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Abstract: Bruton’s tyrosine kinase (BTK) plays a key role in the B-cell receptor (BCR) signaling
pathway and confers anti-apoptotic and proliferative properties to malignant B-cells in chronic
lymphocytic leukemia (CLL). Small molecule BTK inhibitors were designed to bind BTK’s active site
and block downstream signaling. These drugs have now been used in the treatment of thousands
of patients with CLL, the most common form of leukemia in the western hemisphere. However,
adverse effects of early generations of BTK inhibitors and resistance to treatment have led to the
development of newer, more selective and non-covalent BTK inhibitors. As the use of these newer
generation BTK inhibitors has increased, novel BTK resistance mutations have come to light. This
review aims to discuss previously known and novel BTK mutations, their mechanisms of resistance,
and their relationship with patient treatment. Also discussed here are future studies that are needed
to investigate the underlying cause allowing these mutations to occur and how they incite resistance.
New treatments on the horizon that attempt to maneuver around these resistance mutations can be
met with new resistance mutations, creating an unmet need for patients with CLL. Novel therapies
and combinations that address all forms of resistance are discussed.

Keywords: chronic lymphocytic leukemia; Bruton’s tyrosine kinase; resistance mutations; targeted
therapy

1. Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of B lym-
phocytes aberrantly expressing CD5+ in peripheral blood, bone marrow, and secondary
lymphoid organs (lymph nodes and spleen) [1–4]. CLL is the most prevalent leukemia
in western countries and originates from mature B-lymphocytes, though the exact cell of
origin is still debated [1,2,5]. The prognosis for CLL can vary from being indolent to aggres-
sive, with a transformation into diffuse large B-cell lymphoma (Richter syndrome) being
the most feared outcome [6–8]. There is a higher susceptibility to CLL found in elderly
and male patients; however, recent findings show that CLL diagnoses have expanded to
encompass younger individuals, with nearly 15% of patients under the age of 55 [3,9–11].
This shift may result from increased blood screenings for a known family history, as a
subset of CLL has a genetic predisposition, potentially leading to an earlier diagnosis of
about 14 years [10,12–14]. Nonetheless, with few known risk factors, cases are sporadic,
and the underlying pathogenesis of CLL is still being investigated.

In CLL, the B-cell receptor (BCR) pathway is abnormally activated, leading to the
hyperactivation of downstream protein kinases [5,15–18]. Bruton’s tyrosine kinase (BTK), a
non-receptor Tec kinase early in the BCR pathway, has been shown to play a key role in
B-cell development and proliferation [5,19]. BTK consists of five distinct domains: pleck-
strin homology (PH), proline-rich TEC homology (TH), SRC homology 3 and 2 (SH3 and
SH2), and a catalytic domain (kinase) [20]. The PH domain has a specific binding affinity
for phosphatidylinositol 3,4,5-trisphosphate (PtdIns-3,4,5-P(3)), allowing it to respond to
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signaling mediated by phosphatidylinositol 3-kinase (PI3K) [4,21]. This responsiveness trig-
gers the recruitment of proteins to the cell membrane, facilitating both protein localization
and BTK translocation to the cell membrane. Point mutations in the PH domain perturb
membrane binding and compromise its role in effective signaling [22]. The TH domain
has a zinc-finger that plays a significant role in regulating BTK’s activity and stability
though Zn2+ ion binding [4,21]. Both SH domains participate in crucial protein-protein
interactions. The BTK SH2 domain, specifically, plays an essential role in the phosphory-
lation of phospholipase C-y2, triggering the mobilization of Ca2+ from the endoplasmic
reticulum (ER) and leading to the anti-apoptotic and proliferative signaling of B cells [23,24].
The tyrosine kinase domain encompasses the tyrosine 551 (Y551) residue, which requires
phosphorylation to initiate autophosphorylation at tyrosine 223 (Y223), located in the SH3
domain, and subsequent downstream signaling (Figure 1) [22,25].
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Figure 1. BTK Domains and activating tyrosinde phosphorylation sites. Map of the domaines found
in BTK starting at the N terminal, BTK is made up of 5 different domains: the pleckstrin homology
(PH), proline-rich TEC homology (TH), SRC homology 3 (SH3), SRC homology 2 (SH2), and a catalytic
(kinase) domain ending with the C terminal, totalling 659 amino acids in length.

Originally discovered in 1952 by Colonel Ogden Bruton, the importance of BTK in
B-cell development is underscored by mutations found in X-linked agammaglobulinemia
(XLA) [17,25]. Predominantly inherited by men, XLA is an immunodeficiency disorder that
leads to a susceptibility to recurrent bacterial infections, due to a lack of antibodies [25].
Studies have shown BTK mutations are commonly found in those with XLA, where amino
acid substitutions, splice defects, in-versions, termination, and insertions found in BTK
can lead to a loss of function [26,27]. With disease severity depending on BTK enzymatic
activity, even a frame shift changes such as hemizygous c.1632-1G>A can extremely lower
the B-cell population and cause serious disease [26–28].

Considering the significant involvement of BTK and the impact it has on B-cells when
dispossessed, scientists investigated the efficacy of inhibiting BTK in B-cell malignancies.
As a cell signal blocker, these treatments attach to the ATP binding site of BTK, effec-
tively preventing BTK from activating the BCR pathway [12,29,30]. Unable to proliferate,
malignant b-cells stop growing and spreading, allowing for tumor reduction [19]. With
this new development, inhibition of BTK shifted patient options from broader treatments
(chemotherapy or radiation) to a more targeted approach (kinase inhibitors), revolution-
izing the treatment landscape of CLL. Despite this success, prolonged exposure to BTK
inhibitors (BTKi) can lead to mutational resistance. In this review, we will discuss the
advances and challenges associated with targeting BTK in CLL, highlighting the potential
implications for drug development and therapy selection for patients with CLL.

