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INTRODUCTION

Bruton's tyrosine kinase (BTK) is a non-receptor Tec
kinase that has been gaining momentum since the ap-
proval of BTK-targeted therapies as a first-line treatment
for B-cell malignancies. The exponential expansion of

Abstract

Bruton's tyrosine kinase (BTK) is a TEC kinase with a multifaceted role in B-cell
biology and function, highlighted by its position as a critical component of the B-
cell receptor signalling pathway. Due to its role as a therapeutic target in several
haematological malignancies including chronic lymphocytic leukaemia, BTK has
been gaining tremendous momentum in recent years. Within the immune system,
BTK plays a part in numerous pathways and cells beyond B cells (i.e. T cells, mac-
rophages). Not surprisingly, BTK has been elucidated to be a driving factor not only
in lymphoproliferative disorders but also in autoimmune diseases and response to
infection. To extort this role, BTK inhibitors such as ibrutinib have been developed to
target BTK in other diseases. However, due to rising levels of resistance, the urgency
to develop new inhibitors with alternative modes of targeting BTK is high. To meet
this demand, an expanding list of BTK inhibitors is currently being trialled. In this
review, we synopsize recent discoveries regarding BTK and its role within differ-
ent immune cells and pathways. Additionally, we discuss the broad significance and
relevance of BTK for various diseases ranging from haematology and rheumatology
to the COVID-19 pandemic. Overall, BTK signalling and its targetable nature have
emerged as immensely important for a wide range of clinical applications. The devel-
opment of novel, more specific and less toxic BTK inhibitors could be revolutionary
for a significant number of diseases with yet unmet treatment needs.
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the number of publications relating to BTK over the past
decade can be attributed to the enhanced understand-
ing of the multifaceted role it plays within the immune
system and the advent of novel more specific BTK in-
hibitors. Historically, it all started in 1952 when Ogden
Bruton reported the first case of the later termed X-linked

Abbreviations: AF, atrial fibrillation; APC, antigen-presenting cell; BCR, B-cell receptor; BMX, bone marrow-expressed kinase; BTK, Bruton's
tyrosine kinase; BTKi, BTK inhibitor; CLL, chronic lymphocytic leukaemia; DC, dendritic cells; DLBCL, diffuse large B-cell lymphoma; ITK,
interleukin-2-inducible T-cell kinase; MCL, Mantle cell lymphoma; MS, multiple sclerosis; NLC, nurse-like cells; PAMP, pathogen-associated
molecular patterns; PH, Pleckstrin; PV, pemphigus vulgaris; RA, rheumatoid arthritis; SH, SRC homology (SH) domains; SLE, systemic lupus
erythematosus; TEC, tyrosine kinase expressed in hepatocellular carcinoma; TLR, Toll-like receptor; TXK, tyrosine protein kinase; WM,
Waldenstrom's macroglobulinaemia; XID, X-linked immunodeficiency; XLA, X-linked agammaglobulinaemia.
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agammaglobulinaemia (XLA) [1]. In 1993, a BTK mu-
tation was identified by two independent groups to be
causally linked to XLA. XLA patients experience a block-
age on B-cell development in the bone marrow, which,
in severely affected patients, leads to little/no functional
serum immunoglobulins and therefore increased disease
susceptibility [2,3] (Figure 1). Subsequently, BTK has
been shown to play a crucial role in several biological pro-
cesses including B-cell differentiation. BTK was shown to
be phosphorylated in vitro upon B-cell antigen receptor
(BCR) stimulation, followed by higher levels of kinase
activity. These events lead to the enlisting of BTK as a
member of the BCR signalling pathway. This was further
established in BTK-deficient mouse studies. Through
blocking the expression of BTK, Khan et al. [4] showed a
decrease in mature B cells and a deficiency of immuno-
globulins in the serum of BTK-deficient mice, underlying
the indispensable nature of BTK for B-cell differentia-
tion. A milder disease form, harbouring a point mutation
in BTK, is known as X-linked immunodeficiency (XID).
The defects present in XID are minor in comparison with
XLA, but the B cells present within patients have dis-
rupted BCR signalling [5].

Given the emerging wider interest for BTK signalling
across disciplines, we will review the key research over
the last four years with regard to (i) the role of BTK in
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different signalling and immune cells, (ii) the advances in
our understanding of its role in immunity, autoimmunity
and infection, (iii) BTK signalling in lymphoproliferative
disorders and (iv) current therapeutic options for BTK
inhibition and ongoing clinical trials looking into novel
therapeutics and resistance mechanisms.

