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Abstract
Bruton’s tyrosine kinase (BTK) is a part of the B-cell receptor (BCR) signaling pathway. Activation of the BCR appears 
crucial for normal B cells as it regulates proliferation, differentiation, adhesion, survival, and apoptosis. Such signaling 
is also vital for malignant B cells, since many of them show constitutive activation of the BCR pathway. The develop-
ment of ibrutinib, a best-in-class BTK inhibitor, has led to a new direction in the treatment of B-cell malignancies. 
Further studies have enabled the development of more potent and more selective BTK inhibitors, such as zanubru-
tinib. These novel agents were designed primarily to reduce adverse effects such as diarrhea, atrial fibrillation, rash, 
or hemorrhagic complications. Compelling data from clinical studies that have verified its efficacy and safety has 
allowed the approval of zanubrutinib in hematological malignancies such as mantle cell lymphoma, Waldenström’s 
macroglobulinemia, chronic lymphocytic leukemia, and marginal zone lymphoma.
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Introduction

Targeted immunotherapy has been a significant milestone 
in the treatment of cancer. A boom starting in the 1990s 
brought innovations also to the field of hematology, es-
pecially when rituximab, the first anti-tumor monoclonal 
antibody (mAb) bondable to CD20 antigen, was approved 
for clinical use in 1997 [1]. Considered to be the biggest 
breakthrough in treating B-cell malignancies for over half 
of a century [2], rituximab became a prototype of new gen-
erations of more effective compounds, as many patients 
are refractory to rituximab [3–5]. Antitumor antibodies 
bondable to cluster of differentiation (CD) antigens are 

the most popular so far, but not the only, targeted drugs 
for B-cell malignancies. Representatives of other classes, 
including inhibitors of immune checkpoints (nivolumab 
[6], pembrolizumab [7]), methyltransferase inhibitors 
(tazemetostat [8]), phosphatidylinositol-3 kinase (PI3K) 
inhibitors [9], spleen kinase (Syk) inhibitors [10], and some 
like proteasome inhibitor bortezomib [11], nuclear export 
inhibitor selinexor [12], and specimens based on chimeric 
antigenic T-cell receptor (CAR-T) technology [13–16], are 
undergoing clinical trials or have already been approved 
in clinics. Into the quickly evolving landscape of anti-B 
cell therapeutics, a new class of drugs, Bruton’s tyrosine 
kinase (BTK) inhibitors, has emerged as a ‘rising star’ to 
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be used either alone or in combination with acknowledged 
immunotherapeutics.

Overexpression or disturbances in the activation of pro-
tein kinases involved in cellular proliferation and migration 
are among the key mechanisms of neoplasia development 
[17, 18]. Furthermore, hereditary mutations in genes en-
coding particular protein kinases are associated with the 
initiation, promotion, progression, and relapse of various 
neoplasms [19]. Extensive studies into the role of protein 
kinases in neoplastic diseases have led to the develop-
ment of drugs that specifically inhibit signals transduced 
by these enzymes. Such compounds usually have a rela-
tively low molecular weight compared to immunotherapeu-
tics, and some of them can be administered orally. Their 
introduction is considered to be another milestone in both 
oncology and hematology [20].

BTK is a non-receptor kinase engaged in signal trans-
duction following the binding of a specific ligand to the  
B-cell receptor (BCR). Activation of the BCR pathway is criti-
cal for normal B-cell maturation, proliferation, differentia-
tion, and migration [21], although downstream events of 
this cascade also provide anti-apoptotic and proliferative 
signals for neoplastic cells. BCR signaling in normal and 
malignant cells, with an emphasis on the role of BTK, was 
recently reviewed by Efremov et al. [22]. Briefly, binding of 
antigen to receptor antibody triggers re-organization of the 
cytoskeleton and assembly of local BCR units into clusters. 
This rearrangement initiates the pathway, which leads to 
the formation of a multiprotein complex called the ‘BCR sig-
nalosome’. Within the signalosome, the lipid kinase PI3Kδ 
becomes activated and phosphorylates the membrane 
phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2). 
Phosphorylated PIP2 (now termed PIP3) forms a docking 
site for another pool of adaptor molecules and kinases, 
including BTK. Phosphorylation of BTK by SRC-family ki-
nases and subsequent autophosphorylation turns on the 
activity of BTK. Downstream effects of BTK activation in-
clude dephosphorylation of the transcription factor NFAT, 
which is then translocated from cytosol to the nucleus and 
binds promotor regions of genes pivotal for B cell fate [23].