2. BTK Mutations Arise in Patients Treated with Covalent BTK Inhibitors

The first-in-class covalent BTK inhibitor (cBTKi), ibrutinib, is an oral treatment that
binds covalently and irreversibly to cysteine 481 (C481) in the ATP binding site of BTK
(Figure 2) [12,31,32]. Ibrutinib was first was approved approved for the treatment of mantle
cell lymphoma (MCL) in 2013, but soon after for CLL (2014), Waldenström’s macroglobu-
linemia (WM) (2015), and marginal zone lymphoma (MZL) (2017) [25,33–35]. This gave
patients a new treatment option outside of the predominant use of chemoimmunotherapy
and hematopoietic stem cell transplantation [12,32]. In addition to BTK, ibrutinib targets
other signaling proteins such as HER2 and TEC family proteins, which can lead to undesir-
able off-target effects in patients [36,37]. Studies show that out of those who discontinue
treatment, on average 30% had adverse effects (AE) including pneumonia, atrial fibrillation,
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and sepsis [38–40]. Depending on the study, up to 58% of patients stopped treatment after
2 years due to treatment intolerance, disease progression, or relapse [39–41].
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Figure 2. Differential binding of BTK inhibitors. Schematic diagrams showing protein-ligand in-
teractions (Ligplots) showing the binding of covalent (top) and non-covalent (bottom) inhibitors
in the ATP binding pocket of BTK. The top ligplots show binding to BTK of ibrutinib (PDB: 5P9J),
acalabrutinib (PDB: 8FD9), and zanubrutinib (PDB: 6J6M). The bottom ligplots show binding to BTK
of fenebrutinib (PDB: 5VFI), nemtabrutinib (PDB: 6E4F), and pirtobrutinib (PDB: 8FLL). Amino acid
residues and corresponding three letter amino acid codes are shown in each plot, colored to specify
amino acid types, charge, and interaction with the ligand.
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After the recognition of ibrutinib toxicity due to off-target effects, second generation
covalent inhibitors were developed to be more selective for BTK while still binding ir-
reversibly (Figure 2) [42]. In 2019, acalabrutinib was approved by the Food and Drug
Administration (FDA) for the treatment of CLL [43,44]. Similar in structure to ibrutinib,
acalabrutinib also binds covalently to the C481 residue and inhibits the tyrosine phospho-
rylation of BTK and its subsequent signaling [29]. However, unlike ibrutinib, acalabrutinib
was found to target fewer off-target kinases, causing fewer AEs [45,46]. Remarkably 72% of
patients who discontinued ibrutinib treatment due to AEs did not experience these issues
when re-challenged with acalabrutinib. Furthermore, only 12% stopped acalabrutinib
treatment due to AE’s [45].

In 2023, zanubrutinib, a third covalent inhibitor gained FDA approval for CLL [47].
Like ibrutinib and acalabrutinib, it binds to the C481 residue of BTK. However, its design
allows more specific binding with fewer off-target effects potentially lowering the number
of AEs (Figure 2) [30,47]. In a recent update from the SEQUOIA study, results show that
there were fewer AE’s and less discontinuation of treatment, with an impressive 82%
progression-free survival (PFS) rate at 42 months [48]. Likely due to its structure, there are
fewer cases of atrial fibrillation [30] making it safer for patients on clotting medications [49].

Despite the widespread success of ibrutinib these inhibitors, the emergence of mu-
tational resistance in patients left many in need of alternative treatment options. Initial
cases of resistance were observed in CLL patients undergoing ibrutinib treatment [40,50],
with notable mutations emerging as early as 9 months after initiating treatment [51–54].
Sequencing results showed multiple mutations present in the cysteine 481 position, where
the amino acid substitution from cysteine to serine (C481S), phenylalanine (C481F), threo-
nine (C481T), tyrosine (C481Y), arginine (C481R) or glycine (C481G) blocked the covalent
interaction between ibrutinib and BTK [55,56] (Figure 3).

Studies on inhibitor resistance highlight the inability of covalent BTK inhibitors to co-
valently bind to and block phosphorylation, yet C481S and C481T form interactions similar
to the original cysteine allowing them to retain kinase functionality [57–60]. This, in part,
might explain why the C481S mutation is so common. Another variant, C481G, displays
limited catalytic activity due to the absence of significant polar side chains. Nonetheless, it
still permits a certain degree of ATP binding [42,61]. In contrast, substitutions like arginine,
phenylalanine, tryptophan, and tyrosine prevent BTK Y223 autophosphorylation due to
steric hindrance and structural clashing within the ATP binding pocket [42,62–64]. This
causes mutations C481F/R/Y to be considered kinase dead. These mutants prevent ATP
binding and BTK Y223 autophosphorylation (BTK activation) yet maintain downstream
signaling, the mechanisms of which are still being investigated. It is worth noting that due
to the similar binding motif of these cBTKis, the acquired resistance and disease progression
due to the C481 mutations is a challenge that overlaps in all three [56,65–67].

