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1 ABSTRACT
Von Willebrand disease (VWD) is an inherited bleeding disorder due to
quantitative or qualitative defect of von Willebrand factor (VWF). The bleeding
symptoms of affected patients range from mild spontaneous mucocutaneuous
bleeds to severe gastrointestinal, intra-articular, trauma- and surgeryassociated bleeds. The reasons behind this intriguing variance of bleeding
tendency are not well understood. This thesis aims at characterizing VWF in a
cohort of VWD patients by means of phenotypic and genotypic studies and
global coagulation tests, with specific focus on platelets and their VWFdependent functions. These features were characterized in two patient groups:
type 3, the most severe form of VWD with absent VWF (studies I to III), and in
a group of patients who carry a historical diagnosis of any type of VWD (study
IV).
In study I, we reported the clinical features and focused on the molecular
analysis of the VWF gene in 10 Finnish patients with type 3 VWD. In study II,
type 3 was further characterized in 9 patients in the laboratory by evaluating
the clotting capacity by thrombin generation assay in the presence and absence
of platelets before and after VWF therapy. Thrombophilia screen and natural
anticoagulants were also measured. Finally, platelet expression of P-selectin
and phosphatidylserine were investigated by means of flow cytometry. To cover
the spectrums of treatment challenges encountered in VWD, a case report of a
patient with anti-VWF alloantibodies and its management in an acute setting is
presented (study III). Study IV included 83 subjects who carried a historical
diagnosis of VWD, diagnosed median 20 years ago. All patients were evaluated
according to present guideline recommendations and additionally, we assessed
whole blood platelet aggregation using Multiplate® and function using PFA100®.
In study I, we discovered that two main mutations of VWF, c.2435delC and
c.4975C>T, account for 85% of the genetic defects of our Finnish type 3 VWD.
Even though the genetic background was homogenous, the clinical expression
varied. Among our patients, some had severe bleeding tendency and received
regular VWF prophylaxis while others had only low spontaneous bleeding
rates. Out of patients included, 30% (study I) and 44% (study II) had relatively
mild bleeding phenotype and received only occasional on-demand therapy. In
study II, we showed that these type 3 patients expressed less than 50% of
normal thrombin generation (TG) capacity in plasma, and TG was dependent
on FVIII levels. However, in platelet-rich plasma, TG was close to normal,
suggesting a compensatory role for platelets. The specific mechanisms behind
this remain unraveled, with enhanced platelet P-selectin and
phosphatidylserine expression demonstrated in individual patients. No
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thrombophilic traits or other clotting factor abnormalities compensating for
the VWF-induced coagulation defect were discovered.
Study III describes the management of a 49-year old woman with type 3
VWD and a history of anti-VWF alloantibodies. Following an elective
colonoscopy with biopsy, she suffered from extended life-threatening
gastrointestinal bleeding. The administration of intravenous immunoglobulin
infusions appeared to eliminate the alloantibody, and the patient was
successfully treated with VWF therapy.
In study IV, the historical VWD diagnosis was confirmed 93% of type 2 and
3 cases, but only in 26% of type 1. Current guidelines have lowered the cut-off
values of VWF for VWD and introduced the term ‘low VWF’ for patients with
borderline VWF levels, and indeed laboratory results indicated low VWF for
26% of our historical type 1 patients. However, 47% of historical type 1 patients
had currently normal VWF and FVIII. Other coagulation defects, such as mild
platelet function disorders were discovered in individual subjects. Out of
historical type 1 patients, 21% had a normal bleeding score, indicating clinically
insignificant bleeding phenotype. As a conclusion, the bleeding symptoms of
patients who carry historical type 1 VWD diagnosis are not always explained by
VWF deficiency. VWD was associated to abnormal whole blood platelet
aggregation and function, depending on the type of VWD and associating also
to the severity of bleeding symptoms. With these rapid methods, confirmation
of VWD diagnosis can be performed promptly in the laboratory.
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4 ABBREVIATIONS
ADP

adenosine 5-diphosphate

APTT

activated partial thromboplastin time

AUC

area under the curve

AVWS

acquired von Willebrand syndrome

BAT

bleeding assessment tool

BS

bleeding score

CAT

calibrated automated thrombogram

CFT

clot formation time

CT

closure time

EPI

epinephrine

ETP

endogenous thrombin potential

F

coagulation factor

FVIII:C

factor VIII coagulant activity

GI

gastrointestinal

GPIbα

platelet glycoprotein Ibα

GP IIb/IIIa

platelet integrin αIIbβ3

HMWM

high-molecular-weight multimers

IVIG

intravenous immunoglobulin

MCF

maximal clot firmness

HGVS

Human Genome Variation Society

PC

protein C

pd

plasma-derive

PPP

platelet-poor plasma

PS

protein S

PRP

platelet-rich plasma

PFA

platelet function analyser

ppVWF

von Willebrand factor propeptide
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ROTEM

rotational thromboelastometry

RIPA

ristocetin-induced platelet aggregation

TFPI

tissue factor pathway inhibitor

TF

tissue factor

TEG

thromboelastography

TG

thrombin generation

TXA

tranexamic acid

VWD

von Willebrand disease

VWF

von Willebrand factor

VWF:Ag

von Willebrand factor antigen

VWF:RCo

von Willebrand factor ristocetin induced activity

VWF:CB

von Willebrand factor collagen binding

VWF:GPIbM

von Willebrand factor activity by glycoprotein Ib
binding assay
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5 INTRODUCTION
Von Willebrand disease (VWD) is an inherited bleeding disorder, first
described by Finnish internist Erik von Willebrand in 1926 (von Willebrand,
1926). He reported a novel bleeding disorder in a large family from Föglö on
the islands of Åland. The index case, a 5-year old girl, Hjördis, had severe
mucosal bleeding symptoms. Twenty-three out of Hjördis’ “family S” of 66
were also affected and four of Hjördis’ sisters had died between the ages of 2 to
4 due to uncontrolled bleeding. Unlike the x-chromosomal inheritance seen in
hemophilia, in this new bleeding disorder both sexes were affected and
mucosal bleeding was the dominant symptom. In a landmark publication, Erik
von Willebrand concluded in 1926 that the disorder occurred due to combined
platelet dysfunction and a defect of a vessel wall and named it “hereditary
pseudohemophilia” (Lassila et al., 2013). In 1934, the index case Hjördis bled
to death following her fourth menstrual period at the age of 14.
The cause of VWD was discovered later. In the 1950s it was demonstrated
that these patients display reduced FVIII activity. However, it was only in the
1970s that it became clear that the cause of this bleeding disorder was
deficiency or dysfunction of FVIII-associated plasma protein named as von
Willebrand factor (VWF) (Stites et al., 1971, Zimmerman et al., 1971). VWF has
central role both in primary hemostasis mediating platelet adhesion and
aggregation, and also in secondary hemostasis, as VWF is the carrier protein
for FVIII (Sadler 1998). Quantitative deficiencies (type 1 and 3) or dysfunction
(type 2) of VWF lead to VWD.
Two Swedish scientists and pioneers, Inga-Marie Nilsson and Margareta
Blombäck, were first to treat VWD by human plasma fraction (Nilsson et al.,
1957). They also visited the Åland Islands in 1957, 1977 and 1990s and
examined the family members of the original “family S”. They confirmed that
the family carried a deletion in exon 18 of VWF (c.1668delC), leading to
lowered VWF levels (Nilsson 1999, Blombäck 1999, Zhang et al., 1993). Hjördis
had inherited this defect from both of her parents, and indeed had the most
severe form of the disease (type 3).
Clinical features of VWD are heterogeneous. Mucocutaneous bleeds,
epistaxis, post-surgical bleeds, menorrhagia and delivery related bleeds are
common among affected adults (de Wee et al., 2012). Typical for VWD is the
generalized bleeding tendency presented from multiple sites. However,
bleeding symptoms can be present also in normal population and the
distinction between type 1 VWD and a healthy individual with mild bleeding
symptoms is not always straightforward. VWF levels show wide variation
among both healthy individuals and also affected patients, and VWF laboratory
tests are not infallible (Favaloro et al., 2018). Symptomatic patient with low
VWF not fulfilling the actual VWD criteria may or may not be diagnosed and
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treated as having VWD, depending on the physician (Flood et al., 2016). During
the past years, hematologists have been advised not to overdiagnose type 1
VWD, and Sadler provocatively called VWD type 1 `a diagnosis in search of a
disease` (Sadler 2003).
The bleeding symptoms are usually more prominent in severe VWD (type 2
and type 3) and the initial diagnosis by laboratory analysis is more
straightforward. However, optimal treatment with VWF replacement therapy
and management of these patients is often challenging under several
circumstances. As a treatment complication, 5-10% of patients with type 3
develop anti-VWF alloantibodies (James et al., 2013). Hemarthrosis, a typical
symptom for hemophilia patients, occurs also in severe VWD when FVIII is low
in a frequency of 35-45 % and may lead to severe arthropathy (van Galen et al.,
2015). Gastrointestinal bleeds can be life-threatening and respond
unpredictably to treatment (Makris et al., 2015). Currently, there is no clear
consensus on the initiation of prophylactic factor concentrate therapy in VWD
(Abshire et al., 2015).
In the present series, VWD is investigated both from clinical and laboratory
point of view. We have first characterized 10 patients with severe type 3 VWD
and report the clinical heterogeneity and genetic background of this group. To
further elucidate the hemostatic defect among these patients, global hemostatic
capacity (thrombin generation [TG] and thromboelastometry [ROTEM]) and
flow cytometric analysis of platelets were performed. A case report focusing on
the treatment of a patient with anti-VWF alloantibodies is reported. Finally, we
have assessed the accuracy of historical VWD diagnoses (given median 20
years ago) in 83 patients focusing on VWF-dependent platelet functions in
whole blood.
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6 REVIEW OF THE LITERATURE
6.1 VWF AND HEMOSTASIS
Hemostasis is the physiological reaction to vascular injury and tissue damage.
Normal hemostasis leads restoring blood vessel integrity at vascular injury site
first by platelet plug formation (platelet adhesion and aggregation) and then
fibrin formation (coagulation system) and subsequently dissolving the plug. It
is a highly regulated and interactive process, involving vasculature, blood flow,
platelets, coagulation factors, coagulation inhibitors and fibrinolytic system.
VWF is the largest human plasma glycoprotein which has a major role both
in primary hemostasis by mediating platelet adhesion and aggregation and also
in secondary hemostasis, as VWF is the carrier protein for coagulation factor
VIII (FVIII). For the purpose of this study, this review will focus on VWF in
primary and secondary hemostasis.
6.1.1 VWF: SYNTHESIS, STORAGE, SECRETION AND CLEARANCE
Unlike most plasma coagulation proteins synthesized by hepatocytes, VWF is
synthesized by endothelial cells and platelet precursor cells, megacaryocytes
(Nachman et al., 1977, Jaffe et al., 1973). VWF gene is located on the short arm
of chromosome 12 consisting of 52 exons in the span of approximately 178-180
kB (Ginsburg et al., 1985, Sadler et al., 1985, Lynch et al., 1985). Second
pseudogene with 97% homology on chromosome 22 has been identified, with
several stop codons implying it is not expressed in humans (Mancuso et al.,
1991). However, by gene conversions it affects the mutation spectrum detected
in VWD.
VWF is encoded as a large precursor molecule consisting of 22-amino acid
signal pre-propeptide, 741-amino acid propeptide (ppVWF) and mature 2050amino acid VWF. VWF has highly complex mosaic structure with repeated
homologous domains and is rich in cysteine: cysteines constitute 8.2% of its
amino acids (4-fold of normal). Historically, VWF has been considered to
consist of four repeated homologous domains (A to D, Figure 1) (Pannekoek et
al., 1989). Recently, the structure has been revised after structural and
bioinformatical studies (Figure 1) (Zhou et al., 2012). Accounting for the
hemostatic functions of VWF, binding sites on VWF have been located for
FVIII, platelet glycoprotein Ibα (GPIbα), platelet integrin αIIbβ3 (GP IIb/IIIa),
collagen (type I, type III and type VI) and ADAMTS13 (Figure 1). Additional
binding sites with number of proteins such as TSP-1 (adhesive glycoprotein
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Figure 1. Structure of VWF as historically recognized in panel A: D1-D2-D’-D3-A1-A2-A3-D4-B1B2-B3-C1-C2-CK (including presentation of binding sites for various proteins, adapted from
Sadler et al., 2006) and the revised structure in panel B (adapted from Zhou et al., 2012). In the
revised structure, the D-domains comprise VW domain, C8 fold, a trypsin inhibitor-like
structure and an E-module. D’ domain does not contain VW or C8, and D4 has a unique D4N
domain instead of the E-module. Also, in the C-terminal of VWF, 6 repeated VW C-domains in a
knot-like formation replace the BC-domain. VWD = von Willebrand domain, C8 = 8-cysteine,
TIL = trypsin inhibitor- like, CK = cysteine knot.

