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Simple Summary: Bruton tyrosine kinase (Btk) is expressed in B-lymphocytes, myeloid cells and
platelets. Since the launch of the first in class Btk-inhibitor (BTKi) ibrutinib in 2013, the list of
indications and further drug candidates has expanded greatly. BTKi are not only used to treat
patients with B-cell malignancies and in development against various autoimmune diseases, but
they have been also proposed as novel antithrombotic drugs and been tested in patients with severe
COVID-19. The number of BTKi approved or in clinical studies is rapidly increasing. Although
X-linked agammaglobulinemia (XLA) patients with Btk deficiency do not show impaired hemostasis,
bleeding events are frequently observed upon treatment with many but not all BTKi. This review
describes twelve BTKi approved or in clinical trials. By focusing on their pharmacological properties,
targeted disease, bleeding side effects and actions on platelets it attempts to clarify the mechanisms
underlying bleeding. Moreover, specific platelet function tests in blood are described which will help
to estimate the probability of bleeding side effects of newly developed BTKi.

Abstract: Bruton tyrosine kinase (Btk) is expressed in B-lymphocytes, myeloid cells and platelets,
and Btk-inhibitors (BTKi) are used to treat patients with B-cell malignancies, developed against
autoimmune diseases, have been proposed as novel antithrombotic drugs, and been tested in patients
with severe COVID-19. However, mild bleeding is frequent in patients with B-cell malignancies
treated with the irreversible BTKi ibrutinib and the recently approved 2nd generation BTKi acal-
abrutinib, zanubrutinib and tirabrutinib, and also in volunteers receiving in a phase-1 study the
novel irreversible BTKi BI-705564. In contrast, no bleeding has been reported in clinical trials of
other BTKi. These include the brain-penetrant irreversible tolebrutinib and evobrutinib (against
multiple sclerosis), the irreversible branebrutinib, the reversible BMS-986142 and fenebrutinib (tar-
geting rheumatoid arthritis and lupus erythematodes), and the reversible covalent rilzabrutinib
(against pemphigus and immune thrombocytopenia). Remibrutinib, a novel highly selective covalent
BTKi, is currently in clinical studies of autoimmune dermatological disorders. This review describes
twelve BTKi approved or in clinical trials. By focusing on their pharmacological properties, targeted
disease, bleeding side effects and actions on platelets it attempts to clarify the mechanisms underlying
bleeding. Specific platelet function tests in blood might help to estimate the probability of bleeding
of newly developed BTKi.

Keywords: Btk; platelet; Btk inhibitor; bleeding; Tec; ibrutinib; covalent Btk inhibitor; reversible Btk
inhibitor; hemorrhage

1. Introduction

Bruton’s tyrosine kinase (Btk), a non-receptor cytoplasmic tyrosine kinase expressed
in pre-B cells and B-lymphocytes, plays a central role in B-cell receptor (BCR) signaling,
and is crucial for B cell development and proliferation [1]. In addition, Btk is expressed in
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myeloid cells, and an important component of Fcy receptor signaling (e.g., FcyRlIla and
FcyRlIlla) in monocytes/macrophages and neutrophils, and of FceRlI signaling in mast cells
and basophils [2]. Upon Btk activation by Fcy and Fce receptor stimulation, downstream
signaling leads to the expression of pro-inflammatory cytokines, chemokines, and cell
adhesion molecules. Btk-deficient mice and Btk inhibitor treated rodents exhibit reduced
disease progression in animal models of human rheumatoid arthritis (RA) and systemic
lupus erythematodes (SLE) [3]. Consistently, Btk inhibitors (BTKi) have been developed
for the treatment of B cell malignancies and various autoimmune diseases [4].

However, bleeding events are frequent in patients treated for B cell malignancies
with BTKi. They are apparently not caused by impairment of the plasmatic coagulation
system as shown in a study of non-human primates after oral intake of ibrutinib analogs
for 10 days. Plasma clotting times and coagulation-dependent skin bleeding tests were not
altered [5]. Instead bleeding has been related to inhibition of Btk which is also expressed
in megakaryocytes and platelets [6]. However, patients with X-linked agammaglobuline-
mia (XLA) who are deficient of Btk do not show an impairment of hemostasis [7]. Thus,
BTKi, if exclusively inhibiting Btk, should not increase bleeding. Indeed, BTKi at low Btk-
specific concentrations have recently been reported to inhibit atherothrombosis and venous
thrombosis in preclinical models without impairing hemostasis. They suppressed human
atherosclerotic plaque-induced thrombus formation, mainly by inhibiting platelet glyco-
protein VI (GPVI)-signaling [8,9], and venous thrombosis by inhibiting platelet CLEC-2
signaling [10,11]. They might also be effective in suppressing thrombo-inflammation in
diseases such as COVID-19 by inhibiting platelet CLEC-2 and FcyRIla signaling [12-14].
Indeed, in a retrospective study ibrutinib protected patients with Waldenstrdm macroglob-
ulinemia from COVID-19 associated lung injury [15], and a prospective clinical case series
showed remarkable efficacy of the irreversible BTKi acalabrutinib in patients with severe
COVID-19 [16]. However, in the subsequent open-label randomized CALAVI phase II
trial acalabrutinib treatment of hospitalized patients on top of best supportive care did not
increase the proportion of patients who remained alive and free of respiratory failure [17].

In this comprehensive review, twelve BTKi either approved or in clinical trials are
described with particular focus on their Btk-selectivity, pharmacokinetic (PK)- and phar-
macodynamics (PD)- properties, targeted disease, bleeding side effects and actions on
platelets (Table 1). The aim is to provide insights into the possible mechanisms leading to
hemorrhage after BTKi treatment. Platelet function tests in blood are discussed which will
help to estimate the probability of bleeding side effects instigated by BTKi application.



Cancers 2021, 13, 1103 3 of 32

Table 1. Bruton-tyrosine kinase inhibitors (BTKi) approved or in clinical trials. Mode of inhibition, targeted disease, bleeding
side effects, and platelet-relevant off-target kinase activity.

Generic First Mode of . Development .
Name Brand Name Designation Inhibition Disease Stage Bleeding Off-Target
Irreversible
BTKi
39% (any
CCL Approved grade), 4% > Tec,
MCL .
Covalent WM (2013) grade 3, Src-kinases
Ibrutinib Imbruvica® PCI-32765 Approved 0.4% fatal (Src, Lyn,
(Cys-481) MZL .
(2017) Bleeding Fyn, Yes) Itk
GVHD
(>20%)
Approved Bleeding
GVHD (2017) (>20%) Ttk
22% * (any
.. Covalent Approved rade)
® _ pp & ,
Acalabrutinib  Calquence ACP-160 (Cys-481) MCL CCL (2017) FDA 3% > grade 3, Tec
0.1% fatal
Approved 50% (any
Zanubrutinib Brukinsa® BGB-3111 (%O\;if}q; MCL (2019) grade) Tec
y FDA 2% > grade 3
PCNSL Approved
Tirabrutinb  Velexbru® ONO/GS- Covalent LPL (3/2020) Yes, see text Tec
4059 (Cys-481)
WM Japan
.. Covalent SLE, Sjogren Phase 1 No
Branebrutinib BMS-986195 (Cys-481) syndrome Phase 2 Unknown Tec
Covalent 15% (grade
BI 705564 (Cys-481) SLE, RA Phase 1 12) Tec
Highly
Remibrutinib LOU064 selective, CSU, Sjgren Phase 2 Not known no
Covalent syndrome
(Cys-481)
Irreversible
BTKi, brain-
penetrant
.. Covalent Phase 1,2
Evobrutinib M2951 (Cys-481) MS Phase 3 +* no Tec
.. SAR- 442168, Covalent Preclinical,
Tolebrutinib PRN2246 (Cys-481) MS Phase 1 no Tec
Reversible
BTKi
BMS-986142 reversible RA Phase 1,2 no Tec
NHL,CLL Phase 1 no
Fenebrutinib GDC-0853 reversible RA Phase 2 no no
SLE Phase 2 no
reversible,
. .. transient ITP Phase 2 no
Rilzabrutinib PRN1008 covalent Pemphigus Phase 2 no Tec
(Cys-481)

* excluding petechiae and bruising, ** phase 3 started in 2020. CLL, chronic lymphocytic leukemia, identical with SLL, small lymphocytic
lymphoma; CSU, chronic spontaneous urticaria; cGVHD, chronic graft versus host disease; Itk, interleukin-2 inducible kinase; ITP, diopathic
thrombocytopenic purpura; LPL, lymphoplasmacytic lymphoma; MCL, mantle cell lymphoma; MS, multiple sclerosis; MZL, marginal zone
lymphoma; NHL, non-Hodgkin lymphoma; PCNSL, primary central nervous system lymphoma; RA, rheumatoid arthritis; SLE, systemic
lupus erythematosus; Tec, tyrosine kinase expressed in hepatocellular carcinoma; WM, Waldenstrém’s macroglobulinemia.
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2. Role of Btk in Platelet Signaling and Platelet Effects of BTKi

Btk is a member of the cytoplasmic Tec family of tyrosine kinases which comprises also
Tec, Bmx (both most homologous to Btk), Itk and Txk/Rlk. Btk carries a pleckstrin homology
(PH), a Tec homology, a Src homology 3 (SH3), a SH2, and a kinase domain (Figure 1).

irreversible Syk
BTKi \ / byn
Y223 C481 Y551

PH

L] .
TH | SH3|[SHZ][SHi/Kinasel- ¢

Figure 1. Schematic representation of the domain-structure of Btk. PH, pleckstrin homology; TH, Tec homology; SH, Src

homology; the SH1 domain is identical to the kinase domain. Y223, autophosphorylation site.

Btk in platelets is involved in GPVI activation by collagen and GPIb activation by
VWEF [9]. Btk is also critical in mediating FcyRIla-mediated platelet activation by IgG-
containing immune complexes and CLEC-2 activation by podoplanin [10,13]. Btk does
not play a role in G-protein coupled receptor stimulated platelet activation by thrombin,
thromboxane A2 or ADP. Interestingly, although Btk is activated by fibrinogen ligation of
the «IIb(33 integrin, it does not play a functional role in signaling of this integrin [9].

Btk phosphorylation occurs downstream of activation of GPVI, GPIb, FcyRlla, and
CLEC-2 (Figure 2). The signaling cascades after ligation of these receptors show striking
similarities [18-21]. Activation of the Src family kinases Lyn and Fyn leads via phos-
phorylation of ITAM (immunoreceptor tyrosine-based activation motif; after GPVI and
FcyRlla stimulation) and hemi-ITAM (after CLEC-2 ligation) to the binding and activation
of the tyrosine kinase Syk which phosphorylates the adapter protein LAT. This initiates
the formation of a signaling complex comprising further adapter proteins and providing
docking sites for phosphatidylinositol (PI) 3-kinase and phospholipase Cy2 (PLCy2) [18].
PI3-kinase activation increases membrane levels of PI 3,4,5-trisphosphate (PIP3) that binds
with high affinity to the PH-domain of Btk thereby leading to its translocation to the plasma
membrane and complex conformational changes of the enzyme also involving the SH2
domain [22,23]. Lyn and Syk then phosphorylate Btk at Y-551 in the kinase domain, and
subsequent autophosphorylation at Y-223 in the SH3 domain completes the activation
of Btk [18,19,22,24,25] (Figure 1). Y-223 phosphorylation is decisive for kinase activity of
Btk. Active Btk participates in the tyrosine phosphorylation and activation of the effector
protein PLCy2 [24,26]. This increases cytosolic Ca?* and activates protein kinase C, the
two main downstream signals for platelet activation [27]. Btk also increases Ca?* entry in
platelets, independently of PLCy2 activation [28]. Thus, Btk plays a central role in raising
cytosolic Ca?* required for platelet aggregation and secretion.
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Figure 2. Btk is activated by platelet glycoprotein receptors and transmits signals to increase cytosolic calcium. The

signaling pathways of platelet glycoprotein receptors that are coupled to Btk are depicted. Solid arrows indicate direct

interaction, dashed arrows indicate indirect activation. The homologous kinase Tec is activated through the same pathways

but plays a functional role only after GPVI activation. For details see text. CLEC-2, C-type lectin domain family 2; DAG,

1,2-diacylglycerol; FcyRIla, Fc fragment of IgG low affinity Ila receptor; FcRy, Fc receptor gamma-chain; GPVI, glycoprotein
VI, GPIb-V-IX, glycoproteins Ib,V,IX; hemITAM, single-copy tyrosine-based activation motif; IP3, inositol 1,4,5 triphosphate;
ITAM, immunoreceptor tyrosine-based activation motif; PLC2y2, phospholipase Cy2; PI3-kinase, phosphatidylinositol
3-kinase; PIP2, phosphatidylinositol(4,5)-bisphosphate; PIP3, phosphatidylinositol(3,4,5)-trisphosphate; SFK, Src family
kinases; Syk, spleen tyrosine kinase, VWEF, von Willebrand factor.

