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3. Introduction 

3.1 Platelet aggregation and platelet-related diseases 

 

Platelets – micro anucleate (2-4µm in diameter), discoid blood cells generated by 

bone marrow megakaryocytes – play a critical role not only in hemostasis, but also 

in various physiological and pathophysiological processes including angiogenesis, 

tumor metastasis, atherosclerosis, and host defense1-4.  

 

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 “Band-Aids of blood vessels”. 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 note5-

8. 

 

Multiple pathways are involved in platelet aggregation. The agonists stimulate 

platelets via corresponding receptors, which then turn on GPIIb/IIIa – the integrin 

complex and fibrinogen receptor that is the central mediator of platelet aggregation 

(Figure 1)9, 10. 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 11-14. 

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. 
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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, FcγRIIA, CXCR4, P2Y12, P2Y1, PAR1, and PAR4) with 

their corresponding agonists (collagen, vWF, IgG complexes, CXCL12, ADP, and thrombin). The 

GPIIb/IIIa complex undergoes a conformational change after the activation of platelets. Via activated 

GPIIb/IIIa complexes, fibrinogen functions to bridge the platelets, further inducing and stabilizing the 

aggregation. GPVI-, GPIb- and FcγRIIa-, CXCR4- signaling pathways are Btk dependent and are 

inhibited by Btk inhibitors. The activation of the other G protein-coupled receptors (GPCRs) (P2Y12, 

P2Y1, PAR1, and PAR4) 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; vWF: 

von Willebrand factor; GPIb: glycoprotein Ib; ADP: adenosine diphosphate; PAR: protease-activated 

receptor; AA: arachidonic acid; COX: cyclooxygenase; TXA2: thromboxane A2. 

 

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 

infarction15-18. 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) 15-18. 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 

Ca2+ and Mg2+ and accurately reflect platelet reactivity in vivo19. 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 MEA20. 

MEA is now widely used for the evaluation of the bleeding diathesis, antiplatelet 

therapies, and thrombotic risks21, 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 cartridge is recorded as “closure time” 

or  “in vitro bleeding time”23. The clinical utility of PFA includes the assessment of 

the platelet-related hemostasis defects, especially in the monitoring of the 

antiplatelet therapy (e.g., aspirin)24, 25. A significantly prolonged in vitro bleeding time 

was observed using PFA and the collagen/epinephrine cartridge in patients taking 

aspirin26.  

 

3.2 The Btk pathway in platelets 

 

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

recurrent infection termed “Agammaglobulinemia”27. A condition known as X-linked 
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agammaglobulinemia (XLA) was found in 1993 to be caused by a defect of the 

Bruton’s tyrosine kinase (Btk) gene via positional cloning and deoxyribonucleic acid 

cross-hybridization approaches28, 29. 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)30, 31. The catalytic kinase 

domain is the main target of the Btk inhibitors (BTKi) 32.  

 

       

Figure 2. Structural diagram of Btk. 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 pathway30. 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 

platelets33. 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 

altered35. 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 Tec35-38. 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 patients31, 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), FcγRIIA (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)31, 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.  

           

 

Figure 3. Btk signalling in platelets. After the interaction of the agonists and receptors, the Src-

family kinases Lyn and Fyn bind to the cytosolic tail of the GPIb, GPVI, FcγRIIA receptors, then 
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phosphorylate after GPVI, GPIb or FcγRIIA activation the immunoreceptor tyrosine-based activation 

motif (ITAM) in the dimeric Fc receptor γ (FcγR)-chain associated with GPVI, GPIb  or contained in 

FcγRIIA45-47. Phosphorylated 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 phospholipase Cγ2 (PLCγ2). Btk activation occurs after the activation of PI3 kinase, which 

subsequently catalyzes the conversion of phosphatidylinositol bisphosphate (PIP2) into 

phosphatidylinositol trisphosphate (PIP3)48. 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 Cγ2 leads to cytosolic Ca2+ increase and protein kinase C (PKC) activation, which 

induce platelet activation and aggregation31, 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 pathway43. 

 

3.3 Btk inhibitors 

 

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 disorders42; BTKi have also recently 

been tested to treat patients with severe COVID-19 or VITT49-52. At present, five 

irreversible BTKi (ibrutinib, acalabrutinib, zanubrutinib, tirabrutinib and orelabrutinib) 

have been approved by the FDA, and many more BTKi have been patented and are 

currently undergoing clinical trials42, 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 interaction42. In contrast, the 

irreversible BTKi covalently bind the conserved Cys481 site in the adenosine 

triphosphate (ATP) binding pocket of Btk (Figure 2)42. Since there are other kinases 

(Bmx, Tec, Txk, Itk, EGFR, Erb2, Erb4, Jak3, and Blk) 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 BTKi42. 

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 defense31, 54, 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 malignancies42. 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 pathways42. 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)56. The 

exclusive Btk inhibition in platelets, however, cannot explain the bleeding events, 

since XLA patients do not show a bleeding tendency34. 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 bleeding37, 42, 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 BTKi42. However, significantly prolonged in vitro bleeding times 

were observed in vitro with irreversible BTKi (ibrutinib, acalabrutinib, and tirabrutinib) 

only at concentrations 2-3 times higher than their maximal therapeutic plasma 

levels36. 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 trials42, 59. 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 Tec60. Remibrutinib was developed from fenebrutinib-like scaffolds that 

bind to the inactive conformation of Btk60, 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 I placebo controlled clinical trial, remibrutinib intake for 12 days 

(Cmax from 0.46µM to 1.11µM) did not increase the risk of bleeding62. Furthermore, 
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in remibrutinib phase 2 clinical trials for chronic spontaneous urticaria (CSU) 

(NCT03926611) and asthma (NCT03944707), no bleeding events were observed63, 

64. Remibrutinib is currently under clinical trials not only for CSU (NCT05048342, 

NCT05030311, NCT05032157, NCT03926611), but also Sjögren syndrome 

(NCT04035668) and relapsing multiple sclerosis (NCT05147220, NCT05156281). 