The other, canonical effect of BTK activation is the 
nuclear translocation of a transcription factor known as 
NFκB. Besides the canonical signaling through the BCR 
receptor, many constituents of this pathway are engaged 
in crosstalk with elements of parallel signaling cascades 
[24, 25], which often occur in a cell-specific manner and 
an inducible fashion [26].

Role and status of BCR signaling  
in B-cell malignancies

The ability to pass the signal through BCR indicates a prop-
er rearrangement of heavy and light chain genes, the 
assembly of functional receptors, and the appearance of 

specific antigens demanding a humoral adaptive response, 
i.e. activation, proliferation, and differentiation of normal 
B cells. Moreover, downstream elements of the cascade 
bias cellular mechanisms of self-control into anti-apoptotic 
scenarios [27]. This is the putative reason why numerous 
B-cell malignancies, including chronic lymphocytic leukemia 
(CLL), Burkitt lymphoma, mantle cell lymphoma (MCL), 
marginal zone lymphoma (MZL), follicular lymphoma (FL), 
diffuse large B-cell lymphoma (DLBCL), and Waldenström’s 
macroglobulinemia (WM), exhibit activated status of the 
BCR pathway [22].

However, the drivers of the pathway and mutational 
background/context may be different to those observed 
in normal B cells. Certain diseases such as CLL are char-
acterized by tumor cells which bear a subset of identical 
BCRs on their surface [28, 29]. Interestingly, these variants 
of BCR are rarely identified in normal B cells, and this ob-
servation suggests that binding to certain antigens may be 
supportive of the survival of CLL cells. Indeed, antibodies 
produced by these CLL clones bind to ubiquitous antigens 
[22, 30–33]. This ensures continuous, or very frequent, 
activation of BCR in CLL cells and seems to be crucial for 
the maintenance of anti-apoptotic proteome [34]. A simi-
lar scheme of BCR activation has been reported for DLBCL  
cells, although they additionally exhibit a mutation in 
CD79B, which protects from the internalization of BCR by 
a negative feedback loop [35].

Different mechanisms of BCR activation are character-
istic of follicular lymphoma. Somatic mutations of these tu-
mor cells often add glycosylation sites in BCR chains, re-
sulting in the exposure of mannose residues. The chronic 
activation of BCR is then supported by interactions with 
macrophages and dendritic cells expressing high levels of 
mannose-binding lectin DC-SIGN [36]. Constitutive activa-
tion of BCR pathway elements is often reported in MCL [37], 
and the correlation between disease occurrence and bacte-
rial infections putatively resulting in notorious stimulation of 
BCR by bacterial antigens has been reported in MZL [22].

The abovementioned all point towards a critical role 
of BCR signaling in B cell-derived lymphatic disorders and 
posit elements of this cascade, including BTK, as a reli-
able molecular target.

Ibrutinib: first generation BTK inhibitor

Ibrutinib was the first BTK inhibitor approved by the US 
Food and Drug Administration (FDA) in 2013 for treating re-
lapsed-refractory (R/R) MCL [38]. MCL affects mostly older 
men, and it is usually diagnosed at stages III or IV, which 
significantly limits the number of available therapeutic op-
tions. Ibrutinib’s approval was granted after publishing the 
results of the clinical trial PCYC-1104 [39]. Patients involved 
in this study received a median of three prior therapies 
followed by a daily oral dose of 560 mg ibrutinib. 75 of  
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111 patients (68%) responded to the therapy, including 21% 
complete response (CR) and 47% partial response (PR). 
Secondary end-points, namely duration of response (DOR) 
and progression-free survival (PFS), were 15.3 months 
and 13.9 months, respectively (medians). Median overall 
survival (OS) was not reached, and that estimated at 18 
months was 58% [39]. Two further studies on ibrutinib as  
a single agent for treating R/R MCL (the SPARK phase II stu-
dy, n = 120 and the RAY phase III study, n = 139 in the  
ibrutinib arm), revealed similar outcomes: overall response 
rates (ORR) were 63% and 72%, median PFS was 10.5 and 
14.6 months, and OS at 18 months was 58% and 61%, 
respectively [40].

Other clinical trials have assessed the efficacy of ibruti-
nib’s combination with approved immunotherapeutics (re-
viewed in [41]). ORR as high as 88% (including 44% CR) 
was reported for R/R MCL patients treated with ibrutinib 
+ rituximab [42]. Even more encouraging results, such as 
94% ORR (76% CR), were achieved when a combination of 
ibrutinib + rituximab + bendamustine was used [43]. Nota-
bly, equally promising data has been preliminarily reported 
for combinations of ibrutinib + rituximab (98% ORR, 60% 
CR) [44], ibrutinib + obinutuzumab + venetoclax (100% 
ORR, 47% CR) [45], and ibrutinib + rituximab followed by 
short-course R-HCVAD (rituximab plus hyper-fractionated cy-
clophosphamide, vincristine, doxorubicin, and dexametha-
sone)/methotrexate (MTX) (100% ORR, 90% CR) [46], when 
used as a frontline MCL therapy. Further clinical studies 
have led to ibrutinib’s approval for CLL [47], WM [48], and 
MZL [49]. Promising results were also obtained in a trial 
testing ibrutinib’s combination with lenalidomide and ritux-
imab for the treatment of R/R DLBCL [50].

