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Abstract
Purpose of Review  The treatment of Waldenström macroglobulinemia (WM) has evolved over the past decade. With the 
seminal discoveries of MYD88 and CXCR warts, hypogammaglobulinemia, infections, and myelokathexis (WHIM) muta-
tions in WM cells, our understanding of the disease biology and treatment has improved. The development of a new class 
of agents, Bruton tyrosine kinase inhibitors (BTKi), has substantially impacted the treatment paradigm of WM. Herein, we 
review the current and emerging BTKi and the evidence for their use in WM.
Recent Findings  Clinical trials have established the role of covalent BTKi in the treatment of WM. Their efficacy is com-
promised among patients who harbor CXCR4WHIM mutation or MYD88WT genotype. The development of BTKC481 mutation-
mediated resistance to covalent BTKi may lead to disease refractoriness. Novel, non-covalent, next-generation BTKi are 
emerging, and preliminary results of the early phase clinical trials show promising activity in WM, even among patients 
refractory to a covalent BTKi.
Summary  Covalent BTK inhibitors have demonstrated meaningful outcomes in treatment-naïve (TN) and relapsed refractory 
(R/R) WM, particularly among those harboring the MYD88L265P mutation. The next-generation BTKi demonstrate improved 
selectivity, resulting in a more favorable toxicity profile. In WM, BTKi are administered until progression or the develop-
ment of intolerable toxicity. Consequently, the potential for acquired resistance, the emergence of cumulative toxicities, and 
treatment-related financial burden are critical challenges associated with the continuous therapy approach. By circumvent-
ing BTK C481 mutations that alter the binding site to covalent BTKi, the non-covalent BTKi serve as alternative agents in 
the event of acquired resistance. Head-to-head comparative trials with the conventional chemoimmunotherapies are lack-
ing. The findings of the RAINBOW trial (NCT046152), comparing the dexamethasone, rituximab, and cyclophosphamide 
(DRC) regimen to the first-generation, ibrutinib are awaited, but more studies are needed to draw definitive conclusions on 
the comparative efficacy of chemoimmunotherapy and BTKi. Complete response is elusive with BTKi, and combination 
regimens to improve upon the efficacy and limit the treatment duration are also under evaluation in WM.

Keywords  IgM lymphoplasmacytic lymphoma · MYD88 mutation · CXCR4 mutation · Monoclonal gammopathy · 
Lymphoproliferative disorder

Introduction

Waldenström macroglobulinemia (WM) is a rare indolent, 
low-grade B cell lymphoma that accounts for 1–2% of hema-
tologic malignancies and is characterized by lymphoplas-
macytic infiltration of the bone marrow and circulating 
monoclonal immunoglobulin M (IgM) [1]. The incidence is 
approximately three per million people per year, with nearly 
1,400 new cases diagnosed in the United States annually 
[2]. WM is a disease affecting the elderly, with the median 
age at diagnosis being 70 years [3]. The incidence increases 
with age and is more common in Caucasian men [1, 4]. Like 
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other low-grade lymphoproliferative malignancies, WM is 
currently an incurable disease. However, with the advent of 
new treatments, the median overall survival (OS) of patients 
with WM has improved in recent years [5].

Although the exact etiology of WM remains unclear, 
whole-genome sequencing (WGS) has identified important 
pathogenic mutations. A commonly recurrent somatic vari-
ant (T → C) at position 38,182,641 in chromosome 3p22.2 
that harbors the myeloid differentiation factor 88 (MYD88) 
gene was identified in WM [6]. The variant leads to an 
amino acid change from leucine to proline (L265P) in the 
MYD88 structure. MYD88 is an adaptor protein that dimer-
izes upon interaction with the activated toll like receptor 
(TLR) and IL-1 receptor and facilitates cross talk between 
TLR and the B cell receptor. The MYD88L265P mutation 
affects the toll/interleukin-1 receptor (TIR) domain of the 
MYD88 protein and leads to its constitutive activation. As 
a result, a myddosome complex spontaneously forms and, 
in turn, activates downstream pro-survival signals through 
transcription factors, including nuclear factor κB (NF-κB) 
via Bruton’s tyrosine kinase (BTK) and IL-1R-associated 
kinase-1 (IRAK1) activation as well as hematopoieses cellu-
lar kinase (HCK) transactivation [7–9]. While not exclusive 
to WM, the MYD88L265P mutation has been identified in over 
90% of patients with WM [6, 8]. BTK activation addition-
ally results in phosphorylation of phospholipase C gamma 
2 (PLCγ2) triggering calcium flux and gene transcription 
regulation.

The other somatic mutation(s) frequently involved in the 
pathogenesis of WM affects the C-terminal domain of the 
C-X-C chemokine receptor type 4 (CXCR4), also known 
as Fusin or CD184, encoded by the CXCR4 gene [10]. This 
alteration is similar to the germline mutation in the CXCR4 
gene of the patients with WHIM (warts, hypogammaglobu-
linemia, infections, and myelokathexis) syndrome [11, 12]. 
Over 40 CXCR4 mutations have been identified. These muta-
tions are present in 23% to 40% of patients with WM [10, 
13, 14] and may be either nonsense (CXCR4NS) or frameshift 
(CXCR4FS) type. Nonsense mutation results in a truncated 
receptor protein associated with the loss of the regulatory 
serines which leads to persistent upregulation of the trans-
membrane CXCR4 receptor due to lack of its internalization. 
Consequently, sustained downstream activation of the AKT 
and ERK signaling pathways occurs [11].

The clinical presentation can be vastly variable in patients 
with WM [15]. Clinical features of WM may include anemia, 
thrombocytopenia, lymphadenopathy, hepatosplenomegaly, 
peripheral neuropathy, hyperviscosity, and cryoglobulinemia 
[16]. Given the heterogeneous clinical presentation, we eval-
uate and diagnose patients with WM by utilizing the Mayo 
Stratification of Macroglobulinemia and Risk-Adapted Ther-
apy (mSMART) Guidelines and the Second International 
Workshop on WM (IWWM) consensus criteria to initiate 

therapy [17–19]. The absence of symptomatic disease or 
end-organ damage, as observed in smoldering WM (SWM), 
requires careful observation. The median time from SWM 
to symptomatic WM has been estimated to be 5 to 10 years 
[20]. However, the progression risk in SWM is affected by 
several prognostic factors [21–24]. Therefore, validated 
scoring systems can help stratify asymptomatic patients with 
WM based on the risk of progression to symptomatic dis-
ease [22]. More recently, the Mayo Group proposed a simple 
model to predict the time-to-progression to active (sympto-
matic) disease based on hemoglobin and beta-2 microglobu-
lin values obtained at the diagnosis of SWM [25•].

Symptomatic patients who require treatment are risk-
stratified as either low, intermediate, or high, based on 
the International Prognostic Scoring System for WM 
(IPSSWM). The level of risk is based on the patient’s age, 
beta-2-microglobulin, hemoglobin, platelet, and IgM lev-
els [26]. In recent years, more staging systems have been 
proposed and the treatment of WM has evolved [27, 28]. 
There are currently several treatment options for treatment 
naïve (TN) and relapsed/refractory (R/R) WM patients. 
Since WM still remains incurable, its treatment is aimed at 
controling symptoms, preventing further end-organ dam-
age, and maximizing the quality of life.

