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Abstract
During the past 25 years, our knowledge concerning the pathogenesis, diagnostic strategies and
treatment of von Willebrand disease (VWD) has increased significantly. Following the
immunological differentiation of factor VIII (FVIII) and von Willebrand factor (VWF) in the
1970s and the cloning of the FVIII and VWF genes in the mid-1980s, substantial progress has
been made in our understanding of this, the most common inherited bleeding disorder. We now
recognize that VWD represents a range of genetic diseases all with the clinical endpoint of
increased mucocutaneous bleeding. The molecular pathology of Type 2 and Type 3 VWD is now
comprehensively documented and involves rare sequence variants at the VWF locus. In contrast,
the genetic causation of Type 1 disease remains incompletely defined and in many cases appears
to involve genetic determinants in addition to or instead of VWF. The diagnostic triad of a
personal history of excessive mucocutaneous bleeding, laboratory tests for VWF that are
consistent with VWD, and a family history of the condition remain the keystone to VWD
identification. In the laboratory, measurement of VWF antigen and function continue to be the
most important diagnostic studies, and while our understanding of the molecular genetic pathology
of VWD has advanced considerably in the past decade, genetic testing as a component of
diagnosis is limited to certain distinct subtypes of the disorder. Treatment of VWD has been
relatively unchanged for the past decade and continues to involve either stimulation of the release
of intrinsic VWF with desmopressin or the infusion of VWF concentrates.
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Introduction
In 1926, the Finnish physician, Erik von Willebrand, described his seminal study of a large
family (Family S) in the Ǻland Islands, in whom excessive bleeding had resulted in the early
hemorrhagic deaths of several children [1]. Most famously, the index case in this study,
Hjördis, one of seven sisters of whom five had bleeding symptoms, presented at the age of
five years with recurrent epistaxis, bleeding from her lips and following tooth extractions. At
the age of three years, she had bled for three days from an injury to her lip. Then, at age 14,
Hjördis bled to death at the time of her fourth menstrual period.
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During these investigations, von Willebrand recognized that the pattern of bleeding and the
fact that both men and women were affected by the condition, differentiated this condition
from classical hemophilia. Subsequent infusion studies of Cohn fraction I from human
plasma in the 1950s confirmed that a novel plasma coagulation factor was missing in the
Ǻland Island kindred [2], and in 1971 von Willebrand factor (VWF) was first detected
immunologically [3].

Recent Historical Perspectives of von Willebrand Disease
Following the immunological characterization of VWF in the early 1970s, it soon became
apparent that the clinical features of VWD were associated with a miscellany of laboratory
abnormalities reflecting a significant heterogeneity at the level of VWF structure/function
[4] . Then, in 1985, four groups simultaneously cloned the VWF gene and set in motion the
next 25 years of investigation into the molecular pathology of VWD [5–8]. These studies
have included several updates to the classification of VWD [9] and a progressive
improvement in our understanding of the pathogenetic mechanisms underlying the disorder.
Finally, following the production of several generations of plasma-derived VWF
concentrates and the discovery that the synthetic vasopressin analogue, desmopressin, can
stimulate the release of stored VWF [10], we are now witnessing the development of
recombinant forms of VWF for treatment in VWD.

With this brief historical background, the aim of this review will be to highlight new
information concerning basic, laboratory and clinical aspects of VWD that have derived
from large VWD population studies performed in the last few years. The two specific areas
that will be discussed in detail in this review will be VWD pathogenesis and diagnosis.

von Willebrand Disease Pathogenesis
von Willebrand disease is a genetic disorder and thus, the major contributor to the phenotype
in VWD concerns variations in the genome. With our current understanding of genetic
causation, one can regard VWD as exhibiting a diverse array of genetic pathologies ranging
from clear examples of monogenic dominant and recessive traits to the more common
incompletely penetrant and variably expressed complex trait that is type 1 VWD. In terms of
pathogenetic mechanisms, VWD can be thought of as the hemostatic equivalent of the
globin pathologies responsible for the quantitative diseases seen in the thalassemias (ie.
Types 1 and 3 VWD) and the qualitative hemoglobinopathies (type 2 VWD).

