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Key Points

• The robustness of the
VWF:collagen-binding assay is
confirmed in a comprehensive
evaluation of VWD collagen-
binding defects.

• Collagen binding by VWF,
GPVI, and a2b1 have major
albeit overlapping functions in
primary hemostasis.

Rare missense mutations in the von Willebrand factor (VWF) A3 domain that disrupt

collagenbindinghave been found inpatientswith amild bleedingphenotype.However, the

analysis of these aberrant VWF-collagen interactions has been limited. Here, we have

developedmousemodels of collagen-bindingmutants and analyzed the function of the A3

domain using comprehensive in vitro and in vivo approaches. Five loss-of-function

(p.S1731T, p.W1745C, p.S1783A, p.H1786D, A3 deletion) and 1 gain-of-function (p.L1757A)

variants were generated in the mouse VWF complementary DNA. The results of these

various assays were consistent, although the magnitude of the effects were different: the

gain-of-function(p.L1757A) variantshowedconsistentenhancedcollagenbindingwhereas

the loss-of-functionmutants showed variable degrees of functional deficit. We further

analyzed the impact of direct platelet-collagenbindingbyblockingglycoproteinVI (GPVI)

and integrin a2b1 in our ferric chloride murine thrombosis model. The inhibition of

GPVI demonstrated a comparable functional defect in thrombosis formation to the

VWF2/2 mice whereas a2b1 inhibition demonstrated a milder bleeding phenotype. Furthermore, a delayed and markedly

reduced thrombogenic response was still evident in VWF2/2, GPVI, and a2b1 blocked animals, suggesting that alternative primary

hemostatic mechanisms can partially rescue the bleeding phenotype associatedwith these defects. (Blood. 2014;124(11):1799-1807)

Introduction

von Willebrand factor (VWF) plays an important role in coagulation
as a carrier protein for factor VIII (FVIII) and in primary hemostasis
with binding of VWF to exposed subendothelial collagens. The most
hemostatically important forms of collagen include the fibrillar
collagens I and III, and the microfibrillar collagen VI. VWF binds to
collagen I and III via theVWFA1andA3domains1,2whereas only the
A1 domain binds collagen VI.3 Although the relative hemostatic
importance of the A3 and A1 collagen-binding domains is contro-
versial, they likely have a complementary role and blood flow-
mediated shear stress is important for the conformation and function of
both.4 Once immobilized by collagen, the VWF platelet glycoprotein
Iba (GPIba)–binding site within the A1 domain is exposed and the
high affinity, rapid, and reversible interaction between VWF and
GPIba tethers platelets to the endothelium where they roll until they
are immobilized by direct platelet-collagen binding which has slower
bindingkinetics.5 This ismediated by2 collagen receptors onplatelets,
GPVI and the integrin a2b1 (or GPIa/IIa), which lead to irreversible
adhesion and activation of platelets.6-8

von Willebrand disease (VWD) is a highly heterogeneous
mucocutaneous bleeding disorder marked by either quantitative or
qualitative pathologies of VWF.9 The qualitative disorders re-
presenting type 2 VWD are further classified into variants that affect

VWF-platelet interactions (types 2A, 2B, and 2M VWD) or affect
VWF-FVIII binding (2N). The diagnostic algorithm for the
evaluation of VWD recommended by the National Heart, Lung,
and Blood Institute (NHLBI) VWD guidelines includes the mea-
surement of VWF antigen (VWF:Ag), VWF ristocetin cofactor
activity (VWF:RCo, a measure of VWF-GpIba activity), and
factor VIII coagulant activity (FVIII:C).10 The evaluation of
collagen binding is infrequently incorporated into diagnostic testing
and the omission of this assay will miss cases where rare mutations
affect only the VWF collagen-binding function (also classified as
type 2M VWD).

Several enzyme-linked immunosorbent assay (ELISA)–based
VWF collagen-binding assays (VWF:CB) which use type I, type
III, or a mixture of the 2 collagens, are commercially available and
have been previously evaluated and compared.11 Because the
VWF:CB assay is sensitive to the loss of high-molecular-weight
multimer (HMWM) VWF in addition to detecting a defect of
collagen binding, studies have focused on optimizing this assay to
discriminate between deficiencies of VWF (type 1 VWD) from
dysfunction (type 2A/B VWD), potentially replacing the need for
VWF:RCo or multimer analysis.12,13 On the other hand, an abnormal
CB:Ag ratio of ,0.7,14 with a normal multimer profile indicates
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a collagen-binding defect. Collagen-binding mutations are rare and
comprehensive analysis of the aberrantVWF-collagen interactionhas
been limited. To date, 4 point mutations within the VWF A3 domain
affecting collagen binding have been described in 12 patients:
p.S1731T, p.W1745C, p.S1783A, and p.H1786D.15-17 The pheno-
typic characteristics of these 12 patients, who were all heterozygous
for a collagen-binding mutation, are summarized in Table 1.18,19