The choice of therapy should be guided by the WM-
associated complications and symptomology, genomic fea-
tures, patient co-morbidities, access to novel therapies, and 
patient preference [29]. Treatment options include fixed-
duration chemoimmunotherapy regimens like bendamus-
tine plus rituximab (BR), or dexamethasone, rituximab, 
and cyclophosphamide (DRC) both of which have high 
response rates in both TN and R/R WM, although BR was 
more effective in retrospective series [30–33]. Also, pro-
teasome inhibitors like bortezomib, carfilzomib, and ixa-
zomib, in combination with rituximab, have been shown 
in prospective studies to be effective with high response 
rates [34–39]. Despite the efficacy of conventional chemo-
immunotherapy and proteasome inhibitor-based regimens, 
additional novel therapies with substantial efficacy have 
emerged as alternative options. Chiefly, the development 
and utilization of BTK inhibitors (BTKi) have revolution-
ized the management of WM.

BTK, a member of the tyrosine-protein kinase (TEC) 
family, is a cytoplasmic, non-receptor tyrosine kinase, 
encoded by a gene located on the X chromosome and 
expressed in most cells of hematopoietic lineage [40]. In 
X-linked agammaglobulinemia, an antibody deficient state, 
characterized by marked immunodeficiency, the pre-B cells 
fail to mature because of the mutated BTK gene, leading 
to recurrent bacterial infections. BTK plays a central role 
in signaling cascades responsible for B-cell differentiation, 
proliferation, and survival [41, 42]. It also plays an integral 
role in cytokine receptor pathways.
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The development and utility of BTKi in WM paralleled 
the discovery and a deeper understanding of the underlying 
recurrent somatic mutations that play a crucial role in the 
disease. Activation of BTK occurs secondary to constitutive 
activation of the upstream proteins, including the frequently 
occurring MYD88L265P mutation [9]. By impairing crosstalk 
between MYD88 and BTK, BTKi interferes with the criti-
cal survival pathways of WM cells [43]. Hence, BTK has 
become a promising therapeutic target in WM.

Currently, there is no standard therapy for WM and there 
are limited data from randomized trials comparing different 
treatment approaches. The approach to herapy selection is 
based on consensus treatment recommendations as proposed 
by the mSMART and the 10th IWWM  Guidelines [18, 44].

In 2015, ibrutinib, the first-in-class BTKi, was approved 
by the United States Food and Drug Administration (FDA) 
and the European Medicine Agency (EMA). While the FDA 
label was broader for its use among TN and R/R patient 
populations, the EMA recommended it as a single agent 
for patients who have received at least one prior therapy 
or in first-line treatment for patients unsuitable for chemo-
immunotherapy. Subsequently, a confirmatory phase 3 trial, 
the iNNOVATE study, led the regulatory bodies to approve 
ibrutinib in combination with rituximab. Since then, the 
second-generation, covalent BTKi, like acalabrutinib and 
zanubrutinib, have been evaluated in prospective clinical tri-
als and an additional third-generation, non-covalent BTKi, 
pirtobrutinib, has shown promising activity as well.

While all BTKi share a common target, they differ con-
siderably. Although both the first and second-generation 
BTKi bind covalently to the exposed cysteine 481 residue 
of BTK, thereby irreversibly inhibiting the BTK enzyme, 
the second-generation BTKi have higher specificity, with 
an improved adverse effect (AE) profile. By contrast, the 
emerging third generation BTKi have shown to overcome 
acquired covalent BTKi-induced resistance and may even-
tually show a superior efficacy and toxicity profile. Each 
BTKi was developed with the aims of improved tolerability, 
selectivity, and outcomes. This review outlines the different 
BTKi currently used or under investigation for the treatment 
of both TN and R/R WM.

Covalent BTKi

Ibrutinib (Formerly PCI‑32765)

Ibrutinib is a first-generation BTKi that forms an irrevers-
ible covalent bond with the cysteine residue at position 
481 (Cys-481) within the ATP-binding domain of the BTK 
enzyme [45], thereby inhibiting its kinase activity, caus-
ing prolonged target inhibition, and ultimately inducing its 
degradation. However, it has activity against at least nine 

other kinases with a cognate cysteine, including interleu-
kin-2 inducible T-cell kinase (ITK), Tec protein tyrosine 
kinase (TEC), B-lymphoid tyrosine kinase (BLK), and Janus 
kinase 3 (JAK3), as well as epidermal growth factor recep-
tor (EGFR) and human epidermal growth factor receptor 
2 (HER2) [45]. The IC50 against EGFR, ITK, TEC and 
HER2 and 4 of ibrutinib is substantially lower than that of 
the second-generation BTKi for the respective enzymes. It 
is rapidly absorbed and eliminated after oral administration, 
with a time to peak concentration of 1–2 h and half-life (t1/2) 
of 2–3 h. The recommended dose for WM is 420 mg once 
daily until the disease progresses or unacceptable toxici-
ties. Its bioavailability is doubled when taken with a meal. 
Ibrutinib is metabolized by hepatic cytochrome P450 (CYP) 
3A enzyme and to a minor extent CYP2D6 [46]. Therefore, 
drug interruption or dose modifications are required when 
potent CYP3A inhibitors (e.g., protease inhibitors, antifun-
gals (azoles), and macrolides) which increase the ibrutinib 
level or inducers (e.g., carbamazepine, phenytoin, rifampin, 
and St. John's wort) which decrease the ibrutinib level, are 
co-administered, or in the case of hepatic impairment [46]. 
Foods to avoid with the use of ibrutinib include Seville 
orange, starfruit, and grapefruit [47].

Ibrutinib has also shown efficacy in Bing–Neel syndrome 
(BNS), a rare central nervous system (CNS) complication of 
WM, as it crosses the blood–brain barrier [48]. The optimal 
dose for BNS has not been identified but a higher dose of 
560 mg may be required for disease control [49••]. A mul-
ticenter study enrolled 28 patients with BNS who received 
ibrutinib. At best response, 85% of patients had improve-
ment or resolution of their symptoms, 83% showed improve-
ment in the radiological abnormalities, and 47% had cleared 
the disease in the cerebrospinal fluid [49••].

Table 1 summarizes the clinically significant data on 
ibrutinib in patients with WM. In a phase I study, 54% of 
patients with B-cell malignancies, including three of four 
previously treated WM patients had an objective response 
[56]. Subsequently, a multicenter phase II study of Ibrutinib 
monotherapy in symptomatic R/R WM reported an overall 
response rate (minor response or better) (ORR) of 90.5% and 
a major response rate (partial response or better) (MRR) of 
73% [50]. The 2-year and 5-year progression-free survival 
(PFS) rates were 69% and 54%, respectively [57].

The iNNOVATE trial, a double blind phase III study eval-
uated the use of ibrutinib in combination with rituximab in 
patients with TN and R/R WM [58••]. Rituximab 375 mg/
m2 IV was given weekly during weeks 1–4 and 17–20. A 
total of 150 patients were randomized to rituximab-ibru-
tinib (n = 75) or rituximab-placebo (n = 75). Patients in 
the rituximab-placebo arm were allowed to cross over to 
receive single-agent ibrutinib upon disease progression. In 
the final analysis, after a median follow-up of 50 months, 
the 54-month PFS rate was higher with rituximab-ibrutinib 
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compared to the control arm (68% vs. 25%; median not 
reached vs. 20.3 months) [53]. Median OS was not reached 
in either arm. The ORR was higher with rituximab-ibrutinib 
compared to the control arm (92% vs. 44%) [53]. The iNNO-
VATE trial demonstrated a 75% reduction and risk of disease 
progression or death with ibrutinib-rituximab (HR 0.25, 95% 
CI 0.15–0.42) and a significantly higher rate of PFS than the 
use of placebo-rituximab in both patients with TN and R/R 
WM [52, 53, 59]. There are currently no head-to-head trials 
comparing ibrutinib monotherapy to ibrutinib-rituximab. 
The lack of an ibrutinib monotherapy arm and the use of 
a suboptimal control (single-agent rituximab) were major 
criticisms of this study.