 

Rilzabrutinib is a reversible covalent Btk inhibitor with similar IC50 values for inhibition 

of Btk and Tec 65. It associates rapidly with Btk Cys481 site and dissociates slowly66. 

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 1µM rilzabrutinib preincubation for 

15min was observed67. Rilzabrutinib is currently being tested in clinical trials for ITP 

(NCT03395210, NCT04562766), IgG4-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/µl, only one in 60 patients (2%)  treatment-related grade 

1 bleeding event was observed in the rilzabrutinib ITP clinical trial68, 69, while 

treatment-related bleeding events were more frequent (7% in 27 patients) in the 

rilzabrutinib pemphigus clinical trial70.  

 

3.4 Heparin-induced thrombocytopenia (HIT) 

 

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 context71. HIT is characterized by thrombocytopenia and thrombosis due to 

the abnormal formation of antibody complexes after being exposed to heparin72, 73.  

 

Platelet factor 4 (PF4) is a positively charged protein released from platelet α-

granules upon platelet activation and binds to negatively charged 

glycosaminoglycans (GAGs) 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 GAGs74-76. Then PF4/heparin complexes preferentially bind to B cells77, 



Introduction 

- 22 - 

 

resulting in the production of immunoglobulin G (IgG) recognizing PF4/heparin 

complexes78. 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 FcγRIIA on the platelet surface, which triggers platelet activation 

and aggregation (Figure 4)79, 80. The polymorphism of FcγRIIA and the 

heterogeneous ability of the antibodies to activate FcγRIIA, as well as affinity and 

specificity to PF4 lead to different consequences of the patients with heparin 

treatment81, 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 complexes83. These immune complexes could 

be recognized by HIT antibodies as well, and IgG/PF4/vWF complexes could 

promote platelet adhesion and aggregation via FcγRIIA and GPIb signaling 

pathways51, 83. Both FcγRIIA and GPIb signaling are involved in Btk activation as 

illustrated in Figure 139, 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 

thrombocytopenia71, 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)71, 73, 84, 85. As 

mentioned, FcγRIIA and GPIb signaling are pathologically activated 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 investigation37.  
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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 FcγRIIA and initiate platelet 

activation and aggregation. 

 

3.5 Btk inhibitors might be a therapeutic option for VITT 

 

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) vaccination7, 8, 86, 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 antibodies7, 8, 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 IgG/PF4/vWF formation51, 83. These immune complexes will 

recognize FcγRIIA and GPIb complexes on the platelet surface and subsequently 

induce platelet activation and aggregation51, 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 VITT51, 

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, FcγRIIA) 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 (GPVI/collagen-, GPIb/vWF-, FcγRIIA/IgG 

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.  

 

4.1 Paper I: Effects of the Btk-inhibitors remibrutinib (LOU064) and 

rilzabrutinib (PRN1008) with varying Btk selectivity over Tec on 

platelet aggregation and in vitro bleeding time 

 

In Paper I, we compared the effect of two novel BTKi on platelet - remibrutinib and 

rilzabrutinib. Remibrutinib (IC50=0.03µM) is 5 times more potent than rilzabrutinib 

(IC50=0.16µM) in the inhibition of platelet aggregation induced by pooled plaque which 

activates GPVI, and these IC50 values are 15-times and 2-fold lower, respectively, 

than their maximal plasma levels (remibrutinib Cmax=0.46µM; rilzabrutinib 

Cmax=0.33µM), which was determined after optimal dosage in clinical studies. With 

0.1µM remibrutinib or 0.5µM rilzabrutinib suppressing over 90% low dose collagen- 

(GPVI), ristocetin- (GPIb/vWF) and CD32 (FcγRIIA) cross-linking-induced 

aggregation, a significantly increased in vitro closure time was observed, but 

remibrutinib (0.1µM) showed less hemostatic impairment. Remibrutinib intake for 12 

days did not result in an increase of bleeding risk in phase I and II clinical trials, 
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whereas treatment-related bleeding events (7%) were reported in a clinical trial (of 

pemphigus) with rilzabrutinib. Although no major ( grade 2) treatment-related 

bleeding was observed in the rilzabrutinib ITP clinical trial, the maximal therapeutic 

concentrations of rilzabrutinib (0.33µM 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 (0.5µM). These results suggest that off-target effects on Tec shutting down 

completely the GPVI-pathway might be responsible. However, 0.5µM 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 (0.1µM versus 0.2µM). 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. 

 

4.2 Paper II: Spontaneous platelet aggregation in blood is mediated by 

FcγRIIA stimulation of Bruton’s tyrosine kinase 

 

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-FcγRIIA antibody or anti-Fc 

IgG antibody. This indicates that IgG-complexes and FcγRIIA signaling 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 FcγRIIA activation 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.  

 

4.3 Paper III: Oral Bruton tyrosine kinase inhibitors block activation of 

the platelet Fc receptor CD32a (FcγRIIA): a new option in HIT? 

 

In Paper III, a novel Btk dependent therapeutic target – FcγRIIA – for heparin-induced 

thrombocytopenia type II (HIT) was explored. Five irreversible BTKi (ibrutinib, 

zanubrutinib, acalabrutinib, tirabrutinib, evobrutinib) and one reversible BTKi 

(fenebrutinib) were tested in this study. Among the five BTKi, fenebrutinib was found 

to be the most potent with IC50=0.011µM on the inhibition of FcγRIIA cross-linking–

induced platelet aggregation. In addition, a single intake of ibrutinib was sufficient to 

suppress platelet activation and ATP secretion by FcγRIIA. Since 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/IgG 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-FcγRIIA 

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, 

FcγRIIA, and 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 (fenebrutinib ˃ remibrutinib ˃ rilzabrutinib) for the suppression of 

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. 
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5. Zusammenfassung 

 

Btk wird in allen hämatopoetischen Zellen exprimiert, insbesondere in B-Zellen und 

vor allem in Thrombozyten. Fünf Btk-Inhibitoren (Ibrutinib, Acalabrutinib, Zanubrutinib, 

