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Von Willebrand factor (VWF) is a glycoprotein that is secreted into the

circulation and controls bleeding by promoting adhesion and aggregation

of blood platelets at sites of vascular injury. Substantial inter-individual

variation in VWF plasma levels exists among the healthy population. Prior

to secretion, VWF polymers are assembled and condensed into helical

tubules, which are packaged into Weibel-Palade bodies (WPBs), a highly

specialized post-Golgi storage compartment in vascular endothelial cells. In

the inherited bleeding disorder Von Willebrand disease (VWD), mutations

in the VWF gene can cause qualitative or quantitative defects, limiting pro-

tein function, secretion, or plasma survival. However, pathogenic VWF

mutations cannot be found in all VWD cases. Although an increasing

number of genetic modifiers have been identified, even more rare genetic

variants that impact VWF plasma levels likely remain to be discovered.

Here, we summarize recent evidence that modulation of the early secretory

pathway has great impact on the biogenesis and release of WPBs. Based

on these findings, we propose that rare, as yet unidentified quantitative

trait loci influencing intracellular VWF transport contribute to highly vari-

able VWF levels in the population. These may underlie the thrombotic

complications linked to high VWF levels, as well as the bleeding tendency

in individuals with low VWF levels.

Introduction

Von Willebrand factor (VWF) is a large hemostatic

glycoprotein that plays a central role in initiating

blood coagulation and in minimizing bleeding. As a

first response upon vascular injury, VWF is rapidly

secreted from endothelial cells into the blood vessel

lumen where it provides a mechanosensitive adhesive
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platform for platelets at sites of blood vessel damage.

VWF in plasma also protects the coagulation factor

VIII (FVIII) from premature clearance from the circu-

lation. VWF is a pivotal player in hemostasis and

thrombosis: low levels of VWF lead to an increased

bleeding tendency, such as in Von Willebrand disease

(VWD) [1]. Elevated levels of VWF are associated with

a higher risk for cardiovascular morbidity resulting

from arterial [2] and venous thrombosis [3].

VWD is the most common inherited bleeding disorder,

affecting up to 1% of the world population [1]. VWD can

be subdivided into qualitative (type 2; VWD2) or quanti-

tative (type 1; VWD1 and type 3; VWD3) VWF deficien-

cies, which range in disease severity. In VWD2 and

VWD3, pathogenic mutations in the VWF gene cause

functional defects or complete absence of the protein,

respectively. VWD1, the most prevalent subtype, is char-

acterized by a partial VWF deficiency (< 30 IU�dL�1)

and is often caused by heterozygous missense mutations

in VWF that affect biosynthesis or plasma survival [4].

Individuals with levels between 30 and 50 IU�dL�1 are

considered to have ‘low VWF’ and are also at higher risk

of bleeding [5]. However, in ~ 30% of VWD1 patients

and ~ 60% of individuals with ‘low VWF’ no pathogenic

VWF mutation is identified [5–7], indicating other under-

lying causes for reduced VWF levels.

Plasma VWF levels reflect the equilibrium between

secretion by the endothelium and clearance from

plasma by (predominantly) macrophages in the liver.

The broad distribution of VWF plasma levels within

the human population [8] is impacted by environmen-

tal (e.g. age, hormones, exercise, co-morbidities, life-

style) as well as genetic factors, with only a limited

contribution of pathogenic mutations in the VWF

locus itself (reviewed in [9]). Over the years, large

genetic, transcriptomic and genome-wide association

studies (GWAS) have identified several genetic modi-

fiers of VWF plasma levels, including the ABO locus,

glycosyltransferases, clearance receptors, SNARE pro-

teins and transcription factors, which explains some of

the heritable inter-individual VWF variations in VWD

and low VWF patients as well as in the healthy popu-

lation [10–14]. The increasing number of genetic modi-

fiers of VWF plasma levels identified highlights that

multiple pathways linked to plasma survival and clear-

ance (reviewed in [15]) as well as secretion by endothe-

lial cells (reviewed in [16]) contribute to the regulation

of circulating VWF levels. But because it is unlikely

that genetic association analyses alone will be capable

of identifying all the molecular components of the reg-

ulatory networks involved [17], mechanistic studies will

therefore remain vital for a full understanding of these

mechanisms in health and disease.

