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Abstract

In recent years, targeted therapies have become the standard of care for refractory/relapsed mantle cell lymphoma
(MCL). Although the mutational profile of MCL has been extensively studied, there is a lack of understanding of
resistance mechanisms and genetic factors that impact the response to novel treatments. Since patients relapsing on
targeted treatment experience poor clinical outcomes, understanding the genetic foundation of resistance mecha-
nisms in MCL is essential. In this study, we aimed to scrutinize the copy number profile and clonal dynamics of
double-resistant MCL patients treated sequentially with Bruton's tyrosine kinase inhibitor (BTKi) and venetoclax
using low-coverage whole genome sequencing (IcWGS). Samples obtained after systemic therapy showed more copy
number alterations (CNAs) (p = 0.039; Wilcoxon) compared to samples collected before treatment initiation.
Patients showing early progression on BTKi demonstrated CNAs affecting cytobands encompassing the coding
regions of NOTCH1, TRAF2, BIRC2, BIRC3, and ATM. A deletion in chromosome 9p21.3 was identified in two out
of three venetoclax-resistant patients. For patient MCL2, progressing on ibrutinib but showing venetoclax resistance,
a 9p21.3 deletion was found throughout the disease course, with acquired SMARCA4-del(19)(p13.3-q13.11) and
DLC1-del(8)(p23.2-q11.1) observed at relapse, highlighting their role in disease progression and therapy resistance.
Using IcWGS, an innovative genome-wide approach, this study revealed novel putative primary and acquired
resistance mechanisms in BTKi and venetoclax double-resistant MCL patients.

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction after induction treatment is almost inevitable, with wors-

ening overall survival (OS) and progression-free survival
Mantle cell lymphoma (MCL) represents a rare subtype of ~ (PFS) after each line of treatment [1]. Recently, targeted
non_Hodgkjn 1ymphomas with remarkable molecular and therapies including Bruton’s tyrosine kinase inhibitor
clinical heterogeneity. Although significant improvements ~ (BTKi) ibrutinib and acalabrutinib have become the
have been made in recent years, relapse or progression  cornerstone of treatment in the refractory/relapsed
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setting [2—7]. Despite its remarkable clinical effective-
ness, primary or acquired resistance to BTKi therapy
develops, commonly conferring poor outcomes [8].
Venetoclax, an orally bioavailable proapoptotic
BCL2-inhibitor has also shown promising clinical
activity in BTKi-resistant patients [9—-11]. Although
venetoclax offers these patients a viable alternative, like
BTKi, venetoclax resistance can also develop leading to
a very unfavorable prognosis in this so-called double-
resistant patient group [10].

Although the mutational profile of MCL has been
extensively studied, there is a lack of understanding
regarding resistance mechanisms and genetic factors
impacting the response to novel treatment modalities
[12,13]. Resistance mutations for targeted therapies
involving BTK (ibrutinib, acalabrutinib) or BCL2
(venetoclax) genes are well characterized in chronic lym-
phocytic leukemia, though they are infrequently observed
in MCL [10,14-16]. Currently, it is believed that resis-
tance to ibrutinib develops via abnormal activation of the
PI3K-AKT pathway and/or traditional or alternative
NFKB pathways, as well as metabolic reprogramming
[14,17-19]. However, several of these findings were not
verified in independent studies, and the molecular back-
ground underlying ibrutinib resistance remains to be
investigated. Indeed, only a handful of venetoclax-
resistant patients have available molecular data, hence
the genetic background of venetoclax resistance remains
underexplored [10,20,21]. Previous studies demonstrated
that acquisition of mutations in SMARCA4, CARDI 1, and
TRAF?2 or alterations affecting the SWI-SNF chromatin-
remodeling complex might play a role in venetoclax
resistance [10,20,21]. Given the poor clinical outcomes
in double-resistant patients, improved understanding of
resistance mechanisms and clonal dynamics is essential.

