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Abstract

Our knowledge of genetic aberrations, that is, variants and copy number variations
(CNVs), associated with mantle cell lymphoma (MCL) relapse remains limited. A cohort
of 25 patients with MCL at diagnosis and the first relapse after the failure of standard
immunochemotherapy was analyzed using whole-exome sequencing. The most fre-
quent variants at diagnosis and at relapse comprised six genes: TP53, ATM, KMT2D,
CCND1, SP140, and LRP1B. The most frequent CNVs at diagnosis and at relapse
included TP53 and CDKN2A/B deletions, and PIK3CA amplifications. The mean count
of mutations per patient significantly increased at relapse (n = 34) compared to diag-
nosis (n = 27). The most frequent newly detected variants at relapse, LRP1B gene
mutations, correlated with a higher mutational burden. Variant allele frequencies of
TP53 variants increased from 0.35 to 0.76 at relapse. The frequency and length of
predicted CNVs significantly increased at relapse with CDKN2A/B deletions being the
most frequent. Our data suggest, that the resistant MCL clones detected at relapse
were already present at diagnosis and were selected by therapy. We observed enrich-
ment of genetic aberrations of DNA damage response pathway (TP53 and CDKN2A/
B), and a significant increase in MCL heterogeneity. We identified LRP1B inactivation

as a new potential driver of MCL relapse.
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1 | INTRODUCTION

Mantle cell lymphoma (MCL) is a heterogeneous disease characterized
by a chronically relapsing clinical course.>? Despite the implementa-
tion of several innovative drugs and adoptive immunotherapy with
genetically modified autologous T-lymphocytes into clinical practice,
the standard front-line therapy for patients with newly diagnosed
MCL is still based on immunochemotherapy with or without high-
dose therapy, and autologous stem cell transplantation.® In the last
decade, whole exome sequencing (WES) of large unbiased cohorts of
newly diagnosed MCL patients enabled not only the identification
of driver genetic lesions (variants, copy number variants) but also
genetic profiles associated with clinical outcome.* % In contrast, our
knowledge on the clonal evolution of MCL after the failure of stan-
dard immunochemotherapy remains limited.”*¢

In this study, we used WES to study mutational profiles of
25 patients with MCL, who experienced relapse or progression after
standard front-line immunochemotherapy.

2 | METHODS

2.1 | Patients and samples

Lymphoma samples were collected from 25 patients with newly diag-
nosed MCL (75% male) following patients' informed consent and accord-
ing to the declaration of Helsinki. Tumor tissue samples were collected
at the time of lymphoma diagnosis, and at the time of disease relapse.
Non-tumorous (germline) samples collected using buccal smears or tre-
phine biopsies without tumorous infiltration were obtained from all
patients to filter out gene polymorphisms. Only tumor tissue samples
with tumorous infiltration 230% according to flow cytometry were
included in the analysis. The study was approved by the Ethics Commit-
tee of the General University Hospital at Prague under No. 60/20.

2.2 | Next-generation exome sequencing and copy
number variant analysis

Genomic DNA was extracted using DNeasy Blood & Tissue Kit
(Qiagen, Germany) according to the manufacturer's protocol. Samples
were sequenced on the NextSeq 500 instrument (lllumina, San Diego,
CA\) according to the manufacturer's protocols with sequencing libraries
prepared using SureSelectXT Human All Exon V6 + UTR kit (Agilent
Technologies, Santa Clara, CA). The resulting reads were then aligned
against the human reference genome (build GRCh37). All alignments
were performed by BWA.1” Mean coverage per sample was 66 reads.
Genomic variants were called with samtools and VarScan 2.18? Variant
annotation was performed using SnpEff.2° Only nonsynonymous vari-
ants in the gene coding regions with coverage of at least 10 reads with
mapping quality and base quality scores higher than 20 in related sam-
ples from each patient were compared together based on their fre-
quency. Variants present in the patient's germline DNA at a frequency
higher than 0.05 were excluded from analysis in all cases. We

compared variants with an allele frequency 0.1 in at least one of the
compared samples that were present in at least three reads in both,
diagnostic and relapsed sample. Both the filtering of variants and plot-
ting of counts and frequencies of variants was done in RStudio. The
variants were manually reviewed in Integrative Genomics Viewer to
exclude sequencing artifacts or variants present but not called in the

2122 «Oncoprint” function from the ComplexHeatmap

germline sample.
R package was used to visualize detected variants.2® Resulting plots
show variants present in at least two patients. Mutations of TP53 were
plotted on a lollipop plot using the maftools package.?* A complete list
of variants filtered out are available at the Table S1.

