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Chapter 1

1.1 Platelet functions, thrombosis and hemostasis

Cardiovascular diseases and related complications are still leading causes of
death worldwide 2. In the most common pathology of non-fatal or fatal arterial
thrombosis (myocardial infarction, stroke), platelets play a key role by
assembling into a thrombus occluding the affected artery ®. When the
underlying cause is rupture or erosion of an atherosclerotic plaque, this
process is referred to as atherothrombosis *. On the other hand, in
physiological hemostasis, platelets are also essential to stop bleeding after
vascular injury by adhering to the site of injury and forming a thrombus that

halts loss blood %,

First described as small blood components in 1873 by Osler, platelets are
nowadays recognized as anucleated cell fragments, derived from
megakaryocytes resident in the bone marrow ’. For a long time, platelets were
known to have functions in thrombosis and hemostasis, but it has become
clear that they play additional roles in processes such as vascular repair,
infection, inflammation, and cancer metastasis 8°. The formation of platelets
is in two stages: polyploid megakaryocytes first shed so-called proplatelets,
after which they divide into discoid platelets ’. Once formed, platelets remain
in the circulation for 7-10 days, before being cleared in the liver and spleen .
Below, | will briefly introduce the functional responses of platelets, especially
in relation to collagens, hemostasis, and thrombosis, as far as appropriate for

this thesis.

Platelets in thrombus formation

Platelets are activated by multiple agonists due to their broad receptor
repertoire. Current omics analyses predict the presence of >2,500 platelet
membrane receptors and channels, the vast majority with still unclear roles .
Multiple overviews are available discussing the best known receptors, which

can be divided into adhesive receptors (e.g., integrins), ITAM-linked receptors
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(with an immunoreceptor tyrosine-based activation motif), and ITIM-linked
receptors (with an immunoreceptor tyrosine-based inhibitory motif) '#'3. Some
of the adhesive, ITAM-linked and ITIM-linked receptors are important in flow-
dependent platelet activation and thrombus formation °, as summarized in
Table 1. An extended description of the receptors relevant for this thesis is

given in Section 3.

Table 1 — Key platelet adhesive and tyrosine kinase signaling receptors and their ligands.
G-protein coupled receptors and agonists are not included. Data are taken from

Refs. 1422,

Receptor

Estimated copy
number/platelet

Ligands

Effect on platelets

GPIb-IX-V
GPVI (ITAM)
CLEC-2 (hem-
ITAM)

FeyRIIA
(ITAM)

PECAM1
(ITIM)
G6b-B (ITIM)

Integrin a2B1

Integrin allbB3

Integrin avB3

Integrin a5B31

Integrin a6B1

30,000-50,000

4,000-6,000

1,500

1,000

5,000-20,000

14,000

2,000-4,000

80,000-100,000

500

1,000

1,000

VWEF, thrombin

Collagens, fibrin(ogen)

Podoplanin, rhodocytin

IgG antibodies

PECAM1

Heparin (sulfate)

Collagens

Fibrin(ogen), VWF

Vitronectin, osteontin

Fibronectin

Laminins

Plt tethering to VWF

Collagen-, fibrin- and CRP-
induced PIt activation

Plt activation
Plt activation
Negative regulator of Plt

activation

Complex negative regulator of
PIt activation

Plt adhesion to collagens

PIt adhesion to VWF, PIt
aggregation

PIt adhesion to ligands

PIt adhesion to fibronectin

PIt adhesion to laminins,
activation

VWEF, von Willebrand factor; plt, platelet; CRP, collagen-related peptide.
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Blood flow
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Figure 1 — Initial stages of platelet activation in thrombus formation. Flowed platelets
transiently adhere to exposed collagen fibers, covered with von Willebrand factor (VWF), via
the GPIb-IX-V complex. Stable platelet adhesion occurs by engagement of the collagen
receptors, integrin a2p1 and glycoprotein VI (GPVI). Enhanced by autocrine mediators (ADP,
thromboxane A), integrin allbB3 becomes activated, and adjacent platelets connect by
fibrinogen binding, resulting in platelet aggregation. Modified after Ref.°. Created with

BioRender.com.

The tethering of platelets to collagen-bound von Willebrand factor
(VWEF) via the glycoprotein Ib-IX-V (GPIb-IX-V) complex is considered as an
initial event in thrombus formation 823, In addition, under flow conditions, two
platelet collagen receptors are engaged, glycoprotein VI (GPVI) and integrin
a2B1 (Figure 1), establishing stable adhesion and initial activation of platelets
2427 Subsequent platelet responses include shape change, granule secretion,
thromboxane A; release, integrin allbB3 activation, platelet aggregation and

development of procoagulant activity (Figure 2) *2,

Under high-shear flow conditions, the activation processes jointly lead
to the formation of a thrombus composed of aggregated and contracted
platelets 52°. The thrombus-forming process also involves positive feedback
loops, to trap flowing platelets from the blood stream via the release of ADP

and thromboxane A, (TXA:) from adhered platelets. The platelet secretion
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process involves two types of storage granules, namely a- and 8- granules,
containing protein compounds (fibrinogen, VWF) and non-protein compounds
(ADP, ATP, polyphosphates), respectively *3'. Upon stimulation with a strong
agonist like thrombin, secretion also includes content of lysosomes, which

contain a variety of protein-degrading enzymes .

Spreading

Resting platelet

/" —eg allbB3 activation
Va *l
0@ Granule secretion
&
\V O PS exposure

Figure 2 — Diversity of platelet responses in collagen-dependent thrombus formation.
Upon adhesion to collagen/VWF, platelets undergo a rise in cytosolic Ca?*, leading to shape
change and spreading of the cells, alteration of integrin allbB3 into its active conformation,
secretion of granules as well as exposure of phosphatidylserine (PS) to form procoagulant
platelets. These responses are also measured in common platelet activation tests. Original
drawing, created with BioRender.com.

Important positive feedback loops in platelet activation are provided by
the group of G protein-coupled receptors (GPCR), the majority of which have
soluble agonists as ligands °'. Of these, ADP activates via binding to the
P2Y, receptors (coupled to the Gqa protein) and P2Y 1, receptors (coupled to
the Gia protein), while TXA2 engages the thromboxane receptor (coupled to
Gqa).

In addition, tissue factor-triggered initiation of the coagulation process
leads to initial thrombin generation, a process that is greatly enhanced by the
formation of procoagulant platelets, exposing phosphatidylserine 6. The

formed thrombin cleaves fibrinogen into fibrin and, furthermore, activates
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platelets via protease-activated receptors (PARs), of which the isoforms PAR1

and PAR4 are expressed on human platelets (both coupled to Gqa).

For the signaling pathways, induced by these receptors, | refer to an
excellent review 2. The same paper also explains key pathways of platelet

inhibition via prostacyclin and nitric oxide.

Platelet adhesion and spreading

Resting platelets are maintained in a discoid shape via the actin-myosin and
tubulin cytoskeletons. Upon activation of the platelets, the cytoskeletons
quickly reorganize, resulting in a cellular shape change from discoid to
rounded; and in case of adhered platelets, from discoid to spreading *. In the
adhered and spreading platelets, the actin filaments polymerize, supporting
the formation of filopodial protrusions which later extend to form broader

lamellipodia (Figure 3).

Adhering platelet Partially spread platelet Fully spread platelet

Figure 3 — Stages of spreading platelets. Upon adhesion to collagen or fibrinogen, platelets
undergo a sequence of shape changes. They first form filopodia (adhering platelet) that develop
into lamellipodia (partial spreading), resulting in a ‘fried egg’ type of shape (full spreading).
Shown are fluorescence micrographs of platelets, where actin filaments were labeled with
phalloidin- Alexa Fluor 488. Scale bars, 3 um. Original images from the author.

At a final stage of spreading this results in cell flattening and acquiring
a ‘fried egg’ phenotype. Herein, the actin filaments are organized into large
stress fibers, of which the distal regions are sheet-like, and the central

domains connect the cellular organelles and granules *. In addition, the
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microtubule (tubulin cytoskeleton) becomes depolymerized, which removes
other structural restrains for shape change and spreading *°. Several other
processes support the spreading of platelets, in particular fibrinogen secretion,
GPVI activation and integrin allbB3 or a6p1 binding, integrins act via so-called

outside-in signaling reactions 38,

Platelet-dependent coagulation

The coagulation process is commonly separated into extrinsic and intrinsic
coagulation cascades, which are triggered by tissue factor (TF) and factor
(F)Xlla, respectively *°. Both pathways have in common that, once triggered,
coagulation factors consecutively cleave one another to produce the active

protein form. Both pathways converge into the common pathway.

In the extrinsic pathway, TF interacts with FVII(a) *°, which complex
induces initial activation of FIX and FX *'. In the intrinsic (or contact activation)
pathway, FXII becomes activated by kallikrein, after which FXlla induces the
formation of FXla and the consecutive cleavage of FIX into FIXa %2, In the
common pathway, more FX and thrombin are generated in a phospholipid
(phosphatidylserine) dependent way through the tenase and prothrombinase
complexes **. Cofactors in these complexes are (thrombin cleaved) FVllla and
FVa, respectively. The generated thrombin cleaves fibrinogen into fibrin, and
furthermore activates several coagulation factors (FV, FVIII) and stimulates

platelets via the PAR receptors ®44.

Platelets are important for accelerating and steering the coagulation
process, by both providing a procoagulant surface and binding to and
contracting fibrin fibers 2°#4. A population of strongly activated platelets — often
referred to as collagen-and-thrombin activated (COAT) platelets — provides
the phosphatidylserine surface that is required for tenase and prothrombinase
45

activities **. The phosphatidylserine exposure is achieved in platelets

stimulated by strong agonists, for example collagen plus thrombin, causing a
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high and sustained rise in [Ca?'].. This high Ca®" response activates the Ca?*-
dependent anoactamin-6 protein in the plasma membrane, which mediate the
scrambling of phosphatidylserine as well as the swelling of platelets into
balloon-formed structures 4“6, Phosphatidylserine-exposing platelets strongly
support the common coagulation cascade, as they provide a surface for the
assembly of Gla-containing coagulation factors %43, The formed thrombin
produces fibrin fibers, which consolidate a thrombus and trap red blood cells
(Figure 4).

Blood flow

Collagen ﬁF Gpvi |f Active Active “Y Eiprinogen - .-, ADP, -~ Fibrin PS exposing Red blood
== g a2p1 allbp3 9 se’eL TXA2 \ network platelets cells

Figure 4 — Formation of a stabilized arterial thrombus by phosphatidylserine-exposing
platelets. Vascular tissue factor (TF) triggers initial thrombin formation, which induces
phosphatidylserine (PS) exposure of collagen-adhered platelets. The PS-exposing, ballooned
platelets enhance further thrombin generation, required for the formation of fibrin fibers and the
trapping of red blood cells. Note that secondary mediators such as ADP and TXA; enhance the
thrombus growth. Modified after Ref. 6. Created with BioRender.com.

Heterogeneous thrombus structure

According to the conventional Virchow model, a ‘red’ venous thrombus arises
upon blood stasis or at a hyperactive state of the blood, whilst a ‘white’
thrombus forms under high-shear condition, such as in inflamed and

atherosclerotic arteries *. However, intermediate and mixed types of thrombi
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can also be formed. Moreover, it has become clear that the structure and
composition of an intravascular thrombus is often heterogenous. This
concerns the overall architecture and is often independent of the site of
thrombus formation (arterial or venous, macro- or microcirculation) “2.
Knowledge about the precise thrombus (clot) composition can help to improve
the treatment and the chances of a positive outcome for patients undergoing
thrombectomy “°. As it has been demonstrated that thrombi that are richer in
red blood cells can easier be mechanically removed by the surgical
procedures 5. Also, the quantity and quality of fibrin fibers can be of clinical
impact ®'%%, However, more knowledge of the mechanism of heterogeneous

thrombus formation is needed.

Regarding platelets, evidence for thrombus heterogeneity has also been
reported in mouse in vivo models. Work by Stalker et al. shows that the
thrombi generated in injured arterioles of mice consist of a layered structure,
with a dense thrombus core of contracted platelets and a loose outer shell of
partly discoid platelets >*. Later studies of this group confirmed the presence
of a similar structure in the thrombi formed in larger arterial vessels *°. In
comparison, in vitro collagen-based flow studies with human whole blood have
pointed to the formation of patches within formed thrombi, in which platelets
differently undergo responses like spreading, secretion, aggregation,
phosphatidylserine exposure and deposition of fibrin 8. It is considered that
GPVI has a central role in this heterogeneity, but its precise role herein in vivo

or in vitro is still unclear.

1.2 Platelets and collagens

Triple-helical collagens make up an abundant and important component of the
human body. The overall function of collagens is to provide a stable
extracellular structure for cells, tissues and organs. Twenty different types of

collagens can be identified, which in part concentrate in different locations of
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the body %8, In the intact vessel wall, contact of collagens with the blood
stream is prevented by a confluent layer of endothelial cells. Upon vascular
injury or atherosclerotic plaque rupture, these collagens become exposed to
the blood, thereby inducing their thrombogenic functions %8. Below, | provide
a short overview of the collagens in a vessel wall, in atherosclerotic plaques,

and of the synthetic collagen-related peptides.

Collagens in the vessel wall

Collagens in the vessel wall serve to ensure tissue stability and to provide a
scaffold for resident cells, including endothelial cells and smooth muscle cells
% In a given vessel wall, up to nine collagen types can be identified,
accounting for up to 40% of the extracellular matrix weight *’. The predominant

forms are collagens of types |, lII, IV and VI %%,

Common to these collagen types is a triple helical structure with three
winded peptide chains, which have repeated GXX’ sequences ®'. Per collagen
type, the precise amino acid sequence determines how cells can interact with
their collagen receptors 8. In the thicker, fibrillar collagens (types I, IlI, VI), the
triple helices assemble into fibrils, which can bundle to macroscopic fiber
forms 2. Differently from the fibrous collagens, collagen type IV adopts a
sheet-like network without fibrils %8¢ The vascular collagens are all
considered to bind VWF, initiate platelet adhesion and subsequent platelet
activation under flow. However, to what extent the various collagen types

induce and contribute to these processes is still not completely understood.

Collagens in atherosclerotic plaques

Atherosclerotic lesions or plaques are formed in the larger arterial vessels of
all aged humans. The lesion development is driven by inflammation and local
lipid deposition and is accountable for the onset of cardiovascular disease 8.
Upon progression of an atherosclerotic plaque, the lumen of the affected

artery is drastically reduced 6. However, problematic become plaques that

10
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present as unstable (often lipid-rich) are prone to rupture or erosion, which
triggers thrombotic events, followed by heart infarction, transient ischemic
attack, or stroke %7, Next to coagulation factors ®, several platelet-activating
substances have been identified in atherosclerotic plaque tissue. These
include the weak platelet agonists, lysophosphatidic acid ®°, sphingosine-1
phosphate 7°, fibronectin and fibrin(ogen) '. Yet, the main platelet-activating
substances are most likely collagens because collagenase treatment of
plaque material strongly reduces platelet activation 2. On the other hand,
plaque tissue also contains tissue factor, which via thrombin can enhance

collagen-mediated platelet activation 7.

Collagens in a plaque are mostly of vascular origin " but may in part be
secreted by plaque-resident cells, in particular collagen-I and -l *°. These
collagens are often distributed differently within a plaque, with collagen-I
enriched in the fibrous cap and collagen-lIl more present in the lipid core ™"
Interestingly, in vitro studies indicate that the plaque collagens interact with
platelets by engagement of GPVI, rather than integrin a2p1 ">757%, On the
other hand, it is considered that platelet adhesion to the majority of (vascular)
collagen types I-VIII relies on integrin a2B1 7’, with especially adhesion to
collagen type IV dependent on this integrin . The precise role of a2p1 in

plaque-induced thrombus formation is hence unclear.

Collagen-related peptides

The majority of vascular collagens bind VWF and platelets %8787°. However,
the complex, triple-helical structure of collagens has hampered identification
of the recognition sites for VWF and platelet receptors. To overcome this
limitation, a library of synthesized peptides of overlapping sequences of
collagens-Il and -Ill — which contain three different helices - was developed by
the Farndale lab, which was then used as a collagen peptide toolkit for
identification of the binding motifs for VWF, GPVI or integrin a2p1 ¢, Use of

11
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the toolkit showed that peptides enriched in the triplet glycine-proline-
hydroxyproline (GPO) preferentially served as GPVI-binding sites 5'#
(Figure 5). Thus, the synthesis of triple-helical polypeptide (GPO)1o, also
known as collagen-related-peptide (CRP), acts as a strong GPVI agonist,
once cross-linked to form CRP-XL %%#  On the other hand, collagen
sequences similar to glycine-phenylalanine-hydroxyproline-glycine-glutamic
acid-arginine (GFOGER) were found to bind to integrin a2p1 . Similarly, a
VWEF-binding sequence was identified, leading to the synthesis of a VWF-
binding peptide (VWF-BP) 8, which support platelet tethering via the GPIb-IX-
V complex ®. In vitro work further indicated that the combination of various
collagen-like peptides and the VWF-BP can mimic the effect of whole

collagens for the establishment of thrombus formation under flow 198286,

Blood flow

S eao
b GFOGE
GFQG PO GFOGER ¥ GPO

Acti -
<22 Collagen q al?blgg % Fibrinogen
| lf

Figure 5 — The platelet receptors binding to specific collagen motifs required for
thrombus formation. In the triple helical collagens, (GPO), motifs bind to GPVI, initiating
platelet activation. In addition, GFOGER or similar motifs interact with integrin a231 to stabilize
the platelet-collagen interaction. Under flow conditions, both receptors contribute to formation
of a platelet thrombus. The additional presence of VWF under shear conditions is not indicated.
Modified after Refs. 8'-80, Created with BioRender.com.
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In the context of this thesis, it is worth to mention that common platelet
function tests in the research and diagnostic laboratories rely on the use of
another modified collagen form i.e., equine Horm collagen, enriched in
collagen-I fibrils 387 Better knowledge of the platelet-activating mechanisms
of native vascular collagens is needed to determine their possible use for

diagnostic purposes.

1.3 Tyrosine kinase-linked receptors and signhaling

As general background for this thesis, | introduce below the ITAM-linked
receptors involved in platelet interaction with collagens and their key signaling

pathways.

Immunoreceptor tyrosine-based activation motif (ITAM) receptors

Three platelets (hemi-)ITAM receptors have been studied in greater detail,
namely GPVI, C-type lectin-like receptor-2 (CLEC-2) and FcyRIIA receptors
(Table 1). Overall, CLEC-2 and FcyRIIA share a large part of their signaling
with GPVI 7% In the following section | will only focus on GPVI. As a
glycoprotein specifically expressed on megakaryocytes and platelets, GPVI

forms a transmembrane receptor, consisting of two Ig domains on the

extracellular face #'.

For signaling responses, GPVI requires complex formation with the
ITAM-containing co-receptor, the FcR y-chain (Figure 6). Ligand binding to
GPVI leads to a tyrosine phosphorylation cascade, which involves assembly
of a targeted signalosome of the transmembrane protein LAT %", In brief,
upon receptor activation, the Src-family kinases Lyn and Fyn phosphorylate
the ITAM-motif, which allows recruitment there of the tyrosine kinase Syk .
In turn, Syk phosphorylates multiple signaling proteins, including adaptor
molecules (LAT, SLP-76 and other), protein tyrosine kinases (Btk) and the
effector signaling enzyme phospholipase Cy2 (PLCy2). The signal

13
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transduction is enhanced via phosphoinositide 3-kinase (PI3K), which is
included in the signalosome. The latter converts phosphoinositide
bisphosphate into phosphoinositide trisphosphate. In contrast, PLCy2 cleaves
phosphoinositide bisphosphate into inositol trisphosphate (InsP3) and 1,2-
diacylglycerol (DAG), which mobilizes intracellular Ca®* and activates protein
kinase C (PKC), respectively 31727,

Platelet
activation

Figure 6 — GPVI signalosome and early signaling cascade. Upon collagen binding, GPVI in
association with its co-receptor, FcRy, dimerizes, and the ITAM motif becomes phosphorylated
by tyrosine kinases Fyn and Lyn. This induces tyrosine phosphorylation and activation of Syk,
followed by assembly of a signalosome around the adaptor molecule LAT. The signaling ensues
via activated PLCy2, mobilization of intracellular Ca?*, and activation of broad-spectrum Ser/Thr
kinase PKC isoforms. For further explanation, see text. Modified after Refs.%-%. Created with
BioRender.com.

14
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Jointly, the routes of tyrosine kinases, PI3K and PKC lead to multiple
downstream platelet responses, including cytoskeletal changes, granule
secretion, integrin allbB3 activation, platelet aggregation and procoagulant
activity ®°. In recent years, GPVI was found to be a receptor not only for
collagens ®, but also for laminins %, fibrin and fibrinogen *":°**._ Some other
identified ligands for GPVI are CD147 *® and galectin-9 . The signaling via

these other ligands is only partly understood *.
Glycoprotein VI and ITAM receptor clustering

The clustering of receptors may regulate signaling responses, because this
can increase receptor avidity (functional affinity), suppress negative
regulators, and bring together downstream signaling molecules '®. There is
some knowledge of receptor clustering in immune cells which — similarly to
GPVI — also operate via ITAMs. The clustering of T-cell receptors was found
to be crucial in the interplay between antigen recognition and signaling
strength '°'. On B-cells, artificial crosslinking can result in super-clusters of the
FcyRIIB1 receptor '°2. This increased negative signaling by engagement of
isoforms of the protein tyrosine phosphatases SHP and SHIP. In general,
receptor clustering can be achieved by (multivalent) receptor-agonist

interactions or by bivalent antibodies '%3.

Regarding platelets, recent advances in single molecule super-
resolution microscopy allow to probe the distribution and clustering of plasma
membrane receptors on nanoscale . It was hypothesized that GPVI
clustering via ITAM in the FcR y-chain can also enhance the signal duration
and strength. Some evidence for this was found in studies showing that GPVI
clusters in platelets adhering to collagen macro-fibers ', and that this
enhances the co-localization of signaling molecules '%. Surprisingly, inhibition

of the GPVI signalosome ' or of signaling pathways "%’ did not appear to

15
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affect the clusters once these had been formed. A limitation of these studies

is that these were confined to observation on washed platelets.
Glycoprotein VI receptor shedding

Proteolytic cleavage of the extracellular domain of GPVI can act as a
mechanism to halt platelet activation. Shedding of the GPVI on activated
platelets is predominantly mediated by the protease ADAM10 (a disintegrin
and metalloproteinase) '%. Triggers for inducing ADAM10 are high shear
rates, strong platelet activation as well as apoptosis '®'"°. For the regulation
of ADAM activity, which is less central in this thesis, | would like to refer to the

cited literature %8110,

Glycoprotein VI receptor antagonism

Platelets not only become activated by a broad spectrum of stimuli but are
also sensitive to several inhibitory mechanisms. The latter serve to prevent
unwanted platelet activation at an intact vessel wall, or to restrict thrombus
build-up to the site of vascular injury. Endothelial cells play an important role
in preventing platelet activation by releasing soluble inhibitory molecules such

as prostacyclin and nitric oxide "'"112,

In addition, platelets possess a repertoire of inhibitory receptors that
are linked to protein tyrosine phosphatases. For this thesis the ITIM-containing
receptors G6b-B (gene MPIG6B) '*'"* and endothelial cell adhesion molecule
1 (PECAM1, also known as CD31) are relevant ''*''®_ The ITIM residues of
these receptors in part, but not always ''®, negatively modulate the activity of
ITAM receptors via the tyrosine phosphatases isoforms SHP1/2 and SHIP1/2
(Figure 7) "'""°_In mouse platelets, PECAM1 was found to have an inhibitory
role in tyrosine kinase-dependent activation, but to enhance integrin allbp3
activation '%. In human platelets, PECAM1 expression levels appeared to be

negatively correlated to the strength of CRP- and ADP-mediated platelet

16
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activation '>'"5, For these and other reasons, it has been commented that ITIM
receptors are more than just inhibitors of platelet activation '®. However, the
precise roles of such ITIM receptors in platelet physiology are still under
debate.

Platelet 4 Endothelial cell /
Platelet

Collagen
\ Fibrin

Granule section Inhibition of ITAM signalling
PS exposure Activation of allbB3 signalling
Cytoskeletal changes
Aggregate formation

Figure 7 — Cartooned overview of ITAM- and ITIM-dependent signaling in platelets. Upon
collagen binding to GPVI, the ITAM-dependent signaling become activated. Phosphorylation of
downstream proteins results in mobilization of intracellular Ca?* and further platelet responses,
such as granule secretion, PS exposure, allbB3 activation, platelet spreading and aggregate
formation. Negative signal modulation via PECAM1 and other ITIM-linked receptors can
suppress phosphorylations in the GPVI signalosome. Modified after Ref. 8. Created with
BioRender.com.
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1.4 Platelet integrins and signaling

Integrins of platelets and other cells are composed of an a and 8 chain. On
resting platelets, integrins are present in an inactive state with a low ligand
affinity, while upon platelet activation the extracellular parts undergo a change
in conformation (active conformation), resulting in an increased ligand affinity
121122 For the B1 subunit platelets express integrins a2p1, a581 and a6p1;
while for the B3 subunit, platelets express allbB3 and avp3 (Table 1). Below |

will only discuss the integrins allbf3 and a2f31.

Integrin allbB3 is expressed on platelets with the highest copy number
and mediates platelet aggregation by binding the bivalent ligand fibrinogen ©
22 |In addition, allbB3 can interact with fibrin, VWF, fibronectin and
thrombospondin 2> 123 Synthetic peptides containing an RGD sequence
intervene in the ligand binding . The (inside-out) signaling pathway towards
allbp3 activation has partly been elucidated, with a major role of PI3K isoforms
and small G-protein regulators leading to Rap1b activation and establishing
cytoskeletal links to talin-1 and kindlin-3, both of which function in establishing
the active integrin conformation 22, In addition, activated integrin allb3 can
signal itself (outside-in signaling), which process supports platelet spreading

and clot retraction ',

Less prevalent but with a central role in collagen-dependent platelet
activation is the integrin a2B1. Its activation is achieved through a GPVI-
dependent platelet mechanism ®', can however, also be induced through other
pathways, as for instance via P2Y12 2. In addition, it is able to bind GFOGER-
like motifs on collagens without pre-activation '?°. Overall, integrin a2p1 and
GPVI show a partial redundancy in the binding of collagens, in which one
receptor takes over if the other receptor is inhibited 2. In terms of signaling, it

is commonly accepted that the role of a2B1 is to facilitate the activation via
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other receptors, in particular GPVI. An interesting observation is the

suggested minor role of a2B1 in plaque-induced thrombus formation 7>757¢,

1.5 Anti-platelet drugs

In agreement with the major role of platelets in atherothrombosis, antiplatelet
drugs provide a first-line therapy for secondary prevention against occlusive
arterial thrombus formation. Current antiplatelet therapies are effective in the
majority of patients, but these are accompanied by significant number of

unwanted bleeding side effects '2*'%

. Current targets are, alone or in
combination: i) the cyclooxygenase and thromboxane synthase complex
(aspirin), ii) the ADP receptor P2Y1, (clopidogrel, prasugrel, ticagrelor), iii)
integrin allbB3 (intravenous abciximab, tirofiban or eptifibatide, and iv) the
thrombin receptor PAR1 (vorapaxar) %1293 |n addition, there are also several

initiatives to target platelet GPVI, which are discussed below.

Drugs developed to target GPVI

Because of its confined expression to platelets and megakaryocytes, GPVI is
considered to be a promising anti-thrombotic target. Prior studies in mouse
models have shown that defects in GPVI lead to a protection against
experimental thrombosis, while only causing minor bleeding events 31, Also
in humans, defective expression of GPVI is not accompanied with a major
bleeding phenotype '2'3. Several approaches are being undertaken to

clinically interfere with the GPVI-collagen interaction.

Recombinant fusion protein Revacept

Revacept is developed as a recombinant dimeric GPVI fusion protein, which

129 |ts intended mode of

interferes in the collagen mediated platelet activation
action is to mask GPO motifs of vascular-exposed collagens and thereby
antagonize GPVI-dependent adhesion (Figure 8). Initial investigations in man

and mouse showed that Revacept had promising inhibitory effects on platelet
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activation and whole blood thrombus formation, without prolonging the tail

bleeding time in mice "**'¥7

. Murine models furthermore revealed: i) in
experimental stroke a smaller infarct size and a declined risk for intracranial
hemorrhage ", and ij) upon coronary ligation a smaller myocardial infarct size

and better left ventricular ejection fraction .

A human phase | study (NCT01042964) showed safety and a good
tolerability of applied Revacept. In vitro experiments conducted with platelets
from the study participants showed a lower collagen-induced aggregation
persisting for up to 48 hours "% A subsequent phase Il study (ISAR-
PLASTER, NCT03312855) investigated intravenously administered Revacept
on top of standard dual antiplatelet therapy in patients undergoing treatment
for narrowed coronary arteries (percutaneous coronary intervention) . For
the primary endpoint of myocardial injury, the trial data showed no significant
difference between the treatment groups (two doses of Revacept or placebo),

but there were fewer bleeding events in the Revacept arms 2,

9012 Fab and Glenzocimab

An alternative approach for blocking platelet-collagen interaction is provided
by antibodies against platelet GPVI (Figure 8). Firstly, described as 9012.2,
a murine monoclonal antibody Fab fragment against human GPVI was tested
with positive outcome in non-human primates 3. Later it was humanized for
use with human blood 4. Subsequent studies were started with a version
under the name ACTO017, later changed to Glenzocimab. Both 9012 Fab and
Glenzocimab display high affinity towards GPVI and show strong platelet-
inhibiting effects in human blood in vitro studies '**'45'_ The first human trial
demonstrated ACTO017 to be a safe and tolerable reagent, with no effect on
platelet count or platelet GPVI expression; yet with a long plasma half-life and
an effective inhibition of collagen-induced platelet activation 8. With

promising results in vitro 223794149 Glenzocimab moved to a phase Il clinical
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study, from which preliminary data indicated that the ex vivo platelet
aggregation with collagen was reduced in most study participants up to 12
hours after administration '*°. The drug is now being assessed in patients with
acute ischemic stroke (NCT03803007) and a transition to phase |l
(ACTISAVE, NCT05070260). In another phase Il trial, the drug is tested in
COVID-19 positive patients with acute respiratory distress syndrome
(GARDEN, NCT04659109).

7Q D——‘
Blood flow .
——)

cEQcER OR) O
IGER O} — Lruon
S22 >SS NS YPs oS > Glenzocimab

Revacept Nanobodies

Figure 8 — Mode of actions of GPVI-directed interventions. The dimeric GPVI fusion protein
Revacept masks the GPVI-binding motifs on exposed collagens. On the other hand, 9012 Fab,
Glenzocimab and anti-GPVI nanobodies bind to GPVI, and can thereby block signaling. Studies
with Revacept and Glenzocimab have shown their potency in suppressing thrombus formation
in vitro and in vivo. Nanobodies may become promising tools as well. Original drawing, created

with BioRender.com.

Anti-GPVI nanobodies

Still in their infancy, but promising, are the newly raised nanobodies against
GPVI that were introduced and characterized in 2021 '*'. The nanobodies
consist of only the variable region of cameloid antibodies and are unique not
only for their small size (around 15kDa), but also their high affinity and low
immunogenicity. Nanobody libraries are relatively easy to generate and

maintain; and nanobodies can be expressed in large quantities, making them
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more cost-effective than antibodies °2'%%. A drawback can be their short half-
life in the circulation. Some other nanobodies have been approved or are
currently tested in clinical trials. Relevant for the platelet field is the anti-VWF
nanobody Caplacizumab '**'%5, which was approved in 2018 for treatment of
acquired thrombotic thrombocytopenic purpura by the European Medicines
Agency (EMA) ™% The characterization of anti-GPVI nanobodies

considering their potential as anti-thrombotic tools are examined in this thesis.

