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Abstract

With the worldwide approval of the oral covalent Bruton tyrosine kinase (BTK) inhibitors ibrutinib and zanubrutinib for
treating patients with Waldenstrém macroglobulinemia (WM), targeted agents have certainly taken center stage in the
therapeutic landscape of WM. This review discusses the biological and clinical data supporting current and up-and-coming
targeted agents in WM. Bruton tyrosine kinase inhibitors induce fast, deep, and durable responses in patients with WM,
comparable to chemoimmunotherapy; however, there is a glaring absence of comparative studies between these regimens.
The high response and progression-free survival rate and the ease of administration of BTK inhibitors must be balanced
against their specific adverse-event profile with unique toxicity (e.g., bleeding and cardiac arrhythmia) and the indefinite
duration of the therapy. Novel targeted agents of interest include BCL2 antagonists (e.g., venetoclax and sonrotoclax) and
non-covalent BTK inhibitors (e.g., pirtobrutinib and nemtabrutinib), among others. The therapeutic landscape of patients
with WM will benefit from the robust participation of patients in clinical trials.

1 Introduction

Covalent Bruton tyrosine kinase inhibitors, such as
ibrutinib and zanubrutinib, have become a standard for

Waldenstrom macroglobulinemia (WM) is a rare indolent
lymphoma defined by a malignant lymphoplasmacytic clone
that resides in the bone marrow and produces a monoclo-

treating patients with Waldenstrom macroglobulinemia.

The therapeutic options recently increased with safety
and efficacy data on the BCL2 inhibitor venetoclax and
the non-covalent BTK inhibitor pirtobrutinib.

Several novel targeted agents are in clinical development,
making clinical trial participation paramount to improv-
ing patients’ outcomes.
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nal IgM paraprotein. Waldenstrom macroglobulinemia is
characterized by the presence of a recurrent somatic muta-
tion in MYD88 L265P, which is found in the majority of
patients with WM (>95%); 30-40% of patients will also
have somatic mutations in the C-terminal of CXCR4, similar
to those observed in patients with WHIM syndrome [1, 2].
Mutations in T7P53 have also been described in 5-20% of
WM patients [3-6].

Mutated MYD88 homodimerizes at the cellular mem-
brane level, recruiting several intracellular molecules and
forming the MYDdosome. BTK, HCK, and IRAK1/4 are
essential members of the MYDdosome [7]. Downstream
effects of the inherently activated MYDS88 include over-
activation of nuclear factor-kappa B (NF-kB), providing
the malignant lymphoplasmacytic cells, which are impor-
tant mechanisms of protection against apoptosis. Mutated
CXCR4 activates upon binding with its ligand CXCL12
and, in contrast to unmutated CXCR4, it does not undergo
intracellular inactivation [8]. CXCR4 persistence induces
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an overactivation of PI3K, AKT, and ERK, supplying an
additional activation pathway supplementary to MYDS8.
CXCR4-mutated cell lines showed resistance to BTK inhib-
itors, which was abrogated by adding BCL2 antagonists.
Clinically, CXCR4 mutations have been associated with
lower response rates and shorter progression-free survival
(PES) in WM patients treated with BTK inhibitors [9].

2 Current Management of Waldenstrom
Macroglobulinemia (WM)

Although 20% of patients with WM may not require therapy
for over a decade, most patients will require treatment with
multiple lines of therapy throughout their disease course due
to the development of WM-related symptoms such as symp-
tomatic cytopenias, hyper-viscosity, or other IgM-related
complications [10-12]. In those patients meeting treatment
criteria, various options are currently available for treating
WM, including chemoimmunotherapy, proteasome inhibi-
tor-based therapy, Bruton tyrosine kinase (BTK) inhibitors,
and the BCL2 inhibitor venetoclax.

