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Key Points

• Molecular profiling of
MZL may assist in the
rational use of BTK
inhibitor therapy.

• BTK and PLCG2
mutations confer
acquired resistance of
MZL to BTK inhibition.
Using tissue whole exome sequencing (WES) and circulating tumor cell–free DNA (ctDNA),

this Australasian Leukaemia & Lymphoma Group translational study sought to characterize

primary and acquired molecular determinants of response and resistance of marginal zone

lymphoma (MZL) to zanubrutinib for patients treated in the MAGNOLIA clinical trial. WES

was performed on baseline tumor samples obtained from 18 patients. For 7 patients, ctDNA

sequence was interrogated using a bespoke hybrid-capture next-generation sequencing

assay for 48 targeted genes. Somatic mutations were correlated with objective response

data and survival analysis using Fisher exact test and Kaplan-Meier (log-rank) method,

respectively. Baseline WES identified mutations in 33 of 48 (69%) prioritized genes. NF-κB,
NOTCH, or B-cell receptor (BCR) pathway genes were implicated in samples from 16 of 18

patients (89%). KMT2D mutations (n = 11) were most common, followed by FAT1 (n = 9),

NOTCH1, NOTCH2, TNFAIP3 (n = 5), and MYD88 (n = 4) mutations. MYD88 or TNFAIP3

mutations correlated with improved progression-free survival (PFS). KMT2D mutations

trended to worse PFS. Acquired resistance mutations PLCG2 (R665W/R742P) and BTK

(C481Y/C481F) were detected in 2 patients whose disease progressed. A BTK E41K

noncatalytic activating mutation was identified before treatment in 1 patient who was

zanubrutinib-refractory. MYD88, TNFAIP3, and KMT2D mutations correlate with PFS in

patients with relapsed/refractory MZL treated with zanubrutinib. Detection of acquired

BTK and PLCG2 mutations in ctDNA while on therapy is feasible and may herald clinical

disease progression. This trial was registered at https://anzctr.org.au/ as

#ACTRN12619000024145.
February 2023; prepublished online on
arch 2023. https://doi.org/10.1182/

matology Association Congress, 12 May

ctDNA) is available in the NCBI/SRA
5).

The full-text version of this article contains a data supplement.
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Introduction

Marginal zone lymphoma (MZL) is a heterogeneous, indolent, but
incurable B-cell non-Hodgkin lymphoma (NHL) characterized by
cellular dependency on B-cell receptor (BCR) signaling, leading to
the activation of NF-κB and related pathways.1 According to the
WHO 2022 classification of hematological malignancies, 4
recognized subtypes of MZL in adults exist: extranodal MZL of
mucosa-associated lymphoid tissue (MALT), splenic (SMZL),
nodal (NMZL), and primary cutaneous MZL.2 The genomic land-
scape of MZL is less well-defined than that of other B-cell NHLs,
but genes involving pathways regulating the marginal zone
development, such as the NOTCH pathway (NOTCH1, NOTCH2,
SPEN, CREBBP, and DTX1), NF-κB signaling (MYD88, TNFAIP3
(A20), BIRC3, TRAF3, and CXCR4), or BCR signaling (CARD11,
CXCR4, and KLHL6) are often affected.3-6 Notably, primary acti-
vating mutations of BTK, such as the E41K mutation, which are
rarely reported in diffuse large B-cell lymphoma have not been
observed in indolent lymphomas such as MZL.7,8 Although
responses to frontline chemoimmunotherapy for the treatment of
MZL are often favorable, the disease is characterized by frequent
relapses, and there is no established standard of care for subse-
quent lines of treatment.9

A previous single-arm, open-label, phase 2 clinical trial of 63
patients with relapsed/refractory MZL (rrMZL) treated with the BTK
inhibitor (BTKi) ibrutinib demonstrated a 58% objective response
rate (ORR) with 10% complete response (CR), a median duration
of response (DOR) of 27.6 months (95% confidence interval [CI]:
12.1 months to not estimable [NE]), a median progression-free
survival (PFS) of 15.7 months (95% CI: 12.2-30.4 months), and
a median overall survival not reached (95% CI: NE-NE).10