mediating cell adhesion found in platelet α-granules), OPG (a tumor necrosis
factor receptor) and heparin (inhibiting VWF-GPIbα intercation) have been
located, but the biological functions of these interactions are less well known
(Pimanda et al., 2002, Zannettino et al., 2005., Sobel et al., 1991).
VWF undergoes complex, highly regulated post-translational modifications
in the endoplasmic reticulum and the Golgi apparatus. First, in the
endoplasmic reticulum, the signal peptide is removed, and N-glycosylation is
initiated by addition of 17 N-linked carbohydrate structures. This is also the
site where VWF monomers form dimers in a “tail-to-tail” fashion, linked by
interchain disulfide bonds in the cysteine knot of the C-terminal (Katsumi et
al., 2000). During transit to the trans-Golgi network, the pH drops to 6.2 and
VWF dimers obtain the shape of a bouquet (Zhou et al., 2011).
Next, in the Golgi VWF dimers are covalently linked in a “head-to-head”
fashion by inter-chain disulfide bonds that involve the paired cysteine residues
in the D3-domain of the N-terminal (Sadler 1998). This is a process called
multimerization. ppVWF facilitates the multimerization as an endogenous
chaperone, possibly catalyzing the disulfide bond formation via its protein
isomerase activity (Wise et al., 1998, Mayadas et al., 1992). The multimers
formed are heterogeneous in size, containing 2 to >60 subunits (Sadler 1998).
Multimer size (classified as low, intermediate, high and ultra large molecular
weight multimers) determines the adhesiveness of VWF, ultra large multimers
being the most potent. The multimers organize into helical structures, where
ppVWF and D´-D3 domains form the interior wall of a hollow tubule. The
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remainder VWF molecule protrudes outward from the tubule (Huang et al.,
2008). Also in the Golgi, maturation of the N-linked glycans proceeds and 10
O-linked carbohydrate structures are added to VWF (Canis et al., 2010). Furin
cleavages ppVWF from VWF, though it remains covalently associated to VWF
(Rehemtulla et al., 1992).
Both megakaryocytes and endothelial cells synthesize VWF. In the
megakaryocyte cells VWF is packed into α-granules and released upon platelet
activation. In contrast, in the endothelial cells, majority of the newly
synthetized VWF is constitutively released to plasma. Smaller amounts of VWF
produced in the endothelial cells are stored in Weibel Palade bodies, to be
released during endothelial activation (Valentijn et al., 2013, Nightingale et al.,
2013). Ultra-large multimers of VWF are abundant in Weibel-Palade bodies
and α-granules, whereas the constitutively secreted VWF is rich in high
molecular weight multimers (HMWM) (Stockschlaeder et al., 2014). VWF
synthesized in the endothelial cells appears to be sufficient to support normal
hemostasis. However, it is possible that in the absence of endothelial VWF, the
VWF produced in the megakaryocytes can compensate for the defect (Kanaji et
al., 2012).
Stress stimulation, in vivo TG, fibrin, histamine, vascular injury and
desmopressin administration all lead to release of VWF from the WeibelPalade bodies of the endothelial cells. Different types of exocytosis have been
observed, depending on the physiological conditions present (Valentijn et al.,
2011, Nightingale et al., 2013). Constitutively released VWF originates from
exocytosis single Weibel Palade bodies, whereas under stimulation, WeibelPalade bodies fuse into secretory pods, and bundles of VWF are released
(Giplin et al., 2008).
When released, ppVWF and VWF dissociate at the neutral pH of blood. The
half-life of VWF shows variation: endogenous VWF has a half-life of 4 to 26
hours in plasma following desmopressin administration, whereas plasmaderived VWF concentrates have a fairly standard half-life of approximately 16
hours (Millar et al., 2008, Favaloro et al., 2007). The half-life of VWF depends
on the clearance rates of VWF, which are dependent on VWF glycosylation
patterns. The effect of ABO blood group to the half-life of VWF is the most
evident. ABO blood group determinants are present on 13% of the N-linked
glycans and 1% of the O-linked glycans of VWF, and individuals with blood
group O have 25% lower VWF levels due to increased clearance (Gill et al.,
1987).
For a long time, it was not clear how VWF is removed from plasma.
Immunohistochemical studies have revealed a cellular clearance of VWF and
VWF bound FVIII by macrophage pathway both in the liver and spleen (van
Schooten et al., 2008). This is a somewhat unexpected clearance pathway, as
coagulation proteins are usually removed via scavenger receptors localized on
hepatocytes, renal cells or endothelial cells.
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6.1.2 VWF AND PRIMARY HEMOSTASIS
The main function of VWF in hemostasis is tethering platelets at the site of
vascular injury, enabling the formation of a platelet-plug. In the absence of
injury, VWF circulates in globular form in the bloodstream and does not
appear to interact with platelets.
Platelets are small 2 μm diameter anucleated disc-shaped cells that stem
from megakaryocytes, with average lifespan of 8-9 days (Harker et al., 2000).
Platelets express several membrane-based receptor complexes and contain
storage granules, α granules and dense granules. α granules contain VWF and
additionally various other proteins such as P-selectin, fibrinogen, fibronectin,
FV, FVIII and fibrinogen. Dense granules contain adenosine diphosphate
(ADP), adenosine triphosphate, calcium, magnesium, serotonin and histamine
(Rendu et al., 2001). Due to their shape and small size, platelets are located at
the edge of the flowing blood in the circulation, normally without interaction
with the endothelium (Brass et al., 2016). Healthy endothelium releases nitric
oxide, prostacyclin and endothelial ecto-nucleotidase that prevent platelet
activation (Marcus et al., 2005).
Upon vascular injury, the subendothelial layer of the vessel, collagen and
tissue factor (TF)-expressing cells become exposed. VWF is released from the
endothelial cells. Upon high shear stress conditions in the arterial circulation,
VWF is required for platelet adhesion, whereas in low shear stress conditions
in the venous blood, exposed matrix proteins (collagens, fibronectin and
fibrinogen/fibrin) of the damaged endothelium lead to platelet adhesion
(Ruggeri 2002, Farndale et al., 2004). VWF binds to the subendothelial matrix
primarily via immobilized collagen at sites of high shear stress. The larger the
size of the VWF multimer, the higher the affinity to bind collagen is. VWF
binds to fibril forming collagens type I and III via A3 domain, and fibrillar
collagen VI via A1 domain.
The anchored VWF multimers unfold into strings under the shear force of
blood flow, exposing binding sites for platelet GPIbα on the VWF A1 domain
(Michaux et al., 2006, Valentijn et al., 2010). Platelets bind to VWF via GPIbα
of the GPIb-IX-V receptor complex, but this binding is not stable and has fast
on/off rates. However, the circulating platelets slow down and roll on the VWF
coated endothelium. This surface enables stable platelet adhesion, which
occurs via platelet binding to collagen with GPIa-IIa and GPIIb-IIIa receptors.
Before binding, these receptors are activated by platelet GPVI receptors (Chen
et al., 2002).
VWF itself undergoes conformational change after binding to platelet
GPIbα, and the A2 domain of VWF is exposed to ADAMTS13 (a disintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13) (Budde et
al., 2014). ADAMTS13 rapidly cleaves VWF strings and inhibits the formation
of elongated VWF multimers. This enzymatic function is critical for
maintaining normal hemostasis as it prevents thrombi formation in the
microvasculature. Antibodies for ADAMTS13 lead to thrombotic
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thrombosytopenic purpura, TTP. Platelet derived VWF shows resistance to
ADAMTS13 proteolysis, which can have hemostatic effect at sites of vascular
injury and platelet activation (McGrath et al., 2013)
Following platelet adhesion, the exposed collagen triggers the initial platelet
activation. The activated platelets release their secretory granules and the
release of ADP and exposure to thrombin lead to the full platelet activation.
Platelets undergo a morphological change of shape, from disc shape to a sphere
with dendritic extensions increasing their surface area and engagement to
fibrin and clot retraction. More platelets from the bloodstream are recruited
and the initial platelet plug forms via platelet aggregation (Welsh et al., 2017).
Platelet-platelet binding occurs via activated GPIIb/IIIa, and this is mediated
by fibrinogen (Beguin et al., 1999). However, in cases of low fibrinogen or if the
local concentration of VWF is high, also VWF facilitates platelet aggregation by
binding GPIIb/IIIa (Schullek et al., 1984). Finally, phophatidylserine and
ethanolamine on the activated platelet flip to the outer surface. This
procoagulant surface is where assembly of coagulation factors occurs to
generate thrombin and fibrin.

6.1.3 COAGULATION SYSTEM
VWF contributes to secondary hemostasis as a carrier and stabilizer of FVIII.
FVIII has a major role in the coagulation system, and deficiency of FVIII leads
to a severe bleeding disorder, hemophilia A. Vice versa, high levels of FVIII are
thrombogenic (Jenkins et al., 2012). VWF is present in plasma at an
approximate 50:1 ratio to FVIII. Each VWF multimer contains a high-affinity
binding site to FVIII, and all sizes of VWF multimers are capable of
chaperoning FVIII (Lenting et al., 1998). When bound to VWF, FVIII is
prevented from taking part to the coagulation cascade. FVIII is also protected
from proteolytic degradation by activated protein C and cellular clearance.
VWF has a longer half-life than FVIII, and higher VWF levels increase the halflife of infused FVIII in hemophilia A (Fijnvandraat et al., 1995). In the absence
of VWF (type 3 VWD), FVIII levels are low, as the half-life of FVIII is only
approximately 2 hours.
Overview of the coagulation system involving FVIII is presented in brief
here according to the original articles and textbooks (Blombäck et al., 2010,
Hoffman et al., 2007, Mann et al., 2005, Roberts et al., 2004).
Two groups proposed the historical “cascade” or “waterfall” model of
coagulation system in 1964 (Davie et al., 1964, MacFarlane 1964). In this
model, coagulation consists of two separate pathways, the extrinsic and
intrinsic pathways, both capable of independently initiating clot formation by
activating FX in the common pathway. The extrinsic pathway is TF-triggered,
and the intrinsic proceeds from FXII. This model is not physiological.
Deficiencies of FVIII and FIX (hemophilia A and B) in the intrinsic pathway
lead to severe bleeding tendency and are not compensated by the extrinsic
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pathway. On the contrary, FXII deficiency does not cause clinical bleeding even
though FXII has role in thrombosis (Maas et al., 2018). Furthermore, patients
with FXI deficiency have a variable bleeding tendency, not predicted by their
FXI level (Pike et al., 2011). Although not physiological, the standard screening
coagulation tests rely on the cascade model, as prothrombin time (PT)
measures the extrinsic pathway and activated partial thromboplastin time
(APTT) the intrinsic pathway. APTT as a screening test detects hemophilia A,
and also VWD in cases of low FVIII.
The current view of coagulation system is the cell-based model of
hemostasis as described by Hoffmann and Monroe (Hoffmann et al., 2001). In
this model, coagulation involves a series of coordinated calcium-dependent
proenzyme to serine conversions with overlapping phases, taking place on cell
surfaces: TF-expressing cell membrane and the phospholipid surface of the
activated platelets. Coagulation occurs in three steps: initiation, amplification
and propagation (Figure 2).

Figure 2. The cell-model of coagulation system consists of 3 overlapping phases: initiation
phase occurring on TF-expressing cell surface and amplification and propagation phases taking
place on platelet surface. The cascade leads to large-scale thrombin formation and the
conversion of fibrinogen into insoluble fibrin mesh. Adapted from De Caterina et al., 2013.

In the initiation phase, TF-expressing cells become exposed to blood
components at vascular injury site. TF activates FVII and forms a complex,
TF/FVIIa on the TF-expressing cell surface, which in turn activates FX to FXa.
FXa is rapidly inhibited by antithrombin and tissue factor pathway inhibitor
(TFPI) if it leaves the cell surface (Mast 2016, Quinsey et al., 2004). The FXa
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that remains on the cellular surface activates FV, and small amounts of
thrombin are produced. This amount of thrombin is insufficient to promote
fibrin generation, but it acts in a positive feedback loop to promote coagulation
by activation of platelets, FVIII, FV and FXI in the amplification phase.
Platelets become activated and coagulation occurs now on the surface of
activated platelets, whereas initiation phase occurred on TF-expressing cell
surface. FV is activated by thrombin or FXa. Thrombin activates FVIII and
cleaves it from VWF. FXIa, activated by thrombin, in its turn activates FIX, also
activated by TF/FVIIa.
As platelets are fully activated and have FVIIIa and FVa bound on their
surface, propagation phase can start. Tenase (FVIIIa/FIXa) and
prothrombinase (FXa/FVa) complexes are assembled on the surface of
platelets. Tenase complex is formed when FIXa reaches FVIIIa on the platelet
surface. Tenase complex in its turn activates FXa, inducing prothrombinase
complex with FVa. Prothrombinase complex converts prothrombin to
thrombin, leading to large-scale thrombin generation. Thrombin rapidly
cleaves soluble fibrinogen into fibrin, leading to insoluble fibrin mesh. This
occurs in the presence of FXIII, which thrombin converts to FXIIIa, to be
further stabilized by the aggregated platelets.
In conclusion, in distinction to the cascade model, in the cell based model,
the extrinsic pathway occurs on the TF-expressing cell membrane and the
intrinsic pathway on the activated platelet surface. In FVIII deficiency
(hemophilia A and also severe VWD), there is a failure of platelet surface FX
activation, leading to decreased TG on platelet surface and ineffective clot
formation (Monroe 2003).
The function of several coagulation inhibitors beyond antithrombin and
tissue factor pathway inhibitor are required to halt uncontrolled thrombosis
and maintain normal hemostasis. Protein C and protein S are vitamin K
dependent natural anticoagulants. Protein C is a zymogen that is activated to a
serine protease after binding to thrombin in the presence of thrombomodulin
in a negative feedback loop driven by thrombin (Bouwens et al., 2013). Protein
S acts as a cofactor for protein C, and this complex proteolytically inhibits FVa
and FVIIIa (van de Meer 2014). Protein S circulates both in free form and in a
complex bound to complement C4b protein. In addition to being a cofactor for
protein C, free protein S binds to FVa and FXa and serves as a cofactor for
tissue factor pathway inhibitor as well (Hackeng et al., 2006).
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6.2 VWD: CLINICAL ASPECTS
6.2.1 EPIDEMIOLOGY AND CLASSIFICATION
VWD is frequently described as the most common inherited bleeding disorder.
Population study among school children in Northern Italy measuring VWF
levels suggested the prevalence of type 1 VWD to be as high as 1% (Rodeghiero
et al., 1987). An even higher prevalence of 1.3% was discovered among multiethnic children from the United States in another cross-sectional study
(Werner et al., 1993). However, a follow-up study of 13 years of the first Italian
study reported that only 1 out 10 of the subjects diagnosed with VWD had
presented with bleeding symptoms (Castaman et al., 1999). Symptomatic VWD
is thus less common, and perhaps a more realistic prevalence of 1 per 1000 was
reported based on a cross sectional study of symptomatic VWD in primary
health care in Canada (Bowman et al., 2010). In the Nordic region, an
estimated prevalence of 8 per 10 000 was reported in 2004 (Berntorp et al.,
2005). An even lower prevalence of 1 per 10 000 has been estimated for VWD
requiring transfusion therapy (Sadler et al., 2000).
The prevalence of VWD is dependent on the diagnostic cut-off used for
VWF, which in the current guidelines ranges from <30-40 IU/dL (Laffan et al.,
2014, Nichols et al., 2008, Lassila et al., 2011, Castaman et al., 2013). Clinicians
can also diagnose patients to have VWD with higher levels as there is no real
consensus. No cut-off is given by the International Society on Thrombosis and
Haemostasis (ISTH) guidelines (Sadler et al., 2006). VWD is inherited either
autosomal dominantly or recessively, suggesting that both males and females
should be equally affected. VWD is, however, more commonly diagnosed in
females than males in a ratio of approximately 2:1, due to the hemostatic
challenges women in reproductive age encounter (menstruation and delivery)
(Lillicrap et al., 2013).
VWD is presently classified into following types according to the ISTH
recommendations: type 1 with partial deficiency of functionally normal VWF,
type 2 with qualitative VWF dysfunction and type 3 with virtually complete
deficiency of VWF (Sadler et al., 2006) (Table 1). Type 1 is sometimes further
classified into 1C with increased VWF clearance, although 1C is not an official
subtype of VWD. Type 2 is categorized into following subtypes: 2A with the
lack of high molecular weight multimers of VWF, 2B with increased VWF
binding to platelet GP1bα, 2M with defective VWF associated platelet function
in the presence of normal multimers and 2N with binding defect of VWF to
FVIII. Platelet type VWD, caused by a defect in the platelet receptor GP1bα and
resulting in a phenotype similar to that of subtype 2B VWD, is sometimes also
classified as a subtype of VWD.
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Definition

Inheritance

Type 1

Partial quantitative deficiency of VWF

Type 2A

Deficiency of high molecular weight multimers and
decreased VWF-dependent platelet adhesion
Increased affinity to platelet glycoprotein Ibα

Type 2B
Type 2M

Autosomal dominant (variable
penetrance)
Autosomal dominant or recessive
Autosomal dominant
Autosomal dominant or recessive

Type 2N

Decreased VWF-dependent platelet adhesion not
associated to lack of high molecular weight
multimers
Deficiency of VWF:FVIII binding

Autosomal recessive

Type 3

Complete deficiency of VWF

Autosomal recessive

Table 1. The classification of VWD according to the ISTH guidelines (adapted from Sadler et al.,
2006).

The current type 1 VWD diagnostic guidelines are mainly based on three
large multicenter type 1 VWD studies conducted in Europe, Canada and the
United Kingdom (Goodeve et al., 2007, James 2007 et al., Cumming et al.,
2006). In these studies, VWF mutations were detected only in approximately
65% of type 1 patients. However, the percentage increased in cases where VWF
levels were lower than 30 IU/dL, and 88% of these patients had a candidate
mutation in the European study. Based on these results, the current guidelines
introduced lower diagnostic cut-offs for type 1 VWD of <30-40 IU/dL, even
though the diagnosis of VWD was not restricted to patients who have a VWF
mutation (Laffan et al., 2014, Nichols et al., 2008, Lassila et al., 2011,
Castaman et al., 2013).
The term `low VWF` was given to patients who have VWF at the level of
30-50 IU/dL and present with bleeding symptoms. Since then, in the
Zimmerman study in the United States (US), it was demonstrated that a
significant portion of patients who carry a historical type 1 diagnosis currently
have either ´low VWF` or normal VWF levels (Flood et al., 2016). However,
despite the normalized VWF levels, these patients had significant bleeding
symptoms. Recently, results from Ireland `low VWF` study including 126
patients with VWF 30-50 IU/dL, indicated that low VWF patients have
significant bleeding symptoms primarily due to decreased synthesis or
secretion of VWF (Lavin et al., 2017). Also, it was demonstrated these patients
have a good response to desmopressin in terms of VWF rise and hemostatic
outcome. Previous data have indicated that other factors besides low VWF may
contribute to the clinical phenotypes of these patients, such as platelet function
defects (Daly et al., 2009).
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6.2.2 CLINICAL FEATURES AND EVALUATION OF BLEEDINGSYMPTOMS
The clinical phenotype of VWD is usually severe in type 3, moderate to severe
in type 2 and milder in type 1. In children, the most common symptoms are
epistaxis and bruising (Sanders et al., 2015). In contrast, in adults the most
frequently reported symptoms include hematomas, menorrhagia, bleeding
from minor wounds and bleeding after surgery or dental extraction, as reported
in nationwide studies from Holland (WIN-study) (de Wee et al., 2012) and
France (Veyradier et al., 2016). Menorrhagia is common, and reported in more
than 80% of women with VWD in the WIN-study, and conversely 5-20% of
women with menorrhagia have VWD (de Wee et al., 2012). Joint bleeds, the
most common manifestation of hemophilia, are rare in VWD, but occur
especially in subtype 2N and type 3 where FVIII is markedly decreased (van
Galen et al., 2012). Recurrent gastrointestinal bleeds and repeated iron
deficiency anemia, often associated to angiodysplasia, are among the most
challenging clinical complications of VWD and cause significant morbidity
(Makris et al., 2015). They have been reported in all types of VWD, but are
especially linked to severe types.
Postpartum bleeding may occur in VWD, but bleeding symptoms can also
improve during pregnancy in VWD with increasing VWF levels. VWF levels
increase by 3-5-fold in healthy women during pregnancy. Majority of women
with type 1 VWD correct their VWF levels during pregnancy, especially in cases
of mild deficiency, whereas patients with VWF <20 IU/dL usually have poor
increase of VWF (Castaman 2013). Type 2 and 3 patients do not typically
correct their levels.
It is a well-known challenge to reliably and accurately evaluate bleeding
tendency. Bleeding symptoms are subjective, and the interpretation and
reporting of the symptoms depend on the individual. In pediatric patients, the
value of family history is crucial, as bruising and epistaxis are common also in
healthy children. Several bleeding assessment tools (BATs), which enable the
calculation of a bleeding score (BS), have been developed for standardized
evaluation of bleeding symptoms. The suggested advantages of BATs include
justifying extensive laboratory studies for symptomatic patients, avoiding
unwarranted laboratory testing in asymptomatic patients and the potential to
predict individual bleeding risk in the future. They also enable rapid
communication between physicians.
The first standardized BAT published in 1982 was aimed at screening for
VWD. It consisted of 10 questions on procedure- and surgery-related bleeds
and post-delivery and spontaneous bleeds (Wahlberg 1982). Later a group of
investigators from Vicenza, Italy developed and validated a BS for type 1 VWD,
with condensed questionnaire published later as part of European Molecular
and Clinical Markers for the Diagnosis and Management of type 1 VWD
(MCMDM-1 VWD) study (Tosetto et al., 2006, Rodeghiero et al., 2005). Each
bleeding symptoms was scored from -1 to 4 in the condensed version, and
higher score was associated to type 1 VWD and likelihood of future bleeds. The
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bleeding score inversely correlated with VWF levels. Also, the usefulness of the
BS was demonstrated in a prospective Italian study following 796 VWD
patients for 1 year and reporting all bleeds that required desmopressin or factor
concentrate (Federici et al., 2014). Only Vicenza-based BS higher than 10 was
able to predict future bleeds in the cohort. However, this BS was criticized as
the score was based on the worst bleeding episode and did not take into
account the frequency of the symptoms.
In 2010, a working group of ISTH/SSC established the ISTH-BAT, with the
aim to have one standardized BAT with improved accuracy for mild bleeding
disorders and improved grading for patients with known bleeding disorders
(Rodeghiero et al., 2010).
Most studies have investigated BATs in the context of screening for mild
bleeding disorders, especially VWD type 1 (Azzam et al., 2012, Tosetto et al.,
2011, Deforest et al., 2015, Phillip et al., 2011). It has also been demonstrated
type 2 and 3 VWD are associated with higher BAT compered to type 1, though
there is an overlap between the patient groups (Bowman et al., 2008). A recent
systematic review comprised of 9 studies (4 investigating Vicenza based BS and
5 ISTH-BAT) concluded that BATs have only low to moderate diagnostic odds
ratio for bleeding disorders (Moenen et al., 2018). Studies with good
methodological quality had generally lower diagnostic odds ratio. Nevertheless,
BATs are useful tools for clinicians enabling a structured interview.