THE STRUCTURE OF BTK

The structure of BTK has been extensively documented
since the 1990s, and nowadays, we have achieved a clear
view on this aspect. A review by Hendriks group sum-
marizes excellent work with regard to BTK structure. In
short, BTK (together with bone marrow-expressed kinase
[BMX], interleukin-2-inducible T-cell kinase [ITK], tyros-
ine kinase expressed in hepatocellular carcinoma [TEC]
and tyrosine protein kinase [TXK]) belongs to the second-
largest non-receptor tyrosine kinase family, namely TEC.
BTK consists of (i) two SRC homology (SH) domains
(SH2 and SH3), (ii) a kinase domain, (iii) an N-terminal
pleckstrin (PH) domain and (iv) a TEC homology domain
(Figure 2a). Unlike SRC, BTK is a cytoplasmic protein and
only is present on the membrane upon recruitment. Once
at the cell membrane, BTK can become activated by the in-
teraction with SRC kinases and phosphorylation occurs at
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FIGURE 1 Timeline for the discovery of BTK highlighting key milestones in BTK-related research and therapies. Each section

represents a decade. Ac, acalabrutinib; CLL, chronic lymphocytic leukaemia; GVHD, graft-versus-host disease; Ib, ibrutinib; MCL, mantle

cell lymphoma; MZL, marginal zone lymphoma; WM, Waldenstrém's macroglobulinaemia; XID, X-linked immunodeficiency; XLA, X-

linked agammaglobulinaemia

FIGURE 2 Structural overview of BTK and BTK inhibitors and its position within the B-cell receptor signalling pathway. (a) The 77 kDa
BTK protein consists of 659 amino acids, which make up the five domains for protein interaction. The 2 critical sites within the protein are
Y223 and (SH3 domain) and Y551 (kinase domain: orange/yellow domain). (b) BTK inhibitors act through the binding to one of the proteins
interacting domains and blocking BTK’s catalytic action. The main site of binding for current covalent inhibitors is the C481 residue within

the kinase domain. This includes ibrutinib and second-generation inhibitors acalabrutinib, zanubrutinib and tirabrutinib as depicted at the
3D models (data obtained from SWISS-MODEL repository by the Swiss Institute of Bioinformatics [101] for the crystal structures of each
BTK domain and then NCBI's PubChem database for the line structures for each inhibitor [102]). (c) A simplified version of B-cell receptor

signalling pathway and BTK position within it [103]
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the 551 position of the kinase. This can also occur through ~ has been reported to be critical for the activation of BTK.
interaction with a SYK kinase [6]. The SH2 domain and ki-  Interestingly, Duarte et al. [7] have recently demonstrated
nase domain together form an allosteric interface, which that this interface can contain SH2 mutations in XLA,
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which dramatically impacts BTK activation. The cysteine
residue at position 481 of the kinase domain (C481) of
BTK is a region of particular interest due to it being a tar-
get of many BTK inhibiting drugs. However, a cysteine
residue is also present at the 481 position of several other
kinases including the previously mentioned BMX, TEC
and ITK. This overlap leads to several off-target toxicities.
Of note, the off-target inhibition of TEC is believed to be
the cause of the bleeding risk associated with the BTK in-
hibitor ibrutinib [6].

BTK IN SIGNALLING PATHWAYS
B-cell receptor signalling pathway

Firstly, shortly after its discovery, BTK was positioned
within BCR signalling downstream of the antigen recep-
tor [8] (Figure 2b). BCR activation generates a cascade
of events that amass in the activation of the B cell, ena-
bling B-cell differentiation and proliferation. IgM and
heterodimer form the BCR; they act as a unit for antigen
binding on the surface of the B cell. The Ig-a and Ig-p’s
tail carries an immuno-receptor tyrosine-based activa-
tion motif (ITAM), which contains a sequence with two
tyrosine residues. Upon BCR stimulation, BTK activa-
tion starts with PH domain-mediated plasma membrane
association and transphosphorylation at Y551 within
the BTK catalytic domain, by SYK, LYN or SRC kinases.
Y551 promotes the catalytic activity of BTK and results
in its autophosphorylation at position Y223 in the SH3
domain [9]. BTK inhibitors such as ibrutinib block the
full activation of BTK by inhibiting also its autophos-
phorylation at Y223. Upon BTK activation, the protein
kinases SRC, SYK and LYN regulate the signalling of
pathways further downstream. BTK is responsible for
the phosphorylation of phospholipase C-y (PLCy2),
which together stimulate a positive feedback loop. Two
second messengers, diacylglycerol (DAG) and inositol
triphosphate (IP3), can be cleaved by PLCy2, which reg-
ulate downstream mediators such as the MAPK family
and activate transcription of nuclear factor of activated
T cells (NFAT) through calmodulin [10]. Without BTK,
B cells fail to reach functional maturity, which high-
lights the indispensable nature of BTK [4]. Further in-
sights on the role of BTK within BCR signalling have
recently arisen from studies in lymphoma. Autoantigens
have been shown to drive BCR-dependent activation of
NF-xB through a cascade that includes BTK, SYK and
PKCp and promote the assembly of the CARD11-BCL10-
MALT1 (CBM) adaptor complex that recruits and acti-
vates IkB kinase [11].

Toll-like receptors

Toll-like receptors (TLRs) are pivotal for the recognition of
pathogens through the detection of pathogen-associated
molecular patterns (PAMPs). Expressed mainly on
antigen-presenting cells (APCs), TLRs bring about the in-
duction of the adaptive immune response [12]. Together,
BCR and TLRs carefully control immunity against patho-
gens via linking the innate and adaptive axes of immune
response. TLR signalling in B cells depends on the recruit-
ment of MYD88. Although MYD88 signalling is not fully
required for the T-cell-dependent humoral immunity, it
can affect it through controlling major processes such as
germinal centre reaction, differentiation into plasma cells
and memory B-cell class switching recombination. BTK
interacts with MYD88 and other proteins downstream
within the TLR signalling pathway such as MAL and
IRAK1 [13].

