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Introduction

3.

Int rodoat

31 Pl ataggtegandopl-atledeeéd di seases

Platelets T micro anucleate (2-4pm in diameter), discoid blood cells generated by
bone marrow megakaryocytes i play a critical role not only in hemostasis, but also
in various physiological and pathophysiological processes including angiogenesis,
tumor metastasis, atherosclerosis, and host defense.

Platelet aggregation is an essential step by which platelets adhere to each other
when exposed to agonists, such as collagen, adenosine diphosphate (ADP), or
thrombin. This property of platelets is critical in maintaining vascular integrity,
essentially allowing platelets to serve as fi B a-Aids of blood vesselsa But on the
flip side, dysregulated aggregation can cause thrombus formation, leading to life-
threatening thrombotic diseases, such as ischemic stroke, myocardial infarction, and
Heparin-induced thrombocytopenia (HIT)3. In addition, the abnormal platelet
aggregation associated with the Coronavirus Disease of 2019 (COVID-19) or

COVID-19 vaccine-induced immune thrombotic thrombocytopenia (VITT) is of note®
8

Multiple pathways are involved in platelet aggregation. The agonists stimulate
platelets via corresponding receptors, which then turn on GPIIb/llla i the integrin
complex and fibrinogen receptor that is the central mediator of platelet aggregation
(Figure 1)° 0. Correspondingly, by targeting specific signaling pathways, various
antiplatelet drugs have been developed to block platelet activation and aggregation
(Figure 1). In thrombotic events, adequate antiplatelet therapy is crucial for
improving patient survival and preventing new thrombotic events. However, it
remains a daunting dilemma to balance the efficacy of antiplatelet treatment and the
adverse events, which most notably is bleeding. The incidence of bleeding events
during antiplatelet therapy ranges from 1.9% to 11.6%, depending on treatment
strategies and patient condition, and some bleeding events may be fatal 114,
Therefore, there is an imperative need for a novel antiplatelet agent that is capable
of adequately inhibiting platelet activation and aggregation while causing fewer
bleeding problems.

-14 -
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Figure 1. Platelet activation and aggregation pathways. Platelet activation is initiated by the
ligation of the receptors (GPVI, GPIb-X-V, F ¢ 0o ®ICR4AR2Y12, P2Y1, PAR1, and PAR4) with
their corresponding agonists (collagen, vVWF, IgG complexes, CXCL12, ADP, and thrombin). The
GPIIb/llla complex undergoes a conformational change after the activation of platelets. Via activated
GPIIb/llla complexes, fibrinogen functions to bridge the platelets, further inducing and stabilizing the
aggregation. GPVI-, GPIb- a nd F ¢, 0CRCR4-asignaling pathways are Btk dependent and are
inhibited by Btk inhibitors. The activation of the other G protein-coupled receptors (GPCRs) (P2Y12,
P2Y1, PAR1, and PARA4) is Btk independent and can be inhibited by different types of agents. Items
in red boxes are approved antiplatelet drugs targeting different pathways. GPVI: glycoprotein VI; vVWF:
von Willebrand factor; GPIb: glycoprotein Ib; ADP: adenosine diphosphate; PAR: protease-activated
receptor; AA: arachidonic acid; COX: cyclooxygenase; TXAz: thromboxane A..

Platelets are able to aggregate spontaneously without agonists in vitro, which is
known as spontaneous platelet aggregation (SPA). Accumulating evidence
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suggests that increased SPA is a hallmark of cardiovascular diseases, and an
independent predictor of vascular occlusion in patients with diabetes and myocardial
infarction®>*8, However, at present, there is a lack of a standardized method to
evaluate SPA. In previous research, SPA was mainly assessed with light
transmission aggregometry or light scattering aggregometry in citrate anticoagulated
platelet-rich-plasma (PRP) 518, Instead of PRP, the SPA measurement on hirudin
anticoagulated whole blood using multiple electrode aggregometry (MEA) could
better preserve the physiological states by not affecting the blood concentrations of
Ca?* and Mg?* and accurately reflect platelet reactivity in vivo'®. Furthermore, the
mechanism of SPA is completely unknown. Elimination of SPA would help prevent
adverse thrombotic events.

MEA is a reliable approach to assess platelet function in anticoagulated whole blood.
The device monitors the impedance change of the two electrodes in the cuvette that
arise due to platelet aggregation. As described, because the normal concentration

of the blood cation is preserved, hirudin-anticoagulated blood is preferable for MEA2°,

MEA is now widely used for the evaluation of the bleeding diathesis, antiplatelet
therapies, and thrombotic risks?! 22,

Platelet function assay (PFA) is another advanced tool evaluating platelet
dysfunction and bleeding risk by measuring in vitro bleeding time. The blood sample
is aspirated constantly through a cartridge containing a perforated filter coated with
platelet agonists (collagen/epinephrine or ADP/collagen). The time taken for clot
formation blocking the blood flow through the cartridgei s r ecor ded a
orinvittob | e e di rgThe dlinical atility of PFA includes the assessment of
the platelet-related hemostasis defects, especially in the monitoring of the
antiplatelet therapy (e.g., aspirin)?* 25, A significantly prolonged in vitro bleeding time
was observed using PFA and the collagen/epinephrine cartridge in patients taking
aspirin?e,

Theétlpat hwaay plsatel et

In 1952, Ogden Bruton first described a case of deficiency of immunoglobin and

recurrent infection t ef .mMeahditiborkgeavmasxXtnkedb ul i ne
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agammaglobulinemia (XLA) was found in 1993 to be caused by a defect of the
Brutond syrosine kinase (Btk) gene via positional cloning and deoxyribonucleic acid
cross-hybridization approaches?® 2°. Subsequently, the determination of Btk
deficiency or mutations became the decisive approach for XLA diagnosis. Btk is a
nonreceptor cytoplasmic tyrosine kinase that belongs to the Tec family of proteins.
Btk possesses five domains: amino terminal pleckstrin homology (PH) domain,
proline-rich Tec homology (TH) domain, SRC kinase homology (SH) domains SH2
and SH3, and the catalytic kinase domain (Figure 2)% 3!, The catalytic kinase
domain is the main target of the Btk inhibitors (BTKi) 32.

Covalent Btk inhibitors: ibrutinib,
acalabrutinib, evobrutinib,
rilzabrutinib, remibrutinib

PIP,
Y223 Cc481 Y551

N —I PH H TH I- SH3 I- SH2 I- Catalytic domain I— C
1 659

Non C481 dependent non-covalent
Btk inhibitors: fenebrutinib,
pirtobrutinib, ARQ531

Figure 2. Structural diagram of B tk. The Btk protein consists of 659 amino acids and five domains
from the N-terminus to the C-terminus. The catalytic kinase domain is the site recognized by Btk
inhibitors. The covalent BTKi selectively bind to the C481 residue, and non-covalent BTKi bind to
other residues on the catalytic domain. PH: pleckstrin homology; TH: Tec homology; SH: Src
homology; Y223 and Y551: phosphorylation sites.

