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Abstract 

Targeted therapy with Bruton tyrosine kinase (BTK) inhibitors have revolutionized the treatment of patients with vari‑
ous B-cell malignancies. BTK inhibitors such as ibrutinib, zanubrutinib, orelabrutinib, and acalabrutinib have shown 
good clinical efficacy and better safety profiles than those of traditional chemotherapy and chemoimmunotherapy 
regimens. Multiple studies on new BTK inhibitors are ongoing, which may provide more therapeutic options 
for the treatment of B-cell malignancies. Considering the unmet need of evidence on BTK inhibitors in all clinical set‑
tings and to standardize the use of BTK inhibitors available in mainland China, Taiwan, Hong Kong, and Macau regions, 
this consensus has been formulated for the treatment of various B-cell malignancies based on the clinical practice 
and available evidences on the use of BTK inhibitors. The recommendations of this consensus will provide guidance 
to physicians and clinical researchers on the effective treatment of B-cell malignancies with BTK inhibitors.

Keywords  BTK inhibitors, China, Consensus, Non-Hodgkin lymphoma, Targeted therapy

Yuqin Song and Shang-Ju Wu are co-first authors.

*Correspondence:
Jun Ma
majun0322@126.com
Cheng‑Shyong Chang
cs4816@gmail.com
Eric Wai Choi Tse
ewctse@hku.hk
1 Peking University Cancer Hospital and Institute, Beijing, China
2 Hematology Division, Department of Internal Medicine, National Taiwan 
University Hospital, Taiwan, China
3 Shanghai Jiaotong University Affiliated Ruijin Hospital, Shanghai, China
4 Harbin Hematology and Oncology Institute, Heilongjiang 150007, China
5 Department of Medicine, Queen Mary Hospital, Hong Kong, China
6 Sun Yat-Sen University Cancer Center, Guangdong, China
7 Institute of Hematology and Blood Diseases Hospital, Tianjing, China
8 Jiangsu Provincial People’s Hospital, Jiangsu, China
9 Department of Hematology and Medical Oncology, Koo Foundation 
Sun Yat-Sen Cancer Center, Taiwan, China
10 The First Affiliated Hospital of Zhengzhou University, Henan, China
11 Department of Clinical Pathology, Hualien Tzu Chi Hospital, Buddhist 
Tzu Chi Medical Foundation, Taiwan, China
12 Premier Medical Centre, Hong Kong, China

13 Macau Society of Hematology and Oncology, Macau, China
14 Division of Hematology‑Oncology, Department of Internal Medicine, 
Chang Bing Show Chwan Memorial Hospital, Taiwan, China
15 Department of Healthcare Administration, Central Taiwan University 
of Science and Technology, Taiwan, China
16 Department of Medicine, School of Clinical Medicine, University 
of Hong Kong, Hong Kong, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40164-023-00448-5&domain=pdf


Page 2 of 26Song et al. Experimental Hematology & Oncology           (2023) 12:92 

Background
B-cell malignancies comprise the most common hema-
tologic malignancy, which is categorized as Hodgkin 
lymphoma (HL) and non-Hodgkin lymphoma (NHL) 
[1]. The GLOBOCAN 2022 estimated 76,510 and 8240 
cases of NHL and HL, respectively, in the United States 
while a much larger proportion of NHL and HL cases 
(97,788 and 6984, respectively) were estimated in China 
[2]. The high prevalence of B-cell malignancies demands 
an effective treatment and management options. With 
the advancement in tumor biology and modernization 
of biomedical technology, molecular-targeted therapy 
has gained attention for the treatment of hematologic 
malignancies [3]. Bruton’s tyrosine kinase (BTK) is 
a key effector molecule in B-cell development and is 
expressed in B-cell lymphomas [4]. Hence, targeting BTK 
to develop new treatment modalities for B-cell malig-
nancies is appealing. Multiple studies have confirmed 
the therapeutic value of BTK inhibitors for a variety of 
B-cell malignancies [5]. Based on the clinical study data, 
the current National Comprehensive Cancer Network 
(NCCN®) guidelines recommend the use of BTK inhibi-
tors in B-cell malignancies [6]. A Chinese version of the 
expert consensus on BTK inhibitors for the treatment of 
B-cell malignant tumors has been published in the Jour-
nal of Leukemia & Lymphoma in 2022 [7]. Ibrutinib was 
the first approved BTK inhibitor in the United States and 
China [8]. However, the off-target kinase inhibition by 
ibrutinib is associated with adverse events (AEs), which 
led to the development of more selective new-generation 
BTK inhibitors [9], such as, acalabrutinib, zanubrutinib, 
orelabrutinib, and tirabrutinib. Pirtobrutinib, a non-
covalent BTK inhibitor, has also been approved by the 

Food and Drug Administration (FDA) [10], but it has not 
been approved in China yet. The approval information is 
listed in Table 1.

The evidence on the beneficial effects of BTK inhibi-
tors could not address all clinical settings. In order to 
standardize the use of BTK inhibitors available in main-
land China, Taiwan, Hong Kong, and Macau regions and 
benefit more patients with B-cell malignancies, the spe-
cialists of these regions collaborated and formulated the 
consensus based on the available evidence. This consen-
sus considered the recent evidence as well and provided 
recommendations based on the level of evidence. The 
recommendations of this consensus will provide guid-
ance to physicians and clinical researchers on the effec-
tive treatment of B-cell malignant tumors with BTK 
inhibitors.

Methodology
In January 2023, a panel of discussion consisting of 
medical specialists and experts in clinical research was 
conducted. The methodology chosen to develop the con-
sensus report was similar to the Nominal Group Tech-
nique but not exactly the same. The members in the 
review committee were from diverse geographic regions 
in Mainland China, Taiwan, Hong Kong, and Macau and 
diverse society of hematology. For constituting the com-
mittee experts, we approached the hematology socie-
ties located in these regions and got recommendations 
for experts from them. Also, a peer recommendation 
was taken into consideration while inviting commit-
tee panel review members. After finalizing the mem-
bers of the review committee, we raised the questions 
that needed to be discussed in the kick-off meeting—to 

Table 1  BTK inhibitors for hematologic malignancies

Cutoff date: September 2023

In 2023, ibrutinib voluntarily withdraws the indication for MCL in patients who have received at least 1 prior therapy and for MZL in patients who require systemic 
therapy and have received at least 1 prior anti-CD20-based therapy, due to requirements related to accelerated approval status granted by the FDA

BTK, Bruton tyrosine kinase; CLL, chronic lymphocytic leukemia; FDA, Food and Drug Administration; MCL, mantle cell lymphoma; MZL, marginal zone B-cell 
lymphoma; PCNSL, primary central nervous system lymphoma; R/R; relapsed/refractory; SLL, small lymphocytic lymphoma; WM, Waldenström macroglobulinemia

BTK inhibitor Indication: FDA approval Indication: China approval

Ibrutinib CLL/SLL, WM, R/R MZL, R/R MCL China: CLL/SLL, R/R MCL, WM
Hong Kong: CLL/SLL, R/R MCL, WM
Taiwan: CLL/SLL, R/R MCL, WM, R/R MZL

Acalabrutinib CLL/SLL, R/R MCL China: R/R MCL; R/R CLL/SLL
Hong Kong: CLL/SLL, R/R MCL
Taiwan: CLL/SLL, R/R MCL

Zanubrutinib CLL/SLL, WM, R/R MCL, R/R MZL China: CLL/SLL, WM, R/R MCL
Hong Kong: CLL/SLL, WM, R/R MCL
Taiwan: CLL/SLL, WM, R/R MCL, R/R MZL

Orelabrutinib None China: R/R MCL, R/R CLL, R/R MZL

Tirabrutinib R/R PCNSL Taiwan: R/R PCNSL

Pirtobrutinib R/R MCL None
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assign recommendations and evidence levels for the use 
of BTK inhibitors in different B-cell malignancies. The 
core activity of the review committee was to develop a 
consensus through systematic review, evidence synthesis, 
and inputs from practitioners. Evidence for this consen-
sus was selected and reviewed by all committee members 
of the Chinese Society of Clinical Oncology (CSCO) and 
hematologists from Taiwan, Hong Kong, and Macau. 
The existing scientific evidence on BTK inhibitors in 
the treatment of B-cell malignant tumor was critically 
reviewed and discussed to formulate recommenda-
tions by the consensus members. Based on the quality of 
existing evidence and the strength of recommendations, 
the categories of consensus statements were divided in 
accordance with the NCCN definitions for scientific evi-
dence and recommendations [6] (Table  2). The experts 
carefully assessed the quality of the cited studies and 
graded the consensus statements. After three rounds of 
consensus meetings, the drafted recommendations were 
rated by the consensus members through an email ques-
tionnaire (Additional file 1: Table S1) and then finalized 
in the summary meeting. The anonymous voting results 
are also listed followed by each recommendation.

Evidence was selected for inclusion if they met the fol-
lowing criteria: clinical trials using BTK inhibitor mono-
therapy or in combination with chemoimmunotherapy 
and registered with the Clinialtrial.gov or Chinese Clini-
cal Trial Registry (ChiCTR); inclusion of adult patients 
with B-cell malignancies of any type, at any stage, and any 
histology; and the evaluation of survival outcomes, dis-
ease control, response rate, quality of life, or toxicity. Ret-
rospective studies were also considered if they fulfilled 
the abovementioned interventions and outcomes criteria. 
Studies conducted exclusively on patients with immuno-
logical disease or non-hematologic malignancies treated 
with BTK inhibitors were not considered.

Mechanism of action
BTK inhibitors target BTK, a protein involved in signal-
ing pathways of various immune cells, including B cells 
and macrophages. BTK inhibitors covalently bind to a 

cysteine residue at position 481 in the adenosine triphos-
phate (ATP) binding site of BTK, irreversibly inhibit-
ing its kinase activity [11, 12]. This binding prevents the 
transfer of phosphate groups from ATP to downstream 
signaling proteins, ultimately disrupting B-cell recep-
tor signaling and inducing apoptosis in malignant B cells 
[13–17]. The mechanism of action of BTK inhibitors is 
presented in Fig.  1. BTK inhibitors represent an impor-
tant and effective class of drugs for the treatment of 
B-cell malignancies [13].

Pharmacokinetics and pharmacodynamics
BTK inhibitors are rapidly absorbed after oral adminis-
tration with a median time to the peak concentration 
(Tmax) of 1–2 h [18]. Zanubrutinib and acalabrutinib can 
be administered without food, as food did not result in 
significant effects on the area under the curve (AUC) for 
these drugs [19, 20], whereas administration with food 
significantly increased the AUC of ibrutinib by twofold, 
compared with administration following an overnight 
fast [21]. BTK inhibitors undergo extensive metabolism, 
primarily via a CYP3A-mediated pathway [19–21]. It is 
suggested to avoid acalabrutinib and ibrutinib in patients 
with severe hepatic impairment, whereas zanubrutinib 
requires dosage modification in this patient population 
[22]. Moreover, co-administration of acalabrutinib with 
proton pump inhibitors should be avoided [23].

