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Abstract
Starting with the first-in-class agent ibrutinib, the development of Bruton tyrosine kinase (BTK) inhibitors has led to dramatic 
improvements in the management of B-cell malignancies. Subsequently, more-highly selective second-generation BTK 
inhibitors (including acalabrutinib, zanubrutinib, tirabrutinib and orelabrutinib) have been developed, primarily with an aim 
to reduce off-target toxicities. More recently, third-generation agents including the non-covalent BTK inhibitors pirtobrutinib 
and nemtabrutinib have entered later-stage clinical development. BTK inhibitors have shown strong activity in a range of 
B-cell malignancies, including chronic lymphocytic leukaemia/small lymphocytic lymphoma, mantle cell lymphoma, Wal-
denström’s macroglobulinaemia and marginal zone lymphoma. The agents have acceptable tolerability, with adverse events 
generally being manageable with dosage modification. This review article summarises the evidence supporting the role of 
BTK inhibitors in the management of B-cell malignancies, including highlighting some differential features between agents.

Plain Language Summary
Bruton tyrosine kinase (BTK) is a key signalling molecule in the B-cell receptor pathway which is important for B-cell pro-
liferation and survival. The development of drugs which inhibit BTK has led to dramatic improvements in the management 
of B-cell malignancies, difficult-to-treat diseases that primarily affect older populations. Following ibrutinib (the first-in-class 
BTK inhibitor), second-generation agents (including acalabrutinib, zanubrutinib, tirabrutinib and orelabrutinib) have been 
developed, primarily with an aim to improve drug tolerability. More recently, third-generation agents (including pirtobrutinib 
and nemtabrutinib) have entered later-stage clinical development, aiming to provide further treatment options. BTK inhibitors 
have shown strong activity in a range of B-cell malignancies. The agents have acceptable tolerability, with adverse events 
generally being manageable with dosage modification. This review article summarises the evidence supporting the role of 
BTK inhibitors in the management of B-cell malignancies, a rapidly developing field.
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The development of BTK inhibitors has led to dramatic 
improvements in the management of B-cell malignancies

Available evidence suggests that second-generation 
agents may have improved tolerability over the first-in-
class agent ibrutinib

Emerging evidence suggests that third-generation BTK 
inhibitors (currently in clinical development) may have a 
role in countering acquired resistance
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1 Introduction

The B-cell receptor (BCR) signalling pathway plays a 
key role in the proliferation, differentiation, development 
and survival of B cells [1]. With the understanding of the 
involvement of (aberrant) BCR signalling in the pathogen-
esis of B-cell malignancies [2], the targeting of BCR sig-
nalling pathway components, including the Bruton tyros-
ine kinase (BTK), has led to considerable advances in the 
management of these difficult-to-treat diseases. Following 
the approval of the first-in-class BTK inhibitor, ibrutinib, 
second-generation BTK inhibitors have been developed, 
primarily with an aim to reduce off-target toxicities. In 
this rapidly evolving field, third-generation BTK inhibitors 
are now in clinical development, aiming to provide further 
treatment options, in part to counter potential acquired 
resistance.

This article summarises the features, properties, ther-
apeutic efficacy and tolerability of oral BTK inhibitors, 

approved or in later-stage clinical development, for use in 
the treatment of B-cell malignancies, including chronic 
lymphocytic leukaemia (CLL)/small lymphocytic lym-
phoma (SLL), mantle cell lymphoma (MCL), Walden-
ström’s macroglobulinaemia (WM) and marginal zone 
lymphoma (MZL). BTK inhibitors which are no longer in 
development for B-cell malignancies, or the use or devel-
opment of BTK inhibitors in other indications, are not 
discussed.

2  Drug Characteristics and Pharmacological 
Properties

Despite being of the same drug class, currently approved 
BTK inhibitors and those in clinical development possess 
different characteristics and pharmacological properties 
(Table 1), including some which may have clinically rel-
evant effects. All currently approved agents in the class are 
irreversible covalent BTK inhibitors and act through the 

Table 1  Description and pharmacological properties of approved BTK inhibitors and those in later-stage clinical development

BMX bone marrow kinase on chromosome X, BTK Bruton tyrosine kinase, EGFR epidermal growth factor receptor, HER2 human EGFR 2, 
HER4 human EGFR 4, ITK interleukin-2-inducible T-cell kinase, JAK3 Janus kinase 3, TEC transient erythroblastopenia of childhood kinase, 
PBMCs peripheral blood mononuclear cells
a Without requiring binding at Cys-481
b Based on animal data

Parameter Ibrutinib  
[3–5]

Acalabrutinib 
[6–8]

Zanubrutinib 
[9–11]

Tirabrutinib 
[12–17]

Orelabrutinib 
[18, 19]

Pirtobrutinib 
[20, 21]

Nemtabrutinib 
[22, 23]

Mode of bind-
ing

Covalent, irre-
versible

Covalent, irre-
versible

Covalent, irre-
versible

Covalent, irre-
versible

Covalent, irre-
versible

Non-covalent, 
reversible

Non-covalent, 
reversible

BTK binding 
site

Cys-481 Cys-481 Cys-481 Cys-481 Cys-481 ATP-binding 
 sitea

ATP-binding  sitea

Selectivity Moderate High High High High High Moderate
IC50

 BTK 0.5 nM 3.0–5.1 nM 0.3 nM 6.8 nM 1.6 nM 3.15 nM 0.85 nM
 BMX 0.8 nM 46 nM 6 nM 5.2 nM
 EGFR 5.3 nM > 1000 nM 21 nM > 1000 nM
 HER2 9.4 nM > 1000 nM 661 nM > 1000 nM
 HER4 16 nM 770 nM
 ITK 4.9 nM > 1000 nM 50 nM > 1000 nM >10,000 nM
 JAK3 32 nM > 1000 nM > 1000 nM > 1000 nM
 TEC 10 nM 126 nM 44 nM 77 nM 5.8 nM

Absolute bio-
availability

< 10% 25% 45–50%b 89%b ~20–80% 70–74%b

Half-life 4–13 h 1–2 h 2–4 h 4–7 h 1.5–4 h ~20 h 20–30 h
Target occu-

pancy in 
PBMCs

> 90% 97–99% > 95% > 90% > 99% >96%

Metabolism Predominantly 
via CYP3A

Predominantly 
via CYP3A

Predominantly 
via CYP3A

Predominantly 
via CYP3A

Predominantly 
via CYP3A

Excretion Faeces, 80%; 
urine, < 10%

Faeces, 84%; 
urine, 12%

Faeces, 87%; 
urine, 8%

Faeces, 52%; 
urine, 42%

Faeces, 49%; 
urine, 34%
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formation of a covalent bond with a cysteine residue (Cys-
481) within the BTK active site, resulting in potent and 
sustained inhibition of BTK enzymatic activity (Table 1). 
More recently, reversible, non-covalent BTK inhibitors have 
entered clinical development (Table 1).

