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Chapter 1

GENERAL INTRODUCTION

Platelet function in hemostasis

Platelets are small, anucleate cell fragments derived from megakaryocytes in the
bone marrow. With a lifespan of approximately 7 to 10 days, platelets play a pivotal
role in maintaining hemostasis, the process by which the body stops bleeding and
repairs vascular injury'. These cellular components are crucial in the initial response
to vascular damage, facilitating the formation of a hemostatic plug to prevent
excessive blood loss. Their function is regulated through a complex interplay of

vascular, cellular, and molecular mechanisms (Fig. 1)%
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Fig. 1: Platelets play a pivotal role in maintaining hemostasis.

Hemostasis is a highly regulated and dynamic process that can be divided into
primary and secondary hemostasis. In primary hemostasis, platelets adhere to the
exposed subendothelial matrix at sites of vascular injury. This adhesion is mediated
by interactions between platelet surface receptors and matrix proteins such as
collagen and von Willebrand Factor (VWF)3. Upon activation, platelets release their
granule content, including adenosine diphosphate (ADP), thromboxane A2 (TxA2),
and serotonin, which further promote platelet activation, aggregation and
vasoconstriction**. Aggregating platelets form a temporary platelet plug, that quickly
seals small vascular injuries®. Secondary hemostasis involves the activation of the
coagulation cascade through the extrinsic and intrinsic pathway, which stabilizes the
initial platelet plug with a fibrin mesh’. Platelets provide a phospholipid surface that
is essential for the assembly of various coagulation factors, facilitating the conversion
of prothrombin to thrombin®°. Thrombin then converts fibrinogen to fibrin, which
polymerizes to form a stable clot™. Failure to form a platelet plug results in immediate
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bleeding, while failure to form sufficient amounts of fibrin is associated with temporary
cessation of bleeding, followed by re-bleeding when the platelet plug disintegrates.

Platelet activation and aggregation

Platelet activation is a multi-step process involving shape change, granule release,
and surface receptor expression™. In the bloodstream, platelets are pushed towards
the vessel wall by the presence of red blood cells that are in the center of the flowing
blood™. In this way, platelets can bind to subendothelial collagen that is exposed at
sites of vascular injury. Under high shear stress, platelets are captured from the
circulation through glycoprotein Ib (GPIb) by VWF bound to collagen®. As a result,
platelets tether to the surface and roll over VWF until they can adhere to the
extracellular matrix (ECM). Platelets can then adhere firmly to the ECM through
interactions between integrins and ECM proteins, like a2p1 to collagen, allbB3 to
VWEF and avf33 to laminin™-"¢. Activation of platelets is triggered by collagen through
GPVI and thrombin through Protease-Activated Receptor (PAR)-1 and PAR-4, leading
to secretion of granule content*". Platelets contain several organelles, including
lysosomes and platelet-specific storage organelles: alpha (a)-granules and dense
(8)-granules. a-granules contain mainly proteins such as platelet factor-4,
B-thromboglobulin, fibrinogen and VWF, whereas §-granules contain serotonin, ADP
and calcium®. Upon platelet activation, myosin associates with actin filaments, leading
to centralization of the granules and eventually their secretion™. Secretion of ADP
and synthesis of TxA2 from released arachidonic acid (AA) results in further platelet
activation by binding to their respective receptors on the platelet surface. This also
activates platelets more remote from the ECM. The binding of these agonists initiates
elevation of cytosolic calcium ions and intracellular signaling pathways, leading to
the activation of integrin receptors such as the fibrinogen receptor allbp32°. When
platelets are activated, fibrinogen can bind to allbf3, resulting in platelet-platelet
interaction and aggregation to form a hemostatic plug®"? (Fig. 2).
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Fig. 2: Platelet adhesion, activation and aggregation. Platelets are captured from the circu-
lation through VWF bound to collagen via the GPIb-IX-V complex and can stably adhere to collagen
through GPVI and integrin a231. Additionally, platelets are activated with thrombin through PAR-1
and PAR-4. Platelet activation leads to a- and &-granule secretion, containing ADP. ADP further
activates platelets through P2Y1/P2Y12. Thromboxane A2 (TxA2) synthesized from arachidonic acid
(AA) also activates platelets through the TxA2 receptor. Activation of platelets triggers intrinsic
signaling pathways, leading to activation of integrin allbB3. This results in platelet-platelet inter-
action through fibrinogen and platelet aggregation. Created in https://BioRender.com.

Clinical implications of platelet defects

The regulation of platelet activity and hemostasis is crucial to maintain the balance
between bleeds and thrombosis. Defects in platelet function or inadequate numbers
of circulating platelets (thrombocytopenia) can lead to significant clinical consequences.
A normal platelet count ranges from 150 to 450 x 10° platelets per liter blood. Severe
thrombocytopenia can result in excessive bleeding after trauma (<30 x 10° / L) or
spontaneous bleeds (<10 x 10° / L)3. On the other hand, thrombocythemia, an
abnormally high platelet count, can increase the risk of thrombotic events®*?>. However,
when high platelet counts are associated with impaired platelet function, like in
essential thrombocythemia, bleeding complications can occur?.

Dysfunctional platelets can lead to severe bleeds. Platelet disorders can be divided
into several categories, like deficient surface integrins or storage granules (Table 1).
Understanding the role of platelets in hemostasis is essential for diagnosing and
treating these conditions. In this thesis, we focus on the current gaps in both diagnosing
and treatment of inherited platelet disorders.

10
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Table 1: Inherited platelet disorders.

Category Disorder Biology Bleeding severity
Deficient Glanzmann Defects of fibrinogen receptor Severe
adhesion / thrombasthenia?’ allbB3:
aggregation Type 1: <5%
surface receptors Type 2: 5-20%
Type 3: >20% but non-
functional
No binding of fibrinogen
— no platelet aggregation.
Bernard-Soulier Defects of GPIb: deficient or Severe
syndrome?® non-functional.
No binding to VWF
— no platelet adhesion.
Deficient GPVI deficiency?® Defects of collagen receptor Mild
activation GPVI. No platelet response to

surface receptors

collagen
or CRP-XL.

p2Y,, deficiency3®

Defects of ADP receptor P2V,
No platelet response to ADP and
decreased secondary platelet
activation.

Mild to moderate

Defects in TxA2 pathway?' Defects of TxA2 or TxA2 receptor Mild to moderate
secondary — decreased platelet activation
platelet and aggregation.
activation Delta storage pool Decreased number or content of  Mild
disease &-granules, causing decreased
- Hermansky-Pudlak®?*  secondary platelet activation.
- Chédiak-Higashi®
a-granule Gray platelet Large platelets with decreased Mild
defects syndrome3* number or content of a-granules,
causing short platelet survival.
Signal Impaired pleckstrin Impaired allbB3 activation, Mild
transduction phosphorylation3® leading to decreased platelet
defects aggregation.
Ga, deficiency? Impaired agonist induced platelet Mild
aggregation and secretion.
(Macro) MYH9-related platelet Large platelets and low platelet  Varies from no

thrombocytopenia

disorders3”

count. No platelets in small
vessels.

symptoms to
mild bleeds

Thrombocytopenia3®

Low platelet count resulting in
decreased platelet adhesion and
aggregation.

Varies from no
symptoms to
severe bleeds
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Diagnostic challenges of platelet disorders

Current diagnostics for platelet function disorders include a range of laboratory
techniques for evaluating platelet count, function, and reactivity. The initial assessment
typically involves a complete blood count to measure platelet number and mean
platelet volume (MPV)*. For functional analysis, light transmission aggregometry
(LTA) remains the gold standard, where platelets are exposed to various agonists,
like ADP, collagen and epinephrin to assess aggregation response“. Flow cytometry
is increasingly used to analyze surface marker expression and granule release,
providing insights into specific platelet activation pathways*'. Additionally, genetic
testing and sequencing can also be used to identify hereditary platelet disorders by
detecting mutations in genes encoding for platelet glycoproteins, granule constituents,
and signaling molecules. Although these diagnostic tools provide a comprehensive
evaluation of platelet function, most of the currently used tests for platelet function
disorder are associated with several disadvantages.

LTA for example has an inadequate sensitivity for detecting mild platelet function
disorders, like storage pool disease (SPD). Moreover, there is no consensus regarding
the diagnostic criteria for SPD. This has a major impact on adequate diagnosis of
SPD. Furthermore, the agonists used in diagnostic assays are poorly standardized.
A multicenter study of the Scientific and Standardization Committee of the International
Society on Thrombosis and Haemostasis aimed for standardization of several platelet
agonists in LTA*2, Although the first steps are made for introduction of some changes
to current research and clinical practices, additional research is needed to establish
standardized diagnostics, like extending the concentration range of agonists that
are used at different sites.

Although genetic testing and sequencing seems promising according to some
studies®, application of genetic testing for patients without a confirmed platelet
function disorder seems to be minimally effective**. Moreover, this approach is
particularly effective for thrombocytopenia but less so for mild platelet function
disorders. This is primarily due to limited understanding of the exact molecular
processes in platelets: the list of genes implicated in platelet disorders comprises
only 70 genes, whereas around 7000 genes, of which ca. 30% non-coding, are involved
in platelet function®.

General introduction

Low prevalent platelet function disorders, like Glanzmann thrombasthenia and
Bernard-Soulier syndrome are relatively easy to diagnose“. These rare conditions
often show distinct clinical features and specific laboratory findings in platelet
morphology or function. In contrast, the more prevalent platelet disorders, such as
secretion defects, pose a substantial diagnostic challenge“®. These defects may
present with subtle or non-specific clinical symptoms and often require advanced
diagnostic techniques. Figure 3 displays the relative prevalence, severity and diagnostic
difficulty for platelet function disorders and other inherited bleeding disorders. The
diagnostic difficulty for high-prevalence platelet disorders underscores the critical
need for improved diagnostic methodologies.

Other challenges in diagnostics for platelet function disorders include that some
tests require large amounts of blood, which can especially be challenging for pediatric
patients or those with difficult venous access. Additionally, the samples often need
processing before testing, making it time-consuming and labor-intensive. Due to
the complexity of some tests, they often show long turn-around times, which is
disadvantageous for rapid patient management and clinical decision-making. Another
critical disadvantage is the necessity for specialized laboratories. Diagnosing platelet
function disorders often requires advanced techniques, equipment and expertise,
that are not commonly available in general laboratories. As a result, samples or
patients need to be sent to specialized centers, which adds logistical challenges and
further delays. Moreover, patients can even remain underdiagnosed, due to lack of
standardized diagnostic tools and external quality assurance for platelet assays.
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| Prevalence Severe hemophilias, Glanzmann thrombasthenia,

T B|99d'”9 severity Bernard-Soulier syndrome, VWD Type IlI

1 Diagnostic difficulty

VWD Type Il
VWD Type | (VWF <15 IU mL")
Coagulation factor deficiencies
VWD Type | (VWF 15-30 IU mL")
VWD Type | (VWF >30 IU mL"")
Platelet function; mainly secretion defects

1 Prevalence y
1 Bleeding severity y \\\ Bleeding of unkown cause

1 Diagnostic difficulty h

Fig. 3: Relative prevalence, bleeding severity and diagnostic difficulty of inherited
bleeding disorders. The higher in the triangle, the lower the prevalence of the disorder, higher
the severity and less difficult to diagnose. Lower in the triangle are disorders that are high in prev-
alence, lower in severity and more difficult to diagnose. VWD, von Willebrand Disease; VWF, von
Willebrand Factor. According to Mezzano and Quiroga®.

No prophylactic treatment for platelet function disorders

Current treatment for platelet function disorders is specific for the type and severity
of the disorder, and aims to prevent bleeding complications with minimal adverse
effects. For inherited platelet function disorders such as Glanzmann thrombasthenia
and Bernard-Soulier syndrome, prophylactic treatment is not available and therapeutic
approaches always include on-demand treatment, such as the use of antifibrinolytic
agents (e.g. tranexamic acid and aminocaproic acid) to prevent bleeds during minor
surgical procedures*. Another effective method in management of bleeding episodes
in patients with platelet defects is administration of hemostatic agents like recombinant
activated coagulation factor VII (rFVIla) (NovoSeven®)449. Agents like this prove that
enhancement of secondary hemostasis can address issues in primary hemostasis.
However, its short half-life of 2-4 hours poses challenges for its use as prophylactic
treatment. Lastly, platelet transfusions are highly efficient in managing severe bleeding
episodes, although they carry risks such as alloimmunization and are not always
accessible in emergency situations®®>".

Emerging therapies, such as gene therapy and novel pharmacological agents are
under investigation and hold promise for more effective and individualized treatment
strategies. Besides its proven effectiveness for severe hemophilia A®, gene therapy
is also emerging for platelet disorders, such as Wiskott-Aldrich syndrome®.

14
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However, as of now, no prophylactic treatment is available for patients with inherited
platelet function disorders. The development of such treatment would be life-changing
for patients suffering from platelet defects.

OUTLINE OF THIS THESIS

In summary, platelet function disorders such as secretion defects have a high diagnostic
difficulty. Their relatively high prevalence underscores the necessity for improved
diagnostic assays. Additionally, currently no prophylactic treatment is available for
inherited platelet function disorders. Therefore, the aims of this thesis are to improve
diagnostic tools for platelet function disorders and to develop potential novel
therapeutics for inherited bleeding disorders.

The first part of this thesis focuses on advanced diagnostics for inherited platelet
function disorders (IPFD). In Chapter 2, we show a tetrameric nanobody-based
glycoprotein VI (GPVI) platelet agonist. We studied the ability of this agonist to
activate platelets in a similar way as current used agonists in material of patients
with IPFDs. In Chapter 3 we validate a novel rapid test for delta storage pool disease
(6-SPD). Here we show that this whole blood microarray is able to distinguish 6-SPD
from non-SPD patients and that this test can be used for exclusion of §-SPD in first-
line platelet diagnostics. Chapter 4 focuses on the proteomic landscape of platelets
of patients with Glanzmann thrombasthenia. We have seen that, compared with
platelets of healthy controls, Glanzmann platelets show a reduction in expression of
several platelet a-granule proteins.

The second part of this thesis describes novel potential prophylactic treatment for
patients with inherited bleeding disorders. Chapter 5 reports a bispecific antibody,
HMB-001, for the potential prophylactic treatment of inherited bleeding disorders.
HMB-001 recognizes activated coagulation factor FVII (FVIla) with one arm and
activated platelet specific receptor TREM-Like Transcript-1 (TLT-1) with its other arm.
As a result, HMB-001 targets endogenous FVlla to the activated platelet surface,
resulting in thrombin formation and subsequent fibrin formation. The findings of this
thesis are summarized and discussed within a broader perspective in Chapter 6.
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SUMMARY

Background: Glycoprotein (GP)VI is a platelet-specific collagen receptor required
for platelet activation during hemostasis. Platelet reactivity toward collagen is routinely
assessed during diagnostic workup of platelet disorders. GPVI can be activated by
inducing receptor clustering with suspensions of fibrillar collagen or synthetic cross-
linked collagen-related peptide (CRP-XL). However, these suspensions are poorly
standardized or difficult to produce. Nanobodies are small recombinant camelid-
derived heavy-chain antibody variable regions. They are highly stable, specific, and
ideal candidates for developing a stable GPVI agonist for diagnostic assays.
Objectives: Develop a stable nanobody-based GPVI agonist.

Methods: Nanobody D2 (NbD2) was produced as dimers and purified. Tetramers
were generated via C-terminal fusion of dimers with click chemistry. Nanobody
constructs were functionally characterized with light transmission aggregometry
(LTA) in platelet-rich plasma and whole blood flow cytometry. Diagnostic performance
was assessed in patients with inherited platelet function disorders with LTA and flow
cytometry.