BTK inhibitors have the ability to cross the blood–
brain barrier (BBB); therefore, these can be considered 
as a treatment option for patients with primary central 
nervous system lymphoma (CNSL) [24]. A proof-of-
concept phase Ib study demonstrated a low cerebrospi-
nal fluid (CSF) penetration of ibrutinib, as the median 
(range) AUC​0–24  nM.h in plasma was 977 (327–1562), 
whereas it was only 7.7 (2.21–16.5) in the CSF (CSF to 
plasma ratio: 0.78%). Furthermore, at a dose of 840 mg, 
the median (range) of 4 (0–24)  h of the time above 
its enzymatic half-maximal inhibitory concentration 
(IC50; 0.5 nM) was observed in the CSF [25]. In a case 
series, the assessment of CSF distribution of zanubru-
tinib showed an excellent capability of zanubrutinib 

Table 2  Strength of recommendations

For the “uniform consensus” defined in category 1 and category 2A, a majority panel vote of at least 85% is required. For the consensus, defined in category 2B, a 
panel vote of at least 50% (but < 85%) is required. Lastly, for recommendations where there is a strong panel disagreement regardless of the quality of the evidence, it 
requires a panel vote of at least 25% to include and designate a recommendation as category 3

Category Description

1 Based upon high-level evidence, there is uniform consensus that the intervention is appropriate

2A Based upon low-level evidence, there is uniform consensus that the intervention is appropriate

2B Based upon low-level evidence, there is consensus that the intervention is appropriate

3 Based upon any level of evidence, there is a major disagreement that the intervention is appropriate
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to cross the BBB. The mean plasma and CSF concen-
tration of zanubrutinib was 143,190.6 ± 93,302.7 and 
2941.1 ± 2382.01  pg/mL, respectively, with a median 
CSF/plasma ratio of 2.39% ± 1.71%, and the corrected 
CSF/plasma ratio after considering the high protein 
binding rate (94%) was 42.7% ± 27.7% (range, 8.6%–
106.3%). Moreover, 95.7% of the samples had peak CSF 
concentrations of zanubrutinib above the enzymatic 
IC50 values [26].

Zanubrutinib and acalabrutinib are more selective 
than ibrutinib against off-target kinases [27, 28]. The 
results from kinase inhibition and cell-based assays 
demonstrated that zanubrutinib exhibited higher 
selectivity than ibrutinib, acalabrutinib, and acalabru-
tinib and its major metabolite (M27), with a selectiv-
ity comparable with orelabrutinib, by kinase profiling 
[29].

BTK resynthesis was faster in patients with chronic 
lymphocytic leukemia (CLL) than in healthy volun-
teers; therefore, it is hypothesized that complete/
sustained BTK occupancy may improve the efficacy 
outcomes [27]. Zanubrutinib has exposure cover-
age above its IC50 during the entire dose interval for 
both twice-daily and once-daily dosing schedules with 
a high ratio of Ctrough/IC50, resulting in significantly 
higher concentrations than IC50 during the entire 
24  h dosing period for both dosing schedules [30]. 
However, the corresponding ratios of Ctrough/IC50 for 
ibrutinib and acalabrutinib were estimated to be con-
sistently lower than 1, even after considering the active 
metabolites [11, 31].

Clinical recommendations for BTK inhibitors 
in the treatment of malignant lymphoma
Chronic lymphocytic leukemia (CLL)/small lymphocytic 
lymphoma (SLL)
CLL/SLL is characterized by the presence of monoclonal 
B-cell population in the peripheral blood [32]. The B-cell 
receptor activation plays an important role in the patho-
genesis of CLL [33]. Therefore, the targeted inhibition of 
BTK can effectively treat CLL. With the advent of BTK 
inhibitors, the treatment armamentarium of CLL has 
expanded, offering an effective and well-tolerated thera-
peutic option in both treatment-naïve (TN) and relapsed/
refractory (R/R) settings [34–37]. BTK inhibitors are rec-
ommended for the treatment of patients with CLL/SLL 
regardless of age, fitness, deletion of chromosome 17 
(del [17p]) and/or TP53 mutation, and immunoglobulin 
heavy-chain variable-region (IGHV) gene mutational sta-
tus. Multiple phase III studies have compared the efficacy 
and safety profile of new-generation BTK inhibitors (zan-
ubrutinib and acalabrutinib) with the first-generation 
BTK inhibitor, ibrutinib. However, till date, head-to-head 
comparison of orelabrutinib with first-generation BTK 
inhibitor is not available and further research is war-
ranted to demonstrate the benefit of orelabrutinib over 
the first-generation BTK inhibitor.

Treatment‑naïve patients with CLL/SLL
Previously untreated patients with CLL/SLL have shown 
superior efficacy with BTK inhibitors than chemoimmu-
notherapy regimens [38]. TN patients with or without 

Fig. 1  Mechanism of action of BTK inhibitors
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del(17p) and/or TP53 mutation have benefited from BTK 
inhibitors. Moreover, patients with and without IGHV 
mutation have also shown efficacy with BTK inhibitors 
over chemoimmunotherapy regimens. Currently, tar-
geted therapy with BTK inhibitors has gained popular-
ity as the most efficacious and safe treatment option for 
patients with CLL/SLL [39]. Few studies have demon-
strated efficacy and tolerable safety profile of BTK inhibi-
tors even in the elderly population [40]. The evidence of 
studies on BTK inhibitors in patients with CLL/SLL has 
been summarized in Table 3.

Treatment‑naïve patients with CLL/SLL with or without 
del(17p) and/or TP53 mutation
Patients without del(17p) have shown superior efficacy 
with BTK inhibitors than with chemoimmunotherapy in 
various studies. In the phase III ECOG-ACRIN E1912 
study, younger patients without del(17p) received either 
ibrutinib plus rituximab (50 mg/m2 of body surface area 
on day 1 of cycle 2; 325 mg/m2 on day 2 of cycle 2; and 
500 mg/m2 on day 1 of cycles 3 through 7) or chemoim-
munotherapy with rituximab (50  mg/m2), fludarabine 
(25  mg/m2), and cyclophosphamide (50  mg/m2) (FCR). 
After a median follow-up of 34  months, the improve-
ment in progression-free survival (PFS) and overall sur-
vival (OS) of the ibrutinib plus rituximab was statistically 
significant (P < 0.001) when compared with the FCR regi-
men [41]. In the RESONATE-2 study involving patients 
aged > 65  years, comparison of ibrutinib with chloram-
bucil showed significantly better PFS, OS, and overall 
response rate (ORR) in TN patients with CLL without 
del(17p) after a long-term follow-up [42]. Similarly, in the 
SEQUOIA study, zanubrutinib was associated with a sig-
nificantly better PFS than bendamustine plus rituximab 
(BR) regimen (hazard ratio [HR]: 0.42, 95% confidence 
interval [CI]: 0.28–0.63, P < 0.0001) [38]. The results of 
the Alliance study showed that the ibrutinib monother-
apy and ibrutinib plus rituximab had significantly better 
PFS than the BR regimen [43]. Moreover, the iLLUMI-
NATE study observed that patients could benefit by the 
addition of BTK inhibitors in the monoclonal antibody 
regimen, as significantly longer PFS was obtained with 
ibrutinib plus obinutuzumab than chlorambucil (0.5 mg 
/kg on days 1 and 15 of each 28-day cycle) plus obinutu-
zumab (100 mg on day 1, 900 mg on day 2, 1000 mg on 
day 8, and 1000 mg on day 15 of cycle 1, then 1000 mg 
on day 1 of each 28-day cycle for cycles 2–6) [44]. Fur-
thermore, in the ELEVATE‑TN study, elderly patients 
randomly received acalabrutinib and obinutuzumab, 
acalabrutinib monotherapy, or obinutuzumab (100 mg on 
day 1, 900 mg on day 2, 1000 mg on day 8, and 1000 mg 
on day 15 of cycle 2 and on day 1 [1000 mg] of cycles 2–6) 
and chlorambucil (0.5  mg/kg on days  1 and 15 of each 

cycle) and showed that acalabrutinib as monotherapy or 
in combination with obinutuzumab was associated with 
significantly longer PFS [45].

The patients with mutation of the TP53 tumor suppres-
sor gene or the deletion of chromosome 17p (del[17p]) 
where TP53 is encoded, are high-risk patients with TP53 
mutation and del(17p) influencing the prognosis of 
patients with CLL [46]. Studies have shown that patients 
with del(17p) or a mutation of TP53 have poor response 
to initial chemoimmunotherapy or are prone to relapse 
after remission, and BTK inhibitors are considered as 
the first choice of treatment for these patient populations 
[47]. For patients with del(17p) in the Alliance study, PFS 
was longer in patients receiving ibrutinib when com-
pared with those in the BR group [43]. The SEQUOIA 
study included patients with del(17p) who were treated 
with zanubrutinib monotherapy, and the observed ORR, 
PFS, and OS rates were 94.5%, 90.6%, and 95.1%, respec-
tively [38]. In the ELEVATE-TN study, patients with 
del(17p) and/or TP53 mutation treated with acalabruti-
nib monotherapy or in combination with obinutuzumab 
for 48  months had significantly higher PFS rates com-
pared with those treated with chlorambucil combined 
with obinutuzumab [45].

Treatment‑naïve patients with CLL/SLL with or without IGHV 
mutations
Multiple studies have demonstrated the efficacy of BTK 
inhibitors over chemoimmunotherapy in patients with 
and without IGHV mutation. IGHV mutational status 
is considered to be one of the prognostic markers for 
disease progression with unmutated IGHV as an unfa-
vorable prognostic marker [48]. Patients with unmu-
tated IGHV genes are known to have worse outcomes 
following chemotherapy or chemoimmunotherapy [49]. 
However, the advent of BTK inhibitors has changed the 
course of action with improved responses in patients 
with IGHV-unmutated CLL [50].

The phase III ECOG-ACRIN E1912 study showed that 
ibrutinib in combination with rituximab showed bet-
ter PFS than the FCR regimen in patients without IGHV 
mutation (HR: 0.26; 95% CI: 0.14–0.50) [41]. In the 
SEQUOIA study, a consistently longer PFS was observed 
with zanubrutinib monotherapy compared with BR regi-
men even in patients with unmutated IGHV [38]. Simi-
larly, in the ELEVATE-TN study, acalabrutinib either as 
monotherapy or in combination with obinutuzumab 
showed effectiveness in patients with unmutated IGHV 
(48-month PFS rates: 77.1% in the acalabrutinib mono-
therapy group and 85.7%, in the acalabrutinib plus obinu-
tuzumab group) [51].

Although BTK inhibitor therapy looks superior to 
chemoimmunotherapy in most patient populations in 
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TN setting, conclusion cannot be drawn on the most 
effective frontline therapy in young and fit patients with-
out del(17p) and/or TP53 mutation and with mutated 
IGHV because of the limited course of chemoimmuno-
therapy and the PFS plateau observed with long-term 
follow-ups.

Patients with R/R CLL/SLL
The advent of BTK inhibitors has revolutionized the 
treatment of patients with R/R CLL/SLL. Table 3 summa-
rizes the major clinical studies on BTK inhibitors for R/R 
CLL/SLL. BTK inhibitors have shown better efficacy than 
chemoimmunotherapy in patients with R/R CLL [52]. 
A 6-year follow-up of the RESONATE study in patients 
with R/R CLL receiving ibrutinib showed efficacy irre-
spective of high‐risk clinical or genomic features with a 
tolerable safety profile [53]. Patients receiving ibrutinib 
showed a significantly longer PFS than those receiving 
ofatumumab (44.1 months vs. 8.1 months; HR: 0.148; 95% 
CI: 0.113–0.196; P < 0.001). No new safety concerns were 
observed with ibrutinib confirming the long-term effi-
cacy and safety of ibrutinib in previously treated patients 
with CLL [53]. However, the head-to-head comparison 
of BTK inhibitors showed zanubrutinib to be superior 
to ibrutinib in efficacy (HR: 0.65; 95% CI: 0.49–0.86; 
P = 0.002). Moreover, the new-generation BTK inhibitors 
showed better safety profiles than ibrutinib especially in 
terms of cardiovascular events [54, 55].

