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ABSTRACT

Waldenstrom Macroglobulinemia (WM) is an incurable hematologic malignancy characterized by
lymphoplasmacytic infiltration of the bone marrow and the presence of monoclonal immuno-
globulin (IgM). Although a portion of WM patients may experience a relatively indolent course,
patients may experience IgM-related morbidity and/or disease-related mortality. This under-
scores the need for novel approaches to improve response and survival rates. Significant pro-
gress had been made in our understanding of the genomics and biology of WM. The discovery
of the highly recurrent somatic mutations in the MYD88 gene detected in 90-95% and the
CXCR4 gene detected in 30-40% of WM patients has provided an opportunity to develop novel
targeted approaches. Mutational status has important implications in predicting response to
therapies such as BTK inhibitors. Treatment of WM should be guided by many factors including
performance status, comorbidities, goals of therapy, and toxicities. In this review, we describe
how current genomics may be utilized to optimize WM treatment selection. As the therapeutic
landscape of WM continues to expand with more targeted approaches, the genomics in WM
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will likely play a greater role in individualizing treatment.

Introduction

Waldenstrom macroglobulinemia (WM) is a lympho-
plasmacytic lymphoma characterized by the presence
of monoclonal IgM protein, irrespective of serum level
[1]. WM represents a rare disease that accounts for
approximately 1-2% of diagnoses of non-Hodgkin
lymphoma with approximately 1000 to 1500 new
diagnoses each year in the United States (US). In the
US, the reported age-adjusted incidence rate for WM
for males and females is 9.2 and 3.0 per million,
respectively [2]. WM is more prevalent in Caucasians
and is rare in African Americans [3]. WM is a disease
of the elderly, with a median age of diagnosis of
72years [2]. There is a strong familial predisposition
with WM that may be driven by a underlying genetic
predisposition [4].

The discovery of the recurrent somatic mutations,
which were identified via whole genome sequencing,
in MYD88 and CXCR4 in patients with WM marked an
important advance in the understanding of the gen-
omic basis of WM. Despite the high response rates
and depth of responses with the advent of novel
treatment options, WM currently remains incurable,

but relative survival rates have improved given the
advances allowing for new targeted therapies. Patients
with WM will present with various symptoms that are
characteristic of elevated IgM and lymphoplasmacytic
infiltration in the bone marrow or other organs, how-
ever, a quarter of patients or more may be asymptom-
atic on presentation [5]. End organ damage may
include cytopenias, predominantly anemia, and para-
protein-related complications such as peripheral neur-
opathy, AL amyloidosis, and cold

agglutinins. Patients with high serum IgM levels can

cryoglobulins,

present with hyperviscosity syndrome. Symptoms from
hyperviscosity include skin and mucosal bleeding, ret-
inopathy, neurological disorders, and, in rare instances,
complications. Additionally, patients
may present with constitutional B-symptoms, lymph-

cardiovascular

adenopathy, or splenomegaly. Bing-Neel syndrome,
which is defined by lymphoplasmacytic infiltration of
the central nervous system (CNS), is a rare complica-
tion of WM. Another rare manifestation of WM is the
autoinflammatory disorder characterized by neutro-
philic urticarial dermatoses, Schnitzler syndrome.
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The somatic MYD88 L265P mutation is detectable in
90-95% of WM patients while non-L265P MYD88 muta-
tions have been identified in 1% to 2% of WM
patients [6]. Although the somatic MYD88 mutation
was initially identified by whole genome sequencing,
it has been confirmed by Sanger sequencing and
allele-specific polymerase chain reaction (AS-PCR)
assays have been developed as well [7]. Furthermore,
the MYD88 L265P mutation can also be identified by
peripheral blood with AS-PCR and next-generation
sequencing methods [8,9]. MYD88 encodes for an
adaptor protein for toll-like receptor that triggers the
interleukin-1 receptor-associated kinases (IRAK) 1 and
4 molecules and Bruton tyrosine kinase (BTK), which
mediates nuclear factor kappa B (NFKB) activation.
MYD88 mutations occur in the TIR domain, which is
important for the dimerization of the MYD88 protein.
Additionally, MYD88 mutations promote the expres-
sion of hematopoietic cell kinase (HCK), an SRC kinase
that is normally downregulated during B-cell matur-
ation, promoting pro-survival signaling. Chromosomal
abnormalities, such as those affecting chromosome
3p, can increase the allele frequency of mutant
MYD88. Although copy neutral loss of heterozygosity
is the most common process for homozygosity of
mutant MYD88, amplification of the mutant MYD88 or
deletions of the wild type MYD88 have both been
observed [10]. Although the majority of WM patients
have MYD88 mutations, approximately 5-10% of WM
patients are MYD88 wild type. Patients without MYD88
mutations, despite having similar disease histologically
to patients with MYD88 mutations, typically present
with less BM infiltration and lower serum IgM levels
[11]. Even with the differences observed in disease
presentation between these patients, those without
MYD88 mutations have inferior outcomes compared to
those with MYD88 mutations, specifically a shorter
overall survival (OS) and an increased risk of trans-
formation to an aggressive lymphoma [11-13]. A study
by others did not detect a survival difference between
WM patients with and without MYD88 mutations [14].
However, a less sensitive test was used for MYD88
mutation detection, which could explain this
discrepancy.

Somatic CXCR4 mutations are present in 30-40% of
WM patients and occur in the C-terminal domain, at
the same site as the mutations characteristic of the
congenital warts, hypogammaglobulinemia, infections,
and myelokathexis (WHIM) syndrome. The acquired
CXCR4 mutations are primarily subclonal and highly
associated with MYD88 mutations. CXCR4 is a receptor

for stromal-derived factor 1 (SDF-1) that is produced
by the bone marrow stroma. Upon ligand binding to
CXCR4, B-arrestins bind to the C-terminal domain and
trigger ERK and AKT signaling promoting cell survival.
Normally, GRK2/3 would act as negative regulators of
CXCR4, however, CXCR4 mutations result in truncation
of the C-terminal domain which prevents GRK2/3-
mediated phosphorylation that would otherwise abro-
gate the prosurvival and proinflammatory signaling.
Clinical presentation of patients with CXCR4 mutations
is less likely to include adenopathy, and more likely to
include greater bone marrow infiltration, higher serum
IgM levels, symptomatic hyperviscosity and acquired
von Willebrand disease [11,15-17]. CXCR4 mutations
were initially identified by whole genome sequencing
and subsequently confirmed by AS-PCR and Sanger
sequencing [18]. Additionally, the use of peripheral
blood cell-free DNA to detect CXCR4 mutations by AS-
PCR presents a potential minimally invasive method
[19]. Numerous nonsense and frameshift CXCR4 muta-
tions have been characterized thus far, however the
clinical significance of frameshift mutations is still
unclear [20]. Testing for CXCR4 mutations is not stand-
ardized. At DFCl, we use PCR probes for nonsense
mutations and Sanger sequencing for frameshift muta-
tions in CD19-selected bone marrow samples.
However, most commercially available CXCR4 muta-
tion detection platforms are based on next-generation
sequencing techniques run on unselected samples,
which could impact the sensitivity of CXCR4 muta-
tion detection.

