ARTICLE - Platelet Biology and its Disorders

Platelet dysfunction in platelet-type von Willebrand
disease due to the constitutive triggering of
the Lyn-PECAMI1 inhibitory pathway

Loredana Bury, Emanuela Falcinelli, Anna Maria Mezzasoma, Giuseppe Guglielmini, Stefania
} Correspondence:

Momi and Paolo Gresele
Loredana Bury

Department of Medicine and Surgery, Section of Internal and Cardiovascular Medicine, loredana.bury@gmail.com

University of Perugia, Perugia, Italy Received: March 18, 2021.
Accepted: July 29, 2021.
Prepublished: August 19, 2021.

https://doi.org/10.3324/haematol.2021.278776

©2022 Ferrata Storti Foundation
Haematologica material is published under a CC

BY-NC license

Abstract

Platelet-type von Willebrand disease (PT-VWD) is an inherited platelet disorder. It is characterized by macrothrombocytopenia
and mucocutaneous bleeding, of variable severity, due to gain-of-function variants of GPT1BA conferring to glycoprotein Iba
(GPlIba) enhanced affinity for von Willebrand factor (VWF). The bleeding tendency is conventionally attributed to
thrombocytopenia and large VWF-multimer depletion. However, while some indications suggest that platelet dysfunction may
contribute to the bleeding phenotype, no information on its characteristics and causes are available. The aim of the present
study was to characterize platelet dysfunction in PT-VWD and shed light on its mechanism. Platelets from a PT-VWD patient
carrying the p.M239V variant, and from PT-VWD mice carrying the p.G233V variant, showed a remarkable platelet function
defect, with impaired aggregation, defective granule secretion and reduced adhesion under static and flow conditions. VWF-
binding to GPlba is known to trigger intracellular signaling involving Src-family kinases (SFK). We found that constitutive
phosphorylation of the platelet SFK Lyn induces a negative-feedback loop downregulating platelet activation through
phosphorylation of PECAM1 on Tyr686 and that this is triggered by the constitutive binding of VWF to GPIba. These data show,
for the first time, that the abnormal triggering of inhibitory signals mediated by Lyn and PECAM1 may lead to platelet
dysfunction. In conclusion, our study unravels the mechanism of platelet dysfunction in PT-VWD caused by deranged inhibitory
signaling. This is triggered by the constitutive binding of VWF to GPIba which may significantly contribute to the bleeding
phenotype of these patients.

Introduction

Gain-of-function variants in the GP7BA gene conferring to
GPlba enhanced affinity for VWF cause platelet-type von
Willebrand disease (PT-VWD), a rare inherited bleeding
disorder.*? Patients with PT-VWD have mild thrombo-
cytopenia with increased platelet volume, enhanced ris-
tocetin-induced platelet agglutination (RIPA) and
prolonged bleeding time associated with mucocutaneous
bleeding, which can be severe.®* The cause of the appar-
ently counterintuitive bleeding phenotype of patients
with platelets displaying enhanced affinity for VWF is in-
completely understood and is thought to be due, princi-
pally, to thrombocytopenia and to the consumption of
large VWF-multimers bound to platelets!

The possibility that platelet dysfunction may contribute

to the bleeding phenotype of PT-VWD has attracted little
attention, but defective fibrinogen binding, delayed ag-
gregation in response to ADP and thrombin, impaired
thrombus formation on a damaged carotid artery and un-
stable clot formation have been reported in a mouse
model of PT-VWD,*® raising the hypothesis that platelet
function may be altered in PT-VWD patients. However, the
mechanism of the platelet function defect is unknown
and no functional studies have been performed with
human PT-VWD platelets.

The first step in primary hemostasis is the interaction be-
tween platelets and subendothelial collagen, mediated
by the binding of von Willebrand factor (VWF) to the ex-
posed collagen and to the GPIba subunit of the platelet
GPIb-IX-V complex. This slows down platelets onto the
damaged vessel wall thus allowing the direct interaction
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of collagen with its receptors on platelets. However, GPIb-
IX-V engagement by VWF also triggers intraplatelet sig-
naling with the sequential activation of the Src-family
kinases (SFK) Src and Lyn. These are associated with the
cytoplasmic tail of GPlba, which triggers a cytoplasmic
Ca?" increase and PI3-kinase/PKC activation, ultimately
leading to inside-out a, f, activation.®®

Here, for the first time, we show defective platelet func-
tion in a PT-VWD patient carrying the p.M239V variant and
in PT-VWD mice carrying the p.G233V variant, due to im-
paired Rap1b and o, f, activation. Mechanistic studies re-
vealed a constitutive phosphorylation of Lyn inducing a
negative-feedback loop, downregulating platelet activa-
tion through the phosphorylation of PECAM1 on Tyr686.
Our results, showing that constitutive binding of VWF to
GPlba triggers PECAM1-mediated inhibitory signaling
downregulating platelet activation, suggest that defective
platelet function in PT-VWD may significantly contribute
to the bleeding phenotype associated with this disorder.