Low-coverage whole genome sequencing (IcWGS) is a
robust method allowing for comprehensive detection of
copy number alterations (CNAs) throughout the entire
genome, and can also be applied to DNA extracted from
formalin-fixed paraffin-embedded (FFPE) specimens [22].
Considering that peripheral blood is less affected in clas-
sical MCL patients, this NGS-based advanced technique
offers an important, viable and cost-effective approach for
the molecular analysis of malignant tissue samples.

In this study, we aimed to study the changes in copy
number profile of MCL patients treated sequentially
with BTKi and venetoclax using IcWGS, specifically
focusing on double resistant cases. By genome-wide
profiling of serial tumor samples, our objective was to
enhance the understanding of clonal dynamics and pos-
sible resistance mechanisms underlying ibrutinib and
venetoclax resistance in MCL.

Materials and methods

Ethics approval
The study was approved by the Hungarian Medical
Research Council (ID: TUKEB: 1V/5495-3/2021/EKU)
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and was conducted in accordance with the Declaration of
Helsinki. All patients gave informed consent for the
research use of archival tissue material and clinical data.

Patient characteristics

Twelve patients diagnosed with MCL between 2008 and
2020 were included in this retrospective study. Median
age at diagnosis was 66 years (range: 55-80 years), with
a female/male ratio of 0.5 (4:8). The majority of patients
displayed an advanced stage of disease, with 83%
(10/12) classified as having Ann Arbor stage 4 disease
[23,24]. Stage 2 and Stage 3 disease were identified in
one case each, and no patients were found to have stage
1 disease. In addition, more than half of the patients
(58%; 7/12) exhibited high-risk disease, as determined
by the Mantle Cell Lymphoma International Prognostic
Index (MIPI). Detailed patient characteristics are
presented in Supplementary materials and methods, sup-
plementary material, Table S1.

Patient samples

In this real-world study, 21 formalin-fixed paraffin-
embedded (FFPE) tissue samples were analyzed, includ-
ing those obtained from bone marrow (38%, 8/21),
lymph node (24%, 5/21), colon (14%, 3/21), stomach
(10%, 2/21), or other sites (14%, 3/21) (supplementary
material, Table S2). An expert hematopathologist
(BT) performed morphological reevaluation of all sam-
ples and assessed the extent of tumor invasion. Tumor
samples with less than 20% tumor content were
excluded, leading to a median tumor infiltration rate of
80% (range: 20%-90%). DNA was extracted using the
QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden,
Germany) and quantified with Qubit HS dsDNA Kit
(Thermo Fisher Scientific, Waltham, MA, USA).

Tumor protein 53 (TP53) sequencing

Tumor protein 53 (7P53) mutation screening was
performed on diagnostic samples using next-generation
sequencing (NGS). If diagnostic FFPE material was
unavailable or the sequencing was unsuccessful, samples
collected prior to targeted treatment initiation were ana-
lyzed (n = 2). Targeted NGS was performed using the
CleanPlex TP53 panel (Paragon Genomics, CA, USA).
Libraries were prepared following the manufacturer’s pro-
tocols and sequenced on a Miseq platform using V2 chem-
istry in a micro flow cell with a 300-cycle paired-end
configuration. Data processing and analysis were
performed as previously described [25]. A detailed descrip-
tion of the TP53 clinicopathological patient characteristics
are available in Supplementary materials and methods,
supplementary material, Table S2.

Immunoglobulin heavy chain gene sequencing

Immunoglobulin heavy chain (IGH) gene rearrangement
and somatic hypermutation analyses were carried out as
described by Agathangelidis et al using consensus IGH

J Pathol 2025
www.thejournalofpathology.com

on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

85U80|7 SUOWIIOD BAITeR1D 3|qed!dde sy Aq peusenob afe ssjoiie YO ‘@S 4O Sa|nJ oy Areiq178ulUQ A8|1M UO (SUORIPUOD-PUR-SWBH W0 A3 1M Afelq 1 Buluo//Sdny) SUOIPUOD pue SWia | 841 89S *[5202/90/90] Lo AriqiTauliuo A8 1IM ‘vEr9 yred/Z00T 0T/I0p/LL00 A8 | 1M Aleid Ul juo's euno osyted sy wiouy pepeojumoq ‘0 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