1.6 Platelet function testing by microfluidics

Microfluidic set-ups have evolved over the years for the assessment of
qualitative and quantitative platelet traits in whole blood under flow to

58 The Maastricht chamber

approximate (patho)physiological conditions
allows quantitative measurement of multiple platelet and thrombus
parameters at the same time using small volumes of blood '°. Flow setups
are beneficial, because i) studies can be conducted with whole blood in a
point-of-care setting, ii) different shear rates can be applied, and jii) results
obtained with isolated mouse blood can be compared with those from in vivo
thrombosis models . Accordingly, it has been shown that whole blood
microfluidic tests can correctly phenotype the changed platelet functions in

multiple genetically modified mice 16%1¢"

162-165

, as well as in patients with a bleeding

or thrombosis tendency

To date, blood samples from patients have mostly been investigated
to answer scientific research questions. However, efforts are being made to
move microfluidic testing from research to routine diagnostic laboratories.
Preliminary studies indicate that this method, e.g., using collagen type of

microspots, may help to characterize patients presenting with a bleeding

19,158

tendency . It can be anticipated that the use of microfluidic chambers may

allow clinicians to monitor patients taking anti-thrombotics '°¢'%%: or patients

170,171

on other therapies potentially affecting platelets . In this thesis, it is
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considered how manipulation of the collagen surface can help to better assess

platelet activation properties under flow conditions.

1.7 Hypothesis and aims

In this thesis, | investigate how the two main platelet collagen receptors,
glycoprotein VI (GPVI) and integrin a231 determine, stimulate and restrict the
adhesion as well as activation of platelets via vascular- or plaque-derived
collagens. Chapter 1 details on collagens present in the vessel wall, and it
presents GPVI as key signaling receptor for collagen and fibrin(ogen) on
platelets with good potential as an antithrombotic target. Chapter 2
extensively comments on a study investigating the heterogeneity of thrombus
structures, and the relevance of such heterogeneity for a successful removal
of massive clots in patients who experienced stroke or other thrombotic
diseases. In Chapter 3, two stage-Il pharmaceuticals are examined that target
the collagen-GPVI interaction, and thereby the GPVI-induced platelet
activation, namely the 9012 Fab fragment against GPVI (as a proxy of
Glenzocimab) and the dimeric recombinant GPVI construct Revacept. Their
inhibitory patterns are compared, using a variety of collagens and collagen-
like substrates. Further, the efficacy of the GPVI intervention is compared to
the blockade of GPVI downstream signaling via Syk tyrosine kinase or the
blockage of integrin a231 as a backup collagen receptor. In Chapter 4, novel
anti-GPVI nanobodies (Nb) are introduced as additional tools to interfere in
collagen-induced platelet activation and furthermore to visualize the clustering
of GPVI on platelets. The chapter focusses on investigating the underlying
mechanism of GPVI inhibition exhibited by Nb2. Also, a novel GPVI imaging
tool is introduced, allowing first time visualization of the GPVI clustering in
whole blood thrombus formation using the fluorescently labeled, non-inhibitory
nanobody Nb28. This nanobody is also utilized in Chapter 5 in order to

establish whether the GPVI cluster size correlates to the collagen-dependent
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thrombus size under flow conditions. As a readout of the GPVI-induced
platelet activation, the exposure of procoagulant phosphatidylserine is taken.
Considering that the GPVI-induced platelet activation is abrogated by
inhibition of the tyrosine kinase Syk, we have examined how the GPVI
clustering depends on this tyrosine kinase signaling pathway. In Chapter 6,
the effects of Syk inhibition are studied in more detail in thrombus formation
using as substrates various fibrillar collagens, non-fibrillar collagens and triple
helical collagen-related peptides. In addition, the collagen-induced
intracellular Ca?* signaling is investigated in detail, and the results are used to
generate a model for the GPVI dependency of the signal induced by different
collagen preparations. Chapter 7 explores to which extent the tyrosine
phosphatase SHP2 (gene PTPN11) is able to counteract the platelet
activation and thrombus formation induced by GPVI. This chapter also
considers the postulated redundant roles of GPVI and integrin a21 in platelet
adhesion and ensued signaling. As a tyrosine phosphatase-dependent
negatively modulator of GPVI, involvement of the receptor PECAM1 (CD31)
is investigated, which upon activation can suppress collagen-induced platelet
activation processes. The final Chapter 8 discusses key findings of this thesis

and places these in context with the literature.
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Worldwide, 15 million people suffer a stroke every year ', it is therefore a
significant global health and financial burden. In Europe alone, there were
more than 600,000 people who endured a stroke in 2015 and this is estimated
to increase to over 800,000 by 2035, equating to a massive financial burden
of 45 billion Euros 2. The majority of strokes (85%) are ischemic, triggered by
a thrombus occluding a blood vessel, decreasing oxygen supply to the
affected area and resulting in tissue damage. The remaining 15% of strokes
are hemorrhagic and caused by rupture of a major vessel **. The severity of
stroke can vary; in Europe it is the second most common cause of death ° but
even if the patient recovers, rehabilitation can take many months, or even
years, and some individuals have to learn to live with permanent disabilities
as a result of the stroke 2. The best outcome for the patient is achieved if the
blood flow is restored as promptly as possible . European guidelines indicate
that treatment for ischemic stroke should occur within the first 4.5 hours of the
onset of symptoms 3. At present there are two approved treatment strategies
for stroke. Most patients are treated with intravenous administration of
recombinant tissue plasminogen activator (rtPA) 2, an enzyme that catalyzes
the conversion of plasminogen to plasmin, which induces thrombolysis (clot
breakdown) 3. A more recently employed technique is thrombectomy, where
the clot is retrieved mechanically ®. In many cases, these treatments are not
sufficient to remove the occluding thrombus and restore blood flow. The
underlying reason for this is still not fully understood. It is thought that this may
be related to the great heterogeneity that is present in the stroke-causing
thrombi that could make a clot more, or less, susceptible to degradation by
rtPA or affect the likelihood of successful retrieval. Understanding the
thrombus composition and structure could lead to more targeted and effective

treatments for stroke ©.

The recent work of Staessens et al. ° has made further advances in

addressing the question of thrombus composition. In this paper the authors
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interrogated the structure of 177 thrombi from acute ischemic stroke patients
isolated by thrombectomy and have made further steps towards deciphering
the cellular components involved °. To our knowledge, this is the first study to
use such a large number of samples to systematically characterize thrombus
structure utilizing histological stains and immunofluorescence labeling for red
blood cells (RBC), platelets, fibrin(ogen), von Willebrand factor (VWF) and
DNA.

In the present study °, thrombi were retrieved and analyzed from
ischemic stroke patients, regardless of prior rtPA treatment. However, the
authors did not correlate the results with the treatment to determine if there
was any effect of the rtPA on thrombus structure. Further, they also
acknowledge that findings may potentially be biased, as only retrievable
thrombi were interrogated. In fact, there is evidence that RBC-rich thrombi are
more easily removed by thrombectomy °. Nevertheless, all 177 thrombi in this
study were subjected to the full range of analyses, with authors able to show
that thrombi contain RBC-rich as well as platelet-rich areas. Regardless of the
above-mentioned limitations, they elegantly demonstrate the continuum
observed in the makeup of thrombi and the proportion of RBC-rich and

platelet-rich areas, summarized in Figure 1.

Within the different zones, Staessens et al. ° showed that RBC-rich
areas were composed of densely packed RBCs with a fine fibrin meshwork
throughout. Nucleated cells, VWF and platelets were rarely seen in these
areas. This relatively simple structure is in contrast to the platelet-rich areas
where fibrin and VWF often colocalized, and leukocytes and an abundance of
extracellular DNA were observed. The extracellular DNA was hypothesized to
be the result of neutrophil extracellular traps (NETs) formation which has been
shown to not only interact with platelets "' but also to play a role in venous

thrombosis 213,
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Platelet rich _

Platelet @ RBC . Polyhedrocyte '« Leukocyte ©\_ Fibrin ®¢%® VWF DI DNA

Figure 1 — Different thrombus morphology as observed by Staessens et al. °. Thrombi from
stroke patients extracted by mechanical removal (thrombectomy) were found to be composed
of a platelet-rich areas containing thick fibrin fibers, seemingly crosslinked with VWF and DNA.
Red blood cell (RBC)-rich areas, with a loose fibrin network and some leukocytes were also
present. Interestingly, leukocytes and DNA were shown to colocalize at the border between
platelet- and RBC-rich areas. The 177 thrombi analyzed showed a full range of compositions
from predominantly platelet-rich to almost entirely RBC-rich. Figure created with
BioRender.com.

" and

However, further staining for citrullinated histone h3
myeloperoxidase was not performed '°. More specific staining for NETosis can
confirm that the detected DNA is in fact neutrophil-derived and not induced by
cell death or necrosis; additionally, it also makes it possible to narrow down
the specific pathway of the neutrophil activation and subsequent NET

formation 6.

Putting these observations into the context of other studies the authors
speculate that the rtPA resistance of platelet-rich thrombi could be due to DNA
modification of the fibrin structure '"'®. They also suggest that covalent cross-
linking of VWF and fibrin by Factor XIII may contribute to the rtPA resistance
192 Factor Xlll is a transglutaminase which circulates in the blood as an

inactive zymogen. Once activated by thrombin (to become FXllla), it can
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crosslink fibrin via isopeptide bonds which increases clot stability and makes
it more resistant to fibrinolysis. FXllla has also been shown to crosslink VWF
to fibrin 2'. As both fibrin and VWF have been observed to colocalize in the
thrombus it would be interesting to probe the sections for factor XllI to see if it
was also present to support this hypothesis. This could explain why less than
half of the patients that receive rtPA treatment to induce thrombolysis have a
positive outcome 2*®. The present work, therefore, strongly suggests DNase
and/or ADAMTS13 (a plasma metalloproteinase that cleaves VWF) may
increase thrombolysis. These interesting findings warrant more in-depth study
of tPA alone or in combination with DNase1/ADAMTS13. In fact, Denorme et
al. 2 have shown the presence of VWF in 36 ischemic stroke thrombi, but also
that tPA treatment was more efficient after pre-infusion of ADAMTS13 in a
murine stroke model %. Very recent work by Ahmed et al. ?° has shown that
the platelet collagen and fibrin(ogen) receptor GPVI might be involved in
stabilizing thrombi. Hence, an anti-GPVI agent could be used in combination
with rtPA to promote disaggregation of platelet-rich thrombi 2°. This again
provides further evidence that understanding thrombus structure could offer
enhanced treatment strategies. It will be interesting to see whether the results
of these mouse model and in vitro studies hold true in-patient studies to see if
such combination therapies could be used in the future to increase the

success of stroke treatment and patient outcomes.

Although the conclusions of Staessens et al. ° are based on a large
dataset, detailed quantification of the data obtained by immunohistochemistry
for VWF, platelets, fibrin(ogen) and leukocytes are missing. Quantification of
the impressive number of thrombi investigated could potentially provide not
only numerical data in order to compare different thrombi, but also present the
opportunity to interrogate the heterogeneity within an individual thrombus. A
machine-learning approach to quantify labeled thrombus sections has been

26,27

used previously and the work by Staessens et al. ® would benefit from a
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similar approach and therefore presents an opportunity for further exploitation

of their large dataset.

This study is an important addition to a whole body of work that could
significantly improve outcomes for stroke patients by improving treatment
strategies. Similar studies state various patient parameters such as gender,
age, pre-existing conditions, stroke etiology or even occlusion site 282°,
Connecting them to thrombus morphology could be key in determining patient-
specific therapeutic approaches. Therefore, follow-up studies should be
pursued that investigate the correlation between thrombus structure and
patient parameters, as well as plasma samples, to give more information on
how different factors influence stroke severity, as well as patient outcome.

Boeckh-Behrens et al. *°

investigated whether the underlying cause for
ischemic stroke in 145 patients was due to a cardioembolic event. By
combining semi-quantitative analysis of the thrombi with clinical data they
concluded that most strokes were of cardioembolic origin *°. More information
about thrombus structure poses the potential to expand the choice and
manner of treatment strategies thereby improving outcomes for ischemic
stroke patients. In fact, there is evidence that in coronary thrombi fibrin content
increases, while the presence of platelets decreases the ischemic time
(duration from onset of symptoms to the primary percutaneous intervention)
31.

Whilst this is a well-executed study, the conclusions are based upon
observations and further experimental work is required. For example, laser
capture microdissection could be utilized to not only visualize areas of interest,
but also enable incorporation of other experimental measures such as
proteomics, transcriptomics, or genomics to investigate regions/cells *2. This
type of approach would complement existing data obtained from mass

/ 33

spectrometry on stroke thrombi where Munoz et a identified 339 proteins

commonly detected in the four patients investigated 3. Further, as there is
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evidence that the composition of the thrombus plays an important role in the
efficacy of thrombolytic treatment, it would be of interest to know what the
underlying mechanism is for the formation of the two thrombi subpopulations
(RBC- or platelet-rich). For example, different shear rates may influence the

composition of the thrombus **

and this could be something to further
interrogate. Also, changes in the vessel wall, which can be picked up by
noninvasive imaging techniques such as CT (computed tomography) or MRI
(magnetic resonance imaging), have been correlated to an increased amount

of RBC in the thrombus .

In summary, the authors are in the possession of a large treasure trove
of samples. Other studies conducted on comparable specimens with similar

methodologies did so with far fewer samples %67

or did not carry out such in-
depth investigations *. The present study elegantly offers validation for
textbook knowledge in a large cohort of patients, thereby laying the foundation
for more in-depth investigations to improve treatment options for ischemic

stroke patients.
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Abstract In secondary cardiovascular disease prevention, treatments
blocking platelet-derived secondary mediators pose a risk of bleeding.
Pharmacological interference of the interaction of platelets with exposed
vascular collagens is an attractive alternative, with clinical trials ongoing.
Reported antagonists of the collagen receptors, glycoprotein VI (GPVI) and
integrin a2B1, include recombinant GPVI-Fc dimer Revacept, 9012 mAb-
based GPVI-blocking immunoreagent Glenzocimab, Syk tyrosine kinase
inhibitor PRT-060318, and anti- a2f1 mAb 6F1. No direct comparison has
been made of the antithrombic potential of these drugs. Using a
multiparameter whole blood microfluidic assay, we compared the intervention
effects of Revacept, 9012 Fab, PRT-060318 and 6F1 mAb for a range of
vascular collagens and collagen-like substrates, with varying stimulation of
GPVI and a231. To inform on GPVI localization, we used fluorescent-labeled
anti-GPVI nanobody 28. In this first comparison of four inhibitors of platelet-
collagen interactions with antithrombotic potential we find that at arterial shear
rate: i) the thrombus-inhibiting effect of Revacept was restricted to highly
GPVl-activating surfaces; i) 9012 Fab consistently but partly inhibited
thrombus size on all surfaces; iii) effects that were surpassed by Syk inhibition
and iv) 6F1 mAb intervention was most suppressing on those collagens with
limited effects of 9012 Fab or Revacept. Our data hence reveal a distinct
pharmacological profile for GPVI binding competition (Revacept), GPVI
receptor blockage (9012 Fab), GPVI signaling (PRT-060318) and a2B1-
directed intervention (6F1 mAb) on thrombus formation depending on the type
of collagen substrate. This work thus points to additive antithrombotic action

mechanisms of the investigated drugs.
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3.1 Introduction

The interaction of platelets with the various collagens in the vessel wall,
exposed upon injury, is critical for hemostasis, where a tightly regulated
formation of thrombi limits blood loss. In atherothrombosis, in denuded or
ruptured plaques, platelets interact with subendothelial collagens leading to
the formation of thrombi that now cause vascular occlusion, leading to
ischemia . In both processes, collagens of various types become exposed to
the circulating blood, most of which bind von Willebrand factor (VWF) and
ligate, to a variable extent, the platelet receptors glycoprotein VI (GPVI) and
integrin a2B1. In arterial thrombus formation, GPVI as an ITAM-linked receptor
for collagen and fibrin, is known to play a central signaling role 2. In addition,
platelet GPVI regulates the maintenance of vascular integrity upon thrombo-
inflammation *“. On the other hand, this receptor is considered to have an only
minor role in normal hemostasis °. Thus, subjects lacking expression of GPVI
on megakaryocytes and platelets present with a no more than minor bleeding

phenotype 7.

The platelet GPVI signaling pathway involves phosphorylation of the
co-receptor FcRy chain via Src-family kinases, followed by phosphorylation
and activation of Syk kinase, formation of the LAT signalosome, and
culminating in activation of phospholipase C (PLC)y2 8. This pathway results
in a continued rise in cytosolic Ca®* level, and a prolonged priming of platelets
for additional stimulation °. Platelet responses evoked by collagens and GPVI
include granular secretion, aggregate formation, platelet ballooning, and
surface exposure of procoagulant phosphatidylserine '°. However, recent
reports indicate that not all GPVI ligands induce the same extent of platelet
activation. For instance, several vascular collagens and fibrin evoke a

[ 11,12

relatively mild GPVI signa , Whereas fibrillar collagen type | and triple-
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helical (GPO).-containing collagen-related peptides (cross-linked collagen-
related peptide CRP-XL and GFOGER-GPO) are potent GPVI agonists .

Similarly, integrin a2B1 (glycoprotein la/lla), of which the a2 chain is
selectively expressed on platelets and endothelial cells, act as a receptor for
collagens. In 1985 a patient with bleeding symptoms (temporarily) lacking
a2B1 was reported ', its role hemostasis was later confirmed in mice as well.
® The integrin enhances collagen dependent platelet adhesion and supports
the activation via GPVI as well as Gqa-coupled receptors '®'. Under flow
conditions, a crosstalk mechanism of GPVI and integrin a2B1 was identified,
which also included the GPIb-V-IX receptor for VWF 819,

In the past decade, GPVI has been identified as a promising target for
new antithrombotic drugs. Currently, two GPVI-directed inhibitors are being
investigated in clinical trials, namely Revacept and Glenzocimab (ACT017).
Revacept is a recombinant dimeric fusion protein of the extracellular domain
of human GPVI and the Fc fragment. It competitively interferes with collagen-
induced platelet aggregation % and in whole blood flow assays it suppresses
thrombus formation on collagen containing atherosclerotic plaques on top of
aspirin or ticagrelor 2.
antithrombotic activity in mouse in vivo %. The ISAR-PLASTER phase-2 trial,

A similar Revacept-like GPVI construct has

investigating the effect of Revacept infusion during percutaneous coronary
intervention, points to a small but significant reduction in collagen-induced
platelet aggregation in subjects of the treatment arm 2°. Revacept on top of
standard antithrombotic treatment is well tolerated, but no difference is seen

so far in the endpoints of early death and myocardial infarction *.

The agent Glenzocimab (ACTO017) is a clinical-grade humanized
antibody fragment derived from the blocking anti-human GPVI Fab 9012. In
a phase-1 study, Glenzocimab was found to be well tolerated without effect

on bleeding time %°. In an animal study, Glenzocimab did not impact the GPVI-
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%6 Current clinical trials focus on

dependent inflammatory hemostasis
monitoring its effects during ischemic stroke intervention and upon SARS-
CoV-2 induced acute respiratory distress syndrome #’. Several in vitro studies
indicated that the 9012 Fab, as well as its derived from ACT017, suppresses
collagen- and fibrin induced platelet aggregation and thrombus formation
under flow 2282 Herein, 9012 Fab also interfered with GPVI-induced platelet
activation responses, including surface expression of P-selectin and
phosphatidylserine 2. Another means to suppress collagen-induced platelet
activation is by targeting the protein tyrosine kinase downstream of GPVI, e.g.,
with utilizing the Syk-kinase inhibitor PRT-060318 "' In the past, blocking of
integrin a2B1 with mAb 6F1 has been proposed as a possible antithrombotic
strategy too, *° but so far, the antibody has not been evaluated in (pre)clinical

trials.

Surprisingly the thrombus-inhibiting potential of Revacept, 9012 Fab
(to proxy Glenzocimab), PRT-060318 and 6F1 mAb have not directly been
compared. For the present paper, we used a previously validated
multiparameter microfluidic assay of whole blood thrombus formation at high
shear rate *', to determine how the drugs affect platelet adhesion, activation
and aggregation under flow using a broad panel of vascular-derived collagens
and collagen-like peptides, ranging from low to high GPVI and a21 reactivity.
We thereby aimed to characterize the relative inhibitory profile and potency

provide of these four drugs targeting platelet-collagen interactions.

3.2 Materials and Methods

Materials

Collagen-related triple-helical peptides were obtained as C-terminal amides,
as described %233: cross-linked Collagen-Related Peptide, GCO(GPO):(GCO-
NH,, (CRP-XL); GPC(GPO);sGFOGER(GPO);GPC-NH, (GFOGER-GPO);
collagen type Il derived VWEF-binding peptide, GPC(GPP)sGPRGQO
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GVMGFO(GPP)sGPC-NH, (VWF-BP) (CambCol, Cambridge, UK). Fibrillar
collagen type | Horm was from Nycomed (Hoofddorp, The Netherlands);
human collagen-I (C7774) and human collagen-IV (C7521) were from (Sigma-
Aldrich (Zwijndrecht, The Netherlands); human collagen-Ill (1230-01S) was
supplied by Southern Biotechnology (Birmingham, AL, USA) and D-Phe-Pro-
Arg chloromethyl ketone (PPACK) was from Merck Millipore (Amsterdam, The
Netherlands). Blocking anti-GPVI 9012 Fab was supplied by Dr. M. Jandrot-
Perrus (INSERM, University Paris Cité, Paris, France). Revacept was
supplied by Dr. M.P. Gawaz (Tubingen, Germany). The batch was checked
for inhibiting CRP-XL-induced platelet aggregation. The blocking mAb 6F1
against integrin a231 was kindly provided by Dr. B.S. Coller (New York, USA).
PRT-060318 was from BioConnect (Huissen, the Netherlands). Used for
fluorescent staining were AlexaFluor(AF) 647 labeled anti-human CDG62P
mAb (304918, Biolegend, London, United Kingdom); FITC-labeled anti-
fibrinogen antibody (FO111, Dako, Amstelveen, The Netherlands); AF568
labeled annexin A5 (A13202, ThermoFisher, Eindhoven, The Netherlands).
Other materials were from sources described before 3. The non-blocking anti-
GPVI nanobody 28 (Nb28) was expressed and characterized, as described

35

elsewhere *°. AF488 labeling of the nanobody was according to the

manufacturer's instructions (ThermoFisher) #.

Preparation of blood

Blood was obtained from healthy volunteers by antecubital venepuncture.
Subjects had not received anti-platelet medication for at least two weeks and
gave full informed consent according to the declaration of Helsinki. Studies
were approved by the local Medical Ethics Committee. Blood collection was
into 3.2% trisodium citrate (Vacuette tubes, Greiner Bio-One, Alphen a/d Rijn,
The Netherlands). All donors had platelet counts within the reference range,

measured with a Sysmex XN-9000 analyzer (Sysmex, Cho-ku, Kobe, Japan)
34
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Microfluidics thrombus formation

Selected collagen-like peptides and collagens were microspotted on glass
coverslips, as detailed elsewhere **. Coding of the six microspots (M1-6) is
depicted in Table 1. In brief, washed coverslips were coated with 3 different
microspots, in which the most active microspot was always located
downstream, thereby preventing cross-activation between microspots.
Coated coverslips were incubated overnight and blocked with HEPES buffer

pH 7.45 containing 1% BSA, before mounting into the flow chamber.

Table 1 — Overview of microspots used (M1-6) and relevant platelet receptors in high-
shear thrombus formation. Information on relative increase in strength of roles of GPIb-V-IX,
GPVI and integrin a2B1 (o, +, ++, +++), see references 1337  Also listed are analyzed
parameters (P1-8) from brightfield and fluorescence microscopic images, as well as scaling
factors in heatmaps. *, Plasma-derived VWF binding to collagen.

Platelet receptors

Microspot GPVI a2pl GPIb
M1 Collagen-H (VWF*) ++ ++ +
M2 GFOGER-GPO + VWF-BP +++ + +
M3 CRP-XL + VWF-BP +++ o +
M4 Collagen-l (VWF*) + + +
M5  Collagen-IV (VWF*) n.d. n.d. +
M6  Collagen-IIl (VWF*) + + +
Parameter range scaled
Brightfield
P1  Platelet deposition (% SAC) 0-79 0-10
P2  Platelet aggregate coverage (% SAC) 0-16 0-10
P3  Thrombus morphological score 0-4 0-10
P4  Thrombus multilayer score 0-2 0-10
P5  Thrombus contraction score 0-3 0-10
Fluorescence images
P6 P-selectin expression (AF647 a-CD62P mAb, % SAC) 0-65 0-10
P7  Integrin allbB3 activation (FITC a-fibrinogen Ab, % SAC) 0-21 0-10
P8  PS exposure (AF568 annexin A5, % SAC) 0-25 0-10

N.d., not determined.
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Whole blood flow perfusion assays were performed according to standard
procedures, as described '3, In brief, 500 ul samples of citrated whole blood
were supplemented with PPACK (40 uM, f.c.), recalcified (3.75 mM MgCl, and
7.5 mM CaCly), and then perfused through the microspot-containing flow
chamber for 3.5 minutes at wall shear rate of 1000/s. Where indicated, blood
samples were preincubated with relevant vehicle or inhibitor for 10 minutes .
After 3.5 minutes of blood flow, tricolor staining was started by post-perfusion
of labels in HEPES buffer pH 7.45 containing 2 mM CaClz and 1 U/ml heparin,
during which two brightfield microscopic images were taken per microspot 3'.
After labeling for two minutes and rinsing, three3-color fluorescence images
were captured. The following labels were used: AF647 anti-CD62P mAb for
CD62P expression, FITC anti-fibrinogen antibody for integrin allbp3

activation, and AF568 annexin A5 for phosphatidylserine exposure.

Microscopy and image analysis

Brightfield and fluorescence images were taken with an EVOS-FL microscope
(Life Technologies, Bleiswijk, The Netherlands), equipped with Cy5, RFP and
GFP LEDs, an Olympus UPLSAPO 60x oil-immersion objective, and a
sensitive 1360%1024 pixel CCD camera. Standardized image analysis was
performed using semi-automated scripts operated in Fiji (ImageJ).
Parameters obtained from brightfield (P1-5) and from fluorescence (P6-8)

images, were as explained in Table 1.

Data handling and statistics

Statistical analysis was performed with GraphPad Prism 8 (San Diego, CA,
USA). Heatmaps were generated with the program R V.3.5.2 (R-graph-
gallery.com). For heatmap representation, parameter values were univariate
normalized at a scale of 0-10 3'. Thrombus values of flow runs (vehicle,
inhibitor) from the same blood donor were averaged to obtain one parameter

set per microspot and donor. Mean values of control and inhibitor runs were
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then compared per blood sample, using paired Student t-test, as previously

described ''. Statistical significance was set at P-values below 0.05.
3.3 Results

Differential effects of antagonists on whole blood thrombus
formation with fibrillar collagens

To quantitatively compare the antithrombotic potential of clinically promising
inhibitors of platelet receptor-collagen interactions, we performed a set of
high-shear (1000/s) experiments, in which whole blood was flowed over
microspots of different collagens or collagen-like surfaces. Blood samples
from the same donor were pre-treated with one of the antagonists of interest,
i.e., GPVI-blocking 9012 Fab (50 pg/ml), the GPVI-Fc fusion protein Revacept
(50 pg/ml), Syk inhibitor PRT-060318 (20 uM) or integrin a21-blocking mAb
6F1 (20 pg/ml). The antagonist concentrations were chosen, as to block near
maximally GPVI- or a2B1-dependent platelet adhesion to the reference

collagen-H or to plaque material "',

Considering that the equine-derived, fibrillar collagen-H is used as a
standard platelet agonist in the diagnostic and research laboratories, we first
evaluated antagonist effects on thrombus formation parameters for
microspots of collagen-H (M1). Microscopic image recording was performed
of brightfield images and, after post-staining with AF647 a-CD62P mAb, FITC
a-fibrinogen antibody and AF568 annexin A5, of triple fluorescent images 3'.
Quantitative and qualitative image analysis provided information on eight
parameters: platelet deposition (P1), thrombus phenotype (P2-5) and platelet

activation (P6-8), such as indicated in Table 1.
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Figure 1 (previous page) — Effects of collagen-interfering antagonists on thrombus
formation with standard collagen-H. Whole blood was perfused at 1000/s for 3.5 minutes
over surface of collagen-H (microspot M1); pre-treatment was with vehicle or with indicated
inhibitory agents, i.e. GPVI-blocking 9012 Fab (50 pg/ml), GPVI-FC fusion protein Revacept
(50 pg/ml), Syk kinase PRT-060318 (PRT, 20 uM), or integrin a2B1-blocking 6F1 mAb (20
ug/ml), at previously optimized concentrations. Post-staining was performed according to
protocol with AF647 a-CD62P mAb (for P-selectin expression), FITC a-fibrinogen Ab (for allbB3
activation) and AF568 annexin A5 (for phosphatidylserine exposure). (A) Representative
brightfield and fluorescence microscopic images at end point. Scale bars = 50 ym. (B)
Quantification of surface area covered by: all platelets (P1), platelets in multilayers (P2), and
platelets with phosphatidylserine exposure (P8). Data are means = SD (n=5-7); *p <0.05, **p
<0.01, ***p <0.001 with paired t-test. (C) Subtraction heatmap of parameter values univariately
scaled over all surfaces, indicating treatment effects on collagen-H. Green color indicates
decrease and red color increase of the respective parameter due to treatment. Significance (p
<0.05) indicated by *. For other raw data see Supplementary Figure 1B, for scaling factors see
Table 1.

Using untreated control blood samples, perfusion over collagen-H led
to the formation of large thrombi of aggregated platelets, staining highly
positively for P-selectin expression, integrin allbp3 activation and
phosphatidylserine exposure, the latter as a proxy measurement of GPVI
activity . Treatment of the blood with 9012 Fab (Figure 1A) or PRT-060318
(Supplementary Figure 1A) resulted in major reductions in aggregate size,
accompanied by a strongly decreased staining for activation markers,
including phosphatidylserine exposure. Blood treatment with Revacept
resulted in less clear effects, while with 6F1 mAb present only few large
aggregates were formed (Figure 1A). Image quantification of the three most
distinct output markers - platelet deposition (P1), thrombus multilayer size (P2)
and phosphatidylserine exposure (P8) showed that 9012 Fab and 6F1 mAb
significantly suppressed P1, while all four inhibitors caused reductions in P2
and P8 (Figure 1B). Complete raw data of P1-8 are given in Supplementary

Figure 1. The subtraction heatmap of intervention effects for all eight
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parameters (univariately scaled 0-10) indicated consistent and significant
reductions by 9012 Fab, PRT-060318 and 6F1 mAb. Revacept, although less
effective, it still significantly reduced 5 out of 8 parameters (Figure 1C).
Overall, these data indicate that the drugs intervening at the receptors GPVI
or a2f31 or in downstream signaling cause a quantitatively different pattern of
inhibition of platelet aggregation and thrombus formation on the highly

thrombogenic, standard collagen-H.

Antagonist effects on whole blood thrombus formation on
collagen-like peptides

Given that collagen-based peptides also support thrombus formation, we
investigated the drug effects on such collagen-like peptides with high (GPO)
triplet content and hence high GPVI dependency, i.e., the triple helical
peptides GFOGER-GPO (microspot M2) and CRP-XL (M3) ™%, The
GFOGER motif ensured platelet adhesion via integrin a231 (Table 1). Both
peptides were microspotted together with VWF-binding peptide (VWF-BP),
which captures plasma-derived VWF and thus allowed GPIb-dependent
platelet adhesion under flow. For both microspots M2 and M3, 9012 Fab and
Revacept greatly affected platelet deposition, aggregate formation, and
platelet activation (including the high phosphatidylserine exposure, pointing to
high GPVI activity) (Figure 2A,B). Integrin a231 blockage with 6F1 mAb

reduced platelet deposition only on M2.
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Figure 2 (previous page) — Effects of collagen-interfering antagonists on thrombus
formation with GPO-rich, high GPVI-activating peptides. Whole blood was perfused at
1000/s for 3.5 minutes over surfaces with collagen-like peptides: GFOGER-GPO + VWF-BP
(microspot M2) or CRP-XL + VWF-BP (M3). Pre-treatment was with vehicle medium or
inhibitory agents, 9012 Fab, Revacept, PRT-060318 (PRT) or 6F1 mAb (see Figure 1). Post-
staining was performed with AF647 a-CD62P mAb (for P-selectin expression), FITC o-
fibrinogen Ab (for integrin allbB3 activation) and AF568 annexin A5 (for phosphatidylserine
exposure). Representative brightfield and fluorescence microscopic images at end stage for
M2 (A) and M3 (B). Scale bars represent 50 ym, n = 3-4.