Methods

The control and PT-VWD terms in this manuscript refer
to human platelets while the respective terms used for
murine platelets are Tg"" and Tg®>*Y. All human and animal
studies were approved by the competent institutional re-
view boards (human: CEAS Umbria, approval n. 2663/15;
animal: Italian Ministry of Public Health, authorization n.
561/2015-PR).

Human studies and blood sampling

The PT-VWD patient carrying the M239V GP7BA variant (to
our knowledge the only patient so far diagnosed in Italy)
has been previously reported;®° she had an ISTH-BAT
score of 11" Each experiment was repeated three to five
times from blood samples collected on different days (in
the text indicated as independent experiments, eight in
total, Online Supplementary Table S7). Age-and sex-
matched healthy controls were studied in parallel. For de-
tails see the Online Supplementary Data.

Mouse strains and blood sampling

The generation of PT-VWD mice expressing human GP1BA
carrying the p.G233V variant (Tg&#%), and of control mice
expressing a wild-type human GP1BA (Tg"T), has been pre-
viously described (Online Supplementary Figure ST7).#51012
Mice were bred and housed in the animal facility at the
University of Perugia, Italy, and all experiments were per-
formed using 3- to 6- month-old mice. The number of
males and females, as well as platelet counts, are re-
ported under each figure legend. For details see the On-
line Supplementary Data.
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Light transmission aggregometry (LTA)

LTA was carried out using platelet-rich plasma (PRP) em-
ploying a range of agonists, as described previously.” For
the study of shape change, PRP was pretreated with the
Arg-Gly-Asp-Ser peptide (RGDS) o, p, blocker!* For de-
tails see the Online Supplementary Data.

o, B, activation

o, B, activation was assessed using the PAC-1 MoAb (BD
Bioscience, Franklin Lakes, NJ, USA) for human platelets
and the JON/A MoAb (Emfret Analytics, Eibelstadt, Ger-
many) for murine platelets, as described previously.*” For
details see the Online Supplementary Data.

Granule content and secretion

Platelet granule content was assessed by electron micro-
scopy, as described previously.°"

Alpha-granule secretion was measured as P-selectin ex-
pression™2° and dense granule content and release using
the green fluorescent dye mepacrine?' by flow cytometry,
as described previously.” For details see the Online Sup-
plementary Data.

Spreading assay

We resuspended washed platelets?>?® (20x10/mL) in Ty-
rode’s buffer and spreading on fibrinogen and type | col-
lagen was assessed, as described previously.?* For details
see the Online Supplementary Data.

Platelet adhesion under flow conditions

Platelet adhesion under flow conditions over fibrillar type
| collagen was assessed using citrated human or murine
blood, as described previously.?>? For details see the On-
line Supplementary Data.

Measurement of intracellular calcium (Ca?")

PRP was loaded with the Ca?*-sensitive dye FLUO 3-ace-
toxymethyl ester (FLUO 3-AM; Molecular Probes) and Ca?*
mobilization induced by various agonists was assessed by
flow cytometry. as described previously."?¢ For details see
the Online Supplementary Data.

Rap-1b pull-down assay

Rap-1b activity (Rap-1b-GTP) was assessed using an active
Rap-1b pull-down and detection kit (Pierce Biotechnology,
Rockford, IL, USA) in washed platelets stimulated for 30
seconds with ADP 10 mM, thrombin 0.1 U/mL or their ve-
hicle.?” For details see the Online Supplementary Data.

Phosphorylation of signaling proteins

Human washed platelets (300x10°/L) were stimulated for
30 seconds under continuous stirring with ADP 2 uM, CVX
60 ng/mL, ristocetin 0.3 mg/mL or their vehicle. To exclude
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o, B,-mediated outside-in signaling as a cause of signaling
protein phosphorylation, platelets were treated with the
o, B, inhibitor tirofiban 0.4 uM for ten minutes before
stimulation. Phosphorylation of Src (Tyr416), Lyn (Tyr397
and Tyr507), PLC f, (Ser537), Akt (Ser473), Syk (Tyr525/526)
PKC substrate, PECAM1 (Tyr686 and Ser702),?® was ana-
lyzed by western blotting, as described previously. For
details see the Online Supplementary Data.

cAMP and cGMP production

cAMP production in response to Iloprost (100 ng/mL) and
cGMP production in response to the nitric oxide (NO)-
donor s-nitroso-n-acetyl penicillamine (SNAP, 0.1-1-10 uM)
was assessed using the dual range cAMP Enzymeim-
munoassay Biotrak (EIA) System and the dual range cGMP
Enzymeimmunoassay Biotrak (EIA) System (Amersham, GE
Healthcare, Milan, Italy).

