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Introduction

The endothelium is the monolayer of cells which forms the inner lining of the 

vasculature and which provides an interface between circulating blood and 

the underlying tissue. Endothelial cells participate in maintenance of vascular 

homeostasis and facilitate rapid responses to environmental changes such as 

inflammation or vascular damage. During inflammation, activated endothelial 

cells express adhesion receptors allowing the adhesion and subsequent 

extravasation of leukocytes. Upon vascular injury, endothelial cells secrete 

components that participate in arrest of bleeding by hemostatic plug formation. 

Furthermore, a number of biological active proteins are secreted into the 

vascular lumen. Several of these biological active components are stored 

in endothelial specific secretory organelles called Weibel-Palade bodies[1,2] 

named after Eward Weibel and George Palade who first identified these 

organelles in 1962[3]. The main component of this storage organelle is von 

Willebrand factor (VWF)[4], a multimeric glycoprotein crucial for platelet plug 

formation and stabilization of coagulation factor VIII. Upon WPB exocytosis, 

VWF and co-stored components are release into the vascular lumen. Tightly 

regulated mechanisms control the release of WPB cargo into the vasculature. 

In this fashion, endothelial cells can rapidly react to changes within its micro-

environment and restore vascular homeostasis. 

The studies described in this thesis are aimed at getting a better understanding 

of the biological properties of Weibel-Palade bodies; focusing on their content 

and the molecular mechanism that regulate release of these storage vesicles.

Weibel-Palade bodies: secretory organelles of the endothelium
WPBs are 1-5 μm rod-shaped secretory organelles that originate from the 

trans-Golgi network (TGN)[2,5]. Initially, VWF is synthesized as a preproVWF 

precursor containing a 22 amino acid signal peptide. Upon entry in the 

endoplasmatic reticulum (ER) the signal peptide is removed and, while moving 

through the ER, proVWF undergoes glycosylation and formation of carboxy-

terminal linked dimers through its C-terminal cystine knot domain[6,7]. ProVWF 

dimers are transported to the Golgi apparatus where further glycosylation 

takes place[6,8]. At the level of the TGN VWF is proteolytically cleaved by furin 

into propeptide and mature VWF[9,10]. In the TGN, VWF dimers form multimers 

by N-terminal oligomerization leading to the assembly of tubules and triggering 

WPB formation[11,12]. The ability of VWF to drive WPB formation is supported 

by the observation that pseudo-WPBs are formed upon exogenous expression 
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of VWF in non-endothelial cells[13,14]. In addition, expression of various 

recombinant mutants of VWF resulted in an absence or altered morphology 

of pseudo-WPBs[15,16]. VWF consist of a number of specific domains which 

modulate the assembly of VWF multimers and tubules within WPBs[6,7,11,12,17]. 

VWF multimers contain interactive sites for glycoprotein Ib which is expressed 

on platelets[18], factor VIII[19,20], collagen[21,22] and proteins which are sorted to 

the WPB[11,23]. 

Additional WPB components
Already in their original article reporting on new cytoplasmic organelles (which 

would later be called Weibel-Palade bodies) the authors speculate that, based 

on the restriction of these organelles to cells of the vascular endothelium, “… 

these bodies are connected with vascular or blood physiology…”[3]. This turned 

out to be a foresighted statement, nonetheless, it took nearly two decades 

before Wagner and colleagues identified the presence of von Willebrand factor 

(VWF) in these organelles[4]. 

Nowadays, there is a considerable list of molecules which act in various 

biological processes that have been found in WPBs (Table 1), their identification 

being mostly the result of serendipity. For instance, endothelin-1 (ET-1), 

endothelin-converting enzyme (ECE) and calcitonin gene-related peptide (CGRP) 

(Table 1). These proteins are involved in vasoconstriction and regulation 

of vascular tone[24-26]. The presence of angiopoietin-2 (Ang-2) in WPBs 

emphasizes the diversity of bioactive components stored in WPBs[27]. Ang-2 

facilitates angiogenesis through its competitive binding to the Tie-2 receptor. 

