blood 2003;101:1384-1391. 
 29.  Wagner DD, Fay PJ, Sporn LA et al. Divergent fates of von Willebrand factor and its propolypeptide 

(von Willebrand antigen II) after secretion from endothelial cells. Proc.Natl.Acad.Sci.U.S.A 
1987;84:1955-1959. 

 30.  Borchiellini A, Fijnvandraat K, ten Cate JW et al. Quantitative analysis of von Willebrand factor 
propeptide release in vivo: effect of experimental endotoxemia and administration of 1-deamino-8-D-
arginine vasopressin in humans. Blood 1996;88:2951-2958. 

 31.  WEIBEL ER, PALADE GE. NEW CYTOPLASMIC COMPONENTS IN ARTERIAL 
ENDOTHELIA. J Cell Biol. 1964;23:101-112. 

 32.  Denis CV, Andre P, Saffaripour S, Wagner DD. Defect in regulated secretion of P-selectin affects 
leukocyte recruitment in von Willebrand factor-deficient mice. Proc.Natl.Acad.Sci.U.S.A 
2001;98:4072-4077. 

 33.  Wagner DD, Saffaripour S, Bonfanti R et al. Induction of specific storage organelles by von 
Willebrand factor propolypeptide. Cell 1991;64:403-413. 

 34.  Voorberg J, Fontijn R, Calafat J et al. Biogenesis of von Willebrand factor-containing organelles in 
heterologous transfected CV-1 cells. EMBO J. 1993;12:749-758. 

 35.  Wagner DD, Mayadas T, Marder VJ. Initial glycosylation and acidic pH in the Golgi apparatus are 
required for multimerization of von Willebrand factor. J.Cell Biol. 1986;102:1320-1324. 

 36.  Mayadas TN, Wagner DD. Vicinal cysteines in the prosequence play a role in von Willebrand factor 
multimer assembly. Proc.Natl.Acad.Sci.U.S.A 1992;89:3531-3535. 

 37.  Haberichter SL, Fahs SA, Montgomery RR. von Willebrand factor storage and multimerization: 2 
independent intracellular processes. Blood 2000;96:1808-1815. 

 38.  Rondaij MG, Bierings R, Kragt A, van Mourik JA, Voorberg J. Dynamics and plasticity of Weibel-
Palade bodies in endothelial cells. Arterioscler.Thromb.Vasc.Biol. 2006;26:1002-1007. 

 39.  Wagner DD, Olmsted JB, Marder VJ. Immunolocalization of von Willebrand protein in Weibel-Palade 
bodies of human endothelial cells. J.Cell Biol. 1982;95:355-360. 

 40.  Bonfanti R, Furie BC, Furie B, Wagner DD. PADGEM (GMP140) is a component of Weibel-Palade 
bodies of human endothelial cells. Blood 1989;73:1109-1112. 

 41.  Michaux G, Pullen TJ, Haberichter SL, Cutler DF. P-selectin binds to the D'-D3 domains of von 
Willebrand factor in Weibel-Palade bodies. Blood 2006;107:3922-3924. 

 42.  Romani de WT, de Leeuw HP, Rondaij MG et al. Von Willebrand factor targets IL-8 to Weibel-Palade 
bodies in an endothelial cell line. Exp.Cell Res. 2003;286:67-74. 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter One 

31 

 43.  Wolff B, Burns AR, Middleton J, Rot A. Endothelial cell "memory" of inflammatory stimulation: 
human venular endothelial cells store interleukin 8 in Weibel-Palade bodies. J.Exp.Med. 
1998;188:1757-1762. 

 44.  Fiedler U, Scharpfenecker M, Koidl S et al. The Tie-2 ligand angiopoietin-2 is stored in and rapidly 
released upon stimulation from endothelial cell Weibel-Palade bodies. Blood 2004;103:4150-4156. 

 45.  Oynebraten I, Bakke O, Brandtzaeg P, Johansen FE, Haraldsen G. Rapid chemokine secretion from 
endothelial cells originates from 2 distinct compartments. Blood 2004;104:314-320. 

 46.  Vischer UM, Wagner DD. CD63 is a component of Weibel-Palade bodies of human endothelial cells. 
Blood 1993;82:1184-1191. 

 47.  Kobayashi T, Vischer UM, Rosnoblet C et al. The tetraspanin CD63/lamp3 cycles between endocytic 
and secretory compartments in human endothelial cells. Mol.Biol.Cell 2000;11:1829-1843. 

 48.  Ozaka T, Doi Y, Kayashima K, Fujimoto S. Weibel-Palade bodies as a storage site of calcitonin gene-
related peptide and endothelin-1 in blood vessels of the rat carotid body. Anat.Rec. 1997;247:388-394. 

 49.  Russell FD, Skepper JN, Davenport AP. Evidence using immunoelectron microscopy for regulated and 
constitutive pathways in the transport and release of endothelin. J.Cardiovasc.Pharmacol. 1998;31:424-
430. 

 50.  Russell FD, Davenport AP. Evidence for intracellular endothelin-converting enzyme-2 expression in 
cultured human vascular endothelial cells. Circ.Res. 1999;84:891-896. 

 51.  Zannettino AC, Holding CA, Diamond P et al. Osteoprotegerin (OPG) is localized to the Weibel-
Palade bodies of human vascular endothelial cells and is physically associated with von Willebrand 
factor. J.Cell Physiol 2005;204:714-723. 

 52.  Schnyder-Candrian S, Borsig L, Moser R, Berger EG. Localization of alpha 1,3-fucosyltransferase VI 
in Weibel-Palade bodies of human endothelial cells. Proc.Natl.Acad.Sci.U.S.A 2000;97:8369-8374. 

 53.  Rosnoblet C, Vischer UM, Gerard RD et al. Storage of tissue-type plasminogen activator in Weibel-
Palade bodies of human endothelial cells. Arterioscler.Thromb.Vasc.Biol. 1999;19:1796-1803. 

 54.  Huber D, Cramer EM, Kaufmann JE et al. Tissue-type plasminogen activator (t-PA) is stored in 
Weibel-Palade bodies in human endothelial cells both in vitro and in vivo. Blood 2002;99:3637-3645. 

 55.  Hannah MJ, Hume AN, Arribas M et al. Weibel-Palade bodies recruit Rab27 by a content-driven, 
maturation-dependent mechanism that is independent of cell type. J.Cell Sci. 2003;116:3939-3948. 

 56.  Michaux G, Cutler DF. How to roll an endothelial cigar: the biogenesis of Weibel-Palade bodies. 
Traffic. 2004;5:69-78. 

 57.  de Wit TR, van Mourik JA. Biosynthesis, processing and secretion of von Willebrand factor: biological 
implications. Best.Pract.Res.Clin.Haematol. 2001;14:241-255. 

 58.  Sadler JE. Von Willebrand disease type 1: a diagnosis in search of a disease. Blood 2003;101:2089-
2093. 

 59.  Sporn LA, Marder VJ, Wagner DD. Inducible secretion of large, biologically potent von Willebrand 
factor multimers. Cell 1986;46:185-190. 

 60.  Sporn LA, Marder VJ, Wagner DD. Differing polarity of the constitutive and regulated secretory 
pathways for von Willebrand factor in endothelial cells. J.Cell Biol. 1989;108:1283-1289. 

 61.  Levine JD, Harlan JM, Harker LA, Joseph ML, Counts RB. Thrombin-mediated release of factor VIII 
antigen from human umbilical vein endothelial cells in culture. Blood 1982;60:531-534. 

 62.  Ribes JA, Francis CW, Wagner DD. Fibrin induces release of von Willebrand factor from endothelial 
cells. J.Clin.Invest 1987;79:117-123. 

 63.  Hattori R, Hamilton KK, McEver RP, Sims PJ. Complement proteins C5b-9 induce secretion of high 
molecular weight multimers of endothelial von Willebrand factor and translocation of granule 
membrane protein GMP-140 to the cell surface. J.Biol.Chem. 1989;264:9053-9060. 



General introduction –––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

32 

 64.  Hamilton KK, Sims PJ. Changes in cytosolic Ca2+ associated with von Willebrand factor release in 
human endothelial cells exposed to histamine. Study of microcarrier cell monolayers using the 
fluorescent probe indo-1. J.Clin.Invest 1987;79:600-608. 

 65.  Vischer UM, Wollheim CB. Purine nucleotides induce regulated secretion of von Willebrand factor: 
involvement of cytosolic Ca2+ and cyclic adenosine monophosphate-dependent signaling in 
endothelial exocytosis. Blood 1998;91:118-127. 

 66.  Pinsky DJ, Naka Y, Liao H et al. Hypoxia-induced exocytosis of endothelial cell Weibel-Palade bodies. 
A mechanism for rapid neutrophil recruitment after cardiac preservation. J.Clin.Invest 1996;97:493-
500. 

 67.  Galbusera M, Zoja C, Donadelli R et al. Fluid shear stress modulates von Willebrand factor release 
from human vascular endothelium. Blood 1997;90:1558-1564. 

 68.  Mannucci PM, Ruggeri ZM, Pareti FI, Capitanio A. 1-Deamino-8-d-arginine vasopressin: a new 
pharmacological approach to the management of haemophilia and von Willebrands' diseases. Lancet 
1977;1:869-872. 

 69.  Kaufmann JE, Oksche A, Wollheim CB et al. Vasopressin-induced von Willebrand factor secretion 
from endothelial cells involves V2 receptors and cAMP. J.Clin.Invest 2000;106:107-116. 

 70.  Loesberg C, Gonsalves MD, Zandbergen J et al. The effect of calcium on the secretion of factor VIII-
related antigen by cultured human endothelial cells. Biochim.Biophys.Acta 1983;763:160-168. 

 71.  de Groot PG, Gonsalves MD, Loesberg C et al. Thrombin-induced release of von Willebrand factor 
from endothelial cells is mediated by phospholipid methylation. Prostacyclin synthesis is independent 
of phospholipid methylation. J.Biol.Chem. 1984;259:13329-13333. 

 72.  Wojciak-Stothard B, Tsang LY, Paleolog E, Hall SM, Haworth SG. Rac1 and RhoA as regulators of 
endothelial phenotype and barrier function in hypoxia-induced neonatal pulmonary hypertension. 
Am.J.Physiol Lung Cell Mol.Physiol 2006;290:L1173-L1182. 

 73.  Fukuhara S, Sakurai A, Sano H et al. Cyclic AMP potentiates vascular endothelial cadherin-mediated 
cell-cell contact to enhance endothelial barrier function through an Epac-Rap1 signaling pathway. 
Mol.Cell Biol. 2005;25:136-146. 

 74.  Cullere X, Shaw SK, Andersson L et al. Regulation of vascular endothelial barrier function by Epac, a 
cAMP-activated exchange factor for Rap GTPase. Blood 2005;105:1950-1955. 

 75.  Vischer UM, Barth H, Wollheim CB. Regulated von Willebrand factor secretion is associated with 
agonist-specific patterns of cytoskeletal remodeling in cultured endothelial cells. 
Arterioscler.Thromb.Vasc.Biol. 2000;20:883-891. 

 76.  Xie L, Chesterman CN, Hogg PJ. Control of von Willebrand factor multimer size by thrombospondin-
1. J.Exp.Med. 2001;193:1341-1349. 

 77.  Fujikawa K, Suzuki H, McMullen B, Chung D. Purification of human von Willebrand factor-cleaving 
protease and its identification as a new member of the metalloproteinase family. Blood 2001;98:1662-
1666. 

 78.  Pimanda JE, Ganderton T, Maekawa A et al. Role of thrombospondin-1 in control of von Willebrand 
factor multimer size in mice. J.Biol.Chem. 2004;279:21439-21448. 

 79.  Moake JL, Rudy CK, Troll JH et al. Unusually large plasma factor VIII:von Willebrand factor 
multimers in chronic relapsing thrombotic thrombocytopenic purpura. N.Engl.J.Med. 1982;307:1432-
1435. 

 80.  Levy GG, Nichols WC, Lian EC et al. Mutations in a member of the ADAMTS gene family cause 
thrombotic thrombocytopenic purpura. Nature 2001;413:488-494. 

 81.  Tsai HM, Lian EC. Antibodies to von Willebrand factor-cleaving protease in acute thrombotic 
thrombocytopenic purpura. N.Engl.J.Med. 1998;339:1585-1594. 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter One 

33 

 82.  Furlan M, Robles R, Solenthaler M et al. Deficient activity of von Willebrand factor-cleaving protease 
in chronic relapsing thrombotic thrombocytopenic purpura. Blood 1997;89:3097-3103. 

 83.  Motto DG, Chauhan AK, Zhu G et al. Shigatoxin triggers thrombotic thrombocytopenic purpura in 
genetically susceptible ADAMTS13-deficient mice. J.Clin.Invest 2005;115:2752-2761. 

 84.  Dong JF, Moake JL, Nolasco L et al. ADAMTS-13 rapidly cleaves newly secreted ultralarge von 
Willebrand factor multimers on the endothelial surface under flowing conditions. Blood 
2002;100:4033-4039. 

 85.  Chauhan AK, Goerge T, Schneider SW, Wagner DD. Formation of platelet strings and microthrombi in 
the presence of ADAMTS-13 inhibitor does not require P-selectin or beta3 integrin. 
J.Thromb.Haemost. 2007;5:583-589. 

 86.  Savage B, Saldivar E, Ruggeri ZM. Initiation of platelet adhesion by arrest onto fibrinogen or 
translocation on von Willebrand factor. Cell 1996;84:289-297. 

 87.  Ruggeri ZM, Landolfi R. Platelet function and arterial thrombosis. Ital.Heart J. 2001;2:809-810. 
 88.  ten CH, Bauer KA, Levi M et al. The activation of factor X and prothrombin by recombinant factor 

VIIa in vivo is mediated by tissue factor. J.Clin.Invest 1993;92:1207-1212. 
 89.  Sobel M, Soler DF, Kermode JC, Harris RB. Localization and characterization of a heparin binding 

domain peptide of human von Willebrand factor. J.Biol.Chem. 1992;267:8857-8862. 
 90.  Christophe O, Obert B, Meyer D, Girma JP. The binding domain of von Willebrand factor to sulfatides 

is distinct from those interacting with glycoprotein Ib, heparin, and collagen and resides between amino 
acid residues Leu 512 and Lys 673. Blood 1991;78:2310-2317. 

 91.  Kalafatis M, Takahashi Y, Girma JP, Meyer D. Localization of a collagen-interactive domain of human 
von Willebrand factor between amino acid residues Gly 911 and Glu 1,365. Blood 1987;70:1577-1583. 

 92.  Cruz MA, Yuan H, Lee JR, Wise RJ, Handin RI. Interaction of the von Willebrand factor (vWF) with 
collagen. Localization of the primary collagen-binding site by analysis of recombinant vWF A domain 
polypeptides. J.Biol.Chem. 1995;270:19668. 

 93.  Denis C, Baruch D, Kielty CM et al. Localization of von Willebrand factor binding domains to 
endothelial extracellular matrix and to type VI collagen. Arterioscler.Thromb. 1993;13:398-406. 

 94.  Pareti FI, Niiya K, McPherson JM, Ruggeri ZM. Isolation and characterization of two domains of 
human von Willebrand factor that interact with fibrillar collagen types I and III. J.Biol.Chem. 
1987;262:13835-13841. 

 95.  Ulrichts H, Udvardy M, Lenting PJ et al. Shielding of the A1 domain by the D'D3 domains of von 
Willebrand factor modulates its interaction with platelet glycoprotein Ib-IX-V. J.Biol.Chem. 
2006;281:4699-4707. 

 96.  Martin C, Morales LD, Cruz MA. Purified A2 domain of VWF binds to the active conformation of 
VWF and blocks the interaction with platelet GPIbalpha. J.Thromb.Haemost. 2007 

 97.  Usami Y, Fujimura Y, Suzuki M et al. Primary structure of two-chain botrocetin, a von Willebrand 
factor modulator purified from the venom of Bothrops jararaca. Proc.Natl.Acad.Sci.U.S.A 
1993;90:928-932. 

 98.  Bennett JS. Structure and function of the platelet integrin alphaIIbbeta3. J.Clin.Invest 2005;115:3363-
3369. 

 99.  Plow EF, Pierschbacher MD, Ruoslahti E, Marguerie GA, Ginsberg MH. The effect of Arg-Gly-Asp-
containing peptides on fibrinogen and von Willebrand factor binding to platelets. 
Proc.Natl.Acad.Sci.U.S.A 1985;82:8057-8061. 

 100.  Savage B, mus-Jacobs F, Ruggeri ZM. Specific synergy of multiple substrate-receptor interactions in 
platelet thrombus formation under flow. Cell 1998;94:657-666. 



General introduction –––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

34 

 101.  Goto S, Ikeda Y, Saldivar E, Ruggeri ZM. Distinct mechanisms of platelet aggregation as a 
consequence of different shearing flow conditions. J.Clin.Invest 1998;101:479-486. 

 102.  Kulkarni S, Dopheide SM, Yap CL et al. A revised model of platelet aggregation. J.Clin.Invest 
2000;105:783-791. 

 103.  Leyte A, Verbeet MP, Brodniewicz-Proba T, van Mourik JA, Mertens K. The interaction between 
human blood-coagulation factor VIII and von Willebrand factor. Characterization of a high-affinity 
binding site on factor VIII. Biochem.J. 1989;257:679-683. 

 104.  Wion KL, Kelly D, Summerfield JA, Tuddenham EG, Lawn RM. Distribution of factor VIII mRNA 
and antigen in human liver and other tissues. Nature 1985;317:726-729. 

 105.  Vehar GA, Keyt B, Eaton D et al. Structure of human factor VIII. Nature 1984;312:337-342. 
 106.  Lenting PJ, van Mourik JA, Mertens K. The life cycle of coagulation factor VIII in view of its structure 

and function. Blood 1998;92:3983-3996. 
 107.  Foster PA, Fulcher CA, Marti T, Titani K, Zimmerman TS. A major factor VIII binding domain resides 

within the amino-terminal 272 amino acid residues of von Willebrand factor. J.Biol.Chem. 
1987;262:8443-8446. 

 108.  Over J, Sixma JJ, Bouma BN et al. Survival of iodine-125-labeled factor VIII in patients with von 
Willebrand's disease. J.Lab Clin.Med. 1981;97:332-344. 

 109.  Mann KG, Nesheim ME, Church WR, Haley P, Krishnaswamy S. Surface-dependent reactions of the 
vitamin K-dependent enzyme complexes 
2. Blood 1990;76:1-16. 

 110.  Sadler JE. A revised classification of von Willebrand disease. For the Subcommittee on von Willebrand 
Factor of the Scientific and Standardization Committee of the International Society on Thrombosis and 
Haemostasis. Thromb.Haemost. 1994;71:520-525. 

 111.  Sadler JE. von Willebrand factor: two sides of a coin. J.Thromb.Haemost. 2005;3:1702-1709. 
 112.  James PD, Notley C, Hegadorn C et al. The mutational spectrum of type 1 von Willebrand disease: 

Results from a Canadian cohort study. Blood 2007;109:145-154. 
 113.  Goodeve A, Eikenboom J, Castaman G et al. Phenotype and genotype of a cohort of families 

historically diagnosed with type 1 von Willebrand disease in the European study, Molecular and 
Clinical Markers for the Diagnosis and Management of Type 1 von Willebrand Disease (MCMDM-
1VWD). Blood 2007;109:112-121. 

 114.  Eikenboom JC. Congenital von Willebrand disease type 3: clinical manifestations, pathophysiology 
and molecular biology. Best.Pract.Res.Clin.Haematol. 2001;14:365-379. 

 115.  Shelton-Inloes BB, Chehab FF, Mannucci PM, Federici AB, Sadler JE. Gene deletions correlate with 
the development of alloantibodies in von Willebrand disease. J.Clin.Invest 1987;79:1459-1465. 

 116.  Schneppenheim R, Krey S, Bergmann F et al. Genetic heterogeneity of severe von Willebrand disease 
type III in the German population. Hum.Genet. 1994;94:640-652. 

 117.  Ngo KY, Glotz VT, Koziol JA et al. Homozygous and heterozygous deletions of the von Willebrand 
factor gene in patients and carriers of severe von Willebrand disease. Proc.Natl.Acad.Sci.U.S.A 
1988;85:2753-2757. 

 118.  Peake IR, Liddell MB, Moodie P et al. Severe type III von Willebrand's disease caused by deletion of 
exon 42 of the von Willebrand factor gene: family studies that identify carriers of the condition and a 
compound heterozygous individual. Blood 1990;75:654-661. 

 119.  Bahnak BR, Lavergne JM, Rothschild C, Meyer D. A stop codon in a patient with severe type III von 
Willebrand disease. Blood 1991;78:1148-1149. 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter One 

35 

 120.  Surdhar GK, Enayat MS, Lawson S, Williams MD, Hill FG. Homozygous gene conversion in von 
Willebrand factor gene as a cause of type 3 von Willebrand disease and predisposition to inhibitor 
development. Blood 2001;98:248-250. 

 121.  Baronciani L, Cozzi G, Canciani MT et al. Molecular defects in type 3 von Willebrand disease: 
updated results from 40 multiethnic patients. Blood Cells Mol.Dis. 2003;30:264-270. 

 122.  Lyons SE, Bruck ME, Bowie EJ, Ginsburg D. Impaired intracellular transport produced by a subset of 
type IIA von Willebrand disease mutations. J.Biol.Chem. 1992;267:4424-4430. 

 123.  Englender T, Lattuada A, Mannucci PM, Sadler JE, Inbal A. Analysis of Arg834Gln and Val902Glu 
type 2A von Willebrand disease mutations: studies with recombinant von Willebrand factor and 
correlation with patient characteristics. Blood 1996;87:2788-2794. 

 124.  Sadler JE, Budde U, Eikenboom JC et al. Update on the pathophysiology and classification of von 
Willebrand disease: a report of the Subcommittee on von Willebrand Factor. J.Thromb.Haemost. 
2006;4:2103-2114. 

 125.  Emsley J, Cruz M, Handin R, Liddington R. Crystal structure of the von Willebrand Factor A1 domain 
and implications for the binding of platelet glycoprotein Ib. J.Biol.Chem. 1998;273:10396-10401. 

 126.  Huizinga EG, Tsuji S, Romijn RA et al. Structures of glycoprotein Ibalpha and its complex with von 
Willebrand factor A1 domain. Science 2002;297:1176-1179. 

 127.  De ML, Girolami A, Zimmerman TS, Ruggeri ZM. Interaction of purified type IIB von Willebrand 
factor with the platelet membrane glycoprotein Ib induces fibrinogen binding to the glycoprotein 
IIb/IIIa complex and initiates aggregation. Proc.Natl.Acad.Sci.U.S.A 1985;82:7424-7428. 

 128.  Ruggeri ZM, Mannucci PM, Lombardi R, Federici AB, Zimmerman TS. Multimeric composition of 
factor VIII/von Willebrand factor following administration of DDAVP: implications for 
pathophysiology and therapy of von Willebrand's disease subtypes. Blood 1982;59:1272-1278. 

 129.  Rabinowitz I, Tuley EA, Mancuso DJ et al. von Willebrand disease type B: a missense mutation 
selectively abolishes ristocetin-induced von Willebrand factor binding to platelet glycoprotein Ib. 
Proc.Natl.Acad.Sci.U.S.A 1992;89:9846-9849. 

 130.  Hillery CA, Mancuso DJ, Evan SJ et al. Type 2M von Willebrand disease: F606I and I662F mutations 
in the glycoprotein Ib binding domain selectively impair ristocetin- but not botrocetin-mediated binding 
of von Willebrand factor to platelets. Blood 1998;91:1572-1581. 

 131.  Stepanian A, Ribba AS, Lavergne JM et al. A new mutation, S1285F, within the A1 loop of von 
Willebrand factor induces a conformational change in A1 loop with abnormal binding to platelet GPIb 
and botrocetin causing type 2M von Willebrand disease. Br.J.Haematol. 2003;120:643-651. 

 132.  Cacheris PM, Nichols WC, Ginsburg D. Molecular characterization of a unique von Willebrand disease 
variant. A novel mutation affecting von Willebrand factor/factor VIII interaction. J.Biol.Chem. 
1991;266:13499-13502. 

 133.  Kroner PA, Foster PA, Fahs SA, Montgomery RR. The defective interaction between von Willebrand 
factor and factor VIII in a patient with type 1 von Willebrand disease is caused by substitution of 
Arg19 and His54 in mature von Willebrand factor. Blood 1996;87:1013-1021. 

 134.  Jorieux S, Fressinaud E, Goudemand J et al. Conformational changes in the D' domain of von 
Willebrand factor induced by CYS 25 and CYS 95 mutations lead to factor VIII binding defect and 
multimeric impairment. Blood 2000;95:3139-3145. 

 135.  Qin F, Impeduglia T, Schaffer P, Dardik H. Overexpression of von Willebrand factor is an independent 
risk factor for pathogenesis of intimal hyperplasia: preliminary studies. J.Vasc.Surg. 2003;37:433-439. 

 136.  Qin F, Dardik H, Pangilinan A et al. Remodeling and suppression of intimal hyperplasia of vascular 
grafts with a distal arteriovenous fistula in a rat model. J.Vasc.Surg. 2001;34:701-706. 

 137.  De Meyer GR, Hoylaerts MF, Kockx MM et al. Intimal deposition of functional von Willebrand factor 
in atherogenesis. Arterioscler.Thromb.Vasc.Biol. 1999;19:2524-2534. 



General introduction –––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

36 

 138.  Bosmans JM, Kockx MM, Vrints CJ et al. Fibrin(ogen) and von Willebrand factor deposition are 
associated with intimal thickening after balloon angioplasty of the rabbit carotid artery. 
Arterioscler.Thromb.Vasc.Biol. 1997;17:634-645. 

 139.  Foster TJ, Hook M. Surface protein adhesins of Staphylococcus aureus. Trends Microbiol. 1998;6:484-
488. 

 140.  Fitzgerald JR, Loughman A, Keane F et al. Fibronectin-binding proteins of Staphylococcus aureus 
mediate activation of human platelets via fibrinogen and fibronectin bridges to integrin GPIIb/IIIa and 
IgG binding to the FcgammaRIIa receptor. Mol.Microbiol. 2006;59:212-230. 

 141.  Foster TJ. Immune evasion by staphylococci. Nat.Rev.Microbiol. 2005;3:948-958. 
 142.  Palmqvist N, Foster T, Fitzgerald JR, Josefsson E, Tarkowski A. Fibronectin-binding proteins and 

fibrinogen-binding clumping factors play distinct roles in staphylococcal arthritis and systemic 
inflammation. J.Infect.Dis. 2005;191:791-798. 

 143.  Loughman A, Fitzgerald JR, Brennan MP et al. Roles for fibrinogen, immunoglobulin and complement 
in platelet activation promoted by Staphylococcus aureus clumping factor A. Mol.Microbiol. 
2005;57:804-818. 

 144.  Herrmann M, Hartleib J, Kehrel B et al. Interaction of von Willebrand factor with Staphylococcus 
aureus. J.Infect.Dis. 1997;176:984-991. 

 145.  Hartleib J, Kohler N, Dickinson RB et al. Protein A is the von Willebrand factor binding protein on 
Staphylococcus aureus. Blood 2000;96:2149-2156. 

 146.  George NP, Wei Q, Shin PK, Konstantopoulos K, Ross JM. Staphylococcus aureus adhesion via Spa, 
ClfA, and SdrCDE to immobilized platelets demonstrates shear-dependent behavior. 
Arterioscler.Thromb.Vasc.Biol. 2006;26:2394-2400. 

 147.  O'Seaghdha M, van Schooten CJ, Kerrigan SW et al. Staphylococcus aureus protein A binding to von 
Willebrand factor A1 domain is mediated by conserved IgG binding regions. FEBS J. 2006;273:4831-
4841. 

 148.  Laszik Z, Jansen PJ, Cummings RD et al. P-selectin glycoprotein ligand-1 is broadly expressed in cells 
of myeloid, lymphoid, and dendritic lineage and in some nonhematopoietic cells. Blood 1996;88:3010-
3021. 

 149.  Snapp KR, Ding H, Atkins K et al. A novel P-selectin glycoprotein ligand-1 monoclonal antibody 
recognizes an epitope within the tyrosine sulfate motif of human PSGL-1 and blocks recognition of 
both P- and L-selectin. Blood 1998;91:154-164. 

 150.  Yang J, Furie BC, Furie B. The biology of P-selectin glycoprotein ligand-1: its role as a selectin 
counterreceptor in leukocyte-endothelial and leukocyte-platelet interaction. Thromb.Haemost. 
1999;81:1-7. 

 151.  Moore KL, Eaton SF, Lyons DE et al. The P-selectin glycoprotein ligand from human neutrophils 
displays sialylated, fucosylated, O-linked poly-N-acetyllactosamine. J.Biol.Chem. 1994;269:23318-
23327. 

 152.  Moore KL. Structure and function of P-selectin glycoprotein ligand-1. Leuk.Lymphoma 1998;29:1-15. 
 153.  Sako D, Comess KM, Barone KM et al. A sulfated peptide segment at the amino terminus of PSGL-1 

is critical for P-selectin binding. Cell 1995;83:323-331. 
 154.  Borges E, Eytner R, Moll T et al. The P-selectin glycoprotein ligand-1 is important for recruitment of 

neutrophils into inflamed mouse peritoneum. Blood 1997;90:1934-1942. 
 155.  Cummings RD. Structure and function of the selectin ligand PSGL-1. Braz.J.Med.Biol.Res. 

1999;32:519-528. 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter One 

37 

 156.  Weyrich AS, McIntyre TM, McEver RP, Prescott SM, Zimmerman GA. Monocyte tethering by P-
selectin regulates monocyte chemotactic protein-1 and tumor necrosis factor-alpha secretion. Signal 
integration and NF-kappa B translocation. J.Clin.Invest 1995;95:2297-2303. 

 157.  Weyrich AS, Elstad MR, McEver RP et al. Activated platelets signal chemokine synthesis by human 
monocytes. J.Clin.Invest 1996;97:1525-1534. 

 158.  Hidari KI, Weyrich AS, Zimmerman GA, McEver RP. Engagement of P-selectin glycoprotein ligand-1 
enhances tyrosine phosphorylation and activates mitogen-activated protein kinases in human 
neutrophils. J.Biol.Chem. 1997;272:28750-28756. 

 159.  Blanks JE, Moll T, Eytner R, Vestweber D. Stimulation of P-selectin glycoprotein ligand-1 on mouse 
neutrophils activates beta 2-integrin mediated cell attachment to ICAM-1. Eur.J.Immunol. 
1998;28:433-443. 

 160.  Lorant DE, McEver RP, McIntyre TM et al. Activation of polymorphonuclear leukocytes reduces their 
adhesion to P-selectin and causes redistribution of ligands for P-selectin on their surfaces. J.Clin.Invest 
1995;96:171-182. 

 161.  Springer TA. Traffic signals on endothelium for lymphocyte recirculation and leukocyte emigration. 
Annu.Rev.Physiol 1995;57:827-872. 

 162.  Dickeson SK, Santoro SA. Ligand recognition by the I domain-containing integrins. Cell Mol.Life Sci. 
1998;54:556-566. 

 163.  Anderson DC, Springer TA. Leukocyte adhesion deficiency: an inherited defect in the Mac-1, LFA-1, 
and p150,95 glycoproteins. Annu.Rev.Med. 1987;38:175-194. 

 164.  Bernstein CN, Sargent M, Gallatin WM. Beta2 integrin/ICAM expression in Crohn's disease. 
Clin.Immunol.Immunopathol. 1998;86:147-160. 

 165.  Isobe T, Hisaoka T, Shimizu A et al. Propolypeptide of von Willebrand factor is a novel ligand for very 
late antigen-4 integrin. J.Biol.Chem. 1997;272:8447-8453. 

 166.  Takahashi H, Isobe T, Horibe S et al. Tissue transglutaminase, coagulation factor XIII, and the pro-
polypeptide of von Willebrand factor are all ligands for the integrins alpha 9beta 1 and alpha 4beta 1. 
J.Biol.Chem. 2000;275:23589-23595. 

 167.  Koivunen E, Ranta TM, Annila A et al. Inhibition of beta(2) integrin-mediated leukocyte cell adhesion 
by leucine-leucine-glycine motif-containing peptides. J.Cell Biol. 2001;153:905-916. 

 168.  Lusis AJ. Atherosclerosis. Nature 2000;407:233-241. 
 169.  Ross R. Atherosclerosis--an inflammatory disease. N.Engl.J.Med. 1999;340:115-126. 
 170.  Fuster V, Bowie EJ. The von Willebrand pig as a model for atherosclerosis research. Thromb.Haemost. 

1978;39:322-327. 
 171.  Nichols TC, Bellinger DA, Reddick RL et al. Role of von Willebrand factor in arterial thrombosis. 

