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Abstract: Despite significantly improving outcomes in patients with 
B-cell malignancies, covalent Bruton tyrosine kinase (BTK) inhibitors are 
limited by toxicities and the development of resistance. Some toxicities 
can be life-threatening, such as cardiotoxicity. These toxicities result 
from off-target effects of covalent BTK inhibitors and frequently lead 
to dose reductions and discontinuations of the drug. Noncovalent BTK 
inhibitors bind BTK in a unique fashion and, to date, have demonstrated 
an excellent safety profile as well as efficacy against a variety of B-cell 
malignancies. In addition, noncovalent BTK inhibitors have, for the 
first time, demonstrated efficacy in patients who progressed on other 
BTK inhibitors. Long-term data and comparative studies are needed to 
further investigate their efficacy and role in the landscape covalent BTK 
Inhibitors.

Introduction 

Bruton tyrosine kinase (BTK) is a member of the TEC family of 
nonreceptor tyrosine kinases. Through its action on the B-cell 
receptor (BCR), BTK plays an essential role in B-cell survival and 
proliferation and has become a key target for the management of 
B-cell malignancies (Figure 1).1 It also acts on B-cell trafficking and 
homeostasis through its action downstream on chemokine receptors 
CXCR4 and CXCR5 as well as class switching and antibody pro-
duction through the toll-like receptor.1-3 BTK expression in myeloid 
cells, particularly macrophages, alters chemokine and vascular endo-
thelial growth factor expression and promotes tumor angiogenesis, 
invasion, and metastasis.4,5 In addition, BTK inhibition leads to 
the downregulation of checkpoint molecules on CD4+ and CD8+ 
T cells.6 Preclinical studies in chronic lymphocytic leukemia (CLL) 
suggest enhanced T-cell function with ibrutinib (Imbruvica, Phar-
macyclics/Janssen) by decreasing programmed death 1 expression on 
CD8+ T cells, decreasing cytotoxic T-lymphocyte–associated protein 
4 expression on T cells, increasing Th17 cells, and decreasing the 
regulatory T cell to CD4+ T cell ratio.7 Therefore, inhibition of BTK 
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result, the second-generation covalent BTK inhibitors, 
including zanubrutinib and acalabrutinib, were developed 
and approved for clinical use.19,20 These second-generation 
BTK inhibitors are more selective for BTK and have less 
off-target inhibition, resulting in similar efficacy and an 
improved safety profile compared with ibrutinib.15,21-24 
They have been US Food and Drug Administration 
(FDA)-approved for the management of CLL, MCL, and 
WM in either the first-line or relapsed setting. Despite the 
multitude of options, even second-generation covalent 
BTK inhibitors produce off-target toxicities and the devel-
opment of resistance.

Off-Target Toxicities
The off-target toxicities of covalent BTK inhibitors occur 
due to the effect of BTK inhibitors on receptor tyrosine 
kinases and nonreceptor tyrosine kinases, including 
EGFR, ITK, TEC, ERBB4, BMK, JAK3, and HER2.25 
These toxicities cause drug intolerance, leading to frequent 
discontinuations and dose reductions. In a long-term 
safety analysis of the 3 pivotal trials for ibrutinib, 13% of 
patients required dose reduction and 11% required per-
manent discontinuation of ibrutinib. The most common 
reported adverse events (AEs) were diarrhea (52%) and 
fatigue (36%), whereas the most common grade 3/4 AEs 
were neutropenia (18%) and pneumonia (12%). Cardio-
toxicity is a potentially fatal toxicity that has been reported 
with ibrutinib. Although the initial studies reported an 
elevated risk of atrial fibrillation with ibrutinib,26 later 

plays a vital role in the treatment of many B-cell malig-
nancies. Several BTK inhibitors have been developed that 
show promising results in multiple clinical studies against 
a variety of mature B-cell malignancies.8-15

Covalent BTK Inhibitors
The initial class of BTK inhibitors to be developed for 
targeting the BTK enzyme in B-cell malignancies was 
covalent BTK inhibitors. These oral agents include 
ibrutinib, acalabrutinib (Calquence, AstraZeneca), and 
zanubrutinib (Brukinsa, BeiGene). Each of these agents 
is currently approved for 1 or more indications, such as 
CLL, Waldenström macroglobulinemia (WM), marginal 
zone lymphoma (MZL), and mantle cell lymphoma 
(MCL). 

Ibrutinib, the first-in-class covalent BTK inhibitor, is 
an irreversible small-molecule BTK inhibitor that works 
by covalently binding the cysteine 481 site of the BTK 
enzyme.16 It was initially developed in preclinical studies 
for rheumatoid arthritis in 2006.16 Its efficacy against B-cell 
malignancies in preclinical studies was first demonstrated 
in 2010 by Honigberg and colleagues.17 It was first used 
in a phase 1/2 clinical trial in 2013.18 In this study of 85 
patients, both the 240 mg and 420 mg doses of ibrutinib 
demonstrated durable responses, with an overall response 
rate (ORR) of 71% in patients with relapsed CLL, includ-
ing those with TP53 mutations. Although effective, ibru-
tinib also inhibits EGFR, ITK, and TEC family kinases. 
This results in off-target toxicities, limiting its use. As a 

Figure 1. Role of BTK in B cells, T cells, and myeloid cells. 
BCR, B-cell receptor; BTK, Bruton tyrosine kinase; CTLA-4, cytotoxic T-lymphocyte–associated antigen 4; CV, cardiovascular; 
HTN, hypertension; PD-1, programmed death 1; TLR, toll-like receptor; VEGF, vascular endothelial growth factor. 
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studies have also reported risks of supraventricular arrhyth-
mias and life-threatening ventricular arrhythmias.27,28 In a 
recent study of hospitalized patients, ibrutinib was inde-
pendently associated with a greater than 2-fold increase 
in the rate of atrial fibrillation–related complications and 
bleeding while hospitalized as well as higher rates of new 
heart failure.29 Cardiotoxicity is not limited to ibrutinib,  
as similar concerns were appreciated with acalabrutinib. 
After studying 1063 person-years of acalabrutinib expo-
sure, an 8-fold increased risk of ventricular arrhythmias 
and sudden cardiac death was appreciated.30 The risk of 
cardiotoxicity was especially high in older patients, who 
are enriched for baseline cardiac comorbid conditions. 

