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Type 2B von Willebrand disease (2B VWD)
results from von Willebrand factor (VWF) A1
mutations that enhance VWF-GPIb� bind-
ing. These “gain of function” mutations lead
to an increased affinity of the mutant VWF
for platelets and the binding of mutant high-
molecular-weight VWF multimers to plate-
lets in vivo, resulting in an increase in clear-
ance of both platelets and VWF. Three
common 2B VWD mutations (R1306W,
V1316M, and R1341Q) were independently
introduced into the mouse Vwf cDNA se-

quence and the expression vectors deliv-
ered to 8- to 10-week-old C57Bl6 VWF�/�

mice, using hydrodynamic injection. The
resultant phenotype was examined, and a
ferric chloride–induced injury model was
used to examine the thrombogenic effect of
the 2B VWD variants in mice. Reconstitution
of only the plasma component of VWF re-
sulted in the generation of the 2B VWD
phenotype in mice. Variable thrombocyto-
penia was observed in mice expressing
2B VWF, mimicking the severity seen in

2B VWD patients: mice expressing the
V1316M mutation showed the most se-
vere thrombocytopenia. Ferric chloride–
induced injury to cremaster arterioles
showed a marked reduction in thrombus
development and platelet adhesion in the
presence of circulating 2B VWF. These
defects were only partially rescued by
normal platelet transfusions, thus empha-
sizing the key role of the abnormal plasma
VWF environment in 2B VWD. (Blood.
2010;115(23):4862-4869)

Introduction

Type 2B von Willebrand disease (2B VWD) is a qualitative variant of
VWD, in which there is an increased affinity of the mutant von
Willebrand factor (VWF) for platelet glycoprotein Ib� (GPIb�).1

Inherited in an autosomal-dominant manner, it arises as a result of
missense mutations clustered within exon 28 of the VWF gene, the
region that encodes the VWFA1 protein domain involved in the binding
of VWF to GPIb�.1,2 The gain-of-function phenotype appears to arise
through the destabilization of the A1 domain, mimicking the structural
changes seen when immobilized VWF is activated through shear stress
and allowing the binding of VWF to GPIb� in the absence of vascular
injury.3,4 The bleeding phenotype seen in 2B VWD patients probably
arises through a multifactorial mechanism: (1) a decrease in plasma
high-molecular-weight (HMW) multimers, (2) the occurrence of throm-
bocytopenia, and (3) the inability of platelets to interact with immobi-
lized VWF at the site of vascular damage.3 The thrombocytopenia and
decrease in HMW multimers arise as a result of increased clearance of
both platelets and VWF.3 In addition, 2B VWF is more susceptible to
ADAMTS13-mediated cleavage.5

The VWF mutation database lists more than 50 reports of
24 different mutations leading to 2B VWD.6 Of these, the
mutations R1306W, V1316M, and R1341Q are the most common,
having been reported 10, 9, and 7 times, respectively.6 The recent
study of Federici et al7 of a cohort of 67 2B VWD patients showed a
heterogeneous clinical presentation, dependent on the VWF A1
domain mutation. Of the 11 mutations present in this cohort, the
V1316M mutation resulted in the most significant thrombocytope-
nia, the highest bleeding scores, and the longest bleeding times.
The phenotype associated with the R1306W and R1341Q muta-
tions was less severe than that seen with V1316M but significantly
more severe than the phenotype seen with P1266Q/L and R1308L.
Both R1306W and R1341Q showed complete loss of HMW

multimers, whereas V1316M showed the additional loss of interme-
diate MW multimers. In contrast, the P1266Q/L and R1308L
mutations showed normal plasma multimer patterns.7

Although 2B VWD causes a bleeding phenotype, the presence
of circulating platelet aggregates and the activation of circulating
platelets by the hyperactive 2B VWF may contribute to an
enhanced tendency for arterial thrombotic events. However, both
the rarity of 2B VWD and its presence in the context of
heterogeneous human genetic backgrounds suggest that studies in
inbred mouse models might provide useful answers to these
questions. Currently, there is no transgenic mouse model of 2B
VWD. There is a VWF knockout (VWF�/�) mouse model8 that has
been used to create transient models of plasma-based VWD
variants, through the introduction of mutant VWF plasmids via
hydrodynamic tail vein injection.9

Given the clinical variability of 2B VWD, we created mouse models
of 2B VWD to examine the 3 most common 2B VWD mutations found
in humans: R1306W, V1316M, and R1341Q. Our goals were to
determine whether the variable clinical phenotype documented in 2B
VWD patients could be reproduced in the inbred mouse model and to
evaluate the thrombogenic potential of the murine 2B VWD variants.
Together, these studies provide novel insights into the unique gain-of-
function phenotype observed in 2B VWD.

