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Abstract:

Von Willebrand factor (VWF) undergoes complex post-translational modification within endothelial
cells (EC) prior to secretion. This includes significant N- and O-linked glycosylation. Previous
studies have demonstrated that changes in N-linked glycan structures significantly influence VWF
biosynthesis. In contrast, although abnormalities in VWF O-linked glycans (OLG) have been
associated with enhanced VWF clearance, their effect on VWF biosynthesis remains poorly explored.
Herein, we report a novel role for OLG determinants in regulating VWF biosynthesis and trafficking
within EC. We demonstrate that alterations in OLG (notably reduced terminal sialylation) lead to
activation of the Al domain of VWF within EC. In the presence of altered OLG, VWF multimerization
is reduced and Weibel-Palade body (WPB) formation significantly impaired. Consistently, the amount
of VWF secreted from WPB following EC activation was significantly reduced in the context of O-
glycosylation inhibition. Finally, altered OLG on VWF not only reduced the amount of VWF secreted
following EC activation, but also affected its hemostatic efficacy. Notably, VWF secreted following
WPB exocytosis consisted predominantly of low molecular weight multimers and the length of tethered
VWEF string formation on the surface of activated ECs was significantly reduced. In conclusion, our
data therefore support the hypothesis that alterations in O-glycosylation pathways directly impact
VWE trafficking within human EC. These findings are interesting given that previous studies have
reported altered OLG on plasma VWF (notably increased T antigen expression) in patients with von
Willebrand disease.
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KEY POINTS
1. VWF O-glycans critically influence VWF biosynthesis and trafficking into Weibel-
Palade bodies in human endothelial cells.
2. O-glycan inhibition leads to VWF Al domain activation and formation of
significantly smaller Weibel-Palade bodies.

ABSTRACT

Von Willebrand factor (VWF) undergoes complex post-translational modification
within endothelial cells (EC) prior to secretion. This includes significant N- and O-linked
glycosylation. Previous studies have demonstrated that changes in N-linked glycan
structures significantly influence VWF biosynthesis. In contrast, although abnormalities
in VWF O-linked glycans (OLG) have been associated with enhanced VWF clearance,
their effect on VWF biosynthesis remains poorly explored. Herein, we report a novel role
for OLG determinants in regulating VWF biosynthesis and trafficking within EC. We
demonstrate that alterations in OLG (notably reduced terminal sialylation) lead to
activation of the A1 domain of VWF within EC. In the presence of altered OLG, VWF
multimerization is reduced and Weibel-Palade body (WPB) formation significantly
impaired. Consistently, the amount of VWF secreted from WPB following EC activation
was significantly reduced in the context of O-glycosylation inhibition. Finally, altered
OLG on VWF not only reduced the amount of VWF secreted following EC activation, but
also affected its hemostatic efficacy. Notably, VWF secreted following WPB exocytosis
consisted predominantly of low molecular weight multimers and the length of tethered
VWEF string formation on the surface of activated ECs was significantly reduced. In
conclusion, our data therefore support the hypothesis that alterations in O-glycosylation
pathways directly impact VWF trafficking within human EC. These findings are
interesting given that previous studies have reported altered OLG on plasma VWF

(notably increased T antigen expression) in patients with von Willebrand disease.
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INTRODUCTION

Von Willebrand factor (VWF) is a large multimeric plasma sialo-glycoprotein that plays
critical roles in normal haemostasis.® Under normal conditions, in vivo expression of
VWEF is limited to endothelial cells (EC) and megakaryocytes.?* Prior to secretion, VWF
undergoes complex post-translational modification that includes significant
glycosylation.** N-linked glycosylation begins in the endoplasmic reticulum, through
addition of high-mannose oligosaccharide chains onto 12 sites in the VWF monomer.®
Following transport to the Golgi apparatus, these initial N-linked glycan (NLG) structures
undergo further modification, leading to the formation of complex branching
carbohydrate chains.® O-linked glycosylation of the VWF dimer also takes place in the
Golgi, leading to the formation of 10 O-linked glycan (OLG) chains. O-glycosylation is
initiated by addition of GalNAc residues onto specific serine or threonine residues,
leading to formation of the precursor Tn antigen (GalNAcal-Ser/Thr).”® This initial O-
glycan is then extended by core 1 [3-galactosyltransferase 1 (C1GALT1) which
catalyzes addition of galactose residues to convert Tn into T antigens (Gall-
3BGalNAcal-Ser/Thr) (Fig. 1A).° Sialylated core 1 T antigens constitute the
predominant OLG on human VWF.***! Importantly, eight of the OLG chains on VWF
are present in two clusters located either side of the A1 domain (Clusterl; T1248,
T1255, T1256, S1263 and Cluster 2; T1468, T1477, S1486, T1487).*? Although most N-
and O-glycans of VWF are capped by sialic acid,*® covalently linked ABO(H) blood
group carbohydrate determinants are also present as terminal sugar residues on a

proportion of both the N-linked (13%), and O-linked (1%) chains.™*
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Previous studies have demonstrated that the NLG and OLG structures on VWF

