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Chapter 1

General Introduction



Platelets are the smallest blood cells, being released from megakaryocytes
in mainly the bone marrow, that are known to play crucial roles in
thrombosis and hemostasis®. Upon vascular injury, platelets encounter
exposed collagens and von Willebrand factor (VWF) in the subendothelial
matrix. This leads to platelet adhesion, activation and plug formation in
order to avoid excessive blood loss. At a ruptured atherosclerotic blood
vessel or undesired platelet activation can promote pathological arterial
thrombosis. Apart from hemostasis and thrombosis, platelets are also
involved in other physiological and pathological processes, including
inflammation and cancer metastasis®?. A central mechanism of platelet
activation under flow is by direct binding of collagen to fibers via the
receptors glycoprotein VI (GPVI) and integrin a2B1, as well as by indirect
binding VWF via the glycoprotein complex, GPlb-V-IX. The GPVI is an
immunoglobulin receptor on the platelet membrane surface, which is now
considered as an antithrombotic target due to its major role in thrombosis
but a minor role in hemostasis®. With the development of advanced mass
spectrometric techniques, and due to the anucleate structure of platelets,
mass spectrometry-based proteomics has become a powerful tool to study
the membrane receptor-mediated platelet signaling pathways*’. In this
chapter, | give a general background of GPVI-mediated platelet activation
and thrombus formation, as well as of applications of mass spectrometry-
based proteomics method for the research to platelet proteome and
signaling pathways.

Platelet in thrombosis and hemostasis

In the blood, circulating platelets are normally present in a resting state.
However, once a blood vessel becomes damaged, the platelets become
exposed to subendothelial elements such as collagens and VWF. This causes
platelet adhesion and activation, which can lead to either hemostasis or
arterial thrombosis®. Under flow conditions, the initiation of transient
platelet adhesion is by collagen-bound VWF via GPIb-V-IX. This interaction



allows stable adhesion through the collagen receptors, GPVI and integrin
a2B1, to further amplify platelet activation responses (Figure 1)>°. The
GPVI-induced platelet activation via collagen provides a strong signaling
trigger, involving the mobilization of intracellular Ca?*, activation of integrins
a2B1 and allbB3, release of thromboxane A, (TXA>), granule secretion, and
the surface exposure of phosphatidylserine (PS)¥%!, The latter response by
a fraction of the platelets allows the binding of coagulation factors and
promotes thrombin generation!?. Meanwhile, the release of secondary
mediators including ADP and TXA,, in synergy with the generated thrombin,
stimulates more platelets through the activation of G protein-coupled
receptors (GPCRs), thereby amplifying the thrombus formation process*3. In
activated platelets, the conformation of integrin allbB3 is switched from a
low-affinity state to a high affinity state, which allows or enforces its
interaction with the (soluble) ligands fibrinogen, fibronectin, VWF and
fibrin'416, The activated allbB3 is required for platelet aggregation, and
further enhances platelet activation through outside-in signaling, which
results in platelet spreading and clot retraction®®. As referred to above, many
reviews have been written on the signaling mechanisms of platelet
activation. Here, | will confine to introduce only those aspects that are
relevant for the present thesis, in particular by focusing on the central
platelet receptor in this thesis, namely GPVI.

Glycoprotein VI (GPVI) as a central platelet receptor

GPVI is the major signaling collagen receptor that is expressed only on
platelets and megakaryocytes. Apart from this, GPVI can also act as a
responding receptor for other ligands, including fibrin, fibrinogen, laminin,
collagen-related peptides (CRP) or convulxin*'’. The GPVI-induced
activation of platelets - with strength depending on the nature of the ligand
- involves Src family kinases (SFK), which phosphorylate the dimeric GPVI co-
receptor FcR y-chain at its downstream immunoreceptor tyrosine-based
activation motifs (ITAM). This recruits the tyrosine kinase Syk to
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Figure 1. Schematic overview of thrombus formation. Upon vascular damage,
resting platelets become activated by binding to collagens in the extracellular,
followed by the release of secondary mediators to activate more platelets to build
up a thrombus via fibrinogen interactions. Figure created by Biorender.com.

phosphorylate and activate multiple target proteins, including linker for
activated T-cells (LAT) (Figure 2). The phosphorylated LAT acts as a
recruitment protein for a series of adaptors and kinases, including Tec family
kinases (Tec, Btk), SLP76 and phosphoinositide 3-kinases (PI3K). A major
outcome of this signaling cascade is the phosphorylation, recruitment and
activation of phospholipase Cy2 (PLCy2) to generate the second messengers
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG); the generated IP3
evokes mobilization of intracellular Ca* from the internal stores in platelets.
Both the PLCy2 and PI3K activation routes can promote integrin activation
and integrin outside-in signaling%18-20,

In 2009, the first two patients with a compound heterozygous GPVI
deficiency were reported. Both patients showed ecchymoses, i.e. only mild
bleeding symptoms with a normal platelet count, despite different
mutations in the GP6 gene??2, In 2013, four additional patients from Chile
with novel GP6 mutations were discovered, who had a somewhat prolonged
bleeding time and showed epistaxis. In vitro experimentation revealed that
the platelets from these patients were completely unresponsive to collagen
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and convulxin®. The findings with Chilean patients suggested that the
frequency of GPVI deficiency is higher than was previously estimated. In
addition, the observed minor role of GPVI in hemostasis raised the possibility
that GPVI can be a suitable anti-thrombotic target with limited bleeding side
effects.

Considering that GPVI may be a novel antithrombotic target, the possibilities
to suppress GPVI-mediated thrombus formation have been extensively
studied. This has led to several inhibitors of the collagen-GPVI interaction.
Revacept (a soluble dimeric GPVI-Fc fusion protein) was found to interfere
with the GPVI-dependent platelet aggregation through its competitive
binding to collagen?42°. On the other hand, the anti-GPVI Fab 9012 directly
interferes with the interaction of GPVI with collagen. The Fab thereby
prevents the GPVI-mediated platelet adhesion?®. In addition, GPVI-induced
platelet activation and signaling can be suppressed through pharmacological
inhibition of downstream kinases or adaptors. For example, the compound
PRT-060318 is a well-known inhibitor of the tyrosine kinase Syk, while
ibrutinib is clinically applied to suppress Btk in cancers, and the drug TGX-
221 works to block the class | PI3KB isoform?7-2°,

On the other hand, much less is known of the restraining mechanisms of
GPVI-induced platelet activation. Several ITIM-containing (immunoreceptor
tyrosine-based inhibitory motif) receptors are expressed in platelets, which
signal through receptor and non-receptor protein tyrosine phosphatases,
such as Shpl and Shp2. The receptors which signal through an ITIM include
PECAM1 and G6b-B. By convention, this signaling suppresses ITAM-
mediated platelet activation by dephosphorylating the key regulators of this
signaling, including Src, Syk and LATZC,

Another way of downregulating GPVI activity on the platelet surface is via its
cleavage by proteases of the ADAM (A Disintegrin And Metalloprotease)
family. Both ADAM7 and ADAM10 become activated upon platelet
stimulation, which results in the release of soluble GPVI into the plasma3*-34,
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Figure 2. Schematic representation of GPVI-related platelet signaling cascades
upon stimulation via collagen of fibrin. The binding of collagen (fibrin) to the
dimeric ITAM-containing co-receptor FcR y-chain activates Src family kinases (SFK)
and Syk, resulting in the assembly of a LAT signalosome to recruit executive proteins
like PLCy2, PI3K and Tec/Btk. The activated PI3K catalyzes the generation of PIPs (3-
phosphorylated phosphoinositide), while the PLCy2 activation results in Ca**
mobilization. As a result, platelets can aggregate, secrete and change shape. For
abbreviations, see text. Figure created by Biorender.com.

Soluble GPVI is considered as a potential biomarker for platelet activation,
due to the unique expression of GPVI on platelets and megakaryocytes.
Increased levels of soluble GPVI have been detected in the plasmas from
patients with acute ischemic stroke, sepsis or deep venous thrombosis®

Remaining questions related to GPVI that are still partly unanswered are: (i)
the extent to which integrin allbB3 - as a fibrin(ogen) receptor - adds to the
GPVI signaling pathway; (ii) including a known allbB3-dependent signaling
rout of calcium- and integrin-binding protein 1 (CIB1) and the focal adhesion
kinase PTK2. And furthermore, to which extent Shpl and Shp2 are really
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capable to downregulate platelet activation in response to different GPVI
agonists. These questions | aim to answer in the present thesis.

Introducing platelet omics

Because of their anucleate structure, the processes of transcription and
translation are restricted in platelets3®, implying that the biologic functions
of a platelet are mainly regulated by post-translational protein modifications
(PTMs), in particular by protein phosphorylations. In recent years, mass
spectrometry-based proteomic techniques have been applied to investigate
the platelet protein composition (global proteome) as well as the regulatory
signaling pathways inside of activated platelets (phospho-proteome)’.

With the development of better and better mass spectrometers and
improved spectral resolvement techniques, many publications have
appeared to understand the platelet proteome, to identify new platelet
signaling cascades, and to better understand the biology of platelet-related
disorders. Initially, in 2004, Garcia et al. detected 62 (phospho)regulated
proteins from the platelets, which were stimulated by thrombin receptor
activating peptide-6 (TRAP6), and separated by 2-dimensional gel
electrophoresis (2-DE). Of these proteins, 41 were identified by tandem
liquid chromatography-mass spectrometry (LC-MS/MS)3%. A next
breakthrough came in 2012, when Burkhart et al. identified more than 4,000
proteins in platelets, of which the majority with estimated copy numbers,
which effort thereby provided a first comprehensive analysis of the human
platelet proteome®.

Only to a limited extent, mass spectrometry-based analyses have been used
for detecting alterations in protein abundance and changes in PTMs of
platelets from specific patients, for instance carrying a platelet-related
bleeding disorder. The combination of global proteomics, N-terminomics
and phosphoproteomics analysis was applied to platelets from a rare Scott
syndrome patient (mutated ANO6 gene, and platelet defect in
phosphatidylserine exposure). The proteomics analyses identified some
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differential expressed proteins, including anoctamin-6 and the catalytic
subunit of calpain-1, and furthermore revealed major changes in protein
phosphorylation’. In the platelets from a patient with Glanzmann’s
thrombasthenia (mutated I/TGA2B gene of integrin subunit), using
guantitative and targeted proteomics methods, it was found that the
integrin chains allb and B3 were absent ,as well as plasmatic proteins that
can bind to this integrin (fibrinogen, factor Xlll and plasminogen). Another
example is the syndrome pseudohypoparathyroidism type la (PHP 1a)*. This
is linked to mutations in the GNAS locus, which expresses the G-protein
subunit Gas. This G-protein is a major positive regulator of the platelet-
inhibitory protein kinase A (PKA). However, for many other patients in whom
the functions of platelets are expected to be altered, no proteomics
information is available to better understand the disease. Since an overview
of the overall progress in platelet (phospho)proteome analysis in relation to
signaling and health/disease was missing, this information is provided in the
present thesis.

At present, several precise proteomics quantification methods are available
for monitoring the protein changes in biological samples. The widely used
bottom-up proteomics method enables high sensitivity and reproducibility
for identifying thousands of proteins and detecting biomarkers*!. A typical
platelet proteomics method includes protein extraction, LC-MS/MS analysis,
data processing and validation (Figure 3). The application of either isotopic-
label or label-free quantification methods on large scale sample sets now
ensures a sensitive way of detecting potential novel biomarkers and drug
targets in CVD. In this thesis, we have applied these methods to better
understand the functionals alterations in platelets from patients with
mutations in the GNAS gene.

While platelets themselves only limited synthesize RNAs due to the absence
of a nucleus, they inherit substantial amounts of RNA species from the
megakaryocytes. This inheritage includes mRNAs, pre-mRNAs, pseudogene
RNAs, long non-coding RNAs (IncRNAS), microRNAs (miRNAs) and
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Figure 3. Typical bottom-up workflow of global platelet proteomics. Proteins from
well-purified platelets are lysed and extracted, followed by reduction and alkylation
steps to remove reactive groups and to allow accessibility for proteolysis. Then the
proteins are digested to small peptides, commonly by trypsin. The digested samples
are analyzed by a chosen type of LC-MS/MS to obtain the raw mass-spectrometry
data. From the obtained spectra, differentially expressed proteins and specific
signaling pathways can be determined by bioinformatics analyses. Common
enrichment and linkage steps are carried out with the Perseus program from
MaxQuant and the Cytoscape network tool. Finally, identified potential biomarkers
ordrug targets needs to be validated by regular biology experiments. Figure created
by Biorender.com.

circularRNAs. Several of these RNAs species have been considered as
diagnostic and therapeutic biomarkers, because they are associated with
certain diseases**. In the last decades, a terrific amount of such transcripts
has been mapped in platelets (>57,000)*¢*” with advanced novel techniques
like cDNA-based next-generation RNA-sequencing (RNA-seq). One
megakaryocytic cell is supposed to shed thousands of platelets into the
blood stream, and provide these with mRNA species during the process of
thrombopoiesis®®-°, Therefore, one can consider that a precise comparison
of the platelet and megakaryocyte transcriptomes with the platelet
proteome will provide a better understanding of the platelet structures and
functions. As this comparison has not been made yet, in this thesis we
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performed this effort, also extending it to compare human and mouse
platelets. We envisioned that this work will help to fully understand the
complexity of platelets, and to make a solid prediction model for the still
missing part of the platelet proteomes in man and mouse.

Aims and outline of this thesis

For this thesis, my aims are to provide better insight into the composition of
the platelet proteome and to use this knowledge for determining the
mechanisms by which GPVI-induced thrombus formation can be restricted.
Chapter 1, as a general introduction, provides relevant background
knowledge of platelets in hemostasis and thrombosis explains key signaling
pathways induced by the collagen receptor glycoprotein VI. The following
Chapter 2 compares and discusses 67 publications on the human platelet
proteome. It also recapitulates recent technical and scientific developments
of global proteomics and phosphoproteomics analyses. The chapter
furthermore gives an overview of reported changes in the
(phospho)proteome upon platelet activation via the receptors GPVI, CLEC2
or the receptors for thrombin or ADP. Chapter 3 provides a first quantitative
analysis of the identified platelet proteome, such in comparison to recently
obtained genome-wide transcriptomes of platelets and megakaryocytes. In
this chapter, it is also aimed to provide a protein classicification system to
better understand the complexity of the platelet structure and functions,
and furthermore to establish a prediction model to come to the full platelet
proteome. Chapter 4 adds to this by the inclusion of additional genome-wide
platelet transcriptomes, and by an extended comparison of the human and
mouse platelet proteomes and transcriptomes.

In the second part of my thesis, the omics knowledge is used to unravel
signaling pathways by which the GPVI-mediated thrombus formation under
flow can be restricted. Chapter 5 reveals the changes in phosphoproteome
of platelets from patients with Albright hereditary osteodystrophy (AHO) a
syndrome that is linked to a maternally inherited mutation in the GNAS
complex gene, encoding for the G-protein subunit Gas. The platelets from
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these patients are often impaired in sensing inhibitory signals. We describe
a way to assist the difficult diagnosis of a suspected AHO syndrome making
use of proteomics and platelet phenotype analysis. Chapter 6 focuses on a
novel ligand of GPVI, fibrin, and studies the relative contributions of GPVI
and integrin allbB3 to fibrin-dependent thrombus formation under flow
conditions. In this chapter, a variety of fibrin and fibrinogen surfaces have
been made to compare the effects of immunological or pharmacological
blockage of GPVI, integrin allbB3 or the downstream tyrosine kinase
signaling. Chapter 7 focusses on a potential signaling pathway that can put
a restrain on the GPVI-induced signaling pathway. We determine effects of
inhibition of the tyrosine phosphatases Shpl and Shp2, which are
considered to downregulate the GPVI signaling, and thus restrain collagen-
induced platelet activation and thrombus formation. In order to fully cover
the platelet signaling spectrum, the studies are also performed upon
blockage of phosphatidylinositol 3-kinase, which foresees in a GPVI signaling
sub-pathway. In Chapter 8, a series of peptides is designed and synthetized
that interfere with the shear-dependent platelet receptor GPR56, focal
adhesion kinase PTK2 and the intracellular calcium-and-integrin binding
protein 1 (CIB1). All of these signaling components potentially contribute to
the GPVI-mediated platelet responses, including thrombus formation under
flow. Of particular interest in the study is to see, whether the peptide
inhibitor effects are flow- and shear-dependent. In the last Chapter 9, the
most important findings of this thesis are critically discussed and placed
within the framework of the current literature.
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Abstract

Platelets are small anucleate blood cells that play vital roles in haemostasis
and thrombosis, besides other physiological and pathophysiological
processes. These roles are tightly regulated by a complex network of
signaling pathways. Mass spectrometry-based proteomic techniques are
contributing not only to the identification and quantification of new platelet
proteins, but also reveal post-translational modifications of these molecules,
such as acetylation, glycosylation and phosphorylation. Moreover, target
proteomic analysis of platelets can provide molecular biomarkers for genetic
aberrations with established or non-established links to platelet
dysfunctions. In this report, we review 67 reports regarding platelet
proteomic analysis and signaling on a molecular base. Collectively, these
provide detailed insight into the: (i) technical developments and limitations
of the assessment of platelet (sub)proteomes; (ii) molecular protein changes
upon ageing of platelets; (iii) complexity of platelet signaling pathways and
functions in response to collagen, rhodocytin, thrombin, thromboxane A;
and ADP; (iv) proteomic effects of endothelial-derived mediators such as
prostacyclin and the anti-platelet drug aspirin; and (v) molecular protein
changes in platelets from patients with congenital disorders or
cardiovascular disease. However, sample sizes are still low and the roles of
differentially expressed proteins are often unknown. Based on the practical
and technical possibilities and limitations, we provide a perspective for
further improvements of the platelet proteomic field.
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Introduction

Platelets circulate as anucleated cells in the blood, where they are keptin a
resting state by the vascular endothelium producing platelet inhibitors®2.
Alongside other functions, not addressed in this paper, platelets are of
fundamental importance in primary and secondary haemostasis and arterial
thrombosis3. An extensive network of molecular signal transduction
processes in platelets allows their fast adhesion and secretion upon injury of
the vessel wall or damage of an atherosclerotic plaque, and hence allows the
formation of a rapidly growing thrombus*>.

Because of their anucleate structure, gene transcription and ribosomal
translation activities are restricted in platelets®’, resulting in a relatively
stable proteome?. Given this, mass-spectrometry-based proteomic analyses
can be a valuable tool to assess the molecular build-up especially of these
out-differentiated cells.

Overview of platelet proteomic literature

In the present paper, we provide a topical overview of how technical
developments in the mass-spectrometric technologies are contributing to
our knowledge of the basic proteome of freshly isolated and stored platelets,
as well as of platelets stimulated via key receptor-dependent signaling
mechanisms. Details of the 67 published platelet proteomic analyses are
provided in Suppl. Table 1 (search terms PubMed 2021: platelet proteomics,
excluding non-human, not original protein lists and reviews). Extracted key
characteristics per section are indicated in Table 1.

With an estimated size of ~10k unique proteins in nucleated cells®?,
proteome studies of human platelets have identified variable numbers of 2-
6k proteins (Figure 1A). From the 67 registered studies, including six papers
with two categories (Suppl. Table 1), many (48%) used isolated, washed
platelets of high purity (99-99.99%). Given the small volume of platelets (9-
11 fL)?2 and an abundant open canicular system, this purity cannot exclude
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contamination with proteins from plasma, red blood cells and leukocytes,
which may affect study outcomes!®. A minority of the studies investigated
platelet releasates, ultracentrifuged platelet extracellular vesicles, or
immuno-affinity fractions from platelets, with the latter providing lower
numbers of proteins!?2. The early procedure of two-dimensional gel
separation of lysed platelets is still in use in some laboratories (12 papers),
although this method is now mostly replaced by bottom-up LC-MS/MS
analysis without gel separation.

As the most common protein digestion method, about half of the collected
papers (49%) use trypsin treatment of total platelet lysates (Figure 1B). The
usual sample workup is trichloroacetic acid and/or acetone precipitation and
filter-aided sample preparation. Many of the 67 publications describe one or
more additional sample treatment steps before uploading onto a column.
These include stable isotope labelling (isobaric tags for relative and absolute
quantification, iTRAQ or TMT 23%), label-free quantification (30%),
enrichment (22%, for phosphopeptides, N-terminal or glycopeptides), or
targeted or absolute quantification (5%) (Figure 1C). In recent years, label-
free quantification has become possible with state-of-the-art mass
spectrometers, but this method is demanding for subsequent data
analysis'®'*, As we detail below (section 11), novel technical advances are
gradually appearing in papers, such as label-free quantification methods,
data-independent acquisition, targeted analysis with biomarker peptide
references, and well-plate-based sample workup.

The majority of the 67 publications state some study limitations. The most
mentioned are: low peptide coverage linked to low protein abundance,
complex spectral data analysis and missing (hydrophobic) peptide
sequences®. It has been recognised that inter-lab differences in
fractionation and instrumentation limit the comparison of the platelet
(phospho)proteomes, published by various groups'®’. So far, all studies
have examined low sample sizes (platelets from few subjects of mostly
unknown gender); hence, questions about inter-subject variation and
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Figure 1. Overview of 67 platelet proteomic publications. A, Numbers of identified
proteins and (phospho)peptides in human platelets in publications over the years.
B, Distribution profile over proteomic papers for types of platelet preparations. Half
of the collected papers (49%) used trypsin treatment of unseparated platelet lysates;
others used prior separation by gel electrophoresis and in-gel digestion (26%),
immuno/affinity capturing (15%) or ultracentrifugation enrichment (9%). C,
Distribution profile of proteomic quantification type. In 67 publications, 20% used
no other method, 23% used stable isotope labelling, 30% used label-free
quantification, 22% employed special peptides enrichments and 5% employed
targeted (4%) or absolute quantification (1%) methods. D, Distribution profile of
type of (stimulated) platelets used in 67 publications. Most papers used healthy
donor platelets without agonist (33%), patient platelets (PAT, 20%) or platelets
stimulated via GPVI (15%) or PARs (17%). Rarer was analysis of platelets stimulated
via CLEC-2 (3%), ADP (4%) or TXA/aspirin (7%).
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comparisons of subject cohorts remain to be answered*82°,

Since 2011, with the improvement of mass spectrometric approaches,
gradual progress has been made in unravelling of the 'basic' platelet
proteome and post-translational modifications (Figure 1D). Markedly, there
are a substantial number of studies interested in the ageing-related
proteomic changes of in-vitro stored platelets. The remaining works studied
aspects of platelet signaling in response to key platelet receptors and
agonists. As schematised in Figure 2, these concern signaling pathways via
the collagen receptor glycoprotein VI (GPVI, ligands: collagen, collagen-
related peptide CRP and convulxin); furthermore signaling via the thrombin
(co)receptors GPIba, PAR1 and PAR4 (ligands: thrombin, thrombin-receptor
activating peptides); the C-type lectin receptor CLEC-2 (ligands: podoplanin,
rhodocytin); the ADP receptors P2Y1, and P2Y1; the thromboxane A; (TXA>)
mimetic U46619 (a pathway inhibited by aspirin); and the platelet-inhibiting
agents prostacyclin and nitric oxide.

Basic platelet proteome

Based on genome-wide platelet transcriptome information, the theoretical
platelet proteome (i.e. the number of expressed protein-encoding genes) is
now estimated at 14.8k proteins. As far as we understand it now, particularly
abundant in the identified platelet proteome are mitochondrial, metabolic,
signaling/adaptor and transcription proteinsl. In the past decade,
significant progress has been made in establishing the protein composition
of platelets freshly isolated from human blood samples. Numbers of proteins
identified by mass spectrometry and by label-free analysis have increased
from 1.3k in 201122 to 5.4k?3, of which 3.7k with estimated copy humbers?4.
Analysis of the 500 proteins with highest copy numbers indicated highest
abundance of proteins in the actin and microtubule cytoskeletons, the o-
granules, involved in signaling, and (regulating) small GTPases®. Specific
analyses indicated abundant presence of nearly complete 20S and 26S
proteasomes, implicating regular protein degradation?®. A study of small
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Figure 2. General overview of platelet signaling pathways. Overview of key
platelet signaling and responses via key platelet receptors and agonists, examined
by platelet proteomic analysis. Indicated are signaling via the collagen receptor
glycoprotein (GP)VI, VWF receptor GPIb-V-IX; the proteinase-activated receptor
(PAR)1 and PAR4 for thrombin; the podoplanin and rhodocytin receptor C-type lectin
receptor 2 (CLEC2); the ADP receptors P2Y; and P2Y1;; thromboxane (TX)A; mimetic
U46619 (pathway inhibited by aspirin); integrin odlb33 outside-in signaling; actin
and tubulin cytoskeletons; platelet-inhibiting prostacyclin I, (PGl;) and nitric oxide
(NO); and a-granule and 6-granule secretion. Other abbreviations: Gao,
heterotrimeric G proteins; PKA, PKC, PKG, protein kinases A, C, G; PLC,
phospholipase C; SGP, small GTP-binding proteins; SFK, Src-family kinase. Refs.? > 2.,
Figure created by Biorender.com.

and large platelets derived from the same healthy donor revealed that 80

proteins (9%) differed in abundance?’. These included signaling proteins, but
also several plasma proteins (Table 2).

Several mass spectrometry studies have examined the post-translational
modifications of platelet proteins. For the identification of phosphoproteins,
30



commonly a TiO, sample enrichment step was used, often in combination
with a calibration label, probe or antibody®2%2°, Reported changes in protein
phosphorylation are discussed in the paragraphs below. In another
enrichment protocol of platelet membranes, 0.2k palmitoylated proteins
could be identified, among which the TREM-like transcript-1 (TLT1) surface
receptor??. Distinct enrichment protocols of specific platelet peptides
identified 0.2k lysine methylations3? and 1.6k neo N-termini?®33, indicating
that protein methylation and cleavage play vital roles in normal platelet
function. In a study of unclear physiological significance, a 5.4k platelet
proteome was reported, of which ~10% was regulated by the serotonin
antagonist sarpogrelate?3. However, the precise role of serotonin in platelet
activation still needs to be defined34. Reported limitations of the various
studies are unclear relations of the newly identified platelet proteins and the
low numbers of proteomes analysed (Table 1).

Proteome changes of ageing platelets

The preferred way to store (ageing) platelets for best preservation of their
functions after transfusion is a long-standing issue3°. Transcriptome-based
studies indicated that freshly isolated platelets have a limited capacity for
protein synthesis, along with ongoing degradation of RNA species3®.
Commonly, platelet concentrates for transfusion purposes can be stored for
multiple days, after which the platelets start to lose functional properties, a
phenomenon known as platelet storage lesion®’. To investigate the cause of
this lesion, multiple studies have been carried out to the protein changes of
ageing platelets. Since 2018, label-free quantification methods have been
used in particular (Suppl. Table 1).

An early paper assessed the extent of protein degradation by determining
N-terminal methionines (i.e. formed by acetylation or endo-proteolysis)33. It
was reported that the majority (77%) of 2.9k identified proteins contained
neo N-termini, which suggested extensive proteolytic processing during
platelet storage. Matrix metalloproteinases were found to play an important
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role in this neo N-terminus formation, pointing to a continued protein
cleavage in the platelet granules and in other membrane vesicles. In a
platelet apheresis intervention protocol to enrich younger circulating
platelets (1 donor and 1.0k identified proteins, hence low power), it was
reported that endocytosis- and cytoskeleton-related proteins changes with
the platelet age.

Some studies compared the ageing of platelets in different storage media,
using 2D gel-based or pre-labelled proteomic techniques®. While
differences in several proteins were observed between storage arms of the
studies, the relationship with changes in platelet functions were not always
clear. Two quantitative proteomic analyses indicated that, with increasing
storage time, modified proteins especially had a role in degranulation®34°,
Platelets stored in the cold at 2-6 °C were found to express reduced levels of
glycoproteins and increased levels of surface activation markers likely due
to stimulation of glycoprotein shedding*!, but the cold storage did not affect
platelet viability*®. An induction of platelet degranulation was caused by
pathogen inactivation technologies (e.g. with Mirasol) before storage®?.

A number of groups have been searching for platelet proteins that can
explain adverse transfusion reactions affecting the patient's health after the
transfusion of ageing platelets. Regarding pathogen inactivation, treatment
of platelet concentrates with riboflavin and ultraviolet light for two days -
producing reactive oxygen species - resulted in slight increases of oxidised
peptides, when compared to the 18% of 9.4k identified platelet peptides
that were oxidised anyway***4. Proteomic studies on extracellular vesicles
formed from ageing platelets revealed that metabolic proteins (e.g.,
glycolysis and lactate production) and proinflammatory cytokines (CCL5, PF4)
were upregulated upon ageing®. A comparison of pooled platelet
concentrates and single-donor apheresis platelets - both of which are
preparations that occasionally trigger adverse transfusion reactions -
revealed a partly common set of proteome changes (i.e., granular and
mitochondrial proteins). On the other hand, signaling pathway analysis also
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revealed some differences: altered integrin allbp3 signaling in the pooled
concentrates and acute phase response pathways in the apheresis
platelets?®47,

Collagen receptor glycoprotein VI (GPVI)

GPVI is a key collagen and fibrin receptor on platelets (3-4k copies per cell),
which signals via a cascade of protein tyrosine kinases, leading to strong
platelet activation*®#, GPVI interaction with subendothelial collagens
induces arterial thrombus formation upon vascular injury, such as confirmed
in multiple in vivo studies with genetically modified mice and in microfluidics
studies with mouse or human blood>®>1. At high wall shear rates, this
interaction is preceded by platelet adhesion to von Willebrand factor (VWF),
which avidly binds to collagens, via the GPIb-V-IX complex®2.

Platelet GPVI binding to collagens and to a lesser extent fibrin induces a
profound activation cascade, initiated by tyrosine phosphorylation of
immunoreceptor tyrosine-based activation motifs (ITAM) in its co-receptor
Fc receptor y-chain (FcRy), which ultimately leads to platelet aggregation,
secretion and procoagulant activity>°3. The signaling pathway involves Src-
family kinases (SFK) and the spleen tyrosine kinase Syk, which triggers the
activation of multiple signaling enzymes and adaptors, such as Btk/Tec
family kinases, LAT, SLP76, phospholipase C y2 (PLCy2), and PI3K isoforms
(Figure 2)°*. As GPVI-deficient patients experience variable but mostly not
severe bleeding episodes, this underscores the concept of a more prominent
role of GPVI in arterial thrombosis than in haemostasis>>~°,

First studies using gel spots to identify phosphorylated signaling targets
resulted in an only small sets of differentially regulated proteins linked to
GPVI-induced platelet activation (Suppl. Table 1)>”°8, However, in a recent
GPVI phosphoproteome paper, >3.0k phosphorylation events (>1.3k
proteins) were identified by tandem mass tag (TMT) labelling and triple stage
tandem mass spectrometry. With literature-guided causal inference tools,
more than 0.3k site-specific signaling proteins could be obtained, among
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which were key and emerging GPVI effectors (i.e., FcRy, Syk, PLCy2 and
DAPP1)>°. Interesting is the phosphorylation identification, downstream of
GPVI, of a wide panel of small GTP-binding proteins (Ras and Rab GTPases)
and activities of MAPK pathways®®. The higher GPVI-induced platelet
aggregation in patients with myocardial infarction was accompanied by
increased phosphorylation of several of these signaling proteins®. Similarly,
~0.2k basal phosphorylation sites were upregulated in platelets from obese
patients, which were associated with augmented platelet adhesion to
collagen®’.

Proteomic studies also focussed on other post-translations modifications.
Thus, a procedure to assess reversible protein acetylation found 0.6k acetyl-
lysine residues (0.3k proteins) serving as substrates for lysine
acetyltransferases, which seem to be regulated in response to GPVI
activation and subsequent cytoskeletal changes®2. Another study detected
0.8k extra-cytosolic N-linked glycosylation sites with some of these
regulated by GPVI®3. This agrees with the finding that glycan glycosylation
plays a role in platelet-collagen interaction®. In GPVI-stimulated platelets it
appeared that 0.9k out of 1.6k ubiquitinylated peptides (corresponding to
0.7k proteins, including Syk, filamin and integrins) were upregulated,
implicating a profound role of GPVI in the ubiquitin protein degradation
pathway®. To what extent proteins are degraded after GPVI stimulation is
still unclear.

Lipidomic mass spectrometry of complexed phosphoinositides and bound
proteins showed that upon PI3K activation, many proteins can interact with
3-phosphorylated phosphoinositides through their PH domains, among
which is the new adaptor protein DAPP1%¢. Membrane lipid rafts of GPVI-
stimulated platelets were also analysed in detail®’. Oligophrenin as a small
GTPase-binding protein regulator was furthermore recognised as a
functional target of the GPVI-induced tyrosine kinase cascade®®. To which
extent secondary mediators (ADP, TXA;) contribute to the GPVI-induced
proteome changes has not systematically been investigated.
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Stimulation via GPVI - enforced by thrombin - is an exemplary condition to
evoke platelet procoagulant activity®®’. This response induced by a
prolonged cytosolic Ca?* elevation, ballooning and phosphatidylserine
exposure allows the assembly and activation of coagulation factors on the
platelet surface’!. Proteomic studies have contributed to better understand
these GPVI-mediated platelet responses. This held for platelets from a
patient with Scott syndrome, i.e. a rare bleeding disorder with autosomal
recessive mode of transmission. In the patient's platelets, lacking
phosphatidylserine externalisation due to a mutation in the ANO6 gene, the
corresponding protein was found to be absent along with a reduction in
calpain-like proteins?®. The latter observation could explain a reduced
cytoskeleton cleavage and a prolonged agonist-induced phosphorylation
pattern (1.6k phosphopeptides) in response to GPVI+PAR stimulation or
ionomycin. Of the identified proteins, 6% were found to be up- or
downregulated in the patient platelets, among which were several
membrane glycoproteins (Table 2).

Signaling C-type lectin receptor 2 (CLEC-2)

The hem-ITAM linked receptor CLEC-2 triggers multiple platelet activation
processes, with podoplanin as known ligand in the lymphatic system, but no
clear ligand in the blood or healthy blood vessels. On the other hand, platelet
CLEC-2 has been recognised as a key receptor in thrombo-inflammatory
disorders’2. Similarly to GPVI, activation of CLEC-2 triggers a tyrosine kinase
cascade resulting in SFK and Syk activation via a hem-ITAM domain (Figure
2). Downstream signaling routes involve PLCy2, Tec and PI3K family
members’374, A laboratory ligand of CLEC-2 is the snake venom rhodocytin.

Several platelet proteomic studies have helped to further resolve CLEC-2-
induced signaling pathways. In rhodocytin-stimulated platelets, following
gel separation and phosphoprotein enrichment, 0.1k proteins of the broad
signalosome were identified next to the expected ones, including the novel
adapters Dok2 and ADAP, the tyrosine kinase Fer and the phosphatase
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Shp17®. This study also revealed subtle differences between the CLEC-2 and
GPVI signaling routes.

Another study of the protein composition of membrane lipid rafts found
large similarities after platelet stimulation via CLEC-2 or GPVI®’. Intriguing is
an observed loss of cytoskeletal proteins in the rafts from the activated
platelets. Extended analysis of the rhodocytin-stimulated phosphoproteome
revealed a large panel of 0.4k regulated phospho-tyrosine residues, among
those multiple signaling and adaptor proteins, protein kinases and
membrane-associated proteins??. Similar to the GPVI-induced activation,
platelet stimulation via CLEC-2 relies on autocrine feed forward processes
via released ADP and thromboxane A;?%2l, Exactly which
(phospho)proteome changes are dependent on these second mediators is
still unclear.

Thrombin and protease-activated receptors (PAR1, PAR4)

The serine protease thrombin cleaves coagulation factors, producing fibrin
fibres from fibrinogen, and it also cleaves platelet protease-activated
receptors (PARs)’®’7. On human platelets, thrombin claves and activates the
Gag-protein coupled receptors PAR1/4, while thrombin has an additional
minor stimulatory role through its binding to the GPlb-V-IX complex’®. PAR1
is the receptor operating at low thrombin concentrations, while PAR4
becomes activated at higher agonist concentrations’’. The classical Gaq
pathway leads to activation of phospholipase CB (PLCB), which like PLCy2
hydrolyses phosphatidylinositol 4,5-bisphosphate into the second
messengers inositol trisphosphate (IP3) and diacylglycerol®. The formed IP3
induces via IP3 receptors the endoplasmic reticular release of Ca®*, while
diacylglycerol stimulates protein kinase C (PKC) isoforms and the signaling
mediator CalDAG-GEFI”®8%, Granule secretion and aggregation are important
responses of thrombin receptor-stimulated platelets. In addition, PARs can
couple to Ga138!, which leads to activation of RhoA and Rho kinase (ROCK)
via small GTP-binding proteins, and mediates platelet shape change and low-
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dose thrombin-induced aggregation®?.

After activation or ageing, platelets lose part of their constituents to the
environment in several ways, i.e. by granular secretion, extracellular vesicle
(microparticle) formation and receptor shedding’’. Together the lost
proteins are termed as the releasate proteome®. Mass-spectrometric
studies have examined the (granular) content of platelet releasates (Suppl.
Table 1). For a set of 0.1k proteins, differences were reported between the
PAR1- and GPVI-induced platelet releasates®*. Among a broader set of 0.7-
0.9k proteins, ~10% seemed to be over- or under-represented in the platelet
releasate from pregnant women®. However, the studies report varies
limitations, including low sample numbers and unclear clinical relevance
(Table 1).

Next to the released secretome, also the composition of PAR-induced
extracellular vesicles (microparticles) was also analysed by mass
spectrometry. For a set of 3.4k proteins (0.4k membrane proteins), it was
found that thrombin induces the release of extracellular vesicles that are
enriched in proteins sensitive to platelet activation, with an
underrepresentation of granular proteins®’. Examination of the platelet-
derived extracellular vesicles from obese individuals showed expression
changes in mitophagy and antioxidant defence proteins, when compared to
non-obese subjects®.

A pioneering paper in 2004 identified 62 differentially regulated protein
features in PAR1-stimulated platelets®. A later report on a 3.4k platelet
proteome mentioned abundance changes in >20% of the proteins after PAR
stimulation?®, a finding that will need further confirmation and explanation.
In a focussed study, thrombin-induced Dab2 phosphorylation could be
linked to platelet aggregation and ADP release®®. Another report showed
inter-individual changes in the activated platelet proteome are related to
miRNA levels®!. This is one of the rare proteomic papers so far mentioning
inter-individual variation.
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Aspirin and thromboxane A,

Several primary platelet agonists evoke release of the autocrine agent
thromboxane A, which is formed from arachidonate in phospholipids and is
converted by the cyclooxygenase 1 (COX1)-thromboxane synthase
complex?®2. Aspirin, the most common antithrombotic drug, irreversibly
blocks the cyclooxygenase and hence the thromboxane synthesis. The
platelet thromboxane receptor couples to the Gaqg and Gal3 proteins, which
results in PLCB and ROCK activation, respectively®>. The latter mediates the
RhoA-dependent platelet shape change.

Interesting proteomic observations have been made in this context (Suppl.
Table 1). Using a label-free proteomic approach, platelets obtained from
cord blood, which relatively poorly respond to thromboxane stimulation,
express normal receptor levels, but are enriched in mitochondrial energy
and metabolism proteins, including NDUFS1, NDUFA10, NDUFAS and
NDUFY2%. A perhaps accidental finding due to low sample size was that
platelets from good and poor responders to aspirin treatment were
differentiated in the level of carbonic anhydrase 11°°.

Some reports have more extensively examined the aspirin effects on
platelets, considering that this drug can N-acetylate not only the
thromboxane synthase complex, but also other many proteins. In an iTRAQ
labelling study of the platelet glycoproteome, a small subset of the 0.8k
identified N-linked glycosylation sites was affected by aspirin treatment,
among which the secretory protein TIMP1 (metallopeptidase inhibitor 1)3.
Furthermore, in a listing of 3.3k acetylated residues, 6% showed aspirin
regulation, with a higher acetylation state in the platelets from diabetic
patients®®. A pilot report stipulated that the lower aspirin effects on platelets
from diabetics was linked to the glucose-suppressed glycation of in
particular COX1%’.
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ADP receptors and platelet inhibitors

ADP is another important secondary mediator that is released from granules
after initial platelet activation, and ensures the formation of platelet
aggregates and thrombi>%8. ADP itself activates platelets through the G-
protein coupled P2Y; and P2Yi; receptors to trigger different downstream
pathways. The P2Y; receptors support the first reversible phase of ADP-
induced platelet aggregation, while the P2Yi; counterparts function to
consolidate this aggregation. The only lowly expressed P2Y; receptors evoke
a Gag-mediated signaling route via PLCB, cytosolic Ca?* elevation and PKC,
such as described for PAR1, but weaker in strength®. The P2Y1, receptors
are Gai coupled, activate PI3K forms and prevent adenylate cyclase to
synthesize cAMP®8,

An 'opposite' pathway leading to platelet inhibition is triggered by the
endothelial-derived prostacyclin (prostaglandin ). Via a receptor on
platelets, prostacyclin (or analogue iloprost) couples to Gas (GNAS gene),
which activates adenylate cyclase and increases cAMP?%°3, The second
messenger cAMP induces phosphorylation events by the broad-spectrum
protein kinase A (PKA). In this way, prostacyclin can antagonise almost all
platelet activation responses, including secretion, aggregation and
procoagulant activity°>100,

Proteomic-based studies were performed to better understand the
antagonistic roles of ADP and prostacyclin (iloprost) by the analysis of (partly
reversible) protein phosphorylations (Suppl. Table 1). Using a quantitative
labelling method for analysis of time-resolved phosphorylation changes (13%
of 2.7k phosphopeptides), it was concluded that platelet inhibition with
iloprost is a multipronged process involving a broad spectrum of protein
kinases and phosphatases, ubiquitinated proteins and many structural
proteins'®t. Over 100 direct or indirect PKA targets were identified, revealing
that platelets are inhibited by network-connected multiple signaling
pathways!®l. Using the method of stable-isotope iTRAQ labelling (Figure 3),
it was furthermore found that iloprost reverted 17% of the 0.4k regulated
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Figure 3. Global protocol of combined proteome analysis of (un)stimulated
platelets. A, Human platelet isolation from freshly drawn blood. Platelet-rich
plasma (PRP) is collected by centrifugation and then re-centrifuged twice to obtain
double washed platelets. Removal of remaining leukocytes antibody-coated beads
is advised. Platelet purity is determined by flow cytometry or microscopy. B, Isolated
platelets are stimulated with agonists as required. After lysis, proteins are
fragmented by trypsin under well-controlled conditions, in this case in the presence
of unique stable isotope labels. Pooled, labelled samples are fractionated, and
peptides are resolved by LC-MS/MS analysis. For quantitative proteome information,
reference peptides can be added. In case of phosphoproteome analysis or other
post-translational modifications, an enrichment step is included for improved
detection. An example protocol is provided in Box 1. Figure created by
Biorender.com.

phosphorylation sites (out of 3.6k phosphopeptides) of ADP-stimulated
platelets!??, Dual regulated phosphoproteins included signaling proteins and
degranulation-regulating proteins, which in part were identified as targets
of PKA or PKC.
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Recently, such studies were extended to nitric oxide, another major
endothelial-derived potent platelet inhibitor'91%, Nitric oxide, as an
unstable, membrane-permeable gas, increases platelet cGMP via guanylate
cyclase, which produces protein kinase G (PKG)¥419>, The formation of nitric
oxide by platelets themselves via nitric oxide synthase is not likely®!. Via a
battery of cAMP/cGMP-dependent phosphodiesterases, the two cyclic
nucleotides - and hence PKA and PKG activities - are 'communicating'. The
antagonism of platelet inhibitors (prostacyclin, nitric oxide) and platelets
stimulators (ADP, thrombin, collagen) has led to phosphoproteomic analysis
to identify protein phosphorylation events that determine the switch
between inhibition and activation'®®. Herein, cross-talk signaling
mechanisms were discovered, such as a feedback regulation of Syk by PKC?7,
It was also found that CLEC-2 activation triggers via ADP- and thromboxane
the phosphorylation of a core set of signaling proteins (e.g., Src, PLCy2)%°.

Platelet proteomics of patients with platelet defects or
cardiovascular disease

Only limited proteomic studies have appeared on the changes in protein
(modification) patterns of patients with platelet-related disorders (Suppl.
Table 1). The few examples are patients with Glanzmann's thrombasthenia
(lacking integrin allbB3, mutated ITGA2B), Scott syndrome (mutated
phospholipid scramblase ANO6), X-linked thrombocytopenia (GATAI
mutation), pseudohypoparathyroidism type la (PHP la, mutated GNAS locus),
and Gray platelet syndrome (mutated NBEAL2, a-granule deficiency).

Targeted mass spectrometry confirmed that, for platelets from patients with
type | Glanzmann thrombasthenia (a severe bleeding disorder), the level of
integrin allb was greatly reduced to <5% of control subjects!®. In addition,
plasma proteins endocytosed by integrin allbpf3, such as fibrinogen, factor
XIll, plasminogen, and carboxypeptidase 2B, appeared to be downregulated
when compared to the control platelets. Upregulated was the
immunoglobulin receptor FcyRIIA, and in one patient the tetraspanin CD63
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after FcyRIIA crosslinking, while the granular proteins were normal.
Extensive global, phospho- and N-terminal proteome analysis was
performed on platelets from a Scott patient (a rare, mild bleeding disorder),
characterised by failure to agonist-induced phosphatidylserine exposure and
procoagulant activity!%. In the patient’s platelets, quantitative proteomics
revealed a spectrum of 134 (6%) up- or down-regulated proteins?®, including
complete absence of the phospholipid scramblase anoctamin-6 and low
calpain-1 protease (regulating platelet morphology changes) (Table 2).
Interestingly, the cell volume-regulating protein aquaporin-1 was
upregulated, putatively as a compensatory mechanism.