Methods

Animals

C57Bl/6 wild-type and C57Bl/6 VWF knockout8 mice, 8 to 10 weeks of
age, were used in all experiments. All mouse experiments were reviewed
and approved by the Queen’s University Animal Care Committee.
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Construction of plasmids

The full-length murine VWF cDNA (mVwf, kindly provided by Dr Peter
Lenting) was inserted into the pCIneo plasmid (Promega).10 Mutagenesis
was performed using the Quikchange Site-Directed Mutagenesis Kit
(Stratagene) to introduce the R1306W, V1316M, and R1341Q mutations.
Long-term in vivo transgene expression was obtained through the insertion
of the wild-type or mutant mVWF into the pSC11 plasmid11 containing the
synthetic, liver-specific enhanced transthyretin (ET) promoter (kindly
provided by Dr Luigi Naldini).12

Recombinant VWF protein production

Calcium phosphate transient transfection was performed using HEK293T
cells, as previously described.13 Recombinant mouse VWF (mVWF) was
secreted into serum-free OptiMEM containing 100 U/mL penicillin,
100 �g/mL streptomycin, and 1 times insulin/selenium/transferrin G
(Invitrogen), and the medium harvested 72 hours after transfection. mVWF
was concentrated using Amicon Centricon-Plus 70 centrifugal filter units
(Millipore).

VWF levels and structure

Plasma VWF was quantified through an enzyme-linked immunosorbent
assay (ELISA), using a polyclonal rabbit anti–human VWF antibody and a
horseradish peroxidase–conjugated polyclonal rabbit anti–human VWF
antibody (Dako North America).8 Pooled plasma from 30 C57Bl/6 wild-
type mice was used as a reference.

The multimeric structure of VWF was analyzed using a 1.4% separating
sodium dodecyl sulfate agarose gel; polyclonal horseradish peroxidase–
conjugated anti–human VWF antibody (Dako North America) was used to
visualize the multimers through chemoluminescent-based imaging.14 Lanes
were analyzed for migration distance using alphaeasefc, Version 3.1.2
(Alpha Innotech), and low-molecular-weight (bands 1-5), intermediate-
molecular-weight (bands 6-10), and HMW (� 10 bands) multimers were
counted and the loss of multimer bands assessed.

ADAMTS13 digestion

Recombinant murine ADAMTS13 (rADAMTS13, kindly provided by Dr
Friedrich Scheiflinger) was serially diluted in 5mM Tris (tris(hydroxymeth-
yl)aminomethane), pH 8.0, and activated with 10mM BaCl2 for 5 minutes at
37°C. A total of 25 �L of rADAMTS13 was added to 25 �L of rVWF
(1 U/mL in 1.5M urea, 5mM Tris) and incubated for 24 hours at 37°C. The
reactions were stopped through the addition of ethylenediaminetetraacetic
acid at a final concentration of 50mM.15 Samples were frozen at �80°C
until multimer analysis. Analysis of the relative multimer migration was
performed as previously described.13

Platelet-binding assay

Platelet binding was performed as described previously, with modifica-
tions.2 A total of 25 mU/mL mVWF was incubated with and without
formalin-fixed mouse platelets (1 � 109 platelets/L in 100mM Tris, pH 7.5,
150mM NaCl, and 3% bovine serum albumin). Freshly prepared botrocetin
(Pentapharm) was added, and reactions were incubated at room temperature
for 150 minutes. The reactions were centrifuged for 5 minutes at 18 000g,
and the supernatant was used in a VWF ELISA to determine the amount of
bound VWF.