6.2.3 TREATMENT
The current available treatment options for VWD include tranexamic acid,
desmopressin and factor concentrates that contain either high purity VWF or
intermediate purity VWF/FVIII. For menorrhagia, hormonal treatment should
be also considered. Treatment can be administered either on-demand,
following a spontaneous or post-traumatic bleed, or prophylactically, before
invasive procedures or surgeries.
TRANEXAMIC ACID
Tranexamic acid is an antifibrinolytic that can be administered topically, orally
or intravenously. It can be used as an adjuvant therapy for desmopressin or
VWF concentrate, or on its own for example in small procedures (Pasi et al.,
2004). It should be noted tranexamic acid may accumulate in renal
insufficiency (Wellington et al., 2003)
DESMOPRESSIN
Desmopressin is a synthetic analog of vasopressin that leads to release of
endogenous VWF and increase of FVIII and tissue plasminogen activator
plasma levels. Desmopressin also enhances platelet procoagulant activity
(Colucci et al., 2014). Desmopressin is the first line treatment for mild VWD
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and can be administered intranasally, subcutaneously or intravenously.
Interindividual response to desmopressin is variable, and trial with
desmopressin treatment is recommended in type 1, 2A, 2M and 2N VWD. The
best responses are usually measured in type 1 (Mannucci et al., 2004).
Response should be measured at 30-60 minutes and at 4-6 hours after
administration to recognize patients who have enhanced clearance.
Desmopressin is not useful in type 3, and it is not recommended in 2B either,
as the response is generally poor and it may cause thrombocytopenia (Federici
et al., 2008). Disadvantages of desmopressin include flushing, hypotension,
risk for fluid retention and risk for hyponatremia. Desmopressin is
contraindicated in patients who have atherosclerosis, high risk for thrombosis
or history of seizures.
VWF CONCENTRATES
There are several virally inactivated plasma-derived VWF concentrates
(pdVWF) with excellent safety profiles available. Administration of pdVWF
results in a fairly constant increase of VWF concentration of 0.021-0.024
(IU/mL) (IU/kg) (Mannucci et al., 1992). However, concentrates differ in their
VWF multimer compositions and the amount of FVIII (Batlle et al., 2009,
Budde et al., 2006). VWF:RCo/VWF:Ag ratio reflects the multimeric
composition of the concentrate, and a ratio close to 1 is preferred as indicates
normal multimeric structure. The appropriate amount of FVIII in relation to
VWF is not well defined. A ratio of 1:1 is easy to dose, but all available
concentrates have shown good clinical results (Castaman et al., 2011). In type 3
VWD, after a high purity VWF concentrate, it takes more than 12 hours for
FVIII levels to normalize (Borel-Derlon et al., 2007). While this appears to be
convenient when administrating prophylaxis to avoid accumulation of FVIII,
upon acute bleeding or emergency surgery, VWF/FVIII or combination of high
purity VWF and FVIII concentrate should be used. Recombinant VWF, vonicog
alfa, has been recently registered and approved for treatment of VWD.
Intriguingly, as VWF is synthesized in the absence of ADAMTS13, the product
contains also ultra large multimers (Gill et al., 2015).
Regular prophylactic treatment with VWF concentrate in VWD is rare
compared to hemophilia, and usually given only in type 3 (Abshire et al., 2013).
In a Swedish cohort, 74% of severe VWD patients were on prophylaxis, whereas
among the multicenter VWD prophylaxis network survey, the respective
percentage was only 22% (Berntorp et al., 2005, Abshire et al., 2013). The
initiation of prophylaxis depends on the availability of concentrate, and in an
Indian cohort of 102 patients none of the patients received prophylaxis
(Elayaperumal et al., 2018). Typical reasons for initiating regular prophylaxis
include epistaxis/oral bleeding, gastrointestinal bleeding, joint bleeding and
menorrhagia. There is only one prospective study on prophylaxis in VWD,
demonstrating good efficacy in mucosal and joint bleed rates (Abshire et al.,
2015). From clinical experience, it is known that the response to prophylaxis is
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less effective to control gastrointestinal bleeds, and these may remain difficult
to manage.
TREATMENT OF PATIENTS WITH ANTI-VWF ALLOANTIBODIES
Alloantibody formation against VWF is a rare life-threatening complication in
VWD occurring in 6-10% of type 3 patients (Iorio et al., 2008, Mannucci et al.,
1995). The appearance of alloantibodies was associated to partial or complete
VWF gene deletions in the first case descriptions published, but since then also
cases of nonsense and frameshift mutations have been reported (SheltonInloes et al., 1987, Ruggeri 1979, James et al., 2013).
Patients who develop alloantibodies become unresponsive to VWF therapy.
Moreover, re-exposure to VWF containing products has been described to lead
to immune-complex mediated complement activation and life-threatening
anaphylactic reactions (Mannucci et al., 1987). To date, treatment of these
patients is based on case reports and expert opinions. Currently, as it is not
known which patients develop these severe allergic reactions, VWF containing
products are often considered contraindicated in cases of known VWF
alloantibodies (James et al., 2013). Both recombinant FVIII (rFVIII) and
recombinant factor VIIa (rFVIIa) have been effectively used to treat bleeds and
manage surgery and delivery among these patients (Mannucci et al., 1995,
Ciavarella et al., 1996).
Use of intravenous immunoglobulin (IVIG) has been reported in acquired
von Willebrand syndrome (AVWS), unlike in cases of inherited VWDassociated antibodies (Federici et al., 2000). However, immunomodulative
therapy has been used as adjuvant therapy in successful pediatric
immunotolerance induction regimens in a 9-year-old boy, who also received
IVIG and in 2 brothers receiving mycophenolate mofetil and rituximab
(Pergantou et al., 2012, Berntorp et al., 2018).
6.2.4 LABORATORY EVALUATION OF VWD
The diagnosis of VWD is based on the presence of both bleeding symptoms of
the patient and/or family members and laboratory evidence of abnormal VWF
and/or FVIII. There are a number of diagnostic algorithms for laboratory
evaluation of VWD, but the search of a diagnosis should only be initiated if
there is evidence of abnormal bleeding tendency.
Currently, no rapid screening tests are available for VWD and the available
screening tests are mainly used to exclude other bleeding disorders. Platelet
count is usually normal but can be lowered in 2B and platelet type VWD. PT is
normal in VWD. APTT is usually also normal, but can be prolonged to a
variable degree, depending on the FVIII levels and the sensitivity of the APTT
reagent.
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Classic diagnostic tests for VWD diagnosis comprise VWF antigen
(VWF:Ag) measuring VWF concentration, VWF activity and FVIII activity
(FVIII), and for the first-line investigation they are sufficient (Figure 3, Table
2). For secondary classification of VWD, further analysis is often required,
including multimer analysis, ristocetin-induced platelet aggregation (RIPA),
and VWF:FVIII binding assay and genetic analysis.

PT, APTT
PFA-100/PFA-200
Complete blood count
Blood group

Screening

VWF:Ag
VWF:RCo
VWF:CB
FVIII:C

First level

Undetectable VWF:Ag

If only FVIII:C is low,
consider 2N
or mild hemophilia A

Reduced VWF:RCo
and/or VWF:CB

Type 3

VWF:RCo/VWF:Ag
ratio >0.5-0.7

VWF:RCo/VWF:Ag
ratio <0.5-0.7

Second level

Type 1

Response to
low concentration RIPA

Type 2B
or platelet-type

Normal/reduced RIPA

Preservation of HMWM,
normal VWF:CB/VWF:Ag ratio

Type 2M

Loss of HMWM,
VWF:CB/VWF:Ag ratio low

Type 2A

Figure 3. A diagnostic algorithm for laboratory investigation of von Willebrand disease,
adapted from Laffan et al., 2014.
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SCREENING OF VWD BY PFA
Platelet function analyzers PFA-100® and PFA-200® (PFA) (Siemens,
Marburg, Germany) are primary hemostasis screening devices, measuring
platelet and VWF function under flow. The instrument uses whole blood
samples and is fast and easy to use. A sample is aspired through a capillary
tube spiked with collagen/epinephrine or collagen/adenosine diphosphate
coated membrane with central aperture. The time to close the aperture (closure
time, CT) by platelet plug formation is measured.
Several studies have demonstrated a high sensitivity (96.5-100%) of PFA
for VWD and specificity of 40%, especially in type 2 and 3 VWD (Fressinaud et
al., 1998, Ardillon et al., 2015). The sensitivity for type 1 is only around 80%,
but possibly higher in cases with more reduced VWF (<25 IU/dL) (Favaloro et
al., 2008, Sadler et al., 2006). In contradiction to other reports, one study
reported a sensitivity of only 61.5% for VWD (Quiroga et al., 2004). Also, PFA
is less sensitive for specific platelet function defects as compared with light
transmission aggregometry and flow cytometry analysis (Quiroga et al., 2004,
Favaloro et al., 2015).
FIRST-LINE LABORATORY ANALYSIS
VWF antigen measures the quantity of VWF protein in the plasma by
immunological method, either by ELISA using poly- and/or monoclonal
antisera or by immunoturbidometric methods that rely on latex particle
agglutination (Cejka et al., 1982, Veyradier et al., 1999).
VWF activity is measured by analysis of VWF binding to platelet GPIb and
collagen. Traditional VWF ristocetin cofactor activity (VWF:RCo) test was
developed in 1970s. The assay uses ristocetin, an antibiotic sulphate that
promotes interaction between VWF A1 domain and platelet GPIb receptor
under static conditions, leading to platelet agglutination. The use of VWF:RCo
assay has disadvantages that include high inter-laboratory coefficient of
variation of 20-50% and lower limit of detection often as high as 10-20 U/dL,
although automation of the assay has led to improvements (Kitchen et al.,
2006, Meijer et al., 2006). VWF:RCo is also affected by some benign VWF
sequence variations that hinder VWF’s binding to ristocetin, such as p.D1472H
(Flood et al., 2010).
The new VWF activity assays, being independent of ristocetin and
lyophilized platelets, may overcome some of these disadvantages, and have
emerged during past years to replace VWF:RCo (Lawrie et al., 2013). These
assays rely either on the gain-of-function GPIb mutants that bind VWF without
the site-specific change of the charge caused by ristocetin, or on a monoclonal
antibody that recognizes the functional GPIb-binding epitope on VWF
(VWF:GPIbM) (Timm et al., 2015).
Measurement of VWF activity by VWF and collagen interaction (VWF:CB)
is sensitive to VWD variants that are characterized by lack of high molecular
eight multimers. Elisa-based assays that measure the interaction between VWF
and immobilized collagen have been available for several years, using
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preferably type I/III collagen mixtures (Favaloro et al., 2007). Measuring
VWF:CB has been complimentary to VWF:RCo, and used more in Australia
and Europe compared to the US (Favaloro 2018). VWF:CB/VWF:Ag ratio lower
than 0.6 is suggestive of 2A/2B with reduced high molecular eight multimers,
whereas higher ratio indicates 2M (Favaloro et al., 2010). Recently, an
automated chemiluminescence-based assay has become available, with
reduced variability and higher sensitivity at low VWF levels (Favaloro et al.,
2016, Stufano et al., 2018). The automated VWF:CB assay may, however, have
lower sensitivity for discrimination between 2A/B and 2M (Favaloro 2018).
FVIII is measured using an APTT-base one-stage clotting assay or by
chromogenic assay (Kitchen et al., 2016). The assays measure the functional
activity of FVIII.
VWF PROPEPTIDE
Measurement of VWF propeptide can be used to analyse the pathophysiology
of type 1 (Eikenboom et al., 2013). VWF propeptide and VWF remain
noncovalently bound when stored in Weibel Palade bodies of the endothelium
or α-granules of platelets. When released in plasma, these molecules dissociate
(Borchiellini et al., 1996). VWF propeptide has significantly shorter half-life of
2-3 hours compared to VWF, and because of this measuring VWF propeptide
ratio to antigen ratio offers insight into the clearance of VWF. A high ratio of
VWF propeptide to antigen indicates increased clearance of VWF. In the WIN
study, it was demonstrated that absence of VWF propeptide discriminates type
3 from severe type 1 patients, who have rapid VWF clearance (Sanders et al.,
2015).
MULTIMER ANALYSIS
Low-resolution agarose gel electrophoresis can be used to study plasma
multimeric patterns of VWF and to distinguish subtypes of VWD. For the strict
classification of type 2 VWD, multimer analysis should be performed, though
this is not necessarily required from clinical perspective. There are several
visualization techniques (Krizek et al., 2000, Ott et al., 2010). Low agarose
concentration of 1% can be used in the gels to detect the presence of high
molecular weight multimers. Type 1, 2M and 2N have all sizes of multimers
present, whereas in type 2A intermediate and high molecular weight multimers
are missing. High molecular weight multimers are usually absent in type 2B,
but patients can also have normal multimer pattern (Federici et al., 2009).
Abnormal multimer pattern in 2B may predict increased bleeding risk
(Casonate et al., 2017).
Higher concentration 1.5-3% agarose gel can be used to detect
abnormalities of VWF satellite bands (triplets). By measuring subtle alterations
of the inner structure of multimers, subtype 2A can be further subclassified
according to previous guidelines, no longer endorsed by the current guidelines
(Sadler et al., 1994).
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Assay
PFA-100 / PFA-200

Primary hemostasis screening test

VWF:Ag

Quantity of VWF protein in the plasma measured by immunologic assays

VWF:RCo

VWF:CB

VWF activity via ristocetin induced VWF binding to platelet GPIb under
static conditions
VWF activity via monoclonal antibody directed against GPIb binding
epitope of VWF
VWF binding to collagen, sensitive to the presence of HMWM

FVIII:C

Coagulant activity of FVIII

VWF:pp

The quantity of VWF propeptide. High ratio of VWF:pp/VWF:Ag indicates
increased clearance rate of VWF
Analysis of structural features of VWF by visualization of VWF multimers.

VWF:GPIbM

Multimer analysis
RIPA
VWF:FVIII binding

Ristocetin induced platelet aggregation. Can be measured under variable
ristocetin concentration in PRP or in whole blood.
Quantitative analysis of VWF activity by assessment of VWF adhesion to
FVIII.