Btk is expressed in B cells, and plays a critical role in the development and function
of the B cells via the B cell receptor pathway°. Although Btk is also found in
megakaryocytes and platelets, Btk deficiency does not affect megakaryocyte
maturation or platelet production33. In XLA patients, platelet count was found to be
normal, and there are no defects in the production or survival of the Btk-null
platelets®. Additionally, it is noteworthy that there is no bleeding tendency in XLA
patients33 34, In 1998, Quek and colleagues found that GPVI-associated collagen
signaling in Btk-null platelets was impaired, while thrombin signaling was not
altered®. The impairment of collagen stimulation in Btk-null platelets or platelets
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incubated with BTKi could be overcome by high concentrations of collagen which
induces the activation of Tec®>-38, Btk-null platelets are able to function in vivo with
preserved Tec signaling, which may be the reason for the non-bleeding phenotype
in XLA patients3': 39,

Because more research efforts have been channeled towards dissecting the function
of Btk in platelets, the role of Btk in platelet activation and aggregation is becoming
better understood. Btk phosphorylation takes place downstream of the platelet
activation pathway. Platelet activation by the glycoprotein receptors GPVI (via
collagen), GPIb (via VWF), FcoRIIA (via IgG complexes) and the GPCR CXCR4 (via
CXCL12) is Btk-dependent, whereas platelet activation by other GPCR-stimuli such
as thrombin receptor activation peptide (TRAP), arachidonic acid (AA), and ADP is
independent of Btk (Figure 1)3% 37,38 40-43 Figure 3 summarizes the Btk activation
and signaling pathways in the platelet. The homologous kinase Tec can be activated
through the same pathway as Btk, but only compensates platelet function after GPVI
is activated with high dose agonist36: 44,

IgG-Complex CXCL12
FcyR |-- FcyRIIA - CXCR4 -~
~,

?

(Wv il

T
o
[9%]
T
w
=
=1
QO
w
D
T
0
[y%]
PLCy

Btk
inhibitors % Btik/Tec

Platelet activation and aggregation

Figure 3. Btk signalling in platelet s. After the interaction of the agonists and receptors, the Src-
family kinases Lyn and Fyn bind to the cytosolic tail of the GPIb, GPVI, FcoRIIA receptors, then
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phosphorylate after GPVI, GPIb or FcoRIIA activation the immunoreceptor tyrosine-based activation
motif ITAM)inthedi mer i ¢ F c(Fao &¢haip dssociated with GPVI, GPIb or contained in
Fco R I*%47APhosphorylated ITAM recruits and activates the spleen tyrosine kinase Syk, which then
phosphorylates the transmembrane adapter protein LAT. LAT provides a docking site for PI3 kinase
and phospholl iPh&s @ )acdivat®n d&ccurs after the activation of PI3 kinase, which
subsequently catalyzes the conversion of phosphatidylinositol bisphosphate (PIP2) into
phosphatidylinositol trisphosphate (PIP3)*. PIP3 then binds to the PH domain of Btk resulting in the
translocation of cytosolic Btk to the membrane. Then, Btk is phosphorylated at the Y551 site in the
catalytic domain by Lyn, and autophosphorylated at the Y223 site in the SH3 domain. Activation of
phospholipase Ca2 leads to cytosolic Ca2+ increase and protein kinase C (PKC) activation, which
induce platelet activation and aggregation3:-41. Recently, the CXCL12-CXCR4 pathway involving Syk,
PI3 kinase and Btk in platelets has been described, but more research has to be done to uncover the
whole pathway“3.

Bt k nhi bitor s

In 2003, ibrutinib became the first approved BTKi for the treatment of B cell
malignancies. Since then, more BTKi have been developed to not only treat B cell
malignancies, but also several autoimmune disorders*?; BTKi have also recently
been tested to treat patients with severe COVID-19 or VITT#%%2, At present, five
irreversible BTKIi (ibrutinib, acalabrutinib, zanubrutinib, tirabrutinib and orelabrutinib)
have been approved by the FDA, and many more BTKi have been patented and are
currently undergoing clinical trials*? 53.

On the basis of the binding patterns, BTKi are classified into two categories:
reversible and irreversible inhibitors. The reversible BTKi bind to a specific site in the
catalytic domain through a weak and reversible interaction*?. In contrast, the
irreversible BTKi covalently bind the conserved Cys481 site in the adenosine
triphosphate (ATP) binding pocket of Btk (Figure 2)*2. Since there are other kinases
(Bmx, Tec, Txk, Itk, EGFR, Erb2, Erb4, Jak3, and BIk) containing this conserved
cysteine site in the ATP binding pocket that is similar to Btk, off-target binding may
occur, resulting in a significant reduction in the selectivity of the irreversible BTKi*2,
In platelets, due to the absence of de novo Btk synthesis, low-dose irreversible BTKi
with covalent binding in the pulsed therapy, similar to low-dose treatment of aspirin,
might be able to inhibit platelet activation and aggregation without impairing B cell
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function and immune defense3! 5% 55, However, the irreversible BTKi with higher
selectivity causing less off-target problem should be explored.

Bleeding is a frequently reported adverse event after the treatment with irreversible
BTKi in B cell malignancies??. While disease-related mechanisms such as
coagulation disorders, thrombocytopenia, and other comorbid conditions that affect
vascular permeability could also lead to an increased bleeding risk, BTKi-related
bleeding events remain concerning. They are likely caused by inhibition of GPVI-
and GPIb- dependent platelet activation pathways*?. BTKi do not affect coagulation
factors related to the intrinsic or extrinsic cascading pathways as assessed by
prothrombin time (PT) and activated partial thromboplastin time (APTT)%. The
exclusive Btk inhibition in platelets, however, cannot explain the bleeding events,
since XLA patients do not show a bleeding tendency3*. The current consensus is
that the off-target inhibition of Tec, on top of Btk inhibition that strongly restrains
GPVI signaling in platelets, is believed to be the underlying mechanism for BTKi-
related bleeding3” 4% 44.57. 58 This makes sense since irreversible BTKi show off-
target inhibition on Tec, and bleeding events were observed in B cell malignancies
only with irreversible BTKi4?. However, significantly prolonged in vitro bleeding times
were observed in vitro with irreversible BTK:i (ibrutinib, acalabrutinib, and tirabrutinib)
only at concentrations 2-3 times higher than their maximal therapeutic plasma
levels®®. Notably, no bleeding events were observed in B cell malignancies patients
treated with reversible and highly selective BTKi fenebrutinib according to the data
acquired from clinical trials*? %°. These findings suggest that reducing the off-target
inhibition of Tec could reduce bleeding. However, the question of whether Tec
inhibition is the only reason causing bleeding, or that there are other contributing
factors that have not been identified, remains unanswered.

In paper I, two novel BTKi - remibrutinib and rilzabrutinib - were investigated.
Remibrutinib is a very potent irreversible covalent Btk inhibitor with high selectivity
on Btk over Tec®. Remibrutinib was developed from fenebrutinib-like scaffolds that
bind to the inactive conformation of Btk®% 61, Thus, like fenebrutinib, remibrutinib is
not expected to increase in vitro bleeding time. However, the effect of remibrutinib
on platelets in vitro or ex vivo had not been studied. In the multiple-ascending dose
cohort of a phase | placebo controlled clinical trial, remibrutinib intake for 12 days
(Cmax from 0.46uM to 1.11uM) did not increase the risk of bleeding®?. Furthermore,
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in remibrutinib phase 2 clinical trials for chronic spontaneous urticaria (CSU)
(NCT03926611) and asthma (NCT03944707), no bleeding events were observed®®
64, Remibrutinib is currently under clinical trials not only for CSU (NCT05048342,
NCT05030311, NCT05032157, NCT03926611), but also Sjogren syndrome
(NCT04035668) and relapsing multiple sclerosis (NCT05147220, NCT05156281).

Rilzabrutinib is a reversible covalent Btk inhibitor with similar ICso values for inhibition
of Btk and Tec . It associates rapidly with Btk Cys481 site and dissociates slowly®®.
In an in vitro preclinical study, no suppression of platelet aggregation induced by
ristocetin and high dose collagen in PRP from health donors and immune
thrombocytopenic purpura (ITP) patients with 1uM rilzabrutinib preincubation for
15min was observed®’. Rilzabrutinib is currently being tested in clinical trials for ITP
(NCT03395210, NCT04562766), lgG4-related disease (NCT04520451), CSU
(NCT05107115), asthma (NCT05104892), atopic dermatitis (NCT05018806), and
warm autoimmune hemolytic anemia (NCT05002777). Notably, despite a median
platelet count of only 15,000/ul, only one in 60 patients (2%) treatment-related grade
1 bleeding event was observed in the rilzabrutinib ITP clinical trial®® ©° while
treatment-related bleeding events were more frequent (7% in 27 patients) in the
rilzabrutinib pemphigus clinical trial7°.