Given the rarity of collagen-binding mutants and the heteroge-
neous genetic backgrounds of the described subjects, we reasoned that
studies in an inbred mouse model would provide a more controlled
strategy to comprehensively evaluate the 4 previously describedVWD
collagen-binding defects, a collagen-binding gain-of-function mutant
(p.L1757A),20 and VWFwith an A3 domain deletion. Furthermore, in
light of the continuing, albeit attenuated, thrombogenesis documented
with theVWFcollagen-bindingvariants,wehave also used thismouse
model to determine the relative contribution of GPVI anda2b1 to this
process.7,21,22

Materials and methods

Plasmid construction and mutagenesis

The full-length murine VWF complementary DNA (cDNA) (mVWF, kindly
provided by Dr Peter Lenting, Inserm U770 and Université Paris-Sud,
Le Kremlin-Bicêtre, France) was cloned into the pCIneo plasmid (Promega)23

to produce recombinant mouse VWF protein (r-mVWF) and into the pSC11
plasmid24 (courtesy of Dr Luigi Naldini, San Raffaele Telethon Institute for
Gene Therapy, SanRaffaele Scientific Institute,Milan, Italy) for hydrodynamic
delivery.25 Mutagenesis was performed using the Quikchange Site-Directed
Mutagenesis kit (Stratagene) to introduce the gain-of-function mutation
(p.L1757A) and loss-of-function mutations (p.S1731T, p.W1745C, p.S1783A,
p.H1786D,A3deletion).All of thesewild-type (WT)aminoacids are conserved
between human and mouse.

Recombinant protein production

HEK293T cells were transiently transfected using the calcium phosphate
method and r-mVWF was obtained as previously described.26 mVWF protein
concentration (VWF:Ag) was determined by ELISA as previously described.26

All values of both media and lysates were normalized to the level of VWF:Ag
expressed in themedia (n5 10).Multimerswere analyzedby electrophoresis as
previously described and HMWM is defined as.10 bands.27

Collagen-binding assay (VWF:CB)

The collagen-binding activity of VWF was measured by ELISA. Ninety-six-
well microtiter plates (Thermo Scientific) were coated with either type I or

type III collagen derived from human placenta (Sigma-Aldrich) at a final
concentration of 40mg/mL in sodium carbonate/bicarbonate buffer (0.035M
NaHCO3, 0.015MNa2CO3, pH 9.6) at room temperature for 48 hours.Wells
werewashedwith imidazole buffer (0.12MNaCl, 0.02M imidazole, 0.005M
citric acid, pH 7.3). After washing and blocking with imidazole buffer,
sampleswere added to thewells and incubated for 2 hours at 37°C.Wellswere
washed with imidazole buffer 3 times and incubated with horseradish
peroxidase–conjugated rabbit anti-human VWF Ab (Dako) diluted 1:220 in
imidazole buffer for 1 hour at room temperature. Bound antibody was
detectedwith Color Fast O–phenylenediamine substrate (Sigma-Aldrich) and
the absorbance recorded at 492 nm.

Flow chamber experiments

The parallel flow chamber was coated with human placenta collagen type
I (500 mg/mL) or III (250 mg/mL) and recombinant mVWF mutants
(10 U/mL) were applied after washing and blocking. Whole mouse blood
was taken fromVWF2/2mice by cardiac puncture and anticoagulated with
Argatroban (200 mM). Platelets are labeled with 3,39-dihexyloxacarbobyanine
iodide (DiOC6, 1 mM). The flow chamber was set on a Quorum WaveFX-X1
spinning disk confocal system (Quorum Technologies Inc). Whole mouse
blood was drawn through the chamber by a 6-channel syringe pump (New
Era Pump Systems Inc) at 2500 s21. The lanes were sequentially imaged using
491-nm excitation laser and acquired onHamamatsu EM-CCDcamera through
520/35-nm BP filter for 10 minutes. For each channel, z series were acquired
at 2-mm steps for an overall distance of 12 mm. Platelet adhesion and
aggregation was evaluated as surface coverage based on the confocal sliced
images at the height of 2 mm from the collagen surface, and subsequent
thrombus formationwas analyzed as thrombus volume, whichwas calculated
by summing all sliced images of platelet covering area using Image Pro Plus
6.0 (Media Cybernetics).