It has been observed that Btk can play an adapter role independent of its enzymatic
activity. A kinase-inactive (K430E) mutant of Btk could reconstitute BCR-induced Ca?*
mobilization and ERK/MAPK activation, but not PLCy2 phosphorylation in Btk-deficient
DT40 lymphoma cells [29]. It was suggested that Btk might stabilize the PLCy2 complex
and that this process and not phosphorylation is essential for PLCy2 activation. However,
reconstitution of calcium mobilization in Btk-deficient DT40 cells by a distinct inactive
Btk mutant (R525Q) was not observed in another study [30]. Interestingly, in DT40 cells
transfected with GPVI and FcRy and reconstituted with WT or kinase inactive Btk, similar
NFAT signaling was observed in response to collagen [31]. It is, however, doubtful whether
the observations that Btk can function independently of its enzymatic activity in transfected
cells can be translated to platelets. The responses of human and mouse platelets lacking
Btk (including its adapter domains) are not more inhibited than the responses of platelets
treated with Btk-specific concentrations of BTKi (see Sections 2.1-2.4 and 3).
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Tec is also expressed in platelets, although at 20-and 10-times lower levels than Btk as
determined in mouse and human platelets, respectively [32,33]. A human platelet contains
estimated 1300 protein copies of Tec whereas Btk is expressed at 11,100 copies [33]. Tec is
activated after stimulation of platelet GPVI and FcyRlIla [34,35], and the pathway of Tec
activation has been reported to be similar to that of Btk [19].

2.1. Role of Btk in GPVI Signaling

After GPVI-mediated platelet stimulation by collagen, both Btk and Tec support
PLCy2 activation. As shown in Btk-deficient human platelets from patients with XLA and
Btk-deficient mouse platelets, Btk is required for platelet activation only after low-degree
GPVI activation [35,36], whereas Tec compensates for the absence of Btk in GPVI signaling
and restores platelet reactivity to high concentrations of collagen- related peptide (CRP) or
collagen [35].

In accordance with the role of Btk in GPVI signaling, collagen- or CRP- stimulated
platelet aggregation and secretion was inhibited by BTKi as studied in washed platelets, PRP
or blood. This was found for the irreversible BTKi ibrutinib, acalabrutinib, zanubrutinib,
tirabrutinib, evobrutinib and the reversible BTKi fenebrutinib in vitro or after BTK] treatment
of patients (ibrutinib, acalabrutinib), or volunteers (ibrutinib) ex vivo [8,13,31,37—41].

In these and the following studies platelet aggregation in blood had been measured
mainly by multiple electrode aggregometry (MEA) using hirudin-anticoagulated blood [42]
according to a modified protocol to minimize spontaneous platelet aggregation [43].

Studies with washed platelets, PRP and blood showed that low concentrations of
ibrutinib and other Btk inhibitors effectively prevented the low degree of GPVI-dependent
static platelet aggregation induced by low collagen and CRP concentrations and saturat-
ing plaque concentrations [5,9,31,39,41]. Btk and not Tec inhibition correlated with the
suppression of PRP aggregation stimulated by half-maximal collagen concentration in a
study using 12 different Btk inhibitors including the reversible BTKi RN486 that does not
inhibit Tec [40]. Additionally, the reversible BTKi fenebrutinib which lacks Tec inhibition
suppressed GPVI-dependent static platelet aggregation in blood only after low, but not
high collagen concentrations [13]. In washed platelets low concentrations of ibrutinib and
acalabrutinib suppressed CRP-stimulated platelet Btk-Y223 phosphorylation [31,38,39] (but
not Tec phosphorylation) that correlated with inhibition of platelet aggregation stimulated
by low CRP concentrations [38,39]. Higher CRP concentrations overcame inhibition of
aggregation in washed platelet suspensions by ibrutinib and acalabrutinib despite still
complete suppression of Btk activation [31,39], but a significant delay was observed [31].
Additionally, high CRP concentrations reversed inhibition of aggregation of PRP in some
patients treated with ibrutinib and acalabrutinib [39]. Increasing the collagen concentra-
tions surmounted also the inhibition of platelet aggregation by ibrutinib, zanubrutinib,
acalabrutinib or tirabrutinib in blood albeit not completely; inhibition was still signifi-
cant [41]. Thus, high collagen concentrations can overcome GPVI-inhibition by Btk-specific
concentrations of low concentrations of Btk-inhibitors likely due to activation of Tec [35,44].
Indeed higher concentrations of ibrutinib and acalabrutinib also inhibited Tec phosphory-
lation in CRP-stimulated platelets [31,39] (for details see Section 3.1.2) [31,39]

Together the studies show that irreversible BTKi selectively inhibit Btk in platelets at
low concentrations that leads to inhibition of low degree GPVI-mediated platelet activation,
that may be a novel strategy to selectively inhibit atherosclerotic plaque- induced thrombus
formation (atherothrombosis) [8,9,45,46]. The partial GPVI inhibition resembles the platelet
phenotype of patients with XLA and Btk-deficient mice [35,36]. No difference between the
irreversible BTKi exists in this regard [8,41]. It is highly unlikely that the inhibition of low
degree GPVI-mediated platelet activation affects hemostasis for the following reasons: (a)
patients with XLA do not show a bleeding tendency; (b) bleeding time in vitro as measured
by the platelet function analyzer (PFA) device [47,48] is not increased by low concentrations
of irreversible BTKi [41]; (c) the reversible BTKi fenebrutinib which does not inhibit Tec
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does not cause bleeding in clinical trials of patients with RA and SLE [49], and even at high
concentrations does not prolong closure time as measured by the PFA in vitro [13].

Treatment with therapeutic doses of many irreversible BTKi will bind beside Btk
also Tec in platelets and inhibit GPVI signaling completely (see Section 4.3). This is ex-
pected to lead only to a mild bleeding tendency, as studies with GPVI-deficient mice
or treatment of non-human primates with GPVI-antibodies suggest [50]. However, con-
comitant treatment with antiplatelet drugs like aspirin or P2Y12 inhibitors may increase
the risk for bleeding as supported by findings in GPVI-deficient or ibrutinib-treated
mice [51,52] and shown by the clinical experience of patients with CLL or MCL treated
with irreversible BTKi (see Section 4.1).

Strong GPVI inhibition such as elicited by anti-GPVI antibodies increases the closure
time in the PFA [53]. This device which aspirates citrate-anticoagulated whole blood under
constant vacuum from a reservoir through a capillary and a small hole in a membrane
filter coated with collagen and epinephrine is used to simulate primary hemostasis [47].
Aspirin intake typically increases bleeding time in this device [54]. Blood incubation with
high concentrations of ibrutinib and many other irreversible BTKi have shown to increase
closure time in the PFA [13,41] (see Section 3.1 and Table 2).

Table 2. Btk-inhibitors (BTKi): Comparison of IC50 values for inhibition of Btk-dependent platelet aggregation (PA) by
GPVI or FeyRIla stimulation of blood, therapeutic plasma concentrations and blood concentrations which increase bleeding

time in vitro.

Increased Bleeding

. D GPVI—Mediated FcyRIla- Plasma . .
BTKi osage PA *, Mediated PA ** Concentration Time In Vitro Ref.
1C50, uM 1C50, uM (Cmax) uM fold ****
Irreversible
BTKi
Ibrutinib 420 mg QD 0.025 0.08 0.31 1 40 13,41,75
Acalabrutinib 100 mg BID 0.372 0.38 1.78 5 13 13,41,78
Zanubrutinib 160 mg BID 0.094 0.11 14 nd 13,41, 86
Tirabrutinib 480 mg QD 0.268 0.42 2.36 5 18 13,41,91
.. 75mg QD
Evobrutinib 75 mg BID 1.2 1.13 not known nd 13, 41
Reversible
BTKi
Fenebrutinib 150 mg BID 0.013 0.011 0.6 no 13,111

* Hirudin-anticoagulated blood was pre-incubated with the BTKi for 60 min before stimulation with low collagen concentrations
(0.2-0-5 ug/mL) inducing the same degree of submaximal platelet aggregation as maximal concentrations of atherosclerotic plaque
homogenate or with plaque homogenate (after fenebrutinib pre-incubation). Platelet aggregation was measured in blood by multiple elec-
trode aggregometry (MEA) [42,43]. ** Hirudin-anticoagulated blood was pre-incubated with the BTKi for 60 min before CD32 cross-linking.
*** closure time was measured with the platelet-function analyzer (PFA; collagen/epinephrine cartridge) [48]. ****, x-fold over the IC50 for
inhibition of GPVI-mediated aggregation. nd: not detected, no increase of closure time was observed by testing less than 10-fold higher
concentrations of zanubrutinib (1 uM) and evobrutinib (10 uM). Higher concentrations were not tested. no: no increase of closure time was
observed by testing up to 78,000-fold higher concentrations of fenebrutinib.

2.2. Role of Btk in CLEC Signaling

The C-type lectin receptor CLEC-2 is expressed at high levels on platelets and ac-
tivated by podoplanin [18]. CLEC-2 has a cytoplasmic tail containing a hemITAM, and
signals similar to GPVI containing an ITAM [18,55]. Mice with a deficiency in CLEC-2
are protected against deep vein thrombosis [11], and CLEC-2 activation by podoplanin
plays a role in inflammation-driven murine hepatic thrombosis [56], and possibly in human
venous thrombosis [12] whilst it is apparently not involved in primary hemostasis [55].
A recent study demonstrated that Btk is required in platelet CLEC-2 signaling and that
low concentrations of ibrutinib and acalabrutinib inhibit CLEC-2 induced aggregation of
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washed platelets [10]. Thus low doses of ibrutinib or other irreversible BTKi might be also
used to prevent deep vein thrombosis [10,46].

2.3. Role of Btk in GPIb Signaling

Btk has been reported to be involved in botrocetin/von Willebrand factor (VWE)
signaling through GPIb [21]. Washed platelets from X-linked immunodeficient mice due to
mutated Btk did not aggregate in response to botrocetin/ VWEFE. Apparently, Tec could not
substitute for Btk in GPIb signaling in mice [21]. No data are available for platelets from
patients with XLA.

Ibrutinib inhibits ristocetin-induced GPIb-dependent platelet aggregation in hirudin-
anticoagulated blood in vitro and ex vivo in treated patients with CLL or after ingestion
by volunteers [8,13,41,57]. Ristocetin-induced platelet aggregation has been proposed as
a tool to monitor the bleeding tendency of patients with CLL treated with ibrutinib [57].
Additionally, other irreversible BTKi as well as the reversible BTKi fenebrutinib which lacks
Tec inhibition suppressed ristocetin-induced platelet aggregation in hirudin-anticoagulated
blood [13,41]. Thus, ristocetin-stimulated VWF/GPIb signaling also in human platelets
requires Btk and not Tec. Therefore, it may not be involved in the impairment of hemostasis
observed after treatment with irreversible BTKi (see Section 3.1).