Table 2. Laboratory assays used to diagnose and classify VWD. Adapted from Sadler et al.,
2006

New rapid and semi-automated assays, providing quantitative
determination of VWF multimers have been developed to standardize the
method and overcome technical difficulties (Favaloro et al., 2017, Pikta et al.,
2018).
RISTOCETIN INDUCED PLATELET AGGREGATION (RIPA)
VWD 2B and platelet type VWD are characterized by pathological enhancement of
VWF and platelet GPIb interaction. Gold standard for the diagnosis of 2B has been to
demonstrate increased platelet aggregation at low ristocetin (<0.6 mg/mL) in
platelet-rich plasma in Bonn aggregometry (Born 1962). In contrast, RIPA at higher
concentration is usually lowered in other types of VWD and absent in type 3
(Mannucci 1977).
Born aggregometry is technically challenging and time-consuming. While not
practical to perform for all VWD cases, RIPA is recommended in cases with low VWF
activity to antigen or VWF collagen binding to antigen ratios or thrombocytopenia
(Federici et al., 2009, Laffan et al., 2014).
Multiplate® is a new generation whole blood aggregometer, a relatively fast
method and easy to use. In a comparative study, Multiplate results were
demonstrated to correlate with Bonn aggregometry among 30 VWD patients
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(Valarche et al., 2011). Furthermore, a recent study of 100 VWD patients suggested
that RIPA by Multiplate may predict the bleeding tendency of VWD patients
(Schmidt et al., 2017).
VWF BINDING TO FVIII
VWF binding to FVIII can be measured by in vitro analysing the binding of
VWF to exogenous FVIII or by ELISA-based technique (Mazurier et al., 1990,
Zhukov et al., 2009). In type 2N VWD, VWF binding to FVIII is impaired.
VWD type

VWF:Ag

VWF:RCo

FVIII

Other features

low VWF

30-50 IU/dL

30-50 IU/dL

Normal or
reduced

Type 1

reduced

reduced

normal or
reduced

Type 2A

reduced or
normal

reduced

normal or
reduced

Type 2B

reduced or
normal

normal or
reduced

Type 2M

reduced or
normal

reduced
(occasionally
normal)
reduced

Type 2N

normal or
reduced

normal or
reduced

reduced

Type 3

absent

absent

reduced

normal or
reduced

VWF:Ag and VWF:RCo equally reduced
FVIII:VWF:Ag 1.5
all sizes of multimers present, uniformly
decreased
VWF:RCo/VWF:Ag <0.6
lack of HMWM
VWF:CB /VWF: RCo <0.6
VWF:RCo/VWF:Ag <0.6
increased RIPA at low ristocetin
thrombocytopenia
VWF:RCo /VWF:Ag <0.6
normal multimers
VWF:CB /VWF: RCo >0.6
FVIII/VWF:Ag ratio of <1
defective VWF:FVIII binding
absent multimers

Table 3. The characteristics of VWD types and subtypes in laboratory analysis. VWF: RCo =
ristocetin induced VWF activity, VWF:Ag = VWF antigen, VWF:CB = VWF collagen binding.
Adapted from Laffan et al, 2014.

6.2.5 GENETIC ANALYSIS
Phenotypic assays are usually sufficient to subtype VWD patients. Currently,
genetic analysis of VWF is recommended routinely only in 2B, 2N and with
consideration in VWD patients having inconsistent clinical/laboratory findings,
and in type 3 cases in connection with genetic counseling. Genetic analysis does
provide further information on the mechanisms of the VWF defect. By
conventional polymerase chain reaction sequencing and multiple ligand-
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dependent probe amplification, mutation detection remains both time
consuming and challenging. Next-generation sequencing enables faster
diagnostics and is rapidly gaining popularity in VWD (Batlle et al., 2016,
Fidalgo et al., 2016, Veyradier et al., 2016).
Various kinds of mutations in VWF lead to VWD. Causative mutations
reported include transcriptional, splice site, missense and nonsense mutations,
small deletions, small insertions and small duplications, gene conversions and
large deletions (Goodeve 2010). Novel variants detected may not fall into
specific types or subtypes of VWD, and sometimes a dual classification can be
used in cases with compound heterozygous mutations (Sadler et al., 2006).
GENETIC ANALYSIS IN TYPE 1
In type 1 VWD, genetic testing is usually not encouraged. Genetic defects are
scattered across the VWF gene and analysis of all 52 exons is needed. Type 1 is
usually inherited autosomally dominantly, but several mutations show
incomplete penetration. Main mutation mechanisms behind type 1 include
increased clearance, decreased synthesis/secretion and intracellular retention
(Goodeve 2010, Veyradier et al., 2016, Wang et al., 2011). Type 3 carriers can
present with a type 1 phenotype as demonstrated in the Canadian type 3 study
and French VWD study (Bowman et al., 2013, Veyradier et al., 2016).
Genetic defects were detected in approximately 65% of the cases in the
European, UK and Canadian type 1 studies (Cumming et al., 2006, Goodeve et
al., 2007, James et al., 2007). The percentage increased to up to 88% in cases
where VWF levels were lower than 30 IU/dL. In up to 15% of the patients, two
or more candidate mutations were detected. More recently, in the French study
including type 1 patients with VWF level <30 IU/dL, mutations were
discovered in 96% (161/167) of the subjects by next generation sequencing
(Veyradier et al., 2016).
GENETIC ANALYSIS IN 2
In type 2 VWD, mutations are located in specific functional domains of VWF.
Missense mutations, small deletions, insertions or duplications are usually
detected. Mutations are identified in exons 11-16, 24-26, 28 and 51 in type 2A,
exon 28 in 2B and 2M and exons 18-25 in 2N, and thus the genetic analysis is
more straightforward than in type 1 (Figure 4) (Goodeve 2010, Corrales et al.,
2012). Furthermore, in type 2 genetic analysis helps in differential diagnostics,
in particular distinguishing subtype 2B from platelet-type VWD and type 2N
from hemophilia A. As this affects the treatment options and genetic
counseling of the patients, genetic confirmation for diagnosis of 2B and 2N is
encouraged. Especially in cases where multimer study is not available, genetic
testing is useful for confirmation of a specific subtype.
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Figure 4. The locations of the reported VWF mutations among VWD types and subtypes in the
VWF protein. Adapted from Goodeve, 2000.

GENETIC ANALYSIS IN TYPE 3
Type 3 has historically been described to be inherited via an autosomal
recessive trait with either compound heterozygous or homozygous mutations,
the latter discovered especially in nations with consanguineous marriages. The
Canadian type 3 and French VWD study have demonstrated that carriers of
type 3 can have type 1 phenotype (Bowman et al., 2013, Veyradier et al., 2016).
Indeed, in the family of Hjördis, the patient described by Erik von Willebrand,
several of the carriers of the disease were also symptomatic (Lassila et al.,
2013). Genetic diagnostics is useful in this patient group enabling prenatal
diagnostics and genetic counseling.
Gene defects in type 3 are scattered throughout the gene and detected in up
to 90% of patients with conventional sequencing and mutations scattered
throughout the 52 exons (Goodeve 2010). In the Canadian type 3 study,
mutations in propeptide region of the gene resulted with higher bleeding scores
but this observation has not been repeated in further cohorts (Bowman et al.,
2013).
In most screened nations, no founder mutations have been discovered, and
typically several novel mutations are identified in nationwide cohorts.
However, the C.2465delC mutation in exon 18 has been observed in countries
surrounding the Baltic Sea frequently. Also a few mutations have been detected
only in specific national cohorts, implying local founder effect for these specific
mutations. A deletion of 35kB covering exons 1 to 3 has been discovered only in
Hungary (Mohl et al., 2008). In a large Indian cohort of 102 patients, 5
mutations were also noted repeatedly (Elayaperumal et al., 2018).
OTHER GENETIC LOCI MODIFYING VWF LEVELS
VWF gene variants fail to entirely explain the heterogeneity detected in VWF
levels in patients and healthy individuals, as even in patients with identical
mutations the VWF levels vary (Goodeve et al., 2007, Robertson et al., 2011).
Several studies have researched for additional loci that could contribute to
these variable levels and the incomplete penetrance of mutations.
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It has been known for long that ABO blood group variant affects VWF
levels, with O blood group resulting in lower VWF antigen levels (Gill et al.,
1987). Type O blood group is more prevalent in type 1 and type 2 VWD
compared to normal population. ABO-blood group appears to have a role in the
pathophysiology of low VWF as well. In a Canadian type 1 study, 66% of
patients who had VWF <30 IU/dL had type O blood group compared to 46% in
the normal population (James et al., 2007). In the EU type 1 study, 76% of
patients without a causative mutation in VWF had type O blood group
compared with its frequency of 38% in the normal population (Goodeve et al.,
2007). Moreover, in the Irish `low VWF` study, 89% of patients had blood
group O (55% in normal Irish population) (Lavin et al., 2017).
Single nucleotide polymorphism (SNPs) affecting VWF levels have been
aslo identified. CLEC4M and LRP1 are associated to increased clearance of
VWF, and STXBP5 affects VWF exocytosis (Smith et al., 2010, Rastegarlari et
al., 2012, Rydz et al., 2013). There are various other candidate genes discovered
in next generation sequencing (Smith et al., 2010, van Loon et al., 2016).
Additional genetic loci unassociated to VWF levels can also modify the clinical
expression of VWD.
6.2.5 GLOBAL HEMOSTASIS ASSAYS
Traditional coagulation tests are adjusted for measuring specific parts of the
coagulation system. They do not capture the complexity of hemostasis and are
often insensitive to the clinical phenotypes of bleeding disorders and
prothrombotic states (Young et al., 2013). Global hemostasis assays have been
developed with the aim to fulfill this gap: to assess the overall hemostatic
system and the balance between procoagulants and anticoagulants. However,
the important exclusions of hemorheology and vascular wall remain in these
assays as well.
For the purpose of the present studies, this review will focus on the two
types of global hemostasis assays that have this far been studied in bleeding
disorders but are not in routine clinical use: thrombin generation (TG) tests
and rotational thromboelastography/metry.

THROMBIN GENERATION (TG) TESTS
Thrombin plays a central role in the coagulation cascade, with concentrationdependent procoagulant, anticoagulant, fibrinolytic and antifibrinolytic
properties. There are no bypassing mechanisms to TG and the extent of TG
contributes to the final formation of a hemostatic plug. The most commonly
used TG test, calibrated automated thrombogram (CAT), was developed by
Hemker (Hemker et al., 1993). A trigger is added to recalcified plasma in the
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Thrombin (nM)

presence of phospholipids to initiate TG. Thrombin formation leads to cleaving
of a fluorogenic substrate recorded by the device.

Figure 5. Thrombin generation curve by calibrated automated thrombogram (CAT) in a
platelet-poor plasma sample of a normal control and a type 3 VWD patient.

The calibrated automated thrombogram measures thrombin activity
continuously and records a TG curve (Figure 5). The usual parameters of
interest include lag time (time to initiate TG), peak thrombin (peak height of
the curve), time to peak (time to reach peak thrombin) and endogenous
thrombin generation (ETP, total amount of thrombin formed). TG assay can be
performed in platelet-poor plasma (PPP) but platelet-rich plasma (PRP) allows
evaluating the effect of platelets and is considered to better reflect physiological
conditions. In most studies, the platelet number is standardized, usually to
150x109/L. TG is traditionally triggered by tissue factor (TF) (Baglin et al.,
2011). Also, FXIa has been used as an alternative trigger (Waters et al., 2015).
Studies have applied several different TF (0.5-5 pM) and phospholipid
concentrations (van Veen et al., 2008a). Studies involving patients with
hemophilia are generally performed under low TF stimulation, which is
sensitive to defects of intrinsic complex formation (van Veen et al., 2008a).
However, under low TF stimulation it is sometimes not possible to obtain full
TG curves due to delayed reaction.
The Subcommittee on Control of Anticoagulation of the SSC of the ISTH
has published a communication towards a recommendation for
standardization of the TG tests (Baglin et al., 2011). Performing TG tests is
subject for various confounders and requires careful consideration of preanalytical conditions (Rodgers et al., 2014). PPP and PRP should be prepared
and the assay performed within 30 minutes to 2 hours after sampling. Samples
should be pre-heated for 10 minutes before assay initiation. Recently, a
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multicenter study in the Nordic countries for standardization of TG by
calibrated automated thrombogram has produced results which are as robust
as standard coagulation assays used in the routine laboratories (Ljungkvist et
al., 2018).
TG has been studied extensively in hemophilia and other bleeding disorders
(van Veen et al., 2008a). It has been established that the measured TG shows
good correlation to FVIII and FIX levels in hemophilia (Nummi et al., 2017).
The association to clinical phenotypes and adjusting treatment by TG tests
remains uncertain, with promising results from a few studies. A comprehensive
study investigating 22 severe hemophilia patients with mild bleeding
phenotype demonstrated that higher endogenous thrombin potential in
platelet-rich-plasma identified the patients with mild phenotype from controls
(Santagostino et al., 2010). Earlier, similar results were obtained in a study of
patients with rare coagulation factor (factor II, V, X and XI) defects (Al Dieri et
al., 2002). A study including 39 FXI deficient patients also indicated that TG
test distinguished between bleeding and non-bleeding phenotypes in FXI
deficiency (Livnat et al., 2015). These results remain to be confirmed in large
multicenter studies, which remain difficult to perform considering the
technical and standardization requirements of TG tests. There are also studies
with negative results of using TG tests to predict the clinical phenotypes in FVII
deficiency and hemophilia A patients with inhibitors (Tran et al., 2014, Salinas
et al., 2015). Recent studies have focused on measuring TG in cases where
coagulation factor levels cannot be measured: inhibitor patients and
monitoring new non-factor therapies.
There are two studies investigating TG in VWD. The first study examined
two type 1 patients with mild to moderate VWF deficiency
(VWF:RCo/VWF:Ag/FVIII 17/21/50% in patient 1 and 49/52/72% in patient
2, respectively) (Keularts et al., 2000). TG was measured by sub-sampling
method in stirred plasma at low shear rate. TG was initiated by kaolin in PPP,
in the presence of added phospholipids and in PRP, but without a trigger. TG
was impaired in the two patients in PRP in contrast to PPP. After scrambling
the platelet membrane with ionomycin, TG normalized in PRP also.
Desmopressin normalized TG in PRP, whereas TG in plasma was unaffected.
The authors concluded VWF is required for normal coagulation in the presence
of fibrin and platelets, and that TG in PRP appeared to be a suitable test to
assess VWF defects.
In the largest study to date, Rugeri et al. measured TG by the calibrated
automated thrombogram in 53 VWD patients, including 28 type 1, 23 type 2
and 2 type 3 patients (Rugeri et al., 2007). TG was initiated by tisuue factor at
1 pM in the presence of 4 μM phospholipids in PPP and by TF 0.5 pM in PRP
samples. In the study, TG was impaired in VWD compared to normal controls
both in PPP and PRP, and correlations between VWF activity and FVIII and TG
variables were demonstrated. TG in type 1 and type 2 VWD was at a similar
level. Patients with a higher historical bleeding score had low TG compared to
patients with lower bleeding score. By spiking type 3 PRP and plasma with
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recombinant FVIII and/or VWF, the study demonstrated FVIII had greater
capacity to correct TG compared to VWF. At normalized FVIII level, adding
VWF had no effect on TG. The authors concluded that the decreased TG in
VWD in mainly attributed to the decreased FVIII levels. The authors suggested
that low TG is associated to a more severe bleeding phenotype in VWD.
However, evaluation of platelet adhesion and aggregation are required to
actually predict bleeding risk in VWD patients. The study included only two
type 3 patients, and TG in severe VWD is largely unexplored.

THROMBOELASTOGRAPHY (TEG) AND
THROMBOELASTOMETRY (ROTEM)
Thromboelastography (TEG) and rotational thromboelastometry (ROTEM) are
two global hemostatic devices measuring clot formation, strength of the formed
clot and subsequent clot lysis in whole blood (Whiting et al., 2014). These
assays have a rapid turnaround time of 15-20 minutes and are increasingly
used in emergency and perioperative setting.
The principle of TEG was introduced already in 1948 (Hertert 1948). In the
TEG system, a whole blood sample is placed into an oscillating cylindrical cup,
containing a pin attached via a torsion wire. During analysis, an
electromechanical transducer measures the viscoelastic strength of the clot via
the torsion wire continuously. ROTEM is a modern modification of TEG with
automated pipetting in which the pin oscillates instead of the cup. The assays
produce a figure/curve as an output demonstrating the clot dynamics (Figure
6). Both devices measure essentially the same parameters but have distinct
nomenclature. Usual variables of interest include the time to reach a clot with a
2 and 20-millimeter size, the angle of the developing curve, maximal peak
amplitude of the clot and the timing of the clot lysis.
By using different reagents, both systems can analyze different aspects of
hemostasis. In TEG, the available tests include kaolin vials to measure contact
pathway and TF activation to measure common pathway, functional fibrinogen
test, native analysis and platelet mapping (measurement of platelet response to
ADP/arachidonic acid). Respectively, ROTEM can be used to measure the
contribution of the intrinsic pathway (INTEM) and the tissue factor-induced
extrinsic pathway (EXTEM) to clot formation. The degree of fibrinolysis
(APTEM), and the contribution of fibrinogen to clot strength independently of
platelets (FIBTEM) can be assessed. Also, native samples with recalcification
only can be assessed (NATEM). There are also assays to analyze the effects of
anticoagulants for both devices. Studies indicate that TEG can provide useful
data for monitoring treatment of hemophilia patients with inhibitors (Young et
al., 2006). However, the role of TEG/ROTEM in screening for inherited
bleeding disorders is not well defined. Recently, Schmidt et al investigated
ROTEM and TEG comprehensively in 100 VWD patients (27 type 1, 53 type 2
and 20 type 3) (Schmidt et al., 2017). The study demonstrated that both, the
prolonged reaction time (time to reach a clot size of 2 millimeters) and clotting
index (global assessment of parameters) in TEG, have excellent discriminative
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value for VWD, partly due to lowered FVIII levels. Association to clinical
bleeding phenotype was not reported. In contrast, ROTEM had only limited
accuracy. Only five patients had abnormal clotting time (time to reach a clot
size of 2 millimeters) in ROTEM.