Studies in normal and von Willebrand disease pigs. Circulation 1991;83:IV56-IV64. 
 172.  Nichols TC, Bellinger DA, Reddick RL et al. von Willebrand factor does not influence atherogenesis in 

arteries subjected to altered shear stress. Arterioscler.Thromb.Vasc.Biol. 1998;18:323-330. 
 173.  Theilmeier G, Michiels C, Spaepen E et al. Endothelial von Willebrand factor recruits platelets to 

atherosclerosis-prone sites in response to hypercholesterolemia. Blood 2002;99:4486-4493. 
 174.  Senis YA, Richardson M, Tinlin S, Maurice DH, Giles AR. Changes in the pattern of distribution of 

von Willebrand factor in rat aortic endothelial cells following thrombin generation in vivo. 
Br.J.Haematol. 1996;93:195-203. 

 175.  Vora DK, Fang ZT, Liva SM et al. Induction of P-selectin by oxidized lipoproteins. Separate effects on 
synthesis and surface expression. Circ.Res. 1997;80:810-818. 

 176.  Ishibashi T, Sueishi K, Murata T, Inomata H. Morphologic study of angiogenesis in vitro. In Vitro Cell 
Dev.Biol. 1993;29A:91-93. 



General introduction –––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

38 

 177.  Methia N, Andre P, Denis CV, Economopoulos M, Wagner DD. Localized reduction of atherosclerosis 
in von Willebrand factor-deficient mice. Blood 2001;98:1424-1428. 

 178.  Sramek A, Bucciarelli P, Federici AB et al. Patients with type 3 severe von Willebrand disease are not 
protected against atherosclerosis: results from a multicenter study in 47 patients. Circulation 
2004;109:740-744. 

 179.  Kempin SJ. Hemostatic defects in cancer patients. Cancer Invest 1997;15:23-36. 
 180.  Karpatkin S, Pearlstein E. Role of platelets in tumor cell metastases. Ann.Intern.Med. 1981;95:636-

641. 
 181.  Gasic GJ, Gasic TB, Stewart CC. Antimetastatic effects associated with platelet reduction. 

Proc.Natl.Acad.Sci.U.S.A 1968;61:46-52. 
 182.  Chen YQ, Gao X, Timar J et al. Identification of the alpha IIb beta 3 integrin in murine tumor cells. 

J.Biol.Chem. 1992;267:17314-17320. 
 183.  Chen YQ, Trikha M, Gao X et al. Ectopic expression of platelet integrin alphaIIb beta3 in tumor cells 

from various species and histological origin. Int.J.Cancer 1997;72:642-648. 
 184.  Oleksowicz L, Dutcher JP, eon-Fernandez M, Paietta E, Etkind P. Human breast carcinoma cells 

synthesize a protein immunorelated to platelet glycoprotein-Ib alpha with different functional 
properties. J.Lab Clin.Med. 1997;129:337-346. 

 185.  Nierodzik ML, Klepfish A, Karpatkin S. Role of platelets, thrombin, integrin IIb-IIIa, fibronectin and 
von Willebrand factor on tumor adhesion in vitro and metastasis in vivo. Thromb.Haemost. 
1995;74:282-290. 

 186.  Palumbo JS, Kombrinck KW, Drew AF et al. Fibrinogen is an important determinant of the metastatic 
potential of circulating tumor cells. Blood 2000;96:3302-3309. 

 187.  Floyd CM, Irani K, Kind PD, Kessler CM. von Willebrand factor interacts with malignant 
hematopoietic cell lines: evidence for the presence of specific binding sites and modification of von 
Willebrand factor structure and function. J.Lab Clin.Med. 1992;119:467-476. 

 188.  McCarty OJ, Mousa SA, Bray PF, Konstantopoulos K. Immobilized platelets support human colon 
carcinoma cell tethering, rolling, and firm adhesion under dynamic flow conditions. Blood 
2000;96:1789-1797. 

 189.  Morganti M, Carpi A, mo-Takyi B et al. Von Willebrand's factor mediates the adherence of human 
tumoral cells to human endothelial cells and ticlopidine interferes with this effect. 
Biomed.Pharmacother. 2000;54:431-436. 

 190.  Karpatkin S, Pearlstein E, Ambrogio C, Coller BS. Role of adhesive proteins in platelet tumor 
interaction in vitro and metastasis formation in vivo. J.Clin.Invest 1988;81:1012-1019. 

 191.  Rohsig LM, Damin DC, Stefani SD et al. von Willebrand factor antigen levels in plasma of patients 
with malignant breast disease. Braz.J.Med.Biol.Res. 2001;34:1125-1129. 

 192.  Eppert K, Wunder JS, Aneliunas V, Kandel R, Andrulis IL. von Willebrand factor expression in 
osteosarcoma metastasis. Mod.Pathol. 2005;18:388-397. 

 193.  Wang WS, Lin JK, Lin TC et al. Plasma von Willebrand factor level as a prognostic indicator of 
patients with metastatic colorectal carcinoma. World J.Gastroenterol. 2005;11:2166-2170. 

 194.  Dobrkovska A, Krzensk U, Chediak JR. Pharmacokinetics, efficacy and safety of Humate-P in von 
Willebrand disease. Haemophilia. 1998;4 Suppl 3:33-39. 

 195.  Goudemand J, Scharrer I, Berntorp E et al. Pharmacokinetic studies on Wilfactin, a von Willebrand 
factor concentrate with a low factor VIII content treated with three virus-inactivation/removal methods. 
J.Thromb.Haemost. 2005;3:2219-2227. 

 196.  Millar CM, Brown SA. Oligosaccharide structures of von Willebrand factor and their potential role in 
von Willebrand disease. Blood Rev. 2006;20:83-92. 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter One 

39 

 197.  Jenkins PV, O'Donnell JS. ABO blood group determines plasma von Willebrand factor levels: a 
biologic function after all? Transfusion 2006;46:1836-1844. 

 198.  Lenting PJ, van Schooten CJ, Denis CV. Clearance mechanisms of von Willebrand factor and factor 
VIII. J.Thromb.Haemost. 2007 

 199.  Ellies LG, Ditto D, Levy GG et al. Sialyltransferase ST3Gal-IV operates as a dominant modifier of 
hemostasis by concealing asialoglycoprotein receptor ligands. Proc.Natl.Acad.Sci.U.S.A 
2002;99:10042-10047. 

 200.  Sodetz JM, Pizzo SV, McKee PA. Relationship of sialic acid to function and in vivo survival of human 
factor VIII/von Willebrand factor protein. J.Biol.Chem. 1977;252:5538-5546. 

 201.  Samor B, Michalski JC, Mazurier C et al. Primary structure of the major O-glycosidically linked 
carbohydrate unit of human von Willebrand factor. Glycoconj.J. 1989;6:263-270. 

 202.  Casonato A, Pontara E, Sartorello F et al. Reduced von Willebrand factor survival in type Vicenza von 
Willebrand disease. Blood 2002;99:180-184. 

 203.  Lenting PJ, Westein E, Terraube V et al. An experimental model to study the in vivo survival of von 
Willebrand factor. Basic aspects and application to the R1205H mutation. J.Biol.Chem. 
2004;279:12102-12109. 

 204.  Schooten CJ, Tjernberg P, Westein E et al. Cysteine-mutations in von Willebrand factor associated 
with increased clearance. J.Thromb.Haemost. 2005;3:2228-2237. 

 205.  Haberichter SL, Balistreri M, Christopherson P et al. Assay of the von Willebrand factor (VWF) 
propeptide to identify patients with type 1 von Willebrand disease with decreased VWF survival. Blood 
2006;108:3344-3351. 

 206.  Bouma B, de Groot PG, van den Elsen JM et al. Adhesion mechanism of human beta(2)-glycoprotein I 
to phospholipids based on its crystal structure. EMBO J. 1999;18:5166-5174. 

 207.  Reddel S and Krilis S. The anti-phospholipid syndrome. In: Theofilopoulos A and Bona C, ed. The 
Molecular Pathology of Autoimmune Diseases. 2002:325-352. 

 208.  Schousboe I. beta 2-Glycoprotein I: a plasma inhibitor of the contact activation of the intrinsic blood 
coagulation pathway. Blood 1985;66:1086-1091. 

 209.  Hulstein JJ, Lenting PJ, de LB et al. Beta2-Glycoprotein I inhibits von Willebrand factor-dependent 
platelet adhesion and aggregation. Blood 2007 

 210.  Nimpf J, Wurm H, Kostner GM. Beta 2-glycoprotein-I (apo-H) inhibits the release reaction of human 
platelets during ADP-induced aggregation. Atherosclerosis 1987;63:109-114. 

 211.  Yasuda S, Tsutsumi A, Chiba H et al. beta(2)-glycoprotein I deficiency: prevalence, genetic 
background and effects on plasma lipoprotein metabolism and hemostasis. Atherosclerosis 
2000;152:337-346. 

 212.  Sheng Y, Hanly JG, Reddel SW et al. Detection of 'antiphospholipid' antibodies: a single chromogenic 
assay of thrombin generation sensitively detects lupus anticoagulants, anticardiolipin antibodies, plus 
antibodies binding beta(2)-glycoprotein I and prothrombin. Clin.Exp.Immunol. 2001;124:502-508. 

 213.  de LB, Derksen RH, Urbanus RT, de Groot PG. IgG antibodies that recognize epitope Gly40-Arg43 in 
domain I of beta 2-glycoprotein I cause LAC, and their presence correlates strongly with thrombosis. 
Blood 2005;105:1540-1545. 

 214.  McNeil HP, Chesterman CN, Krilis SA. Immunology and clinical importance of antiphospholipid 
antibodies. Adv.Immunol. 1991;49:193-280. 

 215.  Bevers EM, Galli M, Barbui T, Comfurius P, Zwaal RF. Lupus anticoagulant IgG's (LA) are not 
directed to phospholipids only, but to a complex of lipid-bound human prothrombin. Thromb.Haemost. 
1991;66:629-632. 



General introduction –––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

40 

 216.  McNeil HP, Simpson RJ, Chesterman CN, Krilis SA. Anti-phospholipid antibodies are directed against 
a complex antigen that includes a lipid-binding inhibitor of coagulation: beta 2-glycoprotein I 
(apolipoprotein H). Proc.Natl.Acad.Sci.U.S.A 1990;87:4120-4124. 

 217.  Willems GM, Janssen MP, Pelsers MM et al. Role of divalency in the high-affinity binding of 
anticardiolipin antibody-beta 2-glycoprotein I complexes to lipid membranes. Biochemistry 
1996;35:13833-13842. 

 218.  Meroni PL, Del PN, Raschi E et al. Beta2-glycoprotein I as a 'cofactor' for anti-phospholipid reactivity 
with endothelial cells. Lupus 1998;7 Suppl 2:S44-S47. 

 219.  Zhang J, McCrae KR. Annexin A2 mediates endothelial cell activation by antiphospholipid/anti-beta2 
glycoprotein I antibodies. Blood 2005;105:1964-1969. 

 220.  Raschi E, Testoni C, Bosisio D et al. Role of the MyD88 transduction signaling pathway in endothelial 
activation by antiphospholipid antibodies. Blood 2003;101:3495-3500. 

 221.  Fischetti F, Durigutto P, Pellis V et al. Thrombus formation induced by antibodies to beta2-
glycoprotein I is complement dependent and requires a priming factor. Blood 2005;106:2340-2346. 

 222.  Lutters BC, Derksen RH, Tekelenburg WL et al. Dimers of beta 2-glycoprotein I increase platelet 
deposition to collagen via interaction with phospholipids and the apolipoprotein E receptor 2'. 
J.Biol.Chem. 2003;278:33831-33838. 

 223.  Lutters BC, Derksen RH, Tekelenburg WL et al. Dimers of beta 2-glycoprotein I increase platelet 
deposition to collagen via interaction with phospholipids and the apolipoprotein E receptor 2'. 
J.Biol.Chem. 2003;278:33831-33838. 

 224.  Pennings MT, Derksen RH, van LM et al. Platelet adhesion to dimeric beta-glycoprotein I under 
conditions of flow is mediated by at least two receptors: glycoprotein Ibalpha and apolipoprotein E 
receptor 2'. J.Thromb.Haemost. 2007;5:369-377. 

 225.  Pennings MT, van LM, Derksen RH et al. Interaction of beta2-glycoprotein I with members of the low 
density lipoprotein receptor family. J.Thromb.Haemost. 2006;4:1680-1690. 

 226.  Bohgaki M, Atsumi T, Yamashita Y et al. The p38 mitogen-activated protein kinase (MAPK) pathway 
mediates induction of the tissue factor gene in monocytes stimulated with human monoclonal anti-
beta2Glycoprotein I antibodies. Int.Immunol. 2004;16:1633-1641. 

 227.  Zhou H, Wolberg AS, Roubey RA. Characterization of monocyte tissue factor activity induced by IgG 
antiphospholipid antibodies and inhibition by dilazep. Blood 2004;104:2353-2358. 

 228.  Jackson SP, Nesbitt WS, Kulkarni S. Signaling events underlying thrombus formation. 
J.Thromb.Haemost. 2003;1:1602-1612. 

 229.  McEver RP. Adhesive interactions of leukocytes, platelets, and the vessel wall during hemostasis and 
inflammation. Thromb.Haemost. 2001;86:746-756. 

 230.  Ulbrich H, Eriksson EE, Lindbom L. Leukocyte and endothelial cell adhesion molecules as targets for 
therapeutic interventions in inflammatory disease. Trends Pharmacol.Sci. 2003;24:640-647. 

 231.  Harris ES, McIntyre TM, Prescott SM, Zimmerman GA. The leukocyte integrins. J.Biol.Chem. 
2000;275:23409-23412. 

 

 
 
 



–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter Two 

41 

 

Chapter Two 
 

P-selectin glycoprotein ligand (PSGL)-1 
and β2-integrins cooperate in adhesion 
of leukocytes to von Willebrand factor 

 

Ronan Pendu  

Virginie Terraube  

Olivier D. Christophe  

Carl G. Gahmberg  

Philip G. de Groot  

Peter J. Lenting  

Cécile V. Denis 
 

Blood. 2006;108:3746-52 



VWF as an adhesive protein for leukocytes –––––––––––––––––––––––––––––––––––––––     

42 

Abstract 

Von Willebrand factor (VWF) is an essential component of hemostasis. However, animal 
studies using VWF-deficient mice suggest that VWF may also contribute to inflammation. 
In the present study, we demonstrate that VWF is able to interact with polymorphonuclear 
cells (PMNs) and monocytes under both static and flow conditions. Adhesion under flow is 
dominated by short-lasting contacts using resting PMNs, while adhesion of phorbol-12-
myristate-13-acetate (PMA)-stimulated PMNs is characterized by firm adhesion. Transient 
binding of PMNs to VWF appeared to be mediated by P-selectin glycoprotein ligand-1 
(PSGL-1). Moreover, both recombinant PSGL-1 protein and cell-surface expressed PSGL-1 
directly interacted with VWF. As for stable adhesion by PMA-stimulated PMNs, we 
observed that static adhesion and adhesion under flow was strongly inhibited (>75 %) by 
neutrophil-inhibitory factor, an inhibitor of β2-integrin function. In addition, isolated I-
domain of αMβ2 bound to VWF, and cell-lines expressing αLβ2 or αXβ2 adhered 
efficiently to VWF. Taken together, our data show that VWF can function as an adhesive 
surface for various leukocyte subsets (monocytes, PMNs). In analogy with the VWF-
platelet interaction, VWF provides binding sites for leukocyte-receptors involved in rolling 
(PSGL-1) and stable adhesion (β2-integrins). To our knowledge, VWF is unique in its 
intrinsic capacity to combine both the rolling- and stable adhesion-step in the interaction 
with leukocytes. 
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Introduction 

The recruitment of leukocytes to sites of infection or tissue damage is a key element in the 
inflammatory response. However, these inflammatory cells are in a resting, low-adhesive 
state while circulating in blood or lymphatic vessels. Stimulatory signals are therefore 
required to promote the migration of leukocytes through the endothelial layer. This 
migration involves a complex process that distinguishes a number of distinct steps, 
including initial rolling to slow-down the leukocytes and firm adhesion to allow trans-
endothelial migration1. Several endothelial- and leukocyte-receptors have been identified 
that contribute to these processes. For instance, rolling of leukocytes over the endothelial 
layer is predominantly mediated via interactions between selectins that are exposed on the 
stimulated endothelial cell and P-selectin glycoprotein ligand (PSGL)-1, which is present at 
the leukocyte surface2. These interactions not only result in deceleration of the cells, but 
also in the activation of signaling pathways that bring these leukocytes in the high-adhesive 
state required for stable adhesion3. Important players in the stable adhesion step are the β2-
integrins. This leukocyte-specific integrin family consists of four isotypes (αLβ2, αMβ2, 
αDβ2 and αXβ2), each of which has the intrinsic capacity to mediate stable adhesion4. The 
major counter-receptors for the β2-integrin isotypes are the intercellular adhesion molecules 
(ICAMs)4. However, it has become clear that many other proteins have the capacity to 
interact with this integrin family as well, including fibrinogen, vitronectin, junction-
adhesion molecule-3 and Glycoprotein (GpIb)-1bα, to name a few5-8. An interesting aspect 
of these ligands is that they are also present in platelet-rich thrombi, and could hence 
promote the infiltration of leukocytes in these thrombi. 

The formation of platelet-rich thrombi is greatly dependent on von Willebrand factor 
(VWF), in particular under conditions of high blood flow9. VWF is a plasma protein that 
circulates as an array of multimerized subunits, with each subunit comprising the domain 
structure: D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. The importance of VWF for the 
haemostatic system is illustrated by the severe bleeding tendency that is associated with its 
functional deficiency, both in patients and animal models10;11. Interestingly, studies using 
VWF-deficient mice revealed that VWF might also participate in inflammatory processes. 
For instance, when VWF-/- mice were stimulated in a cytokine-induced meningitis model 
(which represents a model for acute inflammation), a reduction in neutrophil infiltration in 
comparison to control mice was observed12. VWF appeared to be associated with this effect 
in an indirect manner via P-selectin. P-selectin and VWF are stored together in Weibel-
Palade bodies in endothelial cells13, and the absence of VWF leads to the absence of these 
storage organelles14. As such, the absence of VWF results in an impaired surface-exposure 
of P-selectin upon stimulation of endothelial cells. 
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In a model for chronic inflammation, crossbred VWF-/- low-density lipoprotein-
receptor-/- mice were compared with low-density lipoprotein-receptor -/- mice for the 
development of fatty streaks and early fibrous plaques. In this model, the absence of VWF 
was associated with smaller lesions after 8 and 22 weeks. Analysis of these lesions found 
that there was a reduced number of macrophages per lesion15, pointing to a role of VWF in 
the recruitment of leukocytes to these lesions. Since P-selectin exposure was normal in 
these lesions, the reduced leukocyte influx in the absence of VWF should be explained by 
alternative mechanisms. One possibility is a direct interaction between VWF and 
leukocytes. Indeed, VWF may contribute to leukocyte recruitment in a direct manner via its 
propeptide, which circulates in plasma independently of VWF. The propeptide has been 
reported to comprise a binding site for the leukocyte-integrins α4β1 and α9β116;17. 
Furthermore, Koivunen and coworkers have previously demonstrated that the monocytic 
THP-1 cell line adheres to VWF under static conditions in a β2-integrin dependent 
manner18, providing support for the possibility that VWF may directly interact with 
leukocytes.  

These observations led us to address the hypothesis that VWF is capable to act as an 
adhesive surface for blood-borne leukocytes (in particular polymorphonuclear cells (PMNs) 
and monocytes) under static and flow conditions. Furthermore, recombinant VWF 
fragments were employed in order to determine which regions contribute to the interaction 
with these leukocytes. Finally, specific inhibitors and transfected cell lines were used to 
identify leukocyte-elements that mediate the binding to VWF. From our studies, we 
conclude that multiple regions within the VWF molecule are able to support leukocyte 
adhesion. Adhesion to VWF is mediated by concerted actions of PSGL-1 and β2-integrins. 

 

Materials and Methods 

Materials 

Cell culture medium (RPMI-1640, DMEM/F-12, MEM-alpha medium), penicillin, 
streptomycin, and L-glutamine were obtained from Gibco Life Technologies (Paisley, 
United Kingdom). FCS was from Cambrex Bio Science (Verviers, Belgium). Microtiter 
plates were from Costar (New York, NY) for protein assays or Immulon 1B (Thermo 
Labsystem, Franklin, MA) for cell assays. Phorbol-12-myristate-13-acetate (PMA), 
methotrexate, P-nitrophenyl phosphate (PNP), and polyvinylpyrrolidone-360 (PVP) were 
purchased from Sigma (St Louis, MO). The Biacore2000 biosensor system and reagents, 
including streptavidine-sensor chips, were from Biacore AB (Uppsala, Sweden). 
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Proteins 

Recombinant wild-type (wt)-VWF, VWF/ΔA1, VWF/ΔA2, VWF/ΔA3, VWF/D’-D3 and 
VWF/A1-A2-A3 were expressed and purified as described19-21. Plasma-derived (pd)-VWF 
was a kind gift from Dr. C. Mazurier (LFB, Lille, France). The αM I-domain fused to 
glutathione-S-transferase (GST) was expressed and purified as followed: cDNA encoding 
residues Ser112-Gly321 of the αM subunit was obtained via standard molecular biological 
procedures using U937-derived mRNA as source material. The cDNA construct was cloned 
into the pGEX-bacterial expression vector to be expressed as a GST/αM I-domain fusion 
protein, and purifed as described22. Recombinant PSGL-1/Ig fusion-protein (rPSGL-Ig)23 
was a generous gift from Dr. R.G. Schaub (Wyeth Research, Cambridge, MA). Purified 
recombinant neutrophil inhibitory factor (NIF) was a gift from Dr. D.I. Prichard (University 
of Nottingham, Nottingham, UK). Fibrinogen was purchased from Enzyme Research 
Laboratories (South Bent, IN). Botrocetin was purified from crude Bothrops jararaca 
venom (Sigma, St Louis, MO) as described24. Purified snake-venom derived Nk-protease 
was kindly provided by Dr. R.K. Andrews (Monash University, Clayton, Australia). Nk-
protease is purified from Naja kaouthia-venom and is similar to Mocarhagin, a previously 
described snake-venom protease which cleaves the aminoterminal regions of GpIbα and 
PSGL-125;26. Monoclonal anti PSGL-1 antibody KPL-1 was obtained from BD PharMingen 
(San Diego, CA). Isotype control antibody against C5aR (clone W17/1) was purchased 
from Serotec (Oxford, UK). Bovine serum albumin (BSA) fraction V (catalog number 
A2153) was purchased from Sigma (St Louis, MO). 

Cell lines and culture conditions 

The monocytic lines U937 and THP1 were obtained from the American Type Culture 

Collection (Manassas, VA) (CRL-1593.2) and were maintained in RPMI-1640, 10% FCS, 
50 U/mL penicillin, 50 µg/mL streptomycin, and 50 µM β-mercaptoethanol in a humidified 

CO2 (5%) incubator at 37°C. CD18/CD11a- or CD18/CD11c-transfected L-cell lines were 
generous gifts from Dr. Y. van Kooyk (University Hospital, Nijmegen, The Netherlands), 
and were cultured in DMEM/F-12, 10% FCS, 50 U/mL penicillin, 50 µg/mL streptomycin, 
1 mg/ml G418. CHO-cells expressing functionally active PSGL-1 have been described 
previously27, and were provided by Dr. R.G. Schaub (Wyeth Research, Cambridge, MA) 
and maintained in MEM-alpha medium, 10% FCS, 50 U/mL penicillin, 50 µg/mL 

streptomycin, 2 mM glutamine, 100 mM methotrexate, 1 mg/mL G418. PMNs were freshly 
isolated from blood obtained from healthy volunteers by Ficoll-Paque (Amersham-
Pharmacia, Uppsala, Sweden) density centrifugation. Erythrocytes were removed from the 
granulocyte fraction by ice-cold erythrocyte lysis buffer (0.155 mM NH4Cl, 7.4 mM 
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KHCO3, and 0.1 mM EDTA (pH 7.4). Peripheral blood monocytes were isolated from the 
mononuclear cell fraction using CD14-microbeads and AutoMACS (Miltenyi-Biotec, 

Bergisch-Gladbach, Germany). After isolation, cells were directly used for experiments. 
Cell purity was greater than 95% for PMNs and 90% for monocytes, as examined by CD15 
and CD14 detection by flow-cytometric analysis, respectively.  

Static adhesion 

Fibrinogen, BSA or recombinant wt-VWF, VWF/D’-D3, VWF/A1-A2-A3 (20 µg/ml) were 
immobilized in microtiter wells in Tris-buffered saline (TBS) (pH 7.4) for 2 hours at 37°C, 
and subsequently blocked with 0.5% PVP for 2 hours at 37°C. In assays using PMNs, 
monocytes or monocytic cell lines, cells were washed twice with PBS and subsequently 
incubated in DMEM/F-12 supplemented with 0.1 % BSA/1 mM MnCl2/100 nM PMA for 
15 minutes at a density of 2x106 cells/ml. CHO- and L-cells were resuspended in DMEM 
supplemented with 3% BSA to a similar cell density. Where indicated, cells were incubated 
for an additional 15 minutes in the presence of NIF (10 µg/ml). Cells (1x105/well) were 

added to protein-coated microtiter wells, and incubated for either 60 minutes at 37°C 
(U937-, CHO-, L- and THP1 cells) or 30 minutes at room temperature (PMNs and 
monocytes). Non-adhered cells were removed by gently washing wells with PBS. Cells 
were visualized using light microscopy (Leitz Diaplan; Leica, Rijswijk, The Netherlands) 
and computer-assisted analysis with OPTIMAS 6.0 software (DVS, Breda, The 
Netherlands). Alternatively, adherent cells were determined by endogenous alkaline 
phosphatase activity using PNP as a substrate (3 mg/ml in 1% Triton-X100/50 mM acetic 
acid (pH 5)). Optical density (OD) was measured at 405 nm. 

PMN adhesion under flow 

Glass coverslips (0.17 mm x 60 mm x 24 mm) were coated with pd-VWF or wt-VWF (20 
µg/ml in TBS) or with PVP (0.5 % in PBS) for 2 hours at room temperature. After rinsing 
once in TBS, coverslips were blocked via a 15-min incubation in 0.5 % PVP/PBS. Prior to 
assembly into the flow chamber, coverslips were rinsed once more in DMEM/F-12 
supplemented with 0.5 % BSA. The flow chamber consisted of a rectangular cavity carved 
in a Plexiglas block28. The inner dimensions of the flow chamber were 0.2 mm deep, 29 
mm long and 5 mm wide. Controlled flow rate was generated with an electric pump (PHD 
2000, Harvard Apparatus, Les Ulis, France), using a 2 ml-plastic syringe connected to the 
chamber via silicon tubings. PMNs were resuspended in DMEM/F-12 to a density of 5x105 
cells/ml. Where indicated, cells were incubated with PMA (100 nM) for 15 min prior to 
perfusion. In inhibition experiments, an additional 15-min incubation with NIF (10 µg/ml) 
was performed. All perfusions were executed at room temperature at a flow rate of 100 
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µl/min, corresponding to a wall shear rate of 50 s-1. The perfusion chamber was set on the 
stage of an inverted microscope (Axiovert 135, Zeiss, Germany), equipped with a 10X 
Hoffman Modulation Contrast objective. A charged-coupled-device camera (Sony, Tokyo, 
Japan) and a 20-inch monitor (PVM20N2E, Sony, Tokyo, Japan) allowed real-time 
visualization of flowing cells. Leukocytes interactions were visualized at 100x 
magnification during 6 minutes, and recorded with a DVD recorder (RDR-GX7, Sony, 
Tokyo, Japan). Data were analyzed using Histolab 5.0.0 software (Microvision Instruments, 
Ivry, France), allowing real-time analysis of transient and stable adhesion. Transient 
adhesion was defined as cells adhering for less than 3 sec. 

Surface plasmon resonance (SPR)-analysis 

SPR-analysis was performed employing a Biacore2000 biosensor system. Streptavidin-
sensorchips were loaded with biotinylated anti-Fcγ F(ab)2 fragments (Jackson 
ImmunoResearch Europe, Sirham, UK) till a density of 2.5 kRU on two adjacent channels. 
The first of these channels (channel 1) was used as a control. Channel 2 was used to capture 
rPSGL-Ig fusion protein, which was passed at a concentration of 0.3 mg/ml in 100 mM 
NaCl, 0.005 % Tween-20, 2.5 mM CaCl2, 25 mM Hepes (pH 7.4) at a flow rate of 5 µl/min 
at 25°C to reach a density of 0.5 kRU. Subsequently, both channels were used for the 
perfusion of the various proteins (wt-VWF, VWF/ΔA1, VWF/ΔA2, VWF/ΔA3, VWF/A1-
A2-A3, VWF/D’-D3, botrocetin, VWF/botrocetin complex) at a flow rate of 5 µl/min in the 
same buffer. Binding to the rPSGL-Ig-coated channel was corrected for binding to the 
control channel (<5 %). Regeneration was performed by perfusion with 50 mM EDTA/100 
mM NaCl, 0.005 % Tween-20, 25 mM Hepes (pH 7.4) for 2 min. Channel 2 was reloaded 
with rPSGL-Ig after each regeneration step. Sensorgrams were analysed using 
BiaEvaluation-software provided by the manufacturer. 

Immunosorbent protein-binding assays 

Recombinant wt-VWF was immobilized at indicated concentrations in microtiter wells in 
TBS for 2 hours at 37°C, and wells were then blocked with 3% BSA/0.1% Tween-20/TBS 
(pH 7.4) for 1 hour at 37°C. Subsequently, GST/αM I-domain was diluted in TBS/2 mM 
MnCl2, and incubated with immobilized wt-VWF for 2 hour at 37°C. Binding of GST/αM 
I-domain to wt-VWF was detected using anti-αM I-domain antibody clone 44 (BD 
PharMingen, San Diego, CA) and a peroxidase-conjugated rabbit anti–mouse antibody 
(DakoCytomation, Glostrup, Denmark).  
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Statistical analysis 

All data are expressed as mean ± SEM, unless stated otherwise. Between-group variations 
were examined using the Student’s t-test. A P value of less than .05 was considered 
statistically significant. 
  

Results 

Static adhesion of leukocyte subsets to immobilized VWF. 

To investigate whether VWF is able to function as an adhesive surface for the various 
leukocyte subsets, the binding of PMNs and monocytes as well as the monocytic cell lines 
THP-1 and U937 to immobilized VWF was examined. For comparison, immobilized 
fibrinogen and BSA were used. When freshly isolated PMNs (5.0x105 cells/well) were 
added to microtiter-wells coated with recombinant wt-VWF or fibrinogen, binding of cells 
was observed via light microscopy, whereas cells were virtually absent in non-coated or 
BSA-coated wells (Fig. 1A). Similar results were obtained with monocytes and the 
monocytic cell lines THP-1 and U937 or when pd-VWF instead of recombinant wt-VWF 
was immobilized (not shown). Adhesion was quantified by measuring endogenous 
phosphatase activity of adhered cells. This revealed that PMNs, monocytes and THP-1 cells 
adhered as efficiently to VWF as to fibrinogen, whereas U937 cells adhered 2-fold more 
efficiently to fibrinogen than to VWF (Figs. 1B-1E). Routinely, the number of adhered cells 
varied between 10 % (U937 cells) and 40 % (PMNs) of the total number of cells added 
(1.0x105 cells/well). 

PMNs adhere to VWF under flow conditions.  

Adhesion of PMNs to VWF was examined in more detail under conditions of flow (shear 
rate 50 s-1). Whereas little, if any arrest of PMNs was observed to control coverslips during 
6 min of perfusion (<2 cells/mm2, n=7), distinct adhesion to immobilized recombinant wt-
VWF was observed. Adhesion was predominated by short-lasting contacts (<3 seconds). 
Quantitative analysis revealed 31±4 contacts/mm2/min (mean±SEM) (Fig. 2A and online 
supplemental material), resulting in a cumulative number of 188±58 cells/mm2 of contacts 
during a 6-min perfusion. A significant portion of the cells displayed stable adhesion, which 
added up to approximately 10% of the total contacts (19±4 cells/mm2 (n=7) after 6 min; 
Fig. 2B). Similar data were obtained using coverslips coated with pd-VWF (not shown). 
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Figure 1. Static adhesion of leukocytes to immobilized VWF. (A) Freshly isolated PMNs (2x106 cells/ml) 
were incubated with PMA (100 nM) for 15 min and added to immobilized VWF, fibrinogen or BSA at a 
concentration of 1x105 cells/well for 30 min at room temperature. After washing, adherent cells were 
visualized via light microscopy (original magnification 400x). (B-E) Freshly isolated PMNs (panel B), 
monocytes (panel C), THP-1 cells (panel D) or U937 cells (panel E) were stimulated with PMA for 15 min 
and added at a concentration of 1x105 cells/well to immobilized VWF, fibrinogen or BSA for 30 min at room 
temperature (panels B and C) or 60 min at 37°C (panels D and E). To quantify adhesion, bound cells were 
lysed using 1 % Triton-X100, 50 mM acetic acid (pH 5.0), and endogenous alkaline phosphatase activity was 
determined using PNP as a substrate. Plotted is the relative adhesion, using adhesion to VWF as a reference 
(100 %) in each panel. The number of adhered cells was dependent on the cell type used, and varied between 
10 % (U937 cells) and 40 % (PMNs) of the total cells added. Data are corrected for adhesion to uncoated 
wells (<5 % of VWF-coated wells), and represent mean ± SEM of 3 to 8 experiments performed in duplicate. 
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The combination of short-lasting and stable contacts suggests that the adhesion-process 
depends on the activation state of the leukocytes. This was further examined in experiments 
in which PMNs were stimulated with PMA for 15 min prior to perfusion. PMA-stimulation 
resulted in similar low background adhesion (<2 cells cells/mm2, n=7), whereas firm arrest 
on VWF-coated coverslips was increased 10-fold after 6 min (255±4 cells/mm2, n=7; Fig. 
2B and online supplemental material). This increase in stable adhesion was accompanied 
with an almost complete lack of transient contacts. Furthermore, PMNs started to spread 
after adhesion. Thus, our data show that immobilized VWF provides an adhesive surface 
for leukocytes under both static and flow conditions. Moreover, the adhesion process seems 
to involve an initial step to decelerate the leukocytes and a secondary step that mediates 
firm adhesion. 