As various studies have delved into covalent BTKi resistance, non-C481 mutations
have become more prevalent. In one study, samples were obtained both before and
during treatment with ibrutinib. The results of their investigation unveiled a range of
BTK mutations extending beyond the widely recognized C481 mutations, including R28S,
G164D, R490H, and Q516L (Figure 3) [68]. In another study, sequencing of 87 patients
that were refractory to ibrutinib identified a subset of non-C481 mutations including E41K,
T316A, V416L, T474I, and T474F, which comprised 1.3% of all BTK mutations (5 patients)
(Figure 3) [69]. Notably, two of these patients concurrently carried the C481S mutation.
Within another group of 20 patients, 8 individuals exhibited resistance to ibrutinib. Among
2 of the 8 patients, one acquired Q156L and R490H mutations in BTK, while the other
acquired R28S and G164D mutations (Figure 3). Within the remaining 6 patients who de-
veloped resistance, all acquired the C481S mutation following treatment ranging from 17 to
40 months [54]. Similar non-C481 mutations have been observed in other cBTKis [54,68,70].
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Figure 3. Observed amino acid mutations and their corresponding resistance to covalent and non-
covalent BTK inhibitors observed in patients with CLL. The top portion of each row shows the
original amino acid found at the specified residue in BTK. Directly below each original residue are the
substituted mutated residues and the corresponding resistance to covalent (ibrutinib, acalabrutinib
and zanubrutinib) and non-covalent (pirtobrutinib and fenebrutinib) BTK inhibitors. Each residue
is colored to show specific elements such as hydrogen (white), oxygen (red), nitrogen (blue) and
sulfur (yellow).
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In an early study of patients treated with zanubrutinib, 10/13 patients had a C481
mutation, 7 of which has the Leu528Trp (L528W) mutation as well [64,65] (Figure 3). In
a second study 4/8 patients had a C481 mutation detected, and 1/8 patients had both a
C481 and L528W mutation [71]. BTK mutational resistance has been observed in patients
treated with acalabrutinib as well. In a study conducted at Ohio State University, deep
targeted sequencing was conducted on 16 patients that relapsed while on the treatment. Of
these, 11 had BTK C481 mutations (63% C481S; 6% C481R and C481Y) and one had both a
C481S mutation and a BTK T474I gatekeeper mutation [67] (Figure 3). These studies show
that resistance to covalent inhibitors can occur even in newer generation BTK inhibitors
made to be more selective with most being driven by C481 mutations. Thus, a need to
develop non-covalent BTK inhibitors that do not require binding to C481 resulted in the
next generation of BTK targeted therapies being non-covalent BTK inhibitors.

3. Non-Covalent BTK Inhibitors in CLL and the Rise of Non-C481
Mutational Resistance

To overcome resistance and prevent disease progression, next generation non-covalent
BTK inhibitors (ncBTKi) such as fenebrutinib, nemtabrutinib, and pirtobrutinib have been
developed [72–77]. These inhibitors use hydrogen binding, ionic binding, and hydrophobic
interactions to overcome mutational resistance from C481 mutations (Figure 2). This
reversible binding could theoretically limit some of the selectivity of covalent BTKi’s;
however, additional features of certain non-covalent BTKi’s also make them more selective.
Each of these ncBTKis were designed to target both the wild type and C481 mutated
BTK [78–81]. Nemtabrutinib forms hydrogen bonds to the E475 and Y476 residues of BTK.
In addition to BTK, nemtabrutinib targets SRC kinases, AKT and ERK, [82,83] making
it less selective when compared to other ncBTKis. Though no mutations have yet been
described in patients taking nemtabrutinib, Wang et al have shown that cells expressing
T474I and L528W are less sensitive to nemtabrutinib when compared to cells expressing
wild-type (WT) BTK [84].

Fenebrutinib hydrogen bonds to the D539, M477, and K340 residues of BTK (Figure 2).
Like nemtabrutinib, fenebrutinib showed less sensitivity in cells expressing T474I and
L528W BTK mutations. Another study by Qi et al shows mutations L528S, G480R, and
D539H create resistance to fenebrutinib in patient samples [85]. While fenebrutinib is
highly selective for BTK, high doses can cause grade 3/4 AEs in patients which led to
discontinuation of its development in CLL. Nonetheless, alternative uses for fenebrutinib
in other diseases are still being tested [86,87].

Pirtobrutinib, the most recently developed ncBTKi, is a well-tolerated and highly
selective BTKi. Pirtobrutinib has been approved by the FDA for MCL and is undergoing
phase III trials for CLL (NCT05023980, NCT04666038). In addition to MCL and CLL,
pirtobrutinib is also being tested for treatment use in a variety of malignancies, including
WM (NCT05172700, NCT05734495, and NCT03740529), MZL (NCT04849416, NCT05990465,
and NCT03740529), follicular lymphoma (FL) (NCT05990465), hairy cell leukemia (HCL),
primary CNS lymphoma (NCT03740529), and diffuse large B-cell lymphoma (DLBCL)
(NCT04849416 and NCT05990465) [24,88]. In CLL, in the phase I BRUIN trial, an overall
response rate (ORR) of 82.2% was observed in 247 patients, with no obvious difference in
response between those with wild-type BTK and those with a C481 mutation. Significantly,
only 2.6% of patients discontinued treatment due to AE’s, with only 1.8% of patients having
grade 3/4 AEs [89]. Pirtobrutinib is unique because it binds to the inactive form of BTK and
does not require phosphorylation of Y551. Pirtobrutinib forms direct hydrogen bonds with
residues E475 and M477 in the hinge region of BTK, establishes water-mediated hydrogen
bonds with K430 and D539, and engages in pi-stacking interactions with F450 [90].

