
Limitations of the Ristocetin Cofactor Assay in Measurement of
VWF Function

Veronica H. Flood1, Kenneth D. Friedman2, Patricia A. Morateck2, Jeffrey S. Wren2, J. Paul
Scott1,2, and Robert R. Montgomery1,2

1Department of Pediatrics, Division of Hematology/Oncology, Medical College of Wisconsin, 8701
Watertown Plank Rd, Milwaukee, WI 53226-0509
2Blood Research Institute, BloodCenter of Wisconsin, 8727 Watertown Plank Rd, Milwaukee, WI
53226-3548

Summary
Background—Type 2M von Willebrand disease (VWD) is characterized by a qualitative defect
in von Willebrand factor (VWF) and diagnosed by a disproportionate decrease in VWF ristocetin
cofactor activity (VWF:RCo) as compared to VWF antigen (VWF:Ag).

Objective—We report here on the spurious diagnosis of VWD in a patient with a sequence
variation in the ristocetin binding domain of VWF.

Patients/Methods—The index case had a VWF:RCo of 11 IU/dL, with VWF:RCo/VWF:Ag
ratio of 0.09. DNA sequencing revealed a novel P1467S mutation in a known ristocetin-binding
region of the A1 domain. Because of the discrepancy between the laboratory findings, consistent
with type 2M VWD, and the patient’s lack of bleeding symptoms, further studies were performed
to determine whether this mutation affected VWF function or merely reduced its ability to interact
with ristocetin.

Results—Studies with recombinant VWF showed normal platelet binding with botrocetin, but a
significant decrease in binding in response to ristocetin. Ristocetin-induced binding to
recombinant GPIb was also absent, but normal binding was seen when a gain-of-function GPIb
construct was used in the absence of ristocetin. VWF function under shear stress was normal when
analyzed with a cone and plate(let) analyzer.

Conclusions—The decreased VWF:RCo seen with the P1467S sequence variation likely
represents an artifact due to the use of ristocetin to measure VWF activity. The normal VWF
function in other assays correlates with the lack of hemorrhagic symptoms, and suggests the need
for more physiologically relevant assays of VWF function.
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Introduction
Von Willebrand factor (VWF) is a key hemostatic protein, but documenting its function
through laboratory tests is not always straightforward. VWF serves as a carrier protein for
factor VIII (FVIII), and also facilitates platelet adhesion through its interaction with platelet
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GPIb on the platelet surface and through its binding to the subendothelial matrix. This
interaction is driven in vivo by shear stress, which induces a conformational change in VWF
that allows it to bind platelet GPIb [1]. In vitro, however, this interaction is induced by the
antibiotic ristocetin, which enables VWF and platelet GPIb to interact in the absence of
shear forces [2]. Laboratory testing of VWF utilizes ristocetin in the VWF ristocetin
cofactor activity assay (VWF:RCo), which is a measure of VWF binding to platelets, or by
ristocetin-induced platelet aggregation (RIPA). Other common assays include the VWF
antigen (VWF:Ag), which determines total protein present, and the collagen binding assay
(VWF:CB), which measures VWF binding to collagen. Multimer analysis is also important
to ensure presence of the high molecular weight VWF multimers.

Von Willebrand disease (VWD) is caused by either quantitative or qualitative defects in
VWF. Type 1 and type 3 VWD are the result of partial or complete deficiency of VWF,
respectively, with proportional decreases in VWF:Ag and VWF:RCo. The type 2 variants
include those with qualitative defects in VWF function. The diagnostic hallmark of most
type 2M variants is a disproportionate decrease in VWF:RCo compared to VWF:Ag. Type
2A and 2B are characterized by loss of high molecular weight multimers, while 2N VWD
refers to those mutations that affect the ability of VWF to bind factor VIII. Type 2M
includes those variants with loss of VWF function despite normal (or near normal) VWF
multimer structure [3]. Many of these are thought to have a defect in the ability of VWF to
bind platelet GPIb.