Chemoimmunotherapy, including bendamustine-rituxi-
mab and dexamethasone-rituximab-cyclophosphamide, has
been standard therapy in WM for many years based on high
response rates and long PFS [13-16]. Side effects of these
alkylating agents include cytopenias, infections, gastrointes-
tinal symptoms, and a possibility of stem cell toxicity and
myeloid neoplasms. Rituximab, an anti-CD20 monoclonal
antibody, has also been combined with the more targeted
proteasome inhibitors, most commonly bortezomib, as an
effective treatment option in WM [17-20]. However, the
broad application of bortezomib-based therapy is limited
in WM due to neurotoxicity, especially peripheral neuropa-
thy, present in many patients with WM at baseline. Rituxi-
mab monotherapy is a commonly used regimen world-
wide, although it is not typically recommended due to low
response rates and short PFS [21, 22]. Additionally, it is
associated with immunosuppression, rituximab intolerance,
and paradoxical serum IgM flares, which could be sympto-
matic. More recently, therapeutic options have transitioned
to a more targeted approach with the addition of the BTK
inhibitors ibrutinib, acalabrutinib, and zanubrutinib, and the
BCL2 antagonist venetoclax as standard therapies for WM
[23-26].

3 Covalent BTK Inhibitors

The covalent BTK inhibitor ibrutinib set the stage for using
and developing BTK inhibitors in WM when it received
FDA approval in 2015. Ibrutinib, a first-generation BTK
inhibitor, has proven efficacy in treatment-naive and relapsed
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or refractory WM with overall response rates of 100% and
91%, major response rates of 79% and 87%, and very good
partial response (VGPR) rates of 30% and 30%, respec-
tively [23, 26]. The 5-year PES rate for previously treated
patients was 54%, and the 4-year PFS rate for treatment-
naive patients was 76%. CXCR4 mutations were associated
with lower VGPR and inferior PFS rates in treatment-naive
and previously treated patients. MYDS88 wild-type disease
(using a detection technique with a sensitivity of 0.1%) was
associated with the shortest PFS to ibrutinib monotherapy
in previously treated patients [26]. The side effect profile
of ibrutinib was unique. It included hematologic adverse
effects, such as neutropenia and thrombocytopenia, and non-
hematologic adverse effects, including bleeding, arthralgia,
infection, and atrial fibrillation.

The INNOVATE study compared the combination of
ibrutinib and rituximab against placebo and rituximab and
showed a superiority of the former in major response (76%
vs 31%) and VGPR or better (30% vs 5%) and 54-month
PFS rates (68% vs 25%) [27]. CXCR4 mutations affected
the VGPR or better rates to ibrutinib and rituximab (23%
vs 44%), but it did not affect 54-month PFS rates (63% vs
72%). Similarly, in patients without MYDS88 mutations, the
VGPR rate was lower at 27%, but the 54-month PFS rate
was not affected at 70%. However, the study used a detection
technique with a sensitivity of 2% to assess for mutations.
The adverse-event profile of ibrutinib was similar to that
observed with monotherapy. Given the lack of an ibrutinib
plus placebo arm, the benefit of adding rituximab to ibruti-
nib is unclear.

Second-generation covalent BTK inhibitors have now
been developed, including acalabrutinib and zanubruti-
nib. Acalabrutinib was demonstrated to have efficacy in
WM in a Phase 2 single-arm clinical trial with an overall
response rate of 93% in both treatment-naive and relapsed
or refractory patients [24]. The median PFS was 68 months
in previously treated patients [28]. Although responses were
reported in patients without MYDS88 mutations, the study
assessed MYDS88 mutational status in less than half of the
cohort using low-sensitivity testing with a high false posi-
tive rate. Furthermore, the study did not evaluate the pres-
ence of CXCR4 mutations. The side effect profile was similar
to ibrutinib and included neutropenia, infection, and atrial
fibrillation, although no direct comparison was made to ibru-
tinib in WM patients. A recent Phase 3 study reported lower
rates of atrial fibrillation with acalabrutinib versus ibrutinib
in patients with previously treated chronic lymphocytic leu-
kemia (CLL) [29].

Subsequently, the results of the Phase 3 open-label
ASPEN trial randomizing 199 eligible patients with
relapsed or refractory WM to zanubrutinib or ibrutinib
were reported. In this trial, the overall response rates were
94% for zanubrutinib and 93% for ibrutinib. Numerically,
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more patients achieved a VGPR with zanubrutinib (28% vs
19%), although this difference was not statistically signifi-
cant. The 42-month PFS rates for zanubrutinib and ibru-
tinib were 78% and 70%, respectively [30]. Zanubrutinib
induced higher VGPR (21% vs 10%) and 42-month PFS
rates (73% vs 49%) than ibrutinib. Zanubrutinib induced
responses in WM patients with MYDS88 wildtype disease
using a detection technique with a 0.5% sensitivity [31].
Again, the side-effect profile was similar between these
agents, although there were lower rates of atrial fibrilla-
tion, diarrhea, hemorrhage, and hypertension with zanu-
brutinib. Neutropenia rates were higher with zanubrutinib
than with ibrutinib without an increased risk of infection.