A mutation in exon 4 of the GATA1l gene associates with X-linked
thrombocytopenia with thalassemia (OMIM 314050), which is a severe
bleeding disorder. Quantitative proteomics of the platelets from five male
patients revealed 83 altered proteins3®. Among these were COX1 plus
several cytoskeleton and proteasome proteins (Table 2). In comparison, in
platelets with mutant GATA binding factor 1, more than 300 proteins were
proposed to be differentially expressed in comparison to control subjects'®,

In 5 out of 47 Gray platelet syndrome patients (a milder bleeding disorder)
with new variants in NBEAL2, 123 platelet proteins were mostly
downregulated, with the majority being a-granule-associated and cargo
proteins at unaltered mRNA expression levels (Table 2)31. Markedly, plasma
proteins related to immune responses and inflammation were upregulated,
which suggested the presence of an immune defect in these patients as well.
In the platelets from five patients with PHPla (Albright hereditary
osteodystrophy, a disease of hormonal resistance and abnormal postures,
no bleeding), quantitative phosphoproteomics revealed 0.5k iloprost-
regulated phosphorylation sites?. In agreement with a loss-of-function of
Gas in the patient's platelets, a panel of 51 phosphorylated proteins was
identified that showed a consensus PKA phosphorylation site and that was
altered in most of the patients (Table 2).

In addition to these rare congenital abnormalities, few proteomic studies
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have examined platelets from patients with somatic mutations (cancer) or
genetically less well-defined diseases. In a study on platelets from 12
patients with early-stage cancers (in comparison to healthy subjects),
quantitative proteomic analysis indicated disease regulation of a wide
variety of 85 (3%) proteins (Table 2), the majority of which normalised after
surgical resection!®. Some of the regulated proteins may be useful as
biomarkers for such cancers. This area requires further attention.

Analysis of the platelet proteome of patients with progressive multiple
sclerosis showed elevated levels of plasma proteins like fibrinogen and a;

111 pointing to increased endocytosis or stickiness of the

macroglobulin
patient platelets. In patients infected with dengue virus, platelet
quantitative proteomics identified about 0.3k regulated proteins'!?. With
the aim to find a biomarker related to Alzheimer’s disease, proteomic
analysis of platelets from patients with mild and severe cognitive function
revealed 360 differentially regulated proteins. Four of these (PHB, UQCRH,
GP1BA, and FINC) were able to distinguish patients from healthy controls!3,

However, the link to disease is still unclear.

A few studies examined the platelets from patients with cardiovascular
diseases (Suppl. Table 1). Differentially regulated proteins were identified in
the platelets from two groups of patients with (acute) coronary syndrome;
there were, in particular, signaling, glycolysis and cytoskeletal proteinst'411>,
In patients experiencing ST-elevation myocardial infarction (STEMI), gel-
based proteomics identified 16 altered proteins in platelets that were
collected at the intracoronary culprit site, including integrin allb and
thrombospondin-1, in comparison to the circulating platelets'!®. Additionally,
in STEMI patients, platelet phosphoproteomic analysis revealed an increase
in key tyrosine phosphorylations in response to GPVI stimulation, which
raised the possibility of GPVI as an antithrombotic target in STEMI84116_QOnly
few altered proteins were found in the platelet releasate of patients with
stable angina pectoris''’, and in whole platelets from patients with lupus

118

anticoagulant related thrombosis!!®, along with evidence for increased
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platelet activation. Additionally, in hyperlipidaemia, the platelet proteome
was found to be markedly unchanged'®. Semi-quantitative workflows were
developed to find platelet-related protein biomarkers in cardiovascular
disease!?°,

Practical and technical considerations

Platelet preparation. In current platelet proteomic research, washed
platelets are commonly used. As indicated in the Figure 3, the platelet
isolation protocol is usually based on a series of centrifugation steps to
separate platelets from other blood cells and plasma. In Box 1, we provide a
validated protocol based on own experience. However, given the presence
of an extended open canicular system in platelets in direct with the blood
plasma, residual plasma proteins are invariably seen in most listed platelet
proteomes!!. The reviewed papers show a wide variety of platelet purities,
platelet concentrations and amounts of proteins used per analysed sample
(Suppl. Table 1). Furthermore, the procedure to use platelets at a resting
state is important; this can be evaluated by flow cytometry (e.g., checking
for integrin allbf3 activation and P-selectin expression) or by parallel-
reaction monitoring (PRM) tests'?2, It is of no doubt that all these variables
can influence the composition and size of an established platelet proteome,
and that standardisation is therefore needed (Box 1). The agonists and ways
to activate platelets are other matters of variation, as seen between papers,
in that most agonists indirectly trigger secondary pathways via release of
ADP, TXA; and other autocoids?. This is very likely to affect (time courses) of
phosphorylation outcomes?©?,

The complexity of platelet proteome analysis is increased by a wide variety
of post-transcriptional protein modifications (protease processing,
acetylation, acylation, phosphorylation and glycosylation)®®. In our
experience, new mass spectrometry acquisition techniques such as data-
independent acquisition make it easier to quantify low abundant (post-
translated) protein forms.
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Peptide sample preparation. At present, sample preparations for bottom-up
proteomics analyses (no prior gel separation) is the most common. For the
collection of trypsin-digested peptides, filter aided sample preparation, S-
trap based digestion methods and ethanol precipitation are preferred!?%122,
Novel proteomic approaches at the horizon are a nanodroplet processing
platform for analysis of small cell numbers!?3.

For higher throughput purposes, label-free analysis can be performed??,
where unlimited sample numbers can be compared at the proteome level.
Another ratioed method makes use of stable isotope sets, such as in iTRAQ-
and TMT-based quantification, where to 16 (phosphopeptide) samples are
pooled together?®3, Prior enrichment methods for phosphopeptides relied
on metal oxide affinity chromatography with titanium dioxide (TiO,)
beads?#?8192 An alternative is provided by immobilized metal affinity
chromatography (IMAC) with liquid handling systems, which allow
phosphopeptide enrichment of up to 96 samples at the same time!?4,

Data analysis. The mostly used strategy for proteomic data analysis is
searching against established fragmentation spectra databases. A helpful
overview of current bioinformatics methods for protein identification and
quantification is given in'?>. An important step in the analysis is data
normalization, where corrections according to specific rules are applied to
remove inconsistent data points, followed by statistical tests (checking for
false discovery rates). Regarding phosphoproteomics, data normalization is
also necessary because the apparent regulation of a phosphorylation site
should not be caused by an altered protein abundance!?®. Special algorithm
have to be employed for assessing the phosphorylation position and the
responsible kinase of a phosphorylated peptide?®.

Current limitations. Many of the publications indicated as a limitation the
use and comparison of only few platelet samples (Table 1). This has made it
difficult to draw conclusion on inter-subject variation, even when comparing
healthy subjects with patients. Technical limitations include low peptide
coverage linked to low protein abundance, complex spectral data analysis,
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Box 1. Example workflow for bottom-up proteomic analysis of platelets.

(i)

(ii)

Platelet preparation. Citrate-anticoagulated whole blood is centrifuged at
280 g for 10 minutes, to obtain platelet-rich plasma (PRP), the upper part
of which is then centrifuged at 80 g for 10 minutes in the presence of
anticoagulant medium?® to pellet leukocytes. After pelleting the platelets
(380 g for 10 minutes), the pellet is resuspended in buffer medium plus
anticoagulant and apyrase. Another centrifugation step then gives washed
platelets, which are resuspended in albumin-free buffer medium (=5 x
108/mL, 21.0 mg protein/mL). leukocytes are counted preferably by
microscopy, and immune depletion is applied if needed. The platelet
suspension is left standing for 15-30 minutes. Samples (50-200+ ug protein)
are stimulated by agonists as required, and stopped by addition of 4x
concentrated lysis buffer (4% SDS, 150 mM NacCl, 50 mM Tris, pH 7.4,
PhosStop added). Sample are frozen in liquid nitrogen and store at -80°C.
Peptide sample preparation. For in-solution digestion, the platelet proteins
are reduced and alkylated in lysis buffer. Then, the lysis buffer is replaced
by digestion buffer, and trypsin added to digest overnight. For relative
quantification, isotopic reagents iTRAQ or TMT are used to label peptides.
If needed, suitable enrichment methods are used, e.g. to concentrate
phosphopeptides. RP-HPLC is commonly used to separate whole peptide
mixtures, and hydrophilic interaction chromatography (HILIC) to separate
phosphopeptides. Fractions are desalted to remove contaminants and
detergents.

missing (hydrophobic) peptide sequences and unclear function of many
discovered proteins®.

Future perspectives and challenges ahead

Over the last 20 years the field of platelet proteomics has evolved rapidly,

from the early 2D gel electrophoresis studies to the more recent bottom-up-

based ones. The evolution of recent generations of mass spectrometers has

allowed protein quantitative studies and the elucidation of complex
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phosphorylation patterns of proteins with often still unknown functions.
Enrichment steps, for instance, to concentrate negatively charged peptides
from trypsin-treated lysates, and advanced sample preparation protocols
are now bypassing the earlier gel separation steps.

As shown in this review, the new proteomic methods have led to a gradual
enlargement of the human molecular platelet (phospho)proteome, thus
identifying so far up to 6k identified proteins (3.7k with copy numbers),
which however are only partly linked to known platelet functions. The
platelet phosphoproteome contains up to 5k phosphorylation sites with
many sites altered upon platelet stimulation (via GPVI, PARs, CLEC-2, ADP)
or platelet inhibition (with iloprost). The regulated Ser/Thr and Tyr
phosphorylation sites included not only the known or expected signaling
proteins, but also a multitude of poorly understood signaling, regulatory,
structural and metabolic proteins. Diverse sets of previously known and new
proteins were found to be altered in pathological situations, but the
'regulation' of these was mostly not confirmed in independent studies. As
described above, advances in the proteomic field have also led to the
identification of (novel) platelet proteins as potential biomarkers for disease.

Accordingly, proteomics has been a developed as a fundamental tool for
platelet research. On the other hand, it is time now to consider how to turn
this field from the phase of discovery into the phase of biological and
(pre)clinical application. The analysis of 70 papers in the present review has
taught us that for this transition, a number of challenges are ahead. These
can be grouped into the following eight points.

Despite the broad heterogeneity in mass spectrometry and spectral analysis
methods, the precise composition of the 'normal’ human platelet proteome
is still unclear. While the theoretical proteome recently could be deduced
from the genome-wide platelet transcriptome of 14.8k protein-encoding
transcriptst!, published papers so far show only parts (up to 5k) of these
proteins, with often limited overlap between the various lists. A coordinated
multi-laboratory effort will be needed to demarcate the achievable human
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platelet proteome. In this respect, also an update will be needed of the 2014
reported list of protein copy numbers per platelet?.

The outcome of quantitative platelet proteomics greatly depends on the
method and purity of sample preparation, including the platelet
concentration, activation state and all sample processing. Even between
recent papers, the described procedures highly deviate. The same holds for
platelet 'products' such as the releasate, secretome and extracellular
vesicles. We envision that inter-laboratory standardization is needed for
better comparison of new study results. As a start, we provide an
experience-based protocol (Box 1).

With the platelet proteomic field moving from protein discovery to
assessment of protein composition, there is an urgent need for reliable and
consistent quantification methods for (core sets of) platelet proteins. In only
few published studies, the judgements on up- or downregulation of proteins
were validated by independent means. Hence, in papers comparing subjects
or patients, information is missing on the consistency and reproducibility of
the found differences. As a solution, we propose duplicate or triplicate
workflows on parallel platelet samples, and a consistent use of internal
standards.

Analysis of the platelet phosphoproteome has revealed an unexpected
wealth of time-dependent regulated protein phosphorylation sites.
However, the precision and meaning of the changes in many proteins are
unclear, even of stable isotope (iTRAQ, TMT) comparisons. On the other
hand, the phosphorylation analysis of platelets from obese subjects and
several genotyped patients does provide novel insight into the dysregulation
of platelet functions in these disorders.

Several studies report on altered proteomes of stored platelets for
transfusion and of released platelet products. The work mostly aims to
provide new biomarkers for platelet product quality or the platelet
activation state (in vivo). For many proteins with assumed biomarker role,
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the physiological functions in platelets are unclear, which asks for a more
sophisticated protein function analysis than the conventional pathway
analyses (e.g., by Gene Ontology). A recent classification system of all
proteins presented or expected in platelets may help to achieve this goal'?.
Once a biomarker is confirmed, at later the stage mass spectrometry can be
replaced by cheaper, immune-based or flow-cytometry methods in larger
(clinical) studies.

The published studies with patients so far all are limited by low sample sizes,
so that common inter-subject variables such as blood cell traits, gender, age
and health history are not examined. New high throughput analysis, using
label-free quantification methods in combination with data-independent
acquisition will allow to compare multiple platelet samples at the same time,
which is conditional for these clinically related questions.

Application of platelet proteomics in the diagnostic laboratory is a challenge
due to the expensive and complex requirements in terms of sample
preparation and equipment. The additive value of clinical proteomics likely
is highest for patients with complex disorders where genetic analysis fails,
e.g. in case of not understood bleeding, or in metabolic or other systemic
diseases. Additionally, otherwise, to understand the action mechanisms of
new (antithrombotic) drugs.

In general, we propose that, for the field to move forward, common
guidelines should be established that help to improve the inter-lab
reproducibility of platelet preparation, proteomic sample processing and
complex data analysis. This has also been acknowledged at the 2021 ISTH
Congress.

Supplementary materials

Supplementary table with characteristics of all reviewed studies:
https://www.mdpi.com/article/10.3390/ijms22189860/s1.
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Abstract

Novel platelet and megakaryocyte transcriptome analysis allows prediction
of the full or theoretical proteome of a representative human platelet. Here,
we integrated the established platelet proteomes from six cohorts of healthy
subjects, encompassing 5.2k proteins, with two novel genome-wide
transcriptomes (57.8k mRNAs). For 14.8k protein-coding transcripts, we
assigned the proteins to 21 UniProt-based classes, based on their
preferential intracellular localization and presumed function. This classified
transcriptome-proteome profile of platelets revealed: (i) Absence of 37.2k
genome-wide transcripts. (ii) High quantitative similarity of platelet and
megakaryocyte transcriptomes (R=0.75) for 14.8k protein-coding genes, but
not for 3.8k RNA genes or 1.9k pseudogenes (R=0.43-0.54), suggesting
redistribution of mRNAs upon platelet shedding from megakaryocytes. (iii)
Copy numbers of 3.5k proteins that were restricted in size by the
corresponding transcript levels. (iv) Near complete coverage of identified
proteins in the relevant transcriptome (log2fpkm>0.20) except for plasma-
derived secretory proteins, pointing to adhesion and uptake of such proteins.
(v) Underrepresentation in the identified proteome of nuclear-related,
membrane and signaling proteins, as well proteins with low-level transcripts.
We then constructed a prediction model, based on protein function,
transcript level and (peri)nuclear localization, and calculated the achievable
proteome at ~10k proteins. Model validation identified 1.0k additional
proteins in the predicted classes. Network and database analysis revealed
the presence of 2.4k proteins with a possible role in thrombosis and
hemostasis, and 138 proteins linked to platelet-related disorders. This
genome-wide platelet transcriptome and (non)identified proteome
database thus provides a scaffold for discovering the roles of unknown
platelet proteins in health and disease.
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Introduction

Platelets are generated in the bone marrow as cell fragments from
hematopoietic stem cells that are differentiated into megakaryocytes. In the
circulating, the mature platelets control many blood-related processes both
in health and disease. These functions extend from blood vessel-lymph
separation and maintenance of vascular integrity to allowing hemostasis,
promoting arterial thrombosis, regulating inflammatory, immune and
infection processes; and even facilitating tumor progression’?. The
ultrastructure and the protein/RNA composition of a platelet, determined
during their ontogenesis, allows the execution of all these functions.
However, comparative studies of the molecular composition and structure
of platelets in relation to their functions and megakaryocytic origin are still
missing.

Although platelets do not contain a nucleus, they are equipped with
mitochondria, several types of storage granules and multiple intracellular
membrane structures, including endoplasmic reticulum (smooth and rough),
a likely rudimentary Golgi apparatus, lysosomes, peroxisomes and
endosomes®®. Characteristic large invaginations, designated as open
canicular or dense tubular system, make up ~1% or the cell volume and are
filled with blood plasma components. A well-developed actin-myosin and
tubulin cytoskeleton is required for proplatelet formation, micro-
organization of the membrane structures, and mediates activation-
dependent structural changes®®. Whether the full repertoire of metabolic
enzymes is present in platelets is still unclear, while the glucose metabolism
is well-developed'®!!, Furthermore, the ribosomal mRNA translation
machinery is retained as well as elements of protein processing and
trafficking and a repertoire of proteolytic processes in the proteasome??13,
Overviews point to a battery of receptors and channels, multiple adaptor
molecules and small molecule GTP-binding proteins (G-proteins), and large
protein kinase and phosphatase networks®'4,

Human genetic studies supported by mouse models show that hundreds and
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possibly thousands of platelet-expressed proteins contribute to thrombosis
and hemostasis®>. We reasoned that assembling the complete (quantitative)
proteome and transcriptome of human platelets can provide a much better
understanding of the molecules that determine platelet structure and
functions in health and disease. As earlier platelet proteomes, reported in
single articles, are limited in the numbers of identified proteins'®!®, there is
a need to integrate multiple proteomic studies based on the same
methodology. While the number of genes detected in available
transcriptomes of platelets and megakaryocytes are a magnitude higher9-2%,
these do not extend to the whole genome. Here, we combined multiple
proteomes with the genome-wide RNA database of platelets and
megakaryocytes generated by the Blueprint consortium?%23, and integrated
these into a platelet structure and function- based protein classification
system, for defining the full platelet proteome. Detailed analysis of this
database provided novel insights into the structure-function relations of
platelets.

Methods

Subject cohorts and platelet samples

Washed, purified blood platelets were obtained in the same laboratories
from six cohorts of healthy control donors, anonymized for medical-ethical
reasons after informed consent. For each cohort, platelet samples were
freshly isolated from anticoagulated blood by first collecting platelet-rich
plasma, and removing plasma by a double wash step. Contamination was
<0.02% for red blood cells and leukocytes, presence of plasma about 1 vol%.
Raw proteomic data per cohort are provided in the following papers. Cohort
1 (n=3) in Burkhart et al.?%, cohort 2 (n=3) in Beck et al.?®>, cohort 3 (n=3) in
Beck et al.?®, cohort 4 (n=2) in Solari et al.?’, cohort 5 (n=8) in Swieringa et
al.’®, and cohort 6 (n=3) in Lewandrowski et al.?°. Platelets were always
derived from anonymous healthy donors, due to ethics restrictions also not
revealing age or sex. New experimental work was approved by the Ethics
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Committee of Maastricht University and Maastricht University Medical
Centre?®,

The genome-wide Blueprint gene expression data were generated from
platelets obtained from venous blood (n>3 per transcript, NHS Blood and
Transplant healthy blood donors), and depleted from leukocytes?®3:,
Primary data are public accessible via https://blueprint.haem.
cam.ac.uk/mRNA/ or https://blueprint/haem.cam.ac.uk/bloodatlas/3!.
Purity of platelets was checked by Sysmex, hemocytometer and from

transcriptional signatures. Culturing of megakaryocytes (n>3 per transcript)
from cord blood, and check by flow cytometry (CD41 and CD42 double-
positive) were as described'?. Blood samples from healthy volunteers were
obtained after full informed consent according to the Declaration of Helsinki.

Proteomes

In all reported studies, platelet lysates were analyzed according to a common
bottom-up mass-spectrometry proteomics approach in the same laboratory.
Experiments details are in the original papers?*?°. Briefly, purified lysed
platelets were subjected to a filter-aided sample preparation or ice-cold
ethanol precipitation procedure. lIsolated proteins were then trypsin-
digested in guanidinium HCl or urea and (triethyl) ammonium bicarbonate
(incubated over night at 37°C). For global proteome analysis, complex
peptide mixtures were fractionated by high-pH reversed phase
chromatography (pH 6 or 8). For detection and quantification of platelet
phospho-peptides, an enrichment procedure was included using TiO; beads,
followed by hydrophilic interaction liquid chromatography (HILIC)
fractionation. Fractions of peptides or phosphopeptides were analyzed by
nano-liquid chromatography (LC)-MS/MS using QExactive (QStar Elite) and
Orbitrap Velos mass spectrometers. Raw data were processed with
Proteome Discoverer, SearchGui and Peptide Shaker implemented with
Mascot and Sequest and X!Tandem search algorithms. Spectra were
searched against a human UniProt-KB database. For database versions, see
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the original papers?*?°. In all cases, a false discovery rate (FDR) of 1% was
set.

Primary data deposits and links

Primary datasets were downloaded per proteome cohort via the website
links of Table 1, also providing information on the deposited spectral
datasets; the transcriptome data were obtained as fragments per kilobase
of transcript per million fragments mapped (fpkm), and transformed to
log2(fpkm+1). For convenience, this was shortened to log2fpkm (Table 1). In
cohort one (n=3 subjects), relative protein abundance levels®? were
determined in combination with a protein abundance estimate to give
protein copy numbers per platelet®. In brief, protein copy numbers were
assessed based on a normalized spectral abundance factor (NSAF) method.
First, absolute quantification information was obtained from a set of 24
reference proteins (providing reference copy numbers), which then was
used to correct NSAF indexes and was extrapolated to copy numbers of
remaining proteins with known NSAF values.

In cohorts 2-5 (n=3, 3, 2, 8 subjects, respectively), additional proteins were
obtained without copy numbers, obtained from either global proteome
analysis and/or phosphoproteome analysis?>28. In cohort 6 (n=3 subjects),
platelet membrane proteins were identified?®. Presence of individual
proteins per cohort is indicated in Suppl. Datafile 2.

Proteome tabling construction

The summative identified proteins with or without copy numbers, derived
from global proteome or sub-proteome/enrichment (phospho-proteins or
membrane proteins) analysis, were all checked in UniProt-KD (consulted
January 2019 - January 2020) and listed per corresponding gene (GeneCards).
If no match between UniProt-KD assignment and gene name was found,
additional gene databases were consulted (Biomart, Ensembl).
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Transcriptomes

Genome-wide quantitative data of 57,849 transcripts assessed in human
platelets and human megakaryocytes were established via a guided
procedure by the Blueprint consortium?33L, For link to sources, see Table 1.
For establishing relevant transcription levels, we used an arbitrary, low
expression cut-off of log2fpkm 20.20, which included lowly abundant
transcripts, to include all theoretical proteins presumably with very low
levels (Suppl. Datafile 1).

Functional classification of protein-coding and other transcripts

The knowledge bases GeneCards (consulted January 2019 - January 2020)
was used to primarily separate protein-coding genes, RNA genes and
pseudogenes. GeneCards provides comprehensive information on the
annotated and predicted human genes, integrating gene-centered data from
~150 web sources®3. Gene annotation was performed for all 20,425 gene
transcripts (out of 57,849) with log2fpkm 2>0.20 in platelets and/or
megakaryocytes.

For all relevant transcripts of protein-coding genes (log2fpkm >0.20), a
supervised classification procedure was developed to combine the
corresponding proteins into function classes. The classification was
hierarchical, according to a yes/no decision tree (Figure 1), instructed by the
EMBL UniProt-KB knowledgebase (visited January 2019 - January 2020)°*.
UniProt-based decisions were based on the general description in Uniprot-
KB of the (putative) protein's intracellular location and cellular function.
Priority order of decision assignment was according to classical cell biology,
i.e. from ‘central’ to 'peripheric’: nucleus - mitochondria - endoplasmic
reticulum and Golgi apparatus - cell = other cellular vesicles (lysosomes,
peroxisomes, endosomes, secretory vesicles) = (plasma) membrane
interactions = cytoskeleton structures - cytosolic protein types. When no
relevant information was available, proteins were classified as
'Uncharacterized and other proteins'. Note that (assumed) extracellular
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proteins were classified as secretory proteins, as these are considered to be
released into the blood plasma by gland cells.

Area analysis of proteome-transcriptome space

For the matrix of 3,626 proteins with information on copy numbers and
transcript levels in platelets (log2fpkm x 1000), a rectangular triangle was
obtained, in which five areas (I-V) were pre-defined as follows. Top right
corner, | (x =100,000, y = 8, x-radius = 0.4, n =58 PLT); top left corner, Il (x =
1000, y = 8, x-radius = 0.3, n = 776 PLT), bottom left corner, Il (x = 1000, y =
0.75, x-radius = 0.3, n = 137 PLT); middle of triangle, IV (x = 5000, y = 4, x-
radius = 0.4, n = 928 PLT), and all below the triangle, V (x = 600-200,000, y =
0.6-10.2, n = 185 PLT). For each dot (protein) in the matrix, using Matlab the
distance (in log space) was determined to each of the predefined areas; and
recordings were made as in/out. Subsequently, for the proteins per function
class, p-values of over-representation in pre-defined areas were calculated,
employing a native Matlab function.

Proteome prediction modelling

For prediction of the 'missing' (non-identified) part of the platelet proteome,
we generated a model that was based on the definition, per protein class of
three restraining factors: (i) low protein copy number, (ii) low mRNA level,
and (iii) protein retainment in megakaryocytes upon proplatelet formation.
Therefore, per function class, the fraction of non-identified proteins was
calculated from all transcripts with log2fpkm >0.20 in platelets and/or
megakaryocytes, with an arbitrary setting of well-identified classes having
<45% 'missing proteins'. Classes with low copy numbers were obtained from
the proteome-transcriptome matrix (over-representation in areas Il and Ill);
or when no other explanation for low identification was present. Classes
with low mRNA levels were also taken from the proteome-transcriptome
space (over-representation in area V); or when the transcript fraction with
log2fpkm 0.20-1.00 was >22.5% (arbitrary set at half of 45%). Classes with
supposed protein retainment in megakaryocytes came from handbook
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knowledge, i.e. the 'nuclear classes' Ci3 and Cyo; and furthermore Cs-
cytoskeleton microtubule, given the retainment of mitotic spindle and
centromere structures. Mean restraining factors were calculated from the
averages of non-identified proteins in the corresponding classes. See further
Suppl. Methods. Coverage of hemostatic pathways was checked in the
Reactome database.

Model validation using extended novel proteome

To validate our model, platelet samples were collected as above from 30
healthy subjects, digested with trypsin, and analyzed by liquid
chromatography-mass spectrometry. See further Suppl. Methods. Mass
spectrometry proteomics data were deposited to the ProteomeXchange
Consortium via the PRIDE partner repository®® with the dataset identifier
PXD022011 (username: reviewer_pxd022011@ebi.ac.uk; password:
7BeFQOXP).

Bioinformatics and statistics

Statistical comparison was by probability analysis in Excel (Mann—-Whitney
U-test or Student t-test for continuous variables). Distribution profiles were
compared by a x? test. Values of p<0.05 were considered significant.

Results
Function-based classification of platelet proteins in merged proteome

Considering that the previously published (phospho)proteomics profiles of
highly purified platelets from 22 healthy subjects in 6 cohorts were
generated by the same analytical workflow?4?°, we decided to integrate
these datasets (Suppl. Figure 1A). Primary sources of these datasets are
listed in Table 1. The resulting, merged human platelet proteome - one of
the largest described so far - contained a total of 5,211 identified proteins,
of which80% were present in at least 2 cohorts (Suppl. Datafile 2). For 3,629
of these proteins, also copy numbers per platelet were present. In order to
obtain a useful knowledgebase, we then categorized these proteins into 21
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Table 1. Accessibility per proteome cohort of website link (a), used raw datasets (b)
and deposited spectral data (c).

Cohort 1%
a.https://ashpublications.org/blood/article/120/15/e73/30645/The-first-
comprehensive-and-quantitative-analysis

b. Supplemental Table S2 and S3: identified phosphopeptides and proteins.
c. Pride repository (http://www.ebi.ac.uk/pride/), accessions 22201-22203, 22206.
Cohort 2%
a.https://ashpublications.org/blood/article/123/5/e1/32883/Time-resolved-
characterization-of-cAMP-PKA

b. Supplemental Table S3 and S4: identified phosphopeptides and proteins.
c. ProteomeXchange repositories PXD002883 and 10.6019/PXD002883.
Cohort 3%¢
a.https://ashpublications.org/blood/article/129/2/e1/36101/Temporal-
guantitative-phosphoproteomics-of-ADP

b. Supplemental Table 1 and 2: identified phosphopeptides and proteins.
c. ProteomeXchange repository PXD001189.

Cohort 47

a. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5054341/

b. Supplemental Table 1 and 2: identified phosphopeptides and proteins.
c. ProteomeXchange repositories PXD002883 and 10.6019/PXD002883.
Cohort 5%

a. https://www.nature.com/articles/s41598-020-68379-3#Sec25

b. Datafile S1 and Datafile S2: identified phosphopeptides and proteins.

c. ProteomeXchange repository PXD016534.

Cohort 6%
a.https://ashpublications.org/blood/article/114/1/e10/26099/Platelet-
membrane-proteomics-a-novel-repository

b. Table S4: list of proteins and peptides.
c. Pride repository (http://www.ebi.ac.uk/pride/init.do), accessions 8127-8129.

PLT and MGK transcriptomes

a. https://doi.org/10.3324/haematol.2019.238147

b. Transcript levels: https://blueprint.haem.cam.ac.uk/mRNA/
c. Deposited at BioRxiv https://doi.org/10.1101/764613

74



classes, based on intracellular localization and function (Figure 1A). For an
objective classification, we used a dichotomous decision scheme together
with human UniProt-KB assignments regarding the supposed primary
location and/or function of that protein (Figure 1B). Highest fractions of
identified proteins were seen in the following classes (Suppl. Figure 1B): Cyo
(transcription & translation, n=488 proteins), C12 (other metabolism, n=475),
Cis (signaling & adaptor proteins, n=471), Ci1 (mitochondrial proteins,
n=455), and Ci;o (membrane receptors & channels, n=327). Distribution
profiles of the 3,629 proteins with copy numbers (Suppl. Figure 1C) showed
highest abundance and gene expression levels of the classes: Co1
(cytoskeleton actin- myosin), Co7 (glucose metabolism) and Cos (cytoskeleton
receptor-linked). This clustering analysis hence underscored the importance
in platelets of signaling, mitochondrial and cytoskeletal proteins?.

Relevant genome-wide transcriptomes of platelets and megakaryocytes

Based on well-purified human platelet and megakaryocyte preparations, the
Blueprint consortium3%3! has recently generated one of the largest
databases with genome-wide, quantitative information on a total of 57.8k
transcripts in either cell type (Figure 2, for source see Table 1). Examination
of the distribution pattern of all gene-linked transcripts indicated that 37.2k
of these were essentially absent (log2fpkm 0.02-0.03 + 0.03, mean * SD) in
platelets (Figure 3A) and megakaryocytes (Figure 3B). The residual presence
of ~20k expressed transcripts supports earlier analyses of the comparative
transcriptomes of blood cells®. We then combined these Blueprint datasets
with the combined proteome data to come to a draft full platelet proteome.

Based on a low threshold of log2fpkm >0.20 for relevant expression levels
(see below), we obtained a defined set of 20.4k transcripts, which was taken
to assemble the relevant transcriptomes for platelets (17.6k) and
megakaryocytes (16.8k). Comparison between cell types gave a same
distribution pattern (p>0.10, x?) for platelets and megakaryocytes (Figure 3C,
D). Filtering for transcripts of the 5.2k identified platelet proteins, again
resulted in similar distribution patterns (Figure 3E, F). In either cell type, the
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No Protein function class Primary location Assigned protein function Class

01 Cytoskeleton actin-myosin yes

02  Cytoskeleton intermediate jue  Nucleus transcription & translation 20
03 Cytoskeleton microtubule no proteasomal 14
04  Cytoskeleton receptor-linked other nuclear 13
05 Endosome proteins . . .
06 ER& Golg proteins — Mitochondria mitochondrial 11
07 Gl taboli . .

Hcose metabotism ) L ER&Golgi ER & Golgi 6
08 Lysosome & peroxisome proteins I ) .
09  Membrane & protein trafficking protein processing 16
10 Membrane receptors & channels . .
11 Mitochondrial proteins b Other vesicles lysosome & peroxisome 8
12 Other metabolism endosome 5
13 Other nuclear proteins secretory 17

14 Proteasomal proteins
15  Protein kinases & phosphatases l—  Membranes membrane & protein trafficking

16  Protein processing _E membrane receptors & channels
17 Secretory proteins

9

0

18  Signaling & adapter proteins — CVtUSke|Et0n microtubule 3
19  Small GTPases & regulators intermediate 2
_E p

a

=

20  Transcription & translation actin-myosin
21 Uncharacterized & other proteins receptor-linked

*pseudogene*

+5 *RNA gene* — small GTPases & regulators 19
protein kinases & phosphatases 15

signaling & adapter 18

proteasomal 14

glucose metabolism 7

other metabolism 12

ke Unclearor secretory 17

extracellular —E uncharacterized & other 21

Figure 1. Classification scheme and decision tree for gene and protein assignment
to 21 function classes. Assignment was based on primary subcellular localization of
the protein and its assumed function according to UniProt-KB. A, Class numbering
in alphabetical order. B, Hierarchical decision tree.

lower level transcripts (log2fpkm <1.00) were under-represented in
comparison to the unfiltered genome-wide distribution (p=0.049, x?).

Correlational analysis learned that the platelet and megakaryocyte
transcriptomes were highly correlated; this was the case for both the 57.3k
genome-wide transcripts (log2fpkm >0.00, R=0.85, 3>0.99) and the 20.4k
transcripts with relevant expression levels in either/both cell types
(log2fpkm >0.20, R=0.75, 3>0.99; Suppl. Figure 2A, B). This markedly revealed
high similarity of the RNA species composition in human platelets and
megakaryocytes. Concerning different RNA biotypes, this correlation
remained high, when extracting only the protein-coding genes (14.8k,
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Blueprint transcriptome Corresponding genes Platelet proteome

Transcripts Unique proteins
PLT & MGK (Blueprint) 57,849 5,229 Six cohorts
} } :
PLT & MGK (genes) 57,289 5017  (Obsoleteentries: 16
l 1 pseudogenes: 2)
PLT and/or MGK (log2fpkm 20.20) 20,425 5,211 proteins identified
RNA genes 3,757
pseudogenes 1,897 161 proteins (~log2fpkm <0.20)
protein coding 14,771 W 5,050 proteins (~log2fpkm >0.20)

9,721 ' proteins not identified
; (~log2fpkm >0.20)

9I54 4,389 proteins (~log2fpkm 20.20)

59 go Proteins (~log2fpkm <0.20)
5,483 proteins identified
1 (variants: 18, n.d.: 4)
Validation cohort 5,505 Platelet pool (n=30)

Figure 2. Dataflow of numbers of transcripts of proteome proteins. Relevant
transcripts were defined as those of log2fpkm 2>0.20. Identified proteins refer to
proteins present in the combined proteome from six cohorts. Non-identified proteins
refer to proteins with relevant transcript levels in the combined PLT and MGK
transcriptome. Data from validation cohort are also indicated.

R=0.75, [>0.99), but it reduced for the 3.8k RNA genes and 1.9k
pseudogenes (R=0.43-0.54) (Suppl. Figure 2C-E).

For justification of the relevant transcript threshold for protein expression,
we reduced this further from log2fpkm 0.20 to 0.15; this resulted in inclusion
of no more than 8 extra proteins from the combined proteome, half of it
being plasma-derived proteins and the other half with minimal copy
numbers. This indicated that log2fpkm of 0.20, although arbitrary, provides
a reasonable cutoff value for transcripts resulting in measurable proteins.
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Figure 3. Histograms of RNA levels in transcriptome of platelets (PLT) or
megakaryocytes (MGK). A, B, Distribution of all 57,289 genome-wide transcripts. C,
D, Distribution of all relevant transcripts (log2fpkm >0.20) for PLT (n=17,629) or
MGK (n=16,843). E, F, Distribution of protein-coding transcripts, as identified in the
proteome, for PLT (n=5,030) or MGK (n=4,882). Levels of RNA expression (log2fpkm)
were binned as <0.20, 0.20-0.50, 0.50-1.00, 1.00-2.00, etc. For flow of numbers of
transcripts and proteins, see Figure 2.

Using the combined knowledgebase of platelets and megakaryocytes, we
assessed which of the 20.4k expressed transcripts (log2fpkm >0.20) were
also present in the 5.2k platelet proteome (Figure 2). It appeared that the
majority of proteins had relevant transcription levels. In 19 of the 21 protein
function classes only 1.6% of the protein transcripts were below the cut-off
(77/4,907 with log2fpkm 0.04 + 0.05, mean + SD, n=19) (Table 2). However,
in the classes Co (cytoskeleton intermediate) and Ci7 (secretory proteins),
percentages of below cut-off were much higher, amounting to 58% and 24%,
respectively.

Given the analysis above, we considered that the combined platelet and
megakaryocyte transcriptome (either log2fpkm >0.20) provides the most
extensive list of MRNAs that can be translated into proteins. To evaluate this,
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we performed the same analysis as above for the platelet-only transcriptome.
This resulted in a number of 'false' assignments of 181 (Table 2). For the
megakaryocyte-only transcriptome data, this number increased to 329.
Accordingly, the combined list of relevant platelet and megakaryocyte
transcripts appeared toprovide the best overlap with the proteomics dataset.
By confining to proteins with relevant mRNA expression, the identified
platelet proteome was therefore set at 5,050 proteins.

Comparison of (non-)identified parts of the platelet proteome

We then reasoned that starting from the genome-wide transcriptome of
platelets and megakaryocytes (log2fpkm >0.20), it was possible to construct
a 'full' theoretical platelet proteome and compare this with the identified
platelet proteins. By thus comparing the identified proteins with the
transcripts of protein-coding genes, we could calculate the remaining, non-
identified part of the proteome at 9,721 proteins, i.e. 66% of all mRNA
transcripts (Suppl. Figure 3A). Based on this analysis, the majority of the
14.8k proteins in the theoretical proteome was still absent in the current
platelet proteomes. A similar number of 14.3k was obtained when only
including the relevant transcripts of platelets (Suppl. Figure 3B, C).

Detailed examination of the genes for which no protein products were
detected revealed marked differences between function classes (Figure 4A,
B). Highest numbers and percentages of transcripts of the 'missing' proteins
were obtained for: Cyo (transcription & translation, n=1,795), Cxn
(uncharacterized and other proteins, n=1,683), Ci3 (other nuclear proteins,
n=1,269), Cio (membrane receptors & channels, n=1,112), Ci7 (secretory
proteins, n=583), and Cis (signaling & adapter proteins, n=561). This
prompted us to investigate the reasons for these inter-class differences in
coverage of the identified proteome.

Restraining factors for a complete platelet proteome
Acknowledging current mass-spectrometry limitations (see Suppl. Methods),

we hypothesized that absence of mRNA products can be explained by three
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Table 2. See next page. Identified proteins in proteome in comparison to relevant
transcriptome of platelets (PLT) and/or megakaryocytes (MGK). Indicated per
function class are numbers of proteins with relevant (log2fpkm >0.20) or no relevant
(log2fpkm <0.20) mRNA expression. Analyzed were the combined PLT/MGK
transcriptome (A) as well as the separate PLT (B) and MGK (C) transcriptomes. For
the total of 5,232 identified proteins in the proteome, 2 appeared to be encoded by
pseudogenes, and 16 were designated as obsolete entries in UniProt-KB. Also given
are percentages of roteins without relevant expression level (% false). D, Total
numbers of assigned proteins per class independent of transcript level.
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Figure 4. Transcript distribution of identified and not identified proteins in the
platelet proteome per function class. Examined were all relevant protein-coding
transcripts (log2fpkm >0.20) of the combined relevant PLT/MGK transcriptome,
with separation of identified proteins (n=5,050) and not identified proteins (n=9,721).
For full data, see Suppl. Figure 3. A, Numbers of transcripts numbers per function
class. B, Percentage distribution of transcripts per function class.

restraining factors: (i) low protein copy number, (ii) low mRNA level, and/or
(iii) retaining of a protein in the megakaryocyte perinuclear region. The
annotated platelet and megakaryocyte transcriptome knowledgebase
allowed us to estimate these restraining factors.

The relation between platelet copy numbers and transcript levels is still
unclear3?33. To reassess this issue, we compared the relevant Blueprint
transcriptome (log2fpkm 20.20) with the 3.5k proteins with known copy
numbers. Correlative scatter plots showed a marked triangular pattern
(Figure 5A, B). This pattern indicated that the abundance of a protein was
restricted by, but was not otherwise dependent of the transcript level. Given
the high similarity of the platelet and megakaryocyte transcriptomes, this
implied that the megakaryocytic mRNA levels in fact maximized the extent
of protein expression in platelets.
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To examine this further, we defined five regions in the proteome-
transcriptome space, labeled as areas |-V (Figure 5C). For each of 3.5k
guantified proteins, we performed a modeling analysis per function class in
Matlab. This modelling revealed that - regardless of the use of platelet or
megakaryocyte plots - several classes were significantly over-represented
(=102 to 101% in some of these areas (Suppl. Table 1). As illustrated in
Figure 5D, for area | (high copy number and high mRNA), four classes were
over-represented (i.e., cytoskeletal and glucose- metabolism proteins, p<10
2). For the areas Il and Il with low copy numbers ('low translation'), six and
three classes were over-represented, respectively (e.g., signaling-related,
proteasomal, transcriptional and mitochondrial proteins). Thus, the classes
accumulating in areas lI-lll appeared to be enriched in proteins with low copy
numbers, irrespective of their corresponding transcript levels. Area V (low
transcript levels) was enriched in keratin-like and secretory proteins (classes
Co2 and Ci7); and area IV of medium mRNA levels contained most of the
remaining classes.

To categorize the low-level mRNAs, we examined the transcript level
distributions per class, in which we separated the identified and non-
identified parts of the theoretical proteome. Overall, the majority of the
identified proteins showed relatively high corresponding transcript levels,
regardless of their function class (Figure 6A). On the other hand, the low-
level mRNAs (log2fpkm 0.20-1.00) were enriched in the non-identified
proteome (median P=0.0005) (Figure 6B). This held for 12 out of 21 classes,
where transcripts of non-identified proteins appeared to be of a lower level.

To examine the low-level transcripts in these 12 classes, we searched for
common elements (n210) in protein names. Examples are: for Co1: 'actin' or
'myosin’; for Cos: 'centromere’, 'centrosomal' or 'dynein'; for Cos: 'AP1-3
complex subunit', 'Golgi' or 'trafficking protein particle' (Table 3). Close
examination showed that, for all 12 classes with >20% low-level mRNAs, the
same >20% also applied for elements of the non-identified proteome (Suppl.
Table 2). As apparent from the listed most abundant transcripts of elements
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Figure 5. Comparison of protein copy numbers with mRNA levels and class-based
analysis. A, B, Protein copy numbers compared per gene to transcript levels
(log2fpkm) for datasets of platelets (PLT, n=3,519) (A) or megakaryocytes (MGK,
n=3,442) (B). Note triangular space, with low-abundance proteins (<500
copies/platelet) were normalized to 150 copies. C, D, Over-representation of protein
function classes in quantitative proteome-transcriptome space per predefined area
(I-V). Area | is considered to represent a condition of high translation (high mRNA
level) and high transcription (high copy number); area Il of high translation and low
transcription; area lll of low translation and transcription, and area IV an
intermediate condition. Area V represents proteins without relevant transcript
levels in PLT. Transcriptome-proteome triangle with analyzed areas (C). Enlarged
space indicating function classes (Co1-C21) with significant over-representation per
area. Statistics in Suppl. Table 1.

in almost all classes, the non-identified protein segments contained multiple
isoforms or subunits of complexes that were also present in the identified
segments, although the former had lower-level mRNAs (Table 3).
Furthermore, sets of proteins seemed to be missing in almost all elements.
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Figure 6. Distribution profile of relevant transcripts of per protein function class.
For the relevant platelet transcriptome (n=17,629), heatmaps were constructed of
percentual distribution of transcript levels per function class (rainbow colors; blue =
low, red = high). A, Heatmap for transcripts of identified proteins (n=5,030). B,
Heatmap for transcripts of non-identified proteins (n=9,267); furthermore RNA
genes (n=2,480) and pseudogenes (n=852). Expression levels (log2fpkm) were
binned as 0.20-0.50, 0.50-1.00, 1.00-2.00, etc. For numbers of transcripts, see Suppl.
Figure 3.