Figure 6. A depiction of thromboelastography (TEG) and thromboelastometry (ROTEM) output.
The devices have distinct nomenclature for the captured parameters. R = reaction time, K =
kinetics of clot formation, MA = maximum amplitude, CL = clot lysis, CT = clotting time, CFT =
clot formation time, MCF = maximum clot firmness, LY = lysis, α = alpha angle.
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7 AIMS
The general aim of the study was to evaluate clinical phenotypes and their
variability in VWD in association to traditional clotting factor activities, global
hemostasis assays, platelet function analysis, and genetic analysis.
The specific aims of the study were to:
I.

Describe the genotypic and phenotypic heterogeneity of Finnish
patients with severe type 3 VWD (I)

II.

Assess thrombin generation, rotational thromboelastometry and
platelet activation by flow cytometry in relation to clinical
phenotypes in type 3 VWD (II)

III.

Present a case report on the management and outcome of a lifethreatening bleed in a patient with type 3 VWD and anti-VWF
alloantibodies (III)

IV.

Evaluate whole blood platelet aggregation and function in an
association with bleeding phenotype and VWD type in a cohort of
patients with historical VWD disease diagnosis (IV)
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8 PATIENTS AND STUDY DESIGN
8.1 PATIENTS AND STUDY DESIGN (I-III)
For studies I to III, patients diagnosed with type 3 VWD and followed up at the
Coagulation Disorder Unit in the Helsinki University Hospital were enrolled
(Table 4).

No.
1.

Age
(years)
and sex
76 / F

VWF:
RCo
(IU/dL)
<6

VWF:
GPIbM
(IU/dL)
<4

VWF:
Ag
(IU/dL)
<5

VWF:
CB
(IU/dL)
<3

2.

74 / F

<6

<4

<5

3.

70 / M

<6

<4

4.

67 / F

<6

5.

65 / F

6.

FVIII Study I
(IU/dL)

Study
II

1

x

x

<3

2

x

x

<5

<3

3

x

x

<4

<5

<3

1

x

x

<6

<4

<5

<3

1

x

-

64 / M

<6

<4

<5

<3

4

x

x

7.

56 / F

<6

<4

<5

<3

1

x

x

8.

49 / F

<6

<4

<5

5

4

x

x

9.

44 / F

<6

<4

<5

<3

14

x

x

10. 36 / M

<6

-

<5

<3

3

x

-

11.

<6

<4

<5

<3

3

-

x

20 / F

Table 4. Type 3 VWD patients included in studies I-III with baseline laboratory results. VWF
levels are unmeasurable in all. In patient 8, VWF:CB was available only after 5 day washout,
indicating measurable activity of 5 IU/dL. F = female, M = male.

In study I, we investigated the clinical features, standard laboratory
phenotypes, multimers and genotypes of 10 unrelated type 3 patients. The
study was performed as a collaborative project with prof. Reinhard
Schneppenheim’s laboratory in University Medical Center HamburgEppendorf and Medilys Laboratory (Hamburg, Germany).
In study II, we analyzed TG, ROTEM, and platelet activation using flow
cytometry in type 3 VWD. Nine patients were recruited. Samples were collected
after 3-7 days washout from replacement therapy in patients on prophylactic
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therapy. Response to treatment at 30 minutes post therapy was investigated in
6 patients.
In study III, the management of a life-threatening gastrointestinal bleed
complication of patient 7 with anti-VWF alloantibodies is reported.

8.2 PATIENTS AND STUDY DESIGN (IV)
Patients with historical VWD diagnosis referred to and assessed at Coagulation
Disorder Unit in the Helsinki University Hospital during years 2010-2015 were
enrolled to study IV: a total of 83 patients, 38 type 1, 32 type 2, and 13 type 3
cases. The previous VWD diagnosis were made outside the setting of
comprehensive bleeding disorder care.
Patients’ VWD diagnoses were re-evaluated according to the Nordic
Hemophilia Council guidelines, with a significant bleeding history associated
with lowered VWF levels (<35 IU/dL) as the primary diagnostic basis. Type 3
was defined as undetectable VWF antigen and type 2 was defined as abnormal
VWF:RCo/VWF:Ag ratios of 0.7 (excluding 2N).
A quantitative standardized Vicenza based BAT was calculated to
characterize the bleeding phenotype covering all historical bleeds. Centralized
measurements of VWF and FVIII were carried out and repeated a minimum of
3 times, at least 2 months apart. Whole blood platelet functions were assessed
with PFA and Multiplate in all.

8.3 ETHICAL ASPECTS
Studies were conducted according to the declaration of Helsinki and approved
by the ethical committee of Helsinki University Hospital. All patients gave
written consent.
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9 METHODS
9.1 CLINICAL EVALUATION OF THE BLEEDING
SYMPTOMS (I, II, IV)
In study I, Vicenza based bleeding score (BS) (Tosetto et al., 2006) was
calculated for included patients. Additionally, data on bleeding symptoms and
type and mode of treatment (on-demand or prophylaxis) were collected from
the medical records. In study II, we determined the BS with ISTH BAT
(Rodeghiero et al., 2010) and calculated the annual bleed rate (ABR) based on
patient reports.
In study IV, Vicenza based BS (Tosetto et al., 2006) was determined for all
patients carrying a historical VWD diagnosis. The score was considered
abnormal at a score > 5 in females and >3 in males. The calculation of BAT was
based on an interview with a specialized physician, reporting all bleeds prior to
the evaluation.

9.2 LABORATORY ANALYSIS
9.2.1 BLOOD SAMPLING (I-IV)
Analyses were performed in Coagulation Disorder Unit, Department of Clinical
Chemistry, HUSLAB Laboratory Service, Helsinki University Central Hospital,
unless otherwise stated. Under fasting conditions, peripheral venous blood
samples were collected without any known acute traumas, bleeds or surgeries.
The samples were obtained into vacuum collection tubes containing:
(1) EDTA for blood cell counts and genetic analysis;
(2) sodium citrate (109 mM sodium citrate, 3.2%) for coagulation factor
assays, PFA-100, TG assay, ROTEM, flow cytometric analyses and light
transmission aggregometry study in PRP;
(3) recombinant hirudin (lepirudin 25 μg/mL, 400 ATU/mL; Dynabyte
Medical, Munich, Germany) for whole-blood aggregometry studies by
Multiplate.
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9.2.2 COAGULATION ASSAYS (I-IV)
Citrated samples were centrifuged (2000 g, 10 min) and frozen in aliquots at
−70 °C, if not tested immediately. VWF activity was measured either by
VWF:RCo assay using BS VWF reagent (I, III-IV) or by VWF:GPIbM assay (II).
VWF:Ag was quantified with VWF Ag Latex reagent and FVIII activity by onestage clotting assay (Pathromtin SL and Coagulation FVIII Deficient Plasma).
Reagents for VWF:RCo, VWF:GPIbM, VWF:Ag and FVIII:C were obtained
from Siemens Heathcare Diagnostics and the analyses were performed on a
BCS-XP Analyzer (Siemens Healthcare Diagnostics, Marburg, Germany).
VWF:CB was determined by Technozym® VWF:CB enzyme-linked
immunosorbent assay (Technoclone GmbH, Vienna, Austria) using an EVOLIS
Analyzer (Bio-Rad Laboratories, Berkeley, CA, USA). The reference ranges
were as follows (IU/dL): VWF:RCo 44-183, VWF:GPIbM 50-190, VWF:Ag 51169, and FVIII 52- 148 (120 controls) and VWF:CB 50-170 (20 controls).
PT (Nycotest PT®, Oslo, Norway), APTT (Actin FSL®), factors V, VII,
IX, X, XII, XIII (reagents from Siemens, Pathromtin SL and factor deficient
plasma) and fibrinogen (Clauss method, Multifibren® U) were measured
on a BCS XP Analyzer (II, IV).
Prothrombin fragments F1+2 indicating in vivo TG were measured by
enzyme immunoassay Enzygnost® (Siemens) with reference range of 69229 pM (II). ADAMTS13 activity was determined by Technozym® ELISA,
with reference range of 40-130 % (II). Total and free TFPI antigens were
measured by Asserachrom ELISA (Stago, Asnières sur Seine, France) at the
Department of Hematology, Oslo University Hospital (kind courtesy of Dr.
Per Morten Sandset), and compared to in-house controls (13.4 ng/mL for
free 89.7 ng/mL for total TFPI) (II).
VWF binding to FVIII was evaluated by comparing the binding to
normal control, 2N homozygote, and 2N heterozygote (Finnish Red Cross
Blood Service laboratory, Helsinki, Finland) (IV).
9.2.3 THROMBOPHILIA SCREEN (II)
Thrombophilia screen was performed for all patients in study II. Free
protein S (PS) antigen was measured by latex-based method (IL Test Free
Protein S; Instrumentation Laboratory) and protein C and antithrombin
activities by chromogenic assays (Berichrom Antithrombin III and
Berichrom Protein C; Dade Behring). The lupus anticoagulant was detected
using two screening tests based on APTT (IL Test APTT-SP,
Instrumentation Laboratory, Italy) and Russell Viper Venom activated
clotting time (DVVtest 10, American Diagnostica Inc). Anti-cardiolipin and
anti-beta2 glycoprotein I -specific phospholid antibodies of IgG class were
measured with immunological assays (Varelisa Cardiolipin IgG Antibodies
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and Beta-2-Glycoprotein I IgG Antibodies, Phadia GmbH, Freiburg,
Germany, respectively) with reference values of < 15 U/mL. The variants FV
Leiden (R506Q) and prothrombin G20210A were detected using automated
PCR-based mini-sequencing.
9.2.4 MULTIMER ANALYSIS (I, IV)
In study I, VWF multimer analyses for type 3 patients were carried out by SDS
agarose electrophoresis of patients' plasma, Western Blotting and luminescent
visualization recorded by photo-imaging in Medilys Laboratory (Hamburg,
Germany), as described in detail previously (Schenneppenheim et al., 1988,
Budde et al., 2008).
Multimer analyses for type 2 patients (VWF:RCo:VWF:Ag <0.7) in study
IV with similar technique were performed at Lund University, Malmö as
part of traditional clinical collaboration.

9.2.5 PLATELET FUNCTION ANALYSER (PFA) (I, IV)
In the PFA-100® (Siemens Healthcare Diagnostics, Marburg, Germany),
closure times (CTs) on collagen cartridges spiked with either epinephrine
(CT/EPI) or adenosine diphosphate (CT/ADP) were measured, using reference
ranges CT/EPI 82-150 s and CT/ADP 62-100 s which were provided by the
manufacturer. We had additional 27 healthy volunteer samples as control
group.
9.2.6 GENETIC ANALYSIS (I, IV)
In study I, genomic DNA was isolated from frozen buffy coats with standard
procedures for all type 3 patients. Molecular studies were carried out as
described previously in University Medical Center Hamburg-Eppendorf
(Hamburg, Germany) (Schneppenheim et al., 2010). PCR products were
sequenced with using the ABI Prism Big Dye Terminator Cycle sequencing
ready reaction kit. Sense and antisense PCR primer were used as sequencing
primers on an ABI 377 sequencer (Applied Biosystems, Weiterstadt, Germany).
All patients were first screened for c.2435delC mutation in exon 18 of VWF. In
cases of heterozygosity for c.2435delC or negative results, all the remaining
exons of VWF were sequenced. Gene dosage analysis by Multiplex LigationDependent Probe Amplification (MLPA, MRC-Holland, Amsterdam, The
Netherlands) was performed for all to exclude heterozygous deletions.
Mutations were named according to the Human Genome Variation Society
(HGVS) system. The ISTH/SSC VWF mutation and polymorphism database
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and published literature were screened for previous descriptions of the
discovered mutations (http://www.vwf.group.shef.ac.uk/). The validity of
splice site mutations was tested by two different splice site prediction programs
(http://www.fruitfly.org/seq_tools/splice.html;
http://cbs.dtu.dk/services/NetGene2/).
In study IV, for the purpose of the study, genetic testing was limited to
specific patients in accordance with the VWD guidelines (Laffan et al., 2014):
(i) patients in whom phenotypic analysis did not clarify VWD type or subtype,
(ii) patients who were previously diagnosed with or suspected of 2B or 2N to
differentiate from platelet-type VWD or hemophilia A, and (iii) patients with
type 3 to provide genetic counseling and to identify patients at higher risk of
developing neutralizing antibodies. The analyses were performed by PCR based
sequencing in one of 4 laboratories, depending on the type of VWD and time of
the analysis: Lund University Hospital (Malmö, Sweden) as part of traditional
clinical collaboration, Addenbrooke's Hospital Genetics Laboratories
(Cambridge, UK), Sheffield Diagnostic Genetics Service (Sheffield, UK), and
Hamburg-Eppendorf University Clinic (Hamburg, Germany) for the type 3
patients.

9.2.7 THROMBIN GENERATION BY CALIBRATED AUTOMATED
THROMBOGRAM (CAT) (II)
TG was measured in platelet-poor (PPP) and –rich plasma (PRP) by Calibrated
Automated Thrombography (CAT, Thrombinoscope, Maastricht, the
Netherlands). PPP was prepared by double centrifugation of 2000 g for 10 min
and 10 000 g for 10 min and immediately stored at -80 °C. PRP was prepared
by single (180 g, 10 min) centrifugation and platelet count was adjusted to 150
x 109/L by autologous plasma. Measurements were performed as described by
Hemker et al (Hemker et al., 2000). Briefly, 80 μL of PPP was supplemented
with 20 μL of 1 pM TF and 4 μM phospholipids (PPP Reagent Low) and
respectively 80 μL of PRP with 20 μL of 1 pM TF without exogenous
phospholipids (PRP reagent) or with inner method standard Thrombin
Calibrator (all reagents from Thrombinoscope, Stago). Analyses were carried
out in triplicates for at least 60 min. We followed endogenous thrombin
potential (ETP), peak thrombin, and lag time. We had 14 normal controls.
The contribution of FVIII and protein S on TG in PPP were further analysed
under the same low 1pM TF activation (PPP reagent Low) in the Department of
Molecular and Cellular Hemostasis, Sanquin Research Laboratory, by HermJan Brinkman (Sanquin, Amsterdam, the Netherlands). The response to
exogenous FVIII was evaluated by spiking PPP with 1 IU/mL plasma-derived
human FVIII, as described previously (Bloem et al., 2012). The role of
endogenous FVIII was measured in the presence of VK34 (5 μg/mL), a FVIII
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inhibitory antibody directed to the A2 domain of FVIII (van den Brink et al.,
2000). The impact of the APC-independent activity of protein S was explored
by adding a protein S inhibitory antibody CLB-PS13 directed to the Gla domain
(100 μg/mL), as described previously (Pitkänen et al., 2015). The results were
compared normal to pooled plasma and commercially available FVIII-depleted
plasma (Siemens Healthcare GmbH, Erlangen, Germany).
9.2.8 ROTATIONAL THROMBOELASTOMETRY (ROTEM) (II)
Thromboelastometry in whole blood was measured within 2 hours of blood
collection with automated pipetting program by ROTEM (Instrumentation
Laboratory, Bedford, MA, USA), as recommended by the ISTH (Chitlur et al.,
2014). We assessed the INTEM, EXTEM, and FIBTEM. The following variables
were recorded: clotting time (CT, s), clot formation time (CFT, s), alpha angle
(α), maximum clot firmness (MCF, mm), and the area under the curve (AUC).
The reference ranges were provided by the manufacturer: for INTEM, CT 100240 s, CFT 30-110 s, α angle 70-83º, MCF 50-72 mm; and for EXTEM, CT 3879 s, CFT 34-159 s, α angle 63-83º, MCF 50-72 mm and for FIBTEM, MCF 925 mm.
9.2.9 PLATELET ANALYSIS UNDER FLOW CYTOMETRY (II)
Platelet degranulation via adenosine-5-diphosphate (ADP) induced P-selectin
expression (PE-labelled anti-CD62P, Becton Dickinson) and the expression of
procoagulant phosphatidylserine via GPVI-induced annexin V binding (FITClabelled; Becton Dickinson, activation by cross-linked collagen-related peptide
[CRP-XL], department of Biochemistry, University of Cambridge, UK) were
measured by flow cytometry. A concentration series of ADP (1, 2, and 5 μM;
Sigma) or CRP-XL (100 and 500 nM, 1.0, 7.5, and 15 μM) were incubated with
5 μL of fresh, citrated whole blood for 20 minutes. Samples were fixed with
200 μL of 0.2% formaldehyde, excluding the annexin V-stained samples.
HBS/Ca2+ buffer was used in all experiments. The samples were analysed with
FACScan (BD Accuri C6 Flow Cytometer). Data were expressed as percentage
of fluorescence-positive platelets and as median fluorescence intensity
(arbitrary units, AU). Patient samples were compared to 6 healthy controls.
9.2.10 PLATELET AGGREGATION (IV)
In study IV, whole blood platelet aggregation with the Multiplate® analyzer
(Dynabyte Medical, Munich, Germany) was studied within 180 minutes of
venipuncture. The following tests were carried out: standard 0.8 mg/mL of
ristocetin (RistoHigh®) and 0.2 mg/mL of ristocetin (RistoLow®), and inhouse modification of ristocetin at 0.6 mg/mL (Helena Biosciences, Gateshead,
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UK) for analysis of VWF dependent platelet aggregation. ASPItest® (0.5 mmol
/Lof arachidonic acid); ADPtest® (6.4 μmol /L of adenosine diphosphate);
TRAPtest® (32 μmol/L of thrombin activating peptide); and COLLtest® (3.2
μg/mL of collagen) were also performed. The results were expressed as the area
under the curve (AUC, arbitrary units). Local reference ranges were established
with 20 controls (AUC): RistoHigh®: 70-210, RistoLow®: 0-9, ristocetin 0.6
mg/mL: 60-110, and ADP: 40-110, ASPI: 70-125, TRAP: 70- 130, and COLL:
40-110.
For clarification of subtype 2B in study IV, a platelet aggregation study in
PRP (adjusted platelet count of 300 × 109 /L) with LTA (turbidimetric
PPACKS-4 aggregometer, Helena Laboratories, Beaumont, TX, USA) was
carried out in 2 patients. Maximal aggregation (% of change in light
transmission) at 5 minutes was recorded using several concentrations (0.4, 0.6,
0.8, 1.0, and 1.2 mg/mL) of ristocetin (Helena Bioscience).