Table 1. Phenotypic characteristics of patients with
collagen-binding mutations

p.S1731T p.W1745C p.S1783A p.H1786D

No. of patients 6 2 2 1

Bleeding score* 0-2† 4-8 5-10 8

VWF:Ag, IU/dL 0.30-0.75 0.29-0.52 0.68-0.88 0.41

VWF:RCo, IU/dL 0.30-0.64 0.27-39 0.57-0.66 0.44

CB:Ag ratio 0.4-0.9 0.1-0.3 0.2-0.4 0.5

Multimers Normal Normal Normal Normal

References 16 17 17 15

All of the subjects included were heterozygous for the collagen-binding mutation,

except 1 of the p.W1745C subjects who was compound heterozygous for a second

missense mutation associated with type 1 VWD (p.R760H).

*The condensed MCMDM-1 and original MCMDM-1 questionnaires were

used.18,19 A score of $4 is abnormal.

†A bleeding score was only available for 4 of 6 of these subjects.

Figure 1. Expression of recombinant mouse VWF:CB variants. (A) Transient

transfection of murine VWF cDNA was performed in HEK293T cells and expressed

in serum-free medium. Total VWF:Ag level in medium and lysates per 10-cm dish

was measured via VWF:Ag ELISA and results were normalized to WT-VWF

expressed in medium equal to 1 (n 5 10). *P , .05, **P , .01, ***P , .001. (B)

Multimeric analysis for r-mVWF. All of the mutant mVWFs had a normal complement

of HMWMs, except p.W1745C, which showed a smeary multimer pattern. The A3

deletion mutant showed a triplet band shift corresponding to loss of the A3 domain.
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Hydrodynamic injections into VWF2/2 mice

C57Bl/6 WT mice or C57Bl/6 VWF2/2mice,28 10 to 12 weeks of age, were
used in all experiments. All mouse experiments were reviewed and approved

by the Queen’s University Animal Care Committee. Plasmid DNA (100 mg
of pSC11-ET-mVWF) was diluted in a 10% body weight volume of lactated
Ringer solution and injected via tail vein of C57Bl/6VWF2/2 in,5 seconds
using a 27-gauge needle and 3-mL syringe.29 Blood was collected as
previously described.28

Inhibition of platelet GPVI and a2b1

Anti-mouse GPVI antibody (JAQ1; Emfret) and anti-a2b1 antibody
(23C11-Fab fragment: LEN/B) were used to inhibit the function of GPVI and
a2b1 integrin, respectively. The inhibitory effect of these antibodies was
confirmed by flow cytometry and platelet aggregation assay. For flow
cytometry, heparinized whole blood was diluted 1:20, and incubated
with the appropriate fluorophore-conjugated monoclonal antibodies for
15 minutes at room temperature and analyzed on a FACSCalibur (Becton
Dickinson). For platelet aggregation, washed platelets (160 mL with
1.56 3 108 platelets/mL) from normal mice or mice lacking a2b1
(Itga22/2) were used in the presence of 70 mg/mL human fibrinogen.
Platelet aggregation upon fibrillar type I collagen (Nycomed) was
analyzed by using fluorescein isothiocyanate (FITC)–labeled JAQ1 and
LEN/B. Transmission was recorded on a 4-channel aggregometer
(Fibrintimer; APACT) for 15 minutes and expressed in arbitrary units,
with buffer representing 100% transmission. For the in vivo thrombosis
studies, JAQ1 and LEN/B were injected intraperitoneally into VWF2/2

mice or VWF2/2 mice treated with the hydrodynamic delivery of the
WT-mVWF expression plasmid 3 days and an hour, respectively, prior
to the intravital experiments.21

Figure 2. Static collagen-binding assay. The ability of mutant recombinant

mVWFs to bind collagen type I or III was determined by ELISA and normalized to

wild-type VWF. p.L1757A showed significant enhanced binding. p.S1731T showed

distinct responses to collagen type I or III. The other mutations showed significant

decreased binding (n 5 8). *P , .05, **P , .01, ***P , .001.

Figure 3. r-mVWF mediated platelet adhesion un-

der physiologic high shear. (A) Impact of collagen-

binding mutants on collagen I or III surface under high

shear conditions. Whole blood from VWF knockout

mice containing DiOC6 (1 mM)–labeled platelets, anti-

coagulated with argatroban, was perfused over a type I

or III collagen and recombinant mouse VWF-coated

chamber under high shear rate (2500 S21). Represen-

tative images of collagen-binding mutants at 7 minutes

after perfusion. p.L1757A showed accelerated platelet

adhesion on both collagen I and III surfaces. p.S1731T

and p.H1786D showed decreased platelet adhesion.

