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Abstract

Chronic lymphocytic leukemia (CLL) is the most common type of leukemia in Western
populations and remains incurable despite significant therapeutic advancements. Over the
past decade, the treatment landscape has evolved from traditional chemoimmunotherapy
to targeted oral agents, including Bruton’s tyrosine kinase inhibitors (BTKis) and BCL2
inhibitors (BCL2is), which have demonstrated superior efficacy and tolerability, especially
in elderly patients. Venetoclax, a BCL2i, induces apoptosis in CLL cells through selective
inhibition of the anti-apoptotic BCL2 protein, while BTKis, such as ibrutinib and its next-
generation analogs, disrupt B-cell receptor signaling critical to CLL cell survival. However,
resistance to both drug classes has emerged, including mutations in BTK and BCL2, prompt-
ing the exploration of novel therapeutic strategies. This review outlines the molecular basis
and clinical implications of these resistance mechanisms, as well as emerging therapeutic
solutions, including non-covalent BTKis like pirtobrutinib and BTK-targeting PROTAC de-
graders such as BGB-16673 and NX-2127. Additionally, we discuss promising combination
therapies incorporating BTKis, BCL2is, and anti-CD20 monoclonal antibodies. Finally, we
highlight the growing role of measurable residual disease (MRD) as a biomarker to guide
treatment duration and evaluate therapeutic success. As resistance mechanisms continue to
emerge, tailoring therapy based on underlying biology will be critical to sustaining disease
control and enhancing outcomes in patients with CLL.

Keywords: chronic lymphocytic leukemia (CLL); targeted therapy; BTK inhibitors; BCL2
inhibitors; resistance mechanisms; precision medicine; PROTAC degraders; measurable
residual disease (MRD)

1. Introduction

Chronic lymphocytic leukemia (CLL), occurring most often in elderly adults, is the
most prevalent type of leukemia in Western populations [1]. CLL is characterized by the
clonal expansion of B-cells, confirmed by the presences of B-cell markers, aberrant CD5
expression, and monoclonality [1,2]. The severity of CLL varies from case to case and,
therefore, so does the treatment plan. While currently available treatments often lead to
disease remission, CLL remains an incurable disease [1].
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A diagnosis of CLL is verified by sustained lymphocytosis (>0.5 x 10° lymphocytes/L),
predominance of small, mature lymphocytes in the blood smear, and classification of cells
via immunophenotyping [3]. Because of the nature of CLL, it can be identified before it is
symptomatic. Around 70% of patients with CLL are diagnosed when routine examinations
reveal unexplained lymphocytosis although no other symptoms are present [4,5].

Following diagnosis, median survival of patients with CLL can range from several
months to over 10 years, without treatment [6]. The Binet and Rai staging systems are used
to measure progression of disease, basing the relative risk on physical examination of lymph
nodes and blood cell counts [7,8].

The treatment landscape for CLL has changed drastically since 2014, when the frontline
therapy was chemoimmunotherapy (CIT). Fludarabine, cyclophosphamide, and rituximab
(FCR), bendamustine and rituximab (BR), and chlorambucil were the most common treat-
ment regimens, with FCR given to younger patients (under 65 years), BR given to older
patients (between 65 and 75 years), and single-agent chlorambucil given to elderly patients
(over 75 years) or those with comorbidities. In the last 10 years, these aggressive treatments
have been largely replaced by targeted oral inhibitors due to increased tolerability and
efficacy [9].

2. Emergence of Targeted Therapies

Targeted therapies have revolutionized the treatment of CLL. Both Bruton’s tyrosine
kinase inhibitors (BTKis) and B-cell lymphoma 2 inhibitors (BCL2i) have shown great
success as targeted oral inhibitors, rewriting the standard of care in CLL [10]. Given the
older demographic of the majority of CLL patients, targeted therapies have provided a
significantly less toxic treatment option, compared to the previous standard of care, CIT,
that also has shown more success in allowing patients to reach remission [11].