In addition to cardiac toxicities, another class effect 
of covalent inhibitors is the risk of bleeding. Because BTK 
plays a role in platelet signaling through GP1b and GPVI, 
BTK inhibition through ibrutinib causes bleeding owing 
to platelet dysfunction.31 In a systematic review of 11 ran-
domized clinical trials including 4288 patients, ibrutinib 
was associated with a 2-fold increased risk of bleeding.32 
The risk of bleeding especially becomes significant in 
the case of atrial fibrillation and the use of vitamin K 
antagonists, which are generally not recommended for 
patients taking covalent BTK inhibitors.33 Although 
described more commonly with ibrutinib, bleeding events 
are reported with all classes of covalent BTK inhibitors, 
including a 66% rate (3% grade 3/4) with acalabrutinib14 
and a 26% rate with zanubrutinib.34

Several real-world studies have assessed the rates of 
AEs as well as treatment discontinuation with ibrutinib. 
In a large real-world study of 11,807 Medicare patients, 
the rate of ibrutinib discontinuation was 65%, with 69% 
of patients discontinuing it in the first 12 months of 
therapy.35 In another real-world study, the most common 
reason for treatment discontinuation was infections, and 
the rate of cardiovascular AEs was similar to that previ-
ously reported in clinical trials.36 

Resistance Against Covalent BTK Inhibitors

Despite their profound efficacy, most patients will even-
tually experience resistance to covalent BTK inhibitors. 
Primary resistance to covalent BTK inhibitors is reported 
in 13% of 30% of CLL cases and is mostly observed in 
CLL patients with underlying Richter transformation 
(RT) and in patients with MCL.33,37 Secondary resistance 
occurs during the course of treatment with covalent BTK 
inhibitors and may be due to the clonal shift of the CLL 
cells under persistent inhibition of BTK.38 Two well-estab-
lished mechanisms of resistance involve a cysteine-to-ser-
ine mutation in BTK at the binding site of ibrutinib and 
downstream mutations in PLCγ2. The point mutation 
leading to serine residues in the C481 position prevents 

the irreversible binding of all covalent BTK inhibitors, 
resulting in disease progression.39,40 Mutations in PLCγ2 
are gain-in-function mutations that cause BCR signaling 
activation despite BTK inhibition, leading to resistance 
against covalent inhibitors.41 Some additional mech-
anisms of resistance to ibrutinib have been described, 
including deletion of the short arm of chromosome 8,38 
gain of the short arm of chromosome 2,42 and mutations 
in SF3B1, MGA, BIRC3, NFKBIE, CARD11, and XPO1 
genes (Figure 2).43,44 

Role of Noncovalent BTK inhibitors

Noncovalent BTK inhibitors bind to BTK using hydro-
gen bonds, ionic bonds, and hydrophobic interactions in 
a mechanism that is independent of the C481-containing 
binding site. Because of this, they can overcome common 
causes of resistance associated with covalent BTK inhib-
itors. In addition, owing to their noncovalent reversible 
binding and more selective activity against BTK, they 
may offer a more favorable safety profile than the covalent 
BTK inhibitors currently available. 

A total of 4 noncovalent BTK inhibitors are available 
or under development. These include pirtobrutinib (Jayp-
irca, Lilly), vecabrutinib, fenebrutinib, and nemtabrutinib.

Pirtobrutinib. Pirtobrutinib is a third-generation, 
highly selective, noncovalent BTK inhibitor and the only 
noncovalent BTK with an FDA approval to date in relapsed 
or refractory (R/R) MCL. Owing to noncovalent revers-
ible binding, 300-fold selectivity for BTK, and potency 
against wild-type and C481-mutated BTK, pirtobrutinib 
is a highly effective drug against B-cell malignancies, even 
those resistant to earlier BTK inhibitors.45,46 Its efficacy 
on the C481-mutated BTK occurs because it does not 
directly interact with the C481 domain. Instead, pirto-
brutinib binds through hydrogen bonds with the back-
bone of E475 and M477 in the hinge region, through 
water-mediated hydrogen bonds with K430 and D539, 
and through an edge-to-face pi-stacking interaction with 
F540.47 In contrast to covalent BTK inhibitors, which 
only inhibit autophosphorylation of Y223, pirtobrutinib 
also prevents phosphorylation of Y551 (upstream kinase 
phosphorylation). This results in the stabilization of BTK 
in a closed, inactive conformation at a significantly higher 
temperature than covalent BTK inhibitor–bound BTK, 
which in turn may lead to fewer interactions of BTK to 
the upstream kinases and therefore inhibit kinase-inde-
pendent BTK cellular signaling.47

Pirtobrutinib has shown a dose-dependent growth 
inhibition of BTK-dependent tumors from human lym-
phoma lines implanted into immunodeficient mice. In 
a preclinical study by Aslan and colleagues, it inhibited 
BTK activation and downstream signaling in CLL cells 
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overexpressing BTK wild-type, BTK with cysteine to ser-
ine alteration, or BTK with cysteine to arginine alteration 
in both in vitro and in vivo murine models.45

