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Abstract
Background:

Platelets are anucleate cells derived from megakaryocytes, which play
an important role in the regulation of haemostasis and thrombosis at the
injury site; however, they are also involved in other physiological
processes such as inflammation, during which they interact with other
immune cells including leukocytes. However, certain chronic
inflammatory diseases may lead to an aberrant prothrombotic response,
known as thromboinflammation. This process is modulated by certain
platelet immune receptors, including CLEC-2, a C-type lectin-like type

I transmembrane receptor.

CLEC-2 isanovel target in thromboinflammatory diseases such as deep
vein thrombosis and infection; furthermore, interaction of platelet
CLEC-2 with its ligand podoplanin on the surface of cancer cells is
involved in the development of thrombosis associated with cancer and
metastasis. Additionally, this receptor plays a minor role in
physiological haemostasis and has been shown to be involved in

thrombus stability in blood perfused over collagen surfaces.

Structural and molecular studies have suggested that clustering of
CLEC-2 activates the receptor and leads to platelet aggregation.
However, the pharmacological aspects, such as CLEC-2-ligand

stoichiometry, required to induce platelet aggregation remain unknown.



Therefore, this study aimed to develop novel ligands for CLEC-2 on the
basis of small molecules and nanobodies against CLEC-2 to (1)
generate novel blocking agents for CLEC-2 interaction, (2) identify the
minimum ligand size required to induce platelet aggregation through
CLEC-2, and (3) assess the role of tyrosine kinase dephosphorylation
in aggregates formed by CLEC-2 ligands and thus improve the
understanding of CLEC-2 activation mechanism and contribute to the
design of novel therapeutic agents to prevent or treat

thromboinflammation.
Methods:

First, a small-molecule chemical library was screened using the
AlphaScreen assay on the basis of the podoplanin—~CLEC-2 interaction
to identify small-molecule ligands of the receptor. Potential hits were
characterised using light transmission aggregometry and western
blotting. In the second approach, high-affinity nanobodies raised
against human CLEC-2 were screened. The most potent nanobody was
multimerised using a short crosslinking sequence of repeated GGGGS,
developing dimeric and tetrameric forms. Finally, tyrosine kinase
inhibitors were added to platelet aggregates formed by hemi-
immunoreceptor-tyrosine-based activation motif ([hem]ITAM) or non-
ITAM ligands. Platelet disaggregation was monitored using light

transmission aggregometry.



Results:

The experiments identified a polymeric small-molecule ligand that
binds to CLEC-2 and induces platelet aggregation in an all-or-none
manner. Activation occurs through CLEC-2 phosphorylation mediated
by Src and Syk tyrosine kinases.

LUAS, the most efficient of the 48 nanobodies raised against human
CLEC-2, blocked the activation of platelets by podoplanin-expressing
cells. Surface plasmon resonance showed that LUAS binds to CLEC-2
with an affinity of ~140 nM. Dimerisation increased the affinity to 0.5
nM and generated a potent blocking agent, LUAS-2. However, a
tetramer of LUAS (LUAS-4) induced platelet aggregation, which was
blocked by Src and Syk kinase inhibitors and by the divalent CLEC-2
antibody fragment AYP1 F(ab)., suggesting that activation is mediated
by CLEC-2.

This study also showed that platelet aggregate stability is partially and
weakly mediated by Src kinases; however, it is likely mediated by
signalling independent of the ITAM receptor because similar results
have been observed in platelet aggregates formed by the PAR-1 ligand,
TRAP-6.

Conclusion:

Polymeric and tetrameric ligands (as katacine or LUAS-4, respectively)
are required to induce platelet aggregation and potentially induce

clustering of CLEC-2; however, ligand dimerisation does not induce



platelet aggregation. The novel tools will facilitate further research on
CLEC-2 function and the mode of activation of CLEC-2.



Resumo
Introducion:

As plaquetas son células sanguineas amplamente recofiecidas polo seu
papel no mantemento da hemostase e da trombose, formando agregados
plaquetarios no lugar da lesion vascular. O papel das plaquetas na
hemostase foi descrito hai mais dun século polo cientifico italiano
Giulio Bizzozero. Porén, hoxe en dia tamén se recofiece 0 seu papel
noutros procesos fisioloxicos como a inflamacién, onde se demostrou
que interactlan con outras células do sistema inmunitario, incluidos os

leucocitos.

A interaccion entre os procesos inflamatorios e a trombose € relevante
pola sua participacion en multiples procesos patoldxicos caracterizados
pola presenza de inflamacién crénica, que posteriormente ten como
resultado a aparicién de procesos protrombéticos, onde 0s pacientes
tenden a ter unha resposta deficiente a terapia antiagregante plaguetaria,
levando a efectos secundarios letales, asociados a cadros clinicos de

hemorraxia grave.

A terapia antiplaquetaria actual caracterizase polo uso de inhibidores da
sintese de prostaglandinas a través da ciclooxixenasa, COX-1/2, como
é 0 caso do uso de acido acetilsalicilico (tamén cofiecido como
aspirina), ou mediante o uso de inhibidores dos receptores purinérxicos
de ADP, como é o caso do uso de axentes antiagregantes, clopidogrel e

ticagrelor. Non obstante, en pacientes resistentes @& monoterapia



antiplaquetaria, adoitan aplicarse estratexias que inclien o uso
combinado de inhibidores da sintese de prostaglandinas xunto con
inhibidores do receptor de ADP. Estas terapias son eficaces, evitando a
formacion de novos trombos en pacientes con antecedentes ou alto risco
cardiovascular, non obstante, o alto risco de presentar cadros
hemorraxicos segue a ser unha ameaza latente para o paciente (Guha,
Mookerjee et al. 2009, Wang, Ouyang et al 2018).

Por iso, hai moitos anos que existe unha enorme necesidade de
desenvolvemento de novas dianas terapéuticas, que se caractericen por
unha menor implicacion na hemostase e unha maior implicacion no
desenvolvemento da trombose. Estas caracteristicas observaronse en
receptores tipo ITAM/(hem)ITAM, como é o caso do receptor de
colaxeno,GPVI, e do receptor de podoplanina, CLEC-2 (Rayes, Watson
et al. 2019). Isto demostrouse en modelos murinos onde a deficiencia
ou a reducién de GPVI1 e CLEC-2 non tivo un impacto significativo nos
tempos de sangramento. Porén, observouse que tefien unha maior
implicacion na formacion do trombo. No caso de CLEC-2, tamén se
observou que ratos deficientes neste receptor estaban protexidos nun
modelo de trombose venosa profunda (Haining, Cherpokova et al.
2017, Ahmed, Kaneva et al. 2020).

Outra caracteristica que cabe destacar de CLEC-2 é o feito de que este
receptor estd moi implicado no desenvolvemento de procesos
inmunotrombdéticos, agravando os sintomas clinicos destes pacientes.

Por exemplo, CLEC-2 e a sua interaccion co podoplanina suxeriuse
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como un eixe importante para os procesos inflamatorios presentes nos
modelos de sepsis. Tamén se identificou a hemina como un novo
ligando de CLEC-2, que poderia ser liberado a circulacién en procesos

hemoliticos (Bourne, Colicchia et al. 2021).

Por todo o anterior, CLEC-2 considérase un obxectivo terapéutico
potencial para a prevencion e tratamento de enfermidades
tromboinflamatorias e trombose venosa profunda. Por iso, neste estudo,
dedicAmonos a investigar diferentes estratexias para 0
desenvolvemento de novos ligandos do receptor CLEC-2, co fin de
identificar novas ferramentas para o desenvolvemento racional de
novos farmacos para este receptor e contribuir a unha mellor

comprension deste receptor.

CLEC-2 é unha proteina transmembrana de 32 KDa, esta proteina
pertence a familia das lectinas de tipo C e exprésase en plaguetas,
megacariocitos e células dendriticas. CLEC-2 foi identificado en 2006
como o receptor da proteina heterodimérica rodocitina, que esta
presente no veleno da serpe, Calloselasma rhodostoma (Suzuki-Inoue,
Fuller et al. 2006).

Estudos estruturais e moleculares suxeriron que o receptor CLEC-2
require a agrupacion como mecanismo para a activacion do receptor e
a posterior agregacion plaguetaria. Non obstante, descofiécense
aspectos farmacoldxicos como a estequiometria de ligandos e CLEC-2
para inducir a agregacion plaquetaria (Hughes, Pollitt et al. 2010).
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CLEC-2 cofiécese como receptor de tipo hemITAM, xa que s6 ten un
unico dominio YxxxL na sua cola citoplasmica. O motivo ITAM
(immunoreceptor-tyrosine-based activation motif) fosforilase pola
interaccion co seu ligando (por exemplo: podoplanina ou rodocitina). A
sinalizacion plaquetaria mediada por CLEC-2 inclue a fosforilacion do
receptor pola tirosina quinase Syk e a familia de quinases Src (SFK),
Syk despois fosforila a LAT e promove a fosforilacion de Btk, PI3K,
PLCy, Vavl1/3 ¢ SLP -76, e a union & proteina LAT. Posteriormente, a
PI3K activada induce a formacion de PIP3 a partir de PIP2, co fin de
favorecer finalmente a formacion de diacilglicerol (DAG) e
mensaxeiros IP3, levando & liberacion de calcio, estimulando a
agregacion e a desgranulacion plaquetaria (Severin, Pollitt et al. 2011,

Parguifia, Alonso et al., 2012).

Como se mencionou anteriormente, a activacion de CLEC-2 esta
mediada principalmente pola interaccion proteina-proteina (PPI), este
tipo de interaccioén non foi considerada como unha diana terapéutica
usando moléculas pequenas durante moitos anos. Non obstante, a pesar
dos avances no desenvolvemento de farmacos, os receptores mediados
por PPI seguen sendo un dos obxectivos terapéuticos mais desafiantes
cando se usan inhibidores convencionais baseados en moléculas

pequenas.

En xeral, os principais retos no desenvolvemento de inhibidores de

interaccions proteina-proteina son os seguintes:
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1) Os PPI carecen dunha bolsa de unién de receptor e ligando definida,
0 que contrasta con outras dianas terapéuticas convencionais, como as
encimas. Isto dificulta o desefio de moléculas pequenas baseadas na

estrutura do receptor (Jones e Thornton 1996).

2) As interaccions proteina-proteina estan formadas por mdltiples
interaccions, caracterizadas por unha gran afinidade e avidez, mentres
que a avidez das moléculas pequenas tende a ser considerablemente

menor (Damaskinaki, Moran et al. 2021).

3) Os ligandos proteicos ocupan grandes superficies (1000-2000 A2) do
receptor, mentres que as moléculas pequenas s6 ocupan unha pequena
area (~300-500 A2) (Arkin, Tang et al. 2014, De Luca, Agharbaoui et
al. 2016).

Non obstante, ata a data describironse algins antagonistas non proteicos
de CLEC-2. Por exemplo, en 2018, Tsukiji et al., conseguiron
identificar que o composto de coordinacion cobalto-hematoporfirina
(Co-HP) € un inhibidor non peptidico de CLEC-2. Isto fixose mediante
cribado de alto rendemento (HTS) baseado en pequenas moléculas,
seguido de procesos de optimizacion quimica (Tsukiji, Osada et al.
2018). Os autores demostraron que o Co-HP pode evitar a agregacion
plaquetaria inducida pola rodocitina ou a podoplanina, nun rango de
concentracions micromolar. Tamén mostraron especificidade do
receptor, Xxa que non se observou ningun efecto sobre a agregacion

plaquetaria, inducida polo colaxeno ou a trombina. Isto suxire que o



efecto de Co-HP pode funcionar ao bloquear a interaccion da rodocitina
e CLEC-2. Non obstante, sabese que esta substancia pode causar certo
grao de toxicidade, polo que é necesario continuar coa investigacion

para o desenvolvemento de novos inhibidores de CLEC-2.

Chang et al. (2015) tamén identificaron un novo composto de 5-
nitrobenzoato non citotoxico, 2CP, capaz de evitar a agregacion
plaquetaria inducida pola podoplanina a concentracion micromolar.
Non obstante, non puido evitar a agregacién plaquetaria inducida pola
rodocitina. Os autores postularon que o 2CP Unese a0 mesmo sitio de
unién para a rodocitina e a podoplanina, ainda que isto contradi o
descubrimento de que o 2CP inhibe a agregacion inducida pola
podoplanina pero non a agregacion inducida pola rodoctina (Chang,
Hsieh et al. 2015).

Outro enfoque para o desenvolvemento de antagonistas de PPI baséase
na xeracion de axentes bioldxicos. Por exemplo, o fragmento de
anticorpo AYP1 F(ab)2 xerado contra o receptor CLEC-2 mostrou unha
potente inhibicion da agregacion plaquetaria inducida pola rodocitina
ou a podoplanina, o que suxire que pode unirse a0 mesmo sitio que estes

agonistas (Gitz, Pollitt et al. ., outros 2014).

En xeral, os fragmentos xerados a partir de anticorpos enteiros son
axentes bloqueadores eficaces, e alguns deles foron aprobados para uso
clinico pola Food and Drug Administration (FDA) dos Estados Unidos.
Un exemplo diso é o fragmento de unidon ao antixeno (Fab) do



fragmento quimérico anti-GPI1Ib/I11a, tamén cofiecido como abciximab,
que foi aprobado en 1994 para previr a trombose durante o cateterismo
das arterias coronarias (Nelson 2010). Non obstante, o0
desenvolvemento de novas tecnoloxias asociadas ao desenvolvemento
de produtos bioldxicos permitiu a xeracion de fragmentos de anticorpos
igualmente potentes, pero cunha estabilidade superior. Estes
fragmentos xéranse a partir de anticorpos de camélidos e cofiécense
como nanoanticorpos (nanobodies). Os nanoanticorpos tamén son
significativamente mais pequenos que os anticorpos e os fragmentos

Fab, o que se traduce nun menor risco de inmunoxenicidade.

Os nanoanticorpos son fragmentos de cadea pesada variable Unica
(VHH) derivados de anticorpos funcionais xerados en llamas e/ou
camelos. Tamén carecen de cadeas lixeiras (Hamers-Casterman,
Atarhouch et al. 1993). Os nanoanticorpos tefien moitas vantaxes sobre
os fragmentos de anticorpos tradicionais, incluindo que son estables
nun rango mais amplo de temperatura e pH. Tamén poderian producirse
en masa nun sistema bacteriano, debido & sta falta de modificacions
post-transducion (Asaadi, Jouneghani et al. 2021); sen embargo, unha
das propiedades mais interesantes é a sua idoneidade para a enxefaria
molecular, permitindo a xeracion de nanoanticorpos multiméricos, que
poden producir opciéns de maior avidez en comparacion coa version
monomeérica e permitir a adicion de etiquetas, como o sitio de union &

albumina para aumentar a sta vida media.
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Un exemplo de nanoanticorpos potentes usados clinicamente é o
nanoanticorpo divalente caplaxuzimab, que foi aprobado pola FDA
para o tratamento da purpura trombocitopénica trombdtica adquirida
(Scully, Cataland et al. 2019). Isto demostrou a eficacia e seguridade
dos nanoanticorpos para usos clinicos. Polo tanto, a xeracion de
nanoanticorpos pode representar un medio alternativo prometedor para

dirixirse aos receptores baseados en PPI, incluindo CLEC-2.

Polo tanto, o obxectivo principal da presente tese doutoral é:
Desenvolver novos ligandos para CLEC-2 baseados en pequenas
moléculas e nanoanticorpos contra CLEC-2 para (1) xerar novos
axentes bloqueadores da interaccion CLEC-2 e os seus ligandos, (2)
comprender o tamafio minimo do ligando para inducir a agregacion
plaquetaria a través de CLEC-2, e (3) avaliar o papel da desfosforilacion
de proteinas tirosina quinasas na estabilidade dos agregados
plaquetarios formados por ligandos CLEC-2 e xerar asi unha mellor
comprension do mecanismo de activacion ddo receptor. Globalmente,
todo o anterior contribuiria ao desefio racional de novos axentes

terapéuticos para previr ou curar a tromboinflamacion.
Métodos:

En primeiro lugar, analizouse unha biblioteca quimica baseada en
moléculas pequefias mediante un ensaio baseado na combinacion de
estudos in silico e ensaios de liberacion de calcio intracelular.

Posteriormente, realizouse un segundo cribado de alto rendemento,
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pero esta vez, baseado na interaccion da podoplanina e CLEC-2 co fin
de identificar novos ligandos para o receptore a partir de moléculas
pequenas. Os compostos con maior potencial identificados durante o
cribado caracterizaronse ainda mais mediante ensaios de agregometria

plaguetaria e western blots.

Un segundo enfoque baseouse no desenvolvemento de nanoanticorpos.
Para iso, xeraronse 48 nanoanticorpos contra CLEC-2 e analizouse a
slia actividade mediante citometria de fluxo. A afinidade determinouse
mediante a plataforma BiaCORE (SPR). O nanoanticorpo mais potente
foi multimerizado usando unha secuencia de reticulacién baseada en
glicina e serina (GGGGS) e, polo tanto, desenvolvéronse formas
diméricas e tetrameras deste nanoanticorpo e posteriormente

caracterizaronse bioquimicamente e funcionalmente.

Por outra banda, para estudar o papel das tirosina quinasas na
estabilidade dos trombos xerados polos ligandos do receptor tipo ITAM
(hem), os agregados plaquetarios formaronse inicialmente tras
activacion das plaguetas con rodocitina, ligando de CLEC-2 ou
utilizando ligandos de GPVI ou PAR-1. Unha vez formados o0s
agregados, engadironse as inhibidores de quinases e monitorizouse a
desagregacion plaquetaria mediante un ensaio de agregometria

plaquetaria.
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Resultados e discusion:

Cribado de alto rendemento baseado nun ensaio celular

Levouse a cabo un primeiro cribado de alto rendemento combinando
ensaios in silico e un ensaio baseado na liberacion de calcio intracelular.
Asi, identificouse F1113-0067, unha molécula pequena capaz de inhibir
a agregacion plaquetaria mediada polos receptores CLEC-2 e GPVI.
Non obstante, debido & baixa selectividade desta molécula,
considerouse que este composto poderia estar inhibindo a agregacion
plaquetaria mediante unha quinasa comun na via de sinalizacion destes
receptores, polo que se decidiu non continuar coa caracterizacion deste
composto. Non obstante, esta estratexia permitiu recofiecer os retos no
desenvolvemento de inhibidores do receptor CLEC-2, e optimizar unha

estratexia diferente baseada na interaccion proteina-proteina.

Cribado de alto rendemento baseado nun ensaio de inhibicién da

interacién proteina-proteina

Neste apartado optimizouse un ensaio bioquimico baseado na
interaccion entre a podoplanina e CLEC-2, co obxectivo de identificar
substancias capaces de bloquear a interaccion entre o ligando e o
receptor mediante a tecnoloxia ALPHA screen. Unha vez identificadas
as condicions para o ensaio bioquimico, realizouse un novo cribado de
alto rendemento baseado na interaccion entre podoplanina e CLEC-2,
utilizando a quimioteca EU-Open screen (conformada por 5016

compostos) pertencente ao grupo de investigacion BioFarma da
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Universidade de Santiago de Compostela. Durante este ensaio
identificaronse 40 compostos capaces de evitar a interaccion entre
CLEC-2/podoplanina a unha dose de 10 uM. Non obstante, un segundo
ensaio para determinar a interferencia potencial do ensaio (chamado
ensaio TruHit) determinou que sé 17 destes compostos poderian ser
inhibidores potenciais da interaccién ligando-receptor.

A partir deste resultado, elaboraronse curvas dose-resposta para
clasificar os compostos segundo a slUa potencia. Os compostos mais
potentes foron adquiridos comercialmente e probados en ensaios de
agregacion plaquetaria. Deste xeito, puidose identificar unha "pequena
molécula” de natureza polimeérica, que se une a CLEC-2 e induce a
agregacion plaquetaria nun mecanismo "todo ou nada". Esta molécula
cofiécese co nome de katacina e esta amplamente distribuida no reino
plantae. A katacina pertence & familia das proantocianidinas tipo A, que

se atopan na natureza en forma polimérica.

A agregacién plaquetaria inducida pola katacina foi completamente
bloqueada polos inhibidores das quinasas Src e Syk, como ocorre no
caso das agregacions mediadas por receptores ITAM, CLEC-2 ou
GPVLI.

Do mesmo xeito, observouse que a activacion plaquetaria mediada por
katacina tamen se asocia coa fosforilacion de CLEC-2, suxerindo, a
interaccidn directa entre a katacina e CLEC-2. Non obstante, para

comprender o mecanismo polo cal esta molécula é capaz de inducir a
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agregacion plaquetaria mediante CLEC-2, decidiuse caracterizar a
molécula mediante espectrometria de masas, confirmando que a
katacina é unha mestura de oligomeros de diferentes tamafios, sendo a

forma trimérica a unidade mais pequena observada para esta molécula.

Ademais, 0s ensaios in silico levados a cabo suxiren que esta molécula
poderia unirse ao mesmo sitio de union suxerido para a podoplanina ou
a rodocitina. Non obstante, tamén observouse que a katacina podia
unirse a un sitio alostérico do receptor CLEC-2, 0 que poderia explicar
por qué se observa s6 unha inhibicion parcial cando se usaba un
anticorpo anti-CLEC-2. Este estudo tamén analiza a posibilidade de que
a katacina poida unirse a outros receptores da membrana das plaquetas,

facilitando a agregacion plaquetaria.

Desenvolvemento de nanoanticorpos_dimeros e tetrdmeros

Por outra banda, para comprender a estequiometria do receptor CLEC-
2, neste estudo xerdronse 48 nanoanticorpos fronte a CLEC-2 en
colaboracion con VIB Nanobody Core (Bruxelas, Bélxica). Na
caracterizacion destes nanoanticorpos, demostrouse que o mais eficaz
deles, LUAS, é capaz de bloquear a activacion das plaquetas por parte
das células que expresan podoplanina. LUAS Unese a CLEC-2 cunha
afinidade de ~140 nM como se demostrou mediante a técnica de

resonancia plasmatica de superficie (SPR).

Posteriormente, procedeuse & dimerizacion dos nanoanticorpos,

observandose un aumento da afinidade a 0,5 nM. Mediante ensaios de

XVi



agregacion plaquetaria, observouse que o dimero actiia como un potente
axente bloqueador da agregacion plaquetaria inducida polo veleno de

serpe, rodocitina. Esta nova proteina chamouse LUAS-2.

Por outra banda, ao xerar a forma tetrameérica de LUAS, denominada
LUAS-4, observouse que 0 novo axente é capaz de inducir unha potente
agregacion plaquetaria, que estd bloqueada polos inhibidores das
quinasas Src e Syk, e polo fragmento de CLEC- 2, AYP1 F(ab)2, o que
demostra que a activacion estd mediada polo receptor CLEC-2.

Observaronse resultados similares aos de LUAS-2 cando se trataron
plaquetas con fragmentos de anticorpos Fab2 (divalente) ou Fab
(monovalente), asi como cando se usou podoplanina-Fc (divalente).
Mentres, a proteina tetrdmera rodocitina, como LUAS-4, inducia unha

potente agregacion plaquetaria.

Tamén observouse a través da espectroscopia de correlacion de
fluorescencia (FCS) que LUAS-4 retarda o fluxo de moléculas de
CLEC-2-EGFP a través do volume confocal (coeficiente de difusion),
0 que indica que LUAS-4 permite o agrupamento de varias unidades de
CLEC-2, formando grandes complexos CLEC-2. Non se observaron
diferenzas significativas neste parametro cando CLEC-2 estivo
asociado con LUAS ou LUAS-2.

Papel das tirosina quinasas no mantemento dos agregados plaguetarios

A presente tese doutoral tamén demostrou que a estabilidade dos

agregados plaquetarios mediada polos receptores GPVI e CLEC-2 esta

Xvii



parcialmente mediada pola tirosina quinasa Src, xa que se observou que
o0s agregados plaquetarios estaban parcialmente desagregados cando se
engadiron inhibidores de Src. Non obstante, € probable que este feito se
deba & sinalizacion independente do receptor (hem)ITAM, xa que se
observaron resultados similares nos agregados plagquetarios formados
polo ligando de PAR-1, TRAP-6.Tamén se observou que a fosforilacion
das tirosina quinasas pode reverterse despois da adicion dos seus
respectivos inhibidores (Syk, Src, Btk), e que a estabilidade do
agregado plaquetario é independente dos mediadores secundarios ADP
e TxXA2.

Nos ensayos levados a cabo tamén se puido observar que a activacion
da integrina aITbp3 (receptor de fibrindxeno responsable da agregacion
plaquetaria) a través do mecanismo de “inside-out” pode reverterse,
ainda que non esta claro se 0 mesmo ocorrera en presenza de altas
concentracions de fibrindxeno, onde a activacion realizase polo

mecanismo “outside-in”.
Conclusions:

O receptor CLEC-2 require ligandos poliméricos (katacine) e/ou
tetrameros (LUAS-4 o rodocitina) para agrupar suficientes unidades
receptoras e inducir a agregacion plaquetaria. Os ligandos dimeros dan
lugar a potentes inhibidores do receptor con suficiente afinidade para
competir cos ligandos proteicos do receptor, como a rodocitina. O
desenvolvemento de inhibidores do receptor CLEC-2 utilizando

Xviil



moléculas pequenas € posible, pero moi limitado debido a&s
caracteristicas moleculares da superficie onde se producen as

interaccions proteina-proteina.

As novas ferramentas desenvolvidas neste estudo poderian permitir
unha maior investigacion da funcion de CLEC-2 e do seu modo de
activacion asi como tamén poderian contribuir ao desenvolvemento
racional de novos farmacos dirixidos a CLEC-2 como diana terapéutica
para enfermidades tromboinflamatorias ou na prevencion e tratamento

da trombose venosa profunda.
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Chapter 1: General introduction

1. General Introduction
1.1. History of platelets

Platelets were recognised as ‘blood dust” with an unknown function
until 1882, when Italian pathologist Giulio Bizzorero described them as
the third morphological element of the blood, first calling them petit
plaques in Italian, or plaquettes in French, and later naming them
‘platelets’ in English. Despite others having identified them as a
circulating particle in the blood, Bizzorero’s main finding was that
platelets play a relevant role in thrombus formation. He observed that
when placing light pressure with a needle on rodent arteries, platelets
started to adhere to and accumulate at the site of the injury (Ribatti and
Crivellato 2007).

1.2. Platelet morphology and structure

Morphologically, platelets are small, anucleate blood cells with a disc
shape and are around 2-5um in diameter. They are formed in the bone
marrow from megakaryocytes through a process described as
thrombopoiesis and released into the bloodstream. A count of 150-400
x 10° platelets/L is maintained, with a half-life ranging from seven to

10 days until clearance.

Platelets have three different types of granules: a-granules, dense
granules, and lysosomes. a-granules are the most abundant in the
platelet cytosol, found in a range of 50 to 80 per platelet, whilst dense

granules have a range of 3 to 8 granules per platelet (Fitch-Tewfik and
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Flaumenhaft 2013). The a-granules contain adhesion proteins such as
von Willebrand factor (VWF) and fibrinogen; coagulating factors such
as factors V and IX; chemokines (e.g., platelet factor 4 (PF4)); growth
factors; immune mediators and membrane proteins. In contrast, dense
granules are rich in calcium, magnesium, nucleotides such as ADP,
ATP, and the amine serotonin (Fitch-Tewfik and Flaumenhaft 2013,
Gremmel, Frelinger et al. 2016)

Platelets contain a complex intracellular network of surface-connected
membrane channels, named the open canalicular system (OCS)
(Behnke 1967), whose main function is the transport of substances to
the inside of the platelet, including fibrinogen and tissue factor
(Harrison, Wilbourn et al. 1989, Escolar, Lopez-Vilchez et al. 2008)
and the release of the platelet granular content (Escolar, Leistikow et al.
1989). Platelets also contain several mitochondria for energetic
metabolism, lysosomes for autophagic processes, and Golgi apparatus.

Platelet morphology and composition is illustrated in Figure 1.
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Figure 1. Platelet morphology. Platelets are discoid small blood cells, 2-5um in
diameter. Human platelets are characterised by their lack of a nucleus and the
presence of an open canicular system. Mitochondria, Golgi apparatus, lysosomes, and
dense and alpha granules are also found in the platelet’s cytosol. Created using

www.biorender.com

1.3. Role of platelets in thrombosis and haemostasis

Platelets are widely recognised for their roles in haemostasis and
thrombosis. Primary haemostasis is the term used to describe several
well-orchestrated events between platelets and the sub-endothelial

matrix as an initial response when vascular injury occurs. Platelet clot
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formation constitutes three main steps: 1) adhesion, 2) activation, and
3) platelet aggregation (Figure 2).

Vascular injury leads to the exposure of subendothelial matrix proteins,
including collagen (type I or type I11), which interacts with membrane
receptors of circulating platelets, e.g., glycoprotein VI (GPVI) and
integrin o2 1. During this phase, soluble vVWF binds to collagen fibres
and interacts with glycoprotein Ib (GPIb), which forms the GPIb/IX/V
complex, especially under high shear conditions. Through a series of
events, known as inside-out signalling, platelet granules release pro-
thrombotic proteins, such as ADP and thromboxane, enhancing the
signal of the adherent platelet and increasing the overall number of

activated platelets.

In the developing thrombus, platelet adhesions are stabilised primarily
by the integrin allbB3. This integrin is the most abundant receptor on
the platelet surface and is responsible for crosslinking activated
platelets (Simmons, Sims et al. 1997), forming platelet-to-platelet
interactions (Rivera, Lozano et al. 2009). Other membrane proteins
associated with thrombus growth and stability include: P-selectin
(Merten and Thiagarajan 2000), GPVI (Ahmed, Kaneva et al. 2020) and
CLEC-2 (Haining, Cherpokova et al. 2017).
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Figure 2. Schematic representation of primary haemostasis. Thrombus formation
consists of three main sequential steps. The first step is known as platelet
adhesion, here, platelet membrane proteins interact with subendothelial ligands on
the injured vessel site. The second step is platelet activation, characterised by the
platelet shape change, integrin allbB3 activation, and the release of secondary
mediators such as ADP and thromboxane. The third step is platelet aggregation
(lower panel), this mechanism is mediated by fibrinogen forming a stable platelet

plug (Created using www.biorender.com).

1.4. Platelets in immunothrombosis and thromboinflammation

Beyond the recognised roles of platelets in thrombosis and haemostasis,
they have also been recognised by their response to inflammatory

processes, as a consequence of infections and tissue repair.
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Furthermore, it has been observed that platelets contain a wide range of
proinflammatory substances, and they contribute to the recruitment and
trafficking of leukocytes to the vasculature (Ferreira, Ubatuba et al.
1976, Bult and Bonta 1977, Page 1989, Klinger 1997).

In 2013, Engelmann and Massberg introduced the term
immunothrombosis to refer to the immune response associated with
intravascular thrombus formation which leads to the recognition,

capture and destruction of pathogens (Engelmann and Massberg 2013).

Under normal conditions thrombosis and inflammation both contribute
to the effective elimination of harmful agents. However, under severe
pathological conditions, characterised by chronic inflammation
(Franco, Corken et al. 2015), the sustained activation of endothelial
cells, platelets, leukocytes, and the innate immune system, results in a

process known as thrombo-inflammation (Schattner, Jenne et al. 2020).

Thrombo-inflammatory processes have been observed in life-
threatening diseases, including certain cancer types, where platelet
activation is promoted. The active platelets participate in the
progression of the cancer and disseminate metastases by stimulating
deep venous thrombosis and neutrophil extracellular trap (NET)

formations (Palacios-Acedo, Mege et al. 2019).

Thrombo-inflammation has also been shown to play a role in the
pathogenesis of severe SARS-COVID-19 infection, with a considerable

number of autopsies showing evidence of pulmonary thrombosis. Taus
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et al suggested that platelets in COVID-19 pneumonia are responsible
for the spread of proinflammatory substances and procoagulant
activities in the systemic circulation (Taus, Salvagno et al. 2020).
Maiese et. al, also provided an interesting insight on the aetiology of
thrombosis associated with COVID-19 infection, proposing this is the
consequence of a cytokines storm mediated by viral sepsis, suggesting
that the prophylaxis of coagulopathy must be rethought (Maiese,
Passaro et al. 2020).

Besides COVID-19 infection, coagulopathy has commonly been
observed in other models of acute and chronic sepsis or cancer, thus
leading to life threatening complications such as venous
thromboembolism (VTE) and disseminated intravascular coagulation
(DIC) (Semeraro, Ammollo et al. 2015, Iba, Arakawa et al. 2018).
Thromboinflammatory conditions such as sepsis normally require the
use of conventional anticoagulant therapies, such as heparin or low-
molecular-weight heparins (Martinez, Fernandez et al. 1966, Fan, Jiang
et al. 2016). However, despite their potential effectiveness to prevent

thrombosis, however, they may favour to a massive bleeding outcome.

Antiplatelet therapy has also been evidenced reducing the
thromboinflammatory state on septic patients, preventing coagulation
and inflammation. Wang et. al., have listed different clinical studies
suggesting and reduction on the mortality of septic patients treated with
the COX-1 inhibitor, aspirin or the P2Y 12 inhibitors, such as clopidogrel
or ticagrelor (Wang, Ouyang et al. 2018). Nevertheless, it is known that
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some patients do not response well to these therapies, developing drug
tolerance(Guha, Mookerjee et al. 2009), besides, the potential risk of

bleeding observed in those patients.
1.5. Platelet receptors and signalling

Platelet receptors are involved in adhesion, interacting with the injured
endothelium and platelet activation. They are classified based on their
structure and signalling pathway. Some well-recognised receptors are
the family of integrins, G protein-coupled receptors (GPCRs), and
immunoreceptor tyrosine-based activation motif (ITAM) receptors
(Figure 3). The platelet membrane is covered with multiple receptors;
the most relevant receptors for platelet function include the integrin
family (such as allbB3 and a2p1), GPIb-1X-V complex, GPCRs (ADP
receptors P2Y 12, the TXA2 receptor and thrombin receptors, PAR1/4)
and the ITAM/hemITAM receptors, GPVI and CLEC-2, respectively.
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Figure 3. Platelet receptors. This figure illustrates the main receptors found on the

platelet membrane and their ligands. Platelet-to-platelet interaction mediated by

the integrin allbB3 is also represented (modified figure extracted from

www.biorender.com)

1.5.1. GPIlb-IX-V

The GPIb-IX-V complex is formed by four transmembrane receptors:
GPIba, GPIbB, GPIX, and GPV. The prothrombotic role of the GPIb-

IX-V complex was first identified through the impaired thrombus

formation in Bernard-Soulier syndrome patients (Bernard and Soulier

1948).

This complex is important because of its adhesive properties to

11
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vascular vessels walls at the injury site, where collagen fibres are
exposed. Subsequently, soluble VvWF becomes attached and
immobilised to the collagen chains. Circulating platelets quickly bind
to the A1l domain of the immobilised vVWF, through binding of the
GPIba receptor. This then forms a complex with GPIbp, GPIX and
GPV, thus, initiating a cascade of events leading to thrombus formation
and haemostasis (Clemetson and Clemetson 1995, Weiss and Lages
1997).

Platelet activation mediated by GPIb-IX-V in response to VWF
stimulation is controlled by 14-3-3 proteins, through the interaction
with multiple phosphoserine-dependent binding sites on the complex
GPIb-1X (Hamers-Casterman, Atarhouch et al. 1993, Chen, Ruggeri et
al. 2018). Additionally, tyrosine phosphorylation mediated by Src
kinases can also modulate activation mediated by this complex (Wu,
Suzuki-Inoue et al. 2001, Ozaki, Asazuma et al. 2005).

1.5.2. Integrins

Integrins are a family of transmembrane glycoproteins composed of a
and B subunits. Platelets express five integrins which contribute to
platelet-platelet interactions and platelet-extracellular  matrix
interactions (Bennett 2005).

The integrin alIbB3, also known as GPIIb/Illa, is highly and exclusively

expressed on platelets and megakaryocytes. This integrin is recognised
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as a fibrinogen, fibronectin and vVWF receptor. Integrin allbp3 is in a
low affinity conformation (inactive) in resting platelets but a
conformational change occurs after platelets are exposed to an agonist,
resulting in its active or high affinity conformation, as occurs in other
integrins from the B1 and B3 family. This conformational change is
mediated by an intracellular signalling process referred to as ‘inside-
out’ signalling, where the cytoplasmatic tails of the integrin interact
with intracellular proteins, specifically talin (Nieswandt, Moser et al.
2007). The inside-out signalling can be triggered by soluble ligands,
such as ADP, thromboxane A, or thrombin and promotes aggregation,

stabilisation, and growth of the thrombus.

1.5.3. GPCRs

The G protein-coupled receptors (GPCRs) are found on the platelet
membrane as 7 transmembrane receptors. Their responses are mediated
by soluble agonists, including the thromboxane A2 (TxA2) receptor,
the thrombin receptor (PAR1/4) and the ADP receptor (P2Yy12).
Despite belonging to the same family of receptors, they differ in their
activation mechanisms. For example, the activation mechanism of
protease activated receptors 1 and 4 (PAR1/4) is distinct among
GPCRs, since PARs depend on the proteolytic activity mediated by
thrombin to cleave the GPCR N-terminus (Vu, Hung et al. 1991).

13
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Conversely, the TxA2 and ADP receptors do not require proteolytic
cleavage of the receptor after ligand engagement (Offermanns 2006).

In terms of signalling events, PAR1/4 activation promote the release of
the associated Gaq protein, which leads to signalling characterised by
phospholipase C (PLC) activation, an increase in Ca*? release, and
further PKC activation. PARs are also associated with the Go.13 protein,
and its release leads to signalling through the Ras homologous A
(RhoA) GTPase and Rho-associated protein kinase (ROCK), which are
associated with changes in the cytoskeleton by actin. The TxA2
receptor signals similarly to PARs, since they are both associated with
G protein isoforms: Gal3 and Gaq (Woulfe 2005).

The ADP receptor, P2Y1 signals exclusively through the Gagq protein.
However, P2Y12 is coupled to a Giz protein, inducing signalling via a
different mechanism whereby a reduction in cyclic AMP is observed
and the release of diacylglycerol (DAG) and inositol tris-phosphate
(IP3) is promoted. Additionally, intracellular calcium is mobilised from
the dense tubular system, promoting cytoskeletal reorganisation
(Gachet, Hechler et al. 1997).

ADP and TxAZ2 play important roles as positive feedback mediators
after platelet activation is induced by other receptors. In the case of
ADP, it is released from activated platelets when they interact with
other ligands, such as VWF or collagen. On the other hand, TxA2 is

synthesised de novo by cyclooxygenases (COX), stimulating further
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platelet aggregation, (Rivera, Lozano et al. 2009, Dowal and
Flaumenhaft 2010).

Current antiplatelet therapies, such as clopidogrel and aspirin, target
ADP receptors or TxA2 synthesis by cyclooxygenase (COX),
respectively. However, the prospective antithrombotic benefits of such
therapies are limited by potential bleeding risks (McNeil, Wolfe et al.
2018). This conclusion has been drawn based on patients treated with
low dose aspirin, where an increase of gastrointestinal (Stalnikowicz-
Darvasi 1995) and extracranial bleeding (Meade, Roderick et al. 1992)

has been observed.

ADRP inhibitors, such as clopidogrel or prasugrel, used in combination
with aspirin have superior antithrombotic effect, compared to when
they are used on their own, particularly, in those patients that have
shown tolerance to the monotherapy based on P2Y12 inhibitors, such
as clopidogrel.(Guha, Mookerjee et al. 2009) However, a marked
increase of bleeding cannot be overlooked , since it has been repeatedly
reported in patients with acute coronary syndrome (Wiviott, Braunwald
et al. 2007, Garcia Rodriguez, Martin-Perez et al. 2016).