Other mutations observed in WM patients include
those affecting ARID1A, CD79A/B, TP53, TNFAIP3,
HIVEP2, and BTHI. Also, nearly half of WM patients
have deletions in chromosome 6q, particularly on
locus g21 to 25, affecting BTK, BCL2, and NFKB.
Interestingly, chromosomal deletions in 6q appear to
be mutually exclusive of CXCR4 mutations [21]. While
other mutations such as CD79A/B and TP53 may be
present in approximately 10% of WM patients, somatic
mutations of ARIDTA are found in 17% of WM patients
[22-24]. TP53 is a tumor suppressor gene located at
chromosome 17p13 whose gene product, P53, func-
tions as a transcription factor regulating cellular prolif-
eration and cell-cycle arrest [25]. The incidence of
somatic TP53 mutations has been reported in a cohort
of WM patients as 7%, with 58% of cases associated
with TP53 deletions suggesting that biallelic inactiva-
tion of TP53 is not uncommon [24]. A lack of associ-
ation was noted between TP53 mutations and MYD88,
CD79A/B, or CXCR4. WM patients with a TP53 muta-
tion experience shorter TTP and OS and is a high-risk



group. Gene mutation analysis using PCR and next-
generation sequencing (NGS) methods can be used to
detect TP53 alterations [24].

ARID1A, along with its frequently co-mutated homo-
log ARID1B, is a member of the SWIitch/sucrose non-
fermentable (SWI/SNF) chromatin remodeling complex
and acts as a tumor suppressor gene [26]. Inactivating
mutations of ARID1A, predominantly nonsense or
frameshift, are observed in a variety of cancers and
results in changes in gene expression through defect-
ive chromatin remodeling. In comparison to those
who only have MYD88 mutations, patients with both
ARIDTA and MYD88 L265P mutations have greater
bone marrow infiltration and more marked cytopenias,
specifically anemia and thrombocytopenia [7].

CD79, a transmembrane bound molecule, is a het-
erodimer composed of CD79A and CD79B, which are
stabilized by a disulfide bond. The B-cell receptor
(BCR) is composed of a transmembrane immunoglobu-
lin molecule coupled to a CD79A/B heterodimer. As
members of the immunoglobulin (Ig) gene superfam-
ily, CD79A/B functions in the B-cell receptor pathway
(BCR) and facilitates signal transduction. The extracel-
lular portion of the CD79A/B molecule interacts with
transmembrane Ig molecules while the cytoplasmic
portions of the CD79/B molecule serves as the link to
transduce the extracellular signal. Activating mutations
in the immunoreceptor tyrosine-based activation motif
(ITAM) of CD79A and CD79B have been observed in
activated B-cell-like (ABC) diffuse large B-cell lymph-
oma (DLBCL), which promotes BCR and prosurvival
signaling [27]. Resistance to ibrutinib is conferred
MYD88 mutations alone are present in ABC DLBCL,
while response to ibrutinib is observed for tumors
with CD79A or CD79B mutations and MYD88 mutations
[28]. While CD79A/B mutations are primarily observed
in WM patients with MYD88 mutations, one report has
described a CD79B mutation in a patient with MYD88
wild type WM. Furthermore, one study described that
CXCR4 mutations appeared to be mutually exclusive to
CD79A/B mutations in patients with WM and MYD88
L265P mutations [15]. In another series of patients
with WM, CD79B mutations and MYD88 L265P were
observed in more transformed WM patients than in
non-transformed WM patients [29]. The significance of
CD79A and CD79B mutations on clinical outcomes is
still unclear for WM.

It is unclear if any of the mutations described previ-
ously are acquired due to the recurrent exposure to
therapy. MYD88 and CXCR4 mutations have been
described at similar rates in treatment naive and previ-
ously untreated WM patients. Furthermore, MYD88
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and CXCR4 mutations have been detected in individu-
als with a diagnosis of IgM monoclonal gammopathy
of undetermined significance, at a rate of 50-60% and
10-20%, respectively [18,22,30,31]. The detection of
these mutations in patients with pre-malignant proc-
esses and prior to therapy initiation argues against
acquisition as a result of treatment exposure.

Effect of genomic profile on waldenstrom
macroglobulinemia therapies

If patients are asymptomatic, observation should be
considered given the absence of OS benefit in treating
asymptomatic patients [32,33]. Furthermore, patients
who are asymptomatic may not progress to symptom-
atic disease. Treatment should be initiated for those
with symptomatic disease, which may include symp-
toms related to hyperviscosity, peripheral neuropathy,
lymphadenopathy, cold agglutinin disease, amyloid-
osis, cryoglobulinemia, and/or cytopenias. Although
elevated levels of IgM is not an indication for treat-
ment, an IgM level of >6,000 mg/dL is associated with
a high risk of developing symptomatic hyperviscosity
and treatment initiation should be considered on an
individual basis [34]. Furthermore, the need for
prompt disease control should be tailored based on
disease presentation, for example, as with hyperviscos-
ity. Plasmapheresis is generally indicated in the setting
of symptomatic hyperviscosity with considerations
made for the severity of symptoms associate as in the
case with neuropathy, cryoglobulinemia, and cold
agglutinemia [35]. For patients with WM initiating
therapy, the classes of available agents include alkyla-
tors, nucleoside analogues, monoclonal antibodies,
proteasome inhibitors, and BTK inhibitors. Consensus
recommendations are available from the International
Workshops on WM (IWWM) and additional practice
guidelines are available [34,36-38]. Treatment strat-
egies should be individualized and take into account a
patient’s age, performance status, and comorbidities.
Goal of therapy, speed and quality of response, and
the toxicities of treatment should also be considered.
In this context, mutational analysis is emerging as a
potential tool to tailor treatment options for patients
with WM. Table 1 shows response and survival out-
comes of WM patients to selected treat-
ment regimens.