2.1. B-Cell Lymphoma 2 Inhibitors

BCL2i were developed due to the role that BCL2 proteins play in cell death regulation.
BCL2 proteins are a protein family that include many survival-determining proteins, with
both pro- and anti-apoptotic functions [12]. The BCL2 homology 3 (BH3) proteins are a
subgroup that induces apoptosis, as shown in Figure 1; among these are BCL2-associated
X proteins (BAXs) and BCL2 antagonists/killers (BAKs). However, BCL2 itself is part
of the pro-survival subgroup [13]. Overexpression of anti-apoptotic proteins like BCL2
promotes the survival of malignant B cells and contributes to the pathogenesis of B-cell
malignancies, including CLL [14]. The first BCL2i, venetoclax, was FDA-approved in 2016,
following success in a phase 2 clinical trial (NCT01889186) [15]. Venetoclax, a reversible
inhibitor, delivers its therapeutic effect by mimicking the BH3 domain and engaging the
P2 and P4 sites of BCL2 for effective inhibition, mainly through hydrogen bonding and
hydrophobic interactions. This displaces BH3-only proteins which allows apoptosis to
occur [16,17]. Venetoclax binds to BCL2 and selectively isolates it from BIM, allowing
subsequent activation of BAX/BAK, causing the apoptotic pathway to activate [18,19].

Venetoclax alone did not demonstrate high rates of complete remission (CR), which
warranted the examination of combination therapies [20]. Venetoclax was therefore studied
in combination with anti-CD20 monoclonal antibodies: rituximab and obinutuzumab.
Several clinical trials demonstrated the efficacy of this combination, with overall response
rates ranging from 84.7% (CLL14 [21]) to 100% (NCT01685892 [22]) and undetectable MRD
(uMRD) from 62.4% (MURANO [23]) to 92.9% (HOVON139/GIVE NTR604 [24]).

Following treatment with venetoclax, acquired mechanisms of resistance can develop
through increased expression of other anti-apoptotic proteins. Among these are BCL-xL
and BCL-2A1 induced resistance. Additional mechanisms of resistance, induced through
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increased activation of NF-kB signaling, have also been implicated in resistance to veneto-
clax in CLL: interleukin 10, CD40L, and stimulation of TLR9 by unmethylated DNA [25,26].
Other identified mutations involve changes in amino acids: aspartic acid at position 103
with tyrosine (D103Y) and glycine at position 101 with valine (G101V). The D103Y mu-
tation occurs within the BH3 binding pocket of BCL2, the replacement of aspartic acid
with tyrosine inhibits venetoclax from binding as the bulkier tyrosine extends into the
binding pocket. The G101V mutation causes a conformational change in the BH3 binding
pocket, hindering venetoclax from binding by overcrowding residues E152, V148, F104,
and Y18 [27].

The first course of action to overcome this resistance is the use of combination therapies.
In acute myeloid leukemia (AML), previously resistant cells became venetoclax-sensitive
again following treatment with myeloid cell leukemia-1 inhibitor, identified in the clinical
trial, VU661013 [28-30]. The success of combination therapies in other hematologic ma-
lignancies strongly encourages the exploration of similar strategies in CLL patients who
develop resistance to targeted treatments.

DNA Damage Oxidative stress Hypoxia

l l l

Apoptosis Cytochrome C

Figure 1. BCL2 is a regulator of apoptosis in B cells. This figure depicts the role of BCL2 interacting
mediator (BIM), BAX, BAK, and BCL2 in response to stimuli that induce apoptosis. BCL2i target
this pathway to induce apoptosis in cells that depend on BCL2 for survival. Image created using
BioRender.com [12].