The increase of bleeding in patients treated with aspirin and/or P2Y12
is not surprising, since the role of ADP and TxAZ2 is essential for the
thrombus formation and the maintenance of the haemostasis. Therefore,
there is a clear need for the development of novel therapeutics agents
targeting receptors which a minor role in the haemostasis, as it has been
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observed in other platelet receptor, including (hem)ITAM receptors,
CLEC-2 and GPVI.

1.5.4. ITAM and hemITAM receptors

Platelets express three glycoproteins (GPs) which are members of the
immunoreceptor tyrosine-based activation motif (ITAM) receptor
family. This family of receptors is characterised by the dimeric Fc
receptor (FCR) chain, which is non-covalently associated with either the
collagen receptor, GPVI, the podoplanin receptor, C-type lectin
receptor 2 (CLEC-2) FcyRIIA, a low-affinity receptor for immune
complexes(Boulaftali, Hess et al. 2014). ITAMs signal via
phosphorylation of the two Y XXL sequences found in the cytosolic tail,
whereas hemITAMs, such as CLEC-2, contain just one YXXL motif.

GPVI is exclusively expressed on platelets and megakaryocytes. For
decades, it has been described as the main collagen receptor. The
transmembrane domain of GPVI is linked to an intracellular FcR vy-
chain homodimer through a salt bridge. Collagen binds to GPVI
through the glycine—proline-hydroxyproline (GPO) motifs (Knight,
Morton et al. 1999) and has been proven to cause receptor dimerisation
and higher-order clustering (Poulter, Pollitt et al. 2017). Fibrin and
fibrinogen have also been shown to activate GPVI (Xu, Gauer et al.
2021). The snake venom convulxin has additionally been recognised as

a GPVI ligand (Lecut, Arocas et al. 2004); convulxin is also a ligand
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for the integrin a231 (Jandrot-Perrus, Lagrue et al. 1997, Kanaji, Kanaji
et al. 2003).

Collagen or podoplanin binding leads to clustering of GPVI and CLEC-
2 respectively and to the subsequent phosphorylation of the ITAM/
hemITAM motifs through Src and Syk kinases, as well as the binding
of Syk through its SH2 domains. Syk autophosphorylation and
phosphorylation by a Src family kinase (SFK) leads to Syk activation.
As a consequence, Syk increases phosphorylation of the linker of
activated T cells (LAT), which attaches to different protein effectors
such as Bruton’s tyrosine kinase (Btk), tyronise-kinase protein Tec and
the SH2-domain-containing leukocyte protein of 76 kDa (SLP-76).
These events lead to PI 3-kinase (PI3K) and PLCy2 activation, with the
latter undergoing further phosphorylation by Btk and Tec. The
secondary mediators IP3 and DAG generate intracellular Ca?*
mobilisation and PKC activation, leading to integrin activation,
degranulation, and further release of additional mediators, ADP and
thromboxane (Figure 4) (Severin, Pollitt et al. 2011, Parguifia, Alonso
etal. 2012).
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Figure 4. GPVI and CLEC-2 signalling pathways. GPVI/ FcR y-chain and CLEC-2
follow a similar signalling pathway for platelet activation. ITAM/hemITAM activation
is led by Syk and Src phosphorylation. The adaptor protein LAT serves as a scaffold
for the binding of effector proteins such as Btk/Tec and SLP-76, which subsequently
stimulates PI3K phosphorylation. Secondary mediators are important players as

positive feedback of the signalling mediated by CLEC-2.

1.6. Role of (hem)ITAM in thrombus stability

Thrombus stability refers to the capacity of the thrombus to be retained
at the injury site. This process is achieved by multiple mechanisms,
which includes the formation of a fibrin mesh to prevent displacement
by flowing blood. Under physiological conditions, small platelet
disaggregates can be eliminated by a fibrinolytic mechanism, meditated
by the activation of plasminogen. Altering thrombus stability has been
proposed as a potential antithrombotic therapeutical strategy, by
promoting this natural fibrinolytic activity (Gorog, Fayad et al. 2017,
Gorog 2018). This approach was initially proposed for traditional
antithrombotic therapies targeting the ADP receptor, TxXA2 synthesis,
or the adhesion receptor allbB3 (Feng, Valiyaveettil et al. 2017).
However, the roles of these targets are tightly implicated in haemostasis

and can lead to bleeding.

ITAM receptors are interesting potential drug targets, since they have
been associated with only a minor role in haemostasis, while playing a

major role in the process of thromboinflammation (Rayes, Watson et al.
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2019). Furthermore, emerging evidence suggests that GPV1 and CLEC-
2 have an important role in thrombus formation and stability (Haining,
Cherpokova et al. 2017, Ahmed, Kaneva et al. 2020). However, it is not
clear whether the role of ITAM receptors in platelet aggregate stability
Is mediated by direct receptor interactions, or through the role of their
related tyrosine kinases.

Recent studies have shown that Syk is necessary for thrombus
stabilisation under high shear conditions when blood is flowed over a
collagen surface (Andre, Morooka et al. 2011, Perrella, Montague et al.
2022). The role of kinases in thrombus stability was also demonstrated
in a study of GPVI signalling, whereby direct blocking of the receptor
or inhibition of Src and Syk kinases caused platelet disaggregation on a

collagen surface at arterial shear force (Ahmed, Kaneva et al. 2020).

The role of CLEC-2 in platelet aggregate stabilisation has been less
explored. However, it has been demonstrated in murine models. For
example, May et. al, perfused whole blood from wild type and CLEC-
2 deficient mice under arterial shear conditions (>1000 s?), over a
collagen coated surface. It was observed that CLEC-2 deficient platelets
were able to adhere to collagen and form large thrombi, through
platelet-to-platelet interactions, however, they were rapidly released
compared to wild type platelets (May, Hagedorn et al. 2009).

Additionally, a separate CLEC-2-deficient murine model showed

normal adhesion and spreading in platelets attached in a collagen,
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fibrinogen, laminin, and VWF coated surfaces. The authors also
observed an impaired thrombus formation when CLEC-2 deficient
blood was flowed on collagen-coated surfaces at a high shear rate (2000
s1). Thus, they suggested that CLEC-2 may be irrelevant for the initial
adhesion to collagen, but it may be involved in the stabilisation of the
thrombus (Suzuki-Inoue, Inoue et al. 2010).

Another study demonstrated that the simultaneous depletion of CLEC-
2 and GPVI significantly impacts the haemostatic role of platelets.
However, independent depletion of each receptor markedly reduced
thrombus formation without displaying an impact on haemostasis
(Bender, May et al. 2013).

Some years later, Haining et al., proposed that CLEC-2 contributes to
thrombus stability in vivo independently of hemITAM signalling by
using a CLEC-2 receptor knock-in mouse model. The authors mutated
the hemITAM motif (Y7A), with the result of rendering its signalling
inactive, whilst preserving the extracellular domain of CLEC-2. They
observed that the dead-signalling CLEC-2 mice form aggregates
similarly to wild types when attached to a collagen coated surfaces.
However, blocking the extracellular CLEC-2 by INU1 Fab, surfaces
coverage area by platelet aggregates was significantly reduced
(Haining, Cherpokova et al. 2017).
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The previous studies suggested CLEC-2 as a promising target to
prevent pathological thrombus formation without impairing normal

haemostasis.

1.7. CLEC-2 and thromboinflammation

Research into platelet glycoprotein receptors have demonstrated that
both GPVI and CLEC-2 play important roles in the maintenance of
vascular integrity at sites of inflammation (Boulaftali, Hess et al. 2013,
Lee and Bergmeier 2016).

Upregulation of CLEC-2 and its ligand, podoplanin, play a significant
role in thrombus formation in a model of deep vein thrombosis (DVT)
(Payne, Ponomaryov et al. 2017). The importance of CLEC-2 during
thromboinflammation was also demonstrated through its role in
controlling the innate immunity response after bacterial infections, via
the podoplanin-CLEC-2 axis (Rayes, Lax et al. 2017). Thus, CLEC-2
may represent a potential target for thromboinflammatory diseases, as
suggested by Vogtle et al. (Vogtle, Cherpokova et al. 2015). However,
for the development of new therapeutic agents against CLEC-2 an

improved molecular and structural characterisation is needed.
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1.8. The CLEC-2 receptor and its ligands

CLEC-2 is a transmembrane receptor with a 229-amino-acid
extracellular ligand-binding C-type lectin-like domain, a stalk region, a
single transmembrane helix, and a short cytoplasmic tail (Martin,
Zuidscherwoude et al. 2021). The CLEC-2 receptor is found on the
platelet membrane, with an average of 2000-4000 copies per human
platelet, as determined by flow cytometry (Gitz, Pollitt et al. 2014) and
mass spectrometry (Burkhart, Vaudel et al. 2012). The stimulation of
CLEC-2 by its ligands is characterised by a lag phase on human platelet
aggregation after ligand engagement, an all-or-none mechanism is also
observed (Suzuki-Inoue, Fuller et al. 2006).

The major endogenous ligand of CLEC-2, podoplanin, is a type-I
transmembrane sialoglycoprotein, which is expressed as multiple
copies on the membrane of renal podocytes, lymphatic endothelium,
and various epithelial membranes, including in the lung and choroid
plexus. It is known to be up-regulated on hematopoietic cells at sites of
inflammation (Rayes, Watson et al. 2019).

Podoplanin is also expressed in a variety of tumour cells and has been
related to cancer associated thrombosis. Takagi et al., suggested that
platelets promote metastasis and tumour growth by a direct interaction
between podoplanin and CLEC-2 (Takagi, Sato et al. 2013). This
finding is also supported by the observation that podoplanin is

overexpressed in metastatic osteosarcomas, promoting platelet
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aggregation and cell migration, while it is absent in healthy osteoblasts
(Kunita, Kashima et al. 2011). Zhu et al., observed an increase of the
podoplanin plasma levels in patients with fibroadenomas of breast,
which was further increased in breast cancer patients (with invasive

ductal carcinoma), compared to healthy donors (Zhu, Xu et al. 2020).

The snake venom toxin rhodocytin induces powerful activation of
CLEC-2. Rhodocytin is an (aff)2-tetramer comprised of two a- and two
B-subunits, and it has been used historically to prove CLEC-2 function
on platelets (Suzuki-Inoue, Fuller et al. 2006). Its use has also
contributed to our understanding of the CLEC-2 binding site structure
and activation mechanism (Watson, Eble et al. 2008). For example, a
structural study of CLEC-2 demonstrated that recombinant CLEC-2
undergoes dimerization after rhodocytin engagement (Watson,
Christou et al. 2009).

Recently, Bourne et al. (2020) have shown that the iron-coordinated
compound heme (hemin), which is released from damaged red blood
cells under septic conditions, activates CLEC-2. This finding may be
relevant to haemolytic disease (Bourne, Colicchia et al. 2021). This
observation was confirmed by Oishi et al., however, they additionally
proposed that hemin binds also to GPVI and that hemin-activated
platelets induce macrophage extracellular traps (METS). They found
that these METs aggravate rhabdomyolysis-induced acute kidney

injury, known as RAKI, in a cooperative mechanism involving CLEC-
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2 and GPVI (Oishi, Tsukiji et al. 2021). Hemin is the first non-protein
agent able to induce platelet aggregation via CLEC-2.

The binding site of the main CLEC-2 ligands (rhodocytin and
podoplanin) have been resolved for more than a decade; this data is
critical for the rational development of new ligands. In 2008, Watson et
al. solved the crystal structure of the CLEC-2 extracellular domain in
complex with rhodocytin to 1.6 A and showed that rhodocytin interacts
with four arginine residues: Argl07, Argl18, Argl52, and Argl57
(Watson, Eble et al. 2008). A second study in 2014 by Nagae et al.
compared the crystal structure of the extracellular domain of CLEC-2
in complex with rhodocytin and podoplanin. It was observed that the
binding interface between both ligands overlapped. None of these
studies observed conformational changes induced by the ligand in
comparison with the crystal structure of CLEC-2 alone (Nagae, Morita-
Matsumoto et al. 2014, Martin, Zuidscherwoude et al. 2021) (Figure
5).
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. Essential site for podoplanin/rhodocytin
binding

. Site for podoplanin/sialic acid binding

. Additional site for rhodocytin binding

. Cobalt-Hematoporphyrin binding site

Figure 5. Mapping of the reported binding sites of podoplanin, rhodocytin, and
cobalt-hematoporphyrin onto the crystal structure of CLEC-2 (PDB: 26CU).
Common binding site for podoplanin and rhodocytin (Arg 107, Arg 118, Arg 152, and
Arg 158) (Red); additional binding site for podoplanin (Tyr-153 and His-154) and sialic
acid (Asn-105, His-119, and Tyr-129; blue); PDB: 3WSR; additional polar interaction
of rhodocytin (PDB: 3WWK; green). The cobalt-hematoporphyrin binding site has
been predicted by molecular docking (Asn-210 and Lys-211; grey).

1.9. CLEC-2 activation receptor clustering

In 2014, Pollitt et al., observed that the binding of podoplanin to CLEC-
2 on platelets causes signalling via Src family and Syk tyrosine kinases,
which results in the formation of receptor macroclusters, promoting
platelet adhesion to lymphatic endothelial cells (LECs) at low shear
(Pollitt, Poulter et al. 2014). They also showed that the inhibition of
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tyrosine kinases downstream of CLEC-2 results in a reduction of cluster
formation, resulting in reduced platelet adhesion to LECs (Pollitt,
Poulter et al. 2014). This study provided mechanistic insight into how
CLEC-2 signalling promotes adhesion to podoplanin, as well as

podoplanin regulation.

Receptor clustering seems to be a common mechanism between ITAM
receptors. For instance, clustering has also been observed in the Fc-y
receptor | after engaging with the 1gG, leading to a rapid tyrosine
phosphorylation of Fc-y chain by SFK and further Syk recruitment
(Duchemin, Ernst et al. 1994). Similarly, higher orders of
oligomerisation have been observed in GPVI dimer upon collagen
binding using advance microscopy techniques(Poulter, Pollitt et al.
2017).

Hughes et al. (2010) have suggested that dimerisation of CLEC-2 is
required for Syk phosphorylation and the subsequent signalling
pathway. The authors have observed that CLEC-2 is found as a
monomer and dimers in unstimulated platelets and higher order of
oligomerisation can be form after rhodocytin stimulation. They also
proposed a stoichiometry of 2:1 for the CLEC-2 and Syk interaction
(Hughes, Pollitt et al. 2010).

These findings indicate the importance of CLEC-2 multimerisation for
the modulation of further signalling events and subsequent platelet
aggregation. However, there is an absence in the literature that proves
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ligand- CLEC-2 receptor stoichiometry. Such knowledge will be
relevant for the development of efficient therapeutic CLEC-2 blocking

agents.

1.10. CLEC-2 antagonists and development challenges

CLEC-2 activation is mainly mediated by protein-protein interaction
(PPI), this kind of interaction were considered undruggable for many
years. Despite advances in drug development, receptors mediated by
PPIs are one of the most challenging targets using conventional small
molecule inhibitors (Damaskinaki, Moran et al. 2021).

Generally, the main challenge of targeting PPIs are the follows:

1) The PPIs lack of a clear binding pocket, as observed in other
targets, such as enzymes. This makes difficult the small
molecule design based on the receptor structure (Jones and
Thornton 1996)

2) PPI are constituted by multiple interactions, characterised by
high affinity and avidity, whilst small molecule avidity tends to
be considerably lower (Damaskinaki, Moran et al. 2021)..

3) Protein ligands are buried onto large surfaces (1,000-2,000 A2)
whilst small molecules only occupy a small surface are of the
receptor (~300-500 A?) (Arkin, Tang et al. 2014, De Luca,
Agharbaoui et al. 2016).
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In the case of CLEC-2, a single copy of dimeric CLEC-2 can be docked
onto the surface across of rhodocytin, burying at least 2305 A?(Watson,
Eble et al. 2008), Therefore, patching this large surface with small

molecule inhibitor, seems considerably unlikely.

However, to date, a few antagonists of CLEC-2 have been described. In
2018, Tsukiji et al. identified cobalt-hematoporphyrin (Co-HP), a non-
peptide inhibitor, using a small molecule-based high-throughput
screening (HTS), followed by chemical optimisation (Tsukiji, Osada et
al. 2018). The authors showed that Co-HP can prevent platelet
aggregation induced by rhodocytin or podoplanin, at a low micromolar
concentration range. They also showed the specificity of the receptor,
as no effect on platelet aggregation, induced by collagen or thrombin,
was observed. This suggests that the effect of Co-HP may be
functioning by blocking the rhodocytin and CLEC-2 interaction.
(Figure 6)

One interesting finding related to Co-HP, is the possible allosteric
binding site predicted by molecular docking, indicating for the first time
that amino acids Asn120, Asn210, and Lys211 may have an allosteric
effect on the canonical binding site. Despite the speculative nature of
the molecular docking studies, the role of Asn120 and Lys211 have
been tested, as mutating these residues affects CLEC-2 ligand binding
(Tsukiji, Osada et al. 2018). In spite of the promising in vitro data,
hematoporphyrins are well-known for their cytotoxicity (Lin, Zhang et
al. 2020); therefore, its further development as a CLEC-2 inhibitor is
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highly unlikely. However, crystallography studies are still needed,
which could point to Co-HP as an interesting tool with which to study
allosteric inhibition of CLEC-2. Nevertheless, considering the low
affinity of Co-HP, obtaining a crystal structure of this complex may be

extremely challenging.

Chang et al. (2015) also identified a novel and non-cytotoxic 5-
nitrobenzoate compound, 2CP, able to prevent platelet aggregation
induced by podoplanin at a high micromolar concentration. However,
it was unable to prevent platelet aggregation induced by rhodocytin.
The authors posited that 2CP binds to the same binding site for
rhodocytin and podoplanin, even though this contradicts the finding that
2CP inhibits podoplanin-induced aggregation but not rhodocytin-
induced aggregation (Chang, Hsieh et al. 2015).

HO
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Figure 6. Structure of small molecules inhibitors of CLEC-2. A) the macrocycle

cobalt-hematoporphyrin and B) 2CP.
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Another approach for the development of antagonists of PPI, is based
on the generation of biological agents. For example, the antibody
fragment AYP1 F(ab). has been developed against CLEC-2, showing a
potent inhibition of platelet aggregation induced by rhodocytin or
podoplanin, suggesting that it may bind to the same site as these
agonists (Gitz, Pollitt et al. 2014).

Fragments generated from full length antibodies have been shown to be
effective blocking agents, and some of them have been approved for
clinical usage by the Unites States food and drug administration (FDA).
An example of this is the anti-GPIlIb/Illa chimeric fragment antigen
binding (Fab) fragment, also known as abciximab, which has been
approved since 1994 to prevent thrombosis during coronary artery
catheterisation (Nelson 2010). However, new technology associated
with the development of biologics has allowed for the generation of
fragments which are equally potent but have superior stability. Such
fragments are generated from camelid antibodies and are known as
nanobodies. Nanobodies are also significantly smaller in size than
antibodies and Fab fragments, which is thought will translate to a lower

risk of immunogenicity.

Nanobodies are single variable heavy chain (VHH) fragments derived
from functional antibodies generated in llamas, camels and/or sharks.
They also lack light chains (Hamers-Casterman, Atarhouch et al. 1993).
Figure 7 shows a structural comparison between a conventional

antibody, Fab fragment and camelid nanobody. Nanobodies have many
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advantages over traditional antibody fragments, including that they are
stable over a wider range of temperature and pH. They could also be
mass produced in a bacterial system, due to their lack of post-
transduction modifications (Asaadi, Jouneghani et al. 2021). However,
one of the most interesting properties is their suitability for molecular
engineering, allowing for the generation of multimeric nanobodies,
which may produce higher avidity options compared to the monomeric
version and allows for the addition of tags, such as the albumin binding

site to increase their half-life.

Interest in the development of nanobodies had an exponential increased
after the approval of the divalent nanobody, caplaxuzimab by the FDA
for the treatment of acquired thrombotic thrombocytopenic purpura
(Scully, Cataland et al. 2019). This demonstrated the efficacy and safety
of nanobodies for clinical uses. Thus, the generation of nanobodies may
represent a promising alternative means to target PPI based receptors,
including CLEC-2.
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Figure 7. Schematic representation of human antibody and their antibody-
derived fragments produced by vertebrates (A) and camelid heavy chain
antibodies (B).

1.11. Importance of developing new CLEC-2 ligands

CLEC-2 was identified 15 years ago as the rhodocytin receptor(Suzuki-
Inoue, Fuller et al. 2006), and since then, there have been many efforts
to fully understand and identify its physiological role during thrombosis

and minor role during haemostasis, and in connection to physiological
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ligands. Studies have also focussed on its structure and binding site, in
addition to the activation mode of the receptor.

After many years of research, its relevance has been understood as a
target for a new generation of drugs with a potent antithrombotic effect
and lower risk of bleeding(Bender, May et al. 2013). CLEC-2 has a
strong implication in the development of venous thrombosis, such as
DVT, in thromboinflammatory conditions in severe disease, including

cancer, and sepsis (Rayes, Watson et al. 2019).

Nonetheless, to successfully develop potent and selective inhibitors, a
deeper understanding of the activation mechanism of CLEC-2 is
needed. Therefore, the development of new ligands of CLEC-2 will
provide innovative insights into its stoichiometry and identify future

inhibitors.
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Chapter 2: Aims and hypothesis

2. Chapter 2: Aims and hypothesis

The present PhD dissertation aims to answer if is it possible to develop

new ligands for the platelet receptor CLEC-2.
2.1. General aims

To achieve the hypothesis of this study, we have established the
following general objectives:

1. To identify new ligands for the human CLEC-2 receptor
based on a small molecule chemical library.

2. To prove the activation of CLEC-2 using novel multimeric
nanobodies

3. To evaluate the role of tyrosine kinases on thrombus

stability.
2.2. Specific objectives

To achieve the general aims, we have segmented them into the

following specific objectives:

1. To set up a suitable assay for the screening of small molecules
against CLEC-2 in a HTS format.

2. To validate any potential candidates identified in the HTS
through platelet functional assays

3. To propose a potential mechanism of action of the best ligands
identified in the previous point.
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. To multimerise potent nanobodies using molecular biology for

further evaluation of CLEC-2 function

. To evaluate the role of oligomeric ligands on CLEC-2

clustering.
To determine the role of tyrosine kinase dephosphorylation on
the maintenance of platelet aggregates.
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Chapter 3: Materials and methods

3. Chapter 3: Material and Methods
3.1. Materials

The platelet agonist rhodocytin was kindly donated by Dr Johannes
Eble (University of Minster, Germany), and collagen-related peptide
(CRP-XL) was purchased from Cambcol Laboratories (Cambridge,
UK). Thrombin was purchased from Merck (Darmstadt, Germany).
Katacine was purchased from TargetMol (Boston, MA, USA).
Recombinant human podoplanin-rFc and recombinant human CLEC-2-
6xHis were expressed in house using HEK293T cells. Recombinant
human CLEC-2 was purchased from R&D Systems (Minnesota, USA)

to optimise the screening.

The inhibitors indomethacin and apyrase were purchased from Sigma,
and Integrilin was purchased from GlaxoSmithKline. The Src inhibitor
PP2 was purchased from Sigma-Aldrich (Dorset, UK), and the Syk
inhibitor PRT-060318 was purchased from ApexBio (Houston, TX,
USA). Ibrutinib was acquired form Sellechem (Germany). AYP1 was
expressed and purified from hybridoma cells; fragments of AYP1 were
generated in house by Ying Di, research technician at University of

Birmingham.

The primary antibodies rabbit anti-phospho-Syk (Y525/526), rabbit
anti-FCcR gamma and anti-phospho PLCy2 pY 1217 were obtained from
Cell Signalling (Massachusetts, USA); the rabbit anti-phospho
LAT(Y200) and anti-phospho Btk pY223 and pY551 were purchased
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from Abcam (Cambridge, UK). Monoclonal phosphotyrosine antibody
(clone 4G10) was purchased from Upstate Biotechnologies (Lake
Placid, NY), and anti-CLEC-2 antibody (AF1718) was obtained from
R&D system (Minneapolis, USA). The mouse a-human a-tubulin
(Sigma-Aldrich), HRP-conjugated sheep a-mouse, and donkey a-rabbit
IgG were purchased from GE Healthcare (Little Chalfont, UK),

For the flow cytometry experiments, Calcein-AM and FITC-conjugated
mouse PAC-1 mADb were obtained from Invitrogen.

For protein purification, HiTrap™ Protein A HP column HisPur™ Ni-
NTA resin was purchased from GE Healthcare. EZ-Link™ Sulfo-NHS-

LC-Biotin was purchased from Thermo Scientific.

For the cell culture experiments, Dulbecco’s Modified Eagle Medium
(DMEM), antibiotics penicillin and streptomycin, and ultra-low IgG
foetal bovine serum were purchased from Gibco. Trypsin-EDTA
solution, L-glutamine solution, and poly-L-lysine solution were

obtained from Sigma.

For molecular cloning experiments, GenElute™ Gel Extraction Kit,
GenElute™ Plasmid Miniprep kit, GenElute™ Plasmid Maxiprep Kit,
and Luria broth (Miller) were purchased from Sigma-Aldrich. SYBR®
Safe DNA gel stain was purchased from Invitrogen. Gel Loading Dye,
Purple (6x) buffer; CutSmart buffer; and all restriction enzymes (Xmal

and Smal) were purchased from New England Biolabs.
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ALPHAScreen Histidine (Nickel Chelate) Detection Kit and
ALPHAScreen TruHits Kit were purchased from PerkinElmer. 1536-
well White Polystyrene Not Treated Microplates (3725) were

purchased from Corning.

3.2. Methods
3.2.1. Preparation of Human Washed Platelets

Blood collection have been approved by the Comité Autondmico de
Etica de la investigacion de Galicia (2009/270) from healty donors who
have not taken any medication in the previous 10 days.

Whole blood was collected from healthy volunteers in 4.5 mL or 9 mL
vacutainers containing 3.2% sodium citrate. Then, 450 pL or 900 uL of
acid citrate dextrose (ACD; 85 mM sodium citrate, 71 mM citric acid,
and 110 mM glucose) was added to the tubes, and the solution was

mixed gently.

Samples were centrifuged at 200 x g for 20 min at room temperature.
The platelet-rich plasma (PRP) was collected into a Falcon tube, and
0.25 pg/mL prostacyclin (PGI.) was added to prevent platelet activation
during subsequent centrifugation. Platelets were pelleted by

centrifugation of PRP at 1000 x g for 10 min at room temperature.
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Platelet pellet was resuspended in 150 pL of warmed ACD and 1 mL
of modified Tyrode’s buffer (134 mM NaCl, 2.9 mM KCI, 0.34 mM
NaHPOs, 12 mM NaHCOs, 20 mM HEPES, 1 mM MgCl,, and 5 mM
glucose; pH 7.3). After pellet resuspension, the volume was made up to
25 mL with warmed Tyrode’s buffer and 3 mL of ACD; next, 10 pL of
0.25 pg/mL PGI2 was added, and the solution was centrifuged at 1000
x g for 10 min at room temperature. Pellets were resuspended using
Tyrode’s buffer, and the number of platelets was counted using a Z1
Coulter Particle Counter (Beckman Coulter). Platelet density was
adjusted using Tyrode’s buffer, and the suspension was rested for 30

min.

3.2.2. Platelet Functional Assays
3.2.2.1. Light Transmission Aggregometry

Washed platelets (300 pL; 2 x 108/mL) were transferred to a Chronolog
cuvette 312. Platelets were warmed at 37°C in a Chronolog model 700
or 490-X aggregometer (ChronoLog, Havertown, PA, USA) and the
stirred at 1200 rpm at 37°C, followed by the addition of the platelet
agonist. Platelet aggregation was monitored for at least 8 min after the
stimulation. Platelets were pretreated with the inhibitors or potential
inhibitors or vehicle for 5 min at 37°C. For platelet disaggregation
experiments, inhibitors of tyrosine kinases (PRT-060318 [1 uM], PP2
[20 uM], dasatinib [10 puM], ibrutinib [200 nM]), or secondary mediator
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inhibitors (10 uM indomethacin or 2 U/mL apyrase) were added 150
sec after the agonist, and aggregation was monitored for 20 min.

3.2.2.2. Calcium Release Assay

Washed platelets (2 x 10’/mL) were incubated with freshly prepared
FLIPR Calcium 4 reagent (Molecular Devices); probenecid 0.07% was
added, and the solution was incubated for 1 h at 37°C in a 384-well
transparent-bottom plate. Inhibitors and agonists were automatically
dispensed using FDSS7000EX (Hamamatsu). Platelets were incubated
for 10 min with 9 uM eptifibatide (Integrilin®) and small-molecule
inhibitors (10 pM) from the EU-OPENSCREEN chemical library
provided by the BioFarma facilities at the University of Santiago de
Compostela. Dimethyl sulfoxide (DMSO; 0.1%) was used as vehicle
control. Then, 100 nM rhodocytin was added to platelets. Changes in
fluorescence were measured in real time for 15 min after the addition
of rhodocytin, using emission and excitation wavelengths of 480 and

540 nm, respectively.
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3.2.2.3. Flow Cytometry
3.2.2.3.1. Evaluation of Platelet Viability

Washed platelets (200 pL; 2.5 x 10%mL) were incubated with the
inhibitor or 0.1% (v/v) DMSO for 10 min at 37°C. Triton X-100 (0.01%
(v/v) was used as a cell death control. After pretreatment, 1 pL of 0.1
mg/mL Calcein-AM was added to each sample, and the samples were
incubated for 20 min at 37°C in the dark. Samples were analysed using
a BD Accuri C6 Plus flow cytometer in the FL1 (530/30 BP) channel.
Platelets were identified and gated in an Accuri BD Flow Cytometer
(BD Biosciences) according to the forward and side scatter signals. A
total of 10,000 platelet events were acquired per sample, and mean

fluorescence intensity (MFI) was estimated.

3.2.2.3.2. Evaluation of allbp3 Activation

Washed platelets (2 x 107/mL) were incubated with the anti- alIbB3
activated antibody, PAC-1-FITC, for 20 min and then stimulated with
10 pg/mL crosslinked collagen-related peptide (CRP-XL) at 37°C. To
assess whether Src or Syk inhibitors reverse the allbB3 activation, PP2
(20 uM), PRT-060318 (1 pM), or 0.1% DMSO (as vehicle) were added
150 sec after stimulation, and the samples were incubated for 20 min at
37°C. Platelets were identified and gated in an Accuri BD Flow

Cytometer (BD Biosciences) according to the forward and side scatter
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signals. A total of 10,000 platelet events were acquired per sample, and
MFI was estimated.

3.2.3. Protein Phosphorylation
3.2.3.1. Sample Preparation and Western Blot

Washed platelets (300 pL; 4 x 108/mL) were incubated in the presence
of 9 uM eptifibatide (Integrilin ®) for 10 min to prevent the activation
of the allbB3 signalling pathway. Then, platelets were warmed for 5
min at 37°C and stirred for 1 min at 1200 rpm at 37°C. Platelets were
stimulated for 5 min with the agonist or vehicle. The reaction was
stopped by adding 5% SDS lysis buffer to each sample, and the sample
was quickly transferred to a 1.5 mL Eppendorf microtube and
immediately placed at 4°C; then, samples were denatured at 100°C for

5 min.

Platelet lysates were separated using SDS-PAGE, samples were loaded
onto 4-12% Bis Tris Plus acrylamide gels (Invitrogen, Paisley, UK) and
electrophoresed at 150 V using MOPS buffer. Resolved gels were then
transferred to polyvinylidene difluoride membranes preactivated with
methanol. Once transfer was complete, membranes were blocked with
4% bovine serum albumin (BSA) for 1 h at room temperature, followed
by overnight incubation with the primary antibody in 4% BSA at 4°C.

After primary antibody incubation, membranes were washed thrice
with Tris-buffered saline-Tween (TBST-T) for 10 min each, followed
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by incubation with the secondary antibody prepared in TBST-T, for 1 h
at room temperature. Then, membranes were washed thrice using
TBST-T for 10 min each.

Then, TBS-T was completely removed, and membranes were incubated
with 1 mL of Pierce ECL western blotting substrate for 1 min; finally,
the membranes were developed using Amersham Hyperfilm ECL and

further quantitated using ImageJ software.

3.2.3.2. Immunoprecipitation

Washed platelets (4 x 108/mL) in the presence of 9 uM eptifibatide
(Integrilin®) for 10 min. Then, platelets were warmed for 5 min at
37°C and stirred for 1 min at 1200 rpm at 37°C. Finally, platelets
were stimulated with 100 nM rhodocytin, 10 uM katacine, or vehicle
for 5 min, while being stirred at 1200 rpm at 37°C in a Chronolog
model 700 aggregometer (ChronoLog, Havertown, PA, USA). Then,
platelets were lysed with 2x NP-40 lysis buffer in the presence of
protease inhibitors (10 pg/mL aprotinin, 1 pg/mL pepstatin, 10
ug/mL leupeptin, 400 pg/mL 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBFS), 5 mM sodium orthovanadate; pH
7.5). Whole lysates were precleared using Gamma bind Plus
Sepharose (Cytiva, USA) and then incubated with 2 pug of AYP1
antibody for 30 min; the lysate—-antibody complex was then
incubated for 60 min with Gamma bind Plus Sepharose.

Immunoprecipitated proteins were resuspended in SDS lysis buffer
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and electrophoresed using SDS-PAGE and western blotted against
the 4G10 monoclonal antibody.

3.2.3.3. CLEC-2 and Podoplanin Protein Expression and

Purification

Recombinant human CLEC-2 and podoplanin were designed to be
expressed in a mammalian system, to ensure that key posttranslational

modifications are conserved.

The cDNA sequences of the extracellular domain of human CLEC-2
(residues 55-229) were cloned into pHLSEC (Adegene); this vector
allows the insertion of a 6-histidine tag at the C-terminal end of a
protein, facilitating protein purification and further coating with
ALPHA beads. Human podoplanin cDNA sequence was inserted into a
pFUSE-Fc (InvivoGen) expression vector; using this vector results in a
fusion protein of podoplanin with an Fc domain, generating a dimeric
form of podoplanin and facilitates purification by affinity columns.
Both constructs were expressed in house and sequenced for correctness.

Vector maps could be found in the appendix section.

To express recombinant human CLEC-2-6xHis and recombinant
human podoplanin-rFc, HEK293T cells were transiently transfected
with the respective vectors using lipofectamine and polyethylenimine

(PEI) in serum-free DMEM. After 4 days, proteins secreted into the
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medium were collected. Recombinant human CLEC-2-6xHis and
podoplanin-rFc were purified in a gravity purification column using
Nickel-NTA resin (Thermo Fisher) and protein A-coated beads
(Thermo Fisher), respectively. Characterisation and confirmation of

protein expression was performed using SDS-PAGE.

3.2.3.4. Monobiotinylation of Recombinant Human

Podoplanin

To ensure that hPodoplanin-Fc bound to streptavidin ALPHAScreen
beads, recombinant podoplanin was biotinylated. The protein was
incubated with limiting concentrations of 50 pL/mL EZ-Link™ Sulfo-
NHS-LC-Biotin for 30 min at room temperature. The protein was
dissolved in PBS at 0.5 mg/mL.

3.2.4. High-Throughput Screening Based on

ALPHASCcreen Assay
High-throughput screening (HTS) was performed using the
miniaturised Amplified Luminescent Proximity Homogeneous Assay

(AlphaScreen™) on the basis of the interaction between podoplanin and
CLEC-2, which were expressed as described above. The European
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Chemical Biology Library (ECBL; pilot library) comprising 5016

compounds was used.

Each of the 5016 chemicals from the library (and 0.1% [v/v] DMSO for
vehicle control) were dispensed into 1536-well flat and transparent
bottom white plates (Corning® 3725) (Merck, Darmstadt, Germany)
using an Echo 525® Liquid Handler (Labcyte, IN, USA). After adding
50 nM of biotinylated h-podoplanin-rFc and 250 nM of h-CLEC-2-
6xHis to each well, the plates were incubated for 30 min at 4°C. Then,
40 png/mL of ALPHASCcreen streptavidin donor beads were added, and
the plates were incubated for 30 min at room temperature in the dark,
followed by an additional incubation under the same conditions with 40
png/mL nickel coated acceptor beads. The plates were incubated in the
dark for 60 min at room temperature and read using an EnVision
Multimode Plate Reader (Perkin Elmer, Waltham, USA).

3.24.1. Identification of True Hits

False-positive compounds were identified using an ALPHAScreen
TruHits kit™. Potentially valuable compounds identified using high-
throughput screening were dispensed (10 uM each) into a white 1536-
well plate. Biotinylated acceptor beads and streptavidin donor beads (40
png/mL each) were premixed and incubated for 30 min at room
temperature in the dark. The incubated mixture was then added to the

plate with the compounds for 10 min at room temperature, and then the
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plate was read using an EnVision Multimode Plate Reader (Perkin
Elmer, Waltham, USA) at 520/620 nm (ex/em). Compounds with a
luminescence signal below the average signal of the beads incubated
with DMSO control by more than twice the standard deviation were

considered false positive hits.

3.2.5. Dose-Response Curve Generation for Potential Hits

ALPHAScreen assay was used to generate the dose-response curves of
lead compounds. Six serial dilutions of the potential candidates ranging
from 40 uM to 0.625 uM were prepared. The different dilutions were
dispensed using an Echo 525® Liquid Handler (Labcyte, IN, USA), and
50 nM of biotinylated h-podoplanin-rFc and 250 nM of h-CLEC-2-
6xHis were added. Because compounds were dissolved in DMSO,
different concentrations of DMSO (0.4% to 0.00625%) were used as
control during the assay. The mean value of the percentage of inhibition
from three independent experiments was calculated and plotted against
the log value of the molar concentration. Nonlinear regression analysis
of the data were performed to generate dose—response curves using
GraphPad Prism 7.
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3.2.6. High-Throughput Screening Data Analysis

The signal-to-noise (S/N) ratio was calculated by dividing the mean of
the maximum signal (beads coated with the proteins and incubated with
0.1% DMSO) by the mean of the minimum signal (proteins in the
presence of rhodocytin, used as inhibitor control).

To evaluate the robustness of the assay, the Z’ factor was determined
using the following equation:

3sd of max + 3sd of min

Z'=1-
|mean of max — mean of min |

In the equation, 'max’ means the maximum signal from the beads
coated with the proteins, and ’min’ indicates the minimum signal from
the beads in the presence of rhodocytin as an inhibitor of the protein—

protein interaction.

Z' values >0.5 suggests a robust assay.

3.2.7. Expression and Purification of Nanobodies

The nanobodies were received in the pMECS-GG vector from VIB
Nanobody Core (Vrije Universiteit Brussels, Belgium); these contain
an N-terminal PelB signal sequence that targets the nanobody to the
periplasmic space of Escherichia coli allowing their extraction from the
periplasm.
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E. coli WK6 was transformed with the nanobody constructs (provided
by VIB). Colonies were grown overnight at 37°C in LB medium
(sodium chloride [0.5 g/L]; tryptone [10 g/L], and yeast extract [5 g/L])
supplemented with 100 pg/mL ampicillin. Then, 3.5 mL of overnight
cultures was inoculated into 1 L TB (12 g/L tryptone, 24 g/L yeast
extract, 9.4 g/L KoHPOs, 2.2 g/L KH2PO4) supplemented with 100
pug/mL ampicillin and incubated at 37°C at 180 rpm until an optical
density (OD) of 0.6-0.9 at 590 nm was reached. Once optimal OD was
reached, nanobody expression was induced by adding 1 mM B-D-
thiogalactoside (IPTG). Cultures were then incubated at 28°C at 180

rpm for 16 h for protein expression.