Patients with R/R CLL/SLL with or without del(17p) and/
or TP53 mutation
In patients with CLL/SLL, the del(17p) or TP53 gene 
mutation is the most important single poor prognostic 
factor [56]. Previously, patients with R/R CLL/SLL with 
or without del(17p) and/or TP53 mutation were heav-
ily treated; however, they were associated with poor 
response to classical chemoimmunotherapy [57]. In 
the ASCEND study, R/R CLL patients with or without 
del(17P) and/or TP53 mutation treated with acalabru-
tinib monotherapy had a significantly longer PFS than 
those receiving investigator’s choice (idelalisib plus 
rituximab [IR] or BR) with an acceptable safety pro-
file [52]. Two randomized studies in patients with R/R 
CLL provided a direct comparison of first- and new-
generation BTK inhibitors (ELEVATE-RR: ibrutinib 
vs. acalabrutinib; ALPINE: ibrutinib vs. zanubrutinib) 
[54, 55]. In the head-to-head, phase III, ELEVATE‑RR 
study of acalabrutinib and ibrutinib, the median PFS in 
both the groups was 38.4  months (95% CI: 33.0–38.6 
and 95% CI: 33.0–41.6 in acalabrutinib and ibrutinib, 
respectively) with no statistically significant difference 

observed between acalabrutinib and ibrutinib [54]. 
However, zanubrutinib demonstrated a statistically 
significant improvement in PFS when compared with 
ibrutinib in high-risk patients with del(17p) and/or 
TP53 mutation (72.6% vs. 54.6%, HR: 0.53; 95% CI: 
0.31–0.88). At 24 months, the PFS rate was 78.4% in the 
zanubrutinib group and 65.9% in the ibrutinib group. 
Moreover, zanubrutinib showed a safety profile better 
than that of ibrutinib with fewer cardiac disorders com-
pared with the ibrutinib group, and none of the patients 
in the zanubrutinib group had cardiac disorder–related 
death, whereas six patients who received ibrutinib had 
fatal cardiac disorders [55].

Patients with R/R CLL/SLL with or without IGHV mutation
IGHV mutated or unmutated patients with R/R CLL/
SLL have benefited from BTK inhibitors. In a phase III, 
ASCEND study, better PFS benefit was observed with 
acalabrutinib monotherapy than IR or BR regimen in 
patients with unmutated IGHV (P < 0.001) and mutated 
IGHV (P = 0.027) [58]. Similarly, the RESONATE study 
demonstrated that the efficacy of ibrutinib was better 
than that of ofatumumab in both IGHV mutated (HR: 
0.103; 95% CI: 0.067–0.159) and unmutated (HR: 0.200; 
95% CI: 0.113–0.353) patients. The direct comparison 
of ibrutinib with zanubrutinib in the ALPINE study 
showed that the efficacy of zanubrutinib was superior 
to ibrutinib in IGHV unmutated patients (HR: 0.64; 
95% CI: 0.47–0.87) [55].

Recommendations 

•	 BTK inhibitors are recommended in patients with 
CLL/SLL regardless of age, fitness, del(17p) and/
or TP53 mutation, IGHV mutational status, and 
therapeutic settings (frontline or salvage; category 
1; Agree: 100%, 18/18).

•	 Despite no apparent impact on decision-making 
regarding BTK inhibitor utility, tests for common 
prognosis biomarkers, such as del(17p) and/or 
TP53 mutation and IGHV mutational status, are 
still recommended for both scientific interests and 
long-term therapeutic planning after failure of BTK 
inhibitor (category 2A; Agree: 94%, 17/18).

•	 Acalabrutinib and zanubrutinib have a more 
favorable safety profile than ibrutinib, especially in 
terms of cardiovascular events. Furthermore, zanu-
brutinib has also shown a superior efficacy profile 
than ibrutinib. Based on the results of head-head 
comparison studies, zanubrutinib could be recom-
mended as the most preferred treatment regimen 
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for patients with CLL/SLL (category 1; Agree: 94%, 
17/18).

Mantle cell lymphoma
Mantle cell lymphoma (MCL) is a distinct subtype of 
NHL with highly heterogenous presentation and aggres-
sive clinical course [59, 60]. Although chemoimmuno-
therapy and stem cell transplantation have improved 
the outcome of patients with MCL, most of them had a 
relapse and are subjected to treatment-emergent AEs 
[61].

Patients with TN MCL
BTK inhibitors can be considered in previously untreated 
patients with MCL, if conventional chemotherapy can-
not be tolerated. Table  4 presents the vital studies of 
BTK inhibitors in the treatment of patients with MCL. 
The indolent form of MCL requires individualized man-
agement. The IMCL-2015 study showed the efficacy of 
ibrutinib in combination with rituximab with a high rate 
of complete response (CR) and undetectable minimal 

residual disease (MRD) observed in indolent clinical 
forms of MCL [62]. BTK inhibitors are the preferred 
choice of treatment for patients with MCL considered to 
be unsuitable candidates for autologous stem cell trans-
plantation (ASCT). The SHINE study involving elderly 
patients with previously untreated MCL evidenced the 
benefit of BTK inhibitors as a significantly prolonged 
PFS was observed with ibrutinib plus standard chemo-
immunotherapy consisting of bendamustine at a dose of 
90  mg/m2 of body surface area and rituximab at a dose 
of 375 mg/m2 (median PFS: 80.6 months in the ibrutinib 
group and 52.9 months in the placebo group) [63]. Sev-
eral exploratory studies using BTK inhibitors in MCL 
are ongoing to evaluate the efficacy of BTK inhibitors in 
patients with MCL [64, 65]. The results from the ongoing 
BGB‑3111‑306 study (MANGROVE) in TN patients with 
MCL who are ineligible for ASCT comparing the efficacy 
of zanubrutinib plus rituximab with BR may provide fur-
ther insight into the efficacy of BTK inhibitors for the 
treatment of patients with MCL [65].

Patients suitable for ASCT received induction with 
rituximab, cyclophosphamide, doxorubicin, vincristine, 

Table 4  Evidence of BTK inhibitors in patients with MCL

ASCT, autologous stem cell transplantation; BR, bendamustine plus rituximab; BTK, Bruton tyrosine kinase; CR, complete response; FFS, failure-free survival; MCL, 
mantle cell lymphoma; MRD, minimal residual disease; PFS, progression-free survival; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; 
R/R, relapsed/refractory; SLL, small lymphocytic lymphoma; ORR, overall response rate; OS, overall survival

Patients type Treatment regimen Efficacy Study Phase Patients (N)

Patients with treatment naïve MCL

Indolent clinical forms Ibrutinib + rituximab ORR: 84%; CR rate: 80%; estimated PFS 
at 36 months: 93%

IMCL-2015 [62] 2 50

Untreated MCL Zanubrutinib + rituximab followed 
by rituximab (375 mg/m2), dexametha‑
sone (20 mg), cytarabine (2000 mg/m2), 
and oxaliplatin (130 mg/m2) (R-DHAOx) 
then zanubrutinib maintenance

CR rate: 88.2% (15/17); MRD negative 
rate: 100%
Study ongoing

NCT04624958 [173] 2 17

ASCT eligible Ibrutinib + R-CHOP followed by w/wo 
ASCT + ibrutinib maintenance

ORR: 98%; CR rate: 45%; 3-year FFS rate: 
86%

TRIANGLE [66] 3 807

Zanubrutinib + rituximab 375 mg/m2, 
cyclophosphamide 750 mg/m2, doxoru‑
bicin 50 mg/m2, vincristine 1.4 mg/m2, 
prednisone 100 mg, (R-CHOP)/ dexa‑
methasone 40 mg, rituximab 375 mg/
m2, cytarabine 2 × 2 g/m2, cisplatin 
100 mg/m2 (R-DHAOx) ± ASCT

CR: 85.7% (6/7); MRD negative rate: 
100%
Study ongoing

NCT04736914 [64] 2 47

ASCT ineligible Ibrutinib + BR vs. placebo + BR Median PFS: 80.6 vs. 52.9 months; CR 
rate: 65.5% vs. 65.5%

SHINE [63] 3 523

Zanubrutinib + rituximab vs. BR Ongoing MANGROVE [65] 3 500

Patients with R/R MCL

Overall Zanubrutinib ORR: 83.7%; CR rate: 77.9%; median PFS: 
33 months

BGB-3111–206 [72] 2 86

Acalabrutinib ORR: 81%; CR rate: 40%; 12-month PFS 
rate: 67%, 12-month; OS rate: 87%

ACE-LY-004 [14] 2 124

Ibrutinib ORR: 68%; CR rate: 21%; median PFS: 
13.9 months

PCYC-1104 [8] 2 111

Orelabrutinib ORR: 82.5%; CR rate: 24.7% ICP-022-MCL [73] 2 97
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and prednisone (R-CHOP) or rituximab, dexamethasone, 
cytarabine, and cisplatin (R-DHAP) and were randomly 
assigned to the control arm (R-CHOP or R-DHAP induc-
tion followed by ASCT and observation), ASCT-ibruti-
nib arm (R-CHOP plus ibrutinib or R-DHAP induction 
followed by ASCT and 2 years of ibrutinib maintenance), 
and ibrutinib monotherapy arm (R-CHOP plus ibruti-
nib or R-DHAP and 2  years of ibrutinib maintenance) 
in the phase III, TRIANLGE study [66]. After a median 
follow-up of 31 months, the addition of ibrutinib during 
induction and as maintenance with or without ASCT evi-
denced the efficacy of BTK inhibitor [67].

Patients with R/R MCL
Before the advent of BTK inhibitors, patients with R/R 
MCL had a limited therapeutic option with generally 
poor outcomes [68, 69]. Both national and international 
guidelines recommend the use of BTK inhibitors for the 
treatment of patients with R/R MCL [70, 71]. Table 4 pre-
sents the details of vital studies on BTK inhibitors used 
for the treatment of patients with R/R MCL. A long-term 
follow-up of a phase II study showed durable responses 
and tolerable safety profile of zanubrutinib in patients 
with R/R MCL [72]. Similarly, acalabrutinib demon-
strated clinically meaningful survival benefits and a 
favorable safety profile in the treatment of patients with 
R/R MCL [14]. Ibrutinib as a monotherapy in patients 
with R/R MCL also showed durable response and favora-
ble toxicity profile [8]. Furthermore, Chinese patients 
with R/R MCL have demonstrated sustained efficacy and 
long-term safety with orelabrutinib in a phase II study 
[73]. In April 2023, ibrutinib was voluntarily withdrawn 
from the US market as the treatment option for patients 
with R/R MCL, but the decision has no impact on ibruti-
nib in China so far [74]. For the treatment of R/R MCL, 
initiating BTK inhibitors at the earliest can provide bet-
ter therapeutic efficacy to the patients. A meta-analysis 
of zanubrutinib in R/R MCL showed that patients who 
received zanubrutinib as the second-line therapy was 
associated with better survival outcomes than those 
who received it as later-line therapy [75]. The ORR and 
CR rates of the zanubrutinib monotherapy for MCL are 
generally higher than those of the first-generation BTK 
inhibitor monotherapy. This may be due to the struc-
tural optimization of the new-generation BTK inhibi-
tors, resulting in higher target occupancy and longer 
inhibition time. Recently, non-covalent BTK inhibitor, 
pirtobrutinib has demonstrated the effectiveness as mon-
otherapy in patients with R/R MCL with an ORR of 58% 
(95% CI: 46.9–68.1) [76]; however, it has not yet been 
approved in China, Hong Kong, Taiwan, and Macau.