Exocytosis of endothelial cell-specific secretory orga-

nelles, Weibel-Palade bodies (WPBs), has been the

focus of intensive studies of endothelial VWF secre-

tion, even before genetic associations between VWF

plasma levels and SNAREs that take part in WPB

exocytosis were uncovered. A complex regulatory net-

work that engages with WPBs post-Golgi enables the

endothelium to carefully control the release of VWF

from WPBs during steady state and upon cellular trig-

gering [16]. But do other mechanisms exist in the

endothelial secretory pathway to modulate VWF secre-

tion? In this viewpoint, we will highlight recent insight

into the impact of the early secretory pathway on bio-

genesis and release of WPBs and discuss the potential

impact of this pathway on the regulation of VWF

plasma levels in health and disease.

The long and short of VWF
biosynthesis and secretion

VWF is expressed by both megakaryocytes and vascu-

lar endothelial cells (ECs) [18]. Since the vast majority

of circulating VWF is derived from ECs [19] we will

focus on the endothelial VWF secretory pathway.

VWF is post-translationally modified during its itiner-

ary through the secretory pathway starting as a

ProVWF monomer in the endoplasmic reticulum

(ER). In the ER ProVWF is glycosylated on N-linked

sites and then dimerizes via disulfide bridges in the C-

terminus. ProVWF dimers are subsequently trans-

ported to the Golgi, where the VWF propeptide is

proteolytically cleaved by furin, O-linked and N-linked

sites are further modified by glycosyltransferases (in-

cluding ABO glycosyltransferase), and N-terminal

head-to-head multimers are formed [20]. Aberrations

at any of these processing steps underpin the patho-

genesis of various subtypes of VWD [1]. VWF forms a

spectrum of low to high molecular weight multimers

that are sorted differentially at the level of the trans-

Golgi network (TGN): low molecular weight VWF

multimers are released via constitutive secretion, while

high molecular weight VWF multimers condense into

tubules that are stored in WPBs [21]. Although WPBs

also store many other bioactive compounds, their for-

mation is entirely driven by VWF expression [22–24].
After emerging from the TGN, WPBs recruit transport

and fusion machinery in a maturation-dependent pro-

cess that enables them to undergo exocytosis [16].

WPBs can be released via two pathways: unstimulated,

basal secretion, which is responsible for the mainte-

nance of VWF plasma levels, and regulated secretion

following cellular activation such as during vascular

injury. Upon exocytosis, soluble WPB content is
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released into the vessel lumen. Due to shear forces

inside the blood vessel generated by blood flow, VWF

multimers unfurl into long strings that can self-

associate and attach to collagen in the exposed suben-

dothelial matrix at the site of vascular injury. Together

this forms an adhesive substrate for platelets and cir-

culating VWF, an essential first step in the formation

of a platelet plug at sites of vascular damage.

WPBs have a distinct cigar-shaped morphology dri-

ven by the tight packaging of VWF multimers into

condensed tubules and they can range in length

between 0.5 and 5 µm [25]. As their content gets

released VWF strings form that can extend up to

1 mm. This is where WPBs size does matter: VWF

string length, adhesion of platelets to VWF strings and

association with plasma VWF are all proportional to

WPB length [26], so some degree of control over the

size of the storage organelles that are generated is

pertinent to locally manage hemostatic function of

VWF.

WPB size control in the endothelial secretory

pathway

The cellular mechanisms that control WPB shape are

understood in broad strokes, but have long lacked

molecular detail. Recently it has emerged that WPB

length is determined by the number of laterally

arranged, discrete VWF cargo units of ~ 0.5 µm at the

TGN, so-called VWF quanta, that are co-packaged

into budding WPBs. WPBs range in size in steps that

are roughly equivalent to multiples of such VWF

quanta [27]. Essential for the generation of long WPBs

are (a) continuous, extended TGN cisternae that can

accommodate a number of adjacent VWF quanta at

the same time and (b) a sufficient flux of VWF

through the early secretory pathway for several VWF

quanta to arrive at the TGN adjacent to one another.

