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Chapter 1

Introduction

Platelets and hemostasis - "Once Upon a Time in the Bloodstream"

A variety of highly specialized cells circulate in blood, that have diverse roles in physiology
such as the transportation of oxygen, hemostasis, wound healing and the identification and
neutralization of pathogens as part of the immune system.

Platelets are anuclear and one of the smallest cellular components of the bloodstream,
yet they are essential for their role in hemostasis and have also been implicated in
immunity [1]. Platelets are produced by their precursor megakaryocytes, polynuclear cells
residing in the bone marrow that bud off individual platelets into the bloodstream [2].
Platelet production is maintained by thrombopoietin (TPO) produced in the liver, of
which levels are regulated by the number of platelets in the circulation [3]. This delicate
balance is maintained while platelets circulate for 7-10 days in the bloodstream and are
eventually cleared by the liver and spleen under homeostatic conditions [4,5]. As platelets
age, they gradually release their granular contents, undergo morphological changes, become
procoagulant, and in general are losing some of their functional properties compared to
newly produced platelets [6-8].

The process of hemostasis initiates with platelets being recruited to the site of tissue
injury, where the subendothelial layer of the damaged vessel wall will be exposed (Figure
1)[1]. Here, exposed collagen fibrils and von Willebrand Factor (VWF), a large adhesive
glycoprotein, facilitate platelet adhesion. VWF has ligand binding sites for both collagen
and platelet glycoprotein (GP) Iba and is essential for initial platelet plug formation [9].
At this time, platelets also activate and secrete a large array of hemostatic proteins and
molecules from their secretory granules, such as VWF and fibrinogen. [10]. Ultimately,
platelets aggregate through fibrinogen- and VWE-cross linked GP IIb/IIIa receptors and
form an adhesive blood clot [1]. These collective steps are termed primary hemostasis, and
are greatly dependent on the adequate functioning of platelets, collagen and VWE. The
release of tissue factor initiates secondary hemostasis, a series of serine proteases
(coagulation factors) that trigger the step-wise activation of prothrombin to thrombin
[11]. Thrombin cleaves fibrinogen into fibrin, which forms a dense fibrillar network that
overlays and stabilizes platelet plugs. Exposed phosphatidyl serine on the surface of
activated platelets provides an important driver of pro-coagulant pathways, thereby
integrating primary and secondary hemostasis. Once wound healing is initiated and
a wound is sufficiently sealed, fibrinolysis and platelet-driven clot retraction facilitate
dissolvement of the fibrin-enriched platelet plug to restore the physiological
function of the repaired vessel wall [11,12]. Depending on the type of blood vessel and
(patho)physiological source of tissue injury, other blood cells and proteins are involved in
the hemostatic process, but this falls outside the scope of this thesis.

Von Willebrand Factor - "A Platelet’s Best Friend"
As outlined above, VWF provides a crucial component for the adhesion of blood platelets
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General Introduction and Outline of Thesis
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Figure 1. Platelets and their central role in primary hemostasis.

Platelet adhesion (1A) is the initial step in hemostasis where circulating platelets adhere to exposed collagen
fibrils and VWF at sites of endothelial injury. Subsequently, platelets activate, change shape and secrete granular
contents (1B). Degranulated, activated platelets rapidly aggregate, thereby quickly sealing off sites of vascular
injury to prevent leaking of blood into the underlying tissues (1C).

at sites of vascular injury. VWF is synthesized by endothelial cells and megakaryocytes and
packaged in secretory organelles: Weibel-Palade bodies (WPBs) in endothelial cells and
alpha-granules in platelets [13]. Additionally, circulating levels of VWF are maintained
through basal secretion of WPBs by endothelial cells [14].

Our current knowledge of VWF biosynthesis primarily stems from endothelial cells,
where VWEF is processed through various steps into large, high-molecular-weight
multimers in WPBs [9]. VWF is first dimerized in the endoplasmic reticulum (ER),
after which a pre-protein is cleaved off in the Golgi, the VWF propeptide (VWEFpp) [15].
The mature VWF protein then multimerizes and is condensed in large tubules that are
packaged in WPBs. Meanwhile, VWFpp remains non-covalently associated to VWF and is
co-packaged into WPBs as an integral part of the tubules [9]. Upon exocytosis from WPBs,
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VWF and VWFpp undergo divergent fates in the circulation, where the extracellular
function of VWFpp is still unknown [16].

The leading assumption is that a similar process of VWF biosynthesis takes place in
megakaryocytes, where VWF is packaged eccentrically in alpha-granules into tubule-like
structures that are shorter in length (Figure 2) [17,18]. It is however unclear how VWFpp
is processed in megakaryocytes, where it is stored in platelets, and if concomitant VWE-
and VWFpp release occurs in platelets.

Platelet alpha-granule cargo - "I Can’t Carry It For You, But I Can Carry You"

The process of platelet degranulation and the release of cargo from secretory
organelles like alpha-granules into sites of thrombus formation is one of the key cellular
functions of platelets [10,19]. Besides VWF and fibrinogen, alpha-granules also contain
chemokines, growth factors, angiogenic mediators and many other proteins involved
in acute hemostatic and immunological responses (Figure 2). Another secretory
organelle in platelets is the dense-granule, which particularly contains small signalling
molecules (serotonin, histamine, ADP, ATP and polyphosphate). Formation and
maturation of these key organelles occurs in the megakaryocyte, and cargo for granules is
recruited primarily by biosynthetic pathways, but occasionally by endocytosis in case of
fibrinogen and coagulation factor V [20,21].

Platelet secretion, or degranulation, of alpha-granule cargo is one of the main
parameters used in diagnostic laboratories to assess platelet function [19,10]. One such cargo
protein to assess is platelet factor 4 (PF4), a small chemokine which is synthesized only by
the megakaryocyte-lineage. In the circulation, it is therefore solely found inside platelet
alpha-granules [22]. This makes its detection in plasma a sensitive correlative marker for
platelet cargo release [22]. Nevertheless, the precise contributions of platelet-derived cargo
molecules in hemostasis are unclear.

Platelet Alpha-granule
0% 0q ./
Dense granule ..—— Eccentric tubules
LADE CDa3) . VWE)
Micretubule coil Zi’l--'.."':l*-'-.i::lt.: I:-:hp,|
Microtubule coil f '\_ Membrane

{tubulin)

l (CDa2E)

1-2 pm 200 nm

Figure 2. Platelet- and alpha-granule ultrastructure.

Platelets (1-2 um in diameter) contain a microtubule coil and various secretory organelles, the most abundant
ones being alpha- and dense granules. Alpha-granules (200 nm in diameter) contain eccentric nanodomains
with VWE and a condensed granule matrix with various proteins including PF4, SPARC and fibrinogen.
Alpha-granular membranes contain CD62P.
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Differential release of alpha-granule cargo - "We Are Not Here Because We Are Free,
We Are Here Because We Are Not Free"

Several models have been postulated in an effort to capture the biological
mechanisms underlying release of platelet alpha-granule cargo, considering that several
proteins with opposing functions reside in alpha-granules [19]. Early studies analyzed the
differential localization of pro- and antiangiogenic proteins, and identified subsets of alpha-
granules exclusively containing one or the other [23,24]. Similarly, VWF and fibrinogen were
identified in different subsets of alpha-granules [23]. From these data, it was suggested
that different subsets of alpha-granules would be able to facilitate the differential release of
alpha-granule cargo. However, higher-resolution quantitative light- and advanced electron
microscopy techniques have now shown that it is instead a stochastic distribution of cargo
that is present in alpha-granules, with no evidence for granule subsets [25,26]. Significant
controversy on this topic remains, as a recent paper has identified alpha-granule subsets in
megakaryocytes [27].

An alternative model for the differential release of alpha-granule cargo is based on
different modes of exocytosis or as a result of different release kinetics [28,29]. In a parallel
with endothelial cell WPBs, which share several of the proteins stored in alpha-granules,
several modes of release are employed by endothelial cells resulting in the release of different
cargo molecules [14]. One example is the “kiss-and-run”-mode, where a small fusion pore
is formed that triggers release of smaller proteins like chemokines but impairs the release of
large bulky proteins like VWF [30].

Hemostatic disorders - "All It Takes Is a Little Push"

Diseases that affect components of the hemostatic system leading to its dysfunction are
collectively termed hemostatic disorders. Depending on the defect, this may lead to
thrombosis in case of increased activation of coagulation, or spontaneous bleeding or
excessive blood loss in response to hemostatic challenges such as trauma in case of
reduced coagulation. Defects in platelets, as a central player of the hemostatic system, can be
identified in various hemostatic disorders and can be classified into defects that affect
platelet numbers (thrombocytopenia or thrombocytosis), platelet function
(thrombocytopathy) or a related hemostatic component that affects its interaction with
platelets [31,32].

Immune Thrombocytopenia - “The B and T Cells Send Their Regards”

Immune thrombocytopenia (ITP) is a hemostatic disorder characterized by reduced
platelet numbers (<150x10E°/L)[33,34]. Patients with ITP may suffer from bleedings
which can present with bruising, petechiae due to bleeding from small vessels in the skins,
nose and gum bleeds as well as excessive menstrual bleeding [35]. ITP is characterized by
autoimmune reactivity towards platelets either by autoantibodies generated by B cells or by
platelet reactive cytotoxic T cells. Autoreactive cells may trigger both platelet clearance and/
or disrupt platelet production by megakaryocytes, depending on the mechanism of action
[34]. The current diagnostic regimen is incapable of separating these two mechanisms, and
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it is therefore difficult to predict the therapeutic response of patients to various treatment
options. Two frequently used treatments are: immunosuppressive drugs that downregulate
B and T cell responses, and TPO-receptor agonists that stimulate platelet production [33].
In recent years, novel treatment regimens have primarily focused on downstream targets of
platelet clearance that are promising, but also difficult to predict [36,37].

Demystifying the pathological mechanisms underlying ITP is complicated by the fact that
platelets are increasingly acknowledged as immune cells [38,39], and that there are few
biological studies that have employed patient-derived autoreactive T or B cells to study the
anti-platelet response. While there is no clear association between immunity-related genes
(e.g. HLA) and ITP, numerous pro-inflammatory markers and immune cell subsets have
been correlated to ITP status [33,34]. However, it is unknown precisely why platelets are
targeted. One of the triggers to expose platelet antigens which may lead to ITP, is an infection
from bacterial or viral origin [33,34]. Although vaccination against such pathogens protects
individuals, it has also been suggested that vaccination poses as an additional trigger for
ITP. Additionally, numerous studies have reported lower platelets counts in ITP patients
as a result of vaccination events [33,34]. However, it is not clear under which conditions
vaccinations lead to lower platelet counts in ITP patients, how these platelets counts
fluctuate over time, and if ITP patients are at additional risk after vaccination.

Von Willebrand Disease — “The Dark Side of the Bloodstream"

Impaired adhesion of platelets is a hallmark of Von Willebrand Disease (VWD), the
most-common inherited bleeding disorder [40]. VWD is characterized by a deficiency
or a defect in VWE, which subsequently leads to impaired or sub-optimal adhesion of
platelets to sites of vascular injury. Diagnosis of VWD is based on circulating VWF in
plasma, and is subdivided by quantitative defects (type 1 and 3) and qualitative defects (type
2) that impair the physiological function of VWF (Figure 3) [41]. Qualitative defects are:
lack of high-molecular weight multimers (type 2A); gain-of-function to bind GPIba on
platelets (type 2B); loss-of-function to bind GPIba on platelets (type 2M) or loss-of-
function to stabilize and/or interact with coagulation factor VIII (type 2N) [41]. Type 1 is
generally the mildest form with reduced levels of VWF due to enhanced clearance or reduced
synthesis, while type 3 is the most severe where there is a complete absence of VWF in the
circulation [40].

Apart from functional defects, aberrant intracellular trafficking within endothelial cells
may also result in reduced levels of VWF and/or lack of high molecular weight VWF
multimers in the circulation. (Figure 3). Yet, the levels of circulating VWF are not
always associated with the severity of bleeding phenotypes found in patients with
VWD [42,43]. At present, the functional role and storage of platelet VWE in patients
with VWD has not been extensively studied. There is also limited information with
respect to the contribution of platelet VWEF to the bleeding phenotype in VWD patients. A
recent report by Bowman and co-workers provided evidence for discrepant platelet and
plasma von Willebrand factor levels in a VWD patient which resulted in a milder
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bleeding phenotype which was attributed to the release of functional VWF from platelets
[44].

The WiN (Willebrand in the Netherlands) study is a nation-wide cohort study which
was initiated and coordinated by the Erasmus University Medical Center [45]. Over 800
patients with VWD from all hemophilia treatment centers in the Netherlands were included
in this study. Many VWF parameters like VWF circulatory levels, function and mutations
in the VWEF gene have been analyzed and associated with clinical outcomes (such as age,
bleeding, response to treatment) [42,46-48]. Additional associations with
endothelial markers have been investigated [49], but not yet with platelet markers.
In an ongoing prospective follow-up study (WiN-Pro), previous WiN patients and newly
diagnosed VWD patients are included and VWE- and clinical parameters are examined
prospectively.

Clroulation ' Enhamced clesrance

et e . '
_ J,—\_/}:_'_'F — 1 e i

i 1 ™

: Defective Redusced
Alpha-granules i ective '\.F“FD e

Weibel-Palade
Isulis multimserization cellular VWF
ey : '—| I "
. : i o -‘
' Biosynthesis defects
ZTy L e TR
Endlothelium Plarelet Al Endothelium ==—" T Matelet B

Figure 3. VWF sources and cellular VWF deficiencies that can occur in VWD.

VWF stems from three components to maintain hemostasis: endothelial Weibel-Palade bodies, platelet
alpha-granules, and circulatory VWF that is derived from endothelial basal release (arrow, 3A). Various sub-
types of VWD hallmark cellular defects in VWE, which can affect multiple VWF components (3B).

Quantitative Super-resolution Microscopy - "Fluorescent Platelets and How to Find
Them"

A related open question is how platelet-derived VWF is dysregulated in VWD types
that affect VWF biosynthesis. Previous studies on this topic have depended on high-
resolution qualitative- (electron microscopy) or quantitative bulk- techniques (ELISA) to
analyze VWF in VWD patient platelets [50-54]. However, quantitative studies that assess
granule heterogeneity and subcellular localization of VWF in VWD platelets are lacking.
Considering that platelets gradually release granule content and undergo morphological
changes during aging, quantitative microscopical tools are necessary to fully understand
the intracellular dynamics of platelet VWF [6,55].

With the development of ‘super-resolution’ imaging techniques reaching resolutions
below the diffraction limit of light (250 nm) [56], it becomes possible to quantitatively
assess platelet alpha-granules (200 nm in diameter) and their cargo, such as VWE. One of
these is Structured Illumination Microscopy (SIM): by using multiple illumination patterns
and advanced reconstruction algorithms, resolution is improved to approximately 100 nm
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in XY and 250 nm in Z [57]. One of the main advantages of SIM is that it is capable of
imaging large fields of view (up to several hundreds of platelets), allowing quantification of
data on a relatively large microscopical dataset for selective patient studies [56,57]. So far,
no SIM-based studies have been performed on platelets of VWD patients.

High-throughput analysis of platelet images - "One Ring to Encircle Them All and
in Darkness Quantify Them"

A typical hallmark of platelets is a marginal band of tubulin that is formed during budding
from megakaryocyte proplatelet extensions [58,59]. Considering the high spatial density
of tubulin strands in this ring, it is an ideal protein to stain and to use in imaging software
to segment individual platelets [60]. Using this marginal band as segmentation tool, other
stainings can then be included to study VWF and other alpha-granule components.

Further analysis with imaging software includes thresholding, segmentation and
analysis of stained 3D structures to identify individual VWEF- and other cargo
containing structures and their exact volume, shape and position per platelet
across hundreds of platelets [61]. As such, this methodology allows large scale 3D
quantification of platelet alpha-granule cargo proteins across multiple individuals.

Scope and aims of this thesis:

Part 1: Platelets in ITP: Opportunities and Challenges

In chapter 2, we review key concepts of ITP pathophysiology, and a novel model focusing
on potential triggers for ITP is presented. The hypothesis of this model is that a chronic
anti-platelet response is likely triggered through an exposure of platelet antigens in
combination with a loss of immune tolerance. Emerging concepts that warrant further
investigation, that will help to better define the pathophysiology of ITP, are also suggested
in this chapter.

In chapter 3, the aim is to investigate potential vaccination-triggered events in ITP patients,
with a focus on COVID-19 vaccination. The leading hypothesis is that platelet counts
fluctuate over time as a result of vaccination and that close monitoring is needed in ITP
subgroups. To address this question, a prospective study of ITP patients (in comparison to
healthy donors) was performed, in which platelet counts were monitored at different time-
points both before- and after COVID-19 vaccination.

Part 2: Platelet and VWE: Key Partners in Disease and Health
The second part of this thesis concentrates on the platelet-VWF axis in hemostasis and how

this functions in the pathological condition of VWD and in platelet physiology.

In chapter 4, the aim is to examine the contribution of platelet degranulation in a large
cohort of VWD patients. The hypothesis is that platelet degranulation may be altered in
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VWD subtypes. Plasma samples of VWD patients from the WiN study will be assessed
for PF4 plasma levels as a measure for platelet degranulation and correlated to VWE- and
clinical parameters, as part of an explorative approach to determine the potential role of
platelet cargo release in VWD.

In chapter 5, the aim is to develop a methodology based on SIM imaging to quantitatively
study platelet granular structures. The hypothesis is that this methodology is capable of
stratifying different VWF biosynthesis defects in platelets. As part of the WiN-Pro study,
platelets samples from selective VWD patients were studied in order to better understand
how VWFE defects lead to VWF alterations in platelets.

In chapter 6, the aim is to study the role of platelet-derived VWF and its VWFpp in
hemostasis. localization and release of VWF and its cleaved propeptide VWFpp in
platelets. The hypothesis is that VWF and VWFpp are localized in a similar nanodomain
of the alpha-granule, but differentially released from platelets. Localization and release of
VWF and its cleaved propeptide VWFpp are studied in resting and stimulated platelets
using the quantitative imaging methodology from Chapter 5.

Finally, in chapter 7, a general discussion is provided that covers the role of platelets in

the described hemostatic disorders. Where are the opportunities for future research and
applications?
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Abstract

Immune thrombocytopenia (ITP) is an autoimmune disease defined by low platelet
counts which presents with an increased bleeding risk. Several genetic risk factors (e.g.,
poly-morphisms in immunity-related genes) predispose to ITP. Autoantibodies and
cytotoxic CD8+ T «cells (Tc) mediate the anti-platelet response leading to
thrombocytopenia. Both effector arms enhance platelet clearance through phagocytosis
by splenic macrophages or dendritic cells and by induction of apoptosis. Meanwhile,
platelet production is inhibited by CD8+ Tc targeting megakaryocytes in the bone
marrow. CD4+ T helper cells are important for B cell differentiation into autoantibody
secreting plasma cells. Regulatory Tc are essential to secure immune tolerance, and reduced
levels have been implicated in the development of ITP. Both Fcy-receptor-dependent and
-independent pathways are involved in the etiology of ITP. In this review, we present a
simplified model for the pathogenesis of ITP, in which exposure of platelet surface
antigens and a loss of tolerance are required for development of chronic anti-platelet
responses. We also suggest that infections may comprise an important trigger for the
development of auto-immunity against platelets in ITP. Post-translational
modification of autoantigens has been firmly implicated in the development of
autoimmune disorders like rheumatoid arthritis and type 1 diabetes. Based on these
findings, we propose that post-translational modifications of platelet antigens may also
contribute to the pathogenesis of ITP.

Keywords: immune thrombocytopenia, immune thrombocytopenic purpura,
autoantibodies, CD8+ T cells, autoimmunity, ITP
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Introduction

Immune thrombocytopenia (ITP) is an autoimmune disease characterized by low
platelet counts and increased bleeding risk [1-4]. The initial event(s) leading to anti-platelet
autoimmunity remains unclear, but strong evidence exists that autoantibodies and auto-
reactive CD8+ cytotoxic T cells (Tc) trigger enhanced platelet destruction and impair platelet
production by megakaryocytes (MKs) in the bone marrow. We will briefly discuss the
clinical aspects of this heterogeneous disease, followed by an overview of the mechanisms
and pathways by which autoreactive B and Tc engage in anti-platelet immunity, with a
particular focus on their specificity for platelet autoantigens. We will postulate a general
model for ITP pathophysiology and finally highlight opportunities in ITP research, which
can be derived from studies on other autoimmune diseases.

Epidemiology and Clinical Features

Immune thrombocytopenia is a diagnosis of exclusion: patients who develop
thrombocytopenia (defined as platelet counts below 100,000 platelets per microliter)
with no clear underlying cause are currently diagnosed with (isolated) primary ITP [1,4].
Secondary ITP is defined as an ITP induced by other diseases or treatments. These include
autoimmune disorders, lymphoproliferative disorders, infectious agents, transfusion, or
induction by drugs, accounting in total for 20% of ITP cases (5,6). In total, the incidence
of ITP is approximately 1.9-6.4 per 100,000 children/year and 3.3-3.9 per 100,000 adults/
year [6-8], and this number is increasing [6,9]. ITP can be classified in a transient form
termed newly diagnosed ITP (up until 3 months), or persistent ITP (up until 12 months)
that is more prevalent in children, or a chronic form (longer than 12 months) that does
not resolve on itself and is more prevalent in adult patients [1,6,7]. The acronym “ITP”
should not be confused with the outdated definition of “idiopathic thrombocytopenic
purpura’ that has been used previously [1,4]. ITP is no longer considered an idiopathic
disease and a proportion of patients do not present with purpura (see below). In this review, we
discuss both adult and pediatric ITP studies and highlight discrepancies between both
groups where necessary.

Bleeding symptoms in ITP patients typically present as either a mild form, such as bleeding
in skin and mucosal regions, or a more severe, life-threatening form, such as bleeding in
gastrointestinal or intracranial areas [6,10]. Patients with ITP have varying platelet counts
as a result of the disease. Those with platelet counts above 50,000 per microliter rarely
bleed, but below this “threshold” value, there are large differences in clinical phenotypes
between patients that are as of yet unexplained [2,3,10]. Platelet function testing appears
successful in predicting bleeding risk in patients [11-13]. However, no clear-cut diagnostic
tools exist as associations between biomarkers and ITP remain limited, and no markers
exist that may predict treatment responses [2,3]. The most common therapeutic options are
based on immunosuppression [by corticosteroids, intravenous immunoglobulin (IVIg),
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or rituximab], or stimulation of platelet production [by thrombopoietin receptor agonists
(TPO-RAs), see below].

Platelet Life Cycle

On average, the human body produces around 100 billion platelets per day resulting
in a concentration of ~150,000-400,000 platelets per microliter blood [14]. Platelets
circulate for approximately 7-10 days, slowly undergoing age-related changes in
morphology, activation, and surface receptor density [15-18]. Platelets are produced by MKs
in the bone marrow [19]. MKs are polynuclear cells that protrude extensions in the blood,
termed proplatelets, and eventually bud off platelets from these extensions [20,21]. Recent
findings show that MKs may also reside in the lung, facilitating platelet production in lung
tissues [22], although the relevance of platelet production at this site is currently unclear.

Thrombopoietin (TPO) is the key hormone responsible for platelet production. It is
primarily synthesized in the liver and promotes MKs to produce platelets in the bone
marrow via the TPO receptor, Mpl [23-25]. As newly made TPO is released in the blood-
stream by hepatocytes, it is also incorporated into circulating platelets via Mpl. This
constitutes an inhibitory feedback loop in which platelet counts inversely correlate with the
amount of TPO reaching the bone marrow to stimulate new platelet production [23,26].
Recent evidence suggests that the Ashwell-Morrell receptor (AMR) on hepatocytes plays an
important role in this physiological process. Normally, as platelets age terminal sialic acid
is gradually lost from the surface, which exposes the underlying galactose residues. This
allows for their clearance by the AMR [27]. AMR-mediated platelet clearance triggers
hepatic TPO transcription and translation, and new TPO is released [27]. Several
other physiological clearance mechanisms exist that control platelet numbers, such as
platelet apoptosis [28] and possibly phagocytosis by aMp2 integrins on hepatic and splenic
macrophages [for a review, see Ref. [29]].

In ITP, this normal platelet life cycle is disturbed by autoantibodies and platelet-reactive
CD8+ Tc as summarized in Figure 1. Autoantibodies and CD8+ Tc may interfere with
multiple aspects of the platelet life cycle, including their production and clearance that
result in thrombocytopenia. In such thrombocytopenic conditions, the small amount
of circulating Mpl-containing platelets often leads to high TPO levels [30,31].
Interestingly, only slightly elevated TPO levels are observed in ITP; likely because platelets
with incorporated TPO are rapidly cleared [31]. Therefore, one of the therapeutic options for
ITP patients involves stimulation of the TPO receptor on MKs by TPO-RAs, which proves
to be successful in many patients [32]. Not all patients are equally responsive to TPO-RAs
and poor responders likely suffer from a prolonged autoimmune response against platelets
that cannot be resolved by increasing the platelet production.

Genetic Risk Factors
As mentioned, autoreactive B and Tc have been firmly implicated in the
pathophysiology of ITP. Consequently, many studies have reported associations
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between ITP and single nucleotide polymorphisms (SNP) in immunity-related genes.
Polymorphisms in genes encoding specific cyto- or chemokines, such as interleukin
(IL)-1, IL-2, IL-4, IL-6, IL-10, IL-17, TNF-a, TGF-B, and IFN-y, have been associated
with ITP [33-37]. Several studies have also investigated whether specific HLA class I or II
alleles are elevated in patients with ITP [38-45]; current findings suggest that polymorphic
sites within the HLA locus are not linked to ITP as studies have reported both significant
and nonsignificant findings [37-44]. The variation in studies could potentially be explained
by small sample size, ethnic variability, or differences in diagnosis, yet does not allow to
reach a consensus. New biomarkers such as miRNAs regulating levels of cytokines or other
immune components are also increasingly recognized as potential risk factors for ITP [46].
Classically, polymorphisms in Fcy receptors (FcyRs) have been associated with the onset
and pathogenesis of ITP [47-54] and are therefore further discussed below. Most of the
reported association studies performed in ITP patients were conducted in small cohorts
and in specific ethnic subgroups, and thus should be interpreted with caution. Additionally,
many of the identified associations are not found in all patients and are commonly observed
in other autoimmune diseases as well and are therefore general predisposing factors and
not specific for ITP. Advances in (epi)genomics are likely to identify additional genetic risk
factors for the development of ITP [55,56].

Environmental Risk Factors

For a long time, the occurrence of specific infections has been associated with ITP,
particularly in children [5-7]. Some of the most occurring and most studied
infectious agents are Helicobacter pylori [57,58], Hepatitis C virus [59,60] and human
immunodeficiency virus [61-67]. Evidence also exists for Cytomegalovirus[68,69],
Epstein Barr Virus [69], and some other viruses [70,71]. Although individual cases of ITP
have been reported after vaccination, this is exceedingly rare [72,73]. One of the suggested
mechanisms by which infections lead to autoimmunity is the occurrence of
molecular mimicry. In this case, viral proteins resemble platelet receptors to evade the
immune system [74]. In case of an immune response against these viral proteins, cross
reactivity may occur against platelet receptors, which subsequently lead to autoantibodies
specific for both the viral protein and platelet receptors. This could explain the initiation of
ITP in some cases [60-63, 66], which can be resolved by clearance of the infectious agent
after which autoantibodies diminish [57,58]. Besides a transient decrease in platelet counts,
infections sometimes elicit strong immune responses that can perpetuate and develop into
chronic ITP, resulting in sustained platelet clearance.

Toll-like receptors are present on various innate immune cells, including platelets, and are
suggested to mediate some of the microbial-platelet interactions that can trigger and/or
aggravate autoimmunity [75]. Immune-mediated thrombocytopenia may also occur as a
result of other autoimmune diseases, drugs, transfusion, and in lymphoproliferative disor-
ders [76,77]. Often, these cases are also diagnosed as secondary ITP, but may greatly differ
in etiology. As our review focuses on primary ITP, we refer readers to Ref. [77] for more
information on the underlying pathophysiology of these forms of secondary ITP.
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Figure 1. Disturbance of the platelet life cycle in immune thrombocytopenia (ITP).

(1) Platelets (yellow) are normally produced by megakaryocytes (MKs, yellow) in the bone marrow. Aging
platelets undergo apoptosis but also gradually lose terminal sialic acid from the surface (indicated by black
circles). This allows for their clearance in the liver. Liver-mediated platelet clearance triggers hepatic TPO
transcription and translation, and new TPO is released. This process is disrupted by autoantibodies in ITP,
which are hypothesized to enhance platelet desialylation leading to enhanced clearance. (2) Macrophages (MF,
green) can phagocytose platelets; meanwhile, platelet antigens are presented in the spleen to immune cells,
such as CD4+ T helper (Th) cells. With CD4+ T cell help, B cells (B cell, dark blue) are able to differentiate into
platelet-reactive plasma cells (PC, light blue) that can secrete autoantibodies (red). Cytotoxic T cells (Tc)
(CD8+, red) can directly lyse platelets. (3) In peripheral blood, plasma cells and cytotoxic Tc further induce
autoimmune responses against platelets. Cytotoxic Tc may also induce desialylation leading to enhanced
clearance. In addition, platelet-reactive memory B cells may be present in the blood. (4) Plasma cells and
cytotoxic Tc are also present in the bone marrow, where they can inhibit platelet production by targeting MKs.
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Etiology

Autoantibodies

In approximately 60% of all ITP patients, autoantibodies are found, predominantly against
platelet glycoprotein (GP)IIb/ ITla (~70%) and/or the GPIb-IX-V complex (~25%) [78-81].
Antibodies against GPIa-IIa or GPVI are also detected in sporadic cases (~5%) [80,82,83].
While it is not entirely clear how autoantibodies against platelet antigens are generated, their
effect on platelet clearance and production have now been fully elucidated (Figure 1). When
microbial-antigens mimicking platelet autoantigens, or the platelet antigens themselves, are
presented to B cells, these can develop into autoantibody-secreting plasma cells. The spleen
has been implied as an organ where immune cells are primarily presented with platelet
autoantigens, and where platelet clearance takes place most [84, 85]. Particularly splenic
macrophages and dendritic cells (DCs) can present platelet antigens to T helper (Th) cells
that provide help to B cells that differentiate into antibody-secreting plasma cells [86,87].
Plasma cells secreting platelet-reactive autoantibodies are present in peripheral blood and
bone marrow, where they can further generate autoantibodies that can sequester platelets
and MKs [88-90]. In addition, memory B cells activated in the spleen are also released in
the circulation (Figure 2)[85]. Autoantibodies accelerate platelet clearance by removal via
splenic macrophages and DCs [87], complement deposition [91-93] and platelet apoptosis
[94], or by inhibiting megakaryocytic platelet production [88-90].