 
VWF constitutes a binding site for PSGL-1.  

Primary contacts of leukocytes with the vascular wall are mediated by interactions between 
P- and E-selectins on the endothelial surface and their leukocyte counter-receptors, 
including PSGL-1. These interactions decelerate the cells and initiate intracellular signaling 
pathways that promote stable adhesion of the leukocyte. In view of the structural 
resemblance between the PSGL-1 and the VWF-platelet receptor GpIbα, we considered the 
possibility that VWF is able to interact with PSGL-1. When analyzed by SPR-analysis, no 

 

Figure 2. Adhesion of PMNs to VWF under flow conditions. Freshly isolated PMNs (5 x105 cells/ml) were 
perfused for 6 min over VWF-coated coverslips at a shear rate of 50 s-1. (A) Perfusion of non-stimulated PMNs 
was recorded for 6 min, and leukocyte interactions were analyzed using Histolab 5.0.0 software to determine 
the number of transient contacts (<3 sec). Depicted are the number of contacts for each minute. (B) Perfusion 
of non-stimulated (open circles) or PMA-stimulated (closed circles) PMNs was recorded for 6 min, and were 
analyzed using Histolab 5.0.0 software to determine the amount of stable adherent cells. Shown is the 
cumulative number of stably adherent cells versus time of perfusion. Data represent mean ± SEM of 7-8 
experiments, and are corrected for adhesion to PVP-coated coverslips (<2 cells/mm2 after 6 min). 
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association of soluble VWF to immobilized recombinant PSGL-1/Ig fusion protein 
(rPSGL-Ig) could be observed (inset Fig. 3A). Because binding of VWF to GpIbα requires 
the presence of modulators such as botrocetin, we then tested binding of VWF to 
immobilized rPSGL-Ig in the presence of botrocetin. Whereas botrocetin itself was unable 
to associate to rPSGL-Ig, a dose-dependent binding of botrocetin-stimulated VWF (25-300 
nM) to immobilized rPSGL-Ig could be observed (inset Fig. 3A). The response of the 
VWF/botrocetin complex at equilibrium was determined and plotted against the 
concentration applied (Fig. 3A). Using the resulting binding-isotherm, the apparent affinity 
constant was calculated to be 60±10 nM. Because the observed association was dependent 
on botrocetin, these data suggest that VWF binds to PSGL-1 in a similar way as to GpIbα 
in that it requires a conformational change within the VWF A1 domain. Indeed, VWF 
mutants with deletions of either the A2- or A3-domain displayed normal botrocetin-
dependent binding to rPSGL-Ig, whereas deletion of the A1-domain completely abolished 
this interaction (Fig. 3B). Of note, the abovementioned data do not exclude the possibility 
that binding to VWF opens a PSGL-1 binding site within botrocetin. Additional 
experiments were therefore performed to examine whether VWF itself is able to bind 
PSGL-1. To this end, the recombinant truncated VWF fragment A1-A2-A3 was used, 
which displays spontaneous binding to GpIbα. Indeed, the isolated A1-A2-A3 fragment 
(1.9-4.2 μM) bound to immobilized rPSGL-Ig in the absence of any stimulators, whereas a 
control protein consisting of the D’-D3 domains was unable to interact with rPSGL-Ig (Fig. 
3C). It should be mentioned that binding of either VWF/botrocetin or the A1-A2-A3 
domains was completely inhibited in the presence of EDTA (not shown), suggesting that 
this interaction requires the presence of metal-ions.  

Interaction of VWF with cell-surface exposed PSGL-1 

The interaction between VWF and PSGL-1 was further examined to investigate whether 
cell-surface expressed PSGL-1 is able to mediate adhesion to immobilized VWF. First, 
binding of PSGL-1 expressing CHO-cells to immobilized VWF was tested in static 
adhesion assays. Visual inspection of the wells via light microscopy revealed that these 
cells bound to wells coated with VWF, whereas only few cells were observed in control-
wells (Fig. 4A). Quantification revealed that 15 % of the added cells had adhered to VWF. 
The specificity of this adhesion was examined by proteolytic removal of PSGL-1 from the 
cell-surface using Nk-protease, a snake-venom protease that cleaves the N-terminal part of 
PSGL-1. Pre-incubation of CHO-PSGL-1 cells with Nk-protease (5 µg/ml for 20 min at 
room temperature) reduced the amount of surface-exposed PSGL-1 by >80 % as assessed 
in flow cytometry experiments (not shown). This reduced PSGL-1 expression resulted in a 
significant >50 % reduction of adhesion to VWF (Fig. 4B).  
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Figure 3. Binding of VWF to rPSGL-Ig fusion protein. Biotinylated F(ab’)2 goat-anti-human Fcγ antibodies 
were immobilized (2.5 kRU) onto two adjacent channels of a streptavidin-coated sensor-chip. Purified 
recombinant rPSGL-Ig (0.3 mg/ml) was then applied to the second of these channels to reach a density of 0.5 
kRU, whereas channel 1 was used as a reference. (inset A) The various sensorgrams obtained with these 
channels are shown: Dotted lines indicate perfusion of recombinant wt-VWF (300 nM) or Botrocetin (600 nM) 
alone. Solid lines represent sensorgrams of various concentrations of VWF/Botrocetin complexes (25-300 nM). 
Complexes were obtained by incubating VWF with a 2-fold molar excess of botrocetin for 15 min prior to SPR-
analysis. (A) The response of the VWF/botrocetin complex at equilibrium was determined and plotted against 
the concentration applied. Using the resulting isotherm, the apparent affinity constant was calculated to be 
60±10 nM. (B) Various sensorgrams obtained via the perfusion of VWF-deletion mutants (100 nM) complexed 
with botrocetin (200 nM); line I: VWF/ΔA1, line II: VWF/ΔA3, line III: VWFΔA2. (C) Various concentrations 
of recombinant VWF/A-1-A2-A3 fragment (0-4.2 µM; solid lines) or recombinant VWF/D’-D3 fragment (4.5 
µM; dotted line) were passed over rPSGL-Ig, and resulting sensorgrams are depicted. Perfusions were 
performed in 100 mM NaCl, 0.005 % Tween-20, 2.5 mM CaCl2, 25 mM Hepes (pH 7.4) at a flow rate of 5 
µl/min at 25°C. Association was allowed for 2 min, after which ligand solution was replaced by buffer. 
Dissociation was then followed for a 2 min period. rPSGL-Ig dissociation during the association-period was less 
than 5 %. Before each ligand injection, channel 2 was reloaded with rPSGL-Ig to reach a density of 0.5 kRU. 
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A similar approach was used to test the contribution of PSGL-1 to the adhesion of 
PMNs to VWF under flow conditions. Freshly isolated PMNs were incubated with Nk-
protease for 20 min. This procedure reduced PSGL-1 expression by >80 %, whereas 
expression of other leukocyte markers such as β2-integrins remained unaffected (not 
shown).  Pre-incubation with Nk-protease was associated with >80 % less transient contacts 
of non-stimulated PMNs to immobilized VWF (Fig. 4C). In addition, pre-incubation of 
PMNs with the inhibiting monoclonal anti-PSGL-1 antibody KPL-1 was associated with a 
65% reduction of transient contacts, whereas no effect was observed in the presence of the 
isotype control antibody (Fig. 4C). It should be noted that the decrease in transient contacts 
resulted in a concordant decrease in the number of stably adhered cells (not shown). Taken 
together, these data are in favor of the possibility that PSGL-1 contributes to the initial step 
of adhesion of leukocytes to VWF. 

Stable adhesion involves VWF D’-D3 and A1-A2-A3 domains and 
leukocyte β2-integrins 

While PSGL-1 contributes to the initial step of leukocyte adhesion, the leukocyte-specific 
β2-integrin family is essential for the stable adhesion of these cells. The contribution of β2-
integrins to the stable adhesion of PMNs to VWF was first tested in static adhesion assays 
employing the β2-integrin inhibitor NIF.  NIF is known to interfere with adhesion mediated 
by the various β2-integrin isotypes: αLβ2, αMβ2 or αXβ25;29. The presence of NIF (10 
μg/ml) reduced the static adhesion of PMN’s to immobilized wt-VWF by 75±4% (Fig. 5A), 
indicating that β2-integrins indeed contribute to the VWF-leukocyte interaction. To 
determine the location of the VWF-regions involved in the interaction with these integrins, 
we also tested adhesion to two separate recombinant VWF fragments, i.e. the monomeric 
A-1-A2-A3 fragment, and the dimeric D’-D3 fragment. As depicted in Fig. 5A, both VWF 
fragments were as efficient as the full-length protein in acting as an adhesive surface for 
PMNs. Moreover, adhesion to both fragments was inhibited in the presence of NIF (Fig. 
5A). We further examined whether NIF also affects adhesion of PMNs under conditions of 
flow. These experiments revealed that in the presence of this β2-integrin inhibitor the 
amount of stable adherent cells was reduced by >80 % (Fig. 5B). These data strongly 
support the possibility that β2-integrins indeed contribute to the interaction with VWF, and 
that multiple regions in VWF comprise binding sites for these integrins.  
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Figure 4. PSGL-1 dependent adhesion to VWF. (A) CHO-cells transfected to express functionally active 
PSGL-1 (1x105 cells/ml) were added to wells coated with VWF or BSA and incubated for 60 min at 37°C.  
After washing, adherent cells were visualized via light microscopy (original magnification 400x). (B) CHO-
cells expressing PSGL-1 were incubated in the absence or presence of Nk-protease (5 µg/ml) for 20 min at 
room temperature, and subsequently added to immobilized VWF. After 60 min, wells were gently washed and 
bound cells were lysed using 1 % Triton-X100/50 mM acetic acid (pH 5.0), and endogenous alkaline 
phosphatase activity was determined using PNP as a substrate. Plotted is the relative adhesion, using adhesion 
to VWF as a reference (100 %, representing 15 % of the total added cells). Data are corrected for adhesion to 
uncoated wells (<15 % of VWF-coated wells), and represent mean ± SEM of 3 experiments performed in 
duplicate. (C) Freshly isolated, non-stimulated PMNs were incubated in the absence or presence of Nk-
protease (5 µg/ml) or antibody (10 µg/ml) for 20 min at room temperature. Cells (5x105 cells/ml) were then 
perfused over VWF-coated coverslips at a shear rate of 50 s-1. The amount of transient contacts (contact time 
<3 sec) were determined via video-imaging analysis using Histolab 5.0.0 software. Bars represent the relative 
number of transient contacts (cumulative after 6 min) using non Nk-treated PMNs as a reference (100 %). 
Data are corrected for adhesion to PVP-coated coverslips (<2 cells/mm2 after 6 min) and represent mean ± 
SEM of 5 experiments performed in duplicate 
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VWF interacts with various β2-integrin isotypes 

To obtain further support for the possibility that β2-integrins interact with VWF, a number 
of experiments were performed. First, the interaction with VWF was addressed in a system 
using purified components. The recombinant fusion protein GST/αM I-domain (1 µM) was 
incubated with immobilized wt-VWF (0-5 µg/well), and bound I-domain was monitored 
using an anti-αM antibody. This incubation resulted in a dose-dependent binding of 
GST/αM I-domain to VWF (Fig. 6A). A similar dose-dependency was observed when 
GST/αM I-domain concentrations were varied (0-2 µM) and wt-VWF was immobilized at 
a fixed concentration (1 µg/ml; inset Fig. 6A). This interaction could be inhibited by >80 % 
in the presence of NIF (10 µg/ml; Fig. 6B). In a second approach, we incubated fibroblastic 
L-cells expressing the αLβ2 or αXβ2 integrin complex with immobilized full-length wt-
VWF as well as with the truncated D’-D3 and A1-A2-A3 domain fragments. As illustrated 
in Fig. 6C, control L-cells displayed little adhesion to each of the fragments, whereas either 

 

Figure 5. NIF inhibits PMN adhesion to VWF and its derivatives. Freshly isolated PMNs were stimulated 
with PMA (100 nM) for 15 min, followed by an additional 15-min incubation in the absence or presence of 
NIF (10 µg/ml). (A) Static adhesion of PMNs to immobilized VWF, VWF/D’-D3, or VWF/A1-A2-A3 was 
performed and quantified as described in the legend of Fig. 1. Plotted is the relative adhesion, using adhesion 
to VWF as a reference (100 %) in each panel. Control represents adhesion to BSA-coated wells. Data 
represent mean ± SEM of 4 experiments performed in duplicate. (B) Perfusion of PMA-stimulated PMNs to 
immobilized VWF was performed and analyzed as described in the legend of Fig. 2B. Plotted is the 
cumulative number of adherent cells in the absence (open circles) or presence (closed circles) of NIF (10 
µg/ml). Data represent mean ± SEM of 4 experiments, and are corrected for adhesion to PVP-coated 
coverslips (<2 cells/mm2 after 6 min). 
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αLβ2 or αXβ2 expressing L-cells adhered efficiently to the immobilized proteins. In 
conclusion, our findings show that both D’-D3 and A1-A2-A3 domains of VWF contain 
binding sites for the various β2-integrin complexes. 

 

 
Figure 6. Interaction between VWF and β2-integrin isotypes. (A) Various concentration of wt-VWF (0-5 
µg/well) were immobilized in microtiter wells (2 h at 37°C), which were then blocked with 3 % BSA/0.1 % 
Tween-20/TBS (pH 7.4) for 1 h at 37°C. Subsequently, immobilized VWF was incubated with GST/αM I-
domain (1 µM) in 2 mM Mn2+/TBS for 2 hours at 37°C. Bound GST/αM I-domain was detected using a 
monoclonal anti-αM antibody. Plotted is the absorbance versus concentration of immobilized VWF (inset A) 
Binding of various concentrations of GST/αM I-domain (0-2 µM) to immobilized VWF (1 µg/well) was 
determined as described for panel A. (B) Binding of GST/αM I-domain (1 µM) to immobilized VWF (1 
µg/ml) in the absence or presence of NIF (10 µg/ml) was assessed as described for panel A. Plotted is the 
relative binding, using binding in the absence of NIF as a reference (100 %). (C) Transfected fibroblastic L-
cells expressing αXβ2 or αLβ2 and their non-transfected counterpart (1x105 cells/well) were incubated with 
immobilized wt-VWF, VWF/D’-D3 or VWF/A1-A2-A3 for 60 min at 37°C. Wells were gently washed and 
adhesion was quantified as described in the legend of Fig.1. Plotted is the relative adhesion, using adhesion of 
αXβ2-expressing L-cells to wt-VWF as a reference (100 %). Data represent mean ± SEM of 3-6 experiments 
performed in duplicate. 
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Discussion 

The recruitment of platelets to sites of vascular injury to arrest bleeding and the recruitment 
of leukocytes to sites of inflammation to combat pathogens have traditionally been 
considered to involve separate cellular adhesive pathways. However, it has become 
apparent that these pathways are intricately linked via the adhesion molecules P-selectin, 
PSGL-1 and GpIbα30. In the present study, we have identified a new link between the 
hemostatic and the inflammatory system by establishing VWF as an adhesive component 
for PMNs and monocytes. Adhesion of these inflammatory cells involves various regions 
within the VWF molecule, and is mediated by concerted actions of PSGL-1 and β2-
integrins.  

The identification of PSGL-1 as a leukocyte-receptor for VWF may be surprising at first 
sight, as VWF shares little homology with other PSGL-1 binding proteins. To date, only 
few other proteins have been identified that are able to interact with PSGL-1. These 
obviously include P-, L- and E-selectin2, but also the human chemokine CCL27, the mouse 
chemokine KC (a homolog of human chemokine CXCL1) and the extracellular matrix 
proteoglycan PG-M/versican have been identified as counter-receptors for PSGL-131-33. 
However, the structure of PSGL-1 resembles that of the VWF-platelet receptor GpIbα, in 
that both single-membrane proteins contain a heavily glycosylated extracellular stack and 
an aminoterminal cluster of sulfated tyrosines30. The presence of these sulfated tyrosines 
has been reported to be necessary for optimal function of both GpIbα and PSGL-1 34-38. 
Proteolytic treatment with the Nk-protease results in removal of the N-terminal part of 
PSGL-1, which includes these sulfated residues. Since this cleavage abolishes VWF 
binding (Fig. 4), it seems conceivable that the sulfated tyrosines contribute to the 
interaction between PSGL-1 and VWF as well.  

The physiological consequence of the P-selectin/PSGL-1 interaction is not only that 
resting leukocytes are brought in close proximity of the activated endothelium, but also that 
signaling pathways are initiated that convert leukocytes from a low-adhesive into a high-
adhesive state3. It is tempting to speculate that formation of the VWF/PSGL-1 complex 
exerts a similar effect. Stable adhesion of leukocyte involves β2-integrins, and we have 
obtained several lines of evidence in support of these integrins being involved in leukocyte 
adhesion to VWF (Figs 5 and 6). The observation that VWF interacts with β2-integrins is in 
line with a previous report by Koivunen et al.18. It was shown that the monocytic THP-1 
cell line adhered to VWF, and that adhesion could be blocked by an anti-β2-integrin 
antibody or by β2-integrin directed peptides. They further proposed that binding of β2-
integrins to VWF could be mediated by two leucine-leucine-glycine motifs, which are 
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located in the VWF D3-domain (residues 965-967) and the connecting region between the 
A1- and A2-domains (residues1482-1484). The presence of distinct interactive sites for β2-
integrins could be confirmed using truncated recombinant VWF fragments (Figs. 5 and 6). 
However, mutagenesis of the leucine-leucine-glycine motifs did not affect adhesion of 
PMNs or monocytes to VWF (data not shown), suggesting that these tri-peptide motifs 
have a minor role in the interaction between VWF and β2-integrins expressed on blood-
borne leukocytes. 

VWF displayed binding to the purified I-domain of the αM-subunit (Fig. 6), indicating 
that the I-domains of the α-subunits may contribute to the interaction with VWF. Indeed, 
NIF exerts its inhibitory capacity by interacting with the I-domain of the various 
subunits5;29. The observation that VWF interacts with at least three isotypes (Fig. 6) may 
point to a homologous structure in the subunits that mediates binding to VWF. In this 
regard, VWF is similar to ICAM-1, which also is able to interact with the same three 
isotypes4. In contrast, most other ligands display a more specific interaction for one or two 
of the subtypes, such as GpIbα that binds to αMβ2 but not to αLβ28;39.  

By identifying VWF as a ligand for PSGL-1 and β2-integrins, the network of adhesive 
interactions in the recruitment of leukocytes is becoming more intriguing. At the same time, 
it is of interest to consider how and when VWF would contribute to this process. We found 
that VWF is less efficient than P-selectin in mediating leukocyte rolling, as is illustrated by 
3-6 fold more transient contacts of PMNs on P-selectin coated coverslips compared to 
VWF coated coverslips (not shown). It seems unlikely therefore that regular leukocyte 
rolling on endothelium is mediated by VWF, as emphasized by the notion that this 
phenomenon is missing in P-selectin deficient mice40. Given that VWF is abundantly 
present in an active conformation in platelet-rich thrombi may point to a role of VWF in 
supporting the infiltration of leukocytes into these thrombi. In this regard, it should be 
mentioned that P-selectin is relatively rapidly shed from activated platelets, leaving 
platelet-bound VWF as an alternative docking-point for PSGL-1 expressing leukocytes. 
Within the platelet-rich thrombus, VWF may further facilitate leukocyte recruitment via its 
β2-integrin binding capacities. As such, VWF is complementary to a number of other β2-
integrin ligands that are present in these thrombi, such as junction-adhesion molecule-3 and 
GpIbα. The fact that various ligands are present at the same time and place acknowledges 
the redundancy of the system that promotes leukocyte infiltration.  

In conclusion, our data show that VWF has the capacity to act as an adhesive surface for 
various leukocyte subsets (PMNs, monocytes). In analogy with the VWF-platelet 
interaction, VWF provides binding sites for leukocyte-receptors in rolling (PSGL-1) and 



–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter Two 

59 

stable adhesion (β2-integrins). To our knowledge, VWF is unique in its intrinsic capacity to 
combine both the rolling- and stable adhesion-step in the interaction with leukocytes.  

 

Authorship  

P.J.L. and C.V.D. conceived and designed the study, analyzed the data, and wrote the 
manuscript. R.P. and V.T. performed the research, analyzed the data, and approved the final 
manuscript. C.G.G. contributed reagents, revised the draft, and approved the final 
manuscript. O.D.C. and P.G.d.G. designed the study, revised the draft, and approved the 
final manuscript.  

The authors declare no competing financial interests.  

R.P. and V.T. contributed equally to this study. 

 

Acknowledgements 

This study was supported by a European network grant (HPRN-CT-2002-00253), an 
INSERM–Netherlands Organization for Scientific Research/Netherlands Organization for 
Health Research and Development (NWO/ZonMW) exchange grant (910-48-603), a Groupe 
d'Etude sur l'Hémostase et la Thrombose (GEHT) grant, and the Academy of Finland. 

 



VWF as an adhesive protein for leukocytes –––––––––––––––––––––––––––––––––––––––     

60 

References 
 1.  Springer TA. Traffic signals for lymphocyte recirculation and leukocyte emigration: the multistep 

paradigm. Cell. 1994;76:301-314. 

 2.  McEver RP, Cummings RD. Perspectives series: cell adhesion in vascular biology. Role of PSGL-1 
binding to selectins in leukocyte recruitment. J.Clin.Invest. 1997;100:485-491. 

 3.  Cerletti C, Evangelista V, de Gaetano G. P-selectin-beta 2-integrin cross-talk: a molecular mechanism 
for polymorphonuclear leukocyte recruitment at the site of vascular damage. Thromb.Haemost. 
1999;82:787-793. 

 4.  Gahmberg CG. Leukocyte adhesion: CD11/CD18 integrins and intercellular adhesion molecules. 
Curr.Opin.Cell Biol. 1997;9:643-650. 

 5.  Ugarova TP, Yakubenko VP. Recognition of fibrinogen by leukocyte integrins. Ann.N.Y.Acad.Sci. 
2001;936:368-85.:368-385. 

 6.  Kanse SM, Matz RL, Preissner KT, Peter K. Promotion of leukocyte adhesion by a novel interaction 
between vitronectin and the beta2 integrin Mac-1 (alphaMbeta2, CD11b/CD18). 
Arterioscler.Thromb.Vasc.Biol. 2004;24:2251-2256. 

 7.  Santoso S, Sachs UJ, Kroll H et al. The junctional adhesion molecule 3 (JAM-3) on human platelets is 
a counterreceptor for the leukocyte integrin Mac-1. J.Exp.Med. 2002;196:679-691. 

 8.  Simon DI, Chen Z, Xu H et al. Platelet glycoprotein Ibalpha is a counterreceptor for the leukocyte 
integrin Mac-1 (CD11b/CD18). J.Exp.Med. 2000;192:193-204. 

 9.  Ruggeri ZM. Von Willebrand factor, platelets and endothelial cell interactions. J.Thromb.Haemost. 
2003;1:1335-1342. 

 10.  Sadler JE. New concepts in von Willebrand disease. Annu.Rev.Med. 2005;56:173-91.:173-191. 

 11.  Denis CV, Wagner DD. Insights from von Willebrand disease animal models. Cell Mol.Life Sci. 
1999;56:977-990. 

 12.  Denis CV, Andre P, Saffaripour S, Wagner DD. Defect in regulated secretion of P-selectin affects 
leukocyte recruitment in von Willebrand factor-deficient mice. Proc.Natl.Acad.Sci.U.S.A. 
2001;98:4072-4077. 

 13.  Bonfanti R, Furie BC, Furie B, Wagner DD. PADGEM (GMP140) is a component of Weibel-Palade 
bodies of human endothelial cells. Blood. 1989;73:1109-1112. 

 14.  Denis CV. Molecular and cellular biology of von Willebrand factor. Int.J.Hematol. 2002;75:3-8. 

 15.  Methia N, Andre P, Denis CV, Economopoulos M, Wagner DD. Localized reduction of atherosclerosis 
in von Willebrand factor-deficient mice. Blood. 2001;98:1424-1428. 

 16.  Isobe T, Hisaoka T, Shimizu A et al. Propolypeptide of von Willebrand factor is a novel ligand for very 
late antigen-4 integrin. J.Biol.Chem. 1997;272:8447-8453. 

 17.  Takahashi H, Isobe T, Horibe S et al. Tissue transglutaminase, coagulation factor XIII, and the pro-
polypeptide of von Willebrand factor are all ligands for the integrins alpha 9beta 1 and alpha 4beta 1. 
J.Biol.Chem. 2000;275:23589-23595. 



–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter Two 

61 

 18.  Koivunen E, Ranta TM, Annila A et al. Inhibition of beta(2) integrin-mediated leukocyte cell adhesion 
by leucine-leucine-glycine motif-containing peptides. J.Cell Biol. 2001;153:905-916. 

 19.  Lankhof H, Damas C, Schiphorst ME et al. von Willebrand factor without the A2 domain is resistant to 
proteolysis. Thromb.Haemost. 1997;77:1008-1013. 

 20.  Lankhof H, van Hoeijj M, Schiphorst ME et al. A3 domain is essential for interaction of von 
Willebrand factor with collagen type III. Thromb.Haemost. 1996;75:950-958. 

 21.  Lenting PJ, Westein E, Terraube V et al. An experimental model to study the in vivo survival of von 
Willebrand factor. Basic aspects and application to the R1205H mutation. J.Biol.Chem. 
2004;279:12102-12109. 

 22.  Ihanus E, Uotila L, Toivanen A et al. Characterization of ICAM-4 binding to the I domains of the 
CD11a/CD18 and CD11b/CD18 leukocyte integrins. Eur.J.Biochem. 2003;270:1710-1723. 

 23.  Kumar A, Villani MP, Patel UK, Keith JC, Jr., Schaub RG. Recombinant soluble form of PSGL-1 
accelerates thrombolysis and prevents reocclusion in a porcine model. Circulation. 1999;99:1363-1369. 

 24.  Fujimura Y, Titani K, Usami Y et al. Isolation and chemical characterization of two structurally and 
functionally distinct forms of botrocetin, the platelet coagglutinin isolated from the venom of Bothrops 
jararaca. Biochemistry. 1991;19:1957-1964. 

 25.  De Luca M, Dunlop LC, Andrews RK et al. A novel cobra venom metalloproteinase, mocarhagin, 
cleaves a 10-amino acid peptide from the mature N terminus of P-selectin glycoprotein ligand receptor, 
PSGL-1, and abolishes P-selectin binding. J.Biol.Chem. 1995;270:26734-26737. 

 26.  Ward CM, Andrews RK, Smith AI, Berndt MC. Mocarhagin, a novel cobra venom metalloproteinase, 
cleaves the platelet von Willebrand factor receptor glycoprotein Ibalpha. Identification of the sulfated 
tyrosine/anionic sequence Tyr-276-Glu-282 of glycoprotein Ibalpha as a binding site for von 
Willebrand factor and alpha-thrombin. Biochemistry. 1996;35:4929-4938. 

 27.  Kumar R, Camphausen RT, Sullivan FX, Cumming DA. Core2 beta-1,6-N-
acetylglucosaminyltransferase enzyme activity is critical for P-selectin glycoprotein ligand-1 binding to 
P-selectin. Blood. 1996;88:3872-3879. 

 28.  Billy D, Briede J, Heemskerk JW, Hemker HC, Lindhout T. Prothrombin conversion under flow 
conditions by prothrombinase assembled on adherent platelets. Blood Coagul.Fibrinolysis. 1997;8:168-
174. 

 29.  Lo SK, Rahman A, Xu N et al. Neutrophil inhibitory factor abrogates neutrophil adhesion by blockade 
of CD11a and CD11b beta(2) integrins. Mol.Pharmacol. 1999;56:926-932. 

 30.  McEver RP. Adhesive interactions of leukocytes, platelets, and the vessel wall during hemostasis and 
inflammation. Thromb.Haemost. 2001;86:746-756. 

 31.  Hirata T, Furukawa Y, Yang BG et al. Human P-selectin glycoprotein ligand-1 (PSGL-1) interacts with 
the skin-associated chemokine CCL27 via sulfated tyrosines at the PSGL-1 amino terminus. 
J.Biol.Chem. 2004;279:51775-51782. 

 32.  Hicks AE, Nolan SL, Ridger VC, Hellewell PG, Norman KE. Recombinant P-selectin glycoprotein 
ligand-1 directly inhibits leukocyte rolling by all 3 selectins in vivo: complete inhibition of rolling is 
not required for anti-inflammatory effect. Blood. 2003;101:3249-3256. 

 33.  Zheng PS, Vais D, Lapierre D et al. PG-M/versican binds to P-selectin glycoprotein ligand-1 and 
mediates leukocyte aggregation. J.Cell Sci. 2004;117:5887-5895. 



VWF as an adhesive protein for leukocytes –––––––––––––––––––––––––––––––––––––––     

62 

 34.  Dong J, Ye P, Schade AJ et al. Tyrosine sulfation of glycoprotein I(b)alpha. Role of electrostatic 
interactions in von Willebrand factor binding. J.Biol.Chem. 2001;276:16690-16694. 

 35.  Pouyani T, Seed B. PSGL-1 recognition of P-selectin is controlled by a tyrosine sulfation consensus at 
the PSGL-1 amino terminus. Cell. 1995;20:333-343. 

 36.  Sako D, Comess KM, Barone KM et al. A sulfated peptide segment at the amino terminus of PSGL-1 
is critical for P-selectin binding. Cell. 1995;20:323-331. 

 37.  Liu W, Ramachandran V, Kang J et al. Identification of N-terminal residues on P-selectin glycoprotein 
ligand-1 required for binding to P-selectin. J.Biol.Chem. 1998;20:7078-7087. 

 38.  Rodgers SD, Camphausen RT, Hammer DA. Tyrosine sulfation enhances but is not required for PSGL-
1 rolling adhesion on P-selectin. Biophys.J. 2001;81:2001-2009. 

 39.  Ehlers R, Ustinov V, Chen Z et al. Targeting platelet-leukocyte interactions: identification of the 
integrin Mac-1 binding site for the platelet counter receptor glycoprotein Ibalpha. J.Exp.Med. 
2003;198:1077-1088. 

 40.  Mayadas TN, Johnson RC, Rayburn H, Hynes RO, Wagner DD. Leukocyte rolling and extravasation 
are severely compromised in P selectin-deficient mice. Cell. 1993;74:541-554. 

 

 

 

 

 

 

 

 

 

 

 

 



––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– Chapter Three 

63 

 

Chapter Three 
 

Polymorphonuclear cells bind to β2-
Glycoprotein-I via PSGL1 and members 

of the LDL-receptor family 
 
 

 

R. Pendu  

 C. Weeterings  

 R.T. Urbanus  

 C.V. Denis  

P.G. de Groot  

P.J. Lenting  
 

Manuscript in preparation 

 



PMNs bind to β2GPI ––––––––––––––––––––––––––––––––––––––––––––––––––––––––     

64 

Abstract 

Objective. Beta2-Glycoprotein-I (β2GPI) is a major target for auto-antibodies in the 
Antiphospholipid Syndrome (APS). Antibody-induced dimerization converts β2GPI into a 
platelet-binding protein that interacts with the platelet-rolling receptors Glycoprotein Ibα 
(GpIbα) and ApoE-receptor 2’ (ApoER2’), which is a member of the LDL-receptor family. 
Here, we investigated whether dimerized β2GPI is able to interact with polymorphonuclear 
cells (PMNs). In addition, we tested if binding was mediated by the leukocytes rolling 
receptor PSGL1 and/or members of the LDL-receptor family. 

Methods.  (1) Platelet-free PMNs were perfused over recombinant dimeric β2GPI-coated 
coverslips, and adhesion of leukocytes was monitored by video-microscopy; (2) Static 
adhesion of PMNs and PSGL1-expressing CHO-cells to immobilized dimeric β2GPI was 
visualized via light microscopy and quantified using a phosphatase assay; (3) Binding of 
purified recombinant rPSGL/Fc-fusion protein to dimeric β2GPI was determined in an 
immunosorbent assay. 