As a third restraining factor, we examined protein retainment in the
megakaryocyte, by reasoning that in particular (peri)nuclear proteins will
not move into a shedding proplatelet. This applied for the classes Cazo
(transcription & translation), Ciz (other nuclear proteins) and Cos
(cytoskeleton microtubule), containing multiple centromere/mitotic spindle
proteins (Figure 6A). Hence, these three classes were listed as providing
additional explanation for low identification in the proteome (Suppl. Table
2).
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Table 3. See next page. Subgroup analysis of non-identified proteins (n=9,721) of
the relevant PLT/MGK transcriptome. Per function class (Coi-C21), the transcriptome
database was searched for common elements in protein names ('actin', ‘'myosin’),
and frequency was recorded as identified in the proteome, or not identified with a
separation into high mRNA (log2fpkm >1.00) or low mRNA (log2fpkm 0.20-1.00).
Top-4 of most abundant transcripts were listed per element. Further indicated per
element: numbers of all transcripts (Sum all), and numbers of transcripts not
identified in proteome (Sum NI).
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Prediction model of the total platelet proteome

We then established a matrix for determining the three restraining factors per
class (Figure 7A). This matrix was then used to calculate weighted mean
values of the fractions of identified proteins grouped per factor. The
fractions of identified proteins for (i) low copy number, (ii) low mRNA >20%,
and (iii) retainment in megakaryocytes, amounted to 43%, 45% and 20%,
respectively. For all other classes, the average fraction of identified proteins
was 65% (Figure 7A). By ratioing, this resulted in correction factors (0.66,
0.69 and 0.31, respectively) for class predictions of the likeliness that
additional proteins would appear in an enlarged proteome (Figure 7B).

Summarizing, the prediction model indicated a greatly enlarged size of the
platelet proteome up to 10k proteins at a 1- or twofold higher detection
efficacy. Markedly, apart from a consistent underrepresentation of classes
of (peri)nuclear proteins (Cos, C13, C20), the model also predicted that a poor
detection of proteins in the classes: Cio (membrane receptors & channels), C17
(secretory proteins), and C>1 (uncharacterized & other proteins).

Proteome model validation

For validation of the model, we performed a new proteomic analysis with
pooled platelets from 30 healthy subjects and the newest mass spectrometers.
The obtained proteome included 4,389 of the previously identified proteins
with relevant transcripts, as well as 954 previously not identified proteins
(Figure 2; details in Suppl. Datafile 3). Of additional 139 proteins without
relevant transcript levels (log2fpkm <0.20), the majority of 70% again
appeared in Coz (intermediate cytoskeleton, n=15, 11%) and Ci7 (secretory
proteins, n=81, 58%). This underscored the earlier observation that keratins
and plasma proteins are present in the proteome of platelet samples.

Concerning the 954 novel obtained proteins, only small fraction of 3.8%
showed low transcript levels with log2fpkm 0.20-1.00. Heatmap showed a
similar distribution profile for all classes (Suppl. Figure 4).
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Well Lowcopy Low Retained

A Identified jgentified number mRNA in MGK
Class (n) fraction ID 11, 1 LM, vV nuclear
C01 Cytoskeleton actin-myosin (237) 0.56 - -

C02 Cytoskeleton intermediate (27) 0.30

C03 Cytoskeleton microtubule (420) 0.33 _
C04 Cytoskeleton receptor-linked (69)

C05 Endosome proteins (101) 0.51

C06 ER & Golgi proteins (568 ) 0.33

C07 Glucose metabolism (58) - -

C08 Lysosome & peroxisome proteins (168) 0.44

C09 Membrane & protein trafficking (349) _ _

C10 Membrane receptors & channels (1430) 0.22

C11 Mitochondrial proteins (814) 0.56

C12 Other metabolism (877) 0.53

C13 Other nuclear proteins (1469 ) 0.14

C14 Proteasomal proteins (677) 0.46

C15 Protein kinases & phosphatases (481 ) 0.55

C16 Protein processing (308)

C17 Secretory proteins (811)

C18 Signaling & adapter proteins (1024)

C19 Small GTPases & regulators (483 )

C20 Transcription & translation (2280)

(21 Uncharacterized & other proteins (2120)

Restraining factor
Mean of classes (weighted) 0.65 0.43 0.45 0.20
Correction factor 1.00 0.66 0.69 0.31
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B Identified Estimated fraction at higher detection C

(n) now  +20% +40% +60% +80% +100% +120% +140% +160% +180% +200% validated

co1 132 0.56

C02 8 042 046
C03 140 5 5 z 0.43 047
Cco4 51

C05 52

C06 190

co7 46

Co8 74

C09 243

C10 318

Cl1 454

C12 469

C13 200 0.16 017
C14 311 0.46 b k 0.64 0.70
C15 266 0.55
Cl6 199 0.65
C17 228 0.28 039 043
C18 463 0.45 g N 0.63  0.70
C19 284 0.59
C20 485 0.21
C21 437 0.21

027 030 032 034 036 038 040 042
026 029 032 034 037 040 043 046 048

Total () 5050 [ 5050] 5747 6436 7064 7654] 8190] 8683 9101 9399 974s| 9987 5341

Figure 7. See upper page. Restraining factors per function class and prediction
model of full platelet proteome. Analysis of non-identified proteins (n=9,721) from
the relevant, combined PLT/MGK transcriptome per function class. Full dataset is
provided in Suppl. Table 2. A, Fraction of identified proteins in green. Well-identified
classes with fractions >0.55 labeled as ID. Indicated in red are each of three
restraining factors per class: (i) over- represented low copy number (areas II-lll in
Figure 5D), (ii) low mRNA level (area V, LM = low mRNA >45%); (iii) retainment in
megakaryocyte (peri)nucleus upon platelet shedding. Bottom: means of identified
fractions (weighted for the presence of multiple factors); and correction factor in
comparison to 'well-identified'. B, Based on identified proteins (n=5,050), modelled
prediction of increased identification of missing proteins per class at higher
proteomic detection. Shown per class are fractions of total relevant transcripts
(heatmapped), and total expected proteins (bottom line). C, Validation of prediction
model based on novel proteome with 5,341 identified proteins.

Markedly, inclusion of the novel proteins agreed with the prediction model
for the majority of classes (Figure 7C). Interestingly, higher than expected
were the novel proteins for Cyo (transcription & translation, additional 139
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proteins) and Cis (other nuclear proteins n=+121); lower were those of Cog
(membrane proteins, n=+7).

Coverage of genes associated with hemostasis and thrombosis

To further establish the clinical relevance of these datasets, we incorporated
the identified proteome set into a Reactome-based protein-protein
interaction network (267 core proteins and 2,679 new nodes) that was
constructed to identify the roles of platelet and coagulation proteins in
thrombosis and hemostasis’®. As shown in Figure 8, this network
incorporated 1.3k of the identified proteins (median protein copies 2,200,
median transcript level log2fpkm 4.97), as well as a set of 1.1k
proteins/transcripts (median log2fpkm 1.97) not present in the combined
proteome (Figure 8A, B). Importantly, of the latter set, 172 proteins were
obtained in the proteome of the validation cohort.

To further establish the coverage for platelet-related disorders, we
extracted the databases Online Mendelian Inheritance in Man (OMIM)34 and
Bloodomics®® in combination with a recent overview paper® for genes
associated with bleeding, thrombocythemia or thrombophilia. This resulted
in 138 genes, of which 9 were absent in the platelet transcriptome but
present in the proteome (coagulation factor and other plasma proteins), and
5 were absent in both (Table 4). For the remaining set of 124 genes,
transcript levels (log2fpkm 4.58 + 3.70, mean + SD) and copy numbers (22.8
1 73.0k) in platelets were relatively high. Markedly, the majority of these 124
genes encoded for proteins in the classes Cio (membrane receptors and
channels, n=22), Ci; (secretory proteins, n=19), Cy (transcription &
translation, n=12), Cis (signaling & adapter proteins, n=10), with a lower
presence in the other classes. In accordance with the network analysis, it is
likely that many still unknown gene products link to a platelet quantitative
or qualitative traits, and hence to bleeding or thrombosis. The near complete
coverage of the theoretical platelet proteome for known hemostatic
pathways was also checked in the Reactome database (not shown).
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Table 4. Platelet-expressed proteins in whole-genome transcriptome implicated in
hemostasis and thrombosis. Listed are per platelet function class genes expressed
in the (non)identified platelet proteome, which according to recent OMIM,

Bloodomics and overviews?*343>

in man contribute to bleeding, thrombocytopenia
or thrombophilia. Coding as follows. Bold: identified in platelet proteome; green:

bleeding or thrombocytopenia; red: thrombophilia; black: either reported.

Class Genes/proteins

CO01 Cytoskeleton actin-myosin (7/237) ANKRD26, ACBT, ACTN1, ARPC1B, FLNA, MYH9, TPM4, WIPF1

CO03 Cytoskeleton microtubule (7/420) TUBB1

C04 Cytoskeleton receptor-linked (1/69) FERMT3

CO05 Endosome proteins (1/107) LYST

€06 ER & Golgi proteins (9/568) AP3B1, AP3D1, CISD2, COG6, HPS1, HPS4, LIMAN1, MCFD2, SLC35A1

CO08 Lysosome & peroxisome proteins (3/768) ABCD4, GBA, HPS6
CO09 Membrane & protein trafficking (7/349) DTBEP1, HPS3, HPS5, BLOC1S3, BLOC1S5, BLOC1S6, NBEAL2

C10 Membrane receptors & channels ACVRL1, ANO6, CD36, CD40LG, CD55, CD81, CLCN7, ENG, FCGR2A, FCGR2C, GP1BA, GP1BB,
(23/1430) GP6, GP9, ITG2A, ITG2B, ITGA2B, ITGB3, MPL, ORAI1, P2RY12, TBXAZR, THBD, TRPM7

C11 Mitochondrial proteins (5/874) AGK, CYCS, DGUOK, DHFR, GPX4

C12 Other metabolism (5/877) ADA, ADA2, DGKE, GALE, KDSR

C13 Other nuclear proteins (3/1469) ACD, CTC1, CDRE1C

C15 Protein kinases & phosphatases (6/487) MASTL, MPIG6B, NBEA, PTPN11, PTPRJ, SRC

C16 Protein processing (7/308) ACPS5, ALG8, CHST14, GGCX, GNE, HLCS, VKORC1

C17 Secretory proteins (19/811) A2M, ADAMTS13, C2, C3, CFH, ELANE, F13A1, F5, F8, FCGR2B, KLKB1, PLAT, PLAU, PLG,

PROC, PROS1, SERPINE1, SERPINF2, VWF
C18 Signaling & adapter proteins (11/1024) CALR, DIAPH1, FYB, GDF2, GNAS, PLA2G4A, PTGS1, SH2B3, SMAD4, STIM1, TBEXAS1
C19 Small GTPases & regulators (3/483) CDC42, RASGRP2, WAS
C20 Transcription & translation (73/2280) DKC1, DNAJC21,ETVS6, FLI1, FOXP3, GATA1, GATA2, GFI1B, IKZF5, MECOM, RBM8A,
RUNX1, SLFN14

Absent in transcriptome (C17) F13B, F2, FGA, FGB, FGG, HABP2, HRG, SERPINC1, SERPIND1
Absent in transcriptome and proteome ABCG5, ABCG8, EPHB2, HOXA11, PRKACG

Discussion

In this paper, we integrated in a functional way the human platelet
proteome, using data from six cohorts established in the same institute, with
the recently composed genome-wide, >57k platelet and megakaryocyte
transcriptomes from the Blueprint consortium3°. By UniProt-aided
categorization of all relevant transcripts (set at log2fpkm >0.20) into 21
protein function classes, we were able to generate a first full proteomic map
of the sub-cellular, metabolic and signaling molecules in an average human
platelet. Importantly, this analysis also provides a reference list of 37.2k
transcripts according to our lists are not or hardly expressed in platelets.
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u [dentified + mRNA (2.2k, 4.97)
Identified no mRNA

= Not identified + mRNA (1.97)
Not identified no mRNA

Proteome Transcriptome
@ not identified

© no copy numbers reported
® expressed

node size

g

low high high

Figure 8. Network-based potential roles of (non)identified proteins in platelet
proteome in arterial thrombosis and hemostasis. Using a published meta-analysis
of mouse genes in thrombosis and bleeding, the network was built in Cytoscape,
containing 267 core genes (bait nodes), 2,679 new nodes, connected by 19.7k
interactions®®. A, Redrawn network visualization with color-coded proteins
identified (green) or not identified (red) in the platelet proteome, with relevant
transcript levels (node size, log2fpkm). Names are listed of 40 proteins with highest
MRNA expression levels. B, Distribution profile of (non)identified proteins with
transcript levels (median copy numbers, median log2pkm). No mRNA = below
relevant threshold. Attribute lists are given in Suppl. Datdfile 4.
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Overall, the manuscript covers six major novel aspects: (i) for the first time
we established the full or theoretical platelet proteome based on a state-of-
the-art genome-wide platelet and megakaryocyte transcriptome; (ii)
using >57k transcripts we identified an unexpected high similarity of the
quantitative platelet and megakaryocyte transcriptomes (including RNA
gene transcripts), in spite of a weak correlation between the protein and
transcript levels, providing insight into the distribution of RNA species upon
platelet shedding; (iii) based on the systematic protein classification, the
collected data provide molecular understanding of the complexity of platelet
structures and functions; (iv) based on the established theoretical proteome,
we developed and also validated a prediction model for identifying missing
proteins in the current proteome sample sets; (v) the combined datasets
offer better understanding of protein adhesion and uptake of plasma
proteins by platelets; (vi) the combination of quantitative transcriptomes
and (partly) quantitative proteomes completes our knowledge of the roles
of >100 genes and proteins in diseases not limited to thrombosis and
hemostasis.

Correlational analysis of the 20k expressed transcripts in platelets and/or
megakaryocytes indicated an overall high similarity between the
transcriptomes of the two cell types. This particularly held for the 14.8k
transcripts of protein-coding genes (R=0.75), while the correlation was lower
for the 3.8k RNA genes and 1.9k pseudogenes (R=0.43-0.54). Although inter-
individual differences are expected, our findings indicate that the majority
of mRNA species evenly spread from megakaryocytes to the formed
proplatelets, with limited degradation during platelet ageing. The aberrant
transcript profiles of pseudogenes and RNA genes, which in general were
more abundant in megakaryocytes, may be due to retention or to enhanced
degradation of such shorter RNA forms®. In agreement with our findings,
also other authors presenting smaller-size and not genome-wide datasets
(3.5k proteins and 5.5k mRNAs), have reported a low correlation between
platelet protein and transcript levels3’28, This lack of correlation however
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does exclude a role of altered mRNA and protein levels in platelet-related
diseases?’.

Based on the composition of the genome-wide transcriptomes of platelets
and megakaryocytes, we calculated that the current proteome of 5,050
expressed proteins misses approximately 66% of the expected translation
products. Highest percentages of missing proteins were seen in the classes
Cao (transcription & translation 79%), C21 (uncharacterized proteins 79%), Ci3
(other nuclear proteins 86%), C1o (membrane receptors & channels 78%), C17
(secretory proteins 72%), and Cis (signaling & adapter proteins 55%).
Especially low-level mRNAs (log2fpkm 0.20-1.00) appeared to be missing in
the identified proteome, likely giving rise to only low copy numbers of
proteins.

Proteomic technologies have been well developed, since the publication of
the first draft human proteome, which revealed 17.3k gene products and
4.1k protein N-termini®®. Accordingly, the present set of 5.0k identified
platelet proteins is higher than earlier published proteomes, e.g. of mouse
platelets of 4.4k proteins with copy numbers®, or of the semi-quantitative
3.5-4.8k proteins in human platelets3®41. Smaller size published platelet sub-
proteomes are a 0.1k secretome*?, and a 1.0k sheddome*3. Regarding
platelet transcriptomes, which are more uniformly to construct, other
authors have published a similar 20k size with 16k transcripts at >0.3 fpkm?*.

As a check of the present concept - starting from genome-wide platelet and
megakaryocyte transcriptomes to determine the theoretical proteome - we
evaluated the proteomes reported in three papers, using the current
GeneCards gene designations. The proteomes of platelets from Dengue
patients® or from platelet concentrates*® were found to contain 93.1%
(1,769/1,901) and 98.4% (2,466/2,505) proteins that were present in our
protein database. Proteins without relevant transcripts were quite low, 2.1%
and 0.1%, respectively. A paper analyzing the proteomes from cord blood
and adult peripheral blood platelets®’ showed lower overlap of 79.9%
(3,950/4,941) with the current proteome, supplemented with 16.4%
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proteins with relevant transcripts and 3.7% (183/4,941) without relevant
transcripts in dataset. For the last fraction, it is unclear if residual presence
of neonatal transcripts contributes to this higher percentage.

In platelet proteomics, the detection of proteins from blood plasma or other
blood cells is a continuous point of attention. Our analysis based on highly
purified, washed platelet preparations indicated the invariable present
presence of plasma proteins. This can be explained by the fact that platelets
exhibit an extensive open canicular system (estimated at 1 vol%) in open
contact with the plasma, and furthermore also endocytose plasma proteins.
The list includes 73 proteins classified as Ci7 (secretory proteins) without
corresponding mRNAs, of which at least fibrinogen and [2-glycoprotein 1
are known to be taken up by platelets®®. Of note, fibrinogen levels are greatly
reduced in the proteome of patients with Glanzmann's thrombasthenia,
lacking integrin allbP3. At the other hand, we find that multiple 'plasma
proteins' can also be expressed by platelets themselves. Hence, even with
the development of quality checks of 'plasma contamination’, it may be
difficult to rate many secretory proteins as platelet or non-platelet.

Apart from the inevitable presence of plasma proteins in platelet
preparations, also other conditions may influence the obtained platelet
protein composition. One relevant condition is that of macro-
thrombocytopenia (e.g., Bernard-Soulier syndrome), often resulting in more
fragile platelets, where obtaining of the high quality platelet preparation is
a challenge. Another factor is emperipolesis, such as engulfment of
hematopoietic cells by megakaryocytes in malign disorders, also affecting
the platelet proteome.

To explain the missing of proteins in the identified proteome, we considered
three restraining factors: (i) low protein copy number, (ii) low mRNA level,
and (iii) protein retainment in the megakaryocyte perinuclear region. By
estimating these restraining factors per protein function class, we calculated
the technically achievable proteome of ~10k proteins. The assumption is
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that improved technical developments will generate larger size proteomes
(Suppl. Methods).

For validation of the function class-based prediction model of the remaining
part of the proteome, we generated an additional proteomic set, which
revealed 1.0k new proteins in the predicted classes, of which 97% with
relevant transcript levels. Interestingly, nuclear-related proteins were more
frequently present than was predicted, thus pointing to a more prominent
incorporation of (peri)nuclear proteins in megakaryocyte-shed platelets
than was anticipated.

The function class-based analysis of (non)identified platelet proteome,
based on relevant transcript levels (log2fpkm >0.20) as well as the listing of
37.2k genome-wide not expressed transcripts provides novel and detailed
information on the presence of protein isoforms, subunits of complexes and
metabolic, protein processing and signaling pathways (see Table 3). For
instance, regarding the apoptosis-related Bcl/Bax proteins (Cig) involved in
platelet clearance®’, the isoforms BNIP2, BCL2L1 (BCL-XL or BIM), BAD and
BAK1 are present in the current proteome, while also the transcripts of
BLC7B, BCL9 and BCL2 are highly expressed. As another example, regarding
the glycosyl transferases (Cis) and epimerases (Ci2) implicated in the surface
glycosylation pattern and thereby in platelet survival time®°, prominently
present in the proteome (transcriptome) are GALM, GALE, GNE, C1GALT1
and BAGALT1/3/4/5/6, while C1GALT1C1 (COSMC) is only lowly transcribed.

In this Covid-19 era, our list also provides information on ACE2, BSG and
TMPRSS2. In platelets and megakaryocytes, ACE2 expression levels appear
to be very low (log2fpkm 0.00-0.03), similar to the levels in other blood cells
(https://blueprint.haem.cam.ac.uk/bloodatlas). On the other hand, BSG
(basigin) with high transcript levels is present in the platelet proteome, but

not the marginally expressed TMPRSS2.

Both network analysis and OMIM-based evaluation of the genes/proteins
known to contribute to platelet count, hemostasis and thrombosis showed
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high coverage by the current platelet proteome and transcriptome dataset.
Since still little is known of many of the proteins, the list of 20k transcripts
reveals a wealth of novel information on proteins that will influence platelet
structure and function. Knowledge for understanding disease processes is
still limited, as prior work from our and other labs describe only small-size
alteration in platelet (phospho)proteomes of patients with Scott (ANO6)?’ or
Glanzmann (ITGA2B)*® disorders or with pseudohypoparathyroidism
(GNAS)?8. Altogether, this underscores that our approach to define a
complete platelet proteome provides a valuable scaffold for further
exploring and understanding platelet traits in and beyond thrombosis and
hemostasis.

The current approach to define a classified full or theoretical platelet
proteome from transcriptomes of platelets and megakaryocytes offers new
insights into platelet composition and function, but also has limitations. As
discussed above, platelets and megakaryocytes can bind and incorporate
proteins from plasma, extracellular matrix or other cells, where the
corresponding transcripts can be missing. In case of low transcript levels,
copy numbers of proteins in platelets can be too low to be detected by mass
spectrometric techniques (for detailed discussion on technical limitations,
see supplementary methods). Furthermore, the source (individual healthy,
diseased subject) and purification method of platelets and megakaryocytes
can influence the specific composition of proteome and transcriptome,
especially regarding the more rare molecules. It is noted here, that a subset
of proteins expressed at very low copy numbers may be relevant for platelet
ontogenesis, but have limited impact on platelet functions.

Earlier analyses indicated that the platelet proteome from healthy subjects
is quite stable with <15% of changes®l. Similarly, the global platelet
proteomes from the few patients, extensively studied so far - such as
Albright hereditary osteodystrophy, Glanzmann or Scott syndrome patients
- showed only minor changes compared to that of control subjects?”:2848, The
technical abilities to study this in the future is made in the revised discussion
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(page 16). In the near future, with the use of roboting techniques allowing
higher throughput analysis of large sample sets and with the application of
stable isotope markers'’, we expect to know more on the variable part of
the platelet proteome in health and disease.
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Supplementary materials of Chapter 3

Methods

Novel combined proteome analysis for validation

Well-purified platelet samples were obtained from 30 healthy subjects, and
digested with trypsin using filter aided sample preparation, as described in
the methods section. After digestion, 2 pg of peptide mixture from each
sample were pooled. The pooled sample was desalted using a SpecVarian
Cis cartridge, according to manufacturer instructions (Agilent, Santa Clara,
California). 50 ug of the pooled sample was fractionated by high pH-reversed
phase chromatography (Cis column; BioBasic-18, 0.5 mm ID x 15 cm, 5 um
particle size, 300 A pore size, (Thermo Scientific) using a linear gradient
ranging from 5-38% of solvent B (mobile phase A: 10 mM ammonium
formate, pH 8.0, B: 10 mM ammonium formate 84% acetonitrile, pH 8.0) for
90 minutes. Thirty fractions were collected every minute in a concatenated
mode and dried under vacuum. Each fraction was analyzed on a Q Exactive
HF mass spectrometer on line coupled to a U3000 RSLCnano (both from
Thermo Scientific). Separate peptides fractions were loaded onto a trap
column (Acclaim PepMap100 Cig trap column; 100 um x 2 cm) with 0.1%
trifluoroacetic acid at a flow rate of 20 uL/minute, followed by separation of
peptides on the main column (PepMap100 C18; 75 um x 50 cm), using a non-
linear gradient ranging from 7-24-38% of solvent B (84% acetonitrile, 0.1%
formic acid) for 150 minutes. On the Q Exactive HF, a 90 minutes acquisition
time was used, where survey scans were acquired at resolution of 30,000
using an automatic gain control (AGC) target value of 3 x106. MS/MS spectra
of the top 15 most intense ions were acquired with a resolution of 15,000 an
isolation width of 1.2 m/z, a normalized collision energy of 27%, an AGC
target value of 5 x10% ions, a maximum injection time of 200 ms. Raw data
were searched in Proteome Discoverer (Thermo Scientific) using Uniprot-KD
(Human Uniprot 23/07/2018), with trypsin as an enzyme, carbamido-
methylation as fixed modification, and oxidation of methionine as variable
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modification. For MS spectra, the mass tolerance was set to 10 ppm, and for
MS/MS spectra, the mass tolerance was set to 0.02 Da. Obtained in the
validation cohort were 5,505 unique proteins, which were separated into
previously identified and newly identified, and were compared per
corresponding gene with transcriptome data (Suppl. Datafile 2).

Technical limitations for obtaining the full platelet proteome

Integral membrane proteins (Cio and vesicular protein classes) with low
relative abundance and high hydrophobicity are usually under-
represented?. Use of specific enrichment steps can help here3. Second,
while trypsin is the common choice as a digesting enzyme (cleaving at lysine
and arginine residues), it is less efficient for domains rich in negatively
charged amino acids?. This can be overcome by the use of other proteases
or by changing digestion conditions. Third, loss of peptides is unavoidable in
digested samples during sample preparation (FASP, precipitation,
enrichment, desalting, elution)®, and by the choice of protein denaturation
agent. Fourth, data-dependent acquisition (DDA) is the most common
procedure to obtain mass spectrometric data, however due to the TopN
method used in DDA experiments, some precursors could be under-
represented due to the defined threshold. Alternatively, in the data-
independent acquisition (DIA) all precursors detected within a defined mass
window are selected for MS/MS fragmentation and acquisition. This window
is stepped across the entire mass range to collect MS/MS data from all
detected precursors®. Furthermore, partial post-translational modifications
(N-terminal acetylation, serine/threonine phosphorylation) can complicate
the data analysis”®. Concerning mass spectra analysis, current algorithms
search for peptide-spectrum matches with 1% false discovery rate,
estimated by a target-decoy search strategy®!!, but this threshold may be
less reliable for large data sets!?!3. From our own data, we calculated that
(with the exception of classes Coz, C17, Ca1).
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Suppl. Figure 1. Buildup of identified human platelet proteome. A, Progressive
buildup of platelet proteome, obtained in six cohort studies (numbered 1 to 6) with
healthy subjects. Black = 3,629 proteins with copy numbers; light gray = additional
protein without copy numbers; dark gray = additional proteins by TiO, enrichment
of phosphoproteome. B, Assignment of 5,211 identified proteins (all 6 cohorts) to
21 function classes (see Figure 1). C, Ranges of copy numbers per function class.
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Suppl. Figure 2. Correlation of platelet (PLT) and megakaryocyte (MGK)
transcriptomes. A, Correlation of all transcript levels in PLT vs. MGK genome-wide.
B, Correlation of relevant transcripts (log2fpkm >0.20) in PLT and MGK. C-E,
Correlation of relevant transcripts separated out between protein-coding genes (C),

RNA genes (D) and pseudogenes (E).
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Suppl. Figure 3. See upper page. Comparison of relevant transcripts with or
without identified platelet proteins. A, C, Listing per function class of numbers of
relevant transcripts (log2fpkm >0.20) that were yes/no identified in the platelet
proteome. Transcriptomes were combined from platelets (PLT) and megakaryocytes
(MGK), or used from PLT or MGK only. Indicated in gray are proteins without
relevant mRNA expression (log2fpkm <0.20). Transcripts were summed as protein
coding, RNA genes and pseudogenes. Data are shown for: A, Combined PLT/MGK
transcriptome; B, PLT transcriptome; C, MGK transcriptome.
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139
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Suppl. Figure 4. Distribution profile of transcripts of newly identified proteins per
protein function class. Heatmap of percentual distribution of transcript levels per
function class (rainbow colors; blue = low, red = high) for 954 newly identified
proteins in validation cohort. Numbers per class are indicated in right column.
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Suppl. Table 1. See next page. Clustering of proteins per class in quantitative
proteome-transcriptome space. P-values are given, representing significance of
over-representation of protein in defined areas |-V of proteome-transcriptome
matrix, based on transcript levels in platelets (PLT) or megakaryocytes (MGK). For
visualization of areas |-V, see Figure 4C, D. Modelling was as described in the
methods section. Statistical significance increasing with red coloring.
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Suppl. Table 2. Restraining factors per function class and prediction model of full
platelet proteome. Analysis of non-identified proteins (n=9,721) from the relevant,
combined PLT/MGK transcriptome per function class. Indicated in blue are fractions
transcripts present in the identified proteome, and fractions with low mRNA
(arbitrarily set at log2fpkm <1.00). Indicated in green (ID) are well-identified classes
with fractions >0.55 identified. Indicated in red is indication of one or more
restraining factors per class: (i) over-representation of low copy number (areas II-111
in Figure 4D), (ii) low mRNA level (area V, LM = low mRNA >45%); (iii) retainment in
megakaryocyte (perilnucleus upon platelet shedding (RET).

i Mostl
Protein function class (n) F.ractltfn. =3 Fraction low mRNA R os.t.y for low identifi
identified identified
. R R N N Low copy Low mRNA Retained in
Prot-KB: 21 fraction fraction >55%
UniProf in protein name (n>10) ( ) ( ) % number (11, 1) (520%, V) e
€01 Cytoskeleton actin-myosin (237) 0.44 0.30 _ M, v
Actin (36) 0.14 0.40
Myosin (45) 0.44 0.55
C02 Cytoskeleton intermediate (27) - 0.42 _ LM, V.
Keratin (12) 0.58 0.57
o3 Cy microtubule (420) 0.67 0.19 [ nb | RET
Centromere (16) 0.21
Centrosomal (36) 0.11
Dynein (41) 0.61 0.40
Kinesin (38) 0.37
Mitotic spindle / HAUS (13) 0.22
Tubulin (74) 0.46 0.29
€04 Cytoskeleton receptor-linked (69) 0.26 0.17 _
LIM/ Wiskott (10) 0.30 0.33
€05 Endosome proteins (101) 0.49 0.18 _ ?
Multivesicular body (11) 0.18 0.00
WAS / WASH (11) 0.45 0.00
C06 ER & Golgi proteins (568) 0.67 0.24 T Y]
AP-1/3 complex subunit (19) 0.21 0.25
ER membrane / lumen protein (34) 0.41 0.36
Golgi (59) 0.47 0.57
Trafficking protein particle (16) 0.25 0.00
Transferase (95) _ 0.45
C07 Glucose metabolism (58) 0.21 0.25 T b Y]
Glucose (18) 0.33 0.17
Fructose (11) 0.35 0.25
€08 Lysosome & peroxisome proteins (168) 0.56 0.13 _ (1Y)
Lysosome /lysosomal (21) 0.52 0.09
Peroxisome / peroxisomal (37) 0.54 0.30
V-type proton ATPase (17) 0.29 0.40
C09 Membrane & protein trafficking (349) 0.30 031 b Y
Exocyst complex (10) 0.10 -
Protein transport (11) 0.09 0.00
Sorting nexin (27) 0.37 0.40
Synapto (19) . om 057

Syntaxin (20) 0.20 0.00
Vacuolar protein sorting-associated (26) - -

Suppl. Table 2. (to next page)
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Protein function class (n) Fraction not

Fraction low mRNA

(fraction)

Mostl
. g for low i
>55% Low copy Low mRNA Retained in
number (11, 111) (>20%, V) MGK

identified
UniProt-KB: in protein name (n210) (fraction)
10 ptors & (1430)
Calcium / Cal (42)
Chemokine/ in receptor (18)

C-type lectin domain family (19)
Glycoprotein (32)
G-protein coupled (45)

Integrin (30)
Olfactory receptor (28)
Purinoceptor (14) 0.36
Solute carrier family / SLC(146) 0.46
Voltage-dependent/gated (38)
C11 Mitochondrial proteins (814) 0.44 0.10
ATP synthase (23) 0.26 0.17
Cytochrome b/c (49) 0.37 0.22
Import (27) 0.22 0.00
NADH dehydrogenase (39) 0.18 0.29
Ribosomal protein (84) 0.44 0.00
RNA (31) 0.39 0.08
C120ther bolism (877) 0.47 022
(Metabolite) kinase (69) 0.36 0.40
(Metabolite) phosphatase (53) 0.43 0.35
(Metabolite) reductase (49) 0.37 0.44
(Metabolite) synthase (57) 0.49 0.29
(Metabolite) transferase (162) 0.53 0.43

C13 Other nuclear proteins (1469)
Chromatin (17)
Histone (150)
Nuclear pore complex (34)
Polymerase (28)

Repair protein (29)

C14Proteasomal proteins (677)

COP9 signalosome (10)

E3 ubiquitin-protein ligase (180) 0.17
Kelch-like (20) 0.30
NEDD (15) 0.20 0.33
Proteasome/ proteasomal (45) 0.18 0.13
Ubiquitin-conjugating (32) 0.53 0.12
€15 Protein kinases & phosph (481) 0.45 0.20
Mitogen-activated protein kinase (41) 0.44 0.33
Serine/threonine-protein kinase (144) 0.42 0.34
Serine/threonine-protein phosphatase (40) 0.38 0.27
Tyrosine (-protein) phosphatase (29) 0.45 0.54
Tyrosine-protein kinase (29) 0.34 0.30

Ia

Suppl. Table 2. (to next page)
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Fraction not

Mostly

identified Explanation forlow identification

Low mRNA
(>20%, V)

Retained in
MGK

Low copy

S ()

Protein function class (n) identified Fraction low mRNA
UniProt-KB: in protein name (n10) ( i (fi )

Ci6Proteinp ing (308) 0.35 0.13
Dol / dolichol (16) 0.00 -
Glucosyl / glycosyitransferase (17) 0.18 0.00
Methyltransferase (13) 0.00
Palmitoyl / sialyl (20) 0.26
Pept/ peptidyl (50) 0.26 031

C17Secref 047

Collagen (33)
Growth factor (36)
Interleukin / chemokine (41)
Metalloproteinase (28)
Protease (21)

C18Signaling & adapter proteins (1024)

cGMP / Gkinase (17)
Guanine nucleotide / G-protein (43)

14-3-3 / $100 protein (15) 0.27
Adapter / adaptor protein (35) _
Bd / Bax (18) 0.50
Calcium / calpain (38) - ‘
cAMP / A-kinase (34)
Caspase (19) 0.42

0.42

Phosphatidyl /phosphoinositide (66) 0.38 0.20
C19Small GTPases & regulators (483) 0.41 020
Arf-GAP (18) 0.27
Rab (78) 0.19 0.27
Ral (12) 033 0.50
Rap (17) 0.47 0.13
Ras (non RAb, Ral, Rap) (20) 0.50\
Rho (88) 0.44

C20Transcription & translation (2280)
Nuclear (127)
Ribosomal protein (96)
Transcription (303)
Translation (56)
tRNA (71)
Zinc finger (579)

c211 & other p (2120)
Coiled-coil (91)
FAM (255)
Leucine-rich repeat (36)
Putative (90)
Transmembrane (133)
Uncharacterized (249)
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Abstract

Patients diagnosed with pseudohypoparathyroidism type la (PHP la) suffer
from hormonal resistance and abnormal postural features, in a condition
classified as Albright hereditary osteodystrophy (AHO) syndrome. This
syndrome is linked to a maternally inherited mutation in the GNAS complex
locus, encoding for the GTPase subunit Gas. Here, we investigated how
platelet phenotype and omics analysis can assist in the often difficult
diagnosis. By coupling to the IP receptor, Gas induces platelet inhibition via
adenylyl cyclase and cAMP-dependent protein kinase A (PKA). In platelets
from seven patients with suspected AHO, one of the largest cohorts
examined, we studied the PKA-induced phenotypic changes. Five patients
with a confirmed GNAS mutation, displayed impairments in Gas-dependent
VASP phosphorylation, aggregation, and microfluidic thrombus formation.
Analysis of the platelet phosphoproteome revealed 2,516 phosphorylation
sites, of which 453 were regulated by Gas-PKA. Common changes in the
patients were: (1) a joint panel of upregulated and downregulated
phosphopeptides; (2) overall PKA dependency of the upregulated
phosphopeptides; (3) links to key platelet function pathways. In one patient
with GNAS mutation, diagnosed as non-AHO, the changes in platelet
phosphoproteome were reversed. This combined approach thus revealed
multiple phenotypic and molecular biomarkers to assist in the diagnosis of
suspected PHP la.
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Introduction

Pseudohypoparathyroidism (PHP) characterises a heterogeneous group of
disorders, of which the common feature is an end-organ resistance to
parathyroid hormone. Patients diagnosed with pseudohypoparathyroidism
type la (PHP la, OMIM: #103580) or with the related disorder PHP Ic also
exhibit resistance to other hormones and show a variable set of clinical
features, including as short stature, obesity, round face, subcutaneous
ossification, brachydactyly, and other skeletal anomalies. Some patients also
have mental retardation. Jointly these characteristics are classified as
Albright hereditary osteodystrophy (AHO) syndrome. This infrequent and
serious syndrome occurs with an estimated prevalence of 1:250,000, but it
is likely underdiagnosed because of variation in the presentation and
severity of the disease. In the past, PHP was also deduced from a defective
activity of the erythrocyte Gas protein, but the suitability of this test has
been questioned?.

Consistent among patients with established PHP (including AHO) is
impairment in the Gas-mediated signaling effects of tissues in response to
multiple hormones?. This impairment is linked to dysfunctional mutations in
the GNAS complex locus, encoding for the Gas protein. The imprinted gene
complex locus GNAS is located on chromosome 20q13.2-13.3%4. Importantly,
genetic variation in this locus can also link to an altered regulation of blood
pressure and an increased risk of cardiovascular disease®. In case of AHO,
the syndrome characteristics are inherited from the mother, implicating that
the affected tissues may preferentially express the maternal GNAS allele®.
However, the disease can also be due to epigenetic variation®, in which case
GNAS methylation studies are needed for a proper diagnosis of PHP patients
7. On the other hand, paternal transmission of the mutated GNAS allele is
not accompanied by hormone resistance, and is then classified as
pseudopseudohypoparathyroidism (PPHP).

In platelets like in other cells, the stimulation of G protein-coupled receptors
(GPCR), interacting with the Gas B/y complex, causes activation of adenylyl
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cyclase (AC), which enzyme produces the second messenger cAMPS.
Elevation in cAMP triggers intracellular signaling events via the broad-
spectrum, cAMP-dependent protein kinase A (PKA)°. The platelet Gas-AC-
PKA pathway is by far most strongly triggered via the IP receptor (PTGIR)°,
which cause global inhibition of platelet adhesion, shape change,
cytoskeletal changes, secretion, aggregation and procoagulant activity!'*2.
The endothelium-derived prostaglandin |, (prostacyclin, stable mimetic
iloprost) provides the main high-affinity trigger of IP receptors, along with
the stable prostanoid prostaglandin E; (PGE1) showing a somewhat lower
affinity!3. The other high-affinity receptor for prostacyclin, EP1, is not
expressed on platelets!®. Accordingly, both iloprost and PGE; elevate
platelet cAMP levels via Gas, activate PKA and cause suppression of key
signaling events including Ca?* fluxes and integrin allbB3 activation®?®,
Earlier studies describe that in patients with PHP la (AHO) the Gas functional
defect is indeed linked to lower platelet responses to both iloprost and
PGE.Y’.

In our previous work, we have used protein mass spectrometry techniques
for quantitative analysis of the global platelet proteome!® and of the
iloprost-induced platelet phosphoproteome®®. In the platelets from healthy
individuals, the (phospho)proteome appeared to be markedly stable. This
offers the possibility to exploit the platelet proteome to find abnormalities
on the protein level in patients with a congenital deficiency or other
pathologies?®??,

Here, we studied seven rare patients of four families with confirmed or
suspected PHP la, which is the largest cohort examined so far for this rare
syndrome. In the platelets from these patients, we determined altered
responses of the Gas-AC-PKA pathway using various multiparameter
function tests, and compared these with quantitative changes in the PKA-
dependent (phospho)proteome. These proteome changes were: (1) linked
to a defective Gas and PKA activity, (2) related to changes in platelet function,
and (3) evaluated for the potential of discriminating between AHO and non-
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AHO.

Materials and Methods
Materials

lloprost was obtained from Bayer Schering Pharma (Leverkusen, Germany),
and PGE; from Fluka-Sigma Aldrich (Buchs, Switzerland). Horm type |
collagen was purchased from Nycomed (Munich, Germany). Fluorescein
isothiocyanate (FITC)-labelled antibody against phosphorylated vasodilator-
stimulated phosphoprotein (P-VASP, phospho-Ser239) was from nanoTools
(Teningen, Germany), Alexa Fluor (AF)647-labelled fibrinogen from
Invitrogen Life Technologies (Bleiswijk, The Netherlands), FITC-labelled anti-
CD62P mAb against P-selectin from Beckman Coulter (Marseille, France),
and FITC-labelled PAC1 mAb against activated allbB3 integrin from Becton
Dickinson (San Jose CA, USA). The membrane probe DiOCs came from
Anaspec (Reeuwijk, The Netherlands). Other materials were obtained from
sources, as described before3>.

Patients and control subjects

Blood was obtained from healthy controls and indicated patients, after full
informed consent and in accordance with the Declaration of Helsinki.
Experiments were approved by the Ethics Committee of Maastricht
University & Maastricht University Medical Centre. Blood samples from
patients (P1-7) were freshly taken, and always analysed in parallel with
blood samples of unrelated day-control subjects (C1-12). The numbering of
individual patients and control subjects in this paper is unchanged for all
assays. Platelet samples for proteomics assays were stored at an internal
biobank, until assayed for this purpose on a later time point, such in
accordance with the European data protection law.

Patients from four families were investigated with diagnosed or suspected
PHP la (Table 1). based on elevated parathyroid hormone levels. All families
showed typical symptoms associated with AHO, such as short stature and
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brachydactyly, while the degree of mental retardation was variable. Family |
consisted of a mother (P1), who similarly to a son (not included), carried a
heterozygous single nucleotide substitution in exon 1 (c.1A->G) of the GNAS
complex locus, resulting in a truncated Gas protein3®. This mutation is known
to be linked to an impaired expression of functional Gas, thus reducing the
Gas bioactivity in blood cells3’. Family Il consisted of a mother (P2) and
affected two sons (P3, P4), all of whom carried a heterozygous single
nucleotide substitution in exon 338 (c.1G—>C), encoding for a dysfunctional
Gas protein, with an estimated reduction of 46%, 49% and 51% in Gas
activity in the erythrocyte membranes®. Family Il consisted of two related
subjects, a mother (P5) with an unremarkable phenotype; and an affected
daughter (P6) with PHP diagnosis, of whom no mutation in the GNAS locus
could be detected (epigenetic imprinting analysis not performed). In family
IV, patient P7 obtained a diagnosis, not differentiating between PHP and
POH (progressive osseous heteroplasia), while genetic analysis revealed a
heterozygous deletion in the GNAS locus (c.565_568del), linked to
nonsense-mediated decay of mRNA (unpublished). Both parents did not
allow examinations. In all 7 patients, blood platelet counts were within the
normal range (Table 1). Patients and day control subjects had not used
antiplatelet or anticoagulant medication for at least two weeks.

Blood collection and platelet isolation

For whole blood perfusion experiments, blood samples were collected into
0.1 volume of saline containing D-phenylalanyl-prolyl-arginyl chloromethyl
ketone (PPACK, 40 pM) and fragmin (40 U/mL)3°. For light transmission
aggregometry, blood was collected into 0.1 volume of 129 mM trisodium
citrate. Platelet-rich plasma (PRP) was prepared by centrifuging blood
samples at 240 g for 15 minutes. Platelet counts were determined with a
thrombocounter (Coulter Electronics; Woerden, The Netherlands).

For measurements with washed platelets, including proteomics analyses,
blood was collected into 0.1 volume of acid-citrate glucose solution (ACD, 52
mM citric acid, 80 mM trisodium citrate, 180 mM D-glucose)?>. PRP was then
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obtained by centrifuging as above. After the addition of 0.066 volume of ACD,
the platelets were pelleted by centrifugation at 870 g for 15 minutes. Pellets
were resuspended in Hepes buffer pH 6.6 (136 mM NaCl, 2.7 mM KCl, 10
mM Hepes, 2 mM MgCl, and 0.1% D-glucose), while carefully excluding any
bottom layer of red cells. The suspended platelets were then transferred to
a clean Eppendorf tube. After the addition of 0.066 volume ACD and apyrase
(1 U/mL), collected platelets were washed by centrifugation at 2,000 g for 5
minutes. Final resuspension then was in Hepes buffer pH 7.45 (136 mM NaCl,
2.7 mM KCI, 10 mM Hepes, 2 mM MgCl,, 0.1% D-glucose), once more by
excluding any residual erythrocytes, followed by transfer to a clean
Eppendorf tube. Purity of the final platelet preparations (1-2 x 108/mL) for
proteomics analyses was assessed by a thrombocounter and microscopic
analysis. Contamination of platelets with red blood cells was <1:15,000 and
with leukocytes <1:20,000.

Flow cytometry

For analysis of VASP phosphorylation as a measure of Gas-PKA activity,
samples of purified platelet suspensions (2 x 108/mL) were incubated with
vehicle or iloprost (0.5-10 nM) for 1 minute, after which reactions were
stopped with 2% formaldehyde (in filtered phosphate-buffered saline with
0.2% bovine serum albumin). Fixed samples were centrifuged at 2,000 g for
2 minutes, and pellets were washed twice with phosphate-buffered saline.
The pelleted platelets were then resuspended in phosphate-buffered saline
containing 0.1% saponin, to allow membrane permeabilization during 15
minutes. After addition of FITC-labelled anti-P-VASP mAb against phospho-
Ser-239 (1:1,000), samples were incubated for 30 minutes, and analysed by
flow cytometry (10,000 events/sample), using a BD Accuri C6 flow cytometer
(San Jose CA, USA).

Light transmission aggregometry

Aggregation of platelets in plasma (normalised to 3 x 102 platelets/mL) was
measured with an automated Chronolog aggregometer (Havertown PA,
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USA). The platelets were preincubated with vehicle (ethanol), PGE; or
iloprost for 4 minutes, and then activated with collagen (5 pg/mL) at 37°C.
Platelet aggregation rate was determined from the slopes of curves (%
transmission change per minute). In earlier functional experiments PGE; was
used, which was later replaced by iloprost because of the meanwhile
published iloprost phosphoproteome'®. Cyclic AMP measurements in
washed platelets were performed, as before®.

