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The diagnosis of von Willebrand disease
relies on abnormalities in specific tests of
von Willebrand factor (VWF), including
VWF antigen (VWF:Ag) and VWF ristoce-
tin cofactor activity (VWF:RCo). When
examining healthy controls enrolled in
the T. S. Zimmerman Program for the
Molecular and Clinical Biology of von
Willebrand disease, we, like others, found
a lower mean VWF:RCo compared with
VWF:Ag in African American controls and
therefore sought a genetic cause for these

differences. For the African American con-
trols, the presence of 3 exon 28 single
nucleotide polymorphisms (SNPs),
11380V, N1435S, and D1472H, was associ-
ated with a significantly lower VWF:RCo/
VWF:Ag ratio, whereas the presence of
D1472H alone was associated with a de-
creased ratio in both African American
and Caucasian controls. Multivariate anal-
ysis comparing race, SNP status, and
VWF:RCo/VWF:Ag ratio confirmed that
only the presence of D1472H was signifi-

cant. No difference was seen in VWF
binding to collagen, regardless of SNP
status. Similarly, no difference in activity
was seen using a GPlb complex-binding
assay that is independent of ristocetin.
Because the VWF:RCo assay depends on
ristocetin binding to VWF, mutations (and
polymorphisms) in VWF may affect the
measurement of “VWF activity” by this
assay and may not reflect a functional
defect or true hemorrhagic risk. (Blood.
2010;116(2):280-286)

Introduction

von Willebrand disease (VWD) is a common coagulation disorder, with
a reported prevalence ranging from 0.01% to 1%.!? Defects in von
Willebrand factor (VWF) are associated clinically with a spectrum of
bleeding symptoms, including easy bruising, menorrhagia, and epi-
staxis, with affected patients at increased risk for excessive bleeding
with invasive procedures. Type 1 VWD is characterized by mild
quantitative defects of VWE, whereas type 3 VWD has virtually
undetectable levels of VWE The type 2 VWD variants are characterized
by intrinsic functional defects, including defects in multimerization,
platelet interactions, collagen binding, or factor VIII binding.? Although
type 1 VWD accounts for the majority of cases, the relationship between
VWEF levels and clinical symptoms is not always clear, particularly with
modest decreases in VWE3*

The International Society on Thrombosis and Hemostasis has
recommended provisional criteria for the diagnosis of type 1 VWD,
which include a personal history of bleeding symptoms, the
presence of affected family members, and laboratory findings
consistent with the diagnosis.® A panel of studies is recommended
for workup of suspected VWD, including VWF antigen (VWF:Ag)
as a measure of total VWF protein and VWF ristocetin cofactor
activity (VWF:RCo) as a functional measure of VWF binding to
platelets through their surface glycoprotein receptor GPIb. The
VWEF:RCo assay exploits the capacity of ristocetin to induce a

conformational change in VWF that leads to VWF binding to
platelet GPIb, but high variability and suboptimal sensitivity
compromise the clinical utility of VWF:RCo.>7 Many factors can
influence VWF levels. ABO blood group is a known modifier, with
the lowest VWF levels present in those with blood group 0.8 A
disproportionate number of patients diagnosed with type 1 VWD
have blood group O.%° Race is another potential modifier. Miller et
al demonstrated higher VWF:Ag levels in African American
women compared with Caucasian women, even when controlled
for blood type.!*!! Furthermore, VWF:RCo levels were similar
between Caucasian and African American subjects, but the VWF:
RCo/VWF:Ag ratios were lower for African Americans, attributed
by the authors to their relative increase in VWF:Ag.