Hydrodynamic injection

Plasmid DNA (100 �g) was diluted in a volume of lactated Ringer solution
equal to 10% of mouse body weight and injected into the tail vein of
C57Bl/6 VWF�/� mice in 6 seconds.9 A 27-gauge needle and a 3-mL
syringe were used for the injections.

Blood collection

Mice were anesthetized using isofluorane/oxygen. Blood samples were
obtained via the retro-orbital plexus using uncoated microhematocrit

capillary tubes (Fisher Scientific) and mixed with one-tenth volume 3.2%
sodium citrate. Samples were centrifuged at 11 000g at room temperature
for 5 minutes, and the resulting platelet-poor plasma was stored at �80°C
until tested. Blood samples used to make blood smears were obtained in the
same manner, with ethylenediaminetetraacetic acid as an anticoagulant.

Ferric chloride–induced thrombosis

Intravital microscopy was performed using a trinocular Wild-Leitz ELR-
intravital microscope (Leica Microsystems Canada) fitted with both trans-
mitted (50 W halogen) and fluorescence (50 W mercury incidence) light
accessories. Images of thrombosis formation were captured by a Hamamatsu
ORCA ER video camera with fluorescent light. Analysis of the formed
thrombi and the accumulated fluorescence intensity was performed using
Image ProPlus, Version 6.0 (Media Cybernetics). Rhodamine 6G (40 ng;
Sigma-Aldrich) was injected to fluorescently label platelets in vivo and to
facilitate visualization of the formation of the in situ thrombus.

Ferric chloride injury was induced as described previously,16,17 with
slight modifications. Male mice were anesthetized with an intraperitoneal
injection of ketamine/xylazine/atropine. The jugular vein was cannulated
for injection of rhodamine 6G and the cremaster exteriorized. Throughout
the experiment, the muscle was superfused with 37°C saline solution.
Arterioles ranging in size from 50 to 75 �m were chosen, and injury was
induced through the application of 10% ferric chloride–soaked filter paper
(1 � 1 mm) for 3 minutes. After injury, the muscle was flushed with
preheated saline and the injured area in a single arteriole observed for
40 minutes. The time to vessel occlusion with thrombus and accumulated
fluorescence intensity from images captured at 5-minute intervals were
examined.

Washed platelets were obtained from normal C57Bl/6 mice. VWF�/�

and VWF�/� mice expressing V1316M VWF were infused with 5 � 107

normal platelets, 5 minutes before ferric chloride induced vascular damage.
Intravital microscopy was performed as described.

Statistical analysis

Data are presented as mean values plus or minus SEM. Statistical analyses
were performed using the Student unpaired t test, one-way analysis of
variance (ANOVA), or 2-way ANOVA. Occlusion times exceeding
40 minutes were recorded as 40 minutes.

Results

Platelet-binding assay

The platelet-binding ability of mVWF was examined (Figure 1)
using formalin-fixed, washed mouse platelets, mVWF expressing
the 2B VWD mutations of interest, and botrocetin. mVWF
expressing the V1316M mutation was able to spontaneously bind
platelets in the absence of botrocetin (36.6% � 8.1% bound VWF),

Figure 1. VWF-platelet binding assay to examine the enhanced binding of
recombinant mouse type 2B VWF variants. Recombinant mVWF was incubated
with formalin-fixed mouse platelets in the presence or absence of botrocetin. The
amount of bound VWF is expressed as a percentage of a control incubation that was
composed of mVWF in the absence of platelets and botrocetin. Data are mean � SEM
of 6 experiments.
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whereas mVWF expressing the R1306W and R1341Q mutations
showed a lesser degree of spontaneous platelet binding
(12.7% � 4.7% and 16.3% � 3.1% bound VWF, respectively).
With the highest concentration of botrocetin (3 �g/mL), all 3 of the
murine 2B VWD mutations showed significantly more platelet
binding than the wild-type mVWF (P � .05, 1-way ANOVA).