Targeted genetic testing for MYD88 L265P muta-
tion (by allele -specific PCR) and CXCR4 C-terminal 
alterations to detect well-characterized hotspot muta-
tions c.1013C > G/A, p.S338X (examined using bridged 
nucleic acids clamped Sanger sequencing with an ana-
lytic sensitivity of 1% at Mayo Clinic) and routine Sanger 

sequencing for other mutations (analytic sensitivity 20% 
at Mayo Clinic) are recommended before treatment ini-
tiation as these mutations predict response to ibrutinib, 
as well as other BTKi, in general. Treon et al. demon-
strated a substantial difference in ORR and MRR in 
patients with MYD88L265P/wild-type (WT) CXCR4, 
MYD88L265P/CXCR4WHIM, and MYD88WT mutations; the 
MRR was 62% in patients with MYD88L265P/CXCR4WHIM 
and 92% in those with MYD88L265P/CXCR4WT, whereas 
no major response was observed in patients with 
MYD88WT/CXCR4WT genotype [71]. In a recent long-
term follow-up of this study with ibrutinib monother-
apy in R/R WM patients, a similar effect was persis-
tently observed; ORR was higher among patients with 
MYD88L265P/CXCR4WT (100%) and lowest for those with 
MYD88WT/CXCR4WT (50%) [57]. The median PFS was 
4.5 years for MYD88L265P/CXCR4WHIM compared with 
MYD88L265P/CXCR4WT which was not reached and merely 
0.4 years for those with MYD88WT/CXCR4WT [57].

Table 1   Data from clinical trials of ibrutinib in patients with Waldenström Macroglobulinemia

ORR Overall response rate; MRR Major response rate; PFS Progression-free survival; OS Overall survival; TN Treatment-naïve; R/R Relapsed/
refractory; EHA European Haematology Association

Study Phase Treatment Patients (n) Outcomes

Advani et al. [44] I Ibrutinib 4 R/R 75% achieved response 
and continued to have 
response at 4 years

Treon et al. [50] II Ibrutinib 63 R/R ORR – 90%
MRR – 79%
PFS –69% at 24 months
OS – 95% at 24 months

Treon et al. [51] II Ibrutinib 30 TN MYD88L265P ORR – 100%
MRR – 83%
PFS – 92% at 18 months
OS -100% at 18 months

Dimopoulos et al. (iNNOVATE) [52] III Ibrutinib 31 R/R
(rituximab refractory)

ORR – 90%
MRR – 71%
PFS – 86% at 18 months
OS – 97% at 18 months

Dimopoulos et al. [53] III Ibrutinib-rituximab 75 TN and R/R ORR – 92%
MRR – 72%
PFS – 68% at 54 months
OS – 86% at 54 months

Tam et al. (ASPEN) [54, 55••] III Ibrutinib 99
(18 TN; 81 R/R)

ORR – TN: 89%; R/R: 
94%

MRR – TN: 67%; R/R: 
80%

PFS – TN: 94% at 
18 months; R/R: 82% 
at 18 months

OS—93% at 18 months
Updated at EHA Con-

gress 2022: PFS at 
42 months 70%

OS at 42 months 85% for 
entire cohort
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The MYD88L265P mutation, therefore, serves as a favora-
ble predictive marker in patients with WM treated with ibru-
tinib. Alternative treatment options should be considered in 
patients with MYD88WT. The subclonal CXCR4 mutation(s) 
is also a predictive marker and confers resistance to ibru-
tinib. It is therefore imperative to check for the presence 
of MYD88L265P and CXCR4 mutations before subjecting a 
patient to indefinite ibrutinib monotherapy [72]. Interest-
ingly, the final analysis of the ibrutinib plus rituximab versus 
placebo plus rituximab study, demonstrated clinical benefit 
with ibrutinib-rituximab, independent of MYD88 mutational 
status. Among the CXCR4WT population, the ibrutinib-ritux-
imab doublet showed similar PFS rates, irrespective of the 
MYD88 mutation status (54-month PFS rate, 70% and 72% 
in MYD88WT and MYD88mutant sub-populations, respec-
tively), but those with double mutations showed a numeri-
cally lower rate at 63% [53]. The next-generation sequencing 
panel used for genotyping in the iNNOVATE trial was, how-
ever, less sensitive, raising questions about the accuracy of 
its results that showed equivalent efficacy of IR irrespective 
of the presence of unfavorable genotypes that known to be 
associated with poor outcomes with ibrutinib monotherapy.

The AE of ibrutinib may be partly a result of its off-tar-
get effects. Common AE include diarrhea, rash, cytopenias, 
infections, arrhythmias, and bleeding [73, 74]. Long-term 
follow-up studies of patients on ibrutinib monotherapy in 
R/R WM and R/R CLL/SLL have demonstrated a similar 
incidence rate (12%) of atrial fibrillation (AFib) [57, 75]. A 
meta-analysis comparing the risk of AFib in patients treated 
with ibrutinib versus comparator drug showed a pooled rela-
tive risk of 3.9 (95% CI, 2.0–7.5) [76]. The rate of AFib on a 
pooled analysis of 20 studies was 3.3/100 person-years [76]. 
The underlying mechanism of AFib is potentially through 
inhibition of TEC, ERBB1, and ERBB2 in the heart tissue, 
which leads to downregulation of PI3K/AKT signaling [77]. 
A more recent study demonstrated with a mouse model that 
ibrutinib-mediated AFib is also attributable to its inhibition 
of C-terminal Src Kinase (CSK) [78]. Suppressing CSK 
leads to increased inflammation and fibrosis predisposing 
to AFib [78]. Treatment discontinuation due to new-onset 
Afib is generally not required, but patients should receive 
cardiology consultation and appropriate anticoagulation 
prophylaxis [79]. Table 2 reviews the management of select 
common AE of BTKi.

In clinical trials, ibrutinib is associated with approxi-
mately 50% risk of bleeding, and most of these events are 
grade 1–2 bleeding (petechiae and contusion). In an analy-
sis of four randomized clinical trials, compared to the con-
trol treatments, ibrutinib was associated with an increased 
relative risk of 2.93 (95% CI, 1.14–7.52) of bleeding [82, 
83]. For this reason, perioperative interruption of ibrutinib 
is advised for 3–7 days, depending on the type of surgical 
intervention. Another integrated analysis examined the risk 

of major hemorrhage with the concomitant use of anticoagu-
lation and/or antiplatelets (AC/AP) [88]. Major hemorrhage 
was defined as grade > 3 bleeding, serious bleeding, or any 
CNS hemorrhage [88]. The exposure-adjusted relative risk 
for a major hemorrhage was 1.9 (95% CI, 1.2–3.0) for the 
total ibrutinib-treated population [88]. Ibrutinib affects the 
platelet function and thrombus formation by interfering with 
integrin signaling and von Willebrand signaling cascade [89, 
90]. At the molecular level, the mechanism is likely due to 
the off-target inhibition of TEC or Src family kinases (SFKs) 
[91]. In the iNNOVATE trial, the combination of ibrutinib 
with rituximab did not result in a substantial variation in 
the AE profile [59]. Interestingly, patients in the ibrutinib-
rituximab arm experienced fewer infusion-related reactions 
compared to the control arm [59]. This observation has been 
attributed to reduced cytokine release because of the simul-
taneous use of ibrutinib [92].

Although the rates were low in clinical trials, since ibru-
tinib’s initial approval there have been multiple reports of 
opportunistic infections in patients primarily with CLL 
caused by pneumocystis jirovecii, Cryptococcus neoformans, 
ubiquitous airborne filamentous fungi (Aspergillus) [60, 93, 
94]. There are limited data to support the use of systemic 
antifungal prophylaxis in all patients on ibrutinib or any 
BTKi currently though an increased awareness about the 
potential risk of an invasive fungal infection after initiating 
a BTKi is warranted.

