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Abstract: The treatment landscape of chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) has changed sig-
nificantly since the development of oral Bruton’s tyrosine kinase (BTK) inhibitors. While chemoimmunotherapy was previously the 
standard of care for first-line treatment, BTK inhibitors have proven to be a highly effective and safe therapeutic option for CLL/SLL, 
and now constitute one of the preferred first-line options. Ibrutinib, the first approved covalent BTK inhibitor in CLL/SLL, has the 
most long-term data supporting its efficacy in CLL/SLL treatment although is associated with increased risk of cardiovascular and 
hemorrhage adverse events due to off-target kinase inhibition. The second-generation covalent BTK inhibitors, including acalabrutinib 
and zanubrutinib, are more selective to BTK with less off-target effects. Resistance to covalent BTK inhibitors may emerge over time 
due to mutations in BTK and downstream kinases. Novel non-covalent BTK inhibitors currently being studied are showing promising 
activities to overcome such resistance. In this review, we discuss the role of BTK inhibitors in treatment of CLL/SLL, review the data 
that led to approval of BTK inhibitors in CLL/SLL, outline the toxicity profile of each approved BTK inhibitor and management, and 
give practical guidance on how to select the most appropriate agent for treatment. 
Keywords: Bruton’s tyrosine kinase inhibitor, chronic lymphocytic leukemia/small lymphocytic lymphoma, ibrutinib, acalabrutinib, 
zanubrutinib

Introduction
The World Health Organization (WHO) classification of lymphoid neoplasms describes chronic lymphocytic leukemia 
(CLL/SLL) as an indolent B-cell lymphoma characterized by a leukemic course, with presence of a monoclonal B-cell 
population in the peripheral blood at a count of ≥ 5 × 109/L.1,2 CLL/SLL presents with a wide range of associated risk 
and symptomatology, from low-risk asymptomatic disease to high-risk disease with significant symptoms. Risk strati-
fication is based on molecular and cytogenetic features of the disease, clinical presentation, and presence of organome-
galy and/or cytopenia.3 Low-risk, asymptomatic disease is typically managed with observation, often for a period of 
many years as early treatment for asymptomatic disease has not shown any benefit in past studies.3–5 When treatment is 
indicated in CLL/SLL, a comprehensive evaluation of tumor characteristics and patient factors must be made in order to 
select the best treatment option.3 Until recently, treatment options for CLL/SLL consisted of various combinations of 
chemotherapy and immunotherapy with monoclonal antibodies (mAb) targeting CD20.6 In 2013, Phase I data was 
introduced on the safety and efficacy of a novel therapy in CLL/SLL, ibrutinib, a Bruton Tyrosine Kinase (BTK) 
inhibitor.7 The introduction of BTK inhibitors and other novel targeted therapies (Bcl-2 inhibitor and PI3K inhibitors), 
has dramatically changed the treatment landscape in CLL/SLL.3,6,8–10 The first-generation BTK inhibitor ibrutinib is 
associated with some off-target effects through the activation of other tyrosine kinases, leading to specific side effect 
profile which includes bleeding and cardiovascular toxicity.11,12 The second-generation BTK inhibitors acalabrutinib and 
zanubrutinib have been developed with the goal of increasing specificity to the BTK enzyme and reducing off-target 
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effects, to improve their toxicity profile.13,14 Third-generation BTK inhibitors, the non-covalently binding inhibitors, are 
under investigation to overcome resistance to covalent-BTK inhibitor therapy.15 This review discusses the mechanism of 
action of BTK inhibitors, presents the data behind approval of the three BTK inhibitors approved in the US for treatment 
of B-cell malignancies, and outlines the side effect profile of each BTK inhibitor, with recommendations on how to select 
the best therapy for patients in an individualized manner.

Bruton’s Tyrosine Kinase (BTK)
Protein kinases are enzymes that catalyze phosphorylation of proteins, resulting in alteration of their substrate’s activity 
and interaction with other proteins. Aberrant protein kinase activity results in altered cellular function and is a potential 
driver of uncontrolled cell proliferation, which may in turn result in malignancy. BTK is a kinase that plays a crucial role 
in proliferation and survival of malignant B-cells.16

BTK was first identified in 1993 as the genetic cause for X-linked agammaglobulinemia, an inherited immunodefi-
ciency disorder characterized by the absence of mature B-cells, leading to severe antibody deficiency and recurrent 
infections.17,18 BTK has since been established as an important component of the B-cell receptor (BCR) signaling 
pathway, and is required for normal B-cell development as it is involved in signaling from the pre-B-cell receptor that 
forms after immunoglobulin heavy-chain rearrangement.16,18

BTK belongs to the TEC family of non-receptor kinases, and is composed of 5 domains (Figure 1). It is a cytoplasmic 
kinase that is transiently recruited to the plasma membrane.18 BTK’s pleckstrin homology (PH) domain binds phospha-
tidylinositol (3,4,5)-triphosphate (PIP3), a phospholipid that resides on the plasma membrane.18,19 PIP3 is generated by 
phosphatidylinositol-3-kinase (PI3K), a plasma membrane-associated lipid kinase activated by the BCR co-receptor 
CD19. BTK is activated by a spleen tyrosine kinase (SYK) or an SRC kinase, through phosphorylation of Y551 in the 
BTK kinase domain. This, in turn, results in autophosphorylation in the SRC homology (SH)3 domain.18 The SH2 
domain is important in the phosphorylation of phospholipase C, which cleaves phosphatidylinositol 4,5-bisphosphonate 
(PIP2) to generate the second messengers inositol triphosphate (IP3) and diacylglycerol (DAG).18,20 These lead to the 
activation of downstream transcription factors regulating B-cell signalling proteins, including nuclear factor-κB (NF-κB) 
and nuclear receptor of activated T cells (NFAT). The TEC homology domain (TH) contains a zinc-finger motif that 
optimizes stability of the protein.18 The role of BTK within BCR signalling is illustrated in Figure 2.

In all, BTK is a crucial component of the BCR signalling pathway and is expressed in many B-cell malignancies, 
including CLL/SLL. Targeting BTK therefore represents a profound opportunity to disrupt signalling and proliferation of 
malignant B-cells. This is the basis upon which BTK inhibitors were developed for use in CLL/SLL and other B-cell 
lymphomas.