The clinical approval of ibrutinib was a breakthrough, 
not only due to its efficacy against lymphoproliferative dis-
eases, but also to the decreased risk of side effects. Pre-
vious treatment regimens applied in B-cell malignancies 
contained chemotherapeutic components like chlorambu-
cil, fludarabine and cyclophosphamide, which rendered pa-
tients subjected to such treatment to a high risk of early 
bone marrow suppression and of late onset myelodyspla-
sia. The introduction of BTK inhibitors in monotherapy, or 
combined with other agents, brings nearer the prospect of 
chemo-free therapies.

Why are next generation BTK inhibitors  
necessary?

Despite the clinical success of ibrutinib, some patients 
experience adverse effects (AEs) which can eventually 
enforce discontinuation of therapy. Typical AEs associ-
ated with ibrutinib are different than those observed in 
acknowledged chemotherapy regimens and are therefore 
considered to be class-specific ones [51]. Rates of dis-
continuation due to AE vary between trials/diagnoses. In 

MZL, such discontinuation accounts for 17% of patients, 
whereas serious AEs of any grade occurred in 44% of pa-
tients. Pneumonia grade ≥3 was the most common severe 
side effect, reported in 8% of the cohort [49]. Serious AEs 
occurred in 42% of CLL patients receiving single-agent 
ibrutinib, becoming the reason for discontinuation in 4% 
of patients, and fatal in another 4% [47]. In this study, out 
of 81 cases of serious AE, 46 accounted for infections and 
13 for cardiac disorders, including atrial fibrillation.

A separate study analyzed the prevalence of atrial fibril-
lation in a retrospective follow-up analysis of CLL patients 
receiving ibrutinib. Atrial fibrillation was found in 6.1% of 
individuals without a prior history of this disorder [52]. Oth-
er AEs of grade ≥3 reported in the CLL clinical trial were 
pyrexia, diarrhea, fatigue, nausea, anemia, neutropenia, 
thrombocytopenia, arthralgia, dyspnea, stomatitis, and si-
nusitis. Another clinical study on ibrutinib in R/R CLL and 
small lymphocytic lymphoma (SLL) patients of the high 
risk associated with del(17p) showed a discontinuation 
rate due to AEs of 15% (22 of 144 patients) and fatali-
ty in two patients, although an extended analysis report-
ed death due to AEs in 18 patients [53]. In the R/R MCL 
study, 7% of patients discontinued ibrutinib and 3% died 
from AEs, whereas diarrhea, neutropenia, thrombocytope-
nia, fatigue and dyspnea, but not upper respiratory tract 
infection, were the most common AEs of grade ≥3 [39]. 
The occurrence of thrombocytopenia but also direct ac-
tivity on the signaling pathway in platelets predisposes to 
bleeding and hemorrhage, which is especially noticeable 
in head-to-head clinical trials comparing the effect of ibru-
tinib and chemo plus immunotherapeutics (reviewed in 
[54]). Some of these AEs, including diarrhea, bleeding, and 
atrial fibrillation, are attributed to off-target effects [55]. 
Ibrutinib covalently and irreversibly binds cysteine 481 in 
the ATP-binding pocket of BTK [38]. However, many oth-
er kinases share a similar molecular architecture of this 
functional site as that of BTK, e.g. interleukin-2-inducible 
T-cell kinase (ITK), Tec protein tyrosine kinase (TEC), bone 
marrow tyrosine kinase gene in chromosome X (BMX), and 
epidermal growth factor receptor (EGFR) (reviewed in [54, 
56]). Kaptein et al. [57] assessed the specificity of ibruti-
nib in terms of kinase inhibition (excluding BTK) and, by 
the application of KinomeScan technology, found that the 
activity of 9.4% of human wild-type kinases was inhibit-
ed by more than 65% at a 1 µM concentration. They also 
provided IC50 values from biochemical assays showing 
non-specific inhibition of particular kinases. The IC50 val-
ue for BTK was 1.5 nM, whereas those for TEC, ITK, BMX, 
and EGFR were 10 nM, 4.9 nM, 0.8 nM, and 5.3 nM, re-
spectively. Importantly, functional impairment of these ki-
nases is thought to be associated with diarrhea, dysfunc-
tion of antibody-dependent cellular cytotoxicity (ADCC) 
mechanism, dysfunction of platelets, and the risk of  
bleeding [38, 58, 59].
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Next generation irreversible BTK inhibitors 
Selective BTK inhibitors were developed mainly with the 
aim of reducing significant AEs occurring during ibrutinib 
therapy while maintaining high efficacy in the treatment of 
B-cell malignancies. Apart from zanubrutinib, other selec-
tive irreversible BTK inhibitors have been approved or are 
under investigation. The first approved second-generation 
agent was acalabrutinib (approved for MCL in 2017 [60], 
which due to increased selectivity compared to ibrutinib, 
e.g. lack of TEC, ITK and HER 2 inhibition, presented fewer 
or no AEs such as bleeding or atrial fibrillation [61].