Acquired/Environmental Determinants of Plasma VWF Levels
Before describing details of the recent advances in understanding the genetic pathology of
VWD, it is worthwhile to summarize knowledge pertaining to acquired, environmental
factors that influence VWF. von Willebrand factor is one of several hemostatic proteins
(FVIII, fibrinogen and plasminogen activator inhibitor-1 being the others) that respond as
acute phase reactants. Increases of approximately 3-fold in VWF plasma levels are routinely
seen in subjects suffering from bacterial and viral infectious diseases with elevated levels
persisting for 1–2 weeks during the period of infection [11]. Long-term elevations of VWF
can also accompany disorders in which chronic endothelial damage occurs such as diabetes.
In contrast, acute transient elevations of VWF (between 2 to 4-fold) can be seen following
episodes of increased physical activity and following epinephrine infusion, a phenomenon
that reflects a secretion/release response mediated through beta adrenergic receptor signaling
as opposed to increased de novo synthesis [12,13]. Chronic elevations of VWF (2 to 3-fold)
are also seen in patients with hyperthyroidism, where again a beta adrenergic receptor-
mediated mechanism has been implicated [14]. In contrast, hypothyroidism is associated
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with a reduction of VWF (15–45% levels) that reverts to normal with thyroid hormone
replacement [15].

Von Willebrand factor levels also increase in response to increasing levels of estragens as
seen with the use of the oral contraceptive and hormone replacement therapy and during
pregnancy, in which plasma levels of VWF can often reach 300–400% at term [16,17].
Details of the molecular mechanistic basis for these significant changes in VWF synthesis
remains unexplained.

Another significant factor that influences the plasma level of VWF is age. Throughout life,
VWF levels show a gradual increase of approximately 1–2% per year. This increase has
been well documented in large populations of normal subjects [18,19] and has also been
observed in patients with type 1 VWD in whom an age-related rise in VWF results in the
eventual resolution of the quantitative deficiency state that characterizes this disorder. Once
again, the mechanisms underlying these age-related changes are unknown.

Genetic Determinants of von Willebrand Factor Levels and Function
In the past decade, the assessment of genetic factors that influence both quantitative and
qualitative characteristics of VWF has progressed significantly. These studies have involved
the investigation of two types of population: patients with von Willebrand disease and
healthy individuals. While the genetic basis for VWD has been a productive focus of activity
for the past two decades [20], the incorporation of genetic information from large
populations of healthy subjects is a relatively new experimental approach. These latter
studies have been made possible through the development of new genomic methodologies
such as genomewide association studies (GWAS) and next generation sequencing strategies.
Twin studies have indicated that plasma VWF levels are strongly influenced by genetic
factors, with heritability values between 60–75% [21–23]. Recent evidence derived from
GWAS and more focused genetic association studies in healthy subjects suggest that there
may be many genetic variances that in combination determine the plasma VWF level in
healthy individuals. By extension, these same genetic variants may act as either modifiers of
the phenotype in VWD or alternatively, rare variants at the same loci may sometimes be the
primary pathogenetic changes in VWD.

This discussion of genetic determination of VWF pathobiology will be divided into two
sections: the first dealing with the VWF gene and the second section relating to genetic
variants at other non-VWF loci.

Variation at the VWF Locus Resulting in Qualitative VWD Subtypes
Qualitative subtypes of VWD encompass types 2A, 2B, 2M and 2N disease. The genetic
pathology underlying these traits has been very well characterized during the past two
decades by work from many groups, but especially by the French INSERM Network on
Molecular Abnormalities in VWD [24]. In aggregate, these VWD subtypes constitute
approximately 25% of all VWD cases.

