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Introduction

von Willebrand factor (VWF) is a large adhesive glycoprotein
that supports several keyprocesses in thehemostatic response.
The protein is synthesized by endothelial cells and megakar-
yocytes and some of the protein is stored in cytoplasmic
organelles (Weibel–Palade bodies [WPBs] in the endothelium
andα granules inplatelets) fromwhere it can be released upon
appropriate stimulation.

The principal roles assigned to VWF in relation to hemo-
stasis and thrombosis are its contributions to platelet plug
formation, through binding to platelet glycoprotein Ib and
through its carrier functions for the procoagulant cofactor,
factor VIII (FVIII).1

This review will focus attention to an often-neglected
component of VWF, its propeptide. The VWF propeptide
(VWFpp), initially designated as VWFAgII,2,3 has a life cycle
and functional role that show some similarities with

the mature VWF protein but also has critical independent
features that have been partially elucidated over the past
20 years.4

vonWillebrand Factor Propeptide Structure

von Willebrand factor is synthesized as large pre-pro-poly-
peptide sequence that undergoes extensive modification
during its intracellular journey. Following transfer into the
endoplasmic reticulum (ER), the N-terminal 22-amino acid
signal peptide is released by proteolytic cleavage. The trans-
lated pro-VWFmolecules undergo initial glycan additions and
dimerization in the ER through disulfide bond generation at
the C-terminus of the proteinwhich then transfer to the Golgi
where three further key posttranslational events occur5,6: (1)
furthermodification of the glycan chains, (2) the generation of
very high-molecular-weight multimers of the VWF dimers,
and (3) after facilitation of multimer generation, the cleavage
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Abstract The primary polypeptide sequence of von Willebrand factor (VWF) includes an N-
terminal 741-amino acid VWF propeptide (VWFpp). In cells expressing VWF, the VWFpp
performs two critical functions. In the Golgi, VWFpp mediates the intermolecular
disulfide linkages that generate high-molecular-weight VWF multimers. Subsequently,
the VWFpp, which is proteolytically cleaved from mature VWF by furin, functions to
generate the endothelial storage organelles (Weibel-Palade bodies) in which VWFand a
distinct collection of proteins are stored, and from where they undergo regulated
secretion from the endothelium. The VWFpp is secreted from endothelial cells as
dimers and circulates in plasma with at least some of the dimers associating with a
noncovalentmanner with the D′D3 domain ofmature VWF. The VWFpp has a half-life of
2 to 3 hours in plasma, but to date no extracellular function has been determined for
the molecule. Nevertheless, its large size and several biologically interesting structural
features (two sets of vicinal cysteines and an RGD sequence) suggest that there may be
roles that the VWFpp plays in hemostasis or associated physiological processes such as
angiogenesis or wound repair.
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of the 741 AAVWFpp from themature VWF subunit (2050 AA
in size) by the peptidase, furin. In the acidic environment
of the Golgi (pH �6 and 10mM Ca2þ), the newly
released VWFpp forms a high affinity noncovalent association
(KD¼0.2nM)with the N-terminal D′D3 domain of themature
VWF subunit (►Fig. 1).7

Following processing in the Golgi, the nascent VWF multi-
mers either undergo basal constitutive secretion fromendothe-
lial cells or are trafficked for storage inWPBs andα-granules for
regulated release from the endothelium and platelets, respec-
tively. In blood, the newly released VWF multimers undergo
limited proteolysis mediated by the metalloprotease
ADAMTS13 (a disintegrin andmetalloproteinasewith a throm-
bospondin type 1 motif, member 13), while dimers of the
cleaved VWFpp are released in equimolar quantities, and
some of these dimers circulate in a noncovalent association
with the mature VWF multimers. In the plasma environment
(pH7.4and2.5mMCa2þ), thisassociationwith thematureVWF
D′D3 domain remains of high affinity KD �50nM.7 The precise
ratio of VWF-associated versus free VWFpp dimers in the
circulation has not been established.

The741-AAVWFpppossesses several structural details that
prove to be crucial for VWF expression and distinct aspects of
VWF function. The full-length VWF polypeptide possesses 16
N-linked glycosylation sites, 4 of which are located in the
VWFpp.8 In addition to the four consensus Asn-X-Ser/Thr
glycan sequons at Asn 99, Asn 156, Asn 211, and Asn 666,
there are two additional noncanonical N-glycan attachment
sites at Asn-X-Cys (Asn 368 and Asn 663) that are at least
partially occupied. Studies of these glycosylation sites in the
VWFpp indicate that mutation of the initial Asn 99 residue
dramatically interrupts VWF expression, with the mutant
protein being sequestered in the ER.9 The functional role of
the remaining VWFpp glycans remains to be further studied,
but preliminary in vitro investigations suggest that the glycan
additions at Asn 156 and Asn 666 play an important early role
in facilitating platelet adhesion under arterial shear to a
collagen surface.