Results: NbD2 was specific for human platelet GPVI. Dimers did not result in platelet
activation in LTA or flow cytometry settings and fully inhibited CRP-XL-induced
P-selectin expression and fibrinogen binding in whole blood and attenuated collagen-
induced platelet aggregation in platelet-rich plasma. However, NbD2 tetramers
caused full platelet aggregation, as well as P-selectin expression and fibrinogen
binding. NbD2 tetramers were able to discriminate between inherited platelet function
disorder patients and healthy controls based on fibrinogen binding, similar to CRP-
XL.

Conclusion: Nanobody tetramers to GPVI induce platelet activation and can be used
to assess the GPVI pathway in diagnostic assays.

Keywords: Diagnostic Tests; Glycoprotein, Nanobodies; Platelet Activation; Platelet
Function Tests
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INTRODUCTION

Glycoprotein (GP)VI is a megakaryocyte and platelet surface-specific membrane
glycoprotein that is identified as the major activating receptor for collagen and also
a receptor for other ligands, including fibrin'. Upon vessel wall injury, extravascular
collagen is exposed to platelets in the circulation. Interaction of platelets with collagen
through GPVI results in platelet activation and contributes to thrombus formation?3.
GPVlis a type | transmembrane receptor protein and belongs to the immunoglobulin
(Ig)-like receptor family. It consists of 2 extracellular Ig domains (D1 and D2), a mucin-
like stalk domain, and a short cytoplasmic tail containing calmodulin- and Src kinase-
binding sites?3. On the platelet surface, the signaling of GPVI depends on its association
with the Fc receptor y-chain, which contains an immunoreceptor tyrosine-based
activation motif. The binding of collagen to GPVI induces receptor cross-linking,
leading to the recruitment and activation of downstream signaling molecules,
including the receptor tyrosine kinase SYK*.

Activation of platelets through GPVI signaling is often assessed in diagnostic assays
for platelet disorders. Different inherited and acquired disease-causing variants of
GPVI are known, which include mutations in the GP6 gene causing the bleeding
disorder platelet-type 11, a mild to moderate bleeding disorder characterized by
defective platelet activation and aggregation in response to collagen®”. Also, platelets
may be deficient in GPVI due to inherited or acquired loss of the protein, the latter
through, eg, autoantibody-induced receptor shedding. For instance, the GPVI/Fc
receptor y-chain complex is absent on the platelet surface in anti-GPVI-associated
immune thrombocytopenia®. Additionally, GPVI deficiency could be nonimmune and
associated with Gray platelet syndrome®. Besides deficiency of GPVI, some patients
have a normal surface expression of GPVI but present with a congenital or acquired
GPVl-related signaling defect'®'. In these disorders, reduced collagen-induced
platelet activation in diagnostic assays is a prominent feature. Secondary deficits in
the response to collagen are observed in storage pool deficiencies (SPDs)?, and since
activation of the fibrinogen receptor after collagen stimulation depends on secondary
activation through adenosine diphosphate (ADP) secretion or thromboxane A2
production, platelets can show a decreased response to collagen when thromboxane
A2 or ADP secretion are decreased or absent™.
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Current agonists that are used in diagnostic assays for platelet function disorders,
like aggregation assays and flow cytometry assays', include insoluble collagen fiber
suspensions, the soluble agonist cross-linked collagen-related peptide (CRP-XL), and
the snake venom tetramer protein convulxin. Only the latter 2 are specific to GPVI.
Limitations of the GPVI-specific agonists are that they are poorly standardized and
difficult to produce, leading to large batch-to-batch variability. Their application in
a diagnostic setting would require extensive cross-calibration. As fibrillar collagen
suspensions are unsuitable for flow cytometry assays, the critical need for the
development of a novel, stable GPVI agonist is underscored most for flow cytometry.

Specific heavy-chain variable domain antibodies, or nanobodies, are small heavy-
chain only antibodies derived from camelids such as llamas. Nanobodies retain the
antigen specificity of the parental antibody, are highly stable, and can be efficiently
produced on a large scale. This makes nanobodies ideal candidates for diagnostic
purposes®™. Within the SYMPHONY consortium'®, one of the aims is the improvement
of laboratory diagnostics for patients with inherited bleeding disorders. In the current
study, we developed a nanobody that specifically targets the extracellular domain
of platelet GPVI. Based on the tetramer structure of convulxin, we produced a tetramer
GPVI nanobody that induces platelet activation. We here describe the developmental
and functional characterization and clinical validation of this nanobody-based GPVI-
specific platelet agonist.

MATERIALS AND METHODS

Subjects

Healthy donors

Healthy controls were recruited among personnel and students at University Medical
Center Utrecht by the MiniDonor biobank facility of the University Medical Center
Utrecht (Biobank number 18-774) and were free of nonsteroid anti-inflammatory
drugs. Approval was obtained from the local ethics review board, and all participants
provided written informed consent.

Patients with suspected primary hemostasis disorder

People with a (suspected) platelet disorder in the Netherlands were included in the
Thrombocytopathy in the Netherlands study (study number NL53207.041.15), a
nationwide cross-sectional study on disease phenotyping, diagnostics, and genetics
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at the University Medical Center Utrecht'"'®. Exclusion criteria were von Willebrand
disease and a coagulation factor deficiency. Patients came for a single hospital visit,
and blood was collected for whole blood analysis, aggregation with 4 agonists,
platelet surface receptor expression, nucleotide content, and genetic analysis. All
measurements were done in the same sample, nonblinded. Medical ethical committee
approval was obtained, and all patients provided written informed consent.

Blood samples

In all participants, blood was collected from the antecubital vein in 3.2% trisodium
citrate vacutainer tubes (BD) through phlebotomy. Blood was processed within 1 to 4
hours after collection. Platelet-rich plasma (PRP) was obtained by centrifugation at
160 x g without brake at room temperature (RT) for 15 minutes. Platelet-poor plasma
(PPP) was obtained by centrifugation of the remainder of the blood at 2000 x g for
10 minutes at RT. Washed platelets were isolated from PRP, as described previously™.
PRP was acidified and centrifuged at 340 x g for 15 minutes. The platelet pellet was
resuspended in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-Tyrode's
buffer, pH 6.5, with 10 ng/mL prostacyclin. Platelets were centrifuged again at 340 x g
for 15 minutes and resuspended in HEPES-Tyrode's buffer, pH 7.3 to a platelet count
of 200 x 10°%/L. After isolation, washed platelets were allowed to rest for 30 minutes
at RT.

Nanobody selection

The recombinant soluble extracellular domain of human GPVI (sGPVI; amino acids
21-267) was produced as monomer and purified by U-protein express (Utrecht, the
Netherlands). Two llamas (Lama glama) received 4 rounds of subcutaneous immunizations
with 50 pg sGPVI at day O, 14, 28 and 56. Blood was drawn at 3 months after
immunization for peripheral blood B-lymphocyte isolation. Phage display libraries
containing the sequences of all V H regions of heavy-chain only antibodies were
constructed by QVQ (Utrecht, the Netherlands), as described®. Nanobodies were
selected as described?, with a few modifications. In short, Nunc PolySorp microtiter
plates were coated with NeutrAvidin® (Life Technologies, Carlsbad, CA; 5 ug/mL) in
50 mM Na,CO,, 50 mM NaHCO,, 0.05% N,, pH 9.6 at 4 °C overnight, washed and
blocked with 1% bovine serum albumin (BSA) in 137 mM NaCl, 2.7 mM KCl, 9.2 mM
Na,HPO,, 1.76 mM KH,PO,, pH 7.4 (PBS-BSA). All subsequent incubations took place
at RT for 1 hour under gentle agitation on a plate shaker, unless otherwise indicated.
GPVI was biotinylated with EZ-Link Sulfo-NHS-LC-Biotin according to manufacturer’s
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instructions (Life Technologies) and incubated in NeutrAvidin coated wells (1.5 ug/
mL). Plates were washed and incubated with phages in PBS-BSA under gentle agitation
for 2 hours. Plates were washed 15 times with PBS containing 0.1% Tween-20, followed
by 3 times with PBS only. Bound phages were eluted with 0.1 M triethylamine, collected
and transferred to neutralizing buffer (1 M Tris/HCI, pH 7.5, sterile). Escherichia coli
(E. coli) (strain TG1) were incubated with phages, plated on Yeast Tryptone Broth agar
plates containing 2% glucose and 100 pg/mL ampicillin and grown overnight at 37 °C.
Single colonies were picked, grown for 5 hours at 37 °C, followed by induction of
nanobody production with isopropyl $-D-1-thiogalactopyranoside (IPTG, 1 mM)
overnight. Binding of nanobodies to GPVI was assessed on microtiter plates with
NeutrAvidin captured GPVI-biotin. GPVI-specific nanobodies were sequenced. Unique
clones were produced in large quantity and purified with immobilized metal affinity
chromatography (IMAC) on TALON® Superflow™ Sepharose. Lead nanobody D2
(NbD2) had the highest apparent affinity and was used for the current study.

Nanobody production and purification

The DNA sequence of anti-GPVI clone D2 was designed as a monomer or as a dimer
with a 5-residue glycine-serine linker (GGGGS) codon optimized for production in
Escherichia coli and ordered as a GeneBlock (Integrated DNA Technologies) with 5'
BamHI and 3’ Notl restriction sites. NbD2 dimer was then cloned into the pTH4.click
production vector, which encodes a C-terminal Myc-tag for detection, a flexible
glycine-serine linker, the LPETG sortase recognition sequence, and a His-tag for
purification?'. Nanobodies were expressed in BL21 Star (DE3)pLysS One Shot Chemically
Competent E. coli (Invitrogen) in a bioreactor with autoinduction medium (1% tryptone,
0.5% yeast extract, 25 mM [NH,],SO,, 50 mM KH,PO,, 50 mM Na,HPO,, 54 mM
glycerol, 2.8 mM glucose, 5.6 mM lactose, T mM MgSO,) with 100 pg/mL ampicillin
and 34 pg/mL chloramphenicol at RT overnight. Bacteria were harvested from the
bioreactor and centrifuged at 5000 x g for 15 minutes at 4 °C. Pelleted bacteria were
resuspended in 25 mM HEPES, 500 mM NacCl, pH 7.8 with 1 pg/mL DNAse, and 10
UM MgCl,. Bacteria were lysed with 3 subsequent freeze-thaw cycles in liquid nitrogen
at 37 °C, followed by incubation with lysozyme from chicken egg white (Sigma-Aldrich)
for 10 minutes at 37 °C. Lysed bacteria were centrifuged for 1 hour at 13,000 x g at
4 °C to pellet insoluble material, and nanobodies were purified from the supernatant
with immobilized metal affinity chromatography on TALON Sepharose (Cytiva). All
nanobodies were separated from remaining impurities with size-exclusion chromatography
(SEC) on a HiLoad 26/600 75 pg gel column (Cytiva).
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Tetramer generation with copper-free click chemistry

NbD2 dimers were labeled with a C-terminal azide using a sortagging procedure, as
described?'. In short, 100 uM purified NbD2 dimer was incubated with 1 uM sortase
A (SrtA) and 1 mM H-(Gly),-Lys(N3)-OH*HCI (IRIS Biotech GmbH) for 2 hours at 25 °C
to replace the C-terminal His-tag with a C-terminal azido group. Unlabeled dimers
and SrtA were removed with immobilized metal affinity chromatography on TALON
Sepharose. Next, azide-conjugated dimers were incubated for 18 hours at RT with
the bivalent DBCO-PEG4-DBCO linker (BroadPharm) to generate tetramers. Tetramers
were separated from unclicked dimers with SEC on a HiLoad 26/600 200 pg gel
column. Purity was assessed with sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and Coomassie blue staining.

Determination of binding affinity to recombinant GPVI

The binding of NbD2 to soluble GPVI (sGPVI) was analyzed with surface plasmon
resonance on a Biacore T100 system (Cytiva). A monoclonal anti-c-Myc antibody
(clone 9E10; in-house produced; 50 pg/mL) was immobilized on reference and
measurement flow channels of a CM5 sensor chip (Cytiva) with amine-coupling
chemistry, according to the manufacturer's instructions. Binding experiments were
performed in flow buffer (10 mM HEPES, 150 mM NacCl, pH 7.4 with 0.05% Tween 20).
NbD2 dimers (12.5 pg/mL) were captured on the measurement flow channels at a
flow rate of 30 pL/min, followed by injection of sGPVI (0, 5, 10, 25, 50, and 100 nM)
into reference and measurement channels at a flow rate of 30 pL/min for 1 minute
to allow analysis of 1:1 protein interactions without contributions of avidity. Dissociation
was monitored for 10 minutes. All flow channels were regenerated with 100 mM
glycine, pH 2.7, at a flow rate of 30 pL/min for 1 minute, followed by a 10-minute
stabilization period. Sensorgrams were adjusted for signal in the reference channel,
and binding kinetics were determined by fitting the data to a 1:1 Langmuir binding
model with Biacore T100 Evaluation software, version 2.0.4 (Cytiva).

Light transmission aggregometry

The aggregation of platelets was assessed with light transmission aggregometry
(LTA) in a Chrono-Log model 700 (Kordia). The platelet count in PRP was adjusted to
200 x 10%/L with PPP. PPP was used as a blank in the aggregometer. To assess inhibition
of aggregation by NbD2 monomers and NbD2 dimers, PRP was stimulated with
either an excess (1 uM) NbD2 dimers alone or PRP was preincubated for 15 minutes
at 37 °C at 900 rpm with 400 nM NbD2 monomers followed by 5 pg/mL Collagen
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Reagens HORM suspension (Takeda production site in Linz) or 1 uM D2 dimers
followed by either 4 pg/mL HORM collagen or 1 pg/mL CRP-XL (CambCol Laboratories).
Washed platelets (200 x 10%/L) were stimulated with 50 pg/mL fibrin directly or after
preincubation with either 1 uM NbD2 dimers alone or in the presence of 300 M
Gly-Pro-Arg-Pro acetate (Sigma-Aldrich) to inhibit fibrin polymerization for 15 minutes
at 37 °C at 900 rpm. Fibrin was prepared as described previously?>. In short, 1 mg/
mL fibrinogen in 0.06 M potassium phosphate buffer pH 6.8 was incubated with 2.5
U/mL human o thrombin for 1 hour at RT. The clot was washed in the same buffer,
and 50 pM Phe-Pro-Arg-chloromethylketone (Prolytix) was added to inactivate
thrombin. Fibrin polymers were dissolved in 0.02 M acetic acid. To investigate whether
fibrin activates platelets through GPVI and initiates fibrinogen-dependent platelet
aggregation through allbp3 rather than fibrin-dependent and allbf3-independent
agglutination, 500 pM D-Arg-Gly-Asp-Trp (ARGDW; Bachem) was added to platelets
to inhibit allbB3, followed by stimulation with fibrin.

To study the ability of NbD2 tetramers to initiate platelet aggregation, PRP was
stimulated with 18 nM NbD2 tetramers or 1 ug/mL CRP-XL. To assess whether NbD2
tetramers are useful in diagnostics, platelet responses toward 1, 2, and 18 nM NbD2
tetramers were obtained in inherited platelet function disorder (IPFD) patients and
compared with responses toward 1 and 4 ug/mL HORM collagen. Reference ranges
for these agonists were determined in healthy donors.