E. coli cells containing the nanobodies were collected by centrifugation
at 3000 rpm for 15 min, the supernatant was discarded, and the bacterial
pellet was resuspended in 12 mL TES buffer (0.2 M tris, pH 8; 0.5 mM
EDTA; 0.5 M sucrose) per 1 L of culture. The resuspended pellet was
incubated at 4°C with gentle shaking for 1 h.

The suspension was then diluted 2x in diluted TES buffer (TES/4) and
incubated at 4°C for 1 h. Then, the suspension was centrifuged at 8000
rpm for 30 min, and the supernatant containing the nanobodies and
proteins extracted from the periplasmic space was collected.
Nanobodies were purified from the periplasmic extract using affinity
columns containing nickel-coated beads and size exclusion

chromatography. The concentration of purified nanobodies was
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determined by measuring absorbance values at 280 nm using a
NanoDrop spectrophotometer.

3.3. Generation of LUAS-2 and LUAS-4
3.3.1. Site-Directed Mutagenesis Kit
The insertion of restriction sites on the LUAS-1 DNA sequence was
done using the Q5® Site-Directed Mutagenesis Kit following the

manufacturer's instructions. The forward and reverse primers for the

mutagenesis were designed using www.nebasechanger.ned.com.

Polymerase chain reaction (PCR) was performed in a total reaction
volume of 25 L (Table 1).

Table 1: Reaction Mixture (25 pL) Used for Site-Directed
Mutagenesis

Component

Q5 2x master mix 125 uL

10 uM forward primer  1.25 pL

10 UM reverse primer 1.25 pL

Template DNA 1 pL (1-20 ng/uL)
Nuclease-free water 9 uL

Detailed conditions of the PCR reaction are shown in Table 2.
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Table 2: PCR Conditions for Site-Directed Mutagenesis

Step Temperature Time
Initial denaturation  98°C 30s
25 cycles 98°C 10s
(Per cycle)
70°C 30s
(Per cycle)
72°C 3min30s
(Per cycle)
Final extension 72°C 2 min
Hold 4°C

3.3.2. Circularisation of the PCR Product and DNA

Template Degradation

After amplification, the PCR product was subjected to the KLD (kinase,
ligase, Dpnl) reaction for 10 min at room temperature (Table 3)

following the manufacturer’s instructions.

Table 3: Reaction Mixture Used for the KLD Reaction

Component

Volume

PCR product

1uL
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2% KLD reaction buffer 5uL
10x KLD enzyme mix 1L
Nuclease-free water 3 uL

3.3.3. Bacterial Transformation

NEBS5a-competent E. coli cells were transformed with the products of
the KLD reaction. Thus, 5 pL of the KLD reaction product was added
to 50 pL of chemically competent cells and then incubated for 30 min,
followed by a heat shock for 30 sec at 42°C, and immediately incubated
on ice for additional 5 min. Then, 950 uL SOC medium was added, and
cells were grown at 37°C at 180 rpm for 1 h and finally seeded in a plate
containing LB agar (with ampicillin). The plate was incubated
overnight at 37°C.

Positive colonies were identified by DNA sequencing. Picked colonies
were mixed with 10 mL LB + 10 pL ampicillin and incubated at 37°C
at 180 rpm for 16 h. On the next day, DNA was extracted and purified
using the GeneJET plasmid miniprep kit following the manufacturer’s
instructions. DNA concentration was estimated using NanoDrop, and
DNA sequencing was performed in collaboration with Source

Bioscience.
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3.3.4. Ligation of DNA Sequences

The clones generated with the DNA vector (LUAS-1 and the vector)
and the insert (LUAS-1 and the linker) were digested with Xmal and
Sall restriction enzymes (previously inserted in both plasmids). Table 4

shows the reaction mixture used for the double digestion.

Table 4: Reaction Mixture Used for the Double Digestion of the

Vector and Insert Plasmids

Component

DNA 1 Hg

10x CutSmart buffer 5uL

Xmal 1 pL (10 units)
Sall-HF 1 pL (20 units)
Nuclease-free water To 50 pL

The digested products and the DNA ladder were electrophoresed at 100
V on a 4% agarose gel prepared with tris-acetate-EDTA and
supplemented with SYBR™ Safe DNA Gel Stain (1:10,000 dilution).
Electrophoresis was stopped when the visible dye had traversed
approximately 75% of the gel. Then, the gel was immediately visualised
under UV light using a transilluminator. DNA fragments were extracted

from the agarose gel using QIAquick Gel Extraction Kit following the
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manufacturer’s instructions. Purified DNA products were then ligated
as indicted in Table 5. This reaction was performed overnight at 4 °C.

Table 5: Reaction Mixture Used for the Ligation of the Vector
Containing LUAS and (GGGGS)3-LUAS DNA sequence

Component

10x T4 DNA ligase buffer 2 UL
Vector DNA 50 ng
Insert DNA ([GGGGS]s-LUAS) 37.5ng
T4 DNA ligase lpuL
Nuclease-free water To 20 pL

After ligation, 10 pL ligated DNA was added to 100 pL chemically
competent E. coli XL1-Blue cells; the cells were incubated on ice for
30 min, then heat shocked at 42°C for 45 s, and incubated on ice for 5
min. Then, 400 pL of LB broth was added, and the cells were further
incubated at 37°C at 180 rpm for 1 h. Cell pellet was collected by
centrifugation at 100 x g for 5 min and the supernatant was removed.
Cells were resuspended in 100 pL of LB broth and placed on a LB agar
plate (with ampicillin). The plate was incubated overnight at 37°C.
Colonies were picked and sequenced in collaboration with Source

Bioscience.
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The LUAS-4 clone was generated by VIB Nanobody Core. The codons
were scrambled to avoid extensive repetition, more specifically in the
linkers, and then optimised for E. coli while keeping the 5" and 3'
cloning enzyme sites intact and removing any interfering sites. The
DNA sequences were inserted into a pMECS vector with a C-terminal
HA tag and 6xHis tag for bacterial expression. LUAS-2 and LUAS-4
were expressed using the bacterial expression system and purified by
Nickel-chelated beads and size exclusion in a manner similar to that
used for LUAS.

3.4. CLEC-2 Nanobody Binding With Flow Cytometry

Initial CLEC-2-nanobody binding screening was investigated with
flow cytometry. Washed platelet samples (2.5 x 10%mL) were
incubated with the nanobodies (7 nM) for 15 min at room temperature,
followed by secondary labelling with Alexa Fluor-647 anti-6-His tag
antibody (5 pg/mL). Control samples with no staining and only
secondary antibody staining were also analysed. The samples were
acquired using the fluorescent channel, FL4. Histograms were obtained

using cSampler software (BD Biosciences, USA).
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3.5. Surface Plasmon Resonance for Binding Studies

The surface plasmon resonance (SPR) experiments were performed to
monitor binding and affinity of biological ligands of CLEC-2, namely
AYP1 and the novel CLEC-2 nanobodies, LUAS and LUAS-2. These
experiments were done in collaboration with Dr Eleyna Martin at the
University of Birmingham, using a Biacore T200 instrument (GE
Healthcare).

For the SPR experiments, one of the binding molecules (the ligand or
the receptor) is attached to a glass slide coated by a thin gold film and
matrix formed by a hydrophilic-coated surface. In this study, the
affinity of CLEC-2 nanobodies was determined using CM5 chips, and
the extracellular domain of human CLEC-2 (55-229) was directly
immobilised onto the CM5 chip using amine coupling to the
carboxymethylated dextran-coated surface.

The SPR experiments were performed under a constant flow rate of 30
pL/min in HBS-EP running buffer (0.01 M HEPES, pH 7.4; 0.15 M
NaCl; 3 mM EDTA; 0.005% [v/v] surfactant P20) at 25°C. Multicycle
kinetic assays were used with at least five concentration points between
0.1x and 10x the affinity constant (Kp). Each concentration of the
CLEC-2 ligands was analysed under the following conditions: 120 sec
injection, 300 sec dissociation, and 120 sec stabilisation.

To determine the affinity of the AYP1 fragment, AYP1 F(ab) was
immobilised directly onto the CM5 chip using amine coupling to the

carboxymethylated dextran-coated surface, and reference surfaces were
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blocked using 1 M ethanolamine (pH 8). In this case, CLEC-2 ECD 53-
229 was flowed under the coated chip as the analyte. The experimental
conditions were as follows: 120 sec injection, 300 sec dissociation, and
30 sec regeneration with 10 mM glycine (pH 1.5), followed by a 120
sec stabilisation period.

Biacore T200 Evaluation software was used for the steady state analysis
using a 1:1 binding fitting model. The sensograms shown are double
reference subtracted; at least two replicates were injected per cycle, and

three independent experiments were performed.

3.6. Molecular Docking

AutoDock tools (ADT) was used for protein and ligand preparation, and
binding site prediction was done using Autodock Vina (Trott and Olson
2010). The 3D crystal structure of the extracellular domain of human
CLEC-2 (PDB: 2C6U) downloaded from RCSB was used, and the 3D
structure of katacine was obtained using Chemdraw software.
Visualization and binding site analysis were conducted using PyMOL

software.

3.7. Mass Spectrometry
To assess the polymeric nature of katacine, 10 uM of katacine was
resuspended in 200 MM ammonium acetate buffer and then infused into

a Q-Exactive HF mass spectrometer (ThermoFisher, CA, USA) via

nanoelectrospray ionisation (NSI) using a Triversa NanoMate system
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(Advion Biosciences, Ithaca, NY) set at 1.4 kV with 0.30 psi backing
pressure. The spectra were collected using a source temperature of
250°C and collision energy of 200 V for desolvation and with the
resolution setting at 120 K (approximately 25000 FWHM at m/z 1000).
These experiments were performed in collaboration with the Dr Todd
Mize at the University of Birmingham.

3.8. Data Analysis

Data are presented as mean + standard deviation (SD) of the mean with
statistical significance taken as p <.05 unless otherwise stated.
Statistical analysis was performed using Kruskal-Wallis One-Way
ANOVA. All statistical analyses were performed using GraphPad
Prism 7 (GraphPad Software Inc. La Jolla, USA). IC50 were also

calculated using GraphPad Prism 7.
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4. Chapter 4: High throughput screening of small molecule

inhibitors of the platelet receptor CLEC-2

4.1. Introduction

High throughput screening (HTS) has classically been used for the
identification of small molecule inhibitors (SMI) in the drug discovery
workflow, evaluating thousands of compounds in a single assay to
identify a potential hit, which will probably lead to chemical
modifications until a lead compound is identified. A successful HTS
mainly depends on two conditions 1) the assay selection (cell based or
biochemical based) and 2) the selection of the chemical library.

Conventional chemical libraries are composed of drug-like compounds.
This means that most of these compounds follow five criteria for proper
absorption, distribution, metabolism, and excretion of the potential
drug, thus predicting bioavailability and security (Lipinski, Lombardo
et al. 2001). These parameters are known as Lipinski’s rule of five,
which states that drug-like compounds must have a molecular weight
lower than 500Da, a low hydrophobicity (LogP < 5), no more than five
hydrogen bond donors, no more than 10 hydrogen bond acceptors, and

fewer than 10 routable bonds.

The main challenge of the HTS is that it could be relatively expensive
and frequently, the effect of the small molecule could be a consequence

of an off-target effects. However, virtual HTS could help to identify
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pre-choose potential ligand based on calculation of binding affinity
scores, to prechosen to preselect potential molecules from a determined

chemical library.

In this chapter, 60,000 compounds from the EU open-screen chemical
library were virtually screened based on the crystallised structures of
CLEC-2 (PDB: 3wsr and 2c6u), in collaboration with RNASA-
IMEDIR, and further validated them using a platelet-based calcium

release assay and platelet aggregometry.

4.2. Aim:

The goal of this chapter is to identify small molecule inhibitors of
CLEC-2 with potential to become new drugs with primary application
as anti-thrombotic.

4.3. Results

4.3.1. Virtual and cell-based HTS assay to identify
potential CLEC-2 inhibitors

The AutoDock Vina algorithm (Trott and Olson 2010) was used to rank
the top compounds based on AutoDock’s affinity score from the
chemical library available in the University of Santiago de Compostela.

The top compounds (91 molecules) were then screened using the FLIPR
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Calcium 4 assay, a cell-based assay to monitor intracellular calcium

flux in real time (Figure 8).
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Figure 8. Platelet-based HTS. The scatter plot represents a single-point screening

of 91 compounds predicted to bind to CLEC-2 in a virtual HTS. Each compound was

dispensed at 10 puM. Four compounds were able to inhibit intracellular calcium

release when platelets were stimulated with rhodocytin 100 nM. Each green dot

represents the average of three independent experiment for each compound tested;

Compounds below the cut-offline (red line) were considered as potential hits based

on Zhang’s equation.

Four compounds showed a significant inhibition of intracellular

calcium release at 10 puM when platelets were stimulated with
rhodocytin; three of them were kinase inhibitors GSK198271A 59.49 +
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10.2, GSK 16458872A; 24.00 + 4.7, GSK1010829B; 8.32 + 0.1 %
calcium release), and the remaining one, F1113-0067 (49.0 = 4.6 %
calcium release) (Figure 9), has an unknown biological function. We
proceeded to evaluate the effect of F1113-0067 on platelet aggregation,

since the other three compounds were not commercially available so we

could not test them in further functional experiments.
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Figure 9. Chemical structure of F1113-0067.

4.3.1.1. Effect of F1113-0067 on platelet aggregation induced
by rhodocytin

In the calcium release assay, we observed that platelets stimulated with
rhodocytin at 100nM and pre-treated with F1113-0067 10 uM
responded significantly less to rhodocytin compared to platelets pre-

treated with DMSO 0.1% only. Therefore, we decided to evaluate if the
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compound F1113-0067 was able to prevent platelet aggregation, using

a light transmission aggregometry assay.

First, we tested the effects of F1113-0067 at six different concentrations
to establish the 1C-50 of the compound and determine if it was able to
prevent platelet aggregation at any of the doses tested. F1113-0067 was
able to prevent platelet aggregation induced by rhodocytin in a dose-
dependent manner. The dose-response curves model, analysed using

GraphPad prism, suggested an 1C50 of 8.6 uM (as shown in Figure 10).
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Figure 10. Dose-response curve of platelet aggregation following platelet
incubation with F1113-0067 and stimulated with rhodocytin 100nM. Fit curve
based on the sigmoidal dose-response model suggested an IC50 of 8.6 pM for F1113-
0067 when platelets are stimulated with 100nM of rhodocytin. GraphPad Prism was
used for the analysis of the dose-response curve. The graph shows the mean + SD of
three independent experiments.
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4.3.1.2. Evaluation of the selectivity of F1113-0067 to prevent

platelet aggregation

Potential inhibitors must show selectivity for the targeted receptor to
prevent off-target effects. Therefore, we decided to test if F1113-0067
was also able to block another ITAM receptor, such as GPVI, or a non-
related signalling pathway, as is the case of the GPCR receptors for
thrombin, PAR1/4.

Initially, we decided to test if F1113-0067 was able to block platelet
aggregation induced by thrombin, and we did not observe any

significant effect using 100 to 3.125uM, as shown in

. Based on these results, we could assume that F1113 does not interact
with any thrombin receptor, or any essential protein related to the PAR-

1/4 signalling pathway.
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Figure 11. F1113-0067 has no effect on platelet aggregation induced by thrombin
in washed platelets. Six different concentrations (100, 50, 25, 12.5, 6.25, and 3.125
pUM) were tested to assess the effect of F1113 in platelet aggregation induced by 0.5
U/mL of thrombin. The graph shows the mean + SD of three independent

experiments.

Then we proceeded to evaluate if F1113-0067 was able to prevent
platelet aggregation mediated by a similar signalling pathway, as is the
case for the ITAM receptor GPVI. Thus, we evaluated the effect of
F1113-0067 at different concentrations, before stimulating platelets
with 3ug/mL collagen-related peptide (CRP), and a dose-response
curve was established (Figure 12). We observed that F1113-0067 was
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able to block platelet aggregation mediated by GPVI with an IC50 of
10uM, suggesting that the effect of F1113-0067 blocking CLEC-2 and
GPVI is mediated by a common protein in the signalling pathway,

rather than by a direct interaction with the receptor.

1204
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Figure 12. F1113-0067 prevents platelet aggregation mediated by GPVI. Six
different concentrations of F1113-0067 (100, 50, 25, 12.5, 6.25, and 3.125 uM) were
tested to prove the effect of F1113-0067 in platelet aggregation induced by 3ug/mL
of CRP. The fit curve based on the sigmoidal dose-response model suggested an IC50

of 10 uM. The graph shows the mean + SD of three independent experiments.

We further evaluated if a lower dose of F1113-0067 could prevent
platelet aggregation with higher selectivity for one of the two ITAM
receptors studied. We found that 12.5uM F1113-0067 can significantly
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prevent platelet aggregation induced by rhodocytin (81.5 = 21.1% of
inhibition) compared to controls, whilst platelets stimulated with CRP
3ug/mL showed less inhibition (38.2 + 14.1%). The effect of 12.5uM
of F1113-0067 in platelets treated with thrombin was negligible (5.75
+ 1.06% of inhibition), as shown in Figure 13.
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Figure 13. Low doses of F1113-0067 have a higher inhibition on platelet
aggregation mediated by rhodocytin compared to GPVI. Washed platelets were
preincubated with 12.5uM of F1113-0067 for 10 minutes and then stimulated with
rhodocytin 100nM, CRP 3upg/mL, or thrombin 0.5U/mL. (n.s. = not significant
differences; *** p < 0.0001; data analysis performed using one-way ANOVA [Kruskal
Wallis]; N=5).
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4.3.1.3. Effect of F1113-0067 on platelet viability

In the development of new pharmacological agents, it is important to
understand possible toxicity issues in an early stage of development of
a new drug. Therefore, we decided to determine if the concentration
used for the in vitro studies had any effect on platelet viability. To do
so, we incubated platelets with calcein-AM, a marker of viability.
Healthy platelets internalise and cleave calcein-AM, which is retained
in the cytosol and can be measured by flow cytometry. Platelets were
gated according to their size; those untreated with F1113-0067 were
considered as a positive control of viability, and platelets treated with
0.5% of DMSO were used as a basal condition. We tested the effect of
12.5uM and 25uM of F1113-0067 but did not observe significant
differences in platelet viability at 12.5uM concentrations (81.1 £ 10.4
%) compared with the DMSO control (89.6% + 9.1). However, the
higher concentration of F1113-0067 tested did reduce platelet viability
(66.2 £ 14.3%; Figure 14). Therefore, we used the lower concentration
for the rest of our experiments, since 12.5uM is enough to prevent
platelet aggregation induced by rhodocytin and does not significantly
alter platelet viability.
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Calcein-AM test
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Figure 14. F1113-0067 does not affect platelet viability at 12.5uM, but higher
concentrations reduce viability. Washed platelets were preincubated with 12.5 or
25 uM of F1113-0067 for 10 minutes and then incubated with calcein-AM. Analyses
were by flow cytometry, gating platelets by their size and MFI values on FL-1. (n.s.
= not significant differences; *** p < 0.0001; data analysis using one-way ANOVA
[Kruskal Wallis] in GraphPad Prism; N = 9).

43.14. Effect of F1113-0067 on tyrosine phosphorylation

mediated by ITAM receptors

To explore in more detail the effects of F1113-0067 on platelet
activation, we evaluated the role of F1113-0067 in preventing platelet
phosphorylation on platelets treated with rhodocytin 100nM, or CRP
3ug/mL.

In concordance with the data observed in platelet aggregation, we found
that 12.5uM of F1113-0067 significantly decreases the protein tyrosine
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phosphorylation profile in platelets treated with rhodocytin, in a similar
way to platelets treated with the vehicle control (DMSO 0.1%). A
similar decrease was also observed on Syk and PLCy phosphorylation

levels (Figure 15)
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Figure 15. Effect of F1113-0067 on platelet signalling induced by rhodocytin.
Human washed platelets at 4x108 cells/ml were pre-treated with F1113-0067
(12.5pM) and stimulated with rhodocytin (100nM). The first lane shows resting
platelets treated with DMSO 0.1%, the second lane shows platelets preincubated with
DMSO 0.1% and stimulated with 100nM rhodocytin, the third lane shows platelet
preincubated with F1113-0067 and 100nM rhodocytin. This figure shows a
representative western blot of four different experiments. p-Tyr; phosphorylated
tyrosine profile; p-Syk (Y525/526): phosphorylated Syk in the tyrosine residues 525
and 5526; pPLCy (Y200): phosphorylated PLCy in the tyrosine 200; GAPDH: Loading
control.
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Conversely, platelets treated with F1113-0067 at 12.5uM and
stimulated with CRP did not show a significant decrease in the global

tyrosine, Syk or PLC-y phosphorylation levels (Figure 16).
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Figure 16. Effect of F1113-0067 on platelet signalling induced by CRP. Washed
platelets at 4x108 cells/ml under non-aggregating conditions (9uM of Eptifibatide)
were pre-treated with F1113-0067 (12.5uM) and stimulated with CRP (3ug/mL). The
first lane shows resting platelets treated with 0.1% DMSO, the second lane shows
platelets preincubated with the 0.1% DMSO and treated with CRP, the third lane
shows platelet preincubated with F1113-0067 and stimulated with CRP. This figure
shows a representative western blot of four different experiments. p-Tyr:
phosphorylated tyrosine profile; p-Syk (Y525/526): phosphorylated Syk in the
tyrosine residues 525 and 5526; pPLCy (Y200): phosphorylated PLCy in the tyrosine
200; GAPDH: Loading control.
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4.4. Discussion

In this chapter it was observed that F1113-0067 prevents platelet
aggregation mediated by CLEC-2 and GPVI. We predicted that the
effect of F1113-0067 on platelet aggregation induced by ITAM receptor
activation may be mediated by the inhibition of common signalling
pathways, between both CLEC-2 and GPVI receptors, due to the lack

of selectivity between the receptors.

F1113-0067 prevents platelet aggregation more effectively when
induced by rhodocytin, compared to induction by CRP. This trend could
be mediated by an effect on the release of secondary mediators (ADP
and thromboxane A2). It has been well established that the CLEC-2
signalling pathway is more dependent on secondary mediators than
GPVI; therefore, any inhibitor impacting secondary mediators may
have a stronger effect on platelet aggregation mediated by CLEC-2.
Further research is needed to fully understand where F1113-0067 is
playing a role and its biological impact on human platelets.

F1113-0067 is a benzosulphonamide which obeys the Lipinski’s rule of
having a molecular weight inferior of 500Da (482.517 g/mol), and a
logP of 5.625. Meaning that this molecule is likely to cross membrane
and have an intracellular effect rather than preventing the ligand and
receptor interaction. Despite of our early observations using the virtual
screening, where was suggested that F1113-0067 was likely to bind to
the CLEC-2 surface based on the in silico docking assay.
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The biological role of F1113-0067 is unknown, however, another
benzosulfonamide, namely F1113-0789 has been reported to target the
signal transducer and activator of transcription 3 (STAT3) (Redell, Ruiz
et al. 2011), which is phosphorylated on platelets activated with
collagen (Zhou, Gushiken et al. 2010) or rhodocytin (lzquierdo,
Barrachina et al. 2020). However, it is unknown if F1113-0067 is also
able to target STAT3. Besides of the lack of selectivity of F1113-0067,
the low affinity and potential toxicity in higher doses may indicate that
this molecule may not be a suitable choice for a future drug candidate.
It was also observed that 3 kinase inhibitors also prevent calcium
release however further was not carried out, since they were not

commercially available. Furthermore, low selectivity is expected.

This chapter reflects the challenges on the development of potent and
selective inhibitors of PPI such as CLEC-2 using a cell-based assay and
a drug-like compounds-based chemical library, suggesting the need to
explore chemical libraries with higher molecular diversity and the use
of biochemical assays rather than cell-based models, in order to identify
more selective compounds. To address the above challenges, we
decided to follow a different approach based on an inhibition of the
interaction amongst the endogenous ligand, podoplanin, and the human
CLEC-2 receptor to identify a more promising small molecule ligand.
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5. Chapter 5: Biochemical-based HTS for the identification of
anovel CLEC-2 ligand

5.1. Introduction

CLEC-2 is the receptor for the glycopeptide podoplanin and is activated
by multivalent protein interactions. For decades, protein-protein
interactions (PPIs) were considered undruggable targets using
traditional drug discovery approaches, based on small molecules.
Nowadays, PPIs remain as one of the most challenging interactions to
be disrupted using small molecule inhibitors (SMI)(Lu, Zhou et al.
2020). The challenging of targeting PPIs is because the binding
interface of the receptor are large and planar surfaces, which allows the
multiple interactions. Therefore, it is difficult for a small molecule to
match and fit in such a unique and large surface (Buchwald 2010).

However, targeting a PP1 is still possible but the small molecule must

follow one of the next mechanisms:

1) Binding to a hot-spot on the receptor binding surface: these are
regions of several amino acid on the binding surface that play a
critical role on the PPI (Moreira, Fernandes et al. 2007).

2) Binding to an allosteric pocket: These are regions outside of the
ligand binding site of the receptor, that could induce
conformational changes and prevent agonist binding (Cossins
and Lawson 2015).
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The development of SMI could be overcome using HTS approaches by
carefully considering the inhibitor design process and performing large
library screens. For instances, the first criterion to be considered for the
investigation of new inhibitors against protein-receptor interaction is to
select a proper chemical library with larger compounds (>500 Da) and
hydrophobic properties, as is the case of molecules derived from natural
compounds, or libraries with higher chemical complexity (Pagliaro,
Felding et al. 2004), including substances such as macrocycles, or

coordination compounds (Damaskinaki, Moran et al. 2021).

To identify novel molecules able to interrupt podoplanin-CLEC-2
interaction, we needed to set up a robust biochemical assay suitable for
further miniaturisation. In this case, the amplified luminescent
proximity homogeneous assay (ALPHA) screen technology was

chosen. A schematic representation of the assay is shown in Figure 17.
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Figure 17. Schematic representation of an ALPHA screen assay based on
podoplanin and CLEC-2 interaction. ALPHA screen assay is based on the proximity
of the donor and acceptor beads mediated by protein-protein interactions (PPIs).
After laser excitation, podoplanin-conjugated donor beads transform ambient
oxygen into singlet oxygen, which is absorbed by CLEC-2-conjugated nickel acceptor

beads. Then an ALPHA signal is emitted and detected by the plate reader.

ALPHA screen technology is a biochemical assay based on the donor
and acceptor beads’ proximity, around 200nm, which is mediated by
ligand-receptor interaction (Eglen, Reisine et al. 2008). The main
advantage of this assay compared with other biochemical assays, such
as an Enzyme Linked Immunoassay (ELISA), is that it is homogenous
and does not require any additional washing steps with the risk of losing
material. It is relatively straightforward to optimise; however, its
optimisation still has some intrinsic challenges. For instance, ALPHA

screen assays are known for showing a hook effect. Therefore, an
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inappropriate concentration of ligand and receptor would result in a
reduction of the signal, affecting the signal-to-noise ratio, and the
robustness of the assay would not be suitable for a miniaturised single-

spot assay.

The first step is to identify the type of donor and acceptor beads’ coating
combination required for the assay. The coating of the beads is based
on affinity properties, and the coating required is based on the tags of

the recombinant proteins to be used

The identification of small-molecule ligands of CLEC-2 may lead to a
better understanding of its mechanism of activation. It may also uncover
potential allosteric binding sites for CLEC-2 and act as an intermediate

for the development of further antagonists with higher potency.
5.2. Aim

The aim of this chapter was to identify potential new small molecule
ligands for human CLEC-2.
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5.3. Results
5.3.1. Setting-up a podoplanin-CLEC-2 interaction assay

based on ALPHA screen

To identify the appropriate podoplanin and CLEC-2 concentration for
the assay, we evaluated different concentrations in the nanomolar range
for each protein, as showed in the heat map (Figure 18), where red
colour indicates low or background signal and blue and purple shows
higher signal. An initial matrix with a wide range of concentrations was
used to evaluate the optimal concentration range (Figure 18A), and
second and smaller matrix was used to define the optimal concentration
for the screening (Figure 18B). The optimal signal-to-noise ratio was
observed using 100nM of h-podoplanin and 125nM of CLEC-2.

We also demonstrated that rhodocytin at 100nM is a potent disruptor of
the podoplanin-CLEC-2 interaction, and it was used as a positive

control of the assay (Appendix I).
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Figure 18. Matrix of different CLEC-2 and podoplanin concentrations. We tested
different concentrations of CLEC-2 and podoplanin to identify a range with higher
signals for the screening. Heatmap shows arbitrary units of ALPHA signal, purple
colour represents maximal binding, and red low or no protein binding A) represents
an initial matrix with a broad range of concentration for both proteins; B) represents
a second and more defined range of concentrations. The set of concentrations with

higher ALPHA signals was used for further optimisation of the screen.
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HTS based on ALPHA screen assay

5016 compounds were tested in the ALPHA screen assay. A high signal

indicates an interaction between podoplanin and CLEC-2. Agents able

to significantly decrease the ALPHA signal, based on the equation (X-

2SD), were considered as a potential disruptor.

ALPHA Signal (AU)

200004

Figure 19. Scatter plot showing the effect of each compound on the ALPHA signal

values emitted by a CLEC-2-podoplanin interaction. Dots below the cut off (red

line) represent compounds that significantly decreased the signal, these are

considered potential hits. The scatter plot shows data from a single point HTS.
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In this assay, we identified 40 compounds from the EU open-screen
chemical library which were able to interrupt the interaction between
podoplanin and CLEC-2 in the first screening (Figure 19). However,
biochemical assays, such as ALPHA screen, can be altered by false
positive agents which can be detected using the TruHits Kit® designed
by Perkin Elmer. Using the TruHits assay, we identified 17 potential

hits, as it is shown in the Figure 20 (blue dots).
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Figure 20. Scatter plot showing TruHits® assay to identify potential false positive
compounds on the screening. Blue dots over the cut-off indicate potential hits and
red dots below indicate false positive compounds. The scatter plot was shows data

from a single point assay.
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We continued to categorise the possible candidate compounds by their
potency after identifying the false positive compounds. To do so, we
assessed different concentrations of the compounds on our ALPHA
screen platform. The two most powerful compounds, sennoside A
(IC50 1.3 pM; Figure 21i) and katacine (IC50 2.7 uM; Figure 21ii),
were chosen for functional tests utilising light transmission
aggregometry (LTA). The remaining, less powerful chemicals (Figure
21iii-vi) were not tested. The list of compounds and 1C50 is shown in
Table 66. The dose responses corresponding to the other 11 compounds

are found in the appendix II.
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Figure 21. Dose-response curves of potential hits and IC50 of six potential

compounds. Graphs show the percentage inhibition of the ALPHA screen signal by
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Table 6. List of potential hits identified on ALPHA screen. Detailed
information of top compounds identified during ALPHA screening as a
disruptor of CLEC-2- podoplanin interaction and ranked according to
their potency showed on the concentration-response curves. Molecular
weight (MW), half maximal inhibitory concentration (IC50) and
Simplified Molecular Input Line Entry System (SMILE) identifier are

shown for each compound.

Label Name MW IC50 (uM) SMILE CODE

A Sennoside A 862.74 1.3 OC[C@H]([C@H]([C
@@H]([C@H]10)0)0
)O[C@@H]10clccec([
C@@H]([C@@H](c2c
cce(O[C@H]([C@@H]
([C@H]30)0)0[C@H
](CO)[C@H]30)c22)c
3cc(C(0)=0)cc(0)c3C
2=0)c2c3c(0)cc(C(0)
=0)c2)c1C3=0

B Katacine 914.77 2.7 O[C@H]1[C@@H](c(

cc20)cc(0)c20)0c2¢([
C@H](IC@H]30)c(c(

O)cc(O)c4[C@H]([C@
H]50)c(c(O)cc(0)cb)c
60[C@@H]5¢c(cc50)c
¢(0)c50)c40[C@@H]
3c¢(cc30)cc(0)c30)c(0
)ee(0)c2C1
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cC 4-{[4-(pyridin-2-yl)-1,3- 269.32 2.9 Oc(ccl)cecINelne(-
thiazol-2-ylJaminophenol c2nccec2)csl

D 6-dipyridin-2- 357.41 53 C(CNclcce(-
ylpyrimidin-4-amine c2nccee2)ne(-

c2nccec2)nl)Cnlenccl

E N-allyl-6-phenyl-2- 288.35 6.3 C=CCNclcc(-
pyridin-2-ylpyrimidin-4- c2cceee2)ne(-
amine c2nccee2)nl

F N'-[(E)-(3-ethoxy-2- 285.30 6.7 CCOclccec(/C=N/NC(

hydroxyphenyl)methylid
ene]pyridine-2-

carbohydrazide

c2nccec2)=0)c10
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5.3.1.2. Identification of katacine as a CLEC-2 ligand by
HTS

Based on the above results, we proceeded to test the two most promising
compounds based on their IC50 on the ALPHA screen. First, we started
testing the most potent compound identified, sennoside A (a well-
known herbal laxative), at concentrations of 10 and 30 puM. Results
indicated that it has no effect on platelet aggregation or preventing
platelet aggregation induced by rhodocytin 100 nM (data not shown).
However, when we tested katacine at 30 or 10 uM, we found that it
induced a quick and full platelet aggregation response (Figure 22). At
lower concentrations of katacine tested (5, 1, and 0.1uM) no platelet
response was observed. Therefore, platelet aggregation induced by

katacine followed an all-or-none response mechanism.
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Figure 22. Katacine can induce platelet aggregation in an all-or none response
mechanism. A) Representative traces of washed platelets (2x10% platelets/mL)
stimulated by different doses of katacine (0.1-10 uM) and B) The mean % SD of three
independent experiments. Kruskal-Wallis One-Way ANOVA test was used to evaluate
significant differences between the treatment in relation with the control, *

represent significance differences (p<0.05).
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5.3.1.3. Platelet aggregation induced by katacine is Syk- and

Src-dependent and mediated by CLEC-2 activation

CLEC-2, like other ITAM receptors, depends on Syk and Src
phosphorylation to activate downstream signalling and further platelet
aggregation; therefore, to investigate if these kinases were also required
to induce platelet aggregation, we pre-treated platelets with the Syk
inhibitor PRT-060318 (1 uM) and Src inhibitor PP2 (20 uM) before
stimulated with 10uM katacine. Both inhibitors completely blocked
platelet aggregation induced by katacine (Figure 23). These results
clearly suggest that platelet aggregation induced by Kkatacine is
dependent on Syk and Src, indicating that this aggregation could be
initiated by any receptor dependent on these kinases, such as CLEC-2
or GPVI.

To confirm that CLEC-2 is involved in platelet aggregation induced by
katacine, we incubated platelets with the anti-CLEC-2 monoclonal
antibody fragment, AYP1 F(ab)’2 (10 pg/ml), to block CLEC-2 with a
high degree of selectivity. We observed that platelet aggregation was
partially reduced to 28.3% + 2.6, demonstrating that activation is
partially mediated by CLEC-2 (Figure 23).
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Figure 23. Platelet aggregation induced by katacine is Syk- and Src-dependent
and mediated by CLEC-2 receptor. A) Representative traces of washed platelets
(2x108 platelets/mL) stimulated with 10 pM of katacine and pre-treated with 0.1 %
DMSO, the Syk inhibitor, PRT-060318 (1 puM); The Src inhibitor, PP2 (20 puM), or the
anti-CLEC-2 antibody AYP1 F(ab)’2 (10 ug/mL). B) The mean and standard deviation
(SD) of three independent experiments. Kruskal-Wallis One-Way ANOVA test was used
to evaluate significant differences between the treatment in relation with the

control, * represent significance differences where p<0.05.
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5.3.1.4. Katacine induces phosphorylation of CLEC-2 and
key signalling proteins in the CLEC-2 signalling pathway

To assess the effect of katacine on CLEC-2 signalling activation, we
evaluated its impact on the global protein tyrosine phosphorylation
profile. We observed that platelets activated with katacine showed a
comparable profile to platelets stimulated with rhodocytin at 100nM, as

shown in Figure 24A.

Moreover, we used phospho-specific antibodies against tyrosine
phosphorylated Syk on the residues Y525/526 and observed an increase
in phosphorylation levels (4.5 £ 0.9 fold), compared to platelets treated
with the vehicle. This result is comparable to the phosphorylation levels
observed in platelets activated with rhodocytin at 100nM (4.5 + 1.0
fold; Figure 24B). In addition, we evaluated the effect of katacine on
the tyrosine phosphorylation levels on LAT (Y200) and observed an
increase of 18.8 + 5.9 fold when treated with katacine at 10uM,
compared to the vehicle condition. Platelets treated with rhodocytin
also showed an increase in LAT Y200 phosphorylation (41.5 = 4.5
fold).
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Figure 24. Katacine increases tyrosine phosphorylation levels of Syk, LAT, and
global protein tyrosine phosphorylation profiles. A) Representative western blot
against 4G10 antibody. B) representative blot against p-Syk/Syk (i) and p-LAT/
LAT(ii). Mean and SD of three independent experiments quantitated using image J
are represented in (iii) and (iv). Kruskal-Wallis One-Way ANOVA test was used to
evaluate significant differences between the treatment in relation with the control,
* represents significance difference where p<0.05, as stated.
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5.3.15. Katacine increased tyrosine phosphorylation levels
of CLEC-2

As proof of a direct interaction between katacine and human platelets,
we immunoprecipitated CLEC-2 and probed it against 4G10 to evaluate
the impact of katacine on CLEC-2 phosphorylation levels. We
demonstrated that katacine caused a marked increase in CLEC-2
tyrosine phosphorylation levels (6.6 + 4.6 fold), relative to platelets
treated with the vehicle. A similar result was observed in platelets
treated with rhodocytin (6.1 + 4.6 fold) (Figure 25).
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Figure 25. Katacine increases CLEC-2 tyrosine phosphorylation levels. A) CLEC-2
tyrosine phosphorylation levels in platelets stimulated with rhodocytin 100 nM or
katacine 10 pM compared with the DMSO 0.1% control. (B) shows the mean + SD
values from three independent experiments. A Kruskal-Wallis one-way ANOVA test
was used to evaluate significant differences between the treatment in relation to

the control. (* represents significance difference where p < 0.05, as stated.)

103



Luis A Moréan

5.3.1.6. Katacine structure

It is not fully understood how katacine induces platelet aggregation
through CLEC-2, but it is known that clustering is required for CLEC-
2 activation. Proanthocyanidins, such as katacine, are known to
polymerise, which may explain why katacine is an agonist rather than

an antagonist, as expected for a monomeric ligand.

Therefore, we decided to analyse katacine by mass spectrometry to
confirm the polymeric nature of the ligand. First, we estimated the
monomeric structure for a proanthocyanidin, which corresponds to
flavan-3-ol (C1sH1407) and has a mass of 306 Da. This was considered
as the basic unit of katacine. Based on this criterion, we calculated the

expected mass of oligomers of katacine, as shown in table 7.

Table 7. Molecular weight and size of the oligomer of katacine
calculated based on flavan-3-ol. A) Molecular structures of i) the
monomeric flavan-3-ol and ii) its trimer (katacine). B) Table to show
different theorical order of oligomerisation that can be formed from
flavan-3-ol (monomer) and their calculated formula and molecular
weight. Formula of each polymer was calculated using the equation
showed in (A)
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C45 H38 021 (X3)

HO HO

Polymeris X*n —(2n-2)*(H)

Formula Order of oligomerisation Molecular weight (Da)
Cl15H14 O7 X1 306.0739
C30 H26 014 X2 610.1322
C45 H38 021 X3 914.1905
C60 H50 028 X4 1218.2488
C75 H62 035 X5 15223070
C90 H74 042 X6 1826.3654
C105 H86 049 X7 21304236
C120 H98 056 X8 2434 4819
Cl135H110 063 X9 2738.5400
CI50H122 070  X10 30425984
Cl65H134 077  X11 3346.6567
Cl80HI156 084  X12 3660.7932
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Using mass spectrometry, we identified the minimum size of katacine
as a trimer (~914 Da) (Figure 26A). We also identified the presence of
tetramers (~1218Da), pentamers (~1522Da), hexamers (~1826Da), and
a higher order of oligomerisation up to dodecamers (~3660 Da) (Figure
26A).