Microfluidic thrombus formation and platelet activation under flow

To measure whole blood thrombus formation, glass coverslips were coated
with type | collagen and mounted into a Maastricht flow chamber, as
described*!. Samples of PPACK-anticoagulated blood, preincubated for 4
minutes with vehicle (ethanol), PGE1 (100 nM) or iloprost (5 or 10 nM), were
perfused over the collagen surface at a wall shear rate of 1,000 s* for 4.0
minutes. Thrombi on coverslips were post-stained with FITC-labelled anti-P-
selectin mAb (25 pg/mL)?. Brightfield differential interference contrast and
confocal fluorescence images were taken from the collagen surface, as
described*?. Microscopic images were analysed for five variables (V1-5)
using Image J (version 1.48g, US NIH; Bethesda MD, USA)?>. Deposited
platelets (V1) and P-selectin staining (V2) were quantified as percentage of
surface-area-coverage (%SAC); integrated feature size of aggregated
platelets (V3) was expressed as um?; thrombus multilayer score (V4) was
scaled 0-3, depending on the presence of multilayered thrombi; and
thrombus morphological score (V5) was scaled 0-5, ranging from no or single
platelet adhesion to full thrombus formation?*.

Sample preparation for proteome analysis

Well-purified washed platelets (5 x 108/mL) in Hepes buffer pH 7.45 were
incubated with vehicle or iloprost (1-10 nM) for 1.0 minute at 37 °C.
Reactions were stopped by addition of 50% lysis buffer (50 mM Tris, 150 mM
NaCl, 1% SDS, 1 tablet Roche PhosStop/7 mL buffer, pH 7.8, f.c.), and
incubated on ice. Directly after lysis, the samples were snap-frozen, and then
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stored at -80°C until use. The following sample sets were simultaneously
analysed (Suppl. Table 1). Set I: four samples from patient P1 and four
samples from control subject C1 (i.e. resting, 1, 2 or 10 nM iloprost). Set I:
four samples from patient P7 and four samples from control subject C4
(resting, 2, 5 or 10 nM iloprost). Set lll: three samples for patient P2, three
samples for patient P6, three samples for control subject C2 (resting, 2 or 10
nM iloprost), and a calibration sample. Set IV: three samples for patient P3,
three samples for patient P4, three samples for control subject C3, (resting,
2 or 10 nM iloprost) and a calibration sample. In parallel, platelet samples
were analysed for VASP-P determination. Platelets from asymptomatic
patient P5 were not available for this analysis.

Protein digestion and stable isotope labelling for proteomic analysis

Sample preparation, proteolytic digestion and iTRAQ/TMT labelling were
based on previously described methods!®?74344 The TMT labelling was
performed according to the manufacturer's instructions. Quality control of
all samples was as before!®. Lysed samples of the purified platelets (5 x
108/mL) were diluted to the same protein concentration (checked with a
bicinchoninic acid protein assay kit; Pierce, Thermo-Fisher Scientific, Bremen,
Germany). Cysteines were reduced (30 minutes, 56°C) and free sulfhydryl
groups were alkylated (30 minutes, room temperature, in darkness) with 10
mM dithiothreitol and 30 mM iodoacetamide, respectively. Samples of sets
I-IV were handled in equivalent manners, as described below.

For sets | and Il, aliquots containing 100 ug of protein were diluted 10-fold
with ice-cold ethanol and incubated for 1 hour at -40 °C. The mixtures were
centrifuged for 30 minutes at 4°C and 18,000 g, and supernatants were
carefully removed. The precipitates were washed using 50 uL of ice-cold
acetone, followed by a 15 minutes centrifugation. This step was repeated
once. Precipitated proteins were re-solubilised into 6 M guanidine
hydrochloride, and digested in-solution with trypsin (Sequence grade
modified, Promega, Madison WI, USA) at a 1:20 enzyme: protein ratio, with
a final concentration of 0.2 M guanidine hydrochloride, 2 mM CaCl, and 50
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mM triethylammonium bicarbonate (14 hours, 37°C). Digestion controls
were performed, using a monolithic-RP HPLC system, as before*>. Digests
were individually labelled with iTRAQ 8-plex labels (113-119, 121). After
drying in vacuum, the samples were dissolved in iTRAQ 8-plex dissolution
buffer (AB Sciex; Dreieich, Germany), and labelled according to the
manufacturer’s protocol. Samples per set were pooled at 1:1 ratios, were
desalted by Cig solid phase extraction (SPEC Cis AR, 4 mg bed; Agilent
Technologies, Brussels, Belgium) and dried under vacuum.

For sets Il and IV, 150 ug protein per sample was loaded onto a 30 kDa
molecular weight cut off spin filter to perform filter-aided sample
preparation, as described elsewhere*®*’, with slight modifications. Proteins
were digested (14 hours, overnight) in 50 mM triethylammonium
bicarbonate, 0.2 M guanidine hydrochloride, 2 mM CaCl,, pH 8.5 with trypsin
(w/w 1:25, sequencing grade, Promega, USA)*°. The peptides were collected
by centrifugation at 14,000 g for 20 minutes. To increase peptide yield, filters
were additionally washed with 50 uL 50 mM triethylammonium bicarbonate,
and subsequently with 50 puL water. Digestion performance and peptide
yield was controlled, as previous*®. Digests were individually labelled with
TMT 10-plex labels (126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C,
131, from Thermo Scientific). Equal peptide amounts of vacuum dried
samples were reconstituted in 100 pL 100 mM triethylammonium
bicarbonate, and labelled with 0.8 mg reagent according to the
manufacturer’s protocol. Samples were then pooled at 1:1 ratios, and
further treated similar to sets I+l.

The multiplexed iTRAQ or TMT pools were used to quantify the global
proteomes and the phosphoproteomes of the individual samples. For global
proteome analysis, 10% (iTRAQ) or 3.5% (TMT) of a pooled mixture was pre-
fractioned on a U3000 HPLC (Thermo Scientific) by high pH reversed-phase
chromatography (Cis column; BioBasic-18, 0.5 mm ID x 15 cm, 5 um particle
size, 300 A pore size, Thermo Scientific) using a linear gradient. For iTRAQ
pools, this gradient was ranging from 3-50% solvent B (mobile phase A: 10
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mM ammonium acetate, pH 6.0, B: 10 mM ammonium acetate, 84%
acetonitrile, pH 6.0, 75 minutes). For TMT pools, a linear gradient ranged
from 3-50% solvent B (mobile phase A: 10 mM ammonium formate pH 8.0,
B: 10 mM ammonium formate, 84% acetonitrile, pH 8.0, 75 minutes) to
obtain 20 concatenated fractions for LC-MS analysis.

For phosphopeptide analysis, the remaining of the pooled iTRAQ or TMT
samples were subjected to a TiO,-based phosphopeptide enrichment
protocol, as described elsewhere with slight modifications*3. Briefly, samples
were resuspended in TiO, loading buffer (80% acetonitrile, 5%
trifluoroacetic acid, 1 M glycolic acid), and incubated twice with TiO, beads
for 10 minutes. Incubations first had a peptide to bead ratio of 1:6, and then
a ratio of 1:3. For set Ill or IV, an additional incubation at 1:1.5 ratio was
performed. Subsequently, the beads of all incubation steps were combined
in one Eppendorf tube, and washed and eluted, as previously*. In short, 80%
acetonitrile, 1% trifluoroacetic acid was used for washing step 1, and 10%
acetonitrile, 0.1% trifluoroacetic acid for washing step 2. The
phosphopeptides were eluted by incubation with 1% NH4OH for 10 minutes.
The eluates were acidified using formic acid (pH < 2). To obtain better
phosphopeptide recovery, the enrichment procedure was repeated once
with a slight variation, i.e. a loading buffer of 70% acetonitrile, 2%
trifluoroacetic acid, and a washing buffer of 50% acetonitrile, 0.1%
trifluoroacetic acid. Phosphopeptides were eluted as described above and
then acidified.

The acidified phosphopeptides were desalted using Oligo R3 micro-
columns®®, and fractionated on a U3000 RSLC system in hydrophilic
interaction liquid chromatography (HILIC) mode (Polar phase TSKgel Amide-
80; 150 um ID x 15 cm length; 5 um particle size; 80 A pore size, Tosoh
Bioscience, Tessenderlo, Belgium), using a binary gradient ranging from 10-
35% solvent B (solvent A: 98% acetonitrile, 0.1% trifluoroacetic acid; solvent
B: 0.1% trifluoroacetic acid) in 40 minutes (flow rate: 4 uL/ minutes). A total
of 9 fractions per set were collected for subsequent LC-MS analysis.
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Global proteome and phosphoproteome analysis by iTRAQ or TMT
labelling

Sets | and Il (in italic sets Il and IV, if different): RP and HILIC fractions were
individually analysed by nano-LC/MS-MS, using a Ultimate 3,000 RSLC-nano
system online-coupled to a Q-Exactive Plus (iTRAQ) or a Q-Exactive HF (TMT)
mass spectrometer (both Thermo Scientific). Individual fractions were
loaded onto a trap column (Acclaim PepMap100 Cis trap column; 100 um x
2 cm) with 0.1% trifluoroacetic acid; flow rate: 20 uL/ minutes. This was
followed by separation of peptides on the main column (PepMap100 Cis; 75
pum x 50 cm), using a binary gradient ranging from 3-42% (3-35%) solvent B
[84% acetonitrile, 0.1% formic acid] in 145 minutes (60 minutes). In the Q-
Exactive, survey scans were acquired at resolution of 70,000 (60,000) using
an automatic gain control (AGC) target value of 3 x 108 (1 x 10°). MS/MS
spectra of the top 15 most intense ions were acquired with a resolution of
17,500 (60,000), an isolation width of 2.0 (0.8) m/z, a normalised collision
energy of 35% (33%), an AGC target value of 1 (2) x 10° ions, a maximum
injection time of 250 (200) ms and a dynamic exclusion of 12 (30) s with and
underfill ratio of 10%. The first fixed mass was set to 105 (100) m/z. In order
to compensate for the iTRAQ-induced increase of peptide charge states,
reaction tubes with 10% ammonium water were placed in front of the ion
source as described elsewhere®!. For TMT samples, to compensate for a
higher complexity of the global proteome fractions, the isolation width was
reduced to 0.4 m/z to reduce the potential precursor co-isolation.

Raw data were processed with Proteome Discoverer 1.4 (Thermo-Fisher
Scientific). Data were searched against the Uniprot human database (August
2012; 20,232 target sequences) using Mascot and Sequest with the following
settings: (1) trypsin as enzyme allowing two missed cleavages, (2) iTRAQ 8-
plex (TMT 10-plex) at N-termini and lysines of +304.2053 (+229.163) Da and
carbamidomethylation of Cys +57.0214 Da as fixed modifications, (3)
oxidation of Met +15.9949 Da as variable modification, (4) mass tolerances
of 10 ppm and to 0.02 Da for MS and MS/MS, respectively. For HILIC
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fractions, phosphorylation of Ser/Thr/Tyr (+79.9663 Da) was selected as
additional variable modification. False discovery rate (FDR) estimation on
the level of peptide spectrum matches (PSM) was performed using the
peptide validator node, filtering for high confidence 1% FDR. The reporter
ion quantifier node was used for iTRAQ (TMT) reporter quantification.

For global proteome quantification (RP fractions) only unique proteins
guantified with at least 2 unique peptides were considered. For
phosphoproteome quantification (HILIC fractions), phosphorylation site
localisation was determined using phospho-RS>?, and only phosphopeptides
with phospho-RS site probabilities >90% were considered as confident.
Sorting and evaluation of the exported data as well as calculations were
done in Microsoft Excel.

Data analysis of platelet global proteomes and phosphoproteomes

Sets I+l (sets Il1+1V): As Proteome Discoverer only provided 7 (9) ratios for
the 8 (10) samples, an artificial 113/113 (126/126) ratio was created and set
to 1.0 per protein and all ratios were log2 transformed. Per channel, the
median ratio over all proteins was calculated, from which the median of all
eight (ten) values was determined to define normalisation factors per iTRAQ
(TMT) channel. These factors compensated for systematic errors (i.e.,
unequal sample amounts derived from pipetting errors or inaccurate protein
determination results) and allowed to obtain normalised ratios per protein.
The normalised ratios were divided by the median (log2 transformed) over
all eight (ten) values to obtain scaled normalised abundance values (NAVs)
for all proteins and channels. The NAVs (log2 transformed) allowed
determination of inter-sample ratios for platelets from the patients and
control subjects for each condition.

Inter-individual variation for the global proteome was estimated by separate
analysis of the samples from all subjects (combined sets) in comparison to
averaged control values (C1-4). Differences from average control values
were thresholded based on altered ratios log2 transformed (225% up or
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downregulation: range of -0.322 to +0.322).

For determination of confident phosphorylation sites at the peptide level, a
ready-to-use Excel macro provided by Mechtler lab
(http://ms.imp.ac.at/?goto=phosphors) was used. Data were normalised as

described above. NAVs were calculated per phospho-site, as described for
the global proteome. Average NAVs were calculated per iTRAQ or TMT
channel, after grouping per phosphopeptide sequence, phosphorylation site
and protein. Phosphopeptides present in >3 control samples were used to
assess average control values, after normalisation per data set, and were
log2 transformed. Treatment effects were estimated based on an arbitrary
cut-off of >25% up- or downregulation (log2 range of -0.322 to +0.322).
Thresholds for relevant changes in patient samples were more strictly set at
2 x (-0.322 to +0.322); comparisons were made to mean control NAVs, for
up- or downregulation per phosphopeptide.

Reference values of phosphoproteomes and determination of PKA
phosphorylation sites

Phosphorylation data were compared with a reference dataset of iloprost-
induced changes in protein phosphorylation of healthy control platelets
(2,700 phosphopeptides, of which 299 regulated by iloprost), as
published®®32, lloprost-regulated phosphopeptides were defined as those
responsive to 1 minute treatment with 2 or 10 nM iloprost. A three-point
scale was used (1 = upregulated, 0 = unchanged, -1 = downregulated).
Consensus sites for PKA-induced phosphorylation were as beforel®, using
the GPS2.1 algorithm for kinase consensus sequence prediction®.
Classification of proteins was as before?’.

Reactome pathway analysis

Lists of protein identifiers (gene names, Uniprot) were introduced in the
Reactome pathway database (reactome.org), and analysed on biological
pathways with n>4 entities and false discovery rates of >0.82. Lists contained
phosphorylated proteins regulated by 2 and/or 10 nM iloprost: 196
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upregulated and 159 downregulated. Weight factors were included,
presenting the numbers of regulated phosphorylation sites per protein.

Experimental design and rationale

Inclusion of the quite rare patients with suspected PHP la (expected
prevalence of 1/250,000, but underdiagnosed) occurred over the years
2014-2017. As required for diagnostic platelet function analyses, blood
samples from the 8 patients were directly compared with samples from a
healthy day-control subject (in total 12 controls).The common rationale in
diagnostic laboratories is that the (isolated) platelets from all healthy
subjects make up a normal pool (with defined normal ranges of test
outcomes) that, however, needs to be validated day-by-day to check for the
quality of blood drawing and sample preparation. At a first visit, blood from
patients and day controls was analysed for platelet functions with Gas-
stimulating agents (platelet aggregation, microfluidics, flow cytometry). In
addition, platelet samples were made for proteomics analysis (both global
proteome and phospho-proteome). If possible and required, at a second
visit, blood from patients (e.g., children) and controls was used for additional
functional assays. Note that flow cytometry of VASP phosphorylation was
performed with all samples. The total number of included controls was 12.

Given the earlier established high stability of the platelet proteome and
phosphoproteome among healthy subjects'®® and to retain an affordable
work-flow, for the proteomic assays, for omics analyses we compared
patient samples with the means of respective day-control samples. Sets I-I|
of platelet and control samples, obtained in 2014-2015, were analysed in 8-
plex using iTRAQ labelling. Set IlI-IV samples, obtained in 2017, were
analysed in 10-plex using TMT labelling

Statistics

Functional and proteomics data of control subjects are represented as
medians * interquartile ranges; data from patients are indicated individually.
Differences of individual patients were considered to be statistically
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significant, when outside the normal ranges (defined by 95% confidence
intervals). Effect sizes were calculated from the Cohen’s d, i.e. (M1-My) /
SDm1+m2, in which M refers for means of patients and M, to means of
controls). For medium effect size, we used a d > 0.5. Cohen's d calculates a
standardised difference between both groups that are not affected by
sample size. Heatmaps were created using the R package version 3.5.1.
Unsupervised hierarchical clustering of datasets from patients and controls
was also performed in R.

Results

Impairment of Gas-dependent responses in platelets from patients with
suspected PHP la

In order to assess abnormalities of the Gas-AC-PKA pathway, we analysed
the platelets from seven rare patients (four families) with confirmed or
suspected PHP la (Table 1). Family | patient (mother P1) had a heterozygous,
deleterious mutation in exon 1 of GNAS. Family Il (mother P2 and two
children P3-4) had a heterozygous, dysfunctional mutation of GNAS in exon
3. Family lll with unaffected mother P5 included a child (P6), showing all
physical characteristics of PHP la, while no genetic mutation was found so
far. Family IV consisted of a child (P7) with a heterozygous deleterious
mutation in the GNAS locus and a differential diagnosis including PHP. On
the days of measurement, blood samples were also obtained from healthy
control subjects (C1-12). Throughout this paper, the numbering of individual
patients and controls has been kept the same.

Isolated platelets from all seven patients (P1-7) and 12 control subjects (C1-
12) were used for the assessment of iloprost-induced VASP phosphorylation
at Ser-239, which is a golden standard method to establish affected PKA-
dependent phosphorylation events??. For this purpose, platelets were
treated with a range of iloprost concentrations (0.5-10 nM) for 1 minute, i.e.
a time point reflecting the early phosphorylation activity of PKA. In the cells
from control subjects, VASP phosphorylation increased dose-dependently
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Table 1. Investigated families and patients with symptomatic or suspected PHP Ia.
Listed are patients with (suspected) PHP la (OMIM: 103,580), confirmed mutations
and whole blood platelet counts. Limited blood was obtained from P7 (young child).

%Parents did not allow further examination.

. . . L. Platelet
Patient Diagnosis Mutation in GNAS locus 1
count L
Family | P1 PHP type la c.1A>G (p.Met1Val) 226 x 10°
P2  (mother
P3,4) PHP type la ¢.338G>C (p.Lys338Asn) 215x 10°
P3 PHP type la ¢.338G>C (p.Lys338Asn) 173 x 10°
Family Il P4 PHP type la .338G>C (p.Lys338Asn) 244 x 10°
P5 (mother
H 9
Family P6) (asymptomatic) not found 255 x 10
[} P6 PHP type la not found 214 x 10°
Family
IV* P7 PHP suspected ¢.565_568del 278 x 10°

with limited inter-individual variation (Figure 1A, B). In the platelets from
patients P1-4,6 (families I-1ll), VASP phosphorylation was impaired at a
variable degree, in that higher doses of iloprost were needed to reach the
phosphorylation level seen in platelets from the control group. Exceptions
were the platelets from the unaffected patient P5 and the atypical patient
P7, which showed a normal dose response of iloprost-induced VASP
phosphorylation.

In the diagnostics laboratory, light transmission aggregometry (LTA) is
commonly used to monitor platelet function abnormalities, requiring the
use of day control samples?®. The LTA method can reveal defects in Gas
signaling activity, by establishing the inhibitory effects of IP receptor
agonists iloprost or PGE; on collagen-induced platelet aggregation'’.
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Figure 1. Changes in Gas-mediated VASP phosphorylation in platelets from
patients with suspected PHP la. Isolated, washed platelets were preincubated with
iloprost (0-10 nM), fixed, permeabilised and stained with FITC anti-P-VASP mAb. A,
Representative flow cytometric histograms of VASP phosphorylation after iloprost
treatment of platelets from control subject C1 and patient P1. B, Quantified VASP
phosphorylation results from control subjects (C1-12) and patients (P1-7). Box plots
indicate medians * interquartile ranges (whiskers represent 2.5-97.5th percentiles,
n=12).
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From four patients, sufficient blood could be obtained to measure platelet
aggregation responses. In the platelets from the day-control subjects,
collagen-induced aggregation was fully inhibited by 100 nM PGE; (Suppl.
Figure 1A). In the platelets from patient P1 (family I), PGE1 was less inhibitory;
in that 300 nM still caused appreciable aggregate formation. A similar
defective response to PGE; was seen in response to platelet aggregation
with stable ADP, PAR1 agonist or convulxin (Suppl. Figure 1B). For the other
patients, the platelets from P2 (family I) and P5 (family lll) showed a similar
impairment, again requiring an increased dose of PGE1 to abrogate collagen-
induced aggregation (Suppl. Figure 1C). In contrast, the platelets from P5
responded similarly as the control platelets. For patient P1, sufficient
platelets were isolated to confirm low inhibition of aggregation also with
iloprost (Suppl. Figure 1D), and to establish an impairment in Gos-
dependent elevation in cytosolic cAMP (Suppl. Figure 1E, F). Taken together,
these data indicate that the platelets from patients P1-4 and P6 (but not the
asymptomatic P5) show a variably impaired response to PGE; and iloprost in
terms of cAMP-dependent VASP phosphorylation and aggregation inhibition.

Impairment of Gas-mediated thrombus formation in whole blood from
patients with suspected PHP la

Microfluidic assessment of collagen-dependent thrombus formation in
flowing whole blood provides an overall assessment of platelet functions?*.
To determine a role of Gas in this assay, whole blood samples from patients
and control subjects were preincubated with vehicle or PGE;, and then
flowed at defined wall shear rate?>. The thrombi formed on collagen were
analysed for variables, indicative of the platelet activation state: platelet
adhesion (V1), P-selectin expression (V2), platelet aggregation as integrated
feature size (V3), a thrombus multilayer score (V4), and a thrombus
morphological score (V5). Blood samples from control subjects indicated
that 100 nM PGE; was sufficient to cause an ~50% overall reduction in
thrombus formation. Hence, this PGE; concentration produced smaller-sized
thrombi (V3,4), which was accompanied by lower platelet adhesion (V1) and
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platelet secretion (V2) (Figure 2). The other Gas-stimulating agent iloprost
induced similar effects as PGE; (Suppl. Figure 2).

Application of the flow assay with blood samples from patients P1-6 and
consecutive control subjects (C1-8) resulted in a reducing effect of PGE; for
all variables, although we noted some differences between the patients. This
was illustrated in a heatmap (Figure 2A), constructed of the normalised
variables (range 0-10) per patient, in comparison to the averaged data from
control subjects, using an earlier used procedure?®. This assessment of PGE;
effects on thrombus formation pointed to largest deviations for patients
P2,3,6, when compared to normal ranges (C1-8) (Figure 2B). Visualisation in
a heatmap thus showed the effects of PGE; per variable and patient, in
comparison to the average control data after a applying a statistical filter of
p < 0.05 (Figure 2C, D). These flow data revealed that the inhibitory effect of
PGE; is reduced for most thrombus variables in patients P3,6, and for
two/three variables in patients P1,2,4. In contrast, values for P5 were largely
within the normal ranges. Taken together, these findings pointed to a
consistent impairment in PGEi;-mediated suppression of whole blood
thrombus formation for patients P1-4,6, but not for the asymptomatic
patient P5.

Minor changes in global proteome of patient platelets

By combined analysis of the proteome and phosphoproteome?’, we
examined the protein composition of available platelets from all patients
with suspected PHP la (P1-4,6,7), again in comparison to the day control
subjects (C1-4). Directly after isolation, the purified platelets were incubated
with 0, 2 or 10 nM iloprost for 1 minute at 37°C, i.e. a condition known to
identify the iloprost/PKA phosphoproteome?®.
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Figure 2. Changes in Gas-mediated inhibition of thrombus formation in blood
from patients with suspected PHP la. Whole blood from control subjects (C1-8) and
patients (P1-6) was perfused over collagen at wall shear rate of 1000 s for 4



minutes. Thrombi formed were evaluated from brightfield microscopic images and
fluorescence images (staining with FITC anti-P-selectin mAb). Blood samples were
preincubated with vehicle or PGE; (100 nM), as indicated. A, Unit variance
normalised parameters of thrombus formation (0-10): platelet adhesion (V1); P-
selectin expression (V2); aggregate integrated feature size (V3); thrombus
multilayer score (V4); and thrombus morphological score (V5). Heatmaps show
median values for all control subjects (C1-8, C’) and values for individual patients
(P1-6) of blood flow runs in the presence of vehicle (left) or PGE; (right). B,
Quantified effect of PGE; on thrombus parameters; data for control subjects
indicated as medians * interquartile ranges (whiskers represent 2.5-97.5th
percentiles, n = 8). C, Heatmap of normalised effects of PGE; per parameter and
patient. D, Subtraction heatmap of PGE; effects in comparison to means of control
platelets, *P<0.05 (one-way ANOVA).

Because of the use of iTRAQ or TMT labels, proteome analysis of the
platelets was performed in four sets in 8-plex or 10-plex measurements,
respectively (Suppl. Table 1). Mass spectrometry of the trypsin-treated
platelet lysates provided quantitative information on 1,651 (C1, P1), 3,917
(C2, P2,6), 3,859 (C3, P3,4), and 1,957 (C4, P7) unique proteins (Suppl.
Datafile S1). To assess for relevant differences in protein abundance
between platelet preparations, we applied cut-off ratios outside the range
of -0.322 to 0.322 (log2 transformed), representing >25% up- or
downregulation. Mean normalised abundance values (NAVs) for all proteins,
analysed per set of samples, were grossly within normal ranges for all
patients (Figure 3A). Importantly, for the individual control subjects, small
proportions of about 1-3% of the identified proteins showed >25% down- or
upregulation (Figure 3B). This small variation of the platelet proteome of
healthy subjects is well in-line with our previous papers. For the individual
patients P2,3,4,6 these percentages increased up to 4-5%. We hence
concluded that the analysed global platelet proteomes of controls and
patients were comparable.
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Figure 3. Minor alterations in global platelet proteome in patients with suspected
PHP la. Global proteomics analysis of platelets from day control subjects (C1-4) and
patients P1-4,6,7, providing quantitative information on 1,651-3,917 unique
proteins. A, Averaged normalised abundance ratios over all identified proteins per
control subject, presented as medians * interquartile ranges (whiskers indicate 2.5-
97.5th percentiles). B, Percentage factions of altered proteins per subject in
comparison to mean of controls, C’); defined as values outside range of log2 -0.322
to +0.322.

Assessment of iloprost-induced, Gas-dependent phosphoproteome in
control platelets

Phosphoproteomics analysis of the iTRAQ- or TMT-labelled lysates from
resting and iloprost-treated (2 or 10 nM) platelets was performed after TiO;
enrichment. The total numbers of phosphopeptides quantified were 3,457
(C1,P1),4,845(C2, P2,6),5,540(C3, P3,4),and 3,812 (C4, P7) (Suppl. Datafile
S1). This corresponded per sample set to 1,164, 1,599, 1,676 and 1,361
unique proteins, respectively.

To establish the relevant iloprost-induced changes, we first listed the
phosphopeptides that were present in multiple, 23 control samples (C1-4).
For the found 2,516 phosphopeptides, the same cut-off was used as above,
in order to define relevant changes induced by 2 nM iloprost (in brackets 10
nM iloprost), i.e. with 225% up- or downregulation. This provided an overall
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list of 453 regulated phosphopeptides, of which 146 (263) were upregulated
and 192 (190) were downregulated (Suppl. Datafile S2). This represents a 50%
increase in comparison to the earlier reported 299 iloprost-regulated
phosphopeptides?®.

By ordering the regulated phosphopeptides according to mean changes in
(10 nM stimulated) control platelets, we importantly obtained highly similar
patterns of iloprost-induced changes for the individual control subjects
(Figure 4A). Raising the iloprost dose from 2 to 10 nM resulted in more
upregulated phosphopeptides, as expected (Figure 4B). At either iloprost
concentration, the majority of upregulated phosphopeptides (68-70%) were
found to contain a consensus PKA phosphorylation site, whereas only few of
the downregulated phosphopeptides (16-18%) contained such sites (Figure
4C). The Venn diagrams of Figure 4D illustrate this by showing a larger
overlap of the upregulated than of downregulated phosphoproteins with
PKA consensus site.

Assignment of the 453 phosphopeptides (regulated by 2-10 nM iloprost) to
platelet function classes indicated a similar pattern for the up- and
downregulated sites (Table 2). In general, the higher dose of 10 nM iloprost
gave an expected higher number of upregulated (not downregulated)
phosphopeptides. Those function classes that comprised (phospho)proteins
that were most frequently modified included: signaling & adapter proteins
(13.0-19.0%), cytoskeleton actin-myosin (9.5-13.7%), protein kinases &
phosphatases (9.1-14.6%), and small GTPases & regulators (8.9-14.4%).

To further assess the signaling mechanisms altered by iloprost, we
performed a Reactome pathway analysis. Taking as input the iloprost-
regulated proteins, this again showed a high similarity in pathways that were
covered by upregulated or downregulated proteins. Reactome thus
identified pathways of signal transduction, haemostasis, cell-cell
interactions, and platelet activation (Suppl. Table 2). As an alternative
approach, we furthermore performed pathway analysis using the Gene
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Figure 4. lloprost-induced and PKA-mediated changes in phosphoproteome of
control platelets. A, Heatmap of 453 phosphopeptides assigned as upregulated
(blue) or downregulated (orange) by 10 or 2 nM iloprost in control platelets (C1-4).
Left lanes: mean effects in platelets from the control subjects (C’). Phosphopeptides
were ordered according to mean effect size by 10 nM iloprost. Next lanes: iloprost
effects for the control subjects. Relevant regulated changes were arbitrarily
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thresholded for outside range of log2 -0.322 to +0.322. B, Numbers of
phosphopeptides identified as up- or downregulated by iloprost in >3 control
subjects. C, Fractions of phosphopeptides identified as up- or downregulated with a
PKA consensus site; percentages refer to overlap with previous identification. D,
Venn diagrams presenting relevant up- and downregulated proteins by 2 or 10 nM
iloprost. Left circles: previously identified, right circles: positive PKA consensus site.

Ontology resource. Again, the most abundant specific pathways were those
of: response to stimulus, signal transduction, cytoskeleton organization,
regulation of phosphorylation and haemostasis (Suppl. Table 3). These
pathway analyses thus support a coordinated mechanism of iloprost-
induced platelet inhibition via Gas-AC-PKA signaling to modulate a wide
range of platelet haemostatic responses.

Overall phosphoproteome changes by iloprost in patient platelets

In the peptide panels of platelets from all patients, stimulated or not with
iloprost, we then searched for consistent changes in phosphorylation
patterns, in comparison to the means of control platelets. For the 453
regulated phosphopeptides, this resulted in a heatmap of ratio differences
per patient (Figure 5A). After filtering for relevant changes (outside normal
range of 2x -0.322 to +0.322; log2 values), we identified a list of iloprost-
modulated peptides, which were consistently reduced in the platelets from
P1,2,4,6 (Figure 5B). However, these peptides were less deviant in P3 and
were changed in the opposite way in P7. Calculation of the mean differences
in the top-100 up- and down-regulated phosphopeptides between controls
and patients P1,2,4,6 showed a consistent decrease in iloprost-upregulated
phosphopeptides and a converse increase in iloprost-downregulated
phosphopeptides in the patients' platelets (Figure 5C). Counting the
numbers of phosphopeptides with relevant changes in comparison to
control subjects, resulted in an order of P1,6 > P2,4 > P3 > P7 (Table 3).
Typically, for patient P7, the numbers of phosphopeptides with increased
phosphorylation exceeded those with decreased phosphorylation.
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Table 2. lloprost-induced changes in phosphoproteome and platelet functions. All
2,516 phosphopeptides of the iloprost phosphoproteome, identified in control
platelets, were assigned to 22 platelet function classes, according to Uniprot.
Indicated per class are the fractions of phosphopeptides identified as up- or
downregulated by 2 or 10 nM iloprost, in platelets from >3 control subjects (C1-4).
Note that cut-off levels were used per column to define downregulation or
upregulation, as for Figure 4. Indicated also are numbers (n) of altered

phosphopeptides per function class.

All phosphopeptides Regulated phosphopeptides

Platelet function class 2nM 10 nM

(Uniprot) (n) (n) up % (n) down% (n) up % (n)
1 Cytoskeleton actin-myosin (278) 10.9 (21) 9.5 (18) 13.7 (26) 10.6 (28)
2 Cytoskeleton intermediate (2) 0.5 (1) 0.7 (1) 0.0 - 0.0 -
3 Cytoskeleton microtubule (111) 2.1 (4) 5.5 (8) 3.7 (7) 6.8 (18)
4 Cytoskeleton receptor-linked (123) 5.2 (10) 8.2 (12) 7.4 (14) 6.1 (16)
5 Endosome proteins (22) 0.0 - 21 (3) 0.0 - 1.9 (5)
6 ER & Golgi proteins (61) 1.0 (2) 0.7 (1) 1.6 (3) 1.5 (4)
7 Glucose metabolism (28) 1.0 (2) 0.7 (1) 0.5 (1) 1.1 (3)
8 Lysosome & peroxisome proteins (6) 0.0 - 0.7 (1) 0.0 - 0.4 (1)
9 Membrane & protein trafficking (96) 2.6 (5) 4.1 (6) 4.7 (9) 3.4 (9)
10 Membrane receptors & channels (171) 10.4 (20) 4.1 (6) 8.9 (17) 4.9 (13)
11 Mitochondrial proteins (26) 0.5 (1) 0.7 (1) 0.5 (1) 0.8 (2)
12 Other metabolism (70) 3.0 (6) 2.7 (4) 16 (3) 34 (9)
13 Other nuclear proteins (64) 1.6 (3) 0.7 (1) 1.1 2) 1.5 (4)
14 Proteasome (89) 3.1 (6) 2.7 (4) 4.2 (8) 3.4 (9)
15 Protein kinases & phosphatases (255) 14.6 (28) (19) 10.5 (20) 9.1 (24)
16 Protein processing (19) 0.5 (1) 0.0 - 0.5 (1) 0.4 (1)
17 Secretory proteins (22) 1.6 (3) 0.0 - 1.1 2) 0.0 -
18  Signalling & adapter proteins (411) B (30) (19) @2 (27) |EE 50)
19 Small GTPases & regulators (290) 8.9 (17) (21) 111 (21) 11.4 (30)
20 Transcription & translation (151) 5.2 (10) 6.2 (9) 4.2 (8) 5.7 (15)
21 Unknown & other platelet proteins (199) 8.9 (17) 9.6 (14) 10.0 (19) 8.4 (22)
22 Extracellular plasma proteins (22) 2.6 (5) 0.7 (1) 0.5 (1) 0.0 -

Total (2,516) 100 |(192)| 100 |(146)| 100 |(190)| 100 | (263)

As further confirmation we evaluated how many of altered phosphopeptides
contained a PKA consensus site. Histograms indicated a highly significant
increase in mean NAVs after stimulation with 2 or 10 nM iloprost (P< 0.0001)
for those phosphopeptides with PKA consensus site versus no such site
(Suppl. Figure 3A). When comparing control and patient platelets, we found
a moderate to strong reduction in altered proteins with PKA consensus site
for patients P1,2,4,6 (Suppl. Figure 3B). Again, platelets from P7 were
deviant in showing an increase in peptides with PKA consensus site. Taken
together, these data indicated that the platelets from P1,2,4,6 and to a lesser
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Figure 5. lloprost-induced changed in phosphoproteome of platelets from patients
with suspected PHP la. A, Heatmap of 453 platelet phosphopeptides identified as
increased (green) or decreased (red) at indicated iloprost concentration per patient

in comparison to mean effect in 3 or 4 control subjects (C1-4, C’). Left lane: mean
effect of 10 nM iloprost in control platelets (see Figure 4A). B, Heatmap as in panel
A, but restricted to relevant differences, filtered for outside control range of log2 2x

(-0.322 to +0.322). C, Average ratios of iloprost effects in platelets from selected
patients (P1-4,6) versus control subjects (C1-4) regarding top-100 up-, non-, and
downregulated phosphopeptides. *P<0.05 vs. controls (2-sided t-test).
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Table 3. Relevant changes in iloprost upregulated phosphopeptides in platelets
from individual patients. Phosphopeptides classified as upregulated by 2 nM (146)
or 10 nM (263) iloprost, and compared per patient (P1-4,6,7) versus mean values of
controls (C’, C1-4). As relevant changes were considered all ratios outside the
normal range of log2 2x (-0.322 to +0.322). Listed per patient are numbers of
phosphopeptides lower or higher than normal ranges. Colour code of upregulated
phosphopeptides: red, decreased compared to controls; white, unchanged; green,
increased.

lloprost upregulated

Lower than C' Higher than C' Net difference

extent from P3, responded different in iloprost-induced phosphorylation
response, when compared to control platelets.

Defining patterns of phosphoproteome changes by iloprost

To find specific patterns of phosphorylation changes, we listed those
phosphopeptides with PKA consensus site that were most consistently
changed in the patient platelets (see Table 4). Here, most pronounced
phosphorylation defects were seen for patients P1,2,4,6 and lesser changes
for P3. In contrast, multiple phosphopeptides were increased in patient P7,
when compared to control platelets.
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Table 4. Overview of altered Gso-dependent changes in platelet function and
proteome of investigated patients. Indicated are altered responses to iloprost or
PGE; per patient (P1-7), in comparison to control subjects on: (1) VASP Ser293
phosphorylation; (2) platelet aggregation by collagen-induced LTA; (3) microfluidic
whole-blood thrombus formation; (4) global platelet proteome; (5) platelet
phosphoproteome; (6) PKA phosphorylation sites. Colour code: red, decreased in
comparison to controls; yellow, unchanged; green, increased; white, not

determined. Last columns show clinical diagnosis regarding AHO and confirmed
mutation in GNAS.

Platelet function Platelet proteome Patient characteristics
e

VASP-P LTA Thrombus Global Phospho PKA Mutation

PHP la (AHO) Met1Val

PHP la (AHO) Lys338Asn
PHP la (AHO) Lys338Asn
PHP la (AHO) Lys338Asn
(asymptomatic) not found
PHP la (AHO) not found
suspected (non-

AHO) deletion

Discussion

This paper reveals a set of dysfunctional Gas-mediated responses in
platelets from seven rare patients with established or suspected PHP la
(Albright hereditary osteodystrophy, AHO), i.e. VASP phosphorylation,
aggregation, and microfluidic thrombus formation. In all cases, the patient
platelet were compared with day-control platelets from healthy control
donors. These functional defects of platelets to Gas stimuli (iloprost, PGE1)
appeared to be accompanied by a consistent set of changes in the platelet
protein phosphorylation pattern. Table 4 compares our findings for the five
patients with confirmed PHP la (AHO), the asymptomatic family member P5
and the atypical patient P7.

Patients with PHP-related disorders present with characteristic phenotypic
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features, such as a short stature and brachydactyly, but diagnosis only by
physical examination is notoriously difficult. Genetic screening is usually
performed to confirm a maternally inherited mutation in the GNAS complex
locus or to find a possible epigenetic defect?®. If positive, the molecular
characterisation PHP la is made, matching the clinical phenotype of AHO
(OMIM: #103580). On the other hand, in the related disorder
pseudopseudohypoparathyroidism (PPHP), mutations in the GNAS locus
occur, which are usually paternally inherited and are designated as non-AHO.
Molecular diagnosis of these syndromes is further complicated, as an AHO
phenotype can also be accompanied by normal or hyper-activity of the Gas
protein?®. Because of this complexity, platelet phenotyping for aberrant Gas
activity may assist in diagnosis.

In platelets, the Gas-AC-PKA pathway, induced by endothelial prostacyclin
(prostaglandin I3), is a main mechanism by which the vessel wall prevents
activation!*2, Accordingly, iloprost or PGE; addition to platelets - similarly
to PKA inhibition - potently suppresses agonist-induced responses including
Ca®* fluxes, integrin activation, adhesion, secretion, aggregation and
thrombus formation'>3°, Since the early recognition that the platelet
inactivation is controlled by PKA-dependent phosphorylation3?!, extensive
analyses have been performed to characterize the iloprost-induced
phosphoproteome?32, The present paper provides a first report to extend
this work to patients with suspected Gas defects, in order to explore how
this technology can aid in new biomarker finding and diagnosis?%21.

As indicated in overview Table 4, the investigated patients P1-4 (families |
and Il), with typical characteristics and maternal inheritance of a mutation
in the GNAS locus, were all diagnosed as AHO. In family I, unlike the
unaffected mother patient P5, patient P6 (child) with typical characteristics
also obtained the ad-hoc diagnosis of AHO, although no mutation in GNAS
was found (epigenetic analysis not yet performed). Patient P7 (family IV) was
originally suspected for PHP la, as genetic screening revealed a heterozygous
deletion mutation in GNAS. However, paternal inheritance is suspected, but
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Table 5. Shortlist of major PKA-dependent changes in iloprost-upregulated
phosphoproteome in platelets from individual patients. Identified iloprost-
upregulated phosphopeptides with PKA consensus site and altered in platelets from
indicated patients, in comparison to mean of controls (C’), with medium to strong
effect size (Cohen’s d>0.5). Colour bar: phosphopeptides that are fold decreased
(red) or increased (green) compared to C’, for individual control subjects (C1-4) and
patients (P1-4,6,7). Per phospho-site are indicated gene name and protein copy
number®®,

) Copy ] P1 P2 P3 P4 Ps P |
Profein | umper | Phosphosite 2 10 2 10 2 10 2 10 2 10 2 10
BINZ 14,276 5429
FTH1 nd. s183
cLons | 2424 T207
vasP (44555 5239
MRVI1 3470 657
PLEKHO1 | 1240 s271
TBCIDZ3 | 1,187 5699
PLCB2 | 2478 5958
PHKA2 722 5729
CEP170 771 To44
ccoes nd. 5202
CNST 4153 5203
FRYL 889 51957
ARAPT | 3p61 51435
DOCK7 707 s182
GAB3 nd. s371
CAMSAP1 | 632 5629 T
LRMP 1447 5363
RALGAPAT | 669 ST73

SVIL B24 5549
CDC42BPA | 1,186 s1721

LSP1 nd. 5252

HNRNPC | nd. 5299

TMEM4O | 6797 s137

KANK2 1,069 5540 [
STMNT | 2650 516

DYNCHI1 | nd 635

SLAN2 | 2831 5413

LRMP 1447 5413 o
STMNT | 2650 516

AGAPZ | 1,199 5648

NCK1 2076 585

MYOSB | 1428 51354

BORCS6 | 798 T196

LasP1 | 19,094 5146

MTSS1 1912 s272

EXOC3L4 | 1166 580

GAS2L1 | 1598 5438 o
BIN2 14,276 5259

FLNA T2336

EIF45 1322 5422

ADD3 2836 5650

NBEALZ | 2,966 52739

RAPGEF2 | 866 5960

STXBPS | 3339 5692

casss | 8302 5289

PRKCD | 6217 5304

MARKS3 nd. T507

CLASP1 | 1412 S646

CLEC16A | 595 5863

STON2 | 243 5358 |

2 175 15 0 -15 -1.75 -2
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not proven, which has led to a diagnosis of non-AHO. Markedly, our platelet
phosphoproteome analysis is in accordance with a non-AHO phenotype.

Table 4 furthermore indicates overall consistency of impairments in the
various Gas-dependent platelet function tests, with respect to the blood
samples from patients P1-4 and P6, when compared to day-control subjects.
In the patient platelets, we noted an overall dysfunctional iloprost-induced
VASP phosphorylation on Ser?3%, as a standard assay to check for Gas-AC-
PKA signaling®® 34, Furthermore, for the same patients P1-4,6, we detected
a dysfunctional response to PGE; and iloprost, in terms of parameters of
thrombus formation. Of note, due to the limited available blood samples,
LTA could only be performed for two patients as a confirmation of this
dysfunction. On the other hand, for patient P5 (unremarkably phenotype,
mother of P6) and patient P7 (concluded as non-AHO), the performed
platelet function tests were within normal ranges.

For platelets from six of the patients (P1-4,6-7) we measured the iloprost-
induced phosphoproteome as an alternative way to detect abnormalities in
the Gas-AC-PKA pathway. Therefore, we aimed to quantify per patient: (1)
the overall changes in iloprost-induced protein phosphorylation patterns in
patients versus controls; (2) the changes that can be linked to PKA
dependent phosphorylation; and (3) shortlist of consistently changed
phosphoproteins.

In the five patients with established AHO (P1,2-4,6), we noticed a dose-
dependent increase in upregulated, but not in downregulated
phosphopeptides in response to iloprost (Table 5). Shortlisting these events
to phosphopeptides with a PKA consensus site, we found that the platelets
from four patients (P1,2,4,6) had a relatively large impairment in Gas-AC-
PKA dependent phosphorylation. In the platelets from P3, the aberrations
were limited, while in the platelets from (non-AHO) P7 an increased, rather
than decreased phosphorylation pattern was seen. This corroborated the
findings on platelet functions. An unanswered question is why the platelets
from P3 showed more subtle differences in Gas-dependent phosphorylation
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than the platelets from family members P2,4 (all carrying the same GNAS
mutation). This may be due to different thresholds in dose and time for Gas-
AC-PKA stimulation in the platelets from P3.