(notably terminal sialylation and ABO(H) blood group determinants) play important roles

15-18 19-24 In

in regulating susceptibility to ADAMTS13 proteolysis and in vivo clearance.
addition, specific NLG structures on VWF have also been shown to influence VWF
biosynthesis within EC.?>?° For example, EC treatment with tunicamycin inhibited
precursor NLG sugar chain attachment to VWF, which in turn led to impaired
dimerization.?® Consequently, VWF secretion was ablated and intracellular VWF levels
were significantly reduced.? Similarly, EC incubation with castanospermine (CSP)
inhibited glucosidase activity in the ER and thus NLG chain development on VWF.%
Unlike tunicamycin, CSP treatment did not prevent dimerization, but nonetheless
significantly attenuated VWF secretion.?®

There are conflicting data regarding whether O-glycan carbohydrates influence VWF
biosynthesis.?*® Using site-directed mutagenesis, Nowak et al. reported no significant
difference in secreted recombinant VWF (rVWF) levels for a range of O-glycan variants
expressed in HEK293T cells compared to wild type (VWF-WT).?” Importantly however,
previous studies have shown that rVWF expression in HEK293T cells does not lead to
Weibel-Palade body (WPB) formation.*® Conversely, Badirou et al. found that
expression of murine rVWF missing all OLG was significantly reduced in COS-7 cells
compared to wild type VWF (WT-VWF).? In keeping with the concept that OLG may
impact VWF biosynthesis, a recent GWAS study implicated OLG processing genes in
determining VWF biosynthesis.®* Furthermore, previous studies also demonstrated that

OLG structures influence mucin biosynthesis and in particular intracellular trafficking.**
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In this study, we therefore investigated the hypothesis that OLG may specifically impact

VWEF trafficking in EC capable of producing WPB.
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MATERIALS AND METHODS
Cell culture

Human umbilical vein endothelial cells (HUVEC) were cultured in endothelial cell
growth medium (PromoCell, Heidelberg, Germany) supplemented with 18% heat
inactivated fetal bovine serum (FBS) and 1% penicillin and streptomycin (Pen-Strep). All
experiments were performed using HUVEC between passages 3 and 5. Human
embryonic kidney 293 (HEK293) cells were cultured in Dulbecco’s Modified Eagle's
Medium (Merck, Darmstadt, Germany) supplemented with 10% FBS and 1% Pen-Strep.

HEK293 cells were used before passage 20.

OLG inhibition with Benzyl-N-acetyl-galactosaminide (GalNAc-O-benzyl; BG) and
Itraconazole (ITZ)

HUVEC were plated on gelatin coated plates and allowed to reach confluency.
Confluent monolayers were treated with 2mM BG (Merck) or vehicle (DMSO) for 72
hours. After 72 hours, HUVEC were either fixed, or the media was changed to allow
collection of steady-state secreted VWF into the supernatant. To determine intracellular
VWEF levels, HUVEC were lysed in PBS containing 1% Triton in the presence of
proteases inhibitors on ice. Similar to BG treatment, HUVEC monolayers were treated
with 2 yM ITZ (Merck) for 72 hours. VWF:Ag and VWF:CB activity levels in cell
supernatants and lysates were determined using ELISA as previously described.*® VWF
multimers were analyzed by agarose gel electrophoresis as before.®* Secreted
angiopoietin-2 (Angpt-2) levels in HUVEC supernatant were determined by commercial

ELISA (Bio-Techne, R&D systems) following the manufacturer’s instructions.*

20z dunr g0 uo 3sanb Aq Jpd'66+210£Z0Z SEOUBAPEPOO|G/#0/2222/66¥C | 0EZ0Z SEOUBAPEPOO]G/Z8] | '0L/I0p/4pd-B]oilE/S80UBAPEPOO|q/AoU"SUOlEDgNdyse//:d}y WOy papeojumog



Karampini et al O-glycans influence VWF trafficking

Western blot analysis

BG-treated, ITZ-treated or control cell lysate and supernatant samples were diluted
with SDS sample buffer and DTT prior to boiling at 95°C for 10 minutes. Boiled samples
were loaded in Bis-Tris 4-12% gels (Invitrogen, ThermoFisher Scientific, Waltham, MA
USA) and separated for 40 minutes. Proteins were transferred onto a nitrocellulose
membrane and blocked with 5% BSA-PBS-Tween 0.1% for 1 hour. Membranes were
then probed with primary anti-VWF (1:1000, DAKO Agilent Technologies, Santa Clara,
CA, US), anti-GAPDH (1:2500, Abcam, Cambridge, UK), anti-C1GALT1 (1:1000, Santa
Cruz Biotechnology, Dallas, TX, US) or anti a-tubulin (1:2500, Abcam Cambridge, UK)
antibodies overnight at 4°C and subsequently incubated with HRP-conjugated
secondary antibodies. Blots were visualized with enhanced chemiluminescence (ECL)

substrates in an AmershamTM 680 Imager.