Quantitative comparison of the parameters P1, P2 and P8 pointed to
more profound effects of Revacept and PRT-060318 than of 9012 Fab for
microspot M3 (Figure 3A,B). Interestingly, 9012 Fab was without effect on
adhesion and activation parameters for the a2p1-adhesive surface M2,
suggesting a compensating role of the integrin in platelet adhesion but not
aggregation. As expected, the 6F1 mAb suppressed the various parameters
only on the GFOGER-containing, a2p1-adhesive surface of M2. All GPVI-
directed drugs (Revacept, 9012 Fab, PRT-050318) suppressed the formation
of platelet aggregates on M2 and M3 (Figure 3, Supplementary Figure 2A).
Quantitation of all eight parameters indicated that Revacept and PRT-060318
most strongly reduced the formation of contracted multilayers of thrombi
(Supplementary Figure 2B). The subtraction heatmap generated for all
scaled parameters pointed to the following intervention effects (Figure 3C): i)
a moderate and partly significant reduction of 9012 Fab on some parameters
for M2-3; ii) a strong inhibitory pattern of Revacept for M2 and M3 (6 and 5
parameters, respectively); iij) an overall inhibition effect of PRT-060318
resembling that of Revacept, but with a slightly increased platelet activation
(P6-7) for M2; iv) and a selective suppression by 6F1 mAb of the majority of
parameters for M2 only. In summary, on GPO-rich collagen-like peptides were
the GPVI construct Revacept and the Syk kinase inhibitor PRT-060318 most

effective.
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Figure 3 (previous page) — Quantitative effects of collagen-interfering antagonists on
thrombus formation with high GPVl-activating peptides. Experiments performed as in
Figure 2. Quantitation of thrombi formed on GFOGER-GPO + VWF-BP (A) and CRP-XL + VWF-
BP (B). Data are given of surface area covered by all platelets (P 1), platelets in multilayers (P2),
and platelets with phosphatidylserine exposure (P3). Data are means + SD (n=3-4); *p <0.05,
**p <0.01, ***p <0.001. For additional images and raw data, see Supplementary Figure 1. (C)
Subtraction heatmap of scaled parameters versus vehicle control condition for P1-8. Color code
represents decrease (green) or increase (red) in comparison to vehicle. Means + SD (n=3-4),
*p <0.05 (t-test).

Antagonist effects on whole blood thrombus formation on
vascular collagens

Early studies have provided evidence that human, vascular-type collagens
(collagen-l, -lll, -1V), exposed upon vascular injury, support flow-dependent
platelet adhesion **°. To examine how the antagonists of GPVI and a2p1
affected thrombus formation at such collagens, we microspotted the fibrillar
collagen types | and lll, and the non-fibrillar network-forming collagen-IV. All

collagens also contained binding sites for plasma VWF 3840-42,

Blood perfusion over human collagen-l only moderately supported
platelet adhesion (Supplementary Figure 3). Likewise, blood perfusion over
collagen-1V (M5) led to the formation of small-sized thrombi. Representative
images demonstrated that the adhered platelets still responded by P-selectin
expression and integrin allbB3 activation, although phosphatidylserine
exposure was minimal, pointing to a limited extent of GPVI activation (Figure
4A). Using collagen-lll (M6), somewhat larger thrombi were formed,

containing higher platelet activation profiles (Figure 4B).
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Figure 4 (previous page) — Effects of interfering antagonists on thrombus formation with
vascular-derived collagens. Whole blood was perfused at 1000/s for 3.5 minutes over
surfaces of the vascular-derived collagen preparations: collagen-l (M4), collagen-1V (M5) and
collagen-IlIl (M6). Pre-treatment was with vehicle or with inhibitory agents, 9012 Fab, Revacept,
PRT-060318 or 6F1 mAb (see Fig. 1). Multicolor post-staining was performed for P-selectin
expression, integrin allbB3 activation and phosphatidylserine exposure. Shown are
representative brightfield and fluorescence images at end stage for M5 (A) and M6 (B). Scale
bars represent 50 um, n = 3-9. Complementary images for M4 are shown in Supplementary
Figure 3.

Quantitative analysis indicated that on collagen-I and collagen-IV (M4-
5), platelet deposition (P1) was only partially affected by each of the four
interventions, while the thrombus characteristics (P2) and the already low
phosphatidylserine exposure (P8) tended to be lowered by 9012 Fab,
Revacept, PRT-060318 and 6F1 mAb (Figure 5A,B). Collagen-IV (M5) was
most susceptible towards a2B1 inhibition with 6F1 mAb, which essentially
abolished platelet adhesion and subsequent parameters. Noteworthy, only
Revacept marginally reduced phosphatidylserine exposure on M5. Regarding
the slightly more active surface collagen-Ill (M6), a similar pattern of inhibition
was observed, in which 9012 Fab, PRT-060318 and 6F1 mAb were more
effective inhibitors for platelet aggregation (P2) than Revacept (Figure 5C).
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Figure 5 (previous page) — Quantitative antagonist effects on thrombus formation with
vascular-derived collagens. Pre-treated whole blood was perfused over collagen-l (M4),
collagen-IV (M5) and collagen-lIl (M6), as for Figure 4. End-stage images were analyzed for
parameters P1-8. Shown are for M4 (A), M5 (B) and M6 (C), quantified values of surface area
covered by all platelets (P1), platelets in multilayers (P2), and platelets with phosphatidylserine
exposure (P8). Data are means + SD (n=3-9), *p <0.05, **p <0.01, ***p <0.001 (paired t-test).
Values of other parameters are given in Supplementary Figure 5. (D) Subtraction heatmap of
scaled parameters versus vehicle control condition for P1-8. Color code represents decrease
(green) or increase (red) in comparison to vehicle. Means + SD (n=3-9), *p <0.05 (t-test).

On all three surfaces M4-6, inhibition of Syk with PRT-060318
completely abolished the limited platelet aggregation (Supplementary Figure
4), thereby showing a similar inhibition pattern as 9012 Fab, although with
stronger effect size. This was also apparent from analysis of the additional
parameter values (Supplementary Figure 5). Subtraction heatmap
presentation of the eight scaled parameters indicated that, for the three
vascular-derived collagens, PRT-060318 and 6F1 mAb were most effective in
thrombus suppression, followed by 9012 Fab and Revacept (Figure 5D). Still,
on collagen-1V (M5), 9012 Fab and Revacept significantly decreased 4 out of
8 parameters, in particular the thrombus characteristics. On the other hand,
PRT-060318 and 6F1 mAb decreased 7 and 8 parameters, respectively.
Taken together, these data point to a most effective suppression of thrombus
formation on vascular-derived collagens by inhibition of Syk or a2f1,

surpassing the effect of blockage of the GPVI-collagen interaction.
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Figure 6 — Establishing of platelet GPVI Revacept distribution profiles on platelets and
standard collagen. Whole blood was preincubated for 10 minutes with vehicle or 50 pg/ml
Revacept and perfused over collagen-H at 1000/s in the presence of non-inhibitory GPVI-
binding Nb28 AF488 (100 nM). Shown are representative brightfield and fluorescence
microscopic images with enlargements. Scale bars = 50 ym. Data are from 4 donors. (A) For
control condition, closed headed arrow indicates labeled GPVI clusters along collagen-H fibers;
diamond headed arrow indicates absence of labeling where fibers, but no platelets are present.
(B) With Revacept present, labeled Nb28 stains Revacept bound to collagen-H fibers (open
headed arrows), regardless of the localization of platelet aggregates. (C) Quantification of
overall Nb28 AF488 labeling (indicative of GPVI presence) and high labeling (indicative of
clustered GPVI or Revacept).
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Visualization of collagen bound GPVI

The clustering of GPVI along collagen-H fibers has been considered as a
mechanism to steer GPVI signaling in platelets *. To find out whether the
incomplete inhibitory effects of Revacept with collagen-H could be explained
by reversible binding to the fibers, we used a newly AF488-labeled anti-GPVI
nanobody 28 (Nb28 AF488), which binds to GPVI with high affinity, but does
not interfere with GPVI-induced platelet activation 3. This labeled nanobody
is suitable for the imaging of GPVI on adhered platelets **. After whole blood
perfusion, platelets that adhered to collagen-H showed a high Nb28 AF488
signal. The fluorescence was strongly concentrated at contact sites of the
platelets with collagen (Figure 6A), hence pointing towards clustering of GPVI
receptor molecules along the collagen fibers. In the presence of Revacept,
however, the Nb28 AF488 fluorescence was mostly localized at the collagen
fibers, regardless of the local presence of platelets, thus indicating that the
GPVI-Fc dimer Revacept effectively bound to the collagen fibers (Figure
6B,C). Given that with Revacept present still residual thrombi with
phosphatidylserine-positive platelets were formed (Figure 1), this suggests
that either the Revacept binding was not saturated or that it was partly

replaced by platelet GPVI.

3.4 Discussion

This study provides a first in vitro quantitative comparison of four
pharmacological antagonists, used in the laboratory or in clinical studies, that
target platelet-collagen interactions in flowed human whole blood. For the
study, we used a range of collagens and collagen-like peptides as substrates
with a different platelet-activating potential, as apparent from the thrombus
sizes and platelet activation markers. By collecting and analyzing brightfield
and tricolor fluorescence microscopic images from microspots in a

standardized way, we were able to provide a high-throughput, multi-parameter
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quantification of the thrombus-forming process; this included parameters of
platelet deposition, thrombus size and contraction and platelet P-selectin
expression, integrin allb3 activation and phosphatidylserine exposure *'. The
last marker of platelet procoagulant activity provided an accepted measure of

the GPVI-induced signaling strength 7%,

Overall our data reveal that in flowed whole blood: i) the thrombus-
inhibiting effect of Revacept was predominant for highly GPVI-activating
collagen-like peptides and collagens; ii) the anti-GPVI 9012 Fab caused a
consistent partial inhibition of platelet activation and thrombus size extending
to all collagen-like surfaces; iii) the Syk inhibitor PRT-060318 provided the
most powerful antithrombotic effects exceeding that of GPVI blockage or GPVI
competition, regardless of the collagen type; and iv) the 6F1 mAb intervention
was most effective on those collagens (collagen-H,-1V, GFOGER-GPO) where
9012 Fab was less effective. Regarding the human collagens-I, -1l and -1V,
at the concentrations applied, 9012 Fab was acting better than Revacept on
most parameters. These results are consistent with the infrequent presence

of GPO triplets in such vascular-derived collagens “°.

Jointly, these data point to a different, collagen-type dependent action
mechanism of the drugs with 9012 partly acting in comparison to the stronger
Syk inhibition; while Revacept and o231 blockage act on distinct sets of
collagens. Given that the damaged or plaque ruptured vessel wall causes
exposure of multiple collagen types to the circulating platelets, this work thus
suggests that the antithrombotic action mechanisms of the investigated drugs
are at least in part additive. In other words, a combined intervention may result
in a stronger antithrombotic potential, although a risk of bleeding cannot be

excluded beforehand.

The 6F1 mAb was universally potent as an inhibitor of platelet

adhesion to the vascular-derived collagens and subsequent thrombus build-
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up, but it did not abrogate the activation parameters of residual adhered
platelets. On the other hand, at the CRP-XL surface, lacking integrin a231-
adhesive elements, the addition of 6F1 mAb did not affect any of the
thrombus-forming parameters. These findings are potentially relevant for the
clinic, since 6F1 targets the platelet-specific a2 subunit of a21, and since the
absence of a2 in mice did not lead to a major bleeding tendency *°. In addition,
integrin a231 has been shown to be of importance in thrombus formation after
vascular injury *®. Of relevance, a pharmacological integrin a2 inhibitor has
been tested for treatment of patients with advanced malignancies *2. On the
other hand, concerning plaque rupture-induced atherothrombosis, a2p1-
directed intervention may not be a good treatment option, given the
publications that platelet activation mediated by human atherosclerotic plaque
material in vitro is more driven by GPVI than by integrin a2B1 %47, Hence,
while collagens are the primary platelet agonist in vascular injury as well as
atherosclerotic plaque rupture, blockage of GPV seems to be the most

effective scenario.

Our findings furthermore add to efforts undertaken to repurpose drugs,
which are already approved for the treatment of different diseases, for
antiplatelet medication. For example, it has been established a sub-
therapeutic dose of Btk inhibitors can inhibit GPVI-mediated platelet
activation, suggesting that these provide an alternative approach to treat
plaque rupture-induced thrombosis “¢#°. This inhibition appears to be most
obvious for the first generation of Btk inhibitors, possibly indicating off-target
effects (e.g., on Syk) 8. As in the present study strong effects were observed
by the Syk inhibitor PRT-060318, this protein kinase may prove to be an even
more interesting target. In this respect, the Syk inhibitor, Fostamatinib, is
already being used as a therapeutic for chronic immune thrombocytopenia .

On the other hand, it should be mentioned that PF4-Cre mice, lacking Syk in
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platelets and megakaryocytes, present with a bleeding phenotype, in contrast

to GPVI-deficient mice °.

Under the present flow conditions, the dimeric GPVI-Fc construct
Revacept had the most potent antithrombotic potential with GPO-rich
collagen-like surfaces, extending to collagen-H and-IV. By utilizing a directly
labeled nanobody against GPVI, we found a prominent binding of Revacept
to the collagen fibers. In case of collagen-H, even though Revacept efficiently
bound to the collagen fibers, therefore masking GPVI binding motifs, the lack
of complete blockage of thrombus formation is explained by the engagement
of integrin a2B1. Several in vitro studies have shown that atherosclerotic
plaque-mediated platelet activation is more driven by GPVI than by a2p1 *’.
Although the extent of GPO sites has not been determined for such plaque
material, the high GPVI-dependency suggest that Revacept can act as an
efficient antithrombotic drug in this setting. However, the nature of the collagen
(or fibrin) GPVI substrates after pathological plaque rupture or erosion is still

unknown.

Besides masking GPVI binding motifs, the 9012 Fab fragment was
capable of reducing, but in an incomplete way, platelet activation and
thrombus formation on multiple collagen types in our microfluidics assay.
There is preclinical evidence about the in vivo efficiency and safety of
Glenzocimab, the clinical grade humanized version of the 9012 Fab,
supporting its development as a therapeutic 2°'. Currently there is still an
unmet need for more targeted antithrombotic therapy, as most current
approaches still pose a significant risk for bleeding. Taken together, this first-
time comparison, showing differential anti-thrombus-formation action spectra
of the investigated antagonists to intervene in collagen dependent platelet

activation, poses the potential of an effective combined use of these agents.
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3.6 Supplementary Figures
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Supplementary Figure 1 — Effects of collagen-interfering antagonists on thrombus
formation with standard collagen-H. Whole blood was perfused at 1000/s for 3.5 minutes
over surface of collagen-H (microspot M1); pre-treatment was with vehicle or with indicated
inhibitory agents, i.e. GPVI-blocking 9012 Fab (50 pg/ml), GPVI-FC fusion protein Revacept
(50 pg/ml), Syk kinase PRT-060318 (PRT, 20 uM), or integrin a2B1-blocking 6F1 mAb (20
ug/ml), at previously optimized concentrations. Post-staining was performed according to
protocol with AF647 a-CD62P mAb (for P-selectin expression), FITC a -fibrinogen Ab (for
allbB3 activation) and AF568 annexin A5 (for phosphatidylserine exposure). (A) Representative
brightfield and fluorescence microscopic images at end point in the presence and absence of
PRT-060318. Scale bars represent 50 uym. (B) Assessment of formed aggregates regarding
their: overall size (P3), approximate height (P4) and density (P5) as well as quantification of
surface area covered by: P-selectin expressing aggregates (P6) and fibrinogen bound allb3
(P7). Data are means * SD (n=5-7); *p <0.05, **p <0.01, ***p <0.001 with paired t-tests.
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Supplementary Figure 2 (previous page) — Effects of collagen-interfering antagonists on
thrombus formation with GPO-rich, high GPVIl-activating peptides. Whole blood was
perfused at 1000/s for 3.5 minutes over surfaces with collagen-like peptides: GFOGER-GPO +
VWEF-BP (microspot M2) or CRP-XL + VWF-BP (M3). Pre-treatment was with vehicle or
inhibitory agents, 9012 Fab, Revacept, PRT-060318 (PRT) or 6F1 mAb. Post-staining was
performed with AF647 a-CD62P mAb (for P-selectin expression), FITC a-fibrinogen Ab (for
integrin allbB3 activation) and AF568 annexin A5 (for phosphatidylserine exposure). (A)
Representative brightfield and fluorescence microscopic images at end stage in the presence
or absence of PRT-060318. Scale bars = 50 ym. (B) Assessment of formed aggregates,
between both substrates and all treatments, regarding their: overall size (P3), approximate
height (P4) and density (P5) as well as quantification of surface area covered by: P-selectin
expressing aggregates (P6) and fibrinogen bound allbB3 (P7). Data are means + SD (n=3-4);
*p <0.05, **p <0.01, ***p <0.001.
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Brightfield o-CD62P AF647 a-fibrinogen FITC ~ Anx A5 AF568
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Supplementary Figure 3 — Effects of interfering antagonists on thrombus formation with
vascular-derived collagens. Whole blood was perfused at 1000/s for 3.5 minutes over
collagen-I (M4). Pre-treatment was with vehicle or with inhibitory agents, 9012 Fab, Revacept,
PRT-060318 or 6F1 mAb. Multicolor post-staining was performed for P-selectin expression,
integrin allbB3 activation and phosphatidylserine exposure. Shown are representative
brightfield and fluorescence images at end stage. Scale bars = 50 ym, n = 3-9.
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Supplementary Figure 4 — Effects of Syk-inhibition with PRT-060318 interfering on
thrombus formation with vascular-derived collagens. Whole blood was perfused at 1000/s
for 3.5 minutes over surfaces of the vascular-derived collagen preparations: collagen-l (M4),
collagen-1V (M5) and collagen-lll (M6). Multicolor post-staining was performed for P-selectin
expression, integrin allbp3 activation and phosphatidylserine exposure. Shown are
representative brightfield and fluorescence images at end stage for M4 (A), M5 (B) and M6 (C).
Scale bars represent 50 ym n = 4.
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Supplementary Figure 5 — Quantitative antagonist effects on thrombus formation with
vascular-derived collagens. Pre-treated whole blood was perfused over collagen-l (M4),
collagen-IV (M5) and collagen-Ill (M6). End-stage images were analyzed for parameters P1-8.
Shown are assessment of formed aggregates, between all three substrates and all treatments,
regarding their: overall size (P3), approximate height (P4) and density (P5)
quantification of surface area covered by: P-selectin expressing aggregates (P6) and fibrinogen
bound allbB3 (P7). Data are means + SD (n=3-9), *p <0.05, **p <0.01, ***p <0.001, paired t-

test.
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Abstract The collagen receptor glycoprotein-VI (GPVI) is an attractive
antiplatelet target due to its critical role in thrombosis but minor implication in
hemostasis. To investigate GPVI receptor involvement in platelet activation by
collagen-l and atherosclerotic plaque using novel blocking and non-blocking
anti-GPVI nanobodies (Nbs). Nb effects on GPVI-mediated signaling and
function were assessed by western blot and whole blood thrombus formation
under flow. GPVI clustering was visualized in thrombi using fluorescently
labeled Nb28. Under arterial shear, inhibitory Nb2 blocks thrombus formation
and platelet activation on collagen and plaque, but only reduces adhesion on
plague. In contrast, adhesion on collagen, but not plaque, is decreased by
blocking integrin a2pB1. Adhesion on plaque is maintained despite inhibition of
integrins avB3, a5p1, a6p1 and allbB3. Only combined allbf3 and a2p1
blockade inhibits adhesion and thrombus formation to the same extent as Nb2
alone. Nb2 prevents GPVI signaling, with loss of Syk, Lat and PLCy2
phosphorylation, especially to plaque stimulation. Non-blocking fluorescently
labeled Nb28 reveals distinct GPVI distribution patterns on collagen and
plaque, with GPVI clustering clearly apparent on collagen fibers and less
frequent on plaque. Clustering on collagen fibers is lost in the presence of
Nb2. This work emphasizes the critical difference in GPVI-mediated platelet
activation by plaque and collagen; it highlights the importance of GPVI
clustering for downstream signaling and thrombus formation. Labeled Nb28 is
a novel tool for providing mechanistic insight into this process and the data
suggest Nb2 warrants further investigation as a potential anti-thrombotic

agent.
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4.1 Introduction

Cardiovascular diseases (CVD) associated with thrombosis, including acute
coronary syndromes and stroke, are among the world’s leading causes of
death, with 17.9 million deaths in 2019 ". Improved anti-thrombotic therapies
with reduced bleeding side effects are required to increase survival, improve
patients’ quality of life, and ease the financial burden of CVD. Platelets are
small highly reactive anucleate blood cells, known for their major contribution
to hemostasis, but also play a central role in thrombotic events, as well as in

a myriad of other (patho)physiological processes 2.

Platelets become activated by extracellular matrix proteins exposed
upon vessel damage, as well as by atherosclerotic plaque components
uncovered by plaque rupture or erosion °. The formation and progression of
atherosclerotic plaques is caused by an inflammatory process within the
vessel wall, mediated by macrophage incorporation, vascular cell proliferation
and lipid deposition. The lipid-rich necrotic core of an atherosclerotic plaque
is sealed with a collagen-rich cap *. Rupture of the fibrous cap induces platelet
activation. Weak platelet agonists present are, lysophosphatidic acid °,
sphingosine-1-phosphate ©, fibronectin and fibrin(ogen) ®. However, plaque-
mediated platelet activation has been shown to be predominantly induced by
collagens 7. Intriguingly, these collagens, mostly of types | and IIl *7° have
been observed to mediate platelet activation via GPVI but not integrin a2p1,
in contrast to in vitro studies on immobilized collagens where both receptors

play arole 7:8 1011,

GPVI is a platelet and megakaryocyte-specific ~62 kDa
immunoglobulin-like transmembrane receptor. It is expressed at the platelet
surface in complex with the immunoreceptor tyrosine-based activation motif
(ITAM)-containing Fc receptor y-chain (FcRy) '? and is considered to be the

main signaling receptor in platelets ' '*. Its primary ligand is collagen, but it
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has been shown to act as a multi-ligand receptor, binding to substrates
including fibrin, fibrinogen or laminin '®. Upon ligand binding, the GPVI-FcRy
complex initiates intracellular signaling by phosphorylation of several
downstream molecules, including Syk, LAT and PLCy2, inducing Ca?'
mobilization and resulting in platelet activation and thrombus formation ¢ 7.
Signaling strength and duration is amplified by clustering of GPVI, induced by
platelet attachment to collagen fibers 82", The restricted expression of GPVI

16, 22,23

to platelets and megakaryocytes and its minor role in hemostasis make

GPVI a target for novel anti-atherothrombotic therapies 2.

We have recently described a series of novel anti-GPVI nanobodies
(Nbs), several of which are potent GPVI inhibitors 2°. Cameloid-derived Nbs
contain only a single chain of the variable region of full-size antibodies, making
them smaller than antibody F(ab) fragments (15 kDa versus 50 kDa), whilst
maintaining high binding affinities and antigen specificity ?. Nbs display
several beneficial features, such as stability, tissue penetration and a low
immunogenic impact, making them suitable for multiple applications including

imaging 2’ and as therapeutic agents 2% 2°.

In this study we have compared the activation potential of atherosclerotic
plague homogenate to fibrillar collagen type I. We used plague homogenate
as a physiological ligand to evaluate the effectiveness of the novel anti-GPVI
Nb2 in inhibiting whole blood thrombus formation. In addition, we introduce a
fluorescently labeled non-inhibitory anti-GPVI Nb (Nb28), allowing for the first-
time investigation of GPVI localization and clustering in platelets forming
thrombi under flow, and assess the effect of GPVI inhibitors on this. We show
Nb2 is a potent inhibitor of collagen-induced platelet activation, which results
in a strong reduction of GPVI downstream signaling and subsequent thrombus

formation. Further, we propose that this inhibitory mechanism is mediated by
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complete disruption of GPVI receptor clustering. These findings support the

suitability of Nb2 as an anti-thrombotic agent, especially in atherothrombosis.

4.2 Materials and Methods

Antibodies and reagents

Nanobodies raised against the extracellular domain of GPVI were expressed
as previously described ?°. Nb28 was labeled using AlexaFluor 647 NHS ester
(ThermoFisher Scientific). Fibrillar collagen-I (Horm) was from Nycomed, P11
from TOCRIS, eptifibatide from GSK, JBS5 from Santa Cruz, GoH3 from

Invitrogen and 6F1 mAb was a gift from Barry Coller (Rockefeller University).

Histology of human atherosclerotic plaque and generation of
pooled homogenates

10 patients undergoing carotid endarterectomy at the Queen Elizabeth
Hospital in Birmingham gave informed consent (ethical approval: North West
— Haydock Research Ethics Committee 20/NW/0001) and donated their
extracted plaque material, which was snap frozen in liquid nitrogen and stored
at -80°C. Before use, the samples were divided in half, one half was used for
histological analysis and the other half was utilized to generate a pooled

plague homogenate.

Histological staining to assess plaque composition was conducted on
OCT (Sakura) embedded, cryo-sectioned (6 um) samples, co-stained for Ca?*
and global collagen content with von Kossa (Merck) and van Gieson (Atom
Scientific) respectively. Further sections were investigated for either lipid
content with OilRedO (Sigma Aldrich) or with hematoxylin and eosin (Atom
Scientific) for tissue orientation. All stains were used in accordance with the
respective manufacturer’s instructions, before being mounted (DPX, Merck)

and imaged at 20x magnification with an Axio Slide scanner (Zeiss).
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In order to generate plague homogenate, frozen plaque samples were
mechanically pulverized with a glass mortar and pestle in liquid nitrogen to
generate a fine powder. This was pooled and dissolved in PBS, solubilized by
sonification (5x10 seconds), and a short centrifugation step to remove debris.
The supernatant was aliquoted and stored at -80°C. Protein concentration was
determined using a standard Bradford protein assay and demonstrated to be
14 mg/ml. The plague homogenate was tested at various concentrations
between 0.5 mg/ml up to 5 mg/ml (in line with the literature ' '") in whole blood
microfluidics, and the lowest concentration that gave maximal thrombus

formation and platelet activation was used, 500 pg/ml.

Platelet isolation

Blood was collected into 4% sodium citrate, after informed consent, from drug-
free healthy volunteers in accordance with the Declaration of Helsinki and
ethical approval granted by University of Birmingham internal ethical review
(ERN-11-0175). Washed platelets were isolated as previously described *.
Briefly, acid citrate dextrose (ACD, 1:10 v/v) was added to blood then platelet-
rich plasma (PRP) was obtained by centrifugation at 200 g for 20 minutes at
room temperature (RT). Washed platelets were isolated by centrifugation of
the PRP in the presence of 0.2 ug/ml prostacyclin (1000 g, 10 minutes, RT),
then washed in modified Tyrode’s buffer (129 mM NaCl, 0.34 mM Na;HPOs4,
2.9 mM KCI, 12 mM NaHCOs;, 20 mM HEPES, 5 mM glucose, 1 mM MgCly;
pH 7.3) supplemented with ACD, centrifuged again in the presence of 0.2
pa/ml prostacyclin (1000 g, 10 minutes, RT), then the platelet pellet was
resuspended in modified Tyrode’s-HEPES buffer and left to rest for 30

minutes before being used in experiments.

Platelet spreading

Glass coverslips were coated with 10 pg/mil fibrillar collagen-l or 500 pg/ml

plague homogenate (overnight, 4°C) then blocked with 5 mg/ml BSA (1 hour,
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room temperature). Platelets were preincubated with PBS or 500 nM Nb2,
spread for 45 minutes (37°C), fixed, permeabilized and labeled with phalloidin-

Alexa Fluor 488. Spreading analysis was as described in Pike et al. *'.

Cytosolic Ca?* mobilization in live spread platelets

Glass bottom dishes (MatTek Corp) were coated and blocked, as above.
Washed platelets were loaded with 1 yM Oregon Green-488 BAPTA-1-AM
(ThermoFisher Scientific) and spread for 45 minutes. Pre- and post-treatment
videos were captured and platelet Ca?* mobilization analyzed as detailed in

supporting information.

Western blotting

Washed platelets preincubated with PBS, 500 nM Nb2 or Nb53, were
stimulated with 10 pg/ml fibrillar collagen-l or 500 ug/ml pooled plaque
homogenate under stirring conditions as previously described. Whole cell
lysates were then probed for total phosphotyrosine (4G10, Millipore), PLCy2-
pY'?'" (Cell Signaling, 3871S), LAT-pY?® (Abcam, ab68139), Syk-pY>25/52¢
(Cell Signaling, 2710S) and total Syk (4D10, Santa Cruz) *°. Bands were
visualized using autoradiography film, and Odyssey Fc System (LI-COR

Biosciences) and quantified in Image studio lite v5.2.

Light transmission aggregometry

Platelet aggregation was assessed using a light transmission aggregometer
(Model 700, ChronolLog; 37°C, 1200 rpm), washed platelets (2x108/ml) were
stimulated with 10 pg/ml fibrillar collagen-| following vehicle, 500 nM Nb2,
Nb53 or Nb28 preincubation.

Competition assays

For flow cytometry, washed platelets were preincubated with 500 nM Nb2 or
PBS, followed by addition of 100 nM Nb28 AF647 and immediate fixation (4%
paraformaldehyde). 50,000 events acquired (BD Accuri C6 flow cytometer)
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and plotted in FlowJo (BD). For ELISA, Nb28 and Nb21 binding to immobilized

GPVI-Fc in the presence of Nb2 was assessed as previously described 2°.

GPVI shedding assay

Washed platelets (2x108/ml) were recalcified with calcium chloride (1 mM)
before treatment with 500 nM Nb2 or Nb53 for 2 hours, under static conditions
at room temperature. Platelets were also stimulated with 5 mM N-
ethylmaleimide (NEM), as a positive control for GPVI shedding. After
treatment, platelets were incubated with PE-conjugated anti-GPVI antibody
(HY101, BD Biosciences) for 30 minutes before dilution in PBS and GPVI
surface expression (median fluorescence intensity; MFI) measured by flow
cytometry (10,000 events acquired, BD Accuri C6 flow cytometer, plotted in
FlowJo). Reduction in platelet GPVI MFI compared to resting controls

represented GPVI shedding.

Whole blood microfluidics

Citrated whole blood was preincubated with vehicle, 500 nM Nb, or 20 pg/ml
6F1, thrombin-inhibited (40 yM PPACK) and recalcified (3.75 mM MgCl. and
7.5 mM CaCly) then perfused over plaque and collagen microspots in a
Maastricht flow chamber at 1000/s, as described *2. Platelets were labeled for
activation markers: AF568 annexin A5 (for phosphatidylserine exposure,
procoagulant platelets, ThermoFisher), AF647 anti-CD62P mAb (for CD62P
expression, a-granule secretion, BioLegend), and anti-fibrinogen FITC Ab (for
fibrinogen binding, integrin allbB3 activation, DAKO) and endpoint images
obtained on an EVOS AMF4300 microscope (Life Technologies). Thrombus
formation and platelet activation was quantified. See supporting information

for full details of image capture and analysis.
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Visualization of GPVI clustering

Flow adhesion was performed as above, with GPVI visualized by addition of
100 nM Nb28 AF647 prior to flow.