Responses were observed across all MZL subtypes, with
biomarker studies identifying patients bearing lymphoma with
mutated TNFAIP3 (A20) and MYD88 as more likely to respond. In
contrast, lymphomas with mutated KMT2D (MLL) and CARD11
were less likely to respond to ibrutinib. This study did not, however,
assess for the emergence of acquired mutations affecting BTK or
its enzymatic substrate, PLCG2.11-15 Mutations in either of these
lead to acquired BTKi resistance in chronic lymphocytic leukemia,
but data in MZL are limited to a single case study of a patient who
was ibrutinib-treated and developed large cell transformation and
molecular profiling, identifying acquired BTK (C481S) and PLCG2
(R665W) mutations.11,16

Zanubrutinib, a second-generation BTKi, occupies the BTK-binding
site in a concentration-dependent manner similar to that of ibrutinib
but with more than 3 times the potency.17 It is also more selective,
with fewer off-target effects and, hence, fewer adverse reac-
tions.17,18 MAGNOLIA, a phase 2 study of zanubrutinib in rrMZL,
demonstrated excellent tolerability and efficacy.19 At a median
follow-up of 15.7 months, the ORR was 68.2% (95% CI: 55.56-
79.11) with a CR of 25.8%; the median DOR and PFS were not
reached (95% CI: NE-NE), with a 12-month DOR and PFS of 93%
and 83%, respectively (95% CI: 79.8-97.7; 95% CI: 70.55-89.93).
Only 4 patients (6%) discontinued treatment because of adverse
events, none of which were considered treatment-related. The
ACE-LY-003 study has also demonstrated favorable clinical activity
of acalabrutinib for the treatment of relapsed MZL, with an ORR of
53%, including 13% CR, and a median PFS of 27.4 months.20
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The present cooperative trial group correlative study, sponsored by
the Australasian Leukaemia and Lymphoma Group, sought to
determine whether a baseline molecular profile using whole exome
sequencing (WES) could predict primary resistance to zanu-
brutinib and whether the emergence of resistance mutations in
circulating tumor DNA (ctDNA), a component of cell-free DNA
(cfDNA), heralds clinical progression in patients treated on the
MAGNOLIA clinical trial.
Methods

This study was conducted in accordance with the provisions of the
Declaration of Helsinki and approved by the local governing insti-
tutional review board. Eighteen patients of the Australasian
Leukaemia and Lymphoma Group LS21 correlative study were part
of the MAGNOLIA study and provided informed consent before
procurement of clinical materials.19

DNA from primary tumor, buccal swabs, and Streck Cell-Free DNA
BCT tubes (La Vista, NE) was isolated using commercial isolation
kits (Qiagen, Venlo, The Netherlands). Additional information on
processing and evaluation of quality metrics are provided in the
supplemental Methods. All NGS libraries were constructed using
Agilent XTHS reagents and protocols incorporating unique
molecular barcoding (Agilent Technologies, CA). For primary
tumor, WES was performed using Agilent WES Ver7 reagents;
however, bioinformatics analysis was restricted to 48 candidate
genes, as listed in supplemental Table 1. This set of genes was
selected based on current literature, focusing on those previously
reported in MZL studies: those affecting NF-κB, NOTCH, BCR
pathways, tumor suppressors/oncogenes, and genes involved in
MZL development and related transcription factors/chromatin
remodeling as well as those that are commonly occurring.3,4,6 For
the sequencing of cfDNA, an NGS bespoke bait capture set for the
same 48 genes was used (443 kbp capture area, including a copy
number variation [CNV] backbone; SureDesign, Agilent Technol-
ogies, CA). Sequencing was performed on a NovaSeq 6000
instrument (Illumina, SP flow cell; 2 × 150 bp chemistry).

Data processing of FASTQ files was performed via an in-house
bioinformatic pipeline incorporating unique molecular identifiers
(UMI) deduplexing, VarDict for variant calling, and CNVkit for CNV
analysis. Variant calls in patient samples (identified using VarDict)
were manually curated by inspecting Binary Aligment Map (BAM)
files in the Integrative Genomics Viewer.21 Only nonsynonymous
mutations were included in the final data set, as per predetermined
curation criteria (supplemental Methods). Pathogenicity was
assessed using OpenCRAVAT,22 which annotates variants with an
impact on protein structure (eg, stop-gain, frame-shift deletions/
insertions, and complex substitutions) and integrates online data-
base information, such as ClinVar (version 2022.06.14) and
COSMIC (version 94.0.0).23