Reactome pathway analysis pointed to similar iloprost-induced changes in
platelet functions, when evaluating the upregulated or the downregulated
phosphoproteins. In either case, identified (sub)pathways were those of
signal transduction, haemostasis, cell-cell interactions, and platelet
activation. Jointly, this supports the presence of a coordinated mechanism
of iloprost-induced platelet inhibition: directly mediated via PKA, and
indirectly via a network of protein kinases as well as protein phosphatases3?.
Regarding the identified altered PKA-dependent phosphorylation events in
confirmed AHO patients, several of the regulated proteins are of key
importance for platelet signaling. These include the phospholipase C-2
isoform (PLCB2); vasodilator-stimulated phosphoprotein (VASP) and the
inositol-phosphate receptor regulator MRVI134, In addition, phosphorylated
proteins were listed that control platelet shape change, including a myosin
isoform (MYO9B) and the tight junction protein claudin-5 (CLDNS5).
Differentially regulated also were the regulatory subunit RIIB (PRKAR2B) of
the PKA-II holoenzyme, as well as BIN2, a protein with unknown function,
but previously recognised as one of the most strongly regulated proteins in
PKA signaling®®.

The current data are in support of the use of platelet phosphoproteomics in
the diagnosis of AHO and related diseases, for instance by checking a panel
of biomarker phosphorylation sites as in Table 5. However, it should also be
mentioned that the mass spectrometric technique is expensive and requires
trained personnel. On the other hand, the consistent, but still variable
changes in the phosphoproteomes of multiple patients argues for a more
extensive set of biomarker tests than only an anti-phospho VASP antibody.

Altogether, this work demonstrates an overall similarity in Gas-AC-PKA
mediated aberrations between functional responses and quantitative
phosphoproteomics of platelets from patients with confirmed PHP la (AHO).
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The findings of aberrant upregulated as well as downregulated
phosphopeptides in patients point to a change in the network of key protein
kinases (starting from PKA) and phosphatases, which regulate multiple
platelet functional properties.
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Suppl. Figure 1. See upper page. Impaired Gas-mediated inhibition of aggregation

and cAMP rise in platelets from patients with PHP la. Platelet-rich plasma was
preincubated with vehicle or indicated concentration of PGE; or iloprost (in nM) for
4 min. A, Representative aggregation traces of platelets from day control subject C1

and patient P1. B, Effect for of PGE; on aggregation rate with Me-ADP (5 uM),

SFLLRN (15 uM) or convulxin (10 ng/ml). Data from C1-10 and P1. C, D, Dose-

dependent effect of PGE; (C) or iloprost (D) on platelet aggregation rate for controls

C1-10 and patients P1,5,6. Box plots indicate medians * interquartile ranges

(whiskers represent 2.5-97.5th percentiles, n = 10). E, F, Transient effect of PGE; (nM)
on cAMP level in washed platelets from control C1 (E) and patient P1 (F).
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Suppl. Figure 2. Impaired Gas-mediated inhibition of thrombus formation in
patient P1. Blood samples from control subject (C1) and patient (P1) were perfused
over collagen, and brightfield or fluorescence microscopic images were captured, as
in Figure 2. Samples were preincubated with vehicle, PGE; (100 nM) or iloprost (10
nM), as indicated. A, B, Representative brightfield and fluorescence images (FITC
anti-P-selectin mAb, DiOCs-labelled platelets), illustrating effects of PGE:; and
iloprost. C, Quantitative effect of iloprost on parameters V1 (platelet adhesion) and
V2 (P-selectin expression) for all control subjects (C1-8) and patient (P1). Medians +
interquartile ranges (whiskers represent 2.5-97.5th percentiles, n = 8).
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Suppl. Figure 3. Altered iloprost effect on PKA-mediated phosphorylation in
patient platelets. A, Histograms of normalised abundance values (NAVs) for all
phosphopeptides identified in control platelets (C', C1-4), illustrating the effects of
2 or 10 nM iloprost. Phosphopeptides were separated according to the absence
(PKA’) or presence (PKA*) of PKA consensus site. B, Mean difference of NAVs for PKA*
and PKA® phosphopeptides, shown for platelets from controls (medians +
interquartile ranges) and from patients P1-4,6,7.
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Suppl. Table 1. Sample sets for patients and corresponding day controls used for
(phospho)proteome analysis. Sets of platelet samples from controls (C) and patients
(P) simultaneously assessed. Indicated samples were combined per set I-1V for iTRAQ
labelling (8-plex) or TMT labelling (10-plex). Platelets from P5 were not available for

this analysis.

Set Subjects Conditions Label Calibration # Samples

| C1,P1 0,1, 2,10 nM iloprost iTRAQ no 2x4

] C4, P7 0,2,5,10 nM iloprost iTRAQ no 2x4
C2, P2, P6 0, 2, 10 nM iloprost TMT yes 3x3+1
C3, P3,P4 0, 2, 10 nM iloprost TMT yes 3x3+1
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Suppl. Table 2. Reactome pathway analysis of 196 iloprost-upregulated (up) and
159 iloprost-downregulated (down) phosphoproteins (entities). Indicated are
Reactome pathway identifiers; pathway names; entities identified as up- or
downregulated; total numbers of entities in pathway;, numbers of identified
interactors per pathway; mean false discovery rate (FDR) based on null hypothesis
of unchanged; numbers of reactions in Reactome; and mean numbers of
phosphosites (weight) per pathway. Shown are top 62 pathways (Z entities +
interactors) with FDR<0.16. Pathways in bold are relevant for platelet activation
and inhibition.

4Entitie #Entitie - #intera #Intera Entities #Reacti #Reacti )

Pathway identifier Pathway name s found sfound #Entitle) ctors | ctors ons ons  #Weigh
up down stotal found found u/d found found tu/d
up down up down

R-HSA-162582 Signal Transduction 51 44 3303 0.01 1.4
R-HSA-168256 Immune System 46 36 2822 60 0.01 305 13
R-HSA-1280215 Cytokine Signaling in Immune system 19 17 1261 67 20 0.01 192 23 1.3
R-HSA-1266738 Developmental Biology 17 21 1207 47 38 0.01 132 142 1.3
R-HSA-1643685 Disease 11 14 1552 52 46 0.01 148 153 13
R-HSA-392499 Metabolism of proteins 10 16 2354 47 39 0.01 95 103 1.2
R-HSA-449147 Signaling by Interleukins 11 8 639 58 29 0.01 134 59 13
R-HSA-168249 Innate Immune System 23 19 1328 28 33 0.01 130 151 1.2
R-HSA-74160 Gene expression (Transcription) 7 3 1822 51 38 0.01 110 85 14
R-HSA-73857 RNA Polymerase Il Transcription 7 S 1664 51 37 0.01 107 83 1.4
R-HSA-9006934 Signaling by Receptor Tyrosine Kinases 16 8 553 39 34 0.01 281 135 1.4
R-HSA-422475 Axon guidance 16 19 584 36 25 0.11 111 101 13
R-HSA-212436 Generic Transcription Pathway 7 3 1525 50 35 0.01 101 80 1.4
R-HSA-109582 Hemostasis 22 2 821 34 33 0.11 82 78 13
R-HSA-1430728 Metabolism 24 4 3636 30 25 0.01 102 86 13
R-HSA-597592 Post-translational protein modification 7 9 1592 35 32 0.01 71 63 1.1
R-HSA-372790 Signaling by GPCR 13 13 1484 30 26 0.01 66 56 13
R-HSA-5653656 Vesicle-mediated transport 18 20 824 19 25 0.13 83 82 1.2
R-HSA-1280218 Adaptive Immune System 14 11 999 28 27 0.01 64 65 13
R-HSA-199991 Membrane Trafficking 17 19 665 19 25 0.13 79 80 1.2
R-HSA-388396 GPCR downstream signalling 13 13 1358 26 21 0.01 59 47 1.2
R-HSA-76002 Platelet signaling and aggregation 10 10 293 25 22 0.15 46 47 1.4
R-HSA-5663202 Di: of signal transduction 10 8 484 25 19 0.02 92 82 1.4
R-HSA-73887 Death Receptor Signalling 6 4 157 20 20 0.01 23 23 1.2
R-HSA-556833 Metabolism of lipids 8 2 1445 19 19 0.01 56 65 13
R-HSA-5663205 Infectious disease 1 7 540 21 17 0.01 40 54 11
R-HSA-2682334 EPH-Ephrin signaling 4 7 101 19 15 0.11 46 44 1.3
R-HSA-4420097 VEGFA-VEGFR2 Pathway 5 4 126 18 17 0.1 48 28 1.2
R-HSA-9006925 Intracellular signaling by second messenge 8 3 362 14 17 0.01 39 17 1.3
R-HSA-354192 Integrin alphallb beta3 signaling 5 2 39 14 19 0.15 21 21 1.4
R-HSA-9006921 Integrin signaling 5 2 39 19 14 0.15 21 21 1.4
R-HSA-1640170 Cell Cycle 8 4 682 19 8 0.01 82 68 1.2
R-HSA-373752 Netrin-1 signaling 4 3 59 14 17 0.12 16 10 1.4
R-HSA-166520 Signaling by NTRKs 5 0 118 15 16 0.02 40 14 13
R-HSA-109581 Apoptosis 4 5 189 15 11 0.02 22 18 1.2

Suppl. Table2. (to next page)
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Cellular responses to external stimuli
Programmed Cell Death

G alpha (i) signalling events
Transcriptional Regulation by TP53
Transport of small molecules

Cell surface interactions at the vascular wa
HIV Infection

Fc epsilon receptor (FCERI) signaling
Neuronal System

Apoptotic execution phase
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Megakaryocytes and platelet production
Unfolded Protein Response (UPR)

1 boli

| phosphate

Asparagine N-linked glycosylation
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Suppl. Table 3. Gene Ontology resource analysis (geneontology.org) of 196 iloprost-

upregulated phosphoproteins according to GO biological processes. Shown are

main discriminative processes, ranked according to numbers of items covered, fold

enrichment and false discovery rates (FDR).

GO biological process (main) Items Fold enrichment FDR
Response to stimulus 173 1.37 1.98E-5
Signal transduction 127 1.69 5.17E-8
Regulation of signaling 104 1.95 2.00E-9
Cytoskeleton organization 68 4.18 1.34E-19
Cell surface receptor signaling 63 1.75 8.40E-4
Regulation of phosphorylation 52 2.19 2.10E-5
Regulation of kinase activity 40 3.08 1.89E-7
Regulation of GTPase activity 39 6.43 4.58E-16
Haemostasis 21 4.76 2.18E-6
Platelet activation 17 8.35 4.16E-8
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Chapter 6
Non-redundant roles of platelet glycoprotein VI and
integrin adlbf33 in fibrin-mediated microthrombus

formation
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Reprinted with permission

| performed experiments and co-wrote the article; G.P. designed and
performed experiments, analyzed and interpreted data, and wrote the article;
I.P. and F.S. edited the article; R.A.S.A. and M.J-P. provided reagents and
edited the article; S.P.W. edited the article. J.W.M.H. designed experiments,

supervised research, interpreted data, and wrote the article.

213



Visual abstract

X Thrombin
Collagen — Ll B L S eaeafouh . et W44 W
3
' =f " Thrombin”

Fibrin LA T A .

Highlights
e Platelet adhesion to a fibrin layer under flow elicits only moderate

glycoprotein VI activation.
e The interaction with glycoprotein GPVI (glycoprotein VI) interaction
relies on allbB3 and forms small, bilayered thrombi.

® This consolidated thrombus formation is restricted by thrombin
binding to fibrin.
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Abstract

Objective: Fibrin is considered to strengthen thrombus formation via integrin
allbB3, but recent findings indicate that fibrin can also act as ligand for
platelet glycoprotein VI.

Approach and Results: To investigate the thrombus-forming potential of
fibrin and the roles of platelet receptors herein, we generated a range of
immobilized fibrin surfaces, some of which were cross-linked with factor
Xllla and contained VWF-BP (von Willebrand factor-binding peptide).
Multicolor microfluidics assays with whole-blood flowed at high shear rate
(1000 s7?) indicated that the fibrin surfaces, regardless of the presence of
factor Xllla or VWF-BP, supported platelet adhesion and activation (P-
selectin expression), but only microthrombi were formed consisting of
bilayers of platelets. Fibrinogen surfaces produced similar microthrombi.
Markedly, tiggering of coagulation with tissue factor or blocking of thrombin
no more than moderately affected the fibrin-induced microthrombus
formation. Absence of allbB3 in Glanzmann thrombasthenia annulled
platelet adhesion. Blocking of glycoprotein VI with Fab 9012 substantially,
but incompletely reduced platelet secretion, Ca?* signaling and aggregation,
while inhibition of Syk further reduced these responses. In platelet
suspension, glycoprotein VI blockage or Syk inhibition prevented fibrin-
induced platelet aggregation. Microthrombi on fibrin surfaces triggered only
minimal thrombin generation, in spite of thrombin binding to the fibrin
fibers.

Conclusions: Together, these results indicate that fibrin fibers, regardless of
their way of formation, act as a consolidating surface in microthrombus
formation via nonredundant roles of platelet glycoprotein VI and integrin
allbB3 through signaling via Syk and low-level cytosolic Ca?* rises.
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Introduction

GP (glycoprotein) Vl is a platelet immunoglobulin (Ig) receptor, expressed at
3,000 to 4,000 copies per platelet, and known to be involved in the onset of
thrombus formation2. Common concept is that GPVI mediates the initial
activation of platelets in contact with exposed collagen in the vasculature,
assisted by platelet integrins and by GPIb-V—IX which interacts with collagen-
bound VWF (von Willebrand factor)3™. In the platelet membrane, GPVI is
constitutively associated with the Fc receptor y-chain, containing an
intracellular immunoreceptor tyrosine-based activation motif. Ligand
binding induces clustering of GPVI and ensuing phosphorylation of the
immunoreceptor tyrosine-based activation motif via Src-family kinases®.
This leads to activation of the tyrosine kinase Syk through its tandem SH2
(Src homology2) domain, culminating in activated phospholipase Cy2 and
ensuing Ca®* mobilization?®.

Since 2015, it has been recognized that GPVI can also act as a receptor for
fibrin and fibrinogen’=. Relevance of this finding comes from the earlier
observation that fibrin formation can be both an initial and propagating
process in vaso-occlusive thrombus formation upon vascular damage!®*2, In
this setting, the role of GPVI as a functional receptor for fibrin implies a
crucial contribution of this receptor interaction in thrombus growth and in
the propagation of coagulation. This idea is supported by the observations
that (1) GPVI binding to fibrin can trigger platelet procoagulant activity and
ensuing thrombin generation® and (2) fibrin binds to procoagulant platelets
via the cross-linking transglutaminase FXllla (factor Xllla)*3. However, some
authors have questioned the role of GPVI as a fibrin receptor in blood**.

Integrin allbB3 is known as the conventional platelet receptor for fibrinogen
and fibrin, being expressed at 50,000 to 80,000 copies per platelet®>7,
Similarly to GPVI, integrin allbB3 promotes platelet adhesion and activation
via outside-in signaling through Src-family and Syk protein tyrosine
kinases®!8. Questions then arising are (1) what are the roles of GPVI and
allbB3 in fibrin-dependent platelet activation; (2) how do these receptor
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interactions contribute to thrombus formation; (3) how can they prevent
endless growth of the platelet-fibrin thrombus; and (4) which is the role of
blood flow and shear in this process.

In the present article, we aimed to answer these questions and resolving the
dispute on the role of GPVI. We studied the relative contribution of GPVI and
integrin allbf3 in fibrin-dependent platelet activation and thrombus
formation under defined flow conditions. Since fibrin is known to bind VWF??,
we also explored the contribution herein of the VWF receptor, GPIb-V-IX.
Our results show that GPVI provides a weakly activating signal that relies on
allbB3-dependent platelet adhesion and Syk activation to form small-sized
thrombi. Markedly, our data also indicate that the platelet-activating role of
thrombin is dampened on fibrin surfaces.

Materials and methods

The authors declare that materials and data are available upon reasonable
request from the authors. An extended version of Materials and Methods is
available in the supplement.

Major resources
Please see the Major Resources Table in the supplement.
Blood withdrawal and platelet preparation

Blood was obtained by venepuncture from healthy volunteers (male and
female), who had not received antiplatelet or anticoagulant medication for
at least 2 weeks. Informed consent was obtained according in compliance
with the ethical principles of the Declaration of Helsinki, and studies were
approved by the local Medical Ethics Committee (METC 10-30-023,
Maastricht University). Blood samples were collected into 3.2% trisodium
citrate (Vacuette tubes, Greiner Bio-One, Alphen a/d Rijn, the Netherlands).
Blood samples were also obtained from 2 patients with diagnosed
Glanzmann thrombasthenia, that is, one homozygous patient lacking
expression of integrin allbf3 on platelets, and one heterozygous patient
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with 50% of normal allbf3 expression. PRP (platelet-rich plasma) was
obtained from the citrated blood by centrifugation at 200 g for 15 minutes®.
After addition of 1:10 vol/vol acid-citrate-dextrose (80 mM trisodium citrate,
183 mM glucose, 52 mM citric acid), the PRP was centrifuged at 2360 g for 2
minutes. Platelet pellets were resuspended into Hepes buffer pH 6.6 (10 mM
Hepes, 136 mM NacCl, 2.7 mM KCI, 2 mM MgCl, 5.5 mM glucose, and 0.1%
BSA). After addition of apyrase (1 U/mL) and 1:15 vol/vol acid-citrate-
dextrose, another centrifugation step was performed to obtain washed
platelets. The platelet pellet was resuspended into Hepes buffer pH 7.45 (10
mM Hepes, 136 mM NacCl, 2.7 mM KCI, 2 mM MgCl,, 5.5 mM glucose, and
0.1% BSA)2°.

Microfluidic flow experiments

Glass coverslips were coated for 1 hour with two 1.5 mm diameter spots,
each 3 mm apart, which contained the indicated type of fibrin or fibrinogen
(upstream) and, when indicated, collagen type Il (50 pg/mL) as a reference
spot (downstream), and collagen type | (50 pg/mL). This microspot coating
procedure eliminates cross-talk of thrombus formation between the
adjacent surfaces®'. For fibrin spots, fibrinogen (1 mg/mL, 0.5 pL) was
applied for 30 minutes, after which a-thrombin (20 nM, 1 pul) was
supplemented for additional 30 minutes. Where indicated, mixtures (1 pL)
of a-thrombin (2 U/mL), FXllla (0.7 ug/mL), and CaCl, (10 mM) were applied
on top of the fibrinogen. Residual FXllla activity of the fibrinogen preparation
used was determined as 6% in comparison to plasma. Indicated spots were
postcoated with the peptide VWF-BP (von Willebrand factor-binding peptide;
100 pg/mL, 1 pL). After the completion of coating, coverslips were blocked
with 1% BSA in Hepes buffer pH 7.45 for 30 minutes.

As a standard, whole blood was flowed over the coated spots using a
microfluidics chamber under conditions allowing coagulation®?. In brief, 1.0
mL samples of citrated blood were co-perfused with recalcification medium
using 2 pulse-free micro-pumps (Model 11 Plus, 70-2212, Harvard
Apparatus), and a y-shaped mixing tubing. The recalcification medium (in a
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second 1 mL syringe) consisted of 32 mM MgCl, and 63 mM CaCl, in Hepes
buffer pH 7.45. Complete mixing was achieved at a volume ratio of 10 (blood)
to 1 (recalcification medium)?2. Flow rates were adjusted to give a total wall-
shear rate of 1000 or 100 s™2.

Fluorescent labels added per blood sample were DiOCs (platelet staining),
AF568-annexin A5 (phosphatidylserine, exposure), and Alexa Fluor 647-anti-
CD62P mAb (P-selectin expression), as described?®. When appropriate,
samples were preincubated for 10 minutes with vehicle, inhibitor PRT-
060318 (10 uM, in 0.4 pg/mL pluronic plus 0.5% DMSO) and Fab 9012 (50
pg/mL, in saline). Inhibition of GPVI was achieved with Fab 9012 (50 pg/mL),
which has previously been shown to interfere in the interaction of GPVI and
fibrin®. Brightfield and multicolor fluorescence images were recorded per
spot over time?*. Per donor, all control and intervention conditions were
repeated at least in duplicates. Collected time series of brightfield and
fluorescence microscopic images were analyzed by using predefined
scripts®®, formatted in the open-source package Fiji%°.

Scanning electron microscopy

For electron microscopy, fibrin-coated spots were prepared as for flow
studies and coated on a Sefar matrix (sieve mesh, pores: 170 um; Sefar
Pharma) using 96-wells plates?’. Samples were fixed with 4%
paraformaldehyde for 1 hour. After wash with PBS, the samples were
dehydrated by a 5-step gradient of ethanol (30—100%), and then dried by 10-
minutes treatment with hexamethyl disilizane/ethanol (1:1) and 1 hour
exposure to air. Dried samples were mounted onto aluminium pin studs with
12 mm carbon conductive tabs (Ted Pella, Redding, CA, USA), were sputter
coated with gold (Quorum Technologies, Ashford, United Kingdom; vacuum
pump: Edwards, Crawley, United Kingdom) on carbon tabs, and imaged.
Table-top electron microscopy was performed, as before?’.
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Fibrin suspension preparation

Fibrinogen (1 mg/mL) was mixed with CaCl, (10 mM), FXllla (0.7 ug/mL), and
thrombin (1 U/mL) and was left to polymerize for 1 hour. Subsequently, D-
Phe-Pro-Arg chloromethyl ketone (PPACK; 20 uM) was added to inactivate
the thrombin, the clot mixture was agitated until it turned liquid, and it was
left for 15 minutes. The gel solution was then ultrasonicated at 20 kHz and
amplitude of 80 to 100 um until clear; this was followed by a centrifugation
step at 1000 g for 5 minutes. The obtained pellet was homogeneously
resuspended into Hepes buffer pH 7.45.

Platelet aggregometry

Platelet aggregation was monitored by light transmission aggregometry
using an automated Chronolog aggregometer (Havertown, PA, USA) at 37°C
with stirring at 1200 rpm. Platelet suspensions (2x10%/mL) were incubated
at 37°C for 2 minutes, antagonists were added for 10 minutes, followed by
agonists sonicated fibrin, collagen-I (5 pg/mL), or a-thrombin (0.1 U/mL).

Cytosolic Ca?* measurements

Washed human platelets (2x108/mL) were loaded with Fluo-4 acetoxy
methyl ester (8 umol/L) and pluronic (0.4 mg/mL) by a 40 minutes incubation
in the presence of apyrase (1 U/mL)?. After centrifugation step in the
presence of acid-citrate-dextrose, the Fluo-4-loaded platelets were
resuspended into Hepes buffer pH 7.45. Blood samples were supplemented
with 10% of autologous Fluo-4-loaded platelets; inhibitors were added after
5 minutes. Changes in cytosolic [Ca?*]; during flow-dependent adhesion of
labeled platelets were recorded for 5 minutes, using a Zeiss LSM 510
confocal microscope, essentially as described before?®. Time series of
fluorescence images were analyzed for changes in fluorescence intensity
and for platelet adhesion, using Fiji/image J software.

Data handling and statistics

Data are represented as means * SD. Statistical analysis was performed using
GraphPad Prism v8 software (San Diego, CA, USA). Significance was
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determined using a 2-way ANOVA (Dunnett and Sidak multiple comparison
test) or a 1-way ANOVA (Dunnett multiple comparison test); differences with
P<0.05 were considered as significant.

Heatmaps were generated with the program R. For the heatmap
representation, all parameters were univariate scaled to 0 to 10%%. According
to earlier procedures®, thrombus values of duplicate or triplicate flow runs
from one blood donor were averaged to obtain one parameter set per spot.
Mean values of control and inhibitor runs were then compared per blood
sample. For subtraction heatmaps, a conventional filter of P<0.05 (1-way
ANOVA) was applied to determine relevant effects, as described before?>3,

Results
Fibrin microstructure of coated spots

To assess the suitability of fibrin-coatings for flow chamber studies, we
prepared a series of spotted fibrinogen surfaces which were treated with a
thrombin mixture in the presence or absence of the cross-linking
transglutaminase, FXllla, and a peptide (VWF-BP) capable to capture free
VWEF from blood3!. Ultrastructural observation of the different preparations
by scanning electron microscopy showed that in all conditions multiple
layers of fibrin were formed, which presented as microstructures with both
thicker and thinner fibers (Figure 1, arrows). The addition of VWF-BP did not
alter the overall fiber structure. However, addition of FXllla resulted in fibrin
fibers that appeared to be less densely packed with an overall thicker size.
The latter observation may be due to the local high transglutaminase
concentration upon the fibrin formation. For comparison, also fibrinogen-
only spots were examined with or without VWF-BP. Electron microscopy did
not reveal any fibrous structures in this case (Figure 1, Appendix Figure 1).
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Fibrin (51) Fibrin + VWF-BP (S2) Fibrin FXIlla (S3) Fibrin FXIlla + VWF-BP (S4)

Figure 1. Fibrillar microstructure of immobilized fibrin surfaces. Representative
scanning electron microscopy (SEM) images of immobilized fibrin spots, produced
from fibrinogen coatings with or without FXllla (factor Xllla) and VWF-BP (von
Willebrand factor-binding peptide). Mixtures were allowed to generate fibrin fibers
on a SEFAR (Sefar Pharma) filter for 30 minutes. Representative images are shown;
scale bar 2 um. Arrow A points to a thin fiber, arrow B indicates a thick fiber.

Formation of only small-sized microthrombi on fibrin surfaces under flow

We examined how the different types of fibrin(ogen) spots formed with or
without FXllla and VWF-BP (coded as S1-S6, see Table 1) were able to
support thrombus formation under flow in microfluidics chambers.
Therefore, citrated whole blood (labeled with DiOCs, AF568-annexin A5, and
Alexa Fluor 647-anti-CD62P mAb) was flowed over sets of 2 spots at defined
conditions, in coagulating condition (absence of PPACK)?2. After 10 minutes
of flow at arterial shear rate (1000 s72), on all fibrin(ogen) surfaces, platelets
adhered and formed small aggregates, not extending 2 or 3 cell layers, which
we characterized as bilayer aggregates or microthrombi (Figure 2A;
representative images of all 6 spots in Suppl. Figure 1). In contrast,
simultaneous flow experiments using collagen-l spots produced larger
thrombi composed of multi-layered platelet aggregates (see below), such as
reported before32. No platelets adhered to coverslip areas in between the
coated spots?’.

Capturing of multicolor fluorescence microscopic images at time points of 2,
4, 6, 8, and 10 minutes allowed to assess the kinetics of the process, in terms
of 6 parameters. These were DiOCs platelet adhesion (P1), thrombus
morphological score (P2), thrombus contraction score (P3), bi- or multi-layer
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score (P4), bi- or multilayer size (P5), P-selectin expression (P6), and
phosphatidylserine exposure (P7)%>. End stage brightfield and triple-colored
microscopic images from fibrin-FXllla spots (S3) are shown in Figure 2A. To
compare the time-dependent parameter increases per type of fibrin spots
(51-S4) and fibrinogen spots (S5-S6), we scaled all values per parameter
across surfaces (scale 0-10) and represented the results in a practical
heatmap format (Figure 2B).

Overall, the heatmap analysis pointed to similar parameter increases over
time for all types of fibrin spots (5S1-S4), although rates of platelet adhesion
(P1) were slightly higher in spots containing VWF-BP (S2, S4). The latter
observation pointed to a moderate enhancement of platelet adhesion but
not to bilayer microthrombus formation, by plasma-bound VWF. On all fibrin
spots, the adhered platelets gradually increased in P-selectin expression (P6),
but remained low in phosphatidylserine exposure (P7), thus indicating an
only moderate platelet activation state?. Addition of FXIlla during fibrin
formation (S3, S4) slightly increased the formation of platelet aggregates,
when compared with no added FXllla (S1, S2). Furthermore, the 2 spots with
fibrinogen (S5, S6) were even less active in supporting platelet adhesion,
bilayer aggregate formation and platelet activation (P-selectin expression) in
comparison to the fibrin surfaces (Figure 2A, B).

Given the presence of 6% residual FXllla in the fibrinogen preparation used
for the coating, we checked if transglutaminase contributed to platelet-
activating effects by generating spots of fibrin (S1) and fibrin-FXllla (S3) in
the presence of the FXllla inhibitor T101. However, after 10 minutes of
whole-blood flow, both end stage images (Suppl. Figure 2 A) and scaled time-
dependent parameters P1,5-7 did not show significant effects of this
inhibitor (Suppl. Figure 2 B, C). Together, these results pointed to a no more
than modest role of FXllla-induced cross-linking in fibrin-dependent
microthrombus formation.
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Table 1. Coding of spots (S) and parameters (P) in whole-blood thrombus formation.

S Microspot coating Adhesive receptors

S1  Fibrin GPVI, allbB3

S$2  Fibrin + VWF-BP GPlb, VI, allbB3

S$3  Fibrin FXllla GPVI, allbf3

54 Fibrin FXllla + VWF GPlb, VI, allbB3

S5  Fibrinogen GPVI, allbB3

S6  Fibrinogen + VWF-BP GPlb, VI, allbB3

S7  Collagen llI GPlb, VI, 0231
P Image type Description Unit or scaling
Platelet parameters

P1 DiOCs platelet adhesion %SAC

P6 AF647 a-P-selectin platelet activation %SAC

pP7 AF568 annexin A5 platelet PS exposure %SAC
Thrombus parameters

P2 brightfield thrombus morphology score 1-5

P3 brightfield thrombus aggregation score 1-3

P4 brightfield thrombus contraction score 1-3

P5 brightfield thrombus multilayer coverage %SAC

Major role of Syk kinase in microthrombus formation on fibrin
independently of coagulant strength

To assess tyrosine kinase-dependent signaling, blood samples were
preincubated with the selective Syk kinase inhibitor PRT-060318, known to
completely abolish the thrombus formation on collagen-like surfaces®°. This
inhibitor lowered platelet adhesion and abolished the bilayer aggregate
formation and P-selectin expression on all prepared fibrin and fibrinogen
spots (Figure 2A, B). Subtraction heatmaps of the scaled treatment effects
over time showed for essentially all parameters a relevant reduction with
PRT-060318, but not with DMSO vehicle (Figure 2C). For instance, on fibrin-
FXllla spots, PRT-060318 gradually suppressed platelet adhesion parameters
P1 to P2 (Figure 2D i-ii) and even tended to suppress the low
phosphatidylserine exposure (Figure 2D iii).
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Figure 2. Major role of Syk kinase in microthrombus formation on fibrin or
fibrinogen surfaces. Blood samples preincubated with vehicle (Ctrl) or Syk inhibitor
PRT-060318 (PRT, 10 uM), labeled and flowed at 1000 s™ over spots S1-S6 (Table).
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Surfaces were imaged (brightfield and fluorescence) at time points t=0, 2, 4, 6, 8,
10 minutes to obtain parameters P1 (DiOCs platelet adhesion), P2 (thrombus
morphological score), P3 (contraction score), P4 (bi- or multi-layer score), P5 (bi- or
multi-layer size), P6 (P-selectin expression), and P7 (phosphatidylserine [PS]
exposure). Effects of PRT were assessed per blood sample, surface, and parameter.
A, Representative brightfield and fluorescence images of microthrombi on fibrin-
FXllla (factor Xllla) spots (S3) after 10 minutes. Scale bar, 50 um. B, Mean parameter
values from 3—4 blood samples over time, univariate scaled to 0—10 per parameter.
Heatmap of the scaled parameters, demonstrating effects of PRT. Rainbow color
code indicates scaled values from 0 (blue) to 10 (red). C, Subtraction heatmap
representing effects of PRT, filtered for relevant differences (n=3-4, P<0.05, 2-way
ANOVA). Color code showing relevant decrease (green) or increase (red) in
comparison to control runs. D, Time-dependent increase in platelet adhesion (P1) in
the presence or absence of PRT (D, i). Mean effects of PRT on platelet adhesion (P1)
and platelet activation (P6) after 10 minutes (D, ii); mean effects of PRT on platelet
PS exposure (P7) after 10 minutes (D, iii). SAC indicates surface-area-coverage. Data
are means * SD (n=3—-4), *P<0.01, **P<0.001 (2-way ANOVA).

Subsequent flow experiments were performed with fibrin-FXllla (S3) spots,
which were used as a standard. We first examined how the formation of
microthrombi relied on the extent of coagulation, that is, thrombin
generation. Therefore, blood samples were incubated either with the
thrombin inactivator PPACK, or with 5 or 10 pM tissue factor to trigger the
extrinsic coagulation pathway. During 10 minutes of flow at 1000 s™,
microscopic images again were captured and analyzed for DiOCs platelet
adhesion (P1), multilayer score (P5), P-selectin expression (P6), and
phosphatidylserine exposure (P7). Markedly, the presence of either PPACK
and tissue factor did not significantly change platelet adhesion, size of
microthrombi or the P-selectin expression at fibrin-FXllla spots, when
compared with control runs (Suppl.Figure 3A). In addition, Syk inhibition
with PRT-060318 had a similar lowering effect on all parameters, regardless
of the presence of PPACK or tissue factor (Suppl.Figure 3B).
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A marked finding was that, for all variable coagulation conditions, the extent
of phosphatidylserine exposure remained low for fibrin-FXllla spots (0.1-0.4
SAC%). On the contrary, parallel flow experiments on collagen-I spots caused
formation of large-sized platelet thrombi, with high staining for DiOCs and
high phosphatidylserine exposure, with or without tissue factor (Suppl.
Figure IV). Hence, the low level of phosphatidylserine exposure observed on
fibrin-FXllla spots was not due to limitations of the flow set-up, in agreement
with earlier findings?2.

To further assess the apparently limited role of thrombin in the
microthrombus formation on fibrin spots, we compared the effects of PPACK
with the thrombin receptor antagonist atopaxar and the thrombin inhibitor
lepirudin. When added to the blood, neither end stage images nor
(subtraction) heatmaps of scaled parameters P1,5-7 indicated any effect of
these interventions (Suppl. Figure 5A, B). In addition, we measured the
ability of thrombi formed on fibrin-FXllla and collagen-I spots to support
(phosphatidylserine-dependent) thrombin generation, using an earlier
described procedure based on the thrombin-induced cleavage of substrate
Z-GGR-ACM (Z-Gly-Gly-Arg aminomethyl coumarine)33. The observed no
more than minimal thrombin generation on fibrin-FXllla spots supported the
conclusion that the procoagulant activity of the fibrin surface is low in
comparison to the collagen-I surface (Suppl. Figure 5C, D). Together, these
results indicated that the low thrombogenic effect of fibrin surfaces relies
on Syk kinase signaling, which is relatively independent of coagulation
triggering.

Shear-dependent contribution of integrin allbp3 in microthrombus
formation on fibrin

Considering that also integrin allbB3 interaction with fibrin(ogen) can trigger
Syk activation®3%, we went on to determine the role of this integrin in the
microthrombus formation. Therefore, blood samples from 2 patients with
Glanzmann thrombasthenia were obtained and flowed over fibrin-FXllla
spots (S3) at arterial (1000 s™*) or venous (100 s71) shear rate. Markedly, with
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blood from the homozygous patient, completely lacking platelet surface
expression of allbP3, the platelets failed to adhere to fibrin, regardless of
the shear rate (Figure 3A, B). Control experiments indicated that VWF was
present on the S3 (fibrin-FXIllla) surfaces (see below). With blood from the
heterozygous patient, presenting with reduced platelet allb3 expression,
the platelets again did not adhere at the high shear rate. However, there was
substantial platelet adhesion (P1) at the low shear rate. In the latter case,
the normal P-selectin expression (P6) pointed to residual platelet activation.
Taken together, these results pointed to a crucial, shear-dependent role of
the allbB3 integrin in the flow-dependent platelet interaction with fibrin.

Complementary roles of GPVI, allbf3, and GPlb-V-IX in microthrombus
formation on fibrin

Subsequent flow experiments were performed with spots of fibrin-FXllla (S3)
in combination with downstream collagen-IIl (S7), which was considered as
a reference platelet-activating surface. The comparative analysis of fibrin-
FXIII and collagen-lll surfaces showed that the microthrombi on fibrin were
less contracted and activated than those on the collagen-Ill (Figure 4A, B).
Considering that both GPVI and integrin allbB3 can activate Syk kinase, in
this setting we established the role of GPVI in the thrombus-forming process
at both surfaces. Whole-blood samples were treated with anti-GPVI Fab
9012 and flowed over the spots for 10 minutes at high shear rate of 1000 s™.
Microscopic images, captured from these surfaces over time, were analyzed
for the same parameters as before (P1,5-7). The results showed that, for
fibrin-FXllla (S3), GPVI inhibition caused significant decreases of platelet
adhesion, bilayered aggregation, and P-selectin expression (Figure 4A, B).
The effects of Fab 9012 on platelet adhesion and activation were similar for
fibrin-FXIllla and collagen-Ill spots. However, these were lower in comparison
to Syk inhibition (compare Figures 2C and 4C). This notion agrees with a
complementary activation pathway of Syk kinase, involving integrin allbp3.
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Figure 3. See upper page. Abolished microthrombus formation on fibrin in
Glanzmann thrombasthenia. A, Representative brightfield and fluorescence images
from microthrombi after flow of blood from control subjects or 2 Glanzmann
patients over spots of fibrin-FXllla (factor Xllla; 10 minutes). Flow perfusion was at
arterial shear rate of 1000 s™ (A, i) or at venous shear rate of 100 s™ (A, ii). Scale
bars 50 um. B, Time-dependent increases in platelet activation (P-selectin
expression, P6) and platelet adhesion (DiOCs, P1) for controls (Ctrl, n=4),
heterozygous and homozygous patients at time points t=0, 2, 4, 6, 8, and 10 minutes.
Graphs at shear rates of 1000 s™* (B, i) and 100 s™* (B, ii). SAC indicates surface-area-
coverage. Mean + SD (n=4 for controls), **P<0.001, ***P<0.0001 (2-way ANOVA).

Fibrin has previously been shown to bind to VWF?*°. For the fibrin-FXllla spots
exposed to flowing blood, we could confirm the binding of plasma-derived
VWF by staining with a fluorescein isothiocyanate-labeled anti-VWF
antibody (Figure 5A). The presence of VWF was yet lower than on the
reference spot, collagen-Ill. To determine contribution of the VWF-GPIb-V—
IX axis to the microthrombus, we used an established blocking anti-GPlba
antibody, RAG35.3> For both spots S3 (fibrin-FXllla) and S7 (collagen-lIl), the
addition of RAG35 antibody resulted in a marked reduction in platelet
adhesion, bilayer formation, and P-selectin expression, already observable
from the first minutes of flow (Figure 5B, C). Subtraction heatmaps, however,
pointed to larger effect for collagen-Ill than for fibrin-FXllla spots (Figure 5D).

Role of Syk and GPVI in fibrin-induced platelet aggregation

To further confirm the moderate signaling via Syk kinase and GPVI in fibrin-
induced platelet activation, we examined the aggregation response of
platelets upon stimulation with a sonicated, homogeneous fibrin suspension.
This suspension was treated with PPACK to remove thrombin traces. Similar
to the results of microthrombus formation, pretreatment of platelets with
Syk inhibitor PRT-060318 abrogated the fibrin-induced aggregation (Figure
6A, B). Similarly, the GPVI blocking Fab 9012 suppressed fibrin-induced
aggregation, but a residual shape change and aggregation remained. In
comparison, both inhibitors also antagonized the platelet aggregation
induced by collagen-I, but not by thrombin (Figure 6). As expected,
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1ll. Blood samples preincubated with vehicle (Ctrl) or GPVI blocking agent (9012 Fab,
50 ug/mL) were flowed over spots S3 (fibrin-FXllla, upstream) and S7 (collagen-II,
downstream) for 10 minutes at 1000 s™. Microthrombi formed were imaged to
obtain parameters P1 (DiOCs platelet adhesion), P5 (bi- or multilayer size), P6 (P-
selectin expression), and P7 (PS exposure). A, Representative brightfield and
fluorescence images from fibrin-FXllla (A, i) and collagen-Ill spots (A, ii) at 10
minutes. B, Heatmap of scaled parameters, demonstrating mean effects of GPVI
inhibition on thrombus formation per spot. Effects of GPVI inhibition were assessed
per blood sample, surface, and parameter. Mean values from individual blood
samples were univariate scaled to 0-10 per parameter. Rainbow color code
indicates scaled values between 0 (blue) and 10 (red). C, Subtraction heatmaps
representing scaled effects of GPVI inhibition, filtered for relevant changes (P<0.05,
2-way ANOVA per surface and parameter). Color code represents decrease (green)
or increase (red) in comparison to control runs. Scale bar 50 um. D, Graphs
representing PS exposure (P7) for fibrin-FXllla (D, i) and collagen-III (D, ii) at 10 min.
SAC indicates surface-area-coverage. Data are meansSD (n=7), *P<0.05 (2-way
ANOVA).

treatment with the integrin antagonist tirofiban blocked the fibrin-induced
aggregation response by >80% (Figure 2, Appendix Figure 2).

Fibrin-induced platelet Ca?* signaling under flow

In collagen-induced platelet activation, GPVI adhesion under flow is known
to induce a prolonged and high Ca?* signal, leading to massive P-selectin
expression and phosphatidylserine exposure?'3¢. To investigate the Ca?*
signal of platelets flowed over fibrin-FXllla, blood samples were
supplemented with autologous Fluo-4-loaded platelets, and fluorescent
[Ca?*]; rises were measured in real time by confocal microscopy. The results
show a consistent, moderate increase in Fluo-4 fluorescence in fibrin-
adhered platelets, which was suppressed by Fab 9012 (Figure 7A). A near
complete major reduction in fluorescence increase was observed upon Syk
inhibition with PRT-060318. The effects on Fluo-4 fluorescence increases
paralleled effects on platelet adhesion (Figure 7B). However, detailed
analysis of traces from single adhered platelets confirmed suppression of
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selectin expression), P7 (phosphatidylserine [PS] exposure). A, Staining of
microthrombi formed on S3 and S7 spots after 10 min for VWF using fluorescein
isothiocyanate-labeled anti-VWF antibody (green) or irrelevant control antibody. B—
E, Effects of RAG35 antibody on thrombus parameters were assessed over time per
blood sample for S3 and S7 surfaces. Scale bar 50 um. Shown are representative end
stage brightfield and fluorescence images for fibrin-FXIlla (B, i) and collagen-III (B,
ii). Furthermore, heatmap of univariate scaled parameters (0-10), indicating
increased build-up of microthrombi over time in the absence or presence of RAG35
antibody (C). Rainbow color code shows scaled values between 0 (blue) and 10 (red).
In addition, subtraction heatmap representing scaled effects of GPIb blocking (D).
Filtering was applied for relevant changes (n=6, P<0.05, 2-way ANOVA per surface
and parameter). Colour code represents decrease (green) or increase (red) in
comparison to control runs. Means + SD (n=6), P<0.05 (2-way ANOVA).

transient, spiking Ca?* signal generation in the presence of Fab 9012 or PRT-
060318 (Suppl. Figure 6A, C). Of note, no platelet adhesion could be
observed in the presence of integrin inhibitor, tirofiban. Taken together,
these results confirm that fibrin interaction activates platelets via Syk kinase
and GPVI.

Fibrin in consolidating microthrombus formation

We explored why the fibrin-adhered platelet were insensitive to thrombin,
for instance in flow with tissue factor. As a first approach, we adapted an
earlier protocol, where single immobilized platelets in a flow chamber were
triggered to generate star-like fibrin fibers®’. These fibrin-forming platelets
were postperfused for up to 10 minutes with blood samples, again
containing labels for platelets (DiOCs), and P-selectin and phosphatidylserine
exposure. Recording of brightfield and tri-colour fluorescence images from
the same microscopic fields after blood flow showed considerable overlap
between the staining (Suppl. Figure 7A). Detailed analysis showed that the
stainings concentrated around the immobilized platelets, rather than at the
extending fibrin fibers (Suppl. Figure 7B). Thus, the DiOCs-labeled
microaggregates showed high overlap with the P-selectin exposing prior
immobilized platelets, which was confirmed by measuring the overlap
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Figure 6. Comparative effects of GPVI (glycoprotein VI) or Syk inhibition on fibrin-
mediated platelet aggregation. Platelets in suspension were treated with Syk
inhibitor PRT-060318 (10 uM) or GPVI-inhibitor 9012 (50 ug/mL) for 10 minutes,
before agonist addition. Platelet aggregation was monitored by conventional light
transmission aggregometry. A, Quantitation of maximal aggregation upon
stimulation with fibrin, collagen, or thrombin. B, Representative aggregation traces
upon stimulation with indicated agonist. Mean + SD (n=5), ****P<0.0001 (1-way
ANOVA).
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Figure 7. Effects of glycoprotein VI (GPVI) or Syk inhibition on Ca** signaling in
fibrin-adhered platelets under flow. Blood samples containing autologous Fluo-4-
loaded platelets were preincubated with vehicle (Ctrl), GPVI blocking agent 9012
Fab (50 ug/mlL) or Syk inhibitor PRT-060318 (10 uM), and flowed over S3 spots
(fibrin-FXllla), as for Figure 2. Fluorescence changes in cytosolic [Ca?']; of adhered
platelets were recorded by confocal microscopy for 5 minutes. Time series of
fluorescence images were analyzed for threshold increases in fluorescence intensity
representing platelet activation (A, i and ii), and for fluorescence coverage as a
measure of platelet adhesion (B, i and ii). Parts present data from parallel flow runs;
dots represent values from analyzed images. SAC indicates surface-area-coverage.
Bars are means (n=3 experiments), **P<0.001, ****P<0.0001 (1-way ANOVA).
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coefficients R (Suppl. Figure 7C). This overlap was further increased by blood
flow in the presence of integrin allbB3 antagonist tirofiban.