Autoantibody and B Cell Classification

Initial studies investigating autoantibodies in ITP identified high levels of platelet-
associated IgGs (PAIgGs) in nearly all patients, and they were soon thought to be the
causative factor of the autoimmune response. However, it was found that PAIgGs bound
nonspecifically to platelets and were detected in other non-ITPs as well [95], likely
because platelets themselves can bind circulating IgG via FcyRIIa [96]. PAIgGs thus proved
to be a poor predictor of the disease [for a review, see Ref. [95]]. Although it is interesting
that PAIgGs levels are higher in ITP and other thrombocytopenic patients (consisting of
different IgG subclasses compared to healthy individuals), their usefulness in
investigating ITP remains limited and can be largely subscribed to the state of thrombocyto-
penia rather than the autoimmune conditions. Following the introduction of the MAIPA and
immunobead assays in 1987 [79,97], investigators were able to detect and further study
platelet-specific autoantibodies in ITP [98,99].

Most autoantibodies found in chronic ITP patients are of the IgG class, but IgM and
sporadically IgA antibodies are also detected [100-102]. IgM antibodies were shown to
fix complement on platelets which could facilitate clearance, but this has not been further
investigated; IgG autoantibodies seem to be the main mediator of antibody-driven auto-
immunity [100]. Most prevalent are IgGs of the IgG1 subclass, and while IgG2, IgG3, and
IgG4 subclass autoantibodies can be also found in patients, they are often accompanied
by IgG1 antibodies [103,104]. Autoantibody allotypes and Fc-glycosylation are important
determinants in antibody-mediated immunity and immunological disorders related to ITP
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[105-107], yet have been scarcely investigated.

In the majority of ITP patients, B cells producing platelet- binding antibodies have been
identified in clinical samples from different sources, such as peripheral blood, spleen,
and bone marrow [108-115]. However, not all patients have platelet-reactive B cells
[108,109,112-114], suggesting that B cell independent autoimmune mechanisms (such
as CD8+ T cell mediated auto-immunity) exist. A landmark study by Roark and co-
workers employed repertoire cloning to clone platelet autoantibodies from the spleen of
two patients with chronic ITP [110]. Sequence analysis of Ig heavy chain arrangements
revealed that these anti-platelet antibodies evolved from a restricted number of B cell
clones and provided evidence for extensive modification of heavy chain segments by
somatic hypermutation [110]. Overall, these findings provide evidence for a CD4+
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Figure 2. Differences in B cell and T cell mechanisms in immune thrombocytopenia (ITP).

B cells (left) differ from cytotoxic T cells (Tc) (right) in their autoimmune response against platelets in ITP.
Stimulation of the adaptive immune response is similar: splenic macrophages (green) and dendritic cells (DCs,
purple) can phagocytose platelet fragments to present to T helper (Th, light green) cells. Th cells are able to
induce B cell development into autoantibody secreting plasma cells and can also stimulate cytotoxic Tc effector
mechanisms. This process is regulated by regulatory Tc (Treg, pink), but regulatory T cell levels are imbalanced
in ITP patients which leads to insufficient control of the autoimmune response. Shared effector functions of B
cell-produced autoantibodies and cytotoxic Tc include impairing thrombopoiesis by targeting megakaryocytes
(MKs), inducing platelet apoptosis and enhancing platelet desialylation. Autoantibodies can further stimulate
C3b deposition on platelets to initiate complement activation, while cytotoxic Tc can directly lyse platelets.
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T cell-driven antigen- specific response in patients with ITP. Evidence for the selective
incorporation of the VH3-30 variable heavy chain gene segment was noted in this study
providing additional evidence for a restricted, oligoclonal B cell response targeting a limited
number of epitopes on platelet antigens in ITP patients [110].

Autoepitope Specificity of Antibodies

As the predominant source of epitopes for autoantibodies in ITP, the GPIIb/IIla
receptor, or integrin alIbB3, has been studied most frequently. Reports have shown that auto-
antibodies can bind epitopes in both the extracellular- and cytoplasmic domain of GPIIb/
ITa [80,116]. However, autoantibodies targeting the cytoplasmic domain are likely to be
generated during platelet destruction rather than being pathogenic, but their significance
remains unclear [80]. Subsequent studies have shown that autoantibodies particularly
bind to the IIb subunit [117,118], or contradictory, the IIla subunit of the dimer [119].
Eventually, several investigators have demonstrated that specific portions of the protein
are preferred autoepitopes in ITP, often near ligand binding sites [81,120]. The vitronectin
(avB3) receptor shares the B3 integrin with GPIIb/IITa and was shown to be an important
autoantigen in ITP as well [121]. However, this has not been further investigated.

Less is known about relevant autoepitopes on GP complex Ib-IX-V, although most
antibodies are directed against the GPIb part of the receptor complex [78,98,122].
Interestingly, patients with autoantibodies against GPIb are often less responsive to
immunosuppressive therapy with corticosteroids or IVIg when compared to patients with
GPIIb/IIIa autoantibodies [122-124]. This could be explained by specific epitopes on GPIb,
relative receptor abundance on the platelet surface or differences between both protein
complexes.

B Cell Help by CD4+ T Cells

B cells require help by CD4+ Tc to efficiently develop into anti-body-secreting plasma
cells (Figure 2). As the development of autoantibodies is a hallmark of ITP, several studies
have explored the involvement of CD4+ Tc in the pathogenesis of ITP. Initial observational
studies showed that cytokines necessary for Th functions (such as IL-2, IL-10, IFN-y) are
increased in ITP patients [125,126]. Further evidence came from studies that identified
a T cell imbalance in ITP: patients have a disturbed Th1/Th2 subset ratio, which trends
toward a Th1 phenotype [127-129]. Both rituximab and splenectomy seemed to resolve this
polarization in responding patients, indicating the importance of balancing different
populations of CD4+ Tc in ITP [128,130]. Pioneering work by Kuwana and co-workers
have provided firm evidence for the presence of auto-reactive CD4+ Tc that target epitopes
on GPIIb/IIIa [131,132].

Recently, pro-inflammatory Th17 cells have emerged as a critical player in development
of autoimmunity [133]. Higher levels of Th17 cells were observed in several ITP cohorts
[134,135], but not in all studies [136]. Several studies have found higher levels of both
Th1 and Th17, compared to Th2 [137-141]. The potential involvement of another subset
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of Th cells, Th22, was also investigated in ITP. Th22 cells typically promote protective and
regenerative responses with predominant effects on epithelial cells [142-144]. Increased
levels IL-22 and elevated levels of the Th22 T cell subset have been observed in patients
with ITP suggesting a role for this population of Tc in ITP pathogenesis [145, 146]. In
line with its established role in B cell help, splenic follicular Th (TFH) cells have also been
implicated in the pathogenesis of ITP [147]. These findings show that multiple Th populations
including Th1/Th17/Th22/TFH contribute to the pathogenesis of ITP [127,129,135,137,
145-147]. We anticipate that the observed skewing toward Th1/Th17/Th22/TFH populations
is not specific for ITP as similar Th polarization profiles are observed in other autoimmune
diseases.

CD8+ T Cells

Besides autoreactive B cells, CD8+ Tc have also been implicated in ITP pathogenesis [126,
148, 149]. Evidence from association studies shows that patients with ITP more often
present with polymorphisms in CD8+ related cytokines [126,150,151], have increased
granzyme levels [152], and have imbalanced ratios of CD8+ Tc cell subsets [137,140].
As CD8+ Tc are also dependent on help of CD4+ Th cells to efficiently perform effector
functions, the polarization of CD4+ Th cells probably also affects the CD8+ Tc cell response
[137,140].

T cells are part of cell-mediated immunity and have different effector functions compared
to antibody-secreting B cells. In ITP, B cells and Tc thus elicit different forms of anti-platelet
immunity (Figure 2). CD8+ Tc have been shown to directly lyse platelets [148, 153-155],
induce platelet apoptosis [153], and inhibit thrombopoiesis by MKs [156]. CD8+ Tc can
further inhibit platelet production by inhibiting MK apoptosis [157].

Increased levels of CD8+ Tc were found in patients without autoantibodies [154], suggesting
that CD8+ Tc cell-mediated autoimmunity can be elicited separately from autoantibody-
mediated autoimmunity. Evidence of a T cell response separate from antibody-mediated
autoimmunity was further shown in ITP patients who did not respond to the anti-CD20+
B cell-depleting antibody rituximab, in whom increased levels of splenic CD8+ Tc were
detected [158]. In contrast, CD8+ Tc were found to be protective and required for effective
steroid therapy in a murine model of ITP, although these findings are counterintuitive and
not supported by observations in other autoimmune diseases [159].

It is unclear how the B cell depletion and repopulation effects of rituximab alter T cell
subsets in responding patients. Possibly, the altered cytokine environment as a result of
B cell depletion affects T cell subsets, as the B-T cell interplay is essential in a systemic
autoimmune response [160]. A recent study showed that rituximab could suppress murine
CD8+ T-cell mediated immune responses [161], suggesting that B cells may regulate the
CD8+ T-cell response in ITP. In fact, ITP patients present with lower levels of regulatory B
cells [162]. However, the effect of rituximab treatment in ITP remains difficult to interpret
as B cell depletion may also affect CD20+ regulatory B cells, which can secrete IL-10 and
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other suppressive cytokines to induce immune tolerance [163], as suggested previously.

As of yet, the target peptides expressed on MHC class I recognized by platelet
specific CD8+ Tc have not been identified. Interestingly, no clear HLA association is found
in ITP patients [38-45], as opposed to other autoimmune diseases. In H.pylori-mediated
ITP, HLA associations were also unclear [114,164]. Platelets are capable of presenting non-
renewable MK-derived peptides on MHC class I, and it is likely that these peptides are being
recognized by CD8+ Tc that develop in patients with ITP [165]. More recently, it was
proposed that platelets have the propensity to activate naive CD8+ Tc and that
platelets can present pathogen-derived peptides in the context of MHC class I [166]. In this
context, it is interesting to note that following dengue infection the MHC class I density on
platelets increases, suggesting an active role of platelets in combatting infections [166,167].
Under resting conditions, platelets do not express MHC class II molecules on their
surface, but several reports suggested platelets to express MHCII complexes during
infection [164,168]. Whether antigen presentation on MHC classI by plateletshasarolein the
pathogenesis of ITP has not been demonstrated. In view of the established role of CD8+ Tc
in this autoimmune disorder, this will be an interesting area for further research.

Regulatory T Cells

Tregs are a crucial checkpoint to limit immunity and secure immune tolerance. As such,
they are important regulators that keep both B- and T cell-mediated autoimmunity in
check (Figure 2). The importance of Tregs for the pathogenesis of ITP is evidenced by
their reduced numbers and function in patients [169-173]. The pivotal role of immune
regulation in ITP, particularly by Tregs, was further shown by phenotypic and Treg
profiling studies of treated versus untreated ITP patients. Treatment with corticosteroids
and/or rituximab in responding patients both improved Treg levels as well as their activity
[130, 174-178], indicating that loss of tolerance is essential for the pathogenesis of ITP.
In an experimental murine model of ITP, Tregs were retained in the thymus. This was
resolved by IVIg treatment, which normalized Tregs in the periphery [179]. Additionally,
transferring retained thymocytes delayed the onset of ITP, suggesting Tregs actively prevent
ITP development at least in mice [179]. Interestingly, TPO-RAs improved Treg activity
indicating that platelets could directly or indirectly play a regulatory role in ITP by affecting
Treglevels [175]. As such, it is clear that ITP patients present with lower Treglevels which are
restored upon successful treatment (see above). However, it is still unclear whether
restoring Treg functionality directly alleviates the disease or is simply a marker of restored
immune tolerance. Potentially involved pathways are further discussed below.

Tregs can interact with DCs to induce a tolerogenic phenotype. Two studies found that the
interplay between Tregs and DCs is impaired in ITP [178,180]. As Treg levels are lower in
ITP, this leads to a reduced expression of immunomodulatory enzyme indoleamine 2,3-
dioxygenase 1 (IDO1) by DCs, and increased levels of mature DCs that can
present (auto)antigens to other immune cells [178, 180]. The important role of tolerance
induction by DCs in ITP was further suggested by another study, in which IVIg was shown to
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mediate its effect via DCs in a murine model [181]. The interplay between Tregs and DCs and
immunomodulation via IL-10 is not only important in ITP but was also found essential
in antibody-mediated acute lung injury [182,183]. As such, the Treg-DC-axis may be
particularly important in autoantibody-mediated ITP, but this remains to be investigated.

Other immune Cells

Several other immune cells may modulate autoimmune responses in ITP but have
been investigated sparsely. Neutrophils have been found to line MKs in ITP bone
marrow [184], but their role in ITP has not been further investigated. A subset of CD16+
monocytes derived from patients with ITP has shown to promote the proliferation of IFN-y+
CD4+ Tc [185]. Shifts in the balance of inhibitory and activating FcyRs were observed on
monocytes following treatment with high-dose corticosteroid dexamethason as well as
following H.pylori eradication in ITP [186, 187] (further discussed below). Additionally,
they were found to be involved in T cell development [185]. Both increased and decreased
levels of NK cells have been found in ITP patients [188-190]. The significance of these
observations is unclear since NK cells are not able to lyse platelets [148].

Finally, platelets themselves may be able to affect the autoimmune response in ITP, as they
are increasingly recognized as mediators of immunity and inflammation [for a recent
review, see Ref. [191]]. Evidence for such an autoregulatory loop was found in ITP
patients responding to TPO-RAs, who not only had increased platelet counts but also
correlating higher TGF-p plasma levels [175]. Presumably, increased plasma TGEF-B
levels derive from an increased platelet mass [175]. Furthermore, TPO-RAs reduced both
autoantibody and T cell responses in a mouse model, which also lead to elevated TGF-p
plasma levels [192]. Interestingly, TPO-RAs may induce remission in a subset of patients
whom then no longer needed therapy to maintain platelet levels [193-195]. This would
imply that immune tolerance can be restored in certain patient subsets by enhancing
platelet numbers. Another mechanism by which platelets regulate immune responses occurs
via CD40L. Activated Tc can stimulate B cell proliferation and differentiation via CD40L
interactions with CD40 on B cells [196]. Platelets normally express CD40L only upon
activation, but higher baseline levels are observed in ITP patients [13]. Furthermore,
activated platelets from ITP patients were shown to stimulate autoreactive B cells by
CD40L [197]. Interestingly, CD40L inhibition was successful in suppressing T cell-
assisted B cell-mediated autoantibody production in ITP, even in treatment of refractory I'TP
[198, 199]. However, whether this is similarly successful affecting a potential B cell- platelet
interaction remains unknown.

Pathways Involved in Platelet Clearance
FcyR-Mediated eradication of Platelets

FcyRs have long been implicated in ITP etiology. These receptors are differentially ex-
pressed on immune cells and are the primary receptor for IgG. FcyRs mediate different
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functions, including phagocytosis, antibody dependent cellular cytotoxicity, and release of
cytokines [reviewed in detail in Ref. [96]]. Most FcyRs are involved in activating the immune
system, whereas FcyRIIb is the only inhibitory FcyR. Platelets only express FcyRIla on their
surface, while myeloid cells, such as granulocytes, monocytes, macrophages, and DCs
express several FcyRs [96]. In liver and particularly spleen, monocytes and macrophages
have been suggested to bind and phagocytose Ig-opsonized platelets by FcyRs, explicitly
contributing to platelet clearance and autoantigen presentation [85, 87]. As such,
polymorphisms in several FcyRs have been associated with ITP [47-54]. The low affinity
FcyRIIa, FcyRIIIb on granulocytes, and FcyRIIIa on NK cells, monocytes, and macrophages
all contain SNP that affect binding affinity to IgG (200).

For FcyRlIla, one polymorphism at position 131 (R/H, with H having higher affinity) most
strongly or exclusively affects IgG2 binding [200], and the higher-affinity allele was found
to be associated with ITP [48, 51-54]. However, these studies had inconsistent outcomes.
A recent meta-analysis indicated that the R131H polymorphism might be associated with
a subgroup of childhood-onset ITP, but this should be interpreted with caution [54]. In
accordance with the notion that FcyRIIla+ splenic monocytes are particularly
important for the clearance of platelets, only the higher affinity-allele of the FcyRIIIa
polymorphism at position 158 [F/V, with 158 V having higher affinity for IgG1 and IgG3
[200]] has been found to be associated with ITP [48, 50-53]. Intriguingly, one study found
that a polymorphism in the transmembrane region of the inhibitory FcyRIIb (2321/T) is
associated with the onset of newly diagnosed ITP in children [49]. This
polymorphism (232T) has been found to negatively affect the capacity of this receptor to
downregulate immune responses [201] and could point at an immunomodulatory role of
FcyRIIb. Intriguingly, eradication of H.pylori (a potential molecular mimicry causative
of the onset of ITP) was found to shift monocyte FcyR expression toward an inhibitory
FcyRIIb phenotype [187]. Finally, the FcyRIIc has also been associated with ITP [50].
FcyRIlc is a pseudogene in most individuals, but having FcyRIlc most likely
predisposes individuals to stronger immune responses [202,203]. While the extracellular
IgG- binding domain of FcyRIIc is identical to the inhibitory FcyRIIb, the intracelllular
tail is identical to FcyRIIa and contains an activating motif [202]. Due to the proposed
expression of FcyRIIc on B cells, it may downregulate the negative feedback provided
by FcyRIIb [202]. Interestingly, FcyRs are known to crosstalk with Toll-like receptors,
particularly during bacterial infections. This leads to T cell polarization [204], but it is
unclear if this crosstalk is in any way relevant for platelets and/or in the context of ITP.
Considering the strong correlation with infections in the onset of ITP, investigating the
FcyR-TLR crosstalk could be interesting.

Additional evidence that FcyR-mediated pathways are important in ITP pathogenesis was
shown by the therapeutic use of IVIg, which may bind FcyRs by its Fc-portion [205], and
is one of the successful cornerstone treatments for ITP to rapidly increase platelet counts.
It was recently shown that IVIg does not modulate FcyR expression directly but inhibits
the phagocytic capabilities of splenic macrophages [206]. In addition, a previous pilot
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study has also shown that Syk-inhibitors, which affect downstream FcyR signaling, can
improve ITP [207]. While IVIg does not work in all patients, the efficacy may be predicted
by specific FcyR poly-morphisms [208]. As such, various FcyR polymorphisms provide the
most compelling evidence that genetics may affect ITP, both by predicting higher risk of
disease development and treatment outcomes. In addition, the role of FcyRs on platelets and
other immune cells has now been firmly implicated in ITP pathogenesis. Nevertheless, FcyR-
independent mechanisms may exist as well.

FcyR-independent eradication of Platelets

A recent study has implicated a FcyR-independent pathway in an experimental mouse
model [209], which was hypothesized to occur simultaneously aside FcyR-mediated
clearance by splenic macrophages. Autoreactive antibodies against GPIb were
hypothesized to induce platelet activation and degranulation, which leads to sialidase
release [210]. This induces desialylation of platelet membrane glycans, which can
subsequently lead to recognition of platelets by the AMR in the liver thereby accelerating
platelet clearance [27,209]. Interestingly, there are a few cases of ITP patients with abnormal
platelet surface sialic acid levels [211,212]. Oseltamivir, which is a sialidase inhibitor used
to treat influenza, has been found to increase platelet sialic acid content [213] and in two
cases was successful in ameliorating thrombocytopenia whereas conventional therapy was
not [212,214]. Platelet desialylation was also found to correlate with non-responsiveness
to first-line therapies in ITP [215]. Finally, CD8+ Tc have also been suggested to induce
platelet desialylation and to facilitate platelet clearance similar to the earlier mentioned
mechanisms [155]. While the importance of sialic acid in the platelet life cycle has long
been established [14], it is unclear whether the experimental findings in mice can be
translated to a human and/or clinical setting. Ongoing studies are needed to establish the
importance of platelet desialylation in ITP.

C-Reactive Protein and Reactive Oxygen Species

Recently, a role for inflammatory acute-phase protein C-reactive protein (CRP) has also
been implied in ITP pathogenesis [216]. CRP levels were elevated in ITP patients and
enhanced platelet phagocytosis in presence of anti-platelet antibodies in vitro and in vivo.
This effect was ameliorated by IVIg treatment, suggesting that this mechanism may at
least in part be mediated via FcyRs [216]. Phosphorylcholine, a CRP ligand present on cell
surfaces, was exposed after antibody-induced oxidative stress. Oxidative stress induced
by ITP autoantibodies has also been shown in two separate studies on ITP [217,218] and
appears to be a suitable biomarker for ITP [219]. Additionally, the pathophysiological
role of reactive oxygen species has long been implied in a model of HIV-initiated ITP
[64,65,67]. In this model, reactive oxygen species induced by platelet antibodies were able to
directly lyse platelets, leading to platelet fragmentation. This appears to involve the platelet
NADPH pathway and is complement independent [65]. Interestingly, treating platelets with
dexamethasone was shown to inhibit NADPH oxidase components that partially prevented
induction of reactive oxygen species [67]. Further studies will be required to elucidate the
exact role of CRP, oxidative stress, and autoantibodies or autoreactive CD8+ Tc in ITP.
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Model for ITP Pathogenesis

As knowledge on the pathogenesis of ITP develops, definitions become outdated, and lines
between primary and secondary ITP are beginning to blur. In other autoimmune diseases,
infections are increasingly recognized as one of the primary initiating events that can lead
to an autoimmune response. This is not the case for ITP, where it is regarded as a secondary
form. However, even in what is called primary ITP, there must be some sort of initiating
event that triggers the autoimmune response and exposes platelet antigens. This initiating
event will obviously still have consequences for clinical treatment of ITP, whether it is an
infection, blood transfusion, drug, or an unknown other trigger. Nonetheless, infections
should no longer simply be regarded as a secondary form considering their potential as an
initiating event or trigger to expose platelet antigens.

The number of people developing ITP directly after an infection is small, which
suggests that additional factors have to be present during an infection to develop
persistent autoimmunity. Individuals with a known autoimmune disease are more
prone to develop ITP, indicating that dysregulation of immune homeostasis may
contribute to the onset of ITP. Interestingly, most pediatric patients only develop transient
thrombocytopenia, which is eventually resolved when the viral antigen is cleared.
Meanwhile, similar to other autoimmune disorders, chronic ITP is more prevalent in adult
patients, and the incidence increases with age. Based on the currently available data, we
propose a simplified model of ITP in which both exposure of platelet antigens and loss of
tolerance are required to induce ITP (Figure 3). The specific type of trigger likely determines
whether a CD4+ T cell-assisted B cell response develops or whether CD8+ Tc targeting
platelets are induced. Transient forms of ITP may develop if insufficient CD4+ T cell help is
available for the generation of class-switched, fully affinity matured, strongly binding anti-
platelet antibodies. Such antibodies are likely produced by bone marrow-residing plasma
cells in a fully developed CD4+ T cell-assisted B cell response. We furthermore propose that
platelet directed CD8+ T cell responses develop following presentation of pathogen-derived
peptides on MHC class I that may evoke the formation of CD8+Tc that (cross) react with
peptides presented on MHC class I on platelets.

Future Research

Emerging Concepts and Opportunities to Unravel the Pathogenesis of ITP

Limited information is available on the autoantigens in ITP and their importance for
recognition by immune cells once bound by autoantibodies. Epitopes targeted by
platelet autoantibodies seem to differ between patients, coinciding with different
responses to therapy and different bleeding phenotypes. The molecular basis for the variable
bleeding diathesis in patients with ITP has not yet been fully elucidated. Investigators have
primarily made use of ITP sera or plasmas to study the role of autoantibodies. However, these
can contain multiple autoantibodies, some potentially undetected by the current methods.
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Figure 3. Model for immune thrombocytopenia (ITP) pathogenesis.

We postulate a simplified model for the pathogenesis of ITP. One, neo-epitopes on platelet antigens need to
be exposed to immune cells. This requires an initiating event or trigger, such as infection, inflammation, or
molecular mimicry of viral antigens to resemble platelet glycoproteins. Two, immune cells will need to be able
to develop self-reactivity due to loss of immune tolerance. This requires either genetic disposition in immune
related-genes, autoimmunity by comorbidities that implies a central dysfunction in tolerance, or an altered
immune state such as after organ transplantation.

Similar to the elegant studied by Roark and co-workers [110], specific autoantibodies should
be isolated to further study their effects on platelets, possibly combining characteristics like
subclass characterization, epitope specificity, and glycosylation patterns.

ITP versus Other Autoimmune Diseases: Lessons to Be Learnt

In other autoimmune disorders such as rheumatoid arthritis, systemic lupus
erythematosus, or type 1 diabetes, it has been shown that post-translational modifications
of autoantigens can elicit the formation of CD4+ T cell responses as well as create neo-
epitopes that are recognized by B cells. In view of the common mechanisms involved in loss
of tolerance against self, these findings may open novel avenues for dissecting pathways
contributing to the onset of ITP.

Evidence has been obtained for post-translational modifications of platelet proteins.
Phosphorylation and particularly glycosylation of platelets have been well studied
[29,210,220,221], and the importance of platelet glycans is increasingly appreciated.
Furthermore, platelets and peripheral blood contain different glycosyltransferases to
modify platelet glycans [221], but their relevance in normal platelet physiology is still
unclear and their potential relevance for the onset of ITP has not been established. A role
for desialylation triggered by platelet autoantibodies or CD8+ Tc has been postulated,
but it is unknown if this can also lead to the generation of neo-epitopes on the platelet
surface [155,209]. Recently, it was also shown that formation of oxidative stress induced neo-
epitopes on platelets promotes binding of the acute phase protein CRP resulting in
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enhanced phagocytosis of IgG-coated platelets [216]. It is unclear whether the auto-
antibodies found in ITP patients are able to recognize such neo-epitopes in similar fashion.

Besides post-translational modifications, platelet membranes are highly dynamic with
respect to the expression of cell-surface receptors. GP expression on the platelet surface
is tightly regulated by different metalloproteases, such as ADAM10 and ADAM17 that
facilitate receptor shedding [222,223]. Additionally, platelet granules release their
content to rapidly increase receptor density on the membrane, such as the well-established
activation marker P-selectin [223]. These processes are important in both health and
disease [224]; however, it is unknown if the dynamic shuffling of receptors on the platelet
surface is in any way relevant to formation of neo-epitopes in ITP.

The difference between post-translational modifications in other autoimmune diseases and
ITP is that most of the modifications mentioned above are induced by autoantibodies in
ITP, while modifications in for example the autoantigens that are implicated in rheumatoid
arthritis precede the formation of autoantibodies [225-227] and are postulated to be one of
the key events that triggers their generation. In fact, infection-induced post-translational
modifications of target proteins, such as citrullination of fibrin, are thought to initiate a
continuous inflammatory environment, which eventually leads to autoimmunity
[225-227]. Interestingly, the autoantigens in rheumatoid arthritis are usually located on
“static” long-lived cartilage and/or joint proteins, such as fibrin. This is different in ITP,
where the autoantigens are located on GPs on platelets that have a limited lifespan.
Currently, no information is available with respect to the potential of post-
translational modifications of platelet antigens to trigger autoimmune responses. In view
of the prominent role of post-translational modifications in the onset of autoimmunity,
we speculate that this will provide a novel and interesting avenue for future research to dis-
sect the mechanisms that contribute to the onset of ITP.

Conclusion

We suggest a simplified model of ITP in which both exposure of platelet antigens and loss
of tolerance are required for the onset of ITP, thereby promoting CD4+ T cell-assisted B
cell responses against platelets. Additionally, we propose that infections resulting in the
presentation of pathogen-derived peptides on MHC class I may induce the
formation of CD8+ Tc that (cross) react with peptides presented on MHC class I on platelets.
Specific triggers likely determine the type of autoimmune response against platelets. We
speculate that post-translational modifications of platelet antigens harbor potential to
generate neo-epitopes that trigger autoimmune responses in ITP, as they do in other auto-
immune disorders. Future studies interrogating these hypotheses may yield novel insights
into the mechanisms that underlie the development of ITP.
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Abstract

Immune thrombocytopenia (ITP) is an acquired autoimmune disorder that is
characterized by low platelet count and increased bleeding risk. COVID-19
vaccination has been described as a risk factor for de novo ITP, but the effects of COVID-19
vaccination in patients with ITP are unknown. We aimed to investigate the effects of
COVID-19 vaccination in patients with ITP on platelet count, bleeding complications,
and ITP exacerbation (250% decline in platelet count, or nadir platelet count, <30x10°/L
with a >20% decrease from baseline, or use of rescue therapy). Platelet counts in patients
with ITP and healthy controls were collected immediately before and 1 and 4 weeks after
the first and second vaccinations. Linear mixed-effects modeling was applied to analyze
platelet counts over time. We included 218 patients with ITP (50.9% female; mean age, 55
years; and median platelet count, 106x10°/L) and 200 healthy controls (60.0% female; mean
age, 58 years; median platelet count, 256x10°/L). Platelet counts decreased by 6.3% after
vaccination. We did not observe any difference in decrease between the groups. Thirty
patients with ITP (13.8%; 95% confidence interval [CI], 9.5-19.1) had an exacerbation and
5 (2.2%; 95% CI, 0.7-5.3) suffered from a bleeding event. Risk factors for ITP exacerbation
were platelet count , 50x10°/L (odds ratio [OR], 5.3; 95% CI, 2.1-13.7), ITP treatment at
time of vaccination (OR, 3.4;95% CI, 1.5-8.0), and age (OR, 0.96 per year; 95% CI, 0.94-
0.99). Our study highlights the safety of COVID-19 vaccination in patients with ITP and
the importance of the close monitoring of platelet counts in a subgroup of patients with ITP.
Patients with ITP with exacerbation responded well on therapy.