A recent study from Mayo Clinic investigating ibrutinib 
monotherapy in patients with WM outside of the clinical 
trial setting reported overall outcomes that appeared to be 
comparable to prior clinical trials; 18% of patients required 
a dose reduction and 21% discontinued ibrutinib for rea-
sons other than disease progression [95] Abrupt ibrutinib 
discontinuation may result in IgM rebounding, with rates 
between 20 and 70% [47, 95, 96]. This phenomenon should 
not be mistaken for disease progression. Of note, the serum 
IgM increase may persist for several weeks after resuming 
ibrutinib and does not necessarily indicate treatment failure 
[97]. The exact mechanism behind IgM rebounding has not 
been fully elucidated. However, it is known that the signal 
transducer and activator of transcription 5A (STAT5A) has 
been shown to regulate IgM secretion in WM [98, 99] and is 
a substrate of BTK. BTK activates STAT5 signaling, result-
ing in increased IgM secretion by WM cells. Inhibition of 
STAT5 by ibrutinib significantly decreases IgM production. 
Therefore, it is believed that stopping ibrutinib results in 
IgM rebound.

Additionally, ibrutinib suppresses inflammatory cytokines 
and downregulates T-cells and macrophages. In a retrospec-
tive study of 114 patients on ibrutinib in whom this drug 
was held for the first time for a variety of reasons, nearly 
20% experienced withdrawal symptoms within a median of 
2 days (range 0–5 days), characterized by fever, body aches, 
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night sweats, arthralgias, chills, headache, and fatigue, with 
a third of patients also exhibiting features of disease pro-
gression. The symptoms resolved promptly with resump-
tion of therapy and were associated with an improvement in 
IgM level to baseline (within a median of 5 months) among 

those that had concurrently experienced IgM rebound. Low 
dose prednisone (10 mg PO BID) was successfully used 
as a mitigation strategy among few patients. Interestingly, 
patients achieving deep remissions or harboring CXCR4 
WT genotype were more likely to experience the withdrawal 

Table 2   Management of the most common adverse effects

AFib Atrial fibrillation; CV Cardiovascular; BTKi Bruton tyrosine kinase inhibitor; CCB Calcium channel blocker; LMWH Low molecular 
weight heparin; DOAC Direct oral anticoagulants; OTC Over the counter

Toxicity Management strategies

Arrhythmias including atrial fibril-
lation and ventricular arrhythmias 
[80, 81]

• Before starting a BTKi assess baseline CV risk factors, obtain an EKG. If a history of poorly controlled 
AFib, consider an alternative. Risk factors for AFib in cases treated with ibrutinib are as follows:

• Older age (≥ 65), male sex, hypertension, pre-existing cardiac disease, history of AFib, diabetes mel-
litus, valvular heart disease, and p mitrale

• Patients on a BTKi should be instructed to remain vigilant regarding the appearance of symptoms such 
as palpitations, lightheadedness/presyncope, new-onset shortness of breath, chest pressure, etc., and to 
seek medical care

• New-onset AFib on BTKi –› obtain cardiology consultation, determine CHA2DS2-VASc score and 
HAS-BLED score, for risk–benefit assessment

• Initiate appropriate rate or rhythm control with consideration of potential drug-drug interactions. Beta-
blockers are preferred over non-dihydropyridine CCB (verapamil and diltiazem) due to their CYP3A4 
inhibition or amiodarone since it is a P-glycoprotein substrate

• Anticoagulation is best managed with either low-dose apixaban (given CYP3A4 interaction) or a regu-
lar dose of enoxaparin. Avoid vitamin K antagonists, fish oil, Vitamin E, and NSAIDs

• Stop therapy permanently with ventricular arrhythmias
Rash • Typically resolves with corticosteroids
Bleeding [82–84] • If possible, attempt to complete all necessary procedures prior to therapy initiation

• Consider another therapy other BTKi if dual antiplatelet therapy is indicated
• If on therapy, hold BTKi for 3 days or 7 days before and after minor or major procedures, respectively
• Minor bleeding –› holding BTKi should resolve bleeding tendency in 2–3 days
• Severe bleeding –› initiate supportive care, hold BTKi, and transfuse platelets as appropriate even in 

the absence of thrombocytopenia
• Decision to resume BTKi in the setting of a bleed is dependent on ongoing risk and disease status
• Educate patients with bleeding to avoid OTC supplements that can increase bleeding risk like non-

steroidal anti-inflammatory drugs, vitamin E, and fish oil
• Bruising is commonly seen but does not relate to an increased risk of major hemorrhage and cessation 

of therapy is not necessary
• Consider switching to LMWH or DOAC if a patient is on warfarin

Infection • Fevers and signs of infection while on BTKi therapy should prompt consideration of an infection, 
including opportunistic infections like Aspergillus and Pneumocystis jiroveci pneumonia, and a com-
plete workup should be completed

• Consider holding BTKi until a definitive diagnosis is determined
• Initiate appropriate antimicrobial therapy based on the isolated microorganism
• Obtain infectious disease consultation if the diagnosis remains elusive despite persistent clinical suspi-

cion for infection or in the setting of confirmed invasive fungal infections. as
• Resumption of BTKi should be considered after clinical improvement from infection and when 

deemed appropriate by the patient’s providers
Diarrhea [85••] • Commonly occurs early in treatment (first 6-months) and is generally self-limiting

• Grade 1/2–› supportive care, and antimotility agents. Consider switching ibrutinib from AM to PM or 
zanubrutinib from twice daily to a single dose at night

• Grade ≥ 3–› consider temporary withholding of BTKi and rule-out enteric pathogens
Hypertension [85••] • Among patients with baseline hypertension, optimize blood pressure control before BTKi initiation

• Routinely monitor blood pressure and commence antihypertensive therapy for new-onset hypertension. 
Avoid non-dihydropyridine CCB

Cytopenias [86, 87] • Generally, improves with time but discontinuation due to cytopenias is infrequent. Growth factors may 
be considered

Headache [63••] • Typically resolves with extended use
• Supportive care and acetaminophen use with or without caffeine
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symptoms, likely a manifestation of release of ibrutinib-
mediated suppression of inflammatory cytokines, including 
TNFα, IL2RA and CXCL13 [100•].

To enhance and optimize the use of ibrutinib in WM, 
clinical trials are underway. Trials examining ibrutinib com-
bination therapies in WM have been recently completed or 
are ongoing (Table 3). A recent study (NCT04273139) study 
shed light on the challenges associated with using ibrutinib 
combination therapy involving treatment-naïve patients with 
WM who received a fixed duration (max 2 years) combina-
tion of ibrutinib and the BCL2 inhibitor, venetoclax (n = 45). 
Four cases of ventricular arrhythmias, including 2 deaths, 
were observed leading to early termination of the trial after 
a median time on therapy for approximately 10 months, and 
a median follow up of 24.4 months. At 24 months, PFS rate 
was 76% and12-month progression after the treatment was 
discontinued was 79% [101•].

Acalabrutinib (Formerly ACP‑196)

Acalabrutinib is a potent oral second-generation BTKi. Like 
its predecessor, ibrutinib acalabrutinib and its active metabo-
lite (ACP-5862) irreversibly inhibit BTK activity by cova-
lently binding to Cys-481 within the ATP-binding domain. 
Acalabrutinib however demonstrates higher selectivity for 
BTK [102]. Unlike ibrutinib, acalabrutinib does not sig-
nificantly inhibit EGFR, ITK, HCK, ERBB2, and JAK3, as 
indicated by kinase selectivity profiling against 395 human 
kinases [102, 103].