Ang-2 binding blocks Ang-1 mediated Tie-2 activation, which is required for 

maintaining the endothelium in a quiescent state. In addition, Ang-2 has 

been linked to inflammatory responses by (indirectly) promoting leukocytes 

adhesion[28]. Interesting, the ability to adapt to the micro-environment, 

so-called “plasticity of WPBs”, is illustrated by the observation that Ang-2 

expression is decreased upon expression of the transcription factor Krüppel-

like factor 2 (KLF2)[29]. KLF2 expression is increased by hemodynamic forces 

that are induced by laminar blood flow and upregulation of KLF2 endows 

endothelial cells with a quiescent, anti-inflammatory phenotype [30]. 

The physiological property to alter the content of the WPB upon exposure of 

extrinsic signals is exemplified by the observation that the WPB composition 

adapt after exposure to inflammatory cytokines such as interleukin-

1β (IL-1β), interleukin-4 (IL-4) or tumor necrosis factor alpha (TNF-α). 

These cytokines induce the expression of a diversity of chemokines which 
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are targeted to WPBs, including interleukin-8 (IL-8), interleukin-6 (IL-6), 

eotaxin-3, monocyte chemoattractant protein 1 (MCP-1) and chemotactic 

cytokine growth regulated oncogene-α (GRO-α)[31-34]. In this fashion acute 

controlled release of chemokines is mediated by adaptation of WPB content. 

It should be noted, however, that these proteins are not exclusively targeted 

to WPBs but also to other vesicles in endothelial cells[33,34]. Another component 

that localizes to WPBs is tissue-type plasminogen activator (t-PA), a protein 

involved in fibrinolysis[34,35]. This component is not exclusively found in 

WPBs, but also in so-called tPA-vesicles, which have been shown to be the 

same compartment as the chemokine containing vesicles[34,35]. It has been 

proposed that some proteins, such as the cytokines described above, are not 

actively sorted into WPBs[34]. In this ”sorting by retention” model[36], proteins 

Table 1. List of known components of Weibel-Palade bodies

Protein Function References

VWF
Platelets adhesion
Factor VIII 
stabilization

Wagner et al. 1982[4]

P-selectin Inflammation Bonfanti et al. 1989[43]

McEver et al. 1989[97]

CD63/Lamp3
Cell adhesion 
Migration
Inflammation

Vischer et al. 1993[44]

Angiopoietin-2 Angiogenesis Fiedler et al. 2004[27]

Osteoprotegerin Angiogenesis Zannettino et al. 2005[37]

Endothelin-1 Vasoconstriction Ozaka et al. 1997[24]

Endothelin-converting 
enzyme Vasoconstriction Russell et al. 1998[25]

Calcitonin gene-related 
peptide Vasoconstriction Ozaka et al. 1997[24]

α1,3-fucosyltransferase VI Fucosylation Schnyder-Candrian
et al. 2000[42]

RNAse I
Vascular 
permeability
Anti-thrombotic

Fischer et al. 2011[40]

Tissue-type plasminogen 
activator

Fibrinolysis Huber et al. 2002[35]

Eotaxin-3 Inflammation Oynebraten et al. 2004[33]

Interleukin-8 Inflammation Wolff et al. 1998[31] 

Utgaard et al. 1998[32]

Interleukin-6 Inflammation Knipe et al. 2010[34]

Growth regulated 
oncogene-α Inflammation Knipe et al. 2010[34]

Monocyte chemoattractant 
protein 1 Inflammation Knipe et al. 2010[34]

Oynebraten et al. 2004[33]
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are destined for constitutive secretion but are not completely excluded from 

regulated release via WPB exocytosis. On the other hand, proteins could be 

actively sorted to WPB via a mechanism postulated as “sorting for entry”, 

which generally involves the action of some sort of sorting receptor to which 

the secretory protein binds. In WPB targeting this sorting might be facilitated 

by an interaction with VWF. In this manner, osteoprotegerin (OPG) might be 

sorted to WPBs. OPG, which is associated with calcification and inflammation, 

can interact with VWF and is detected in WPBs without exposure to IL-1β[37]. 

However, treatment of endothelial cells with IL-1β or TNF-α up-regulates OPG 

expression[37]. It has been suggested that this soluble tumour necrosis factor 

receptor superfamily member is also a pro-angiogenic factor[38,39]. 

