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Abstract

The Gtype lectinlike receptos2 (CLEG2) is a platelet receptor for the endogenous
ligand podoplanin. This interaction contributes to several pathophysiological roles, such
as lymphangiogenesis, preservation of blood and lymphatic vessel integrity, organ
development and tumour metastatiswever the mechanism of this interaction is
poorly understoodlhe aims of this thesisereto develop a reconstituted artificial lipid
membrane platform as an experimental appréaafvestigate what determinates the
biochemical properties of platelet signallirand o identify a smalmolecule inhibitor

of the CLEG2-podoplanin interaction and to characterise their effect on human platelet
activation.To achieve the aimsupported lipid bilayers were used to mimietplatelet
membrane. Fluorescent recovery after photobleaching and total internal reflection
fluorescence microscopy ekeused to investigate bilayer mobility and platelet
mediated clustering of human podoplanin. BighaScreerbased higkthroughput
screenwith 18,476 compoundisom Pivot Park Screening Centre libramas used to
identify a smalimolecule inhibitor of the CLEQ-podopolanin interactionMolecular
docking and bidayer interferometry were used to predict the binding sites and affinity
between small molecule and CLEZ Light transmission aggregometrijow
cytometry,platelet spreading, and phosphorylation assays were used to evaluate the
effect of the small molecule on CLEZmediated platelet activatiorluman dermal
lymphatic endotheliatellswere used to investigate the small molecule effect on
platelet adhesion to cells endogenously expressing podopfasemihigh-throughput
artificial lipid membraneplatform has beesuccessfullydeveloped as an experimental
approach to investigate CLEZZmediated clustering of its endogenous ligand,
podoplanin An identified small molecul@nhibitor of the CLEG2-podoplanin

interaction MAS9, showed an inhibitory effect on theman platelet furionand



selectivityfor the CLEG2 receptorThis study provideghe opportunity to take full
advantage of the supported lipid bilayer model to understand E-B€diated
signalling and clusteringdentified in a higkthroughput screen, MAS#nay bea gad

candidatéor anovel antiplatelet drudhaving therapeutic potential.
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Chapter 1

Introduction



1.1.Thesisoverview

Platelets play an important role in wound healing and blood clot formation. During
vessel injury, they are involved in thiest wave of haemostasis (platelet activation) and
form a haemostatic plug to stop the bleeding. Conversely, uncontrolled and excessive
platelet activation is detrimental to human health and can lead to thrombotic disorders,
such as stroke and myocardiaiarction (Nguyen and Coull, 2017The physiological

role of the platelets isotmaintain primaryhaemostasisThe platelets circulate through
the vessehearthe vessel wall, which allows for a quick response when the injury
occurs(Whittle et al, 1978) During a ltleeding event, plasma von Willebrand factor
binds to exposed collagen at the site of injury. The platelet response starts with
adhesion on the subendothelial extracellular matrix through the-XP¥bcomplex on
platelet surface which binds to von Willehdafactor. This binding mediates platelet
tethering, enabling GPVI and integtibb: to interact with collagerLi et al,

2010) Following this initial tethering of the platelet to the vessel wall, subsequent firm
adhesion results in signal transduction within the platelet, resulting in secretibn of
and dense granuleselRase of TxA and ADP from the dense granules activates G
protein coupled recepto(®2Y1, P2Y12and thromboxane receptpr)

leadingto incorporation of new platelets from circulation through platplatelet
interactions mediated by the integrin recepieibs, resulting in a thrombus formation
(Riveraet al, 2009) More loosely associated platelets in the shell of thrombosrbe
activated through positive feedback of the secondary mediatocgal@xygenase
COX-1andsmall moleculesrom the dense granuleshe initial platelet thrombus

consiss of tightly-packed Pselectinpositive platelets that require secondary feeébac

through COX1 and P2Y2receptorThe platelets surrounded by a thrombus sfiela



core are more sensitive to antiplatelet therapies using €@xd P2Y2 receptor

inhibitors (Holinstat, 2017)

In addition to playing a role in haemostasis, platelets also have a role in angiogenesis
(Kisuckaet al, 2006) inflammation(Wagner and Burger, 20Q03ntimicrobial activity

(Tanget al, 2002) tumour growth and metastagicakagiet al, 2013)

Available antiplatelets therapies are used for treatmediseases that involve arterial
thrombosis and require the use of aspirin, which inhibits cyclooxygenaselCOX

leading to decreased production of prostaglandins and.x#pirin treatment can be
enhanced by using P2¥receptor inhibitors, such agagrelor, clopidogrel or

prasugrel. These antiplatelet medications may affect other platelet activation pathways,
including ITAM signalling, that are crucial for haemostasis and may increase the risk of
major bleedindGroveet al, 2015). One of the ITAM receptor, CLEE, interacts with

its endogenous ligand podoplanin and plays a major role in thrarflamation,

which has been shown in mouse models of deep venous thromboSalarahella
infection(Thomas and Storey, 2015; Rawtsal, 2017) Additionally, CLEG2-

podoplanin interaction is important in arteriafombosis, blood lymphatic development
and cance(Harbi et al, 2021) That is why CLEG2 may be a promising target for
long-term prevention of pathologies such as arterial thrombosis, deep venous
thrombosis, sepsis, and cancer, with a decredsedihg risk relative to current

therapies. There are currently no clinical trials targeting CI2ES potent antCLEC-

2 antibody AYP1, which blocks platelet activation by podoplanin, is not oral
bioavailable and expensive to prod(Gétz et al, 2014) The development of other

drugs, such as small molecule inhibitors, is highly challenging. Therbeleas

identified a small molecule inhibitor of CLEZpodoplanin interaction, called Cobalt

hematoporphyrin, which blocked tumour metastasis and thrombosis in mice. However,
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because of its low potency, toxicity, and lack of oral availability, it cannpubsed for
clinical developmen(Tsukiji et al, 2018) CLEC-2 provides a promising alternative
target for identification of novel antiplatelet medications, withva toxicity and oral

availability, and the role in thrombosis, thromibflammation, and cancer.

Many cell surface receptors coalesce into micron and submicron clusters, following the
initiation of signalling cascades. Assembly of cell surface receptwrlinsters is a
common feature of cell membran@3ustin and Groves, 2012; Gardtarajoet al,

2014) Receptor clustering has also been found to involve downstigaailiag

molecules that appear to undergo protein condensation phase trariSitienst al,

2019; Huanget al, 2019) When receptors are packed together, signhhncing
phenomena can occur, such as ligand receptor switching, or improved-regapdor

and receptoeeffector encounter probabilitig€aré and Soula, 201$lowever, the

effect of clustering on receptiigand binding dynamics and afterwards cell response is
poorly understood. Interesting seems to be also question how declustering may affect

signalling upon the inhibition.

Cluster formation to initiate signalling followed by assembly in a larger central cluster
is characteristic of ITAMcontaining immunoreceptors. It enhances the intracellular
signal and has the advantage of restricting the diffusion of molecules at theamemb
such as the exclusion of membrane associated negative regulators liké@bkmand
van der Merwe, 2011 Clustering may be associated also with signal termination
(Varmaet al, 2006) maintenanc€Y okosukaet al, 2008) or enhancemer{Balaitaet

al., 2010)in different systems.

The interaction between CLEEand its endogenous ligand podoplanin may play a
crucial role in a receptor clustegnhowevethis process ipoorly understood. Pollitt et

al. proposed a model of CLEZmediated clustering of podoplanin. The proposed
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model assumes that interaction of CL2@With podoplanin enhances platelet adhesion
to lymphatic endothelial cells (LECthrough CLEC2-mediated clustering involving
Syk. This mechanism may possibly lead to clustering of podoplanin on (Hedig et

al., 2014)

Pollitt etal. showed that platelet mouse CLECIlusters mouse podoplanin

incorporated into supported lipid bilayer, which is one of the methods to investigate the
clustering(Pollitt et al, 2014) Receptor signalling components reconstituted on

artificial lipid membranes enables the dynamics of macromolecular assembly to be
measured and the molecular behaviour of signalling components to be studied in ways
that canot be achieved using intact platelets. Receptor clustering reconstituted on
supported lipid bilayer can be followds using microscopy techniques, such as Total
Internal Reflection Fluorescence microscopy and Stochastic Optical Reconstruction
Microscopy maging. The microscopy methods have some limitation, such as
multicolour tracking of signalling components in experimental throughput or
restrictions of the brightness and photostability of organic (Zfesng and Reinhard,

2019)

This thesis is a collabative work between University of Reading (United Kingdom),
University of Santiago de Compostela (Spain) and Pivot Park Screening Centre

(Netherlands).



1.2.Platelet production

Platelets are produced through thrombopoiesis. The main regulatoredéiplat

production is thrombopoietin (TPO), which supports the proliferation and
differentiation of bone marrow megakaryocyiethe platelet precursarells (De

Sauvageet al, 1994; Kaushanskst al, 1994) Megakaryocytes develop from
multipotential hematopoietic stem cellgabgh their differentiation into specialized
progenitors in the bone marrow osteoblastic nigh@ushansky, 2005he

thrombopoiesis processquires binding of TPO to the megakaryoespecific receptor
c-MPL on the megakaryocyte surfa@@hoietal., 1995; Itoet al, 1996) The binding

of TPO induces the process of chromosome division without cell diwgch results

in an increased number of chromosomes in thé eafildomitosis, also called
polyploidization(Ebbe, 1976) Then polypladl megakaryocytes undergo a maturation
process in which their cytoplasm is packaged into proplatelets, and the nucleus is
extruded. Platelets receive their organelle and granule content from particles transported
from the megakaryocyte cell bodlyalianoet al, 1999) Maturation and proplatelet
formation are dependent on the cellular migration of theakeyocyte from the
osteoblastic to the vascular niche, where they interact with sinusoidal endothelial cells
(Tavassoli and Aoki, 1989At the end of the maturation, proplatelets form platelets
through the fragmentation process and they are released into the bloodktaseen

and Finch, 1969; Jackson and Edwards, 1977)

It has been recently demonstrated that the lungs might also contribute to platelet
biogenesis. Lefrancais et al. showed, gsimtravital microscopy, that a large number of
megakaryocytes circulate through the mouse lungs, where they dynamically release
platelets. It has been estimated that the lungs contribute to platelet biogenesis by

producing approximately 50% of total plkgis in mice(Lefrancaiset al, 2017)
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1.3.Platelet structure

Human platelets are the smallest €eifculating in the blood, with diameter between 2
to 5mm, 0.5mMm in thicknes and a discoid shape in the inactive state. Each platelet
possesses a mean cell volume of 6 to 10 femto({@hste, 2013) The number of
platelets produced per day is approximatelyl1@dditionally, they have a relatively
short lifespan, circulating in the blood between 7 to 10 days before removal and
clearancéy the reticuloendothelial system in the liver and spl@esefssoret al,
2013) Platelets can be cleared through opsonization bypéatelet antibodies, Fc
receptor mediated recoiion, and subsequent clearan€@nes and McMillan, 2007)
Another mechanism is removal of plad by scavenger receptors in the liver by
controlled apoptosis which depends on the balance betweespanptiotic Bcix. and
pro-apoptotic molecules Bax and BéWasonet al, 2007; Josefssoet al, 2011;
Debrincatet al, 2012) Recent studies sh@a the role of glycan modifications on

platelets in mediating their clearance. As platelets lose sialic acid-galhctose

residuesrom theirsurface, they are cleared by the hepatic Ashivellell receptor

(Quachet al, 2018)

The platelet plasma membrane has three layers: the glycocalyx, phospholipidic and
submembranous layer. The glycocalyx corgaurface receptors involved in platelet
activation and aggregation. These receptors include integrins, adhesion receptors and G
proteincoupled receptors (GPCR®amathet al, 2001) The glycocalyx is supported

by a cytoskeleton composed of microtubules and actin filaments which are responsible
for the discoid shape of the plate{Brlandseret al, 2001) During platelet activation

the shape of the platelet changetigh the depolymerisation, reorganisation and
polymerisation of the cytoskeleton netw@8andmann and Kdoster, 201@)atelets

possess two membrane channeicures: the open canalicular system (OCS),
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responsible for granule release and substance entry into the platelet; and the dense
tubular system (DTS), responsible for sequestration and release of calcium id9)s (Ca
involved in platelet activatiofWhite, 1972) The DTS also contaire&lenosine 5'
triphosphatase(ATPase§ which are crucial for adenyllicyclase activity in the

regulation of GPCRdownstream signallingCutleret al, 1978)

Platelets contain three types of granukeggranules, dense granules, and lysozyraes.

granules contain biologically important molecules, such as growth factors (platelet

derived growth factor PDGF and transforming growth factor -BFehemokines

(platelet factor 4 PF4) and proteins (fibronectibtin, and von Willebrandactor). In
addition, they contain transmembrane receptors, suplatefet endothelial cell

adhesion moleculié (PECAM-1), glycoprotein IBIX-V (GPIb1X-V) complexand
integrinallbb3 (Golebiewska and Poole, 201B)ense granulestore lower molecular
weight moleculesincluding adenosine triphosphat@ TP), adenosine diphosphate

(ADP), calcium, serotonin, and inorganic phosphate. Platelets have a small number of
lysozymes that contain phospholipases, guanine, acid hydrolases and kinases, acting
like hydrolytic and proteolytic enzymdBolasek, 2005)Dense granules release their
contents through the OGS the surface plasma membrane, leading to platelet
activation. Platelets also contain mitochondria (energy generation) and glycogen
particles (energy sourc@ibibula et al, 2018) A schematic othehuman platelet

structure is presented in Figurel.l
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Figure 1.1. Human platelet structure.

The plasma membrane of plateddétas 3 layersglycocalyx, phospholipidic and
submembranous layerplatelets contain microtubules, actin filaments, mitochondria,
three types of granules (alpha, dense and lysosoamdpen canalicular systera,

dense tubulasystem, and small factors like glycogengranules contaimtegral
membrane proteins, adhesion proteins, coagulants and anticoagulants, chemokines,
growth factors, angiogenic factors and inhibitors and immune mediators. Dense
granules store ADRATP, seotonin, calcium, and polyphosphate. Lysosomal granules

contain cathepsin, elastasellagenaseand acid phosphatase.



1.4.Haemostasis and thrombosis
1.4.1. Haemostasis

Under normal conditions, platelets circulate through the bloodstream in a resting state
near the vessel wall. The resting (or inactive) state is maintained thanks to molecules,
such as nitric oxide (NO) and prostaglanditAGI2) produced by the endothetn, that
inhibit platelet functior{Whittle et al, 1978) Due to endothelium damage or the

rupture of an atherosclerotic plaque, different subendothelial componehes of t
extracellular matrix, including collagen, fibronectin and laminin are exposed, resulting
in platelet recruitment and activatig8inghet al, 2002) This process is divided into

three phases: adhesion, activation, and aggregation

1.4.2. Adhesion, activation, and aggregation

Several proteins, located on the platelet membrane surface play a role in the platelet
adhesion process)cludingthe platelet receptors GRIGPIb1X-V), integrin (kb1 and

GPVI (Bryckaertet al., 2015. During the rupture of an atherosclerosis plaque or

damage to the vessel wafplasma VWF binds to exposed collagen at the site of injury
(Wagneret al.,1984). This permits the reversible platelet adhesion between the

receptor GPIHX-V and VWF, which allows for translocation (rolling) of platelets on

the surface of the collagen. This leads to a reduction in the speed of circulating

platelets, favouringte i nt eraction bet ween t heobicol | ag:

on the platelet surface (et al, 2010).

Interaction between collagen and the GPVI activates platelets, allowing a firm adhesion
via coll agen r sgrespltingim secre P V-dahdadbnde glanules by
platelets. In addition, this interaction promotes receptor clustering, triggering of

signalling pathways mediated by phosphorylation through tyrosine kinases (fbulter
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al., 2017). GPVI signalling leads to the activatiorPo. C2 2, whi ch i ncr eas:
intracellular C&*levels and causes platelet degranulation. It allows a conformational
change of utbdteo iinttse garcitni vb f or mput busi §asabul
(Watsonet al, 2005; Senigt al, 2014). Onthe ¢t e r  h-gramues and dense

granules contain many positive reinforcing factors such as fibrinogen, VWF, ADP,

TxAz2, and serotonin, which promote complete activation of the pathway (Ravata

2009).

On c e udbslintegridis in its active conformiain, platelet recruitment begins. These
adhere to each other thanks to the bridges formed by fibrinogen, fibrin and VWF. The
receptod i gand binding triggers t-hreoasitgmwaltliiom
that culminates in powerful platelet actiian, responsible for the remodelling of the
cytoskeleton and leads to the formationnttial clot (Hynes, 2002)More loosely

associated platelets in the shell of thrombus become activated through positive feedback
of the secondary mediators via cyclggenase COXL and small molecules from the

dense granulesVhen the initial thrombus has been formed, it activates the coagulation
cascade, leading to the stabilization of the clot. Prothrombin is cleaved to thrombin,
which mediates the formation of fibdgen through PAR1 receptor, and this is then
converted to fibrifRand and Israels, 2017)he platelet thrombus consists of tightly

packed Pselectin positive platelets thatgmote platelet aggregation through platelet

fibrin and plateleplatelet bindingleading to the stable thrombus format(btolinstat,

2017)

The process of platelet adhesion, activation and aggregation is illustrated in Figure 1.2.
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Figure 1.2. Platelet adhesion, activationand aggregation on the ECM.

During adamage to the vessel watlasma VWF binds to exposed collagen at the site

of injury. Interaction between GPIEX -V and VWF mediates platelet tethering,

enabl i ng GP Vb interadioniwithtcalageni Tihiglldws firm adhesion,
resulting inplatelet activations e ¢ r e t-arml dense franlles by platelets and
release of TxAand ADP. Secreted soluble agonists activate GPCRs, leading to further

Uibs activation and the formation of a stable thrombus.
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1.4.3. Platelet receptors
Platelet receptors play a key role in the normal function of platelets. They can initiate
intracellular signalling to activate platelets as well as behave like adhesion molecules,
interacting with the other platelets, damaged endothelium or leukddyiest al,

2016) The main groups of receptors on the platelet surface that initiate early platelet

activation are G proteinoupled receptors and immunorpta-tyrosinebased

activationmotif (ITAM) receptors. These, as well as the platsfEcificadhesion

receptors and integrins goeesented in Figure 3.

M,

7

sgf/})
s

GPIb-1x.y Compley

P,Y./P,Y 1,

PAR1/4

8
v} o

Figure 1.3. The main receptors on the platelet surfacénvolved in platelet

activation.
The main groups gblateletreceptors that initiate early platelet activation are G pretein

coupled receptor@:Y 1, P2Y 12, TP, PAR1 and PAR4)mmunoreceptotyrosinebased

activationmotif receptordGPVI,CLEG2 ) , i nitbbgagnr dbarzidd GRIbIX -V

complex.
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1.4.3.1. GPIb-IX -V complex

The GPIBIX-V compl ex is composed of four type

GPI bbb, GPI ®ueta,i2B7; GBdddermaat al, 1992) The main function

is to mediate the interaction between the platelet and the vasculaitusialy the

bleeding injuryby binding to VWF that is immobilized on the collagen surface of the
subendothelial matrix. After binding, activation begins downstream of the receptor,
where the following intervene sequentially: phosphorylation of the Src kinases (SFKs),
the activation® PL C22, t he fndthemetivatianof PEEzakieh 45,
2005) Itis also known that GPIb activates the P§88P (mitogenractivated protein)

kinase pathway leading to changes in the cytoskeleton, platelet degranulation and the
conf or mat i on abbsintegrm(@.d iect ab 2006) Bemard$oulier

syndrome relates to dysfation or lack oflGPIb-IX-V complex Itis a congenital

bleeding disorder characterised by giant platelets and mild thrombocyt¢pépéz et

al., 1998) Lack of interaction between VWF a@PIb-1X -V contributes towards of
BernardSoulier syndrome progression. It has been reportedaiRlt1X -V interacts

with coagulation factors, such as thrombin, factor VII, XI it The absence of these
interactions as well as the absence of the interaction WKYF, may play a role in the
bleeding defects related to Berng@dulier syndrome patien{sanza, 2006; Andrews

and Berndt, 2013)
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1.4.3.2. Integrins

|l ntegrins are a family of transmembrane he
subunits and play an important role in platelet adimeand aggregation. Platelets

express five dif fabiy e 6bl)tinkime ¥bsThe mostt e gr i ns
important role in platelet activation during haemostasis hadibrinogen receptor

Ubbsandc ol | agenzbir ecept or U

In t e gusbi (also thlled GPIIb/Illajs considered an essential receptor for platelet
activation and aggregatioft.is a heterodimeric glycoprotein composed of-nhon
covalently associna teeadbsithedhosd abbndastiglgcoprotein s . |
on the humaplatelet surface with the expression of 40800000 copies per cell
(Wagneret al, 1996) | n t e s éan bind to several arginirglycine-aspartic acid
(RGD)-containirg ligands, including fibrinVWF and fibronectin however the major
ligand forUinbs is fibrinogen. Similarly tdbbi, Uibbs in resting platelets is presented in
a 6l ow afOnmd ttytbe s4g taibbeurdergo a strectural change thiat
initiates a high affinity conformation for the liganthsoughfi i n ® iu dighalling

(Hatoet al, 1998) OncelUinbsis activateddy ligand bindingit beginsii o u t-isri & e
signalling, leading to the generation of a cascade of intracellular signalling events tha
mediateplateletadhesion, spreading, cytoskeletal reorganiza@gregationand

subsequent thrombus grow(ttynes, 2002)

Disruption of Ul Il b orinbbcancausebauanciatitosammal t he atk
recessive bleeding disorder,cdlle GI anzmanndés thrombasthenia
defective normal platelet function, such as adhesion, spreading and aggregation

(HodivalaDilke et al, 1999; Nurden, 2006)
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Integrin(bbs (also called GPla/lla i s a heterodimer of the U2
covalently associ @ickesonetali, 1998) Theneeare bbetweasnu b u ni t
2,0004,0000(bb: copiesper human platele{Bestet al, 2003) (b is normally

present ed i n tainrésting platedefs,fand nirespprise te dolagen

mediatedhi i n®iud®gnal ling, I t -afsf icroirffupgdandsetda tient o
Moroi, 2000) (bb: has the function of mediating the adhesion of platelets to the

vascular wall reinforcing GPVicollagen bindingalthough it has imited role in

platelet activatiorfHoltkotteret al, 2002)
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1.4.3.3. ITAM receptors

Another important group of platelet receptors are immunorecéptusinebased
activationmotif receptors. The ITAM motif is located in the intracellular regiomhef
receptor and is defined as two Y(kA) sequences separated byt B amino acid
residuegGibbinset al, 1997; Watsoret al, 2005) In human platelets we can

distinguish 3 different types of receptors containing ITAMscomplex of

Glycoprotein VI (GPVI)andthe Fcecept or o ¢ hGitypalectink® VI / Fc RO

receptor2 (CLEG2) which has a truncated formarf I TAM called a hemITAM and

FcoRI | A (Bowafta gt al,2014)

The major collagen receptor expressed in platelets is GPVI. Itis a 62 kDa type |
transmembrane collagen receptor expressed in platelets and megakaryocytes
(Clemetsoret al, 1999) It belongs to the immunoglobulin superfamily and is located
on chromosome 19 of the human genofiitee expression ahsignalling of GPVI
depend on its ass o whichtontans anwlAM imotifliesmandti c
and Watson, 2003Human GPVI consists of 319 amino acids with a 20 aratid

signal sequencelheexpressiornas beemstimated as 3,000,000copies per celBest

et al, 2003)or 25,384 + 3,639Dunsteret al, 2019)copies per cellusing antibody
based flow cytometry approaeh Thisdifferencein GPVI copy numbemay be due to
the different antibodies useBest et al. used a mouse monoclonal-&RVI| antibody
(204-11) and measured the copy number in platédst plasma (PRP), whereas Dunster
et al. used mouse monoclonal a@#VI antibody (H-101) and measured the copy
number in washed platelets (WPs). The proteomic approach reported that platelets
expres9,600 copie®f GPVIper cell The GPVI structure, ligands and signalling are

described in detailin Chaptebl.
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CLEC-2is a 32 kDa typH transmembrane protein and belongs to group V subfamily
of C-type lectin receptorgnd isexpressed on platelets and megakaryocytes, and also
on dendritic cell{Suzukilnoueet al, 2006) It is located on chromosome 12 in the
human genome, with sixther Gtype lectin receptors in the Dectingene cluster
(Huysamen and Brow2009) CLEC-2is a receptor for the transmembrane ligand
podoplanin. Podoplanin is not present in the vasculature, which is why QLrE&y

not play a major role in normal haemostasis. Howatveray play a role in
lymphangiogenesis, preservation of blood amdgiatic vessel integrity, organ
development and tumour metastg8isizukilnoueet al, 2010) Recently, a new
endogenous ligand for CLEZ, hemin, has been identifi¢Bourneet al, 2021)
however, it has not been welescribed yetln contrast to GPVWF ¢ Rebain complex
CLEC-2 contains a single Yxxlwhich is downstream of a tacidic amino acid region
(DEDG), which has been demonstrated to be important for signal initi@fi@tson et
al., 2010) There are between 2,0d0000 CLEG2 copies per cell on the human
platelet surface and around 40,000 copies per cell in natsetgBurkhartet al,
2012; Zeileret al, 2014; Dunsteet al, 2019) As CLEG2 is the main receptor

investigated in this thesii is described in detailin Chaptefl.