Preclinical studies have shown that ibrutinib, the first-
in-class BTK inhibitor, blocks BCR signalling and effec-
tively inhibits malignant B-cell proliferation, migration and 
survival [2–5, 24], with subsequent clinical studies dem-
onstrating high activity in a range of B-cell malignancies 
(Sect. 3). However, adverse events associated with ibrutinib 
(Sect. 4), some of which were proposed to be caused by off-
target inhibition of other cysteine-containing kinases, led to 
the design and development of more selective BTK inhibi-
tors, including acalabrutinib [6–8] and zanubrutinib [9, 10]. 
These second-generation BTK inhibitors have similar pleio-
tropic effects from BTK inhibition as ibrutinib [6–10]. How-
ever, acalabrutinib [6, 25, 26] and zanubrutinib [9] exhibit 
minimal inhibition of TEC, EGFR and Src family kinases, 
in contrast to ibrutinib (Table 1). Other examples of highly 
selective, irreversible covalent BTK inhibitors include tira-
brutinib [14] and orelabrutinib [18] (Table 1). Metabolism 
of the currently approved covalent BTK inhibitors primarily 
involves CYP3A enzymes (Table 1), and there exists the 
potential for clinically significant drug interactions between 
the BTK inhibitor and CYP3A inhibitors or inducers [4, 5, 7, 
8, 10, 17, 27, 28]. Furthermore, gastric acid-reducing agents 
have been shown to decrease the exposure of acalabrutinib, 
and its co-administration with proton pump inhibitors should 
be avoided [7, 8].

Non-covalent, reversible BTK inhibitors currently in 
clinical development in B-cell malignancies include pirto-
brutinib [20] and nemtabrutinib [22] (Table 1). Pirtobrutinib 
was developed with pharmacokinetic properties designed 
to achieve high BTK inhibition regardless of BTK turnover 
[20]. Similar to the second-generation covalent BTK inhibi-
tors, pirtobrutinib is highly selective, reducing the potential 
for off-target effects. Nemtabrutinib was developed fol-
lowing a different approach. Rather than aiming for high 
selectivity, nemtabrutinib development was based on the 
hypothesis that more robust responses might be achieved 
through a more global inhibition by targeting additional 
kinases (including Src family kinases and kinases related to 
ERK signalling) alongside BTK [22].

2.1  Acquired Resistance to BTK Inhibitors

Relapse or disease progression during treatment with BTK 
inhibitors in patients with B-cell malignancies is commonly 
associated with acquired resistance. The frequency with 
which acquired resistance develops varies between differ-
ent B-cell malignancy subtypes but appears to be higher 
among patients with MCL and high-risk CLL/SLL [29]. The 

most commonly observed mutations conferring resistance to 
first- and second-generation BTK inhibitors are mutations at 
the Cys-481 residue in the BTK active site [30]. Mutations 
at Cys-481 disrupt the covalent binding between BTK and 
BTK inhibitors which act at this site (i.e. ibrutinib, acala-
brutinib, zanubrutinib, tirabrutinib, orelabrutinib; Table 1), 
diminishing their inhibitory activity [31]. In contrast to the 
covalent inhibitors, the third-generation non-covalent BTK 
inhibitors pirtobrutinib and nemtabrutinib (in clinical devel-
opment) do not rely on binding to Cys-481 in the BTK active 
site, with high activity against Cys-481-mutated BTK dem-
onstrated for both of these agents [21, 22].

Other mutations leading to acquired resistance to BTK 
inhibitors include gain-of-function mutations resulting in the 
increased activity of downstream kinases (e.g. phospholi-
pase C gamma 2) despite inhibition of BTK [29], with sev-
eral other mechanisms of acquired resistance also observed 
(albeit less commonly) [32].

3  Therapeutic Efficacy of BTK Inhibitors

3.1  In Mantle Cell Lymphoma

3.1.1  Relapsed or Refractory Disease

The efficacy of ibrutinib [33–35], acalabrutinib [36–38] and 
zanubrutinib [39] (each as monotherapy) in the treatment of 
adult patients with relapsed/refractory (R/R) MCL after one 
or more prior therapies has been demonstrated in single-arm 
phase II clinical trials. Differences in trial design and patient 
populations limit the ability to compare data across trials, 
but all three drugs have clear efficacy in the treatment of R/R 
MCL with median progression-free survival (PFS) gener-
ally around 1–2 years (Table 2). Furthermore, the open-label 
randomised controlled phase III RAY trial demonstrated 
that, relative to the mTOR inhibitor temsirolimus, ibrutinib 
prolongs PFS and is associated with a significantly higher 
overall response rate (ORR) in the treatment of R/R MCL 
(Table 2) [40, 41].

Currently available data from phase I and phase I/II tri-
als also support the efficacy of tirabrutinib [14, 43], ore-
labrutinib [44, 45] and pirtobrutinib [20] as monotherapy 
in the treatment of R/R MCL (Table 2). Of note, the trials 
of tirabrutinib and pirtobrutinib involved heavily pretreated 
patients (both with a median three prior lines of therapy) 
with good activity observed, including in patients with 
resistance or intolerance to prior BTK inhibitor therapy [14, 
20, 43].

Ibrutinib has also been evaluated in clinical trials in 
combination with other agents, including the anti-CD20 
monoclonal antibody (mAb) rituximab [46–48] and the 
BCL2 inhibitor venetoclax [49–51]. Currently available 
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data (primarily from single-arm phase II trials) suggest 
that ibrutinib plus rituximab (± lenalidomide) and ibrutinib 
plus venetoclax (± obinutuzumab) have good activity in the 
treatment of R/R MCL. Accepting the limitations of indirect 
comparisons, ORRs and complete response (CR) rates in 
patients treated with ibrutinib combination therapy generally 
appear to be favourable relative to ibrutinib monotherapy 
(based on historical controls [33–35]), although randomised 
controlled trials are required to confirm any potential clinical 
benefits over monotherapy. In this regard, results from the 
ongoing randomised, double-blind phase III SYMPATICO 
trial [51] evaluating ibrutinib plus venetoclax versus ibru-
tinib plus placebo in the R/R MCL setting will be of par-
ticular interest. Of note, currently available data (although 
based on small patient numbers) suggest that responses to 
combination therapy involving ibrutinib and rituximab or 
venetoclax are observed independent of high-risk genetic 
markers (e.g. TP53 mutations) or other negative prognostic 
factors [47, 50].

Limited data are also available demonstrating activity 
of tirabrutinib plus entospletinib in the R/R MCL setting 
based on a subset of patients with MCL in a phase Ib trial 

in patients with previously treated B-cell lymphoma [52]. 
Clinical evaluation is also underway to investigate acalabru-
tinib in combination with bendamustine and rituximab in the 
treatment of R/R MCL (NCT02717624).