ADAMTS13 cleavage

In the absence of recombinant mADAMTS13, recombinant mVWF
showed the full spectrum of multimers. A total of 1 U/mL mVWF
was incubated with a range of concentrations of recombinant
mADAMTS13 for 24 hours at 37°C, and the concentration of
mADAMTS13 required to cause loss of 50% of multimer height
was determined. R1306W, V1316M, and wild-type mVWF were
examined. Wild-type mVWF showed 50% loss of multimers with
0.324 U/mL mADAMTS13 (Figure 2). mVWF expressing the
R1306W mutation required 36.5% the amount of ADAMTS13
compared with wild-type (P � .001, t test), with 50% loss of
multimer height with 0.118 U/mL ADAMTS13. Similarly, mVWF
expressing the V1316M mutation also required a reduced concen-
tration of mADAMTS13 to show 50% loss of multimers
(0.097 U/mL; P � .001, t test, compared with WT mVWF). Thus,
both the mVWF 2B VWD mutants examined in this study showed
an enhanced susceptibility for ADAMTS13-mediated cleavage, a
phenomenon that recapitulates findings with human 2B VWD
mutants.5

VWF transgene expression

VWF:Ag was monitored in the mice injected with the mVWF
expression plasmids. Peak VWF levels were seen at day 3 (Figure
3A). When the VWF:Ag dropped below 1.5 U/mL, intravital
microscopy was performed on the male mice. The mice expressing
the V1316M mutation had mean VWF:Ag levels that were the first
to drop below 1.5 U/mL, with a mean VWF:Ag of 1.29 plus or
minus 0.65 U/mL on day 14 (Figure 3B). At the same time point,
mice expressing wild-type VWF had a mean VWF:Ag of 7.83 plus
or minus 3.10 U/mL, the R1306W mutation a VWF:Ag of 2.30 plus
or minus 0.66 U/mL, and the R1341Q mutation a VWF:Ag of
6.47 plus or minus 1.56 U/mL. By day 21, the mice expressing
wild-type VWF had a mean VWF:Ag of 4.02 plus or minus 1.21
U/mL, whereas the mean VWF:Ag levels in the type 2B VWD
transgenic mice were significantly lower (P � .05, 1-way ANOVA).
R1306W had a mean VWF:Ag of 1.47 plus or minus 0.56 U/mL,
V1316M had a mean VWF:Ag of 0.97 plus or minus 0.40 U/mL,

and R1341Q had a mean VWF:Ag of 2.67 plus or minus 0.78 U/mL
(Figure 3B).

Platelet count and blood smear morphology

The mice expressing the type 2B VWD mutations showed thrombo-
cytopenia that fluctuated over time (Figure 4A-B). At day 7, the
mice expressing R1306W mutation were the most thrombocytope-
nic with a mean platelet count of 150 plus or minus 20 � 109/L.
Mice expressing wild-type VWF had a mean platelet count of 370
plus or minus 39 � 109/L, whereas the other type 2B variants,
V1316M and R1341Q, were both associated with significantly
lower mean platelet counts of 157 plus or minus 13 � 109/L and
194 plus or minus 24 � 109/L, respectively (P � .001, one-way
ANOVA). At day 21, the mice expressing the V1316M mutation
had the lowest platelet count (180 � 36 � 109/L; P � .01, t test),
whereas the other type 2B VWD mutations were also associated
with lower mean platelet counts (Figure 4B): R1306W 201 plus or
minus 37 � 109/L (P � .05, t test) and R1341Q 303 plus or minus
47 � 109/L (P � .22, t test).

Blood smears were made using blood samples taken at day 7 to
evaluate the presence of platelet aggregates and enlarged platelets.
As seen in Figure 4C, blood smears made from mice expressing the
V1316M mutation showed many platelet aggregates containing
some large platelets. Platelet aggregates were not seen in blood
smears from VWF�/� mice expressing wild-type VWF. Blood
smears made from mice expressing the R1306W and R1341Q
mutations also showed small platelet aggregates; and in the

Figure 2. Analysis of recombinant mouse ADAMTS13 digestion of recombinant
mouse VWF. A total of 1 U/mL mVWF was digested with various concentrations of
recombinant mADAMTS13 for 24 hours at 37°C. Distances were graphed using a
4-parameter curve, and the concentration of mADAMTS13 required to cause loss of
50% of multimer height was determined. Data are mean � SEM of 2 experiments.

