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Altered glycosylation of platelet-derived von Willebrand factor confers
resistance to ADAMTS13 proteolysis
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Platelet-von Willebrand factor (VWF) is stored within a-granules and accounts for ~20%
of total VWF in platelet-rich plasma. This platelet-VWF pool is distinct from plasma-VWF
and is enriched in high molecular weight multimers (HMWM). Previous studies have
described significant functional discrepancies between platelet-VWF and plasma-VWF;
however, the molecular basis of these differences is not well understood. We have
characterized terminal glycan expression on platelet-VWF. Our findings demonstrate that
platelet-VWF exists as a distinct natural glycoform. In particular, N-linked sialylation is
markedly reduced (>50%) compared with plasma-VWF. Moreover, unlike plasma-VWF, platelet-VWF does not express AB blood
group determinants, although precursor H antigen expression is similar to that on plasma-VWF. Because of this differential
glycosylation, platelet-VWF exhibits specific resistance to ADAMTS13 proteolysis. Thus platelet activation at sites of vascular injury
results in the release of high local concentrations of HMWM platelet-VWF that is more resistant to ADAMTS13, thereby facilitating

¢ Platelet-VWF exists as
a distinct natural glycoform.
¢ Platelet-VWF is resistant to
ADAMTS13 proteolysis.

platelet-plug formation. (Blood. 2013;122(25):4107-4110)

Introduction

Von Willebrand factor (VWF) is a large multimeric sialoglycoprotein
that plays critical roles in normal hemostasis. Besides circulating in
plasma, significant amounts of VWF are also stored within the
a-granules of platelets.' This platelet-VWF is synthesized during
megakaryocytopoiesis and accounts for 10% to 20% of the total
VWEF present in normal platelet-rich plasma.®* Importantly, the
platelet-VWF pool is distinct from plasma-VWF and is enriched in
hemostatically active high molecular weight multimers (HMWM).>¢
Consequently, high local concentrations of HMWM platelet-VWF
are released from a-granules at sites of vascular injury following
platelet activation. Accumulating data from in vitro and in vivo
studies suggest that both plasma-VWF and platelet-VWF play critical
roles in primary hemostasis.”"'° Furthermore, reduced platelet-VWF
levels have also been implicated in mediating the pathogenesis of
bleeding disorders including von Willebrand disease and essential
thrombocythemia.>¢

Previous studies have described several important functional dif-
ferences between platelet-VWF and plasma-VWF. In particular,
despite the fact that platelet-VWF is enriched in HMWM, it binds
to platelet Gplba with significantly lower affinity compared with
plasma-VWE.'" In contrast, platelet-VWF demonstrates significantly
enhanced binding to both GplIbIlla and heparin.'' The molecular
mechanisms responsible for these differences have not been defined,
but are likely to relate to variations in the posttranslational modifi-
cation of platelet-VWF (synthesized within megakaryocytes) as

opposed to plasma-VWEF (synthesized within endothelial cells). The
N- and O-linked glycosylation profiles of plasma-VWF have been
characterized in detail.'>' The glycan profile of platelet-VWF has
not been elucidated. However, preliminary data suggest that these
structures may differ significantly from those expressed on plasma-
VWE.'* Tn recent studies, we and others have clearly demon-
strated the key role played by VWF glycans in regulating proteolysis
by ADAMTS13.'>'® Importantly, expression of both ABO blood
group antigens and terminal sialic acid on VWF were shown to be of
critical importance.'>'®'® In this study, we have characterized
terminal carbohydrate expression on platelet-VWEF. Our findings
demonstrate that platelet-VWF exists as a distinct natural glycoform,
with a particular marked reduction in N-linked sialic acid expression
compared with plasma-VWEF. Moreover, as a result of this difference
in posttranslational modification, platelet-VWF exhibits specific
resistance to ADAMTS13 proteolysis.