3.1.2  Treatment‑Naïve Patients

Although data are currently limited, the potential role of 
BTK inhibitors in the treatment-naïve MCL setting is also 
being investigated, particularly as part of combination ther-
apy. Among a separate cohort of treatment-naïve patients 
(n = 15) in the OAsIS trial, 14 patients responded to ibru-
tinib, obinutuzumab and venetoclax combination therapy 
and remained disease-free (median follow-up of 14 months) 
with 1-year PFS and overall survival (OS) rates of 93.3% 
and 100% [49]. Promising results were also reported from a 
single-arm phase II trial (NCT02427620) which evaluated 
chemotherapy-free induction treatment with ibrutinib plus 
rituximab followed by up to four cycles of cyclophospha-
mide, vincristine, doxorubicin and dexamethasone (hyper-
CVAD) plus methotrexate consolidation therapy [53]. In this 
trial of 131 patients aged ≤ 65 years, there was a 100% ORR 

Table 2  Key clinical trials showing efficacy of BTK inhibitors in the treatment of relapsed/refractory mantle cell lymphoma

BTK Bruton tyrosine kinase, CR complete response, DOR duration of response, med. median, mo. month(s), NA not available, NR not reached, 
ORR overall response rate, OS overall survival, PFS progression-free survival, pt(s) patient(s)
*p < 0.0001 for ibrutinib vs temsirolimus at corresponding data cut-off (i.e. med. follow-up)
a In general, initial results are as assessed by an independent review committee; later results are investigator-assessed
b Data presented are for 12 evaluable pts at 10.2 mo.-med. follow-up data cut-off
c Calculated from reported value of 309 days
d Mean; calculated from reported value of 341 days

Trial Phase Treatment No. of pts Med. 
follow-up 
(mo.)

ORRa (%) CRa (%) Med. 
 DORa 
(mo.)

Med.  PFSa (mo.) Med. OS (mo.)

Single-arm monotherapy trials
 NCT01236391 [33, 34] II Ibrutinib 111 15.3 68 21 17.5 13.9 NR

26.7 67 23 17.5 13.0 22.5
 NCT01599949 [35] II Ibrutinib 120 14.9 63 21 14.9 10.5 NA
 NCT02213926 [36, 38] II Acalabrutinib 124 15.2 81 40 NR NR NR

38.1 81 48 28.6 22.0 NR
 NCT03206970 [39, 42] II Zanubrutinib 86 18.4 84 69 19.5 22.1 NA

35.3 84 67 NR 33.0 NR
 NCT01659255; 

NCT02457559 [14, 
43]

I Tirabrutinib 16b 10.2c 92 42 NA 11.2d NA
22.3 69 38 NR 25.8 NA

 NCT03494179 [44, 45] I/II Orelabrutinib 106 15.0 88 27 NR NR NR
 BRUIN [20] I/II Pirtobrutinib 56 6 52 25 NA NA NA

Open-label randomised controlled monotherapy trial
 RAY [40, 41] III Ibrutinib 139 20.0 72* 19 NR 14.6* NR

38.7 77* 23 23.1 15.6* 30.3
Temsirolimus 141 20.0 40 1 7.0 6.2 21.3

38.7 47 3 6.3 6.2 23.5
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on ibrutinib plus rituximab [88% CRs, 12% partial responses 
(PRs)] with 98% of patients achieving a CR by the time of 
last follow-up after completion of both induction and con-
solidation therapy. After a median follow-up of 37 months, 
median PFS and OS were not reached (3-year PFS and OS 
rates were 82% and 95%). At last follow-up, 22 patients 
(17%) had relapsed after treatment, including six patients 
who experienced disease transformation to aggressive MCL 
[53]. Another single-arm phase II trial evaluating continu-
ous ibrutinib plus rituximab in 50 older patients (aged ≥ 65 
years) found an ORR of 96% after a median follow-up of 
36.2 months [54]. Further trials investigating BTK inhibi-
tors in first-line treatment of MCL include the open-label 
phase II/III ENRICH trial (EudraCT no: 2015-000832-13), 
which is comparing ibrutinib plus rituximab versus stand-
ard chemotherapy plus rituximab; the double-blind phase III 
SHINE trial (NCT01776840), which is comparing ibrutinib 
versus placebo, each given in combination with bendamus-
tine and rituximab; the open-label phase III TRIANGLE 
(NCT02858258) trial, which is evaluating chemoimmuno-
therapy with or without ibrutinib and/or with or without sub-
sequent autologous stem cell transplant; and an open-label 
phase III trial (NCT04002297) [55] evaluating zanubrutinib 
plus rituximab versus bendamustine plus rituximab. There 
is also a new open-label arm of the ongoing SYMPATICO 
trial (Sect. 3.1.1) evaluating the efficacy of ibrutinib plus 
venetoclax in previously untreated patients aged ≥ 65 years 
and patients aged < 65 years with a TP53 mutation [56].

3.2  In Chronic Lymphocytic Leukaemia

A pivotal trial in the evaluation of BTK inhibitors in the 
treatment of CLL/SLL, the phase Ib/II trial 1102 (together 
with the long-term extension study 1103) demonstrated that 
durable responses to ibrutinib monotherapy were achieved 
by a substantial proportion of patients, both in patients with 
R/R CLL/SLL (n = 101) and in elderly patients (aged ≥ 
65 years; 74% aged ≥ 70 years) with previously untreated 
disease (n = 31) [57–61]. At the primary analysis (median 
follow-up of 26 months), the PFS rate was 75% and the OS 
rate was 83% [60]. With a median follow-up of 85 months, 
there was an ORR of 89% (including CRs in 10% of patients 
with R/R disease and 35% of previously untreated patients). 
Estimated 7-year PFS and OS rates were 34% and 55% in 
the R/R setting and 83% and 84% in the first-line setting, 
representing a significant advance in the treatment outcomes 
for patients with CLL/SLL relative to standard therapy at 
the time of the trial initiation. Subsequently, BTK inhibitors 
have been further evaluated (as monotherapy, or as part of 
combination therapy) in a range of phase III trials in CLL/
SLL, in both the R/R disease (Sect. 3.2.1) and first-line treat-
ment (Sect. 3.2.2) settings.

3.2.1  Phase III Trials in Patients with Relapsed or Refractory 
Disease

Phase III data from the open-label RESONATE [62–65] and 
ASCEND [66, 67] trials have demonstrated robust efficacy 
for single-agent ibrutinib and acalabrutinib, respectively, in 
the treatment of R/R CLL/SLL. Furthermore, of particu-
lar interest are emerging data from ELEVATE-RR [68] 
and ALPINE [69], the first head-to-head phase III trials of 
BTK inhibitors in R/R CLL/SLL. Ibrutinib has also been 
shown to improve efficacy when added to bendamustine 
plus rituximab chemoimmunotherapy based on the findings 
of the double-blind, placebo-controlled, phase III HELIOS 
trial [70, 71].

The RESONATE trial included patients with R/R CLL/
SLL who were not eligible for purine analogue-based chem-
otherapy, with patients randomised to receive ibrutinib or the 
anti-CD20 mAb ofatumumab [65]. In the primary analysis 
(median follow-up of 9.4 months), ibrutinib significantly 
reduced the risk of progression or death by 78% versus ofa-
tumumab (Table 3) and, based on an analysis in which data 
were censored at the time of crossover (from ofatumumab 
to ibrutinib following progression), significantly reduced 
the risk of death by 57% (p = 0.005). Ibrutinib treatment 
was also associated with a significantly higher ORR com-
pared with ofatumumab (Table 3). With extended follow-up, 
ibrutinib efficacy was durable over the longer term [62–64]. 
Consistent with findings at the primary analysis [65], when 
analysed with censoring at crossover OS was found to be 
improved in ibrutinib recipients compared with ofatumumab 
recipients [hazard ratio (HR) 0.639; 95% CI 0.418–0.975] at 
the final analysis [64].

