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Summary

Bruton’s tyrosine kinase (BTK) is a crucial part of the B-cell
receptor signaling pathway that has been extensively studied in
various types of malignancies. Recent studies have extended our
knowledge on its role in metabolism as well as neurological
disorders. It may play an important role in the pathophysiology
of neurological diseases, such as multiple sclerosis, Alzheimer’s
injury,
inflammasomes, mainly NLRP3, is one of the core mechanisms by

disease, brain and several others. Activation of
which it promotes inflammation in the brain related to aging and
diseases. In this paper, we provide an overview of the less
explored roles of BTK in several brain diseases and discuss the
potential of its inhibition to become a therapeutic target for

neurological diseases.
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Background

Bruton’s tyrosine kinase (BTK) is a 659 amino
acid-long protein belonging to one of the five members of
the Tec family. It facilitates B-cell receptor signaling,
which is responsible for all aspects of the B-cell life
cycle, including proliferation, maturation, and apoptosis
[1]. It is expressed in blood stem cells, hematopoietic
cells, macrophages, microglia, neutrophils and mast cells
but not in T and plasma cells [2]. Mast cell and basophil
Fc receptor (FcR) signaling as well as macrophage FcR
signaling are also regulated by BTK. Downstream
signaling stimulates the expression of proinflammatory
cytokines, chemokines, and cell adhesion molecules
when BTK is activated through Fc and FcRs [3].
Mutation of the BTK gene in X-linked
agammaglobulinemia (XLA) in humans, which is a rare

results

immunodeficiency that prevents the development of
mature B lymphocytes, leading to agammaglobulinemia.
Owing to its key role, BTK has become a very appealing
pharmacological target for autoimmune and inflammatory
disorders, chronic lymphocytic leukemia, mantle cell
B-cell
Interestingly, a recent clinical trial indicated that BTK

lymphoma, and other malignancies [4].
inhibition decreases disease flares in multiple sclerosis
patients [5], but the evidence for the role of BTK in

autoimmune and inflammatory disorders is sporadic [6].
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BTK structure and its inhibitors

Structurally, BTK consists of five domains,
starting from the N-terminus toward the C-terminus: the
pleckstrin homology (PH) domain, the proline-rich Tec
homology (TH) domain, the sarcoma (Src) homology
(SH) domains (named SH3 and SH2), and the catalytic
domain. The PH domain promotes protein-phospholipid
and protein—protein interactions, while the TH domain
contains a zinc finger motif that is essential for protein
stability and function. The catalytic domain's Tyr551 and

irreversible inhibitors, while the SH2 and SH3 domains'
Tyr223 is the autophosphorylation site [7].

On the basis of the mechanism of action, BTKi
can be divided into two categories: 1) irreversible
inhibitors, which bind to the Cys-481 residue of BTK,
and 2) reversible inhibitors, which bind to some specific
pockets of the SH3 domain (Fig. 1.) [8]. All existing
BTKi that can be found on the market are irreversible
inhibitors, although some reversible inhibitors have been
patented and are currently under preclinical or clinical
investigation for autoimmune diseases such as MS [9,10].

Cys481 phosphorylation sites are the targets of
C481
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Fig. 1. Structure of BTK and its interactions with other genes. BTK consists of 659 amino acids and contains five domains, from the N-
terminus to the C-terminus; the domains are listed as the pleckstrin homology (PH) domain, proline-rich Tec homology (TH) domain,
Src homology (SH) domain SH3, SH2, and catalytic domain. Four approved BTK inhibitors by the FDA mainly target the catalytic domain
of BTK. Irreversible BTK inhibitors bind to C481, while reversible BTK inhibitors do not bind to C481, such as fenebrutinib, which forms

hydrogen bonds with K430 and M477.

Irreversible inhibitors

All the inhibitors currently approved by major
regulatory agencies are irreversible inhibitors of BTK; the
first inhibitor, known as ibrutinib, was approved in 2013.
Later, acalabrutinib and zanubrutinib were approved in
2017 and 2019, respectively. In Japan, tirabrutinib is
approved by the Pharmaceutical and Medical Device
(PMDA,
Waldenstrom macroglobulinemia,

Agency Japan) for the treatment of
lymphoplasmacytic
lymphoma, and beta cell lymphoma. In December 2020,
the Chinese Food and Drug Administration gave its first
approval for orelabrutinib to be used in mantle cell
lymphoma, chronic lymphocytic leukemia, and small

lymphocytic lymphoma in China for recurring treatment.

The currently available inhibitors not only
inhibit BTK but also block other kinases with Cys-481-
like residues, such as Tec, IL-2-inducible tyrosine kinase
(ITK), and B-lymphoid tyrosine kinase (BLK) [11]. Such
a lack of selectivity results in a high occurrence of several
adverse effects, such as fever, edema, diarrhea, and
bleeding.