Hepad nduced thromPHldTyt openi a

Heparin-induced thrombocytopenia is a life-threatening complication that occurs in
hospitalized patients undergoing heparin therapy. The incidence of HIT varies from
0.1% to 5% among the population at risk depending on the heparin formulation and
clinical context’. HIT is characterized by thrombocytopenia and thrombosis due to
the abnormal formation of antibody complexes after being exposed to heparin 73,

Platelet factor 4 (PF4) is a positively charged protein released from platelet U-
granules upon platelet activation and binds to negatively charged
glycosaminoglycans (GAGSs) like heparin. The infusion of heparin can lead to the
formation of PF4/heparin complexes since PF4 has a higher affinity to heparin than
other GAGs’#76. Then PF4/heparin complexes preferentially bind to B cells”,
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resulting in the production of immunoglobulin G (IgG) recognizing PF4/heparin
complexes’®. This preferential binding is mediated by complement and complement
receptor 2. Subsequently, through the Fc domain, these IgG/PF4/heparin complexes
bind and cross-link FcoRIIA on the platelet surface, which triggers platelet activation
and aggregation (Figure 4)’> 8. The polymorphism of FcoRIA and the
heterogeneous ability of the antibodies to activate FcoRIIA, as well as affinity and
specificity to PF4 lead to different consequences of the patients with heparin
treatment®’ 82, In addition, Johnson and colleagues found that PF4 could bind to the
surface of extended strings of von Willebrand factor (VWF) released from damaged
endothelium, thus forming PF4/VWF complexes®. These immune complexes could
be recognized by HIT antibodies as well, and IgG/PF4/vWF complexes could
promote platelet adhesion and aggregation via FcoRIIA and GPIlb signaling
pathways®® 8, Both FcoRIIA and GPIb signaling are involved in Btk activation as
illustrated in Figure 1% 41, Enhanced secretion of prothrombotic factors from
activated platelets, increased production of IgG recognizing PF4/heparin or
PF4/vWF complexes from activated B cells, enhanced neutrophil extracellular trap
formation and increased tissue factor expression on activated monocytes promote
thrombin and thrombus formation, resulting in platelet consumption, while at the
same time, promoting platelet clearance, ultimately leading to the pathogenesis of
thrombocytopenia’™ 73,

Reducing platelet activation and thrombus generation is the key to managing HIT.
All sources of heparin should be discontinued, and alternative anticoagulant
therapies should be applied instead. Currently, the treatment of HIT mainly relies on
non-heparin anticoagulants, such as direct thrombin inhibitors (argatroban, lepirudin,
dabigatran) or anti-factor Xa agents (danaparoid, rivaroxaban)’t 73 84 8 Ag
menti oned, F c osRralind\aregpatitblogiedly dctivated in HIT, and both
receptors act via Btk, suggesting that HIT patients could benefit from BTKi treatment.
The efficacy of BTKi in treating HIT warrants further investigation®’.
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3.5

Platelet FcyRIIA pathway is involved in
HIT, VITT, SPA and other platelet

related pathophysiological processes
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Figure 4. The formation of IgG/PF4/heparin complexes.  When exposed to negatively charged
heparin, positively charged PF4 binds to heparin forming PF4/heparin complexes. Mediated by the
complement and complement receptors on the surface of B cells, PF4/heparin complexes interact
with B cells, leading to the production and release of specific IgG molecules. PF4/heparin complexes
are then recognized by circulating IgG forming IgG/PF4/heparin complexes. When in contact with
platelets in circulation, IgG/PF4/heparin complexes can bind and crosslink FcoRIIA and initiate platelet
activation and aggregation.

Btiknhi bitors might be aVIitTherapeutic

Due to the COVID-19 global pandemic, vaccines against the SARS-CoV-2 virus
were developed and administered to the population at an astonishing rate. Vaccine-
induced immune thrombotic thrombocytopenia (VITT) was observed in a few of
cases following AstraZeneca-Oxford (ChAdOx1 nCov-19) or Johnson&Johnson
(Ad26.COV2.S) vaccination” & 8 which posed a significant concern among
healthcare providers and the public leading to the temporary vaccination suspension
or restriction on the age of the vaccinated population in many countries.

The clinical features of VITT resembles those of HIT, which includes thrombosis and
thrombocytopenia, and the presence of anti-PF4 antibodies” & 87, When exposed to
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the polyanionic constituents of the adenoviral vector vaccine (ChAdOx1 nCov-19,
Ad26.COV2.S), the PF4/polyanion and IgG/PF4/polyanion complexes will likely form
in a similar fashion as illustrated in Figure 4. Besides, VWF released from injured
endothelium could bind to PF4 forming PF4/VWF that could be recognized by
antibodies initiating 1gG/PF4/VWF formation®% 83, These immune complexes will
recognize FcoRIIA and GPIb complexes on the platelet surface and subsequently
induce platelet activation and aggregation®!: 88, Interestingly, Btk inhibitors could
suppress in vitro VITT serum induced platelet aggregation, suggesting that the

application of Btk inhibitors might be a viable alternative treatment option for VITT>!
52

Overall, this dissertation focuses on the effect of BTKi with varied selectivity (Btk
over Tec) and different Btk binding modes (covalent irreversible, covalent reversible,
and reversible) on platelet function. The therapeutic potential of inhibiting Btk-
dependent platelet aggregation pathways (GPVI, GPIb, FcoRIIA) in the treatment of
atherothrombosis, HIT, and VITT, as well as the BTKi effects on in vitro bleeding
time, were studied. In addition, we hypothesized that reduced Tec inhibition could
avoid BTKi-related bleeding events.
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4., Summary

Btk is expressed in all hematopoietic cells, particularly in B cells and notably in
platelets. Five Btk inhibitors (ibrutinib, acalabrutinib, zanubrutinib, tirabrutinib and
orelabrutinib) have been approved by the FDA for the treatment of various B cell
malignancies worldwide. Many more BTKi are now under clinical investigations for
other conditions such as chronic lymphocytic leukemia, idiopathic thrombocytopenic
purpura, rheumatoid arthritis, and other autoimmune disorders.

Btk participates in the signaling (GPVl/collagen-, GPIb/VWF-, F c 2 RligG
complexes- and CXCR4/CXCL12-signalling) leading to platelet activation and
aggregation. Selective inhibition of Btk in platelets is expected to not cause severe
hemorrhage while suppressing platelet aggregation, since Btk deficiency in XLA
patients does not result in impaired of hemostasis. Therefore, Btk is a potential novel
therapeutic target for platelet-related prothrombotic diseases. However, it is
recognized that bleeding is a frequently reported adverse side effect during
irreversible BTKi treatment of B cell malignancies.