Copy number variants (CNVs) were predicted using CNVkit and a
pooled reference from normal control samples.?>?¢ Genomic seg-
ments were identified as amplifications or deletions based on their
allelic copy numbers. We used the “weight” value from the CNVKkit
output as a metric that combines both segment length and sequencing
coverage. The “Genomic Identification of Significant Targets in Can-
cer” (GISTIC?”) was used for assigning the statistical significance to
the amplified and deleted segments identified by CNVkit. The broad
GISTIC algorithm was used to find significantly altered copy numbers
on the levels of chromosome arm regions and of individual genes. To
generate color-coded heatmaps, these genes were filtered out using a
CNV gene list of 22 genes (Table $1).47211:13-1628-32 Ap gyerview
of data processing pipelines is shown in Figure S1.

Note: One of the 25 patients (P25) analyzed in the study was
sequenced by Atlas Biolabs (Berlin, DE) with libraries prepared using
Nimblegen SeqCap ERZ Human Exome Library v 2.0 (Roche Nimble-
gen, Madison, WI) on the HiSeq 2000 (lllumina, San Diego, CA) instru-
ment. Data for the CNV analysis from this patient were not available
at the time of the analysis. Therefore, the CNV analysis was per-
formed on 24 out of 25 patients.

2.3 | Targeted next-generation sequencing

For details, see Supplementary Materials—Methods.

24 | TagMan copy number assay

TagMan Copy Number Reference Assay RNase P (ThermoFisher sci-
entific) was performed according to the manufacturer's instructions.
Following probes were used: PIK3CA Hs02661768_cn, and CDKN2A
Hs01354804 _cn.

Briefly, DNA was diluted to the concentration of 5 ng/pL in
nuclease-free water and stored at —20°C. The reporter dye of the Copy
Number Assay primers was FAM w/o quencher, and the reporter dye of
the Copy Number Reference Assay was VIC with TAMRA probe
quencher. The assay was completed by a QuantStudio 7 Pro PCR ana-
lyzer (ThermoFisher Scientific) and had 40 cycles with the denaturing
steps at 95°C for 15’ and the annealing steps at 60°C for 60'.

Signal from the samples was thresholded to the signal of RNAse P and
cycle threshold difference (dCT) was calculated as (CTsampie — CTeontrol)-
Allele copy number was then calculated as 2 x 279,
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2.5 | Fluorescence in situ hybridization

As a part of standard baseline diagnostic procedures, interphase fluo-
rescence in situ hybridization (FISH) detecting 9p and 17p deletions
were implemented in patients at diagnosis using the Vysis LSI
CDKN2A/CEP 9 FISH Probe Kit (Abbott Molecular, Des Plaines, IL,
USA) and XL ATM/TP53 Deletion Probe (MetaSystems, Altlussheim,
Germany) according to the manufacturer's protocols. At least
200 interphase nuclei were analyzed per probe by two independent
observers. The cut-off level for positive values were determined on
samples obtained from 10 cytogenetically normal persons and were
found to be 5% (mean + 3SD) for losses (deletions, monosomies).

2.6 | Statistical analyses

Statistical analysis was carried out with GraphPad version 5 (GraphPad
Prism version 5.00 for Windows, GraphPad Software, La Jolla, CA,
USA, www.graphpad.com) and with R version 4.2.1 and RStudio
2022.07.1 (R Core Team [2021]. R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria, https://www.R-project.org/).