Recommendations 

For TN patients

•	 BTK inhibitors combined with chemoimmunother-
apy are recommended for the treatment of patients 
with MCL aged ≥ 65 years or frail patients (category 
2B; agree: 83%, 15/18).

•	 BTK inhibitors are recommended for the treatment 
of patients both suitable and unsuitable for ASCT 
during induction and as a maintenance therapy (cat-
egory 2B; Agree: 78%, 14/18).

For R/R patients

•	 BTK inhibitors are the preferred treatment of choice 
for patients with R/R MCL (category 2A) and are rec-
ommended to start treatment with BTK inhibitors as 
early as possible for better outcomes (category 2A; 
Agree: 94%, 17/18).

•	 Acalabrutinib and zanubrutinib have more favora-
ble safety profiles than ibrutinib, especially in terms 
of cardiovascular events. Zanubrutinib further dem-
onstrated a superior efficacy profile compared with 
ibrutinib. Based on the results of head-to-head com-
parison studies, zanubrutinib is recommended as the 
most preferred treatment regimen for patients with 
MCL (category 2B; Agree: 72%, 13/18).

Diffuse large B‑cell lymphoma
Diffuse Large B-Cell Lymphoma (DLBCL) is the most 
common aggressive NHL with an incidence of 7 cases 
per 100,000 people per year [77]. DLBCL can be divided 
into germinal center B cell (GCB), activated B cell (ABC), 
or non-GCB type and unclassified type by genotyping. 
Molecular classification of DLBCL helps to personalize 
the therapy for DLBCL [78].

Currently, there is no standard BTK inhibitor-based 
regimen for the treatment of patients with newly diag-
nosed DLBCL. In addition to BTK inhibitor monother-
apy, the combination of BTK inhibitors and R-CHOP 
regimen is also used. The results of the PHOENIX study 
showed that in previously untreated patients with ABC 
DLBCL, ibrutinib in combination with R-CHOP regi-
men did not meet the primary endpoint of the study as 
the event-free survival (EFS) was not improved with the 
combination therapy [79]. Moreover, the addition of 
ibrutinib did not have significant difference in the PFS 
(70.8% vs. 68.1%), OS (82.8% vs. 81.4%), and CR (67.3% 
vs. 68.0%) rates. The ESCALADE study of acalabrutinib 
in combination with R-CHOP is currently ongoing in 
patients with TN non-GCB aged ≤ 65  years. The results 
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of the study will provide evidence on the beneficial effects 
of acalabrutinib addition to R-CHOP regimen in patients 
aged ≤ 65  years with untreated non-GCB DLBCL [80]. 
Multiple studies have evidenced that patients with R/R 
DLBCL can be effectively treated with BTK inhibitors 
[70]. The latest CSCO guidelines added zanubrutinib, 
a new generation of BTK inhibitor for the treatment of 
patients with R/R DLBCL [71]. The evidence of studies is 
presented in Table 5.

Non‑GCB/ABC DLBCL
B-cell receptor (BCR) signaling can be activated via 
two different pathways: antigen-dependent signaling 
and antigen-independent tonic signaling. In non-GCB 
DLBCL, the constitutive activation of BCR and NF-κB 
signaling was associated with lymphomagenesis and 
cancer cell survival, which may explain the relationship 
between BTK inhibitor treatment and the response of 
patients with non-GCB DLBCL [81, 82].

Table 5  Evidence of BTK inhibitors in patients with DLBCL

ASCT, autologous stem cell transplantation; BCL2, B-cell lymphoma 2; BTK, Bruton tyrosine kinase; CR, complete response; DE, double expressor, DLBCL, diffuse large 
B-cell lymphoma; EFS, event-free survival; GCB, germinal center B cell; MYC, myelocytomatosis oncogene; NDE, non-double expressor; ORR, overall response rate; OS, 
overall survival; PFS, progression-free survival; R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; R/R, relapsed/refractory; TN, treatment 
naïve

Patients type Treatment regimen Efficacy Study Phase N

Non-GCB

TN Ibrutinib + R-CHOP (rituximab 
375 mg/m2, cyclophospha‑
mide 750 mg/m2, doxorubicin 
50 mg/m2, vincristine 1.4 mg/
m2, and oral prednisone [or 
equivalent] 100 mg) vs. pla‑
cebo + R-CHOP

36-month PFS rate: 70.8% vs. 
68.1%; 36-month OS rate: 82.8% 
vs. 81.4%; CR rate: 67.3% v 68.0%

PHOENIX [79] 3 419 vs. 419

TN, ≤ 65 years Acalabrutinib + R-CHOP Ongoing ESCALADE [80] 3 600

R/R Zanubrutinib ORR, non-GCB: 36%, GCB: 25% BGB-3111–207 [83] 2 29

R/R, ASCT ineligible Zanubrutinib + lenalidomide Best ORR: 90.9%, CR: 36.4%
Study ongoing

BGB-3111–110 [84] 1 27

R/R Ibrutinib ORR, non-GCB: 37%, GCB: 5% NCT00849654 NCT01325701 [85] 2 80

R/R Acalabrutinib ORR, non-GCB: 24% (5/21); 4 CR 
and 1 PR

NCT02112526 [86] 1b 21

BCL2/MYC expression

TN Ibrutinib + R-CHOP DE: CR: 67.5%; PR 22.8% PHOENIX, post hoc [174] 3 200

R/R Ibrutinib DE: ORR 47%; CR 37% Landsburg et al. [90] Case-series 25

R/R Zanubrutinib DE: ORR 61%; NDE: ORR 29% BGB-3111–207 [83] Post-hoc 121

TN Zanubrutinib + R-CHOP Ongoing NCT05189197 [92] 2 41

CD79B, MYD88 (MCD)

TN Ibrutinib + R-CHOP MCD and aged ≤ 60 years: 3-year 
EFS and OS: 100%

PHOENIX, post hoc [94] 3 31

TN Orelabrutinib + R-CHOP Ongoing NCT05234684 [95] 3 150

R/R Zanubrutinib CD79B mutation: ORR 46%; 
MYD88 mutation: ORR 40%; 
MYD88 + CD79B (MCD) mutation: 
ORR 50%

BGB-3111–207 [83] 2 41

Elderly and unfit/frail

TN Ibrutinib + rituximab + lenalido‑
mide

ORR 66.7%; CR rate: 56.7%; 2-year 
PFS rate: 53·3%; 2-year OS rate: 
66·7%

NCT03949062 [99] 2 30

TN Zanubrutinib + rituximab + lena‑
lidomide vs. R-mini-CHOP 
(rituximab 375 mg/m2 on day 
1, cyclophosphamide 400 mg/
m2, doxorubicin 25 mg/m2, 
and vincristine 1 mg on day 
2, and prednisone 40 mg/m2 
on days 2–6, every 21 days)

Ongoing NCT05179733 [100] 3 280
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The BGB-3111-207 study showed the efficacy of zan-
ubrutinib in patients with R/R DLBCL. Furthermore, 
patients with non-GCB showed better ORR than patients 
with GCB DLBCL (36% vs. 25%) [83]. Zanubrutinib in 
combination with lenalidomide has shown efficacy even 
in patients with R/R DLBCL who are not eligible for 
ASCT [84]. A phase I/II clinical trial in patients with R/R 
DLBCL showed better survival outcomes in those with 
ABC DLBCL than those with GCB DLBCL (ORR: 37% 
vs. 5%) supporting the use of the ibrutinib-based therapy 
in patients with ABC DLBCL [85]. Acalabrutinib mono-
therapy has also demonstrated efficacy in patients with 
non-GCB R/R DLBCL (ORR: 24%) [86].

Patients with BCL2/MYC expression, CD79B/MYD88 mutation
Patients with DLBCL having translocation of both mye-
locytomatosis oncogene (MYC) and B-cell lymphoma 2 
(BCL2) are known to have an aggressive clinical course 
and poor outcome [87, 88]. In a post hoc subgroup anal-
ysis of TN patients in the phase III, PHOENIX trial, a 
numerical trend was observed toward improved EFS 
and PFS with ibrutinib in combination with R‐CHOP 
when compared with R-CHOP alone in patients with 
high MYC/BCL2 co‐expression [89]. Ibrutinib as mono-
therapy also demonstrated the efficacy with an ORR of 
47% and a CR rate of 37% in patients with R/R non-CGB 
DLBCL with co-expression of MYC and BCL2 protein in 
a case series [90]. Zanubrutinib also showed beneficial 
effects in patients with R/R DLBCL with MYC/BCL2 co‐
expression. Patients with MYC and BCL2 double-expres-
sor DLBCL showed a higher ORR (61% vs. 29%), longer 
PFS (5.4 months vs. 3.6 months), and OS (10 months vs. 
7  months) than non-double expressors [91]. Currently, 
a phase II study evaluating the efficacy of zanubrutinib 
plus R-CHOP is ongoing in patients with DLBCL with 
co-expression of BCL2 and MYC, which may provide the 
evidence on the efficacy of zanubrutinib addition in TN 
patients [92].

MYD88/CD79B (MCD) mutation is the most common 
mutation associated with ABC subtype DLBCL arising in 
immune-privileged sites, enriched with MYD88 L265P 
and/or CD79B gain-of-function mutations. MYD88 is 
a key molecule mediating Toll-like receptor signaling, 
whereas CD79B is part of the B-cell receptor complex 
that plays a role in maintaining the cell surface expression 
of the receptor [93].

The survival benefit of addition of ibrutinib to R-CHOP 
chemotherapy was observed in younger patients with 
MCD subtype of DLBCL. Patients who received ibruti-
nib in combination with R-CHOP showed a 3-year EFS 
and OS of 100%, compared with a significantly lower EFS 

and OS of 48% and 69.6%, respectively, with R-CHOP 
monotherapy [94]. An ongoing phase III BELIEVE-01 
study of orelabrutinib plus R-CHOP in TN DLBCL with 
MCD will provide evidence on the efficacy of orelabru-
tinib in this patient population [95]. Zanubrutinib also 
showed efficacy in patients with non-GCB DLBCL and 
CD79B mutations, where patients with CD79B muta-
tions showed a significantly higher ORR than those with-
out CD79B mutations (60% vs. 26.9%; P = 0.005) [91].

Elderly and unfit/frail patients
The incidence of DLBCL increases with age, especially 
for those aged > 75  years [96]. Treatment of DLBCL in 
elderly patients poses a challenge due to high chances 
of remission failure associated with comorbidities and 
standard immunochemotherapy intolerance [97]. Thus, 
the reduced-intensity regimens (R-miniCHOP) are a 
useful option for treating elderly or unfit patients with 
DLBCL. However, the benefit of R-miniCHOP in unfit 
population remains uncertain as a relatively high propor-
tion of drug discontinuation occurs due to toxicity [98].