Results.  PMNs displayed specific adhesion to dimeric β2GPI but not monomeric β2GPI 
under both static and flow conditions. In both cases, adhesion was reduced by 85% by the 
universal LDL-receptor family antagonist Receptor-associated protein and by 50-73% in 
the presence of various PSGL1-inhibitors. CHO-PSGL1 cells adhered specifically to 
dimeric β2GPI, confirming the capacity of PSGL1 to bind to β2GPI. Indeed, purified 

PSGL1 bound to dimeric β2GPI in a dose- and Zn2+-dependent manner. Further analysis 
indicated that the predominant binding site for PSGL1 is located in domain V of β2GPI. 

Conclusion. Our results show that PMNs can adhere to dimeric β2GPI via PSGL1 and 
members of the LDL-receptor family.  
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Introduction 

The Antiphospholipid Syndrome (APS) is a non-inflammatory autoimmune disease 
manifested by a number of clinical symptoms, such as arterial and venous thrombosis and 
recurrent foetal loss (1). APS patients are characterized by the presence of auto-antibodies, 
most of which are directed against proteins that bind negatively charged phospholipids, 
including prothrombin, protein C and β2-Glycoprotein I (β2GPI) (2-4). Recent data point to 
β2GPI as a major target for such auto-antibodies that are associated with thrombotic 
complications (5-8). β2GPI is a 54-kDa glycoprotein that circulates in plasma at a 
concentration of approximately 3 µM. It is a member of the complement control protein 
(CCP)-family, and 5 of such CCP-like domains can be distinguished within the protein 
(9;10).  

The mechanism by which anti-β2GPI antibodies contribute to thrombotic complications 
is complex and likely involves several pathways. This complexity is exemplified by the 
notion that such antibodies not only interfere with antithrombotic properties of β2GPI, but 
also are able to induce prothrombotic functions that are absent in the native protein. We 
have recently described such loss-of-antithrombotic function: β2GPI is able to interfere 
with von Willebrand factor-mediated platelet adhesion and aggregation, and this 
antithrombotic capacity is neutralized in the presence of anti-β2GPI antibodies (11). On the 
other hand, several examples in which anti-β2GPI antibodies induce prothrombotic 
capacities have been reported. First, anti-β2GPI antibodies considerably increase the 
affinity of β2GPI for phospholipids-surfaces, allowing it to prevent activated Protein C-
mediated down-regulation of the coagulation cascade (12;13). Second, β2GPI-antibody 
complexes have the potential to (pre-)activate cells, like platelets, endothelial cells and 
monocytes (14-17). Activation of these cells is for instance illustrated by enhanced platelet-
adhesion to collagen or the expression of tissue-factor on endothelial cells and monocytes.  

A number of cell-surface proteins have been reported to act as a mediator of β2GPI-
antibody mediated cell activation. These include Annexin A2 (18) and members of the 
Toll-like receptor (TLR)-family, ie. TLR-2 and TLR-4 (19;20). As for platelets, two 
receptors have been identified. First, β2GPI-antibody complexes are known to interact with 
members of the LDL-receptor family (21;22). Platelets express one member of this family, 
ie. ApoE-receptor 2 (23), and β2GPI-antibody complexes indeed interact with this receptor 
(14;24;25). Second, antibodies induces the interaction between β2GPI and the platelet-
specific receptor Glycoprotein Ibα (GpIbα) (25;26). This interaction not only increases 
reactivity of platelets, but also allows β2GPI-antibody complexes to act as an adhesive 
surface for platelets.  
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At present, little is known concerning antibody-induced interactions between β2GPI and 
polymorphonuclear cells (PMNs). However, PMNs are similar to platelets in that they 
express members of the LDL-receptor family (27-29). In addition, PMNs are characterized 
by the presence of P-Selectin Glycoprotein Ligand-1 (PSGL1), a cell-surface molecule that 
mediates rolling of leukocytes via interactions with endothelial cell-expressed selectins. 
PSGL1 displays considerable structural resemblance to the platelet-receptor GpIbα (30). 
Moreover, PSGL1 and GpIbα cross-react with each others cognate ligands, P-selectin and 
von Willebrand factor (VWF), respectively (31;32).  

In the present study, we investigated the potential of PMNs to interact with β2GPI, and 
whether or not these interactions are mediated by PSGL1 and/or members of the LDL-
receptor family.   

 

Methods 

Materials  

MEMα-culture medium, penicillin, streptomycin, and L-glutamine were obtained from 
Gibco Life Technologies (Paisley, United Kingdom). Fetal Calf Serum (FCS) was acquired 
from Cambrex BioScience (Verviers, Belgium). Microtiter plates were from Costar (New 
York, NY) for protein assays or from Thermo Labsystem (Franklin, MA) for cell assays. 
Methotrexate, P-nitrophenyl phosphate (PNP), and polyvinylpyrrolidone-360 (PVP) were 
purchased from Sigma (St Louis, MO).  

Proteins  

Purification of recombinant dimeric β2GPI, dimeric deletion mutants β2GPI/ΔI, 
β2GPI/ΔIII, and β2GPI/ΔV, and of plasma-derived β2GPI was performed as described 
(24;33). Dimeric β2GPI consists of the β2GPI protein that is N-terminally fused to the 
dimerization domain of coagulation factor XI, the so-called apple4-domain, and this 
dimeric derivative of β2GPI mimics the properties of β2GPI-antibody complexes (34). 
Highly purified VWF was a kind gift from Dr. M. Behrmann (Biotest AG, Dreieich, 
Germany). Recombinant PSGL1/immunoglobulin fusion protein (rPSGL/Fc) (35) was a 
generous gift from Dr. R. G. Schaub (Wyeth Research, Cambridge, MA). Purified snake 
venom–derived Nk-protease was kindly provided by R. K. Andrews (Monash University, 

Clayton, Australia). Nk-protease was purified from Naja kaouthia venom and is similar to 
mocarhagin, a previously described snake venom protease that cleaves the amino terminal 
regions of GpIbα and PSGL1 (36;37). Staphylococcal superantigen-like 5 (SSL-5), a 
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protein that binds PSGL1 and inhibits P-selectin-mediated neutrophil rolling (38), was a 
kind gift from Dr C.J. de Haas (UMC Utrecht, Utrecht, The Netherlands). The universal 
LDL-receptor family inhibitor Receptor-associated protein was expressed and purified as a 
GST-fusion protein (GST-RAP) as described (39). Recombinant soluble P-selectin was 
purchased from R&D Systems (Minneapolis, MN, USA). Gelatine-blocking reagent was 
acquired from Roche Applied Science (Mannheim, Germany). Bovine serum albumin 
(BSA) fraction V (catalog number A2153) was purchased from Sigma (Saint Louis, MO, 
USA).  

Cell lines and culture conditions  

Chinese hamster ovary cells expressing functionally active PSGL1 (CHO-PSGL1) have 
been described previously (40) and were provided by Dr. R. G. Schaub (Wyeth Research, 
Cambridge, MA) and maintained in MEMα-medium, 10% FCS, 50 U/mL penicillin, 50 
µg/mL streptomycin, 2 mM glutamine, 100 nM methotrexate, and 1 mg/mL G418. PMNs 
were freshly isolated by Ficoll-Paque (Amersham-Pharmacia, Uppsala, Sweden) density 

centrifugation from blood obtained from healthy volunteers. Erythrocytes were removed 
from the granulocyte fraction by ice-cold erythrocyte lysis buffer (0.155 mM NH4Cl, 7.4 
mM KHCO3, and 0.1 mM EDTA (pH 7.4). After isolation, cells were directly used for 
experiments. Cell purity was greater than 95% for PMNs as examined by CD15 detection 
by flow cytometry analysis.  

Static adhesion  

Proteins (dimeric β2GPI, β2GPI-deletion mutants, BSA and VWF) were immobilized at a 
concentration of 20 µg/mL in microtiter wells in Tris-buffered saline (TBS; pH 7.4) for 2 
hours at 37°C.  Wells were subsequently blocked using 0.5% PVP/TBS for 2 hours at 37°C. 
Cells (PMNs or CHO-PSGL1  cells) were washed twice with PBS and subsequently 
incubated in DMEM/F-12 supplemented with 0.1% BSA/1 mM ZnCl2

 at a density of 2 x 
106 cells/mL. Where indicated, cells were incubated for an additional 15 minutes in the 
presence of GST-RAP (35 µg/mL), Nk-protease (5µg/mL), neuraminidase (0.2 U/mL), or 
P-selectin (10µg/mL). Cells (1 x 105/well) were added to protein-coated microtiter wells 
and incubated for either 60 minutes at 37°C (CHO cells) or 30 minutes at room temperature 
(PMNs). Nonadherent cells were removed by gentle washing of wells with PBS. Cells were 
maintained in PBS, and images were acquired under light microscopy (Leitz Diaplan; 
Leica, Rijswijk, The Netherlands) using a 40x/1.00 numerical aperture objective lens, and 
computer-assisted image analysis was performed with Optimas 6.0 software (DVS, Breda, 
The Netherlands). Alternatively, adherent cells were quantified by endogenous alkaline 
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phosphatase activity with a phosphatase substrate (3 mg/mL in 1% Triton-X100/50 mM 
acetic acid, pH 5). Optical density (OD) was measured at 405 nm.  

PMN adhesion under flow  

Glass coverslips (0.17 mm x 60 mm x 24 mm) were coated with recombinant dimeric 
β2GPI (20 µg/mL in TBS) or with TBS for 2 hours at room temperature. After 1 rinse in 
TBS, coverslips were blocked by a 1-hour incubation in PBS containing 0.5% PVP. Before 
assembly into the flow chamber, coverslips were rinsed once more in DMEM/F-12 
supplemented with 0.5% BSA. The flow chamber consisted of a rectangular cavity carved 
in an acrylic sheet (Plexiglas) block (41). Inner dimensions of the flow chamber were 0.25-
mm depth, 20-mm length, and 1.8-mm width. Controlled flow rate was generated with an 
electric pump (PHD 2000; Harvard Apparatus, Les Ulis, France) using a 3-mL plastic 
syringe connected to the chamber through silicon tubings. PMNs were resuspended in 
DMEM/F-12 0.1% BSA, 1mM ZnCl2 to a density of 5 x 105 cells/mL. In inhibition 
experiments, an additional 15-minute incubation with GST-RAP (35 µg/mL), SSL-5 (5 
µg/mL), or Nk-protease (5 µg/mL) was performed. All perfusions were executed at room 
temperature at a shear rate of 35 s–1. The perfusion chamber was set on the stage of an 
inverted microscope (Axiovert 135; Carl Zeiss, Oberkochen, Germany) equipped with a 10 
x Hoffman Modulation Contrast objective. A charge-coupled device camera (Sony, Tokyo, 
Japan) and a 20-inch monitor (PVM20N2E; Sony, Tokyo, Japan) allowed real-time 
visualization of flowing cells. Leukocyte interactions were visualized at 100 x 
magnification for 6 minutes and were recorded with a DVD recorder (RDR-GX7; Sony). 
Video-recordings were analyzed to calculate numbers of transiently and stably adhering 
cells. Transient adhesion was defined as cells adhering for less than three seconds. 

Immunosorbent protein-binding assays  

Proteins were immobilized at indicated concentrations in microtiter wells in TBS for 2 
hours at 37°C, and wells were then blocked with gelatine-blocking reagent for 15 min at 
room temperature. Subsequently, rPSGL/Fc was incubated with immobilized proteins for 1 
hour at 37°C in TBS/1 mM ZnCl2. Where indicated, rPSGL/Fc was pre-incubated with 
monomeric or dimeric β2GPI (0-50 µg/mL). Binding of rPSGL/Fc to β2GPI was detected 
using biotinylated anti–Fcγ F(ab’)2

 fragments (Jackson ImmunoResearch Europe, Sirham, 
United Kingdom), and peroxidase-conjugated streptavidin (DakoCytomation, Glostrup, 
Denmark). 
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Fluorescent Analysis Cell Sorter (FACS) analysis 

Freshly isolated PMNs or CHO-PSGL1 cells were incubated with recombinant dimeric 
β2GPI at 50 μg/mL for 30 minutes at 37°C in DMEM/F12 supplemented with 0.1% BSA/1 
mM ZnCl2. After washing, PMNs were incubated with monoclonal anti-β2GPI antibody 
21B2 or an isotype control (10 µg/mL) and subsequently with polyclonal phycoerythrin-
conjugated anti-mouse IgG antibodies. After washing, cells were collected and resuspended 
in 500 µl TBS/0.5% BSA. Samples were analyzed on a FACSCalibur flow cytometer 
(Becton Dickinson). Data for 1x104 events were collected and analyzed with the cellquest 
software. 

Statistical analysis  

All data are expressed as mean±SEM, unless stated otherwise. Between-group variations 
were examined with the Student t test. P values below 0.05 were considered statistically 
significant.  

 

Results 

PMNs adhere to dimeric β2GPI under static conditions. 

To investigate the potential interaction between β2GPI and PMNs, we first tested if dimeric 
β2GPI functions as an adhesive surface for PMNs. To this end, freshly isolated PMNs 
(1x105 cells/well) were added to wells coated with dimeric β2GPI or monomeric β2GPI (20 
µg/mL). As control, PMNs (1x105 cells/well) were added to cells coated with BSA 
(negative control) or VWF (positive control). As expected, few cells were adhered to BSA, 
whereas accumulation of PMNs on VWF was observed (Fig. 1A). The amount of PMNs 
adhered to monomeric β2GPI was slightly increased compared to BSA, but quantification 
via measurement of endogenous phosphatase activity revealed no statistical significant 
difference (Fig. 1B; p>.05). However, PMNs adhered efficiently to dimeric β2GPI (Fig. 
1A), and quantification revealed that the extent of adhesion was similar to that to VWF 
(Fig. 1B).  

PMNs adhere to dimeric β2GPI under flow conditions 

We then tested whether PMNs also adhere to immobilized dimeric β2GPI under flow-
conditions (shear rate 35 s-1). Distinct arrests of PMNs could be observed on dimeric 
β2GPI-coated coverslips, whereas few cells adhered to control coverslips (Fig. 1C and 1D). 
The time of contact between PMNs and the dimeric β2-GPI-coated surface varied between 



PMNs bind to β2GPI ––––––––––––––––––––––––––––––––––––––––––––––––––––––––     

70 

cells; adhesions were therefore described as transient (< 3 seconds) or stable adhesion. 
Quantificative analysis revealed the amount of transient and stably adhering cells to be 45.4 
± 10.0 and 39.7 ± 13.4 cells/mm2 over a 6-min period (Fig. 1C and 1D, respectively).  

 

 

 

 

Figure 1. PMNs bind to β2GPI. (A) PMNs were added to immobilized BSA, VWF, monomeric β2GPI or 
dimeric β2GPI. After washing, bound cells were visualized by light microscopy (original magnification, 
400x). (B) Alternatively, cells were lysed and endogenous alkaline phosphatase activity was determined to 
quantify the adhesion. Relative adhesion is plotted with adhesion to β2GPI as a reference (100%). Data 
represent the mean ± SEM of 3 to 5 experiments performed in duplicate. (C) & (D) PMNs (5 x 105 cells/mL) 
were perfused for 6 minutes over BSA- or dimeric β2GPI-coated coverslips at a shear rate of 35 s–1. 
Leukocyte interactions were analyzed as transient (less than 3 seconds) contacts (B) or stable adhesions (C). 
Data represent the mean ± SEM of 3 to 6 experiments. (E) PMNs were incubated with monomeric β2GPI, 
dimeric β2GPI (both 50 µg/mL) or buffer, washed and stained for β2GPI before analysis by flow cytometry. 
Black line: cells without β2GPI. Solid grey: cells incubated with dimeric β2GPI. Gray line: cells incubated 
with monomeric pd-β2GPI. 
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PMNs adhere to dimeric β2GPI in solution. 

Since both approaches relied on the binding of PMNs to immobilized dimeric β2GPI, we 
tested the interaction between both components in solution. PMNs (2x106 cells/mL) were 
incubated with either monomeric or dimeric β2GPI (50 µg/mL). After brief washing, bound 
proteins were detected using the monoclonal anti-β2GPI antibody 21B2 in combination 
with FITC-labeled anti-mouse IgG. Flow-cytometric analysis revealed that no binding of 
monomeric β2GPI to PMNs could be detected. In contrast, incubation with dimeric β2GPI 
was associated with an increased mean fluorescence intensity, indicating binding of this 
protein to PMNs (Fig. 1E). Taken together, these data indicate that dimerization of β2GPI 
is associated with the exposure of a binding site for PMNs.  

Adhesion of PMNs to dimeric β2GPI is inhibited by GST-RAP. 

In search for receptors contributing to adhesion of PMNs to dimeric β2GPI, we first 
investigated whether members of the LDL-receptor family are involved. Therefore, the 
effect of GST-RAP (a universal inhibitor of the LDL-receptor family) on the adhesion of 
PMNs to immobilized dimeric β2GPI was tested. Under static conditions, the presence of 
GST-RAP reduced PMN adhesion by nearly 60 % (p<0.002; Fig. 2A). Also under flow 
conditions, preincubation of PMNs (5x105 cells/mL) with GST-RAP (35 µg/mL) reduced 
the amount of transient contacts by 50 % (p<0.05) and stable adhesion by up to 85 % 
(p=0.0001; Fig. 2). Apparently, inhibition of LDL-receptor family members reduces 
adhesion of PMNs to dimeric β2GPI, suggesting that these receptors indeed mediate part of 
the interaction with dimeric β2GPI. 

Adhesion of PMNs to dimeric β2GPI involves PSGL1. 

Given the incomplete inhibition of PMN adhesion to dimeric β2GPI by the LDL-receptor 
family antagonist GST-RAP, we considered the possibility that other receptors could 
contribute to this interaction as well. In particular, PSGL1 could be an attractive candidate 
in view of its functional resemblance with GpIbα, a platelet-receptor recognizing dimeric 
but not monomeric β2GPI. Preincubation of PMNs with soluble P-selectin (a main ligand 
of PSGL1) reduced static adhesion to dimeric β2GPI by more than 50 % (p<0.001; Fig. 3). 
Moreover, proteolytic removal of the PSGL1 ectodomain using Nk-protease resulted in a 
similar decrease in adhered PMNs (p<0.002). FACS experiments demonstrated that NK-
protease removes more than 80% of PSGL1 on PMNs(42). This protease proved also 
effective in reducing both transient contacts (45±15 %; p<0.005) and stable adhesion 
(51±15 %; p<0.02), when Nk-protease treated PMNs were perfused over dimeric β2GPI-
coated coverslips (shear rate 35 s-1).  
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Adhesion under flow was also examined in the presence of SSL-5, a recombinant S. 
aureus-protein that was recently shown to be a high-affinity inhibitor of PSGL1 (38). In the 
presence of SSL-5, transient contacts were diminished by 63±9 % (p<0.0005) and stable 
adhesion by 73±16 % (p<0.005). Thus, these data indicate that cell-surface exposed PSGL1 
is involved in the adhesion of PMNs to dimeric β2GPI under both static and flow 
conditions. 

Dimeric β2GPI interacts with cell surface-exposed PSGL1. 

To obtain further support that dimeric β2GPI interacts with PSGL1, we tested the adhesion 
of CHO-cells expressing PSGL1 (1x105 cell/well) to immobilized dimeric β2GPI (2 
µg/well). Visual inspection of wells coated with dimeric β2GPI revealed the presence of 
numerous cells, whereas few CHO-PSGL1 cells were present in BSA-coated wells (Fig. 
4A). This difference was also apparent when adhesion was quantified by measuring 
endogenous alkalic phosphatase activity: approximately 30 % phosphatase activity could be 
measured in BSA-coated wells compared to dimeric β2GPI-coated wells (p<0.0001; Fg. 
4B). The amount of phosphatase activity in the latter wells was slightly (but not 
significantly) lower compared to VWF-coated wells (Fig. 4B). In order to assess specificity 
of adhesion, CHO-PSGL1 cells were treated with neuraminidase or Nk-protease prior to 
incubation. These components reduced adhesion of CHO-PSGL1 cells by 55±11 % and 
63±10 %, respectively (p<0.003; Fig. 4C). Also the soluble PSGL1-ligand P-selectin 
significantly reduced adhesion (50±15 %; p<0.02; Fig. 4C). Finally, the interaction between 

 

Figure 2. Adhesion of PMNs to dimeric β2GPI is inhibited by GST-RAP. (A) PMNs were incubated in 
presence or absence of RAP (35 μg/mL), and added to immobilized dimeric β2GPI. After washing, adhered 
cells were quantified as described in the legend of Fig. 1. Relative amount of adhered cells is plotted with 
adhesion to β2GPI in absence of RAP as a reference (100%). PMNs (5 x 105 cells/mL) were perfused for 6 
minutes over dimeric β2GPI-coated coverslips at a shear rate of 35 s–1 in presence or absence of RAP (35 
μg/mL). Leukocyte interactions were analyzed as transient contacts (B) or stable adhesion (C). Data represent 
the mean ± SEM of 3 to 6 experiments. 
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CHO-PSGL1 cells and dimeric β2GPI was examined in solution via flow-cytometric 
analysis. CHO-PSGL1 cells pre-incubated in the absence or presence of Nk-protease were 
washed and subsequently incubated with dimeric β2GPI (50 µg/mL). Bound protein was 
detected with FITC-labeled anti-β2GPI antibodies. Mean fluorescence intensity was 
significantly enhanced when β2GPI was added to CHO-PSGL1 cells (Fig. 4D). However, 
pre-incubation of the cells with Nk-protease reduced the signal by approximately 80 % 
(Fig. 4D). Taken together, these data show that dimeric β2GPI is able to interact with cell-
surface exposed PSGL1. 

 
rPSGL/Fc protein binds to dimeric β2GPI. 

To further address the possibility that PSGL1 binds to dimeric β2GPI, we tested the 
interaction between both components in an immunosorbent assay using purified proteins. 
First, recombinant rPSGL/Fc (0-10 µg/mL) was incubated with immobilized dimeric β2GPI 
(1 µg/mL). Given the metal-ion dependency of the dimeric β2GPI interaction with platelet 
GpIbα (25), rPSGL/Fc was added to immobilized dimeric β2GPI in the presence of either 
Zn2+ or Ca2+ ions (1 mM final concentration). In the presence of Ca2+ ions (or EDTA (data 
not shown)), no binding of rPSGL/Fc to immobilized dimeric β2GPI could be detected 
(Fig. 5A). In contrast, a saturable and dose-dependent binding was observed when 
association was assessed in the presence of Zn2+ ions (Fig. 5A). The extent of rPSGL/Fc 
bound was not only dependent on the amount of rPSGL/Fc added, but also on the amount 
of dimeric β2GPI that was immobilized (inset Fig. 5A). In addition, no binding of a control 
Fc-fusion protein to immobilized dimeric β2GPI could be detected (not shown).  

 

Figure 3. Adhesion of PMNs to dimeric β2GPI involved PSGL1. (A) PMNs were preincubated with Nk-
protease (5 μg/mL) or soluble P-selectin (10 μg/mL) before addition to immobilized dimeric β2GPI. Adhered 
cells were quantified after washing as described in the legend of Fig. 1. Relative amount of adhered cells is 
plotted with adhesion to β2GPI in absence of inhibitor as a reference (100%). PMNs (5 x 105 cells/mL) were 
perfused for 6 minutes over dimeric β2GPI-coated coverslips at a shear rate of 35 s–1 in presence or absence of 
Nk-protease (5 μg/mL) or SSL-5 (5 μg/mL). Leukocyte interactions were analyzed as transient contacts (B) or 
stable adhesion (C). Data represent the mean ± SEM of 3 to 6 experiments. 
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Figure 4. PSGL1-dependent adhesion to dimeric β2GPI. (A) CHO-cells expressing functionally active 
PSGL1 were added to wells coated with dimeric β2GPI or BSA. After washing, adherent cells were visualized 
by light microscopy (original magnification, 400x). (B) Alternatively, cells adhered to dimeric β2GPI, BSA or 
VWF were lysed and quantified by endogenous alkaline phosphatase activity determination. Relative 
adhesion is plotted with adhesion to β2GPI as a reference set at 100%. (C) CHO-cells expressing PSGL1 were 
incubated in the absence or presence of Nk-protease (5 µg/mL), neuraminidase (5 µg/mL) or P-selectin (10 
µg/mL). Cells were subsequently added to immobilized β2GPI. Wells were gently washed, and adhered cells 
were quantified by endogenous alkaline phosphatase activity. Data represent the mean ± SEM of 3 
experiments performed in duplicate. Relative adhesion is plotted with adhesion to β2GPI in absence of 
inhibitor as a reference (100%) in each panel. Data represent the mean ± SEM of 3 to 5 experiments 
performed in duplicate. (D) CHO-PSGL1 cells were preincubated or not with Nk-protease (5 µg/mL), then 
incubated with dimeric β2GPI (50 µg/mL) or buffer. Cells were stained for β2GPI and analyzed by flow 
cytometry. Black line: cells without β2GPI. Solid grey: cells incubated with β2GPI. Gray line: cells 
preincubated with Nk-protease, and incubated with β2GPI. 
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The specificity of the interaction was investigated in competition experiments. A constant 
amount of rPSGL/Fc (1 µg/mL) was added to immobilized dimeric β2GPI in the presence 
of soluble monomeric β2GPI or dimeric β2GPI. Monomeric β2GPI proved an inefficient 
inhibitor of the rPSGL/Fc-dimeric β2GPI interaction, with approximately 80 % binding left 
in the presence of 50 µg/mL monomeric β2GPI (Fig. 5B). The presence of dimeric β2GPI 
in solution effectively prevented binding of rPSGL/Fc (Fig.5B), with half-maximal 
inhibition obtained at 2.7±0.1 µg/mL dimeric β2GPI. Thus, these data allow the conclusion 
that PSGL1 displays preferential binding to dimeric β2GPI over monomeric β2GPI, and 
that binding requires the presence of Zn2+ ions. 

 
β2GPI domain V contributes to binding of PSGL1 

In order to identify the interactive site for PSGL1 within the dimeric β2GPI molecule, we 
used a number of recombinant dimeric β2GPI-deletion mutants: β2GPI/∆I, β2GPI/∆III and 
β2GPI/∆V. These mutants were first compared to wild-type dimeric β2GPI for their 
interaction with rPSGL/Fc. rPSGL/Fc (1 µg/mL) was added to wells coated with either 
wild-type or one of the β2GPI deletion mutants (all at 1 µg/mL). As depicted in Fig. 6A, 
deletion of domains I or III resulted in similar rPSGL/Fc binding compared to wild-type 

 

Figure 5. Interaction between PSGL1 and β2GPI. (A) Dimeric β2GPI (1 μg/mL) was immobilized in 
microtiter wells and subsequently incubated with rPSGL/Fc (0-1 μg/mL) in presence of Ca2+ (triangles) or 
Zn2+ (circles). Bound rPSGL/Fc was detected using a biotinylated anti–Fcγ F(ab’)2

 fragments and HRP-
conjugated streptavidin. Absorbance versus concentration of rPSGL/Fc is plotted. Inset represents binding of 
rPSGL/Fc (1 µg/mL) to various concentrations of immobilized VWF (1-5 µg/well) in the presence of Zn2+. 
(B) Binding of rPSGL/Fc (1 µg/mL) incubated with 0-50 µg/mL of monomeric β2GPI (open circles) or 
dimeric β2GPI (closed circles) to immobilized dimeric β2GPI. 
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β2GPI, indicating that these domains are not critical to the interaction with PSGL1. In 
contrast, binding of rPSGL/Fc to β2GPI/∆V was reduced by approximately 60% 
(p<0.0001). Since binding of rPSGL/Fc to dimeric β2GPI deletion mutants may be 
influenced by the presence of the Fc-tag on PSGL1 or the fact that β2GPI is immobilized, 
the deletion mutants were examined for their ability to interact with CHO-PSGL1 cells. 
Dimeric β2GPI/∆I and β2GPI/∆III were indistinguishable from the wild-type counterpart in 
binding to CHO-PSGL1 cells (not shown), confirming their non-relevant role in PSGL1-
binding. Again, deletion of domain V severely impaired association with cell surface-
exposed PSGL1 (>70% reduction in mean fluorescence intensity; Fig. 6B). Apparently, 
domain V of dimeric β2GPI plays a dominant role in the interaction with PSGL1.  

 

Discussion 

The induction of cellular binding of β2GPI by anti-β2GPI autoantibodies is a key event in 
the pathology of APS. It has been shown that β2GPI only in complex with the 
autoantibodies can bind to and stimulate different cell types such as endothelial cells (19), 
platelets (14), neutrophils (39) and monocytes (17;43;44). The binding of β2GPI to the cells 
is dependent on dimerisation of β2GPI by the antibodies and this dimerisation also results 

 

Figure 6. β2GPI domain V contributes to binding of PSGL1. (A) wt-dimeric β2GPI or dimeric β2GPI/ΔI, 
/ΔIII, /ΔV (1 μg/mL) were immobilized in microtiter wells and subsequently incubated with rPSGL/Fc (1 
μg/mL). Bound rPSGL/Fc was detected as described in the legend of Fig. 4B. Relative adhesion is plotted 
with adhesion to wt-dimeric β2GPI as a reference (100%). Data represent the mean ± SEM of 3 to 5 
experiments performed in duplicate.  (B) CHO-PSGL1 cells were incubated with wt-dimeric β2GPI (50 
µg/mL), dimeric β2GPI/ΔV or buffer. Bound β2GPI was detected as described in the legend of Fig. 1E. Black 
line: cells without β2GPI. Solid grey: cells incubated with β2GPI. Gray line: cells incubated with β2GPI/ΔV. 
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in a conformational change in β2GPI that allows the recognition by specific cellular 
receptors. The cell surface receptor involved in β2GPI–dependent leukocyte activation has 
not been identified up till now. Here, we show that PMNs interact directly and specifically 
with dimeric β2GPI but not with monomeric β2GPI. Two receptors on leukocytes are 
involved, PSGL1 and (one of the) members of the LDL-R family. PSGL1 and LDL-R 
family members are widely expressed on different leukocyte subtypes, all leukocytes could 
potentially interact with β2GPI. 

A number of different receptors have been implicated in the binding of β2GPI to 
cellular surfaces. An important role of Toll-like receptor 4 has been suggested for 
endothelial cell activation via β2GPI /antibody complexes. Another member of this receptor 
family, Toll-like receptor-2, has been shown to be involved in the binding of β2GPI 
/antibody complexes to fibroblasts. Moreover, different members of the LDL-receptor 
family have been shown to bind dimeric β2GPI. Also annexin A2 on endothelial cells and 
GPIbα on the platelet membrane have been identified as receptors for β2GPI /antibody 
complexes. Here we show that dimeric β2GPI can also bind to PSGL-1. Apparently β2GPI 
/anti-β2GPI complexes not only bind to a whole variety of cells, they are also recognized 
by a large number of different receptors. It seems that β2GPI after interaction with these 
autoantibodies expresses a broadly recognized epitope. For those receptors for which it was 
tested, the binding site for the receptor was localised in domain V. Domain V is also 
dominant in the interaction with PSGL-1. Domain V has a large positive patch of amino 
acids and it is tempting to speculate that this large positive patch interacts with negatively 
charged patches within the different receptors. In this respect it is of interest that PSGL1 
needs to be properly glycosylated to bind β2GPI. Treatment with neuraminidase that 
cleaves off sialic acids, reduced adhesion of PSGL1 mediated cells by about 50%. Since the 
inhibition was not complete, we cannot exclude that, as was also shown for the binding to 
GPIbα, proper tyrosine sulphatation of PSGL-1 is also required. Treatment with sodium 
chlorate (which inhibits the proper sulphatation of the tyrosines) reduces the adhesion of the 
CHO-PSGL1 cells to dimeric b2GPI by 33% (not shown). It seems conceivable that the 
sulphated tyrosines as well as glycans contribute to the interaction between PSGL1 and 
β2GPI. 

PSGL1 and GPIbα show structural similarities (45) and are known to share ligands like 
P-selectin (46) or von Willebrand Factor (47). Here we identified a third common ligand for 
PSGL-1 and GPIb, dimeric β2GPI. The binding of dimeric β2GPI to both receptors is Zn2+-
dependent and Ca2+ independent, and is mediated by domain V of β2GPI, underscoring the 
similarities in the interaction of β2GPI with both receptors. 
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PMNs were already reported to interact with a β2GPI/anti-β2GPI complex by Arvieux 
and cowokers (48), using a murine anti-β2GPI antibody. This interaction could activate 
PMNs via the interaction of the antibodies with FcγRII receptors. In the present work, we 
used a recombinant dimeric β2GPI and we show that we do not require the presence of 
antibodies for the interaction of β2GPI with neutrophils. β2GPI/anti-β2GPI complex can 
directly interact with leukocytes via the interaction of β2GPI with PLGL-1 and a member 
of the LDL receptor family.  

At least three members of the LDL-R family has been identified on neutrophils, (LRP 
(49), LDL-R(50) and VLDL-R (51)). It has been shown that b2GPI/antibody complexes 
can bind to LRP and VLDL-R, whereas little binding was observed to LDL-R (22). Yet, 
which of the two members is involved in the interaction with b2GPI/antibody complexes 
remains to be investigated.  