In contrast, if measured in citrated PRP, the ristocetin response was found to be pre-
served in patients treated with ibrutinib [37,58,59] as well after pre-incubation of citrated
PRP with ibrutinib in vitro [58]. Additionally, ristocetin-induced aggregation of citrated
PRP treated with the reversible BTKi RN486 which is highly Btk selective and does not in-
hibit Tec was not diminished in citrated PRP [60]. The reason for the difference could be the
test system (blood vs. PRP) or the anticoagulation used (hirudin vs. citrate). The extracellu-
lar Ca2+ concentrations might affect the involvement of Btk signaling in Ca2+-dependent
platelet thromboxane formation and ADP secretion known to be critical for bocotrecin-
or ristocetin-induced platelet aggregation [21,61]. In hirudin-anticoagulated blood, Btk-
regulated Ca2+ entry is not perturbed and is efficiently inhibited by BTKi, whereas in
citrated PRP with low extracellular Ca2+ concentrations, cytosolic Ca2+ increase depends
mainly on PLC activation and subsequent IP3-mediated mobilization from intracellular
stores [27]. Under the latter conditions GPIb-induced Syk and not Btk activation might
mainly drive PLCy?2 activation and the subsequent cytosolic Ca®*-rise (Figure 2).

Pre-incubation (30 min) of heparinized blood from healthy donors with ibrutinib
(0.5 uM) decreased the firm platelet adhesion onto immobilized VWF under arterial flow
(400/s) [38]. Moreover, platelets from patients with CLL treated with ibrutinib, who had
bleeding symptoms (n = 3), hardly adhered onto VWF under flow compared with patients
with no bleeding symptoms (n = 3). Although these results are suggestive of a clinical
relevance of Btk-inhibitors interfering with VWF/GPIb signaling, there might be alternative
explanations for these observations (thrombocytopenia, Src-kinase inhibition by ibrutinib).

Inhibition of VWF/GPIb signaling by BTKi might in addition to inhibition of GPVI
signaling be beneficial in reducing atherothrombosis [8]. New aptamers antagonising
VWEF are being developed to inhibit platelet activation in stroke and acute coronary
syndrome [50,62,63]

2.4. Role of Btk in FcyRlla Signaling

IgG-containing immune complexes, as formed in heparin-induced thrombocytopenia
type II (HIT), activate the platelet Fc-receptor FcyRlIla. Increased Btk and Tec phosphoryla-
tion has been demonstrated in human platelets upon FcyRlla activation [34], and using a
panel of BTKi including the Btk-selective fenebrutinib, it was shown that Btk and not Tec
mediates FcyRIla-stimulated platelet responses (aggregation, secretion, P-selectin expres-
sion, platelet-neutrophil complex formation) [13]. Thus, BTKi might be a novel strategy to
inhibit HIT [13].

Platelet-FcyRlIla is not only crucial for the pathogenesis of HIT, but may also play a role
in immune thrombocytopenia (ITP) [64], an autoimmune disease characterized by autoan-



Cancers 2021, 13,1103 9 of 32

tibody production by B cells directed mainly against GPIb/GPIX and ollbf33-integrin [65].
Platelet-bound antibodies are recognized by Fc receptors on phagocytes, leading to phago-
cytosis and destruction of platelets, especially in the spleen [65,66]. Additionally, plasma of
patients with ITP enhances platelet GPIb shedding that was shown to be dependent on
platelet FcyRlIla [67].

3. Btk Inhibitors (BTKi)

All BTKi are orally applied, either as a single dose (QD) or twice (BID) daily. The
currently predominant BTKi bind covalently and irreversibly to Cys-481 in the ATP bind-
ing site of Btk (Figure 3A). By containing electrophiles, generally acrylamide or related
acceptors, the BTKi alkylate Cys-481. These include ibrutinib and the 2nd generation BTKi
acalabrutinib, zanubrutinib and tirabrutinib which are approved for the therapy of B-cell
malignancies, the brain penetrant evobrutinib and tolebrutinib, both in clinical trials of
multiple sclerosis, and branebrutinib, currently in a phase 2 study of various autoimmune
diseases (Table 1).

L 4 ¢
Ibrutinib, 5P9J GDCO0853/Fenebrutinib, 5VFI Remibrutinib, 6 TFP

Figure 3. Crystal structures of Btk in complex with inhibitors. Secondary structure cartoons of the catalytic domain of
Btk in complex with (A) Ibrutinib (PDB entry code 5P9]), (B) Fenebrutinib (PDB entry code 5VFI) and (C) Remibrutinib
(PDB entry code 6TFP). Highlighted are Cys481 (orange circle) and Tyr551 (red circle). Snap shots were visualized using the
web-based NGL viewer.

There are several advantages of irreversible covalently BTKi. As compared to re-
versible inhibitors, their biochemical efficiency for target disruption is increased, they show
sustained PD effects which are much longer than the PK of the compounds, and they reach
in target cells complete Btk occupancy that is required for clinical efficacy, especially in
B-cell malignancies. By inhibiting newly synthesized Btk they achieve to cover Btk more
continuously than reversible BTKi. Once the drug is eliminated from systemic circulation,
the duration of Btk inhibition becomes independent from drug exposure and is determined
by the turnover of the inactive drug/protein complex by synthesis of new Btk protein.

The dependency on covalent binding to Cys-481 poses, however, a problem for the
selectivity of the irreversible BTKj, since there are 9 other human kinases with a cysteine
residue at a similar position within the ATP binding pocket as Btk: the Tec-family kinases
(Bmx, Tec, Txk, Itk), EGFR, Erb2, Erb4, Jak3, and Blk. Indeed ibrutinib, the first BTKi
approved, shows more or less strong inhibition of these kinases. Additionally, the second
generation irreversible BTKi although more selective than ibrutinib inhibit some of these
kinases. All of these BTKi show Tec inhibition in biochemical assays (Table 1).

Furthermore, due to their ATP like binding mode, these compounds can also bind
non-covalently to and inhibit even more kinases. This has been observed for ibrutinib
which can inhibit various Src-family kinases that are important in platelet signaling. A
more remote concern with covalent inhibition is the potential for idiosyncratic adverse
drug reactions (IADRs), which are characterized as immunogenicity of a protein adduct
(haptenization) leading to an allergic response or drug hypersensitivity reaction. To reduce
potential off-target effects of irreversible BTKi, the ideal BTKi should exhibit fast absorption,
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high exposure, and rapid Btk occupancy in target cells combined with fast elimination
(short half-life). This has been best achieved with branebrutinib.

An early observation was the development of resistance to ibrutinib treatment in some
patients with B-cell malignancies that was caused by Cys-481 and Thr-474 Btk mutations
which arise spontaneously in the malignant cells during ibrutinib therapy. This has led
to the development of reversible noncovalent BTK inhibitors with the goal to overcome
these Btk mutations. Indeed, reversible BTKi such as fenebrutinib were able to inhibit Btk
Cys-481 and Thr-474 mutants with similar potency as wild type Btk [68,69]. A disadvantage
of reversible inhibitors is their requirement of continuous systemic drug exposure over the
entire dosing interval in order to maintain a high degree of target inhibition.

Reversible BTKi include vecabrutinib, LOXO-305, BMS-986142 and fenebrutinib. They
inhibit Btk in the presence of Cys-481 mutations, and some of these BTKi had been in
clinical trials of CLL [70]. The vecabrutinib trial has, however, been stopped because of
insufficient evidence of activity in BTKi- resistant B-cell malignancies [71]. Additionally, the
small phase 1 study with fenebrutinib in patients with B-cell malignancies was prematurely
halted [69]. The reason for the negative results in the trials of B-cell malignancies with the
reversible BTKi might be their lack to achieve the continuous high coverage of Btk required
for clinical efficacy.

Reversible BTKi such as BMS-986142 and fenebrutinib have been advanced into trials
of autoimmune diseases (Table 1, Sections 3.3.1 and 3.3.2). Of particular interest is the
reversible covalent BTKi rilzabrutinib, which is in clinical trials of ITP and pemphigus
(Table 1, Section 3.4).

Special consideration deserves the novel selective irreversible BTKi remibrutinib,
which was obtained by modification of reversible BTKi targeting an inactive conformation
of Btk (Table 1, Section 3.5).

The in vitro pharmacology data (IC50, Btk selectivity) of the various BTKi show
differences (see Sections 3.1-3.5). This is likely due to the different properties of the
BTKi, although different assay conditions could also play a role. Of note, several studies
comparing different BTKi in their assays mostly confirmed the different potencies and
Btk selectivity found in other studies. The BTKi show higher IC50 values for inhibition of
Btk-mediated functions in cell assays than for the inhibition of Btk in vitro. This can be
explained by the plasma binding of the drugs, their requirement to cross the cell membranes
for Btk binding and the high ATP concentration of the cellular environment. Irreversible
BTKi require longer incubation times than reversible BTKi to inhibit Btk in cells. In general,
the different potencies of BTKi found in vitro assays correlate well with their different
potencies to inhibit Btk in cells including platelets. An interesting exception seems to be
evobrutinib (see Section 3.2.1).

3.1. Irreversible Covalent BTKi
3.1.1. Ibrutinib

Ibrutinib was the first BTKi to be approved (in 2013). It is approved for the treatment
of various B cell malignancies, i.e., chronic lymphocytic leukemia (CLL)/small lympho-
cytic lymphoma, mantle cell lymphoma (MCL), Waldenstrom’s macroglobulinemia, and
marginal zone lymphoma (MZL) [72]. Recently, based on its additional inhibition of the
Tec-family kinase Itk (interleukin-2 inducible kinase) which is involved in proximal T-cell re-
ceptor signaling, ibrutinib was shown to be effective for the treatment of steroid-insensitive
chronic graft versus host disease (cGVHD) [73] and obtained approval also for treatment
of this disease [72].

The dose for MCL is 560 mg QD, for the other diseases 420 mg QD.

The most common adverse reactions (>30%) in patients with B-cell malignancies
treated with ibrutinib, are diarrhea, fatigue, musculoskeletal pain, neutropenia, rash, ane-
mia, thrombocytopenia and bruising [72]. The most common adverse reactions (>20%)
in patients with cGVHD included also bruising (40%), thrombocytopenia (33%) and hem-
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orrhage (26%) [74]. It is likely that some of the adverse effects of ibrutinib are due to its
off-target activity. For example, skin rash and diarrhea had been related to EGFR inhibition.

Due to its low bioavailability, high doses (420 mg/560 mg daily) of ibrutinib are re-
quired to achieve effective Btk target occupancy [75]. Following complete intestinal absorp-
tion ibrutinib undergoes in enterocytes and hepatocytes extensive oxidative metabolism
by cytochrome P450 3A (Cyp3A) [76]. Co-administration with the CYP3A inhibitor keto-
conazole increases drastically the ibrutinib exposure [77]. The fraction escaping the gut
metabolism under fed conditions is about 50%, and the fraction escaping hepatic extraction
is 16%. The systemic bioavailabilty in human is 3.9% in the fasting state, and 8.4% under fed
condition [76]. Intestinal but not hepatic Cyp3A is irreversibly blocked by furanocoumarins
present in the grapefruit juice [76]. Grapefruit intake together with food before ibrutinib
administration doubles thereby its bioavailabilty in humans and reaches 15.9% [76].

PK studies in patients with B-cell malignancies showed 2 h after ibrutinib intake of
420 mg QD and 560 mg QD peak plasma concentrations of 0.31 uM and 0.37 uM, respec-
tively [75]. After 560 mg QD of ibrutinib full Btk occupancy (>95%) in peripheral blood
mononuclear cells (PBMC) was reached over 24 h. Plasma concentrations subsequently
declined rapidly with a mean t % of 2-3 h [75].

Ibrutinib very potently inhibits Btk. The IC50 values for ibrutinib reported in various
studies using different assays were between 0.13 nM and 1.3 nM, [40,78,79]. Ibrutinib
at higher concentrations also binds covalently to the other Tec-family kinases Tec, Bmyx,
and Itk, and kinases with a similarly accessible cysteine residue such as the EGF-receptor
(EGFR) and the tyrosine kinase Jak3 [78,79]. Additionally, ibrutinib has a promiscuous
hinge binding moiety that enables the molecule to reversibly bind to kinases that lack the
cysteine residue such as the Src family kinases (Src, Lyn, Fyn, and Yes) [79]. These are also
expressed in platelets and play an important role in signaling through GPVI, GPIb and the
integrin olIIbf33 [80].

In vitro and ex vivo effects of ibrutinib on platelets have been reported in several
studies. Ibrutinib potently inhibited in vitro CRP- or collagen-activated aggregation in PRP
and blood [8,9,31,39,41]. Ibrutinib pre-incubated for 60 min with blood inhibited platelet
aggregation induced by low collagen concentrations with an IC50 value of 0.025 uM which
was well below the therapeutic concentrations of ibrutinib [41] (Table 2). In another study
a higher IC50 of 0.35 uM was found for inhibition of aggregation of PRP pre-incubated for
15-45 min and stimulated with half-maximal collagen concentrations [40].

