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1. ABSTRACT

Mantle cell lymphoma (MCL) remains one of the most challengiugBlymphomas, known

for frequent relapses and poor outcomes in -higfh subgroups. Information about the clonal
development of MCL and the genomic landscape of relapsed patients withd\@lLscarce,

and such patients are in urgent need of more sophisticated therapies. Additionally, a group of
aggressive nohlodgkin lymphomas (NHLs) still lacks sufficientlgffective preclinical
models, and their complex characterization is of utmogiomance for developing reliable

experimental models.

Our wholeexome sequencing study of 25 paired diagnostic and relapse samples from MCL
patients treated with standard immunochemotherapy revealed significant clonal evolution
during disease progression. Resistant subclones, which were enriched for hamefid g
lesionssuch asTP53 and CDKN2A inactivation, were likely present at diagnosis and were
selected by therapy. At relapse, these clones exhibited increased genetic diversity, characterized
by a higher mutation load, more extensive and numerous caplgeralterations, and notably
higher variant allele frequencies P53mutations. We also identified new relagsssociated
candidate drivers, includingRP1B KMT2D, SP140 NOTCH1/2 PIK3CA and GNA14,

which highlights the complexity of clonal dynamics and pdim{sotential biological mediators

of resistance. These results also underscore the limited effectiveness of chemotherapy in
patients withTP53 and CDKN2A inactivation and support early consideration of innovative

treatments, such as geneticalhgaeered Tcell immunotherapies, for this higisk group.

In parallel, we performed a detailed characterization of 15 newly developed -otiamid
xenograft (PDX) models of aggressive lymphomas, including MQiffuse Large Bcell
Lymphoma Burkitt lymphoma, and -Eell lymphomas. Wholexome sequencing confirmed

that PDX models accurately preserved the genetic profiles of the original lymphomas,
maintaining both mutational patterns and copy number variations. However, detailed
histopathologcal analyses revealed consistent phenotypic differences. PDX tumavedho
more aggressive morphology, higher proliferation rates, and a significant reduction in tumor
microenvironment (TME) complexity. Notably, human noalignant immune cells were
absent, murine macrophages did not infiltrate the tumors, and vascularizasdmmited to
murine vessels with significantly decreased microvessel density and area compared to the
original biopsies. These differences highlight that, while PDXs are highly relevant translational

tools, they portray tumors with reduced dependendeioren TME components and should be



interpreted with caution in studies focusing on angiogenesis, immune resporibesapies

that depend on the microenvironment

Taken together, these two complementary studies enhance our understanding of MCL
pathogenesis and offer crucial insights for translational lymphoma research. They show how
chemotherapy influences clonal evolution by selecting for genetically complexpyhera
resistant subclones, highlighting the need to incorporate new therapeutic strategies into initial
treatment plans. Additionally, they demonstrate that PDX models are valuable yet imperfect
tools that retain the key genetic features of aggressive lymgmoaibeit in a different
microenvironmental context, highlighting both their advantages and limitations for preclinical
and clinicalstudies. Overall, this workffers novel insights into the pathophysiology of MCL

and provides a strong foundation for enhandaiisg stratification in MQ@. Additionally, it
increa®s the translational relevance of experimental models, ultimately supporting the

development of more effective treatments for aggressive lymphomas.

Keywords: aggressive lymphomas, mantle cell lymphoma, genomic landscape, clonal

developmentpatientderivedxenografts
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2. ABSTRAKT

Lymfom z bunhRk pl &§gthn (MCL) zTst §w& nnd chflcen |j

|l ymfomT, kterl se vyznaluje |lastimi relapsy
rizikov?2, relabuj2c?2 a refrakternzk®a@iSérsttiurf
Soulasn8 m2ra pozn8§n2 genetick®ho profilu a

mohla v®st ke zl epgen? progn-zy tRchto paci «
nonhodgkinsklTch TymfomT (NHhRost k& dn§ phedstt a tve |2
preklinick® model vy, jejichg kompl exn? char a

experiment8ln2ch syst®mT a pozn8n2 biologie

Nage celoexomov§ anallza 25 p&MOlTia hodewmm &l
pSi stanoven? diagn-zy a pSi relapsu po star
kl on8l n2 evoluci bNDhem pEuwighresy, ocookembbaad®m® . c
geneti ck® aber ace, TP33aGDKN2A a biynl ayk tsi wweeqg ev D egre T pr
pS2tomny jig v dobhR diagn-zy a n8slednhD sele
Vygg2 genetickou heterogeni t,u,r ovzysj8hd Segngo?u az \
zmBPrv mno g gtewn2 vkiocpha 2 v raznh @fyrgegkev e alc @P58nTukt a ¢ 2
|l denti fi koval. j sme rovnhDg potenci 88l n2 nov®
LRP1B KMT2D, SP140NOTCH1/2 PIK3CAaGNA14 poukazuje n&komplexn Kk | on 8§81 n 2

dynamiua naznaluje mogn® biologick® mechani sm
podtrhuj ? 0 msoail ehemdBRUntt remoagpti e u paciPB3at T s i
CDKN2Aa podporzug Sa zleang?n Bcrho vla®|ie bjako @ hmuroterapiet e g i 2
sgeneticky modifikdbyamhbmiytgut al o ®@pitymvyFToce r

Soul asnihD jsme provedl: detail n?2 chaPDxXkt eriz
odvozenich od pacient FTepragreeas iow mumik ypy fBdgrd yi
di fuzn2m v e |-lkrdomenn Butkittov mmlyBfomema b u mAImi | y mf o my

Cel oexomov§ anallza potkopdtgeanete kPDYrmddeél
' ymfomT, vletnh mut algre2niook lospdiek. t SHismpaologmw®N n  p o |
anadvigzak anMlatfdm®t y p ov & DoXd |ni§jdnoorsyt i vy kRjzpav al y
morfologii, vy g g 2 proliferaln? a k homegenityun § @ o rvolvz@haom
mi kr oprVorsStntcei d 2aerbayllTyzydent ekov&§ny | idsk®doewmal i
rovnRNg postr&daly i ndvaskuarizace bylamy emianymd kuz@f §
c®&mis viraznh ni §gg?2 vheu sstroopvdruSondbiopskna. c hToyut oc & vo z d 2
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ukazuj 2, ge alkoliv jsou PDX modelwykmiznig S§ d
meng2 z8vislost na |lidsklch slogk8ch mikrogy
posuzovs8no s opatrnost? zejm®na ve studi?2ch
terapi emi kr2dprcéds tn@ed?2 .

ObWT ge zsmieaNmW®t ai | n®t potgask&r®,zvgi Suj 2 nage po
agresivn2chelMOn&o np[Si nv8gej 2 Kkieichdal®g2posin i y?2
vizkum. Uk a z umniunotergpiatk o r antug mo  k | csred legebeticky T v o j

kompl exn2ch a terapibsviomdokhT ohclkiwpoB8ghh em
zaSazen?2 novich tewampe@®@tbygk ShubasmabDedoR| §da
jsou sice nepostzrcaedlaa eld exd anh y banvkgnaekm I8nset Po p Bmz ¢
z8sadn? genetick® charaktari®otiikyp Sadgsrreasvidim y
mi kr opd20.st StzudlireaztRak e jejicprepbednokd®miick®n
vi zkumu. Cel kovD tSatdou pnroSvciec h p opsaktyotfuyjzei ol o g i
genetick®m prost SedzdbMEbnal pa¥ntf itzeEkob ec@ op tomba
RovnhDg dokl 8d8 w®ypekbmemrted hervRaanhcsi lnmeoldne2ln a k|

vizkumu konelnim c2lem urychlit vivoj %% innh

Kl 2 |sbowa8 agresivnz | ymfomy, nlekmfak® nza , b &k bk §d In

xenografty odvozen® od pacientT

12



3. LIST OF ABBREVIATIONS

SYMBOL
ABC
ACTB
AETL

AID

AITL

AKT
ALCL
ALCL-ALK+
ALDH1A1
ALK
ANXA1
APC

ARF
ARFGEF3
ARID1A
ARID2
ASCT
ATIC

ATLL
ATM
BAD
BAFF
BAK1
BATF3
BAX
BCL10
Bclllb

BCL2 or BCL-2
BCL6 or BCL-6
BCL-XL/BCL2L1

BCOR

BCR

BID
BIM/BCL2L11
BIRC3

BL

NAME

Activated Bcell like

Actin beta

EntheropathyAssociated Tcell ymphoma
Activationrinduced cytidine deaminase
Angioimmunoblastic Tcell lymphoma

AKT serine/threonine kinase

Anaplastic large cell lymphoma

Anaplastic large cell ymphoma, Al-Kositive
Aldehyde dehydrogenase 1 family member Al
Anaplastic lymphoma kinase

Annexin Al

Antigen-presenting cells

Alternate reading frame

ADP ribosylation factor guanine nucleotide exchange factor 3

AT-rich interaction domain 1A
AT-rich interaction domain 2

Autologous stem cell transplantation

5/ aminoimidazolé4i carboxamidéribonucleotide formyltransferase/inosine

monophosphate cyclohydrolase

Adult T-cell Leukemia/Lymphoma
Ataxia telangiectasia mutated

BCL2 associated agonist of cell death
B-cell receptor activating factor

BCL2 antagonist/killer 1

Basic leucine zipper ATHke transcription factor 3
BCL2 associated X, apoptosis regulator
B-cell ymphoma/leukemia type 10
B-cell leukemia/lymphoma 11B

B-cell ymphoma/leukemia type 2

B-cell lymphoma 6 protein

BCL2 like 1

BCL6 corepressor

B-cell receptor

BH3 interacting domain death agonist
BCL2 like 11

Baculoviral IAP repeat containing 3

Burkitt lymphoma
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B-NHL
BRAF
BRCAl
BTK
CARD11
CAR-T
CASP5
CCND1/2/3
CD
CD21/CR2
CD79B
CDC27
CDK2/4/6
CDKN2A
CDKN2C
CLL
cMCL
CNA
CNN-LOH
CNV
COO

CR

CREB
CREBBP
c-Rel/REL
CSR
CTCL
CTL
CXCL13
CXCR4

D

DDX3X
DLBCL
DNMT
DNMT3A
DUSP22
Dz

EATL
EBER
EBNA

B-celnonHodgki nEs | ymphomas

B-Raf ProteOncogene, Serine/Threonine Kinase
Breast cancer 1 DNA repair associated
Bruton tyrosine kinase

Caspase Recruitment Domain Family Member 11
Chimeric antigen receptor-dell

Caspase 5

Cyclin D1/2/3

Cluster of differentiation

Complement receptor 2

CD79b molecule

Cell division cycle 27

Cyclin-dependent kinases 2/4/6

Cyclin dependent kinase inhibitor 2A

Cyclin dependent kinase inhibitor 2C
Chronic lymphocytic leukemia

Conventinal MCL

Copy number alterations

Copy number neutral loss of heterozygosity
Copy number variations

Cell of origin

Complete remission

CcAMP responsive element binding protein 1
CREB Binding Protein

Cellular Rel proteoncogene

Class switch recombination

Cutaneous Tcell lymphomas

Cytotoxic T-lymphocytes

C-X-C motif chemokine ligand 13
Chemokine receptor 4

diversity

DEAD-box helicase 3 Minked

Diffuse large Bcell lymphoma

DNA methyltransferase

DNA Methyltransferase 3 Alpha

Dual specificity phosphatase 22

Dark zone

Enteropathyassociated -Eell ymphoma
EpsteinBarr encoded RNA

EpsteinBarr nuclear antigen
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EBV
EFS
ENKL
ENKTL
Eomes
EP300
ETNK1
EZH2
EZH2
FAK
FAS
FISH
FL
FLNA
FOXP1
FTCL
GATA-3 or GATA3
GC
GCB
GNA13
GNA14
GZMB
H2AX
HGBL
HL
HOXD9
HSCT
HSTCL
HTCL
CH
CHD2
CHK1/2
ICOS
Id2
ID3
IDH2
IFN
IFN-2
Ig

IgH

EpsteinBarr virus
Event free survival
Extranodal natural killer/&cell lymphoma
Extranodal NK/TFcell lymphoma, nasal type
Eomesodermin

El1Ai nteracting protein of 300 kDa
Ethanolamine kinase 1

Methyltransferase Enhancer Of Zeste 2 Polycomb Repressive Complex 2 Subu
Enhancer of zeste 2 polycomb repressive complex 2 subunit

Focal adhesion kinase

Fas cell surface death receptor

Fluorescence in situ hybridization

Follicular lymphoma

Filamin A

Forkhead Box 1

Follicular T-cell lymphoma

GATA binding protein 3

Germinal center

Germinal center Bell like

G Protein Subunit Alpha 13

G protein Subunit Alpha 14

Granzyme B

H2A.X variant histone

High-grade Bcell lymphomas

Hodgki nEs

Homeobox D9

Il ymphoma

Hematopoietic stem cell transplantation
Hepatosplenic Tcell lymphoma
Hepat ospielllgmphbomad T
Constant region

Chromodomain helicase DNA binding protein 2
Checkpoint kinases 1/2

Inducible T-cell costimulator

Inhibitor of DNA binding 2

Inhibitor of DNA binding 3

Isocitrate dehydrogenase (NADP(+)) 2
Interferon

Interferon gamma

Immunoglobulin

Immunoglobulin heavy chain
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IGHV Immunoglobulin heavy chain variable region

IGK Kappa immunoglobulin lighthain genes

IGL Lambda immunoglobulin lighthain gene

IkB/IKK | kappa B kinase

IL Interleukin

IRF4 Interferon regulatory factor 4

IRF8 Interferon regulatory factor 8

J Joining

JAK1/2/3 Janus Kinase 1/2/3

JAK-STAT Janus kinase/signal transducers and activators of transcription
KMT2A Lysine methyltransferase 2A

KMT2D Lysine methyltransferase 2D

LMP Latent membrane protein

LOH Loss of heterozigosity

LRP1B LDL receptor related protein 1B

LRRIQ1 Leucine rich repeats and IQ motif containing 1
Lz Light zone

MALT1 Mucosaassociated lymphoid tissue lymphoma translocation protein 1
MAP3K14 Mitogenactivated protein kinase 14

MAPK Mitogen activated protein kinase

Mb Megabase

MCL Mantle cell lymphoma

MCL1 MCL1 apoptosis regulator, BCL2 family member
MDM2 Mouse double minute 2 homolog

MEF2B Myocyte enhancer factor 2B

MEITL Monomorphic epitheliotropic intestinaldell lymphoma
MF Mycosis Fungoides

MHC Major histocompatibility complex

MIR15A MicroRNA 15a

MIR16-1 MicroRNA 16-1

MIR17HG/MIHG1 miR-17-92&a1 cluster host gene

MM Multiple myeloma

MUM1 Multiple myeloma oncogene 1

MYC Myelocytomatosis viral oncogene homolog
MYD88 Myeloid differentiation primary response 88
MZL Marginal zone lymphoma

NEGR1 Neuronal growth regulator 1

NFATC1 Nuclear factor of activated T cells 1

NF-kappaB/NFa B Nuclear factor kapplight-chainrenhancer of activated B cells
NFKBIE Nuclear factor of kappa light polypeptide gene enhancerdelB inhibitor, epsilon
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NFKBIZ
NGS

NIK

NK

NKG7
nnMCL
NOD/SCID
NOTCH1
NOTCH2
NOXA
NPM
NSD2

NSG

0s

P2RY8
PAX5

PCR

PD-1 or PD1
PDGFA
PD-L1
PD-L2

PDX

PFS
PHLPR1/-2
PI3K/AKT/mTOR

PIK3CA
PIM1
PLCG1
PMBL
POT1

PR
PRDM1/BLIMP1
PRDM1
PRKDC
PTCL
PTCL-NOS
PTCL-TFH
PTEN
RAG1/2

NFKB inhibitor zeta

Next-generation sequencing

NF-kB inducing kinase

Natural killer

Natural killer cell granule protein 7

Norn-nodal MCL

Non-obese Diabetic/Severe Combined Immunodeficiency
Neurogenic locus notch homolog protein 1

Neurogenic locus notch homolog protein 2

NADPH oxidase activator 1

Nucleophosmin

Nuclear receptor binding SET domain protein 2

NOD scid gamma

Overall survival

P2Y receptor family member 8

Paired box 5

Polymerase chain reaction

Programmed cell death protein 1

Plateletderived growth factor A

Programmed deatligand 1

Programmed deatligand 2

Patientderivedxenograft

Progressioffree survival

PH domain and leucirgch repeat protein phosphatakie?
Phosphatidylinositol &Xinase/Protein Kinase B (Akt)/Mammalian Target of
Rapamycin signaling pathway

Phosphatidylinositol &inase catalytic subunit alpha
Pim-1 proteoncogene, serine/threonine kinase
Phospholipase C gamma 1

Primary mediastinal Bell lymphoma

Protection of telomeres 1

Partial remission

PR/SET domain 1/B lymphocyitenduced maturation protein 1
Positive regulatory domain containing 1

Protein Kinase, DNAActivated, Catalytic Subunit
Peripheral Tcell lymphoma

Peripheral Tcell lymphoma not otherwise specified
PTCL with T-follicular helper phenotype

Phosphatase and tensin homolog

Recombinatioractivating gene 1/2

17



RAS

RB1
RHOA
RHOBTB2
RIMS2
RORC/ RORot
RUNX3
RYR2
S1PR1
SD

SEM
SGK1
SHM
SMARCA4
SNP

SNV
SORBS3
SOX11
SOX2
SP140
SPEN
SPTCL
SS

STAT

SV
T-bet/TBX21
TCF1/3
TCL

Tem

TCR

Te

Tem

TET2
TFG

Tth

TFH

TGF

Th

Thl

Th2

Rat arcosarcoma virus

RB transcriptional corepressor 1/Retinoblastoma 1
Ras Homolog Family Member A

RhorelatedBTB domaircontaining2

Regulating synaptic membrane exocytosis 2
RAR-related orphan receptor C/thymocyte isoform
RUNX family transcription factor 3

Ryanodine receptor 2

Sphingosinel-phosphate receptor 1

Stable disease

Standard error of the mean
Serumglucocorticoidregulateckinase 1

Somatic hypermutation

SWI/SNFrelatedBAF chromatin remodeling complex subunit ATPase 4
Single-nucleotidepolymorphisms
Singlenucleotidevariant