Flow cytometry assays

Platelet surface expression of GPVI and platelet reactivity toward GPVI agonists were
assessed with flow cytometry as described?. In short, whole blood was incubated
with fluorophore-conjugated nanobodies or antibodies, with or without platelet
agonists, and incubated in the dark at 37 °C for 10 minutes. In some experiments,
whole blood from healthy controls was incubated with 5 uM P2Y_, platelet inhibitor
cangrelor tetrasodium salt (Sigma-Aldrich) or 200 pM platelet cyclo-oxygenase 1
inhibitor indomethacin (Sigma-Aldrich) at RT for 30 minutes prior to use. Reactions
were stopped by fixation with fixative buffer (137 mM Nacl, 2.7 mM KCl, 1.12 mM
NaH,PO,, 115 mM KH,PO,, 10.2 mM Na,HPO,, 4 mM EDTA, 1.11% formaldehyde, pH
6.8) at RT for 20 minutes in the dark. After fixation, samples were diluted 1:1 (v/v) in
HEPES-buffered saline (HBS: 10 mM HEPES, 150 mM NaCl, 1 mM MgSO,, 5 mM K|,
pH 7.4) and analyzed on a BD FACSCanto Il Flow Cytometer (BD Biosciences). Platelets
were gated based on forward and sideward scatter, as well as CD42b (GPIbo)

30

Nanobody-based glycoprotein VI-specific platelet agonist

expression. Platelet P-selectin expression and fibrinogen binding were assessed as
described? to determine platelet reactivity. Platelet agonists were NbD2 dimers (0-30
nM), NbD2 tetramers (0-30 nM), ADP (50 pM), or CRP-XL (1 pg/mL) as indicated. For
analysis of the inhibition of platelet reactivity toward CRP-XL with NbD2 dimers,
whole blood was added to HBS with D2 dimers (0-30 nM), incubated at 37 °C for 10
minutes and stimulated with CRP-XL (1 ug/mL) at 37 °C for another 10 minutes. For
detection of platelet GPVI with NbD2 dimers, whole blood was added to HBS with
AlexaFluor 647-conjugated NbD2 (0-74.2 nM) and Rhodophyta-phycoerythrin (R-PE)-
conjugated anti-GPlba nanobody (clone 17; in-house produced; 15 ug/mL). In whole
blood from IPFD patients, P-selectin expression and fibrinogen binding were assessed
after stimulation with 18 nM NbD2 tetramer or 1 pg/mL CRP-XL. Data are expressed
as median fluorescent intensity (MFI).

Inhibition assay

Competition between NbD2 monomers and CRP-XL on sGPVI was assessed using
enzyme-linked immunosorbent assay. Soluble GPVI (2 pg/mL) in coating buffer (15
mM Na,CO,, 35 mM NaHCO,, 3 mM NaN,) was coated on a MaxiSorp 96-well plate
(Nunc) for 30 minutes at RT under gentle agitation and then overnight at 4 °C. Wells
were emptied and blocked for 1 hour with a blocking buffer (2% phosphate buffer
saline—-bovine serum albumin+ 0.05% Tween 20). All incubation steps were performed
at RT and under gentle agitation. A non-saturating concentration of NbD2 monomers
(2.5 nM) together with a concentration series of CRP-XL (20-0 ug/mL) in blocking
buffer were added to the wells and incubated for 1 hour. After washing, NbD2 was
detected with monoclonal mouse anti-c-Myc IgG1 (clone 9E10; in-house produced;
1 pug/mL) for 1 hour. After washing, wells were incubated with polyclonal horseradish
peroxidase-conjugated rabbit anti-mouse IgG (DAKO; 1:1000) for 1 hour. Wells were
washed and stained with 50 pL 3,3',5,5'-tetramethylbenzidine. Substrate conversion
was stopped by adding 25 pL 0.3 M sulfuric acid, and absorbance was measured at
450 nm in a SpectraMax iD3 (Molecular Devices).

Measurement of protein phosphorylation

Measurement of protein phosphorylation was performed as described in Martin et
al.®*. Washed platelets were diluted to 400 x 10%L and preincubated with 500 uM
dRGDW to prevent platelet aggregation and with or without 10 uM Src inhibitor
dasatinib (AbMole BioScience) or 1 uM SYK inhibitor PRT-060318 (Selleck Chemicals)
for 30 minutes at RT. Platelets were stimulated with either 1 pg/mL CRP-XL, 18 nM
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NbD2 dimer, or 18 nM NbD2 tetramer, remained unstimulated, or were treated with
dimethyl sulfoxide. After, platelets were lysed in reducing 3x sample buffer (15.5%
glycerol, 96.8 mM Tris-HCl, pH 6.8, 0.6% sodium dodecyl sulfate, 0.003% bromophenol
blue, 25 mM dithiothreitol) and heated for 10 minutes at 95 °C. Samples were run
on a precast Bolt 4% to 12% Bis-Tris Plus polyacrylamide gel (Invitrogen) in
3-morpholinopropane-1-sulphonic acid buffer at 100 V. Proteins were transferred
to an Immobilon-FL 0.45 um PVDF membrane (Millipore) at 125 V. Phosphorylation
of signal transduction proteins was detected with monoclonal mouse anti-phosphotyrosine
(clone PY20; Biosource; 1:500) and monoclonal rabbit anti-phosphoSYK Tyr 525/526
(clone F.724.5; Invitrogen; 1:500). Monoclonal mouse anti-SYK (clone 4D10; Santa
Cruz; 1:200) and polyclonal rabbit anti-GAPDH (Abcam; 1:1000) were used as lane
loading controls. Secondary antibodies were goat anti-mouse AlexaFluor 680 (Thermo
Fisher Scientific) and goat anti-rabbit IRDye800 (LI-COR) (1:10,000). Western blots
were scanned using the Odyssey M fluorescence imaging system (LI-COR).

RESULTS
Anti-GPVI NbD2 blocks CRP-XL-induced platelet aggregation

Nanobodies directed against GPVI were selected from phage display libraries obtained
from 2 llamas immunized with the extracellular domain of human GPVI. NbD2 was
identified as the best binder to immobilize GPVI and was used for further characterization.
First, binding kinetics were analyzed with surface plasmon resonance analysis (Fig.
1a). NbD2 showed a mean (SD) association rate of 5.1 (0.5) x 10° M's", a mean (SD)
dissociation rate of 1.3 (0.1) x 103 s', and a mean (SD) dissociation constant of 2.5
(0.4) nM, confirming that NbD2 has a high affinity for recombinant human GPVI.
Next, the ability of D2 dimers to bind to native platelet GPVI was assessed with flow
cytometry in human whole blood (Fig. 1b). NbD2 dimers showed dose-dependent
binding to platelet GPVI, confirming that NbD2 recognizes native human GPVI on
platelets (dissociation constant 1.3 nM). Platelet activation via GPVI requires receptor
clustering. To explore whether ligation of GPVI with NbD2 dimers induced platelet
activation, human whole blood from healthy donors was incubated with NbD2 dimers,
followed by analysis of P-selectin expression and fibrinogen binding with flow
cytometry (Fig. 1c). No increase in P-selectin expression or fibrinogen binding was
observed after stimulation with NbD2 dimers, whereas stimulation with CRP-XL under
the same conditions resulted in substantial P-selectin expression and fibrinogen
binding. Similar results were obtained with LTA (Fig. 1d). While stimulation with
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collagen or CRP-XL resulted in full platelet aggregation, platelet aggregation did not
occur when PRP was stimulated with a saturating concentration (1 pM) of NbD2
dimers. As this could indicate that NbD2 recognizes an epitope remote from the
collagen-binding site on GPVI, competition between collagen or CRP-XL and NbD2
dimers was assessed (Fig. 1d). No aggregation occurred after stimulation with CRP-XL
when platelets were preincubated with NbD2 dimers, and hardly any aggregation
occurred after stimulated with collagen when platelets were preincubated with NbD2
monomers or NbD2 dimers, suggesting that NbD2 recognizes an epitope on GPVI
overlapping with, or in close proximity to, the CRP-XL and collagen-binding site. To
confirm that NbD2 binds to the collagen-binding site on GPVI, we performed a
competitive enzyme-linked immunosorbent assay of NbD2 and CRP-XL on sGPVI. In
line with our observations on the functional effects of NbD2, CRP-XL competed with
NbD2 monomers for binding to sGPVI (Fig. 1e), suggesting the collagen and NbD2
binding sites overlap.

As fibrin has also been described to activate platelets in a GPVI-dependent manner?,
we assessed the ability of NbD2 dimers to inhibit fibrin-induced platelet activation
(Fig. 1f). Stimulation of washed platelets with fibrin resulted in full aggregation,
which was severely abrogated in the presence of fibrinogen receptor inhibitor dRGDW,
confirming that stimulation of platelets with fibrin results in platelet activation and
fibrinogen- and allbB3-dependent aggregation, rather than fibrin-dependent,
allbB3-independent platelet agglutination®. Fibrin-dependent platelet aggregation
required polymerized fibrin, as aggregation did not occur in the presence of fibrin
polymerization inhibitor Gly-Pro-Arg-Pro acetate. In contrast with the effect of NbD2
dimers on collagen-induced platelet aggregation, preincubation with NbD2 dimers
failed to inhibit fibrin-initiated platelet aggregation.

Having established that NbD2 specifically blocks the collagen-binding site, we further
characterized the inhibitory effect of NbD2 dimers on GPVI-mediated platelet
activation. Hereto, human whole blood was preincubated with NbD2 dimers and
stimulated with CRP-XL, followed by analysis of P-selectin expression and fibrinogen
binding with flow cytometry (Fig. 1g, h). The addition of NbD2 dimers resulted in a
dose-dependent reduction in P-selectin expression and fibrinogen binding after
stimulation with CRP-XL, with a mean (95% CI) half-maximal inhibitory concentration
of 1.9 (0.1-2.8) nM for P-selectin expression and a mean (95% Cl) half-maximal
inhibitory concentration of 2.0 (1.1-2.7) nM for fibrinogen binding.
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Fig. 1: Anti-glycoprotein (GP)VI nanobody D2 (NbD2) blocks cross-linked collagen-re-
lated peptide (CRP-XL)-induced platelet aggregation. a, Affinity of NbD2 dimers (5, 10, 25,
50, and 100 nM) to soluble GPVI was studied with surface plasmon resonance (n = 3). Colored lines
indicate binding data. Solid black lines indicate fitted data. b, Binding of NbD2 dimers was assessed
in a flow cytometer. Whole blood from healthy donors (n = 3) was incubated for 10 minutes with
AlexaFluor (AF)647-conjugated NbD2 dimer. Data are expressed as median fluorescent intensity
(MFI). ¢, Human whole blood from healthy donors was stimulated with either 1 uM NbD2 dimer, 1
pg/mL CRP-XL, or buffer for 10 minutes at 37 °C (n = 3). P-selectin expression and fibrinogen bind-
ing were assessed using flow cytometry. d, Platelet-rich plasma from healthy donors was preincu-
bated with either 1 pM NbD2 dimer alone or 1 uM NbD2 dimer, followed by stimulation with 4 pug/
mL collagen or 1 pg/mL CRP-XL (n = 3) or 400 nM NbD2 monomer followed by 5 pg/mL collagen
(n = 6) in a light transmission aggregometer. Aggregation was monitored for 15 minutes at 37 °C
at 900 rpm. Bar graphs represent the maximum amplitude of aggregation. Representative traces
of a single donor are shown. e, sGPVI was incubated with 2.5 nM NbD2 in the presence of CRP-XL
(0 to 20 pg/mL), and residual NbD2 binding was assessed (n = 3). Optical density (OD) was measured
at 450 nm and plotted against CRP-XL concentration. f, Human-washed platelets (n = 3) were
preincubated with either T uM NbD2 dimer, 500 uM D-Arg-Gly-Asp-Trp (ARGDW), or 300 uM Gly-
Pro-Arg-Pro acetate (GPRP), followed by stimulation with 50 pug/mL fibrin in a light transmission
aggregometer. Aggregation was monitored for 15 minutes at 37 °C at 900 rpm. Bar graphs repre-
sent the maximum amplitude of aggregation. Representative traces of a single donor are shown.
g,h, Whole blood from healthy donors (n = 3) was preincubated with NbD2 dimers as indicated,
followed by stimulation with 1 pg/mL CRP-XL. (g) Platelet P-selectin expression and (h) fibrinogen
binding were assessed in a flow cytometer, and MFls were plotted as a function of NbD2 dimer
concentration. Statistical analyses were performed with a 1-way analysis of variance (anova) with
Sidak correction. Error bars represent mean + SD.

Tetramers of anti-GPVI NbD2 induce platelet activation

Dimerization of GPVI was insufficient to induce platelet activation. To investigate
whether higher-order multimers would induce platelet activation, we engineered
NbD2 tetramers. Hereto, NbD2 dimers were treated with SrtA to introduce a glycinilated
azide tail. C-termini of 2 NbD2 dimers were linked with copper-free click chemistry
to ensure optimal availability of the complementarity-determining regions in NbD2.
(Fig. 2a). Purification of tetramers yielded a band of approximately 56 kDa, twice the
size of dimers (27 kDa) on a Coomassie blue staining (Fig. 2b).

To assess whether NbD2 tetramers were capable of inducing platelet activation,
NbD2 tetramers were compared with CRP-XL using LTA. NbD2 tetramers showed
immediate and full platelet aggregation, similar to CRP-XL, with a maximum aggregation
of 99.5 + 7.1% in 3 healthy volunteers with NbD2 tetramers compared with 106.0 +
10.6% with CRP-XL (Fig. 2c). The platelet-activating effect of NbD2 tetramers was
further investigated in a whole blood flow cytometry assay. NbD2 tetramers induced
a dose-dependent increase in P-selectin expression and fibrinogen binding with a
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mean (95% Cl) half-maximal effective concentration of 2.1 (1.2-6.7) nM and 1.8 (1.0-
3.8) nM, respectively (Fig. 2d, e). Combined, these data indicate that NbD2 tetramers
act as platelet agonists in LTA and flow cytometry.

In order to investigate why NbD2 dimers do not induce platelet activation, and
tetramers do, signaling events were investigated after stimulation with CRP-XL, NbD2
dimers, or NbD2 tetramers with Western blotting (Fig. 2f). NbD2 tetramers induced
tyrosine phosphorylation events, as well as substantial SYK phosphorylation, similar
to CRP-XL, whereas NbD2 dimers did not. Src inhibitor dasatinib and SYK inhibitor
PRT-060318 inhibited tyrosine phosphorylation after stimulation with NbD2 tetramers
and CRP-XL. These results demonstrate that NbD2 tetramers stimulate potent platelet
activation through GPVI, similar to CRP-XL, while NbD2 dimers fail to induce intracellular
signaling events.