TLR is another potential pathway that malignant T
cells can exploit for their survival upon BTK inhibitory
treatment. It has been reported that chronic lymphocytic
leukaemia (CLL) cells within the lymph node exhibit in-
creased TLR activation compared with circulating cells,
as well as increased levels of NF-kB phosphorylation.
Due to TLR’s role in CLL pathogenesis, combinatorial
targeting of BTK and TLR is seen as a potential bene-
ficial therapeutic approach [14]. The crosstalk of BTK
with TLRs has also been reported in autoimmune dis-
orders, where both of these signalling pathways seem
to contribute to disease pathogenesis [15]. In addition
to BTK mutations, resistance to BTK-targeted therapies
can emerge from downstream targets or other path-
ways entirely. TLR signalling aberrations have recently
been identified in Waldenstrom's macroglobulinaemia
(WM), specifically in regulators of MYD88/NF-kB. The
identification of these mutations is crucial for the cor-
rect treatment of patients with WM and other related
diseases [16].

Chemokine receptors

It has been well established that BTK participates in
chemokine receptor signalling pathways. For instance,
SDF-1 is known to activate BTK and is essential for
CXCR4-regulated B-cell functions such as B-cell traffick-
ing from the peripheral blood to lymphoid organs [17].
More recently, CX3CR1 has been linked to immunosup-
pression. CX3CR1 knockout mice are characterized by
impaired BCR signalling, and BTK expression was shown
to be caused by defects in actin remodelling, which is nor-
mally controlled by CX3CR1 [18].
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THE ROLE OF BTK IN THE
NUCLEUS

It has been shown that BTK is present in small quan-
tities in the nucleus, even though it is primarily a
cytoplasmic protein. The mechanisms behind the regu-
lation of BTK in the nucleus and cytoplasmic shuttling
are still ambiguous. BAM11 binds to BTK’s PH domain
and inhibits both in vivo and in vitro BTK activity.
BTK acts as a transcriptional regulator for BAM11 in B
cells [19]. TFII-I has been reported to be one of BTK’s
targets. Novina et al. reported that BTK increases the
transcriptional activity of TFII-I by mediating signals
in B-cell-specific pathways. In BTK-mutant cell TFII-I-
dependent transcription was reduced and B-cell devel-
opment impaired [20].

Several proteins have been reported to modulate the
nucleocytoplasmic shuttling of BTK. Lyn-interacting
ankyrin repeat protein (LIAR) has been suggested to
regulate BTK trafficking via BTK phosphorylation
[21]. More recently, Gustafsson et al. [22] reported that
the ANKRD54 modulates the shuttling of BTK to the
nucleus.

Overexpression and knockdown models have identi-
fied BTK to be essential for TNF expression through the
stimulation of cytokines, activating TLR4 and TLR7/8 sig-
nalling. In macrophages, BTK has been reported to enter
the nucleus through mediating the phosphorylation of
Ser-536 in p65 RelA, part of the TLR7/8 pathway. BTK
can regulate TNF, induced by TLR7/8, through the pro-
moter sites of NF-kB and also downstream gene regions.
This study detailed BTK control of the production of TNF
and suggested this pathway could have the potential to be
exploited for an anti-inflammatory effect [23]. Despite the
research so far, the relevance of BTK in the nucleus still
needs systematic investigation in order to obtain conclu-
sive evidence [24].

BTK AND IMMUNITY
Beyond B cells

BTK’s roles within cells are both diverse and numerous.
Aside from B cells, the kinase is found to be highly ex-
pressed in mast cells, macrophages and dendritic cells;
immune cells are found to be involved in the elimina-
tion of pathogens [25]. In addition to B cells, BTK’s
function in T cells has also been explored. Nowadays,
BTK is considered a vital protein expressed by immuno-
competent cells of both innate and adaptive immunity
(Figure 3).

T Lymphocytes

BTK inhibition in vivo has been reported to increase
the persistence of activated T cells, decrease the Treg /
CD4" T-cell ratio and diminish the immune-suppressive
properties of CLL cells via BTK-dependent and BTK-
independent mechanisms [26]. Characterization of T-cell
compartment in CLL patients upon ibrutinib therapy
showed elevated CD4" and CD8" T-cell numbers and
T-related cytokine levels upon therapy [27]. Ibrutinib
has been shown to enhance the antitumor properties of
the T-cell compartment suggesting a rationale for im-
munotherapeutic combinatory treatments [28]. The im-
munomodulatory effects of ibrutinib and the therapeutic
potential of its combination with immune checkpoint in-
hibitors were also highlighted in a recent study, in which
ibrutinib, together with blocking antibodies targeting
PD-1/PD-L1 axis, improved CD8* T-cell effector function
and control of CLL [29].