Study design

Isolation and purification of platelet- and plasma-VWF

Platelets were isolated from platelet-rich plasma as previously described.'
Platelets were then lysed by performing repeated snap freeze-thaw cycles in
the presence of protease inhibitors (Protease Inhibitor Cocktail I, Calbiochem,
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Figure 1. Glycosylation of platelet-VWF and susceptibility to ADAMTS13 proteolysis. (A) Platelet (PT)-VWF was purified from lysed (Lys) human platelets by
immunoaffinity chromatography and analyzed by SDS-polyacrylamide gel electrophoresis and subsequent silver staining. (B) ABO(H) blood group antigen expression on plasma
(PL)-VWF and PT-VWF were quantified using lectin plate-binding assays. All experiments were performed in triplicate, and the results shown represent the mean + SEM
(***P < .001). (C) Reverse-phase HPLC analysis was used to quantify sialic acid expression on purified PL-VWF and PT-VWF. Total sialic acid expression on PT-VWF was
significantly reduced compared with PL-VWF (76 vs 167 nmol/mg; ***P < .001). To determine relative quantitative sialic acid expression levels on the N-linked glycans of VWF,
HPLC analysis of residual VWF-bound sialic acid was performed following digestion with O-glycosidase. To determine quantitative sialic acid expression on the O-linked glycans
of VWF, HPLC analysis of residual VWF-bound sialic acid was performed following digestion with PNGase F. (ns, P value is nonsignificant). (D) To investigate whether altered
glycosylation on platelet-VWF influences susceptibility to ADAMTS13 proteolysis, PT-VWF and PL-VWF were incubated with 3 nM recombinant human ADAMTS13 in the
presence of 1.5 M urea. Rate of cleavage was assessed by determining the reduction in VWF:CB over time. Results (mean of 5 experiments = SEM) are expressed as the
percentage residual collagen-binding activity. In some cases, SEM cannot be seen due to its small size. (E) The susceptibility of PT-VWF and PL-VWF multimers to digestion with
recombinant human ADAMTS13 in the presence of 1.5 M urea was further assessed by performing standard nonreducing SDS agarose gel electrophoresis at baseline (T0) and following
a 30-minute incubation (T30). (F) To establish whether the altered glycosylation profile of PT-VWF influenced susceptibility to other nonspecific proteases, PL-VWF and PT-VWF were
also treated with chymotrypsin (30 U/mg VWF) and carboxypeptidase Y (19 U/mg VWF) at 37°C for 90 minutes. Results are shown as residual VWF:CB at 90 minutes = SEM.

Merck, UK) followed by centrifugation at 10 000g to clear cellular debris.  O-linked sialic acid expression on VWF was quantified using high-performance
Finally, platelet-VWF was purified by immunoaffinity chromatography employ-  liquid chromatography (HPLC) analysis as before.'® To modify endogenous
ing the monoclonal antibody CLB-RAg20 as previously described in detail?®  VWF glycan structures, purified plasma- or platelet-VWE (final concentration,
Plasma-derived VWF was purified by cryoprecipitation and 2BCL gel filtration 65 wg/mL) were incubated for 2 hours at 37°C with specific exoglycosidases

as before,'® followed by CLB-RAg20 immunoaffinity chromatography.? including a2-3,6,8,9 neuraminidase (2500 U/mg; Calbiochem, Merck Chemicals
Ltd, UK); PNGase F (1000 U/mg; New England BioLabs, UK); a2-3
ADAMTS13 expression and proteolysis of VWF neuraminidase (Sigma, Ireland), and O-glycosidase (5 U/mg; Sigma,

Ireland). This methodology has been described in detail elsewhere.'®

Data were analyzed using the GraphPad Prism program (GraphPad
Prism version 5.0 for Windows; GraphPad Software, San Diego, CA).
Experiments were performed in triplicate. All data are expressed as mean *
standard error of the mean (SEM). To assess statistical differences, the data
were analyzed using unpaired 2-tailed Student ¢ test. P < .05 was considered
significant.

Recombinant human ADAMTS13 was purified and quantified following stable
expression in HEK293 cells as previously described.'® ADAMTS13-VWF
cleavage assays were then performed. In brief, 10 wg/mL of VWF was incubated
with 3 nM ADAMTS13 in the presence of 1.5 M urea and 10 mM BaCl,. At
specific time points (0, 30, 60, 90, and 120 minutes), subsamples were removed
and 10 mM EDTA was added to stop the cleavage reaction. VWF proteolysis was
analyzed using VWF collagen-binding assay (VWF:CB) and sodium dodecyl
sulfate (SDS) agarose gel electorphoresis.'® In preliminary experiments, we
established that plasma- and platelet-VWF bound to type III collagen with similar
affinities (data not shown). Chymotrypsin (30 U/mg VWF) and carboxypeptidase
Y (19 U/mg VWEF) digestion of VWEF were performed at 37°C for 90 minutes and Results and discussion
the extent of cleavage was assessed using a VWF:CB as before.