36

Nanobody-based glycoprotein VI-specific platelet agonist
8 g re
£1%8
N
a
2 | ©
TE
E
3
£
(=
)
o~
7e)
~—
LN
(o]
3 % 0
g % = &
S 2
> > o
% o
T (] Q o in O
e o b4 S
. = T
(%) uonebaibbe xep g 1Md + y ' __"'1'{,‘-‘. ’
S| sea+ Vr L I
- ¥ 1 I
(@) | Lud + 1 1t J(|8
2 | seq + 2 5 ] 8
2l ) (BRE ]
= | Lud + ) £5 S
[ &, ook 133 ]
S - 11 [ E gt 7 1B
'[ osing I ! ] ‘
| PIYaA ] E Y L | B
E— LTIl
9 Q g R 8K QR BR R B
(o] N~
a1] 0 2 L
£
FANPQ —_ =
\ " c S
o= 5 2
N = =
< y o ©
N ° £ e £
Q) 7] [
o o
8 8
o o
g - a - 5
e |3 £ €
® - £ £
yaad -2 i
" I T T T TS & I T T T T T
P o (=3 [=3 o o N © © © © o o N
N 1= 1= 1= 1= [a] © © © o o [=]
P m N (=] o oS =] o © © © o o o
L\ = p < @ o~ - = n < ™ o~ - Z
P (14IN) L¥9d4v-unosjas-d (14) 88¥4v-usbouniqiy
£
< o w

37



Chapter 2

Fig. 2: Tetramers of anti-glycoprotein VI nanobody D2 (NbD2) induce platelet aggre-
gation. a, A C-terminal azido group was introduced into NbD2 dimers with sortagging, followed
by the formation of NbD2 tetramers with a DBCO-PEG4-DBCO (DBCO) linker with copper-free click
chemistry. b, Coomassie blue staining of NbD2 dimers (27 kDa) before sortase A treatment and
NbD2 tetramers (56 kDa) after sortase A treatment, DBCO-linking and size-exclusion chromatog-
raphy. ¢, Platelet-rich plasma from healthy donors (n = 3) was stimulated with either 18 nM NbD2
tetramers or 1 pg/mL cross-linked collagen-related peptide (CRP-XL). Aggregation was monitored
for 15 minutes at 37 °C. Bar graphs represent the maximum amplitude of aggregation. Represen-
tative traces of a single donor are shown. d,e, Whole blood from healthy donors (n = 3) was pre-
incubated with NbD2 tetramers as indicated. (d) Platelet P-selectin expression and (e) fibrinogen
binding were assessed in a flow cytometer, and median fluorescent intensities (MFI) were plotted
as a function of NbD2 tetramer concentration. f, Signal transduction in platelet lysates was assessed
using Western blotting. Platelets were stimulated with 1 pg/mL CRP-XL, 18 nM NbD2 dimers (NbD2-
2), or 18 nM NbD2 tetramers (NbD2-4) for 10 minutes at 37 °C with or without 10 uM Src inhibitor
dasatinib (Das) or 1 pM SYK inhibitor PRT-060318 (PRT). phosphoSYK (pSYK) and phosphotyrosine
(pY) were detected. The arrow indicates SYK. SYK and GAPDH were used as lane loading controls.
Statistical analysis was performed with a Student’s t-test. Error bars represent mean + SD. AF647/488,
AlexaFluor 647/488; V H, heavy-chain variable domain antibodies. DMSO, dimethyl sulfoxide.
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NbD?2 tetramers can be used as GPVI agonists during the diagnostic follow-up
of patients with a suspected platelet function disorder

Next, we investigated whether NbD2 tetramers can be used to detect platelet function
disorders. Hereto, platelets were treated with P2Y,, inhibitor cangrelor or cyclo-
oxygenase 1 inhibitor indomethacin to mimic platelet disorders, followed by stimulation
with either CRP-XL or NbD2 tetramers. P-selectin expression and fibrinogen binding
were assessed using flow cytometry. Both P-selectin and fibrinogen binding were
decreased in cangrelor-treated blood, but P-selectin expression was decreased, while
fibrinogen binding was normal in indomethacin-treated blood compared with
untreated blood. No differences in P-selectin expression or fibrinogen binding after
stimulation with CRP-XL or NbD2 tetramers were observed in both untreated and
inhibited samples; in untreated samples (Fig. 3a, b), the mean + SD P-selectin
expression was 1613 + 934 with NbD2 tetramers compared with 1805 + 801 for
CRP-XL (P = .26). For fibrinogen binding, this was 2249 + 812 and 2602 + 698,
respectively (P = .07). When platelets were inhibited with cangrelor (Fig. 3a), P-selectin
expression was 1036 + 561 with D2 tetramers and 1103 + 466 with CRP-XL (P = .82).
For fibrinogen binding, D2 tetramers resulted in an MFI of 1606 + 527 compared
with 1754 + 590 with CRP-XL (P = .51). Lastly, indomethacin-treated blood (Fig. 3b)
resulted in P-selectin expression of 961 + 576 with NbD2 tetramers compared with
1010 + 402 for CRP-XL (P = .85) and fibrinogen binding of 2177 + 1050 and 2406 +
935 (P = .41). The latter was not decreased compared with healthy controls for both
agonists. These data suggest that NbD2 tetramers perform similarly to CRP-XL and
might be suitable platelet agonists for diagnostic purposes.
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Fig. 3: Nanobody D2 (NbD2) tetramer can be used as a glycoprotein VI agonist during
the diagnostic follow-up of patients with a suspected platelet function disorder. a,b,
Human whole blood was incubated with 5 uM cangrelor or 200 uM indomethacin for 30 minutes
at room temperature. Platelet activation was allowed for 10 minutes at 37 °C with either cross-linked
collagen-related peptide (CRP-XL), NbD2 tetramers, or adenosine diphosphate (ADP), and P-selec-
tin expression and fibrinogen binding was assessed with median fluorescent intensity (MFI) of
fluorescently labeled nanobodies. Bar graphs represent mean P-selectin expression and fibrinogen
binding in healthy donors (n = 9). ¢, Platelet-rich plasma from patients with an inherited platelet
function disorder (IPFD; n = 21) and healthy controls (n = 50) were stimulated with either 1, 2, or
18 nM NbD2 tetramer or 1 or 4 ug/mL collagen. Aggregation was monitored for 15 minutes at 37 °C.
Bar graphs represent the maximum amplitude of aggregation. A correlation plot is shown for
maximum aggregation with 2 nM NbD2 tetramer and 1 pg/mL collagen. d,e, Whole blood from
IPFD patients (n = 25) and healthy controls (n = 50) were stimulated with either 18 nM NbD2 te-
tramer or 1 ug/mL CRP-XL for 10 minutes at 37 °C. (d) P-selectin expression and (e) fibrinogen
binding were assessed using flow cytometry. Data are expressed as MFI. Correlation plots for both
agonists are shown for P-selectin expression and fibrinogen binding. f, Area under the receiver
operating characteristic for CRP-XL vs NbD2 tetramer in flow cytometric fibrinogen binding in
healthy controls and IPFD patients. Statistical analyses were performed with 1-way anova with Sidak
correction. Error bars represent mean + SD. AF647/488, AlexaFluor 647/488.

To further evaluate the diagnostic performance of platelet function testing with
NbD2 tetramers, LTA and flow cytometry assays were performed in blood from 25
patients with a confirmed IPFD and in 50 healthy controls (Table 1). Five IPFD patients
were excluded from the LTA analysis due to thrombocytopenia. Many IPFD patients
showed decreased aggregation (mean maximum aggregation, 48 + 27%) after
stimulation with a low concentration of collagen (1 pg/mL) compared with healthy
controls (86 + 7%; P < .0001; Fig. 3c). Similar results were obtained with low concentrations
of NbD2 tetramer (1 and 2 nM; 48 + 37% and 68 + 30% in IPFD patients and 78 +
20% and 89 + 6% in healthy controls; P < .0001). A high concentration of collagen
(4 pg/ml) resulted in normal platelet aggregation in both IPFD patients (83 + 6%)
and healthy controls (87 + 4%; P = .87). The same was seen for a high concentration
of NbD2 tetramer (18 nM; 87 + 7% in IPFD patients and 91 + 6% in healthy controls;
P =.77). However, the maximum aggregation response observed with 2 nM NbD2
tetramer correlated poorly with the response toward 1 pg/mL collagen (Pearson
r = .03 in IPFD patients; Fig. 3c).

Platelet surface P-selectin expression after stimulation with CRP-XL was normal or
increased in IPFD patients compared with healthy controls (Fig. 3d), whereas fibrinogen
binding was decreased in IPFD patients (2225 + 799 for CRP-XL and 1647 + 659 for
NbD?2 tetramers) compared with healthy controls (3665 + 840 and 2463 + 635; P <
.0007; Fig. 3e). P-selectin expression after CRP-XL stimulation correlated well with
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P-selectin expression after stimulation with NbD2 tetramers in healthy controls and
IPFD patients (Pearson r = .85 in both healthy controls and IPFD patients), as did
fibrinogen binding (Pearson r = .64 and .83, respectively; Fig. 3d, e). The diagnostic
performance of fibrinogen binding after stimulation with either agonist was similar,
with an area under the receiver operating characteristic of 0.90 + 0.04 for CRP-XL
and 0.81 £ 0.05 for NbD2 tetramer (P = .21; Fig. 3f). For both agonists, sensitivity
was 40% (95% Cl, 23.40%-59.26%), and specificity was 98% (95% Cl, 89.50%-99.90%),
with a positive likelihood ratio (LR) of 20.0 and negative LR of 0.61. Corresponding
cutoff values were 2100 MFI for CRP-XL and 1311 MFI for NbD2 tetramer. This indicates
that NbD2 tetramers can be used to discriminate patients with IPFD from healthy
controls with a flow cytometric diagnostic assay based on fibrinogen binding to
platelets, with a similar sensitivity and specificity as CRP-XL.

Table 1: Baseline demographics and clinical characteristics of participants with inherited platelet
function disorders.

Total patients (n) 25
Sex (n (%))
Males 10 (40)
Females 15 (60)
Age (in years)
Median 39
Range 21-75
Platelet count (x 10° / L)
Median 237
Range 53-464
Thrombocytopenia (n)
100-150 x 10° / L 3
50-100 x 10° / L 3
MPV (fL)
Median 8.4
Range 6.8-10.7
IPFD (n) 25
SPD* 18
Hermanksy-Pudlak 1

RUNX1 familial platelet disorder
Platelet-type bleeding disorder-17

XLTT

Familial thrombopathic thrombocytopenia
Unspecified platelet aggregation defect

N — o

*Platelet ADP content <1.4 ymol /10" platelets
MPV; mean platelet volume, IPFD; inherited platelet function disorder, SPD; storage pool disease, XLTT;
X-linked thrombocytopenia with thalassemia, LTA; light transmission aggregometry
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DISCUSSION

This study shows that a tetrameric nanobody targeting platelet collagen receptor
GPVI has the capability to activate platelets and can be utilized to study differences
in platelet reactivity between IPFD patients and healthy controls. Based on our data,
the nanobody recognizes an epitope that overlaps with the collagen-binding site on
GPVI. While it effectively blocks GPVI-mediated activation by collagen when used
as a dimer, it leads to full platelet activation in both LTA and flow cytometry-based
platelet activation assays when used as a tetramer.

In previous studies using anti-GPVI nanobodies, it was shown that dimerization of
GPVlI is not sufficient for platelet activation, but tri- or tetramerization is?#?’. Our data
are in line with these observations, as our dimeric nanobody has an inhibiting effect
on collagen or CRP-XL-induced platelet activation, and our tetrameric nanobody acts
as an agonist.

Crystal structures of GPVI have shown that the primary binding site for collagen lies
across the D1 domain B-sheet?®. Our data suggest that the binding site of NbD2 on
GPVI overlaps with the binding site on GPVI for collagen. Glenzocimab, an inhibitory
antibody Fab-fragment against the D2 domain of GPVI that is currently under
investigation in phase 2/3 clinical trials®®, was shown to prevent collagen binding to
GPVI through steric hindrance?. Although NbD2 dimers (27 kDa) are smaller than
glenzocimab (48 kDa), we cannot exclude steric hindrance, which plays a role in the
effects of NbD2.

Fibrin is an additional ligand for GPVI, resulting in GPVI-mediated platelet activation®.
Although the exact fibrin binding site on GPVI is not known, it is suggested that it
is in close proximity to the collagen-binding site®. Our NbD2 dimers did not act as
an inhibitor for fibrin-initiated platelet aggregation, suggesting that NbD2 binds
remotely from the fibrin binding site. The relevance of fibrin binding to GPVI for
diagnostics of platelet disorders remains to be determined.

Activation of platelets through GPVI is always included in diagnostic assays for platelet
function disorders such as LTA and flow cytometry. The major ligand for GPVI, the
matrix protein collagen, is insoluble and mostly used as poorly standardized suspensions
of fibrillar collagen. Platelet disorders that show reduced platelet reactivity toward
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collagen include GPVI deficiency, either congenital or acquired due to autoantibodies®?,
GPVI-related signaling defects®, and defects in reinforcing pathways of platelet
activation, such as SPDs'™. Patients with GPVI deficiency show strongly reduced
platelet aggregation with collagen and decreased P-selectin expression and fibrinogen
binding in flow cytometry diagnostic workup. The effects of SPD on collagen-induced
platelet aggregation are less pronounced, with normal LTA responses in many patients
with SPD*'. None of the patients in our study had GPVI deficiency, and 72% of the
patients in our study had SPD. In line with reported LTA outcomes in SPD, many
patients displayed normal LTA responses to collagen and NbD2 tetramers.

LTA outcomes for collagen and NbD2 tetramers did not correlate. A possible explanation
for the discrepancy between NbD2 tetramers and collagen in LTA could be that
collagen binds to both GPVI and a2fB1, whereas NbD2 only interacts with GPVI. A
deficiency in integrin a2p1 results in reduced collagen-mediated aggregation®,
indicating that the a2p1 signaling pathway also plays a role in collagen-induced
platelet aggregation. As NbD2 dimers fully block collagen-induced platelet activation,
any a2p1-mediated responses toward collagen are likely to occur secondary to GPVI-
mediated signaling.

In sharp contrast with LTA data, platelet fibrinogen binding after stimulation with
NbD2 tetramers correlated well with fibrinogen binding after stimulation with CRP-XL
in flow cytometry. Platelet responses to the NbD2 tetramer were similar to those
with the GPVI-specific agonist CRP-XL in flow cytometry in both IPFD patients and
healthy controls. The diagnostic performance of both agonists was similar, with very
good discrimination between healthy controls and IPFD patients, supporting the
potential application of NbD2 tetramers in the evaluation of platelet function during
the diagnostic workup of primary hemostasis defects.

Limitations of this pilot study on diagnostic performance are that our cohort of 25
IPFD patients was relatively small, analysis was not performed blind to diagnosis,
and SPD was overrepresented, which may have introduced an overestimation of
diagnostic performance. Sensitivity and specificity should, therefore, be interpreted
with caution. However, the LR, a measure insensitive to prevalence, suggests NbD2
tetramers are suitable for diagnostic use. Our findings need to be confirmed in a
larger prospective study in a relevant patient population. Platelet function analysis
is performed to confirm or exclude platelet disorders in patients with clinical symptoms
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of a primary hemostasis defect characterized by a mucocutaneous bleeding tendency.
Validation of NbD2 tetramers for diagnostic purposes will, therefore, require the
evaluation of platelet function in a larger cohort of people with a mucocutaneous
bleeding tendency. Such analyses are hampered by the lack of gold-standard tests
for platelet function abnormalities.

Lastly, due to the stable and easily producible nature of nanobodies, this technique
could be further developed for other receptors, as was already done by Martin et
al®*, who developed trivalent nanobody-based ligands for GPVI, C-type lectin-like
receptor 2, and platelet endothelial aggregation receptor 1 and a tetravalent ligand
for FcyRIIA. However, the diagnostic value of other platelet nanobody-based ligands
would need to be determined.

In conclusion, we here show the development and functional characterization of a

novel tetrameric GPVI-specific nanobody that may serve as a stable platelet agonist
in diagnostic assays.
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ADDENDUM
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and Minka Zivkovic, Utrecht, the Netherlands.
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SUMMARY

Background: Delta storage pool disease (5-SPD) is a rare platelet function disorder
(PFD) characterized by a deficiency of dense granules or defective granule secretion,
leading to bleeding diathesis. Diagnostics of 6-SPD are difficult and lack standardization,
leading to underestimation of its prevalence. Current diagnostic methods are based
on granule content assays or lumi-aggregometry, which have limited availability.
Therefore, there is an unmet need for a rapid, accessible test for 6-SPD.
Objectives: To evaluate the diagnostic value of a rapid whole-blood adenosine
triphosphate (ATP) secretion test for §-SPD.