It is a striking phenomenon that β2GPI only develops affinity for a receptor such as 
PSGL-1 when bound to an antibody or when synthetically dimerised. The binding of 
β2GPI/antibody complexes to the receptors cannot be explained only by dimerisation of 
β2GPI. We and others have shown that binding of antibodies to β2GPI not only dimerizes 
β2GPI but also induces a conformational change in β2GPI, exposing neo-epitopes that are 
involved in the interaction of β2GPI with different receptors (5;22;52;53). In solution, 
electrostatic interactions between different domains and interactions between positively 
charged amino acid clusters and negatively charged carbohydrate side chains could keep 
β2GPI in a basic conformation. After binding of autoantibodies to β2GPI or binding of 
β2GPI to a surface, these interactions are interrupted and cryptic epitopes become exposed. 
A comparison between the crystal structure of β2GPI and the X-ray structure of soluble 
β2GPI shows that these inter-domain and protein-carbohydrate electrostatic interactions 
indeed exist in soluble β2GPI (54).   

The relevance of the interaction between β2GPI and PMNs is not completely clear yet. 
Binding of PMNs to β2GPI is resistant to shear stresses comparable to the binding of PMNs 
to VWF and P-selectin. Therefore, immobilized β2GPI could act as an adhesive surface for 
leukocytes. Alone or in combination with the other adhesive proteins like VWF (55), 
dimeric β2GPI might facilitate leukocyte recruitment to activated endothelium or platelet-
rich thrombus. This interaction between β2GPI and neutrophils may be of interest in 
pathological conditions such as tissue damage due to ischemia-reperfusion (I/R). Indeed, 
I/R-induced tissue injury is mediated by neutrophil infiltration and complement activation 
(56). After I/R, intestine epithelial cells were reported to expose negatively charged 
phospholipids, a potential binding surface for β2GPI also expressed in this tissue in the 
same conditions (57). Therefore, neutrophil infiltration could be directly mediated by 
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β2GPI. In this respect, it is of interest to note that the pregnancy morbidity observed in the 
antiphospholipid syndrome is dependent on complement activation (58). The interactions 
between leukocyte receptors and β2GPI may also be implicated in activation of leukocytes. 
β2GPI/anti-β2GPI complexes have been shown to induce tissue factor expression on 
monocytes (17;59). Engagement of PSGL1 by P-selectin is able to induce (limited) tissue 
factor expression on PMNs (60). The interaction of dimeric β2GPI with PSGL1 could 
induce tissue factor expression on PMNs (61). PMNs are abundantly present in the 
circulation. After adhesion of PMNs to a growing thrombus via β2GPI, the expression of 
tissue factor by PMNs might be one of the players that explain the increased risk of 
thrombotic complications in patient with APS. 
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Abstract 

Background. The key role played by von Willebrand factor (VWF) in platelet adhesion 
suggests a potential implication in various pathologies where this process is involved. In 
cancer metastasis development, tumour cells interact with platelets and the vessel wall to 
extravasate from the circulation. As a potential mediator of platelet-tumour cell 
interactions, VWF could influence this early step of tumour spread and therefore play a role 
in cancer metastasis.  

Objectives. To investigate whether VWF is involved in metastasis development.  

Methods. In a first step, we characterized the interaction between murine melanoma cells 
B16-BL6 and VWF in vitro. In a second step, an experimental metastasis model was used 
to compare the formation of pulmonary metastatic foci in C57BL/6 wild-type and VWF-
null mice following injection of B16-BL6 cells or Lewis lung carcinoma cells.  

Results. In vitro adhesion assays revealed that VWF is able to promote a dose-dependent 
adhesion of B16-BL6 cells via its RGD sequence. In the experimental metastasis model, we 
found a significant increase in the number of pulmonary metastatic foci in VWF-null mice 
compared to wild-type mice, a phenotype that could be corrected by restoring VWF plasma 
levels. We also showed that increased survival of the tumour cells in the lungs during the 
first 24H in the absence of VWF was the cause of this increased metastasis.  

Conclusion. These findings suggest that VWF plays a protective role against tumour cell 
dissemination in vivo. Underlying mechanisms remain to be investigated. 
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Introduction 

A tight relationship between the haemostatic system and malignant disease has been 
recognized for years [1]. An hypercoagulable state is often observed in cancer patients, 
linked to the capacity of tumour cells to produce directly or indirectly activators of the 
coagulation cascade as well as activators and inhibitors of the fibrinolytic pathway [2]. 
Therefore, these patients show an increased susceptibility to develop thromboembolic 
diseases among which, deep vein thrombosis, pulmonary embolism or disseminated 
intravascular coagulation are the most common [3]. Another mechanism by which the 
haemostatic system is linked to cancer development comes from its ability to regulate 
angiogenesis by a number of proteins secreted by platelet alpha granules or by cryptic 
fragments of the coagulation cascade [4].  

Among the different players present at the interface between haemostasis and cancer, 
blood platelets are of particular importance: in 1968, Gasic et al showed that a reduction in 
platelet number leads to reduced metastasis formation in mice [5]. Metastasis spreading is a 
multi-step process in which tumour cells separate from a primary tumour, migrate across 
blood vessel walls into the bloodstream and disperse throughout the body to generate new 
colonies. Since the work of Gasic, there has been growing evidence that successful 
metastasis may depend on the ability of tumour cells to interact with platelets [6]. The 
presence of platelets around them could protect the tumour cells from clearance by the 
immune system [7]. Alternatively, platelets may mediate tumour cell arrest and adhesion to 
the endothelium, thus facilitating cell extravasation [8, 9]. Among the molecular 
mechanisms underlying these platelet-tumour cell interactions, some authors have reported 
the implication of platelet P-selectin [10]. Another pathway may rely on the presence at the 
tumour cell surface of adhesion receptors normally found on platelets: integrins αIIbβ3 and 
αvβ3 [9, 11] or a glycoprotein Ib-like receptor [12]. The binding of tumour cells to platelets 
would therefore be reminiscent of platelet aggregation and be mediated by adhesive 
proteins [13, 14]. In that prospect, one of the most attractive candidates is von Willebrand 
factor (VWF) whose normal function in primary haemostasis is to promote platelet 
adhesion to the subendothelium and platelet aggregation. The multimeric structure of VWF 
enables it to bind several ligands simultaneously and binding domains for integrins and 
platelet receptors have been identified on its subunits [15]. Direct interactions between 
VWF and tumour cells have been reported, involving αIIbβ3 [16], αvβ3 [17], or glycoprotein 
Ib [12]. In addition, it has been shown in a flow system that VWF was able to form a bridge 
between platelet integrin αIIbβ3 and an unidentified ligand on human colon carcinoma cell 
line LS174T [14] Finally, in vivo experiments revealed that injection of rabbit serum 
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against VWF in mice partially inhibits metastasis development induced by different tumour 
cell lines [13].  

Taken together these different reports converge towards a potentially important role for 
VWF in metastasis development. However most of these arguments remain indirect and we 
therefore decided to use VWF-deficient mice to directly determine VWF involvement in 
this process. We first studied the interaction of VWF with a murine transplantable tumour 
cell line, the melanoma B16-BL6 and we then developed an experimental metastasis model 
using two different tumour cell lines.  

 

Material and methods 

Mice 

The VWF-deficient mice [18] and wild-type mice used in this study were on a C57BL/6 
background and were used between 6 and 10 weeks of age. Housing and experiments were 
done as recommended by French regulations and experimental guidelines of the European 
Community. 

Proteins 

Purified plasma-derived human VWF was a gift from Dr. Mazurier, LFB, Lille, France. For 
in vitro adhesion studies, the following recombinant human VWF were used: wild-type 
VWF (WT-VWF), VWF deleted of C1 and C2 domains (VWF-ΔC), VWF deleted of A1 
domain (VWF-ΔA1), VWF deleted of A2 domain (VWF-ΔA2), and VWF mutated in the 
RGD sequence of the C1 domain (VWF-RGG). Construction, expression and purification 
of the different VWF variants has been described previously [19-24]. Purified proteins were 
dialyzed against 125 mM NaCl, 25 mM Hepes (pH 7.4), and stored at -80°C. The cDNA 
encoding murine VWF was amplified by RT-PCR using total mouse lung RNA prepared 
from Balb/c mice (Sigma, Saint-Quentin-Fallavier, France). The cDNA was cloned into the 
pNUT-vector using SpeI (5’) and NotI (3’). The assembled cDNA contains an optimized 
Kozak sequence, but lacks 5’ or 3’ untranslated regions. The entire insert has been 
sequenced. The murine VWF construct was expressed in stably transfected baby hamster 
kidney cells, and purified from serum-free conditioned medium using standard 
chromatographic methods.  
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Antibodies 

A monoclonal antibody (Mab9), directed against the C1 domain of human VWF was used. 
This Mab inhibits interactions between VWF and αIIbβ3 and between VWF and αvβ3 [25, 
26].  For functional assays, we used monoclonal antibodies directed against different 
murine integrin subunits: a hamster anti-CD61 (clone 2C9.G2, Becton Dickinson, Le Pont-
de-Claix, France), and a hamster anti-CD51 (clone H9.2B8, Becton Dickinson). Both these 
antibodies have been described as function-blocking antibodies, although the latter showed 
only low affinity [27]. We also used a rat anti-CD41 (clone MWReg30, Becton Dickinson). 
Control isotypes were used as negative controls. For flow cytometry analysis; the rat-anti 
CD41 (same clones as above) and the isotype control (rat IgG1) had been purchased 
directly coupled to fluorescein. For the anti-CD61 and anti CD-51 antibodies, we used a 
mouse cocktail anti armenian and syrian hamster IgG conjugated to phyco-erythrin (Becton 
Dickinson).  

Cell culture 

The B16-BL6 murine melanoma cell line and the Lewis Lung Carcinoma (LLC) murine 
cell line were both cultured in Dulbecco’s modified Eagle medium (DMEM) (Sigma) 
containing 10% fetal calf serum (FCS) from Biowest (Abcys, Nuaillé, France), penicillin, 
streptomycin and glutamine from Gibco (Invitrogen, Cergy-Pontoise, France), in 5% CO2.  

Cell adhesion assays 

Microtiter plates (Greiner, MERCK Eurolab, Strasbourg, France) were coated overnight at 
4°C with human plasma or purified recombinant VWF (2µg/mL), or with bovine serum 
albumin (BSA), heated 1 hour at 70°C (20µg/mL). In one experiment, the wells were 
coated with either human or murine recombinant VWF at different concentrations. The 
wells were then rinsed in adhesion buffer (10 mM Hepes, 140 mM NaCl, 5.56 mM glucose, 
5.4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, pH 7.4). B16-BL6 cells were 
harvested with 0.5 mM EDTA, washed and resuspended in adhesion buffer containing 3% 
BSA, and 20000 cells were added to the wells with or without various inhibitors. The cells 
were allowed to attach for two hours at 37°C. The cell suspension was then removed by 
aspiration and wells were rinsed twice with adhesion buffer. Cell adhesion was quantified 
by measuring cellular phosphatase by addition of 130μL para-nitro-phenol-phosphate 
(PNPP) (3 mg/mL in 50 mM acetate buffer, pH 5.5, 0.1% triton) as substrate. The reaction 
was stopped by addition of 70μL 1N NaOH and the reaction product was measured at 405 
nm. Non-specific adhesion was measured in wells coated with BSA. Given values are 
corrected for nonspecific binding.  
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For inhibition assays, EDTA or Mab9 was added to the wells with the cell suspension at 
concentrations from 0.01 to 2.5 mM, or 0.1 to 1.5 μg/mL, respectively. Antibodies directed 
against integrin subunits (80μg/mL) were pre-incubated with cells 30 minutes at room 
temperature.  

Flow cytometry 

B16-BL6 cells (106) in 100 μl of PBS-1% BSA were incubated with antibodies directed 
against αv, αIIb or β3 or with the corresponding control isotypes (10 μg/mL) for 30 minutes 
at 4°C. The cells were then washed twice with PBS-BSA, resuspended in 100 μl of the 
same buffer and if needed, further incubated with secondary antibodies coupled to 
phycoerythrin at 10 μg/mL for 15 minutes at 4°C. After two additional washing steps, the 
cells were resuspended in 500 μl PBS-BSA. The samples were analyzed on a FACSCalibur 
flow cytometer (Becton Dickinson). Data for 10000 events were collected and analyzed 
with the CellQuest software.  

Subcutaneous injection of B16-BL6 or LLC cells 

Wild-type and VWF-deficient mice were anesthetized and their back was shaved. A 30-
gauge needle was used to inject 2.5x105 B16-BL6 or 5x105 LLC cells in 200μL serum-free 
medium, subcutaneously into the dorsal skin of mice. The longest and the shortest 
diameters of tumours were measured daily with a digital caliper, during 12 to 14 days, then 
the mice were sacrificed. The volume of tumours was calculated using the formula 
V=(LW2)π/6, where L and W are respectively the longest and the shortest diameters [28].  

Experimental metastasis model 

Subconfluent and low-passaged tumour cells were washed with PBS, detached by 0.5 mM 
EDTA, washed in serum containing-medium and then resuspended in cold serum free-
medium. The cells were kept on ice until transplanted in mice. B16-BL6 cells (5x104 cells 
in 200μL) or LLC cells (1.5 105 cells in 200μL) were injected into the lateral tail vein. In 
one experiment, recombinant human VWF (10 μg) was added to the B16-BL6 cells just 
before injection in the VWF-deficient mice. After 14 days, the mice were euthanized, the 
lungs were removed and rinsed in 0.9% sodium chloride. The lungs were separated into 
individual lobes and the number of metastatic colonies on the surface was counted by an 
investigator unaware of mouse genotype. 
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Labeling of cells with (125I)-iododeoxyuridine and quantitative analysis 
of the distribution of tumour cells after introduction in the circulation 

Melanoma B16-BL6 cells (106 cells) were plated on 100-mm dishes, and grown for 24 
hours in DMEM containing 10% FCS. Then, 1 μCi/mL 5-(125I)-iodo-2’-deoxyuridine (ICN 
Pharmaceuticals France SA, Orsay, France) was added to the medium and the cells were 
incubated for an additional 24 hours [29]. After one wash with PBS, the cells were detached 
as described above. (125I)-iododeoxyuridine–labeled tumor cells were resuspended in cold 
serum-free medium, and 2x105 cells were injected into the lateral tail vein of mice. After 15 
minutes, 1 hour, 4 hours or 24 hours, the mice were anesthetized by peritoneal injection of 
tribromoethanol (0.15 mL/10g body weight) and 500μL blood was collected by retro-
orbital puncture into 10μl 0.5M EDTA. The mice were then euthanized and the lungs, liver 
and spleen were collected, rinsed in PBS, and placed in 70% ethanol. To eliminate free 
iodine liberated by dead tumour cells, the organs were washed extensively in 70% ethanol 
during 4 days. Residual radioactivity in blood and organs was measured with a gamma 
counter (1260 multigamma II, LKB, Wallace). In order to take into account radioactivity 
decay, two 200μl aliquots of cell suspension were kept in parallel with the organs and blood 
samples and counted at the same time, thus allowing the determination of the injected dose. 
Data are presented as percent of the injected dose.  

Histology analysis 

Following the metastasis experiment, lungs were fixed in 10% buffered formalin and 
subsequently embedded in paraffin. Sections were stained with hematoxylin and eosin and 
evaluated for the presence of histological differences in the pulmonary tumour deposits 
between wild-type and VWF-deficient mice.  

Data analysis and statistics 

Data are presented as mean ± SD. Statistical analysis was performed using either the 
Student’s unpaired t-test or the non-parametric Mann Whitney U-test, as indicated in the 
figure legends, with the Statview program (Statview version 5, SAS Institute Inc, Cary, NC, 
USA).  
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Results 

In vitro characterization of melanoma cells interaction with VWF 

We first tested whether B16-BL6 melanoma cells were able to adhere to VWF. B16-BL6 
cell adhesion on VWF was time-dependent and increased until it reached a plateau after one 
hour (data not shown). After 2 hours, B16-BL6 cells were well spread and adhesion on 
VWF (Fig 1A) was significantly higher than on BSA (Fig 1B). The presence of manganese 
in the adhesion buffer was an absolute requirement for these cells to adhere to VWF. We 
next compared adhesion of B16-BL6 cells to recombinant human or murine VWF coated at 
different concentrations. Both types of VWF were similarly efficient in mediating tumour 
cell adhesion (Fig 1C), suggesting that adhesion involves an evolutionary conserved region 
of the protein. 

To identify this region, we performed adhesion assays using recombinant human VWF, 
mutated or deleted of structural domains (Fig 2). We first compared cell adhesion on human 
plasma VWF and on recombinant wild-type VWF. The results showed that B16-BL6 cells 
adhere similarly on both types of VWF, validating the use of recombinant VWF. Deletion 
of A1 or A2 domain had no significant effect on melanoma cell adhesion, suggesting that 
neither a glycoprotein Ib-like protein nor any VWF ligand binding to the A1 or A2 domains 
is involved in this interaction. In contrast, deletion of C domains (C1-C2) resulted in a 
significant decrease of B16-BL6 cell adhesion (> 75% inhibition, p = 0.025). To assess the 
potential implication of the RGD sequence present in the C1 domain of VWF, we used a 
recombinant VWF-RGG as adhesion substrate. The results showed a complete absence of 
B16-BL6 cell adhesion on VWF-RGG, suggesting the implication of an integrin as counter-
receptor for VWF on the melanoma cells. To confirm this hypothesis, different inhibitors 
were used (Fig 3A). First we performed adhesion assays in presence of EDTA since 
calcium is necessary for integrin function. Increased doses of EDTA resulted in increased 
inhibition of B16-BL6 cell adhesion to VWF and a nearly complete inhibition with 2.5mM 
EDTA (Fig 3A). Next, we used Mab9, an antibody directed against human VWF that 
blocks its interaction with αIIbβ3 or αvβ3. A concentration of 1.5µg/mL of Mab9 led to total 
inhibition of melanoma cell adhesion to VWF. We also performed adhesion assays using 
antibodies directed against integrin subunits αv, αIIb and β3. For this particular experiment 
we shortened the adhesion time to 30 min to focus only on the early stage of adhesion. 
Using anti-β3 antibody we observed about 65% inhibition of cell adhesion to VWF. No 
significant inhibition of adhesion was observed using anti αv or αIIb antibodies (Fig 3A) but 
the anti-αv was described as a very low affinity antibody [27] whereas the inhibitory 
activity of the anti-αIIb is not clearly established [30]. In parallel we tested the expression of 
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these different integrin receptors on B16-BL6 cells by flow cytometry and found that there 
was a clear expression of both αv and β3 but no expression of αIIB could be detected (Fig 
3B). Taken together, these observations strongly point to αvβ3 as the VWF receptor on the 
B16-BL6 tumour cells.  

 

 
Fig 1: B16-BL6 melanoma cell adhesion on VWF : B16-BL6 cells (2x104) were allowed to adhere for 2 
hours at 37°C on microtiter plates coated with human plasma VWF (2 μg/mL) (A) or BSA (20 μg/mL) (B). 
Non-adherent cells were removed by washing wells with adhesion buffer and cells were photographed at an 
original magnification of x100. (C) Recombinant human (closed squares) or murine VWF (open squares) 
coated at different concentrations were used as adhesion substrates for B16-BL6 cells. Non-adherent cells 
were removed by washing wells with adhesion buffer. Optical density at 405 nm is proportional to the 
phosphatase activity liberated by adherent cells.  
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Fig 3: B16-Bl6 melanoma cell adhesion on VWF in the presence of various inhibitors and expression of 
the various integrin receptors on these cells: (A) B16-BL6 cells (2x104) were allowed to adhere for 2 hours 
at 37°C on microtiter plates coated with human plasma VWF in the presence of EDTA (2.5 mM) or a 
monoclonal antibody to VWF (Mab 9) (1.5 μg/mL). Alternatively, cells were pre-incubated for 30 min at 
room temperature with antibodies to murine integrin subunits (β3, αv or αIIB) (80 μg/mL) and were allowed to 
adhere to VWF for 30 minutes at 37°C. Given values are represented as % of control adhesion measured 
without inhibitor and set at 100%. n = 3 experiments. (B) 106 B16-BL6 cells were stained for αv, β3,or αIIB 
and analyzed by flow cytometry. White: isotype control. Grey: antibody directed against the indicated integrin 
subunit.  

 
Fig 2: B16-Bl6 melanoma cell adhesion on recombinant 
variants of VWF: B16-BL6 cells (2x104) were allowed to 
adhere for 2 hours at 37°C on microtiter plates coated with 
purified human plasma VWF or various purified 
recombinant human VWF (2 μg/ml): wild-type VWF (WT-
VWF), VWF deleted of A1 domain (VWF-ΔA1), deleted of 
A2 domain (VWF-ΔA2), deleted of C1 and C2 domains 
(VWF-ΔC), and VWF mutated in the RGD sequence 
(VWF-RGG). Non-adherent cells were removed by washing 
wells with adhesion buffer. Optical density at 405 nm is 
proportional to the phosphatase activity liberated by 
adherent cells.  n = 3 experiments; * p<0.05 (unpaired 
Student-t test).  
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VWF is not implicated in tumour growth 

To assess the role of VWF in tumour growth, B16-BL6 or LLC cells were injected 
subcutaneously, in the dorsal skin of wild-type and VWF-deficient mice. The majority of 
mice from both genotypes developed a visible tumour within a few days: in each 
experiment one or two mice of each genotype did not develop any tumours during the 
whole duration of the experiment. Tumour size of wild-type and VWF-deficient mice 
increased regularly, and after 12 days, the tumour volume obtained with LLC cells reached 
520.13 ± 144.91 mm3 for the KO mice and 395.70 ± 90.95 mm3 for the wild-type mice, 
(p=0.45). For the B16-BL6 cells, the tumour volume measured after 14 days reached 866.7 
± 203.1 mm3 for the KO mice and 575.3 ± 99.9 mm3 for the wild-type mice, (p = 0.18). 
These results demonstrate that despite a tendency for bigger tumours in the null-mice, VWF 
deficiency had no significant impact on tumour growth (Fig 4).  

 
Increased metastatic potential of tumour cells in VWF deficient mice 

The role of VWF in metastasis formation was tested in an experimental pulmonary 
metastasis model. Injection of B16-BL6 tumour cells in the tail vein of mice resulted in the 
development of dark metastatic colonies on the lungs. Similar observations were performed 
after injection of LLC cells with the notable difference that the metastatic colonies appeared 
white (Fig 5B).  

 
Fig 4: Growth rate of subcutaneously transplanted LLC or B16-BL6 tumour cells: LLC (5x105) or B16-
BL6 (2.5x105) cells were injected subcutaneously in the dorsal skin of wild-type (closed squares) (n = 11-13) 
and VWF-deficient (closed circles) (n = 8-9) mice. Tumour volume was measured daily by calipation. Data 
represent mean ± SD. No significant difference was observed in tumour growth rate between the two 
genotypes.  
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Fig 5: Effect of VWF deficiency on experimental pulmonary metastasis formation: B16-BL6 melanoma 
cells (5x104) or LLC cells (1.5 105) were injected intravenously in wild-type (VWF +/+) and VWF-deficient 
(VWF -/-) mice by tail-vein injection. Lungs were isolated after 14 days and fixed. (A) Number of pulmonary 
nodules in VWF +/+ and VWF -/- mice in two independent experiments using B16-BL6 cells: Experiment 1: 
n = 15 for VWF +/+ and n = 13 for VWF -/-, p = 0.0046; Experiment 2: n = 16 for VWF +/+ and n = 14 for 
VWF -/-, p = 0.041. For the LLC experiment, n = 15 for VWF +/+ and n = 13 for VWF -/-, p = 0.0006 (Mann 
Whitney, U2-tailed). With both cell types, the number of pulmonary nodules was significantly higher in 
VWF-deficient mice. (B) Representative examples of lungs with metastatic pulmonary foci of B16-BL6 
melanoma cells and LLC cells in VWF +/+ and VWF -/- mice 14 days after cell injection. (C) Histological 
analysis of lung metastasis in VWF +/+ and VWF -/- mice after injection of B16-BL6 melanoma cells. After 
fixation, lungs were paraffin embedded, sectioned and stained with hematoxylin/eosin. Both pleural and 
parenchymal (asterisks) metastases can be observed and the presence of local haemorrhage is visible in some 
tumour nodules (arrow). Although not visible on the picture, haemorrhage was also present in wild-type mice.  
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Both wild-type and VWF-deficient mice developed pulmonary metastatic foci, showing 
that VWF is not absolutely required for haematogenous metastasis. However for both cell 
types, VWF deficiency resulted in a significantly increased number of metastatic foci as 
shown in Figs 5A and 5B. Two independent experiments performed with B16-BL6 cells are 
represented in Fig 5A. Each point represents the number of metastatic colonies counted on 
the lungs of one mouse. In the first experiment, an average of 67.7 ± 9.5 metastatic foci was 
counted in VWF +/+ mice (range 17-129), and 111.00 ± 6.6 in VWF -/- mice (range 77-
144) (p=0.046). In a second experiment, we counted an average of 34.5 ± 8 metastatic foci 
in VWF +/+ mice (range 5-86), and 57.7 ± 4.3 in VWF -/- mice (range 34-84) (p=0.041). 
For LLC cells, we counted an average of 4.1 ± 0.6 foci in VWF +/+ mice (range 1-9), and 
20.5 ± 4.5 in VWF -/- mice (range 2-61) (p = 0.0006).  

 

Table 1: Number of metastatic colonies in VWF-deficient mice after restoration of VWF plasma 
level

 
n = 4-6 
 

These results suggest that the absence of VWF leads to an increased metastatic potential 
of the melanoma B16-BL6 and the LLC cells in mice. To compare the microscopic 
organization of the pulmonary foci between wild-type and VWF-deficient mice, we 
performed histological analysis of the lungs metastases after injection of B16-BL6 cells 
(Fig 5C). No obvious qualitative difference was visible between the two genotypes. The 
presence of both parenchymal and pleural metastases was observed in lungs of wild-type 
and VWF-deficient mice. Some nodules had large necrotic areas associated with local 
haemorrhage in both genotypes.  

In order to investigate whether restoring VWF plasma levels would rescue the observed 
phenotype, we co-injected B16-BL6 cells with human recombinant WT-VWF (10 μg) in 
VWF-deficient mice. After two weeks, we could not detect any statistical differences in the 
number of metastatic colonies in VWF-deficient mice injected with VWF compared to WT-

Pulmonary metastatic foci 
median (range) 

VWF +/+  

VWF -/- 

VWF -/- injected with WT-VWF 

141 (123-165) 

268 (108-407) 

134 (70-231) 

p = 0.6 

p = 0.03 
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mice (p = 0.6), whereas it was statistically different from VWF-deficient mice not injected 
with VWF (p = 0.03) (Table 1).  

Early fate of tumour cells 

To assess the early fate of circulating tumour cells in mice, B16-BL6 melanoma cells 
labelled with (125I)-iododeoxyuridine were injected IV in wild-type and VWF-deficient 
mice. Since the label from dead cells is rapidly excreted from the body, the residual 
radioactivity corresponds to live cells exclusively. This method revealed that within 15 
minutes the majority of melanoma cells had disappeared from the circulation since only 
about 1% of B16-BL6 cells remains in blood of wild-type and VWF-deficient mice (data 
not shown). In contrast, about 70 to 85% of melanoma cells were found in the lungs within 
15 minutes (Fig 6), regardless of the mouse genotype. In the same time, radioactivity was 
around 3.5% in liver and 0.3% in spleen. The absence of VWF did not influence the initial 
arrest of tumour cells in any of the organs tested. The number of viable melanoma cells in 
blood and organs decreased regularly in a time-dependent manner. Four hours after 
injection, there seemed to be a trend towards a larger number of tumour cells in the lungs of 
VWF-deficient mice compared to wild-type mice, but this difference was not statistically 
significant (VWF -/- : 52.3% ± 3.4, VWF +/+ : 43.0 ± 4.4, p = 0.13). However after 24 
hours, it became clear that more B16-BL6 cells were present in the lungs of VWF-deficient 
mice compared to wild-type mice (VWF -/- : 9.96% ± 0.59, VWF +/+ : 6.10% ± 0.92, p = 
0,0078), suggesting that the absence of VWF favours increased sustained adherence and/or 
survival of tumour cells in vivo (Fig 6).  

 
 

 
Fig 6: Effect of VWF deficiency on the initial 
arrest and survival of 125I-labeled B16-BL6 
cells: B16-BL6 cells labelled with 5-(125I) iodo-2’-
deoxyuridine were injected in the lateral tail vein 
of wild-type (black bars) and VWF-deficient 
(grey bars) mice. The mice were euthanized at 
different time-points and the amount of 
radioisotope in the lungs was measured with a 
gamma counter. The data are presented as percent 
of injected dose (2x105 cells/49000 cpm).  n = 4-5 
mice per time point.  * : p = 0.13. ** : p = 0.0078 
(Unpaired Student-t test) 
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Discussion 

Haematogenous tumour cell metastasis is a multifaceted process that depends on numerous 
cellular and molecular interactions within the vasculature. To metastasize successfully, 
circulating tumour cells must first arrest within the vasculature by adhering to blood vessel 
walls. So far, the mechanisms underlying this initial tumour cell-endothelial attachment 
have remained obscure. The present study originated from the possibility that VWF might 
participate in tumour cell-subendothelial interactions through a mechanism similar to that 
of platelet-subendothelial interactions in which VWF is a major player. Since some tumour 
cells can form aggregates with platelets, VWF could mediate the adhesion of such 
heterotypic aggregates to the vascular endothelium via its direct association with platelets 
and/or tumour cells. Interestingly the data presented in this study, using VWF-deficient 
mice, suggest that although VWF can indeed be considered as a determinant of the 
metastatic potential of the murine melanoma cell line B16-BL6, it appears to impede 
metastasis by reducing the sustained adherence and/or survival of tumour cells in lung 
vasculature.  

The cell lines used in this study (B16-BL6 and LLC) were selected for different reasons: 
i) they are both from a C57BL/6 genotype, similar to the VWF-deficient mice, ii) they are 
highly metastatic and, iii) fibrinogen deficiency as well as inhibitors of coagulation has 
previously been reported to inhibit their metastatic potential [28, 31]. In order to test 
whether VWF could also interfere with this potential, we first decided to test its direct 
interaction with the B16-BL6 cell line. In vitro adhesion assays showed that B16-BL6 cells 
were able to adhere and spread on VWF and that murine or human VWF were similarly 
efficient in supporting that adhesion. The use of recombinant VWF (deleted of structural 
domains or mutated) allowed us to pinpoint the melanoma cells binding site on VWF to the 
RGD sequence in the C1 domain. We next tried to identify the counter-receptor for VWF 
on the B16-BL6 cells. The calcium requirement, the identification of RGD as the binding 
site as well as the total inhibition of the interaction with Mab 9 to VWF suggested the 
involvement of an integrin receptor, most likely αIIbβ3 or αvβ3. The use of blocking 
antibodies confirmed the implication of a β3-integrin but did not allow concluding as to 
which one was really interacting with VWF in this system due to the lack of good 
inhibitory antibodies. The absolute requirement for Mn2+ during adhesion assays indicates a 
major role for αvβ3, in accordance with the ability of Mn2+-activated αvβ3 to support M21 
human melanoma cell arrest when perfused over VWF [17]. These functional observations 
were supported by the fact that by FACs, we were able to detect αv and β3 subunits at the 
surface of B16-BL6 cells but no αIIB could be found. Taken together, these different 
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arguments support the idea that αvβ3  is the likely counter-receptor for VWF on B16-BL6 
tumour cells.  

Once we had established the capacity of VWF to interact with B16-BL6 cells, we used 
that same cell line in an experimental metastasis model using wild-type and VWF-deficient 
mice. We observed an increased number of pulmonary metastasis in the absence of VWF, a 
finding that was consistently repeated in the subsequent experiments. These unexpected 
results were confirmed with a second tumour cell line, the LLC cells, proving that they 
were not due to some specific and unique characteristics of the melanoma cell line. In 
contrast, tumour growth after subcutaneous inoculation of tumour cells, either LLC or 
melanoma, was not significantly affected by the absence of VWF.  

Based on the ability of VWF to interact with tumour cells [14, 16] as well as previous in 
vivo studies in mice [13], inhibition of VWF was expected to lead to an inhibition of 
metastasis formation. Indeed, using a polyclonal antibody to murine VWF, a 50% inhibition 
of tumour metastasis had been observed in wild-type mice injected with different tumour 
cell lines [13]. Such apparent discrepancies between genetic ablations of genes and 
inhibition studies with pharmacological agents are not unheard of. For example, early work 
performed with antibodies suggested a pro-angiogenic role for αv integrins while later 
results obtained in genetically altered mice, did not support this hypothesis and even 
suggested an anti-angiogenic role for these integrins [32]. Furthermore, in vivo experiments 
performed with antibodies, particularly polyclonal antibodies, can be very delicate to 
interpret. In the initial study with VWF, a number of antibodies of the polyclonal repertoire 
will still be able to bind to VWF without inhibiting its interaction with tumour cells. Such 
VWF-antibodies complexes, if bound to tumour cells, may facilitate the removal of these 
cells by the immune system, therefore leading to the observed metastasis inhibition.  