The WPB component RNAse 1 has been proposed to exhibit anti-thrombotic and 

edema-preventing properties[40]. Intriguingly, RNAse 1 expression is decreased 

upon inflammatory signals[40,41]. Furthermore, α1,3-fucosyltransferase VI is 

identified as a WPB component, although the function of this fucosyltransferase 

in WPBs still has to be defined [42].

Proteins incorporated into WPB membranes are exposed on the plasma 

membrane after WPB exocytosis. P-selectin as well as CD63 are targeted 

to the plasma membrane in this fashion[43,44]. P-selectin promotes leukocyte 

adhesion and it has recently been demonstrated that CD63 contributes to this 

process by clustering P-selectin on the plasma membrane after release[45].

In summary, the crucial hemostatic compound VWF is stored in WPBs together 

with a variety of bioactive components involved in hemostasis, inflammation, 

regulation of vascular tone and angiogenesis. The plasticity of WPBs provides 

a uniquely adapted flexible platform of vaso-active substances that can be 

rapidly mobilized in response to vascular perturbation. 

WPB biogenesis 
As described above, VWF itself is required for the biogenesis of WPBs. However, 

apart from VWF, accessory proteins such as clathrin and adaptor protein 1 

(AP-1) are needed for WPB biogenesis (Figure 1A). AP-1 and clathrin form 

a cytoplasmic coat complex covering newly forming WPBs[5,46]. Disruption of 

functional clathrin or depletion of AP-1 resulted in impaired WPB formation 
[46,47]. Furthermore, AP-1 effectors aftiphilin and γ-synergin have been shown to 

be required for regulated VWF secretion, although these proteins do not seem 

to be directly involved in early WPB biogenesis[47]. It has been demonstrated 

that VWF secretion, but not WPB morphology, is affected after depletion of 

either aftiphilin or γ-synergin[47]. The exact function of these proteins in VWF 
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secretion remains to be established. Recently, Discs large 1 (Dlg1) has been 

shown to associate with clathin/AP-1 coat of WPBs and has been implicated in 

WPB biogenesis[48]. It remains elusive whether Dlg1 is specifically required for 

WPB formation since Dlg1 depletion affects TGN morphology.  

After budding from the TGN, WPB are transported through the cell via 

microtubules and the actin cytoskeleton[49,50]. At the same time, WPBs undergo 

maturation. The process of WPB maturation is characterized by recruitment 

of additional cargo proteins and accessory components involved in WPB 

mobility and secretion. Membrane protein tetraspanin, more commonly 

known as CD63, for example, is targeted to WPBs after WPB budding from the 

TGN[51,52]. After WPB exocytosis, CD63 is recycled from the plasma membrane 

to endosomes. Subsequently, it is delivered to WPBs in an adaptor protein 3 

(AP-3)-dependent manner[51,52]. Until now, no other proteins are known that 

are recruited to WPBs in this manner. P-selectin can also be recycled from the 

plasma membrane to WPBs, although this protein is taken-up by endosomes 

and subsequently delivered to the TGN where it can be incorporated into 

newly forming WPBs[51].

Finally, during maturation WPBs recruit several small GTPases. Small GTPases 

are membrane-associated proteins that cycle between a GTP-bound active 

state and a GDP-bound inactive state and act as molecular switches. 

Exocytosis of WPBs: from signals to VWF release
Acute exocytosis of WPBs is mediated in response to a wide range of hormones 

that are formed during vascular damage or stress[1]. These secretagogues can 

be divided into two groups. First, Ca2+ regulated WPB exocytosis that can 

be triggered by e.g. thrombin and histamine. Second, cAMP regulated WPB 

exocytosis that can be triggered by e.g. epinephrine or vasopressin[1,56-58]. 

An increase of intracellular Ca2+ or cAMP levels triggers a cascade of events 

leading to the release of VWF and other WPB components. In addition, 

a significant amount of VWF that is stored within WPBs is released in an 

unstimulated fashion, which is known as basal release[59].

Tethering, docking and priming of secretory vesicles 

Ca2+- as well as cAMP-mediated signaling leads to the activation of the small 

GTPase RalA by RalGDS. RalA was found to be enriched in subcellular fractions 

that contain WPBs[60]. Subsequently, it has been shown that RalA and its 

exchange factor RalGDS are involved in the regulation of WPB exocytosis 
[61,62]. Activated RalA is part of the exocyst complex, a multisubunit complex 



General introduction

13

1
implicated in tethering of secretory vesicles to the plasma membrane[63]. 