Ibrutinib, rituximab, and lenalidomide in TN unfit or 
frail patients with DLBCL aged ≥ 75  years showed CR, 
ORR, 2-year PFS, and 2-year OS of 56.7%, 66.7%, 53.3%, 
and 66.7%, respectively, suggesting clinical effectiveness 
and safety of ibrutinib in combination with rituximab and 
lenalidomide as the first-line treatment in older patients 
with DLBCL [99]. An ongoing phase III study comparing 
the efficacy of zanubrutinib in combination with rituxi-
mab and lenalidomide with R-mini-CHOP will provide 
evidence on the efficacy of zanubrutinib in TN, unfit or 
frail elderly patients with DLBCL [100].

Recommendations 

•	 BTK inhibitors are recommended as an optional 
treatment regimen in patients with non-GCB 
DLBCL (category 2B; Agree: 67%, 12/18) and in 
patients with DLBCL having specific subtypes (cor-
relation of BCL2/MYC expression, MCD mutation; 
category 2A; Agree: 94%, 17/18).

•	 For patients with poor response or unfit (elderly or 
frail) for standard chemotherapy (i.e., R-CHOP), 
BTK inhibitors with less intensity chemotherapy (i.e., 
R-mini-CHOP) or chemo-free regimen (BTK inhibi-
tors with rituximab and/or lenalidomide) could be 
recommended (category 2B; Agree: 83%, 15/18).
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Central nervous system lymphoma
Central nervous system lymphoma (CNSL) is an uncom-
mon type of NHL that originates within the central 
nervous system (CNS). It is considered an extranodal 
lymphoma and primarily affects the brain, spinal cord, 
and leptomeninges [101]. The diagnosis and treatment of 
CNSL can be challenging due to the unique anatomical 
location of the tumor and the limited number of effec-
tive therapies. However, advancements in the under-
standing of the biology of CNSL and the development 
of novel treatment strategies have improved outcomes 
for patients with this disease [102]. In 2022, a Chinese 
expert consensus for the management of primary CNSL 
has been published, which suggested that patients with 
R/R primary CNSL can be treated with BTK inhibitors 
with or without high-dose chemotherapy as re-induction 
therapy [103]. The evidence of studies on BTK inhibitors 
in patients with CNSL is summarized in Table 6.

Patients with TN CNSL
A retrospective evaluation of primary CNSL revealed that 
all patients (100%) achieved a CR. Out of five patients, 
four patients were treated with zanubrutinib + rituximab 
whereas one patient was treated with only zanubrutinib 
[26]. In a retrospective study of patients receiving an 
orelabrutinib-based regimen, 4 patients with TN CNSL 
achieved an ORR of 100%, with one patient achieving CR 
rate of 25%. The study also found that both the 6-month 
PFS and OS rates were 100% [104].

Patients with R/R CNSL
In 2022, tirabrutinib (ONO-4059) was approved for the 
treatment of R/R CNSL in Taiwan. In a phase I/II study 
involving 44 patients with R/R primary CNSL treated 
with tirabrutinib, ORR was observed in 64% of patients, 
with 34% achieving CR/unconfirmed CR (CRu), which 
indicated favorable efficacy of tirabrutinib in patients 
with R/R primary CNSL [105]. Currently, an open-label, 
phase II PROSPECT study (NCT04947319) is evaluat-
ing the safety and efficacy of tirabrutinib for patients with 
newly diagnosed or R/R primary CNSL that may pro-
vide further insight into tirabrutinib for the treatment of 
patients with primary CNSL [106].

A retrospective study analyzed the outcomes of five 
patients with R/R CNSL who received zanubrutinib-
containing regimens. Of these patients, 60% (3 out of 5) 
achieved CR [26]. Similarly, in another study consisting 
of patients with R/R CNSL who received an orelabruti-
nib-based regimen, 60% of patients achieved an ORR, 
with 26.6% (4 patients) achieving CR [104]. Several phase 
Ib/II studies have demonstrated the effectiveness of ibru-
tinib-based regimens for the treatment of CNSL. In a 
phase II study, ibrutinib monotherapy was shown to have 
a disease control rate of 70%, with 19% of patients achiev-
ing a CR. The median PFS and OS were 4.8 months (95% 
CI: 2.8–12.7) and 19.2 months (95% CI: 7.2–NR), respec-
tively [107]. A phase Ib trail demonstrated 80% ORR 
when patients were treated with ibrutinib-based regi-
mens. The median PFS for all patients was 9.2  months, 
and the 1-year OS rate was 71.1% [108]. In a retrospective 
study, patients with primary CNSL (PCNSL) received 

Table 6  Evidence of BTK inhibitors in patients with CNSL

BTK, Bruton tyrosine kinase; CNSL, central nervous system lymphoma; SCNSL, secondary CNSL; CR, complete response; DA-TEDDi-R, rituximab, liposomal doxorubicin, 
temozolomide, etoposide and dexamethasone; HD-MTX, high-dose methotrexate; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; PVRL, 
primary vitreoretinal lymphoma; R/R, relapsed/refractory; TN, treatment naïve

Patients type BTK inhibitor regimens Efficacy Study Phase N

TN, R/R CNSL TN: zanubrutinib + rituximab R/R: zanubruti‑
nib + HD-MTX (methotrexate at 3.5–5.0 g/m2 
d1 and cytarabine at 2.0 g every 12 h on d2 
and d3, every 21 days per cycle) + rituximab

TN: ORR CR 100% (5/5)
R/R: ORR, CR 60% (3/5)

Zhang et al. [26] Retrospective 10

Orelabrutinib + immunotherapy + chemo‑
therapy + radiotherapy

TN: ORR 100% (4/4); CR 25% (1/4)
R/R: ORR 60% (9/15); CR 26.6% (4/15)

Wu et al. [104] Retrospective 19

R/R CNSL Tirabrutinib ORR: 64%; CR/CRu 34%; PFS: 2.9 months; 
OS: NR

ONO-4059 [105] 2 44

Ibrutinib ORR: 59%; CR: 23%; PFS: 4.8 months; OS: 
19.2 months

NCT02542514 [107] 2 52

Zanubrutinib + HD-MTX + rituximab Achieved CR after adding zanubrutinib for 3 
cycles

Cheng et al. [110] Case report 1

R/R CNSL/SCNSL Ibrutinib + HD-MTX + rituximab ORR: 80%; CR: 53.3% NCT02315326 [108] 1b 15

R/R CNSL/PVRL Ibrutinib + DA-TEDDi-R ORR: 93%; CR: 86% Lionakis et al. [25] 1b 16

R/R CNSL Orelabrutinib + lenalidomide + rituxi‑
mab + HD-MTX + TMZ

ORR: 86.7% (13/15); CR: 73.7% (11/13) Yang et al. [109] Retrospective 15



Page 14 of 26Song et al. Experimental Hematology & Oncology           (2023) 12:92 

orelabrutinib-based regimens and showed that the ORR 
was 86.7%, with 73.3% of patients achieving CR. Addi-
tionally, the study found that circulating tumor DNA 
(ctDNA) levels in both blood and CSF were closely asso-
ciated with tumor recurrence and treatment response 
[109]. A case report described a 53-year-old man with 
R/R PCNSL who was treated with zanubrutinib and 
achieved CR [110].

Recommendations 

•	 It is recommended that patients with CNSL be 
treated with BTK inhibitor-based regimens, either 
alone or in combination with chemotherapy, as 
a treatment approach for induction/re-induction 

and the maintenance therapy in both TN and R/R 
patients (category 2B; Agree: 72%, 13/18).

Waldenström macroglobulinemia
Waldenström macroglobulinemia (WM) is a type of rare 
lymphoproliferative disorder that is characterized by the 
abnormal production of monoclonal immunoglobulin M 
(IgM) protein and the infiltration of lymphoplasmacytic 
cells into the bone marrow. The B-cell receptor signal-
ing pathway is an important factor in the development 
of WM, and, hence, BTK inhibitors are a promising 
therapeutic option for this disease [111]. Overall, BTK 
inhibitors have expanded the range of treatment options 
available for patients with WM, making them a well-
tolerated and effective treatment option for both newly 

Table 7  Evidence of BTK inhibitors in patients with WM

BTK, Bruton tyrosine kinase; CR, complete response; ORR, overall response rate; OS, overall survival; MR, minor response; MRR, major response rate; NR, not reached; 
PFS, progression-free survival; PR, partial response; R/R, relapsed/refractory; TN, treatment naïve; TTNT, time to next line of therapy; VGPR, very good partial response; 
WM, Waldenström macroglobulinemia

Patients type Treatment regimen Efficacy Study Phase N

Patients with WM (Overall)

TN Ibrutinib + rituximab PFS: NR (rate 68%); RR: 76%, PR: 45%; VGPR: 
29%; CR: 1%; TTNT: NR

iNNOVATE [113] 3 75

R/R Ibrutinib RR: 77%; VGPR: 29%; PR: 48% iNNOVATE [114] 3 31

R/R Ibrutinib ORR: 90.5%, MRR: 79.4%, 5-year OS: 87% NCT01614821 [115] 2 63

TN Zanubrutinib MR: 87.5%; VGPR: 33.3%; PR: 54.2% BGB-3111-AU003 [175] 1/2 24

R/R Zanubrutinib MR: 79.6%; VGPR: 49%; PR: 28.6% BGB-3111-AU003 [175] 1/2 49

TN Zanubrutinib MR: 64%; VGPR: 27%; PR: 36% NCT04052854 [176] 2 11

R/R Zanubrutinib MR 90%; VGPR: 43%; PR: 33% NCT04052854 [176] 2 30

R/R Zanubrutinib MR: 69.8%; VGPR: 32.6% BGB-3111–210 [177] 2 44

TN Zanubrutinib MR: 21%; PR: 47%; VGPR: 26% ASPEN [112] 3 19

R/R Zanubrutinib MR: 16%; PR: 49%; VGPR: 29% ASPEN [112] 3 83

TN Acalabrutinib ORR: 93%; MR: 14%; PR: 71%; VGPR: 7% NCT02180724 [178] 2 14

R/R Acalabrutinib ORR: 94%; MR: 15%; PR 47%; VGPR: 32% NCT02180724 [178] 2 92

R/R Orelabrutinib MR: 80.9%; VGPR: 21.3%; PR: 59.6% ICP-CL-00105 [179] 2 47

WM patients with MYD88 mutation

MYD88L265PCXCR4WT Ibrutinib ORR: 100%; MRR: 91.2% NCT01614821 [119] 2 34

R/R: 34; TN: 2 Acalabrutinib ORR: 94%; MRR: 78% NCT02180724 [178] 2 36

MYD88L265PCXCR4WT Orelabrutinib MRR: 84.6% ICP-CL-00105 [179] 2 –

MYD88 mutation Zanubrutinib vs. ibrutinib CR + VGPR: 36.3% vs. 25.3% ASPEN [180] 3 201

WM patients with MYD88 wild type

MYD88WTCXCR4WT Ibrutinib ORR: 71.4%; MRR: 28.6% NCT01614821 [119] 2 7

R/R: 13; TN: 1 Acalabrutinib ORR: 79%; MRR: 57% NCT02180724 [178] 2 14

MYD88WTCXCR4WT Orelabrutinib ORR: 25% ICP-CL-00105 [179] 2 –

MYD88WT Zanubrutinib MRR: 65% (including 34% CR + VGPR) ASPEN [120] 3 28

WM patients with CXCR4 mutation

MYD88MutCXCR4Mut Ibrutinib MRR: 68.2%; VGPR: 9.1%; median PFS: 38% NCT01614821 [115] 2 2

CXCR4 mutation Zanubrutinib vs. ibrutinib VGPR: 21% vs. 10%
MRR: 79% vs. 65%

ASPEN [120] 3 201
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diagnosed and R/R cases. A phase III trial compared the 
efficacy of new generation BTK inhibitors, zanubrutinib 
with ibrutinib, and demonstrated the effectiveness of 
both for WM with a trend toward better response qual-
ity and less toxicity, particularly cardiovascular toxicity 
associated with zanubrutinib [112]. For acalabrutinib 
and orelabrutinib, a lack of data exist from head-to-head 
studies to compare the efficacy or safety profile with the 
first-generation BTK inhibitor ibrutinib. Further explora-
tion is needed to demonstrate the benefit of acalabrutinib 
and orelabrutinib. The evidence of studies on BTK inhibi-
tors in patients with WM is summarized in Table 7.