Although there is limited data regarding a direct com-
parison between acalabrutinib and zanubrutinib in terms of 
efficacy and safety, recent findings from the ongoing BGB- 
-3111-215 trial (NCT04116437) showed that zanubrutinib 
could prove beneficial to many patients with B-cell neo-
plasms who had to discontinue acalabrutinib because of 
AEs. In patients intolerant to acalabrutinib who received 
zanubrutinib, 75% of acalabrutinib AEs of any grade did 
not occur during zanubrutinib therapy, and no acalabruti-
nib AEs recurred at a high severity [62].

Other important irreversible BTK inhibitors already ap-
proved for B-cell malignancies are tirabrutinib (CNS lym-
phoma, WM, CLL) and orelabrutinib EGFR, BMX, TEC (MCL, 
CLL, SLL). Studies on these molecules have also shown 
improved selectivity against potential off-target enzymes, 
e.g. BMX, EGFR, TEC, and ITK [63, 64]. Clinical trials have 
led to the approval of these drugs for treating various he-
matological malignancies, including CNS lymphoma (in the 
case of tirabrutinib) [65].

Many irreversible BTK inhibitors, such as evobrutinib, 
spebrutinib, remibrutinib, tolebrutinib and olmutinib, are 
currently under pre-clinical and clinical investigation. So 
far, the results are promising and support the continued 
investigation of these molecules, which may, in the future, 
contribute to approval for the treatment of autoimmune 
disorders (e.g. SLE, arthritis, Sjogren’s syndrome) and can-
cers, such as non-small cell lung cancer [65].

Reversible BTK inhibitors
Another important issue is resistance to BTK inhibitors, 
whose mechanism of action relies on covalent and irrevers-
ible binding to cysteine 481. Substitution of cysteine with 
serine, despite being conservative in terms of amino acid 
homology, precludes effective inhibition of BTK by either 
ibrutinib or zanubrutinib. Such C481S mutation is often 
manifested in CLL patients receiving prolonged treatment, 
and is believed to stem from the selection and expansion 
of rare clones of tumor cells already present in patients 
before treatment initiation [66].

The novel, reversible inhibitors of BTK, such as ve-
cabrutinib (SNS-062) [67], pirtobrutinib (LOXO-305) [68], 
and nemtabrutinib (ARQ-531, MK-1026) [69] have been 
shown to effectively diminish the activity of the C481S 

variant in preclinical testing. Their selectivity, safety, tol-
erability, pharmacokinetics, and efficacy are now being 
assessed in clinical trials [70]. At this stage, the evidence 
suggests that these novel agents may provide clinical 
benefit for patients with CLL or MCL who are resistant to 
ibrutinib [71, 72].

Advantages of zanubrutinib over ibrutinib 
in biochemical and mechanistic context

Zanubrutinib is a novel irreversible BTK inhibitor devel-
oped as a therapeutic agent dedicated to the treatment 
of B-cell lymphoproliferative diseases. Initial studies have 
shown potent on-target activity against BTK comparable to 
that of ibrutinib, but with higher selectivity and an excel-
lent pharmacodynamic profile in vivo [73]. KinomeScan 
analyses have revealed a halving in the percentage of 
non-BTK kinase inhibition by zanubriutinib compared to 
ibrutinib (4.3% vs. 9.4%, respectively) [57]. Importantly, 
off-target effects of zanubrutinib toward vital tyrosine 
kinases such as EGFR, human epidermal growth factor 
receptor (2HER2), HER4, ITK, Janus kinase 3 (JAK3), 
and TEC are considerably lower than ibrutinib [55, 57]. 
The effective inhibitory concentrations depended on the 
assay, and the average IC50 values reported for EGRF, ITK, 
JAK3, HER2, and TEC were respectively 8, 26, 51, 70, and 
2.4-fold higher for zanubrutinib than for ibrutinib. Such 
characteristics may result in more favorable pharmaco-
dynamics, as well as limited AEs, such as diarrhea, rash, 
atrial fibrillation, bleeding, and fatigue. Dobue et al. ana-
lyzed the effect of BTK inhibitors on thrombus formation, 
and found that pretreatment of mice with ibrutinib, but 
not zanubrutinib, resulted in either in vitro reduction of 
platelets’ adhesion to immobilized type I collagen, von 
Willebrand factor (vWF), and fibrinogen, or thrombus 
formation in vivo [74]. The same conclusions were drawn 
from experiments performed on platelets collected from 
ibrutinib-treated CLL patients, who formed smaller throm-
bi than those collected from zanubrutinib-treated patients 
or healthy controls. Such results show a lower incidence 
of zanubrutinib-related bleeding and underline zanu-
brutinib’s advantage over ibrutinib in patients receiving 
anticoagulants [75].