The first step in understanding our metastasis results was to determine whether the 
observed phenotype was the direct or indirect consequence of the absence of VWF. Indeed 
the absence of VWF is known to lead to the absence of Weibel-Palade bodies and to the 
mistargeting of the other proteins usually found in this compartment, among which P-
selectin, tissue-type plasminogen activator, CD63, interleukin-8, endothelin [33], and 
recently the tie-2 ligand angiopoietin-2 [34]. As a result, the VWF-deficient mice can 
display unexpected phenotypes such as reduced inflammatory responses due to an impaired 
P-selectin expression [35]. Therefore, in order to test whether the absence of VWF was 
directly responsible for the increased metastasis, we studied metastasis formation in VWF-
deficient mice injected simultaneously with B16-BL6 cells and VWF. Restoration of VWF 
plasma levels in these mice led to a correction of the phenotype and to a number of 
metastatic colonies similar to that found in wild-type mice, confirming the direct protective 
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role of VWF in metastasis formation. Thus it appears that the capacity of tumour cells to 
bind VWF, far from being an asset for their extravasation, could be detrimental and either 
lead to their clearance from the circulation or impair their sustained adherence in the lung 
tissues. To gain some insight in this mechanism, we have injected radiolabeled tumour cells 
in mice and followed their survival during the first 24 hours. The following conclusions 
could be drawn from that experiment: i) In both genotypes, 99% of the cells have left the 
circulation after 15 minutes suggesting that cellular extravasation is not a VWF-dependent 
step; ii) At early time-points (15 min and 1 hour), similar numbers of cells were present in 
the lungs or other organs of mice of both genotypes. These observations suggest that the 
initial arrest of tumour cells in the organs tested was not influenced by VWF, and that there 
was no premature clearance of tumour cells from the circulation; iii) At later time-points (4 
and 24 hours), increased numbers of viable cells were found in the lungs of VWF-deficient 
mice. Indeed at 24 hours, there was a 40% increase of live cells in the absence of VWF, 
similar to the 40% increase in B16-BL6 metastatic colonies in VWF-deficient mice after 
two weeks (Fig 5A).  

In conclusion it appears that VWF can induce the death of tumour cells in the hours 
following their arrest in the lungs. Whether cell death is occurring because cells are 
prevented from consolidating their implantation in the lung tissues or through other 
mechanisms remains to be investigated.  
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Abstract 

Background. Ischemic events such as myocardial infarction and stroke are due to the 
obstruction of vessels by platelet-rich thrombi. The formation of these thrombi highly 
depends on interactions between platelets and von Willebrand factor (VWF). In order to 
bind platelets, VWF needs to be in its active, platelet-binding conformation. We have 
recently shown that levels of active VWF are increased in a number pathological conditions 
associated with thrombosis.  

Objectives. To test the hypothesis that levels of active VWF are increased in patients who 
have experienced a myocardial infarction.  

Methods. 516 patients with a previous history of myocardial infarction and 608 matched 
controls from the Study of Myocardial Infarction Leiden (SMILE) were included in the 
present analysis. Plasma was analysed for the presence of active VWF using an 
immunosorbent based assay.  

Results. Mean levels of active VWF were 1.98±2.21 (mean±SD; 95% CI 1.80-2.15) in 
controls and 1.88±1.45 (1.75-2.00) in patients. The estimate risk of myocardial infarction 
was not significantly increased when the highest tertile of active VWF was compared to the 
lowest one. Odds ratios were 1.10 (0.83-1.46) and 1.14 (0.86-1.52) before and after 
adjustment for age.  

Conclusion. Our data do not point to an association between levels of active VWF and a 
past history of myocardial infarction. 
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Introduction 

Cardiovascular complications such as myocardial infarction, stroke and other ischemic 
events are caused by impaired blood circulation due to obstruction of vessels by platelet-
rich thrombi. The formation of these thrombi is a multistep process involving several 
components, including von Willebrand factor (VWF). VWF is an adhesive multimeric 
protein that is critical to the haemostatic system. VWF not only functions as a carrier 
protein for coagulation factor VIII, but it also contributes to the recruitment of platelets to 
the developing thrombus. First, VWF is able to bridge the subendothelial matrix to the 
platelet glycoprotein (Gp)-Ib/IX/V receptor complex, allowing adhesion of platelets to the 
injured vessel wall. This function is of particular relevance under conditions of rapid blood 
flow. Second, VWF promotes the expansion of the platelet plug by cross-linking platelets 
via RGD-dependent interactions with αIIbβ3 integrin1. In view of its important role in 
thrombus formation, it is not surprising that several studies have revealed that increased 
VWF levels predispose to an increased incidence of coronary heart disease in high risk 
populations2-5. Moreover, immuno-histochemical analysis revealed that VWF is abundantly 
present in thrombi that have been obtained from occluded vessels after an acute myocardial 
infarction6. 

The mechanism by which VWF contributes to arterial complications is poorly 
understood. In principle, VWF and platelets co-exist in the circulation without interacting 
with each other in order to avoid spontaneous occlusion of the vessels by platelet-rich 
thrombi. It is currently assumed that the VWF-cleaving protease ADAMTS13 is pertinent 
to the prevention of premature VWF-platelet interactions. Part of VWF is stored in platelets 
and endothelial cells as unusually- or ultra-large (UL)-multimers. These UL-multimers 
have the intrinsic capacity to bind platelets spontaneously in the absence of any modulators, 
and are thus in a platelet-binding or “active” conformation7. Upon secretion, the active 
multimers are cleaved by the ADAMTS13-protease at the cellular surface8;9, leading to the 
conversion of active VWF into a latent, non-platelet binding conformation. The active 
conformation of VWF is then regained upon binding of VWF to the subendothelial matrix 
following vascular injury, allowing thrombus formation1. Also within the growing 
thrombus, active VWF is susceptible to inactivation by ADAMTS13-protease10;11, a 
mechanism that is probably designed to limit thrombus size. 

A number of unrelated pathological conditions have been recognized in which VWF has 
the potential to escape this control-system, resulting in increased levels of circulating active 
VWF (reviewed in Groot et al., 200712). For instance, in case of ADAMTS13-protease 
deficiency the active UL-VWF multimers cannot be converted into its non-binding 
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conformation. Indeed, the formation of platelet aggregates that occlude the 
microvasculature is a hallmark of thrombotic thrombocytopenic purpura (TTP), a clinical 
feature of ADAMTS13-deficiency13. Also very high shear rates (like in stenosed 
atherosclerotic vessels) induce an active conformation of VWF1. 

The presence of circulating active VWF has previously remained unnoticed due to the 
lack of appropriate detection methods. Recently, we have developed a novel sensitive assay 
that is able to distinguish between the latent and active form of VWF in plasma14. This 
assay employs a recombinant llama-derived antibody fragment (also referred to as 
nanobody) that preferentially recognizes active but not resting VWF. This nanobody-based 
assay has been applied to examine the presence of active VWF in plasma of patients 
suffering from different conditions with thrombosis. Indeed, in a cohort of TTP-patients 
(both congenital and acquired) levels of active VWF were increased 2 to 12-fold14. 
Furthermore, we found that plasma of HELLP-syndrome patients contains increased levels 
of active VWF, in contrast to plasma of preeclampsia-patients or healthy pregnant 
women15. HELLP-syndrome (a severe form of preeclampsia) involves a thrombotic 
microangiopathy that compromises pregnancy. A last example constitutes the 
antiphospholipid syndrome, which is also a TTP look-alike. Active VWF proved to be 
present in plasma of antiphospholipid-syndrome patients having β2-glycoprotein I (β2GPI)-
directed antibodies, whereas active VWF was absent in case of other types of antibodies16. 
Such anti-β2GPI antibodies predispose to a very high risk (odds-ratio= 42) of thrombotic 
events17. The underlying mechanism seems to originate from the ability of β2GPI to 
interfere with platelet-VWF interactions, which is neutralized by such anti-β2GPI 
antibodies16. 

Thus, active VWF circulates in plasma in a number of pathological conditions that are 
characterized by thrombotic complications, indicating that the presence of active VWF 
represents a potential risk factor for thrombosis. The current study is therefore designed to 
explore the possible association between the presence of active VWF and the occurrence of 
a myocardial infarction.  

 

Methods 

We have analysed the plasma of patients who have experienced a myocardial infarction for 
the presence of active VWF. Plasma samples were obtained as part of the SMILE-study 
(Study of Myocardial Infarctions Leiden), a large population-based case-control study on 
risk factors for myocardial infarction18. A total of 560 men (18-70 years), who had recently 
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survived a first myocardial infarction were included in this study between January 1990 and 
January 1996. The plasma of 516 cases were available for the present analysis. The control 
group (n=608) was frequency matched for sex and age, and consisted of men who had not 
received anticoagulants for at least 6 months. Venous blood was collected and 
anticoagulated with citrate at least 6 months after myocardial infarction. Aliquots of plasma 
were prepared and stored at -80°C, and samples were defrosted maximally twice for the 
present analysis. Approval for these studies was obtained from the institutional review 
boards of both the university and general hospitals in Leiden, The Netherlands. Informed 
consent was provided in accordance with the Declaration of Helsinki. Samples were 
analysed for von Willebrand factor antigen, the data of which were recently published19 and 
for active VWF using the nanobody AU/VWFa-11 based assay14;15. Active VWF 
measurements were performed while being unaware whether the samples originated from 
the control or case group. For both assays, normal pooled plasma was used as a reference, 
and set to be 100 % and 1.0, respectively. Statistical analysis was performed as described19. 

 

Results and discussion 

As described previously19, the mean VWF antigen levels were similar for myocardial 
infarction patients and controls (138 % and 135 %, respectively). However, when divided 
in quartiles, an increased relative risk for myocardial infarction was observed for those with 
increased levels of VWF antigen19. For active VWF, mean levels were 1.98 ± 2.21 (mean ± 
SD; 95th confidence interval 1.80-2.15) for controls. It should be noted that these values are 
relatively high compared to values obtained for control groups in our previous studies. In 
general, the values in our previous studies varied between 0.7 and 1.1 compared to normal 
pooled plasma14-16. A number of possibilities should be considered to explain this 
difference. First, it seems conceivable that our assay to measure active VWF is sensitive to 
repeating freezing and thawing of samples. However, the samples used in the present 
analysis were thawed only twice, and control experiments using other samples 
demonstrated that levels of active VWF remain stable upon a 4-time cycle of freezing and 
thawing. Another possibility is that the high levels of active VWF are due to the relative old 
age of the individuals included in the present study. Additional studies are currently being 
performed to gain more information concerning the effect of age on levels of active VWF. 
Finally, the samples have been stored for a period between 11 and 17 years before analysis 
was performed. Since our assay has only been recently developed, we have no data 
available how levels of active VWF are influenced by such long storage times. 
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Despite these unusual high levels of active VWF, we felt that comparison with the 
patient group was still valid in view of the homology between both study groups and 
identical storage conditions. Levels of active VWF in the patient group were similar to the 
control group (1.88 ± 1.45; 95th confidence interval 1.75-2.00). We then divided both the 
control and patient group in tertiles to calculate the relative risk (Table 1). No statistically 
significant increased relative risk was observed, either before or after adjustment for age. 

This analysis indicates that levels of active VWF are not associated with a past history 
of myocardial infarction. Does this mean that active VWF is not increased at the time of 
onset? Unfortunately, the current study design does not allow answering this question, as 
samples have been taken at least six months after the event. It cannot be excluded that 
levels have been normalized in the period following hospitalisation. On the other hand, the 
possibility exists that levels of active VWF are not increased at all during the development 
of the ischemic incident.  

 

 

 

Table 1: Mean active VWF in patients and control subjects. 

Active VWF 

516 1,876 1,4580 ,0641 1,750 2,002 ,18 14 
608 1,977 2,2132 ,0897 1,801 2,154 ,20 31 

1124 1,931 1,9040 ,0567 1,819 2,042 ,18 31 

1  
2  
Total 

N Mean Std. Deviation Std. Error Lower Bound Upper Bound

95% Confidence 
Mean

Minimum Maximum 

 

Table 2: The risk of myocardial infarction in the presence of active von Willebrand factor. 
Tertiles based on distribution among control subjects. 

VWF active 
Patients 

N,  % 

Control Subjects 

N, % 

Crude OR 
 (95% CI) 

ORadj age 
 (95% CI) 

<1.23 174 33.7 201 33.1 1 (ref) 1 (ref) 

1.23-<1.84 148 28.7 204 33.6 0.84 (0.62-1.12) 0.88 (0.65-1.18) 

>= 1.84 194 37.6 203 33.4 1.10 (0.83-1.46) 1.14 (0.86-1.52) 
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Abstract 

Von Willebrand Factor (VWF) structure-function relationship has been studied only in 
vitro. To investigate the physiological importance of particular VWF domains, we have 
introduced mutations into murine VWF (mVWF) cDNA inhibiting VWF binding to 
glycoprotein (Gp) Ib, GpIIbIIIa and to fibrillar collagen. We delivered wild type (WT) or 
mutated mVWF cDNA into VWF-deficient (VWF-/-) mice using hydrodynamic injection 
and assessed whether hemorrhagic symptoms could be corrected. Hydrodynamic gene 
transfer resulted in high expression of mVWF 24 h after injection (438 ± 63% for 50 μg of 
cDNA). Factor VIII activity was normalized in VWF-/- mice injected with mVWF cDNA 
and multimerisation was achieved, with a moderate decrease in the highest multimers. 
Bleeding time was corrected after injection of WT mVWF cDNA in VWF-/- mice whereas 
non-injected mice did not stop bleeding. Injection of the GpIIbIIIa and the collagen binding 
mutants in VWF-/- mice also resulted in a correction of bleeding time whereas mice 
injected with the GpIb binding mutant were bleeding for as long they were observed, 
although blood loss was decreased compared to non-injected mice (65 ± 23 μl vs 194 ± 40 
μl). Our model allows the rapid in vivo evaluation of specific mutations on VWF function. 
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Introduction 

Von Willebrand factor (VWF) is a large multimeric plasma glycoprotein (Gp) that plays an 
essential role in adhesion and aggregation of platelets at sites of vascular damage leading to 
the arrest of bleeding. At high shear stress, VWF acts as a molecular bridge between 
components of the subendothelium such as collagen and platelet receptors GpIb and 
GPIIbIIIa.1 Furthermore, VWF acts as a carrier protein for coagulation factor VIII (FVIII) 
by protecting it from premature clearance.  

VWF is produced and stored in endothelial cells and megakaryocytes and is released 
into the plasma as a series of multimers with a molecular weight ranging from 500 to 20 
000 kDa, the largest multimers being the most biologically active. The mature subunit of 
VWF contains 2050 amino acid (aa) residues organized in five types of repeated domains 
that are arranged in the order D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK.2 Over the years, 
a number of functional domains have been identified on VWF sequence, mostly through in 
vitro approaches. It has been established that the A3 domain plays a predominant role in 
VWF binding to collagen3 whereas the A1 domain contains the binding site of VWF to 
platelet GpIb.4 The binding site of VWF for its other platelet receptor, GpIIbIIIa, has been 
located near the carboxyl-terminal end of the domain C1 within the RGD sequence.5,6  

Further insight in the structure-function relationship of VWF was gained from the 
analysis of patients suffering from von Willebrand disease (VWD), the heterogeneous 
bleeding disorder resulting from defects in VWF gene. VWD can be classified in 
quantitative deficiencies (types 1 and 3) or qualitative abnormalities (type 2).7,8 Point 
mutations represent the molecular basis underlying VWD type 2.9 These molecular variants 
have proven particularly useful in establishing the direct link between a specific functional 
domain and its physiological relevance. This is illustrated by the identification of numerous 
mutations in the VWF GpIb binding domain in VWD patients with bleeding symptoms, 
thus proving the crucial importance of this binding step. While being extremely 
informative, this approach is limited by the identification of patients. So far, no patient has 
been identified with an abnormal binding of VWF to GpIIbIIIa. Furthermore, only one 
patient with defective collagen binding has been reported, with slightly prolonged bleeding 
time. The question then arises whether such mutations do not exist or whether they do not 
lead to bleeding symptoms.  

To bypass this limitation, we have developed a murine model to test the physiological 
importance of specific VWF mutations in vivo. This model is derived from the VWF-
deficient mice which represent an experimental animal model of VWD type 3.10 Various 
point mutations were introduced into murine VWF (mVWF) cDNA and subsequently 
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injected into VWF-/- mice by hydrodynamic tail vein injection.11,12 Transient high 
expression of wild type (WT) or mutated VWF protein then allowed us to assess the 
efficacy of these different variants to correct the hemorrhagic symptoms of VWF-/- mice. 

  

Material and Methods 

Mice  

Five-to eight-weeks old VWF-deficient (VWF-/-)10 and wild-type (WT) mice on a 
C57BL/6 background, weighing 20-25g, were used throughout this study. Housing and 
experiments were done as recommended by French regulations and the experimental 
guidelines of the European Community. 

Hydrodynamic injection of plasmid DNA 

Different amounts of plasmid DNA diluted in a volume of saline (0.9% NaCl) equivalent to 
10% of the bodyweight (i.e 2 ml for a 20 g mouse) were injected into the mouse tail vein 
within 5 seconds as previously described.11-13 A 2 ml syringe with a 27-gauge needle was 
used.  

Blood collection and determination of mVWF levels by ELISA 

Mice were anesthetized by intraperitoneal injection of tribromoethanol (0.15 ml per 10 g of 
bodyweight) and blood was collected from the retro-orbital venous plexus into plastic tubes 
containing trisodium citrate (9 volumes of blood to 1 volume of 0.138 M trisodium citrate). 
To obtain platelet poor plasma, blood samples were centrifuged at 1000 g for 20 minutes at 
room temperature. 

Plasma VWF concentration was measured according to a previously described 
immunosorbent assay14 using a polyclonal antibody anti-human VWF (Dako, Trappes, 
France) and a horseradish peroxydase conjugated polyclonal antibody anti-human VWF 
(Dako). Normal pooled plasma from 15 C57Bl/6 wild type mice was used as a reference 
and set at 100%. Results were expressed as percentage of normal murine VWF level.  

Selection and construction of mVWF mutants          

The pNUT-mVWF plasmid containing the full-length mVWF cDNA was obtained as 
previously described.15 The full-length mVWF cDNA comprising a Cys at position 79916 
was isolated from pNUT-mVWF after digestion with restriction enzymes SpeI and NotI 
and inserted between the NheI and NotI sites of pcDNA6-V5-His expression vector driven 
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by a cytomegalovirus (CMV) immediate/early promoter/enhancer (Invitrogen, Cergy 
Pontoise, France). Selection of amino acid residues for mutagenesis on mVWF cDNA was 
based on previous in vitro studies using human recombinant VWF. The construction of 
mutants was performed with site-directed mutagenesis by overlap extension using the 
polymerase chain reaction.17 To inhibit the VWF binding to platelet GpIb, we mutated the 
Lys residue at position 1362 to Ala (K1362A)4 using the following mutated primers: strand 
5’-GAGGTTTTGGCGTACACACTGTTC-3’ and antistrand 5’-
GAACAGTGTGTACGCCAAAACCTC-3’ (the mutated nucleotides are underlined). The 
RGD sequence, which is responsible for VWF binding to GpIIbIIIa, was mutated to a RGG 
sequence by changing residue Asp at position 2509 to Gly (D2509G)6 using forward primer 
5’-CTGCGGGGCGGTTCCCAC-3’ and reverse primer 5’-GTGGGAACCGCCCCGCAG 
-3’. To abolish VWF binding to collagen, residues Asp 1742, Ser 1783, and His 1786 
located in the A3 domain were mutated to Ala (D1742A, S1783A and H1786A)3 in a two 
step procedure. First, we introduced mutation D1742A with mutated forward primer 5’-
CAATACCATTGCTGTACCATG-3’ and reverse primer 5’-
CATGGTACAGCAATGGTATTG-3’. In a second stage, mutations S1783A and H1786A 
were introduced with mutated forward primer 5’-
CGCTATGTAACTGCACAAATCGCCGGAGCCAGG-3’ and reverse primer 5’-
CCTGGCTCCGGCGATTTGTGCAGTTACATAGCG-3’. Each mutation was confirmed 
by DNA analysis using the ABI PRISM Dye Terminator Cycle Sequencing Reaction Kit 
v3.1 (Applied Biosystems, Applera, Courtaboeuf, France) on an ABI PRISM 310 DNA 
sequencer according to the manufacturer’s specifications. After sequence analysis, the 
mutated cDNA fragments were subcloned into the pcDNA6-mVWF vector containing the 
full-length mVWF cDNA. Plasmid DNA was amplified in E. coli DH5α cells and purified 
by a Nucleobond endotoxin-free plasmid DNA PC 2000 kit (Macherey-Nagel, Hoerdt, 
France) according to the manufacturer’s instructions. The purity and quantity of the plasmid 
DNA were analyzed by agarose gel electrophoresis and by absorbance at 260 and 280nm.  

VWF structure analysis 

The multimeric structure of VWF was analyzed by 0.1% sodium dodecyl sulfate (SDS) and 
1% or 2% agarose (GE Healthcare, Velizy, France) gel electrophoresis.18 Multimers were 
visualized using an alkaline phosphatase-conjugated anti-human VWF polyclonal antibody.  

Bleeding time 

Mouse tail-bleeding time was performed as described.10 Briefly, non-anesthetized mice 
were placed into a restraining device and 3 mm of the distal tail were cut using a scalpel. 
The amputated tail was immersed immediately in physiological saline at 37°C and bleeding 
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time was measured from the moment of transection until first arrest of bleeding. 
Observation was stopped at 600 seconds when bleeding did not cease.  

Quantitative measurement of blood loss 

Blood loss after mouse tail vein transection was assessed according to Turecek et al19 with 
slight modifications. Mice were anesthetized by intraperitoneal injection of tribromoethanol 
and the tail was cut with a scalpel, using a template resulting in sections of fixed diameter 
(1.5 mm). The blood escaping from the wound was then absorbed on a filter paper every 30 
seconds for 10 minutes while being careful not to dislodge the forming clot. Extraction and 
lysis of erythrocytes from the filter paper were performed with 20 ml of 0.04% NH4OH 
solution for 2 hours at room temperature and the amount of hemoglobin was obtained by 
reading the absorbance at 416 nm. When necessary, samples were further diluted in 
NH4OH. The volume of blood in each sample was calculated from a standard curve, which 
was obtained by dropping defined volumes (20 μl, 40 μl, 60 μl, 80 μl and 100 μl) of WT 
mouse blood to a filter paper and extracting hemoglobin as described above. 

Blood counts 

Mice were anesthetized with isoflurane and two drops of blood were collected into tubes 
containing 1/100 EDTA (0.5 M, pH 8). Blood sampling was performed twice in the same 
mouse, 24 h before and 24 h after hydrodynamic injection. Blood cells were counted using 
an automatic cell counter (Scil Vet abc Animal Blood Counter, ABX Diagnostics, 
Montpellier, France).  

Determination of FVIII activity 

FVIII activity was determined by a clotting assay. Plasma was obtained as described for the 
VWF assay and was mixed at different dilutions with Owren’s buffer (Diagnostica Stago, 
Asnières, France). Normal pooled mouse plasma was used as a standard and set at 100%. 
50 μl of diluted mouse plasma were incubated with 50 μl of human FVIII-deficient plasma 
(Diagnostica Stago) and 50 μl of aPTT reagent (Diagnostica Stago) at 37°C for 4 minutes. 
Coagulation was initiated by the addition of 50 μl of pre-warmed calcium chloride (25 
mM). Results are reported as percentage of normal murine FVIII activity.  

Collagen binding assay  

The binding of VWF in mouse plasma to fibrillar human collagen type III was assessed 
according to Lankhof et al with slight modifications.20 Plasma was obtained as described 
for the VWF assay and normal pooled mouse plasma was used as a standard. Microtiter 
wells were coated overnight at 4°C with 100 μg/ml of collagen diluted in phosphate-
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buffered saline (PBS) (PAA, Les Mureaux, France). Then, wells were washed three times 
with PBS - 0.01% Tween 20 and incubated with mouse plasma diluted in PBS - 0.01% 
Tween 20 - 1% bovine serum albumin (BSA) (Sigma, Saint Quentin Fallavier, France) for 
1.5 h at 37°C. After washing, wells were incubated for 1.5h at 37°C with a horseradish 
peroxydase conjugated polyclonal anti-human VWF antibody diluted 1:3000 in PBS – 
0.01% Tween 20 - 1% BSA. After three more washes, O-phenylenediamine 
dihydrochloride solution (Sigma) was added to the wells and the reaction was stopped by 
the addition of 3 M H2SO4. The amount of VWF bound to collagen was obtained by reading 
the absorbance at 492 nm.  

GpIbα binding assay 

The binding of VWF in mouse plasma to human GpIbα was performed as described by van 
Schooten et al.21 Plasma was obtained as described for the VWF assay and normal pooled 
mouse plasma was used as a standard. Monoclonal anti-GpIbα antibody 2D4 was 
immobilized in microtiter-wells (Costar, Cambridge, MA, USA) in 50 mM of NaHCO3 
(1.0 μg/ml, overnight at 4 °C), which were then blocked for 1 h at 37 °C with PBS - 3% 
BSA - 0.1% Tween-20. Recombinant GpIbα was added (0.1 μg/ml for 2 h at 37 °C) and 
subsequently increasing concentrations of VWF (0–4 nM) were applied in the presence of 
botrocetin (2 μg/ml) and incubated for 2 h at 37 °C. After washing, wells were incubated 
with peroxydase-labeled polyclonal anti-VWF antibody (1.3 μg/ml for 1 h at 37 °C), and 
bound VWF was detected by measuring peroxydase activity using O-phenylenediamine as 
a substrate.  

Statistical analysis 

Data are expressed as mean values ± SEM. Statistical analyses were performed by the 
Student’s paired or unpaired t test or by one-way analysis of variance (ANOVA). A p value 
below 0.05 was considered statistically significant. For ANOVA, in case of p<0.05, pair-
wise comparisons against the control group were made. Corrections for multiple 
comparisons were made according to Dunnet. Bleeding times that exceeded 600 seconds 
were handled as 600 seconds.  
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Results 

Gene expression of mVWF and normalization of FVIII activity after 
hydrodynamic gene transfer in VWF -/- mice 

To evaluate the dose dependency of mVWF expression after hydrodynamic injection based 
gene delivery, male and female VWF-/- mice were injected with 1, 2, 5, 10, 50 or 100 μg of 
pcDNA6-mVWF plasmid DNA and blood was collected 24 h after injection. As shown in 
Figure 1A, hydrodynamic gene transfer resulted in high expression of plasma mVWF 
antigen and interestingly, gene expression of mVWF was twice as important in males than 
in females. In both sexes, gene expression was dependent on the amount of plasmid DNA 
injected and reached a plateau at 50 μg of pcDNA6-mVWF plasmid DNA with mVWF 
mean expressions of 438 ± 63% in males and 199 ± 30% in females. Because of higher 
plasma mVWF expression measured in male mice, we used only male VWF-/- mice for all 
subsequent experiments.  

In VWF-/- mice, the FVIII level is strongly reduced as a result of the lack of protection 
provided by VWF. To demonstrate an eventual normalization of FVIII activity, male VWF-
/- mice were injected with various concentrations of mVWF cDNA and plasma was 
collected 24 h later. In non-injected VWF-/- mice, FVIII activity was less than 15% of WT 
mice (Figure 1B). In contrast, VWF-/- mice injected with doses of 2 μg or higher of mVWF 
cDNA presented a normalization of FVIII activity 24 h after injection with an activity close 
to 100%, similar to that of WT mice (Figure 1B).  

 

 
Figure 1. VWF antigen and FVIII activity levels after hydrodynamic injection of mVWF cDNA in 
VWF-/- mice.  (A) Different amounts of plasmid DNA were injected in VWF-/- male (ν) (n = 5 for each 
dose) and female ( ) (n = 4 for each dose) mice within 5 sec. Plasma was collected 24 hours following 
injection, and plasma VWF levels were determined by ELISA. Data are presented as mean ± SEM. (B) 
Normalization of plasma FVIII activity in VWF-/- male mice (n = 4-5 for each dose) after hydrodynamic gene 
transfer of various amounts of pcDNA6-mVWF. Plasma was collected 24 hours following injection, and 
plasma FVIII activity was determined by a clotting assay. Data are presented as mean ± SEM. 
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We next assessed the time course of mVWF expression and FVIII activity after 
injection of 50 μg of mVWF cDNA in VWF-/- male mice. Blood samples were collected 8 
h, 24 h, 48 h, 72 h or 96 h after injection. Significant plasma mVWF levels (79 ± 19%) 
were detected in the circulation as early as 8 h after tail vein injection and FVIII activity 
was close to 70% (Figure 2). The peak plasma VWF level was reached 24 h after injection 
and then decreased gradually to nearly undetectable levels within 96 h (Figure 2A). As 
shown in Figure 2B, FVIII activity exceeded normal activity of WT mice 48 h and 7 2h 
after injection (190 ± 34% and 182 ± 32% respectively). At 96 h, FVIII activity was still 5 
times higher than non-injected mice. These results confirm that hydrodynamic gene transfer 
is an efficient technique to express mVWF in mice. 

 
Multimeric analysis of plasma mVWF 

To analyze the multimeric pattern of mVWF following hydrodynamic gene delivery, we 
injected 50 μg of mVWF cDNA in VWF-/- male mice and plasma was collected 24 h later. 
1% or 2% SDS agarose gel electrophoresis revealed the presence of multimerized mVWF 
24 h after hydrodynamic gene transfer. However, the balance between high and low 
molecular weight multimers was slightly different compared to normal murine plasma 
(Figure 3). Injected VWF-deficient mice presented a moderate decrease in high molecular 
weight multimers, which are biologically the most active. On the high-resolution SDS/2% 
agarose gel electrophoresis (Figure 3B), we also noticed a decrease in proteolytic bands 
compared to normal murine or human plasma. Indeed, very little if any satellite bands were 
visible in VWF-/- mice injected with mVWF cDNA.  

 
Figure 2. Time-course of mVWF gene expression and FVIII activity after rapid tail vein injection of 
pcDNA6-mVWF in VWF-/- mice.  Male VWF-/- mice (n = 4-6 for each time point) were injected with a 
large volume of saline containing 50 µg of mVWF cDNA within 5s. Plasma was collected 8 h, 24 h, 48 h, 72 
h and 96 h hours following injection. Murine VWF gene expression was determined by ELISA (A) and FVIII 
activity was evaluated by a clotting assay (B). Data are expressed as mean ± SEM. 
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Figure 3. Multimeric composition of plasma mVWF following hydrodynamic gene delivery. 50 μg of 
WT or mutated mVWF cDNA were injected in VWF-/- male mice and plasma was collected 24 hours later. 
(A) Analysis of plasma samples was performed by SDS/1% agarose gel electrophoresis. Lanes 1 and 6: 
normal pooled mouse plasma; Lane 4: plasma from a WT mVWF cDNA-injected mouse; lane 2: plasma from 
a mVWF-RGG cDNA-injected mouse; lane 3: plasma from a mVWF- D1742A, S1783A, H1786A cDNA-
injected mouse (collagen binding mutant); lane 5: plasma from a mVWF- K1362A cDNA-injected mouse 
(GpIb-binding mutant). (B) Analysis of plasma samples was performed by high-resolution SDS/2% agarose 
gel electrophoresis. Lane 1: normal pooled mouse plasma; lane 6: normal pooled human plasma; lane 2: 
plasma from a WT mVWF cDNA-injected mouse: lane 3: plasma from a mVWF- K1362A cDNA-injected 
mouse; lane 4: plasma from a mVWF- D1742A, S1783A, H1786A cDNA-injected mouse; lane 5: plasma 
from a mVWF-RGG cDNA-injected mouse.  
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Effect of mVWF on bleeding time in VWF-/- mice after hydrodynamic 
gene transfer  

To assess whether hydrodynamic gene transfer of mVWF cDNA could correct the bleeding 
time of VWF-/- mice, we injected various amounts of mVWF cDNA (2, 10, 50 and 100 
μg/mouse) in male VWF-/- mice. Bleeding time was determined by transection of the tail 
tip 24 h or 48 h after injection. As shown in Figure 4, wild-type mice stopped bleeding in 
less than 100 s whereas non-injected WVF-deficient mice presented extensive bleeding and 
were bleeding for as long they were observed (600 s). To check whether hydrodynamic 
injection per se could affect bleeding time, we injected 50 μg of pcDNA6 vector at high 
pressure in male WT mice and measured bleeding time 24 h after injection. Surprisingly, 
although not quite significant, we observed a tendency towards an increase in bleeding time 
in injected mice compared to non-injected mice (131 ± 44 s vs 75 ± 10, p = 0.057) (Figure 
4). Regarding VWF-/- mice, administration of 2 μg or 10 μg of mVWF cDNA had no 
significant effect on bleeding time, although a few mice injected with 10 µg managed to 
stop bleeding before  . In contrast, the two highest doses, 50 μg and 100 μg of mVWF 
cDNA per mouse, significantly corrected bleeding time 24 h after injection (p<0.001) and 
resulted in mean bleeding times of 169 ± 69 s and 203 ± 42 s respectively. At these two 
doses the difference between WT-injected mice and VWF-/- injected mice was no longer 
significant (p = 0.72 for 50 µg and p = 0.26 for 100 µg). At 48 h, results were more 
heterogeneous with some mice managing to control their bleeding while others did not.  