In an earlier study, we observed high binding of Oregon Green 488-labeled
thrombin to fibrin-containing thrombi!. This could be confirmed using the
present coagulant flow conditions for fibrin-FXllla and collagen-l spots
(Suppl. Figure 8A, B). As a control, blocking of the coagulation process with
PPACK suppressed cleavage of the Oregon Green 488-labeled prothrombin
probe, with as a consequence binding to phosphatidyl-serine-exposing
platelets only (Suppl. Figure 8A ii and 8B ii). Taking together, these data
suggest that fibrin fibers provide a relatively poor surface for newly adhering
platelets, but can trap locally cleaved prothrombin.

Discussion

While GPVI has been identified as a receptor for fibrin and also fibrinogen’~
%, the relative strength of the platelet-activating effect of fibrin via GPVI has
not been examined in detail. It has been established that blood flow over
immobilized collagens or collagen-related peptides via GPVI causes strong
platelet activation responses, that is, a prolonged Ca?* signal, high integrin
activation, P-selectin expression, phosphatidyl-serine exposure, and massive
thrombus formation?138-40, The present data, using a variety of immobilized
fibrin surfaces, point to a weaker GPVI-dependent platelet-activating effect
of blood flow over fibrin, in that fewer platelets adhered showing transient
Ca?* signals, residual P-selectin expression and limited phosphatidylserine
exposure, altogether resulting in the formation of only small-sized
microthrombi.

The microthrombus formation under flow appeared to be hardly influenced
by producing the fibrin with or without added VWF-BP or FXllla. However,
this does not rule out a role of VWF or FXllla in the thrombus-forming
process, because fibrin can capture VWF from the blood plasma?'®, and FXllla
can also be produced in coagulating plasma and released from activated
platelets!3. Evidence for a relative weakness of fibrin (in comparison to
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collagen) as platelet-activating surfaces was further corroborated by
experiments showing that fibrin fibers extending from immobilized platelets
are relatively ineffective in trapping newly perfused platelets, when
compared with the immobilized platelets themselves.

Comparative analysis of the microthrombi on fibrin-FXllla and collagen-lII
spots indicated that the platelets on fibrin had a lower activation state than
those on collagen. Nevertheless, on both surfaces, inhibition of Syk (PRT-
060318) or blockade of GPVI (Fab 9012) suppressed the flow-dependent
platelet adhesion, aggregate formation, and activation (P-selectin
expression). In agreement with these findings, also light transmission
aggregation studies using stirred platelet suspensions showed that the
fibrin-induced aggregation process is abolished by both PRT-060318 and Fab
9012.

Complete or partial defects in expression of integrin allbB3 (Glanzmann
patients) resulted in an annulled platelet adhesion to fibrin under flow,
which in case of partial deficiency was limited to the high shear rate
condition. In addition, we could establish a role of GPIb-V-IX by using the
blocking anti-GPlba antibody RAG35%. This antibody substantially but not
completely decreased platelet adhesion to both fibrin-FXllla and collagen-llI
spots, while the remaining adhered platelets still displayed P-selectin
expression. Together, these findings point to complementary and
nonredundant roles of GPVI, allbf3, and GPIb-V-IX complex in the
microthrombus formation on fibrin surfaces. Since the tyrosine kinase Syk is
known to be phosphorylated and activated downstream of both GPVI and
allbB3%3%41 our results suggest that concomitant activation via both
receptors is required for formation of the microthrombi. This idea is
supported by a previous study showing that Syk phosphorylation is a
continuous process in murine thrombus growth, and that secondary Syk
inhibition can annul platelet adhesion even on preformed thrombi under
flow*2. A nonredundant contribution of GPVI and allbB3 can also be derived
from the observation that perfusion of blood from patients with GPVI
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deficiency over fibrin spots resulted in an abolished aggregate formation,
although individual platelets still adhered (unpublished data, but see Ref.*3).

Novel related observations were (1) the low phosphatidylserine exposure of
platelets on fibrin (although still dependent on low-level GPVI), (2) the
relative inability of thrombin to alter fibrin-dependent microthrombus
formation, and (3) a low-level thrombin generation of platelets on fibrin in
comparison to collagen. An explanation for these observations is the finding,
supported by earlier studies,!! that fibrin captures (fluorescent-labeled)
thrombin, apparently without ability to cleave its substrate Z-GGR-ACM. This
agrees with the earlier notion of irreversible thrombin binding to a fibrin
network?. A suggestion then is that under the present microfluidic
conditions fibrin-bound thrombin is unable to activate platelets. Clearly,
more research needs to be done to better understand this phenomenon.
Hence, our present findings lead to the concept that on fibrin a low platelet
GPVI activation and an inactivation of thrombin induces only weak support
of thrombus formation; or in other words, that platelet interaction with
fibrin in particular consolidates the process of thrombus formation. However,
we cannot rule out that under certain (patho)physiological static or flow
conditions the role of fibrin is enlarged®.

The overall observation of fibrin-induced microthrombus formation suggests
that fibrin fibers act as consolidating elements of the thrombus shield, such
in contrast to vascular collagens which trigger the formation of larger size
thrombi. Given that thrombus growth is regulated by secondary mediators,
such as ADP and thromboxane A;, which activate platelets in the thrombus
core, it is not evident that the fibrin-GPVI interaction substitutes the high
GPVI activation induced by collagens. A local inactivation of thrombin by
fibrin may further contribute to this dampening process.

Nonstandard abbreviations and acronyms

FXllla factor Xllla
GPVI glycoprotein VI
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PPACK D-Phe-Pro-Arg chloromethyl ketone

PRP platelet-rich plasma
VWF von Willebrand factor
VWEF-BP von Willebrand factor-binding peptide
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Supplementary materials of Chapter 6

Methods

Flow studies with FXllla or thrombin (receptor) inhibitors

Coverslips were coated for 1 hour with two spots, each 3-mm apart, that
consisted of fibrin (upstream) and fibrin-FXllla (downstream), as described
in the Methods. In short, fibrinogen (1 mg/mL, 0.5 pL) was applied for 30
minutes, after which a-thrombin (20 nM, 1 pL) was added for an additional
30 minutes. Where indicated, the thrombin was mixed with CaCl, (10 mM),
FXIlla (0.7 pg/mL) and/or inhibitor T101 (20 uM); and the mixture was
applied on the fibrinogen spot. Whole blood flow was performed under
conditions allowing coagulation at a total wall-shear rate of 1000 s. To
compare the effects of thrombin inhibitors, blood samples were
preincubated for 10 minutes with vehicle or atopaxar (5 pg/mL),
recombinant hirudin (lepirudin 10 5 pg/mL) and/or PPACK (40 uM), then
recalcified with 3.2 mM MgCl; (f.c.) and 6.3 mM CaCl; (f.c.) in Hepes buffer
pH 7.45, and perfused through the flow-chamber at arterial shear rate (1000
s1). Fluorescent labels added per blood sample were DiOCe¢ (platelet
staining), AF568-annexin A5 (PS exposure), and AF647-anti-CD62P mAb (P-
selectin expression). Brightfield and multicolor fluorescence images were
taken every 2 minutes. Per donor, control and intervention conditions were
repeated at least in duplicates. Collected time series of brightfield and
fluorescence microscopic images were analysed by using pre-defined
scriptst. The scripts were formatted in the open source package Fiji%.

Thrombin generation measurement and prothrombin staining

Coverslips were coated with spots of fibrin-FXllla (upstream) and collagen-I
(downstream). Whole blood flow was perfused for 10 minutes under
conditions allowing coagulation a total wall-shear rate of 1000 s*.
Recalcified blood was perfused for 10 minutes, after which the thrombin-
specific fluorogenic substrate Z-GGR-AMC (Z-Gly-Gly-Arg-AMC, 0.5 mM) was
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added flow was continued for another 2 minutes. Fluorescence images were
then taken under stasis every 2 minutes using a DAPI cube. To stain for
labeled (pro)thrombin, thrombi were formed on similar spots under
condition allowing coagulation, as described above. After 10 minutes of flow,
the thrombi were post-perfused with Hepes buffer pH 7.45 containing CaCl,,
0.3 uM active-site labeled 0G488-prothrombin (cleavable by factor Xa into
0G488-thrombin)® and TF (30 pM). Brightfield and fluorescence images
were taken after rinse with Hepes buffer. Fluorescence microscopic images
were analysed using pre-defined scripts.

Platelet adhesion to fibrin-forming spread platelets

Washed platelets (100 x 10°/L) were allowed to spread on glass coverslips
for 10 minutes, before blocking with 1% BSA in Hepes buffer pH 7.45. Plasma
(citrate-anticoagulated) and CaCl,-containing medium (63 mM CaCl, and 32
mM MgCl, in Hepes buffer pH 7.45) were then co-perfused at low shear rate
(250 s) for 4 minutes, until fibrin fibres were appearing from the spread
platelets. After stopping fibrin formation with heparin (1 U/mL), PPACK-
anticoagulated whole blood was flowed over at 1000 s?, labeled with DiOCe
(platelet staining), AF568-annexin A5 (PS exposure) and AF647-anti-CD62P
mAb (P-selectin expression). During flow for 10 minutes, representative
brightfield and tricolor fluorescence images, taken as overlays, were
analyzed for fluorescence overlays after thresholding using the
Colocalization Finder plugin of Fiji.
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Supplementary figures of Chapter 6
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Suppl. Figure 1. Representative images of bilayered thrombi formed on various
fibrin and fibrinogen surfaces with/without FXllla or VWF. Representative
brightfield and fluorescence images (n = 3-4 donors) of fibrin (S1), fibrin + VWF-BP
(S2), fibrin FXllla (S3), fibrin FXllla+ VWF-BP (S4), fibrinogen (S5) and fibrinogen +
VWEF-BP (S6) with or without Syk inhibitor (PRT-060318, 10 uM) after 10 minutes of
flow at arterial shear rate (1000 s*%). Scale bar 50 um.

248



Afi) s1 (Fibrin) (ii) S3 (Fibrin FXllla)

DIOC6 DIOC6 ;

Scaled parameter (B) Effect of T101 (C)
0 10 -6 0 +6

Suppl. Figure 2. Effect of factor Xllla inhibition during fibrin formation on
microthrombus formation. Spots of fibrin without (5S1) or with co-coated FXllla (S3)
were prepared, as in Methods. Inhibitor T101 (20 uM) was added during fibrin
formation, where indicated. Recalcified whole blood containing labels was flowed
and parameters of thrombus formation were measured. A, Representative
brightfield and fluorescence images after 10 minutes of flow over S1 (fibrin) (A, i) or
S3 (fibrin-FXllla) (A, ii). B, Heatmaps of scaled image parameters (SAC%): P1 (DiOCg),
P5 (bi- or multilayer coverage), P6 (P-selectin) and P7 (PS exposure), demonstrating
average effect of T101 per spot. Rainbow color code of scaled values from 0 (blue)
to 10 (red). C, Subtraction heatmap showing effect of T101, for spots S1 and S3,
filtered for significant changes (n=3; P<0.05, two-way ANOVA); black color indicates
no significance.
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Suppl. Figure 3. Role of Syk in regulation of microthrombus formation on fibrin
spots at (non)coagulant conditions. Blood samples pre-incubated with vehicle (Ctrl)
or Syk inhibitor (PRT, 10 uM) were flowed over spots S3 (fibrin-FXllla) at 1000 s™.
Microthrombi formed were imaged to obtain parameters P1 (adhesion via DiOCg),
P5 (bi- or multilayer size), P6 (P-selectin expression), and P7 (PS exposure). Effects
of Syk inhibition were assessed per blood sample and parameter. A, Representative
brightfield and fluorescence images per surface in the presence of PPACK or TF
with/without PRT after 10 minutes of flow. B, Mean values from n = 6 blood samples
were univariate scaled to 0-10. Heatmap of scaled parameters, demonstrating
mean effects of Syk inhibition. Rainbow colour code indicates scaled values between
0 (blue) and 10 (red). C, Subtraction heatmap, representing effects of Syk inhibition,
filtered for relevant changes (n = 6, P<0.05, two-way ANOVA per surface and
parameter). Color code represents decrease (green) or increase (red) in comparison
to control. Scale bar 50 um.
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Suppl. Figure 4. Formation of multi-layered thrombi with phosphatidyiserine (PS)
exposure on collagen-Il. Blood was flowed over collagen-I spots at shear rate of
1000 s under coagulant conditions; tissue factor (TF) (10 pM, f.c.) was added to
the recalcification buffer, where stated. Spots were imaged to obtain parameters
P1 (DiOCs) and P7 (PS exposure) over a time lapse of 10 minutes. A, Representative
brightfield and fluorescence images of multilayered platelet thrombi formed on
collagen-I (A, i), and collagen-I + TF (A, ii). Scale bar 50 um. B, Graphs of PS exposure
(P7) on collagen-1 and on collagen-1 + TF. Data are means + SD (n = 10).
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Suppl. Figure 5. Low contribution of thrombin to thrombus formation on fibrin
surfaces. A, B, Recalcified, labeled whole blood was perfused over fibrin-FXllla spots
at 1000 s™ for 10 minutes, as for Figure 2. Blood samples were pre-treated with
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DMSO vehicle, lepirudin (10 ug/mL) or atopaxar (5 ug/mL) + PPACK (40 uM), as
indicated. A, Representative images after 10 minutes of flow. Scale bar 50 um. B,
Microthrombi were analysed for parameters P1 (DiOCg), P2 (bi- and multilayer
score), P3 (P-selectin expression) and P4 (PS exposure) as a function of time. Scaled
heatmaps of time-dependent changes, presented per parameter (B, i); and
presented as subtraction heatmaps showing intervention effects after filtering for
significance (green, P<0.05 two-way ANOVA; black, not significant) (B, ii). C-D,
Recalcified whole blood containing fluorogenic thrombin substrate Z-GGR-AMC (0.5
mM) was perfused over fibrin-FXllla and collagen-I spots at 1500 s™ for 10 minutes.
Subsequently, thrombin generation was measured under stasis from fluorescence
accumulation per spot. C, Representative images taken every 2 minutes starting
from 1 minute. D, Graph of integrated fluorescence intensity (D, i) and of first
derivative indicating thrombin activity (D, ii). Thrombin generation comparing
collagen and fibrin was measured for each time point. Means * SD (n = 4, *P<0.1,
Two-way ANOVA).
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Suppl. Figure 6. Inhibition of GPVI or Syk affecting fibrin-induced Ca** fluxes in
platelets under flow. Blood samples supplemented with autologous Fluo-4-loaded
platelets were pre-incubated with vehicle (Ctrl), GPVI blocking antibody 9012 or Syk
inhibitor PRT-060318, and flowed over S3 spots (fibrin-FXllla). Fluorescence from
adhered platelets was continuously recorded by confocal microscopy for 5 minutes.
A-B, Movies analysed for fluorescence intensity above threshold fluorescence
(Fluor.), i.e. representing elevated [Ca*']; above resting level (A i and ii), and for
platelet adhesion as SAC% (B i and ii). Also shown are time traces of fluorescence
changes in representative single platelets (C i and ii).
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Control (overlap R) Tirofiban (overlap R)
Brightfield PSexpos. P-selectin  DiOC6 Brightfield PS expos. P-selectin  DIOC6
Brightfield 1.00 0.97 0.94 0.97 3min Brightfield 1.00 0.99 097 0.99 3 min
PS exposure 0.95 1.00 0.94 0.96 PS exposure 0.98 1.00 0.97 0.99
P-selectin 0.87 0.89 1.00 0.97 P-selectin 0.96 0.97 1.00 0.97
DiOC6 0.91 0.90 0.87 1.00 DiOC6 0.99 0.99 0.97 1.00
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Suppl. Figure 7. Platelet adhesion and aggregation preferentially to immobilised
platelets rather than to fibrin. Washed platelets were allowed to spread to glass
coverslips, which were blocked with BSA-containing Hepes buffer pH 7.45, and then
perfused with recalcified plasma to stimulate radial fibrin formation from the
immobilized platelets. Subsequently, recalcified labeled (DiOCs, anti-P-selectin and
annexin A5) blood was flowed at shear rate 1000 s, as for Figure 2. Integrin
antagonist tirofiban (1 ug/mL) was present, where indicated. After 3 or 10 minutes,
microscopic overlay images were taken from the same field. A, Representative
brightfield and fluorescence images. B, Brightfield images of fibrin formed by the
immobilized platelets. C, Matrix of overlap coefficients R of thresholded images,
indicating similarity of positive pixels, for control and tirofiban conditions (n = 3).
Note high pixel overlap of fluorescence from flowed DiOCs platelets with the P-
selectin staining from the immobilized platelets; overlap further increased in the

presence of tirofiban.
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Suppl. Figure 8. Binding of cleaved OG488-prothrombin to fibrin in thrombi.
Recalcified blood was perfused over fibrin-factor XIIA (FXllla) and collagen-I spots
under coagulant (30 pM tissue factor, TF) or non-coagulant (20 uM PPACK)
conditions for 6 minutes at 1000 s™. The formed platelet thrombi were stained with
0G488-prothrombin (green) in the presence of CaCl> and TF or PPACK, respectively.
A, Representative brightfield and OG488-(pro)thrombin fluor-escence images from
fibrin FXllla (A, i) and collagen-I (A, ii) spots. Scale bars 50 um. Note that with TF
present the cleaved 0G488-thrombin binds to fibrin-containing thrombi, whereas in
the absence of coagulation (PPACK) the non-cleaved OG488-prothrombin only binds
to balloon-shaped, PS-exposing platelets. Bi-ii, Graphs showing time-dependent
increases in coverage of label in the presence of TF (OG488-thrombin) or PPACK
(0G488-prothrombin). Mean + SD (n=3, P<0.05, two-way ANOVA).
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Supplementary tables of Chapter 6

Major resource table

Antibodies
Target Vendor or Catalog # Working Lot # | Persisten
antigen Source concentration tiD/
URL
Polyclonal DAKO N.a 20 pg/mL N.a. N.a.
anti-VWF- (Michigan, MI,
FITC Ab USA)
rabbit
AF488 Invitrogen R37118 20 ug/mL N.a https://w
donkey anti- | ThermoFisher ww.ther
rabbit IgG (Eindhoven, NL) mofisher
.com
mAb RAG35 | Dr.J. van N.a 20 pug/mL N.a. N.a.
Mourik (CLB,
Transfusion
Service,
Amsterdam, NL)
Anti-GPVI Dr. M. Jandrot- | N.a 50 ug/mL N.a. N.a
Fab 9012 Perrus (INSERM,
University Paris
Diderot, Paris,
F)
AF647-anti- | Biolegend 304916 0.5 ug/mL N.a https://w
human (London, UK) ww.biole
CD62P mAb gend.co
m/en-us
AF568- ThermoFisher A13201 0.5 ug/mL N.a. https://w
annexin A5 (Eindhoven, NL) ww.ther
mofisher
.com
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Appendix

Fibrinogen

Appendix Figure 1. Representative images of fibrinogen. Scanning electron
microscopy (SEM) images of immobilised fibrinogen spot coated on a SEFAR filter.
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Appendix Figure 2. Inhition of intregrin allb83 in fibrin-activated platelets.
Platelet in suspension were treated with intregrin allb83 inhibitor, tirofiban (5
ug/mlL) for 10 minutes, before stimulation with fibrin. Platelet aggregation was
monitored with conventional light transmission aggregometry. A, Quatitation of
maximal aggregation upon stimulation with fibrin. B, Representative aggregation
traces. Mean + SD (n = 3), ¥*P<0.005 (two-tailed Student’s unpaired t-test).
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Abstract

Glycoprotein (GP)VI and integrin allbB3 are a key signaling receptors in
collagen-dependent platelet aggregation and in arterial thrombus formation
under shear. The multiple downstream signaling pathways are still poorly
understood. Here, we focused on disclosing the integrin-dependent roles of
focal adhesion kinase (protein tyrosine kinase 2, PTK2), the shear-dependent
collagen receptor GPR56 (ADGRG1 gene), and calcium and integrin-binding
protein 1 (CIB1). We designed and synthetized peptides that interfered with
the integrin allb binding (pCIB and pCIB™) or mimicked activation of GPR56
(pGRP). The results show that the combination of pGRP with PTK2 inhibition
or of pGRP with pCIB > pCIB™ in additive ways suppressed collagen- and GPVI-
dependent platelet activation, thrombus buildup and contraction.
Microscopic thrombus formation was assessed by 8 parameters (with script
descriptions enclosed). The suppressive rather than activating effects of
pGRP were confined to blood flow at a high shear rate. Blockage of PTK2 or
interference of CIB1 no more than slightly affected thrombus formation at a
low shear rate. Peptides did not influence GPVI-induced aggregation and Ca**
signaling in the absence of shear. Together, these data reveal a shear-
dependent signaling axis of PTK2, integrin allbf3 and CIB1 in collagen- and
GPVI-dependent thrombus formation, which is modulated by GPR56 and
exclusively at high shear. This work thereby supports the role of PTK2 in
integrin allbB3 activation and signaling.
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Introduction

Collagen- and fibrin(ogen)-induced platelet activation and aggregation
through glycoprotein VI (GPVI) has been recognized as controlling processes
of in vitro and in vivo arterial thrombus formation, with only a limited role in
hemostasis'3. GPVI is an immunoglobin receptor that via the FcR y-chain co-
receptor, when triggered upon ligand binding, causes activation of a signal
transduction pathway of protein tyrosine kinases, phosphatidylinositol-3-
kinases and phospholipase Cy2 (PLCy2), to evoke granule release and
activation of integrin allbB3*®. Fibrinogen is the major ligand for integrin
allbB3 to establish platelet aggregation and thrombus formation, in which
the integrin can act in a non-redundant way with GPVI’~.

Recent multiparameter microfluidics assays have provided first
understanding of the molecular mechanisms, implicated in whole-blood
thrombus formation involving GPVI®12, The heterogenous buildup of
arterial thrombi takes place by a series of consecutive platelet activation
events, i.e. flow-dependent platelet adhesion, integrin allbpf3 activation,
granular secretion, platelets aggregation and thrombus contraction and
stabilization®!3. Mouse studies have shown that several hundreds of platelet
expressed genes and proteins contribute to collagen-dependent arterial
thrombus formation, thus pointing to a high complexity of the underlying
platelet signaling pathways!*.

Knowing that multiple shear-dependent platelet adhesion mechanisms®®
and platelet-platelet interactions!! can determine the thrombus-forming
process, we used our experience in the targeted design and synthesis of anti-
platelet peptide'®> to reveal the importance of less understood signaling
pathways. In this context, a less well-studied protein kinase acting
downstream of allbB3 in platelets is focal adhesion kinase PTK2 (PTK2, also
known as focal adhesion kinase)*¢8, In various cell types, including platelets,
PTK2 is known to accumulate in focal adhesion sites formed unpon
strectching forces'®?°. In the mechanical force-dependent activation and
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signaling of integrins, PTK2 was found to regulate the adhesion-dependent
talin activity and actomyosin dynamics?l. Interestingly, PTK2 has recently
become a potential therapeutic target for some cancers?>23,

Both peptide inhibition and mouse knockout studies have shown that
platelet PTK2 can become activated upon fibrinogen binding via the calcium
and integrin-binding protein 1 (CIB1, gene CIB1). Interaction of CIB1 with the
allb chain appeared to regulate the integrin outside-in signaling®?’.
Proteomic analyses have revealed that PTK2 and CIB1 are expressed at
reasonable numbers of 2,956 and 780 copies/platelet, respectively?®?°. Yet,
there is confusion if the role of CIB1 on platelets is stimulatory®® or
inhibitory3!. Of note, the CIB1-PTK2 interaction occurs independently of
tyrosine kinase Syk, which binds to the other B3 integrin chain. In the
absence of CIB1, platelet spreading on fibrinogen was found to be greatly
impaired?*28, Evidence for this role of CIB1 came in part from use of a allb
cytoplasmic peptide (pCIB), entering platelets and interfering with the
binding of CIB1 to allb, the peptide efficiently inhibited the human platelet
spreading via the outside-in signaling mechanism?°. Mouse knockout studies
further proved that CIB1 contributes to arterial thrombosis and hemostasis®.

A novel shear force-dependent receptor on platelets is the G protein-
coupled receptor 56 (GPR56, gene ADGRG1), signaling via Goi13 to allow
platelet shape change3?. In both human and mouse platelets, the ADGRG1
mRNA is expressed at relatively high levels?. In other cells, GPR56 appeared
as an adhensive receptor for collagen type-Il133. In initial papers, identifying
GPR56 as a shear-dependent collagen receptor, it appeared to become self-
activated via its tethered ligand, after which signaling responses through
other collagen receptors like GPVI were enforced3?34. Knock-out mouse
studies pointed to a moderate role of GPR56 in arterial thrombosis and
hemostasis32. However, the precise requirements of GPR56 to support
human thrombus formation on vascular collagens remained unclear.

In the present paper, we used a panel of inhibitors and synthesized peptides
to re-investigate the roles of PTK2, CIB1 and GPR56 in shear-dependent
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thrombus formation on a range of collagen surfaces with variable GPVI
dependency.

Materials and Methods
Materials

Horm collagen type | derived from equine tendon was obtained from
Nycomed (Hoofddorp, The Netherlands). Human placenta-derived collagen
type Il (1230-01S) was supplied by Southern Biotechnology (Birmingham, AL,
USA). Human collagen type IV, FAK inhibitor 14 (FAK-IN14) and PF573228
were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). PPACK
(D-phenylalanyl-L-propyl-L-arginine chloromethyl ketone) came from
Calbiochem (520222, Amsterdam, The Netherlands). Fura-2 acetoxymethyl
ester and pluronic were from Invitrogen (Carlsbad, CA, USA). As fluorescent
stains were used Alexa Fluor (AF)647-conjugated anti-human CD62P mAb
(304918, Biolegend, London, UK), FITC-labeled fibrinogen (FO0111, Dako,
Amstelveen, The Netherlands), and AF568-labeled annexin A5 (A13202,
ThermoFisher, Eindhoven, The Netherlands). Other reagents came from
Sigma-Aldrich, or from sources described before*!.

Preparation of blood and platelets

Blood was drawn from healthy volunteers through venipuncture. Donors
had not received anti-platelet medication for at least two weeks, and gave
full informed consent according to the declaration of Helsinki. Studies were
approved by the local Medical Ethics Committee of Maastricht University
Medical Centre*. Blood from donors was collected into 3.2% trisodium
citrate (Vacuette tubes, Greiner Bio-One, Alphen a/d Rijn, The Netherlands).
All blood samples had platelet counts within the reference ranges, such as
measured by a Sysmex XN-9000 analyzer (Sysmex, Cho-ku, Kobe, Japan).

Platelet-rich plasma (PRP) and washed platelets were isolated, basically as
described before®. In brief, PRP was obtained from citrated blood by
centrifugation at 240 g for 15 minutes. After addition of 1:10 vol/vol acid
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citrate dextrose (ACD; 80 mM trisodium citrate, 183 mM glucose, 52 mM
citric acid), this PRP was centrifuged at 5,500 g for 2 minutes. The pelleted
platelets were resuspended into Hepes buffer pH 6.6 [10 mM Hepes, 136
mM NacCl, 2.7 mM KCI, 2 mM MgCl;, 5.5 mM glucose and 0.1% bovine serum
albumin (BSA)]. After addition of apyrase (1 U/mL) and 1:15 vol/vol ACD,
another centrifugation step was performed to obtain washed platelets. The
final platelet pellet was resuspended into Hepes buffer pH 7.45 (10 mM
Hepes, 136 mM NaCl, 2.7 mM KCI, 2 mM MgCl,, 5.5 mM glucose and 0.1%
BSA) at requested platelet count as indicated below.

Selection and design of peptides

The 7-amino acid peptide TYFAVLM (pGRP), comprising the N-terminal
tethered ligand of GPR56, was synthetized as described previously33. Other
peptides were synthetized to target the interaction site of the EF-hand
domain of CIB1 with the integrin allb chain in the membrane-proximal
hydrophobic 15-amino acids region*”*8, These included the wildtype CIB1-
binding peptide Ace-LVLAMWKVGFFKRNRPPLEEDDEEGQ-OH  (pCIB),
corresponding to the cytoplasmic C-terminus of the allb chain (Leu®®-
Glu%8) which has been previously shown to be internalized into platelets?*.
In addition, we designed and synthetized a more hydrophobic, mutated
form Ace-LVRKMWQVGFYKRNRYPLEEDDEEGQ-OH (pCIB™), and calculated
the lowest binding free energy (BFE). For designing the latter, the structure
of the alb chain was extracted from known NMR analyses (PDB ID: 2KNC),
and this was virtually docked onto the binding pocket of CIB1 (PDB ID: 2LM5)
by applications of the HADDOCK and HDOCK routines of the protein-protein
docking WebServer®®>, The retrieved docking poses were refined by
performing molecular dynamics simulations, and BFE of these docking poses
were also calculated and compared in order to determine a likely binding
mode of pCIB-CIB1 complex. The docking solution which gave the lowest BFE,
indicative of the most thermodynamically favorable conformation, was
chosen as a template for improved in silico design peptide candidates®'2.
The virtually optimized CIBl-peptide complexes were subjected to
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molecular dynamics simulations and BFE calculations to predict the most
favorable peptide candidate, pCIB™, using methods described before>3.

Solid-phase synthesis of peptides

The pCIB peptide was synthesized using automated microwave (CEM Liberty
BLUE microwave peptide synthesizer) Fmoc-based synthesis on a CI-MPA
ProTide resin at 0.25 mmol scale. The modified peptide pCIB™ was also
synthesized at 0.25 mmol scale, but using manual solid-phase peptide
synthesis on a methylbenzhydrylamine polystyrene resin (ChemPep,
Wellinton, FL, USA), as described>*>>. For producing pCIB™, 2-(6-chloro-1H-
benzotriazol-1-yl)-1,1,3,3-tetramethylaminium hexafluoro-phosphate
(Peptides International, Louisville, KY, USA) was used as coupling reagent.
After cleavage of the produced peptide from resin using anhydrous
hydrogen fluoride (GHC, Hamburg, Germany), the crude product was
analyzed on a Waters (Milford, MA, USA) ultrahigh performance liquid
chromatography mass spectrometric XEVO-G2QToF system. Both peptides
were purified by semipreparative HPLC using a Vydac Cig HPLC column
(10x25 mm, 12 mL/min flow rate or 22x250 mm, 20 mL/min flow rate; Grace
Davison Discovery Sciences, Deerfield, IL, USA) connected to a Waters
Deltaprep System consisting of Prep LC Controller and a 2487 Dual
wavelength absorbance detector (A = 214 nm). To elute the peptides, an
appropriate gradient of buffer B in buffer A was used, where buffer A was
composed of 0.1% trifluoroacetic acid (Biosolve, Valkenswaard, The
Netherlands) in H,O/CHs3CN (95/5, v/v, Biosolve) and buffer B contained 0.1%
trifluoroacetic acid in CH3CN/H,0 (90/10, v/v).

Whole-blood thrombus formation

Microspots of collagen-1 (M1), collagen-lll (M2) and collagen-IV (M3) were
applied by coating degreased coverslips with 0.5 pL of 100 pg/mL, as
described previously®. After coating, the coverslips were incubated in a
humid chamber overnight at 4°C, washed with saline, and blocked with 1%
BAS-containing Hepes buffer pH 7.45 supplemented 30 minutes, before
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assembling into the microfluidic chamber®®. In case of multiple microspots,
the most active was located downstream, to prevent cross-activation of
platelets®,

For the assessment of thrombus formation, samples of 500 pL citrated whole
blood were pre-incubated with saline, or the indicated peptides or inhibitors
for 10 minutes at room temperature. Immediately before perfusion, blood
samples were supplemented with 40 uM PPACK and recalcified with 3.75
mM MgCl; and 7.5 mM CaCl; (f.c.). The recalcified blood was then flowed
through a microspot-containing flow chamber for 3.5 minutes at wall shear
rate of 1000 s or 1600 s%, or for 6 minutes at wall shear rate of 150 s*. After
flow, staining was started by a 2- minutes perfusion with AF647 anti-CD62P
mAb (for P-selectin expression), FITC-fibrinogen (for integrin allbf3
activation), and AF568-annexin A5 (for phosphatidylserine exposure) in
Hepes buffer pH 7.45 containing 2 mM CaCl, and 1 U/mL heparin, as
described before!l. During staining, two brightfield images were captured
per microspot. Subsequently, residual label was removed by post-perfusion
with Hepes buffer pH 7.45 containing 2 mM CaCl, and 1 U/mL heparin, after
which three representative multicolor fluorescence images were captured
per microspot. All conditions were performed by duplicate runs with blood
from at least 3 donors.

Microscopy and image analysis

Brightfield and fluorescence images were taken using an EVOS-FL
microscope (Life Technologies, Bleiswijk, The Netherlands), equipped with
Cy5, RFP and GFP LEDs, an Olympus UPLSAPO 60x oil-immersion objective,
and a sensitive 1360x1024 pixel CCD camera!l. The images were analyzed
using semi-automated scripts operating in Fiji (Imagel) and a scoring
procedure based on a preset of reference images®. Observers were blinded
to the experimental condition. Per microspot, this gave five parameters from
brightfield images (P1-5) and in one parameter from each of the three-color
fluorescence images (P6-8), such as defined in Table 1.
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Table 1. Overview of obtained parameters (P1-8) of thrombus formation from
brightfield and fluorescence images. Measured ranges and scaling factor for
heatmap analysis are also indicated. Abbreviations: PS, phosphatidylserine; SAC,
surface area coverage. For details how the parameters were established using Fiji,
see supplementary materials.

Parameters Range Scaling
Brightfield images
P1 Platelet adhesion (% SAC) 0-72.7 0-10
P2 Platelet aggregate coverage (% SAC) 0-29.8 0-10
P3 Thrombus morphological score 0-4.75 0-10
P4 Thrombus multilayer score 0-2.75 0-10
P5 Thrombus contraction score 0-2.75 0-10

Fluorescence images

P6 PS exposure (% SAC) 0-22.2 0-10
P7 P-selectin expression (% SAC) 0-71.7 0-10
P8 Fibrinogen binding (% SAC) 0-45.7 0-10

Detailed information on the scripts and scoring procedures are given in the
supplementary methods. This section also provides reference brightfield
images, used for the scoring. In brief, P1 (platelet adhesion) represents the
percentage of total surface-area-coverage (SAC%) occupied by platelets. P2
(platelet aggregate coverage) concerns the SAC% occupied by multilayered
platelet aggregates. P3 (thrombus morphological score) P4 (thrombus
multilayer score) and P5 (thrombus contraction score) describe the
thrombus phenotype, such in comparison to refence images, ranging from
0,0,0 (essential absence of platelets) to 5,3,3 (large contracted, multilayered
platelet aggregates). Finally, P6 (PS exposure), P7 (P-selectin expression) and
P8 (fibrinogen binding) represent %SAC of platelets staining positively for
the respective fluorescent probes.
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Light transmission aggregometry

Aggregation of washed platelets (250x10°/L) was measured at 37°C under
stirring at 1,200 rpm using a chronology aggregometer (Havertown, PA, USA).
Platelet samples of 500 pL were pre-incubated with saline, tirofiban (1
ug/mL) or indicated inhibitors (peptides) for 10 minutes. Platelet activation
was with indicated agonists at 37°C.

Cytosolic Ca?* measurements

Washed platelets (200x10°/L) were loaded with a mixture of Fura-2
acetoxymethyl ester (3 uM) and pluronic (0.4 pg/mL) in a 40 minutes
incubation at room temperature, as described elsewhere®'. After
centrifugation in the presence of 1:10 ACD and apyrase (1 U/mL), the dye-
loaded cells were resuspended at the same concentration into Hepes buffer
pH 7.45. Samples of 200 pL in 96-wells plates were pre-incubated either with
saline, tirofiban (1 ug/mL), or indicated inhibitor (peptide) for 10 minutes at
room temperature. Subsequently, 1 mM CaCl, was added, and after
adaptation to 37°C, ratiometric changes in fluorescence (excitation
wavelengths 340 and 380 nm, emission wavelength 510 nm) were measured
per well with a FlexStation 3 (Molecular Devices, San Jose, CA, USA). Agonists
collagen-I (10 pg/mL, f.c.) or CRP-XL (10 pg/mL, f.c.) were added by roboted
pipetting. For optimal, diffusion-limited mixing, the speed of agonist
injection was set at 125 ulL/s*.. Calibrated, nanomolar changes in cytosolic
[Ca?*]; were calculated as before®”°8, Measurements were performed in
triplicate wells, with platelets isolated from at least 3 donors.

Statistics and data processing

Statistical analysis was performed with GraphPad Prism 8 software (San
Diego, CA, USA). Figures were generated with the same package. Parameter
values of thrombus formation from 2-3 corresponding images in the same
run were averaged. In addition, parameters of duplicate flow runs were
averaged obtain one parameter set per donor, microspot and condition*'.
For heatmap representation, mean parameter values across microspots
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were univariate normalized 0-10'. For statistical analysis, values of control
and inhibitor runs were compared per donor, using a paired Student’s t-test.
In the subtraction heatmaps, a conventional filter was set at P-values below
0.05%,

Results

Limited effect of the GPR56 peptide on collagen induced thrombus
formation under shear

To investigate how the novel collagen receptor GPR56 contributes to
platelet adhesion and thrombus-formation, we treated blood from healthy
donors with the synthetized peptide pGRP (TYFAVLM, 50 pg/mL),
corresponding to the hidden tethered ligand of GPR56, and hence mimicking
the shear-dependent activation of this receptor3?. Perfusion of the blood
was performed at arterial wall-shear rate of 1600 s 3. For platelet
interaction, microspots of collagen-I, collagen-Ill and collagen-IV were used
with decreasing GPVI dependency. As before, brightfield and multicolor
microscopic images taken after perfusion were analyzed for eight
parameters (Table 1), i.e. platelet adhesion (P1), platelet aggregation (P2),
thrombus morphology, multilayer and contraction scores (P3-5), and
platelet activation markers phosphatidylserine exposure (P6), P-selectin
expression (P7) and integrin allbB3 activation (P8). An extended description
of the scripts in Fiji to measure the continuous parameters and to obtain the
discontinuous scores is given in the supplementary materials.

Representative images collected at end-stage for collagen-I (Figure 1A) and
for collagen-Ill and -IV (Suppl. Figure 1A, B) indicated that treatment with
pGRP did no more than slightly affect platelet adhesion and thrombus
buildup (brightfield images) or platelet activation (3-color fluorescence
images). Summative presentation of the univariate scaled parameter values
pointed to inhibitory rather than stimulatory peptide effect, which was only
significant for collagen-l and -1V (Figure 1B i-iii). Similar results were obtained
at the standard high shear rate of 1000 s. Control experiments did not point
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Figure 1. Effect of GPR56 interference on collagen-induced thrombus formation at
high shear rate. Whole blood (700 L) was pre-incubated with vehicle medium or
PGRP peptide (50 ug/mL) for 10 minutes. After recalcification, blood samples were
perfused over microspots of collagen-I, -Ill and -1V for 3.5 minutes at wall-shear rate
of 1600 s™. Brightfield and fluorescence images were taken per microspot at end
stage. A, Shown are representative microscopic images for collagen-I of: (i) vehicle
control runs, or (ii) pGRP runs. Scale bar = 10 um. Complementary images for
thrombi on collagen-Ill and collagen-1V are given in Suppl. Figure 1. B, Cumulative
plots per condition of scaled (0-10) image parameters: P1, platelet adhesion; P2,
platelet aggregate coverage; P3-5, thrombus morphology, multilayer and
contraction scores; platelet activation markers: P6, PS exposure; P7, P-selectin
expression; P8, fibrinogen binding (see Table 1). Shown are means of duplicate runs
for 3 donors. Mean values + SD, *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001 vs.
vehicle (paired Student’s t-test).
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to a pGRP effect on collagen-induced platelet aggregation by conventional
light transmission aggregometry (not shown, but see below).

Effects of the GPR56 peptide combined with PTK2 inhibition on thrombus
formation under shear

Given the proposed mechanism of GPR56 in shear- and Gal3-dependent
platelet activation3?, we hypothesized that its role could be masked by
integrin allbB3 outside-in signaling, in which the focal adhesion kinase PTK2
plays a central role!”3%3’ To investigate this, we used two structurally
different PTK2 inhibitors, PF573228 and FAK-IN14, of which the former was
tested before on human platelets383°, Initial dose-response experiments
(2.5-10 uM) indicated a more potent effect of PF573228 than of FAK-IN14
on collagen-induced platelet aggregation (Figure 2A, B), which agrees with
published 1Csp values®®4°. As expected, under the slowly stirred conditions
(1200 rpm providing a low shear rate) in light transmission aggregometry,
the addition of pGRP did not further enhance the dose-dependent inhibitory
effects of PF573228 or FAK-IN14 on platelet aggregation (Figure 2B).

To investigate how PTK2 inhibition affected whole-blood thrombus
formation, we used the same microfluidic setup with collagen-I, -lll and -IV.
Blood samples were pretreated with 2.5-10 uM of PF573228 or FAK-IN14,
and then perfused over the collagen spots at the standard high shear rate of
1000 s. Inspection of microscopic images showed a consistent effect of
PF573228 and FAK-IN14 at the highest dose applied by reducing platelet
aggregate formation on collagen-I (Figure 3A i-iii). Subtraction heatmap
analysis after parameter scaling showed that the reduction with either
inhibitor extended to the majority of parameters, as well as from collagen- |
and -1l to collagen-IV (Figure 3B). This was confirmed by summation of the
univariate scaled parameters P1-8, pointing to a significant reduction for
PF573228 > FAK-IN14 (Suppl. Figure 2A-C, panels i).

We then examined the combined effect with the GPR56 peptide added.
Surprisingly, the combination of pGRP with PF573228 or FAK-IN14 further
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Figure 2. Effects of GPR56 and PTK2 interference on collagen-induced platelet
aggregation. Washed platelets (250x10°/L) were incubated with vehicle (control),
PGRP peptide (50 ug/mL) and indicated PTK2 inhibitor (2.5-10 uM) for 10 minutes.
Platelet aggregation was monitored by light transmission in response to collagen-I
(1 ug/mlL). A, Representative traces of collagen-induced aggregation. B, Dose-
dependent effect of PTK2 inhibitors on maximal aggregation. Mean values + SD (n=3
donors). *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001 vs. vehicle (paired
Student’s t-test).
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reduced platelet adhesion and aggregate size on collagen-I (Figure 3A iv-v),
PF573228, this reduction extended to a lower phosphatidylserine exposure,
a marker of GPVI activity. This was also apparent from the subtraction
heatmap of Figure 3B, showing larger effect sizes with the combined
presence on all surfaces. Cumulative analysis of the scaled parameters
confirmed that the reduction with pGRP was highest for PF573228 (Suppl.
Figure 2).

Since activation of the GPR56 receptor is considered to act in a shear-
dependent way, we compared the effects of PF573228 (5 uM) alone or in
combination with pGRP (50 pg/mL) at high (1000 s*) and low (150 s?) shear
rates. The composed subtraction heatmap versus the vehicle control
condition pointed to an essential lack of effect by the combinations with
PGRP at low shear rate, in contrast to the high-shear condition (Figure 4).
This also appeared from the cumulation of scaled parameter values (Suppl.
Figure 4). Taken together, these results pointed to a shear-dependent
suppression of collagen-dependent thrombus by by interfering with GPR56
plus PTK2 activity.

In silico design of CIB1-interfering peptide binding to integrin chain allb

Since PTK2 is known to be activated via integrin allbB3 outside-in signaling,
involving binding of CIB1 to the allb chain, we used the allb cytoplasmic
peptide pCIB, which has been shown to enter into platelets and block the
CIB1-allb interaction, as evidenced by the suppression of platelet spreading
on fibrinogen?428, Virtual analysis of the binding mode of the 26 amino-acid
pCIB to the binding pocket of CIB1 revealed a free binding energy of -43
kcal/mol (Figure 5A, B). Aiming to improve the predicted binding affinity of
the peptide with CIB1, we rationally mutated several residues of pCIB in
silico, which resulted in a list of mutant 31 peptides. Among these, the
peptide pCIB™ with 5 mutations had the lowest binding free energy of -58
kcal/mol and predicted an unaltered interaction mode with CIB1 (Figure 5C).
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Figure 3. Effects of GPR56-binding peptide and PTK2 inhibition on collagen-
induced thrombus formation. Whole blood samples were pre-incubated with
vehicle medium (control) or indicated PTK2 inhibitor (PF573228 or FAK-IN14 at 2.5-
10 uM) with or without pGRP peptide (50 ug/mL) for 10 minutes. After
recalcification, the blood was perfused over collagen-I, -lll and -1V for 3.5 minutes
at standard shear rate of 1000 s™. End-stage brightfield and fluorescence images
were analyzed for thrombus parameters P1-8. Enlarged images (lower-left corner)
are indicated to visualize the formed platelet aggregates. A, Representative images
for collagen-I of: (i) vehicle control, (ii) PF573228 (10 uM), (iii) FAK-IN14 (10 uM),
(iv) pGRP + PF573228 runs, and (v) pGRP + FAK-IN14. Scale bar = 10 um.
Representative images for collagen-Ill and collagen-IV are in Suppl. Figure 2. B,
Subtraction heatmap representing control-subtracted scaled (0-10) parameters
values for collagen-1, -1ll, and -1V microspots. Color code represents decrease (green)
orincrease (red) in comparison to control runs. Means of duplicate runs for 3 donors
were compared per blood sample. For statistics, see Suppl. Figure 3.

We then chemically synthetized the previously used pCIB and the pCIB™
peptide for microfluidic assays. After purification, the measured masses of
pCIB (3,104 Da) and pCIB™ (3,286 Da) corresponded well with the theoretical
monoisotopic masses of 3,102 Da and 3,284 Da, respectively.