Single-agent rituximab

Rituximab is an anti-CD20 monoclonal antibody widely
used in the treatment of patients with B-cell non-
Hodgkin lymphoma. As initial therapy with rituximab
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in WM patients, it may result in transient elevations in
IgM levels in approximately half of patients, plasma-
pheresis should be considered prior to rituximab
administration, or if rituximab is administered as part
of a combination regimen, it may be delayed until the
second cycle. Of note, with the combination of ibruti-
nib and rituximab there is a negligible incidence of
transient elevations of IgM [39]. Single-agent rituximab
has a reported ORR of 25-40% from a single cycle and
65% from an extended course of two cycles, with a
median progression-free survival (PFS) ranging from
12-24 months [40-43]. Of note, the median time to
best response with an extended course of rituximab is
17 months [41]. Initial management with single-agent
rituximab should be considered for frail patients with
WM not candidates for chemoimmunotherapy due to
concerns for tolerability or those with immunologic
disorders secondary to WM [44]. For patients not toler-
ating rituximab, treatment with ofatumumab, a fully
human anti-CD20 monoclonal antibody, may be con-
sidered and has a reported ORR of 60% and a rate of
IgM flare of 10% [45].

In the INNOVATE study, 75 patients with WM were
treated with rituximab and placebo [39]. ORR and
major response rates for patients with MYD88 muta-
tions but without CXCR4 mutations were 46% and
29%, respectively; for patients with MYD88 and CXCR4
mutations, response rates were 52% and 48%; and for
patients without MYD88 or CXCR4 mutations, response
rates were 55% and 22%, respectively. The 30-month
PFS rates in all genomic groups were similar at
approximately 30%. Based on these limited data,
MYD88 and CXCR4 mutational status do not seem to
impact outcomes to single-agent rituximab.

Rituximab-containing combinations

Rituximab-based combinations are highly active across
all lines of therapy with response rates greater than
80%, but with low rates of complete response [44].
Furthermore, fixed duration chemoimmunotherapy
provides a treatment-free interval for patients.
Standard chemoimmunotherapy regimes have com-
bined rituximab with nucleoside analogies (i.e. fludara-
bine, cladribine), alkylating agents (i.e.
cyclophosphamide, bendamustine) and proteasome
inhibitors (i.e. bortezomib, carfilzomib, ixazomib)
[35,46-52]. Purine analogues and anthracyclines
should be avoided in the frontline setting given the
risk for myelosuppression and secondary malignancies.
Bendamustine-rituximab is a preferred treatment
option for patients presenting with bulky disease. For
patients presenting with AL amyloidosis, a proteasome

inhibitor-based regimen or bendamustine-rituximab
may be considered. For patients presenting with neur-
opathy, bortezomib-based regimens should
be avoided.

Mounting data suggest that MYD88 mutational sta-
tus might not affect outcomes in WM patients treated
with chemoimmunotherapy. In one study on 160 WM
patients treated with rituximab combined with benda-
mustine or cyclophosphamide, 48 had available
MYD88 mutational status, and 10 were deemed
MYD88 wild type [53]. Overall response rates were
similar between MYD88 mutated and MYD88 wild type
patients. Median PFS (34 vs. 45 months, respectively)
and time to next treatment (36 vs. 56 months, respect-
ively) were shorter in MYD88 wild-type patients but
this difference was not statistically significant. A pro-
spective study in WM patients treated with carfilzo-
mib, dexamethasone and rituximab reported no
impact of MYD88 mutational status in patient out-
comes [52].

The impact of CXCR4 mutational status on proteasome
inhibitor-containing regimens have been evaluated in pro-
spective and retrospective studies. A prospective study
suggested a lack of effect of CXCR4 mutations in response
to carfilzomib, dexamethasone and rituximab [52]. One
retrospective study reported no differences in PFS
between CXCR4 mutated and CXCR4 wild-type WM
patients treated with bortezomib and rituximab [54].
Finally, a pooled analysis of 3 prospective studies in WM
patients treated with rituximab, dexamethasone and bor-
tezomib, carfilzomib or ixazomib showed no differences
between CXCR4 mutated and CXCR4 wild-type WM
patients with regards to depth of response and PFS
[55]. No studies have formally evaluated the effect of
CXCR4 mutational status in WM patients treated with
chemotherapy-containing regimens.

Bruton tyrosine kinase inhibitors

Ibrutinib was FDA approved for the treatment of
patients with symptomatic WM, based on the results
of a prospective trial of 63 patients with previously
treated WM with an associated ORR of 90% and a
median PFS not yet reached at 5-years of follow-up
[56,57]. lbrutinib therapy in the frontline setting offers
advantages and disadvantages compared with fixed
duration rituximab-based combination regimens.
Although ibrutinib therapy provides an oral option for
patients with a unique side effect profile compared to
chemotherapy, ibrutinib therapy is continuous and its
toxicities such as bleeding and atrial fibrillation may
limit its use in select patients.



An impact on the depth and duration of response was
observed based on the genomic profile of WM patients,
specifically, patients with MYD88 L265P as their sole gen-
omic abnormality had deeper and more sustained
responses compared to patients with concurrent MYD88
and CXCR4 mutations. Specifically, patients with CXCR4
mutations exhibit a delay by four to five months to attain-
ing a major response to ibrutinib and also had shorter
PFS versus patients without CXCR4 mutations [58]. Similar
results based on the genomic profile of WM patients
were observed in prospective clinical trials for those who
were treatment naive and those who were refractory to
rituximab [59,60]. A retrospective study evaluated the
impact of frameshift and nonsense CXCR4 mutations on
outcomes of WM patients treated with ibrutinib, and
worse major response and PFS was reported in patients
with nonsense CXCR4 mutations [61]. Furthermore, clonal-
ity of CXCR4°**®* a common nonsense CXCR4 mutation,
has been reported as an important determinate for
response to ibrutinib. High CXCR4°**** clonality was asso-
ciated with a shorter median PFS. Tumors with CXCR4>*38¥
may have an intrinsic resistance to ibrutinib, with those
exhibiting a high CXCR4***** clonality having a higher
degree of drug resistance [62].