VWEF binding to platelet GPIb occurs via a binding site in the
VWF Al domain.'>!3 Type 2M VWD is characterized by a
defective interaction between VWF and platelet GPIb in the
absence of a significant defect in multimer structure.> Type 2M
VWD is clinically suspected when the VWF:RCo/VWEF:Ag ratio is
decreased, and has also been linked to mutations in the Al
domain.'#1® These mutations have been compiled online through
the International Society on Thrombosis and Hemostasis Scientific
and Standardization Committee VWF Online Database (www.
VWE.group.shef.ac.uk).!” In the local population of patients with
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VWD followed at the Comprehensive Center for Bleeding Disorders in
Milwaukee, African Americans were overrepresented in the subgroup of
VWD patients with type 2M VWD. The demographics of our type 1
VWD patients are similar to our overall patient population, with 7%
identified as African American. Our type 2M VWD patients, however,
had a disproportionate number of African Americans, at 35%. Only 20%
of Caucasians in our population with type 2 VWD were categorized as
type 2M, whereas 80% of African American type 2 patients were
classified as type 2M.!8 Many of the latter group, however, had minimal
bleeding symptoms despite a significantly reduced VWF:RCo/
VWF:Ag ratio. We noted that a group of single nucleotide polymor-
phisms (SNPs) in exon 28 appeared frequently in the African American
controls. These findings suggested the hypothesis that common polymor-
phisms in the A1 loop of VWF might affect the ristocetin-based activity
assay and therefore lead to altered VWF:RCo/VWF:Ag ratios. To
further investigate this hypothesis, we used data from control subjects in
the T. S. Zimmerman Program for the Molecular and Clinical Biology of
von Willebrand Disease (ZPMCB-VWD), a large, multicenter study of
patients with VWD and healthy controls.

Methods

Patient population

Subjects were enrolled in the ZPMCB-VWD as healthy controls, with no
previous diagnosis of a bleeding disorder. Exclusion criteria included a
previous diagnosis of VWD and known pregnancy. Subjects were recruited
from the local population, including hospital workers and community
members, at 8 primary clinical centers in Atlanta, Detroit, Houston,
Indianapolis, Iowa City, Milwaukee, New Orleans, and Pittsburgh. All
healthy controls were 18 years of age or older. The study was approved by
the Human Research Review Board at each institution and informed
consent obtained from all subjects in accordance with the Declaration of
Helsinki. Blood was collected for further testing as detailed below.

A bleeding questionnaire was administered to all subjects, including
controls. Questions included those used in the European Molecular and
Clinical Markers for the Diagnosis and Management of Type 1 VWD
study'® as well as a set of additional questions specific to the ZPMCB-
VWD. Bleeding scores for this manuscript were calculated using the
European Molecular and Clinical Markers for the Diagnosis and Manage-
ment of Type 1 VWD scoring system.'” Only controls with completed
bleeding scores, laboratory testing, and gene sequencing results are
included in this analysis.

DNA analysis

Polymerase chain reaction (PCR) amplification and semiautomated bidirectional
sequencing using dye-terminator chemistry was performed using a set of primers
designed specifically to amplify the entire coding sequence of VWF, including
intron-exon boundaries, 3.5 kb upstream of exon 1, and 1 kb downstream of the
C-terminal stop codon while excluding the pseudogene sequence. Primer
sequences and PCR conditions are available on request. To examine possible
linkage of the 3 SNPs of interest on 1 allele, PCR of exon 28 was performed on
3 African American subjects and the resulting fragment cloned into the TopoTA
cloning vector (Invitrogen). Exon 28 sequencing was then performed on purified
DNA from the resulting colonies.

VWEF testing

VWEF:Ag was measured in the clinical laboratory at BloodCenter of Wisconsin
by an enzyme-linked immunosorbent assay using 2 monoclonal antibodies
(AVW-1 and AVW-5) for capture and an horseradish peroxidase-conjugated
rabbit polyclonal anti-VWF antibody for detection (Dako North America).
VWF:RCo was also measured in the clinical laboratory using the Dade Behring
BCS System and a reagent containing lyophilized platelets and ristocetin
purchased from the manufacturer (Dade Behring, Siemens Healthcare Diagnos-
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tics). The final ristocetin concentration was 1 mg/mL. A standard plasma
calibrated against an international reference plasma was used as a control. VWF
multimers were assessed on 0.65% agarose multimer gels as previously
described.”® Collagen binding was measured using type III human placental
collagen plated at a concentration of 1 pg/mL (Southern Biotechnology
Associates) for capture and a rabbit polyclonal antibody for detection (Dako
North America). FVIIT activity was measured using a 1-stage clotting assay.®
Blood group was determined by testing plasma samples for the presence of
isohemagglutinins. A subset of samples was sent to 5 additional laboratories
(ARUP Laboratories, Centers for Disease Control, Esoterix, Mayo Clinic, and
Queen’s University, Kingston, ON) for VWF:Ag and VWF:RCo testing to
confirm the results obtained.