Mechanism of Action and Anti-Tumor Effect of BTK Inhibitors in CLL/SLL
Current FDA-approved BTK inhibitors for the treatment of CLL/SLL include the first-generation inhibitor ibrutinib, and 
the second-generation inhibitor acalabrutinib. Zanubrutinib, also a second-generation BTK inhibitor, is FDA-approved 
for the treatment of marginal zone lymphoma (MZL), mantle cell lymphoma (MCL), and Waldenstrom’s macroglobu-
linemia (WM), and remains under investigation for CLL/SLL.21 These three BTK inhibitors inactivate BTK by binding 
to cysteine 481 in the ATP-binding site of BTK, located in the kinase domain.16,22 This binding is covalent and 
irreversible.22 The expected “on-target” effect of BTK inhibitors is the inactivation of the BTK enzyme and disruption 
of BCR signalling, as illustrated in Figure 2.7 Because BCR signalling is constitutively activated in CLL/SLL, its 
disruption has the potential to significantly halt the progression of the disease.23 It is also hypothesized that there is an 

Figure 1 BTK structure. 
Abbreviations: C, Carboxyl-terminus; N, Amino-terminus; PH, Pleckstrin homology; SH, SRC homology; TH, TEC homology.
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indirect effect of BCR signalling blockade on the tumor microenvironment (TME), resulting in a pro-apoptotic environ-
ment less favorable for tumor growth.24,25

Currently, FDA-approved BTK inhibitors are not fully selective for BTK and can bind to other kinases simulta-
neously, leading to “off-target” activity.13,22 Figure 3 illustrates the kinome map, or graphic representation of kinase- 
binding activity, of each FDA-approved BTK inhibitor. Although ibrutinib was associated with higher potency of 
inhibition of tyrosine kinases, it also was associated with lower kinase selectivity, leading to more off-target kinase 
activity in comparison to second-generation BTK inhibitors.13 Off-target effects are thought to be closely associated with 

Figure 2 BTK Role in B-Cell Receptor Signalling. 
Abbreviations: BCR, B-cell receptor; BTK, Bruton’s tyrosine kinase; DAG, diacylglycerol; IP3, inositol triphosphate; ITAM, immunoreceptor tyrosine-based activation 
motif; NF-kB, nuclear factor-κB; NFAT, nuclear receptor of activated T cells; PLCγ2, Phospholipase Cγ2; PI3K, phosphatidylinositol-3-kinase; PIP3, phosphatidylinositol 
(3,4,5)-triphosphate; SYK, Spleen tyrosine kinase.

Figure 3 BTK Inhibitor Kinome Map. Figure modified from Kaptein A, de Bruin G, Emmelot-van Hoek M, van de Kar B, de Jong A, Gulrajani M, et al. Potency and Selectivity 
of BTK Inhibitors in Clinical Development for B-Cell Malignancies. Blood. 2018;132(Supplement 1):1871. Copyright 2018, with permission from Elsevier.13
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an increase in adverse effects from the medication. For example, there are analyses that suggest that ibrutinib-associated 
atrial fibrillation is caused by the binding to ERBB2/HER2 and C-terminal Src kinases (CSK), which also harbor a BTK 
inhibitor-binding cysteine in their catalytic domain.11,26 Binding to other off-target kinases is also thought to result in 
higher rates of rash (Epidermal growth factor (EGFR)), diarrhea (EGFR), and bleeding (TEC).11,12,26 Contrary to 
ibrutinib, acalabrutinib does not inhibit other kinases with the conserved cysteine residue.27 Zanubrutinib results in 
some inhibition of ITK and EGFR, with lower potency of its off-target effects in comparison to ibrutinib. The better 
selectivity of the second-generation BTK inhibitors probably explains their improved toxicity profile. There are other 
covalent BTK inhibitors including spebrutinib and tirabrutinib, studied for use in some lymphomas, although these are 
not currently approved for use in the United States (U.S.).12

Covalent BTK Inhibitors - Efficacy
First-Generation Covalent BTK Inhibitor - Ibrutinib
Ibrutinib, first discovered and developed in 2007, constitutes the first generation of approved BTK inhibitors.28 Ibrutinib 
was first demonstrated as being efficacious and safe for relapsed/refractory CLL/SLL and for treatment-naïve CLL/SLL 
in the elderly in a phase Ib/II trial by O’Brien et al in 2013.29 Overall response rate (ORR) in this study was 71%, 
indicating a great potential for improved outcomes in elderly patients with CLL/SLL. This was followed by a Phase II 
study by Farooqui et al, evaluating the safety and efficacy of ibrutinib in untreated or relapsed/refractory (R/R) TP53- 
mutated CLL/SLL.30 Patients with TP53-mutated disease are known to have poor outcomes with high rate of refractori-
ness to chemotherapy, heightening the importance of studying alternate therapies in this patient population.31–33 This 
study also showed excellent response rates with an ORR of 97% in patients with untreated CLL/SLL, and 80% in 
patients with R/R disease.30 Several other phase I/II trials established the safety and efficacy of ibrutinib in the treatment 
of newly diagnosed and R/R CLL/SLL, including trials evaluating the combination of ibrutinib and anti-CD20 mAb 
therapy and the combination of ibrutinib and chemoimmunotherapy (CIT). These trials are outlined in Table 1.

The Phase III RESONATE trial was the first to establish superior outcomes in R/R CLL/SLL with ibrutinib 
monotherapy in comparison to therapy with an anti-CD20 mAb (ofatumumab). The 1-year OS was 90% in the ibrutinib 
group compared to 80% in the ofatumumab group, and median PFS was not reached in the ibrutinib group compared to 
8.1 months in the ofatumumab group.34 These results were later reproduced in a phase III trial comparing ibrutinib to the 
anti-CD20 mAb rituximab in R/R CLL/SLL, which found a significantly higher ORR and OS in the ibrutinib group.35 

The HELIOS trial compared ibrutinib + BR (bendamustine and rituximab) to CIT with BR in R/R CLL/SLL, and found 
a significant PFS benefit in the ibrutinib group, with 18-month PFS of 79% vs 24% in the CIT group.36