41 PapeEf tects oifnhtihbei tBotrks remi brutini b
rilzabrutinib (PRN1008) with varying
pl atel et aggirmegwadtitecend ianngd t i me

In Paper |, we compared the effect of two novel BTKi on platelet - remibrutinib and
rilzabrutinib. Remibrutinib (ICs0=0.03uM) is 5 times more potent than rilzabrutinib
(IC50=0.16uM) in the inhibition of platelet aggregation induced by pooled plaque which
activates GPVI, and these ICso values are 15-times and 2-fold lower, respectively,
than their maximal plasma levels (remibrutinibo Cmax=0.46uM; rilzabrutinib
Cmax=0.33uM), which was determined after optimal dosage in clinical studies. With
0.1uM remibrutinib or 0.5uM rilzabrutinib suppressing over 90% low dose collagen-
(GPVI), ristocetin- (GPIb/VWF) and CD32 (F c 2 R)I tross-linking-induced
aggregation, a significantly increased in vitro closure time was observed, but
remibrutinib (0.1uM) showed less hemostatic impairment. Remibrutinib intake for 12
days did not result in an increase of bleeding risk in phase | and Il clinical trials,
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4.2

whereas treatment-related bleeding events (7%) were reported in a clinical trial (of
pemphigus) with rilzabrutinib. Although no major (2 grade 2) treatment-related
bleeding was observed in the rilzabrutinib ITP clinical trial, the maximal therapeutic
concentrations of rilzabrutinib (0.33uM after 300mg BID) could probably significantly
prolong the in vitro bleeding time.

In our study, the concentrations of rilzabrutinib that effectively blocked the Btk
pathway in platelets and caused significantly increased in vitro bleeding time were the
same (0.5uM). These results suggest that off-target effects on Tec shutting down
completely the GPVI-pathway might be responsible. However, 0.5uM rilzabrutinib
treatment showed only a faint inhibition of platelet aggregation (similar to fenebrutinib)
upon stimulation with high dose collagen, which argues against off-target effects on
Tec.

In contrast, the concentrations of remibrutinib that blocked the Btk pathways of
platelet aggregation and caused significantly increased in vitro bleeding time were
different (0.1uM versus 0.2uM). Thus, remibrutinib shows a higher potency in
inhibition of platelet aggregation and less impairment of hemostasis. Further studies
should be done to further explore remibrutinib as a novel antiplatelet agent against
atherothrombosis and certain platelet-related immune disorders.

PaperSploint aneousaggfifagaeth ®omsgdmendi at ed

FoRI IStAi mul ati on tpf o 8ki mbasred s

In Paper II, we described a novel protocol of using hirudin-anticoagulated blood and
MEA to measure SPA. High SPA was observed in 8% of healthy donors in our
volunteer cohort (n=118) and could be inhibited by anti-F ¢ 2 R &ntibody or anti-Fc
IgG antibody. This indicates that IgG-complexes and F ¢ 9 R s$ighaling pathway are
involved in SPA. Based on this finding, ibrutinib was orally taken by volunteers (n=3)
and fenebrutinib was added to the collected blood. Meanwhile SPA was measured
before and after BTKi application. Consequently, SPA was ameliorated after BTKi
application both in vivo and in vitro. In addition, a positive and significant correlation
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between high SPA and increased GPVI reactivity to low dose collagen was observed.
An increased GPVI reactivity has been also observed in patients with diabetes,
COVID-19 and stroke. Considering the inhibitory effect of BTKi on GPVI activation,
these patients may benefit from the application of BTKi. This, however, requires
further studies. Since we found that the platelet surface F c 2 R ladtivation by
unknown IgG-complexes through the Btk pathway was the underlying mechanism of
high SPA, we investigated the hypothesis that anti-PF4/polyanion IgG complexes
might be involved. However, we observed that this was not the case, pointing to the
involvement of other IgG-complexes in eliciting SPA.

43 PaperOrlall :Bruton tyrosine kinase inhiob
the platelet Fc boRIcled)t ora CD8W ao (tFicon i

In Paper I, a novel Btk dependent therapeutic targeti F ¢ 2 Ril for heparin-induced
thrombocytopenia type Il (HIT) was explored. Five irreversible BTKi (ibrutinib,
zanubrutinib, acalabrutinib, tirabrutinib, evobrutinib) and one reversible BTKi
(fenebrutinib) were tested in this study. Among the five BTKIi, fenebrutinib was found
to be the most potent with IC50=0.011uM on the inhibition of F ¢ 9 R ¢rdss-linkingi
induced platelet aggregation. In addition, a single intake of ibrutinib was sufficient to
suppress platelet activation and ATP secretion by F ¢ 2 R ISihce irreversible BTKi
were found to prolong the bleeding time in vitro, we tested the reversible BTKi
fenebrutinib and found that it did not increase bleeding time even after being
incubated with high concentrations in vitro. The irreversible BTKi inhibited dense
granule secretion, P-selectin expression, and platelet-neutrophil aggregates
formation that contribute to the thrombosis in HIT. We applied HIT sera from
heparin/PF4/1gG antibodies positive HIT patients to induce platelet aggregation in the
presence of low dose heparin, and found that ibrutinib, acalabrutinib, and fenebrutinib
showed over 90% inhibition on HIT sera-induced platelet aggregation. Given that
fenebrutinib, applied at a high dose twice daily, was able to effectively block Btk in
blood over time, while preventing increased bleeding events, HIT patients would
obtain additional benefit from fenebrutinib treatment. Furthermore, since VITT shares
similar pathophysiological mechanism with HIT involving IgG-complex-Fc o R |
pathway, fenebrutinib would as well be a potential therapy for VITT.
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In conclusion, we explored the effect of Btk-inhibitors with varying Btk selectivity and
reversibility on platelet activation and aggregation. Btk is involved in GPVI, GPIb,
F ¢ 2 R bhnd CXCR4 pathways in platelets, hence BTKi could be a potential treatment
for pathophysiological conditions or diseases associated with these pathways, such
as HIT, VITT, atherothrombosis and SPA, while bleeding is a potential adverse event
that should always be taken into the consideration. Fenebrutinib was found to be the
most potent BTKi (fenebrutini b suppressamiofbr ut i n
pooled plaque induced platelet aggregation in our study, and did not increase in vitro
bleeding time. Through the comparison of the in vitro bleeding times between the
irreversible covalent BTKi remibrutinib (no Tec inhibition), reversible covalent BTKi
rilzabrutinib (Tec inhibition) and reversible non-covalent BTKi fenebrutinib (no Tec
inhibition), we reported that prolonged in vitro bleeding time was observed for
remibrutinib and rilzabrutinib treatment, but not fenebrutinib. This argues against the
hypothesis that off-target inhibition of Tec is the reason for bleeding. At the same time,
this raises the discussion of the irreversibility or the covalent binding patterns of the
inhibitors that may be responsible for the adverse bleeding events.

-28-



Zusammenfassung

5. Zusammenf assung

Btk wird in allen hdmatopoetischen Zellen exprimiert, insbesondere in B-Zellen und
vor allem in Thrombozyten. Funf Btk-Inhibitoren (Ibrutinib, Acalabrutinib, Zanubrutinib,
Tirabrutinib und Orelabrutinib) sind weltweit fir die Behandlung verschiedener
maligner B-Zell-Erkrankungen zugelassen. Weitere BTKi werden derzeit fur die
Behandlung der chronischen Ilymphatischen Leukamie, der idiopathischen
thrombozytopenischen Purpura, der rheumatoiden Arthritis und vieler anderer
Erkrankungen klinisch untersucht.

Btk ist an den Signalwegen der Thrombozytenaktivierung und -aggregation beteiligt
(GPVI/Kollagen-, GPIb/NVWF-, F c 0 RiKbrdpleXe g Ghd CXCR4/CXCL12-
Signalisierung). Es wird erwartet, dass eine selektive Hemmung von Btk in
Thrombozyten  keine  schweren  Blutungen  verursacht, wahrend die
Thrombozytenaggregation unterdriickt wird, da ein Btk-Mangel bei XLA-Patienten
nicht zu einer Beeintrachtigung der Hamostase fuhrt. Daher ist Btk ein potenzielles
neues therapeutisches Ziel fur thrombozytenbezogene prothrombotische
Erkrankungen. Es ist jedoch bekannt, dass Blutungen eine haufig berichtete
unerwinschte Nebenwirkung nach der Behandlung von B-Zell-Malignomen mit
irreversiblen BTKi sind.