Methods: ATP secretion after PAR-1 activating peptide (PAR-1 AP; TRAP-6) stimulation
was assessed in whole blood using luminescence in 50 healthy controls, 22 patients
with a suspected PFD other than storage pool disease (non-SPD) and 25 patients
with 6-SPD and corrected for platelet count. Diagnostic value of the test was determined
with C-statistics, sensitivity, specificity, likelihood ratios (LLRs), and predictive values
(PVs).

Results: PAR-1 AP mediated ATP secretion in the rapid test was lower in -SPD than
in healthy controls and non-SPD patients (P < .0001). The rapid test was able to
discriminate between 6-SPD and non-SPD patients (C-statistic 0.88; 95% Cl, 0.78-
0.98). At a cutoff value of the highest value of the 8§-SPD group, the sensitivity was
100% and the specificity was 64%. This cutoff value corresponded with a positive
LLR of 2.75, an optimal negative LLR of 0.00, positive PV of 76%, and negative PV of
100%.

Conclusion: A whole-blood ATP secretion test can be used to exclude 6-SPD in
patients presenting with a primary hemostasis defect.

Keywords: Blood Platelet Disorder; Diagnostic Tests; Luminescent Assay; Platelet Function
Tests, Platelet Storage Pool Deficiency
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INTRODUCTION

Platelets play a critical role in hemostasis by forming a platelet plug at sites of vascular
injury. Upon activation, platelets release the contents of their storage organelles,
including alpha (o) and dense (6) granules, which further promote platelet activation
and coagulation™. Among the molecules secreted from dense granules are adenosine
diphosphate (ADP) and adenosine triphosphate (ATP). ADP facilitates secondary
platelet activation via the P2Y,, receptor and is vital for thrombus stability*.

Storage pool disease (SPD) arises from either a reduced number or complete absence
of granules or a diminished granule content, leading to decreased granule release>®.
On the other hand, defects in the membrane fusion machinery, due to impaired
signal transduction or granule trafficking, are linked to secretion failure upon platelet
activation’. SPD can be classified into 3 types: a-SPD, lacking a-granules, &-SPD
lacking dense granules and a8-SPD, lacking both a- and &-granules® .

Platelet 6-granules belong to a family of lysosome-related organelles, which also
includes pigment-containing melanosomes and lytic granules in natural killer cells
and T lymphocytes™ 2. Quantitative or qualitative defects in platelet 5-granules are
very heterogeneous in origin. Causative mutations have been identified for rare
syndromic disorders such as Chediak-Higashi disease, Hermansky-Pudlak syndrome,
and Griscelli syndrome in which patients present with §-SPD and oculocutaneous
albinism with or without immune deficiencies. Affected genes in these disorders
encode proteins involved in biogenesis, trafficking, or membrane fusion of lysosome-
related organelles, resulting in a variety of affected cell types®™'. 6-SPD is also
observed in patients with rare mutations in transcription factors GATA1, RUNX1, or
Fli1, involved in the regulation of hematopoiesis. Causative mutations for nonsyndromic
forms of 6-SPD, in which only the megakaryocytic lineage is affected, are not known
yet™12. SPD is one of the most common platelet disorders, representing up to 28%
of diagnosed platelet disorders in tertiary treatment centers in the United States.

Although dense granule deficiency is a common platelet disorder, diagnostics for
this disorder lack standardization and are costly and difficult to implement routinely
in hemostasis laboratories™™. This was highlighted by a worldwide survey conducted
by the International Society on Thrombosis and Haemostasis (ISTH)%. In this study,
more than half of the 202 responding laboratories did not evaluate platelet granule
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content or release during investigation of patients with suspected platelet defects.
Among the laboratories where granule release was evaluated, the used diagnostic
methods were diverse and poorly standardized?*-?%. In addition, there are no validated
recommendations regarding the decision tree or the prioritization of tests necessary
to achieve an accurate diagnosis of 6-SPD'>?2. Consequently, SPD diagnostics are not
performed in every patient with a mucocutaneous bleeding tendency, possibly
leading to underestimation of the prevalence of SPD.

Currently, the most used method to diagnose 6-SPD is lumi-aggregometry. This test
cannot distinguish between decreased granule content and a secretion defect?.
Moreover, it is time and labor-intensive and requires large volumes of blood, which
can be especially challenging in pediatric patients**?>. Another frequently used
method is het measurement of nucleotides ADP and ATP in platelet lysates, where
luciferase catalyzes the conversion of ATP and luciferin to light. Although this assay
can accurately detect 6-granule deficiency, it is insensitive to secretion defects.
Another diagnostic method involves counting the total number of &-granules per
platelet with whole-mount transmission electron microscopy, which is complex,
requires specialized equipment, and is not widely accessible in diagnostic laboratories.
A study performed by the Scientific and Standardization Committee of the ISTH
among laboratory specialists indicated that measurement of the total content and
secreted fraction of either ATP/ADP or serotonin by high-performance liquid
chromatography (HPLC) are appropriate methods for the evaluation of dense granule
content and secretion?, but this is not widely available either.

Given that <50% of expert laboratories perform routine platelet SPD assessment,
there is an unmet need for consensus for standardization and validation of platelet
SPD diagnostics?*%. A possible way forward is by exploring other options for SPD
diagnostics. Previous studies have already shown that the determination of platelet
surface markers like P-selectin and CD63 with flow cytometry is useful in detecting
granule deficiencies®®8. Additionally, super-resolution microscopy for the evaluation
of CD63 was shown to be effective in predicting Hermansky-Pudlak syndrome?®.
However, these tests are not validated for diagnostic purposes™. We and others have
shown that flow cytometric assessment of mepacrine fluorescence can be used as
a screening tool to exclude &-SPD in patients presenting with a suspected inherited
platelet function disorder (IPFD)?%%830, Here, we used a similar approach to evaluate
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a more rapid screening assay based on ATP secretion in whole blood as a diagnostic
tool for &-granule deficiency.

MATERIALS AND METHODS
Subjects

Individuals with confirmed &-SPD were included in the Thrombocytopathy in the
Netherlands (TiN) study (study number NL53207.041.15), a nationwide cross-sectional
study focused on disease phenotyping, diagnostics, and genetics, conducted at the
University Medical Center Utrecht. As a reference group, patients with a suspected
IPFD based on a mucocutaneous bleeding tendency (ISTH-BAT >5 for women or >3
for men) who were eligible for diagnostic workup of a platelet disorder were recruited
at the Van Creveldkliniek of the University Medical Center Utrecht (Biobank number
24-059). Healthy control participants were recruited from the staff and students at
the University Medical Center Utrecht by the MiniDonor biobank facility (Biobank
number 18-774). Subjects were allocated to the §-SPD or non-SPD group based on
platelet ADP content. Approval from the medical ethics committee was obtained
and all subjects provided written informed consent in accordance with the declaration
of Helsinki.

Blood collection

For all participants, blood was collected from the antecubital vein using 3.2% trisodium
citrate vacutainer tubes (BD) via phlebotomy. Patients attended a single hospital visit
during which blood was collected for various analyses, including complete blood
count, light transmission aggregometry (LTA) with 7 agonists, platelet surface receptor
expression, nucleotide content, and the whole-blood ATP secretion test. The blood
was processed within 1 to 4 hours after collection. All measurements were performed
on the same sample in a nonblinded manner.

Nucleotide content in platelet lysate

Whole blood was centrifuged at 200 g for 10 minutes without brake, to obtain
platelet-rich plasma (PRP). PRP was isolated and the remainder of the blood was
centrifuged at 1500 g for 15 minutes to obtain platelet-poor plasma. Platelet counts
were adjusted with platelet-poor plasma to a maximum of 250 x 10%/L. Next, 500 pL
PRP was diluted in ice-cold 1 mL EDTA-Ethanol (1:9 vol:vol 0.1 M sodium-EDTA in
96% ethanol) and stored at —80 °C until further use. After thawing on ice, samples
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were vortexed and centrifuged at 1500 g for 10 minutes at 4 °C. Two fractions of
phosphoenolpyruvate (PEP)/pyruvate kinase (PK) (95 uM PEP [Roche] and 25 pug/mL
PK [Roche] in 0.2 M Tris-maleate, 10 mM KCl, 15 mM MgSO,, pH 7.4) were made, of
which, one was inactivated for 20 minutes at 80 °C and the other one remained active.
Platelet lysates were added to either active or inactive PEP/PK, mixed well, and
incubated for 15 minutes at 37 °C or room temperature (RT), respectively. The active
PEP/PK converts all ADP to ATP (ATP+ADP fraction), whereas the inactive PEP/PK is
used to only measure the ATP concentration (ATP fraction). Both reactions were
stopped by heating for 10 minutes at 80 °C. ATP levels were determined in both
fractions with the ATPlite 1step Luminescence Assay System kit (Perkin Elmer) according
to the manufacturer’s protocol. Luminescence was measured on a SpectraMax L
luminometer (Molecular Devices) at all wavelengths, and ATP levels were determined
from an ATP calibration curve. ADP levels were calculated by subtracting the concentration
of the ATP fraction from the ATP+ADP fraction. ADP and ATP levels were expressed
as pmol per 10" platelets. Reference values were >1.4 pmol/10" platelets ADP, >2.7
pmol/10™ platelets ATP, and 1.20 to 2.00 ATP/ADP ratio. Patients were considered to
have 6-SPD when they had platelet ADP levels <1.4 pmol/10" platelets.

Flow cytometry assays

Platelet surface expression of P-selectin (CD62P) and CD63 were assessed with flow
cytometry as described?'. In short, 5 pL whole blood from healthy donors or patients
with a (suspected) IPFD was incubated with fluorescein-5-isothiocyanate-conjugated
anti-CD42b (clone HIP1; 1:25; BD Pharmingen), R-Phycoerythrin (rPE)-conjugated
anti-CD62P (clone AK-4; 1:25; BD Pharmingen) and AlexaFluor (AF)647-conjugated
anti-CD63 (clone H5C6; 1:50; BD Pharmingen) with or without 25 pM or 2.5 pM
protease-activated receptor-1 activating peptide (PAR-1 AP; TRAP-6; SFLLRN; Bachem)
and incubated in the dark at 37 °C for 10 minutes. Reactions were stopped by fixation
at RT for 20 minutes in the dark with 1.11% fixative solution (137 mM NaCl, 2.7 mM
KCl, 112 mM NaH,PO,, 115 mM KH,PO,, 10.2 mM Na,HPO,, 4 mM EDTA, 1.11%
formaldehyde, pH 6.8). After fixation, samples were diluted 1:1 (v/v) in FACS-HBS
buffer (10 mM HEPES, 150 mM NaCl, T mM MgSO,, 5 mM KCl, pH 7.4) and analyzed
on a BD FACSCanto Il Flow Cytometer. Platelets were gated based on forward and
sideward scatter, as well as CD42b (GPlbo) expression. Data are expressed as median
fluorescent intensity (MFI).
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Whole-blood ATP secretion test

Secretion of ATP from stimulated platelets was assessed with a whole-blood luminescence-
based assay. 25 plL of whole blood was carefully resuspended 8 times in 75 pL of a
mixture, resulting in final concentrations of 2.5 uM PAR-1 AP, 8 ug/mL recombinant
luciferase (Synapse B.V.), and 1 mM luciferin (Synchem UG & Co KG). Afterward, the
luminescence signal was directly measured at all wavelengths for 10 minutes at 37 °C
with 30-second intervals on a SpectraMax iD3 (Molecular Devices), and ATP secretion
was determined as a maximal signal. The coefficient of variation was 14.8%. Data are
expressed as relative light units (RLUs) per 10° platelets. The whole-blood ATP secretion
test was performed on the same day as the granule nucleotide assay. Patients and
healthy controls were not measured on the same day.

Statistical analysis

ATP secretion data were obtained using SoftMax Pro Software (Molecular Devices).
Diagnostic performance was analyzed with receiver operating characteristic-curves
and the concordance statistic (c-statistic), as well as calculation of positive (PPV) and
negative predictive value (NPV) and positive and negative likelihood ratios (LLRs).
Statistics were analyzed with GraphPad Prism version 10.0.3 and 2024 MedCalc
Software Ltd. Flow cytometry data were analyzed using BD FACSDiva Software.

RESULTS
Patient population

Twenty-five patients with confirmed 6-SPD and 22 patients with a suspected IPFD
other than 6-SPD (non-SPD) were included in this study (Table 1). Six patients with
8-SPD and 5 non-SPD patients had mild thrombocytopenia (50-150 x 10%/L). All other
patients had a normal platelet count (>150 x 10°/L). LTA was performed in 24 of 25
patients with 6-SPD; LTA could not be performed in 1 due to low platelet count in
PRP (<100 x 10%L). Seven patients (29%) had aberrant aggregation, of whom 4 were
in response to collagen, 4 to arachidonic acid, and 1 to PAR-1 AP. Ten out of 22 (45%)
non-SPD patients had aberrant LTA patterns, of whom 5 in response to ADP, 5 to
collagen, 3 to arachidonic acid, 1 to PAR-1 AP, 2 to U-46619, and 3 to epinephrine.
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Table 1: Demographic and baseline characteristics.

&-SPD non-SPD

n 25 22
Sex (n (%))

Males 9 (36) 6 (27)

Females 16 (64) 16 (73)
Age (in years)

median (range) 41 (21-75) 36 (21-75)
Platelet count (*109 / L) (NR: 150-450)

median (range) 262 (53-392) 231(57-391)
MPV (fL) (NR: 7.0-9.5)

median (range) 8.1(6.8-9.6) 8.1(6.8-10.5)
Platelet nucleotide content

ADP (umol/1011 platelets) (NR: 1.4-3.3)

median (range) 0.8 (0.2-1.37) 2.0 (1.5-2.9)
ATP (umol/1011 platelets) (NR: 2.7-4.8)

median (range) 3.0 (2.2-4.6) 3.85 (2.8-5.8)
ADP/ATP ratio (NR: 1.20-2.00)

median (range) 3.83 (2.21-15.65) 1.81(1.41-2.85)
LTA (%)

ADP (5 uM) (NR: 50-100)

median (range) 80.5 (52-100) 73 (19-100)
Collagen (4 pg/ml) (NR: 75-100)

median (range) 83 (56-92) 81 (29-93)
AA (1.5 mM) (NR: 60-100)

median (range) 88 (19-100) 84 (9-95)
Epinephrine (5 uM) (NR: 5-100)

median (range) 78 (11-100) 62 (2-97)
PAR-1 AP (10 uM) (NR: 75-100)

median (range) 94 (60-100) 91 (50-100)
U-46619 (4 uM) (NR: 75-100)

median (range) 91 (43-100) 94 (58-100)
Ristocetin (0.6 mg/ml) (NR: 0-25)

median (range) 12 (6-77) 7 (2-57)
Ristocetin (1.2 mg/ml) (NR: 75-100)

median (range) 94 (77-100) 92 (45-100

MPV; mean platelet volume, IPFD; inherited platelet function disorder, LTA; light transmission aggregometry,
NR; normal range, AA; arachidonic acid
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In order to distinguish between secretion defects and the absence of granule content
in patients with 8-SPD, surface expression of dense granule marker CD63 was assessed
in PAR-1 AP stimulated platelets with whole-blood flow cytometry. Mean+SD CD63
expression in patients with 6-SPD was 2107 + 937 MFl and was decreased compared
with non-SPD patients (3568 + 716 MFI; P < .0001) (Fig. 1a). No CD63 expression
was observed in unstimulated platelets (5-SPD: 276.8 + 149.8 MFI; non-SPD: 296.2 +
56.4 MFI healthy controls: 245.5 + 61.8 MFI). CD63 expression in non-SPD patients
was within the normal reference range, based on CD63 expression in 50 healthy
controls. Nine patients with §-SPD had normal CD63 expression after platelet activation
despite low platelet nucleotide content, suggesting dense granules were present
but did not contain ADP. To confirm platelets responded normally to stimulation
with PAR-1 AP, platelet P-selectin levels were determined.