Tirabrutinib und Orelabrutinib) sind weltweit für die Behandlung verschiedener 

maligner B-Zell-Erkrankungen zugelassen. Weitere BTKi werden derzeit für die 

Behandlung der chronischen lymphatischen Leukämie, 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/vWF-, FcγRIIA/IgG-Komplexe und CXCR4/CXCL12-

Signalisierung). Es wird erwartet, dass eine selektive Hemmung von Btk in 

Thrombozyten keine schweren Blutungen verursacht, während die 

Thrombozytenaggregation unterdrückt wird, da ein Btk-Mangel bei XLA-Patienten 

nicht zu einer Beeinträchtigung der Hämostase führt. Daher ist Btk ein potenzielles 

neues therapeutisches Ziel für thrombozytenbezogene prothrombotische 

Erkrankungen. Es ist jedoch bekannt, dass Blutungen eine häufig berichtete 

unerwünschte Nebenwirkung nach der Behandlung von B-Zell-Malignomen mit 

irreversiblen BTKi sind.  

5.1 Paper I: Effects of the Btk-inhibitors remibrutinib (LOU064) and 

rilzabrutinib (PRN1008) with varying Btk selectivity over Tec on 

platelet aggregation and in vitro bleeding time 

 

In Paper I haben wir die Wirkung von zwei neuen BTKi auf Thrombozyten - 

Remibrutinib und Rilzabrutinib - verglichen. Remibrutinib (IC50=0,03µM) ist fünfmal 

potenter als Rilzabrutinib (IC50=0,16µM) bei der Hemmung der GPVI-induzierten 

Thrombozytenaggregation niedrigen Grades, und diese IC50-Werte sind 15-mal bzw. 

2-mal niedriger als ihre maximalen Plasmaspiegel (Remibrutinib Cmax=0,46µM; 

Rilzabrutinib Cmax=0,33µM), die nach optimaler Dosierung in klinischen Studien 

ermittelt wurden. Bei 0,1µM Remibrutinib bzw. 0,5µM Rilzabrutinib, die zu über 90% 

die durch niedrige Dosen von Kollagen (GPVI), Ristocetin (GPIb/vWF) und CD32 
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(FcγRIIA) vernetzungsinduzierte Aggregation unterdrücken, wurde eine signifikant 

verlängerte In-vitro-Verschlusszeit beobachtet, wobei Remibrutinib (0,1µM) jedoch 

eine geringere hämostatische Beeinträchtigung zeigte. Die 12-tägige Einnahme von 

Remibrutinib führte in klinischen Studien der Phasen I und II nicht zu einer Erhöhung 

des Blutungsrisikos, während in einer klinischen Studie (bei Pemphigus) mit 

Rilzabrutinib behandlungsbedingte Blutungsereignisse (7%) gemeldet wurden. 

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

2) behandlungsbedingten Blutungen beobachtet wurden, könnten die maximalen 

therapeutischen Konzentrationen von Rilzabrutinib (0,33µM nach 300mg BID) die In-

vitro-Blutungszeit wahrscheinlich erheblich verlängern.  

 

In unserer Studie waren die Konzentrationen von Rilzabrutinib, die den Btk-Weg in 

Thrombozyten wirksam blockierten und eine signifikant verlängerte In-vitro-

Blutungszeit verursachten, dieselben (0,5 µM). Diese Ergebnisse deuten darauf hin, 

dass Off-Target-Effekte auf Tec, die den GPVI-Signalweg vollständig ausschalten, 

dafür verantwortlich sein könnten. Allerdings zeigte die Behandlung mit 0,5µM 

Rilzabrutinib nur eine schwache Hemmung der Thrombozytenaggregation (ähnlich 

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 verlängerte In-vitro-

Blutungszeit verursachten, unterschiedlich (0,1µM gegenüber 0,2µM). Somit zeigt 

Remibrutinib eine höhere Potenz bei der Hemmung der Thrombozytenaggregation 

und eine geringere Beeinträchtigung der Hämostase. Weitere Studien sollten 

durchgeführt werden, um Remibrutinib als neuartigen 

Thrombozytenaggregationshemmer gegen Atherothrombose und bestimmte 

plättchenbezogene Immunstörungen weiter zu erforschen. 

 

5.2 Paper II: Spontaneous platelet aggregation in blood is mediated by 

FcγRIIA stimulation of Bruton’s tyrosine kinase 

 

In Paper II haben wir ein neuartiges Protokoll beschrieben, bei dem gerührtes, mit 

Hirudin antikoaguliertes Blut und MEA zur Messung der SPA verwendet wird. Eine 
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hohe SPA wurde bei 8 % der gesunden Spender in unserer Probandenkohorte (n=118) 

beobachtet und konnte durch Anti-FcγRIIA-Antikörper oder Anti-Fc-IgG-Antikörper 

gehemmt werden. Dies deutet darauf hin, dass IgG-Komplexe und der FcγRIIA-

Signalweg an der SPA beteiligt sind. Auf der Grundlage dieser Erkenntnisse wurde 

Ibrutinib von Freiwilligen (n=3) oral eingenommen und Fenebrutinib 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. Darüber hinaus wurde ein positiver und 

signifikanter Zusammenhang zwischen hoher SPA und erhöhter GPVI-Reaktivität auf 

niedrig dosiertes Kollagen festgestellt. Eine erhöhte GPVI-Reaktivität wurde auch bei 

Patienten mit Diabetes, COVID-19 und Schlaganfall beobachtet. In Anbetracht der 

hemmenden Wirkung von BTKi auf die GPVI-Aktivierung könnten diese Patienten von 

der Anwendung von BTKi profitieren. Dazu sind jedoch weitere Studien erforderlich. 

Da wir feststellten, dass die Stimulation der Thrombozyten-FcγRIIA durch unbekannte 

IgG-Komplexe über den Btk-Signalweg der zugrunde liegende Mechanismus der 

hohen SPA war, untersuchten wir die Hypothese, dass Anti-PF4/Polyanion-IgG-

Komplexe beteiligt sein könnten. Wir stellten jedoch fest, dass dies nicht der Fall war, 

was auf die Beteiligung anderer IgG-Komplexe an der Auslösung von SPA hindeutet. 