In washed platelets stimulated with CRP, ibrutinib inhibited Btk-Y223 autophos-
phorylation in two studies with IC50 values of 63 nM and 23 nM, respectively [31,39].
Inhibition of Btk-Y223 auto-phosphorylation by ibrutinib correlated with inhibition of
platelet aggregation stimulated by CRP in one [38] but not in another study [31]. Inhibi-
tion of total Tec-phosphorylation required about 6-fold higher ibrutinib concentrations
(IC50 368 nM, and 150 nM), respectively [31,39]. However, Tec-phosphorylation data might
not be as reliable due to the lack of antibodies specific for the Tec autophosphorylation site
(Y-206). Ibrutinib at about 30-fold higher concentrations than required for Btk-inhibition
(IC50 = 63 nM) inhibited also Src (IC50 2 uM) and Lyn (IC50 1.5 uM) phosphorylation
stimulated by CRP in washed platelets [39] confirming results of a previous study [38].

Under arterial flow conditions, ibrutinib (0.2 uM, 0.5 uM) incubated with blood in vitro
did not inhibit platelet adhesion and platelet aggregate formation onto collagen [8]. With
blood from patients with CLL treated with ibrutinib a significant delay of platelet aggregate
formation (similar to ibrutinib 1 uM incubated with blood) was observed, but maximal
platelet coverage was not different compared with blood of control patients (containing the
same platelet concentration) [8]. No decrease of platelet aggregate formation onto collagen
under arterial flow was observed when blood was used from volunteers after intake of
140 mg QD or less for one week [8]. The results were explained by the requirement of
integrin o231 for platelet adhesion onto collagen under flow whose function was not
changed by ibrutinib [8]. The lack of effect of ibrutinib on platelet adhesion onto collagen
under flow was also observed in another study [81]. Blood incubated with ibrutinib (1 pM),
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however, reduced the stability of platelet thrombi formed under flow on collagen, an
observation also made with blood from two out of six patients on ibrutinib therapy [39,81].
Thrombus instability may be due to decreased platelet adhesion and aggregate formation
on immobilized fibrinogen, possibly caused by inhibition of integrin «llbf3 signaling by
ibrutinib (1 uM) [41,81].

Ibrutinib also potently inhibited ristocetin- stimulated GPIb mediated platelet aggre-
gation in blood (IC50 85 nM) [8], that was also observed ex vivo in volunteers after intake
of low doses and in patients with CLL treated with high doses [8,9,13,57]. Ibrutinib also
inhibited in vitro potently FcyRIla-stimulated platelet aggregation in blood (IC50 80 nM)
and ex vivo in human volunteers after intake of a single dose [13]. It increased at 1 uM (but
not 0.5 uM) in vitro closure time as measured by the PFA [41] (Table 2).

3.1.2. Acalabrutinib

Acalabrutinib (ACP-196) was the first 2nd generation irreversible covalent BTKi to ob-
tain FDA approval (11/2017). Based on the overall response rate for the treatment of adult
patients with MCL who have received at least one prior therapy the approval was acceler-
ated. Later it also obtained approval for the treatment of CLL [82]. Acalabrutinib is a more
selective BTKi with improved oral absorption as compared to ibrutinib. The recommended
dosage is 200 mg (2 x 100 mg capsules) orally and taken with or without food.

The most common adverse reactions (>30%) in patients with B-cell malignancies
treated with acalabrutinib are headache, diarrhea, fatigue, musculoskeletal pain, neutrope-
nia, anemia, upper respiratory tract infections, thrombocytopenia, and contusions [82,83].
Bleeding events grade 1 and 2 are also frequent (see Section 4.1).

In kinase assays of several studies acalabrutinib was about 3-15 fold less potent than
ibrutinib. The reported IC50 values in three studies employing different kinase panels
and comparing the two BTKi were for acalabrutinib 2.79 nM, 5.1 nM, 19.7 nM and for
ibrutinib 0.29 nM, 1.5 nM, 1.3 nM, respectively [40,78,79]. Inhibition of BCR stimulated
CD69 expression on B-cells in human whole blood required for acalabrutinib a 20-fold
higher IC50 (198 nM) than ibrutinib (12 nM) [79].

Initially acalabrutinib had been described not to inhibit Tec [78]. Subsequently, how-
ever, a study employing four different kinase assay platforms demonstrated Tec-inhibition
by acalabrutinib and similar selectivity profiles of ibrutinib and acalabrutinib for inhibition
of Btk over Tec [40]. Acalabrutinib, in contrast to ibrutinib, did not inhibit the Tec-family
kinases Itk and Txk, EGFR, ERBB2, and Src-kinases (Src, Lyn, Fyn, Yes and Lck) [78,79].

Acalabrutinib was rapidly absorbed and eliminated after oral administration. Mean
peak plasma values were reached about 1 h after intake. The mean plasma half-life was
approximately 1 h independent of dosage. Mean Cmax after the therapeutic dosage of
100 mg BID of acalabrutinib was 1.78 uM, yielding a continuously high BTK occupancy in
PBMC (99% after 4 h of dosing and of 97% before the next dose administration) [78].

In vitro and ex vivo effects of acalabrutinib on platelets have been investigated in
several studies. The lower potency of acalabrutinib compared with ibrutinib for Btk
inhibition in biochemical kinase assays paralleled its lower potency to inhibit in vitro
CRP- or collagen-activated aggregation in washed platelets, PRP, or blood [8,9,31,39,41].
Acalabrutinib was about 15 times less potent than ibrutinib in inhibiting GPVI-mediated
platelet aggregation in hirudin-anticoagulated blood [41] (Table 2). Additionally, in washed
platelets the IC50 values for inhibition of CRP-induced platelet aggregation by acalabrutinib
were in two studies 10- and 20- fold higher than those of ibrutinib [31,39]. Acalabrutinib
inhibited also ristocetin-induced platelet aggregation and FcyRlIla-stimulated platelet
aggregation in whole blood [13,41] (Table 2) and increased at 5 uM (but not 2 uM) closure
time as measured by the PFA [41].

Platelet effects of acalabrutinib were compared with ibrutinib in vitro and in treated
patients ex vivo [39]. Low doses of ibrutinib and acalabrutinib which were sufficient to
inhibit Btk did not inhibit CRP-stimulated Tec phosphorylation in washed platelets but
higher concentrations of both BTKi inhibited Tec phosphorylation, too. Probably due to
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the lack of an antibody specific for the autophosphorylation site of Tec, dose-response
curves showed that low concentrations of ibrutinib and acalabrutinib even increased
CRP-stimulated total Tec phosphorylation in platelets [39].

Acalabrutinib even at 10 uM did not show inhibition of Src-kinases. In patients with
non-Hodgkin lymphoma (NHL) receiving ibrutinib or acalabrutinib aggregation of PRP in
response to collagen and CRP was similarly reduced. However, platelet thrombi formed
on collagen under arterial flow were unstable with blood from two out of six patients
on ibrutinib but not acalabrutinib therapy. This difference might be explained by the
ibrutinib mediated inhibition of Src-kinases that are involved in integrin ollb33 outside-in
signaling and platelet adhesion to immobilized fibrinogen [80,81]. In support, incubation
of blood with high concentrations of ibrutinib (1 uM) but not acalabrutinib (5 uM) was
found to significantly reduce platelet aggregation and adhesion to immobilized fibrinogen
at arterial flow [41].

3.1.3. Zanubrutinib

Zanubrutinib (BGB-3111) is an irreversible covalent BTKi and has been approved
(11/2019) for the treatment of adult patients with MCL who have received at least one prior
therapy [84]. Accelerated approval was given based on overall response rate. Zanubrutinib
is a potent and more selective BTKi inhibitor with improved oral absorption and better
target occupancy as compared to ibrutinib. The recommended dosage is 160 mg orally
twice daily or 320 mg orally once, and absorption is independent of food intake [84].

The most common adverse reactions (>20%) included neutropenia, thrombocytopenia,
bruising, decreased hemoglobin, upper respiratory tract infection, rash, diarrhea and
cough [84].

Zanubrutinib was very potent (IC50 0.3 nM in kinase assay) and showed a slightly
different binding mode with Btk compared with Ibrutinib (IC50 0.18 nM) [85]. Kinase
selectivity as determined in a kinase panel of the compound at 1 uM against 342 human
kinases showed in addition to Btk inhibition > 70% inhibition of 12 other kinases. In
biochemical assays zanubrutinib potently inhibited other kinases with low IC50 values
such as EGFR (2 nM), and the Tec family kinases Bmx (0.62 nM), Tec (2 nM), and Txk
(2.95 nM), but not Itk, Lck, and JAK3. In cellular assays inhibition of EGFR and Tec by
zanubrutinib was about 10 times less than by ibrutinib.

The PD characterization in mice showed rapid (after 0.5 h) maximal Btk occupancy
in both PBMC and spleen after oral administration of 14.5 mg/kg zanubrutinib, which
coincided with its plasma Cmax of 4.8 uM [85]. Plasma levels dropped rapidly at 2 h to
0.47 uM und subsequently to undetectable levels, while Btk occupancy at 24 h in PBMC
was still 80%, in spleen only 30%.

In a phase 1 study zanubrutinib was rapidly absorbed and reached 2 h after the
therapeutic dosage of 320 mg QD a mean plasma Cmax of 1.4 uM which decreased to
0.19 uM at 8 h [86]. The mean half-life of zanubrutinib administered either as 160 mg
twice daily or 320 mg once daily was 4 h. In PBMCs, complete (>95%) Btk occupancy
was achieved 4h post-dose starting already at doses of 40 mg QD per day. Median Btk
occupancy in lymph nodes on day 3 of week 1 was 94% in the 320 mg once-daily group
and 100% in the 160 mg twice-daily group.

Direct effects of zanubrutinib on platelets have been reported in several studies.
Zanubrutinib inhibited similar to ibrutinib Btk-dependent GPVI-, GPIb and FcyRlIla-
stimulated platelet aggregation in blood [13,41], but it was with an IC50 of 0.094 uM 4 times
less potent than ibrutinib in inhibiting GPVI-mediated platelet aggregation (Table 2). No
increased closure time was detected with 1 uM zanubrutinib [41], higher concentrations
were not tested (Table 2).

In contrast, another study comparing ibrutinib and zanubrutinib found large differ-
ences of their effects on platelets [87]. By using the same doses of ibrutinib and zanubrutinib
to incubate PRP and washed platelets and to treat mice, the authors found that ibrutinib but
not zanubrutinib induced platelet receptor shedding of GPIb and integrin alIIbf3 in mice
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and humans. The comparison of similar dosages of more (ibrutinib) and less (zanubrutinib)
potent BTKi on platelets, has however problems [40]. Moreover, the pharmacokinetic data
of treated patients show that the plasma exposure of zanubrutinib (2 x 160 mg) is due
to the better absorption around 4.5 times higher than for ibrutinib (420 mg) [86] (Table 2).
Of possible clinical relevance, treatment of patients with CLL with ibrutinib (n = 6), but
not zanubrutinib (n = 5), appeared to result in a significant reduction in platelet surface
expression of GPIb and the integrin alIIbf33, as well as decreased ex vivo thrombus forma-
tion on type I collagen under arterial flow [87]. However, the patient cohorts were small
and mismatched in important parameters: 3 of 6 ibrutinib treated patients versus 0 of 5
zanubrutinib patients had platelet counts < 100 x 10°/1, and 2 of 6 i patients treated with
ibrutinib versus 1 of 5 patients treated with zanubrutinib were on antiplatelet drugs. These
differences could have influenced the results. Importantly, the apparent large differences
of these two BTKi on platelets found in this study did not translate into a different fre-
quency of low grade bleeding events observed during ibrutinib and zanubrutinib therapy
of patients (Table 1) (see Section 4.1).

3.1.4. Tirabrutinib

Tirabrutinib (ONO/GS-4059) is an irreversible covalent BIKi and has been approved
in Japan for the treatment of recurrent or refractory primary central nervous system
lymphoma (PCNSL) (3/2020), Waldenstrom’s macroglobulinemia (WM) and lymphoplas-
macytic lymphoma (LPL) (8/2020) [88,89].