These images were constructed from spinning disk

confocal laser scanning microscopy–based data on

successive horizontal slices. The images are represen-

tative of 4 flow experiments. Scale bar, 50 mm. (B) Flow-

based analysis of platelet adhesion. Statistical analyses

corresponding to the images in panel A. Error bars

represent mean (6 standard deviation) surface cover-

age and total thrombus volume in the flow experiments.

Thrombus generation with the p.L1757A gain-of-

function variant is accelerated and enhanced, whereas

the loss-of-function mutants showed various degrees of

functional deficit (n 5 5).
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Intravital microscopy for the ferric chloride injury model

of thrombosis

Intravitalmicroscopywas performed as previously described.30 At the time of
these experiments, the plasma VWF levels were between 0.5 and 4.5 U/mL,
10 to 21 days posthydrodynamic injection. Rhodamine 6G (40 mg; Sigma-
Aldrich) was injected via the jugular vein to fluorescently label platelets in
vivo. Arterioles ranging in size from 30 to 60 mm in the cremaster muscle
were selected and injured with 10% ferric chloride-soaked filter paper for
3minutes. Following injury, a single arteriole in the injured areawas observed
for 40 minutes. Size of the formed thrombus was measured, as was the time
to vessel occlusion by 2 blinded observers. Occlusion times exceeding
40 minutes were recorded as 40 minutes. Thrombus was evaluated with
percentage occlusion according to the area of thrombus in the defined area (as
shown in Figure 6A). Thrombus covering the whole vessel diameter with
residual blood flowwas recorded as 100% and complete occlusion with stasis
of blood flow was recorded as 125% (stable occlusion).

Data presentation and statistical analysis

All data and statistical analysis were performed using GraphPad Prism 4.03 for
Windows or 6.0 for Mac (GraphPad Software). Data are presented as mean
values6 standard error of the mean. Statistical analyses were performed using
the Student unpaired t test, 1-way analysis of variance (ANOVA), or 2-way
ANOVA.ForFigures6Band7B,data arepresentedasmedianvalues6standard
error of the median. For Figure 7C, Mann-Whitney tests were performed.

Results

Expression and characterization of recombinant proteins

Results of recombinant mVWF levels measured both in cell lysate
and medium are shown in Figure 1A. mVWF secretion did not differ
significantly for p.L1757A-mVWF and p.H1786D-mVWF as com-
pared with WT-mVWF. p.W1745C-mVWF and A3del-mVWF
secretion into the medium was significantly lower than WT-mVWF
(0.31, and 0.19, P , .001) whereas for p.S1731T-mVWF and
p.S1783A-mVWF secretionwas increased (2.11,P, .001, and 1.47,
P, .01). Cell lysate retention of VWF was similar for the different
recombinant proteins with the exception of A3 del-mVWF which
was reduced (0.091, P, .00001) and p.H1786D-mVWFwhich was
increased (1.68, P, .00001).

Multimer analysis (Figure 1B) demonstrated that all of themutant
proteins had a similar complement of HMWMs to wt-mVWF except
p.W1745C, which showed a smeary multimer pattern. The A3
deletion mutant showed a triplet band shift corresponding to loss of
the A3 domain.

Collagen-binding activity

VWFfunction is closely related to its tertiary structure.31 In vivo,VWF
is exposed to shear stress that alters VWF structure from a globular
to extended configuration. In vitro collagen-binding activity of the
r-mVWFs was assessed using 2 different methodologies: a static
ELISA-basedVWF:CBand aflowchamber system.ThemutantVWF
constructs, p.W1745C, p.S1783A, p.H1786D, and A3 deletion,
demonstrated significant and parallel reductions in binding to type
I and III collagen between 10.0% and 32.3% of WT-mVWF activity.
In contrast, the p.S1731T-mVWFdemonstrated a significant reduction
of binding to only type I collagen (30.9%,P, .05), with normal levels
of binding to type III collagen (87.7%, P. .05). The gain-of-function
construct, p.L1757A, showed increased binding to both collagens
(type I, 268%, P, .05, and type III, 204%, P, .001) (see Figure 2).

Using a flow chamber system, we demonstrate the ability of the
r-mVWF proteins to mediate platelet adhesion to collagen under
physiological high shear (Figure 3A). Compared with WT-mVWF,
the p.L1757A-mVWF showed clearly increased platelet adhesion on
both types I and III collagen surfaces, whereas p.H1786D-mVWF
demonstrated decreased platelet adhesion. p.W1745C- and
p.S1783A-mVWF imaging results were comparable to those of
p.H1786D and are not shown. p.S1731T-mVWF demonstrated
decreased platelet adhesion to collagen I with a subtle decrease in
adhesion to collagen III. Figure 3B summarizes the image analysis of
the flow chamber results. Using the parameters of surface coverage
by platelets and volume of platelet adhesion on the collagen surfaces,
p.L1757A-mVWF again shows accelerated and enhanced platelet
adhesion (P , .01), whereas the loss-of-function mutants showed
varying extents of functional deficit.