 

5.3 Paper III: Oral Bruton tyrosine kinase inhibitors block activation of 

the platelet Fc receptor CD32a (FcγRIIA): a new option in HIT? 

 

In Paper III wurde ein neues Btk-abhängiges therapeutisches Ziel - FcγRIIA - für 

Heparin-induzierte Thrombozytopenie Typ II (HIT) untersucht. In dieser Studie 

wurden fünf irreversible BTKi (Ibrutinib, Zanubrutinib, Acalabrutinib, Tirabrutinib, 

Evobrutinib) und ein reversibles BTKi (Fenebrutinib) getestet. Unter den fünf BTKi 

erwies sich Fenebrutinib mit einer IC50 von 0,011µM als der wirksamste Wirkstoff zur 

Hemmung der durch FcγRIIA-Vernetzung induzierten Thrombozytenaggregation. 

Darüber hinaus reichte eine einmalige Einnahme von Ibrutinib aus, um die 

Thrombozytenaktivierung und ATP-Sekretion durch FcγRIIA zu unterdrücken. Da sich 

herausstellte, dass irreversible BTKi die Blutungszeit in vitro verlängern, testeten wir 

das reversible BTKi Fenebrutinib und stellten fest, dass es die Blutungszeit auch nach 

Inkubation mit hohen Konzentrationen in vitro nicht verlängert. Das irreversible BTKi 

hemmte die Sekretion von dichten Granula, die Expression von P-Selektin und die 
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Bildung von Thrombozyten-Neutrophilen-Aggregaten, die zur Thrombose bei HIT 

beitragen. Wir verwendeten HIT-Seren von Heparin/PF4/IgG-Antikörper-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 über 90% hemmen. Da 

Fenebrutinib in einer hohen Dosis zweimal täglich Btk im Blut über einen längeren 

Zeitraum wirksam blockieren und gleichzeitig vermehrte Blutungsereignisse 

verhindern konnte, würden HIT-Patienten von einer Behandlung mit Fenebrutinib 

zusätzlich profitieren. Da die VITT einen ähnlichen pathophysiologischen 

Mechanismus wie die HIT aufweist, an dem der IgG-Komplex-FcγRIIA-Signalweg 

beteiligt ist, wäre Fenebrutinib auch eine potenzielle Therapie für die VITT.    

 

Abschließend haben wir die Wirkung von Btk-Inhibitoren mit unterschiedlicher Btk-

Selektivität und Reversibilität auf die Aktivierung und Aggregation von Blutplättchen 

untersucht. Btk ist an den GPVI-, GPIb-, FcγRIIA- und CXCR4-Signalwegen in 

Thrombozyten beteiligt. Daher könnten BTKi eine potenzielle Behandlung für 

pathophysiologische Zustände oder Krankheiten sein, die mit diesen Signalwegen in 

Zusammenhang stehen, wie z. B. HIT, VITT, Atherothrombose und SPA, während 

Blutungen ein potenzielles unerwünschtes Ereignis sind, das immer in Betracht 

gezogen werden sollte. Fenebrutinib erwies sich in unserer Studie als das wirksamste 

BTKi (Fenebrutinib ˃ Remibrutinib ˃ Rilzabrutinib) für die Hemmung der durch GPVI 

stimulierten Thrombozytenaggregation in geringem Maße und verlängerte 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 

verlängerte 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 für die Blutungen ist. 

Gleichzeitig wirft dies die Diskussion über die Irreversibilität oder die kovalenten 

Bindungsmuster der Inhibitoren auf, die für die unerwünschten Blutungen 

verantwortlich sein könnten. 



Reference 

- 33 - 

 

6. References  

1. Gianazza, E.;Brioschi, M.;Baetta, R.;Mallia, A.;Banfi, C.; Tremoli, E., Platelets in Healthy and 
Disease States: From Biomarkers Discovery to Drug Targets Identification by Proteomics. Int J Mol Sci 
2020, 21 (12), 4541. 

2. van der Meijden, P. E. J.; Heemskerk, J. W. M., Platelet biology and functions: new concepts and 
clinical perspectives. Nat Rev Cardiol 2019, 16 (3), 166-179. 

3. Leslie, M., Beyond Clotting: The Powers of Platelets. Science 2010, 328 (5978), 562-564. 

4. Von Hundelshausen, P.; Weber, C., Platelets as Immune Cells. Circ Res 2007, 100 (1), 27-40. 

5. Li, T.;Yang, Y.;Li, Y.;Wang, Z.;Ma, F.;Luo, R., et al., Platelets mediate inflammatory monocyte 
activation by SARS-CoV-2 spike protein. J Clin Invest 2022, 132 (4). 

6. Koupenova, M.;Corkrey, H. A.;Vitseva, O.;Tanriverdi, K.;Somasundaran, M.;Liu, P., et al., SARS-
CoV-2 Initiates Programmed Cell Death in Platelets. Circ Res 2021, 129 (6), 631-646. 

7. Greinacher, A.;Thiele, T.;Warkentin, T. E.;Weisser, K.;Kyrle, P. A.; Eichinger, S., Thrombotic 
Thrombocytopenia after ChAdOx1 nCov-19 Vaccination. N Engl J Med 2021, 384 (22), 2092-2101. 

8. Schultz, N. H.;Sorvoll, I. H.;Michelsen, A. E.;Munthe, L. A.;Lund-Johansen, F.;Ahlen, M. T., et al., 
Thrombosis and Thrombocytopenia after ChAdOx1 nCoV-19 Vaccination. N Engl J Med 2021, 384 (22), 
2124-2130. 

9. Li, Z.;Delaney, M. K.;O'Brien, K. A.; Du, X., Signaling During Platelet Adhesion and Activation. 
Arterioscler Thromb Vasc Biol 2010, 30 (12), 2341-2349. 