BRUIN, the first-in-human phase 1/2 trial of pirto-
brutinib, included 323 patients.48 The median age was 68 
years (62-74) and approximately 90% of patients with 
CLL and MCL had received a previous BTK inhibitor. In 
the phase 1 dose-escalation part of the trial, no dose-lim-
iting toxicities were observed across any dose level (25-
300 mg). Based on pharmacokinetics, the 200-mg dose 
was chosen for phase 2 of the trial. The ORR was 63% 
in CLL and 52% in MCL; notably, most patients had 
prior exposure to covalent BTK inhibitors. Response 
rates of 25% to 75% were observed in other B-cell phe-
notypes, such as follicular lymphoma (FL) and aggressive 
B-cell lymphomas. An update was presented at the 2022 
American Society of Hematology (ASH) Annual Meeting 
that included 773 patients with R/R B-cell malignancies, 
including CLL or SLL (296), MCL (150), WM (78), and 
RT (57).49-52 

In the updated analysis of BRUIN, pirtobrutinib 
demonstrated durable response and efficacy in patients 
with prior BTK inhibitor use.50,53 The ORR in the 247 
CLL patients pretreated with other BTK inhibitors was 
82.2%, including 4 patients with a complete response 
(CR), 177 with a partial response (PR), and 22 with a PR 
with lymphocytosis.53 In addition, there was no difference 
in PFS in patients with C481S mutation compared with 
those with wild-type C481. Among the 90 MCL patients 
pretreated with other BTK inhibitors, the ORR was 58%, 
including 18 with a CR and 34 with a PR.54 Pirtobrutinib 
also demonstrated efficacy in other B-cell malignancies. 
The ORR was 54% (including 5 patients with a CR) 
among 50 patients with RT and 68% (including 17 
patients with a very good PR and 32 with a PR) among 
the 72 patients with WM.49,52 In the other subgroups, 
responses were observed in 4 of 8 patients with FL, 6 of 
25 patients with DLBCL, and 2 of 9 patients with MZL. 

In addition, pirtobrutinib demonstrated lower rates 
of toxicity than observed with covalent BTK inhibitors, 
although no head-to-head data are available. The most 
common grade 3 or higher AE was neutropenia (20.4%), 
followed by anemia (8.8%).50 Hypertension of any grade 
occurred in 9.2% of patients, atrial fibrillation/flutter 
of any grade occurred in 2.8% of patients, and grade 3 
or higher hemorrhage was present in 1.8% of patients. 
Pirtobrutinib was well tolerated in patients who had 
documented intolerance to prior BTK inhibitors.55 
Among the 123 patients who discontinued BTK inhib-
itors, including 118 patients on ibrutinib, 29 patients on 
acalabrutinib, and 6 patients on zanubrutinib, only 45 
discontinued pirtobrutinib. Twenty-eight of these discon-
tinuations were due to disease progression and 9 were for 

AEs, including 4 patients who had treatment-related AEs: 
myalgia, neutropenia, maculopapular rash, and staphy-
lococcal sepsis. Therefore, pirtobrutinib demonstrated a 
favorable safety profile among patients who developed 
intolerance to other BTK inhibitors. 

Currently, several clinical trials are ongoing to assess 
the efficacy of pirtobrutinib compared with or in combi-
nation with other drugs, including the following:

(1) a phase 3 study of pirtobrutinib vs investigator’s 
choice of covalent BTK inhibitor in patients with previously 
treated BTK inhibitor-naive MCL (BRUIN-MCL-321; 
NCT04662255); 

(2) a phase 3 study of pirtobrutinib vs investigator’s 
choice of idelalisib plus rituximab or bendamustine plus 
rituximab in patients with previously treated CLL/SLL 
(BRUIN CLL-321; NCT04666038);

(3) a phase 3 study of fixed-duration pirtobrutinib 
plus venetoclax and rituximab vs venetoclax and ritux-
imab in previously treated CLL/SLL (BRUIN CLL-322; 
NCT04965493); 

(4) a phase 3 study of pirtobrutinib vs ibruti-
nib in patients with CLL/SLL (BRUIN-CLL-314; 
NCT05254743); and 

(5) a phase 3 study of pirtobrutinib vs bendamustine 
and rituximab in untreated CLL/SLL (BRUIN-CLL-313; 
NCT05023980). 

Vecabrutinib. Vecabrutinib, also known as SNS-
062, reversibly binds to BTK at the ATP binding pocket, 
independent of the C481 residue.56 In preclinical studies, 
vecabrutinib has shown efficacy in both wild-type BTK 
and C481S-mutated BTK, and has led to a decrease in 
tumor burden and improved survival in murine models.56 
Vecabrutinib was examined in a phase 1b study of 39 
patients with B-cell malignancies, 77% of whom had 
CLL.57 All patients in the trial had prior BTK inhibitor 
treatment, 45% had a BTK C481S mutation, and 18% 
had a PLCγ2 mutation. The most common AE was 
anemia (31%), followed by nausea, fatigue, headache, 
and dyspnea (21% each). Despite the favorable safety 
profile, vecabrutinib demonstrated modest evidence of 
clinical benefit, with only 1 patient having a PR and 13 
patients having stable disease. Given its modest clinical 
efficacy, further clinical development of this drug has been 
terminated. 

Fenebrutinib. Fenebrutinib reversibly binds to 
the K430, M477, and D539 residues of BTK through 
hydrogen bonds with more than 100-fold selectivity to 
BTK compared with other kinases.58 Fenebrutinib targets 
BTK with a minimal number of off-target effects and a 
low disassociation rate from BTK, making the extent of 
treatment comparable to that of irreversible covalent BTK 
inhibitors.59 Clinically, fenebrutinib was tested in a phase 
1 dose-escalation trial with 24 patients, including 25% of 
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patients with a BTK C481S mutation. Fenebrutinib was 
well-tolerated overall, with the most common AE being 
fatigue (37%), followed by nausea (33%) and diarrhea 
(29%). Two fatal AEs occurred during the study, which 
were H1N1 influenza and influenza infections. In terms 
of its efficacy, the ORR was 33% in all patients, whereas 
the response rate in patients with CLL was 50%. Although 
this is not being further studied in B-cell malignancies, 
multiple studies have shown its efficacy in autoimmune 
diseases, including chronic spontaneous urticaria, rheu-
matoid arthritis, and systemic lupus erythematosus.60-62 
In addition, studies are ongoing to assess fenebrutinib’s 
safety and efficacy in patients with relapsing and pri-
mary progressive multiple sclerosis (NCT04544449, 
NCT04586023, NCT04544449). 