In keeping with this model, WPBs in endothelial cells

from patients with VWD1 caused by reduced or aber-

rant VWF biosynthesis are often small and/or lose

their characteristic elongated morphology [28,29].

A number of recent studies have now shown that

ER and Golgi trafficking is critically important for the

biogenesis, morphology and secretion competence of

WPBs. Results from the Cutler group revealed that the

ADP-ribosylation factor (Arf) GTPases Arf1 and Arf4

and their guanine nucleotide exchange factor GBF1

(Golgi Brefeldin A Resistant Guanine Nucleotide Fac-

tor 1) are essential for the formation and shape of

WPBs [30]. It is likely that this is partly due to

activation-dependent recruitment of Arf1 effectors at

the TGN, such as the cargo adaptor AP-1 [31] as well

as the lipid-modifying type II phosphatidylinositol 4-

kinases (PI4Ks) [32], which are both necessary for the

formation of elongated WPBs (Fig. 1, step 5). Further

evidence for the involvement of Arf GTPases in con-

trol of organelle size comes from Arf GTPase activat-

ing proteins (Arf GAPs). Depletion of Small Arf GAP

1 (SMAP1) also leads to shortening of WPBs [33], but

if this depends on loss of GAP activity for Arf

GTPases or its ability to act as an Arf effector that

recruits clathrin remains unclear.

The exact role of GBF1 in VWF trafficking is

clearly more complex. GBF1 promotes anterograde

traffic of VWF from ER to Golgi, judged by the

reduced processing of ProVWF (which happens in the

Golgi) and the accumulation of VWF in swollen ER

cisternae when GBF1 is depleted [30]. Furthermore,

GBF1 also (indirectly) controls anterograde transport

within the Golgi by recruiting COPI to the cis-Golgi

via activation of Arf1 (Fig. 1, step 2). This facilitates

retrograde Golgi-to-ER membrane retrieval during cis-

ternal maturation, which is necessary for transport of

secretory cargo to the TGN and exit from the TGN.

Depletion of GBF1 led to the appearance of unusually

long WPBs with a size up to 7–10 µm that very fre-

quently were bended and that were secretagogue unre-

sponsive. This would seem unexpected as delayed

anterograde VWF transport from ER to the Golgi

should lead to smaller WPBs according to the quanta

model [27]. The current hypothesis is that the delay in

ER-to-Golgi traffic is offset by the more severe delay

in TGN exit, leading to a logjam of VWF quanta at

the TGN that get incorporated in giant WPBs. Their

loss of secretion competence also raises important

questions about the recruitment of secretory machin-

ery. Rab27A, one of the proximal components of the

WPB release machinery, was not recruited to giant

WPBs [30]. Rab27A normally gets recruited after

WPBs separate from the TGN, catalyzed by the GEF

MADD [34,35]. Failure to recruit Rab27A may indi-

cate that membrane proteins or lipids that normally

signify a Golgi membrane have not been removed or

have accumulated on giant WPBs due to defective ret-

rograde membrane retrieval [30].

Another pathway to control WPB length and VWF

secretion depends on regulation of membrane fusion

steps during ER–Golgi trafficking, such as by the

longin-SNARE SEC22B [36]. Longin-SNAREs are a

subfamily of the extended SNARE protein family

that control membrane fusion events in the secretory

pathway [37]. SEC22B coordinates membrane fusion

of COPII vesicles during anterograde ER-to-Golgi

traffic and COPI vesicles during retrograde Golgi-to-

ER transport (Fig. 1, steps 1-2). Similar to GBF1,
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depletion of SEC22B led to reduced ProVWF pro-

cessing and accumulation of VWF in aggregates

within the ER, consistent with a role in anterograde

ER-to-Golgi transport of VWF. But contrary to

GBF1, silencing of SEC22B led to fragmentation of

Golgi stacks, decreased WPB length and a significant

reduction in histamine-induced VWF secretion. A

comparable phenotype was observed for the cognate

SNARE syntaxin 5 (STX5) [38], which operates in

retrograde intra-Golgi traffic and (together with

SEC22B) in anterograde ER-to-Golgi traffic (Fig. 1,

steps 3 and 1) [39]. STX5 exists in a long (STX5L)