Lectin analysis of VWF OLG determinants

VWEF glycans were assessed using specific lectin ELISAs as previously described.??
In brief, PolySorb flat bottom plates were coated using deglycosylated polyclonal anti-
VWF 1:250 (Dako, Agilent Technologies). Non-specific binding was blocked with
Protein-Free Blocking Buffer™ (Thermo Fisher Scientific, UK). Conditioned media from
control or BG-treated HUVEC were diluted in PBS and loaded onto the plate and
incubated for 2 hours at 37°C. Biotinylated lectins Peanut agglutinin (PNA) (1pg/ml) or
Maackia amurensis lectin Il (MAL-II) (2.5pug/ml) (both Vector Laboratories, UK) were
diluted in PBS-T and incubated for 1 hour at 37°C. Lectin binding was detected with

high sensitivity streptavidin—horseradish peroxidase (Pierce, Thermo Fisher Scientific,
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UK) and subsequent incubation with substrate 3,3’,5,5-Tetramethylbenzidine (TMB;
R&D Systems, UK). The reaction was subsequently stopped with 1M H,SO,.
Absorbance was read at 450nm using a SpectraMax Reader. All ELISAs were repeated

three times and dilutions were measured per duplicate.

Immunofluorescence microscopy

Paraformaldehyde (PFA) fixed glass coverslips of control and BG-treated cells were
permeabilized with 0.1% Triton X-100 (in PBS containing 0.05% sodium azide (NaN3)
and 0.01% BSA) for 15 minutes and blocked with 3% BSA in PBS for 45 minutes.
Coverslips were then incubated in a humidifying chamber with primary antibodies for 1
hour at room temperature. Subsequently, the coverslips were incubated in a humidifying
chamber with fluorescently labelled secondary antibodies 1:1000, Invitrogen,
ThermoFisher Scientific) for 1 hour at room temperature in the dark. Coverslips were
mounted onto glass slides and images acquired using a Leica Stellaris 8 STED
3D/Falcon/confocal system (Leica microsystems, Ashbourne, Ireland) with Leica HC PL
APO CS2 100X/1.40 oil immersion objective. WPB morphology (> 8,000 per treatment)
in ECs were assessed with an automated script in Image J/ Fiji, where the WPB length

was measured by Feret’s diameter (the longest distance between any two points in the

area

selection boundary) and circularity assessed by the formula 4m * (W).
Nanobodies directed against the activated VWF-A1 domain and the VWF-A3 domain
were kindly provided by Dr. P.J. Lenting (Paris, France). Nanobodies were conjugated
to Alexa-488 (nano-active Al) and Alexa-647 (nano-A3) and used as previously

described.>®
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Transient expression of VWF OLG variants in HEK293 cells

The expression vector pcDNA-VWF encoding recombinant full-length human VWF
has previously been described.?” Additional rVWF variants were prepared by site-
directed alanine mutagenesis of individual serine and threonine residues. These
included VWF-ACL1 in which the N-terminal cluster 1 OLG were removed (containing
T1248A, T1255A, T1256A, S1263A) and VWF-AC2 in which the C-terminal cluster 2
OLG (containing T1468A, T1477A, S1486A, T1487A) flanking the VWF-A1 domain
were removed. Finally, a VWF-AC1+AC1 variant missing both OLG clusters (containing
T1248A, T1255A, T1256A, S1263A, T1468A, T1477A, S1486A, T1487A) was also
generated as previously described in detail.?” These variants were kindly provided by
Dr. T.A. McKinnon (Imperial College London, UK). All rVWF variants were transiently
expressed in HEK293 cells. In brief, HEK293 were grown to confluence and then
transfected using TurboFect (Thermofisher). 24 hours later, the media was changed
back to DMEM containing 10% FBS and cells allowed to express the rVWF variants for

a further 48 hours before pseudo WPB formation was assessed.

Histamine-induced VWF release and string formation under shear

BG-treated or control HUVEC were washed and starved for 15 minutes in release
medium (RM: M199 containing 0.2% BSA) prior to stimulation assay. After washing,
cells were incubated in RM supplemented with histamine (100 uM final concentration;
Merck) for 30 minutes. VWF:Ag and VWF:CB activity in the supernatant were then

assessed by ELISA as detailed above.
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To assess VWF string formation, BG-treated and control HUVEC were plated on
gelatin-coated 6 channel py-slide (lbidi). After 24 hours, the HUVEC were activated
under flow (1.5 ml/min) with histamine (100 yM). Tethered VWF strings on the HUVEC
cell surface were visualized by flowing over washed platelets in brightfield (Axiovert200,
Zeiss) at 37°C. Whole blood samples were collected from healthy consenting volunteers
in accordance with RCSI research ethics (REC1391 and REC1504) and the Declaration
of Helsinki. Washed platelets were obtained from whole blood of healthy blood donors
as previously described.®” Alternatively, tethered VWF strings were also visualized
using fluorescently labelled anti-VWF antibodies (Zenon labelling kit, Thermofisher) in
the green channel using a Leica Stellaris 8 STED 3D/Falcon/confocal system (Leica
microsystems) and Okolab incubation system with temperature (37°C) and CO, (5%)

control.