The ICso of the irreversible BTKi generally
ranges in the low nanomolar range. There are 4 major
sites for irreversible binding of BTKi: i) a large
hydrophobic group, ii) an aromatic heterocyclic nucleus,
i) a warhead terminal group, and iv) a linker. The linker
generally connects the warhead terminal group to the
aromatic heterocyclic nucleus, facilitating a covalent
bond with Cys481 [12,13].
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- First generation of irreversible BTKi

Ibrutinib (formerly PCI-32765) is an irreversible
selective small molecule BTKi with the ability to form
a covalent bond with Cys-481 in the ATP-binding
domain of BTK, resulting in an ICs, of 0.5 nM [14].
Ibrutinib was first approved in the USA for use in
refractory mantle cell lymphoma in 2013 [15], chronic
lymphocytic leukemia in 2014 [16], Waldenstrom's
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Ibrutinib possesses a risk of adverse effects such

as  diarrhea,  fatigue, bleeding (hemorrhage),
hyperlipidemia, ventricular arrhythmia, atrial fibrillation
and atrial flutter. It may also cause a decrease in blood
cell count. It has been shown that most of its adverse
effects are between grade 1 and 2, but grade 3 may
develop in approximately 2 % of patients [20]. In a long-
term phase 3 study of ibrutinib in patients with
relapsed/refractory CLL/SLL over 71 months, 16 % of
patients experienced an adverse effect of either grade and
had to discontinue ibrutinib [21]. A major toxicity of
ibrutinib is bleeding, which occurs due to prevention of
platelet aggregation and inhibition of glycoprotein VI
(GPVI]) with  X-linked

agammaglobulinemia [22].

signaling in  patients

- Second generation of irreversible BTKi
Despite the remarkable efficacy of the first
generation, their adverse effects and disease resistance to
treatment made the urge to consider beyond ibrutinib.
These obstacles led to the development of more specific
BTKi, which resulted in development of the second

(‘ EGFR »

macroglobulinemia in 2015 [17],

lymphoma [13], chronic graft-versus-host disease and

marginal zone
allogeneic hematopoietic cell transplantation (allo-HCT)
in 2017 [18]. Ibrutinib blocks both BTK and the Tec
family of kinases. These kinases possess major roles in B
and T-cell signaling along with their involvement in the
platelet activation pathway via
glycoprotein VI (Fig. 2.) [19].

collagen receptor

Fig. 2. Actions of ibrutinib on different cell types.
Ibrutinib inhibits the phosphorylation of BTK,
thereby inhibiting the activation of downstream
signaling pathways (solid black lines). Ibrutinib
shows off-target effects through the inhibition of
additional kinases, including Tec, ITK, and EGFR.
BTK, Bruton tyrosine kinase; EGFR, epidermal
growth factor receptor; GpvI, glycoprotein VI; ITK,
interleukin-2-inducible T-cell kinase; TEC, tyrosine
kinase expressed in hepatocellular carcinoma.

generation.

Acalabrutinib and zanubrutinib are second-
generation BTK inhibitors that were approved by the
Food and Drug Administration (FDA) in July 2020 and
by the European Medicines Agency (EMA) in November
2021,
Calquence® and Brukinsa®, respectively, and are used to
treat types
lymphocytic leukemia, mantle cell lymphoma, marginal

respectively. These drugs are marketed as

various of cancers, such as chronic
zone lymphoma, and Waldenstrom macroglobulinemia.
They are preferred over the first-generation drugs because
of their better safety profile and higher efficacy [23-25].
In a comparative clinical study, zanubrutinib showed
better efficacy and lower cardiac toxicity than first-
generation BTKi [26]. Acalabrutinib binds to Cys-481,
similar to ibrutinib, but with improved selectivity and
fewer adverse effects. In a comparative clinical trial in
patients with non-Hodgkin lymphoma (NHL) with
found that

acalabrutinib does not inhibit Src family kinases, which

ibrutinib and acalabrutinib, it was

play a major role in platelet adhesion to collagen [27,28].
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Reversible inhibitors

Noncovalent (reversible) BTKis have a number
of benefits over the currently approved covalent
inhibitors due to their better safety profile. Noncovalent
inhibitors can also be useful where malignant cells have
developed resistance against ibrutinib treatment, as they
can bind to C481S and C481R BTK variants and induce
potential treatment effects. Along with drug resistance,
reversible inhibitors exhibit fewer adverse effects owing
to their modified chemical structures, which are different
from the irreversible BTKi, and can effectively prevent
whole blood beta-cell activation [29].

In this thorough analysis, twelve BTKi (Table 1)
approved or currently being investigated in clinical trials
are discussed. Special attention was given to their BTK-

selectivity, pharmacokinetic and pharmacodynamic
characteristics, disease targeting characteristics, adverse
effects such as bleeding, and effects on platelets.