Upon purification, platelet-VWF was visible as a ~220-kDa band
when analyzed by SDS-polyacrylamide gel electrophoresis analysis,
Lectin plate-binding assays were used to analyze quantitative ABO(H) similar to that previously observed for plasma-VWF (Figure 1A).'*!°
expression on plasma- and platelet-VWF.?! In addition, terminal N- and  Low-resolution SDS agarose gel electrophoresis confirmed that

Glycan analysis and glycosidase treatment of VWF
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Figure 2. Role of glycans expression in regulating the ADAMTS13-resistant
phenotype of PL-VWF. (A) PL-VWF and PT-VWF were incubated with PNGase F to
remove N-linked glycans. Subsequently, the effects of N-linked deglycosylation in
regulating susceptibility to ADAMTS13 proteolysis were investigated. Removal of
N-linked glycans significantly increased PL-VWF cleavage by ADAMTS13 (PL-VWF [O]
vs PNG-PL-VWF [m]; P<.001 at all time points). Treatment of platelet-VWF with PNGase
F was also associated with significantly enhanced proteolysis by ADAMTS13 (PT-VWF
[O] vs PNG-PT-VWF [@]; P < .001). Nevertheless, PNG-treated PT-VWF remained
more resistant to ADAMTS13 proteolysis compared with PNG-treated PL-VWF. All
experiments were performed a minimum of 3 times and results are expressed as mean
+ SEM at 120 minutes. (B) PL-VWF and PT-VWF were incubated with O-glycosidase
(OGly) to remove O-linked glycans. Subsequently, the effects of O-linked deglycosy-
lation in regulating susceptibility to ADAMTS13 proteolysis were investigated. Removal
of O-linked glycans from PL-VWF had no significant effect on cleavage by ADAMTS13
(PL-VWF [O] vs OGly-PL-VWF [m]. In contrast, treatment of PL-VWF with OGly was
associated with significantly enhanced proteolysis by ADAMTS13 (PT-VWF [O] vs
PNG-PT-VWF [@]; P < .01). (C) PL-VWF and PT-VWF were incubated with «2-3,6,8,9
neuraminidase to remove terminal sialic acid. Subsequently, the effects of desialylation
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platelet-VWF was enriched in HMWM compared with plasma-VWF
(data not shown). In keeping with previous reports, A and B blood
group antigens were strongly expressed on plasma-VWF in a blood
group—specific manner (Figure 1B).'®?> In contrast however, A and
B antigens were not expressed on platelet-VWF. This finding is
interesting given that ABO(H) blood group determinants are abun-
dantly expressed on several different platelet membrane glyco-
proteins including Gpla, Ib, Ila, and IV.* H antigen (Fuc al1—2
Gal B1—4 GlcNAc B1—) is the essential carbohydrate acceptor
for either a-1,3-N-acetylgalactosaminyltransferase (A transferase)
or a-1,3-galactosyltransferase (B transferase).'® Individuals with the
rare Bombay phenotype fail to express H antigen and therefore cannot
synthesize A or B antigenic structures regardless of their ABO blood
group genotype. In spite of the absence of A and B determinant
expression on platelet-VWEF, we observed strong expression of H
antigen on platelet-VWF (Figure 1B). Indeed, quantitative H antigen
expression levels on platelet-VWF were strikingly similar to that
observed on plasma-VWF.