Results

Platelet aggregation and shape change are defective

in PT-VWD

The aggregation of human PT-VWD platelets was strongly
impaired in response to TRAP-6, defective in response to
collagen, convulxin and arachidonic acid and lacking the
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second wave in response to ADP and epinephrine (Figure
1A, Online Supplementary Figure S2). Given that the analy-
sis of LTA curves suggested a shape change defect, LTA
was repeated after pre-incubation with RGDS, which pre-
vents aggregation. This allowed a more thorough observa-
tion of the initial phase of the platelet activation response
to stimuli; indeed shape change turned out to be signifi-
cantly reduced in response to all agonists (Figure 1B).
Platelet o, . activation and granule secretion are
defective in PT-VWD

PAC-1 binding to human PT-VWD platelets (Figure 2A, On-
line Supplementary Figure S3A) and JON/A binding to
Tgé?3% mouse platelets (Figure 2B) were impaired in re-
sponse to all tested stimuli. PAC-1 and JON/A binding in
resting conditions did not differ between control and
PT-VWD platelets and between Tg"™ and Tg®#%" platelets,
suggesting that the mildly increased volume of PT-VWD
and Tg®%*3 platelets did not influence flow cytometry re-
sults.

The defect of second wave aggregation suggested a gran-
ule secretion defect. Granule content, evaluated by trans-
mission electron microscopy, was normal in human
PT-VWD platelets compared to controls (a-granules:
5.8+0.4 vs. 6.4%1.3/platelet; dense granules: 0.7£0.4 vs.
0.9+0.3/platelet, P=ns) (Figure 2C), while secretion of both
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Figure 1. Platelet aggregation and shape change are defective in PT-VWD. (A) Human platelet aggregation in response to TRAP-
6 20 uM (i), ADP 10 uM (ii) and collagen 1 mg/mL (iii) in platelet-rich plasma from the PT-VWD patient and a parallel healthy
control. Traces are representative of four independent experiments (Online Supplementary Table S1, samples A, C, D, E). *=P<0.05
vs. control, unpaired Student’s t test. (B) Platelet shape change assessed by LTA after pretreatment with RGDS (120 ug/mL) in
response to TRAP-6 2 uM (i), ADP 10 uM (ii) and collagen 1 mg/mL (iii) in platelet-rich plasma from the PT-VWD patient and a
parallel healthy control. Tracings are representative of four independent experiments (Online Supplementary Table S1, samples

A, C, D, E) *P<0.05 vs. control, unpaired Student’s t test.
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Figure 2. o 3, activation and granule secretion are defective in PT-VWD. (A) Integrin o, 3, activation (PAC-1 binding) as assessed
by flow cytometry in response to TRAP-6 20 uM (i), ADP 10 uM (ii) and CVX 20 ng/mL (iii) in human whole blood from the PT-VWD
patient and a parallel healthy control. PAC-1 binding is reported as percentage of positive platelets, calculated as the percentage
of platelets (gated for their forward scatter and side scatter values and for their positivity to the platelet marker CD42b) that
bound PAC-1 over the total platelet population after setting for aspecific binding. Data are means * SEM from at least five
independent experiments (Online Supplementary Table S1, samples A, B, C, D, E). **P<0.01 vs. control, Two-way ANOVA. (B)
Integrin «a, B, activation (JON-A binding) as assessed by flow cytometry in response to thrombin 0.05 U/mL + GPRP 2 uM and
convulxin 25 ng/mL in murine whole blood from Tg¢**%* and Tg"™ mice. Jon-A binding is reported as percentage of positive
platelets, calculated as the percentage of platelets (gated for their forward scatter and side scatter values and for their positivity
to the platelet marker CD42b) that bound Jon-A over the total platelet population, after setting for aspecific binding. Data are
means + SEM, n=5 (Tg"": three females and two males, mean platelet count: 627850+£21566/uL; Tg¢?*": three females and two
males; mean platelet count: 330600+17677/uL). **P<0.01 vs. Tg"T, two-way ANOVA. (C) Representative images of the
ultrastructure of human control and PT-VWD platelets used to assess granular content (original magnification 13000X).
Specimens were observed with a Philips Electron Optics EM208 transmission electron microscope at 80 kV at room
temperature. Granules were counted from at least 50 platelets (a-granules: 5.8+0.4 vs. 6.4%1.3/platelet; dense granules: 0.7£0.4
vs. 0.9+0.3/platelet, P=ns). Black arrowheads indicate examples of a-granules; white arrowheads indicate examples of dense
granules. Dense granules were defined by their highly electron-dense core surrounded by a clear space enclosed by a single
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membrane. D-E) a-granule secretion in human (D) and murine (E) platelets as assessed by the measurement of P-selectin
expression by flow cytometry. Agonists were ADP 10 uM, TRAP6 10 uM or CVX 20 ng/mL for human platelets and thrombin 0.05
U/mL + GPRP 2 uM or CVX 25 ng/mL for murine platelets. P-selectin expression is reported as a percentage of positive platelets,
calculated as the percentage of platelets (gated for their forward scatter and side scatter values and for their positivity to the
platelet marker CD41) that bound CD62P over the total platelet population, after setting for aspecific binding. Data are means *
SEM from at least five independent experiments (Online Supplementary Table S1, samples A, B, C, D, E) or from n=5 mice (TSWT:
three females and two males, mean platelet count: 627850+21566/mL; Tg®3*": three females and two males; mean platelet
count: 330600+17677/uL). **P<0.01; two-way ANOVA. (F,G) Dense granule secretion in human (F) and murine (G) platelets as
assessed by the measurement of mepacrine release by flow cytometry. Mepacrine release was calculated by the following
formula: 1-(residual mepacrine content after thrombin stimulation with 0.05 U/mL/ total mepacrine incorporated)x100. “Total
mepacrine incorporated” is the percentage of platelets (gated for their forward scatter and side scatter values and for their
positivity to the platelet markers CD41 or CD42b) that incorporated mepacrine over the total platelet population, after setting
for aspecific binding; “residual mepacrine content” is the percentage of platelets stimulated with 0.05 U/mL of thrombin that
incorporated mepacrine over the total platelet population, after setting for aspecific binding. Data are means + SEM from at least
5 independent experiments (Online Supplementary Table S1, samples A, B, C, D, E) or from n=5 mice (Tg"" three females and two
males, mean platelet count: 627850+21566/uL; Tg¢**": three females and two males; mean platelet count: 330600+17677/mL).