Data Presentation and Statistical Analysis

All images were analyzed using ImageJ/ Fiji. Graphpad Prism 10.0 was used to plot
and analyze data. Data are presented as mean and standard deviation (SD) unless
stated otherwise. Data that are normally distributed are tested for significance by a
Student’s t-test (or one-way AVOVA for three or more conditions). Data that are not
normally distributed are tested for significance by a Mann-Whitney t-test (or Kruskal-

Wallis for three or more conditions). A p-value below 0.05 was considered significant.

Data Availability - The data that support the findings of this study are available from

the corresponding author upon reasonable request.
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RESULTS
BG treatment of HUVECs alters VWF O-linked glycosylation.
Benzyl-N-acetyl-galactosaminide (GalNAc-O-benzyl; BG) has been shown to inhibit
key steps in OLG development (Fig. 1A).%*° To investigate whether OLG influences
VWEF biosynthesis in human EC, HUVEC were treated with BG. Consistent with reduced
O-linked glycosylation, a reduction in molecular weight was observed for VWF in cell
lysates, and for VWF secreted into the supernatant from BG-treated HUVEC compared
to untreated controls (Fig. 1B). Since previous studies demonstrated that BG treatment
resulted in reduced sialylation of mucin OLG,* the effects of BG on VWF OLG chains
were assessed using lectin ELISAs. In keeping with the mucin studies, treatment of
HUVEC with BG resulted in significantly (p<0.001) reduced Maackia amurensis lectin Il
(MAL-1l) binding to secreted VWEF, consistent with a reduction in terminal a2-3
sialylation (Fig. 1C). Furthermore, BG-treatment was also associated with a significant
(p=0.0063) increase in binding of Peanut agglutinin (PNA) lectin (which binds to non-
sialylated core 1 glycans) to secreted VWF compared to untreated controls (Fig. 1D).
Together, these data demonstrate that BG-treatment of EC directly affects VWF O-
glycosylation, resulting in a partial reduction in terminal a2-3 linked sialylation and a

consequent increase in T-antigen expression.

O-linked sialylation influences VWF secretion and alters WPB morphology.
Previous studies investigating a putative role for OLG in regulating VWF biosynthesis
were performed in cells that did not form WPB storage organelles.?”*® Consequently,

we next investigated whether alterations in O-linked sialylation influenced VWF

-12-
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trafficking in WPB-containing human EC. Importantly, incubation with BG was
associated with a significant increase (p=0.0013) in unstimulated VWF secretion from
HUVEC (Fig. 2A). In contrast, no effect on steady state intracellular VWF concentration
in HUVEC lysates was observed (Fig. 2B). To further investigate the mechanisms
through which OLG influence VWF synthesis and trafficking within human EC,
immunofluorescence microscopy was used to assess WPB morphology. In contrast to
normal HUVEC, WPB morphology was markedly altered in HUVEC incubated with BG
compared to controls (Fig. 2C). In particular, inhibition of O-linked sialylation resulted in
the formation of WPB that were significantly shorter (p<0.0001) (Fig. 2D) and rounder
(p<0.0001) (Fig. 2E) compared to the elongated cigar-shaped WPB seen in control
HUVEC. Collectively, these results indicate that alterations in O-linked glycosylation

significantly impact WPB formation and VWF secretion in EC.

C1GALT1 influences VWF O-linked glycan determinants and WPB morphology.
C1GALT1 plays a key role in T antigen synthesis by catalyzing transfer of galactose
residues onto precursor Tn antigens (Fig. 3A).*%* Itraconazole (ITZ) has been shown
to inhibit T antigen formation in cancer cell lines by targeting CLGALT1 for proteasomal
degradation.*®** To further evaluate the effects of OLG in regulating VWF biosynthesis,
HUVEC were next treated with ITZ. Consistent with the notion that ITZ reduces
C1GALT1 in other cell types,** we observed markedly reduced C1GALT1 expression in
ITZ-treated HUVECs compared to untreated controls (Fig. 3B). Similar to BG, a
reduction in molecular weight was also observed for (i) VWF in cell lysates and (ii) VWF

secreted into the supernatant from ITZ-treated HUVEC compared to untreated controls

-13-
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(Fig. 3C). In agreement with our BG observations, ITZ-treatment was associated with a
significant increase (p<0.0001) in unstimulated basal VWF secretion from HUVEC (Fig.
3D). Moreover, immunofluorescence microscopy confirmed that WPB morphology was
markedly altered in HUVEC incubated with ITZ compared to controls (Fig. 3E), with
WPB significantly reduced in length (p<0.0026) compared to WPB in untreated control
HUVEC (Fig. 3F). Interestingly, ITZ treatment had a more marked effect on
unstimulated VWF secretion but a less significant effect on WPB formation when
compared to BG treatment.

Altogether, these observations further support the hypothesis that OLG truncations

significantly influence WPB length and VWF secretion.