Sorbin and SH8lomaincontaining3

SRY-box transcription factor 11/Sex determining regioibdi 11
SRY-box transcription factor 2

SP140 nuclear body protein

Spen Family Transcriptional Repressor
Subcutaneous Panniculiiske T-cell lymphoma
S®zary syndr ome

Signal transducer and activator of transcription
Structural variant

T-box transcription factor 21

Transcription factor 1/3

T-cell lymphoma

Central memory Tcell

T-cell receptor

Effector T-cell

Effector memory Tcell

Tet Methylcytosine Dioxygenase 2

TRK-fused gene

T-follicular helper

T-follicular helper

Transforming growth factor

T-helper cell

T-helper 1 cell

T-helper 2 cell
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ThPOK Thymocyte selectidrassociated high mobility group box protein

TLR2 Toll-like receptor 2

TMEM30A Transmembrane protein 30A

Twp Memory precursor Tell

TNFAIP3 Tumor necrosis factor alpha inducible protein 3
TNFRSF10B TNF receptor superfamily member 10b
TNFRSF14 TNF receptor superfamily member 14
TNFSF14 TNF superfamily member 14

T-NHL T-cellnonHodgki nEs |cglllymphonmasa s / T
TP53 Tumor protein p53

TP63 Tumor protein p63

TPM3 Tropomyosin 3

TRAF2/3 TNF Receptor Associated Factor 2/3

Treg Regulatory Fcell

Tru Tissueresident memory -‘Eell

TYK2 Tyrosine kinase 2

UTR Untranslated region

V Variable

VEGF Vascular endothelial growth factor

WHO World Health Organization

ZBTB7B Zinc finger and BTB domain containing 7B
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4. INTRODUCTION

This work combines two interconnected topics, based on two core papers published during my
PhD. studies[1, 2]. The first part discusses lymphomagenesis, focusing on the molecular
cytogenetic background and pathophysiological aspects of aggressive lymphomas, with a
particular interest in Mantle Cell Lymphoma (MCLjs genomic landscapend clonal
development. In the era of negéneration sequencing methods (NGS), numerous studies have
contributed to the moleculkaytogenetic classification, prognostication, and understanding of
lymphoma pathophysiology. New NGS technologies are cuyrbeing utilized to estalsh
predictive and prognostic genomic markers, which are essential for the individualized tailoring
of effective therapies. A significant part of my work was therefore focused on expanding
knowledge in the field of pathophysiology of aggressive lymphowittsa particular emphasis

on mantle cell lymphoma as a rare and heterogeneous disease, utilizing these methods. The
second part provides an overview focused on patienved xenograft (PDX) models derived

from patients with aggressive lymphomas. Theogeie landscape of lymphomas significantly
impacts thalisease biologyits prognosisandthetherapeutic efficacyf treatment strategies
Characterization studies focusing on PDX models enhance our understanding of these complex
topics. As they are used in various translational and experimental treatment studies, the genomic
profiling and similarity of these models to actual patient casesvital for their future
application as relevant experimental systems. This characterization contributes to a deeper
understanding of the lymphoma pathophysiology and the development of targeted and efficient

therapies.

5. AggressiveLymphomas Development of healthy Band T-cells lymphomagenesis

Aggressive lymphomas are a heterogeneous group of hematblogiggnanciesrisng from
lymphoid tissuesTheyare characterized byapid proliferation and early disseminatidmto
variousbody compartmestandtissues, including immuneprivilegedsites such as the deal
nervoussysem, eyes, or testiclesFastand efficient treatment of é¢semalignancies is of utmost
importance Otherwisethe prognosis of patients withele malignancies generallypoor. The
development of a specific type of lymphoma leukemiainvolves multiple factors that
influence processes such as cell cycle regulation, apoptosis, proliferatiotelesignaling

Initially, it depends on theell of origin (COOQO) i.e.,whether it is a Bcell or a Fcell, as well

20



as the developmental stage of the ancestrahndlihe molecular processes associateth B-

cell and Fcell receptor formationdevelopmentandcell differentiation(Figure 1) [3, 4].

(a) 1 (b)

Marginal zone . St ML
Mantle zone
. — . MCL

Light zone e

Thymus

AITL
Y6 T cells FTGL
HTCL |\ _4,

+ MEITL > i

g ENKL g

l N\ €04 Teells

PTCL-NOS ALCL~ ALK

Dark zone Sel Ics:? B L
Puu ation l

Naive B cell 6CBcell |
. ; . Gentroblast Centrocyte  / Post-GC B cel
l < ) @® .

cLL N / Plasma cell

([ ]

Memory B cell

M um

J DLBCL-ABC

FL, BL, DLBCL-GCB MM

Figure 1: This figure illustrates the development of Bnd Tcell lymphomas. (a) The
progression of major#8ellnonHo d g ki n 6 s INHUhsubtypes degihsBvith naive B

cells forming germinal centers (GCs) after antigen interaction. In the dark zone, centroblasts
proliferate and undergo somatic hypermutation (SHMy) contrast,in the light zone,
centrocytes are selected based eneB receptor (BCR) affinity and undergo class switch
recombinati on (CSR) . GC <cell s ar e precur so
lymphoma (BL), and the germinal center subtype of diffuseel&@gell lymphoma (GCB).

Activated Bcell subtype DLBCL (ABC) originates from pe&C cells, and multiple myeloma

(MM) derives from differentiated plasma cells. Chronic lymphocytic leukemia (CLL) can
develop from naive or memory-&lls. Mantle cell (MCL)and marginal zone lymphoma

(MZL) originate from B cells in the mantle and marginal zones of lymphoid follicles,
respectively. (b) Intrinsic or extrinsic factors may promoteell lymphomas (TCLs)hrough
mechanisms such as immune evasion, alterations in T cell receptor (TCR) signaling pathways,
and theactivation of transcription factors and praincogenes. These mechanisms lead to
various Fcell entities during differentiation from the thymus to lymph nodes, including AITL
(angioimmunoblastic €ell lymphoma), ALCL-ALK+ (anaplastic large cell ymphoma, ALK

positive), EATL (enteropathgssociated -Cell lymphoma), ENKL (extranodal natural
killer/T-cell lymphoma), FTCL (follicular i¢ e | | l ymphoma) , HT-Cell ( hepe
lymphoma), MEITL (monomorphiepitheliotropic intestinall-cell lymphoma), and PTCL

(peripheral Fcell ymphoma)Figure reprintedand text adapted fronRibeiro, Marcelo Lima,
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et al. "Epigenetic targets in-Bnd Tcell lymphomas: latest developments." Therapeutic
Advances in Hematology 14 (20E3).

5.1.B-cell development
B-cell development is enulti-step procesthatinvolves various stages of DNA modification
necessary for aormal immune responddowever these modifications may be prone to errors,
resulting in genetic aberrations and an increased risk of lympleethdevelopmentB-cell
evolution begins in primary lymphoid organs, specifically the bone marrow, where the
recombination of genes for the variable regions of heavy and light antibody chainsdcaurs
process vital for Bcell receptor formation, known as V(D)J recombinatibime recombination
of immunogbbulin heavy chain geneiyd) involvesvariable (V), diversity (D), and joining
(J) segmentsin contrast, the recombination of light chain genes occurs only wihadv]
segments. Successful recombination leads to the formation of complete heavy and light chains,
with variable region genes, that can be translated into protéiesy healthy lymphocyte
requires multiple recombination events, which are carried out through chromosomal DNA
doublestrand breaks. This ia precariougprocess,requiring strictregulatory and control
mechanisms for break repaiis the event of a failureyoung lymphocytes are doomed to
follow apoptotic pathways and undergo programmed cell dekiwever,defects in control
and regulatory mechanisms can occur, and genetic aberrations, primarily represented by
chromosomal translocations, may ariserking the first step in the evolution of leukemias and
lymphomas. Two essential proteins are involved in the initiation of V(D)J recombinatiien
recombinatioractivating genes 1 and RAG1 RAG2 proteins, which form a recombinase
assembly that cleaves tB¥NA at specific recombination signal sequences surrounding each
V, D, and J segmenteleting or inverting hundreds to millions of DNA base pairs. RAG
proteins expressed in high concentrations only during the early stages of lymphocyte
developmentaredirected explicitly towards the recombination sigeafjuencesThe three
dimensional structure of chromosonasl chromatirmodelingduring recombination is also
essential fortargeting andorecise regulatio of this processAn ensemble of DNA repair
enzymes and pathways is then involved in repaitigDNA double breaks formed by this
cleava@, ideally leaving no mistakes behind. If everythprgceeds correctly, the lymphocyte
expressing the Bell receptor matures intoreive Bcell, which produces the initial repertoire
of antibodies, primarily represented by IgM antibodies with low affinity. déselopmentf
lymphocytescontinues in secondary lymphoid organs, such as the spleen or lymph nodes

where Bcell activation $ induced by specific antigefb-7]. The germinal center reaction of
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secondary lymphoid tissues is necessary for furtheersification and receptor affinity
maturation. The germinal centéGC) is formed after the antigestimulated activation of
lymphocyteslt isdivided into two zonesvhich lymphocytes repeatedly-eater: the dark zone
(DZ) and the light zone (LZ). Within these zones, twitical processes occuramely somatic
hypermutation and class switch recombinatibine dark zone serves asogation within the
follicle where theseessentialevents occur, while théght zore is a testing area where a
collection of variable antigens is presshbn the surface of antiggresenting cells. Here,
with the help of Fcellsand antigefpresenting cellghe positive selection of lymphocytes with
more potent affinity antibodies takes pla¢®]. SHM is crucial for modifying the
immunoglobulin (lg) variable region and facilitating affinity maturafiogquiring enzymatic
activity ot theactivatiorinduced cytidine deaminasAlD) enzyme High mutational activity

of AID induces the rapid and targeted deamination of cytidine DNA residues to uracyl residues
in singlestrand DNA, finally resulting in the conversion of singdérand DNA breaks to
doublestrand breaks, where rearranged Ig genes are localized. Mutatisimgy after the
reparation of doublstrand breaksrepresented by singlaucleotide polymorphisms (SNPs),
small deletions, and insertions, enstihe receptor's affinityand variability for specific
antigensAlID is crucial forSHM, as well as for the CSR process, in which the antibody class
is determined by the heavy chain constant reffs) recombinations, which further influence
the affinity and stability of the antibody. CSR occursnicreasinglyproliferating cellswithin

the heavy chain locus, specifically mmghly repetitive switchregion sequencekcated
upstream from the (Cregion Gene recombination processes within those regiomgde the
change in expression from fundamental antibody isotypes (IgM and IgD) to downstream
isotypes (IgG, IgA, and IgE). AftesuccessfuM(D)J recombinationSHM, and CSR, the
memory Bcell or plasma cell is finally developed, possessihgghly sensitive receptor with
increased affinity for variousntigens and the ability to produce targeted antibodies for

numerous exogenous and endogenous ant[@efs 10]

5.2.T-cell development
T-cell developmentopiesone of theB-cells, but with specific difference¥he thymusserves
as a primary lymphoid organ, whetige differentiation and development of variolsell
subset®ccur Once the thymocyte progenitors are produced in the ipamew, theymigrate
to the thymus for theifinal stages of developmer@onstruction of the -Eell receptor (TCR)

begins in doublemegative (cluster of differentiation CD4 and CD8 negative) thymocytes

through the recombinati oRboprohei MCRb poodsc
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capable ofjeneratinga TCR signal in cooperatiomith its preT CR U p. #& sutcassful, the

TCRU gene I S for med, r es ul -positivg (Ch4r, CD8t)e exnp
thymocytes which are being tested for host sedterminant411]. Random VJ and V(D)J
recombinationint he TCRU and TCRBb engbesthegroductioreafTpcells t i v el
with enormous diversitpf T-cell receptor$8]. The majority of produced-tellsar e Ub T c el
but the recombination process @go involveT C Randi genes, leading tthe production of

ap o pul at i-cells.The dltimatéiplayer itheT-cell diversifications the Notch signaling

pathway and prd CR signaling, both of which are strongly influenced by various cytokines
Together withGATA binding protein 3(GATA3) and B-cell leukemia/lymphoma 11 B

(Bcl11b) transcription factorsit facilitates thedevelopment and diversification of thecéll

lineage DoublepositiveT-cells can then undergo differesttenarioslepending on the antigens
presented to thely antigerpresenting cells (APCs) in the thymus, evolving further into either

CD4 or CD8singlepositive T-cells. APCs in the thymus express major histocompatibility
complex | or Il moleculegMHC), which can bind diverse peptide complexes with varying
affinities, and present them to developinecdlls If the selfpeptide is recognized as a
dangeous one, those-tells succumb to destruction and undergo cell deadlprocess called

negative selectianModerate affinity leads to the preservation otdlls that are tuned just

enough not to be harmful to the ho&dditional transcription factors, such dasymocyte
selectiofiassociated high mobility group box protdifhPOK), i.e, zinc finger and BTB

domain containing 7BZBTB7B), andRUNX family transcription factor BRUNX3), regulate

the development of either CD4 singlesitive or CD8 singlgositive T-cells The final step in
diversification into different Icell subtypeselies on the action of various cytokines produced

by immune cells, such as IFN, -12, UL-3, IL-5, IL-13, and GATA3, as wellas
eomesodermifEome$, B-cell lymphoma 6 protei(BCL-6), andinhibitor of DNA binding 2

(Id2), among others, which servetaanscription fact@[12]. Provided belowFigures 2and

3 give a detailed overview of-ell subtypes development under different stimuli
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Figure 2: Cytokine signaling regulates CD4+-cell differentiation. Upon TCR stimulation,

napuve TCECdlstcan differentiate intwarious effector Th subsets, depending on the
cytokines and costimulatory signals preséAN-0  a n1® prontote Thl cell differentiation

by inducing themastertranscription factoil-bet, i.e., T-box transcription factor 2(TBX21),
throughsignal transducer and activator of transcriptiolBTAT1) and STAT4, respectively.

Th2 cells are induced hiye activation of TCRstimulated transcription factor 1 (TCFand

cytokines IL-2 and IL-4, leading tadhe expression of the keyanscription factoGATA3. Th9

cells develop under TCR stimulation with-Land TGFb , with further enh
STATS activation. While It and TGFb pr omot e Th17 c-2llahdI3 f f er e |
stabilize the Th17 lineage hnducing RAR-related orphan receptor C/thymocyte isoform
(RORCR O R) Cytokines 16 and IL-21 promote T-follicular helper (Tfh) cell
differentiation, whereas H2 inhibits it. Costimulatory signals from CD28 ainducible T-cell
costimulatoICOS) have opposing roles in Tth cell development. Teells differentiate upon
TCR/CD28 stimulation in the presence of T6F a n-2l which induce Foxp3 expression.

Shared cytokines are shown between cell typest tar Th2 and Th9, TG f or Th9 ar
Th17,IL-6 for Th17 and Tfh, and H2 for Tfh and Tregells. The same cytokines can trigger

different downstream signaling pathways and fate decisions. For exampbeinduced

STAT3 activati on | e ad scellslout BRLABRWTth cellsxTihe fermeesl i o n i
signaling complexes are shown within the dashed squéese reprinted and text adapted

from Sun, Lina, et al. "T cells in health and diseaSgghal transduction and targeted

therapy8.1 (2023[12].
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Figure 3: Temporal dynamics of CD8 cell response in acute infection. The population size
of the virus (red line) and CDd-cells (blue line), as well ake CD8" T-cell response along
with the infection course, are indicated. Upon infection, CD8ells undergo robust
proliferation and reackheir peak expansion on day 8, at which p@athogens are rapidly
cleared. CD8T-cells at this stage can be separated intqeffector) and Tup (Mmemory
precursor)populations with distinct surfacearkersand differentiation potentiaDifferent
transcriptional factors and cytokines regulate the differentiation of effector and memory
CD8+ T-cells The majority of CD8Te cells undergo apoptosis at the contraction phasks(8
days) and leave a subpopulation differentiating intem Teffector memory) whereas
Twme (Memory precursorgells keep selfenewal and give rise tocli (central memory) Tew,

and Trwm (tissueresident memorygells over 30 days pestfection. Figure reprinted and text
adaptedfrom Sun, Lina, et al. "T cells in health and diseasgdnal transduction and targeted
therapy8.1 (2023)12].