In a randomized phase Il study (INNOVATE), 150
patients with WM, of which 90 were previously
untreated, were randomized 1:1 to ibrutinib and rituxi-
mab versus placebo and rituximab. The combination of
rituximab and ibrutinib compared with placebo and rit-
uximab demonstrated a higher ORR (92% and 47%,
respectively), major response rate (72% and 32%,
respectively), and very good partial response (VGPR)
rate (23% vs 4%, respectively) [39]. Twenty patients
were MYD88 wildtype and 49 patients had CXCR4 muta-
tions. In MYD88 wild type patients treated with ibruti-
nib-rituximab, ORR was 81% and VGPR rate was 27%,
while, in CXCR4 mutated patients, ORR was 100% with
VGPR rate of 19%. These findings suggest that the add-
ition of rituximab to ibrutinib might be beneficial in
MYD88 wildtype patients. Although the 30-month PFS
rate was similar between patients with and without
CXCR4 mutations, the 36-month PFS rates for patients
with and without CXCR4 mutations were 64% and 84%,
respectively [63]. Longer follow-up is needed to better
understand the effect of MYD88 and CXCR4 mutations
in WM patients treated with ibrutinib and rituximab.

WM treatment selection based on
mutational status

Myd88 mutated and CXCR4 wildtype
The vast majority of WM patients harbor the MYD88
L265P mutation. For those patients who are MYD88
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mutated and CXCR4 wild-type, BTK inhibitors should
always be considered. BTK inhibitors may be used front-
line or in any subsequent line of therapy in BTK inhibitor
naive patients. Currently, ibrutinib is the only FDA
approved BTK inhibitor for WM. Ibrutinib may be pre-
scribed with or without rituximab. Since ibrutinib mono-
therapy has not been prospectively compared to
ibrutinib plus rituximab in clinical trials, any additional
benefit from rituximab is currently unclear. However,
because rituximab may deplete normal B-cells, we would
omit rituximab in patients with significant hypogamma-
globulinemia or severe recurrent infections.

Myd88 and CXCR4 mutated

For WM patients who harbor both MYD88 mutations
and CXCR4 nonsense mutations, BTK inhibitors are an
option, however implications of the CXCR4 mutational
status should be considered. As previously mentioned,
time to best response is longer and PFS shorter in
WM patients with concurrent MYD88 and CXCR4 muta-
tions. If we were to use a BTK inhibitor, we would
more consider the combination with rituximab,
although whether the addition of rituximab improves
responses in CXCR4 mutated patients remain to be
determined. Alternate strategies with chemoimmuno-
therapy with rituximab-based regimen combining alky-
lator or proteasome inhibitor are preferred.
Importantly, CXCR4 mutated patients tend to have
higher IgM levels and hyperviscosity is more common.
As such, care should be taken to avoid rituximab-
mediated IgM flare and rituximab may be added in
the second cycle or following plasmapheresis, particu-
larly in patients at greatest risk with serum IgM level
>4,000mg/dL. CXCR4 targeted agents are actively
being studied to help overcome this unmet need of
improving BTK inhibitor responses in this population.

Myd88 wildtype

In WM patients who are MYD88 wild type, several consider-
ations are crucial. First, care should be taken to best ensure
the diagnosis of WM as opposed to other similar entities
such as marginal zone lymphoma or IgM multiple mye-
loma. Secondly, a false negative is always a possibility
based on the sensitivity of available standard testing. In
particular, with a low burden of disease, the mutational
burden may be lower than the threshold for detection by
PCR in an unsorted bone marrow sample. We have found
discordance in detecting MYD88 mutation after sorting
bone marrow and testing CD19-selected cells versus
unsorted bone marrow [64]. Single-agent BTK inhibitors
should be avoided in MYD88 wildtype patients, based on
significantly shorter PFS compared to MYD88 mutated
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patients [58]. One could consider adding rituximab to ibru-
tinib in MYD88 wildtype patients. Chemoimmunotherapy
with rituximab-based regimens are preferred options,
although there are limited data to recommend one
regimen over another.

Other mutations

TP53 mutations are emerging as potential markers of
adverse outcomes in WM patients [23,24]. This muta-
tion may be de novo or acquired in a more advanced
disease. Clinical trial participation would be preferred
in this population whenever possible.

Emerging targeted therapies

Acalabrutinib, zanubrutinib and tirabrutinib are novel
BTK inhibitors currently undergoing clinical develop-
ment in WM. The results of a phase Il study on
106 WM patients (92 previously treated and 14 treat-
ment naive) treated with acalabrutinib monotherapy
at 100mg PO QD until disease progression or
unacceptable toxicity was recently published [65].
With a median follow-up of 27 months, the ORR was
93% and the major response rate was 80%. The distri-
bution of responses was similar between previously
treated and treatment naive patients. VGPRs were
only attained in 9% of previously treated patients. Of
50 patients who were genotyped for MYD88, 14
patients (27%) were classified as MYD88 wild type,
with ORR of 79% and a major response of 64%.
Patients were not tested for CXCR4 mutations. The 2-
year OS rates for previously treated and treatment
naive patients were 82% and 90% respectively. Most
common grade >3 adverse events included neutro-
penia (16%), lower respiratory tract infection (12%)
and liver enzyme elevation (7%). The rate of atrial fib-
rillation was 5%.

Zanubrutinib is also an oral BTK inhibitor adminis-
tered at 160mg PO BID and is being evaluated in a
phase Il study against ibrutinib 420 mg PO QD (ASPEN;
NCT03053440). Results from a phase I/l study on 73 WM
patients (49 previously treated and 24 treatment naive)
have shown an ORR of 92%, a major response rate of
82% and VGPR rate of 42%, with a median follow-up
time of 24 months [66]. Estimated 24-month PFS rate
was 81%. Most common grade >3 adverse events
included neutropenia (10%), anemia (8%) and hyperten-
sion (5%). Arm C of the ASPEN study, which included 26
(21 previously treated and 5 treatment naive) WM
patients classified as MYD88 wild type, reported ORR of
81%, major response of 54% and VGPR of 23%, with a
median follow-up time of 12 months [67].