Cells of myeloid origin

Macrophages, originating from monocytes, function in
pathogen detection and phagocytosis and together with
dendritic cells play a special role linking the innate and
adaptive immune systems through antigen presentation
[30]. Ren et al. showed that although BTK inhibition with
ibrutinib did not affect monocyte FcyR-mediated phagocy-
tosis, it did suppress FcyR-mediated cytokine production.
This effect could be rescued by IFN priming when mono-
cytes were co-cultured in vitro with NK cells, suggest-
ing that combining ibrutinib with monoclonal antibody
therapy could enhance tumour Kkilling without affecting
macrophage effector function [31]. Interestingly, an immu-
nomodulatory action of BTK inhibition on monocyte/mac-
rophage population has been reported in CLL. Specifically,
Ibrutinib targets BTK in nurse-like cells (NLCs), which
leads to reduced phagocytic ability and enhanced immu-
nosuppression related to NLCs’ expression of M2 markers
[32]. Additional evidence for the role of BTK in cells of
myeloid origin arose from transcriptomic analysis of XLA-
derived monocytes, which revealed downregulation of sev-
eral innate immunity genes in parallel with upregulation of
oxidative phosphorylation and apoptotic pathways. These
findings suggest that BTK mutations may significantly im-
pair the innate axis of immunity and indicate a vital role of
BTK in innate immune responses [33]. However, another
study reported no impact of BTK mutation on monocytes
and PMN functions in XLA [34]. Further investigation of
the role of BTK in monocytes is needed to provide a better
understanding of the events occurring in these studies.
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TABLE 1 Targeting Bruton's tyrosine kinase through the use of covalent and non-covalent inhibitors

Binding

Inhibitor mechanism Present use Stage Reference

Ibrutinib Covalent Lymphoproliferative disorders FDA Approved [100]
Irreversible SARS-CoV-2 Phase III trials

Acalabrutinib Covalent Lymphoproliferative disorders FDA Approved [90]
Irreversible Phase III trials

Zanubrutinib Covalent Lymphoproliferative disorders FDA Approved [93]
Irreversible Phase III trials

Evobrutinib Covalent MS, SLE Phase III trials [63]
Irreversible

Fenebrutinib Non-covalent CLL, DLBCL, MS Phase III trials [70]
Reversible

Branebrutinib Covalent RA, SLE, Sjogren's syndrome Phase II trials [68]
Irreversible

Tolebrutinib Covalent MS Phase III trials [75]
Irreversible

Tirabrutinib Covalent R/R lymphoproliferative disorders Phase II trials [94]
Irreversible

Remibrutinib Covalent Urticaria Phase II trials [98]
Irreversible

Pirtobrutinib Non-covalent Lymphoproliferative disorders Phase I trials [99]

Reversible

C481-mutant CLL

Phase II trials

Abbreviations: CLL, chronic lymphocytic leukaemia; DLBCL, diffuse large B-cell lymphoma; MS, multiple sclerosis; R/R, relapsed/refractory; RA, rheumatoid

arthritis; SLE, systemic lupus erythematosus.

Neutrophils are yet another immune cell type in which
BTK has been shown to play a key role [35]. For instance,
a neutrophil-BTK-signalosome was reported to selectively
activate Mac-1 and thereby enhance neutrophil recruit-
ment during inflammation [35]. In CLL, BTK inhibition
suppresses FcyR-mediated neutrophil functions during
the early phase of treatment and potentially in a clini-
cally relevant way. The reported short-term neutrophil
impairment upon ibrutinib treatment could translate to
additional infection risk for CLL patients under ibrutinib
[36]. Furthermore, ibrutinib has been reported to inhibit
y&T-cell activation and CD107a degranulation and affect
neutrophils by reducing NET formation, ROS production
and bacteria-killing capacity [37].

Mast cells have been investigated in association with
BTK. Zorn et al. [38] reported that BTK plays a role in
FceRI-mediated signal transduction and effector functions
in SHIP1-deficient mast cells and that reduced activation
can be tackled with BTK inhibitors.

Inflammasomes

The NLRP3 inflammasome is an essential inflamma-
tory complex for various human disorders linked to the

activity of IL-1 cytokine. The identification of BTK as
a positive regulator, directly acting on the NLRP3 in-
flammasome, has further shown the significant role
this kinase plays in immunity [39]. BTK binds to the
caspase recruitment domain (ASC) of NLRP3, ASC
oligomerization is induced, and caspase-1 is thereby
activated. Pharmacologic ablation and genetic BTK ab-
lation severely diminish NLRP3 activation suggesting
a therapeutic opportunity for inflammatory conditions
[40]. Additionally, BTK is required for NLRP3 tyrosine
phosphorylation and IL-1p release. The BTK-mediated
phosphorylation of multiple NLRP3 tyrosine residues
can serve as a molecular switch, which could be thera-
peutically exploited [41].