F ¢ 2 R(CD32a)is a human platelet receptor for thedggon of IgG. Itis a 40 kDa
type 1 transmembrane glycoprotein that belongs to the class IboRFalongside
FcoRI | B a nltconsistsofR17 Bn@ino acids with a&dincacid signal
sequencand expression levelsnge froml350, estimated usirdjmeric IgG (Karas

et al, 1982) to 3060copies per cellestimated by using the Fab from the monoclonal
antibody (mAb) IV.3Tomiyamaet al, 1992)in a flow cytometry experiments. The

extracellular domain is composed of twelilge domains, with the second domain
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mediating binding to Ig@axwell et al, 1999) The cytoplasmic region contains an

ITAM, with 12 amino acids between the two YXXtotifs (Brookset al, 1989)

The most commonly used ligands forc 0 Rihcludeaggregated IgGs, IgGoated
beads, crossl ink e d-depender actmw#tibg,antiglatetbt aftibooli€sl | A
(Armanet al, 2014) These ligands lead to phosphorylation of fhe 9 RITAMA

which provides a docking site for Syk, leading to Syk tyrosine kinageation. Syk

activation begins a cascade of phosphorylations involving linker of activated T cells

(LAT) andphospholipas€ 2 2 ( P(BlakeeRal, 1994; Bodiret al, 2003)

Activationof P L C suBsequentlynduces the production of the second messenggars
andDAG, followed by elevation of intradelar C&*levels and activation of protein

kinaseC (PKC), which are essential for platelet secretion and aggreg@i@aiacapet

al., 1998)

The physiologic role of platelét ¢ o Rik undertain. It has been proposed as an

amgifier of i o u t-isrisighaling mediated by integridixbs. Boylan et al.

demonstrated that platelet spreading on fibrinogen and clot retraction can be inhibited

by using antibodies against the extracellular domaid of o R.IAddifionally, they
showedhath e cyt opl asmic domain of the integr.i
phosphoryl at (Baylanetalf 2008xSinée Imbube platelets do not express

F ¢ o R EZHieAal. demonstrated thatr a n s g e AipastivéncudnR pldtelets had
increased spreading on fibrinogen, as wellyagsine phosphorylation of Syk and

PLC 2 @mpared to thenurine WT control plateletdMoreover, murine platelets

expressing= ¢ 9 Rietfacted a fibrin clot fastend increased thrdms formation and

fibrin deposition inelectrolytically injured femoral vein&hi et al, 2013)

F ¢ o RplaysA pathological role in processes mediating the interaction between

platelets and immune complexes. It has been shown that pltelet Rihducas pre
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inflammatory cytokines i mport an(®mithand Kawas ¢
Clatworthy, 2010; Yu and Lazarus, 201participates in immune mediated heparin
induced thrombocytopenia (HITBaroletti and Goldhaber, 200&8hdresponds to

diverse IgGopsonized pathogeriRiaz et al, 2012)
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1.4.3.4. GPCRs

G-proteincoupled receptors are a family of membrane proteins that possess seven
transmembrane domains, which, when activated trigger intracellular signalling through
G proteinsThe main ligands that activate platelets via GPCRs are thrombin and ADP

(Simonet al, 1991)

Thrombin is the most effective activators of platelets. It is formed dtinegxposure

of tissue factor to plasma coagulation factors after vascular endothelium disruption.
Platelet activation by thrombin is mediated by proteageated recepto®BAR-1 and
PAR-4in humans (or PAR3 and PAR4 in mice), which couple §p&s2/13and G

(Kahnet al, 1999; Holinstakt al, 2006) PAR-1 is a highaffinity signalling receptor

in human platelets, while PAR4 plays a role in thrombin signalling at high thrombin
concentrabn (Kahnet al, 1999) Platelets stimulation with thrombin increase the level

on intracellular calcium Caand decrease in intercellulayalic adenosine
monophosphat&eAMP), which plays an esntial role in maintaining the inactive state

of platelets It also stimulates ADP and other contents release from dense granules, and

P-selectin exposuréOffermanns, 2006)

ADP is a soluble agonist that acts as a powerful amplifier of the prothrombotic signal
and can be recognized b2¥: (coupled to @) and RY 12 (coupled to @, It is released
from dense granules during platelet activatioke platelets stimulated with thrombin,
platelets stimulated with ADP increase the level on intracellular calcium and decrease

in intracellular cAMP concentratiofWoulfe, 2005)

Thromboxane A(TxAz2) is another important activator of platelets. Itis produced from
arachidonic acid through the conversion of GOt activates théhromboxane

receptor (TP) coupled todand G213 Like thrombin and ADP, iincreaseghe level
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on intracellular calcium and decrease in intracellular cAMP concentr@iorioel et

al., 2015).

A platelet shape change is the initial response of platektrombin, ADP or TxA.

This process is based on the cytoskeleton reorganization, leading to the formation of
submembranous actin filament network and the extension of filogddidwig, 1992)

In addition, G-coupled receptorgnceactivated, bind tphospholipase @ ( B C
which catalyses a hydrolysis of phosphatidylinositoHdigphosphate (PHPgenerating
inositol 1,4,5trisphosphate (1§) and diacyl glycerol (DAG(Bailey et al, 2000; Shah

et al, 2001)
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1.5.GPVI

1.5.1. GPVIstructure

The intracellular domain (@rminus) of human GPVI is relatively short and is 51

amino acids in length. The murine GPVI intracellular domain is shorter than the human

one and is only 27 amino acids in len@Bestet al, 2003; Nieswandt and Watson,

2003; Moroi and Jung, 2004)he intracellular domaicontains a basic amiraxid rich

region, that can bind calmodul{dndrewset al, 2002)and a prolingich motif, which

brings the Src homology 3 (SH3) domains of Lynand Fythéd- ¢ r ecep-t or ( Fc |

chain ITAM, initiating anactivation signal through GP\{Suzukilnoueet al, 2002)

The transmembrane domain of GPVI possssm arginine residue (Arg3, which is

responsible for the formation of a salt bridge with the aspartic acid ptie of

transmembrane domainstbieh o mo d i mehain(BEheriget al, 2001; Fenget al,

2005) Each chain of FcR2 contains an | TAM d
separated by-62 amino acids, which are responsible for signal transduction after

collagen binding to GPMGibbinset al, 1997; Watsort al, 2005)

The extracellular gon (N-terminus) of GPVI consists of two immunoglobulin
domains D1 and D2, linked by a single peptide strg8dhethurset al, 2004) GPVI
has only one Nylycosylation site at AsA83 which contributes to maximal adhesion to
collagen related peptide (CRP) and type | colla@iura et al, 2000) Numerous
threonine andserine residues located in a mulike stalk ae potential Gglycosylation
sites, however the function of this modification for GPVI in unkndgWwfandallet al,

2017) Described features and domaingGRVI are illustrated in Figure 4.
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Proline rich Calmodulin Residue for FcRy

domain binding site association
339 CHIG GEIEE EIEQ 273288 93 21 1
C stalk ’ D2 | ‘ D1 ‘ SP ‘ N
intracellular transmembrane extracellular  _ N-linked disulphide
domain domain domain glycosylation bridge

Figure 1.4. GPVIdomain structure.

GPVI containsa C-terminal intracellular domain (pink) witbrolinerich domain and

calmodulin binding siteThis is followed by a transmembrane domain (oramgggh

contansacr i t i cal argini ne raadsaiCeermiaal éxtmacelluBrc Ro  a s
domain (blue) which contairestalk region andwo IgG-like domains D1 and D2Z'he

structure ends with l-terminalsignal peptide (purpleAn N-linked glycosylation site

and disubhidebridges are also highlighted.
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1.5.2. GPVlligands

GPVI is the main signalling receptor in platelet activation by collagen. The major
feature of collagen is a presence of glygmeline-hydroxyproline (GPO) repeats
(Huggins, 1954)it has been shomtha a syntheti€CRP, which consist®f crosslinked
multiple GPO repeats activates platelets through GBWibinset al, 1997) whereas

its noncrosslinked, monomeric version does (dselin et al, 1999) These results
suggest the presence of multiple binding siteth@quaternary structure of collagen for
interaction with GPVI. Val54, Leu56 and Lys79 residues of D1 extrdaekiomain of
GPVI have been identified using sii@ected mutagenesis as the collagen binding

region of human GPMLecutet al, 2004; Smethurstt al, 2004)

It was reported that collagen binds to recombinant dimeric but not monomeric GPVI.
GPVI-specific dimeric antibodiesan blockplatelet activiion, suggesting that collagen
binds to dimeric GPV(Miura et al, 2002; Junget al, 2009; Loyauet al, 2012a)
Additionally, the crystal structure of the D1 and D2 domains of GPVI showed that it
can dimerize througthe D2 domains, however the protein does not dimerize in

solution (Horii et al, 2006) A recent study showelthat GPVI is expressed as a mixture

of monomers and dimers, when transfected to the HEK293T cells and the level of
dimeric form of GPVI increased upon stimulation by CRP. Additionalkrster
resonance energy trans{fERET) experiment performeasing platelets showed that

GPVl s partially expressed as a dimer on resting platelets and the dimerization did not

significantly increase upon the activation with C@&Rark et al, 2021)

Another endogenous ligand for GPVI is fibrincltin induce aimilar profile of tyrosine
phosphorylation tohatinducedby collagen(Alshehri et al, 2015) Moreover, it has
beendemonstratethat fibrin binds to dimeric GPMMammadovaBachet al, 2015)

In contrast, aecent study showed that plasma fibrin contains different proteins,
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compaedto the recombinant fibrin. Super resolution imaging demonstrated differences
in therecombinant and plasma fibrin netwotk.a flow experiment, latelets adheck

to the recombinant fibrinvere of irregular shape and showed long pseudgpods
suggesting they were activated, whereas on plasma fibrin the platelets were rounder and
had shortepseudopods, suggesting no activaidhanget al, 2020) These datado

notsupportplasmafibrin as a GPVI ligand

Next to collagen and fibrin, fibrinogen hatsobeen proposed as an endogenous ligand

for GPVI. It has been demonstrated that spreading of human platelets on fibrinogen was
abolished in GP\Hdeficient human plateletThis resultsuggests that fibrinogen can

bind and activate platelets through GPVI. Moreover, hu@BRVI-transgenic mouse

platelets spread on fibrinogen, wherealsl -type (WT) mouse platelets did not

(Manginet al, 2018)
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1.5.3. GPVIsignalling

GPVI activation by collagen (or other ligands) initiates phosphorylation of two
conserved tvyr-chanlfAvsby $SFKs Liynnaed Ffnavignin the lipid
rafts(Seniset al, 2014b) The conserved prolirech region (PxxPpf GPVI enables

the binding of 3doyans. Fhisplacds the yeceptar in § 'retaly

go" statgNieswandt and Watson, 2008jth Lyn and Fyn held in close proximity to

the receptor. Although Lyn and Fyn both eequired forthe GPVI signalling, Lyn, but

not Fyn, binds GPVI receptors in resting plateletsgsstng the role in initial events

of activation(Schmaieret al, 2009) Lyn and Fyn are held in an inactive confirmation

and during plateteactivation change into their active confirmation through the
dephosphorylation of an inhibitory tyrosine residue by the protein tyrosine phosphatase

CD148(Seniset al, 2009)

The phosphorylated ITAM by SFKs recruits tyrosine kinase Syk via i&®&ithains.

Syk is an essential kinase for the signal transduction and undergoes a seriesasfcauto
transphosphorylations by SFKs, leading to recruitment and phosphorylation of the
adaptor protein LATGibbinset al, 1998; Pasquetdt al, 1999) It leads to recruitment

of LAT pathwayeffectors, such as Grb2, Gads, SLP76, tyrosine kinases Btk and Tec,
the Vav family of guanine nucleotide exchange factors and the small GTPasEhRac.
recruitment catalyses the praction of phosphatidylinositol 3,4;&iphosphate (PI§)

from phosphatidylinositol 4 risphosphate (PH. The signalling cascade ends in the

phosphorylation and activationandPIBdL Co 2,

the plasma membranédditionally, Btk and Tec are recruited by BJBnd it causes
phosphor yl a(Watsonet ab, 2P00BAECO2vati on of PLC22
hydrolysis of phosphatidylinositol 4/&iphosphate, which leads to formation of the

secondiry messengs DAG and IR. It activates?KC and release of €awhich leads
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to platelet activatiofSuzukilnoueet al, 2003) The schemati€&PVI signalling

pathway is presented in Figute.

A number ofstudies showed that GPVI activation is highly dependent on lipid rafts.
These are defined as a small, heterogenous and highly dynamic membrane domains
highly enriched in sphingolipids and cholesterol. They are involved in many cellular
processes, as weak signal transductiq®imons and Ikonen, 199 )Vonerow et al.

found permanent eccalisation of GPVIF ¢ Rbain complex and Lyn and Fyn in

lipid rafts, suggesting a critical role in the initiation of GPVI signalfidgonerowet

al., 2002) whereas Locke et al. found no GR¥Ic Rbain complex associated to

lipid rafts in resting platelets but massive recruitment to lipid rafts when platelets were
activated with convulxir{Locke etal., 2002) The differences in tlseresults may be
attributed to different lipid rafts isolation procedures, for example the type of detergent
used to lyse the platelets. Wonerow et al. used Brij® 58, whereas Locke et al. used
Triton-X100. Selection bthe detergent is significantly cell tyyseependentSchucket

al., 2003) Recent studies using LRIS/MS proteomic analysis of lipid rafts isolated
using Brij® 58 from platelets activated through GPVI, as well as from resting platelets,
showed a highemmount of GPVI isolated in lipid rafts from GP¥attivated platelets,
although a small amount of GPVI was also recovered from basal samples. Additionally,
the studies demonstrated that Brij® 58 is more efficient in lipid raft enrichment from
platelets tha Triton-X100 (Izquierdoet al, 2019) It confirms that GPVI is patrtially
associated to lipid rafts in resting plateletsdthatGPVI activation leads to its

enrichmentin thee membrane fractions.
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Figure 1.5. GPVIsignalling pathway.

GPVI activation by collagen initiates phosphorylation of two immunoreceptor tyrosine
based activation motifs (ITAM) by Src family kinases and allows the recruitment and

docking of Sy Ré&mitmSntdd Syl contriutes to series of

phosphorylab ns by Src family kinases, |l eading
signalosomed and resulting in eRhd@latdetact i v
activation.
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1.5.4. GPVIfunctions

Deficiency of GPVI in humasis rare and usuallgharactesed by normal platelet size
and number, prolonged bleeding time and response normally to all agonists except
collagen(Sugiyamaet al, 1987) Moreover, platelets from patients with GRVI
deficiency are unable to adhere to collagen under flow, suggesting a crucial GPVI
dependentole in platelet thrombus formatid@otoet al, 2002) Similarly to humans,
GPVI-deficient micehave a normal platelet count with a mildly prolondpekding

time following tail incision(Nieswandtt al, 2000; K. Katcet al, 2003)

Although GPVD primary function is haemostasis, it has a role in-haemostatic
function. Dovizio et al. demonstrated that GPVI can bind to gal@cpresented on
colon cancer cells (HT29)nhibitors of galectir3 function Gat3C and antpalectin3
antibody M3/38 omninhibitor of theGPVI receptorrevaceptprevented aberrant
COX-2 expressionn the colon cancer cell§hese data suggest that inhibition of
collagen binding sites via GPVI may be important in the prevention of colon cancer
metastais. MammadovaBachet al. showedby injecting colon MC38 or MC38CEA)

or breast (AT3) cancer cells into genetic GPMEficient micehatmetastasiss
decrease Similarly to Dovizio et al., they identified galactthas the major
counterreceptor of GP\on tumour cells and demonstrated tteGPVI-galectin3
interaction promotes tumour céliduced platelet activation, degranulation and trans
endothelial cell migration. Finally, they showed that inhibition of GPVI function using
JAQ1F(ab' can effigently impair plateletumour cell interaction and tumour

metastasigMammadovaBachet al, 2020)
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1.6.CLEC-2
1.6.1. CLEC-2 structure

CLEC-2 was identified originally in immune cells througlsomputational screen.
However, a surface expression of CL2@as been only shown on platelets and
dendritic cells(Colonnaet al, 2000; Suzuklinoueet al, 2006) Human and mouse
CLEC-2 share a 62% amino acid sequence identity and the same domain structure

(Colonnaet al, 2000)

Human CLEG2 consists of 229 amino acids with artétminal intracellular domain, a
single transmembrane region, and-gefninal extracellular domain. The intracellular
domain is 33 amino acids long and contaemITAM, asingle YxxL sequenceith
atri-acidic amino acid region (DEDGipstream anthe tyrosine residue at position 7.
The extracellular domain possesses kk stgion, which contains a putativeliked
glycosylation site and digpthidebond, which may be responsible for stabilization of
CLEC-2 dimerization through neocovalent interactiofiWatsonet al, 2009) Besidesa
stalk region, there is also a carbohydildte recognition domain (also called atgpe
lectin-like domain or CTLD) This domain containg/IGL and WXW motifsanda

triplet of disuphidebondswhich aretypical forthegroup V subfamily of @&ype lectin
receptorWatsonet al, 2008; Nagaet al, 2014) however it lacks the Cabinding
residues required for binding carbohydrgi@slonnaet al, 2000) In addition, the

CTLD of CLEC-2 is post translationally modified at two conserved asparagine residues
(at position 120 and34) by glycosylatiorwhichis important for receptor expression at
the cell surfacdt has been demonstrated, thairh mutations of boti\120 and N134
abolished the translocation of CLEXX0 the cell surfaca HelLa cells(Wanget al,

2012) Described features and domains of CL-E@&re illustrated in Figuré.6.
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Figure 1.6. Domain structure of CLEC-2.

It contains an Nerminal intracellular domain (pink) with a hemITAM motif. This is
followed by a transmembrane domain (orange) ander@inal extracellular domain
(blue) which contains stak region and the @ype lectin domain (CTLD). Ninked

glycosylation sites and diqltidebridges are also highlighted.
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1.6.2. CLEC-2ligands

Rhodocytin, podoplanin, fucoidan and hemin have been identified as ligands fo-rCLEC

2.

Rhodocytin (also known as aggretin), the first identified exogenous ligand for 2LEC

is a snake venom protein derived from the Malayan pit \f@loselasma rhodostoa

(Chunget al, 1999) It has been classified as a snake venetygpe lectin, with a
tetrameric structure containing two U (136¢€
subunits, linked covalently with a dighlidebond at position 83 and 98 respectively
(Clemetson2010) Both subunits multimerise and lead to CL-EClustering and

platelet activation. Describdéatures and domains of rhodocytin are illustrated in

Figure 17A.In addition, rhodocytin indusplatelet aggregation with a characteristic

lag phase andtheagge gat i on i s depende rfSuzukinoueet-Ks, Sy
al., 2007) The characteristic lag phaisdikely related tadhe time reqined to form a

clusterof CLEC-2to startplateletactivation

Podoplanin is an endogenous ligand for CLEQ is expressed outside the blood
vasculature, including on kidney podocytes, lymphatic endothelial cells, choroid plexus
cells, and lung epithial cells (BreitenederGeleffet al, 1999) Due to this, the
podoplaninCLEC-2 interaction possibly does not play a role in classical primary
haemostasis and arterial thrombosis but may be important in many other pathologies,
such as in canc€Buzukilnoueet al, 2010) Podoplanin has been classified as a4ype
transmembrane sialomuelike glycoprotein that consists of an extracellular domain

with abundant Serine/Threonine residues as potedigdycosylation sites, a single

transmembrane domain, and a short cytoplasmi¢Kaihitaet al, 2007)
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The extracellular domain contains three tandemly repeated motifs EDXXVTPG at
positions 2936, 3845 and 4754 and additiondlighly conserved EDXXT motif at
position 8185 (Katoet al, 2003; Sekiguchet al, 2016) They have been described as
the PLatelet AGgregatiostimulating (PLAG) domains (PLAGA). The Olinked
glycosylation site (Thr52) within the PLAG3 domain, contains a sialic acid residue,
which is essential for CLER binding(Kanekoet al, 2007) In addition, deletion of

this region or a point mtation in the PLAG4 domain drastically suppressed its binding
to CLEG2 and podoplaninduced aggregation, suggesting the importance of this
region (Sekiguchiet al, 2016) Described features and domairfgpodoplanin are
illustrated in Figurel.7B. Just as with rhodocytin, plateletsmulated with podoplanin

showed a characteristic lag ph&Sezukilnoueet al, 2007)
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Figure 1.7. Domain structure of rhodocytin and podoplanin.

RhodocytifA)c ont ai ns U

position 83 and

98.

a n dcovalenttyy witha disyghidebond at n k e d

|l n additi on, b subuni

PodoplaninB) contains a Nerminal signal peptide (purple) followed bytracellular

domain plue) with the four PLAG motifs,

transmemlima domain (orange) and C

terminalintracellular domain gink). O-linked glycosylation sites and diglilide

bridges are highlighted.
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The comparative crystallographic studies of rhodocytin and podoplanin in complex with
CLEC-2 showed that both of the pents bind to the noncanonical "side" face of

CLEC-2, as well as a common interaction mode between consecutive acidic residues on
the ligands and the same arginine residues on C2HBagaeet al, 2014a) The

common binding sites to induce CLEXactivation bypodoplanin anadhodocytin are

four arginine residues (Arg107, Argl18, Argl52, Argl57).

Podoplanin binds to CLEQ through the previously described PLAG domains. The

side chainof podoplanin Gly47 and Asp48 make electrostatic contact with three

CLEC-2 arginine residues; Arg107, Arg152 and Argl157. In additionptickoplanin

Asp48 side chain is connected by hydrogen bonds with the side chain of Thr153 and the
backbone of His154 i@LEC-2, the carboxyl group of the sialic acid binds to the side
chain and backbone of Arg118 CLEC-2, theN-acetyl oxygen atorof sialic acid

interacts with the side chain of Asn1lb5CLEC-2, and the hydroxyl groups OH8 and
OH9of sialic acidmake hydogen bonds with the side chains of His119 and Tyih29
CLEC-2. The side chain of Arg118 of CLEEmakes a hydrogen bond with the main

chain atoms of Asp4¥al50-Val51 in podoplaninNagaeet al, 2014)

Regardinghodocytin, four arginine residues of CLEXJArg107, Arg118, Arg152,

Argl57) form electrostatic interactions with negatively charges residues Glu3, Asp4

and As p eubunit of thbdecytid. In additiothecarboxyl group otheC-

terminal Tyr136inte U subunit of rhodocytim® appears

(Nagaeet al, 2014)

Another ligand for CLE, fucoidan, is amon-anticoagulatory sulphated
polysaccharide derived from the brown seawéedus vesiculosu@fManneet al,
2013) Il t is a 1pYo3l)y meirn koefd U ucose with sul pha

C-4 position on some of the fucose resid(fégure 18A) (Patankaet al, 1993) Just
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as podoplanin and rhodocytin, platelets stimulated with fucoidan showed a

characteristic lag phase. It has also been shown that key signalling molecules, SFKs and
Syk, are crucial for fucoidamduced platelet aatation.In the CLEG2 knockout, but

not GPVI knockoumouse plateletigdhe aggregation was lost at low concentratioh
fucoidan. However,tdhigher concentratisof fucoidanpartial aggregatiowas

maintained iINCLEC-2 knockout mice, suggesting the roleother receptors in
fucoidanmediated platelet activatiqiManneet al, 2013) Additionally, in adouble

knockout model of CLE and GPVI, the platelet aggregation was abolished even at
high fucoidan concentratisr{Alshehriet al, 2015) These data suggest that fucoidan

can stimulate CLE@-mediatedblateletactivation,and partially GPVimediated

activation.

Hemin, a product of haemolysiseleased dring red blood cell destruction, has recently
beendiscovered as a ligand for CLEZ It is a protoporphyrin X containing a ferric
iron (Fe*) ion with a coordinating chloride ligar(tli et al, 2006) The chemical
structure of hemin is shown in Figute8B. It was first shown that hemin induces
activation and death of human platelets through ferroptdsisiin significantlyand
dosedependentlyeduced plateletiability, howeverthis effect of hemin isescued

when platelets were piacubated with ferroptosis inhibitors. Moreover, scanning
electron microscopic analysis showed that hemin atsbd€eto 10 uM induced
filopodialike structures fomation, however, at concentration 25 puM, filopodiere

destroyedNaveerfk umaret al, 2018)

Bourne et alinvestigaed heminmediated human and mouse platelet activationtro.
They demonstratethat hemin leads to platelet aggregation through activation of
integrin Uinbs at low concentrations and agglutination at high concentrations. In

addition, the selectivity of hemin to CLEZover the other platelet receptor, GPWas
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shownusing dimeric recombinant forms of these receptoriseiheminvaspre

incubated with aecombinant dimeric form of CLER, hemininduced platelet

aggregation waabolished butthis didnotoccur witharecombinant dimeric form of

GPVI (Bourneet al, 2021) Oishi et al showed that hemin activedplatelets througla
SFK-SykPL C22 signalling pat2and &5VIiibaggrdgationd i ng
assays, hemin doskependently increased light transmittancevashed platelstand it

could be abolished by usirige SFK inhibitors PP2 and SU66%36d Syk inhibitor

R406. Moreover, a western blot analysis demonstrated that Syk an@ 2 2
phosphorylation was upregulated by hemin, and these were inhibited by PP2 to a basal
level. A surface plasmon resonance spectrometry study showed that hemin binds to
human CLEG2 and human GPVI, with an affinigonstanbf 0.915 uM and 29.4 uM,
respectivly (Oishiet al, 2021) Bourne et al. showed that the affinggnstanof the
interaction between hemin and mowséhuman CLEG2 is 0.210 uM and 0.191 uM,

respectively Platelet activation by hemin requires further studies as the mechanism is

still unclear.
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Figure 1.8. Chemical structure of fucoidan and hemin.
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the G4 position on some of the fucose residu#smin (B)is a protoporphyrin X

containing a ferric iron (Fe) ion with a coordinating chloride ligand.
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1.6.3. CLEC-2signalling

Ligand binding to CLE2 triggers the phosphorylation of the tyrosine resitues
cytoplasmic hemITAM domain. CLEQ may be phosphorylated independently of
SFKs activation by SykSéverinet al, 2011)or phosphoriated by both Syk and
SFKs (Spaltonet al, 2009) It has been shown that CLEZs initially phosphorylated
by Syk, and this ishen increased by a pathway that involves Btk and fli€vlson et
al., 2020) After phosphorylation ahe CLEC-2 hemITAM, inactive Syk and semi
active SFK bind via their SH2 domains, leading to activation of these kinases and

initiating the "LAT signalosome(Séverinet al, 2011)

Sykphosphoryl ates the LAT, which interacts
domaingMoroi and Watson, 2015Yav1/3 and SLF'6 also bind the phosphorylated
cytoplasmic domain of LATHowever, in contrast to GPVI, SEFG is partially

involved in CLEG2-mediated platelet activatiqduddet al, 2002; Pearcet al, 2004;
Suzukilnoueet al, 2006) Fully activatedphosphoinositeB-kinase PI3K) converts
phosphatidylinositol 3,4;&iphosphatdrom phosphatidylinositol 4 frisphosphate

which recruits Bk/Tec (Hyvonen and Saraste, 199B}k is required for CLE€2-

mediated platelet activatidiNicolsonet al, 2020) Activated BtkTecby SFKs

activats P L C @M@roi and Watson, 2015yvhich induce hydrolysis of

phosphatidylinositol 4 biphosphate, leading to formation of the second messengers

DAG and IR, (Berridgeet al, 2003) It stimulates PKC and release of’Cahese

changes result in secretiongrandlesanié nsodteent
o u sighalling activation ofintegrin Uinbs, leading to platelet aggregatigha et al,

2007) The schematic CLEQ signalling pathway is presented in Figar®.