Figure 3. Plasma VWF levels after hydrodynamic injections. Plasma samples
were obtained after hydrodynamic injections and VWF:Ag was determined using a
VWF:Ag ELISA. (A) Time course of plasma VWF:Ag. Data are mean � SEM.
(B) VWF:Ag at each time point. Each symbol represents one mouse.
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aggregates associated with the R1306W mutant protein, some large
platelets were observed.

VWF multimer profile

To determine whether mice expressing the 2B VWD variants
showed loss of HMW multimers, plasma samples from multiple
days were examined for the number of multimer bands, as shown in
Figure 5A. There was some loss of HMW multimers in samples
from mice expressing wild-type VWF, but the mice expressing the
2B VWD variants showed a greater extent of HMW multimer loss.
By day 7, mice expressing the 2B VWD variants showed complete

loss of HMW multimers; and by day 14, mice expressing the
V1316M and R1341Q mutations also showed loss of intermediate
MW multimers (Figure 5A-B).

Intravital microscopy

Intravital microscopy was performed on male mice with VWF:Ag
levels less than 1.5 U/mL. After cremaster arteriolar damage with
10% ferric chloride for 3 minutes, the vessel was observed for
40 minutes. During the 40-minute observation period, occlusive
thrombi were not documented in any of the mice expressing
V1316M. One mouse expressing R1306W and one mouse express-
ing R1341Q showed occlusive clots (Figure 6A). In both cases, the
clots that formed were highly unstable and embolized after 3
minutes. The rest of the mice expressing these mutations did not
show any occlusive clots. None of the VWF�/� mice showed any
occlusive clots (Figure 6A). The VWF�/� mice expressing wild-
type VWF had a mean time to vessel occlusion of 29.9 plus or
minus 2.1 minutes (P � .001, 1-way ANOVA).

At 5-minute intervals after ferric chloride–induced vessel
injury, accumulated fluorescence intensity was measured as a
surrogate for platelet accumulation (Figure 6B). At each time point
examined, the mice expressing the 2B VWF variants showed
significantly less platelet accumulation than both the VWF�/� mice
and the VWF�/� mice expressing wild-type VWF (P � .001;
2-way ANOVA). Examination of the area under the accumulated

Figure 4. Platelet count and blood smear morphology. After hydrodynamic
injection, mice were regularly sampled and complete blood counts were performed.
Seven days after hydrodynamic injections, samples were also obtained for blood
smear examination. (A) Platelet count at each time point. Each symbol represents
one mouse. (B) Time course of platelet count after hydrodynamic injection. Data are
mean � SEM. (C) Typical blood smear from a mouse expressing the V1316M
mutation. A large platelet aggregate is circled within which there are a number of
enlarged platelets. Blood smears were observed using an Olympus BX60 transmitted
microscope fitted with a UPlanApo 40� oil objective. Microscopic images were
captured using a Nikon DXM1200 camera and Nikon Act-1 software. Photoshop
(Adobe) was used to manipulate the blood smear images.

Figure 5. VWF multimer formation after hydrodynamic injection. Plasma
samples were obtained at different time points after hydrodynamic injection and were
analyzed for VWF multimer structure using 1.4% sodium dodecyl sulfate separating
agarose gel electrophoresis. (A) Time course of the decreasing number of multimer
bands. Data are mean � SEM. (B) Representative multimers of plasma samples
obtained at day 14. The dotted rectangle surrounds the HMW multimer bands (� 10
bands).
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fluorescence curve (Figure 6C) showed that the mice expressing
V1316M had the least platelet accumulation, followed by the mice
expressing R1306W and R1341Q. In contrast, some platelet
accumulation was seen with the VWF�/� mice, although signifi-
cantly more platelets adhered to the site of injury in the VWF�/�

mice expressing wild-type VWF (P � .05, 1-way ANOVA).
We finally evaluated the influence of platelets on the thrombo-

genic and platelet adhesive processes in the context of different
plasma VWF environments. Before ferric chloride induced vascu-
lar damage, VWF�/� mice and mice expressing the V1316M
mutation, with VWF:Ag levels below 1.5 U/mL, were transfused
with platelets isolated from normal C57Bl/6 mice. During the
40-minute observation period, there was a significant decrease in
the mean time to occlusion in both the transfused VWF�/� mice
(mean time to occlusion, 25.0 � 3.1 minutes) and the V1316M
mice (mean time to occlusion, 34.1 � 2.5 minutes) compared with
those that had not received platelet transfusions (P � .001, 1-way
ANOVA).