BTK in infections

The multifaceted role of BTK in immunity, as summa-
rized above, underscores its importance for a wide va-
riety of immune functions, including responses against
pathogens. A large body of evidence offers insights into
the role of BTK signalling in fungal, bacterial and viral
infections, including the SARS-CoV-2 virus and the
COVID-19 pandemic.
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FIGURE 3 Overview of the various roles of Bruton's tyrosine kinase (BTK) in innate immunity. Chemokine receptor (CXCR4)
activation upon chemokine binding leads to the dissociation of G proteins made up of Ga, Gp and Gy subunits and downstream activation of
BTK. ITAM-containing (and also ITIM-containing) Fc receptor crosslinking leads to activation of SYK and in turn BTK. Toll-like receptors
(TLRs) are activated by pathogen-associated molecular patterns (PAMPs) and-damage associated molecular patterns (DAMPs). Activation of
TLRs is followed by recruitment of MYDS88. BTK in turn interacts with MYD88 leading to activation of transcription factors such as NF-xB.
BTK is a direct regulator in the activation of the NLRP3 inflammasome. Efflux of K* into the cell leads to phosphorylation of BTK, most
likely by SYK, followed by activation. This phosphorylation promotes assembly of the inflammasome and leads to the cleavage and secretion

of IL-1p [103]

Fungal infections

Activation of calcineurin—-NFAT in macrophages occurs
via a phagocytic TLR9-dependent and BTK-dependent
pathway in the context of Aspergillus fumigatus infection.
Calcineurin inhibition leads to impaired pathogen clear-
ance in the airway due to diminished macrophage inflam-
matory responses and neutrophil recruitment. In line
with that, defecting BTK signalling in macrophages has
been associated with susceptibility to pulmonary aspergil-
losis [42], whereas BTK depletion significantly impaired
human macrophage NFAT and NF-kB responses [43].
Furthermore, ibrutinib treatment has been linked to a
high incidence of invasive aspergillosis in lymphoma [44].

Apart from macrophages, neutrophils are part of the
first line of defence against fungal infections. Patients on

ibrutinib due to lymphoid malignancies are characterized
by significant functional defects in their neutrophil com-
partment that impair their response against A. fumigatus
[45], whereas data from CLL patients on ibrutinib indicate
an increased risk of Pneumocystis jirovecii pneumonia [46].

Bacterial and parasitic infections

Ibrutinib induces changes in gene expression and phe-
notype in macrophages and severely impairs the mac-
rophage and ydT-cell responses to Mycobacterium
tuberculosis [47]. Ibrutinib has been reported to have the
potential to inhibit inflammation caused by bacterial in-
fection. Reports have shown that ibrutinib can inhibit the
acute lung inflammation associated with pneumococcal
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pneumonia infections. BTK inhibition through Ibrutinib
diminishes myeloid cell activation and migration during
lung inflammation and has been identified as a possible
therapy for resolving acute lung inflammation during
pneumococcal pneumonia [48].

By employing a murine platelet-specific BTK-deficient
pneumosepsis model (PF4creBtkfl/Y), Streptococcus
pneumoniae and Klebsiella pneumoniae infections were
investigated, revealing a role of BTK in maintaining vas-
cular integrity in the lung. However, this mechanism is
pathogen-dependent and the platelet BTK is not crucial
for antibacterial defence in pneumosepsis [49]. Recently,
Nguyen et al reported on another aspect of K. pneumoniae
infection using in vivo and in vitro models to show that
SKAP2-dependent signalling in neutrophils is important
for ROS activation and promotion of bacterial clearance
during infection. Interestingly, among the key molecules
that were identified for K. pneumoniae-induced neutro-
phil ROS response was BTK [50].

BTK inhibition has been proposed to confer protection
against Leishmania infection via promoting host immu-
nity. In a mouse model for visceral leishmaniasis, ibruti-
nib treatment was shown to have a protective effect via
increasing cytokines’ production, NK T cells’ number in
the liver and spleen and granuloma formation [51].

Viral infections

Studies have described in-depth the crucial role of BTK
expressed by innate cells in viral infections [25]. In mac-
rophages, TLRs recognize single-stranded RNA from
viruses and initiate signalling through BTK-dependent
activation of NF-xB, triggering the production of multi-
ple inflammatory cytokines and chemokines, as well as
phagocytosis [52]. The latest experimental evidence indi-
cates that BTK is involved in Influenza A virus (IAV) in-
fection. Specifically, it was found that BTK expressed in
neutrophils plays a substantial role in regulating inflam-
mation in the respiratory region during acute lung injury
in mice. Inhibition of the kinase activity reduced weight
loss, increased survival and minimized morphological
changes in IAV infection showing a protective effect in the
lung during influenza-induced inflammation [53].

COVID-19 pandemic

With the recent emergence of the novel coronavirus,
COVID-19, the need for new therapeutic targets has surged
as the severity of the pandemic increases. In severe cases
of COVID-19, high levels of activation of macrophages

have been identified as a cause of the hyperinflammatory
immune response seen in these patients. As previously
mentioned, BTK regulates the activity of macrophages,
prompting the concept that the inhibition of BTK could
be used as a therapeutic option for COVID-19 patients. So
far, preliminary data have shown promising results. Based
on this knowledge of the role of BTK in innate immune
cells, COVID-19 patients exhibiting increasing oxygen
requirements and hyperinflammation were treated with
the second-generation BTKi acalabrutinib. The majority
of patients’ conditions rapidly improved upon treatment
with increased oxygenation and reduced inflammation.
The patients from this study exhibited significantly el-
evated BTK phosphorylation in monocytes indicating the
improved conditions were an on-target effect of BTK in-
hibition [54].