While the overall occurrence is low, studies following patients after prolonged treat-
ment have begun to reveal mutations in BTK that cause resistance to pirtobrutinib allowing
a disease progression [66,84,91]. Recently Wang et al. revealed the occurrence of 5 non-C481
mutations (V416L, A428D, M437R, T474I, and L528W) in patients initially responding to
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but ultimately relapsing on pirtobrutinib (Figure 3) [84]. These mutations cluster within
the kinase domain of BTK [84] and result in sidechain point substitutions that impede the
binding of both covalent and non-covalent BTK inhibitors [85,92]. Similar to the earlier
described C481F/R/Y mutations, point mutations K430R, V416L, A428D, M437R, and
L528W cause steric hindrance and structural clashing, preventing the binding of BTKis but
also ATP, causing these mutations to be kinase deficient/dead. Even though ncBTKis don’t
bind to the C481 residue of BTK, C481Y/F/R mutations are still observed in conjunction
with other BTK resistance mutations in some patients [88,89,93,94]. In a recent clinical
study (NCT03740529) researchers confirmed novel mutations can affect patient treatment
outcomes. Pretreatment sequencing of patients enrolling on the pirtobrutinib study who
previously received cBTKi treatment showed the common BTK C481S/R/Y and C481F
mutations. Following the pirtobrutinib treatment, samples from patients who progressed
were sequenced again and showed the clearance of C481S/Y/R/F mutations. Instead, new
BTK mutations such as L528W, V416L, A428D, D539G, Y545N, and gatekeeper mutations
like T474I/F/L/Y were detected (Figure 3) [92]. Future studies are necessary to determine
which resistance mutations these ncBTKis can or cannot circumvent and their efficacy
across a broader patient population.

4. Alternate Mechanisms Underlying Resistance to BTKis

Even when faced with potent signal inhibitors such as covalent and non-covalent
BTKi’s, cancerous CLL cells can quickly adapt. One commonly occurring BTKi resistance
mechanism arises from mutations in phospholipase C gamma 2 (PLCG2), the gene encoding
for the direct downstream target of BTK PLCγ2. PLCG2 mutations have been found in
studies with both cBTKi and ncBTKi. The most commonly occurring PLCG2 mutations are
R665W, S707Y/F/P, 1139del, and D1140G/E/Y/N [52,56,69,77,95]. These mutations cause
hypersensitivity to BTK and Syk phosphorylation leading to increased PLCγ2 activation
(Figure 4) [64]. Though resistance mutations occur less frequently in PLCG2 compared
to BTK, PLCG2 mutations are one of the most common non-BTK mutational resistance
to BTKis.

Though the BCR signaling should be shut down once BTK is inhibited, previous
studies have shown that these cancerous B-cells quickly adapt by using alternative signaling
pathways. One example is through the activation of the cell surface receptor CD19, which
leads to activation of PI3K and the AKT signaling pathway allowing CLL B-cells to survive
and escape apoptosis (Figure 4) [96,97]. A small number of patients resistant to BTKis show
no known BTK or PLCγ2 mutations (>20% on ibrutinib) as well as a lower number of cell
apoptosis [98,99]. These cells may acquire other mutations in the BCR pathway, like NF-kB
(Figure 4), to continue to proliferate independently of BTK, resulting in BTKi treatments
becoming ineffective.

Other studies address non-genetic methods of resistance. One study found that the
primary resistance to BTKi is due to epigenetic changes that circumvent BTK inhibition.
This study showed an epigenetic shift in activated B-cell DLBCL driven in part by the
transcription factor TCF4 that enabled RAC2, a GTPase, to substitute for BTK in the
activation of PLCγ2 (Figure 4) [100]. The authors also observed this resistance mechanism
in CLL and suggested that epigenetic alterations may contribute to more BTKi resistance
than currently thought.

Newer studies are beginning to describe a noncatalytic function of kinase dead mu-
tant BTK [62,77,91,101]. In one study focused on BTK mutants C481F/Y/R and L528W,
Yuan et al. use functional assays to show intact BCR signaling despite an absence of BTK
kinase activity. They describe a dependency of these kinase dead mutants on toll-like recep-
tor 9 (TLR9), unc-93 homolog B1 (UNC93B1), canopy FGF signaling regulator 3 (CNPY3)
and hematopoietic cell kinase (HCK) [101]. In another recent study Dhami et al. found
HCK was required in cells expressing the kinase dead BTK mutation C481F. Using the
BTK C481F expressing cells with a deficient HCK mutation (K290E), Dhami et al. observed
decreased activation of PLCγ2 as well as decreased calcium release following IgM stimula-
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tion, both of which are downstream responses to BTK activity [62]. To ensure that these
results were of significance, gene editing was then used to knockout HCK in DT40 cells
reconstituted with BTK WT or BTK C481F, and similar results were observed. Though the
exact mechanisms are still being studied, this supports the idea that although the kinase
function is suppressed by kinase dead BTK mutations, the presence of other BTK protein
domains may act as a scaffold to allow alternative kinases, such as HCK (Figure 4), to be
recruited and allow the continued downstream signaling and survival of malignant B-cells
regardless of the treatment.
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resistance alternative signaling pathways are shown (right) highlighting alternative signaling from
activating mutations in PLCG2 (green), mutations in NFkB (orange), signaling through activation of
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5. Impact of BTK Mutations on Drug Development

Due to the rising incidence of resistance to BTK inhibitors, alternate therapies designed
to target non-BTK proteins have been developed. These have demonstrated effectiveness
in treating both naïve and BTKi-refractory CLL patients. Downstream from the BCR,
PI3Ks play a role in regulating cell proliferation. While there are three classes of PI3Ks,
class one is particularly linked to the promotion of B and T cells. Inhibiting this class
has demonstrated the induction of apoptosis in cancerous B-cells [102]. Among the four
class one isoforms—α, β, delta, and γ—various inhibitors have been developed to prevent
these kinases from activating the BCR pathway [103]. The targeting of PI3K seemed
promising in therapeutic research. Specifically, Idelalisib, a PI3K inhibitor evaluated for CLL
treatment (NCT00710528) demonstrated an overall response rate of 72% [104]. However,
the excitement of these results was tempered by patient reports of severe (grade 3/4) side
effects and a lack of complete responses [102]. In a study involving CLL patients, 42% had
to cease using another such inhibitor because of its toxic effects, even after attempts to
interrupt or modify the dosage [103]. Despite these inhibitors being designed for isoform
selectivity, such reactions indicate that inhibiting the kinase might be inherently toxic [102].
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This suggests that this treatment approach might be more suitable as a last-resort option
for patients with progressive conditions.