Furthermore, we discovered that katacine trimers and hexamers are
sodiated and potassiated in mass spectra (Figure 26B—-E), implying that
medium-sized oligomeric entities are polar. This could indicate that the
negative charge of katacine is essential for interaction with the

positively charged extracellular CLEC-2 domain.
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Figure 26. Mass spectra of katacine confirm that it is a mixture of oligomers with
different sizes and has a polar nature, with possible implications on CLEC-2
binding. 10 uM of katacine resuspended in 200 mM ammonium acetate was injected
into an HPLC for separation and electrosprayed into an Orbitrap mass spectrometer
in Intact protein mode for mass spectrometry analysis. (A) represents the global mass
spectra of katacine; X1-X12 indicates the size of the polymer of katacine. A decrease
in the intensity of the signal is observed with the size of the polymer. The size of the
oligomers was calculated based on the monomeric structure of flavan-3-ol. (B-E)
represent the zoom in peaks belonging to trimers (B), tetramers (C), pentamers (D),
and hexamers (E) in their sodiated and potassiated forms. m/z indicates the mass of
the species. X(n) indicates the size of the oligomer (X3: Trimers; X4: Tetramers, X5:
Pentamers, etc.); sodiated and potassiated oligomers are indicated by +Na* and +K*,

respectively.

5.3.1.7. Molecular docking studies predict katacine binds to
the same CLEC-2 binding site as podoplanin

We applied the AutoDock Vina algorithm for the binding site prediction
of katacine. Our in-silico analysis suggested that katacine may bind to
Arg-117, Arg-118, Arg-152, and Arg-157 on the extracellular domain
of CLEC-2, as is the case for rhodocytin and podoplanin with an affinity
of -6.6Kcal/mol, according to the AutoDock Vina score (Figure 27).
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Figure 27. Molecular docking prediction of the katacine binding site for CLEC-2.
Molecular docking has been conducted using AutoDock Vina and ADT for protein
preparation. Grid boxes for the binding prediction covered the extracellular domain
of CLEC-2, using the crystal structure of human CLEC-2 (PDB: 2C6U). A) Katacine can
bind to a positive charge surface rich in arginine in the CLEC-2 extracellular domain
(Arg-107, Arg-118, Arg-152, Arg-157). The binding site for podoplanin and rhodocytin

is enclosed in the red circle.
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We also extended our research to other sites of the extracellular
domains of CLEC-2, and the algorithm suggests a possible allosteric
binding site of CLEC-2 on the opposite face of the canonical CLEC-2
binding site with an estimated affinity of -6.9 kcal/mol (Figure 28).

Katacine

Canonical binding site

Figure 28. Katacine may bind to an allosteric binding site on CLEC-2. Molecular
docking indicated an additional highly scored binding site on CLEC-2 for katacine
interaction on the opposite site of the canonical binding site reported for other
ligands (enclosed in a red circle). AutoDock Vina predicted a binding for katacine
binding on Ser-166 and Asn-194.
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5.4. Discussion

For the identification of small molecule ligands of CLEC-2, we used an
ALPHA screening high-throughput assay, based on ligand-receptor

interaction.

The main advantage of this technology is that it is a strong tool to
identify agents with potential effects for interrupting podoplanin and
CLEC-2 interaction. However, the probability of identifying false hits
is high since many chemical agents can interrupt the ALPHA screen
signal without having an interaction with the targeted receptor.
Nevertheless, this limitation can be easily overcome using tools such as
the AlphaScreen TruHits kit to identify potential false positives, such
as singlet oxygen quenchers, as is the case with compounds containing
transitions metals such as Fe*3, Fe*2, Zn*2, or Cu *2. Biotin mimetics,
colour quenchers (compounds absorbing energy at the wavelength as
the donor or acceptor beads), and insoluble compounds (light scatterers)
are also common false positives that can be identified by the
AlphaScreen TruHits Kit.

Another important limitation of the biochemical-based approach is that
despite showing a direct interaction with the receptor, biochemical-
based assays are unable to predict the effect of the potential ligand in
functional assays. Therefore, it was crucial that potential hits were

validated in platelet functional assays.
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In line with the approaches described above, the experiments carried
out in this thesis were designed to identify new ligands for CLEC-2. In
our first set of experiments, we found a small molecule able to prevent
platelet aggregation and calcium release induced by rhodocytin, but it
also blocked platelet aggregation in platelets treated with the GPVI
specific agonist, CRP. The compound F1113 potentially prevents
platelet aggregation through an intracellular signalling event, common
between both receptors. Nonetheless, global proteomic studies are
needed to identify where F1113 is acting to block platelet aggregation
induced by rhodocytin or CRP.

These experiments have shown that katacine induces platelet activation
through Src- and Syk-mediated phosphorylation of CLEC-2 in a similar
way to rhodocytin. We identified that platelet aggregation induced by
katacine occurs as an all-or-none response mechanism (Shin & Morita,
1998) and that this activation can be partially inhibited by AYP1
F(ab)’2, a CLEC-2 antibody fragment.

Katacine is a proanthocyanidin derived from the knotweed family of
flowering plants, which belongs to the polygonaceae family. These
chemical structures are found in the plant kingdom as oligomers or
polymers, and most of them have antioxidant characteristics and a high
affinity for protein binding (Rue, Rush, & van Breemen, 2018). These
polymers are of planar structure, and, predominantly, negatively
charged. We believe that this characteristic allows the interaction with
positively charged arginine residues, like those found in the canonical
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rhodocytin and podoplanin (Martin et al., 2021; Nagae et al., 2014;
Watson et al., 2008). In fact, katacine (trimer) can bind to the same
location on CLEC-2 as podoplanin and rhodocytin, according to our
molecular docking predictions. Furthermore, our in-silico studies
revealed that Asn-194 and Ser-166 on the C-type lectin-like domain
could bind to katacine, implying an allosteric binding site.

The recognition of this binding ligand pattern could help in the
development of more powerful ligands. However, the katacine-CLEC-
2 complex should be co-crystallised to map the binding site in detail
and confirm the presence of an allosteric binding site. Furthermore,
katacine binding to a non-canonical binding site on CLEC-2 may
explain why AYP1 is not able to completely block platelet aggregation
induced by katacine, considering that AYP1 may bind to the rhodocytin

or podoplanin canonical binding site.

It has been demonstrated that CLEC-2 activation requires clustering of
the receptor (A. Y. Pollitt et al., 2014). This mechanism is consistent
with the fact that podoplanin is present as multiple copies on the cell
surface, and rhodocytin is a tetrameric protein, allowing both proteins

to stimulate platelet activation through the crosslinking of CLEC-2.

We have shown through mass spectrometry that katacine is a mixture
of polymers, as has been reported for other proanthocyanidins (Rue et
al., 2018). The relevance of this result is that it suggests a model in

which katacine could promote oligomerisation of CLEC-2 by multiple
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interactions between katacine oligomers and CLEC-2. We cannot
exclude that katacine may also bind to other receptors on the platelet
membrane, since we observed partial inhibition on platelet aggregation
induced by katacine in the presence of AYP1, compared to the full
inhibition observed in the presence of Syk and Src inhibitors. However,
these results could also reflect the possibility that katacine may bind to
two different sites on CLEC-2.

Recently, Montague et al. have found that the three platelet ITAM
receptors behave as pattern recognition receptors (PRRs), since they are
activated by a diverse range of polyvalent charged ligands (Montague
et al., 2021). The charged nature of katacine that we observed is
consistent with this mechanism. However, we did not see a clear
increase in the phosphorylation of the FCR-y chain, which may point to

a degree of selectivity for CLEC-2.

Another interesting observation was the fact that katacine did not
induce platelet aggregation in a murine model. We assume that this may
be due to the lack of homology between human and mouse CLEC-2
(62%) (Martin, Zuidscherwoude et al. 2021). This data may be in line
with the hypothesis of katacine binding to an allosteric binding site,
since the amino acid residues adjacent to S166 in this region are not
conserved between human CLEC-2 (QKS!®NEV) and mouse CLEC-2
(QNSKKD).
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We have highlighted potential challenges that should be considered for
the development of new ligands against receptors in which activation is
mediated by multivalent proteins, as is the case with CLEC-2 and
rhodocytin/podoplanin. Nevertheless, we have identified katacine as a
novel CLEC-2 ligand which activates platelets by a Syk- and Src-
dependent mechanism. Nonpolymeric forms of proanthocyanidins may
represent a novel scaffold for the development of subsequent CLEC-2
antagonists and we propose that this is an exciting avenue of further

research.
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6. Chapter 6: Development of Multimeric Ligands against
Human CLEC-2

6.1. Introduction

CLEC-2 is a single transmembrane receptor, and clustering is required
to induce downstream signalling and platelet aggregation after ligand
engagement (Hughes, Pollitt et al. 2010, Pollitt, Grygielska et al. 2010,
Martyanov, Balabin et al. 2020). CLEC-2 activation is mediated by
proteins, or oligomeric ligands, that lead to multiple interactions
between CLEC-2 and the ligand molecules. Divalent ligands, such as
AYP1 F(ab),, are effective in blocking platelet aggregation mediated by
CLEC-2 (Gitz, Pollitt et al. 2014), whereas tetrameric rhodocytin in
snake venom induces platelet aggregation (Suzuki-Inoue, Fuller et al.
2006, Watson, Eble et al. 2008).

To our knowledge, it has not been systematically explored how the
valency of the ligand affects CLEC-2 clustering, leading us to pose the
following questions: (1) Is there a minimum size of the ligand required
to initiate downstream signalling? (2) Does the valency of the ligand
matter for the degree of oligomerisation?

To address these questions, this chapter focuses on the development of
single-chain camelid nanobodies raised against CLEC-2 and their
divalent and tetravalent forms, to investigate how different valences

facilitate the crosslinking of a single transmembrane receptor and
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induce platelet aggregation. The findings are expected to improve our
knowledge of the CLEC-2 activation mechanism and provide novel

insights for the development of therapeutical agents against CLEC-2.

6.2. Aim

The aim of this chapter is to determine, using novel multimeric
nanobodies, the valency of the ligand required to cause platelet
activation through CLEC-2.

6.3. Results

6.3.1. Initial Screening of Nanobodies Generated Against

Human CLEC-2

To develop novel and potent ligands, nanobodies were raised against
human CLEC-2 (residues 55-229) in collaboration with VVIB Nanobody
Core. In total, 48 clones inserted into a pMECS-GG vector backbone
were received and were subsequently expressed in a bacterial system,

followed by column affinity purification.

The purified nanobodies underwent an initial screening using flow
cytometry to identify the interaction of the nanobodies with human
platelets in whole blood. Platelets were incubated with each nanobody
and then incubated with the anti-his tag antibody, which recognises the

his-tag present in the nanobody. This screening suggested that 9 out of
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48 nanobodies interacted with the platelet surface, suggesting they may
potentially bind to CLEC-2 on human platelets (Figure 29A).

In another flow cytometry assay, samples were incubated in the
presence of the CLEC-2 monoclonal antibody, AYP1 F(ab)2. The
presence of AYP1 F(ab)2 prevented the binding of the 9 nanobodies
tested (Figure 29B). This finding suggests that the nanobodies 4, 17,
18, 29, 30, 36, 37, 45, and 47 bind to the same binding site as that of
AYP1.

A

- -

Fold change of MFI (FL4)
O AN WA GO D WD 3

== Vehicle AYP1

Figure 29. Screening of Nanobodies Against Human CLEC-2. Representative flow
cytometry data of whole blood samples, presented as mean fluorescence intensity
(MFI) normalised by MFI of secondary staining alone (a.u.) A) for all nanobodies raised
against CLEC-2 and B) for 9 selected nanobodies, incubated in the presence of AYP1.
Nb= nanobody. This screening was done by Ms Ying Di (Technician in the Birmingham

platelet group).
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Light transmission aggregometry revealed that only four nanobodies
(Nb4, Nb32, Nb37, and Nb47) blocked platelet aggregation mediated
by CLEC-2 in response to podoplanin on the surface of HEK293T cells
(data not shown). Therefore, subsequent experiments focussed on Nb4,
Nb32, Nb37, and Nb47.

To confirm binding and determine the affinity constant (Kp), the
nanobodies were assessed using surface plasmon resonance (SPR;
Biacore T200) in collaboration with Dr Eleyna Martin (University of
Birmingham). The SPR experiments were performed for Nb4, Nb36,
Nb37, and Nb47.

The Kp value determined for the interaction of recombinant CLEC-2
with the nanobodies ranged from 144 nM to 218 nM, with Nb4 showing
higher affinity for CLEC-2 than the other nanobodies, as shown in
Figure 30.
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Figure 30. Surface Plasmon Resonance (SPR) Sensograms of Potential Nanobody
Ligands for CLEC-2. A-D) Recombinant human CLEC-2-hisx6 was immobilised on a
CM5 chip; different concentrations of nanobodies (A) Nb4, B) Nb32, C) Nb37, and D)
Nb47) were flowed in the mobile phase over CLEC-2. Affinity constants (Kp) were
calculated using steady-state analysis within Biacore T200 evaluation software. The
experiments were performed by Dr Eleyna Martin (Postdoc in the Birmingham
platelet group) in triplicate (N = 3).

It was also observed that the affinity of nanobodies was lower than that
of the CLEC-2 monoclonal antibody, AYP1 F(ab). (Kp = 1.2 nM; ka
[1/M x s] was 2.681 x 10°, and the kd (1/s) was 0.003138; Figure 31).

Additionally, the SPR sensograms obtained for the nanobodies showed
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an immediate association when the nanobodies were flowed over
CLEC-2. However, a rapid dissociation was also observed after 120 s.
This pattern differs from the pattern observed in the sensogram
generated for the 1gG fragment AYP1 (Figure 31).
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Figure 31. SPR Sensograms Showing AYP1 IgG Binding to an Immobilised Surface
of a Recombinant CLEC-2-hisx6 Tag. An affinity constant (Kd) was calculated using
kinetic analysis within Biacore T200 evaluation software. This experiment was
performed by Eleyna Martin (Postdoc in the Birmingham platelet group) in triplicate
(N =3).

6.3.2. Development of Multimeric Ligands of CLEC-2

To design multimeric ligands of CLEC-2, the sequence of the most
potent nanobody identified by SPR—Nb4, later renamed as LUAS—

was used. The first approach was to develop a homodimer of LUAS by
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linking two copies of the LUAS DNA sequences (471 bp) by a flexible
(Gly4Ser)3 linker sequence. The first cloning strategy was the insertion
of Xmal and Sall restriction sites sequences between the LUAS
sequence and HA-His6 sequence (PelB-LUAS-Xmal-Sall-HA-His6)
(namely, clone 1; 5Kb). The second clone consists in a copy of LUAS
with the linker sequence (~500 bp)(PelB-Xmal-(GGGGS)3-LUAS-
Smal-HA-His6; provided by Twist Biosciences).

After digestion, clones were visualised by gel electrophoresis (Figure
33). The first clone containing the vector and LUAS was observed
around 5 kb, whereas the second digested clone showed two bands—a
lower band around ~500 bp, which corresponded to the sequence
containing LUAS and the linker (Xmal-(GGGGS)3-LUAS-Sall) and an
upper band, which was inferred to be the empty vector (Figure 32).
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Figure 32. Agarose Gel Containing the Amplification Products of Clones 1 and 2.
Both clones were digested with Xmal and Sall restriction enzymes and
electrophoresed on a 4% agarose gel supplemented with SYBR™ Safe DNA Gel Stain.
Fractions of the clones containing the open vector, including a copy of LUAS
sequence (clone 1) and the LUAS+Linker insert (clone 2) DNA sequences are marked

with a white rectangle.

6.3.2.1. Expression of LUAS-2 and LUAS-4

LUAS-2 and LUAS-4 (containing two or four copies of LUAS) were
expressed using a E. coli expression system (WKG6) and purified in two
steps: firstly, using a gravity purification column packed with nickel-

chelated beads, secondly the elutes were further purified by injecting
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into a size exclusion column (SEC) coupled to an AKTA Pure system
(gel filtration (GF)).

LUAS-2 was eluted from the GF column at 170 mL (Figure 33Ai),
whereas LUAS-4 was eluted at 140 mL (Figure 33 Aii). The maximal
absorbance values showed that LUAS-2 was highly expressed by the
bacterial expression system (250 mAU UV), but the expression of
LUAS-4 was markedly lower (4 mAU UV).

The theoretical molecular weight (MW) of LUAS-2 and LUAS-4
suggested that the mass of LUAS-2 and LUAS-4 was 29.7 kDa and
58.98 kDa, respectively.

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was used to characterise the LUAS-2 and LUAS-4 fractions
obtained. In the case of LUAS-2, a single band per fraction was
observed indicating high purity of the sample (Figure 33Bi); these
fractions were combined and used for further characterisations. In the
gel with LUAS-4, the first two fractions showed several bands,
suggesting the presence of impurities. The intensity of the bands
observed in fractions 7-10 was extremely low. Therefore, only the
fractions 3—6 were combined for further experiments with LUAS-4.

The fact that the bands observed in the gels were below 34 kDa (Figure
33 Bi) and over 55 kDa (Figure 33Figure 32 Bii) indicates that the
bands correspond to LUAS-2 and LUAS-4 (MW: 29.7 kDa and 58.98
kDa,), respectively.
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Figure 33. Chromatograms and SDS-Polyacrylamide Gels of LUAS-2 and LUAS-4.
The chromatogram represents the arbitrary units of UV versus the elution volume of
sample injected into an AKTA Pure system using a gel filtration column. (Ai) shows
the LUAS-2 elution chromatogram and (Aii) shows the LUAS-4 elution chromatogram.
(B) shows SDS-polyacrylamide gels of the elution fractions collected for LUAS-2 (Bi)
and LUAS-4 (Bii).

6.3.3. Dimerisation of LUAS Significantly Improves Its
Affinity for CLEC-2

To assess the effect of dimerisation on the affinity of the nanobody,
surface plasmon resonance (SPR) technology (BIACORE T200) was
performed, in collaboration with Dr Eleyna Martin (University of

Birmingham).
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The affinity constant (Kp) for LUAS-2 was 0.5 nM (Figure 34), which
was 200 times higher than the Kp (144 nM) of the original monovalent
nanobody LUAS (Figure 30). The affinity of LUAS-2 (Kp: 0.5 nM; the
on-rate [1/M x s] was 3.094 x 10°, and the off-rate [1/s] was 1.416) is
comparable with that of the CLEC-2 monoclonal antibody, AYP1 Fab2,
(1.2 nM; ka (1/M x s) was 2.681 x 108, and the Kp (1/s) was 0.003138;
Figure 30).

45 — 0.3905 nM
2 — 0.781 nM
E 10 — 1.5625 nM
§ 3.125 M
4] 5
x — 6.25nM

0 T T T 1

0 100 200 300 400
Time / sec

Figure 34. SPR sensograms showing LUAS-2 binding to recombinant CLEC-2-hisx6
tag immobilised on a surface. An affinity constant (Kp) was calculated using a kinetic
analysis within Biacore T200 evaluation software. This experiment was performed by

Eleyna Martin (Postdoc in the Birmingham platelet group) N =3.
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6.3.4. LUAS-2 Prevents Platelet Aggregation Induced by
Rhodocytin

At 1 nM, LUAS-2 inhibits platelet aggregation induced by 100 nM
rhodocytin (2.08% + 1.45%) compared with platelets treated with the
vehicle control (86% + 2.3%; Figure 35). A similar result was observed
for the divalent antibody fragment AYP1 Fab; (3% + 2%; Figure 35),
whereas monovalent LUAS (200 nM) did not inhibit platelet

aggregation induced by rhodocytin, likely owing to its lower affinity.
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Figure 35. Divalent LUAS-2 and AYP1 F(ab)2 Inhibits Platelet Aggregation Induced
by Rhodocytin. (A) Representative platelet aggregation traces obtained from
washed platelets stimulated with rhodocytin (100nM) and pre-treated with or
without LUAS-2. PBS was used as a vehicle in the absent of LUAS-2 condition (B) Mean
and standard deviation (SD) of three independent experiments (N = 3). Unpaired t-
test with Welch's correction were used to determine significant differences (p <
0.05).
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6.3.5. LUAS-4 Acts as Potent Agonist of CLEC-2

In contrast to LUAS and LUAS-2, the tetravalent ligand LUAS-4
induced strong platelet aggregation at a 10 nM dose (Figure 36).
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Figure 36. Comparison of the Effects of LUAS, LUAS-2, and LUAS-4 on Human
Platelet Aggregation. (A)Representative platelet aggregation traces using washed
platelets (2 x 108 cells/mL) treated with LUAS (i), LUAS-2 (ii) and LUAS-4 (iii) at 10
nM (B) Mean and standard deviation (SD) of three independent donors. Unpaired t-
test with Welch's correction were used to determine significant differences (p <
0.05). (N = 3)

Platelet aggregation induced by LUAS-4 was fully inhibited by the Syk
inhibitor PRT-060318 and the Src inhibitor PP2 (Figure 37i-ii).
Additionally, the monoclonal antibody fragment AYP1 F(ab)2 also
completely inhibited platelet aggregation induced by LUAS-4 (Figure

37iii).
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Figure 37. LUAS-4 Induces Platelet Aggregation Through CLEC-2. (A)
Representative platelet aggregation traces of platelet stimulated with LUAS-4 (10
nM) and pre-treated with the Syk (PRT-060318 [1 uM]) (i), the Src inhibitors (PP2 [20
pM]) (ii), the monoclonal CLEC-2 antibody fragment AYP1 Fab2 (iii) or the vehicle
(DMSO 0.1%) (iv). (B) Mean and SD of three independent experiments. Unpaired t-
test with Welch's correction were used to determine significant differences (p <
0.05), (N=3)

Additionally, LUAS-4 induced strong tyrosine phosphorylation in
human platelets, to similar levels observed for rhodocytin (100 nM).
There was an increase in the phosphorylation levels of Syk (Y525/526)
and the adapter protein LAT (Y200; Figure 38). Tyrosine
phosphorylation of platelets induced by LUAS-4 was inhibited by the
Syk and Src inhibitors, PRT-06038 (1 pM) and PP2 (20 uM)

respectively, and by 10 pg/mL of AYP1 Fab2. In the latter cases, the
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phosphorylation levels were comparable with the basal levels (Figure
38).
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Figure 38. LUAS-4 Increases Protein Tyrosine Phosphorylation in Human
Platelets, Reversed by Syk and Src Inhibitors or AYP1 F(ab)2. Washed platelets (4
x 108/mL) under non-aggregating conditions were stimulated with LUAS-4 (10 nM).
The role of Syk and Src was monitored preincubating platelets with PRT-060318 (1
pM), PP2 (20 puM), or the CLEC-2 monoclonal antibody AYP1 F(ab), (10 pg/mL).
Rhodocytin (100 nM) was used as a positive control of protein tyrosine
phosphorylation mediated by CLEC-2 activation. The blot shown is a representative

figure of three independent experiments (N = 3).
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The fact that tetrameric LUAS-4 induced tyrosine Kinase
phosphorylation and platelet aggregation mediated by CLEC-2, while
the monomeric and dimeric forms did not, led us to systematically

explore the effects of other CLEC-2 ligands according to their valency.

6.3.6. Dimeric and Monomeric Ligands Do Not Induce
Human Platelet Aggregation

To assess whether other monomeric or dimeric CLEC-2 ligands could
induce platelet aggregation, we first explored full-length, dimeric
AYP1. AYP1 induced strong platelet aggregation in human washed
platelets (Figure 39i), which was inhibited when platelets were

incubated with the anti-Fc receptor fragment 1V.3 Fab (Figure 39ii).

It was found that AYP1 Fab and F(ab)2 failed to induce platelet
aggregation (Figure 39iii—-iv). These results are consistent with those
previously observed with LUAS and LUAS-2, suggesting that
monomeric or divalent ligands are unable to induce human platelet

aggregation.
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Figure 39. Monovalent or Divalent Forms of AYP1 Failed to Induce Human Platelet
Aggregation. (A) Representative platelet aggregation traces obtained from washed
platelets stimulated with (i) the IgG AYP1 (6.6nM) or (ii)pre-treated with the anti-Fc
receptor (IV.3) at 30 pg/mL and stimulated with the 1gG AYP1 (6.6nM) (ii) or
stimulated with AYP1 fragments Fab (iii) and Fab2 (iv). (B) Mean and standard
deviation (SD) of three independent experiments (N = 3). Unpaired t-tests with

Welch's correction were used to determine significant differences (p <0.05).
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Noting this pattern, the effect of the endogenous ligand of CLEC-2,
podoplanin, was assessed using the recombinant human-podoplanin-
rabbit Fc. It was observed that dimeric podoplanin failed to induce
platelet aggregation (Figure 40i). However, when multiple copies of
the ligand were immobilised on the cell membrane of HEK293T cells,

podoplanin induced human platelet aggregation, whereas podoplanin-
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Figure 40. Dimeric Podoplanin Was Unable to Cause Platelet Aggregation in
Human Platelets, Whereas Podoplanin-Expressing Cells Induced Platelet
Aggregation. (A) Representative platelet aggregation traces obtained from washed
platelets treated with (i) human podoplanin-rabbit Fc (330 nM), (ii) Podoplanin
knockout HEK293T or (iii) wild-type HEK293T cells. (B) Mean and standard deviation
(SD) of three independent experiments (N = 3). Unpaired t-tests with Welch's

correction were used to determine significant differences (p < 0.05).
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6.3.7. Effect of Monovalent, Divalent, and Tetravalent
LUAS on CLEC-2 Clustering

The effect of the valency of the ligand in the clustering of CLEC-2 was
assessed using fluorescence correlation spectroscopy (FCS), which
allows the measurement of the molecular dynamics of a receptor on the
membrane of living cells, through the observation of fluorescent
molecules diffusing through a fixed and reduced observational confocal
volume. FCS determines diffusion rates and molecular brightness
(Kinjo, Sakata et al. 2011, Machan and Wohland 2014). Dr Joanne
Clark performed FCS studies in CLEC-2-eGFP transfected HEK293T
cells treated with the different valency nanobodies (LUAS, LUAS-2,
and LUAS-4).

CLEC-2-eGFP transfected cells stimulated by the monovalent
nanobody LUAS did not show significant differences in the diffusion
rate or molecular brightness (Figure 41) when compared with untreated
control. However, the addition of the multivalent forms of LUAS
(LUAS-2 and LUAS-4) caused reduced diffusion rates of CLEC-2,
showing only significant differences with LUAS-4 (Figure 41). The
effect on the diffusion rate could be explained by the multivalent form
of the ligand significantly increasing the size of the complex, slowing
down the flux of the receptor through the confocal volume. LUAS-2
and LUAS-4 significantly increased the molecular brightness values of
CLEC-2-eGFP (Figure 41ii), indicating oligomerisation of CLEC-2-
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eGFP molecules in the membrane. These data together suggest receptor
clustering by the multivalent nanobodies.
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Figure 41. Membrane Dynamics and Molecular Brightness of CLEC-2-Transfected
Cells Stimulated with LUAS, LUAS-2, and LUAS-4 Using fluorescence correlation
spectroscopy (FCS). (i) Representative confocal microscopy images showing
membrane localisation of CLEC-2-eGFP transfected HEK293T cells treated with LUAS
(10 nM), LUAS-2 (10 nM), or LUAS-4 (10 nM). Box plots showing the effect of LUAS (10
nM), LUAS-2 (10 nM), or LUAS-4 (10 nM) on CLEC-2-eGFP (ii) diffusion coefficients,
(iii) molecular brightness (cpm s-1). For all box plots, the central line represents the
median, whereas the box limits indicate the 25th and 75th percentiles, and whiskers
extend to minimum and maximum points. Significance was determined with Kruskal-
Wallis test with Dunn’s post-hoc test, where P < .05. In (C), * = significance compared
to CLEC-2 alone (no ligand). FCS measurements were taken in 39-65 cells (N = 3-6).

scale bar =5 um. These experiments were performed by Dr Joanne Clark.
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6.4. Discussion

Platelet activation mediated by CLEC-2 has been widely explored since
its recognition as a rhodocytin receptor. Receptor dimerisation has been
suggested as a potential mechanism of activation of CLEC-2. It is
recognised that Syk plays an important role in bridging CLEC-2 on the
platelet membrane from its SH2 domains (Hughes, Pollitt et al. 2010).
Thus, Syk has arole as an intracellular linker. However, it is well known
that for CLEC-2 activation an extracellular ligand (or linker) is also

required to induce receptor mediated platelet activation.

Nonetheless, the mechanism by which an extracellular linker activates
CLEC-2 had not been systematically explored, raising the following
questions: What is the minimum ligand size needed to activate CLEC-
2-mediated platelet aggregation? Could ligand multimerisation be used
as a tool to generate more potent ligands for CLEC-2? Does the ligand

regulate the size of the cluster?

To address some of these questions, molecular biology technologies
were used to generate novel nanobody-based ligands for human CLEC-
2. The present findings demonstrate that dimerisation of the most potent
nanobody identified by SPR (nanobody 4 or LUAS) potentially
increases the affinity of the ligand, resulting in an ultra-potent
antagonist of CLEC-2.

This is not the first time that this approach has been used for the

generation of a potent antagonist against a platelet receptor. The most
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successful approach resulted in caplacizumab, a divalent nanobody
targeting von Willebrand factor, clinically approved for the treatment
of acquired thrombotic thrombocytopenic purpura (Knoebl, Cataland et
al. 2020, Logothetis, Patel et al. 2021, Palanques-Pastor, Megias-
Vericat et al. 2021). Therefore, LUAS-2 may be considered a potential
antagonist of CLEC-2 for clinical development. The inhibitory effect of
divalent LUAS-2 is consistent with that observed for the antibody
fragment AYP1 F(ab)2 on human platelets.

However, because the divalent nanobody did not lead to human platelet
aggregation, the question regarding the minimum size of the ligand (or
external crosslinker) remained unanswered. Therefore, a tetrameric
nanobody form (LUAS-4) was generated, which caused clustering of
multiple CLEC-2 receptors and acted as a strong CLEC-2 agonist. The
present findings are consistent with those observed with the tetrameric
ligand rhodocytin(Shin and Morita 1998, Bergmeier, Bouvard et al.
2001). The findings indicate that tetrameric ligands such as rhodocytin
and LUAS-4 are capable of clustering multiple CLEC-2 receptors,

which is required to induce human platelet aggregation.

The results demonstrate that the divalent ligand AYP1 fab2 and LUAS-
2 are not large enough to induce platelet aggregation in human platelets.
However, they promote CLEC-2 clustering in CLEC-2 transfected
HEK?293T cells. Observations in mouse platelets (data not shown), have
shown that AYP1 f(ab)2 and LUAS-2 can induce platelet aggregation.
Taken together, these findings suggests that dimeric CLEC-2 ligands
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can act as a partial agonist by inducing receptor clustering and this
mechanism most likely depends on multiple factors such as receptor
density. This has previously been observed with other platelet agonists,
such as GPCR agonists, where the dual behaviour is mediated by the
membrane receptor density (Cusack and Hourani 1981, Clark, Knoll et
al. 1999, Michino, Boateng et al. 2017, Shukla 2019).

Data from transfected HEK293T cells showed that CLEC-2 was present
as a mixture of monomers and dimers. However, this finding may vary
when the protein expression level is lower, as may be the case in human

platelets.

The activation of CLEC-2 is a complex and multifactorial process,
where external ligands (oligomeric), internal ligands (such as Syk or
SFK) and receptor density must be finely synchronised to initiate and
propagate CLEC-2 activation. Thus, the absence of one of these factors
can completely inhibit CLEC-2 activation. A model of a possible
activation mechanism of CLEC-2 by divalent and tetravalent ligands is
illustrated in Figure 48.

These findings may be extended to other ITAM receptors on the platelet
membrane, such as FcyRIIA, which is also activated by a tetravalent
ligand, PF4. This ligand has been shown to initiate activation in human
platelets and can lead to complex clinical conditions such as heparin-
induced-thrombocytopenia (HIT) and vaccine-induced immune

thrombotic thrombocytopenia (VITT; Figure 48).
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Chapter 7: Results

7. Chapter 7: Tyrosine kinase signalling is not required for
sustained platelet aggregation measured by light

transmission aggregometry

7.1. Introduction

CLEC-2 and GPVI have important implications in thrombus stability.
As mentioned in the general introduction, CLEC-2 and GPV1 activation
triggers platelet aggregation through Src and Syk tyrosine kinases,
initially via an immunoreceptor tyrosine-based activation motif
(ITAM) and hemITAM, and culminating with the activation of PLC-y.
However, the question remains, does the ITAM tyrosine kinase play a

role in maintaining aggregate stability?

In 2011, Andre et al. demonstrated the critical role of Syk in aggregate
stability when whole blood was flowed over a collagen surface. They
also suggested that the inhibition of Syk kinase protects from arterial
and venous thrombosis in murine models with marginal effects on
bleeding time (Andre, Morooka et al. 2011).

Additionally, platelet disaggregation mediated by ITAM signalling was
demonstrated by Ahmed et al. (2020). They showed that inhibition of
GPVI signalling, by either directly blocking GPVI or through inhibiting
Src and Syk kinases, enhances disaggregation of platelets on a collagen

surface at arterial shear force in the presence of anticoagulants.
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However, they also observed that GPVI-blocking Fab 9012 was unable
to reverse aggregation measured by light transmission platelet
aggregometry (LTA) (Ahmed, Kaneva et al. 2020). On the other hand,
it has been observed that the role of CLEC-2 in stabilising thrombus
formation is independent of signalling mediated by the hemITAM motif
and has been suggested that its role is mediated by adhesive properties
of the CLEC-2 extracellular domain (Haining, Cherpokova et al. 2017).
Both studies were performed under flow and arterial shear rate

conditions.

7.2. Aim

In this chapter, we aim to explore the role of tyrosine kinases in
stabilising aggregates formed under low shear conditions, by measuring
platelet disaggregation by LTA in platelet aggregates induced by
CLEC-2 and GPVI agonists.

We also aim to demonstrate whether platelet aggregation can be
reversed by the dephosphorylation of relevant tyrosine kinases in ITAM

signalling.

146



Chapter 7: Results

7.3. Results

7.3.1. Platelet aggregation mediated by CLEC-2 and GPVI
receptors is weakly reversed after addition of Src, Syk, and
Btk inhibitors

Firstly, to determine the role of tyrosine kinases on ITAM signalling

and the maintenance of platelet aggregates, we tested the effect of

tyrosine kinases inhibitors (Syk, Src and Btk inhibitors) in aggregates

formed by CLEC-2 and GPVI agonists, using LTA.

Platelets were stimulated with either the GPVI-specific ligand, CRP, or
the CLEC-2 ligand rhodocytin. 150 seconds after agonist stimulation,
kinase inhibitors were given, and platelet aggregation was monitored
for an additional 20 minutes. The maximally effective concentration for
each inhibitor was determined by blocking platelet aggregation induced
by CRP or rhodocytin

Platelet disaggregation was estimated using the following equation:

% disaggregation = maximum % aggregation — % aggregation at 20 min

In platelets stimulated with CRP, we observed a 1.5 + 2.8%
disaggregation in the presence of 0.1% DMSO (vehicle control) over
20 minutes (Figure 42Ai-ii). Similarly, platelets treated with the Syk
and Btk inhibitors, PRT-060318 and ibrutinib, showed a small reversal
(3 £ 3.4 and 0.4 £ 0.5% respectively), not indicating any significant
differences compared to the control. However, this result was different
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with platelets treated with the Src inhibitor, PP2, showing a small but
significant percentage of disaggregation (11.4 + 3.9% and 12.1 + 6.8%
of disaggregation, respectively), over the same period (p < 0.05; Figure
42Ai-ii).

The addition of Btk kinase inhibitors to rhodocytin-stimulated platelets
had no significant effect on aggregation over 20 minutes (3.1 £ 4.9 %)
compared to the vehicle (0.58 £ 0.5%). However, the Src inhibitors,
PP2 and dasatinib, induced a slight but significant platelet
disaggregation (10.8 + 10.0 and 5.8 + 5.7 % respectively). Syk
inhibition did not show significance differences compared to the vehicle
control, but a tendency for disaggregation was observed in some donors
(6.86 £ 7.7 %) (p < 0.05; Figure 42Bi-ii).
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Figure 42. Kinase inhibitors cannot reverse GPVI and CLEC-2 mediated platelet
aggregation. Washed platelets at 2x108/ml were stimulated with (A) 10 pg/mL CRP
or (B) 100 nM rhodocytin. Both conditions were then incubated with PP2 (20 uM),
dasatinib (10 uM), PRT-060318 (1 uM), ibrutinib (200 nM), or vehicle after 150 seconds
of agonist stimulation. LTA was monitored for 20 minutes. (i) Representative platelet
aggregation traces. (ii) Mean + SD % disaggregation after 20 minutes of agonist
stimulation from seven identical aggregation experiments. *(P < 0.05) and **(P <
0.001) calculated using Welch’s t-test to indicate statistically significant differences.

ns = not significant. N = 7 separate donors.
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7.3.2. Effect of tyrosine kinase inhibitors on phosphorylation
GPVI and CLEC-2 induce strong tyrosine phosphorylation once their
ligands are engaged, but the effect of tyrosine kinases inhibitors once
phosphorylation has been initiated is unknown. Therefore, our objective
was to evaluate if tyrosine kinase-induced phosphorylation could be
reversed once initiated by the ITAM receptors.

To do so, we monitored if protein tyrosine phosphorylation mediated
by GPVI or CLEC-2 is maintained and at what time maximum
phosphorylation levels are achieved. Tyrosine phosphorylation was
monitored over a period between 0 to 3000 seconds on whole lysates,
using a phospho-specific antibody (4G10 mAb) to follow the global
tyrosine phosphorylation profile. This was also extended to specific
kinases, such as tyrosine phosphorylation on Syk at Y525/526, LAT at
Y200, Btk at Y551 and Y233, and PLCy2 at Y1217.

In the case of platelets stimulated with CRP 10 pg/mL, we observed
that tyrosine phosphorylation of Btk (Y223 and Y525/526) and LAT
(Y200) were increased, with maximum phosphorylation levels after
150 seconds, which was maintained for up to 50 minutes (Figure 43Ai-
i1). A similar response was observed for Syk (Y525/526) and PLCy2
(Y1217) but with a tendency for phosphorylation to start decreasing
after 30 minutes; however, phosphorylation levels were still
significantly higher than in the basal condition (p < 0.05; Figure 43Ai-
if). Similar patterns were found for Btk (Y223 and Y525/526), LAT
(Y200) and PLCy2 (Y1217) when platelets were stimulated with
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rhodocytin. In the case of Syk (Y525/526), we observed a rapid
phosphorylation response, achieving maximal levels at 150 seconds,
followed by a quick reversal of the phosphorylation after 450 seconds;
however, the phosphorylation levels were significantly elevated even
after 50 minutes. This result shows a transient phosphorylation of Syk,
compared to the other kinases where phosphorylation was maintained
(Figure 43Bi-ii).