Key Points:

- A decrease in platelet count after SARS-CoV-2 vaccination is similar in patients
with ITP and healthy controls.

- Risk factors for exacerbation of ITP after SARS-CoV-2 vaccination include low
platelet count, younger age, and current therapy.

COVID-19 vaccination In patients with immune thrombocytopenia
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Introduction

Vaccination against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
critical to control the COVID-19 pandemic. The European Medicines Agency has
authorized 4 vaccines for use in the European Union: the BNT162b2 (Comirnaty)
vaccine, the messenger RNA (mRNA)-1273 (Spikevax) vaccine, the ChAdOx1-S
(Vaxzevria) vaccine, and the Ad26.COV2.S (Johnson & Johnson) vaccine [1-4]. Reports
of serious adverse events, including vaccine-associated immune thrombocytopenia (ITP),
thrombosis, and the rare occurrence of vaccine induced immune thrombotic
thrombocytopenia, has led to the restrictive use of the ChAdOx1-S and Ad26.COV2.S
vaccines [5,6].

ITP is an acquired autoimmune disorder that is characterized by low platelet count
(<100x10%/L), resulting from platelet destruction and impaired platelet production,
that leads to increased bleeding risk [7]. ITP is likely to arise from defective immune
tolerance in addition to a possible triggering event [7]. COVID-19 infection has recently been
identified as a risk factor for ITP development [8], and a large population study showed
a small increased risk for de novo ITP after the ChAdOx1-S vaccine but not after the
BNT162b2 vaccine[9]. These findings illustrate that immunological events like infection
and vaccination in the COVID-19 pandemic could be an important risk factor in the
development and exacerbation of ITP.

Exacerbation of thrombocytopenia in patients with ITP after COVID-19 vaccination has
been described in retrospective studies, but a systematic evaluation of platelet counts over
time is missing [10-13].Therefore, it is still unclear how COVID-19 vaccination affects
patients with ITP over time, if and when thrombocytopenia develops, and when they are at
risk for bleeding.

To gain a better understanding of the effect of COVID-19 vaccination in patients with ITP,
we systematically monitored platelet counts, bleeding events, and ITP exacerbations in
routine clinical practice.

Methods

Trial design and oversight

We conducted a multicenter observational study across 9 participating hospitals in
The Netherlands. The study was designed and conducted in accordance with the
Declaration of Helsinki. The medical ethical committee of Erasmus MC and the local
research committees approved the study protocol and amendments (MEC-2021-0238).
Erasmus MC was the sponsor, served as the coordinating center, and was responsible for
maintenance of the database, validation and analyses of data, and trial coordination.
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Participants and procedures

Adult patients with a history of ITP, according to Rodeghiero et al [14], and who
received 21 COVID-19 vaccination were enrolled. Patients were scheduled to receive 2
vaccinations, ~4 weeks apart. Without existing guidelines about how to monitor patients
with ITP after COVID-19 vaccination, we decided to measure platelet counts at baseline,
followed by measurements 1 and 4 weeks after the first and second vaccinations as part
of routine clinical practice. Data on platelet counts of healthy controls were obtained at
baseline, as well as at 4 weeks after the firstand the second mRNA-1273 vaccinations, from the
Renal patients COVID-19 VACcination Immune Response (RECOVAC IR) study (Central
Committee on Research Involving Human Subjects, NL76215.012.21)[15]. Healthy
controls included the partner, sibling, or household member of the patient included in the
RECOVAC IR study [15].

Objectives and outcomes

The primary objective was to study platelet dynamics in patients with ITP after COVID-19
vaccination. Secondary outcomes were symptomatic bleeding (defined as World Health
Organization [WHO] bleeding > grade 2) and exacerbation of ITP (defined as the
development of any of the following: >50% decline in platelet count compared with
baseline, >20% decline in platelet count compared with baseline and a platelet nadir
<30x10°/L, or need for rescue medication). Rescue medication was defined as treatment
change at the discretion of the treating physician (ie, switch to other ITP medication,
start new ITP medication, addition of concomitant ITP medication, or intensification of
current ITP treatment), allindependently of change in platelet count and vaccine-specificand
nonspecific adverse events. Finally, risk factors for ITP exacerbation were studied.

Statistical analyses

Descriptive statistics are expressed as median and interquartile range (IQR), mean and
standard deviation, or counts with percentages. Characteristics of patients with ITP and
healthy controls were compared using Fisher’s test or Wilcoxon’s rank-sum test with
continuity correction. To identify the effect of COVID-19 vaccination over time while
taking into account intrasubject variability, a linear mixed effects model was applied to
the log-transformed platelet count. After log transformation, platelet count was closer to a
normal distribution, allowing for a better model fit. The exponentiated model
coefficients can be interpreted as ratios of the geometric means and percentage differences.
A random intercept per patient was included. In this model, time was considered a grouped
variable, and no interaction between time and ITP status was included because of the lack of
interaction (P=.78 of the interaction term). We corrected the model using fixed effects for
age, sex, duration of ITP, presence of any treatment at the start of vaccination, receiving any
previous ITP treatment, splenectomy, rescue medication, and treatment in an academic
center. Rescue medication was treated as a time-varying covariate. It was set to 0 at the start
and at 1 after the first date of rescue medication. A Friedman test was performed in the
subgroups of patients with ITP grouped by baseline platelet count with steps of 50x10°/L
platelets. The 95% confidence intervals (Cls) of the crude percentages of patients with
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exacerbation and bleeding were calculated using the Clopper-Pearson method. A logistic
regression model was created to identify risk factors for exacerbation. All other statistical
analyses were performed with IBM SPSS Statistics 25 and R version 4.1.1. with package
Ime4.

Results

Patient characteristics

We included 218 patients with ITP (50.9% female) aged 55 (17) years and 200 healthy
controls (60.0% female) aged 58 (13) years between 1 February 2021 and 16 July 2021
(Table 1). All healthy controls received the same vaccine (mRNA-1273 vaccines)[15], but
patients with ITP received 3 different types of vaccines: 201 (92.2%) received the mRNA-
1273 vaccine, 16 (7.3%) received the BNT162b2 vaccine, and 1 (0.5%) received the
ChAdOx1-S vaccine (supplemental Figure 1). Of the patients with ITP, 213 (97.7%)
received both vaccinations. Reasons for not receiving the second vaccination were death
from esophageal varices bleeding (n=1), deemed unsafe by treating physician (n=2), or
prior infection with SARS-CoV-2 virus (n=2). Healthy controls and patients with ITP
had similar baseline characteristics, with the exception of a small difference in mean age
(58.2 and 55.2 years, respectively; P=.047) and median baseline platelet count (256x10°/L
and 106x10°/L respectively; P=.001) (Table 1). One hundred and ninety-six (89.9%)
patients with ITP had primary ITP for a median duration (IQR) of 5.8 (10.6) years. One
hundred and thirty-six (62.4%) patients had chronic ITP, and 69 (31.7%) were in remission.
Sixty-four (29.5%) patients with ITP were receiving ITP treatment at the time of first
vaccination. Sixteen (7.3%) patients with ITP had used rescue medication in the 6 months
prior to COVID-19 vaccination.

COVID-19 vaccination and platelet count response

During our study, a decrease in platelet count was observed in 55% (n=120) of patients
with ITP and 63% (n=126) of healthy controls (Figure 1A). In patients with ITP grouped by
baseline platelet count, no significant difference in the decrease in platelet count over time
was found, with the exception of patients with ITP with baseline platelet counts >150x10°/L
(Figure 1B). A large variability in platelet counts was observed across patients with ITP
(intraclass correlation, 0.75; Figure 2).

In the mixed-effects analysis, a significant (6.3%) decrease in platelet count compared with
baseline was found 4 weeks after the second vaccination (Figure 3; supplemental Table
1). We corrected for age, sex, duration of ITP, current treatment, receiving any prior ITP
treatment, splenectomy, rescue medication, and treatment in an academic center. We did
not observe any difference in the decrease between the groups.

Factors significantly associated with decreased platelet counts were longer duration of ITP
(defined as years between ITP diagnosis and COVID-19 vaccination) and the presence of
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Patients with ITP (N=218) Healthy
All patients Patients with Patients with controls
with ITP ITP without | ITP with (N=200)
(N=218) exacerbation* | exacerbation*
(n=188) (n=30)
Age, y' 55.2 %+ 16.8 56.7 + 16.4 46.3+11.7 58.2+13.4
Females 111 (50.9) 97 (51.6) 14 (46.7) 120 (60.0)
Baseline platelet count, | 106 (110) 108 (108) 84 (143) 256 (83)
median (IQR), x10°/L
ITP classification}
Primary ITP 196 (89.9) 168 (89.4) 28(93.3)
Secondary ITP 21 (9.6) 20 (10.6) 2(6.7)
Duration of ITP, medi- | 5.8 (10.6) 6.0 (10.4) 4.8 (14.9)
an (IQR),y
ITP duration®
Newly diagnosed 1(0.5) 1(0.5) 0 (0.0)
Persistent 11 (5.0) 9 (4.8) 2(6.7)
Chronic 136 (62.4) 115 (61.2) 21 (70.0)
Remission 69 (31.7) 63 (33.5) 6(20.0)
Unknown 1(0.5) 0(0.0) 1(3.3)
Prior splenectomy 27 (12.4) 22 (11.7) 5(16.7)
Prior ITP treatment$ 138 (63.6) 114 (60.6) 24 (80.0)
Rescue medication in 6 | 16 (7.3) 5(2.7) 11 (36.7)
mo prior to COVID-19
vaccination’
Current therapy 64 (29.5) 48 (25.5) 16 (53.3)
Glucocorticoids 16 (7.4) 15 (8.0) 1(3.3)
Rituximab 1(0.5) 0 (0) 1(3.3)
TPO-RAs
Eltrombopag 25(11.5) 20 (10.6) 5(16.7)
Romiplostim 16 (7.4) 7(3.7) 9 (30.0)
Other 6 (2.8) 6(3.2) 0 (0.0)

Table 1. Characteristics of patients with ITP and healthy controls

TPO-RAs, thrombopoietin receptor agonists.

Unless otherwise noted, data are n (%).

*Exacerbation is defined as the development of any of the following: 250% decline in platelet count compared
with baseline, >20% decline in platelet count compared with baseline and a platelet nadir < 30x109/L, or use
of rescue medication. Rescue medication was defined as any treatment change by discretion of the treating
physician (ie, switch to other ITP medication, start of new ITP medication, addition of concomitant ITP

medication, or intensification of current ITP treatment).
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tData are mean + standard deviation.

FAccording to the definition of Rodeghiero and colleagues [14].

§Defined as having >1 therapy before COVID-19 vaccination.

¢Defined as any treatment change by discretion of the treating physician (ie, switch to other ITP
medication, start of new ITP medication, addition of concomitant ITP medication, or intensification of
current ITP treatment).
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Figure 1. Platelet counts of patients with ITP and healthy controls after COVID-19 vaccination.

(A) Platelet counts of patients with ITP and healthy controls over the entire study period. Platelet counts are
median +IQR. No significant difference in platelet count over time was observed between the 2 groups. (B)
Platelet counts for patients with ITP grouped by baseline platelet count. Absolute platelet counts are median
+IQR.

current treatment. In contrast, previous splenectomy was associated with increased platelet
counts (Figure 3; supplemental Table 1).

ITP exacerbation and complications after COVID-19 vaccination

Thirty (13.8%; 95% CI, 9.5-19.1) patients with ITP experienced an exacerbation during
the study period (Table 1). Eighteen (8.3%) patients had a >50% decline in platelet
count compared with baseline, 18 (8.3%) patients had a >20% decline in platelet count
compared with baseline and a platelet nadir < 30x10°/L, and 15 (6.9%) patients received
rescue medication after COVID-19 vaccination (Table 2). Eleven (36.7%) of these 30
patients with ITP needed rescue medication 6 months prior to COVID-19 vaccination
compared with 5 (2.7%) of the patients with ITP without exacerbation (Table 1). Of the 30
patients with exacerbation, 16 experienced it after their first vaccination, and 3 of these
patients did not receive the second vaccination. Individual platelet counts of patients
with ITP with rescue medication and a significant decrease in platelet count are shown in
supplemental Figure 2A and supplemental Figure 2B, respectively. Six (2.8%) patients
began ITP treatment after COVID-19 vaccination: 3 received glucocorticoids only, 1
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Figure 2. Individual changes in platelet count after both COVID-19 vaccinations in patients with ITP and in
healthy controls.

The absolute difference in platelet count is shown per individual in patients with ITP (red) and healthy
controls (blue), absolute differences between baseline and 4 weeks after the second vaccination (A1-A2), between
baseline and the second vaccination (B1- B2), and between the second vaccination and 4 weeks after the second
vaccination (C1-C2). Every bar represents 1 subject. A positive change in absolute platelet count means an
increase in platelet count after COVID-19 vaccination, whereas a negative change represents a decrease.
*Subject received rescue medication during the study period.
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received glucocorticoids with IV immunoglobulin (IVIG), 1 received IVIG, and 1 received
eltrombopag. Six (2.8%) patients required intensification of current treatment with TPO
RA and 1 (0.5%) switched to another TPO RA. Of these seven patients 4 used romiplostim
and 3 used eltrombopag (Table 2).

Rescue medication resulted in a complete response in 7 (46.7%) patients and a partial
response in 2 (13.3%) patients. One patient (6.7%) did not respond to rescue medication,
and 5 (33.3%) patients had no recorded response.

Bleeding complications occurred in 5 (2.3%) patients with ITP and in 0 (0.0%) healthy
controls (Table 2). The first patient experienced 2 bleeding complications after the
first COVID-19 vaccination. Two weeks after the COVID-19 vaccination, the patient
experienced hematuria with a platelet count <3x10°/L. The second bleeding was a vitreous
hemorrhage and occurred 3 weeks after the first COVID-19 vaccination (platelet count,
7x10°/L). The second patient experienced several episodes of bleeding during the study
period with epistaxis, oral mucosal bleeding, and urogenital bleeding. This patient
had a baseline platelet count <3x10°/L and received a red blood cell transfusion and
additional IVIG as the result of a severe epistaxis episode. The third patient had a
bleeding event after elective vascular surgery and received a red blood cell transfusion in
combination with platelet transfusion. The platelet count was 75x10°/L, and the
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Figure 3. Effect of COVID-19 vaccination on platelet count.

Forest plot for estimated ratios of geometric means with 95% CI for the effect on platelet count. Time points 1
week, 4 weeks, 5 weeks, and 8 weeks after the first COVID-19 vaccination are compared with T=0 (baseline),
ITP diagnosis is the comparison of patients vs healthy subjects, and other variables are reported as comparisons
of yes vs no. *Percentage difference and 95% CI were calculated from the ratio of geometric means.
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patient did not experience any decrease in platelet count after COVID-19
vaccination. The fourth patient had a spontaneous cerebellar bleeding 3 weeks after the first
vaccination with a platelet count of 104x10°/L. This patient did not experience a decrease in
platelet count after COVID-19 vaccination. The patient was treated with additional platelet
transfusion and corticosteroids. The fifth patient had a fatal esophageal bleeding 2 weeks
after the first COVID-19 vaccination. This patient experienced a decrease in platelet count to
14x10°/L after COVID-19 vaccination, for which the dosage of romiplostim was increased.
However, the patient had a normal platelet count of 175x10°/L at the time of bleeding.
Despite endoscopic intervention and additional platelet transfusion, the patient died from
ongoing bleeding. The most common side effects after COVID-19 vaccination in patients
with ITP were local tenderness and swelling at the site of vaccination (n=15; 29.4%) and
myalgia and arthralgia (n=13; 25.5%). Fever was reported more often after the second
vaccination (supplemental Table 2).

Risk factors for ITP exacerbation after COVID-19 vaccination

Risk factors for exacerbation of ITP after vaccination were baseline platelet count
< 50x10°/L (odds ratio [OR], 5.33; 95% CI, 2.07-13.73), ITP treatment at start of COVID-19
vaccination (OR, 3.44; 95% CI, 1.47-8.04), and younger age (OR, 0.96 per year; 95% CI,
0.94-0.99) (supplemental Table 3). Although a longer duration of ITP was associated with a
decrease in platelet counts over the entire study, in our logistic regression model it did not
increase the risk of exacerbation. The type of vaccine was not associated with the risk of
exacerbation, but the sample size might have been too small to detect differences between
groups. The presence of antiplatelet antibodies also was not associated with exacerbation
risk. However, the presence of antiplatelet antibodies was recorded in only 4.6% of patients
with ITP, so our sample size might have been too small to detect differences.

Discussion

We systematically investigated the effects of COVID-19 vaccination on platelet count in
a large study of patients with ITP compared with healthy controls. Only 3 of 218 patients
experienced problems after the first vaccination that prohibited completion of the series.
COVID-19 vaccination led to a significant (6.3%) decrease in platelet counts in patients
with ITP and healthy controls. Of the patients with ITP, 13.8% exhibited an exacerbation
following vaccination. Risk factors for exacerbation were baseline platelet count <50x10°/L,
having ITP treatment at the start of COVID-19 vaccination, and/or younger age. Nearly all
patients with ITP had a (complete) response after rescue medication.

Thrombocytopenia (platelet count <100x10°/L) after vaccination has been described in
children, with an incidence rate of 0.087 to 2.6 per 100 000 dose [16]. After COVID-19
vaccination in adults, the incidence rate of thrombocytopenia was reported to be 1.13
to 1.33 per 100000 ChAdOx1-S doses [9,17,18]. In our study, 63% of healthy controls
experienced decreased platelet counts 4 weeks after the second vaccination, but only 1
(0.5%) had a platelet count <100 3x10°/L.
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Total (n=218) | After first After second | Healthy
vaccination vaccination controls
(n=218) (n=213) (n=200)

Bleeding 5(2.3) 5(2.3) 0 (0.0) 0 (0.0)
WHO grade 2 2 (0.9) 2 (0.9) 0 (0.0)

WHO grade 3 1(0.5) 1 (0.5) 0 (0.0)
WHO grade 4 2(0.9) 2(0.9) 0(0.0)

Exacerbation 30 (13.8) 16 (7.3) 14 (6.6) 2 (1.0)
>50% decline in 18 (8.3) 8(3.7) 10 (4.7) 2 (1.0)
platelet count compared
with baseline
>20% decline in 18 (8.3) 6(2.8) 12 (5.6) 0(0.0)
platelet count compared
with baseline and platelet
nadir < 30 x 10°/L

Use of rescue 15 (6.9) 8(3.7) 6(2.8) 0 (0.0)

medication
Intensification of 6(2.8) 4(1.8) 1 (0.5)
treatment
Addition of extra 4(1.8) 2(0.9) 2(0.9)
medication
Switch 1(0.5) 1(0.5) 0 (0.0)
medication
Start new 4(1.8) 1(0.5) 3(1.4)
medication

Transfusion 4(1.8) 4(1.8) 0(0.0) 0(0.0)
Red blood cell 3(1.4) 3(1.4) 0(0.0)
transfusion
Platelet 2 (0.9) 2(0.9) 0 (0.0)
transfusion

Table 2. Complications after COVID-19 vaccination in patients with ITP.
All data are n (%).

In 2 small studies, a decrease in platelet counts was reported in 12% to 32% of the
patients with ITP after COVID-19 vaccination [10,11]. This is in line with our observed
decrease in 55% of patients with ITP after COVID-19 vaccination. In contrast, a study of 92
patients with ITP who mostly received the BNT162b2 vaccine did not report a decreased
platelet count after the first and second vaccinations [12]. In our mixed-effects model, we
observed a significant (6.3%) decrease in platelet counts in patients with ITP after COVID-19
vaccination. Because there is a high degree of inter- and intraindividual variability in
platelet counts over time, we systemically measured patients over a longer observation
period and corrected for inter- and intraindividual variability. We hypothesize that this
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systematic approach to monitor platelet count is essential to draw conclusions about their
changes following COVID-19 vaccination.

In our study, 13.8% of patients with ITP experienced an exacerbation, defined as
development of any of the following: >50% decline in platelet count compared with
baseline, >20% decline in platelet count compared with baseline and a platelet nadir
<30x10%/L, or a need for rescue medication. Other observational studies found comparable
incidences between 12% and 25%[11-13]. In our study, 6.9% of our patients required rescue
medication compared with 8.7% in the study by Crickx et al [12]. In other autoimmune
diseases, exacerbation of symptoms after COVID-19 vaccination has been described
anecdotally, with rapid remission after glucocorticoids [19,20]. However, in a single-
center study of 26 patients with chronic inflammatory diseases, no patient experienced a
disease flare [21].Furthermore, a large cohort study did not show any significant difference
in the exacerbation of autoimmune rheumatic disease compared with non-autoimmune
rheumatic disease after COVID-19 vaccination [22].

Based on our current understanding, we speculate that ITP stems from a propensity to
autoimmunity in combination with a triggering event, such as infection or vaccination[7].
Intriguingly, in our systematic evaluation of platelet counts in patients with ITP and
healthy individuals, we found that both groups had significantly decreased platelet counts
as a result of COVID-19 vaccination. This suggests that exacerbation or development of
thrombocytopenia because of (COVID-19) vaccination might be unrelated to ITP, as
evidenced by the fact that we could not find an interaction between platelet counts over
time and whether a subject had ITP. This observation is also underscored by the high
degree of interindividual variability in patients with ITP and healthy controls, suggesting
no universal mechanism leading to lower or higher platelet counts. We also did not find
a correlation between platelet counts and anti- SARS-CoV-2 immunoglobulin G levels
in the healthy controls (data not shown), suggesting that, at least in healthy individuals,
changes in platelet count are unrelated to vaccine response. On the other hand, we found a
significant negative association between platelet counts and ITP duration, as well as between
platelet counts and current ITP treatment. Also, patients with ITP with exacerbation needed
more frequent rescue medication prior to COVID-19 vaccination compared with patients
with ITP without exacerbation. These data may suggest that the hardest-to-treat patients
with chronic ITP are more susceptible to develop thrombocytopenia after vaccination in
comparison with a group not currently requiring treatment for ITP.

Additionally, previous splenectomy was positively associated with platelet counts over
time, signifying that this potential lack of acute immune response is directly favorable for
platelet counts in these individuals. To summarize, it remains unclear whether COVID-19
vaccination has a differential effect on patients with ITP and healthy controls. Our
associative findings warrant further investigation to firmly establish whether patients with
ITP are more prone to platelet count changes resulting from COVID-19 vaccination.
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Our study aimed to provide a better understanding of the effect of COVID-19
vaccination in patients with ITP. The strengths of this study are the prospective and
systematic evaluation of real-world data on platelet counts, bleeding complications, and the
need for rescue medication in patients with ITP. Furthermore, we used a healthy control
group to interpret results from patients with ITP accordingly. However, there are also some
limitations. First, almost all patients with ITP received the mRNA vaccine, so caution is
warranted when generalizing our results to other vaccines. Still, mRNA vaccines are the
most frequently used globally, with >80% of European vaccine recipients and >90% of
US vaccine recipients getting this type of vaccine [23,24]. One patient with ITP received
the adenoviral vector vaccine (ChAdOx1-S vaccine) without any significant changes in
platelet count. Although thrombocytopenia after COVID-19 vaccination is primarily
associated with ChAdOx1-S vaccination, conclusions cannot be made with regard to
ChAdOx1-S vaccination in patients with ITP [9]. Second, although we cannot exclude
that exacerbation after COVID-19 vaccination is due to a natural course of ITP, half of the
patients with ITP with exacerbation did not require treatment for ITP before COVID-19
vaccination. In these patients, COVID-19 vaccination seems to be a plausible cause of
exacerbation. Third, we did not assess anti-SARS-CoV-2 immunoglobulin G
levels in patients with ITP as a measure of vaccine response, so no firm conclusions can
be made about the direct effect of COVID-19 vaccination on platelet count; however,
no association between platelet count and antibody levels was noted in healthy controls.
Finally, platelet count and bleeding complications in healthy controls were obtained from
the RECOVAC IR study. Because bleeding complications were not a primary outcome
in this study, their underestimation might have occurred, although bleeding scores were
similar (eg, WHO criteria National Cancer Institute's Common Terminology Criteria > grade
2). Also, the RECOVAC-IR study did not measure platelet count 1 week after each COVID-19
vaccination. A temporary decrease in platelet counts may be missed in healthy volunteers.
In contrast, however, we observed an increase in overall platelet count in patients with ITP
1 week after the first and second vaccinations.

To conclude, our study highlights the safety of COVID-19 vaccination in patients with ITP
and the importance of close monitoring of platelet counts in a subgroup of patients with
ITP. Patients with ITP with an exacerbation responded well to therapy.
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Figure S1. CONSORT Flow Diagram.

Consort diagram of ITP patients and healthy controls describing enrolment, type of vaccine, follow-up and
analysis. Data of healthy controls were obtained from the RECOVAC IR study.14 T0= baseline, T1= 1 week after
first COVID-19 vaccination, T4= the moment of the second COVID-19 vaccination, T5= 1 week after second
COVID-19 vaccination and T8= 4 weeks after second COVID-19 vaccination.
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Figure S2. Platelet counts of ITP patients with an exacerbation after COVID-19 vaccination.

Absolute platelet counts after COVID-19 vaccination of 30 ITP patients with an exacerbation defined as use of
rescue medication (A) or significant decrease in platelet count (B). Rescue medication is defined as treatment
change at the discretion of the treating physician, i. e. to switch to other ITP medication, start of new ITP
medication, the addition of concomitant ITP medication or intensification of current ITP treatment. Significant
decrease in platelet count is defined as either a 250% decline in platelet count from baseline or >20% decline in
platelet count from baseline and a platelet nadir <30x10°/L, but did not receive rescue medication. Every line
represents one individual patient. * Time of rescue medication as described above.
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Association with log
platelet count (coeffi-
cient B)

Ratio of mean plate-
let count (ef)

Platelet count differ-
ence (percentage)

Intercept 5.63 (5.38—5.88)
ITP diagnosis -0.90 (-1.05—0.74) | 0.41 (0.35—0.48) -59.3% (-65.2—52.4)
Age (per 10 years) -0.02 (-0.06—0.01) 0.98 (0.94—1.01) -2.3% (-5.9—1.5)

Sex (female vs. male)

0.10 (-0.02—0.21)

1.10 (0.98—1.23)

10.2% (-1.6—23.4)

Time since 1st vaccination

1 week 0.02 (-0.04—0.08) 1.02 (0.96—1.08) 2.0% (-3.6—38.0)

4 weeks -0.03 (-0.08—0.01) 0.97 (0.93—1.01) -3.3% (-7.4—1.1)
5 weeks 0.06 (0.003—0.12) 1.06 (1.00—1.13) 6.3% (0.3—12.6)
8 weeks -0.07 (-0.11—0.02) 0.94 (0.90—0.98) -6.3% (-10.4—2.0)

Use of rescue

0.33 (0.14—0.53)

1.40 (1.15—1.69)

39.6% (15.2—69.1)

medication**

ITP duration (per -0.01 (-0.02—0.002) | 0.99 (0.98—1.00) -1.2% (-2.2—0.2)
year)

Splenectomy 0.36 (0.07—0.64) 1.43 (1.08—1.91) 43.3% (7.7—90.6)

Prior treatment

0.15 (-0.01—0.32)

1.17 (0.99—1.38)

16.6% (-1.4—38.0)

Current treatment

-0.20 (-0.38—0.01)

0.82 (0.68—0.99)

-17.9% (-31.8—1.3)

Academic institute

-0.05 (-0.28—0.17)

0.95 (0.75—1.19)

-5.2% (-24.5—19.0)

Table S1. Effect of COVID-19 vaccination on platelet count*.

* Estimates with 95% confidence intervals from a linear mixed-effects model with random intercept per
patient. Time points T=1, 4, 5 and 8 weeks are compared with T=0 (baseline); ITP diagnosis is the comparison of
patients versus healthy subjects; other variables are reported as comparisons of yes versus no.

** Rescue medication is defined as treatment change at the discretion of the treating physician, i. e. to switch
to other ITP medication, start of new ITP medication, the addition of concomitant ITP medication or
intensification of current ITP treatment.
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Total (N=51) After first vaccination | After second
(N=27) vaccination (N=24)

Side effect
Local tenderness/ 15 (29.4) 10 (37.0) 5(20.8)
Swelling
Fatigue 7(13.7) 4(14.8) 3(12.5)
Fever 7(13.7) 1(3.7) 6 (25.0)
Lymphadenopathy 1(2.0) 1(3.7) 0 (0.0)
Headache 6(11.7) 2(7.4) 4(16.7)
Myalgia/arthralgia 13 (25.5) 8 (26.6) 5(20.8)
Nausea/vomiting 2(3.9) 1(3.7) 1(4.2)

Table S2. Documented side effects after COVID-19 vaccination in ITP patients*.