Furthermore, it has been proposed that RalA might be an upstream activator 

of phosholipase D1 (PLD1). PLD1 triggers generation of fusogenic core-shaped 

phosphatidic acid enriched domains and current evidence suggest that PLD1 

activity is required for regulated secretion of VWF[64].

In addition to RalA, the small GTPases Rab3B, Rab3D and Rab27A have been 

localized to WPBs (Figure 1B)[53,67]. Rab GTPases are ubiquitously expressed 

in eukaryotic cells and are master regulators of trafficking and membrane 

fusion[65]. On their turn Rab GTPases, in their activated state, recruit so called 

effector proteins, which include regulators of trafficking and exocytosis of 

secretory organelles[65,66]. Several studies investigated the function of Rab3 

isoforms in WPB exocytosis, however, the role of the different isoforms 

remains incompletely understood. While overexpression of Rab3D revealed an 

inhibitory effect on histamine-evoked VWF secretion, depletion of Rab3D did 

not affect histamine induced VWF secretion[54,55]. Interestingly, exogenously 

expressed Rab3A, Rab15, Rab33 and Rab37 are targeted to WPBs[68]. Despite 

the localization to WPBs, siRNA mediated knockdown of Rab33 and Rab37 did 

not affect ATP-, VEGF- or basic FGF stimulated VWF secretion. In contrast, 

Rab15 depletion resulted in a decrease in VWF secretion [68]. 

Rab27A was the first Rab protein found on WPBs[53]. It has been shown to be 

important for WPBs mobility and secretion competence. Rab27A depletion 

in HUVECs revealed conflicting results on VWF secretion. Nightingale and 

colleagues showed that Rab27A silencing resulted in an increase in PMA 

and histamine-evoked VWF secretion as well as an increase in basal VWF 

secretion[67]. Noteworthy, they also observed an increase in PMA stimulated 

VWF secretion upon Rab27A overexpression in HUVECs[67]. On the other hand, 

Bierings et al. and Zografou et al. demonstrated that depletion of Rab27A 

reduced hormone-evoked VWF secretion in HUVECs[55,68]. The reason for the 

discrepancy between these findings is currently unclear but they could reflect 

differences in regulation of PMA and hormone stimulated WPB exocytosis. 

Rab27A is thought to control regulated exocytosis by interaction with distinct 

effectors. Twelve Rab27 effectors have been identified in human and mice[66] 

of which several Rab27A effectors have been shown to be expressed in 

endothelial cells[55,67,68]. The Rab27A effector Myosin Va and Rab-interacting 

protein (MyRIP) has been localized to WPBs where it acts as a negative 

regulator of WPB exocytosis, most likely by binding to the myosin motor 

protein Va (MyoVa) on the actin cytoskeleton[55,67,69]. MyRIP-MyoVa binding 

sequesters WPBs to the actin cytoskeleton thereby preventing their exocytosis. 
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The second Rab27A effector reported to be involved in WPB exocytosis is 

synaptotagmin-like-protein 4-a (Slp4-a)[55]. In contrast to MyRIP, Slp4-a acts 

as a positive regulator of WPB exocytosis[55]. Observations in various cell 

types show that Slp4-a is a linker between secretory granules and the plasma 

membrane by interacting with Rab27A on granules and proteins incorporated 

at the plasma membrane[70,71]. This interaction has been shown to be important 

for the docking step of secretory granules[66], a preparative state before 

exocytosis in which secretory granules are held within close proximity of the 

plasma membrane. It has been proposed that the fractional occupancy (i.e. 

the ratio) of Slp4-a versus MyRIP on Rab27A determines the probability of 

WPB release, which is compatible to Slp4-a keeping WPBs in a putative docking 

structure[55]. A third Rab27A effector that is associated with WPB exocytosis is 

Munc13-4. Munc13 proteins participate in soluble N-ethylmaleimide sensitive 

factor-attachment protein receptor (SNARE)-complex formation and mediate 

membrane fusion through vesicle priming[72]. Priming is a step in which 

docked vesicles are transformed from a fusion incompetent state to a primed, 

fusion competent state[73]. Reduction of Munc13-4 expression in endothelial 

cells resulted in a decrease of stimulated VWF release[68], nevertheless the 

molecular mechanism remains unclear. In addition to Munc13-4, several 

other SNARE proteins and SNARE accessory proteins have been implicated in 

WPB exocytosis machinery (see below). Furthermore, membrane associated 

annexin A2 has been shown to be required for efficient VWF secretion[54]. 