Hydrodynamic injection decreased platelet numbers 

In order to verify how blood counts may be affected by hydrodynamic injection, we 
injected at high pressure a large volume of saline or pcDNA6 via the tail vein in male WT 
mice. As internal control, blood counts were measured in all the mice 24 h before injection. 
Red and white cell counts, hematocrit, and hemoglobin did not change after injection. In 
contrast, platelet numbers were significantly decreased 24 h after hydrodynamic injection. 
The mean platelet counts was 825x103 ± 127, 24 h before injection with saline and 581x103 

± 68, 24 h after injection (p<0.01, Student’s paired t test). Without injection, platelet 
numbers were stable in mice in which two blood samples were drawn at 48 h interval.  
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Expression and characterization of mVWF mutants 

VWF-/- mice injected with 50 μg of mutated mVWF cDNA presented a similar level of 
mVWF antigen expression to that observed after injection of WT mVWF cDNA injection 
(data not shown). Furthermore, the multimeric pattern of mutated mVWF was comparable 
to the pattern seen in VWF-/- mice injected with WT mVWF cDNA (Figure 3). To be sure 
that the GpIb (K1362A) and collagen (D1742A, S1783A, H1786A) binding mutations 
introduced in the mVWF cDNA efficiently abolished the binding of mVWF to platelet 
GpIb and collagen respectively, we evaluated their binding to these ligands in vitro. 
Binding tests were performed using mouse plasma obtained from VWF-/- mice 24 h after 
hydrodynamic injection with 50 μg of WT mVWF cDNA or of mVWF GpIb or collagen 
binding mutants. Both mutants showed a complete absence of binding to their respective 
ligands whereas WT mVWF presented a dose-dependent binding to human GpIb and 
collagen (Figure 5).  

 
Figure 4. Correction of bleeding time following hydrodynamic gene delivery of mVWF cDNA in VWF-
/- mice. VWF-/- male mice were injected with 2, 10, 50 or 100 μg of mVWF cDNA and bleeding time was 
measured 24 h or 48 h later by transection of the tail tip as described in “Materials and methods”. 
Furthermore, we injected 50 μg of pcDNA6 vector alone in WT mice and assessed bleeding time 24h after 
injection. Observation was stopped at 600 seconds when bleeding did not cease. Each symbol represents one 
mouse and the median value of each group is represented by a line. Injection of 50 μg or 100 μg of mVWF 
cDNA in VWF-/- mice significantly reduced bleeding time 24 h after gene delivery. NS indicates not 
significant.  
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Effect of mutated mVWF on bleeding time in VWF-/- mice after 
hydrodynamic gene transfer  

In order to examine whether GpIb and collagen binding mutants and RGG mutant could 
correct the bleeding time in VWF-/- mice, we injected 50 μg of mutated mVWF in VWF-/- 
male mice. Bleeding time was determined by transection of 3 mm of the tail tip 24 h after 
injection. Injection of collagen binding mutant and RGG mutant in VWF-/- mice resulted in 
a correction of bleeding time, with values of 189 ± 60 s and 139 ± 56 s respectively, similar 
to the correction obtained with injection of WT mVWF cDNA. In contrast, mice injected 
with the GpIb binding mutant were bleeding for as long they were observed (>600 s) except 
one mouse, which stopped bleeding at 312 s following transection of the tail.  

Although most mice injected with the GpIb binding mutant kept on bleeding during the 
observation period, we noticed that they seemed to loose less blood than non-injected mice. 
We therefore decided to measure the volume of blood lost over a period of 10 minutes. As 
shown in Figure 7, non-treated VWF-/- mice lost on average 232 ± 63 μl of blood and were 
bleeding for as long they were observed whereas WT mice lost 13 ± 6 μl of blood and were 
bleeding between 2 and 4.5 minutes in this setting. VWF-/- mice injected with 50 μg of 
mVWF cDNA significantly reduced their blood loss to 19 ± 9 μl and were no different 
from WT mice in terms of bleeding time. Interestingly, although VWF-/- mice injected with 
mVWF GpIb mutant did not stop bleeding during the observation period, they bled 
significantly less (60 ± 21 μl) than non-injected VWF-/- mice.  

 

 
Figure 5. Binding of plasma mVWF wt or mutant to immobilized GpIb and collagen. VWF -/- male mice 
were injected with 50 μg of WT or mutated mVWF cDNA and plasma was collected 24 hours later. (A) 
Binding of WT mVWF (closed symbols) and mVWF collagen binding mutant (mVWF- D1742A, S1783A, 
H1786A) (open symbols) to immobilized human collagen type III. (B) Binding of WT mVWF (closed 
symbols) and mVWF GpIb binding mutant (mVWF-K1362A) (open symbols) to immobilized human GpIb.  
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Discussion 

VWF is a very large protein and a number of functional domains involved in the binding to 
different ligands have been localized on its sequence, such as binding sites for platelet GpIb 
and GpIIbIIIa, FVIII and collagen.1,2 VWF binding to GpIb is of critical importance for 
VWF function as evidenced by the identification of a large number of VWD patients 
carrying mutations in the GpIb binding domain of VWF.8 Similarly, VWD patients carrying 
mutations in the FVIII binding domain of VWF express a bleeding phenotype close to 
hemophilia A, with decreased FVIII levels.22 However, the clinical relevance, in terms of 
hemorrhagic symptoms, of most other VWF interactions with various ligands has not been 
verified due to the combined lack of VWD patients with corresponding mutations and of 
adequate animal models. In this report using the hydrodynamic injection technique, we 
describe a murine model allowing the transient expression of different mutant VWF and 
their capacity to correct bleeding symptoms observed in VWF-deficient mice.  

 
Figure 6. Effect of mutated mVWF on bleeding time in VWF-/- mice after hydrodynamic gene transfer.  
VWF-/- male mice were injected with 50 μg of WT mVWF cDNA or mVWF cDNA mutated in the RGD 
sequence (D2509G), in the collagen binding site (D1742A, S1783A, H1786A), or in the GpIb binding site 
(K1362A). Bleeding time was examined by transection of the mouse tail and observation was stopped at 600 
seconds when bleeding did not cease. Each symbol represents one mouse and the median value of each group 
is represented by a line. Injection of collagen binding mutant and RGG mutant in VWF-/- mice resulted in a 
correction of bleeding time comparable to that obtained after injection of WT mVWF cDNA. In contrast, 
bleeding did not stop in mice injected with the GpIb binding mutant. NS indicates not significant.  
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Figure 7. Effect of mVWF GpIb binding mutant on blood loss in VWF-/- mice after hydrodynamic 
injection. VWF-/- male mice were injected with 50 μg of WT mVWF cDNA or mVWF cDNA mutated in the 
GpIb binding site (VWF-K1362A). The mouse-tail was transected at a fixed diameter (1.5 mm) 24 h after 
injection and blood was absorbed on a filter paper every 30 seconds for 10 minutes. (A) Mean blood loss 
following tail transection (n = 5-7). Injection of mVWF GpIb binding mutant significantly decreased the 
blood loss of VWF-/- mice (p<0.001). Data are presented as mean ± SEM. (B) Representative photographs of 
the filter papers used to blot the blood following tail transection of non injected WT and VWF-/- mice or 
VWF-/- mice injected with WT mVWF cDNA or GpIb binding mutant mVWF cDNA.  
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The fist step in our study was to validate our technique with WT VWF. Due to the quasi 
absence of binding of murine GpIb to human VWF, we have cloned mVWF cDNA and 
ligated it into pcDNA6-V5-His expression vector. Upon injection of this construct in VWF-
deficient mice, we observed a rapid and very strong expression of VWF antigen in plasma. 
The antigen peak observed 24 h after injection, followed by a rapid decline of expression is 
consistent with previous reports using plasmids with the CMV promoter.23 Injection of 50 
µg of mVWF cDNA resulted in plasma VWF antigen levels as high as 200-440% 
depending on the sex of the mice. These levels are much higher than those reported in the 
study by Pergolizzi et al where the same dose of mVWF cDNA only led to VWF 
expression levels of 40%.24 This variation is likely due to the different cDNA that was used 
in both studies. These authors have used a cDNA leading to expression of a murine VWF 
with an Arg instead of a Cys in position 799, a protein associated with intracellular 
retention and impaired multimerisation.16 An interesting point is the sex-difference that we 
observed, with a two-fold higher gene expression in males compared to females. Using 
human factor IX as a reporter gene, Feng et al have studied conditions affecting 
hydrodynamic-based gene delivery in mice and have also reported a similar difference 
between sexes.25 A potential hypothesis could relate to anatomical and/or liver damage 
differences between males and females.  

Further analysis of the VWF-deficient mice injected with WT mVWF cDNA revealed a 
normalization of FVIII levels and the presence of multimerized VWF although there was a 
moderate decrease in the highest molecular weight forms. Injection of human VWF cDNA 
resulted in a similar multimeric pattern (data not shown). Following hydrodynamic gene 
transfer, the gene of interest is being expressed by liver hepatocytes.11,12 Since VWF is 
normally produced by endothelial cells and megakaryocytes, it is likely that the change in 
multimeric profile is due to the inability of hepatocytes to produce the highest forms. 
Furthermore, all VWF produced by hepatocytes must be secreted constitutively, a pathway 
which, in endothelial cells, leads to the release of only low and intermediate multimers.26 
Even more interesting is the observation that there is very little ADAMTS-13-mediated 
proteolysis visible in the plasma of transfected mice. This result is in agreement with the 
hypothesis of Dong et al that plasma VWF is probably not the natural substrate of 
ADAMTS-13.27 Furthermore, since high molecular weight multimers are lacking in our 
system, the need to control their size is less critical.  

The functionality of our model was demonstrated by the correction of bleeding time 
observed in VWF-deficient mice 24 h after injection of 50 µg of WT mVWF cDNA. 
Despite very high VWF antigen levels, the bleeding time in these mice remained slightly 
prolonged compared to WT mice. Several reasons can account for this observation: i) we 
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noticed that hydrodynamic injection induces a 30% drop in platelet counts in mice and can 
then lead towards longer bleeding time even in WT mice; ii) as mentioned above, the 
highest molecular weight multimers are lacking and these are the most biologically active 
forms; iii) VWF is present only in the plasma. The absence of VWF in platelets, endothelial 
cells and subendothelium may prevent an optimal rescue of the bleeding phenotype.  

The hydrodynamic gene transfer technique validated, we next addressed the question of 
the ability of various VWF mutants to correct bleeding time in VWF-deficient mice. In this 
regard, mutations in the VWF collagen-binding site and in the VWF RGD sequence did not 
affect VWF functionality. For the collagen binding mutant, we mutated residues in the A3 
domain identified as being critical for binding to collagen types I and III.3 Although our 
result suggests that VWF binding to collagens types I and III is not critical for normal 
hemostasis, it does not exclude collagens as being relevant physiological ligands for VWF 
in the subendothelium. Indeed, VWF also binds collagen type VI through its A1 domain. 
28,29 It therefore appears that this interaction as well as potential VWF interactions with 
other subendothelial constituants is sufficient to support the formation of a hemostatic plug. 
Mutation of the VWF RGD sequence into RGG has been previously shown to abolish VWF 
binding to platelet GpIIbIIIa.6 We report here that this interaction is not strictly required to 
maintain a normal bleeding time in mice. This could explain why VWD patients with 
mutations in the RGD sequence have never been identified. Binding of GpIIbIIIa to its 
other ligands such as fibrinogen and fibronectin can thus compensate for the lack of VWF-
GpIIbIIIa binding in our model.  

The third mutant we tested in this study is the GpIb binding mutant which did not 
correct bleeding time in VWF-deficient mice, although one mouse managed to control its 
bleeding for unexplained reasons. This result confirms the critical importance of the VWF-
GpIb interaction for efficient primary hemostasis in vivo. However, it became clear from 
our observations that VWF-deficient mice expressing this particular mutant were loosing 
less blood than their non-injected counterparts. Quantification of blood loss during a 10-
minute period confirmed our initial observation (Figure 7). This rather surprising result can 
be examined in the light of recent findings showing that GpIb deficiency is more severe 
than VWF deficiency in a murine model of arterial thrombosis, leading to the conclusion 
that GpIb is probably able to bind to a ligand different than VWF.30 Whether a similar 
mechanism is responsible for the decrease in blood loss in our model remains to be 
evaluated.  

In summary, we have described a rapid and novel model to examine the in vivo function 
of VWF mutants and derivatives. This method allows a rapid evaluation of the causative 
effect of any given mutation found in VWD patient while avoiding the lengthy and 
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expensive process of producing and purifying the recombinant mutant protein. The 
transient expression of the VWF transgene has so far limited our phenotypic analysis to 
bleeding time measurements but hydrodynamic injection using expression vectors with a 
liver-specific promoter has been described as leading to sustained expression of the 
transgene.23 Using such vectors will allow more in depth analysis of various VWF mutants 
in vivo.  
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The haemostatic system consists of many players, and the interaction between these players 
is needed to maintain the haemostatic balance. Initially, the assumption was that each 
component was designed to fulfill one specific task. In time, however, it has become clear 
that this is actually not the case. For instance, thrombin was originally found to mediate the 
conversion of fibrinogen into fibrin. Now we know that thrombin exerts many functions, 
and contributes to several (patho)physiological processes including proliferation, apoptosis 
and migration. The von Willebrand factor (VWF) is also not an exception in this regard. 
Several decades ago, it was established that VWF is pertinent to maintain appropriate levels 
of factor VIII in the circulation and that VWF is important for the recruitment of platelets to 
the injured vessel, particularly under conditions of rapid blood flow. More recently, it has 
become apparent that VWF is doing more than just that. VWF is able to interact with 
several bacterial proteins1-3, suggesting that VWF is used by these pathogens to facilitate 
intravascular colonization. Furthermore, VWF has been found to promote proliferation of 
smooth muscle cells, contributing to intimal thickening in vivo4. The aim of my study was 
to obtain more insight into the in vivo and in vitro behavior of VWF, with regard to its 
classical haemostatic function as well as its potential contribution to non-haemostasis 
related processes such as metastasis and leukocyte recruitment.  

An in vivo model to address VWF function 

VWF contributes to the recruitment of platelets by bridging the exposed sub-endothelial 
matrix to platelets. It is believed that association to the sub-endothelial matrix is mediated 
by interactions between VWF and collagen-components that are deposited within the vessel 
wall. The dominant collagen binding site is located within the VWF A3 domain5;6, while 
additional collagen binding-sites seem to reside in the VWF A1 domain5;7;8. The 
complementary collagen-sequence that is recognized by VWF has recently been reported 
by Lisman et al9. In vitro mutagenesis has revealed the crucial amino acids in both 
complementary binding sites that mediate the VWF-collagen interaction. In particular, 
VWF residues Asp1742, Ser1783, and His1786 are of major importance, since replacement 
of these residues virtually completely abrogates collagen binding. It should be mentioned 
that the importance of the VWF-collagen interaction in the process of platelet recruitment is 
merely derived from in vitro observations. Little information exists with regard to its in vivo 
relevance. So far, four VWF mutations have been reported that affect collagen binding to a 
minor extent, and only one of these mutations is associated with a mild bleeding 
tendency10;11. Thus, there is a need for a model that evaluates the in vivo relevance of the 
VWF-collagen interaction. 
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Once bound to collagen, the current dogma teaches us that VWF is converted from a 
latent into a platelet-binding protein. Two distinct platelet-receptors exist that can bind 
VWF: Glycoprotein (Gp)-Ibα, which is part of the GpIb/IX/V receptor complex, and the 
αIIbβ3 integrin12. The physiological importance of the VWF-GpIbα interaction for the 
formation of a platelet-rich thrombus is well-recognized. Indeed, several mutations within 
the VWF A1-domain that result in impaired VWF-GpIbα interactions are known to be 
associated with severe bleeding tendencies in von Willebrand disease (VWD) patients13-16. 
As for αIIbβ3, binding of VWF is mediated by an RGD-sequence in the C1 domain of 
VWF. The interaction between VWF and αIIbβ3 allows platelet-platelet interactions, 
needed for the growth of the thrombus. In vitro analysis using a VWF RGD-mutant 
revealed reduced platelet spreading and aggregation, underscoring the potential of the 
VWF-RGD sequence to contribute to platelet aggregation17. However, no data have been 
reported for its role in the in vivo situation, nor have individuals been described in which 
the VWF RGD motif is mutated.  

In view of the lack of information on the in vivo role of VWF-collagen and VWF-
αIIbβ3 interactions, we have developed a model allowing the transient expression of VWF 
or mutants thereof in VWF-deficient mice. This model employs the hydrodynamic delivery 
of murine VWF cDNA, which is followed by a temporary expression of VWF protein 
(chapter 6). Using this model, we observed that the expression of wild-type murine VWF 
resulted in the correction of the bleeding tendency in VWF-deficient mice (Chapter 6; 18). 
In contrast, expression of a mutant showing impaired GpIbα-binding (VWF/K1362A) was 
unable to stop the blood loss in this tail-cut bleeding model (Chapter 6). Interestingly, 
although bleeding did not stop, the amount of blood that was shed was less than observed in 
non- or mock-treated VWF-deficient mice. With regard to the VWF-collagen mutant and 
VWF-RGD mutant, it was surprising that the expression of both mutants resulted in a full 
correction of the bleeding time.  

These unexpected results using both mutants raise a number of questions that deserve to 
be considered. First, what could explain the complete correction of the bleeding time in the 
mice that express the VWF-collagen or VWF-RGD mutants? Let us start with the VWF-
collagen mutant. We considered the possibility that the mutant displays residual collagen 
binding. However, in a static collagen-binding assay, binding of the mutant to collagen was 
completely abolished. We cannot exclude that under conditions of shear, a collagen-binding 
site elsewhere in the VWF protein becomes exposed, which can take over this task. For 
instance, it has been reported that the VWF-A1 domain can compensate for the loss of the 
A3-domain mediated collagen binding under conditions of flow19. Another explanation 
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could be that the shear stress in the tail vessels that are cut is with the range that allows 
platelet-collagen interactions via GpVI and/or α2β1.  

For the VWF-RGD mutant it appears that the VWF-αIIbβ3 interaction is dispensable in 
the in vivo situation. It is conceivable that this is due to the redundancy of ligands for this 
integrin. Apart form VWF, also other proteins such as fibrinogen, vitronectin, and 
fibronectin are able to interact with αIIbβ3 and mediate platelet aggregation. Those proteins 
are abundantly present at the site of injury. 

It should be noted that the in vivo effects have been addressed in one bleeding model 
selectively, using blood loss and time to halt bleeding as read-out parameters. It would be 
of interest to analyze thrombus formation in a more detailed manner. Morphological 
examination of the thrombus would provide information how the various VWF-mutations 
affect thrombus composition. Furthermore, intravital microscopy could be an approach to 
examine the effect of the VWF mutations real-time. How is platelet rolling and adhesion to 
the injured vessel affected? How is expansion of the growing thrombus affected? 
Answering these questions is needed for our full understanding of the various VWF 
functions under in vivo conditions. 

As a last remark regarding this model, it is noteworthy that transient expression of VWF 
in this experimental model result in the presence of multimeric VWF in plasma. Under 
normal conditions, VWF is not only present in plasma, but also in storage organelles in 
endothelial cells and platelets as well as in the subendothelial matrix. In this model, VWF is 
produced in hepatocytes, and therefore absent in endothelial cells, platelets, and the 
subendothelial matrix. As such, this model does not allow the evaluation of VWF present at 
these locations. Is that important? Perhaps. On the other hand, VWD-patients are treated 
with intravenous administration of VWF, which results in the stop of bleeding. Apparently, 
VWF in plasma plays a crucial role in the haemostatic process. It is likely therefore that our 
model is a valid and powerful tool to examine important aspects of VWF function in vivo. 

VWF and tumor cells 

As mentioned in the introduction of this chapter, we were not only interested in examining 
classical VWF functions, but we were also challenged by the hypothesis that VWF function 
may go beyond the haemostatic system. One attractive candidate in this respect relates to 
the tumor metastasis process. After detachment from the primary tumor, tumor cells 
migrate to the blood circulation and attach to the vascular wall at distant sites. This process 
is facilitated by the interaction of these tumor cells with platelets, which promote adhesion 
to the endothelium and extravasation. On tumor cells, a number of potential VWF receptors 
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have been identified: GpIbα, αIIbβ3, and αVβ320-23. Given its multimeric structure, VWF 
has therefore the capacity to bridge platelets and tumor cells and could therefore influence 
the initial stage of tumor metastasis. 

In our case, VWF proved to interact efficiently with tumor cells in an RGD-dependent 
manner (Chapter 3).  This is in line with other reports showing that tumor cells can adhere 
to VWF24-26. Moreover, mice treated with polyclonal anti-VWF antibodies displayed a 
partial inhibition of metastasis development as compared to non-treated mice27. These data 
point to a direct involvement of VWF in the metastatic process. Based on these results, our 
expectation was that a complete deficiency of VWF would be asociated with a reduction of 
the metastatic potential of tumor cells. However, the oppossite was observed when VWF 
null mice were compared with their control littermates. By using two different murine 
tumor cells (murine melanoma B16-BL6 cells and Lewis lung carcinoma cells) a significant 
increase in the number of pulmonary metastatic foci were found two weeks after tumor cell 
injection (chapter 3). This pro-metastatic phenotype could be converted upon restoration of 
VWF plasma levels via co-injection of VWF and tumor cells. More detailed analysis 
showed that VWF-deficiency was not associated with a modified tumor growth. In contrast, 
analysis of the early survival of the tumor cells in the lungs revealed that in the absence of 
VWF a significant increased number of tumor cells (about 30 %) were still viable. Thus, a 
longer survival of tumor cells may explain the increased metastatic role of tumor cells in 
VWF-deficient mice. 

These results unequivocally demonstrate a direct link between VWF and the metastatic 
process. However, the interpretation with regard to its mechanism is rather complex. First, 
VWF deficiency results in the absence of endotheilal Weibel-Palade (WP)-bodies. These 
organelles are storage organelles not only for VWF, but also for P-selectin, tissue-type 
plasminogen activator, CD63, interleukin-8, endothelin, and the tie-2 ligand angiopoietin-2. 
Each of these proteins have been reported to contribute to tumor cell interaction and 
metastasis28-33. It is possible that impaired intracellular routing of these proteins results in 
abarrent availability with regard to the metastatic process. Although this option cannot be 
completely excluded, this does not provide a satisfactory explanation for our findings 
because the presence of intravenously administered VWF in plasma corrects the increased 
metastatic potential of the tumorr cells. This exogenous VWF is unable to restore WP-body 
formation. This suggests that the VWF effect is probably related to a direct interaction of 
VWF with tumor cells. VWF may affect proliferation, migration, or viability of tumor cells. 
Alternatively, VWF may influence the incorporation of tumor cells in the vascular bedding 
or even the vulnerability of the tumor cells for attack by the immune system. Of course, 
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further studies are needed to elucidate the molecular mechanism that explains how plasma 
VWF down-regulates tumor metastasis. 

VWF as an adhesive surface for leukocytes 

Encouraged by the fact that VWF not only interacts with platelets but also with tumor cells, 
we explored the possibility that leukocytes are also able to adhere to VWF. It has been 
reported that leukocytes may express the αVβ3 receptor34, which is a potential docking site 
for VWF. Moreover, Koivunen and colleagues demonstrated that monocytic THP1 cells 
were able to adhere to VWF under static conditions35.  

As described extensively in Chapter 2, we were able to demonstrate that leukocytes 
(PMNs and monocytes) can adhere to VWF under both static and flow conditions. More 
recent studies revealed that various lymphocytic cells (T cells, B cells and NK cells) also 
have the potential to adhere to VWF when tested under static conditions. The ability of 
VWF to interact with a wide range of white blood cells may seem surprising, as it would 
suggest that VWF and leukocytes could form complexes in the circulation, which 
eventually may lead to the undesired formation of cellular aggregates. Obviously, this is not 
what happens in vivo (at least not to a significant extent) because such aggregates would 
occlude the microvasculature, a manifestation that is not observed in normal individuals. 
The most logical explanation for the absence of such aggregates would be that the VWF-
leukocyte interaction mimics the VWF-platelet interaction, in that both components co-
exist without interacting, and only upon the induction of a certain conformational change 
binding is initiated. Indeed, leukocyte adhesion to VWF was in our studies determined 
using immobilized VWF. It is known that immobilization of VWF converts it from a latent 
into a platelet-binding conformation. It is conceivable that this, or a closely related 
conformational change, is also required for the interaction with leukocytes. 

The option that VWF needs to be converted from a rested into a leukocyte-binding 
conformation provided our first lead in search for counter-receptors for VWF on 
leukocytes. The initial interaction between VWF and platelets involves the GpIb/IX/V 
complex, which is known to mediate platelet tethering and rolling. Leukocytes also 
comprise a rolling-receptor called P-Selectin Glycoprotein Ligand-1 (PSGL1). PSGL1 is 
the counter-receptor for endothelial selectins, and is responsible for the initial tethering of 
leukocytes on stimulated endothelial cells. Interestingly, GpIbα and PSGL1 not only 
display functional similarities, but also at the structural level there is a marked resemblance 
(see fig. 4&5 Introduction of this thesis). As such, PSGL1 was an attractive candidate 
molecule to test its involvement in the leukocyte-VWF interaction. As described in chapter 
2, PSGL1 indeed proved to be a counter-receptor for VWF. Moreover, our concept that 
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VWF should be in an active conformation was supported by in vitro experiments using 
purified proteins. Whereas resting VWF was unable to interact with immobilized 
PSGL1/Fc fusion protein, binding was rather efficient (apparent Kd of 60 nM) in the 
presence of the VWF activator botrocetin. Furthermore, PSGL1 binding was mediated by 
the VWF A1-domain, which also comprises the GpIbα binding site. Finally, a recombinant 
VWF fragment (ie. VWF/A1-A2-A3), which is constitutively present in its active 
conformation, was able to interact with PSGL1 in the absence of botrocetin.  

How efficient is the VWF-PSGL1 interaction compared with the classical P-selectin-
PSGL1 interaction? When compared in parallel, 3-5 times more leukocytes displayed 
transient adhesion to P-selectin coated cover-slips compared to VWF-coated cover-slips. 
Thus, P-selectin is more efficient than VWF in acting as an adhesive surface for leukocytes. 
It has been reported that leukocyte rolling in selectin null mice is dramatically reduced, but 
not completely absent36-38. This indicates that selectins are the dominant counter-parts for 
PSGL1 at the endothelial surface in vivo. At the same time, there is apparently an 
alternative counter-receptor for PSGL1, albeit a rather inefficient one. Based on our in vitro 
experiments, this could be VWF. But why is the reduction in number of rolling leukocytes 
more pronounced in vivo than in vitro? One explanation could be that unlike P-selectin, 
VWF is not a transmembrane protein. Therefore, VWF remains at the cellular surface for 
only a brief period of time39. Therefore, it is likely that the ability of VWF to recruit 
leukocytes to the endothelium is not only limited by a reduced efficiency compared to P-
selectin, but also by the inability to stay attached to the endothelial surface. 

This further implies that VWF should preferably be in a fixed condition to support 
recruitment of leukocytes. Immuno-histochemical analyses of vessel-wall sections have 
revealed that VWF is not only present in endothelial storage-organelles, but also in the sub-
endothelial matrix. Since leukocytes pass through the sub-endothelium during 
extravasation, it is possible that VWF assists migratory leukocytes. Another condition in 
which VWF is fixed and present in its active conformation is in a platelet-rich thrombus. As 
such, VWF would have the potential to contribute to the recruitment of leukocytes to these 
thrombi. Indeed, in vivo experiments have shown that leukocytes can efficiently adhere to 
thrombi in a PSGL1-dependent manner. It should be noted that apart from VWF, also other 
components in these thrombi can contribute to leukocyte recruitment, including platelet-
derived P-selectin. Since thrombus formation is highly-dependent on the presence of VWF, 
it will be difficult to design an experimental approach to test the in vivo contribution of 
VWF to leukocyte adhesion to thrombi. 

Whereas PSGL1 is needed for rolling of leukocytes over adhesive surfaces, a second 
mechanism is required for stable adherence of leukocytes. It is generally believed that the 
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family of β2-integrins plays an important role in this regard. In particular, interactions 
between β2-integrins and endothelial adhesion molecules (ICAM-1 and ICAM-2) have 
been identified to mediate adhesion of leukocytes to the vascular bedding40. In view of their 
important role in leukocyte adhesion, we have investigated whether or not these integrins 
can interact with VWF. As described in chapter 2, we indeed found that VWF comprises 
interactive sites for these intergrins. Inhibition of β2-integrins resulted in a strong reduction 
of stably adherent cells. Moreover, cells modified to express these integrins were able to 
adhere to immobilized VWF, whereas their non-transfected counter-parts could not. The 
interaction with β2-integrins is not limited to one family member, but at least three out of 
the total of four members interact with VWF: αMβ2 (also known as MAC-1 or CR3), αLβ2 
(also known as LFA-1) and αXβ2. Surprisingly, VWF contains multiple binding sites for 
β2-integrins: one site being located in the D’-D3 domains and one site being located in the 
A1-A2-A3 region. Our data further do not rule out potential other binding site outside these 
regions.  

Does VWF need to be in its active conformation in order to interact with β2-integrins, 
like for its interaction with PSGL1 and GpIbα? This may be true for the A1-A2-A3 region, 
but seems unlikely for the β2-integrin binding site that is located in the D’-D3 region. This 
domain comprises also an interactive site for coagulation factor VIII, and both resting and 
active VWF interact equally efficient with this protein. Indeed, in direct binding studies 
using purified proteins, we observed efficient binding of resting VWF to the immobilized 
recombinant αM-subunit. From the VWF perspective, this would imply that VWF can 
spontaneously bind leukocytes via these β2-integrins in the circulation. In contrast to 
PSGL1, β2-integrins themselves are in a resting conformation on circulating leukocytes. 
The current view is that activation of leukocytes is needed to switch from a low-adhesive 
into a high-adhesive state, and only in this high-adhesive state β2-integrins are in their 
active conformation. When activated, β2-integrins are able to bind their ligands. Of note, 
activation may be initiated via engagement of PSGL1, usually via interactions with 
selectins41. It is tempting to speculate that VWF-PSGL1 interactions may contribute to this 
process as well.  

In spite of the notion that we still know little concerning the physiological relevance of 
the VWF-leukocyte interactions, there are a number of intriguing issues that arise from our 
findings. First, VWF is the first leukocyte ligand that combines binding sites for both the 
rolling- and the stable adhesion receptors.  In combination with the VWF multimeric 
structure, this capacity provides VWF with a kinetic advantage compared to other ligands. 
A second intriguing issue relates to the clearance of VWF. In a separate study, we have 
found that macrophages in liver and spleen are the main cells that mediate the cellular 
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uptake of VWF (van Schooten abstract O-W-017, ISTH 2007). Of course, the question is 
then: which receptor(s) contribute(s) to the binding and uptake of VWF? Differentiation of 
monocytes into macrophages is associated with the conversion of β2-integrins (in particular 
αMβ2) from a resting into an active conformation42;43. In this conformation, β2-integrins 
play a prominent role in the uptake of pathogens and large particles44. Moreover, αMβ2 has 
been found to contribute to the clearance of fibrinogen45. As such, αMβ2 should be 
considered as a potential clearance receptor for VWF. Of interest, binding of fibrinogen to 
leukocytes has a few other implications. The fibrinogen-αMβ2 interaction is known to 
modulate survival/apoptosis of neutrophils, which can undergo constitutive apoptosis46. 
Engagement of αMβ2 with ligands like ICAMs during the recruitment to inflamed or 
activated endothelium delays neutrophil apoptosis. Also, fibrinogen accumulating during 
thrombosis has this ability. On the other hand, αMβ2 engagement can also accelerate 
apoptosis. This occurs in the presence of TNFα or during phagocytosis of complement-
opsonized pathogens mediated by C3bi-αMβ2 and immune complex-FcγR interactions. 
Neutrophil apoptosis and its clearance by macrophages are required for resolution of 
inflammation. By comparison, VWF present in plasma, thrombi or the sub-endothelial 
matrix might also modulate neutrophil survival via its interaction with αMβ2. 