Means of counts of shared, N/D and N/U mutations were com-
pared using non-paired Student's t-test with p values adjusted using
the Holm method. The same test was used to compare means of CNV
weights for amplifications and deletions at relapse versus at diagnosis.
Means of counts of SNVs at diagnosis and at relapse were compared
using paired Student's t-test. Means of counts of SNVs at relapse in
patients with and without LRP1B mutation were compared using
unpaired Student's t-test.

Event-free survival (EFS) and overall survival (OS) were estimated
with Kaplan-Meier statistics. EFS was defined as the time between the
date of treatment start to the date of lymphoma relapse, progression, or
death due to any cause or start of new anti-lymphoma treatment. If a
patient has not progressed or died or started a new anti-lymphoma treat-
ment at the analysis cut-off date, EFS was censored on the date of last
contact. OS was defined as the time between the date of treatment start
to the date of death due to any cause. If a patient has not died at the

analysis cut-off date, OS was censored on the date of last contact.

3 | RESULTS

3.1 | Baseline characteristics and clinical outcome
of MCL patients

Baseline characteristics of the analyzed patients are displayed in
Table 1. Briefly, 75% of patients were men (median = 68 years, range
47-81 years), 84% had high-risk disease according to MIPI, 59% had
adverse morphology (pleomorphic or blastoid), and 56% high prolifer-
ation index by Ki-67 (230%). Fifty-six percent of patients were treated
with R-CHOP-like regimens, and 44% received intensified treatments

(for details, see Table 1).333* The best response to front-line therapy

is shown in Table 1. Briefly, response assessed by CT or PET-CT
(i.e., complete, or partial remission = CR or PR) was observed in
23 out of 25 patients, stable disease (SD) was observed in two
patients. The median EFS and OS for the whole cohort were
10 months (1.3-90.6 months) and 29 months (9.5-109.5 months),
respectively.

3.2 | Genetic alterations identified by WES

A rigorous filtration process of the dataset revealed 922 non-
synonymous variants (referred to as “variants”), 90% of which were
single-nucleotide variants (SNVs), the rest was represented by small
indels. Overall, 616 variants were detected both at the diagnostic
(DG) and relapsed samples (REL) (i.e., shared variants). In addition,
236 and 70 variants were newly detected (N/D), and newly unde-
tected (N/U), respectively, at relapse compared to diagnosis. There
were 24.6 + 1.7 (mean + SEM) shared variants per patient between
the diagnostic and relapsed sample. There were 9.8 + 1.9 newly
detected variants at relapse (N/D) and only 3.5 + 0.8 newly unde-
tected variants at relapse (N/U), which is significantly lower
(p < .0001; Figure S2A). Consequently, the total mean count of vari-
ants per patient was significantly higher at relapse (34.1 + 2.9) com-
pared to diagnosis (27.4 + 1.8, p <.001) (Figure S2B). Detailed
overview of counts of shared, N/D and N/U variants for each patient
is shown in a stacked bar plot at Figure S3A.

The mutational pattern between the diagnostic and relapsed sam-
ples remained similar and comprised predominantly missense variants
(82.7% at diagnosis and 83.1% at relapse), stop-gained variants (7.1%
at diagnosis and 7.0% at relapse), and frameshift variants (6.9% at
diagnosis and 6.6% at relapse). The most frequent substitutions
at both diagnostic and relapsed samples were transitions
(Figure S2C,D). Prediction of variant's impact by SnpEff toolbox
revealed 97 high-impact mutations (i.e., frameshift and stop-gained
variants) at diagnosis and 117 at relapse, respectively (20.6% increase
at relapse). Most of the variants were predicted to have moderate
impact (i.e., missense variants, inframe deletions), namely 583 at diag-

nosis, and 727 at relapse (24.7% increase at relapse; Figure S2E).