*P<0.05, **P<0.01; unpaired Student’s t test.

a- and dense granules was defective with both human PT-
VWD and murine TgG233V platelets, as shown by impaired
agonist-induced platelet surface P-selectin expression
(Figure 2D and 2E, Online Supplementary Figure S3B) and
mepacrine release (Figure 2F, G). P-selectin expression
(Figure 2C) and mepacrine incorporation did not differ be-
tween control and PT-VWD resting platelets (mepacrine
incorporation: 85.919 % vs. 94.7t4%, P=ns) and between
Tg"WT and Tgé?3%® platelets (mepacrine incorporation:
76.5+14.2 % vs. 84.3+11.3%, P=ns), here too suggesting that
the mildly increased volume of PT-VWD and Tg®?**V pla-
telets did not affect flow cytometry results. Platelet sur-
face expression of o B, and GPIb/IX/V receptors was
comparable between PT-VWD and control platelets (data
not shown).

Spreading and adhesion under flow conditions are
defective in PT-VWD

Platelet spreading on fibrinogen and type | collagen was
defective both with human PT-VWD (Figure 3A, B) and mu-
rine Tgé%% platelets (Figure 3C), compared with controls.
Also, total surface area covered by platelets upon per-
fusion of blood over a collagen-coated surface was sig-
nificantly reduced as compared with controls, both at high
(o, ,B,-dependent) and low (o, ,-independent) shear rates
(Figure 3D, E).>®

Given that granule secretion, shape change, platelet
spreading on type | collagen and adhesion at low shear
rate do not depend on o, B, activation, a global platelet
function defect in PT-VWD was suspected, therefore sig-
nal transduction mechanisms were explored.

Platelet Ca* mobilization and Rap-1b activation are
impaired in PT-VWD

We first studied cytoplasmic free calcium movements
which are involved in shape change, adhesion, aggregation
and the release of platelet granules,®® all processes de-
fective in PT-VWD. Indeed, ADP-, TRAP-6- and CVX-in-
duced calcium mobilization was impaired in human

PT-VWD platelets (Figure 4A). The activation of the small
GTPase Rapilb, which is Ca?*-mediated® and is required for
a,. B, activation, was also impaired in response to ADP and
thrombin in human PT-VWD (Figure 4B) and Tg®3% (Online
Supplementary Figure S4A) platelets. The phosphorylation
of PLCB,, activator of Rap1b,*> was comparable between
PT-VWD and control platelets upon activation with ADP
and thrombin (Online Supplementary Figure S4B).

SFK are crucial steps in the pathways leading to the cyto-
plasmic Ca?" increase, and reciprocally, Ca?* rises modulate
SFK activation and activate Rap1b.?>3® Another key pathway
regulating Rapib is triggered by PKC activation®* thus we
explored SFK and PKC activation.