Statistical analysis

Data is shown as mean + standard deviation (SD). Statistical tests are

indicated in figure legends and were performed in GraphPad Prism V7.
4.3 Results

Atherosclerotic plaque homogenate activates platelets under
static and flow conditions

Human atherosclerotic plaque has been previously described as a
heterogeneous substrate, rich in collagen type | and Il * ", Histology on
sections of the plaques used in this study highlighted their collagen rich nature
but demonstrated differences in composition and structure of individual
plaques (Supplementary Figure 1). Hence, we pooled 10 atherosclerotic
plagues and assessed the platelet activatory potential of the pooled
homogenate compared to standard fibrillary collagen-| in platelet activation
assays. Plaque homogenate supported platelet spreading to a similar extent
as fibrillar collagen-I (Figure 1A). Next, we investigated Ca?* mobilization, as
it represents the latter stages of the GPVI signaling pathway. We performed
live-cell fluorescence imaging of Ca* mobilization in individual platelets on the
two substrates using the Ca?* indicator dye Oregon Green 488 BAPTA-1
(Supplementary Video 1). No significant difference in percentage of Ca?
spiking platelets, or spike duration or amplitude between plaque and collagen-

| was observed (Figure 1B).
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Figure 1 (previous page) — Plaque homogenate supports platelet activation under static
and flow conditions. (A) Platelets were spread on fibrillar collagen-I (10 pug/ml) and plaque
homogenate (500 pg/ml) and percentage of non-spread, partially spread or fully spread
platelets quantified. Spreading states are indicated on the plaque representative image with
diamond, non-spread; stealth, partially spread or open arrow, fully spread. 6 fields of view
containing a total of 900-1200 platelets per condition per experiment were analyzed (n=3). (B)
Ca?* spiking of spreading platelets loaded with 1 uM BAPTA-Oregon Green Ca?* indicator dye.
Percentage of platelets exhibiting spikes, spike duration and amplitude were assessed. (n=7,
unpaired t-test). (C) Representative images of aggregate formation and platelet activation on
fibrillar collagen-I and plaque homogenate microspots in the Maastricht flow chamber perfused
with thrombin-inhibited whole blood at 1000/s. (D) Quantitation of aggregate formation and
platelet activation. Means + SD (n=14-16), *p <0.05, ** p <0.005, ***p <0.0005, ****p <0.0001
(one-way ANOVA). Scale bars = 50 ym, SAC = surface area coverage.

The ability of the plaque homogenate to stimulate platelet adhesion,
activation and thrombus formation under flow at arterial shear (1000/s) was
also assessed in comparison to collagen-l (Figure 1C,D). Platelet adhesion
(deposition) and thrombus size (multilayer) on plagque was not significantly
different from collagen-l. Plaque induced platelet a-granule release (P-
selectin), integrin  allbB3  activation (fibrinogen  binding) and
phosphatidylserine (PS) exposure (Annexin A5) (Figure 1C,D). However,
collagen-l induced significantly more (~50%) platelet activation in these 3
measured parameters (Figure 1C,D). Taken together, these results indicate
that plaque homogenate supports platelet spreading, Ca®* mobilization and
thrombus formation. However, collagen-| is a more potent ligand, stimulating
greater platelet activation during thrombus formation than plaque.
Nevertheless, plaque is a more physiological ligand and can therefore be used
to assess the effect of our recently generated anti-GPVI Nb2 % in platelet

activation.
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Platelet activation by plaque homogenate under flow is integrin
independent

Platelet activation by plaque has previously been shown to be primarily
mediated through GPVI, and independent of the collagen binding integrin
a2p1 78 1% 1 However, platelets express multiple integrin receptors and
plaque contains several integrin substrates. Therefore, we investigated the
potential involvement of other platelet integrins in thrombus formation under
arterial shear using blocking reagents to a5B1 (fibronectin; JBS5), a6p1
(laminin; GOH3), avp3 (vitronectin; P11), allbp3 (fibrinogen; eptifibatide) and
a2B1 (collagen; 6F1). Representative images and subtraction heatmaps,
showing only significant differences from controls, are shown in Figure 2. Our
results confirmed inhibiting a2B1 had no effect on thrombus formation on
plaque, however it reduced platelet deposition and activation markers on
collagen-I (Figure 2B, Supplementary Figure 2). Integrin allbB3 inhibition
blocked thrombus propagation (multilayer) on both substrates, as expected
(Figure 2A,B). However, other platelet activation parameters (P-selectin
expression, integrin activation, PS exposure) were not affected on either
substrate (Figure 2B, Supplementary Figure 2). Inhibition of the other
individual integrins did not affect thrombus formation parameters on either
substrate (Supplementary Figure 3). Combined blockade of integrins a2p1
and allbB3 had a greater effect than blocking either alone, and resulted in
significant inhibition of platelet adhesion, thrombus formation and platelet
activation on both plaque and collagen-I (Figure 2, Supplementary Figure
2). To investigate this further, we inhibited all integrins by removing free ions
with EDTA. Thrombus formation on plaque and collagen-I was not affected by
2 mM EDTA %% however at higher concentrations (9 mM) *® a significant
decrease in thrombus formation and platelet activation markers were

observed on collagen-I. On plaque a slight, but not significant, reduction was
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noted with 9mM EDTA (Figure 2A, Supplementary Figure 2). These results
indicate that plaque-induced platelet adhesion and activation is largely

independent of individual integrin activation.
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Figure 2 — Platelet activation induced by plaque homogenate is integrin independent. (A)
Representative brightfield images of thrombi formed on plaque homogenate and fibrillar
collagen-I in the presence of vehicle (PBS) or integrin inhibitors. Scale bars = 50 ym. (B)
Heatmaps summarizing significant effects of the indicated treatments. For each parameter, raw
data across all surfaces and donors was univariately scaled (0-10), and control values, then
subtracted from treatment values with only significant (p <0.05) changes displayed. Green
indicates significant reduction. N=3-5, one-way ANOVA. For raw data see Supplementary

Figure 5.
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Nb2 effectively blocks atherosclerotic plaque-induced platelet
activation and thrombus formation

Of the 54 novel anti-GPVI Nbs we recently generated 2%, three have been used
in this study: Nb2 a potent inhibitor of GPVI-collagen interactions; Nb53, a
weak GPVI-binder that is non-inhibitory and was used as an isotype, negative,
control in all experiments; Nb28, a non-inhibitory Nb that strongly binds GPVI
and has been used to label and visualize GPVI for microscopy. The non-
inhibitory nature of Nb53 and Nb28 was confirmed by platelet aggregation in
response to collagen Supplementary Figure 4. To further characterize the
potential anti-thrombotic properties of Nb2 we tested its effect on plaque-
mediated platelet activation under flow. Blood was pre-treated with 500 nM
Nb, a concentration previously shown to completely block collagen-induced
platelet aggregation 2°, before being perfused over plaque (Figure 3A) and
collagen-| (Figure 3B) microspots at arterial shear (1000/s) and thrombus
formation and platelet activation assessed. Significant effects on thrombus
formation and platelet activation were summarized into subtraction heatmaps,
where bright green indicates strong, statistically significant, inhibition (Figure
3C, Supplementary Figure 5). On plaque, Nb2 inhibited platelet adhesion
and thrombus formation, as well as reduced platelet a-granule secretion,
integrin allbp3 activation and PS exposure. On collagen-l, Nb2 reduced
thrombus formation and platelet activation markers, but did not affect platelet
adhesion. On both agonists, the negative control Nb53 had no effect. These
results demonstrate that Nb2 is a potent inhibitor of platelet activation by both
plaque and collagen-l, but plaque exhibits more selective dependency on

GPVI for thrombus formation.
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Figure 3 (previous page) — Anti-GPVI Nb 2 inhibits platelet activation at arterial shear
rates. Blood was preincubated with either vehicle (PBS), 500 nM Nb2 or negative control Nb53
for 10 minutes and then perfused at 1000/s over (A) plaque homogenate or (B) fibrillar collagen-
I. Brightfield images give information about thrombus size and morphology, while a-P-selectin
is used to assess a-granule secretion, a-fibrinogen to indicate allbf3 activation and annexin A5
to approximate procoagulant activity by PS exposure. Scale bars = 50 ym. (C) Heatmaps,
generated by subtracting the univariately scaled values of the vehicle from the scaled values of
the respective treatment for each parameter with only significant (p <0.05) changes indicated.
Green indicates significant reduction. N=5-8, one-way ANOVA. For raw data see

Supplementary Figure 5.

Nb2 strongly inhibits collagen- and atherosclerotic plaque-
induced GPVI signaling

To investigate the effect of Nb2 on GPVI signaling we used western blot to
examine downstream phosphorylation following stimulation with plaque or
collagen-l. Both substrates induced strong tyrosine phosphorylation in
platelets (Figure 4A). Nb2 addition caused a visible reduction in platelet global
tyrosine phosphorylation to plaque stimulation, and strongly inhibited
phosphorylation of GPVI downstream signaling proteins Syk Y%2%/526 | AT Y22
and PLCy2 Y'' in both plaque and collagen-I stimulated platelets (Figure
4A). Nb53 had no effect. Quantitation (Figure 4B) revealed strong and
consistent reduction of phosphorylation by Nb2 in response to plaque,
whereas a slightly weaker and more variable response was observed to

collagen-I, probably reflecting the involvement of other platelet receptors *°.

To assess Ca*" signaling, washed platelets loaded with the Ca?'
indicator dye were preincubated with Nb2 and spread on collagen-I or plaque.
However, no platelets adhered under these conditions. We therefore spread
platelets onto collagen-1 or plaque before adding Nb2. Ca?* mobilization was
quantified both pre- and post-Nb2 addition (Figure 4C). Nb2 significantly

reduced the percentage of Ca®" spiking platelets on collagen-I, but had no
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effect on those spreading on plaque. Nb2 had no effect on spike duration or
amplitude on either substrate. The negative control Nb53 had no effect on any
parameter (data not shown). Taken together these results show that Nb2
effectively inhibited GPVI-mediated signaling in response to both collagen-I
and plaque but was unable to reverse plaque-mediated Ca?" signaling in

adhered platelets.
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Figure 4 (previous page)— Nb2 strongly inhibits collagen- and atherosclerotic plaque
induced GPVI signaling. (A) Representative western blots and (B) quantification of
phosphorylation of GPVI downstream signaling proteins following stimulation of washed
platelets with fibrillar collagen | or plaque for 180 seconds in the presence or absence of Nb2
or negative control Nb53 (n=5, one-way AVOVA). (C) Ca?* spiking of spreading platelets loaded
with 1 yM BAPTA-Oregon Green Ca?* indicator were assessed for percentages of platelets
exhibiting spikes, as well as spike duration and amplitude, before and after addition of 500 nM
Nb2 or Nb53. Means £ SD (n=4), ns: not significant, *p <0.05, **p <0.005 (one-way ANOVA).

Non-inhibitory Nb28 and inhibitory Nb2 have distinct binding sites
on GPVI

In order to visualize the effect of Nb2 on GPVI localization we required a non-
inhibitory anti-GPVI Nb that could be used in imaging studies. Nb28 strongly
binds GPVI but does not inhibit GPVI-collagen interactions 2°
(Supplementary Figure 4). To further test the validity of using Nb28 in
imaging studies we confirmed that it did not inhibit thrombus formation (Figure
5A) and subsequent expression of platelet activation markers on collagen-|
under flow (Figure 5B). To verify that Nb28 binds a distinct site and does not
interfere with Nb2 GPVI binding a competition ELISA was used (Figure 5C).
Nb21, another inhibitory Nb known to bind to a similar epitope in GPVI as Nb2,
was used as a control. Nb21 signal decreased due to competition with Nb2
whereas Nb28 signal did not change, suggesting a distinct binding site from
Nb2. We fluorescently labeled Nb28 with AlexaFluor 647 (Nb28 AF647) and
assessed binding to platelets, as well as competitive binding with inhibitory
Nb2, using flow cytometry (Figure 5D). Quantification of flow cytometry
experiments revealed no significant difference between platelets labeled with
Nb28 AF647 alone or those preincubated with unlabeled Nb2 (Figure 5E),
confirming distinct epitopes on GPVI and making Nb28 AF647 suitable for

imaging of GPVI in experiments where Nb2 is also present.
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Figure 5 — Nb28 does not affect adhesion and activation under flow or compete with Nb2
binding. Thrombin inhibited whole blood was preincubated with either vehicle (PBS) or 500 nM
of unlabeled Nb28 and then flowed over fibrillar collagen-I utilizing the Maastricht flow chamber
at 1000/s and assessed for (A) platelet deposition and multilayer thrombi formation and (B)
platelet activation markers: PS exposure, P-selectin expression and integrin allbB3 activation.
Each data point represents one donor (n=4), one-way ANOVA. SAC = surface area coverage.
(C) A solid-phase binding assay measuring Nb28 and Nb21 binding to recombinant GPVI in the
presence of increasing concentrations of Nb2. Competition between Nb2 and labeled Nb28
AF647 binding on platelets was assessed by flow cytometry. Washed platelets were
preincubated with 500 nM Nb2 or vehicle (PBS) for 10 minutes, then labeled with 100 nM Nb28
AF647 and 50,000 events acquired. (D) Representative histograms and (E) quantitative
analysis of median fluorescence intensity. Means + SD (n=3), ns: not significant, ****p <0.0001
(two-way ANOVA).
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Nb2 disrupts GPVI clustering

We have previously shown that GPVI clustering contributes to sustained GPVI
signaling in spread platelets on collagen-I '°. To see if GPVI clustering occurs
in platelets forming thrombi under flow we preincubated blood with Nb28
AF647, before perfusing it over collagen-lI and taking fluorescent images.
GPVI was clearly seen to be enriched at visible collagen fibers, forming long
bright clusters in all thrombi (Figure 6A). As platelet activation by plaque was
also highly GPVI-dependent we investigated GPVI distribution on platelets
adhering and forming thrombi on plaque. No collagen fibers were visible in the
brightfield image of the plaque, however in some areas GPVI was seen to
form brighter clusters that ran across several platelets in a thrombus,
reminiscent of those seen in collagen-1 (Figure 6B). To investigate the effect
of Nb2 on GPVI localization we preincubated blood with Nb2 and Nb28 AF647
before flow. As very few platelets adhered to plaque in the presence of Nb2
we only investigated GPVI distribution in platelets perfused over collagen-l,
where clustering was also easily visualized (Figure 6C). Under control
conditions, GPVI clustered along the collagen fibers. However, pre-treatment
with Nb2 disrupted the GPVI localization and no organized clustering along
collagen fibers was seen. Control Nb53 and 6F1 (integrin a231 inhibitor) had
no effect on GPVI localization or clustering in the platelets that adhered and
formed thrombi on collagen-I. GPVI is known to be shed from the platelet
surface under certain conditions *. In order to investigate whether the Nbs
had an effect on GPVI shedding, which could cause loss of clusters, GPVI
surface expression was measured using flow cytometry after preincubation of
platelets with the Nbs. The thiol-modifying compound NEM, which activates
metalloproteinases and causes strong shedding of GPVI *® was used as a
positive control. Figure 6D and E show no effect of either Nb2 or Nb53 on
GPVI surface expression, whereas NEM caused complete loss of the

receptor. These results show that Nb2 did not cause receptor shedding but
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effectively disrupted GPVI clustering along collagen fibers as well as
prevented thrombus formation, demonstrating that clustering is important for
thrombus formation under flow.
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Figure 6 (previous page) — Anti-GPVI Nb2 disrupts GPVI clustering along collagen fibers
in flow. (A) Clustering of Nb28 AF647 labeled GPVI along collagen-I fibers (arrows) in whole
blood perfused over collagen-1 (1000/s). Collagen fibers are visible in the brightfield image. (B)
In flow over plaque, some fibrillar clusters of GPVI were seen (open arrows) but GPVI was
mostly diffuse. (C) Preincubation of platelets with 500 nM Nb2 disrupted the clustering on
collagen-I; negative control Nb53 or inhibition of o231 with 5 ug/ml 6F1 did not affect clustering
of GPVI. Arrows indicate position of collagen fibers seen in brightfield images, n=5-7. Scale
bars = 10 ym. Washed platelets (2x108/ml) were incubated with 500 nM Nb2, Nb53 or 5 mM
NEM (stimulator of GPVI shedding) for 2 hours before flow cytometry measurement of anti-
GPVI (HY101)-PE binding (D). Representative histogram of median fluorescence intensity
(MFI) of anti-GPVI-PE. (E) MFI of platelets with isotype-PE antibody or anti-GPVI-PE labeled
control platelets, Nb2 and Nb53 treated platelets and NEM-treated platelets. Means + SD (n=4),
ns: not significant, ****p <0.0001 (one-way ANOVA). Significance is shown compared to isotype
control or between the treatments denoted by the bars.

4.4 Discussion

In the present study we used atherosclerotic plaque material as a
physiologically relevant substrate to demonstrate that anti-GPVI Nbs can be
used as effective inhibitors and imaging tools to study GPVI localization and
function. Nb2 potently inhibited GPVI-mediated thrombus formation, disrupted
GPVI clustering along collagen-I fibers, and blocked GPVI downstream
signaling in response to collagen-1 and plaque homogenate but did not induce
receptor shedding. In addition, we showed non-inhibitory Nb28 can be used
to provide mechanistic insight by visualizing GPVI localization in platelets in
whole blood under flow, without interfering with the inhibitory activity of Nb2
on GPVI clustering. Furthermore, we demonstrate atherosclerotic plaque
preparations exhibit strong thrombogenic potential, which is mediated through
GPVI and is independent of individual integrins. Taken together the present
work underlines the central role of GPVI in platelet activation via
atherosclerotic plaque and supports the further development of Nb2 as a

promising antithrombotic agent.
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Human atherosclerotic plaque has previously been utilized as a
physiological platelet agonist, however there is evidence for heterogeneity > "
.39 In order to limit this, we formed a pooled homogenate of 10 human
atherosclerotic plaque samples. Collagen has been demonstrated to be the
main platelet agonist present in plaque material, with evidence showing
modification of plaque collagens results in their specificity for GPVI * 7 11,
GPVI blockade or depletion in human and murine platelets has been shown
to result in almost complete inhibition of plaque induced-thrombus formation,
while integrin a2B1 inhibition had no effect "8 ''. Nb2 was able to block GPVI
downstream signaling to both collagen-1 and plaque, and effectively reduced
total platelet tyrosine phosphorylation to plaque, but not to collagen-l —
reflecting the activation of other receptors by this ligand. We have previously
shown that Nb2 binds GPVI at a site adjacent to, but not overlapping with, the
synthetic collagen related peptide (CRP) binding site and this causes a slight

25 Nb2 can also outcompete GPVI for collagen-I

conformational change
binding in a solid-phase binding assay %. Addition of Nb2 to already spread
platelets did not have a large effect, only reducing the percentage of Ca?
spiking platelets on collagen-I, but not on plaque. As collagen has been
proposed to be altered in plaque *7*°, this could indicate that GPVI binds more

tightly and cannot therefore be displaced by the addition of Nb2.

Under shear, Nb2 abolished thrombus formation on both plaque and
collagen-l, yet adhesion was only affected on plaque. Platelet activation

40-42

markers, particularly the highly GPVI-dependent PS exposure , were also
markedly decreased on both surfaces with Nb2 treatment. This is similar to
that seen with the anti-GPVI Fab fragment of mAb 9012 8, the precursor
antibody to the humanized form ACT017 (Glenzocimab) *3. Combined
inhibition of the two main platelet integrins a2B1 and allbf3 was required to
produce similarly strong inhibition of thrombus formation and platelet

activation but lacked the effect on procoagulant platelet formation achieved by
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Nb2. As eptifibatide treatment causes excessive bleeding *, combined

inhibition of allbf3 and a2B1 would not be a viable treatment strategy to
prevent thrombus formation. Inhibiting individual integrins did not result in any
major effects on platelet adhesion and thrombus formation on plaque under
flow. This lack of effect of integrin inhibition, together with the potent inhibition
by Nb2, further illustrates the GPVI-dependence of platelet activation by

plaque.

The small size, stability and high affinity of Nbs make them ideal
reagents for imaging of receptors 2" 2°. Receptor clustering is important to
sustain and amplify signaling in many different cell types, for example antigen
receptors in lymphocytes *°, and there are indications this is also the case for
GPVI 20 However, the GPVI studies were based on static spreading of
washed platelets on collagen. Here we have shown for the first time, using
fluorescently labeled Nb28, that GPVI clusters along exposed collagen-I fibers
in whole blood under shear. In addition, using labeled Nb28 we also showed
Nb2 disrupted this GPVI clustering. Inhibition of integrin a2p1 under flow did
not affect GPVI clustering or multilayer thrombus formation on collagen,
although thrombus number and activation markers were still reduced, showing
the combined activation of both receptors is required for full thrombus
formation on collagen '*. We have previously shown that platelets spread on
fibrillar collagen-l, exhibited clustered GPVI and sustained GPVI-dependent
signaling " %. We now show this clustering and sustained signaling is
important for the build-up of platelet aggregates and PS exposure on collagen
under flow, as Nb2 treatment does not affect platelet adhesion to collagen-I

but abolishes multilayered thrombus formation and PS exposure.

More targeted approaches to manage atherothrombosis are needed
as current treatments cause increased bleeding *°. GPVI is a target for new

therapies due to its platelet specificity '?, major role in plaque activation 7101
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and minimal involvement in hemostasis '® %> % 40 The anti-GPVI Fab
Glenzocimab (formerly ACTO017) is already undergoing clinical trials for
treatment of acute ischemic stroke *” “8. Nb2 has a high binding affinity for
GPVI, with an equilibrium dissociation constant (Kp) of 0.7 nM %, in
comparison to ACT017 (Kp < 8 nM) “°. Nbs have been shown to have a
relatively short half-life when used in vivo as they are quickly cleared from the
system through the kidneys due to their small size. This can be counteracted
by linkage to a larger inert molecule, such as serum albumin or by making
multimeric forms of the Nb *°. Yet their short half-life could provide a safety
benefit in the acute setting of acute coronary syndromes or stroke, as any
possible adverse effects on hemostasis would wear off more quickly in the
event of bleeding. Several Nbs have already made the transition into the
clinics by entering clinical trials *°. The success of the bivalent Nb against
VWE, Caplacizumab, which is used to treat the rare genetic disease, immune

thrombotic thrombocytopenic purpura 5" %2

sets a good precedent for the use
of Nbs to treat platelet-related disorders. Nbs are also very stable and resistant
to extremes in pH and temperature and are therefore more amenable to
different drug delivery methods. Indeed, Caplacizumab is delivered both
intravenously and subcutaneously % %2, In addition, the relative ease of Nb
production in microbial expression systems has cost benefits in the large-

scale production required for therapeutic uses *°.

In summary, we demonstrate anti-GPVI Nbs are excellent new
research tools which can be used to visualize or inhibit platelet GPVI. Nb2
effectively blocked GPVI-mediated platelet activation and thrombus formation
by collagen and atherosclerotic plaque. Whilst fluorescent labeling of non-
inhibitory Nb28 enabled visualization and interrogation of GPVI clustering in
more physiological conditions of whole blood under shear. The potent
inhibition of atherosclerotic plaque-induced thrombus formation by Nb2

advocates for its further investigation as a potential anti-thrombotic treatment.
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4.6 Supplementary Methods

Platelet spreading and imaging

Glass coverslips were coated with 10 pg/ml fibrillar collagen-l or 500 pg/ml
pooled plaque homogenate at 4°C overnight, then blocked with 5 mg/ml heat-
denatured bovine serum albumin (BSA) for 60 minutes. Washed platelets
(2x10”/ml) were allowed to spread for 45 minutes at 37°C, after preincubation
with either PBS or 500 nM Nb2 for 10 minutes. Next, cells were fixed with 5%
formalin (10 minutes), permeabilized with 0.1% Triton-X-100 (5 minutes) and
labeled for 1 hour at RT with phalloidin- Alexa Fluor 488 in PBS with 3x PBS
washes between each step. Coverslips were mounted onto microscope slides

using Hydromount (National Diagnostics). Samples where imaged using a 63x
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1.4 NA oil immersion objective lens on a Zeiss Axio Observer 7
epifluorescence microscope equipped with a Colibri 7 LED light source, Zeiss
filter sets 38 for GFP/FITC and a Hamamatsu ORCA Flash 4 LT sCMOS
camera for image acquisition. Image processing was done in FIJI 1.52a (NIH,
Bethesda, USA). Platelet spreading analysis was carried out on all the
platelets in 6 fields of view, per condition per experiment, as described in Pike

etal .

Cytosolic Ca?* mobilization in live spread platelets

Glass bottom dishes (MatTek Corp) were coated and blocked, as above.
Freshly prepared washed platelets were loaded with 1 uM Oregon Green-488
BAPTA-1-AM (ThermoFisher) at 37°C for 45 minutes. Excess dye was
removed by addition of 25 ml modified Tyrode’s-HEPES buffer, 3 ml ACD and
2.8 uM prostacyclin, followed by 10 minutes of centrifugation at 1000 g, and
resuspension in modified Tyrode’s-HEPES buffer. Dye-loaded platelets
(2x10"/ml) were allowed to spread in MatTek dishes for 45 minutes at 37°C.
Two videos (1 frame per second for 2 minutes) were acquired both before and
after addition of either 500 nM Nb2 or Nb53 using a Zeiss Axio Observer 7
epifluorescence microscope and 63x 1.4 N.A. objective and GFP filter set, as
detailed above. Videos of Ca®" mobilization were analyzed by manually
drawing of ~30 platelets per field of view, and generation of fluorescence
intensity profiles for each platelet in ImagedJ v1.52a. If there were more than
30 platelets in a FOV a grid pattern was applied to the image and platelets in
the top left-hand corner of the image were selected first, with the area included
increasing by one grid square to the right and below until 30 platelets were
selected. The percentage of spiking platelets, as well as average duration and
amplitude of the spikes were quantified using a MATLAB code adapted from
Pallini et al. 2, where a change in intensity was identified as a Ca?" spike if it
increased >25% above baseline fluorescence intensity for each individual cell.

A spike was defined to have ended once fluorescence intensity had decreased
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by 80% of spike amplitude. Data were exported to Microsoft Excel for further

analysis.

Western blotting

Washed platelets (5x108/ml) were preincubated with either PBS or 500 nM
Nb2 or Nb53 for 10 minutes, before being stimulated with 10 pg/ml fibrillar
collagen-1 or 500 pug/ml pooled plaque homogenate at 1200 rpm and 37°C for
180 seconds on a shaking plate incubator (Eppendorf) in the presence of 9
UM eptifibatide. As detailed by Nicolson et al.3, whole cell lysates were
generated by addition of 5x SDS reducing sample buffer. Lysates were
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and western blotting. PVDF membranes were blocked (5% BSA in
TBST) and then incubated at 4°C overnight with antibodies (diluted in block)
against phospho-tyrosine (1:1000, 4G10, Millipore, 05-321), phospho-PLCy2
(1:250, Y1217, Cell Signalling, 3871S), phospho-LAT (1:500, Y200, Abcam,
ab68139), phospho-Syk (1:500, Y525/526, Cell Signalling, 2710S) as well as
total Syk (1:500, 4D10, St. Cruz, sc1240) or total LAT (1:500, Merck-Millipore,
06-807) as a loading control. Membranes were washed and incubated with
HRP labeled secondary antibody at room temperature for 1 hour and
developed using SuperSignal West Pico PLUS chemiluminescent substrate
(Thermo-Scientific Pierce). Results were visualized on film, as well as imaged
for quantification with an Odyssey Fc System (LI-COR Biosciences) in

combination with image studio lite v5.2.

ELISA competition assay

The binding of 100 nM Nb28 and Nb21 to immobilized GPVI-Fc (10 nM) in the
presence of increasing concentrations of non-tagged Nb2 (0-2000 nM) was
assessed using a competitive surface binding assay as previously
described *. Binding of Nb28 and 21 was detected using HRP conjugated anti-

His secondary antibody.
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Whole blood microfluidics

Whole blood samples (500 ul) were perfused over 2 microspots through a
Maastricht parallel flow chamber at a shear rate of 1000/s at room
temperature, as described elsewhere °. In brief, degreased glass coverslips
were coated with 0.5 ul microspots of 100 ug/ml fibrillar collagen-I and 500
pa/ml pooled plague homogenate overnight; and then blocked with 1% BSA
in HEPES buffer (10 mM HEPES, 136 mM NaCl, 2.7 mM KCI, 2 mM MgCly,
pH 7.45) for 30 minutes. Citrated whole blood samples were thrombin inhibited
(40 uM PPACK) and recalcified (3.75 mM MgCl, and 7.5 mM CaCly). The
blood was preincubated for 10 minutes with either vehicle or 500 nM Nb2 or
Nb53, prior to perfusion through the flow chamber for 3.5 minutes. Two
endpoint brightfield images were taken, while flowing labeling buffer: HEPES
buffer, 2 mM CaCl,, 1 unit/ml heparin, 5.5 mM glucose, 0.1% BSA and AF568
annexin A5 (for PS exposure, ThermoFisher), AF647 anti-CD62P mAb (for
CD62P expression, BioLegend), and anti-fibrinogen FITC Ab (for integrin
allbB3 activation, DAKO) for 1.5 minutes. Unbound label was washed off, for
2 minutes, with rinse buffer (HEPES buffer, 2 mM CaCly, 1 unit/ml heparin, 5.5
mM glucose and 0.1% BSA), and endpoint fluorescence images of three
random fields of view were acquired with an EVOS AMF4300 microscope (Life
Technologies). Brightfield images were quantified with two semi-automated
Imaged scripts generated in-house, to assess the percentage surface area
covered by platelets (platelet deposition) as well as the surface area covered
by thrombi (multilayered thrombi). For expression of the platelet activation
markers (integrin activation, P-selectin expression and PS exposure) three
more in-house generated semi-automated Imaged scripts were employed to
assess the percentage of the surface area covered by the fluorescent
marker 8. All raw values are averaged between images as well as runs, per
donor. Next subtraction heatmaps were made using the program R. Average

raw values over all donors and the two substrates, were univariate-normalized
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at a scale of 0—10 for each parameter. Control values were then subtracted

from the treatment values, and differences that were statistically significant (p

<0.05) by a one-way ANOVA were then summarized in the heatmaps to only

visualize relevant effects. Green represents inhibitory effects and red

represents activation.
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4.7 Supplementary Figures
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Supplementary Figure 1 (previous page) — Atherosclerotic plaques exhibit heterogeneity
in composition and plaque homogenate displayed no dose-dependent thrombus
formation or platelet activation under flow. (A) Half of all human plaques present in the
pooled plaque homogenate were OCT imbedded, cryosectioned at 6 um and stained to assess
general orientation of the plaque. Staining was with hematoxylin and eosin for nuclear and
cellular compounds; with Oil Red O to visualize lipid deposition; as well as a double stained
with van Gieson and von Kossa for global collagen content (in pink) and Ca?* deposition (in
black), respectively. Displayed are all stains of three representative plaques showing different
distribution and overall presence of corresponding markers. Scale bar = 500 um. (B) Based on
literature, four dilutions of pooled plaque homogenate were coated on glass coverslips and
whole blood was perfused through parallel flow chamber at 1000/s. Thrombus parameters as
well as expression of platelet activation markers were assessed (n=1). SAC = surface area

coverage.

Supplementary Figure 2 (following page) — Platelet activation induced by plaque
homogenate is independent of individual integrin inhibition. Whole blood was perfused
over fibrillar collagen-I as well as plaque homogenate after preincubation for 10 minutes with 2
mM or 9 mM EDTA, 20 yg/ml 6F1, 9 uM eptifibatide or 20 pg/ml 6F1 and 9 pM eptifibatide.
Surface area covered (SAC) by platelets (A), or multilayer thrombi (B) was extracted from
brightfield images. Fluorescence images were quantified for P-selectin expression (C), allbf3
activation (D) and PS exposure (E) with semi-automated ImagedJ scripts. N=3-5, *p <0.05, **p
<0.005, ***p <0.0005, ****p <0.0001, one-way ANOVA.
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Supplementary Figure 3 — Inhibiting integrins a581, a6B1 and avp3 individually does not
affect thrombus formation. Whole blood was perfused over fibrillar collagen-I as well as
plaque homogenate after preincubation for 10 minutes with 20 ug/ml a581 or a6p1 or 100 M
avB3 inhibitors. Surface area covered (SAC) by platelets (A), or multilayer thrombi (B) was
extracted from brightfield images. Fluorescence images were quantified for P-selectin
expression (C), allbf3 activation (D) and PS exposure (E) with semi-automated ImageJ scripts.