The recommended dosage of tirabrutinib is 480 mg once daily (6 x 80 mg tablets)
taken without food.

Like the other BTKi it is mainly eliminated by liver metabolism. The most common
adverse reactions (>10%, mainly grade 1 and 2) based on treatment of 37 patients with
PCNSL with 320mg and 480mg tirabrutinib include constipation, lymphopenia, anemia,
leukopenia, and urinary tract infection [88,89]. Despite the lack of off-target inhibition of
EGF receptors in vitro, skin rash was also a common side effect. Based on the analysis of
adverse grade >3 events in clinical trials of patients with B-cell malignancies hemorrhage
was identified as an important risk of tirabrutinib treatment, since serious bleeding was
observed in multiple patients in the Japanese and other clinical studies for which a causal
relationship with tirabrutinib could not be ruled out [88] (see also Section 4.1).

Tirabrutinib was in biochemical assays about 10-fold less potent (IC50 6.8 nM) for
Btk inhibition than ibrutinib (IC50 0.47 nM). It inhibited similar to ibrutinib also the Tec
family kinases Bmx (IC50 6 nM), Tec (IC50 48 nM), und Txk (IC50 92 nM), but in contrast
to ibrutinib and zanubrutinib barely the EGF-receptor kinases EGFR, ERBB4 and ERBB2,
as well as Itk and JAKS3 [90]. Similar results were obtained in another study that reported
also the lack of inhibition of Src, Lyn and Lck by tirabrutinib [79].

Tirabrutinib was absorbed with maximal plasma concentrations reached between 2
and 3 h post-dose [91]. Plasma levels of tirabrutinib plasma declined rapidly over the 24 h
interval sampling period with mean t1/2 values of 6.5 to 8 h. Therapeutic dosages of 320 mg
QD and 480 mg QD reached plasma Cmax of 1.95 uM and 2.36 uM, respectively [40,91].

PD measurements were performed using a novel duplex homogeneous Btk occupancy
assay using a biotinylated tirabrutinib probe [92]. Whole blood samples from healthy
volunteers and patients with CLL incubated for 2 h with increasing concentrations of
tirabrutinib showed at 110 nM a 90% Btk occupancy, but Btk occupancy of bone marrow
cells and lymph node tissue from patients with CLL was not determined. Since the
maximal plasma concentrations greatly exceed this drug level complete Btk occupancy was
considered as likely [92].

Direct effects of tirabrutinib on platelets have been investigated in several studies.
Tirabrutinib was 7-10 times less potent than ibrutinib in inhibiting GPVI-mediated platelet
aggregation in hirudin-anticoagulated blood [8,41]. Thrombus formation onto collagen under
arterial shear rate was significantly reduced at 2 uM tirabrutinib pre- incubated for 60min
with blood in one study [93], but not in another study with tirabrutinib 2 uM and 5 uM
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pre-incubated for 15 min with blood [8]. Tirabrutinib inhibited also ristocetin-induced platelet
aggregation and FcyRlIla-stimulated platelet aggregation in whole blood [13,41], and increased
at 5 uM (but not 2 uM) in vitro bleeding time as measured by the PFA [41] (Table 2).

In patients with B-cell malignancies treated within a clinical trial with a low dose
of tirabrutinib (80 mg/day) for 1 month, a tendency of decreased aggregation following
collagen 3.3 ug/mL stimulation was observed compared to pretreatment values [93]. No
inhibition of platelet aggregation induced by other platelet stimuli (ADP, TRAP) was found
ex vivo similar to the results after tirabrutinib incubation of blood [8].

3.1.5. Branebrutinib

Branebrutinib (BMS-98619) is an irreversible covalent BTKi and is currently in a phase
2 study of rheumatoid arthritis, systemic lupus erythematosus and Sjogren’s syndrome.

Due to its special PK and PD properties branebrutinib is considered as an ideal
irreversible BTKi. Following application of a very low dose (1-10 mg QD) it shows a fast
and efficient absorption, a rapid rate of systemic Btk occupancy and fast elimination. By
reaching a faster rate of Btk inactivation than of drug elimination, off-target interactions
are minimized [94].

Branebrutinib was obtained by the conversion of the reversible tetrahydrocarbazole-
based series of BTKi (see BMS-986142) into an irreversible inhibitor by incorporation of a
simple acrylamide [94,95].

Branebrutinib is very potent (IC50 0.1 nM in kinase assay) and in a panel of 245 kinases
was selective for Btk with the exception of some Tec family kinases which required 9, 15 and
90 times higher drug concentrations [94]. These were Tec (IC50 0.9 nM), Bmx (IC50 1.5 nM),
and Txk (IC50 9 nM). In human whole blood assays, branebrutinib potently inhibited
BCR-stimulated expression of CD69 on B cells with an IC50 of 11 nM. Measurements of
Btk inhibition in these assays showed a similar IC50 of 5 nM. In cellular assays of FcyRlIla
and FcyRIII stimulated peripheral blood mononuclear cells (PBMC) and BCR-dependent
stimulation of B-cells, branebrutinib was equally effective (IC50 0.3 nM) [94].

In pre-clinical PK studies the absolute oral bioavailability of branebrutinib in different
species was very high (100% in mice, 74% in rats, 81% in dogs), and the compound was
largely cleared within 6 h after dosing [94]. Oral administration of 0.5 mg/kg to BALB/c
mice showed already after 4 h 90% Btk inactivation in blood cells. When compared with
ibrutinib, branebrutinib was 30-fold more potent at inactivating Btk in mice after a single
dose which is explained by the absorption differences of the two BTKi. In a mouse collagen-
induced arthritis model of human RA branebrutinib was very effective starting at an oral
dose of 0.5 mg/kg QD. This correlated with 97% Btk-inactivation in whole blood. Similar
dosages protected the mice in a NZB/W lupus prone mouse model, closely resembling
human systemic lupus erythematosus and lupus nephritis [94].

In a double-blind, placebo-controlled, single- and multiple-ascending dose (SAD;
MAD) phase I study participants received branebrutinib (SAD: 0.3-30 mg; MAD: 0.3-10 mg)
or placebo [96]. Participants in the MAD parts received branebrutinib daily for 14 days and
were followed for 14 days post dosing. Branebrutinib was rapidly absorbed and reached
plasma Cmax of 162-243 nM 0.5 h after intake of 10 mg in the MAD study. Branebrutinib
plasma levels dropped then rapidly with a half-life of 1.2-1.7 h to undetectable levels within
24 h. Btk occupancy in whole blood cells was rapid, with 100% occupancy reached after a
single 10 mg dose and was maintained for 24 h. In the MAD study 100% Btk occupancy
was maintained with only 3 mg QD. Doses of only >1 mg QD branebrutinib providing
a Btk occupancy of >90% were projected to be efficacious [96]. Branebrutinib intake for
2 weeks was well tolerated. The AEs were mild/moderate, and bleeding events were not
observed. Effects on platelets have not been published so far.

Branebrutinib is currently in a phase 2 study (start January 2020) of rheumatoid arthri-
tis, systemic lupus erythematosus and Sjogren’s syndrome with a projected completion
date of June 2022.
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3.1.6. BI 705564

BI 705564 is an irreversible, covalent BTKi, being developed for the treatment of
SLE/LN, RA and allergic disorders.

BI 705564 inhibits Btk with an IC50 of 0.28 nM, and at 3 uM >80% only 3 other kinases
(Bmx, Txk and Tec) in a panel screen of 282 kinases [97]. In a double-blind, placebo-
controlled, phase I study (SAD, MAD for 14 days) Bl 705564 plasma concentrations were
found to peak at 1-4 h, before declining in a biphasic manner with a terminal t1/2 of 10 h
to 17 h dependent on the tested doses [97]. As observed for ibrutinib, food increased the BI
705564 exposure. BI 705564 at single doses of 20 mg to 80 mg under fed conditions resulted
in maximal plasma concentrations of 20 nM to 35 nM and an average Btk occupancy of
>85% in PBMC that was maintained for up to 48 h after dose administration. BI 705564
doses between 20 mg and 160 mg showed maximal inhibition of B cell activation of 70-100%
at 24 h. Inhibition of B cell activation by BI 705564 correlated with Btk occupancy.

BI 705564 was well tolerated but was associated in the MAD study with mild bleeding-
related adverse events (petechiae, hematoma, epistaxis, hematuria) in 7/48 participants.
The skin bleeding time (as measured by a modified Ivy method) was increased in 18/48
participants, and the median was slightly increased for the groups receiving doses >20 mg
at days 7 and 14. In a subgroup receiving 40 mg BI 705564 for 4 weeks 7/8 participants
showed an increased bleeding time, and the median values measured at days 22 and 28
were >480 s (the upper limit of normal). Consistently, the PFA closure time using the
collagen/epinephrine cartridge was found to be prolonged in all 8 participants of this
subgroup [97].

3.2. Brain-Penetrant Irreversible Covalent BTKi
3.2.1. Evobrutinib

Evobrutinib is an irreversible covalent BTKi developed to treat autoimmune diseases.
It crosses the blood-brain barrier and has shown clinical efficacy in trials of MS.

Evobrutinib inhibits Btk in vitro less potently than other BTKi (IC50 values in two
studies 58 nM and 38 nM [79,98]. Kinase screening panel assays showed besides Btk
inhibition (90%) a similar inhibition of Bmx (93%) and Tec (82%) at 1 uM [98]. Similar data
were obtained another group using another kinase screen panel [79].

Evobrutinib potently inhibited BCR- and Fc receptor-mediated signaling of human
B cells and innate immune cells (monocytes, basophils), respectively [99]. Activation of
basophil FceR signaling in human whole blood was inhibited with an IC50 of 1.66 uM,
whilst the IC50 values for inhibition of FcyR signaling in the U937 monocytic cell line
(78 nM), for B-cell activation in PBMC (18 nM) and cells in whole blood (84 nM) were much
lower. PK/PD data in mice showed that a mean BTK occupancy in blood cells of 80% was
linked to near-complete disease inhibition in both RA and SLE mouse models. Maximal
(>80% after 4 h) and prolonged (24 h) Btk occupancy in blood cells was achieved with
5 mg/kg oral dosing in mice, and the maximal plasma concentrations levels measured at
the earliest time point after intake were about 233 nM (100 ng/mL). Plasma concentrations
dropped to about 23 nM 6 h after intake [99].

Surprisingly no PK and PD data are available in humans although evobrutinib has
completed important clinical trials. Although evobrutinib has demonstrated efficacy in
a mouse model of rheumatoid arthritis and a rat model of collagen antibody-induced
arthritis, recent results of a phase IIb trial showed that evobrutinib given at dosages of
25 mg QD, 75 mg QD or 50 mg BID for 12 weeks did not improve the response rate in
refractory patients with RA [100].

On the other hand evobrutinib (75 mg QD) given in a placebo-controlled trial of multi-
ple sclerosis was effective in significantly reducing the number of gadolinium-enhancing
lesions [101]. In addition, a dose-dependent effect in the reduction of the unadjusted
annualized relapse rate at week 24 was observed with a rate of 0.08 in the evobrutinib
75 mg-BID group versus 0.37 in the placebo group. The positive effect of evobrutinib on
MS was explained by its impact on B-cells and myeloid cells, which play a key role in the
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pathophysiology of MS, and by its crossing of the blood-brain barrier apparently achieving
a high Btk occupancy in the CNS.

Effects of evobrutinib on platelets have been investigated in two studies. Consistent
with its higher IC50 for Btk inhibition in biochemical assays, evobrutinib was the least
potent of the BTKi studied (about 15- and 50-times less potent than ibrutinib) in inhibiting
Btk-dependent platelet aggregation in blood stimulated by FcyRlIla and low collagen
concentrations, respectively (Table 2) [13,41]. It also inhibited ristocetin stimulated GPIb-
mediated platelet aggregation in blood [41]. Since the therapeutic plasma concentrations
are not known, it is unclear, if evobrutinib might inhibit platelets in vivo. Evobrutinib at
10 uM evobrutinib did not increase bleeding time in vitro [41], that might be explained by
its 20-fold higher kinase selectivity for Btk over Tec [98].