Src-family kinases, Lyn and PECAM1 are constitutively
activated in PT-VWD platelets

SFK are phosphorylated upon agonist binding to a wide
repertoire of platelet surface receptors and thus play a
central role in transducing activatory signals;*® we there-
fore assessed their phosphorylation. Phosphorylation of
SFK was markedly enhanced in resting PT-VWD and Tg&233V
platelets compared to controls (Figure 5A, Online Supple-
mentary Figure S5A). Interestingly, control and Tg"" pla-
telets pre-incubated with ristocetin, which triggers the
binding of VWF to GPlba, showed enhanced SFK phos-
phorylation (Figure 5A, Online Supplementary Figure S5A).
We focused on Lyn because it is the member of SFK
which, besides playing a role in platelet activatory signal-
ing, also triggers a signaling that dampens platelet activa-
tion by phosphorylating immunotyrosine-based inhibitory
motif (ITIM)-containing receptors.®® Lyn was phosphory-
lated at Tyr397, which means activated, in resting
PT-VWD and Tg®3", but not in control platelets (Figure 5B,
Online Supplementary Figure S5B). Interestingly, here too
ristocetin triggered the phosphorylation of Lyn at Tyr397
of control and Tg"" platelets. Accordingly, the negative
regulatory site of Lyn - Tyr507 - was less phosphorylated
in PT-VWD and Tg®**3 platelets than in control and Tg""
platelets, while the incubation with ristocetin triggered

Haematologica | 107 July 2022
1647



ARTICLE - Impaired platelet function in PT-VWD

the de-phosphorylation at Tyr507 of control platelets (Fig-
ure 5C, Online Supplementary Figure S5C). Moreover, the
ITIM-containing platelet receptor PECAM1, a substrate of
Lyn,%*® was phosphorylated at Tyr686 and Ser702 (Ser702
is phosphorylated after residue 686), thus activated, in
resting PT-VWD and Tg®**V but not in control platelets.
Here too, ristocetin triggered the PECAM1 phosphorylation
of control platelets and Tg"" platelets (Figure 5D, 5E, On-
line Supplementary Figure S5D, E).

Upon platelet stimulation, SFK and Lyn (Tyr397) phos-
phorylation was only mildly increased in PT-VWD platelets
while it was markedly increased in control platelets (On-
line Supplementary Figure S6A, B). On the contrary, Lyn
phosphorylation at Tyr507 was significantly increased in
activated PT-VWD platelets compared to control platelets
(Online Supplementary Figure S6C). Finally, upon platelet
stimulation, PECAM1 phosphorylation of PT-VWD platelets
was comparable to control platelets (Online Supplemen-
tary Figure S6D, E).

We then focused on the activation of the main Lyn sub-
strates, Akt and Syk: Akt phosphorylation was comparable
in resting PT-VWD and control platelets while it was dim-
inished in PT-VWD platelets upon stimulation with ADP
and CVX (Online Supplementary Figure S7); Syk phos-
phorylation was comparable both in resting and in stimu-
lated PT-VWD and control platelets (Online Supplementary
Figure S7).

On the other hand, PKC substrate phosphorylation was in-
creased in resting PT-VWD platelets. Here too, ristocetin
triggered the phosphorylation of PKC substrates of control
platelets (Figure 5F, Online Supplementary Figure S5F).
Upon platelet stimulation, PKC substrate phosphorylation
was only mildly increased in PT-VWD platelets while it was
increased twofold in control platelets, with a significant
difference between control and PT-VWD platelets (Online
Supplementary Figure S6F).

cAMP and cGMP production were comparable between
control and PT-VWD platelets (Online Supplementary Fig-
ure S8).

Discussion

The bleeding diathesis of PT-VWD patients has been con-
ventionally attributed to the clearance of platelet-VWF
complexes from the circulation.'Recently, we showed that
defective proplatelet formation and ectopic platelet re-
lease by megakaryocytes in the bone marrow contribute
to thrombocytopenia in PT-VWD.® However, the mild to
moderate thrombocytopenia of PT-VWD does not seem
sufficient to explain a bleeding phenotype that may some-
times be severe, especially after surgery and delivery.:*"+
Previous studies in Tg®%*3V mice showed defective fibri-
nogen binding,* decreased pro-coagulant activity, delayed
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aggregation in response to ADP and thrombin and im-
paired in vivo thrombus formation,® suggesting platelet
dysfunction in these mice. Similarly, studies on platelets
from a patient with type-2B von Willebrand disease
(2B-VWD), which is the VWF counterpart of PT-VWD, and
from 2B-VWD mice, both carrying the pV1316M VWF vari-
ant, showed that the constitutive binding of mutant VWF
to platelets causes impaired platelet function with re-
duced o, f, activation, contributing to the bleeding ten-
dency of 2B-VWD.**** However, no studies on platelet
function in PT-VWD patients have ever been performed.
Here we show that a remarkable platelet function defect
is present in PT-VWD patients and we discovered that it
is caused by the constitutive triggering of platelet in-
hibitory signal transduction negatively regulating platelet
activation through the hyper-activation of Lyn and
PECAM1.