Effects of VWF OLG truncation on Golgi morphology and WPB cargo storage.
Previous studies have shown that the length of WPB is determined before they bud off
from the trans-Golgi network (TGN).**** In addition, Ferraro et al demonstrated that
normal Golgi ribbon architecture was needed for packing of VWF quanta into nascent
WPBs.** Consequently, unlinking of the Golgi into ministacks led to the formation of
short WPBs.**** To investigate whether OLG truncation induced unlinking of the Golgi,
we next performed immunofluorescent co-staining of TGN and VWF in control and BG-
treated cells. No significant alteration in Golgi morphology was observed in control and
BG-treated cells (Fig. 4A). In BG-treated cells that were producing short WPBs, the
Golgi appeared continuous, indicating that the BG treatment does not affect the Golgi
homeostasis. Angiopoietin-2 (Angpt-2) is another EC glycoprotein stored within WPB

and secreted following EC activation.*>*® Despite the small and stubby WPB formed in

-14 -
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BG-treated HUVEC, we observed that Angpt-2, which does not have any known OLG
sites, was still recruited into WPB in these cells (Fig. 4B). Importantly however,
consistent with enhanced unstimulated VWF secretion levels, a significant (p=0.0062)
increase in basal Angpt-2 secretion was also seen following HUVEC incubation with BG
(Fig. 4C). These data suggest that alterations in VWF OLG leading to alterations in
WPB morphology may have additional biological effects by affecting secretion of other

WPB cargo components.

O-glycan clusters in VWF impact pseudo-WPB morphology.

To confirm that the effects of BG and ITZ were modulated by changes in VWF O-
glycan structures, a series of recombinant VWF OLG mutants were examined. These
included rVWF in which the N-terminal (VWF-AC1) and C-terminal (VWF-AC2) OLG
clusters at either side of the VWF Al domain were removed using alanine mutagenesis
of serine and threonine residues as previously described (Fig. 5A).2" In addition, a
r'VWF variant lacking both OLG clusters (VWF-AC1+AC2)?’ was also studied. Nowak et
al previously reported that expression and secretion of these variants was not
significantly different to wild-type VWF.?" In contrast to previous studies,?’?® HEK293
cells were used for these expression studies as these have been shown to produce
pseudo-WPB following rVWF expression.*® Consistent with our OLG inhibitor data,
expression of VWF-AC1, VWF-AC2 and VWF-AC1+AC2 in HEK293 cells all resulted in
the formation of short and stubby WPBs (Fig. 5B & 5C). Interestingly, the magnitude of
this effect on WPB morphology was most marked for VWF-AC1+AC2 in which both OLG

clusters either side of the A1 domain were absent (Fig. 5B & 5C). In addition, loss of
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the N-terminal OLG cluster (VWF-AC1) had a significantly greater effect on pseudo-
WPB morphology compared to removal of the C-terminal OLG cluster (VWF-AC2)
(p=0.014) (Fig. 5C).

In keeping with the HUVEC data, BG-treatment of HEK293 transfected with wild type
VWF (VWF-WT) resulted in pseudo-WPB that were significantly (p=0.0125) reduced in
length compared to untreated controls (Fig. 5D). Furthermore, this BG-induced
reduction in pseudo-WPB size was similar to VWF-AC1+AC2 expressed in HEK293
cells. Finally, BG treatment of HEK293 cells producing VWF-AC1+AC2 had no
additional effect in reducing WPB size (Fig. 5E). Together, our findings demonstrate for

the first time that OLG determinants on VWF play a critical role in regulating WPB size.

OLG inhibition leads to VWF-A1 domain activation and reduced HMW multimers.
Loss of O-linked sialylation has recently been reported to result in A1 domain
activation mediated via destabilization of the flanking autoinhibitory module (AIM).*
Consequently, we next studied the effect of BG-induced OLG inhibition on A1 domain
activation using a specific nanobody towards activated Al (Fig. 6A).*® Interestingly,
intracellular A1 domain activation was significantly (p<0.0001) increased in BG-treated
cells compared to controls (Figs. 6B & 6C). Recent studies have demonstrated that
shorter WPB are associated with reductions in high molecular weight multimers
(HMWM) and attenuated hemostatic capacity of secreted VWF to capture platelets on
the surface of activated EC.**** Consistently, we observed reduced HMWM in
conditioned media from BG-treated HUVEC compared to untreated controls (Fig. 6D).

Moreover, VWF collagen binding activity (VWF:CB) was also significantly reduced
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(p=0.0223) for VWF secreted from BG-treated cells under steady state conditions, or in
response to histamine activation (Fig. 6E).