In the ASCEND trial, acalabrutinib monotherapy was 
found to significantly prolong independent review com-
mittee (IRC)-assessed PFS versus investigator’s choice of 
idelalisib plus rituximab or bendamustine plus rituximab 
[67]. With a median follow-up of 16.1 months, acalabruti-
nib monotherapy reduced the risk of progression or death 
by 69% compared with investigator’s choice (Table 3) [67]. 
ORR was similar between groups (81% vs 75%), although 
the median duration of response was significantly longer 
in the acalabrutinib group than in the investigator’s choice 
group (not reached vs 13.6 months; p < 0.0001). Final 
results from ASCEND (median follow-up of 22 months) 
supported the findings from the primary analysis (Table 3) 
[66]. The 18-month OS rate was 88% for both groups [66].

In a head-to-head comparison of two BTK inhibitors, the 
ongoing ELEVATE-RR study is a randomised, open-label 
trial to investigate the non-inferiority of acalabrutinib mono-
therapy to ibrutinib monotherapy in the treatment of patients 
with R/R CLL/SLL with del(17p) [45.2% of patients] and/
or del(11q) [64.2% of patients] [68]. In the first results from 
the trial (median follow-up of 40.9 months), acalabrutinib 
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was found to have non-inferior efficacy to ibrutinib based 
on IRC-assessed PFS (primary endpoint; 38.4 months in 
both groups) (Table 3). Median OS was not reached in either 
group at data cut-off [68].

In a second head-to-head comparison, the randomised, 
open-label ALPINE trial is comparing zanubrutinib and 
ibrutinib, with investigator-assessed ORR as the primary 
endpoint [69]. Based on a pre-planned interim analysis 
approximately 12 months after the first 415 out of 652 
patients were enrolled (median follow-up of 15 months), 
the ORR was significantly higher in zanubrutinib recipients 
than in ibrutinib recipients (Table 3). Preliminary data also 
suggested a significant improvement in 12-month PFS rates 
for zanubrutinib versus ibrutinib (Table 3) [69]. Full results 
from this trial are awaited with interest for confirmation of 
these findings with longer-term follow-up.

In the HELIOS study, 578 patients with R/R CLL/SLL, 
most with high risk factors (e.g. unmutated IGHV, del(11q), 
bulky disease), were randomised to ibrutinib or placebo, 
each in combination with bendamustine and rituximab [71]. 
Patients with del(17p) were excluded based on a known poor 
response to bendamustine and rituximab. In the primary 
analysis (median follow-up of 17 months), the addition of 
ibrutinib to bendamustine plus rituximab immunotherapy 
reduced the risk of progression or death by 80% and was 
associated with a significant increase in the ORR (Table 3) 
[71]. There was no significant difference in OS between 
groups at the primary analysis, although a preplanned OS 
analysis adjusting for crossover did find a significant OS 
benefit for patients randomised to ibrutinib compared with 
placebo (HR 0.577; 95% CI 0.348–0.957; p = 0.033) [71]. 
Of note, a significant OS benefit was observed for the ibru-
tinib group with longer-term follow-up, even with extensive 

Table 3  Efficacy of BTK inhibitors in chronic lymphocytic leukaemia/small lymphocytic lymphoma in phase III trials

ACA acalabrutinib, B/R bendamustine plus rituximab, BTK Bruton tyrosine kinase, CLB chlorambucil, FCR CIT fludarabine, cyclophosphamide 
and rituximab chemoimmunotherapy, IBR ibrutinib, IDE idelalisib, med. median, mo. month(s), NR not reached, OBZ obinutuzumab, OFA ofa-
tumumab, ORR overall response rate, OS overall survival, PFS progression-free survival, PL placebo, pts patients, RTX rituximab
*p < 0.05, **p ≤ 0.001, p < 0.0001 treatment 1 vs treatment 2
a Assigned treatment at study drug initiation; crossover was permitted in some trials following disease progression
b In general, initial results are as assessed by an independent review committee; later results are investigator-assessed
c Non-inferiority of ACA to IBR demonstrated
d Data presented are from a prespecified interim analysis for the first 415 pts enrolled
e 12-mo. PFS rates
f 3-year rates

Trial Treatmenta (no. of pts) Med. follow-up (mo.) Med.  PFSb (mo.) Med OS (mo.) ORR (%)

In relapsed/refractory disease
 RESONATE IBR (195) vs OFA (196) 9.4 [65] NR vs 8.1** NR vs NR* 43 vs 4**

65.3 vs 65.6 [64] 44.1 vs 8.1** 67.7 vs 65.1
 ASCEND ACA (155) vs investigator’s choice [IDE 

+ RTX (119) or B/R (36)]
16.1 [67] NR vs 16.5*** NR vs NR 81 vs 75

 ELEVATE-RR ACA (268) vs IBR (265) 40.9 [68] 38.4 vs 38.4c NR vs NR 81 vs 77
  ALPINEd ZAN (207) vs IBR (208) 15 [69] 94.9 vs 84.0e** 78.3 vs 62.5**
 HELIOS IBR + B/R (289) vs PL + B/R (289) 17 [71] NR vs 13.3** NR vs NR 83 vs 68***

63.7 [72] 65.1 vs 14.3*** NR vs NR**
In treatment-naïve patients
 RESONATE-2 IBR (136) vs CLB (133) 18.4 [73] NR vs 18.9** NR vs NR** 82 vs 35**

60 [74] NR vs 15** NR vs NR
 iLLUMINATE IBR + OBZ (113) vs CLB + OBZ (116) 31.3 [75] NR vs 19.0*** NR vs NR 88 vs 73*
 ELEVATE-TN ACA + OBZ (179) vs OBZ + CLB (177) 28.3 [27] NR vs 22.6*** NR vs NR 94 vs 79***

46.9 [76] NR vs27.8*** NR vs NR 96.1 vs 82.5***
ACA (179) vs OBZ + CLB (177) 28.3 [27] NR vs 22.6*** NR vs NR 86 vs 79

46.9 [76] NR vs 27.8*** NR vs NR 89.9 vs 82.5*
 Alliance 041202 IBR + RTX (182) vs B/R (183) 38 [77] NR vs 43

IBR (182) vs B/R (183) 38 [77] NR vs 43
IBR + RTX (182) vs IBR (182) 38 [77] NR vs NR

 E1912 IBR + RTX (354) vs FCR CIT (175) 33.6 [78] 89.4 vs 72.9f** 98.8 vs 91.5f**
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crossover from placebo to ibrutinib (by 63.3% of patients at 
the final analysis) [72] (Table 3).

3.2.2  Phase III Trials in Treatment‑Naïve Patients

In the first-line treatment setting, ibrutinib monotherapy was 
superior to chemotherapy with single-agent chlorambucil 
based on significant improvements in IRC-assessed PFS 
(primary endpoint), OS and ORR in older patients (aged ≥ 
65 years; median 73 years) with previously untreated CLL/
SLL in the randomised, open-label phase III RESONATE-2 
trial (Table 3) [73, 74, 79]. With a median follow-up of 18.4 
months, ibrutinib reduced the risk of progression or death 
by 84% versus chlorambucil (Table 3). With crossover from 
chlorambucil to ibrutinib permitted after disease progres-
sion, 2-year OS rates were 98% with ibrutinib treatment 
versus 85% with chlorambucil treatment (p = 0.001). The 
long-term follow-up in this trial (to a median of 5 years) 
demonstrated sustained benefits for ibrutinib in the first-line 
setting, with a 5-year PFS rate among ibrutinib recipients 
of 70% [74].