Our study focused on two different well known GP7BA
gain-of-function variants: p.M239V, carried by a PT-VWD
patient, and p.G233V, expressed in PT-VWD mice. PT-VWD
platelets showed defective o fB. activation and, con-
sequently, impaired platelet aggregation, spreading on fi-
brinogen and adhesion to collagen at high shear rates, all
processes dependent on a, B, activation. Moreover, PT-
VWD platelets showed defective a- and d-granule secre-
tion, shape change and adhesion to collagen at low shear
rate, which are all independent of o, f, activation but
strictly dependent on Ca?" mobilization.”®*® Indeed, we
found that Ca?" mobilization induced by various agonists
is defective in PT-VWD platelets. Platelet function was
impaired in response to agonists stimulating both G-pro-
tein-coupled and ITAM-coupled receptors. In platelets,
the generation of the Ca?" and DAG second messengers
leads to the activation of PKC. This activates Rap1b3'3*
which, in turn, activates o, p, through the recruitment of
Talin1.** Therefore, we assessed Rap-1b activation and we
found it impaired not due to a dysfunction of its main ac-
tivator PLCP,, but to a defective PKC pathway which con-
tributes to its activation.*** This finding, together with
our finding that ristocetin triggers PKC substrate phos-
phorylation in control platelets, suggests that enhanced
VWF-GPIba interaction leads to the activation and sub-
sequent exhaustion of the PKC pathway, as recently de-
scribed in 2B-VWD platelets.*® This, in turn, reduces
Rap-1b activation, causing o, f, dysfunction. The binding
of VWF to GPlba activates PKC through a signaling cas-
cade that involves Lyn,*® a SFK that we found to be acti-
vated in resting PT-VWD platelets. Thus, it can be
hypothesized that the cause of baseline PKC upregulation,
and the relative refractoriness of this pathway to stimu-
lation, is Lyn activation. In addition, the activation of Lyn
negatively regulates Ca?* flux, and, consequently, platelet
activation, through the activation of phosphatases.*
Taken together, our data show a global defect of platelet
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Figure 3. Platelet spreading and adhesion under flow conditions are defective in PT-VWD. (A) Representative images of human
control and patient (PT-VWD) platelets 30 minutes after layering onto fibrinogen or collagen. Scale bar is 10 um. Platelets were
stained with FITC-conjugated phalloidin and analyzed using a Carl Zeiss Axio Observer.Al fluorescence microscope (Carl Zeiss
Inc., Oberkochen, Germany) with a 100x/1.4 Plan-Apochromat oil-immersion objective at room temperature. (B, C) Human (B) and
murine (C) platelet spreading on glass coverslips coated with fibrinogen (100 ug/mL) or type | collagen (25 ug/mL). Spreading is
expressed as percentage of surface covered by platelets. Data are means = SEM from five independent experiments (Online
Supplementary Table S1, samples A, B, C, D, E) or from n=5 mice (T®"" two females and three males, mean platelet count:
661600+£99984/uL; Tgé?*V: two females and three males; mean platelet count: 305000+£26728/uL). **P<0.01; two-way ANOVA.
The number of platelets that adhered to the surface was comparable between control and PT-VWD platelets (number of
platelets adhering to fibrinogen per microscopic field: controls 93+27, PT-VWD 87+18, P=ns; number of platelets adhering to
collagen per microscopic field: controls 78+17, PT-VWD 8312, P=ns) and between Tg"T and Tg®#*" platelets (number of platelets
adhering to fibrinogen per microscopic field: Tg"W" 101+21, Tg¢?3%V 105124, P=ns; number of platelets adhering to collagen per
microscopic field: Tg"¥" 9819, Tg¢?3%V 91113, P=ns). (D-E) Human (D) and murine (E) platelet adhesion to type | collagen under flow
conditions. Whole blood was perfused at different shear rates in glass microcapillary tubes coated with type | collagen (30
ug/cm?). Specimens were observed under an optical microscope after fixation with 0.25% glutaric-dialdehyde and May-
Grunwald/Giemsa staining. The total surface covered by platelets was calculated with ImageJ software. Data are means + SEM
of three independent experiments (Online Supplementary Table S1, samples B, D, F) (D) or from n=3 mice (Tg"" three males,
mean platelet count: 631550+21142/uL; Tg¥**V: three males; mean platelet count: 350800+94469/ulL) (E). *P<0.05, **P<0.01; two-
way ANOVA.