and a short (STX5S) isoform as the result of an alter-

native start codon [40]. Both presumably act in dis-

tinct trafficking routes: STX5L is found at the ER,

while STX5S, which lacks an N-terminal ER-retrieval

motif, is primarily found at the Golgi. Upon silencing

of STX5 in endothelial cells, reduced flux of VWF

from ER to Golgi is compounded by disintegration

of the Golgi, which explains why WPBs reduce in

number and size. Silencing of STX5 completely abro-

gated histamine-induced formation of VWF strings

Fig. 1. Regulatory mechanisms of WPB size and VWF secretion in the early secretory pathway of endothelial cells. Anterograde ER to Golgi

trafficking of VWF via COPII vesicles is facilitated by SEC22B- and STX5- (STX5L: long isoform) containing SNARE complexes that mediate

fusion at the Golgi. (2) Retrograde Golgi to ER membrane retrieval, which promotes cisternal maturation, anterograde transport of VWF

through the Golgi and TGN exit is coordinated by active Arf1, which in turn recruits coatomer to COPI vesicles as they bud from the cis-

Golgi. Arf GAP SMAP1 deactivates Arf1 while Arf GEF GBF1 activates Arf1. GBF1 activity is modulated by the energy level-dependent

kinase AMPK. (3) Retrograde intra-Golgi traffic via STX5-containing SNARE complex (STX5S: short isoform). (4) Progression of VWF quanta

through the Golgi stacks. The number of VWF quanta positioned directly next to one another at the TGN at the time of vesicle budding

determines the length of the emerging WPB. (5) Arf1 and Arf4, regulated by SMAP1 and GBF1/AMPK, promote TGN exit by recruitment of

the cargo adapter AP-1 and clathrin to budding WPBs and via PI4K-induced lipid modifications. Upregulation of the mechanosensitive

transcription factor KLF2 promotes formation of smaller WPBs through a yet undefined mechanism that may involve Golgi fragmentation.

(6) Dependent on type and strength of stimulus, mature WPBs are prioritized for exocytosis based on their size. Long WPBs release more

VWF and produce longer VWF strings with increased platelet adhesive capacity, but require stronger stimulus. Environmental cues that are

associated with long (left) and short (right) WPBs are indicated. Greyed out SNAREs (BET1, BET1L, GOSR1/2, SEC20, USE1 and YKT6)

have been inferred from SNARE complexes in these pathways in other mammalian cells. Abbreviations: EC, endothelial cell; ER,

endoplasmic reticulum; TGN, trans-Golgi network; WPB, Weibel-Palade body.
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on the endothelial apical surface and also blunted

VWF secretion after stimulation [38].

Together these studies firmly implicate the ER–
Golgi SNAREs SEC22B and STX5 in VWF traffick-

ing and WPB size control, but more research is

needed to unravel the mechanisms involved. Key

questions that should be addressed are at which secre-

tory pathway subcompartment(s) SEC22B- and

STX5-containing SNARE complexes catalyse mem-

brane fusion events and how this relates to their

effects on ER-to-Golgi transport and Golgi architec-

ture. Second, how do ER–Golgi SNARE interactions

with ER and Golgi tethering complexes, such as the

NRZ and COG complex, respectively, contribute to

VWF trafficking [38]?