Effects of combined peptides interfering with GPR56 and CIB1 on thrombus
formation under shear

For flow assays, the two synthetized CIB1-binding peptides were used at an
affordable high dose for platelet-inhibiting peptides of 50 pug/mL in whole
blood®. Preincubation of blood with the pCIB or pCIB™ only resulted in no
more than small visual effects on thrombus formation at microspots of
collagen-I (Figure 6A i-iii). We also investigated the effects of combined
application of pCIB or pCIB™ and pGRP. This combined treatment showed for
collagen-I a reduction in platelet adhesion, thrombus buildup and platelet
activation markers including exposed PS and P-selectin and activated
integrin allbB3, of which the reduction was more prominent for pCIB than
for pCIB™ (Figure 6A iv-v). The stronger effect with pCIB was confirmed by
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Figure 4. Shear rate dependency of GPR56 and PTK2 interference. Blood samples
pre-incubated with vehicle (control) or PF573228 (5 uM) with/ without pGRP (50
ug/mL) for 10 minutes, and then perfused over collagen microspots for 3.5 or 6
minutes at wall-shear rate of 1000 s or 150 s respectively. Parameter analysis of
recorded images was as for Figure 1. Shown is subtraction heatmap representing
control-subtracted scaled (0-10) parameters values for collagen-I, -lll, and -IV
microspots. The color code represents decrease (green) or increase (red) in
comparison to vehicle control runs.

statistical analysis of the parameters of platelet deposition (P1-2), thrombus
characteristics (P3-5), and platelet activation (P6-8) (Figure 6B). Regarding
collagen-lll and -IV, representative images showed similar effects of the
combined addition of peptides (Suppl. Figure 5A, B). Upon quantification,
pPGRP plus pCIB significantly reduce platelet deposition, thrombus
characteristics, and platelet activation (Suppl. Figure 6A i-ii). A synergistic
effect of pGRP + pCIB (but not pCIB™) also appeared from the subtraction
heatmap (Figure 7) and from cumulative plots of the scaled parameters
(Suppl. Figure 6B i-iii). For all collagen types, effect sizes decreased in the
order of pGRP + pCIB > pCIB > pGRP + pCIB™ > pCIB™.

To assess shear dependency of these effects, we again evaluated the effects
on thrombus formation inhibition of pGRP with/out pCIB or pCIB™ at high
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Figure 5. Molecular dynamics simulation of pCIB-CIB1 complex formation. A,
Reported structure of CIB1 in complex with pCIB peptide, mimicking part of the
intracellular cdlb chain. B, Calculated structure of pCIB-CIB1 complex obtained by
molecular dynamics simulation. C, Structure of modified pCIB™-CIB1 complex by
molecular dynamics simulation. Color code: hydrogen bonds shown as yellow
dashed lines; amino acid residues of the wildtype (B) and mutated (C) peptides are
indicated in cyan and magenta, respectively; CIB1 residues are pictured in green.
Also indicated per peptide is the calculated binding free energy (BFE).

(1000 s?) and low (150 s?) shear rates. The subtraction heatmap pointed to
a consistently larger effect of the pGRP + pCIB combination, regardless of
parameter and collagen type, at high shear rate than at low shear rate
(Figure 7). This was confirmed by statistical parameter analysis (Supp. Figure
7).
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Figure 6. See upper page. Combined GPR56 and CIB1 peptides affecting collagen-
induced thrombus formation. Blood samples were pre-incubated with vehicle
medium (control) or indicated peptides pGRP, pCIB, pCIB™ (50 ug/mL each) for 10
minutes. Thrombus formation on collagen-I, -lll and -IV was monitored. A,
Representative images for collagen-I of: (i) vehicle control, (ii) pCIB™, (iii) pCIB, (iv)
PGRP + pCIB™, or (v) pGRP + pCIB. Scale bar = 10 um. B, Percentual effects of
peptides on combined parameters of platelet deposition (P1-2), thrombus
characteristics (P3-5) and platelet activation (P6-8) versus vehicle control condition.
Additional images and raw data for collagen-Ill and collagen-1V are given in Suppl.
Figures 5 and 6. C, Subtraction heatmap representing control-subtracted scaled (0-
10) parameters values for collagen-I, -1, and -1V microspots. Color code represents
decrease (green) or increase (red) in comparison to controls. Mean values + SD (n=3
donors). *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001 vs. vehicle (paired
Student’s t-test).

Absence of Peptide Effects on GPVI-Induced Platelet Aggregation and Ca®*
responses

Considering that the peptide-sensitive interaction of CIB1 with allbp3 is
thought to be confined to outside-in signaling?®, we checked the effects of
pGRP in combination with pCIB or pCIB™ on GPVI-mediated platelet
aggregation and intracellular Ca?* responses. As a control, we used the
common allbB3 inhibitor tirofiban®3. As expected, up to a concentration of
50 pg/mL, the peptide combination was unable to suppress the platelet
aggregation response to collagen-l or CRP-XL (Figure 8A i-ii). Quantitative
analysis only showed a minor significant aggregation inhibition by pCIB and
pGRP + pCIB (Figure 8B). The control compound tirofiban completely
blocked collagen-I- and CRP-XL-induced platelet aggregation. To investigate
GPVI-induced Ca?* responses, we examined fluorescence changes in
response to the same agonists using Fura-2-loaded platelets, employing a 96
well-plate based assay and static condition®!. In line with the aggregation
results, we did not notice significant changes in [Ca?*]; rises by pGRP alone
or in combination with pCIB or pCIB™ (Figure 8C). These results pointed to
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Figure 7. Shear rate dependency of GPR56 and CIB1 blockage. Blood samples pre-
incubated with vehicle (control) or indicated peptides (50 ug/mL) for 10 minutes,
and then perfused over collagen microspots for 3.5 minutes at 1000 s™ or for 6 min
at 150 s*. Shown is subtraction heatmap representing control-subtracted scaled (0-
10) image parameters values for collagen-1, -lll, and -1V microspots. Color code
represents decrease (green) or increase (red) in comparison to vehicle control runs.

near absence of (combined) signaling effects of pGRP and pCIB on platelets
under conditions of no or low shear.

Discussion

In this paper, we unraveled the roles of allbB3 integrin-dependent signaling
involving PTK2, CIB1 and GPR56 in collagen-dependent thrombus formation
under shear conditions. Our data support for this major platelet integrin, the
recently recognized concept of integrin affinity and avidity regulation by
mechanical forces?!, in that the activation and signaling via allbB3 can be
dampened by peptide-mimicking activation of the shear-dependent
receptor GPR56. This would imply that external shear forces play a role in
the concept of intracellular actomyosin-dependent mechanosensitive forces
for allbB3 activation?'. As we have recently shown®, the GPIbo-VWF axis
contributes to the formation of platelet aggregates under shear.

In our studies, we hypothesized that interference in integrin activation and
signaling via PTK2 and CIB1 would affect the process of thrombus formation
under shear. To investigate this, we used a range of collagens relevant for

304



A (i) (i)

Collagen CRP-XL
¢ '
T———————————— - +Tirofiban
g TS~——————— . +Tirofiban
© +pCiB™ L_
k_‘ - +pGRP - +pCiB
L * +pGRP+pCIB" IL_ - +pGRP
- L——__ -+ pGRP+pCIB * 4+ pGRP+pCIB™
X
81—' - Vehicle -+ pGRP+pCIB
1 min L - Vehicle
B () = i) =
) ° (i) g CRP-XL
= £ 150-
e 150 c
5 5]
S o
5 5 n.s. L
¥ 1001 ¥ 100
> g
< c
c S 50
o 501 2
F=] © —_—
© o0
% o
2 o % o_
- < & &
g S SSE
“ S e
& < L &
AN [C) ]
Q
c (ii)
1.5 cCollagen 1.5 CRP-XL
s g
T 104 ® 1.0
] ! -
= i £ 4
T / =
X 0.5 { N os54
o Y g‘
- f
§
0.0—zv—i—v—r!—n—!—ij—!—!—!—v—rrl—v—v—r!—rl—v—l—v—r!—!j

0 500 1000 1500 0 500 1000 1500
Time (s) Time (s)

m - Tirofiban pPGRP + pCIB™

s CIB™ mes GRP + pCIB

s DCIB — \/ehicle

s PGRP
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platelet aggregation or Ca* fluxes. A, B, Platelet preparations (250 x 10%/L) were
pre-incubated with vehicle control, tirofiban (1 ug/mL) or indicated peptides (50
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ug/mL) for 10 minutes. Platelet aggregation was monitored by light transmission
aggregometry in response to 1 ug/mlL collagen-I or (i) or 1 ug/mL CRP-XL (ii). A,
representative aggregation traces, and (B) normalized transmission changes. C,
Fura-2-loaded platelets were pre-incubated with vehicle control, tirofiban (1 ug/mL),
or indicated pep-tides (50 ug/mL) for 10 minutes, before adding to 96-wells plates.
After supplementation of 1 mM CaCl, loaded platelets were automatically
stimulated with 10 ug/mL by collagen-I (i) or 10 ug/mL CRP-XL (ii). Dual wavelength
340/380 nm fluorescence changes per well were recorded in a FlexStation 3. Shown
are representative [Ca?*]; traces per agonist. Mean values + SD (n = 3 donors);
*P<0.05, **P<0.005, ***P<0.001, ****P<0.0001 vs. vehicle (paired Student’s t-test).

the damaged vessel wall, e.g. the fibrillar Horm-type collagen | and human
tissue-derived collagens-Ill and -IV. These collagen types were previously
assigned to a high (1) or lower (lll, IV) platelet GPVI-dependency?!. Earlier
work also indicated that the thrombi formed on all three collagens rely on
Syk signaling, i.e. on tyrosine kinase activity through GPVI and in synergy
with allbB3 signaling®*!. As well-characterized PTK2 inhibitors, we used two
structurally different compounds, PF573228 and FAK-IN143%3°, We further
chemically synthetized the 7 amino acid peptide pGRP, which is considered
to mimic shear-dependent self-activation of GPR563?; and furthermore a 26
amino acid peptide pCIB (wildtype), known to enter platelets and block the
binding of CIB1 to the allb chain in outside-in signaling?®, as well as a four-
time mutated form pCIB™ with calculated higher free binding energy.

Control experiments indicated that pGRP, pCIB or pCIB™ by itself did not
influence collagen-induced platelet aggregation (integrin inside-out
signaling) or Ca?* fluxes, in agreement with a selective action on outside-in
signaling. Yet, PTK2 inhibition did block collagen-induced platelet
aggregation, pointing to a wider role of PTK2 in GPVI-dependent platelet
activation. On the one hand, whole-blood flow experiments indicated that
the inhibitors PF573228 and FAK-IN14 alone only slightly affected thrombus
formation under high shear, which was also true for pGRP. On the other
hand, when pGRP was combined with increasing doses of PF573228 or FAK-
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IN14, this untimately annulated the thrombus-forming process, extending
over all three collagen preparations and diminishing the majority of
parameters. Importantly, the thrombus-suppressing effect of pGRP plus the
PTK2 inhibitor was prominent at a high shear rate (1000 s!) and substantially
reduced at a low shear rate (150 s).

Mouse knock-out and human platelet studies have confirmed that PTK2
signaling regulates platelet spreading on fibrinogen'”*’. Other early studies
have shown that PTK2 phosphorylation - and likely activation - is a
coordinated signaling event involving integrins as well as other receptors3%42,
This is in agreement with our current findings that PTK2 inhibition has a
larger suppressive effect on GPVI-dependent platelet aggregation than CIB1
peptide interference. However, either type of inhibitor was similarly
effective in antagonizing thrombus formation on the investigated collagens.
Regarding CIB1, our results are furthermore compatible with the fact that
genetic ablation of Cib1 in mouse significantly delayed and destabilized in
vivo arterial thrombus formation, while leaving in vitro platelet aggregation

unaffected3C.

A remarkable finding was that the combination of the CIB1 peptide (pCIB or
pCIB™ peptide) with the GPR56 peptide (pGRP) was required to suppress the
thrombus-forming process on collagens. Herein, the combination of pGRP +
pCIB had the strongest antithrombotic effect, i.e. larger than pGRP + pCIB™
or pGRP + PF573228/FAK-IN14. Given the BFE values of pCIB and pCIB™,
pCIB™ was expected to outperform pCIB. However, it appeared that pCIB™
was not more effective than its counterpart. This could be due to the fact
that pCIB™ may adapt a more kinked conformation due to the mutation at
Q7, Y11 and Y16, which may induce o-helix conformation of the peptide,
resulting in less efficient CIB1-binding. Interestingly, CIB1 has also been
reported to bind WASP, a protein with mutations in patients with the
immunodeficiency Wiskott-Aldrich syndrome; the WASP-CIB1 complex was
assigned a role in integrin allbB3-dependent cell adhesion®.
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Figure 9. Scheme of proposed combined action of GPR56, GPVI and allb83
signaling in shear-dependent thrombus formation on collagen, consisting of
platelet aggregation, secretion and shape change. (i) GPR56 signaling: small GTP-
binding protein RhoA, activated by p115 RhoGEF (guanine nucleotide exchange
factor). (ii) GPVI signaling via FcR y-chain co-receptor: SFK (Src-family kinases) and
the tyrosine kinases Syk, Tec and Btk; phosphatidylinositol 3-kinase (PI3K); leading
to activation of PLCy2, which generates the second messengers DAG (diacylglycerol)
and IPs3 (inositol trisphosphate). (iii) allb83 outside-in signaling: SFK and CIB1
mediated activation, the latter triggering PTK2 (focal adhesion kinase FAK); small
GTP-binding proteins Raplb and RhoA transmit parts of the signal. For further
explanation, see text.

The collective and consistent shear-dependent inhibitory rather than
stimulatory effects of pGRP were unexpected. These findings suggest that
the tethered ligand-mimicking peptide blocks rather than enhances a
positive signaling role of the Ga13-linked GPR56 receptor; alternatively, in
human platelets, this receptor restricts platelets activation. However,
further studies will be needed to confirm this conclusion.

Overall, our findings point to a novel shear-dependent role of PTK2 and CIB1
in collagen-induced thrombus formation via integrin activation and signaling
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that involves the GPR56 receptor (Figure 9). Our work thereby extends the
previous studies on the separate roles of PTK2, CIB1 and GPR56. How
precisely the presumed GPR56-Goi13 activity adds to the PTK2-CIB1-allbf33
still need to be disclosed. Supported by earlier knock-out studies’273%32 gnd
the evaluation of multiple mouse genes in collagen-dependent thrombus
formation in vivo and in vitro'4, our findings now add another element to the
complex signaling cascades in platelets required for the build-up of a stable
contracted thrombus. Our work also extends the multitude of functions of
GPR56 in immune regulation and tumor progression*44°,
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Supplementary materials of Chapter 8

Supplementary methods of Chapter 8
Image processing for multiparameter assessment of thrombus formation

Microscopic images (EVOS microscope) were separately acquired in
brightfield, RPF (probe AF568), CY5 (probe AF647) and GFP (probe FITC)
channels, resulting in 8-bit black-white images for brightfield and overlaid
24-bit gray-level fluorescence images in each of the fluorescent channels. All
images were analyzed using Fiji software with pre-written scripts for each
individual channel. In brief, the scripts opened a set of images using a for-
loop. In this loop, the background level was homogenized using a fast Fourier
transform bandpass (FFTB) filter. This was followed by manual adjusting a
threshold setting and measuring the surface area coverage. For brightfield
images, in addition a series of ‘Gray morphology’ conversions was applied to
reduce striping and to improve the detection accuracy. The applied
conversion steps were as follows: a diamond large-sized close, followed by
a medium-sized circle close, and a small circle-shaped dilate. The first step
increased the selected pixels, yet stronger in regions with many neighboring
pixels; the second step rounded the shapes and additionally reduced straight
lines; and the final step could be manually adjusted to match the overlap
with the original images and the magnification used in the microscope. Prior
to analysis, the RGB images per color channel were subjected to an FFTB
filter with a size to have minimal impact on the structures, and yet flatten
the background areas for good analysis. For both the brightfield and CY5
images, large structures were filtered down to 60 pixels; for RFP images large
structures were filtered down to 150 pixels; and for GFP images large
structures were filtered down to 200 pixels. Small structures were not
filtered down as these contained details of interest within platelets.
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Reference brightfield images for scoring parameters P3-5

The following microscopic brightfield images were used as a reference for
scoring of parameters. Note that scoring was done including halve points.
P3: Thrombus morphological score (range 0-5)

P4: Thrombus multilayer score (range 0-3)
P5: Thrombin contraction score (range 0-3)

Scoring for P3: Thrombus morphology

No Single Platelet Small Medium Large
adhesion platelets monolayer | aggregates | aggregates | aggregates

Morphological Score 0 (<15 platelets) | Morphological Score 1 (>15 platelets)
Contraction score 0 Contraction score 0

Multilayer score O Multilayer score 0
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Morphologicalscore 2 Morphological score 3

Contraction score O Contraction score 1
Multilayer score 0 _ , Multilayer score 1

By atis ' .l #

Morphological score 4 Morphological score 5

Contraction score 2 Contraction score 3

Multilayer score 2 Multilayer score 3
Leukocyte count 1
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Performance of script for PS exposure (P6)

7360x1024 pixels, 8-1t 1.3V6 13601024 pixels; 8-bit; 1 IMB

Base image before threshold Threshold 25 (optimal) coverage = 6.5%

1360x1024 pixels, 8-bif, 1.3WB 13601024 pixels, & bit, 1 3WE

&

Do you like how the threshold was done?

- [ves =

Threshold 21 (to high) coverage =| Threshold verification image
10.7%
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Performance of script for P-selectin expression (P7)

T360x1024 pikels, 8-0t, 1.3WB

Base image Threshold 45 (coverage 44.5%) OK

1360x1024 Pels, B-Dit, 1.3MB 1360x1 024 pixals. &-bit, 1.3WE

)

o

Threshold 40 (coverage 52.8%) to high | Final image
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Performance of script for fibrinogen binding (P8)

[ [380%1024 pirels, -0 1.3E, 1360x1024 pixels; 8-Ait; 1,36

[ 73801024 pixels, 8- bit, 1 3WE

Base image Threshold 33 (18.4%) correct

| A
Threshold 29 (24.4%) to high| End image
background
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Supplementary figures and tables of Chapter 8

A Collagen-lll
Brlghtfle/d (P1-5) AF568 annexin (P6) AF647 aCD62P (P7) FITC fibrinogen (P8)

B

Suppl. Figure 1. Effects of GPR56-blocking peptide on collagen-dependent
thrombus formation. Whole blood (700 ulL) was pre-incubated with vehicle medium
or pGRP peptide (50 ug/mlL) for 10 minutes. After recalcification, the blood was
perfused over microspots of collagen-I, -1ll and -1V for 3.5 minutes at wall-shear rate
of 1600 s™. Brightfield and tri-color fluorescence images were taken per microspot
at end stage. Shown are representative microscopic images for collagen-lil (A) and
collagen-1V (B) of: (i) vehicle control, or (ii) pGRP. Scale bar = 10 um.
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A Collagen-I

() No pGRP (ii) Plus pGRP E P8
P7
1001 1001 I p6
B
2 2 =k
D 0 P2
g b M P
W W
Veh.2.5 5 10Veh.2.5 5 10 Veh.2.5 5 10Veh.2.5 5 10
I . i I i | |
FAK-IN 14 PF573228 FAK-IN 14 PF573228
B Collagen-lll
(i) No pGRP (ii) Plus pGRP
100 100+
S 2
o o
o a
A W
Veh.2.5 5 10Veh.2.5 5 10 Veh.2.5 5 10Veh.2.5 5 10
I { | | I i | i
FAK-IN 14 PF573228 FAK-IN 14 PF573228
C Collagen-Iv
(i) No pGRP (ii) Plus pGRP
1001 1001
% 80+ . o 80
E'l 604 o E- 604
W 40' [N 40'
20+ 20+
0- 0-
Veh.2.5 5 10Veh.25 5 10 Veh.2.,5 5 10Veh.2.5 5 10
I i | | I | |
FAK-IN 14 PF573228 FAK-IN 14 PF573228

Suppl. Figure 2. Quantitative effect of GPR56-blocking peptide and PTK2 inhibition
on collagen-dependent thrombus formation. Whole-blood flow runs over collagen-

323



I, collagen-Ill and collagen-1V, and analyzed as for Figure 3. Preincubation of PTK2
was with FAK-IN14 or PF573228 (2.5-10 uM) with(out) pGRP peptide (50 ug/mL).
Shown are cumulative plots per condition of scaled (0-10) image parameters: P1,
platelet adhesion; P2, platelet aggregate coverage; P3-5, thrombus morphology,
multilayer and contraction scores; platelet activation markers: P6, PS exposure; P7,
P-selectin expression; P8, fibrinogen binding. Means of duplicate runs for 3-5 donors.
Mean values compared per sample using a paired Student’s t-test, *P<0.05,
**p<0.005, ***P<0.001, ****P<0.0001.
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A  Collagen-Ill

Brightfield (P1-5) AF568 annexin (P6) AF647 aCD62P (P7) FITC fibrinogen (P8)

pPGRP +
PF573228 Vehicle

pPGRP +
FAK-IN 14

pGRP +
PF573228 Vehicle

pPGRP +
FAK-IN 14

Suppl. Figure 3. Effect of GPR56-blocking peptide and PTK2 inhibition on collagen-
dependent thrombus formation. Whole blood samples were pre-incubated with
vehicle medium (control) or indicated PTK2 inhibitor (PF573228 or FAK-IN14, 10 uM)
with or without pGRP peptide (50 ug/mL) for 10 minutes. After recalcification, the
blood was perfused over collagen-I, -lll and -IV microspots for 3.5 minutes at
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standard shear rate of 1000 s™. Representative end-stage brightfield and tri-color
fluorescence images from microspots with collagen-Ill (A) and collagen-I1V (B).
Shown are runs of control (i), pGRP + PF573228 (iv) and pGRP + FAK-IN14 (iii). Scale
bar =10 um.
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Suppl. Figure 4. Quantitation of shear rate dependency of GPR56 and PTK2
inhibition. Blood samples pre-incubated with vehicle (control) or PF573228 (5 uM)

with/without pGRP (50 ug/mL) for 10 minutes, and then perfused over microspots
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of collagen-I, collagen-Ill and collagen-IV for 3.5 minutes at 1000 s or for 6 minutes
at 150 s (see Figure 4). Shown are cumulative plots per condition of scaled (0-10)
parameters P1-8. Means of duplicate runs for 3-5 donors. Mean values were
compared per each blood sample using a paired Student’s t-test, *P<0.05,
**Pp<0.005, ***P<0.001, ****P<0.0001.
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A  Collagen-lll
. Br/ghtf/e/d(Pl 5) AF568 annexin (P6) AF647 aCD62P (P7) FITC fibrinogen (P8)

pGRP + pCIB™ Vehicle

pGRP + pCIB

E K
o |
Q
Q
+
a |
o
Q
Q |

pGRP + pCIB

Suppl. Figure 5. Combined effects of GPR56- and CIB1-blocking peptides on
collagen-induced thrombus formation. Whole blood samples were pre-incubated
with vehicle (control) or indicated peptides pGRP, pCIB, pCIP™ (50 ug/mlL each) for
10 minutes. After recalcification, the blood was perfused over microspots of
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collagen-I, -lll and -1V for 3.5 minutes at 1000 s (as in Figure 6). Brightfield and tri-
color fluorescence images were taken per microspot at end stage. Representative
images for collagen-Ill (A) and collagen-1V (B) of: (i) control runs, (ii) pGRP + pCIB
runs, or (iii) pGRP + pCIB™ runs. Scale bar = 10 um. Results from duplicate runs for
3-5 donors.

330



>

150 (i) Collagen-lil .
_ n.s. n.s. H Vehicle
S 5.
= pGRP+pCIB™
o
,,g Il pGRP+pCIB
X
_ H Vehicle
o
B pGRP+pCIB™
o
.2.; M pGRP+pCIB
N
P1-2 P3-5 P6-8
. . P8
B (i) Collagen-I (ii) Collagen-llI (iii) Collagen-1V H P7
P6
- - _ = p5
100 100 100 o ra
80 80 80 sk E E%
0 R S o) (o] N r1
8 60+ A 60 B 60
B B &
N 40 N 407 N 407
20+ 20 20+
& & S & & &
L e & L e & S S
¢ R KX ¢ R KX Q" ¢ R KX
& & & & & &
&R N & R

Suppl. Figure 6. Quantitative effects of GPR56- and CIB1-blocking peptides on
collagen-dependent thrombus formation. Experimental setup as in Suppl. Figure 6.
A, Percentual effects of peptides on combined parameters of platelet deposition
(P1-2), thrombus characteristics (P3-5) and platelet activation (P6-8) versus vehicle
control condition for collagen-lll (i) and collagen-1V (ii). B, Cumulative plots per
condition of scaled (0-10) parameters P1-8. Means of duplicate runs for 3-5 donors.
Mean values were compared per each blood sample using a paired Student’s t-test,
*P<0.05, **P<0.005, ***P<0.001, ****P<0.0001.
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Suppl. Figure 7. Quantitative effects of rate dependency of GPR56 and CIB1
blockage. Experimental setup as in Figure 7. Blood samples pre-incubated with
indicated inhibitors, and perfused over microspots of collagen-I, collagen-Ill and
collagen-1V for 3.5 minutes at 1000 s or for 6 minutes at 150 s. Shown are
cumulative plots per condition of scaled (0-10) parameters P1-8. Means of duplicate
runs for 3-5 donors. Mean values were compared per each blood sample using a
paired Student’s t-test, *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001.
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Chapter 9

General discussion
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Cardiovascular diseases (CVD) are among the greatest threatens to human
health?. In CVD, especially arterial thrombosis is a leading cause of death?3.
It is well recognized that platelets play a key role in the onset and
establishment of arterial thrombus formation, and they also crucial for
normal hemostasis®. Platelets furthermore contribute to several other
physiological and pathological processes, including thrombo-inflammation,
cancer metastasis and vascular integrity>®. In the last decade, the platelet
glycoprotein (GP)VI receptor has gained increased attention, as it is involved
in nearly all of these pathological processes, whereas its role in hemostasis
is minor’. This insight has raised the interest of GPVI as a novel
antithrombotic target, potentially leading to drugs not causing major
bleeding as a side effect. In spite of all the research, not much is known of
the signaling mechanisms that restrain GPVI activity in platelets. Advanced
mass spectrometric techniques are valuable here, since these provide in-
depth insight into the protein phosphorylation changes, such as induced by
GPVI, in activated and inhibited platelets®1°,

In the present thesis, | aim to provide a comprehensive overview of the
complete platelet proteome and to elucidate the restraining mechanisms of
GPVI-mediated thrombus formation by proteomics analyses and
microfluidic assays. Chapters 2-8 thus provide in-depth information on
platelet multi-omics and on novel factors that regulate GPVI-induced
platelet activation and thrombus formation. In more detail, the focus of my
work is on: (i) overviewing the literature on platelet proteomics; (ii) trying to
assess the complete platelet proteome by taking advantage of the genome-
wide human platelet and megakaryocytes transcriptomes; (iii) extending this
information to the mouse platelet proteome and transcriptome for
comparison; (iv) link the omics insights to examine the controlling
mechanisms of GPVI-induced platelet activation such in combination of with
the fibrinogen receptor, integrin allbp3.
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Overviewing the field of platelet proteomics

Before diving into the experimental work, Chapter 2 provides an overview
of key platelet signaling pathways and it introduces how molecular
proteomics can help to develop novel insight into platelet functions in health
and disease. From the 67 reviewed publications on human platelet
proteomics, it becomes clear that thousands of proteins have a role in
platelet formation or function, and that many of these proteins contain
phosphorylation sites that are regulated in activated or inhibited platelets.
The phospho-site regulation holds for all conventional triggers of platelet
activation, including collagen-like substances (via GPVI), von Willebrand
factor (via GPlb-V-IX), thrombin (via the receptors PAR1 and PAR4), ADP (via
the receptors P2Y; and P2Y1;), thromboxane A; (inhibited with aspirin) and
the CLEC2 receptor with partly unclear ligands. The continuous development
of mass spectrometric techniques has enabled these and even more
regulated other types of post-translational modifications. Overviewing the
detailing on advancements brought by these techniques, two aspects are
important to mention: (i) the numbers of identified proteins and
modification sites still vary widely between papers, depending on the
purpose of the researchers, (ii) in spite of the large amounts of proteins and
phosphorylation sites identified, the really important targets in key signaling
pathways are still mostly unclear.

In this respect, we reported in Chapter 2 on the limitations and challenges
of current proteomics research in understanding the platelet (sub)proteome
and the proteins associated with platelet signaling and activation, also taking
into account metabolic, regulatory and structural aspects of platelets. The
conclusion is that we need more confirmation and standardization of the
proteomics outputs and, in addition, need powerful bioinformatics tools for
in-depth analysis of the relevance for platelet function. It is to be expected
that in the future, mass-spectrometry-based proteomics will develop to
even more useful tools for detecting novel biomarkers for (abnormal)
platelet activity in CVD and in response to medication in the clinic.
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Global quantitative comparison of human and mouse platelet proteomes
and transcriptomes

Because the a-nucleated platelets have attained a final differentiation stage
and are limited in messenger translation, they form a relatively homogenous
human cell source!l. By consequence, functional changes of platelets need
to be regulated by post-translational modifications (PTM) such as protein
phosphorylation, acylation, glycosylation, cleavage and ubiquitinoylation.
This provides an attractive opportunity for mass spectrometry-based
analysis of protein modifications for investigating the regulatory activation
pathways inside of a responsive platelet®!2,

Platelets are unable to transcribe nuclear DNA, but they still contain an
abundant and complex RNA transcriptome, including species of mRNAs, pre-
mRNAs, RNAs from pseudogenes, micro-RNAs and circular RNAs!Y 13 14,
Although the proteome and the transcriptome of human platelets have been
studied by various groups in the last decade, a comprehensive multi-omics
comparison has not yet been made. In this thesis, we set on to systematically
assess the quantitative (human) platelet proteome in comparison to the
quantified platelet and megakaryocyte transcriptomes by combining
multiple published datasets. In Chapter 3, the work was performed in
collaboration with the owners of the datasets, i.e. the Blueprint Consortium
(M. Frontini, Cambridge). In addition, we brought in a novel way of (UniProt-
based) classification of proteins depending on the protein's main
intracellular localization and function. This classification scheme, together
with the transcriptome data, was used to establish a prediction model for
the full platelet proteome, which we could also validate.

In Chapter 3 we further describe that the human platelet and
megakaryocyte transcriptomes are highly correlated, especially for the
protein-coding genes. This similarity suggests a more or less random transfer
of mRNAs from megakaryocytes to the formed platelets. This suggestion
agrees with data from others that the gene expression levels in platelet to a
certain extent reflect the megakaryocyte transcriptional status'>'. Our
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findings in addition demonstrate that the quantitative platelet proteome, as
far as known, is less well correlated with the platelet or megakaryocyte
transcriptome, which is consistent with a similar conclusion for bacteria and
mouse tissues!’18,

Our functional class analysis pointed out that the high appearance in the
proteome of cytoskeleton intermediate proteins and secretory proteins with
essentially absent mRNA levels can be explained by unavoidable
contamination of samples with plasma proteins (present in the platelet open
canicular system) and human keratins (likely coming from individuals
responsible for the sample workup).

The earlier literature was still confusing on the degree of correlation
between the human platelet proteome and transcriptome. In 2004, this
correlation was estimated as high as 69%, but this percentage was limited to
measurements of only 82 secreted proteins®. Later, Londin et al. performed
a comprehensive quantitative comparison on a larger set of platelet proteins,
and reported a much weaker connection (R = 0.30) between quantified
mRNA (based on RNA-Seq analysis) and protein abundance levels?®°. The
work of that group indicated that the majority of identified proteins had
detectable levels of mRNA, but not vice versa®®, a conclusion that is in
agreement with the present findings. Our first platelet proteome-
transcriptome database of Chapter 3 contains more than 57k genome-wide
transcripts corresponding to an expected proteome of around 15k protein-
coding transcripts. Since so far only 5.2k unique platelet proteins have been
identified, this means that around 10k proteins are ‘missing’, i.e. absent from
the theoretical proteome. In quantitative terms, our analysis indicated that
platelet proteins with highest copy numbers consistently had high mRNA
levels, while proteins with lower copy numbers had more variable mRNA
levels. Taking into account the high correlation with the megakaryocyte
transcriptome, this may suggest a single gene/messenger-specific regulation
of translation in the megakaryocyte.
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Our assignment of gene products into protein functional classes pointed to
three restraining factors, responsible for the low protein identification in
platelets. These were: (i) a (peri)nuclear localization of a protein in the
megakaryocyte; (ii) a low megakaryocytic transcription level, or (iii) a low
mMRNA translation level. These factors agreed with findings by the group of
Rowley, Weyrich and co-workers. This group made a comparison with
detectable mRNA species, and pointed out that 96% of the 3,993 identified
proteins corresponded to detectable mRNA, of which 87% were expressed
well in platelets?!. Conversely, of the highly expressed transcripts also 84%
corresponded to an identified protein. Together, these findings demonstrate
that those proteins with both a high transcription and high translation in the
megakaryocyte are more likely to be identified in platelets by proteomics
techniques.

To gain a more comprehensive understanding of platelet proteome and
transcriptome, in Chapter 4 we added more datasets of human and mouse
platelet transcriptomes and linked these to the corresponding platelet
proteomes. The updated comparison of multiple transcriptomes showed
high correlations within species (R > 0.90). However, correlations between
species were lower both for the levels of mMRNA (R = 0.61) and proteins (R =
0.65). This applied to essentially all protein function classes. Our work in this
chapter extends a previous inter-species comparison, based on smaller
datasets. Herein, the correlation between human and mouse platelet mRNA
expression levels was lower (R = 0.44) for mRNA levels with relevant
expression (defined as >0.3 rpkm)?2. Also for human and rat platelets, a high
similarity for the static ‘core’ and ‘evolutionary’ proteins has been revealed
by comparative quantitative proteomics analysis?3.

Our own data show a remarkably high overlap between the identified
human and mouse platelet proteomes, and an even higher overlap between
the presence of human and mouse platelet mRNA transcripts (84%). This
overlap was highest for the most abundant transcripts (96%), which again is
an extension of the conclusion on overall similarity from Rowley et al.?%. On
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the other hand, our data point to specific inter-species differences in the
presence or absence of certain transcripts. We figured out 184 differences
between human and mouse, including for PAR3, the thrombin receptor that
is only expressed on mouse platelets. Functional classes analysis revealed
that differences were especially present in transcripts for membrane
receptors and channels, and for signaling & adapter proteins. A restricted,
only qualitative analysis of the human and mouse platelet transcriptome
indeed indicated typical inter-species differences in the platelet signaling
cascade?*.

Signaling restraining mechanisms of platelet GPVI

The activation processes of platelets in thrombosis and hemostasis are
driven by intracellular signaling cascades. Mass spectrometry-based
proteomics provides a useful way for detecting key regulatory elements in
platelet signaling by monitoring alterations in protein expression and protein
phosphorylation. In Chapter 5, we quantified 2,516 phosphorylation sites in
platelets from seven patients with pseudohypoparathyroidism type Ia
(Albright hereditary osteodystrophy syndrome or AHO syndrome). This
syndrome is linked to a mutation in the GNAS gene locus, encoding for the
Gas protein. Of the phosphorylation sites in the patients’ platelets, 453
appeared to be iloprost-regulated. The majority of the up-regulated
phospho-proteins were protein kinase A-dependent, while changes in the
global platelet proteome were minor. The conclusion of a highly regulated
phosphoproteome but a stable global proteome is consistent with other
research on the platelets from patients with Scott syndrome or Gray platelet
syndrome. In the Scott platelets, stimulation of GPVI and thrombin receptors
caused an overall increase in phosphorylation level, while only 2.5% of the
proteins were changed in global protein expression®. In Gray syndromic
platelets (lacking granules), only 83 out of 2200 quantified proteins were
found to be differential expressed. This suggested that most of the platelet
proteins were similarly expressed in the patients and controls, except for the
proteins regulating granule formation or involved in Ca** mobilization?®.
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Loroch et al., investigating the platelet proteome of Glanzmann patients,
applied targeted mass-spectrometric methods (iTRAQ-labeling and parallel
reaction monitoring, PRM) for the quantification of several possible integrin-
linked proteins, including the coagulation factor Xlll B chain (F13B),
plasminogen (PLMN) and laminin subunit a4 (LAMA4)%. While these
proteins along with fibrinogen and the integrin allb and B3 chains were
altered, again the majority of the platelet proteome was unchanged. Taken
together with our findings, it seems that in patients with platelet-related
disorders the global platelet proteome is almost unchanged, except for
some typical deviations. On the other hand, as we and others reported,
guantification of phosphorylation changes in activated platelets did reveal
important activation changes in the platelets from specific patient groups.
Together, this argues for more precise proteomic-based quantification
methods for monitoring such phosphorylation changes than the ones
provided by current techniques. High-throughput analysis and zero variance
in proteomic sample preparation applied to platelets will be an important
step forward?’.

Apart from phospho-proteomics, Western blotting is widely used for the
analysis of platelet signaling pathways. In Chapter 7, we investigated the
signaling regulation of a postulated restraining mechanism for platelet
activation in GPVI-induced platelet activation (Figure 1). Pharmacological
inhibition of the protein tyrosine phosphatases Shp1/2 showed an increased
platelet aggregation in response to low doses of CRP-XL, as well as a reversal
of the blockage effect of phosphoinositide 3-kinase (PI3K).

These findings matched the earlier postulated suppressive role of Shp2
(gene PTPN11) in GPVI- and ITAM-regulated platelet signaling?®. On the
other hand, in combined Shpl- and Shp2-deficient mouse platelets, a
reduced to normal platelet aggregation, respectively, was observed in
response to CRP-XL?. The latter reduction was explained by a lower GPVI
expression on the deficient platelets, which hence differs from effects of
combined Shp1/2 inhibition. In the same study, it was reported that in
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Figure 1. Summative representation of GPVI- and allbf3-related platelet
signaling cascades upon stimulation by collagen, fibrin or fibrinogen. The binding
of collagen (fibrin) to GPVI and the dimeric ITAM-containing FcRy chain activates
Src family kinases (SFK) and Syk, resulting the assembly of a LAT signalosome to
recruit adaptors including PLCy2, PI3K, Tec/Btk. The activation of PI3K isoforms
catalyzes the generation of the phospholipid messenger PIP3, and the PLCy2
activation leads to Ca** mobilization. ITIM-containing receptors provide docking
sites for Shp1/2 to inhibit ITAM-mediated platelet activation, but only under certain
conditions. The activated integrin allb83 by binding to fibrinogen helps to sustain
platelet aggregation, secretion and shape change through SFK, CIB1, FAK (i.e., PTK2)
and the GTPase Raplb. The receptor GPR56 is activated by binding to collagen at
high shear rate and may regulate platelet activation via RhoA. Key abbreviations:
DAG, diacylglycerol; FAK, focal adhesion kinase; IP3, inositol 3-phosphate; PI3K,
phosphoinositide 3-kinase; PCK, protein kinase C. Figure created by Biorender.com.

platelets from Shpl-deficient mice (gene Ptpn6) the tyrosine
phosphorylation levels of PLCy2 Tyr?Y’, Src Tyr*® and Syk Tyr>19+520 were
reduced upon stimulation of CRP-XL, while there was no difference in Shp2-
deficient platelets?. In our experiments of Chapter 7, we did not detect an
altered phosphorylation level of PLCy2 at Tyr’>°, Src at Tyr*°, or Syk at
Tyr>2°*326 after blocking of Shp1/2 in the GPVI-stimulated human platelets
via collagen-related peptide. Interestingly, the phosphorylations of Src Tyr#**°
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and PLCy2 Tyr”>® were reduced rather than increased in the combined
presence of both Shp1/2 and phosphoinositide 3-kinase (PI3K) blockers. In
addition, we observed an unchanged collagen-induced platelet aggregation
in response to Shp inhibition, which agrees with a report by other authors3°.
The differential responses of platelets to collagen-related peptide or
collagen can be explained by the adjacent role of platelet integrin a2f1 in
binding to collagen. Overall, we concluded that the isoform Shp2 is
regulatory at suppressed PI3K activity in GPVI-specific platelet responses via
a mechanism not involving PLCy2 phosphorylation and activation. However,
this work will need confirmation using isoform-specific inhibitors of Shp1 or
Shp2.

Role of GPVI in arterial thrombosis and hemostasis

In the past decades, the evidence for a role of the platelet-specific receptor
GPVI in arterial thrombus formation has accumulated. One of the first
reports on this came from in vivo studies with mice where GPVI was blocked
by the antibody JAQ1, while causing a no more than moderate increase in
tail bleeding time3!. The recognition that mouse GPVI has a major role in
arterial thrombosis, but a minor role in hemostasis made GPVI an interesting
antithrombotic target®2. However, the mechanisms and signaling pathways
of GPVI-dependent platelet activation in thrombosis are still incompletely
understood. To explore these, we investigated the contribution of two less
well identified pathways in GPVI signaling and thrombus formation.

In Chapter 6, we examined the role of GPVI in fibrin- and fibrinogen-
mediated thrombus formation under flow. On surfaces of immobilized fibrin
or fibrinogen, we found that GPVI induced the formation of microthrombi at
arterial shear rates under coagulant conditions. The study also indicated that
integrin allbB3 next to GPVI contributes to the fibrin(ogen)-dependent
platelet adhesion and activation (Figure 1). This finding was confirmed with
blood samples from Glanzmann patients, lacking the integrin. In addition,
we observed that fibrin-induced platelet aggregation, Ca?* mobilization and
granule secretion were partly reduced, when the GPVI was blocked by Fab
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9012, while these responses were fully suppressed when the signaling via
Syk was blocked. Since Syk is a common protein tyrosine kinase activated
downstream of GPIb-V-IX, GPVI and allbB3, we checked for inhibition of
GPlb-V-IX, which showed no more than mild effects on platelet activation.
Together, this work suggested that in the fibrin-induced thrombus formation,
the roles of GPVI and integrin allbB3 are nonredundant, meaning that both
GPVI and allbB3 are necessary for microthrombus formation. This
conclusion is consistent with previous research that the shear-dependent
thrombus formation in mouse in vivo becomes abolished upon blockage of
Syk33. Taken together, our findings allow to support an earlier conclusion
that platelet GPVI can become (weakly) activated by fibrin3*.

To further explore the relationship between integrin allbf3 and collagen-
GPVI-mediated thrombus formation under flow, in Chapter 8 we explored
the combined contributions of the shear-dependent collagen receptor
GPR56 with an integrin-dependent pathway involving calcium and integrin-
binding protein 1 (CIB1)3> and focal adhesion kinase (PTK2) in thrombus
formation in vitro (Figure 1). For this purpose, we designed and synthesized
peptides interfering with the interaction of CIB1 with aullbf3 (pCIB and pCIB™)
or with GPR56 (pGRP). We observed that the thrombus formation on
collagen surfaces at high shear rate (1600 s) was slightly reduced in the
presence of pGRP, thus in agreement with the postulated role of GPR56 as a
shear-force dependent receptor3®. Interestingly, we also observed that the
addition of PTK2 inhibitors drastically enhanced the inhibitory effect of pGRP
on the thrombus formation. This suggested that the role of GPR56 may be
obscured by the known allbB3-dependent activation through PTK2%. In
contrast, in slowly stirred suspensions of aggregating platelets, we did not
see a synergistical effect of pGRP with PTK2 inhibitor. Further experiments
then indicated that the combination of pCIB with pGRP had similar but less
strong effects under shear as PTK2 inhibition, allowing us to postulate a
shear- and integrin allbB3-dependent novel role of CIB1 and PTK2 in
collagen- and GPVI-mediated thrombus formation.
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Conclusion and future perspectives

In this thesis, | provide a global reconstruction of the full transcriptomes and
proteomes of human and mouse platelets, including a comprehensive
gualitative and guantitative comparison between the
platelet/megakaryocyte transcriptome and proteome per 21 (or 22)
assigned protein function classes. My work has elucidated both qualitative
and quantitative inter-species differences of the (theoretical) platelet
proteomes and transcriptomes. In addition, | describe some novel
approaches to reveal the inhibitory mechanisms of collagen- and GPVI-
mediated thrombus formation.

Altogether, this thesis provides several novel insights: (i) the protein
composition rather that the expression levels in platelets is related to the
transcriptome of platelets and megakaryocytes, in a way that proteins with
both a high transcription and translation in the megakaryocyte are more
likely to be identified by proteomics techniques; (ii) the platelet proteins and
protein-coding transcripts show high inter-species overlap, while
correlations are relatively low on a quantitative base; (iii) only several key
proteins appear to be altered in platelet-related disorders or platelet with
specific treatment; (iv) the tyrosine phosphatase pathways of Shp1/2 only
under certain conditions restrains the GPVI-induced platelet activation; and
(v) the outside-in signaling pathway of integrin allbf3, CIB1 and PTK2
positively contributes to collagen- and (likely) fibrin-induced thrombus
formation via GPVI.

Currently, based on transcriptome analysis, no more than half of the
proteins that are expected in human or mouse platelets has been identified.
Accordingly, the full platelet proteome is not yet known, likely due to the
technical and instrument limitations. This limitation sets a brake on
investigating the precise regulation of the platelet signaling pathways. We
envision that the newest developments of mass-spectrometric techniques,
instrumentation and analysis methods will overcome this limitation. As a
result, with the more complete platelet global proteome and regulated
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platelet phosphoproteome established, application to the research field of

platelet signaling and to the clinic will become easier and more user-friendly.