2.2. Bruton’s Tyrosine Kinase Inhibitors

Bruton’s tyrosine kinase (BTK) became a key target in CLL due to its role in B-cell
proliferation and its proven need for selectivity. BTKis can be broadly categorized into
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covalent BTKis (cBTKis) and non-covalent BTKis (ncBTKis), either through irreversible
covalent binding or reversible non-covalent binding. Ibrutinib, a ¢cBTKi, was the first
widely approved small-molecule BTK inhibitor for the treatment of relapsed/refractory
(R/R) CLL [31]. Ibrutinib was FDA-approved in 2016 following the phase 3 RESONATE
study, which found that treatment with ibrutinib was associated with significantly longer
progression-free survival (PFS) and an increased overall survival (OS) rate as compared
to chlorambucil [32,33]. Ibrutinib inhibits BTK by binding covalently to the cysteine 481
(C481) residue of BTK to block phosphorylation and downstream B-cell receptor signaling,
critical for the survival of many B-cell malignancies like CLL [34]. However, its limited
selectivity results in off-target effects on other kinases with cysteines in the same alignment
(e.g., EGFR, ITK, JAK3, ErbB2, and TEC), leading to side effects in patients [35,36]. The need
for more specific BTKis emerged from patients with X-linked agammaglobulinemia (XLA).
This immunodeficiency results in an absence of BTK activity; however, both patients with
and without XLA saw heightened risk of bleeding following treatment with ibrutinib. It can
be deduced that the risk was not a result of inhibition of BTK but rather the erratic activity
caused by ibrutinib [36]. Second-generation cBTKis, such as acalabrutinib, tirabrutinib
and zanabrutinib, were developed with improved selectivity towards BTK to mitigate off-
target effects [37,38]. This medicinal chemistry strategy was effective until point mutations
arose, preventing covalent binding and rendering these inhibitors ineffective in affected
patients [32].

Resistance to cBTKi emerged through mutations at the drug binding site, most notably
the C481S mutation, which disrupts the covalent interaction and reduces drug efficacy.
However, it was found that a new class of BTKi, non-covalent BTK inhibitors, could be
employed to overcome resistance caused by mutations such as C481S by binding reversibly
to BTK at alternate sites, maintaining therapeutic potential, even when covalent inhibitors
are no longer effective [39]. ncBTKis harness the chemical space within the active site to
engage in drug-target interactions to effectively inhibit BTKs. Specifically, ncBTKis bind
to BTKSs using intramolecular interactions (hydrogen bonds, hydrophobic interactions,
and ionic bonds) as opposed to ¢cBTKis that bind directly to the BTK-C481 residue [39,40].
Thus, ncBTKis were designed to overcome the BTK-C481S resistance mutation for effective
therapeutic effect [41,42]. This strength is seen in pirtobrutinib, the most successful ncBTKi
that has been developed and explored thus far [43].

Several mutations in BTK have been identified that confer resistance to covalent and
non-covalent BTKis: C481S, L528W, and T4741 [44,45]. After exposure to ¢cBTKis, subsequent
mutations can develop that additionally show resistance to ncBTKis; these mutations have
been found to aggregate in the kinase domain of BTK, conferring resistance to both cBTKis
and ncBTKis [44,46]. For example, in patients who already carry a C481S mutation and
have subsequently switched therapies from cBTKi to ncBTKi, the L528W mutation has
been observed to emerge, conferring resistance to pirtobrutinib. This suggests that L528W
arises as a distinct resistance mechanism to ncBTKi rather than as a consequence of the
C481S mutation itself [47,48]. L528W is categorized as a kinase-impaired mutation, as it
blocks the catalytic activity of BTK while still allowing downstream BCR signaling and
activation of the AKT pathway [44,48]. A bioinformatics analysis found that the L528W
mutation may reduce conformational stability and increase the flexibility of BTK, leading
to structural destabilization. The study suggested that the sidechain of Trp528 stuck out
towards the active center of BTK, causing steric hindrance, pushing ibrutinib away from
the C481 region, and inhibiting the formation of a covalent bond [49]. Additionally, an
increase in free energy caused by the L528W mutation was identified; this is thought to be
a leading factor resulting in the decreased binding affinity of BTKis [40,50,51]. The crystal
structure of L528W was confirmed in 2024 and is depicted in Figure 2 [40].
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Figure 2. Structures of inhibitors bound to BTK (PDB: 8GCS8 [40], 5P9] [46], 8FLL [52]). The top panel
depicts the binding mode of NX-2127 to the L528W mutant. The bottom panel compares the binding
modes of NX-2127 (orange), ibrutinib (cyan), and pirtobrutinib (yellow). The L528W mutation (shown
in slate) introduces a bulky steric hindrance that prevents the binding of ibrutinib and pirtobrutinib,
rendering them ineffective. In contrast, NX-2127 accommodates the steric change, maintaining its
ability to bind, inhibit, and promote degradation of BTK [53-56].