To date, all cases of VWF functional pathology have demonstrated genetic changes at the
VWF locus, with one interesting exception, the case of platelet-type VWD where the
causative mutations are located in the GPIBA gene [25] – (Figure 1).
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Von Willebrand Factor Mutations Resulting in Reduced Platelet Binding
Capability: Types 2A and 2M VWD

von Willebrand factor plays a key role in mediating platelet adhesion to the exposed
subendothelium of a damaged vessel wall. To perform this function effectively, the
circulating VWF must possess high molecular weight multimers (HMWMs) and the
structure and configuration of the glycoprotein Ib binding region in the A1 domain must be
normal.

The absence of HMWMs can result from either a failure in the VWF biosynthetic process
(failure to form VWF dimers and/or multimers), so called Group I Type 2A VWD mutations
[26] or the synthesis of a VWF molecule that is more susceptible to ADAMTS13-mediated
cleavage (Group II, Type 2A VWD mutations) [27] (Figure 2). Approximately 75% of the
73 different type 2A VWD mutations are located in exon 28 of the VWF gene and most
often involve missense substitutions in the A2 domain of the protein (see ISTH-SSC VWF
Online Database at http://www.vwf.group.shef.ac.uk/. Accessed on January 3rd 2012).
Several of these mutations are frequent and recurrent (ie. R1597W and S1506L). These
mutations in the A1 domain result in either an abnormal protein structure that interferes with
VWF multimer assembly (Group I mutations) or in an A2 domain conformation that enables
enhanced ADAMTS13-mediated proteolysis (Group II mutations). In addition to the
predominant A2 domain Type 2A mutations, ∼10% of mutations are located in the VWF
propeptide or in the N terminus of the mature subunit and interfere with multimer formation,
while a further ∼10% of Type 2A variants are localized in the C-terminal dimerization
domains.

In Type 2M VWD, the VWF has a normal complement of HMWMs, but a reduced
capability for binding to platelets due to changes in A1 domain structure and configuration
[28]. Approximately 90% of Type 2M mutations involve missense substitutions in the A1
domain- encoding region of exon 28. Indeed, the few non-A1 domain variants listed in the
VWF mutation database may well be misclassified [29]. Detailed structural analysis of the
location of Type 2M missense substitutions indicates that they are located at or very close to
the site of contact with the beta switch region of the glycoprotein Ib alpha receptor [28].

Mutations Resulting in VWF with Enhanced Platelet Binding Capability:
Type 2B VWD

von Willebrand factor binds to the platelet GPIb alpha receptor through its central A1
domain. As discussed above, loss-of-function variants in this region result in Type 2M
VWD, whereas gain-of-function mutants produce a Type 2B phenotype in which HMWMs
of VWF are missing from the plasma and the mutant protein binds platelets in the absence of
any facilitating factor [30].

To date, approximately 26 different Type 2B VWD mutations have been described, all in
exon 28 of the VWF gene and all affecting the structure of the VWF A1 domain in such a
way as to mimic the physiologically activated state of this GPIb alpha binding domain.
Several of the Type 2B missense mutations are frequent and recurrent (ie. R1306W,
V1316M and R1341Q), and there is a good correlation between specific 2B variants and
phenotypic characteristics such as thrombocytopenia and clinical bleeding [31]. While the
origin of most of these mutations has not been established, and most are found in families
known to transmit the mutations, at least one case of germinal mosaicism for a Type 2B
mutation has been described [32].
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Platelet-Type von Willebrand Disease Mutations
To date, the only evidence of locus heterogeneity for a qualitative VWF trait concerns the
mutations described at the GPIBA locus that result in a glycoprotein Ib alpha receptor with
enhanced binding capability for the VWF A1 domain. This phenocopy appears to be
significantly less frequent than Type 2B mutants and only four mutations have been
documented to date to result in a gain-of-function GPIb receptor. These mutations involve
three missense substitutions in the glycoprotein Ib alpha, beta switch region (two different
mutations at codon 233 and one at codon 239) and a 9 amino acid deletion mutant in the
receptor’s macroglycopeptide domain [25, 33–36]. Presumably all of these changes stabilize
the beta switch region of the receptor in the activated, VWF binding conformation [37,38].