Ibrutinib and acalabrutinib have also each been evaluated 
as first-line treatment for CLL/SLL in combination with the 
anti-CD20 mAb obinutuzumab [27, 75]. The randomised, 
open-label phase III iLLUMINATE [75] and ELEVATE-TN 
[27] trials, which evaluated ibrutinib plus obinutuzumab and 
acalabrutinib plus obinutuzumab, respectively, versus chlo-
rambucil plus obinutuzumab, each enrolled patients aged > 
65 years or ≤ 65 years with comorbidities with previously 
untreated CLL/SLL.

Patients treated with ibrutinib plus obinutuzumab in 
iLLUMINATE (median follow-up of 31.3 months) or 
acalabrutinib plus obinutuzumab in ELEVATE-TN (median 
follow-up of 28.3 months) had significantly prolonged IRC-
assessed PFS compared with patients treated with chloram-
bucil plus obinutuzumab in the respective trials (primary 
endpoint for both trials) (Table  3), indicating superior 
efficacy for the chemotherapy-free combination of a BTK 
inhibitor plus an anti-CD20 mAb over a standard chemoim-
munotherapy regimen as first-line treatment for CLL/SLL 
[27, 75]. The ELEVATE-TN trial also included a group ran-
domised to acalabrutinib monotherapy with this group also 
having significantly longer PFS versus the chlorambucil plus 
obinutuzumab group (Table 3). Furthermore, in a post-hoc 
analysis comparing acalabrutinib plus obinutuzumab with 
acalabrutinib monotherapy, there appeared to an added ben-
efit from obinutuzumab based on the hazard ratio for PFS 
(0.49; 95% CI 0.26–0.95) [27]. In both trials, no significant 
between-group differences were observed in OS at the pri-
mary analyses (Table 3).

The combination of a BTK inhibitor plus an anti-
CD20 mAb as first-line treatment for CLL/SLL in older 
patients (aged ≥ 65 years) has also been evaluated in the 

randomised, open-label phase III Alliance 041202 trial 
[77]. This trial, which also included an ibrutinib mono-
therapy group, found that continuous ibrutinib, with or 
without rituximab, significantly reduced the risk of pro-
gression or death compared with six cycles of chemoim-
munotherapy with bendamustine plus rituximab (Table 3). 
No significant difference in PFS was observed between 
patients treated with ibrutinib monotherapy and ibruti-
nib plus rituximab. At the primary analysis (at 2.5 years 
after the last patient enrolled), there were no significant 
between-group differences in OS [77]. Two-year OS rates 
were 90% for ibrutinib monotherapy, 94% for ibrutinib 
plus rituximab and 95% for bendamustine plus rituximab 
(p ≥ 0.65 for all pairwise comparisons) [77]. In the respec-
tive groups, ORRs were 93%, 94% and 81% and CR rates 
were 7%, 12% and 26%. A significantly higher proportion 
of patients treated with bendamustine plus rituximab (8%) 
than patients treated with ibrutinib monotherapy (1%) or 
ibrutinib plus rituximab (4%) had undetectable minimal 
residual disease (MRD) [77].

In another trial investigating the combination of a 
BTK inhibitor plus an anti-CD20 mAb, the randomised, 
open-label phase III E1912 trial evaluated ibrutinib plus 
rituximab (for six cycles followed by ibrutinib monother-
apy) compared with six cycles of chemoimmunotherapy 
with fludarabine, cyclophosphamide and rituximab [78]. 
Whereas other phase III studies of BTK inhibitors in treat-
ment-naïve CLL/SLL generally enrolled older patients 
(aged ≥ 65 years), the E1912 trial enrolled patients ≤ 70 
years old (mean age 56.7 years; 59.4% aged < 60 years). 
Patients with del(17p) were excluded due to a known poor 
response to the chemoimmunotherapy regimen [78]. Based 
on the results of a preplanned interim analysis (median 
follow-up of 33.6 months), ibrutinib plus rituximab was 
superior to the chemoimmunotherapy regimen with regard 
to PFS (primary endpoint) and OS (Table 3). Three-year 
PFS and OS rates showed a reduction in the risk of pro-
gression or death of 65% and a reduction in the risk of 
death of 83% for patients treated with ibrutinib plus rituxi-
mab versus the chemoimmunotherapy regimen (Table 3). 
In the respective groups, the ORRs were 98.5% versus 
81.1%, the CR rates were 17.2% versus 30.3%, and (among 
evaluable patients) the rates of MRD-negativity at cycle 
12 were 8.3% versus 59.2% [78].

Zanubrutinib is also under phase III clinical investigation 
in treatment-naïve patients with CLL/SLL, with limited data 
available from the SEQUOIA trial [80–82]. Of note, Arm C 
of the trial involves a non-randomised cohort of patients (n 
= 109) with del(17p) treated with zanubrutinib monotherapy 
[82]. After a median follow-up of 18.2 months, the ORR 
was 94.5% (with 4% of patients achieving a CR), suggesting 
good activity in this high-risk population. The 18-month 
PFS and OS rates were 88.6% and 95.1% [82]. Based on 
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evidence that there may be added benefit from combining 
BTK inhibition with BCL2 inhibition, a further cohort (Arm 
D) is being included in the trial, involving treatment-naïve 
patients with CLL/SLL and del(17p) treated with zanubru-
tinib in combination with venetoclax [81].

3.2.3  Other Trials of Interest

Orelabrutinib [19], tirabrutinib [83, 84] and pirtobruti-
nib [20] have also been evaluated in earlier phase trials in 
patients with (R/R) CLL/SLL with overall promising results. 
High (≥ 89%) ORRs were observed in trials with patients 
treated with orelabrutinib monotherapy [19] or tirabrutinib 
with or without idelalisib or entospletinib [83, 84], includ-
ing a 96% ORR in one trial involving 28 heavily pretreated 
patients (median four prior therapies) with R/R CLL/
SLL who received tirabrutinib monotherapy [84]. Also of 
particular interest, an ORR of 62% was observed follow-
ing pirtobrutinib monotherapy in 121 heavily pretreated 
patients (median four prior therapies) with R/R CLL/SLL 
who had received prior treatment with one or more cova-
lent BTK inhibitors in the phase I/II BRUIN trial, including 
79 patients with resistance to previous BTK inhibitor treat-
ment (ORR 67%), 42 patients with BTK inhibitor intoler-
ance (ORR 52%) and 24 patients with Cys-481-mutant BTK 
(ORR 71%) [20].

Another strategy that is receiving considerable attention 
in CLL/SLL (in both R/R and treatment-naïve patient set-
tings) is combination therapy involving a BTK inhibitor 
and venetoclax (± an anti-CD20 mAb). Currently available 
data from phase II trials show that treatment with ibrutinib 
[85–89], acalabrutinib [90] or zanubrutinib [91] in combina-
tion with venetoclax (with [88, 90, 91] or without [85–89, 
91] obinutuzumab) can produce deep responses, with good 
proportions (38–75% across trials) of patients achieving 
undetectable MRD. Several phase III trials investigating 
combinations of a BTK inhibitor and venetoclax (± obinu-
tuzumab or rituximab) are underway (including with fixed-
duration regimens), and results will be of particular interest.