Since full phosphorylation was achieved after 150 seconds, we tested
the effect of tyrosine kinase inhibitors added at this stage, in the same
way as the LTA assays had been performed. When the Src kinase
inhibitors PP2 and dasatinib were administered in platelets stimulated
with CRP, they triggered fast dephosphorylation of Syk Y525/526,
LAT Y200, Btk Y223, Btk Y551, and PLC2 Y1217, returning to
baseline levels after 20 minutes. Whilst PRT-060318, a Syk inhibitor,
suppressed tyrosine phosphorylation of proteins downstream of Syk,
including LAT Y200, Btk Y223, Btk Y551, and PLC2 Y1217, it only
partially reduced phosphorylation of Syk at Y525/526, which suggests
Syk can be phosphorylated via Src kinases (Figure 44Ai-ii).

Similarly, ibrutinib only inhibited tyrosine phosphorylation of proteins
which lie downstream of Btk, as observed by the autophosphorylation
at Y223 and PLCI[12 at Y1217 (Figure 44Ai-ii).
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Figure 43. Tyrosine phosphorylation is sustained for 50 minutes in GPVI and CLEC-
2 mediated protein phosphorylation. Washed platelets at 4x108/ml were stimulated
with (A) 10 yg/mL CRP or (B) 100 nM rhodocytin in the presence of 9 uM eptifibatide.
Platelets were lysed with 5x reducing sample buffer at the stated times after
addition of agonist. Whole cell lysates were probed for whole cell phosphorylation
or kinase phosphorylation with the stated antibodies. (i) Representative blot and (ii)
bar charts to show the mean = SD % of tyrosine phosphorylation from three
independent experiments. *(P < 0.05), **(P < 0.01), and ***(P < 0.001) assessed by
one-way ANOVA multiple comparison analysis indicate statistically significant

differences. Ns = not significant. N =3

We repeated the same set of experiments in platelets stimulated with
rhodocytin, and the results showed a similar pattern of inhibition in the
presence of inhibitors of Src, Syk, and Btk kinases (Figure 44Bi-ii).
These were consistent with our observations in platelets stimulated with
CRP since both share similar signalling pathways. Nevertheless, there
were several minor differences compared to experiments based on
GPVI activation. For example, PP2 did not inhibit LAT Y200
phosphorylation, and there was no significant difference on
phosphorylation of Syk Y525/526 or PLCy2 Y1217 when treated with
PRT-060318 and ibrutinib, respectively.
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Chapter 7: Results

Figure 44. Kinase inhibitors reverse GPVI- and CLEC-2-mediated protein
phosphorylation. Washed platelets at 4x108/ml were stimulated with (A) 10 ug/mL
CRP or (B) 100 nM rhodocytin in the presence of 9 pM eptifibatide. Platelets were
incubated with PP2 (20 uM), dasatinib (10 uM), PRT-060318 (1 uM), ibrutinib (200
nM), or vehicle after 150 seconds of agonist stimulation. Platelets were then lysed
with 5X reducing sample buffer 20 minutes after addition of agonist. Whole cell
lysates were probed for whole cell phosphorylation or kinase phosphorylation with
the stated antibodies. (i) Representative blot and (ii) bar charts to show the mean +
SD % of tyrosine phosphorylation from three experiments. *(P < 0.05), **(P < 0.01),
and ***(P < 0.001) calculated using Welch’s t-test indicate statistically significant

differences. Ns = not significant. N = 3.

7.3.3. Platelet aggregation was sustained in the presence of
tyrosine kinase inhibitors combined with apyrase and
indomethacin

To explore the role of the feedback messengers ADP and TxA2, we

combined tyrosine kinase inhibitors with the ADP/ATP scavenger,

apyrase, and the cyclooxygenase inhibitor, indomethacin. Surprisingly,
we observed that platelet aggregation was maintained when apyrase and
indomethacin were given both in combination with tyrosine kinase
inhibitors, and in combination with secondary mediator inhibitors

(Figure 45).

Platelet aggregation mediated by GPVI showed a reversal (7.21 + 3.43

% and 3.93 + 1.44 % of disaggregation, respectively), when PP2 and

dasatinib were given in combination with apyrase and indomethacin

(Figure 45Ai-ii). These values are even lower than those observed for

Src inhibitors given in the absence of apyrase and indomethacin
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(Figure 45A). We did not observe differences in the percentage of
disaggregation when PRT-060318 (1.47 + 1.16 %), or ibrutinib (0.6 +
0.25 %) were administrated in combination with apyrase and
indomethacin (Figure 45Ai-ii).

In rhodocytin-stimulated platelets, a similar set of results was obtained
(Figure 45Bi-ii). The maximal percentage of disaggregation was
observed when platelets were treated with Src inhibitors, PP2 and
dasatinib (6.22 + 8.8 and 5.58 + 6.97% of disaggregation, respectively),
but this was not significant. Similarly, PRT-060318 and ibrutinib did
not significantly reverse platelet aggregation (4.7 £ 76.18 and 1.4 + 1.9
% of disaggregation, respectively; Figure 45Bi-ii).
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Figure 45. Kinase inhibitors together with secondary mediators antagonists

cannot reverse GPVI- and CLEC-2-mediated platelet aggregation. Washed platelets
at 2x108/ml were stimulated with (A) 10 pg/mL CRP or (B) 100 nM rhodocytin then
incubated with PP2 (20 uM), dasatinib (10 uM), PRT-060318 (1 uM), ibrutinib (200
nM), or vehicle together with 10 pM indomethacin and 2.5 U/mL apyrase, after 150

seconds of agonist stimulation and monitored by LTA for 20 minutes. (ii) Bar charts

show the mean + SD % of disaggregation after 20 minutes of agonist stimulation from

seven identical experiments. *(P < 0.05) calculated using Welch’s t-test indicates

statistically significant differences. Ns = not significant. N = 7.
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7.3.4. Platelet allbp3 activation is reversed by tyrosine kinase
inhibitors, but platelet aggregation is sustained

We also administrated the allbf3 antagonist, eptifibatide, alone or in
combination with Src and Syk inhibitors after CRP stimulation. We
observed that aggregation was still maintained, and the maximal
reversal in the presence of eptifibatide in combination with Src and Syk
inhibitors was increased (13.4 = 11.6, and 13.7 £ 7.4 %, respectively),
compared to eptifibatide alone (4.5 + 2.8 %) (Figure 46Ai-ii).

To further investigate the above data, we used flow cytometry to
measure activation of the integrin allbf3 using PAC-1-FITC in a
diluted suspension of platelets to prevent aggregation. Src and Syk
inhibitors PP2 and PRT-060318 were added 150 seconds after platelet
activation with CRP, leading to a reversal of allbB3 activation to basal
level in 20 minutes (1.08 + 0.31 and 1.07 + 0.50-fold change in MFI)
compared to the sustained activation present in control platelets (12.8 +
10.5-fold) (Figure 46Bi-ii).
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Figure 46. Role of the integrin allbB3 activation on the reversal of platelet
aggregation by tyrosine kinase inhibitors. A) Washed platelets (2x108/ml)
stimulated with 10 pg/mL CRP and then treated with eptifibatide 9 pM alone or
together with PP2 (20 uM) or PRT-060318 (1 uM), after 150 seconds of agonist
stimulation and monitored by LTA for 20 minutes. (i) Representative platelet
aggregation traces (ii) bar chart to show mean + SD % of disaggregation after 20

minutes of agonist stimulation from six independent experiments (N = 6). *(P < 0.05),
**(P < 0.01) and ***(P < 0.001) calculated using Welch’s t-test indicates statistically
significant differences. B) Reversal of allbB3 activation by tyrosine kinase inhibitors.
Washed platelets (2x10’”/ml) were incubated with PAC-1-FITC, stimulated with CRP
(10 pg/mL), and then treated with vehicle, PP2 (20 uM) or PRT-060318 (1 uM) 150
seconds after agonist stimulation. Flow cytometry measurements were done at 20
minutes after agonist stimulation. (i) Flow cytometry histograms depict activation of
allbB3 in platelets that were unstimulated (blue), treated with CRP (10 pg/mL) and
followed with vehicle (purple), PP2 or PRT-060318 (red). (ii) Bar charts show MFI-
fold change * SD of four independent and identical experiments, N=4.
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We also evaluated if these results are consistent when platelets are
activated by another family of receptors, such as the thrombin GPCR.
Therefore, we induced platelet aggregation using the PAR-1 agonist
TRAPG6. We observed that only the Src inhibitors administered led to a
reversal of platelet aggregation mediated by PAR-1 (PP2: 9.99 + 3.08
%, p < 0.05; Dasatinib: 5.95 £ 4.95 %, ns) while not significance
differences were observed by addition of the Syk inhibitor (2.09 + 0.867
%) (Figure 47).
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Figure 47. Kinase inhibitors cannot reverse TRAP6-mediated platelet
aggregation. Washed platelets at 2x108/ml were stimulated with 15 uM TRAP6 and
incubated with PP2 (20 pM), dasatinib (10 uM), PRT-060318 (1 pM), or vehicle, after
150 seconds of agonist stimulation. LTA was monitored for 20 minutes. (i)
Representative platelet aggregation traces (ii) bar chart to show mean + SD %
disaggregation after 20 minutes of agonist stimulation calculated from six
independent experiments. *(P < 0.05) calculated using Welch’s t-test indicates
statistically significant differences. ns = not significant, N = 6.
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7.4. Discussion

The full explanation of the mechanism by which platelet aggregates are
stabilised is lacking, leaving many questions open: Is thrombus
stabilisation dependent on tyrosine kinase phosphorylation in the
platelet cytosol, such as Syk or Src kinases in the ITAM signalling
pathway? Is the integrin ollbB3 uniquely responsible for the
maintenance of thrombus stability? Despite these questions not yet
having been answered, some emergent research is providing new

insights into the mechanisms of how platelet aggregates are sustained.

It was initially thought that the mechanism sustaining aggregates was
purely mediated by allbf3 (Jackson 2007). Recently, however, it has
been recognised that more receptors are involved. Ahmed et al. (2020)
have demonstrated that the GPVI/FcRy complex has a supporting role
in platelet stability under flow conditions and have suggested, for the
first time, that this mechanism could be mediated by interaction with
fibrinogen, which was recently discovered as a GPVI ligand (Mangin,
Onselaer et al. 2018), rather than collagen. The tyrosine kinase Syk has
also been proposed as having a key part in thrombus stabilisation under
flow conditions (Andre, Morooka et al. 2011) and a supporting role in
both platelet activation on fibrinogen and platelet aggregation in

thrombi formed under flow conditions.

In this chapter, we investigated the role of tyrosine kinases that

participate in ITAM signalling (Src, Syk, and Btk) in sustaining platelet
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aggregation, in platelets stimulated by CLEC-2 or GPVI. Despite not
observing fully disaggregation by any of these kinases, we found that
Src inhibitors led to a partial disaggregation on platelet aggregation
induced by CRP, rhodocytin and by the PAR-1 ligand TRAP6. We also
observed that tyrosine kinase phosphorylation can be rapidly inhibited
by the addition of the kinase inhibitors used in this study.

The fact that Src kinases showed an effect in sustaining platelet
aggregates, and Syk and Btk had no impact, suggests that our
observations might be a consequence of allbp3 outside-in signalling,
rather than a GPVI or CLEC-2-dependent mechanism, reducing the
contractibility mediated by allbB3. This may be in line with the
observation of Auger et al. suggesting the role of Src on platelet
contractibility and stability (Auger and Watson 2008). In contrast to
these findings, an enhanced rate of disaggregation has been described
at arteriolar rates of shear in thrombi produced on a collagen surface
with the addition of a GPVI-blocking Fab or inhibitors of Src and Syk
kinases (Ahmed, Kaneva et al. 2020).

However, the fact that the findings of Ahmed et al were obtained under
high shear conditions makes the loss of platelets at the periphery of the
aggregates more likely, which may be less contracted than the
aggregates formed under LTA conditions, where there is a lack of shear
forces when compared with flow adhesion experiments. Perella et al
recently described how GPVI provides a weakly activating signal which
relies on the integrin allbB3-dependent platelet adhesion and Syk
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activation, for the formation of small thrombi (Perrella, Huang et al.
2021). Therefore, it is likely that the role of Src kinase in maintaining
platelet aggregate stability is also mediated by a cooperative mechanism
between GPVI and integrin allbB3, since both receptors play an
important role in platelet aggregates stability and has been recognised
as fibrinogen receptors.

Interestingly, we observed in the flow cytometry assay, that the integrin
allbp3 activation could be reversed by Syk and Src inhibitors in
platelets incubated with them, while the aggregation is maintained in
the LTA assay. One potential explanation for this, is the higher platelet
density used in the LTA assay compared with the 10 times diluted
platelet preparation used for the flow cytometry experiment. This factor
may release a larger amount of endogenous fibrinogen, leading to the
integrin activation through an inside-out and inside out mechanism,
while in the flow cytometry assay is expected that the activation of the
integrin is solely mediated by the inside-out mechanism. It is unknow
if the outside-in mechanism could be entirely reversed by the inhibitors
of tyrosine kinase Src or Syk. We also hypothesise the involvement of
additional interactions through membrane proteins in supporting

aggregation.

Additionally, we have also observed that platelet aggregation mediated
by the ITAM receptors, GPVI and CLEC-2 are independent of the role
of the positive feedback mediated by ADP and TxA2 under low shear

conditions.
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Finally, the observation that tyrosine kinase inhibitors such as Src
inhibitors could promote partial disaggregation under low shear
conditions, and stronger disaggregation under flow, may have clinical
implications on the detachment of thrombi. Further investigating the
ability to cause thrombus destabilisation could provide possible targets

for antithrombotic therapeutics.
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Chapter 8: Discussion

8. General discussion

CLEC-2 is considered a potential target for the development of a novel
class of inhibitors with a promising antithrombotic effect and
prevention of bleeding, which is the main side effect of current
antiplatelet therapies. The role of CLEC-2 in thromboinflammatory
syndromes also makes this receptor a promising alternative for the
treatment of multiple thromboinflammation-associated diseases,
including cancer or sepsis. However, to achieve this, significant
research is required to understand the molecular and structural basis of

CLEC-2 activation in human platelets.

To improve our understanding of CLEC-2 activation mechanisms,
novel CLEC-2 ligands were developed based on small-molecule
compounds (Chapter 4) and the recombinant sequence of a nanobody
raised against CLEC-2 (Chapter 5). Owing to the implications of
CLEC-2 in thrombus formation and stability, the role of tyrosine
kinases present in the ITAM signalling pathway, in maintaining

thrombus formation, was explored (Chapter 6).

Thus, the overall aim of this dissertation was the development of
different tools to provide further insights into the mechanisms of
activation of CLEC-2 and explore the role of kinases in the maintenance

of the thrombus formed after CLEC-2 activation.
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Chapter 4 of this dissertation focused on the identification of potential
CLEC-2 antagonist based on small molecules; however, the most
relevant finding was the unexpected identification of a novel agonist of
CLEC-2, called katacine. This small molecule induces strong platelet
aggregation, which is dependent on Src and Syk, and cause
phosphorylation of CLEC-2, providing evidence of direct binding to the
receptor. The identification of a CLEC-2 agonist from a small-molecule
chemical library was difficult to explain initially because it has been
reported in the literature that CLEC-2 requires clustering to induce
platelet aggregation. Thus, it seemed unlikely that a small molecule
could cause crosslinking of a single transmembrane receptor. However,
further investigation by mass spectrometry allowed us to confirm that
katacine is in fact a mixture of polymers with different sizes, suggesting
that its polymeric nature allows it to induce platelet aggregation
mediated by CLEC-2, probably by enabling CLEC-2 clustering.

In this section, it was proposed that monomeric forms of katacine may
provide a scaffold for the generation of potential inhibitors of CLEC-2
to prevent the oligomerisation of CLEC-2 by endogenous ligands.
Nevertheless, there are notable practical limitations. 1) It is speculated
that the affinity of monomeric forms of katacine will be considerably
low compared to protein-based ligands. 2) The generation of
monomeric forms of katacine may be considerably challenging since
this is a spontaneous process; therefore, substantial chemical

modifications would be required to prevent the oligomerisation of this
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ligand. However, identifying other proanthocyanins less prone to
polymerisation may be an interesting approach to uncover novel
antagonists of CLEC-2.

Is it Possible to Identify Small-Molecule Inhibitors for the
Prevention of CLEC-2 and Podoplanin Interaction?

Our study did not identify a selective inhibitor of CLEC-2 using the
small-molecule library. F1113 was identified as an antagonist of
platelet aggregation mediated by CLEC-2 and GPVI, this is probably
by inhibiting a common kinase in their signalling pathway when dose
in micromolar range. However, this was not an unexpected outcome
because of the intrinsic challenges in identifying small molecules able
to prevent PPI, owing to their low affinity compared to the protein
ligand, in this case, rhodocytin. To increase the likelihood of identifying
potential small-molecule inhibitors of CLEC-2, it is necessary to screen
compounds with higher chemical diversity; for instance, natural
compounds, or larger molecules, based on the criteria specified in the
Lipinski’s rule of five (Lipinski, Lombardo et al. 2001).

Does the Generation of Biologics Represent an Alternative to
Targeting CLEC-2?

Chapter 5 focuses on the generation of novel ligands of CLEC-2 using
recombinant nanobodies, the smallest antibody-based proteins known
to date. Nanobodies generated against CLEC-2 are superior to small

molecules because their activity is in the nanomolar range, and thus
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they are 1000 times more potent than small molecules. Therefore, they
overcome the low affinity challenges observed for small molecules.
Furthermore, they are suitable for the engineering process because they
can be dimerised using amino acid linkers, which greatly increases the
affinity between the ligand and the receptor, maintaining their blocking
effect.

This study also highlights the relevance of oligomeric external linkers
to induce platelet aggregation because they promote CLEC-2
clustering. This was evidenced by the fact that rhodocytin (tetramer),
katacine (mix of oligomers), and LUAS-4 (tetramer) induced strong
platelet aggregation, whereas monomeric and dimeric ligands, such as
AYP1 F(ab), and LUAS-2, were unable to. These findings provide a
new insight into the minimum size of the ligand (likely a tetramer) to

crosslink CLEC-2 and induce platelet aggregation.

A model depicting the possible activation mechanism of CLEC-2 by
divalent or tetravalent ligands is illustrated in Figure 48A-B. However,
multiple combinations may be involved based on the hypothesis that
CLEC-2 is present in the membrane as a mixture of monomers and
dimers, suggested on the basis of FCS findings (performed by Dr
Clark). This is relevant to understand the stoichiometry of CLEC-2 and
their ligands.

A few potential mechanisms of CLEC-2 activation by a divalent ligand

are as follows:
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A dimeric ligand binds to two single CLEC-2.
A dimeric ligand binds to two dimeric CLEC-2, probably
formed by an intracellular linker, such as Syk.
A dimeric ligand binds to a monomeric CLEC-2 and one

dimeric CLEC-2 in the membrane.

None of the presented models would lead to platelet aggregation as

suggested by the present experimental data. The potential mechanisms

of platelet aggregation mediated in the presence of a tetrameric ligand

are as follows:

1)
2)

3)

A tetrameric ligand binds to four monomeric CLEC-2.

A tetrameric ligand binds to four dimeric CLEC-2, thus
clustering at least eight receptors.

A tetrameric ligand binds to a combination of monomeric and
dimeric CLEC-2.

These models are entirely stochastic, and the reality in vivo would

depend on a number of factors, including the proximity of the
initial CLEC-2 that the ligand binds, receptor density in the
platelet membrane, and how many of them are previously
conjugated by an intracellular linker (e.g.: tyrosine kinases, as
Syk bridging two single receptors). The models proposed here
are based on a single ligand, as a fixed condition, to ensure
simplicity and to provide an insight into the stoichiometry
between the ligands and the CLEC-2 receptor. Furthermore,

stoichiometric studies may also contribute to the study of the
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172

other ITAM receptors on the platelet membrane, such as
FcyRIIA, which is also activated by the tetravalent ligand PF4.
This promotes activation of human platelets and leads to
complex clinical conditions such as heparin-induced
thrombocytopenia (HIT) and vaccine-induced immune
thrombotic thrombocytopenia (VITT; Figure 48C).
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Figure 48. Schematic representation of a potential mechanism of activation
caused by divalent ligands, tetravalent ligands, or the tetrameric complex

PF4/FcRIIA in vaccine-induced immune thrombotic thrombocytopenia (VITT).
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In addition to investigating the role of external linkers in CLEC-2, an
exploration of the role of intracellular linkers such as Syk or Src in the
formation of CLEC-2 clusters would be interesting. However, it was
not included in the present study. Clustering of CLEC-2 is likely a
finely orchestrated event between extracellular and intracellular linkers.
Further research into this dynamic interplay may inform the

development of antagonists of CLEC-2 in the future.

Platelet Aggregate Stability: Is This Property Dependent on ITAM
Tyrosine Kinases?

Chapter 6 focused on investigating whether the tyrosine kinases
involved in the hemITAM signalling pathway play a role in maintaining
aggregate stability by stimulating the CLEC-2 signalling pathway.
These experiments were extended to also include other related
receptors, including the collagen receptor GPVI and the non-ITAM
thrombin receptor PAR-1.

LTA showed that Src plays a minor role in the stability of platelet
aggregates formed by CLEC-2, GPVI, and PAR-1 in the absence of
shear force. This role of Src may be mediated by a mechanism
independent of CLEC-2 or GPVI and may be associated with a lack of
outside-in signalling by the integrin allbBlll, which serves to
consolidate the aggregates through an Src kinase-dependent process as
proposed by Auger and Watson (Auger and Watson 2008). However, it
was also observed that allbplll activation was completely reversed by
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Src and Syk inhibitors in diluted platelets, suggesting the presence of
additional interactions in supporting aggregation. Brass et al. have
suggested that a number of proteins on the cell membrane participate in
thrombus growth and stability (Brass, Zhu et al. 2008); CLEC-2 has
also been suggested to promote platelet stability by a mechanism
independent of the ITAM motif. These findings may explain why the

thrombi remain stable when the tyrosine kinases are blocked.

However, the present finding is contrary to the findings reported in the
literature, where complete disaggregation is observed under arterial
shear conditions using flow adhesion assays. This may be a
consequence of the fact that platelets are spread on a flat surface on the
adhesion assay and the higher shear contributes to the disruption of the
thrombus. Shear forces are nearly absence in the LTA conditions used

in our assay.

The main limitation of the present study is the fact that the
disaggregation experiment was only monitored in the absence of shear
force, which may not entirely represent the physiological conditions;
however, this model may better represent a phenomenon that occurs in
venous thrombosis, in which shear force is considerably lower than that
in arterial thrombosis. This is noteworthy because CLEC-2 has been
observed to play a major role in venous thrombosis; therefore, we
speculate that venous thrombi are characterised by higher stability,
which highlights the importance of incorporating a destabilisation
approach to target this type of thrombotic complication.
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In conclusion, CLEC-2, which is associated with thrombus stability, is
a noteworthy target for the treatment of thromboinflammatory
conditions. The development of novel ligands may further our
understanding of the activation mechanisms of the receptor, which is

critical for the systematic development of novel, efficient inhibitors.
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9. Conclusions

9.1. Generation of new CLEC-2 ligands, based on
calcium release or an ALPHA Screen assay in HTS format,

using a small molecule based chemical library

The generation of small molecule inhibitors against CLEC-2
and podoplanin is challenging due to the predicted low affinity
and avidity of small molecules to prevent the multiple

interactions between a protein ligand and CLEC-2.

We have identified a small molecule inhibitor, F1113, able to
prevent CLEC-2 and GPVI signalling. Small molecule ligands
have the potential to inhibit kinase involved in downstream
signalling, rather than preventing direct ligand and receptor
binding.

We have identified katacine, a new CLEC-2 agonist derived
from natural products, with an oligomeric nature and a potential

non-canonical binding site on CLEC-2.

9.2. Evaluation of the activation mode of CLEC-2 using

novel multimeric nanobodies

We have generated three new reagents for the study of CLEC-2
function, with different degrees of oligomerisation, based on the
nanobody sequence of LUAS.
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Dimeric ligands of CLEC-2, such as AYP1 Fab2 and LUAS-2
are potent inhibitors of CLEC-2 in human platelets; however, in
systems with highly expressed copies of CLEC-2 a potential

activation of the receptor may be observed.

Tetrameric ligands can induce enough clustering of CLEC-2 to

induce human platelet aggregation through CLEC-2.

9.3. The role of tyrosine kinases in thrombus stability.

Tyrosine kinase phosphorylation can be reversed in human

platelets by tyrosine kinase inhibitors.

Platelet aggregation is an irreversible process under low shear
conditions used in a platelet aggregation assay, in contrast with
platelet aggregation reversal observed by other researchers
under high shear flow conditions.

Src kinase inhibitors contribute to platelet stability, but most

likely due to an effect independent of the ITAM signalling.
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APPENDIX |

40000

ALPHA Signal (AU)
- N w
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o o o
o o o

0-
CLEC-2/PDPN + + -
Rhodocytin - + -

Rhodocytin prevents podoplanin-CLEC-2 interaction using ALPHA Screen assay.
ALPHA Screen donor and acceptor beads were incubated with podoplanin and CLEC-
2 and incubated with or without rhodocytin (100 nM), as an inhibition control. Donor
and acceptor beads were also incubated without podoplanin and CLEC-2 to represent
the background signal.
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APPENDIX 11
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Dose response of compounds potential hits identified in the initial ALPHA
screening. Concentration is represented in log scale. For most of these compounds
IC50 was not calculated seems they don’t fit to the dose response model used. Graphs

were done using graphpad prism 7. Numbers from 7-17 were used as identifiers for

each compound.
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Appendixes

APPENDIX I

A p-Tyr 17 - W | «— y-chain
(4G10)  10-
17 _
B  anti-FcR-y - -
10 —

Vehicle + + + - +
Katacine

Rhodocytin
CRP 3ug/mL

Vo
o+
Vo4
Vo

+

Katacine does not induce an increase in tyrosine phosphorylation levels of the
FcR y-chain in human platelets. A) Representative immunoblots of platelet lysates
(4x108) stimulated with DMSO 0.1% (negative control), 100 nM rhodocytin, 10 pM
katacine, or 3ug/mL CRP (positive control). Lysates were run by SDS-PAGE and
transferred to a PDVF membrane for western blotting against the anti-tyrosine
antibody (4G10). B) The membrane was stripped and re-probed against the anti-FcR
antibody (B).
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APPENDIX IV

A i ii
Katacine
v 100+
B804 ——
Rhodocytin 5
v 15 &0
= 204
0 . =
& <
zo':.f.|_ Q.v"bé‘ @"’b
2 min
B MW
250 | E ks
130
95
72 L& |
o 5 |8
Pan p-Tyr 3
(4G10) 34
26 -
17
10

Vehicle + + +
Katacine - + -

Rhodocytin - - +

Katacine does not induce platelet aggregation or protein tyrosine
phosphorylation in mouse platelets. A) Representative traces of mouse washed
platelets (2x108 platelets/mL) stimulated with 10 uM katacine or 100nM rhodocytin.
Aii) Column chart representing the mean aggregation + SD of three independent
experiments. B) Representative immunoblots of mouse platelet lysates (4x108
platelets/mL) stimulated with 0.1% DMSO (negative control), 100 nM rhodocytin
(positive control) or 10 uM katacine.
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APPENDIX V- monomeric Nb4 DNA sequence

(from 1-321 bp) 23/3/2022 13:52:37
CLEC-2 Nb4 coding sequence (459 bp)
CwviAll
Styl
HNeol
Fatl
Cacgl
Nael
Hpall
SFil Bspl2861
Hspl Pstl BsiHKAL
Bell 5fcl Bspl2Bel BaeGl
NgeHIY Hspall BspCNL  Hpyl881 heul
Bsev]| Btgl Pyull BseY]  Banll Hpy 16611
BstUI  BsrFI Nlalll Alul Ca¢sI BsaXl Apall

TTACTEGCGGCECAGCCGRCCA TEROCCAGGTGCAGE TGCAGGAGTCTGRGGRAGGAT TBGTGCABGC TGGGGEL TC TCTGAGACTE TCCTGIGCACCC ICTGGACG
AATGAGUGLCGGG] COBCCGE m:cc.GG u:cm |cmc:s &8 |cnl.w:cccc u:c mu:ACG I ocmccoo:cmm:ac 14 WGGN:ACG I DGGAGAUCIGC

1 2 3 4 5 6 7 14 18
9 PMMEQ.Q-Q-S S G-Qmﬁ G S_S CmP s Gl
[ SFer [ NEd »;
T T T
kL] 20 L] 1 58 0 R 8 8 0
Kpnl
NlaIll Rsal
Bsl1 CviaIl Cvigl
Econl tatl| Bpml Acchrl
Hgal  HpyAY |Ecil pfol Alul Banl HpyAV

CACCT ICAGTAGGTATCGCATGEEC TGG 1 TCCGOCAGGE T CCAGGARAGGAGCGT GAGC T 16T TGOGACTCT TAGGT TGAGTGATGG T ACCACAGACTATGCAGCCT
GT GGMGTCATCCAT AGCGTACCCGACCAAGGCGGIOCGA%I(X?T TTCCTCMICGMCAACGCIGQGMIWMICACTMCAT GGIGTCTGATACGTCGGA

3@ 32 34 36 44 46 48 @ 52 a4 58 68 62
)T- CRIYOR GMQMP G”T— -G T
b3 13 %
I I | I
116 128 13g 148 1% 168 ire 188 158 208 218
Mboll
BsiEI BeeAl
Tfil Eagl Acul
Gpml Goedl Bbsl | Hpylssll| Styl

CCGIGAAGGGOCGAT TCACCA TCTCCAGAGATARCACCAAGAACACGC TATATCTGCT TATGAACAGOC TGAACT T GAAGACATGGCCGT T TACTACTGTGCAGCE
GGCACT TCCCGGCTAM;TGSTM;MDGTCTCTGTTGTOGTTCTI'GTGCGATATM}AOGQATAC'ITGT(.DG&CTTTGSACTTCTGTGOOGGCAMTGATGAC&CGTOUG
12 i2 i4 L] 18 &@ B2 B4 &6 BE 9@ 92 94 EL 98

64
S-G-T.S-ﬁ TEDN T ENEDENTS+ N s JONKS ¢ JERDR T

© ARy
= (2} Ex
T T T
228 238 248 258 268 278 280 250 el EbL:) EFL
https:/feenchling comfeleynalf/lib_BOFXPMYM-nanobodies/seq_9FBCX)I-clec-2-nbd-coding-sequencefedit 12
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CLEC-2 Nb4 coding sequence (459 bp) (from 322-459 bp) 23/3/2022 13:52:37
NotI
Eagl MspI
PshAl Bpul@l Hpall
Bsaal Eco01691 BsmFI MspAll Rsal  BspEI
PmlI PpuMI | Tsp451 Esp3l CyiQI  BsaWl
< HpyCH4IV Avall BStEII BsmBL BspCNI HpyCH4IV
MluCl AFLIIT KF11 BseRl BbvCl| Bsitl BsiWI Hpy991

AAGGCCAGAGGTGGTAATTACGACTACGCAGGAGCCTATGACACGTGCGGCCAGGGCACCCAGCTCACCGTCTCCTCAGCGCCCGCATACCCCTACGACCTTCCGGA
TTCCCGTCTCCACCATTAATGCTGATGCGTCCTCGGATACTGTGLACCCCGETCCCCTCEGTCCAGTGGLAGAGGAGTCGCCGELETATGGGCATGCTGCAAGGLCT
e 1le2 le4 1e6 188 118 112 114 116 118 1280 122 124 126 128 138 132 134

e e ¢ v NENEEERE o JANNED T e o o6 T o BB ERs s JARATANED - ERENES - 1B

> NB4

[CNotT HA-tag
T T T T I T T
330 340 358 360 37 380 390 460 41e 429

Spel
Bsll Bfal

CTACGGTTCCCACCACCATCACCATCACTAG
GATGCCAAGGGTGGTGGTAGTGGTAGTGATC
136 138 142 142 144

BEBc S H)H HIHHH *
lis-tag >

430 440 450

https://benchling.com/eleyna/f/lib_8QF XPMYM-nancbodies/seq_9FBCX|9L-clec-2-nb4-coding-sequence/edit 2/2
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APPENDIX VI- dimeric Nb4 DNA sequence

(from 1-535 bp) 23/3{2022 13:53:18

CLEC-2 Nb4 GS linked dimer - complete (5241 bp)

Agcpcoccaatacgoaaaccgoctotocccpopcgt tEpocgat teat taatgoagotggoacgacagpt ttcocgact ERAARECERRCAR T EAgCECAAcgCaatt

Tegeggettatgegtet taagtaattacglcgaccRtECTgtccadagEgctgacctttcgeccgtcactegcgttgegttaa
T T T
18 20 30 L] 5 0] Te &0 Ll 88
Af1I1
Hindl1ll
aatgtgagttagetcactoattaggcaccecaggctttacact ttatgeticcgpotegtatgttgigtggaat tgtgagcggataacaattteacaagot taagea
ttacac gagtgag T ATA AN gtgaaat £ t goctattgttaaagrgticgaattoct
T T T T
1@ 128 130 148 150 168 78 180 158 ELL 218
Styl
Hecol
Brgl
Nael
5f1l
Ndel NzeMIy Pstl

gacagtacatAtgasatacctatigectacggcagccgctggattgttal TACTOGCGEUUCAGCUGGICA TGOOCCAGG TGCAGL TGCAGGAGT CTGOOGGAGECT
ctgI.:atgtaTa:tttatggaI.aal:ggal.gl:cgI.:ggcga::taacaatAATMIC.CCDG{‘.TCGDF(‘C.GTﬂOl‘GGGTOl‘ACGTDGACGTD{‘TCAGK{‘CCCTO{‘GA
1 2 3 4 56 7

18
JLUEDA A Q P A v A;Q‘Q’Q’S G (B

[ PelB leader o Hod >
T T T
el 238 240 258 268 278 i 250 EL 8 Erl
Xhel
P3pXI
PagR/1
PFIMI Bpll T1lil

TGGTGCAGCCTGOGGEGTCTCTGAGACTCTCCT GTGCAGCG TCTGGAT TCAGCTTCCCTACTGATGUCAT GACCIGGG T COGLCAGAGT CCAGGLAAGGGLC TCGAG
ACCM‘GTCGGM‘CCCDCAGAG&CT\‘ TG.&BM‘.C.ACM‘(‘ TCGCM‘.ACCTAAGTCGAMJGG&TGACT&DGGTACTGGACCCM.GCGGT(TC&GGT(CGTT((CGG&G(‘ TC

16 34 36
-o P s—s < A)A s G.s-l’ I-h " Ml—q S G-G-
in (LS 33
T T
EE:] EE:] 358 360 3re 88 398 400 419 4z8
Begl Bpll

TGGGTCTCAACTAT TAGTCCTAACGGT GTGAGCACGTACTATAGAGGCTCCGTGAAGGGUCGAT TCACCGTCTCCAGAGACAACGLCAAGAACACGCTGTATTTGCA
MCUGAGTTGAIMTCAGGATTGCC#C&( TCGTDCNIGATATCTCOG-\GGC&CI ICCCOGC I#ﬂGTGGCAGM:-GTCTCIGTTGDGGTI’C'I'IGIGCGACATA&ACGT

58 62 64 8@
'-5 Y-S ¢ N G-S T-G S_G-I-S-N)!-N T-Q
b ‘Nbd 3
T T T T
430 448 458 460 470 488 458 500 510 520 530

https./feenchling.comfeleynalf/lib_BOF XFMYM-nanobodies/seq_Oh8dyiGR-clec-2-nbd-gs-linked-dimer-complete/edit

7
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CLEC-2 Nbd GS linked dimer - complete (5241 bp) (from 536-963 bp) 23/3{2022 13:53:18

PpuMI BsmFI
Alel Fasl Kfll  Bstell

AATGAACAGCCTGAAACCTGAAGACACGGOCGTGTATTACTGT TCAAAATATGAAGACAGAGAT AARAGGLCOCAGGGCCAGGGGACCCAGGTCACCGTCTCCTCAC
TTACTTGTCGGACTTTGOACT TCTGTGECCGCACATAATGACAAGT TTTATACTTCTGTCTCTATTTTCCGOGGTCCOGGTCCCCTOOGTCCAGTGOCAGAGTAGTS
98 18¢ 192 194 186 193 118 112 114 116

@ 8 8 9 92 94 9 :
M NS JEDKD P JENDR T o NONENSc s KOENENDRRNDDKDED P 0 G 0 ¢ T QNRT MBS s

= Nb4 DE
. . . . . .
540 550 568 570 580 590 ::) &18 620 630 642
Smal PagqCl
TspML BspML
Xmal BFfUAL Pstl BanII

|
CegERGGTGRAGGCGGTTCAGGCOGAGGTCLCTCTEOCGETGOIGGATCGCAGGTGCAGCTGCAGGAGTC TGGGLGAGGATTGETGCAGGCTGRGGECTCTCTGAGA
£8cccCCACCTCOGECAAG T COGLCTCCACCAGACCOLCACCOCC T AGUGTCCACGT COACGT CCTCAGACCCCCTCCTAACCACG T CCGACCCCCGAGAGACTCT
116 12¢ 122 124 126 128 133 132 134 136 133 148 142 144 146 143 150 152

PG G GG6GGSGG6GG6'SG6G6G6 5 QHENIEIES coc KRG c s ENE

(0] ES
z ; . . ’
G50 6E@ E78 GEa 690 TR 718 728 730 T40
EcoNl Pfol
CTCTOCTCTGCACCC TCTGGACGCACC T TCAGT AGGTATCGCATGOGCTOAT TCOGCCAGGE TCCACGAAAGGAGC G TCAGC T TOT TGCGACTCT TACGT TGAGTGA.
GAGACGACACH CTGCCTGOAAGTCATCCATAGOGTACCOGACCAAGGCGG TOCOAGG TCCTTTOCTCGCACTCGAACAACGE TCAGAATCCAACTCACT

154 156 156 168 162 164 166 168 178 172 174 176 178 183 182 184 186 182
s cAP 5 GRETIEDS RUSHRDH o WIENED ¢ A P ¢ KUENFUENDNND A T ONRULE s 1D

i [T Bt
- - . . r : . . . :
750 760 i7e 758 798 00 31@ Er] 838 340 50
Epnl
Acchal

TGGETACCACAGACTATGCAGCCTCOGT GAMGGGCCGATTCACCATCTCCAGAGACAACACCAAGAACACGC TATATCTGCTTATGAACAGCCTGAAMCCTGAAGACA
ACCATGGTGTCT(’-ATMJGTCGGLGGCACTTCCCGO(‘TWTGCTM‘WTCTCT(‘T TGTO(‘"I TCTTGTGCGATATAGACGAATACTTGTCGGACTTTCGACTTCTGT

199 192 194 19 19§ 208 202 204 210 212 214 216 218 220 222 234
o T 7 DRERATAD s -G-T.S-N TN T IO 1 N s KD o JERDD
= KB4 BE

T ] T | T T ]
860 8Te a8e 838 ELL) 918 920 EEL) 348 950 960

https./feenchling.comfeleynalf/lib_BOF XFMYM-nanobodies/seq_Oh8dyiGR-clec-2-nbd-gs-linked-dimer-complete/edit
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CLEC-2 Nbd GS linked dimer - complete (5241 bp) (from 964-1712 bp) 23/3{2022 13:53:18
Sall
Fmll FpuMl BsmFl accl
Eagl Styl AF1111 KFf1I  BstEll Hinell

CGGCOGT T TACTACTGTGCAGCCAAGGGCAGAGE TGGTAAT TACGAC TACGCAGGAGLC 1A GACACGT GGGGUCAGGEEACCCAGG TCACCGICTCC ICAgtegac
GCCGECAATGATGACACGTCGGTTCCCGTCTCCACTAT TAATGETGATGCGTCCTEGGATACT GTECACCCCRETECCCTGGGTCCAGTGOCAGAGBAGT cag ety
226 228 230 232 234 236 238 240 242 244 246 248 250 22 254 26 258 260