Overall patients
Based on the results of several clinical trials, BTK inhibi-
tors have emerged as an effective and well-tolerated 
treatment option for WM. The iNNOVATE trial, a ran-
domized, double-blind, placebo-controlled study, showed 
that ibrutinib plus rituximab significantly improved PFS 
compared with placebo plus rituximab, with a 54-month 
PFS rate of 68% versus 25%, respectively, in patients with 
TN WM. Higher response rates (RRs; 76% vs. 31%) were 
obtained in ibrutinib plus rituximab versus placebo plus 
rituximab [113]. Similarly, the effectiveness of ibrutinib 
monotherapy in rituximab-refractory patients was also 
observed (60  months of PFS: 40%, ORR: 87%, RR: 77%) 
[114]. A long-term follow-up of ibrutinib in previously 
treated patients with WM also demonstrated the effi-
cacy of ibrutinib with an ORR of 90.5%, a major response 
rate (MRR) of 79.4%, and a 5-year OS rate of 87% for all 
patients [115]. In the ASPEN trial, zanubrutinib demon-
strated non-inferiority to ibrutinib with a very good par-
tial response (VGPR) in both TN (26% vs. 17%) and R/R 
patients (29% vs. 20%) with WM. As zanubrutinib has a 
higher degree of selectivity, the safety profile also showed 
differences. Atrial fibrillation and hypertension were 
reported at greater frequencies with ibrutinib compared 
with zanubrutinib. As atrial fibrillation is a well-recog-
nized complication of ibrutinib therapy and is relative to 
an age-matched controlled population, patients appear to 
be at a continuously increased risk for the development of 
atrial fibrillation over the course of therapy [112]. Addi-
tionally, a multicenter, phase II trial evaluated the activity 
and safety of acalabrutinib as a single agent and reported 
an ORR of 93% in both TN and R/R patients with 7% and 
33% of TN and R/R patients, respectively achieving a 
VGPR [116]. These findings suggest that BTK inhibitors, 
including ibrutinib, zanubrutinib, and acalabrutinib, are 
highly effective and well-tolerated options for the treat-
ment of patients with WM. So far, only phase II studies 
have evaluated the efficacy of acalabrutinib in patients 
with WM; hence, conclusion cannot be drawn on its 

efficacy in this patient population. Several phase III stud-
ies of acalabrutinib in patients with WM are warranted.

Patients with WM having MYD88 mutation
Activating somatic mutation of myeloid differentiation 
factor 88 (MYD88) is common and well investigated in 
WM. Mutation of MYD88 might lead to a BTK-mediated 
activation of NFκB resulting in nuclear translocation and 
malignant cell growth [117]. The presence of such muta-
tions affects the prognosis and response to targeted ther-
apies, in particular, BTK inhibitors [118].

Patients with R/R WM having MYD88 mutations 
with wild-type CXCR4 have shown better outcomes 
associated with ibrutinib monotherapy (ORR: 100%; 
MRR: 91.2%) [119]. In a phase II trial, out of 36 patients 
with MYD88L265P mutation, the overall response and 
major response were reported in 34 (94%) and 28 (78%) 
patients, respectively, with acalabrutinib monother-
apy [116]. The ASPEN, the largest phase III trial with 
a head-to-head comparison of zanubrutinib and ibru-
tinib showed higher CR + VGPR rate associated with 
zanubrutinib than ibrutinib (36.3% vs. 25.3%), demon-
strating a long-term safety and better tolerability [120].

Patients with WM having wild‑type MYD88
The prognosis of wild-type MYD88 (MYD88WT) 
tumors is poor [121]. Patients with MYD88WT are 
known to have a lower response rate (none > 50%) 
to ibrutinib [122]. In contrast to the favorable out-
comes with ibrutinib in patients with MYD88 muta-
tion, the results for ibrutinib-treated patients with 
MYD88WT tumors were poor (ORR: 71.4%; MRR: 28.6% 
for patients with MYD88WT and CXCR4WT) [119]. In 
patients with MYD88WT WM, treatment with ore-
labrutinib showed an ORR of only 25%, suggesting a 
poor response even with orelabrutinib in this patient 
population. Patients with MYD88WT are less likely to 
benefit from BTK inhibitors than the mutation coun-
terparts. A phase II trial reported an ORR and MRR of 
79% and 57%, respectively, with acalabrutinib, which 
is much lower than those with MYD88 mutation sub-
types [116]. Patients with MYD88WT in the ASPEN 
trial who received zanubrutinib 160  mg twice a day 
demonstrated a CR with a MRR of 65% (including 34% 
CR + VGPR), suggesting that zanubrutinib can achieve 
a high response rate even in patients with MYD88WT 
[120].
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Patients with WM having CXCR4 mutation
Somatic mutations in the C-terminal domain of CXCR4 
lead to CXCR4 signaling and are present in 30% to 
35% of patients with WM [119]. CXCR4 mutation 
mostly occur in those with MYD88 mutations but some 
patients with MYD88WT also express CXCR4 muta-
tions [123]. Patients with WM having CXCR4 muta-
tion is usually associated with a delayed response, fewer 
major responses, and shorter PFS to BTK inhibitors, 
particularly ibrutinib [115]. In a head-to-head compari-
son of zanubrutinib and ibrutinib in the ASPEN trial, 
zanubrutinib demonstrated better VGPR (21% vs. 10%) 
and MRR (79% vs. 65%) than ibrutinib in patients with 
CXCR4 mutation. Similar efficacy in VGPR (45% vs. 
31%) was observed in patients with CXCR4WT muta-
tion [120].

Recommendations 

•	 BTK inhibitors as a monotherapy or in combination 
with rituximab are recommended for the treatment 
of WM (category 1; Agree: 100%, 18/18).

•	 Zanubrutinib is one of the treatment options for 
patients with MYD88WT (category 2A; Agree: 100%, 
18/18).

•	 Zanubrutinib is the preferred treatment option for 
patients with CXCR4 mutation (category 1; Agree: 
89%, 16/18).

•	 Zanubrutinib is recommended as the preferred treat-
ment regimen rather than ibrutinib considering 
the balance of efficacy and safety, especially for CV 
events in a head-to-head study (category 1; Agree: 
100%, 18/18).

Marginal zone B‑cell lymphoma
Marginal zone B-cell lymphoma (MZL) is a subtype of 
NHL that originates from memory B cells in the marginal 
zone of lymphoid tissues [124]. It accounts for about 7% 
of all NHL cases and can affect different organs such as 
the spleen, lymph nodes, and mucosa-associated lym-
phoid tissue (MALT). Standard treatments for MZL 
include chemotherapy, immunotherapy, and radiation 
therapy, but R/R MZL remains challenging to treat, and 

there is a need for new treatment options [125]. The evi-
dence of studies on BTK inhibitors in patients with MZL 
is summarized in Table 8.

Patients with R/R MZL
The clinical trials, namely MAGNOLIA, ACE-LY-003, 
and PCYC-1121, have investigated the efficacy of BTK 
inhibitors in patients with R/R MZL. The MAGNOLIA 
trial found that the single agent zanubrutinib resulted in 
a high ORR of 68.2%, with a CR of 25.8 [126]. The ACE-
LY-003 trial demonstrated efficacy of acalabrutinib where 
patients had a median PFS of 27.4 months with achieving 
67% of PFS rate at 12  months [127]. Finally, the PCYC-
1121 trial showed that single agent ibrutinib had an ORR 
of 58%, with a median PFS of 15.7 months (95% CI: 12.2–
30.4) with better outcomes in patients previously treated 
with rituximab (ORR: 81%; median PFS: 30.4  months) 
[128]. These results suggest that BTK inhibitors may be 
an effective treatment for R/R MZL, and further studies 
are needed to determine the optimal use of these drugs. 
In April 2023, ibrutinib was voluntarily withdrawn from 
the US market as the treatment option for patients with 
MZL who require systemic therapy and have received 
at least 1 prior anti-CD20-based therapy [74]. Till date, 
only zanubrutinib has been approved by the FDA for the 
treatment of patients with R/R MZL [129, 130].

Recommendations 

•	 BTK inhibitor is recommended as one of the treat-
ment options for patients with R/R MZL (category 
2A; Agree: 94%, 17/18).

•	 Zanubrutinib is highly recommended considering a 
better safety profile than ibrutinib, especially in terms 
of cardiovascular events (category 1; Agree: 89%, 
16/18).

Follicular lymphoma
Follicular lymphoma (FL) is the second most common 
type of indolent NHL [131]. In patients with previously 
untreated FL, ibrutinib in combination with once-weekly 
rituximab for 4  weeks demonstrated clinical activity 

Table 8  Evidence of BTK inhibitors in patients with MZL

BTK, Bruton tyrosine kinase; CR, complete response; R/R, relapsed/refractory; MZL, marginal zone B-cell lymphoma; NR, not reached; ORR, overall response rate; OS, 
overall survival; PFS, progression-free survival; R/R, relapsed/refractory

Patients type BTK inhibitor regimens Efficacy Study Phase N

Patients with R/R MZL Zanubrutinib ORR: 68.2%; CR rate: 25.8%; median PFS: NR MAGNOLIA [126] 2 68

Acalabrutinib ORR: 53%; CR rate: 13%; median PFS: 27.4 months ACE-LY-003 [127] 1/2 43

Ibrutinib ORR: 58%; CR rate: 10%; median PFS: 15.7 months PCYC-1121 [128] 2 63
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and durable responses with tolerable safety profile. At a 
median study follow‐up of 34 months in the combination 
therapy, the ORR was 85% in the first-line FL treatment 
[132]. An international phase III study (PERSPECTIVE) 
evaluating the efficacy of ibrutinib plus rituximab ver-
sus rituximab plus placebo in TN elderly and/or unfit 
patients with FL is ongoing [133].