Venetoclax, an inhibitor of B-cell lymphoma-2 (BCL2), has shown efficacy in patients
by helping to overcome BTK mutational resistance and allowing up to 57% of patients to
remain relapse free after 4 years [105,106]. Even so, this therapy faces its own challenges
with protein mutations showing resistance up to 25 months prior to recurrence. Research
indicates that nearly 50% of those who relapsed exhibited a mutation at the BCL2 binding
site for venetoclax [106,107]. In cases where patients discontinued ibrutinib due to a relapse
and initiated venetoclax as a sole therapy until further progression, Lucas and colleagues
observed that 63% exhibited the C481S mutation both before and during the venetoclax
treatment. Additionally, 45% acquired a BCL2 mutation that was not present before the
venetoclax treatment [108]. This reveals that there is an unmet need for patients with
multiple BCR pathway mutations that result in a resistance to single-agent therapies. Pre-
liminary data indicate that pirtobrutinib has a 58% overall response rate in those showing
disease progression after being treated with multiple CLL therapies, including both cBTKis
and venetoclax [109]. While comprehensive data on the impact of ncBTKi mutations on
these patients is still required, the efficacy of pirtobrutinib for double-refractory patients
remains clear.

As mutations lead to disease progression and fewer options, scientists have fought to
overcome this scarcity and create new ways to help patients into remission. Combination
therapies have sought to do this precisely. An ex vivo study found that CLL cells treated
with ibrutinib were more sensitive to venetoclax and were primed for apoptotic dependen-
cies due to the ibrutinib. Similar results have been shown in a phase 2 trial of acalabrutinib
in combination with venetoclax suggesting that resistance may be prevented by inhibiting
multiple targets simultaneously [106,110]. Understanding the potential of a more selective
inhibitor paired with venetoclax, a phase 3 trial involving pirtobrutinib in combination
with venetoclax is now in progress. With the primary objective being progression-free
survival, there is optimism that the results will lead to improved patient outcomes [111].

Other studies of interest focus on approaches to degrade BTK rather than inhibit
it. Two new chimeric targeting molecules (CTMs) from Nurix, NX-2127 and NX-5948,
inhibit cell proliferation in lymphoma cells with BTK-C481S mutations and demonstrate
superior tumor inhibition in xenograft models compared to ibrutinib [112,113]. These
degraders have a bifunctional structure. One end of the molecule binds to the target
protein (BTK), while the other end binds to an E3 ubiquitin ligase (cereblon). Bringing
cereblon in proximity to BTK causes BTK to be polyubiquitinated and transported to the
proteasome, a cellular machinery responsible for degrading unwanted or damaged proteins.
The BTK degrader is then recycled for continued rounds of degradation. While clinical
trials are currently being explored for CLL patients using NX-2127 and NX-5948, current
ongoing data leans favorably with sustained BTK degradation for patients with B-cell
malignancies [114]. As clinical evaluation for NX-2127 and NX-5948 progresses, there
is hope for this type of treatment for CLL patients with challenging prognostic factors,
including resistant BTK mutations [115]. This treatment provides options to those who
have previously failed on BTK inhibitor therapies.

HCK, another kinase integral to BCR signaling, is also worth investigating. Given
that kinase-dead mutations rely on HCK for continued proliferation, targeting HCK could
present another therapeutic avenue [62]. Using RK-20449, Dhami et al demonstrated the
compound’s ability to selectively inhibit the proliferation of ibrutinib-resistant TMD8 cells,
especially when compared to the parental TMD8 cells or TMD8 cells expressing the C481S
mutation, which is in contrast to ibrutinib’s effects [62]. Although RK-20449 displayed
limited selectivity, it still managed to suppress HCK phosphorylation in TMD8 ibrutinib-
resistant cells that overexpressed the C481Y mutation [62]. Additionally, pre-clinical data
from xenograft mouse studies using KIN-8194, another HCK inhibitor, indicated that
mice implanted with TMD8 cells expressing the C481S mutation had a more favorable
response to the inhibitor compared to other treatments, including ibrutinib. Although there
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was marked improvement in survival and significant tumor suppression, the disease still
progressed in mice xenografted with BTK WT. Further research is essential to understand
the potential efficacy and applicability of targeting HCK [116].

Lastly, the use of the chimeric antigen receptor T-cell (CAR-T) therapy has been tested
as a treatment alternative. Using autologous T lymphocytes from CLL patients, these cells
are re-infused after being transfected with a chimeric receptor recognizing CD19. Patients
show an overall response rate of 57% [117]; however, the long term overall response rate
was closer to 30% [117,118]. Current research suggests that combining CAR-T therapy
with BTKi, or introducing new methods such as using NK effector cells, could potentially
enhance remission rates as compared to using CAR-T therapy alone [117].

6. Conclusions

The important role of BTK inhibitors in the treatment of CLL has caused BTK to
remains a focal point of both clinical and scientific development. This review highlights
the increased occurrence of BTK mutations observed in patients and how these mutations
can limit the efficacy of the approved covalent BTKi’s. Despite the development of non-
covalent BTKi’s, novel BTK mutations have been observed to cause resistance and some of
these mutations have the capability to cause cross-resistance to covalent BTK inhibitors.
While studies discussed here underscore the progress that has been made, it is evident
that these mutations persist and allow adaptive resistance mechanisms in CLL. Mutants
in BTK can physically block inhibitor binding or allow BTK to cause resistance through
noncatalytic functions such as the scaffolding mechanism. Future research efforts should
aim to understand the full spectrum of BTK mutations and their implications in order to
improve therapeutic development and ultimately patient outcomes. The dynamic interplay
between the genomic landscape of CLL and targeted therapies like BTK inhibitors or
degraders introduces both challenges and opportunities for better therapeutic options
for patients.