Environmental control of VWF secretion via the

early secretory pathway

Endothelial cells can also adapt to their environment by

tuning VWF expression and the size and secretability of

their WPBs (Fig. 1, step 5). As blood flows through dif-

ferent types of blood vessels, the flow patterns and the

shear forces to which endothelium is exposed can vary

between vascular beds, as do the number of WPBs

[41,42]. The shear-stress sensitive, anti-thrombotic and

anti-atherogenic transcription factor KLF2, which is

upregulated in endothelium exposed to laminar flow,

reduces the size of WPBs through a yet undefined mech-

anism [43]. Lipid-lowering 3-hydroxy-3-methyl-glutaryl-

CoA reductase inhibitors, also known as statins,

improve endothelial function through upregulation of

KLF2 expression [44,45]. Statins also reduce the size of

newly forming WPBs and the platelet-adhesive capacity

of VWF strings, partly through upregulation of KLF2

and through fragmentation of the Golgi [26]. GBF1 is a

substrate for AMP kinase (AMPK). AMPK acts as a

sensor for low energy levels, such as low glucose, and

relays that signal by phosphorylation of its targets. Both

activation of GBF1 by the AMPK agonist AICAR as

well as low glucose levels led to a significant reduction

of WPB length and agonist-induced VWF release [30].

A recent screen of licensed drugs identified numerous

additional compounds that reduced the size of WPBs in

endothelial cells, such as microtubule depolymerizing

agents (which unlink Golgi stacks), protein synthesis

inhibitors (which lower a.o. VWF expression), statins

and glycosides [46]. Apart from paving the way for the

development of new anti-thrombotic strategies, it also

emphasizes that environmental cues linked to different

metabolic pathways can regulate the output of the early

secretory pathway. These findings also suggest that the

“exposome” may modulate VWF levels, thereby

contributing to the large inter-individual variation in

healthy individuals and VWD patients with the same

genetic defect.

Conclusions and future perspectives

Collectively, these studies show that correct and continu-

ous progression of sufficient VWF through the secretory

pathway is the driving force that controls the number

and length of WPBs. This is the result of a careful equi-

librium between the action of Arf GTPase and SNARE

networks that coordinate dispatch and delivery events

during anterograde and retrograde trafficking. Apart

from control over WPB pool size in terms of organelle

numbers and dimensions, there are also implications on

stimulus responsiveness (Fig. 1, step 6). Endothelial cells

can selectively release WPBs through different fusion

and expulsion modes based on their size [47]: short and

intermediate WPBs are preferentially released after mild

stimuli via full fusion or lingering kiss release [48,49],

while long WPBs require stronger stimuli and the forma-

tion of an actin ring [50]. Whether this is due to differ-

ences in recruitment of exocytotic machinery during

WPB biogenesis or this reflects different requirements

for cargo expulsion will need further study. By simulta-

neously affecting the size of the releasable pool, the

hemostatic potential of its cargo and the sensitivity

towards cellular triggering, subtle changes in trafficking

of VWF can have significant implications for circulating

levels of VWF in plasma and for the hemostatic

response of the endothelium. A recent study of a cohort

of patients with low VWF revealed that VWF levels and

bleeding score were correlated with the number of rare

nonsynonymous variants in VWF [14]. The biological

mechanism needs further investigation, but we speculate

that a possible mechanism could involve reduced synthe-

sis due to suboptimal codon usage and/or alterations in

the progression of VWF through the secretory pathway.

Current evidence from GWAS studies and func-

tional follow-up studies [51,52] have now firmly impli-

cated the SNARE proteins STX2 and STXBP5 in the

regulation of VWF levels through their effect on WPB

release. A significant proportion of the genetic regula-

tion of VWF is still unaccounted for [9]. Based on the

ability of the early secretory pathway to dynamically

control biogenesis, release as well as the hemostatic

function of VWF as outlined in this viewpoint, we

anticipate that variants in genes encoding modulators

of the ER–Golgi pathway also contribute to the inter-

individual variability of VWF levels in plasma. Next-

generation sequencing-based studies are now underway

to identify more genetic modulators of VWF levels

[53]. Cell-based approaches will be needed to address
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the functional significance of candidates using similar

methods that have been utilized for addressing the

functional consequences of GBF1 and SEC22B defi-

ciencies. In addition, we anticipate that studies using

patient-derived endothelial colony-forming cells

(ECFCs) [28,29,54–57] of individuals with unexplained

quantitative defects of VWF or with (rare) sequence

variants of unknown significance will be useful to

establish their functional impact on biogenesis and

release of WPBs from endothelial cells.
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