51 PapeEftects oifnhtihbei tBotrks remi brutini b
ril zabrutinib (PRN1008) with varying
pl atel et aggirmegwadtitecend ianngd t i me

In Paper | haben wir die Wirkung von zwei neuen BTKi auf Thrombozyten -
Remibrutinib und Rilzabrutinib - verglichen. Remibrutinib (ICs0=0,03uM) ist finfmal
potenter als Rilzabrutinib (ICs50=0,16uM) bei der Hemmung der GPVI-induzierten
Thrombozytenaggregation niedrigen Grades, und diese ICso-Werte sind 15-mal bzw.
2-mal niedriger als ihre maximalen Plasmaspiegel (Remibrutinib Cmax=0,46uM,;
Rilzabrutinib Cmax=0,33uM), die nach optimaler Dosierung in klinischen Studien
ermittelt wurden. Bei 0,1uM Remibrutinib bzw. 0,5uM Rilzabrutinib, die zu tber 90%
die durch niedrige Dosen von Kollagen (GPVI), Ristocetin (GPIb/VWF) und CD32
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(FcoRII1 A) vernetzungsinduzierte Aggregation
verlangerte In-vitro-Verschlusszeit beobachtet, wobei Remibrutinib (0,1uM) jedoch

eine geringere hamostatische Beeintrachtigung zeigte. Die 12-tagige Einnahme von
Remibrutinib fihrte in klinischen Studien der Phasen | und Il nicht zu einer Erhéhung

des Blutungsrisikos, wéahrend in einer klinischen Studie (bei Pemphigus) mit
Rilzabrutinib behandlungsbedingte Blutungsereignisse (7%) gemeldet wurden.

Obwohl in der klinischen ITP-Studie mit Rilzabrutinib keine schwerwiegenden (2 Grad

2) behandlungsbedingten Blutungen beobachtet wurden, kénnten die maximalen
therapeutischen Konzentrationen von Rilzabrutinib (0,33uM nach 300mg BID) die In-
vitro-Blutungszeit wahrscheinlich erheblich verlangern.

In unserer Studie waren die Konzentrationen von Rilzabrutinib, die den Btk-Weg in
Thrombozyten wirksam blockierten und eine signifikant verlangerte In-vitro-
Blutungszeit verursachten, dieselben (0,5 uM). Diese Ergebnisse deuten darauf hin,
dass Off-Target-Effekte auf Tec, die den GPVI-Signalweg vollstandig ausschalten,
dafur verantwortlich sein koénnten. Allerdings zeigte die Behandlung mit 0,5uM
Rilzabrutinib nur eine schwache Hemmung der Thrombozytenaggregation (ahnlich
wie bei Fenebrutinib) bei Stimulation mit hochdosiertem Kollagen, was gegen Off-
Target-Effekte auf Tec spricht.

Im Gegensatz dazu waren die Konzentrationen von Remibrutinib, die den Btk-Weg
der Thrombozytenaggregation blockierten und eine signifikant verlangerte In-vitro-
Blutungszeit verursachten, unterschiedlich (0,1uM gegentber 0,2uM). Somit zeigt
Remibrutinib eine hohere Potenz bei der Hemmung der Thrombozytenaggregation
und eine geringere Beeintrdchtigung der Hamostase. Weitere Studien sollten
durchgefuhrt werden, um Remibrutinib als neuartigen
Thrombozytenaggregationshemmer gegen Atherothrombose und bestimmte
plattchenbezogene Immunstdrungen weiter zu erforschen.

52 PaperSploint aneousaggltagetbd@uousdnmendi ated by
FoRI IstAi mul ati on tpf o 8ki méasred s

In Paper Il haben wir ein neuartiges Protokoll beschrieben, bei dem geruhrtes, mit
Hirudin antikoaguliertes Blut und MEA zur Messung der SPA verwendet wird. Eine
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5.3

hohe SPA wurde bei 8 % der gesunden Spender in unserer Probandenkohorte (n=118)
beobachtet und konnte durch Anti-F ¢ o R-Ankik@rper oder Anti-Fc-IgG-Antikorper

gehemmt werden. Dies deutet darauf hin, dass IgG-Ko mp| exe und -der

Signalweg an der SPA beteiligt sind. Auf der Grundlage dieser Erkenntnisse wurde
Ibrutinib von Freiwilligen (n=3) oral eingenommen und Fenebrutinio dem
abgenommenen Blut zugesetzt. Gleichzeitig wurde die SPA vor und nach der BTKi-
Gabe gemessen. Das Ergebnis war, dass sich die SPA nach der BTKi-Anwendung
sowohl in vivo als auch in vitro verbesserte. Dartiber hinaus wurde ein positiver und
signifikanter Zusammenhang zwischen hoher SPA und erhdhter GPVI-Reaktivitat auf
niedrig dosiertes Kollagen festgestellt. Eine erhbhte GPVI-Reaktivitat wurde auch bei
Patienten mit Diabetes, COVID-19 und Schlaganfall beobachtet. In Anbetracht der
hemmenden Wirkung von BTKi auf die GPVI-Aktivierung kénnten diese Patienten von
der Anwendung von BTKi profitieren. Dazu sind jedoch weitere Studien erforderlich.

Da wir feststellten, dass die Stimulation der Thrombozyten-Fc 2 RI | A-. dur c h

IlgG-Komplexe Uber den Btk-Signalweg der zugrunde liegende Mechanismus der
hohen SPA war, untersuchten wir die Hypothese, dass Anti-PF4/Polyanion-IgG-
Komplexe beteiligt sein konnten. Wir stellten jedoch fest, dass dies nicht der Fall war,
was auf die Beteiligung anderer IgG-Komplexe an der Auslésung von SPA hindeutet.

PaperOrlalll :-Bruton tyrosine Kkinase

the platelet Fc poRIclepd)t ora CD8W ao tFicon

In Paper Il wurde ein neues Btk-abhangiges therapeutisches Ziel - F ¢ o Rt flirA

Heparin-induzierte Thrombozytopenie Typ 1l (HIT) untersucht. In dieser Studie
wurden funf irreversible BTKi (Ibrutinib, Zanubrutinib, Acalabrutinib, Tirabrutinib,
Evobrutinib) und ein reversibles BTKi (Fenebrutinib) getestet. Unter den funf BTKi
erwies sich Fenebrutinib mit einer ICso von 0,011uM als der wirksamste Wirkstoff zur
Hemmung der d uMemdizung mduRdrtén AThrombozytenaggregation.
Darliber hinaus reichte eine einmalige Einnahme von Ibrutinib aus, um die

Thrombozytenaktivierungund ATP-Se kr et i on durch FcoRII A

herausstellte, dass irreversible BTKi die Blutungszeit in vitro verlangern, testeten wir
das reversible BTKi Fenebrutinib und stellten fest, dass es die Blutungszeit auch nach
Inkubation mit hohen Konzentrationen in vitro nicht verlangert. Das irreversible BTKi
hemmte die Sekretion von dichten Granula, die Expression von P-Selektin und die
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Zusammenfassung

Bildung von Thrombozyten-Neutrophilen-Aggregaten, die zur Thrombose bei HIT
beitragen. Wir verwendeten HIT-Seren von Heparin/PF4/1gG-Antikdrper-positiven
HIT-Patienten, um die Thrombozytenaggregation in Gegenwart von niedrig dosiertem
Heparin zu induzieren, und stellten fest, dass Ibrutinib, Acalabrutinib und Fenebrutinib
die durch HIT-Seren induzierte Thrombozytenaggregation zu tber 90% hemmen. Da
Fenebrutinib in einer hohen Dosis zweimal taglich Btk im Blut Gber einen langeren
Zeitraum wirksam blockieren und gleichzeitig vermehrte Blutungsereignisse
verhindern konnte, wirden HIT-Patienten von einer Behandlung mit Fenebrutinib
zusatzlich profitieren. Da die VITT einen ahnlichen pathophysiologischen
Mechanismus wie die HIT aufweist, an dem der IgG-Komplex-F ¢ 9 R-8idn&weg
beteiligt ist, wéare Fenebrutinib auch eine potenzielle Therapie fiir die VITT.