P-selectin expression in patients with 6-SPD was similar to P-selectin expression in
non-SPD patients with IFPD (P = .25) and both groups were mostly within the reference
range of healthy controls (Fig. 1b). Three &-SPD (12%) and 4 non-SPD patients (18%)
were below the reference range, possibly indicating a-granule defects or reduced
reactivity to PAR-1 AP in these patients. No P-selectin expression was observed in
unstimulated platelets (6-SPD: 227.6 + 61.8 MFI; non-SPD: 213.9 + 69.6 MFI healthy
controls: 552.3 + 371.3 MFI).
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Fig. 1: Expression of markers of platelet granule release upon activation. a,b, Expression
of (a) dense granule marker CD63 and (b) a-granule, and platelet activation marker P-selectin
(CD62P) on the platelet surface was assessed in whole blood using flow cytometry in patients with
&-storage pool disease (n = 25) (red), non-storage pool disease patients (n = 22) (blue) and healthy
controls (n = 50). Platelets were stimulated with 25 uM PAR-1 activating peptide for 10 minutes at
37 °C. The grey area between dotted lines represents the 2.5 to 97.5% percentile of receptor ex-
pression in healthy controls. Boxplots with whiskers from minimum to maximum and all individual
data points. Statistical analyses were performed with Student's t-test.

ATP secretion in whole blood is decreased in 6-SPD

Platelet ATP secretion after stimulation with 2.5 uM PAR-1 AP was assessed in all
patients (Fig. 2a). This PAR-1 AP concentration induced rapid and sustained CD63
expression in healthy controls, consistent with 6-granule release, as well as P-selectin
expression (Fig. 2b). As ATP secretion strongly depends on platelet count (Fig. 2c),
ATP secretion was corrected for platelet count in each participant. ATP secretion was
lower in patients with §-SPD (mean + SD ATP secretion 22.94 + 13.13 RLU/10° platelets)
than in non-SPD patients (78.07 + 62.08 RLU/10° platelets; P < .0001) and healthy
controls (65.76 + 31.85 RLU/10° platelets; P < .0001) (Fig. 2d). ATP secretion was
normal (reference range, 16.73-150.80 RFU/10° platelets) in 21 of 22 non-SPD patients
(95%) and 17 of 25 (68%) patients with §-SPD. Seven of 9 (78%) patients with decreased
ATP secretion had a normal P-selectin expression after platelet stimulation with PAR-1
AP. This suggests that decreased ATP secretion is not due to disturbed PAR-1-mediated
signaling. Patients with 6-SPD with normal CD63 expression had similar ATP secretion
compared with patients with §-SPD with reduced CD63 expression (P = .23) (Fig.
2e).

ATP secretion in whole blood can be used for exclusion of 6-SPD

ATP secretion corrected for platelet count as a predictor for 5-SPD yielded a C-statistic
of 0.88 (95% Cl, 0.78-0.98) (Fig. 2f). When ATP secretion was not corrected for platelet
count, the C-statistic was 0.79 (95% Cl, 0.67-0.92; P = .29). Although not significantly
different, the performance ATP secretion was better after platelet count correction
(Fig. 2f). The performance parameters with their corresponding cutoff value are
depicted in Table 2. Using the 2.5" percentile of the healthy control group as cutoff
value (16.41 RLU/10° platelets) resulted in a specific (95%) test with low sensitivity
(28%). Corresponding LLRs were 6.16 (LLR+) and 0.75 (LLR-) and PPV was 87% and
NPV 54%. In the most optimal condition according to the receiver operating characteristic-
curve (cutoff 31.45 RLU/10° platelets), the sensitivity of the ATP secretion test for
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&-SPD was 80% and specificity was 77%. The corresponding LLR+ was 3.52 and
LLR- was 0.26 with a PPV of 80% and NPV of 77%. Using the highest value of the
6-SPD group as cutoff value (53.67 RLU/10° platelets) resulted in maximum sensitivity
(100%), but moderate specificity (64%). This cutoff value corresponded with an LLR+
of 2.75 and an optimal LLR- of 0.00, PPV of 76%, and NPV of 100%, suggesting this
cutoff value can be used for the exclusion of &-SPD.

Table 2: C-statistics with cutoff values of corrected ATP secretion in relative light units and
corresponding sensitivity, specificity, positive likelihood ratio (LLR+), and negative likelihood ratio
(LLR-).

Cutoff value  Sensitivity (%) Specificity (%) PPV (%) NPV (%) LLR+ LLR-

< 16.41 28 95 87 54 6.16 0.75
<3145 80 77 80 77 3.52 0.26
< 53.67 100 64 76 100 2.75 0.00

The diseased group is confirmed &-SPD patients (n = 25). The control group is non-SPD patients (n = 22).
ATP, adenosine triphosphate; LLR, likelihood ratio; NPV, negative predictive value; PPV, positive predictive
value.
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Fig. 2: Platelet adenosine triphosphate (ATP) secretion as determined with the whole-
blood ATP secretion test. a, Whole blood was stimulated with 2.5 pM PAR-1 activating peptide
at 37 °C and ATP secretion was detected with luminescence in patients with delta storage pool
disease (6-SPD) (n = 25) (red), non-storage pool disease (SPD) patients (n = 22) (blue), and healthy
controls (n = 50). ATP secretion is defined as maximum relative light units (RLUs) within 10 minutes
after platelet stimulation. b, Expression of dense granule marker CD63 and a-granule, and platelet
activation marker P-selectin (CD62P) on the platelet surface was assessed in whole blood using
flow cytometry in healthy controls (n = 3). Platelets were stimulated with 2.5 uM PAR-1 activating
peptide for 0 to 30 minutes at 37 °C. ¢, ATP secretion was determined in reconstituted whole blood
with varying platelet counts in healthy donors (n = 3). Both RLU and platelet count are depicted in
percentages for each donor. d, ATP secretion was corrected for platelet count and expressed as
maximum RLU per 10° platelets. Grey area between dotted lines represents the 2.5th to 97.5th
percentile of ATP secretion in healthy controls. e, ATP secretion with the whole-blood ATP secretion
test in 8-SPD patients with normal (n = 16) and decreased (n = 9) CD63 expression. f, Concordance
statistics with receiver operating characteristic curve with non-SPD patients as a reference group
and patients with 6-SPD as a diseased group. Black dots represent uncorrected ATP secretion. Red
dots represent ATP secretion per 10° platelets. Boxplots with whiskers from minimum to maximum
and all individual data points. Statistical analyses were performed with a Mann-Whitney U-test.
&-SPD; delta storage pool disease; ATP, adenosine triphosphate; RLU, relative light unit; SPD, stor-
age pool disease.
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DISCUSSION

In this study, we showed that ATP secretion in a whole-blood-based assay is decreased
in patients with confirmed 6-SPD compared with patients with an IPFD other than
SPD and healthy controls. We demonstrate the diagnostic value of this rapid test for
the exclusion of dense granule deficiency in patients who present with a suspected
primary hemostasis defect. The ISTH Scientific and Standardization Committee
Subcommittee on Platelet Physiology highlighted the need for validation of platelet
secretion assays for clinical practice, as it is a crucial step in the diagnosis of IPFDs?'.
This study introduces a one-stage whole-blood ATP secretion assay, aiming to provide
a more accessible and rapid diagnostic tool for 6-SPD. Whereas current ATP secretion
assays are known to be useful in IPFD diagnostics, our test measures ATP release
directly in whole blood using luminescence, thereby decreasing the extensive sample
preparation and large blood volumes, which is particularly beneficial for pediatric
patients.

Our finding that ATP secretion upon platelet activation in whole blood is severely
decreased in patients with 6-SPD compared to non-SPD patients and healthy controls
indicates the diagnostic potential of our test. However, our performance data indicate
that the whole-blood ATP secretion test cannot be used for the identification of
8-SPD: high sensitivity is related to low specificity and vice versa. The most balanced
combination with a sensitivity of 80% and specificity of 77% still misses a substantial
part of the positive cases. However, using the test with a high cutoff value results in
a maximal sensitivity and NPV, meaning it can identify all true positive cases. In this
way, the whole-blood ATP secretion test can be used as an exclusion test for 6-SPD
in the first line of platelet diagnostics. In those patients in whom &-SPD cannot be
excluded with the rapid ATP secretion test, advanced tests with better specificity,
such as luminometric measurement of ATP and ADP content in platelet lysate,
measurement of platelet serotonin content in serum or platelet lysate with HPLC,
whole-mount electron microscopy, or radiolabeled-serotonin based assays or other
secretion assays will still be required?3233_ It is currently unclear which of these
advanced testing options has the highest specificity for 6-SPD. The specificity and
sensitivity of ATP, ADP, or serotonin measurement with HPLC are reported to be
high®*34, although this needs to be confirmed in larger studies. Additionally, genetic
testing can be used for syndromic variants of SPD'>%*. However, this will not be
available in the near future for nonsyndromic variants.
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The most used assay for 6-SPD diagnosis, lumi-aggregometry, suffers from several
disadvantages: it lacks sensitivity and reproducibility in detecting &-SPD, it measures
ATP rather than ADP, and it cannot distinguish between granule content deficiency
and secretion defects'3¢. The same applies to the rapid whole-blood ATP secretion
test. However, the laborious protocol and large amounts of blood that are required
for lumi-aggregometry are overcome with the rapid whole-blood ATP secretion test.
Additionally, lumi-aggregometry is unreliable at low platelet counts. As the whole-
blood ATP secretion test showed a linear relationship with platelet count, this assay
might be more reliable for thrombocytopenic samples.

A limitation of this study is the use of a selected patient population, which led to an
overestimation of the prevalence of 6-SPD. However, our data indicate that the rapid
whole-blood ATP secretion test can be used for the exclusion of §-SPD based on the
low negative LLR, which is independent of prevalence. A second limitation is the
absence of a gold standard for diagnosing SPD. In this study, 6-SPD was diagnosed
using granule nucleotide content, an accepted and validated test for diagnosis of
6-SPD?'. A strength of this study is the comparison of the test in patients with a
similar bleeding pattern and a referral to a tertiary care center.

The findings of this study support the potential implementation of the whole-blood
ATP secretion test as an accessible, first-line diagnostic exclusion tool for 6-SPD,
especially in settings where rapid turn-around is essential or where traditional
diagnostics are unavailable. Future research should focus on standardizing this assay,
improving its accessibility, and integrating it into routine diagnostics. Additionally,
further validation in a larger multicenter cohort would enhance its diagnostic accuracy
and reliability.

In conclusion, the rapid whole-blood ATP secretion test may have additional value

during platelet function testing, with the potential to exclude 6-SPD early in the
diagnostic process.
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SUMMARY

Background: Glanzmann thrombasthenia (GT) is an inherited platelet function
disorder caused by mutations in the fibrinogen receptor allb3. The deficiency can
be quantitative (type I/Il) or qualitative (type Ill). This causes lack of platelet aggregation
and leads to a moderate to severe bleeding tendency. Besides the absence or
functional alteration of the integrins allb and (33, little is known about the proteomic
landscape of platelets from people with GT.

Objectives: To evaluate the platelet proteome in GT.

Methods: Label-free quantification of platelet proteins was performed in thirteen
genetically confirmed GT patients (11 type | and 2 type Ill) and thirteen healthy
controls with liquid chromatography coupled with tandem mass spectrometry (LC-MS/
MS). allbB3 expression was quantified with whole blood flow cytometry. Medical
ethics committee approval was obtained and all participants provided informed
consent.

Results: 2677/3664 identified proteins were considered quantified. Dynamic range
spanned 5 orders of magnitude, and the mean CV was 1.2%, indicating data were
robust. Flow cytometry-based allb expression correlated well with ITGA2B abundance
according to LC-MS/MS. Twentynine proteins were less abundant, and 32 proteins
were more abundant in GT than in controls. Downregulated proteins were enriched
for alpha (a)-granule proteins, including SPARC, APLP2, TIMP1 and TLT-1 in addition
to the subunits of integrin allbB3, fibrinogen and plasminogen. Unregulated proteins
were mostly plasma proteins annotated to blood microparticles.

Conclusion: Glanzmann thrombasthenia platelets show reduced abundance of
specific platelet a-granule proteins compared with healthy controls.

Keywords: Blood Platelets; Blood Platelet Disorders; Proteomics; Thrombasthenia

76

Proteomic analysis of Glanzmann thrombasthenia platelets

INTRODUCTION

Glanzmann thrombasthenia (GT) is a rare inherited platelet defect caused by mutations
in the genes encoding integrin subunit a2b (ITGA2B) or integrin subunit B3 (ITGB3),
resulting in a quantitative or qualitative defect of the platelet fibrinogen receptor
integrin allbf3"2. People with GT are mostly diagnosed at an early age and suffer
from a moderate to severe mucocutaneous bleeding tendency. Characteristic laboratory
features are a severely impaired or absent platelet aggregation in response to
physiologic platelet agonists, such as adenosine diphosphate (ADP), arachidonic acid
(AA) or collagen®. GT can be classified according to platelet allbB3 expression: in
type | platelets lack allbB3 (<5% expression), in type Il there is residual expression
(5-20%) and in type Il or variant GT the expression is low to normal, but qualitative
defects are present’.

Beyond its major function in platelet adhesion and aggregation, integrin allbf3 has
been implicated to be the primary receptor for endocytosis and trafficking of
fibrinogen into platelet alpha (o)-granules*®. After binding of fibrinogen to allbf3,
outside-in signaling is triggered, leading to a cascade of intracellular signaling events
that mediate irreversible stable platelet adhesion and spreading®. Additionally, the
direct communication of allbf3 with cytoplasmic actin filaments is essential for
platelet aggregation and clot retraction”®. Another binding ligand for allbf3 is von
Willebrand Factor (VWEF), which plays an essential role in firm adhesion to collagen®™.

As of now, besides the absence of integrins a2b and B3, little is known about the
proteomic landscape of platelets of GT patients. Proteomics is a core technology in
understanding the molecular mechanisms underlying healthy and disease phenotype.
Besides identification of the proteins present in a sample, it can assess protein
abundance, localization, posttranslational modifications, isoforms, and molecular
interactions". For platelets, proteomics can provide detailed insight into their
(quantitative) protein composition, their subcompartments, or platelet-derived
microparticles, examined at resting or activated conditions'?®. In this study, we
evaluated the platelet proteome of a cohort of 13 unrelated patients with GT in the
Netherlands.
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MATERIALS AND METHODS

Study population
Healthy controls

Healthy control participants were recruited from the staff and students at the
University Medical Center Utrecht by the MiniDonor biobank facility (Biobank number
18-774). Approval for the study was obtained from the local ethics review board, and
all participants provided written informed consent.

Glanzmann thrombasthenia patients

We selected GT patients from the Thrombocytopathy in the Netherlands (TiN) study,
a nationwide cross-sectional study on disease phenotyping, diagnostics, and genetics
in people with a (suspected) inherited platelet defect in the Netherlands, at the
University Medical Center Utrecht™'. These patients were diagnosed with GT based
on clinical and hematological features and diagnosis was genetically confirmed in
all patients. Approval for the study was obtained from the NedMec medical ethics
review board at UMC Utrecht (registration number NL5878 in the Dutch trial registry)
and all participants gave written informed consent in accordance with the declaration
of Helsinki. Clinical and hematological features were assessed using complete blood
count, a flow cytometric platelet activation assay, light transmission aggregometry
and platelet granule ATP and ADP content, as described previously'.