* Data are presented as number (percentage)

OR CI

Platelet count <50x10°/L 5.33 2.07-13.73
Current treatment 3.44 1.47 - 8.04
Age 0.96 0.94 - 0.99

Table S3. Risk factors for ITP exacerbation after COVID-19 vaccination.
OR, Odds ratio calculated by multivariable logistic regression; CI, 95% confidence interval.
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Abstract

Von Willebrand disease (VWD) is a bleeding disorder caused by quantitative (type 1 or 3)
or qualitative (type 2A/2B/2M/2N) defects of circulating von Willebrand factor (VWF).
Circulating VWF levels not always fully explain bleeding phenotypes, suggesting a role
for alternative factors, like platelets. Here, we investigated platelet factor 4 (PF4) in a large
cohort of patients with VWD. PF4 levels were lower in type 2B and current bleeding
phenotype was significantly associated with higher PF4 levels, particularly in type 1 VWD.
Based on our findings we speculate that platelet degranulation and cargo release may play a
role across VWD subtypes.

Keywords: bleeding disorders, platelet activation, platelet factor 4, VWD, VWEF
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Introduction

Von Willebrand disease (VWD) is the most common inherited bleeding disorder,
characterized by a deficiency of von Willebrand factor (VWF)[1]. VWF is a large,
multimeric protein that interacts with many haemostatic components, collagen,
surface receptors on platelets, coagulation factor VIII (FVIII) and other ligands [2]. VWD is
classified in subtypes based on VWF defects that are quantitative (reduction of VWEF
levels in type 1; or absence of VWEF in type 3) or qualitative (in type 2 VWD). Type 2 VWD
can be further subdivided into: defects in multimerization or enhanced proteolytic cleavage
by ADAMTS13 (Type 2A), enhanced interaction with platelet GPIb (Type 2B), defective
binding to platelet GPIb or collagen (Type 2M) or defective binding and stabilization of
FVIII (Type 2N). This classification is based on diagnostic assays that determine function
and quantity of VWF in the circulation [1].

However, VWD patients with similar circulating VWF levels can have variable bleeding
phenotypes [3,4], suggesting that additional disease modifiers, such as release of VWF
and other haemostatic cargo from platelets may be of importance in VWD. Platelet factor
4 (PF4) is a platelet-specific chemokine that can be sensitively measured in plasma after
platelet cargo release. This cargo release from platelet alpha granules, or degranulation, is
part of the platelet activation process [5].

In the current study, our aim is to explore the degree of platelet degranulation across a
large population of VWD patients. We hypothesize that platelet degranulation could be an
additional determinant of the bleeding phenotype in VWD. We first quantified PF4 levels
across VWD subtypes and in relation to VWF parameters. Next, we investigated whether
PF4 levels are associated with the bleeding phenotype in VWD patients.

Methods

Patients

Adult patients with VWD were included in the ‘Willebrand in the Netherlands’ (WiN)
study [3,6,7]. Patients were included in 2007-2009 and citrated plasma samples were stored
at time of inclusion at —80°C. Inclusion criteria were: (1) haemorrhagic symptoms or family
history of VWD; and (2) one historically lowest measured value of VWEF antigen (VWF:Ag)
or ristocetin cofactor activity <0.3 IU/ml and/or FVIII coagulant activity (FVIIL:C) <0.40
IU/ml (for type 2N VWD). Exclusion criteria were treatment with blood products prior
to inclusion (<72 h) and pregnancy. The study was in accordance with the Declaration of
Helsinki and approved by the Medical Ethical committees of the participating centres.
Written informed consent was obtained from all study participants.
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Clinical data and bleeding phenotype

Clinical parameters in the WiN study have been described previously [3,6,7]. Bleeding
scores were assessed using the self-administered version of the condensed Tosetto bleeding
score, while current bleeding phenotype was defined as bleeding episodes that required
haemostatic treatment in the year prior to inclusion [8,9]. Platelet counts of type 2B patients
were collected from patient files. Thrombocytopenia was defined as platelet counts below
150x10%/L. Persistent thrombocytopenia was defined as thrombocytopenia throughout the
total follow-up period based on available platelet count data in medical files. Intermittent
thrombocytopenia was defined as platelet counts that fluctuated between reference values
150-400x10°/L and below 150x10°/L.

Plasma measurements and statistics
Measurements of VWF parameters and PF4 in plasma, as well as statistics are described in
the Supporting information.

Results

PF4 levels are lower in type 2B VWD

Plasma PF4 was measured in a total of 594 VWD patients (Table S1; Figure S1). We found
that PF4 levels differed across VWD subtypes (p < 0.0001, Figure 1). PF4 levels in type 2B
VWD patients [63.2 (32.1-115.4) ng/ml] were lower compared to type 1 VWD patients
[110 (70.7-160.7) ng/ml, p=0.0003].
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Figure 1. Platelet factor 4 (PF4) levels in the von Willebrand disease (VWD) cohort.

Distribution of PF4 plasma levels in ng/ml are shown per subtype of VWD. Subtypes are type 1 (n=368), type
2A (n=125), type 2B (n=50), type 2M (n=20), type 2N (n=12) and type 3 (n=19). Data shown as median +
interquartile range. ****, p < 0.0001.
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Potential determinants of PF4 plasma levels in type 2A and 2B VWD

In the total VWD population, we found no association between PF4 and VWEF:Ag,
VWEF activity, or VWF collagen binding (data not shown). We found a small negative
correlation between PF4 levels and VWF propeptide/ VWEF:Ag ratio in VWD patients
(r=—0.083, p=0.043) which was primarily attributable to type 2A patients (r=—0.214,
p=0.017). In line with this observation, we found a positive correlation between PF4 and
VWF:Ag levels in type 2A VWD patients (r=0.229, p=0.010).

A further, explorative, analysis of PF4 levels in types 2A and 2B showed that levels may
be associated with specific mutations (Figure S2A,B). We found significantly lower PF4
levels in type 2B patients with persistent thrombocytopenia when compared to patients with
intermittent thrombocytopenia or normal platelet counts (Figure S2C).

PF4 levels associate with bleeding requiring treatment in VWD patients

Finally, we investigated whether PF4 levels were associated with bleeding phenotype
in VWD patients (Figure 2A). PF4 was not associated with total bleeding score [3=0.02
(—0.52;0.56), p=0.940]. However, we found that PF4 levels in the total VWD cohort
were positively associated with the current bleeding phenotype [odds ratio (OR) 1.21
(1.02;1.43), p=0.029]. Similarly, the third and fourth PF4 quartiles contained a higher
proportion of patients who experienced recent bleeding (Q1=28.7%, Q2=23.1%, Q3=34.5%,
Q4=38.0%; Figure 2A).

When VWD types were analysed separately we only found a significant association between
PF4 and current bleeding phenotype in patients with type 1 VWD [OR 1.40 (1.10-1.79),
p=0.007]. Descriptive data are further shown in Figure 2B.

Discussion

In this study, we measured PF4 levels in a large and well-defined cohort of VWD
patients aiming to investigate platelet degranulation in VWD. We found that PF4 levels were
positively associated with the current bleeding phenotype, mainly in type 1 VWD
patients. We also identified that type 2B VWD patients, particularly those with persistent
thrombocytopenia, had lower PF4 levels in comparison to type 1 VWD patients.
Associations between PF4, VWF levels and VWF mutations suggest that platelet
degranulation could play role in type 2A and 2B VWD. In conclusion, our associative
findings highlight a potential association between PF4 levels, as a measure for platelet
degranulation, and current bleeding phenotype in VWD patients.

The role of platelets and their cargo release in the pathophysiology and phenotype
of VWD patients is largely unknown, as there have been no large cohort association
studies until now. We found that PF4 levels were positively associated with a current bleeding
phenotype, particularly in type 1 VWD. Considering that bleeding in type 1 VWD patients
is also determined by factors other than VWF [3,4,10,11], our data suggest that platelet
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Figure 2. Platelet factor 4 (PF4) levels in relation to current bleeding phenotype in the von Willebrand disease
(VWD) cohort.

PF4 plasma levels were related to bleeding that required treatment in the year prior to inclusion. For this anal-
ysis, PF4 was subdivided into quartiles: 0.00-65.00 ng/ml (Q1), 65.40-105.90 ng/ml (Q2), 106.30-161.00 ng/
ml (Q3) and 161.80-394.50 ng/ml (Q4). The proportion of patients with no bleeding (no bleed, blue) versus
bleeding (bleed, red) were plotted across the four quartiles of PF4 levels (A). Bleeding versus PF4 levels are also
plotted per subtype and total population (B). Data are shown as proportion (A) and median + interquartile
range (B).
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cargo release may be of particular interest in this subtype. Elevated PF4 levels may be
indicative of partial pre-release of platelet cargo or constitutive platelet activation,
suggesting platelets may no longer fully function during primary haemostasis. This might
explain the increasing bleeding tendency in patients with higher PF4 levels, but mechanistic
studies are required to further elucidate this.

We also found that PF4 levels were lower in type 2B compared to type 1 VWD,
especially in those with persistent thrombocytopenia. Possibly, this indicates that the
continuous consumption of platelets [12] (capable of releasing PF4) in some of these
patients leads to lower PF4 levels. Platelet degranulation itself could also be affected, as PF4
levels in type 2B patients without thrombocytopenia were also lower than in type 1 VWD.
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A final explanation for lower PF4 levels in type 2B may be due to megakaryocytic defects in
type 2B patients, which could directly affect PF4 synthesis [13].

In the current study, we also identified a positive correlation between PF4 and VWF
levels in type 2A VWD patients. A recent in vitro study has demonstrated that VWF and
PF4 may interact under specific conditions, possibly at the A2 domain of VWE, and that
this interaction may affect ADAMTS13-mediated cleavage of VWF [14]. Intriguingly, we
found that type 2A patients with A2 mutations had high PF4 levels, which might indicate a
similar interaction in vivo. We did not find an association between ADAMTS13 activity
and PF4 levels (data not shown), but the assay for ADAMTS13 activity is not suited to
determine how PF4 affects ADAMTS13-mediated VWF proteolysis [15]. Thus, our data
cannot decisively answer if PF4 plays a role in VWF interactions and ADAMTS13-
mediated proteolysis in vivo yet, but suggests this could ultimately be relevant to type 2A
patients.

One limitation of the current study was that platelet degranulation was measured based
solely on a plasma marker. Ideally, a parallel approach would also measure platelet cell
surface activation markers, but this requires fresh platelet samples. Finally, another
limitation is that we had no access to a healthy control dataset that was matched to the
patient population. A prospective follow-up study that includes both VWD and healthy
subjects would be very useful to further elucidate the role of platelet degranulation in VWD.

In conclusion, we evaluated PF4 plasma levels as a marker of platelet degranulation in a
large cohort of VWD patients. Our findings suggest that platelet degranulation may be
associated with current bleeding phenotype in type 1 VWD, and VWF levels and
mutations in type 2A and 2B VWD. Further mechanistic and prospective studies on the role
of platelet cargo in the pathophysiology of VWD will be needed to elucidate the associations
generated in this study.
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Appendix
Supplementary Methods

Diagnostic laboratory measurements

In the WiN study, plasma levels of VWF antigen (VWF:Ag), VWF activity (measured by
VWF monoclonal antibody assay, VWEF:Ab), VWEF collagen binding capacity (VWF:CB)
and FVIIL:C were centrally measured in samples obtained at inclusion in the study, at
the Erasmus University Medical Centre as described previously [1-3]. VWF propeptide
(VWEpp) was centrally measured at the Leiden University Medical Centre (Leiden, the
Netherlands) [3]. VWF multimers and ratios as well as ADAMTS13 activity were assessed
as previously described [4, 5].

PF4 plasma levels

To measure PF4 plasma levels, a PF4 ELISA kit (DY795, R&D Systems) was employed
according to the manufacturer’s protocol with some adaptations to minimize analytical
variation. Between all steps, ELISA plates (Corning, cat#CLS3590) were washed 3x in PBS
containing 0.05% Tween-20. Plates were first coated in 2 pg/ml capture antibody in PBS
(mouse anti-human PF4) overnight and stored at 4°C until use. Plates were then blocked in
PBS + 1% bovine serum albumin (BSA, Sigma, cat#A1470)(PBS/BSA) for 1 hour at RT, after
which samples and standard curves were added in duplicate. For standards, we used the
recombinant human PF4 provided by the manufacturer (0-4000 pg/ml) as well as a plasma
standard based on Normal Pooled Plasma from healthy donors (Sanquin, dilutions ranging
from 1:25-1:1600). Each plate had standard curves of both. Patient plasma samples were
added in 3 dilutions per sample in PBS/BSA for 2 hours at RT, followed by incubation with
200 ng/ml primary antibody (biotinylated goat anti-human PF4) in PBS/BSA for 2 hours
at RT, and finally 1:200 secondary antibody (streptavidin-HRP) in PBS/BSA for 20 min at
RT. Ultimately, plates were developed with TMB substrate (Fisher Scientific, cat#10076433)
for 5 minutes, stopping the reaction with 2 N H2SO4. Absorbance was measured on a
spectrophotometer (Victor X4, Perkin Elmer) at 480 nm (signal) and 560 nm (background).

PF4 plasma levels in NPP were then determined using the recombinant PF4 standard, by
using the aggregate of all plates (n=58) to correct for potential variability across plates. NPP
curves were then used to calculate patient PF4 values of the multiple dilutions. Values that
did not correspond to a linear section of these plasma curves were omitted.

Statistics

Continuous data are presented as median and interquartile range [IQR], whereas
categorical data are presented as number and proportion (%). Normality of data was
assessed with four normality tests, which showed that PF4 was not normally distributed.
Prior to analysis, outliers were defined as PF4 levels higher than +2 standard deviations
from the mean (Supplemental Figure S1).
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Comparison of PF4 levels between VWD types was analyzed using the Kruskal-Wallis
test with a post-hoc analysis that was corrected for multiple comparisons using Dunn’s
test. Correlation between PF4 and VWF levels was assessed with Spearman’s correlation
analysis. Comparisons of mutations and thrombocytopenia in type 2A and type 2B patients
were performed using Mann-Whitney U tests as an explorative analysis. The association
between PF4 and total bleeding score was analyzed with linear regression analysis, while
the association between PF4 and bleeding requiring treatment in the year prior to inclusion
in the study was analyzed with binary logistic regression analysis. Regression analyses were
adjusted for age, sex and BMI.

Outcomes of linear regression analyses are presented as unstandardized beta (B) and 95%
confidence interval (CI), whereas outcomes of logistic regression analysis are presented
as odds ratio (OR) and 95%CI. In the linear regression analyses and logistic regression
analysis with bleeding as dependent variable, PF4 was proportioned in quartiles. A p-value
below 0.05 was considered as significant. All analyses were performed with SPSS version 25
(IBM Statistics).
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Supplementary Figures
VWD (n=594)
Total (n=594) Type 1 (n=368) | Type 2 (n=207) | Type 3 (n=19)
Age (years) 44 [31-58] 45 [32-57] 44 [31-59] 26 [12-54]
Female sex 373 (62.8%) 249 (67.7%) 114 (55.1%) 10 (52.6%)
Blood group O 361 (61.1%) 252 (69.0%) 101 (48.8%) 8 (42.1%)
VWE:Ag (IU/ml) 0.29 [0.17-0.45 0.36 [0.21-0.53] | 0.24 [0.16-0.35] | 0.00 [0.00-0.01]

VWE:Ab (IU/ml)

0.22 [0.08-0.53

0.43 [0.21-0.70

0.08 [0.03-0.15

0.00 [0.00-0.00]

VWE:CB (IU/ml)

FVIIL:C (IU/ml)

0.5110.32-0.74

0.65 [0.46-0.87

0.36 [0.27-0.47

[

[
0.00 [0.00-0.00]
0.01 [0.01-0.03]

VWEpp/VWE:Ag

2.79 [1.87-4.96

2.17 [1.73-3.35

4.51[3.31-5.91

EVIIL:C/VWEF:Ag

1.73

[ ]
[ ]
0.22 [0.07-0.52]
[ ]
[ ]
[1.38-2.28]

]
]
0.41 [0.19-0.66]
]
]
]

1.81 [1.47-2.36

]
]
0.07 [0.06-0.13]
]
]
]

1.56 [1.24-2.03

Bleeding score

11 [6-17]

9 [5-15]

13 [9-20]

20 [16-27]

Bleeding requiring
treatment in the
year prior to inclu-
sion in the study

176 (31.1%)

77 (21.8%)

86 (44.1%)

13 (76.5%)

Data are presented as median with interquartile range in brackets or number and proportion (%).

Supplementary Table 1. Patient characteristics.

Samples from the WiN studies were available from 615 adult VWD patients, where we measured PF4 in a total of
594. Five patients were excluded due to a treatment with VWF concentrate or DDAVP less than 72 hours prior
to blood draw, or pregnancy. Sixteen patients were excluded as outliers (PF4 levels >2x SD, Supplemental Figure
S1). The largest group was type 1 VWD (n=368), followed by type 2 VWD, which was subdivided in type 2A
(n=125), type 2B (n=50), type 2M (n=20) and type 2N (n=12). Finally, a small group had type 3 VWD (n=19).
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Supplemental Figure S1. Outlier handling and data distribution.

All PF4 data points were analyzed for outliers prior to further analysis, represented as frequency distribution (A)
and singular data points (B). Values that were larger than 2x S.D. were excluded (red line), which were 16 data
points in total. Data distribution of included PF4 values is also shown (C).
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Supplemental Figure S2. PF4 levels in type 2A and 2B patients.

PF4 levels in VWD patients with different mutations in type 2A- (A) and type 2B patients (B). PF4 levels in type
2B patients with no-, intermittent or persistent thrombocytopenia (C). Data shown as median + interquartile
range. * = p<0.05, ** = p<0.01.
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Abstract

Background: Platelets play a key role in hemostasis through plug formation and secretion
of their granule contents at sites of endothelial injury. Defects in von Willebrand factor
(VWE), a platelet a-granule protein, are implicated in von Willebrand disease (VWD),
and may lead to defective platelet adhesion and/or aggregation. Studying VWF quantity
and subcellular localization may help us better understand the pathophysiology of VWD.
Objective: Quantitative analysis of the platelet a-granule compartment and VWF storage in
healthy individuals and VWD patients.

Patients/Methods: Structured illumination microscopy (SIM) was used to study VWF
content and organization in platelets of healthy individuals and patients with VWD in
combination with established techniques.

Results: SIM capably quantified clear morphological and granular changes in platelets
stimulated with proteinase-activated receptor 1 (PAR-1) activating peptide and revealed
a large intra-and interdonor variability in VWEF-positive object numbers within healthy
resting platelets, similar to variation in secreted protein acidic and rich in cysteine (SPARC).
We subsequently characterized VWD platelets to identify changes in the a-granule
compartment of patients with different VWEF defects, and were able to stratify two
patients with type 3 VWD rising from different pathological mechanisms. We further
analyzed VWF storage in a-granules of a patient with homozygous p.C1190R using electron
microscopy and found discrepant VWF levels and different degrees of multimerization in
platelets of patients with heterozygous p.C1190 in comparison to VWF in plasma.
Conclusions: Our findings highlight the utility of quantitative imaging approaches in
assessing platelet granule content, which may help to better understand VWF storage in
a-granules and to gain new insights in the etiology of VWD.

Keywords: blood platelets, optical imaging, type 3, von Willebrand disease, von Willebrand
factor

Essentials

o Characterizing platelet granule content is essential to better understand platelet disorders.
o Structured illumination microscopy (SIM) allows quantitative study of platelet cargo like
von Willebrand factor (VWF).

« SIM identifies different VWF alterations in platelets of patients with type 3 von Willebrand
disease.

« Electron microscopy and multimer analysis implicates defective VWE storage in patients
with p.C1190.
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Introduction

Platelets are circulating, anucleate cells that play a key role in the hemostatic system.
Platelets bud off from megakaryocytes into the circulation and contain several different
types of granules [1]. The most abundant organelle in platelets is the a-granule, which
contains many important hemostatic and inflammatory proteins such as von
Willebrand factor (VWE), fibrinogen, and platelet factor 4 [1]. Other proteins such as
secreted protein acidic and rich in cysteine (SPARC; or osteonectin) have less well-defined
roles in hemostasis but are nevertheless abundant in platelet a-granules [2-5].

Upon tissue injury, platelets adhere to damaged endothelium through extracellular matrix
collagen and VWF via various glycoprotein receptors on the platelet membrane, followed
by secretion of their granular contents into the thrombus environment [6]. This further
enhances the hemostatic response through release of adhesion proteins (like VWF and
fibrinogen) and potent signaling molecules, that is, thrombin, ADP, and thromboxane
A2 [1,7]. Regulation of platelet granule biogenesis and release is essential for normal
hemostasis, as defects in these pathways can lead to bleeding problems [6,8].
Mechanisms that control these biological processes have been gradually elucidated, yet
routine techniques often fail to identify the underlying defects in patients.

With the advent of super-resolution light microscopy techniques, we are able to
image platelets with sufficient resolution to discern individual granule cargo while
obtaining high-throughput quantitative light microscopy data [9]. Structured illumination
microscopy (SIM) is a relatively quick and easy-to-use super-resolution method, which
makes it suitable to image platelets of a large number of healthy individuals and patients.
A previous study has successfully used SIM-based quantification of dense-granule content
to identify Hermansky-Pudlak syndrome patients [10]. However, quantitative studies of
platelet a-granule content and subcellular localization are lacking and will be essential to
better understand bleeding disorders where platelet a-granules or their content are affected
[10,11].

Von Willebrand disease (VWD) is the most common inherited bleeding disorder,
hallmarked by defects of VWEF that may consequently lead to defective platelet
adhesion and/or aggregation [12,13]. VWD is classified in subtypes based on either a
quantitative (type 1 or 3) or qualitative (type 2) defect of VWE, determined through
diagnostic assays that measure circulating levels and function [14]. However,
mutations can also cause intracellular defects that lead to inadequate synthesis, secretion,
or multimerization [12]. Patients with the same type of VWD and similar circulating
VWEF levels can have a very different bleeding phenotype [13], suggesting VWF in cellular
compartments like platelet a-granules may play a role in the pathogenesis of VWD.
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Patient | Family | Age | Sex | Blood | VWD | Platelet | BS | Mutation DNA
group | type count®
1 - 33 |M |O 3 302 34 | Aexon 4-5 Del exon4-5
+p.L2306R fs*4 | +c.6917delT,
compound het | exon 40
2 2+3 14 |F |B 3 328 20 | p.C1190R hom | ¢.3568T>C,
+4 exon 27
3 2+3 18 |M [A 2A 294 4 | p.C1190R het | c.3568T>C,
+4 exon 27
4 2+3 43 |F |O 2A 261 3 | p.C1190Rhet | c.3568T>C,
+ 4 exon 27
5 - 57 |F |O 2A 316 10 | p.C1190Y het | c.3569G>A,
exon 27
Patient | VWF:Ag* VWE:Ab* VWE:CB* FVIILC VWEpp
[0.60 -1.40] [0.60 -1.40] [0.60 -1.40] [0.60 -1.40] [150 -400]
1 0.00 0.00 0.00 0.00 0.00
2 0.05 0.04 - 0.04 0.00
3 0.29 0.12 - 0.52 0.39
4 0.24 0.05 0.10 0.42 0.45
5 0.84 0.25 0.23 0.57 0.89

Table 1. Characterization of patients with VWD

Note: Clinical and laboratory data is shown for all five patients with VWD included in this study.

Reference values are shown in brackets.

Abbreviations: BS, bleeding score as determined by the ISTH Bleeding Assessment Tool [53]; FVIII:C, factor
VIII activity (IU/mL); het, heterozygous, hom, homozygous; VWEF:Ab, von Willebrand factor activity (IU/mL);
VWF:Ag, von Willebrand factor antigen (IU/mL); VWF:CB, von Willebrand factor collagen binding (IU/mL);
VWEpp, von Willebrand factor propeptide levels (IU/mL).

“Historically lowest levels. ®Average over last four most-recent measurements (*10°/L).

To study VWF in oa-granules, we have developed an analysis tool based on SIM
imaging of platelets of healthy individuals and people with VWD. Large data sets of
immunofluorescence-based data were processed simultaneously through an analysis
workflow that facilitates quantitative study of platelet a-granule content. We quantified
morphological shape change and a-granule content release in proteinase-activated
receptor 1 (PAR-1) stimulated platelets and assessed the variability in a-granule
constituents across healthy individuals. We then focused on patients with VWD with
severe quantitative defects (type 3) and qualitative multimerization defects (type 2A) in
VWEF and assessed changes in their platelet compartment. We generated quantitative

84



Quantitative 3D Microscopy Highlights Altered VWF a-granule Storage in VWD Patients

platelet a-granule cargo data in conjunction with electron microscopy (EM) and VWF
multimer analysis, showing the viability of a SIM-based approach in the characterization of
the platelet a-granule compartment and VWF storage in a-granules in VWD.

Methods

A full description of flow cytometry, VWF multimer analysis, and EM are available in the
Supporting Information (Methods).

Patients and healthy donors

Peripheral blood was obtained from consenting healthy donors and patients with VWD.
Patients were included at the Department of Hematology in the Erasmus University
Medical Center, Rotterdam, via the Prospective Von Willebrand Disease in the Netherlands
Study (WiN-Pro). This is an ongoing nationwide prospective-observational cohort study
(NCT03521583), performed according to the Declaration of Helsinki, and approved by the
institutional ethics board. Clinical data shown here was collected as part of the WiN-Pro
study protocol or obtained retrospectively from patient files (Table 1).

Platelet preparation

Whole blood was spun for 20 minutes at 120 g without brake to generate platelet-rich
plasma (PRP). Any subsequent centrifugation steps to wash platelet suspensions were
performed at 2000 g for 8 minutes as detailed below. PRP was immediately fixed in 1%
formaldehyde for 5 minutes, then washed three times in washing buffer (36 mM citric
acid, 103 mM NaCl, 5 mM KCI, 5 mM EDTA, 5.6 mM glucose, pH 6.5). For activation
experiments, PRP was first incubated with either phosphate buffered saline (PBS) or 10pM
PAR-1 AP (Peptides International, Louisville, KY, USA; cat# PAR-3676-PI) for 30 minutes
at 37°C, without stirring or agitation.

Immunofluorescent staining

All incubations were done at room temperature unless otherwise stated. 9 mm?
1.5H high-precision coverslips (Paul Marienfeld, Lauda-Konigshofen, Germany;
cat#OTMS20B) were coated with poly-l-lysine (Sigma-Aldrich, St. Louis, MO, USA;
cat#P0899;100ug/mL in PBS) and seeded with 3 million platelets per sample. Platelets were
permeabilized in Perm/Quench (50 mM NH4CI, 0.1% saponin), washed three times
in PGAS (PBS with 0.2% gelatin, 0.02% azide, and 0.02% saponin), and finally stored in
PGAS at 4°C until immunostaining [15]. Samples were stained and imaged within 1 week.
Coverslips containing platelets were probed with antibodies (Table S1) and washed three
times with PGAS in between steps. Initial staining setups were controlled using primary or
secondary antibodies only and did not yield any immunopositivity. Finally, slides were
dipped in PBS, mounted in mowiol (Sigma-Aldrich; cat# 214590), and sealed with nail
polish before imaging.
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Structured illumination and confocal microscopy

SIM images were acquired on an Elyra PS1 (Zeiss, Jena, Germany) microscope through
a 63x plan-apochromat DIC 1.4 NA lens, using five phases and five rotations of the
illumination pattern. Diode lasers (100 mW) with a wavelength of 488, 561, and 633 nm
were used with an appropriate emission filter (BP 420-480 +LP750, BP 495-575 +LP 750,
LP 655, respectively) in the light path. Laser power and gain were optimized per sample to
ensure reconstruction quality. At least three representative fields of view with full Z-stacks
were collected per donor, using an interval of 110 nm between slices (=50 slices per Z-stack,
or 5.5um). After image acquisition, samples were reconstructed with state-of-the-art SIM
reconstruction using Zen Software (Zeiss). From the same sections, confocal images were
taken at standardized laser settings. Multiple Z-stacks were taken per sample on a SP5
confocal microscope (Leica, Wetzlar, Germany).

Image analysis

For analysis of reconstructed SIM data, we applied a semi-automated analysis method using
Fiji software [16] in combination with published plugins as well as in-house written macro
code (Figure S1). Quality of reconstruction was assessed with the SIM-check plugin [17]
while lateral resolution was calculated to be =120 nm using Fourier ring correlation [18]
(Figure S2).

In the analysis, single platelets were first segmented on the basis of a-tubulin staining in
a two-dimensional average intensity projection and thresholded on the basis of the Li
algorithm [19], excluding platelets that were not completely in the field of view. Baseline
correction was performed by subtracting a fixed value (determined by reconstruction
software) from the whole image. Background correction for granular staining was then
performed for all images individually by normalizing the whole image to the highest
background level in the stack (determined by finding an area of background in the slice
with the lowest average signal, usually in the middle of a stack).

Next, we segmented unique immunopositive structures, termed objects, per granular
channel in full three-dimensional (3D) voxel space using a 3D maxima finder and 3D
watershed [20] and applied Moments thresholding [21]. Noise parameters were
determined by selecting the best fit (highest derivative point of a plot of threshold parameter
vs number of objects) to filter out any quantification of residual noise. Three-dimensional
morphometrics were calculated from the segmented immunopositive objects with relative
volume sizes represented in voxels [20].

We also quantified unique immunopositive objects in 2D space on an average-
intensity projection of each granular channel to assess spatial distribution. Similarly, we
used a 2D maxima finder and determined noise parameters through best fit (highest
derivative point of a plot of threshold parameter vs number of objects). For each unique
2D object we then calculated minimal distances to the nearest object using the in-house
Nearest Neighbour plugin, or minimal distances to the a-tubulin mask (Nearest Edge)
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(code available at https://github.com/ErasmusOIC/NearestNeighbour). Finally, we
assessed colocalization of separate granular stains using an object-based method by
calculating minimal distances of unique objects in channel 1 (eg, VWF) to the nearest
object in channel 2 (eg, SPARC) [22-25].