Data on a phase Il study on 27 WM patients (9 pre-
viously treated and 18 treatment naive) exposed to
tirabrutinib 480mg PO QD with a median follow-up
time of 6 months showed ORR of 94% and a major
response of 80% [68]. Neutropenia, atypical mycobac-
terial infection and rash were the most common grade
>3 adverse events.

Akin to CLL patients, WM patients on BTK inhibitor
therapy can develop mutations in BTK and/or PCLG2,
which can render current BTK inhibitors ineffective [69].
A number of non-covalent, second-generation BTK
inhibitors that could overcome the resistance associ-
ated with BTK and/or PCLG2 mutations are underway.
ARQ531 (NCT03162536) and LOXO-305 (NCT03740529)
are currently being actively investigated in WM patients
with BTK mutations progressing on ibrutinib.

The BCL2 inhibitor venetoclax has shown to be safe
and effective in WM. An ongoing multicenter phase I
study is evaluating venetoclax monotherapy in 30 pre-
viously treated WM patients, of which 15 were previ-
ously exposed to BTK inhibitors [70]. Venetoclax was
escalated weekly to a maximum dose of 800 mg PO
QD, which was then continued for 24 months. With a
median follow-up of 18 months, ORR was 87%, major
response rate was 81% and VGPR rate was 19%. The
2-year PFS rate was estimated at 76%. Time to and
depth of response and PFS appeared to be adversely
affected by prior BTK inhibitor exposure. CXCR4 muta-
tions were associated with lower rates of VGPR, but
PFS did not appear to be affected. Most common
grade >3 adverse events were neutropenia, anemia
and diarrhea. No clinical laboratory tumor lysis syn-
drome occurred. Furthermore, with the synergy
observed with dual BTK and BCL2 inhibition, the com-
bination of ibrutinib and venetoclax are being investi-
gated in an ongoing phase Il study in untreated
patients with WM (NCT04273139).

As CXCR4 mutations can be detected in 30-40% of
WM patients, the clinical development of CXCR4 tar-
geted agents are of active interest. The anti-CXCR4
monoclonal antibody ulocuplumab in combination with
ibrutinib is being investigated in a phase I/l study in
previously treated and treatment naive WM patients
harboring CXCR4 mutations (NCT03225716). The CXCR4
targeting small molecule mavorixafor in combination
with ibrutinib is also undergoing clinical development
in a multicenter phase 1B study (NCT04274738).

Conclusions

WM is a highly heterogenous disease and therapy
selection is based on a number of unique patient
characteristics. Factors such as age, comorbidities,
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functional status, disease-related complications, prior
therapies, and goals of care are all important when
selecting an individual WM treatment strategy. In aca-
demic centers, genomic testing for routine cytogenet-
ics, MYD88, and CXCR4 testing should be undertaken
in all WM patients. In the community, MYD88 testing
should be pursued in all WM patients and CXCR4 test-
ing in patients eligible for BTK inhibitors. WM patients
with MYD88 mutations should be considered for treat-
ment with BTK inhibitors. Because WM patients with
coexisting MYD88 and nonsense CXCR4 mutations may
take longer to reach the best response and may have
shorter PFS when treated with BTK inhibitor mono-
therapy, combination therapy or alternate agents may
be better suited for certain patients.

Although generally indolent, WM is incurable, and
some patients ultimately develop progressive disease
and die from complications of their disease.
Fortunately, OS has improved in the last couple of
decades with the development of the latest treatment
strategies. With a better understanding of the genetic
pathogenesis of WM, more effective treatment strat-
egies are being developed, such as CXCR4 blocking
antibodies and small molecules overcome resistance
to BTK inhibitors and exploit new molecular pathways.
Deeper understanding may also allow opportunities to
halt progression for premalignant or asymptomatic
states. Additionally, more innovative and genomic
therapies will likely continue to lead to deeper remis-
sions, improved PFS and OS and closer to the possibil-
ity of a cure.

Disclosure statement

ARB received honoraria from Pharmacyclics. SPT received
research funding and/or honoraria from Abbvie, Beigene,
BMS, Pharmacyclics and X4. JJC received research funding
and/or honoraria from Abbvie, Beigene, Janssen,
Pharmacyclics, Roche and TG Therapeutics. ML has no con-
flicts of interest to disclose.

ORCID

Andrew R. Branagan http://orcid.org/0000-0002-
3868-9267

Mathew Lei http://orcid.org/0000-0001-5348-6065

Steven P. Treon
Jorge J. Castillo

http://orcid.org/0000-0001-6393-6154
http://orcid.org/0000-0001-9490-7532

References

[1] Owen RG, Kyle RA, Stone MJ, et al. Response assess-
ment in Waldenstrom macroglobulinaemia: update
from the Vith International Workshop. Br J Haematol.
2013;160(2):171-176.

[2]

B3l

(4]

[5]

[6]

[7]

(8l

[l

[10]

(11l

[12]

[13]

[14]

[15]

[16]

Kyle RA, Larson DR, McPhail ED, et al. Fifty-year inci-
dence of Waldenstrom macroglobulinemia in Olmsted
County, Minnesota, from 1961 through 2010: a popu-
lation-based study with complete case capture and
hematopathologic review. Mayo Clinic Proc. 2018;
93(6):739-746.

Wang H, Chen Y, Li F, et al. Temporal and geographic
variations of Waldenstrom macroglobulinemia inci-
dence: a large population-based study. Cancer. 2012;
118(15):3793-3800.

Treon S, Hunter Z, Aggarwal A, et al. Characterization
of familial Waldenstrom’s macroglobulinemia. Ann
Oncol. 2006;17(3):488-494.]

Garcia -Sanz R, Montoto S, Torrequebrada A, et al.
Waldenstrom macroglobulinaemia: presenting fea-
tures and outcome in a series with 217 cases. Br J
Haematol. 2001;115(3):575-582.

Treon SP, Xu L, Hunter Z. MYD88 mutations and
response to ibrutinib in Waldenstrom’s macroglobuli-
nemia. N Engl J Med. 2015;373(6):584-586.