Mutations Resulting in Reduced Collagen Binding
Rather surprisingly, given the central hemostatic role of VWF binding to subendothelial
collagen, there have only been four missense variants (S1731T, W1745C, S1783A and
H1786D) that adversely affect this interaction and result in a mild bleeding phenotype [39–
41]. The index cases are all heterozygous for these variations.

All four of these mutations are located in the collagen binding A3 domain of VWF and
laboratory analysis shows that they exhibit variable binding deficits to collagens I and III.
Currently, these mutations are classified as Type 2M VWD, although pleas have been made
to assign these cases to their own distinct subtype.

Mutations Resulting in Reduced Factor VIII Binding: Type 2N VWD
The second important hemostatic function of VWF is as a carrier protein for factor VIII
(FVIII). The region of VWF involved in this function, encompasses the N-terminal D’/D3
domains of the mature VWF monomer.

Approximately 25 different Type 2N VWD mutations have now been described, all
affecting the structure of the FVIII binding region of the protein [42,43]. Rarely, these
mutations interfere with cleavage of the VWF propeptide, which then sterically hinders
FVIII binding. However, most of the 2N mutations are missense substitutions in the VWF
D’ and D3 domains and the phenotype is recessive in nature. Significant numbers of
homozygous and compound heterozygous Type 2N cases have been documented, with, in
particular, an important contribution from individuals in whom there has been co-inheritance
of a 2N and null VWF allele. As with most of the qualitative VWF variants, Type 2N VWD
demonstrates good genotype/phenotype correlations. Thus, the common R854Q mutation is
associated with a mild phenotype and FVIII levels of approximately 25%, while both the
recurrent T791M and R816W mutations result in FVIII levels of <10%.

Inheritance Patterns of Qualitative VWF Variants
Almost all of the mutations resulting in Types 2A, 2M, 2B and platelet-type VWD show
classical dominant inheritance patterns (there are rare cases of recessive 2A disease), with
complete penetrance and minimally variable expressivity (Figure 3). Given the rarity of
these conditions there is no documentation of homozygous cases of any of these phenotypes,
although mouse models of 2A and 2B VWD suggest that, at least for these traits, the
mutations are indeed dominant and not co-dominant variants [44,45]. In contrast, all cases of
Type 2N disease are recessive in nature, as described in detail above.
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Severe Quantitative von Willebrand Factor Mutations: Type 3 VWD
Type 3 VWD is the most severe and infrequent form of the disease. The prevalence of Type
3 disease ranges from 0.5 to 4 per million, and varies significantly depending upon factors
such as the rates of consanguinity in different geographies.

The Type 3 VWD phenotype is characterized by undetectable levels of VWF, and FVIII
levels that are usually <10% [46]. In accord with these laboratory findings, patients with
Type 3 VWD usually demonstrate a more severe clinical phenotype than those with other
VWD subtypes.

Type 3 VWD is a recessive trait with all affected subjects being either homozygous or
compound heterozygous for mutations at the VWF locus. To date, there is no evidence of
locus heterogeneity for type 3 disease.

The first group of mutations described to result in Type 3 VWD comprised of large total and
partial VWF deletions [47,48]. In addition to demonstrating the typical severe Type 3
clinical phenotype, some of these patients had also developed anti-VWF antibodies
following replacement therapy with VWF concentrates, a treatment-associated complication
that occurs in approximately 5% of patients with this disorder.

The ISTH-SSC VWF online database currently lists 131 VWF mutations associated with
Type 3 disease. This listing includes a wide array of mutation types including 26 nonsense
(20% of total) and 27 different missense substitutions (20% of total) [49,50]. These latter
variants likely result in the Type 3 phenotype through a variety of mechanisms involving
abnormal biosynthetic processing, packaging and protein secretion [51]. However, it should
be emphasized that details of the pathogenetic mechanisms for the majority of Type 3
missense alleles remain unresolved.