Fluorescence intensity was again used as a surrogate measure
for platelet accumulation in these experiments. Examination of the
area under the accumulated fluorescence curve (Figure 7B) showed
that the mice expressing V1316M that had received a platelet

transfusion experienced significantly more platelet accumulation
than those that had not received a platelet transfusion (P � .05,
Bonferroni post-test). After platelet transfusion, the platelet accumu-
lation in the V1316M expressing mice was similar to that seen in
the VWF�/� mice.

Discussion

The VWF A1 domain mutations evaluated in this study, R1306W,
V1316M, and R1341Q, were chosen for 3 reasons. First, of the 2B
VWD causative mutations listed in the VWF mutation database,
these 3 mutations account for almost 50% of reports.6 Second,
these mutations have been shown to result in variably severe
phenotypes.7 Finally, the wild-type residues at each of these
mutation sites are conserved between the human and mouse Vwf
cDNA sequence, implying functional significance of these amino
acids. Thus, this study attempted to reproduce the variable clinical
phenotype reported in 2B VWD patients in a mouse model in which
the plasma VWF compartment was rescued with transgenic mutant
VWF. The second aim of the study was to use this mouse model to
evaluate the thrombogenic potential of the murine 2B VWD
variants.

Type 2B VWD is characterized by the enhanced binding affinity
of the mutant VWF to the platelet receptor GPIb�, an enhancement
that varies in severity dependent on the causative mutation.1,7 In

Figure 6. Thrombus formation and platelet accumulation at sites of endothelial
damage in hydrodynamically injected mice. A total of 10% ferric chloride was used to
injure cremaster muscle arterioles (50-75 �m in diameter). The vessels were observed for
40 minutes, and fluorescence intensity was measured every 5 minutes as a measure of
platelet accumulation. Hydrodynamically injected mice were examined when plasma
VWF:Ag dropped below 1.5 U/mL. (A) Time to vessel occlusion. Each symbol represents
one mouse. (B) Fluorescence intensity over time. Data are mean � SEM.Type 2B data are
the mean � SEM of the 3 mutations. (C) Total fluorescence accumulation, represented as
the area under curve of fluorescence intensity.

Figure 7. Thrombus formation and platelet accumulation at sites of endothelial
damage in hydrodynamically injected mice after platelet transfusion. A total of
10% ferric chloride was used to injure cremaster muscle arterioles after transfusion
with C57Bl/6 normal platelets. The vessels were observed for 40 minutes; fluores-
cence intensity was assessed every 5 minutes as a surrogate measure for platelet
accumulation. (A) Time to vessel occlusion. Each symbol represents one mouse.
(B) Total fluorescence accumulation, represented as the area under the curve of
fluorescence intensity.
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this study, the platelet-binding ability of the recombinant mVWF
was evaluated in the presence of botrocetin and shown to be
mutation-dependent. Botrocetin was selected as a modulator of the
VWF-GP1b� interaction, rather than the more commonly used
reagent ristocetin. The ability of ristocetin to modulate the interac-
tion of mouse platelets and mVWF has been questioned, probably
because of amino acid differences at VWF residues thought to be
critical for ristocetin binding.18,19 Botrocetin modulates VWF-
GPIb� through a different mode of action; thus, species specificity
is not an issue.20 At low concentrations of botrocetin, there was
variability in the degree of VWF-platelet binding, depending on the
mutation examined. At the higher concentrations of botrocetin
examined, all 3 mutations showed significantly more VWF-platelet
binding than wild-type mVWF. Similar examinations of recombi-
nant human VWF show intermutation similarities in spontaneous
and ristocetin-induced platelet-VWF binding.2

The 2B VWD patients show loss of plasma VWF HMW
multimers, and recombinant human VWF expressing 2B VWD
mutations shows increased proteolytic cleavage by recombinant
ADAMTS13.5 Similarly, in our examination of the mVWF 2B
mutants R1306W and V1316M, an increased sensitivity to recom-
binant mADAMTS13 proteolysis was seen. Thus, in vitro, mVWF
expressing 2B VWD mutations show both increased platelet
binding and ADAMTS13 proteolysis, confirming the proposal of
Rayes et al that the loss of plasma HMW multimers seen in 2B
VWD probably arises through a combination of enhanced platelet
binding of mutant HMW multimers and increased proteolysis of
the 2B VWF by ADAMTS13.5