Resistance mechanisms in MCL treated with targeted therapy 3

gene-specific 3’ primers as well as subgroup-specific
FR1 or FR2 primers [26]. DNA amplification with
FR1/FR2 primers was performed by Sanger sequencing,
and the data were analyzed utilizing IMGT V-QUEST,
in accordance with the most recent European Research
Initiative on CLL recommendations [27]. A detailed
description of the immunoglobulin heavy chain variable
(IGHV) clinicopathological patient characteristics is
presented in Supplementary materials and methods, sup-
plementary material, Table S2.

Low-coverage whole genome sequencing

The integrity of isolated DNA was assessed using a
multiplex GAPDH PCR method as described by van
Beers et al [28]. DNA damage generated by formalin
fixation was repaired utilizing the NEBNext FFPE DNA
Repair Kit (New England Biolabs, Ipswich, MA, USA).
NGS libraries were constructed using the NEBNext
Ultra IT DNA Library Prep Kit for Illumina along with
NEBNext Unique Dual Index UMI Adaptors (New
England Biolabs). During library preparation, samples
exhibiting low integrity underwent amplification with
two additional PCR cycles. Individual libraries were
pooled equimolarly and sequenced on a NextSeq2000
(Illumina, San Diego, CA, USA) instrument using P2 or
P3 flow cell with 50-cycle single-read chemistry.
Processing and analysis of raw sequencing data were
carried out as previously described by our group [29].

Results

Clinical outcomes

Prior to targeted therapy, 66% of patients received either
a combination of rituximab and bendamustine (four out
of 12 patients) or a combination of rituximab, cyclo-
phosphamide, doxorubicin, vincristine, and predniso-
lone (four out of 12 patients). Additionally, 17% (two
out of 12) of patients were treated with rituximab, cyclo-
phosphamide, vincristine, and prednisolone. One patient
received treatment according to the NORDIC protocol,
and one patient received a single cycle of cyclophospha-
mide, dexamethasone, and bendamustine for tumor
debulking [30]. Conventional treatment modalities were
administered prior to the start of BTKi therapy, with a
median duration of 11 months (range: 1-82 months).
All patients underwent covalent BTKi therapy, with
the majority (n = 11) receiving ibrutinib and one patient
(MCL7) receiving acalabrutinib. The median time to
progression on BTKi therapy was 20.5 months (average
23.2 months), ranging from 2 to 87 months (Figure 1).
After experiencing progression on BTKi treatment,
patients were treated with venetoclax. The average time
interval between BTKi progression and initiation of
venetoclax treatment was 29.9 days. Venetoclax was
administered either as a monotherapy (eight out of
12 patients, 67%) or in combination with other agents
(four out of 12 patients, 33%; supplementary material,

© 2025 The Author(s). The Journal of Pathology
published by John Wiley & Sons Ltd

Table S1). Following a median duration of 20 months
from the initiation of venetoclax treatment, disease pro-
gression was observed in 58% (seven out of 12) of
patients. Of these seven patients, five succumbed to their
disease within a median period of 24 days (Figure 1).

Evaluation of copy number alterations (CNAs)

LcWGS was used in 21 samples to assess the genome-
wide copy number profile of sequential MCL samples
(supplementary material, Table S3). Virtually all sam-
ples carried at least two arm-level CNAs (range: 2-21).
The frequency of deletions was higher, affecting over
90.5% of the samples (19 out of 21), with a median of
four deletions per sample (Figure 2, supplementary
material, Figure S1). In contrast, arm-level gains were
observed in 71.4% (15 out of 21) of samples, with a
median of one amplification per sample. Considering
arm-level alterations present in at least one-quarter of
samples (5/21), deletions most frequently affected the
11q (24%), 13q (67%), 17p(24%), 3p (29%), 6q (48%),
9p (38%), and 9q (48%) chromosome arms, while only
the 7p arm was affected by amplifications (38%).