The vast majority of mutations associated with type 2M VWD are located in exon 28 of the
VWF gene and affect the A1 loop of VWF [4–7]. Four mutations have been reported outside
this region: one in exon 17, two in exon 27, and one in exon 52, as documented in a list
collected by the ISTH VWF SSC and detailed at http://www.vwf.group.shef.ac.uk, last
accessed May 6, 2009 [8]. Because of the significant decrease in functional VWF, patients
with type 2M VWD typically have bleeding symptoms [4,6,7]. Epistaxis, menorrhagia, and
easy bruising are common, as is post-surgical bleeding [1].

Diagnosis of VWD requires a personal and family history of bleeding as well as laboratory
findings consistent with the diagnosis [9]. Racial differences in VWF assays have been
previously described in healthy controls. One study showed a decrease in ristocetin-induced
platelet aggregation in African Americans [10], while a more recent study has demonstrated
higher VWF:Ag, and lower VWF:RCo/VWF:Ag ratio, in African Americans [11]. We
present here a case of “2M VWD” in a patient with marked decrease in VWF:RCo but no
bleeding symptoms. The low VWF:RCo levels appear to be due to a defect in VWF-
ristocetin binding, but in vivo VWF function does not seem to be affected. Therefore, this
patient likely has a spurious diagnosis of VWD. These This disparity in low “functional”
VWF with absence of clinical bleeding does not only affect the case reported here, but also
calls into question the reliance on VWF:RCo as a means of assessing VWF function.

Materials and Methods
Patient data

The proband was initially referred to hematology clinic due to a prolonged partial
thromboplastin time (PTT). Further testing demonstrated low VWF:RCo with a normal
VWF:Ag. Informed consent was obtained and the family enrolled in the Zimmerman
Program for the Molecular and Clinical Biology of von Willebrand Disease (ZPMCB-
VWD), a large multicenter study of VWD. Bleeding scores were obtained using the revised
European Union questionnaire from the European Molecular and Clinical Markers for the
Diagnosis and Management of Type 1 VWD study [12]. Data are also reported here from
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both Caucasian and African American control subjects as well as subjects enrolled in the
ZPMCB-VWD with the diagnosis of type 2M VWD.

VWF testing
VWF measurements were performed by the clinical laboratory of the BloodCenter of
Wisconsin. VWF:Ag was measured by ELISA using monoclonal antibodies to VWF for
both capture and detection. VWF:RCo was measured by ristocetin-induced aggregation of
formalin-fixed platelets using an automated BCS system (Dade-Behring, Newark, DE).
Confirmatory testing on the index case was performed at 5 different national laboratories.
Collagen binding (VWF:CB) was also measured by ELISA [13]. Multimers were analyzed
by gel electrophoresis [14]. Platelet aggregation studies were performed by the BloodCenter
of Wisconsin clinical laboratory using the agonists thrombin, arachidonic acid, ADP,
collagen, and ristocetin. Ristocetin-induced platelet aggregation was measured at
concentrations of 1.5 and 0.5 mg/mL ristocetin.

DNA sequencing
Initial sequencing was performed to identify potential mutations in exon 28 by the clinical
laboratory at the Blood Research Institute. Full length gene sequencing of all 52 exons,
including all intron-exon boundaries, was performed through the ZPMCB-VWD. In
addition, 3.5 kb upstream of exon 1 and 1 kb downstream of the C-terminal stop codon were
sequenced. Primer sequences are available upon request.

Mutant VWF expression
A DNA fragment containing the P1467S sequence variation was generated and cloned into a
mammalian expression vector containing the full length VWF sequence. Both wild-type and
mutant vectors were transfected into HEK293T cells as previously described [6]. A mock
construct utilized the pCIneo vector alone without VWF DNA. A 2M control was also
generated using a previously reported mutation found in a patient with severe type 2M
VWD, Δ1392–1402 [7]. The VWF concentration of the resulting cell culture supernatants
and lysates were assayed by ELISA. Cell culture supernatant was used for the platelet
binding and GPIb binding studies described below.