The discovery of further reversible inhibitors
will depend on many factors, such as an enhanced
selectivity profile, reduced adverse effects and higher
potency than others [30].

BTK in the signaling of immune cells

BTK is a member of the Tec family of
nonreceptor protein tyrosine kinases, which are involved
in the signaling pathways of various immune cells, such
as B cells and myeloid cells (including microglia,
macrophages, monocytes, mast cells, basophils,

Table 1. BTK inhibitors (BTKi) approved or currently being investigated in clinical trials.

Compound No of Clinical Trials Target Disease Mode of inhibition
Irreversible
ibrutinib 404 (83 recruiting, 116 CLL, GvHD, MCL, MZL, WM Covalent (Cys-481)
completed, 33 terminated, 18
withdrawn, 13 not yet
recruiting
acalabrutinib 149 (65 recruiting, 26 CLL, MCL Covalent (Cys-481)
completed, 5 terminated, 5
withdrawn)
zanubrutinib 95 (49 recruiting, 21 MCL Covalent (Cys-481)
completed, 14 not yet
recruiting)
tirabrutinib 11 (2 recruiting, 6 completed, 1 LPL, PCNSL, WM Covalent (Cys-481)
withdrawn)
branebrutinib 8 (7 completed) SS, SLE Covalent (Cys-481)
remlIbrutinib 10 (3 recruiting, 1 terminated) CSU, SS Covalent (Cys-481)
evobrutinib 18 (11 completed, 1 recruiting, MS Covalent (Cys-481)
3 terminated)
tolebrutinib 9 (2 completed, 1 recruiting)  MS Covalent (Cys-481)
Reversible
BMS-986142 7 (6 completed, 1 terminated) RA Reversible SH3 domain
rilzabrutinib 9 (2 completed, 6 recruiting, | TP, Pemphigus Reversible SH3 domain,
terminated) transient
covalent (Cys-481)
BIIB068 1 (completed) SLE Reversible SH3 domain
SHR1459 11 (2 recruiting, 3 completed, 1 Different autoimmune diseases, Reversible SH3 domain
withdrawn, 4 not recruiting) Lymphoma
fenebrutinib/GDC0853 9 (4 completed, 1 terminated, 4 LL, Lymphoma, Progressive ~ Reversible SH3 domain

recruiting)

MS, RMS, SLE, Urticaria

CLL: Chronic lymphocytic leukemia; CSU: Chronic spontaneous urticaria; GvHD: Graft-versus-host disease; ITP: Immune
thrombocytopenia; LL: Lymphocytic Leukemia; LPL: Lymphoplasmacytic lymphoma; MCL: Mantle cell lymphoma; MS: Multiple sclerosis;

MZL: Marginal zone Ilymphoma; PCNSL: Primary central

nervous system lymphoma; RA: Rheumatoid arthritis; RMS:

Rhabdomyosarcoma; SLE: Systemic lupus erythematosus; SS: Sjégren syndrome; WM: Waldenstrém macroglobulinemia
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neutrophils, and dendritic cells). Other members of the
Tec family include IL-2-inducible T-cell kinase, resting
lymphocyte kinase, TEC, and bone marrow-expressed
[31].
a key feature of Tec family proteins, allowing them to

kinase The presence of a PH domain is
bind to phosphoinositides, such as phosphatidylinositol
(3,4,5)-trisphosphate  (PtdIns(3,4,5)P3), in the cyto-
plasmic leaflet of the plasma membrane. When the
membrane phosphoinositide concentration increases due
to receptor activation, Tec kinases are recruited to the
they
downstream signaling molecules. The PH domain is

plasma  membrane, where phosphorylate
essential for controlling downstream effectors that
growth,

survival, and apoptosis [32-34].

regulate  cell differentiation, metabolism,

BTK plays a critical role in the development and
maturation of B cells in various parts of the body,
including the bone marrow, secondary lymphoid tissues,
and the periphery. It regulates the transition of pre-B cells
into immature B cells by controlling the proliferation of
large pre-B cells induced by IL-7, as well as their

transition from cycling to resting states [35,36]. In

ITAM
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in BTK can X-linked
agammaglobulinemia (XLA), which affects B-cell and

humans, mutations cause

plasma cell levels in the blood. XLA patients typically
have a significant reduction in circulating B cells, with
less than 2 % of total lymphocytes being B cells [37,38].

Beyond the bone marrow, BTK is involved in
the migration and maturation of B cells in follicles by
regulating integrin gene expression. Furthermore, it
controls the activation and final differentiation of B cells
into plasma cells or memory B cells [39—41].