Several phase III studies demonstrated superiority of ibrutinib over conventional immunochemotherapy. The 
RESONATE-2 phase III trial was the first to establish a survival outcome with ibrutinib compared to chemotherapy 
(chlorambucil) in untreated CLL/SLL, with a 2-year OS of 98% vs 85%, favoring the ibrutinib group.37 In the Alliance 
041202 phase III study, patients 65 years of age or older with previously untreated CLL/SLL were treated with Ibrutinib 
with or without rituximab as compared to CIT with BR. The ibrutinib-containing arms showed a higher 2-year PFS (87% 
and 88% for ibrutinib and ibrutinib + rituximab arms, respectively) compared to the CIT arm (74%).38 The ECOG 1912 
phase III trial studied patients 70 years of age or younger with previously untreated CLL/SLL, comparing ibrutinib plus 
rituximab to CIT with FCR (fludarabine, cyclophosphamide, rituximab), the previous standard of care for younger 
patients. A superior 3-year PFS and 3-year OS was found in the ibrutinib group compared to the FCR group (89.4% vs 
72.9% and 98.8% vs 91.5% for PFS and OS, respectively).39 The iLLUMINATE phase III trial also showed superior PFS 
of ibrutinib plus obinutuzumab compared to CIT with chlorambucil plus obinutuzumab in treatment naïve CLL/SLL 
patients with comorbid conditions.40

It remains uncertain whether ibrutinib combined with an anti-CD20 mAb or CIT is superior to ibrutinib monotherapy. Of 
note, in the aforementioned Alliance 041202 study, the addition of rituximab to ibrutinib showed no PFS benefit over 
ibrutinib monotherapy.38 The phase III GENUINE trial did show a superior ORR rate in patients with R/R CLL/SLL treated 
with ibrutinib + anti-CD20 mAb (ublituximab) compared to ibrutinib monotherapy (83% vs 65%).41 There also appeared to 
be a PFS advantage to ibrutinib + ublituximab, especially in the population with 17p deletion or TP53 mutation (median PFS 
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Table 1 Major Published Clinical Trials for Ibrutinib in CLL/SLL

Study Phase N Experimental Arm Comparator CLL/SLL 
Status

Outcome Results Ref.

O’Brien et al 2013 Ib/II 29 (age > 65) Ibrutinib N/A U ORR 71%, CRR 3% [29]

Farooqui et al 2014 II 51 (TP53 mut.) Ibrutinib N/A U or R/R Untreated CLL/SLL: ORR 97% 
R/R CLL/SLL: ORR 80%

[30]

Byrd et al 2014 
(RESONATE)

III 391 Ibrutinib Ofatumumab R/R Median PFS: NR vs 8.1 months, favoring ibrutinib group (p<0.001) 
1-year OS: 90% vs 81%, favoring ibrutinib group (p=0.005)

[34]

Burger et al 2014 II 40 (high-risk 
cyto)

Ibrutinib + Rituximab N/A U or R/R 18-month PFS 78% [65]

Brown et al 2015 Ib 30 BR-ibrutinib N/A R/R ORR 93.3%, CRR 16.7%, 36-month PFS 70.3% [81]

Jaglowski et al 2015 Ib/II 66 Ibrutinib + Ofatumumab N/A R/R ORR 71–100%, 12-month PFS 75–89%, favoring the group with 

ibrutinib lead-in followed by ofatumumab

[82]

Burger et al 2015 

(RESONATE-2)

III 269 Ibrutinib Chlorambucil U Median PFS: NR vs 18.9 months, favoring ibrutinib group (p<0.001) 

2-year OS: 98% vs 85% favoring ibrutinib group (p<0.001)

[37]

Chanan-Khan et al 2015 
(HELIOS)

III 578 Ibrutinib + BR BR R/R 18-month PFS: 79% vs 24% favoring ibrutinib group (p<0.0001) [36]

Huang et al 2018 III 160 Ibrutinib Rituximab R/R ORR 53.8% vs 7.4%, favoring ibrutinib group (p<0.0001) 
Improved OS with ibrutinib (HR 0.446, p=0.0206)

[35]

Moreno et al 2018 
(iLLUMINATE)

III 229 Ibrutinib + Obinutuzumab Chlorambucil + 
Obinutuzumab

U 30-month PFS: 79% vs 30% favoring ibrutinib group (p<0.0001) [40]

Burger et al 2018 II 208 Ibrutinib + R Ibrutinib U or R/R No difference in ORR and PFS [43]

Woyach et al 2018 

(Alliance A041202)

III 547 (age > 65) Arm 1: Ibrutinib 

Arm 2: Ibrutinib + R

BR U 2-year PFS: 74% in BR group vs 87% and 88% in Ibrutinib and Ibrutinib 

+ R groups (p<0.001)

[38]

Jain et al 2019 II 80 Ibrutinib + Venetoclax N/A U CRR 88% [45]

Shanafelt et al 2019 III 529 Ibrutinib + R FCR U 3-year PFS 89.4% vs 72.9% favoring ibrutinib group (p<0.001) 

3-year OS 98.8% vs 91.5% favoring ibrutinib group (p<0.001)

[39]

Davids et al 2019 II 85 Ibrutinib + FCR N/A U CRR without MRD 33% [83]

(Continued)
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Table 1 (Continued). 

Study Phase N Experimental Arm Comparator CLL/SLL 
Status

Outcome Results Ref.

Rogers et al 2020 II 50 Ibrutinib + Venetoclax + 

Obinutuzumab

N/A U or R/R Untreated CLL/SLL: ORR 84%, median PFS NR 

R/R CLL/SLL: ORR 88%, median PFS NR

[46]

Byrd et al 2021 III 533 Acalabrutinib Ibrutinib R/R Non-inferior PFS with acalabrutinib 

Median PFS: 38.4 months in both groups

[58]

Sharman et al 2021 
(GENUINE)

III 126 Ibrutinib + Ublituximab Ibrutinib R/R ORR 83% vs 65%, favoring ibrutinib + ublituximab group (p=0.02) [41]

Langerbeins et al 2022 
(CLL/SLL-12)

III 363 (Binet 
stage A)

Ibrutinib Placebo U Median EFS: NR vs 47.8 months, favoring ibrutinib group [57]