AbschlieRend haben wir die Wirkung von Btk-Inhibitoren mit unterschiedlicher Btk-
Selektivitat und Reversibilitat auf die Aktivierung und Aggregation von Blutplattchen
untersucht. Btk ist an den GPVI-, GPIb-, F ¢ 3 Bid ICACR4-Signalwegen in
Thrombozyten beteiligt. Daher konnten BTKi eine potenzielle Behandlung fir
pathophysiologische Zustdnde oder Krankheiten sein, die mit diesen Signalwegen in
Zusammenhang stehen, wie z. B. HIT, VITT, Atherothrombose und SPA, wahrend
Blutungen ein potenzielles unerwiinschtes Ereignis sind, das immer in Betracht
gezogen werden sollte. Fenebrutinib erwies sich in unserer Studie als das wirksamste
BTKi (Fenebrutinib . Remibrutinib _ Rilzabr.
stimulierten Thrombozytenaggregation in geringem Mafle und verlangerte die
Blutungszeit in vitro nicht. Durch den Vergleich der In-vitro-Blutungszeiten zwischen
dem irreversiblen kovalenten BTKi Remibrutinib (keine Tec-Hemmung), dem
reversiblen kovalenten BTKi Rilzabrutinib (Tec-Hemmung) und dem reversiblen nicht-
kovalenten BTKi Fenebrutinib (keine Tec-Hemmung) berichteten wir, dass eine
verlangerte In-vitro-Blutungszeit bei der Behandlung mit Remibrutinib und
Rilzabrutinib, aber nicht mit Fenebrutinib beobachtet wurde. Dies spricht gegen die
Hypothese, dass die Off-Target-Hemmung von Tec der Grund fur die Blutungen ist.
Gleichzeitig wirft dies die Diskussion Uber die Irreversibilitdt oder die kovalenten
Bindungsmuster der Inhibitoren auf, die fur die unerwinschten Blutungen
verantwortlich sein konnten.
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Background: Bruton tyrosine kinase inhibitors (BTKI) are used in B-cell malignancies
and in development against various autoimmune diseases. Since Btk is also involved
in specific pathways of platelet activation, BTKi might be considered to target
platelet GPVI/GPIb-mediated atherothrombosis and platelet FcyRIIA-dependent immune
disorders. However, BTKI treatment of patients with B-cell malignancies is frequently
associated with mild bleeding events caused possibly by off-target inhibition of Tec. Here,
we compared the platelet effects of two novel BTKi that exhibit a high (remibrutinib) or
low (rilzabrutinib) selectivity for Btk over Tec.

Methods and Results: Remibrutinib and rilzabrutinib were pre-incubated with
anticoagulated blood. Platelet aggregation and in vitro bleeding time (closure time) were
studied by multiple electrode aggregometry (MEA) and platelet-function analyzer-200
(PFA-200), respectively. Both BTKi inhibited atherosclerotic plaque-stimulated
GPVI-mediated platelet aggregation, remibrutinib being more potent (ICso = 0.03 wM)
than rilzabrutinib (ICso = 0.16 uM). Concentrations of remibrutinib (0.1 wM) and
rilzabrutinib (0.5 M), >80% inhibitory for plague-induced aggregation, also significantly
suppressed (>90%) the Btk-dependent pathways of platelet aggregation upon
GPVI, von Willebrand factor/GPIb and FcyRIIA activation stimulated by low collagen
concentrations, ristocetin and antibody cross-linking, respectively. Both BTKi did not
inhibit aggregation stimulated by ADP, TRAP-6 or arachidonic acid. Remibrutinib (0.1 wM)
only slightly prolonged closure time and significantly less than rilzabrutinito (0.5 wM).
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Conclusion: Remibrutinib and rilzabrutinib inhibit Btk-dependent pathways of platelet
aggregation upon GPVI, VWF/GPIb, and FcyRIIA activation. Remibrutinib being more
potent and showing a better profile of inhibition of Btk-dependent platelet activation vs.
hemostatic impairment than rilzabrutinib may be considered for further development as

an antiplatelet drug.

Keywords: atherothrombosis, platelet-aggregation, bleeding, PFA, MEA

INTRODUCTION

Since the first description of a patient with recurrent
infections and deficiency of immunoglobulins termed
“Agammaglobulinemia” by Ogden Bruton in 1952 (1), it
took more than 40 years of research, until Bruton tyrosine
kinase (Btk) was identified in 1993 as the responsible protein
that is deficient in patients with X-linked agammaglobulinemia
(2, 3). Btk belongs to the Tec (tyrosine kinase expressed in
hepatocellular carcinoma) family of non-receptor cytoplasmic
tyrosine kinase, and contains five different protein interaction
domains: an amino terminal pleckstrin homology (PH) domain,
a proline-rich Tec homology (TH) domain, the SRC kinase
homology (SH) domains SH2 and SH3, and a kinase domain
(4). Btk is the best studied member of this tyrosine kinase
family and most homologous to Tec, the namesake of this
kinase family. Btk plays a crucial role in B-cell receptor
function and in immunoglobulin Fc- receptor signaling of
monocytes/macrophages and neutrophils (4). Since the approval
of ibrutinib, the covalent irreversible first in class Btk inhibitor
(BTKi) in 2013 for treatment of certain B-cell malignancies,
many more reversible and irreversible BTKi have evolved and
the spectrum of diseases that are targeted extends from specific
forms of B-cell malignancies to various autoimmune disorders
(5). Up to now four BTKi (ibrutinib, acalabrutinib, zanubrutinib,
and tirabrutinib) have been approved but at least further eight
BTKi are in clinical studies (5).

Btk is expressed not only in B-cells but also in various
hematopoietic  cells including the megakaryocyte-platelet
lineage (6). Btk in platelets is involved in signaling of
specific glycoprotein receptors including glycoprotein (GP)
VI activation by collagen, GPIb activation by von Willebrand
factor (VWF), FcyRlla activation by IgG immune complexes,
and CLEC-2 activation by podoplanin (5). Thus, Btk might
be a promising therapeutic target of platelet-related diseases,
and BTKi have indeed been proposed as novel antiplatelet
drugs as they inhibit selectively platelet GPVI/GPIb-stimulated
atherothrombosis (7, 8), platelet FcyRIIA-dependent immune
disorders  (heparin-induced  thrombocytopenia, vaccine-
induced immune thrombotic thrombocytopenia) (9, 10), and
podoplanin/CLEC-2 mediated venous thrombosis (11, 12).
Somewhat surprisingly, XLA patients do not show a bleeding
tendency (13). In contrast, mild bleeding events are frequent
in patients with B-cell malignancies treated with irreversible
covalent BTKi (ibrutinib, acalabrutinib, zanubrutinib, and
tirabrutinib) (5). The reasons are not clear but are probably
multifactorial. They might be related to the type of diseases
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treated, but also caused by off-target inhibition as reviewed
recently (5).