9.3 STATISTICAL ANALYSIS (I-IV)
For the recorded data in all studies, median, interquartile range (IQR) and
range were calculated. The significance of difference between two independent
data groups was examined with Mann-Whitney test and the significance of
difference between two dependent data groups with Wilcoxon signed-rank test.
The correlation between two variables was analyzed using Spearman’s test. A
p-value of <0.05 was considered significant in all studies
In study II, for samples analysed under variable concentrations of
activation in flow cytometry, the significance of difference between groups was
examined with Kruskar-Wallis test.
All calculations were performed with Prism 7.0 (GraphPad Software, La
Jolla, CA, USA).
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10 RESULTS
10.1 STUDY I
10.1.1 CLINICAL PHENOTYPES
At the time of the study, 7 of the 10 type 3 patients included were on regular
prophylaxis with plasma derived (pd) VWF/FVIII concentrate Haemate® (CSL
Behring), administered 1 to 3 times per week (Table 5). Three patients had
milder clinical phenotype and received on-demand therapy in case of bleeds
and ahead of procedures/surgery.
Patient 5 had history of an anti-VWF alloantibody, diagnosed after lack of
response to pdVWF/FVIII concentrate (no history of allergic reactions), and
was treated with dual therapy: Haemate® and pdFVIII Amofil® (Sanquin).
Patient 7 had a history of an appearance of an anti-VWF alloantibody following
2 deliveries and post surgery, and had had once allergic reaction to
pdVWF/FVIII as described in detail in study III. She had only low spontaneous
bleeding tendency and was treated on on-demand.
Vizenca based BS exceeded 10 and indicated severe bleeding phenotype in
all (Table 5). All patients had presented with severe epistaxis and all 7 females
reported menorrhagia. Eight patients had history joint bleeds and consequently
had developed hemophilia-like arthropathy. None had a history of CNS bleeds.
Out of the 7 women included to the study, 3 had had pregnancies with
deliveries. All 3 women had previously 2 vaginal deliveries. The deliveries were
managed with either cryoprecipitate or pdVWF, with therapy administered 7 to
10 days postpartum in each case. No abnormal bleeding was associated to these
deliveries.
10.1.2 MULTIMER ANALYSIS
Multimers were absent in plasma of all 3 patients treated on-demand, whereas
murky multimer pattern elucidated traces of factor concentrate in plasma of
the 7 patients on prophylaxis (Figure 5).
10.1.3 GENETIC ANALYSIS
Of the 10 patients investigated, 7 were identified with homozygous and 3 with
compound heterozygous VWF mutations, all expected to lead to null alleles
(Table 5). No large deletions were observed in any of the patients by MLPA.
The mutation originally described in Föglö of the Åland Islands, c.2435delC
(p.Pro812ArgfsX31) in exon 18 was detected in 45% of the alleles (9/20). The
mutation was homozygous in 4 patients, and patient 2 was compound
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heterozygous for c.2435delC and a novel frameshift mutation c.1668delC in
exon 13.
The nonsense mutation c.4975C>T (p.R1659X) was discovered in 40% of
the alleles (8/20) and was homozygous in 3 patients. The families of these
homozygous patients were all traced to Southern Ostrobothnia region of
Finland. Two patients had compound heterozygous mutations of c.4975C>T
and another mutation, in patient 1 a novel frameshift mutation
c.2072delCCinsG in exon 14 and 7 in patient 8 a novel splice site mutation
c.874+2T>C in intron. The c.874+2C>T variant destroys the canonical GT of
the donor splice site and analysis by two different splice site prediction
programs predicted the complete loss of the intron 7 donor splice site.
No.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Nucleotide
change

Aminoacid change

Exon

Mutation type

Tosetto
BAT

c.4975C>T/
c.2072delCCinsG*
c.2435delC/
c.1668delC*
c.2435delC/
c.2435delC
c.4975C>T/
c.4975C>T
c.2435delC/
c.2435delC
c.4975C>T/
c.4975C>T
c.4975C>T/
c.4975C>T
c.4975C>T/
c.874+2T>C*
c.2435delC/
c.2435delC
c.2435delC/
c.2435delC

p.R1659X/
p.Pro691GInfsX50
p.Pro812ArgfsX3/
p.His556GInfsX21
p.Pro812ArgfsX3/
p.Pro812ArgfsX31
p.R1659X/
p.R1659X
p.Pro812ArgfsX3/
p.Pro812ArgfsX31
p.R1659X/
p.R1659X
p.R1659X/
p.R1659X
p.R1659X/
p.Pro812ArgfsX3/
p.Pro812ArgfsX31
p.Pro812ArgfsX3/
p.Pro812ArgfsX31

28/14

Nonsense /
Small deletion
Small deletion/
Small deletion
Small deletion/
Small deletion
Nonsense /
Nonsense
Small deletion/
Small deletion
Nonsense /
Nonsense
Nonsense /
Nonsense
Nonsense/Splic
e site
Small deletion/
Small deletion
Small deletion/
Small deletion

22

18/13
18/18
28/28
18/18
28/28
28/28
28/
intron 7
18/18
18/18

18
20
19
25
13
23
27
13
18

Table 5. VWF variants detected in genetic analysis in the patient group. * Denotes novel
previously not reported VWF variant. Variants are marked according to NCBI reference
sequence NM_000552.3 of VWF cDNA, HGVS nomenclature.
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Figure 5. Multimer analysis of patient and normal plasma (NP) demonstrating absence of VWF
in patients on on-demand (2, 4 and 7) and traces of factor concentrate in patients on
prophylaxis (1, 3, 5, 6, 8, 9, and 10).

10.2 STUDY II
10.2.1 PATIENT CHARACTERISTICS
Of the 9 type 3 patients enrolled, at the time of the study 4 were treated on ondemand basis and 5 were on regular prophylaxis. Bleeding scores (BS, ISTH
BAT) were high (≥15) in all indicating severe bleeding phenotype. Thus, also
on-demand treated patients had high BS results due to historical bleeds related
to surgeries, tooth extractions, deliveries, and previous episodes of epistaxis
and menorrhagia (Table 6). However, currently all four on-demand treated
patients reported milder bleeding tendencies and rarely used factor
concentrate (annual bleed rate ABR requiring factor concentrate 0 – 1).
Standard laboratory data at the time of the study sample withdrawal are
presented in Table 6. On-demand treated patients had undetectable VWF and
low FVIII levels. Patients on prophylactic treatment had their last dose infused
3-7 days previously and trace amounts of factor concentrate were present.
Median VWF levels (IU/dL) were low: VWF:Ag was <5 (<5 – 17), VWF:GPIbM
4 (<4 – 14), and VWF:CB <3 (<3 – 8). FVIII varied between 4 – 53 IU/dL, and
the levels were surprisingly well-conserved 50 and 53 IU/dL in 2 patients.
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The VWD genotypes of patients 1 to 8 were described in study I. Patient 9,
who was not included into study I, was compound heterozygous for two null
mutations, c.2435delC and c.5312-2delA, a novel small deletion in intron 30.
No factor V Leiden, prothrombin nucleotide 20210 variant or other
thrombophilic traits compensating for the VWF defect were discovered.
Antithrombin, free protein S and protein C levels were normal in all (Table 7).
ADAMTS13 activity was within normal range and replacement therapy did not
affect the levels. Free and total tissue factor pathway inhibitor (TFPI) varied 5fold (medians 11 and 104 ng/mL, compared to in-house controls of 13.4 and
89.7 ng/mL, respectively), with the lowest levels recorded in patient 9. F1+2
fragment levels ranged between 135 and 360 pM (reference 69 – 229 pM),
indicating normal to moderately increased in vivo thrombin generation. Higher
F1+2 levels were associated with older age (r=0.70, p=0.006). Factor
concentrate infusion did not modify the F1+2 levels.

No.
1.
2.
3.
4.
5.
6.
7.
8.
9.

Treatment

PRO

Washout Study
treatment
dose
over 14 1000 IU VWF
days
over 14 days
7 days
3000/7200 IU
FVIII/VWF
over 14 days
3 days
2000/4800 IU
FVIII/VWF
over 14 days
3 days
2000 IU VWF

PRO

4 days

PRO

4 days

OD
OD
PRO
OD
PRO
OD

1000/2400 IU
FVIII/VWF
1000/2400 IU
FVIII/VWF

VWF:
Ag
IU/dL
<5 –
37
<5

VWF:
GPIbM
IU/dL
<4 –
21
<4

VWF:
CB
IU/dL
<3 –
26
<3

FVIII
IU/dL

ISTH
BAT

2–
12
2

29

17 –
249
<5

<4 –
117
<4

8–
202
<3

50 –
136
2

<5 –
179
<5

<4 –
73
<4

<3 –
131
<3

23 –
99
2

13 –
69
<5 –
174
<5 –
72

14 –
35
9–
66
4–
43

5–
49
<3 –
109
<3 –
52

53 –
57
9–
73
4–
43

18
23
22
15
21
30
13
19

Table 6. Mode of treatment, washout from factor concentrate, dose of factor concentrate
given in the study, VWF and FVIII levels and ISTH bleedings assessment tool (BAT) results. OD =
on-demand, PRO = prophylaxis. For the patients whose treatment response to factor
concentrate was studied (n=6), measurements before and 30 minutes after the replacement
therapy are given.

50

No.
1.
2.
3.
4.
5.
6.
7.
8.
9.

F1+2
pM/L
(69-229)
360 –
343
324

ADAMTS
13 %
(40-130)
66.3 –
56.9
99.5

PC %
PS %
AT3 %
Total
(74-141) (50-150) (85-125) TFPI
ng/mL
150
86
117
123

Free
TFPI
ng/mL
25.5

158

59

107

113.9

10.6

311 –
292
239

145.1
131.5
89.3

128

90

112

110.6

26.3

94

68

111

86.0

7.2

178 –
176
146

95.0
97.9
99.5

– 91

74

111

85.1

10.9

131

69

110

104.4

16.2

230 –
245
225 –
226
135 –
132

106.4 – 208
114.4
115.9 – 150
128.5
98.1 – 115
106.2

80

122

115.9

19.2

60

110

96

10.8

112

94

55.3

4.3

Table 7. Further coagulation assessments including prothrombin fragment (F1+2), ADAMTS13,
protein C (PC), protein S (PS) and total and free tissue factor pathway inhibitor (TFPI) levels.
Results before and after therapy indicated in patients whose response to factor therapy was
studied.

10.2.2 THROMBIN GENERATION (TG) IN PLATELET-POOR (PPP) AND RICH PLASMA (PRP)
In the plasma of type 3 VWD patients, both peak thrombin and ETP were
reduced when compared with healthy controls (Figure 6 and 7). Median peak
thrombin was 16% (6 – 93%) and ETP 33% (17 – 130%) of normal. Time to
initiate TG (lag time) was also prolonged. TG was especially poor among
patients on on-demand therapy, who had 69% lower peak thrombin than the
ones on prophylaxis. One outlier patient on prophylaxis (patient 9) had a
normal TG curve, despite a washout of 4 days and undetectable VWF and low
FVIII:C of 4 IU/dL. This was a patient with the lowest measured TFPI levels,
but no other abnormalities in coagulation parameters.
In plasma, peak thrombin showed significant correlation with the measured
FVIII level (r=0.77, p=0.02) and VWF:CB (r=0.81, p=0.016), but not with
VWF:Ag or VWF:GPIbM. ETP and lag time did not show association to any TG
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Thrombin (nM)

Thrombin (nM)

parameter. None of the TG variables correlated with the ADAMTS13, TFPI,
protein C, protein S or antithrombin levels.
In contrast with the measurements in plasma, in PRP of type 3 VWD
patients TG was not significantly lower in comparison with normal controls
(Figure 6 and 7). Median peak thrombin was 77% (20 – 140%) and ETP 106%
(50 – 150%) of normal. Lag time was normal. Similarly as also demonstrated in
plasma, peak thrombin was 30% lower in on-demand compared with
prophylaxis treated patients. The measured TG variables in PRP failed to
correlate with VWF, FVIII or any of the other coagulation parameters.

Figure 6. Thrombin generation (TG) curves of type 3 patients and normal controls in plateletpoor plasma (PPP)(A) and platelet-rich plasma (PRP)(B).

10.2.3 THROMBIN GENERATION AFTER ADMINISTRATION OF
REPLACEMENT THERAPY
We measured the impact of replacement therapy at 30 minutes after the factor
concentrate infusion in 5 patients on prophylaxis and in 1 patient on ondemand therapy. TG was measured after a typical prophylactic or on-demand
dose (VWF 16-95 IU/kg, Table 6). Replacement therapy restored VWF levels to
normal (Table 6 and Figure 8). FVIII levels were normalized after VWF/FVIII
concentrate, and showed minor increase after pure VWF infusion, as expected.
In PPP, the administration of VWF/FVIII concentrate in 4 patients restored
peak thrombin and ETP (Figure 8). Administration of pure VWF in 2 patients
increased TG in PPP less.
The response to VWF/FVIII concentrate measured by TG in PRP was lower
and inconsistent. Also in the 2 patients receiving pure VWF, the response
measured in PRP was variable: TG increased in one and was unaffected in the
other.
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Figure 7. Thrombin generation (TG) in type 3 VWD (VWD3). In PPP, all TG variables were
abnormal. The median peak thrombin (vs controls) was 19 nM (range 7-109 nM) vs 120 nM
(50-190 nM), ETP 330 nM×min (180-1300 nM×min) vs 1000 nM×min (560-1600 nM×min) and
lag time 8.0 min (3.0-16 min) vs 5.2 min (4.3-9.9 min). In contrast, PRP there was no significant
difference between VWD3 and controls. Peak thrombin (vs. controls) was 64 nM (15-120 nM)
vs. 83 nM (43-130 nM), ETP 1400 nM×min (700-2000 nM×min) vs. 1300 nM×min (840-2000
nM×min) and lag time 9.1 min (5.3-24 min) vs. 10 min (5.6-13 min). Median and interquartile
range are indicated by the lines.
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Figure 8. Impact of replacement therapy on VWF and FVIII (a) and TG (b and c) at 30 min after
infusion in 6 patients. Four were on FVIII/VWF therapy (black lines) and 2 on pure VWF
concentrate (grey lines). In PPP, the administration of VWF/FVIII normalized peak thrombin
and ETP, whereas the administration of VWF increased TG only modestly (recovery less than
50% of normal). In PRP TG increased modestly or was unaffected by VWF/FVIII or VWF
infusion.

10.2.4 IMPACT OF FVIII AND PROTEIN S ON TG IN PPP
To investigate the contribution of FVIII to the TG in PPP, we assessed the
impact of addition and inhibition of FVIII by in vitro spiking studies. Spiking
PPP with FVIII (1 IU/mL) increased peak thrombin in all patient samples
regardless of the baseline FVIII levels (Figure 9). However, the TG measured
after the addition FVIII was lower in type 3 VWD patients compared to the
controls (normal plasma or FVIII–depleted plasma).
Conversely, inhibiting FVIII with the VK 34 antibody reduced the peak
thrombin to <10 nM (with the exception of patient 9, where peak thrombin
decreased by 3-fold to 52 nM). As a negative control, VK 34 had no impact on
the peak thrombin in the FVIII-depleted plasma.
The contribution of protein S on TG in PPP was investigated by addition of
PS 13, a protein S inhibitor. This enhanced peak thrombin in all type 3 VWD
samples, especially in on-demand treated patients (Figure 9). The increase of
TG capacity after blocking protein S was greater type 3 VWD than in normal
plasma, but less than in FVIII-depleted plasma.
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Figure 9. Peak thrombin after addition and inhibition of FVIII (A) and after inhibition of protein
S (B) in patients 1 to 9. After FVIII addition, peak thrombin increased from a median 12 to 101
nM. Inhibition of FVIII (VK 34) resulted in a decrease of TG from median 12 to 5 nM. Inhibition
of protein S (PS13) increased TG from median 12 to 39 nM.