Another early discovery with regard to VWFpp structure/
function is its role in mediating multimer formation through
the generation of intermolecular disulfide linkages at the N-
terminus of VWF dimers.5,10 This critical event occurs in the
acidic environment of the Golgi and requires the disulfide

isomerase activity of two sets of vicinal cysteines in the
D1 (AAs 159–162) and D2 domains (AAs 521–524) of the
VWFpp.11,12 Mutagenesis of either of these structures
significantly disrupts multimer formation. In contrast, while
physiologicalmultimer assembly ismediatedby theVWFpp in
ciswith the mature VWF subunit, early studies demonstrated
that this event can also proceed with the VWFpp present in
trans, althoughwhether thisobservationhas anyphysiological
relevance is unclear.13

The other noteworthy structural feature of the VWFpp is
an RGD motif in the TIL-2 region of the D2 domain. This
structural element suggests that the VWFppmay participate
in an integrin interaction, but evidence for this activity and
its potential physiological relevance have yet to be explored.

Pathogenic VWFpp Variants

Approximately 150 unique coding and noncoding variants
have been documented within the region of the VWF gene
responsible for encoding the VWFpp.14 The pathobiological
significance of many of these variants has not yet been
established and further investigation is required to determine
whetherornot thesevariantsare indeedpathogenic.However,
for several exon 1–17 coding variants, the pathogenic signifi-
cance is clear. For example, VWFpp variants p.Tyr87Ser and p.
Cys570Ser cause a distinct subtype of recessive type 2A von
Willebrand disease (VWD).15,16 These variants negatively
impact VWF multimerization such that dimeric VWF alone
is detectable in the plasma of patients. In addition to multi-
merization defects, loss of regulated storage and secretory
defects have also been described for several type 2A causing
VWFppvariants including the p.Asn528Ser variant.17 Further-
more, VWFpp variants have been associated with both type 1
and type 3 VWD.18–21

Intracellular Function of the VWF Propeptide

Asalluded toabove, thebestcharacterized functional roleof the
VWFpp is its essential role in facilitating the formation of VWF
multimer assembly, a process requiring the two sets of vicinal
cysteines in the D1 and D2 domains.11 The disulfide isomerase
activitymediatedby thesestructures isrequiredtogeneratethe
intermolecular disulfide bonds between N-terminal D′D3

Fig. 1 Schematic representation of the von Willebrand factor propeptide (VWFpp) depicting the subdomain architecture of the D1 and D2
assemblies as well as key functional sites. The VWFpp is composed of two similar D assemblies each containing discrete functional sites. Each D
assembly contains a vicinal disulfide in a ”CGLC”motif as well as consensus sequences for N-linked glycosylation. VWFpp expresses canonical Asn-
X-Ser/Thr glycosylation consensus sequences as well as noncanonical Asn-X-Cys sequences. In addition, the D2 assembly contains an integrin-
binding “RGD” motif, the significance of which remains unclear.
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domains of themature subunit dimers. This event occurs in the
acidic environment of the Golgi, and once completed the
VWFpp is cleaved from the newly generated multimers by
furin at the paired basic amino acid sequencebetween residues
741 and 742 (►Fig. 2).

The second intracellular function requiring VWFpp is the
development of its cytoplasmic storage organelles.22 This
process has been examined in a detailed fashion for WPBs in
endothelial cells.23 These studies have shown that sequences
in the D2 domain of the VWFpp mediateWPB formation and
that WPB storage of proteins that are not routinely targeted
to these organelles can be accomplished by expressing them
as fusion partners with the VWFpp.24,25 Of note, analysis of
the role of the VWFpp in the generation of α granules in
megakaryocytes/platelets, where the shape and size of
organelle are distinct, suggests a different structural basis
for this process.26

Extracellular Function of the VWF Propeptide

There are several features of the VWFpp that suggest an
extracellular role for the protein. The VWFpp is much larger
than most propeptide sequences and once secreted from its
cell of synthesis it circulates with a half-life of 2 to 3 hours4

before being cleared by mechanisms that are still being

investigated. VWFpp possesses several structural motifs
(especially the D2 domain RGD sequence) that might have
functional relevance in hemostasis or related biological
processes and, lastly, documentation of the clinical bleeding
phenotype in type 3 VWD patients has shown significantly
higher bleeding scores in those patients with mutations in
the VWFpp sequence.21

The limited investigation of potential extracellular func-
tions of the VWFpp has to date resulted in discordant results
using reagents that also differ in their species derivation. A
series of studies utilizing bovine VWFpp have shown binding
to bovine type 1 collagen and to the very late antigen-4
integrin, and also demonstrated that the bovine VWFpp
could be cross-linked by FXIIIa to laminin.27 More recent
studies utilizing human VWFpp have shown an interference
with VWF binding to platelets, thus reducing platelet activa-
tion and adhesion.7 Furthermore, human VWFpp binding to
equine collagen was not detected under either static or
microfluidic conditions.