PSGL1: from selectin-specific to a multi-ligand receptor 

Since its discovery, PSGL1 has been considered as a selectin-specific receptor. However, in 
recent years reports appeared showing that PSGL1 is able to interact with other proteins as 
well. Other ligands that have been described include the human chemokine CCL27, the 
mouse chemokine KC (a homolog of the human chemokine CXCL1) and the extracellular 
matrix proteoglycan PG-M/versican47-49. In addition, also the Staphylococcus aureus 
protein Staphylococcal superantigen-like5 (SSL5) has been found to bind PSGL1 and to 
inhibit P-selectin-mediated neutrophil rolling50. And of course, as described above, we 
demonstrated that VWF is a valid ligand as well. Since we used the structural resemblance 
between PSGL1 and GpIbα as starting point to identify VWF as a ligand for PSGL1, we 
considered the possibility that other GpIbα ligands are able to bind PSGL1 as well. 
Recently, our laboratory has reported that auto-antibodies directed against β2-glycoprotein 
I (β2GPI) induce association of the β2GPI/antibody complex with GpIbα51. Moreover, 
binding of β2GPI/antibody complexes to platelets resulted in a pre-active state of the 
platelets, making them more susceptible to activation by agonists such as collagen or ADP. 
More detailed analysis indicated that binding of β2GPI/antibody complexes (or 
synthetically dimerized recombinant β2GPI) required full sulfation of GpIbα.  
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These observations prompted us to investigate whether dimerized β2GPI has the 
potential to interact with PSGL1. Indeed, a clear high affinity interaction between 
recombinant dimerized β2GPI and PSGL1 was detected. Not only in a system using 
purified proteins, but also using cells-expressing PSGL1 endogenously or via transfection. 
One interesting aspect of our findings is that wild-type β2GPI proved rather inefficient in 
the interaction with PSGL1, suggesting that under normal conditions no interaction will 
take place. In this regard, binding with PSGL1 is similar to binding of β2GPI with many of 
its other ligands, such as LDL-receptor family members, toll-like receptors and negatively-
charged phospholipids surfaces. Interactions with these ligands are dramatically dependent 
on antibody binding or dimerization of β2GPI. Furthermore, the binding site for these 
ligands involves a large positively-charged patch in the domain V of β2GPI. It was not 
surprising therefore, that this domain is also dominating the interaction with PSGL1. It 
remains to be investigated for which of these ligands β2GPI displays preference in case 
multiple ligands are present simultaneously.  

A second aspect of interest relates to the functional consequences of this interaction. 
β2GPI/antibody complexes not only pre-activate platelets, but also stimulate endothelial 
cells, monocytes and neutrophils to express tissue-factor, a component that is required to 
initiate the coagulation cascade52. The possibility exists that engagement of PSGL1 with 
β2GPI (either alone or in combination with interactions with other ligands) may contribute 
to increased tissue-factor expression on blood cells in antiphospholipid-syndrome patients 
having anti-β2GPI autoantibodies. As such, this may contribute to the thrombotic tendency 
found in these patients. 

The Gordian knot of the haemostatic and inflammatory network 

Identifying new ligands for VWF, new functional aspects of VWF, and a direct link 
between VWF and metastasis and inflammation has provides us with a new perspective on 
the interaction between the various (patho)physiological processes. It becomes more and 
more apparent that everything starts to interact with everything (see Fig. 1): (i) P-selectin 
interacts with GpIbα, PSGL1, and VWF53;54; (ii) VWF interacts with PSGL1, GpIbα, β2-
integrins, and monomeric β2GPI55; (iii) GpIbα interacts with P-selectin, VWF, β2-
integrins, and dimeric β2GPI51; (iv) PSGL1 interacts with P-selectin, VWF, and dimeric 
β2GPI. How do you place order in this true Gordian knot? What should be considered as 
specific or physiologically relevant? To what extent are the various conditions dictated by 
local conditions? For instance, how is VWF located and in what type of conformation is it 
present? It will be the challenge of the future to delineate these processes, not only under 
defined in vitro conditions, but also using dedicated in vivo models. Time will teach us if 
answering these questions requires the Alexandrian solution or not. 
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Figure 1. Gordian knot of protein-protein interactions:  A schematic representation of the various protein-
protein interactions, some of them have been subject of the present thesis. Monomeric β2GPI interacts with 
VWF but not GpIbα or PSGL1, whereas dimeric β2GPI interacts with GpIbα and PSGL1 but not VWF. 
Moreover, β2GPI interferes with binding of GpIbα to VWF55.  
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Summary 
 

 

 

 

Von Willebrand Factor 

Von Willebrand factor (VWF) is a plasma protein that circulates as an array of 
multimerized subunits. Each subunit is composed of 2050 amino acids organized in 12 
distinct domains: D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. VWF is synthesized in 
megakaryocytes and endothelial cells (EC). It may be secreted constitutively or stored in α-
granules in platelets and Weibel-Palade bodies in ECs. Upon stimulation, cells release the 
content of their storage organelles into the circulation.  

VWF has been known for its indirect role in haemostasis as a carrier of FVIII, 
protecting it from early clearance. VWF is also directly involved in primary haemostasis as 
a key element in the recruitment of platelets to the injured vessel wall, particularly under 
conditions of rapid blood flow. Under normal conditions, VWF does not bind platelets in 
the circulation. In case of vascular injury, the subendothelial matrix becomes exposed. 
VWF binds the exposed matrix and adopts an active conformation. This conformation 
allows the VWF A1 domain to interact with the platelet receptor GPIbα. Platelets then 
decelerate, interact with the matrix via collagen-receptors GPVI and α2β1and become 
activated. VWF can subsequently bind to the integrin αIIbβ3 and participate in platelet 
aggregation.  

An in vivo model to address VWF function 

The lack of information on the in vivo role of VWF-collagen and VWF-αIIbβ3 interactions 
lead us to develop a model allowing the transient expression of VWF in VWF-deficient 
mice via the hydrodynamic delivery of murine VWF cDNA (Chapter 6). Using this model, 
we observed that the expression of wild-type murine VWF could reverse the bleeding 
phenotype in VWF-deficient mice whereas the GPIbα-binding mutant (VWF-K1362A) 
could not, pointing out the important role of the VWF-GPIb interaction in primary 
haemostasis. Surprisingly, expression of the collagen-binding mutant VWF-
D1742A/S1783A/H1786A or the αIIbβ3-binding mutant VWF-D2509G resulted in a full 
correction of the bleeding phenotype. These results suggested a potential overlap in the 
anchorage of VWF to the damaged vessel wall, which induces activation of VWF. As well, 
the VWF-αIIbβ3 interaction seems to play a minor role in the haemostatic process.  
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VWF and Myocardial Infarction 

Haemostasis is a well regulated process and a misbalance in this process may lead to either 
a bleeding tendency or thrombotic complications. A deficiency in one of the player leads to 
bleeding disorders. For instance, excessive platelet-rich thrombi formation may lead to the 
obstruction of vessels, resulting in ischemic events such as myocardial infarction and 
stroke. The formation of these thrombi highly depends on interactions between platelets and 
VWF. In order to bind platelets, VWF needs to be in its active, platelet-binding 
conformation. It has recently been shown that levels of active VWF are increased in a 
number pathological conditions associated with thrombosis. As described in chapter 5, we 
tested the hypothesis that levels of active VWF were increased in patients who have 
experienced a myocardial infarction. Plasma samples were obtained as part of the SMILE-
study (Study of Myocardial Infarctions Leiden), a large population-based case-control study 
on risk factors for myocardial infarction. Plasma samples from 560 cases and 516 controls 
were analysed for active VWF levels using the nanobody AU/VWFa-11 based assay. A 
preliminary analysis of our data did not point to an association between levels of active 
VWF and a past history of myocardial infarction. 

VWF and Metastasis 

After detachment from the primary tumor, tumor cells migrate to the blood circulation, 
where they attach to the vascular wall at distant sites. This process is facilitated by the 
interaction of these tumor cells with platelets, which promote adhesion to the endothelium 
and extravasation. On tumor cells, a number of potential VWF receptors have been 
identified: GpIbα, αIIbβ3 and αVβ3. Given its multimeric structure, VWF has the capacity 
to bridge platelets and tumor cells and could therefore influence the initial stage of tumor 
metastasis. We showed that VWF is able to promote adhesion of tumor cells (B16-BL6) via 
its RGD sequence in vitro (see Chapter 4). Surprisingly, VWF-deficient mice injected with 
tumor cells B16-BL6 or Lewis lung carcinoma cells developed more metastases compared 
to wild-type mice. This phenotype could be corrected restoring VWF plasma 
levels.Increased survival of the tumor cells in the lungs during the first 24 hours in the 
absence of VWF seemed to be the cause of this increased metastasis. One explanation fro 
this observation is that VWF may induce death of tumour cells in the hours following their 
arrest in the lungs. Whether cell death is occurring because cells are prevented from 
consolidating their implantation in the lung tissues or through other mechanisms remains to 
be investigated.  

VWF and Leukocytes 

Although VWF is an essential component of haemostasis, animal studies using VWF-
deficient mice suggest that VWF may also contribute to inflammation. We therefore 
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investigated the potential interaction between VWF and the inflammatory system. As 
outlined in Chapter 2, we demonstrated that leukocytes (polymorphonuclear cells (PMNs) 
and monocytes) were able to adhere to VWF both under static and flow conditions. 
Adhesion under flow was dominated by short-lasting contacts using resting PMNs, while 
adhesion of stimulated PMNs was characterized by firm adhesion. Transient binding of 
PMNs to VWF appeared to be mediated by P-selectin glycoprotein ligand-1 (PSGL-1). 
Moreover, both recombinant PSGL-1 protein and cell-surface expressed PSGL-1 directly 
interacted with VWF. When PMNs were stimulated, static adhesion and adhesion under 
flow of was strongly inhibited by neutrophil inhibitory factor, an inhibitor of β2-integrin 
function. In addition, isolated I-domain of αMβ2 bound to VWF, and cell-lines expressing 
αLβ2 or αXβ2 adhered efficiently to VWF. VWF provided binding sites for leukocyte 
receptors involved in rolling (PSGL-1) and stable adhesion (β2-integrins). In order to bind 
PSGL-1, VWF needs to adopt an active conformation, similar to what has been described 
for its interaction with the platelet receptor GPIbα. Similarly, VWF does not spontaneously 
interact with β2-integrins. Indeed, β2-integrins must adopt a high affinity conformation, 
induced after leukocyte stimulation. These interactions may participate in the recruitment of 
leukocytes to platelet-rich thrombi and to a lesser extent to the activated endothelium. Since 
VWF is also present in the subendothelial matrix, it could potentially participate in the 
leukocyte extravasation process. The interaction with the β2-integrin Mac-1 may also 
contributes to the clearance of VWF. 

β2-glycoprotein I and PMNs 

Since PSGL1 and GpIbα share structural resemblance and common ligands such as VWF, 
we considered the possibility that other GpIbα ligands are able to bind PSGL1 as well. We 
investigated the potential interaction between PSGL-1 and the recently identified GPIbα 
ligand dimeric β2-glycoprotein I (β2GPI), the results of which are described in chapter 3. 
β2GPI is a major target for auto-antibodies in the Antiphospholipid Syndrome (APS) These 
antibodies can induce of β2GPI dimerization, converting β2GPI into a platelet-binding 
protein that interacts with the platelet-rolling receptors GpIbα and Apolipoprotein E-
receptor 2’ (ApoER2’), a member of the LDL-receptor family. We showed that PSGL-1 
and cell-surface expressed PSGL-1 bound selectively to the dimeric form of β2GPI in a 
Zn2+-dependent manner. Further analysis indicated that the predominant binding site for 
PSGL-1 is located in domain V of β2GPI. Hence, PMNs displayed specific adhesion to 
dimeric β2GPI but not monomeric β2GPI under both static and flow conditions. Aside from 
PSGL-1, members of the LDL-Receptor family also participate in this adhesion. 
β2GPI/antibody complexes are known to stimulate endothelial cells and monocytes to 
express tissue-factor, a component that is required to initiate the coagulation cascade. 
Therefore, engagement of PSGL-1 by β2GPI (either or in combination with interactions 
with other ligands) may induce an increased expression of tissue-factor on blood cells in 
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APS patients having anti-β2GPI auto-antibodies. As such, this may contribute to the 
thrombotic tendency observed in these patients. 

Conclusion 

In the different chapters of this thesis, we have identified new ligands for VWF providing 
us a direct link between VWF and metastasis and inflammation. Those results raise new 
perspectives regarding the interaction between the various (patho)physiological processes. 
It has initially been thought that each component from each biological system was designed 
to fulfill one specific task. However, it has become clear that this is actually not the case. 
Far from that. It will be the challenge of the future to delineate these processes, not only 
under defined in vitro conditions, but also using dedicated in vivo models.  
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Samenvatting 
 

 

 

 

Von Willebrand Factor 

Von Willebrand factor (VWF) is een plasma eiwit dat circuleert als een aaneenschakeling 
van gemultimerizeerde subunits. Elk subunit bestaat uit 2050 aminozuren die zijn 
opgedeeld in 12 domeinen: D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. VWF wordt 
gesynthetiseerd in megakaryocyten en endotheelcellen waarna het wordt uitgescheiden of 
opgeslagen in de α-granulen van bloedplaatjes of in de Weibel-Palade lichamen van 
endotheelcellen. Als de endotheelcellen gestimuleerd worden, scheiden ze de inhoud van 
hun opslag-organellen uit in de circulatie. 

Indirekt speelt VWF een rol in hemostase als dragereiwit voor factor VIII waardoor 
FVIII beschermt wordt tegen proteolytische afbraak. VWF is ook direkt betrokken in de 
primaire hemostase vanwege zijn belangrijke rol in het recruteren van bloedplaatjes naar de 
beschadigde bloedvatwand, voornamelijk in situaties waar het bloed snel stroomt. Normaal 
gesproken binden VWF en bloedplaatjes niet aan elkaar. Dit verandert als er 
vaatwandschade optreedt. Binding van het VWF-A3 domein aan collageen in de 
vrijgekomen subendothele matrix induceert een conformatieverandering in het VWF-A1 
domein waardoor het wel aan de GPIbα-receptor van bloedplaatjes kan binden. 
Bloedplaatjes remmen af, binden de matrix en raken geactiveerd. VWF kan vervolgens 
integrine αIIbβ3 binden en zo aggregatie van de bloedplaatjes ondersteunen. 

Een in vivo model om de functie van VWF te bestuderen 

In vivo is weinig bekend over de rol van de interacties tussen VWF en collageen en VWF 
en αIIbβ3. Daarom hebben we een model ontwikkeld waarin expressie van VWF in VWF-
deficiënte muizen mogelijk wordt gemaakt door middel van hydrodynamische muis-cDNA 
injectie (Hoofdstuk 6). In dit model zagen we dat expressie van wildtype muis-VWF de 
bloedingsneiging van VWF-deficiënte muizen kon corrigeren, terwijl dit niet werd gezien 
met de GpIbα-bindende mutant (VWF-K1362A). Hiermee wordt de belangrijke rol van de 
interactie tussen VWF en GpIbα in de primaire hemostase benadrukt. Verrassend genoeg 
leidde expressie van de collageen-bindende mutant VWF-D1742A/S1783A/H1786A of de 
αIIbβ3-bindende mutant VWF-D2509G niet tot correctie van de bloedingsneiging. Deze 
data doen vermoeden dat er mogelijk een overlap is in de binding van VWF aan de 
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beschadigde vaatwand, wat activatie van VWF induceert. Daarnaast lijkt het erop dat de 
interactie tussen VWF en αIIbβ3 een ondergeschikte rol speelt in de hemostase.  

VWF en myocard infarct 

Hemostase is een strak gereguleerd proces dat goed in balans moet zijn om aan de ene kant 
een bloedingsneiging en aan de andere kant trombotische complicaties te voorkomen. Zo 
zou overmatige neiging tot trombus vorming kunnen leiden tot obstructie van de 
bloedvaten, met myocardinfarct en hersenbloedingen tot gevolg. Het ontstaan van deze 
trombi is voornamelijk afhankelijk van de interactie tussen bloedplaatjes en VWF. Om aan 
bloedplaatjes te kunnen binden, moet VWF in een aktieve, ofwel bloedplaatjes-bindende 
conformatie zijn. Recent is aangetoond dat bepaalde trombose-geassocieerde ziektebeelden 
gekenmerkt worden door verhoogde aktief VWF spiegels. In een grote case-control studie 
(Hoofdstuk 5) hebben we gekeken of patiënten die een myocardinfarct hebben doorgemaakt 
ook verhoogde aktief VWF spiegels hebben. Plasma samples waren afkomstig uit de 
SMILE-studie (Study of Myocardial Infarctions Leiden), een studie naar risicofactoren voor 
myocardinfarct.  Met behulp van een assay gebaseerd op AU/VWFa-11 hebben we de 
aktief VWF spiegels geanalyseerd in 560 patiënten en 516 controles. Een eerste analyse van 
onze data liet geen associatie zien tussen aktief VWF en een doorgemaakt myocardinfarct.  

VWF en metastase 

Tumorcellen die loslaten van de primaire tumor, migreren naar de bloedbaan waar ze aan 
de vaatwand kunnen hechten. Dit proces wordt ondersteund door de interactie tussen de 
tumorcel en bloedplaatjes die de adhesie aan het endotheel en extravasatie bespoedigen. 
Een aantal mogelijke receptoren voor VWF is gevonden op tumorcellen, te weten GpIbα, 
αIIbβ3 en αVβ3. Dankzij zijn multimeer structuur is VWF in staat om een brug te slaan 
tussen bloedplaatjes en tumorcellen waardoor het wellicht het beginstadium van de tumor 
metastasering beïnvloedt. In vitro kan VWF de adhesie van tumorcellen (B16-BL6) 
ondersteunen via zijn RGD sequentie (beschreven in hoofdstuk 4). Daarom was het 
verbazingwekkend dat VWF deficiënte muizen juist meer metastasen ontwikkelden dan 
wild-type muizen na injectie van tumor cel B16-BL6 of Lewis long carcinoma cellen. Het 
lijkt erop dat de tumorcellen in de eerste 24 uur beter kunnen overleven zonder VWF. 
Mogelijk heeft VWF effect op het doden van tumorcellen in de eerste uren nadat ze de 
longen zijn binnengedrongen. Vervolgonderzoek zal uit moeten wijzen of deze celdood 
optreedt omdat de cellen het longweefsel niet kunnen binnendringen of dat er nog andere 
mechanismen betrokken zijn.  

VWF als hechtend oppervlak voor leukocyten 

Dierproeven met VWF-deficiënte muizen laten zien dat VWF niet alleen een essentiële rol 
speelt in hemostase, maar ook in inflammatie. Daarom hebben we de interactie van VWF 
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en het immuunsysteem bestudeerd, waarvan de resultaten in hoofdstuk 2 zijn beschreven. 
We hebben laten zien dat leukocyten (PMNs en monocyten) zowel statisch als in flow 
situaties aan VWF kunnen binden. In de flow situatie binden rustende PMNs slechts 
kortdurend, terwijl gestimuleerde PMNs ferme adhesie laten zien. De kortdurende binding 
van PMNs aan VWF wordt gemedieerd door P-selectine glycoproteine ligand-1 (PSGL-1). 
Het blijkt dat zowel recombinant PSGL-1 als PSGL-1 op het celoppervlak kunnen binden 
aan VWF. Statische adhesie en adhesie in flow situaties van gestimuleerde PMNs kan sterk 
geremd worden door de neutrofiel remmende factor, die de functie van het β2-integrine 
remt. Het bleek dat het geïsoleerde I-domain van αMβ2 aan VWF kan binden, net als 
cellijnen die αLβ2 of αβ2 tot expressie brengen. VWF heeft bindingsplaatsen voor 
leukocyt-receptoren die betrokken zijn bij het rollen (PSGL-1) en de adhesie (β2-
integrines) van leukocyten.  

VWF moet in een aktieve conformatie zijn om aan PSGL-1 te kunnen binden, net zoals 
beschreven is voor de binding met bloedplaatjes. Ook voor de interactie met β2-integrines 
is een hoge affiniteits conformatie vereist, maar in dit geval aan de kant van het integrine. 
Dit kan worden geïnduceerd door stimulatie door leukocyten. Deze interacties kunnen een 
rol spelen in het recruteren van leukocyten naar plaatjes-rijke trombi en, hoewel minder, het 
geactiveerde endotheel. VWF is ook aanwezig in het subendotheel waar het mogelijk een 
rol zou kunnen spelen in het leukocyt extravasatie proces. Daarnaast zou de interactie met 
β2-integrine Mac-1 ook bij kunnen dragen in de klaring van VWF. 

β2GPI bindt polymorphonucleaire cellen 

Met de ontdekking dat VWF een ligand is voor PSGL-1, werd de overlap tussen leukocyt 
PSGL-1 en bloedplaatjes GPIbα groter. Daarom hebben we onderzocht of er een interactie 
bestaat tussen PSGL-1 en het recentelijk geïdentificeerde GPIbα ligand, de dimeer vorm 
van β2-glycoproteïne I (β2GPI). De resultaten hiervan zijn beschreven in hoofdstuk 3. 
β2GPI is de belangrijkste target voor auto-antistoffen in het Antifosfolipiden Syndroom 
(APS). Deze antistoffen induceren dimeer vorming van β2GPI waardoor het verandert in 
een eiwit dat kan binden aan bloedplaatjes receptoren GPIbα en ApoE-receptor 2’ 
(ApoER2’), een van de leden van de LDL-receptor familie. We hebben laten zien dat 
PSGL-1 en PSGL-1 op het celoppervlak specifiek en zink afhankelijk aan dimeer β2GPI 
binden. De belangrijkste bindingsplaats voor PSGL-1 ligt in domein V van β2GPI. Zowel 
in statische als in flow experimenten is gezien dat PMNs alleen aan dimeer β2GPI binden 
en niet aan de monomeer. Waarschijnlijk zullen naast PSGL-1 ook nog andere leden van de 
LDL-receptor familie betrokken zijn bij deze adhesie. Het is bekend dat de β2GPI/ antistof 
complexen monocyten kunnen stimuleren om tissue-factor te gaan maken, wat nodig is om 
de stollingscascade op gang te brengen. Het is daarom mogelijk dat de interactie PSGL-
1/β2GPI, eventueel in combinatie met andere liganden, leidt tot verhoogde tissue-factor 
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expressie op bloedcellen van APS patiënten met anti-β2GPI auto-antistoffen. Op deze 
manier zou dit bij kunnen dragen aan de trombotische neiging van deze patiënten. 

Conclusie 

In de verschillende hoofdstukken van dit boek hebben we nieuwe liganden geïdentificeerd 
die duiden op een directe link tussen VWF en metastase en ontsteking. PMNs werden ook 
direkt geassocieerd met APS door het ontdekken van een nieuw ligand voor PSGL-1. 
Hiermee zijn nieuwe inzichten verworven in de interacties tussen de diverse patho-
physiologische processen. Oorspronkelijk werd gedacht dat ieder afzonderlijk onderdeel 
van ieder biologisch systeem ontwikkeld was om één specifieke taak te vervullen. Met de 
tijd is duidelijk geworden dat dit niet het geval is, in tegendeel. Het is een uitdaging voor de 
toekomst om deze processen verder uit te diepen, niet alleen in vitro, maar ook door 
gebruik te maken van geschikte in vivo modellen.  



157 

Résumé 
 

 

 

 

Le Facteur Willebrand 

Le facteur Willebrand (VWF) est une protéine plasmatique multimérique. Chaque sous-
unité est composée de 2050 acides aminés organisés en 12 domaines distincts : D’-D3-A1-
A2-A3-D4-B1-B2-B3-C1-C2-CK. Synthétisé dans les mégacaryocytes et les cellules 
endothéliales, VWF peut être sécrété constitutivement ou stocké dans les granules α des 
plaquettes ou dans les corps de Weibel-Palade des cellules endothéliales. Après stimulation, 
les cellules secrètent leur contenu dans la circulation sanguine.   

Le VWF est connu pour son rôle indirect dans l’hémostase en se liant au facteur VIII le 
protégeant d’une clairance prématurée. VWF est aussi impliqué directement dans 
l’hémostase primaire comme élément clé dans le recrutement des plaquettes au niveau des 
sites vasculaires endommagés, particulièrement dans des conditions de flux sanguin 
rapides. Dans des conditions normales les plaquettes n’interagissent pas avec le VWF mais 
en cas de dommages vasculaire, la matrice subendothéliale est exposée. VWF peut alors se 
lier au collagène et adopter une conformation active. Cette conformation permet au 
domaine A1 du VWF d’interagir avec le récepteur plaquettaire GPIbα.  Les plaquettes 
peuvent alors décélérer, entrer en contact avec la matrice (via leurs récepteurs au collagène 
GPVI et α2β1) et être activées. VWF peut ensuite se lier aux intégrines αIIbβ3 et participer 
à l’agrégation plaquettaire.  

Un modèle in vivo pour étudier les fonctions du VWF 

Le manque d’information concernant le rôle in vivo des interactions VWF-collagène et 
VWF-αIIbβ3 nous a conduit a développer un modèle permettant l’expression transitoire du 
VWF dans les souris déficientes en VWF par l’injection hydrodynamique du cDNA du 
VWF murin (Chapitre 6). Ce modèle nous a permis d’observer que l’expression du VWF 
murin de type sauvage pouvait corriger le phénotype de saignement alors que le mutant 
pour la liaison au GPIbα (VWF-K1362A) s’est révélé inefficace. Ce dernier montre 
l’importance de l’interaction VWF-GPIbα dans l’hémostase primaire. De façon 
surprenante, l’expression des mutants pour la liaison au collagène VWF-
D1742A/S1783A/H1786A ou pour la liaison à la αIIbβ3 VWF-D2509G a permis une 
correction complète du phénotype. Ces résultats suggèrent une redondance dans la capacité 
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du VWF à se lier à la matrice subendothéliale induisant la conformation active du VWF. De 
même, l’interaction du VWF avec αIIbβ3 semble jouer un rôle mineur dans l’hémostase 
primaire.  

VWF et Infarctus du Myocarde 

L’hémostase est un processus finement régulé dont le déséquilibre pourrait entraîner soit 
des troubles de la coagulation sanguine, soit des complications thrombotiques. Par exemple, 
la formation excessive de thrombus riche en plaquettes peut provoquer l’obstruction des 
vaisseaux et induire des a accidents ischémiques tels que l’infarctus du myocarde et 
l’infarctus cérébral. La formation des ces thrombi dépend de l’interaction du  VWF avec les 
plaquettes. Pour ce faire, le VWF doit être dans sa conformation active. Il a été récemment 
montré que le niveau de VWF actif est plus élevé dans nombre de pathologies associées à 
des événements thrombotiques. Au chapitre 5, nous avons testé l’hypothèse selon laquelle 
le niveau de VWF actif serait augmenté chez des patients avec un antécédent d’infarctus du 
myocarde. Nous avons utilisé des échantillons de plasma provenant de l’étude SMILE 
(Study of Myocardial Infarction LEiden). Cette étude cas-témoins qui a été effectuée sur 
une large population porte sur les facteurs de risques pour l’infarctus du myocarde. Le taux 
de VWF actif ainsi que le taux d’antigène de VWF a été mesuré sur le plasma de 560 cas et 
516 témoins à l’aide d’un test utilisant le nanobody AU/VWFa-11. Une analyse 
préliminaire des résultats ne semble pas montrer de corrélation entre le niveau de VWF 
actif et un antécédent d’infarctus du myocarde. 

VWF et Métastases 

Après détachement de la tumeur primaire, les cellules tumorales migrent vers la circulation 
sanguine et vont se lier à la paroi vasculaire un peu plus loin. Ce processus est facilité par 
l’interaction des cellules tumorales avec les plaquettes qui vont favoriser l’interaction des 
cellules tumorales avec l’endothélium, et leur permettre de quitter la circulation sanguine en 
traversant la paroi vasculaire (extravasation). Un nombre de récepteurs potentiels pour le 
VWF tels que GPIbα, αIIbβ3 et αVβ3 a été identifié sur les cellules tumorales. Etant donné 
sa structure multimérique, le VWF a la capacité de lier les cellules tumorales aux plaquettes 
et pourrait ainsi participer au stade initial du processus métastatic. Nous avons montré in 
vitro que le VWF peut promouvoir l’adhésion des cellules tumorale B16-Bl6 via sa 
séquence peptidique RGD (Cf. Chapitre 4). De façon surprenante, les souris déficientes en 
VWF injectées avec des cellules tumorales B16-Bl6 ou des cellules de carcinome du 
poumon de Lewis ont développé plus de métastases que les souris de type sauvage. Ce 
développement accru de métastases a pu être contrebalancé par une coinjection de VWF 
avec les cellules tumorales. L’augmentation du nombre de métastases semble due à une 
augmentation de la survie des cellules tumorales en absence de VWF durant les 24 
premières heures. Une mort cellulaire induite par le VWF dans les heures suivant leur 
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implantation dans les poumons pourrait expliquer ces résultats. Il reste à déterminer si la 
mort cellulaire est due à un défaut dans l’implantation des cellules dans les tissus 
pulmonaires ou bien à d’autres mécanismes. 

VWF et Leucocytes 

Bien que le VWF soit un élément essentiel dans l’hémostase, des études sur les souris 
déficientes en VWF ont montré que le VWF pourrait aussi contribuer au phénomène 
d’inflammation. Nous avons donc étudié l’interaction potentielle entre le VWF et le 
système inflammatoire. Nous avons démontré dans le Chapitre 2 que les leucocytes 
(cellules polymorphonucleaires (PMN) et monocytes) étaient capables d’adhérer au VWF 
en conditions statiques ou de flux. L’adhésion en flux était principalement caractérisée par 
des contacts de courte durée avec des PMNs au repos et par des adhésions stables avec des 
PMNs activés. Les liaisons transitoires impliquaient le P-selectin glycoprotein ligand-1 
(PSGL-1). La PSGL-1 recombinante ou exprimée à la surface des cellules interagit aussi 
directement avec le VWF. En utilisant des PMNs stimules, l’adhésion statique ou en flux 
était fortement inhibée par le neutrophil inhibiting factor, un inhibiteur des intégrines β2. 
En outre, le domaine-I recombinant de l’intégrine αMβ2 peut se lier au VWF et des lignées 
cellulaires exprimant les intégrines αLβ2 ou αxβ2 peuvent adhérer efficacement au VWF. 
Le VWF possède donc des sites de liaison pour des récepteurs leucocytaires impliqués dans 
le roulement (PSGL-1) et l’adhésion stable (β2-intergrines). Pour se lier au PSGL-1, le 
VWF doit adopter une conformation active similaire a celle décrite pour son interaction 
avec la GPIbα. De la même manière, VWF n’interagit pas spontanément avec les intégrines 
β2. En effet, les intégrines β2 doivent adopter une conformation active acquise après 
stimulation des leucocytes. Ces interactions avec le VWF peuvent participer au recrutement 
des leucocytes là où il est présent dans sa forme active comme dans les thrombi riches en 
plaquettes ou (dans une moindre mesure) sur l’endothélium activé. Du fait de sa présence 
dans la matrice subendothéliale, le VWF pourrait participer au phénomène d’extravasation 
des leucocytes. Enfin, l’interaction du VWF avec l’intégrine αMβ2 pourrait contribuer à la 
clairance du VWF. 

β2-glycoprotein et PMNs 

Vu la ressemblance structurale du PSGL-1 avec le GPIbα, et le fait qu’ils aient des ligands 
communs tel que le VWF, nous avons émis l’hypothèse que d’autres ligands de GPIbα 
pourraient aussi se lier au PSGL-1. Nous avons examiné l’interaction potentielle entre le 
PSGL-1 et un ligand nouvellement identifié pour le GPIbα : le dimère β2-glycoprotein I 
(β2GPI). Ces résultats sont décrits au chapitre 3. La β2GPI est un antigène privilégié pour 
les autoanticorps développés dans le syndrome d’anti-phospholipides (APS). Ces anticorps 
peuvent induire la dimérisation de la β2GPI qui peut alors se lier aux plaquettes en 
interagissant avec le GPIbα et le récepteur 2’ de l’apolipoprotéine E, membre de la famille 
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des récepteurs aux LDL. Nous avons montré que le PSGL-1 ainsi que des lignées 
cellulaires exprimant le PSGL-1 se liaient sélectivement au dimère de β2GPI en présence 
de Zn2+. Des analyses plus poussées ont montré que le site de liaison prédominant pour le 
PSGL-1 est situé dans le domaine V de la β2GPI. En outre, les PMNs adhèrent 
spécifiquement au dimère de β2GPI mais pas au monomère en conditions statiques ou de 
flux. En plus du PSGL-1, les membres de la famille des récepteurs aux LDL semblent aussi 
impliqués dans l’adhésion des PMNs. Le complexe β2GPI/anticorps est capable d’induire 
l’expression de facteur tissulaire par les cellules endothéliales et les monocytes. Le facteur 
tissulaire est un composant requis pour l’initiation de la cascade de coagulation. C’est 
pourquoi l’engagement du PSGL-1 par la β2GPI (seule ou en combinaison avec d’autres 
ligands) pourrait induire une augmentation de l’expression du facteur tissulaire sur les 
cellules sanguines des patients souffrant d’APS ayant développé des autoanticorps contre la 
β2GPI. De cette façon, cela pourrait contribuer aux tendances thrombotiques observées 
chez ces patients.  

Conclusion 

Dans les différents chapitres de cette thèse, nous avons identifié de nouveaux ligands pour 
le VWF, nous fournissant un lien direct entre le VWF et les phénomènes de métastase et 
d’inflammation. Ces résultats nous ouvrent de nouvelles perspectives sur les interactions 
entre les divers processus physio(patho)logiques. On pensait initialement que chaque 
élément de chaque système biologique était dédié à une seule tâche bien spécifique. Il 
semble cependant que ce ne soit pas le cas, loin de là. Les chalenges à venir seront dans la 
caractérisation de ces processus, non seulement dans des conditions bien définies in vitro 
mais aussi et surtout dans les fidèles modèles in vivo.  
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