5.3.Lymphomagenesis generalmechanisms and examples
Lymphomagenesis is a complaxansformative process in which healthy lymphocytes are
transformednto malignant lymphoma cell$he development of lymphocytes, which involves
essential processes such as V(D)J recombination, SHM, and CSR, can go awry, serving as a
primary source of changes that predispose individuals to lymph@itizex.factors, including
genetic, epigenetic, and environmental influendesupt critical cellular processes essential
for cell survival, differentiation, proliferation, and apoptosis. Malignant transfeymatf

lymphocytes ioften driven by specific genomic and chromosomal aberrations, which lead to
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the activation of oncogenes artie inactivation of tumor suppressor geneg(D)J
recombination is a strictly controlled step in the development of lymphocytes, where, in case
of failure, chromosomal translocations can devel@hromosomal translocations commonly
found in aggressive lymphomas result in the juxtaposition of oncogenes adjategitlyo
active promoters or enhancers. In DLBCL, the translocaf(itdr18)(q32;g21)positions the
apoptotic regulatorB-cell lymphoma/leukemia type 2BCL2 in proxmity to the
immunoglobulin heavy chainGH) enhancer, leading to the overexpressioBGf.2 and the
blockade of apoptosis. The hallmark of MCL, translocat{@f;14)(q13;932)potentiates the
overexpression of cyclin D1, promoting uncontrolled cell cycle progression and proliferation
[6, 13] However, other genetic aberrations are also necessary for the final development of
lymphoma. Somatic hypermutation idacilitated by the AID enzyme, which exhibits
significant mutational activity, primarily targeting immunoglobu(lig) genesHowever, other
genes can also be affectad aberrant somatic hypermutation in iném loci [14]. This
mechanism is well describegls a potential source of lymphomagenasisDLBCL and
Follicular lymphoma,w h e r e -reagioreof tBeBCL6 genecan beaberrantly targetefil5].
Somatic hypermutation was found to be responsible for mutations of otheropigenes

(e.g., Myelocytomatosis viral oncogene homoldgyYC, paired box 5PAX5 etc.) It can
facilitate further genomic aberrations, represented by copy number alteragans
amplifications and deletiorj&4]. Another criticalchange promoted by aberrant recombination,
SHM, or CSR involvegjain and lossof-function mutations oépecificoncogenes and tumor
suppressor genebhese mutations can also be facilitated by aberrant DNA repair pathways and
errors in DNA replicatiornl6, 17]

For example, peloid differentiation primary response 881YD88 mutations, commonly
found in DLBCL subtypes, result in the constitutive activation of the Nuclear factor kappa
light-chainenhancer of activated B cells (N@appaB) pathway, which is critical for cell
survival and proliferatiorNotably, one of the most aggressive malignancies worldwide, Burkitt
lymphoma, harbors mutations in the'C gene, an extremely potent oncogene that diives

rapid proliferation of BL cells. Its overexpression also inhibits apoptotic pathways of BL cells.
Mutations of the tumoruppressor protein p53gefB53 , t he Aguar di an of t
the most frequent mutations in human malignancies. Dysfunctibie ®P53disturbs cell cycle
arrest, DNA repair mechanisms, and apoptosis, and is responsible for therapy resistance and
genomic instability TP53mutations are observed across various hematological malignancies,
including MCL and DLBCL, and are predominantly associated with unfavorable prognosis and

disease progressiogi8, 19] Further mechanisms of lymphomagenesis involve epigenetic
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modifications, represented by DNA methylation and histone modifications. Methyltransferase
Enhancer Of Zeste 2 Polycomb Repressive Complex 2 SultiBiZ induces histone
methylation and silencing of genes, and its mutations are frequently discovered in DLBCL,
where they promote oncogenic pathways and repress tumor suppressor genes. Another example
of epigenetic modifications the observation of mutations in Tet Methylcytosine Dioxygenase

2 (TET2 and DNA Methyltransferase 3 Alph®NXMT3A in various Fcell lymphomas.
Alterations of DNA methylation are commonly observed in myeloproliferative diseases and
can be effectively modulated by hypomethylating agents used in th¢8gpyAnother
successfultherapeutic approach affects #ell receptor signaling in lymphoma cells.
Dysregulation of Bcell receptor signaling in lymphomas via mutations of CDT®@decule,

TNF Receptor Associated Factor BRAF3, and Caspase Recruitment Domain Family
Member 11 CARD1) induces constitutive activation of signaling pathwagsluding NF
kappaB and PI3K/AKT/mTOR pathways. Both pathways are involved irsymaval
signaling. This mechanisncommonly observed in DLBCL and MCL subtypesasures de
survival and proliferation of lymphoma cells and can be effectively inhibited using Bruton
tyrosine kinase (BTK) inhibitor§20, 21] Uncontrolled cell proliferation, disruption of
cytokine signaling, apoptosis, and cell growth are also typical for the Janus kinase/signal
transducers and activators of transcription (J8KAT) pathway interference observed in T

cell and certain Bell aggessive lymphomas due to mutations of Janus kina3&K1j, Janus
kinase 3 JAK3), or signal transducer and activator of transcriptior5BAT3 genes[22].

Lastly, disturbances of the tumor microenvironment lead to themmune escape of tumor

cells from the immune systéms s ur 28R4l | ance

Lymphomagenesis is a highly complex and complicated process, involving various
mechanisms. In the next part of the thesis, miechanismsand specificinter-subtype
differenceswill be discussedn detail for selected lymphoma subtypesth special focus on
mantle cell lymphoma. Examples where molecular cytogenetic analpsisiding NGS
technologies, helped with the classification prognostication, and understanding of

pathophysiology will be mentioned.

5.4.Aggressivelymphomas: classification, pathogenesignd genomiclandscape
The group of aggressive lymphomas predominantigcludes so-called norHodgkin
lymphomas which represent approximately @0adf NHLs. The most common subtypes of

NHLs are represented lyiffuse Large Bcell ymphoma DLBCL), Burkitt lymphoma BL),
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Mantle Cell lymphoma MCL), and TFcell lymphomas(T-NHL). B-cell lymphomagenesis
typically occurs during the antigen stimulation of a mature nareelBGenomic aberrations
often target processes such ammunoglobulin heavy chain rearrangement, somatic
hypermutation, andclassswitch recombinationof immunoglobulin genes during -&ell
developmentultimately leading to the formatioof malignantclones In the case of Tcell
lymphomas, keypathogenic events involve aberratiaid -cell receptor signalm[4, 23, 25]
Each NHLsubtypeexhibitsdistinct molecular, genetic, and clinical featyiasdits aggressive
naturenecessitates an-thepth understanding of its pathophysiology to provide highly efficient
and targeted therapeutic strategieBetailed knowledge of molecular and cytogenetic
mechanismsresponsible for lymphoma developmermt senseof clonal evolution, and
recognition of additional key genetic alterations will engddesonalizedherapyin the future

6. Subtypes ofAggressive Lymphomasand Their Pathogenesis

6.1.Diffuse Large B-cell Lymphoma
The most commotype of aggressivBlHL is DLBCL, which accounts for approximately-30
40% of all NHL casesThe mediamage for DLBCL is between60 and 70 years It is a
heterogeneous disease with multiple molecular subtyg®sh can beclassified according to
its cell of origin gene expressigmand mutational profilg26, 27] DLBCL arises from mature
B-cells and encompasses two principal subtypes, each originating from a distinct cell of origin
ata different developmental stage, characterized by unique genetic and exresfdies) and
demonstrating different clinical behavicaad prognostic outcomg28, 29] One of the first
insights into the classification of DLBCL wasachieved through the use of
immunohistochemistry and DNA microarray techniques, which enable the analgsisetic
expression profiles specifically selected geneBhe previous algorithm for classification of
DLBCL, invented by Hans et al., used immunohistochemistry biomarkers @TI®, and
MUM1 (multiple myeloma oncogeng 1o distinguish between GCB and RGCB subtypes,
where CD10 andBCL6 positivity was associated witlne GCB patten. In contrastMUM1
positivity was typically observed in the n@CB subtype and was connected with poor survival
outcomeq30]. Using specially designed microarrays, Alizadeh et al. identified two distinct

expression patterns, each corresponding to a diff@@@[31].

The germinal center Bcell-like subtype (GCB)maintains the expression pattern of germinal

center Bcells as represented liie cell-surface molecule CD1@s well as high expression of
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the BCL6 proteinin comparison with the activated-dll-like subtype(ABC), two recurrent
genomic aberrations were identified in the GCB subtype, nant€lyl;18)(q32;921)
translocatios leading to juxtaposition ahe BCL2 oncogene into the proximity of theghly
expressed immunoglobulin heaeiiain locus and amplificatios of the cellular Rel prote
oncogendc-Rel/REL) locus [32-35]. TheBCL2gene is one of the most critical anpoptotic
genes essential for the maturation and development-cels. ks overexpressiomgsulting
from translocations, amplifications, or mutations, leads tespreival signaling and is critical
for the survival of DLBCL and FL cells, where it is also associated with an unfavorable survival
outcome[34, 36] TheRELgene belongstothdF-a B f ami 'y of proteins &
B-cell activationbefore the formation of germinal centers and for maintaitiia@C reaction.

Its signaling is also involved ithe proliferation and inflammation, and is necessary for the
development of Tcells in response to such stimulihe destabilization of-Rel signaling
promotes cell survival, as well as the malfunction of-aptptotic and cell cycle genes, thereby
facilitating lymphomagenesi87, 38] GCB subtypeoften depend on alternateoncogenic
mechanismsincluding deregulatedPI3K/AKT signaling or impairmentof genesessentiafor
chromatin structureLossof-function mutations and deletions in tRaosphatase antensin
Homolog PTEN locus frequently lead to destabilization of the PISK/AKT pathway in
DLBCL. Loss of PTENactivity leads to acceleration of PI3K/AKT signaling, promoting cell
survival, proliferation, migratiorand angiogenesi89]. PTENdysregulation andn increase

of PISK/AKT signaling were detected in more than one quarter of DLBCL analsaoeiated
with worse overall survivdl39, 40] Mutations inthe histone methyltransferaggneEZH2,
which modifies chromatin structure and relgtes gene expressioaritical for terminal Bcell
differentiation GC formationand apoptosig;ontributeto the survival and proliferation dfie
GCB subtypeandthe maintenance of the GCB phenotygé]. Another genetic aberration
frequently detected ithe GCB subtypéncludesamplifications of themiR-17-92a1 cluster
host gene(MIR17HGMIHG1) locus on chromosome 13, encompassing the-h7#R2
microRNA region, which influenceBlYC oncogene functiongs well aggains of a 7.6Mb

region on chromosome 122-44].

The activatedB-cell-like (ABC) subtypeof DLBCL arises from posgierminal center Rells,
where the development generallydirected towardolasma cellstags. One of the genes
essentialfor plasmacytic differentiation is th®R/SET domain 1/Bymphocyteinduced
maturation protein (PRDMBLIMP1) gene If lossof-function mutations or deletions decrease
the expression of this transcriptional represglasmacytidifferentiation is blockeg45]. Part
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of the ABC DLBCLs typicallyharbor inactivating genomic aberrations of BiRDM1gene

marking these changes as one of the critical pathogenetic mechanisms in the development of
ABC DLBCL subtypes|[46]. Like GCB, the ABC subtype alsexhibits a unique genomic
pattern, characterized by aberrant@l receptor signaling (resulting from changes in CD79A

and CD79B) and constitutive activation of the-llB pat hway, which i s <ca
in the NFo BregulatorgenesMYD88 CARD11 andCD79B[47]. As a result, chronic &ell
receptorsignaling is triggeredywhich enhances resistance to apoptosis and proneetes
survival. Amplifications of theBCL2 locus are frequently observed in the ABC subtyipe
contrast withtranslocations of th&8CL2 locus which areexclusively detected in the GCB
subtype [35, 48] Further genomic aberrations ithe ABC subtype include trisomy of
chromosome 3 and itamplification, with upregulation of the oncogene Forkhead Box 1
(FOXPYJ) and theNFKB inhibitor zeta(NFKBIZ) gene, markindhe dysregulation othe NF-

@ Bpathway Frequent losseand deletion®f the tumor suppressaCyclin-dependenkinase

inhibitor 2A (CDKN2A), deletions of chromosome arm @gins oftheregion on chromosome

arm 18qcontainingBCL2 and Nuclear factor of activated T cells (NFATCJ genes and
amplifications ofa 9Mb region on chromosome 19 were also predominantly detected in the
ABC subtypd42, 43, 49] TheABC DLBCL is considered a more aggressive vartampared

to the GCB subtype, with a pooqgrognosis and shorter overall survival raf{&0].

Adjacent toABC and GCB subtypess primary mediastinal B-cell ymphoma (PMBL), a
distinct variant ofdiffuse large Bcell lymphoma (DLBCL) that arises from a thymiecall,
exhibiting genetic and mol ecul ar characteri
lymphoma (HL), such as constitutive activation of thedNB a n eéSTAT pdthway428].
Chromosomal aberrations typical for PMBiclude amplifications of the telomeric region of

the 9124 arm of the chromosome, monosomy of chromosome 10, and gainscbftineosome

arm 20[43]. The genes for tyrosine kinase JAK#zpgrammedell death protein {PD-L1),

and PDL2, which encode Tell ligands, are also typicallypregulated in PMBL, as well as in

HL [6, 43] Upregulation of PD ligands in PMBL suggests modulatiothefT-cell immune
response, leading to inhibition of TCR signaling and potentially facilitating immune escape of
PMBL cells. Increased expression of PD ligaisdsiked with poorer outcomes patients with
PMBL [51, 52]

Another diverse group of large-&!Il lymphomass high-grade B-cell ymphomas (HGBL),
encompassing various entities defined by the presendéY&® and BCL2 rearrangements
(DLBCL/HGBL-MYC/BCLZ2), which share gene expression signatures typidéleaferminal
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center phenotypg53]. MYC is a highly potent oncogene, located on the long arm of
chromosome 8, which igwolved in vital processes such as proliferation, apoptosis, cell
growth, and differentiatiofb4]. Its translocation from chromosome 8 to BfeL2and/orBCL6

locus results in the deregulation of oncogene expression, leading to markedly aggressive disease
behavior. These suitiypgeshanthdd rE wphebdmaAsoubl al
arerearrange@nd are associated with resistance and chefnactoriness. Bell lymphomas,

which harbor rearrangements of tMYC, BCL2 and/orBCL6 genes,commonly exhibit
proliferativebehavior and poorer clinical outcomes compared to other types of diffuse farge B

cell lymphoma [55-57].

R-CHOPR-based chemoimmunotherapy, i&combination of antCD20 monoclonal antibody
rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone, is the therapeutic
standard reaching lorgrm remissions in approximately tvtloirds of DLBCL cases; the rest
remain refractory or relapssarly after the treatme8]. A detailed understanding of other
molecular and cytogenetic predictive and prognostic markers is therefore essential for the future

improvement of their outcomes.

In the era ofnextgenerationsequencingfurther DLBCL subtypes with distinct molecular
patterns have beeédentified, making the classification of DLBCL significantly more complex
NGS methods are used not only for the classification and prognostication of lymphomas but
also to identify patients with complex genomic landscapes who require innovative therapeutic
approaches. Especially patients with the ABC subtype, relapsed anttagfraLBCLs, or
patients harboring specific unfavorable genetic alteratastioned abovdace an dverse
prognosis and are in urgent need of more sophisticated targeted theBapiegatients are
referred to specialized hematological center<linical trials andnventivetherapieg458-60].

A few examplewwill be provided where NGS techniques were utilized to classify and identify
patients with poor overall survival who magnefit fromnoveltherapeutic strategies.

Using wholeexomesequencingn 304 primary DLBCLsChapuy et al. (2018) identified five
distinct molecular subtypes characterized unyque genomi@atternsand highly different
overall survival ratesCluster ClcommonlyharborsBCL6 structural variants in combination
with mutations ofNeurogenic locus notch homolog proteifNOTCH2 signaling pathway
memberse.q.,its negative regulatddpen Family Transcriptional Repres$8PEN, or B-cell
lymphoma/leukemiatype 10 (BCL10, tumor necrosis factor alpha inducible protein 3
(TNFAIP3, andFas cell surface death recep{6AS genes The majorityof the C1 cluster
wasclassifiedas ABC-type tumorsCluster C2was typical with mutations anbl7p copyloss
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leading to biallelic inactivation of TP53 Copy loss 00p21.13CDKN2Aand 13g14.2RB1

(RB transcriptional corepressor 1/Retinoblastoma wlgs also common leading to
chromosomal instability and perturbationtbé cell cycle The C2 cluster contains ABC, as

well as GCB subtypes. Cluster @arborsfrequentBCL2 mutations and chromatin modifiers
lysine methyltransferase 2KMT2D), CREB Binding Protein(CREBBBP, and EZH2
mutations Othertypical alterations fothe C3 cluster are Bell transcriptiorfactor mutations

of Myocyte Enhancer Facto2B (MEF2B) and interferon regulatory factor 8RF8) genes,
mutations of indirect modifiers dCR and PI3K signaling pathway, i.e.Jumor Necrosis
Factor Superfamily Member 1@NFSF14 andG Protein Subunit Alpha 1&GNA13, PTEN
inactivationalterations The majorityof the C3 cluster is of GCB originCluster C4 consists
primarily of GCB subtypes, harboring mutations in four linker and four core histone gyahes
immune evasion molecule genes, e2P83or CD70, BCR/PI3K, NFkappaB andRAS (Rat
arcosarcoma Virub)AK/STAT signaling pathway gengsiamely, Ras Homolog Family
Member A (RHOA), GNA13 CARD11 Nuclear factor of kappa light polypeptide gene
enhancer in Bells inhibitor, epsilon NFKBIE), B-Raf ProteOncogene, Serine/Threonine
Kinase(BRAR, etc.Cluster C5exhibitsanalmost uniforml8qggain thus increasin@CL2and
Mucosaassociated lymphoid tissue lymphoma translocation proteinMALT1) gene
expressionMutations othe CD19BandMYD88genesassociated with the ABC subtype were
also observed in the C5 clusté&dditional alterationsncludedgains of3gand 19913.42, as

well as inactivating alterations of the Positive regulatory domain containiBRDNI1) gene,

which involves the zinc finger domain associated wdifferentiation Specific genomic
aberrations were also identified as having an unfavorable impact on overall survival and
progressioffree survival, including loss oflq42.12 MYC structural variants, gains of
18921.38BCL2 13g31.2mir-17-92, and18p [26]. Translational studies involving thousands

of DLBCL patients havelsoidentified multiple recurrently mutated genes associated with
different clinical behaviors and prognoses. Ren et al. carried out genomic and transcriptomic
metaanalysis containing 2805 patients using published data from seven unique cohorts of
DLBCL patients (including theirs]26, 61-66]. All patients received REHOR-like regimens.

Of 2805 patients, 887 were relapsed/refractory within two years after the treatment and were
classified as poeoutcome patients. The second analyzed cotmmsisted of 1,918 patients
who achieved remission within two years and were classified as-@dodme patients
Overall, 24 g &wmoepstientsweraiteatified iinoludi@V12D, Pim-1 proto
oncogene, serine/threonine kingge#M1), TP53 BCL2 MYD88 CREBBR and others. The

genomic landscapef pooroutcome patients was enriched in mutationsTB63 MYD8§
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SPEN andMYC genes, while depleted in mutations@D83 BCL6, Serum/glucocorticoid
regulated kinase {SGKJ), Actin beta(ACTB, Transmembrane protein 30@AMEM30A,
CARD11P2Y receptor family member(@2RY§, andTNFRSF14vhen compared with goed
outcome cohort. Pathways affected in DLBCL patients with poor outcome were represented by
cell adhesion/migration,-tell activation/regulation, PI3K, and NéB signaling[67]. DLBCL

cases with poeoutcome genomic characteristics thus need new therapeutic approaches to
reach remissions similar to those responding to standard of care thEnapsfore, gnomic
profiling using novel NGS technologiesveals a highly efficient tool farlassifyingDLBCL
lymphoma subtypes, with an impact on prognostic stratification of patients aselebgon of

therapeuti@pproaches.