function in PT-VWD suggestive of the triggering of a
negative feedback regulatory system. The binding of VWF
to the extracellular region of GPlba induces the association
of Src and Lyn with the cytoplasmic tail of GPIba, starting
the downstream phosphorylation of a number of substrates
such as PI3K, Akt, p38, Syk and PLC, involved in inside-out
signaling leading to Rap-1b, Talin-1 and, thus, o, f, activa-
tion.53548% However, in activated platelets, Lyn also initiates
a negative feedback regulatory pathway by phosphorylating
PECAM1, providing docking sites for SH2 domains of phos-
phatases such as the SHP1/SHP2 tyrosine phosphatases
and the SHIP1/SHIP2 inositol phosphatase that mediate the
termination of platelet activation signals.3649-%4

In our study, we show that Lyn and PECAM1 are activated
in resting PT-VWD platelets identifying, to the best of our
knowledge, the first platelet function defect due to the
hyper-activation of Lyn and PECAM1 in humans. cAMP and
cGMP production were comparable in control and PT-VWD
platelets, indicating that these two negative platelet regu-
latory pathways are not involved in the platelet dysfunc-
tion of PT-VWD. Moreover, we show that Lyn and PECAMA1
are activated in control platelets stimulated with ristoce-
tin, confirming that the binding of VWF to GPlba phos-
phorylates Lyn and PECAM1.35:%4

In support of our findings is the observation that platelets
from PECAM1-knock-out, Lyn-knock-out, or PECAM1/Lyn
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Figure 4. Platelet Ca?* mobilization

double-knock-out mice are hyper-responsive to stimuli,
confirming that PECAM1 and Lyn suppress platelet reac-
tivity.2655354 To assess whether the blockade of Lyn could
restore normal platelet reactivity, we measured granule
secretion and o, f, activation by control and PT-VWD pla-
telets after incubation with the Lyn inhibitor, bafetinib.
However, bafetinib, suppressing the platelet activating
function of Lyn, inhibited a, B, activation and granule se-
cretion®® (Online Supplementary Figure S9).

Conversely, human and murine platelets in which PECAM1
activation was triggered by a PECAM1 homophilic ligand®®
or by cross-linking antibodies®*? showed decreased aggre-
gation,5%" secretion,®"%? Ca?* mobilization®%2and fibrinogen
binding,*? all functions that we found to be impaired in PT-
VWD platelets. Indeed, PECAM1 has recently been ident-
ified as a potential novel target for antiplatelet therapy.%®
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Interestingly, PECAM1-knockout mice also show reduced
trabecular bone volume, an increased number of osteo-
clasts and enhanced bone resorption®® while PT-VWD mice
show enhanced trabecular bone volume, a decreased
number of osteoclasts and decreased bone resorption,
findings so far unexplained and possibly related to the role
of PECAM1 as a negative regulator of osteoclastogenesis.”
When we assessed the activation of Lyn substrates, namely
Akt and Syk, we found decreased Akt phosphorylation after
stimulation with ADP and convulxin in PT-VWD platelets.
The same Akt dysfunction was previously reported in 2B-
VWD platelets*® and is in line with the key role played by
Akt in GPlb/IX/V-mediated o, f, integrin-dependent ad-
hesion, spreading, and aggregation.®’

In conclusion, our study shows that the constitutive binding
of VWF to GPlba in PT-VWD platelets triggers deranged sig-

Haematologica | 107 July 2022



ARTICLE - Impaired platelet function in PT-VWD L. Bury et al.

naling, leading to the inhibition of o 3, activation, defective
secretion and impaired platelet adhesion. Together, these
generate a platelet function defect that may significantly
contribute to the bleeding phenotype of these patients.

This mechanism may also account for the worsening of the
bleeding diathesis of PT-VWD patients in conditions associ-
ated with an increase of circulating VWF, and therefore of
its enhanced binding to GPlba, such as surgery or preg-
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Figure 5. SFK, Lyn and PECAM-1 are constitutively phosphorylated in PT-VWD platelets. (A) SFK phosphorylation at Tyr 416 in
human control and patient (PT-VWD) washed platelets unstimulated (-) or stimulated with ristocetin (0.3 mg/mL) for 30 sec
under stirring conditions, was assessed by western blotting by loading 30 pg of proteins. Densitometric analysis of the
pSFK/total SFK ratio was performed using Image J software and is expressed in arbitrary units (AU). Data are means * SEM from
six independent experiments (Online Supplementary Table S1, samples C, D, E, F, G, H) (*P<0.05 vs. control; #P<0.05 vs. resting;
two-way ANOVA). The bands shown for resting platelets and platelets stimulated with ristocetin belong to the same gel. (B) Lyn
phosphorylation at Tyr397 in human control and patient (PT-VWD) washed platelets unstimulated (-) or stimulated with
ristocetin (0.3 mg/mL) for 30 sec under stirring conditions, was assessed by western blotting by loading 30 ug of proteins.
Densitometric analysis of the pLyn/total Lyn ratio was performed using Image J software and is expressed in arbitrary units (AU).
Data are means + SEM from six independent experiments (Online Supplementary Table S1, samples C, D, E, F, G, H) (*P<0.05 vs.
control; #P<0.05 vs. resting; two-way ANOVA). The bands shown for resting platelets and platelets stimulated with ristocetin
belong to the same gel. (C) Lyn phosphorylation at Tyr507 in human control and patient (PT-VWD) washed platelets unstimulated
(-) or stimulated with ristocetin (0.3 mg/mL) for 30 sec under stirring conditions, was assessed by western blotting by loading
30 ug of proteins. Densitometric analysis of the pLyn/total Lyn ratio was performed using Image J software and is expressed in