The relative sparing of ITK by zanubrutinib could re-
sult in less interference with the tumor-clearing mecha-
nism of anti-CD20 antibody-induced antibody-dependent 
cytotoxicity (ADCC), resulting in enhanced efficacy when 
combined with obinutuzumab [76]. Another advantage 
of zanubrutinib includes favorable drug-drug interaction 
characteristics that allow co-administration with azole 
antifungals, proton pump inhibitors, and vitamin K an-
tagonists [76, 77]. Moreover, according to preclinical tri-
als, zanubrutinib has better bioavailability when admin-
istered orally [55].
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Better selectivity and bioavailability of zanubrutinib 
should be mirrored in fewer AEs in patients and compara-
ble on-target activity should make it as effective as the pa-
rental molecule. Such a thesis is being verified in clinical 
trials, which assess safety and efficacy, as well as a head-
to-head comparison with ibrutinib.

Clinical trials of zanubrutinib

Ongoing and completed clinical trials of zanubrutinib in 
B-cell malignancies are set out in Table I [78–86]. Here, we 
provide a more detailed description of studies concerning 
MCL, CLL/SLL, and WM.

Mantle cell lymphoma
In the clinical trial NCT02343120, 62 individuals with 
a variety of non-Hodgkin lymphoma (NHL) types were as-
sessed. ORR was 58.1% among all patients, 60.9% among 
46 patients with aggressive NHLs — DLBCL or MCL, and 
50% among 16 patients with indolent lymphomas (FL or 
MZL). CR ratios were 12.9%, 15.2%, and 6.3% respectively 
and PR ratios were 45.2%, 45.7%, and 43.8% respectively 
[87]. In the BGB-3111-AU-003 study among 37 previously 
treated patients with MCL, ORR was 86.5%, CR was 29.7% 
and PR was 56.8%. The median duration of response was 
17.1 months [79]. In the single-arm, open, phase II trial 
NCT03206970, zanubrutinib was effective in patients 
with MCL who had been given at least one prior line of 
treatment, particularly CHOP/CHOP-R (cyclophosphamide, 
doxorubicin, oncovin, prednisone, and rituximab). Among 
86 patients evaluated, ORR was 84%, CR was 59%, and 
PR was 24%. The median duration of treatment was 
19.5 months, whereas the median PFS was 16.7 months 
[78]. Independent review committee (IRC) evaluated the 
response, based on the Lugano 2014 classification [88]. 
Compelling results of zanubrutinib clinical trials in patients 
previously treated for MCL led to FDA approval in November 
2019. Zanubritinib is currently indicated for the treatment 
of adult patients with MCL who have received at least one 
prior therapy. The recommended dosage in this indication is  
160 mg twice daily, or 320 mg once daily, until the progres-
sion of the disease or unacceptable toxicity. 

Chronic lymphocytic leukemia/ 
/small lymphocytic lymphoma
In the non-randomized arm of the international, open, 
phase III clinical trial SEQUOIA, comparing zanubrutinib 
to bendamustine plus rituximab among 90 previously un-
treated patients with CLL/SLL and del(17p) present, ORR 
was 92.2% [80]. In another cohort trial, NCT02343120, 
ORR was 96.7% among all 120 patients with CLL/SLL and 
93.8% in patients with del(17p) at median follow-up (MFU) 
of 26.4 months. ORR was comparable in both previously 
untreated patients and those with relapsed/refractory 
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disease (RR CLL/SLL) [83]. Long-term follow-up of zanu-
brutinib monotherapy in treatment-naïve CLL/SLL patients 
with del(17p) proved the durability of responses in this 
high-risk cohort, with an estimated 18-month PFS of 88.6% 
and an estimated 18-month OS of 95.1%. Zanubrutinib was 
generally well tolerated, with low rates of discontinuation 
due to AEs. These findings support the potential utility of 
zanubrutinib in the frontline management of patients with 
the high-risk [del(17p) positive] disease [89].