From another point of view, we must be wary of the
fact that BTK inhibition impairs various functions of the
innate immunity and increases the susceptibility to infec-
tions or impaired humoral immunity in patients on BTKi.
Awareness of these issues during the current COVID-19
pandemic is essential as weakened immune states in-
crease susceptibility to infection. However, following
the rationale stated by Chong et al., the risk of depriving
cancer patients of treatment and dulling the hyperac-
tive macrophage outweighs the potential dampened im-
mune response. Furthermore, long-term BTKi therapy
may allow for meaningful recovery of humoral immune
function, ultimately leading to decreased infection rates
[55] and potentially protecting against lung injury in
COVID-19 patients [56].

Taking into account the full effect of BTK inhibition in
the setting of treating COVID-19-infected B-cell lymphoma
patients, a recent controversial debate in the discontinua-
tion of BTK inhibitors to those patients has been brought to
attention [57]. Two pilot studies published the clinical char-
acteristics and progress of 6 CLL and 8 WM patients, respec-
tively, with COVID-19 infection who continued or held the
BTKi therapy. The authors of both studies suggested that
BTK inhibition may indeed have protective effects against
SARS-CoV-2 virulence. The small cohort of patients eval-
uated is a limitation to support the therapeutic approach
of BTKi, but ideally, two clinical trials assessing the ef-
fect of second-generation BTK inhibitors in hospitalized
COVID-19 patients will shed light on that setting [58,59].

BTK in autoimmune diseases
Since its discovery in XLA, the link of BTK with autoim-

mune phenomena is strengthened by numerous studies
in various autoimmune diseases and mechanistic insights
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concerning BTK’s contribution in driving autoimmune
pathogenesis. For instance, a driving factor for autoim-
munity is that increased levels of BTK support autoanti-
body production [60].

Systemic lupus erythematous

Systemic lupus erythematosus (SLE) is characterized by
the secretion of autoantibodies. These autoreactive B cells
exhibit increased levels of BTK expression [61]. Murine
studies suggest that inhibition of BTK can control the au-
toreactive B cells with potential therapeutic implications
[62]. In line with that, the covalent BTK inhibitor, evo-
brutinib, has shown efficacy in murine models for SLE,
rheumatoid arthritis and cutaneous anaphylaxis. In vivo
studies have demonstrated evobrutinib to be potent and
highly selective for BTK, showing high BTK occupancy.
Current clinical trials are ongoing for its efficacy in the
treatment of SLE, among other autoimmune diseases
[63,64].

Rheumatoid arthritis

Rheumatoid arthritis (RA) is characterized by autoanti-
bodies causing chronic inflammation and joint pain [65].
Interest in BCR-targeted therapies has been increasing re-
cently, especially BTK due to its role in controlling the Fcy
receptor downstream pathway among others.

Jansson et al. reported a gene on the murine X chro-
mosome linked to susceptibility for developing arthritis.
XID mouse models harbouring BTK mutations showed
that in the absence of BTK, there are lower chances of
developing arthritis [66]. From this development, many
BTK inhibitors have been produced and investigated
for their use in RA. For instance, the reversible BTK in-
hibitor 7H-pyrrolo[2,3-d] pyrimidine-4-amine derivative
has been shown to have an anti-arthritic effect. Despite
initial promising in vivo results, a select few have seen
successful developments and been moved onto clinical
trials [67].

Currently in phase II clinical trials, branebrutinib is an
irreversible, covalent BTK inhibitor that has been reported
to be highly selective and efficient even in low doses.
Branebrutinib has demonstrated a high BTK occupancy,
and it has been suggested this inhibitor would be effective
for the treatment of autoimmune diseases, in particular
RA and SLE [68,69]. Fenebrutinib, a reversible and non-
covalent BTK inhibitor, has previously been shown to be
effective in patients with CLL and is now under investiga-
tion for its efficacy in RA and SLE [70].

Pemphigus vulgaris

The rare chronic autoimmune disease pemphigus vulgaris
(PV) is identified by characteristic blistering on the skin
and mucous membranes. The pathogenesis of PV involves
the IgG autoantibodies attacking the desmoglein 3 glyco-
protein within the desmosome [71]. T-follicular helper
cells have been reported to have a role in PV pathogenesis.
Increased BTK expression has been shown to induce the
differentiation of these T cells [72]. Studies have shown
the use of BTK inhibitors in cases of PV patients who also
presented with B-cell lymphomas showed promising re-
sults for both diseases. From here, clinical trials of the
BTK inhibitor PRN1008 are underway for PV therapy [73].
Studies have been looking to target the BCR-identified
BTK as a potential target for PV therapies [74].

Multiple sclerosis

Recent work has highlighted the potential of blocking
BTK activity as a therapeutic option to improve anti-
CD20 therapies such as rituximab for multiple sclerosis
(MS) patients. Trials using a BTK inhibitor with a brain-
penetrating property, tolebrutinib, have shown promising
results. These trials have reported that BTK inhibition
can halt the engulfing of myelin sheaths by microglia and
prevent demyelination. Tolebrutinib has a favourable out-
come in MS patients compared with other BTK inhibitors
such as ibrutinib. The off-target effects of ibrutinib make
it unsuitable for the treatment of diseases outside of ma-
lignancies [75].