Flow cytometry

Platelet surface expression of platelet activation marker P-selectin and fibrinogen
binding were assessed with fluorescence activated cell sorting (FACS), as described
previously". Five uL of whole blood or PC was added to 50 pL antibody/agonist
mixture, consisting of 15 pg/mL R-Phycoerythyrin (rPE)-conjugated GPlba nanobody
(clone 17; in-house produced), 7.5 pg/mL AlexaFluor™ (AF)647-conjugated P-selectin
nanobody (clone B10.6; in-house produced) and 25 pg/mL AF488-conjugated
fibrinogen nanobody (in-house produced). Platelet agonists were either 25 uM
Protease-Activated Receptor 1 activating peptide (PAR-1 AP) SFLLRN (Bachem,
141923-40-2), 250 uM PAR-4 AP AYPGKV (produced at the peptide facility of the
Netherlands Cancer Institute), 60 pM adenosine diphosphate (ADP) (Sigma), 1 ug/
mL cross-linked collagen related peptide (CambCol Laboratories) or 5 uM U-46619
(Cayman Chemical). Additionally, platelet receptors were detected on unstimulated
platelets using eFluor660-conjugated anti-GPVI (clone HY101; 1:100; eBioscience),
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FITC-conjugated anti-a2p1 (CD49b) (clone AK7; 1:25; BD Pharmingen) and rPE-
conjugated anti-allbB3 (CD41a) (clone HIP8; 1:100; BD Pharmingen). Whole blood
was incubated in the antibody/agonist mixture in the dark at 37°C for 10 minutes.
Platelet activation was stopped by fixation at room temperature (RT) for 20 minutes
in the dark with 500 pL of fixative solution (137 mM NaCl, 2.7 mM KCl, 1.12 mM
NaH2PO4, 1.15 mM KH2P0O4, 10.2 mM Na2HPO4, 4 mM EDTA, 1.11% Formaldehyde,
pH 6.8). After fixation, samples were diluted 1:1 (v/v) in 10 mM HEPES, 150 mM Nadl,
1 mM MgSO4, 5 mM KCl, pH 7.4 and analyzed on a BD FACSCanto™ Il Flow Cytometer
with FACSDiva™ Software. Platelets were gated based on forward and sideward
scatter, as well as CD42b (GPIba) expression. Data are expressed as median fluorescent
intensity (MFI).

Light transmission aggregometry

Aggregation of platelets was assessed using light transmission aggregometry in a
Chrono-Log model 700 (Kordia)". Citrated whole blood was centrifuged at 160g for
15 minutes at RT without brake to obtain platelet-rich plasma (PRP). The remainder
of the blood was centrifuged at 2,000g for 10 minutes at RT to obtain platelet-poor
plasma (PPP) to serve as a blank in the aggregometer. PRP was added to a glass
cuvette containing a magnetic stirrer. Aggregation was initiated by either 5 uM ADP,
1.5 mM arachidonic acid, 4 pg/mL Collagen Reagens HORM® Suspension (Takeda
Pharmaceuticals) or 1 mg/mL ristocetin. Aggregation was monitored for 15 minutes
at 37°C at 900 rpm.

Platelet isolation and sample preparation for LC-MS/MS

The proteome of platelets of people with GT and healthy controls was assessed using
liquid chromatography with tandem mass spectrometry (LC-MS/MS). Hereto, PRP
was prepared from human citrated whole blood by centrifugation at 120g for 20
min. After addition of 10 mM EDTA, PRP was centrifuged at 400g for 20 min and
supernatant was discarded. Platelet pellets contained <1 leukocyte per 10,000
platelets. The platelet pellet was resuspended in HEPES-buffered saline (HBS) (10
mM HEPES, 150 mM NaCl, 1 mM MgSO4*6 H20, pH 7.4) with 10 mM EDTA, centrifuged
at 400g for 20 minutes and supernatant was discarded. Platelet pellets were stored
at -80°C until further use. Platelet pellets were resuspended in lysis buffer (1% sodium
deoxycholate, 10 mM TCEP, 100 mM Tris, 40 mM chloroacetamide, complete mini
EDTA-free protease inhibitor cocktail (Roche), phosphoSTOP tablet (Roche), pH 8.5)
and heated for 5 minutes at 95°C, followed by 30 minutes incubation on ice. Supernatant

79



Chapter 4

was collected after 30 minutes centrifugation at 20,000g. Protein concentration was
determined by Bradford protein assay (Bio-Rad) according to the manufacturer'’s
protocol. Hundred pg of protein was digested with Lys-C (Sigma) for 1 hour (enzyme:
protein ratio 1:75) followed by trypsin (Sigma) digestion overnight (1:100) at 37°C.
Reaction was quenched with formic acid to 4% final concentration (v/v) and samples
were desalted using standard Sep-pak 1cc columns (Waters) and vacuum-dried.

LC-MS/MS

One pg of peptides per sample was injected into an UHPLC 1290 system (Agilent)
coupled to an Orbitrap Q Exactive HF mass spectrometer (Thermo Scientific). Peptides
were first loaded onto in-house packed trap column (Dr Maisch Reprosil C18, 3 pm,
2 cm x 100 um) and separated on an in-house packed analytical column (Agilent
Poroshell EC-C18, 2.7 um, 50 cm x 75 pm). Trapping was performed for 5 minutes in
solvent A (0.1% formic acid in water), and the gradient was as follows: 0-10% buffer
B (0.1% formic acid in 80% ACN) in 10 sec, 10-36% in 155 min, 36-100% in 3 min,
and finally 100% for 1 min. Flow was passively split to 300 nL/min. The mass spectrometer
was operated in data-dependent mode. Full-scan MS spectra in 375-1600 m/z mass
range were acquired at a resolution of 60,000 after accumulation to a target value
of 3 x 106. Up to 10 most intense precursor ions were selected for fragmentation.
HCD fragmentation was performed at normalized collision energy of 27% after the
accumulation to a target value of 1 x 105. MS/MS spectra were recorded at a resolution
of 30,000.

Data analysis

Raw files were processed with MaxQuant (version 1.6.7.0). The database search was
performed against the human Swissprot database (version March 29, 2019) using
Andromeda as search engine. Cysteine carbamidomethylation was set as a fixed
modification and methionine oxidation, protein N-term acetylation were set as a
variable modification. Trypsin was specified as enzyme and up to two missed cleavages
were allowed. Filtering was done at 1% false discovery rate (FDR) at the protein and
peptide level. Label-free quantification (LFQ) was performed, and “match between
runs” was enabled. The data were submitted to the PRIDE and can be accessed via
Data Availability statement.

The data were further processed and analyzed using Perseus (version 2.0.7.0) to

remove potential contaminants and reverse identifications and log2-transformed.
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Missing values were imputed by normal distribution (width = 0.3, shift = 1.8). Proteins
were used for the subsequent quantitative analyses when detected in at least 40%
of samples in each group. Differences between GT patients and controls were assessed
with t-tests, with correction for multiple testing (Benjamini Hochberg). Gene ontology
(GO) term enrichment analysis was conducted for differentially expressed proteins,
with the entire dataset as background and correction for multiple testing (Benjamini
Hochberg). A Benjamin Hochberg adjusted p-value <.05 was considered statistically
significant. Geometric coefficient of variation (CV) was calculated using log-transformed
data with the following equation: V(e (c”2)-1)'. The data were plotted with RStudio
(version 2023.12.1, ggplot2 package) and GraphPad Prism (version 20.2.2324).

RESULTS

A total of 13 unrelated adult GT patients were included in this study. The most
common clinical features were mucocutaneous bleeds (epistaxis, oral cavity bleeding),
bleeding from minor wounds and menorrhagia. Patients were aged 30-74 and 5 were
men and 8 were women. The median platelet count was 193*109/L (IQR 141-235)
and median mean platelet volume (MPV) was 9.3 fL (IQR 8.0-10.6) (Table 1). Four
patients had mild thrombocytopenia (platelet count between 100*109/L and 150*109/L)
and six patients had an increased MPV (>9.5 fL). All patients had normal VWF ristocetin
cofactor activity. Platelet aggregation was severely reduced or absent in response
to ADP, arachidonic acid and collagen and slightly reduced in response to ristocetin,
in line with the diagnosis of GT (Table 1). Flow cytometry indicated reduced fibrinogen
binding in response to all agonists compared with healthy controls and reduced
surface expression of integrin allbf3, varying from 0.6 to 28.7% (Fig. 1a). P-selectin
expression was normal or increased in GT patients (Fig. 1b). Based on flow cytometric
allbB3 receptor expression, 11 patients were classified as type | GT (<5% expression)
and 2 patients as type lll GT (20.4% and 28.7% expression) (Fig. 1c). Expression of
GPlba, a2f1 and GPVI was normal or increased in GT patients based on flow cytometry
analysis (Fig. 1c). Genetic mutations in ITGA2B or ITGB3 were identified in all 13
patients (Table 2), confirming GT genotype.
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Table 1: Glanzmann thrombasthenia patient characteristics. A B
= GT
Sex (n) Female (8), male (5) B CTRL
<0.0001 <0.0001 >0.9999 <0.0001 0.0170 >0.9999
Age; median (range) 59 (30-74) g 4000 g o000
ISTH-BAT; median (range) 20 (9-26) §§ 3000 E 4000
<
Platelet count (*10°/L); median (range) (NR: 150-450) 184 (106-307) L<z',' 2000 E:'
c c
MPV (fL); median (range) (NR: 7.0-9.5) 9.2 (7.0-11.4) §’ § 2000
£ 1000 2
Glanzmann type I.‘E' 2
Type I (<5 % aollbB3 expression) 11 0 0
Type I (5-20 %) » »
Type Il (>20 %) 2 ¥ Q¥
LTA (% MA)*
ADP; mean (IQR) (NR: 73-100) 3(0-3)
Arachidonic acid; mean (IQR) (NR: 60-100) 2 (0-1) C B
Collagen; mean (IQR) (NR: 78-100) 13 (7-14) 00001 o 10000 1 000
Ristocetin; mean (IQR) (NR: 75-100) 42 (24-65) <0.0001 500 <0.0001
Granule nucleotide content (pmol/10" platelets)** 30000 o0 6000
ADP; mean (IQR) (NR: 1.4-3.3) 3.3 (2.2-4.0) E 20000 4000
ATP; mean (IQR) (NR: 2.7-4.8) 5.5(3.9-6.8) 400
Ratio; mean (IQR) (NR: 1.2-2.0) 1.7 (1.6-1.8) 10000 200 2000
0 0 0 0
*agonist concentrations; 5 uM ADP, 1.5 mM arachidonic acid, 4 ug/mL collagen, 1 mg/mL ristocetin GP1bo allbp3 a2pt GPVI

**missing in two patients

IQR, interquartile range; MPV, mean platelet volume; NR, normal range; LTA, light transmission aggregometry; . o Lo A . .
: ) Fig. 1: Fibrinogen binding, P-selectin expression and glycoprotein presence on the
MA, maximal aggregation . o _
platelet surface. a,b, Flow cytometric assessment of platelet activation markers (a) fibrinogen
binding and (b) P-selectin expression after platelet stimulation with PAR-1 AP, PAR-4 AP, ADP, CRP-XL
or U46619. ¢, Glycoprotein expression on resting platelets. Data are expressed as median fluores-
cent intensity (MFI). Boxplot with whiskers from min to max with line at median. Open circles
represent individual values for Glanzmann thrombasthenia patients (GT; n=13). Grey boxes represent

healthy controls (CTRL; n=49). Statistical analyses were performed with one-way analysis of variance
with Sidak correction.
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Proteomic analysis of Glanzmann thrombasthenia platelets

The platelet proteome of these 13 GT patients was analyzed using LC-MS/MS and
compared with the platelet proteome of 13 healthy controls. MS analysis resulted in
identification of 3664 unique proteins. After removal of reverse duplicates, contaminants
such as keratin and trypsin, and immunoglobulins, 3596 proteins remained, of which
2677 were considered reliably quantified. Platelet count did not correlate with the
number of quantified proteins in each sample (Spearman r = 0.09; 95% Cl: -0.49 —
0.63). Ninety-one of the quantified proteins could be considered plasma proteins
(based on Human Protein Atlas™ and a benchmark study from Geyer et al.?°). Comparison
with an in-depth compilation of seven platelet proteome studies showed substantial
overlap with the quantified proteins in our study (2640/2677) (Fig. 2a)?'. LFQ intensities
spanned over five orders of magnitude between the least and most abundant proteins,
showing good dynamic range (Fig. 2b). Cytoskeletal proteins talin-1 (TLN1; Log2 LFQ
39.6410.13) and filamin A (FLNA; Log2 LFQ 39.44+0.15), as well as platelet a-granule
protein thrombospondin-1 (THBST; Log2 LFQ 37.66+0.24) were amongst the most
abundant proteins. In line with the platelet origin of our dataset, proteins annotated
with platelet a-granules were more frequently quantified and measured amongst
highly abundant proteins (GO-term 0031091; 71 out of 111 proteins were quantified),
while proteins annotated with erythrocyte homeostasis (GO:0034101; 4/141 proteins
were quantified), leukocyte degranulation (GO:0043299; 13/58 proteins were quantified)
and nonsense-mediated mRNA decay (GO:0000184; 16/80 proteins were quantified)
were less frequently quantified and measured in the mid-to-low range of detection
(Fig. 2c). The median CV was 0.26% and, except for eight proteins, CVs were below
15%, indicating data were robust (Fig. 2d). Coefficient of variation for ITGA2B was
20.81%. Inspection of six proteins associated with platelets demonstrated high
reproducibility across the range of measurement (Fig. 2e). Although flow cytometry
indicated higher expression of GPlba, a2B1 and GPVI per platelet in GT than in
controls, LC-MS/MS indicated that the total amount of GP1BA, ITGA2, ITGB1 and GP6
protein was similar between GT and controls (Fig. 2f).
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Fig. 2: Platelet proteomic depth and stability. a, Overlap of proteins identified by Huang
et al.?* and proteins identified (grey) and quantified (coral) in the present study. b, Dynamic range
of quantified proteins in healthy controls (CTRL; grey) and Glanzmann thrombasthenia patients
(GT; pink). Log2 of label free quantification (LFQ) values are shown, representing mean protein
abundances. ¢, Intensity distribution of proteins annotated with platelet alpha-granules (GO:0031091),
erythrocyte homeostasis (GO:0034101), leukocyte degranulation (GO:0043299) and nonsense-me-
diated mRNA decay (NMD; GO:0000184) gene ontology (GO) terms. d, Scatterplot and violin plot
of coefficients of variation (CV), depicted in %. Horizontal dashed lines within violin plots represent
median CV, dotted lines represent quartiles. e, LFQ intensities of platelet proteins covering the
range of measurement (low abundant protein ADAM17, receptors GP6, ITGA2, ITGB1, GPIBA and
high abundant protein TLN1). Solid lines represent mean LFQ intensities. Each circle represents a
healthy control or GT patient. f, Levels of GPIBA, GP6, ITGA2 and ITGB1 as detected with LC-MS/
MS. Data are represented as Log2 LFQ values. Statistical analysis was performed with one-way
analysis of variance with Sidak correction.
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Comparison of proteomes of GT patients and controls at an FDR of 1% indicated 29
proteins were less abundant and 32 were more abundant in GT patients compared
with healthy controls (Fig. 3a, b). As expected, the abundance of ITGA2B (Log2
difference of 4.2 between the GT patients and controls; p-value = 2.56e-09) and
ITGB3 (Log?2 difference of 2.7 between GT patients and controls; p-value = 2.45e-10)
was much lower in GT than in controls, as was the abundance of the plasma protein
fibrinogen (FGB, FGG, FGA; Log?2 differences of 3.4, 3.2 and 2.8 with p-values of
4.73e-06, 9.5e-06 and 3.94e-05 respectively). Canonical sequence information of
ITGA2B and ITGB3 was used for quantification and peptide mapping. Similar abundance
of ITGA2B and ITGB3 was found when individual genetic variations were included in
the FASTA file used for database search and quantification analysis.