Considering every sample, amplifications were
detected in 32% (970 of 3,032) of altered cytobands,
while deletions were observed in 67.9% (2,059 of 3,032)
of altered cytobands (Figure 2, supplementary material,
Figure S1). Three patients were found to carry complex
alterations affecting 10p15.2, 139q22.2, and 13q31.3.
Several cytobands were affected in more than 50% of
samples containing genes previously described to be
altered in MCL: 1p21.2 (S/PRI), 1p21.1 (COLIIAI),
6925.3 (ARIDIB), 11q22.2 (BIRC2, BIRC3), 11q22.3
(ATM), 13q13.1 (BRCA2), 13q14.2 (FNDC3A, RBI),
13921.33 (DIS3), and 13q31.2 (SLITRKYS). Of these nine
cytobands, six were affected exclusively by deletions,
while three exhibited both deletions and amplifications,
with deletions being the predominant alterations.

Comparison of BTKi early versus late progressor
patients

We divided the cohort into BTKi early progressors and
late progressors based on time to progression, calculated
as the time from the start of BTKi treatment to the first
time noted for progression. Patients were considered
early progressors if they showed clinical signs of pro-
gression within a year (range: 2—7 months). For compar-
ison, samples obtained at the time of diagnosis were
included. Where diagnostic material was not available,
samples collected prior to initiation of targeted treatment
were analyzed (n = 2). Patients who exhibited early
progression on BTKi treatment had a median of one line
of prior therapy, compared to a median of two lines of
therapy, including radiation therapy, in the ‘late
progressor’ group (supplementary material, Table S1).
Considering arm-level changes, a median of four
(average 5.4) alterations were observed in early
progressor patients (n =5) versus a median of three
(average 3.5) arm-level alterations in late progressors
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courses prior to the introduction of the initial targeted therapy are not depicted). The yellow triangle with a black border indicates the time of
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(n = 7). Arm-level deletions affecting the long arm of
chromosome 6 were detected in four out of seven
patients in the late progressor cohort, whereas this alter-
ation appeared in only one case among early
progressors. In the early progressor group (n = 5), the
most commonly affected cytobands (n = 3 cases) were
1p21.2, 9q34.3, 11q14.2, 11q14.3, 11g22.2, 11g22.3,
and 13q14.2 spanning the coding regions of genes pre-
viously described to have a potential effect on ibrutinib
resistance, such as NOTCHI, TRAF2, BIRC2, BIRC3,
or ATM. Of these cytobands, 1p21.2 (S/PRI) and
13q14.2 (FNDC3A) were affected exclusively by dele-
tions (Table 1). CNAs affecting cytobands 9q34.3
(NOTCHI, TRAF2) and 11ql4.2 were present only in
the early progressor group. Patient MCL2 exhibited
deletions at 9q34.3 and 11q14.2, while patients MCL3
and MCL6 displayed isolated deletions at 9q34.3 and
11q14.2, respectively. Patient MCL7 had amplification
at both 9q34.3 and 11q14.2 loci. Deletions affecting the
long arm of chromosome 13 were identified comparably

© 2025 The Author(s). The Journal of Pathology
published by John Wiley & Sons Ltd

in the early and late progressor group (three out of five
early progressor versus five out of seven late progressor),
highlighting that, despite its high prevalence, its contri-
bution to ibrutinib resistance is unlikely (Figure 2).