Acalabrutinib, is rapidly absorbed. The median time to 
peak is 0.9 h for acalabrutinib and 1.6 h for ACP-5862 [104]. 
The t1/2 is 1 h for acalabrutinib and 3.5 h for ACP-5862. 
The bioavailability of the drug is improved when taken 
under fasting conditions [104]. The primary mechanism of 
metabolism is by CYP3A enzymes, and to a minor extent, by 

Table 3   Ongoing clinical trials of BTK inhibitors in patients with Waldenström Macroglobulinemia

*Terminated early due to poor accrual
** Suspended following fatalities in another similar study of ibrutinib-venetoclax

Intervention Phase Patient population Trial ID

Zanubrutinib, Ixazomib, and Dexamethasone II TN WM NCT04463953
Zanubrutinib II Patients with CLL/SLL, WM, MCL, or MZL intol-

erant to prior ibrutinib / acalabrutinib /
NCT04116437

Lenalidomide and Ibrutinib I Patients with B-cell NHL that has returned or not 
responded to treatment

NCT01955499

Ibrutinib, Bortezomib, Rituximab II TN WM NCT03620903/ECWM-2
Bendamustine, Rituximab and Acalabrutinib II TN WM NCT04624906
Carfilzomib + Ibrutinib vs. Ibrutinib III TN and R/R WM NCT04263480/CZAR-1
APG 2575 (BCL2 inhibitor) ± (ibrutinib + Rituxi-

mab)
Ib/II TN and R/R WM NCT04260217/MAPLE-1

Rituximab and Ibrutinib (RI) vs. Dexamethasone, 
Rituximab, and Cyclophosphamide (DRC)

II/III TN WM NCT04061512/RAINBOW

Ibrutinib + Venetoclax II TN WM NCT04273139
LOXO-338 (BCL2 inhibitor) ± Pirtobrutinib I/II R/R WM + other B cell malignancies NCT05024045
Pirtobrutinib (Expanded Access) II R/R WM + other B cell malignancies NCT05172700
Nemtabrutinib I/II R/R WM + other B cell malignancies NCT03162536
Pevonedistat (NEDD8 inhibitor) and Ibrutinib I R/R WM + other B cell malignancies NCT03479268
NX-5948 (BTK degrader/chimeric targeting mol-

ecule)
I R/R WM + other B cell malignancies NCT05131022

NX-2127 (dual BTK degrader/chimeric targeting 
molecule and immunomodulator with IMiD-like 
properties)

Ia R/R WM + other B cell malignancies NCT04830137

BGB-16673 ((BTK degrader/chimeric targeting 
molecule)

I Patients with previously treated covalent binding 
BTK inhibitor

NCT05006716

HSK29116 (Protac; BTK inhibitor + BTK degrader) Ia/Ib R/R WM + other B cell malignancies NCT04861779
Rituximab, Bendamustine and PCI-32765 (ibrutinib) I R/R WM + other B cell malignancies NCT01479842
Pirtobrutinib Monotherapy, Pirtobrutinib + veneto-

clax
Pirtobrutinib + venetoclax + rituximab

I/II WM, other NHL or CLL intolerant to either ≥ 2 
prior standard of care regimens or have received 1 
prior BTKi -containing regimen

NCT03740529

Pirtobrutinib + venetoclax II R/R WM NCT05734495
Acalabrutinib + Pembrolizumab (KEYNOTE145) Ia/II R/R WM + other B cell malignancies NCT02362035
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the glutathione conjugation and amide hydrolysis, based on 
in vitro studies. Therefore, co-administration of acalabruti-
nib with CYP3A inhibitors should be avoided or dose adjust-
ments should be considered. ACP-5862 is approximately 
50% less potent than acalabrutinib for BTK inhibition [105].

In 2017, acalabrutinib received its first FDA approval for 
its use in R/R MCL through an accelerated approval path-
way based on an open-label, phase II study [106]. Later, 
it has since been approved for use in CLL/SLL. Although 
acalabrutinib has not yet received a formal FDA approval 
for use in WM, a single-arm, multicenter, phase II trial has 
shown promising results. The study included 106 patients 
with either R/R who has received at least one prior therapy 
(n = 92) or was TN (n = 14). The primary endpoint of overall 
response was achieved in 93% of the R/R (n = 86) and TN 
(n = 13) patients. A major response was achieved in 79% 
and 78% in TN and R/R, respectively. The median duration 
of response, PFS, and OS was not reached. The 2-year PFS 
in the TN and R/R cohorts was 90% and 82%, respectively. 
The 2-year OS in the TN and R/R cohorts was 92% and 89%, 
respectively.

Regarding the 36 patients with the MYD88L265P mutation, 
94% (n = 34) achieved an overall response and 78% (n = 28) 
achieved a major response on acalabrutinib. Of 14 patients 
that were MYD88WT, 79% (n = 11) achieved overall response 
and 57% (n = 8) achieved major response [63••]. However, 
this comparison is hindered by the fact that MYD88 muta-
tions were not determined by a validated method; hence 
patients classified as  MYD88WT might have carried an 
occult MYD88 mutation. Based on the available studies, we 
cannot irrefutably determine whether acalabrutinib offers 
any advantage over ibrutinib in treating WM. The median 
follow-up of 27.4 months (IQR 26·0–29·7) is short for an 
indolent disease like WM and for a treatment that is not 
given for a fixed duration, but rather an unlimited period. 
Longer follow-up is needed for assessing the safety of acala-
brutinib in general and in comparison, to ibrutinib. Table 4 
summarizes the clinically significant data of acalabrutinib 
in patients with WM [107].

In theory, acalabrutinib is expected to have fewer AE due 
to its higher selectivity. Based on the current clinical trials 
of acalabrutinib in patients with WM and CLL, the most 
reported AE were grade 1 or 2 and resolved over time [63••, 
103]. In both, the most reported were headaches followed 
by diarrhea (Table 5) [63••, 103]. Like zanubrutinib, and in 
comparison, to ibrutinib, the rate of AFib is low; only 5% 
developed AFib [63••].

Acalabrutinib has shown considerable activity in WM 
when added to the bendamustine-rituximab (BR) chemo-
immunotherapy backbone in the Canadian trial, BRAWM, 
which utilized fixed-duration acalabrutinib, orally for 1 year 
at 100 mg BID (Cycle1-12) overlapping with BR for the 
first 6 cycles [108]. Notably, the rates of infection were high 

although high CR + VGPR rates were also evident; 21/35 
(60%) and 17/21 (81%) among the evaluable subjects who 
had reached months 7 and 12, respectively. Although the 
median follow up is short (6 months), no patient had pro-
gressed or died. These results appear to be superior to acala-
brutinib alone, or to BR, in indirect cross-trial comparisons.

A combination of rituximab and acalabrutinib is currently 
being assessed in patients with anti-MAG-mediated IgM 
peripheral neuropathy [109].

Zanubrutinib (Formerly BGB‑3111)

Zanubrutinib is a highly potent second-generation BTKi. 
Like ibrutinib, zanubrutinib forms an irreversible covalent 
bond with Cys-481 in the ATP-binding domain of BTK, 
resulting in kinase inhibition. Unlike ibrutinib, zanubruti-
nib has less activity on non-BTK kinases, including EGFR 
and TEC [110]. Zanubrutinib is rapidly absorbed after 
oral administration [110]. The mean t1/2 is approximately 
2–4 h, and it is hepatically metabolized by CYP3A [110]. 
In healthy subjects, there was no effect on drug bioavail-
ability when taken with food [110]. The recommended dose 
is 160 mg twice daily (preferred due to more frequently sus-
tained BTK receptor occupancy in the lymphoid tissues) 
or 320 mg once daily for all the currently approved indica-
tions until disease progression or unacceptable toxicities. 
There are no required dose adjustments in mild to moderate 
renal impairment. However, for patients with severe hepatic 
impairment, 80 mg twice daily is recommended [110, 111].