Abbreviations: BR, Bendamustine, Rituximab; CLL/SLL, Chronic lymphocytic leukemia; CRR, Complete response rate; Cyto, Cytogenetics; EFS, Event free survival; FCR, Fludarabine, Cyclophosphamide, Rituximab; MRD, Minimal 
residual disease; Mut., Mutated; N, Number of patients enrolled; NR, Not reached; ORR, Overall response rate; OS, Overall survival; PFS, Progression-free survival; R, Rituximab; R/R, Relapsed/refractory; U, Untreated.
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not reached (NR) in the combination group vs 18.9 months in the ibrutinib monotherapy group). However, no OS benefit was 
seen at the median follow-up time of 3.5 years.42 In a separate randomized phase II trial of ibrutinib + rituximab compared to 
ibrutinib monotherapy in untreated or relapsed CLL/SLL, there was no difference in PFS or OS between groups.43

Currently, ibrutinib is FDA approved for the treatment of CLL/SLL at a dose of 420 mg orally once daily (either as 
monotherapy, in combination with rituximab or obinutuzumab, or in combination with bendamustine and rituximab); 
continue until disease progression or unacceptable toxicity. Ibrutinib is listed as one of the preferred treatments for 
CLL/SLL in the current National Comprehensive Cancer Network (NCCN) guidelines.44

Ongoing studies are investigating the combination of ibrutinib with the novel BCL2 inhibitor venetoclax in untreated 
and R/R CLL/SLL with promising results, however this combination is not yet FDA approved.45,46

Second-Generation BTK Inhibitors: Acalabrutinib and Zanubrutinib
Acalabrutinib and zanubrutinib are the second-generation BTK inhibitors that are approved in the US for treatment of 
B-cell malignancies. Acalabrutinib is FDA-approved for CLL/SLL and MCL, while zanubrutinib is approved for 
treatment of WM, MZL, and MCL. Both are listed among the preferred treatments for CLL/SLL in the current NCCN 
guidelines.44 As discussed previously, second-generation BTK inhibitors were developed with the goal of achieving 
higher specificity to the BTK enzyme, resulting in less off-target kinase activation. Acalabrutinib was studied in 
a phase I/II trial in 2015 evaluating its safety and efficacy in R/R CLL/SLL. ORR was 95% with a tolerable toxicity 
profile.47 Table 2 outlines major clinical trials of second-generation BTK inhibitors. The phase III ASCEND trial 
compared acalabrutinib to standard of care (investigator’s choice of PI3K inhibitor idelalisib + rituximab or CIT with 
BR) in patients with R/R CLL/SLL. The 12-month PFS was significantly higher in the acalabrutinib arm compared to 
the standard of care arm (88% vs 68%).48 A phase I trial of acalabrutinib monotherapy in untreated CLL/SLL showed 
an ORR of 97%.49 The phase III ELEVATE-TN trial comparing acalabrutinib with or without anti-CD20 mAb 
(obinutuzumab) to CIT (chlorambucil + obinutuzumab) showed a significantly higher median PFS in the acalabrutinib 
arms (NR vs 22.6 months).50 24-month PFS was 93% (95% CI 87–96%) in the acalabrutinib + obinutuzumab group, 
87% (95% CI 81–92%) in the acalabrutinib monotherapy group, and 47% (95% CI 39–55%) in the obinutuzumab- 
chlorambucil group. The HR for PFS between acalabrutinib-obinutuzumab and acalabrutinib monotherapy was 0.49 
(95% CI 0.26–0.95, post-hoc analysis) indicating a small benefit by the addition of obinutuzumab.50

Acalabrutinib was compared to ibrutinib in a non-inferiority head-to-head Elevate-RR study in patients with R/R 
CLL/SLL. Results indicated that acalabrutinib is non-inferior to ibrutinib with respect to survival outcomes, with 
a median PFS of 38.4 months in both groups. Differences in adverse events (AEs) between ibrutinib and acalabrutinib 
are discussed further in the next section.

The first in human Phase 1 study of zanubrutinib in B-cell malignancies demonstrated promising activity in the 
CLL/SLL cohort with an ORR of 96.2%.51 A phase Ib has evaluated the combination of zanubrutinib + obinutuzumab in 
untreated or R/R CLL/SLL. This showed an ORR of 100% in untreated CLL/SLL, and 92% in R/R CLL/SLL.52 The 
phase III SEQUOIA trial (NCT03336333) studied the efficacy of zanubrutinib in comparison to CIT with BR in patients 
with previously untreated CLL/SLL. These findings were recently presented at the American Society of Hematology 
annual meeting (ASH 2021). The estimated 24-month PFS was 85.5% (95% CI 80.1–89.6%) in the zanubrutinib group vs 
69.5% (95% CI 62.4–75.5%) in the CIT group. There was no statistically significant difference in OS between the two 
groups at 24 months.53

The phase III ALPINE trial (NCT03734016) is currently investigating the safety and efficacy of zanubrutinib in 
comparison to ibrutinib in patients with R/R CLL/SLL.54 Results from an interim analysis at a median follow-up of 15 
months (n=415 patients) showed a higher ORR with zanubrutinib compared to ibrutinib (78.3% vs 62.5%, p=0.0006). 
12-month PFS was also higher in the zanubrutinib group (94.9% vs 84%, p=0.0007). Zanubrutinib demonstrated reduced 
cardiac toxicity compared to ibrutinib. We await the final results of the trial once the target number of events has been 
reached to adequately interpret these results.55

The novel irreversible BTK inhibitor orelabrutinib is also currently under investigation in R/R CLL/SLL 
(NCT04014205), with increased specificity to BTK.56
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Table 2 Published Clinical Trials of Second-Generation BTK Inhibitors in CLL/SLL

Study Phase N Experimental Arm Comparator CLL/SLL 
Status

Outcome Results Ref.