Flow cytometry for platelet binding
Fixed, lyophilized platelets were obtained from Bio/data (Horsham, PA) and reconstituted in
tris-buffered saline. Platelets (1 × 106 platelets per well) were incubated for 30 minutes with
VWF and either ristocetin at concentrations from 0 to 2 mg/mL (American Biochemical and
Pharmaceutical, Marlton, NJ) or botrocetin at concentrations from 0 to 1 mcg/mL (purified
from snake venom (Sigma-Aldrich, St. Louis, MO) as previously described [15]). A
polyclonal anti-VWF antibody (Dako, Carpenteria, CA) directly conjugated with Alexa
Fluor 633 (Invitrogen, Carlsbad, CA) was used to detect the platelet-VWF complex.
Fluorescence was measured on an LSR II flow cytometer (BD Biosciences, San Jose, CA).
All fluorescence values were corrected for the mean fluorescence values of platelets
incubated without additional VWF.

Flow cytometry for GPIb binding
A construct containing full-length GPIbα was made with 2 gain-of-function mutations,
G233V and M239V, and expressed in HEK293T cells with GPIbβ and GPIX to improve
surface expression. Cells were collected at 60 hours and equal numbers of cells (1.5 × 105

cells/well) aliquoted into a 96 well plate. Diluted citrate-anticoagulated plasma was added to
the cells. A fluorescently labeled polyclonal antibody to VWF (Dako) was added and the
resulting complex detected using an LSR II flow cytometer (BD Biosciences). A normal
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curve was constructed with lyophilized, reconstituted normal control plasma calibrated to
the WHO standard. The normal range for this assay was established using 100 healthy
Caucasian control subjects from the ZPMCB-VWD. The index case, family members, and
10 type 2M VWD subjects were also examined.

GPIb binding ELISAs
Two gain-of-function mutations, D235Y and M239V, were introduced into a GPIbα
construct truncated at the transmembrane domain (ΔTM290). The resulting construct was
expressed in S2 insect cells and purified over a nickel column (GE Healthcare, Piscataway,
NJ). A wild-type construct without the gain-of-function mutations was also generated and
expressed. For the GPIb-binding ELISAs, a monoclonal anti-GPIb antibody was used to
capture either the mutant or wild-type GPIb. Cell culture supernatants were added and a
mixture of monoclonal anti-VWF antibodies used to detect the presence of VWF. For the
wild-type construct, ristocetin was added to achieve a final concentration of 1 mg/mL along
with the VWF source. No ristocetin was used in the assays measuring binding to the mutant
GPIb construct.

Platelet adhesion
Whole blood was drawn into tubes containing 3.2% sodium citrate. Samples were obtained
from the index patient with the P1467S sequence variation and also from a group of ten
healthy controls. The blood samples were incubated for 45 minutes at room temperature
prior to study with a cone and plate(let) analyzer (Impact-R, Diamed, Cressier, Switzerland).
For each assay, 130 µl of whole blood was added to a polystyrene well and subjected to a
shear rate of 1800 s−1 for 2 minutes [16]. The wells were stained for 1 minute with May-
Grünwald stain and visualized using the attached inverted light microscope. For each well, 9
different images are obtained and surface coverage and aggregate size calculated by the
device from the 3 most representative images per well. Results were averaged over a
minimum of 4 wells per subject.

Results
Case history

The proband was a twelve-year-old African American girl who had a prolonged PTT on pre-
operative testing and was referred to hematology clinic for further evaluation. She had no
history of epistaxis, easy bruising, menorrhagia, or other bleeding symptoms. There was no
family history of bleeding on either side of the family. Her prothrombin time was 12.7
seconds and her thrombin time was 12.8 seconds, both within the normal range in our
laboratory. Initial PTT was prolonged at 34.6 seconds (normal range 23.9–33.5 seconds).
Repeat PTT was normal at 30.2 seconds. Bleeding time was 3 minutes, with normal <8.5
minutes.