CLEC-2 activation and release of ADP (from dense granules) and (feAned in the

COX-1-dependent pathway) results in the involvement of e Bnd TP receptors
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respectively(Kauskot and Holaerts, 2012)In contrast to GPVI, to induce CLEE

signalling there is a requirement for secondary mediators, which are released from

platelets upon activatioffPollitt et al, 2010a; Mannet al, 2015; Izquierd et al,

2019) Stimulation of thesebyép r ot ei n transmits tae signal
number of phosphatases which transform SiRko a semactive state, enhancing

CLEC-2 activation(Badoliaet al, 2017)

The theory that primary signalling events downstream of CREé&ke place in lipid

rafts is controversial. Pollitt et al. showed that CL-E@anslocated to lipid rafts upon
ligand engagement and that translocatreasessential for hemITAM phosphorylation,
while Manne et al. reported that lipid rafts are not directly involved in GRE€eptor
signalling in platelets. In both studies, MetfiyfCyclodextan(Mb CD) t r east ed pl
were stimulated with low concentrat®af rhodocytin. The difference in CLEZ-
mediated platelet aggregation could be attributed to the time points used to measure
platelet aggregation 5 minutes(Pollitt et al, 2010a)r 10 mirutes(Manneet al,

2015) A recent study using L&IS/MS proteomic analysis of lipid rafts isolated from
platelets activated through EIC-2, as well as from resting plateleshowed that

CLEC-2 signalling events do not require lipid raft environment, although they found

CLEC-2 in oneout of four lipid raft-enrichedsamples(lzquierdoet al, 2019)
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Figure 1.9. CLEC-2 signalling pathway.

CLEC-2 activation by podoplanin induces phosphorylabdéthe hem(ITAM),

allowing binding of Syk. Phosphorylation of CLEXand Syk is mediated only

partially by Src family kinases (SFKs) but largely by Syk its&ifk is responsible for
phosphorylating LAT, which recruits adaptor proteins S168? Gads and Grb2I3K

becomes active and is recruited to the signalosome. It catalyses the production of PIP
fromPIR;, which recruits Btk and PLC22 where t
signal osome. Btk is phosphorylated by SFK¢
aad Bt k mediate phosphorylation of PLC22 r €

release
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1.7.Podoplanin

Podoplanin, also knownas aggrus T1 U or g p 3 68ininmce, flEllman s , OTS
antigen in rats and gp40 in canine cells, is @3&Da transmembrane sialomutike

glycoprotein widely expressed on a variety of mammalian (@llsntanilla et al,

2019) It was named podoplanin due to its association with the transformation of

arborized foot processes to flat feet (Latin, pes planus) in poddBytstenedeiGeleff

et al, 1997) The structure of podoguhin is presented in section 1.5.2. and Figure 1.6B.

The intracellular domain of podoplanin binds to ezrin and moesin, which anchor
podoplanin to the actin cytoskeleton. Ezrin, radixin and moesin belong to the ERM
protein family that associates the aatyioskeleton to the plasma membrane and is
involved in cell polarity, adhesion, and migration. Podoplanin overexpression is
associated with increased phosphorylation of ERM pro{®lastin-Villar et al, 2006;

Wicki et al, 2006) ERM proteins are phosphorylate by a small Rho GTPase, leading to
a conformational change that exposes binding sitelfole their association with

integral membrane proteins anehEtin (Bretscheret al, 2002) The podoplaninERM
interaction is involved in promoting epithehalesenchymal transition (EMT) during

embryonic development and can¢krishnanet al, 2018)

Podoplanin associates with transmembrane domains of the tetraspanin cluster of
differentiation 9 (CD9). It has been shown that binding of CD9 to thesdncoma cell

line HT1080 via podoplanin inhibits cell motility, its platelet aggregation ability and
podoplanininduced metastas{®lakazawaet al, 2008) Moreover, podoplanin

associates with thigyaluronan receptor CD44. It has been demonstrated that CD44 and
podoplanin expression is upregulated during EMT and advanced stages of tumour

progressionMartin-Villar et al, 2010)
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Another two reported proites which interact with podoplanin are galeedirand

CCL21. Galectir8 is highly expressed on lymphatic endothelial cells. It has been
proposed that galeci associates with podoplanin on lymphatic endothelium and
promotes its association with the EGRueni and Detmar, 2009CCL21 is a

lymphatic specific chemokine expressed on lymphatic endothelial cells and fibroblastic
reticular cells. It has been demonstrated that CCL21 interacts with podoplanin with a
high affinity and may be involved in the trafficking of dendiritic cells to lymph nodes

(Kerjaschkiet al, 2004; Actoret al, 2012)
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1.8.Physiologicalroles of the podoplanin-CLEC -2 signalling axis

Podoplanintheendogenous ligand for CLEE, is expressed outside the blood

vasculature, suggesting an unlikely role in thrombosis because there is no direct contact
under physiological conditions. In addition, thereusrentlyno evidere ofhumans

deficient in @ EC-2. However, the role of the CLEZIin thrombosis has been

demonstrated in the mouse models.

Treatment of mice with a rat monoclonal CLE2&pecific antibody, INU1, has been
used to remove CLER from the surface of plateletShrombus formation under high
shear flow conditions showed that platelets can attach normally to collagen, however
they do not form a stable aggregate. AdditiondyJ 1-treated mice displayed an
increase in the tail bleeding time compared to controéniiikein thein vitro

thrombus formation assay, CLEEdeficient platelets also formed unstable thrombi
after ferric chloridéinduced mesenteric artatinjury (May et al, 2009) Another

study using antibodynediated blockade of either CLEZ; using INU1 antibody and
GPVI, using JAQ1latibody in mice in contrary to May et alemonstratethatthese
receptos can be depleted with high specificity from platelet surfacavo, howevemo
effect on tail bleeding timeras observedlo analyse the data, Bender et al considered
the size otthe vessel, whereas it is unclear in work of May et al, what cogté a
difference in the results of these two research grédjglitionally, mice deficient in

both receptors in platelets completely inhibited thrombus formagind the effect was
greate thanthatseen in GPVHor CLEG-2 singledepleted animalThese results were
reproduced in geneticaliyepletedGp6 /, Clec2f and Gp6 //Clec 2. P4-Cremice,
Doubledepleted mice showeadarkedly prolongedail bleeding times asompared

with control or singledeficient mice(Benderet al, 2013) These findings showed that
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CLEC-2may have functions in haemostasis and occlusive thrombus formation

however the difference in the results of May et al. and Bender et al. is cosigbve

Using antibodesto remove the receptor antigen from platelets may have some
additional effects on thrombus formation. Suziridue et al. generated CLEE

deficient mice and demonstrated under flow conditions a significant inhibition of
thrombus ébrmation in CLEG2 chimeras, although the initial steps for thrombus
formation, like platelet adhesion and spreading, remained intact. In addition, the authors
shown no statistically significant change in tail bleeding time of CLEChimeras

compared to vid type controls. The authors proposed that CEE@ay be a good
candidate for an angilatelet drug that inhibits pathological thrombus formathort not
physiological haemostas{Swuki-Inoueet al, 2010) Similar results have been

showed in another study using CLEXt eficient mice. There was no statistically
significant difference in the tail bleeding times between WT and CGREEficient

mice. However, in contrary to May et al, there was no difference in platelet aggregation

on collagen when blood was flowed at sanishea(Hugheset al, 2010)
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1.9.Pathological roles of the podoplanin-CLEC -2 signalling axis
1.9.1. Deep venous thrombosis

Deep venous thrombosis is defined as the formation of blood clots in the deep veins. It
mostly occurs in the lower extremities and is associated with pulmonary embolism.
During hypoxia in the blood vessel, endothelial cells release Wedatle bodies

(WPBs) containing cytokines, which recruit platelets and leucocytes, resulting in

thrombus development.

A deep venous thrombosis model of inferior vena cava (IVC) stehasibeen
developedn anesthetizedhice by separatiorof thelVC from theaorta, ligaing it over

a 30gauge needle and removing the needle without causing endothelial iPgutial
flow restriction in the IVC mimics conditions created in human venous valves and
results in the formation of a thrombus similar in structure to human thrévfitbr 48
hours, the mice were culled, arftambi developed in the IVC were taken for analysis.
In CLEG-2-geneticallydeficient mice(Clec1id Pf4°ret) it has beemlemonstrated that
in the absence of CLEZ the thrombus formation is inhibitesbmpaedto WT

controls. Depletion of CLE@ reduced platelet aggregation and leukocyte recruitment
at the stenosed vessels. In additibhas been demonstratagingimmunostaining

and western bloing, thatpodoplaninis expressed in IVC wallselow the endothelium
andis upregulated following stenosis. Administration of gmdoplanin antibody
reducedheaccumulation of platelets. Teedata suggest that both, CLEXCand

podoplanin, play an important role in D\(PPayneet al, 2017)

It has been reported that podoplanin expression was upregulated in the venous valves
adjacent tafemoral vein thrombugrom a patient who died with DVThut not
upregulatedn theunaffected valves of the same vewhenstained withanantrhuman
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podoplanin antibody (NZ). These preliminary resulguggestnimportant role of
podoplanin in DVT however, it still remains the questiainether the upregulation of

podoplanin is @awse or consequencd DVT (Nicolsonet al, 2020)

1.9.2. Blood lymphatic development

The nteraction between CLEE andpodoplanin plag a role inthedevelopment of the
lymphatic system. hvasfirst indicated in mice deficient in the important proteins
downstreanof CLEC-2, such as SyKurneret al, 1995) SLP-76 (Clement<et al,
1999)a nd PMeange? al, 2000) Embryos from these deficient mighowed a
Anesrepar at i ng adhelpnipleaticblooy yasculaxharaterised by abnormal

blood-filled lymphatic vessels

It hassincebeen shown that CLEZ and Syk in platelets are critical to ensure
lymphaticblood vascular separation in embry@ertozziet al, 2010; Finneyet al,

2012; Hes®t al, 2014) This was achieved bgonditional deletion of CLE and §k

in themegakaryocyte/platelet lineagéhesemice haddefects in lymphatic
developmentin contrastconditional deletion of Syk inther hematopoietic lineages

had no effect on viability and lymphatic development. These data suggest thatZLEC
and Syk expression in megakaryocytes and platelets is required for normal lymphatic

development{Finneyet al, 2012)

Furthermore, a knoek mouse model expressing CLEGwith a point mutation (Y7A)
in its hemlITAM also ha ablood-lymphatic mixing phenotype and lethaliike that
seen withCLEC-2 deficient mice These data suggest the critical rétg CLEC-2
hemITAM signalling in the prevention ablood lymphatic mixing(Haining et al,

2017) To investigate whetheéheblood and lymphatic vasculaemodelling may be

required for blood filling two challenge models iRf4-Cre CLEG2-deficient mice
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were usedln the first model, mice were challengedth cutaneous reverse passive
Arthus (rPA) reaction, which leads to a vascular response without inducing vessel
growth or network remodellingpA-induced local skin inflammation did nieiad to
evidence of blood filing dermal lymphatics adjacent to, or within, the site of
inflammation n aPf4-Cre CLEG2-deficientmice, neither inWT mice. However, in a
melanoma tumour model used to induce of inflammation and vascular network
remodelling and growth, it has been shown that tumorigenesis included by injection of
B16F10 melanoma cells waigsificantly associated with bloafllled lymphatics of
Pf4-Cre CLEG2-deficientmice compared to WT mice. These results suggest that
although in adult CLE€2-deficient mice lymphatic blood filling does not occur during
the expansion of lymphatiessels in isolation, it can occur during the chronic
concomitant remodelling of the blood and lymphatic vasculatures as seen in tumours

(Haining et al,, 2021)

Mice lacking the glycosyltransferasesynthase, which is crucial for-@lycosylation

of the extracellular domain of podoplanin demonstrated incomplete separation of
lymphatic vesselThis result suggées that Oglycosylation of podoplaniis important

to lymphatic endothelial cell identif§ru et al, 2008) The ghenotype observed in this
KO mouse is likely due to the inability of unglycosylated podoplanin to interact with

CLEC-2.

1.9.3. Septic thrombosis

Sepsis is defined as a systemic response to infection, leading to organ failure and death
(Hotchkiss and Karl, 2003)t has been reported that platelets gyrotective role in

septic shocky inhibiting macrophagedependent inflammation via the

cyclooxygenase 1 signalling pathw#&eduction of platelet number to ~10% congohr

to contros in a sepsis mouse model by injection of an-@&nB 1 b U mo n dedy o n a | a
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showedno significant haemorrhage observedhrlungs and brainsf

thrombocytopenic miceThese data suggest that increased mortality from sepsis in
thrombocytopenic micenaybe due an exacerbated inflammatory response, rather than
inflammatory hamorrhage Moreover,transfusion of plateletseduced mortality in
lipopolysaccharide (LPShduced endotoxemiand a bacterial infusio(Xiang et al,

2013)

Podoplanin expression is upregulated during inflammation in diftéypes of cells,
including macrophage@Houet al, 2010) In a mouse model of systeng@imonella
Typhimuriuminfection, Hitchcock et al. showed upregulation of podoplanin expression
on macrophage subsets and platelet activation in an infesttioen thrombosis in the
liver. The bacteria in the liver leads to the accumulation of podopéuressing
macrophages and dahe combination of bacteraemia, infection, inflammation and cell
migration, there imdamage of the vascular endothelium, resulting in an increase of
podoplaninrexpressing macrophages leading to CLE@&ctivation and platelet
aggregation. In additiort,has been shown that bofiateletspecific depletion of

CLEC-2 in mice and reducing the podoplamixpressing cell§F4/80) in liver using

clodronatdiposomes reduced the thrombosis after infectiptitchcocket al, 2015)

In a mouse model of sepsis wijaneticallydepleted CLE@ (CLECZ' PF£™Y), it has
been demonstrated that platelets limit the intensity of sepsis via @ld&@ this effect
is independent of thrombosiBhere waso differene in thrombus formation in kidney
or liver vessels in the absence of platelet CEEG addition, in the absence of CLEC
2 there was a significant increase in organ damage, especially acute kidney injury,
which is the first organ damageddringsepsis. Amouse with depleted podoplanin from
the podoplanirexpressing kidney cells glomerular podocytes, showed thia¢

protective effect of CLEE during sepsis is not associated with podoplanin on
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podocytes. However, the protective effect of CL-EGas beenh®wn in macrophages

expressing podoplanin, which regulates TNF s ecr et i o-padoplanihd i ng ant
antibody 8.1.1obone marrow derived macrophages treated with LPS reducedJTNF
secretion. Nevertheless, injection of 8.1.1 antibody into cecal ligation and puvture

mice increased primflammatory cytokines and chemokines but inhibited immune cell
recruitment intdheinfected peritoneumThese data suggest that gmdoplanin

antibody may be a novel strategy to modulate the inflammatory reaction and immune

cell infiltration dependent on podoplanin expressiBrayeset al, 2017)

1.9.4. Cancer

Podoplanin is expressed irffdirent types of cancer cells, including squamous cell
carcinoma, melanoma, skin cancer, mesotheliomas, and asoeiated fibroblasts

(Schachet al, 2005; Shibaharat al, 2006; Wicki and Christofori, 2007)

In a metastasis model using podoplaimansfected CHO cellsioculated intravenously

into lateral tail veinof mice an increase in the number of pulmonamgtastatic nodules

was observed whaertompared with the control CHO cells addition,thein vivo

interaction betweepodoplanirexpressing CHO cells and platelets demonstrated that
podoplanirexpressing cells were arrested in the lung 30 minutes gketion,

compaedto the control cells. These data suggest that podoplanin induces platelet
aggregation after injection of the cells, and that might help the cells to survive and form

metastasigKunitaet al, 2007)

Moreover, antpodoplanin antibody (PQ) administrationnhibited podoplanin
induced experimental lung metastasis in mice injected with podoglamsfected

CHO cells In addition, a murine/human chimeric -B2antibody maintained its
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inhibitory activity in a same modelnd additionally wheendogenously expsing

podoplanincancer cellfHT1080 were usedNakazaweet al, 2011)

Takemoto et al. reported that platelet aggtem induced by bladder squamous cell

carcinoma cell line UMJC-5, whichendogenouslgxpresses podoplanin, promotes
tumourplatelet aggregate formation and inducesEME of tumour cells. That

enhances the platelet release of transforming growth tactof ®GF and i ncr eas e
invasiveness and metastatic spreatl Bf-UC-5 cells. In addition, mice treatment with

aTGFb neutralizing antibody (erediated 1D11) s U
metastasign vivo, suggesting that podoplanin promotes metastagart by releasing

TGFb from plateletsvhichis essential for EMT of tumour ce3akemotoet al,

2017)

A non-cytotoxic 5nitrobenzoate smafholecule 2CP binds to CLEZ with anaffinity
constanbf33. 2 N 1.9 & M. I nc ub aaxpressing aaficer2edfsP wi t h
(C6/Lung cells or human osteosarcoma cell line HOS or MG63) inhibited platelet
aggregation. Additionally, 2CP has been useamouse xenograft model to determine

the effect on pulmonary metastases of C6/Lung.c2dwas injected into nudmice

in the presence or absence of the-aaticer agent cisplati2CP alone was not

effective in the metastasis model. Howevieg, tonbination of 2CRwith cisplatin

decreased the number of metastatic foci more than using cisplatin sumgesting its

role in the improvement of antancer therapyChanget al, 2015)

Treatment of mice withraantimouse CLEG2 antibody2A2B10, has been used to
remove CLEG2 from the surface of plateletBy injecting podoplanirexpressing

mouse B16F10 melanoma cealgo the CLEC2 depletednice,it has been

demonstrated that lung weights of mice were significantly decreased compared to the

WT control. These data suggest timdibition of the CLEC-2-podoplanin interaction
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suppresses hematogenous metastasaddition, ceculturing podoplanin-expressing
B16F10 cells with CLEE-deficient platelets, but not with WT platelets, decreased
their proliferation suggesting that platelets stimulate tumour cell proliferationtkia
CLEC-2i podoplanin interactiorHoweverthe effect orproliferationwasnot observed

in vivo in CLEC-2 depleted micelhe authors hypothesized that solid tumour cells and
platelets may not interact direcily vivoas they do in caulture These results require

a further studie€Shirai et al, 2017)
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1.10. Aims of the thesis

This project is a one of 15 PhD projects within the TargefilageletAdhesion

Receptors in ThrombosiFrAPAS) consortium. The ovarching goal of the TAPAS
consortium was to determine the molecular basis of platelet activation by the receptors
GPVI andCLEC-2 and the role of ITAM receptors in haemostasis, thrombosis, and
vascular integrity. Additionally, TAPAS was investigating the mechanism of Src and
Syk-mediated phosphorylation of the conserved tyrosinélseilY xxL sequence®sf the
GPVI/F ¢ RomplexITAM and CLEG2 hemITAM, identifying new targets for
therapeutic intervention and novel lead compounds, modelling the molecular events of
receptor clustering, artthtegeneratingof novel transgenic mouse models to study

mechanisms of platelet receptorrsdiing.

Known antiplatelet medications target crucial haemostasis platelet activation pathways
that mayincrease the risk of major bleedif@PVI and CLEG2 are two platelet

receptors important in a variety of disorders that involve arterial thrombasis an
thrombtinflammation. They are promising targets for novel antiplatelet drugs because

they have minimal roles in haemostasis.

Many cell surface receptors and downstream signalling molecules coalesce into micron
and submicron clusters, following the iation of signalling cascades. CLEXforms
clusters following podoplanin engagement, however, the regulation and effects of this
clustering on signalling molecule recruitment, distribution and signal transduction is

poorly understood.

This project "Artificial lipid membranes tetudy the platelet CLEQ-podoplanin

interactiorf has wvo hypotheses:
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1. This project "Artificial lipid membranes tetudy the platelet CLEQ-podoplanin
interactiori has wvo hypothesesArtificial lipid bilayers may help measurend
study the molecular behaviour of signalling platelet receptor components in ways

that cannot be achieved using intact platelets.

2. CLEC-2 may be a good target for novel apiatelet drugs having therapeutic
effectson platelet activationTargeting CLEG2, rather than podoplanin, may be a
good strategy because it is relatively restricted in expression when compared to

podoplanin whib has a wider tissue distribution.
Aims:

1. Develop a serrhnigh throughput reconstituted artificial lipid membrane platform as
an experimental approach to test and validate signal manipulation of 2LEC

intracellular macromolecular assembly and regulation.

2. Optimise and perform a higihroughput screen to identify a small molecule

inhibitor of the CLEG2-podoplanin interaction.

3. Characterise the effect of identified small molecule inhibitors on human platelet

function.

54



ChapteP

Materials and methods
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2.1.Materials

2.1.1. Molecular biology reagents

DH5U Compet ent GrdeliyPCR Muastar Mik and GeHeRgtHkb

Plus DNA Ladder were purchased from Thermo Scientific. Agarose and Ampicillin

sodiumsdt were purchased from Fisher BioReageBS¢BR® Safe DNA gel stain and

Zeocin were purchased from Invitrogdii. Express Competehischerichia colicells

Gel Loading Dye Purple (6x) buffer, CutSmart, all restriction enzymes (HindlIlI, Kpnl,

Pmd and Notl) and Qui ck komdemEngandBiol&bs.t wer e
| PTG, GenEluteE Gel Extraction Kit, GenEIl
Plasmid Maxiprep kit and LB Broth (Miller) were purchased from Sig\iakich.

Kanamycin sulphate was obtained from Gibco.
2.1.2. Vectors and plasmids
pSFOXB20-COOH-EKT-His10, pPSFOXB20-NH2-TEV-His10 were purchased from

SigmaAldrich. pSNAPf and pSNARag® (T7)2 were purchased from New England

Biolabs.

pFusehPdpnrFc encoding a dimeric form of human podoplanin extracellular domain
fused to rabbit Fc and pFub&cCLEC?2 encoding a dimeric form of human CLEC
extracellular domain fused to human Fc were gifts from the Watson Lab, University of

Birmingham.

2.1.3. Primers

Primers were synthesised by Sigalarich. All primer sequences are listed in Table

2.1. Primers wer designed using SnapGdwuersion 4.2.9)
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Table 2.1. List of primers.

Name Nucl eoti dei3&@quence 54
09CLEC2HindlIlI-Fw GAAAGCTTGGCGGCTCGATGCAGGATGAAGATG
10CLEC2KpnI-Rv AATTGGTACCGCCATCACACGCCACCAGGAG
11CLEC2-His-PmelFw TACGTTTAAACATGGCGGCGGCTCGATGCAG
12CLEC2His-Notl-Rv ATTCTGCGGCCGCCTAATGGTGATGGTGG

2.1.4. Cell culture reagents

Humandermallymphaticendothelialcells (HDLEC) CD31 and PDPN positivend

Endot helial Cell Growth Medium MV 2 were i
Modi fied Eagl ebs #HNvwdgG betal BouinMEMMN andu | t r a
Penicillin/ Streptomycin were purchased frc
Phosphate Buffered Saé (DPBS), Tryps#kEDTA solution, L-Glutamine solution and

Poly-L-lysine solution were obtained from Sigma.

2.1.5. Protein purification and labelling reagents

Hi TrapE Protein A HP column wasON-NFAchased
resin, EZLinkO Sulfo-NHS-LC-Biotin, SlideA-Ly z e r E MI NI Dialysis L

MWCO,0.1mLandSldé&-Ly zer E Di alysis Cassettes, 10}
Protein Concentrator PES, 10K MWCO250 mL and SnakeSkinE Dia

10K MWCO, 22 mm were purchased from Thermo Scientiiexa FluoN Protein

Labelling Kit was purchased from Invitrogen. SN/&Rrface® Alexa Fluor® 488 was

obtained from New England Biolabs.
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2.1.6. Lipids

Synthetic 1,2dioleoytsnglycerc3-phosphocholine (DOPC), 1;8joleoytsnglycerc
3-phophoethanolaminl-(capbiotinyl)(sodiumsalt) (BiotinCapPE) and (1,2,
dioleoytsnglycero3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl

(nickel salt) (DGSNTA) were purchased from AvaatPolar Lipids, Inc.

2.1.7. Flow cytometry reagents

Streptavidincoated Microsphres (5mm diameter), Silica Beads (4.98 um diameter)
QuantumE Alexa FluorE 488 MESF, Quant umE
Mouse 1gG1 kappa Isotype Control and BD Phosflow Perm Buffer Il were purchased
from BD Biosciences. CalceidAM and Flow Cytometry Size Calibration Kit were

obtained from InvitrogerMicroplate 96well, PS, \Abottom, clear were purchased

from GrainerBio-One. AntiRat IgG was purchased from Sigma.

2.1.8. Agonists, proteins, and inhibitors

Collagenrelated peptide (CRKL) was obtained from Professor Richard Farndale
(University of CambridgeUK). Rhodocytin was a kind gift from Dr Johannes Eble
(University of Munster, Germany). Thrombin was purchased from Merck.
Hematoporphyrin was obtained from MedChemExpress. Integrillin was purchased from
GlaxoSmithKline. Indomethacin, apyrase, RB0318and Fibrinogen were purchased
from Sigma. Recombinant Human CLEXICLEC1B Protein was purchased from R&D
systems. Small molecule inhibitors (MAS]) were obtained from SPECS

(www.specs.nét
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2.1.9. Antibodies

The primary and secondary antibodies used igitttesis are listed in a Table2znd

Table 2.3respectively.

Table 2.2. List of primary antibodies.

WB i western blot, IF immunoprecipitation; IF immunofluorescence

Antibody Species aAnpdplcij?littii?)ﬂ Source
Phosphetyrosine (4G10) Mouse WB 1:1000 Millipore
PhospheP L C22 (Y Mouse WB 1:300 R&D Systems

PLCo 2 Rabbit | WB 1:1000 Biﬁf‘e”;ﬁn%[g;y
Phospho Src Rabbit WB 1:1000 Invitrogen
Src Rabbit WB 1:1000 Invitrogen
Phospho Syk ( Rabbi WB 1:1000 Abcam
Syk (4D10) Mouse | WB 1:1000 Bf’)f‘ggﬁnglrgéy
AYP1 Mouse IP/5 ug Dr Alice Pollitt
AYP2 Mouse WB 1:1000 Dr Alice Pollitt
Podoplanin (D9D7) Rabbit |\ 17.0% C$2 CShiﬁgf(‘)'ggg
Podoplanin (N£1) Rat IF 1:200 AngioBio
Podoplanin (NZ1.3) Rat IF1:200 Invitrogen
APC antithuman CD42b Mouse IF 1:400 BD Biosciences
FITC antthuman Fibrinogen Rabbit Flow 1:100 Dako
PE/Cy5 anthuman CD62P Mouse Flow 1:100 BD Biosciences
PE antihuman GPVI (HY101) Mouse 2.5F r'g/‘f;st BD Biosciences
FITC antthuman Syk Mouse Flow BD Biosciences
Sniftest
His-tag Mouse WB 1:5000 Proteintech
GAPDH Rabbit WB 1:5000 Abcam
SNAP-tag Rabbit | WB 1:1000 Ne‘é"isggf‘”d
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Table 2.3. List of secondary antibodies

WB T western blotIF 7 immunofluorescence.