Byrd et al 2015 I/II 61 Acalabrutinib N/A R/R ORR 95% [47]

Sharman et al 2020 

(ELEVATE-TN)

III 535 Acalabrutinib (Arm 1) 

OR Acalabrutinib + 

Obinutuzumab (Arm 2)

Chlorambucil + Obinutuzumab 

(Arm 3)

U Median PFS: NR in two acalabrutinib arms vs 22.6 months in 

chemoimmunotherapy (comparator) arm (p<0.0001)

[50]

Ghia et al 2020 
(ASCEND)

III 398 Acalabrutinib Idelalisib + Rituximab OR BR 
(investigator’s choice)

R/R Median PFS: NR in acalabrutinib arm vs 16.5 months in comparator arm 
(p<0.0001) 

12-month PFS: 88% vs 68%, favoring acalabrutinib arm

[48]

Tam et al 2020 Ib 81 Zanubrutinib + 

Obinutuzumab

N/A U or R/R ORR 100% in untreated CLL/SLL, 92% in R/R CLL/SLL [52]

Byrd et al 2021 I/II 99 Acalabrutinib N/A U ORR 97%; Median DOR NR [49]

Byrd et al 2021 III 533 Acalabrutinib Ibrutinib R/R Non-inferior PFS with acalabrutinib 
Median PFS: 38.4 months in both groups

[58]

Davids et al 2021 II 37 Acalabrutinib + Venetoclax 
+ Obinutuzumab

N/A U CRR without MRD: 38% [79]

Tam et al 2021 
(SEQUOIA)

III 479 Zanubrutinib BR U 24-month PFS: 85.5% (95% CI 80.1%-89.5%) vs 69.5% (95% CI 62.4%- 
75.5%), favoring the zanubrutinib group

[53]

Abbreviations: BR, Bendamustine, Rituximab; CRR, Complete response rate; DOR, Duration of response; MRD, Minimal residual disease; N, Number of patients enrolled; NR, Not reached; ORR, Overall response rate; PFS, 
Progression-free survival; R/R, Relapsed/refractory; U, Untreated.
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Covalent BTK Inhibitors - Adverse Effects
The pivotal phase III trials evaluating the safety and efficacy of ibrutinib monotherapy in CLL/SLL include the 
RESONATE, RESONATE-2, and Alliance trials, as well as the clinical trial by Huang et al (Table 1).34,35,37,38 The 
CLL/SLL-12 trial, evaluating the safety and efficacy of ibrutinib compared to placebo in low-risk CLL/SLL, can also be 
useful in establishing the toxicity profile of ibrutinib, although full results have not yet been published.57 The most 
common AEs of any grade were diarrhea (34–46%), bleeding (29–44%), fatigue (19–28%), nausea (22–26%), cough 
(22–25%), pyrexia (24%), anemia (15–23%), rash (23%), thrombocytopenia (16%), and neutropenia (22–26%). Most 
common grade ≥3 AEs were neutropenia (10–16%), anemia (2–6%), pneumonia (4–7%), thrombocytopenia (5%), 
hypertension (2–4%), and diarrhea (4%). Atrial fibrillation occurred in approximately 5–10% of patients treated with 
ibrutinib, and 3–8% of patients developed grade ≥3 atrial fibrillation.26,34,35,37,38

The phase III ELEVATE-TN and ASCEND trials have compared the safety and efficacy of acalabrutinib to CIT.48,50 

The most common AEs of any grade observed were headache (22–37%), diarrhea (18–35%), neutropenia (19%), fatigue 
(18%), cough (15–18%), arthralgia (16%), contusion (15%), and anemia (14%). Most common grade ≥3 AEs were 
neutropenia (10%), anemia (7%), thrombocytopenia (3%), urinary tract infection (UTI) (2%), pneumonia (2%), dyspnea 
(2%), headache (1%), fatigue (1%), and back pain (1%). Atrial fibrillation occurred in 4–5% of patients (2% grade ≥3), 
and incidence of grade ≥3 hypertension was 2%. Bleeding occurred in up to 39% of patients.

The ELEVATE-RR study compared acalabrutinib to ibrutinib head-to-head in patients with R/R CLL/SLL, providing 
a direct comparison between these two agents. This trial showed a significantly higher rate of any-grade diarrhea (46% vs 
35%), arthralgia (23% vs 16%), hypertension (23% vs 9%), contusion (18% vs 12%), atrial fibrillation (16% vs 9%), UTI 
(14% vs 8%), back pain (13% vs 8%), muscle spasms (13% vs 6%), and dyspepsia (12% vs 4%) in the ibrutinib group 
compared to the acalabrutinib group. There was a significantly higher rate of grade ≥3 hypertension (9% vs 4%) and 
diarrhea (5% vs 1%) in the ibrutinib group. Treatment with acalabrutinib resulted in a higher rate of any-grade headache 
(35% vs 20%) and cough (29% vs 21%), and a higher rate of grade ≥3 fatigue (3% vs 0%). Bleeding events were less 
frequent with acalabrutinib (38% vs 51%), although rate of major bleeding events was comparable (approximately 5% in 
each group).58

Phase III trials evaluating the safety efficacy of zanubrutinib in CLL/SLL have not been fully published yet, however 
results from the SEQUOIA trial were recently presented at ASH 2021, and interim results from the ALPINE trial have 
been released.53,55 In the SEQUOIA trial, 479 patients with untreated CLL/SLL were randomized to receive either 
zanubrutinib or chemoimmuntherapy with BR. The most common AEs with zanubrutinib included bleeding (45%), 
contusion (19%), upper respiratory tract infection (URTI) (17%), neutropenia (13%), hypertension (12%), rash (11%), 
constipation (10%), nausea (10%), pyrexia (7%), anemia (5%), and thrombocytopenia (4%). Grade ≥3 AEs included 
neutropenia (9%), hypertension (6%), bleeding (4%), thrombocytopenia (2%), URTI (0.8%), constipation (0.4%), and 
anemia (0.4%). Atrial fibrillation occurred in 3% of patients.53 Interim results from the ALPINE trial, comparing 
zanubrutinib to ibrutinib in 415 patients with R/R CLL/SLL, appears to indicate lower incidence of atrial fibrillation 
in the zanubrutinib group (2.5% vs 10.1%, p=0.0014).55 The statistical significance of other differences in AEs are not 
yet reported.