While the VWFpp exhibits well-documented disulfide
isomerase activity in the acidic environment of the Golgi
to mediate the intermolecular disulfide linkages required for
VWF multimer assembly, at pH 7.4 in plasma there is no
evidence that a similar function is active (O. Rawley, VWFpp
function, personal communication, 2020).

Fig. 2 Intracellular and extracellular functions of the von Willebrand factor propeptide (VWFpp). VWFpp mediates VWF multimerization. The
primary role of the VWFpp is directing VWF multimerization. Multimerization involves a unique mechanism that requires the endogenous
oxidoreductase activity of the two vicinal disulfides (CGLC motifs) of the VWFpp. ProVWF dimers are disulfide linked to form higher-order
multimers through the formation of a transient intracellular disulfide bond between the VWFpp and the D′D3 domains of VWF. Once
multimerization is complete, VWFpp is cleaved by furin, and is stored as a dimer along with mature VWF in theWPBs. Potential role for VWFpp in
hemostasis. Although VWFpp is cosecreted with VWF fromWPBs, a definitive hemostatic role for VWFpp has not been described. However, given
its relative abundance at sites of vascular injury, potential functions may include anchoring VWF at the endothelial cell surface, tethering
platelets, or acting as a molecular bridge connecting adjacent VWF molecules to reinforce the hemostatic plug. VWFpp clearance. Following
secretion, VWFpp circulates in the plasma with a half-life of �2 hours. However, the mechanisms regulating VWFpp clearance remain poorly
understood. To date, studies have demonstrated that the scavenger receptor, stabilin-2, which is expressed on the liver sinusoidal endothelium,
is a major regulator of VWFpp clearance. There also appears to be a lesser contribution from the scavenger receptor SCARA5, and the
contribution of other clearance receptors such as CLEC4M is an area of active investigation.
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Most recently, we have examined the role of the highly
conservedmurine VWFpp in supporting platelet adhesion to
a collagen surface under arterial flow conditions (2,500 s�1).
These studies have demonstrated a supplementary role for
the VWFpp during the early stages of platelet adhesion and
have also shown that this function requires glycan additions
at Asn residues 156 and 666 (O. Rawley, personal communi-
cation, 2020). Amore detailed analysis of the imaging results
from these studies shows that the effect of the coexistent
VWFpp is to enhance the mass of the platelet thrombus that
develops. Further studies addressing the potential of
VWFpp’s facilitation of the initial hemostatic process are
now ongoing in murine in vivo models of hemostasis and
thrombosis.

For the various reasons listed previously, it seems logical
that the VWFpp should have some distinct extracellular
function following its release from its cell of synthesis.
Whether this is associatedwith similar hemostatic functions
to themature VWFmultimers or has an independent role in a
related “repair” process such as angiogenesis or wound
healing remains to be explored.

Clearance of the VWF Propeptide and Its
Role as Biomarker

While the biosynthesis of the VWFpp has been well docu-
mented and its presence in the plasma also well character-
ized, much less has been known about the clearance of
VWFpp from the circulation. In studies focused on murine
VWFpp, we have now shown that the sinusoidal scavenger
receptor, stabilin-2, that contributes significantly to the
clearance of mature VWF, also plays an important role in
VWFpp clearance.28 Infusion of VWFpp into VWF/Stab2
double knockout mice prolongs the half-life of VWFpp
fourfold compared with VWF single knockout mice and the
baseline plasma levels of VWFpp in Stab2 knockout mice are
significantly elevated (p<0.0001) compared with WT ani-
mals. We have also recently documented a contribution to
mouse VWFpp clearance by another scavenger receptor,
SCARA5, although the magnitude of this effect appears to
be minor.29 Importantly, and as highlighted in other parts of
this review, interspecies conclusions should be made with
caution, and despite the high level of homology between
mouse and human VWFpp AA sequences (86%), plasma
levels of VWFpp are not elevated in humans known to be
heterozygous for loss-of-function stabilin-2 variants.30

Whilewe are only very recently learning about the details
of howandwhere the VWFpp is cleared from the circulation,
measurement of VWFpp levels in plasma has been used for
several years as a biomarker of certain pathophysiologic
states. Concomitant increases in VWFpp and mature VWF:
Ag are found in situations of acute endothelial activation
such as thrombotic thrombocytopenic purpura, hemolytic
uremic syndrome, sepsis, and severe malaria.31 In contrast,
in conditions in which endothelial cell pathology is more
chronic in nature, only VWF is significantly elevated and not
VWFpp. Coincident elevations of VWFpp and VWF can also
appear with platelet activation, either as a preanalytical

variable due to blood sampling or processing artifacts, or
as a marker of pathological platelet activation.