Nemtabrutinib. Formerly known as MK1026 and 
ARQ-531, nemtabrutinib binds to E475 and Y476 
through the formation of hydrogen bonds.63 In addition 
to BTK, nemtabrutinib also binds to SRC, AKT, and 
ERK, as well as BTK with C481S BTK and autoactivating 
PLCγ2 mutations. In vivo, nemtabrutinib demonstrated 

an increased survival over ibrutinib in murine models of 
CLL and RT. Similarly, when combined with venetoclax, 
nemtabrutinib prolonged survival in mice compared with 
ibrutinib.64 

In a phase 1 dose-escalation study evaluating 
nemtabrutinib in 40 patients with R/R B-cell lymphoid 
malignancies, the most common AEs were nausea (10%) 
and diarrhea (10%) and the most common grade 3/4 AEs 
were neutropenia (in 3 patients), febrile neutropenia, cel-
lulitis, thrombocytopenia, increase in lipase, and rash (in 
1 patient each).65 Responses were seen in all B-cell malig-
nancies, including a PR in 7 patients with CLL, 1 patient 
with RT, 1 patient with DLBCL, and 1 patient with FL. 

In the updated analysis of this phase 1/2 study that 
included 112 patients with R/R B-cell malignancies, nem-
tabrutinib demonstrated favorable toxicity and durable 
antitumor activity in R/R CLL.66 Among the 57 patients 
with CLL/SLL, the ORR was 56%, including 2 patients 
with a CR, 15 patients with a PR, and 15 patients with a 
PR with lymphocytosis. The median duration of response 
was 24.4 months and the median PFS among responders 

Figure 2. Mechanisms of resistance against covalent BTK inhibitors with mutated C481. A, Wild-type BTK with cysteine in 
the ATP binding site. B, Binding of ibrutinib to the wild-type BTK. C, Resistance to ibrutinib binding with BTK with mutated 
C481S. D, Pirtobrutinib with binding to mutated BTK with mutated C481S. E, BTK with BTK degradation leading to 
proteasomal degradation of the BTK enzyme and inhibition of the downstream pathway.
BTK, Bruton kinase inhibitor; C, cysteine; S, serine; Ub, ubiquitination. 
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was 26.3 months. In addition, nemtabrutinib produced 
responses in 95% of patients with CLL who had prior 
covalent BTK inhibitor exposure. The most common AEs 
of any grade were dysgeusia (21%), neutropenia (20%), 
and fatigue (13%). The most common grade 3 or higher 
AE was neutropenia, which occurred in 17% of patients. 

Other ongoing studies for nemtabrutinib include: 
(1) a phase 3 randomized, open-label, multicenter 

study to evaluate the efficacy and safety of nemtabrutinib 
compared with investigator’s choice of chemoimmu-
notherapy in patients with previously untreated CLL/
SLL without TP53 aberrations (BELLWAVE-008; 
NCT05624554); 

(2) a phase 3 study of nemtabrutinib and vene-
toclax vs venetoclax and rituximab as second-line or 
later treatment for R/R CLL/SLL (BELLWAVE-010; 
NCT05947851); and 

(3) a phase 2 study of zilovertamab vedotin as 
monotherapy and in combination with nemtabrutinib in 
patients with aggressive and indolent B-cell malignancies 
(MK-2140-006; NCT05458297).

Other Noncovalent BTK Inhibitors. Several other 
noncovalent BTK inhibitors are currently under devel-
opment in preclinical studies. XMU-MP-3 has shown 
an elevated selectivity toward BTK, including BTK with 
mutated C481, both in vitro and in murine models.67 
CB1763, also known as AS-1763, is another highly 
selective, orally available reversible noncovalent inhibitor 
of wild-type BTK and mutated C481S. In a preclinical 
study, CB1763 demonstrated excellent antitumor activity 
in the BTK-driven ABC-type DLBCL cell line xenograft 
mouse model.68 Two other noncovalent BTK inhibitors, 
GNE-431 and CGI-1746, have shown activity against 
BTK with mutated C481S in vitro. There have not been 
studies in vivo so far.69-71

Resistance Against Noncovalent BTK Inhibitors. 
Recent studies have shown that, similarly to covalent 
BTK inhibitors, resistance against the noncovalent BTK 
inhibitors can occur owing to the development of new 
mutations that render the agent ineffective. This has 
been best described with pirtobrutinib, given the large 
clinical experience surrounding this agent. The mutations 
that create resistance to noncovalent BTK inhibitors are 
different from the mutation seen in the C481 position 
with covalent inhibitors. In a single-center study, using 
patient samples from the BRUIN study, Wang and col-
leagues performed next-generation sequencing in the 
peripheral blood of CLL patients who progressed after 
pirtobrutinib.72 Nine of these 55 patients were found 
to have mutations, including at the V146L, A428D, 
M437R, T474I, and L528W sites in the kinase domain 
of BTK. Although there was low BTK activity, there was 
a sustained activation of AKT, ERK, and hyperactive 

calcium ion flux in the downstream pathway in the pres-
ence of these mutations. In addition, mutations were also 
found in the downstream signaling kinase PLCγ2. These 
mutations conferred resistance against both covalent and 
noncovalent BTK inhibitors, bringing to light a concern 
that although noncovalent inhibitors have been effective 
after covalent, the opposite may not be true. 