6.2.Burkitt Lymphoma: pathogenesis andyenomiclandscape
Burkitt lymphoma (BL) is recognized amne ofthe most aggressiveancersworldwide
characterized by the rapid proliferation of germinal centeels and swift tumor growth. The
hallmark of this malignancy is the juxtaposition of MgConcogene close to immunoglobulin
genes, specifically th&sH gene or the kappa@K) and lambdalGL) immunoglobulin light
chain genesThe juxtapositionis typically driven by specific chromosomal translocatjons
including thetranslocatiori(8;14)(q24;932)nvolving thelGH gene, and eith&(8;22)or t(2;8)
involving thelGK or IGL genes, respectilye[68, 69] The proximity of the é'YCgene to the
IGH, IGK, orIGL loci results inthe constitutive activation of thdYCgene, which is involved
in regulating cell cycle progressiothe proliferationof BL cells, and the dysregulation of
apoptosis. Surprisingly, tHdYCgene is not only potent in increasing the proliferation rate, as
frequently mentioned, but it can also trigger fast and efficient apoptosis Vi& 83signaling
pathway depending on the critical balance betwepro- and antiapoptotic protein
concentration§70, 71} Further genomic aberrationsoperate with the rearrangkt¥ Cgene,
supporting the lymphomagenesis of Burkitt lymphoma. NGS techniques identified driving
events, targetingpoptotic pathways vidP53 aberrations, BCR signaling, the PI3K/AKT
signaling pathway, or cell cycle and epigenetic reguldtf@i75]. Burkitt lymphoma is also
one of the first human malignancies, where a viral infection is the leading mechanism of its
developmen{72]. EpsteinBarr virus (EBV) is closely associated with the pathogenesis of
Burkitt's lymphomadue to its oncogenic potenti&@BYV is a ubiquitous virus, infecting a large
majority of the global population and establishing a lifelong asymptomatic infection. This virus
possesses oncogemotential andhe ability to incorporate its viral genome into the host,cell

contributing to the transformation of lymphoid and epithelial dé® 76] The EBV virus
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typically enters the body through saliva, initiating mucosal transmission and targeting epithelial
cells ofthe oropharynxwhere it spreads into surrounding immune tissues and infeatgt v e B
lymphocytes byinding to the complement receptor 2 (CD21/CHBJ. After initial infection,

EBV establishes lifelong latency predominantly in memory B cells, persistiagisemesd

multiple copies of episomal circular DNA bound to host chromosomes through the viral nuclear
antigenEBNAL1, therebyevading host immune surveillanfé7]. The expression dEpstein

Barr nuclear antigen€£BNA) and latent membrane proteins (LM#t only evadegmmune
system contrabut alsopromotesB-cell survival and proliferatiofr8]. While MY Cactivation

alone can trigger apoptosis or cellular senescence as protective mechanisms, EBNAL, the highly
abundant norwoding EBERs (EpsteiBarr encoded RNAs), and, less commonly, LMP2A
counteract these safeguards by inhibiting apoptosis and sustaglingucvival through
activation of pathways such as PI3K/AKB]. Additional moleculaicytogenetic mechanisms,
including mutations and alterations in the inhibitor of DNA bindingIB3] gene and
transcription factolfCF3 further exacerbate the dysregulation of cell cycle progression and
disrupt Bcell differentiation. This process @&sodriven by theactivation of the PI3K pro
survival pathway which ultimately enhances BCR signaling and further promotes
lymphomagenesig’8, 80] Becausef the complex interplay betwedine genomic, immune,

viral, and environmental factors, thestorical classificatiomecognizé three typeof Burkitt
lymphoma Aendemi cii, Asporadic-8ss anidatAeidimunAddedii
World HealthOrganization's (WHO) 2022 classification, the status of Ep&aimvirus (EBV)

has surpassed the historical classification, and only two subtypes of Burkitt lymphoma are
currently recognizedEBV-positive and EBWhegative Thus, EBVdriven or mutational
drivenmechanismaresuspectedo be thecause otdiseasalevelopmenf53, 72, 74, 81, 82]

6.3.Genomic landscape of BLNGS insights
The genomic landscape typioafl BL reveat a unique mutational pattern. Excdpt MYC
translocatios, which arethe key event in the pathogenesis of BL, other mutational markers
have been identifienh translational studies, also with the help of NGS technologies. Extensive
genomic studies have consistently identified frequent mutation®3n TCF3 Cyclin D3
(CCND3, AT-rich interaction domain 1AARID1A), SWI/SNFrelated BAF chromatin
remodeling complex subunit ATPasg(SMARCAY, and TP53 genes which disrupt Bcell
receptor signaling and cell cycle contfad, 75, 80, 83, 84)Copy number variationgQNVs)

arealsopresent in th&L, with gairs of chromosome arm 1qg and loss of E3gl 17doeing the
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most prevalent events, contributing further to oncogene activation and tumor suppressor loss
[85, 86]

Due to its rapid growth, BL is a highly chemotherageysitive diseaseeaching high remission

rates if treated vigorously.l@al development igypically limited and reserved for cases that

are relapsed or refractory standard therapieShere isalsoanassocation with TP53mutated
statusand complex karyotyp&n those who relapser progress rapidly. Nosurprisingly,
resistancdgo chemotherapy is common P53 mutants Research performed in the area of
clonal development alssuggests that the genomic landscape of primargdalLremain mostly
unchanged during relapseshich could be caused by primary resistance to the therapy.
Conversely new subclones harboring novel mutations and genomic aberratimisas those

in theRBlor PTENgenesalso occuiin relapse or refractory settings, possibly in response to
the selective pressure ttierapy[87]. This increase in genomic heterogeneity and higher
mutational burden in relapsed and refractory settings increasesgtjtessivenesef the
disease, making itdifficult therapeutic challengéue to its rapid growth arebgressiveness
intensive multi-agent chemotherapeutic regimens comprising combinatiors of
chemotherapeutiand targetedirugs(e.g., aniCD20 monoclonal antibodRRituximab), are

utilized to induce remission. However, relapsed or refractory BL remaipgrsistent
therapeutic hurdle, havingxtremely unfavorableoutcomes Discovering the genomic
landscape and mutational profile of BL can offer new therapeutic targets desperately needed

for the efficient treatment of such patie&9].

6.4.T-cell lymphomas
T-cell lymphomas(T-NHL) are a diverse group dymphoid malignancies, accounting for
approxmately10-15 % of all NHLsin Europe Aggressiveclinical behavior and poor prognosis
of the majority of aggressiveT-cell lymphomasare common and intensive treatment
approaches are needed to sustain remission of the did¢ame. subtypesof aggressive
peripheral Tcell lymphomasare represented kperipheral Fcell lymphomai not otherwise
specified (PTCENOS), angioimmunoblastic €ell lymphoma (AITL),and anaplastic large
cell ymphoma (ALCL) Other rare subtypes ofdell lymphomas recognized are, e.g., NK/T
cell lymphomas, adult-Eell leukemialymphoma, enteropathgssociated -Eell lymphomas,
andraretypesof cutaneoud -cell ymphomagCTCL), which are generallgonsideredo have
an indolent clinical behavioilwo-thirds of cutaneous-€ell lymphomas are represented by
Mycosis Fungoide§ MF ) and S®zary syndrome (SS). Ear |

prognosiswith mostly indolent behavior and an expected median survival of more than 10
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year s. I n contrast, S®zary syndrome is a
survival of 24 yeard53, 8892].

The pathophysiology of -NHL is a complex process involvinga sophisticated interplay
between genetic, epigenetic, immune, and microenvironmental fathasnitial and crucial
event in the pathophysiology ofdell lymphomass the alteration in the-Tell receptor (TCR)
ensemblebecauselCR signaling isessentiafor T-lymphocyte survival, proliferation, and
differentiation[93]. Mutationsin epigenetic regulatofsequently follow dysregulation of TCR
signaling disruping gene transcriptionacross nearlyall subtypes of Icell lymphomas.
Notably, mutations in DNAmethyltransferase¢DNMTSs), particularly DNMT3A and Tet
methylcytosine dioxygenase(ZET2, lead to thetranscriptionalrepression of gene®ther
epigenetic alterations, such as mutations tonemodifying enzymes deregulatethe
posttranslational modifications of histonefurther disrupting the transcription process
Deregulationof the JAKSTAT signaling pathway, marked by mutations in cytoplasmic
tyrosine kinasesJAK1, JAK2 JAK3 TYK2 and theSTAT family proteins STAT3 STATSB,
isacommon feature ithemajority of T-cell malignanciesConstitutive activation ahe JAK-
STAT pathwayresults in uncontrolled cell growth and thervival of malignant cell§22, 25,

93, 94]

Further text willfocus solely on PTCLSs, as experimental modékpecific subtypes mentioned
below have been used and genetically analyzed in my publications, whichendliscussed

later.

6.5.Subtypes and gnomic landscape operipheral T-cell lymphomas
Peripheral Tcell ymphomas are a heterogeneous groupoéllymphomas that are generally
rare and aggressivarising from different cell types of origin and exhibitirdistinct
pathogenetic mechanismBTCL-NOS lymphomas represent the majority of PTCO$his
group of mostly aggressivedell ymphomancompasseal nodal PTCLs that do not fit into
a specified category and dot share alear molecular pattern typical of other subtypEECL-
NOS prognosis is generally poor, withy&ar overall survival around B80 % using standard
anthracyclinebased therapp5, 96] Genomic profilingand immunohistochemistry assays are
currently successfully used #&mols for identifying new pathologic features, which could be
helpful inbetter stratificationas well agprognostic and therapeutic assessmaétftin this vast
group of entitiesRecent genomic profiling and immunohistochemistry analysis revealed two

distinct subtypes of PTGNOS with different clinical outcomes and distinct molecular
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patterns.The PTCL-GATA3 subtype accounts for approximately 33% of PTDS and is
characterized by the overexpression of GATA3 and activation oPBl€-mTOR pathway.
GATA3 is a transcriptional factor regulating-hElper 2 Th2) cell differentiation and
expression of interleukins 4, 5, and 18is hypothesizedhat the PTCLGATAS subtype
evolves from theT-helper 2 subset of -€ells [97]. The second type is PTCIBX21,
representingapproximately49 % of PTCENOS lymphomaslts hallmark is the increased
expression of the-box 21 transcription factor (TBX21) and activation ofthe®NB pat hway .
As a master transcription factor, TBX21-I6€t) critically promoteshe differentiation of naive

CD4+ T cells into the Jhelper 1 (Thl) subsaif T-cells and the acquisition of effector
functions by cytotoxic flymphocytes (CTLs) derived from CD8+ T cellhis transcription

factor orchestrates the lineage commitment and functional programming of these cells by
regulating the robust expression of key effector molecules sulktieaferorgamma (IFNo )

and granzyme Bthereby shaping crucial aspects of g¢e#diated immunity[98-100].
Compared with the PTGGATAS subtype, which is associated with an inferior prognosis and
reduced overall survival, the PTCIBX21 subtype generally exhibits a better clinical

outcome, often demonstrating improved progres$iea and overall survival rat¢s01].

Beyond these weldefined PTCENOS subtypes, NGS technologies hanexealed the
molecular complexity of the entire PTCL spectrum, providirdeeper understanding of their

pathophysiology, classification, and management strategies.

For instance, he second aggressive type of peripheral ell lymphoma is
Angioimmunoblastic T-cell lymphoma (AITL), characterized by &follicular helper TFH)

cell phenotypandahighly inflammatory tumor microenvironmewith immune dysregulation
[102]. The majority of AITL lymphomas harbor mutationseipigenetiemodifying genes, with
TET2mutations found in up to 80% of cases, ofteiocourring with mutations in tieNMT3A
gene and a specifitsocitrate dehydrogenase (NADP(+))(lDH2) R172 mutation. These
epigenetic defectsesult in aberrant DNA methylation and histone modification patterns,
leading to the dysregulation of gene expression that is crucial for AITL pathodd02si$03]
T-cell receptor signaling is another target, often dysregulated in the AITL environment.
Namely, the Ras homolog family member /RHOA G17V mutationis a highly recurrent
aberration found in approximately 5070% of AITLs[104, 105] RHOA:Is a crucial GTPase
that plays a key role in-tell receptorsignaling, orchestrating the dynamic reorganization of
the actin cytoskeletqrwhich isessential fothe formation of the immunological synap3e

cell activation, and efficient cellular migratiqda06-108]. Other commonly mutated TCR
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signaling genes includeéhospholipase C gammaRLCG1) gene(11-14%), which typically
carriesgainof-f uncti on mutations | eading to constit:u
TCR signaling, andCD28 (9-11%), with activating mutationthat enhancd-cell activation

and proliferation[109, 110] AITL typically presentstself with aggressive behavi@ndan

unfavorable prognosis despite current treatment stratefgesrding to Advani et al., the-5

year overall survival (OS) and progressioee survival (PFS) rates for AITL patients are
estimated at 44% and 32%, respectively. These figurexanrsistent withthe generally
aggressive nature and relatively poor survival observed across other aggressive PTCLs,

including the previously mentioned survival data for PTIQS in genergl111].

Another significant aggressive subtype of PTCLanaplastic large cell ymphomaALCL) ,
typically characterizedhorphologically by large pleomorphic cells aoakerexpression of the
CD30molecule There are two clinically and genetically defined categories of ALCL, based on
the presence of translocations affecting the anaplastic lymphoma kinase (ALK) gene: ALK
positive ALK +) and ALK-negative ALK -) [53]. In the ALK+ subtypethe disease is primarily
driven by the translocation t(2;5), with recurrent gene fusions involving the ALK tyrosine
kinase gene anthe nuclephosmin(NPM) gene present in 780% of caseg112]. Less
frequent gene partneraclude tropomyosin 3TPM3), 5 aminoimidazolé4i carboxamideé
ribonucleotide formyltransferase/inosine monophosphate cyclohydroda3€)( and TRK-

fused gen€TFG) [113]. These translocations lead to the constitutive activation of ALK tyrosine
kinase, contributing to the aberrant activation of various pathways, including the JAK/STAT3,
PISK/AKT/mTOR, and RAS/MAPKMitogen-activated protein kinasgpthways, which drive

the proliferation and survival of ALCL lymphoma ceflsl4, 115] The lack of translocations
describedabove is typically observed the ALK- subtype. While maintaining a morphological
appearance similar to ALK+ cases, the AL8ubtypeexhibits typicallya more complex
genomic landscag®3]. The most common genetic alterations include mutations in epigenetic
modifiers specifically the cyclic AMP response element binding prot€REB-binding
protein CREBBRandthe EIA nt er act i ng pHEP800),evhigh areifivohe@®i®0 k Da
histone acetylation and contribute to tthgsregulation of gene expression and chromatin
remodeling[116]. Other recurrengene fusionsand rearrangements involvBual specificity
phosphatase 2iterferon regulatory factor 4DUSP22IRF4), TP53 homolog TP63 and
mutations inJAK1, STAT3 andTP53genes, resulting in dysregulation of cell cycle control,
apoptosis, and immunesponse$s3, 90, 117119]. ALK+ cases are generally considered to

have a favorable prognosis and are more frequent in childrenpwear OS ranging from
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70% to 90%. Converselyhe ALK- subtype is common in older adults and is associated with

an unfavorable prognosis, ranging fr@3% to 50%, similar to PTGNOS[120].

Extranodal NK/T -cell lymphoma, nasal type (ENKTL), is another clinically aggressive
peripheral TFcell lymphoma characterized by a strong association with Ep8temvirus
infection. It typically arises in extranodal locati@nmost commonly the nasal cawvdtyand
exhibits a distinctive angiocentric and angioinvasive pattern of grolté most common
recurrent aberrations involve the JATAT pathway, with its constitutive activation,
specifically activating mutations in thETAT3and JAK3 genes. Mutations in epigenetic
modifiers, such aBKMT2D, BCL6 corepessor(BCOR, andDEAD-box helicase 3 Xinked
(DDX3X), in conjunction withTP53 tumor suppressor mutations, further contribute to the
lymphomagenesis driven by EBV infectift1, 122] Its prognosis is highly associated with
the disease stage, where early stages hawsearoverall survival reaching 80%. Conversely,
in advanced disease, they&ar OS remains less than 40223, 124]

Additional rare subtypes of PTCL lymphomas are recognizetluding Adult T-cell
Leukemia/Lymphoma (ATLL), Enteropatiissociated Icell Lymphoma
(EATL)/Monomorphic Epitheliotropic Intestinal-€ell Lymphoma (MEITL), Hepatosplenic

T-cell ymphoma (HSTCL), an@ubcutaneous Pannicultiske T-cell Lymphoma (SPTCL)

[53]. These subtypes are discussed in more detail elsewhere, and none of them has been

analyzed during my research.

6.6.NGS insightsinto the pathogenesis, classification, and prognostication of PTCLs
The eraof NGS technologies brought more profound insight into the understanding of the PTCL
milieu. Using the NanoString platform, i.e., a higltyoughput gene expression profiling
met hod, Rodr2guez et al. wer e ablwahvariousi dent |
histological subtypes of PTCL, including AITL, PTCL withfdllicular helper phenotype
(PTCL-TFH), and PTCENOS. The most striking difference was observed in the frequency of
RHOA G17V mutations, which were almost twice as frequent in AITLR®TCL with T-
follicular helper phenotype, and were not present in the PNIOS subtypeAITL exhibited
upregulated gene signhatuassociated with follicular dendritic cells, dendritic cells, mast cells,
and MHGrelated pathways, along with elevateadl, T-cell, and vascular scores, indicating
a complex inflammatory microenvironment characterized grpminent immune cell
infiltration and vascular proliferatiofPeripheral Tcell lymphomas with a -follicular helper
phenotype=xhibited elevated expression of hallmark Fréthted genes, n ¢ | BRILICrXg
C motif chemokine ligand 18CXCL13, ICOS and GATA3 suggesting derivation fno or
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commitment to the TFH cell lineageTCL-NOS showed increased expression of a neutrophil
associatedjene setaind exhibited higher expression of gesesh as granzyme B5ZMB),

Natural killer cell granule protein(NKG?7), Basic leucine zipper ATHke transcription factor

3 (BATF3, andIL10, suggesting a cytotoxic signature in sORECL-NOS casesRo dr 2 gu e z
et al. also revealed mutations in genes associated with several pathways, including the
Epigenetic and Chromatin Remodeling pathway, th€ell Differentiation pathway, the
PIBK/AKT/mTOR pathway, and the N6 B p at h wa y madelahdirest costtibutisryto
improved classification and prognostication, identifying new markers and defining distinct risk
groups[125]. Another translational study by Bouska et al. performbadlesexome sequencing

on 119 AITL patientsfollowed by transcriptomic and methylation profilingvhich was
conducted on 78 and 40 cases, respectively. Beyond identifying known epigenetic drivers, such
asTET2 DNMT3A or IDH2 R172mutations novel epigenetic driversncluding TET3and
KMT2D, have been describedMutations in the genes mentioned above were associated with
an unfavorable prognosis. Aberrant TCR signaling and PI3K signaling were also identified,
represented by mutations involved ithe dysregulation of these pathway€DE8
Phospholipase C gamma (PLCGJ1), PTEN PH domain andeucinerich repeat protein
phosphatasel/2 (PHLPP-1/-2), etc.), and supported by methylation analysis revealing
epigenetic alterations in genes associated with these pathways. Interestingly, low mRNA
expression oPHLPP2was preditive of poor prognosi$126]. This study is another example

of a comprehensiveanalysis, where NGS technologies hasmabled the refinement of
prognostic markers and the identification of novel potential therapeutic targets that encompass
the PI3K pathway.