In addition to the large number of discrete mutations causing Type 3 disease, approximately
10% of the causative variants represent partial and total VWF gene deletions. In some
instances, such as the recently described exon 4–5 deletion, where the mutational
mechanism involves an Alu repeat-mediated unequal homologous recombination event, the
deletions are recurrent in nature and represent a significant proportion of the Type 3 alleles
in specific populations [52,53]. The prevalence of partial deletion alleles in Type 3 disease
signifies that it is important for any mutation screening approach to include a methodology,
such as ligation-mediated probe amplification, that will detect heterozygous deletion events.

In the Type 3 VWD populations that have been tested for mutations to date, >90% of the
causative variants have been identified. Nevertheless, in all of these populations, there are
still cases in which there are missing pathogenic alleles. With the advent of re-sequencing of
the VWF locus, it will be interesting to see if these cases harbor intronic mutations or distant
regulatory alleles that contribute to the severe phenotype.

Mild/Moderate Quantitative VWF Mutations: Type 1 VWD
The least well characterized, and easily most complex form of VWD is also the most
common subtype, Type 1 VWD [54]. Approximately 75% of VWD cases fall into the
category of Type 1 disease and thus most of the 1 per 1,000 prevalence of VWD relates to
this condition.

While Type 1 VWD is classified in older text books as a monogenic dominant trait, there is
a growing appreciation of the fact that the disorder represents a complex trait in which
several (and possibly many) genetic influences interact with acquired factors to result in a
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low plasma level of functionally normal VWF. As VWF levels fall from the lower end of the
normal range of 50% to less than 10% there is evidence from recent studies that there is a
gradient of increasing influence of pathogenic VWF mutations [55,56]. To further
complicate the genetic characterization of Type 1 disease, the condition shows incomplete
penetrance and variable expressivity of some disease-causing alleles. All of these issues
have combined to generate significant controversy about the definition of Type 1 VWD and
this issue will be further addressed in the next section on VWD diagnosis.

The recent large population studies of Type 1 VWD have all shown several common
features concerning the pathogenetic details of the condition [55–58] (Figure 4): first,
putative causative variants can be identified in approximately 65% of cases when the VWF
proximal promoter, exons and splice boundaries are screened. The proportion of cases that
demonstrate positive results increases as the Type 1 phenotype becomes more severe.
Secondly, the disease demonstrates very significant allelic heterogeneity with >100 different
mutations already described in the first four Type 1 VWD genetic studies. Thirdly, the most
prevalent mutation type involves missense variants, although the precise pathogenic
mechanisms involved in these cases, with rare exceptions, remains unresolved. Fourth, in
approximately 15% of index cases, more than a single candidate VWF variant is present.
Finally, as is becoming increasingly evident in many complex genetic traits, the distinction
between pathogenic mutations and benign polymorphisms is often far from straightforward.

Two of the most frequently encountered Type 1 mutations, Y1784C and R1205H, illustrate
the diversity of genetic characteristics and range of pathogenic mechanisms associated with
this condition.

The Y1584C mutation has been identified in all Type 1 VWD populations examined to date
and appears to be a frequent recurrent cause of this phenotype [59]. In the Canadian and UK
studies this variant accounted for 14 and 25% of the Type 1 VWD alleles respectively
[55,57]. In the common heterozygous state, Y1584C is associated with a VWF level of
approximately 40%, whereas in rare homozygous subjects the VWF levels have been
significantly lower at approximately 25%, suggesting a co-dominant mode of inheritance.
This mutation, like many mild Type 1 VWD variants is often co-inherited with blood group
“O”. This association will be discussed in more detail below. The phenotype associated with
Y1584C is penetrant in approximately 70% of subjects who inherit the mutation. In terms of
pathogenic mechanisms, in vitro analysis and evaluation of a mouse model of the mutation
suggest that a combination of impaired biosynthesis and enhanced ADAMTS13 proteolysis
contribute to the phenotype, although the latter effect is insufficient to justify re-
classification of this variant as Type 2A VWD [59,60].