In another preclinical study, Qi and colleagues 
utilized the long-term in vitro dose escalation method 
to generate resistance to ibrutinib and the noncovalent 
BTK inhibitors, including pirtobrutinib, vecabrutinib, 
nemtabrutinib, fenebrutinib, and RN-486, using the 
REC-1 MCL cell line. This resulted in similar resistant 
mutations described previously by Wang and colleagues, 
as well as novel mutations, including L528S, G409R, 
G480R, and D539H. Of note, these mutations in BTK 
and PLCγ2 were not identified in MCL cells resistant to 
nemtabrutinib. 

Beyond Noncovalent BTK Inhibitors: Next-Gen-
eration BTK Degraders. A new class of BTK-targeting 
drugs is also under development, called BTK degraders. 
These small-molecule oral agents lead to proteasomal deg-
radation of the entire BTK enzyme, resulting in inhibition 
and disease response. Although beyond the scope of this 
paper, several of these small-molecule BTK degraders are 
being developed and have demonstrated efficacy in pre-
clinical studies.73-77 These BTK degraders have not only 
exhibited activity against BTK with mutated C481S, but 
also BTK with mutated L528W, which causes resistance 
against pirtobrutinib.

The results of a phase 1 first-in-human study of 
NX-2127, a novel small molecule that drives targeted 
BTK and IKZF3 degradation, were reported at the 
2022 ASH Annual Meeting.78 Among the 28 patients 
enrolled (including 17 patients with CLL), there was 1 
dose-limiting toxicity (cognitive impairment). The most 
common AE was fatigue (62%), and the most common 
grade 3 or higher AE was neutropenia (39%). Among the 
12 CLL patients evaluable for response, the ORR was 
33%, including those who were refractory to both BTK 
inhibitors and venetoclax and those who progressed on a 
noncovalent BTK inhibitor. Further studies are ongoing. 

Conclusion

Although covalent BTK inhibitors have revolutionized 
the treatment outcomes of B-cell malignancies, the exist-
ing class of covalent inhibitors remains challenged by 
off-target toxicities and the development of resistance. A 
new class of noncovalent BTK inhibitors has emerged as 
a treatment option after covalent BTK inhibitor progres-
sion, or possibly in the future as an agent that can be used 
in the upfront setting before a covalent BTK inhibitor. 
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Noncovalent BTK inhibitors, especially pirtobru-
tinib, have to date demonstrated an exciting safety and 
efficacy profile, with durable responses seen even among 
patients with mutated C481S. Unfortunately, despite 
the effectiveness of this new class of drugs, resistance to 
pirtobrutinib has occurred in the setting of on-target 
BTK mutations (V416L, A428D, M437R, T474I, and 
L528W) and downstream PLCγ2 mutations.72 Longer 
follow-ups from early clinical trials of noncovalent BTK 
inhibitors and randomized studies comparing them with 
current standards of care, as well as their safety and tol-
erability in combination with other agents, are ongoing. 
The results of these studies will help determine the role of 
noncovalent BTK inhibitors in the era of covalent BTK 
inhibitors. In addition, the role of the small-molecule 
BTK degraders, especially in the setting of resistance to 
the noncovalent BTK inhibitors, is yet to be determined.

Disclosures
Dr Furqan has no conflicts of interest. Dr Shah reports 
participation on advisory boards and/or consultancy for Kite 
Pharma, BMS/Juno, Miltenyi Biotec, Lilly, Ipsen, Incyte, 
Novartis, Seagen, AbbVie, and Galapagos; has research fund-
ing, travel support, and honoraria from Lilly and Miltenyi 
Biotec; and serves on a scientific advisory board for Tundra 
Targeted Therapeutics.

Acknowledgments
Dr Shah is a Scholar in Clinical Research of the Leukemia & 
Lymphoma Society. 

References

1. Anderson JS, Teutsch M, Dong Z, Wortis HH. An essential role for Bruton’s 
[corrected] tyrosine kinase in the regulation of B-cell apoptosis. Proc Natl Acad Sci 
USA. 1996;93(20):10966-10971. 
2. Jefferies CA, Doyle S, Brunner C, et al. Bruton’s tyrosine kinase is a Toll/inter-
leukin-1 receptor domain-binding protein that participates in nuclear factor kap-
paB activation by Toll-like receptor 4. J Biol Chem. 2003;278(28):26258-26264. 
3. de Gorter DJ, Beuling EA, Kersseboom R, et al. Bruton’s tyrosine kinase and 
phospholipase Cgamma2 mediate chemokine-controlled B cell migration and 
homing. Immunity. 2007;26(1):93-104. 
4. Jongstra-Bilen J, Puig Cano A, Hasija M, Xiao H, Smith CI, Cybulsky MI. Dual 
functions of Bruton’s tyrosine kinase and Tec kinase during Fcgamma receptor-in-
duced signaling and phagocytosis. J Immunol. 2008;181(1):288-298. 
5. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to ther-
apy. Immunity. 2014;41(1):49-61. 
6. Zou YX, Zhu HY, Li XT, et al. The impacts of zanubrutinib on immune cells 
in patients with chronic lymphocytic leukemia/small lymphocytic lymphoma. 
Hematol Oncol. 2019;37(4):392-400. 
7. Long M, Beckwith K, Do P, et al. Ibrutinib treatment improves T cell number 
and function in CLL patients. J Clin Invest. 2017;127(8):3052-3064. 
8. Burger JA, Tedeschi A, Barr PM, et al; RESONATE-2 Investigators. Ibrutinib 
as initial therapy for patients with chronic lymphocytic leukemia. N Engl J Med. 
2015;373(25):2425-2437. 
9. Wang ML, Rule S, Martin P, et al. Targeting BTK with ibrutinib in relapsed or 
refractory mantle-cell lymphoma. N Engl J Med. 2013;369(6):507-516. 
10. Noy A, de Vos S, Thieblemont C, et al. Targeting Bruton tyrosine kinase 
with ibrutinib in relapsed/refractory marginal zone lymphoma. Blood. 
2017;129(16):2224-2232. 