10. Jackson, S. P., The growing complexity of platelet aggregation. Blood 2007, 109 (12), 5087-5095. 

11. Wallentin, L.;Becker, R. C.;Budaj, A.;Cannon, C. P.;Emanuelsson, H.;Held, C., et al., Ticagrelor 
versus Clopidogrel in Patients with Acute Coronary Syndromes. N Engl J Med 2009, 361 (11), 1045-1057. 

12. Baber, U.;Sartori, S.;Aquino, M.;Kini, A.;Kapadia, S.;Weiss, S., et al., Use of prasugrel vs 
clopidogrel and outcomes in patients with acute coronary syndrome undergoing percutaneous coronary 
intervention in contemporary clinical practice: Results from the PROMETHEUS study. Am Heart J 2017, 
188, 73-81. 

13. Mullen, L.;Meah, M. N.;Elamin, A.;Aggarwal, S.;Shahzad, A.;Shaw, M., et al., Risk of Major Bleeding 
With Potent Antiplatelet Agents After an Acute Coronary Event: A Comparison of Ticagrelor and Clopidogrel 
in 5116 Consecutive Patients in Clinical Practice. J Am Heart Assoc 2021, 10 (8). 

14. Alli, O.;Smith C Fau - Hoffman, M.;Hoffman M Fau - Amanullah, S.;Amanullah S Fau - Katz, P.;Katz 
P Fau - Amanullah, A. M.; Amanullah, A. M., Incidence, predictors, and outcomes of gastrointestinal 
bleeding in patients on dual antiplatelet therapy with aspirin and clopidogrel. J Clin Gastroenterol 2011, 45 
(5), 410-414. 

15. Breddin, H., Spontaneous platelet aggregation as a predictive risk factor for vascular occlusions in 
healthy volunteers? Results of the HAPARG Study. Atherosclerosis 1999, 144 (1), 211-219. 

16. Iwase, E.;Tawata, M.;Aida, K.;Ozaki, Y.;Kume, S.;Satoh, K., et al., A cross-sectional evaluation of 
spontaneous platelet aggregation in relation to complications in patients with type II diabetes mellitus. 
Metabolism 1998, 47 (6), 699-705. 

17. Trip, M. D.;Cats, V. M.;Van Capelle, F. J. L.; Vreeken, J., Platelet Hyperreactivity and Prognosis in 
Survivors of Myocardial Infarction. N Engl J Med 1990, 322 (22), 1549-1554. 

18. Eto, K.;Takeshita, S.;Ochiai, M.;Ozaki, Y.;Sato, T.; Isshiki, T., Platelet aggregation in acute coronary 
syndromes: use of a new aggregometer with laser light scattering to assess platelet aggregability. 
Cardiovasc Res 1998, 40 (1), 223-229. 



Reference 

- 34 - 

 

19. Duan, R.;Goldmann, L.;Li, Y.;Weber, C.;Siess, W.; Von Hundelshausen, P., Spontaneous Platelet 
Aggregation in Blood Is Mediated by FcγRIIA Stimulation of Bruton’s Tyrosine Kinase. Int J Mol Sci 2021, 
23 (1), 76. 

20. Tóth, O.;Calatzis, A.;Siess, W.;Penz, S.; Losonczy, H., Multiple electrode aggregometry: A new 
device to measure platelet aggregation in whole blood. Thromb. Haemost. 2017, 96 (12), 781-788. 

21. Paniccia, R.;Antonucci, E.;Maggini, N.;Romano, E.;Gori, A. M.;Marcucci, R., et al., Assessment of 
Platelet Function on Whole Blood by Multiple Electrode Aggregometry in High-Risk Patients With Coronary 
Artery Disease Receiving Antiplatelet Therapy. American Journal of Clinical Pathology 2009, 131 (6), 834-
842. 

22. Pluta, J.;Nicińska, B.; Trzebicki, J., Multiple electrode aggregometry as a method for platelet 
function assessment according to the European guidelines. Anestezjologia Intensywna Terapia 2018, 50 
(3), 230-233. 

23. Kundu, S. K.;Heilmann, E. J.;Sio, R.;Garcia, C.;Davidson, R. M.; Ostgaard, R. A., Description of an 
in vitro platelet function analyzer--PFA-100. Semin Thromb Hemost 1995, 21 Suppl 2, 106-112. 

24. Paniccia, R.;Priora, R.;Alessandrello Liotta, A.; Abbate, R., Platelet function tests: a comparative 
review. Vascular Health and Risk Management 2015, 133. 

25. Favaloro, E. J., Clinical utility of the PFA-100. Semin Thromb Hemost 2008, 34 (8), 709-33. 

26. Kurak, J.;Zajac, P.;Czyzewski, D.;Kucharski, R.;Grzanka, R.;Kasperska-Zajac, A., et al., Evaluation 
of platelet function using PFA-100(R) in patients treated with Acetylsalicylic acid and qualified for Trauma 
and Orthopedic surgery procedures. Platelets 2016, 27 (7), 680-686. 

27. Bruton, O. C., Agammaglobulinemia. Pediatrics 1952, 9, 722-728. 

28. Vetrie, D.;Vořechovský, I.;Sideras, P.;Holland, J.;Davies, A.;Flinter, F., et al., The gene involved in 
X-linked agammaglobulinaemia is a member of the src family of protein-tyrosine kinases. Nature 1993, 361, 
226-233. 

29. Tsukada, S.;Saffran, D. C.;Rawlings, D. J.;Parolini, O.;Allen, R. C.;Klisak, I., et al., Deficient 
expression of a B cell cytoplasmic tyrosine kinase in human X-linked agammaglobulinemia. Cell 1993, 72 
(2), 279-290. 

30. Pal Singh, S.;Dammeijer, F.; Hendriks, R. W., Role of Bruton’s tyrosine kinase in B cells and 
malignancies. Mol Cancer 2018, 17 (1). 

31. Busygina, K.;Denzinger, V.;Bernlochner, I.;Weber, C.;Lorenz, R.; Siess, W., Btk Inhibitors as First 
Oral Atherothrombosis-Selective Antiplatelet Drugs? Thromb Haemost 2019, 119 (8), 1212-1221. 