Evobrutinib taken so far by >1200 patients up to 2 years was reported to be safe, and
no bleeding has been reported, also not in the clinical trials [102].

3.2.2. Tolebrutinib

Tolebrutinib (SAR442168, PRN2246) is also an irreversible covalent BTKi which crosses
the blood-brain barrier and is in development to treat MS. A recent preclinical report
showed that tolebrutinib inhibits the myelin loss in a mouse model of MS-like demyelina-
tion [103]. Apparently by inhibiting Btk in microglial cells (considered as the immune cells
of the brain) tolebrutinib prevented them from destroying the myelin sheaths.

Indeed, in a short report [104], tolebrutinib bound to Btk in microglia-HMC cells with
an IC50 of 0.7 nM. It inhibited B-cell receptor stimulation in whole blood with an IC50 of
10 nM. In a kinase screen across 250 kinases 12 kinases were found to be >90% inhibited at
1 uM [104]. A phase 1 study showed a rapid absorption (Tmax = 1 h) of tolebrutinib, and
reached after a maximal dose of 90 mg QD for ten days a maximal plasma concentration
of 46 nM (21 ng/mL) and Btk occupancy in PBMC of 93-97%. Tolebrutinib was also
detectable in cerebrospinal fluid. The drug was well tolerated except diarrhea which was
more frequent in the highest level dose group. Bleeding was not observed. Effects on
platelets have not been studied [104].

Studies evaluating tolebrutinib in patients with MS are planned.

3.3. Reversible BTKi
3.3.1. BMS-986142

BMS-986142 is a reversible non-covalent BTKi developed to treat autoimmune diseases.

Chemically it is a tetrahydrocarbazole containing single stable atropisomer [105]. It
potently inhibited Btk in in vitro kinase assays (IC50 0.5 nM), and BCR-stimulated CD69
expression on B cells in whole blood (IC50 8.4 nM). It also inhibited Tec (IC50 10 nM), and
the other Tec-family kinases Itk (IC50 15 nM, Txk (28 nM), Bmk (32 nM) and the Scr-kinase
Lck (71 nM). As compared with fenebrutinib, BMS-986142 was less selective in a kinase
panel assay, and Tec was inhibited by 98% at 1 uM BMS-986142 [79].

BMS-986142 following oral administration of a single dose (5-900 mg) or multiple
doses (25-350 mg, once daily for 14 days) was well tolerated and showed favorable
PK and PD characteristics in a phase 1 study in healthy volunteers [106]. Dosages of
75 mg, 200 mg, and 350 mg for 14 days yielded mean plasma Cmax of 281, 592 and
1024 ng/mL, respectively (corresponding to 0.49, 1.03, and 1.78 uM, respectively). PD
determinations of BCR-stimulated CD69 expression on B cells in whole blood ex vivo
showed that the concentration to inhibit 50% of CD69 expression was 0.145 uM (83 ng/mL).
Mean maximal inhibition was close to 100% after a single dosage >100 mg and sustained
maximal inhibition over 24 h was observed at 14 days after 350 mg QD. The drug was well
tolerated, bleeding did not occur.

Encouraged by these studies a placebo controlled efficacy and safety trial of BMS-
986142 was carried out in 508 patients with moderate to severe rheumatoid arthritis. Dosing
was designed to provide continuous coverage of the IC50 throughout the dosing interval,
as supported by preclinical animal studies [106,107]. The patients were on placebo (n = 75),
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BMS-986142 100 mg/d (n = 73), BMS-986142 200mg/d (n = 73) or BMS-986142 350mg/d
(n =26) for 12 weeks. The primary outcome did, however, not show clinical improvement
after BMS-986142 treatment. The percentage of participants achieving American College of
Rheumatology 20% (ACR20) or 70% (ACR70) response at week 12 did not show significant
differences between the groups. BMS-986142 was well tolerated, no serious adverse events
occurred, and bleeding events were not observed [108].

3.3.2. Fenebrutinib

Fenebrutinib (GDC-0853) is a highly selective, reversible non-covalent BTKi developed
to treat autoimmune diseases [79].

It interacts with Btk in a different manner than existing covalent and non-covalent
inhibitors. Fenebrutinib was developed from CGI1746, a reversible and highly selective
BTKi [109]. CGI1746 was the first compound to bind to an inactive conformation of Btk, in
which the regulatory Y551 is rotated and forms a new binding pocket (H3 pocket) [110].
This binding mode offers two advantages: (a) it enhances the selectivity of compounds
toward Btk due to the sequence variability around the binding pocket. (b) It prevents the
phosphorylation of Tyr551 in the activation loop of Btk by upstream kinases, thus increasing
the inhibition of Btk. By optimizing CGI1746 in terms of ADME properties, potency, and
safety, while maintaining the specific binding mode, fenebrutinib was obtained. The
binding of fenebrutinib to the kinase domain is shown in Figure 3B.

Fenebrutinib potently inhibited Btk in in vitro kinase assays (IC50 0.91 nM) [79], and
notably in whole blood B-cell activation and Btk autophosphorylation with very low IC50
values of 8.4 nM and 11 nM, respectively. As compared to the covalent BTKi ibrutinib,
tirabrutinib, acalabrutinib, evobrutinib and BMS-986142, fenebrutinib as tested in a screen
panel of 287 kinases was the most selective BTKi. By testing biochemically the kinases
containing a cysteine in analogous position to Btk Cys-481 fenebrutinib was the only BTKi
that did not inhibit Tec [79].

Fenebrutinib showed in SAD and MAD studies of healthy volunteers favorable PK
and PD properties [111]. A single dose of 50 mg of fenebrutinib resulted in a maximal
plasma concentration of 120 nM 1-2 h after intake, decreasing to 30 nM after 8 h. This
inhibited Btk dependent basophil activation and IgM mediated B-cell activation in whole
blood by >80% and reduced Btk autophosphorylation in whole blood cells by 75% up to 8 h
after intake [111]. However, higher dosages (150 mg QD, 200 mg BID) are required to show
efficacy in clinical trials [49]. An intake of 150 mg BID for 14 days by human volunteers
showed plasma levels of 0.6 uM decreasing only to 0.22 pM 36 h later without dosing. This
was associated with an up to 36 h sustained >95% inhibition of Btk-dependent upregulation
of CD63 in basophils in blood and Btk autophosphorylation in whole blood cells [111].
Fenebrutinib intake for 14 days in the MAD study did not show any bleeding events.

An initial small phase 1 study evaluated the safety and efficacy of fenebrutinib in
relapsed or refractory non-Hodgkin lymphoma (NHL) or chronic lymphocytic leukemia
(CLL) [69]. Fenebrutinib (100, 200, or 400 mg/day) was given to 24 patients (including
6 patients who were positive for the C481S mutation). Common adverse events included
thrombocytopenia in 25% of the treated patients. A dose of fenebrutinib was not identified
that inhibited Btk to the same continuous degree as observed with irreversible BTKi such
as ibrutinib and acalabrutinib, and, although clinical efficacy was observed, the trial was
prematurely halted. No bleeding (grade 1 and 2) was reported.

A randomized, double-blind, phase 2 trial of patients with rheumatoid arthritis
(n =578) treated for 12 weeks with fenebrutinib showed clinical efficacy in the groups
taking higher dosages (1 x 150 mg/day, 2 x 200 mg/day); increased bleeding events
were not reported [49]. Additionally, a recent short report of the results of randomized,
placebo-controlled study (n = 420) to evaluate the efficacy, safety, and PD effects of fenebru-
tinib (1 x 150 mg/day, 2 x 200 mg/day for 48 weeks) in patients with moderate-to-severe
systemic lupus erythematosus activity (SLE) did not report bleeding [112]. The primary
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efficacy endpoint for fenebrutinib was, however, not met despite evidence of strong Btk
target and pathway inhibition.

The effects of fenebrutinib on platelets have been studied recently [13]. Fenebrutinib
was the most potent BTKi in inhibiting Btk-dependent aggregation in blood (Table 2). A
concentration as low as 50 nM inhibited completely platelet aggregation upon FcyRlla,
GPIb and low degree GPVI stimulation [13]. Aggregation on thrombin receptor-activating
peptide (TRAP), arachidonic acid (AA), or ADP was not compromised. Even very high
concentrations of fenebrutinib (up to 1uM) did not increase closure time in vitro (Table 2).
Thus, the platelet phenotype is similar to the observations of BTK-deficient human XLA
and mouse X-chromosome-linked immune-deficient (XID) platelets [9].

3.4. Rilzabrutinib, a Reversible Covalent BTKi

Rilzabrutinib (PRN1008) is an oral, reversible covalent BTKi in clinical development
for the treatment of various autoimmune diseases.

Since it was recognized that a long drug-target residence time rather than affinity for
the target drives pharmacodynamic activity and disease efficacy in vivo, Btk inhibitors
with a prolonged residence time that form a reversible covalent bond with Cys481 were de-
veloped [113]. By utilizing an inverted orientation of the cysteine-reactive cyanoacrylamide
electrophile, potent and selective BTKi were found that demonstrated tunable enhanced
residence times in biochemical assays (from minutes to 7 days) [113]. This strategy resulted
in the development of rilzabrutinib.

Binding of rilzabrutinib to Btk shows a fast association and a very slow dissociation
rate. It potently inhibited Btk in vitro with an IC50 of 1.3 nM [114]. Significant inhibition
with low biochemical IC50 values was observed for five other kinases that share with Btk the
conserved Cys-481 as well as a threonine in the gatekeeper position: the Tec-family kinases
Tec (IC50 0.8 nM), Bmx (IC50 1 nM), and Txk (IC50 1.2 nM), the receptor tyrosine kinase
ERBB 4 (IC50 11 nM) (a member of the EGF receptor family), and Blk (IC50 6.3 nM) [114].

Oral rilzabrutinib showed in SAD (50-1200 mg QD) and MAD (300 to 900 mg QD
for 10 days) phase I studies of healthy volunteers [115] rapid absorption under fasted
conditions, with Tmax ranging from a median of 0.5 h at 50 mg to 2.5 h at 600 and
1200 mg. Rilzabrutinib demonstrated a half-life of approximately 3—4 h. The maximal
plasma concentrations reached a plateau between 1-2 h after dose intake. Plasma Cmax
as measured at 10 days were for the therapeutically used dosages of 300 mg BID 0.32 uM,
450 mg BID 0.36 M and 600 mg QD 0.45 uM. Btk occupancy in PBMC was closely related to
the maximal plasma concentrations and was after these rilzabrutinib doses at day 10 >90%,
if measured 4 h after dosing, and decreased to about 55-60% 24 h after dosing. The decay
of Btk occupancy by rilzabrutinib was slow (-1.6% per h), exhibiting a ~30-35% reduction
between 4 h and 24 h. Rilzabrutinib was safe and well tolerated in all dose regimens.

Rilzabrutinib is currently in clinical trials of pemphigus and ITP. Open-label phase 2
trials of both diseases rilzabrutinib at doses of 200 mg QD, 300 mg BID, 400 mg BID for a
median time of 10 weeks showed positive results. In the ITP trial (n = 21), 33% reached the
primary endpoint (increase of platelet count > 50,000/ ul), and in the pemphigus trial, 60
and 87 percent of patients achieved control of disease activity [116,117]. Phase 3 placebo-
controlled trials have been started for both autoimmune diseases. Adverse events with
rilzabrutinib in the pemphigus and ITP trials were mild-to-moderate, and included mainly
nausea, abdominal distension, and dizziness.

Of note, bleeding was not reported, even not in patients with ITP who had a median
platelet count at study entry of 14.173/ul [116], but patients with ITP do not show a high
risk of bleeding [66]. In a small report, clinically relevant concentrations of rilzabrutinib
apparently showed no effect on human platelets in vitro. Rilzabrutinib (0.3 and 1 uM)
added to PRP from healthy volunteers or patients with ITP patients did not show reduced
platelet aggregation in response to high collagen concentrations (2.5 and 5 pg/mL) in
contrast to a high concentration of ibrutinib (1 M) [118].
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3.5. Novel Selective Covalent BTKi: Remibrutinib (LOU064), CHMFL-BTK-01

Since second generation covalent inhibitors including branebrutinib retained a similar
Btk binding mode as ibrutinib and still inhibit several Cys-containing kinases, alternative
binding modes for irreversible BTKi were searched for [119]. Reversible inhibitors such
as CGI1746 and fenebrutinib which bind to an inactive conformation of Btk exhibit a very
high selectivity for Btk [79,109]. Starting from the scaffold of CGI1746 and combining it
with the insertion of an electrophilic acrylamide which binds covalently Cys-481 led to
the discovery of the highly potent and selective irreversible BTKi CHMFL-BTK-01 and
remibrutinib [110,120,121].