In general, expression of ITGA2B measured with flow cytometry correlated well with
MS-based protein abundance (Spearman r = 0.84), with the two type Il GT patients
showing relatively high ITGA2B expression in both MS and flow cytometry (Fig. 3c).
Additionally, ITGA2B expression correlated well with ITGB3 expression as measured
with LC-MS/MS (Spearman r = 0.91) (Fig. 3d). ITGA2B abundance measured with
LC-MS/MS was higher than ITGA2B expression measured with flow cytometry in five
patients, suggesting the presence of residual non-functional or non-surface expressed
ITGA2B (Table 3). The biggest difference in ITGA2B expression was observed in a
compound heterozygous patient with both a nonsense and a missense mutation in
ITGB3, who had ITGA2B levels consistent with type | GT based on flow cytometry,
but levels consistent with type Ill GT based on LC-MS/MS.

All 29 downregulated proteins in GT were previously reported to be present in
platelets®>. GO-term analysis indicated enrichment of proteins annotated to platelet
a-granules amongst downregulated proteins (10/29 downregulated proteins; FDR
1%, -log10(P-value)=7.43) (Fig. 3e): (fibrinogen alpha chain (FGA), beta chain (FGB)
and gamma chain (FGG), osteonectin (SPARC), TREM-like transcript-1 (TREMLT; TLT-
1), syntaxin binding protein 1 (STXBP1), TIMP metallopeptidase inhibitor 1 (TIMP1),
amyloid beta precursor-like protein 2 (APLP2) and integrin allbB3 (ITGA2B, ITGB3)?:.
Twentynine out of 32 upregulated proteins were previously detected in platelet
proteomes?'. GO-term analysis indicated enrichment of proteins annotated to blood
microparticles amongst upregulated proteins (20/32 upregulated proteins; FDR 1%,
-log10(P-value)=20.80) (Fig. 3f). Of the 32 upregulated proteins in GT, 27 were genuine
plasma proteins rather than platelet specific proteins®. Four of these plasma proteins
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were also detected in platelet a-granules (alpha-2-macroglobulin (A2M), alpha-1-
antitrypsin (SERPINAT), fibronectin 1 (FN1), kininogen 1 (KNG1))*. Platelet count did
not correlate with any differentially expressed proteins, except for ITGA2B (Spearman
r =-0.62; 95% Cl: -0.88 - -0.09; P=0.026).

Table 3: Glanzmann thrombasthenia type classification based on flow cytometry vs mass spectrometry.

Proteomic analysis of Glanzmann thrombasthenia platelets

Patient ID Flow cytometry based MS based classification

“classic” classification

ITGA2B (%) Type ITGA2B (%) Type Mutation
1 0,6 11 I ITGA2B
2 1,8 I 53 Il ITGA2B
3 1,4 [ 3,0 I ITGA2B
4 1,4 I 8,7 I ITGA2B
5 11 I 8,3 Il ITGA2B
6 2,7 I 23,7 1l ITGB3
7 1,8 I 29 I ITGA2B
8 2] I 4,5 | ITGA2B
9 2.3 I 3,0 \ ITGA2B
10 2,4 I 3,4 [ ITGA2B
" 09 | 0,5 I ITGA2B
12 28,7 Il 60,7 I ITGB3
13 20,4 I 36,0 1l ITGB3
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Fig. 3: Differentially expressed proteins in GT patients compared with healthy controls.
a, Volcano plot with total proteins quantified (grey), downregulated proteins (blue) and upregu-
lated proteins (red) in Glanzmann thrombasthenia patients (GT; n=13) compared with healthy
controls (CTRL; n=13). Fibrinogen subunits and allbB3 subunits are indicated separately. b, Heatmap
of differentially expressed proteins in GT vs healthy controls. High Z-score (red) indicates upregu-
lated proteins, lower Z-score (blue) indicates downregulated proteins. ¢, Correlation between ITGA2B
expression as determined by flow cytometry and mass spectrometry for GT patients. Orange dots
represent type | GT patients (n=11). Red dots indicate type Il GT patients (n=2). d, Correlation
between ITGA2B expression and ITGB3 expression as determined with mass spectrometry for GT
type | patients (orange; n=11), GT type Il patients (red; n=2) and healthy controls (grey; n=13). e,
Gene ontology (GO)-term enrichment analysis amongst downregulated proteins in GT patients.
Size of the shape corresponds to the number of proteins annotated to each GO-term. f, GO-term
enrichment analysis amongst upregulated proteins in GT patients. Size of the shape corresponds
to the number of proteins annotated to each GO-term.
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The platelet proteome of the two type Ill patients followed a very different pattern,
with plasma proteins being more abundant than in the 11 type | patients. To get a
better overview of the platelet proteome of type | GT vs healthy controls, we excluded
the two type lll patients (Fig. 4a, b). This resulted in less differences between healthy
and GT platelets: 21 less abundant proteins and 15 more abundant proteins in GT
type | patients compared with healthy controls. Downregulated proteins remained
enriched for a-granule proteins (10/21 downregulated proteins; FDR 1%,; -log10(P-
value) 9.86) (Fig. 4c). While downregulation of STXBP1 was no longer significant,
two additional plasma proteins associated with platelet a-granules were downregulated
in type | GT compared with healthy controls: plasminogen and vimentin. Upregulated
proteins remained enriched for proteins annotated to blood microparticles (7/15
upregulated proteins; FDR 1%; -log10(P-value) 5.08) (Fig. 4d). Of the 15 upregulated
proteins, 13 were plasma proteins.

Fibrinogen abundance (FGA, FGB and FGG) correlated well with abundance of
plasminogen, and to a lesser extend with SPARC and vimentin levels (Fig. 4e). In
addition, abundance of SPARC, APLP2, TIMP1 and TREML1 correlated well. Analysis
of the relative abundance of downregulated annotated to a-granule proteins showed
two different patterns (Fig. 4f). While fibrinogen (FGA, FGB, FGG) and plasminogen
(PLG) levels were decreased in patients with type | GT compared with controls, they
were much higher than controls in the two patients with type Ill GT. In contrast, the
other a-granule proteins (TIMP1, SPARC, TREML1, APLP2, STXBP1 and VIM) were
decreased or similar to controls in all GT patients.
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Fig. 4: Differentially expressed proteins in GT type | patients compared with healthy
controls. a, Volcano plot with total proteins quantified (grey), downregulated proteins (blue) and
upregulated proteins (red) in GT type | patients (n=11) compared with healthy controls (CTRL; n=13).
Plasma protein fibrinogen is indicated separately. b, Heatmap of differentially expressed proteins
in GT type | vs healthy controls. High Z-score (red) indicates upregulated proteins, lower Z-score
(blue) indicates downregulated proteins. ¢, Gene ontology (GO)-term enrichment analysis amongst
downregulated proteins in GT type | patients. Size of the shape corresponds to the number of
proteins annotated to each GO-term. d, GO-term enrichment analysis amongst upregulated proteins
in GT type | patients. Size of the shape corresponds to the number of proteins annotated to each
GO-term. e, Spearman correlation matrix analysis for reduced a-granule proteins. f, Relative ex-
pression per patient of differentially expressed proteins, including the defective integrins (ITGA2,
ITGB3), fibrinogen (FGA, FGB, FGG), plasminogen (PLG) and a-granule proteins (TIMP1, SPARC,
TREML1, APLP2, STXBP1, VIM). Mean abundance in controls was set at 100%. Data for controls are
expressed as mean+SD.
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DISCUSSION

Here we reported the platelet proteome of 13 GT patients, of whom 11 were type |
patients and two were type Il patients. Aside from the strongly reduced expression
of both subunits of allbf3 and fibrinogen, our data indicate a reduction in specific
a-granules proteins in platelets of GT patients.

Classification of GT is based on residual receptor expression on the platelet surface,
usually measured with flow cytometry. Our data suggest good correlation for ITGA2B
expression between flow cytometry and LC-MS/MS. However, assessment with
LC-MS/MS showed higher levels of ITGA2B compared with flow cytometry in some
patients. This may be due to detection of truncated or misfolded versions of the
receptor with LC-MS/MS that are no longer recognized by the anti-CD41a antibody
used for flow cytometric allb quantification. Both type Il patients had a mutation
in ITGB3, rather than an ITGA2B mutation. This is in line with previous reports of the
association between ITGB3 mutations and qualitative allbp3 defects®. One of the
patients who was classified as type | GT with flow cytometry, but as type Ill with
LC-MS/MS, had an ITGB3 mutation (Met150lle) (Table 3). A Met150Val mutation in
ITGB3 is associated with type Ill GT, with diminished surface expression and enhanced
affinity for fibrinogen®. The Met150lle found in this patient could present with the
same phenotype, although flow cytometry-based surface expression of allbp3 was
very low. In line with enhanced fibrinogen binding capacity, platelet fibrinogen
abundance in this patient was similar to levels observed in controls, while fibrinogen
abundance was severely reduced in the other type | GT patients. Discrepancies
between surface expression and receptor abundance determined with LC-MS/MS
might provide leads for further insight in molecular mechanisms underlying GT.

Some variants in type Ill GT are known to be gain-of-function mutations, with
enhanced ability of allb3 to interact with its ligands and therefore possibly increased
receptor-mediate uptake of these proteins, which would explain the relatively high
fibrinogen and plasminogen levels in these patients?*?°. However, the ITGB3 Arg240GIn
that is found in one of the type Il GT patients is known to be a loss-of function-
mutation®®. Little is known about the other mutation found in this patient, Leu118His.
The very high platelet fibrinogen and plasminogen levels we observed in this patient
suggest this variant is a gain-of-function mutation. Additional research on the
molecular characteristics combined with genotype in GT is necessary. Since there

93



Chapter 4

were only two patients with type lll GT in our dataset, we did not have sufficient
statistical power to compare proteomes between type | and type Il GT.

Overall, platelet proteomes in GT were quantitatively similar to proteomes in healthy
controls, with a few notable exceptions. Of the proteins that were downregulated in
GT besides ITGA2B and ITGB3, eight were associated with platelet a-granules,
potentially indicating reduced abundance of a-granule proteins in GT platelets. Two
other proteomics studies were performed in GT, one of which compared two unrelated
patients with GT with three heterozygous family members and two healthy controls®,
the other compared one patient with GT with a cohort of 19 healthy controls as part
of a larger analysis of platelet proteomes in bleeding disorders™. Both studies showed
lower abundance of ITGA2B, ITGB3 and fibrinogen in GT, in line with what was already
known. In addition, Loroch et al. reported reduced plasminogen levels. Although
Kreft et al. also reported a lower abundance of the same a-granule proteins we
identified, statistical significance was not reached, which might be due to the low
sample size for GT in that study.

The question arises if GT platelets have less abundant platelet a-granules. Our data
indicate that expression of a-granule membrane protein P-selectin is completely
normal in GT platelets upon platelet activation, suggesting a normal number of
a-granules per platelet and pointing in the direction of decreased a-granule content.
Another option is that platelets are longer in circulation in their activated state,
causing granule depletion. GT platelets fail to attach to sites of injury through
incorporation into aggregates. Instead, they might tether to the damaged sub-
endothelium, become activated and release part of their cargo, only to be released
in the circulation again. Longer circulation of activated platelets would also lead to
a reduction in dense (8§)-granule molecules. However, our data show that ADP and
ATP content was normal in GT platelets. Moreover, downregulated proteins in GT
were not enriched for proteins annotated to dense granules (Table 1). A third
explanation of our findings could be that the proteins that were downregulated in
our dataset are normally receptor-mediated endocytosed by allbf3, either directly
or together with fibrinogen. Of the downregulated a-granule proteins, four are
known to interact with fibrinogen: plasminogen, vimentin, osteonectin and TLT-13235,
As no direct associations of these proteins with allbp3 are known, direct endocytosis
of these proteins by the fibrinogen receptor is unlikely. However, the known association
of these proteins with fibrinogen, which cannot be endocytosed in GT?, points towards
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lower uptake of these proteins that are bound to fibrinogen, in line with what has
been reported previously for plasminogen®'. Correlation analysis suggests this may
indeed be the case for VIM and SPARC (Fig. 4e). However, neither APLP2, TIMP1 or
TLT-1 abundance correlated with fibrinogen abundance, suggesting other mechanisms
are responsible for decreased abundance of these proteins.

Although we observed an approximate 60% reduction in total TLT-1 abundance with
proteomics, a previous study showed that the platelet surface expression of TLT-1
was similar in GT patients compared with controls™. TLT-1 exists in several variants,
among which the transmembrane full-length variant and the soluble variant (sTLT-1).
Full-length TLT-1 is stored in a-granules and is rapidly upregulated to the surface
upon platelet activation®=’. The majority of sTLT-1 is present in plasma due to shedding
from the activated platelet surface and the remainder is an alternative splicing isoform
that is stored and released in a-granules®®. We speculate that the decreased TLT-1
levels in platelets is caused by lack of allbp3-mediated endocytosis of sTLT-1 that is
bound to fibrinogen. However, the lack of correlation between fibrinogen and TLT-1
decreases the likelihood of this hypothesis. Additional research on the presence of
TLT-1 variants in GT platelets will be required to shed light on the discrepancy between
these observations.

Besides downregulation of specific a-granule proteins in GT, our data showed
upregulation of several other proteins in GT compared with healthy controls. Almost
all upregulated proteins were plasma proteins, several of which were annotated to
blood microparticles according to GO-term enrichment analysis, suggesting they
are commonly enriched in microparticle preparations. Although this might reflect
contamination of the GT samples with plasma proteins, we cannot exclude their
increased concentration is associated with GT. This is supported by the higher number
of enriched plasma proteins in the two type Ill patients with a putative gain-of-
function mutation. Whether their increased abundance is caused by increased
association of microparticles with platelets in GT remains to be determined.

Strengths of this study were the relatively large and well characterized GT cohort,
with extensive phenotyping and genetic data. Additionally, all mass spectrometry
samples were processed on the same day, causing minimal experimental variation.
A limitation of this study is the fact that healthy controls and GT patients were not
sex- and age-matched, as both factors may influence the platelet proteome3*41.
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Another limitation is the possibility of contamination with proteins from erythrocytes
or leukocytes. The platelet origin of our dataset is supported by the low number of
quantified proteins annotated to erythrocyte homeostasis, leukocyte granule secretion
or nonsense-mediated MRNA decay. As downregulated proteins in our dataset were
enriched for proteins annotated to platelet a-granules, the impact of any contaminants
was likely low. A third limitation is that we were not able confirm the reduced
expression of a-granule proteins with a different biochemical technique such as
Western blotting due to limited sample availability. Although the pattern we observed
was consistent in all GT patients and in line with previous observations®, additional
studies are required to confirm downregulation of specific a-granule proteins in GT.

In conclusion, we found reduced abundance of a subset of a-granule proteins in GT.
As GT platelets lack a functional fibrinogen receptor and platelet fibrinogen was
shown to play a minor role in primary hemostasis*, it is unlikely that decreased
platelet fibrinogen content will impact primary hemostasis in GT patients. Whether
the relatively mild reduction in other a-granule proteins we observed impacts primary
hemostasis, fibrinolysis or wound healing remains to be determined.

The use of mass spectrometry in this analysis provided valuable insights into the

proteomic landscape of GT and offers potential leads for further mechanistic research
within the field of GT.
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