Beside Btk the homologous kinase Tec is also expressed in
platelets. Whereas, FcyRIla activation and VWF activation of
GPIb do not require Tec activation (5, 9), Tec plays a role in GPVI
activation. After GPVI-mediated platelet stimulation by high
dose collagen, both Btk and Tec support platelet aggregation.
Btk-deficient human platelets from patients with XLA and Btk-
deficient mouse platelets do not respond to low concentrations of
collagen or collagen-related peptide (CRP) indicating that Btk is
required for platelet activation after low-degree GPVI stimulation
(14, 15). Similar observations have been made by using low Btk-
specific concentrations of irreversible BTKi and the reversible
BTKi fenebrutinib which inhibits Btk but not Tec and applying
human atherosclerotic plaque which also induces only a low-
degree activation of GPVI (8, 9, 16-18). After stimulation with
high concentrations of collagen, Tec compensates for the absence
of Btk (as in XLA patients) or inhibition of Btk (as after platelet
pretreatment with Btk-selective concentrations of BTKi) and
preserves GPVI-stimulated platelet aggregation. Inhibition of
both Tec and Btk abrogates GPVI-activation (15). Since the
four approved irreversible covalent BTKi mentioned above have
limited selectivity for Btk over Tec as measured by biochemical
assays in vitre (5), and at higher concentrations prolong bleeding
time in vitro (19), it is assumed that therapeutic concentrations of
these BTKi inhibit in platelets irreversibly Tec in addition to Btk
thereby abrogating GPVI signaling. This might contribute to the
observed bleeding side effects.

Therefore, we hypothesized that off target effects of BTKi
with low Btk selectivity over Tec might explain bleeding of
BTKi, and investigated in the present study the effects of two
novel BTKi on Btk-mediated pathways of platelet aggregation
and bleeding time in vitro: the novel selective covalent BTKi
remibrutinib (LOU064), a very potent irreversible covalent BTKi,
which is highly selective for Btk and barely inhibits Tec (20), and
rilzabrutinib (PRN1008) an oral, reversible covalent BTKi which
inhibits Btk and Tec with similar IC50 values (21). Both BTKi
are in clinical studies of dermatological autoimmune diseases.
Rilzabrutinib inhibits very potently Btk and Tec in vitro (IC50
values, 1.3 and 0.8 nM, respectively) (22). It forms a reversible
covalent bond with Cys481 of Btk, and shows a fast association
and a very slow dissociation rate (23). Rilzabrutinib is in clinical
trials of pemphigus (24) and idiopathic thrombocytopenic
purpura (ITP), a disease exhibiting very low platelet counts
(<50.000/pl) and bleeding events. Here, it inhibits platelet
destruction mainly via the inhibition of autoantibody/FcyR
signaling in splenic macrophages (25). Unexpectedly, in a
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previous report clinically relevant concentrations of rilzabrutinib
showed no inhibition of platelet activation in vitro (26).

MATERIALS AND METHODS

Reagents

Remibrutinib  (LOU064), rilzabrutinib (PRN1008) and
fenebrutinib (GDC-0853) were purchased from MedChem
Express (New Jersey, USA). Dimethyl sulfoxide (DMSO) was
from Sigma-Aldrich (Taufkirchen, Germany). Collagen was
from Takeda (Linz, Austria). ADP, ristocetin, arachidonic acid
(AA) and TRAP-6 (Thrombin Receptor Activator Peptide 6)
were obtained from Roche Diagnostics (Mannheim, Germany).
The anti-CD32 antibody AT10 (monoclonal mouse IgGl),
cross-adsorbed F(ab’)2-goat anti-mouse IgG (H + L) and the
anti-CD9 antibody Ts9 (monoclonal mouse IgGl) were from
ThermoFisher Scientific (Waltham, MA, USA).

Declaration of Helsinki
Informed consent was obtained from healthy volunteers, as
approved by the Ethics Committee of the Faculty of Medicine
of the University of Munich, and in accordance with the ethical
principles for medical research involving human subjects, as set
out in the Declaration of Helsinki.

Human Atherosclerotic Plaque
Homogenates

Atherosclerotic tissue specimens were obtained from patients
who underwent endarterectomy for high-grade carotid artery
stenosis. Specimen containing lipid-rich soft plaques were
collected. The atheromatous plaques were carefully dissected
under sterile conditions from other regions of the atherosclerotic
tissue. The plaques were weighed, homogenized with a glass
pestle and potter, then stored at —80°C (27, 28). Plaque
homogenates from 5 patients were pooled.

Blood Collection

Whole blood from healthy donors who had not taken any
antiplatelet drug within 2 weeks was collected by cubital
venipuncture into blood tubes (double wall) from Verum
Diagnostica GmbH (Munich, Germany) containing hirudin
as anticoagulant (final hirudin concentration in blood: 200
U/ml corresponding to 15pg/ml) for platelet aggregation
measurements (29) or buffered trisodium citrate/citric acid
solution (citrate concentration 0.129 mol/L; S-Monovette 3.8 mL
9NC/PFA from Sarstedt, Nimbrecht, Germany) for closure time
measurements with the PFA-200 (30). The blood was kept at
room temperature and measurements were performed with 3h
after venipuncture.

Platelet Aggregation in Blood

Multiple electrode aggregometry (MEA) (Roche Diagnostics,
Mannheim, Germany) that monitors the change of conductivity
between two sets of electrodes (red and blue traces) caused
by the attachment of platelets was applied to measure platelet
aggregation, as described (29, 31). In brief, 0.9% NaCl
(300 pL) was placed in aggregometer cuvettes (06675590,
Roche, Mannheim, Germany) with aliquots (300 pL) of
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hirudin-anticoagulated blood. BTKi or DMSO (solvent control;
0.6 pL) were added, and mixed well with pipet, covered,
and incubated for 1h at 37°C (19). Then, the cuvettes were
transferred into the device, platelet stimuli (collagen, ristocetin,
AT10 + Fab2, anti-CD9 antibody, TRAP-6, ADP, or AA) were
added at concentrations as detailed in the figure legends, stirring
was simultaneously started and aggregation was measured for
10 min. Aggregation was recorded in arbitrary units (AU),
and cumulative aggregation (AU*min) from 0 to 10 min was
measured by quantifying the area under the curve. The traces
selected as representative and displayed in the Figures belonged
to a specific experiment whose values were closest to the mean.

IC50 values were obtained by non-linear fitting using the
following model:

Fifty = (Top + Baseline)/2
Y = Bottom + (Top-Bottom)/(1 + 10" ((LogAbsoluteIlC50-
X)xHillSlope + log((Top-Bottom)/(Fifty-Bottom)-1)))

Closure Time Measurement

The INNOVANCE® PFA-200 System (Siemens Healthcare,
Erlangen, Germany), which simulates primary hemostasis
in vitro, provides rapid and precise assessment of platelet
dysfunction and bleeding risk (32, 33). DMSO (0.1%;
solvent control) or various concentrations of remibrutinib
or rilzabrutinib were pipetted (0.8 pl) into samples of citrate-
anticoagulated blood (0.8 ml) (30) and preincubated for 1h at
37°C. The Dade® PFA Collagen/EPI Test Cartridge was used,
and the time of complete plug formation was reported as “closure
time.” The normal range of closure time is assessed specifically
for each test center and was determined to be 84-170s. The
normal range as recommended by the manufacturer (84-160s)
has been slightly modified at our institution to 84-170s based
on the measurement on 54 healthy unselected persons without
any medication according to the approved-level consensus
guideline from the Clinical and Laboratory Standards Institute
(CLSI EP28).

Statistics

The data are shown as mean + standard deviation (SD) of the
indicated number of the experiments. Normal distribution of
values was assessed using the Shapiro-Wilk test. Parallel multi-
experimental conditions were analyzed by ordinary one-way
ANOVA, followed by Bonferroni’s test if the normality test was
passed, otherwise a Kruskal-Wallis test for unmatched and a
Friedman’s test for matched observations followed by Dunn’s test
were used. Side-by side comparisons were analyzed by Wilcoxon
matched-pairs signed rank test.