CHMFL-BTK-01 only bound to Btk (IC50 of 4.7 nM) but not any other kinase in a panel
of 468 kinases [121]. Additionally, in biochemical assays it did not affect Bmx, EGFR and
Jak3 kinase activity. Since oral CHMFL-BTK-01 did not show absorption, this compound
was not further followed up.

Towards the development of remibrutinib prototypes were found which showed an
excellent Btk- selectivity including several Cys-containing kinases [119]. Further chemical
modifications to optimize Btk-binding and PK and PD properties eventually led to the
development of remibrutinib [120].

The atomic details of remibrutinib binding to Btk were revealed by X-ray structure
analysis. Specific moieties of the compound bound to the kinase hinge region, to the
side-chains of amino acids forming the H3-pocket in the inactive conformation of Btk, and
covalently to Cys-481 (Figure 3C) [110,120].

Remibrutinib inhibited in biochemical assays very potently Btk (IC50 1.3 nM) [120].
For the determination of kinase selectivity, binding constants (Kd) in a competition bind-
ing assay were measured for a set of Cys-containing kinases instead of IC50 values in
biochemical enzyme assays, since they were found to be time-dependent and less valid.
Remibrutinib showed very potent affinity to Btk with a subnanomolar Kd of 0.63 nM and
with a selectivity of 175-fold over Tec (Kd of 110 nM) and 857 fold over Bmx (Kd of 540 nM).
Remibrutinib did not show any binding to Itk, EGFR, ERBB2, ERBB4, and Jak3 up to 10 uM.
Remibrutinib was the only covalent inhibitor showing a high selectivity for Btk over Tec.
The other irreversible covalent Btk-inhibitors tested (ibrutinib, acalabrutinib, tirabrutinib,
evobrutinib, and branebrutinib) showed either no or even less selectivity for Btk over Tec.
The affinity of remibrutinib was similarly high to that of branebrutinib, and its affinity
for Btk was 3-fold higher than of ibrutinib and by factor >20 higher than for the other
BTKi. The high Btk-selectivity of remibrutinib was confirmed by cellular assays including
primary human cells. In vitro, remibrutinib showed a dose-dependent kinetic of binding
to cellular Btk in human blood, and a Btk occupancy >90% was reached after incubation
with 100 nM for 100 min.

PK and PD data are so far available only in animal models (rats, mice, dogs) [120].
Here, oral remibrutinib exhibited a rapid and sustained Btk engagement and fast clearance
which limits systemic exposure. Oral remibrutinib (3 mg/kg) reached rapidly (0.3-0.8 h
post dose) maximal plasma concentrations (ranging from 19 nM and 148 nM in the three
species). It was rapidly eliminated (t1/2 0.5-1 h), mainly due to a high hepatic clearance in
mice and dog (90%) and showed a low volume of distribution. In rats, a Btk occupancy
of 90% was reached in spleen homogenates 5 h after oral dosage of 1.6 mg/kg. Doses
of 3 mg/kg, 10 mg/kg and 30 mg/kg remibrutinib were effective in the rat model of
collagen-induced arthritis. Efficacy correlated with Btk-occupancy in the spleen.

Remibrutinib is currently in phase 2 clinical studies for chronic spontaneous urticarial
(CSU) and Sjoegren’s syndrome [122].

Based on the reported PD properties in blood, remibrutinib is expected to inhibit Btk-
mediated platelet signaling in whole blood with high potency and with a Btk-selectivity
similar to fenebrutinib.
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4. Bleeding After BTKi Treatment and Underlying Mechanisms
4.1. Bleeding Events in Patients with B-Cell Malignancies Treated with Irreversible BTKi

Bleeding events are frequent in patients with B-cell malignancies treated with irre-
versible BTKi, not only with ibrutinib but also the 2nd generation BTKi acalabrutinib,
zanubrutinib and tirabrutinib (Table 1) [123,124]. The % values of patients with bleeding
events shown in Table 1 are based on the prescribing information of these BTKi, and are
likely to be drug-related. This is important, since many patients with CLL and MCL show
bleeding independent of BTKi intake (see below and Section 4.2).

Of 2838 patients who received ibrutinib in 27 clinical trials 39% of patients had grade
1 and 2 bleeding events such as bruising and petechiae [72]. Major hemorrhage (> Grade 3,
such as intracranial hemorrhage, gastrointestinal bleeding, hematuria, and post procedural
hemorrhage) occurred in 4% of patients, with fatalities occurring in 0.4% of patients
who received ibrutinib in 27 clinical trials. Additionally, patients with cGVHD showed
frequently bruising (40%) and hemorrhage (26%) associated with ibrutinib therapy [72].

An integrated analysis of 15 clinical studies of patients with CLL and MCL (n = 1768)
on full dose ibrutinib therapy including 4 randomized clinical trials shows that the in-
terpretation of incidence numbers of minor (grade 1,2) and major (grade > 3) bleeding
events attributed to ibrutinib treatment (and possibly other BTKi) requires caution [125].
Minor and major bleeding occurred in 35% and 4.4%, respectively, of patients on ibrutinib,
but also in 15% and 2.8%, respectively, in the comparator-treated patients in randomized
clinical trials. Of note, use of anticoagulants and/or antiplatelet drugs in this analysis was
common (~50% of patients) and had an increased exposure-adjusted relative risk (RR) for
major bleeding that was similar in the total ibrutinib-treated population (RR 1.9) and the
comparator-treated patients (RR 2.4) in randomized clinical trials [125].

The risk of minor bleeding decreases with continued ibrutinib therapy. Whereas
ibrutinib-associated risks of minor bleeding events plateaued by 6 months [126], the
cumulative incidence of the first major hemorrhage plateaued much later, at 100 weeks [125].
Early low-grade bleeding was not associated with major hemorrhage [125].

Of 1029 patients with CLL and MCL who received acalabrutinib 22% of patients had
bleeding events of any grade but not counting bruising and petechiae [82]. If petechiae are
included, 31% of patients with MCL on acalabrutinib had bleeding events [127], and in a
long-term follow-up study 42% of patients with CLL treated with acalabrutinib had contu-
sions [83]. Major hemorrhage (> Grade 3, such as intracranial hemorrhage, gastrointestinal
bleeding, hematuria, and post procedural hemorrhage) occurred in 3% of patients, with
fatalities occurring in 0.1% of patients who received acalabrutinib.

In patients with MCL treated with zanubrutinib bleeding events of any grade, includ-
ing purpura and petechiae, occurred in 50% of patients. Grade 3 or higher bleeding events
including intracranial and gastrointestinal hemorrhage, hematuria, and hemothorax have
been reported in 2% of patients treated with zanubrutinib monotherapy [84].

Concerning tirabrutinib, the patient cohorts are very small. Bleeding events grade
1 and 2 were observed in two clinical studies of treated patients with MCL (n = 16) and
CLL (n = 28). The reported frequency of petechiae and purpura was 38% in the MCL study,
and the frequency of all grades of bleeding (mostly bruising, petechiae, purpura) was 36%
in the long-term 3 year follow-up CLL study [128,129]. Only one grade 3 bleeding event
(3.6%; hematoma) occurred in the CLL study. Thrombocytopenia was reported only in the
MCL study (44%). Surprisingly, a phase I study of tirabrutinib treatment (160 mg, 320 mg,
or 480 mg QD, or 300 mg BID; mean duration 161 days) of patients (n = 17) with relapsed
or refractory B-cell malignancies in Japan reported no bleeding events, thrombocytopenia
occurred in only 2 patients [130].

Interestingly, less low grade (grade 1-2) skin bleeding events (n = 3, 6.8%) were
reported for patients with primary central nervous system lymphoma (PCNSL) (n = 44)
treated with tirabrutinib (320 mg QD, 489 mg QD). However, grade > 3 bleeding events
were apparently more frequent (n = 4, 9%) (intracranial hemorrhage, subdural hematoma,
hematuria) [88].
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Thus, the frequencies and profiles of grade 1 and 2 bleeding side effects during therapy
of B-cell malignancies with ibrutinib, acalabrutinib, zanubrutinib and tirabrutinib were
similar. As compared with the 2nd generation irreversible BTKi, treatment with ibrutinib
shows, however, a higher rate of major (grade > 3) and fatal bleeding.

Since ibrutinib, acalabrutinib, and zanubrutinib intake is associated with atrial fib-
rillation of all grades in 6.5% (6-16%), 4.1%, and 2% of patients, respectively [82,84,131],
patients are often treated with anticoagulants to prevent thromboembolism. For tirabruti-
nib, atrial fibrillation has not been reported, but the patient numbers in the studies were
too small to detect this uncommon adverse event [88,129].

Use of either anticoagulant or antiplatelet agents concomitantly with ibrutinib in-
creases the risk of major hemorrhage. Major bleeding observed in 3.1% of 2838 patients
on ibrutinib (without antiplatelet drugs or anticoagulants) was increased by the addi-
tion of antiplatelet therapy with or without anticoagulant therapy to 4.4%, and by the
addition of anticoagulant therapy with or without antiplatelet therapy to 6.1% [72]. Anal-
ogous observations were made for the 2nd generation irreversible BTKi, and, hence, the
ibrutinib, acalabrutinib and zanubrutinib prescribing information cautions that the co-
administration with antiplatelet or anticoagulant medications may further increase the
risk of hemorrhage [72,82,84]. Further it is recommended to consider the benefit-risk
of withholding the BTKi 3-7 days pre- and post-surgery depending upon the type of
surgery and the risk of bleeding.

The treatment with these BTKi also leads frequently to thrombocytopenia, that may
be a risk factor for low grade bleeding in patients with CLL and MCL as shown for
ibrutinib [125].

4.2. Disease-Related Mechanisms of Bleeding

Patients with B-cell malignancies have an intrinsic increased risk for bleeding based
on low platelet counts, coagulation disorders, and other comorbidities possibly affecting
vascular permeability [125]. Furthermore, CLL lymphocytes express the ectonucleotidase
CD39 degrading extracellular ADP and thus reducing platelet aggregation [132]. This
might explain why without ibrutinib treatment primary hemostasis measured with the
PFA (epinephrine-collagen cartridge) was prolonged in 25% of patients with CLL [126].
Moreover, inflammation in combination with thrombocytopenia leads to loss of vascular
integrity and localized hemorrhage which might contribute to the skin bleeding events
(grade 1 and 2) observed during treatment of B-cell malignancies with all irreversible BTKi
and ibrutinib therapy of cGVHD [133].

Patients treated with different irreversible BTKi for other diseases have not expe-
rienced bleeding, however these BTKi have not yet been tested in larger cohorts. For
evobrutinib, given in a placebo-controlled trial to 107 patients with MS either at a dosage of
70 mg QD or 70 mg BID for 24 weeks, not a single bleeding event had been reported [101].
Additionally, in a summary of a trial of rheumatoid arthritis given to 293 patients at dosages
of 20 mg QD, 50 mg BID and 75 mg QD for 12 weeks bleeding was not mentioned [100].

Additionally, tolebrutinib, a BTKi candidate for MS, sdid not show bleeding in a phase
1 study of human volunteers taken at increasing doses (7.5-90 mg QD) for 10 days [104].