The ongoing ALPINE study has been comparing zanu-
brutinib to ibrutinib in relapsed/refractory CLL/SLL. This 
is the first head-to-head comparison of the efficacy and 
safety of these two compounds in a randomized trial [81, 
82]. Thus far, zanubrutinib has been shown to be superi-
or to ibrutinib with respect to PFS and OS. Zanubrutinib 
has also caused fewer AEs leading to discontinuation or 
death than ibrutinib. Also, the risk of atrial fibrillation or 
grade 3 infection was lower with zanubrutinib. The risk of 
cardiovascular AEs, such as hypertension, was very simi-
lar between the zanubrutinib (16.7%) and ibrutinib arms 
(16.4%). Overall, zanubrutinib in the ALPINE trial seems to 
have a favorable benefit-risk profile compared to ibrutinib 
in patients with R/R CLL/SLL [86, 90]. In a phase I trial 
(NCT02343120) zanubrutinib has demonstrated encour-
aging activity in CLL/SLL patients, with a low incidence 
of major toxicities. Among 78 efficacy-evaluable CLL/SLL 
patients, the overall response rate was 96.2% (95% confi-
dence interval, 89.2–99.2). The estimated progression-free 
survival at 12 months was 100% [55]. Grade 3/4 AEs re-
ported included neutropenia (6.4% of patients), anemia 
(2.1%), pneumonia (2.1%), and hypertension (2.1%). One 
patient had febrile neutropenia (grade 3), and one patient 
had disseminated herpes zoster infection (grade 3). Atrial 
fibrillation (grade 2) occurred in one patient with a history 
of hypertension and hyperlipidemia. Only one patient with 
CLL/SLL (receiving concomitant aspirin) experienced ma-
jor hemorrhage (grade 3 subcutaneous hemorrhage). Con-
comitant antiplatelets (aspirin, clopidogrel, or nonsteroidal 
anti-inflammatory drugs) and anticoagulants (unfraction-
ated or low-molecular-weight heparin, direct thrombin in-
hibitors, or warfarin) were used by 16.0% and 8.5% of pa-
tients, respectively. The exposure-adjusted incidence rate 
for grade 3 petechiae/purpura/contusions was 0.086 per 
100 person-months. There were no deaths in the CLL/SLL  
cohort [55].

A 4-year follow-up of the phase I/II AU-003 study eval-
uated long-term tolerability and efficacy of zanubrutinib in 
CLL/SLL patients. In treatment-naïve patients, ORR was 
100%, and in R/R CLL/SLL it was 95%. Complete response 
was observed in 18.7% of patients. At three years, 85.7% of 
patients had ongoing response. AEs leading to discontinu-
ation of therapy were uncommon, and the incidence of AF, 
major hemorrhage or grade ≥3 infection decreased. This 
study showed that, with durable efficacy and acceptable 

tolerability, zanubrutinib can provide long-term clinical ben-
efits for patients with CLL/SLL.

Waldenström’s macroglobulinemia
Clinical trial NCT02343120 evaluated the safety, tolerability, 
pharmacokinetic profile, and effectiveness of zanubrutinib. 
Among 73 individuals with WM (24 previously untreated, 
and 49 with relapsing/refractory disease), long-term za-
nubrutinib treatment resulted in an overall response rate 
of 96% and a very good partial response (VGPR)/CR rate 
of 45%, which increased over time: 20.5% at six months, 
32.9% at 12 months, and 43.8% at 24 months. The esti-
mated 3-year progression-free survival rate was 80.5%, and 
the overall survival rate was 84.8% [84]. In the ASPEN study, 
a randomized phase III trial, zanubrutinib was head-to-head 
compared with ibrutinib in symptomatic WM [85]. Zanubru-
tinib was associated with fewer major hemorrhages than 
ibrutinib (0.3 vs. 0.6 events/100 person-months). Ibrutinib 
patients experienced a ∼10-fold higher incidence of atrial 
fibrillation/flutter (1.0 vs. 0.1 events/100 person-months) 
and an approximately doubled frequency of hypertension on 
an exposure-adjusted basis (1.2 vs. 0.7 events/100 person- 
-months). The frequency of diarrhea among zanubrutinib 
patients in the study was half that reported among ibrutinib 
patients (1.3 and 2.6 events per 100 person-months, re-
spectively), probably explained by the less potent inhibition 
of epidermal growth factor receptor by zanubrutinib. Grade 
3 neutropenia was more common among zanubrutinib pa-
tients (29% vs. 13%). Both agents inhibit BTK in neutrophil 
precursors by similar mechanisms, so higher rates of severe 
neutropenia among zanubrutinib patients may be a function 
of its greater bioavailability. However, the higher incidence 
of neutropenia did not result in a higher infection incidence 
compared to that of ibrutinib. Paradoxically, the incidence 
of some respiratory tract infections (mostly pneumonia) 
was higher among ibrutinib recipients. More ibrutinib than 
zanubrutinib patients required dose reductions for AEs 
(23% vs. 14%, respectively. Treatment with zanubrutinib 
was associated with fewer discontinuations than treatment 
with ibrutinib (4% vs. 9%, respectively), and fewer deaths 
were attributed to AEs (1% vs. 4%). A lower proportion of 
zanubrutinib-treated patients experienced an AE that led 
to dose reductions (13.9% vs. 23.5%) or doses being with-
held (46.5% vs. 56.1%) [85]. Data from real-life studies of 
zanubrutinib in WM is still limited. However, results provided 
by Itchaki et al. [91] from their retrospective multi-center 
study seem to be consistent with clinical studies, with an 
83% ORR and a 23% rate of grade ≥3 AEs.