Comparison of venetoclax responder versus
nonresponder patients

Our cohort consisted of nine venetoclax responder and
three nonresponder patients. Two out of three
nonresponder patients experienced total deletion of
chromosome 9, whereas this alteration appeared in only
one case (one out of nine) in the responder group. In both
cases with del(9p), the extent of the deletion
encompassed the coding region of CDKN2A. In addition
to the total deletion being present in only one responder
case (MCLA4), deletion of 9p21.3 (CDKN2A) was
observed in one additional case (MCL9) in the responder
cohort.
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Copy number profile of MCL samples (n=21)
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Figure 2. Copy number profile of all MCL samples analyzed in the study. The top part of the figure illustrates clinicopathological findings
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Deletions affecting cytobands 9q34.3 and 22q11.23
were observed in two of three nonresponder patients
spanning the coding regions of NOTCHI, TRAF?2,
BCR, and KIAA1671 (Table 1). Amplifications present
in at least two nonresponder patients affected cytobands
7p22.2, 7p21.2, and 7p12.3 encompassing the coding
regions of CARD11, DGKB, and ABCA13. While dele-
tions on chromosome 13q emerged with similar fre-
quency in both early and late progressor BTKi
patients, the ratio substantially varied regarding
venetoclax responsiveness. Nonresponsive patients
displayed an absence of arm-level deletion of 13q,
whereas this alteration was most prevalent among
responders (six out of nine). Despite deletions being
common, amplifications were rather infrequent, occur-
ring in three out of nine instances and impacting a
significant section of the long arm of chromosome 3
(3925.31-3@29), including the coding region of
PIK3CA.

© 2025 The Author(s). The Journal of Pathology
published by John Wiley & Sons Ltd

Evolution of copy number profile of MCL during
targeted therapy

Serial tissue samples were collected from five patients
treated with BTKi and venetoclax sequentially.
In two cases (patients MCL10 and MCL11), diagnostic
and pretargeted samples (collected after chemo-
immunotherapy but before the initiation of targeted
treatment) were available. In two other patients (patients
MCL6 and MCLY7), samples were available from the
time of diagnosis and BTKi relapse. Additionally, in
one case (MCL2), sequential samples from the time of
diagnosis, first relapse on chemo-immunotherapy,
relapse on ibrutinib, and relapse on venetoclax were
available (Figure 3). Comparison of the number of
CNAs between samples collected before and after treat-
ment initiation (n = 21) showed significant differences,
with samples collected after treatment harboring a higher
number of CNAs (p = 0.039; Wilcoxon test; data not

J Pathol 2025
www.thejournalofpathology.com

on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

85U80|7 SUOWIIOD BAITeR1D 3|qed!dde sy Aq peusenob afe ssjoiie YO ‘@S 4O Sa|nJ oy Areiq178ulUQ A8|1M UO (SUORIPUOD-PUR-SWBH W0 A3 1M Afelq 1 Buluo//Sdny) SUOIPUOD pue SWia | 841 89S *[5202/90/90] Lo AriqiTauliuo A8 1IM ‘vEr9 yred/Z00T 0T/I0p/LL00 A8 | 1M Aleid Ul juo's euno osyted sy wiouy pepeojumoq ‘0 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

T Laszl6 et al

Table 1. Molecular changes detected in ibrutinib and venetoclax resistance.

Patient ID Cytoband Deletion/ Affected gene(s)* Time of sampling
affected amplification
Most common changes in 2,6,11 1p21.2 Del S1PR1 Samples obtained before start
BTKi early progressors 23,7 9q34.3 Del(2), amp (1) NOTCH1, TRAF2 of treatment initiation with
2,67 11914.2 Del(2), amp (1)° EED targeted therapy
2,6,7 11914.3 Del(2),amp (1) FAT3
2,67 11922.2 Del(2), amp (1) BIRC2, BIRC3
2,6,7 11922.3 Del(2),amp (1)1 ATM
36,11 13q14.2 Del FNDC3A, RB1
Most common changes in 23 9p21.3 Del CDKN2A
venetoclax nonresponders 23,7 9q34.3 Del (2), amp(1)* NOTCH1, TRAF2
23 22q11.23 Del BCR, KIAA1671
27 7p22.2 Amp CARD11
2,7 7p21.2 Amp DGKB
2,7 7p12.3 Amp ABCA13
Novel changes occurring 2,7 8p12-8p23.2 Del DLC1 Samples obtained at BTKi relapse
at BTKi relapse®
Novel changes occurring 2 2q14.2-37.3 Amp PPIG, TTN, CASP8, SP140 Samples obtained at venetoclax
at venetoxclax relapse 5q14.3-35.3 Del APC, EGR1, PCDHB2, relapse

20q11.21-13.33 Amp

*Genes with potential role in MCL pathogenesis or resistance are included.
fAmplification detected exclusively in patient MCL7 treated with acalabrutinib.
*CNAs occurring in at least two of three relapsed samples.

shown). Considering the proportion of genomes altered
by CNAs, no significant differences were observed;
however, a trend toward more altered genomes at pro-
gression was clearly noteworthy (p = 0.055; Wilcoxon
test; data not shown).