VWF testing revealed VWF:RCo of 11 IU/dL (normal 47–215), VWF:Ag of 116 IU/dL
(normal 45–203), and a factor VIII activity of 111 IU/dL (normal 55–170). VWF:RCo/
VWF:Ag ratio was 0.09. Multimer analysis was normal. VWF:CB was 130 U/dL (normal
59– 249). Platelet aggregation studies revealed absent aggregation at a ristocetin
concentration of 1.5 mg/mL. A result of this severity is, in general, only seen with severe
type 3 VWD or Bernard-Soulier syndrome. Due to the significant discrepancy between
VWF:RCo and VWF:Ag, DNA sequencing was performed. Sequencing analysis revealed
heterozygosity for a novel sequence variation, C4399T, leading to a substitution of serine for
the wild-type proline at amino acid 1467, just outside the A1 loop and in a region previously
implicated in VWF-ristocetin interactions [17]. The proband was also heterozygous for the
common African American polymorphism G4414C (D1472H) and homozygous for the
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T4641C polymorphism. The patient’s brother and father were also heterozygous for the
P1467S sequence variation, as seen in the pedigree shown in figure 1. Neither has
experienced any clinically significant bleeding. The proband’s mother has the D1472H
polymorphism. Five major North American laboratories all identified the same discrepancy
between VWF:RCo and VWF:Ag when testing a plasma sample from the proband’s brother,
with a mean ratio of 0.31 (range 0.18 to 0.61) when corrected to a standard reference
plasma.

The index case has had an uneventful clinical course. She underwent tonsillectomy with less
than 5 mL reported blood loss. One dose of DDAVP was administered as prophylaxis
following surgery after her platelet aggregation study done that day showed a possible mild
platelet function defect with ADP along with the decrease in ristocetin-induced aggregation,
although later platelet aggregation studies with ADP were normal. She has subsequently
experienced childbirth as well as dental surgeries without treatment or hemorrhage. No
significant bleeding has been observed, either before or since diagnosis.

When a bleeding score was obtained using a modified version of the European Union
questionnaire [12], the index case had a bleeding score of -1, excluding the treatment she
received for the possible platelet defect. Her family members all had bleeding scores of ≤0.
These bleeding scores were compared to those obtained in subjects from the ZPMCB-VWD,
a large multicenter US study on VWD. The mean bleeding score for the ZPMCB-VWD
subjects with type 2M VWD was 5 ± 6 (mean ± SD), with a range of -1 to 13. Healthy
controls, on the other hand, had a mean bleeding score of 0 ± 2, with range -3 to 9.

P1467S plasma VWF-platelet binding assay
As the functional testing performed in our clinical laboratory relies on the use of ristocetin,
alternate assays of VWF function may be required in the case of mutations that affect
ristocetin binding. One such assay, referred to here as the VWF-platelet binding assay,
utilizes gain-of-function mutations in GPIb to enable spontaneous VWF-GPIb interactions
in the absence of ristocetin. Analysis of normal control subjects from the ZPMCB-VWD has
shown that the racial differences seen with the VWF:RCo assay are reduced with the VWF-
platelet binding assay (Flood and Montgomery, unpublished data). Plasma from the index
case with the P1467S sequence variation demonstrated normal VWF-platelet binding when
compared to results obtained from 66 Caucasian and 59 African American controls (figure
2). The mean VWF-platelet binding/VWF:Ag ratio for the subject with the P1467S sequence
variation was 0.94. The Caucasian controls in the ZPMCB-VWD had a mean of 1.11 ± 0.34
(mean ± SD) and the African American controls had a mean of 1.15 ± 0.26 for the ratio of
VWF-platelet binding/VWF:Ag.