RESULTS

Remibrutinib (LOU064) and Rilzabrutinib
(PRN1008) Dose-Dependently Inhibit
GPVI-Mediated Platelet Aggregation in

Blood Triggered by Atherosclerotic Plaque
Diverse collagen type I and III fibers are the decisive plaque
components that induce platelet aggregation via activation
of GPVI (27, 28, 34). Blood was incubated with increasing
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anticoagulated blood was preincubated for 1 h at 37°C with solvent control (DMSO, 0.1%), or increasing concentrations of remibrutinib (A,C,D) or rilzabrutinib (B,G,E)

FIGURE 1 | Effects of increasing concentrations of remibrutinib and rilzabrutinib on platelet aggregation in blood stimulated by plague hemogenate. Hirudin
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FIGURE 1 | and aggregation was recorded for 10 min after stimulation by plagque homogenate (833 wg/mi) (19). The dose-response curves of (A) remibrutinib and (B)
rilzabrutinib are shown. (C) Representative aggregation traces in red and blue for each electrode, respectively, are shown. (D,E) Bar graphs show the dose-dependent
delay in aggregation by (D) remibrutinib and (E) rilzabrutinib. Single data points are shown but are in part not visible due to overlap. Values are mean =+ SD (n = 6).
Statistical analysis was carried out comparing against baseline (without BTKi) using the Friedman test followed by Dunn’s test (A-E). o < 0.05, *p < 0.01, *p <

0.001, ***p < 0.0001.

concentrations of remibrutinib or rilzabrutinib for 1h prior
to plaque stimulation. Remibrutinib and rilzabrutinib inhibited
plaque-induced platelet aggregation with ICs values of 0.03 and
0.16 .M, respectively. Remibrutinib (0.2 wM) and rilzabrutinib
(1 wM) were able to block plaque-induced platelet aggregation by
>90% (Figures 1A,B). Accordingly, remibrutinib is more potent
than rilzabrutinib.

The aggregation tracings in
panels in  Figures ID,E show a
increase in delay of aggregation
both inhibitors.

Figure 1C  and
dose-dependent
(lag time) caused by

Effects of Remibrutinib and Rilzabrutinib
on Platelet Aggregation Stimulated by
Collagen, Ristocetin, FcyRIIA- and
G-Protein Coupled Receptor-Activation
Next the effects of remibrutinib and rilzabrutinib were
investigated on platelet aggregation induced by stimuli known to
activate Btk-dependent and Btk-independent platelet signaling
pathways. Concentrations of remibrutinib (0.1 M) and
rilzabrutinib (0.5 wM) were chosen that inhibited atherosclerotic
plaque-induced platelet aggregation by 89 and 88%, respectively
(Figure 1A).

Figure 2 shows the results for platelet stimuli that induce
aggregation through a Btk-dependent mechanism (5). GPVI-
dependent aggregation was inhibited by remibrutinib and
rilzabrutinib by 91 and 94%, respectively, on low dose
collagen, and by 37 and 41%, respectively, on high dose
collagen (Figures 2A,B). Glycoprotein Ib/von Willebrand
factor (GPIb/VWEF)-dependent ristocetin-induced platelet
aggregation was blocked by 95% by both BTKi (Figure 2C). The
inhibitory effects of remibrutinib and rilzabrutinib on GPVI-
and GPIb/VWE-dependent platelet aggregation were similar to
those of fenebrutinib (0.1 uM) (Supplementary Figure 2),
which is a reversible and highly selective
Btk inhibitor.

Complete suppression of platelet aggregation by both BTKi
was also observed on FcyRITA activation by crosslinking or anti-
CD9 antibody stimulation (Figures 2D,E). Due to the absence
of adenosine 5’-diphosphate (ADP) secretion from platelets (9),
anti-CD9 antibody stimulation showed a delayed aggregation
response and less maximal aggregation compared with CD32-
crosslinking (Figure 2E).

Remibrutinib and rilzabrutinib did not compromise Btk-
independent pathways of platelet aggregation stimulated by
GPCR activation with thrombin receptor-activating peptide
(TRAP), arachidonic acid (AA), or ADP under the conditions
tested (Figure 3).
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Effect of Remibrutinib and Rilzabrutinib on
in vitro Bleeding Time

To investigate whether remibrutinib and rilzabrutinib
might impair primary hemostasis, the platelet function
analyzer PFA-200 was used. The instrument aspirates citrate-
anticoagulated blood under constant vacuum from a reservoir
through a capillary and a small hole in a membrane filter which
was coated in our experiments with collagen and epinephrine
(collagen/epinephrine cartridge). The time required to obtain
full occlusion of the aperture is reported as “in vitro closure
time” (32, 35). The PFA is used for routine screening of patients
with potential hemorrhagic risk and is very sensitive to monitor
aspirin intake (36, 37).

Closure time was slightly, but significantly prolonged by
0.1 M remibrutinib (Figures 4A,B) which suppressed >85%
Btk-dependent platelet aggregation after GPVI activation with
low dose collagen and after VWF/GPIb activation with ristocetin
(Figures 1A, 2A,C), but it did not exceed the upper limit of
the normal range (170 s). Higher concentrations of remibrutinib
(0.2 and 0.5uM) significantly and profoundly prolonged
closure time.

For rilzabrutinib it was found that a concentration of 0.2 uM
which inhibited GPVI-dependent plaque-stimulated platelet
aggregation by 56% (Figure 1B) did not affect significantly the
closure time. A concentration of 0.5 M rilzabrutinib equipotent
to 0.1 pM remibrutinib suppressed >90% Btk-dependent platelet
aggregation after low dose collagen- and ristocetin-stimulated
aggregation (Table 1; Figure2) and significantly increased
closure time by 67% (Figures 4A,B). The closure time was
significanly more prolonged than by 0.lpuM remibrutinib
(Figure 4B). A concentration of 1M rilzabrutinib prolonged
bleeding time maximally. DMSO, the solvent of BTKi, did not
affect closure time as shown previously (9), and the DMSO
controls showed similar values at the beginning and the end of
the experiments (Figures 4A,B).

DISCUSSION

We demonstrate here in our study that (i) remibrutinib and
rilzabrutinib inhibit and delay dose-dependently atherosclerotic
plaque-induced GPVI-mediated platelet aggregation; (i)
remibrutinib (0.1 pM) and rilzabrutinib (0.5pM) also block
Btk-dependent GPVI-, GPIb/VWE- and FcyRIla-stimulated
platelet aggregation; (iii) higher concentrations of remibrutinib
(=0.2pM) and therapeutic concentrations of rilzabrutinib
(>0.2puM) prolong the bleeding time in vitro as measured
by PFA-200.

According to the dose-response curve (Figures 1A,B), the
potency for platelet inhibition of low degree GPVI-induced
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FIGURE 2 | Effects of remibrutinib and rilzabrutinib on platelet aggregation in blood after stimulation by collagen, ristocetin or FeyRIIA activation. Hirudin
anticoagulated blood was preincubated for 1 h with DMSO or BTKi (remibrutinib 0.1 M, rilzabrutinib 0.5 wM) prior to stimulation with (A) low dose collagen
(0.4-0.6 ng/ml) that was titrated to induce a similar degree of platelet aggregation as plaque homogenate (833 wg/mL) (19), (B) high dose collagen (4-6 pg/ml) that
was 10x concentrations of the low dose collagen (8, 19), (C) ristocetin (0.5 mg/ml), (B) CD32 cross-linking (3 min incubation with 2 pg/ml AT10, plus 30 pg/ml Fab2),
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