Recent case studies indicate that zanubrutinib is effec-
tive in the treatment of Bing-Neel syndrome, an extreme-
ly rare complication of WM characterized by infiltration of 
the central nervous system by clonal lymphoplasmocytes, 
sometimes accompanied by hyperglobulinemia in the ce-
rebrospinal fluid [92].
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Marginal zone lymphoma
The phase I I  MAGNOLIA t r ia l  (BGB-3111–214; 
NCT03846427), conducted in 2020 in nine countries, 
evaluated the efficacy and safety profiles of zanubrutinib in 
patients with relapsed/refractory marginal zone lymphoma. 
The study included 68 R/R MZL patients who had previously 
received at least one line of therapy with a CD20-directed 
agent. After a median follow-up of 15.7 months, ORR was 
68.2% and CR was 25.8%. The estimated DOR rate at  
12 months after the first response was 93%. At a median 
follow-up, 40 (89%) of the 45 patients who responded were 
free from progression or death. The response to treatment 
varied between MZL subtypes (nodal, extranodal, splenic, 
unknown). Zanubrutinib in R/R MCL patients was generally 
well tolerated. Most AEs that occurred were in grades 1 or 
2. The most common AEs were infections (45.6%), diarrhea 
(22.1%), contusion (20.6%), constipation (14.7%), and 
pyrexia (13.2%). A total of four patients developed COVID 
pneumonia during the investigations, being fatal in two cas-
es. However, these cases were assessed to not have been 
related to zanubrutinib. Bleeding occurred in 36.6% of sub-
jects, but no patient experienced a major hemorrhage [93].

In September 2021, due to its high efficacy and a fa-
vorable safety profile, zanubrutinib was approved by the 
FDA for adult patients with relapsed or refractory marginal 
zone lymphoma who had received at least one anti-CD20- 
-based regimen [94].

Current position of BTK inhibitors  
and zanubrutinib in treatment  
of B-cell malignancies

The position of BTK inhibitors in the treatment of B-cell 
malignancies is not yet completely established. However, in 
CLL, BTK inhibitors have emerged as the most successful 
therapeutic approach inhibiting signals transmission from 
the B-cell receptor into the cell. The critical role of the B-cell 
receptor for CLL cells has been one of the major discov-
eries of the last two decades, improving outcomes in CLL 
patients, including those with unmutated immunoglobulin 
heavy-chain variable region gene and with p53 deletion/ 
/mutation. This explains the expansion of FDA approval of 
ibrutinib to the frontline treatment of all adult patients with 
CLL in April 2020 based on the results of the E1912 trial 
[95], and acalabrutinib in November 2019 based on the 
results of two phase III randomized trials — ELEVATE-TN and 
ASCEND [96, 97]. Also, early administration of zanubruti-
nib has led to higher overall response rates and greater 
durability of therapeutic benefit [98].

In our opinion, BTK inhibitors are also changing the 
treatment paradigm for MCL [70], which remains incurable, 
and patients will ultimately relapse with shortened remis-
sion durations with each successive therapy. As yet, BTK 
inhibitors are only approved for second-line MCL: ibrutinib 

in 2013, acalabrutinib in 2017 and zanubrutinib in 2019, 
but clinical trials in untreated MCL patients are ongoing 
with very promising results [99]. BTK inhibition has changed 
the treatment landscape of WM. Ibrutinib has resulted in 
deep and durable responses both as an upfront and as 
a salvage treatment, whereas zanubrutinib has resulted in 
similar antitumor activity, including deep and durable re-
sponses, but with a low discontinuation rate due to treat-
ment-related toxicity [85].