In keeping with the reduction in WPB size, BG treatment of HUVEC was also
associated with a significant reduction (p=0.0002) in total VWF:Ag secreted after
histamine stimulation. (Fig. 7A). To further elucidate the effects of OLG inhibition in
human EC on VWEF biology, we next investigated the formation of tethered VWF strings,
and platelet-decorated VWF strings, on the surface of histamine-activated HUVEC
under shear conditions (Fig. 7B). Consistent with the reduction in WPB length, platelet-
decorated VWF strings on the surface activated HUVEC were significantly (p<0.0001)
shorter following BG treatment (Figs. 7C & 7D). Furthermore, we observed that
fluorescently labeled VWF strings from BG-treated HUVEC following histamine
stimulation were also significantly reduced in length (Figs. 7E & 7F). Collectively, these
findings confirm that OLG truncation significantly influences VWF activation,
multimerization and the ability of VWF to capture platelets on the surface of activated

EC.
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DISCUSSION

O-glycan determinants have been implicated in regulating several key aspects of
VWEF biology.*?*® For example, previous studies performed following tail vein injection in
VWF” mice and rats consistently reported that loss of OLG was associated with a
significant reduction in VWF plasma half-life.?**?® Subsequent studies have confirmed
that sialylation on OLG plays a critical role in protecting VWF against rapid clearance
mediated via the macrophage galactose lectin (MGL).***° Conversely, previous studies
investigating whether OLG influences VWF biosynthesis reached differing
conclusions.?’?° Nowak et al performed alanine mutagenesis to remove OLG sites in
human VWEF individually or in combination, and then studied rVWF expression in
HEK293T cells.?” In this model, no significant OLG effects on rVWF synthesis or
secretion were observed. Conversely, Badirou et al investigated the significance of OLG
by performing mutagenesis to remove OLG sites in murine rVWF and then assessed

expression by either hydrodynamic expression in VWF’ mice,?*!

or following transient
transfection of Cos-7 cells.?® In contrast to Nowak et al, they reported that loss of OLG
was associated with a significant reduction in r'VWF expression. These differences likely
relate in large part to the fact that the studies involved human and murine rVWF variants
expressed in different cell lines (HEK293T cells, murine primary hepatocytes and Cos-7
cells).

In this study we adopted a different strategy to investigate a putative role for OLG in
regulating VWF biosynthesis using O-glycosylation inhibitors in human endothelial cells

(HUVEC). This approach is similar to the original studies that showed that NLG sugars

influence VWF trafficking and secretion.?®*?> Our HUVEC findings demonstrate that OLG
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truncation on VWF leads to a significant reduction in WPB length, an increase in VWF
steady-state secretion and a reduction in VWF exocytosis following EC activation.
Consistent with these HUVEC data, expression of rVYWF variants lacking OLG clusters
flanking the VWF-A1 domain also resulted in the formation of significantly shortened
pseudo-WPB in HEK293 cells compared to those seen following VWF-WT expression.
Together these data suggest that the OLG structures, particularly the cluster located on
the N-terminal side of the VWF-A1 domain, directly influence WPB formation. Recent
studies have demonstrated that WPB length can be similarly reduced by a variety of
agents (including statins and nocodazole) that lead to unlinking of the Golgi ribbon into
ministack.**** However, we observed no significant change in Golgi in HUVEC following
OLG truncation. Consequently, it seems likely that OLG truncation may instead affect
the availability of VWF quanta for packing into nascent WPB.

The mechanism(s) through which OLG truncation influences VWF secretion and WPB
morphology remain to be fully elucidated. However, previous studies have shown that
the N- and C-terminal flanking regions of the Al domain cooperatively form an
autoinhibitory module (AIM) that reduces accessibility to the GPIba binding site located
within the VWF-A1 domain.’**® Notably, OLG structures are present in both the N-AIM
and C-AIM regions and are largely conserved in mammals.*’ Interestingly, Vos et al
recently reported that desialylation of OLG chains located within the AIM regions leads
to destabilization of the autoinhibitory effect and VWF-A1 domain activation.*” In
keeping with the hypothesis that OLG influence AIM, we further demonstrate that BG-
induced loss of O-linked sialylation also results in VWF-A1 activation in human EC.

Thus, in contrast to the previous mutagenesis studies which involved loss of complete
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OLG chains,?®® our findings highlight that relatively modest changes in OLG structures,
such as reductions in terminal a2-3 sialylation, have the potential to significantly
influence multiple aspects of VWF biosynthesis and secretion.

Previous OLG mutagenesis studies did not observe any effect on VWF
multimerization for rVWF variants compared to VWF-WT expressed in the same cells.?”
29 However, those VWF expression studies were performed in murine hepatocytes and
HEK293T cells in which expression of HMWM was limited. Conversely, following BG-
treatment of HUVEC, we observed a significant decrease in HMWM and a consistent
reduction in VWF:CB activity. These findings are interesting given that very recent
electron cryo-microscopy studies have reported a novel direct role for the VWF-Al
domain in directing VWF tubule formation and concatamerization.’®*’ In addition, we
observed that OLG truncation was associated with a significant reduction in the length
of tethered platelet-decorated VWF strings on the surface of activated ECs under flow.
This finding is consistent with previous reports showing that unlinking of the Golgi ribbon
with simvastatin or nocodazole treatment not only led to a reduction in WPB size, but
also to the formation of significantly shorter VWF strings.**** Together, these findings
raise the intriguing possibility that therapeutic modulation of WPB organelle size might
offer a novel approach to antithrombotic therapy.**