Treon SP, Xu L, Yang G, et al. MYD88 L265P somatic
mutation in Waldenstrom’s macroglobulinemia. N
Engl J Med. 2012;367(9):826-833.

Nakamura A, Ohwada C, Takeuchi M, et al. Detection
of MYD88 L265P mutation by next-generation deep
sequencing in peripheral blood mononuclear cells of
Waldenstrom’s macroglobulinemia and IgM monoclo-
nal gammopathy of undetermined significance. PLOS
One. 2019;14(9):e0221941.

Xu L, Hunter Z, Yang G, et al. Detection of MYD88
L265P in peripheral blood of patients with
Waldenstrom’s Macroglobulinemia and IgM monoclo-
nal gammopathy of undetermined significance.
Leukemia. 2014;28(8):1698-1704.

Hunter ZR, Xu L, Yang G, et al. The genomic land-
scape of Waldenstrom macroglobulinemia is charac-
terized by highly recurring MYD88 and WHIM-like
CXCR4 mutations, and small somatic deletions associ-
ated with B-cell lymphomagenesis. Blood. 2014;
123(11):1637-1646.

Treon SP, Cao Y, Xu L, et al. Somatic mutations in
MYD88 and CXCR4 are determinants of clinical pres-
entation and overall survival in Waldenstrom macro-
globulinemia. Blood. 2014;123(18):2791-2796.

Treon SP, Gustine J, Xu L, et al. MYD88 wild-type
Waldenstrom macroglobulinaemia: differential diagno-
sis, risk of histological transformation, and overall sur-
vival. Br J Haematol. 2018;180(3):374-380.

Zanwar S, Abeykoon JP, Durot E, et al. Impact of
MYD88(L265P) mutation status on histological trans-
formation of Waldenstrom macroglobulinemia. Am J
Hematol. 2020;95(3):274-281.

Abeykoon JP, Paludo J, King RL, et al. MYD88 muta-
tion status does not impact overall survival in
Waldenstrom macroglobulinemia. Am J Hematol.
2018;93(2):187-194.

Poulain S, Roumier C, Venet-Caillault A, et al.
Genomic landscape of CXCR4 mutations in
Waldenstrom macroglobulinemia. Clin Cancer Res.
2016;22(6):1480-1488.

Schmidt J, Federmann B, Schindler N, et al. MYD88
L265P and CXCR4 mutations in lymphoplasmacytic



[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

lymphoma identify cases with high disease activity. Br
J Haematol. 2015;169(6):795-803.

Castillo JJ, Gustine JN, Meid K, et al. Low levels of von
Willebrand markers associate with high serum IgM
levels and improve with response to therapy, in
patients with Waldenstrom macroglobulinaemia. Br J
Haematol. 2019;184(6):1011-1014.

Xu L, Hunter ZR, Tsakmaklis N, et al. Clonal architec-
ture of CXCR4 WHIM-like mutations in Waldenstrom
macroglobulinaemia. Br J Haematol. 2016;172(5):
735-744,

Bagratuni T, Ntanasis-Stathopoulos |, Gavriatopoulou
M, et al. Detection of MYD88 and CXCR4 mutations in
cell-free DNA of patients with IgM monoclonal gam-
mopathies. Leukemia. 2018;32(12):2617-2625.

Cao Y, Hunter ZR, Liu X, et al. CXCR4 WHIM-like
frameshift and nonsense mutations promote ibrutinib
resistance but do not supplant MYD88(L265P)-
directed survival signalling in Waldenstrom macroglo-
bulinaemia cells. Br J Haematol. 2015;168(5):701-707.
Treon SP, Xu L, Liu X, et al. Genomic landscape of
Waldenstrom macroglobulinemia. Hematol Oncol Clin
North Am. 2018;32(5):745-752.

Varettoni M, Zibellini S, Defrancesco |, et al. Pattern of
somatic mutations in patients with Waldenstrom mac-
roglobulinemia or IgM monoclonal gammopathy of
undetermined significance. Haematologica. 2017;
102(12):2077-2085.

Gustine JN, Tsakmaklis N, Demos MG, et al. TP53
mutations are associated with mutated MYD88 and
CXCR4, and confer an adverse outcome in
Waldenstrom macroglobulinaemia. Br J Haematol.
2019;184(2):242-245.

Poulain S, Roumier C, Bertrand E, et al. TP53 mutation
and its prognostic significance in Waldenstrom’s mac-
roglobulinemia. Clin  Cancer Res. 2017;23(20):
6325-6335.

Sabapathy K, Lane DP. Therapeutic targeting of p53:
all mutants are equal, but some mutants are more
equal than others. Nat Rev Clin Oncol. 2018;15(1):
13-30.

Wu JN, Roberts CW. ARID1A mutations in cancer:
another epigenetic tumor suppressor? Cancer Discov.
2013;3(1):35-43.

Young RM, Shaffer AL, Ill Phelan JD, et al. B-cell
receptor signaling in diffuse large B-cell lymphoma.
Paper presented at Seminars in hematology; 2015.
Wilson WH, Young RM, Schmitz R, et al. Targeting B
cell receptor signaling with ibrutinib in diffuse large B
cell lymphoma. Nat Med. 2015;21(8):922-926.
Jiménez C, Alonso-Alvarez S, Alcoceba M, et al. From
Waldenstrom’s macroglobulinemia to aggressive dif-
fuse large B-cell lymphoma: a whole-exome analysis
of abnormalities leading to transformation. Blood
Cancer J. 2017;7(8):e591

Correa JG, Cibeira MT, Tovar N, et al. Prevalence and
prognosis implication of MYD88 L265P mutation in
IgM monoclonal gammopathy of undetermined sig-
nificance and smouldering Waldenstrom macroglobu-
linaemia. Br J Haematol. 2017;179(5):849-851.
Varettoni M, Arcaini L, Zibellini S, et al. Prevalence
and clinical significance of the MYD88 (L265P)

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

GENOMICS WALDENSTROM MACROGLOBULINEMIA 9

somatic mutation in Waldenstrom’s macroglobuline-
mia and related lymphoid neoplasms. Blood. 2013;
121(13):2522-2528.

Kyle RA, Benson JT, Larson DR, et al. Progression in
smoldering Waldenstrom macroglobulinemia: long-
term results. Blood. 2012;119(19):4462-4466.