3.3  In Waldenström’s Macroglobulinaemia

BTK inhibitors are highly active in WM, both in treatment-
naïve patients and those with R/R disease, with phase II 
and/or phase III data available for ibrutinib, acalabruti-
nib, zanubrutinib, tirabrutinib and pirtobrutinib (Table 4). 
Although longer-term data are more limited, currently avail-
able evidence suggests that long-term disease control can be 
achieved [92, 93], with one study in patients with R/R WM 
showing more than half of all patients treated with ibrutinib 
monotherapy remaining progression-free after 5 years [92]. 
Furthermore, responses to BTK inhibition appear to deepen 
over time with continued treatment in WM [92, 93]. Also 

of note, there is evidence that MYD88 and CXCR4 muta-
tion status can affect responses to BTK inhibitors [13, 92, 
94, 95].

The largest randomised controlled trial of BTK inhibi-
tor monotherapy in WM to date is the open-label phase III 
ASPEN trial comparing zanubrutinib and ibrutinib [96]. 
Despite failing to meet its primary endpoint of demonstrat-
ing superiority of zanubrutinib based on the proportions 
of patients achieving a CR or a very good partial response 
(VGPR), the ASPEN trial provides strong evidence for the 
efficacy of BTK inhibitors in WM. With a median follow-
up of 19.4 months, a VGPR was achieved by 28% of zanu-
brutinib recipients and 19% of ibrutinib recipients, with the 
between-group difference not reaching statistical signifi-
cance (p = 0.09). No patient in the trial achieved a CR [96]. 
High major response rates (MRR) and 18-month PFS rates 
were observed in both groups (Table 4). Longer-term follow-
up of this head-to-head trial of two BTK inhibitors will be 
of particular interest.

In addition to the evaluation of BTK inhibitors as mono-
therapy, the combination of ibrutinib plus rituximab has 
been evaluated in the treatment of WM in the randomised, 
double-blind, placebo-controlled, phase III iNNOVATE trial 
[95]. The trial, initiated based on the demonstrated activity 
of ibrutinib and rituximab as single agents (together with 
preclinical evidence of synergy), included 150 patients who 
were randomised to ibrutinib plus rituximab or placebo plus 
rituximab [95]. In the primary endpoint analysis (median 
follow-up of 26.5 months), the addition of ibrutinib to rituxi-
mab treatment was associated with an 80% reduction in the 
risk of progression or death (p < 0.001) (Table 4), with a 
66% reduction for the subgroup of treatment-naïve patients 
(HR  0.34; 95% CI 0.12–0.95) and an 83% reduction for 
patients with R/R disease (HR  0.17; 95% CI 0.08–0.36) 
[95]. Ibrutinib plus rituximab was also associated with a 
significantly higher ORR and MRR than placebo plus rituxi-
mab (Table 4). Median OS was not reached in either group 
(30-month OS rates were 94% and 92%) [95].

Also of interest, included in the iNNOVATE trial was a 
single-arm, non-randomised substudy of 31 patients with 
rituximab-refractory WM who were treated with ibrutinib 
monotherapy [100]. Despite heavy pretreatment (median two 
prior therapies), ibrutinib was highly active in these patients, 
with an ORR of 90% and an MRR of 71% (median follow-
up of 18.1 months); 18-month PFS and OS rates were 86% 
and 97% [100].

3.4  In Relapsed or Refractory Marginal Zone 
Lymphoma

Although data remain scarce overall, good activity has been 
demonstrated for BTK inhibitors in patients with R/R MZL, 
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a clinical setting in which treatment options are limited 
[101–103]. Besides the trials on ibrutinib and zanubrutinib 
discussed below, small numbers of patients with MZL have 
been treated with other BTK inhibitors in early phase trials 
in patients with B-cell malignancies with moderate levels of 
activity observed [14, 20].

To test the hypothesis that BCR signalling is involved 
in MZL pathogenesis, a single-arm phase II trial of ibru-
tinib monotherapy was conducted in 63 patients with pre-
viously treated MZL who had received one or more anti-
CD20-based therapies [103]. With a median follow-up of 
19.4 months, the IRC-assessed ORR (primary endpoint) 
among 60 evaluable patients was 48%, including a CR in 

Table 4  Efficacy of BTK inhibitors in clinical trials in Waldenström's macroglobulinaemia

BTK Bruton tyrosine kinase, CR complete response, HR hazard ratio, mo. month(s), MRR major response rate, NR not reached, ORR overall 
response rate, OS overall survival, PFS progression-free survival, PL placebo, R/R relapsed/refractory, TN treatment-naïve, VGPR very good 
partial response
a In general, initial results for each trial are as assessed by an independent review committee; later results are investigator-assessed
b Trial has two cohorts. Data are reported for Cohort 1, with all patients having MYD88L265P disease. Patients with wild-type MYD88 disease 
or undetermined MYD88 mutation status were enrolled in Cohort 2, all receiving zanubrutinib (data not available)

Trial Treatment(s) Patients Key efficacy  resultsa

Single-arm phase II trials
 NCT01614821 [92, 94] Ibrutinib 63 (all R/R); median 2 prior therapies With a median treatment duration of 19.1 

mo., ORR was 90.5% and MRR was 73.0%
18-mo. PFS and OS rates were 69% and 95%
5-year PFS and OS rates were 54% and 93%

 NCT02604511 [97] Ibrutinib 30 (all TN) With a median follow-up of 14.6 mo., ORR 
was 100% and MRR was 83%

18-mo. PFS and OS rates were 92% and 
100%

 NCT02180724 [98] Acalabrutinib 106 (14 TN, 92 R/R) With a median follow-up of 27.4 mo., ORR 
was 93.4%

 NCT02343120 [93] Zanubrutinib 77 (24 TN, 53 R/R) VGPR/CR rate: 22% at 6 mo.; 33% at 12 
mo.; 45% at 24 mo.

3-year PFS and OS rates were 81% and 85%
 NCT03332173 [99] Zanubrutinib 44 (all R/R); median 2 prior therapies With a median follow-up of 18.6 mo., ORR 

was 79.1%, MRR was 69.8% and median 
PFS was not reached

 JapicCTI-173646 [13] Tirabrutinib 27 (18 TN, 9 R/R) With a median follow-up of 6.5 mo. for TN 
pts and 8.3 mo. for R/R pts, ORR was 
96.3% and MRR was 88.9%

 BRUIN [20] Pirtobrutinib 19 (all R/R); median 3 prior therapies With a median follow-up of 6 mo., ORR 
was 68%; for 13 patients with prior Bruton 
tyrosine kinase treatment, ORR was 69%

Randomised, controlled phase III trials
 iNNOVATE [95] Ibrutinib + rituximab vs 

PL + rituximab
150 (68 TN, 82 R/R) With a median follow-up of 26.5 mo., ORRs 

were 92% vs 47% (p < 0.001) and MRRs 
were 72% vs 32% (p < 0.001)

Median PFS (median follow-up, 26.5 mo.), 
NR vs 20.3 mo. [HR, 0.20 (95% CI, 
0.11–0.38); p < 0.001]