3.3 | Mutational profile of MCL patients at
diagnosis

The most frequently mutated gene at diagnosis was the tumor sup-
pressor TP53 (mutated in 12 out of 25 patients, 48%), followed by
ATM (8 patients, 32%), KMT2D (7 patients, 28%), CCND1 and SP140
(each in 5 patients, 20%), and LRP1B (4 patients, 16%) genes. Six
genes were found mutated in 3 out of 25 patients (12%): NFKBIE,
ARFGEF3, NOTCH1, TRAF2, CASP5, and SMARCA4 (Figure 1A). Addi-
tional 36 genes were mutated in 22 out of 25 patients (Figure S4).
The majority of TP53 variants were localized in the p53 DNA binding
domain (9/12, 75%), two in the p53 tetramerization motif (2/12, 17%)
and one in the untranslated region (Figure 2D). Of note, mutations of
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TABLE 1 Characteristics of patients at diagnosis.
Ki-67

Code Age Sex MIPI Morphology (%) Therapy
PO1 74 M 6.4 Pleomorphic 80 1A
P02 66 M 6.9 N/A N/A 2A
P03 60 M 5.7 Blastoid 60 2A
PO4 47 F 7.3 Classic 90 2A
P05 79 F 7.0 Blastoid 75 1A
P06 79 M 6.8 N/A <5 1A
PO7 74 M 6.1 N/A N/A 1A
P08 48 M 54 Classic 10-20 2A
P09 78 F 6.6 Classic 25 1A
P10 73 F 6.9 N/A 15 1A
P11 68 M 6.8 N/A 7.5 1A
P12 74 M 7.9 Blastoid 75 1A
P13 69 M 7.0 Blastoid 80 1A
P14 67 M 6.3 Blastoid 85 2B
P15 62 M 7.0 Classic 25 1A
P16 68 M 8.0 Pleomorphic 90 1B
P17 69 F 6.4 Pleomorphic 60 3
P18 63 M 7.0 Blastoid 100 2A
P19 65 M 6.2 Pleomorphic 40 2A
P20 76 M 7.3 N/A 100 1A
P21 81 M 7.5 Classic 5 1A
P22 68 M 5.9 N/A 5 1A
P23 66 M 7.1 Classic 70 2A
P24 70 M 64 N/A 40 1A
P25 55 M 5.5 Classic 5 2A

Best response

ASCT to front-line Tx EFS (months) OS (months) Death
0 PR 5 11 Y
1 CR 50 82 N
1 CR 10 15 Y
1 CR 7 10 Y
0 SD 1 26 Y
0 CR 35 37 Y
0 CR 10 29 Y
1 CR 91 104 N
0 CR 16 33 Y
0 CR 66 102 N
0 PR 15 29 Y
0 CR 12 12 Y
1 PR 7 10 Y
1 PR 8 17 Y
0 PR 6 70 Y
0 PR 4 31 Y
0 PR 3 10 Y
0 CR 4 10 Y
0 CR 53 110 N
0 CR 10 12 Y
0 SD 1 33 Y
0 CR 25 42 Y
1 PR 9 11 Y
0 CR 30 104 N
1 PR 10 20 Y

Note: Therapy: 1A = Czech lymphoma study group (CLSG)-MCL1 observational protocol,®? that is, alternation of R(ituximab)-CHOP (cyclophosphamide,
doxorubicin, vincristine, and prednisone), and R-high-dose cytarabine (HDAC, 2 g/m?, 2 doses every 24 h), 3 + 3 cycles, and rituximab maintenance (RM);
1B = modification of CLSG-MCL1 protocol, that is, alternation of R-CHOP and R-DHAOx-senior (dexamethasone, HDAC, reduced oxaliplatin),

3 + 3 cycles, and RM; 2A = Nordic protocol,34 that is, alternation of R-Maxi-CHOP, and R-HDAC (2-3 g/mz, 4 doses every 12 h), 3 + 3 cycles, autologous
stem cell transplant (ASCT), and RM; 2B = modified Nordic protocol, that is, alternation of R-Maxi-CHOP, and R-DHAOX, 3 + 3 cycles, and RM;

3 =R-COP.

Abbreviations: 0, no; 1, yes; ASCT, autologous stem cell transplantation; CR, complete remission; EFS, event-free survival; F, female; HD, high dose; M,
male; N, no; N/A, not analyzed; OS, overall survival; P, patient; PR, partial remission; SD, stable disease; Tx, therapy; Y, yes.