P1467S expression
To evaluate VWF synthesis and to produce recombinant VWF for further functional studies,
the P1467S sequence variation was placed into an expression vector containing full length
VWF and expressed in HEK293T cells as previously described [6]. There was no difference
in expression when the P1467S VWF construct was compared to wild-type VWF,
suggesting that this sequence variation does not affect VWF expression (data not shown). In
support of the data with recombinant VWF, the index case and affected family members all
had VWF antigen levels >100 IU/dL, well within the normal range.

P1467S-platelet binding
Platelet-VWF interactions were assessed with the recombinant VWF constructs and fixed
platelets. The P1467S VWF construct demonstrated no binding in the presence of low dose
ristocetin. This correlates well with the low VWF:RCo/VWF:Ag ratios seen in the index
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case and family members with this sequence variation, whose ratios ranged from 0.09 to
0.18. At concentrations of 1 mg/mL or less, binding was at or below background, and even
at higher concentrations, binding was significantly less than that seen with wild-type VWF
(figure 3A). Binding with botrocetin was normal when compared to wild-type VWF (figure
3B). A construct containing the known 2M deletion mutant Δ1392–1402 demonstrated
complete lack of binding with both ristocetin and botrocetin.

P1467S-GPIb binding
An ELISA-based assay was developed to detect recombinant VWF binding to platelet GPIb.
Previous investigators have reported similar assays utilizing ristocetin [18,19]. Ristocetin, at
a dose of 1 mg/mL, was used in our assay to induce binding to wild-type GPIb. We also
utilized a gain-of-function GPIb construct to assess VWF binding to GPIb in the absence of
ristocetin. Ristocetin-induced binding to wild-type GPIb was markedly decreased, as
expected, for the P1467S construct, to an average of 18% of the wild-type VWF binding. In
contrast, there was no difference in GPIb binding when the P1467S construct was compared
to wild-type VWF using gain-of-function mutant GPIb (figure 4).

Similar results were seen with the GPIb binding assays without ristocetin when plasma from
the index case was compared to plasma from normal control subjects enrolled in the
ZPMCB-VWD. In contrast, plasma from ten subjects with previously diagnosed type 2M
VWD showed minimal binding to the gain-of-function GPIb in this assay.

P1467S whole blood platelet adhesion
In order to test the ability of VWF to bind GPIb under shear conditions, a cone and plate(let)
analyzer was used to visualize VWF-platelet interactions. The cone and plate(let) analyzer is
an instrument for testing platelet adhesion and aggregation in response to shear of 1800 s−1

[16]. Testing occurs in whole blood, thus simulating in vivo conditions to provide an
estimate of platelet function. VWF adheres to the surface of the polystyrene wells used in
this assay, leading to deposition of platelets which are visualized by staining the wells.
Previous work has shown that patients with severe VWD have abnormal results using this
assay [16,20]. A blood sample from the index patient was analyzed and the results compared
to those from a group of healthy controls (figure 5). The mean surface coverage, a measure
of platelet adhesion, was 6.4 ± 1%, as compared to the normal control mean of 8.3 ± 2.2%
(mean ± SD). Mean aggregate size was 28 ± 0.5 µm2, also well within the normal range of
31± 7 µm2. This demonstrates that blood from the index patient was able to adhere to the
polystyrene well and bind platelets in a comparable manner to healthy controls.

Discussion
Our results suggest that the P1467S sequence variation results in an apparent decrease in
binding to ristocetin but does not indicate a dysfunctional VWF. Platelet binding appears to
be normal under both shear conditions and static conditions that do not rely on ristocetin.
Only in the presence of ristocetin is a difference observed. In this case, diagnostic use of a
VWF activity assay that depends on in vitro binding to ristocetin led to a spurious diagnosis
of type 2M VWD. This diagnosis was further suggested by an absence of RIPA at 1.5 mg/
mL ristocetin. Although the VWF:RCo assay has proven useful in the diagnosis and
classification of many patients with VWD, ristocetin-induced binding to platelet GPIb
reflects a pharmacologic rather than a physiologic effect.