Aside from its role in B-cell signaling, BTK also
has significant signaling functions in macrophages
through the IgG-specific Fc receptor (FcyR), as well as in
mast cells via the IgE-specific Fc receptor (FceR). BTK
regulates degranulation, the release of histamine and
proinflammatory cytokines, the production of reactive

oxygen species (ROS), and the activation of the

inflammasome in myeloid cells by interacting with these
Fc receptors [42,43].

Fig. 3. depicts the association of BTK in B-cell
receptor signaling.

Fig. 3. Association of BTK in B-cell
receptor signaling. The creation of
a microsignalosome made up of
VAV, phosphoinositide 3-kinases
(PI3K), BTK, leukocyte protein of
65 kDa (SLP65), and phosphor-
lipase C2 (PLC2) is the outcome of
B-cell receptor (BCR) signaling.
BTK is primarily in charge of
activating PLC2, which triggers
an influx of Ca?*, the transcription
factors nuclear factor-KB (NF-KB)
and nuclear receptor of activated T
cells (NFAT), and extracellular
signal-regulated kinase (ERK1 or
ERK2) activation. In addition, BTK
activation causes the Wiskott-
Aldrich syndrome protein (WASP)
to become active, which results in
cytoskeleton alterations linked to
BCR activation. Ak strain trans-
forming (AKT) is triggered by PI3K,
which phosphorylates (P) forkhead

a
®0p.
%000,

box O (FOXO) transcription factors and renders them inactive, independent of Ca?*. AKT releases the BH3-only protein BCL-2 antagonist
of cell death (BAD) from BCL-XL and stabilizes MCL1 by blocking proapoptotic proteins, including AKT. Actin-related protein, B-cell
adapter for PI3K, BCL-2 interacting mediator of cell death. CARD11, protein 11 with a caspase recruitment domain; CIN85, an 85 kDa
CBL-interacting protein; diacylglycerol, glycogen synthase kinase, calcineurin, and immunoglobulin, NF-KB kinase inhibitor, and Ig
(immunoglobulin) IP3, phosphatidylinositol-3,4,5,trisphosphate; IP3R, the IP3 receptor; ITAM, the immunoreceptor tyrosine-based
activation motif; MALT1, the mucosa-associated lymphoid tissue lymphoma translocation protein 1; PDK1, the 3-phosphoinositide-

dependent protein kinase 1; PIP3, the phosphatidylinositol-3,4,5.

Inflammation and autoimmunity as key links
for the action of BTK inhibitors in the brain

Inflammation of the brain (neuroinflammation)

has been established as one of the crucial mechanisms in

brain  diseases, and  molecules  targeted at

neuroinflammation have been of core interest as

therapeutic targets in neurological disorders. It refers to
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the inflammatory reaction generated by cells residing in
the central nervous system (CNS) as well as cells from
outside the CNS, occurring in both the brain and the
spinal cord after an injury or disturbance. Glial cells,
including microglia, astrocytes, endothelial cells, and
peripheral immune cells, such as macrophages, produce
cytokines, chemokines, ROS, and secondary messengers
under inflammatory conditions. These insults can be
either beneficial or harmful, depending on the degree of
responses produced and the type of molecules liberated
[44]. Although a low degree of immune responses has
beneficial roles in brain development and in the
regulation of memory and learning, sustained responses
with a higher degree of neuroinflammation may cause
neuronal damage/apoptosis, neurodegeneration, increased
aging, and anxiety and depression [45,46].

In the brains of patients with Alzheimer’s
disease (AD), for example, abnormal microglial activity
is one of the causes of synaptic loss. In postmortem AD
brains, microglia surrounding amyloid plaques express
IL-1 [47], which is one of the downstream targets in the
BTK-related pathway. In both the mouse and human
brain, the BTK transcript is found at high levels in
microglial cells compared to other cell types [48,49].
Protein levels of BTK are highly expressed in microglia,
while blocking BTK with an experimental inhibitor
(CC-292) or ibrutinib causes a reduction in phagocytosis
Ibrutinib
activation of microglia,

of synaptic structures by microglia [50].
also reduces the overall
a characteristic of inflammatory reactions in the brain, in
AD mouse models [51]. Similarly, targeting microglia
through BTK could hold great potential against multiple
sclerosis (MS) [52].

One of the mechanisms by which BTK induces
neuroinflammation involves activation of the NLRP3
inflammasome. This is the most studied inflammasome in
human diseases and has been shown to be associated with
MS, AD, Parkinson’s disease, obesity, type 2 diabetes,
and atherosclerosis [53]. Activation of NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3) takes place
through its priming by binding of LPS to TLR4, while
cellular expression of the inflammasome is increased
through signaling pathways such as NF-kB signaling
[54]. It controls caspase-1 activation, which is required
for the secretion of IL-1p and IL-18, and has been shown
to control the aging process in the periphery.
Additionally, age-related hippocampal astrogliosis and
inflammation in the CNS and a reduction in the

inflammasome have been reported to reduce age-

associated innate immune activation [55].