TIA JNEINRETD ¢ TAVAK e e ¢ N NBORNRA ¢ (ANBDRT W6 0 ¢ T o NBT RS s
= HB4
—
: . . ] ; .
870 980 958 1,608 1,819 1,028 1,830 1,848 1,858 1,060 1,070
Notl
Eagl Bsiwl Bspkl

GLGGCCGCATACCCGTACGACG T TCCGGACTACGGT TCCCACCACCATCACCATCACT AGactgt tgaaagt tgtttagcaasacctcatacagaaaattecatttac
CGCCCOCGTATOOGCATOCTGCAAGGCC TCATGCCAAGGG TR TGGTAGTGGTAGTGATC tgacaact ttcancaaatcgttttggagtatgtott ttaagtanaty.
262 264 266 268 27 272 El4 El6 278 280

JATATA NS P EIDHVE p JONER G S WIHITHOHIHIH 4

FA-tag [ Hish-tag >
T T T
1,888 050 1,100 1,110 1,120 1,13 1,140 1,150 1,168 1,178

Bsml

taacptetggaaagacgacasaact ttagategtlacgetaac tatgagggctgtetglpgaatgetacaggegt tgtegttigtactgetpacganactcagtgtt
ATtECAZAcCTItCTEC Tl IRAaatCTagCcaaTECgat Igatactoccgacagacacct tacEat gTCCACAACARCAAacaATEACCACtZCITTEARTCACAa

T T T T
) 1,158 1,700 1,218 1,228 1,238 1,240 1,750 1,268 1,278 1,280

Bael

acgRTACatEERtICCTAtEERCttEctatcCctgaaastgagest gt REctCtRagRRtERcRRt tCTZagERTERCERT Lot GagERTERCELTACtaaaCCT
tgccatgtacccaaggataaccegaacgatagggact tttactcocaccaccgagactcccaccgocaagactcocaccgocaagactcccaccgecatgatttgga

T T T
1,238 1,388 1,310 1,320 1,338 1,340 1,358 1,360 1,378 1,388 1,338

cetgagtacggtgatacacctattecggeetatacttatateaaccetelegacggeact tatecgectgglactgageaaaaccecgetaatectaatcet tetet
ggacteatgecactatgtggataaggeccgatalgaatatagt tEggagagctgcrggaataggcpEaccatgactept LTI EEEECEAtTAZEAL TARRAARAEA

T T
1,488 1,410 1,420 1,430 1,44@ 1,458 1,488 1,47¢ 1,480 1,490

tRaggagTctcagectottastact tIcatgtitcagaataataggt 1oCgaaataggcagERtEcat taactgtttatacgggcactgttactcaaggoactgace
actcctcagag tatgaaagt grcttatta 144 Taat atgcccg Etgactgg

1 I I I
1,500 1,518 1,528 1,530 1,548 1,550 1,588 1,578 1,580 1,598 1,680

Bael

cegttaaaacttattaccagtacactectgtatcatcaazagecatgtatgacgettactggaacggtaaattecagagactgegetttecattetgget ttaatgag
ggcaattitgaataatggteatgrgaggacatagtagttticggtacatactgegaatgacctigecat ttaag tetetgacgegannggaagacegasattacte

T T
1.618 1,628 1,638 1,640 1,650 1,660 1,678 1,688 1,630 1,788 1,718
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CLEC-2 Nb4 G5 linked dimer - complete {5241 bp] (from 1713-2568 bp) 23/3{2022 13:53:18

BspMI
BamH1 Bfual

gatccattcgtttgtgaatatcasggecaatcgtctgacctgocteaaccicctgtcaat gotggCEEcEectotggtEEtegttotggtEEcEgctct EagEgtes
ctaggtaagrasacacttatagticcggtiageagact ggacERagt tEaggacagttacgaccy L L teccace

T T
1,720 1,730 1,748 1,750 1,760 1,770 1,750 1,738 800 1.810
CEECTCtEaERRtARCRECTCEAERRtERCRRt Lot RAg Rt ERCERCCTEARERTERCERTLOCERtEECRRCTOCERTtIoCEEtRatTttgatiatgaaaaaa
gecgagactcccaccgocgagactcccaccgecaagacteccaccgocgagactcccaccgecaaggecaccgecgaggecaaggecactaaaactaatactttttt
1 1 T
1,828 1,838 1,840 1,850 1,850 1,870 1,830 1,8% 1,500 1,918 1,920
tggcasacgctaataaggggectat gaccgasaatgocgalgaaaacgegetacaglelgacgclaaaggcanact tgat Letglegetactgatlacggtgetget
AccgrttgcgattattoccocgatactgEcttttacggctact titgcpcgatptoagactgogatttocgtttgaactaagacagogat gactaatgocacgacga

T T
1.939 1,548 1,950 1,568 1,578 1,950 1,558 2,000 2,018 2,020 2,030

BspDI
tlal
atcgatggtttcatiggtgacgtttocggectigotaatggtaatggtgctactgptgattttgotggototaaticocaaatggotcasgtcggtgacggtgataa
taget taaccactge taccattaccacgatgaccactasaacgaccgagattaaggEt ttaccgagttcagocactgocactatt
T T
2,040 2,050 2,060 2,078 2,088 2,050 2,100 2,110 2,128 2,138 2,140
Amnl NdeI

TTcacctITaatfaatast tioctcaatatttacctteTtTacClCARteERtTEAatETCRCCCTIatEtCtITgECACTERTAAACCATATRAATIIICTATLE
A3gTEEAaaLTACTTATLAA3ZECARTIATAAALER ggagt t ttggtatacttaaaagataac

I I I
2,158 2,168 2,178 £,180 2,138 2,200 2,219 2,248 2,238 2,248

Btgl

attgtgacaaaatasacttattccgtggtgtotttgegtttottttatatgttgecacctttatgtatgtattttegacgtttgetaacatactgegtaataaggag
tascactgtittattigaataagpcaccacagasacys atacaacggtggaaatacatacataaaagetgeaaacgattgtatgacgeattattecte

2,250 2,260 2,270 2,280 2,298 2,380 2,310 2,320 2,330 2,348 2,350

EcoRI Emrl

tottaataagaattcactggocgtogtittacaacgtogtgactgggaaaaccetgicgttacceaacttaatcgoctigoagoacatoccoct ticgocagotgee
Agaattaticitaagtgaccggc BItECagcactgaccotttt BEEtigaatt Btcgtgt EEtCEaccE

T T T
2,350 2,378 2,380 2,338 2,400 2,418 2,420 2,430 2,440 2,458 2,458
PluTl
5fgl
Narl
Pvul Fspl Kasl

graat CCECacCEAtCECCCtoccaacagtIECECARCCTEaatEECHaatEECCCTRATECEEtaTITTotoCtTacEcat tEtECEETatL
cattatcgettctocgggcatggctagcaagaagggt tetcaacgegtcggact taccgct taccgcagactacgee, gegtagacacgccataa

2,1‘1?0 2,480 2,438 2,500 2,518 2,528 2,538 2,540 2,550 2,568
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Appendixes

CLEC-2 Nb4 G5 linked dimer - complete (5241 bp] (from 2569-3531 bp) 23/3{2022 13:53:18
A Tagt g t ETgEtEatt 18 Tacactt
agtgtgpcgtatgcagtttegtiggtateatgogogggacat taattogeg tgcgogtcgoactggcgatgtgaacggtcgcge
2,578 2,538 2,532 2,600 2,618 2, 620 2,638 Z,QG 2,650 2,650 2, éi‘@
Nael
HegoMIv BanIl
CTtagcgeccgotoctitcgetttcttoccttoctitotegocacgttcgocggcttitocccgtcaagotetaaat cCcctitagggttocgattitagtec
gatcpcegg: gEtEcaagcgece agttcgagatttageccce cccaaggctaaatcacg
T T
2,688 2,688 2,700 2,718 2,720 2,738 2,748 2,758 2,768 2,779 2,788

Btgil Dralll

tttacggcacctogaccocasaaaactigat tiggptgatget teacgtagtggpccatcpooctgatagacgptttttcgocctitgacgttggagtocacgtict
aaatgocgtggagctgEgpttttttgaactanacccactaccaagtgoatcaccogRtagcpgactatotgocaasaagrgggaaactgraacctcaggtgoaaga

T T
2,790 2,300 2,818 2,828 2.830 2,840 2,858 2,858 2,870 2,880

Alol Psil

ttaatagtggactctigt tecaaact ggaacaacactcascectatotcgggotattctittgatttatasgppatittgecgatttoggoctattgpt tasaaaat
aattatcacct ttgacctitgtigtgagttggga taaatattccc A3APCCERA ttttitta

T I I
2,890 2,900 2,918 2,988 2,938 2,940 2,958 2,960 2,978 2,980 2,99

gagotgatttaacasaaatttaacgogaattttaacaaastattascgtttacaattttatggtgeacteteagtacaatotgototgatgccgeatagttaageca
CTCEactasatigtttitaaatigcecttaaaattgtittataattgcaaatgttanaataccacEtEAgagtcatgttagacgAgactacEECEtatcaattopgt

3,000 3,000 3,020 3,é3e 3,848 3,050 3,060 3.ene 3,éne 3,090 3,100

Pfol MNspl

BCCCCEACACCeECCAACACCCECtgACECECCCIgAcgEgct tRtetgetceepgcatecgetlacagacaagetglgaccgleicegggagetgeatgtgteaga

CRERECTRTERECRETTE RECCE ELCTELTCE: TCRacETacacagict
T T

3,120 3,130 3,148 3,150 3,760 3,178 3,180 3,190 3200 3,710

Aatll

Zral
BEttttcaccptcatcaccgaaacECacEag: ctogtgatacgoctatttttataggttaatgtcatgatantaatgptitottagacgtcaggtgse
ceaaaagtEgcagtagtEgctttgcRCECTotRctTt tatgcggataasaatatccaattacagtactattattaccaaagaatctgeagtecaceg
3,228 3.2 3,240 3,280 3,260 3,278 3,280 3,259 3,388 3,319
Beivl

ACLUTLCRRARAAaTETECACARAACCCCTAtTIRT LAl ECTaAaatacaticaaatatEtatcCy: taaccc aaatgcttcastaata
t tt tggggat t ttatgtaagtttatacataggcgagtactctgttattgggactatttacgaagttattat

T T T T

3,320 3,330 3,340 3,350 3,368 3,378 3,380 3,330 3,480 3,418 3,428

tigaaaaaggaagagtatgagtaticaacatticcptgtogoccttaticoctitt tigogpeattitgocttootgttt tigotcacceagaaacpct getgaaag

aactitttcocttoctcatactcataagitgtanaggcacagopgrRaat cRt tgggtctttgcgaccacttte
3,439 3,“140 3,450 3,460 3.:99 3,480 3,490 3,500 3,518 3,529 3,530
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CLEC-2 Nb4 G5 linked dimer - complete (5241 bp] (from 3532-4434 bp) 23/3{2022 13:53:18
smnl
tazaagatgotgaagatcagttggRtecacgagtgggttacatcgaact ggatet aagatcottRagagttticgs ttttccastg

attttctacgacttctagtcaacccacgtgcteacceaatgtagettgacctagagttgtegecattctaggaactotcaaaagcggeect tcttgcaaaaggttac

T T
3,548 3,550 1,558 3,570 3,53 3,538 3,600 3,618 3,620 3,630

Begl
atgagcacttttaaagttctgotatgtggogoggtattatoccgtattgacgocgggcaagageaactoggtcgocgoatacactattcteagaatgacttggttga
tactcgtgaaaatttcang: acaccg aataggpcataactgeggoocgtictogtigagocageggogtatgtgataagagtottactgaaccaact
3,640 3,658 3,&5@ 3,670 3,680 3.:550 3,788 3,;10 3,720 3,738 3?40

Scal
gractcaccagteac atcttacggatggcatgacagt tatgcagtgctgecataaccatgagtgataacactgoggccaacttactictga
catgagtggtcagtgtctiticgtagaatgoctaccgtactgtcattctottaatacgt tattggt tattgtg: gRTtlgaa t
3,758 3.;5& 3,778 3,788 3,79 ER 3,;13 3,820 3,838 3,840 3,850
Pyvul
caacgatcggaggace taaccgcttttttgcacaacat catgtaactcgecttgatcgttgegaaccggagotgaatgaagccataccaaac

gtigctagectectggottectogattggcgaaaaaacgtgttgtaccooctagtacat tgageggaactageaaccottggectogact tact teggtatggttty

T T
3,860 3,878 3,880 3,898 3,900 3,010 3,220 3,938 3,540 3,958

Bsril Fspl

gacgagcgtgacaccacgatgectgtageaatggoaacaacgt tgcgcaaactattaactggegaactact tactetagot teccggeaacaat taatagactggat
CtEctegcactgtgEtEctacEgacatogttaccttgtigcaacgcat tigataat gaccaCttgatgaatgagatogaaggccattgttaattatotgaccta

T T T
3,960 3,970 3,580 3,559 4,088 4,018 4,820 4,838 4,048 4,050 4,060

NmeATIT BserDI

RRAERCERAtAAaR T IECAREACCACTICTECRCICERCCoTICCgRCtERCtERtITatTECTEataAatCIERagcCERtRaRcEtRERTCICACREtatcatty

cotocgectatttcaacgtoctggtgaag, £ aacgactatttagacctcggccactogoaccoagagogocatagtaac
4,078 EX 4,030 G,iﬂa 4,119 4,120 4,130 4,148 Q,ifvﬂ 4,160 4,178
Bmrl Ahdl

cagcactggggccagatggtaageoctoccgtategtagttatetacacgacggggagtcaggcaactatggat gascgaaatagacagatcgotgagataggtyce
gregtgaccocpgtctaccaticgggagggcatageatcaatagatgtgetgececteagtocgtigatacetacttgetttatetgtetagegactetatecacgg

T
4,780 4,190 4,700 4,218 4,228 4,230 4,248 4,350 4,268 4,270 4,280

1CaACTEATIAARCAT IERtasc TRt CagACCaagtTtaCTCaAtaTtatactITAgAt tEatTlaaaact LAttt taatt taadaRgaTCtaggTgaagatcetttt
APTEACtadtIcEtaaccaAtIZacagTetEEtTCaaatgagtatatatgaastotaactadattlgasglaadaattadatitlectagatccacttotaggaaaa

T T T
4,298 4,30 4,318 4,320 4,330 4,340 4,350 4,368 4,378 4, 388

tgataatcicatgaccadaatoccttaacgtgagtiticgticcactgagegtcag g CTtTCUIEagatcct Tttt tetgcgcg

actattagagtactggtitiagggaatigcactcaaaageaaggtgactcgeagtctgggpcatotittctagtttect tctagg ECEC
T T T T

4,390 4,488 4,410 4,420 4,43 4,448 4,450 4,460 4,470 4,488 4,439
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Appendixes

CLEC-2 Nbd G5 linked dimer - complete {5241 bp] (from 4495-5241 bp) 23/3{2022 13:53:18
1a3tCtEClECt tECaAadcaaaaaaCCacCECLACCARCEETERTTIELL B tottttt taactggett
att ttptttttttggtggegatggteg EECctagttctcgatgetigagasaaaggcttccattgaccgaagtogtotoge
4,500 4,518 4,520 4,530 4,548 4,558 4,560 4,570 4,580 4,508 4,500

cagataccaaatactgtecttotagtgtagocgtagt taggocaccact teaagaactotgtageaccgectacatacctogetotgotaatootgttaccagtgge
grotatggtitatgacagrasgatcacatcfReatcaatccpgtggtgaagttcttgagacategt gtat t ggtcaceg

4,‘610 4,628 4,638 4,640 4,658 4,éE9 4,678 4,650 4,699 4,788

tECtECCaEtERCRataa R TAtCTlACCRREtIEEACtCAaRacEatagt tacCREATARRE tCEEECTEAACEEEERETICETECACACAgCCCa
acgacggtcaccEctattcagoacagaatggccoaacctgagttetgctatcaatggcctattecgcatogocageccgactticccocoaagcacgtgtatcgaat

I I I I
4,718 4,728 4,738 4,740 4,758 4,768 4,778 4,758 4,790 4,308 4,810

Beivi

gctiggagegaace gaactgagatacctacagcgtgagetat cacgett EEAC3EEtatcCEEtaagcEEe
cgaAcCctegottgetERAtgtggct tgact ctatppatgtopCact CEAtact Ct tECECERTECE ttooctetttecgootgtocataggooattogeng

T T
4.820 4,838 4,848 4,850 4, 860 4.878 4,888 4,898 4,900 4,810 4,528

AREETCRRAAC ttee ctEptatctttatagtoctgtogggtttogocacctotgact igageptcgat tIt gty
teccagecttgtoctotogegtgctocctogaaggtccccctitgcggaccatagaaatatcaggacageccasageggtgragactgaactcgeagetaaaaacac

T
4,91 4,548 4,350 4,968 4,970 4,980 4,508 5,000 5,018 5,020

Nspl
AF1I111
Peil
atgetegte peagcctat pecagcaacgeggectttittacggttectggecttitgetggectttigetecacatgttetitectgegttat
TACEAECAgLCCoCCrECCtCEEataccttitgepgtegtlgCgCeEEAnaant fOCaAEEACCEEANIACEACCEEANAACEARLETACAABAIAEEACECAALA

T T T
5,030 5,040 5,050 5,880 5,079 5,050 5,090 5. 188 5,118 5,120 5,130

BspQI
sapl
cccotgattotgtggataaccgtat taccgectttgagtgagctgataccgctCECCECARCCEaacy: ECEagtcagtpag:

pgEEactaagacacctat tggcataatgECEgaaactcaCtogactatgECEAECERCEteERCtECtggotegegtogeteagtoactogetecttogectte

5,140 5,150 5,160 S,ii‘e 5,188 5,199 5,200 5,218 5,228 5,230 5,240
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APPENDIX VII- tetrameric Nb4 DNA sequence

(from 1-535 bp) 23/3{2022 13:53:46

CLEC-2 Nb4 GS linked tetramer - complete (6087 bp)

Agcpcoccaatacgoaaaccgoctotocccpopcgt tEpocgat teat taatgoagotggoacgacagpt ttcocgact ERAARECERRCAR T EAgCECAAcgCaatt

TCECEERTTatgcRtLt taagtaattacgtcgaccEtECTEtCCaaagEgctgacctticgccegtcactcgcgtgogtitaa
T T T
18 20 30 L] 5 0] Te &0 Ll 88
Af1I1
Hindl1ll
aatgtgagttagetcactoattaggcaccecaggctttacact ttatgeticcgpotegtatgttgigtggaat tgtgagcggataacaattteacaagot taagea
ttacac CRAglEag BTEERE gaaat B ttaacactcgoctattgitaaagrgticgasticct
T T T T
1@ 128 130 148 150 168 78 180 158 ELL 218
MNeol
Bigl
Nael
5fil
Ndel NgHLY

gacagtacatAtgaaatacctattgectacggcagecgetggat tgttaTTACTCGCEGOCCAGCOEGCCATGOCCCAGGTECAGCTGCAGGAGT CTEGOGGAGGLT
cigtcatgralactitatggataacggatpcegtcRRCRAcCTaacaat AATGACC G COOGTCGOOCGET Ru.uu; |U.A.CGT EGACGTD: TCAGM((CC TC(CA

1 2 3 45 6 71 8

JENERATATQ P IALM A Q-Q.Q.S G 6 G)

~PelB Teader sequence =1 E3

T T T T

228 239 248 250 268 278 50 250 EL] 3e 32
Xhol

F3pXl

Paer?l

FFIML Bpll [lil

TEGTOCACCCTOOGGOETCTCTOAGAC TCTCCTOTOCAGCOTCTGOAT TCAGE T TCCC TACTGATOCCATCACC TROGTCOGECACAGTCCAGGC ARCGLECTCGAS
ACCACGTCGGACCCCCCAGAGACTE TGAGM-GACMGTCGCMCTAMTCGA&GGGATGMTACGGTACTGGMCCMGGTC TCAGGTCCGT TCCCGGAGLTC

12 14 16 1% 28 22 24 34 36 43 42 44 46
EERGIF ¢ o SIS c JANEDS G-s-r T.A M rm-Q siF ¢ KB c IED
i K84 o

T T T
330 340 358 360 Er] 388 350 400 418 428
Bpll

TCGGTCTCAACTATTAGTCCTAACGSTGTCAGCACGTACTATAGAGGCTCCGTGAAGGGCCGAT TCACCGTC TCCAGAGACAACOCCAAGAACACGCTGTATTTGEA
»lCCCM'.'MlGTTGAIMTCAGC\M16(CAC&CICGTDCAIC\MAICICUGAGGC&CI TCCCGECTAAGTGGCAGAGGTCTCTGT TGUGGTTCTTGTGCGACATARACGT

52 58 62 64 €5 €3 7@ 72 74 76 7E 52 B2
N-S T-S PN G-S T-G s JUNIED ¢ JRNED T WD s IREODN 'AEDN 7 TN o
b (13 =%
T T T T
430 442 450 460 4T a8 430 S0 510 520 518
https./feenchling.com/eleyna/f/lib_BOF XFMYM-nanobodies/seq_4hjolbAu-clec-Z-nbd-gs-linked-tetramer-completefedit e
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Appendixes

CLEC-2 Nbd GS linked tetramer - complete (6087 bp) {from 536-1070 bp) 23/3{2022 13:53:46

Alel Pasl

AATGAACAGCCTGAAACCTGAAGACACGOCCGTOTATTACTGT TCAAAATATGAAGAC AGAGAT AAAAGGC CCCAGGGLCAGGGGACCCAGGTCACCGTCTCCTCAC
TTACTIGICGGACT | TGGACT TCTGIGCUCGLACATAATGACAAGT TTTATACTICIGICICIAT T ICCGGEGICCCEGICCCUT GO | DUAG I GRUAGAGGAG g
a4 36 a8 98 92 94 96 98 168 182 124 126 128 112 112 114 116

M N s JONKD P JENOD T o NENENDc s KIFPENDNRUDNKIRIF ¢ ¢ o ¢ T o NBT MBS s

= (LF] DE
T T T T
40 550 558 S70 ] 598 L) &1 620 63 E40
Smal
TspMI
Xmal PaqCl

cegppGaTGoAGGCGET TCAGGOCRAGG TERCTCTEOCGA TERLGGATCGCAGGTGCAGCTRCAGGAGTC TGGRAGAGEAT TGO TECAGGCTGGAGGCTCTCTGAGA
gecccCCACCTCCGCCAMGTCOGCCTCCACCGAGACCGCCACCOCC TAGCGTOCACGTCRACGTCCTCAGACCCCE TOCTAACCACGTCCGACCCCOCAGAGACTET

118 12¢ 122 124 126 128 139 132 134 136 138 146 142 144 146 148 150 152
PG G G 6 GJUSIG 6 G GJENG G 6 6 SENUENOENS ¢ ¢ ¢ INEROENGC ¢ /s R

ST (G66S)3 Tinker A a4 %%

3] 668 578 (7] 630 ol 718 T2 730 740

EcoNI

CTETCCTGTGCACCCTCTOGACGCACCTTCAGTAGGTATCGCATGGOCTORT TCCGCCAGCC TCCAGGAAAGGAGCGTGAGC TTGTTGCGACTCTTAGGTTGAGTGA.
GAGAGOACACGTGGGAGACCTGOGTOGAAGTCATCCATAGCGTACCCGACCAAGGLGETCCGAGGTCCTTTCCTCGCACTCGAACAACGCTGAGAATCCAACTCACT
154 156 158 166 162 164 166 168 17@¢ 172 174 176 178 183 182 184 186 183

s cAtP s o BT IER s REERRED 1 o WIENEDQ VAT P ¢ KREDERENINNS A T JENRNDS s 1B

> K8 =
T T T T
750 TEQ e 788 798 300 §1e 820 &30 840 850
Kpnl
Acchhl

TGGTACCACAGACTATGCAGCCTOCGTGAMGGECCGATTCACCATE TOCAGAGACAACACCAAGAACACGE TATATC TGO TTATGAACAGCC TGAAACC TGAAGACA
ACCATGGTOTCTOATACGTCOOACGCAC TTCCCOOC TAAG TOGTAGAGGTCTCTET TG TGET TCTTETGCGATATAGACGAATACTIGTCOCACT TTEOACT TCTGT
198 1892 1894 1896 198 286 2062 204 206 2 216 212 214 216 218 226 222 224

a8
36 1.7 DEEDAVA) s NEKS ¢ JREER T JB s JRRORN T BN T JENNENES 1 N s JENKD P JERIDD

i 184 £
. : : . . : : . . . :
360 70 388 8@ ELE] 9@ 920 938 48 550 960

Sall
hccl
Pil1 HineIl

CEGOCGTTTACTACTGTGCAGCCAAGGEAGAGG TEGTAAT TACGACTACGLAGGAGLCTATGACACGTGGGGLCAGGLGACCCAGGTCACCOTCTCCTCAGTCGAT
GLCGECAMATGATGACACGTCGGT TCCCGTCTCCACCAT TAATGCTGATGCG TCCTCGGATACTGTGCACCOCGET COCCTGEGTCCAG T GELAGAGGAGT CAGCTG
226 P28 230 232 234 236 23F 240 242 4 246 & 25¢ 252 254 256 258 26@

TIA IEINNETD ¢ AVAJEDc e ¢ N NBORNDA ¢ (A NBORT W6 o ¢ T o NBTNBs s INEDH

= LD > >
| | T
970 980 950 1, a0 1,818 1,020 1,830 1,840 1,850 1,860 1,070
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CLEC-2 Nbd G5 linked tetramer - complete (6087 bp) {from 1071-1605 bp) 23/3{2022 13:53:46

BstXI

GOTGGETGETGET TCGGGTOETGETGET AGTGGCGGTGETGGCAGT CAAGTCCAAT TACAAGAAAGLCGCGGOGECCTGETCCAAGLCGETGETAGT TTGLGCTTGIC
CCADCACCACCAAGCOCACCACCACCA | CACCGCCACCACCGTCAG | TCAGG T TAATGT TCT T TCOLCGCCGUCGEACTAGE | | CEGLCALCAI CARACGLGAACAG

262 264 266 268 27 272 274 276 278 280 282 284 286 283 290 292 294 296
6 66G6G6S6G66GS5G6G6G6G6 S QNMIN(ENSs ¢c ARG G s HNRNEDS

[ (GOG6S)3 Linker by N4 EZ

T T T T
1,088 1,099 1,100 1,118 1,120 1,130 1,140 1,150 1,150 1,170

ATGCGOCCCGTCRGECCGTACAT TTICACGCTACCGIATGGEGIGE T 110G CAAGCGECT GGCAAAGAACGUGAAC TCGICGLCACCT TGCGT T TATCAGACGGLA
'I'ACDCGGGGCM‘.CCCGGCATGTMAAGTDCGATGDCATACOOCACCMAGC&GTTCGCGG&CCGTTTCTTGOGCTTG&GCAGCGGTGGMOGCM&T&GTCTGOCGT

298 388 3@4  3e6  3e8 31e 312 314 316 318 320 322 324 326 328 330
¢ FNENS 5-7-5-" G WIENRDQ TA P ¢ JKIENRUENENND A 1 JEURILD s 10 6
= Ned »
1 T T 1 T
1,180 1,150 1,200 1,210 1,220 1,23 1,240 1,250 1,260 1,270 1,269
Nrul Ecokl

CEACCGAT TACGCTGOGTCAGTAAMAGGGCGT T TTACGAT TAGTCGUGATAA TACTAAGAATACCCTGTACCTTCTGATGAAT TCTTTAAAGLCAGAGGAT ACAGCT
GCTGOCTAATOCGACGCAGTCATTTTCCOCCARAATGC TAATCAGCGCTATTATCATTC TTATGOGACATOOAAGAC TACTTAAGARATTTCGGTCTCCTATGTCGA
332 334 336 338 349 342 344 346 348 356 352 354 356 358  36@ 362 364 366

77 IDEERA AT s NNKD ¢ JREIED 1 B s JREDBN 7 KB 7 TENSNENES v~ s JENKD e JERIDD T A

= hEd B
T T T T
1,298 1,308 1,310 1,320 1,338 1,348 1,359 1,360 1,378 1,388 1,338
Bsinl Alel EcoRY

GTCTATTATTOCOCCOOGAAAGCTCGTOOCOGCAACTATCAT TATGOCGATGOGTACCATACC TOOCATCAAGGCACACAAGTCACGS T TTCTAGTGATATCOGTGE
CAGATAATARCGLGGOGLTT TCCAGCACCGLCGT |laA'I'A.CTM'I'ACGGCCA.CGCA'I’GCTMGG\ACCCC&GTTCCGTGTGTTCACTGCCAA&GATCACTATA.GCCM‘.C
368 37é 372 374 376 378 3BG 3B?  3B4  3B6  3BE 393 382 364 396 398

¢ JAIAJED c BBc ¢ v NEDENNA ¢ ANEBRT W6 0 ¢ T QBT WBs S-G G
B 14 S B

1,420 1,430 1,440 1,450 1,480 1,470 1,480 1,430

1,400 1,410

PagCI

AGGLGOTTCAGGLGGAGGTGGCTCTOGCGETOGCOGATCOCAGGTGLAGLTGCAGGAGTCTOOGEGAGEAT TGGTGCAGGCTGGEEACTCTCTGAGACTCTCCTGTG
TCCGUCAAG TCCGLC TCCACCGAGACCGUCACCGUCTAGLG TCCACG TCGACG TCC TCAGACCCCCTCC T AACCACG T CCGALCUCCGAGAGAC T CTGAGAGGACAC
404 4056 403 410 412 414 416 4lE 420 422 424 426 428 430 432 434 436 438

G GJSIG G G GJEG 66 6 sUEVINUEN:c ¢ c . ¢ s I c )

& (GGBESY3 Linker > Hod EX]
T T T T T
1,500 1,518 1,528 1,530 1,540 1,550 1,580 1,578 1,580 1,590 1,608
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Appendixes

CLEC-2 Nbé G5 linked tetramer - complete (6087 bp) (from 1606-2247 bp) 23/3{2022 13:53:46
Epnl
Ecoil Acchdl

CACCCTCTGGACGCACCTTCAGTAGGTATCGCATOEOCTGETTCCGOCAGGE TCCAGGARAGGAGCCTGAGC TTGT TGCGACTC TTAGG T TGAGTGATGGTACCACA
GTGGCAGACCTOIGTGGAAGTCATCCATACCGTACCCGACCARGECOTCCGAGETCCTTTCC TCOCATTCGAACAACGE TGAGAATCCAACTCAC TACCATEGTGT
440 462 444 446 A48 45D 452 454 456 458 460 462 464 466 468 470 472 474
WP s G BT ERs FRERER Y © P ¢ KRENRNENINEL" 7 IR s Mo 7T

= Nod =t

T T
1,618 1,628 1,638 1,640 1,650 1.668 1,878 1,888 1,698 1,700 1,718

GACTATGCAGCCTCCGTCAAGGCCCGAT TCACCATCTCCAGAGACAACACCAAGAACACGC TATATC TGO TTATGAACAGCC TGAAACC TGAAGACACGGCCGTTTA
CTGATACGTCGGAGGCACT TCCUGGIT AAGTGGTAGAGGTCTCTGT TGTGGT TCT IGTGUGATATAGACGAATACT TGTCGGACT T TGEACT ICTGTGLCGGCARAT
476 4T3 482 482 484 486 483 490 492 404 406 408 5@@ 502 54 5@6 508 51@

; s HNES ¢ JREIED T 1N < JERORN T KN T INEINENTIR - N s JINED ¢ NS T A NEED

i Kod EH

T T
1,720 1,730 1,748 1,750 1,760 1,770 1,780 1,738 1,500 1,810

Notl
Pmll HindIII
CTACTGTCCAGCCAAGGOCAGAGC TGO TAAT TACGAC TACGCAGGAGCC TATGACACG TOOGGC CACGOGACCCAGG TCACCGTCTCCTCARAGE TTCOGGCOGCAT
GATGACACGTCGGT TCCCGTCTCCACCATTAATGLTGATGOGTCCTOGGATACTGTGCACCCUGGTCCCCTGEGTCCAGTGELAGAGGAGTT TCGAACGLCGGIGTA
512 514 516 518 528 522 524 526 528 538 532 534 536 538 540 542 544
BB ¢ TAUATKD ¢ B e ¢ N HBDEENAD ¢ JANNDR T W0 G 0 ¢ TIoNBT MBS s

& N4 S g
. . . . . : . . :
TE 1,80 1,840 1,850 1,860 1,870 1,880 1,850 1,300 1,918 1,920
Bsiwl BspEl
ACCOGTACGACGTTCOGGACTACGGTTCOCACCACCATCACCATCACTAGACt gt tEasagt tEtLe cat ttcatttactaacgtctes

TGGGCATGCIGCAAGGLC IGATGOCAMGEG GG IGEIAGIGGIAGIGAICtgacaactttcaacaaatcgttttgpagtatgtottt tasgtaaatgat tgcagace
546 548 558 552 554 556 558 562 562
N HEGHVS » JONED ¢ 'S JHOHJHUATHIHD ~

Fh-tag [Hise=teg >
T T
1,330 1,540 1,950 1,350 1,578 1,380 1,590 ENC 2,018 2,070 2,090
Bsml
I gatcgttacy grctgtggaatgctacaggegtigtcgttigtactggtgacgaaactcagtgttacggtacatg
tttoctgotgtittgaaatotageaatgogat tgatactcccgacagacacct tacgatgtocgeaac tgaccactgettigagtcacaatgocatgtac
T T
2,040 2,050 2,060 2,878 2,089 2,050 2,100 2,118 2,128 2,138 2,140

gettcctattgpgcttpctatooctgaanatgagEptEgtEECtCtgARER I EECERtECt EAREE T ERCEEt ot EARERtEECEEtaCtanACCIcotgagtacy
CCABgEaTAACCCRAACEATIRRLACTITTACTCCOCACCACCEAZACTLOCACK teccaccgecazgactoccaccgocatgattt catge

T T T
2,158 2,160 2,170 2,180 2,198 2,200 2,219 2,229 2,238 2,248

https./feenchling.com/eleyna/f/lib_BOF XFMYM-nanobodies/seq_4hjolbAu-clec-Z-nbd-gs-linked-tetramer-completefedit

418

213



Luis A Moréan

CLEC-2 Nb4 GS linked tetramer - complete (6087 bp) (from 2248-3210 bp) 23/3/2022 13:53:46
gigatacacctat atacttat 2 ttatccgectgptactgagcasaaccccgctaatoctaateotteietigaggagtct
cactatgtggat gatatgaatatagttgggagagctgccgtgaataggoggaccatgactogttt ttaggatt tectcaga
2,250 2,260 2,270 2,280 2,298 2,380 2,310 2,320 2,330 2,348 2,358

cagooctottaatactticatgtitcagaataatagpttocgasataggcagggtpcattaactgtitatacgggcactgttactcaaggeactgacceocgttaaaac
BICERARaatTatgalaptacaaagtctlattatccaaggotttatocpteccacgtaat tgacaaatatgrcctgacaatgagt teCEIgactEEgRCaatttty

2,360 2,370 2,380 2,300 2,400 2,418 2,420 2,430 2,440 2,458 2,450

BamH1

trattaccagtacactectgtateatcaaagccatgtatgacEettactggaacgataaat teagagactgcgctItecattctggcTitaatgaggatecatteg
aataatggrcatptgaggacatagtagttttcgglacatactgcgaatgacctigocatttaaglctctgacgcgasaggtasgaccgasattactectaggtaage

I T
i4me 2,458 2,438 2, 5 E,518 2,588 2,538 2,540 2,550 E,588

titgtgaatatcaaggocaatcgictgacotgectoaacctoctgteaatgotgpcggcEpctotgptggtapt totggtggcggctotgagEEtEgcgEctotgag
aaacactiatagttccppttagoagactppacggapt tEgagpacagttacgaccEOCgCopARACCACCACCAARACCADCECCEARActcocaccy tc

T T T T
2,578 2,538 2,538 2,600 2,610 2,620 2,638 2,548 2,650 2,668 2,678

RETERCRACTCt R agERt AACERT tCTEARERTERCEACTOtRARER Tt RRCERT TCCREEECRRCTCOREt TCCRREat tTtgat tatgaaaaaat fRCAACEe
CCACCECCEARACTCCCACCEoCaagact ceCaccROCragactccaccgCcaagrecaccccgagrccaaggccactaazactaatactttittaccgttgeg

T
2,680 7,658 2,708 2,710 2,720 2,730 7,748 2,758 2,760 2,770 7,788

BspD1
€lal
taataagggEgctatgaccgaaaat gocpatgasaacgcgotacagtet gacEctasagEcasact tEattetgtegotactgattacggtgctgctat cgatgett
attattcccccgatactggetittacggetactittgegegatgtcagactgcgatttccgtttgaac gact gctaccaa
T T
2,790 £, 800 2,818 2,820 2,830 2,840 2,850 2,850 2,870 2,880

tcattggtgacgtitccggecttgctaatggtastggtgetactggtgattttgotggototaattcoccasatggctcaagtcggtgacggtgataattcaccttta
agtaaccactgcaasggccggaacgattaccattaccacgatgaccactaasacgaccgagat tasgggtttaccgagttcagocactgecactattaagtggaaat

T T T
2,890 2,900 2,810 2,528 2,338 2,540 2,958 2,568 2,578 2,950 2,990

Xmnl Mde 1

atgaataatttecgteaatatttacettetttacetcagtegpt tgaatgtegecet tatgtetLigEegetgptasaccatatgaattttetattgat tgtgacaa

tactrat ttataaat TEEAE tt gl tttggtatacttassagatasctaacactgtt
3,008 3,010 3,870 3,;3& 3,040 3,058 3,068 3,872 3,$ﬁi 3,000 3,100
Btgl
Aataaacilaticogigptgiotttgcgtttotiitatatgttigocacctitatgtatgtattttcgacgttigrtaacatactgcgtaataaggagtcttaataag
ttatttgastaaggcaccacagaaacgs atacaacggtggaastacatacataaaagetgcaaacgattgtatgacgeattattectcagaattatte
3,718 3,128 3,130 3,140 3,{50 3,160 3,178 3,iua 3,120 3,200 3,218
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Appendixes

CLEC-2 Hb4 GS linked tetramer - complete (6087 bp) (from 3211-4066 bp) 23/3{2022 13:53:46
EcoRI Barl
aattcactggccgtegttttacaacgtcgtgactgggaasaccotggcgttacceaacttaategoct tgcageacatocooctts tggcgtaatagcga

ttaagtgaccggcagcasaatgttgeageactgaccettttgggaccgcaatggettgaattagcggaacgtegtataggpegaaagcggtcgaccgcattateget

T T T
3,29 3230 3,240 e 3,260 3,270 3,280 3,290 3,308 3,310

Flull
5fal
Narl
Pyvul Fspl KasI

agaggcccgcaccgatogoocticocascagttgcgragcotgaatigcEaatgecacctgatgcaatatttictocttacgcatctgtgcggtatttcacaccgca
tetecggecgtggctageggeaagegt lgtcaacgegteggact taccgot taccgeggact acgecatazaagaggaat geglagacacgecataaagtgtggegt

T T T T
3,320 3,330 3,340 3,350 3,368 3,378 3,380 3,330 3,480 3,419 3,429

LA eAaageaAcCAtaglacEeECcCIglagCEErgcal LAAgCECEECEEETEIEEtEE TACECRCAgCEtgaccErtacact IRceagcpecetAgegeceg

atgcagtttcgttggtat gegtaat B ECELCE EECEATEtEAACEETCRCERRAtCECEERC
T T T
3,430 3,448 3,450 3,450 3,478 3,480 3,490 3,500 3,518 3,528 3,538
Nael
NgoMIV
ctectttegotttettococticotttotogocacgttogecggcttitococegtcaagetotanatcpggggctooctitagggttccgat ttagtgott tacggcac
ERTEC ¢ ttogagatttage taaat tEccgty
T T
3,548 3,550 1,560 3,578 3,530 1,598 3,600 1,610 3,670 3,538