TP53 retained a trend of unfavorable prognostic significance even in

this preselected cohort of relapsed MCL patients (Figure S5, part 5A).

3.4 | Predicted CNV profile of MCL patients at
diagnosis

Significant arm-level CNVs at diagnosis (i.e., frequency score > 0.15,
q value < 0.01) included deletions located on chromosomal arms 9p,
9q, 13q, and 17p, and an amplification on 3q (Figure 2A). On the
gene-level, 20/22 genes from the CNV gene list were altered in 22
patients at diagnosis (Figure 1B). The most common was the deletion
of one of the regulators of PISK-AKT pathway guanine nucleotide
binding protein alpha 14 (GNA14, see also Figure Sé), predicted in
12 out of 24 patients (50%), followed by deletions of TP53, ANXA1,

ALDH1A1, MIR15A, and MIR16.1 in 11 patients (46%). Combining
these data with the mutational profile, TP53 inactivation at diagnosis
was found in 16 out of 25 patients (64%). Seven patients (29%) had
both the mutation and deletion of TP53. CDKN2A, RB1, NOTCH1,
RHOBTB2, SORBS3, and TNFRSF10B genes were each deleted in
10 patients at diagnosis (42%). Sixteen genes from the CNV gene list
were deleted in more than six patients at diagnosis. The most fre-
quently observed amplifications included copy number gains of
PIK3CA and SOX2 (46%) followed by MYC (9 patients, 37.5%), and
BCL2 (5 patients, 20%) (Figure 1B).

The WES-based CNV predictions for TP53 and CDKN2A were
independently evaluated by FISH implemented as a part of standard
baseline diagnostic procedures in 24 out of 25 patients. In the major-
ity of cases (91%), FISH confirmed the WES-based CNV predictions
of CDKN2A and TP53 deletions (Figure S7).
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FIGURE 1 Mutational profile and
copy number variation (CNV) profile of
mantle cell lymphoma patients at
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3.5 | Mutational profile of MCL patients at relapse
The majority of variants detected at diagnosis were also detected at
lymphoma relapse. The most prevalent mutation detected at lym-
phoma relapse remained a mutation of TP53 detected in 48% of
patients. The other most prevalent variants at relapse comprised
mutations of ATM, KMT2D, and LRP1B (Figure 3A). Even though no
new mutations of TP53 were detected at relapse, the median variant
allele frequency (VAF) of TP53 mutations significantly increased at
relapse (0.76) compared to diagnosis (0.35) (Figure 2C).

Several variants were newly detected at lymphoma relapse and
were not detected at diagnosis. The most frequent newly detected
variant at relapse was a mutation of LRP1B gene (three new variants
in two new patients). In total, 6 out of 25 patients (24%) harbored a
mutation of LRP1B at relapse (one patient had two variants of LRP1B
gene; Figure 3A). As previously shown for other malignancies, muta-
tions of LRP1B at relapse significantly correlated with higher total
mutation burden in MCL and at diagnosis had a trend toward shorted
OS (Figure S5, part 5B and Figure S8). Other newly detected variants
comprised mutations of KMT2D, HOXD9, CDC27, RYR2, and FLNA
genes (each newly mutated in two patients) (Figure S3B). Complete
mutational profile of variants found at relapse in at least two patients
is shown in Figure S9. Of note, from the list of significantly mutated
genes at diagnosis (i.e., genes mutated in 22 patients), five genes were
newly mutated in one additional patient at relapse including ATM,
CASP5, ETNK1, LRRIQ1, and NOTCH2.