Ito et al. (2015) and Jin et al. (2021) showed that
BTK is essential for NLRP3 activation in the context of
[56,57]. The
reportedly had more BTK cells that were negative for

ischemic brain injury infarct region
microtubule-associated protein 2 (MAP2), while these
cells were also positive for active caspase-1 and NLRP3,
suggesting that BTK and inflammasomes are activated in
infiltrating macrophages and/or microglia in the infarct
area [57]. As shown in Btk knockout (KO) mice and
in vitro human and murine cell lines experiments, BTK
NLRP3

a phospho-tyrosine switch that helps in the relocalization

regulates inflammasome activity through
and oligomerization of NLRP3 and promotes full

inflammasome  assembly by  regulating  other
inflammasomes, such as the polymerization of apoptosis-
associated speck-forming protein (ASC). Phosphorylation
of BTK upon NLRP3 activation also suggests that its
kinase activity might be crucial for the NLRP3 activation
process [58]. Phosphorylation of BTK at Tyr223 within
the SH3 domain is necessary for the full activation of
BTK and its downstream signaling, including induction
of the NLRP3 inflammasome, as observed in a murine
models of stress [59]. In a transient middle cerebral artery
occlusion model of ischemic injury, BTK as well as
NLRP3 along with their downstream cytokine IL-1 were
found to be increased. Moreover, BTK was found to be
colocalized with NLRP3

suggesting their joint effects in neuronal injury mediated

in postischemic neurons,

by neuroinflammation [60]. Similarly, in mouse models
of stress, the preclinical efficacy of BTKi has been
to be linked to NLRP3 through the
downregulation of caspase-1 and IL-1f [61]. Although
the current evidence does not link BTK with NLRP3 in
the pathophysiology of MS/AD, it is easy to infer the

reported

same, given the link between NLRP3 and these diseases
[62,63] and taking into account the efficacy of BTKi in
these diseases.

In addition to NLRP3, BTK inhibition affects
several other pathways that regulate immune responses
and inflammatory reactions (Fig. 4.).

BTK and its
disorders

inhibitors in neurological

Multiple sclerosis

MS is a chronic inflammatory disease of the
central nervous system (CNS) that causes persistent
demyelination and neurodegeneration with incompletely
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elucidated etiology or definitive treatment. The myelin
sheaths that encase neurons are harmed in MS by

a complicated interaction of immunological and
neurodegenerative  events. Relapsing-remitting MS
(RRMS), primary progressive MS (PPMS), and

secondary progressive MS (SPMS) are the three main

clinical subtypes of MS. Clinical relapses, during which
immune cells invade the CNS and generate focal lesions
that may be seen by MRI, are a hallmark of RRMS.
Progressive versions of the disease (PPMS and SPMS)
are thought to be more neurodegenerative in nature and to
involve less immune activation and inflammation [64].

Fig. 4. Overview of immuno-
modulatory mechanisms related to
BTK inhibition. When BTK is inhibited
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within the CNS, it has various effects
on the immune system. In B cells,
inhibition of BTK reduces the ability
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matory cytokines through pathways
such as the BCR and TLR pathways.
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microglia.  BTK inhibition  also
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to a decrease in IL-1B production and
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Once, T cells were seen as the main drivers of
the autoimmune response in MS. Autoreactive Thl and
Th17 cells activated in peripheral lymph nodes migrate
into the CNS by crossing the blood—brain barrier, where
they are reactivated. By secreting proinflammatory
cytokines, these cells drive the functions of CNS-resident
cells  (microglia, astrocytes, oligodendrocytes).
Nevertheless, the background of MS pathophysiology is
more complicated and involves more types of leukocytes,
including B cells, T regulatory cells, and myeloid cells.
Previously, B cells had been seen as a relatively uniform
and passive population, which need the help of T cells to
differentiate into plasmablasts and plasma cells secreting
CNS-autoreactive antibodies. However, new emerging
data acknowledge a much broader range of B-cell
functions in MS pathology, including activation of T cells
and autoantigen targeting, production of proinflammatory
(IL-6, factor-a (TNF),
lymphotoxin-o. (LT-a) and granulocyte-macrophage

cytokines tumor necrosis
colony stimulating factor (GM-CSF), generation of
ectopic germinal centers, and antibody production [65].
A recent study highlights the role of B-cell secreted
MS, their

contribution to hallmark features of subpial cortical

products in demonstrating potential

injury, including demyelination, neuronal loss, and

microglial activation. The findings suggest that these
products may activate both resident microglia and
infiltrating macrophages, contributing to acute and
chronic MS lesions. Additionally, the research reveals
a bi-directional interaction between pro-inflammatory
B cells and myeloid cells, potentially propagating CNS
inflammation and injury. Conversely, IL-10 expressing B
cells are shown to promote anti-inflammatory responses,
offering therapeutic opportunities to mitigate CNS-
compartmentalized inflammation. Strategies include
B-cell

interactions or shifting B-cell profiles toward anti-

limiting  pro-inflammatory and myeloid
inflammatory responses. CNS-penetrating BTK inhibitors
have been highlighted as promising therapeutic agents
targeting both B cells and myeloid cells [66].