32. Gu, D.;Tang, H.;Wu, J.;Li, J.; Miao, Y., Targeting Bruton tyrosine kinase using non-covalent 
inhibitors in B cell malignancies. J Hematol Oncol 2021, 14 (1), 40. 

33. Futatani, T.;Watanabe, C.;Baba, Y.;Tsukada, S.; Ochs, H. D., Bruton's tyrosine kinase is present in 
normal platelets and its absence identifies patients with X-linked agammaglobulinaemia and carrier females. 
Br J Haematol 2001, 114 (1), 141-149. 

34. Shillitoe, B.; Gennery, A., X-Linked Agammaglobulinaemia: Outcomes in the modern era. Clin 
Immunol 2017, 183, 54-62. 

35. Quek, L. S.;Bolen, J.; Watson, S. P., A role for Bruton's tyrosine kinase (Btk) in platelet activation 
by collagen. Curr Biol 1998, 8 (20), 1137-S1. 

36. Denzinger, V.;Busygina, K.;Jamasbi, J.;Pekrul, I.;Spannagl, M.;Weber, C., et al., Optimizing Platelet 
GPVI Inhibition versus Haemostatic Impairment by the Btk Inhibitors Ibrutinib, Acalabrutinib, ONO/GS-4059, 
BGB-3111 and Evobrutinib. Thromb Haemost 2019, 119 (3), 397-406. 

37. Goldmann, L.;Duan, R.;Kragh, T.;Wittmann, G.;Weber, C.;Lorenz, R., et al., Oral Bruton tyrosine 
kinase inhibitors block activation of the platelet Fc receptor CD32a (FcgammaRIIA): a new option in HIT? 
Blood Adv 2019, 3 (23), 4021-4033. 



Reference 

- 35 - 

 

38. Duan, R.;Goldmann, L.;Brandl, R.;Spannagl, M.;Weber, C.;Siess, W., et al., Effects of the Btk-
Inhibitors Remibrutinib (LOU064) and Rilzabrutinib (PRN1008) With Varying Btk Selectivity Over Tec on 
Platelet Aggregation and in vitro Bleeding Time. Front Cardiovasc Med 2021, 8 (1195). 

39. Oda, A.;Ikeda, Y.;Ochs, H. D.;Druker, B. J.;Ozaki, K.;Handa, M., et al., Rapid tyrosine 
phosphorylation and activation of Bruton's tyrosine/Tec kinases in platelets induced by collagen binding or 
CD32 cross-linking. Blood 2000, 95 (5), 1663-1670. 

40. Nicolson, P. L. R.;Nock, S. H.;Hinds, J.;Garcia-Quintanilla, L.;Smith, C. W.;Campos, J., et al., Low-
dose Btk inhibitors selectively block platelet activation by CLEC-2. Haematologica 2021, 106 (1), 208-219. 

41. Liu, J.;Fitzgerald, M. E.;Berndt, M. C.;Jackson, C. W.; Gartner, T. K., Bruton tyrosine kinase is 
essential for botrocetin/VWF-induced signaling and GPIb-dependent thrombus formation in vivo. Blood 
2006, 108 (8), 2596-2603. 

42. Von Hundelshausen, P.; Siess, W., Bleeding by Bruton Tyrosine Kinase-Inhibitors: Dependency on 
Drug Type and Disease. Cancers 2021, 13 (5), 1103. 

43. Leberzammer, J.;Agten, S. M.;Blanchet, X.;Duan, R.;Ippel, H.;Megens, R. T. A., et al., Targeting 
platelet-derived CXCL12 impedes arterial thrombosis. Blood 2022, 139 (17), 2691-2705. 

44. Atkinson, B. T.;Ellmeier, W.; Watson, S. P., Tec regulates platelet activation by GPVI in the absence 
of Btk. Blood 2003, 102 (10), 3592-3599. 

45. Watson, S. P.;Auger, J. M.;McCarty, O. J. T.; Pearce, A. C., GPVI and integrin alphaIIbbeta3 
signaling in platelets. J Thromb Haemost 2005, 3 (8), 1752-1762. 

46. Sun, S.;Urbanus, R. T.;Ten Cate, H.;De Groot, P. G.;De Laat, B.;Heemskerk, J. W. M., et al., 
Platelet Activation Mechanisms and Consequences of Immune Thrombocytopenia. Cells 2021, 10 (12), 
3386. 

47. Wu, Y.;Suzuki-Inoue, K.;Satoh, K.;Asazuma, N.;Yatomi, Y.;Berndt, M. C., et al., Role of Fc receptor 
γ-chain in platelet glycoprotein Ib–mediated signaling. Blood 2001, 97 (12), 3836-3845. 

48. Moroi, A. J.; Watson, S. P., Impact of the PI3-kinase/Akt pathway on ITAM and hemITAM receptors: 
Haemostasis, platelet activation and antithrombotic therapy. Biochem Pharmacol 2015, 94 (3), 186-194. 

49. Nicolson, P. L.;Welsh, J. D.;Chauhan, A.;Thomas, M. R.;Kahn, M. L.; Watson, S. P., A rationale for 
blocking thromboinflammation in COVID-19 with Btk inhibitors. Platelets 2020, 31 (5), 685-690. 

50. Siess, W.;Hundelshausen, P. V.; Lorenz, R., Selective inhibition of thromboinflammation in COVID-
19 by Btk inhibitors. Platelets 2020, 31 (8), 989-992. 

51. von Hundelshausen, P.;Lorenz, R.;Siess, W.; Weber, C., Vaccine-Induced Immune Thrombotic 
Thrombocytopenia (VITT): Targeting Pathomechanisms with Bruton Tyrosine Kinase Inhibitors. Thromb 
Haemost 2021. 

52. Weber, C.;Siess, W.; von Hundelshausen, P., VITT after ChAdOx1 nCoV-19 Vaccination. N Engl J 
Med 2021, 385 (23), 2202-2204. 

53. Tasso, B.;Spallarossa, A.;Russo, E.; Brullo, C., The Development of BTK Inhibitors: A Five-Year 
Update. Molecules 2021, 26 (23), 7411. 