Analysis and quantification of unique objects in confocal images was largely similar but
adapted to a 2D approach using maximum intensity projections for all channels. In brief,
segmentation of single platelets using a-tubulin was performed using the Otsu thresholding
algorithm [26]. Spatial distributions were calculated as described for reconstructed SIM
images. Confocal mean fluorescence intensity (MFI) measurements were performed on an
average of three sequential slices.

A detailed description of all parameters measured per platelet and per sample is presented
in Table S2.

Statistical analysis

Continuous variables are presented as mean + standard deviation, whereas categorical
variables are presented as number and proportion. To compare two or more groups, we
used nested t test or analysis of variance using a mixed-effects model (Prism version 8;
GraphPad Software, La Jolla, CA, USA). Correlation was performed using Spearman’s
ranked correlation. Poisson regression was used in regression analysis. A P value <.05 was
considered significant.

Results

Quantitative imaging of alpha-granule content by super-resolution microscopy

To quantitatively study platelets and their a-granule cargo, we used SIM imaging and
compared it to standard confocal imaging (Figure 1A). For the analysis, we developed a
semi-automated workflow in Fiji software to annotate and quantify unique intracellular
structures (termed objects) in full 3D voxel space from reconstructed SIM images (Table
S2). In this 3D-SIM workflow, of which one field of view is shown (Figure 1B), platelets were
stained for a-tubulin to depict their unique marginal band (Figure 1C), while VWF and
SPARC were immunolabeled to study the a-granule compartment (Figure 1D,E). We found
that SPARC stained more diffusely, while VWF staining was concentrated into discrete
volumes (Figure 1D). Additionally, we detected VWEF-positive volumes
predominantly in close proximity to SPARC-positive staining or in an outline of SPARC-
positive objects through the Z-axis (Figure 1E). This was also evident from a 3D perspective
(Video S1). Unique objects were quantified per granular staining and per platelet (Figure
1C,D),and we found that the number of VWF-and SPARC-positive structures per platelet was
slightly different but correlated closely (Figure 1D,F). Our quantification of unique objects
is two-to fourfold lower than a-granule numbers estimated from historical EM stereology
approaches [27-30]. The total cargo volume, which is independent of optimal segmentation
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Figure 1. Differences between confocal and structured illumination microscopy (SIM) imaging, and analysis
workflow of platelet and granule morphometrics.

Resolution differences between confocal and SIM are illustrated in resting platelets. (A). Shown are the four
main steps (B-D) for Image]J-based processing of super-resolution data. One field of view is shown (B). First,
platelets are segmented through automated thresholding on alpha-tubulin staining, shown in magenta,
segmentation line in yellow (C). Each individual platelet (n=205) is then assessed for granular staining using
von Willebrand factor (VWE) (D; shown in red) and secreted protein acidic and rich in cysteine (SPARC)
(D; shown in green). Overlap between VWF (object) and SPARC (outline) is shown in serial slices in (E).
VWE-or SPARC-positive volumes of fluorescence are then separated in 3D through 3D-based plugins,
counted and processed for morphometry (F). Scale bar is 3um in panel (A), 5um in panel (B-C); both show an
average intensity projection. One slice is shown for panel (D). Brightness and contrast were adjusted to enhance
visibility of the design. Quantification of unique VWEF-positive (red) and SPARC-positive (green) objects their
totalvolume, and correlation per plateletisillustrated in (F) for oneimage. Data are represented as mean + standard
deviation.

of unique structures, showed a slightly larger discrepancy between VWF and SPARC
(Figure 1F). These staining and volume differences are likely due to the reported eccentric
localization of VWF within the a-granule, as opposed to most other a-granule proteins like
SPARC [29-31]. As SPARC occupies a larger area inside a-granules, this explains the larger
volume measurements in comparison with VWE Some studies have previously argued that
VWF and other proteins may be stored in subpopulations of a-granules [32,33], potentially
representing subpopulations with distinct functions. However, recent EM work of whole
platelets has shown that VWF is present in every a-granule, but due to its eccentric
localization this becomes only apparent in 3D-EM reconstructions [29](Figure 1E).
Morphological SIM analysis of VWF and SPARC staining with fibrinogen or P-selectin
yields a similar pattern (Figure S3).

In a quantitative confocal microscopy-based analysis of the same data set, we detected less
VWE-positive objects (SIM, 14.4; confocal, 8.1) and less SPARC-positive objects (SIM,
15.8; confocal, 8.4) (Figure S4A). In similar fashion, we observed an overestimation of the
total volume by 2.5x in confocal images (Figure S4B), indicating that SIM is more capable to
segregate individual objects as well as to better estimate the volume of granule constituents.

Platelet stimulation by PAR-1 activating peptide triggers VWF+ granule release,
marginal band compression, and a-granule content reorganization

Next, we tested whether our analysis was able to identify clear changes in platelet
morphology and a-granule content after platelet activation in vitro. Activation of platelets
with PAR-1 activating peptide (PAR-1- AP), a strong agonist of the PAR-1 receptor, led to
a reduction of VWEF-positive objects (rest 14.04 vs PAR-1-AP 7.43, P=.03) that signified
a-granule release (Figure 2A,B). Degranulation was confirmed through assessment of P-
selectin exposure by flow cytometry, which also showed no signs of platelet aggregation
(Figure S5). Confocal 2D analysis found only a trend toward lower levels (Figure S6A,B),
which is most likely due to the lower dynamic range in which we can detect granular
structures in confocal microscopy. Additionally, we were able to quantify compression of
the marginal band area in activated platelets (rest 7.21um? vs PAR-1-AP 5.69um?, P=.03)
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(Figure 2C), which is thought to play a role in a-granule exocytosis [34]. Finally, we
detected a decrease in total VWE-positive volume in stimulated platelets, albeit not
significant due to a high variation across experiments (Figure 2D).

Poisson regression analysis showed that the relation between object numbers and
marginal band area was significantly different between both conditions (Figure S6C). We
were also able to detect changes in the spatial distribution of unique objects in relation to each
other or to the marginal band in PAR-1-stimulated platelets (Figure S6D). Combined, these
findings are in accordance with an a-granule release phenotype and may even suggest some
degree of granule reorganization in response to PAR-1-AP triggering. Potentially, granule
reorganization signifies some degree of compound exocytosis as described previously [35],
but this cannot be concluded from our data alone.

Intra-and interindividual variability in a-granule cargo of healthy donor platelets
We subsequently applied SIM analysis on the alpha-granule compartment in platelets
of healthy donors, generating data on >5000 platelets and 100 000 granular objects (per
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Figure 2. Quantification of granular and morphological changes in activated platelets using structured illumination
microscopy.
Platelets were incubated with 10pM proteinase-activated receptor 1 activating peptide (PAR-1-AP;blue)
or phosphate buffered saline (PBS; orange,“rest”) for 10 min at 37°C, imaged and processed through our
analysis workflow. One representative image of several platelets is shown per condition (A). VWE-positive
object numbers (B) and marginal band area were quantified and compared between resting (n=663) and
stimulated platelets (n=429) (C). Total VWE-positive volume was assessed in (D). Data is represented as mean +
standard deviation. Scale bar is 3um in panel (A); brightness and contrast were equally amplified for both panels
to enhance visibility. *P < .05.
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Figure 3. Detailed super-resolution images of representative platelets from patients with von Willebrand disease
(VWD).

Platelets from healthy controls (HC), patients with type 3 VWD (Aex4-5, L2306R fs*4; C1190R-hom; in bold)
and type 2A VWD (C1190R-het, C1190Y-het) were stained for VWF (red), SPARC (green), and o-tubulin
(magenta) and were imaged through structured illumination microscopy. Scale bar is 1um.
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staining) over five individuals (Figure 3; Figure S7, healthy control [HC]).We observed
a large variation in the number of VWF-and SPARC-positive objects in healthy, resting
platelets (VWE, 18.0 + 8.9; SPARC, 21.6 + 12.1) (Figure 4A). VWF-and SPARC-positive
total volume similarly varied across individuals (Figure 4B). Furthermore, object numbers
and volumes were correlated to marginal band area in all donors (Figure S8A-D), in line
with earlier studies that showed that the number of a-granules is related to platelet size [29].
Together, our data provide quantitative evidence for a highly heterogeneous storage capac-
ity of individual healthy platelets, which is proportional to platelet size.

Quantitative differences in platelet VWF storage in type 3 and 2A VWD platelets
To address whether quantitative or qualitative defects in VWF lead to abnormalities in
platelet a-granule cargo we applied our analysis to patients with VWD (Table 1, Figures 3
and 4), analyzing more than 500 platelets and 10 000 granular objects per individual patient
(in all but one with >250 platelets). We first studied a compound heterozygous patient with
type 3 VWD with complete absence of plasma VWF due to a deletion of exons 4 and 5 and
a frameshift mutation(c.6917delT p.L2306Rfs*4) in the other allele, both leading to early
termination signals. In endothelial cells, ablation of VWF expression leads to absence of
their VWEF-containing secretory organelles, the Weibel-Palade bodies [36-38]. As expected,
we did not detect any VWE-positive objects (Figure 4A; Aex4-5, L2306R fs*4), which is
also evident from the overview images (Figure 3, Aex4-5, L2306R fs*4). However, SPARC-
positive objects were still present (Aex4-5, L2306R fs*4 14.5), and the total SPARC-positive
volume was similar to healthy individuals (HC 8285 voxels vs Aex4-5, L2306R fs*4 8524
voxels) (Figure 4A,B), indicating that despite the absence of VWE, other a-granule proteins
are organized normally in this patient.

We also analyzed another patient with type 3 VWD with a homozygous missense
mutation at p.C1190 in the D3 domain (c.3568T>C; p.C1190R), which is thought to affect
VWF multimerization (Figure 3) [39,40]. Interestingly, in this patient we found a relatively
normal number of VWF-and SPARC-positive objects (HC 18.0 vs C1190R-hom
14.7) (Figure 4A). This was not apparent from confocal MFI measurements, in which
patients with type 3 were very close to baseline intensities (Aex4-5,L2306R fs*4 5.66 vs
C1190R-hom 6.27) (Figure 4C, Figure S9). Quantification of unique VWF-positive objects
through confocal microscopy seemed to correlate directly to staining intensity rather than
accurately reflecting the number of objects/granular structures (Figure 4D). This suggests
that p.C1190R homozygous platelets probably contain some residual VWE, and it highlights
that our workflow is capable of discriminating these patients with type 3 VWD stemming
from distinct molecular defects.

Additionally, we investigated three patients with type 2A VWD with a heterozygous
mutation at the same position p.C1190 into R or Y (Table 1), two of whom are part of
the same family as the homozygous p.C1190R patient. We found that two patients with
the heterozygous p.C1190R mutation had relatively normal VWEF-and SPARC-positive
object numbers and total volumes compared to healthy individuals (Figures 3 and 4A,B).
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Figure 4. Quantification of a-granule content of von Willebrand disease (VWD) platelets using super-resolution
and confocal microscopy.

Von Willebrand factor (red) and secreted protein acidic and rich in cysteine (SPARC; green) a-granule cargo
was quantified for all patients through 3D structured illumination microscopy (A-B) and 2D confocal (C-D)
workflows and compared to healthy control platelets (n=5310 platelets over five donors). Patients with type
3 VWD are marked in bold text (Aex4-5, L2306R fs*4; n=290; homozygous C1190R-hom, n=578 platelets),
while patients with type 2A are nonbold (C1190R-het (n=535/921) and C1190Y-het (n=749)). Object numbers
(A/D) were assessed through both techniques while total volume (B) and mean fluorescence intensity (C) were
exclusively measured through SIM and confocal microscopy, respectively. Data are represented as mean +
standard deviation. *P < .05, **P < .01, ***P <.001.

Although the number of SPARC-positive objects was significantly lower in the patients (HC
21.6; C1190R-het 15.1, P=.03), the biological implications of such minor differences are
unclear. Interestingly, object numbers were closer to those of healthy individuals (and not
significantly different) in the patient with a heterozygous p.C1190Y mutation (VWE, 17.7;
SPARC, 17.91). Parallel confocal analysis to obtain information on average protein levels
(Figure 4C,D) showed that the decrease in MFI (HC 15.52; C1190R-hom 6.27; C1190R-
het 12.30; C1190Y-het 13.71) and VWE-positive object numbers (HC 7.56; C1190R-hom
2.75; C1190R-het 5.32; C1190Y-het 8.2) followed the same pattern as the plasma VWEF
levels in these patients (Table 1). In contrast to VWE, SPARC levels were not significantly
different across any of the patients, which is in line with the minimal differences observed
by SIM (Figure 4C,D). We found no evidence of altered VWEF-SPARC colocalization across
controls and patients (Figure S10).

Normal a-granules but reduced VWF content in p.C1190R homozygous platelets
To assess whether the residual VWEF observed in p.C1190R homozygous
platelets is in fact localized in a-granules, we studied platelet VWEF and a-granules by
immuno-EM (Figure 5A). VWD platelets and a-granules looked morphologically normal as
assessed through thin sections. In line with our SIM analysis, we found similar numbers of
morphologically identifiable a-granules between HC and VWD platelets (HC 10.6 vs
C1190R-hom 9.3) (Figure 5B). In healthy platelets, VWF immuno-gold labeling was mostly
confined to a-granules, and, as reported earlier [31], on one side of the a-granule (Figure
5A *). VWF in homozygous p.C1190R platelets was also found in a-granules but in much
lower quantities (Figure 5A). Some labeling was also observed in areas outside a-granules,
but whether this is mislocalization of VWF or low-level aspecific background labeling (from
the antibody or secondary protein A gold-labeled reagent) remains unclear. Semiquantita-
tive analysis of VWF labeling in morphologically identifiable a-granules identified a strong
reduction of VWF present in p.C1190R homozygous platelets compared to HCc, both in
total and per a-granule (Figure 5C). Occasionally, we observed VWF labeling in structures
that resemble the open canalicular system (Figure 5A #), although this did not appear to
differ between patient and control platelets.
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Figure 5. Morphological evaluation of a-granules and von Willebrand factor (VWE) localization in the p.C1190 R
homozygous patient.

Platelets from a healthy control (HC; n=73) and homozygous p.C1190R patient (C1190R, n=75) were
assessed through immuno-electron microscopy for a-granule numbers and subcellular localization of VWEF (A).
Immuno-gold labeling for VWEF is shown in a-granules (*) and open canalicular system (#). Morphologically
identifiable a-granules were quantified (B) and scored for VWF staining inside these granules (C). Data are
represented as mean + standard deviation. ****P < 0.0001.

Intracellular and extracellular defects in VWF multimers caused by mutations at
p.C1190

Finally, we analyzed VWF multimers in plasma and platelets (Figure 6). Consistent with
the strong reduction of VWF content that we observed via platelet imaging, we were
able to detect very little VWF in platelets of the patient with homozygous p.C1190R
(Figure 6A, lane 2). A similar pattern was observed in plasma (Figure 6A, lane 7). Any
residual VWF in platelets and plasma of this patient consisted of low-molecular-weight
multimers, which points to reduced multimerization of VWF that most probably already
occurs intracellularly (Figure 6B,C). Platelet VWF from all three patients with type 2A
showed a normal multimer pattern similar to HCs (Figure 6B; lanes 1, 3-5), while plasma
VWF was lacking high-molecular-weight (HMW) multimers in patients with p.C1190R
and p.C1190Y heterozygotes (Figure 6A,C; lanes 6, 8-10). Intriguingly, platelet and
plasma VWF migrated differently through the gel, which may point at significant molecular
differences such as differential glycosylation or processing between megakaryocytes and
endothelial cells [41,42].
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Discussion

We report the application of a quantitative methodology to assess platelet a-granule
content in platelets from healthy individuals and patients with VWD based on super-
resolution microscopy. Using a semiautomated analysis workflow, we generated
quantitative data sets of platelet a-granule proteins of hundreds of platelets per donor. We
validated our approach in vitro measuring PAR-1-AP-induced degranulation of activated
platelets, and assessed variation of a-granule cargo in and across healthy individuals. Finally,
we quantitatively characterized the a-granule compartment of a subset of patients with
VWD. SIM data revealed distinct alterations between and within different VWD subtypes
that we ultimately characterized through EM and VWF multimer analysis. Our findings
illustrate the utility of quantitative imaging approaches to study and pinpoint platelet
a-granule alterations in patients with VWD.

We found a large inter-and intraindividual variability in a-granule cargo across healthy
individuals, which demonstrates the heterogeneity of platelets in circulation, as
platelets gradually release granule content and undergo morphological changes during
aging [43-45]. Our findings also highlight the importance of generating large data sets when
interpreting platelet morphology or granule cargo data and the caveat of drawing
conclusions based on limited sample sizes. In contrast, detailed analysis of thin sections
generated through EM-based methods may yield data of even higher resolution than our
current approach but is labor intensive, which limits the cell volume and numbers that can
be analyzed simultaneously. As such, SIM-based quantitative granule cargo studies will play
an important role in parallel to established methods to further unravel a-granule biology
and processes that affect platelet a-granule content.

While SIM provides powerful quantitative immunofluorescence-based data of platelet
granule cargo, the separation of unique structures is not optimal due to its resolution
limitations, particularly in the Z-axis [9]. For example, the average object
numbers we quantified in our studies are two-to fourfold lower than estimated by EM [29].
a-granules can be found in 30 nm proximity of oneanother [29], which isbelow the resolution
level of SIM (~100 nm in XY). Therefore, differences between the EM and SIM
approaches may be explained by the incomplete separation of unique cargo-containing
a-granules in SIM, thereby leading to lower quantifiable object numbers. Nevertheless,
we have presented data in our work that strongly correlates with previous SIM and EM
findings [29,46], showing that our estimation of unique granular structures defined by unique
volumes of fluorescence can accurately distinguish changes in the a-granule
compartment of platelets. We were able to identify more unique objects by SIM than by
confocal microscopy, implying that our approach is an improvement of previous light
microscopy-based methods to discern individual granular structures. While confocal
microscopy provides more linear intensity data that is suitable for direct comparison of
labeling density, SIM is more capable of defining unique structures independently of signal
intensity. Thus, we think using both imaging modalities in tandem is a powerful tool to
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Figure 6. Von Willebrand factor (VWEF) multimer analysis of patients with p.C1190.

Platelets (lanes 1-5) and plasma (lanes 6-10) from a healthy control (HC) all patients with p.C1190 were
analyzed for VWF multimer patterns (A). Patient with type 3 VWD (C1190R-hom) is marked as bold text
to distinguish from heterozygous C1190R (C1190R-het) and C1190Y (C1190Y-het). Line intensity plots were
generated and plotted separately for platelet lysates (B) and plasma (C), with each individual color coded.
Patterns were illustrated from low-molecular-weight (LMW) to high-molecular-Weight (HMW) VWEF
multimers (B-C), which is bottom to top on the blot (A).

assess a-granule content. For those applications in which demands for increased
resolution outweigh quantitative advantages or speed of SIM, super-resolution microscopy
approaches with even higher resolving power such as stimulated emission depletion and
stochastic optical reconstruction microscopy may be more applicable [47,48].

We used a SIM-based technique to assess the a-granule compartment in patients
with VWD, as the role that platelet VWF has in this disease is still elusive [49-57]. Our
quantitative analysis showed that platelets of both patients with type 3 VWD contained
normal numbers and regular distribution of SPARC-positive objects, which indicates that
in these patients a-granule formation and storage of other a-granule proteins was not
disturbed. This is in support of an earlier EM study that showed that a-granules in patients
with type 3 VWD appear morphologically normal [56]. Taken together, this shows that
unlike endothelial Weibel-Palade bodies, whose biogenesis is driven by VWE biosynthesis
[36,38,58], defective or severely reduced VWF synthesis does not impact the formation of
its storage organelles in platelets.
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SIM-based quantitative analysis of platelet VWF content, in contrast to SPARC,
highlighted profound differences between the two patients with type 3 VWD. These
patients have severe quantitative VWF deficiencies that are underpinned by different
pathogenic mechanisms. In one patient, compound heterozygous for two separate null
alleles (Aex4-5, L2306Rfs*4), we were unable to detect any VWF in platelets, consistent
with an absence of protein synthesis because of early termination signals in both alleles.
Conversely, VWE-positive objects were found in platelets of the other patient with type 3
VWD with a homozygous missense mutation at p.C1190R in the D3 domain. Heterozygous
mutations at this position [40,59,60] and at other cysteine residues within this domain have
been previously linked to type 2A VWD, a subtype that is characterized by low platelet
binding activity of VWF due to loss of HMW multimers (also Figure 6). Lower
multimers in type 2A VWD arise from either intracellular trafficking and/or
multimerization defects during VWF biosynthesis (group I) or an increased
sensitivity to extracellular proteolysis by ADAMTS-13 (group II) [61]. The cysteines in the
D3 domain form a complex network of intra-and interchain disulfide bonds that support
the alignment and N-terminal oligomerization of pro-VWF dimers [62]. The contribution
of intrachain disulfide bonds, including the one formed by C1190, are not clearly defined,
except that heterologous expression of various type 2A missense mutants at D3 cysteines in
this region invariably leads to low-molecular- weight multimers [40,60,63,64]. This is
reflected by the absence of medium-molecular- weight and HMW VWF multimers in the
platelets of the patient with homozygous p.C1190R, which also points to a defect occurring
during VWE biosynthesis. Despite the strongly reduced synthesis of VWF and its apparent
loss of multimerization, our combined SIM and EM data (Figures 4A,C and 5A) points
toward targeting of homozygous p.C1190R VWF to a normal number of a-granules, albeit
in reduced quantities. These data are in line with a previous study that showed that
platelets of patients with type 3 VWD with the P2808Lfs*24 mutation, which presumably
impairs VWF dimerization, still contained VWF in granular structures that could be
mobilized by platelet activation [57]. From this study it remained unclear whether VWF
was incorporated in a-granules and whether the lack of VWF multimers in plasma also
manifested in platelets. Regardless, both this previous and our current study suggest that
multimerization per se is not a prerequisite for VWF to enter platelet a-granules.

Despite the reduction of HMW VWF multimers in their plasma, patients heterozygous
for p.C1190R or p.C1190Y had platelet VWF multimers that were indistinguishable from
healthy controls. De Jong et al [59] recently tested a single nucleotide polymorphism-based
approach to specifically silence expression of an autosomal dominant VWD allele in blood
outgrowth endothelial cells of the same patient with type 2A with p.C1190Y included
in our study. VWF multimers from heterozygous p.C1190Y endothelial cells showed an
overabundance of dimeric VWF and pronounced retention of VWEF in the
endoplasmic reticulum (ER), both of which were alleviated by specific silencing of the
p.C1190Y allele. Accumulation of dimeric VWE, which possibly consists of ER-retained
mutant wild-type heterodimers [65], was not observed in platelets in our current work.
This discrepancy may be explained by retention of this pool in megakaryocytes during
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proplatelet formation. However, we cannot exclude the possibility that this is the result
of differences in disulfide exchange or posttranslational modifications of VWF between
megakaryocytes and endothelial cells. Similarly, we found that platelet-and plasma-
derived VWF migrated differently through a multimer gel, suggestive of altered processing
between both cell types. Judging by the presence of HMW multimers in platelets as well as
endothelial cells of this patient, reduction of VWF multimer size in plasma cannot be
fully explained by biosynthetic defects alone but potentially also by a reduced half-life of
circulating HMW multimers. Finally, we also observed a discrepancy between VWEF
levels in platelets of the patients with p.C1190Y and p.C1190R heterozygotes, which was
consistent with their plasma VWEF levels (Table 1). This is in line with previous observations
suggesting that missense mutations at p. C1190 can have differential effects based on the
substitution [40].

The potential diagnostic utility of our approach was demonstrated by the quantification
of granular abnormalities in patients with VWD with different etiologies. Currently, we
are collecting and analyzing platelet data from additional patients with VWD to answer
follow-up questions. For example, studying the distribution of VWF in platelets may
provide an easily accessible way of studying VWF synthesis defects. Additionally, tools to
explain variability in bleeding phenotypes of patients with VWD are lacking, for which
studies in larger groups need to be done to address the link between platelet VWF and
bleeding severity. The possibility to rapidly image and analyze large numbers of platelets
in 3D in a large field of view with SIM will be an important advantage versus other super-
resolution methods when analyzing platelet content and morphology in large cohort
studies [48] and may also be useful to study inherited platelet storage pool disorders
stemming from variants such as GFI1b, NBEAL2, or GATA1. We envision SIM in
parallel to confocal imaging to be considered as a diagnostic tool for complex cases, such as
unexplained storage pool disease, similar to current EM-based diagnostics.

One promising example to better characterize the bleeding phenotype in patients stems from
our current study in relation to the Bowman study [57]. Patients with the p.P2808Lfs*24
mutation had very low VWF plasma levels, but their bleeding scores were relatively low
(median, 8.5) compared to other patients with type 3 VWD, or the patient with Aex4-5
described in our study (bleeding score = 34, Table 1). Similarly, the p.C1190R homozygote
in our work had but a moderate bleeding phenotype (score=20, Table 1). It remains to be
determined whether (release of) residual platelet VWF contributes to the milder phenotype
of p.P2808Lfs*24 and p.C1190R homozygous patients in comparison to other patients with
type 3 VWD, or whether it potentially is a surrogate marker of VWD severity. However, our
combined findings suggest that studying VWF content in platelets of patients with VWD
could have predictive value in telling apart patients with severe VWD with severe and mild
bleeding phenotypes.

In summary, we developed a quantitative methodology to evaluate alpha-granule
constituents through super-resolution imaging which can be used for the characterization
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of the platelet a-granule compartment and VWF storage in healthy individuals and patients
with VWD.
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Appendix
Supplementary Methods

Flow cytometry

Fixed platelet preparations for flow cytometry were stained for both a platelet-specific
marker (CD61-APC, BD Biosciences, 1:100) as well as a marker of (alpha-)granule release
(CD62P-PE, clone AK4, BD Biosciences, 1:100) for 15 min at RT. Samples were washed
once in washing buffer before acquisition on a FACS Canto II (BD Biosciences). Platelets
were gated on alogarithmic FSC/SSC plot and single cell characteristics. Compensation was
calculated based on single stains as necessary. Percentage of positive cells was calculated
based on isotype controls and data was analyzed in Flow]Jo software.

VWF multimer analysis

Platelet lysates were prepared by washing PRP three times in WB containing
respectively 111, 11 and opM prostaglandin E1 (Sigma-Aldrich). Finally, platelets were
resuspended in cold lysis buffer (1% (v/v) Triton X-100, 10% (v/v) glycerol, 50 mM Tris-HCI,
100 mM NaCl, 1 mM EDTA, pH 7.4; containing 1:100 Complete Protease Inhibitor Cocktail
(Sigma-Aldrich)) at 1,000,000 platelets/pl for 1 hour at 4 degrees. Debris were removed by
spinning 15 min at 16,000 x g and lysates were stored at -20 degrees until use.

Equivalent volumes of platelet lysate (1 in 2) or plasma (1 in 3) were incubated at 60
degrees with loading buffer (10 mM Tris, 1 mM EDTA, 2% SDS, 0.5 mM
bromophenolblue, pH 6.9) and loaded on a 0.9% agarose gel. The gel ran for 5 hours at 75
V to allow optimal separation of VWF multimers, and was then chemically reduced with
B-mercapto-ethanol. Proteins were carefully transferred on a nitrocellulose membrane
through overnight capillary blotting in blot buffer (20 mM Tris, 10 mM acetate, 0.5 mM
EDTA, 10% SDS, pH 8.0). Transferred proteins were blocked in 10% milk (Biorad) for 1
hour at RT, stained with a VWF-HRP polyclonal antibody (DAKO, 1:1000) for 3 hours at
RT, washed, and developed using ECL (Pierce). Imaging was done on an Amersham Imager
600 (GE Healthcare) and line-plots were generated using Image]J software.

Immuno-gold electron microscopy

Electron microscopy samples were generated by washing PRP three times with WB
containing prostaglandin E1 as described above. Platelets were then fixed at RT by
adding 1:1 (v/v) 4% FA plus 0.4% glutaraldehyde (GA) in 0.1M Phosphate Buffer (PB) for
10 min, replaced by fresh fixative for 2 hours, and stored in 1% FA in 0.1M PB until further
processing as previously described [1]. In short, fixed cells were washed three times with
PBS, incubated for 10 min in 0.15% Glycine/PBS and 10 min at 37°C in 12% gelatin, spun
down at 4000g and left on ice for 30 min. The solidified pellet was cut into small blocks
and placed overnight in 2.3M sucrose. Gelatin blocks were mounted on aluminum pins
and frozen in liquid nitrogen. Ultrathin cryosections of 70 nm were sectioned at -110°C
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using a Leica ultracut 6 ultramicrotome and placed in a 1:1 mixture of 2.3M sucrose and
1.8% methylcellulose. To rinse away the gelatin, grids were transferred section-down on
droplets of PBS at 37°C for 30 min, transferred to RT and washed 3 x 2 min with 0.15% Gly-
cin/PBS. For labeling, grids were incubated 3 min on 0.5% fish-gelatin/1% bovine serum
albumin-C blocking buffer and then with VWF-antibody solution (DAKO, cat#: A0082)
for 1 hour, followed by Protein A gold 10 nm (Cell Microscopy Core, UMC Utrecht) for
15 min. Final staining of the grids was performed with uranyl acetate (UAc) followed by a
UAc-methylcellulose mixture.