In line with the importance of B cells in the
pathophysiology of MS, there are observations in human
tissue that suggest that BTK plays a significant role in
MS, particularly in progressive forms of the disease [67].
In patients with RRMS the inhibition of BTK by using
BTK inhibitor reduce the enhancing lesions compared
with placebo group [5].

Several BTK inhibitors have been tested in
preclinical models of MS. Evobrutinib has recently

undergone testing as a monotherapy for RRMS (Table 2).
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Table 2. Summary of findings on clinical and preclinical efficacy of BTK inhibitors in neurological diseases.
Clinical findings
Disease Disease type Clinical finding(s) Ref(s)
Multiple RRMS Tolebrutinib and evobrutinib reduced acute [5,95]
sclerosis inflammation lesions. 66 % of patients
experienced adverse effects after being
treated with 75 mg/day evobrutinib.
SPMS Tolebrutinib reduced the gandolinium [95]
enhancing lesions. 54 % patients experienced
adverse effects, but these were not dose
dependent.
PPMS Fenebrutinib trial ongoing NCT04544449
(clinicaltrials.gov)
Preclinical findings
Disease Preclinical finding(s) Associated mechanism(s) Ref(s)
Aging BTK was overexpressed in Zmpste24—/—  Ibrutinib decreased the levels of p53, p21, [73]
mice (model of aging mice). and p16 (senescence markers).
Ibrutinib reduced anxiety-like behavior
and memory loss in mice.
Alzheimer’s ~ BTK transcript and protein expressions Ibrutinib decreased tau phosphorylation and [50,51,96]
disease were increased in AD brains and were regulated microglial phagocytosis.
associated with synaptic loss.
Ibrutinib improved long-term memory in
5xFAD model of AD.
Brain injury  Ibrutinib reduced the size of cerebral Ibrutinib increased significantly autophagy [56,57]
infarcts, improved neurological deficits, by regulating the PI3K/AKT/mTOR
and mitigated pathological alterations. pathway.
PCNSL The exceptional effectiveness of ibrutinib ~ Blocking of BTK and PI3K/mTOR pathways  [82]
as a standalone treatment in patients with ~ enhanced the effectiveness of ibrutinib
PCNSL that has recurred or does not treatment in cases of human PCNSLs with
respond to other treatments. CD79B mutations.
Stress Inhibition of BTK effectively decreased BTKi attenuated the induction of NLRP3 [59]
the anxious behavior observed in mice inflammasome, Caspase 1 and IL1.
subjected to stress.
Multiple BTKi showed positive effects in BTK:i inhibited B-cell function and promoted ~ [97]
sclerosis remyelination both in vivo and ex vivo anti-inflammatory macrophage
models. differentiation.
ALS In SOD1 G93A mice, BTKi significantly =~ BTKi reduced muscular atrophy, necrosis, [91]
delayed symptom onset, extended and pro-inflammatory cytokine levels and
survival time, and improved motor decreased IBA-1 and GFAP expression. And
function. modulation of mTOR/Akt/PI3K signaling
pathway.
NMOSD BTKi mitigated demyelination, edema, Reduced B-cell activation, maturation, and [90]

axonal injury, and astrocyte—microglia
interaction.

aquaporin-4 autoantibody production were
observed. Transcriptome analysis showed
BTKi downregulated chemokine-related
genes and genes associated with cell
adhesion and migration in microglia.

AD = Alzheimer’s disease; ALS = BTKi = inhibitors of Bruton’s tyrosine kinase; GFAP = glial fibrillary acidic protein; IBA-1 = ionized
calcium-binding adapter molecule 1; NLRP3 = Nucleotide-binding oligomerization domain 3; NMOSD = neuromyelitis optica spectrum
disorder; PCNSL = primary central nervous system lymphoma; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary
progressive multiple sclerosis
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Three doses of evobrutinib (25 mg once daily, 75 mg
once daily, and 75 mg twice daily) were compared to
a placebo or dimethyl fumarate in this double-blind,
randomized phase II clinical trial. A total of 267 people
were enrolled in the trial. The total number of gadolinium
(Gd+)-enhancing
resonance imaging detected at weeks 12, 16, 20, and 24

lesions on TI1-weighted magnetic
served as the primary end point. The expanded disability
status scale alterations from baseline and the annualized
relapse rate were secondary endpoints. Patients who
received 75 mg of ibrutinib once or twice per day showed
a decrease in both the overall number of Gd+ lesions and
ARR, the trial.
significance was observed only for the quantity of

according to However, statistical
Gd+ lesions when placebo and 75 mg of evobrutinib were
compared. In this trial, no change in the expanded
disability status scale was seen. It should be noted that
evobrutinib at moderate and high doses was linked to an
increase in liver aminotransferase levels [5]. Larger trials
are required to fully evaluate the efficacy and safety of
this therapy in MS because of the uncertainties
surrounding the clinical outcomes, dosing regimen, and
potential adverse effects [68—70].