54. Busygina, K.;Jamasbi, J.;Seiler, T.;Deckmyn, H.;Weber, C.;Brandl, R., et al., Oral Bruton tyrosine 
kinase inhibitors selectively block atherosclerotic plaque–triggered thrombus formation in humans. Blood 
2018, 131 (24), 2605-2616. 

55. Payrastre, B.; Ribes, A., Low-dose Btk inhibitors: an ‘aspirin’ of tomorrow? Haematologica 2021, 
106 (1), 2-4. 

56. Rigg, R. A.;Aslan, J. E.;Healy, L. D.;Wallisch, M.;Thierheimer, M. L.;Loren, C. P., et al., Oral 
administration of Bruton's tyrosine kinase inhibitors impairs GPVI-mediated platelet function. Am J Physiol 
Cell Physiol 2016, 310 (5), C373-C380. 



Reference 

- 36 - 

 

57. Bye, A. P.;Unsworth, A. J.;Desborough, M. J.;Hildyard, C. A. T.;Appleby, N.;Bruce, D., et al., Severe 
platelet dysfunction in NHL patients receiving ibrutinib is absent in patients receiving acalabrutinib. Blood 
Adv 2017, 1 (26), 2610-2623. 

58. Byrd, J. C.;Harrington, B.;O’Brien, S.;Jones, J. A.;Schuh, A.;Devereux, S., et al., Acalabrutinib 
(ACP-196) in Relapsed Chronic Lymphocytic Leukemia. N Engl J Med 2016, 374 (4), 323-332. 

59. Byrd, J. C.;Smith, S.;Wagner-Johnston, N.;Sharman, J.;Chen, A. I.;Advani, R., et al., First-in-human 
phase 1 study of the BTK inhibitor GDC-0853 in relapsed or refractory B-cell NHL and CLL. Oncotarget 
2018, 9 (16). 

60. Angst, D.;Gessier, F.;Janser, P.;Vulpetti, A.;Walchli, R.;Beerli, C., et al., Discovery of LOU064 
(Remibrutinib), a Potent and Highly Selective Covalent Inhibitor of Bruton's Tyrosine Kinase. J Med Chem 
2020, 63 (10), 5102-5118. 

61. Gabizon, R.; London, N., A Fast and Clean BTK Inhibitor. J. Med. Chem. 2020, 63 (10), 5100-5101. 

62. Kaul, M.;End, P.;Cabanski, M.;Schuhler, C.;Jakab, A.;Kistowska, M., et al., Remibrutinib (LOU064): 
A selective potent oral BTK inhibitor with promising clinical safety and pharmacodynamics in a randomized 
phase I trial. Clin Transl Sci 2021. 

63. ClinicalTrials.gov Study of Efficacy and Safety of LOU064 in Inadequately Controlled Asthma 
Patients. https://clinicaltrials.gov/ct2/show/study/NCT03944707 (accessed 26 May). 

64. ClinicalTrials.gov This Was a Dose-finding Study to Evaluate Efficacy and Safety of LOU064 in 
Patients With CSU Inadequately Controlled by H1-antihistamines. 
https://clinicaltrials.gov/ct2/show/study/NCT03926611 (accessed 26 May). 

65. Hill, R.;Smith, P.;Krishnarajah, J.;Bradshaw, J.;Masjedizadeh, M.;Bisconte, A., et al., Discovery of 
PRN1008, a Novel, Reversible Covalent BTK Inhibitor in Clinical Development for Rheumatoid Arthritis: 
Abstract Number: 1671. Arthritis Rheumatol. 2015, 67, 2062-2063. 

66. Bradshaw, J. M.;McFarland, J. M.;Paavilainen, V. O.;Bisconte, A.;Tam, D.;Phan, V. T., et al., 
Prolonged and tunable residence time using reversible covalent kinase inhibitors. Nat. Chem. Biol. 2015, 
11 (7), 525-531. 

67. Langrish, C. L.;Bradshaw, J. M.;Francesco, M. R.;Owens, T. D.;Xing, Y.;Shu, J., et al., Preclinical 
Efficacy and Anti-Inflammatory Mechanisms of Action of the Bruton Tyrosine Kinase Inhibitor Rilzabrutinib 
for Immune-Mediated Disease. J Immunol 2021, 206 (7), 1454-1468. 

68. Kuter, D.;Boccia, R.;Lee, E.-J.;Efraim, M.;Tzvetkov, N.;Mayer, J., et al., Phase I/II, Open-Label, 
Adaptive Study of Oral Bruton Tyrosine Kinase Inhibitor PRN1008 in Patients with Relapsed/Refractory 
Primary or Secondary Immune Thrombocytopenia. Blood 2019, 134, 87-87. 

69. Kuter, D. J.;Efraim, M.;Mayer, J.;Trneny, M.;McDonald, V.;Bird, R., et al., Rilzabrutinib, an Oral BTK 
Inhibitor, in Immune Thrombocytopenia. N Engl J Med 2022, 386 (15), 1421-1431. 

70. Murrell, D. F.;Patsatsi, A.;Stavropoulos, P.;Baum, S.;Zeeli, T.;Kern, J. S., et al., Proof of concept 
for the clinical effects of oral rilzabrutinib, the first Bruton tyrosine kinase inhibitor for pemphigus vulgaris: 
the phase II BELIEVE study. Br J Dermatol 2021. 

71. Greinacher, A., Heparin-Induced Thrombocytopenia. N Engl J Med 2015, 373 (3), 252-261. 

72. Kelton, J. G.; Warkentin, T. E., Heparin-induced thrombocytopenia: a historical perspective. Blood 
2008, 112 (7), 2607-2616. 

73. Arepally, G. M., Heparin-induced thrombocytopenia. Blood 2017, 129 (21), 2864-2872. 

74. Handin, R. I.; Cohen, H. J., Purification and binding properties of human platelet factor four. J Biol 
Chem 1976, 251 (14), 4273-4282. 