10.2.5 ROTEM
ROTEM analysis was carried out for all. All ROTEM results by INTEM,
EXTEM and FIBTEM activation were normal and unaffected by factor
concentrate infusion at 30 minutes (Table 8).

All
n=9

EXTEM EXTEM EXTEM EXTEM
CFT 34- α 63- MCF
CT
50-72
83°
38-79 s 159 s
mm
49
69
79
68
44-52
51-106 71-85
62-72

PRE
n=6

49
47-52

69
51-106

78
71-82

69
62-72

POST
n=6

48
43-62

84
51-136

78
64-83

68
62-72

186
162207
184
172207
190
160235

FIBTEM
MCF 925 mm

65
41-109

77
70-81

INTEM
MCF
50-72
mm
70
61-73

68
41-109

76
70-81

69
61-73

20
12-27

77
65-81

75
70-80

67
63-73

19
13-26

INTEM INTEM INTEM
CT 100- CFT 30- α
70-83°
110 s
240 s

21
12-27

Table 5. Thromboelastometry (ROTEM) results in all (n=9) and before and after treatment
(n=4). No significant change was detected between pre and post samples. Reference ranges
provided by the manufacturer given in the top column.
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10.2.6 FLOW CYTOMETRIC ANALYSIS OF PLATELETS
In the flow cytometric analysis of platelets, individual type 3 VWD patients
demonstrated higher platelet activation status when compared with normal
controls, but this finding was not apparent in all. Increased platelet activation
by P-selectin expression was detected in 67% of the type 3 VWD patients (4 ondemand and 2 prophylaxis treated) and also 56% (3 on-demand and 2
prophylaxis treated) of the patients demonstrated stronger annexin V binding
than normal conrols (Figure 10). This was demonstrated both by
measurements of percentage of positive platelets expressing P-selectin/annexin
V binding and as increased median fluorescence intensity. However, the overall
difference between type 3 VWD patients and normal controls did not reach
statistical significance. Platelet activation status did not associate with the TG
results, or other coagulation factors.

Figure 10. Platelet reactivity by P-selectin expression under ADP stimulation as expression of
positive platelets and median fluorescence intensity in panels A and B, and correspondingly
annexin V-binding upon stimulation with CRP-XL in panels C and D.
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10.3 STUDY III
10.3.1 BACKGROUND
This case study reports the management of an acute gastrointestinal bleeding
(GI) episode in a 49-year old patient with anti-VWF alloantibodies (Patient 7,
Table 5).
Previously, the patient had been treated for bleeds and surgeries with
cryoprecipitate and plasma derived factor concentrates, both VWF/FVIII
(Haemate®) and pure FVIII (Amofil®, manufactured with the method M,
Sanquin). The antibodies were first demonstrated following a delivery at the
age of 35, when response to cryoprecipitate therapy disappeared 8 days after
giving birth, suggesting a neutralizing antibody. During this episode, the
patient also had a possible allergic reaction (rash and fever) following
replacement therapy. However, there were no hemostatic problems. A second
delivery two years later was handled with Haemate®, and again the response
to the replacement therapy was lost at 6 days post delivery.
At the age of 46, the patient had a prolonged GI bleeding episode following
polypectomy in a local hospital. An adenoma with mild dysplasia was removed.
The patient was hospitalized for 3 weeks due to bleeding, receiving extended
therapy with VWF/FVIII (Haemate®) and pdFVIII (Amofil®), and several red
blood cell (RBC) transfusions. Subsequently, the patient was referred to our
comprehensive care center.
Initial laboratory results at our center revealed absent VWF and
consequently low FVIII (2 IU/dL). The patient had low spontaneous bleeding
rate, and for the next 3 years, had only minor bleeding problems managed with
tranexamic acid. DNA analysis showed homozygous c.4975C>T (p.R1659X)
mutation in exon 28 of VWF.

10.3.2 THE CURRENT BLEEDING EPISODE
At the age of 49, a control colonoscopy was planned in our hospital. The
procedure was decided to be managed with a different VWF/FVIII concentrate
Wilate® (Octapharma) which contained a higher ratio of FVIII (VWF/FVIII
1:1) compared to Haemate®.
The patient received a dose of 40 IU/kg of Wilate® prior to the colonoscopy
(day 1, Figure 11). The procedure was initially uneventful with good local
hemostasis, and 6 minor polyps (later confirmed benign hyperplastic), were
resected. Wilate® (20 IU/kg) replacement therapy was continued twice
dailyfor 2 post-operative days with good response in the laboratory.
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x
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pdVWF/FVIII2
pdFVIII

Figure 11. Timelines demonstrating the treatment of our patient with anti-VWF alloantibodies.
The patient underwent an elective colonoscopy with biopsy on day 1, leading to severe
gastrointestinal (GI) bleeding complication from day 3 to 11. The bleed resolved and the
response to VWF treatment was achieved following intravenous immunoglobulin (IVIG)
treatment (arrows). pdVWF/FVIII1 = Wilate®, pdVWF/FVIII2 = Haemate®.

On day 3 the patient was discharged from the hospital without signs of
bleeding, alloantibodies or other complications. However, on her way home, an
acute lower GI bleed started, and she returned to the hospital. The Wilate®
therapy was restarted with a bolus of 40 IU/kg, followed by 20 IU/kg every 8
hours. During hospital days 3 to 6, VWF and FVIII levels were maintained with
the therapy, but the GI bleeding persisted. The patient received also daily RBC
and platelet transfusions.
On day 7, the response to replacement therapy suddenly disappeared in the
laboratory (Figure 11). At the same time, the GI bleeding got worse, with severe
melena 10 times and 1700 mL daily. This was considered to represent the
reappearance of a VWF inhibitor, and the patient was transferred to the
intensive care unit. Therapy with a bypassing agent rFVIIa (NovoSeven®,
NovoNordisk) at 9.6 mg (109 μg/kg) every 2 hours was initiated. A control
colonoscopy on day 7 discovered bleeding from multiple biopsy sites, and in a
difficult procedure with poor local hemostasis and visibility, these were treated
with 7 clips. With the uncontrolled bleed continuing, Haemate® and pdFVIII
(Amofil®) were added to the therapy on day 8, administered 4-6 times daily
alternating with the rFVIIa therapy. Despite transient VWF and FVII response
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on day 9, severe GI bleeding persisted from day 7 to 10. RBC units had to be
administered at 2-6 units per day to maintain hemoglobin levels combined
with platelet transfusions and fresh frozen plasma (Octaplas®, Octapharma). A
new control colonoscopy on day 11 found active bleeding at a single biopsy site,
again treated with clips.
Without detectable treatment response, to support the local hemostasis
achieved in the colonoscopy on day 11, intravenous immunoglobulin (IVIG,
Nanogam®, Sanquin) was administered at 1 g/kg. Now, VWF and FVIII levels
increased immediately a few hours after the infusion, and rFVIIa therapy was
stopped. Subsequently, the bleeding finally ceased on day 11, and the patient
was transferred back to the regular ward. IVIG was continued every 24 hours
for a total of four doses, together with Haemate® and pdFVIII therapy every 812 hours. The effect of IVIG infusions on VWF and FVIII levels increased
during the infusions (VWF:Ag reaching up to 300 and VWF:RCo 200 IU/dL),
and lasted for 2 days after the fourth infusion.
The GI bleed had resolved, but the hospitalization was prolonged due to
epistaxis starting on day 13. This was treated by posterior tamponation. Some
epistaxis recurred after the removal of the tamponade on day 17 and 2 more
IVIG-infusions were administered on day 17 and 18. The impact on VWF and
FVIII levels was again immediate and enough to control the bleed. The patient
was finally discharged from the hospital after 20 days of treatment, continuing
only tranexamic acid at home.
Unfortunately, at the time of the bleeding episode, no antibody
measurement was available, but laboratory results clearly indicated the
presence of a neutralizing anti-VWF alloantibody. Since then, an anti-VWF:CB
titer of 5 BU/mL but no anti-VWF IgG or IgM antibodies were measured as
part of the International Registries and Inhibitor Prospective (IPS3-WINTERSIPS3) study, demonstrating an inhibitor.
Since the bleeding episode, the patient has experienced repeated epistaxis,
usually managed with tranexamic acid. Once due to epistaxis, the patient
received Haemate® in a local hospital and developed shortness of breath,
dizziness and itchiness in the throat post infusion, resolving after
discontinuation of the treatment. She has not experienced further GI bleeds.

10.4 STUDY IV
10.4.1 RE-EVALUATION OF PAST VWD DIAGNOSES
Historical VWD diagnoses given a median of 20 years (range 1-54) ago were reevaluated by a comprehensive clinical and repeated laboratory assessment in
the 83 subjects included to the study. The median age of the patients entering
the study was 44 years (16-76). The original diagnostic VWF:RCo and FVIII
results were available in all type 1 patients, but only in 16/32 of type 2 and 3/13
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of type 3 patients. The initial VWF:Ag levels were unknown in the majority of
the cases.
According to current guidelines and laboratory data, we could confirm a
diagnosis of VWD in 52/83 (63%) of the patients. Specific VWD types were
confirmed in all 13/13 (100%) type 3 patients, in 29/32 (90%) type 2 patients,
but only in 7/38 (18%) type 1 patients. In addition, in 3 patients with historical
type 1 VWD, the diagnosis was changed to type 2 VWD. Ten patients with
previous type 1 diagnosis currently fulfilled criteria for low VWF instead of type
1.
Including all patients with historical VWD, the Vicenza-based BAT score at
re-evaluation showed a negative correlation with VWF:RCo (r = −.43), VWF:Ag
(r = −.51), VWF:CB (r = −.54), FVIII (r = −.44), RIPA 0.6 mg/mL (r = −.34),
and RIPA 0.8 mg/mL (r = −.54) and a positive correlation with PFA CT/EPI
(r = .45) and CT/ADP (r = .46) (in all p≤.001).
10.4.2 PFA-100
In the PFA, CTs with both ADP and EPI cartridges were prolonged in all
confirmed VWD cases, confirming a primary hemostatic defect (Figure 12). The
degree of reduction was dependent on the VWD type, with the type 3 and type
2 patients showing markedly prolonged closure times. All type 1 patients also
had abnormal PFA-100, whereas in the low VWF group, both CT/EPI and
CT/ADP CTs were prolonged in 6/10 cases, CT/ADP marginally in 2/10, and
both normal in 2/10.
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Figure 12. PFA-100 results in different patient groups, illustrating abnormal results in all
confirmed VWD patients, irrespective of the VWD type by both epinephrine (CT/EPI) and
adenosine diphosphate (CT/ADP) cartridges compared to normal controls.
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10.4.3 RISTOCETIN INDUCED PLATELET AGGREGATION (RIPA)

ristocetin 0.2 mg/mL, AUC

Whole blood RIPA at 0.6 mg/mL ristocetin was reduced in all VWD cases in
Multiplate® with sensitivity of 100%, with the exception of subtype 2B (Figure
13). The sensitivity for VWD (excluding 2B) was 89% at the higher, standard
ristocetin concentration of 0.8 mg/m, where normal results were obtained in 6
VWD patients (4 type 1 and 2 type 2A). RIPA was variable in the 10 patients
with low VWF and overlapped with that of healthy controls. Four patients had
diminished RIPA at ristocetin 0.6 mg/mL, but normal RIPA at 0.8 mg/mL
ristocetin concentrations.
Increased RIPA by Multiplate at low ristocetin (0.2 mg/mL) identified
subtype 2B in 7 of the 8 patients, distinct from other type 2 subtypes (2A, 2M,
2N) and normal controls. RIPA by Multiplate at low ristocetin was normal in
one 2B patient with thrombocytopenia, who also needed a higher minimum
aggregating dose of ristocetin in LTA (0.8 mg/mL compared to standard
0.4 mg/mL). 2B subtype was confirmed in all patients by genetic analysis.
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Figure 13. Ristocetin-induced platelet aggregation (RIPA) in whole blood by Multiplate in low
VWF, different VWD types and subtypes, and normal controls at 0.2, 0.6 and 0.8 mg/mL
ristocetin. The low concentration identified subtype 2B. The higher concentrations demonstrate
progressively lowered RIPA according to the type of disease, with absent RIPA in type 3 VWD.
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10.4.4 PATIENTS WITH HISTORICAL TYPE 1 VWD
Type 1 was confirmed in 7 of the 38 patients with previous type 1 diagnosis
(Figure 14). Three out of these 38 cases had type 2 VWD instead. All confirmed
VWD cases had original diagnostic levels of VWF:RCo <35 IU/dL. All
demonstrated only modest increase of VWF:RCo and FVIII (median increase of
5 IU/dL and 12 IU/dL) from the diagnostics levels, in a median 17-years (1-34)
follow-up since diagnosis.
Prior type 1 VWD was reclassified as low VWF in 10 of the 38 cases based
on VWF of 35-50 IU/dL, and a bleeding tendency. Nine out of these 10 patients
had abnormal bleedinf tendynce by BAT, but the median was lower than in
type 1 (6 vs 11, P = 0.003). Six patients had VWF:RCo levels of 35-50 IU/dL
also at the original diagnosis, whereas in 4 cases, the levels had increased from
the original <35 IU/dL.
We were unable to confirm VWF defect in 18 of the 38 patients previously
diagnosed with type 1, as the VWF levels were repeatedly normal. At original
diagnosis, 10/18 cases had VWF:RCo levels higher than the current diagnostic
cutoff of 35 IU/dL, and for 8/18, VWF:RCo levels were originally <35 IU/dL. At
the re-evaluation, 8/18 subjects were asymptomatic (normal BS) and had
normal laboratory findings, and they were determined not to have a bleeding
disorder. Five of 18 had abnormal BS and altered platelet function as
determined by Multiplate analysis (3 ADP and 2 ASPI) suggesting a platelet
function defect. Four of them had also abnormal PFA analysis. Five patients
with abnormal BS without laboratory abnormalities were concluded to have a
bleeding disorder of unknown origin. No other clotting factor deficiencies were
discovered.