Currently, other two BTKi, tolebrutinib and
fenebrutinib are being investigated in clinical trails

(NCT04458051 and NCT04586010, respectively).

Brain aging, dementia and Alzheimer’s disease

AD is the most common form of dementia,
affecting millions of people globally. It has no definite
treatment options, while the current available therapies
only control the symptoms [45]. Aging is the main risk
factor for dementia-related neurodegeneration and AD,
and changes in the timing or nature of the cellular
hallmarks of normal aging might be key to understanding
the events that convert normal aging into
neurodegeneration [71]. Aging causes shrinkage of the
brain and changes in the vasculature at all levels, from
molecular to cellular to morphological levels, resulting in
cognitive decline [72]. The primary distinguishing
characteristics of AD are the buildup of toxic amyloid
fragments in senile plaques outside of cells, the
accumulation of hyperphosphorylated tau protein in
neurofibrillary  tangles inside cells, and chronic
inflammation in affected areas of the brain. The disease's
etiology is the subject of various theories, including the
cholinergic hypothesis, amyloid hypothesis, and tau
hypothesis. The amyloid hypothesis, which suggests that

the abnormal processing and/or systemic clearance of

B-amyloid (AP) are responsible for AD progression, is the
most extensively researched area. Overproduction of Ap
is more frequent in familial AD, whereas sporadic AD
often displays impaired AP clearance rather than
overproduction. These changes in AP homeostasis lead to
the formation of AP senile plaques, resulting in chronic
activation of microglia and astrocytes, neurite damage,
neurodegeneration, depletion of neurotransmitters, and
the appearance of AD symptoms [45].

In a model of aging mice (Zmpste24—/—), BTK
was shown to be overexpressed in the brains of these
mice (lower expression of BTK at 3 weeks vs 70 weeks).
Inhibition of BTK with ibrutinib decreased the levels of
p53, p21, and pl6, markers of senescence, in brain
samples. However, ibrutinib treatment did not affect the
markers of DNA damage, suggesting that the inhibitor
prevents the onset of senescence without preventing DNA
damage [73]. Interestingly, anxiety-like behaviors, factors
that are associated with both aging and AD [74], have
been shown to be reduced in Zmpste24—/— mice treated
with ibrutinib. Memory loss, which is a sign of aging and
aging-associated diseases such as AD, was also shown to
be ameliorated in these animals following ibrutinib
treatment [73]. One study reported that BTK transcripts
were elevated in regions of human AD brains, and BTK
expression was found to be elevated in mouse models of
AD through mechanisms related to synaptic loss, which
could be reversed by treatment with BTK inhibitors [50].
BTK's importance in the removal of tau protein through
the proteasome has been proposed, and the abnormal
phosphorylation of tau is linked to the underlying
mechanisms of AD [75]. Ibrutinib was indeed shown to
be effective in a model of familial AD. In the 5xFAD
mouse model of familial AD, the drug was shown to
improve long-term memory and promote the spawning of
spines while reducing amyloid beta accumulation and
tau-related CDKS5 kinase phosphorylation, which are
important hallmarks of AD [51] (Table 2).

There is limited research on the application of
BTKi in other forms of dementia, such as frontotemporal
dementia or vascular dementia. The role of BTK in
neuroinflammation suggests potential therapeutic avenues
for various neurodegenerative conditions, but specific
studies targeting non-AD are scarce. Further research is
needed to explore the efficacy and safety of BTK
inhibitors across different types of dementia beyond AD.

Other neurological diseases

Primary central nervous system lymphoma
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(PCNSL) is a rare and aggressive form of diffuse large
B-cell lymphoma that affects the CNS, including the
brain, eyes, cerebrospinal fluid, and spinal cord [76,77]. It
is often associated with mutations in the BCR subunit
CD79B and the Toll-like receptor adaptor protein
MYDS88, which cause chronic activation of the NF-xB
signaling pathway and promote the malignant
proliferation of B cells [78]. BTK inhibitors such as
ibrutinib, which have excellent bioavailability in terms of
brain distribution, have been proposed as a promising
therapeutic approach for PCNSL [79-81]. Ibrutinib was
the first BTK inhibitor to be evaluated in PCNSL trials
and has shown impressive clinical activity and safety in
several studies [81-83]. However, resistance to ibrutinib
has been observed due to mutations of two signaling
subunits of BCR, CARDI11 and CD79B, and combination
therapy with other drugs such as rituximab and
methotrexate may be necessary for ibrutinib resistance
[82,84,85]. Other BTK inhibitors, such as tirabrutinib and
orelabrutinib, are also being investigated in clinical trials
and have shown promising results in combination with
other drugs [86—88]. Overall, BTK inhibitors have shown
potential as a therapeutic option for PCNSL, and further
clinical studies are warranted to evaluate their efficacy
and safety.