. . Application
Antibody Species and dilution Source
Alexa Fluor 647 conjugated| o0 | WwB 1:4000 Invitrogen
antirabbit
Alexa FIuor_ 488 conjugated Goat WB 1:4000 Invitrogen
antrmouse
Alexa FIuor4_88 conjugated Goat IF 1:2000 Invitrogen
antirat
Anti-Rabbit IgG (H+L)HRP Goat WB 1:5000 | Thermo Scientific
Anti-Mouse 1gG (H+L)HRP Goat WB 1:5000 | Thermo Scientific

2.1.10.0ther relevant materials

Bovine Serum Albumin heat shock fraction, protease free, fatty acid free was purchased
from Merck. Streptavidin, Streptavidin AlexaFluor405 conjugated and Streptavidin
AlexaFluor488 conjugated were purchased ftomitrogen. AlphaScreen Histidine

(Nickel Chelate) Detection Kit and AlphaScreen TruHits Kit were purchased

from PerkinElmer. 153@vell White Polystyrene Not Treated Microplates (3725) were
purchased from Corning. 98ell PS, half area, clear microplatesdeébéwell, PP, F

bottom, black microplates were purchased from GreherOne. 96well glass bottom
microwell plates, black (MatriPlate) were purchased from Brooks Life Science System.
Formalin solution, 10% neutral buffer, Hellmanex Il and Obt{d-glucopyranoside

were purchased from Sigagddrich. Ni-NTA Biosensors were purchased from

Sartorius. ImmobilofFL transfer membrane was obtained from Millipore. Spectrd/Por

Dialysis Membrane MWCO: 124,000 was purchased from Spectrum Laboratories,

Inc. Bradord reagent was purchased from VWR.

Unless stated, all other reagents were of chemical grade and obtained from Sigma

Aldrich or Thermo Scientific.
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2.2.Methods

All the experiment in this thesis have been performed by me, except the analysis of the
high-throughput screening and hit selectidrhe highthroughput screening has been
performed at the Pivot Park Screening Ce(titgs://www.ppscreeningcentre.cbm
duringmy 2-month secondment. The identified compounds have been validated firstly
at the Universityof Santiago the Compostedairing my research stay foneyear
secondment, and then continued at the University of Reatlimgmolecular biology,

protein purification and microscogyased experiments were fully performagmeat

the University of Readm

2.2.1. Molecular biology methods

Molecular biology methods have been used to prepare the DNA cortdt@icEC-2
intracellular domain fused with histidinand SNAPtag. Both features of the plasmid

are important to reconstitute signalling pathway using SLBs.

2.2.1.1. Agarose gel electrophoresis

Agarose gel electrophoresis was carried out using 50 mk266 hgarose in 1xTHS
acetateEDTA (TAE) buffer @0 mM Tris-HCI, 20 mM acetic acid, 1 mM EDTA To
dissolve the agarose, the solution was heated in a microwave bdftit®n of

SYBR® Safe DNA gel stain at a 1:10.000 dilution and pouring into a gel mould. The
gel was covered with 1xTAE buffer before loading the samples and GeneRuler 1 kb
Plus DNA Ladder into the wells. The samples were prepared using Gel Loading Dye
Puple (6x) buffer. The running conditions were 100V for 45 minutes or until good

separation achieved.

61



2.2.1.2. Insert amplification i Polymerase chain reaction (PCR)

PCR amplification of insert DNA was carried out using Phusion Hglelity PCR

Master Mix. Reaction mixture contained 25 pl 2xPhusion Master Mix, 2.5 ul of both
forward and reverse primers (10 uM), 100 ng template DNA anc@dbla final

volume of 50 pl. Reaction conditions were 98°C for 30 s of initial denaturation, 30
cycles of: 98°C for 10 ef denaturation, 69°C for 20 s of annealing followed by 72°C

for 20 s per kb of extension, with a final extension of 5 min at 72°C. The PCR mixture
was resolved via agarose gel electrophoresis, resulting fragments excised and purified

using a gel extraain kit.

2.2.1.3. Restriction enzyme digestion

Digestion of vectors and inserts was carried out using restriction enzymes and CutSmart
buffer at 37°C for 1 hour or in case of double digestion overnight or overnight with the
first restriction enzyme and then 5 howth the second one. The total reaction volume
was 20 pl: 1 pug of DNA, 2ul of 10xCutSmart buffer, 1 pl of each restriction enzyme,
adjusted with ddEO to the final volume. Digestion mixtures were resolved via agarose
gel electrophoresigligested fragmestexcised from gel and purified using a gel

extraction kit.

2.2.1.4. Ligation of vector and insert
For all|l |l i gation reactions a Quick Ligatic
in a 20 pl final volume comprising of 10 pl Quick Ligase Reaction Buffer (2xi, 9

vector DNA and insert DNA (vectansert ratio 1:5), 1 ul Quick Ligase and Nuclease

free water to the final volume. The reaction was incubated for 10 minutes at 25°C.
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Chilled onice, 4 Ol of |ligation mixture was transf

competent cells.

2.2.1.5. Transformation

2-4 pl ligation mix or plasmid DNA were added into 50 pl thawed on ice competent
bacterial cells. The cells were gently mixed and incubated on ice for 30 minutes. Heat
shock was performed at 42°C for 45 seconds antutbeewith the cells immediately
transferred on ice for 2 minutes. Then 700 ul of room temperature LB was added to the
tube and incubated at 37°C for 60 minutes with vigorously shaking (250 rpm). The cells
were spread into LE\gar plates supplemented witB@ pg/ml ampicillin, 50 pg/mL

kanamycin or 25 pg/ml zeocin and incubated overnight at 37°C.

2.2.1.6. Plasmid DNA isolation

A single bacterial colony was selected from theA@ar plate using a sterile pipette tip
and used to inoculate 5 ml of LB supplemented \&jipropriate antibiotic (100 pg/ml
ampicillin, 50 pg/ml kanamycin or 25 pg/ml zeocin) in a 15 ml Falcon tube and
incubated at 37°C overnight with vigorously shaking (225 rpm). Plasmid DNA was

purified usinga dasmid miniprep Kit.

2.2.2. Cell cultures

Human endotélial kidney (HEK) 293T cells were grown in DMEM supplemented with
10% FBS, 100 U/ml of penicillin, 100 pg/ml streptomycin and 2 n#@Ilutamine
solution. Human Dermal Lymphatic Endothelial Cells (HDLEC) were grown in
Endothelial Cell Growth Medium MV 2 (Rely-to-use)supplemented with
SupplementMix(0.05 miFetalcalf serum 5 ng/mlepidermalgrowthfactor

(recombinant human)l0 ng/mibasicfibroblastgrowthfactor (recombinant humaro

ng/ml insulinlike growth factor (long R3 1GR), 0.5 ng/ml ascularendothelialgrowth
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factor 165 (recombinant humari) ug/ml acorbicacid and 0.2 pg/ml fidrocortisong,
100 U/ml of penicillinand100 pg/ml streptomycinThe cells were grown in adherent

cultures in 75 crhflasks at 37°C and a Gevel of 5%.

2.2.3. Protein overexpression, purification, and quantification

2.2.3.1. Protein overexpression in bacterial system

A starter culture was prepared by selecting a single colony from thgal plate with
transformed T7 Express Competé&sicherichia colbacteria using a sterile @fe tip,
inoculating 50 ml of LB supplemented with appropriate antibiotic in a 250 ml flask and
incubated at 37°C overnight with vigorously shaking (225 rpm). Next day, six 2 litres
flasks with 500 ml of LB supplemented with appropriate antibiotic wasuiated with

1 ml of starter culture. Flasks were incubated at 37°C with shaking (180 rpm) until an
ODeooof around 0.4.5 is reached. The cultures were then cooled on ice for 20
minutes. Bacteria were induced with IsopropyD-1-thiogalactopyranoside (IPTG) at a
final concentration of 0.1 mM and incubated overnight at 16°C with shaking (120 rpm).
After overnight incubation the cultures were centrifuged at 10,000xg for 15 minutes at

4°C. Supernatant was decanted and thetpa#ies used for protein purification.

2.2.3.2. His-tagged protein purification from inclusion bodies

Prior protein purification, growth expression studiwesreperformed. Thse werdested

againstd i f f erent overexpression andlned ietd)o,n sl:P TG
concentration (0.1 mMind0.4 mM), growth time after induction with IPTG (3 hours, 5

hours, overnightand bacteria strainff{ Express Competelischerichia coliOne Shot

BL21 (DE3) Chemically Competei. coliandLemo21(DE3) Competeli. coli. The

bacteria pellets of different conditions were lysed sonicated and the samples were

resolved by SDEAGE and stained with Coomassie dye.
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The pellet was rsuspended in 10 ml of BugBuster Protein Extraction Reagent. The
suspension was gently shaken at room temperature for 30 min, subjected to 5 cycles of
sonication (45 second each, 5 second ON, 1 second OFF, amplitude 30%) and
centrifuged at 16,000%g for 20 minutes at 4°C. The inclusion body pellet was re
suspended in 10 ml of Solubilization buffer (20 mM Hi€l, 500 mM NaCl, 6M

guanidine hydrochloridde mM i mi d a zneefcaptoethanolmd 8.0), stirred

for 1 hour at room temperature and centrifuged at 16,000xg for 20 minutes at 4°C.

Supernatant was saved for purification and refolding steps.

A column was packed with 3 ml of HisPur-NiTA resin andequilibrated with 10 ml of
distilled water and 20 ml of Solubilization buffer. To 10 ml of supernatant, 10 ml of
solubilization buffer was addeBrotein &tract was loaded on the column, flow

through was collected and-applied to the column to ensure ximaise binding.

Refolding of the bound protein was performed on the column, using an Urea gradient,
by washing with 10 ml of Wash Buffer A (6M Urea, 20 mM THEI, 500 mM NacCl,

20 mM i mi d a-mer¢aptgethahol, pH8.0p 10 ml of Wash Buffer B (4M
Urea,20mM TrisH C | 500 mM NacCl, 2 O-marchptoetimanoll a z o | e,
pH 8.0), 10 ml of Wash Buffer C (2M Urea, 20 mM THEI, 500 mM NacCl, 20 mM

i mi daz ol enercaptoethavol, pH 8.0) and 10 ml of Wash Buffer D (20 mM
Tris-HCI, 500 mM NaCl,20nM i mi d a z o imercaptdethand] pHb 8.0).
Refolded recombinant protein was eluted using 30 ml of Elution Buffer (20 mM Tris

HCI, 500 mM NacCl , 50 &neroaptoethambldpd 8 @).1 e , 1 mM ¢

Fractions containing eluted protein were dialyzed &sifor a minimum ofwo hours
each against 11 PBS in SnakeSkinE Dialysis
Recombinant protein was concentrated to 2

10K MWCO, aliquoted and stored &80°C.
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2.2.3.3. Protein overexpression in mammalian cell§ transfection

For protein overexpression of hPodoplaRkiy a calcium phosphate methedsused
as it was confirmed by transfection of the HEK293T cells with a-GétRRaining
plasmid using epifluorescence microscopy,tths method worked better for protein
overexpressiortompaed to the method usingolyethylenimine(PEI). A plasmid
pFusehPdpnrrFcwas a gift from University of Birmingham. hPodoplammas
expressed as an {fgsion to increase avidity of the ligand irdaeting with the platelet
CLEC-2in artificial lipid membrane platform. Husion provides two binding sites,

compaedto one binding site in a monomeric form.

HEK?293T cells were harvested andplated on six 150 mm x 25 mm cell culture

dishes 2448 hous before transfection, until the cells reached 70% confluency. Cell
media was replaced with of 10% uHoav IgG FBS containing media 1 hour before
transfection. 1.08 mlof 25MCafl 180 € g o f-hRdpnas)end®.260 p Fus e
ml of ultrapure HO weremixed and added drop wise to 10.8 ml of 2xHEPES buffered
saline (140 mM NacCl, 1.5 mM NEPO4, 50 MM HEPES, 10mM KCI, 0,2% glucose,

pH 7.2), with gently mixing. The mixture was incubated at room temperature for 30
minutes. 3.5 ml per plate of calcium phbapeDNA particle complexes were added
directly to the cells in a dropwise manner over the entire surface of culture medium.

The cells were incubated at 37°C for 8 hobefore transfection media was replaced

with fresh medium supplemented with ultoav 1IgG FBS. Cells were then cultured

under standard conditions for 5 days. After this time, the medium was collected, and the
cells were fed with fresh low IgG medium and cultured for a further 3 days. To remove
cellular debris the collected medium was céagred in 50 ml Falcon tubes at 1000xg

for 10 minutes at room temperature, the supernatant was transferred to the rsew tube

and stored at 4eC with addition of 0.05% s
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2.2.3.4. Fc-Fusion protein purification from cell media

Fcfus on protein was purified using KTAE pu
Protein A HP (5 mL) columnwhich canyield highly purified Fecontaining proteins

was connected into the system and equilibrated with 10 column volumes (CVs) of PBS.

The medium coraining protein was loaded on the column using sample pump P9S and
subsequently washed with 5 CVs of PBS. Recombinant protein was eluted using 15

CVsof 0.1 Mglycine, pH 3.0Each 1.5 mL fraction was collected using Fraction

collector F9C into a 96well 2mL plate containing 200 uL of 1M THEICI, pH 9.0

(neutralization buffer). A sample of each step of the purification process was collected

for SDSPAGE and analysed using Coomassie stainingnasiern blottingn reduced

and norreduced conditiond-ractons containing recombinant protein were

concentrated and dialysed against PBS.

2.2.3.5. Bradford assay

The protein concentration was quantified
standards (0, 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, 2.0 mg/ml) as well as proteiresamnitbl

unknown protein concentrations was pipetted into the wells ofva 64 | pl at e. 10
Bradford Reagent was added to each well, mixed by pipetting and |&ftdimutes at

room temperature. The absorbance was measured at 595 nm Efen&tation 3

Reader. By plotting absorbance at 595 nm versus protein concentration, the standard

curve was generated, and the unknown sample concentrations determined.

2.2.4. Protein labelling
2.2.4.1. Monobiotinylation of recombinant protein

Monobiotinylated hPodoplanifc was prepared by incubating the protein with limiting
concentrations of EZ i n k E -N8H$-LG-Biotin. The protein was dissolved in PBS
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at 0.5 mg/ml and aliquoted in 0.5 ml fractions. To determine the optimal concentration

of SulfooNHS-LC-Biotin needed dr monabiotin labelling varying final concentrations

of SufoNHSLC-Bi ot in from 50 ¢l / ml to 0.005 ¢l / m
the protein aliquots. The reaction was incubated for 30 minutes at room temperature,

and then dialyzed against PBSufdimesat 4°C to remove the excess biotin reagent.
Monobiotinylation of the recombinant protein was confirmed using flow cytometry

(Chapter 2.2.6.1.).

2.2.4.2. In vitro labelling of monobiotinylated protein

The monobiotinylated protein was labelled using an Alelkar® Protein Labelling

Kit. To 0.5 ml of 2 mg/ml monobiotinylated hPodoplaiftin, 50 pl of 1M Sodium
Bicarbonate (pH 8.3) was added. The protein was transferred into a vial of reactive dye
containing a magnetic stir bar and was stirred for 1 hour at teaperature in the

dark. The column was filled with purification resin and left so excess buffer drained
away. The reaction mixture was loaded onto the column and elution buffer (10mM
potassium phosphate, 150 mM NacCl, pH 7.2, with 2mM sodium azide)ddesiaTwo
coloured bands, which represented the separation of labelled protein from
unincorporated dye was observed. The first coloured band contained the labelled

protein was collected.

The concentration and the labelling degree of monobiotinylated hRodepc were
determined by measuring the absorbance of the conjugate solution at 280 nm and 494
nm using a NanoDrop2200. To calculate the protein concentration the following

eguation was used:

0. . O ™ p

Ni € OGEREQQE 0D O O-Qt¢
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The molar extinction coefficient (U) was
tryptophan (W), tyrosine (Y) and cysteine (C) residues in the sequence of protein and

calculated by using the following equation:
- wa o EW VUMMM EW PT WM ED pQuU

The degree of labelling was calculated using following equation:

5
G aQORQE ¢ NA € 0 ' QQE e R o Ly e n e~z s
P al X PTTil € OECGEWQE 01 WO Q€ ¢

where 71,000 criM-1is the approximate molar extinction coefficient of the Alexa

Fluo® 488 dye at 494 nm.

2.2.4.3. In vitro labelling of SNAP-tagged protein

Recombinant protein in fusion with SNARg and 10xHistidine tag was labelled using
SNAP-Surface® Alexa Fluor® 488. To set up the reaction, the following components
were mixed: 5 pl of 50 uMBNAP-tagged recombinant protein, 1 pl of 50 mM DTT, 2

pl of 250 uM SNARtag Alexa Fluor 488 Substrate, topped up with 1xPBS to a final
volume of 50 pl. The reaction was incubated for 2 hours at 25°C in the dark and then at

37°C for 10 minutes. Labelled gen was dialysed against 1L of 1xPBS for 1 hour at

room temperature in thedark using Stild. y zer E MI NI Di al ysis Dev

protein sample was run on an SPBGE gel and detected using a Typhoon FLA 9500.

The sample was stored-20°C with addition ofimM DTT (final) in the dark.

2.2.5. Liposomes preparation

Three different compositions of liposomes were prepared: 25%BGS-75%
DOPC; 2% BiotinRCapPE -98% DOPC; 100% DOPQUhe selected ratio of lipids were
based on previously reported literature ratios tee&LBs preparatiorfDustin and

Pollitt, 2018 Pollitt et al, 2014. To 2ml of ChC}in a glass test tube, the phospholipids
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were added to a final concentration of 4 mM and the €&élporated under a nitrogen
stream leaving a lipid film at the bottom of the test tube. The tubes were capped with
parafilm squares and lyophilized for 90 minutes to remove any residuas.@titelr
lyophilization, 2 ml of 2% Octyb-D-glucopyranoside weradded and the mixture was
sonicated to solubilize the lipids. Subsequently, the lipids were sterilized using a 0.22
Om filter. 100 ¢l of appropriabDe | ipids we
glucopyranoside, to make a 0.4 mM working solution. Preplggedomes were

dialysed into degassed Hisiffered saling25 mM TrisHCI, 150 mM NacCl, pH 8,0)
using Spectra/Por Dialysis Membrane. The dialysis was performed 3 times, changing
tubing to fresh buffer each time. After dialysis, liposomes were aliquoted..i ml
Eppendorf tubes and stored at 4°C. To minimise exposure to gxaigeraspurged

from the tubes usingrgon.

2.2.6. Flow cytometry

All flow cytometry experiments were performed using a BD Accuri C6 Plus system. To
ensure that the signal was collectadd the noise was ignored, 20,000 on H5C

threshold was usedata was collected from 10,000 events for each gagtdample.

2.2.6.1. Determination optimal concentration to monobiotinylate protein

2 pl of Streptavidircoated Microspheres (5 um diameter) peEaction were washed in
Eppendorf tubes with reaction buffer (1% BSA, 0.02% Tween20 in BBS)

centrifugation a?.500<g for 1 minute at room temperatur@nd then incubated with 2
pl of biotinylated protein in 50 pl of reaction buffer for 20 minutes atmaemperature

with agitation (to prevent the beads from settling in the bottom of the tube).

The beads were washed 2 times with reaction bbffeentrifugation a?.500<g forl

minuteat room temperaturdhe beads were incubated with:400 dilution L0 pg/mi
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final) of Streptavidin Alexa Fluor 488 and with a 1:100 dilution of podoplanin (D9D7)
Rabbit mAb in 50 pl of reaction buffer and incubated for 20 minutes with agitation. The
beads were washed 2 times with reaction bufjecentrifugation a?.500xg forl

minuteat room temperatur@and then incubated with 1:500 dilution of Alexa Fluor 647
donkey antirabbit IgG in 50 ul of reaction buffer for 20 minutes with agitation. The
beads were washed 3 times with reachgrcentrifugation a?.500xg for1l minute at

room temperaturand analysed bflow cytometry. The optimal biotin labelling to

result in monobiotinylation of the recombinant protein was the concentration at which
staining was detected in th&4 (675/25 BP) channgbut not in the in the [EL (530/30

BP) channellt suggests that there are no more biotin molecules on the protein surface
than one, occupied by streptavidin beadstadprotein is incorporateato the beads

by biotin because it is recognised tne arti-specific antibody, giving a fluorescence

signal.

2.2.6.2. Quantification of the protein density deposited on the bilayer

2.5 ul of 4.98 um silica beads were transferred into an Eppendorf tube, washed once
with 150 pl of FACS buffer (1% BSA, 10 mM HEPES, 0.0266&im azide in PBS)

and centrifuged at 600xg for 2 minutes. Supernatant was removed, 5 pl of liposomes
were added and incubated with the beads for 20 minutes at room temperature. The
beads were washed 3 times with FACS buffer by centrifugation at 6002giimutes.

150 pl of Blocking buffer (5 mg/ml heat denatured BSA in PBS) was added, and the
beads were incubated for 20 minutes at room temperature. The beads were washed 3
times as above, then 50 pl of 10 pg/ml Streptavidin was added and incubated for 20
minutes at room temperature. The washing step was repeated as above, then 50 pl of 10
pHg/ml Fetagged fluorescently labelled recombinant protein was added and incubated

for 20 minutes at room temperature. The beads were washed 3 times as above, then
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resupended in 150 pl of FACS buffer and transferred to flow cytometry tubes
containing 300 Ol of FACS buffer. At the s
Alexa Fluor® 488 MESF) were prepared following the protocol attached by supplier.

The samples were ad using flow cytometry (Accuri CSampler Plus).

For NTA-lipids the protocol was similar except the buffers: Blocking Buffer (5 mg/ml
BSA in 10 mM TrisHCI pH 8.0 with addition of 100 uM NiG), FACS buffer (1%
BSA, 10 mM HEPES, 0.02% sodium azide in 10 miks-HCI pH 8.0) and the time of
incubation beads with Hisagged fluorescentiiabelled recombinant protein was 1

hour.

The median fluorescence of calibration beads was used to generate a standard curve by
plotting the number of Alexa Fluor 488 molecutesthe x axis against median

fluorescence intensity (MFI) on the y axis. A linear regression was fitted to the standard
curve and equation was displayed. Bead saturation was confirmed by & highéR

close to 1. Using the equation, the number of flsceat dye molecules associated with

the bilayer coated bead was determined. To calculate the density of protein molecules
tethered to the bilayers, the equation below was used.

[ GOaNniI@OQA 6 ¢ @@l i ¢ oI UKEQE
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where fluorescent dye:protein ratio was estimated during labelling of monobiotinylated
hPodoplanirFc; and bead surface area was calculated using the equaticand is

equal to 787 mm? for 4.98mm diameter beads.
2.2.6.3. Quantification of intracellular protein copy number

8x1(f human washed platelets (20of platelets at 4x18ml) was suspended in 180

1xHBS buffer (20 mM HEPES, 150 mM NacCl, pH 7.0) and fixed with an equal volume
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of 4% Paraformaldehyde for 10 minutes at room temperature. Platelets were washed

three times with 2 ml of 1xHBS buffer by centrifugation for 15 minutes at 500xg.

Platelets were permeabilized by incubation witmb0f BD Phosflow Perm Buffer Ill

for 30 minukes on ice. Following three washes with 2 ml 1xPBS buffer, platelets were
incubated with a saturating concentration of FITC Mouse-Rutnan Syk (51 of 200

ng/ml, clone 4D10) or i of FITC with PE Mouse 1gG1 kappa Isotype Control in 45

m of PBS for 20minutes at room temperature. 4%50f 1xPBS wasaddedand the

mixture was transferred into a FACS tube. At the same time the calibration beads
(QuantumE Simply CellularE Mouse |1 gG) wer e
attached by supplier. All samplesre read using flow cytometry. The sample analysis

and determination of the copy number of intracellular proteins in platelets was the same

as for surface proteins.

2.2.6.4. Estimation of HDLECSs size

200 pl of 5x160HDLEC or 5 pl of different size of microspherek jfm, 2 um, 4 um, 6
pm, 10 um and 15 prdiameter) from Flow Cytometry Size Calibration Kit were
transferred into 96vell plate washed once with PBS and then read using flow
cytometry. The beads and the cells were gated using side scatteAJ38@ forwad
scatter (FS€H) measuring cell granularity and cell size, respectively. The median in
FSGH was estimated using BD Accuri C6 plus software. A standard curve was
generated by plotting sizes of beads on x axis against median iHiE8&atter A linear
regression was fitted to the standard curve and equation was displayed. The size of

HDLECs was calculated from the equation.
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2.2.6.5. Quantification of podoplanin density in HDLECs

1x1C¢/ml of HDLECs suspended in 48 of PBS wereincubated with a saturating

concentration of PEonjugated artihuman podoplanin antibody NEZ3, starting from

5 m of antibody per test. The samples were incubated for 20 minutes at room
temperature in dark. At the same time the calibration beads (Quaft Si mp | y
Cellular® Rat IgG) were prepared following the protocol attached by supplier, using the
same antibody as to stain HDLECs. To remove unbound antibody, the samples were
washed 3 times with PBS. All samples were read using flow cytometry. Asralcont
against norspecific antibody binding, platelets were incubated with R& IgG2a

kappa Isotype Control.

The median fluorescence of calibration beads was used to generate a standard curve by
plotting antibody binding capacity on the x axis agaM&i on the y axis. A linear
regression was fitted to the standard curve and equation was displayed. Bead saturation
was confirmed by a high®alue close to 1Using the HDLEC diameter and the

podoplanin copy number, the surface density of podoplanin waswieéed.