VWF transgene expression

VWF:Ag was monitored every 7 days in the mice hydrodynamically
injected with the mVWF expression plasmids. Peak VWF levels
were seen at day 7 (Figure 4A). The variability between the
individual animals, compared with the mean, is shown in Figure 4B.

Figure 4. Expression of mVWF in VWF2/2 mice after hydrodynamic injection.

(A) VWF:Ag levels after hydrodynamic injection (group data). VWF2/2 mice were

sampled every 7 days after hydrodynamic injection of the VWF expression plasmid

(n . 8 for each group). (B) VWF:Ag levels after hydrodynamic injection (individual

mouse responses). VWF knockout mice expressing collagen-binding mutants were

sampled after hydrodynamic injection (n . 8). The levels of VWF:Ag for each

individual mouse are shown at 14, 21, 28, and 36 days following the hydrodynamic

delivery. The horizontal lines indicate mean values for each group.
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When the plasma VWF levels were between 0.5 and 4.5 U/mL,
intravital microscopy was performed: this occurred between 10 and
21 days posthydrodynamic injection. Similar to the expression from
HEK293T cells, p.W1745C showed reduced expression in this
hydrodynamic delivery system.

Effects of GPVI and a2b1 depletion with JAQ1 and LEN/B Abs

We explored the relative contribution of the platelet receptor GPVI
and a2b1 on platelet adhesion to sites of vascular injury by using the
anti-GPVI (JAQ1) and a2b1 (LEN/B) antibodies to transiently
deplete the receptors.21 Injection of these antibodies had no effect on
platelet count (data not shown). Flow cytometry shows effective
blockade of the GPVI receptor that was statistically significant
(P, .001, Figure 5A). a2b1 was also effectively blocked, with flow
cytometry results that were comparable to platelets obtained from
mice lacking a2b1 (Itga22/2) (Figure 5B). In the collagen-induced
platelet aggregation assay, LEN/B-opsonized platelets demonstrated
delayed aggregation. The magnitude of the inhibition of aggregation
was larger in JAQ1-treated platelets. However, combination of JAQ1
and LEN/B completely abolished platelet aggregation. (Figure 5C).

Evaluation of in vivo thrombogenesis

Ferric chloride-induced arteriolar injury monitored by intravital
microscopy was performed on 6 to 9 mice in each of the following
groups: VWF2/2 mice, and VWF2/2 transfected with WT-,
p.L1757A-, or p.H1786D-mVWF. p.H1786D was chosen for this
series of experiments as it represented the most severe loss-of-
function defect in the VWF:CB assay and flow chamber analysis.
After cremaster arteriolar damage with 10% ferric chloride for
3 minutes, the vessel was observed for 40 minutes. At the time of
these experiments, the plasma VWF levels in the hydrodynamic-

injectedmice were between 0.5 and 4.5 U/mL. The rate and extent of
thrombosis was analyzed as percentage occlusion by measuring the
covered area of thrombus in the vessel. Representative images of
each group (Figure 6A) and corresponding analysis are shown
(Figures 6B, 7B). As compared with the WT-mVWF–expressing
mice, the p.L1757A-mVWF gain-of-function mutant-expressing
mice showed an increased rate of initiation and progression to
a 100% thrombus though it was not statistically significant in the
box-and-whisker plot analysis (Figures 6B, 7B).

The p.H1786D-mVWF–expressing mice demonstrated a non-
statistically delayed onset of platelet adhesion, decreased rate of
extension of thrombosis, and failure to completely occlude the vessel
in 8 of 9 mice. The lack of statistical significance is likely a result
of the small study population. The VWF2/2 mice demonstrated a
variable degree of platelet adhesion and thrombogenesis, but none of
the mice formed a stable occlusion of the vessel (P, .001).

To evaluate the impact of GPVI and a2b1 platelet receptors,
we also included mice with the following: VWF2/2mice expressing
WT-mVWFwere treatedwith JAQ1 to inhibit GPVI binding (n5 6),
or LEN/B (n5 9), and VWF2/2 mice treated with JAQ1 (n5 9) or
both JAQ1 and LEN/B (n5 8). All 4 groups demonstrated delayed
initiation of platelet adhesion and attenuated thrombus formation
with none of the mice being able to form stable occlusions at
40 minutes (JAQ1:P , .01, LEN/B:P , .05) (Figure 7A). The
VWF2/2 mice demonstrated the most severe hemostatic defect
(P, .001), with no significant changes being seenwith the addition
of GPVI inhibition with JAQ1. The a2b1-inhibited group had the
mildest phenotype of the 4 groups, with 3 of the 9 LEN/B-treated
WT-mVWF group forming 100% occlusion within the observation
time. Six of the 8 JAQ1- and LEN/B-treated VWF2 /2 mice
demonstrated initial platelet adhesion (P , .0001). However, only
2 of them formed 25% occlusion.