Plasma-VWF is heavily sialylated.'*'? Moreover, N- and
O-linked sialic acid expression plays a critical role in modulating
VWF function, proteolysis, and clearance.?*>> Reverse-phase
HPLC analysis demonstrated that total sialic acid expression on
platelet-VWF was significantly reduced compared with plasma-
VWEF (76 nmol/mg vs 167 nmol/mg; P < .001). Importantly, this
reduction in total sialylation was almost entirely attributable to
a specific reduction in sialic acid expression on the N-glycans of
platelet-VWF (49.2 nmol/mg vs 134.9 nmol/mg; P < .001)
(Figure 1C). In contrast, quantitative O-linked sialic acid expression
on platelet-VWEF (26.9 nmol/mg) and plasma-VWF (30.2 nmol/mg)
were similar.

Terminal sialic acid and ABO(H) determinants expressed on
plasma-VWEF critically regulate susceptibility to ADAMTS13
proteolysis.'>'®!'® Given the marked differences in terminal N-linked
glycan expression on platelet-VWF, we investigated platelet-VWF
proteolysis by ADAMTS13. Interestingly, ADAMTS13 proteolysis
of platelet-VWF was significantly attenuated compared with plasma-
VWF (Figure 1D-E). At all time points after 30 minutes, platelet-
VWF showed significant increased resistance to ADAMTS13
(P < .05). For example, after incubation with ADAMTS13 (3 nM
for 90 minutes) platelet VWF:CB was reduced to 68.2% compared
with 34.5% for plasma-VWF (P < .01). In contrast to its
ADAMTS13-resistant phenotype, platelet-VWF displayed sim-
ilar susceptibility to cleavage by other serine and cysteine proteases
as plasma-VWF (Figure 1F).

To elucidate the molecular basis underlying this specific
ADAMTS13-resistant phenotype, plasma- and platelet-VWF
were treated with specific exoglycosidases. In keeping with previous
findings, removal of N-linked glycans from plasma-VWF (PNG-
PL-VWF) enhanced the rate of proteolysis by ADAMTS13
(Figure 2A)."7'® Similarly, removal of N-linked glycans from
platelet-VWF (PNG-PT-VWEF) also significantly increased the
rate of ADAMTS13 cleavage (P < .05). Nevertheless, PNG-PT-
VWEF still cleaved significantly more slowly than PNG-PL-VWF,

Figure 2 (continued) in regulating susceptibility to ADAMTS13 proteolysis were
investigated as previously described. Removal of sialic acid from PL-VWF (neur-
aminidase [Neu]-PL-VWF) significantly attenuated proteolysis by ADAMTS13
(***P < .001). In keeping with its markedly reduced sialic acid expression levels,
Neu digestion of PT-VWF demonstrated only a small effect on susceptibility to
ADAMTS13 cleavage.
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demonstrating that O-linked glycans on platelet-VWF also play
arole in modulating ADAMTS 13 resistance. This hypothesis was
supported by the observation that removal of O-linked glycans
from platelet-VWF also enhanced the rate of proteolysis by
ADAMTS13 (Figure 2B).

Recent work from our laboratory demonstrated that expression of
a2-6-linked sialic acid on plasma-VWF promotes cleavage by
ADAMTS13. Consequently, neuraminidase treatment of plasma-
VWEF significantly attenuates ADAMTS 13 proteolysis (P < .01;
Figure 2C). In contrast, in keeping with its markedly reduced N-linked
sialic acid expression levels, neuraminidase digestion of platelet-VWF
had a negligible effect upon susceptibility to ADAMTS13 cleavage
(Figure 2C). Given the reduced sialic acid present on platelet-VWF,
we hypothesize that the wild-type platelet-VWF glycoform is similar
to neuraminidase-treated plasma-VWF, such that further removal of
sialic acid from platelet-VWF does not promote resistance to
ADAMTS13. However, definitive glycome mapping studies will
be required to determine how sialic acid expression varies across
the 12 N-linked glycan sites of platelet-VWEF.

In conclusion, these novel data demonstrate that platelet-VWF
exists as a distinct natural glycoform, with a particularly marked
reduction in N-linked sialylation. As a result of this differential glycan
profile, platelet-VWEF exhibits resistance to ADAMTS13 proteolysis.
Thus, at sites of vascular injury, not only will high local concentrations
of HMWM platelet-VWF be released, but this VWF will be partially
resistant to ADAMTSI13 further enhancing platelet plug formation.
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Further in vivo studies will be needed to elucidate the physiological
significance of the ADAMTS13-resistant phenotype of platelet-VWEF.
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