2.2.7. Supported lipid bilayer formation
2.2.7.1. Formation of SLB in FCS2 chamber

Liposomes (2% BiotinyCapPE, 98% DOPC) were deposited on a glass coverslip
cleaned by piranha solution (a mixture of 35 ml 18M concentrated sulfuric acid and 15
ml of 30% (v/v) hydrogen peroxide) as singlenildroplets, assembled in Bioptechs

FCS2 chamber and incubated for 20 minutes at room temperature. Formed SLB were
washed using 5 ml of PBS delivered into the chamber using awlagestopcock,
afterwards blocked with il of blocking buffer (5 mg/ml heat denatured fatty acid free
bovine serum albumin in PBS solution) and incubated 20 minutes at room temperature.
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Unbound blocking buffer was removed by passing 5 ml of PBS through the chamber. 1
ml of 10ng/ml streptavidir(Invitrogen) was added into the chamber and incubated for
20 minutes at room temperature in the dark. Unbound streptavidin was removed by
passing 5 ml of PBS through the chamber. Then 1 ml oigl®l of biotinylated and
fluorescently labelled recombinaptotein was added into the chamber, incubated 20
minutes at room temperature in the dark. Unbound protein was removed by passing 5

ml of PBS through the chamber. The chamber was ready for microscopy analysis.

For NTA-lipids the protocol was similar excethe Blocking Buffer (5 mg/ml BSA in
10 mM TrisHCI pH 8.0 with addition of 100 uM NiG), there was no step with
Streptavidin and the SLB were incubated with-téigged fluorescentiiabelled

recombinant protein for 30 minutes.

2.2.7.2. Formation of SLB in 96-well glass bottom plate

Supported lipid bilayers were formed in-@&ll glass bottom plates. Each well of the

plate was washed with 200 of 5% Hellmanex IlI solution at 50°C overnight, followed
by washing 10 times with 258 distilled water. Afterwardste wells were cleaned 3
times with 5M NaOH for 30 minutes at 50°C and again washed with water. The plate
was dried by centrifugation upside down at 500xg for 2 minutasobliposomes was
then deposited in each well and allowed to form SLB for 30 minat@oom

temperature. After 30 minutes, wells containing liposomes were washed 3 times with
PBS and then blocked with 20® blocking buffer (5 mg/ml heat denatured bovine
serum albumin in PBS solution) for 20 minutes at room temperatubdock the

suiface and mininge nonspecific protein adsorption. 208 of 10 ng/ml streptavidin

was added to the well, incubated for 20 minutes at room temperature and washed 3

times with PBS. Then 20 of 10 ng/ml biotinylated and fluorescently labelled
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recombinantprotein was added, incubated for 20 minutes at room temperature in the

dark and washed again 3 times with PBS. 406f PBS was added to the wells and the

plate was ready for microscopy analysis

2.2.8. Microscopy

2.2.8.1. Fluorescent and DIC microscopy

Microscope slides from platelet spreading assays on immobilized agonists or HDLECs
were imaged using an Eclipse Ti2 Inverted Microscope with HP Plan Apo VC 100xH
objective and Camera Nikon B@i2. DIC and epifluorescence pictures were taken with

a frame sie of 2424x2424 pixels (0.07 um/px). Platelet spreading analysis was
performed manually by counting the number of platelets in the field of view or, to
determine the platelet surface area, by drawing the platelets and measuring them using

the measure funicn in ImageJFiji, version 1.53c)

2.2.8.2. Fluorescence recovery after photobleaching (FRAP)

Bilayer mobility was confirmed using fluorescence recovery after photobleaching
(FRAP). Experiments were performed with a Plan Bg@x Oil emersion objective on

a Nikon Eclipse Ti inverted microscope using Nikon Alplus camera. During the FRAP
experiment, the FCS2 chamber or®éll plate was kept at 37°C. The fluorescence

within the region of interest was photobleached td5Xeconds (depending on the
experiment) at Q0% intensity with a 488 nm Argon ion laser. Before and after

bleaching, confocal image series were recorded at 5 sec time intervals at low laser
intensity. Simultaneously, a reference ROI of the same size was measured for each time
point. Confocal imageseries were recorded with a frame size of 1024x1024 pixels

(0.03mm/px).
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2.2.8.3. Total internal reflection fluorescence (TIRF) microscopy

To the prepared FCS2 chamlger glassbottom 96well platg with CAP-Biotin-PE

SLB and biotinylated and fluorescently labelled hPodopi&ainl mi(or 200 pul) of
human washed platelets at’J&r ml were added. The chamlger plate was imaged
with a Nikon TIRF system mounted on a-l stand, using an Apo TRR100x 1.49 QOil
DIC N2 objective. Images series were recorded with a frame size of 512x512 pixels

(0.26mMm/px).

2.2.9. High-throughput screening (HTS)

The highthroughput screewasperformed by me with the support of Dr Jan van
Groningen. during my -2Znonth secondent in the Piet Park Screening Centre in the
NetherlandsThe characterization of true hits and dossponse studiegere

performed at University of Santiago de Compostela.

2.2.9.1. HTS using AlphaScrea

The highthroughput screewith the Pivot Park Screening Centre library (18,476
compoundsPrestwick Chemical Library and SPEG#&as carried out using Amplified

Lumi nescent Proximity HomoThePrestwicks Assay (A
Chemical Library is composed ©620 FDAapproved &EMA -approved drugdt was
selectedl ue it d6s chemical and pharmacol ogi cal
library have been addressed to more than 600 targets. The SPECS library is composed

of a variety of novel small molecules, which have not lestribedpreviously The

assay was performed using monobiotinylated human Podopfamiand a commercial
recombinant human CLEEZ/CLEC1B with Histidine tag. Firstly, 10 nl of 2 mM

compoundgdissolved in 100% DMSOyere added into 153@ell plates using=cho®
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555 acoustic liquid dispenser, whereas into columBsshs added 10 nl of 100%

DMSO. Secondly, 0.5 pl of reaction buffer (0.1% BSA in PBS) was added to all the
wells using Certus Flex liquid dispenser, except column 5 and 6, where 0.5 ul of 160
MM Hematoporphyrin was added as a positive control of inhibition. Podoplanin and
CLEC-2 were then diluted using reaction buffer to concentrations of 100 nM and 400
nM respectively and added together at a 1:1 ratio (1 pl each) to all wells, except column
1, 2,7, 8, where 2 pl of reaction buffer was added. Following a 30 minutes incubation

of the proteins with the compounds at room temperature, 0.75 pl of 133 pg/ml- nickel
chelate (NHNTA) acceptor beads were added into all wells and incubated for 1 hour at
roomtemperature in the dark. Then, 0.75 pl of 133 pg/ml of streptavidin donor beads
were added and incubated for another 1 hour at room temperature in the dark. The final
volume of the reaction was 4 pl and the concentration of individual components was 5
UM of compounds, 20 uM of Hematoporphyrin, 25 nMpoid oplanin, 100 nM of

CLEC-2, 25 ug/ml of nickekhelate acceptor and streptavidin donor beads. Following

an incubation with the donor beads, the fluorescence intensity at 520/620 nm (ex/em)
was subsequentlgad using an Envision mulaibel plate reader (Perkilmer). The
datawasanalysed by Dr Jan van Groningen andréseltinglist of the hitswassent

via email.

2.2.9.2. Characterising the true hits

To confirm the inhibitory effect of compounds on protpintein interactions,

compounds identified through the hitiroughput screen were analysed again using the

Al phaScreenE assay. Ad dpositiveohitsadanl y, t o i dent
Al phaScreenE TruHitsE assay was peghf or med.

throughput screen was dispensed again into a-t&l6plate in the same concentration

as before and then diluted with the assay buffer to a final volume of 0.75 pl. The kit
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components, Biotinylated Acceptor beads and Streptatdmor beads, were

premxed in the assay buffer to final concentrations of 6.25 ug/ml and 12.5 pg/mi
respectively and incubated for 30 minutes at room temperature in the dark. 3.25 pl of
premixed beads was added to each well with compounds and incubated for another 10
minutes. Bllowing an incubation, the fluorescence intensity at 520/620 nm (ex/em)

was subsequently read using an Envision rtalttel plate reader (PerkElmer).
Compounds with a fluorescent signal lower than the control wells with DMSO by more

than two standardeViations were identified as false positives.

2.2.9.3. Doseresponse curve

To generate a dosesponse curve of lead compounds which inhibit the hPodoplanin
hCLEG-2 interaction, the optirséd AlphaScreen assay from above was performed. A
total of ten serial dilutins ranging from 160 pM to 0.3125 uM (final concentrations in
the well) of the lead compounds were prepared in reaction buffer from a 10 mM stock
dissolved in 100% DMSO and run on the AlphaScreen assay. Additionally, a total of
ten serial dilutions of DMS(xorresponding to the final concentration of DMSO in

each compound point (ranging from 1.6% to 0.003125% (v/v)) were run to control for
the impact of DMSO on the AlphaScreen signal. Percentage inhibition was calculated
for each concentration of compounadgplotted against the logarithm of the
concentration. The compounds were tested in duplicate at each concentration and the
assay was repeated three times. The obtained data was analysed and fitted using

GraphPad Prism 7.04.

2.2.9.4. HTS data analysis

The signal tdackground ratio (S/B) was determined by dividing the mean of

maximum fluorescent signal (DMSO with proteins) by the mean of minimum
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fluorescent signal (signal inhibition by Hematoporphyrin) to determinate fluorescence
change i n t he aasecakylated uBihgethe é&an dna standand dewiation
(sd) of the fluorescence of the maximum fluorescent signal (max, DMSO with protein)
and the minimum of fluorescent signal (min, signal inhibited by Hematoporphyrin)
using the following equation:

o @ DA@ad @ "QQ¢
DQWEVOW G QuE A E

w p

The Z06 value higher than 0.5 describes an

2.2.10.Platelets

2.2.10.1. Platelet Rich Plasma (PRP) preparation

Whole blood was obtained from healthy volunteers who had not taken angatneali
affecting platelet function in the previous 10 days using methodology approved by the
University of Reading Research Ethics Committee. Whole blood was collected in a 4.5
mL or 9 mL vacutainers containing 3.2% sodium citrate. The blood was tradsfeoe
sterile round base tubes (4.9 ml tube, LP4) and PRP was obtained by centrifugation the
tubes at 200xg for 20 min at room temperature. PRP (the upper layer after
centrifugation) was removed gently to the falcon tube and rested for 30 minutes prior to

the experiments.

2.2.10.2. Human washed platelets preparation

Whole blood was collected in a 4.5 mL or 9 mL vacutainers containing 3.2% sodium
citrate. 10% tube volume of actdtratedextrose (ACD; 85 mM sodium citrate, 71 mM
citric acid and 110 mM glucose) was added into the blood and gently mixed. The blood
was tansferred into sterile round base tubes (4.9 ml tube, LP4) and PRP was obtained

by centrifugation the tubes at 200xg for 20 min at room temperature. The top layer
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(PRP was collected into the falcon tube, 0.36 ul per evernyl @ffPRP of 0.25 pg/ml

Prostagclin (PG, solubilized in ethanol) was added and platelets were pelleted by
centrifugation at 1000xg for 10 minutes at 20 °C. The pellet waissgended in 1 ml

of warmed Tyrodeods buffer (13POMMmMMNacCI| , 2.
NaHCQ;, 20mMM HEEES, 1 mM MgCtand 5 mM gl ucose, pH 7. 3)
ACD and then 3 ml of ACD was added and t he
bufferto 28 ml. The number of platelets was determined using a Sysmex Automated
Hematology Analyzer or a Z1 Coulter Pal¢i Counter (Beckman Coulter), £0of

0.25 pg/mIPGIl2 was added and thegrtatelets were pelleted lmentrifugation at 1000xg

for 10 minutes at 20 °C. The pellet wasuspended to the appropriate cell density

using Tyrodeo6s buffor80minutesitearéece/ér befose beingused r e st

for experiments.

2.2.10.3. Light transmission aggregometry (LTA)

LTA was preformed using an aggregometer AggRAM (Helena Biosciences) in a final
volume of 250 pl. 215 pl of washed platelets at concentration#ml@ere alded into

a AggRAM Cuvette with a stirring bar inside and incubated for 5 minutes with 10 pl of
inhibitor or 0.3% (v/v) DMSO final. Under
platelets were then stimulated with 25 pl of agonist: ©RRK0.3 or 3 pg/ml fnal),

rhodocytin (30 or 100 nM finalpr thrombin (0.05 U/ml final)Light transmission was

monitored for 5 minutes. Tyrodeds buffer v

2.2.10.4. Plate-based aggregometry (PBA)

40 pl of washed platelets (4x3l) were loaded into 9vell half area plates and
incubated with 5 pl of inhibitor or DMSO (0.3%/v) final) for 5 minutes before the

addition of 5 pl of CRPXL (3 pg/ml final), rhodocytin (200 nM final) or thrombin
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(0.05 U/ml final). A plate was shaken Bic&te iQ (Q Instruments) at 1200 rpm and
37eC f or 5 nXLand thremsbinfaodrlO rhirktes for rhodocytin. The

absorbance was measured at 405 nm using a FlexStation 3 Reader Platelet.

2.2.10.5. Spreading assay

Single glass coverslips (L3 mm) were placed ieachwell of a 24well plate, coated

with 300 of 10 ng/ml hPodoplanisrFc, 300 nM rhodocytin, 3 pg/ml CRRL or 100

Og/ ml fibrinogen and incubated overnight &
with 1xPBS, then blocked with 5 mg/ml heat denatB&a\ for 1 hour at room

temperature and washed again. 800f washed platelets at 2x4tl, pretreated with

inhibitor or 0.3 % (v/v) DMSQinal for 5 minutes, were added and incubated for 45
minut es at 37eC. Non adher etimegwitrlxRBSet s we
and coverslips were fixed with 3@ of Formalin Solution, 10% neutral buffered for

10 minutes, washed 3 times with 1xPBS, and permeabilized with 300 pl of 0.1% (v/v)
Triton-X100 for another 10 minutes. The coverslips were washede3 tmith 1xPBS,

stained with 100r Alexa Fluor 647 Phalloidin (1:100 dilution) and incubated for 50

minutes at room temperature in the dark. The coverslips were washed 3 times with

1xPBS, then 3 times with distilled water and mounted on 75 mm x 25 mmsnop®

slides using Hydromou@. Prepared slidewereanalysed using epifluorescence

microscopy method described in section 2.2.8.1.

2.2.10.6. Flow cytometry of platelets

In a V-bottom 96well plate, 5 pl of PRP or washed platelets (43f) were incubated
with 5 pl of 10x concentrated inhibitor or DMSO, 1 ul PE/Cy5 dntiman CD62P
antibody and FITC antiuman Fibrinogen antibody for PRP (or 100 pg/ml Alexa Fluor

488 Fibrinogen final for washed platelets) in a final volume of 45 pl. Bhghof 10x
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concentrated agonist was added and the plate was incubated for 20 minutes in the dark.

To stop the reaction, the samples were fixed with 150 pl 0.2% formyl saline. Negative
controls for antibodies were set by using appropriate isotype corIBA for

fibrinogen binding and PEViouse 1gG1 kappa Isotype Control foisBlectin exposure.
Samples were analysed using a BD Accuri C6 Plus flow cytometer. A gate was applied
around platelets populatiarsing side scatter (SSC) and forward scatter JFS€asuring cell
granularity and cell size, respectivetyrd data was collected from 10,000 events for each

sample.

2.2.10.7. Platelet viability assay

200 ul of washed platelets (2.5%¥1fl) were incubated with the inhibitor or 0.384v)

DMSOfinal forlO minuts at 3 7eC. For the positive
viability, Triton X-100 (0.01%(v/v) final) was used. After 10 minutes, 1 pl of 0.1

mg/ml CalcemkAM was added to the samples and in
the dark. Samples were analgsgsing a BD Accuri C6 Plus flow cytometer in the FL1
(530/30 BP) channel. Data was collected from 10,000 events for each gated platelet
sample.

2.2.10.8. Platelet signalling study

270 ul of washed platelets (8>Ml) were pretreated with 9 uM Integrillin (for

platelets stimulated with rhodocytin) or 9 uM Integrillin, 2 U/mL of apyrase and 10 uM
of indomethacin (for platelets stimulated with GIRB). Then, platelets were incubated
with 10 pl of inhibitor or DMSO (0.3%v/v) final) for 5 minutes. Samples were

stimuat ed with Tyrodeds b-XIlof1®0 nM(rhoagosytini ng) ,
under stirring conditions (1200 rpm at

stopped after 90 seconds (for G&XB) or 5 minutes (for rhodocytin) by adding the
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same volume oftecold 2x Lysis buffer (0.3 M sodium chloride; 20 mM Tris; 2 mM
EGTA; 2 mM EDTA; 2% (v/v) NP40; 10 pg/mL aprotinin; 1 pg/mL pepstatin; 10
pg/mL leupeptin; 400 pg/mL AEBFS; 5 mM sodium orthovanadate; pH 7.5) and then
incubated for 30 minutes on iCEo ranove insoluble debris, samples were centrifuged
at 15,000¢g for15min at4 e Samples for SDAGE were prepared by adding 10 pl
of 6X sample buffer (12% (w/v) Sodium Dodecyl Sulphate (SDS), 30% (v/v) glycerol,
0.15M TrisHCI (pH 6.8), 0.001% (w/v) Brilant Blue R, 30% (v/vp-

mercaptoethanol), into 50 pl of lysed platelets. Samples were heated at 95°C for 5

minutesand separated usi§DSPAGE.

2.2.10.9. Platelet spreading assay on HDLECs

Single glass coverslip (13 mm) was sterilised with 70% (vAgthanol andglaced in
eachwell of a 24well plate. 1x10 of HDLECs were harvested in each well and

cultured until 96100 % confluency. On the day of the experiment, cell media was
removed, and the cells were washed three times with DPBS, before addimgp800
washed platelets at 2x4ml, pretreated with inkbitor or 0.3 % (v/v) DMSCfinal for 5

mi nut es . Cells with platelets were incubat
platelets were removed by washing 3 times with DPBS and coverslips were fixed with
300m of Formalin Solution, 10% neutral buffered ftd minutes, washed 3 times with
1xPBS, and permeabilized with 300 pl of 0.1% (v/v) Tri100 for another 10

minutes. The coverslips were washed 3 times with DPBS, stained wipoaaplanin
(NZ-1) and APC conjugated afituman CD42b antibodies. Th&oess of the

antibodies was removed by washing 3 times with DPBS. Afterwards, coverslips were
incubated with Alexa Fluor 488 conjugated amati antibody, as a secondary antibody

to stain antpodoplanin (N£1). The coverslips were washed 3 times with DPB8&n 3

times with distilled water and mounted on 75 mm x 25 mm microscope slides using
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Hydromoun© . Prepared slidesereanalysed using epifluorescence microscopy

method described in section 2.2.8.1.

2.2.10.10. Bio-Layer Interferometry (BLI)

The interaction betweehuman CLEC2 and MAS9 was measured using Biayer

Interferometry using an Octet K2 (ForteBio). The interaction analysis was performed at
37eC in PBS buf f er-20(PBSAwedn20). ZRER(confaming Twe en
histag was immobilized on NNTA biosensors for 600 s. The 9¢ll plate was filled

with 200 pl of sample or buffer per well and agitated at 1000xg. The loaded biosensors
were washed in a buffer for 180 s and transferred into the wells containing MAS9 at
concentrations 100, 70, 50, 30, 1@dnhuM in PBS/Tween20 respectively. The

association was monitored for 40 s and dissociation for 240 s. As a negative control 1%
(v/v) of DMSOfinal was used. Kinetic parametetsdndkqd) and affinities (k) were

calculated from a nelinear global fit ofthe data between CLEZand MAS9 using

the Octet Data Analysis HT 11.1 software.

2.2.10.11. Molecular docking

For docking studies, the crystal structure of human C2HZC6U) from RCSB

Protein Data Bank (PDB) was us&€6U is the only available crystal structuce f
humanCLEC-2 alone Before commencing a docking, the protein structure was
subjected to preparation using Protein Preparation Wizard in Maestro Schrédinger
(Release 202@). During preparation, the missing hydrogens were added, the ionization
states apH 7.0 £ 2.0 were generated by Epik and water molecules were removed
beyond 5 A from het groug@on-standard residuesyhe addition of missing

hydrogens is required to perform docking studassthese are required for the energy

function andoecause macromolecular structures do not contain hydrogen atoms in their
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corresponding PDB filesn addition, Hbond assignment was optimised using

PROPKA (pH 7.0) and the structure was mirsgdi using OPLS4Optimised Potentials

of Liquid Simulations)force field.OPLS4 is the latest version of the of the force field

in Maestro Schrodingett takes into consideration the bond stretching, angle bending,
torsions and nofonds. Compad to the previous version (OPLS3e), it has
improvements including moraccurate modelling of sulphur and charged grotipe

2D structure of MAS9 was converted to 3D structure using Ligprep module in Maestro

Schrédinger and then minisad using OPLS#orce field.

MAS9 was docked using GLIDE (Grdased Ligand Docking with Engetic) module

in Maestro Schrodinger (Release 28PQusing standard precision (SP) mode by
enabling flexible ligand sampling for the docking proced8fincludes terms for
hydrophobic interactions, hydrogen bonds of charged and neutral types, metal
interactions, a rotational bond penalty (for conformational entropy), coulombic and van
der Waals termsandconsiders water molecule presentiee grid was generated by
centralising it between selected residues: Arg107, Arg118, Arg152, Argl57 (common
bindingsites on CLE&2 structure for podoplanin and rhodocytimown from the

crystal structures 3WSR and 3WWiith a side length of 5 A. The best confirmations
for MAS9 were ranked based on their GLIDE docking scores that represent binding

energies.

2.2.11.Protein biochemistry
2.2.11.1. SDSPAGE

Protein separation was performed by SBAGE using 10% polyacrylamide gels and
1xRunning buffer (25 mM Tri$1Cl, 192 mM glycine, 0,1% SDS). Precision Plus

Proteirt Dual Color Standards were run alongside the samples. Electrophorssisnva
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at a constant voltage of 80V for the first 20 minutes and then at 120V until the dye front
reaches the bottom of the gel. Separated proteins were dlectsberred onto a PVDF

membrane or stained by Coomassie Brilliant Blue Dye.

2.2.11.2. Coomassie Brilliart Blue staining

Coomassie staining was performed by incubation of the polyacrylamideitbed

Staining solution (0.1% Coomassie Brilliant Blue2B0, 50% methanol and 10%
glacial acetic acid) for 1 hour with constant shaking. Afterwards, the gel wasrabekst
using Destaining solution (40% methanol and 10% glacial acetic acid), replacing the

solution several times until the background of the gel was clear.

2.2.11.3. Western blot

The Western Blot was performed using a TrBlst? Turbd® Blotting System (Bie

Rad), transferring proteins from a polyacrylamide gel into polyvinylidene difluoride
(PVDF) membrane by traditional seohiy method at 25V for 40 min. Membranes were
then blocked with 5% (w/v) bovine serum albumin (BSA) and 0.1% (sgdjum azide

in Tris-buffered Saline (200 mM Tris base, 1.37 M NaCl, pH 7.6) containing 0.1% (v/v)
Tween20 (TBST) for 1 hour. The blocked membrane was then incubated with primary
antibodies in 5% (w/v) BSA TBS for 1 hour at room temperature or ovetigt 4°C.
Afterwards, the membrane was washed 3 times for 5 minutes withlTBSubated

with fluorescenlabelled secondary antibodies for 1 hour at room temperature in the
dark and again washed 3 times for 5 minutes with-TB$he proteins were visus¢d

using a Typhoon FLA 9500.
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2.2.12.Data analysis

The flow cytometry analysis was performed using BD Accuri C6 plus (population
gates, median estimation). The fluorescent recovery after photobleaching time was
estimated using NF&lements package. The microseopictures were analysed using

Fiji (Image J based) software. The calculations were performed using Microsoft Excel

or GraphPad Prism.G4. Most experiments were performed in at least three repetitions.

Statistical analysis was performed using GraphPaPri04 by usingoneway
ANOVA with a multiple comparison between each column with a control column,
corrected with Dunnett or Sidak pestst. The level of significance of p values is as
f ol | ows, i notssigrifi€nt,0p b@tdeen 0.01 and 0.0Significant; ** p
between 0.001 and 0.GVery significant; *** p between 0.0001 to 0.00kxtremely

significant; and **** p< 0.0001i extremely significant.

88



ChapteB3

Artificial lipid bilayer to study platelet

receptor clustering

89



3.1.Introduction

Receptors may be distributed at the cell surface in different ways, as multiple versions
of the same receptor or as groups of different receptors. Receptor clustering plays an
important role in a signal transductionpdssiblytriggers a cell response by the
recruitment of other receptors and signalling molecules, following the initiation of
signalling cascades, signal transduction and terminatuen receptors are packed
together, signaknhancing phenomena can occur, such as ligand receptor switching, or
improved ligandreceptor and receptaffector encounter probabilitig€aré and Soula,
2013) However, the effect of clustering on recepigand bindingdynamics and

afterwards cell response is poorly understood.

There are many different methods to study receptor clustering. One of them, which has
been widely used with Bells and ¥cells, is incorporating an appropriate receptor or
ligand into a SLB. Thisnethod provides an access to study the molecular dynamic of
cluster formation. More importantly, it is compatible with TIRF microscopy which
selectively illuminate the fluorophores close to the coverslip, showing the events

occurring in a plasma membrane.

There are many examples of studies using SLB platforms combined with TIRF

microscopy to investigate receptor clustering. Su et al. reconstituted biochemical

reactions of Icell receptor intracellular signalling on SLBs. Using TIRF microscopy

they visualzed clustering of LAT and its binding partners. Additionally, they
reconstituted the signalling pathway from
polymerization using signalling components mobilised on the SLB or in solutioet (Su

al., 2016). Lin et al. deveped a SLB platform to study the formation and maturation of

p h a g o c ydceptor signalling complexes in macrophages. They demonstrated

using TIRF microscopy that i ncodepeptorat i on c
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on macrophages and forms midusters at the surface. Additionally, SgCitrine-
expressing murine bone marrow derived macrophages dropped ontoét€il SLB
recr ui t e dgGSncrhoclustars (lEret al, 2016). Ketchum et al. used a TIRF
microscopy to study Bell receptor clugtring of B cells using a mobile ligand
incorporated into SLBs. They showed that ligand mobility modulatesliBspreading
dynamics, formation of the receptor clusters, actin organization and signalling

activation (Ketchunet al.,2014).

There is naevidence of selflimerization of CLEG2 based on the crystal structure
(Nagaeet al, 2014a). Hughes et al. demonstrated that Syk activation by €IiEC
mediated by the crodmking two CLEG?2 receptors through binding of its tandem
SH2 domains to theomserved YxxL motif in each receptor. Additionally, they showed
using electron microscopy that CLEXOs present as a dimer in resting platelets and

converts to larger complexes upon activation (Hughed., 2010).