Two additional covalent BTK inhibitors, tirabrutinib
and orelabrutinib, have shown similar efficacy and side-
effect profiles compared to earlier BTK inhibitors [32,
33]. Although these treatments are not routinely used in
the USA for WM, they are commonly used in Asia. The
outcomes reported in selected clinical trials evaluating
targeted agents in patients with WM are shown in Tablel.

It is essential to note that BTK inhibitor therapy does
not induce complete responses (CRs). However, the clini-
cal benefit of attaining a CR in an indolent disease with
long survival is unclear and not the main objective of
therapy in WM. Another important aspect is the high cost
of these agents and the indefinite therapy duration, mak-
ing these treatments potentially less accessible outside of
the USA.

Given the increasing use of BTK inhibitors to treat
WM, the number of covalent BTK inhibitors available,
and the indefinite duration nature of the treatment, manag-
ing adverse events is a topic of robust research. There are
three potential courses of action for patients experiencing

Fig.1 A proposed approach to
managing ibrutinib intolerance

adverse events affecting their safety, activities of daily liv-
ing, or quality of life (Fig. 1, Table 1).

One option is to manage adverse events with sympto-
matic management, temporary drug hold, or dose reductions.
Temporary ibrutinib discontinuation can be associated with
withdrawal symptoms in 20% of patients and can be man-
aged with low doses of steroids [34]. Common withdrawal
symptoms include fevers, night sweats, and fatigue. The
onset of symptoms is within 24 hours from ibrutinib hold,
with resolution within 12 hours of restarting the drug in
most patients. Dose reduction in BTK inhibitors is a rea-
sonable approach in patients with adverse events to these
agents, especially those who benefit clinically from therapy.
In a recent study of 353 WM patients treated with standard
doses of ibrutinib, a dose reduction was needed in 27% of
the patients due to adverse events [35]. Female sex and age
>65 years were independent risk factors for a dose reduc-
tion. An improvement in adverse events was observed in
65% of the patients whose dose of ibrutinib was reduced.
Rheumatologic and gastrointestinal adverse events improved
in 80% of the patients, while bleeding improved only in 30%.
The hematologic response was sustained or deepened on the
lower doses in 79% of patients.

A second approach is to switch to another covalent BTK
inhibitor. Recent studies have shown that patients who expe-
rience adverse events can switch from ibrutinib to acalabru-
tinib or zanubrutinib. In a prospective study of 33 patients
with CLL and intolerance to ibrutinib who were switched
to acalabrutinib, 64% did not experience a recurrence of
the symptoms that led to ibrutinib intolerance [36]. Another
prospective study of 60 CLL patients showed similar results,
with 60% not experiencing a recurrence of intolerance [37].
A third study evaluated zanubrutinib in 67 patients with

Ibrutinib intolerance

A A

Switch to another
lManage covalent BTK Abando.n cpyalent
side effects S BTK inhibitor
inhibitor

Symptomatic Acalabrutinib Rituximab-

management (preferred) containing regimens
Temporary hold Zanubrutinib Venetoclax

(withdrawal (preferred) Non-covalent BTK

symptoms) Tirabrutinib inhibitors
Dose reduction Orelabrutinib Clinical trials

Adapted from: Munoz J, Sarosiek S, Castillo JJ. Managing ibrutinib-
intolerant patients with B-cell malignancies. Oncologist; 28(4): 309-318.
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Table 1 Outcomes from selected clinical trials evaluating targeted agents in patients with Waldenstrdom macroglobulinemia