For the 17 patients (94%) with tumor samples available for WES
and treated with zanubrutinib, mutational analysis was correlated
with investigator-assessed ORR and PFS using Fisher exact test
and the Kaplan-Meier (log-rank) method, respectively (GraphPad
Prism version 9.3.1). Mutational plots were visualized using Gen-
VisR, and the represented protein structural model of BTK is
described in supplemental Methods. Complete NGS data (primary
tumor and ctDNA) is available in the NCBI/SRA repository.
25 JULY 2023 • VOLUME 7, NUMBER 14



Results

NF-κB, NOTCH, and BCR mutations commonly occur

in rrMZL

WES was performed on 19 tumor samples from 18 patients before
zanubrutinib therapy. Seventeen patients were administered with
zanubrutinib during the study, and 1 patient failed screening but
was still eligible for molecular characterization of tumor. Germ line
comparison was available for 4 of the patients. The median patient
age was 71 years (range: 37-86 years), with a male predominance
(67%). All patients received at least 1 prior line of chemo-
immunotherapy (median: 1.5; range: 1-4). Patient and tumor sam-
ple characteristics are summarized in supplemental Table 2.

Ninety mutations were identified, with multiple mutations of the
same gene detected in 7 of 19 tumor samples (37%). Thirty-three
(69%) of the candidate genes interrogated were affected
(Figure 1; supplemental Table 3). A median of 5 mutations were
detected per tumor sample (range: 0-12), with missense mutations
predominating (76%; Figure 1). Paired lymph node and gastric
tissue were analyzed in 1 patient (MZ17): NOTCH1, NOTCH2,
and KMT2D mutations were identified in both samples, but
TNFAIP3 and FAS mutations were identified only in the lymph
node. One sample with limited tumor tissue available for analysis
failed to yield any variants.

NF-κB, NOTCH, and BCR pathway gene mutations were detected
in 14 (78%), 10 (56%), and 6 (33%) patient samples, respectively.
Sixteen of the 18 patients (89%) had 1 of these pathways affected.
The remaining genes predominantly affected were related to MZL
development, chromatin remodeling, transcription regulation, and
cell cycle regulation.
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Baseline-screened ctDNA samples were also analyzed for 2
patients (MZ03 and MZ07), for whom tumor WES samples were
not available (Figure 1). Before zanubrutinib therapy, TNFAIP3 and
KMT2D mutations were detected in both patients, whereas MZ03
ctDNA also harbored a BTK E41K mutation (Figure 1).

NF-κB pathway gene mutations may predict response

to zanubrutinib in MZL

Seventeen patients (94% of the cohort) with tumor samples
available for WES were treated with zanubrutinib. One patient died
from COVID-19 infection while on therapy. The median follow-up
was 11.1 months (range, 2.76-16.8 months). There was no cor-
relation between MZL subtype or number of previous lines of
therapy and survival (median PFS not reached [NR]; P = 0.876;
median PFS NR vs NR vs 10.85; P = 0.439). There was also no
correlation between patient tumor mutational profile and response
rates; however, most of the cohort achieved a response (ORR:
88% and CR: 24%; supplemental Table 4). The mutational profile
did associate with PFS: 7 patients with a tumor sample containing
at least 1 KMT2D mutation (total mutations: 11) had a shortened
PFS despite 6 of 7 achieving an objective response (median PFS
13.4 months vs NR; P = 0.05; HR: 6.15; 95% CI: 1.00-37.78;
Figure 2A). Two of these patients (MZ11 and MZ17) had tumors
with concomitant TNFAIP3 mutations and did not undergo disease
progression during the follow-up period.

MYD88 mutations (including 1 non-L265P) were observed in 4
samples (MZ01, MZ02, MZ14, and MZ33), and TNFAIP3 muta-
tions were observed in 4 samples (MZ11, MZ16, MZ17, and
MZ34). MYD88 and TNFAIP3 mutations were mutually exclusive.
All 8 of these patients with tumors harboring mutations of MYD88
or TNFAIP3 achieved an objective response and had prolonged
*ctDNA sample
(WES not available)
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95% CI: 0.01-0.52; Figure 2B).

NOTCH1 and NOTCH2 mutations were each observed in 4
samples and co-occurred in MZ17. NOTCH mutations were not
associated with the outcome (median PFS, NR vs NR; P = 0.49;
HR: 1.89; 95% CI: 0.31-11.34; Figure 2C). CARD11 mutations
were not identified in our cohort.