At this time, the best direct comparison that exists between zanubrutinib and ibrutinib is from the phase III ASPEN 
trial, which compared zanubrutinib to ibrutinib in patients with Waldenstrom macroglobulinemia (WM).59 Although this 
trial did not involve CLL/SLL patients, observations can still be made on the tolerability of each BTK inhibitor, as we 
await final results from the ALPINE trial. In this trial, there was a significantly higher rate of any-grade diarrhea (32% vs 
21%), contusion (24% vs 13%), muscle spasms (24% vs 10%), peripheral edema (19% vs 9%), atrial fibrillation (15% vs 
2%), and pneumonia (12% vs 2%) in the ibrutinib group compared to the zanubrutinib group. The incidence of major 
hemorrhage was also higher in the ibrutinib group compared to the zanubrutinib group (9% vs 6%). The rate of any-grade 
neutropenia was higher in the zanubrutinib group (29% vs 13%). This indicates overall better tolerability of zanubrutinib 
in comparison to ibrutinib.59

Comparison between incidence of AEs with ibrutinib, acalabrutinib, and zanubrutinib is outlined in Table 3, based on 
results from the ASPEN and ELEVATE-RR head-to-head trials.58,59
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When to Treat CLL/SLL with BTK Inhibitors
Once determination has been made that a patient with CLL/SLL meets criteria for initiation of treatment, selection of the 
most appropriate agent becomes important. The main first-line options include BTK inhibitors, venetoclax combined 
with an anti-CD20 mAb, and CIT.3 As outlined previously, several large randomized trials have compared the safety and 
efficacy of BTK inhibitors with various CIT combinations in previously untreated CLL/SLL (Table 1), demonstrating 
a superior clinical outcome of BTK inhibitors in comparison to CIT. Therefore, BTK inhibitors is generally favored over 
CIT in the frontline setting, in particular in patients with high-risk features such as TP53 alteration or unmutated 
immunoglobulin heavy-chain gene (IgHV-UM). Patients with a TP53 mutation or del(17p) generally have a poor 
response to chemotherapy, with a historical median PFS of 9 months.3,60,61 In the phase III CLL14 trial, median PFS 
for TP53 mutated disease was approximately 18 months in patients treated with chlorambucil-obinutuzumab as compare 
to close to 4 years for venetoclax + obinutuzumab (VEN-O).62 Long-term follow-up from a Phase 2 study of ibrutinib in 
treatment-naïve CLL/SLL showed that 27 patients with TP53 mutated disease treated upfront with ibrutinib had a 5-year 

Table 3 Toxicity of Approved BTK Inhibitors (Head-to-Head Trials)58,59

Adverse Event Ibrutinib Acalabrutinib Zanubrutinib

Diarrhea 31–46% 35% 21%

Nausea 13–19% 18% 15%

Dyspepsia 12% 4% Not reported

Bleeding 51% 38% 39%54

Fatigue 15–17% 20% 19%

Pyrexia 12–19% 23% 13%

Cough 17–21% 29% 13%

Neutropenia 13–25% 21% 29%

Anemia 10–19% 22% 12%

Thrombocytopenia 10–13% 15% 10%

Hypertension 16–23% 9% 11%

Atrial Fibrillation 15–16% 9% 2%

Pneumonia 12–16% 18% 2%

Rash 13–16% 10% 13%

Headache 11–20% 35% 15%

Contusion 18–24% 12% 13%

Arthralgia 16–23% 16% 13%

Dizziness 9–10% 11% 13%

Peripheral edema 14–19% 10% 9%

Muscle spasms 13–24% 6% 10%

URTI 25–29% 27% 24%

UTI 10–14% 8% 10%

Note: Values that differ significantly between agents have been placed in bold. 
Abbreviations: URTI, Upper respiratory tract infection; UTI, Urinary tract infection.
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PFS of 66%.63 This suggests that in the high-risk group of CLL/SLL with TP53 alteration, BTK inhibitors should be the 
preferred first line of therapy.

BTK inhibitor treatment has also shown benefit in high-risk CLL/SLL with IgHV-UM status. In the ECOG-1912 
phase III trial comparing ibrutinib + rituximab to FCR in 529 patients with untreated CLL/SLL, the largest benefit to 
ibrutinib was in the IgHV-UM group. PFS was similar in both treatment groups in patients with IgHV mutated (IgHV-M) 
disease.39,64 Similarly, results from the phase III Alliance 041202 trial showed significant benefit of ibrutinib over CIT 
with BR in the IgHV-UM cohort, and no significant difference in outcomes in the IgHV-M group.38 For this reason, in 
IgHV-UM CLL/SLL, BTK inhibitor is strongly favored over CIT. For patients with IgHV-M status, BTK inhibitor and 
CIT are comparable in efficacy and are both reasonable options.

The combination of venetoclax and obinutuzumab is also an appropriate first-line option for patients with CLL/SLL, 
based on the CLL14 trial.62 This combination has similar efficacy to BTK inhibitors in phase II trials, and there are no 
completed head-to-head trials to date comparing the two regimens although ongoing clinical trials will help to address 
this question for the future. Choosing between VEN-O and a BTK inhibitor should be done largely based on potential 
side effects and logistics of administration. VEN-O requires five weeks of venetoclax dose ramp up with tumor lysis 
syndrome (TLS) monitoring, and four IV infusions for cycle 1 and once monthly for cycle 2–6, therefore patients must 
return for more frequent clinic visits.62 Given the TLS risk, patients need to have adequate renal function to be eligible 
for the ven-O treatment. BTK inhibitors are administered orally typically requiring less frequent clinic visits, and is thus 
more convenient. On the other hand, Ven-O provides a fixed duration therapy whereas BTK inhibitor treatment is 
continuous. Grade ≥3 neutropenia occurs in approximately 35% of patients with venetoclax, compared to 10–15% with 
BTK inhibitors.38,64,65 Anti-CD20 mAb should also be used with caution during the COVID-19 pandemic, as they 
significantly increase the risk of contracting COVID-19, and increase the risk of complications from the infection.66 

Major side effects associated with BTK inhibitors are outlined in Table 3 and include GI side effects, cardiovascular 
toxicity (specifically hypertension and atrial fibrillation), cytopenia, bleeding, and infection. The selection of most 
appropriate treatment will require a thorough discussion with the patient considering the pros and cons, taking patient 
preference into consideration. Figure 4 proposes a treatment algorithm for selection of frontline therapy in CLL/SLL.

The use of BTK inhibitors is also approved in the R/R setting following prior treatment with CIT or venetoclax-based 
therapy.60 Should a BTK inhibitor treatment be discontinued due to adverse events, and alternative BTK inhibitor may be 
used. However, progressive CLL/SLL while being treated on a covalent BTK inhibitor would indicate likely resistance. 
Such patients would unlikely response to an alternative covalent (first or second generation) BTK inhibitor.12 Third 
generation, non-covalent binding BTK inhibitors are under investigation to overcome such resistance, as detailed in an 
upcoming section.