Semi-quantitative analysis of electron microscopy images was performed by scoring
blinded images for the number of alpha-granules and the number of gold particles per alpha-
granule, by three independent researchers (M.S., P.B. and R.B.). Only platelets that were
entirely in the field of view were considered for quantification.
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Supplementary Figures

Antigen Species Label Supplier Cat. Nr. Dilution
(Isotype)

Alpha-tubulin | Mouse - Abcam ab56676 1:500
(IgG2b)

Alpha-tubulin | Mouse (IgG1) | - Sigma DM1A 1:500

SPARC Mouse (IgG1) | - SantaCruz SC-73472 1:500

Von Willebrand | Rabbit - DAKO A0082 1:500

factor

Von Willebrand | Mouse - Sanquin CLB-Rag20 1:500

factor (IgG2b)

Fibrinogen Rabbit - DAKO A0080 1:500

CD62P Mouse (IgG1) | AF 488 AbD Serotec | MCA796 1:400

Mouse IgG1 Goat CF 647 Biotium 20252 1:1000

Mouse IgG2b Goat CF 488 Biotium 20266 1:1000

Rabbit IgG Donkey AF 568 ThermoFish- | A11042 1:400

(H+L) er

Underlined primary antibodies were used in all primary experiments. Other primary antibodies
were used for Supplemental Figure S3.

Supplementary Table S1. Antibodies used in immunofluorescence studies.
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Parameter measured

Description

Marginal band size (pm?)

Surface area measured based on alpha-tubulin
staining on 2D average intensity projection.
Segmentation and thresholding was based on the Li
algorithm for automated thresholding [2], excluding
platelets that were not completely in the field of view.

Number of VWF+/SPARC+ objects

Unique volumes of fluorescence measured through
3D maxima detection and watershedding, based on
VWE- or SPARC-staining, or 2D maxima detection for
distance measurements. Thresholds for these maxima
were determined by iterating noise parameters over the
resulting amount of unique spots and selecting the best
fit, filtering out background signal. Objects were then
segmented through a watershed algorithm in 3D for
granule morphometrics [3]. Background correction for
alpha-granule stainings was performed for all images
individually by dividing all Z-stacks by the highest back-
ground level in the stack. Adapted to 2D for confocal
images.

Total volume (voxels)

Total voxel value of all unique volumes summed per
platelet

Minimal distance between granules
(nm)

Minimal distance from a unique cargo-positive object to
its nearest neighbor in 2D

Minimal distance to membrane (nm)

Minimal distance from a unique cargo-positive object to
the marginal band in 2D

Colocalization (nm)

Minimal distance between unique VWF-positive and
SPARC-positive objects in 2D

MFI (A.U.)

Mean fluorescence intensity averaged over three
sequential slices in the middle of a platelet. Quantified

only in confocal microscopy images.

Supplementary Table S2. Overview of main parameters measured in platelets through SIM and confocal analysis.

Supplementary Video SV1. 3D rendering of VWF and SPARC granular staining.
Shown are VWF (red), SPARC (green), composite VWE/SPARC and composite VWF/SPARC/alpha-tubulin
(magenta) staining of the platelet example shown in in Figure 1. The video rotates around the Y-axis. Video can

be found online.
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SIM CONFOCAL
SIM Check |4 Acquisition Acquisition
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Reconstruction
v
Segmentation Segmentation
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3D segmentation 2D segmentation || 2D segmentation
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Processing / .
Input data Quality control Segmentation Output

Supplementary Figure S1. Flowchart describing SIM- and confocal-based analysis of platelet alpha-granule content.
Platelet samples from healthy individuals and VWD patients were imaged through confocal- and SIM
microscopy (Input data, blue), and analyzed through ImageJ-based workflows containing several processing
steps as well as tools to determine threshold parameters (Processing/Quality control, dark green). Segmentation
of platelets and granular structures was based on alpha-tubulin, VWF and SPARC staining (Segmentation, light

green). Finally, several measurements were taken as endpoint (Output, red).
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Supplementary Figure S2. SIMCheck analysis of raw and reconstructed SIM data of healthy control and VWD
platelets.

Data is shown as X(HC)/Y(VWD). First column: channel intensity profiles show a variation of 34.9% (HC)
and 17.0% (VWD) for alpha-tubulin, 9.12% and 4.10% for VWE, 15.2% and 9.32% for SPARC; where less than
50% is considered good. Second column: modulation contrast-to-noise for the raw images has an average of
19.0 (HC) and 5.96 (VWD) for alpha-tubulin, 13.9 and 5.55 for VWE, 6 and 4.32 for SPARC; where 8-12 is
good and >12 is excellent. Third column: modulation contrast map shows the modulation contrast related to
the reconstruction image where orange/yellow is considered good, white is excellent. Fourth and fifth column:
Fourier transformation of the reconstructed images indicating the enhanced resolution, both laterally (XY,
fourth column) and in a radial plot (fith column) averaging over the angles. Sixth column: lateral resolution
calculated through Fourier Ring Correlation. All graphs are based on experimental imaging data that was used
in the manuscript.
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Supplementary Figure S3. Alpha-granule stainings in healthy resting platelets.

Healthy platelets were stained for various alpha-granule proteins and overlap between different stainings was
visualized through relative line intensity profiles. For each combination of stained proteins, one zoomed-in
platelet is shown as an example. Line plots are in the direction from yellow to white square. Scale bar is 3um.
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Supplementary Figure S4. Comparison of SIM and confocal analysis workflows.

VWE (red) and SPARC (green) signals were quantified as unique structures (A) and as total volume per platelet
(B). Both the distribution of the data in confocal images (left graph) and correlation between SIM and confocal
data (right graph) is shown. Data is represented as mean + standard deviation.
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Supplementary Figure S5. Flow cytometry controls of resting and activated platelets.

Platelets were stimulated with PAR-1 AP (10uM) or vehicle control (PBS) for 30 minutes at 37°C and assessed
for CD62P+ exposure as a marker of alpha-granule release. Platelets were gated based on a logarithmic FSC/SSC
scale (A). Single cells were gated (B) and assessed for CD62P+-exposure (C). Resting (orange) and activated
(blue) platelets are shown in all graphs.
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Supplementary Figure S6. Detailed SIM- and confocal analysis of PAR-1 stimulated platelets.

Resting (orange) and PAR-1 stimulated (blue) platelets were assessed for VWE-positive objects (A) and MFI
(B) by confocal microscopy. Relation between VWE-positive objects and marginal band area of SIM data was
assessed through linear regression in (C). Spatial distribution of VWEF-positive objects in relation to other
objects or to marginal band was quantified in (D). Data is represented as mean + standard deviation. ** = p<0.01
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Supplementary Figure S7. SIM images of VWD patients.

Resting platelets from healthy individuals (HC), type 3 (Aex4-5, C1190R-hom) and type 2A (C1190R-het,
C1190Y-het) VWD patients were imaged for VWF (red), SPARC (green) and alpha-tubulin (magenta).
Representative overview images are shown. Scale bar is 3um.
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Supplementary Figure S8. Correlation between alpha-granule proteins and platelet size in healthy individuals.
VWE- and SPARC-positive objects and total volumes were assessed in five different healthy donors (illustrated
by different colors), and correlated to relative platelet size as measured by marginal band area. Correlation lines

are shown per donor.

114



Quantitative 3D Microscopy Highlights Altered VWF a-granule Storage in VWD Patients

SPARC a-Tubulin/Merge

HC

Aex4-5
C1190R-het C1190R-hom L2306R fs*4

C1190Y-het

Supplementalry Figure S9. Confocal images of VWD patients.
Resting platelets from healthy individuals (HC), type 3 (Aex4-5, C1190R-hom) and type 2A (C1190R-het,
C1190Y-het) VWD patients were imaged for VWF (red), SPARC (green) and alpha-tubulin (magenta).
Representative overview images are shown. Scale bar is 1um.
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Supplemental Figure S10. Co-localization of VWF and SPARC across healthy controls and VWD patients.

Degree of co-localization between VWF and SPARC was assessed in platelets based on distance measurements
between unique VWE-positive and SPARC-positive objects. Co-localization analysis could not be performed
for one type 3 VWD patient as they did not have any VWE-positive objects. n.s. = non significant
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Abstract

Background: Von Willebrand factor (VWF) and VWF propeptide (VWFpp) are stored in
eccentric nanodomains within platelet alpha-granules. VWF and VWFpp can undergo
differential secretion following Weibel-Palade body exocytosis in endothelial cells;
however, it is unclear if the same process occurs during platelet alpha-granule
exocytosis. Using a high-throughput 3-dimensional super-resolution imaging workflow for
quantification of individual platelet alpha-granule cargo, we studied alpha-granule cargo
release in response to different physiological stimuli.

Objectives: To investigate how VWF and VWEFpp are released from alpha-granules in
response to physiological stimuli.

Methods: Platelets were activated with protease-activated receptor 1 (PAR-1) activating
peptide (PAR-1 ap) or collagen-related peptide (CRP-XL). Alpha-tubulin, VWE, VWEpp,
secreted protein acidic and cysteine rich (SPARC), and fibrinogen were imaged using 3-
dimensional structured illumination microscopy, followed by semiautomated analysis in
FIJI. Uptake of anti-VWF nanobody during degranulation was used to identify alpha-
granules that partially released content.

Results: VWEpp overlapped with VWF in eccentric alpha-granule subdomains in resting
platelets and showed a higher degree of overlap with VWF than SPARC or fibrinogen.
Activation of PAR-1 (0.6-20 pM PAR-1 ap) or glycoprotein VI (GPVI) (0.25-1 pg/mL
CRP-XL) signaling pathways caused a dose-dependent increase in alpha-granule
exocytosis. More than 80% of alpha-granules remained positive for VWE, even at the
highest agonist concentrations. In contrast, the residual fraction of alpha granules
containing VWFpp decreased in a dose-dependent manner to 23%, whereas SPARC and
fibrinogen were detected in 60% to 70% of alpha-granules when stimulated with 20 pM
PAR-1 ap. Similar results were obtained using CRP-XL. Using an extracellular anti-VWEF
nanobody, we identified VWF in postexocytotic alpha-granules.

Conclusion: We provide evidence for differential secretion of VWF and VWFpp from
individual alpha-granules.

Keywords:
blood platelets, exocytosis, hemostasis, secretory vesicles, von Willebrand factor

Essentials

o Activated platelets secrete hemostatic proteins from alpha-granules.

» We investigated how von Willebrand factor (VWEF) and VWF propeptide (VWFpp) are
released from platelet alpha-granules.

o VWF and VWFpp are localized in the same eccentric alpha-granule subdomain in resting
platelets.

e VWF and VWEFpp are differentially secreted from individual alpha-granules upon
activation.
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Introduction

During thrombopoiesis, several types of secretory granules from bone marrow
megakaryocytes are packaged into budding platelets. Release of their content enables
platelets to rapidly respond to changes in their environment, such as during injury,
inflammation, or when encountering pathogens. Alpha-granules are the most abundant
platelet secretory organelle and contain various proteins and molecules involved in the
hemostatic response [1,2]. Among these is von Willebrand factor (VWF), a key hemostatic
adhesive glycoprotein whose main roles are to facilitate platelet adhesion to vascular injury
sites and to stabilize coagulation factor VIII in the circulation [3]. VWF is also produced
by endothelial cells and stored in Weibel-Palade bodies (WPBs), where it can be released
via exocytosis following cellular activation. Circulating VWEF levels in plasma are primarily
maintained through basal secretion of WPBs from the endothelium [4].

Our knowledge of VWF biosynthesis primarily comes from studies utilizing
endothelial cells and heterologous expression systems as cellular models. As it
progresses through the secretory pathway, VWF undergoes several posttranslational
processing steps, which include dimerization, glycosylation, and multimerization into
long platelet-adhesive concatemers [3]. Within the acidifying milieu of the Golgi, VWF
multimers condense into helical VWEF tubules that lend WPBs their characteristic
rod-like shape [5]. Here, a large N-terminal moiety called VWF propeptide (VWFpp) is
proteolytically cleaved from the mature VWF chain. In endothelial cells, cleaved
VWEpp remains noncovalently associated with VWF due to prevailing conditions in the
Golgi and beyond (low pH and high Ca2+), leading to its copackaging in the developing
WPBs [6]. VWEFpp is essential for VWF multimerization, tubulation, and WPB biogenesis
[7-9] and becomes an integral part of VWF tubules in vitro and in vivo [10,11]. During
exocytosis, the vesicle interior neutralizes, leading to rapid decondensation of VWE
tubules [12,13] and loss of noncovalent association between VWF and VWEFpp [14].
Depending on the type of exocytosis (full fusion, lingering kiss, or compound fusion) [4] and
extracellular environment, VWE, VWFpp, and other WPB cargo molecules undergo
divergent fates postrelease [14-17].

In platelets, VWF is zonally packaged within eccentric alphagranule nanodomains, which
also contain short VWF tubules [18-20], and can be released upon stimulus [21]. Platelets
also contain VWFpp [22] and are able to secrete the protein following stimulation with
various agonists that induce alpha-granule release [23]. However, the organization of
VWEFpp in alpha-granules or its release from alpha-granules has not been
documented in detail. Similar to endothelial WPBs, platelet alpha-granules can undergo
single and compound exocytosis depending on the type and magnitude of stimulus [24,25].
Following activation, alpha-granule cargo such as VWE, fibrinogen, chemokines, and other
mediators are not released uniformly but can vary significantly between proteins in terms of
release kinetics and in the proportions that are released or retained after degranulation [26—
28]. Many of these cargo proteins are nonhomogenously distributed within alpha-granules
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[20,27,29-31], which has led to the hypothesis that their differential release is the result of
uneven solubilization of alpha-granule cargo clusters [26]. It is unclear how these processes
influence the efficiency of release of VWF and VWEFpp specifically or whether VWF and
VWEpp release from platelet alpha-granules is comparable to their release from endothelial
cell storage organelles.

In this study, we investigated the storage and release of VWF and VWFpp in platelets
using 3 dimensional structured illumination microscopy (3D-SIM). We show that VWF
and VWFpp reside in a distinct alpha-granule subdomain not occupied by other alpha-
granule proteins such as fibrinogen. Using quantitative 3D-SIM analysis of residual VWF and
VWEpp in activated platelets, we demonstrate that VWFpp is efficiently released from
platelets in a dose-dependent manner and, even at maximal activation, the bulk of VWF
remains associated with platelets in postfusion structures. Our study sheds new light on
divergent outcomes of VWF and VWFpp following release from platelet alpha-granules.

Methods

Platelet isolation

All steps were performed at room temperature (RT) unless otherwise stated. Whole blood
was drawn from consenting healthy donors in citrate tubes. Washed platelets were prepared
as described previously [20]. In brief, platelet-rich plasma was generated by centrifugation
at 120 x g for 20 minutes with low acceleration (maximum 5) and low brake (maximum
3). Platelet-rich plasma was washed once in 10% acid-citrate dextrose buffer (85 mM Na,
-citrate, 71 mM citric acid, and 111 mM glucose) with 111 uM prostaglandin E (Sigma)
and twice in washing buffer (36 mM citric acid, 103 mM NaCl, 5 mM KCl, 5 mM EDTA,
and 5.6 mM glucose, pH 6.5) with 11 uM and 0 pM prostaglandin E , respectively, and then
resuspended at 250 x 10° platelets/ pL in assay buffer (10 mM HEPES, 140 mM NaCl, 3 mM
KCl, 0.5 mM MgCl , 10 mM glucose, and 0.5 mM NaHCO3, pH 7.4).

Platelet activation

Washed platelets at 250 x 10* platelets/pL were stimulated with 0 to 20 uM of protease-
activated receptor 1 activating peptide (PAR-1 ap, Peptides International) or 0 to 1 ug/mL
of collagen-related peptide (CRP-XL, CambCol Labs) for 30 minutes at 37 °C. Reactions
were stopped by adding 1% paraformaldehyde (final concentration) for 5 minutes and then
quenched with 50 mM NH Cl for 5 minutes. Samples were diluted in a large volume of
washing buffer, washed once, and resuspended in assay buffer at approximately 250 x 10°/

pL.

VWEF nanobody internalization assay

Washed platelets were incubated with nanobodies directed against the VWEF C-terminal
cystine knot domain or control nanobodies (s-VWEF and R2, respectively [32]; kindly
supplied by Dr Coen Maas, UMCU, The Netherlands) at a final concentration of 1 pg/mL
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and were stimulated as described above. Internalized nanobodies were detected using goat
anti-Alpaca IgG-AF488 (Jackson ImmunoResearch).

Flow cytometry

Small aliquots were used for quality control of platelet activation by flow cytometry.
Samples were stained with CD61-APC (BD Biosciences,1:400) and CD62P-PE (BD
Biosciences, 1:100) or with secondary anti-Alpaca IgG-AF488 (Jackson ImmunoResearch,
1:400) for 15 minutes at RT, diluted in assay buffer, and immediately read on a FACS Canto
IT flow cytometer (BD Biosciences). In some cases, fixed platelets were permeabilized with
0.05% saponin before staining. Forward scatter (FSC) and side scatter (SSC) parameters
were used to gate platelets and single cells, whereas single stains and isotype controls were
used to determine fluorescence gating.

Platelet seeding and immunofluorescence

Seeding and staining were performed as described previously [20]. In brief, all unique
sample conditions were seeded on poly-D-lysine coated 9-mm diameter 1.5H high-
precision coverslips (Marienfeld), permeabilized, and stored in PBS supplemented with
0.2% gelatin, 0.02% azide, and 0.02% saponin (PGAS). Primary and secondary antibody
staining was performed in PGAS for 30 minutes at RT and washed 3 times with PGAS
following incubations. The antibodies used are listed in Supplementary Table S1. Finally,
slides were dipped in PBS, mounted in Mowiol, and imaged within 1 week.

Structured illumination and confocal microscopy and image analysis

All samples were imaged with SIM (Elyra PS.1, Zeiss) and confocal microscopy (SP8,
Leica). Three representative fields of view were collected per donor, using 40 Z-slices with
an interval of 110 nm (4.4um in total). Raw SIM images were reconstructed with state-of-
the-art Zen Software (Zeiss). Due to very bright alpha-tubulin signals and relatively broad
emission filters, crosstalk between far-red and red channels was observed, which was
corrected equally in all applicable images by subtracting the far-red channel (alpha-tubulin)
from the red channel. The number of 3D granular structures per platelet was separately
quantified for VWE, VWEFpp, secreted protein acidic and cysteine rich (SPARC), and Fbg.
SIM images were analyzed through Image]-based processing workflows as described in
detail previously [20]. In brief, individual platelets were segmented based on alpha-
tubulin staining, and individual 2D and 3D granular structures were quantified based on
individual staining (eg, VWE/VWFpp) by automated thresholding. Platelets in which 2D
and 3D granule counts within the same channel differed by more than 15 were excluded
from analysis.

For analyzing the nanobody internalization assay, images without alpha-tubulin were
segmented in individual platelets based on local differences in signal intensity using
in-house written macro-code (available from our https://github.com/Clotterdam
repository). VWF+ granules were identified with 3D Object Counter [33] and converted
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into a mask in which the presence of VWFpp and/or VWF nanobody was measured.

Immunoblotting

Human umbilical vein endothelial cells (grown as previously described[34]) and washed
platelets were lysed in NP-40 buffer (0.5% NP-40, 150 mM NaCl, 10 mM Tris, and 5 mM
EDTA, pH 8.5). Lysate samples, normalized for VWF concentration, were separated on 4%
to 12% Bis-Tris NuPAGE gels (Invitrogen) under reducing conditions and transferred to
0.2 pum nitrocellulose membranes. Membranes were probed with rabbit anti-VWF (DAKO)
and rabbit anti-VWFpp [17], followed by LT680-labeled donkey anti-rabbit secondary
antibodies (Li-COR). The membranes were scanned on an Odyssey scanner (Li-COR).

Platelet secretion assay and VWF and VWFpp ELISA

Washed platelets (5.6 x 10° platelets in a final volume of 200 pL) of 4 independent,
healthy donors were stimulated with 0 to 20 uM of PAR-1 activating peptide (Peptides
International) or 0 to 1 pg/mL collagen-related peptide (CRP-XL, CambCol Labs) for
30 minutes at 37 °C. Releasates and platelets were separated by centrifugation (13 000
x g), after which platelet pellets were lysed in 50 pL lysis buffer (1% Triton X-100, 10%
glycerol, 50 mMTris-HCL, 100 mM NaCl, and 1mM EDTA, pH 7.4). VWF and VWFpp
secretion was determined using sandwich ELISA as described earlier [35], using
rabbit polyclonal anti-human VWEF (DAKO; 0.5 pg/well) or mouse monoclonal anti-
human VWEFpp (CLBPro35; 1.0 pg/well) as coating antibodies and horseradish
peroxidase (HRP)-conjugated rabbit polyclonal anti-human VWF (DAKO; 0.5 pug/mL) or
HRP-conjugated mouse monoclonal anti-human VWFpp (CLBPro14-3; 0.125 ug/
mL) for detection. Blocking, washing, and detection steps were performed in PBS
supplemented with 0.1% Tween-20, 0.2% gelatin and 1 mM EDTA. HRP activity was
measured by colorimetric detection of 3,3’5,5’-tetramethylbenzidine conversion using a
Victor X4 microplate reader (Perkin Elmer). All samples were measured in duplicate in
3 different dilutions. Concentrated conditioned media from HEK293Ts stably expressing
human wildtype VWF and VWFpp [36], which was calibrated against a normal plasma
pool of >30 donors, was used as a standard.

Statistical analysis

Individual stimulation conditions were compared with resting platelets by 2-way
analysis of variance (ANOVA). Multiple comparisons were corrected using Sidak’s multiple
comparisons test. All statistical analyses were performed using GraphPad Prism (version
8). Data are presented as mean * 95% CI unless stated otherwise. A P value of <.05 was
considered statistically significant.

Results

VWEpp colocalizes with mature VWF in eccentric alpha-granule nanodomains
Localization of VWF and VWFpp in resting platelets was studied using 3D-SIM [20].
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VWE- and VWFpp-immunoreactivity were localized to discrete regions within the
platelet (Figure 1A, Supplementary Figure S1) that were encapsulated by a P-selectin-
positive membrane (Supplementary Figure S2). In the presence of SPARC and
fibrinogen, these regions were identified as alpha-granules within platelet cytoplasm
(Figure 1B, C). Consistent with previous ultrastructural studies [18-20,31], close
inspection of our images showed that VWF and VWFpp were colocated in a subdomain
within the alpha granule (Figure 1A), whereas SPARC or fibrinogen showed a more
homogenous distribution and appeared to be excluded from these VWF containing nano-
domains (Figure 1B, C). Colocalization analysis confirmed striking overlap between VWE-
and VWFpp immunoreactivity within individual alpha-granules (Pearson’s colocalization
coefficient (PCC)VWFPP: 0.521; Manders’ colocalization coeflicient (MCC)IVWFPP: 0.590;
MCCZVWFPP: 0.548), (Figure 1D), whereas the overlap between VWF and SPARC or
fibrinogen was lower, as expected (SPARC: PCC,,, . - 0.336, MCC1, . 0.386, MCC2,, . -
0.498; fibrinogen: PCC,,, . 0.369, MCC1,, . 0.467, MCC2, . 0.571) (Figure 1D—
E). In these experiments, a rabbit polyclonal antibody that specifically recognizes the cleaved
and processed carboxyterminal octapeptide of VWFpp was used to visualize endogenous
VWEFpp [17]. Immunoblot analysis confirmed that in both endothelial and platelet
lysates, this VWEpp antibody exclusively recognizes a 100 kDa protein corresponding to
the size of VWFpp (Supplementary Figure S3). Probing for VWE, it was clear that platelets,
unlike endothelial cells, contain only mature VWEF and no detectable proVWF
(Supplementary Figure S3), suggesting that proteolytic processing of proVWF into
mature VWF and VWFpp is completed before or during the formation of alpha-granules in
megakaryocytes and does not continue after budding of platelets. Thus, the striking
overlap of VWE and VWEFpp in our SIM analysis suggests that both proteins are
incorporated into the same supramolecular structures within alpha-granules and are not
the result of cross-reaction of the VWFpp antibody with unprocessed proVWE

Differential loss of VWF and VWFpp from post-exocytotic alpha granules of
activated platelets

We next investigated VWF and VWFpp secretion from individual platelet alpha
granules following strong activation of PAR-1 (20 pM PAR-1 ap) or GPVI (1 ug/mL
CRP-XL) signaling pathways to drive a high level of platelet activation and degranulation
(Supplementary Figures S4 and S5). We quantified the number of VWF+ and VWFpp+
structures (alpha-granules) before and after stimulation using 3D-SIM. After PAR-1
stimulation, we observed little change in the number of VWF+ structures; however, there
was a dramatic reduction in VWFpp+ structures consistent with secretion of VWFpp
(Figure 2A). The remaining VWF staining was confined to P-selectin (CD62P) labeled
structures, suggesting that the protein mostly resides in postexocytotic alpha-granules
(Supplementary Figure S6). Stimulation with 1ug/mL CRP-XL gave similar results to
PAR-1 ap (Figure 2C). These data suggest that VWF and VWFpp may be differentially
released by activated platelets despite their close proximity within alpha-granules in resting
platelets.
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a-tubulin

Fbg

Figure 1. VWF and VWEpp localization in resting platelets.

(A, B) Resting platelets were stained for alpha-tubulin (magenta), VWF (red, mouse monoclonal anti-VWE,
CLB-RAg20), and (A) VWEFpp (green), or (B) fibrinogen (green). (C) Resting platelet stained for alpha-tubulin
(magenta), VWF (red, rabbit polyclonal anti-VWE, DAKO), and SPARC (green). Imaging was performed by
SIM, and representative high resolution single-plane, magnified images are shown. Areas within yellow squares
that contain single granules are magnified on the right (yellow square). The scale bar represents 1 um. (D, E)
Colocalization analysis for VWF with alpha-granule proteins VWFpp, SPARC, and fibrinogen. (D) Pearson’s
colocalization coefficients (PCC) and (E) pairwise Manders’ colocalization coefficients (MCC) for individual
platelet images (VWE-VWEFpp n = 239, VWE-SPARC n = 199, VWE-Fibrinogen n = 73) show VWF has a
higher overlap with VWFpp than with SPARC or fibrinogen. Bars indicate means with 95% ClIs and mean PCC
and MCC values are at the top of the graph. SIM, structured illumination microscopy; SPARC, secreted protein
acidic and cysteine rich; VWE, von Willebrand factor; VWFpp, VWF propeptide.
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Figure 2. Release of VWF and VWEpp from alpha granules.

Platelets were stimulated for 30 minutes with vehicle or 20uM PAR-1 ap (A, B) or 1 ug/mL CRP (C) and stained
for alpha-tubulin (magenta), VWF (red, CLB-RAg20) and VWFpp (green). Single-plane magnified images are
shown (A, C), as well as a panel of single-plane magnified images of 10 random platelets (B). The scale bar
represents 1 pm. CRP, collagen related peptide; PAR-1 ap, protease-activated receptor 1 activating peptide;
VWE, von Willebrand factor; VWFpp, VWF propeptide.

Differences in VWF and VWFpp release in relation to agonist responsiveness may be
explained by the large differences in size between VWF and VWEFpp (VWEpp is a
100-kDa protein, whereas ultralarge VWF multimers can be in excess of 100 MDa),
but we also looked at exocytosis of other alpha-granule constituents. SPARC (40kDa)
immunoreactivity was decreased more extensively than for VWF (Figure 3A); however,
changes in fibrinogen (340 kDa) immunoreactivity were qualitatively similar to that of
VWE (Figure 3B). This would suggest that additional factors other than protein size play a
role in facilitating differential agonist responsiveness of VWEF vs VWFp.
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Figure 3. Release of SPARC and fibrinogen from alpha-granules.

Platelets were stimulated with 20 pM PAR-1 and compared with resting platelets for release of alpha-
granule proteins. Immunofluorescent staining for alpha-tubulin (magenta) in combination with (A) VWE (red,
DAKO) and SPARC (green) or (B) VWF (red, CLB-RAg20) and fibrinogen (green). Single-plane, representative
magnified images are shown. The scale bars represent 1 um. PAR-1, protease-activated receptor 1; SPARC,

secreted protein acidic and cysteine rich; VWE, von Willebrand factor; VWEFpp, VWF propeptide.
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Differential release of VWF and VWEFpp relates to agonist responsiveness

Having established that strong platelet stimulation results in differential release of VWF and
VWEpp, we next asked whether this phenomenon was influenced by stimulus strength. For
this, we used a semiautomated quantitative workflow on 3D-SIM images [20] of platelets
activated with a broad concentration range of PAR-1 and CRP-XL that partially or fully
trigger alpha-granule release (Supplementary Figure S4).We found that differential release
of VWF and VWEFpp was apparent at all stimulus concentrations of PAR-1 ap (Figure 4A);
however, it was clear that less VWFpp was retained in postexocytotic alpha-granules as the
stimulus strength was increased. At 0.625 uM PAR-1 ap, the fraction of VWFpp+ alpha
granules was 76.8% compared with control platelets (p < .0001, 2-way ANOVA), and this
fraction reduced to 23.4% at 20uM PAR-1 ap (p < .0001, 2-way ANOVA). In contrast, for
20 UMPAR-1 ap, the fraction of VWF+ alpha granules was 80.9% of the control (p <0.0001,
2-way ANOVA). This difference between the retention of VWF and VWFpp was significant
at all stimulus strengths. Similar findings were obtained using CRP-XL (Supplementary
Figure S7A, B). Consistent with our 3D-SIM-based exocytosis assay, biochemical analy-
sis showed that VWFpp and VWF were differentially secreted following dose dependent
activation of PAR-1 or GPVT signaling (Figure 4C, D, Supplementary Figure S7C, D).

The release of SPARC and fibrinogen from alpha-granules showed a different pattern
(Supplementary Figure S8). The fraction of SPARC+ or fibrinogen+ alpha granules present
in stimulated platelets was reduced to 60.7% and 67.6% of the control at 20 uM PAR-1 ap,
respectively. The data illustrated that the extent of cargo release was protein specific.