3. Evolving Therapies
3.1. Combination Therapies

Due to the initial efficacy of BTKi and BCL2i as independent therapeutic regimens, and
the resulting resistance, the two targeted therapies began being investigated in combina-
tion [57,58]. A correlative study that analyzed CLL cells obtained ex vivo and in vitro found
that when ibrutinib and venetoclax were given together there was an observed reduction in
the mitochondrial capacity to produce energy, disrupting cellular signaling pathways [59].
This combination also allowed for time-limited treatment instead of continuous treatment
as typically required in BTKi only regimens, as seen in patients in the CAPTIVATE trial [60].

Previously, anti-CD20 therapies have been combined with chemotherapies as a doublet
therapeutic regimen. In the phase 3 GLOW trial, chlorambucil-obinutuzmab was compared
with ibrutinib-venetoclax combination therapies to conclude that the BTKi-BCL2i combi-
nation was superior for PFS in elderly and comorbid patients [21]. The superiority of the
ibrutinib—venetoclax combination was defined through improved potency and duration of
response [21,23].

The CAPTIVATE study, in which BTKi and venetoclax were given in combination
found that even with patients who were not treatment naive, the combination of the
two therapies provided valuable results [58]. Additionally, the doublet therapy provided
encouraging results for patient populations with high genomic risk; patients with unmuted
immunoglobulin heavy chains (IGHs) and TP53 mutations. Combining the two therapies
allowed some patients to overcome molecular resistance to BTKis, encouraging the success
of the combination [57,58,61,62].
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Furthermore, novel therapy regimens have looked at the therapeutic potential of
combining BTKis, BCL2i, and the anti-CD20 monoclonal antibody, obinutuzumab. Several
triplet therapies are being tested in clinical trials; among these are the ibrutinib, venetoclax,
and obinutuzumab (IVO) combined therapy, currently in various phase 1-3 studies [63,64].
The phase 3 trial, A041702, compares IVO to ibrutinib and obinutuzumab doublet therapy,
finding that IVO showed an uMRD of 86.6% and a CR of 68.5% after 14 cycles [65]. Acal-
abrutinib, venetoclax, and obinutuzumab (AVO) combination has also been investigated in
a phase 2 trial, finding that in cases of CR of uMRD, AVO could be stopped after 15 cycles,
or in cases of any uMRD response, after 24 cycles; in all other cases, acalabrutinib use
continued after the administration of the triplet regimen [66].

One study combined an ncBTKi, pirtobrutinib, with venetoclax and obinutuzumab
(PVO), finding a high proportion of bone marrow (BM) uMRD after 6 and 12 months of the
triplet therapy. After 6 months, BM and peripheral blood (PB) showed uMRDS6 (1 in 10°
leukocytes) in 65% and 79% of patients, respectively. After 12 months, BM and PB showed
uMRD6 in 81% and 89% of patients, respectively [67].

A significant drawback of the rigorous triplet therapy is the proportion of patients that
have resulting neutropenia and thrombocytopenia [63,67]. Grade 3+ neutropenia occurred
in 48% and 43% of IVO and AVO trial regimens, respectively. Grade 3+ thrombocytopenia
was also found in 16% and 27% of IVO and AVO patients, respectively [63]. In the PVO
study, grade 3+ neutropenia and thrombocytopenia were seen in 58% and 18% of patients,
respectively [67].

3.2. BTK PROTAC Degraders

Given the persistent clinical challenge of acquired BTK mutations in response to
the aforementioned targeted therapies, BTK proteolysis-targeting chimera (PROTAC) de-
graders have emerged as a promising therapeutic avenue [68]. This novel class of drug
possesses alternative mechanisms of action and improved kinome selectivity, shown in
Figure 2, that does not require continual structural modification [53]. PROTACs represent
a new paradigm in drug discovery by enabling the complete removal of the protein of
interest (POI) from the cell via proteasomal degradation. PROTACsS are heterobifunctional
molecules consisting of three important parts. First, a ligand binding to the protein of
interest. This targeting ligand is often an inhibitor, and its main role is to bind to the target of
interest. The ligand is connected via a linker to a second ligand which recruits an E3 ligase,
such as cereblon or von Hippel-Lindau (VHL). The heterobifunctional PROTAC results in
the formation of a ternary complex which leads to polyubiquitination of the desired target
by transferring ubiquitin molecules from the ubiquitin-conjugating enzyme known as E2
to the lysine residue on the target protein. The polyubiquitination of the target protein is
then recognized by the proteosome, leading to its degradation [53-56]. BIK degraders are
currently being studied in clinical trials, of which BGB-16673, NX-2127, and NX-5948 have
proven safety and efficacy in phase 1 [40,69].