Platelet aggregation studies

Platelet aggregation was performed in the BloodCenter of Wisconsin
clinical hemostasis laboratory using fresh platelet-rich plasma diluted to a
platelet count of 300 000/pL. Ristocetin was added at concentrations
ranging from 0.5 to 1.5 mg/mL and absorbance measured on a Chronolog
platelet aggregometer for a minimum of 5 minutes.

Botrocetin binding assay

Fixed lyophilized reconstituted platelets (Bio/Data) were incubated with
various concentrations of botrocetin (0-1 wg/mL) and plasma from African
American subjects either homozygous for the 1472H allele or homozygous
for the 1472D allele. After incubation for 1 hour, a polyclonal anti-VWF
antibody (Dako North America) conjugated to Alexa Fluor 633 (Invitrogen)
was added and fluorescence measured as previously described.?!

GPIb complex-binding assay

A construct containing full-length GPIba was made with 2 gain-of-function
mutations, G233V and M239V, and expressed in HEK293T cells together with
GPIbB and GPIX to improve surface GPIb expression. Additional constructs
were made containing a novel GPIba mutation, D235Y, in combination with
either G233V or M239V, as well as a construct containing all 3 mutations.
Constructs containing any 2 mutations demonstrated greater reactivity, and the
construct with G233V and M239V was used for further study. Cells were
collected at 60 hours and equal numbers of cells aliquoted into each well of a
96-well plate. Plasma (collected in 3.2% sodium citrate) from ZPMCB-VWD
healthy controls was added to the cells. A fluorescently labeled polyclonal
antibody to VWF (Dako North America) was added and the resulting complex
detected using an LSR 1I flow cytometer (BD Biosciences). A normal curve was
constructed with lyophilized, reconstituted normal control plasma calibrated to
the World Health Organization standard.

Statistics

The statistical program Stata (StataCorp LP) was used to perform all statistical
analyses. Comparisons of mean VWF:Ag, VWF:RCo, and VWF:RCo/VWF:Ag
ratios used 1-way and 2-way analysis of variance with individual comparisons
using an analysis of variance-based ¢ test after a normalizing transform.
Comparisons within the same subjects used a paired ¢ test (for comparison of the
VWF:RCo/VWF:Ag with GPIb complex-binding/VWF:Ag). VWF:Ag and
VWEF:RCo values were log-transformed to achieve a normal distribution before
analysis. Multiple comparison adjustments used the Tukey Honestly Significant
Difference method. Multiple linear regression analysis was used to compare
VWF:Ag, VWF:RCo, GPIb complex binding, race, and SNP status; in addition,
the dominant and additive genetic models were examined for the relationship
with the D1472H SNP.

Results

VWEF:Ag, VWF:RCo, and VWF exon 28 gene sequencing results
were examined for a group of healthy control subjects enrolled in
the ZPMCB-VWD. The initial group of controls included
59 African Americans and 113 Caucasians. As illustrated in Figure
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Figure 1. Scatterplot of VWF:Ag (Ag), VWF:RCo (RCo), and VWF:RCo/
VWF:Ag ratio (ratio) for all African American (AA; ®) and Caucasian controls
(CA; O) enrolled in the ZPMCB-VWD. The mean value for each assay is shown
at the top of the graph for 59 African American and 113 Caucasian healthy
controls. Error bars represent = 1 SD.

1, the mean VWF:Ag in the African American controls was
126 1U/dL, whereas the mean VWF:Ag for the Caucasian controls
was 101 IU/dL. In contrast, the VWF:RCo levels were similar:
99 TU/dL for the African American controls and 95 IU/dL for the
Caucasian controls. VWF:RCo/VWF:Ag ratios were lower in the
African American controls, with a mean ratio of 0.81 compared
with 0.94 for the Caucasian controls (Figure 1). These results are
similar to those previously reported by Miller et al.!%!!