The following section oy dissertation provides an-otepthfocuson mantle cell lymphoma,
with a particularinterest inits genomic landscape and clonal evoluti@etailed genomic
analysis is provideah the original research artigleshich formsa core componermtf my work
andwill be discussed later

7. Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) is an aggressive subtype of Nkpresenting-30 % of all
NHL cases. It is characterized by significant genomic heterogeneigyaitd range ofiverse
clinical manifestationsDue to itsaggressive naturéyiICL presents a considerable clinical

challenge, particularly in relapsed and refractory settings, which remain incurable and
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therapeutically challengingvith the median overall survival (OS) for relapsed and refractory

MCL typically ranging from 13 yearq127-130].

7.1.Cell of origin and SRY-box transcription factor 11 (SOX1J
MCL originates froma subset of mature-Bells, which typically express CD5 positivity on
their cell surface. According to the current literature, MCL originates from naivgepnenal
centerB-cells residing in the marginal zonelgphoid follicles. However, in some cases of
MCL, there is evidencesuggesting the presence of features characteristic of antigen
experienced Bells, accompanied by somatic mutations in the immunoglobulin heavy chain
variable (IGHV) region[131]. The hallmarkof MCL is thetranslocatiort(11;14)(q13;932),
leading to theoverexpression otyclin D1 (CCNDJ), a crucial regulator of cell cycle
progressionThis error occurs in the immature gBecell during differentiation in the bone
marrow, where an essential process called V(D)J recombination of the IGH variable region
takes placeAs the MCL cells exhibit a mature phenotype, this single hit accident during the
first developmental stages is therefore insufficient to reveal the full oncogenic potential of MCL
cells. It requires further genomic aberratidogrive the lymphomagenesis of MCL, which is
fully acquired later durinthe differentiation proceg432, 133] The most common subtype of
MCL is the conventional MCLqMCL), which typically expresses the transcription fasx
determining region Ybox 11(SOX1), has no or low IGHV somatic mutations, and originates
from pregerminal center or naiviike B-cells It is an aggressive variant of MCL, with nodal
and systemic involvement and often a poor clinical outc@nehe other hand, approximately
10% of MCL lymphoma cases, referred to as-nodal MCLs inMCL), exhibit an indolent
behavior, aréSOX11negative, and have a highiyutated IGHV region. These tumors are
derived frompostgerminal centd8-cellsand present clinically with leukemic involvement and
splenomegalybut without, or with mild nodal infiltration[131, 132] SOX11is consistently
expressed in the majority of MCL cases, ewetie rare scenario of cyclid1-negativeMCLSs,
where it serves as a crucial diagnostic marker for ayelimegative MCLg$134]. It is acritical
and independent driver of MCL lymphomagenegisctioning as an oncogene that actively
promotes MCL proliferation, aggressive growth, and survival of MCL célslecular
processes deregulated 8 X11overexpression areharacterized by a block in maturecBll
differentiation, modulation of theell cycle, and alterations in apoptosend stem cell
development. One of the target genead X5 which is involved in Bcell differentiation is
upregulated irsOX11positive MCLs. At the same timBLIMP1 expressioms downregulated,
promoting the shift of Bells into the plasmacytic differentiatift35]. SOX11is also involved

42



in the homing and invasion of MCL cells, regulating the expressicdX€R4(chemokine
receptor 4) andrAK (focal adhesion kinase) genes. ConsequeByX1loverexpression in
MCL promotes cell migration, adhesion to stromal cells, increasddproliferation, and
transmigration through endothelial celBoth genes aressentialfor microenvironmental
cancer signaling via thactivation ofthe FAKPI3K/AKT pathway[136]. As atranscriptional
factor,SOX1lactivates platelederived growth factor ARDGFA) and promotes angiogenesis,
further supporting the aggressiveness of MCL disda8&]. SOX11overexpression also
promotes BCRBTK signaling, which BTK inhibitorssuch as ibrutinib, can successfully target
As there are patients who do not benefit from the BTK therapy and who relapse early despite
the inhibition,SOX11targeting could have potential in future translational research focused on
innovative therapeutic approach§s38-140] Ferrandoet al. further demonstrated the
oncogenic potential @0X11in MCL, including cases with cychd1 negativity, and through

in vitro and in vivo experiments wit8OX11gene knockdown, proved the impairment of its

oncogenic behavidi41].

7.2.Aberrant pathways in MCL

7.2.1. Cell cycledysregulation via INK4a-CDK4-RB1 pathway
Under normal conditions, Cyclin D1 regulates @sitle progression by binding to and
activatingthe cyclindependent kinases CDK4 and CDK6. The active Cycliii@X1K4/6
complexes phosphorylate the retinoblastoma pro®RBil), releasing the transcription factor
E2F from RB1mediated inhibition. This release activates H@pendent transcription,
including the expression of cyclin E, which leads to the activation of cyclin E/CB#®
subsequenentry into the S phase of the cell cydli82, 142] This process is carefully
controlled by the tumor suppressor p16INK4a, encoded b BHEN2Agene which acts as a
CDK inhibitor by inactivatingCDK4 and CDK®6 thereby preventingRB1 phosphorylation
[143]. Cell cycle dysregulation represents one of the most recurrent pathogenic events in MCL.
Progressive and aggressive disease forms frequently harbor alterations affecting two key
regulatory axes: the INK4&DK4i RB1 pathway and the ARMDM21 p53 pathway132].

7.2.2. Translocation t(11;14)(q13;932), cyklin D1, D2, and D3
As previously mentioned, MCL typically harbors the t(11;14)(q13;932), which juxtaposes the
proto-oncogen€CND1in proximity to the enhancer of the immunoglobulin heavy chain locus

on chromosome 1432, thereby forcing the overexpression of cyclin D1 and deregulating the

43



G1-S transition during cell cycle progression. Other factors can also contribute to the
overexpression o€CND1], including amplifications of th€ CND1 locus [144]. Cyclin-D1
positivity is typically found inmore than 95% of MCLs; however, cycldil-negative cases
remain a diagnostic challenf&3, 145] These cases predominantly exhi®®X11positivity;
however, they also harbor additional genomic rearrangements and aberrations involving the
CCND2andCCND3genes. The underlying mechanism driving the overexpression of cyclin
D2 and cyclin D3 parallels that observed in cyclin -fuisitive cases. Specifically,
chromosomal translocations juxtapose @@ND2gene, located at chromosomal band 12p13,
with enhancer regions of the immunoglobulin light chain loci (IGK or IGL), or less commonly,
the CCND3 gene, leated at chromosomal band 6p21, with enhancer elements of the
immunoglobulin heavy chain locus (IGH). These rearrangements result in the constitutive
activation and subsequent overexpression of the respective cyclin[§ié6e$47] In support

of this, MartinGar c2 a et al . d e monst r aegatide caséseharborv i r t u
rearrangements involvingCCND2 or CCND3 including novel cryptic insertions of
immunoglobulin lightchain enhancerd@K or IGL) that serve as critical regulatory elements
driving cyclin gene overexpressioid48]. Furthermore mutations or rearrangements of
CCND1non-coding regions, represented by modifications in the 3 'untranslated redidrR)3’

of theCCND1gene, affect mRNA stability and lead to increased leveGND1mRNA and
subsequeritcreasegbrotein production. These alterations can remove microRNA binding sites
or other regulatory elements that normally suppress the expressio@Mb1 [149, 150]
Additionally, mutations in the Nerminal region of theCCND1 gene have been shown to
deregulate the turnover 6ICNDJ, leading to increased protein levels and resistance to ibrutinib
(a BTK inhibitor), which is commonly used in the treatmehitelapsed and refractory MCLs
[151]. There is also evidence of cryptic-light chain enhancer insertions, similar to those
described fo€CCND2andCCND3above, where the cryptic insertions of immunoglobulin ight
chain enhancel&K or IGL near theCCND1gene lead to the overexpressiorC&ND1[152].
However, the overexpression of cyclin D1, D2, or Ddone is insufficient to drive

lymphomagenesis in mantle cell lymphoma (MCL)

7.2.3. CDKN2A (p16INK4A)
TheCDKN2Agene a critically important tumor suppressor gene located on chromosome 9p21,
encodes two distinct proteingl6INK4A and p1l4ARFE It contributes to theegulation of the
cell cycle, preventing cells from growing and dividing uncontrollably. Protein p16INK4a serves

as an essential checkpoint by binding and inhibiting cyddipendent kinases CDK4 and
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CDK®6, which are responsible for the phosphorylation of retinoblastoma proteirBR
inhibiting CDK4 and CDK®, itmaintains Rb in its unphosphorylated form, thereby preventing

cell cycle progression and inducingll cycle arrest. This acts apeeventive measure against

the proliferation of damaged and senescent céltsss offunction caused by focal or broad
deletions leads to increased phosphorylation of the Rb protein, ultimately accelerating cell cycle
progression and cell proliferatiqa53, 154] In MCL, the CDKN2A function is frequently
alteredas a secondary event in lymphoma developnidzitau-Larue et al. analyzed 138CL

patients treated by standard immunochemotherapy and autologous stem cell transplantation
(ASCT) with or without highdose cytarabine. Deletion &DKN2Awas detected in 25% of
samplesit wasassociated with significantlyshorter OS in both patient cohorts, proving that
standard therapeutic regimens do not overco
[155]. This work was further supported the study of Malarikova et al., which wasrformed

on 223 MCL patients. The frequency ©DKN2A deletionin this studywas 33%, andin
conjunction with concomitanfTP53 deletion it was the most significant predictor of
unfavorable survival outcomes. TG®KN2Adeletion was detected exclusively in the context

of other events, including t(11;14y TP53and ATM aberrations, supporting the notitmat

loss of CDKN2A function represents #ater event[156]. Together withTP53 alterations
mentioned below,CDKNZ2A aberrationsindicate a group of patients for whom new,
sophisticated therapies are urgently needed. Other inactivating mechanisms can contribute to
the CDKN2Adysregulation.

7.2.4. CDK4/CKD6
Overexpression of cyclin Dhsdescribed abovéeads to an excess ofclin D1-CDK4/CDK6
complexesmaking it a potential therapeutic target for M@Amplifications of CDK4 kinase
are a known mechanism of cell cycle dysregulation in MCL, leading to the overexpression of
CDK4. The excess of the kinase overpowers any remaining p16INK4 pretsuringobust
Rb phosphorylation and progression of the cell cycle. Not surprisitigyoverexpression of
CDK4 detected in MCL is associated with a more aggressive and proliferative lsghavio
commonly observed in blastoid MCIE57]. Targeting the CDK4/CDK6 in MCL alone, or
combination with other targeted therapiesy., BCL2 inhibitors which regulate apoptotic
pathways, wastudiedamong others aldoy Che et a).proving to be aeasonabland efficient
therapy especially under relapsed and refractory settings in M68&160]. Malarikova et al.
also analyzedthe CDKA4/6 inhibitor palbociclib in combination with the BCL2 inhibitor
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venetoclax, showing promising efficacy and supporting further reseattiisaombination in
MCL cases withouRB1deletion[161].

7.2.5. RB1
This master tumor suppressor gameodeghe retinoblastoma protein pRB, which acts as a
key gatekeeper for the cell cycle, preventing uncontrolled cell division and blocking the
transition from the G1 phase to tBgphasg162]. RBlinactivation is commonly observed in
aggressive MCLs and typically mediated by genomic deletions, point mutations, or small
insertions/deletiong132, 163] MCL cases with deletions dRB1 as well as cases with
deletions oCDKN2Aor TP53 were associated with shorter overall suryidaispite treatment
with standard immunochemotherapy and ASCT, with or without-tage cytarabingl55].
Deletion of theRB1gene is alsassociated with resistance to the CDK4/6 inhibitor palbociclib,
asmentioned abova hus,RB1deletion serves as a predictive marker of palbociclib resistance,
and possibly other CDK4/6 inhibitof$61].

7.2.6. Cell cycle dysregulation via ARFMDM2 -p53 pathways
Another frequently disabled pathway in MCL is represented by the ARF/MDM2/p53 pathway,
which serves as a critical stress response system that can trigger cell cycle arrest or apoptosis
in response to DNA damage and oncogenic stimuli. The p53 proteirerfdisicussedbelow,
regulates essential processeach a®DNA repair, cell cycle,senescence, apoptosis, and
angiogenesis. It is not surprising that aberrations oT BPE3gene, leading to loss of function
of such a strong tumor suppressor gene, arebtiee most common events in tumorigenesis,
detected in more than 50% of human primary tunfit4-166].

7.2.7. TP53 in MCL

TheTP53gene encodes the tumor suppressor pra@gioften referred to as the "guardian of

the genome." Under normal physiological conditiop83 maintains genomic integrity and
preventsthe uncontrolled proliferation of celluring B-cell development, particularly in
processes such as V(D)J recombination and somatic hypermutation, there is an inherent risk of
DNA damage and chromosomal rearrangements. In response to DNA -dtabl# breaks
induced by recombinatieactivatirg gene RAGQ and activatiorinduced cytidine deaminase

(AID) enzymes,p53 becomes activated. It subsequently enforces theS Gheckpoint,
temporarily halting celtycle progression to allow sufficient time for acdaarBNA repair and

to prevent the propagation of damaged DNA. If the DNA damage is extensive and irreparable,
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p53induces apoptosis, thereby eliminating potentially malignacel®. Thusp53functions

as a critical checkpoint protein, ensuring that cells harboring oncogenic lesions are removed
before they can transform into lymphoma cfli87, 168]

Not surprisingly, drequently observed alteratiam MCL is the inactivation of th& P53tumor
suppressor gene, either through mutation or deletion (17p deletion), found in a significant subset
of MCL cases, particularly in more aggressive and blastoid ‘arianalysis, which utilized
various NGS technologies, verified tHd53is one of the most frequently altered genes in the
aggressive MCL setting, with frequencies ranging from 10% to[36%173]. Eskelund et al.
analyzed 183 patients from Nordic MCL2 and MCL3 trials and identified arisglsubgroup

of patients withfP53mutations and deletions, markim§53alterations as a critical prognostic
marker in MCL. These patients experienced a dramatic reduction in survival despite intensive
chemoimmunotherapy regimens, highlighting the need for novel therapeutic approaches for this
high-risk subgroup of MCL.The frequency of detectedP53 mutations was 11%TP53
deletions were observed in 16% of pats, but some patients had biallelic inactivation, i.e.,
mutation and deletion (20% when considering both), which was associated with notably inferior
outcome. MedianOS for mutated P53MCLs compared to unmutated ones Vmasrific, 1.8

years and 12.7 years, respively, despite all of them being treated by intensive
chemoimmunotherapyWhile TP53 deletions were more prevalent than mutations in this
analysis (16% vs 11%) and were associated with inferior outcomesTBBBmutations had

a prognostic impact for OS and time to relafis&4]. Similar findings of adverse effects of
TP53disruptionsontheprognosis of MCL patients weedso confirmedy other studiefl75

177]. DelfauLarue et al. evaluated, among other things, the impact GiRB8deletion in 135
patients who were treated by immunochemotherapy and autologous stem cell transplantation
(ASCT) with or without highdose cytarabine, and proved that deletionsTB63 were
associated with shorter OS. Together V@ibKN2Adeletions these two adverse genetic events
cannot be overcome even wiltligh-dose cytarabinecontaining immunochemotherapy and
ASCT [155]. A recent metaanalysis included 28 studies, including newly diagnosed or
relapsed/refractorff P53mutatedMCL patients. Patients were treatedh targeted therapy,
targeted therapy combined with chemotherapy, hematopoietic stem cell transplantation
(HSCT), and chimeric antigen receptocdll (CAR-T) therapy, which has becortiee flagship

of novel antiHlymphomatreatmentsn recent yearsAmong others, lte most therapeutically
challenging patientd i.e., relapse/refractory TP58utated patients treated with CARcell
therapyd achieved the highest complete remission (CR) rate of &4@athe highest overall
response (OR) rate of 95%. Still, the@arOS rate was only 449478]. Not only the presence
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of TP53mutation, but also its high mutational load, has been linkpdrmary refractory MCL
Thus,the mutational loadas expressed by variant allele frequency (VARpuld be considered
if aTP53mutation is detectefl79]. Suboptimal survival ratementioned abovejnderscores
the pressing need for innovative therapeutic stragegieighlights the need faromprehensive
translational studies in the future asknowledge the genetic heterogeneityl B63mutated
and/or deleted cases, thereby developmye effective therapies for this higisk patient
group One of the firstpromisingresults could be a combinatorial approafdr, example,
utilizing targeted agents such as zanubrutinib (a BTK inhibitor), obinutuzumab (D20
antibody), and venetoclax (a BE&Linhibitor). This combination was recently used in a
multicenter, phase 2 studyvolving 25 untreated TP58utated patients, achievingy2ar OS
and PFS rates of2% and 76%, respective[{t80]. Even with recent therapeutic progress,
TP53positive patients still pose a major therapeutic challenge. Therefore, diligent research

must continue to discover an approach that can guarantetelongatient survival.