Agent/regimen N Setting Mutations Major VGPR PFS
Ibrutinib 36 RR MYD88+ 97% 47% 5-year: 70%
CXCR4-
22 RR MYD88+ 68% 9% S-year: 38%
CXCR4+
4 RR MYD88— 0% 0% Median: 0.4 years
CXCR4-
Ibrutinib® 16 N MYD88+ 94% 44% 4-year: 92%
CXCR4-
14 TN MYD88+ 78% 14% 4-year: 59%
CXCR4+
Ibrutinib + rituximab 32 TN/RR MYD388+ 81% 44% 54-month: 72%
CXCR4-
26 TN/RR MYD88+ 77% 23% 54-month: 63%
CXCR4+
11 TN/RR MYD88— 73% 27% 54-month: 70%
CXCR4-
Acalabrutinib® 36 TN/RR MYD388+ 78% 28% NR
14 TN/RR MYD88— 57% 0% NR
Zanubrutinib 65 TN/RR MYD388+ 83% 45% 42-month: 81%
CXCR4-
33 TN/RR MYD88+ 79% 21% 42-month: 73%
CXCR4+
28 TN/RR MYD88— 65% 31% 42-month: 54%
CXCR4-
Venetoclax® 15 RR MYDS88+ 86% 29% Median: 28 months
CXCR4-
17 RR MYD88+ 76% 12% Median: 30 months
CXCR4+

N number, NR not reported, PFS progression-free survival, RR relapsed/refractory, TN treatment naive, VGPR very good partial response

AMYDS88 wildtype patients were not included
5CXCR4 mutations were not assessed

B-cell malignancies who were intolerant to acalabrutinib or
ibrutinib [38]. Seventy percent of the adverse events experi-
enced with ibrutinib and 83% of those with acalabrutinib did
not recur on zanubrutinib. However, the median follow-up
was short at 12 months. Data are lacking on switching to
tirabrutinib or orelabrutinib. Switching to another covalent
BTK inhibitor is not recommended if there is disease pro-
gression while on covalent BTK inhibitor therapy.

Finally, a third option is to switch therapies. Potential
treatment options include chemoimmunotherapy, proteas-
ome inhibitors, or BCL2 inhibitors if not used previously or
consider a clinical trial. We recommend trying dose reduc-
tions first and switching to another covalent BTK inhibitor
as a second option, especially in patients with good disease
control, while reserving abandoning BTK inhibitor therapy
as a last resource. Cessation of BTK inhibitors without ini-
tiating additional definitive therapy is not typically recom-
mended due to the high risk of IgM rebound and disease
progression [39].
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4 Non-covalent BTK Inhibitors

With a BTK inhibitor, many patients with WM achieve
prolonged hematologic responses, although some patients
develop treatment intolerance requiring dose reductions
or medication cessation. Other patients develop resistance
to covalent BTK inhibitors through multiple mechanisms,
including PLCy2 and BTK C481S mutations [40, 41]. For
those with disease resistance or treatment intolerance, novel
BTK inhibitors are being developed. Non-covalent BTK
inhibitors do not interact with C481 to exert their func-
tion and, therefore, are effective in patients who may have
developed BTK C481S. Pirtobrutinib, a non-covalent BTK
inhibitor that inhibits both wild-type and mutated BTK, is
the most advanced in clinical development. In an initial
Phase 1/2 trial, 78 patients with WM were treated [42]. All
patients had relapsed or had refractory disease, and 61 had
prior covalent BTK inhibitor therapy. Forty of these patients
had discontinued their prior covalent BTK inhibitor therapy
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due to disease progression. Of the 72 evaluable patients,
the major response rate was 68%, with 17 very good partial
responses (VGPRs) (24%) and 32 partial responses (PRs)
(44%). The median PFS was 19 months, but the median
follow-up was short at 16 months. The adverse-effect pro-
file for the entire B-cell malignancy cohort was similar to
prior BTK inhibitors, with the most frequent adverse events
being contusion, diarrhea, and fatigue. However, the Grade
>3 adverse effect rates were low, with only 3% hypertension,
1% hemorrhage, and 1% atrial fibrillation. Nemtabrutinib,
another non-covalent BTK inhibitor with activity in both
wild-type and mutated BTK, has been explored in a Phase
1/2 clinical trial that enrolled 112 patients, including six
patients with WM [43].

Although the individual responses of the patients with
WM are unknown, the overall response rate in the 36
patients with CLL and a C481 mutation was 58%. The
side-effect profile for this therapy was similar to other BTK
inhibitors. It included neutropenia, fatigue, nausea, throm-
bocytopenia, diarrhea, and hypertension, in addition to the
unique side effect of dysgeusia in 21% of patients. The ini-
tial clinical trials with non-covalent BTK inhibitors have
included patients with relapsed/refractory disease or those
intolerant to covalent BTK inhibitors, so their role in BTK
inhibitor-naive patients is not yet known.