Selecting the Appropriate BTK Inhibitor
As outlined previously, ibrutinib and acalabrutinib are the two currently FDA-approved BTK inhibitors for the treatment 
of CLL/SLL in the first-line and R/R setting. Once the decision is made to treat with a BTK inhibitor, a selection must be 
made among the available agents. The head-to-head ELEVATE-RR trial between ibrutinib and acalabrutinib showed non- 
inferiority of acalabrutinib in clinical efficacy, and improved toxicity profiles as discussed above.58 Selection of the most 
appropriate BTK inhibitor should be made based on patient comorbidities, expected side effect profile, and cost. In 
patients with a cardiovascular history, particularly those who are at risk for developing poorly controlled hypertension or 
atrial fibrillation, acalabrutinib is a preferred choice over ibrutinib. Patients with a higher bleeding risk might also benefit 
from acalabrutinib. Acalabrutinib is associated with a higher risk of headaches and cough, and therefore patients with 
a history of migraine or chronic cough who do not have a significant cardiovascular or bleeding risk may experience less 
debilitating side effects with ibrutinib.58 In addition, due to the acidic environment needed for acalabrutinib absorption, it 
should not be used concurrently with a proton pump inhibitor (PPI). Patients who require long-term PPI use would not be 
appropriate for acalabrutinib. A new formulation of acalabrutinib is being developed which may ultimately overcome this 
problem. The side effect profile of first- and second-generation BTK inhibitors is outlined in Table 3. In patients who 
have no significant comorbidities, initiating treatment with either ibrutinib or acalabrutinib in the first-line setting may be 
most appropriate. If ibrutinib is not well tolerated, consideration can be made to switch to a second-generation BTK 
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Figure 4 Decision-Making Algorithm for BTK Inhibitor Selection in Previously Untreated CLL/SLL. 
Note: 1BTKi preferred over venetoclax in patients with TP53 mutation. 
Abbreviations: AC, Anticoagulation; mAb, Monoclonal antibody; BTKi, Bruton’s tyrosine kinase inhibitor; CIT, Chemoimmunotherapy; CLL/SLL, Chronic lymphocytic 
leukemia; FCR, Fludarabine, cyclophosphamide, rituximab; IGHV, Immunoglobulin heavy-chain gene; PS, Performance status.
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inhibitor. Zanubrutinib, although not yet FDA-approved in CLL/SLL, is associated with a significantly lower cardiovas-
cular toxicity compared to ibrutinib based on the Alpine study discussed above, and is another reasonable option 
especially for patients with cardiac risk factors.54,59 Zanubrutinib’s absorption is not impacted by the concurrent use 
of anti-acid agents. There does appears to be a higher risk for neutropenia with zanubrutinib compared to ibrutinib.59 

Zanubrutinib will likely become another important option in CLL/SLL if and when it is approved, pending results from 
ongoing trials.

Managing Toxicities of BTK Inhibitors
Cardiovascular Toxicity
Important cardiovascular toxicities of BTK inhibitors include arrhythmia, particularly atrial fibrillation, and hypertension. 
Rare cardiac complications such as ventricular arrhythmia and congestive heart failure have also been reported. Although 
atrial fibrillation is more common with ibrutinib, it can occur with any of the currently FDA-approved BTK inhibitors. It is 
recommended that prior to initiation of therapy, a baseline cardiovascular risk assessment be performed.67 In a retrospective 
review of 168 patients treated with ibrutinib, we have reported that risk factors associated with the development of atrial 
fibrillation during treatment include pre-existing heart failure and left atrial abnormality on electrocardiogram (ECG). These 
factors were independently associated with higher risk of arrhythmia in patients treated with ibrutinib.68 Therefore, it is 
recommended that a baseline ECG and echocardiogram should be obtained prior to initiation of a BTK inhibitor.67,68 Other 
general risk factors for the development of atrial fibrillation include age > 65, hypertension, and prior exposure to cardiotoxic 
chemotherapy, and these factors should also be considered in clinical decision-making.69

Patients who have pre-existing well-controlled atrial fibrillation with CHA2DS2-VASc score of 0–1 and patients 
who are high-risk by cardiac risk assessment can still be considered for initiation of therapy with a BTK inhibitor, 
although second-generation BTK inhibitor would be preferred over ibrutinib in these situations.67 In the setting of 
new atrial fibrillation while receiving treatment with a BTK inhibitor, a risk-benefit assessment of continuation of 
therapy must be performed. The approach for management of atrial fibrillation should be multidisciplinary and 
involve both the treating oncologist and cardiologist. If the newly diagnosed atrial fibrillation is well controlled on 
rate or rhythm control, and the patient low-risk (CHA2DS2-VASc score 0–1), BTK inhibitor may be continued. In 
higher risk patients, especially those with symptomatic atrial fibrillation, BTK inhibitor treatment should be held until 
the atrial fibrillation is controlled, or discontinued completely, depending on risk and severity of the event.67 

Generally, beta-blockers are preferred for rate control in the first-line setting because they are typically well tolerated 
in conjunction with BTK inhibitors. Calcium channel blockers have a CYP3A4 inhibitory effect, which interacts with 
ibrutinib by increasing its circulating level, placing the patient at risk for higher toxicity from the drug. Digoxin also 
interacts with ibrutinib through P-glycoprotein interactions and therefore should be avoided when possible.70 With 
respect to anticoagulation, the decision is made based on clotting risk (CHA2DS2-Vasc score) and bleeding risk 
(HAS-BLED score), similarly to management in patients who are not being treated with a BTK inhibitor. The 
bleeding risk associated with BTK inhibitors should be considered as well. A phase I trial of ibrutinib in CLL/SLL 
reported a fatal subdural hematoma in a patient who was also receiving warfarin, and subsequent BTK inhibitor trials 
generally excluded patients on warfarin. Therefore, the use of vitamin K antagonists in these patients is usually 
avoided.67,71 Direct oral anticoagulants (DOACs) are generally preferred in this setting.70