Discussion

Type 2M VWD caused by collagen-binding mutations is rare: only
4 point mutations have been described in 12 patients; 11 were
heterozygous for the collagen-binding mutation and 1 was com-
pound heterozygous for a type 1 VWD mutation (Table 1). This
suggests that collagen-binding mutations within the A3 domain
have an autosomal dominant effect. We have used a series of
comprehensive in vitro and in vivo strategies to characterize
the functional deficit of the 4 mutations, p.S1731T, p.W1745C,
p.S1783A, and p.H1786D, as well as a gain-of-function mutation, p.
L1757A. Although the homozygous state evaluations used here
allow for characterization of these mutant proteins, it may not reflect
the disease process in humanswhere thesemutations are expressed in
the heterozygous state.

The static VWF:CB assay has been used in the diagnostic workup
of VWD to aid in the discrimination between type 1 and types 2A/2B
VWD, potentially eliminating the routine clinical use of VWF
multimers or VWF:RCo.32 However, commercially available assays
vary significantly in their ability to provide this discrimination.11

This manuscript highlights the role of the VWF:CB assay in
identifying defective VWF collagen binding. VWD caused by
collagen-binding mutations appears rare, although no systematic
evaluation of its prevalence has been performed. The reported cases
(summarized in Figure 1B) would have been diagnosed as type 1
VWD with parallel decreases in VWF platelet-dependent function
and antigen level (RCo:Ag ratio .0.6) and normal multimer
profiles, or would have been missed altogether with low-normal

Figure 5. Inhibition of platelet collagen binding by JAQ1 and LEN/B. (A)

Monoclonal anti-GPVI antibody (JAQ1) was injected intraperitoneally, and GPVI

level was monitored by flow cytometric analysis. Platelets were detected by FITC-

labeled anti-GPVI antibody (n 5 6). The percentage of GPVI-positive platelets was

significantly (P , .001) reduced following JAQ1 treatment after 3 days of injections.

(B) Flow cytometric analysis of LEN/B-FITC binding to platelets from untreated mice

(control), mice which received 100 mg of LEN/B, or mice lacking a2b1 (Itga22/2).2

Results are MFI 6 standard deviation of 4 mice per group. The inhibition of a2b1

by LEN/B was significant and comparable to Itga22/2. (C) Washed platelets were

incubated 10 minutes at 37°C with control IgG (control) or the indicated antibodies

and subsequently stimulated with collagen. Light transmission was recorded on

a Born aggregometer. Representative aggregation curves of 2 individual experi-

ments (n 5 4 each) are depicted. Delayed response in LEN/B-treated platelets

and decreased response in JAQ1-treated platelets were observed. Aggregation

was abolished with the inhibition of both. MFI, mean fluorescence intensity; N.S, not

significant; ***P , .001.
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VWF:Ag and VWF:RCo levels. Studies have shown that over 50%
of patients who present with symptoms consistent with a mild
bleeding disorder will remain undiagnosed despite extensive
investigations.33 The addition of the VWF:CB assay may not only
allow for the accurate classification of apparent type 1 VWD, but also
diagnosis of a subset of patients currently known as bleeders with
undefined cause. The type, concentration, and source of collagen for
clinical use also needs to be considered to optimize the detection of
defective collagen binding. For example, the mutation p.S1731T
showed marked differential binding to collagen types I and III in our
study (Figure 2). This differential responsewas confirmed in ourflow-
chamber analysis (Figure 3) and by previously published data.17