5 BCL2 Antagonists

Another therapy recently explored in hematologic malignan-
cies is the BCL2 antagonist venetoclax. BCL2 is an impor-
tant anti-apoptotic protein, and venetoclax has been proven
to improve outcomes in CLL and acute leukemia [44-46].
An initial Phase 2 trial using venetoclax in WM included
32 evaluable patients, including 16 patients with prior BTK
inhibitor exposure [47]. In this trial, venetoclax was ramped
up to a final dose of 800 mg orally once daily for two years.
The overall response rate was 84%, with major and very
good partial response rates of 81% and 19%, respectively.
Time to minor and major responses were 1.9 and 5.1 months,
respectively. The median PFS was 30 months, with several
progression events shortly after stopping therapy. Treatment
response and PFS were not affected by CXCR4 mutational
status. Treatment-related neutropenia was the only recurrent
grade >3 adverse event in 45% of patients. Based on these
data, venetoclax was added to the National Comprehensive
Cancer Network (NCCN) guidelines as a potential treatment
for relapsed WM.

Due to the efficacy of venetoclax shown in this original
WM trial, in addition to the safety of venetoclax in com-
bination with ibrutinib in mantle-cell lymphoma and CLL
[48, 49], a Phase 2 trial using venetoclax in combination
with ibrutinib was initiated [50]. The preliminary data

from this trial reported enrollment of 45 patients with an
overall response rate of 100%, a very good partial response
rate of 40% (n = 18), a partial response rate of 53% (n =
24), and a minor response rate of 7% (n = 3). The median
time to response was 1.9 months. Time to response was 2.8
months in those with a CXCR4 mutation compared with
1.8 months in those without the mutation (p = 0.048). The
VGPR rate was also lower in those patients with a CXCR4
mutation (24% vs 50%, p = 0.08). Grade >3 adverse events
that occurred in at least one patient included neutropenia
(29%), mucositis (4%), tumor lysis syndrome (4%), and car-
diac arrest/ventricular arrhythmia (7%). Four patients (9%)
had a ventricular arrhythmia, two of whom died of cardiac
arrest. Due to this complication, trial enrollment was halted,
and treatment was stopped in all patients before the planned
2 years of therapy were completed. Although this was an
effective regimen, the safety concerns have prohibited the
continued development of this regimen in WM. The safety
and efficacy of venetoclax combined with pirtobrutinib, a
novel non-covalent BTK inhibitor thought to have less car-
diac toxicity, is being explored in a Phase 2 clinical trial
(NCTO05734495). Additional clinical trials explore other
BCL2 antagonists, such as sonrotoclax, in patients with
previously treated WM (NCT05952037).

6 Bruton Tyrosine Kinase Degraders

Bruton tyrosine kinase inhibition has been highly effective in
treating WM, but other therapies will be required in patients
with intolerance or resistance. In these cases, BTK degrada-
tion may be a potentially effective therapy. Early data dem-
onstrating the potential of BTK degradation were proven
with the proteolysis targeting chimeras (PROTACs) MT-802
and P13I, which reduced active phosphorylated BTK in lym-
phoma cells with wild-type and C481 mutated BTK [51].
Further success of BTK degradation and the antiproliferative
effects of BTK degradation was also demonstrated with the
BTK degrader DD-03-171 [52]. This compound was initially
studied in the laboratory and demonstrated suppression of
signaling and proliferation of cancer cells, even in those cells
with BTK C481S mutations.