Hypertension is a reported side effect with the three FDA-approved covalent BTK inhibitors and may develop at any 
time during the treatment. Optimizing pharmacotherapy for control of baseline hypertension prior to treatment initiation 
and close blood pressure monitoring during treatment is crucial.67 A retrospective study of 247 patients at 3 institutions 
treated with ibrutinib identified common practices for treatment of hypertension in patients on ibrutinib. Agents that were 
used successfully with minimal interaction included beta-blockers, diuretics, angiotensin-converting enzyme inhibitors, 
and angiotensin receptor blockers. Calcium channel blockers were used occasionally, although their interaction with 
CYP3A4 should be considered.72
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Bleeding
Bleeding is a toxicity common to all available covalent BTK inhibitors, although does appear to occur more frequently 
with ibrutinib in comparison to the second-generation BTK inhibitors. A comprehensive bleeding risk assessment should 
be performed prior to initiation of therapy, with efforts concentrated on risk reduction and prevention. Patients should be 
cautioned against the use of NSAIDs and inadvertent use of aspirin-containing products. Dual antiplatelet therapy 
(DAPT) increases the risk of major bleeding by 40–50% compared to single antiplatelet therapy, and therefore the use 
of BTK inhibitor in this setting is not advised. Patients with a recent coronary artery stent requiring DAPT may benefit 
from delaying the start of BTK inhibitors, if possible, until DAPT is no longer required. Low-dose aspirin should also be 
used judiciously in these patients. Patients with low or moderate cardiovascular risk who are on a prophylactic low-dose 
aspirin should consider discontinuing aspirin if starting treatment with a BTK inhibitor. For patients with high 
cardiovascular risk, single antiplatelet therapy with low-dose aspirin is acceptable. For patients requiring concurrent 
anticoagulation, as discussed above, vitamin K antagonists are generally avoided, and DOACs or low-molecular weight 
heparin is preferred. In the event of a planned invasive procedure, evaluate the risks and benefits of withholding ibrutinib 
for 3 to 7 days prior to and after the surgery, depending on the procedure type and risk of bleeding. In the case of 
unplanned procedures, if the bleeding risk is high, preventative perioperative platelet transfusion may be considered.73

Low-grade bleeding (grade 0–2) can be managed with supportive care and by temporarily holding ibrutinib. 
Patients with high-grade bleeding (grade 3–4) requiring hospitalization and blood transfusion should have their BTK 
inhibitor held, and consider platelet transfusion. It should be noted that ibrutinib may still inhibit transfused platelets 
if given within 3–4 hours of transfusion, reinforcing the importance of holding the drug in the case of severe 
bleeding.73

Other Common Toxicities
Other common toxicities include infection, cytopenia, and diarrhea. Diarrhea is generally mild and transient, and is 
managed with supportive care and antimotility agents. Evening dosing of ibrutinib may also be helpful to mitigate 
symptoms. Ibrutinib should be held in the event of grade ≥3 diarrhea. In the case of a severe infection, the BTK inhibitor 
should be held until the start of clinical improvement, and typically can be safely resumed once the infection has 
resolved. Cytopenias may occur with BTK inhibitor treatment and therefore blood counts should be regularly mon-
itored. Dose reduction should be considered for recurrent treatment-related adverse events according to product 
information.

Pseudo-Richter Transformation
Although not technically a toxicity, there is a reported phenomenon referred to as Pseudo-Richter transformation that can 
occur upon temporary holding of ibrutinib for surgery or acute illness. Clinicians should be aware that apparent clinical 
progression with lymphadenopathy, lymphocytosis, or progressive cytopenia may occur upon holding ibrutinib. In some 
cases, tissue biopsy may show evidence of large cell lymphoma suggesting Richter transformation. We reported a case 
series of such phenomenon when upon resuming ibrutinib, clinical signs and symptoms resolved, and the pseudo-large 
cell transformation regressed on repeat tissue biopsy.74 Therefore, when Richter transformation developed while being 
temporarily off BTK inhibitor treatment, resumption of BTK inhibitor treatment should be attempted first to see if the 
transformation may regress, avoiding the need for conventional intensive chemotherapy.

Overcoming Resistance: Third Generation, Non-Covalent-Binding BTK 
Inhibitors
Despite overall improved outcomes with BTK inhibitors in CLL/SLL, patients may eventually develop resistance to 
covalent BTK inhibition, and outcomes for these patients were historically poor in the relapsed/refractory setting.75 

Resistance can occur through multiple mechanism, although the most common is a BTK mutation substituting the cysteine 
481 (C481) residue with an alternative amino acid, commonly serine. This leads to loss of the covalent bond between the 
covalent BTK inhibitor and the BTK kinase domain.12 Therefore, resistance to one covalent BTK inhibitor confers 
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resistance to all other covalent BTK inhibitors, and there is no rationale to switch between first- and second-generation BTK 
inhibitors after progression of disease on treatment. Novel third generation, non-covalent binding BTK inhibitors are being 
developed with the goal of overcoming resistance to covalent BTK inhibitors. The non-covalent BTK inhibitors do not 
require stabilization from the C481 amino acid with the ATP binding domain, and therefore these BTK inhibitors can 
continue to inhibit the kinase in the presence of a BTK C481 mutation.12 Pirtobrutinib is a novel non-covalent BTK 
inhibitor currently being evaluated for the treatment of R/R CLL/SLL after a first- or second-generation BTK inhibitor.76 

Updated results from the phase I/II BRUIN study of pirtobrutinib in 323 patients with R/R CLL/SLL were recently 
presented at ASH 2021. 86% of patients had received therapy with a prior BTK inhibitor, and all patients had received at 
least two prior lines of therapy. At a median follow-up time of 6 months, the ORR was 63%, and responses appeared to 
deepen over time, with an ORR of 86% among patients with at least 10 months of follow-up. Toxicity profile interesting 
appears quite favorable, with no significant cardiac or bleeding events reported.76 ARQ 531 is another non-covalent BTK 
inhibitor under investigation in R/R lymphoid malignancy including CLL, with phase I data suggesting anti-tumor activity 
as single-agent therapy, and a manageable safety profile.77 Further data will be necessary to confirm long-term efficacy and 
safety, however there is good initial evidence that novel non-covalent agents may represent an important therapeutic option 
in patients who develop resistance to covalent BTK inhibitors.

Conclusion
BTK inhibitors have become an important treatment option in the frontline and R/R setting in CLL/SLL. Determining which 
patients will benefit most from BTK inhibitors and selecting the most appropriate agent in an individualized manner requires 
careful considerations of disease and patient comorbidities. Monitoring and management of potential adverse effects is 
important for the safe long-term use of BTK inhibitors. Resistance to covalent BTK inhibitors might be overcome by non- 
covalent novel BTK inhibitors. Novel combinations of BTK inhibitors + venetoclax +/- anti-CD20 mAb are currently under 
investigation and may further expand the role of BTK inhibitors in the treatment of CLL/SLL in the future.78–80
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