3.6 |
relapse

Predicted CNV profile of MCL patients at

Compared to diagnosis, arm-level events consisted of one newly
amplified chromosome arm (7p) and three newly deleted chromosome
arms (6q, 8p, and 21p). All chromosomal arms significantly altered at
diagnosis (g < 0.01) were significantly altered at relapse (Figure 2A).
The majority of CNV changes detected at diagnosis were also
observed at relapse. However, deletions and amplifications detected
at relapse were more frequent, and were larger in scale (i.e., had big-
ger weight, p < 0.05; Figure 2B). The most prevalent alterations at
lymphoma relapse were deletions of CDKN2A and CDKN2B genes,
newly predicted in 8 patients (in total 18 out of 24 analyzed patients
at relapse, 75%; Figure 3B). In univariate analysis, the predicted
CDKN2A deletions (at diagnosis) correlated with significantly shorted
OS even within our selected cohort of relapsed MCL patients
(Figure S5, part 5C). Deletions of TP53 were newly detected in four
patients, and not detected in one (in total 14 out of 24 patients at
relapse, 58%). The total number of patients with TP53 gene inactiva-
tion (i.e., a mutation and/or deletion) at relapse was 19 (76%). Of
these, seven patients had both a mutation and a deletion (P02, P04,
P07, P18, P20, P21, and P22), five patients had isolated mutation
(P01, P03, P14, P23, and P25) and seven patients had isolated dele-
tion of TP53 (P06, P08, P10, P12, P13, P17, P19). ATM deletions were
newly predicted in three patients (in total 9 out of 24 patients,
37.5%)—seven patients had both a mutation and a deletion of ATM
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(PO5, P06, P08, P10, P12, P16, P24), two patients had isolated muta-
tion of ATM (P17, P20) and three patients had isolated deletion of
ATM (P01, P09, P17). Of note, ATM mutations and/or deletions at
diagnosis did not show an impact on OS. On the contrary, there was a
trend to a better OS (Figure S5, part 5D). The most frequent gains
among the genes from the CNV gene list at relapse included PIK3CA
(12 out of 24 patients, 50%), SOX2 (11 out of 24 patients, 46%), MYC
(9 out of 24 patients, 37.5%), and BCL2 (7 out of 24 patients, 29%).

The predicted CDKN2A deletions, and PIK3CA gains at relapse
were independently evaluated in patients with available DNA samples
(i.e., 12 and 14 out of 25, respectively) by specific TagMan DNA copy
number assays (Figure S10). WES-based CNV predictions of the
CDKN2A and PIK3CA alterations were confirmed by TagMan DNA
copy number assay in 86% and 88% of cases, respectively.

4 | DISCUSSION
In this study, we analyzed mutational profiles of 25 MCL patients at
diagnosis and after failure of front-line immunochemotherapy using

WES. To the best of our knowledge, the analyzed cohort represents

one of the largest sequential analyses of MCL to date.’ Importantly,
the analyzed cohort did not represent a random selection of newly
diagnosed MCL, but comprised only patients, who experienced lym-
phoma relapse. Therefore, overrepresentation of adverse prognostic
factors at lymphoma diagnosis, including high numbers of cases with
advanced MIPI, aggressive morphology (pleomorphic or blastoid), high
proliferation rate by Ki-67, and high mutation rate of TP53 were
observed. Consequently, the median EFS and OS of the whole cohort
were 10, and 29 months, respectively.

The most frequently mutated gene at diagnosis was the tumor
suppressor TP53 altered in 48% of patients. Of note, the presence of
TP53 mutation at diagnosis was associated with a trend of shorted
OS, although it did not reach statistical significance in our cohort of
25 patients.

The most significant arm-level CNVs comprised among others
del(9p), del(13q), and del(17p) encompassing known tumor suppressor
genes CDKN2A/B, RB1, and TP53. Genetic profile of the analyzed
MCL patients at diagnosis thus resembled a recently described prog-
nostically unfavorable C4 cluster with a combination of del(17p)/TP53
mutations, del(13q), and del(9p), with a hyperproliferative signature
and 5-year OS of 14.2%.%¢
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Compared to so far published results obtained from various unse-
lected cohorts of newly diagnosed MCL patients, our WES data were
markedly enriched in prognostically adverse variants already at diag-
nosis.*>7:1628-31.35-37 Bagsides the observed high numbers of cases
with mutated TP53, mutations of KMT2D were found in 28% of
patients, mutations of SP140 in 20% patients, mutations of NOTCH1
or NOTCH2 in 24% patients, and predicted deletions of CDKN2A/B in
40% npatients (Table $2).#°7:101628 The data suggest that the
observed high prevalence of the established adverse aberrations
already at diagnosis facilitate selection of therapy resistant MCL
clones (with subsequent clinical relapse), which at least partially
explains the relative scarcity of de novo detected mutations at lym-
phoma relapse.