Author Contributions: A.C., S.M. and A.S. writing—original draft preparation. A.C., S.M. and J.T.
writing—review and editing. S.M. visualization. J.T. supervision. S.M. and J.T. funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: S.M. is supported by the Ruth L. Kirschstein National Research Service Award for Individual
Predoctoral Fellows (1F31CA275378). J.T. is supported by the NIGMS/NIH (R35GM151109), NCI/NIH
(K08CA230319), the Doris Duke Charitable Foundation and the Edward P. Evans Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data will be made available upon request.

Acknowledgments: We would like to thank Olivia Tonini for kindly reading and editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. LeBien, T.W. Fates of human B-cell precursors. Blood 2000, 96, 9–23. [CrossRef]
2. Rozman, C.; Montserrat, E. Chronic lymphocytic leukemia. N. Engl. J. Med. 1995, 333, 1052–1057. [CrossRef]
3. Jemal, A.; Siegel, R.; Ward, E.; Murray, T.; Xu, J.; Thun, M.J. Cancer statistics, 2007. CA Cancer J. Clin. 2007, 57, 43–66. [CrossRef]

[PubMed]
4. Wen, T.; Wang, J.; Shi, Y.; Qian, H.; Liu, P. Inhibitors targeting Bruton’s tyrosine kinase in cancers: Drug development advances.

Leukemia 2021, 35, 312–332. [CrossRef]
5. Skånland, S.S.; Karlsen, L.; Taskén, K. B cell signalling pathways-New targets for precision medicine in chronic lymphocytic

leukaemia. Scand. J. Immunol. 2020, 92, e12931. [CrossRef]
6. Rai, K.R.; Gupta, N. Staging of Chronic Lymphocytic Leukemia. In Chronic Lymphocytic Leukemia: Molecular Genetics, Biology,

Diagnosis, and Management; Faguet, G.B., Ed.; Humana Press: Totowa, NJ, USA, 2004; pp. 193–199.

https://doi.org/10.1182/blood.V96.1.9
https://doi.org/10.1056/NEJM199510193331606
https://doi.org/10.3322/canjclin.57.1.43
https://www.ncbi.nlm.nih.gov/pubmed/17237035
https://doi.org/10.1038/s41375-020-01072-6
https://doi.org/10.1111/sji.12931


Genes 2023, 14, 2182 11 of 15

7. Rawstron, A.C.; Yuille, M.R.; Fuller, J.; Cullen, M.; Kennedy, B.; Richards, S.J.; Jack, A.S.; Matutes, E.; Catovsky, D.; Hillmen, P.;
et al. Inherited predisposition to CLL is detectable as subclinical monoclonal B-lymphocyte expansion. Blood 2002, 100, 2289–2290.
[CrossRef] [PubMed]

8. Briski, R.; Taylor, J. Treatment of Richter Transformation of Chronic Lymphocytic Leukemia in the Modern Era. Cancers 2023,
15, 1857. [CrossRef] [PubMed]

9. Kipps, T.J.; Stevenson, F.K.; Wu, C.J.; Croce, C.M.; Packham, G.; Wierda, W.G.; O’Brien, S.; Gribben, J.; Rai, K. Chronic lymphocytic
leukaemia. Nat. Rev. Dis. Primers 2017, 3, 16096. [CrossRef] [PubMed]

10. Hallek, M. Chronic lymphocytic leukemia: 2020 update on diagnosis, risk stratification and treatment. Am. J. Hematol. 2019, 94,
1266–1287. [CrossRef]

11. Scarfò, L.; Ferreri, A.J.; Ghia, P. Chronic lymphocytic leukaemia. Crit. Rev. Oncol. Hematol. 2016, 104, 169–182. [CrossRef]
12. Parmar, S.; Patel, K.; Pinilla-Ibarz, J. Ibrutinib (imbruvica): A novel targeted therapy for chronic lymphocytic leukemia. Pharm.

Ther. 2014, 39, 483–519.
13. Slager, S.L.; Kay, N.E. Familial chronic lymphocytic leukemia: What does it mean to me? Clin. Lymphoma Myeloma 2009, 9

(Suppl. 3), S194–S197. [CrossRef]
14. Mauro, F.R.; Foa, R.; Giannarelli, D.; Cordone, I.; Crescenzi, S.; Pescarmona, E.; Sala, R.; Cerretti, R.; Mandelli, F. Clinical

characteristics and outcome of young chronic lymphocytic leukemia patients: A single institution study of 204 cases. Blood 1999,
94, 448–454. [CrossRef]

15. Koehrer, S.; Burger, J.A. B-cell receptor signaling in chronic lymphocytic leukemia and other B-cell malignancies. Clin. Adv.
Hematol. Oncol. 2016, 14, 55–65.

16. Burger, J.A.; Wiestner, A. Targeting B cell receptor signalling in cancer: Preclinical and clinical advances. Nat. Rev. Cancer 2018, 18,
148–167. [CrossRef] [PubMed]

17. Pal Singh, S.; Dammeijer, F.; Hendriks, R.W. Role of Bruton’s tyrosine kinase in B cells and malignancies. Mol. Cancer 2018, 17, 57.
[CrossRef] [PubMed]

18. Gross, S.; Rahal, R.; Stransky, N.; Lengauer, C.; Hoeflich, K.P. Targeting cancer with kinase inhibitors. J. Clin. Investig. 2015, 125,
1780–1789. [CrossRef] [PubMed]

19. Woyach, J.A.; Bojnik, E.; Ruppert, A.S.; Stefanovski, M.R.; Goettl, V.M.; Smucker, K.A.; Smith, L.L.; Dubovsky, J.A.; Towns,
W.H.; MacMurray, J.; et al. Bruton’s tyrosine kinase (BTK) function is important to the development and expansion of chronic
lymphocytic leukemia (CLL). Blood 2014, 123, 1207–1213. [CrossRef] [PubMed]