Zanubrutinib received its first approval in the USA in 
2019 for treating previously treated MCL. Subsequently, it 
was FDA-approved for WM in 2021 as primary or salvage 
treatment. Additionally, zanubrutinib is approved for treat-
ing patients with R/R MZL who have received at least one 
anti-CD20-based regimen based on the MAGNOLIA trial 
[112]. Table 4 summarizes the clinically significant data of 
zanubrutinib in patients with WM.

A multicenter phase I/II study was conducted investigat-
ing zanubrutinib in 77 patients with WM who were either 
TN (n = 24) or R/R (n = 53) and had no prior BTKi expo-
sure. The median follow-up was 36 months in R/R patients 
and 24 months in TN patients. A very good partial response 
(VGPR) or complete response (CR) was achieved in 45.2% 
(95% CI 33.5–57.3) and 51% (95% CI, 15.6–55.3) in the TN 
and R/R cohorts, respectively. The proportion of patients 
achieving the best response of VGPR/CR increased with 
treatment duration. Major responses were seen in 82.2% of 
patients. In patients with MYD88L265P/CXCR4WT (n = 39), 
ORR and MRR were 97% and 87%, respectively. In patients 
with MYD88L265P/CXCR4WHIM (n = 11), ORR and MRR 
were 100% and 91%, respectively. The estimated 3-year PFS 
was 81%, and the OS rate was 85% [60].
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A head-to-head phase III ASPEN trial comparing zanu-
brutinib to ibrutinib monotherapy was completed. Patients 
with MYD88L265P were randomly assigned to treatment 
with ibrutinib (n = 99) or zanubrutinib (n = 102) (Cohort 
1).In the final analysis for the trial at 44.4-month median 
follow-up, the MRR and ORR, respectively in each arm 
remained comparable (MRR: 81% with zanubrutinib and 
80% with ibrutinib group; ORR 95% with zanubrutinib 
and 94% with ibrutinib, but the rate of VGPR, the pri-
mary endpoint,was 36% (n = 37) with zanubrutinib and 
25% (n = 25) with ibrutinib, p = 0.07 [54, 55••]. Although 
the median time to ORR or MRR were similar between 

arms, the median time to attainment of VGPR was faster 
for patients on zanubrutinib (6.7 months) compared to 
ibrutinib (16.6 months); Median PFS and OS were not 
reached in either arm but at 42-months the PFS was 78.3% 
in zanubrutinib cohort and 69.7% in the Ibrutinib cohort 
(HR 0.63, 95% CI 0.36–1.12). The OS at 42-months was 
87.5% in Zanubrutinib cohort and 85.2% in the ibrutinib 
cohort (HR 0.75, 95% CI (0.36–1.59). The Cohort 2 of 
ASPEN study analyzed a subset of 26 patients (23 R/R; 5 
TN) who harbored the MYD88WT and received zanubruti-
nib on a until disease progression or unacceptable toxicity. 
At a median follow-up of 44.4 months, 27% achieved a 

Table 4   Data from clinical trials of second and third generation BTK inhibitors in patients with Waldenström Macroglobulinemia

ORR Overall response rate; MRR Major response rate; PFS Progression-free survival; OS Overall survival; TN Treatment-naïve; R/R Relapse/
refractory; BTK Bruton tyrosine kinase; VGPR Very good partial response; CR < Complete response; NR Not reported; EHA European Haema-
tology Association

Study Phase Treatment Patients (n) Outcomes

Trotman et al. [60] I/II Zanubrutinib 77
(24 TN; 53 R/R)

ORR – 96%
MRR – 82%
PFS – 81% at 24 months
OS – 94% at 24 months

An et al. [61] II Zanubrutinib 44 R/R ORR – 76.7%
MRR – 69.8%
PFS – 60.5% at 24 months
OS – 87.8% at 24 months

Tam et al. (ASPEN) [54, 62••] III Zanubrutinib 102
(19 TN; 83 R/R)

ORR – 95%
MRR – 81%
PFS – 78% at 42 months
OS – 88% at 42 months

Owen et al. [63••] II Acalabrutinib 106
(14 TN; 92 R/R)

ORR – TN: 93%; R/R: 93%
MRR – TN: 79%; R/R: 78%
PFS – TN: 90% at 24 months; R/R: 82% at 24 months
OS – TN: 92% at 24 months; R/R: 89% at 24 months

Sekiguchi et al. [64, 65] II Tirabrutinib 27
(18 TN; 9 R/R)

ORR – TN: 94.4%; R/R: 100%
MRR – TN: 94.4%; R/R: 88.9%
PFS – 92.6% at 24 months
OS – 100% at 24 months

Zhou et al. [66•]
Cao et al. [67]

II Orelabrutinib 47 R/R ORR—92%
MRR—81%
PFS—89% at 12 months and 72% at 36 months
OS—94% at 12 months

Dimopoulos et al. (ASPEN Sub-
study) [62••, 68]

III Zanubrutinib 28
(5 TN; 23 R/R)

ORR – TN: 80%; R/R: 81%
MRR – TN: 40%; R/R: 52%
PFS – TN: 60% at 18 months; R/R: 71% at 18 months
OS – TN: 80% at 18 months; R/R: 90% at 18 months

Mato et al. [69••] I/II Pirtobrutinib 26 ORR – 68%
MRR – NR
PFS – NR
OS – NR

Palomba et al. [70] I/II Pirtobrutinib 80 ORR –85%
MRR – 67% (n = 63) among pts exposed to covalent 

BTKi and 88% among covalent BTKi-naïve (n = 17)
PFS – NR (for entire study population); 19.4 months 

for covalent BTKi exposed
OS – NR for entire study population; not reached for 

covalent BTKi exposed
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VGPR (n = 7), 4% achieved CR (n = 1), and 65% achieved 
a major response [55••, 68].

A post-hoc biomarker analysis was performed using 
next-generation sequencing on pretreatment bone marrow 
samples from patients treated with zanubrutinib (n = 98) 
and ibrutinib (n = 92) with MYD88Mut and patients treated 
with zanubrutinib with MYD88WT (n = 20). Patients with 
CXCR4FS or CXCR4NS had lower VGPR rate (17.0% vs 
37.2%, P = 0.020) and longer time to response (11.1 vs 
8.4 months) than CXCR4WT in patients treated with BTKi. 
CXCR4NS was associated with inferior PFS (HR = 3.39, 
P = 0.017) in ibrutinib, but not in zanubrutinib (HR = 0.67, 
P = 0.598), but ≥ VGPR rates were similar between the 
treatment groups (14.3% vs 15.4%). Compared to ibrutinib, 
patients with CXCR4NS who were treated with zanubrutinib 
had a favorable MRR (85.7% vs 53.8%, P = 0.09) and PFS 
(HR = 0.30, P = 0.093). In patients with mutated TP53, sig-
nificantly lower MRR was observed with ibrutinib (63.6% vs 
85.7%, P = 0.04) in comparison to patients who did not have 
this mutation, but not with zanubrutinib (80.8% vs 81.9%, 
P = 0.978). In mutated TP53, compared to ibrutinib, zanu-
brutinib had higher ≥ VGPR (34.6% vs 13.6%, P < 0.05), 
numerically improved MRR (80.8% vs 63.6%, P = 0.11), 
and longer PFS (not reached vs 44.2 months, HR = 0.66, 
P = 0.37). The study showed that WM patients with mutated 
CXCR4 or TP53 in general had had poorer prognosis when 
treated with BTKi. The outcomes in these subpopulations, 
however appeared to be more favorable with zanubrutinib 
versus ibrutinib [113].