BGB-16673 functions using the BTK-binding and E3 ubiquitin ligase-binding domains
degrading both wild-type (WT) BTK as well as mutated BTK. Alternatively, NX-2127 and
NX-5948 degrade BTK through the recruitment of the cereblon (CRBN) E3 ubiquitin ligase
complex [69,70]. A recent study found that treatment of CLL cells with both NX-2127 and
NX-5948 degraded BTK without inhibiting the growth or activity of CD3* T cells [70].
Additionally, NX-2127 degrades CRBN neosubstrates Aiolos (IKZF3) and Ikaros (IKZF1),
increasing T-cell activation and fostering anti-tumor effects [40,71]. NX-2127, the mechanism
of which is depicted in Figure 3, also results in decreased levels of the mutant C481S-
BTK [40,72].
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Figure 3. Degradation mechanism of NX-2127, a BTK PROTAC. PROTACS are heterobifunctional
molecules formed by ligand binding to the protein of interest (yellow) connected by a linker (gray) to
an E3 ligase recruiter (green). Upon ubiquitination, BTK is targeted for proteosomal degradation,
and the PROTAC is released and engages in subsequent degradation cycles. Image created using
BioRender.com [53-56].

The ability of BTK degraders to completely break down BTK, inhibiting its function
and the proliferation of the BCR complex, shows promise in CLL patients, specifically those
with mutations that confer resistance to BTKis [72].

However, a recent case study identified a mutation that could cause resistance to
BGB-16673:BTK-A428D [73]. This study followed a male who was diagnosed at 66 years
old and developed resistance to a multitude of BTKis, and was ultimately treated with
BGB-16673. The patient had CLL with unmutated IGHV and subsequently underwent a
series of therapeutic regimens, including BR, VO, IVO, and acalabrutinib, achieving varying
levels of remission and adverse events throughout the treatment course. Next-generation
sequencing (NGS) revealed a BTK C481S mutation as well as a TP53 mutation. Following
this analysis, the patient underwent treatment with pirtobrutinib. Later NGS of his bone
marrow aspirate revealed another BTK mutation, T474l, that led to the eventual initiation
of BTK degrader therapy, BGB-16673, in a clinical trial. He came off the study after four
months due to the progression of his disease, with NGS showing another BTK mutation,
BTK-A428D [73]. Similarly to L528W, the BTK-A428D mutation is hypothesized to be kinase-
impaired [74]. Wong et al. hypothesized that the BIK degrader applied selective pressure that
influenced the development of the A428D mutation [73]. Notably, no functional studies were
performed to show that A428D confers resistance to BTK degraders, and it is still ambiguous
whether this mutation is indeed a cause of resistance (Table 1).
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Table 1. Resistance mechanisms to BTK-targeting therapies.
Mutation Therapeutic Resistance Mechanism of Resistance Therapy that Overcomes Resistance References
C481S Ibrutinib / Zanubrutinib / Acalabrutinib Gatekeeper; disrupts 1rrgver51ble blnqlmg of cBTKi Pirtobrutinib/BTK Degraders [46,75]
through alteration of 481 residue
L /7B . Kinase-impaired; blocks activity of BTK while
L528W Zanubrutinib /Pirtobrutinib et domreimenm shzms bine o (e BOR paiinEy BTK Degraders [44,76]
T4741 Acalabrutinib /Pirtobrutinib Gatekeeper; alters 474 residues to prevent binding BTK Degraders [43,44,46,76,77]
A428D mutation has been associated with resistance,
A428D Ibrutinib / Zanubrutinib but the mechanism has not been determined [76,77]

Pirtobrutinib

or characterized
Kinase-impaired; blocks activity of BTK while
continuing downstream signaling of the BCR pathway

[44]
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4. Conclusions and Future Directions

The treatment landscape for CLL is progressing rapidly, presenting promise for widely
available, effective treatments, with strategies to monitor disease progression. The focus on
BTK-targeted therapies does not appear as though it will fade as resistance increases, but
rather the same target will be approached through different mechanisms in response to each
mutation that emerges. However, there is no existing curative therapy for CLL, and therefore,
treatment duration remains indefinite, barring adverse events [78]. The uncertainty with
longevity of treatment promotes the use of combination therapies, with established cycles,
as a frontline therapy [79]. As the treatment landscape continues to evolve, it is integral to
continue characterizing resistance mechanisms to guide the future of CLL therapies.