30-mo. PFS, 82% vs 28%
 iNNOVATE substudy 

(non-randomised) 
[100]

Ibrutinib 31 (all with rituximab-refractory disease), 
median 4 prior therapies

With a median follow-up of 18.1 mo., ORR 
was 90% and MRR was 71%

18-mo. PFS and OS rates were 86% and 97%
 ASPEN [96]b Zanubrutinib vs ibrutinib 201 (37 TN, 164 R/R), all with 

MYD88L265P disease
With a median follow-up of 19.4 mo., CR/

VGPR rates were 28% vs 19% (p = 0.09), 
ORRs were 94% vs 93% and MRRs were 
77% vs 78%

18-mo. PFS, 85% vs 84%
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two patients (3%). Median duration of response was not 
reached and median PFS was 14.2 months. The ORR was 
largely consistent across subgroups based on baseline clini-
cal parameters, including across extranodal (15/30 patients; 
50%), splenic (7/13 patients; 54%) and nodal (7/17 patients; 
41%) disease subtypes [103]. Extended follow-up (median 
33.1 months) showed that responses were durable (median 
duration of 27.6 months) [102]. PFS and OS rates at month 
33 were 32% and 72% [102].

Efficacy data are also available for zanubrutinib in R/R 
MZL from a phase I/II trial in 20 patients (median two prior 
therapies) and from a phase II trial in 66 patients who had 
previously received at least one anti-CD20-based therapy 
[10]. IRC-assessed ORRs for the respective trials were 80% 
(median follow-up of 31.4 months) and 56% (median follow-
up of 8.3 months) with 20% of patients in each trial achiev-
ing a CR [10].

4  Tolerability of BTK Inhibitors

Overall, BTK inhibitors have acceptable tolerability in the 
treatment of B-cell malignancies. Among other adverse 
events (Table 5), BTK inhibitors may be associated with 
infections (including serious and opportunistic infections), 
skin disorders (including erythema multiforme and rash), 
bleeding, cytopenias and cardiac arrhythmias [4, 5, 7, 8, 
10, 13, 20, 104]. Second primary malignancies have also 
been reported in patients treated with BTK inhibitors [4, 5, 
7, 8, 10].

Although there is a large degree of overlap between 
different BTK inhibitors in terms of the most commonly 
observed adverse events (Table 5), there is evidence, most 
notably from head-to-head comparative randomised trials 
[68, 69, 96], suggesting some clinically important differ-
ences in the tolerability profiles of the different agents. In 
the ELEVATE-RR trial in R/R CLL/SLL (Sect. 3.2.1), the 
incidence of (all-grade) atrial fibrillation/flutter (secondary 
endpoint) was significantly (p = 0.02) lower in acalabruti-
nib (9.4%) versus ibrutinib (16.0%) recipients [68]. Among 
other adverse events with an incidence of ≥ 15% in either 
group, significantly more (p < 0.05; no adjustment for multi-
plicity) ibrutinib versus acalabrutinib recipients experienced 
diarrhoea (46% vs 35%), arthralgia (23% vs 16%), hyperten-
sion (23% vs 9%) and contusion (18% vs 12%), whereas 
significantly fewer ibrutinib versus acalabrutinib recipients 
experienced headache (20% vs 35%) and cough (21% vs 
29%). Adverse events leading to treatment discontinuation 
occurred in 21.3% and 14.7% of patients in the respective 
groups [68]. In the ASPEN trial (Sect. 3.3), which compared 
ibrutinib and zanubrutinib in patients with WM, signifi-
cantly more (p ≤ 0.05; no adjustment for multiplicity) ibru-
tinib versus zanubrutinib recipients experienced diarrhoea 

(32% vs 21%), muscle spasms (24% vs 10%), peripheral 
oedema (19% vs 9%), atrial fibrillation/flutter (15% vs 2%) 
and pneumonia (12% vs 2%), whereas significantly fewer 
ibrutinib versus zanubrutinib recipients experienced neutro-
penia (13% vs 29%) [96]. Adverse events leading to treat-
ment discontinuation occurred in 9.2% and 4.0% of patients 
in the respective groups [96]. Based on interim data, the 
incidence of atrial fibrillation/flutter (prespecified endpoint) 
was also significantly (p = 0.0014) lower in zanubrutinib 
(2.5%) versus ibrutinib (10.1%) recipients in the ALPINE 
trial (Sect. 3.2.1) in patients with R/R CLL/SLL [69].

The cardiovascular toxicity of ibrutinib is believed to 
result from off-target inhibition of other kinases, such as 
TEC, HER2/ERBB2, HER4/ERBB4 and BMX [105]. HER2 
(possibly in association with HER4) has been suggested as 
a lead candidate based on evidence of its expression in car-
diomyocytes, its role in heart physiology and the pattern of 
its inhibition by ibrutinib but not by other BTK inhibitors at 
clinically relevant concentrations (Table 1) [105]. The higher 
incidence of diarrhoea reported with ibrutinib versus acala-
brutinib [68] or zanubrutinib [96] is potentially due to off-
target inhibition of EGFR by ibrutinib (Table 1), given the 
known link between EGFR inhibition and diarrhoea [106]. 
Off-target inhibition of EGFR is also considered likely to 
play a role in dermatological adverse events (including rash) 
associated with BTK inhibitors [107].

5  Current Clinical Position of BTK Inhibitors 
in B‑Cell Malignancies

As monotherapy or in combination with other agents (nota-
bly anti-CD20 mAbs), BTK inhibitors have shown strong 
activity in a range of B-cell malignancies, including MCL, 
CLL/SLL, WM and MZL (Sect.  3). Of note, efficacy 
remains high in patients with or without high-risk factors, 
including in patients with del(17p) or TP53 mutations for 
whom responses to chemotherapy are generally poor [108]. 
BTK inhibitors have also been extensively studied in other 
B-cell malignancy subtypes, including diffuse large B-cell 
lymphoma and follicular lymphoma; however, although 
research is continuing, evidence for the benefit of BTK 
inhibitors in these diseases has so far been less conclusive. 
BTK inhibitors have acceptable tolerability, with adverse 
events generally being manageable with dosage modifica-
tion. Some adverse events of special interest observed in 
patients receiving BTK inhibitor treatment include infec-
tions, bleeding events, cytopenias, cardiac arrhythmias and 
second primary malignancies (Sect. 4).

Ibrutinib remains the most well studied BTK inhibitor 
to date and has the advantages of having more longer-term 
data available and of having greater clinical (including 
real-world) experience. Ibrutinib is also approved (across 
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different regulatory authorities) in a broad range of B-cell 
malignancy indications, including MCL, CLL/SLL, WM 
and MZL [4, 5]. The other approved covalent BTK inhibitors 
(Table 1) appear to have broadly similar efficacy to ibrutinib 
based on currently available data, although the level of data 
varies for different agents and across different B-cell malig-
nancy subtypes (Sect. 3). Accepting the limitation of their 
open-label design, head-to-head trials have demonstrated the 
non-inferiority of acalabrutinib and the potential superiority 
(based on interim data) of zanubrutinib to ibrutinib in R/R 
CLL/SLL (Sect. 3.2.1). Another open-label head-to-head 
trial (ASPEN) in patients with WM found zanubrutinib to 
be associated a numerically greater CR/VGPR rate versus 
ibrutinib without reaching statistical significance (Sect. 3.3). 
Moreover, data from these head-to-head trials support the 
suggestion that the greater selectivity of these second-gener-
ation BTK inhibitors may result in tolerability benefits over 
ibrutinib, most notably relating to cardiovascular adverse 
events (Sect. 4). In note of this evidence, second-generation 
BTK inhibitors have been suggested to have particular ben-
efit over ibrutinib in patients with a history of hypertension, 
atrial fibrillation or other cardiovascular conditions [109]. 
Further emerging evidence of the potential advantages of 
improved tolerability of second-generation BTK inhibitors 
over ibrutinib in B-cell malignancies is also available from 
phase II trials demonstrating the efficacy and tolerability 
of acalabrutinib [110] and zanubrutinib [111] in patients 
intolerant to ibrutinib.