In contrast to the Y1584C mutant, R1205H, another recurrent missense mutation found in
approximately 3% of Type 1 populations, is fully penetrant and always associated with a
fairly severe phenotype, with VWF levels of 10–15% in heterozygotes [61]. Once again, the
pathogenic mechanisms associated with this variant appear complex and involve evidence of
accelerated clearance [62] and, in some instances, an abnormal multimer profile that may be
secondary to the rapid clearance of the protein [63].

Other missense variants found in the Type 1 VWD population pose additional questions. For
example the prototypic Type 2N mutation, R854Q, has been found repeatedly in the
heterozygous state in type 1 VWD populations, but in these Type 1 patients it is associated
with a quantitative VWF phenotype and not with disproportionately low FVIII levels. This
finding remains unexplained. The R924Q variant is another missense substitution found
with a prevalence of approximately 5% of Type 1 patients [55]. However, in vitro analysis
of this mutant VWF has shown no evidence of biosynthetic changes and no changes to the
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multimer profile or rate of clearance. Thus, to date, it seems that R924Q may be a
polymorphism that marks the causative variant that is located in an adjacent region of the
VWF locus [64].

Another group of candidate mutations identified during the initial search of Type 1 VWD
populations has involved a series of variants in the proximal regulatory region of the VWF
locus. However, as with most of the candidate missense mutations identified in these
studies, the mechanistic proof that these variants adversely affect transcription of the VWF
gene is lacking. This proof has however been generated for a 13 bp deletion mutation that
disrupts binding of an Ets transcription factor to the proximal promoter and significantly
reduces transcriptional activity of a reporter transgene [65].

While the pathogenic mechanisms of most Type 1 VWD variants remain unresolved, recent
evidence suggests that, at least for those that adversely affect biosynthesis, the examination
of patient-derived endothelial cells (circulating progenitor cells that can be derived as blood
outgrowth endothelial cells) may shed some light onto abnormalities in VWF trafficking,
sorting into storage organelles and regulated secretion. Preliminary studies using this
approach have already shown abnormal Weibel-Palade body formation and intrinsic VWF
secretion in a few Type 1 missense variants [66]. These abnormalities are also pertinent to
recent observations that additional non-VWF loci that play a role in vesicular trafficking and
exocytosis may be important contributors to the Type 1 VWF phenotype. Finally, evidence
of an accelerated clearance phenotype has also now been demonstrated for approximately
15% of Type 1 VWD cases [67,68] a finding that again pertains to some of the newly
identified non-VWF loci associated with VWF levels (Figure 5).

While candidate mutations have not been found in approximately 35% of all Type 1 VWD
cases, of particular note, a few cases of relatively severe Type 1 disease (with VWF levels
<25%) have demonstrated no mutations. In these cases, sequencing of the full VWF gene
may identify causative intronic variants or more distant regulatory sequence mutations.
Finally, and of direct relevance to the next section of this review, these cases may harbor
mutations at alternative genetic loci that contribute to VWF synthesis, secretion and
clearance.

Non-VWF Genetic Loci Involved in Quantitative VWF Trait Determination
While the phenotypes of Type 2 and 3 VWD are essentially monogenic traits with all of the
influence derived from variation at the VWF locus, the quantitative trait represented by Type
1 VWD is increasingly recognized to be affected by changes at other genes and also by
acquired environmental influences.