From a clinical perspective, it is important to highlight that reduced VWF biosynthesis
and secretion have been shown to constitute the most common pathogenic mechanism
in patients with type 1 VWD (plasma VWF:Ag levels < 30 IU/dL) and Low VWF (plasma
VWF levels 30-50 IU/dL) respectively.®®® Furthermore, van Schooten et al

demonstrated that binding of the lectin PNA to plasma VWF was significantly enhanced
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in a significant subgroup of type 1 VWD patients compared to healthy controls.®®> These
lectin data suggest that O-linked T antigen expression on plasma VWF is significantly
increased in these patients. Our data show that increased T antigen expression on VWF
can influence multiple aspects of EC biosynthesis and secretion. Importantly, the RIIIS/J
mouse provides a naturally occurring proof-of-principle that glycosylation abnormalities
targeted specifically to EC can directly cause VWD without necessarily leading to other
multi-system pleiotropic effects.®® This in-bred strain of mice has significantly reduced
plasma VWF levels compared to other murine strains and consequently displays a
bleeding phenotype. Previous studies have demonstrated that reduced plasma VWF
levels in RIS/ mice are due to aberrant expression of an N-
acetylglactosaminyltransferase in EC, which results in altered VWF glycosylation and
consequently pathological enhanced VWF clearance.®® Critically however, RIIIS/J mice
with this EC-specific glycosylation abnormality do not have multisystem abnormalities
like those typically observed in patients with Congenital Disorders of Glycosylation
(CDG).**®® Further studies will be required to elucidate the biological mechanism(s)
underpinning the increase in O-linked T antigen expression in type 1 VWD patients.
These studies will be complicated by the fact that there is significant inter-individual
heterogeneity in VWF glycosylation in both normal people and in VWD patients.?
Furthermore, alterations in VWF sialylation may occur during EC biosynthesis, or
following digestion by circulating neuraminidases present in the plasma.?®®
Nevertheless, we hypothesize that alterations in O-linked glycosylation or sialylation
machinery within EC could contribute to the pathogenesis of VWD, particularly in

families in whom the disease is not linked to the VWF locus on chromosome 12.
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FIGURE LEGENDS

Figure 1. BG treatment of HUVECs alters VWF O-linked glycosylation.

[A]. Inhibitory effect of Benzyl-N-acetyl-galactosaminide (BG) on O-glycan biosynthetic
processing; [B]. VWF immunoblot in HUVEC cell lysates and conditioned media after
BG treatment (GAPDH loading control; representative blot of n=3); [C]. Maackia
amurensis lectin Il (MAL-II) binding to VWF secreted from BG-treated versus untreated
HUVEC controls cells (CTRL) (mean and SEM, n=4, simple linear regression,
p<0.0001); [D]. Peanut agglutinin (PNA) lectin binding to VWF secreted from BG-
treated versus untreated HUVEC controls cells (CTRL) (mean and SEM, n=4, simple

linear regression, p=0.0063).

Figure 2. O-linked sialylation influences VWF secretion and alters WPB
morphology.

[A]. Unstimulated VWF:Ag secretion levels from HUVEC incubated with or without BG
(2 mM for 72 hours) (n=8 from 4 independent experiments, Welch’s t-test, p=0.0013);
[B]. VWF:Ag levels in unstimulated HUVEC cell lysates following treatment with or
without BG (n=8 from 4 independent experiments, t-test, p=0.5099); |[C].
Immunofluorescent images of HUVEC treated with BG (2 mM for 72 hours) compared to
untreated controls (CTRL = controls, VWF in grey, DAPI in blue; representative images
of 3 independent experiments); Scale bars are set at 10 ym for overview images and at
5 um for the zoomed regions; [D]. Automated assessment of WPB length (results are
depicted as normalized to CTRL (n=10 images from 3 independent experiments, t-test,

p<0.0001); [E]. Automated assessment of WPB circularity (data are shown as
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normalized to CTRL) in CTRL and BG-treated cells (n=10 images from 3 independent
experiments, t-test, p<0.0001).

Figure 3. C1GALTL1 influences VWF O-linked glycan determinants and WPB
morphology.

[A]. Inhibitory effect of itraconazole (ITZ) on O-glycan biosynthetic processing; [B].
C1GALT1 immunoblot in HUVEC cell lysates after ITZ treatment (a-tubulin loading
control; representative blot of n=3); [C]. VWF immunoblot in HUVEC cell lysates and
conditioned media after ITZ treatment (GAPDH loading control; representative blot of
n=3); [D]. Unstimulated VWF:Ag secretion levels from HUVEC incubated with or without
ITZ (2uM for 48-72 hours) (n=12 from 4 independent experiments, Mann-Whitney test,
p<0.0001); [E]. Immunofluorescent images of HUVEC treated with ITZ (2uM for 48-72
hours) compared to untreated controls (CTRL = controls, VWF in grey, DAPI in blue;
representative images of 3 independent experiments). Scale bars are set at 10 uym for
overview images and at 5 uym for the zoomed regions; [F]. Automated assessment of
WPB length (data are shown as normalized to CTRL) in CTRL and ITZ-treated cells

(n=10 images from 3 independent experiments, t-test, p=0.0026).