Bustoros M, Sklavenitis-Pistofidis R, Kapoor P, et al.
Progression risk stratification of asymptomatic
Waldenstrom macroglobulinemia. J Clin Oncol. 2019;
37(16):1403-1411.

Kapoor P, Ansell SM, Fonseca R, et al. Diagnosis and
management of Waldenstrom Macroglobulinemia:
Mayo stratification of macroglobulinemia and risk-
adapted therapy (mSMART) guidelines 2016. JAMA
Oncol. 2017;3(9):1257-1265.

Treon SP, loakimidis L, Soumerai JD, et al. Primary
therapy of Waldenstrom macroglobulinemia with bor-
tezomib, dexamethasone, and rituximab: WMCTG clin-
ical trial 05-180. J Clin Oncol. 2009;27(23):3830-3835.
Leblond V, Kastritis E, Advani R, et al. Treatment rec-
ommendations from the Eighth International
Workshop on Waldenstrom’s Macroglobulinemia.
Blood. 2016;128(10):1321-1328.

Kastritis E, Leblond V, Dimopoulos MA, et al.
Waldenstrom’s macroglobulinaemia: ESMO Clinical
Practice Guidelines for diagnosis, treatment and fol-
low-up. Ann Oncol. 2018;29(Suppl 4):iv41-iv50.

Owen RG, Pratt G, Auer RL, et al. Guidelines on the
diagnosis and management of Waldenstrom macro-
globulinaemia. Br J Haematol. 2014;165(3):316-333.
Dimopoulos MA, Tedeschi A, Trotman J, et al. Phase 3
trial of ibrutinib plus rituximab in Waldenstrom’s mac-
roglobulinemia. N Engl J Med. 2018;378(25):
2399-2410.

Treon SP, Agus DB, Link B, et al. CD20-directed anti-
body-mediated immunotherapy induces responses
and facilitates hematologic recovery in patients with
Waldenstrom’s macroglobulinemia. J Immunother.
2001;24(3):272-279.

Treon S, Emmanouilides C, Kimby E, et al. Extended
rituximab therapy in Waldenstrom’s macroglobuline-
mia. Ann Oncol. 2005;16(1):132-138.

Dimopoulos MA, Zervas C, Zomas A, et al. Extended
rituximab therapy for previously untreated patients
with ~ Waldenstrom’s ~ macroglobulinemia.  Clin
Lymphoma. 2002;3(3):163-166.

Gertz MA, Rue M, Blood E, et al. Multicenter phase 2
trial of rituximab for Waldenstrom macroglobulinemia
(WM): an Eastern Cooperative Oncology Group Study
(E3A98). Leuk Lymphoma. 2004;45(10):2047-2055.
Gavriatopoulou M, Terpos E, Kastritis E, et al. Current
treatment options and investigational drugs for
Waldenstrom’s  macroglobulinemia.  Expert  Opin
Investig Drugs. 2017;26(2):197-205.

Furman RR, Eradat HA, DiRienzo CG, et al. Once-
weekly ofatumumab in untreated or relapsed
Waldenstrom'’s macroglobulinaemia: an open-label,
single-arm, phase 2 study. Lancet Haematol. 2017;
4(1):e24-e34.

Kastritis E, Gavriatopoulou M, Kyrtsonis MC, et al.
Dexamethasone, rituximab, and cyclophosphamide as
primary treatment of Waldenstrom



10 A. R. BRANAGAN ET AL.

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

macroglobulinemia: final analysis of a phase 2 study.
Blood. 2015;126(11):1392-1394.

Rummel MJ, Niederle N, Maschmeyer G, et al.
Bendamustine plus rituximab versus CHOP plus rituxi-
mab as first-line treatment for patients with indolent
and mantle-cell lymphomas: an open-label, multi-
centre, randomised, phase 3 non-inferiority trial.
Lancet. 2013;381(9873):1203-1210.

Gavriatopoulou M, Garcia-Sanz R, Kastritis E, et al.
BDR in newly diagnosed patients with WM: final ana-
lysis of a phase 2 study after a minimum follow-up of
6 years. Blood. 2017;129(4):456-459.

Treon SP, Branagan AR, loakimidis L, et al. Long-term
outcomes to fludarabine and rituximab in
Waldenstrom macroglobulinemia. Blood. 2009;113(16):
3673-3678.

Laszlo D, Andreola G, Rigacci L, et al. Rituximab and
subcutaneous 2-chloro-2’-deoxyadenosine combin-
ation treatment for patients with Waldenstrom mac-
roglobulinemia: clinical and biologic results of a
phase Il multicenter study. J Clin Oncol. 2010;28(13):
2233-2238.

Castillo JJ, Meid K, Gustine JN, et al. Prospective clin-
ical trial of ixazomib, dexamethasone, and rituximab
as primary therapy in Waldenstrom macroglobuline-
mia. Clin Cancer Res. 2018;24(14):3247-3252.

Treon SP, Tripsas CK, Meid K, et al. Carfilzomib, rituxi-
mab, and dexamethasone (CaRD) treatment offers a
neuropathy-sparing approach for treating
Waldenstrom’s  macroglobulinemia. Blood. 2014;
124(4):503-510.

Paludo J, Abeykoon JP, Shreders A, et al.
Bendamustine and rituximab (BR) versus dexametha-
sone, rituximab, and cyclophosphamide (DRC) in
patients with Waldenstrom macroglobulinemia. Ann
Hematol. 2018;97(8):1417-1425.

Sklavenitis-Pistofidis R, Capelletti M, Liu CJ, et al.
Bortezomib overcomes the negative impact of CXCR4
mutations on survival of Waldenstrom macroglobuli-
nemia patients. Blood. 2018;132(24):2608-2612.
Castillo JJ, Gustine JN, Meid K, et al. CXCR4 muta-
tional status does not impact outcomes in patients
with Waldenstrom macroglobulinemia treated with
proteasome inhibitors. Am J Hematol. 2020;95(4):
E95-E98.

Treon SP, Tripsas CK, Meid K, et al. lbrutinib in previ-
ously treated Waldenstrom’s macroglobulinemia. N
Engl J Med. 2015;372(15):1430-1440.