Although the function of this complex is not completely clear, it might be 

that annexin A2 in complex with S100A10 can link secretory vesicles to the 

plasma membrane prior to membrane fusion[74,75]. Finally, cholesterol has been 

reported to modulate WPB exocytosis[76]. The exact contribution of cholesterol 

is not completely clear, however, it might be involved in membrane curvature 

or in the organization of membrane proteins involved in exocytosis such as 

SNARE proteins[76]. 

SNARE assembly mediates membrane fusion

Membrane fusion is an essential process in all eukaryotic cells[77].  SNARE 

proteins mediate membrane fusion events by initiating the formation of SNARE 

complexes. By this means, core domains of three SNARE proteins zip into a 

four-helix bundle. Subsequently, two membranes are brought into a close 

apposition forcing the fusion of membranes (Figure 2). SNARE proteins are 

classified as Q- and R-SNAREs based on domains structures characterized by 

a glutamine of arginine in the most conserved coiled-coil domain, called the 
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Figure 1: Model for biogenesis and exocytosis of Weibel-Palade bodies 
A) Schematic model of WPB biogenesis and the sorting of several components to WPBs. WPBs 
originate from the TGN where VWF tubule assembly drives the formation of these secretory 
organelles. Other key components in WPB biogenesis are depicted in this scheme and 
discussed in the text. WPB cargo can be sorted to WPBs from the TGN, while other proteins 
are targeted to this organelle after WPB budding from the TGN. Currently it is believed that 
CD63 recycles to WPBs via late endosomes. However, recycling via early endosomes can not 
be excluded. Upon exocytosis of VWF, ULVWF strings are formed that recruit platelets for 
platelet plug formation. In addition, soluble WPB components are secreted into the vascular 
lumen (see Table 1). B) Molecular machinery of WPB exocytosis. WPB-localized Rab27A 
interacts with several effectors resulting in different WPB mobility. WPBs anchored to the 
actin cytoskeleton via a Rab27a/MyRIP complex and are retained for exocytosis. On the 
other hand, a Rab27A/Slp4-a complex link WPBs to the plasma membrane, possible by an 
interaction with syntaxins on the plasma membrane. Other regulatory proteins involved WPB 
exocytosis are discussed in the text. 
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SNARE-motif. The four-helix bundles are composed of three Q-SNARE motifs 

(one Qa-motif from syntaxin and two Qbc-SNARE motifs from SNAP-25 or its 

homologue) and one R-SNARE motif (from synaptobrevin/VAMP)[72,78,79]. After 

completion of membrane fusion, N-ethylmaleimide sensitive factor (NSF) and 

NSF-attachment proteins (SNAP) mediate SNARE complexes dissociation. 

Previously, SNARE-proteins were divided in v-SNAREs (synaptobrevin and 

homologues) and t-SNAREs (members of the syntaxin family and SNAP-25 

and homologues) based on the subcellular localization (on vesicle- or  target- 

membrane). However, during the past decades it has become apparent that 

this classification does not cover the complete function of these proteins, 

e.g. homotypic fusion. Furthermore, the v- and t-SNARE classification 

excluded proteins which can form the four-helix bundle but do not possess a 

transmembrane domain and are therefore not membrane localized[78].

The formation of SNARE-complex assembly requires fusion accessory Sec1/

Munc18 (SM) proteins[72]. Despite considerable progress in the last two 

decades, the mechanism by which SM proteins regulate SNARE assembly 

remains incompletely understood. Analysis of in vitro liposome formation, 

knockdown and knockout experiments suggest that SM proteins participate in 

several steps of SNARE complex formation through the adaptation of different 

binding modes[72,80]. Syntaxin binding protein 1 (STXBP1), also known as 

Munc18-1, is the best studied member of this SNARE accessory protein family. 