11. Wilson WH, Young RM, Schmitz R, et al. Targeting B cell receptor signaling 
with ibrutinib in diffuse large B cell lymphoma. Nat Med. 2015;21(8):922-926. 
12. Yang H, Xiang B, Song Y, et al. Zanubrutinib monotherapy for relapsed 
or refractory non-germinal center diffuse large B-cell lymphoma. Blood Adv. 
2022;6(6):1629-1636. 
13. Tam CS, Opat S, Simpson D, et al. Zanubrutinib for the treatment of relapsed 
or refractory mantle cell lymphoma. Blood Adv. 2021;5(12):2577-2585. 
14. Byrd JC, Woyach JA, Furman RR, et al. Acalabrutinib in treatment-naive 
chronic lymphocytic leukemia. Blood. 2021;137(24):3327-3338. 
15. Wang M, Rule S, Zinzani PL, et al. Acalabrutinib in relapsed or refractory 
mantle cell lymphoma (ACE-LY-004): a single-arm, multicentre, phase 2 trial. 
Lancet. 2018;391(10121):659-667. 
16. Pan Z, Scheerens H, Li SJ, et al. Discovery of selective irreversible inhibitors 
for Bruton’s tyrosine kinase. ChemMedChem. 2007;2(1):58-61. 
17. Honigberg LA, Smith AM, Sirisawad M, et al. The Bruton tyrosine 
kinase inhibitor PCI-32765 blocks B-cell activation and is efficacious in mod-
els of autoimmune disease and B-cell malignancy. Proc Natl Acad Sci USA. 
2010;107(29):13075-13080. 
18. Byrd JC, Furman RR, Coutre SE, et al. Targeting BTK with ibrutinib in 
relapsed chronic lymphocytic leukemia. N Engl J Med. 2013;369(1):32-42. 
19. Guo Y, Liu Y, Hu N, et al. Discovery of zanubrutinib (BGB-3111), a novel, 
potent, and selective covalent inhibitor of Bruton’s tyrosine kinase. J Med Chem. 
2019;62(17):7923-7940. 
20. Harrington BK, Gardner HL, Izumi R, et al. Preclinical evaluation of the novel 
BTK inhibitor acalabrutinib in canine models of B-cell non-hodgkin lymphoma. 
PLoS One. 2016;11(7):e0159607. 
21. Byrd JC, Hillmen P, Ghia P, et al. Acalabrutinib versus ibrutinib in previously 
treated chronic lymphocytic leukemia: results of the first randomized phase III 
trial. J Clin Oncol. 2021;39(31):3441-3452. 
22. Hillmen P, Eichhorst B, Brown JR, et al. Zanubrutinib versus ibrutinib 
in relapsed/refractory chronic lymphocytic leukemia and small lymphocytic 
lymphoma: interim analysis of a randomized phase III trial. J Clin Oncol. 
2023;41(5):1035-1045. 
23. Tam CS, Opat S, D’Sa S, et al. A randomized phase 3 trial of zanubrutinib 
vs ibrutinib in symptomatic Waldenström macroglobulinemia: the ASPEN study. 
Blood. 2020;136(18):2038-2050. 
24. Song Y, Zhou K, Zou D, et al. Zanubrutinib in relapsed/refractory mantle 
cell lymphoma: long-term efficacy and safety results from a phase 2 study. Blood. 
2022;139(21):3148-3158. 
25. Burger JA, Buggy JJ. Bruton tyrosine kinase inhibitor ibrutinib (PCI-32765). 
Leuk Lymphoma. 2013;54(11):2385-2391. 
26. Leong DP, Caron F, Hillis C, et al. The risk of atrial fibrillation with ibrutinib 
use: a systematic review and meta-analysis. Blood. 2016;128(1):138-140. 
27. Guha A, Derbala MH, Zhao Q, et al. Ventricular arrhythmias following ibruti-
nib initiation for lymphoid malignancies. J Am Coll Cardiol. 2018;72(6):697-698. 
28. Lampson BL, Yu L, Glynn RJ, et al. Ventricular arrhythmias and sudden death 
in patients taking ibrutinib. Blood. 2017;129(18):2581-2584. 
29. Abdel-Qadir H, Sabrie N, Leong D, et al. Cardiovascular risk associated with 
ibrutinib use in chronic lymphocytic leukemia: a population-based cohort study. J 
Clin Oncol. 2021;39(31):3453-3462. 
30. Bhat SA, Gambril J, Azali L, et al. Ventricular arrhythmias and sudden death 
events following acalabrutinib initiation. Blood. 2022;140(20):2142-2145. 
31. Alberelli MA, Innocenti I, Sica S, Laurenti L, De Candia E. Clinical and lab-
oratory characterization of platelet dysfunction caused by ibrutinib treatment in 
patients with chronic lymphocytic leukemia [ICTH abstract PO-54]. Thromb Res. 
2016;140(suppl 1):S196. 
32. Wang J, Zhao A, Zhou H, Zhu J, Niu T. Risk of bleeding associated with ibru-
tinib in patients with B-cell malignancies: a systematic review and meta-analysis of 
randomized controlled trials. Front Pharmacol. 2020;11:580622. 
33. Wang ML, Blum KA, Martin P, et al. Long-term follow-up of MCL patients 
treated with single-agent ibrutinib: updated safety and efficacy results. Blood. 
2015;126(6):739-745. 
34. Tam CS, Robak T, Ghia P, et al. Zanubrutinib monotherapy for patients with 
treatment naïve chronic lymphocytic leukemia and 17p deletion. Haematologica. 
2020;106(9):2354-2363. 
35. Huntington SF, de Nigris E, Puckett JT, et al. Real-world analysis of adverse 
event rates after initiation of ibrutinib among Medicare beneficiaries with chronic 
lymphocytic leukemia. Cancer Med. 2024;13(2):e6953. 
36. Molica S, Scalzulli PR, Scarfò L, et al. Real-world outcome of treatment with 
single-agent ibrutinib in patients with chronic lymphocytic leukemia: results from 
the Italian study evidence. Blood. 2022;140(suppl 1):4178-4180. 