Additionally, DD-03-171 was used in patient-derived xen-
ografts and showed improved survival and decreased tumor
burden in these murine models. Clinical development of addi-
tional BTK degraders followed closely with the orally bio-
available BTK and IKZF3 degrader NX-2127. Early results
from a Phase 1 clinical trial that enrolled patients with relapsed
B-cell malignancies were reported after the enrollment of 28
patients (NCT04830137) [53]. All patients had been previ-
ously treated with a BTK inhibitor, and of the 14 CLL patients
tested, BTK mutations were found in C481 (29%), L528
(29%), T474 (14%), and V416 (7%). Of the 12 evaluable CLL
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patients, the overall response rate was 33%, with an increased
response rate over time (17% at two months and 50% at six
months). Enrollment in this trial continues in patients with
CLL and other B-cell malignancies. The selective BTK
degrader NX-5948 is also being further developed in a clinical
trial after initial preclinical data demonstrated effective BTK
degradation in vivo and in vitro (NCT05131022). This agent
also penetrates the central nervous system and demonstrates
activity in brain malignancies. Therefore, continued develop-
ment and exploration of this agent in Bing-Neel syndrome
is warranted. Multiple additional BTK degraders are cur-
rently being explored in B-cell malignancies in clinical trials,
including BGB-16673 (NCT05294731 and NCT05006716),
ABBV-101 (NCT05753501), and AC676 (NCT05780034).
These therapies may play a role in the future standard therapy
of B-cell malignancies.

7 CXCR4 Antagonists

CXCR4 mutations are known to affect the clinical presentation
of the disease, as well as the therapeutic outcomes with BTK
inhibitors [1, 54-56]. Due to the longer time to response, lower
level of deep hematologic responses, and shorter PFS demon-
strated in prior trials [23, 26, 57], the possibility of CXCR4
antagonism has been explored. An initial clinical trial using
ulocuplumab in combination with ibrutinib was conducted and
demonstrated major and VGPR response rates of 100% and
33%, respectively [58]. The median time to minor response
was 0.9 months and 1.2 months to major response. The 2-year
PFS rate was 90%. The most frequent recurrent grade >2
adverse effects were thrombocytopenia, rash, and skin infec-
tions. The response rates and time to response observed in
this study compared favorably to historical controls and dem-
onstrated the safety and efficacy of CXCR4 antagonism. Sub-
sequently, mavorixafor, an oral small-molecule antagonist of
CXCR4 was studied in a Phase 1b clinical trial in combina-
tion with ibrutinib patients with WM (NCT04274738). Ten
patients had enrolled at the time of preliminary data presenta-
tion, and an overall response rate of 100% was reported in the
eight evaluable patients [58]. Four patients achieved a major
response, and one a VGPR. This clinical trial has been com-
pleted, and final data are expected soon. Although neither
of these products is currently being developed for patients
with WM, CXCR4 remains a potential therapeutic target for
patients with WM.
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8 Mucosa-associated Lymphoid Tissue
Lymphoma Translocation Protein 1
(MALT1) Inhibitors

Mucosa-associated lymphoid tissue lymphoma translo-
cation protein 1 (MALT1) is a para-caspase that plays a
crucial role in regulating NF-kB signaling. It has been
implicated in lymphomagenesis in activated B-cell (ABC)
diffuse large B-cell lymphoma and other lymphomas
such as WM with wild-type and mutated MYDS88 [59,
60]. In vivo and in vitro activity of MALT1 inhibitors
was demonstrated, and therefore clinical trials are being
pursued [61]. INJ-67856633, an oral MALTI inhibitor,
is currently being evaluated in a Phase 1b dose-escala-
tion trial in combination with ibrutinib in patients with
relapsed or refractory B-cell lymphomas (NCT04876092).
This compound is also being studied in another Phase 1
clinical trial combining JNJ-67856633 with a novel BTK
inhibitor JNJ-64264681 to evaluate the safety of these
agents and determine a recommended Phase 2 dosing
strategy (NCT04657224). Two additional MALT1 inhibi-
tors SGR-1505 and ONO-7018 are being used in Phase
1 clinical trials for patients with B-cell malignancies to
evaluate safety, explore pharmacologic characteristics, and
determine the maximum tolerated dose of each compound
(NCT05544019 and NCT05515406).