Plasma membrane

Vesicle

Core complex
R-SNARE

Qa-SNARE

Qbc-SNARE

Habc 
domain

Figure 2: Schematic representation of the SNARE complex
The four-helix bundle of the SNARE complex is formed by an interaction of three proteins 
together containing of three Q-SNARE motifs and one R-SNARE motif; the core complex. 
Blue: Qa-SNARE; syntaxin composed of one Q-SNARE motif and a N-terminal Habc-domain. 
Green: Qbc-SNARE containing 2 Q-SNARE motifs; SNAP25 or its homologues. Orange: 
R-SNARE; synaptobrevin or its homologues.  
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The crucial function of this protein in vesicle fusion is illustrated by the complete 

abrogation of neurotransmitter release in synapses of Munc18-1 knockout 

mice[81]. Multiple models have been proposed to explain the crucial function 

of SM proteins in membrane fusion, mainly based on studies concerning 

STXBP1. Rizo and Südhof have integrated several models and propose that 

the action of STXBP1 involved different syntaxin binding modes[72]. STXBP1 

stabilizes syntaxin 1 in a closed conformation thereby preventing SNARE-

complex formation. Upon interaction with Munc13, syntaxin 1 mode switches 

to an open conformation and STXBP1 can be translocated into a fashion that 

promotes the assembly of the four-helix SNARE complex. However, multiple 

aspects of this model remain to be further explored. Moreover, it remains to 

be established whether this model is also valid for other SM proteins besides 

STXBP1. 

SNARE proteins in WPB exocytosis

Fusion of WPBs with the plasma membrane is a process that requires SNARE 

proteins and SNARE regulatory proteins. However, only limited information is 

available with respect to which SNARE proteins and SNARE accessory proteins 

operate in the endothelial context. One established SNARE protein that 

participates in WPB exocytosis is syntaxin-4[82] (Figure 1B). This Q-SNARE is 

found on the plasma membrane of endothelial cells[64,82,83]. Blocking antibodies 

against syntaxin-4 inhibit VWF exocytosis in human aortic endothelial cells[84]. 

Furthermore, it has been shown that syntaxin-4 is involved in the rapid 

thrombin-induced surface expression of P-selectin. In addition, syntaxin-4 

has been shown to interact with Munc18c, also known as STXBP3[82]. The 

interaction of syntaxin-4 and STXBP3 is reduced in thrombin-stimulated 

endothelial cells[82]. Furthermore, syntaxin-4 interacts with VAMP3 and 

SNAP-23[82]. VAMP3 localizes to WPBs and has been suggested to participate 

in Ca2+ regulated VWF secretion[83]. Overexpression of dominant-negative 

VAMP3 in endothelial cells reduced VWF secretion, although treatment of 

tetanus toxin light chain, which cleaves VAMP 1, -2, and -3, did not interfere 

with Ca2+-evoked VWF secretion[83]. VAMP8 also localizes to WPBs, however, 

overexpression of dominant negative VAMP8 did not affect Ca2+- induced VWF 

secretion. It still needs further investigation to establish whether VAMP8 and 

SNAP-23 are involved in WPB maturation and/or exocytosis. Finally, α-SNAP 

has been implicated to promote basal and stimulus-evoked VWF release[84,85]. 

Genetic variation studies have provided interesting links between SNARE 

proteins and VWF plasma levels. Single nucleotide polymorphisms (SNPs) in 
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the genes encoding syntaxin-2 and syntaxin binding protein 5 (STXBP5), also 

known as tomosyn-1, have been linked to VWF plasma levels and the risk of 

thrombosis[86-89]. As yet it is not known how these polymorphisms affect the 

variability in VWF levels. 

Release of VWF: formation of platelet binding VWF strings 

Fusion of WPBs with the plasma membrane allows for the release of VWF 

and co-stored components into the vascular lumen. Three modes of WPB 

exocytosis can be distinguished. First, WPBs can undergo full fusion resulting 

in a complete release of VWF and other WPB components[90]. Initially, a 

narrow fusion pore (a connection between vesicle interior and extracellular 

space) is formed through the fusion of a vesicle and the plasma membrane. 