The best documented and most influential genetic modifier of VWF levels is the ABO blood
group system. It has been known for several decades that subjects with blood group “O”
have VWF levels that are approximately 25% lower than subjects with non-O blood groups
[69]. This effect is also seen as a major contributor to mild cases of type 1 VWD where the
co-inheritance of blood group “O” appears to play an important pathogenic role. Thus, in the
Canadian Type 1 VWD study, the prevalence of blood group “O” in Type 1 index cases with
VWF levels of >30% was 66%, whereas in cases where the VWF levels were <30%, blood
group “O” was found in 50% of patients, a prevalence that reflects that found in the general
Canadian population [55]. Studies of the influence of the ABO system on VWF levels
indicate that this is the single most important genetic modifying factor for this trait,
accounting for approximately 30% of the variability. Subsequent recent confirmation of the
importance of the ABO system has come from genome-wide association studies (GWAS)
where the statistical significance of association has been calculated to be as high as p< 5 ×
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10−342 [70]. The mechanism underlying the influence of the ABO glycan effect relates to the
fact that approximately 13% of the N-linked glycan structures on VWF possess ABO
antigens [71]. This post-translational modification, in turn influences the differential
clearance of VWF, with group “O” VWF being cleared significantly faster than non-group
“O” protein [72].

The role of other genetic loci as contributors to plasma VWF levels is now a subject of
ongoing studies. Recent genome-wide and more focused association studies have identified
several candidate loci that demonstrate both strong statistical association and have biologic
plausibility for regulating VWF levels. In particular, the large CHARGE GWAS meta-
analysis has identified several novel loci that show strong statistical associations with VWF
levels that were reproduced in independent discovery and replication populations (Figure 6).
Two of these novel loci, syntaxin 2 and syntaxin binding protein 5, are involved in vesicular
trafficking and exocytosis, while three clearance receptor genes (Stabilin-2, C-type lectin
domain family 4, member M and Scavenger receptor class A, member 5) were also found to
be strongly associated with plasma VWF levels [70]. These initial studies therefore suggest
that a number of novel genetic loci may contribute to both the biosynthetic and clearance
behavior of VWF, although much remains to be learnt about the details and
(patho)physiological significance of these effects. Of note, in interpreting the results from
these large genetic association studies, it is important to keep in mind that all of these
analyses have been performed in populations of healthy subjects. In these study groups, the
individual contributions of each one of the loci to the variance in VWF levels is very small
(∼1–3%), but the distinct possibility exists that rare variants at these same loci may act as
either more significant genetic modifiers of the Type 1 VWD phenotype or even possibly as
the primary pathogenic mutations (Figure 7).

The final and most recent piece of information relating to genetic modifiers of VWF levels
also derives from genetic association studies but, in this instance, reverts to the VWF gene
itself. In two recent association studies of VWF levels in healthy subjects, SNPs within the
VWF gene again showed a strong association with VWF levels but both studies documented
that this effect was only seen with SNPs located in the region of the gene that encodes the
amino-terminal domains of the VWF monomer – ie. The D’ and D3 domains [73,74]. The
significance of these observations requires further study, but may indicate that variants in
this region of the protein which in addition to regulating FVIII binding is also crucial for
multimer generation may play a role in determining VWF plasma levels through an
influence on biosynthesis and/or clearance.

The Diagnosis of von Willebrand Disease: Conclusions from Recent VWD
Population Studies

It is not the intent of this review to revisit details of the diagnostic process for VWD. This
has been very well discussed in other recent reviews and consensus documents and has not
changed appreciably in the last five years [9,75]. However, the results of the recent large
population studies have highlighted several diagnostic points that merit brief presentation.
Overall, a conclusion that is hard to avoid is that while most of the Type 2 variants and Type
3 VWD are relatively easy to diagnose, the diagnostic certainty for Type 1 disease often
remains problematic and may be inherently impossible to simplify.