The other instance in which VWFpp measurement has
gained acceptance for clinical purposes concerns the use of
the VWFpp/VWF:Ag ratio as a surrogate for VWF clearance
assessment. In healthy subjects, this ratio will be less than 3,
whereas in VWD patients with accelerated clearance of VWF
(in whom VWFpp clearance will be unchanged) the
VWFpp/VWF:Ag ratio will be increased, sometimes to greater
than 10.32,33 This VWF laboratory phenotype is a marker of
type 1C (clearance) VWD, of which the archetype example is
theVWDVicenza (p.Arg1205His) variant. In thesepatients, the
plasmaVWF levelsareusually0.10 to0.15 IU/mL, andalthough
they usually respond very well to desmopressin administra-
tion, with excellent VWF release from the endothelium (5- to
10-fold increments of VWF), the response is transient, with a
return to baseline levels by 4hours post-administration. This
response reflects the markedly reduced half-life of the multi-
mers containing the variant VWF (the phenotypemanifests in
heterozygotes) that can be as much as 10-fold shorter than
normal. Thus, in type 1C VWD patients, desmopressin may be
used for satisfactory hemostatic control for minor interven-
tions but not for major procedures.

Incorporation of VWFpp measurement has also been pro-
posedasanadjunctive test toclassifyotherVWDsubtypes, and
has been especially useful in differentiating severe type 1 from
type3disease.34,35VWFppmeasurement is routinelyachieved
via the enzyme-linked immunosorbent assay (ELISA) format.
Currently, however, there is little consensus on the specific
advantages of choosing one particular VWFpp ELISA over
another. Both commercially available and in-house VWFpp
ELISAs are currently utilized in the diagnostic setting, with
little evidence of differential performance.36

Therapeutic Considerations and the VWF
Propeptide

Whentherapeutic interventionsarerequired forVWDpatients,
they are usually prompted by a requirement to prevent or treat
bleeding. These interventions can be categorized into two
classes of agents—non-VWF hemostatic compounds and VWF
products.

The list of non-VWF agents that enhance hemostasis in
patients with deficient or defective VWF includes estrogenic
hormones, antifibrinolytic drugs, and desmopressin.37 Of
this list, we are only aware of changes to VWFpp induced
by desmopressin administration, following which there will
be a release of VWFpp that is equivalent to that of themature
VWF molecule. One might assume that estrogens, which
increase the plasma levels of VWF, also result in higher
plasma VWFpp levels, but this assumption has not been
verified.

The other principal mode of treatment for defects of VWF
involves infusion of VWF concentrates derived from either
plasma donations or, more recently, recombinant DNA tech-
nology.38 Extensive clinical evaluation of the plasma-derived
VWF concentrates available around the world indicates that
they are safe and generally very effective for preventing or
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treating bleeding where there is a deficiency or functional
defect of VWF. Only in certain clinical circumstances such as
recurrent gastrointestinal bleeding related to angiodysplasia
are there treatment failures with the appropriate dosing and
administration schedule of VWF concentrates.38

There have been claims that certain VWF concentrates
may provide enhanced hemostasis due to the presence of
higher-molecular-weight forms of VWF and this could cer-
tainly be a valid possibility for the recombinant VWF product
that has not been modified by prior exposure to ADAMTS13
at the time of infusion. However, to date, although these
claims have biological plausibility, there is only anecdotal
evidence to support the proposal that any one concentrate is
more clinically efficacious than another. Another related
issue to be kept in mind is that the VWFpp is coinfused
with the various plasma-derived VWF concentrates but is
virtually absent from the recombinant VWF product. If the
VWFpp does indeed have a supplementary hemostatic or
related biological role, this might be missing in treatments
involving the recombinant VWF product, although clinical
trials of this concentrate in a range of clinical contexts have
shown no evidence of reduced efficacy.39,40

Conclusion

Von Willebrand factor is a critical contributor to the body’s
hemostatic response, and pathological conditions involving
VWF are well documented to result in bleeding and throm-
botic outcomes. However, almost all of this knowledge has
focused on the functions associated with the mature VWF
subunit. While it is clear that the VWFpp plays a crucial role
in facilitating VWF multimer assembly in the Golgi, and in
the generation of and trafficking to WPBs, the fact that it is
secreted and circulates for 2 hours without an apparent
extracellular function remains mysterious and merits
further investigation.
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