Clinical Advances in Hematology & Oncology  Volume 22, Issue 3  April 2024  147

N O N C O V A L E N T  B T K  I N H I B I T O R S

37. Puła B, Gołos A, Górniak P, Jamroziak K. Overcoming ibrutinib resistance in 
chronic lymphocytic leukemia. Cancers (Basel). 2019;11(12):1834. 
38. Burger JA, Landau DA, Taylor-Weiner A, et al. Clonal evolution in patients 
with chronic lymphocytic leukaemia developing resistance to BTK inhibition. Nat 
Commun. 2016;7(1):11589. 
39. Cheng S, Guo A, Lu P, Ma J, Coleman M, Wang YL. Functional characteri-
zation of BTK(C481S) mutation that confers ibrutinib resistance: exploration of 
alternative kinase inhibitors. Leukemia. 2015;29(4):895-900. 
40. Woyach JA, Ruppert AS, Guinn D, et al. BTKC481S-mediated resistance to 
ibrutinib in chronic lymphocytic leukemia. J Clin Oncol. 2017;35(13):1437-1443. 
41. Liu TM, Woyach JA, Zhong Y, et al. Hypermorphic mutation of phospholi-
pase C, γ2 acquired in ibrutinib-resistant CLL confers BTK independency upon 
B-cell receptor activation. Blood. 2015;126(1):61-68. 
42. Cosson A, Chapiro E, Bougacha N, et al. Gain in the short arm of chromosome 
2 (2p+) induces gene overexpression and drug resistance in chronic lymphocytic 
leukemia: analysis of the central role of XPO1. Leukemia. 2017;31(7):1625-1629. 
43. Kanagal-Shamanna R, Jain P, Patel KP, et al. Targeted multigene deep sequenc-
ing of Bruton tyrosine kinase inhibitor-resistant chronic lymphocytic leukemia 
with disease progression and Richter transformation. Cancer. 2019;125(4):559-
574. 
44. Gángó A, Alpár D, Galik B, et al. Dissection of subclonal evolution by tem-
poral mutation profiling in chronic lymphocytic leukemia patients treated with 
ibrutinib. Int J Cancer. 2020;146(1):85-93. 
45. Aslan B, Kismali G, Iles LR, et al. Pirtobrutinib inhibits wild-type and mutant 
Bruton’s tyrosine kinase-mediated signaling in chronic lymphocytic leukemia. 
Blood Cancer J. 2022;12(5):80. 
46. Gomez EB, Isabel L, Rosendahal MS, Rothenberg SM, Andrews SW, Brand-
huber BJ. Loxo-305, a highly selective and non-covalent next generation BTK 
inhibitor, inhibits diverse BTK c481 substitution mutations [ASH abstract 4644]. 
Blood. 2019;134(1)(suppl). 
47. Gomez EB, Ebata K, Randeria HS, et al. Preclinical characterization of 
pirtobrutinib, a highly selective, noncovalent (reversible) BTK inhibitor. Blood. 
2023;142(1):62-72. 
48. Mato AR, Shah NN, Jurczak W, et al. Pirtobrutinib in relapsed or refractory 
B-cell malignancies (BRUIN): a phase 1/2 study. Lancet. 2021;397(10277):892-
901. 
49. Palomba ML, Patel MR, Eyre TA, et al. Efficacy of pirtobrutinib, a highly 
selective, non-covalent (reversible) BTK inhibitor in relapsed / refractory Walden-
ström macroglobulinemia: results from the phase 1/2 BRUIN study. Blood. 
2022;140(suppl 1):557-560. 
50. Mato AR, Woyach JA, Brown JR, et al. Efficacy of pirtobrutinib in covalent 
BTK-inhibitor pre-treated relapsed / refractory CLL/SLL: additional patients and 
extended follow-up from the phase 1/2 BRUIN study. Blood. 2022;140(suppl 
1):2316-2320. 
51. Wang M, Shah N, Jurczak W, et al. Efficacy of pirtobrutinib in covalent 
BTK-inhibitor pre-treated relapsed / refractory mantle cell lymphoma: addi-
tional patients and extended follow-up from the phase 1/2 BRUIN Study. Blood. 
2022;140(suppl 1):9368-9372. 
52. Wierda WG, Lewis DJ, Ghia P, et al. Efficacy of pirtobrutinib, a highly selec-
tive, non-covalent (reversible) BTK inhibitor in Richter transformation: results 
from the phase 1/2 BRUIN study. Blood. 2022;140(suppl 1):846-849. 
53. Mato AR, Woyach JA, Brown JR, et al. Pirtobrutinib after a covalent BTK 
inhibitor in chronic lymphocytic leukemia. N Engl J Med. 2023;389(1):33-44. 
54. Wang ML, Jurczak W, Zinzani PL, et al. Pirtobrutinib in covalent bruton 
tyrosine kinase inhibitor pretreated mantle-cell lymphoma. J Clin Oncol. 
2023;41(24):3988-3997. 
55. Shah NN, Wang ML, Brown JR, et al. Safety and tolerability of pirtobrutinib 
monotherapy in patients with B-cell malignancies who were previously intolerant 
to a covalent BTK inhibitor: results from the phase 1/2 BRUIN study. Blood. 
2022;140(suppl 1):4127-4132.
56. Jebaraj BMC, Müller A, Dheenadayalan RP, et al. Evaluation of vecabrutinib 
as a model for noncovalent BTK/ITK inhibition for treatment of chronic lympho-
cytic leukemia. Blood. 2022;139(6):859-875. 
57. Allan JN, Pinilla-Ibarz J, Gladstone DE, et al. Phase Ib dose-escalation study of 
the selective, non-covalent, reversible Bruton’s tyrosine kinase inhibitor vecabruti-