DNA sequencing results revealed a trio of SNPs (I1380V,
N1435S, and D1472H) that appeared frequently in the African
American controls, but rarely in the Caucasian controls. Cloning of
exon 28 from 3 of the African American subjects with the 3 SNPs
demonstrated that these SNPs were present on the same allele for
all 3 subjects (data not shown). [1380V is located in the middle of
the A1 loop. N1435S and D1472H are located just before and just
after the C-terminal disulfide bond of the A1 loop (Figure 2). This
3-SNP haplotype was present in 22% of the African American
controls, compared with only 3% of the Caucasian controls. An
additional 39% of African American controls had the D1472H SNP
alone. Whereas 63% of the African American controls were
positive for the D1472H SNP, only 17% of Caucasians had this
SNP (P < .001). The majority of the Caucasian controls (81%) had
none of these SNPs (Table 1). No known type 2M mutations were
observed in the control population. The mean VWF:RCo/VWF:Ag
ratio in African American subjects with the 3-SNP haplotype was

A1

H - :
$1272=1458

f1234=1237}
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Table 1. Characteristics of exon 28 SNPs in African American and
Caucasian controls

Mean Mean
VWF:Ag, VWF:RCo, Mean ratio of
SNP status No. (%) IU/dL 1U/dL VWF:RCo/VWF:Ag
African D1472H 23 (39) 122 93 0.77
American alone
D1472H 13 (22) 135 93 0.71
11380V
N1435S
No SNPs 22 (37) 124 112 0.91
Caucasian  D1472H 19 (17) 121 98 0.82
alone
D1472H 3(3) 126 97 0.77
11380V
N1435S
No SNPs 91 (81) 97 94 0.97

11380V and N1435S were only found in heterozygous form. All the Caucasian
controls with D1472H were heterozygous for this SNP, whereas 35% of the African
American controls with D1472H were homozygous for the H allele. One African
American subject had 11380V and D1472H (not included in table).

SNP indicates single nucleotide polymorphism; VWF, von Willebrand Factor; Ag,
antigen; IU, International Unit; and RCo, ristocetin cofactor.

0.71, whereas the mean VWF:RCo/VWF:Ag ratio in African
American subjects with only D1472H was 0.77 (P = not signifi-
cant). In contrast, the mean VWF:RCo/VWF:Ag ratio for the
African American subjects with none of the SNPs in question was
0.91, significantly different from those with the 3-SNP haplotype
and from those with D1472H alone (P < .001).

Because the D1472H SNP appeared relatively frequently in
both the African American and Caucasian controls, this SNP was
investigated separately (Figure 3A). The mean VWF:RCo/
VWE:Ag ratio for African Americans with the D1472H SNP alone
was 0.75, compared with 0.91 for those without the SNP (P < .001).
For the Caucasian controls, the mean VWF:RCo/VWEF:Ag ratio for
those with D1472H was 0.82, compared with a ratio of 0.97 for
those without the SNP (P < .001). There was no significant
difference between African Americans and Caucasians with
D1472H, nor was there a statistical difference between African
Americans and Caucasians without D1472H. To confirm that these
results were not simply the result of the VWF:RCo assay used by
our laboratory, samples with and without the D1472H polymor-
phism were sent to 5 North American laboratories. Similar results
to those obtained in our laboratory were again observed, with the
D1472H samples yielding a lower ratio than the samples without

1237-1251 1457-1471

peptides that inhibit
ristocetin binding to VWF

Figure 2. Common exon 28 SNPs found in the VWF A1 loop.
Circles represent the approximate location of the 3 common
SNPs, 11380V, N1435S, and D1472H, which were seen most
frequently in the African American controls; gray boxes, known
regions implicated in VWF-ristocetin interactions.
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Figure 3. VWF activity to antigen ratios by race and D1472H status.
(A) VWF:RCo/VWF:Ag ratios for African American (AA) and Caucasian (CA) subjects with
or without the D1472H polymorphism. (B) VWF:CB/VWF:Ag ratios for African American
and Caucasian subjects with or without the D1472H polymorphism. The mean value for
each group is listed at the top of the graph. Error bars represent = 1 SD.