previous VWD type 1
n = 38

VWD
n = 10 (26%)

type 1
n=7

type 2A
n=1

type 2M type 2N
n=1
n=1

normal VWF
n = 18 (48%)

low VWF
n = 10 (26%)

no bleeding
disorder
n=8

defec ve
platelet
func on
n=5

abnormal BS,
no laboratory
defects
n=5

Figure 14. A flow chart illustrating the re-evaluation of the previous type 1 VWD diagnoses.
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11 DISCUSSION
11.1 THE INHERITANCE OF TYPE 3 VWD IN FINLAND
The genetic background of 10 Finnish type 3 VWD patients is reported in study
I. Type 3 VWD is a rare disease, and the reported prevalence has ranged from
0.1 to 5.3 cases per million of the population in different nations. The lowest
prevalence has been reported in Southern Europe and the highest in Arabic
countries and Scandinavia (Eikenboom et al., 2001). In Finland, the prevalence
of type 3 was reported to be relatively high 4 per million in 1999, with 18
diagnoses (Kekomäki et al., 1999). Since then, according to our knowledge
altogether 27 patients have been diagnosed with type 3 VWD.
In our study, although our 10 patients were from different families, there
was only little genetic heterogeneity. Two main mutations, c.2435delC and
c.4975C>T were detected in 85% of the analyzed alleles. In most studies, where
genetic analysis has been performed nationwide or in large cohorts, no
common founder mutations have been discovered. However, c.2435delC has
been commonly reported at high frequency in countries surrounding the Baltic
Sea and only rarely in other populations. The mutation constitutes 50% of the
mutations detected in type 3 in Sweden, 20% in Germany, 75% in Poland and
also 12% in Hungary (Schneppenheim et al., 1994, Zhang et al., 1994, Gazda et
al., 1997, Mohl et al., 2008).
The other main mutation discovered in 40% of the alleles in our patients,
c.4975C>T, has been reported in individual patients from Japan, Iran, India
and Turkey, suggesting that the mutation is located on a ´hotspot´, where the
risk for mutations is elevated (Hagiwara et al., 1996, Baronciani et al., 2000,
Berber et al., 2013).
Since our publication, according to our knowledge 6 patients with type 3
from Finland have undergone genetic analysis. Among these 6 patients,
c.2435delC was detected in 33% (4/12) and c.4975C>T in 50% (6/12) of the
alleles, in agreement with our results.
Our findings are interesting also considering the historical aspects of VWD.
Erik von Willebrand, a Finnish internist working in the Helsinki Diaconia
Hospital, was the first to describe VWD. The original family S from Föglö in the
islands of Åland remains one of the largest families with VWD. In the current
study, we have confirmed that the Åland Island mutation c.2435delC is also
common among type 3 patients in mainland Finland. This deletion leads to
severe bleeding tendency, and as described by Erik von Willebrand, also
carriers of the mutation can be symptomatic. With this background, the genetic
analysis of type 1 VWD in Finland would be of interest considering the
relatively high incidence of type 3 in Finland.
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11.2 CLINICAL HETEROGENEITY IN TYPE 3 VWD
There is a great heterogeneity in the clinical expression of VWD, including the
most severe form of the disease, type 3. In contrast to hemophilia, where
prophylaxis with factor treatment is the gold standard of treatment, in VWD
there is no clear evidence on which patients should be treated prophylactically
(Abshire et al., 2015). While some patients present with severe bleeding
tendency and suffer from joint bleeds leading to hemophilia-like arthropathy,
other patients do not bleed spontaneously and do not need prophylaxis.
In the Canadian type 3 VWD study, it was reported that patients who
carried mutations in the propeptide region of VWF had higher BAT score
(Bowman et al., 2013). However, this result remains to be confirmed in further
cohorts. FVIII level has been considered to be a major determinant of bleeding
phenotype in type 3, but this was not confirmed among our patients, who all
had low native FVIII levels of less than 5 IU/dL.
The likelihood of joint bleeds may depend factors such as the physical
activity of patients and occurrence of traumas as well as the hemostatic factors.
An interesting comparison would be moderate hemophilia A, in which FVIII
levels are similar.
In our study, we have examined several features that could contribute to the
bleeding risk in type 3 VWD. In addition to VWF and FVIII levels, we assessed
thrombophilia screen, TG, ROTEM and platelet activation status by flow
cytometry. In patients with low spontaneous bleeding rate and low ABR, we did
not discover thrombophilic traits or other coagulation abnormalities that could
compensate for the VWF/FVIII defect. Our patient number is too small to
make any definite conclusions on whether these factors may have role in the
clinical heterogeneity of severe VWD. However, the lack of these known
thrombophilic traits among our patients with variable bleeding phenotypes
suggests that there are possibly other, unexplored mechanisms involved. These
patients with milder clinical phenotype had reduced TG results in both plasma
and less evidently in the presence of platelets. However, procoagulant
properties of platelets could compensate VWF-associated defect, both by
inherited and acquired mechanisms. The contribution of platelets on the
clinical phenotypes in VWD calls upon further studies.
It seems unlikely that a single laboratory examination would be able to
explain the diversity of bleeding symptoms in type 3, and larger multicenter
multinational prospective studies are required to increase understanding of the
clinical course of type 3 VWD. Such study is currently ongoing under the
supervision of Dr. Augusto B. Federici, with especial focus on patients with
inhibitors. The study is entitled 3WINTERS-IPS (Type 3 von Willebrand
International Registries Inhibitor Prospective Study) and the aim is to assess
the frequency, types and risk factors for bleeding episodes and the efficacy and
safety of VWF concentrates. Also patients from our clinic are included to this
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study. Hopefully, this study will provide guidelines for better follow-up and
treatment of these patients.

10.3 GLOBAL HEMOSTATIC ASSAYS: TG AND ROTEM
Previous study on TG in VWD indicated that VWD is associated to decreased
TG capacity both in plasma and in the presence of platelets, and that the defect
in TG is mainly attributed to the low FVIII levels (Rugeri et al., 2007). The
previous study, however, only included 2 type 3 patients. Our study included 9
type 3 patients with variable bleeding phenotypes. In line with the previous
study, we detected reduced TG in plasma. Spiking studies with adding and
inhibiting FVIII also supported the conclusion that the reduced TG in plasma is
mainly dependent on the low FVIII level.
However, other regulatory mechanisms may contribute to TG in type 3
VWD beyond the control of FVIII. Interestingly, we observed that protein S
causes further dampening of TG, especially in patients with the lowest TG. Low
TFPI may also associate with higher TG, as demonstrated in one outlier patient
with normal TG despite low FVIII. It is remarkable that both these regulators
reside in platelets. The microenvironment of thrombin generation on activated
platelets may impact the stability of the forming clot.
Our studies of TG in the presence of platelets in PRP contrast the results
from the earlier study. We found TG is not significantly reduced in PRP of type
3, with only one patient presenting with less than 50% of normal TG. This
suggests that platelets assist the poor TG in plasma, although the specific
mechanisms behind this remains unclear. Even though we measured higher
than normal platelet activation status in individual patients, this was not
directly associated to TG results in this small series of patients.
TEG and ROTEM, measuring clot formation and lysis in whole blood, are
increasingly popular in emergency and perioperative setting in the clinics. In
support of an earlier study by Schmidt et al, we have demonstrated that
standard ROTEM is insensitive to severe VWD (Schmidt et al., 2017). The
current standard ROTEM reagents (EXTEM, INTEM, FIBTEM) fail to detect
VWD, and modification of reagents would be necessary to identify VWD by
ROTEM. However, screening for VWD by TEG appeared promising in the
study by Schmidt et al. Whether the TEG results can predict the clinical
bleeding phenotype remains unknown.
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11.4 WHOLE BLOOD PLATELET FUNCTION IN VWD
Currently, analysis of platelet function is not recommended routinely in VWD
by the guidelines. This far, PFA and platelet aggregation have been studied
most extensively in VWD.
PFA-100, a screening tool for primary hemostasis, has been reported to
have a sensitivity of approximately 90% for VWD in a 700 hundred patient case
series (Favaloro et al., 2008). The sensitivity is higher for the more severe
forms of the disease, with 100% sensitivity for type 3 and 2A. Our results
support these data, with 100% sensitivity for all cases of confirmed VWD. The
assay is easy-to-use and fast, requiring only 5 minutes per test, enabling rapid
screening for VWD. However, our results also suggest that the assay is less
sensitive to identify patients with low VWF, and the clinical consequences of
this are not straightforward.
For platelet aggregation studies, the main application in VWD has been to
identify patients with subtype 2B, who show increased RIPA at low ristocetin
concentration in PRP by Born aggregometry. Reduced RIPA in patients with
VWD (subtypes other than 2B) was already reported by Mannucci in 1977, but
the method failed to identify all cases (Mannucci 1977). Born aggregometry
remains technically a challenging and time-consuming. Multiplate, a whole
blood aggregometer, is a faster, modern technique. Currently, there are only
limited numbers of studies on VWD using RIPA by Multiplate. In the first
study published, Multiplate was found to agree with the results obtained from
Born aggregometry in 30 VWD patients, and increased RIPA was
demonstrated in subtype 2B of 3 subjects (Valarche et al., 2011). In the largest
study to date, including 100 VWD patients, an association between RIPA and
BAT score was detected in type 1 VWD (Schmidt et al., 2017). As Multiplate is a
fast method and easy to perform and does not require centrifugation steps in
contrast to Born aggregometry, the authors suggested that Multiplate could be
used as a test to exclude VWD.
In our study, we have demonstrated that RIPA by Multiplate is
progressively reduced in VWD according to the subtype and VWD severity. We
also found an overall correlation of BAT (Vizenca based) with RIPA in our
cohort of patients carrying a historical VWD diagnosis. Our in-house
modification applying 0.6 mg/ mL ristocetin as the final concentration was
100% sensitive to detect type 1 VWD, whereas standard concentration 0.8
mg/mL failed to identify all type 1 and 2 cases. Additional studies are required
to determine the optimal ristocetin concentration in Multiplate. Subtype 2B
requires a low concentration of ristocetin for detection, as we have illustrated
here also in whole blood. Further studies are needed to assess correlations
between clinical features and findings in Multiplate and to confirm whether it
adds value to the traditional laboratory analysis performed in VWD.
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11.5 PLATELET PROCOAGULANT ACTIVITY IN VWD
Beyond platelet function and aggregation studies in VWD, there is also some
additional data available on platelet contribution to the clinical phenotypes of
VWD. Genetic differences in the expression of the integrin subunit alpha2
responsible for platelet adhesion to collagen have been demonstrated to modify
the bleeding phenotype of type 1 and type 2 (Kunicki et al., 2004, Kunicki et al.,
2006). One study demonstrated that platelet enzymes that hydrolyze adenine
nucleotides are lowered in VWD (Santos 2010). Also, mutations in platelet Gprotein coupled receptor genes, such as P2RY12, P2RY1, F2R, F2RL3, TBXA2R
and PTGIR have been shown to affect bleeding symptoms in type 1 VWD
patients (Daly et al., 2009, Stockley et al., 2016).
We analyzed platelet activation status in flow cytometry by P-selectin
expression under ADP stimulation and by annexin V binding via the
procoagulant GPVI agonist under CRP activation in type 3 VWD. Compared to
normal controls, six patients (67%) were high responders in their platelet Pselectin, and five (56%) in phosphatidylserine expression. We could not
determine a direct association between the bleeding phenotype and platelet
activation status, as both on-demand and prophylactically treated patients had
higher than normal results. Also, we could not detect a direct association
between the TG test results in plasma or in the presence of platelets. Based on
these results, it is not possible to conclude whether enhanced platelet activation
status can modify the bleeding phenotype in type 3 VWD and compensate to
the VWF defect. This requires further studies in larger patient cohorts.

11.6 TREATMENT OF PATIENTS WITH ANTI-VWF
ALLOANTIBODIES
Currently, recommendations on treatment of VWD patients who develop antiVWF antibodies are based on case reports and expert opinions. It is not known
which of the patients with alloantibodies develop severe life-threatening
reactions, and a review article recommended against using VWF containing
products among these patients (James et al., 2013). There are reports of using
recombinant FVIII and bypassing agent recombinant FVIIa to treat bleeds and
manage surgery among these patients. However, alternative treatment
strategies also have to be considered, and VWF-containing products are also
used (Jenkins et al., 2016).
There are reports of immunnotolerance induction therapy in pediatric
patients with type 3 VWD and alloantibodies (Pertangou et al., 2012, Berntorp
et al., 2018). IVIG, rituximab and mycophenolate mofetil have been used as
adjuvant therapies in these cases. However, according to our knowledge, our
case report describes for the first time, how IVIG therapy preceding
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VWF/FVIII infusion helped to resolve an acute bleed in a type 3 VWD patient
with anti-VWF antibodies. IVIG therapy may enable administration of VWF
containing products, at least in some patients. Similar expriences have been
reported in AVWS (Federici, 2005). Possible mechanisms of action for IVIG
include elimination of circulating immune complexes, inhibitory effect on the
antibody producing cells or preventing the clearance of inhibitor-VWF complex
by blocking Fc receptors, but other mechanism may also be involved, as in
other indications in which IVIG is used.
The use of recombinant FVIII alone at high doses of continuous infusion
corrects FVIII levels in type 3 VWD, though with a short half-life. As expert
opinions suggest that the haemostatic control in VWD is more dependent on
FVIII than VWF activity levels, treatment with recombinant FVIII appears to
be a possible future strategy for treating bleeds in our patient as well. The
hemostatic effect in the context of gastrointestinal bleeds needs to be
confirmed.

11.7 TYPE 1 VWD AND ´LOW VWF´
In our study IV including 38 patients with historical type 1 diagnosis, only 7
have confirmed to have type 1 and 3 type 2 VWD. 10 patients had borderline
VWF levels indicating a diagnosis of low VWF instead of VWD. In 18 patients,
we measured repeatedly normal VWF levels. While in 5 patients we found
abnormal platelet function, no laboratory abnormalities were detected in 13
subjects, out of whom 5 were symptomatic bleeders. Our study demonstrates
patients who carry a historical VWD diagnosis are a heterogeneous group, and
their bleeding symptoms are not always associated to reduced VWF levels.
Other defects of primary hemostasis should also be considered. This has been
demonstrated in other cohorts as well (Daly et al., 2009).
One key issue in evaluating historical type 1 VWD diagnoses is the difficulty
to reliably assess and report mild bleeding symptoms. This becomes
increasingly challenging in patients who carry the diagnosis of a bleeding
disorder, as the reporting of bleeding symptoms is subjective. In a recent metaanalysis, the diagnostic odds ratio of a BAT for a bleeding disorder appeared to
be low to moderate (Moenen et al., 2018).
As our study was underway, the understanding of pathophysiology of low
VWF, detected in 10 of our patients, has increased. The low VWF Ireland study
included 126 patients with VWF levels of 30-50 IU/dL. Majority of these
patients were symptomatic bleeders, not explained by other coagulation
defects. Increased VWF clearance was discovered only in 6% of the patients,
and majority appeared to have decreased synthesis and/or constitutive
secretion of VWF instead. Desmopressin administration corrected the VWF
levels. Further studies are needed to optimize the follow-up and treatment of
this patient group.
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Another unresolved issue involves VWD patients who correct their VWF
levels with aging, and their treatment when facing hemostatic challenges (Rydz
et al., 2015). Our study also included patients who by previous laboratory
analysis appeared to have type 1 VWD, but have since corrected their levels. It
is under debate whether the normalization of VWF levels leads to reduction of
bleeding symptoms. In a 1-year follow-up study, elderly patients with higher
VWF levels still reported similar bleeding rates as younger patients with lower
VWF levels (Sanders et al., 2014). In contrast, a retrospective study of 39 type 1
patients recently demonstrated that aging leads to reduction of bleeding
symptoms (Seaman et al., 2018). Treatment of elderly patients with
desmopressin and/or VWF concentrate is not straightforward, as it can lead to
thrombotic or other vascular complications.

11.8 OVERALL STUDY STRENGTHS AND WEAKNESSES
In studies I and II, we have investigated the features of severe type 3 VWD in
Finland including analysis of clinical phenotype, genotype, VWF, FVIII and
other coagulation factors, thrombophilia screen, and also experimental studies
including TG test, ROTEM and platelet activation in flow cytometry. The
strength of our study includes the comprehensive evaluation and assessment of
laboratory assays not previously investigated in this patient group. These
studies were carried out in patient cohorts of 10 and 9 patients, respectively,
and unfortunately, not all type 3 patients from Finland could be recruited.
Further studies among type 3 patients in Finland have since confirmed our
results on the genetic background of type 3 from study I. For study II,
considering the technical requirements for performing TG test, especially in
PRP, larger patient cohorts will be challenging to reach considering the low
prevalence of type 3 VWD. As patients on prophylaxis had higher TG than the
ones treated on-demand, likely reflecting treatment remnants, a longer
washout from treatment would have been desirable to evaluate the native TG
capacity in this patient group. However, this is difficult to achieve, as longer
washouts would increase the likelihood of bleeds.
In study III, during the acute bleeding episode of the patient, an anti-VWF
antibody measurement was not available to us. A detailed information about
the alloantibody could possibly help to predict which patients have good
response to IVIG treatment. Later, a study of the alloantibody implied to
inhibition of VWF’s interaction with collagen.
The strength of the study IV is the comprehensive analysis of both clinical
and repeated laboratory measurements of all 83 patients. The study design is a
case-series including patients referred to and evaluated at our center, and the
conclusions are based on our single center experience. All included study
subjects were referred to a tertiary care unit, likely representing symptomatic
bleeders. Not all patients could be given a diagnosis with the available assays,
and the abnormal bleeding tendency remained of unknown origin.
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12 SUMMARY AND CONCLUSIONS
The results from studies I-IV can be summarized with the following
conclusions:
I.

Type 3 VWD is associated to absent VWF and low FVIII, but despite
the dual hemostatic defect, the patients have variable bleeding
phenotypes. While some develop hemophilia-like arthropathy and
require prophylactic treatment, others have relatively low
spontaneous bleeding tendency and require treatment with VWF
only rarely. In Finland, with a relatively high prevalence of type 3
VWD, the disease is mainly caused by two mutations of VWF:
c.2435delC and c.4975C>T, comprising 85% of the genetic defects.

II.

TG in type 3 VWD is markedly reduced in plasma and close to
normal in the presence of platelets. It is unclear how platelets
compensate for the poor TG. FVIII is the key determinant of TG in
plasma, but also natural anticoagulants (protein S and TFPI) can
have role in the overall TG capacity of these patients.

III.

Alloantibody formation in type 3 VWD is a life-threatening
treatment complication. Administration of IVIG helped to resolve
an acute severe GI bleeding in our case report.

IV.

a) VWD is associated to reduced platelet function by PFA-100 and
RIPA by Multiplate® in whole blood platelet aggregation studies.
VWF-dependent platelet functions are dependent on the type of
VWD, with the most severe defect demonstrated in type 3 VWD.
These tools may provide additional help in the challenging
laboratory diagnostics of VWD.
b) Patients who carry a historical type 1 VWD diagnosis are a
heterogeneous group of patients with variable bleeding symptoms,
and current VWF levels range from reduced to normal. Careful
analysis of bleeding phenotype is recommended. The bleeding
symptoms of this group are not always explained by VWF
deficiency, and some have platelet function disorders or bleeding
disorders of unknown origin.
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