nib in B-cell malignancies. Haematologica. 2022;107(4):984-987. 
58. Crawford JJ, Johnson AR, Misner DL, et al. Discovery of GDC-0853: a 
potent, selective, and noncovalent Bruton’s tyrosine kinase inhibitor in early clini-
cal development. J Med Chem. 2018;61(6):2227-2245. 
59. Katewa A, Wang Y, Hackney JA, et al. BTK-specific inhibition blocks patho-
genic plasma cell signatures and myeloid cell-associated damage in IFNα-driven 
lupus nephritis. JCI Insight. 2017;2(7):e90111. 
60. Metz M, Sussman G, Gagnon R, et al. Fenebrutinib in H1 antihistamine-re-
fractory chronic spontaneous urticaria: a randomized phase 2 trial. Nat Med. 
2021;27(11):1961-1969. 
61. Isenberg D, Furie R, Jones NS, et al. Efficacy, safety, and pharmacodynamic 
effects of the bruton’s tyrosine kinase inhibitor fenebrutinib (GDC-0853) in 
systemic lupus erythematosus: results of a phase II, randomized, double-blind, 
placebo-controlled trial. Arthritis Rheumatol. 2021;73(10):1835-1846. 
62. Cohen S, Tuckwell K, Katsumoto TR, et al. Fenebrutinib versus placebo or 
adalimumab in Rheumatoid arthritis: a randomized, double-blind, phase II trial 
(ANDES study). Arthritis Rheumatol. 2020;72(9):1435-1446. 
63. Reiff SD, Mantel R, Smith LL, et al. The BTK inhibitor ARQ 531 targets ibru-
tinib-resistant CLL and Richter transformation. Cancer Discov. 2018;8(10):1300-
1315. 
64. Muhowski EM, Ravikrishnan J, Gordon B, et al. Preclinical evaluation of 
combination nemtabrutinib and venetoclax in chronic lymphocytic leukemia. J 
Hematol Oncol. 2022;15(1):166. 
65. Woyach J, Stephens DM, Flinn IW, et al. Final results of phase 1, dose-es-
calation study evaluating ARQ 531 in patients with relapsed or refractory B-cell 
lymphoid malignancies. Blood. 2019;134(suppl 1):4298. 
66. Woyach JA, Flinn IW, Awan FT, et al. Efficacy and safety of nemtabrutinib, 
a wild-type and C481S-mutated bruton tyrosine kinase inhibitor for B-cell 
malignancies: updated analysis of the open-label phase 1/2 dose-expansion BELL-
WAVE-001 study. Blood. 2022;140(suppl 1):7004-7006.
67. Gui F, Jiang J, He Z, et al. A non-covalent inhibitor XMU-MP-3 overrides 
ibrutinib-resistant BTKC481S mutation in B-cell malignancies. Br J Pharmacol. 
2019;176(23):4491-4509.
68. Asami T, Kawahata W, Kashimoto S, Sawa M. CB1763, a highly selective, 
novel non-covalent BTK inhibitor, targeting ibrutinib-resistant BTK C481S 
mutant [Molecular Targets and Cancer Therapeutics abstract B152]. Mol Cancer 
Ther. 2018;17(suppl):B152.
69. Johnson AR, Kohli PB, Katewa A, et al. Battling BTK mutants with nonco-
valent inhibitors that overcome Cys481 and Thr474 mutations. ACS Chem Biol. 
2016;11(10):2897-2907.
70. Guo X, Yang D, Fan Z, et al. Discovery and structure-activity relationship of 
novel diphenylthiazole derivatives as BTK inhibitor with potent activity against B 
cell lymphoma cell lines. Eur J Med Chem. 2019;178:767-781. 
71. Di Paolo JA, Huang T, Balazs M, et al. Specific BTK inhibition suppresses B 
cell- and myeloid cell-mediated arthritis. Nat Chem Biol. 2011;7(1):41-50. 
72. Wang E, Mi X, Thompson MC, et al. Mechanisms of resistance to noncovalent 
Bruton’s tyrosine kinase inhibitors. N Engl J Med. 2022;386(8):735-743. 
73. Dobrovolsky D, Wang ES, Morrow S, et al. Bruton tyrosine kinase degradation 
as a therapeutic strategy for cancer. Blood. 2019;133(9):952-961.
74. Yu X, Guo WH, Lin H, et al. Discovery of a potent BTK and IKZF1/3 triple 
degrader through reversible covalent BTK PROTAC development. Curr Res Chem 
Biol. 2022:2:100029.
75. Buhimschi AD, Armstrong HA, Toure M, et al. Targeting the C481S ibru-
tinib-resistance mutation in Bruton’s tyrosine kinase using PROTAC-mediated 
degradation. Biochemistry. 2018;57(26):3564-3575. 
76. Gabizon R, Shraga A, Gehrtz P, et al. Efficient targeted degradation via revers-
ible and irreversible covalent PROTACs. J Am Chem Soc. 2020;142(27):11734-
11742. 
77. Montoya S, Bourcier J, Thompson MC, et al. Kinase dead BTK mutations 
confer resistance to covalent and noncovalent BTK inhibitors but are susceptible to 
clinical stage BTK degraders. Blood. 2022;140(suppl 1):1811-1813. 
78. Mato AR, Wierda WG, Ai WZ, et al. NX-2127-001, a First-in-human trial 
of NX-2127, a Bruton’s tyrosine kinase-targeted protein degrader, in patients with 
relapsed or refractory chronic lymphocytic leukemia and B-cell malignancies. 
Blood. 2022;140(suppl 1):2329-2332. 