this polymorphism. The average ratio across the 5 laboratories (as
normalized to an international standard) for subjects with D1472H
was 0.80, whereas the average ratio for the subjects without
D1472H was 0.95. It is important to note that 2 of these laboratories
perform the VWF:RCo assay using a similar test protocol to ours,
whereas 3 laboratories use platelet aggregometry instruments.

To determine whether the apparent decrease in function was the
result of an isolated issue with the VWF:RCo assay or an actual
defect in VWF function, VWF:collagen binding (VWF:CB) was
examined. Although the major binding site for collagen is located
in the VWF A3 domain, there is a collagen-binding site in the A1l
domain that could potentially be disrupted by the D1472H polymor-
phism.?? Previous work showed an elevation in VWF:CB, similar
to that seen with VWF:Ag, when African American controls were
compared with Caucasians.!! When both African American and
Caucasian controls from the ZPMCB-VWD were analyzed based
on the presence or absence of D1472H, no significant difference in
VWE:CB/VWF:Ag ratio was seen (Figure 3B). Therefore, the
D1472H polymorphism appears to have minimal effect on VWF-
collagen interactions. Botrocetin was also tested as an additional
method of inducing VWF-platelet interactions. When 6 subjects
homozygous for the 1472H allele were compared with 6 subjects
homozygous for the 1472D allele, no difference was observed over
a range of botrocetin concentrations (Figure 4). When bleeding
scores were examined, the mean for the African American subjects
with D1472H was —0.49 (range, —3 to 4), whereas the mean for
African Americans without D1472H was 0.23 (range, —2 to 4).
Similar results were observed for the Caucasian controls. In
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Figure 4. Botrocetin-induced binding of VWF to platelets. African American
subjects homozygous for 1472H (@) are compared with African American subjects
homozygous for 1472D (O). Error bars represent = SEM. 1472H points have been
moved slightly to the left to allow better visualization of the data points (n = 6 for each
group).

general, a bleeding score more than or equal to 4 is considered
significant.'®?? Only 3 controls had a bleeding score more than 4,
all Caucasians without the D1472H polymorphism.

Although none of the Caucasians was homozygous for D1472H,
there were a number of African American subjects homozygous for this
SNP, allowing analysis of copy number effect based on number of
1472H alleles (Figure 5). The mean VWF:RCo/VWEF:Ag ratio for the
homozygous 1472H African American controls was 0.66, and the mean
ratio for the heterozygous D1472H African American controls was 0.79
(P < .01). When the heterozygous D1472H African American controls
were compared with those homozygous for the wild-type sequence,
there was also a significant difference (P < .01). This suggests a dose
effect of the 1472H variant in response to ristocetin in the African
American population. Three of the African American controls had
VWE:RCo/VWEF:Ag ratios less than 0.5, and 3 more had ratios less than
0.6. None of these 6 subjects had elevated bleeding scores, although
their VWF:RCo/VWEF:Ag ratios do fall into the range of type 2M VWD.
This is important, as a ratio of less than 0.6 has been proposed as an
indicator of type 2 VWD.?*2 The majority (60%) of subjects enrolled in
the ZPMCB-VWD to date with a diagnosis of type 2M VWD had
bleeding scores more than or equal to 4 (mean, 4.4; range, of —2 to 13).
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Figure 5. VWF:RCo/VWF:Ag ratio in African American (AA) controls by D1472H
allele status. VWF:RCo/VWF:Ag ratios are shown for African American subjects
homozygous for the 1472H allele (1472 HH), heterozygotes (1472 DH), and those
homozygous for the 1472D allele (1472DD). The mean value for each group is listed
at the top of the graph. Error bars represent + 1 SD.
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Figure 6. Ristocetin-induced platelet aggregation. Various concentrations of
ristocetin were added to platelet-rich plasma from a control subject (A) and a subject
heterozygous for the D1472H polymorphism (B).