The most common AE reported with zanubrutinib are upper 
respiratory infection, contusion, and cough (Table 5) [60]. The 
rate of AFib and major bleeding was low with the use of zanu-
brutinib [60]. In the ASPEN trial, exposure-adjusted grade 1–2 
bleeding incidence was higher among ibrutinib patients [54]. 
Ibrutinib patients experienced a tenfold higher incidence of 
AFib/flutter and a two-fold increased frequency of hyperten-
sion on an exposure-adjusted basis [54]. Lower-grade bleeding 
with zanubrutinib is most likely due to the on-target effect of 
BTK inhibition on platelet function [112]. The relative spar-
ing of other kinases implicated in hemostasis, like TEC, likely 
impacts the reduced incidence and severity of bleeding in com-
parison to ibrutinib [114]. In comparison to ibrutinib, patients 
who took zanubrutinib experienced more than a twofold inci-
dence of any grade (25% vs. 12%) and grade ≥ 3 (20% vs. 8%) 
neutropenia [54]. Despite a higher rate of neutropenia, the risk 
of infections was comparable between ibrutinib and zanubru-
tinib [54]. With a longer follow up, the safety of zanubrutinib 
has become more evident. Atrial fibrillation/flutter rates were 
8% with zanubrutinib versus 24% with ibrutinib, although 
neutropenia rates were higher with zanubrutinib (35% versus 
20%) [55••]. There were 3% and 5% AEs leading to death in 
the zanubrutinib and ibrutinib arms, respectively, while 9% 

of patients on zanubrutinib versus 20% patients discontinued 
therapy due to AEs [55••, 62••].

Tirabrutinib (ONO/GS‑4059)

Tirabrutinib is a potent and selective second-generation 
BTKi that is currently only registered in Japan. Like the 
aforementioned BTKi, tirabrutinib irreversibly and cova-
lently binds to the Cys-481. Compared with ibrutinib, tira-
brutinib has greater selectivity against potential off-target 
enzymes, including EGFR, IRK, and BMX, and lower selec-
tivity for TEC [115]. The combination of tirabrutinib with 
idelalisib, rituximab, and GS-5829 (a BET inhibitor) has 
demonstrated synergistic or additive anti-tumor effects in 
diffuse large B-cell lymphoma (DLBCL) in vitro and/or in 
xenograft models [116–119].

Tirabrutinib is administered orally and in a fasting state 
[120]. The mean t1/2 is about 6.5–8 h [121]. The primary 
mechanism of metabolism is hepatic by CYP3A4. The dose 
administered for WM is 480 mg once daily [64]. There are 
no studies to support dosing adjustments for renal or hepatic 
impairment.

In 2020, tirabrutinib received approval in Japan for use in the 
treatment of R/R primary central nervous system lymphoma 
(PCNLS) and in TN or R/R WM. The initial results of the 
phase II trial conducted in Japan included 27 patients with WM 
(18 TN; 9 R/R). The ORR was 94% and 100% in the TN and 
R/R cohorts with a median follow-up of 6.5 and 8.3 months, 
respectively [122]. The MRR for all the patients was 88.9%. In 
a subsequent update, PFS and OS were not reached at a median 
follow up of 24.8 months. The 2-year outcomes from the phase 
II study were recently published. The 24-month PFS and OS 
were 92.6% and 100%, respectively [65]. The MRR in all the 
patients increased to 92.6% [65]. Of 27 patients, 25 patients 
(96.2%) carried the MYD88L265P mutation, 4 patients (15.4%) 
had CXCR4WHIM, and 3 patients (11.5%) had both CXCR4WHIM 
and MYD88L265P mutations [64].

Tirabrutinib is overall well-tolerated, and the toxicity pro-
file is manageable. The most common any grade AE were 
rash, neutropenia, and leukopenia (Table 5) [65, 121, 122]. 
Treatment-related hypertriglyceridemia was also observed. 
In the phase II trial, six of the 27 patients experienced an 
increase in the serum IgM (IgM rebound phenomenon) due 
to therapy interruption. The bleeding events were similar in 
frequency and severity as seen with ibrutinib [65].

Orelabrutinib

In the US orelabrutinib, another novel small molecule 
BTKi has been granted a Breakthrough Therapy Desig-
nation for the treatment of R/R MCL by the Food and 
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Drug Administration FDA. Its activity is currently being 
explored in B cell malignancies and autoimmune diseases, 
including multiple sclerosis, systemic lupus erythematosus 
and primary immune thrombocytopenia.

A phase 2 trial of orelabrutinib involved patients with 
R/R WM and demonstrated high efficacy (Table 5) [66•]. 
The results were updated after a longer follow up (median 
31.9 months). AEs were similar to those observed with 
other covalent BTKi, and include cytopenias, upper res-
piratory tract infection, weight gain and rash. Hepatitis 
B reactivation associated death was noted in a patient. 
Orelabrutinib is approved by the China National Medical 
Products Administration for the treatment of patients with 
R/R CLL, SLL and MCL [123].

Acquired Resistance to Covalent BTKi

Patients with WM can relapse while on ibrutinib therapy. 
Acquired subclonal mutations in BTK at the binding site 
of ibrutinib (BTKCys481) that are absent before the treat-
ment with ibrutinib, or mutation in the downstream media-
tor, phospholipase C gamma 2 (PLCG2), allowing for the 
circumvention of BTK signaling, have been identified to 
account for some of the progression events in WM patients 
on ibrutinib [124]. The mutation leads to enhanced growth 
and survival through the re-activation of the extracellular 
signal-regulated kinase (ERK)1/2 mitogen-activated pro-
tein (MAP) kinase pathway [125]. ERK1/2 has been dem-
onstrated to reactivate in subclones harboring BTKCys481Ser 
mutation and leads to ibrutinib resistance. [125]. Interest-
ingly, it also confers a protective effect against ibrutinib on 
the neighboring BTK wild-type expressing cells, mediated 
via the release of several prosurvival and inflammatory 
cytokines, including interleukin-6 (IL-6) and IL-10 [125]. 
Alternative drivers for ibrutinib resistance have been iden-
tified and include deletions on chromosome 6q, includ-
ing homozygous deletions, and 8q, mutations in ubiquitin 
ligases, innate immune signaling, toll-like receptor (TLR)/
MYD88 pathway regulators, AKT and Bcl-2 associated 
pathways [126]. Ibrutinib resistance with associated dis-
ease progression or Richter transformation has also been 
demonstrated in patients with CLL and MZL on ibrutinib 
[127–129].

Disease progression due to drug resistance is not unique 
to ibrutinib as this has been identified to be a therapeutic 
downfall in other covalent BTKi although there are cur-
rently no studies specifically demonstrating resistance to 
acalabrutinib or zanubrutinib in WM patients [130–132].

Non‑covalent BTKi

Pirtobrutinib (LOXO‑305)

Pirtobrutinib is a novel, investigational, highly selective, 
reversible BTKi with nanomolar potency against both 
WT and C481-mutated BTK [133]. In preclinical models, 
pirtobrutinib demonstrated minimal off-target kinase and 
non-kinase inhibitory activity [133]. The BRUIN study is a 
first-in-human, multicenter, phase I/II study of pirtobrutinib 
monotherapy in patients with advanced B-cell malignancies 
who had received at least two prior lines of therapy, or one 
prior line of therapy if a covalent BTKi was received as 
first-line therapy (Table 4). Patients were included regard-
less of BTKi exposure status and C481-mutation status. All 
patients received pirtobrutinib orally once daily in 28-day 
cycles until unacceptable toxicity or disease progression 
[69••, 70].