However, unlike other B-cell malignancies, the studies 
supporting the use of BTK inhibitors for R/R FL is insub-
stantial, especially as a monotherapy. A phase II study 
that assessed the efficacy and safety of ibrutinib mono-
therapy in patients with R/R FL (N = 110) showed ORR of 
only 20.9%, failing to meet the primary efficacy endpoint 
for the study [134]. In a phase II ROSEWOOD study, 
zanubrutinib plus obinutuzumab demonstrated superior 
PFS over obinutuzumab monotherapy (68.3% vs. 45.8%) 
in patients with R/R FL, suggesting a beneficial effect 
associated with BTK inhibitors when given as a combina-
tion therapy [135].

Recommendations

•	 Zanubrutinib with obinutuzumab is recommended 
as one of the treatment options for patients with R/R 
FL (category 2B; Agree: 83%, 15/18).

Clinical applications of BTK inhibitors 
and management of AEs
Different lymphoid malignancies have been extensively 
treated using BTK inhibitors owing to their positive clini-
cal response, improved efficacy, and the ease of admin-
istration. However, there are some important factors 
that need further consideration before starting patients 
on BTK inhibitor therapy. The presence of comorbidi-
ties in patients including bleeding diathesis, the manage-
ment of surgical procedures as well as incidence of AEs 
(hypertension and other cardiovascular diseases, liver 
and kidney dysfunctions) need to be carefully evalu-
ated. Drug–drug and drug–food interactions as well as 
the presence of infection and vaccination in the patients 
need to be considered before starting them on BTK 
inhibitor therapy. It is also necessary to assess the pres-
ence of autoimmune diseases in patients before starting 
BTK inhibitor therapy, because the incidence of autoim-
mune complications is very common in lymphoid malig-
nancies [136].

Drug–drug interactions
BTK inhibitors have a range of drug–drug interactions 
with agents that are mainly metabolized by cytochrome 
P450 3A (CYP3A) pathway; hence, the co-administration 
of CYP3A inhibitors or inducers with BTK inhibitors 

should be used with caution. From the information 
listed in package inserts, the co-administration of ibru-
tinib, acalabrutinib, and zanubrutinib with a strong or 
moderate CYP3A inhibitor may increase the plasma 
concentration of BTK inhibitors. It is recommended to 
interrupt BTK inhibitor treatment when taking strong 
CYP3A inhibitors for a short term (such as anti-infec-
tives for ≤ 7 days), and in case of moderate CYP3A inhibi-
tors, patients need to be closely monitored for adverse 
reactions.

It is recommended to make dietary adjustments in 
patients who consume grapefruit juice and other foods 
that interact with the CYP3A enzyme system and might 
interfere with BTK inhibitor therapy. Thus, a collabora-
tive monitoring of treatment course by the pharmacist 
and the medical team is required for optimal results dur-
ing the BTK inhibitor treatment [137].

Acalabrutinib is absorbed less efficiently in patients 
receiving gastric acid–reducing agents leading to a 
decrease in the plasma concentration of acalabrutinib 
[138]. Therefore, it is recommended to avoid a concomi-
tant use of proton pump inhibitors and acalabrutinib 
[23]. In addition, when using an H2-receptor antago-
nist (H2RA), acalabrutinib should be taken 2  h before 
(or 10  h after) receiving H2RA, with an interval of 2  h 
between antacids and acalabrutinib consumption is sug-
gested [139]. It is notable that many patients with B-cell 
malignancies remain on gastric acid—reducing agents for 
a prolonged period of time; hence, there is a possibility 
of clinically relevant interaction between BTK inhibitors 
and gastric acid—reducing regimens [20].

Investigation of genetic mutations
For successful treatment of patients with B-cell malignan-
cies, the detection of the mutated or abnormal molecules 
or genes is necessary to guide the individualized treat-
ment. Gene mutation detection plays an important role 
in the classification of hematologic tumors and the deter-
mination of the etiology and pathogenesis of hematologic 
diseases. Patients with B-cell malignancies are recom-
mended to undergo genetic examinations for following 
mutations before the initiation of treatment or in cases 
of poor prognosis: (1) MCL: detection of TP53 mutation; 
(2) CLL/SLL: detection of del(11q), del(17p)/TP53 dele-
tion or mutation and IGHV mutation status, and so on; 
(3) WM: detection of MYD88 L265P and CXCR4 WHIM 
mutation; (4) DLBCL: detection of MYD88 L265P, 
CD79b, bcl-6, bcl-2, Notch1/2 and myc mutations [140].

Safety and AEs management
Although BTK inhibitors are generally safe and well tol-
erated, several studies have shown incidences of unique 
toxicities that require monitoring for their optimal 
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management in order to achieve the best possible out-
comes in patients being treated with BTK inhibitors 
[141, 142]. Majority of the AEs were of grades 1 to 2. 
As the incidence of ≥ grade 3 was very low, which could 
be managed by prolonging the treatment time, the rate 
of patients discontinuing BTK inhibitor treatment due 
to AEs was very low. The first-generation BTK inhibitor 
ibrutinib showed off-target effects due to low specific-
ity. The most common reason for discontinuing ibrutinib 
involved the incidence of AEs such as atrial fibrillation, 
bleeding events, arthralgias, rash, diarrhea, and cytope-
nia with discontinuation or dosage reduction in 12% of 
patients.

As compared with ibrutinib, new-generation covalent 
BTK inhibitors such as acalabrutinib and zanubrutinib 
are more selective in nature, with less off-target activity 
and better tolerability with lesser AEs. Discontinuation 
rates were only 9%–11% in patients treated with acala-
brutinib. In the ALPINE study, the discontinuation rate 
due to AEs in the zanubrutinib arm was 7.8%, whereas 
it was 13% in the ibrutinib arm. The most common AEs 
after treatment with new-generation covalent BTK inhib-
itors are neutropenia, thrombocytopenia, rash, bruises, 
leukopenia, and so on, which can be managed according 
to the instructions and related guidelines [35, 45]. Head-
ache is the most frequently occurring AE linked with 
acalabrutinib. Several phase III studies have shown that 
patients treated with ibrutinib had a higher incidence of 
atrial fibrillation than those treated with zanubrutinib or 
acalabrutinib [54, 112]. Neutropenia was found to be the 
most common AE in patients treated with zanubrutinib, 
but its occurrence did not lead to a significant increase in 
infection [34, 143]. The primary AEs associated with BTK 
inhibitors are included in the following section.

Hemorrhage
Hemorrhage is a commonly occurring AE in patients 
treated with ibrutinib, whereas its incidence is rela-
tively less in patients treated with the new-generation 
BTK inhibitors. Grade 3 or higher bleeding events were 
observed in 2.3% and 1.3% of patients with MCL treated 
with zanubrutinib and acalabrutinib, respectively, 
whereas ibrutinib showed a slightly higher incidence rate 
of 6% [14, 72, 144]. Patients with grade 3 or higher hem-
orrhage should be permanently discontinued from BTK 
inhibitors unless the disorder is curable and the risk of 
rebleeding is acceptable. The increased risk of hemor-
rhage upon administration of BTK inhibitors may be due 
to impairment in collagen-induced platelet activation, 
similar to the effects of aspirin. In ibrutinib-treated and 
acalabrutinib-treated patients, BTK and TEC kinases are 
both irreversibly inhibited, and, hence, both are at equal 

risks of bleeding events [145, 146]. In the ASPEN study, 
the incidence of grade 3 or higher hemorrhage was 8.9% 
in the zanubrutinib arm and 10.2% in the ibrutinib arm in 
patients with WM.

Studies have suggested that co-administration of BTK 
inhibitors with direct oral anticoagulants, such as rivar-
oxaban, dabigatran etexilate, and apixaban, and antiplate-
let agents may increase the risk of hemorrhage [147]. 
The assessment of effect of anti-coagulant or antiplatelet 
agent in addition to ibrutinib in the PCYC-1102 study 
recorded a major bleeding event in 9% and 4% of patients, 
respectively [148]. Therefore, a case-to-case risk-versus-
benefit profile should be considered while co-adminis-
tering BTK inhibitor with antiplatelet or anticoagulant 
therapy with close monitoring of any hemorrhage events. 
In addition, it is recommended to withhold BTK inhibi-
tor administration for 3–7 days before and after surgery, 
depending on the type of surgery and the potential risk of 
a bleeding event.

Thrombocytopenia and neutropenia
Thrombocytopenia and neutropenia were commonly 
observed in patients with CLL on BTK inhibitor treat-
ment [149]. In the ALPINE study, patients with R/R 
CLL showed the incidence of grade 3 or higher in 3.4% 
of patients in the zanubrutinib arm and 5.2% in the ibru-
tinib arm. Among the patients, 21% in the zanubrutinib 
arm and 18.2% in the ibrutinib arm experienced grade 
3 or higher neutropenia, which may be due to on-target 
toxicity [34, 143]. Dose interruptions are recommended 
for first to third occurrences of grade 3 or 4 neutropenia 
and thrombocytopenia, and dose discontinuation is rec-
ommended after the fourth occurrence. The occurrences 
of neutropenia and thrombocytopenia are caused by var-
ious complex mechanisms of immune dysregulation that 
are a consequence of CLL disease [9].

Infection
Infections were common in patients treated with BTK 
inhibitors because patients with B-cell malignancy are 
immunocompromised and at a highly increased risk of 
infections despite receiving effective therapy. The inci-
dence of infection (of any grade) is observed in > 50% of 
patients receiving BTK inhibitor treatment [9]. However, 
most of these infections are grade 1 or 2 and are easily 
managed without any dose adjustment. In the ALPINE 
study, the zanubrutinib arm showed 26.5% of grade 3 or 
higher infections in patients with CLL, whereas the ibru-
tinib arm showed a slightly higher incidence of 28.1% 
[150]. Similarly, in the ASPEN study, the zanubrutinib 
arm demonstrated a 21.8% incidence of grade 3 or higher 
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infections in patients with WM, whereas the ibrutinib 
arm showed a higher incidence of 27.6% [112]. In the 
ACE-CL-006 study, acalabrutinib and ibrutinib-treated 
patients with CLL had comparable incidence rates of 
grade 3 or higher infections at 30.8% and 30.0%, respec-
tively [54].

The prevalence of opportunistic infections further 
increases in patients with grade 3 or higher infection; 
the risk of opportunistic infections such as Aspergillus 
fumigatus, Pneumocystis jirovecii, and other infections is 
increased. In case of fever and other symptoms related to 
infection, the etiology and pathogenic microorganisms 
should be determined with the help of complete medi-
cal examination. Prophylactic treatment should be con-
sidered in case of high-risk patients, and these patients 
should be continuously monitored for infection and 
treated immediately [136, 151].

Hypertension
Hypertension is a common AE observed in patients 
treated with BTK inhibitors. In a study, among 562 
patients with lymphoid malignancies receiving ibrutinib 
treatment, 78.3% of patients developed new or worsened 
hypertension, of which 17.7% were of 3 grade or higher, 
thereby suggesting ibrutinib treatment to be associ-
ated with a substantial increase in the incidence and 
severity of hypertension [152]. Furthermore, the ACE-
CL-001 phase II study reported the long-term follow-up 
(41 months) results in which 18% patients had hyperten-
sion (all grades), 10% of which were of grades 1–2, and 
7% were of grade 3 or higher [17]. Thus, the incidence of 
hypertension in patients treated with ibrutinib was sig-
nificantly higher as compared with those treated with 
acalabrutinib. In the ASPEN study, the incidence of any 
grade and grade 3 or higher hypertension in patients 
treated with zanubrutinib was significantly lower than 
those treated with ibrutinib (14.9% vs. 25.5% and 9.9% 
vs. 24.4%) [112]. Similarly, in the ACE-CL-006 study, the 
incidence of hypertension in the acalabrutinib arm was 
lower than that in the ibrutinib arm (8.6% vs. 20.2% and 
4.1% vs. 8.7%) [54].