Baseline mutations of PLCG2 were detected in 2 samples (MZ02
and MZ21); however, these mutations (H244R and L704V) are not
known to confer BTKi resistance. MZ02 also harbored a MYD88
L265P mutation; the patient achieved a partial response (PR), and
their disease did not progress during the census period (PFS:
11.51 months). MZ21 harbored 2 KMT2D mutations and 1 TP53
mutation (affecting the DNA-binding domain in the latter); this
patient never achieved an objective response and had disease
progression after 2.5 months of zanubrutinib therapy. A TP53
R290C mutation was also detected in MZ15; this patient achieved
a CR and did not have disease progression (the follow-up period
was 10.85 months). The mutation was in a non-DNA–binding
domain with a variant allele frequency (VAF) of 46%.

FAT genes (FAT1, FAT3, or FAT4) were the most frequently
affected genes in our cohort, with 13 mutations detected in 6
tumor samples, including 9 in FAT1. However, they did not corre-
late with clinical outcomes (median PFS NR vs NR; P = 0.54; HR:
0.56; 95% CI: 0.08-3.66). The frequency of other mutations
detected (3 or fewer) was too low for meaningful clinical correla-
tion. CNV analysis was performed but was uninformative in terms of
association with response to zanubrutinib (supplemental Figure 1).

ctDNA can be used to track mutations and detect

acquisition of new mutations conferring BTKi

resistance

Longitudinal monitoring to detect the acquisition of resistance
mutations was performed in 7 patients at multiple time points using
cfDNA isolated from plasma with comparative germ line DNA; 4 of
7 also had baseline formalin-fixed, paraffin-embedded tumor sam-
ples available; the other 3 of 7 did not have baseline tumor samples
available for WES analysis. The mean and median cfDNA yield
3534 TATARCZUCH et al
were 10.6 ng/mL and 6.9 ng/mL, respectively (range: 2.5-105 ng/
mL), with levels increasing at the time of progression. ctDNA
analysis was also performed on multiple samples from the 7
patients: 3 responders (MZ01, MZ02, and MZ04), 3 progressors
(MZ03, MZ05, and MZ07), and 1 patient (MZ06) with multiple
mutations (n = 5) in WES who had failed screening and did not
receive zanubrutinib.

Changes in ctDNA burden during therapy

In the responder cohort, MZ01 and MZ02 had the MYD88 L265P
mutation identified in tumor sample WES; both patients achieved
PR and demonstrated decreasing mutation burden in ctDNA dur-
ing therapy (Figure 3A-B). Baseline ctDNA from both patients also
demonstrated mutations at screening that were not detected in
WES: the KMT2D Q2416H mutation (with decreasing VAF) and
the TP53 R248W (stable VAF) in MZ01 and MZ02, respectively.
No acquired mutations associated with resistance to BTKi were
observed in this cohort.

Emergence of new mutations in ctDNA conferring

resistance to BTKi during therapy

Baseline tumor WES was not available for the 3 patients who
experienced disease progression on zanubrutinib and had ctDNA
available (the progressor cohort). Samples from patients MZ03
(Figure 3C) and MZ07 (Figure 3E) demonstrated the acquisition
of mutations associated with BTKi resistance. Patient MZ07
achieved a PR but subsequently had disease progression on day
253, with PLCG2 R665W and L742P mutations observed in the
ctDNA at progression but not at baseline (Figure 3E). MZ03
ctDNA demonstrated a BTK E41K mutation before zanubrutinib
therapy; this patient’s disease progressed early (day 86) and had
new detectable BTK C481F and C481Y mutations, in addition to
the persistence of the BTK E41K mutation. This patient continued
therapy for another 41 days, with a repeat sample showing the
VAF of these respective mutations changing over time
(Figure 3C). The BTK E41K mutation was detected at all 3 time
points, including screening. MZ05 did not have baseline tumor
WES or ctDNA samples available (Figure 3D). Samples for
ctDNA were available after the commencement of zanubrutinib
and did not demonstrate the acquisition of BTK or PLCG2
25 JULY 2023 • VOLUME 7, NUMBER 14
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mutations, but notably, a mutation affecting BIRC3 and 3 TP53
mutations (R280G, I255F, and R213*) were detected at the
earliest time point sample available (day 84) as well as progres-
sion (day 334) samples.