As there is uncertainty with when therapies can be discontinued, physicians and
researchers turn to methods through which they can track disease progression and efficacy.
Detection of MRD is an integral tool for measuring disease progression. MRD quantifies
the number of CLL cells detected within a sample, with uMRD being the target for effective
therapies [80,81]. As previously discussed, venetoclax and ibrutinib were combined as a
therapeutic regimen in the CAPTIVATE (PCYC-1142) study [60,82]. In this study, patients
underwent fixed-duration treatment regimens with MRD assessed at established timepoints.
The phase 2 trial found that FD patients saw increased uMRD after 12 cycles of the therapy
and confirmed that uMRD encouraged the potential for FD treatment [58].

Key focuses of MRD-guided approaches to therapy include the method of detection,
detection endpoint, and comparison with PES or OS [80]. Crucial and ongoing clinical tri-
als have used uMRD as a guide for success as well as discontinuation of treatment. Flow
cytometry (FC), immunoglobulin heavy-chain polymerase chain reaction (IgH-PCR), and
next-generation sequencing (NGS) are all effective methods of measuring uMRD [83-86].
IgH-PCR can be paired with allele-specific oligonucleotide (ASO) primers, both of which
are considered the most precise techniques for MRD detection, with a sensitivity of up to
MRD#6 [81]. EC is the most commonly used technique, however, due to its relative accessibil-
ity [84]. NGS was implemented in the phase 3 GLOW trial, finding that the targeted therapy
combination was superior to the CIT combination []. NGS is currently being implemented
with the clonoSEQ platform in CLL [87].

MRD can be implemented as a tool for making decisions about treatment regimens and
disease progression, provided it is used at the right time and in the right way to enhance
patient outcomes [88].

5. Methods

This narrative review was conducted through a comprehensive literature search us-
ing Google Scholar and PubMed. Search terms included ‘CLL’, ‘BCL2 inhibitors’, ‘BTK
inhibitors’, “CLL therapeutic resistance mutations’, ‘BTK degraders’, ‘combination thera-
peutics in CLL’, and ‘measurable residual disease in CLL". Articles were scanned manually
and selected for relevance and currentness, applying a date range from 1995 to 2025 [57].
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Abbreviations

The following abbreviations are used in this manuscript:

CLL Chronic lymphocytic leukemia

CIT Chemoimmunotherapy

BR Bendamustine and rituximab

BTKi Bruton’s tyrosine kinase inhibitor

BCL2i B-cell lymphoma 2 inhibitor

MRD Measurable residual disease

BH3 B-cell lymphoma 2 homology 3

BAX B-cell lymphoma 2-associated X proteins
BAK B-cell lymphoma 2 antagonist/killer

BIM B-cell lymphoma 2-interacting mediator
uMRD Undetectable measurable residual disease
AML Acute myeloid leukemia

BTK Bruton’s tyrosine kinase

cBTKi Covalent Bruton’s tyrosine kinase inhibitor
ncBTKi Non-covalent Bruton’s tyrosine kinase inhibitor
R/R Relapsed /refractory

PFS Progression-free survival

(O5] Overall survival

XLA X-linked agammaglobulinemia

IGH Immunoglobulin heavy chain

VO Ibrutinib, venetoclax, and abinutuzumab
AVO Acalabrutinib, venetoclax, and obinutuzumab
PVO Pirtobrutinib, venetoclax, and obinutuzumab
BM Bone marrow

PB Peripheral blood

PROTAC  Proteolysis-targeting chimera

POI Protein of interest

VHL Von Hippel-Lindau

CRBN Cereblon

FC Flow cytometry

IgH-PCR  Immunoglobulin heavy-chain polymerase chain reaction
NGS Next-generation sequencing

ASO Allele-specific oligonucleotide
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