Response to various doses of ristocetin was assessed with
platelet aggregation studies. Platelet-rich plasma from a subject
heterozygous for the D1472H polymorphism was compared with a
wild-type subject at doses of ristocetin ranging from 0.5 to
1.5 mg/mL. A marked difference was observed (Figure 6), with no
aggregation at 0.8 mg/mL and delayed aggregation at 1 mg/mL for
the D1472H subject compared with the normal control.

In the multiple linear regression analysis, the only significant
finding was the presence of D1472H, after analysis for race,
bleeding score, VWF:RCo/VWF:Ag ratio, and SNP status at
11380V, N1435S, and D1472H (P < .005). Although there were
only a small number of homozygous DI1472H subjects in the
sample (n = 13), the genetic effect of the homozygous D1472H
had slightly more than twice the effect on the ratio as the
heterozygous (0.12 vs 0.26, P < .001). After accounting for the
D1472H SNP, ethnicity had a marginal effect on the ratio (0.047,
P = .052). Because the D1472H SNP accounted for essentially all
of the variability in VWF:RCo/VWF:Ag ratios, it is probable that
the association of decreased ratios and the 3 SNP haplotype occurs
simply because D1472H is frequently linked in African Americans
to the other 2 exon 28 polymorphisms.

To further investigate the effect of these polymorphisms on VWEF-
GPIb interactions independent of ristocetin, an assay was developed
using GPIb mutations that allow spontaneous VWEF binding even in the
absence of ristocetin, referred to here as the GPIb complex-binding
assay. The VWF:RCo/VWF:Ag ratio obtained using the conventional
ristocetin-based assay was compared with the GPIb complex-binding/
VWF:Ag ratio obtained with the new GPIb-VWF binding assay.
Another common polymorphism in the VWF A1 domain, A1381T, has
been previously reported to affect VWEF-GPIDb interactions, causing an
increased affinity for GPIb.?® Therefore, we excluded those subjects
with A1381T from analysis with our GPIb complex-binding assay,
leaving 37 African American and 30 Caucasian controls with GPIb
complex-binding results available for analysis.

Unlike the results obtained with VWF:RCo/Ag ratios, no racial
difference was seen in the GPIb complex-binding/VWF:Ag ratio.
African American and Caucasian controls both had a mean GPIb
complex-binding/VWF:Ag ratio of 1.10 (P = not significant). When
subjects were divided according to race and SNP status at D1472H, no
statistically significant difference in GPIb complex-binding/VWF:Ag
ratio was observed, suggesting that this assay is not affected by
the presence of the D1472H polymorphism. African American controls
with the polymorphism had a mean ratio of 1.06, whereas those without
the polymorphism had a mean ratio of 1.2. Caucasian controls with
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the polymorphism had a mean ratio of 1.13, whereas those without
the polymorphism had a mean ratio of 1.08 (P = not significant for
all comparisons). Several subjects with published type 2M VWD
mutations (A1392-1402, G1324S, and 11425F) were tested using
the GPIb complex-binding assay and showed markedly reduced
binding (data not shown), confirming that this assay is sensitive to
VWE-GPIb interactions that might cause type 2M VWD. Figure 7
shows VWF:RCo/VWF:Ag and GPIb complex-binding/VWF:Ag
ratios for subjects with or without the D1472H polymorphism.
Subjects with D1472H have GPIb complex-binding values that are
higher than their VWF:RCo values, suggesting that the VWF:RCo
assay may underestimate VWF-platelet binding with this polymor-
phism, at least compared with an assay that uses spontaneous
VWE-GPIb binding instead of a ristocetin-mediated interaction.
This effect is independent of race because similar results are seen in
African American and Caucasian subjects. Neither race nor D1472H
status had a significant effect on GPIb complex-binding/VWF:Ag
ratios in a multiple linear regression analysis.