Differences between ctDNA and baseline tissue WES

Three patients (MZ01, MZ02, and MZ06) had tumor WES and
screening ctDNA available for comparison. Of the 13 mutations
detected in the WES from these patients, 8 (62%) mutations were
detected in the ctDNA. In contrast, 2 mutations detected in the
screening ctDNA were not present in the WES. Five mutations,
including KMT2D and TNFAIP3, identified in the tumor sample of
the screen-failure patient (MZ06), were detectable in the ctDNA.
Four additional mutations (CACNA1H, EP300, and 2 TBL1XR1)
were detected in the ctDNA but not present in the WES. A PLCG2
H244R mutation detected in the WES of MZ02 was not detected
in the ctDNA. The complete list of genes detected via WES and
ctDNA can be found in supplemental Tables 3 and 5, respectively.

Discussion

Chronic active BCR–mediated signaling has been identified as a
critical step in MZL pathogenesis, providing a rationale for BTKi as
a therapeutic tool.1 Furthermore, the role of genes affecting BCR
and related pathways, particularly NF-κB and NOTCH, has been
established in several studies of B-cell malignancies, including
MZL.3,4,6,24 In this cohort of patients with rrMZL, all but 2 patients
(89%) had at least 1 of these pathways affected by a mutation
determined by baseline WES. Our findings are consistent with
those of the available literature: Noy et al described a response to
ibrutinib among patients with MZL harboring the MYD88 or
TNFAIP3 mutation and a worse outcomes in those with KMT2D
mutations.10 This indicates an expected overlap between the
response and resistance determinants of ibrutinib and zanubrutinib,
consistent with a common therapeutic target. NOTCH mutations,
which are associated with improved responses to BTKi in other
lymphoproliferative disorders such as mantle cell lymphoma and
chronic lymphocytic leukemia, did not appear to be associated with
response in our MZL cohort nor that of Noy et al, although this
observation is limited by the small sample size.10,25,26

The biological mechanisms underpinning BTKi responsiveness
have not been fully elucidated but, at least in the case of the
MYD88 mutation, the finding is not surprising. Somatic activating
mutations of MYD88 promote toll-like receptor activation via BTK
interaction and NF-κB signaling.27-29 BTK inhibition has proven
efficacious in patients with Waldenström macroglobulinemia,
>90% of whom harbor the MYD88 L265P mutation.2,30 BTKis can
also be effective in patients with Waldenström macroglobulinemia
harboring wild-typeMYD88, likely because of the presence of other
mutations in NF-κB pathway genes.31 Loss of the ubiquitin-editing
enzyme TNFAIP3 results in increased NF-κB signaling, which can
be counteracted by a BTKi.32,33 Our findings support those
recently reported in which only one mutation affecting NF-κB
pathway signaling (MYD88 or TNFAIP3) is sufficient to affect BTKi
response, because these mutations were mutually exclusive in both
our WES-assessed cohort and other studies.3,4

The biological consequences of KMT2D mutations in MZL devel-
opment are less well established. KMT2D encodes a histone
methyltransferase, which can function as a tumor suppressor; it is
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affected by NF-κB signaling, and a deficiency of KMT2D perturbs
germinal center B-cell development and promotes lymphoma-
genesis.34,35 Interestingly, 2 of the patients harboring KMT2D-
mutated MZL whose disease did not progress during zanubrutinib
therapy also harbored TNFAIP3 mutations.

We also interrogated genes known to be commonly mutated in
MZL.3,4,6 Of these, mutation of FAT genes was most frequently
observed. FAT genes encode atypical cadherins, which can exhibit
known tumor suppressor activity in solid organ malignancies.36

Although commonly mutated in MZL, their role in the disease’s
development remains unclear, and their presence was not associated
with progression outcomes in our cohort treated with zanubrutinib.

Using a bespoke hybrid-capture bait technology with unique
molecular indexes, we were able to detect and track the MYD88
L265P mutation in 2 of our patients with a sensitivity of 0.1%. This
is relevant given the predictive value of the MYD88 mutation for
response to BTKis. The decreasing, but persistent, VAF is
consistent with the PRs achieved by both patients, which were
ongoing at the time of final sampling.