Treon SP, Meid K, Gustine J, et al. Long-term follow
up of ibrutinib monotherapy in symptomatic, previ-
ously treated patients with Waldenstrom macroglobu-
linemia. J Clin Oncol. 2020.

Treon SP, Meid K, Gustine J, et al. Ibrutinib monother-
apy produces long-term disease control in previously
treated Waldenstrom’s macroglobulinemia. Final
report of the pivotal trial (NCT01614821). Hematol
Oncol. 2019;37(52):184-185.

Dimopoulos MA, Trotman J, Tedeschi A, et al.
Ibrutinib  for patients with rituximab-refractory
Waldenstrom'’s macroglobulinaemia (iNNOVATE): an
open-label substudy of an international, multicentre,
phase 3 trial. Lancet Oncol. 2017;18(2):241-250.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Treon SP, Gustine J, Meid K, et al. Ibrutinib monother-
apy in symptomatic, treatment-naive patients with
Waldenstrom macroglobulinemia. J Clin Oncol. 2018;
36(27):2755-2761.

Castillo JJ, Xu L, Gustine JN, et al. CXCR4 mutation
subtypes impact response and survival outcomes in
patients with Waldenstrom macroglobulinaemia
treated with ibrutinib. Br J Haematol. 2019;187(3):
356-363.

Gustine JN, Xu L, Tsakmaklis N, et al. CXCR4S338X
clonality is an important determinant of ibrutinib out-
comes in patients with Waldenstrom macroglobuline-
mia. Blood Adv. 2019;3(19):2800-2803.

Buske C, Tedeschi A, Trotman J, et al. Ibrutinib treat-
ment in Waldenstrom’s macroglobulinemia: follow-up
efficacy and safety from the iINNOVATETM study.
Blood. 2018;132(Supplement 1):149.

Gustine J, Meid K, Xu L, et al. To select or not to
select? The role of B-cell selection in determining the
MYD88 mutation status in Waldenstrom macroglobu-
linaemia. Br J Haematol. 2017;176(5):822-824.

Owen RG, McCarthy H, Rule S, et al. Acalabrutinib
monotherapy in patients with Waldenstrom macro-
globulinemia: a single-arm, multicentre, phase 2
study. Lancet Haematol. 2020;7(2):e112-e121.
Trotman J, Opat S, Marlton P, et al. updated safety
and efficacy data in a phase 1/2 trial of patients with
Waldenstrom macroglobulinaemia (WM) treated with
the bruton tyrosine kinase (BTK) inhibitor zanubruti-
nib (BGB-3111): PF481. HemaSphere. 2019;3:192-193.

Dimopoulos M, Opat S, Lee H-P, et al. major
responses in  MYD88  wildtype  (MYD88WT)
Waldenstrom  macroglobulinemia (WM). Patients

treated with bruton tyrosine kinase (BTK) inhibitor
zanubrutinib (BGB-3111): PF487. HemaSphere. 2019;3:
196.

Munakata W, Sekiguchi N, Shinya R, et al. Phase 2
study of tirabrutinib (ONO/GS-4059), a second-gener-
ation Bruton'’s tyrosine kinase inhibitor, monotherapy
in patients with treatment-naive or relapsed/refrac-
tory Waldenstrom macroglobulinemia. Blood. 2019;
134(Supplement_1):345-345.

Chen JG, Liu X, Munshi M, et al. BTKCys481Ser drives
ibrutinib resistance via ERK1/2 and protects BTKwild-
type MYD88-mutated cells by a paracrine mechanism.
Blood. 2018;131(18):2047-2059.

Castillo J, Allan J, Siddigi T, et al. Multicenter pro-
spective phase Il study of venetoclax in patients with
previously treated Waldenstrom macroglobulinemia.
Clin Lymphoma Myeloma Leukemia. 2019;19(10):
e39-e40.

Paludo J, Abeykoon JP, Kumar S, et al
Dexamethasone, rituximab and cyclophosphamide for
relapsed and/or refractory and treatment-naive
patients with Waldenstrom macroglobulinemia. Br J
Haematol. 2017;179(1):98-105.

Buske C, Tedeschi A, Trotman J, et al. Five-year fol-
low-up of ibrutinib plus rituximab vs placebo plus rit-
uximab for Waldenstrom’s Macroglobulinemia: final
analysis from the randomized phase 3 iINNOVATETM
study. Blood. 2020;136(Supplement 1):24-26.



(73]

[74]

[75]

Castillo JJ, Meid K, Flynn CA, et al. Ixazomib, dexa-
methasone, and rituximab in treatment-naive

patients with  Waldenstrom  macroglobulinemia:
long-term  follow-up. Blood Adv. 2020;4(16):
3952-3959.

Castillo JJ, Gustine JN, Meid K, et al. Response and
survival outcomes to ibrutinib monotherapy for
patients with Waldenstrom macroglobulinemia on
and off clinical trials. Hemasphere. 2020;4(3):e363.

Tam CS, Opat S, D'Sa S, et al. A randomized phase 3
trial of zanubrutinib vs ibrutinib in symptomatic

[76]

[77]

GENOMICS WALDENSTROM MACROGLOBULINEMIA 1

Waldenstrom macroglobulinemia: the ASPEN study.
Blood. 2020;136(18):2038-2050.

Garcia-Sanz R, Dimopoulos MA, Lee H-P, et al
Updated results of the ASPEN trial from a cohort of
patients with  MYD88  wild-type (MYD88WT)
Waldenstrom macroglobulinemia (WM). J Clin Oncol.
2020;38(15_suppl):e20056-e20056.

Trotman J, Opat S, Gottlieb D, et al. Zanubrutinib for
the treatment of patients with Waldenstrom macro-
globulinemia: 3 years of follow-up. Blood. 2020;
136(18):2027-2037.



	Abstract
	Introduction
	Genomics of Waldenström macroglobulinemia
	Effect of genomic profile on waldenström macroglobulinemia therapies
	Single-agent rituximab
	Rituximab-containing combinations
	Bruton tyrosine kinase inhibitors

	WM treatment selection based on mutational status
	Myd88 mutated and CXCR4 wildtype
	Myd88 and CXCR4 mutated
	Myd88 wildtype
	Other mutations

	Emerging targeted therapies

	Conclusions
	Disclosure statement
	Orcid
	References