VWF function is influenced by its conformational structure as
determined by the shear rates of blood flow.34,35 At the site of vascular
injury, VWF binds to exposed collagen through its A3 domain. Shear
forces then induce conformational changes to the bound VWF
resulting in changes to the VWF A1 domain that promote rapid and
reversible attachment of platelets. Studies suggest that the VWF A1

domain may also play a role in binding to both type VI and type III
collagen.3 This binding requires high-shear conditions and triggers
platelet adhesion to immobilized collagen.4,36 The flow-chamber
model allows in vitro evaluation of both A1 and A3 domain-mediated
collagen binding and platelet adhesion via the A1 domain at physi-
ological shear conditions.37 In this study, the pattern of collagen
binding in the flow system was largely consistent with the results of
the static collagen-binding assay,whereas themagnitude of the effect
varied between the assays (Figures 2-3). The exception was
p.W1745C-mVWFwhich showed significant differences in the flow
system in surface coverage compared with thrombus volume with
collagen type I. The explanation for this discrepancy is unclear.
Consistent with the static VWF:CB assay, the p.S1731T mutant
again showed a differential response: we demonstrated significantly
decreased binding with collagen I but normal binding with collagen
III when assessed by the static VWF:CB assay or only minimally
defective function with type III collagen in the flow-based assay. In
this flow system, we did not see a rescue of collagen/platelet binding

Figure 6. In vivo assessment of VWF:CB variants

using a ferric chloride-induced cremasteric arteri-

olar injury model. (A) Evaluation of thrombus size in the

ferric chloride injury model. The cremaster muscle was

exteriorized and platelets were labeled by the injection of

rhodamine 6G via the catheter placed in the jugular vein.

Thrombosis was induced by the application of 10% ferric

chloride for 3 minutes. The injured area was observed

for 40 minutes. Representative images of indicated

group at 30 minutes after injury were shown. Scale bar,

50 mm. (B) Occlusion time course of collagen-binding

VWF variants. Intravital microscopy was performed

with the VWF2 /2 mice expressing WT or collagen-

binding mutant-mVWF via hydrodynamic injection. The

p.L1757A gain-of-function mutant showed enhanced

thrombus generation. In contrast, the p.H1786D loss-of-

function mutant showed decreased thrombus gener-

ation. Thrombus generation was most reduced in the

VWF2/2mice. However, even in these animals, residual

thrombus activity of ;25% occlusions were docu-

mented (n . 6). Scale bar, 50 mm.
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by the VWF A1 binding to type III collagen with high shear rates
as has been previously described.4,36

We evaluated the thrombogenic potential of the collagen-binding
variants in an established in vivo thrombosis model using ferric
chloride-induced cremaster arteriolar injury. This method has
adequate sensitivity to differentiate normal VWF function from
a range of type 1 and type 2VWDmutations.24,30,38 The results from
the thrombosis injury model are consistent with the static and flow-
based collagen-binding studies, and differentiate the 3 groups of
mice: the gain-of-function mutant, p.L1757A, from WT-mVWF,
and loss of function, p.H1786D. In addition to the A3-collagen
interaction,VWF likelymediates platelet adhesion through a number
of complementary mechanisms: the binding of the A1 domain to
collagen VI3 and possibly to collagen I/III,36 self-association of
VWF, and the interaction of VWF and aIIbbIII.38 These
mechanisms may account for the significant amount of thrombosis
seen in the p.H1786D-mVWF mice despite collagen binding via the
A3 domain being almost completely abolished, as seen in the VWF:
CB assay and the flow experiments. Importantly, although platelet
adhesion and thrombus formation was significantly reduced in

VWF2/2 mice using this model, there is residual thrombogenic
activity. This has been previously described.28,38 We hypothesized
that this residual platelet adhesion was mediated through a direct
platelet-collagen interaction. Platelets interact with collagen through
2 receptors: the a2b1 integrin and GPVI. GPVI is reported to play
a central role, whereas a2b1 has an accessory role.7 We transiently
inhibited GPVI using the JAQ1 antibody and a2b1 using LEN/B in
VWF2/2 mice that expressed WT-mVWF through hydrodynamic
delivery. Our results show important roles for VWF, GPVI and
a2b1-mediated collagen binding, with GPVI inhibition proving to
be as significant as VWF knockout on thrombus development.
Consistent with previous publications,7 a2b1 inhibition resulted in
a milder phenotype as compared with inhibition of GPVI. The
addition of GPVI inhibition to VWF2/2 mice did not demonstrate
an additive defect to platelet binding whereas the inhibition of both
GPVI anda2b1 in VWF2/2mice almost completely abolished any
platelet binding. Unfortunately, further studies using the combi-
nation of VWF2/2 with a2b1 inhibition, or VWF WT mice with
both GPVI and a2b1 inhibition are outside the scope of this study.
We hypothesize that GPVI and a2b1 have overlapping and

Figure 7. Platelet- and VWF-mediated–collagen

binding in a ferric chloride-induced cremasteric

arteriolar injury model. (A) Impact of GPVI and a2b1

depletion in the ferric chloride injury model. Occlusion

time course with the following mice: VWF2/2 express-

ing WT-mVWF, treated with JAQ1 (GPVI depletion)

(n 5 6), LEN/B (a2b1 depletion) (n 5 9), and VWF2/2

mice treated with JAQ1 (n 5 9) or both JAQ1 and

LEN/B (n 5 8). The impact of JAQ1 was similar to

VWF2/2. However, the combination of both did not

demonstrate further inhibition. LEN/B-treated mice

demonstrated a milder phenotype. Treatment of both

JAQ1 and LEN/B in VWF2/2 mice markedly inhibited

thrombus formation, although residual initial platelet

adhesion was observed. (B) Summary of the extent of

vessel occlusion in the intravital experiments. Box-and-

whisker plots of occlusion extent for each injury condition.