20. Bradshaw, J.M. The Src, Syk, and Tec family kinases: Distinct types of molecular switches. Cell. Signal. 2010, 22, 1175–1184.
[CrossRef]

21. Vihinen, M.; Nilsson, L.; Smith, C.I. Tec homology (TH) adjacent to the PH domain. FEBS Lett. 1994, 350, 263–265. [CrossRef]
[PubMed]

22. Baraldi, E.; Djinovic Carugo, K.; Hyvönen, M.; Surdo, P.L.; Riley, A.M.; Potter, B.V.; O’Brien, R.; Ladbury, J.E.; Saraste, M. Structure
of the PH domain from Bruton’s tyrosine kinase in complex with inositol 1,3,4,5-tetrakisphosphate. Structure 1999, 7, 449–460.
[CrossRef] [PubMed]

23. Tzeng, S.R.; Pai, M.T.; Lung, F.D.; Wu, C.W.; Roller, P.P.; Lei, B.; Wei, C.J.; Tu, S.C.; Chen, S.H.; Soong, W.J.; et al. Stability and
peptide binding specificity of Btk SH2 domain: Molecular basis for X-linked agammaglobulinemia. Protein Sci. 2000, 9, 2377–2385.
[CrossRef]

24. Jensen, J.L.; Mato, A.R.; Pena, C.; Roeker, L.E.; Coombs, C.C. The potential of pirtobrutinib in multiple B-cell malignancies. Ther.
Adv. Hematol. 2022, 13, 20406207221101697. [CrossRef] [PubMed]

25. Liang, C.; Tian, D.; Ren, X.; Ding, S.; Jia, M.; Xin, M.; Thareja, S. The development of Bruton’s tyrosine kinase (BTK) inhibitors
from 2012 to 2017: A mini-review. Eur. J. Med. Chem. 2018, 151, 315–326. [CrossRef] [PubMed]

26. Broides, A.; Yang, W.; Conley, M.E. Genotype/phenotype correlations in X-linked agammaglobulinemia. Clin. Immunol. 2006,
118, 195–200. [CrossRef] [PubMed]

27. Lim, M.; Chang, M.; Wang, F.; Chang, C.; Hwang, Y.; Chen, C. Atypical X-linked agammaglobulinaemia caused by a novel BTK
mutation in a selective immunoglobulin M deficiency patient. BMC Pediatr. 2013, 13, 150. [CrossRef] [PubMed]

28. Han, P.; Lin, F.; Weng, Y.; Tsai, F.; Fu, S. A Novel BTK Gene Mutation in a Child With Atypical X-Linked Agammaglobulinemia
and Recurrent Hemophagocytosis: A Case Report. Front. Immunol. 2019, 10, 01953. [CrossRef]

29. Herman, S.E.M.; Montraveta, A.; Niemann, C.U.; Mora-Jensen, H.; Gulrajani, M.; Krantz, F.; Mantel, R.; Smith, L.L.; McClanahan,
F.; Harrington, B.K.; et al. The Bruton Tyrosine Kinase (BTK) Inhibitor Acalabrutinib Demonstrates Potent On-Target Effects and
Efficacy in Two Mouse Models of Chronic Lymphocytic Leukemia. Clin. Cancer Res. 2017, 23, 2831–2841. [CrossRef]

30. Wolska-Washer, A.; Robak, T. Zanubrutinib for the treatment of lymphoid malignancies: Current status and future directions.
Front. Oncol. 2023, 13, 1130595. [CrossRef]

31. Pharmacyclics, L. Imbruvica [Package Insert]; Pharmacyclics LLC: Sunnyvale, CA, USA, 2017.
32. Burger, J.A.; Barr, P.M.; Robak, T.; Owen, C.; Ghia, P.; Tedeschi, A.; Bairey, O.; Hillmen, P.; Coutre, S.E.; Devereux, S.; et al.

Long-term efficacy and safety of first-line ibrutinib treatment for patients with CLL/SLL: 5 years of follow-up from the phase 3
RESONATE-2 study. Leukemia 2020, 34, 787–798. [CrossRef]

https://doi.org/10.1182/blood-2002-03-0892
https://www.ncbi.nlm.nih.gov/pubmed/12239136
https://doi.org/10.3390/cancers15061857
https://www.ncbi.nlm.nih.gov/pubmed/36980742
https://doi.org/10.1038/nrdp.2016.96
https://www.ncbi.nlm.nih.gov/pubmed/28102226
https://doi.org/10.1002/ajh.25595
https://doi.org/10.1016/j.critrevonc.2016.06.003
https://doi.org/10.3816/CLM.2009.s.011
https://doi.org/10.1182/blood.V94.2.448
https://doi.org/10.1038/nrc.2017.121
https://www.ncbi.nlm.nih.gov/pubmed/29348577
https://doi.org/10.1186/s12943-018-0779-z
https://www.ncbi.nlm.nih.gov/pubmed/29455639
https://doi.org/10.1172/JCI76094
https://www.ncbi.nlm.nih.gov/pubmed/25932675
https://doi.org/10.1182/blood-2013-07-515361
https://www.ncbi.nlm.nih.gov/pubmed/24311722
https://doi.org/10.1016/j.cellsig.2010.03.001
https://doi.org/10.1016/0014-5793(94)00783-7
https://www.ncbi.nlm.nih.gov/pubmed/8070576
https://doi.org/10.1016/S0969-2126(99)80057-4
https://www.ncbi.nlm.nih.gov/pubmed/10196129
https://doi.org/10.1110/ps.9.12.2377
https://doi.org/10.1177/20406207221101697
https://www.ncbi.nlm.nih.gov/pubmed/35747462
https://doi.org/10.1016/j.ejmech.2018.03.062
https://www.ncbi.nlm.nih.gov/pubmed/29631132
https://doi.org/10.1016/j.clim.2005.10.007
https://www.ncbi.nlm.nih.gov/pubmed/16297664
https://doi.org/10.1186/1471-2431-13-150
https://www.ncbi.nlm.nih.gov/pubmed/24074005
https://doi.org/10.3389/fimmu.2019.01953
https://doi.org/10.1158/1078-0432.CCR-16-0463
https://doi.org/10.3389/fonc.2023.1130595
https://doi.org/10.1038/s41375-019-0602-x