During chemo-immunotherapy, copy number profiles
of serial samples (n = 3 pairs) showed overlapping alter-
ations with new variants emerging and existing
alterations diminishing at relapse. Novel arm-level alter-
ations showed deleterious dominance, while arm-level
amplification appeared in only one case. Although
CNAs were usually considered stable during the disease
course, loss of preexisting arm-level amplifications were
identified in two samples, affecting the short arm of
chromosome 3 (MCL11) and the long arms of chromo-
somes 7 and 12 (MCL2) (supplementary material,
Figure S1).

Comparison of samples obtained at the time of diag-
nosis and BTKi relapse (three pairs) revealed new vari-
ants, predominantly deletions, emerging at relapse.
While no cytobands were universally affected in all
relapsed samples, a small number of cytobands were
impacted in two samples, covering the coding region
of genes previously associated with MCL. Novel loss
of 8p12-8p23.2 was identified in two out of three
relapsed samples containing the coding region of
DLCI, a crucial element of cell adhesion reported to be
significantly mutated in MCL (Table 1).

Temporal analysis of clonal evolution in double-
resistant patient undergoing morphological shift

Patient MCL2 presented with pancytopenia and a diffuse
lymphoid infiltration positive for CD20 and cyclin-D1,
confirming the diagnosis of MCL (supplementary mate-
rial, Figures S2 and S3). Treatment was initiated within a

© 2025 The Author(s). The Journal of Pathology
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CCM2L, SAMHD1, GNAS

month according to the NORDIC protocol. After
39 months, the patient developed neutropenia and ane-
mia associated with worsening lymphadenopathy,
requiring salvage treatment with ibrutinib. Four months
later, pancytopenia developed, and a bone marrow
biopsy revealed lymphoid infiltration with blastoid com-
ponents (Figure 3, supplementary material, Figures S2
and S3). The patient was administered venetoclax ther-
apy. Five months after initiation of venetoclax, pancyto-
penia reemerged, and the patient died 6 months later due
to MCL progression.

The patient displayed a complex, branching clonal evo-
lution, with certain alterations remaining persistent, while
others emerged and receded with each relapse and treat-
ment modification (Figure 3). In the respective diagnostic
samples, IcWGS revealed a complex genomic pattern,
with multiple CNAs present that persisted throughout the
disease course: del(1)(p12p22.2), del(1)(q11-24.3), del(2)
(p25.1-25.3), del(2)(q12.1-13),  del(3)(p11.1-26.3),
del(5)(p13.3-15.33), del(6)(q16.1-27), amp(7)(p22.3—-
ql1.23), amp(8)(q22.3-24.22), del(9)(p21.3—q31.2),
del(11)(q13.3-25), amp(12)(p13.33—q21.2), del(15)
(q11.2-26.3), del(18)(p11.32—q21.1), amp(18)(q21.2—
21.33), and del(22)(q11.1-13.33) (Figure 3). At first
relapse on chemo-immunotherapy, existing amplifications
affecting the long arms of chromosomes 7 and 12 dimin-
ished, whereas novel gains affecting the short arm of
chromosome 9 (9p24.2-24.3) and (9p22.1-22.2) were
detected. Like the majority of novel CNAs, these amplifi-
cations persisted throughout the remaining clinical course.
In addition to amplifications, novel large deletions
affecting chromosomes 11 and 13 were detected: del(11)
(q11-13.2) and del(13)(q12.11-34). Along with the mor-
phological switch, novel deletions and amplifications
emerged at the time of ibrutinib relapse and were also
present in the subsequent sample obtained at venetoclax
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Figure 3. Copy number profile of patient MCL2. Red bars indicate the presence of an amplification, whereas blue bars represent a deletion. The
length of the respective bar indicates the presence of CNAs relative to the time of diagnosis/first relapse/BTKi relapse or venetoclax relapse. Genes
located within the corresponding cytobands are displayed at the lower section of each bar. Bordered bars indicate chromosomal regions containing

potentially important genes in the development of therapy resistance such as CARDT1, CDKN2A, or DLC1. Created in BioRender.com.