75. Bock, P. E.;Luscombe, M.;Marshall, S. E.;Pepper, D. S.; Holbrook, J. J., The multiple complexes 
formed by the interaction of platelet factor 4 with heparin. Biochem 1980, 191 (3), 769-776. 

https://clinicaltrials.gov/ct2/show/study/NCT03944707
https://clinicaltrials.gov/ct2/show/study/NCT03926611


Reference 

- 37 - 

 

76. Cofrancesco, E.;Colombi, M.;Cristoforetti, G.; Pogliani, E. M., Selective PF4 Release In Vitro 
Induced by Heparin and Related Glycosaminoglycans (GAGs) - Correlation with β-TG Release and Platelet 
Aggregation. Thromb Haemost 1984, 51 (01), 105-107. 

77. Khandelwal, S.;Lee, G. M.;Hester, C. G.;Poncz, M.;McKenzie, S. E.;Sachais, B. S., et al., The 
antigenic complex in HIT binds to B cells via complement and complement receptor 2 (CD21). Blood 2016, 
128 (14), 1789-1799. 

78. Zheng, Y.;Wang, A. W.;Yu, M.;Padmanabhan, A.;Tourdot, B. E.;Newman, D. K., et al., B-cell 
tolerance regulates production of antibodies causing heparin-induced thrombocytopenia. Blood 2014, 123 
(6), 931-934. 

79. Arman, M.; Krauel, K., Human platelet IgG Fc receptor FcγRIIA in immunity and thrombosis. J 
Thromb Haemost 2015, 13 (6), 893-908. 

80. Reilly, M. P.;Taylor, S. M.;Hartman, N. K.;Arepally, G. M.;Sachais, B. S.;Cines, D. B., et al., Heparin-
induced thrombocytopenia/thrombosis in a transgenic mouse model requires human platelet factor 4 and 
platelet activation through FcγRIIA. Blood 2001, 98 (8), 2442-2447. 

81. Amiral, J.;Pouplard, C.;Vissac, A. M.;Walenga, J. M.;Jeske, W.; Gruel, Y., Affinity purification of 
heparin-dependent antibodies to platelet factor 4 developed in heparin-induced thrombocytopenia: 
biological characteristics and effects on platelet activation. Br. J. Haematol. 2000, 109 (2), 336-341. 

82. Slavik, L.;Svobodova, G.;Ulehlova, J.;Krcova, V.;Hlusi, A.;Prochazkova, J., et al., Polymorphism of 
the Fcgamma Receptor II as a Possible Predisposing Factor for Heparin-Induced Thrombocytopenia. Clin 
Lab 2015, 61 (8), 1027-32. 

83. Johnston, I.;Sarkar, A.;Hayes, V.;Koma, G. T.;Arepally, G. M.;Chen, J., et al., Recognition of PF4-
VWF complexes by heparin-induced thrombocytopenia antibodies contributes to thrombus propagation. 
Blood 2020, 135 (15), 1270-1280. 

84. Warkentin, T. E.;Pai, M.; Linkins, L.-A., Direct oral anticoagulants for treatment of HIT: update of 
Hamilton experience and literature review. Blood 2017, 130 (9), 1104-1113. 

85. Warkentin, T. E.; Anderson, J. A. M., How I treat patients with a history of heparin-induced 
thrombocytopenia. Blood 2016, 128 (3), 348-359. 

86. See, I.;Su, J. R.;Lale, A.;Woo, E. J.;Guh, A. Y.;Shimabukuro, T. T., et al., US Case Reports of 
Cerebral Venous Sinus Thrombosis With Thrombocytopenia After Ad26.COV2.S Vaccination, March 2 to 
April 21, 2021. JAMA 2021, 325 (24), 2448. 

87. Favaloro, E. J.;Pasalic, L.; Lippi, G., Antibodies against Platelet Factor 4 and Their Associated 
Pathologies: From HIT/HITT to Spontaneous HIT-Like Syndrome, to COVID-19, to VITT/TTS. Antibodies 
2022, 11 (1), 7. 

88. Klok, F. A.;Pai, M.;Huisman, M. V.; Makris, M., Vaccine-induced immune thrombotic 
thrombocytopenia. Lancet Haematol 2022, 9 (1), e73-e80. 

 

 

 

 

 

 



Paper I 

- 38 - 

 

7. Paper I 

 



Paper I 

- 39 - 

 



Paper I 

- 40 - 

 



Paper I 

- 41 - 

 



Paper I 

- 42 - 

 



Paper I 

- 43 - 

 



Paper I 

- 44 - 

 



Paper I 

- 45 - 

 



Paper I 

- 46 - 

 



Paper I 

- 47 - 

 



Paper I 

- 48 - 

 



Paper I 

- 49 - 

 

 



Paper I 

- 50 - 

 

Supplemental Figure 1 

 

 

Supplemental Figure 1. Dose-response curve of fenebrutinib on plaque homogenate- induced 

platelet aggregation. Hirudin anticoagulated blood were preincubated with solvent (DMSO, 

0.1%) or increasing concentrations of fenebrutinib for 15min at 37°C before stimulation with 

plaque homogenate (833µg/ml). Statistical analysis was carried out comparing against baseline 

(without BTKi) using the ordinary one-way ANOVA followed by Bonferroni’s test. Values are 

mean ± SD (n=5). *p˂0.05, **p˂0.01. 
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Supplemental Figure 2 

 

Supplemental Figure 2. Comparison of remibrutinib and rilzabrutinib with fenebrutinib on 

inhibition of GPVI- and GPIb/VWF- dependent platelet aggregation. Hirudin anticoagulated 

blood samples were treated with solvent control (DMSO, 0.1%), 0.1 µM remibrutinib, 0.5µM 

rilzabrutinib or 0.1µM fenebrutinib for 1 hour at 37°C prior to stimulation for 10 min with low 

dose collagen (0.4-0.6µg/ml), high dose collagen (4-6µg/ml), or ristocetin (0.5mg/ml). Bar graphs 

show the effect of BTKi on platelet aggregation upon stimulation (n=3).  
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