BtgZl  Dralll

CTCEACCCCanaaaacTLEAtIgERTEAtERTLCAcETagt cgCCCTfatagacggtttitcgocctitgacgttggagtecacEtctitaatagteg
gagotggggttttitgaactaaacccactaccaagipcatoacceggtagegggactatctgocaasaagegggaasctgcasccicaggtgcaagaaattateacc

3,640 3,658 3,558 3,670 3,680 3,650 3,788 3,718 3,720 3,738 3.::‘4«8

Alol Psil

actetigttecaaactggaacaacactcaaccclatetegggetatictittgatttataagggattt tgecgattteggectat tggt taaaaaatgagetgat tt
1EagAacaaEE T tIEACC IRt Eagl IERgATagagcoCEaTtadganaactaaataticoctaaaacygctaaagccEgataaccaattttItact cgactaaa

T T
3,750 3,760 3,779 3,780 3,759 3.300 3,818 3,820 3,830 3,840 3,850

14 1344 ATLA3CETTTACAATITIATEZIECACtCTCagt tetge agtt
ttgtitttaaattgegettazaattgitttatasttgcasatgttaaaataccacgtgagagtcatgttagacgagactacggogtatcaatteggtegERgctety

I T
3, BB iame 3,888 3,899 3,900 3,910 3,340 3,338 3,940 3,9%

Nspl

cegecaacaccogetgacgegocctgacggecttgtotgctoccggcatocgettacagacaagetgtgaccgtctocgggagetgeatgtgteagaggt tttcace
EECEpt B gEErgACgCECEEEACTECrCEAACAEACEAPEECCgtaggcEaatgtotgttegacactggeagaggrcctcgacgtacacagtotlecasaagtpg

3,960 3,970 3,080 3,558 4,009 4,000 4,020 4,030 4,040 4,050 4,060
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CLEC-2 Hb4 GS linked tetramer - complete (6087 bp) (from 4067-5029 bp) 2313/2022 13:53:46

Aatll
Lral

gtcat a4 ECEagac tcgtgatacgcctattitttatagpttantgtecatgataataatggtitocttagacgtcaggtggcact titcEgE
cagtagtggctttgegcpctetgetttccrggagoactatgogratasaaatatecaattacagtactattatt ctRcagtccaccgtfaasageee

4,070 4,058 4,099 4,188 4,118 4,120 4,13 4,142 4,158 4,160 4,170

gaaatgtgcgcggaacccctatitgtitatttitctaaatacaticaaatatgtatocgcteat aaccctgatasatgcticaataatatt
ctttacacgcgecttggggataaacaaatasaaagatttatgtaagtttatacataggcgagtactetgttattgggactatttacgaagt tattataactttttee

4,180 4,198 4,208 4,210 4,58 4,230 4,248 4,758 4,260 4,278 4,280

aagagtatgagtaticaacatttccgtglegoecttattcecttttitgeggeattitigecticetgtitttgeteaccragaaacgctggt gaaagtaaaagat ge
tretcatacteatasgtiglaaagEcacagcrgEaataagirasasaacgecrlaaaacEgasggacaaasacgagtgRgtettigegaccactiicattitetacy

4,299 4,300 4310 4,320 4,330 4,340 4,350 4,360 4,370 4,380

xmn]

tgaagateagt tARRtRCACEaRT ARRt ACATCRAaCTARAt CToAACARCERTAARATCCt IEARART I TCACCOCRAARAACE T TCCaatgat Ragractt
acttctagtcaacccacgtgctcacccaatgtagettgacctagagttgtcgocattctaggaactctoasaagcaggecttcttgcaaaaggttactactegtgaa

I T T T
4,330 4,400 4,410 4,420 4,43 4,448 4,458 4,458 4,470 4,450 4,430

Scal
ttaaagttctgctatgtggcgoggtattatcccgtattgace: tecggtcgocgoatacactattctcagaatgactiggttgagtactcacca

A3tTLCAAgACEAtaCACCECECCAtaatafEEcAtaact gCEECCCpt OOt tEAgCCARCEECEtatEtgataagagtet tactgaaccaactcatgagtegt

4,508 4,510 4,520 4.530 4,548 4,558 4,560 4,570 4,580 4,55 4,600

Pvul

gleacagaaaageatcttacggatggeatgacagtaagagaat tatgeagtgetgocataaccatgagtgataacactgeggeeaact Tact Letgacaacgategg
CAgtEtCTILICETagaAatgCoTaccRlactETcaTteTCltaatachtCaCEACERTAtIERTACTCACTATIEIEACECCEgITEAatEaagactgttgctagee

4,818 4,620 4,630 4,640 4,658 4,580 4,670 4,680 4,690 4,708

APFACCEAIERARCTAACCRCLTTLLLE catgt gCCTTZatCETtEEEAaCCEgAgCctgaa ZACELE
tectggottoctogatiggcgaasaaacgtgtigtaccocctagtacat tgagcpgaactagcaaccot tggoctegact tact teggtatggtttgct gotogoac

T T T
4,718 4,728 4,738 4,740 4,758 4,760 4,778 4,788 4,790 4,800 4,818

BsrDl Fspl

acaccacgalgectglagoaalggeaacaacgt lgegcasactattaaclggegaactact tactetaget Leccggcaacaat Laatagactggat ggaggcgeat
TRIERtECTACERACATCETTACCEt TR IECascECR T IRataat IEACCACT LAt EAatgapat cgaapgRCCETIETTAaTtaTeIgacctacctecgecta
: :

4,828 4,830 4,540 4,850 4, 860 4,878 1,880 4,558 4,980 4,910 4,860
NmeATTI BsrDI
B3R TLRCAERACCACTICTECRCtCRECCotICCERCtRRCT Rt atIgctgatasatctagapC Rt EagCatRRRTCToRCRRtATCATtIECARCACTRRE
tttcaacgtoctEEtEasagacaceagce cgaccgaccaaataacgactatttagacctoggccactogeacceagagcgccatagtaacgtegtgacce
T T
4,830 4,248 4,858 4, 868 4,978 4,980 4,330 5,009 5,010 5.020
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CLEC-2 Hb4 GS linked tetramer - complete (6087 bp) (from 5030-6087 bp) 23/3{2022 13:53:46
Barl AhdI
BCCagatEEtasgccotoccEtatogtagttatotacacgacEERgagt cagEcaactatggat tcgotgagataggtgcctoactgatta

cggtctaccattcgggaggecatagcatcaatagatgtgctgccectcagtecgttgatacctacttgetttatotgtctagegactctatecacggagtgactaat

T T T
5,038 5,040 5,858 5,050 5,878 5,088 5,090 5,180 5,119 5,128 5,130

agcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcattittaat ttaaaaggatctaggtgaagatocttittgataatete
tegtaaccattgacagictggitcanatgagtatatatgaaatotaactaaatit tgaagtanasattaaattt tectagatccact tetaggaaanactat tagag

T T
5,140 5,158 5,160 5,179 5,180 5,190 5,200 5.218 5,288 5,238 5,240

ATFACCAAAATCCCTIAACEIZARt tTICEt teCaActEAg Rt CagaceoegtaRaAaaagat casagEatctIctIgaRatect Tt TICTECRCETaatetgcty

tactggtittagggaattpcactcanasgoaagglgactcgeagtctggggcatcttttotagttice ct BCE
I |
5,250 5, 260 5,270 5,280 5,298 5, 300 5,318 5,320 5,339 5,340 5 350
ctige gotaccagcggtggtttgtitgocggatcasgagetaccaactetittticcgaaggtaactggett agataccaa
gaacgttigtttttttggtggcpatggtcgooace ggcctagttoctcgatgett gcttocattgaccgaagicgtotogogtotatgptt
T T T
5,358 5,370 5,380 5,380 5,408 5,410 5,420 5.438 5,448 5,458

atactgtectictagttagcoRtagttaggCeaccact toaagasctetgtafcaccgrctacataccteget CtgotaatestgttaccagtgRctOtRocagt
tatgacaggaagatcacatcggcatcaatocgtggtgasgttcttgagacatcgtagcggatatatgragcgagacgattaggacaatggtcaccgacgacggtca

T T T T
5,460 5,478 5,480 5,450 5,500 5,518 5,528 5,530 5,540 5,558 5,550
gecgatasgtcgtgtottaccgeettggactcasgacgatagt taccggataagececagegetogggetgaacgeggeet tegtgcacacageccaget tegagce
cegetatteageacagaatggeccaaccigagtictgetateaatggectat tecgegtogecageecgact tgcececcaageacg tgtgtegggtegaacetege
T T T
5,578 5,588 5,550 5,660 5,618 5,620 5,638 5,640 5,650 5,668 5,678

aacgacclacaccgaact gagataccTacagcglEagctalEaganaagcECcacErt ICeCEAgEREARAAAEECEEACAEETAteCEEtAAECEECARERTCEEAD
et ERaTETEECTIZacTClATERatEtCRCACTCRATACTCITICECRET ttccctotttecgectgtecat TCRCCR tt

T T
5,680 5,538 5,700 5,718 5,7:0 5,738 5,748 5,750 5, TER 5,778

CaggagagCicacagEEAgcllCCaggREEAaacECCtEgtatcttiatagtectgtegEEtcECCacctctgacttgagcgtcgatttttgtgatgctcgtca

ptoctoctogogtgetocctegaaggtoccocttigcpgaccatagaaatatcaggacagoccaaagcppt gaactcgraget tacgagcagt
T T T T
5,780 5,798 5,802 5,810 5,820 5,830 5,848 5,858 5,860 5,370 .880
MNspl
Peil

BEEEEECEEARCCtatEEAaaaACECCaRCAAcECEECCtttttacEttoctgRccttttgetggccttttgtcacatgttctitectgegttateccctgatte

ceccecgecleggatacettittgegetegt tgegec LgccaaggaccEgasaacgaccpgaaaacgagtgtac graataggggactaag
T T
5,898 5,508 5,518 5,929 5,930 5,948 5,358 5,560 5,978 5,989 5,509

BspQl
sapl

tgtggatasccgtattaccgectitgagtgagcty g tcagt EEaag

acacctattggcataat teactcgactatge: gteggcttgctggctegogtogeteagteactogotocttegoctte

T T
6,000 6,818 6,828 6,028 6,040 6,058 5,880 5,879 G, 080
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APPENDIX VIII- GS linker-Nb4 DNA sequence generated from

twist biosciences.

(from 1-428 bp) 23/3/2022 13:58:23

Twist Bioscience - Nb4 dimer sythesized DNA (85...

Hincll
BstXI
Hpall
Mspl
Avall BsrfI

GICGACGG 1 G GG 1CGGGIGGI GG I GGIAGIGGLGGIGGIGGCAG I CAAGICCAA | T ACAAGAAAGCGGCGGLGECC IGGICCAAGCCGGIGGTAGT 1]
CAGCTGCCACCACCACCAAGCCCACCACCACCATCACCGCCACCACCGTCAGTTCAGGTTAATGTTCTTTCGCCGCCGLCGGACCAGGTTCGGCCACCATCAAACGT

2 4 5 8 1 12 14 16 18 28 22 24 26 28 38 32 34 36
FBPGcC ¢ G G'S G G G G'S GGG 6 SOENINCIERS ¢ ¢ c IEReRAG ¢ s R

12 20 L 40 50 68 7 2 90 188
Nlalll
Cviall
Fatl Haell

CTTGTCATGCGCCCCETCEGECCGTACAT T TTCACGETACCGTATGOGETGGT TTCGTCAAGCGUCTGECAAAGAACGLGAACTCGTCGCUACCTTGUGTTTATCAG
GAACAGTACGCGGOOCAGCCCOGCATOTARAAGTGCGATGACATACCCCACCAAMGCAGT TCCGCGOACCETTTCTTGCGC T TGAGCAGCGOTGAACGEAAATAGTC

38 42 42 44 46 48 5@ 52 54 56 58 62 62 64 66 68 79 i
s c e s ¢ N7 I R - WES . A e s FETENEES S v IR - )

11@ 120 30 149 150 150 178 .50 199 208 zle
Becivl
BsiEI ORI Dral
Begl Hgal Nrul Apol Msel

AUGGCACGACCGAT TACGCTGCGTCAGT ARAAGGGLGT TTTACGATTAGTCGCGATAATACT AAGAATACCCTGTACCTTCTGATGAATTCTTTAAAGCCAGAGGAT
IGCCGIGC IGGCTAA I GCGACGCAGICA | | 1 1CCCGCAAAATGCTAATCAGCGCTATTATGATICT TAIGGGACA T GGAAGAC TACT TAAGARATTTCGGICICCTA
72 74 76 78 8 82 84 86 B8 90 92 94 96 93 le@ 182 184 108

Be 77 BN s HED c HRED T 1D - THED T BB T RIS v N s TNED ¢ JENE

220 238 240 259 280 70 280 290 300 318 320
Tsp451

MspAll Ms1I EcoRY

Pvull Bael Bsiwl Alel Bf

ACAGCTGTCTATTATTGCGCCGCGAAAGGTCGTGGEGGCAACTATGATTATGCCGGT 6CGTACGATACE TGAEGTCAAGGCACACAAGTGACGGT TTCTAGTGATAT
TGTCGACAGATAATAACGCGGOGCTTTCCAGCACCGLCGT TGATACTAATACGGUCACGUATGCTATGEACCCCAGTTCCGTGTGTTCACTGLCAAAGATCACTATA
108 119 112 114 116 118 120 122 124 126 128 132 132 134 136 138 1486 142
TN AR e o N TREERE c WENER T e 0 c T o BT B s 1R

EEL] 348 356 360 78 380 390 400 412 4:0

https:/fbenchling. com/eleyna/fflib_8QFXPMYM-nanobodies/seq_r1Pfo5mf-twist-bioscience-nb4-dimersythesized-dnafedit 12
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Appendixes

Twist Bioscience - Nbd dimer sythesized DNA (852 bp) (from 429-852 bp) 23/3{2022 13:58:23
Dpnl

Sausal
Dpnll
BfycI
Mol Pstl Bspl2B61

PaqCl 5fecl BspCNI

BspMI HspAll BseYl BanI1

Bfual Alwl Fyull CacBl Bsaxl

| I
CGGTGEGAGGLGET TCAGGLGRAGG T GGC TCTGECEETGELGGA TCGCAGGT GLAGC TGCAGGAG T CTGGGGGAGEAT TEETGLAGECTGGEEGCTCTCTGAGACTCT
GLCACCTCOGOCAAGTCCGOC TOCACCGAGACCGOCACCGOCTAGC G TCCACGTCGACGTCC TCAGACCCCCTCCTAACCACG TOCGACCOCCGAGAGACTC TGAGA.
144 145 143 159 152 154 156 158 16@ 162 164 166 168 17@ 172 174 176 178

D6 66 656G 6656666 SONVENES cc cEEAG G s NN

T T T T

430 440 450 460 4 480 450 500 510 s B0
Bspl 2861
BsiHKAL
Lliae(‘al Bsll Nlalll
Acul h;*uNl Cviall AccE51

ApaL Hgal Fatl| Bpml Pfol Bect pan.
|

CCTGTGCACCCTCTGGACGCACCTTCAGTAGGT ATCGCATGEOCTGGTTCCGCCABGC TOCAGGARAGGAGCGTGAGC TTGTTGOGACTC TTAGGT TGAGTGATGGT
GGACACGTGGGAGACE TGLGTGOAAGTCATCCATAGCGT ACCCOACCAAGGCGGTCEGAGGTEC TTTCETCOCACTCOAACAACGL TGAGAATCCAACTCACTACCA
18¢ 182 184 186 183 199 192 194 166 198 200 202 204 206 296 21@ 212 214
SciAlP s G JRDT s RENERD 1 ¢ WIENRRQ A0 P G KNENRUENCUNVEA T JENRNED s 10D 6

548 558 SE@ 570 S8 598 (2] &1 B2 630 E40
T#I Eagl

I:Iphl Eael

Kpnl Bpml Beel Bbsl

ACCACAGACTATGCAGCC ICCG T GAAGGGCCGAT TCACCA TCTCCAGAGACAACACCAAGAACACGCTAT ATCTGL T TATGAACAGCCT GAAACC | GAAGACACGGE
TOGTCTCTGATACGTCOGAGOCACT TECO0OCT AL TGOTAGAGGTCTCTGTTGTGGT TCT TGTGCCATATAGACGAATACT TGTCOGACTTIGGACTICTGTONCG
216 218 22@ 222 224 226 228 230 232 234 236 238 240 242 244 246 248 25€

T 7 BREATAD s VRIS o JRNER 1 109 s JRNBR N 7 KDN 7 NENENIS 1~ s JONKD ¢ JERIED 1 A

T T T
6ED 668 678 GEA 630 T 718 EEL T30 TR

Pshal
Hphl
Bsaal E¢oD1991 BsmF1
PmlI PpuMI| Tsp45I HindIII
Mboll HpyCH41Y Ayall| Bstkell Espil
BsiEl Acul S5tyl AFLIII K11 BzeRl Bsmil

CGTTTACTACTGIGCAGCCAAGGOCAGAGG 1 GGTAAT TACGAC TACGCAGGAGCC TAT GACACG | GEGGCCAGGEGACCCAGE | CACCGTCTCTTCARAGCT 1
GLAAATGATGACACGTCGGT TCCCGTCTOCACCATTAATGCTGATGUGTCCTOGEATACTGTGCACCCCGGTCCCCTGEGTCCAGTGOCAGAGGAGTTTCGAA
252 254 256 258 266 262 264 266 268 270 272 274 276 278 280 282 284

¢ AIAJER G RBc ¢ N NNCHERAC c ATNNORT W o 0 ¢ T oNBT MRS s JKDED

T T T T
750 760 ire 758 i3 ] 318 e ] 540 850

https./feenchling.comfeleynalfilib_BOF XFMYM bodies/seq_r1PfESmitwist-bioscience-nbd-di A hesized-dnaledit a2
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Luis A Moréan

APPENDIX IX- human podoplanin- rabbit Fc DNA sequence

(from 1-642 bp) 24/3/2022 11:35:50

YING pFUSE-hPDPN-rFc (4504 bp)

As15l
Pyul
GGATCTGCGATCGCTCCGGTGUCCGTCAGTGRGEAGAGCGLACATCGLCCACAGT CCCCGAGAAGT TGEGGEGAGGGETCGGCAAT IGAACGGGT GLC TAGAGAAGG
CCTAGACGC TAGLGAGGCCACGGECAGTCACCCOTCTCGEGTRTAGCGRGT GTCAGGEGCTCTTCAACCCCCCTCOCCAGLOGT TAACT TRCCCACGEATCTCTICC
[ REFI=HILY pronoter =

18 0 in 48 5@ ] T8 a0 EL] 108

Acll
TGGOGCGEGETAAC TCGGAAAGTGAT GTCGTGTACTGEL TCCGLCTTT T TCCOGAGEG TCHGEGAGAACCGTATATAAGTGCAGTAGTCGLCGTGARCGT TCTTTT
ACCOOGCCCCATTTGACCCTTTCACTACAGCACATCACCOAGRLGGAAMAAGGGCTCCCACCCCCTCTTGOCATATAT TCACGTCATCAGCEGCACTTGLAAGAA AL
= REFI=RILY. pronater =

T T T T
118 128 130 140 158 168 17e 188 158 ELL] 218

HindIII
Pvull Bsu36l

TCGCAACGGLTTTGCCOCCAGAACACAGE TGAAGC TTCGAGOOGE TCOCATC TCTCC T TCACGEGLECGECGOCCTACCTOAGGLEGCCATCCACGOCOOT TGAGTC
AGCGTTGCCCAAACGGLGGTCT TGTGTCGACTTCOAAGE TCUCCGAGUGTAGAGAGGAAGT GLGCGEGCGGCO00AT GRACT CUGECGETAGGTGCOEECAACTCAG
* REF1-HTLY pronoter »t

. : : . . : .
228 39 248 250 2R 279 50 250 300 e 32

Bsal

Bpulel
GOGTTCTGCCGCCTCOCGOCTGTEOTGCCTCCTGAAC TG GTCOGCCGTCTAGGTAAGT TTAAAGC TCAGGTCGAGACCGLGLCTTTGTCOGGRCGETCCCTTGEAGE
COCAAGACGOCGRAGGGCGGACACCACGLAGGAC TTGACGCAGGCGLCAGATCCATTCAAAT TTCGAGTCCAGCTC TGO COGRAAACAGGCCOCGACGLAACCTOG
= 3

T T
330 348 358 360 Erl] 388 ELL 408 418 458

CTACCTAGACTCAGCOGGLTCTOCACGETTTGCCTEACCCTECTTGCTCAAC TCTACGTCTTTGTTTCGTTTTCTGT TCTGCGCCET TACAGATCCAAGL TGTGACT
GATGCATCTOAGTCOGOCOAGAGC TGCOAMACGEAC TOOEACGAACGAGT TGAGATOC AGAAAC AAAGCAAAAGAC ARGACGEGOCAATGTCTAGGTTCGACACTGS

= REFI=HTLY. pronater =
T T T T
438 448 458 460 470 488 438 5Soa 5l 528 538
PluTl
sfel
Narl EcoR]
Kasl Sgral BsrGl Apol EcoRY

GGLGOCTACCTGAGA TCACCEgeGAAGGAGGGCCACCATGTACAGGA TGCAACTCCTGTCT TGCAT TGCACTAAGTCTTGCACT TGTCACGAAT TCGATATCAGAAG
COGDOGATGOACTCTAGT g ccpCTTCCTCCCGRTOATACATGTCC TACGT TRAGGACAGAACG TAACGTGATTCAGAACGTGAACAGTGETTAAGCTATAGTCTTC
1 2 3 4 5 6 7 8 9 1011121314151617 1851928 1 2 3

v HBRS» o ENERs ¢ ERAJED s INAJERND T N s 1B s BB

— [ 102 58 =
T T
540 550 568 570 580 598 4::) 618 620 638 648
https./feenchling.comfeleynalfllib_NGgTTrco-clec-2fseq_dAAZcVHY-ying-pfuse-hpdpn-rfc/edit 17
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Appendixes

YING pFUSE-hFOPN-rFc (4504 bp) [from 643-1177 bp) 24/3{2022 11:35:50

BpmI

GAGCCAGCACAGGCCAGCCAGAAGATGACACTGAGACTACAGGTTTGGAAGGCOGOGT TGLCATGCCAGGTGOCGAAGATGATGTCGTGACTCCAGGAACCAGCGAA
ClCDGICG]GlCCGG ICBGICHCMCIGIGACTCIGMGTQCMAOCI TCCGUCGCAACGG TACGGICCACGGLT TCTACT ACACCACTGAGGTCCTIGGICGLT T
13 12 14 16 18 28 22 24 26 28 38 3z 34

GES“T ¢ Q‘P-T-Tﬁ ¢ JIER:c ¢ MR P o A ENORENNEES T P ¢ T s ED
= PPN £+

T T T T
BSA GE@ 78 GEA B9 o0 718 bl T Tan

GACCGUTATAAGICTGOCT TGACAATTCTOGIGGCAACAAGTGTCAACAGT GTAACAGGCAT TCGCATCGAGGATCTGCCAACT TCAGAAAGCACAGT CCACGUGLA
ﬂGDOGAThTTCAGhOOGAACTGT 'I'GAG&OCACCG'I’ TGTTCA(AGTTGTCAC&TTGTCCGTAAGCGTaGCTOCTAGhOGGT TGﬁ&GTCTTTOGTGTmGTGOGCGT

36 42 44 54 56 58 68 62 64 66
_s G-T\T-T\S-N)S-T 6 INRDIVENDRLED P '}5.5”“&3
= hPOFH EH
T T 1 T T T T 1 T T T
750 760 170 750 7% 500 a0 820 830 40 850

xeml

AGAACAMAGTCCAAGCGCCACAGCCTCAAACGT GGCCACCAGTCAC TCCACGGAGAA GTGOAT GEAGACACACAGACAACAGT TGAGAAMGATGGTTTGTCAACAG
TCTTGTI'I'C&GG‘I'I’COOGGTGTCGGAGTTI'GC#CCQGTGGTCAGTGQGGTGCCTCTTI'CAQCT#CCTCTGTGTGTCTGTI'GTCAACTCTTTCTACCMACAGTTGTC
74 1] BE L 92 léd 182 184 186

-o)s iE SBI BS)N -T)S JH0s 7 TENENEE -' )0 A ;T_G BsT)
= hFOFN 3
— i i ! . . ! i
860 8Te a8e Béﬂ kL) 918 slze EEL) Q»IW 950 960
BsaAl
Bglll Pmll Ahd1 BspHI

TGACCCTGAGATCTAGCAAGCCCACGT GLCCACCCCCTGAACT LT GEGOGGACCGICTGICTTCATCT TCCOCCCAAAACCCAAGGACACCCTCATGATCTCACGE
ACTOOGACTETAGATOCT 'I'CGGG'I'GCACDGGTGGMCTT&MOECCCTGGC&G&MAGTMMTTT TGGGTTCCTGTDOGAGTMTAC.AGTECG
108 112 o 18 12 14 16 18 22 24 26

WU sH0e 1 oc poe b ELAMG o ¢ s NARBINE ¢ ¢ K0 KIDD T D A DS WO
s 2

T T T T T T T T T T T
a70 380 EEL 1,688 1,818 1,008 1,038 1,848 1,858 1,060 1,070
Nspl FspAl
Alel Fspl

ACCOCCGAGG 1 CACATGLGT GG 1 GG GGALG I GAGLCAGGA | GACCUCGAGE 1GCAGT 1CACATGGTACAT AAACAACGAGCAGG] GLGCACCGLCCGHLUGLOGLT
TGGGGGCTCMWTWCCMDC&CCTGC&CTCGGTCCTmGGCKCMTCAAGTGT#CCATGTATWGTTGCTCGTCCMGTMGMG@(R
32 36 52 a4 [

62 64 66
T I'-T C_S}JE-P-Q.T_N)'H'. HNES T R P ID

T T T T T
1,088 1,080 1,188 1,118 1,128 1,138 1,140 1,158 1,168 1,178

https./feenchling.comfeleynalfllib_NGgTTrco-clec-2fseq_dAAZcVHY-ying-pfuse-hpdpn-rfc/edit 2i7
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YING pFUSE-hPDPN-rfc (4504 bp) (from 1178-1712 bp) 24/3{2022 11:35:50
Bpuldl
Alel BbvCl

ACGOGAGCAGCAGT TCAACAGCACGATCCOCGTGGTCAGCACCCTCOCCATCGOGCACCAGGACTROCTGAGGGOCAAGGAGT TCAAGT GLARAGTCCACAACAAGG
TGCUCTCGTCGTCMG'I'I'GTCGTGCT#GOOGCACCAGTCGTOGGLGGGGTLGCGOGTGGTOCTGADOG&CTCOCCGTTOCTCMGTTCACGHTCAOGTGTTGTTCC
68 78 72 ?4 &4 B6 B8 Bl 92 94 96 98 182 1@z

ACH Q JDDW G JKRIENIEDED

_s)’r -l'

T T T T T T T T
1,180 1,158 1,200 1,219 1.220 1,238 1,240 1,250 1,260 1,278 1,280

PspOMI  TspMI
Bpal xmal
Acel  Neol Apal| Smal 8lpl
CACTCOCGGOCCCCATOGAGAAAACCATCTCCAAAGCCAGAGLGCAGCCCCTGRAGCCGAAGETCTACACCATGOGCOCTCCCCOGRAGGAGCTGAGCAGCAGETCG
GIGAGGGCCGEGGGTAGCICT TTTGETAGAGST TTCGGTCTCCOGT CEGLGACCTCGGET TCCAGATGIGG TACCCGEEAGGGEUCCTCCTCGACTOGICGTCCAGE

o4 196 198 112 112 114 116 118 125 122 124 126 126 138 132 134 136 13§
JRIER e A p FENKD T 0 s KDAJRRG o P JONERr KOVENBT v 6 P r REEDENINS s JRDS
T I

T T I T T | I T
1,230 1,388 1,310 1,328 1,330 1,340 1,358 1,360 1,378 1,388 1,338

BclI

GICAGCCTGACCTGCATGATCAACGGC T TCTACCCT TCCGACATCTOGRTGGAGT GEGAGAAGAALGGGAAGELAGAGGACAAC TACAAGACCACGCCGGCCGTGLT
CAGTOOG#CTGGACGTM‘TAGTTGCCGAQGATGGGM.OGCTGTWGOC&CCTCMTCTI‘CTTmTTCGGTCTCCTGTTGATGWCTGGTGCOOﬁCGGCm
142 144 146 148 150 152 154 156 158 160 162 164 166 168 178 172 1/4

.S‘T ¢ «EBN o JEER e s DN s NRIEDY JERER N JEWAJERDD N NBER T 7 P ATEED

| T T T | T T T
1,488 1,418 1420 1,430 1,448 1,458 1,468 1470 1,480 1,498

Stul
GGACAGCGACGGLTCCTACT TCCTCTACAGCAAGCTCTCAGTGLCCACGAGT GAGT GECAGC GEGECGACGTCT TCACCTGC TCOGTGATGCACGAGECCTTGCACA
CCTGTCGCTGOCOAGGATGAAGCAGATGTCGT TCGAGAGTCACGEE TOC TCACTCACCGTCOCCCCOC TECAGAAGTGOACGAGGCACTACGTGCTCCOGAACGTGT
176 178 18% 182 184 185 188 19¢ 192 194 196 198 200 202 264 206 268
s v EDW

6 5 NSNS s FRED s WRr 7 c ENEEER T c 'SHERv
Y - -

T T T T
1,500 1,518 1,528 1,538 1,540 1,550 1,560 1,579 1,580 1.53¢ 1,688

Bsril Nhel

ACCACTACACGCAGARGTCCATCTCCCGUTCTCCGEGTAAATGAGL TAGC T GGOCAGACATGAT AAGATACAT TGATGAGT T TGGACAAACCACAACTAGAATGCAG
TGGTGATGTOO(‘TCTTCAGGT&GAOOGCGA(‘-&GGO(TATTTM‘TCG:\TOG&CCGGTCTGTM‘,T#TTCTATGTMCT&CT(‘MCCTWTOGTGTTGATCTT&OGTC
2le 212 214 216 218 228 222

T QKDs NS RS P G-'
N 1 — o sWe Tatemelyh R

T T T T T T T T
1.618 1,628 1,638 1,640 1,650 1.668 1,678 1,688 1.698 1,700 1,718

https./feenchling.comfeleynalfllib_NGgTTrco-clec-2fseq_dAAZcVHY-ying-pfuse-hpdpn-rfc/edit
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Appendixes

YING pFUSE-hPDPN-rfc (4504 bp) (from 1713-2461 bp) 24/3{2022 11:35:50

Apol Psil Hpal

TCAAAAAAATGCTTTATTTGTGARATT TGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGT TAACAACAACAATTGCATTCATTTTATGTT
ACTTTTTTTACGAAATARACACTTTAAACACTACGATAACGAAAT AAACATTGOTAATATTCGACGTTATTTGTTCAATTGTTOTTGTTAACGTAAGTARAATACAA
= 5%

T I
1,720 1,738 1,748 1,758 1.768 1,770 1,788 1,738 1,508 1,810

Xmnd
Asel
TCAGGT TCAGGOGGAGG G GGEAGGT 1111 TAAAGCAAG | AARACT ICTACRAAATGIGGIATGGAAT TAAT TCTAARATACAGUATAGCAAAACT 1 TAACT ICCAL
AGTCCAAGTCCCOCT CCACAC OO AAAMAAT TTCGTTCATTTTGGAGATGT TTACACCATACCTTAATTAAGAT TTTATGTCGTATCGTTTTGAAATTGGAGGTT
w5 .

T T T
1,820 1,838 1,848 1,850 1,850 1,878 1,888 1,850 1,900 1,918 1,920

ATCAAGCCTCTACT TGAATCCT TTTCTGAGGGA TGAATAAGGCATAGGCAT CAGEGGCTGT IGCCAATGTGCATTAGT TG T TGCAGCCTCACCT ICTTICATGGAG
TAGTTCGGAGATGAACTTAGGAAAAGACTCOCTACT TATTCOGTATCOGTAGTOCCCGACAACGRTTACACGTAATCGACAAACGTCGGAGTGEAAGAAAGTACCTC

T T
1,930 1,548 1,950 1,968 1,578 1,980 1,959 2,000 2,018 z,028 2,030

BspQl
sapl
Earl Sspl

TTTAAGATATAGTGTATTTTCCCARGGT TTGAAC TAGCTCTTCATTTCTTTATGT TTTAAATGCACTGACC TCCCACATTCCCTTTTTAGTAARATAT TCAGAAATA
AARTTCTATATCACA T AABAGGG T TCCAAACT IGATCGAGAAG I AAAGARATATAARA | | TACGI GACIGGAGGG | GIAAGGGARAALTCATTTTATAAGICTTIA]

I I
2,048 2,058 2,068 878 2,088 Z,0En 2,108 2,118 18 2,138 2,140

Swal
ATTTAAATACATCAT TGCAATGAAAATAAATGT TTTTTAT TAGGCAGAATCCAGATGCTCAAGGCOCT TCATAATATCCCCCAGT TTAGTAGT TGGACT TAGGGAAC
TAAATTTATGTAGTAACGTTACTTTTATTTACAAAAAAT AATCCGTCTTAGGTCTACCAGT TCCGOCAAGTATTATAGOGOGT CARATCATCAACCTCAATCCCTIG

T T T
2,15 Z,168 2,170 2,188 2,150 2,200 2,219 2,228 2,238 2,248

Apall
Dralll

AAAGGAACCTTTAATAGARAT TGGACAGCAAGAAAGCGAGCT TCTAGCT TATCCTCAGTCCTGCTCCTCTGOCACAAAGT GLACGCAGT TGCCGGCCGHGT CHLGTA
TTTCCTTGGAAATTATCTTTAACCTGTCOTTCTTTOGCTCOAAGATCGAAT AGGAGTCAGGACGAGGAGACGGTGT TTCACGTGOGTCAACGRCCOGCCCAGTGCGT

T T T T
2,250 2,260 2,270 2,280 2,290 2,388 2,310 2,320 2,330 2,348 2,358

Fsel NmneATIT

GOGOCAACTCOCOCCOOCACGOCTOCTCOCCOATCTCOGT CATOGC COGCCCOGAGGC G TCCCOGAAGT TCATGOACACGACC TOCOACCACTOOGOCTACAGCTEG
CCCGLTTGAGGGUGEGEGTGLOGACGAGIGHLTAGAGICAGTACCOGLCGEEICTCCGUAGGELCTTCAAGCACCTGTGL TGGAGGL TGO TGAGCCGLATGT CEAGT

T T T
2,388 2,378 2,380 2,398 2,408 2,418 2,420 2,430 2,440 2,458 2,450

https./feenchling.comfeleynalfllib_NGgTTrco-clec-2fseq_dAAZcVHY-ying-pfuse-hpdpn-rfc/edit 447
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YING pFUSE-hPDPN-rfc (4504 bp) (from 2462-3210 bp) 24/3{2022 11:35:50

SexAl Sgral

TCCAGGCCGUGCACCTACACCOAGGCCAGEGTGTTGTCCGECACCACCTGGTOCTGRACCGGCTGATGAACAGGGTCACGTCGTCCCGGACCACACCGLCGAAGTE
AGGTCCGGCECGIGEGTGIGEGTCCEG T COCACAACAGELUGT GGT GEACCAGGACC T GECGLGACTACT TGTCCCAG T GLAGCAGGGLCTGRIGTGECLGLT TCAG

T T
2,478 2,480 2,439 2,500 2,518 2,528 2,530 2,540 2,550 2,560

smal
TSEHI BssHIT
Emal BsrBl MauBl

GTCCTOCACGAAGT COCGOCAGAACCCGACCCOOTCOGT CCAGAAC TCGACCGETCCGGOCACG TOCCGOGOOGTCAGCACCONAACGOCACTOOTCAACTTROCCA
CAGGAGGTGCT TCAGGOCCCTCT TOOGE TCOGCCAGCCAGGTCTTGAGC TEEOGAGSLCOCTOCAGCGLGCGCCACTOGTGECC TTOCCGTCACCAGT TGAACCGLT

T T T T T
2,578 2,580 2,598 2,600 2,610 2,620 2,630 2,548 2,650 2,660 2679

Asel

TGATGGCTCCTC et ttagtacaattgCTATAGTCAGTIGTATTATACTATGCAGATATACTATGCCAATGATTAATTGTCARA
ACTACCGAGGAGEacagtcctotoctttctottottocaatcatgt taacGA IATCAC TCAACA TAATATGATACGI CTATATGATACGG T TATTAAT TAACAGI T

T T
2,630 2,690 2,788 2,718 2,720 2.738 2,748 2,758 2,768 2,770 2,780

Btswxl
Petl BtsI
CTAGGGCTGCARERTtcatagtgoccactittoct £ tectg 134 agacagicagigacttacCAAACTCACAGEA A
GATCCCGACGT coccaagtatcacggt tgacgEgpt. EBEEL tocgtatctgtcagtcactgaatgGTTIGAGTGICCTCCCTC
I I
2,790 2,800 2,818 2,820 2,838 2,840 2,850 2,850 2,870 2,850

Hindlll Sacll

AAGGCAGAAGCT TGAGACAGACCCGLGGGACCGLCGAACT GCGAGGGEACGT GECTAGGGLGELTTCTTTTATGGT GLGLCGGCCCTCGGAGGCAGEECGCTOEREG
TTCCOTCT TECAACTETGTETGOCCGCCETOGCGOCT TGACGCTCCOCTRCACCCATCCOCCCCAACAAAA TACCAC GOCGCCOOCAGCCTCCGTCOCGLGAGLCDT

T T T
2,898 2,900 2,518 2,920 2,938 2,540 2,958 2,660 2,878 2,988 2,850

Stul

AGGCCTAGCGOCCAATCTOCGOTCOCAGGAGOC GOCOICCAAGGLCGTOLCTGACCAATCCGGAGCACATAGGAGTCTCAGCCCOCCGLCOCAAAGL AAGGGGAAGT
TCCGGATCGOOGGT TAGACGCCACCGTCCTCCGCOCOGGC T TCCGGCACGGACTEG T TAGGLCTCGTGTATCCTCAGAGT COGGEGGIGGEGT TTCGTTCCCCTICA

T T
3,000 3,010 3,020 1,838 3,040 1,050 3,060 3,878 3,088 3,050 1,100

Apal
PspOMl  Spel

CACGOGCCTOTAGCGOCAGCGTOT TGTGARATOGGOCGLT THOGGGEGT THEEGCCCTEACTAGTCAARACARAC TCCCAT TGACGTCAA TGOS TGGAGAL T TGGAA
GIGOGCGGACA T GGG COCACARCACT T TACCCCCGAACCCCCCCAACCCOGEAC | GATCAGT T TIG] 1 1GAGGG T AACTGCAGH TACCCCACCICIGARCCT |

T T
3,110 3,120 3,130 3,148 3,158 3,160 3,17@ 3,180 3,190 3,200 3,210

https./feenchling.comfeleynalfllib_NGgTTrco-clec-2fseq_dAAZcVHY-ying-pfuse-hpdpn-rfc/edit 57
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YING pFUSE-hPDPN-rfc (4504 bp) (from 3211-3959 bp) 24/3{2022 11:35:50