relapse. Among these CNAs, deletions affecting the cod-
ing regions of SMARCA4 [del(19)(p13.3—ql13.11)], a
major element in the SWI-SNF chromatin remodeling
complex, as well as DLCI [del(8)(p23.2—q11.1)] were
identified (Figure 3).

In the last sample from patient MCL2, IcWGS revealed
novel CNAs emerging, with new amplifications being the
dominant form of alteration. These new gains included
the amplification of the long arm of chromosome
2, reoccurrence of amp(12)(q21.31-24.31) present in
the initial diagnostic sample, and gain of the long arm of
chromosome 20. In addition to amplifications, a novel
deletion affecting the long arm of chromosome 5 del(5)
(q14.3-35.3) was identified (Table 1). In addition to the

© 2025 The Author(s). The Journal of Pathology
published by John Wiley & Sons Ltd

nostic and previous relapsed samples, respectively: del(2)
(p24.1-13.1) and del(9)(q31.3-34.3). Similarly, several
deletions acquired during chemo-immunotherapy or
ibrutinib treatment were eliminated during BCL2 inhibi-
tor therapy (Figure 3).

Discussion

Despite the high efficacy of targeted agents such as
BTKi or venetoclax in the treatment of refractory/
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relapsed MCL, resistance develops in most cases. Since
the OS and duration of response gradually decrease with
the number of therapy lines, there is a high clinical
demand for the identification of prognostic and predic-
tive biomarkers in this patient group. Although the
genetic profile of MCL is becoming increasingly well
defined, there is a limited amount of data available on the
molecular basis of resistance mechanisms, particularly
in the context of venetoclax resistance.

In our study, we explored the genome-wide copy num-
ber profiles of 12 patients treated sequentially with BTKi
and venetoclax by performing IcWGS on 21 samples to
understand potential resistance mechanisms to novel treat-
ment modalities, as well as to dissect the clonal dynamics
during therapy. LcWGS revealed a complex copy number
profile, with novel alterations impacting critical compo-
nents of pathways previously identified as potentially asso-
ciated with resistance to targeted therapies.

In the early progressor group receiving BTKi treat-
ment, the most frequently affected cytobands included
1p21.2, 9q34.3, 11q14.2, 11q14.3, 11g22.2, 11g22.3,
and 13ql4.2 regions. These cytobands contain the
coding sequences of genes linked to the noncanonical
NF-xB pathway, specifically TRAF2, BIRC2, and
BIRC3. In addition, cytoband 9q34.3 (TRAF2) was unaf-
fected in all late progressor cases, and 11q22.2 (BIRC2,
BIRC3) was only affected in two out of seven cases.
Currently, it is hypothesized that the involvement of the
noncanonical NF-kB pathway affects the development
of resistance to ibrutinib. Rahal et a/ demonstrated that
crucial genes of the noncanonical NF-kB pathway,
including TRAF?2 and BIRC3, were found to be mutated
in resistant MCL cells [17]. Cytobands encompassing
the aforementioned coding region of genes were affected
in three out of five early progressor cases to BTKij,
although both amplifications and deletions were
observed (two deletions, one amplification). Notably,
amplification of both TRAF?2 and BIRC3 was only iden-
tified in patient MCL7, who received acalabrutinib,
while deletions were found in cases that were resistant
to ibrutinib, consistent with earlier findings. Our data
offer further evidence concerning the involvement of the
alternative NF-kB pathway in promoting reduced sensi-
tivity to ibrutinib, as well as novel insights into the role
of CNAs in this context. Furthermore, we compared
sequential samples from the time of diagnosis and
BTKi relapse in three cases. Although no cytobands
were universally affected in all relapsed samples, novel
loss of 8p12—-8p23.2 was identified in two out of three
relapsed samples containing the coding region of DLCI,
a crucial element of cell adhesion reported to be signif-
icantly mutated in MCL [13]. This gene acts as a tumor
suppressor in several frequent cancers, including pros-
tate, lung, colorectal, and breast cancers. Although
DLC]I was described as ‘significantly mutated’ in MCL
(Zhang et al) [13], its potential impact on BTKi resis-
tance has never been reported previously.