Of note, with a single exception, mutations of TP53 and ATM
were mutually exclusive suggesting different biological subgroups of
MCL patients. Indeed, while mutations of TP53 correlated with a
trend to significantly shorted OS, mutations of ATM had a trend
toward better OS (though not statistically significant).*8-4° While
mutations of prognostically adverse genes (i.e., TP53, KMT2D, SP140,
or NOTCH1/2) were without exception enriched in our cohort com-
pared to unselected cohorts of newly diagnosed MCL, mutations of
ATM were underrepresented in our analysis (32%) compared to the so
far published data (34%-44%; Table S2).

From a broad perspective, the vast majority of variants and CNVs
detected at diagnosis were also detected at relapse. In addition, MCL
cells at relapse harbored several newly detected variants, and more
and larger CNVs, which demonstrates a striking increase in genetic
heterogeneity of the chemotherapy-resistant lymphoma populations.
There are two potential mechanisms by which the analyzed MCL
populations at relapse might gain higher genetic heterogeneity com-
pared to the diagnostic samples (i.e., more variants, and larger and
more CNVs). Either the chemotherapy selected MCL (sub)clones with
frequent TP53 and CDKN2A/B inactivation are more genetically het-
erogeneous already at the time of therapy, or they become more
genetically heterogeneous at the time of lymphoma relapse because
they are more prone to acquisition of additional genetic mutations
and CNVs due to inactivation of DNA damage response pathways.
This question can be answered only by single-cell OMICs approaches.

The most frequent genetic aberrations detected at lymphoma
relapse comprised mutations and deletions of TP53 (76% of cases),
and deletions of CDKN2A/B (75% of cases). Except for two patients
(P9 and P15), all the analyzed patients at relapse had either aberration
of TP53 or deletion of CDKN2A/B. Of note, both patients, P9 and
P15, harbored a concurrent mutation of KMT2D, and either NOTCH1

or NOTCH2, that is, two other well-established driver genes in
MCL.7'1O’12’41
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Despite that no new mutations of TP53 were detected at relapse,
median VAF of TP53 mutations considerably increased from 0.35
(at diagnosis) to 0.76 (at relapse). This increase was most plausibly
caused by a selective pressure of therapy, which resulted in the sur-
vival, overgrowth and spread of subclones with TP53 mutation
(a “selective pressure” hypothesis). According to another hypothesis—
MCL subclones at different compartments might have different VAFs
of TP53 mutations already at diagnosis. Survival, overgrowth, and
spread of MCL cells with high VAF of TP53 mutations in such an
exclusive compartment would result in increased VAF of TP53
detected at relapse (a “compartment” hypothesis). Targeted sequenc-
ing of TP53 in different compartments in patients with available DNA
(PO2, P19, and P20) confirmed low VAF of TP53 mutations in all
tested compartments at diagnosis compared to the relapse thereby
supporting the selective pressure hypothesis over the compartment
hypothesis (Table S3). In addition, in patients PO2 and P19 WES iden-
tified two newly detected variants at relapse (NEGR1 and EZH2),
which were included in the panel of genes used for the targeted
sequencing. The targeted sequencing confirmed that both variants
were detected in the relapsed samples, but not in two different diag-
nostic samples of the analyzed patients (Table S3).