Ristocetin was originally developed as an antibiotic, but thrombocytopenia, secondary to
VWF-platelet agglutination and clearance, led to its removal from clinical practice [21].
Studies in VWD patients subsequently demonstrated that ristocetin could be useful in the
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classification of VWD patients [22–24]. At concentrations of 1 mg/mL or greater, dimeric
ristocetin leads to platelet agglutination in the presence of VWF [2]. This led to the use of
ristocetin for quantitative assessment of VWF activity [25]. Current laboratory testing for
VWD relies heavily on the VWF:RCo as a surrogate measure of VWF function [9].

Several binding sites in the VWF A1 domain have been implicated in ristocetin binding,
including C1237-P1251 and L1457-P1471 [17,26]. The P1467S sequence variation is
located just beyond the A1 loop, as diagrammed in figure 6, and is located within one of
these VWF regions known to specifically involve ristocetin binding rather than botrocetin
[27,28]. Prior work has shown that substitution of the VWF proline triplet with either
arginine or aspartic acid at position 1465–1467 disrupts ristocetin-induced GPIb binding
[29]. Structural changes in the A1 domain at this ristocetin recognition site may explain the
decreased VWF:RCo seen with the P1467S sequence variation. Botrocetin induces change
in VWF affinity for GPIb through interactions with the A1 domain as well, but does not
require shear forces for its interaction and does not change the A1 domain conformation
[30]. These differences may explain why the P1467S VWF reacts normally in the presence
of botrocetin.

Racial differences have been reported previously in VWF. Buchanan and colleagues noted
that African Americans had decreased ristocetin-induced platelet aggregation when
compared to Caucasians [10]. More recently, Miller et al reported increased VWF:Ag in
African Americans with no apparent difference in VWF:RCo [11]. One possible explanation
of these findings is that African Americans may have polymorphisms that could affect
ristocetin-based assays, such that the VWF:RCo assay underestimates VWF function in this
group. Our research in the ZPMCB-VWD has noted a common polymorphism in African
American controls, D1472H (Flood and Montgomery, unpublished data). Studies of this
relationship are in progress, although it is interesting to note that the proband’s mother does
have the D1472H polymorphism and shows a decreased VWF:RCo/VWF:Ag ratio, although
not as profound as the decrease seen in the family members with the P1467S polymorphism.

The use of screening tests for diagnosis of VWD is problematic. The PTT may be decreased
if a low FVIII level is present, but is usually normal. Both bleeding time and the platelet
function analyzer (PFA-100) have been promoted as screening tests, but neither is
sufficiently sensitive [31,32]. Specific tests of VWF are generally recommended if a
diagnosis of VWD is under consideration [9]. In this case, however, pre-operative testing
might not have been indicated, as the proband was a healthy child with neither personal nor
family history of bleeding. Use of the PTT as a pre-tonsillectomy screening test is not
recommended in patients without a bleeding history [33,34].

VWD is a heterogeneous condition, with a great deal of variation in symptoms experienced
by patients, especially those with only mild decreases in VWF levels. Recent data from
Canada on a group of patients with type 2M VWD demonstrated that VWF mutations were
more likely to be found in those patients with VWF:RCo/VWF:Ag ratios <0.5. All of their
index cases were characterized by bleeding symptoms, although some had normal VWF:Ag
[35]. Our patient was unusual in that she had an extremely low VWF:RCo (11 IU/dL), a
level most clinicians would predict to be associated with major bleeding. This individual,
however, did not display any clinical bleeding with surgeries, menses, or childbirth. Other
tests of VWF function failed to demonstrate any defect inherent to the P1467S sequence
variation. In the presence of normal multimers and normal collagen binding, the decreased
VWF:RCo is the only marker in this patient of possible VWF dysfunction.