The maximum tolerated dose was not reached during 
phase I since no dose-limiting toxicities were observed. 
The recommended phase II dose was 200 mg once daily. 
The study included a total of 323 patients of which 26 had 
WM [69% (n = 18 patients previously exposed to a BTKi; 
12 discontinued due to progressive disease on BTKi and 
6 due to toxicity/other reasons), 89% to chemotherapy, 
92% to anti-CD 20 antibody and 12% to a BCL2 inhibi-
tor]. Of 19 patients with WM that were efficacy evaluable, 
the ORR was 68% (95% CI 44–87) and the response was 
similar among 13 efficacy evaluable patients with WM 
who had received a covalent BTKi previously (69%, n = 9 
responded). Ten (77%) of 13 responding patients with WM 
remained on treatment with a median follow-up of 5 months 
[69••, 70].

The most frequently observed AE were fatigue, diarrhea, 
contusion, rash and neutropenia. Most AE were grade 1–2 
except for neutropenia with a 6% and 4% of grade 3 and 4, 
respectively. The AE frequently seen with covalent BTKi were 
less frequent with pirtobrutinib and almost exclusively grade 
1–2. Notably, low rates of BTK-inhibition related toxicities, 
including atrial arrhythmias (1%) and major bleeding, were 
observed, although patients with controlled AFib and those on 
concurrent anticoagulation (barring warfarin) and antiplatelet 
agents were allowed to enroll.

Updated data were recently published and presented at 
the American Society of Hematology 2022 Annual Confer-
ence. The cohort increased to include 80 patients with WM, 
of whom 63 (79%) patients had received prior covalent BTKi. 
Of these 63 patients, 41 (65%) were covalent BTKi refractory 
having discontinued it due to disease progression. The results 
are outlined in Table 4 [70].
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Nemtabrutinib (ARQ 531/MK‑1026)

Nemtabrutinib is another potent, reversible, orally adminis-
tered BTKi which binds non-covalently to and inhibits the 
activity of both the C481S WT and C481S-mutated BTK. It 
is less selective and has significant activity on other kinases 
including Src, ERK, and AKT [134]. In addition to inhibit-
ing BTK, nemtabrutinib inhibits signaling downstream of 
PLCG2 which is an alternative pathway to exert therapeutic 
action in B-cell malignancies [134].

A phase I dose-escalation study of nemtabrutinib has 
been completed in 40 patients with R/R B-cell malignancies 
(CLL/SLL n = 26, RT n = 6, DLBCL n = 3, FL n = 4, MCL 
n = 1) (Table 5). The patients received a median of four prior 
treatments and were all previously treated with an irrevers-
ible BTKi. Eighty-five percent of patients with CLL had 
C481S-mutated BTK. The study determined that 65 mg daily 
was the recommended phase 2 dose in patients with evidence 
of efficacy for patients with R/R B-cell malignancies, includ-
ing BTK C481S mutated CLL resistant to covalent BTKi 
[135]. Large studies (NCT04728893, NCT03162536) inves-
tigating BTKi are currently ongoing and include patients 
with WM. The cohort H of NCT04728893 is exclusively 
enrolling patients who are relapsed or refractory to standard 
therapies for WM including chemoimmunotherapy and a 
covalent irreversible BTKi.

While non-covalent BTKi offer an effective alternative 
to the patients whose WM cells are resistant to covalent 
BTKi, recent data suggesting resistance to the non-covalent 
BTKi have emerged from the genomic analyses compar-
ing pretreatment specimens with those obtained at disease 
progression [136]. The BRUIN trial investigators identified 
nine patients among 55 with R/R CLL who were treated 
with pirtobrutinib monotherapy. Seven of these nine patients 
had one or more mutations identified in the kinase domain 
of BTK in regions other than the Cys481 (non-C481 BTK 
mutation) [136]. In the other two patients, mutations in the 
downstream BTK substrate, PLC gamma 2, that permitted 
escape from BTK inhibition, were identified both in pre and 
post-treatment specimens [136].

Conclusion

The treatment landscape of WM has drastically changed 
since the introduction of BTKi. Although BTKi are not 
curative, clinical trials have demonstrated significant activ-
ity in both TN and R/R WM. Ibrutinib’s toxicity profile is 
poorer than the next-generation BTKi and the AE profile and 
acquired resistance have catapulted the emergence of more 
selective agents, with fewer off-target effects, and therapeu-
tic approaches to overcome resistance. The covalent, second-
generation BTKi have demonstrated meaningful outcomes 

and a superior safety profile. However, despite improved 
selectivity, they carry the risk of treatment-emergent AE, 
particularly when given on a continuous basis. In clinical 
practice, selection of the appropriate BTKi should be based 
on the differential toxicity profile and access to the differ-
ent agents of from this class. For example, acalabrutinib 
is generally avoided in patients with headaches. Ibrutinib 
is especially not recommended for patients who have a 
high risk of cardiovascular and cerebrovascular diseases. 
Although studies identifying acquired resistance patterns for 
the second-generation inhibitors are lacking, particularly in 
WM, one would expect BTK mutations to occur with any 
covalent inhibitor that shares the mechanism of action. More 
research is needed in this area. Still, the risk of covalent 
BTKi acquired resistance is a potential drawback that shines 
a light on the value of emerging, novel, non-covalent BTKi.

A proof-of-principal study demonstrated that delayed 
responses with ibrutinib monotherapy in patients with 
mutated CXCR4 may be tackled with the use of ulocu-
plumab, a CXCR4 antagonist, in combination with ibru-
tinib. The combination rapidly led to a major response 
among patients with MYD88Mut and CXCR4Mut WM who 
were BTKi-naïve. Unfortunately, further development of 
ulocuplumab has been halted by its manufacturer. Another 
ongoing phase 1b, open-label, multicenter, single-arm study 
is examining the role of mavorixafor, an oral, small-mole-
cule antagonist of CXCR4, in patients with WM harboring 
MYD88 and CXCR4 mutations, with preliminary data show-
ing promising activity [137].

Table 3 outlines additional ongoing clinical trials inves-
tigating the use of BTKi in patients with WM. There are 
many non-covalent BTKi currently under investigation. 
Besides novel BTK inhibitors, small-molecule–induced 
BTK degraders are being developed to overcome the limi-
tations posed by the traditional BTK inhibitors that are not 
specific for the BTK enzymes.

Currently, with the availability of both ibrutinib and zanu-
brutinib in the US, we prefer the use of the latter, given its 
improved safety profile among patients with WM. However, 
in the absence of a randomized controlled trial against ben-
damustine-rituximab (BR), the option to use one approach 
over the other in the previously untreated patients with active 
WM largely depends on patient and clinician preference. A 
recent multicenter international collaborative study evaluat-
ing the two approaches (ibrutinib vs BR) in an age matched 
treatment-naïve population showed that significantly deeper 
responses were achieved with BR, although 4-year PFS and 
OS rates were similar between the two approaches [138•]. 
Although limited data regarding optimal sequencing of ther-
apies exist in WM, our approach outside of clinical trials is 
to use BR as primary therapy and continuous zanubrutinib 
therapy in the R/R setting, especially in light of data show-
ing comparable efficacy of this agent in both the TN and R/R 
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patient populations [139]. We anticipate that the future of 
BTKi use in WM will continue to expand as ongoing clini-
cal trials are completed and clinicians become more familiar 
with this class of drugs and the management of the toxici-
ties. Complete response is elusive with both covalent and 
non-covalent BTKi, and combination regimens to improve 
upon the efficacy and limit the treatment duration are under 
development in WM.
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