The interaction between CLEEZand itsendogenous ligand podoplanin, may play a
crucial role in a receptor clustering. Pollitt et al. proposed a model of E-E€diated
clustering of podoplanin (Figure 13. The proposed model assumes that interaction of
CLEC-2 with podoplanin enhances platehdhesion to lymphatic endothelial cells
(LECs) through CLE€-mediated clustering involving Syk. This mechanism may

possibly lead to clustering of podoplanin on LECs.

Pollitt et al. investigated CLE@-podoplanin clustering using mouse CLE2G&nd
mousepodoplanin. TIRF microscopy showed that on contact with SLBs, platelets
formed microclusters, which migrated to the centre of the platelet, forming a single
bright cluster. Clustering of mouse podoplanin is likely a consequence of the interaction
with mouse CLEG2 in platelets with the podoplanin ligand tethered to the SLB.

Additionally, a Forster resonance energy transfer (FRET) between mobile podoplanin

91



on bilayer showed that podoplanin molecules are within 10 nm distance one from
another and form a tigltluster, which is not seen in the presence of Src or Syk
inhibitors. These data suggest a role of CLESIgnalling in ceclustering of CLEG2

and podoplanin. However, it has not been confirmed that the same is seen with human

platelets.

Platelet clusteng may be important in a CLEZmediated signaransduction;

however this process is poorly understoddhe studies of platelet clustering may help

to answer the questions of why the clustering is important in platelets, how multivalent
interactions dxie and regulate this process, what is the minimum unit to induce €LEC
2-podoplanin clustering and what determines the biochemical properties of platelet
signalling. Additionally, it may help to understand the role of novel antiplatelet drugs
showing how he molecules downstream CLEXSignalling pathway behave, what
molecules are important in the formed cluster and does the process of platelet clustering
is reversible and how the declustering of the already formed cluster may influence a

signalling cascade
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Figure 3.1. Model of CLEC-2-mediated clustering of podoplanin.

Model suggests that the binding of CLE2Go podoplanin enhances platelet adhesion to
lymphatic endothelial cells through CLEEmediated lustering involving Syk. This

mechanism may possibly lead to clustering of podoplanin on LECs.
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3.1.1. Lipid membranes and lipid rafts

The lipid membrane is a structure that separates the cell contents from the external
environment. In 1972, Seymour Singer andtGaticolson proposed a model of the cell
membrane structure, called the fluidic mosaic model, which has been described as
Aprotein icebergs (SihgerandiNicogson 197Xased ana o0 f
series of further studies, it has been shown that lipids and proteins are not uniformly
distributed in the membrane but are organized into characteristic domlagse T
discoveries contributed to the concept of the membrane(vaitsMeeret al, 1987;

Graeveet al, 1988)

The bilayeris composed of three different types of lipids: phospholipids, glycolipids,
and cholesterdfFeizi, 1985) Phospholipids, including phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and
cardiolipin are the main grogpf lipids within the bilayer. These molecules have a
phosphatecontaining hydrophilic head and two, saturated or unsaturated, hydrocarbon
tails, connected to a glycerol via ester bonds. The length of the tails has the effect on
cell membrane fluidityvan Meeret al, 2008) Another class of lipids,

glycosphingolipids, differs from phospholipids in that they have a carbohyid reteir
head. They are predominantly distributed in the outer leaflet of the membrane with the
carbohydrate exposed to the extracellular sgBet¢el and Balaji, 2011 holesterol,

the third group of lipids within the bilayer, has a different structunmfpbospholipids

and glycolipids. It contains a planar steroid ring and apaar hydrocarbon tail.
Cholesterol plays a role in a membrane stability and fluidity. Increased the number of
cholesterol molecules within the bilayer decreases fluidity andgadofity of the
membrane. Interaction of cholesterol with the other lipids is essential for lipid raft

formation in the cell membrang&rocke, 1998)
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Lipid rafts are defined as small, heterogenous and highly dynamic membrane domains,
rich in cholesterol and sphingolipidBike, 2006) These domains contain a variety of
proteins, such as glycosylphosphatidylinositol (GPI) anchor proteins, caveolins,
flotillins, signalling proteins, GPCR proteins, myristylated and palmitoylated proteins
(Simons and Toomre, 2000Jhe presence of lipid rafts influences the dynamics and
polarization of the cell membrane, for example, in the process of cell migration and
adhesion. Additionally, lipid rafts are involved in other processes, such as actin
polymeaization, phagocytosis, membrane fusion, intracellular transport, and signal

transductior{Hancock, 2006; Lingwood and Simons, 2010)

3.1.2. Supported lipid bilayers

The importance of lipid membraas initiated the development of a membrane mbdel
supported lipid bilayers (SLBs), also known as artificial lipid bilayers. It was firstly
described by Tamm and McConnel in early 1980s and since then, Su8lsden

widely used as a model to study thd ce¢mbrane and membrane associated proteins.
The main application of supported lipid bilayer is to mimic the eukaryotic cell
membrane, including its cellular lipid composition and components. It has been used in
many studies of the dynamics, multivalegialndreceptor interactions, membrane

structure and electrochemical properties of membréResnhultet al, 2010)

The first step of supported lipid bilayer formation is the preparation of the liposomes.
Liposomes are defined as small artificial phospholipid vesicles of spherical shape
composed of one or more lipid bilayers enclosing an aqueous space. There are several
methods to prepare liposomes. The one used in this thesis is based on the preparation of
a lipid film in a glass tube by drying the lipids under a slow stream of nitrogen to

remove the organic solvent. This is followed by rehydration in aiowno detergent,

sonication, and dialysis against desired buffer. It is important to use during the liposome
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preparation inert gasifrogenargon) to prevent lipid oxidatigrwhichcan clange the
physicalandchemical properties of the liposomasdinterfere with lipidprotein

interactiong(Seltzer and Gregoriadis, 1988)

The next step is the formation of a glass supported lipid bilayer. Upon the contact of
liposomes with a clean glass substrate, they initially absorb into the surface, then
become deflated and start to rupture forming a continuous phospholipid bilayer
covering the entire surfagRichteret al, 2006) This process is illustrated in Figure

3.2

Liposomes

wash off
20 min \ unbound vesicles
—_— 3 —_—

>

glass bottom deflation and rupture SLBs

Figure 3.2. Strategy for supported lipid bilayer formation on the glass surface
Liposomes pon the contact with elean glass substraitgtially absorb into the surface,
then become deflated and start to rupture forming a continuous phospholipid bilayer

covering the entire surface

The concept of SLB has been used to study the immunological synapse formed by B, T,
and natural killer cellfFooksmaret al, 2010) and recently, to study platelet receptors
(Dustin and Pollitt, 2018)Examples of SLBs application to study immunological

synapseand platelet receptoeredescribed in detail in section 3.2.
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Compared to ligandisnmobilised directly onto a glass surface, supported lipid bilayers
have many advantages. It offers a distinct advantage in their lateral fluidity, providing
the possibility for proteins to move within the bilay®u et al, 2011) Combined with
advanced imagg methods, the mobility and distribution of receptors can be followed.

It allows receptor clustering to be imaged on the cell membrane prior to signalling
(GarciaParajoet al, 2014) In many cases,specially for surface receptors, clusters are
actively transported within the membrafdossmanet al, 2005; Hartmaret al, 2009)

which demonstrates the importance of receptor lateral transport, which can be achieved
using SLBs. This cannot be achieved when the receptor is immobilised daghe g

surface.

Another advantage of SLB is the possibility of tethering multiple different proteins to
the surface of the bilayer. There are several ways to bind proteins into SLBs to make
them laterally mobile. The first strategy is usingNihelating fospholipids to which
proteins with a histidine tag can be attached to the SLB. The histidine tag can be
different lengths (6L0 histidine residues), be placed on th@CN-terminus of the

protein, and the binding to the liposomes is noncovalent. Ansttaegy is using
biotinylated lipids, which enables biotinylated proteins to be tethered to the SLBs using
an avidin/streptavidin bridge. Recombinant proteins can be biotinylated randomly using
N-Hydroxysulfosuccinimide (NHS) esters or the biotin tamgto specific regions

using a BirA or Avitag sequence. In both strategies, the proteins can be expressed in
bacteria, insect cells or mammalian cells. The last strategy is using proteins with one or
two GPIl anchors. These proteins must be expressednmmakan cells in order to have

the GPI anchor addd®ustinet al, 2007) The composition of the lipids can be

estimated depending on the experiment. The most established lipids to prepare SLB are

shown in figure 3.

97



In addition, SLBs offer several experimental advantages. The 2D geometry of the
bilayer on a glass substrat®als the quantitative analysis of receptor oligomerization
and diffusion using fluorescent recovery after photobleaching (FRAP), fluorescence
correlation spectroscopy (FCS) and the fluorescent imaging of tagged proteins or lipids

(Tamm and McConnell, 1985)

Artificial lipid bilayers provide an opportunity to study cell receptors, including the
platelet receptor CLEQ and its ligand, podoplanin. The development of a
reconstituted artificial lipid membrane platform can be used as an experimental
approach taest and validate signal manipulation of intracellular and extracellular
macromolecular assembly and regulation. The reconstitution of signalling pathways
from purified components may allow the mechanism and functional consequences of
platelet receptors ieroclusters to be investigated. That can be achieved using
microscopy techniques, such Bstal I nternalReflectionFluorescencgTIRF)

microscopy and Stochastic Optical Reconstruction Microscopy (STORM) imaging.
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Figure 3.3. The most common lipids used in SLB preparation.
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3.1.3. Fluorescence recovery after photobleaching (FRAP)

Fluorescent recovery after photobleaching (FRAP) is a microdeapyd method,

firstly described in the 1970s as a technique to measure cellular membrane diffusion
(Liebman and Entine, 1974; Poo and Cone, 19i4yas used to study protein mobility
in the living cells by measuring fluorescent recovery after bleachiagegion of
interest(Axelrod et al, 1976) Nowadays, FRAP is widely used for studying diffusion,
transport, interactions of biological molecules and molecular dynamics within living

cells or cell models, such as SLBs.

FRAP allows the lateral mobility of fluescent molecules to be determined and to
check the diffusion of molecules and movement or recycling of cell components. To
perform FRAP the protein must be tagged with a fluorophore. The method is based on
the irreversible bleaching of fluorescent molesulecalised to a region of interest

(ROI) and the measurement of the fluorescent recovery time compared to a non

bleached reference ROI.

The first step of a FRAP experiment is the definition of the ROIs: stimulation,
background, and reference; and therfpliases: prbleach, bleach, postieach, and

recovery(lshikawaAnkerholdet al, 2014)

1. Prebleach is he initial step, when the fluorescent intensity is recorded in ROIls

using low illumination conditions.

2. Bl each is the step, where ROl named 6st.i
focused laser beam. This causes irreversible depletion of fluoresotsdules in

that region.

3. Postbleach is the monitoring of the bleached ROI.
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4. Recovery is the final step when bleached -fhatrescent) molecules exchange with
unbleached (fluorescent) molecules, to recover the dark area over time to achieve

full recovery

The schematic principle of FRAP technique is shown in Figute 3.

ROI2
o1

1. Before bleach

ROI3

2. Bleach .

3. Post-bleach —_— .

4. Recovery

5. Full recovery

fluorescent bleached

Figure 3.4. FRAP principle.

FRAP experiment includes a definition of the ROIls and the four phasesteph (1),
bleach (2), posbleach (3) and recovery8). Before the bleach, the fluorescent
proteins are uniformly distributed within a bilayer and the equilibrium is immediately
lost after the bleach. The fluorescence intensity recovers due to the moving of the

fluorescent proteins within the bilayer into the ROI.
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The data analysis of a FRAP experimeritasel on the fluorescent intensity is

recorded over time in ROI1 (stimulah), ROI2 (reference) and ROI3 (background) and
requires correction and normalisatidfor the SLBs a ROI3 is not required since the
fluorescence isiniformly distributed through the surface and there is no background
After this step, the normalised ddtliorescent intensity) versus time (s) can be plotted
to obtain the FRAP curvenddetermine the mobile and immobile fractions. A

schematic curve is shown in Figuré.3.

FRAP enables lateral mobility of tethered proteins into SLBs to be determined.

X I Immobile fraction
_‘2\ - £ 1
@ 804 A
(O]
c
3
S 60- Mobile fraction
2
o
u—j_ 40'__________________________________w
0 200 400 600

Time [s]

Figure 3.5. Example FRAP curve.
The fluorescence signal is recorded before biegcbf the ROI(1), just after bleadhg
(2) andduringrecovey (3). The informationincluding the mobile antnmobile

fractions, recovery rate and the half time of equilibriuar)(tanbe estimated using a

curve.
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3.1.4. Total internal reflection fluorescence (TIRF) microscopy

Total internal reflection fluorescence microscopy is a method where the fluorophores
close to the coverslip (within ~ 100 nm) are selectively illuminated, showing events
occurring in close proximity to the plasma membrane. This method allowsbighast
images of fluorophores near the plasma membrane to be obt@fathey®set al,

2010).

In TIRF microscopy, in contrast to fluorescent microscopy, a laser is directed into the
surface at a critical angle. That forms an evanescent wave, which can illuminate the
sample less than 100 nm from the solid surface. This teahrigdeasd on the index of
refraction of two materials: a samplezjNind the coverslip (N. The light reaches an

interface when Mhas a lower index of refraction than.Nror the glass coverslip

N1=1.518, while for the aqueous mediump=14.33. The critial angle {€) can be

determined by Snell s | aw:
oV
— | Qe—
0

where N T lower refraction index; and N higher refraction indegAmbrose, 1956;

Axelrod, 1981)

The principle of TIRF is shown in a Figures3.
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Figure 3.6. The principle of TIRF microscopy.

In TIRFM laser is directed into the surface at a critical angle. As the light is reflected

away, an evanescent field is formed which refracts into the sample, illimginatthin

100nm of the coverslip. The criticalangleey i s descri bedangly Snel |
of the incident beam in respect to the normal interfage the refracted beam angle

within the lower index medium.
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3.2.Aims

The aim ofthis chapter is:

1 To reconstitute CLE platelet signalling, using an intracellular domain of CLEC
2 and SLBs to investigate what determinates the biochemical properties of platelet
signalling and how intracellular multivalent interactiasfdhe molecules

downstream CLE, e.g., Syk, Lyn or actidrive cluster formation (Figure 3.7A).

1 To develop the SLB platform to stuglateletCLEC-2-mediated signalling,
focusing on the interaction between human CEE&hd human podoplanin (Figure

3.7B).
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Figure 3.7. Schematic for supported lipid bilayer platform to study CLEC-2 clustering.

A) Intracellular domain of CLE incorporated via a Hiag into SLB containing nickeadhdating lipids formed on a glass surface and
interacting with signalling molecules Lyn, Syk or actin. B) MonobiotinyldedoplaninrFc incorporated into SLB containing biotinylated
lipids via a streptavidin bridge, which fosrolusters by the interactionitt human platelets.
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3.3.Results

3.3.1. Development of an artificial lipid membrane platform to investigate

intracellular protein assembly and clustering
3.3.1.1. Molecular cloning of the intracellular tail of CLEC -2

Traditional restriction cloning is @method to prepare DNA constructs with a gene of
interest. The procedure involves preparing both DNA fragments to be dldnselrt
(amplified frequently by PCR) and a sedfplicating DNA vector by cutting with two
unigue restriction enzymes that flatile target DNA sequence and are also present in
the multiple cloning sites of the vector. By using two different restriction
endonucleases, two n@ompatible ends are generated which allow the insert to be

cloned to the vector using a DNA ligase, priob&xterial transformation.

The insert of the intracellular domain of human CL-E(aa 133) was cloned in frame

into pPSFOXB20-NH2-TEV-His10 containing a BHis-tag downstream of the multiple

cloning sites using Hindlll and Kpnl. The amplified insert of thtracellular domain is

presented in Figure 3.8. The band size of the PCR product, as expected, was 128 bp.

The band corresponding to the size of the insert was excised and purified from the

agarose gel. Digested and ligated insert and vector weredransfe d i nt o DH5U ¢
and colonies were grown on k&yar supplemented with kanamycin for minipreps. The
sequence dadiplasmid containing the correct inseragconfirmed by Sanger

sequencing.

Generated vectorasused as a template to subclonetiBdagged domain into
pSNAPRtag® (T7}2. This vector encodes a stdbelling SNARtag protein, which can
be covalently tagged with a suitable ligand, such as a fluorescent dye, and an IPTG

inducible T7 promotor, which allows expression of the protein in a bac&ain
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containing a T7 polymerase. The SN£d®) was fused in frame to thetsrminus of
hCLEGC-2 intracellular domain (using Pmel and Notl restriction sites). The strategy of
cloning was the same as for previous plasmid, except the antibiotic useld wasic
ampicillin. The sequence of the plasmid containing the correct insstomfirmed by

Sanger sequencin@he maps of generated plasmids are presented in Appendix 1.

hCLEC-2 insert

1 kb DNA
(128 bp)

ladder

Ll

Figure 3.8. Polymerase chain reaction gel of hCLEG2 tail (128 bp).

cDNA encoding the intracellular domain of hCLEXGvas extracted from their original
vector and new restriction sites were introduced by PCR. Following PCR, the DNA
fragment was separated on a 2% agarose gel alongside a 1kb plus DNA ladder. The

predicted product size was observed, confirming the success of the PCR.
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3.3.1.2. Expression and purification of theintra cellular domain of CLEC-2

To overexpress the intracellulabmhain of hNCLEG2 (aa 133) in fusion with a €

terminal 10x histidine tag and-términal SNAP tag, the plasmid pMASNAP-T7-
hCLEGC-2-H10was transformed into T7 Express Competestherichia colicells,

containing T7 RNA Polymerase in tkex operon. This &ws the bacteria to produce
protein using the plasmid under the control of RRG inducible T7 promotor. The
bacterial samples before and after induction with IPTG were run orP3{EE and
analysed by Coomassie staining. In Figure 3.9, a strong banouatda30 kDa can be

seen in the bacterial lysate after induction (lane 2, +IPTG). This is the expected protein
size known from amino acid sequence (~30 kDa), whereas we cannot see any over

expression in the sample before induction (lang¢PIIG).

hCLEC-2 tail
(-IPTG)
hCLEC-2 tail
(+IPTG)

250 kDa s
150 KDa s

100 kDA s
75 kDa

50 kDA  me

37 kDa e

25 kDa

20 kD2 s

Figure 3.9. Overexpression of the hCLEG2 intracellular domain in E. coli.
Coomassie staining of 10% polyacrylamide gékcteria lysatebefore (lane 1) and
after (lane 2) induction with IPTG. The red arrow points to the overexpressed RZLEC

intracellular domain.
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His-tagged protein purification was performed usingatumn refolding approach,

which permitted the purification of the pratdrom inclusion bodiesy, firstly,

denaturing the protein to an unfolded form with a high concentration of guanidinium
chloride, and secondly, refolding the protein using a urea gradient with decreasing urea
concentrations. hCLEQ-H10-SNAP was elutedrébm the N{NTA column with a

buffer containing 500 mM imidazole, dialysed to remove imidazole from the buffer,

and the protein concentration was measured using Bradford assay. The samples of
washing and eluting steps were resolved by $FIASE and stained ih Coomassie

dye (Figure 3.10A). Lanes4 represent unbound proteins washed out from the Ni

NTA resin in the urea gradient. The elution fractions (lat¥g Eepresent purified

hCLEGC-2 tail (dashed line rectangle). There is an additional band around&,iich
represents another protein. To separate these two proteins, an additional purification
step is required. The elution fraction was also analysed using western blot. As expected,
using antiHis tag and atSNAP tag antibody, the band of purified IHEXC-2 tail was
observed around 30 kDa (Figure 3.10B), whereas the 70 kDa band was not detected

(not shown).

The protein was labelled with SNABurfac® Alexa Fluof 488which is a photostable

green fluorescent substrate used to label SKaPfusion proténs. Labelled protein

was run on an SDBAGE gel and the protein was detected using a fluorescent gel
scanner (Figure 3.10C). The protein band migrated at the same position as the

recombinant protein detected by western blot, around 30 kDa.
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Figure 3.10. Purification of hCLEC -2 intracellular domain from inclusion bodies.

A. Coomassie staining of SBISAGE geli bacteria lysates from wash and elution st&sie protein purification. Dashed line rectangle shows
the size range of CLER tail. B. Western blot analysis Bfution 1 fraction using antHis tag antibody (lane 1) or arBNAP tag antibody (lane
2). C. SDSPAGE analysis of the recombinant hCLR@tracellular domair{Elution 1 fraction)abelled with SNAPSurface® Alexa Fluor®

488 via the SNAP tag resolved using denaturing conditions. The gel was imaged using a Typhoon FLA 9500 with a kD488 lase
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3.3.1.3. hCLEC -2 intracellular domain binds into SLB-coated silica beads

To confirm that the recombinant hCLEXDntracellular domain molecules incorporate

into the upper leaflet of the supported lipid bilayer, flow cytometry was performed.
Supported lipid bilayers were formed on silica beads using DOPCGNGS

liposomes in rad 75:25.The selected ratio of lipids is based on previously reported
literature(Dustinet al, 2007 Dustin and Pollitt, 2018 The SLB-coated beads were
incubated with recombinant hCLEZ To monitor the binding of the protein to the
SLB-coated beadsnttSNAP t ag primary antibodies with
conjugated secondary antibodies were used. Figure 3.11A shows that the recombinant
protein containing the hCLE intracellular tail can tether to the beads coated with the
nickel chelating lipids (DO€:Ni-NTA) and not to control beads coated only with the
packing lipid(DOPQ. In addition, the median fluorescence intensity in the FL1

channel is significantly higher for DOPKI-NTA compared to the DOPC control

(Figure 3.11B)The interaction of the hCLE-2 tail to the SLBs was confirmed also by
directly labelling the recombinant protein with SN/ARrface® Alexa Fluor® 488.

Figure 3.11C shows that the labelled hCLE@tracellular tail can tetherto the beads
coated with the nickel chelating lipids (DOMI-NTA) and not to control beads coated
only with the packing lipidDOPQ). The same shows comparison of the median

fluorescence intensity in FL1 channel (Figure 3.11D).
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Figure 3.11. Flow cytometry analysis of binding hCLEC-2 intracellular domain

into SLB-coated silica beads.

DOPC:NENTA (ratio 75:25) or DOPC (100%) supported lipid bilayer formed on silica

beads were incubated with the intracellular domain of hGREQrimary aniSNAP

tagantb od i e s

and

secondary

Al ex a

Fluor E 488

Alexa Fluor® 488 labelled hCLER intracellular domain (C,D) and analysed by flow

cytometry.Count is referred to as the number of events identified in a selected

fluorescence chanheéStatistical significance was calculated using-aray ANOVA

with

experi ment &p 000.p

O .01
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3.3.1.4. Determination of intracellular Syk in human platelets

The knowledge of thproteincopy number in platelets alloves appropriatgrotein
concentratiorio be choseto mimic a physiologicé} relevantconcentratiorwhen used

with theSLBs.One of the molecule downstream CLEEnediated agtation is Syk.

Syk copy number asdetermined by comparing antibody labelled human platelets to
antibody labelled calibration beads with known antigen binding capacities. The median
fluorescence intensity of platelets stained with saturating concensatiantSyk

(4D10) (Figure 3L2A) were compared to beads of known antigen binding capacity,
labelled with the same antibodies, which were used to generate a calibration curve
(Figure 312B). Using this, human platelets were determined to have 519%6 of

intracellular Syk.
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Figure 3.12. Determination of copy number of Syk in human platelets.

Saturating concentrations of af8yk antibody(A) were used to label human platelets.
Using the median fluorescent intensity of the beads, a standard curve was gdBgrated
and the copy number of the protein was determiBeda are shown as mean + SD and

are representative ofireeexperiments.
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3.3.1.5. The human CLEC-2intracellular domain is not mobile when tethered to a

supported lipid bilayer

To study the mobility of supported lipid bilayers containing the human C2EC
intracellular tail, FRAP was used. This method has been described in a Chapter 3.1.3.
Supported lig bilayers were formed using liposomes consisting of nickelating

lipids (DGSNTA) and DOPC in ratio 25:75 on a glass coverslip cleaned by piranha
solution (a mixture of concentrated sulfuric acid and hydrogen peroxiéiorescently
labelled human CEC-2 intracellular domain at a concentration of 10 pg/ml was added
into the chamber and its mobilityasassessed by FRAP. The microscope images
before (1), immediately after (2) a®dninutes10 secondafter photebleaching are
presented in Figure 3A. The fluorescence intensity was measured every 5 seconds
Following bleachingthe fluorescent intensity of the ROI decreased from 100% to 20 %
and during the recovery timghowed no significant increagEigure 3.BB). No
fluorescence recovery was obsehwehen compared to a ndieached reference ROI.
This indicates the immobile fraction is almd&i®®. Without mobility, the model of
human CLEG2 intracellular domain tethered to a SLB was not tdkewardfor

further charactesation.
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Figure 3.13. Lateral mobility within a supported lipid bilayer containing the

hCLEC -2 intracellular domain.

Representative images of the bilayer before bleach (1), immediateiplpash (2),

and9 minutes10 secondasfter bleach (3)Scale bar 10 unB. Fluorescent intensity

kinetics over time; the fluorescence intensity was measured every 5 seconds. The graph
presents mobile and immobile fraction of the protein in bilaBata are shown as

mean = SD and are representativafidependent experiments
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3.3.2. Development of an artificial lipid membrane platform to investigate

platelet-cell interactions

3.3.2.1. Expression and purification of the extracellular domain of human

podoplanin

To purify the extracellular domain of humpadoplanin in fusion with rabbit Fc, the
plasmid pFuséPdpnrFc was transfected into HEK29&€lls This cell line is derived
from the HEK293 celline and expresses the SV40 large T antigen, which binds to
SV40 enhancers of expression vectors increasing protein production. Additionally,
mammalian cell lines can produce proteins with theirqpastslational modifications
(e.g. glycosylation, phosplnylation) (Durocher and Butler, 2009Jhe transfection
method (calcium phosphate transfection) used for protein production is based on the
formation of a calcium phosphaBNA precipitates thatadheres to the cell surface,
allowing the DNA to enter into theell by endocytosigKingstonet al, 1999)
Overexpressed humaodoplaninFc will be secreted into the media. Thé&Hc-

fusion tag is widely useith recombinant protein expression and production as it allows
the purification of proteins using protein A or protein G affinity chromatography. Due
to the nature of the antibody Igisc, Fectagged proteins are expressed asbaimer.
hPodoplaninvasexpressed as an {fasion to increase avidity of the ligand interacting
with the platelet CLE in atrtificial lipid membrane platform. Fasion provides two

binding sites, comgredto one binding site in a monomeric form.