Considering the similar efficacy of different BTK inhibi-
tors, the choice between them mainly depends on their tox-
icities. Acalabrutinib and zanubrutinib, recently approved 
in China for patients with relapsed/refractory CLL, appear 
to have a more favorable toxicity profile compared to ibru-
tinib, especially cardiovascular, making them particularly 
interesting agents in the current treatment of patients with 
CLL. In our opinion, they have become the BTK inhibitors 
of choice for CLL and MCL treatment.

The second important issue is to establish whether 
BTK inhibitors should be used in monotherapy or along-
side anti-CD20 monoclonal antibodies or bcl-2 inhibitors. 
The bcl-2 inhibitor venetoclax, given for a fixed period of 
time together with an anti-CD20 antibody, is a valid op-
tion for CLL patients. Among patients with untreated CLL 
and coexisting conditions, venetoclax + obinutuzumab has 
been associated with longer progression-free survival than 
chlorambucil + obinutuzumab [100]. Several clinical trials 
[101–103] are now reviewing ways to incorporate veneto-
clax into the treatment with BTK inhibitors, but it remains 
an unanswered question as to within which setting this 
strategy would work best. In MCL, BTK inhibitors should 
be combined with other agents to improve treatment out-
comes. The combination of obinutuzumab, ibrutinib, and 
venetoclax provides high response rates, including at the 
molecular level, in relapsed and untreated MCL patients 
[99]. In WM, it is unclear whether BTK inhibitors should be 
combined with other agents [104].

The third unresolved issue is how to sequence BTK and 
bcl-2 inhibitors. In CLL, there is no randomized trial com-
paring BTK inhibitors given continuously to bcl-2 inhibitors 
given for a limited time, so it is very difficult to decide which 
is the better approach. Obviously, limited-time treatment 
has some advantages over continuous treatment. It should 
be stressed however, that the greatest benefit from vene-
toclax is for patients who achieve MRD negativity, whereas 
MRD in continuous treatment with BTK inhibitors, in our 
opinion, is not the treatment goal. We also think that pa-
tients with 17p deletion seem to have better outcomes on 
BTK inhibitors than bcl-2 inhibitors. Most of the patients 
who come off the BTK inhibitor move to venetoclax. It is 
unclear whether a patient could be successfully trans-
ferred from venetoclax to a BTK inhibitor. There is no pro-
spective data in that setting, but in our experience, and 
looking at data from retrospective studies, it seems that 

https://journals.viamedica.pl/acta_haematologica_polonica


Acta Haematologica Polonica 2023, vol. 54, no. 2

www.journals.viamedica.pl/acta_haematologica_polonica60

most patients who are treated with venetoclax in any line 
of therapy, who then relapse either on or after venetoclax, 
can be successfully rescued with a BTK inhibitor. Patients 
with CLL who are resistant to BTK-inhibitors and veneto-
clax should be referred to novel treatments such as CAR-T 
cell therapy. Interestingly, BTK inhibitors can improve the 
efficacy of CAR-T cells [105]. In MCL, we believe that com-
bined therapy of BTK inhibitors with bcl-2 inhibitors and 
anti-CD20 antibodies will soon become a standard first- 
-line treatment. Relapsing patients should be referred for 
CAR-T cell therapy, which has recently been reported to in-
duce durable remissions in most patients with relapsed or 
refractory MCL [16].

Conclusions

Bruton’s tyrosine kinase inhibitors have already become 
an acknowledged element of the treatment for lympho-
proliferative neoplasms. Ibrutinib, the best-in-class BTK 
inhibitor, has so far been the most evaluated and has been 
most widely used in numerous indications. Its efficacy and 
relatively good safety profile are well-proven. However, 
the incidence of serious AEs such as atrial fibrillation and 
hemorrhagic complications has led to the development of 
novel agents with reduced off-target effects.

Zanubrutinib, a second-generation BTK inhibitor, ex-
hibits higher selectivity against BTK than ibrutinib, and ap-
pears to have a more favorable toxicity profile, especially 
regarding cardiovascular AEs, primarily atrial fibrillation. 
Clinical studies have already led to the approval of zanu-
brutinib in WM, MZL and CLL/SLL.

Nonetheless, further studies of zanubrutinib, both in 
monotherapy and in combination with other agents, are 
necessary to extend the scope of potential indications and 
evaluate its long-term safety profile. Longer follow-ups, 
more clinical experience, and comparative trials should 
help answer the question as to whether zanubrutinib could 
become the first-line treatment for a variety of lymphopro-
liferative neoplasms.
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