4.3. Platelet-Dependent Mechanisms of Bleeding after Treatment of Patients with B-Cell
Malignancies with Irreversible BTKi

The high rate of minor bleeding events was similar after treatment of B-cell malig-
nancies with the various irreversible BTKi. Although the BTKi show markedly different
potencies for inhibition of Btk in vitro that correlate well with their potencies for platelet
inhibition, their effects on platelet activation in blood and PRP do not differ substantially
when their differences in plasma exposure are considered [8,13,40,41]. It is obvious and has
been emphasized that it is important to compare the potency (IC50 in the platelet assay)
of each drug with the observed clinical plasma drug plasma concentrations [40]. For all
irreversible covalent BTKi but not for the reversible BTKi fenebrutinib, prolonging the
pre-incubation time with blood increased the inhibitory effects [13,41]. As shown in Table 2,
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the Btk-dependent platelet aggregation in blood after FcyRlla stimulation or low degree
GPVI stimulation was inhibited by much lower concentrations than the antiproliferative
plasma concentrations of clinically approved irreversible BTKi (ibrutinib, acalabrutinib,
zanubrutinib, tirabrutinib). It is likely that irreversible BTKi at the high doses required for
clinical efficacy will produce off-target effects on platelets.

For example, a plasma concentration of 0.3 uM ibrutinib reached after antiproliferative
dosage engages completely cellular Btk in human blood within 75 min [120], and will
completely and irreversibly inhibit Btk in anucleate platelets for their life time (8-9 days),
since these cells lack de novo enzyme synthesis. It is then also to expect that platelet Btk is
inhibited in vivo by intake of very low doses of ibrutinib. Although platelet Btk occupancy
in blood after ibrutinib intake has not been measured, it was shown that platelet aggregation
stimulated by low collagen concentrations in blood was completely inhibited in vitro by
100 nM ibrutinib [41] and after intake of only 140 mg ibrutinib QD on alternate days for
1 week ex vivo [8], a dosage which is 6-8 times lower than the antiproliferative dosage [8].
Additionally, a single dose of 280 mg ibrutinib caused inhibition of Btk-dependent platelet
aggregation in response to FcyRlIla, GPIb and low degree GPVI stimulation that was
sustained for 2 days. Suppression of platelet dense granule secretion was even decreased
up to 7 days after drug intake [13].

It follows that the antiproliferative dosage of ibrutinib is far higher than needed for
platelet Btk inhibition. Moreover, pre-systemic drug exposure of platelets in the portal
circulation might be due to the high hepatic extraction of ibrutinib (84%) [76] which is
several-fold higher than the systemic exposure and will further contribute to off-target
effects on platelets. High intra-platelet drug concentrations will lead to irreversible off-
target inhibition of Tec. In addition, even higher intra-platelet ibrutinib levels might cause
reversible inhibition of platelet Src-kinases (Lyn, Fyn, Yes) causing impaired integrin «IIb33
signaling leading to decreased platelet adhesion to fibrinogen and thrombus instability
in treated patients (see Section 3.1.1). This could be related to the higher rate of fatal and
grade > 3 bleeding events in patients treated with ibrutinib as compared to 2nd generation
irreversible BTKi.

As shown in Table 2 the potency of the various irreversible BTK inhibitors to inhibit
Btk-dependent platelet stimulation by GPVI- and FcyRlIla-activation in blood was different,
and also the plasma concentrations of the 2nd generation BTKi acalabrutinib, zanubrutinib
and tirabrutinib after antiproliferative dosage largely exceed the concentrations needed
to inhibit in blood Btk-dependent platelet aggregation. Since all these BTKi demonstrate
in biochemical assays off-target inhibition of Tec (see Sections 3.1.2-3.1.4), they might at
therapeutic concentrations also cause irreversible Tec-inhibition in platelets that could
contribute to the frequent grade 1 and 2 bleeding events observed during treatment of
B-cell malignancies. Such an interpretation is also consistent with the results that in vitro an
increase of the concentrations of these BTKi increased the in vitro bleeding time as assayed
with the PFA [120]. Inhibition of both Btk and Tec will lead to complete GPVI-inhibition [35]
as observed after antibody inhibition of GPVI [134] that also increases PFA closure time [53]
and is likely to be associated with a latent or minor bleeding tendency [50] (see Section 2.1).

The less frequent grade > 3 bleeding events after therapy with these 2nd generation
BTKi as compared to ibrutinib could be related to their lack of inhibition of platelet Src-
kinases (see Sections 3.1.2-3.1.4). An additional reason could be the high treatment dosage
of ibrutinib, higher than pharmacodynamically required. An ibrutinib dosage of 2.5 mg/kg
QD was found to result in >95% Btk occupancy in PBMC, but higher doses (420 mg and
560 mg QD for CLL and MCL, respectively, corresponding to 6 mg/kg and 8 mg/kg QD
for a person of 70 kg) were selected for treatment, also based on the safety and tolerability
the drug [75]. Recent retrospective and pilot studies show comparable outcomes in patients
with CLL on reduced dose (280 mg QD, 140 mg QD) or reduced frequency dosing of
ibrutinib [135-139]. In one study even the lowest dose (140 mg/d) was sufficient to occupy
>95% of Btk in PBMC [136]. Future studies will show, whether bleeding events are reduced
with lower ibrutinib doses.
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Co-administration of an antiplatelet drug or anticoagulant increases the risk of hemor-
rhage (including bleeding events grade > 3) in patients with B-cell malignancies treated
with ibrutinib and 2nd generation BTKi [72,82,84]. This is not surprising, since GPVI-
inhibition by anti-GPVI antibodies in combination with aspirin increased the inhibition
of platelet and fibrin deposition on collagen in humans in vitro under flow and increased
bleeding in mice in vivo [51,140]. Additionally, in a mouse model of inflammatory hem-
orrhage, ibrutinib, which inhibited GPVI-mediated platelet activation without affecting
primary hemostasis, showed prolonged bleeding time only in combination with platelet
P2Y12 ADP receptor deficiency [52].

4.4. No Bleeding in Clinical Trials with Reversible BTKi

Treatment of patients with B-cell malignancies with reversible BTKi might not be
associated with bleeding as a small phase 1 study with fenebrutinib in B-cell malignancies
(n = 24) suggests. In this study only two grade 3 bleeding events (both gastrointestinal
hemorrhage) were observed, which were possibly related to the intake of acetylsalicylic
acid (ASA) or non- steroidal anti-inflammatory drugs (NSAIDs) by these patients [69].

Patients treated with reversible BTKi for autoimmune diseases do not show bleeding
events. Patients with RA treated for 12 weeks with BMS-986142 (see Section 3.3.1) which in
kinase assays at 20 fold higher IC50 concentrations also inhibits Tec did not show bleeding
events, even in the highest dosage group (350 mg QD, n = 26). This dosage reaches maximal
plasma concentrations of 1.78 uM, and a complete Btk-occupancy which was sustained for
the dosing interval (see Section 3.3.1). Platelet effects of this potent reversible BTKi have
not been studied.

Similarly, a phase 2 trial of RA patients (n = 578) for 12 weeks with fenebrutinib did
not show increased bleeding events, also at higher dosages (150 mg QD, 200 mg BIS) which
were required for clinical efficacy [49]. Additionally, in a recent summary of the results
of a trial in SLE patients (n = 260) treated with the same high doses of fenebrutinib for
48 weeks no bleeding was noted [112]. Plasma Cmax of 600 nM reported after intake of
150 mg BID by human volunteers [111] are 12-fold higher than the concentrations which
suppress completely Btk-dependent platelet aggregation in blood (50 nM) [13] (Table 2).
Due to the lack of effect of fenebrutinib on Tec kinase [79] bleeding is not to be expected
(see Section 4.3). In support even very high concentrations of fenebrutinib (up to 1 uM) did
not increase bleeding time in vitro [13] (Table 2).

Additionally, for the reversible covalent rilzabrutinib, which shows positive data in
trials of pemphigus and ITP, increased bleeding events have not been reported despite of
very low platelet counts of ITP patients [116] (see Section 3.4) This might be explained by
the absence of a drug effect on platelets by the applied dosage (see Section 3.4).

5. Conclusions

There are large differences between the BTKi regarding their mode of action, poten-
cies, kinase selectivity, PD and PK properties, targeted disease, and bleeding side effects.
Patients with B-cell malignancies treated with ibrutinib and the 2nd generation irreversible
BTKi acalabrutinib, zanubrutinib and tirabrutinib show a high incidence of grade 1 and 2
bleeding events. It is likely that therapeutic concentrations of these BTKi ibrutinib, acal-
abrutinib, zanubrutinib and tirabrutinib inhibit in platelets irreversibly Tec in addition
to Btk and thus strongly suppress GPVI signaling. Although strong GPVI inhibition per
se might not cause bleeding, hemorrhage might occur in combination with other factors
(i.e., thrombocytopenia, inflammation, co-treatment with antiplatelet drugs and antico-
agulants). The low frequency of minor bleeding events of patients with PCNSL treated
with tirabrutinib underlines the role of the systemic manifestation of B-cell malignancies
in causing bleeding.

Branebrutinib, a very potent irreversible covalent BTKi with special PK and PD
properties and off-target inhibition of Tec, is at present in a RA trial. No bleeding events
were reported in a phase 1 study by participants who received branebrutinib at increasing
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dosage for 14 days (Section 3.1.5). In contrast, the recent phase 1 study of healthy volunteers
with the novel very potent BTKi BI 705564 which also inhibits Tec showed mild bleeding-
events, increased skin bleeding time and PFA closure time (Section 3.1.6). Thus, the reason
for the different effects on bleeding in healthy volunteers by these two irreversible BTKi is
unlikely to be off-target Tec inhibition.

Remibrutinib, a very potent irreversible covalent BTKj, is highly selective for Btk and
barely inhibits Tec. Its effects on platelets are unknown. No PK and PD data in human
volunteers are available. Based on the reported PD properties in blood, remibrutinib is
expected to inhibit Btk-mediated platelet signaling in whole blood with high potency.
Remibrutinib is currently in phase 2 clinical studies for chronic spontaneous urticaria (CSU)
and Sjogren syndrome.

Evobrutinib and tolebrutinib are 2nd generation irreversible BTKi with off-target
inhibition of Tec. For evobrutinib, no bleeding has been reported in two clinical trials (MS,
RA). Evobrutinib inhibits in vitro similar to the other irreversible BTKi GPIb-, GPVI- and
FeyRlla-stimulated platelet aggregation in blood, albeit at high micromolar concentrations,
which can, however, be explained with its low potency to inhibit Btk. Since no PK and
PD data are available in humans, no firm conclusions can be drawn of possible platelet
effects in vivo after application of therapeutic concentrations of evobrutinib. It can be
hypothesized that the absence of bleeding events in the two trials may be due to the
different diseases targeted (MS, RA)

Patients treated with reversible BTKi (BMS-986142, fenebrutinib) did not show bleed-
ing events in clinical trials. Since BMS-986142 in contrast to fenebrutinib has off-target
activity on Tec, it seems that a possible reversible platelet Tec inhibition may not cause
bleeding side effects. Fenebrutinib might be considered as safer, since it did not show grade
1-2 bleeding events in the CLL trial, and even at very high concentrations did not increase
bleeding in vitro (Section 3.3.2).

Summing up, for many BTKi which are or will be in clinical trials their effects on
platelets are not known. It is not clear, whether off-target inhibition of Tec as found
in in vitro kinase assays might be related to bleeding. A recent study shows that BTKi
have differential impact on the conformational state of full-length Btk [141]. Whereas
ibrutinib binding had long-range allosteric effects on the SH2-and SH3- regulatory domains
changing their conformation towards an activated state of the protein, fenebrutinib and
another covalent irreversible BTKi (CC-292, spebrutinib) did not show these conformational
changes. It can be hypothesized that the BTKi which affect the conformation of regulatory
domains of Btk will enable the protein to interact with and inhibit other proteins/ enzymes
important for platelet responses that prevent bleeding. In support, fenebrutinib does not
elicit bleeding, and in a phase 1 study of patients with CLL treated with spebrutinib, only
8% of patients showed mild bleeding events [142]. This BTKi was not followed up further
due to its inferior clinical activity in B-cell malignancies.

The development of future BTKi might take into consideration their possible effects
on platelets, and include studies of platelet aggregation (MEA) and closure time (PFA) in
blood (as described in this review, such as Table 2) after prolonged exposure to therapeutic
concentrations of BTKi in vitro and/or after oral intake ex vivo. Inhibition of platelet aggre-
gation could be exploited for possible therapeutic applications of BTKi (atherothrombosis,
venous thrombosis, HIT; Section 2), whereas the measurement of closure time might help
to estimate their probability to elicit bleeding side effects in vivo.
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