The media containing the exgeed protein wreapplied to a protein A column. The
column was washed to remove unbound protein and protein bound to the column was
eluted using a low pH elution buffer. Samples from each purification step as well as

elution samples in reducir@hich will show the monomeric form of the protesmd
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nonreducing(which will show theoligomeric form of the proteinin this case dimerjc

conditions were run on SBBAGE and analysed using Coomassie stainingestern

blot. Figure 3.2A shows each step of tipeotein purification process for hPodoplanin

Fc. Lane OFl ow throughoé represents the fre
extract from the column. The strong band around?G®&Da corresponds to the size of

BSA, a major component of FBS. Noeducel conditions of the SDEAGE represents

the dimer of the protein in the OElutiond
the monomeric form of the proteiiihe band around 50 kDa in noaduced elution

fractions may represent ngtycosylated veisn of human podoplaniThe presence

of dimeric and monomeric forms of both proteins were confirmed using western blot
analysis showing the difference in protein sigeigure 3.4B), where the specific

antibody against thepodoplanin was usedlany band®n the blots may represent

different forms of podoplanin: dimeric glycosylated, dimeran-glycosylated,
monomerieglycosylated, and monomefion-glycosylated. Another explanation

would be that anpodoplanin antibody is not specifiBecause of numeus

glycosylation sites in the sequences of hPodoplanifKato et al, 2003; Kanekat

al., 2007) the protein size presented on SBAGE cannot be precisely predicted. The

size of the protein from therano acid sequence is 48.53 kDa.
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Figure 3.14. hPodoplanin-Fc purification.

Coomassie staining of SBIBAGE geli fractions of purification of hPodoplanirc (A). The gelsvere run in nofreduced and reduced
conditions.The band around 50 kDa in noeduced elution fractions may represents-glycosylated version of human podoplanin.

Additionally, western blot analysis for hPodoplafio (B) under nomeduced (lane 1) aneduced (lane 2) conditionsasperformed.

118



3.3.2.2. Platelets spread on immobilizedpodoplanin

To determine if the purifiettPodoplaniaFcis functional and able to support platelet
adhesion, a platelet spreading assay was performed. Thisaaeppsdased on the
immobilization of adhesive proteins to a glass surface followed by the imaging of
platelet adhesion and spreading using microscopy (Aslab, 2011). hPodoplanifc
treated glass coverslips were incubated with human washed plébeldssminutes at
37°C, fixed with paraformaldehyde, permeabilized with a low concentration of Triton
X100, stained with Phalloidin Alexa Fluor 488 and mounted onto microscope slides.
Phalloidin is a peptide that is used for staining actin filaments Kalsan as Factin).

It binds to all variants of actin filaments in many different species of animals and plants,
including human platelets. The negative controls were prepared at the sarie time
coverslips covered with BSA (to confirm that there is no uciipebinding between

the platelet and the glass) or rabbit 1gG (to confirm that the interaction was not
mediated via the Fc domain of the recombinant protein). Prepared slides for each
condition were visualised by epifluorescent microscopy and the nushp&telets

adhered andpreadplatelet area were determined.

Washed platelets adhere to and spread on immobilised hPodeptaciated onto a
glass coverslip (Figure 3HBA). The average number of platelets for hPodopkin
was 2.46 + 0L platelets X103 per un¥, whereas for BSA and Rabbit IgG the nunsber
of platelets were lower than 0.1 x3Her un? (Figure 3.5B). Additionally, the average
platelet area on immobilized hPodoplafio was 4 + 6 pun?, whereas for BSA and

Rabbit IgG 9 + 2 prhand 13 +4 un¥ respectively (Figure 350C).
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Figure 3.15. Platelets adhere to and spread on immobilised hPodoplariic.

Washed platelets (2x1fnl) were allowed to interact with immobilisgabd oplanin

BSA or rabbit IgGon a glass coverslip. A) Bound platelets were fixed, permeabilized,
stained with Phalloidin Alexa Fluor 647, and imaged using epifluorescent microscopy.
Therepresentative fielslof view areshown. Scale bar10 um. B) The number of

platelets per field of view and C) the average platelet weyadeterminedStatistical

significance was calculated usingaem@ay A NOVA wi t h-te®. Dataaest t 0 S |

shown as mean + SD and aepresentative adhreei nd ependent exper.i

001, ****p O .0001.
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3.3.2.3. Determination of how much humanpodoplanin is deposited on the

artificial bilayer and HDLECs

3.3.2.3.1. Monobiotinylation of human Podoplanin-Fc

Biotinylationis a process of attaching biotin to proteins and other molecules. The
advantage of this approach is that biotin binds to streptavidin and avidin with high
affinity and these interactions are used for many laboratory methods. Protein may be
site-specific botinylated using a BriA substrate, if the target protein possesses a
specific peptide tag (AviTag); or randomly biotinylated, using am@aetive reagents
(Gautier and Hinner, 2015). Using random biotinylation, the protein may be
monobiotinylated, wherene molecule of biotin is attached to one molecule of protein,
or multibiotinylated, where several molecules of biotin bind to one molecule of
protein. To estimate the degree of protein biotinylation, flow cytometry can be used

(Figure 3.5).

For effectve monobiotinylation of hPodoplankc, the concentration of SUHEHS-
LC-Biotin had to be optimised. Concentrations from 50 pug/ml to 0.005 pg/ml of -Sulfo
NHS-LC-Biotin were tested. The biotinylated protein with different degrees of biotin
labelling was irmobilized as a ligand on to streptavigioated beads and incubated
with StreptavidirAlexa Fluor 488 conjugated (to label free biotin) for the signal in FL1
channel and anpodoplanin rabbit antibodies with Alexa Fluor 647 donkey-eattbit

IgG (to labé the recombinant protein) for the signal in the FL4 channel. Flow
cytometry analysis showed that in the FL1 channel there is no fluorescent signal at
concentrations 0.005 pg/ml, 0.05 pg/ml, and 0.5 pg/ml, whereas it appears for
concentrations 5 pg/ml arigD pug/ml (Figure 3.T). For FL4 channel, the fluorescent

signal is observed in a range 0:8® pg/ml, whereas for 0.005 pg/ml is not. The
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majority of monobiotinylated hPodoplanifc occurs when 0.608.5 pg/ml of biotin is

used.
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Figure 3.16. Protein mono- and multiple biotinylation.

A. Protein is monobiotinylated. Biotininding site is occupied by streptavidin

occurring on a bead surface. There are no more available-binotimg sites on the
surface of the protein, so Alexa Fluor 488 Streptavidin cannot bind and the signal in the
FL1 channel is undetectable. At the same time, the protein specific primary antibody
binds to the protein, Alexa Fluor 647 labelled secondary antibody binds toyrimar
antibody and emits fluorescence in channel FL4. B. Protein is-maottnylated and

has several biotibinding sites. One of them binds to the streptavabiated bead. To
another site, Alexa Fluor 488 Streptavidin binds and emits fluorescence inthe FL
channel. Additionally, the protein specific primary antibody binds to the protein, Alexa
Fluor 647 labelled secondary antibody binds to the primary antibody and emits the

fluorescence in channel FLA4.
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Figure 3.17. Optimisation of the monobiotinylation of human PodoplaninFc.

Flow cytometry analysis of different concentrations of SiNteS-LC-Biotin used to
monobiotinylate hPodoplaniRc. Labelled protein was immobilized on to streptavidin
beads and incubed with streptavidin conjugated with Alexa Fluor 488 and-anti
podoplanin primary antibodies with Alexa Fluor 647 secondary antibodies. Curves
represent the median values in FL1, identifying the presence of free biotin (A) and in
FL4 channel, identifyingtte presence of recombinant hPodoplanin on the beads (B).
The optimal concentration of biotin to monobiotinylation the protein is in ranQeD6f

0.5 pg/mlof biotin. The results are representative of one experiment.
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3.3.2.3.2. Flow cytometry analysis of human Podognin-Fc incorporated into

different ratios of the lipids within SLB

hPodoplaniFFc was successfully labelled using an Alexa Fld88 Protein Labelling

Kit. The concentration of labelled protein was estimated by measuring the absorbance
of the conjugate dation at 280 nm and 494 nm. The molar extinction coefficient of
hPodoplanifFc was calculated from the amino acid sequence of the protein and was
36160 cm'M-1. Knowing this factor, the concentration was estimated as 13.02 uM

(0.83 mg/ml) and the degreélabelling as 1.43 moles of dye per mole protein.

To estimate the density of recombinant hPodop!&ginmolecules incorporated into the
upper leaflet of the bilayer, flow cytometry was used. Different ratios of DOPCG:CAP
Biotin-PE liposomes were used torfn the SLBs on 4.98 um diameter silica beads
Using astreptavidin bridgealabelled hPodoplani#c was attached to bilayer. The
ligand copynumber was determined by comparing the hPodoplewated beads to
calibration beads with known numbers of molesuof equivalent soluble
fluorochrome. The median values of Alexa Fluor 488 fluorescence of hPodoplanin
(Figure 3.BA) were compared to calibration beads (Figure8B)1using a generated
calibration curve (Figure 38C). Using tlese SLBs with the ratiof 98:2 DOPC:.CAP
Biotin-PE lipids have D84+ 54 of hPodoplanin molecules/|#n99:1 haves37+ 105
molecules/ur, and 99.5:0.5 hav&40+ 34 molecules/urh (Figure 3.BD). These
numbers were estimated including estimated bdftealegree of labellin¢l.43 moles

of dye per mole protein)lhe ratio of lipids within the bilayewereselected based on

previously reported literatur¢Pollitt et al, 2014)
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Figure 3.18. Quantification of how much hPodoplaninFc is incorporated into the
bilayer.

Flow cytometry analysis of hPod@plin-Fc attached into silica beads, coated with
different ratios of DOPC.CAMiIotin-PE liposomesor DOPC controlising a
streptavidin bridge (A); compared to beads with known number of molecules of
equivalent soluble fluorochrome (B). The mediilorescent intensity (MFI) of the
beads was used to construct a standard curve (C), which allowed the number of
molecules of hPodoplanifc per um deposited into the bilayer to be calculated (D).
Count is referred to as the number of events identifiedselected fluorescence

channel.Data are shown as mean + SD and are representative of three independent

experiments.
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3.3.2.3.3. Determination of the size of HDLECs and copy number opodoplanin

in HDLECs

To mimic a physiologically relevant density of recombinpod oplanin in the SLB
platform the surface area of cells and the density of podoplanin molecules at the cell
surfacearerequired. The cell surface area of HDLECs is not knoadeterminate the
size of HDLECs, two approaches were used: differentialferemce contrast (DIC)

microscopy and flow cytometry.

5x1PHDLEC in suspension were added intaéll plate and then imaged on a Ti2
microscope using differential phase contrast. ImageJ was used to analyse the diameter
of ten randomly selected cells (Big 3.DA). The average diameter of the cell was
estimated as 19.29 um. Using the cell radius, the average cell surface area was

estimated as 1168 |fm

The second approach was to estimate the cell surface area of HDLECs using flow
cytometry. Beads with known diameter (1 pm, 2 um, 4 pm, 6 pm, 10 pum and 15 pm
diameter) were run on flow cytometer, alongside 1DLECSs. Using the median
values in the forward scatter (F$@ channel of the standard bedBgure 3.BB), a
calibration curve was generateddiiie 3.BC). From the equation of the line, the
diameter of the cells was calculated as 23.59 + 1.84 um. Using the cell radius, cell

surface area was estimated as 1747.um
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Figure 3.19. Size determination of human dermal lymphatic endothelial cells size.

HDLECs diameter was estimated using differential interference contrast microscopy (A, Stak® lpan); or flow cytometry by comparing

beads of knowsize (B) with the signal from HDLECs. The median fluorescent intensity of the beads was used to construct a standard curve (C
and estimate the diameter of the cellsunt is referred to as the number of events identified in a seldgbedscence channdbata are

representative of three independent experiments.
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To estimate the density of podoplanin molecules expressed at the surface of HDLECSs,
flow cytometry was used. HDLECs were incubated g#lturating conagrationof PE
conjugated antihuman podoplanin antibody NZ 1.3 (Figure 3.20A) and the median
fluorescent intensity was compared withlibration beadef knownantigen binding
capacity Using a calibration curve and the estimated cell size, the copy naibe
podoplanin in HDLECs was estimated as 1395489 podoplanin molecules ppn?

(cell size determined by flow cytometry) or 206%.856 podoplanin molecules per

um? (cell size determined by microscopy).
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Figure 3.20. Determination of copy number of humanpodoplanin in HDLECSs.
Representative traces of chosen-goiloplanin antibody (A) and beads of known
antigen binding capacity (Cgaturating concentration of aitddoplanin antibod{B)
was used ttabel cells and beads of known antigen binding capéCityThe median
fluorescent intensity of the beads was used to construct a standardXuavel (
estimate podoplanin copy number in HDLECsunt is referred to as the number of
eventgdentified in a selected fluorescence chanbelta are shown as mean + SD and

are representative of three independent experiments.
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3.3.2.4. Human Podoplanin-Fc is mobile within a supported lipid bilayerin a

FCS2 chamber

FRAP was performed to study the mobility of supported lipid bilayers in a FCS2
imaging chamber. To achieve this, supported lipid bilayers were formed using
liposomes consisting of CABiotin-PE and DOPC at a ratio of 2:98 on a glass
coverslip cleaned by @inha solutionSelected lipid rati@orresponds$o the similar
number of hPodoplanikc on SLB, when compared with the podoplanin copy number
in the HDLECSs (estimated in previous chaptefdierwards, Streptavidin being a
molecular bridge between biotilaged lipids was added into the chamber, followed by
the Alexa Fluor® 488 labelled and monobiotinylated hPodopi&niextracellular
domain. The mobility of the bilayer with tethered recombinant hPodoplanin was
determined using FRAP. The microscope imag@sbefore (1), just after (2) and 9
minutes25 safter photebleaching are presented in Figure 3.21A. The fluorescence
intensity in the ROl was measured every 5 secolislpresented in Figure 3.21B, the
intensity of fluorescence recovers from around 32940 82% withir® minutes25 s

This suggests that the bilaylrom three independent experimergighly mobile with

a mobile fraction of almost 82 3.4%. High mobility of SLB will allow to follow a
hPodoplanin cluster formation using TIRF microsgogue the fact that protein

tethered into SLB can freely migrate within the bilayer.
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Figure 3.21. Lateral mobility within supported lipid bilayer containing

hPodoplanin-Fc extracellular domain asembled in the FCS2 chamber.

A. Representative fluorescent images of the bilayer at three different time points: before
bleach(30 s) immediately posbleach, an® minutes25 safter bleachScale baii 10

pum. B. Fluorescent intensity kinetics ime; thefluorescence intensity was measured
every 5 second$he graph presents mobile and immobile fraction of the protein within
the bilayer.Data are shown as mean + SD and are representat8/exdépendent

experiments
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3.3.2.5. Platelets cluster human Podofanin-Fc presented on a glassupported

artificial lipid membrane

To investigate the dynamics of plateteediated clustering of hPodoplastia, live cell

imaging was performed. This was achieved by monitoring the interaction of washed

platelets prdreatel wi t h I V. 3 mAb (which inhibits 1
andblocksFc o RI'I A function) with | ab#&dtétleedd Al e x a
to a supported lipid bilayer (CABiotin-PE and DOPC in ratio 2:98) assembled in a

FCS2 chamber using THRmicros®py.

As soon as the platelet contacts the membrane, the accumulation of hPodBplanin
under the platelet can be detected. Figu?@ 3Zhows that initially small clustefsrm
and that these migrate to form a single bright central cluster within 10asinut

Additionally, DIC imaging shows that the cluster forms under the platelet.
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Figure 3.22. Platelets cluster hPodoplanin presented on glasssupported artificial lipid membrane.
Washed human platelets, greated with V.3 mAb, were allowed to interact with labelled hPodoplanin presented on a supported lipid
membrane and imaged using HRicroscopy. The location of the platelet is shavging DIC microscopyScale bai 1 um. The results are

representative d independengéxperiments
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3.3.2.6. Human PodoplaninFc is mobile and forms clusters on &6-well glass

supported artificial lipid membrane

Due to limitations of the FCS chamber (the need to do one experiment at a time and
high volumes of reagents used), the approach was optimised in athigheyhput

formati 96-well glass bottom plates. To study the mobility of supported lipid bilayers
asembled in a 94vell plate, FRAP was performed. To achieve this, supported lipid
bilayers were formed using liposomes consisting of BARin-PE and DOPC in a

ratio 2:98 assembled in wells of a-@ll glass bottom plate cleaned thoroughly with
alkaline ceaning concentrate and high concentrations of sodium hydroxide. Afterwards,
Streptavidin was added into the wells, followed by the Alexa Fluor 488 labelled and
monobiotinylated hPodoplanifc extracellular domain. Mobility of the SLBs in each

well of the pate was tested by FRAP. The microscope pictures 30 s before (1), just after
(2) and 9 minutes 25 s after phdileaching are presented in Figure 3.23A. The
fluorescence intensity was measured every 5 seconds. Figure 3.23B shows that the
intensity of fluoescence recovers in a similar manner to the recovery seen with SLBs
assembled in a FSC2 chamber, from around 30% up to 90% within the 9 minutes 25 s.
This suggests that the bilaygom three independent experimerg$ighly mobile with

a mobile fractiorof almost 90+ 4.8%.

To investigate a platelehediated clustering of hPodoplastie, TIRF microscopy

analysis was used. This was achieved by monitoring the interaction of washed platelets
with labelled Alexa Fluor® 488 hPodoplarit tethered to a supped lipid bilayer
(CAP-Biotin-PE and DOPC in ratio 2:98) after a fixed time of 25 minutes ina&b

plate.
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Similarly to the FCS2 chamber, the accumulation of hPodopRminnder the platelet
was detected upon the contact of the platelet with the bi{&ygure 3.24)suggesting
the interaction of hPodoplanin with platelet CLEC
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Figure 3.23. Lateral mobility within supported lipid bilayer of hPodoplanin -Fc
extracellular domain in a 96well plate.

A. Microscope images of SLB containing Alexa Fluor 488 labelled hPodopfanat
three different time points: before bleach (30 s), immediately-tgeach, and 9

minutes 25 s after bleach. Scale b&0 pum. B. Fluorescent intensity kinetics over
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time. Thegraph presents mobile and immobile fraction of the protein within the bilayer.

Data are shown as mean = SD and are representat8/edépendent experiments.

TIRF DIC
Alexa Fluor 488

Figure 3.24. Platelets cluster hPodoplaninpresented on a 9évell glasssupported
artificial lipid membrane.

Washed human platelets were allowed to interact for 25 minutes with labelled
hPodoplanin presented on a supported lipid membrane and imaged ugihg TIR
microscopy. The location of the platelet is shown using DIC microscopy. Scdle&bar

um. The results are representative of 3 independent experiments.
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3.4.Discussion

3.4.1. Reconstitution of the CLEC-2 signalling pathway

This chapter begins to develop a reconstituted artificial lipid membrane to investigate
intracellular platelet receptor signalling and clustering. Firstly, the plasmid containing
the sequence for the intracellular domain for CLE@asgenerated and theqieins
overexpressed and purified frden coli. Secondly, recombinant protein was introduced
into the supported lipid bilayer and their incorporation and mobility into SLBs analysed

via flow cytometry and FRAP.

Plasmid containing the human CLEXntracelular domain containing BMistidine-

tag (for protein purification using NNTA agarose and to tethering of proteins into
SLBs) and SNARag (for irreversible covalent labelling of the protein using a synthetic
probe) habeen successfully generated. Frsthe gene of the domain was amplified

via PCR and the size of the produaseonfirmed on an agarose gel (Figure 3.8). The
expected size of the gene fragment (128 bp) was obtained and ligated into the vector
with a histidine tag. Secondly, the generapdasmid was used to amplify the genes

fused with histidine tag and subcloned into the vector containing a SNAP tag.

His- and SNAPtagged hCLER intracellular domain was successfully overexpressed

in E. coli (Figure 3.9) and purified from inclusion bodien a NiNTA column. The
Coomassie stained gel (Figure 3.10A) shows two different sizes bands in the elution
fractions, 30 kD4 the expected size of the protein; and an additional one at around 70
kDa. The larger band is probably one of the commonipwdied proteins separated

using NiNTA resin, Hsp70 prokaryotic homologue DnaK (Robiclebrl.,2011). To
separate the protein from the target recombinant protein, an additional purification step,

such as sizexclusion chromatography is needed. Wedbéhanalysis using antiis
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tag and antSNAP tag antibodies (Figure 3.10B), as well as direct protein labelling
(Figure 3.10C) confirmed that the purified 30kDa protein is the hGRE#&ll fused to

His- and SNAPtags.

Recombinant protein containing th€ELEC-2 intracellular domain fused to Hiand
SNAP-tags interagwith SLBs containing nickel chelating lipids. Flow cytometry
analysis of SLBs formed on silica beads with the hCEEGIl with specific antibodies,
as well as a labelled version of the tgio shows that compared to a negative control,

the recombinant protein can interact with SLBs (Figure 3.11).

Additionally, the copy numbers of intracellular Syk in human platelets were
determined. There are available proteomic datasets with the estirodibsolute
numbers of proteins in platelefBurkhartet al, 2012) however this data can be
confirmed using flow cytometry. Comparing proteomic data watvitytometry data,
the copy number human Syk was similar (4§0@®teomic)vs 5192+ 1055(flow
cytometry)molecules per platelet). To conclude, flow cytomdiaged method may be

used to validate the available proteomics data.

The mobility of SLBs compesl of DOPC:DGSNTA (in ratio 75:25) containing

hCLEGC-2 tails was tested using FRAP. No lateral mobility of the labelled hCREil

was seen, with the mobile fraction almost equal to zero (FiguB. Ihis method

requires optimisation by changing thergmosition or ratio of lipids within the SLB or
changing the protein concentration used in the chamber. Indeed, Su et al. have found
that bilayers containing 5% DGISTA or more tend to become less fluid (Swal,

2017). The high percentage of DA usedhere may be responsible for the lack of
mobility. Another reasoffior lack of mobility could be incorrectly folded protein after

the purification from inclusion bodie€ircular dichroism could be used to check the

folding of the refolded recombinaptotein; howeverit has not been done
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Alternatively, another method of protein incorporation ititeSLBs,such adiotin-
mediated via streptavidin bridge, could be ugkesla future perspective, the model can

be minimisedinto the 96well format.

3.4.2. Development of SLBs to study CLECG2-mediated clustering of Podoplanin

The results in this chapter show the development of a reconstituted artificial lipid
membrane to investiga humarpodoplanin clustering by human platelets. Firstly, a
dimeric form of the humapodoplanin extracellular domain in fusion with rabbit Fc

was overexpressed in mammalian cells and purified using affinity chromatography.
Secondly, the functionality ahe protein was tested using a platelet adhesion and
spreading assay. Thirdly, the number of hPodoplanin molecules within SLBs of
different lipid compositions was estimated using flow cytometry and compared with the
density of hPodoplanin on the HDLECsface. Finally, the mobility of hPodoplanin
within the supported lipid bilayer was confirmed using FRAP and clustering mediated

by human platelets monitored using HR.

An Fctagged dimer of hPodoplanin was successfully overexpressed in mammalian
cells and purified on a Protein A column. The Coomassie stained gel (Figuta)3.1
showed the different sized bands in meduced or reduced conditions. This confirms
that hPodoplanki-c is a dimer as expected. Additionally, vixestern blot analysis
(Figure 3.1B) confirmed that specific antibodies against hPodoplanin detects this

protein.

The functionality of the hPodoplankc was confirmed using a platelet spreading assay
andepifluorescent microscopy. The microscope images (Figu®A3donfirmed that

platdets adhere to and spread on hPodopi&sicoated coverslips whereas on the
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BSA- and rabbit IgGcoated coverslips, few or no platelets were found (Figureg3.1
Additionally, the average platelet area on immobilized hPodoplnshows that
platelets a& fully spread, whereas no spreading is seen on immobilised controls BSA
and rabbit 1gG (Figure 35C). This provides evidence that the expressed hPodoplanin
Fc protein is functional, and that the interaction between the platelets and the
hPodoplanirFc piotein is not due to the Fc domain or repecific interactions with the

BSA-coated glass.

Protein biotinylation is a key step, due to the high affinity of biotin to streptavidin, to
attach the recombinapobdoplanin via a streptavidin bridge into suppotied bilayer
containing biotinylated lipids. It is important to monobiotinylate the protein to have

only one biotinbinding site, which will be occupied by streptavidiime optimal
concentration to monobiotinylate the hPodoplaha where a signal irhe FL4

channel (presence of hPodoplanin) was detected, and no signal in the FL1 channel (no
detection of a second biotin), was estimated in range of 0.05 to 0.5 pg/ml of biotin
(Figure 3.77). For the further experiments, 0.5 pg/ml was used. Followingly,

biotinylated hPodoplanifrc was labelled with Alexa Fluor 488 and the concentration
was estimated as 13.02 uM (0.83 mg/ml). Protein prepared this way allowed the
number of recombinant hPodoplatkic molecules incorporated into the upper leaflet of
the bilaye to be estimated using flow cytometry. The number of molecules differed
between the samples with decreasing ratio of the-B#&En-PE lipids within

supported lipid bilayer. As expected, comparing to the highest concentration ef CAP
Biotin-PE lipids (2%),decreasing the concentration 2 times (1%) and 4 times (0.5%)
resulted in a decrease the number of molecules 2 times and 4 times respectively (Figure
3.18. The hPodoplanifrc incorporated into SLBs with 2% of biotinylated lipids

(1,084 + 54 molecules/um) reflects the number gdfodoplanin molecules endogenously
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expressed on the surface of the HDLECs (1395.8 + 439 molecuf@s/Tinis allows

the model to be most reminiscent of the natural biological situation.