Although data remain somewhat limited, third-genera-
tion BTK inhibitors potentially present another important 
advance in the management of B-cell malignancies. The 
agents remain in clinical development and have not yet 
reached registration (Table 1). However, with the approach 
of reversible BTK inhibition through non-covalent bind-
ing, third-generation BTK inhibitors may provide further 
treatment options and may be useful to combat acquired 
resistance to covalent BTK inhibitors (Sect. 2.1). Promis-
ing results have been observed so far in clinical trials, most 
notably the phase I/II BRUIN trial of pirtobrutinib in a range 
of B-cell malignancies, in which strong activity was demon-
strated in a highly pretreated (including 76% of patients with 
prior BTK inhibitor treatment) population (Sect. 3.2.3) [20]. 
Phase III trials of pirtobrutinib are underway, and the results 
will be of particular interest.

In terms of other differentiating features, there are also 
some minor differences between BTK inhibitors in recom-
mendations for their use in patients with hepatic or renal 
impairment and potential food effects (although informa-
tion for the non-covalent agents still in clinical develop-
ment is currently limited) (Table 5). There are also some 
differences between the different BTK inhibitors in phar-
macokinetic properties (including differences in bioavail-
ability and half-lives) (Table 1) and dosing schedules (i.e. 

once daily vs twice daily dosing) (Table 5) which could 
affect BTK occupancy, efficacy and tolerability; however, 
further study is required to confirm any potential clini-
cally significant effects. Similarly, the reversible binding 
of non-covalent third-generation inhibitors (in contrast to 
covalent BTK inhibitors which bind irreversibly) has been 
suggested to potentially enable full BTK occupancy irre-
spective of BTK turnover [20, 112]. Again, any potential 
clinical benefits are yet to be demonstrated.

Current National Comprehensive Cancer Network 
 (NCCN®) guideline recommendations on the use of BTK 
inhibitors in B-cell malignancies broadly reflect the avail-
able clinical trial data [113–115]. Ibrutinib (± rituximab), 
acalabrutinib and zanubrutinib (alongside lenalidomide + 
rituximab) are each recommended as preferred regimens 
for R/R MCL, with regimens of ibrutinib, lenalidomide 
and rituximab or ibrutinib plus venetoclax recommended 
as being useful in certain circumstances [113]. Alongside 
venetoclax plus obinutuzumab, acalabrutinib (± obinu-
tuzumab) and ibrutinib are each listed as preferred regi-
mens for first-line treatment of CLL/SLL, with patients 
with del(17p)/TP53 mutations also having zanubruti-
nib recommended (for patients with a contraindication 
to ibrutinib/acalabrutinib) as an alternative regimen. In 
patients without del(17p)/TP53 mutations, ibrutinib plus 
rituximab is one of several alternative recommended regi-
mens in patients aged < 65 years and without significant 
comorbidities, as is ibrutinib plus obinutuzumab in older 
patients or those with significant comorbidities [113]. In 
R/R CLL/SLL, ibrutinib and acalabrutinib are each listed 
as preferred regimens alongside venetoclax plus rituxi-
mab [or venetoclax alone in patients with del(17p)/TP53 
mutations]; zanubrutinib (for patients with a contraindi-
cation to ibrutinib/acalabrutinib) is recommended as one 
of several alternative regimens [115]. In WM, ibrutinib 
(± rituximab) and zanubrutinib are recommended as the 
two category 1 preferred regimens; acalabrutinib is one 
of several recommended alternative regimens in R/R WM 
[114]. Finally, in R/R MZL, ibrutinib and zanubrutinib 
(after ≥ 1 prior anti-CD20 mAb-based regimen) are among 
the preferred regimen recommendations [113].

The development of BTK inhibitors as treatment 
options has led to dramatic improvements in the man-
agement of B-cell malignancies. The now-availability of 
chemotherapy-free treatment options may be particularly 
valuable in populations where patients are generally older 
and frequently have significant comorbidities. Areas of 
particular interest for the future include the coming avail-
ability of more longer-term data for second-generation 
BTK inhibitors, phase III data for third-generation agents, 
further investigation into potential combination therapies 
(including risk:benefit analyses), and more understanding 
towards the ideal positioning and sequencing of different 
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therapies. With the growing number of treatment options 
available, there is also more potential to use understanding 
of prognostic factors in different B-cell malignancies (e.g. 
TP53 status, IGHV mutation status, blastoid morphology) 
to allow more targeted patient management [116, 117]. 
Furthermore, with the observation that mutations lead-
ing to acquired resistance can be present several months 
before disease progression, screening for such mutations 
may allow timely adaptation of treatment [118].

As indicated by guideline recommendations (discussed 
above), combination therapies are becoming more central 
to the treatment of B-cell malignancies. Besides potential 
synergy between agents helping towards (rapidly) achiev-
ing deep responses, combination therapy may also have 
benefits in terms of overcoming resistance [32]. Growing 
knowledge of the pharmacodynamic effects of different 
agents is also helping guide use of drug combinations 
where, for example, different anti-CD20 mAbs in com-
bination with a BTK inhibitor can potentially have either 
synergistic or antagonistic effects [119].

Another area of interest around combination therapies 
involving BTK inhibitors is regarding the potential ben-
efit of fixed-duration treatment. In most later-stage clini-
cal trials on BTK inhibitors conducted to date, treatment 
has continued until disease progression or unacceptable 
toxicity. This is reflected in currently approved indications 
[4, 5, 7, 8, 10, 17, 28], particularly given the observation 
that continued BTK inhibitor treatment appears to improve 
rates and depth of response over time (Sect. 3). However, 
given the potential for ongoing tolerability issues (as well 
as other factors, including cost), it has been raised whether 
fixed-duration (or response driven) BTK inhibitor treat-
ment regimens could have an improved risk:benefit ratio 
[81, 88, 89]. Although deep responses allowing drug dis-
continuation are generally not rapidly achieved with BTK 
inhibitor monotherapy, combination therapies (e.g. BTK 
inhibitor + venetoclax ± an anti-CD20 mAb) can rapidly 
lead to deep responses (including undetectable MRD), 
thus making time-limited treatment more viable [32].

In conclusion, BTK inhibitors have become very valu-
able additions to the available treatment options for B-cell 
malignancies. Management of B-cell malignancies contin-
ues to be a rapidly developing field, and ongoing and future 
clinical trials (together with growing real-world experience) 
will continue to inform disease management decisions.
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