SnaBI

Bsaal
ATCCCOGTGAGTCAAACCOCTATCCACGCCCATTGATGTACTGLCAAAACCGCATCATCATGOTAATAGCGATGACTAATACGTAGATGTACTGCCAAGTAGGAAAG
TAGGCGCACTCAGTTTCGCGATACGTGCGEGTAACTACATGACCGT TTTGGCGTAGTAGTACCATTATCGC TACTGATTATGCATCTACATCACGGTTCATCCTTTC

4 CMY_enh .
T T T T T
3,20 3,230 3,240 3,850 3,268 3,278 3,280 3,29 3,388 3,318
Ndel

TCCCATAAGGTCATGTACTGGGCATAATGCCAGGOGGOCCATT TACCGTCAT TGACGT CAATAGGEGGCGTACTTGGCATATGATACACT TGATGTACTGCCAAGTG
AGGOTATTCCAGTACATGACCCGTATTACCOTCCOOCCOOTARATGLCAGT AACTGCAGTTATCCOCCOCATCAACCGTATACTATGTCAACTACATCACGGTTCAC
= CHV enh 4

T T T T T T T
3,38 3,330 3,348 3,350 3,360 3,378 3,380 3,338 3,480 3,418 3,48

GOCACTTTACCGTAAATACTCCACCCAT TCACG TCAATCOARAGTCOCTAT TOOCGT TACTATCOCAACATACGTCAT TATTCACCTCAATCOGCGOEGGTCATTGE
COGTCARATGECAT T TATGAGG TGGGTAACTGCAGT TACCTTTCAGGGATAACCGCAATGATACCCTTGTATGCAGT AT AACTGCAGT TACCCGLCCCCAGCAALT

= CHV_enhancer =
T T T
3,438 3,448 3,450 3460 3,478 3,480 3,490 3,508 3,518 3,528 3,538
Nspl
Shf1 Af1I11

Pstl Pacl Pecil

GOGGTCAGCCAGGCGGOCCATTTACCGTARGTTATCTAACGEC TECAGGTTAATTAAGAACATC TCAGTAAAAGGIC AGE AAAAGOCCAGGARCCGTAARAAGDOCG
CGECAGTCGGTCCGECCEGTAAATGGCATTCAATACAT TGCGGACG TCCAAT TAATTCTTGTACACTCGT TTTCCGGTCGTTTTCCGGTCCT IGGCATTTTTCOGGC
3= CHMV enhancer 1

T T T T
3,540 3,558 3,560 3,570 3,580 3,558 kN 3,610 3,620 3,630

Drdl

COTTCCTGGCGTTTTTCCATAGGCTCCGOCCCCOTGACGAGCATCACAAAAATCCACGE TCAAGTCAGAGG TCGUGAAACCCGACAGGAC TATAAAGATACCAGGLG
GCAMCGACCGCAAAAAGGTAT COGAGGCGELGGGACTGCTCGTAGTGTTTT TAGCTGCGAGT TCAGTCTCCACCGCT TTGOGCTGTCCTGATAT T TCTATGGTOCGE

T I I I
3,648 3,650 3,558 3,670 3,680 3,690 3,708 3,718 3,720 3,738 3,748
Beivl

TTTCCOCCTGEAAGC TCCCTCGTECGCTCTCCTGTTCCGACCCTGLOGCT TACCGGAT ACCTGTCOGLTT TTCTCCCTTCOGGAAGCGT GGLGCT TTCTCATAGCTC
AMAGGOGEACCTTCOAGGLAGCACGLGAGAGGACAAGGCTOGEACGRCGAATGECCTATGGACAGGGGAAAGAGGGAAGCCC TTCOCACCGUGAAAGAGTATCGAG

T T
3,758 3,768 3,778 3,758 3,790 3,800 3,818 3,828 3,830 3,840 3,850

BseYl ApaLl
ACGCTOTACGTATCTCAGT TCOOTOTAGGTCAT TOCCTCCAAGE TGOGC TETATCCACGAACCOCCCOGT TCAGCCOCACCOC TOOOCC T TATCCOA TAACTATOGTE
TGCGACATCCATAGAGTCAAGCCACAT CCAGCAAGLGAGG T TCOACCCGACACACGTGET AAGTOGGGC TEOIGACGLGGAATAGGLCAT TGATAGLAG
T T
3,880 3,870 1,888 3,890 3,900 3,018 3,920 3,338 3,940 3,950
https./feenchling.comfeleynalfllib_NGgTTrco-clec-2fseq_dAAZcVHY-ying-pfuse-hpdpn-rfc/edit Bi7
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YING pFUSE-hPDPN-rFc (4504 bp) (from 3960-4504 bp) 24/3/2022 11:35:50

I TGAGTCCAACCCGG I AAGACACGACT TATCGCCAC TGGCAGCAGCCACT GG TAACAGGA T TAGCAGAGUGAGG T ATGTAGGCGG I GLTACAGAGTTCT IGAAGIGG
AACTCAGGTTGGGCCATTCTGTGCTGAATAGCGGTGACCGTCGTCGGTGACCATTGTCCTAATCGTCTCGCTCCATACATCCGCCACGATGTCTCAAGAACTTCACC

3,960 3,570 3,980 3,590 4,000 4,010 4,820 4,630 4,040 4,050 4,060

TGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGT TACCT TCGGAAAAAGAGT TGGTAGCTCTTGATCCGGCAAACAAAC
ACCGGATTGATGCCGATGTGATCTTCTTGTCATAAACCATAGACGCGAGACGACTTCGGTCAATGGAAGCCTTTTTCTCAACCATCGAGAACTAGGCCGTTTGTTTG

4,079 4,080 4,890 4,109 4,110 4,120 4,130 4,140 4,159 +,16@ 4,179

CACCGCTGOTAGCGGTGGTTTTTTTGT TTGCAAGCAGCAGAT TACGUGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCT TTTCTACGGGGTCTGACGCTCAGT
GTGGCGACCATCGCCACCAAAAAAACAAACGTTCGTCGTCTAATGCGCGTCTTTTTTTCCTAGAGTTCTTCTAGGAAACTAGAAAAGATGCCCCAGACTGCGAGTCA

4,180 4,190 4,200 4

,210 4,220 4,230 4,240 4,250 4,260 4,270 4,280

Pacl Swal Notl

GGAACGAAAACTCACGTTAAGGGAT TTTGGTCATGGCTAGT TAATTAACATTTAAATCAGCGGCCGCAATAAAATATCTTTATTTTCATTACATCTGTGTGTTGGTT
CCTTGCTTTTGAGTGCAATTCCCTAAAACCAGTACCGATCAATTAATTGTAAATTTAGTCGCCGGCGTTATTTTATAGAAATAAAAGTAATGTAGACACACAACCAA

4,299 4,300 4,310 4,320 4,338 4,340 4,350 4,360 4,370 4,380
TTTTGTGTGAATCGTAACTAACATACGCTCTCCATCAAAACAAAACGAAACAAAACAAACTAGCAAAATAGGCTGTCCCCAGTGCAAGTGCAGGTGCCAGAACATTT
AAAACACACTTAGCATTGATTGTATCCGAGACCTAGTTTTCTTTTGCTTTCTTTTGTTTCATCCTTTTATCCCACAGGGGTCACCTTCACCTCCACGGTCTTGTAAA

4,39 4,400 4,410 4,420 4,430 4,440 4,450 4,460 4,470 4,480 4,498

CTCTATCGAA
GAGATAGCTT

4,500

https://benchling.com/eleynaff/lib_NGqTTrco-clec-2/seq_dAA3cYHY-ying-pfuse-hpdpn-rfc/edit
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Appendixes

APPENDIX X- human CLEC-2-His tag DNA sequence

(from 1-642 bp) 24/3{2022 11:37:06

YING pHLSEC-His-human CLEC2 (5196 bp)

Spel
GTCGACATTGATTATTGACTAGTTATTAATAGT AATCAAT TACGGGGTCATTAGT TCATACCCCATATATGOAGT TCCOCGT TACATAACTTACGGTARATGGOCCE
CAGCTGTAACTAATAACTGATCAATAAT TATCAT TAGT TAATGOOCCAGTAA TCAAGTATCGBGTATATACCTCAAGGLGCAATGTAT TGAATGLCAT T TACCGRGC

[ CHV_enhancer »
CAG Promoter 4

10 0 W 4@ S8 EA T &h L] 188

CCTGECTGACCGUCCAACGACCCCCGUCCAT TGACGTCAATAATGACGTATGT TCCCATAGTAACGUCAATAGGGACT TTCCAT TGACGTCAATGGGTGGAGTATTT
GEACCGACTGOCOGAT L TGOGCACGEETAACTGCAGT TAT TACTGCATACAAGGGTATCATTGOCGT TATCCCTGARAGG TAACTGCAGT TACCCACCTCATAAA

= CMV_enhancer w5
= CAG Promoter F g
T T T T
118 128 130 140 158 158 170 130 120 200 218

ACGETAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGLCAAGTACGOCCCCTATTRACGTCAATGACGGT AAATGGCCOCCCTGRCATTATCOCCAGTACA
TGCCATTTGACGOGTOAACCGTCATGTAGT TCACATAGTATACGGT TCATGCGOCGGATAM TGCACT TACTGCCAT TTACCGOOCGoACCOTAATACGOGTCATGT

= CHMV_enhancer £
= CAG Promater 5
T T T
228 238 248 250 268 278 288 250 EL e EFL)
SnaBl
BsaAl
BrgZl Neol

TGACCTTATGGGACT TTCCTACT IGGCAGIACATCTIACGIAT TAGICATCGC TAT TACCAT GG COAGGT GAGLCCCACGT TCIGCT TCACTCTCCOCAIC T COCCT
ACTGGAMTACCCTGARAAGGAT GAACCGTCATGTAGATGCA TAATCAGTAGCGATAATGGTACCAGCTCCACTCGOGG 1 GLAAGACGAAG T GAGAGGGG T AGAGGGEG

i o 4 Chicken betz-actin oromoter W%
b CAG Pronoter 3z
J..w ECE] 58 El e J.‘Iw 398 400 41¢ 420

BtgZl
CCCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAAT TATTTTGTGCAGCGA I GEGGGCOGEGOGGGEGGGGGECOUECECCAGECOGHGLGEEOIGEGECEA
GOCACGGOTOOOOOT TAAAACATAAAT AAATAAAAAATTAATARAACACGTCOCTACCCOCGOCCOOCCOC OO0 OO OoOOOGooaTECGOOCOCO0CnOCo0GnT
» Chicken beta-actin promoter »
» CAG Promoter -1
T T T T
430 448 458 450 470 488 438 588 510 520 538

GOOGCGGOCOOGOGCCAGGCGOACAGE TROOGC GLCAGCCAATCAGAGC OGO GOCC TCCGAAAG T TTCCT T T TATGOCCAGGCOOCGOCOGOGOCOGCCCTATAARA
CCCOGCCCCGOCCCGCTCCGLCTCTCCADGLOGEOGTCGET TAGTCTCGLCGUGLGAGGLT TTCAARGGAALATACCGLTCCGCCGLCGCCGLCGLCGOGATATITT

3= Chicken beta-actin promoter o
= CAG Promoter o
T T
540 558 Se8 57@ 580 598 ERd B18 620 B3 &40
https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit lig
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Luis A Moréan

¥ING pHLSEC-His-human CLECZ (5196 bp) (from 643-1391 bp) 24/3{2022 11:37:06

AGCGAAGLGOGLHGECEEGLGEEAGT L TELGCELTHOCT TOGCCCOGTGLCOEC TCCGLOGLCGLCTCGOGLCGUOCGLLCCGELTCTGACTGACCGLGT TACTC
TCGCTTCGCGOGCCGOCCGLCCTCAGLGACGIGCGALGEAAGLGGGGCATGGGECGAGEUEGIGELEGAGCGLGHIGGECHEHGELCOACACTGACTGECOCAATGAG

3#Chicken. . omoter >
i CAG Promoter -

I
B50 L L1 BED 590 TR 718 b 30 T4e
CCACAGGT GAGCOGGCGGGACGECCCT TCTCCTCOGRGCTGTAAT TAGCGCT TGGT T TAATGACGGCTIGT TTCTTTTCTGTGGCTGCGT GAAAGCCT TGAGGGGLT
GETGTCCACTOGOCCGOCCTROCCOGAAGAGGAGGCCCCACAT TAATCGLCAACCAAATTACTGCCCAACAAAGAAAAGACACCGACCCACTTTCGRAACTCOOCGA
T T T
750 TEQ e 788 798 00 §1e 820 &30 840 850
Apal
Pfol PspOMl

CCGGEAGGECCCT T TG TGLGEEEEGAGCEECTCEEEGGGT GLGIGLGTGIGI GIGIGCGT1GOGEAGCGICGUGT GLGECT CCGUGLIGLCOGGUGELTGIGAGUGL T
GOCOCTCCCOOGAAACACGCCOOCCTCOOCOAGCOCCCCADGCACGEACACACACACCCACCCC TOOCGOCGCACGECOAGGE GOCACOOOCCGECOACACT OGO GA

T T
860 870 350 838 500 9l 928 EEL 948 550 968

Eagl Sacll

GLOOCOGCGLCGLGLGOCTTTOTCCOCTCOGCAGTCTOLGOGAGCGGAGLGL GOCCGEGECCOETOOCCCOCCOTOCOCOMEGGOCTOLGACOOCAACARAGGLTOC
CGCOOGCGCOGCGICOOGAAACACGIGAGGCGT CACACGLGCTCCCCTCRCGUCGGICCOCGOCADGGGGCGOCACGOCCCCCCOGACGCTCCCCTTGTTTCOGACG

T T
370 980 250 1,602 1,018 1,070 1,030 1,848 1,858 1,060 1,070

Elpl
GIGOGGGGTGTGIGLG GUGT CGGTCGGGC T GCAMCCCCCCCTGCACCCOCC TCCCCGAGT 1G0T GAGCACGGLCCGEET 1T
CACGCCCCACACACGCACCCCCCCACTCGTCCCCCACACCOGCGCAGCCAGCCOGACG T TERGGGGEACET GEGGGGAGEGGC TCAACGACTCGTGLCGGGCCGANG
T T T
1,088 1,080 1,108 1,118 1,128 1,138 1,140 1,15 1,168 1,178

PaqCl
BspHI
BsiWl Bfual

GGOTELGOGGCTCCOTACCOGOOCTOOCCOGOOGCTCOCCOTOLCGGOCOGGGOCTOOCOCCAGOTOROGGTECCOOOCOAEGC00OGCCOCCTCOOCCCGOGEAGS

CCCACGICCOGAGGLA TGLCCOGLACCGLGLCCCRAGTGGCACGGC CCGCCCCCCACCGLOG TCCACCCCCACGLOCCGLCCCGUOCIGEUGGAGCOUGLICTCTCC
T T T T
. 150 1,138 1,200 1,718 1,770 1,238 1,740 1,750 1,760 1,778 1,289

Nael
NgoH1V
Sgral
Hrel BstAPl
GLTOGG! GUGOCGOOCCCCGEAGLGCOGHIGECTOTCGAGGUGLGOCOAGCCGCAGCCATTGCCTTTTATGGTAATCGTGLGAGAGGGCCLAGGRACTT

COABCCCCCTCOCCGOOCOGCCEEEGECT COCGOOCGLCEACAGC I CORCECOGCTCOEUG T COGT AACGGAAAATACCAT TAGCACGCTCTCCCOUGICCCTGAA

T T T
1,228 1,388 1,310 1,320 1,338 1,348 1,358 1,360 1,370 1,388 1,338

https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit 28
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YING pHLSEC-His-human CLEC2 (5196 bpl {from 1392-1926 bp) 24/3/2022 11:37:06
Hael
Flull
PluTl NgoMIv
Sfel 5fel
NarZ Narl
Kasl KasZl

CCTTTGTCCCAAATCTGTOCGGAGLCGAAATCT GOGAGGLECCGCCGCACCCCCTCTAGCGGOCECOGEGCCAAGLGETOLGOCOLCOECAGGAAGGAARTGGOCEG
GGARACAGGGT T TAGACACGCCTCGRCT T TAGACCCTCCGUGOLGGCGT GRGGEAGA T COCCCGLGLCCCGLT ICECCACGLCGLERICGTCCTICCT TTACCOGLC

T T
1,488 1,418 1,428 1,438 1,448 1,458 7,468 1.478 1,488 1,428

Sacll

GGEAGGGCCT TOGTGCGTCOCCGOGLCGCOGTCCCCTTCTCOCTCTCCAGCC TOGGRGC TGTCOGUGERGGGACGECTGCCTTCOGEAGGGACGEGECAGGGLGEEGT
CCTCCOGOAACCACGCAGLGGCCCOOCOCCACOGCAAGAGOGAGAGGTCOGAGCCOCCACAGGLOOCCCCCTEOCCACGOAAGCCCCCCCTEOCCOGTCOCGOCCTA

T T T T
1,500 1.518 1,528 1,539 1.540 1,580 1,558 1,578 1,580 1.59@ 1,688

Xbal

TCGGCTTCTGECGTGTEACCGOOCGCTC TAGAGCCTCTGL TAACCATGT TCATGCCTTCTTCTTTTTCCTACAGC TCCTOOGCAACGTGETEGTTATTGIGCTGTCT
AGCUGAAGACCGUACAC T GECCGLCGAGA T CTCGGAGACGA T 1GGT ACAAGT ACGGAAGAAGAAAAAGGA |G COAGGACCCG T IGLACGACCAA | AACACGACAGA

I I
1,818 1,628 1,838 1,648 1,650 1,668 1,678 1,688 1,599 1,768 1,718

EcoRI
Esp3l PasI
Eagl BsmBl Hindlll Ncol BamHl  BseYl

CATCATTTTGGCAAAGAATTGCGGECCGTCTCAGGUCGAAT TCAAGC TTGCCACCATGGGGATCCT TCCCAGCCCTGGGATGCCTROGCTGCTCTCCCTOGTGAGCCT
GTAGTAAAACCGTTTCTTAACGCCGRCAGAGTCOGECTTAAGT TCGAACGGTGOTACCCCTAGGAAGGGTCOGGACCC TACGGACGL GACGAGAGGLAGCACTCGRA
1 2 3 4 5 6 7 & 9 18 11 12 13 14 15 16 1718

H o IRERP ISP ¢ n P IAIENESS

[ Secretion Signal 3
. ; T T T T
1,720 1,730 1,748 1,750 1,760 1,778 1,730 1,738 1,800 1,818
Agel

TCTCTCCGTGCTGCTGATGGGTTGOGTAGCTGAAACCGGTAAGTACCACCATCACCATCACTCTGTCATGCAGCGCAATTACCTACAAGGTGAGAATGAAAATCGCA
AGAGAGGCACGACGACTACCCAACGCATCGACT TTGGCCA T ICGIGGIGGIAGIGGIAGIGAGAC&GIACGIUGCGI IMIGGMGI ICCN:ICI IN:I I INIGI

19 24 21 22 23 24 25 26 27 23 29 3@ 31 32 1 2 3 4 12
I s TS+ c c ERANERT a-n)n)n}u;n)n snn qﬂn-o a.ﬂ.u.
4% Secretion Signal
B [ _His-b-tag > CLEC=2 EZ
T T T
1,820 1,830 1,848 1,858 1,858 1,870 1.388 1,850 1,908 1,918 1,920

https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit
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YING pHLSEC-His-human CLEC2 {5126 bp) {from 1927-2461 bp) 24/3/2022 11:37:06

CAGGAACTCTGCAACAAT TAGCAAAGCGTTCTGTCAATATGTGETAARACAATCAGAACT ARAGGECACT TTCAMAGGTCAT ARATGCAGCCCCTGTGACACARAL
GTCCI TGAGACGT TGTTMTCGT T ICGCGMGACAGI Tal M:.AECATT I IGTTNSICTTGAI T TCCCGIGAAAGI TTCC.ABTATT IACGTCGGGGACACIGTGT TG

18 23 24 28 44 46 48
T T‘Q)Q_C Q_QHS-G T-GE:DC 5 [ E-i N
3® CLEC-2 E
T | I |
1,938 1,940 1,950 1,358 1,978 1,988 1,950 2,608 2,018 2,020 2,830
Seal Bsml

TGGAGATAT TATGGAGATAGCTGCTATGGGT TCT TCAGGCACAACT TAACAT GBGAAGAGAGT AAGCAGT ACTGCAC TGACAT GAATGCTACTCTCCTGAAGAT 1GA
ACCTC'I'AT.MTM‘_‘CTCTA'I'CG&OGA'I’ACDCRAG&MTCCGTGT'I'G.MT'I'GT.hDOC'I"I'CTC'I'CATTDI."'I'C'ATMGTG&CTGT&CTTA.CG&TGAGAGGMTTCTAAL‘T

52 54 56 58 1] o4 78 72 4 76 78 88 g2 84 86
6 Jois c Wbs -DN-T_S':I-C TR NIAT
= CLEC=2 EH]
T T T T T T T T
2,048 2,050 2,860 2,678 2,080 2,050 2,108 118 2,128 2,138 2,148
Bpll

CAACCGGAACATTGTGGAGT ACATCAMGCCAGGACTCATTTAATTCGTTGGGTCGGATTATCTCGLCAGAAGTCGAATGAGG TCTRGAAGTGGGAGGATGGLTCGE
GTTOGCCTTGTAACAOCTCATGTAGHTDGGTCCTGAGT#M1 TMOC-\ACCCAQCCT&lTA.GAGmGTCTTC-\C-CTTMCTCC»\GNCCTTCACCCTU:TKCCG&GCC

9% 92 9 98 100 102 198 110 112 114 116 118 128 122
)u-unT _G 10 s JRBQ KB s v JERND W KD JERNDD ¢ s B
= CLEC-2 wE
T T T T
2,159 2,160 2,178 2,180 2,158 2,200 2,219 2,220 2,238 2,248
Bpll

TTATCTCAGAAAATATET TTGAGT TTTTOCAAGATOGAAAACGAAATATGAATTCTGC TTATTT TCATAATOOCAMAATCCACCCTACCTTCTGTGACAACAAACAT
AATAGAGTCTTTTATACARAC TCARAAACCT TCTACCTTTTCCT T TATACT TAACACGAAT ARAAGTAT TACCCTT TTACGTGOGA TGEAAGACACTCTIGTTTGTA
124 126 128 136 132 134 136 138 148 142 144 146 148 156 152 154 156 158

N s JERN ¢« ERENERINERED ¢ EBc NoH N C NG KBH H P T IERC JERNRRH

i CLEC-2 B
T T T T T T T T T T T
2,250 2,260 2,270 2,280 2,280 2,300 2,310 2,370 2,330 2,348 2,35
PasR71
AccE5l Zhol
Ecotl  Kpnl Bell T1il Spel

TATTTAATGTGI GAGAGGAAGGCT GGCATGACCAAGGTGGACCAACTACC T TAATGAGGTACCAAGCACCACCA TCACCATCAC TAATGATCACT CGAGACTAGTAT

ATAAATTACACACTCTCCTTCCGACCGTACTGGT TCCACETGGTTGATGRAAT TACTCCATGGT TOGTGGTGGTAGTGGTAGTGATTACTAGTGAGCTCTGATCATA
166 162 164 166 168 1/@  1/2  1/4 16
v c ENRDKDAN G v T KINNDR o e+ »

= CLEC=2 > E
T T T T
2,368 2,378 2,380 2,330 E 400 2,418 2,420 2,430 2,440 2,458 2,458
https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit 48
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YING pHLSEC-His-human CLECZ2 {5126 bp) {from 2462-3210 bp) 24/3{2022 11:37:06

Nrul Bsu36l Msecl BstiI BglIl

CGCGATAAT TCACTCETCAGGTOCAGEC TEOCTATCAGAAGGTGET GOC TOGTETGAC CAATGCCC TGO TCACAAATACCAC TGAGATC TTTTTCCCTCTGOCARA
GLGCTATTAAGI GAGGAGI CCACGICCGACGEA T AGTCT 1 CCACCACUGALCACACTGG | TACGGGACCGAGT G T TATGG] GATTC T AGARAAAGGGAGACGGT 11
in phlsec RV

L] 2,530 2,540 2,550 2,560

in

; . -
2,478 2,480 2,490 2,500 2,512 2,5

AATTATGGGGACATCATGAAGCCCCTTGAGCATC TGACT TCTGGCTAATAAAGGARAT TTATTTTCATTGCAATAGTGTGT TGGAATTTTTTGIGTCTCTCACTCGE
TTAATACCCCTGIAGTACT TCGGEGAMC TCGTAGACTGAAGACCGAT TATTTCCT T TAAATARMAGT AACG T TATCACACAACCT TAAMAAACACAGAGAGT GAGCT

[ T I T
2,578 2,538 2,598 2,680 2,618 2,620 2,638 2,548 2,650 2,650 2,670

Ajul BstAPL PFIMI
AAGGACATATCCOAGGOCAMATCATTTAAMACATCAGAATGAGTAT TTEGT TTAGAGT TTCGCAACATATGOCCATATGCTEGCTCCCATGAACAAACGT TGGCTAT
TTCCTGTATACCETCCOGT T TAGTARAT TTTGTAGTCTTACTCATAAACCAAATCTCAAACCGT TETATACGOGTATACCACCCACGSTACTTGTTTCCAACCGATA

T T
2,650 2,650 2,708 2,718 2,720 2,730 2,748 2,758 2,760 2,170 2,780

AAAGAGGTCATCAGTATATGARAACAGCCCCCTGETETCCATTCCTTATTCCATAGARAAGCCTTGACTTGAGGT TAGATTTTTTTTATATTTIGTTTIGTIGTTATTT
FITCICCAGTAGICATATACT 1161 COGGEGACGACAGG | AAGGAA TAAGGTATCTTT TCGGAAC IGAAC T COARTCTAARAARAATAT AAAACARARMCACAR T ARA

I I
2,70 ,309 2,818 2,820 2,338 2,840 E,858 2,858 2,870 2,380

Nspl
AFLITI
Feil
TTTTCTTTAACATCCCTAAMATTTTCCT TACATGTT TTACTAGCCAGATTTTTCCTCCTCTCCTGACTACTCCCAGT CATAGC TGTCCCTCTTCTCTTATGGAGATC
AAAACAAATTCTAGGGATTTTAAAAGGAATGTACAAAATGATCGGTC TARAAAGCAGCAGAGGAC TCATGAGGGTCAGTATCGACAGGGAGAAGAGAATACCTCTAG

T T T
2,890 2,900 2,518 2,528 2,938 2,540 2,950 2,568 2,578 2,950 2,950

HindIII

BspHl

BFuUAI
Pstl
CCTCGACCTGCAGCCCAAGCTTCOCGTAATCATGGTCATAGCTGT TTCCTGTOTGAAATTCT TATCCGCTCACAATTCCACACAACATACCAGCCGOAAGCATARAG
GGAGCTGGACGTCGEGTTCGAACCGCAT TAGTACCAGTATCGACAAAGGACACACT TTAACAATAGOCGAGTGT TAAGGTGTGT TGTATGCTCGGCCTICGTATTIC

Hi3-rev Lacd | 4 lac promoter w5
: . : : .
3,000 3000 3,020 3,830 3,040 3,050 3,060 3.e7e 3,088 3,050 3,100
BspDI
Clal

TGTAAAGCCTGGGGTGOCTAATGAGTGAGC TAAC TCACAT TAATTGCGT TGLGCTCACTGCCCGCTTTCCAGTCGGGAMMECTGTCGTGCCAGIGGATCGATCCGET
ACATTTCGGACCOCACGGATTACTCACTOGATTGAGTGT AATTAACGCAACGLGAGTGACGOGC GAAAGGTCAGCCC TTTRGACAGCACGATCGCC TAGC TAGGCGA

o

T T
3,119 3,120 3,130 3,140 3,158 3,160 3,178 3,188 3,138 3,200 3,218

https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit 58
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YING pHLSEC-His-human CLECZ2 {51926 bp) {from 3211-3959 bp) 24/3{2022 11:37:06
BspQ1
Tfil Bsaxl Sapl

GCATTAATGAATCGGCCAACGGOGEGEAGAGGCGGT TTGCGTATTGGGLGCTCTTCCOCTTCCTCGCTCACTGACTCGCTGCGCTCOGTCGTTCGOCTOCGROGAG
COTAATTACTTAGCCGGTTGLGOCCCCCTCTCCGCCAAACGCATAACCCOCGAGAAGCCGAAGGAGCGAGT GACTGAGCCACGLGAGCCADCAAGCCCACGLCOCTC

T T T
3,228 3,230 3,240 3,280 3,280 3,270 3,280 3,299 3,388 3,319

Nspl
AF1LLL
TFil Peil

COGTATCAGCTCACT CARAGGUGGTAATACGGT TATCCACAGAAT CAGGGGA TAACGCAGGAAAGAACATGTGAGCAAAAGGLCAGLAAAAGGLCAGGAACCGTARA
GOCATAGTCOAGTGAGT TTCCOOCATTATGCCAATAGGTGTCT TAGTCCCCTATTGCGTCCTTTCTTGTACACTCGT TTTICCGGTCOTTTTCCGGTCCTTGGCATTT

T T T T
3,320 3,330 3,340 3,350 3,368 3,378 3,380 3,330 3,480 3,419 3,429

Drdl

AAGOCCGCGTTOCTGGOGTTTTTCCATAGCCTCCGOCCCCOTOACGAGCATCACARAAATCGACGLTCAAGTCAGAGLTORCGAAACCCGACAGGACTATAAAGATA
TTCCCGCCCAACGACCOL AAARACGTATCCGAGGOCOGOGGAC TOC TCGTAGTGT TTT TACC TGCGAGT TCAGTCTCCACCGC TTTGGCC TOTCCTGATATTTCTAT

< ColEl origs =%
. | | . | .
3,439 3,449 3,450 3,460 3,470 3,489 3,490 3,500 3.518 3,528 3,539
Beivl

CCAGGOGTTTCCCCCTOGAAGC TCCCTCRTGOGCTCTCCTRTTCCGACCCTROOGCTTACCGRATACCTGTCOGECT TTCTCCCTTCRGGAAGCGTROCGCTTTCTC
GGTCCOCAAAGGOGGACCTTCGACGGAGCACCCGAGAGGACARGCC TOOOACGOCGAATOCCCTATOGACAGOCGOARAGAGGGAAGCCCTTCGCACCOLGAAAGAG

= ColET arigin EE
: : : : : . : : :
3,548 3,550 3,560 3,570 3,58 3,59 3,600 3,610 3,628 3,630
BseYl ApaLl

ATAGCTCACCCTOTAGGTATCTCAGTT oG TOTAGGTCGT TOOE TCCAAG TOOGE TR TG TR A GAAC DL COC T TCAGC L GACCO TOOGCC TTATCCGGTAAD
TATCGAGTGOGACATCCATAGAGTCAAGCCACATCCAGCAAGCGAGGTTCGACCCGACACACGTGLTTGGGGO0CAAGTCGOGE TOGCGACCLGGAATAGGLCATTG
= ColE1 origin w5

T T T T T
3,640 3,650 3,668 3,670 3,630 3,658 3,709 3,719 3,720 3,730 3,740

TATCOTCT TOAGTCCAACCCGOTAAGACACGAC T TATCGCCAC TGOCAGTAGCCAC TOO TAACAGGAT TAGCAGAGC GAGGT ATGTAGCCOCTGE TACAGAGTTCTT
ATAGCAGAACTCAGG T TGOGCCATTCTGTGECTGAATAGCGOTGACCOTCGTCOGTGACCATTGTCCTAATCGTCTCGCTCCATACATCCGLCACGATGTCTCARGAA
= ColEl origin =t

T T
3,758 3,768 3,778 3,758 3,790 3,800 3,818 3,828 3,830 3,840 3,880

GAAGTOGTGOOCTAACTACGGE TACAC TAGAAGAACAGTATTTGGTATCTGCGCTC TGO TCAAGCCAGT TACCT TCGGAAAAAGAGT TG TAGC TCTTGATCCGGCA
CTTCACCACCGGATTGATOCCGATGTGATCTTCTTGTCATAAACCATAGACGCGAGACGACT TCOGTCAATGGAAGCCTTTTTCTCAACCATCGAGAACTAGGCCGT

b3 origin «F
T T T
3, 860 3,878 3,880 3,898 3,900 3,010 3,928 3,939 3,548 3,950
https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit 6/8
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¥ING pHLSEC-His-human CLECZ (5126 bp) {from 3960-4708 bp) 24/3{2022 11:37:06

BACAANCCACCGUTGOTAGCGETEGTTTTTTTGT TTGCAAGCAGCAGAT TACGLGCAGAARARAAGGATCTCAAGAAGATCCTTTGATCT TTTCTACGGGGTCTGAL

TTGTTTGGTGECGACCATCGCCACCAMARACARACGT TCGTCGTCTAATGLGCGTCT TTTTTTCCTAGAGTTCT TCTAGGARACTAGAARAGATGCCCCAGACTG

= ColEl erigin &
T T T

3,960 3,970 3,580 3,550 e 4000 4,028 4,838 @, Ban 4,050 EN

GCTCAGTGGAACGAARACTCACGT TAAGGGAT T TTGGTCATGAGAT TATCAAAAAGGATCT TCACCTAGATCCT TTTAAATTAAARATGAAGT TTTARATCAATCTA
CGAGTCACCTTGLT T T TGAGTGUAATTCCTAAAACCAGTACTCTAATAGT T TTTCCTAGAAGTGGATCTAGGAAAATTTAATTTTTACT ICAAAATTTAGT TAGAT
= ColEl origin |

T T
4,070 4, 050 4,898 4,188 4,118 4,178 4,138 4,148 4,158 4,168 4,178

Ahdl
AAGTATATATGAGTAARCTTGGTCTGACAGT TACCAATGC T TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTAT TTCGT TCATCCATAGT TGCCTGACTCCCCG
TTCATATATACICAT T TGAACCAGACT GTCAATGGT TACGAAT TAGICACTCCGIGGATAGAGT CGCTAGACAGA T AAAGCAAG T AGGT A TCAACGGAL 1GAGEGGL
AR =

T
4,180 4,190 4,200 4,218 4,228 4,230 4,740 4,750 4,788 4,270 4,780

Bsal
TCGTGTAGATAACT ACGATACGGCAGGGCT TACCATCTGGOCCCAGTGCTGCAATGAT ACCGCGAGACCCACGC TCACCGRITCCAGAT TTATCAGCAATAAACCAG
AGCACATCTATIGATGCIATGUCCTCCCGAATGE T AGACCGGGG T CAUGACG T TACTATGECGL 1CTGGG 1 GUGAG | GELLGAGGTCTAAATAGI CGTTAT T1GGIC
3 AmoR o

T
4,298 4,300 4,318 4,320 4,338 4,340 4,350 4,360 4,378 4,380

MmeAlll
CCAGLUGGAAGGGCCGAGLGCAGAAGT GETCCTGLAACT TTATCCGUCTCCATCCAGTCTAT TAATTGT TGUCGLGAAGL TAGAGT AAGTAGT TCGUCAGT TAATAG
GGTCGOCCT TCCCGECTCOCGTCT ICACCAGGACGT 1GAAA T AGGCGGAGG T AGGTCAGATAAT TAACAACGGUCCT TCGATCTCAT TCATCAAGCGGICAATTAIC
b3 AmaR

T T T
4,390 4,400 4,470 4,400 4,432 4,448 4,450 4,450 4,478 4,488 4,438

Acll
Fspl
TTTGCGCAACGTTGT TG CAT TCCTACAGGCATCOTGGTGTCACGC TCGTCGTTTGGTATCGC T TCATTCAGCTCCGOTTCCCAACGATCAAGGCGAGT TACATGAT
AAACCOGTTGCAACAACGGT AACGATGTCCGTAGCACCACAGT GLGAGCAGCAAACCATACCGAAGT AAGTCOAGGLCAAGGGTTOCTAGTTCCGC TCAATGTALT
AmoR =

T T T
4,568 4,519 4,528 4.530 4,548 4,558 4,560 4,570 4,530 4,558 4,509

Pvul

OO ATGT TETGCAAAMAAGCGGT TAGCTCC T TOGGTCC TCCGATCGT TRTCAGAAG TAAGT TGGOCGCAGTGTTATCACTCATOOTTATOOCAGCACTGCATAAT
GOGLGTACAACACGTTTTTTCGOCAATCGAGGAAGCCAGGAGGCTAGCAACAGTCTTCATTCAACCCOCGTCACAATAGTGAGTACCAATACCGTCGTGACGTATTA
b AmoRt r

T T
4,618 4,628 4,630 4,640 4,658 4,860 4,678 4,680 4,680 4,708

https./feenchling.comfeleyna/fllib_NGgTTrco-clec-2fseq_fMT514Tg-ying-phlsec-his-human-clec2-Jedit 7i8

233



Luis A Moréan

YING pHLSEC-His-human CLEC2 (5196 bp) (from 4709-5196 bp) 24/3/2022 11:37:06

Scal Begl

TCTCTTACIGICATGCCATCCGTAAGATGCT T TTCTGIGACTGGIGAGTACTCAACCAAGTCAT ICTGAGAATAGIGTATGCGGCGACCGAGT TGCTCT IGCCLGEL
AGAGAATGACAGTACGGTAGGCATTCTACGAAAAGACACTGACCACTCATGAGTTGGT TCAGTAAGACTCTTATCACATACGCCGETGGCTCAACGAGAACGGGCEG

AMPR

4,710 4,720 4,730 4,740 4,750 4,760 4,770 4,780 4,730 4,800 4,810
Xmnl
Acll

GTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGCAAAACGTTCTTCGGGCCCAAAACTCTCAAGGATCTTACCGCTCTTGAGAT
CAGTTATGCCCTATTATGGCGCGGTGTATCGTCTTGAAATTTTCACGAGTAGTAACCTTTTGCAAGAAGCCCCGCTTTTGAGAGT TCCTAGAATGGCGACAACTCTA
AmaR

4,828 4,830 4,840 4,850 4,850 4,878 4,880 4,859 4,508 4,914 4,920

ApaLl

CCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAARAAAG
GGTCAAGCTACATTGGGTGAGCACGTGGGTTGACTAGAAGTCGTAGAAAATGAAAGTGGTCGCAAAGACCCACTCGTTTTTGTCCTTCCGTTTTACGGCGTTTTTTC

4,930 4,240 4,950 4,980 4,970 4,280 4,899 5,000 5,019 5,020

Sspl Beivl

GGAATAAGGGCGACACGGAAATGTTCAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCAT TTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATG
CCTTATTCCCGCTGTGCCTTTACAACTTATGAGTATGAGAAGGAAAAAGT TATAATAACTTCGTAAATAGTCCCAATAACAGAGTACTCGCCTATGTATAAACTTAC

5,030 5,048 5,850 5,060 5,870 5,080 5,098 5,100 5,110 5,120 5,138

TATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGG
ATAAATCTTTTTATTTGTTTATCCCCAAGGCGCGTGTAAAGGGGLTTTTCACGGTGGACT

5,748 5,150 5,160 5,178 5,180 5,190

https://benchling.com/eleynaffflib_NGqTTrco-clec-2/seq_fMT514Tg-ying-phlsec-his-human-clec2-fedit g/g
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Platelets are anucleate cells derived from megakaryocytes,
which play an important role in the regulation of haemostasis
and thrombosis at the injury site; they are also involved in other
physiological processes, known as thromboinflammation.

This process is modulated by platelet receptors, including
CLEC-2. In this study we searched for novel ligands for the
platelet receptor CLEC-2, identifying a new platelet agonist,
called katacine, which induces strong platelet aggregation
through CLEC-2. We also developed multimeric nanobodies
against CLEC-2 and we suggested that tetrameric structures
are needed to induce platelet aggregation, while lower orders
of oligomerisation are able to prevent platelet aggregation.
The novel tools will facilitate further research on CLEC-2
function and the mode of activation of CLEC-2.
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