Although the dismal prognosis of venetoclax-resistant
patients is well known, there are only two studies
reporting data regarding the genetic background of this

© 2025 The Author(s). The Journal of Pathology
published by John Wiley & Sons Ltd

T Laszl6 et al

phenomenon. Agrawal et al performed whole exome
sequencing on 24 patients treated with ibrutinib and
venetoclax (AIM clinical cohort) [20]. Despite the lim-
ited sample size, the baseline genomic characterization
allowed a clear distinction between responder and
nonresponder cases based on the mutational profiles,
which were characterized by the exclusive presence of
SMARCA4, CCNDI1, TRAF2, and NOTCHI mutations,
along with the deletion of chromosome 9p21.1-24.3 in
the nonresponsive cohort [20]. The deleted region
(9p21.1-24.3) encompasses potential oncogenes and
tumor suppressors including CDKN2A/B. Performing
in vitro analyses, Agrawal et al concluded that loss of
CDKNZ2A/B could facilitate resistance to ibrutinib and
venetoclax in the context of impaired SWI/SNF activity,
like loss of SMARCA4 [20]. Zhao et al provided the first
genomic information about clonal dynamics in
previously treated R/R venetoclax-resistant MCL by
analyzing five paired samples by whole exome sequenc-
ing [10]. As with patients treated with venetoclax and
ibrutinib combination, the presence of SMARCA4 muta-
tions at the time of relapse was reported, along with other
alterations in the TP53, CELSR3, CCNDI, and KMT2D
genes [10].

In our cohort, two out of three patients experiencing
early progression on venetoclax experienced loss of
9p21.3 encompassing the coding region of CDKNZ2A, a
well-known adverse prognostic biomarker, reported to
potentially promote venetoclax resistance in MCL [20].
Patient MCL?2, harboring four sequential samples,
displayed a deletion of 9p21.3 consistently across the
disease course alongside the deletion of SMARCA4 [del
(19)(p13.3-q13.11)], identified at the point of ibrutinib
relapse and maintained in the subsequent sample during
venetoclax resistance. This finding further strengthens
the idea that loss of CDKN2A may play a key role in
primary venetoclax resistance. Patients with early pro-
gression on venetoclax also displayed deletions affect-
ing the coding regions of TRAF2/NOTCH1 (9q34.3) and
amplification of CARDI1 (7p22.2). Loss-of-function
mutations in TRAF?2, along with gain-of-function muta-
tions in CARDII, are causing continuous, BCR-
independent activation of NF-kB2 and NF-xB1 and have
been linked to resistance to ibrutinib [17,18,21,31].
While no early progressor patient exhibited both
TRAF2/NOTCHI deletion and CARDI1] amplification,
each patient displayed at least one of these alterations,
indicating constitutive activation of NF-xB2/NF-kB1.
Our data indicate that the involvement of the NF-«xB
pathway may have a negative impact on the success of
targeted treatments in general in MCL, rather than spe-
cifically causing resistance to BTKi therapies. In addi-
tion, our results suggest that copy number changes may
have a similar impact on the constitutive activation of the
pathway as point mutations.

Understanding the genetic basis of resistance mecha-
nisms in MCL is crucial since patients who experience a
relapse following targeted treatment experience unfavor-
able clinical outcomes. This study employed IcWGS, a
cutting-edge genome-wide NGS-based technique, to
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detect CNAs in multidrug-resistant MCL samples.
Although we acknowledge the limitations of our study,
including the limited sample size, we believe that, given
the scarcity of available data, our findings contribute
valuable insights into the critical issue of resistance to
targeted treatment modalities.
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