Subsequently this pore expands, allowing the full content of a vesicle to 

become expulsed. The majority of WPBs undergo full fusion in response 

triggering of exocytosis.  

Second, WPBs can also undergo incomplete fusion, for which the term 

“lingering kiss exocytosis” has been coined, in which WPBs fuse with the 

membrane through a small fusion pore which fails to expand. The transient, 

narrow fusion pore only allows the release of small ions, small proteins (e.g. 

chemokines such as IL-8) or some membrane components. After reclosure 

of the fusion pore, the WPB has selectively released small molecules while 

having retained larger cargo proteins such as VWF and VWF propeptide[91]. 

A third mode of WPB exocytosis which has been observed in PMA as well 

as histamine stimulated endothelial cells involves compound fusion, i.e. 

homotypic fusion of WPBs into larger structures which can consist of 10 or 

more WPBs. These so-called “secretory pods” then proceed to fuse with the 

plasma membrane in order to release the accumulated content[92]. Importantly, 

these models do not exclude each other. 

At the fusion site VWF is released into the bloodstream and due to the action 

of flow, VWF multimers unravel and form ultra-large VWF (ULVWF) strings[93]. 

Subsequently, platelets adhere to these ULVWF strings resulting in the 

formation of platelet plugs at the site of injury. The importance of functional 

VWF in arrest of bleeding is illustrated by the inherited bleeding disorder von 

Willebrand disease (VWD)[94,95]. Patients with a deficiency in VWF synthesis of 

secretion suffer from prolonged bleeding times[96]. 
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Scope of this thesis
Endothelial cells are capable of rapid delivery of a variety of bioactive 

molecules to sites of vascular injury by mobilization of pre-synthesized stores 

of hemostatic, inflammatory and angiogenic mediators that reside in Weibel-

Palade bodies.

In the studies described in this thesis, we investigated the content of WPBs 

to obtain more insight into the physiological role of WPBs in vascular biology. 

Furthermore, we aimed to gain a better understanding of WPB exocytosis and 

explored whether SNARE proteins and SNARE accessory proteins contribute 

to the regulation of WPB exocytosis.

In Chapter 2, we performed the first systematic investigation into the content 

of WPBs using proteomic analysis of subcellular fractions enriched for WPBs, 

which led us to identify insulin-like growth factor binding protein 7 (IGFBP7) 

as a novel bona fide WPB component. We also present evidence that IGFBP7, 

after its release, remains associated to VWF strings. Our findings provide 

further proof of the versatile nature of WPBs and put more emphasis on their 

prominent role in the regulation of angiogenesis.

In Chapters 3, 4 and 5 we further explored the molecular mechanisms that 

control exocytosis of WPBs, with special attention to SNARE proteins and 

regulators of the SNARE complex. In Chapter 3 we identified syntaxin-2 

and -3 and syntaxin binding protein 1 (STXBP1) in a proteomic screen for 

endothelial interactors of Slp4-a. We provide evidence that STXBP1 is a 

positive regulator of WPB exocytosis. In addition, we showed that STXBP1 

can bind to syntaxin-2 and syntaxin-3 in a mutually exclusive manner. We 

propose that STXBP1 controls WPB exocytosis by providing the link between 

the Rab27A-Slp4-a complex on WPBs and the SNARE complex on the plasma 

membrane. In Chapter 4 we further pursued the function of syntaxin-3. We 

found that syntaxin-3 localizes to WPBs. Depletion of syntaxin-3 increased 

regulated VWF secretion, most probably by increasing the WPB pool size. Our 

data suggest that syntaxin-3 is in involved in the regulation of basal secretion 

of VWF. Chapter 5 describes a role for STXBP5 in WPB exocytosis. Depletion 

of this protein resulted in an increase of stimulus-induced VWF secretion. 

Furthermore, our results suggest that the inhibitory function of STXBP5 is 

mediated by its C-terminal VAMP-like domain through an interaction with 

syntaxin-3 or syntaxin-4. Taken together, our results suggest that STXBP5 

acts as a negative regulator of WPB exocytosis. 

Finally, in Chapter 6, we discussed the obtained results in a broader 

perspective and provide a general view on the role of WPBs and the regulation 

of WPB exocytosis. 
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