7.2.8. CDKN2A (p14ARF) and MDM2
The CDKN2A gene is located othe 9p21 locus of chromosome 9, encoding two distinct
proteins: pl6INK4a, aslescribed above, and pl4ARF. The role of pl4ARmo less
significant, as it exert#s tumor suppressivdunction by stabilizing the p53 protein [181].
Stabilization is achieved through interaction with Bh@M2 oncogenean E3 ubiquitin ligase
responsible fop53degradation. By sequesteriMpM2, p14ARF preventthe destruction of
p53 causingheaccumulation and activation p63[182, 183] The occurrencef CDKN2A
deletionand consecutive loss of p14ARF function thus leads to unchecked negative regulation
of p53 promoting proliferation and survival of MCL cellsIDM2 gene amplification or
upregulation resulting from transcriptional or pesanscriptional mechanisms, is commonly
observed in MCL and is associated with unfavorable outcomes, or, in general, with resistance
to rituximab (ananttCD20 antibody) in leukemia and lymphoma cell lifé84, 185]
Amplificationsof the 12q13 locusnvolving theMDM2 andCDK4 genesmay also contribute
to the more aggressive behavior and higher proliferaifddCL cells [157]. In conclusion,
loss of CDKN2Afunction ando53 disruption are strong prognostic and predictive factors and

shouldundoubtedly be included in tiv@tial examination of all newly diagnosed MCL patients.

48



7.2.9. DNA damage response pathway dysregulation
The two most frequently altered genes in M&eATM andTP53 both of which playcrucial
rolesin the DNA damage response pathway and¢gelation of apoptosid32, 186] As the

TP53gene was discussed in detail above, | will focus on the raAd bfin MCL.

7.2.10.ATM in MCL
ATMis a master tumor suppressor gdoeated on chromosome 11g823. It is &key detector
for DNA doublestrand breaks;apable of initiating a cascade of events that leads to cell cycle
arrest, during whicDNA repair occursWhen theATMis activated, it phosphorylates multiple
targets downstreamne of theifst targesis the cell cycle checkpoint pathway, which includes
the activation of Checkpoint kinase 2 andCHK?2, CHK1), which prevent the activation of
cyclin-dependent kinases (CDK), therebglting the cell cycle and allowing time for DNA
repair. The second is the p53 pathway, wher® activation leads tahe phosphorylation,
stabilization, and ultimately, accumulation of the p53 protein, thereby enforcing cell cycle arrest
through theactivation of the p21 protein, which can inhibit CDKs. Protein p21 also activates
the BCL2-associatedX, apoptosis regulatofBAX) gene, a prapoptotic gene, that triggers
programmed cell death if the DNA damage is too severe. Another key target retfaeddidA
damage response is the activation of Breast Cancer 1 DNA -egsaiciatedBRCA) and
H2A.X variant histone H2AX) proteins, followed by the recruitment of other DNA repair
factors to the site of damage, where efficient and accurate DNA repair of ckiatnld breaks
can occurFinally, if the damage is too severe, the p53 pathway prevalils, leading to activation
of apoptosis and destruction of potentially harmful dél&, 188] ATM alterations in MCL
have a significant impact on pathogenesis, clinical coarsttreatment responsgpecifically,
mutations of théATM gene are one of the most frequent in MCL, being present in more than
40% of patientsand are mostly unique for the conventional type of MC&9, 190] Its
inactivation via deleterious events or mutations plays a role in the development and progression
of MCL [191]. A previous analysis by Mareckova et al. showed a mutual exclusivAy bf
andTP53mutations, with only th& P53mutation having a significant impact on OS and PFS
[192]. Another study, performed amlarger cohort of 252 MCL patientdemonstratethat in
TP53wild-type MCLs, mutations of thATM gene are associatedth inferior PFS and OS
[193]. Neverthelessinactivating alterationssuch as deletions or mutations of &iEM gene,
play an essential role in MCL pathogenesis.
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7.2.11.Dysregulation of apoptosis
Programmed cell death #scarefully controlledand balanced procegatremoves potentially
harmful or senescent ce[lk94]. Dysregulation of apoptotic pathways leads to the development
of various diseasesncluding autoimmune diseases, neurological disorders, cardiovascular
disorders, andancer[{195]. The ultimate effort o& cancer cell is to overpower this process,
survive and proliferate indefinitely. A family of BCL2 proteinggulates this process by
balancing preand antiapoptotic signals, which aparriedout by various protein members of
this family [190, 196, 197] The group of presurvival proteings primarily represented by
BCL2, MCL1, and BCEXL proteins, while the pr@apoptotic proteins include, for example,
BAX, BAK1, BIM/BCL2L11, BID, BAD, and NOXA proteins B-NHLs, including MCL,
represent a vast group of entitighere the balance between pamd antiapoptotic signalss
commonlyaltered198, 199] In MCL, the overexpression of tlaatiapoptoticBCL-2 protein
is frequently observed ansl often causetly amplifications asdetected in 2% of MCL cases,
analyzed by Yi et a[144, 200, 201]The overexpression of BCL2 is therefore a potential target
for targeted therapyincluding BCL2 inhibitors, such as venetoclax, which appears to be
effective in bothrelapsed and refractory settif@92]. One of the preapoptotic proteins, BIM,
also playsa crucial role in MCL, agdemonstrated in cyclin Dttansgenic mice. In the context
of cyclin-D1 overexpressioandBIM deletion in Bcells, mice developed lymphomas that were
histopathologically and molecularly similar to human MOleletions ofBIM are rarely found
in newly diagnosed MCLsandBIM, together with other prapoptotic parther NOXA protein,
mediates a proapoptotic activity of BCL2 inhibitor venetod03, 204] Overexpression of
the BIM proteinhas been shown to impact overall survival, indicating plagients with high
BIM levels are more likely to achieve a complete therapeesipons¢205]. These alterations,
thus, may have an impact on the development of resistance to apf@ddgis-or example,
the overexpressionf the antiapoptotic protein MCLL was detected in aggressive, highly
proliferative variants of MCL, accompanied by overexpression gb®3eprotein. Indeed, the
combination of MCL1 inhibitor S63845 witlBCL-2 inhibitor venetoclax demonstratkdhal
activity in patients withrelapsed and refractory M(R04, 206]

7.2.12.Dysregulation of the NuclearFactor-kappa B (NF-kB) pathway
TheNF-aeB pat hway comprises a family of transcr
processes, including cell survival, apoptosis, immune, inflammatory, and stress responses, as

well as cell growtland proliferatiorf207]. The pathway hasvo main branchesanonical and
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nontcanonical pathways, both of which are frequently dysregulated in §2OB]. The
canonical pathway is activated by signals frontdlls and otherreceptorsin the tumor
microenvironment, leading to the activation of the IkB kinase (IKK) complex, which
phosphorylates IkB proteins. Phosphorylation of IkB leads to its degradation by the proteasome,
ultimately resulting in the translocation of the MB dimers, typically formed by p65/p50
proteins, to the nucleus, which causes dl#vation of target genes. In MCL, altered and
chronic BCR signalings a sufficient stimulus foactivatng the canonical pathway, providing
survival and proliferative signal$his activation could be targeted by BTK inhibitors, making

it another potential target for individualized MCL therg@p9, 210] The noncanonical
pathway is activated by signals frahe B-cell receptosactivatingfactor BAFF) and CD40.

This provides stabilization and activation diF-a Binducing kinase NIK), which
phosphorylates he | KKU dHebiawiati on of | KKU | eads to
protein into p52, allowing p52/RelB dimers to move into the nucleus. Activating mutations of
the TRAF2 and Baculoviral IAP repeatontaining 3 BIRC3 genes cartrigger the non
canonical pathway in some MCL cases, providing resistancectl Beceptor inhibitioj208,

211, 212]

7.2.13.Phosphoinositide 3kinase/protein kinaseB/mammalian target of rapamycin
(PISK/AKT/mTOR) pathway dysregulation

Another frequently altered key pathway in MCL is the PI3K/AKT/mTOR pathway, involved
in cell cycle regulation, survival, proliferation, and apopt§@is3]. Mechanisrs involved are
represented by constitutive activation ui@reased phosphorylation of AKT kinase, loss of
negative regulator and tumor suppressor phosphatase and tensin h&hBNgwhich can
dephosphorylate products of PI3K, shutting the pathway damwtphosphatidylinositol 3'
kinase catalytic subunit alphBIK3CA) amplifications, encoding the catalytic subunit of PI3K
with increasedranscriptiorand activation of PI3K214-216]. Thus, pathological activation of
the PIBK/AKT/mTOR pathway is associated with increased cell growth and resistance to
therapy.Loss of PTEN as well as overactivation of the PI3K pathway RIK3CA gains, is
indeed associated with resistance to targeted therapy, as well as lower dependence on BCR
signaling and better metabolic and hypoxic adaptd®di]. Amplifications or mutations in
the PIK3CAgene, leading to overactivation of this pathway, have been observed irmMCL
are linked to disease progression and relapse, making them viable targets for molecular
therapies. Inhibitors targeting the PI3K pathway have shown therapeutic efficacy if2U&;L
218].
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7.2.14.0ther aberrant pathways
Other frequently altered pathways inclutthee NOTCH signaling pathway, the JAK/STAT
pathway, epigenetic and environmental alterations, and the BCR signaling pdthaaybeen
documented that mutations of tNOTCH1andNOTCH2genes are frequent in MJ170].
Both genes encode transmembrane receptdrish areinvolvedin B-cell differentiation and
development. In case of activating mutations, constitutive activation of NOTCH signaling
occurs, leading to promotion of cell survivatpliferation, and resistance to thergp$9, 220]
NOTCHZEmutated MCLs were also associated with an unfavorable overall survival when
compared witiNOTCH1wild-type casef221]. The Janus KinasdAK) and Signal Transducer
and Activator of TranscriptiorSTAT) pathway is another potential target in MCL, promoting
survival, proliferation, and drugesistance. The activation of the JAK/STAT pathway can also
beinitiated through the engagement of BCR signalingaaridcrine stimulation by interleukin
6 (IL-6). Therefore, the development of targeted therapies focused on blocking these pathways
could be effectivg222-224]. Mentioned gsregulation of BCR signaling, often viéD79Band
CARD11mutations, is common in lymphomas, including MCL. This dysregulation supports
theuse of BTK inhibitors, such dbrutinib, in therapeutic regimefi210, 225] Epigenetic and
environmental alterations also contribute to the pathogenesis of MCL. Mutati&xd-i@for
KMT2D alter epigenetic modifications and are associated with pewexall survival[226,
227].

7.3.Clonal developmentand genomic landscapef Mantle cell ymphoma
Understandinghe genomic landscape araonal developmenbf malignant diseaseis of
utmost importanceas it is amassive source for novel therapeuticstrategies.Clonal
development refers to the evolution of cancer cells fitwair progenitorsinvolving additional
genomic aberrations that contribute to disease progression, resistathteterogeneitylwo
mechanismarebelieved to bénvolved in the clonal evolution &¢fmphomasThe first is inear
evolution, characterized by the development of additional mutatitisn a single dominant
clone that is presenfrom the onset of the disease. The second mechanism is branching
evolution, where multiple subclones develop in parallel from the common anf&&ta00]
One of the factors contributing to the development of new mutations is the selective pressure
exerted by the therapy uséd therapeutic regimenduring the diseas§28]. It is well
established that a single translocation is not suffi¢@dtive the malignant transformation
MCL. As the disease progresses, additional aberratiolgsphomacells develop, increasing

the intratumoral heterogeneity and causing the coexistence of different subclones within the
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same tumor environmeritt32, 170] The presence of various subclonegh different
sensitivity totheused theraps contributes to the resistance and relapse of the dideaseo
nextgeneration sequencing technologies, large cohorts of patients with MCL have been
described from a genomic perspective, enabling the discovery of driver genomic aberrations
and thediversification of MCL into differengenetically defined subgroupBhe complexity of
genomic aberrations such asglenucleotide variants (SNVs), copy number variations
(CNVs), and other structural variants (§¥kapes the genomic environment and often predicts
disease behavigi44, 170, 172174, 176, 189, 190, 192, 221, 2299]. As mentioned above
multiple genes are involved in the development of MCL and many recurrent alterations are part
of the complex genomic environment. Landmark exome sequencing studies have defined a
genomic landscape of MCL and identified recurrent mutations in estabished, e.gATM,

TP53 KMT2D/MLL2, NSD2 RB1, POT1 SMARCA4BIRC3 TLR2 MEF2B, andNOTCH2
asreported by Zhang et aby Bea et al[170, 172] Bea et al. also successfully described two
possible patterns of clonal evolutionMCL. First, it represents the survival and evolution of

the primary major clone, whicacquired new mutations and copy number alterations during
the progression stagblotably, this case remained stall@hout treatment for three years.
Second, gatienttreatedwith intensive immunochemotherapy at the primary diagnosis, who
progressedhfter 3 years. In this case, the major clone was eradibgtéderapy but a new
subdone, harboringhew genetic aberrationemerged at relapg&70]. Another example of
analysis, where NGS technologies helped establish four distinct molecular clusters, was
published byYi et al. They classified MCL into four distinct moleculanusters eachwith
specific genomic aberrations that have implicationschmical behavior and outcomélany

of those alterationsavebeen mentioned abov&ccording to this classification, the C1 cluster
harbors mutations of the immunoglobulin heavy variab&H{) gene, CCND1 mutations,
amgifications of 11q13, and active BCR signaling. C2 cluster featured del(ATly)/
mutations and upregulation of N&@ppaB and DNA repair pathwayshe C3 cluster was
enriched by mutations 8BP14Q0NOTCHY, andNuclear Receptor Binding SET Domain Protein

2 (NSD2 geneswith downregulation of BCR signaling amdly Ctargets. The C4 cluster was
characterized by prognosticallynfavorable genomic changescluding del(17p)fP53
mutations, del(13q), and del(9p), along witheativated MY C pathway and hyperproliferative
signatures. Not surprisingly, the C4 cluster had the wosatab OS at only 14.26 [169].

Finally, a systematic revieaomprising 32 articles and a total of 2,127 MCL cdseased on
themutationprofile in MCL. Hill et al. identified theATM gene as the most frequently altered
(43.5%), followed byTP53(26.8%),CDKN2A(239%),andCCND1(20.2%) at diagnosis or
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baseline. Other frequent mutations at baseline inclit&d?2 KMT2A S1PR]1andCARD11
Aberrations olGH andMY Cwere also detected in 38.4% and 20 @R6asesrespectivelyAt
progression, the genes with the highest mutational frequency diffe(erts%) includedlP53

ATM, KMT2A MAP3K14 BTK, TRAF2 CHD2, TLR2 ARID2 RIMS2 NOTCH2 TET2
SPENNSD2 CARD11CCND1 SP14Q0CDKN2A andS1PR1189]. Copy number alterations

are another vital aspect of genomic heterogeneity in MCL. Analysis of 100 MCL cases by Le
Bris et al. and theYSA group demonstrated deletions of 1Tp$3 and 9p CDKN2A) being

more frequent in refractory and early relapsing patients. It also mentionechg@p22 being
associated with better PFS, and gainklat CCNDJ), proposing a CCND1/IGH fusion, being
associated with worse OS and FARS0]. Another frequently altered regioms MCL include

1932, 1p33CDKN20Q), 1942, 12q14CDK4), and 2q13BCL2L1]), 11923 ATM), as well as
losses of 8p or 13g. Recurrent regions of copy number neutral Ibetenbzygosity CNN-

LOH) are alsdrequentin MCL, mostly in regions where deletionscur, such as 6p, 9p, 9q,
11q,and 17p, marking it as another mechanism for potential inactivation of various tumor
suppressor genes, located in these redA(3].

The standard firdine treatment for MCL involvea combination of chemoimmunotherapy and
targeted therapies. Therapeutic regimens commonly include rituximab (@CQiantibody)
combined withCHOP or HyperCVAD (cyclophosphamide, vincristine, doxorubiciand
dexamethasone), followed by autologous stem cell transplantation as consolidation. therapy
The inclusion of higkdose cytarabine and rituximab maintenance therapy has notably improved
outcomes in MCL patientR41-244]. Recent advances have introduced novel agents such as
Venetoclax, a BCL2 inhibitor, and Ibrutinib, a BTK inhibitor, which have demonstrated
efficacy in MCL. These novel agents, when usedambination with other treatmentsffer
promising options for patients with resistant and refractory MCL, particularly those with
unfavorable genomic profilgd30, 202, 245, 246]

Despite achieving partial therapeutic successes, MCL continues to pose significant clinical
challenges, and in the majority of cases, it is still considered to be an incurable disease. The
prognosis for relapsed and refractory patients, particularly thidblsedverse genomic profiles,
remains poor. Thisighlights the need for a deeper understanding of the pathophysiological
mechanisms underlying relapse and disease progression to etienapeutic outcomes. In
conclusion, the genomic heterogeneity of MCL is extreme, connected with multiple aberrations
in essential pathways mentioned in the text above. Therefore, further translational studies
exploring new mechanisms and therapeuticatr@reundoubtedly needed to ensure better

survival outcomes and a deeper understanding of the disease
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During my research, | examined the genomic landscape and clonal development of mantle cell
lymphoma, which helped deepen understanding of the disease's progression over time and
highlighted its clinical and therapeutic implications for patient survivak phmary focus was
supported by genetic characterization of experimental models, mainly represented by patient
derived xenografts from patients with aggressive lymphomas, including MCL. These models
serve as an invaluable and accurate substitute fgpagahts. Their genetic similarity to actual
patients’ genomes facilitates translational research, enabling the exploration of new pathogenic
mechanisms and therapeutic targets. The second research focus involves characterizing
experimental models of agegsive lymphomasThe final section of the introduction provides

a brief overview of their development, discussing their advantages and disadvantages.

8. Patient-derived xenograft(PDX) models of aggressive lymphomas

Patientderived xenografts from tumor tissues of patients with aggressive lymphomas mimic
tumor biology and are invaluable tools for preclinical cancer research and translational studies.
They help improvethe understanding of tumor development, suppbe testing of
experimental treatmentand aid in the development éw therapies. These models keep the
genetic makeup, intratumoral heterogeneity, and phenotype of the original patient tumor, while
also reflecting the complexity of the lymphoma's microenvironment. Many dhajsare
effective in vitro have failed in complex in vivo settings, emphasizing the need for advanced
experimental models. PDX models closely match the genomic landscape of primary lymphoma
cells, making them a valuable alternative for resed#v-257] Multiple studies also
demonstrate that PDX models retain the histopathologic and immunophenotypic characteristics
of the original lymphoma cellsHowever, challenges such as loss of heterogeneity, clonal
evolution, absence of microenvironmental and immune interactions, and selection bias exist.
The development of patiederived organoids can address some of these issues, as can the
humanization b PDX model$ especially important in light of new therapies like- co
stimulatory molecule blockade or CAR therapy [258-262] In these therapeutic contexts,
simulating immune interactions is essential and can be achieved with humanized PDX models
[263]. PDX models are created from a broad range of lymphoma types by engrafting primary

lymphoma cells into immunodeficient mif& 257, 264, 265]Detailed genomic analysis, their
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development process, and incorporation of other components of the human tumor
microenvironment further enhance their similarity to actual patient tumors.