In conclusion, we observed a large disparity in alpha-granule release of VWF versus
VWEpp, where the former was partially retained in alpha-granules, even under strong
stimulatory conditions. In contrast, VWEpp release was sensitive to lower agonist
concentrations.

Anti-VWF nanobody incorporates in postexocytotic VWEF" structures in
degranulation dependent manner

Finally, we wanted to study how and when individual alpha-granule structures differentially
release VWE versus VWFpp. As we clearly identified granule populations that contained
residual VWF but no more VWFpp, this would suggest that individual alpha-
granules could perform a kiss-and-run type of exocytosis that facilitates release of selective
alpha-granule cargo. To investigate this theory further, we performed a platelet
degranulation experiment with an anti-VWF nanobody added in suspension,
assuming that opening an alpha-granule during exocytosis would facilitate uptake of
the nanobody. We found that uptake of the nanobody was directly dependent on the
degree of platelet stimulation and, thus, degranulation, whereas a control R2
nanobody nonspecific for VWF did not show any signal by flow cytometry (Supplementary
Figure S10A). Additionally, permeabilized platelets showed an increasingly higher mean
fluorescent intensity at higher doses of PAR-1, suggesting increasing amounts of
nanobody specifically inside platelets (Supplementary Figure S10A). We further confirmed
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Figure 4. Dose-response release of VWF and VWEFpp.

(A) Platelets were stimulated with 0 to 20 pM PAR-1 ap and stained for alphatubulin (magenta), VWF (red,
CLB-RAg20), and VWFpp (green). Representative single-plane, magnified images are shown. Scale bars
represent 1pm. (B) VWF and VWFpp release was assessed by quantification of residual VWF* or VWFpp*
structures in platelets normalized to resting platelets. Counts are pooled from 3 independent, healthy donors:
0 UM PAR-1 ap n = 435; 0.625 uM PAR-1 ap n = 365; 2.5 uM PAR-1 ap n = 318; and 20 pM PAR-1 ap n = 280
platelets. Absolute platelet counts per donor are stated in Supplementary Figure S9. The release (C) and
retention (D) of VWF and VWFpp in PAR-1 ap stimulated platelets were measured by ELISA and
normalized to resting intracellular content. Statistical analysis was performed by 2-way ANOVA with Sidak’s
multiple comparisons test at significance levels of ***p < .001 and ****p <.0001. The bars show means with 95%
CIs. PAR-1 ap, protease-activated receptor 1 activating peptide; VWE, von Willebrand factor; VWFpp, VWEF
propeptide.

this with confocal imaging, where we observed accumulation of the nanobody inside the
tubulin ring at 20pM PAR-1 ap but not in resting platelets (Supplementary Figure S10B).

Additionally, the nanobody colocalized completely with residual VWEF+ structures,
suggesting that all VWF+ granules are postexocytotic under these conditions. Together,
these findings show that the uptake of the VWF nanobody is degranulation dependent.
Ultimately, we analyzed individual alpha-granules that were able to take up the VWF
nanobody through 3D-SIM. In accordance with flow cytometry and confocal data, we
found an increasing population of VWF nanobody+ structures colocalizing with residual
VWE that was directly related to the degree of stimulation. Most resting platelets contained
granules with overlapping VWF and VWFpp signals (Figure 5A). At alow dose of PAR-1 ap
(Figure 5B), only a minority of granules was strongly positive for the nanobody. However,
most granules were VWF+ and VWFpp+ but revealed weak staining for the nanobody.
At a maximum dose of PAR-1 ap, we found a majority of VWF nanobody+ and VWF+
granules, but these did not contain any VWFpp (Figure 5A, B), suggesting that this content
hasbeen released during granule opening. Taken together, our findings imply that increasing
doses of PAR-1 ap trigger large-scale release of VWFpp from alpha-granules, whereas VWF
is partially retained in such postexocytotic granules as evidenced by PAR-1-dependent
accumulation of VWF nanobody in VWFpp-VWE+ structures. Our cumulative findings
show that alpha-granules may exclusively release content like VWFpp while maintaining
other cargo, like VWE, under the conditions described in our work.

Discussion

Important biochemical and functional differences exist between platelet and
endothelial (plasma) VWF [37] that suggest dissimilarities in biosynthesis of VWE
between endothelial cells and megakaryocytes: platelet VWF is composed of higher
molecular  weight multimers and  carries  different  N-linked  glycan
structures, which makes it more resistant to proteolysis by ADAMTS13 [38] and has
higher binding affinity for alphallbB3 integrin [39]. In this study, we
investigated the storage and exocytosis of VWF and VWFpp from platelet alpha
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Figure 5. SIM analysis of VWF nanobody uptake during alpha granule release.

(A) Platelets were stimulated with 0 to 20 uM of PAR-1 ap in the presence of 1 pg/mL VWF nanobody
(magenta) and stained for VWF (red, CLB-RAg20) and VWFpp (green). A single-plane, representative
magnified image of granule content of a resting and maximum stimulated platelet. The magnified region shows
single granule content. Scale bar represents 1 pm. (B) Granule populations of positive VWEF/VWFpp/VWE-
nanobodies were quantified for each stimulus condition. Platelet counts are pooled from 4 independent, healthy
donors: 0 uM PAR-1 apn=3835;0.625 uM PAR-1 ap n =696; 2.5uM PAR-1 ap n = 748;and 20uM PAR-1 apn =620
platelets. Granule counts were normalized to the number of platelets that were analyzed and indicated within
their respective boxes within the stacked bar graph. PAR-1 ap, protease-activated receptor 1 activating peptide;
SIM, structured illumination microscopy; VWE, von Willebrand factor; VWFpp, VWF propeptide.

granules through quantitative super-resolution microscopy. Our results showed that
VWEpp was eccentrically localized within alpha granules in close proximity to mature
VWE. In endothelial cells, VWFpp was integrated into tubules composed of helically
condensed VWF multimers found within WPBs. Given that similar tubules, albeit shorter
in length, have been observed in platelet alpha-granules [19], we speculated that VWFpp is
similarly arranged within VWF tubules as in endothelial WPBs.

In contrast to WPBs, where the tubular arrangement of VWF is essential for its rapid and
efficient release upon exocytosis, alpha-granules only released a limited amount of
their VWE, even at agonist concentrations that elicited maximum surface exposure of
P-selectin and led to incorporation of anti-VWF nanobody into practically all the
remaining VWEF-positive structures. The latter is important because it implies that all these
granules have undergone a granule fusion event that generated a fusion pore in contact with
the extracellular space. Additionally, we found evidence for differential release of VWFpp
and VWE, showing that individual alpha-granules can preferentially release their VWFpp
cargo while retaining VWE. Differential release was dependent on stimulus strength but not
related to the type of agonist we used in our study. This contrasts sharply with the 1:1
stoichiometry between VWF and VWFpp released from endothelial cells [14].

What could explain the difference in secretion efficiency between VWF and VWEpp from
alpha-granules? Earlier studies on the organization and exocytosis of different types of
alpha-granule cargo have resulted in several models of how platelets can (differentially)
release their content. Based on the localization of several alpha-granule cargo proteins,
including VWE, fibrinogen, and several proangiogenic and antiangiogenic mediators, it
was postulated that subpopulations of alpha-granules exist based on the inclusion of cargo
with opposing functions [29,40]. Preferential mobilization of one of these subpopulations
by specific agonists would then lead to differential release of distinct functional classes of
alpha-granule cargo, allowing platelets to direct their secretory response in a context-
specific manner. However, this hypothesis was significantly challenged by quantitative,
high-resolution imaging showing that alpha-granule cargo is stochastically packaged in
alpha granules but segregated within subdomains of the granule matrix [27,30,31].
Kinetic release studies also showed little evidence of specific alpha-granule subpopulations
but instead identified 3 classes of cargo release based on their rate constants (fast,
intermediate, and slow) in which alpha-granule cargo distribution is random [26].
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Several nonmutually exclusive mechanisms have been proposed that can achieve
differential release of VWF and other cargo from the same granule, such as exocytotic
fusion mode (direct vs lingering kiss vs compound fusion) [41,42] from WPBs, or
differences in cargo solubilization such as the polar release of nonhomogenously
distributed cargo from one side of the alpha granule [26]. The nearly perfect
overlap between VWF and VWFpp that we observed in resting platelets (Figures 1 and 2,
Supplementary Figure S2) suggests that both proteins are localized in the same
alpha granules and occupy the same granule subdomains, which rules out that the
differences in their release were reflective of granule subpopulations or could have been
the result of polar release of cargo from one end of the granule. Differential release through
premature closure of the fusion pore, such as in lingering kiss exocytosis [41], is also
unlikely to serve as an explanation since the size of VWFpp (~100 kDa) would require the
fusion pore to fully expand before release. Indeed, we did not find an obvious correlation
between releasability and size, as SPARC (40kDa) was less sensitive to low-concentration
stimulation and achieved lower maximal release than VWFpp (Supplementary Figure S8).

In line with previous reports by others [25,43], we frequently observed a
clustering of VWEF-positive structures in the central area of activated platelets that were
negative for VWFpp, especially at higher agonist concentrations (Figure 4, Supplementary
Figure S7). In some cases, a continuous P selectin staining enveloping several VWFpositive
structures (Supplementary Figure S6) was present, reminiscent of several alpha granules that
had engaged in compound fusion. This exocytotic fusion mode likely poses no obstacle for
VWEpp but does not favor the release of bulky, multimeric cargo, such as VWE, for instance
by preventing the orderly unfurling of VWF tubules [42,44]. This may indirectly also relate
to differences in solubility of VWEF and VWFpp, such as previously observed during loss
from the cell surface of endothelial cells following release from WPBs [15]. As a result,
VWF remains stuck in postfusion alpha granules, whereas VWFpp is efficiently released.

While traces of VWFpp may stick to the D’D3 region of VWF postrelease [45], it is
likely that after exocytosis, its extracellular course is primarily VWEF-independent, as
attested by the large difference in plasma survival between VWF and VWEpp [46].
However, despite the well-documented pleiotropic roles of VWE, the biological function of
extracellular VWFpp remains unclear. Several in vitro studies have demonstrated that bovine
VWEpp can bind to collagen type I [47], and this interaction can block collagen-induced
platelet aggregation [48]. VWEpp also contains an arginine-glycine-aspartic acid (RGD)
sequence, a motif that can serve as a ligand for a subfamily of integrins that contain alpha-5,
alpha-8, alpha-V, and alpha-IIb subunits. The VWFpp RGD motif is not strongly conserved
between species [49]; the integrin receptor for this site has not been identified, and its
significance remains uncertain as the RGD sequence appears unfavorably arranged within
the native conformation to support adhesive interactions [48]. Bovine VWFpp can bind
alpha4f1 and alphaof1 integrins, which are expressed on lymphocytes, monocytes, and
neutrophils via a sequence within the VWD2 domain conserved in humans [50-52].
Another ligand for these integrins, coagulation factor FXIII, has been shown to crosslink
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VWFpp to the extracellular matrix protein laminin [52-54]. Focused release of VWFpp
from degranulating platelets during initial thrombus formation and incorporation in the
adhesive surface via laminin and collagen possibly provides a mechanism to influence
the adhesive properties of the exposed extracellular matrix and direct hemostatic and
immune responses following vascular injury. Recent reports have emerged that VWFpp
can contribute to platelet adhesion to collagen surfaces and enhance thrombus mass in a
glycan-dependent manner [55], and in a murine model of deep vein thrombosis, VWFpp
incorporates in venous thrombi near regions of active thrombus formation [56].

We have recently shown that platelet factor 4 (PF4) levels in plasma are positively
correlated with the current severity of bleeding phenotype in patients with VWD type 1
[57]. PF4 is a chemokine that is mainly produced by megakaryocytes and stored in platelet
alpha-granules, which means that systemic PF4 levels are reflective of platelet degranulation.
One possible explanation for the observed association with bleeding severity in this group
is that apart from a quantitative deficiency of VWF in plasma, hemostatic contribution of
platelets is impaired by premature release of alpha-granules. This could lead to insufficient
delivery of their hemostatic content, such as platelet VWF and other alpha-granule cargo,
to sites of vascular injury. A number of studies have focused on the role of platelet derived
VWEF in hemostasis [58-62]. Patients with mild and severe circulating VWEF deficiencies
with residual platelet VWF show a milder clinical phenotype [20,63]. Platelet VWF has
also been reported to be important for DDAVP-related amelioration of bleeding times in
subgroups of patients with type 1 VWD [64]. Together, this leads to the notion that release of
platelet VWF helps to establish hemostasis in these patients. Our data suggest that following
activation, most mature VWF remains within the platelets, not supporting any interactions
that can contribute to the hemostatic functions of platelets, such as adhesion or aggregation.
This is in contrast to its proteolytic cleavage product VWFpp, which is efficiently released
from platelet alpha-granules following activation and has its own capabilities to interact
with components of the extracellular matrix, cellular adhesion receptors, and the thrombus.
The question thus arises how much of the perceived role of platelet VWF in hemostasis
can be attributed to mature VWF and how much (if not more) is actually dependent on
VWEpp. More studies that focus on the extracellular role(s) of VWEFpp, from endothelial
and platelet origin, are urgently needed.
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Appendix
Supplementary Figures
Antigen Species (Iso- Label Supplier Cat. Nr. Dilution
type)

Von Willebrand | Rabbit - Prof. Tom - 1:500
factor propep- Carter,
tide SGUL
Von Willebrand | Rabbit - DAKO A0082 1:500
factor
Von Willebrand | Mouse (IgG2b) | - Sanquin CLB-RAg20 | 1:500
factor
Alpha-tubulin | Mouse (IgG2b) | - Abcam ab56676 1:500
Alpha-tubulin | Mouse (IgG1) |- Sigma DM1A 1:500
SPARC Mouse (IgG1) - SantaCruz SC-73472 1:500
Fibrinogen Rabbit - DAKO A0080 1:500
CD62P Mouse (IgG1) - Bio-Rad MCA796 1:500
Mouse IgG1 Goat CF488A Biotium 20246 1:1000
Mouse IgG1 Goat CF568 Biotium 20248 1:1000
Mouse IgG1 Goat CF647 Biotium 20252 1:1000
Mouse IgG2b Goat CF647 Biotium 20272 1:1000
Rabbit IgG Goat CF488 Biotium 20012 1:1000
(H+L)
Rabbit IgG Donkey AF 568 ThermoFish- | A11042 1:400
(H+L) er
Alpaca IgG Goat AF 488 Jackson 128-545-230 | 1:400

ImmunoRe-

search

Supplementary Table S1. Antibodies used in immunofluorescent staining.
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Supplemental Figure 1. VWF and VWFpp localization in resting platelets.

Full field of view of resting platelets segmented based on alpha-tubulin staining (magenta) and
stained for VWF (red) and VWFpp (green) (A). Highlighted platelets are randomly selected and
presented as single plane zoom-in images in (B). Scale bar represents 5 pm in (A) and 1 pm in (B).

139



Chapter 6

Resting platelets
CDE2P VWF

o - . 2 " |
] . 4| ey 5| ‘e

Supplemental Figure 2. 3D VWF and VWFpp localization in CD62P-defined alpha-granular structures.

Resting platelets were stained for CD62P (green), VWF (red, CLB-RAg20) and VWEFpp (magenta).
Representative platelets are shown as single plane zoom-in image (A) or in serial planes of a zoom-in image
(B) to illustrate 3D localization of the stained proteins. Single granule details of CD62P/VWEF/VWEpp (yellow
squares) are shown. Scale bar represents 1 um.
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Supplemental Figure 3. VWF and VWFpp immunoblots of endothelial- and platelet lysates.
Endothelial and platelet lysates were separated on a 4-12% Bis-Tris gel and probed for VWF (left, DAKO) or
VWFEpp (right). Bands corresponding to proVWE mature VWF (VWF) and VWFpp are indicated.
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Supplemental Figure 4. Alpha-granule release assessed by FACS analysis of P-selectin exposure.

Platelets were stimulated with increasing doses of PAR-1 ap (A) or CRP-XL (B) and quantified for CD62P+
cell surface exposure by flow cytometry. Symbols represent individual donors (n=3). Individual dose response
curves are shown in C (PAR-1 ap) and D (CRP-XL) with symbols representing unique donors. Data presented
as mean + SD.
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Supplemental Figure 5. Compression of marginal band area in PAR1- and GPVI-activated platelets.

Platelets were incubated with vehicle or increasing doses of PAR-1 ap or CRP-XL (B). Marginal band area was
determined based on the delineation by the alpha-tubulin immunofluorescent staining of the ring structure in
the middle Z-slice. Data shown are derived from platelets from 3 independent healthy control donors (PAR1
0 uM, n=208; PAR1 0.625 uM, n=166; PAR1 2.5 uM, n=157; PAR1 20 uM, n=128; CRP-XL 0 ug/mL, n=179;
CRP-XL 0.25 pg/mL, n=137; CRP-XL 0.5 pug/mL, n=113; CRP-XL 1.0 pg/mL, n=139). Bars represent means
and 95% confidence interval. *** p<0.001, *** p<0.0001 by 1-way ANOVA with Dunnett’s post hoc test for
multiple comparison.
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Supplemental Figure 6. 3D VWF localization in stimulated platelets.
Platelets stimulated with 20 uM PAR-1 ap were stained for CD62P (green), VWF (red, DAKO) and a-tubulin
(magenta) and compared to resting platelets (A). Serial planes of a zoom-in image are shown with granule

details on the right (yellow squares) to illustrate 3D localization of CD62P and VWEF (B). Scale bar represents
1 pm.
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Supplemental Figure 7. Dose-response release of VWF and VWFpp.

Platelets were stimulated with 0-1 pug/ml CRP-XL and stained for a-tubulin, VWF (CLB-RAg20) and VWFpp
(A). Representative single plane zoom-in images are shown. Scale bar represents 1 um. (B) VWF and VWFpp
release were assessed by quantification of their residual levels in platelets normalized to resting platelets. N=498,
305, 187 and 191 respectively. Counts are pooled from 3 independent healthy donors. The release (C) and
retention (D) of VWF and VWFpp in CRP-XL stimulated platelets was measured by ELISA and normalized
to resting intracellular content. Symbols represent 4 healthy donors (N=4). Statistical analysis was two-way
ANOVA with Sidak multiple comparisons test and significance levels of ** = p<0.01,*** = p<0.001, **** =
P<0.0001. Data is presented as mean with 95% confidence interval.
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Supplemental Figure 8. Dose-response release of VWF compared to SPARC and Fibrinogen.

Platelets were stimulated with 0-20 uM PAR-1 ap (A) or 0-1 pug/ml CRP-XL (B). VWF (blue), SPARC (pink)
and fibrinogen (green) release was assessed by quantification of their residual levels in platelets normalized
to resting platelets. (SPARC PAR1 0 puM, n=512; PAR1 0.625 uM, n=376; PAR1 2.5 pM, n=355; PAR1 20 puM,
n=218; CRP-XL 0 pg/mL, n=512; CRP-XL 0.25 ug/mL, n=480; CRP-XL 0.5 pg/mL, n=263; CRP-XL 1.0 pg/mL,
n=401) (Fibrinogen PAR1 0 uM, n=549; PAR1 0.625 puM, n=499; PAR1 2.5 uM, n=437; PAR1 20 pM, n=342;
CRP-XL 0 pg/mL, n=430; CRP-XL 0.25 pg/mL, n=255; CRP-XL 0.5 pg/mL, n=355; CRP-XL 1.0 pg/mL, n=292)
* = p<0.1, ** = p<0.01, **** = p<0.0001, as analyzed by two-way ANOVA with Sidak multiple comparison test.
Data presented as mean with 95% confidence interval.
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Supplemental Figure 9. Healthy donor variation in dose-response release.

Platelets of healthy donors were stimulated with 0-20 uM PAR-1 ap and imaged by SIM. Absolute counts of
VWE and VWFpp (A), SPARC (B) and fibrinogen (C) positive granules are shown per donor. The symbol for
each individual donor corresponds to the one that is used in Supplemental Figure 4.
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Supplemental Figure 10. VWF nanobody bulk uptake in platelets.
Platelets were stimulated for 30 minutes with 0-20 pum PAR-1 in the presence of 1 ug/ml VWF nanobody or
R2 control nanobody and were analyzed for nanobody uptake by flow cytometry (A) and confocal microscopy

(B).
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Chapter 7

General Discussion and Conclusion

Platelets take the centre stage in primary hemostasis by rapidly transforming their
adhesive properties in response to vascular injury [1]. Platelets perform this role in close
collaboration with VWE, which originates from the circulation and from intracellular
reservoirs in platelets and endothelial cells. VWF assembles into multimers through a
complex biosynthetic pathway that is presumably shared by endothelial cells and
megakaryocytes [2]. Another key aspect of platelet function is the array of
hemostatic and procoagulant molecules, like VWE that are released upon platelet
activation and degranulation [3]. Yet, the post-release fates of many of these molecules
as well as their contribution to hemostasis are not yet fully characterized [4,5]. Defects in
components of the hemostatic system lead to bleeding problems in affected patients. In this
thesis the role of platelets was studied in the context of two hemostatic disorders (ITP and
VWD) with a particular focus on platelet dynamics, the platelet-VWF axis, and the role of
platelet cargo release.

Platelet numbers and ITP - "Measuring is knowing”

Thrombopoiesis is carefully regulated by the number of platelets in circulation, TPO, and
the availability of TPO to megakaryocytes to produce new platelets [6]. When platelets
physiologically end their life cycle, they can be cleared via the Ashwell-Morrell receptor
on hepatic cells (and by the spleen), which subsequently leads to new TPO production.
In turn, TPO is regulated by the number of circulating platelets [7,8]. This careful balance
is disturbed in hemostatic disorders like ITP, as both enhanced platelet destruction and
reduced platelet production in the bone marrow can be at play [9-11]. As a result,
platelet numbers can sometimes vary considerably in patients and proper monitoring is
essential.

However, there have been only a few studies in adult ITP patients that have (retrospectively)
gathered observational data on platelets counts at multiple time points [12-14]. Therefore,
the variability of an individual ITP patient’s platelet counts remains mostly unexplored,
also considering that ITP status is frequently established in relation to a large variety of
causes (e.g. infections, various auto-immune disorders). As most studies have relied on a
limited number of platelet counts, contradictory findings have been reported [15]. One
topic that remains unresolved is whether or not vaccination events may act as a trigger
for the onset of ITP, and what the effects of vaccination may be on platelet counts in ITP
patients [9,10,16]. In particular, case reports during the recent COVID-19 pandemic
implicated various COVID-19 vaccines to cause severe (and sometimes fatal)
thrombocytopenia in ITP patients or even de novo [17,18]. To further study this
phenomenon and the effect of vaccinations in ITP patients in a systematic approach, we
analyzed a large group of adult ITP patients and as control population healthy donors
undergoing vaccination in Chapter 3. We prospectively measured platelet counts at several
time points, both before and after vaccination, to assess the effect of vaccination on platelet
counts over time.
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In this study, we employed a mixed-effects analysis, that takes into account intra- and
interindividual variability. Combined with the long observation period and multiple
measurements before and after vaccination, we can firmly conclude that there was no
significant difference between ITP patients and healthy individuals in terms of platelet
count changes over the course of two vaccination events. This strongly suggests that the
susceptibility to platelet count changes as a result of (COVID-19) vaccination is
similar between ITP patients and healthy individuals. In line with our observation, another
study found that ITP patients receiving the BNT162b2 vaccine similarly did not develop
decreased platelets counts [19]. Whether or not specific vaccines (also other than
COVID-19) may elicit a stronger response in ITP patients remains to be further
investigated, ideally using similar methods of prospective monitoring.

Another important point to consider is the variability within the cohort of ITP patients,
as the disease is still diagnosed as thrombocytopenia per exclusion of other causes, which
leads to a heterogenous population of patients [9,15,16]. We observed that platelet count
changes were most evident in patients that were under active treatment, required rescue
medication, or that had a previous splenectomy. This suggests that patients that are on
treatment, or in an active phase of the disease, may be more susceptible to platelet count
changes and thrombocytopenia compared to a group of adult ITP patients currently not
requiring treatment. These findings illustrate that it is important to specify and adequately
characterize ITP subgroups, with the potential to identify which patients are more prone to
platelet count changes and more at risk for exacerbation of disease.

Considering that ITP stems from differential effector mechanisms leading to low
platelet counts (platelet destruction and inhibited platelet production), tools that are able to
predict platelet age in vivo would be highly useful to better separate these mechanisms and
thus lead to a better classification (see further below). Additionally, the current clinical
classification would report immune-related triggering events like infections as
secondary ITP. However, as postulated in Chapter 2, infections could very well act as a
trigger for chronic ITP, similar to other autoimmune disorders. This inconsistency
between the clinical classification and underlying pathophysiology needs to be resolved.
Ultimately, a structured approach of platelet monitoring combined with ITP subgroup
stratification based on biological mechanisms instead of clinical classification (aided by
predictive tools) would help us better resolve which patients are actually suffering from
an autoimmune origin versus thrombocytopenia from other causes. This will also help to
better understand how vaccination may affect platelet counts in individual ITP patients.

Quantitative SIM - "It’s a number’s game"

Besides variability in platelet number, the circulating population of platelets is also
variable in itself due to the age-related changes that gradually occur [20-22]. This is an
importantconsiderationin platelet function-, morphology- and granule studies. In particular,
quantitative data of platelet granule imaging studies are needed to objectively capture
the entire population of platelets with a gradient of age-related granular changes [20,23].
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However, quantitative platelet imaging has long been hampered by resolution limits in
light microscopy [3,23]. With the rapid and continuous development of super-resolution
microscopy, it is feasible to generate large scale light microscopy data on a resolution
level that can resolve individual organelles like alpha-granules [23]. The importance of
such data is evident from previous studies on alpha-granule organization, in which initial
studies led to the premature conclusion that there were populations of alpha-granules with
different cargo identities. Based on qualitative thin section electron microscopy or the
limited resolution of confocal microscopy, cargo proteins appeared to reside in different
granules [24,25]. Later studies, using quantitative light microscopy on hundreds of
granules and platelets illustrated that alpha-granule cargo proteins are distributed
stochastically. Additionally, 3D electron microscopy firmly demonstrated that proteins
previously thought to be located in different granule populations (VWF and fibrinogen)
reside in each alpha-granule [26-28].

In this thesis, we describe a methodology to quantitatively assess platelet components
using SIM, which allows quantification of alpha-granule cargo, dense-granule cargo and
structural proteins on a organelle-level of resolution. One of the main considerations to
have opted for SIM over other super-resolution techniques with higher resolving power
is that SIM is a relatively high-throughput technique, capable of simultaneously imaging
hundreds of platelets within single fields of view [29]. SIM is therefore ideally suited to
study patient groups or multiple conditions of biological experiments, due to a large field
of view, ease of use, and uncomplicated imaging data. While this may make SIM the most
promising technique to be employed as a diagnostic tool or in automated quantitative
analyses [30], studies that may want to further characterize sub-granule biological
processes like compound fusion events in platelets will likely need the increased resolution
of STED and/or STORM [23,29].

Additionally, one of the caveats of SIM is the non-linearity of the reconstructed data
[31]. In our work, we focused on an object-based analysis of granular structures to avoid
a direct dependency on labelling density. Secondly, we performed parallel studies with
confocal microscopy to also obtain linear fluorescent intensities in the same samples of
interest. Ideally, future developments in SIM algorithms such as those by Smith et al.
circumvent this problem, by generating a natural noise appearance [31]. Applying
standardized thresholds and analysis settings instead of user-adjusted reconstruction
parameters will greatly improve the objectivity of automated SIM-based analyses.
Altogether, this should make SIM a highly promising technique to identify platelet defects
in hemostatic disorders, as further discussed below.

One of the applications of the SIM-based methodology demonstrated in this thesis is
the stratification of VWD patients. VWD is clinically diagnosed in various subtypes, but
within these subtypes the molecular mechanisms of disease may differ [32,33]. One highly
illustrative example is presented in Chapter 5, where we stratified two type 3 VWD
patients with a compound heterozygous deletion and homozygous missense
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mutation in the VWF gene, respectively, which results in distinct pathogenic mechanisms
underpinning their loss of circulating VWF in plasma. Based on SIM - but not on confocal
microscopy - we were able to distinguish these patients that, despite their similar circulating
VWE levels, differed in storage of VWF in platelet alpha-granules. Adequate stratification
in such complex cases may help us better understand VWD pathology but may also have
direct clinical implications, as type 3 VWD patients with residual platelet- (and possibly
endothelial-) VWEF could potentially benefit from DDAVP treatment [32,34].
Effectively, SIM could particularly play a role in rapidly analyzing (the severity of) cellular
VWE defects, not only in type 3 but also other subtypes.

*'E"" . =3 HC
= g ] =3 R1306W
§f |1 =3 Non-R1306W
o
T
o
= 4
o
=}
£ o
=
- 0 ; II
W et et
o ¥
wo¥

Figure 1. Marginal band size of healthy controls and type 2B VWD patients.

Alpha-tubulin size was quantified across healthy controls (n=6) and type 2B VWD patients (n=6) from the
WIiN-Pro study, separated in those with the p.R1306 W mutation (n=2) and those with other type 2B mutations:
p-R1306N (n=1) and p.R1308C (n=3). Mean+tstandard deviation is shown. * = p<0.05; n.s. = non significant.
Unpublished work.