Two patients with disease progression had detectable PLCG2
(R665W, RL42P) and BTK C481Y/F mutations at time of pro-
gression, confirming that patients with MZL appear susceptible to
the same acquired resistance mutations seen in CLL.11 The latter
case was informative for 2 reasons: firstly, the baseline ctDNA
sample (before zanubrutinib commencement) harbored the BTK
E41K mutation previously reported in diffuse large B-cell lymphoma
but not in the genomic landscapes of indolent NHL, including
MZL.7,8 This mutation in a noncatalytic site in the pleckstrin-
homology domain is remote from the catalytic site where zanu-
brutinib binding occurs and has previously been validated as an
activating mutation using preclinical modeling.8,37 To our knowledge,
this novel finding in our cohort represents the first report of an
activating BTK mutation before BTKi in a patient with indolent NHL.8

Secondly, there was evidence of clonal selection at a nucleotide
level within the BTK catalytic site, consistent with the complex
resistance patterns that occur at the single-cell level.38 Such
mutations would not have been detected via digital droplet poly-
merase chain reaction, which is one of the recommended technol-
ogies for ctDNA detection.39 The third patient in the progressor
cohort did not have mutations of BTK or PLCG2 detected; however,
mutation of BIRC3 may potentially account for the disease pro-
gression, because this has been demonstrated to confer resistance
to BTKi in other B-cell NHL via a noncanonical NF-κB pathway
activation.40,41 Patients who develop the BTK C481S mutation may
respond to noncovalent BTKi (pirtobrutinib, ARQ-351, fenebrutinib,
and vecabrutinib), though these other agents do not overcome other
select BTK or downstream PLCG2 mutations.8,42

Our study is limited by small numbers and the germ line comparator
being available for only 22% of the patients. We also cannot
exclude that some of the mutations are germ-line variants, espe-
cially those with VAFs approximating 50% (eg, MZ15 TP53
R290C), and may not be pathogenic in certain oncogenic contexts.
Furthermore, we predominantly limited our analysis to the coding
regions of the 48 genes implicated in signaling pathways related to
BTKi and MZL development. Although our candidate gene list was
comprehensive for these pathways, we cannot exclude that there
may be other mutations, including those affecting noncoding
regions that may be associated with response to BTKi.
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Furthermore, not all the mutations detected in WES were detected
in ctDNA. Concordance between tumor-based and ctDNA-based
genotyping is reported at >70%, but it is related to tumor shed-
ding and resultant cfDNA concentrations.39 In general, low-grade
lymphomas have lower cfDNA concentrations than aggressive
lymphomas.39,43 The cfDNA concentration in our cohort (mean:
10.6 ng/mL; median: 6.9 ng/mL) compares favorably to that of
ctDNA studies in other low-grade lymphomas of ~1.15 to 6.5 ng/
mL but is still significantly lower than aggressive lymphomas
(~650 ng/mL).43,44 Even with an assay sensitivity of 0.1%, not all
mutations detected in the tumor will be present in the ctDNA
without sufficient tumor shedding.

In contrast, several mutations present in ctDNA were not identified
in WES. This is commonly observed and likely represents spatial
tumor heterogeneity, as demonstrated in the patient where we
sampled 2 different tumor samples.39 We cannot exclude that
other patients may have demonstrated intratumoral heterogeneity,
but obtaining multiple tissue samples from patients was not
feasible in this study. There is also the possibility that some of the
mutations do not originate in the lymphoma itself but represent
either clonal hematopoiesis of indeterminate potential or shedding
from other undetected malignancies (ie, TP53 R248W in MZ02).

In summary, the correlative studies described herein have
demonstrated that mutations in MYD88 and TNFAIP3 associate
with improved PFS, and mutations in KMT2D may associate with
reduced PFS for patients with rrMZL treated with zanubrutinib.
The novel finding of the noncatalytic BTK E41K mutation in our
cohort also describes a potential primary resistance mechanism to
BTKi treatment. The hypothesized ability to detect mutations
potentially predicting response via noninvasive sampling (as
exemplified by the detection of the MYD88 L265P mutation in
ctDNA) was demonstrated. Furthermore, our hypothesis of
acquired resistance to BTKi mediated through acquired BTK and
PLCG2 mutations was supported and may herald clinical pro-
gression. These studies have been informative for the use of BTKis
for rrMZL in terms of predicting the primary response or resistance
and demonstrating acquired resistance mechanisms. Larger
cohort studies should be performed to provide the power to vali-
date our observations with a view to optimizing the selection of
patients with rrMZL that may derive clinical benefit from thera-
peutic BTK inhibition.
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