Concerning GPVI as a novel antithrombotic target, in spite of the fact that

this platelet receptor has been studied for such a long time, anti-GPVI drugs

are still in the early phase of clinical testing. Today, glenzocimab (based on

the 9012 Fab) and revacept are the GPVI-related drugs with first promising

results in clinical trial. My hope is that the GPVI-related signaling pathways

examined in this thesis will help to better understand the potential and

perhaps limitations of these anti-GPVI drugs.
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Platelets play a key role in several physiological and pathological processes
including hemostasis, arterial thrombosis, inflammation, vascular integrity
and cancer metastasis. Upon vascular injury, they form a plug or thrombus
to prevent excessive blood loss, and in thrombosis they form an occlusive
blood clot. Glycoprotein VI (GPVI), as the major signaling collagen receptor
on platelets, is currently considered as a novel antithrombotic target due to
its established role in murine arterial thrombosis but a limited role in
bleeding. In spite of multiple investigations, aspects of the mechanisms of
collagen- and GPVI-mediated platelet activation are still unclear. Because of
their anucleate structure, the majority of protein activities in activated
platelets are regulated by post-translational modifications (PTMs). For this
reason, high-resolution mass spectrometry-based proteomic techniques
have become powerful tools to systematically discover and understand
changes in protein phosphorylations and integrate these into receptor-
mediated protein signaling cascades. The central aims of this thesis were to
reveal the composition of the complete platelet proteome and to elucidate
novel mechanisms and pathways of GPVI-induced platelet activation and
thrombus formation.

Chapter 1 provides a general introduction of the contribution of platelets to
thrombosis and hemostasis. Particular attention is paid here to the roles of
GPVI, the GPVI-related signaling pathways, and the use of platelet
proteomics. As a detailed overview of the application of proteomics methods
to platelet research, the review Chapter 2 lists and discusses all published
work on human platelet proteomes, platelet signaling, and specific
applications brought in by molecular proteomic research in health and
disease. The chapter summarizes the findings from 67 publications related
to human platelet proteome studies since 2010, and details relevant
signaling pathways mediated by activating receptors on platelets, including
the collagen receptor GPVI, the von Willebrand factor (VWF) receptor GPlb-
V-IX, the podoplanin receptor CLEC-2, the thrombin receptors PAR1 and
PAR4, the ADP receptors P2Y1 and P2Yi,, the thromboxane A, receptor TP,
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and furthermore the fibrin(ogen) receptor integrin allbB3. In addition, we
included information related to the platelet inhibitory agents, prostacyclin
and nitric oxide. Regarding signaling pathways, we overviewed current
developments in platelet proteomics techniques. Applications of these
techniques to monitor protein changes appeared to extend from platelet
ageing, platelet-related congenital disorders to platelet alterations in
cardiovascular disease. We also reported current limitations and challenges
of the proteomics methods for established a full platelet (sub)proteome
related to signal transduction, metabolism, platelet structure and survival. It
is stated that, in the future, mass-spectrometry-based proteomics promise
to be one of the powerful tools for detecting biomarkers related to platelet
abnormalities, and use in the clinic.

Since the full platelet proteome in relation to the platelet transcriptome was
not established, in Chapter 3 we provided a comprehensive quantitative
comparison of these omics set based on the leading Blueprint dataset
(Cambridge, UK) and six published proteomes from the Leibnitz Institute ISAS
in Dortmund. This comparison led to a prediction model for the full or
theoretical platelet proteome. In this chapter, we established a current
human platelet proteome database of more than 5,200 identified unique
proteins, and combined with the genome-wide RNA-Seq platelet and
megakaryocyte transcriptomes of >54k transcripts. All the potentially
expressed platelet mRNAs and proteins were classified into 21 protein
function categories, depending on the intracellular location and the assumed
function as annotated in the UniProt database. Quantitative comparison of
the human platelet and megakaryocyte transcriptomes indicated a high
correlation, especially for the protein-coding transcripts. Furthermore, a
guantitative comparison between the platelet proteome and transcriptome
data showed a triangular pattern, indicating that a high translation
corresponded to a high transcription level, but not vice versa. These results
were consistent with the distribution patterns of platelet transcripts, in that
the fraction of mRNAs with corresponding identified proteins increased with
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the mean gene expression level. On the other hand, in the not-identified
parts of the platelet proteome, the majority of the corresponding transcripts
had low gene expression levels, regardless of the function classes.

Our function class-based analysis of proteome and transcriptome indicated
three restraining factors for a limited protein identification in platelets by
mass spectrometry-based proteomics; these are: (i) (peri)nuclear localization;
(i) low transcription levels, and (iii) low translation levels. This information
was used to build a prediction model based with three restraining factors,
leading to an achievable platelet proteome of 10 k proteins. The prediction
model could be validated by a new analysis with the platelet pool from 30
healthy subjects.

As a next step, to gain a more comprehensive understanding of the
proteome and transcriptome, we extended our analysis to the classified
transcriptomes of both human and mouse platelets, and linked these to the
available proteome datasets. Accordingly, in Chapter 4, we integrated eight
RNA-Seq datasets from human platelets and two datasets from mouse
platelets, altogether resulting in 54,357 human transcripts with 20,125 of
protein-coding genes, and 17,317 mouse protein-coding transcripts. Our
results indicated that, in spite of some heterogeneity in sample in
transcriptome profiling, the platelet transcriptome is highly correlated for
datasets within species. On the other hand, in between species the
correlation was low for both the transcriptomes and proteomes, regardless
of the assigned function classes. Despite this, the qualitative overlap was
high between human and mouse regarding the proteins with estimated copy
numbers, and regarding the orthologous mRNAs, especially for the high
abundant transcripts. On the other hand, several many species-unique
transcripts and proteins were identified, of which 184 with major inter-
species differences, including PAR3 as a thrombin receptor known to be only
present in mouse platelets. The protein function class analysis pointed out
that the most different proteins were enriched in the classes of membrane
receptors & channels, and signaling & adapter proteins.
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An interesting application of mass spectrometry-based proteomics is to
monitor protein changes in the platelets from patients with platelet-related
disorders. In Chapter 5, we revealed the phosphoproteome changes in
platelets from seven patients with Albright hereditary osteodystrophy
syndrome (AHO or pseudohypoparathyroidism type la). The AHO syndrome
is linked to a loss-of-function mutation in the GNAS gene locus, encoding for
the Gso protein, which is involved in activation of adenylate cyclase (AC) and
cAMP-dependent protein kinase A (PKA); i.e. a major platelet-inhibition
pathway. In this chapter, 453 iloprost-regulated phosphorylation sites were
detected out of 2,516 identified phosphorylation sites, of which 50 were
differentially regulated between patients and healthy control subjects. The
iloprost upregulated proteins were in majority proven to be PKA-dependent.
The proteome changes were: (i) linked to a defective Gas and PKA activity,
(i) related to changes in platelet function, and (i) evaluated for the potential
of discriminating patients with GNAS mutations between AHO and non-AHO.
However, despite the dramatic changes in the patients’ platelet
phosphoproteome, the global protein expression showed only slight
alterations. In spite of these findings, the results also pointed to the need of
more precise proteomic quantification methods for monitoring the dynamic
changes in protein phosphorylation.

As the major signaling collagen receptor, GPVI plays an important role in
murine arterial thrombosis, meaning that it is important to know the positive
and negative regulatory signaling pathways downstream of GPVI. In Chapter
6, we focused on the joint roles of GPVI and integrin allbB3 in fibrin(ogen)-
induced thrombus formation under flow conditions. It was noticed that a
fibrin or fibrinogen surface only moderately stimulated GPVI, resulting in
limited platelet aggregation and microthrombus formation at arterial shear
rate. In addition, blockage studies of GPVI or Syk demonstrated a non-
redundant role of GPVI and integrin allbp3 in the fibrin-induced thrombus
formation. Similar observations were made with the blood from Glanzmann
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patients, whose platelets lack allbpB3. Accordingly, our data pointed to a
partial overlap of the clinical-relevant antagonism of GPVI and allbp3.

In Chapter 7, we investigated the how the supposed negative regulation of
GPVI by the tyrosine phosphatases Shpl and Shp2, influenced the GPVI-
induced platelet activation. We found that the combined inhibition of Shp1/2
by NSC87877 increased the platelet aggregation induced by a low dose of
collagen-related peptide. In addition, NSC87877 rescued the inhibitory
effects of blocked phosphoinositide 3-kinase (PI3K) on platelet aggregation.
However, western blot analysis indicated that the phosphorylations of PLCy2

Tyr759 419

and Src Tyr**® were reduced by the combined inhibition of Shp1/2 and
PI3K. In contrast, the phosphorylation of Syk Tyr>2°*>26 remained unaltered.
Taken together, these findings suggested that Shp1/2 compensates for the
absence of PI3K activity in mediating integrin activation and PLCy2
phosphorylation, although the sign of change was different. Likely, this
underscores a negative role of Shp2 (in integrin activation) and a positive role

of Shp1 (in the PLC pathway).

In order to better understand the contributions of GPVI and integrin allbf3
in collagen-induced thrombus formation, in Chapter 8 we conducted
research to the integrin-dependent roles of focal adhesion kinase PTK2,
calcium and integrin-binding protein 1 (CIB1) and the shear-dependent
collagen receptor GPR56. For this purpose, we designed and synthesized
peptides that were proven to interfere with the allb-CIB1 binding (pCIB and
pCIB™) or mimicked the activation of GPR56 (pGRP). We noticed that pGRP
at high shear rate showed suppressive effects on collagen-mediated
thrombus formation, rather than activating effects. Furthermore, the
simultaneous blockage of PTK2 caused an even higher suppression of
thrombus formation. And the same was true for the CIB1 interfering peptides,
pCIB and pCIB™. On the other hand, no peptide effects were observed for
GPVI-induced platelet aggregation or Ca?* mobilization, in the absence of
shear. Together, these findings pointed to a shear-dependent role of PTK2,
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CIB1 and integrin allbB3 in collagen- and GPVI-mediated platelet activation
and thrombus formation.

In Chapter 9, the most important findings are critically discussed and placed
within the framework of the current literature. It is stated that the current
work provides a powerful tool for further investigating the platelet protein
composition and to reveal the relations of the platelet proteome and
transcriptome across human and mouse. There is still a new avenue to open
by mass-spectrometry based proteomics methods, also to help further
elucidating the positive and negative pathways underlying GPVI-induced
thrombus formation in hemostasis and thrombosis; and furthermore to help
identifying GPVI antagonist, such as developed in the H2020 TAPAS program
for antithrombotic studies.
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Samenvatting
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Bloedplaatjes spelen een sleutelrol in meerdere fysiologische en
pathofysiologische processen, waaronder hemostase, arteriéle trombose,
ontsteking, vasculaire integriteit en metastases. Bij vaatwandschade vormen
ze een prop of trombus om daarmee overmatig bloedverlies te voorkomen,
en bij trombose klonteren ze samen tot een occlusief bloedstolsel.
Glycoproteine VI (GPVI), als de belangrijkste signalerende collageenreceptor
op bloedplaatjes, wordt momenteel beschouwd als een nieuw
antitrombotisch doelwit vanwege diens bewezen rol bij arteriéle trombose
van de muis, met daarbij een beperkte rol in de hemostase. Ondanks
uitgebreid onderzoek is een deel van het mechanisme van collageen- en
GPVI-gemedieerde bloedplaatjes-activering nog steeds onduidelijk. Door
afwezigheid van een celkern worden eiwitten in geactiveerde bloedplaatjes
grotendeels gereguleerd door post-translationele modificaties (PTM's).
Inmiddels zijn op massaspectrometrie gebaseerde proteoom-technieken
met een hoge resolutie krachtige hulpmiddelen geworden om
veranderingen in eiwitfosforylering in bloedplaatjes te begrijpen en om deze
te integreren in receptor-afhankelijke eiwitsignaleringscascades. Centrale
doel-stellingen van dit proefschrift zijn om de samenstelling van het
complete bloedplaatjes-proteoom te bepalen en om nieuwe mechanismen
en routes van GPVI-geinduceerde bloedplaatjesactivering en thrombus-
vorming op te helderen.

Hoofdstuk 1 verschaft een algemene introductie van de bijdragen van
bloedplaatjes aan trombose en hemostase. Bijzondere aandacht is besteed
aan de rol van GPVI, de GPVI-gerelateerde signaleringsroutes en het gebruik
van bloedplaatjes-proteomics. Hoofdstuk 2 bevat een gedetailleerd
overzicht van de toepassingen van proteomics-methoden in het
bloedplaatjesonderzoek. Een sommatie is gegeven van het gepubliceerde
werk over proteoom-analyses van humane bloedplaatjes, de
signaleringsroutes en specifieke toepassingen in het kader van gezondheid
en ziekte. Hoofdstuk 2 bevat daarmee de bevindingen van 67 publicaties met
betrekking tot studies aan het bloedplaatjesproteoom sinds 2010. Een
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beschrijving wordt gegeven van de meest bekende signaleringsroutes, die
worden aangestuurd via relevante receptoren, waaronder de
collageenreceptor GPVI, de von Willebrand-factor (VWF)-receptor GPlb-V-IX,
de podoplanine receptor CLEC-2, de trombine-receptoren PAR1 en PAR4, de
ADP-receptoren P2Y; en P2Y1,, de tromboxaan A,-receptor TP, en verder de
fibrinogeen (en fibrine) receptor integrine allbf3. Daarnaast hebben wij
informatie opgenomen over bloedplaatjesremmende middelen, met name
prostacycline en stikstofmonoxide. Met betrekking tot signaleringsroutes
geven we een overzicht van huidige ontwikkelingen in de proteomics-
technieken. Toepassingen hierin om eiwitveranderingen te monitoren
blijken te gaan van bloedplaatjesveroudering, aangeboren aandoeningen en
bloedplaatjesveranderingen bij hart- en vaatziekten. Rapport is ook gemaakt
van huidige beperkingen en uitdagingen in het proteomics-veld voor het
vaststellen van een volledig bloedplaatjes (sub)proteoom en de samenhang
daarmee voor signaaltransductie, metabolisme, cellulaire structuur en
veroudering. Gesteld is dat toekomstige op massaspectrometrie gebaseerde
proteomics-technieken krachtige hulpmiddelen zullen zijn voor het
detecteren van biomarkers, die duiden op bloedplaatjesafwijkingen en
nuttig kunnen zijn in de kliniek.

Omdat het volledige bloedplaatjesproteoom in relatie tot het transcriptoom
nog niet was bepaald, hebben we in hoofdstuk 3 een kwantitatieve
vergelijking gemaakt van deze omics datasets op basis van de
toonaangevende Blueprint gegevens (Cambridge, VK) en zes proteomen,
gepubliceerd door het Leibnitz instituut ISAS in Dortmund. Deze vergelijking
heeft geresulteerd in een voorspellingsmodel voor het volledige of
theoretische bloedplaatjesproteoom. In dit hoofdstuk hebben wij een
proteoom-database opgezet van het humane bloedplaatjes-proteoom met
meer dan 5.200 geidentificeerde unieke eiwitten, en deze gecombineerd
met genoombrede RNA-Seq datasets van bloedplaatjes- en megakaryocyt-
transcriptomen met daarin meer dan 54,000 transcripten. Alle potentieel tot
expressie gebrachte mRNA's en eiwitten van bloedplaatjes zijn
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geclassificeerd in 21 eiwitfunctie-categorieén, op basis van hun
intracellulaire locatie en de veronderstelde functie op grond van de
standaard UniProt-database. Kwantitatieve vergelijking van de
transcriptomen van humane bloedplaatjes en megakaryocyten duidde op
een hoge onderlinge correlatie, met name wat betreft de eiwitcoderende
transcripten. De vergelijking tussen het bloedplaatjes-proteoom en het
corresponderende transcriptoom liet een driehoekig patroon zien, waaruit
afgeleid werd dat een hoge translatie naar eiwit het gevolg is van een hoog
mRNA transcriptieniveau, maar niet omgekeerd. De resultaten bleken
consistent met de distributiepatronen van bloedplaatjestranscripten, in die
zin dat de fracties van mRNA's voor geidentificeerde eiwitten toenam met
het gemiddelde genexpressie-niveau. Echter in niet-geidentificeerde delen
van het bloedplaatjes-proteoom hadden de meeste transcripten een laag
genexpressieniveau, onafhankelijk van de bepaalde functieklassen.

Onze functionele classificatie van eiwitten en transcripten gaf drie
beperkende factoren aan voor de afwezigheid van bepaalde eiwitten in
bloedplaatjes op basis van massaspectrometrie tot dusver: (i) een
(peri)nucleaire lokalisatie; (ii) een laag transcriptieniveau, en (iii) een laag
translatieniveau. Met behulp van deze informatie konden we een
voorspellingsmodel bouwen, dat gebaseerd was op deze drie beperkende
factoren. Dit leidde tot een haalbaar bloedplaatjesproteoom van 10,000
eiwitten. Het voorspellingsmodel kon vervolgens worden gevalideerd door
een nieuwe proteoom-analyse met een pool van bloedplaatjes afkomstig
van 30 gezonde proefpersonen.

Als een volgende stap om meer grip te krijgen op het proteoom en
transcriptoom in bloedplaatjes, hebben wij de analyses uitgebreid tot de
geclassificeerde transcriptomen van zowel humane als muizen-
bloedplaatjes, en deze gekoppeld aan beschikbare proteoom-datasets.
Hoofdstuk 4 geeft een beschrijving en vergelijking van RNA-Seq analyses
met humane bloedplaatjes en twee datasets van muizenbloedplaatjes,
hetgeen resulteerde in 54.357 humane transcripten van 20.125
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eiwitcoderende genen, en in 17.317 corresponderende transcripten voor
muizeneiwitten. De analyses gaf aan dat, ondanks enige heterogeniteit bij
de monsterbereiding en transcriptoomprofilering, het
bloedplaatjestranscriptoom van beide species sterk gecorreleerd is. Aan de
andere kant bleek de correlatie tussen species laag bij kwantitatieve
vergelijking van het transcriptoom en proteoom, onafhankelijk van de
functieklasse. Desondanks was de kwalitatieve overlap tussen mens en muis
hoog voor wat betreft de eiwitten met bekende kopieaantallen en de
corresponderende  mRNA's, met name voor de veel voorkomende
transcripten. Aan de andere kant konden we diverse unieke transcripten en
eiwitten identificeren in humane of muizenplaatjes. Hiervan hadden er 184
grote verschillen tussen de species, waaronder de trombinereceptor PAR3,
waarvan bekend was dat deze alleen tot expressie komt in de bloedplaatjes
van muizen. De analyse van eiwitfunctieklassen wees uit dat de meest
verschillende eiwitten voorkwamen in de klassen van membraanreceptoren
en -kanalen, en signalerings- en adaptereiwitten.

Een interessante toepassing van de op massaspectrometrie gebaseerde
proteomics is het bepalen van eiwitveranderingen in de bloedplaatjes van
patiénten met bloedplaatjesgerelateerde aandoeningen. In hoofdstuk 5
hebben wij de fosfoproteoom-veranderingen in bloedplaatjes bepaald van
een zevental patiénten met het osteodystrofiesyndroom van Albright (AHO
of pseudohypoparathyreoidie type la). Het AHO-syndroom is gerelateerd
aan een loss-of-function mutatie in de GNAS-genlocus, welke codeert voor
het Gas-eiwit, dat betrokken is bij de activering van adenylaatcyclase (AC)
en cAMP-afhankelijk proteine-kinase A (PKA). Deze signaleringroute is
belangrijk voor het onderdrukken van de bloedplaatjesactivering. In dit
hoofdstuk zijn 453 iloprost-gereguleerde eiwitfosforylerings-plaatsen
bepaald uit een totaal van 2.516 fosforyleringen, waarvan er 50 differentieel
gereguleerd waren tussen patiénten en gezonde controlepersonen. Van de
iloprost opgereguleerde eiwitten kon in de meeste gevallen aangetoond
worden dat deze PKA-afhankelijk ~ waren. De gevonden
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proteoomveranderingen waren daarmee: (i) gekoppeld aan een defecte
Gas- en PKA-activiteit, (ii) gerelateerd aan veranderingen in de
bloedplaatjesfuncties, en (iii) in staat om een onderscheid te maken tussen
patiénten met AHO of niet-AHO GNAS-mutaties. Ondanks de grote
veranderingen in het fosfoproteoom van de bloedplaatjes van de patiénten,
vertoonde de globale eiwitexpressie slechts kleine veranderingen. Onze
resultaten wijzen echter ook op de noodzaak tot nauwkeurigere proteoom
kwantificatiemethoden voor het bepalen van de eiwitfosforylering in
bloedplaatjes.

Als belangrijkste signalerende collageenreceptor speelt GPVI een rol bij de
experimentele arteriéle trombose in muizen. Darrmee is het belangrijk is om
de positieve en negatieve regulerende signaleringsroutes via GPVI te kennen.
In hoofdstuk 6 hebben wij ons gericht op een gemeenschappelijke rol van
GPVl enintegrine allbf3 in de trombusvorming onder stromingscondities op
een fibrine- of fibrinogeen-oppervlak. Opvallend was dat deze oppervlakken
slechts een matige stimulering van GPVI bewerkstelligden, hetgeen
resulteerde in beperkte bloedplaatjesaggregatie en microtrombusvorming
bij arteriéle afschuifsnelheden. Verder toonden farmacologische
interventiestudies gericht op GPVI of Syk aan, dat GPVI en integrine allbB3
een niet-redundante rol hebben in de door fibrine geinduceerde
trombusvorming. Soortgelijke waarnemingen werden gedaan met het bloed
van Glanzmann-patiénten, bij wie allbB3 afwezig is op bloedplaatjes.
Daarmee duiden onze gegevens op gedeeltelijke overlap van een klinisch
relevante antagonisme van GPVI en allbf33.

In hoofdstuk 7 hebben wij onderzocht hoe de veronderstelde negatieve
regulatie van GPVI door de tyrosinefosfatasen Shpl en Shp2 van invloed is
op de GPVI-geinduceerde bloedplaatjesactivering. Vastgesteld werd dat de
gecombineerde remming van Shp1/2 door de drug NSC87877 leidde tot een
verhoging van de plaatjesaggregatie, wanneer die opgewekt werk door een
lage dosis collageen-gerelateerd peptide. Bovendien neutraliseerde
NSC87877 de remmende effecten van een geblokkeerde fosfoinositide 3-
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kinase (PI3K) op de aggregatie van bloedplaatjes. Western-blot-analyse gaf
echter aan dat de fosforylering van PLCy2 Tyr’>° en Src Tyr*'® verminderde
door de gecombineerde remming van Shp1/2 en PI3K. Daarentegen bleef de
fosforylering van Syk Tyr°2>*>2 ongewijzigd. Samengevat suggereren deze
bevindingen dat Shp1/2 een afwezigheid van PI3K-activiteit compenseert bij
zowel de integrine-activering als de PLCy2-fosforylering. De resultaten zijn in
overeenstemming met een negatieve rol van Shp2 (in integrine-activering)
en een positieve rol van Shp1l (in de fosfolipase-C route).

Om de bijdragen van GPVI en integrine allbB3 aan collageen-geinduceerde
trombusvorming beter te begrijpen, beschrijft hoofdstuk 8 een onderzoek
naar de integrine-afhankelijke rol van focal adhesion kinase PTK2, calcium
en integrine-bindend eiwit 1 (CIB1) en de shear-afhankelijke
collageenreceptor GPR56. Voor dit doel hebben we peptiden ontworpen en
gesynthetiseerd, waarvan aangetoond was dat deze interfereren met de
ollb-CIB1-binding (pCIB en pCIB™) of met de activering van GPR56 (pGRP).
Het bleek dat pGRP bij hoge afschuifsnelheden een remmend effect
vertoonde op de collageen-gemedieerde trombusvorming, in plaats van een
verwacht activerend effect. Bovendien zorgde de gelijktijdige blokkering van
PTK2 voor een nog sterkere onderdrukking van de trombusvorming. En
datzelfde gold voor de CIB1-interfererende peptiden, pCIB en pCIB™. Aan de
andere kant konden wij geen peptide-effecten meten in de GPVI-
geinduceerde bloedplaatjesaggregatie of Ca?*-mobilisatie, onder statische
condities. Samen duiden deze bevindingen op een shear-afhankelijke rol van
PTK2, CIB1 en integrine allbB3 bij de collageen- en GPVI-gemedieerde
bloedplaatjesactivering en trombusvorming.

In hoofdstuk 9 zijn de belangrijkste bevindingen uit mijn proefschrift kritisch
besproken en in het kader geplaatst van de huidige literatuur. Conclusie is in
alle bescheidenheid dat het huidige werk een krachtig hulpmiddel biedt voor
verder onderzoek naar de eiwitsamenstelling van bloedplaatjes in mens en
muis, alsmede in relatie tot het bloedplaatjestranscriptoom. Op
massaspectrometrie gebaseerde proteomics-methoden bieden nog steeds
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nieuwe openingen voor bepaling van de positieve en negatieve
reguleringspaden van GPVI-geinduceerde trombusvorming bij hemostase en
trombose. Bovendien kunnen deze helpen bij het identificeren van nieuwe
GPVI-antagonisten voor antitrombotisch onderzoek, zoals ontwikkeld in het
H2020 TAPAS-programma.
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As plaquetas desempefian un papel fundamental en varios procesos
fisioloxicos e patoléxicos, incluindo a hemostase, a trombose arterial, a
inflamacidn, a integridade vascular e a metastase do cancro. Tras a lesién
vascular, forman un tapdn ou trombo para evitar a perda excesiva de sangue,
e na trombose forman un codgulo de sangue oclusivo. A glicoproteina VI
(GPVI), principal receptor de colaxeno de sinalizacion das plaquetas,
considérase actualmente como unha nova diana antitrombética debido ao
seu papel descrito na trombose arterial murina, pero cun papel limitado no
sangrado. Ademais, observouse un sangrado leve en pacientes deficientes
en GPVI. A pesar das multiples investigacién levadas a cabo, ainda non estdn
claros aspectos dos mecanismos da activacién plaquetaria mediada por
coldaxeno e GPVI. Debido & sua estrutura anucleada, a maioria das
actividades proteicas das plaguetas activadas estan reguladas por
modificacions postraducionais (PTM). Por este motivo, as técnicas
protedmicas baseadas en espectrometria de masas de alta resoluciéon
convertéronse en ferramentas poderosas para descubrir e comprender de
forma sistematica os cambios nas fosforilacions de proteinas que regulan
cascadas de sinalizacion mediadas por receptores. Os obxectivos centrais
desta tese foron revelar a composicién do proteoma plaquetario completo
e dilucidar novos mecanismos e vias de activacién plaquetaria inducidas por
GPVI e o seu papel na formacién de trombos.

O capitulo 1 ofrece unha introducion xeral da contribucién das plaquetas a
trombose e 3 hemostase. Préstase especial atencién aqui aos papeis do GPVI,
a via de sinalizacion relacionada co GPVI e ao uso da protedmica plaquetaria.
Como unha vision xeral detallada da aplicacién dos métodos de protedmica
a investigacion de plaquetas, o capitulo 2 enumera e analiza todos os
traballos publicados sobre proteomas plaquetarios humanos, sinalizacién
plaguetaria e aplicaciéns especificas que a investigacion da protedmica
molecular en saude e enfermidades ofrece. O capitulo resume os
descubrimentos de 67 publicacions relacionadas cos estudos de proteomas
plaquetarios humanos desde 2010, e detalla as vias de sinalizacion
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relevantes mediadas pola activacion de receptores nas plaquetas, incluindo
o receptor de colaxeno GPVI, o receptor do factor von Willebrand (VWF)
GPIb-V-IX, o receptor de podoplanina CLEC-2, os receptores de trombina
PAR1 e PAR4, os receptores de ADP P2Y; e P2Y1,, o receptor de tromboxano
A, TP e, ademais, o receptor de fibrina (6xeno) integrina allbB3. Ademais,
incliese informacidn relacionada cos axentes inhibidores plaquetarios, a
prostaciclina e o dxido nitrico. En canto 3s vias de sinalizacién, analizamos os
desenvolvementos mais recentes nas técnicas de protedmica plaquetaria.
As aplicaciéns destas técnicas para o estudo dos cambios proteicos
expandense desde o envellecemento plaquetario e os trastornos conxénitos
relacionados coas plaguetas ata as alteracidns plaquetarias nas
enfermidades cardiovasculares. Tamén informamos das limitacidons e
desafios actuais dos métodos protedmicos para establecer wun
(sub)proteoma plaquetario completo relacionado coa transducién do sinal,
o metabolismo, a estrutura plaquetaria e a supervivencia. Indicase que, no
futuro, a protedmica baseada na espectrometria de masas promete ser unha
das ferramentas mais poderosas para detectar biomarcadores relacionados
con anomalias plaquetarias, con potencial uso na clinica.

Dado que non se estableceu o proteoma plaquetario completo en relacién
co transcriptoma plaquetario, no capitulo 3 ofrecécese unha comparacion
cuantitativa completa deste conxunto émico baseado no conxunto de datos
presenteds no Blueprint (Cambridge, Reino Unido) e seis proteomas
publicados polo Instituto Leibnitz ISAS de Dortmund. Esta comparacion
levou a un modelo de predicidon para o proteoma plaguetario completo ou
tedrico. Neste capitulo, establecemos unha base de datos actual de
proteomas plaquetarios humanos de mais de 5200 proteinas Unicas
identificadas e combinadas cos transcriptomas de plaquetas e
megacariocitos de RNA-Seq en todo o xenoma de transcritos > 54k. Todos
os MRNA e proteinas de plaguetas potencialmente expresados
clasificaronse en 21 categorias de funciéns proteicas, dependendo da
localizacién intracelular e da funcién asumida, tal como se anota na base de
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datos UniProt. A comparacion cuantitativa dos transcriptomas de plaquetas
e megacariocitos humanos amosou unha alta correlacién, especialmente
para os transcriptos que codifican proteinas. Ademais, unha comparacion
cuantitativa entre os datos do proteoma plaquetario e do transcriptoma
mostrou un patrén triangular, o que indica que unha traducién elevada
correspondia a un nivel de transcricion elevado, pero non a inversa. Estes
resultados foron consistentes cos patréns de distribuciéon dos transcritos
plaquetarios, xa que a fraccion de mRNA coas proteinas identificadas
correspondentes aumentou co nivel medio de expresién xénica. Por outra
banda, nas partes non identificadas do proteoma plaquetario, a maioria dos
transcritos correspondentes tifan niveis de expresidn xénica baixos,
independentemente das clases de funcién.

A nosa andlise baseada na clase de funcién do proteoma e do transcriptoma
indicou tres factores de restricion para unha identificacién limitada de
proteinas nas plaquetas mediante protedmica baseada en espectrometria
de masas; estes son: (i) localizacidon (peri)nuclear; (ii) baixos niveis de
transcricidn e (iii) baixos niveis de traducién. Esta informacién utilizouse para
construir un modelo de predicion baseado en tres factores de restricién, o
qgue leva a un proteoma plaquetario alcanzable de proteinas de 10 k. O
modelo de predicién poderia validarse mediante unha nova analise co
conxunto de plaquetas de 30 suxeitos sans.

Como seguinte paso, para obter unha comprension mais completa do
proteoma e do transcriptoma, estendemos a nosa andlise aos
transcriptomas clasificados de plaquetas humanas e de rato, e
relaciondmolos cos conxuntos de datos de proteomas dispoiiibles. En
consecuencia, no capitulo 4, integramos oito conxuntos de datos de RNA-
Seq de plaguetas humanas e dous conxuntos de datos de plaquetas de rato,
o que resultou en total 54357 transcriciéns humanas con 20125 xenes
codificantes de proteinas e 17317 transcricidons de proteinas de rato. Os
nosos resultados indicaron que, a pesar da heteroxeneidade da mostra no
perfil do transcriptoma, o transcriptoma plaquetario estd moi
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correlacionado dentro das especies. Por outra banda, entre especies a
correlacién foi baixa tanto para os transcriptomas como para os proteomas,
independentemente das clases de funcion asignadas. A pesar diso, a
superposicién cualitativa foi alta entre humanos e ratos no que se refire as
proteinas cun numero de copias estimado, e no que respecta aos mRNA
ortélogos, especialmente para as transcriciéns abundantes. Por outra banda,
identificdronse varios transcritos e proteinas Unicas de especies en humanos
e ratos respectivamente, das cales 184 amosaron grandes diferenzas entre
especies, incluindo PAR3 como receptor de trombina que se sabe que sé esta
presente nas plaquetas do rato. A analise da clase de funcién das proteinas
sinalou que as proteinas mais diferentes estaban enriquecidas nas clases de
receptores e canles de membrana e proteinas de sinalizacién e adaptadores.

Unha aplicacién interesante da protedmica baseada na espectrometria de
masas é controlar os cambios de proteinas nas plaquetas de pacientes con
trastornos relacionados coas plaquetas. No capitulo 5, revelamos os
cambios de fosfoproteoma nas plaquetas de sete pacientes con sindrome de
osteodistrofia hereditaria de Albright (AHO ou pseudohipo-paratiroidismo
tipo la). A sindrome AHO esta ligada a unha mutacion con perda de funcién
no locus do xene GNAS, que codifica para a proteina Gass, que esta implicada
na activacion da adenilato ciclase (AC) e da proteina quinase A (PKA)
dependente de cAMP; é dicir, unha via principal de inhibicién plaguetaria.
Neste capitulo, detectaronse 453 sitios de fosforilacion regulados por
iloprost dos 2516 sitios de fosforilacién identificados, dos cales 50 foron
regulados de forma diferenciada entre pacientes e suxeitos control sans.
Probouse na sua maioria que as proteinas reguladas por iloprost eran
dependentes de PKA. Os cambios no proteoma foron: (i) vinculados a unha
actividade defectuosa de Gas e PKA, (ii) relacionados con cambios na funcion
plaquetaria e (iii) avaliados polo potencial de discriminar pacientes con
mutacions GNAS entre AHO e non AHO. Non obstante, a pesar dos cambios
dramadticos no fosfoproteoma plaquetario dos pacientes, a expresién global
da proteina s6 mostrou leves alteracidons. A pesar destes achados, os
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resultados tamén apuntaron & necesidade de métodos de cuantificacion
protedmica mais precisos para controlar os cambios dinamicos na
fosforilacién de proteinas.

Como o principal receptor de colaxeno, o GPVI xoga un papel importante na
trombose arterial murina, o que significa que é importante cofiecer as vias
de sinalizacién reguladora positiva e negativa augas abaixo do GPVI. No
capitulo 6 centramonos nos papeis conxuntos de GPVI e integrina allbB3 na
formacién de trombos inducidos por fibrina (6xeno) en condiciéns de fluxo.
Observouse que unha superficie de fibrina ou fibrindxeno sé estimulaba
moderadamente o GPVI, o que resultaba nunha agregacion plaquetaria
limitada e formacién de microtrombos a velocidade de cizallamento arterial.
Ademais, os estudos de bloqueo de GPVI ou Syk demostraron un papel non
redundante da GPVI e da integrina allbf3 na formacidn de trombos
inducidos pola fibrina. Observaciéns similares foron feitas con sangue de
pacientes coa enfermidade de Glanzmann, cuxas plaquetas carecen de
allbB3. En consecuencia, os nosos datos apuntaron a unha superposicidon
parcial do antagonismo clinico relevante de GPVI e allbf33.

No capitulo 7, investigamos como a suposta regulacién negativa de GPVI
polas tirosina fosfatasas Shpl e Shp2 inflie na activacién plaquetaria
inducida por GPVI. Descubrimos que a inhibicién combinada de Shp1/2 por
NSC87877 aumentou a agregacion plaquetaria inducida por unha baixa dose
do agonista especifico de GPVI, collagen-related peptide (CRP-XL) (CRP-XL).
Ademais, NSC87877 rescatou os efectos inhibidores do bloqueo da
fosfoinositido 3-quinasa (PI3K) sobre a agregacién plaquetaria. Non
obstante, as andlises de western blot indicaron que as fosforilaciéns de
PLCy2 Tyr”>° e Src Tyr**® reducironse pola inhibicién combinada de Shp1/2 e
PI3K. Pola contra, a fosforilacion de Syk Tyr>2>*>2¢ permaneceu inalterada. En
conxunto, estes achados suxiren que Shpl/2 compensa a ausencia de
actividade de PI3K na mediacidn da activacidn da integrina e da fosforilacidn
de PLCy2, ainda que o signo do cambio foi diferente. Probablemente, isto
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sublifia un papel negativo de Shp2 (na activacién da integrina) e un papel
positivo de Shp1 (na via PLC).

Para comprender mellor as contribuciéns de GPVI e integrina allbBf3 na
formacion de trombos inducidos por colaxeno, no capitulo 8 realizamos
unha investigacion sobre o efecto dos papeis dependentes da integrina da
quinase de adhesidn focal PTK2, o calcio e a proteina de unién & integrina 1
(CIB1) e o receptor de coldxeno GPR56 dependente do cizallamento na
formacidn de trombos inducidos polo coldxeno. Para este fin, desefiamos e
sintetizamos péptidos que se demostrou que interferian coa union allb-CIB1
(pCIB e pCIB™) ou que imitaban a activacién de GPR56 (pGRP). Observamos
gue o pGRP a alta velocidade de cizallamento mostraba efectos supresores
na formacién de trombos mediados por colaxeno, en lugar de efectos de
activacion. Ademais, o bloqueo simultdneo de PTK2 provocou unha
supresiéon ainda maior da formacién de trombos. E 0 mesmo ocorreu cos
péptidos interferentes CIB1, pCIB e pCIB™. Por outra banda, non se
observaron efectos peptidicos para a agregacion plaquetaria inducida por
GPVI ou a mobilizacion de Ca?*, en ausencia de cizallamento. Xuntos, estes
achados apuntaron a un papel dependente do cizallamento de PTK2, CIB1 e
integrina allbB3 na activacion plaquetaria e formacién de trombos mediada
por colaxeno e GPVI.

No capitulo 9, os achados mdis importantes son discutidos de forma critica
e sitianse no marco da literatura actual. Indicase que o traballo actual
proporciona unha poderosa ferramenta para investigar mdis a composicion
das proteinas plaquetarias e revelar as relaciéns do proteoma plaquetario e
do transcriptoma entre humanos e ratos. O traballo realizado abre novas
vias para aplicar métodos protedmicos baseados na espectrometria de
masas a Bioloxia plaquetaria, e tamén para axudar a dilucidar ainda mais as
vias positivas e negativas subxacentes a formacién de trombos inducidas por
GPVI na hemostase e a trombose; e ademais axudar a identificar un
antagonista de GPVI.
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Cardiovascular diseases (CVD) provide the great threaten to man, of which
thrombosis in the arteries or veins are still leading causes of death'?3.
Platelets are the smallest anucleate blood cells that are released by
megakaryocytes in the bone marrow*. Platelets fulfill a key role in the
formation of a thrombus or clot and also support the blood coagulation
system. Hence, the formation of a platelet plug prevents excessive blood loss
when a blood vessel is damaged or ruptured®. However, dysfunctional
platelet activation in thrombus formation at a ruptured site of an
atherosclerotic plaque can cause pathological occlusive thrombus formation,
which predisposes for stroke or heart infarction. Currently, antiplatelet drugs
are widely used in the clinical treatment after arterial thrombosis, including
aspirin, clopidogrel, prasugrel and ticagrelor®. However, all these
antithrombotic drugs are associated with a risk of bleeding, and their efficacy
can vary greatly between individuals.

Glycoprotein VI (GPVI) is the major signaling collagen receptor on the surface
of platelets, which induces thrombus formation by binding to collagen
directly, or by binding to fibrin in second instance. In GPVI-deficient mouse,
only a moderate increase of the bleeding time was observed, while arterial
thrombosis was substantially impaired. This points to a crucial role of GPVI
in arterial thrombosis with limited contribution to hemostasis; and this
makes GPVI to a novel potential antithrombotic target’. As indicated below,
this thesis on human platelets aims to contribute to the support for a
selective antithrombotic action mechanism through GPVI signaling inhibition
or through GPVI blockage.

Because of their anucleate structure, platelet signaling activities are
regulated by post-translational modifications (PTMs). To unravel these, mass
spectrometry-based proteomics analyses are becoming one of the powerful
tools for defining the protein alterations and receptor-mediated signaling
cascades in platelets®®. Here, we revealed the full composition of platelet
proteome by a global comparison of platelet proteomes and transcriptomes.
The generated large datasets — also to compare human and mouse platelets

382



— can now be used to elucidate the mechanisms of GPVI-induced thrombus
formation, and ultimately for determining protein targets downstream of
GPVI for use in the clinic.

With the development of state-of-the-art mass spectrometers, proteomics
techniques are increasingly applied in the research of platelet protein
composition, platelet signaling cascades and platelet-related diseases. The
overview on these aspects in Chapter 2 provides in-depth insight into earlier
and current proteomics methods for detecting protein changes in patients
after antiplatelet treatment or presenting with a platelet-based disorder.
However, in spite of this wide use of proteomics methods, still only part of
the platelet proteins has been identified in comparison to the detected
mRNAs, likely to limitations in the proteomic techniques. To get a
comprehensive idea on the theoretical platelet protein composition, we
conducted a quantitative global comparison of the human and mouse
platelet proteomes and the corresponding platelet (and megakaryocyte)
transcriptomes, which assisted in our understanding the variety of functions
carried out by platelets (Chapters 3 and 4). For the latter purpose, we
developed an integrative platelet protein function classification scheme.

Throughout this work, three restraining factors for the hitherto limited
protein identification by mass spectrometry-based proteomics were seen.
These were: (i) (peri)nuclear localization; (ii) low transcription and (iii) low
translation of the expected (megakaryocytic) proteins. Based on these
restraining factors, we could establish and validate a prediction model for
the full platelet proteome, in which around 10,000 platelet proteins are
expected out of the more than 20,000 predicted ones with any
corresponding transcript level. In addition, we confirmed a high correlation
between the human platelet and megakaryocyte transcriptomes, and even
higher correlations between several included datasets of human platelet
transcriptomes. However, the composed mouse platelet transcriptome was
less well correlated with the median human platelet transcriptome; and the
same was true for the two platelet proteomes. On the other hand, the
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overlap of orthologous transcripts between the two species was very high,
especially for the highest abundance transcripts. The same also held for the
highest abundant human and mouse platelet proteins. Together, these
studies thus provided a better understanding of the (complete) platelet
proteome with the help of platelet transcriptome information.

Platelet proteomics can also be used for monitoring proteins changes in
platelet related diseases. In Chapter 5, using stable isotope labeling we
detected a panel of 50 differently iloprost-regulated protein phosphorylation
sites in platelets from patients with Albright hereditary osteodystrophy
syndrome (AHO syndrome), and we confirmed that the upregulated proteins
were protein kinase A-dependent. This indicated that indeed platelet
phosphoproteome analysis can help to understand alterations in platelet
function in such patients.

In Chapters 6-8, we investigated signaling pathways that may enhance or
restrain the GPVI-induced processes of platelet activation and thrombus
formation. In Chapter 6, we observed that the activating role of GPVI was
only moderately activated by binding to fibrin(ogen), by only triggering
microthrombus formation on surfaces of fibrin or fibrinogen upon whole-
blood flow. The blockage effects of GPVI fiber or Syk let us conclude for a
nonredundant role of GPVI and the integrin allbB3 in fibrin-induced
thrombus formation. Stated otherwise, our data suggest a partial overlap of
the effects of clinical-relevant antagonisms of GPVI and allbf33.

In Chapter 7, we established that the pharmacological inhibition of the Src
homology 2 domain containing protein tyrosine phosphatases, Shpl and
Shp2, under certain conditions, enhanced GPVI-induced platelet aggregation.
This was the case in response to a low dose of CRP-XL, and upon blockage of
the phosphoinositide 3-kinase (PI3K) pathway which is required for integrin
activation. However, the blockage of Shp1/2 did not affect the signaling
immediately below GPVI, while the combined inhibition of Shp1/2 and PI3K
reduced rather than increased the phosphorylation of Src Tyr*® and
phospholipase Cy2 (PLCy2) Tyr’>°. These findings suggested that both
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isoforms Shp1/2 compensate for the absence of PI3K activity in mediating
integrin activation and PLCy2 phosphorylation. Likely, this underscores a
specific negative role of Shp2 (in integrin activation) and a positive role of
Shp1 (on the PLC pathway).

In Chapter 8, we established that a peptide mimicking activation of the
shear-dependent collagen receptor GPR56 (pGRP) showed suppressive
rather than enhancing effects on collagen-mediated thrombus formation, in
a way confined to a high wall-shear rate, as is relevant for arterial thrombosis.
Simultaneous blockage of the focal adhesion kinase PTK2 caused a
synergistical suppression of the thrombus formation. In the same chapter,
we found that interfering peptides with the calcium and integrin-binding
protein 1 (CIB1), pCIB and pCIB™ were able to suppress collagen-induced
thrombus formation only at high shear rate. These findings pointed to a
shear-dependent role of PTK2, CIB1 and integrin allbpf3 in collagen- and
GPVI-mediated platelet activation and thrombus formation.

Overall, this thesis provides a powerful tool for further investigating the
platelet protein composition and to reveal the relations of the platelet
proteome and transcriptome across human and mouse. In addition, this
thesis provides novel insights into the precise regulation and mechanism of
the GPVI-mediated signaling and thrombus formation. Therefore, | am
confident that my findings will give a better background for understanding
the possibilities and limitations for GPVI-related antithrombotic drugs in CVD.
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