N=3-5, one-way ANOVA, all changes shown were non-significant.
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Supplementary Figure 4 — Nb28 and Nb53 do not inhibit collagen-induced platelet
aggregation. Washed platelets were preincubated with 500 nM of either Nb2, Nb28 or Nb53
for 6 minutes prior to addition of 10 ug/ml fibrillar collagen-I and platelet aggregation measured
by light transmission aggregometry for 10 minutes.
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Supplementary Figure 5 (previous page) — Anti-GPVI Nb2 inhibits platelet activation at
arterial shear rates. Whole blood was perfused over fibrillar collagen-l as well as plaque
homogenate after preincubation for 10 minutes with 500 nM Nb2 or negative control Nb53, 20
pug/ml 6F1 or 20 ug/ml 6F1 and 9 uM eptifibatide. Surface area covered (SAC) by platelets (A),
or multilayer thrombi (B) was extracted from brightfield images. Fluorescence images were
quantified for P-selectin expression (C), allbp3 activation (D) and PS exposure (E) with semi-
automated ImageJ scripts. N=3-5; *p <0.05, **p <0.005, ***p <0.0005, ****p <0.0001, one-way
ANOVA.

Supplemental Video 1 (online) — Plaque homogenate induces Ca?* mobilization in spread
platelets. Representative videos of Ca?* spiking in platelets loaded with 1 uM BAPTA-Oregon
Green Ca?* indicator dye and spread on plague homogenate (500 ug/ml) (left) and fibrillar
collagen-I (10 pg/ml) (right) for 45 minutes prior to imaging. Images were taken every second
for 2 minutes (n=7). Scale bar = 20 um.
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Abstract Collagen-induced platelet activation is predominantly mediated by
glycoprotein (GP)VI through formation of receptor clusters that coincide with
the accumulation of signaling molecules and are hypothesized to drive a
strong and sustained platelet activation. To determine the importance of GPVI
clusters for thrombus formation, we used whole blood microfluidics and a
nanobody (Nb), Nb28, labeled with AlexaFluor(AF) 488 to assess the surface
distribution of GPVI on platelets adhering under shear to a range of collagen-
like substrates with different platelet activation potentials. Automated analysis
of GPVI surface distribution on platelets supported the notion that there is a
relationship between GPVI cluster formation, thrombus size and
phosphatidylserine exposure. Indeed, substrates that supported the formation
of macro-clusters also induced significantly bigger aggregates with increased
amounts of PS exposing platelets in comparison to substrates where no GPVI
clusters were detected. Furthermore, we demonstrate that only direct
inhibition of GPVI binding, but not of downstream signaling, is able to disrupt
cluster formation. This work underlines the usefulness of labeled Nb28 as an
imaging tool allowing novel experimental approaches and gives further insight
into the significance of GPVI clustering under the more physiological condition

of flow.
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5.1 Introduction

Collagen mediated platelet activation is mediated by two main receptors, the
glycoprotein receptor (GP) VI, which is the main signaling receptor for
collagen on platelets !, and integrin a2B1 which mediates adhesion 2. GPVI is
associated with the immunoreceptor tyrosine-based activation motif (ITAM)-
containing Fc receptor y chain (FcRy) at the platelet surface. Upon GPVI
ligand binding, phosphorylation of the ITAM motif in FCRy induces a signaling
cascade involving phosphorylation of several downstream proteins including
Syk and LAT. This results in Ca?* mobilization, cytoskeletal reorganization,
granule secretion and thrombus formation *#. Strong, sustained signals induce
the formation of pro-coagulant platelets, characterized by exposure of
phosphatidylserine (PS), a process linked to GPVI activation °. In platelet
spreading assays, GPVI receptors were found to undergo varying levels of
clustering depending on the type of collagenous substrate, with the large and
multiligand collagen-l fibers inducing higher levels of clustering ®”. These large
‘macro’ GPVI clusters along collagen fibers can be seen using diffraction-
limited microscopy and have been shown to be enriched in signaling
molecules. The GPVI clusters, once formed, appear to be stable entities, even
after downstream GPVI signaling is disrupted "®. This suggests that the
clustering of platelet GPVI is a prerequisite for sustained signaling in thrombus
formation and thrombus stability under flow. However, this has not been

investigated in detail.

Platelet GPVI is known to recognize and bind to consecutive glycine-
proline-hydroxyproline (GPO) motifs which induce receptor engagement
depending on their frequency and spacing, in conjunction with the fibrillar size
of the triple helical collagens °. To proxy the GPVI-collagen interaction, GPO-
enriched synthetic triple helical collagen-like peptides have been

developed '°. Repeated GPO sequences induce a strongly GPVI-dependent
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platelet activation. Integrin a2B1 can bind to glycine-phenylalanine-
hydroxyproline-glycine-glutamic  acid-arginine (GFOGER) sequences.
Accordingly, GFOGER-GPO peptides activate platelets by engagement of
both collagen receptors, while the corresponding GFOGER-GPP peptides
only act via integrin a2B1 '3, For a shear-dependent platelet interaction with
collagen peptides, von Willebrand factor (VWF) needs to be engaged.
Therefore, in flow adhesion experiments using collagen-like peptides, a
synthetic VWF-binding peptide (VWF-BP) is incorporated 3.

We recently described the generation of a panel of cameloid
nanobodies (Nb) against GPVI " and showed that Nb28 binds to GPVI without
affecting collagen-binding '°. This Nb can therefore be used to visualize the
clustering of platelet GPVI under conditions of flow over a collagen-like
surface. In the present study, we used whole blood microfluidics and Nb28
labeled with AlexaFluor(AF) 488 to assess the surface distribution of GPVI on
platelets adhering under shear to a range of collagen-like substrates with
different platelet activation potentials . Our data support a relationship
between GPVI cluster formation, thrombus size and PS exposure.
Furthermore, we demonstrate that inhibition of GPVI binding, but not of

downstream signaling, is able to disrupt the clustering.

5.2 Materials and Methods

Antibodies and reagents

Nanobodies were raised against the extracellular domain of GPVI by VIB
Nanobody Service Facility, Brussels, https://corefacilities.vib.be/nsf) and
expressed as described . Collagen-related triple-helical peptides were
obtained from CambCol Laboratories (Cambridge, UK) as C-terminal amides
.17 the following peptides were used H-GPC(GPP)sGFOGER(GPP)sGPC-
NH.; (GFOGER-GPP), GPC(GPO);:GFOGER(GPOQO)s GPC-NH, (GFOGER-
GPO); VWF-binding peptide H-GPC(GPP)sGPRGQOGVMGFO (GPP)sGPC-
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NH. (VWF-BP). Fibrillar collagen-l was from Nycomed, human placenta-
derived collagen-1ll (1230-01S) from Southern Biotechnology; PRT-060318, a
selective Syk inhibitor, from Bio-Connect; and the Rac-1 inhibitor EHT-1864
from AdooQ. The 6F1 mAb was a gift from Dr. Barry Coller (Rockefeller
University, New York, USA).

Blood isolation
Blood was collected into 4% sodium citrate from drug-free healthy volunteers,
after informed consent, in accordance with the Declaration of Helsinki. Ethical

approval was granted by the local medical ethics committees.

Platelet isolation and western blotting

Washed platelets were isolated, as described '® and stimulated (5x10%/ml) with
10 upg/ml fibrillar collagen or collagen-lll under stirring conditions . Cell
lysates were resolved by gel electrophoresis and probed for total
phosphotyrosine (4G10, Millipore); blots were developed with an Odyssey Fc
System (LI-COR Biosciences).

Nb28 AF488 labeling

In accordance with the manufacturer’s instructions, the AF488 NHS ester
(ThermoFisher Scientific) was used to label anti-GPVI Nb28 (1:40,
dye:protein). Free dye was removed utilizing a Pierce dye removal column.
Concentration of the labeled Nb was determined by a Nanodrop 2000/2000c

apparatus (ThermoFisher).

Whole blood microfluidics

Recalcified and thrombin inhibited whole blood was perfused over 3
microspots in a parallel flow chamber 7% In brief, degreased glass coverslips
were coated overnight at 4 °C with microspots containing either: 100 pg/ml
fibrillar collagen, 250 ug/ml GFOGER-GPO + 100 pg/ml VWF-BP, 250 pg/mi
GFOGER-GPP + 100 pg/ml VWF-BP or 100 pg/ml collagen-IIl. Blood samples
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were preincubated for 10 minutes with either 500 nM Nb21, 20 yM PRT-
060318, 20 pg/ml 6F1 mAb or 100 uM EHT-1864, before addition of 40 uM
PPACK, 3.75 mM MgCl, 7.5 mM CaCl, and 100 nM Nb28 AF488, following
perfusion through a microfluidic chamber at wall-shear rate of 1000/s. After
3.5 minutes, two brightfield images were taken while flowing with label
buffer "6, to stain for PS exposure (AF568 annexin A5, ThermoFisher) and
CD62P expression (AF647 anti-CD62P mAb, BiolLegend). Fluorescence
images of 3 fields of view were taken post-labeling and after perfusion of rinse
buffer. Brightfield and fluorescence images of activation markers were
quantified for surface area coverage by semi-automated ImageJ scripts 2.
Images of GPVI clustering were analyzed as detailed below. Microscopic
recording during flow experiments was with an EVOS-FL microscope
(ThermoFisher) equipped with an Olympus UPLSAPO 60x oil immersion

objective %,

GPVI cluster quantification

A random forest-based pixel classifier was trained within llastik (1.3.3post3) %'
to split the collected GPVI fluorescence images into three classes;
background (no platelets), platelets (diffuse GPVI signal) and receptor clusters
(brighter, localized GPVI signal). Training images were selected from across
conditions and replicates and were annotated within the llastik user interface.
The classifier was then run on the full dataset with a Fiji macro 2%, which also
extracted the cluster and cell area parameters. For the calculation of mean

cluster area, a minimum cluster size of 5 pixels was set.

Statistical analysis

Data are shown as mean + SD. Statistical analyses were performed in

GraphPad Prism V7, with tests detailed in figure legends.
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5.3 Results and Discussion

Nanobodies, which consist of the variable region of cameloid heavy chain only
antibodies, are stable and target-specific antibody fragments. Their small size
(12-15kDa) high affinity renders them excellent imaging tools 23. To assess
the clustering of platelet GPVI in flow-dependent thrombus formation, whole
blood supplemented with AF488-labeled Nb28 before perfusion over two
substrates previously shown to have high GPVI activation potential (fibrillar
collagen-l and collagen-like peptide GFOGER-GPO) '®, and over two
substrates with low GPVI activation potential (GFOGER-GPP and collagen-
lI) '® (Figure 1). The collagen-like peptides were supplemented with von
VWF-BP to allow shear-dependent platelet adhesion via GPlb-IX-V .
Fluorescence images of GPVI taken at the platelet-substrate focal-plane,
revealed that high-intensity labeling, representing focused GPVI clusters, was
only visible on the high activation substrates, in contrast to the more diffuse
labeling patterns seen on the low GPVI activation substrates (Figure 1A). The
llastik segmentation image shows detected GPVI clusters as white and non-

clustered GPVI on platelets as green (Figure 1A, bottom row).

All of the four utilized substrates supported platelet adhesion and, to
varying degrees, subsequent thrombus formation (Figure 1A). Quantification
of platelet deposition in brightfield images revealed no difference between
fibrillar collagen, GFOGER-GPO and GFOGER-GPP. However, there was an
increase in platelet deposition on human collagen-lll compared to fibrillar
collagen-l and GFOGER-GPP (Figure 1B), but the thrombi formed on
collagen lll were also significantly less multi-layered than those on collagen-I.
Formation of multi-layered thrombi was also significantly higher on fibrillar
collagen-1 in comparison to the integrin a2p1-binding GFOGER-GPP peptide
(Figure 1C). Although quantitation of the thrombi formed on GFOGER-GPO

did not detect statistically significant differences in platelet deposition or
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multilayer compared to the other collagens, the thrombi looked
morphologically different in brightfield images in that they appeared tightly
contracted (Figure 1A).

In immune cells, receptor clustering was found to be crucial for

generating strong and sustained signaling signals 242°

. Previous single
molecule super-resolution microscopy of GPVI on platelets spreading on
different collagenous substrates has shown that GPVI micro-clusters form on
all substrates tested, including collagen-Ill, and there are differences in the
sizes of these micro-clusters depending on the collagen type ®. However, it is
the macro-clusters, also visible under diffraction limited microscopy, that
colocalize with the phosphorylated Syk and LAT proteins, therefore appear to
be the hubs of sustained GPVI signaling ’. The Nb28 AF488 labeling of GPVI
in flow over fibrillar collagen- showed that macro-clusters of GPVI formed and
aligned with the visible collagen fibers (Figure 1A, closed arrowhead), as we
have shown recently '°. The GFOGER-GPO peptide also induced visible,
punctate, macro-clusters of GPVI (Figure 1A, open arrowhead), whereas
GFOGER-GPP and collagen-Ill did not.

GPVI clusters could be segmented from the images using the machine
learning, pixel classification software llastik 2!, which allowed cluster
parameters to be quantified automatically (Figure 1D,E). We observed
increased values for mean cluster area, as well as the proportion of the GPVI
that was found in clusters (GPVI cluster: GPVI on platelet ratio) in platelets
adhering to the high GPVI-dependent collagen types. The GPVI cluster size
and proportion in clusters was significantly larger for GFOGER-GPO
compared to GFOGER-GPP and collagen-Ill, whilst the proportion of receptor
in clusters in platelets on fibrillar collagen-I was significantly greater than in
platelets adhering to collagen-Ill (Figure1 E). In addition, western blot analysis

of the tyrosine phosphorylation profile of platelets stimulated in suspension by
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fibrillar collagen-I or collagen-Ill confirmed that fibrillar collagen-I induced
increased signaling activity compared to collagen-Ill (Figure 1F). Taken
together, these results indicate that there is a positive relationship between
GPVI cluster size, downstream signaling activity and the formation of larger

platelet aggregates.

Microfluidic assays allow measurements of multi-layered thrombus

formation, as well as platelet activation by fluorescent labeling for P-selectin

17,20

expression or PS exposure by annexin A5 binding . Representative

images of P-selectin and PS exposure induced by the different collagenous
substrates are in Figure 2A. Quantitation of the surface area coverage of
these markers demonstrated that there was no difference in the expression of
P-selectin in platelets in contact with any of the four tested substrates (Figure
2B).

Figure 1 (following page) — Nb28 AF488 assesses platelet GPVI cluster formation on
collagenous substrates. Recalcified and thrombin-inhibited whole blood supplemented with
100 nM Nb28 AF488 and at arterial shear rates (1000/s) perfused over fibrillar collagen-I,
GFOGER-GPO + VWF-BP, GFOGER-GPP + VWF-BP or collagen-Ill. (A) Representative
images of formed aggregates and GPVI clusters at focal plane of the substrates as well as
output after cluster quantification (green=aggregates, white=clusters). Quantification of surface
area covered (SAC) by (B) platelets and (C) thrombi. GPVI surface distribution expressed in
the mean GPVI cluster size (D) as well as the pixel ratio between GPVI in clusters and GPVI
on platelets (E) (n=5-16). (F) Western blot from platelets stimulated with 10 ug/ml fibrillar
collagen-I or collagen-lll for 180 seconds and blotted for total tyrosine kinase phosphorylation
with 4G10 mAb (n=3). Scale bar = 50 um and 10 um full image and zoomed in, respectively.
Mean +SD, *p <0.05, **p <0.005, ***p <0.0005 (one-way ANOVA).
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The ability of collagen-Ill to stimulate high P-selectin expression has
been observed before '"?°. This indicates that aggregate forming platelets, are
active enough to secrete their a-granules, regardless of the level of GPVI
activation mediated by the substrate. However, platelet PS exposure is a well-

established readout of overall GPVI activity *%

and we found highest PS
exposure for platelets adhered on fibrillar collagen-1 and GFOGER-GPO, with
significant differences detected for both compared to collagen-1ll (Figure 2C).
These data indicated that on collagen-like substrates with high GPVI activity
(fibrillar collagen-l and GFOGER-GPO) GPVI forms large clusters and
platelets exhibit a higher overall activation state under flow, as observed from
the thrombus size and the PS exposure. In contrast, no macro-clusters of
GPVI are seen in platelets adhering to substrates with low GPVI activity, i.e.,
GFOGER-GPP and collagen-lll, the thrombi are less multi-layered, and

platelets are not so strongly activated.

In order to confirm this suggested relationship between GPVI
clustering and overall platelet activation in whole blood flow, we studied
whether the clustering, P-selectin and PS exposure observed on fibrillar
collagen-I could be prevented by a panel of receptor or signaling inhibitors.
For this purpose, we utilized the inhibitory anti-GPVI nanobody, Nb21 '; the
selective, inhibitory anti-a281 mAb 6F1 28; and small molecule drugs inhibiting
the kinase downstream of GPVI, Syk (PRT-060318) '%?° or the small GTPase
Rac-1 (EHT-1864). Rac1 is known to affect phospholipase Cy2 activation in
response to GPVI ligands, platelet spreading on collagen and platelet
aggregate stability under flow 3°33, Representative images of the effects by

these treatments are in Figure 3 with quantitation in Figure 4.
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Figure 2 - Relative presence of GPVI clusters correlates with number of

phosphatidylserine exposing platelets. Recalcified and thrombin-inhibited whole blood
supplemented with Nb28 AF488 was perfused over indicated surfaces at 1000/s (see Figure
1); and at endpoint stained with AF647 anti-CD62P mAb (P-selectin) and AF 568 annexin A5
(PS exposure). (A) Representative images of thrombi and fluorescent staining. Quantification
of surface area covered by P-selectin positive (B) and PS-exposing platelets (C). Further,
quantification of mean GPVI cluster size (E) and pixel ratio of GPVI clusters/GPVI on platelets
(F). Scale bar = 50 ym. Means + SD (n=4-9), *p <0.05, one-way ANOVA.
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Control Nb21 6F1 PRT-318 EHT-1864

Magnified  Nb28 AF488 Brightfield

Segmentation

Anx A5 568 o-CD62P-647

Figure 3 — Inhibitor effects on parameters of thrombus formation on fibrillar collagen-I
under flow. Recalcified and thrombin-inhibited whole blood supplemented with 100 nM Nb28
AF488 was perfused over fibrillar collagen-I in the presence of vehicle control medium, 500 nM
Nb21 (GPVI receptor inhibition), 20 ug/ml 6F1 (a2B1 inhibition), 20 uM PRT-060318 (Syk
inhibition) or 500 uM EHT-1864 (Rac-1 inhibition). Representative images of (inhibited)
thrombus formation and GPVI clusters. In addition, results of the segmentation analysis with
GPVI clusters in white and platelets in green. a-granule secretion was assessed by an antibody
against P-selectin (a-CD62P) and PS exposure was approximated from annexin A5 binding.
Scale bar = 50 ym and 10 pm of full and zoomed-in images, respectively (n=4-8).
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GPVI clustering was only disrupted by interfering with the GPVI-
collagen interaction using Nb21 (Figure 4A,B). Whilst platelet deposition was
unaffected (Figure 4C) as shown previously ', Nb21 caused a substantial
and significant decrease in thrombus size (Figure 4D). P-selectin expression
was unaffected (Figure 4E), but platelet PS exposure was significantly
reduced (Figure 4F). Conversely, blockade of the other platelet collagen
receptor, integrin a2p1, did not affect GPVI clustering (Figure 4A, B) or PS
exposure (Figure 4F) but decreased platelet deposition (Figure 4C), and
multilayer thrombus formation (Figure 4D), which confirms previous data
showing a role for integrin a2B1 in platelet adhesion to fibrillar collagen 3.
In addition, P-selectin expression was only reduced when integrin a231 was
blocked, which has been shown before '® and is likely due to the decreased
platelet deposition, and thus fewer platelets to be P-selectin positive, when

a2f1 is inhibited.

Pallini et al. " have shown that accumulation of signaling molecules is
associated with GPVI clusters. Therefore, we utilized an inhibitor against Syk
(PRT-060318) and one against Rac1 (EHT-1864) to interfere with the
signaling pathway. Neither intervention affected GPVI clustering (Figure
4A,B). But inhibition of Syk by PRT-060318 almost completely abolished the
formation of aggregates (Figure 4D). These findings are in accordance with
previous data, showing a significant role of Syk in thrombus formation '® and
stability *. Moreover, GPVI clustering was maintained in the platelets adhered
to the collagen under flow, which has also been observed in PRT-060318-
treated spread platelets 57. However, it did inhibit GPVI-mediated expression
of platelet activation markers as PS exposure was completely lost (Figure 4F).
Thus, PRT-060318, by inhibiting downstream Syk activity, has uncoupled
GPVI clustering from thrombus formation and PS exposure. On the other
hand, Rac1 inhibition led to a significant increase in platelet deposition,

reflecting its role in platelet aggregate stability with inhibition resulting
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embolism and a greater surface area coverage *'. Further although depletion
or inhibition of Rac1 has previously been shown to affect PLCy2 activation in
murine platelets * and phosphorylation of the protein in human platelets *, in
this study, under flow, Rac1 inhibition was not sufficient to cause any

significant effect on thrombus formation or clustering of GPVI.
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Figure 4 — Inhibitor effects on GPVI clustering after blood perfusion over fibrillar
collagen-l. Quantification of data presented in Figure 3, namely quantification of GPVI cluster
size (A) and GPVI cluster/platelet ratio (B). The surface area covered by platelets (C) and
aggregates (D). Further. As well as expression of platelet activation markers P-selectin (E) or
PS exposure (F). Means £+ SD (n=3-11), *p <0.05, **p <0.005, ***p <0.0005 (one-way ANOVA).
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The latter being in line with clustering studies on spread platelets 3. Of note,
in the present experimental set up, endpoint images are acquired and
therefore alterations in thrombus built up over time are not reflected very well.
This might explain less effects observed by EHT-1864 in comparison to

alterations in aggregate formation in Rac1 knockout mice *'.

Taken together, this study provides evidence for a relationship
between the presence of GPVI macro-clusters in whole blood under flow and
larger aggregates with more PS exposing platelets. In addition, the formation
of GPVI clusters was independent of downstream signaling responses as it
was only disrupted by GPVI receptor antagonism, and not by signaling
inhibitors. These data give evidence that GPVI macro-cluster formation is
needed to induce strong and sustained platelet activation, thrombus formation
and platelet PS exposure. Accordingly, GPVI clustering is a prerequisite, but
is not sufficient for full thrombus formation and platelet activation on highly

GPVI-dependent collagen surfaces.
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Chapter 6

Abstract Platelet interaction with collagens, facilitated by von Willebrand
factor, is a potent trigger of shear-dependent thrombus formation mediated by
subsequent engagement of collagen receptors, glycoprotein (GP)VI and
integrin a2B1. Protein tyrosine kinase Syk is central in the GPVI-induced
platelet signaling pathway leading to elevated cytosolic Ca*. Here, we aimed
to determine the Syk-mediated thrombogenic activity for several collagen
peptides and (native) type | and Il collagens. Whole blood was perfused over
microspots of these substances, and thrombus formation was assessed using
eight parameters, indicative of platelet adhesion, activation, aggregation and
contraction, such as affected by the selective Syk inhibitor, PRT-060318. In
platelet suspensions, only collagen peptides containing the consensus GPVI-
activating sequence (GPO), and Horm collagen fibers caused Syk-dependent
cytosolic Ca®" rises. In microspots, these substances potently induced Syk-
dependent thrombus formation. In contrast, integrin-binding collagen peptides
without (GPO), sequence and other native fibrillar collagens stimulated
platelets in a Syk-dependent way, only in whole blood under flow. Prediction
models, based on regression analysis, indicated a mixed role of GPVI in
thrombus formation on native collagen surfaces, which was abolished upon
inhibition of Syk. Together, these findings indicate that GPVI-dependent
signaling via the tyrosine kinase Syk supports platelets in thrombus formation
on all fibrillar collagens and collagen peptides, even those lacking the (GPO),

sequence.
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6.1 Introduction

Platelet interaction with subendothelial collagens is a crucial step in
hemostasis and arterial thrombosis after vascular injury and rupture of an
atherosclerotic plaque, respectively 2. In blood subjected to high shear rates,
initial capture of platelets is mediated by von Willebrand factor (VWF), the
latter of which is a ligand for the glycoprotein (GP) complex GPIb-V-IX 3
immobilized on exposed collagen. The two platelet collagen receptors, integrin
a2B1 and GPVI, ensure stable platelet adhesion and mediate platelet
activation *°. For over twenty years, GPVI has been recognized as the central

platelet-activating receptor for collagens ® .

Studies using genetically modified mice have shown that the
(patho)physiological process of arterial thrombus formation can be
approximated by using microfluidics devices, in which whole blood is perfused
over a collagen surface 8. Collagen fibers immobilized in such devices, for
instance in the form of microspots, bind plasma VWF, and then promote
shear-dependent platelet adhesion, activation and aggregation * °. Flow-
dependent techniques have revealed a strong interplay of the receptors GPIb-
V-IX, GPVI and a2B1 in the formation of large and stable multi-layered thrombi
0.1 Markedly, the thrombi that are formed on collagen fibers are
heterogeneous in structure with on the one hand, patches of aggregated
platelets, expressing active allbB3 integrins that bind fibrinogen and
expressing CD62P following a-granule secretion, and on the other hand,
single procoagulant platelets, exposing phosphatidylserine (PS) that is,
required for coagulation factor binding 2. Particularly active in supporting
thrombus formation is the standard collagen preparation Horm (collagen-H),
which is a fibrillar type | collagen, prepared in a proprietary process, commonly

used for diagnostics in the clinical laboratory. Still unexplained is why other

147



Chapter 6

fibril-forming type | and Ill collagen preparations, also binding VWF, are less

active in supporting thrombus formation under flow ® '3,

In the last two decades, synthetic collagen derived triple-helical
peptides have been identified which, similarly to collagen-H, bind to GPVI
and/or integrin a2B1, and hence can induce platelet adhesion and activation
in vitro '°. Peptides containing the (GPO), motif, in contrast to the supposedly
inactive (GPP), motif, bind to GPVI, whilst peptides with the GFOGER motif
act as strong ligands for a2p1 ', Prototypes of such triple-helical peptides
are the cross-linked collagen-related peptide (CRP-XL), with a (GPO)1q
sequence, acting as a potent GPVI agonist; and the combined GFOGER-
(GPO)» sequence, binding to platelets via both receptors. Subtle changes in
the GFOGER sequence were found to alter the affinity for a231. For instance,
substitution of phenylalanine in GFOGER with alanine in GAOGER resulted
in lower affinity a231 binding, and to diminished platelet adhesion under static

conditions 7.

Platelet activation through GPVI ®2°, but not through GPIb %', relies on
a potent protein tyrosine kinase cascade, culminating in activation of the
tyrosine kinase Syk. This GPVI signaling pathway involves phosphorylation of
Fc receptor y-chain via Src-family kinases, formation of a GPVI signalosome,
after which Syk phosphorylates and activates phospholipase C (PLC)y2,
resulting in a rise of the central second messenger Ca?* '® 2224 However, the
relative importance of this pathway was so far not investigated in platelets
interacting under flow with surface-immobilized collagen peptides or native

collagens — with differences in GPVI and o281 binding.

In the present paper, we aimed to investigate the role of GPVI,
activating via Syk, in the establishment of thrombus formation under high
shear induced by collagen like surfaces. Particular attention was given to the

sub-processes of platelet adhesion, aggregation, and contraction as well as
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to specific platelet activation processes. For this purpose, we used several
collagen peptides and collagen-H, with an established GPVI dependency, and
the selective Syk inhibitor PRT-060318 (Syk-IN). The latter compound has
already been used to identify Syk-dependent pathways in mouse platelets 2"
% and human T-cells %°. As a direct readout of this signaling pathway, we

assessed the Syk-dependent cytosolic Ca?" rises in platelets.

6.2 Materials and Methods

Materials

Collagen-related ftriple-helical peptides were synthesized as C-terminal
amides and purified by reverse phase high performance liquid
chromatography ** *°: H-GPC(GPO);GFOGER(GPO);GPC-NH, (GFOGER-
GPO); H-GPC(GPP)sGFOGER(GPP)sGPC-NH, (GFOGER-GPP); cross-
linked collagen-related (GPO), peptide (CRP-XL); GPC(GPO)s
GAOGER(GPO);GPC-NH, (GAOGER-GPO); collagen type-Ill derived VWF-
binding peptide VWF-III (VWF-BP), H-GPC(GPP)sGPRGQOGVMGFO
(GPP)sGPC-NH; “¢. Collagen-I Horm derived from equine tendon (collagen-
H) was obtained from Nycomed (Hoofddorp, The Netherlands); Human
placenta-derived collagen-Ill (C4407) and fibrillar collagen-l (C7774) came
from (Sigma-Aldrich (Zwijndrecht, The Netherlands). The latter was used to
prepare monomeric collagen-l by pepsin treatment, as described *’. The
selective spleen tyrosine kinase (Syk) inhibitor PRT-060318 ((1R,2S)-2-
aminocyclohexylamino)-4-(m-tolylamino)pyrimidine-5-carboxamide  (Syk-IN)
came from Bio-connect (Huissen, The Netherlands). Used for fluorescent
staining were AlexaFluor(AF) 647 labeled anti-human CD62P mAb (304918,
Biolegend, London, UK), FITC-labeled fibrinogen (FO111, Dako, Amstelveen,
The Netherlands), and AF568-labeled annexin A5 (A13202, ThermoFisher,

Eindhoven, The Netherlands). Fura-2 acetoxymethyl ester and pluronic were
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from Invitrogen (Carlsbad CA, USA). Other materials were from sources

described before “.

Blood isolation

Blood was obtained by venepuncture from healthy volunteers, who had not
received anti-platelet medication for at least two weeks. All subjects gave full
informed consent according to the declaration of Helsinki. Studies were
approved by the local Medical Ethics Committee. Blood samples were
collected into 3.2% trisodium citrate (Vacuette tubes, Greiner Bio-One, Alphen
a/d Rijn, The Netherlands). Subjects had platelet counts within the reference
range, as measured with a Sysmex XN-9000 analyzer (Sysmex, Cho-ku,

Kobe, Japan).

Platelet isolation and loading with Fura-2

Platelet-rich plasma (PRP) was obtained from citrated blood by centrifugation
at 870 g for 10 minutes. After addition of 1:10 vol./vol. acid citrate dextrose
(ACD; 80 mM trisodium citrate, 183 mM glucose, 52 mM citric acid), the
isolated PRP was centrifuged at 2,360 g for 2 minutes. Platelet pellets were
resuspended into HEPES buffer pH 6.6 (10 mM HEPES, 136 mM NaCl, 2.7
mM KCI, 2 mM MgCl,, 5.5 mM glucose and 0.1 % bovine serum albumin).
After addition of apyrase (1 U/ml) and 1:15 vol./vol. ACD, another
centrifugation step was performed to obtain washed platelets “¢. The final

pellet was resuspended in HEPES buffer pH 7.45.

Light transmission aggregometry

Aggregation of washed platelets was measured by light transmission
aggregometry, as described “® using an automated Chronolog aggregometer
(Havertown PA, USA). Platelet aggregation rate was determined from

maximal curve slopes (% transmission change per minute).
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Whole blood microfluidic perfusion over microspots

Selected collagen-like peptides and collagens were microspotted on glass
coverslips, essentially as described °. Table 1 displays the coding of nine
microspots (M1-9).