The mechanism responsible for hypertension is pro-
posed to be PI3k/Akt inhibition, thereby downregulating 
PI3K p110-alpha as well as nitrous oxide synthesis [152, 
153]. Patients should be monitored for treatment-emer-
gent hypertension and managed by judicious optimiza-
tion of baseline hypertension before treatment initiation, 
require regular monitoring of blood pressure during 
clinic visits, and need appropriate medical therapy for 
hypertension. Antihypertensive medications may require 
dose modification following discontinuation of BTK 
inhibitor therapy [9, 154].

Atrial fibrillation
Atrial fibrillation has been reported in 6%–10% of 
untreated patients with CLL, which has been observed 
to increase with patients’ age [155, 156]. Clinical stud-
ies in patients under ibrutinib treatment showed the 
2-year incidence rate between 10 and 16% [157]. Unlike 
first-generation BTK inhibitors, the incidence of atrial 
fibrillation is negligible in patients treated with the new-
generation BTK inhibitors. When patients with WM 
treated with zanubrutinib and ibrutinib were compared 
for the safety results in the ASPEN study, the incidence of 
atrial fibrillation was 2.0% and 15.3%, respectively [112]. 
Another clinical study, the ALPINE study conducted in 
patients with CLL/SLL evaluated atrial fibrillation as the 
secondary endpoint. The results showed that the inci-
dence of atrial fibrillation was 5.2% and 13.3% in patients 
treated with zanubrutinib and ibrutinib, respectively, 
thereby underlining a significantly lower atrial fibrilla-
tion in the zanubrutinib group [150]. In the ACE-CL-006 
study, the incidence of atrial fibrillation was 9.4% in the 
acalabrutinib arm and 16% in the ibrutinib arm. These 
results from head-to-head comparison studies demon-
strated the superiority of new-generation BTK inhibitors 
in terms of safety, especially in CV events [54].

Although the mechanism of BTK inhibitors related to 
atrial fibrillation is still unclear, it is thought that the inhi-
bition of PI3K signaling, which is crucial for cardiac pro-
tection under stress that is regulated by BTK and TEC, 
may play a role in the incidence of atrial fibrillation [153].

Patients with cardiac risk factors, hypertension, and 
acute infection may have an increased risk of arrhyth-
mia [158], so such patients should be treated with zan-
ubrutinib to reduce the chances of atrial fibrillation. 
Patients should be monitored regularly for arrhythmias 
during treatment, and ibrutinib therapy should be with-
held in patients with symptoms and/or signs of ven-
tricular tachycardia. Patients presenting with symptoms 
of arrhythmia (such as palpitations, dizziness, fainting, 
chest discomfort, or new-onset dyspnea) should be clini-
cally evaluated and should undergo an electrocardiogram 
as indicated. When atrial fibrillation occurs, the treat-
ment should be adjusted in time. For patients with atrial 
fibrillation having symptoms that cannot be completely 
controlled, the drug can be restarted at the initial dose 
or half the dose after atrial fibrillation is fully controlled, 
according to the physician’s assessment.

Headache
Headache is one of the most frequently occurring AEs 
observed in 22%–51% of patients treated with acalabru-
tinib therapy [17, 45, 159]. The incidence of acalabru-
tinib treatment-related headaches is usually observed 
during the initial phase of treatment, which is mild in 
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nature and occurs for a limited duration [160]. In piv-
otal studies, about 70% of patients showed grade 1 or 2 
headaches, during initial cycles (particularly weeks 1–3) 
[17, 45]. In the ACE-CL-006 study, the incidence of any 
grade and grade 3 or higher headaches was significantly 
higher in the acalabrutinib arm than in the ibrutinib arm, 
at 34.6% versus 20.2% and 1.5% versus 0%, respectively 
[54]. These headaches can be managed mostly without 
any medical interventions, or can be effectively treated 
using acetaminophen or caffeine, while avoiding the use 
of nonsteroidal anti-inflammatory drugs, if possible. 
Only 1% of headaches lead to treatment discontinuation 
[159]. Although mechanism(s) for these headaches is 
still unclear, it could be caused by calcitonin gene-related 
peptide (CGRP) agonism, which is of interest, given the 
new class of migraine medications designed to work by 
antagonizing CGRP [161].

BTK inhibitor intolerance and resistance
Although treatment with first- and new-generation 
BTK inhibitors has extensively showed positive clinical 
response in patients with B-cell malignancies, patients 
have developed primary and secondary resistance due 
to drug intolerance leading to treatment discontinua-
tion [162, 163]. The preliminary results of the single-
arm, open-label, multicenter, phase II BGB‑3111‑215 
study conducted in patients with R/R B-cell malignancies 
(CLL/SLL, MCL, MZL, or WM; N = 64) who were intol-
erant to previous BTK inhibitors (ibrutinib and acalabru-
tinib) showed good efficacy and tolerability to treatment 
with zanubrutinib. There was no recurrence of AEs in 
75% of patients with ibrutinib and acalabrutinib intoler-
ance after receiving zanubrutinib treatment. After zanu-
brutinib treatment, the incidence of lower grade AEs was 
observed in 90% and 33% of patients with ibrutinib and 
acalabrutinib intolerance, respectively. All grade 4 intol-
erance events and 68.3% of grade 3 intolerance events did 
not recur after zanubrutinib treatment [164, 165].

In another phase II clinical study, 60 patients with CLL 
having ibrutinib tolerance were treated with acalabruti-
nib and tolerance levels of patients during acalabrutinib 
and ibrutinib treatments were compared. About 40% 
of patients reported similar AEs in both treatments, 
whereas 67% of AEs were of lower grade with acala-
brutinib than ibrutinib treatment. Further, 57% of AEs 
observed with ibrutinib treatment did not recur upon 
treatment with acalabrutinib [166]. Multiple mechanisms 
responsible for the resistance of BTK inhibitors include 
mutations in BTK and downstream signaling molecules, 
such as PLCγ2, CARD11, and BCL10 leading to pro-
longed and BTK-independent NF-κB activation result-
ing in tumor cell growth. Further, overactivation of PI3K/
Akt/mTOR and the non-canonical NF-κB pathways can 

also inhibit cancer cell apoptosis. Additionally, overex-
pression of integrin β1 in the microenvironment in asso-
ciation with activated PI3K pathway also facilitate tumor 
growth. All these mechanisms cumulatively contribute to 
the resistance against BTK inhibitors [5].

Future perspectives
The emergence of resistance and toxicity are the major 
limitations that lead to treatment discontinuation. To 
improve survival outcomes in patient with BTK inhibitor 
intolerance, several approaches are being explored. The 
use of non-covalent reversible BTK inhibitors is currently 
being investigated. Some representative examples of 
these third-generation reversible BTK inhibitors include 
pirtobrutinib (LOXO-305), nemtabrutinib, vecabrutinib, 
and HMPL-760, which are effective against wild-type and 
mutant Cys481 malignancies [5]. In a phase I/II BRUIN 
trial, 276 patients with R/R CLL/SLL received pirtobru-
tinib and 75% of the patients discontinued prior to BTK 
inhibitor therapy due to resistance; the ORR was 74%, 
whereas the median PFS was 19.4  months. Nemtabru-
tinib also showed similar trend in the BELLWAVE-001 
trial, with ORR of 56% and median PFS of 26.3 months 
among responders, despite a smaller sample size includ-
ing 57 patients. Additionally, reversible BTK inhibitors 
such as HBW-3‑10 and HBW-3‑20 are still under devel-
opment in China. Targeted therapies are being used for 
preventing the activation of bypassing signaling path-
ways, such as PI3K inhibitors, BCL-2 inhibitors, SYK and 
LYN inhibitors, and HSP90 inhibitors [167].

Moreover, combination of existing treatment options 
might also be a novel treatment option for B-cell malig-
nancies. In the CAPTIVATE-FD, CAPTIVATE-MRD, 
and GLOW studies, the combination of ibrutinib plus 
venetoclax was adopted in a fixed treatment duration, 
MRD patients, and elderly or patients with comorbidi-
ties, respectively. In CAPTIVATE-FD, ORR was 97% and 
CR was 56%. However, in the CAPTIVATE-MRD study, 
the 3-year DFS was similar in the placebo arm and the 
ibrutinib combination arm. The efficacy and safety from 
these trials showed that such all-oral, chemotherapy-free 
regimen can provide a synergistic and comprehensive 
disease control.

Recently, the progress in the development of BTK-
targeted proteolysis targeting chimeras (PROTACs) has 
gained interest as an effective and alternate strategy to 
inhibit BTK activity. PROTACs are structurally com-
posed of three elements, one end is a warhead ligand that 
binds to the target protein, the other end is a ligand that 
binds to the E3 ubiquitin ligase, and a linker that couples 
the two ligands [168]. A preclinical study with UBX-382 
exhibited outstanding degradation potency against vari-
ous mutant BTKs, suggesting the use in patients with 
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recurrent cancers, specifically ABC DLBCL, who have 
received prior treatment with BTK inhibitors [169]. 
Four BTK degraders, such as NX-2127 (NCT04830137) 
and NX-5948 (NCT05131022) from Nurix Therapeu-
tics, HSK-29116 (NCT04861779) and BGB-16673 
(NCT05006716) small molecule drugs from Haisco and 
BeiGene, respectively, have entered clinical trials. PRO-
TACs have great therapeutic potential with their unique 
advantages, and with the development of technology and 
in-depth research, PROTACs are expected to provide 
clinical therapeutic benefits in the near future.

Conclusion
BTK inhibitors such as ibrutinib, zanubrutinib, orelabru-
tinib, and acalabrutinib, have shown good clinical effi-
cacy in the treatment of various B-cell malignancies with 
better safety profiles compared with traditional chemo-
therapy and chemoimmunotherapy regimens, especially 
for elderly patients or patients who cannot tolerate con-
ventional chemotherapy. The comparison of different 
BTK inhibitors has gained interest in the recent years. 
The head-to-head comparison of BTK inhibitors in the 
ALPINE and ASPEN studies provided guidance for the 
optimal selection of BTK inhibitors to a certain extent. 
More studies such as head-to-head comparisons are war-
ranted to guide on the optimal treatment option. The 
outcomes of patients who progress following BTK inhibi-
tors, especially those with primary resistant disease, are 
dismal [170, 171]. There are several therapies in trials that 
will provide valuable information in the future. Patients 
that are intolerant to the first-generation BTK inhibitors 
may switch to new-generation BTK inhibitors to improve 
efficacy and safety. Multiple studies on new BTK inhibi-
tors are ongoing, which may bring more therapeutic 
options for patients with B-cell malignancies. PROTACs 
are likely to overcome the resistance and toxicity associ-
ated with BTK inhibitors, and future research on the use 
of PROTACs may provide some evidence for patients 
with B-cell malignancies. Further progress on the 
research to provide more therapeutic options are antici-
pated and the breakthrough progress will be updated.
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