The variable phenotype seen in 2B VWD patients is dependent
on the specific causative mutation. In addition, the variable
“outbred” human genetic background, as well as environmental
factors, such as stress and pregnancy, can exacerbate the 2B VWD
phenotypic spectrum.21 The development of genetically inbred
mouse models of 2B VWD allows for the evaluation of the
phenotypic variability of the specific VWF mutations in the absence
of these complicating factors. The mice used in this study, C57Bl/6
VWF�/� mice, are a strain of highly inbred mice; thus, genetic
variability is no longer a factor in the phenotypic differences seen
with the expression of the 2B VWD variants in the mouse.
Furthermore, the Vwf cDNA sequence, which itself is highly
polymorphic in humans, was consistent in all of the studies
reported here.

Hydrodynamic injection of our expression plasmids results in
long-term transient expression of mVWF.9 The use of the synthetic,
liver-specific ET promoter,12 in combination with the bolus tail
vein injection, results in mVWF expression from hepatocytes into
the plasma.9 Importantly, there is no VWF expression in platelets
(megakaryocytes), endothelial cells, or the subendothelium with
this method of gene delivery.22 Strategies to target VWF expression
to these other compartments will require more complex, time-
consuming, and costly technologies.

A dramatic increase in plasma VWF levels, which peaked at day
3, was seen after hydrodynamic injection of the wild-type and 2B
variant VWF expression plasmids. Depending on the expression
plasmid injected, the VWF:Ag levels dropped to physiologic levels
of less than 1.5 U/mL between days 21 and 35 after injection. Mice
expressing the V1316M mutation experienced the quickest reduc-
tion in VWF:Ag levels, followed by mice expressing R1306W and
mice expressing R1341Q, respectively. In 2B VWD patients,
similar differences in VWF:Ag are seen: patients with the V1316M
mutation have the lowest mean VWF:Ag levels, followed by
patients with the R1306W mutation.7

Of the mutations examined, 2B VWD patients with the V1316M
mutation show the most severe thrombocytopenia, followed by
R1306W, then R1341Q.7 In mice expressing the 2B VWD variants,
this thrombocytopenic trend was reproduced, with the V1316M
mutation resulting in the lowest platelet counts. Individual 2B
VWD patients often show variable thrombocytopenia, with exacer-
bations occurring at the time of physiologic stress when mutant
protein levels are increased. Mice expressing the 2B VWD variants
also showed temporal variability in platelet counts. Between each
sampling time point, there was considerable variability in platelet
counts in individual mice. Interestingly, the variable thrombocyto-
penia occurred with a transgene promoter that probably does not
show the acute-phase responsiveness of the native VWF promoter.

The 2B VWD patients with the R1306W and R1341Q muta-
tions typically have blood smears that show the presence of
enlarged platelets but the absence of platelet aggregates, whereas
those with the V1316M mutation show platelet aggregates com-
posed of many large platelets.7 Mice expressing the V1316M
mutation had blood smears that recapitulated those seen in patients
with this mutation. Similarly, mice expressing the R1306W and
R1341Q mutations showed morphologic changes that mimicked
the human 2B VWD mutations. As proposed by Nurden et al, in
type 2B VWD, there may be enhanced binding of HMW VWF
multimers to developing proplatelets that interferes with the normal
maturation of platelets, accelerating platelet release and resulting in
macrothrombocytopenia.23,24 The shorter life span of mouse plate-
lets may exaggerate this phenomenon.23,25 Most noteworthy, the
thrombocytopenia and blood smear platelet abnormalities seen in
the 2B mice have developed in the presence of mutant VWF
expressed only in the plasma compartment, suggesting that expres-
sion of the mutant protein in platelets is not required for these
phenomena.

Interestingly, the very recent description of the V1316M
mutation in patients with the Montreal platelet syndrome26 has
shown that the original families described with this inherited
macrothrombocytopenic trait are indeed 2B VWD patients.27 The
phenotype of Montreal platelet syndrome was reproduced in the
mice expressing the V1316M mutation, with the presence of both
macrothrombocytopenia and platelet clumping on peripheral blood
smears.