SIM-based analysis may also be used in type 2B VWD, where gain-of-function mutations
in VWF lead to disruption of thrombopoiesis in the bone marrow through the spontaneous
interaction of VWF and megakaryocytes [35,36]. As a result, patients present with a varying
degree of both megakaryocyte and platelet defects, depending on the mutation. Nurden
and colleagues have characterized morphological changes in platelets as a result of different
mutations in type 2B VWD patients using electron microscopy [35,37]. In follow-up
work from Chapter 5, we also applied quantitative SIM on type 2B VWD patients.
Using the staining combination of alpha-tubulin, VWF and SPARC on additional VWD
patients, we were able to identify larger tubulin rings in a subset of type 2B patients with the
p-R1306W mutation that constitutes giant platelets, while direct granular changes were not
evident (Figure 1). Further analysis of both morphological and granular changes in a more
quantitative setting using a SIM-based approach would be merited to better understand
how VWF mutations affect thrombopoiesis in type 2B VWD. Ultimately, those defects can
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also affect platelets in the circulation and determine to what extent patients experience
bleeding problems [35].

A final potential application for SIM-based, quantitative imaging as described in this thesis
is the study of platelet disorders characterized by defects in the formation of lysosome-
related organelles such as alpha- and dense-granules [30,38,39], and in certain
acquired platelet disorders that occasionally constitute storage pool deficiency like in
myeloproliferative neoplasms or ITP [40]. Quantitative imaging of platelets could
simultaneously yield information on a structural protein, an alpha-granule cargo protein,
and a dense-granule cargo marker. This would provide a rapid screening test not only to
assess platelet morphology but also on the morphology and number of platelet
storage organelles. As current diagnostic tests mostly assess this indirectly by measuring
platelet secretion or aggregation, a microscopy-based approach would also constitute a novel
approach in the diagnostic toolkit. Another consideration would be to incorporate
imaging of both resting- and stimulated platelets to include further simultaneous
information on platelet secretion. Finally, the quantitative nature of a SIM-based approach
allows rapid screening of hundreds of platelets which is much less labour-intensive than
established methods and allows identification of more subtle defects. As such, it could
directly be applied for the quantification of dense granule numbers [30], which is currently
done by whole-mount EM [41].

Platelet imaging and neural networks - “This Is The World Now. Logged On, Plugged
In, All The Time"

Another field where the heterogenous nature and rapid degradation of platelets plays a
major role is in the storage of platelet transfusion products [20-22]. Here, it is
important to fully characterize platelet dynamics, in order to be able to predict the quality of
transfusion products to be used in the clinic. Proteomic, functional and morphological
changes in stored platelets have been elaborately characterized but accurate prediction
tools are lacking [20-22]. Generating imaging datasets of many different platelet states in
combination with advanced analytical tools derived from the rapidly expanding field of
Al-based learning might be a new approach in quality prediction of platelet transfusion
products.

Imaging datasets are a prime candidate to train neural networks to recognize
specific, well-characterized cell states, and both histological and fluorescent images are
increasingly used via Al recognition in pathology and research laboratories, such as for
recognition of platelet spreading [42]. As an extension of the quantitative work presented in
Chapter 5, a default staining of several key platelet components was used to generate training
and validation datasets of in vitro-aged platelets in an ongoing project (Figure 2). A neural
network was trained to identify sections of platelets under well-characterized different
conditions that resemble younger and older platelets based on confocal microscopy images.
The convolutional network was then applied to platelet transfusion products stored over
several time points [43]. Based on these platelet images, the algorithm was able to predict
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Figure 2. Platelet aging and neural network application.

Platelets were aged in vitro for 0, 4 or 8 hours; and used as training and validation sets for neural network
development. A potential application for ITP patients is illustrated, as predicting platelet age as successfully
done in transfusion products may also be applied here. Predicting ITP platelet age will help stratify between
effector mechanisms at work in ITP.

the correct platelet age in blood products stored for 1, 3, 6 or 10 days. Other combinations
of stainings should be tested to further optimize prediction accuracy and single platelet
information.

A direct application of this approach is to rapidly assess the quality of platelet transfusion
bags using a standardized protocol after further development and validation. Secondly, AI-
based interpretation of a platelet imaging dataset may be used as a diagnostic toolkit to
rapidly analyse platelet states in individuals. For example, the differential platelet states
present in ITP patients that stem from either platelet destruction or reduced platelet
production likely elicit a shift in the ratio between young and old platelets (Figure 2).

As described in Chapter 2, ITP is caused by differential effector mechanisms for which
the current therapeutic approach is trial-and-error based [10,15]. Having a tool that can
segregate patients based on platelet production defects versus platelet clearance would be
useful in further dissecting the disease into well-characterized therapeutic and potentially
even immunological subtypes. After validation, future steps in the project therefore would
be to screen well-characterized ITP patients for potentially different platelet states and
correlate this to their active treatment, platelet counts over time, and clinical condition.

VWD and platelet degranulation — "Correlation is no causation”

Besides the microscopic approaches presented in this thesis that have a particular focus on
platelet granular cargo like VWF in selective patients, we also performed a large explorative
cohort study of platelet degranulation in VWD. In Chapter 4, we analysed the correlations
between platelet degranulation and VWE- and clinical parameters in a large cohort of VWD
patients for the first time, in an effort to pinpoint interesting targets for further investigation
of the platelet compartment in VWD.

One of the most prominent findings in this study was the association between higher PF4
plasma levels and the current bleeding phenotype, particularly in type 1 VWD. This type
of VWD is a heterogeneous collection of patients with synthesis or clearance defects, or
other causes that lead to low VWF levels, with around 30% where no mutation can be
identified in the VWF gene [32,44]. Therefore, it is intriguing that a marker for platelet cargo
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release could warrant such an association with bleeding. While this may have multiple
causes, elevated PF4 levels as we found in this subtype could be indicative of constitutive
platelet activation. Pre-activated platelets are less likely to adequately respond to hemostatic
challenges [3], which is in line with a previous correlative study that suggests that type
1 VWD patients with a relatively adequate hemostatic response (signified by DDAVP
response) have a lower bleeding score [45]. Considering that platelet-derived VWE
levels can also be reduced in type 1 VWD or low-VWF patients [46,47], often pointing to
biosynthesis defects, studies on the platelet alpha-granule compartment and its secretion
competence in well-characterized type 1 VWD patients is warranted to better identify
the contribution of platelets and their cargo release such as VWF in type 1 VWD and its
subgroups.

We also found that type 2B patients had lower PF4 levels in plasma, which may
signify the inability of platelets to release PF4, a reduced synthesis of PF4 as a result of
defective thrombopoiesis and/or a lower platelet pool that is capable of releasing PF4.
However, platelet count alone may not explain lower PF4 levels in type 2B patients,
considering that non-thrombocytopenic type 2B patients also had lower PF4 levels
compared to other VWD types. Nurden et al. suggested that VWF has an important
modulatory effect on megakaryopoiesis and platelet production, as evidenced by the
fact that various type 2B mutations affect megakaryocyte production, platelet function
and morphology [35,36]. While all type 2B patients tested had some degree of altered
production or platelet abnormalities, some mutations like p.V1316M showed more severe
defects than others. Finally, PF4 plasma levels may be an indicator for type 2B severity as
we found lower PF4 levels in those patients with persistent thrombocytopenia. Regardless,
further biological work on thrombopoiesis and the role of VWE therein will be essential to
better understand how type 2B VWD modulates platelet biogenesis.

VWF and VWFpp in the megakaryocyte lineage - "You Never Clot Alone"

Most of the work on VWEF biosynthesis has been performed in cultured
endothelial cell systems and heterologous expression systems. Although a handful of studies
have illustrated that VWF in megakaryocytes and endothelial cells appears similar [48],
there is still a significant lack of knowledge on VWF biosynthesis and trafficking in and
from megakaryocytes. Further studies on platelet VWF from VWD patients may help us
understand how VWF synthesis works in megakaryocytes. There may be differences in
VWF dimerization, multimerisation, storage in- and exocytosis from WPBs versus alpha-
granules as a result of specific mutations, which is currently unexplored. Parallel
studies with endothelial cells will be paramount to assess cellular differences and to better
understand when and how mutations affect patients. Bowman et al. showed that a
specific type 3 mutation was less severe due to the contributions of residual endothelial- and
platelet-derived VWE, signifying the importance of resolving the contributions and
differences of cellular sources of VWF [34].

On a similar note, it is unclear how VWF is organized in the megakaryocyte
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lineage in relation to its associated VWEpp, which is essential for VWF biosynthesis in
endothelial cells [2]. In Chapter 6, we explored the distribution of VWF and VWFpp from
megakaryocyte origin in platelets and compared this to findings from endothelial cell
systems. We found that VWF and VWFpp are both present in close proximity in the
eccentric part of alpha-granules [49]. As we know that platelet VWF is organized in tubular
structures that are shorter in length than WPBs, it is likely that VWFpp is also a present in
these tubular structures [50]. However, advanced 3D electron microscopy will be necessary
to fully disclose how VWEFpp is incorporated in these structures and how this may differ
from WPBs, where VWFpp is critical for the condensation of VWF tubules [5,51].

VWEF and VWEFpp exocytosis - "Secreted, not Stirred”

We also studied the events triggering VWF and VWFpp release from platelet alpha-
granules in Chapter 6. Studying platelet secretion events without the physical forces that
are extended during platelet plug formation and aggregation allows one to discern the
individual roles of cargo proteins in platelet organelles during the initial phase of cargo
release. While one can precisely interrogate and compare granule release events, one of the
caveats is that physical forces that may be necessary for complete release of alpha-granule
cargo are not taken into account in this model [3].

Using quantitative 3D SIM, we found that VWFpp was released in much higher quantitities
than VWE despite their close proximity in alpha-granules. These findings are in contrast to
release from endothelial cells, where VWF and VWFpp exit WPBs in a 1:1
stoichiometry [52]. It has been well established that VWF is partially retained in platelets
[53]. We found that VWE-positive residual structures were often clustered together, which
suggests that compound fusion events take place on alarge scale during alpha-granule release
[54]. We confirmed that such structures were post-exocytotic by using an anti-VWF nano-
body that co-stained nearlyall such structures. Together, this mayindicate that VWF isunable
to exit compound-fused granules while VWFpp can be adequately released. Alternatively,
additional physical forces such as those in a thrombus environment are necessary to
fully release platelet VWE, considering that platelets differentially release their content
depending on their position in a thrombus [55].

VWF and VWEFpp in thrombus formation - "Not All Those Who Wander Are Lost"
In an effort to characterize the role of post-release VWEpp in a thrombus, we
generated both thrombi in the absence of plasma and whole blood thrombi in a
microfluidic device and analysed the 3D structural mapping of VWF and VWFpp
at different time points of thrombus formation [56]. In particular, in thrombi that
developed core and shell structures, we found a majority of VWFpp at the
core whereas VWF could be predominantly found in the thrombus shell (Fig-
ure 3). This was the case in both plasma-depleted and whole blood thrombi,
indicating that the presence or absence of plasma-derived VWF and VWEFpp did not
alter the distribution of these proteins. Additionally, the size of released cargo may
determine its distribution in the thrombus environment and thus may affect VWF and
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Figure 3. Thrombus generation under flow and VWE/VWFpp immunolocalization.

Thrombi were generated in a microfluidic model by flowing platelets and erythrocytes over a
collagen type I layer for 2.5 / 5 / 10 minutes. Whole blood thrombi were similarly
generated and showed similar immunolocalization. Top, middle and bottom sections of thrombi are
depicted as stained for GPIb (magenta), VWF (red) and VWFpp (green). Cartoon illustrates the differential
distribution of VWF and VWFpp in larger thrombi consisting of a core and shell. Samples were
prepared by Titus Lemmens (and imaged by Maurice Swinkels) as part of a collaboration with dr. Judith
Cosemans at MUMC. Unpublished work.

VWEpp differentially considering their size difference [55]. Further experiments are
needed in order to identify whether the differential localization of VWFpp and VWEF
inthrombi results from differential exocytosis of alpha granules, as a result of thrombus
dynamics, or a combination of these factors.
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As Scott and Montgomery already posed in 1981: is VWFpp a platelet antigen while VWF is
an endothelial antigen [57]? In Chapter 6, we speculate about a potential role of VWEpp as
a platelet-derived component of VWF-related function that may be rapidly released at
sites of tissue injury. The current findings are in line with emerging studies of VWFpp
in mice [5],58], where VWEFpp appears to stimulate platelet-rich thrombus formation.
It is unclear whether this phenomenon is a separate, or rather synergistic mechanism
in relation to the differential distribution and release of VWF and VWFpp observed
in our work. Further studies in mice and potentially also in human thrombectomy
samples would be useful to establish the in vivo role of VWFpp in primary hemostasis.
These are intriguing questions that hopefully will be answered in future experiments
that interrogate the megakaryocyte- and endothelial VWF lineages before- and during
thrombus formation and in the different pathological conditions of VWD.

In particular, the importance of VWFpp for megakaryocyte VWEF biosynthesis and
platelet VWF organization is yet unknown. Studying the effect of VWFpp mutations in VWD
patient platelets [51], such as through iPSC-derived primary MK cultures, may help us
better understand how these proteins are regulated in megakaryocytes and platelets.

Conclusions and future perspectives — "Merging is complete”

The studies presented in this thesis highlight the potential of studying platelets in two
distinct hematological disorders. One avenue where more rigorous platelet studies are
needed is in ITP. Adequate monitoring of platelet counts is essential in both clinical and
biological studies on ITP patients, in combination with an improved stratification of this
heterogeneous disease. Hopefully, this will allow us to step away from the diagnosis of
‘thrombocytopenia without a known cause’

Another avenue is the future development of unbiased, automated analyses of
quantitative platelet imaging data, that will be an important stepping stone to move away
from qualitative assessments of the highly heterogeneous population of circulating
platelets. This discussion described three ongoing projects with a particular focus on
quantitative imaging that prove to be interesting topics for future study.

Finally, platelets present an easy to access target to study the end product of VWE
biosynthesis, which is particularly applicable in a translational setting to study VWD
subtypes suffering from cellular VWF defects. This may help to better predict and
understand the therapeutic efficacy of platelet transfusions (with functional cellular VWEF)
and DDAVP (releasing functional cellular VWF). With continuous developments in
super-resolution microscopy, the way is open to quantitatively assess a cellular form of
VWEF in the diagnostic pipeline. Zooming in on platelet may provide us with novel insights
to unravel the role of platelet-derived VWF and VWFpp in VWD pathogenesis.
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Chapter 8

Summary

Platelets play a central role in the hemostatic system, and platelet defects are found in
various hemostatic disorders. The aim of this thesis was to study the dynamics and
function of platelets in the hemostatic disorders immune thrombocytopenia (ITP) and von
Willebrand Disease (VWD). As platelets are heterogeneous cells with a short lifespan,
quantitative methodologies were an important part of the approach for each chapter.
The background biology of platelets, pathobiology of ITP and VWD, and quantitative
methodologies presented in this thesis are part of Chapter 1. The subsequent parts of the
thesis focused on platelet aspects in ITP (Chapter 2 and 3) and in VWD (Chapter 4, 5
and 6). Finally, a general discussion that outlines the research presented in this thesis in a
broader perspective is part of Chapter 7. Future perspectives and preliminary data of
follow-up studies are also discussed.

Part 1: Platelets in ITP: Opportunities and Challenges

In Chapter 2, we reviewed several emerging concepts in the pathophysiology of ITP
with the aim to summarize our current mechanistical knowledge on ITP and to provide
suggestions on the conceptual approach of ITP pathophysiology. The anti-platelet response
in ITP patients is characterized by autoantibodies and cytotoxic CD8+ T cells, which may
enhance platelet clearance and/or inhibit platelet production in the bone marrow. We
proposed a novel model for ITP pathogenesis, where onset of the disease relies on a trigger
leading to exposure of platelet surface antigens. Additionally, loss of tolerance is essential
for chronic auto-immunity against platelets. These concepts are in line with other auto-
immune diseases, but are not used in ITP, where classification of ITP is primarily based
on clinical aspects. We finally speculated that post-translational modifications of platelet
antigens may contribute to ITP pathogenesis.

In Chapter 3, we presented a systematic study of platelet counts in ITP patients and healthy
individuals undergoing COVID-19 vaccination, with the aim to assess the safety and
effect of vaccination on platelets counts. The systematic approach entailed platelet counts
measured before and after first- and second vaccination events, which enabled mixed-
effects modelling to analyse platelet counts over time and differentiation from natural
platelet fluctuations. Vaccination leads to a decrease in platelet counts in ITP patients and
healthy controls, but there was no significant difference in the decrease between these
groups. A subgroup of ITP patients at risk, due to lower baseline platelet counts or those
requiring active ITP treatment, were found to have relatively more ITP exacerbations.
We found that COVID-19 vaccination was safe for ITP patients but close monitoring of
platelet counts is important for subgroups at risk of exacerbation. Additionally, this study
illustrated that a systematic approach is needed to differentiate platelet fluctuations that
are also present in healthy individuals from platelet changes in ITP patients at risk.
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Part 2: Platelet and VWE: Key Partners in Disease and Health

In Chapter 4, we explored the role of platelet degranulation in the context of VWD,
with the aim to explore VWD subtypes where the contribution of platelet derived VWF
may need to be more intensively studied. Platelet degranulation was measured based on
plasma PF4 samples in a large cohort of VWD patients to identify possible associations
with VWE- and clinical parameters from this population. We found that PF4 levels were
lower in type 2B VWD, particularly in patients with persistent thrombocytopenia. Another
observation was that PF4 levels were correlated to a current bleeding phenotype in type
1 patients. Whether these cumulative findings are indicative of platelet (degranulation)
defects in these subtypes is currently unclear. However, the associations found in this study
suggest that platelet function and degranulation may play a unique role in specific VWD
subtypes and provide a basis for further studies on platelets in VWD.

In Chapter 5, we developed a quantitative super-resolution imaging methodology based
on SIM to study platelet granular structures, with the aim to tackle the heterogeneity of
platelets in the circulation, and particularly the heterogeneity of their granular content.
This methodology was applied to study VWF in platelets from healthy individuals and
VWD patients in comparison to a control alpha-granule cargo protein, SPARC. SIM-based
imaging highlighted a large intra- and interindividual variability in VWF and SPARC-
positive structures in healthy individuals. Despite this variability, we were able to
accurately quantify alpha-granular release of VWF and SPARC upon platelet stimulation
with the developed methodology. Furthermore, we were able to stratify two type 3 VWD
patients caused by distinct pathogenic mechanisms that could not be distinguished by
their diagnostic VWF values. Stratification was successful using SIM, but not when using
standard confocal microscopy, illustrating the added value of a SIM-based approach.
Finally, we studied VWD patients with heterozygous or homozygous p.C1190 mutations
in VWF with SIM and traditional approaches, and found that platelet- and plasma-VWEF
multimerization differed in patients with a p.C1190 mutation. We demonstrated that a
quantitative imaging approach helps to better understand VWF storage in alpha-granules
and how VWF biosynthesis defects in VWD may lead to VWEF defects in platelets.

In Chapter 6, we studied the localization and contribution of platelet-derived VWF and
its propeptide in hemostasis during platelet cargo release with the aim to characterize
their release profiles in response to physiological stimuli. Quantitative super-resolution
imaging as developed in Chapter 5 revealed that VWF and VWFpp occupy the same alpha-
granular nanodomains in resting platelets. Various stimuli and dosages demonstrated
that the release of VWF and VWFpp from individual granule nanodomains occurs in a
differential fashion. VWFpp exits alpha-granules even at low stimulus conditions while
VWE requires a strong stimulus to be released, and even then is partially retained. VWFpp
was the major antigen to be released from a large number of individual alpha-granules,
both in reference to VWF and to fibrinogen and SPARC, two other alpha-granule cargo
proteins. Considering the unexplored function of VWFpp in the circulation, these findings
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hopefully help unravel the contribution of VWF and VWFpp, differentially derived from
either endothelium or platelets, in the formation of hemostatic platelet plugs.

Finally, the findings from this thesis were discussed in view of the general literature in
Chapter 7, with additional suggestions for future research. We relate the published findings
from this thesis to preliminary data from additional ongoing studies of platelet imaging in
A) additional VWD patients, B) the application of Al on platelet images and C) in vitro-
generated thrombi to further study VWF and VWEpp in hemostasis. Finally, we
re-iterate the importance of quantitative platelet studies in order to accurately capture
their heterogeneity in terms of platelet numbers and granular content. Future
studies on ITP (numbers), VWD (granular content) and beyond should always consider the
heterogeneity of platelets.
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Samenvatting

Bloedplaatjes spelen een centrale rol in het hemostatische systeem, en defecten in
bloedplaatjes worden gevonden in verschillende hemostatische ziektes. Het doel van
het onderzoek in dit proefschrift was om de dynamiek en functie van bloedplaatjes te
bestuderen in de hemostatische ziektes immuun trombocytopenie (ITP) en von
Willebrandziekte (VWZ). Omdat bloedplaatjes heterogene cellen zijn met een korte
levensduur, waren kwantitatieve methodologieén een belangrijk onderdeel in de
aanpak van elk hoofdstuk. De achtergrondkennis van de onderliggende biologie van bloed-
plaatjes in ITP en VWZ, als ook de kwantitatieve methodologieén die gebruikt zijn in dit
proefschrift worden beschreven in hoofdstuk 1. De volgende delen van het proefschrift
richten zich op de aspecten van bloedplaatjes in ITP (hoofdstuk 2 en 3) en in VWZ
(hoofdstuk 4, 5 en 6). Hoofdstuk 7 sluit af met een algemene discussie die betrekking heeft
op het uitgevoerde onderzoek in een breder kader. Toekomstperspectieven en preliminaire
data van vervolgonderzoek worden hier ook bediscussieerd.

Deel 1: Bloedplaatjes in ITP: kansen en uitdagingen

In hoofdstuk 2 wordt er gereflecteerd op enkele nieuwe ideeén en concepten op het
gebied van de pathofysiologie van ITP, met als doel om suggesties te doen in de
conceptuele aanpak van ITP en onze huidige mechanistische kennis van ITP samen te vatten.
De immuunreactie tegen bloedplaatjes in ITP patiénten wordt gekarakteriseerd door
autoantistoffen en cytotoxische CD8+ T-cellen, die de opruiming van bloedplaatjes
versnellen of de productie van nieuwe bloedplaatjes in het beenmerg afremmen. We
hebben een nieuw model voor de pathogenese van ITP voorgesteld waar de aanleiding van
de ziekte athangt van een trigger die leidt tot de blootstelling van oppervlakte antigenen
op bloedplaatjes. Daarnaast is het verlies van immuuntolerantie essentieel om chronische
auto-immuniteit tegen bloedplaatjes te ontwikkelen. Deze concepten komen overeen met
die van andere auto-immuunziektes, maar worden nu niet toegepast voor ITP, waar de
classificatie voornamelijk athangt van klinische eigenschappen. Ten slotte speculeren we
dat post-translationele modificaties van antigenen op bloedplaatjes een rol kunnen spelen
in de ITP pathogenese.

In hoofdstuk 3 hebben we een systematische studie gedaan naar bloedplaatjes aantallen in
ITP patiénten en gezonde donoren die gevaccineerd werden tegen COVID-19, met als doel
de veiligheid en het effect van deze vaccinatie op bloedplaatjes aantallen vast te stellen. Als
onderdeel van de systematische aanpak werd het aantal bloedplaatjes gemeten voor- en na
de eerste- en tweede vaccinatie, waardoor met behulp van mixed-effect modellering het
aantal bloedplaatjes in de loop van de tijd en los van natuurlijke afwijkingen kon worden
bepaald. Vaccinatie leidde tot een afname in bloedplaatjes in ITP patiénten en gezonde
donoren, maar er was geen significant verschil in deze afname tussen deze twee
groepen. Een subgroep van ITP patiénten die een verhoogd risico op bloedingen hadden
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vanwege een verlaagd standaard aantal bloedplaatjes of omdat ze intensieve medicatie nodig
hadden, hadden ook relatief vaker een verergering van de ziekte. COVID-19 vaccinatie is
veilig voor ITP patiénten maar bloedplaatjes aantallen moeten goed gemonitord worden in
subgroepen die een verhoogd risico hebben. Daarnaast liet deze studie zien dat een
systematische aanpak nodig is om natuurlijk afwijkingen in het aantal bloedplaatjes, die ook
in gezonde donoren kunnen voorkomen, te kunnen onderscheiden van afwijkingen in ITP
patiénten met een verhoogd risico.

Deel 2: Bloedplaatjes en VWE: compagnons in ziekte en gezondheid

In hoofdstuk 4 hebben we een oriénterende studie gedaan naar de rol van bloedplaatjes
degranulatie binnen VWZ, met het doel om VWZ subtypes te bekijken waar de bijdrage
van bloedplaatjes atkomstig-VWF mogelijk beter moet worden onderzocht. Bloed-
plaatjes degranulatie werd gemeten op basis van plasma PF4 waardes in monsters van
een groot cohort van VWZ patiénten om te kijken naar mogelijk associaties met VWF en
klinische parameters. PF4 levels waren lager in type 2B VWZ, met name in patiénten met een
persistente trombocytopenie. Daarnaast waren PF4 waardes gecorreleerd aan een huidig
bloedingsfenotype in type 1 patiénten. Of deze bevindingen indicatief zijn voor bloed-
plaatjes (degranulatie) defecten in deze subtypes is onduidelijk. Desalniettemin suggereren
de associaties in deze studie dat bloedplaatjes functie en degranulatie een unieke rol kan
spelen in specifieke VWZ subtypen en vormen een basis voor verdere studie van bloed-
plaatjes binnen VWZ.

In hoofdstuk 5 hebben we een kwantitatieve super-resolutie microscopie
methodologie ontwikkeld op basis van SIM om granulaire structuren van bloed-
plaatjes te kunnen bekijken, met als doel om de heterogeniteit van bloedplaatjes in de
circulatie, en met name van diens granulaire inhoud, goed te kunnen bestuderen. Hiermee
is er gekeken naar de organisatie van VWF in bloedplaatjes van gezonde donoren en VWZ
patiénten in vergelijking met een controle alfa-granule eiwit, SPARC. Met SIM-
gebaseerde imaging was het mogelijk om grote intra- en interindividuele afwijkingen te
meten in VWE- en SPARC-positieve structuren in gezonde donoren. Ondanks deze
variatie was het mogelijk om de release van VWF en SPARC vanuit alfa-granules als
gevolg van bloedplaatjes stimulatie accuraat te kwantificeren. Het was ook mogelijk om
twee verschillende type 3 VWZ patiénten met een verschillend onderliggend pathogeen
mechanisme te onderscheiden, die niet te onderscheiden waren op basis van hun
diagnostische lab waardes. Dit onderscheid lukte wel met SIM, maar niet met een standaard
aanpak op basis van confocale microscopie, wat de meerwaarde van een op SIM-gebaseerde
aanpak onderstreept. Ten slotte zijn VWZ patiénten met een heterozygote of homozygote
p-C1190 mutatie onderzocht met SIM en traditionele technieken. Hiermee werd gevonden
dat de multimerisatie van bloedplaatjes- en plasma-VWF afweek in p.C1190 patiénten. In
dit hoofdstuk hebben we laten zien dat een kwantitatieve imaging aanpak bij kan dragen
om beter te begrijpen hoe VWF wordt opgeslagen in alfa-granules en hoe defecten in de
biosynthese van VWF in VWD patiénten kunnen leiden tot VWF defecten in bloedplaatjes.
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In hoofdstuk 6 hebben we de Ilokalisatie en contributie van bloedplaatjes
afkomstig VWF en VWE-propeptide (VWFpp) in hemostase en gedurende bloedplaatjes
degranulatie bestudeerd, met als doel om het degranulatie profiel als gevolg van verschillende
fysiologische stimuli in kaart te brengen. De kwantitatieve imaging methodologie van
hoofdstuk 5 liet zien dat VWF en VWFpp in hetzelfde nanodomein van alfa-granules zitten.
De release van VWF en VWFpp uit deze zelfde nanodomeinen is verschillend onder
variérende stimuli en doseringen. VWFpp komt snel vrij uit alfa-granules, ook bij lage
doseringen, terwijl VWF een sterke stimulus nodig heeft om vrij te komen, en zelfs dan
niet volledig vrij komt. In vergelijking met VWF maar ook met fibrinogeen en SPARC, twee
andere eiwitten uit alfa-granules, is VWFpp een antigeen wat in grote mate uit alfa-granules
vrij komt als gevolg van stimulatie. Omdat het nog onduidelijk is wat VWEFpp doet in de
circulatie, helpen deze bevindingen hopelijk hoe de verschillende release van VWF en
VWEpp uit zowel endotheel als bloedplaatjes bijdragen aan de vorming van bloedstolsels.

Ten slotte zijn de bevindingen in dit proefschrift bediscussieerd in de context van de
bekende literatuur in hoofdstuk 7, met suggesties voor verder onderzoek. We hebben de
gepubliceerde bevindingen gerelateerd aan preliminaire data van aanvullende lopende
studies op het gebied van bloedplaatjes imaging in A) extra VWZ patiénten, B) de
toepassing van kunstmatige intelligentie op afbeeldingen van bloedplaatjes, en C) in-
vitro gegenereerde trombi om de rol van VWF en VWFpp in hemostase verder te
bestuderen. Ten slotte blijft het belangrijk om kwantitatieve studies van bloedplaatjes te
doen om goed met hun heterogeniteit in aantal- en granulaire inhoud om te kunnen gaan.
Verdere studies op het gebied van ITP (aantallen) en VWD (granulaire inhoud) zullen altijd
de heterogeniteit van bloedplaatjes in acht moeten houden.
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Frank: toen ik begon in jouw toch redelijke klinische groep was het allemaal nog nieuw.
Het was ontzettend leuk om in het begin de polibespreking, het stolrapport en zelfs een
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Judith, het was erg leerzaam om in Maastricht op bezoek te komen en nog een erg leuk

experiment met thrombi uit te voeren in mijn laatste jaar. Helaas is dit niet meer in de paper
gekomen maar toch in ieder geval in de discussie van dit proefschrift.
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