Discussion

Our results suggest that racial differences in VWF:RCo/VWF:Ag
ratios are the result of increased frequency of the D1472H
polymorphism in African Americans. This study is not the first to
note racial differences in the dose response to added ristocetin.
Ristocetin-induced platelet aggregation has been shown to be lower
in African Americans compared with Caucasians, particularly with
lower concentrations of ristocetin.’’-?® African Americans had
higher levels of VWF:Ag, with an associated decrease in the
VWEF:RCo/VWF:Ag ratio and a similar increase in VWF collagen
binding compared with blood type—matched Caucasian controls.!!
We propose here that racial differences in the prevalence of specific
SNPs in the Al domain may affect the VWF:RCo assay and
therefore impact the VWF:RCo/VWF:Ag ratio in vitro, but may
not necessarily affect in vivo function. The increased number of
African American subjects with a low VWF:RCo/VWF:Ag ratio
may simply reflect a higher prevalence of Al domain SNPs that
affect ristocetin-mediated binding. It should be noted, however,
that the reason for the increase in VWF:Ag in this population
remains to be determined.

It is possible that the D1472H SNP decreases ristocetin-mediated
VWE-GPIb interactions, through alteration of the ristocetin-binding site
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on VWE In support of this theory, control subjects in the ZPMCB-
VWD study with D1472H had lower VWF:RCo/VWF:Ag ratios, on
several occasions low enough to be considered for diagnosis of type 2M
VWD, yet no increase in bleeding score was observed. In addition,
2 other SNPs in this region, 11380V and N1435S, were found to
correlate with low VWF:RCo/VWF:Ag. These SNPs are linked to
D1472H, and our data show that the latter SNP appears to predominate,
as there is no significant difference between D1472H alone and the
presence of the 3 SNPs together. The role of 11380V and N1435S
remains undefined as we had no subjects with these SNPs in the absence
of D1472H. This relationship may reflect linkage with D1472H
or perhaps additional alterations in the Al loop structure affecting
ristocetin binding.

If the D1472H polymorphism affects in vitro ristocetin binding
without affecting other VWF functions, other assays should show no
difference between samples from subjects with and without this SNP.
VWEF:CB, when controlled for VWF:Ag, was not affected by D1472H
SNP status; however, the collagen-binding site is separate from the
GPIb-binding site.*® The GPIb complex-binding assay, however, pro-
vides another means of ristocetin-independent assessment of VWF-
platelet interactions. There was no discernable difference in VWF-GPIb
interactions, regardless of SNP status, as assessed by the GPIb complex-
binding assay, which measures platelet GPIb binding independent of
ristocetin. Furthermore, binding was similar for subjects with and
without D1472H, regardless of race, and no difference in the GPIb
complex-binding assay was seen for African American subjects with the
3-SNP haplotype compared with those without the 3 SNPs. These data
suggest that the D1472H SNP may affect the VWF:RCo assay but might
not cause a physiologically significant decrease in VWF function in
vivo. Bleeding score data are entirely consistent with absence of
physiologic consequences for the D1472H polymorphism.

Ristocetin causes enhanced platelet aggregation by inducing
binding of VWF to platelet GPIb.3! Ristocetin was removed from
clinical use as an antibiotic because of its proclivity for causing
drug-induced thrombocytopenia®? but remains important in labora-
tory testing for VWD. When added to plasma, ristocetin binds
VWE, facilitating VWF-GPIb binding in vitro and enabling a
quantitative assessment of VWF “activity” by measuring platelet
aggregation or agglutination.’33* Ristocetin in the presence of
plasma VWF significantly decreased platelet electrophoretic mobil-
ity, probably because of VWF-platelet interactions promoted by
ristocetin.® It can also precipitate plasma proteins, including both
VWEF and fibrinogen.?! VWF-GPIb interactions in vivo, however,
occur under shear stress in proximity to damaged endothelium, and
the ensuing conformational change in multimeric VWF might not
necessarily mimic that which happens in response to ristocetin.