The current use of VWF:RCo as a measure of VWF function may not always provide an
accurate assessment of in vivo VWF function. Collagen binding has also been recommended
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as an additional test of VWF function [36,37]. While the VWF:CB assay measures VWF
binding to matrix proteins such as collagen, it does not measure VWF binding to platelets.
Regardless of the ligand, be it GPIb, platelets, or collagen, ELISA-based studies only
measure static VWF interactions. Evaluation of VWF interactions under shear stress is
technically more difficult, but might provide additional, qualitative, demonstration of VWF
function. The International Society on Thrombosis and Haemostasis has recommended
development of flow based assays in order to include shear [38]. This might include
techniques such as the cone and plate(let) analyzer mentioned above, but preferably limited
to examination of VWF function. No such assays are, as yet, readily available or validated
for diagnosis of VWD. A combination of static and flow based assays may ultimately be
required for accurate diagnosis.

Our data suggest that this patient’s diagnosis of VWD is spurious, as it is based on binding
of VWF to the non-physiologic agonist ristocetin. The P1467S sequence variation confers a
decreased ability to interact with ristocetin, but other assays of VWF function, as well as the
patient’s clinical history, suggest that there is no actual functional defect. While the lack of
bleeding seen in the proband and family might also be the result of a co-existing
thrombophilic trait, in vitro testing of the P1467S sequence variation does not support its
inclusion as a causative mutation in VWD. Other VWF A1 domain mutations and
polymorphisms may result in similar laboratory profiles. It is therefore critical to assess
patients’ symptoms along with laboratory assays in diagnosis of VWD. This case
demonstrates the limitations of the current assay for VWF activity and the importance of
basing diagnosis and treatment on biologically relevant assays.
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Figure 1.
The family pedigree is shown here with those members of the family who were
heterozygous for the P1467S sequence variation marked here by a half-filled circle
(females) or square (males). The arrow denotes the proband. Age in years, VWF testing, and
bleeding score values obtained for each family member are provided below.
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Figure 2.
Two different tests of VWF function are shown. The VWF-platelet binding assay uses a
gain-of-function GPIb to induce binding to plasma VWF. The black bars represent the mean
ratio of VWF-platelet binding/VWF:Ag for the P1467S index case, Caucasian, and African
American (AA) controls from the ZPMCB-VWD. The grey bars represent the mean
VWF:RCo/VWF:Ag ratio, as measured in the clinical laboratory, for each group. Error bars
denote 1 SD. While the VWF-platelet binding/VWF:Ag ratios were similar for the P1467S
index case and controls, the P1467S index case had a markedly reduced VWF:RCo/
VWF:Ag ratio.
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Figure 3.
Flow cytometry was performed using fixed platelets and wild-type or mutant P1467S VWF
with either ristocetin (panel A) or botrocetin (panel B) as the agonist. While the mutant
VWF showed absent binding in response to ristocetin, botrocetin-induced binding was
essentially normal. A control 2M mutation, Δ1392–1402, showed absent binding with both
ristocetin and botrocetin as did the supernatant from a transfection with an empty vector,
denoted here as “mock”.
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Figure 4.
Expressed wild-type and mutant recombinant VWF ELISA binding. (A) An ELISA-based
binding assay using wild-type GPIb and added ristocetin shows lack of binding with the
P1467S sequence variation compared to wild-type VWF. A control 2M mutation, Δ1392–
1402, also shows lack of binding. (B) An ELISA-based binding assay using a gain-of-
function GPIb in the absence of ristocetin shows normal binding for the P1467S construct,
but lack of binding is again observed for the control 2M mutation, Δ1392–1402.
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Figure 5.
Using a cone and plate(let) analyzer, the Impact-R, VWF-platelet interactions were tested
under shear conditions. A representative sample from the index patient is shown in panel A,
as compared to a healthy control in panel B. No significant difference in platelet adhesion
was seen.
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Figure 6.
The A1 domain of the VWF protein is diagrammed here, with the location of two known
ristocetin-binding domains and three botrocetin-binding domains marked in grey. The circle
denotes the approximate location of the P1467S sequence variation. The disulfide bond is
between Cys 1272 and Cys 1458.
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