Several other studies have highlighted possible
roles of this kinase in other brain diseases as well. In
a model of ischemic brain injury, ibrutinib was shown to
reduce infarct size and improve neurological deficits [57].
Similarly, the drug was shown to reduce lesion volume
and improve functional outcomes in rats after traumatic
spinal cord injury. Basso, Beattie and Bresnahan (BBB)
scoring for locomotor activity revealed that rats treated
with ibrutinib had higher recovery scores than vehicle-
treated animals when the drug was given for 7 days and
followed up to a period of 21 days. However, a longer
treatment regimen for 14 days did not show any further
improvement, suggesting that the drug is able to improve
the functional features already at the acute stages of the
treatment regimen [89].

Moreover, BTK also serves as a therapeutic
target for alleviating neuromyelitis optica spectrum
disorder (NMOSD) pathology. NMOSD is an auto-
immune condition of the CNS, involving B-cell receptor
signaling and  astrocyte—microglia interactions.
A recent study [90] identified increased BTK expression
in the blood and cerebrospinal fluid of NMOSD patients.
In an NMOSD mouse model, zanubrutinib, a specific
BTKi, mitigated demyelination, edema, axonal injury,

and  astrocyte—microglia interaction.  Additionally,
reduced B-cell activation, maturation, and aquaporin-4
autoantibody production were observed. Transcriptome
analysis showed that BTK inhibition downregulated
chemokine-related genes and genes associated with cell
adhesion and migration in microglia. Safety and efficacy
of zanubrutinib are currently being evaluated in an open-
label study for patients with NMOSD
(NCTO05356858), which is recruiting participants at the
moment.
BTK

benefit in amyotrophic lateral sclerosis (ALS), a fatal

clinical

inhibition might provide therapeutic
neurodegenerative disease, whose pathophysiology is
thought to be
neuroinflammation, oxidative stress, disrupted protein

multifactorial, involving

homeostasis, mitochondrial dysfunction, and glutamate

G93A

excitotoxicity. In SOD1 mice, ibrutinib, administered

orally either prophylactically or therapeutically,
significantly delayed symptom onset, extended survival
time, and improved motor function[91]. It also reduced
muscular atrophy, necrosis, and pro-inflammatory
cytokine levels while decreasing ionized calcium-binding
adapter molecule 1 (IBA-1) and glial fibrillary acidic
protein (GFAP) expression. These effects were associated
with modulation of the mTOR/Akt/PI3K signaling
pathway in the medulla, motor cortex, and spinal cord.
These findings should be scrutinized in the clinical trials.
In models of stress, BTK has been shown to be
upregulated in brain regions associated with stress and
anxiety. Interestingly, BTK phosphorylation (pBTK) in
response to stress is induced more in female hippocampi
and amygdala compared to male animals, although the
baseline levels of pPBTK before stress inducement are the
same in both sexes in both brain regions, suggesting
a sex-specific role of BTK in mediating adverse
responses following adverse stimuli [59,92].
on BTKi

summarized in Table 2.

Findings in other diseases are

Outlook and conclusive remarks

Therapeutic targeting of BTK by its inhibitors in
inflammatory CNS disorders or treatment of autoimmune
diseases is an emerging strategy that holds huge potential
and can support current treatments of several neurological
disorders and bring new paradigms toward brain disease.
However, selectivity is the major concern for BTK
inhibitors; the second generation of BTKi may cause
much fewer adverse effects than the first generation, but
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there is still much work to be done on safety issues.
One of the most often reported adverse effects of
ibrutinib and typically one of the top three reasons for
calling for better selectivity in BTKi is atrial fibrillation,
which is also another reason for discontinuation of
ibrutinib. The development of irreversible BTKi has
advanced more quickly than that of reversible inhibitors.
As had been shown in the treatment with ibrutinib,
covalent, irreversible inhibition does in fact raise the
likelihood of off-target reactivity to biomolecules, which
may result in

immunotoxicity, mutagenicity, and

hepatotoxicity. Nevertheless, irreversible inhibitors
demonstrate greater efficacy and resilience against
pharmacokinetic issues than reversible inhibitors due to
the establishment of a permanent covalent bond.

Nevertheless, the recent findings on BTK and the efficacy
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