9 Interleukin-1 Receptor-Associated Kinase
(IRAK) Inhibitors

MYDS88 L265P activates many downstream pathways,
including BTK and IRAK1/IRAK4. Dysregulation of these
pathways occurs in many cancers, including WM [62].
Prior preclinical research demonstrated antiproliferative
effects of IRAK1 and IRAK4 inhibition, as well as syn-
ergistic activity of BTK and IRAK inhibition leading to
increased blocking of NF-kB signaling and death of WM
cells [62—64]. Hence, the development of a Phase 1 study
of emavusertib (CA-4948), an oral inhibitor of IRAK4, in
patients with relapsed or refractory hematologic malignan-
cies including WM (NCT03328078) [65]. This study was
designed to evaluate the pharmacokinetics and pharma-
codynamics, safety, and tolerance of CA-4948, including
exploration of the efficacy of single-agent emavusertib and
the combination of emavusertib with ibrutinib. Of the ini-
tial 30 patients enrolled with various hematologic malig-
nancies, three had WM. The most common non-hemato-
logic adverse effects included diarrhea, vomiting, fatigue,
dyspnea, and myalgias. Most hematologic adverse events
were mild to moderate, including thrombocytopenia,
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anemia, and neutropenia. Three patients discontinued
treatment due to rash, fatigue, and lipase or amylase eleva-
tion. Eight of 28 patients had at least a 20% decrease in
tumor burden, with two WM patients achieving a partial
response. The recommended Phase 2 dosing from this trial
was 300 mg twice daily. Continued recruitment in this
trial will provide additional data on the efficacy of this
therapy, and future studies with other IRAK inhibitors are
being planned.

10 Role of Genomic Profiling with Targeted
Agents

Genomic profiling plays an important role in confirming the
diagnosis of WM and determining optimal therapeutic regi-
mens based on the expected cadence of disease response and
the depth and durability of hematologic response associated
with specific therapies. It is well known that the presence or
absence of mutations in MYD88 and CXCR4 affect responses
to BTK inhibitors, with the most rapid and deep hematologic
responses, as well as the longest PFS, occurring in patients
with MYD88 mutations and wild-type CXCR4. Based on the
available data on covalent BTK inhibitors, zanubrutinib would
be the preferred agent as it is associated with lower rates of
bleeding, infection, and arrhythmia, as well as numerically
higher rates of VGPR and 42-month PFS, especially in patients
with CXCR4-mutated disease. Data on the efficacy of BTK
inhibitors in patients without MYDS88 mutations are scant, and
although acalabrutinib and zanubrutinib claim to be effective
in this group of patients, the detection techniques used in these
studies had lower detection rates than in the studies evalu-
ating ibrutinib monotherapy. The effects of other mutations
on disease outcomes and treatment responses are not yet well
understood. For example, early data regarding 7P53 altera-
tions, which are present in up to 20% of WM patients and may
appear de novo during the disease course, suggest a shorter
PFS and decreased overall survival, but not enough is known
regarding perturbations in 7P53 to guide treatment choices
[3, 5]. The same is true for multiple other recurrent mutations
that occur with a lower frequency in WM, such as KMT2D,
ARIDIA, CD79B, NOTCH2, and PRDM1 [6, 66]. All efforts
should be made to better understand the genetic landscape of
WM, especially in the structured setting of clinical trials, to
determine the prevalence of specific genetic mutations and
better understand the effect these mutations have on response
to targeted therapies.

11 Future Pathways to Explore

In addition to genomic alterations in WM, a better under-
standing of the pro-survival signaling within the malignant
cells of WM will likely lead to more targeted therapies.
For example, the role of HCK, IRAK1, and IRAK4 in the
MYDdosome is being explored. Inhibition of these fac-
tors, independently or combined with BTK inhibition, may
be essential in preventing downstream NF-kB activation.
Further downstream, the overactivation of AKT and ERK
contributes to the growth and proliferation of malignant
cells and may be potential targets for future WM thera-
pies. Much remains to be understood about the intracel-
lular pathways of the malignant cells in WM and the role
of the bone marrow niche.

12 Future of WM Care

Treatment options for patients with WM have significantly
improved in the last decade with the availability of oral
targeted agents that allow for treatment of even those who
are frail or have significant comorbidities, as well as those
with refractory and multiply relapsed disease. Despite
these significant advances, much work remains in this
field. Current laboratory and clinical research focus on
discovering new therapeutic targets and developing novel,
more effective agents with improved side-effect profiles.
In parallel with the development of new therapies, ongo-
ing research focuses on understanding the role of deeper
hematologic responses, such as complete hematologic
responses and minimal residual disease negativity, in
achieving prolonged PFS or improved overall survival in
WM. A better understanding of our treatment goals will
allow current and future targeted therapies to be developed
to their maximum potential.
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