The interaction between VWEF and platelet GPIb involves
specific regions located in the A1 domain. The crystal structure of
the VWF A1 domain in complex with platelet GPIb spans amino
acids 1261 to 1468 of the VWF protein.’® Early studies localized
2 regions in or near the Al loop (Cys 1237-Pro 1251 and Leu
1457-Pro 1471) as important in VWF interactions with platelet
GPIb in the presence of ristocetin.’’ Further studies using the
synthetic peptides Cys 1237-Pro 1251 and Ser 1455-Pro 1471 were
able to demonstrate inhibition of a substantial proportion of
ristocetin-induced VWF-GPIb binding, confirming the importance
of these regions in ristocetin-mediated interactions.*® A monoclonal
antibody recognizing Glu 1463-Asp 1472 could also inhibit
ristocetin-induced VWF binding to platelets.?® Recently, another
Al loop polymorphism, A1381T, was reported to result in in-
creased affinity for GPIb because of an increased sensitivity to
ristocetin but did not appear to affect GPIb-VWF interactions
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subjected to shear conditions.?® This may well be another example
of an Al domain polymorphism that is sensitive to the nonphysi-
ologic use of ristocetin without altering in vivo VWF interactions.

The VWF:RCo assay as presently used is important in distinguish-
ing the type 2 variants. Type 2M VWD is suspected based on a low
VWF:RCo/VWF:Ag ratio with normal multimers. Expert guidelines
have used a VWF:RCo/VWEF:Ag ratio of less than 0.5 or less than 0.7 as
diagnostic of type 2 VWD.>* In 2M VWD, as with the other type 2
VWD variants, bleeding symptoms are usually more severe than those
seen in type 1 patients. It is important to distinguish polymorphisms that
affect ristocetin interactions to avoid falsely labeling patients with 2M
VWD when in reality they may actually have type 1 VWD (or possibly
not meet diagnostic criteria for VWD at all).

Several 2M mutations are located close to the SNPs of interest. An
11-amino acid deletion involving Arg 1392-Gln 1402 was discovered in
a family with mucocutaneous and postsurgical bleeding, low VWF:Ag,
and disproportionately low VWF:RCo.!> Mutations at Phe 1369 and Ile
1425 in 2 unrelated families with type 2M VWD both lead to defective
ristocetin-mediated binding of VWF to platelet GPIb and significant
clinical bleeding.'® We have recently shown that the P1467S mutation
causes decreased VWF:RCo but does not appear to be associated with
any relevant clinical bleeding.?! Another example of VWD with
abnormal ristocetin interactions is VWD type 2B Malmo, otherwise
known as type 1 New York or type 1 Malmo. This variant, P1266L, is
associated with increased aggregation in the presence of low-dose
ristocetin.*>#! However, the absence of thrombocytopenia and normal
distribution of VWF multimers are noteworthy distinctions between the
P1266L variant and patients with other type 2B-associated mutations,
such that one must wonder whether the results with ristocetin are of
physiologic importance in this variant as well.

Given the wide range of VWF:Ag in the normal population, there is
the potential for healthy persons to have VWF:RCo levels low enough
to merit a diagnosis of VWD. In the presence of specific SNPs, the
VWEF:RCo/VWF:Ag ratio may lead to the classification of the patient as
VWD type 2M, when in reality, the discrepancy between VWF:RCo
and VWF:Ag may be an artifact of the current functional assay. The
recommended diagnostic criteria for VWD include bleeding symptoms
in both the patient and in family members, as well as laboratory testing
indicative of low VWF levels and/or lack of function of the VWF
protein.> Reliance on the ristocetin cofactor activity assay, however,
may be a source of diagnostic error in certain patients, especially those
possessing SNPs that directly affect ristocetin’s interactions with VWE.
In addition, the presence of D1472H may affect ristocetin-induced
platelet aggregation and could be a source of diagnostic error in platelet
function testing. It is important to consider each patient’s bleeding
history, taking into account historical challenges and family history, as
indiscriminate VWF testing may result in erroneous diagnosis and
treatment. Alternate assays for measuring VWF function, especially
those using more physiologic measures of VWEFE-GPIb binding, would
help alleviate this problem and perhaps assist in the current problems
with VWF diagnosis and classification.
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