BTK in lymphoproliferative disorders
Chronic lymphocytic leukaemia

BTK has been established as an attractive mark for tar-
geted therapies for the B-cell malignancy chronic lympho-
cytic leukaemia (CLL) due to its upregulated expression.
Through targeting BTK, cell death has been established
as a direct consequence due to the blockage of signalling
pathways and impeding cell proliferation. Reports of BTK
inhibition influencing downstream targets MAPK and
NF-kB have only heightened interest in its impact in CLL
[76].

The BTK inhibitor ibrutinib has already proved to be
highly effective in the treatment of CLL not only through
affecting BTK but also through the inhibition of other ki-
nases and growth factors; it has caused a shift in the par-
adigm of treatment. Despite the success of Ibrutinib, the
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emerging resistance clones are leading to fewer patients
achieving complete remission, whereas discontinuation
of therapy due to off-target effect hampers further drug
efficiency. New inhibitors with higher levels of specificity
and efficacy have been gaining momentum in the hopes of
overcoming the rising levels of resistance [77].

Mantle cell lymphoma

Another lymphoproliferative disorder highly depend-
ent on BCR signalling and BTK is mantle cell lymphoma
(MCL). BTK has been identified as a possible target for the
treatment of this aggressive malignancy. MCL cells over-
express BTK, which seems essential for its pathogenesis.
Ibrutinib has been shown to be effective in the treatment
of MCL in many studies, and it has been approved for
treating relapsed/refractory (R/R) patients [78,79].

Although the use of BTK inhibitors has made con-
siderable improvements to the overall outcome of MCL,
it is still largely an incurable disease; there is a need for
novel targeted therapies. Combination therapies are an at-
tractive option for overcoming resistance and improving
overall outcomes such as BTK inhibition and venetoclax
(BCL2 inhibitor) treatment. Matsumura-Kimoto et al.
demonstrated the potential of a combination of the ser-
ine/threonine kinase ribosomal protein S6 kinase (RSK2)
and the BTK inhibitor ibrutinib. The inhibition of RSK2
was reported to affect downstream proteins involved in
the BCR signalling pathway such as BLNK and CD19, as
well as proteins from other pathways, blocking the B-cell
pathogenesis [80].

Waldenstrom's macroglobulinaemia

BTK has been reported to be constitutively activated in the
less common haematological malignancy Waldenstrom's
macroglobulinaemia (WM). Characterized by the exces-
sive secretion of monoclonal IgM antibodies, WM is de-
fined and diagnosed by a MYD88"***" somatic mutation
[81]. BTK is a downstream component that is affected by
the mutation MYD88"*°*" and leads to activation of NF-
kB. In WM, a higher level of phosphorylated BTK has
been observed than in healthy counterparts with the pref-
erential formation of a complex consisting of phosphoryl-
ated BTK and MYD88"%%°F [82].

Recent studies have identified MYD88 mutations in a
complex with the protein kinase SYK, a component of the
BCR signalling pathway upstream of BTK. Munshi et al.
reported the inhibition of both BTK and SYK had a syn-
ergistic effect and caused an increased level of cell death
than either treatment alone. This was due to BTK and SYK

having different pathways for pro-survival signalling. This
combination of Ibrutinib and the SYK inhibitor could be a
promising target for future therapies of mutated WM [83].

Other, less common, mutations identified in WM in-
clude the C-X-C chemokine receptor type 4 (CXCR4),
present in around 40% of patients. CXCR4 mutations have
been reported to cause shorter and decreased response
rates for WM patients under ibrutinib. This emphasizes
the importance of a clear understanding of the genetic
landscape when treating a disease, as it has been shown
here mutations can effect on BTK and its inhibition in pa-
tients with WM [84].

Diffuse large B-cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is an aggressive
B-cell malignancy divided into distinct molecular subtypes
gene expressional profiling. BCR signalling has been iden-
tified to be upregulated in DLBCL, and DLBCL tumours
are dependent on this signalling, but this differs between
subtypes. Due to this BCR dependency, BCR-inhibitory
therapies have received a large amount of interest, includ-
ing BTK and SYK inhibitors. Studies have reported that
DLBCL cell lines can be sensitized to venetoclax, through
treatment with ibrutinib or the SYK inhibitor, fostam-
atinib, due to a shift in the binding of BIM and MCL1 [85].

BTK INHIBITORS

BTK inhibitors (BTKi) have revolutionized the treatment
of haematological disorders such as CLL. With recent
studies suggesting a therapeutic potential for BTK inhibi-
tors in autoimmunity and infection, the interest in these
inhibitors is only increasing. Multiple new BTKi have
been developed offering more selective and efficient tar-
geting of BTK, and there are many ongoing clinical trials.
Here, we will discuss some of the key inhibitors available
and in trials (Table 1).