Continued on following page.
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arbitrary units (AU). Data are means + SEM from three independent experiments (Online Supplementary Table S1, samples F, G,
H) (*P<0.05 vs. control; #P<0.05 vs. resting; two-way ANOVA). The bands shown for resting platelets and platelets stimulated with
ristocetin belong to the same gel. (D) PECAM1 phosphorylation at Tyr686 in human control and patient (PT-VWD) washed
platelets unstimulated (-) or stimulated with ristocetin (0.3 mg/mL) for 30 sec under stirring conditions, was assessed by
western blotting by loading 30 pg of proteins. Densitometric analysis of the pPECAM1/total PECAM1 ratio was performed using
Image J software and is expressed in arbitrary units (AU). Data are means + SEM from six independent experiments (Online
Supplementary Table S1, samples C, D, E, F, G, H) (*P<0.05 vs. control; #P<0.05 vs. resting; two-way ANOVA). The bands shown for
resting platelets and platelets stimulated with ristocetin belong to the same gel. (E) PECAM1 phosphorylation at Ser702 in
human control and patient (PT-VWD) washed platelets unstimulated (-) or stimulated with ristocetin (0.3 mg/ml) for 30 sec
under stirring conditions, was assessed by western blotting by loading 30 ug of proteins. Densitometric analysis of the
pPECAM1/total PECAMT1 ratio was performed using Image J software and is expressed in arbitrary units (AU). Data are means *
SEM from three independent experiments (Online Supplementary Table S1, samples F, G, H) (*P<0.05 vs control; #P<0.05 vs.
resting; two-way ANOVA). The bands shown for resting platelets and platelets stimulated with ristocetin belong to the same gel.
(F) PKC substrate phosphorylation in human control and patient (PT-VWD) washed platelets unstimulated (-) or stimulated with
ristocetin (0.3 mg/mL) for 30 sec under stirring conditions, was assessed by loading 30 ug of proteins. Densitometric analysis of
the PKC substrate/actin ratio was performed using Image J software and is expressed in arbitrary units (AU). Data are means *
SEM from four independent experiments (Online Supplementary Table S1, samples E, F, G, H) (*P<0.05 vs. control; #P<0.05 vs.
resting; two-way ANOVA). The bands shown for resting platelets and platelets stimulated with ristocetin belong to the same gel.

nancy.®-¥ Our data obtained with platelets carrying two dif-
ferent GP1BA gain-of-function variants suggest that the pla-
telet function defect in PT-VWD is independent of the
GP1BA variant type and is due to the enhanced affinity of
GPlba for VWF. However, it should be noted that the vari-
ants we studied affect the same domain of GPIba, therefore
we cannot predict the effects on platelet function of vari-
ants in other domains.’® A similar mechanism for platelet
dysfunction may play a role in the platelet dysfunction of
2B-VWD. Indeed, results of studies with human and murine
2B-VWD platelets carrying the pV1316M VWF variant are
similar to results of the present study. Both disorders share
the same platelet function defect, characterized by o, f,
dysfunction, a- and d-granule secretion defect, defective
Ca? signaling and adhesion under flow conditions.5*? Defec-
tive Rap1b and Akt activation and PKC upregulation with
consequent desensitization have been shown for both dis-
orders,*® together with a dysregulation of the RhoA path-
way.%® It would be interesting to assess Lyn and PECAM1
phosphorylation in 2B-VWD platelets to check whether the
same negative-feedback loop downregulating platelet acti-
vation here described is present in 2B-VWD.

Finally, our results imply that inhibitors of PECAM1 might be
explored to restore platelet function in PT-VWD. However,
the PECAM1 blockers currently available are antibodies that
block PECAM1 adhesive interactions®-%3 and not PECAM1
phosphorylation or downstream signaling, therefore they do
not allow assessment of whether PECAM1 blockade might
restore normal platelet function.

The development of PECAM1 inhibitors selectively sup-
pressing intracellular phosphorylation might represent a
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