Deletions of CDKN2A/B were newly predicted by WES in eight
patients at relapse. However, it must be emphasized that WES-based
CNV predictions cannot detect smaller clones (i.e., <30%).*? Indeed, at
diagnosis the routine FISH analysis revealed more patients with
CDKN2A inactivation compared to WES-based CNV prediction
(15 patients compared to 10 patients). The CNV data thus suggest
that smaller MCL subclones with CDKN2A deletion were plausibly not
predicted by WES at diagnosis (because they were too small) but were
successfully predicted after therapy-driven selection and overgrowth
of CDKN2A-deleted MCL clones at relapse. Our current, as well as
previous observations thus confirm a critical role of CDKN2A/B dele-
tions in mediating chemoresistant phenotype of MCL cells and sug-
gest CDKN2A/B deletions are later (subclonal) events, which plausibly
occur within TP53 mutated MCL clones.*® Our WES data (both vari-
ants and CNVs) thus suggest a selection of pre-existing MCL (sub)
clones with inactivated DNA damage response pathways (TP53u¢/del,
CDKN2A,)) after failure of standard front-line immunochemotherapy,
which is consistent with the so far published data.>®104°

Besides the observed genetic losses, CNV predictions also identi-
fied recurrent amplifications of important oncogenes, for example,
PIK3CA coding for p110a subunit of a phosphatidylinositol 3-kinase
(PI3K). PIK3CA gains belonged to the most significant CNVs detected
both at diagnosis (46% patients) and relapse (50% patients), which
confirmed the already published findings.**** The PIK3CA gains,
together with frequently observed losses of GNA14, and forkhead box
O3 (FOXO03) genes suggest dysregulation of the PI3K-AKT pathway in
MCL, both at diagnosis, and (even more) at relapse.*>*¢

The most frequent newly mutated gene at relapse was a tumor
suppressor low-density lipoprotein receptor-related protein 1B
(LRP1B, 3 new variants in 2 patients, in total 6 out of 25 patients at
relapse, 28%). Inactivation of LRP1B by diverse genetic and epigenetic

mechanisms belongs to the most frequent alternations in human

cancer overall.*” Recurrent alterations of LRPIB gene were also
reported in different lymphoma subtypes, including diffuse large
B-cell lymphoma (DLBCL), mucosa associated lymphoid tissue (MALT)
lymphoma, transformation of follicular lymphoma to DLBCL, or pri-
mary central nervous system lymphomas (PCNSL).*4-52 Mutations of
LRP1B correlated with a higher total mutational burden in patients
with PCNSL, hepatocellular carcinoma, or melanoma.>*>3>% In primary
gastrointestinal DLBCL, mutations of LRP1B correlated with signifi-

5.8 Of note, LRP1B mutations correlated with favor-

cantly worse O
able response to immune checkpoint inhibitors across diverse cancer
types including DLBCL.>>>¢ Despite that LRP1B belongs to estab-
lished tumor suppressors, its precise role in the biology of MCL (and
other lymphomas), and its potential application as a prognostic or pre-
dictive factor remain to be elucidated in larger patient cohorts and
functional translational studies. Mutations of KMT2D found frequently
at diagnosis and newly in two patients at relapse (in total 8 out of
25 patients at relapse, 32%) are known to correlate with adverse
prognosis in MCL.X° In addition to LRP1B and KMT2D, we identified
several other candidate genes found newly mutated in at least two
out of 25 patients at relapse, including HOXD9, CDC27, RYR2, and
FLNA genes. Despite their association with diverse types of cancer,
their role as drivers of MCL progression remain elusive.>” 42

In summary, our data brought evidence on drastic clonal evolution
of MCL after failure of standard front-line immunochemotherapy. Our
data suggest that chemotherapy-resistant (sub)clones enriched in
aberrations of prognostically adverse genes were plausibly present
already at diagnosis in majority (if not all) cases. Importantly, the
selected chemotherapy-resistant lymphoma populations at relapse
were not only enriched in inactivation of genes regulating DNA dam-
age response pathways (i.e., TP53 and CDKN2A/B) but also were sig-
nificantly more genetically heterogeneous compared to the diagnostic
samples (i.e., more variants, larger CNVs). Our data clearly confirm
insufficient efficacy of chemotherapy in the patients with TP53 and
CDKN2A inactivation (i.e., C4 cluster disease), and indicate these
patients might profit from earlier administration of innovative treat-
ments including immunotherapy with genetically modified autologous
T-cells. Finally, our study confirmed several potential drivers of MCL
relapse including LRP1B, KMT2D, SP140, NOTCH1/2, PIK3CA, or
GNA14, which provides a sound background for proof-of-concept

translational studies.
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