8.1.Derivation and establishment of PDX models
PDX models are created lajrectly implantingtumor cells or tissue from a patient into an
immunocompromised mousseveral key stepare involvedutilizing highly immunodeficient
mice, such as Nenbese Diabetic/Severe Combined Immunodeficiency (NOD/SGID)SG
(NOD scid gamma) mic& hese mic&ave impaired’, B, andnatural killercell immunity.The
NOD backgrounds characterized by a defect in the innate immune system, with reduced
function of NK cells, defective macrophage activity, and an absence of circulating complement
componenC5. Severe combined Immunodeficiency (SCID) mutation irPlREDC (Protein
Kinase, DNAActivated, Catalytic Subut) geneprevents the development of mature T ard B
cells. NSG mice are even more immunodeficient, implementing a critical mutation, Gamma,
ie., | L 2% ar IL2rg™". It is a knockout gene mutation encoding InterletkiReceptor
gamma chain, known as ttemmongamma chain. This chain is essential for the signaling of
multiple interleukins, e.g., H2, IL-7, or IL-15. Specifically, the loss of HL5 signalingresults
in the complete absence of functional NK cells, a key difference compax&asCID nice
[266]. Briefly, the fresh tumor tissue or tumor cells are obtained from a patéergsection or
a biopsy from a lymph nod® the lymphoid tumor itself. If leukemized or if the bone marrow
is infiltrated, it can be isolatedirectly from peripheral blood or bone marroihe obtained
material is immediately homogenized into small tissue fragments or a-sgljRispension
and implanted into the immunodeficient mousethiecase of lymphoma PDX models, this is
often done via subcutaneous, intraperitoneal, or intravenous injection. Engraftthettfor
and passaginillow, with thefirst generation of mice being monitorfm tumor growth Once
it reaches a sufficient size, it is homogenized agaih transferred to the next generation of
mice. Aggressivesubtypes of lymphomagenerally engraft more successfull®67]. A
substantial amount of evidence currently supptres use of PDX models in translational
research focused on hematological malignancies.

8.2.Advantages and disadvantages of PDX models derived from aggressive
lymphomas

As mentioned above, PDX models retain the histological architecture, genetic landschpe

molecular signature of the original patient tunffIDX models of aggressive lymphomas often

retain hallmark alterationspych as’P53mutations, and the highly proliferative behavior of the

disease, which is ideal for studying drug resistaibey are more sufficient in capturing the
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clonal diversity and heterogeneityi t hi n t he patientEs tumor . T
culture. Aggressive lymphomas are highly heterogeneous, and PDX medalde testing

therapies against both major amehor clones present. This better predicts-reatld patient
responseWhen compared with cell line models, PDX models show a higher concordance rate
between the drug response observed in the mouse model and in the patient. As the tumor grows

in a 3D environment, it allows interactions with the merstroma and vasculature, mimicking

the physiological environmeriDespite the human stroma being replaced by mouse stroma, the

initial environment is more physiologically relevant than plastic flasks with cell lines. A lack

of human immune componerasd original human tumor stromegpresenta limitation of PDX

models, aghey are typically generated using immunodeficient midais is an obstacle,
especially for testing modern immunotherapies, such as-CA&ls or checkpoint inhibitors.

This can be artly overcome by humanized PDX models, as mentioned alddwe.low
engraftment rate is variable, depending on the tumor type, which limits the ability to create
large and diverse PDX collections that represenh#terogeneity of lymphoma subtyp@&bis

results in the successful establishment of more aggressive and resistant tumors, as well as the
underrepresentation of more indolent tumor types. Lastly, the establishment of the PDX model

can be timeconsuming and expensive, requiring specialized faslitind trained personnel,

which limits the utility of PDX models for rapid, highroughput drug screening or immediate
personalized treatment decisid248, 268270]

The second major part of my research was, therefore, focused on genomic characterization and
validation of PDX models of aggressive lymphomas. Genetic characterization of PDX models

in comparison with corresponding patient tumorsasugial step in validatinghese models. It

ensures their clinical relevance. Confirmationtoh e accur ate represent at
tumor and elimination of potential genetic drift during engraftment and subsequent passaging

in mice areessential for making the PDX mdde reliable tool for preclinical research and
personalized medicine. As the PDX model serv
characterization serves as proof of fidelity by comparing the genomic landscape of the PDX
tumor with the originap at i ent Es t umor ., incdludingaNG$ Eahnologies h ni g
such as wholexome sequencing or CNV analysis, are emplagedonfirm that the key
alterations are conserved in the modanetic characterization als@s in identifying newly

acquired Herations thatmay have arisen due to selection pressure or genetic drift during
passaging. Monitoring these changes is essential for ensuring that the model remains relevant
and that any experimental findings are not a resultrabr biology that differérom that of the

patient. It alscenables researchers to confirm that the PDX model has retained its intratumor
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heterogeneity, which isrucial for drug resistance studies. It is a “megotiable step for
establishing a trustworthy PDX library, as PDX libraries allow selection of the most appropriate
model for specific research questiq@g47, 257, 271, 272]
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9. HYPOTHESIS

1. Standard immunochemotherapy drives the clonal evolution of MCL, leading to the
expansion of prexisting genetically diverse subclones asubsequentlinical

relapse
2. PDX models of aggressive lymphomsisarethe majority of genetic aberrations

despite failing to recapitul atitenot he t u

malignant components)
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10. AIMS

1. To investigate and describe the genomic landscape, molecular features, and clonal
evolution of patients with aggressive lymphomas, focupmgarily on those with

mantle cell lymphoma, using negéneration sequencing technologies.
2. To characterize the moleculandgeretic profiles of PDX models derived from

tumor tissues of patients with aggressive lymphomas, and to further validate the

relevance of these models for preclinical translational and experimental studies.
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11.MATERIALS AND METHODS

The methodology presented heefully reproduced and grandedupon from my previous
publications, which form the core of this woikhese two fundamental papeasalyzed clonal

evolution in MCL patients ancamong othergprovidedthe genetic characterization of PDX
model s (Karolovs§8 et )Al2., 2023; Jakga et al .,

1) Methods and materials for:Kar ol ov §, Jana, et al . "Sequ
clonal evolution of 25 mantle cell lymphoma patients at diagnosis and after failure of
standard immunochemotherapy.” American journal of hematology 98.10 (2023): 1627
1636. [1]

Note: In the context of the mutational landscape, the terms variant or mutation are used
interchangeably throughout the text. The sat
wellas’newl y undetectedin and "l ost,"” when descri
names ofgenes,etc., mentioned in the text above and below, are provided in the List of

abbreviations above if not directly mentioned.

11.1. MCL patients, collectionof samples, diagnostic work-up
Lymphoma samples from 25 patients with newly diagnosed mantle cell lymphoma were
collectedafter obtaining informed consent from patiesatsl in accordance with the Declaration
of Helsinki. Tumor tissue samples were obtained at the time of initial lymphoma diagnosis
through various methods during diagnostic procedures, including biopsy of the lymphoma
tumor, lymph node excision, core needii®psy, or collection of peripheral blood, bone
marrow, effusions, or cerebrospinal fluid containing tumor cells. Among these patients, 75%
were male. Noftumorous (germline) samples were collected from all patients using buccal
smears, peripheral bloodr ¢rephine biopsiesexcluding those with tumor infiltratiortp
account for common polymorphisms during analysis. All samples underwent standard
diagnostic procedures at the hematology laboratories of the Department of Medical
Biochemistry and Laboratory Diagnostics at the General University Hospital in Pragug (VFN
including immunophenotyping analysis. Only samples with tumor infiltrati@®®8 or greater
were included in the study. This study received approval from the Ethics Committee of the
General Wiversity Hospital at Prague (No. 60/20). Patients were assigned unique codes (P01

P25) to maintain anonymity. Data such as age, sex, MIPI (Mantle Cell Lymphoma International
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Prognostic Index), tumor morphology,-Bv proliferation index, initial therapy, information

about ASCT, best response to treatment, efreetsurvival (EFS), overall survival (OS), last

follow-up date (LFD), or death were used for further analysis amelaton with genomic

data. Patient characteristics are summarizddbie 1.

Code Age Sex MIPI | Morphology| Ki-67 (%] Therapy| ASCT |[Best response to front-line J&FS (month$DS (monthd) Death
P01 74 M 6,4 |Pleomorphi 80 1A 0 PR 5 11 Y
P02 66 M 6,9 N/A N/A 2A 1 CR 50 82 N
P03 60 M 5,7 Blastoid 60 2A 1 CR 10 15 Y
P04 47 F 7,3 Classic 90 2A 1 CR 7 10 Y
P05 79 F 7,0 Blastoid 75 1A 0 SD 1 26 Y
P06 79 M 6,8 N/A <5 1A 0 CR 35 37 Y
P07 74 M 6,1 N/A N/A 1A 0 CR 10 29 Y
P08 48 M 54 Classic NMT I M2A 1 CR 91 104 N
P09 78 F 6,6 Classic 25 1A 0 CR 16 33 Y
P10 73 F 6,9 N/A 15 1A 0 CR 66 102 N
P11 68 M 6,8 N/A 7,5 1A 0 PR 15 29 Y
P12 74 M 7,9 Blastoid 75 1A 0 CR 12 12 Y
P13 69 M 7,0 Blastoid 80 1A 1 PR 7 10 Y
P14 67 M 6,3 Blastoid 85 2B 1 PR 8 17 Y
P15 62 M 7,0 Classic 25 1A 0 PR 6 70 Y
P16 68 M 8,0 Pleomorphi 90 1B 0 PR 4 31 Y
P17 69 F 6,4 Pleomorphi 60 3 0 PR 3 10 Y
P18 63 M 7,0 Blastoid 100 2A 0 CR 4 10 Y
P19 65 M 6,2 Pleomorphi 40 2A 0 CR 53 110 N
P20 76 M 7,3 N/A 100 1A 0 CR 10 12 Y
P21 81 M 7,5 Classic 5 1A 0 SD 1 33 Y
P22 68 M 5,9 N/A 5 1A 0 CR 25 42 Y
P23 66 M 7,1 Classic 70 2A 1 PR 9 11 Y
P24 70 M 6,4 N/A 40 1A 0 CR 30 104 N
P25 55 M 55 Classic 5 2A 1 PR 10 20 Y
Tablel Ther apy: 1A = Czech | y-mM@Lh abseavatisnal prdtgcolgr ou p

[244], that is, alternation of R(ituximalf}HOP (cyclophosphamide, doxorubicin, vincristine,

and prednisone), andiigh-d o s e

and r

t uXxi

ma b

ma i

ntenance

cytar abi?ne2 (HDALs
(MEM) protocblBthat ismo d i f i

ev gr/yn 24 h

alternation of RCHOP and RDHAOx-senior (dexamethasone, HDAC, reduced oxaliplatin),
akteknation df &Maxri-CldOP,pandoR oc o |

3 + 3

HDAC (2i 3
and RM;

DHAOX

cycl es, and RM;

g/ mM doses every
2B =

3 + 3

12 h),

3 sptant3ASCTy,c | e s,
mo d i [27B],ehdht isNaiterrditior of paxeGHOR, and R

c y cGOe.A\hbrevaanods: (RMb; 1, y@s; ASCIR, autologous

stem cell transplantation; CR, complete remission; EFS, drmisurvival, F, female; HD,

high dose; M, male; N, no; N/A, not analyzed; OS, overall survival; P, patient; PR, partial

remission; SD, stable diase; Tx, therapy; Y, yedl,no.Thi s t a

bl e is

adapt ed

J, et al. American Journal of Hematology (2023) 98(10):16@36, with minor modifications

for clarity.
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11.2. Processingof samples, solation of DNA
All described steps were performed under sterile conditibtige laboratory of our Institute of
Pathological Physiology, First Faculty of Medicine, Charles University, Pr&jokgical
sampleswith sufficient infiltrationfrom lymphoid tumors or lymph nodéapproximately 10
25mg) were mechanicallyissociatedusing a 4-micrometer nylon meskFalcon, Corning
Incorporated, NY, USA The resulting cell suspension was centrifuge808f g f or 5 mi n
at 4AC to prepare dr y.Foredripherg bldod and tsonefmarrow,D N A
PBMCs (peripheral blood mononuclear cells) were isolated using the-Paglle protocol
(Cytiva, GE Healthcare). This standard density gradient centrifugation method sepealiates
based on their density. Bone marrow or peripheral blood (20 ml, anticoagulated with
EDTA or heparif was diluted with an equal volume of PE&d slowly layereé on 1520ml
of the Ficoll in a 50ml conical tul@PP, Switzerland The tube was centrifuged at800 g f or
25 minutes with the brakeff setting, allowing the centrifuge to slow down gradually and
prevent the mixing of the layer&fter centrifugation, a thin cloudy layer between the top and
bottom layer was pipetted into a naterile conical tube. The tube was filled with PBS and
centrifuged at 300 g for 10 minutes to prepare a pell€he supernatant was discarded, and
the pellet was resuspended in a fresh volume of PBS to remove residual Ficoll and platelets.
The washing step was repeated one more time. The purified PBMC ,pallets1.5 ml
centrifuge tube containing® 1 1076 cells, were further use

11.2.1.Isolation of DNA
The DNeasy Blood & Tissue Kit (Qiagen, Germany) was used to extract genomic DNA from
prepareddry pellets and buccal smeaasc cor di ng t o t he .Breflyudsact ur e
kit isolates DNA using a silichased spitolumn process involving steps such as lysis,
binding, washing, and elution. All necessary buffers, Proteinase K, and spin columns are
included. The extraction is performed at room temperaturéeiRese Kis added along with
Buf fer ATL to digest proteins (200 €L of <cel
Buffer AL), including DNases. Buffer ATL is a lysis buffer that breaks down cell membranes.
The mi xture i s i ncuwtesatendureacompléieckiCysié and pratehh mi n
digestion. During binding and washing, the silica property of the membrane is used to separate
DNA from other cellular components. To the |
of ethanol are added. Baf AL, a chaotropic salt, disrupts hydrogen bonds ramcovalent
interactions, creating an environment in whizNA binds to the silica membrane of the spin

column. Ethanol helps facilitate this binding by altering the hydration shell around DNA
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molecules. The mixture is then loaded onto the DNeasy Mini spin column and centrifuged.
DNA selectively binds to the silica membrane, while contaminants such as proteins and salts
pass into the collection tube. The column is washed with Buffer AW1 andBtlfésr AW?2,

which are designed to remove remaining proteins, salts, and other impurities without dislodging
the bound DNA. After the final wash, the column is centrifuged at high speed to dry the
membraneand then it iplaced in a new tube. Elution performed by adding preheated (65

°C) elution buffer (Buffer AE) directly to the center of the membranéi7» 0 . Ehé pw

salt conditions of Buffer AE disrupt the DNA's binding to the silica, allowing it to be released.
A final centrifugation step then transfers the purified DNA, dissolved in the elution buffer, into
a new collection tube.

The quality and concentration of the isolated DN#ere measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). DNA purity was
assessed by evaluating the absorbance ratios at A260/280 and A260/230. Samples with an
A260/280 ratio between 1.8 and 2.0 and an A2B0tatio above 2.0 were deemed to have high
purity and were considered suitabide subsequent applications.

11.3. Whole-exome sequencingWES) and copy number variant analysis

11.3.1.Library preparation and sequencing
DNA samples were transported to the CLIP facility (Childhood Leukaemia Investigation
Prague), Department of Pediatric Hematology and Oncology, 2nd Faculty of Medicine, Charles
University, and University Hospital Motol, Prague, Czech Republic. They weveseed on
the NextSeq 500 instrument (lllumina, San Diego, CA), with sequencing libraries prepared
using the SureSelect QXT Target Enrichment kit and the SureSelect XT Human All Exon
V6+UTR kit (Agilent Technologies, Santa Clara, CA), following the martufac er 6 s pr ot
(Agilent Technologies, 2021BureSelectQXT Target Enrichment for the Illlumina Platform
Featuring Transposafased Library Prep Technology Protocol (Version F2, p/n G9681
90000). This kit is a targeted enrichment solution for WES, designed to capture and enrich

proteincoding exons ahuntranslated regions (UTRs) from the human genome.

The QXT workflow is a streamlined process comprising three main phases: initial library

preparation, target enrichment, and paspture amplification and indexing.
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Phase 1: Initial Library Preparation

The first step involves preparing a whgenome sequencing library from the input genomic

DNA (gDNA). The initial gDNA (50 ng; in cases of samples with lower concentrations, a
maxi mum of nanograms in 2 €L vol umemalaa,s usec
uniform pieces, typically around 1&50 base pairs, and undergoes end repair to create blunt
ends (all in one step). An adenine (A) base is added to the 3' ends of the fragments, a process
called Atailing. This ensures the fragments have a sibgse overhang for subsequent
ligation. This initial library is purified using magnetic beads (Ampure XP beads, Beckman
Coulter) to remove unwanted reagents and fragments. End egghamplification of these
fragments (8 cycles of PCR according to the protocol) follow. Additionally, another purification
using magnetic beads (Ampure XP beads, Beckman Coulter) is performed

Phase 2: Target Enrichment

The prepared library is combined with SureSelect XT Human All Exon V6 + UTR baits, which

are biotinylated RNA probes designed to be complementary to the targeted exonic and UTR
regions of the human genome. The pnAiCx tfuorre 1i0s
minutes), the probes are added, and another incubation follows for a designated period (60
cycles: 65AC for 1 minute, 37AC for 3 second
to hybridize with their target DNA. Incubation takes 2 houfFhe hybridized DNAbait
complexes are then captured using streptaxddated magnetic beads (DynabeadsTM
MyOneTM Streptavidin T1, Invitrogen by Thermo Fisher Scientific). Streptavidin has a high
affinity for biotin, so it binds strongly to the biotinylated RNA baits, pulling the entire DNA

bait complex out of the solution. The magnetic beads are washedlentitips to remove nen

target, unbound DNA fragments.