Figure 4. Effects of VWF OLG truncation on Golgi morphology and WPB cargo
storage.

[A]. Immunofluorescent images of VWF (green), TGN46 (red) and DAPI (blue) of BG-
treated HUVEC (2 mM for 72 hours) compared to untreated controls (representative
images of 2 independent experiments); [B]. Immunofluorescence images of VWF

(green), Angpiopoietin-2 (Angpt-2) (red) and DAPI (blue) of BG-treated HUVEC
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compared to untreated control cells (yellow arrowheads indicate WPBs positive for
Angpt-2; representative images of n=5); [C]. Angpt-2 levels secreted into conditioned

media from BG-treated HUVEC compared to untreated controls (n=5, t-test, p=0.0062).

Figure 5. O-glycan clusters in VWF impact pseudo-WPB morphology.

[A]. Schematic representation illustrating OLG clustered around the VWF-A1 domain
and the recombinant OLG mutants generated; [B]. Immunofluorescent images of
HEK?293 cells expressing VWF-WT, VWF-AC2, VWF-AC1 and VWF-AC1+AC2. Orange
arrowheads in zoomed images point to pseudo-WPBs (representative images of n=3).
Scale bars are set at 10 ym for overview images and at 5 ym for the zoomed regions;
[C]. Pseudo-WPB length in VWF-WT, VWF-AC2, VWF-AC1 and VWF-AC1+AC2
expressing HEK293 cells (n=3, Kruskal-Wallis test, p=0.01, p<0.0001 and p<0.0001).
(n=3 independent experiments). For all images, scale bars are set at 10 ym of overview
images and at 5 ym for the zoomed regions, with overview image field containing
approximately 20 cells each.

[D]. Pseudo-WPB length in VWF-WT, VWF-WT treated with BG and VWF-AC1+AC2
expressing HEK293 cells normalized to VWF-WT (n=2 independent experiments,
Kruskal-Wallis test with multiple comparisons, p=0.0125, p<0.0001 and p=0.3331); [E].
Pseudo-WPB length in VWF-AC1+AC2 and VWF-AC1+AC2 treated with BG expressing
HEK293 cells normalized to VWF-AC1+AC2 (n=3 independent experiments, Mann-

Whitney, p=0.0125, p<0.0001 and p=0.3331).
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Figure 6. OLG inhibition leads to VWF-A1 domain activation and reduced HMW
multimers.

[A]. Figure illustrates use of nanobodies to detect activated VWF-A1 domain (green:
nano-active Al) versus normal VWF-A3 domain (red: nano-A3). [B].
Immunofluorescence images of nanobody interactions with BG-treated HUVEC
compared to untreated control cells (VWF-A3 in red; active-Al in green and DAPI in
blue; representative images of n=3). Yellow arrowheads point to WPBs positive for both
inactive and active VWF. Scale bars are set at 10 ym for overview images and at 5 pm
for the zoomed regions; [C]. Mean fluorescence intensity (MFI) for nano-active Al
binding in BG-treated HUVEC versus untreated controls (n=22 from 4 independent
experiments, Welch’s t-test, p<0.0001); [D]. VWF multimer blot and densitometry of
conditioned media from BG-treated HUVEC compared to untreated controls (CTRL)
(representative images of 2 independent experiments); [E]. VWF collagen binding
activity (VWF:.CB) for VWF secreted from HUVEC incubated with or without BG (i)
under steady state conditions and (ii) following histamine stimulation (n=6 from 3
independent experiments, one-way ANOVA with multiple comparisons: CTRL vs. BG

p=0.0223, CTRL his vs BG his p=0.0223);

Figure 7. Truncation of OLG causes reduces VWF strings on activated EC.

[A]. VWF:Ag secretion following histamine (100 pM) stimulation from HUVEC incubated
with or without BG (n=8 from 4 independent experiments, t-test, p=0.0086); [B].
Histamine activation of HUVECs under shear results in production of tethered VWF

strings on the EC surface which can be detected using platelets or fluorescent anti-VWF
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antibodies. [C]. Platelet-decorated VWF string visualized in brightfield after histamine
stimulation of BG-treated HUVEC compared to untreated controls (representative
images of 2 independent experiments, direction of the flow from top to bottom, flow rate
set at 1.5 ml/min (2 dyn/cm?), scale bars set at 250 pixels); [D]. Platelet-decorated VWF
string length for HUVEC treated with BG compared to untreated control cells (Mann-
Whitney test, p<0.0001); [E]. Fluorescently labelled VWF strings after histamine
stimulation of BG-treated HUVEC compared to untreated controls (representative
images of 2 independent experiments, direction of the flow from top to bottom, flow rate
set at 1.5 ml/min (2 dyn/cm?) [F]. Fluorescently labelled VWF string length for HUVEC

treated with BG compared to untreated control cells (Mann-Whitney test, p<0.0001).
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