First to consider is the assessment of the clinical bleeding phenotype. The recent population
studies employed different strategies to determine the bleeding phenotype in the study
subjects. However, over the past 5–10 years there has been a progressive realization that
objective, quantifiable scoring systems for mucocutaneous bleeding may facilitate the
identification of clinical bleeders and also provide an estimate of the severity of the
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phenotype [76,77]. While these tools were initially devised for the assessment of bleeding in
adults [78], recent evidence suggests that, with minimal revision, they can also prove useful
in children [79]. Whether these bleeding assessment tools will have a significant impact
upon the diagnostic definition of VWD remains to be seen, but at the very least, they
provide a more objective measure of a bleeding tendency that can be easily communicated
between health care professionals.

The second issue that warrants attention is the differentiation between Type 1 and certain
forms (most often Type 2A) of qualitative VWD variants. These distinctions have usually
involved demonstration of subtly abnormal VWF multimer patterns that have been
generated by expert laboratories but are quite likely to be missed by most routine hemostasis
laboratories [80]. Interestingly, when evaluated for VWF mutations as a group, the rate of
positivity in these cases is close to 100%. Whether the re-classification of these cases as
Type 2A variants is clinically useful is debatable, as in most cases, the therapeutic approach
will still involve an initial trial of desmopressin.

The final issue that has been highlighted by the recent population studies is the uncertainty
of a historical diagnosis of Type 1 VWD. The issue of when to assign this diagnostic label
was initially raised in a Blood “Perspectives” article several years ago [81], and the
controversy still resonates in the hemostasis community, despite comprehensive attempts to
provide a definitive resolution [75]. The problem is unfortunately likely to be irreconcilably
complex, involving, as it does, a continual quantitative variable (VWF plasma level), and
both transient and progressive permanent variances to this level. The progressive influence
of age on VWF levels (approximately 1% increase/year) makes the diagnosis of Type 1
VWD especially challenging in children, in whom exposure to bleeding events may also
limit the potential for evaluation of the bleeding phenotype. These issues explain, at least in
part, the 1–2% prevalence of VWD described in two earlier studies of children [82,83].
Recent guidelines have been proposed to facilitate the diagnosis but there will always be
individuals in whom the diagnosis is tenuous and may change over time. An additional
inevitable conclusion from the recent large genetic studies of this trait is that the extreme
allelic heterogeneity and lack of identifiable candidate mutations in approximately 35% of
Type 1 VWD cases makes the incorporation of genetic testing to assist in making this
diagnosis very difficult to justify.

Concluding Summary
As the most common inherited bleeding disease, VWD has attracted significant interest from
the basic science and clinical hemostasis communities over the past several decades. In the
past five years, advances have been made in characterizing the genetic determinants that
influence the complex quantitative trait, Type 1 VWD. Prior to then, the molecular
pathology of the Type 2 VWD variants and of Type 3 VWD had already been
comprehensively described. While some advance in our pathogenetic understanding of Type
1 VWD has clearly been achieved, the diagnostic challenges presented by this trait persist.
Finally, the therapeutic options that are already safe and usually very effective at preventing
or treating bleeding in VWD have not changed appreciably in recent years, apart from the
arrival of a recombinant VWF concentrate in the clinic [84]. There is no doubt that much
more needs to be learnt about the natural and pathological life cycles of VWF, and the recent
large scale genetic studies have provided excellent starting points for these future
investigations.
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Figure 1.
Location of the missense mutations resulting in type 2 VWD.
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Figure 2.
Pathogenetic mechanisms resulting in Type 2A VWD.
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Figure 3.
The genetic characteristics of von Willebrand disease subtypes.
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Figure 4.
Summary of key findings in the four recent Type 1 VWD genetic studies.
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Figure 5.
The life-cycle of von Willebrand factor from gene expression to receptor-mediated
clearance. Pathogenic mechanisms localized to any of these processes can result in a
reduction in plasma VWF levels.
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Figure 6.
Novel non-VWF genetic loci characterized in the recent CHARGE genome-wide association
study meta-analysis as being associated with plasma levels of VWF.
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Figure 7.
A model for the influence of rare and frequent genetic variants on the levels of VWF.
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