The extent of occlusion with each injury was defined as

the integrated occlusion time course, determined by area

under the curve using the trapezoidal rule. Median and

interquartile range are shown. ***P, .001, ****P, .0001.
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complementary functions that account for the thrombosis seen in
the GPVI inhibited VWF2/2.

We continued to demonstrate a small amount of platelet binding
and initial thrombus generation in mice who were VWF2/2 and
whose platelet-collagen receptors, GPVI and a2b1, were inhibited.
This suggests that an alternative pathway(s) that is independent of
collagen binding supports delayed and reduced, but not abolished,
platelet adhesion to sites of endothelial injury. Previous studies,
using laser-induced vessel injury, demonstrated that platelet accu-
mulation was largely independent of the collagen-VWF and
collagen-GPVI interactions, and dependent on thrombin in this
particular thrombosis model that is strongly influenced by tissue-
factor–mediated thrombin generation.6,39,40 In contrast, the FeCl3
injury model has been reported to be dominated by collagen ex-
posure, with up to 5 times less tissue factor as compared with a laser
injury model.6 The delayed and reduced platelet adhesion seen in the
face of inhibition of GPVI and a2b1 in the VWF2/2 mice may be
mediated by platelet interactions with other subendothelial adhesive
proteins such as vitronectin and fibronectin.39 Alternatively, a recent
report suggests that FeCl3 injury does not expose subendotheial
matrices.41 The authors observe that red blood cells (RBCs) andRBC
fragments are the first to adhere to the injured endothelium with the
association between the endothelium and RBCs being unclear. Once
bound, the RBC structures then bind platelets via GPIba and
initiation a thrombus in a collagen-independent manner.41 Our
current data, inwhichwe have focused on collagen-binding via either
VWF or GPVI and a2b1, demonstrate the importance of collagen
binding in the FeCl3 injury model. However, the small amount of
platelet binding and thrombus initiation in the VWF2/2 and GPVI-
and a2b1-inhibitied mice may be accounted for by direct endothelial-
RBC-platelet binding. The relative importance of this mechanism
remains to be confirmed.

A3 domain collagen-binding mutants are associated with mild
bleeding phenotypes and thusmight be considered as safe candidates
for antithrombotic therapy. However, the residual thrombus gen-
eration documented with the p.H1786Dmutant in the ferric chloride
injury studies suggests that the antithrombotic protection provided
by these variants may be of limited value. No naturally occurring
gain-of-function collagen-binding variant of VWF has been
described. Increased VWF levels have been associated with
cardiovascular disease and deep venous thrombosis.42-44 Our
experiments with the gain-of-function collagen-binding mutation,
p.L1757A, suggest that the associated phenotype would be throm-
botic in nature and may have significant implications regarding risk
of both arterial and venous thrombosis.

In conclusion, these studies present a comprehensive evalua-
tion of 4 previously describedVWDcollagen-binding defects,15-17

a collagen-binding gain-of- function mutant (p.L1757A),20 and
VWF with an A3 domain deletion. Because defects in collagen

bindingmay be associated with normal VWFmultimers, VWF:Ag,
and VWF:RCo levels, the current approach to the diagnosis of
VWD in many laboratories will miss these cases. Our results
confirm the robustness of the VWF:CB assay and demonstrate that
the results of this static assay are reflective of those obtained in
a more complex, flow-based assay system. The results obtained
with theVWF:CBwere also in accordancewith our findings in an in
vivo thrombosis model. Overall, the findings in this study strongly
support the standardization and inclusion of the VWF:CB assay in
the routine workup of VWD.

Our studies examining the contribution of GPVI and a2b1 to
primary hemostasis confirm that collagen binding by VWF, GPVI,
and a2b1 have major roles in thrombus formation. Furthermore, the
VWF2/2, GPVI, and a2b1 inhibited mice were still able to initiate
platelet adhesion and thrombus formation in our ferric chloride
injury model, demonstrating an important role for collagen-
independent pathway(s) of primary hemostasis that likely contribute
to the mild bleeding phenotype in patients with VWF collagen-
binding mutations.
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