Table 1 — Overview of composition of microspots (M1-9), platelet receptors implicated in
thrombus formation, and analyzed thrombus parameters (P1-8) from brightfield and

fluorescence microscopic images, which were scaled as indicated for heatmap analysis. *No
GPVl-activating (GPP), motif.

Platelet receptors

Microspot GPVI a2pl GPIb
M1 GFOGER-GPO + VWF-BP ++ ++ ++
M2 CRP-XL + VWF-BP ++ [o) ++
M3 GAOGER-GPO + VWF-BP ++ + ++
M4 GFOGER-GPP + VWF-BP (o) ++ ++
M5 VWEF-BP o [o) ++
M6 Collagen-H (Horm type) ++ ++ ++
M7 Fibrillar collagen-I (human) n.d. n.d. n.d.
M8 Monomeric collagen-I (human) n.d. n.d. ++
M9 Collagen-Ill (human) n.d. n.d. ++
Parameter range scaled
Brightfield
P1 Platelet deposition (% SAC) 0-51.52 0-10
P2 Platelet aggregate coverage (% SAC) 0-21.09 0-10
P3 Thrombus morphological score 0-4.10 0-10
P4 Thrombus multilayer score 0-2.60 0-10
P5 Thrombus contraction score 0-2.94 0-10
Fluorescence images
P6 PS exposure (% SAC) 0-13.91 0-10
P7 CD62P expression (% SAC) 0-46.71 0-10
P8 Fibrinogen binding (% SAC) 0-28.33 0-10

N.d., not determined.

In brief, washed coverslips were coated with 3 different microspots, each
containing a collagen (100 yg/ml) or a combination of collagen-like peptide
(250 pg/ml) with VWF-BP (100 pg/ml). Coating doses were chosen to obtain

maximal platelet adhesion in flow assays °. The most active microspots were
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always located upstream, thereby preventing cross-activation of platelets
between microspots °. Coated coverslips were incubated overnight in a humid
chamber at 4°C, and then blocked with HEPES buffer pH 7.45 containing 1%
bovine serum albumin for 30 minutes, before mounting into the Maastricht
microfluidic chamber. For flow perfusion, 500 pul of citrated whole blood was
preincubated for 10 minutes with either vehicle (0.5% DMSO and 0.4 pg/ml
pluronic, f.c.) or inhibitor PRT-060318 (Syk-IN, 20 uM in vehicle solution, f.c.).
After addition of 40 yM PPACK and recalcification (3.75 mM MgCl, and 7.5
mM CaCl,), blood samples were perfused through the microspot-containing
flow chamber for 3.5 minutes at a wall shear rate of 1000/s. After 2 minutes of
staining for PS exposure (AF568 annexin A5), CD62P expression (AF647
anti-CD62P mAb) and integrin allbB3 activation (FITC-fibrinogen), residual
label was removed by post-perfusion with HEPES buffer pH 7.45, containing
2 mM CaCl, and 1 U/ml heparin. Vehicle controls were performed in
duplicates, while Syk-IN containing samples were repeated in triplicates, with

blood from >5 healthy donors.

Brightfield and fluorescence microscopy

From each microspot, two brightfield images (during labeling) and three 3-
color fluorescence images (after removing label) were taken using an EVOS-
FL microscope (Life Technologies, Bleiswijk, The Netherlands), equipped with
Cy5, RFP and GFP LEDs, an Olympus UPLSAPO 60x oil-immersion
objective, and a sensitive 1360x1024 pixel CCD camera *°. Standardized
image analysis was performed using semi-automated scripts operated in Fiji
(ImageJ), as described *°. Parameters extracted from brightfield images (P1-
5), including thrombus signature scores (P3-5), and parameters from

fluorescence images (P6-8) are indicated in Table 1.

152



Syk signaling in thrombus formation

Cytosolic Ca?* measurements

Washed human platelets (2 x 108/ml) were loaded with Fura-2 acetoxymethyl
ester (3 pM) and pluronic (0.4 pg/ml) by 40 minutes incubation at room
temperature. After another wash step and resuspension of platelets at the
same concentration, changes in cytosolic [Ca?']; were measured in 96-well
plates using a Flex Station 3 (Molecular Devices, San Jose, CA, USA). In brief,
200 pl of platelets were pre-treated with Syk-IN (PRT-060318, 5 uM) or left
untreated for 10 minutes. After addition of 1 mM CaCl,, the Fura-2-loaded cells
were stimulated by automated pipetting with one of the following agonists (10
pg/ml), for convenience indicated as M1-9 (see Table 1): GFOGER-GPO
(M1), CRP-XL (M2), GAOGER-GPO (M3), GFOGER-GPP (M4), VWF-BP
(M5), collagen-H (M®6), fibrillar collagen-I (M7), monomeric collagen-I (M8) or
collagen-Ill (M9).

Changes in Fura-2 fluorescence were measured over time at 37°C by
ratio fluorometry, at dual excitation wavelengths of 340 and 380 nm, and
emission wavelength of 510 nm. Agonist injection speed was set at 125 pl/s,
resulting in complete, diffusion-limited mixing. Separate wells contained Fura-
2-loaded platelets that were lysed with 0.1% Triton-X-100 in the presence of
1 mM CaCl,; or 9 mM EGTA/Tris, for determination of Rmax and Rmin values,
respectively *°. After correction for background fluorescence, ratio values were

21, ®'. Measurements were

converted into nanomolar concentrations of [Ca
performed in duplicate wells and completed within 2-3 hours of preparation of

the cells.

Data handling and statistics

GraphPad Prism 8 was employed for statistical analysis. Heatmaps were
generated with the program R. For heatmap representation, parameter values
were univariate normalized at a scale of 0-10 *¢. Thrombus values of duplicate

or triplicate flow runs from the same blood donor were averaged to obtain one
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parameter set (vehicle plus Syk inhibited) per microspot and donor. Mean
values of control and inhibitor runs were then compared per blood sample,
using paired Student t-tests. P-values below 0.05 were considered to be
significant. For subtraction heatmaps, a standard filter of p <0.05 was set to

visualize relevant effects.

Modelling to predict GPVI activity

Complete datasets (8 parameters, 9 surfaces) for flow runs of 25 donors were
used to construct a partial-least square (PLS) model, to predict back for GPVI
dependency. At first, range scaled data of the collagen peptide surfaces (M1-
5) with known GPVI dependency were used to generate the PLS model, and
collagen-H (M6) was predicted back to test the models reliability. Principal
component analysis (PCA) in 1- and 2-component mode was used, while
predictions were supported by cross-validated analysis of Q2, defined as 1-
(PRESS/TSS) *2. Subsequently, parameter sets of M7-9 were predicted for
GPVI dependency from the PLS model, as were parameters of M1-9 in the
presence of Syk-IN. By default, prediction values of >0.5 were considered as

positive for a GPVI dependency.
6.3 Results

GPVi-dependent and Syk-dependent platelet activation by
collagen-like peptides

In order to validate the assumed potency of distinct collagen peptides to act
as ligands for platelet GPVI, we first examined their ability to stimulate PLCy2-
mediated rises in cytosolic Ca?*. As a discriminative inhibitor of this pathway,
we used the compound PRT-060318 (Syk-IN), which has allowed to identify
Syk-dependent activation pathways, evoked by GPVI 2" 2% or CLEC-2 2. This
compound furthermore phenocopied the consequences of Syk depletion in

Syk”™ bone marrow chimeric mice on platelet responses 2. Moreover, in
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human platelets, Syk-IN selectively blocked GPVI/Syk-dependent tyrosine
phosphorylation and aggregation responses of platelets in contact with

fibrin 2°.

To obtain further information on the selectivity of Syk-IN as an inhibitor
of GPVI-induced responses of human platelets, we monitored its effect (at
common dose of 5 yM) on platelet aggregation induced by CRP-XL, thrombin
or stable ADP. Only with the GPVI agonist CRP-XL, Syk-IN caused complete
inhibition, whereas with thrombin or ADP platelet aggregation remained
unchanged in the presence of Syk-IN (Supplementary Figure 1A), in
agreement with the studies reported for mouse platelets 2" 2°. Further control
experiments with Fura-2-loaded human platelets indicated that Syk-IN did not

suppress thrombin- or ADP-induced Ca? rises (Supplementary Figure 1B).

Using Syk-IN, we then evaluated the role of Syk in Ca?* rises induced
by the considered GPVI- dependent and —independent collagen peptides.
Three peptides containing the consensus GPVI-activating motif (GPO),, i.e.
GFOGER-GPO (for convenience designated as M1, see Table 1), CRP-XL
(M2) and GAOGER-GPO (M3), all caused a potent rise in [Ca?'], which was
fully abolished by Syk-IN (Figure 1). Close examination of the Ca?* traces
showed differences between M1-3 in onset and maximum. The reason for this
is unclear but may be linked to differences in conformation and/or GPVI
clustering capacity of the various triple-helical peptides. On the other hand,
two other collagen peptides, containing a (GPP), motif but not (GPO),, were
unable to induce a [Ca*'] rise; these were GFOGER-GPP (M4) and the VWF-
binding peptide (M5). Addition of Syk-IN was here without effect. Overall,
these results pointed to a complete Syk-dependent suppression of platelet
Ca?" rises, when induced by (GPO).-containing collagen peptides, capable to
activate GPVI.
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Figure 1 (previous page) — Syk inhibition affecting platelet Ca?* rises by collagen
peptides with (GPO), motif. Fura-2-loaded platelets in 96-well plates were preincubated with
Syk-IN (5 pM) or left untreated before stimulation with collagen peptide (M1-5, 10 pg/ml).
Changes in [Ca?*]; were recorded over time per well-plate row by ratio fluorometry using a Flex
Station 3. Peptides were injected into wells at 60 s (arrow) and reached platelets in a diffusion
limited way. (A) Calibrated [Ca?*]; traces, recorded during 600 s in the absence (black, control)
or presence (grey) of Syk inhibitor. Traces are representative of 3 experiments. (B)
Quantification for M1-5 of increased [Ca?*]; at 300 s (top graph) or 600 s (bottom graph). Means
+ SE (n=3). Paired Student t-tests; *p <0.05, **p <0.01.

GPVI- and Syk-dependent parameters of thrombus formation on
collagen- like peptides

To assess how these five collagen peptides supported whole blood thrombus
formation, we applied these as microspots (M1-5) in a microfluidic device, as
described before °. All microspots were supplemented with VWF-BP (binding
VWEF from plasma) to allow GPIb-mediated trapping of platelets at wall-shear
rate of 1000/s. By end-stage multicolor microscopic imaging, it was possible
to analyze up to eight thrombus and platelet characteristics: overall platelet
deposition (parameter P1, see Table 1); platelet aggregation (P2); thrombus
signature, ie., morphology, multilayer and contraction (P3-5); platelet
procoagulant activity, measured as PS exposure (P6); and the platelet
activation parameters CD62P expression (P7), and fibrinogen binding to
activated integrin allbB3 (P8).

Typically, the collagen peptides containing (GPO), (M1-3) produced
large thrombi with aggregated platelets, as well as high platelet PS exposure,
CD62P expression and integrin activation (Figure 2). In contrast, the non-
GPVI-stimulating (GPP), peptide, GFOGER-GPP (M4) caused formation of
smaller size thrombi, with residual CD62P expression and integrin activation,

but essentially no PS exposure. Quantification of the raw image data
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confirmed overall high parameter values for M1-3, indicating a strong support

of thrombus formation (Supplementary Figure 2).

Brightfield Anx A5 AF568 a-CD62P AF647  a-Fibrinogen FITC

GFOGER-GPO
+ VWF-BP

CRP-XL
+ VWF-BP

+ VWF-BP

GFOGER-GPP  GAOGER-GPO
+ VWF-BP

VWE-BP

Figure 2 — Thrombus formation on immobilized collagen peptides with or without (GPO),
motif. Whole blood was perfused over microspots M1 (GFOGER-GPO + VWF-BP), M2 (CRP-
XL + VWF-BP), M3 (GAOGER-GPO + VWF-BP), M4 (GFOGER-GPP + VWF-BP), and M5
(VWEF-BP), with assumed platelet adhesion via GPlb, GPVI and/or integrin 0231, as in Table 1.
Wall-shear rate was 1000/s at perfusion time of 3.5 minutes. Shown are representative
brightfield microscopic images at end-stage, for analysis of platelet deposition (parameter P1)
and thrombus characteristics (P2-5). In addition, end-stage 3-color fluorescence images for
analysis of PS exposure (AF568 annexin A5, P6), CD62P expression (AF647 a-CD62P, P7),
and fibrinogen binding (FITC, P8). Scale bars = 50 pm, n = 5-7.
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Interestingly, when comparing the two GFOGER peptides with GPVI-
binding motif (M1) or without this motif (M4), the latter still induced residual
platelet activation, in spite of lower thrombus signature scores (P4-5) and
limited PS exposure (P6). Also of interest, M1 (GFOGER) with a supposedly
higher affinity a2f31 binding site than M3 (GAOGER), performed less in almost
all thrombus parameters (P1-2,3-5,7,8). These differences were made visible
in a univariate scaled heatmap of all microspots and parameters (Figure 3A).
Together, these data suggested that the clear distinction made between high-
and low-affinity a2B1-binding sites — established under static conditions " '
—, becomes in part confused when immobilized collagen peptides are exposed
to platelets in flowed whole blood. On the other hand, a lack of both GPVI-
and a2B1-binding sites, as in M5, resulted in almost no stable platelet
adhesion and activation. Parallel flow runs on microspots M1-5 with blood
samples that were pre-treated with Syk-IN (max effective dose of 20 uM),
instead of the DMSO vehicle, resulted in marked reductions in the majority of
thrombus parameters (Figure 3A). A subtraction heatmap, pinpointing only
relevant changes (p <0.05), indicated that, for M1-4, essentially all parameters
except for P1 (platelet deposition) were reduced by Syk inhibition (Figure 3B).
Most drastic, complete reductions were seen for PS exposure (P6) on the
'active' (GPO), surfaces M1-3. Surprisingly, Syk inhibition also affected
platelet activation at the supposedly non-GPVI (GPP), surface M4.

A summative plot was made indicating how individual (scaled)
parameters were changed by Syk inhibition across microspots (Figure 3C).
This revealed a complete reduction in P6 (PS exposure), along with strong
reductions in P2 (aggregate coverage), P4 (thrombus multilayer), P5
(thrombus contraction) and P8 (fibrinogen binding). Less affected were P3

(thrombus morphology) and P7 (CD62P expression).
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Figure 3 — Effect of Syk inhibition on parameters of thrombus formation on immobilized
collagen peptides. Blood samples preincubated with vehicle (Ctrl) or Syk-IN (20 uM) were
flowed over microspots M1-5, and thrombi formed were imaged to obtain parameters P1-8, as
in Figure 2. Effects of Syk-IN were assessed per blood sample, surface and parameter. Mean
values from individual blood samples (n=5-7) were univariate scaled to 0-10 per parameter
across all surfaces M1-9. (A) Heatmap of scaled parameters, demonstrating mean effects of
Syk-IN. Rainbow color code indicates scaled values between 0 (blue) and 10 (red). (B)
Subtraction heatmap, representing scaled effects of Syk-IN, filtered for relevant changes (p
<0.05, paired Student t-tests per surface and parameter). Color code represents decreases
(green) or increases (red) in comparison to control runs. (C) Cumulative inhibitory effect per

parameter over all microspots, indicating relevant changes.
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GPVl-induced and Syk-dependent platelet activation by different
collagens

Subendothelial fibrillar collagen types | and Il are considered to be the major
platelet-activating collagens in the vessel wall, acting via GPVI and a2p1 *.
The equine standard collagen (collagen-H), likely a modified type | collagen,
is the most commonly used collagen type to study GPVI-induced platelet
activation. This prompted us to compare four collagen preparations on their
ability to support the GPVI-PLCy2-Ca®" activation pathway: i.e., collagen-H
(M6), human fibrillar collagen-I (M7), a degraded monomeric collagen-I (M8),
and human collagen-lll (M9). While realizing that the very high-molecular
weight of fibrillar collagens results in a heterogeneous interaction with
platelets in suspension, we evaluated the Ca?* rises induced by all four
collagens. Markedly, the four collagens (M6-9) evoked a biphasic rise in
[Ca?'];, with an initial increase and a later second phase, which was highest
for M7 and M9 (Figure 4A,B). In absolute levels, the increases in [Ca?"]
obtained with M6,7,9, at a late time point of 600 s, were 2-3 fold lower than
those seen with the (GPO),-containing collagen peptides (Figure 4 vs. Figure
1). This difference is likely due to the large fibrillar structure of collagens,
slowing down the rate and extent of diffusion-limited interactions with platelets.
In addition, we found that Syk inhibition completely suppressed the [Ca*'];
transient induced by the standard collagen-H (M6) but did not alter the
transients by other collagens Figure 4. Hence, this suggested the presence
of a Syk-independent pathway of Ca?* mobilization of suspended natural

collagens.
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Figure 4 — Syk inhibition differently affecting platelet Ca?* rises by collagens. Fura-2-
loaded platelets in 96-well plates were preincubated with Syk-IN (5 uM) or left untreated before
stimulation with different collagens (M6-9, 10 pg/ml). Changes in [Ca?*]; were continuously
monitored per well-plate row by ratio fluorometry using a Flex Station 3. Collagens were injected
at 60 s (arrow) and reached platelets in a diffusion limited way. (A) Calibrated [Ca?*]; traces,
recorded for 600 s in the absence (black, control) or presence (grey) of Syk inhibitor. Traces
are representative of 3 experiments. (B) Quantification of [Ca?*]; rise after 300 s (top graph) and
600 s (bottom graph) for M1-5. Means + SE (n=3). Paired Student t-test, *p <0.05, **p <0.01.
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GPVI- and Syk-dependent platelet responses in thrombus
formation on collagens

The same collagen preparations (M6-9) were then applied as microspots to
test their ability to support thrombus formation under flow. As indicated in
Figure 5, collagen-H (M6) was most potent in provoking the formation of large-
size aggregates of platelets with high PS exposure, granule secretion and
fibrinogen binding, such in agreement with the known high GPVI- and a2p1-
activating potency of this collagen, when immobilized ® " 2, In comparison,
the fibrillar type | (M7) and type Il (M9) collagens formed only small
aggregates of platelets with remaining secretion and fibrinogen binding, with
only M9 causing residual PS exposure (Figure 5). The degraded monomeric
collagen-1 (M8) caused mostly single platelet adhesion with incidentally small-
sized aggregates. The same conclusion was drawn from raw mean values of
the individual parameters, obtained from these surfaces (Supplementary

Figure 3).

Heatmapping of the eight scaled parameter values confirmed that the
overall surface thrombogenicity decreased in the order of M6 > M7,9 > M8
(Figure 6A). Treatment of the blood with Syk-IN left platelet deposition (P1)
unchanged but did decrease thrombus signature and platelet activation
parameters (P2-5, P7-8) for the most active surfaces. A subtraction heatmap
was built with a filter for relevant changes (p <0.05). This indicated for
collagen-H (M6) as well as for native collagen-I and -Ill (M7,9) a reduction in
almost all parameters, except for P1, in the presence of Syk-IN (Figure 6B).
Most reduced were parameters of platelet aggregation and contraction
(P2,4,5), and of platelet activation (P6 for M6, and P7-8 for M7,9).
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Figure 5 — Thrombus formation on immobilized collagens. Whole blood was perfused over
microspots M6 (collagen-H), M7 (fibrillar collagen-1), M8 (monomeric collagen-1), M9 (collagen-
lIl). Wall-shear rate was 1000/s and perfusion time 3.5 minutes. Shown are representative
brightfield microscopic images at end-stage for analysis of platelet deposition (parameter P1)
and thrombus characteristics (P2-5). In addition, end-stage 3-color fluorescence images for
analysis of PS exposure (AF568 annexin A5, P6), CD62P expression (AF647 a-CD62P, P7),
and fibrinogen binding (FITC, P8). Scale bars = 50 ym, n = 5-7.
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Figure 6 — Effect of Syk inhibition on parameters of thrombus formation on immobilized
collagen. Whole blood preincubated with vehicle (Ctrl) or Syk-IN (20 uM) was perfused over
microspots M6-9, and thrombus formation was imaged to obtain parameters P1-8, as in Figure
5. Effects of Syk-IN were calculated per blood sample, surface and parameter. Mean values for
all blood samples (n=5-7) were univariate scaled to 0-10 per parameter across all surfaces M1-
9. (A) Heatmap of scaled parameters, showing mean effects of Syk-IN. Rainbow color code
gives scaled values between 0 (blue) and 10 (red). (B) Subtraction heatmap representing
scaled effects of Syk-IN, filtered for relevant changes (p <0.05, paired Student t-tests per
surface and parameter). Color code represents decreases (green) or increases (red) in
comparison to control runs. (C) Cumulative inhibitory effect over all microspots per parameter,

indicating relevant changes from control runs.
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To obtain a better insight of the overall effect of Syk inhibition, again a
summative plot was constructed per scaled parameter across all collagen
microspots (Figure 6C). Importantly, this revealed a highly similar pattern of
Syk inhibition, as previously seen for the collagen peptides. Thus, summing
up the values for M6-9, we noticed a near complete reduction in P6 (M6, PS
exposure), along with strong reductions in P2 (platelet aggregate coverage),
P4 (thrombus multilayer), P5 (thrombus contraction) and P7 (CD62P
expression), P8 (fibrinogen binding), as compared to vehicle-treated blood.
Less affected by Syk inhibition was P3 (thrombus morphology), while platelet

adhesion (P1) was unchanged.

Modelling of role of GPVI in thrombus formation on various

collagens

We used regression analysis to examine the generated dataset, consisting of
416 data points (52 mean control flow runs of 9 surfaces, 8 parameters) in a
systematic manner regarding the assumed GPVI dependency per surface.
First a partial least square (PLS) regression model was generated for the
collagen peptides M1-3 with assumed high GPVI dependency plus for M4-5
with assumed no role of GPVI, after which the data from M6 (collagen-H) were
predicted back into the model. This gave relevant components 1 and 2,
explaining 68 and 15% of the variation, respectively (Supplementary Figure
4). This plot indicated a close cluster of flow runs of M1-3,6 with data of M5
(negative component 1) and data of M4 (negative component 2) laying further
out in the model. This agrees with the large differences in (parameters of)
thrombus formation on M4 and M5. The calculated beta matrix indicated that
P2-6 similarly contributed to the modelled results. Because of this separation,
the 1-component model was used for further analysis. Testing of the model
showed near complete correct prediction for all surfaces, except for M4 (as no

component 2) (Table 2).
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Table 2 — Modelled PLS analysis (based on 1 component PCA) of range-scaled data for
collagen peptides (M1-5) plus collagen-H (M6), with assumed GPVI dependency. Shown
are means and ranges of prediction values. Predicted accuracy is given by numbers of mean
flow runs per donor (control and Syk-IN); by default, correct prediction was set at >0.5. In
addition, back-prediction of GPVI dependency of mean flow runs per donor for M7-9. Prediction
outcomes are given in italic. Contribution of parameters to the prediction model was P2-6 >>
P1,7,8.

Prediction values Correctly predicted
Microspot GPvI
dependency mean range ctrl Syk-IN
M1 Positive 0.76 0.41-1.06 5/6 6/6
M2 Positive 0.59 0.27-0.76 4/5 5/5
M3 Positive 0.96 0.86-1.07 5/5 5/5
M4 Negative 0.76 0.57-0.97 0/6 6/6
M5 Negative 0.26 0.21-0.34 5/5 5/5
M6 Positive 0.81 0.68-1.11 77 6/7
M7 Mixed n.d. 0.44-0.85 5/7 77
M8 Negative n.d. 0.13-0.41 0/5 5/5
M9 Mixed n.d. 0.49-0.67 3/5 5/5

N.d., not determined.

This model was further used to predict the role of GPVI on other
collagen surfaces M7-9. For both native collagens (M7,9), the prediction for
GPVI dependency was mixed, while for the monomeric collagen-l (M8) it was
negative. Subsequently, we integrated into the model another set of 416 data
points (52 mean flow runs with Syk-IN of 9 surfaces, 8 parameters) for
prediction of the known absence of GPVI activity in Syk-inhibited blood
samples. Markedly, across all surfaces tested, 51 out of all 52 samples
predicted a negative GPVI dependency, wherein the only incorrectly predicted
sample was just above the 0.5 threshold.  Taken together, in addition to a
complete GPVI independency of all Syk-inhibited samples, the constructed

PLS model suggested no role of GPVI for surfaces M5 and M8.
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6.4 Discussion

Collagen peptides and GPVI-dependent platelet activation

The present data point to a clear separation between triple-helical collagen
peptides that contain the established GPVI recognition motif, (GPO), '°, and
peptides that have a (GPP), backbone instead. Collectively, we found that the
(GPO)x-containing collagen peptides (M1-3): i) induced high platelet Ca?
rises under stasis; ii) accomplished a fast build-up of thrombi with aggregated
and activated platelets under flow; and iij) caused platelet responses both
under flow and stasis that were highly sensitive to inhibition of Syk.
Accordingly, these peptides provided proof-of-principle evidence for a potent

stimulation of the GPVI-Syk-PLCy2-Ca®" pathway of platelet activation.

When immobilized, the (GPO), peptide CRP-XL (M2), uniquely lacking
an a2B1 interaction motif, produced smaller size thrombi (low parameter
values P2-6) than the other peptides, which is in agreement with the known
synergy between GPVI, o231 and GPIb-V-IX receptors in thrombus formation
at high shear rate ®'". Synergy of GPVI and a2B1 can also explain why
peptides containing the integrin-binding motif G(F/A)JOGER evoked a faster
Ca?* signal, when compared to CRP-XL. Seemingly in contrast with its lower
binding affinity to platelets under stasis ', we observed higher parameters of
thrombus formation with GAOGER-GPO (M3) than with GFOGER-GPO (M1).
Explanation for this high activity may be increased interaction on the level of
receptors with the (GPO), motif.

On the other hand, the (GPP),-containing peptides GFOGER-GPP
(M4) and VWF-BP (M5) did not evoke detectable Ca** rises under stasis. Yet,
when immobilized, the integrin-binding peptide GFOGER-GPP evoked low-
parameter thrombus formation in terms of platelet activation and aggregation

under flow; and this activity was again suppressed by Syk inhibition.
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Collagens and GPVI-dependent platelet activation

Native fibrillar type | and type Ill collagens are among the vessel wall
components that most strongly activate platelets " %°. Due to the structural
complexity of multiple adjacent triple helices in these collagens, little is known
about how platelet receptors bind to the fibers, although there is evident that
the co-presence of multiple binding sites in a fiber enforces platelet adhesion
and activation 3" *2. Recent high-resolution microscopy further indicates that
copies of GPVI dimerize and cluster along the fibers of such collagen, a
process that is considered to enforce GPVI-dependent platelet activation 3334,
Sequence analysis has shown that both collagens are made up for up to 10%
of GPO triplets, with also a2B1-binding sequences present, e.g., GFOGER in

collagen-l and GAOGER in collagen-IIl %°.

This knowledge made us to compare the effects of human fibrillar
collagen-l and collagen-Ill preparations with the standard collagen-H, i.e., a
commercial equine, type I-enriched preparation with unclear supramolecular
characteristics . Markedly, in suspended platelets, collagen-H (M6) was the
only preparation that induced Syk-dependent Ca?* rises, whereas the other
collagens (M7,9) induced low Ca?" rises that were insensitive to Syk inhibition.
The microspotted collagen-H triggered the formation of large-size thrombi,
with high parameters of platelet aggregation and activation, i.e., responses
that are known to be strongly GPVI-dependent °, and that in the present

setting were consistently affected by Syk inhibition.

In comparison to collagen-H, the immobilized type | (M7) and type IlI
(M9) collagens triggered formation of smaller thrombi with lower platelet
activation parameters. Yet, for the native collagens, the summed suppressive
effects on thrombus parameters of Syk inhibition were quite similar to those of
Syk inhibition for collagen-H and (GPO),-containing collagen peptides. Given

the abundance of GPO ftriplets in both collagen-l and -lll ', these findings
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point to a GPVI-induced activation, which is limited in strength but relevant for
the immobilized collagens subjected to flowed platelets. In agreement with a
role for GPVI, others have shown that type | and Il collagens cause GPVI
dimer clustering when immobilized at a glass surface, with typically collagen-
Il being the most effective . Of note, under flow conditions, VWF bound to
both collagen types ensures GPIb-V-IX binding, thus allowing an enforcement

of a2B1 and GPVI interactions "> 6.

In addition, we tested a protease-treated, monomeric collagen-I
preparation (M8), which was inactive in supporting thrombus formation with
no effects of Syk inhibition. These findings support the notion that the fibrillar
structure of immobilized collagens helps to expose receptor (GPVI) binding

sites upon stretching under flow conditions.

Comparative roles of GPVI and Syk in platelet activation

As indicated above, a remarkable finding was that Syk inhibition also affected
parameters of thrombus formation on surfaces that supposedly act
independently of GPVI (GFOGER-GPP, M4) or have a low GPVI dependency
(collagen-l, M7; collagen-lll, M9). As another approach to examine the
coherence in the multiparameter data set, a PLS model was constructed and
used for principal component analysis. Plots indicated a narrow cluster for all
high GPVI-activating surfaces (M1-3,6), with data of the other surfaces (M4,5)
centering out. Using this model to predict the role of GPVI on other surfaces,
results for the fibrillar collagens (M7,9) were mixed, whereas those for
monomeric collagen-l (M8) were absent. Importantly, the prediction model
revealed complete GPVI independency of the Syk-inhibited samples,
regardless of the microspot. Accordingly, this strengthened the idea of low

level GPVI and Syk activity on the low thrombogenic surfaces.

In recent years, evidence has been accumulated for a role of GPVI

signaling in platelets contacting a variety of non-collagen surfaces. For
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instance, GPVI dependency has been discovered for platelets interacting with
laminin %7, fibrin 2 %8, or fibrinogen *° . In this perspective, it is likely that also
for - (GPP)» containing - collagenous surfaces the Syk-dependent platelet
activation can be traced back to residual GPVI activity. On the other hand,
based on early studies, it cannot be excluded that (part of) the Syk-dependent
platelet responses in thrombus formation at ‘weaker' surfaces are mediated
by signaling via integrin allbB3 *™*3, thus bypassing GPVI. This will need to be
studied by using specific GPVI-inhibitory tools.