Despite the inbred background of the mice used in these
experiments and the monomorphic Vwf cDNA sequence (apart
from the 2B VWD mutations), there was variability in the observed
phenotype within the 2B VWD variants. In the absence of any
obvious physiologic stressors, expression of the 2B VWD variants
resulted in significant intermouse and intramouse variability in the
observed VWF:Ag levels and platelet counts. These findings
suggest that relatively subtle environmental variances can influence
the phenotypic spectrum and severity in 2B VWD.

HMW VWF multimers are seen after hydrodynamic injection of
mVWF expression plasmids; and in mice expressing the 2B VWF
mutants, there is a significant loss of these multimers. Further
examination of the VWF multimer profile of mice expressing
hydrodynamically delivered VWF shows a lack of the multimer
triplets normally seen with endogenous plasma VWF. During
endogenous synthesis of VWF in endothelial cells and megakaryo-
cytes, considerable post-translational modifications occurs, with
the addition of 12 N-linked and 10 O-linked glycosylation sites to
mature monomers.28 In this study, VWF was expressed from the
liver and probably undergoes different patterns of glycan modifica-
tion to that encountered in the native cells of synthesis. This
differential processing probably affects the molecular weight of the
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multimer bands and alters the VWF multimer profile. Furthermore,
given the influence of glycosylation on ADAMTS13-mediated
cleavage of VWF, the expression of transgenic VWF from the liver
may also affect its processing by ADAMTS13.28

Ferric chloride–induced cremaster arteriolar injury was used to
evaluate the thrombogenic potential of murine 2B VWD variants.
The effect of vascular damage was examined in male mice with
VWF:Ag levels less than 1.5 U/mL. Initial studies with mice
hydrodynamically injected with wild-type pSC11-ET-mVWF
showed that supraphysiologic levels of circulating VWF in VWF�/�

mice failed to result in occlusive thrombus formation; however,
physiologic levels (VWF:Ag � 1.5 U/mL) of transgenic wild-type
mVWF were able to produce occlusive thrombi in these mice.29

Contrary to our initial hypothesis that circulating 2B VWF
might act as a thrombogenic stimulus, the mice expressing the 2B
VWD variants showed a marked failure of platelet accumulation
and little or no thrombus formation after vascular damage. Most
notably, less platelet adhesion was seen with the 2B VWD variants
than was seen with VWF�/� mice. The cause for this enhanced
deficiency in platelet adhesion, and thus, also the bleeding ten-
dency in type 2B patients, is probably multifactorial and includes
the following: (1) the thrombocytopenic phenotype seen with the
2B VWD variants; (2) the circulating platelet aggregates; (3) the
absence of HMW VWF multimers; and (4) the absence of platelet
and subendothelial VWF in this animal model. In addition, the
GPIb� receptors of the circulating platelets may be occupied by
soluble VWF, preventing the initial adhesion of these platelets at
sites of damage, thus preventing the activation and further accumu-
lation of platelets at sites of vascular damage. Studies in which
normal platelets were infused into mice expressing the V1316M
mutation showed only a partial correction of the thrombogenic
response, thus emphasizing the key role of the VWF plasma
compartment in this condition. This observation, in the VWD 2B
mouse model, suggests that the optimal therapeutic approach for
this bleeding defect should probably first involve supplementation
of the plasma VWF compartment (as is currently done with VWF
concentrate infusions) and that platelet transfusions be used only in
cases with severe thrombocytopenia or where bleeding is resistant
to concentrate infusion.

In conclusion, these studies have recapitulated, in a mouse
model of the disease, the variable, mutation-specific phenotypes
seen in 2B VWD. This phenotypic variability was documented with
mutant VWF present only in the plasma compartment. Of particu-
lar note, in an arteriolar thrombosis model, thrombus development
and platelet adhesion were markedly diminished with the 2B
mutant proteins, with platelet adhesion that was significantly
reduced to that seen in VWF�/� mice. This latter finding suggests
that the defect in platelet-dependent hemostasis in 2B VWD is
highly significant.
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