Genes 2023, 14, 2182 12 of 15

33. Landau, D.A.; Sun, C.; Rosebrock, D.; Herman, S.E.M.; Fein, J.; Sivina, M.; Underbayev, C.; Liu, D.; Hoellenriegel, J.; Ravichandran,
S.; et al. The evolutionary landscape of chronic lymphocytic leukemia treated with ibrutinib targeted therapy. Nat. Commun. 2017,
8, 2185. [CrossRef]

34. Raedler, L.A. Imbruvica (Ibrutinib): First Drug Approved for the Treatment of Patients with Waldenström’s Macroglobulinemia.
Am. Health Drug Benefits 2016, 9, 89–92. [PubMed]

35. Raedler, L.A. Imbruvica (ibrutinib) first drug approved specifically for marginal-zone lymphoma and for chronic graft-versus-host
disease. Am. Health Drug Benefits 2018, 11, 67–69.

36. Deodato, M.; Frustaci, A.M.; Zamprogna, G.; Cairoli, R.; Montillo, M.; Tedeschi, A. Ibrutinib for the treatment of chronic
lymphocytic leukemia. Expert. Rev. Hematol. 2019, 12, 273–284. [CrossRef] [PubMed]

37. Wang, A.; Yan, X.E.; Wu, H.; Wang, W.; Hu, C.; Chen, C.; Zhao, Z.; Zhao, P.; Li, X.; Wang, L.; et al. Ibrutinib targets mutant-EGFR
kinase with a distinct binding conformation. Oncotarget 2016, 7, 69760–69769. [CrossRef]

38. Kaur, V.; Swami, A. Ibrutinib in CLL: A focus on adverse events, resistance, and novel approaches beyond ibrutinib. Ann. Hematol.
2017, 96, 1175–1184. [CrossRef]

39. Maddocks, K.J.; Ruppert, A.S.; Lozanski, G.; Heerema, N.A.; Zhao, W.; Abruzzo, L.; Lozanski, A.; Davis, M.; Gordon, A.; Smith,
L.L.; et al. Etiology of Ibrutinib Therapy Discontinuation and Outcomes in Patients With Chronic Lymphocytic Leukemia. JAMA
Oncol. 2015, 1, 80–87. [CrossRef] [PubMed]

40. Puła, B.; Gołos, A.; Górniak, P.; Jamroziak, K. Overcoming Ibrutinib Resistance in Chronic Lymphocytic Leukemia. Cancers 2019,
11, 1834. [CrossRef]

41. Woyach, J.A.; Ruppert, A.S.; Guinn, D.; Lehman, A.; Blachly, J.S.; Lozanski, A.; Heerema, N.A.; Zhao, W.; Coleman, J.; Jones,
D.; et al. BTK(C481S)-Mediated Resistance to Ibrutinib in Chronic Lymphocytic Leukemia. J. Clin. Oncol. 2017, 35, 1437–1443.
[CrossRef]

42. Estupiñán, H.Y.; Wang, Q.; Berglöf, A.; Schaafsma, G.C.P.; Shi, Y.; Zhou, L.; Mohammad, D.K.; Yu, L.; Vihinen, M.; Zain, R.; et al.
BTK gatekeeper residue variation combined with cysteine 481 substitution causes super-resistance to irreversible inhibitors
acalabrutinib, ibrutinib and zanubrutinib. Leukemia 2021, 35, 1317–1329. [CrossRef]

43. Kim, M.S.; Prasad, V. US Food and Drug Administration approvals for Bruton tyrosine kinase inhibitors in patients with chronic
lymphocytic leukemia: Potential inefficiencies in trial design and evidence generation. Cancer 2020, 126, 4270–4272. [CrossRef]
[PubMed]

44. Abbas, H.A.; Wierda, W.G. Acalabrutinib: A Selective Bruton Tyrosine Kinase Inhibitor for the Treatment of B-Cell Malignancies.
Front. Oncol. 2021, 11, 668162. [CrossRef]

45. Isaac, K.; Mato, A.R. Acalabrutinib and Its Therapeutic Potential in the Treatment of Chronic Lymphocytic Leukemia: A Short
Review on Emerging Data. Cancer Manag. Res. 2020, 12, 2079–2085. [CrossRef]

46. Molica, S.; Tam, C.; Allsup, D.; Polliack, A. Advancements in the treatment of CLL: The rise of zanubrutinib as a preferred
therapeutic option. Cancers 2023, 15, 3737. [CrossRef]

47. Guo, Y.; Liu, Y.; Hu, N.; Yu, D.; Zhou, C.; Shi, G.; Zhang, B.; Wei, M.; Liu, J.; Luo, L.; et al. Discovery of Zanubrutinib (BGB-3111),
a Novel, Potent, and Selective Covalent Inhibitor of Bruton’s Tyrosine Kinase. J. Med. Chem. 2019, 62, 7923–7940. [CrossRef]

48. Tam, C.S.; Brown, J.R.; Kahl, B.S.; Ghia, P.; Giannopoulos, K.; Jurczak, W.; Šimkovič, M.; Shadman, M.; Österborg, A.; Laurenti,
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