Conclusion

The present data reveal typical differences of preparations of collagens or
collagen peptides when used in suspension with platelets or when
immobilized as microspots and subjected to whole blood flow (Figure 7).
Especially for the 'weaker' native fibrillar collagens, the latter situation appears
to enhance the signaling capability of GPVI, thus stimulating platelet activation
processes in thrombus formation. Apart from changes in the (immobilized)
collagen structure, factors that are likely to contribute to the enhanced
signaling events are the shear-dependent interaction of GPIb-V-IX with
collagen-bound VWF and a priming platelet activation via integrin a231. These
and perhaps also other receptor interactions with the collagen fibers may
ensure increased activation of the GPVI-PLCy2-Ca* pathway, although we
cannot rule out the presence of Syk-dependent signaling events bypassing

GPVI, such as by direct triggering via the integrins a231 and allbf3.
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Figure 7 — Schematic platelet adhesion and activation by collagen under flow or in
suspension. (A) Under flow conditions, immobilized collagen-H interacts with VWF to capture
platelets via GPIb-V-IX and activate platelets via GPVI and integrin a231. Thrombi build up by
recruitment of flowing platelets interacting with collagen/VWF-adhered platelets. Syk inhibition
suppresses initial platelet activation and platelet aggregate formation. (B) Collagen-H added to
a suspension of platelets transiently interacts with GPVI, resulting in Syk-dependent cytosolic
Ca?* rises. Autocrine agonists will stimulate non-adhered platelets, responding by Syk-

independent signals.
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6.6 Supplementary Figures
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Supplementary Figure 1 — Effect of Syk inhibitor PRT-060318 (Syk-IN) on agonist-induced
platelet responses. (A) Platelets in plasma (2.5x108/ml) were preincubated with vehicle
(DMSO) or Syk-IN (5 uM) for 10 minutes, and then activated with CRP-XL (10 pg/ml), thrombin
(8 nM) or stable ADP (5 uM), as indicated. Shown are representative traces from light
transmission aggregometry. (B) Fura-2-loaded platelets in 96-well plates were preincubated
with Syk-IN (5 uM) or left untreated before injection of thrombin (4 nM) or stable ADP (5 uM),
as in Figure 1. Shown are representative traces of changes in [Ca?*]; of control (black) and Syk-

IN (grey) incubations. Arrows indicate addition indicated of agonists.
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Supplementary Figure 2 — Parameters of thrombus formation on immobilized collagen
peptides: raw data. Whole blood was perfused over microspots M1 (GFOGER-GPO + VWF-
BP), M2 (CRP-XL + VWF-BP), M3 (GAOGER-GPO + VWF-BP), M4 (GFOGER-GPP + VWF-
BP), and M5 (VWEF-BP). Microscopic images were analyzed for parameters P1-8, as for Figure
2. Shown are raw mean outcome values from individual blood donors. (A) Parameters providing
surface area coverage (SAC%) information: P1, platelet deposition; P2, platelet aggregate
coverage; P6, PS exposure; P7, CD62P expression; P8, fibrinogen binding. (B) Score
parameters: P3, thrombus morphological score (range 0-5); P4, thrombus multilayer score
(range 0-3); P5, thrombus contraction score (range 0-3). Means + SD (n=5-7 donors).
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Supplementary Figure 3 — Parameters of thrombus formation on immobilized collagens:
raw data. Whole blood was perfused over microspots M6 (collagen-H), M7 (fibrillar collagen-I),
M8 (monomeric collagen-I), M9 (collagen-IIl). Microscopic images were captured and analyzed
for parameters P1-8, as for Figure 5. Shown are raw mean outcome values from individual
blood donors. (A) Parameters providing surface area coverage (SAC%) information: P1,
platelet deposition; P2, platelet aggregate coverage; P6, PS exposure; P7, CD62P expression;
P8, fibrinogen binding. (B) Score parameters: P3, thrombus morphological score (range 0-5);

P4, thrombus multilayer score (range 0-3); P5, thrombus contraction score (range 0-3). Means
+ SD (n=5-7 donors).
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Supplementary Figure 4 — Partial least squares with components 1 and 2, indicating
distribution of thrombus formation parameters at microspots M1-6 for 5-7 individual
blood samples per microspot. Note, the clustering (green area) of flow runs over (GPO),
containing surfaces M1-3 and M6, whereas flow runs with other surfaces M4 and M5 out-
clustered with more negative contributions to component 2 or 1, respectively (red area). Red
triangles indicate assumed negative GPVI contribution, green plusses indicate positive
contribution.
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Supplementary Table 1 — Scaled subtracted parameter values of thrombus formation (means),
indicating effects of Syk-IN, for microspots M1-9 and parameters P1-8.

P1 P2 P3 P4 P5 P6 P7 P8
, 1188 0106 051 015: 021+ 003 071 062
0.46 0.14 0.17 016 020 005 049 0.66
p, 115t 016: 077+ 030+ 030: 004+ 069 0312
0.24 013  0.15 0.20 015 006  0.39 0.28
g 094 005 071 037¢  034r 001 047x 011
0.24 007 017 0.23 0.12 000 027 0.08
g 098t 017+ 073 034+ 037+ 013 025: 004
029 029 0.9 0.34 040 016  0.18 0.03
s 097¢ 127 043t 000+ 000 063t 140+ 036
118 213 0.12 0.00 000 079 265 0.43
ye 112t 019 061x 0226 028+ 002 065+ 042
033 010  0.15 0.17 018 002 035 0.44
,, 088t 003 060: 010: 017: 003 013 002
0.21 006  0.20 0.11 012 002 008 0.02
e O87F 291t 061: 064 042t 016: 025: 012

0.56 6.23 0.35 0.74 0.28 0.15 0.16 0.17

0.79% 0.07x 0.49+ 0.13x 0.11% 0.03x 0.14x 0.05x
0.20 0.07 0.06 0.23 0.13 0.03 0.12 0.05
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Chapter 7

Abstract The collagen receptors, glycoprotein VI (GPVI) and integrin a2p1,
jointly regulate collagen-induced platelet adhesion and thrombus formation
under flow. Here we set out to determine how the ITIM (immunoreceptor
tyrosine-based inhibitory motif) receptor PECAM1 and the protein tyrosine
phosphatase PTPN11 can interfere with and modulate this collagen receptor
dependent thrombus formation. Microspots of collagen-I,-1ll and -1V, with high
and low GPVI dependency, served as surfaces for whole blood thrombus
formation under flow. Integrin a231 and PECAM1 were inhibited with selective
antibodies. Blood was used from healthy subjects and seven patients with
Noonan syndrome with a confirmed gain of function mutation of PTPN11 and
a variable bleeding phenotype. Thrombus formation was measured in a
multiparameter setting. With collagen types |, Ill and IV, inhibition of PECAM1
was without substantial effect on thrombus parameters after whole blood flow.
However, with all collagens, PECAM1 inhibition fully restored the impaired
thrombus formation caused by blockade of a231. Flow studies with blood from
seven Noonan patients with a gain of function mutation in PTPN11 indicated
a variable, but overall partial reduction in collagen-induced platelet activation
that was even enforced by a2B1 blockage. However, the gain of PTPN11
activity did not enhance the rescuing effect caused by PECAM1 inhibition.
Collectively, our results indicate that the PECAM1 and PTPN11 restraining
mechanisms on collagen-induced thrombus formation are independent of the
extent of GPVI activation, but dependent on other factors such as the PTPN11

activity and the engagement of a231.
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7.1 Introduction

Glycoprotein VI (GPVI) is a key signaling collagen receptor on human
platelets, acting together with the adhesive receptor for collagen integrin
a2B1 . This set of receptors comes into action when subendothelial
collagens are exposed to the blood stream as in vessel wall injury. Collagen-
bound von Willebrand factor (VWF), in a shear dependent way, interacts with
the platelet GPIb-V-IX complex to provide the first mechanism of platelet
adhesion 8. Subsequently, the two collagen receptors, GPVI and a2p1,
accomplish stable adhesion, signal transduction and functional platelet
activation °. On the platelet membrane, GPVI is present in complex with the
FcR y-chain, carrying an immunoreceptor tyrosine-based activation motif
(ITAM). Tyrosine phosphorylation of the ITAM via Src family kinases results
in cascade of protein phosphorylation reactions, involving the tyrosine kinase
Syk, the adapter protein LAT, and the effector proteins phosphatidylinositol 3
kinases (PI3K) and phospholipase C (PLC)y2 '©'?. Activated PLCy2
generates inositol trisphosphate, mediating intracellular Ca®* rises upon GPVI
stimulation. Downstream functional events are platelet assembly to a
thrombus via integrin allbp3 activation (via PI3K), granule secretion and P-
selectin expression (via PLCy2), platelet aggregation and surface exposure of

the procoagulant phospholipid phosphatidylserine '3

. In this setting, the
receptor type protein tyrosine phosphatase CD148 (PTPRJ) plays a positive

role by accomplishing the initial SFK activation ".

Several platelet receptors bearing the immunoreceptor tyrosine-based
inhibitory motif (ITIM) are known to antagonize the signaling by ITAM linked
platelet receptors. This has been shown for the homotypic activating receptor
PECAM1 (platelet endothelial cell adhesion molecule-1) 51
binding receptor G6b-B (MPIG6B) "-'°. These two ITIM-linked receptors are

highly expressed with 9,400 and 13,700 copies per platelet, respectively 2.

, and the heparin
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‘Negative’ signaling via the ITIM receptors occurs through several protein
tyrosine phosphatase non-receptor isoforms, in particular PTPN11 (Src
homology region 2 domain-containing phosphatase-2, SHP2) and
PTPN22 2'?2. However, some other PTPN isoforms enhance, rather than
suppress, the ITAM dependent signaling, for example PTPN1 (protein tyrosine
phosphatase 1B) and PTPN6 (SHP1) 2!, Overalll, the conditions under which
ITIM linked receptors and the associating tyrosine phosphatases can restrain

the signaling responses of GPVI are still unclear.

In both human and mouse platelets, a gain of function mutation in the
PTPN11 gene led to an impaired platelet signaling upon GPVI stimulation 2.
Patients with such an autosomal dominant mutation are categorized as
Noonan syndrome, and present with multiple symptoms such as a short
stature, facial dysmorphism and developmental delay (OMIM: 163950). About
half of the syndromic patients carries a gain of function PNPN11 mutation,
which is often but not always accompanied by a bleeding phenotype %°. It is
considered that the mutated PTPN11 (SHP2) protein shows constitutive
tyrosine phosphatase activity, with a more favored active conformation in
comparison to wildtype 227, On the other hand, loss of function mutations in
the PTPN11 gene are also described, known as Noonan syndrome with
multiple lentigines (NSML) or formerly classified as Leopard syndrome
(OMIM: 151100).

In the present report, we set out to further elucidate the cooperativity
of the platelet collagen receptors GPVI and integrin a231 in flow dependent
thrombus formation. We hypothesized that ITIM linked receptors and the
connected tyrosine phosphatases become more prominent in restraining
platelet activation upon: i) interaction of the cells with weaker activating
collagen types, and ii) in the absence of a231 mediated adhesion stabilization.

To investigate this, we studied the relatively abundant self-activating PECAM1
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receptor, and we used blood from Noonan patients to investigate a modulating
effect through altered PTPN11 activity.

7.2 Materials and Methods

Materials

Fibrillar Horm collagen-l was from Nycomed (Hoofddorp, The Netherlands);
human collagen-IV (C7521) from Sigma-Aldrich (Zwijndrecht, The
Netherlands); human collagen-Ill (1230-01S) from Southern Biotechnology
(Birmingham, AL, USA). The blocking 6F1 mAb against integrin a231 was a
kind gift from Dr. B. S. Coller (Rockefeller University, NY, USA). The inhibitory
mouse anti-human PECAM1 mAb (303101, clone WM59, mouse 1gG1) was
purchased from BioLegend (London, UK). The control anti-PECAM1.2 mAb
(MABF-2034, clone MBC 78.2, mouse IgG) came from Sigma-Aldrich (Merck,
Amsterdam, The Netherlands) The polyclonal anti-G6b-B Ab (PA5-23300,
rabbit IgG), the inhibitory anti-FcyRIIA mAb (clone IV.3, mouse 1gG2), and
mouse IgG1 isotype control came from ThermoFisher Scientific (Eindhoven,
The Netherlands). Anti-CD148 mAb (MABC-87, clone Ab1) and D-Phe-Pro-
Arg chloromethyl ketone (PPACK) were from Sigma-Aldrich. Fluorescent
stains came from the following sources: AlexaFluor(AF) 647 labeled anti-
human CD62P mAb (304918, BioLegend); FITC-labeled anti-fibrinogen
antibody (FO111, Dako, Amstelveen, The Netherlands); and AF568-labeled
annexin A5 (A13202, ThermoFisher, Eindhoven, The Netherlands). Other

materials were from sources described before 2.

Subjects

Blood samples were obtained by venipuncture from healthy volunteers who
had not received anti-platelet medication for at least two weeks. Approval was
obtained from the medical ethics committee from Maastricht University

Medical Centre+ (MUMC+). Permission for blood drawing from Noonan
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patients was obtained from medical ethics committees of Radboud University
(Evaluation of Bleeding Disorders in Noonan Patients, non-WMO) and
MUMC+ (ProBe-AHP: Predictors of Bleeding Evaluation in Adult Hematologic
Patients with Bleeding Tendencies, METC 14-4-036, Dutch Trial Register,
NL9643). All blood donors gave informed consent according to the declaration

of Helsinki to participate in the study.

Collection and preparation of blood samples

Blood was taken from healthy donors or patients into 3.2% trisodium citrate
tubes (Vacuette tubes, Greiner Bio-One, Alphen a/d Rijn, The Netherlands).
Almost all subjects had normal platelet counts within the reference range,
such as established with a Sysmex XN-9000 analyzer (Sysmex, Cho-ku,
Kobe, Japan). Platelets from one patient (NS3) were slightly below the normal

range.

Microfluidics and thrombus formation

Degreased coverslips were coated with 0.5 pl microspots of 100 pg/ml
collagen-I, collagen-Ill or collagen-1V, as described before '*. Per coverslip,
coating was performed with two spots of the same collagen (humid chamber,
overnight 4°C), and after a wash, the upstream microspot was post-coated for
1 hour with antibody solution (all 1 pg/ml) and the downstream spot with
saline. Subsequently, microspots were blocked with HEPES buffer pH 7.45

containing 1% BSA, before mounting into the flow chamber 3.

For perfusion studies, whole blood samples preincubated with vehicle
or inhibitor (10 minutes), were supplemented with PPACK (f.c., 40 uM) and
recalcified (f.c., 3.75 mM MgClz and 7.5 mM CaCl,). The samples were then
perfused through a parallel plate flow chamber at wall shear rate of 1000/s for
3.5 minutes. Two brightfield images were acquired per microspot, while
perfusing the flow chamber with labeling buffer (HEPES buffer pH 7.45
containing 2 mM CaClz, 1 U/ml heparin, and as stains AF647 anti-CD62P
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mAb, FITC anti-fibrinogen mAb and AF568 annexin A5) '*. After washing off
non bound label with HEPES buffer, per microspot three random fields of view

29

were images for multicolor fluorescence All raw data is given in

Supplemental Datafile.

Microscopy and image analysis

Images were acquired with an EVOS-FL microscope (Life Technologies,
Bleiswijk, The Netherlands), equipped with three fluorescent LEDs combined
with dichroic cubes (Cy5, RFP, GFP), an Olympus UPLSAPO 60x oil-
immersion objective, and a sensitive 1360%1024-pixel CCD camera. As
described before 2°, images were quantified for surface area coverage and
scored for characteristic thrombus parameters utilizing established, semi-
automated Imaged scripts. Parameters 1-5 were generated from brightfield

images, and parameters 6-8 from single color fluorescence images (Table 1).

Table 1 — Annotations of microspots and parameters of thrombus formation. Indicated
per microspot are contributions of receptors to whole blood thrombus formation, adapted from
Refs. 349 Furthermore, listing of image analysis parameters (P1-8) from brightfield and
fluorescence microscopy, and factor used for univariate scaled heatmaps. N.d., not determined.

Platelet receptors

Microspot
GPVI a2p1 GPIb
M1 Collagen-I (+ Ab post-coating) ++ + +
M2 Collagen-IIl (+ Ab post-coating) + + +
M3 Collagen-1V (+ Ab post-coating) n.d. n.d. +
Parameter range scaled
Brightfield
P1 Platelet deposition (% SAC) 0-66 0-10
P2 Platelet aggregate coverage (% SAC) 0-19 0-10
P3 Thrombus morphological score 0-4 0-10
P4 Thrombus multilayer score 0-3 0-10
P5 Thrombus contraction score 0-3 0-10
Fluorescence images
P6 P-selectin expression (AF647 a-CD62P mAb, % SAC) 0-56 0-10
P7 Integrin allbB3 activation (FITC a-fibrinogen Ab, % SAC) 0-24 0-10
P8 PS exposure (AF568 annexin A5, % SAC) 0-10 0-10
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Data handling and statistics

Data were tested for significance using GraphPad Prism V.8 software.
Heatmaps were generated with the program R V.3.5.2. For the heatmap
preparation, raw values per blood donor and condition were first averaged and
then per parameter univariately scaled (0-10) across surfaces ?°. To visualize
treatment effects, subtraction heatmaps were created from the scaled
parameters relative to the relevant control values. One-way ANOVA was used

to assess for statistical significance, set at p <0.05.
7.3 Results

Blocking of PECAMA1 activity restores the downregulated collagen-

induced thrombus formation by integrin a2f1 blockade

Knowing the additive roles of GPVI and integrin a2p1 in thrombus formation

830 we first set out to reexamine this for a

on fibrillar collagen preparations
range of vascular relevant collagens, i.e., types |, lll and IV. As indicated in
Table 1, the two latter collagen types are relatively low in stimulating GPVI
mediated platelet activation 3'. We furthermore investigated the contribution
of the ITIM containing receptor PECAM1, using an anti-PECAM mAb (WM59,
mouse IgG1), previously shown to inhibit PECAM1 dependent signaling. The
WM59 antibody recognizes the first or second Ig domain of PECAM1, and
thus prevents its homophilic ligation and ensuing signaling events .
Accordingly, we hypothesized attenuation of PECAM1 signaling mediated by
the platelet inhibiting tyrosine phosphatase PTPN11 (SHP2) may be most
effective under conditions where GPVI is lowly active, i.e., not reinforced by

integrin a231 dependent platelet contact with collagens.

To examine the consequences of PECAM inhibition, we perfused
whole blood from healthy subjects over two collagen microspots, of which the

upstream microspot was post-coated with the inhibitory anti-PECAM1
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antibody WM59 32, Perfusion experiments were all performed with recalcified
citrated blood under high shear flow conditions **. For the blocking of platelet
integrin a2B1 *, blood samples were preincubated with the 6F1 mAb or with
a vehicle control (PBS). The platelet thrombi formed on collagens-I, -lll or -1V
were post-labeled with three fluorescent markers for platelet activation, a-
granule secretion (AF647 anti-CD62P mAb), integrin allb3 activation (FITC
anti-fibrinogen mAb) and phosphatidyl-serine exposure (AF568 annexin A5).
Representative microscopy images indicated for collagen-I the formation of
large platelet aggregates, which stained highly for all activation markers
(Supplementary Figure 1A). Typically, on collagen-| with 6F1 mAb present
substantially smaller thrombi were formed, while the post-coating with
inhibitory a-PECAM1 mAb reversed this inhibition. When compared to
collagen-I, collagen-IIl and collagen-IV induced the formation of smaller sized
thrombi with lower platelet activation, while inhibitory effect of 6F1 mAb again
were antagonized by the co-coated a-PECAM1 mAb (Supplementary Figure
1B,C).

Quantification of the microscopy images resulted in eight parameters
for: platelet adhesion (parameter P1), thrombus phenotypes (parameters P2-
5), and platelet activation in three colors (parameters P6-8), as was validated
before 2°. The analysis (based on surface area coverage) of platelet deposition
(P1), thrombus multilayer size (P2) and phosphatidylserine exposure (P8)
revealed that a2p1 blockade by 6F1 mAb significantly decreased all these
parameters for each of the collagen surfaces (Figure 1A i-iii). When taking
phosphatidylserine exposure as a marker for GPVI activity *°, the data
indicated that collagen-l most strongly stimulated the GPVI pathway. For all
collagens, co-coating with the inhibitory a-PECAM1 mAb — assumed to
negatively modulate PECAM1 and ITIM signaling — do not affect platelet
adhesion, thrombus size or platelet procoagulant activity. In sharp contrast, in

the presence of a2B1 blocking 6F1 mAb, the co-coating with inhibitory a-
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PECAM1 mAb resulted in a rescue of these parameters (P1, P2, P8), back to
basal levels (Figure 1A i-iii). This rescue was greatest for the low GPVI and

high a2p1 dependent surface, collagen-IV.

The generation of subtraction heatmaps for all parameters per
microspot allowed a better visualization of the effects of co-coating with
inhibitory anti-PECAM1 mAb under conditions where 6F1 mAb was absent or
present. For these heatmaps, raw data were univariate scaled (0-10) across
all surfaces, subtracted from the control values, and the scaled differences
were filtered for relevant effects (arbitrarily set at p <0.05). The heatmaps
pointed to a relevant lowering by 6F1 mAb of in total 5 (collagen-1), 7 (collagen-
[l1) and 7 (collagen-IV) of the 8 parameters (Figure 1B). For all collagen
surfaces, the o231 blockade most strongly affected thrombus multilayer size
(P2), P-selectin expression (P6) and integrin allbf3 activation (P7); and
reduced to a lesser extent platelet deposition (P1) and phosphatidylserine
exposure (P8). Importantly, with co-coated inhibitory anti-PECAM1 mAb, all
parameter changed by a2B1 blockade were annulled for collagen-l and
collagen-1V, whereas for collagen-Ill the platelet activation parameters P6 and
P7 were still below control values. Taken together, these data point to a
thrombus stimulating effect of the inhibitory anti-PECAM1 mAb - ie,
compatible with the ITIM dependent signaling of PECAM1 — only under
conditions of 231 blockade, regardless of the ‘platelet activating strength’ of

the collagen type.
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Figure 1 (previous page) — Enhanced collagen-induced thrombus formation by inhibitory
anti-PECAM1 antibody upon blockade of integrin a2B1. (A) Blood samples were
preincubated with 6F1 mAb (20 pg/ml) or vehicle, and then perfused during 3.5 minutes at
1000/s over microspots of collagen-I (i), collagen-IlI (ii) or collagen-IV (iii); all microspots were
post-coated with saline or inhibitory anti-PECAM1 mAb (clone WM59, mouse IgG1). Multicolor
microscopic images were analyzed for platelet adhesion, thrombus phenotype and platelet
activation parameters (Table 1). Shown are quantified data of platelet deposition (parameter
P1), thrombus multilayer size (parameter P2), and phosphatidylserine exposure (parameter P8)
in the presence or absence of 6F1 mAb and/or inhibitory anti-PECAM1 mAb. Representative
images are shown in Supplemental. Figure 1. (B) Subtraction heatmap presentation of the eight
univariately scaled (0-10) parameters across surfaces, showing values of treatment effect per
microspot type relative to vehicle containing blood samples. For the color coding, a relevance
filter was applied of p <0.05. Means + SD (n=6-7); one-way ANOVA *p <0.05, **p <0.005, ***p
<0.001, ****p <0.0001. Raw data of P1-8 are given in Supplemental Datafile.

Effect of inhibitory anti-PECAM1 antibody in rescuing a2p1
blocked thrombus formation

To establish whether the co-coating effects were specific for the inhibitory anti-
PECAM1 antibody, we repeated the flow experiments by co-coating collagen
microspots with several other immunoglobulins or antibodies. As before,
subtraction heatmaps were generated for the 3 collagens and 8 parameters.
Upon co-coating of the collagens with mouse isotype control IgG1, heatmaps
indicated that this did not alter the suppressive effects of a231 blockade by
6F1 mAb regarding the majority of parameters (Figure 2A). This was in clear
contrast to the rescue effects by co-coated inhibitory anti-PECAM1 mAb. As
another control, we co-coated the microspotted collagens with a control anti-
PECAM mAb (clone MBC 78.2, mouse 1gG) against the PECAM1 IgG domain
6, which has activating rather than inhibiting activity 3. Subtraction heatmaps
showed that this non inhibitory anti-PECAM1 antibody was unable to
antagonize the effects of integrin a231 blockage with 6F1 mAb (Figure 2B).
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Figure 2 (previous page) — Selective effect of inhibitory anti-PECAM1 mAb in rescue of
collagen-induced thrombus formation upon a2B1 inhibition. Blood samples were
preincubated with 6F1 mAb (20 pg/ml) or vehicle, and then perfused during 3.5 minutes at
1000/s over microspots of collagen-I, collagen-IIl or collagen-IV. Microspots were post-coated
with saline, inhibitory anti-PECAM1 mAb (IgG1), mouse isotype control IgG1, or a control anti-
PECAM mAb (clone MBC 78.2), as indicated. Multicolor microscopic images were analyzed for
eight parameters (Table 1), which were univariate scaled. (A, B) Subtraction heatmaps for
comparing per collagen type the effects of integrin a231 blockage (by 6F1 mAb) on parameters:
P1, platelet deposition; P2, thrombus multilayer size; P3, thrombus morphological score; P4,
thrombus multilayer score; P5, thrombus contraction score; P6, P-selectin expression; P7,
integrin allbB3 activation; P8, phosphatidylserine exposure. (A) Heatmapped effects of the 6F1
mAb on microspots of a collagen + inhibitory anti-PECAM1 mAb or the collagen + control IgG.
(B) Heatmapped effects of 6F1 mAb on microspots of a collagen + control anti-PECAM1 mAb.
Means + SD (n=3-7), tested for significance with one-way ANOVA. For color coding, a filter was
applied of p <0.05. Raw data are given in Supplemental Datafile.

To take this further, we also checked a co-coating of antibodies against
the extracellular domains of two other ITIM linked receptors, G6b-B and
CD148. For this purpose, we used microspots of collagen-IV, as this surface
showed the largest effects of a231 blockade. The use of a polyclonal anti-
G6bB antibody did not result in significant effects on the thrombus parameters
P1, P2 and P8 with or without 6F1 mAb (Figure 3A). The use of anti-CD148
mADb (clone Ab1) — which is known to inhibit ITIM-mediated activity in bivalent

form

— similarly was without effect on each parameter (Figure 3B).
Subtraction heatmaps confirmed this for the all parameters P1-8, in that
neither anti-G6b-B nor anti-CD148 antibody co-coating was able to
antagonize the effects of a231 blockade (Figure 3C; raw data in Supplemental

Datafile).
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Figure 3 (previous page) — Inability of other antibodies against ITIM containing receptors
to rescue collagen-induced thrombus formation upon a2@1 inhibition. Blood samples
were preincubated with 6F1 mAb (20 ug/ml) or vehicle and perfused during 3.5 minutes at
1000/s over microspots of collagen-IV, as for Figure 1. Microspots were post-coated with saline,
anti-G6bB Ab (rabbit polyclonal) or anti-CD148 mAb (clone Ab1). Multicolor microscopic images
were analyzed for eight parameters (Table 1), which were univariate scaled. (A, B) Shown are
quantified outcome data of collagen-induced platelet deposition (parameter P1), thrombus
multilayer size (parameter P2), and phosphatidylserine exposure (parameter P8) in the
presence or absence of 6F1 mAb (in blood) and/or anti-G6b-B Ab (A) or anti-CD148 mAb (B).
In addition, subtraction heatmaps comparing the effects of integrin a2f31 blockage by 6F1 mAb
on all 8 parameters (C). For color coding, a relevance filter was applied of p <0.05. Means +
SD (n=4), tested for significance with one-way ANOVA, *p <0.05, **p <0.005, ***p <0.001 and

*kkk

p <0.0001. Raw data are given in Supplemental Datafile.

As another control, we checked if the inhibitory anti-PECAM1 mAb
could act by platelet activation through the FcyRIIA receptors *°. To investigate
this, blood samples were pretreated with the FcyRIIA blocking mAb V.3, and
then perfused over microspots of collagen-I, collagen-Ill or collagen-1V with or
without co-coated inhibitory anti-PECAM1 mAb. The results of this experiment
with IV.3 present indicated that again that all thrombus parameters increased
to normal in the combined presence of inhibitory anti-PECAM1 mAb and
integrin a231 blockage (Supplementary Figure 2, compare with Figure 2B).
This indicated that the rescue effect of inhibitory anti-PECAM1 mAb was
independent of the FcyRIIA activation pathway.

In summary, this experimental set indicated that the ability to restore
the whole blood platelet activation and thrombus formation with blocked o231
back to normal was confined to the co-coating with inhibitory anti-PECAM1
mAb; and furthermore, that this rescue effect extended to all a231-dependent
collagen types. This suggested a mechanism of PECAM1 and ITIM mediated

suppression of a collagen-induced thrombus formation that only becomes
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functional under conditions where the a2B31 contribution to GPVI activity is

absent.

Changes in collagen-induced thrombus formation in Noonan
patients with PTPN11 mutation

To evaluate the role of PTPN11 signaling downstream of PECAM1 in the
collagen-induced thrombus formation, we collected blood samples from seven
Noonan syndrome patients with a gain of function mutation in the PTPN11
gene. All patients had normal platelet and red blood cell counts, and five of
the patients had a (mild) bleeding tendency (Table 2). After perfusion of blood
samples, we noticed heterogeneity of the parameters between individual
patients, which was somewhat higher than between the day control subjects;
this held for the microspots of collagen-l (Supplementary Figure 3A),
collagen-lll (Supplementary Figure 3B) and collagen-IV (Supplementary
Figure 3C). This agrees with the previously assessed intra-individual
component of the various thrombus formation parameters 2°. When zooming
in to the parameters P1, P2, P8, no major differences were seen for the whole
cohort of patients, in comparison to the cohort of day control subjects (Figure
4A). However, when calculating the cumulative differences of univariate
scaled parameters, we observed with 4 of the 7 patients (NS2, NS3, NS5,
NSG6) lower values for at least two collagen surfaces, in comparison to the
control subjects (Figure 4B). In the subtraction heatmap versus means of
controls, the relative impairments per patient could be ordered as NS6 > NS5,
NS4 > NS2, NS3 (Figure 4C).

In general, the patient related changes were small on collagen-I|
(except for NS6), were clearest on collagen-VI for NS4-NS6 and limited on
collagen-Ill surface for parameters P1-2 (NS1-NS3). Representative images

of these differences are shown in Supplementary Figure 4.
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Figure 4 (previous page) — Alterations in collagen-induced thrombus formation with
Noonan syndrome patients. Blood was taken from 6-day control subjects and 7 patients with
Noonan syndrome (NS1-NS7), genotyped for a gain of function mutation in PTPN11. Blood
samples were perfused over collagen-I, collagen-IIl or collagen-IV, after which images were
analyzed, as in Figure 1. (A) Quantified raw outcome data per subject of collagen-induced
platelet deposition (parameter P1), thrombus multilayer size (parameter P2), and
phosphatidylserine exposure (parameter P8). (B) Cumulative plots of univariately scaled (0-10)
parameters P1-8 per patient, in comparison to day control subjects. Indicated are relative
increases and decreases versus mean values of all controls. Color code for patients as in panel
A. (C) Heatmapped of differentially scaled parameter data per collagen type versus mean
values of controls.

To determine the sensitivity of the patients’ platelets for a2p1
blockage, similar flow runs were performed with blood samples preincubated
with 6F1 mAb, while in addition microspots were co-coated with the inhibitory
anti-PECAM1 mAb. Interestingly, the calculated cumulative decrease by 6F1
mAb for all parameters on collagen-l, -1l or -IV only microspots (=2 surfaces)
was higher for some of the patients (NS1-NS2, NS5-NS7) than for the day
controls (Figure 5A).

Table 2 — Overview of healthy subjects and genotyped patients hematological

parameters. NS, confirmed Noonan syndrome with (likely) pathogenic variants of PTPN11.
*Mean + SD.

Subject Age Red blo1c2>d Plateglets Bleeding Genetics
(years) cells (10%4/L) (x10°/L) score PTPN11
Day controls (6)* >22 4.15+0.33 272+ 79 n.d. n.d.
NS1 38 3.70 245 13 c.188A>G
NS2 13 4.78 212 1 c.1510A>G
NS3 12 4.79 148 1 c.205G>C
NS4 13 4.98 266 0 c.1510A>G
NS5 13 5.03 206 2 c.922A>G
NS6 5 4.93 254 0 c.1507G>A
NS7 4 4.37 283 1 c.1529A>G

N.d., not determined.
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These decreases add to the lower thrombus formation parameters already
seen under control conditions. Subtraction heatmaps were then made, to
visualize the 6F1 mAb effects per patient and per collagen surface with or
without inhibitory anti-PECAM1 mAb, in comparison to the day controls. In
Figure 5B, the brighter green heatmap colors for many parameters (especially
platelet activation markers P6-7) illustrate the overall larger effects of a2p1
blockage on spots not containing the antibody. Unexpectedly, with PECAM1
inhibition, the 6F1 effects reduced to a similar or even lower level (i.e.,
remaining green colors) in the patients than (previously) seen in healthy
control subjects (Figure 5B). Together, this indicated that the gain of PTPN11
function in these patients led to a variable, but overall lower collagen-induced
platelet activation that was enforced by a2B1 blockage. However, the gain of
PTPN11 activity did not enhance the rescuing effect by PECAM1 inhibition.