Ibrutinib

Ibrutinib transformed the treatment of CLL as the pioneer-
ing BTKi, which is now FDA-approved for the treatment
of CLL, naive and R/R, as well as MCL, WM, MZL and
small lymphocytic lymphoma. Acting irreversibly, ibruti-
nib binds to the C481 of the kinase domain (Figure 2a),
arresting its enzymatic activity [76,86]. Advani et al. were
the first to report that patients, particularly those with R/R
disease, tolerated Ibrutinib very well. They demonstrated
the clinical safety and high potential of this inhibitor as
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a key targeted therapy for CLL [87]. Compared with the
efficacy and side effects associated with standard chemo-
therapeutic agents, these developments in novel targeted
therapies have significantly improved patient outcomes.

Despite the high success rate of ibrutinib, there are
several complications associated with the BTKi. Firstly,
ibrutinib is associated with off-target toxicities as it also
binds and inhibits other members of the TEC family ki-
nases. Secondly, ibrutinib treatment has been associated
with adverse cardiac side effects including atrial fibrilla-
tion (AF) and more commonly bleeding, upper respiratory
infections and fatigue [88]. These complications can have
serious ramifications in elderly patients with underlying
health problems who do not tolerate the drug well. Finally,
there is the problem of rising levels of resistance to ibruti-
nib, particularly in R/R patients. The most frequent cause
of resistance seen is the cysteine-to-serine mutation at the
C481 residue where Ibrutinib binds to BTK. PLCy2 gain-
of-function mutations are next in line for causing resis-
tance, further downstream of BTK [89].

Second-generation inhibitors -
irreversible inhibitors

Alternative inhibitors are currently undergoing clinical
trials to address and improve upon the downfalls of ibru-
tinib. These new inhibitors aim to offer higher selectiv-
ity with fewer off-target toxicities. Following ibrutinib,
the next BTKi to be FDA-approved (CLL and MCL) was
acalabrutinib. Acting in a similar method to ibrutinib by
covalently binding to the C481 site of BTK’s kinase do-
main (Figure 2a), acalabrutinib exhibits a favourable
safety profile and less off-target effects on other TEC ki-
nases. Overall, acalabrutinib has been reported to have a
high response rate, especially for CLL patients who have
previously received ibrutinib treatment but have become
intolerant [90,91].

More recently, inhibitors zanubrutinib and tirabrutinib
have shown to be highly selective in irreversibly binding
to BTK through targeting the C481 residue (Figure 2a),
again showing fewer off-target toxicities. In the first study
in humans, Zanubrutinib was well tolerated, with patients
experiencing a favourable safety profile over ibrutinib.
Further trials are ongoing to evaluate its efficacy in WM
[92,93].

Tirabrutinib recently received approval in 2020 for use
in Japan for R/R primary central nervous system lym-
phoma and is under investigation for WM and CLL. It
acts through binding to BTK covalently and irreversibly to
block BCR signalling in lymphoproliferative disorders and
autoimmune diseases (PV and RA) [94].

Alternative inhibitors -
reversible inhibitors

Ongoing clinical trials are currently proceeding for new
agents, which inhibit BTK through novel mechanisms
[95]. These alternative inhibitors differ from the previ-
ously mentioned therapies as they are reversible, bind to
various regions of BTK other than the C481 and can in-
teract with other kinases such as LYN and MEK1. These
properties have the potential to overcome the resistance
caused by mutations [96]. Teng et al. tested 20 novel BTKi
containing a 1,3,5-triazine core. Among them, the com-
pound B8 exerted promising activity in vitro and exhibited
a favourable safety profile with low off-target toxicities
[97].

For the treatment of Sjogren’s syndrome, a BTKi with
an even higher specificity is required for improved clinical
outcomes. Remibrutinib (LOU064), which has been devel-
oped for this purpose, acts through a new mode: through
interacting with Tyr511 of BTK and binding to the cyclo-
propyl phenyl group, preventing its phosphorylation [98].
Despite these measures, resistance still occurs in ways that
are yet understood.

Pirtobrutinib (LOXO-305) is a next-generation, revers-
ible, highly selective BTK inhibitor, which seems to inhibit
both WT and C481S mutant BTK with minimal off-target
inhibition. Pirtobrutinib potently inhibits BCR signalling
and cell survival in treatment-naive and BTK C481-mutant
CLL cells in vitro. The trial BRUIN evaluates pirtobrutinib
in patients with previously treated B-cell malignancies is
currently ongoing. Preliminary data suggest that pirto-
brutinib was effective in patients with heavily pretreated
CLL/SLL and NHLs, including ibrutinib- and venetoclax-
resistant cases [99].

CONCLUSIONS

BTK is a vital component of the immune system not only
in the BCR signalling pathway but also in a diverse range
of cells and pathways. The potential therapeutic applica-
tions of BTK inhibition span from B-cell malignancies,
for which these inhibitors were originally created, to au-
toimmune disorders and COVID-19 infection. Covalent
BTK inhibitors such as ibrutinib and acalabrutinib have
already revolutionized the treatment of CLL and MCL.
With the development of new non-covalent inhibitors
including pirtobrutinib improving both the specificity
and toxicity profiles, these build upon the foundations
set up by first- and second-generation inhibitors while
overcoming mechanisms of resistance. Further under-
standing of the underlying mechanisms behind BTK and
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its inhibition has the potential to remodel traditional
treatment schemes, to enhance combinatorial thera-
pies and to improve patient outcomes in a wide range
of diseases.
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