Ketchum et alshowed that mobile ligankicorporated into SLBnabled BCR clusters
onA20 lymphoma B cellto move further and merge more efficiently than immobile
ligand and this difference was associated with differences in actin remodelling. These
results suggest that ligand mobility is an important parameter for cell signalling and
clustering (Ketchunet al, 2014). The mobility of prepared supported lipid bilayers
composed of DOPC:CABiIotin-PE liposomes was tested using FRAP. FRAP is a
powerful technique to investigate the lateral mobility of lipids and proteins in artificial
lipid membranes. Inthe model presented here, the biotinylated hPodeptanin
molecules willbind to the biotinylated lipids via a streptavidin bridgee FRAP
experiment has been performed in an FCS2 chamber. The result shows that the mobile
fraction is equal to 82% (Figure 3.21). That means the lipids coupled to the
hPodoplanif-c protein moleules are largely free to migrate within the supported
bilayer and mimic the biological environment of proteins in a membfidhanet al,

2013; Shilts and Naumann, 2018)

Many membrane receptors need to form clusters to initiate signdltire characteristic

of ITAM/hemITAM containing receptors. Large central cluster formation may enhance
the intracellular signal, decrease moleadigusion,and exclude negative regulators

like CD45 in Fcell receptor (Davis and van der Merwe, 201 e Tlustering of
podoplanin by platelets is similar to thec&ll receptor and has been investigated using
mouse platelets with mougedoplanin. It has been showthat MCLEC2 mediated
signalling by SFKs and Syk plays an important role in the formafitarge

mPodoplanin clusters in a mPodoplanontaining SLB and in a cell membra(feollitt

et al, 2014) The TIRF experiment showed that when a human platelet comes into

140



contact with labelled hPodoplarifrtc mobilised on a supported lipid bilayercentral

bright cluster of hPodoplanin forms (Figure 3.2lustering of hPodoplanin is likely a
consequence of the imgetion with hCLEG2 in platelets, as it has been shooy

Pollitt et al.with mouse platelets with mougedoplanin. This interaction could be
further investigated using inhibitors which disrupt the interaction between héEC

and hPodoplanito show thathe mechanism of clustering is conserved between mouse

and human platelets.

Similar experimens wereperformed in a 96vell glass bottom plate. Usage of-@@ll

plate may help to perform more experiments with different conditions at the same time
and use smaller volume of liposomes and proteins. Additionally, optimisation of the
assay in a 96vell plate format gives the opportunity to use it as a-tighughput

platform to identify novel prote#protein interaction inhibitors.

The FRAP analysis of tHelLBs in the 96well plate indicatethat the mobile fraction is
almost 90% (Figure 3.23). This value is similar to the mobility of the SLBs obtained in
the FCS2 chamber. This result shows that thev8lb plate may be use for further
experiments and hasdredible potential to perform multiple experiments
simultaneously. Moreover, the TIRF experiment showed that supported lipid bilayer
tethered hPodoplanific clusters in contact with human platelets (Figure 3.24). The
developed platform is a 98ell high-throughput format that gives more possibilities
than the platform formed in FCS2 chamber. It can be used to study novel inhibitors of
CLEC-2-mediated signalling, focusing on a primary evieplatelet activation by
podoplanin, and testing different condiigat a selected time point in the fixed

samples.
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3.5.Conclusions

The artificial lipid membrane model provides an opportunity to study extracellular
receptorand ligandclustering. Reconstitution of signallingathways may be a powerful
tool to understand the interactions, losations and dynamics of signalling

components. The recombinant signalling pathway components reconstituted into the
artificial lipid membrane may enable the dynamics of macromolecutamdsies and
molecular behaviour of signalling proteins to be studied in ways that cannot be
achieved using intact platelets. Additionally, platforms for the CiZE€ceptor may

help to determine what regulates cluster size and density, understand hoelluiar
multivalent interactions drive cluster formation and to investigate how small molecule

inhibitors affect receptor clustering.

Purification of signalling pathway components and optimisation of the artificial lipid
membrane platform are key stdpsachieve the aims of this thesis. Application of
supported lipid platforms may be further used for many purposes, for example as a
high-throughput screening platform, to identify the novel inhibitors, and to study the
interactions and dynamics betweaymsiling pathway components and the inhibitors

using advanced microscopy.

Although the intracellular platform for human CLEXproved to be immobile, the
information in this thesis gives the good starting point to continue this process. A
platform for hunan CLEG2-mediated human podoplanin clustering gives the
possibility to study further platelet receptor ligand clustering and may be used as a

platform to test novel inhibitors of the CLEZpodoplanin interaction.
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4.1.Introduction

HTS is a process which allows large libraries of compounds to be tested against a
particular biological target or system. The target identified in this thesis is an interaction
between human CLER and human podoplani@LEC-2, by interacton with its

endaenous ligand podoplaniplays a major role in thrombiaflammation, which has

been shown in mouse models of deep venous thrombosiSamanellainfection

(Thomas and Storey, 2015; Raytsal, 2017) Additionally, CLEG2-podoplanin

interaction is important in arterial thrombosis, blood lymphatic development and cancer
(Harbiet al, 2021) Tha is why CLEG2 may be a promising target for lobgrm

prevention of pathologies such as arterial thrombosis, deep venous thrombosis, sepsis,
and cancer, with a decreased bleeding risk relative to current thefpmelsnown

small molecule inhibitors d€LEC-2-podoplanin interaction haves low potency,

toxicity, and lack of oral availabilityThat is why they cannot be pursed for clinical

development and there is still a need to look for new inhibitors.

There are only two known small molecule inhibitofshe CLEG2-podoplain

interaction. The first one, Cobdiematoporphyrin (C#1P) is a member of porphyrins

family and has been developed by changing vinyl groups at C2 and C4 of

protoporphyrin IX (H2PP) and adding a cobalt, to generate a stable comyptbxhe

nitrogen molecule in the centre of pyrrole ring (Figure 4.7A). It was identified in a

modified sandwich enzyréked immunosorbent assay (ELISRased HTS by
screening 6770 compounds at concentrations:e
dockingstudies showed that @$P may bind to CLE€ Asn120, Asn210 and Lys211.

The interaction between @éP and CLEG2 has been confirmed by generating CLEC

2 mutants. Asnl12@la and Lys213Ala mutants lost the ability to bind podoplanin

expressing cells, sugsing that Asn120 and Lys211 may be required for podoplanin
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binding. Additionally, CeHP inhibited rhodocytisinduced human and mouse platelet

aggregation, but not when stimulated with CRP and thrombin (T<atkgi, 2018).

Another small molecule inhitor of CLEG2-podoplanin interaction is 2CP, a

derivative of 40-benzoyi3-methoxybetanitrostyrene (BMNS) (Figure 4.7B).

Computational molecular docking studies showed that 2CP may bind to-CLEC

Arg107, Arg118 and Aarl57, which are key residues for roptimand podoplanin

binding (Nagaet al, 2014a). 2CP inhibited podoplarmluced human platelet

aggregation, but not when stimulated with thrombin, collagen, or ADP. Surprisingly,

2CP did not inhibited rhodocytimduced human platelet aggregation, evhmay be

explained by the difference in the binding affinity constant of CLZEG podoplanin or
rhodocytin, which has been estimateted as 2/
al., 2007; Christowet al, 2008). The binding affinity constant of 2CP tbEXC-2 was

~

estimated as 33.2 N 1.9 e€M. Chang et al

N

rhodocytininduced platelet aggregation using 2CP is due to its low affinity for GREC

when compared with rhodocytin (Chaegal, 2015).
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Figure 4.1. Cobalt-hematoporphyrin and 2CP structures.

Cobalthematoporphyrin, G&lP (A) is a member of porphyrins family and has been
developed by changing vinyl groups at C2 and C4 of protoporphyrin IXAP)2and

adding a cobalt, to generate a stable complex with the nitrogen molecule in the centre of
pyrrole ring. 2CP (B) is a derivative of@-benzoyi3-methoxybetanitrostyrene

(BMNS).
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4.1.1. High-throughput screening

High-throughput screening (HTS) is a technique used in the drug discovery process,
mainly in the pharmaceutical industry but also in an academic enviror{frearson

and Collie, 2009)It is based on the identification of a biological target involved in a
pathway of interest or disease and screening against it, using a large number of
compounds (modators and inhibitors). The identified compounds become potential

drugs, called lead@undberg, 2000)

HTS can be used in parallel with computational technique, called viniglal
throughputscreening(VHTS). It usesin silico collection of compounds and is based on
checking the bindingfénity of the target with the compoundShoichet, 2006)The
screened compounds are ranked using a scoring function, which computes the

complementarity of the target with the compoliBdjorath, 2002)

The idea underlying HTS is the screening of as many compounassible in the
shortest time, therefore the format of the assay must be miniaturised. Typical formats
for HTS are 96éwell, 384well or 1536well plates with the final volume of 1€€00 pl,
30-100 pl and 2.510 pl respectivelMayr and Bojanic, 2009)Using 1536well

format it is possible to screen more than 100,000 compounds pdt ddhen called

ultraHTS (UHTS)(Hertzberg and Pope, 2000)

HTS is divided into several stages: target identification, assay development and
validation, data analysisits identificatiorand lead selection. The stages of HTS are

presented in Figure 2.
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¥

Lead selection

Figure 4.2. Stages of HTS.

There areb different stages in the HTS process: target identification, assay
development, assay validation, data analysis identification andead selection. Al
these steps lead to the identification of compounds, which may have inhibitory or

modulatory effecon the identified target.
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4.1.1.1. Target identification and assay development

The first step of the HTS is target identification. There are a few important
considerations for selecting a therapeutic target for HTS: relevance (how important it is
in a disease or signalling pathway), chemical tractability (whether the target caatinter
with small molecules) and screen ability (possibility to develop a screening assay for

the targetjGashawet al, 2012)

After target identification, the next step is assay development to perform HTS. There
are two different types of assays: biochemical andbeeded assays. Biochemical
assays look for compounds that interadiwecombinant targets in an artificial

environment, whereas cdélhsed assays provide more physiological target environment.

Most of the Dbiochemical assays in HTS are
high-density microtiter plates (384 or 1536 8¢l The assays are based on optical
measurements, looking at changes in absorbance, fluorescence, or luminescence
(Macarron and Hertzberg, 2009he most widely used are the fluorescence methods,
which give very higlsensitivity and allow for format miniaturisation with the use of
very small volumes. It is important to avoid the short excitation wavelengths (below
400 nm) because many of small molecules can interfere by exciting this wavelength
itself (Eggelinget al, 2003) The most popular fluorescence method in HTS is
fluorescence resonance energy transfer (FRET), however other biochemibald s

are also widely used, such as amplified luminescence proximityogenous assay
(AlphaScreen), scintillation proximity assay (SPA) or homogenous time resolved
fluorescencassay(HTRF). In this thesis, the AlphaScreen has been used to identify
smal molecule inhibitors of the CLEQ-podoplanin interaction andhé principle of

this method has been described in detail in section 4.1.2.
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The main advantage of biochemical assays is that the effect of inhibition/modulation is
specific to the target, ndd other molecules of the pathway or by alternative
mechanisms. However, there are also some disadvantages. Protein production can be
time-consuming, and some target proteins cannot be purified. Additionally, the activity
of small molecules in biochemicalssays may not always translate to the cellular
context, due to requirements for cellular cofactors, membrane permeability,

cytotoxicity, or ofttarget effect§An and Tolliday, 2010)

Another group of HTS assays are d®lsed assays. They did not exist until the
development of a fluorescent imaging plate reader (FLIPR) in1®#0s, which has
been asigned to measure intracellular calcium mobilization in real time. Nowadays,
FLIPR is compatible with 384vell and 1536well microplate formats. Other cdlased
methods include reporter gene ass@eck et al. 2005; X. Li et al. 200@nd

phenotypic assays for cellular processes (e.g., cytokinesis and cell migatge)tet

al., 2004; Yarrowet al, 2005)

Cellbased assays provide many advantages. The main advantage is that the compounds
are tested in a physiological environment. In addition, it allows for the selaftion
compounds that can cross the cell membrane and give an indication about cytotoxicity

at an early stage of the lead selection process. Nevertheless, there is also a major
disadvantage, the possibility that compounds have no selectivity to the degetd tar

(An and Tolliday, 2010Q)
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4.1.1.2. Assay validation

To validate HTS assay, the statisticalgraeters need to be calculated. In 1999, Zhang
et al. described a simple statistical parameter to evaluate and validate HTS assays
(Zhanget al, 1999) There are two statistical expressions to validate HTS quality:
signatto-background (S/B) ratio and sigrtaknoise (S/N) ratio. S/B ratio is a ratio of
the mean signal level to the mean background level and is described by equation:
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YO . . ..
AOQWOWWwOQQAQI € 0 Q

However, the S/B ratio is inadequate as it does not contain any informatiordabaut
variation. The S/N ratio is an indication of the degree of confidence that signal value is
different enough from the background noise, to be real. The S/N ratio is a better
parameter than the S/B ratio because it considers the variation in thedogxckdt is
described by equation:
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Neither S/B ratio nor S/N ratio take into accobath, the variability in the sample and

the background signal, and the signal dynamic range. That is why the most important
statistical parameter to validate the HTS isthpgZi me f act or (Z06) , wh i
assayos r obust ne gudated usihg bsth, themeamanadistarrdard s ¢ a |
deviation of the samples and is described by equation below:
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It is important to measure the separation of the positive and negapwations
(Figure 43). The data variation is defined as thetdndard deviations (3sdf) the mean

of positive and negative control, which has 99.73% confidence limit. A signal window
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(defined as a separation band) is defined as a difference between the sample means and

describes the dynamic range of the screen.

Anexcellentasay has a small data vari aduel ity an
greater than 0.5is consideredasanexl | ent assay. Assays whi c|
below 0.5 are consideredtmarginal and require optissit i on. The Z6 val ue

corresponding to the quality of the HTS assay have been presented in Table 4.1.

The quality of an assay can differ from how the gl and the compounds are

dispensed (manually or roboticallylhe robotic dispensation gives less chance of

pipetting error It is common to use two columns per plate for the controls, one each for
positive and negative controls. Additionally, thishdlpse c¢c al c ul a-fagor,t he e x ¢

because it requires large data sets to improve accuracy.

data variability band data variability band
separation band
.
&)
2 3sd 3sd
o
o
L
positive control (max) negative control (min)

Figure 4.3. The Gaussian distribution of the data variation band and separation
band observed in a typical HT Sassay.

The variability of the assay is described as (3ta@ndard deviationsyvhereas the assay
dynamics as a separation band (difference of the means of positive and negative

control). The highest Z6 wildl bedthec hi eved

standard deviation is small.
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Table4l.Cat egorization of t-fagorHTS quality

Z édactor value

Structure of assay

Related to screening

An ideal assay

1 sd = 0 (no variation)

1 > 056 O separation band is large | An excellent assay
0.5 > Z6o separation band is small | A marginal assay

O 0 no separation band Screening impossible
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4.1.1.3. Hits identification and lead selection

After thevalidation of the primary screen, there are a few additional steps to select the

best leads. These steps have been presented in the Fighedodu:

Primary screen

Secondary screen

Dose
Response

Cytotoxicity

Figure 4.4.Lead selection stages from th@rimary screen to the cytotoxicity assay.
In primary screening, the compound library is used to identify hit compounds. Then, the
hit compounds are tested in a secondary sd@ezmove false negative®llowed by a

doseresponse study and a cytotoxicity assay.

Compounds identified as hits in the primary screen should be screened again, in the
same way as before. This step allows compounds which showed a false positite effe
on the performed assay to be discarded and confirms compounds which can be
considered as true hifslacarron and Hertzberg, 2009 addition, many established

assays, e.g., AlphaScreen, provide a special TruHit® identify false positive
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compounds interfering with the assay. It includes singlet oxygen quenchers, colour

guenchers, light scattering, and biotin mimetics.

After the secondary screen, to confirm the effect of the compounds, the next step is to
prepae a doseesponse curve, using a range of concentrations of the compounds
(typically between 100 uM to 1 nM) in order to calculated,@vhich is defined as a
concentration of the compound required for 50% inhibi{l®arhamet al, 2009) The
doseresponse curve is generatedusyng the same assay used for the primary screen

and gives a starting point for compound evaluation in biological assays.

The last step of lead compound selection is a cytotoxicity assay. This allows lead
compounds to be tested on human cells to chedakadffetarget toxicity(Hamid et al,

2004) In this thesis, to study if the compound is toxic to cells, Calddhhas been

used with human washed platelets. Cald& is a permeant nefluorescent dye that
indicates cellular health. When it enters the cells, it is converted by esterases present in
the healthy and live cells into Calcein resulting in green fluorescence after excitation. If
the compound is toxic foedls, the Calce#AM is not converted, and the fluorescence

is not observedGillissen et al, 2016) The schematic principle of a viability assay

using CalceirAM is shown in Figure 4.
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yellowish-green fluorescence

Figure 4.5. Cell-viability assay principle using CalceirAM.

When CalceirAM enters the cells, it is converted into Calcein by endogenous esterases
present in live cells. Following excitation, the Calcein produces a green fluorescence. If
thecompound is toxic to the cells, there is no Cal@€in conversion into Calcein, and

no fluorescence is produced.

The | ast consideration in | ead compound
The rule determines if a compound with pharmagiclal or biological activity has
properties to be an orally active drug in human. The rule of five states that an orally
active drug has a molecular weight <500 Da, a partition coefficient (LogP) <5, a
number of Hbond donors <5 and a number obldnd accptors <10. These criteria are
commonly used to estimate druglikenésat relieson the physiochemical analysis of
theapproved drugs.he identified compounds which match these criteria should be

considered as lead compour{tiginski et al, 1997)
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4.1.2. AlphaScreen

The Amplified Luminescent Proximity Homogeneous Assay Screen is-a hon
radioactive, homogeneous proximity approach to study biomolecular interactions. It has
been developed to identify small molecule compounds for biological targets using a
high-throughputscreening assay of compound libraries. The AlphaScreen assay is
based on the proximity afonor beads anacceptor beads, conjugated with a

recognition site of an analyte of interest, suclpegtide, protein, or antibody of

interest The donor beads conaa photosensitizer phthalocyanine, which converts
ambient oxygen into a singlet form ob@ollowing illumination at 680 nm. The

acceptor beads contain a chemical dye, thioxene, which interact smyletoxygen.

If the acceptor beads are in closeximity (< 200 nm) to donor beads, the energy of
singlet oxygen is transferred to thioxene, and a fluorescent signal betwé&2620n

is generated@Pepparcet al, 2003) The lifetime ofsinglet oxygen is relatively short (~4
psec) and can diffuse approximately 200 nm in solution, hence, in the absence of
acceptor beads in proximity to donor beads, singlet oxygen converts to the ground state
and no signal is produced. The principle of Wdcreen, basing on the example of the

assay performed in this thesispiesentedn Figure 46.

AlphaScreen has many advantages, such as high sensitivity, low background, high S/B
ratios, miniatusgation into 1536éwell plate, cost effective, optimal kgatility in assay

design and can identify low affinity to high affinity interactions. However, AlphaScreen
also has several disadvantages. The assay is sensitive to intense light or long exposure
to ambient light. That is why it is important to protecathe from light by using light

levels of less than 100 Lux or to use green filters. In addition, all incubations should be
performed in the dark. Another disadvantage is that experiment can be limited to a

single read because of photo bleaching of donatfeadditionally, AlphaScreen is
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not compatible with all plate readers, this is why it may be more limited than other

luminescent technologig€gglenet al, 2008)

Excitation
680 nm

/—\A 7 Emission

520-620 nm

f Streptavidin-coated ', ‘Nickel chelate coated
Donor Beads / Acceptor Beads |

Biotinylated  His-tagged
hPodoplanin hCLEC-2

Figure 4.6. AlphaScreen principle.

Binding of biotinylated hPodoplanin to Hiagged hCLE brings streptaviditoated
donor and nickel chelateoatedacceptor beads into close proximity. Upon illumination
of donor beads at 680 nm, an ambient oxygen is converted to an exeitedO

(sindet oxygen), which leads to energy transfer toadeeptor beads, and a fluorescent

signal between 5220 nm is produced.

During optimgation of recepteligand concentrations for AlphaScreen, there is an
observed phenomenon cltaslalcoenchoneffeginmdny o ki n g
detection assays involving saturable reagents used to capture specific molecules. In
contrast to saturations curves, the curves characteristic for the hooking effect are often
bell-shaped, as signal increases with increasamget molecule concentration up to a

peak after which they become inhibitory to the signal production. This effect is

illustrated in Figure 4.
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Figure 4.7. Hooking effect.

Over a range of target molecule concentrations, there is a point when the Alpha signal
starts to drop. This point is called the hook point. Below the hook point, donor and
acceptor molecules are becoming saturated and the signal increases. At the Hook poin
both molecules are fully saturated and achieve maximum signal. Above the hook point,
an excess of molecules oversaturates the beads and become inhibitory to signal

production.

159



The AlphaScreen assay provides an AlphaSéreEmHitsE kit to identify compounds
which interfere with the assay and resitt false positivesThese compounds include
singlet oxygen quenchers, colour quenchers, light scattering compounds and biotin
mimetics. The TruHits kit contains streptavidin donor beads and biotinylated acceptor
beads, which bind directly to each other. For the identifinatiocompounds which
interfere with the assay, hit compounds are incubate with beads that have been
premixed. Examples of singlet oxygen quenchers include azide, ascorbate, and some
transition metal ions such asZnCw*, Fe*and Fé*. Colour quenchersay absorb

either the light at 680 nm, used to excite the donor beads, or the light betweg20520

nm emitted by the acceptor beads. These compounds are usually blue/green or blue,
e.g., malachite green and dextran blue. Interference by light scattemmmpuonds may

be produced by insoluble compound aggregates, diffracting light at the excitation and/or
emission wavelengths. The mechanism to identify biotin mimetics is different. Here, hit
compounds are first incubated with streptavidin donor beads. &mpa@unds which
possess biotilike binding properties bind to the streptavidin and prevent the pairing of
the donor and acceptor beads, resulting in a reduced Alpha &gl and Holloway,

2010)
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4.2. Aims

CLEC-2is a good target for novel amiatdet drugs having therapeutic effects on

arterial/venous thrombosis and candbat is why he ains of this chapteare

1 To design, develop and optimise a biochemical assay using recombinantZLEC

and podoplanin which may be used in a Higloughput scren.

1 To perform a primary higithroughput screen with the Pivot Park Screer@amtre
library toidentify novel small molecule inhibitors which disrupt the CL-EC

podoplanin interaction.

1 To perform a secondary screen with the detection of false positigesresponse
study, and cytotoxicity assay to determinate whether any of the compounds

identified in the HTS are suitable for lead development.

The first two aimawvere the focus of the workuring 2month secondment in the Pivot
Park Screening Centre the Netherlands. The last aivas focused oduring year

visit at University of Santiago de Compostela in Spain.
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4.3.Results

4.3.1. Optimisation of the AlphaScreen assay using recombinant CLEQ and

podoplanin
4.3.1.1. CLEC-2 and podoplaninconcentrations selection

Prior to the HTS assay, the interaction of hCLE@ith hPodoplanin was established
in the AlphaScreén assay by using a monobiotinylated human Podopldfinused
previously in section 3.3.2.1) which binds to Streptavidin congdyd onor beads or
Protein A acceptor beads and a commercial recombinant human-2EEed with a

Histidine tag which binds to nickehelate donor or acceptor beads.

Firstly, a range of concentrations betweer@®®8 nM of recombinant human CLELC
and humanpodoplaninwastested with different combinations of beads: streptavidin
donor beads plus nickel chelate acceptor beads or nickel chelate donor beads plus

protein A acceptor beads in a 158@ll format.

In the first combination of the beads (streptividonor beads plus nickel chelate

acceptor beads) the range of the concentration where a high Alpha screen signal was
observed was between 600 nM of CLEG2 and 1100 nM of podoplanin (Figure

4.8A). Inthe second combination tliebeads (nickel chelate donor beads plus protein

A acceptor beads) the range of concentrations with the highest Alpha signal was

between 30600 nM of CLEG2 and 130 nM of podoplanin (Figure 8C). In both
casesacharacer i st i ¢ phenomenon for the AlphaScr
was observed where too high concentration of the proteins may have inhibitory effect

for the signal production, whereas too low concentration may be not enough to produce

any signal (igure 48 B and D).
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Figure 4.8. Optimisation of the concentration of human CLECG2 and human podoplanin for an AlphaScreen assay.

The range of concentrations (6680 nM) of recombinanbuman CLEG2 and human podoplanin were tested in two bead configurations:
streptavidin donor beads plus nickel chelate acceptor (A, B) and nickel chelate donor beads plus protein A accept@)b@aess{@als
from the wells are represented by a heapy with red representing the highest signal and green the IgaveS), or by thesaturation curves (B,

D). The results are representativel@xperiment.
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Knowing the optimal range of concentrations for human CiZEDd human
podoplanin, the next step was to test a narrower range of concentrations for both
proteins. Additionally, this has been done only for the first combination of the beads as

it required less of the commercial recombinant CLEEC

Briefly, the range of concentians for human CLEE (25300 nM) and podoplanin

(5-30 nM) was tested again using streptavidin donor beads and nickel chelate acceptor
beads. The optimal concentration for CL2@as in the range of 16800 nM, whereas

for podoplanin was in the range @&-30 nM (Figure ). To balance the available
recombinant material against Alpha signal strengthO0 nM of human CLERQ and

25 nM of human podoplanin was taken forward for the primary HTS.

CLEC-2 [nM]
300 200 100 75 50 25 0
30
25

20
15
10

Podoplanin [nM]

High Low

Figure 4.9. Representative results to determine the optimal concentration of
hCLEC -2 and hPodoplanin for a primary AlphaScreenassay.

A range of concentrations of both proteins were tested in adgBplate. The signals
from the wells are represented by a heat,maih red representing the highest signal

and green the lowesthe resultis representative df experiment.
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4.3.1.2. Identifyi ng a positive control which inhibits Alpha signal production.

Identification of a positive control of inhibition is crucial for HTS. Having established
optimal concentrations of human CLEXand podoplanin, the next step was to find an
inhibitor which disupts the interaction of these two proteins in the AlphaScreen assay.
Two potential inhibitors were used: AYP1, which is a mouse monoclonal antibody
specific to the human CLEEZ (Gitzet al, 2014) and cobalt hematoporphyrin, which

has been identified as a small molecule inhibitor of the CREf@doplanin interaction

(Tsukiji etal, 2018)

A range of AYP1 concentrations (0:28 pug/ml) and CeHP (0.520 uM) were

incubated for 30 minutes with the optimised concentrations of human QLEQD

nM) and human podoplanin (25 nM) using the combination of streptavidin donor beads
and nickel chelatacceptor beads. Figurel®@A shows that AYP1 inhibits CLERQ-
podoplanin interaction dose dependently, achieving inhibition more than 80%, when
incubated with at least 12.5 pg/ml of AYP1. Similatty AYP1, CeHP inhibited the
interaction dose& ependentlyachieving almost 80% of inhibition when 20 uM of -Co

HP was used. For the further assays, 20 uM oHPowvas selected as a positive control

of inhibition.
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Figure 4.10. AYP1 and Co-HP inhibit the intera ction between CLEG2 and

podoplanin.

A range of AYP1 (A) and G&1P (B) concentrations were tested in an established
AlphaScreen assay to determine their inhibition of the CI2Hfdolanin interaction.

Data are shown as mean + SD and are representative ofdependent experiments.
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