Figure 5 (following page) — Increased responsiveness to a2B1 blockage with Noonan
syndrome patients. Blood was taken from 6-day control subjects and 7 patients with Noonan
syndrome (NS1-NS7) was perfused over collagen surfaces, and thrombus parameters were
scaled and analyzed, as for Figure 4. Collagen microspots were co-coated with saline or
inhibitory anti-PECAM1 mAb. Blood samples contained blocking a231 6F1 mAb or vehicle. (A)
Cumulative plots of scaled effects of 6F1 mAb per patient, parameter and collagen type.
Indicated are relative increases and decreases versus mean values of all controls. Color code
for patients as in Figure 4. (B) Subtraction heatmap of 6F1 mAb effects (scaled parameters P1-
8) per patient for microspots of collagen-I, collagen-Ill and collagen-1V, co-coated with saline or
inhibitory anti-PECAM1 mAb. Based on mean + SD (n=6 controls). For raw data, see
Supplemental Datafile.
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7.4 Discussion

In the present paper, we assessed if and how ITIM linked receptors and
connected tyrosine phosphatases suppress GPVI dependent platelet
responses under conditions of flow in which: i) platelets interact with more or
less active collagens, and ii) integrin a2f31 is blocked and hence is unable to
support GPVI activity. To investigate this, we perfused whole blood over
collagen types |, lll and IV, with a high or low GPVI activating potential,
respectively '. Our results pointed to a specific thrombus modulating effect of
the ITIM linked receptor PECAM1 which, however, was independent of the
collagen type and became prominent under conditions of integrin a2f1

blockage.

For over two decades, it has been known that the PECAM1 receptors
on human or mouse platelets serve to restrict and modulate platelet responses
evoked by collagens ¥, One report has also shown that PECAM1 can act
as a negative modulator of laminin induced platelet activation . In addition,
PECAM1 activity can also negatively regulate platelet responses to agonists
of G protein-coupled receptors '>'6. Yet, other reports using knockout mice
pointed to only a weak role of PECAM1 in terms of activation via the collagen
receptor GPVI “°, but a larger role in megakaryocyte development *'. In our
hands, the negative regulatory contribution of PECAM1 to collagen dependent
thrombus formation was strongest upon blockage of a2B1, and it was
surprisingly independent of the type of collagens, i.e., of collagens inducing a
higher or lower GPVI-induced platelet response. As a selective tool in the
studies, we used the inhibitory anti-PECAM mAb WMS59. This antibody
recognizes the first or second Ig domain of PECAM1, and thereby prevents its
homophilic ligation and consequently the signaling via PECAM1 '®. By
contrast, an antibody against the sixth Ig domain of PECAM1, which is

15,42

considered to increase rather than inhibit PECAM1 activity , appeared to
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be without effect on the thrombus formation parameters. Jointly, our results
thus support the idea of a weak role of PECAM1 in collagen dependent platelet
activation, which can be boosted under particular conditions, i.e., when
platelet adhesion via a2f31 is suppressed. In other words, our findings indicate
that, under flow, integrin a2B1 helps to prevent a PECAM1 and ITIM
dependent negative regulation of platelet activation, likely through the

involvement of protein tyrosine phosphatases.

Estimates for human platelets indicate that PECAM1 is expressed at
a relatively high level (9,435 copies/platelet), when compared to GPVI (9,577
copies), a2B1 (4,588 copies) and PTPN11 (3,666 copies) °. In general, the
receptor PECAM1 uses another PECAM molecule as a ligand, although also
other ligands have been identified, such as integrin avp3 and the immune cell
receptor CD38 **#4  The dependency of PECAM1 effects on a2B1 dependent
platelet adhesion can be considered as physiologically relevant, given the
substantial variation in a2p1 expression on human platelets “#¢, and the
reports that subjects lacking a2B1 expression present with or without a
bleeding phenotype *“8. For future research, it will be interesting to see how
the (variable) a231 dependent modulation of PECAM1 signaling contributes
to this phenotype.

As an approach to understand the signaling route involved, we used
blood from patients with Noonan syndrome and an established gain of function
mutation in the PTPN11 gene, which encodes the corresponding protein
tyrosine phosphatase non receptor (also known as SHP2). Noonan patients
with such mutations present with a variable bleeding diathesis %°, which has
recently been linked to partial impairments in collagen-induced thrombus
formation 2*. In our hands, using blood from five out of seven patients, we also
observed reductions in thrombus parameters, which in particular concerned

the less active collagens (types Ill and 1V) *'. We also observed additional
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reductions in thrombus parameters upon a231 blockade, when compared to
the blood from healthy control subjects. Together, this indicated that a gain of
function of PTPN11 — via altered signaling or protein expression mechanisms
in the patients’ platelets — can negatively modulate the thrombus formation on
collagens especially when a231 is blocked. However, with the patient blood,
we did not observe a clearly enhanced recovery effect upon inhibition of
PECAMA1. This suggests that either the PECAM1 signaling through PTPN11
is already optimal with the wildtype phosphatase, or that other ITIM coupled

signaling elements than PTPN11 steer the signaling process.

Taken together, our results indicate that the PECAM1 and PTPN11
restraining mechanisms on collagen-induced thrombus formation are
independent of extent of GPVI activation, but dependent on other factors such
as the engagement of a2p1. Accordingly, the present work underlines the
relevance for overlapping functions of the platelet collagen receptors and the

potential of inhibitory signaling pathways to rescue defective phenotypes.
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Supplementary Figure 1 — Enhanced collagen-induced thrombus formation by PECAM1
blockage in the absence of integrin a2B1: representative microscopic images. Blood
samples were preincubated with anti- a281 6F1 mAb (20 ug/ml) or vehicle, and then perfused
during 3.5 minutes at 1000/s over microspots of collagen-I (A), collagen-lll (B) and collagen-IV
(C); all microspots were post-coated with saline or inhibitory anti-PECAM1 mAb (WM59).
Brightfield and multicolor microscopic images were taken at end stage. Platelet labeling was
with AF647 anti-CD62P mAb, FITC anti-fibrinogen mAb and AF568 annexin A5, as for Figure
1. Shown are representative images for per collagen surface with or without inhibitory anti-
PECAM1 mAb (n=6-7). Scale bars = 50 ym.
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Supplementary Figure 2 — Absence of FcyRIIA role in anti-PECAM1 antibody effect on
thrombus formation. Blood samples were preincubated with inhibitory anti-FcyRIIA mAb (20
pg/ml) with or without anti a231 6F1 mAb (20 pg/ml) and vehicle, and then perfused during 3.5
minutes at 1000/s over microspots of collagen-I, collagen-IIl or collagen-IV, as for Figure 1.
Microspots were post-coated with saline or inhibitory anti-PECAM1 mAb (WM59), as indicated.
Multicolor microscopic images were analyzed for eight parameters (Table 1), which were
univariate scaled. Shown is the subtraction heatmap, comparing per collagen type, the effects
of combined integrin a231 (6F1 mAb) and FcyRIIA blockage (by V.3 mAb) for parameters P1-
8. Means + SD (n=3), tested for significance with one-way ANOVA. For color coding, a filter
was applied of p <0.05. Raw data for P1-8 are given in the Supplemental Datafile.
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Supplementary Figure 3 — Raw data Noonan patients and day controls. Blood samples

from 6-day control subjects and 6 patients with confirmed Noonan syndrome and PTPN11

mutation were preincubated with anti- a2f1 6F1 mAb (20 ug/ml) or vehicle, and then perfused

during 3.5 minutes at 1000/s over microspots of collagen-I (A), collagen-lll (B) and collagen-IV

(C); all microspots were post-coated with saline or inhibitory anti-PECAM1 mAb WM59.

Multicolor microscopic images were analyzed for eight parameters of thrombus formation.

Shown are quantified data per control subject (panels i) or per patient (panels ii) of platelet

deposition (parameter P1), thrombus multilayer size (parameter P2), and phosphatidylserine

exposure (parameter P8) in the presence or absence of 6F1 mAb and/or inhibitory anti-

PECAM1 mAb.
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Supplementary Figure 4 — Alterations in collagen-induced thrombus formation for
distinct Noonan syndrome patients. Whole blood from control subjects and indicated
patients was perfused over collagen surfaces, as described for Figure 4. Shown are endpoint
brightfield (P1-5) and phosphatidylserine exposure (parameter P8) microscopic images
obtained with blood from a representative day control subjects and from patients NS1, NS4 and
NS6 perfused over collagen-I or collagen-1V. Where indicated, integrin a231 was blocked with
6F1 mADb. Scale bars = 50 ym.
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7.7 Supplementary data file
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Chapter 8

This thesis investigates the effects of various approaches to assess and
modulate glycoprotein VI (GPVI) receptor signaling and clustering as well as
GPVI-dependent thrombus formation. In this chapter, | focus on the
advantages and disadvantages of the approaches utilized, while taking into

account modulators of the GPVI pathway described in the literature.

8.1 Microfluidics and platelet GPVI

Different collagen sources, GPVI and thrombus formation

The so-called Horm collagen, originally from Hormon Chemie, is routinely
applied in clinical and research laboratories, and therefore considered as a
gold standard collagen preparation for the evaluation of platelet aggregation.
Although the exact chemical structure is unclear, it appears to be a modified
and cross-linked, highly fibrillar collagen form obtained by the digestion of
equine tendons and enriched in collagen type | triple helices with some
collagen type Il 2. In microfluidic whole blood flow assays, Horm collagen
mediates platelet adhesion via both collagen receptors, GPVI and integrin
a2B1 >4, Throughout this thesis, | have used this collagen type as a positive
control agonist. Thus, in Chapters 3 and 6, Horm collagen acted as a strong,
activating surface for flow-dependent thrombus formation and platelet
phosphatidylserine exposure, in a similar way to the most active collagen-
related peptide, GFOGER-(GPO), °. However, collagen fibers with the
thickness of Horm collagen are rarely seen in vascular tissues ®, implying that
such a thick fibrillar collagen is not the common adhesive protein for platelets

in hemostasis and thrombosis.

In order to employ more native collagen forms as a surface for flow
studies, we used several preparations derived from human placenta.
However, these are purified by rather harsh isolation protocols, involving
proteolytic degradation, aggressive acids and precipitation . Therefore, as

already pointed out in 1991 by Sixma, de Groot and colleagues °, these

224



General discussion

collagen preparations should not be considered as naive. In Chapters 3, 6 and
7, it was observed that the used preparations of collagen types I, lll and IV
(which were selected as representative for collagens in the arterial vessel wall)
were overall less potent than Horm collagen in the support of thrombus
formation and in platelet phosphatidylserine exposure. In agreement with
earlier data from Siljander '°, we found that the proteolytic digestion to produce
‘monomeric’ collagens weakened their ability to support thrombus formation
and platelet procoagulant activity (Chapter 6). However, for the fibril-forming
collagens (types | and Ill), my findings underline that a fibrillar structure

promotes platelet activation *''.

Whilst the synergistic role of the two platelet receptors GPVI and
integrin a2f31 in flow-dependent platelet adhesion and activation by commonly
used collagens is well accepted '>'3, there is literature on the reduced role of
a2B1 in plaque-collagen-induced thrombus formation ', Regarding GPVI,
in mice, experimental atherothrombosis was found to rely on platelet GPVI
signaling ". In the microfluidic studies of Chapter 4, we observed that the
blockage of GPVI with an inhibitory nanobody had a strong thrombus-
inhibiting effect using Horm collagen, which was even more pronounced on
human atherosclerotic plague homogenate. In contrast, the blockage of
integrin o231 only affected thrombus formation with Horm collagen as a

substrate.

The physiological relevance of a2B1 independency in plaque
homogenate-induced thrombus formation is still unclear. One possibility is that
the collagen fibers or collagenous substances present in plaque material have
masked a2B1 binding sites '*. Indeed, many matrix proteins are known to bind
to collagens '8. Alternatively, collagens in the plaque material may be
subjected to chemical or structural changes, resulting in a breakdown of fibrils
or in proteolytic cleavage by local matrix metalloproteinases "'°. This agrees

with the observation that collagen digestion not so much reduces platelet
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activation, but rather the a2B1 dependency '°. Another relevant modifying

factor for some collagens could be non-enzymatic glycation 8.

In this thesis | have been utilizing different collagen types and different
inhibiting agents for GPVI and integrin a231 and | have found a clear pattern
of platelet-collagen receptor dependency. As schematized in Figure 1,
collagens present in human plaque samples were exclusively GPVI-
dependent. Human collagen type | and lll preparations were susceptible to
anti a2B1 interventions, whereas Horm collagen depended equally on the
engagement of GPVI and a231. On the opposite side of the spectrum was the
human collagen type IV preparation, which showed complete abolishment of
adhesion in the absence of a2B1 and only small effects when GPVI was
inhibited.

-—

Atherosclerotic Collagen Horm Collagen
plaque Type | Collagen Type IV
Ch.4 and ||| Ch.3-7 Ch.3,6,7
Ch.3.5-7

Figure 1 — Different dependency on receptors GPVI and integrin a2f31 of flow-dependent
platelet adhesion and activation by various collagens. From left to right, in Chapter 4 we
show high GPVI-dependency, but low a2B1-dependency of atherosclerotic plaque-induced
platelet activation. In other chapters, as indicated, the human-derived collagen types | and lll
were most sensitive towards GPVI inhibition. On the other hand, fibrillar Horm-type collagen
relied on both GPVI and a2B1 interactions. Highest a231 dependency was found with human

collagen type IV.

GPVI receptor clustering and thrombus formation

The concept that clustering of ITAM-linked receptors increases the signaling

strength has previously been developed for B-cell and T-cell receptors of
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immune cells 2°?2, These studies demonstrated that resting cells already show
a certain degree of nanoclustering . For the T-cell receptors, antibody-
induced cross-linking markedly enhanced the signaling outcome 24, again by

formed nanoclusters °.

Regarding platelets, until recently GPVI was only known as an ITAM-
linked receptor that can form dimers and clusters, for instance when platelets
adhere to collagen fibers 262, In Chapters 4 and 5, | provide new evidence
that microscopically visible GPVI clusters form in platelets adhering under
flow, which suggests a higher extent of platelet activation, observed as
increased thrombus formation and phosphatidylserine exposure. The macro-
clusters of GPVI were visualized with the fluorescent-labeled non-inhibitory
anti-GPVI nanobody Nb28. These findings complement the recent information
that on a collagen surface the clustering of GPVI prevents it from shedding %°.
Table 1 summarizes the ability of various collagens to induce GPVI clustering.
In immune cells, it appeared that receptor clustering can increase the
signaling amplitude up to 200 % *°. For platelets, we calculated the difference
in signaling between clustered GPVI (on Horm collagen) and non-clustered
GPVI (on collagen type Ill) as a five-fold increase in phosphatidylserine
exposure (Table 1). Interestingly, only the blockage of the GPVI receptor
itself, e.g., with an anti-GPVI nanobody, but not the inhibition of tyrosine
kinases suppressed the GPVI cluster formation (Chapter 5). These findings
are in accordance with previous work using platelets spread on collagen,
where signaling inhibition (targeting Src, Syk or Rac1) also failed to affect the
GPVI clustering 223! Based on effects obtained with the GPVI-inhibitory
Nb2, we concluded that cluster disruption diminished GPVI signaling (Chapter
4). Interestingly, only prior blockage of GPVI (Chapter 3), but not later
blockage after 2 minutes of flow *?, prevented the role of GPVI in thrombus
formation. Together, this points to an immediate signal-enforcing role of

collagen-formed GPVI clusters in the setting of thrombus formation.
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Table 1 — Summary of effects of (immobilized) collagens to support platelet activation
and GPVI macro-clustering, as visualized with the novel imaging tool, Alexa-Fluor labeled
non-inhibitory anti-GPVI nanobody Nb28.

Receptor GPVI
macro-
Type of collagen engagement Effect in platelet activation Chapter
cluster
GPVI a2p1 formation
Horm collagen Potent activation in solution
+H+ 4+ ++ 3,4,5,6,7
(equine tendon) and when immobilized
Collagen type | Medium activation only when
++ + ) » no* 3,6
(human placenta) immobilized
Collagen type Il Medium activation only when
++ + ) - no 3,5,6,7
(human placental) immobilized
Monomeric collagen Low activation only when
+ + n.d. 6
type Ill (monomeric) immobilized
Collagen type IV Medium activation only when
+ ++ ) » no* 3,6,7
(human placental) immobilized
Plaque-derived Activation in solution and
+++ 0 + 4
collagens when immobilized
Potent activation in solution
GFOGER-(GPO)n +++ +++ » ++ 3,5,6
and when immobilized
Medium activation in solution
GFOGER-(GPP)x 0 +++ ) » no 5,6
and when immobilized

*Clustering data (N. Jooss, 2021, data not shown); N.d., not determined

Previously, super-resolution microscopy demonstrated that platelets

on collagen type lll form small, oligomeric clusters of GPVI 2%,

Using
fluorescence microscopy, | observed macro-clusters on platelets adhered to
Horm collagen, but not on platelets adhered to the vascular-derived collagens,

in whole blood thrombus formation. Interestingly, however, there was macro-
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clustering on platelets adhered under flow to plaque homogenate (Chapter 4)
and on platelets adhered to the potent GPVI-activating collagen-like peptide
GFOGER-(GPO), (Chapter 5). For the latter surface, also very high
phosphatidylserine exposure was noted, in contrast to the non-GPVI
activating peptide GFOGER-(GPP), which did not form GPVI clusters (Table
1). A certain degree of clustering is also described for the ITAM-linked CLEC2
receptor on platelets. Clusters were formed upon binding of its ligand
podoplanin, this was accompanied by increased signaling and enhanced
platelet adhesion *3. In contrast to GPVI, the cluster formation of CLEC2 could
be disrupted by inhibition of downstream tyrosine kinases. The reason for this
difference between CLEC2 and GPVI is not clear, but it might be due to the
repetitive GPO-rich binding sites for GPVI in the collagen triple-helices.

Taken together, the findings in various chapters support the idea that
the presence and size of GPVI (macro)clusters enhance platelet activation,
thrombus formation and the induction of procoagulant activity, thereby

supporting the observations previously in washed platelets under stasis.
Microfluidic assays to proxy (patho)physiological blood flow

Whole blood microfluidic assays allow us to investigate, in a high-throughput
manner, multiple parameters of platelet activation and thrombus formation.
Microfluidic testing of whole blood samples from many genetically modified
mice provided information on thrombus formation that correlated well with the
outcome of in vivo arterial thrombosis studies 3*. The Maastricht parallel-plate
flow chamber thereby can provide important information on altered platelet
phenotypes *. Regarding my own studies, it is difficult to say if the microfluidic
flow settings recapitulate conditions of hemostasis, thrombosis or both. Yet,
the use of human atherosclerotic plaque homogenate in flow assays may
serve as a proxy measurement of atherothrombosis, but the microfluidic

findings will clearly need validation from clinical and epidemiological studies.
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This was already recognized in 2001, when the first whole blood flow methods

were developed *°.

In several chapters, using the multiparameter whole blood flow testing, |
have examined the roles of human platelet collagen receptors, in particular
GPVI and a2pB1, for different types of collagens (Table 1). For interpreting the
microfluidic data, some limitations of the used setup need to be taken into
account. First, before flow testing, the blood samples need to be citrated and
then recalcified to mimic as closely as possible physiological Ca?* and Mg?*
concentrations. Second, parallel-plate flow chambers lack the natural shear
transients and stenotic wall-shear rates, which can go up to 10,000/s ¥,
instead of the constant 1000/s commonly used in this thesis. This limitation
can be overcome by using stenosis-type of microfluidic chambers, such as
published by our and other groups *“°. Third, experimental choices, such as
the addition of a thrombin inhibitor and the flow chamber temperature, greatly
affect the extent of thrombus (and clot) formation '3, Fourth, the absence of
coagulation can be seen as a limitation, but here | note that working with
isolated blood implies absence of the potent anticoagulant function of
endothelial cells **. In spite of these limitations, the used flow chamber system
has shown to be quite beneficial, for instance it is well established for the

3,45,46

evaluation of the efficacy of antiplatelet drugs , and to phenotype patients

with platelet-related bleeding disorders #3478,

In Chapter 7 | investigated Noonan syndrome patients with a gain-of-
function mutation in Shp2 (gene PTPN117), in which protein tyrosine
phosphatase can provide negative feedback on ITAM signaling via GPVI *°.
Considering that Shp2 mediates part of the ITIM signaling responses of
PECAM1, we observed that the PECAM1-dependent platelet inhibition via
GPVI was most clearly effective upon a2B1 blockade. Interestingly, platelets
from the various Noonan syndrome patients showed a variable impairment in

GPVI-dependent thrombus formation, while usually the effect of a2p1
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blockade in patients was higher than in control subjects. The latter finding may
be explained by different expression levels of a2p1 %°. However, it is unclear
if this links to the heterogenous bleeding phenotype observed in patients with
such PTPN11 mutations °'. Recently, targeted stimulation of the ITIM-linked
pathway has been proposed as a mode to suppress platelet function %2, but

the present findings suggest that such a treatment may be of limited effect.

8.2 Platelet collagen receptors as antithrombotic targets

The clinically used antiplatelet therapies are directed toward inhibition of the
P2Y, and PAR1 receptors, often in combination with aspirin (blocking the
thromboxane synthase/cyclooxygenase complex) %%. In a perioperative
setting, integrin allbB3-inhibiting drugs can also be used **. Beyond the scope
of this thesis fall the anticoagulants used for thrombosis treatment *°. In spite
of the overall efficacy of current antiplatelet drugs in the (secondary)
prevention of arterial thrombosis, these drug therapies are accompanied with
a risk of serious bleeding %*%”. Hence, there is great interest in novel targets

to suppress platelet activation.

One of the candidates in the hunt for new antiplatelet drugs is GPVI.
There are several reasons for this: i) GPV is only expressed on platelets and
megakaryocytes; ii) it is crucial in primary platelet activation; iii) absence of
GPVI protects from arterial thrombosis with no more than small increases in

bleeding times %®%°; and iv) subjects lacking GPVI experience only limited

bleeding diathesis *1%¢"

. In Table 2, current attempts to target GPVI and
platelet-collagen interactions, as far as relevant for this thesis, are
summarized in. Indicated are the strategy and the potential applications of

candidate drugs.
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Table 2 — Overview of effects and application stage

of platelet collagen receptor

inhibitors.
. Effects .
. How far in Potential
Reagent What it does development Chapter c_lemqnstrat(_ed application
in this thesis
. Inhibition of
Effective on
Masks GPVI | 1006 I clinical highly GPVI plaque-
Revacept binding motif . 3 induced
trail dependent
on collagen platelet
substrates o
activation
Inhibition of
9012 Fab Fab fragment Partially collagen- and
a of anti-GPVI Stage Il clinical 3 effective but plaque-
Glenzocimab . trail constant with all induced
( ) antibody substrates platelet
activation
Inhibition of
Blockin Potent with all collagen- and
9 In vitro tested GPVI- plaque-
Nb2 nanobody . 4 /
aqainst GPVI characterization dependent induced
9 substrates platelet
activation
Inhibition of
Blocking For scientific Potent with all collagen-
6F1 mAb antibody research 3,4 vascular induced
against a2p1 collagens platelet
activation
Small Potent with all Inhibition of
PRT-060318, molecules In vitro 36 GPVI- GPVI-induced
Btk inhibitors targeting GPVI | characterization ’ dependent platelet
signaling substrates activation

Earlier developed GPVI-directed inhibitors

In Chapter 3, we used the multiparameter microfluidic method to compare two
compounds interfering with the GPVI-collagen interaction, namely the GPVI-
the

Glenzocimab). Our study revealed a difference in effect strength between

construct Revacept and immune reagent 9012 Fab (analog
Revacept and 9012 Fab, depending on the type of collagen substrate. Whilst

the 9012 Fab generally inhibited the process of thrombus formation on all
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collagen surfaces, Revacept was only effective with highly GPVI-dependent
surfaces, when compared to the vascular collagen preparations. In Chapter 4,
we showed that new anti-GPVI nanobody Nb2 was effective in suppressing
thrombus formation on Horm collagen as well as on plaque homogenate. The
latter effect is promising with regard to further development of the nanobody.
Furthermore, in Chapters 3 and 6, | showed that the most potent
antithrombotic reagent was the Syk inhibitor PRT-060318, being very effective
on all types of collagen-like preparations. These results jointly illustrate that
the type and the modus operandi of an anti-GPVI drug influence its expected

antithrombotic effects.

Revacept, a construct of extracellular GPVI and FcR domains, was
most potent in preventing platelet activation on collagen-like surfaces inducing
high GPVI signaling. As a possible drawback, we speculated in Chapter 3 that
circulating platelets may compete with the collagen bound Revacept in the in
vivo situation. Partial replacement of Revacept-like constructs by platelets has
indeed been demonstrated, but later cross-linking modifications in Revacept
increased its binding efficacy 2. Advantages of the use of Revacept are its

long half-life time before elimination ©

, and its binding only to injured or
diseased vessels with collagen exposure . In addition, a reducing effect of
Revacept was seen on atherosclerotic lesion progression in Apoe-deficient
mice and rabbits ®%¢. Both Revacept and Glenzocimab (analogue of 9012
Fab) are currently being tested in the clinic; the outcomes of phase-ll trials are
still unclear. It has already been shown that Glenzocimab is well tolerated,

with a half-life extending to 10 hours *’.

Potential of anti-GPVI nanobodies

The cameloid-derived nanobodies are known to be target-specific with
a high affinity and a low immunogenicity, due to the lack of an Fc region.

Furthermore, the nanobodies are easy to produce %%°. Chapter 4 describes
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potent platelet-inhibitory effects of a new anti-GPVI nanobody Nb2 ", which
suppressed the thrombus formation on all GPVI-dependent collagen-like
surfaces. Recently, the molecular interactions of Nb2 and Glenzocimab with
GPVI were resolved by crystallography 77", It appeared that Nb2 binds close
to the CRP-binding grove on GPVI, "°, which agrees with my findings that it
suppresses platelet activation on GPO-rich collagen-related peptides. On the
other hand, Glenzocimab was shown to bind at a different site of the GPVI
extracellular region, agreeing with its wider range inhibition extending to
collagen and fibrin, a property that can also be explained by the larger size of

the antibody by causing steric hindrance 7.

A drawback, though, of the small sized nanobodies is their rapid
secretion after intravenous injection, often within minutes to hours 2. This
limitation can be overcome by linking the nanobody to larger molecules such
as albumin %73, Yet, it might be beneficial to utilize drugs that persist for a
shorter time in the circulation after administration. GPVI antagonists could also
be utilized only in acute conditions, actin as a monotherapy . Currently in the
clinic used anti-platelet therapies are also administered for different periods,
which vary dependent on the indication from life-long, 12 or 6 months 5.
Further GPVI inhibitors in combination with already approved antiplatelet
therapies could also be advantageous. For example dual therapy with
Revacept and aspirin, ticagrelor or abciximab, where additive effects for all 3

combinations were reported ’°.

Comparison with a2p1-directed inhibitors

Chapters 3, 4 and 7 provide novel information on the other collagen
receptor, integrin o231, regarding collagen- and flow-dependent thrombus
formation. As a selective tool, we used the blocking anti-a231 antibody 6F1,
which acts on platelets without side effects. In Chapter 4, we found that the

antibody did not affect platelet adhesion and activation on atherosclerotic

234



General discussion

plaque material, indicating absence of a role of a231 in this setting. In Chapter
7, the 6F1 antibody suppressed platelet adhesion to all vessel wall-types of
collagens, even to a level that 6F1 completely blocked the adhesion on
collagen type IV. As schematized in Figure 1, the 6F1 antibody suppressed
platelet interactions with collagen types | and 11l more than with Horm collagen;
this may also be linked to a lower GPVI activation potential of the former

collagen types.

The overall robust inhibitory effect of collagen-induced thrombus
formation by 6F1 antibody — with plaque material as an exception — may
suggest that integrin a2B1 is an interesting target for platelet inhibition.
However, some drawbacks are that: i) the integrin is also expressed on
endothelial cells and T-cell populations ’’; and ij) patients as well as mice
lacking a2B1 expression have been described with a bleeding phenotype "*
8 On the other hand, a blocking peptide against a2B1 had promising,

thrombus-reducing effects in a murine thrombosis model 8'.

A different factor taking into account, although not studied in my thesis,
is the substantial inter-individual variety in platelet expression levels of o231
and GPVI. Common genetic variants have been identified for a231 (/TGB1,
C807T) as well as GPVI (GP6, rs1613662) that associate with an altered
receptor density on the platelet surface, and furthermore alter the collagen-
induced thrombus formation under flow 8283 While the variants of ITGB1 848°
and GP6 8 have also been linked to a different thrombosis risk, it is unclear
how they influence the balance of combined GPVI and a2B31 involvement in

thrombus formation per collagen type.

Chapter 7 explored how the combined roles of platelet GPVI and a231
are influenced by tyrosine phosphatase activity induced by the ITIM-linked
PECAM?1 receptor. For this purpose, we used an inhibitory anti-PECAM1

antibody, which had a platelet-stimulating effect that was absent from a range
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of other control antibodies. We found that the sole inhibition of PECAM1 did
not increase thrombus formation on any collagen surface tested. However,
PECAM1 inhibition had a remarkable rescuing effect on thrombus formation
under conditions where o231 was blocked with 6F1 antibody. These findings
add to earlier evidence that the inhibitory effect of PECAM1 can be overruled,

87 Collectively our results

in case of increasing agonist concentrations
suggest that especially the a2B1-dependent enforcement of GPVI activity is

sensitive to the PECAM?1 inhibition.

Repurposing small-molecule tyrosine kinase inhibitors

Another approach is to repurpose drugs, already approved for another
indication, as anti-platelet compounds. Of particular interest, several tyrosine
kinase inhibitors that are already in use for treatment of specific cancers. For
instance, clinically effective drugs that block Syk or Btk were shown to inhibit
GPVI-induced platelet activation 8. Such compounds also affect other cell
types %°, but the most common off-target effects are already being examined
in trials with cancer patients. For Btk inhibitors like ibrutinib, it was
demonstrated that low doses can affect CLEC2-induced platelet activation °'.
Also, Syk inhibitors are promising, given the strong inhibitory effects on
thrombus formation, as seen in Chapters 3 and 6. In addition, blood samples
from patients taking a Syk inhibitor for cancer treatment showed a reduced

thrombus formation 6

. In line with this, a dual therapy of Syk inhibitor
(fostamatinib) with established anti-platelet drugs showed promising results in

the treatment of coronary syndrome °.

8.3 Concluding remarks and future perspective

The central molecule in this thesis is GPVI. | studied how to modulate its
activity by platelet agonists including collagens and platelet inhibitors on the
receptor and signaling levels. | could demonstrate the formation of GPVI

macro-clusters upon collagen-induced thrombus formation, linked to the
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extent of platelet activation. While weaker, vessel-wall derived types of
collagens did not form these clusters, they were more dependent on integrin
a2f1 activity to support thrombus formation. Altogether, the results add to the
notion that GPVI is more relevant in atherothrombosis than in hemostasis.
This underlines the suitability of GPVI as a target for atherothrombosis

treatment.

While clinical trials with Revacept and Glenzocimab are so far promising,
more in vitro experimental work is needed. In particular, the use of well-defined
patient-derived plaque preparations with a stenotic-type flow chamber will
gather even more pathophysiologically relevant data. Regarding the anti-GPVI
Nb2, a limitation for in vivo use may be the usually short circulation time of
such nanobodies, likely requiring modifications to prolong their physiological
stability. Another unresolved question is why the collagen types I, lll and IV
have a reduced ability to support thrombus formation in comparison to the
atherosclerotic plaque material. Further it would be interesting to express
collagens in a more native state, for example collagens secreted from
endothelial or smooth muscle cells, and probe them for their potential to

induce platelet activation.

Current vessel-on-a-chip approaches are bringing in interesting new
insights regarding these questions. This type of work is of value not only to
generate physiologically relevant results when screening for antiplatelet
drugs, but also to characterize patients with suspected platelet-related
disorders, which are currently difficult to classify in the routine diagnostic

testing.

Overall, the findings described in this thesis show good potential for
further investigations into the following areas: i) importance of GPVI clustering
in health and disease, ii) the use of more developed flow methods including

vascular components, and iii) the antithrombotic potential of nanobody types
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of GPVI inhibitors.
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