Phase 3: PosCapture Amplification and Indexing

The third and final step prepares the enriched library for sequencing. The captured, target
enriched library is amplified using PCR (10 cycles) to generate enough material for sequencing.
During this amplification, unique barcodes (indexes) are added ddirptexing. The final

library is purified using magnetic beads (Ampure XP beads, Beckman Coulter) to eliminate any
remaining reagents, primers, and unwanted fragments. The quality and concentration of the
final library are then evaluated using the Agil@ii00 Bioanalyzer (Agilent Technologies,

Santa Clara, CA) with the Agilent High Sensitivity DNA kit to assess fragment size distribution
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(approximately 35150 bp). Library concentration was measured using a Qubit 4 Fluorometer
and the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Wilmington, DE, USA).

The resulting enriched and indexed libraries can undergo sequencing, which in our case was
performed using the NextSeq 500 instrument (lllumina, San Diego, CA) according to the
manufacturer's protocodvailable at:
https://support.illumina.com/sequencing/sequencing_instruments/nextseq
500/documentation.htrylwith the NextSeq500/550 High Output Kit v2.5 (150 cycles).

The sequencing method used a paiad approach, where DNA fragments were sequenced

from both ends. The "2x75" setup indicates that two separate reads, each 75 base pairs long,
were produced for each fragment. To facilitate multiplexing and data derexiltig] two

unique 8base pair indexes were ligated to each sample, enabling multiple samples to be
sequenced in a single run. With a target depth of 50 million paired reads per sample, the total
raw data output was estimated at 7.5 gigabase pairs (Gbgampete. This large data volume

is essential for higlguality variant calling and provides a solid foundation for downstream
genomic analysis. The sequencing resuitshe form ofFASTQ files, contain a large amount

of data, including millions of short DNA sequenge®ad$® along with quality scores for each

base(explained below).

11.3.2.Bioinformatic s processingof WES dataand analysis of variants
The resulting reads were aligned against the human reference genome (build GRCh37), which
is a digital, representative sequence of the human genome. It is a composite created from the
DNA of a small number of anonymous donors. It serves as a universal standard for mapping
and comparing genetic dafa74, 275] All alignments were performedsing the BWA
(BurrowsWheelerAlignment) too| a fast and accurate read alignment progiams. a read
alignment package based on backward search with the BuYkhesler Transfornfa robust
data compression algorithmyvhich efficiently aligns short sequencing reaagainst an
extensive reference sequence, such as the human genome, allowing for mismatches
(substitutionsind gapginsertions or deletion$276].
The mean coverage in our study was 66 reads, which is generally regarded as a sufficient and
dependable level of coverage for standard research purfioseans that each base in targeted
exome regions was sequenced 66 tinGgnomic variants were identified using\8 Tools
and VarScan 2. SAMtools is a popular program for processing and analyzirtptagghput
sequencing data, including tools for format conversion, manipulation, sorting, querying,

statistical analysis, variant calling, and effect analjZi7]. VarScan 2 is a bioinformatics tool
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used to detect somatic mutations and copy number alterations (CNAS) in exome data from
tumornormal pairs. It processes data from both samples simultaneously, identifying sequence
variants and classifying them by somatic status (germline, somatic, @flbeserozygosity,

i.e., LOH). A comparison of normalized read depth helps to delineate relative copy number
change$278].

Annotations for variants were performed using SnpEff, a bioinformatics tool used for
classifyingthe effects of variant®t genome sequences. SnpEff can annotate variants based on
their genomic location, including intronic, untranslated regions, upstream, downstream, splice
site, or intergenic regions, and can predict their coding effects, such as synonymeus, non
synonymousstart codon gains and losses, stop codon gains and losses, or franj2 &jifts

In our analysis, only neeynonymous variandsthose that change the amino acid sequence of

a proteid located in gene coding regions with at least 10 reads coverage and with mapping
and base quality scores above 20 in related samples from each patierdweaeed based on

their frequency. Mapping, also known as alignment, is the process of computationally aligning

a sequencing read to a specific location on a reference genome. Mapping quality (MAPQ)
reflects the probability that a read is mapped to theangvfocation. MAPQ > 20 indicates that

the likelihood of an incorrect alignment is less than 1 in 100. Base quality score represents the
confidence of a base call at a specific position in a sequencing read. It indicates the probability
that a particular = (adenine, thymine, cytosine, or guanine) was called incorrectly by the
sequencing instrument. A base quality score > 20 corresponds to a 1 in 100 chance of the base
being called incorrectly, which means 99% accuracy.

To filter out inherited polymorphisms that are not considered disease drivers, variants present

i n t he gemliheiDdlAdt &fiequency higher than 0.05 were excluded from the analysis

in all cases.

Comparisomf variants with an allele frequency of
which were present in at least three reads in both the diagnostic and relapsed samples, was
performed. Thdiltering of variants according to the filters mentioned above, and plotting of
counts and frequencies of variants, was dwite 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, Austriattps://www.Rproject.org).

We specifically focused on detected variants that were shared between both samples (diagnostic
and relapsed), newly detected at relapse (gained, N/D), or newly undetected (lost, N/U) at

relapse.
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All the filtered variants were manually reviewed in Integrative Genomics Viewer (IGV) to
exclude sequencing artifacts or variants that are present but not called in the germline sample.
It is a highperformance viewer capable of efficiently visualizingglgrheterogeneous data sets

at all levels of genome resoluti¢280, 281]

RStudio, as mentioned above, was used for visualization of detected variants using the
AOncoprintida function f r omandrbsaltingpots,d.¢. detrkbpsat ma p
show variants present in at least two patig22]. A lollipop plot, using théviaftools package,

was used to plot the mutations of the TP53 deB88]. The section dedicated to results will
provide more details for all the mentioned plot$he variants filtered out during this
bioinformatics procedure are available in the Supporting Information section here:
https://onlinelibrary.wiley.com/doi/full/10.1002/ajh.27Q4Z&he provided table includes a

complete list of variants that passed the filtering described in detail above, found in both
diagnostic samples and relapsed samples (i.e., shared variants, sheet 1A). It includes variants
that were newly detectadN/D (sheetlB) or newly undetectetl N/U (sheet 1C). A curated

gene list for selecting genes of interest with potential CNV changes is included in sheet 1D. It
is also referenced below in Table 2, in the section dedicated to bioinformatics processing of
WES data andnalysis of Copy number variants (CNV). Sheet 1E contains specifications and
atarget gene list for targeted sequencing. The following abbreviations are used in the table: Chr
- Chromosome, REF Reference allele, ALF Alternative allele, AA change Amino acid

change, DG_AFR Variant allele frequency in the diagnostic sample, DG_Depbad depth

in the diagnostic sample, REL_AF Variant allele frequency in the relapsed sample,

REL_Depth- Read depth in the relapsed sample.

11.3.3.Bioinformatics processingof WES dataand analysis of Copy number variants
(CNVs)

Copy number variants (CNVs) were predicted from WES sequencing data, utilizing CNVKit
and a pooled reference from norrf@dn-infiltrated) samples. CNVKkit is a bioinformatics tool
for copy number detection thatilizes both targeted reads and nonspecifically captured off
target reads to infer copy number changesnly across the genorig84]. The Af used | a
regression method was utilized for the detection of CNV changes. It is a statistical technique,
specifically a type of penalized regression, that is-alledfor segmenting genomic data. It
identifies segments with altered copy numbers and forces the boundaries of these segments to
bewelldef i ned and sharp. It is a robust way to

random fluctuations while preserviragtual copy number breakpoini@35]. We used the
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Awe i g h tobitaineddrbnutiee CNVKkit output as a metric that combines both segment length

and

sequencing

coverage.

The

AGenomi

c

Il dent

(GISTIC) was utilized for assigning the statistical significance to the amplified anedlelet

segments identified by the CNVkit. GISTIC is a computational method used to identify

statistically significant regions of somatic copy number alterations across a set of cancer

samples. It can separate driver CNVs from passengersCMMch occur as a byproduct of
genomic instability A broad GISTIC algorithm wagmployed to identify regions with

significantly altered copy numbers at the levels of chromosome arm and specific gene levels.

Events, predicted by GISTIC with frequency score > 0.15, aralue < 025were considered

significant, and are further mentioned in the results. Briefly, a frequency score > 0.15 serves as

a threshold for predicted CNV events, which were present in more than 15% of patients. The

second threshold,-galue, is similar to the pvalue, which is commonly used for statistical

analyses, and is adjusted fpenomic data. A yalue < 025 indicates that the frequency of
predicted CNV events occurring in our datasety besignificant In other words, it means a
false discovery rate, where we expect that < 25% of our findings are falsely p@8iéy287]

CNVKkit was also used for data visualization and the generation ofcodted heatmaps. Genes

in color-coded heatmaps were filtered out using a CNV gene list of 22 frequently altered genes

in aggressive lymphomas, includiMCL (Table 2), as reported in the literatuj@s, 144, 169,

170, 172, 173, 189, 190, 2234, 238, 239]

CNV genelist

PIK3CA CDKA4 FOXO3 RHOBTBT2|MIR15A GNA14
SOX2 CHEK?2 PRDM1 CDKN2A |MIR16.1 TP53
MYC ATM TNFRSF10BCDKN2B |ALDH1A1

BCL2 TNFAIP3 |SORBS3 |RB1 ANXAL

Table 2 List of the CNV genes selected for generating cotmted heatmaps.

Note: Patient P2%as sequenced in Atlas Biolabs (Berlin, DE) with libraries prepared using

Nimblegen SeqCap ERZ Human Exome Library v 2.0 (Roche Nimblegen, Madison, WI) on

the HiSeq 2000 (lllumina, San Diego, CA) instrument. Data for the CNV analysis from this

patient weraot available for the analysis. Therefore, the CNV analysis was done on 24 patients
(PO1:P24).

A completeoverview of data processingussualizedbelow.
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[ DNA samples ]
T

Sequencing (NextSeq 500) )
I

Alignment to hgl9 (BWA) j

Variant calling

ey

CNV prediction

‘ (samtools, VarScan 2) (CNVkit)
| CNV events
‘ Variant annotation ‘ (GISTIC2)
(SnpEff)
[ Arm-level
‘ VAF filters (R), ‘ CNV events

depth filter (samtools)

Gene-level
CNV events

[ Gene-list filter ]
[

Variant plotting CNV plotting
(R, ComplexHeatmap) (R, ComplexHeatmap)

Overview of data processing during WES analysisWES = whole exome sequencing,
SNV/indel = single nucleotide variations/insertions or deletions, VAF = variant allele
frequency, CNV = copy number variations, GISTIC = Genomic Identification of Significant

Targets in Cancer.

11.3.4.Targeted nextgeneration sequencing
DNA libraries for capturdbased nexgeneration sequencing (NGS) were prepared using the
KAPA HyperPlus Kit (Roche) with KAPA Universal Adaptors (Roche) and KAPA UDI Primer
Mi xes (Roche), following the manufactihreros
minor modifications. A total of 300 ng of DNA was used as input. The DNA was enzymatically
fragmented for 24 minutes, and libraries were amplified with 6 PCR cydetargeted region
enrichment, libraries were equimolarly pooled and hybridized witltustom KAPA
HyperChoice MAX probe panelwhich comprises 788 genes or gene parts (2.44 Mbp total,
1.99 Mbp coding sequence).list of panel geness available infSupplementary Table 1, sheet
1E, in the Supporting Informationsection. Provided below is &nk to this table

https://onlinelibrary.wiley.com/doi/full/10.1002/ajh.27044 his was performed according to

the KAPA HyperCap Workflow v3.2. After enrichment, the libraries were amplified with 10
PCR cycles. The quality of the final pooled library was analyzed using a Fragment Analyzer
system (Agilent), which showed an averdggment length of approximately 540 bp. The final
library concentration was measured using a Qubit fluorometer with the Qubit HS Kit (Thermo
Fisher).The prepared libraries were sequenced on an lllumina NextSeq 500 platform using a
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High Output Kit v2.5 (300 cycles). The sequencing run was designed to achieve a target of 4
Gbp per sample, resulting in an average coverage depth that varied between 425x and 804x
across the analyzed sampl€sllowing sequencing and demultiplexing of raw FASTQ files
using lllumina's BaseSpace software, a custom bioinformatics pipeline was used for data
analysis. This pipeline was constructed within CLC Genomics Workbench v23.0.2 (CLC GW;
Qiagen). The GRCh38 geme build was used for mapping and variamoaation. For variant
filtering, several public databases were utilized, including ClinVar (version 230115), Cosmic
v95, dbSNP v151, and ExACQherefore, the bioinformatic workflow involved the following

key stepsQuality Control and Mapping, where raw reads were trimmed for quality and adapter
sequences. Highuality reads were then mapped to the reference genome, and consensus reads
were generated from duplicate readariant Calling, where both structural variants and-low
frequency variants were idefi¢dd. Artifact Removal, where sequencing artifacts and known
false positives were removed, and Variant Filtering, where variants were filtered against the
aforementioned external databases.

Only wvariants with a variant allele frequen
criteria included: all truncating variants (InDels, nonsense, spliestanty nestop), missense
variants with low population frequency in EXAC or lacking a benigone in ClinVar, and
samesense or nowgoding variants with a known pathogenic or likely pathogenic record in
Clinvar. Particular attention was given to comparifigs3 variants and their variant allele

frequencies.

11.4. TagMan copy number assays
The CNV analysis of theIK3CAandCDKN2Agenes waperformed using the TagMan Copy
Number Reference Assay RNase P (ThermoFisher Scientific), accordimgrt@anufacturer's
instructions. The specific probes employed wet&3CA (Hs02661768 cn) an@DKN2A
(Hs01354804 _cn).

Genomic DNA was initially diluted tofeea wor k
water and stored at T20AC wuntil use. Each r
comprising 10 OL of TagMan Genot(githérMk§CAMast er
or CDKN2A 1 OL of the RNase P fefeer emtcerasaay,

the diluted DNA sample. The reporter dye for the target copy number assays-was 6
carboxyfluorescein, known as FAM (without a quencher). The reporter dye for the RNase P
referexce assay was a dye developed by Thermo Fisher Scientific, called VIC, with a 6

carboxytetramethylrhodamine TAMRA probe quencher.
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The assay was conducted using a QuantStudio 7 PreTiRealPCR System (Thermo Fisher
Scientific). The thermal cycling protocobnsisted of the followingteps: an initial denaturation

at 95AC for 10 minutes to acti vadistepptotess: enzy
denaturation at 95AC for 15 seconds and comb
Data analysis was performed using QuantStudio Software. The relative copy number for each
target gene was determined by comparing its signal to that of the RNase P gene, a known diploid
reference. The cycle threshol®@{ value, which indicates the cycle number at which
fluorescence exceedsset threshold, was measured for both the target and reference genes in
each sampl e. The cycle threshold difference
formula:q C3CT, targei C Treference

The relative copy number (CN) for each gene was determined using the f@muwa2 ' P2T -

This method assumes that the reference gene has two copies. A calculated copy number near 2
indicates a normal diploid state, while values above 2 suggest gene duplication or amplification,

and values below 2 indicate a deletion.

11.5. Fluorescencen situ hybridization
To screen for common genetic abnormalities, interphase fluorescence in situ hybridization
(FISH) analysis was performed on patient sampléseaime ofdiagnosis aa part of standard
baseline diagnostic procedures. This included detecting deletions on chromosomes 9p and 17p.
The study used two specific probe sets. First, the Vysis LSI CDKN2A/CEP 9 FISH Probe Kit
(Abbott Molecular, Des Plaines, IL, USA) is a dwalor probe set used to detect deletions of
the CDKN2Agene, located at 9p21.3. The kit inds a locuspecific identifier (LSI) probe
for CDKN2Aand a centromeric probe (CEP) for chromosome 9, which serves as an internal
control for chromosome counting. Second, XL ATM/TP53 Deletion Probe (MetaSystems,
Altlussheim, Germany), which is a probe set used to detect deletions AfTMeayene on
chromosome 11g22.3 and tié53 gene on chromosome 17pl13. The probes are labeled
differently, allowing for the simultaneous assessment of both gene loci. All FISH procedures
were performed according to the maamthirer's protocols. For each probe set, at least 200
interphase nuclei were carefully analyzed by two independent, trained observers to ensure
accuracy and reliability. To establish a baseline for what defines a clinically significant finding,
a negativecontrol group of ten cytogenetically normal individuals was used. The background
signal for signal loss (which indicates deletions or monosomies) was determined from these
samples. A sample was considered positive for a deletion if the percentagewitkallsingle

copy signal exceeded a enif threshold of 5%. This threshold was calculated as the mean
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percentage of signal |l oss in the control gr c

common method for identifying a statistically significant deviation from the normal population.

11.6. Statistical analyses
Statistical analyses were performed with GraphPad version 5 (GraphPad Prism version 5.00 for
Windows, GraphPad Software, La Jolla, CA, USAyw.graphpad.copnand with R version
4.2.1 and RStudio 2022.07.1 (R Core Team2021. R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna, Austnips:/www.R

project.org).
P values less than.@6 were considered statistically significant. If not included here, specific

statistical tests are always mentioned in the figure legends below the graphs and figures, with
more detailed explanations.

Means and counts of detected shared, N/D, and N/U variants were compared usipgiaeaon
Student's-test with p values adjusted with the Holm method. The means of CNV weights for
amplifications and deletions at relapse were compared to those at iBaggiog the same test.

A paired Student'stest was performed to compare the means of variant counts at diagnosis
and at relapse. Means of variant counts at relapse in patients with and WiRrRdlBmutation

were compared using a npaired Student'stest.

Eventfree survival (EFS) was defined as the time from the start of treatment to the date of
lymphoma relapse, progression, death from any cause, or the initiation of ndywguttoma
treatment. If a patierftadnot experienced progression, death, or started newyamhoma
treatment by the analysis eoff date, EFS was censored on the date of last contact. Overall
survival (OS) was defined as the time from treatment initiation to the date of death from any
cause. If a patienbhadnot died by the analiscutoff date, OS was censored on the date of last

contact. Both EFS and OS were estimated using Kayiksiar statistics.

2) Methods and materials for Jakga, Radek, et al . " C
histopathological study of 15 patiederived xenografts of aggressive lymphomas."
Laboratory Investigation 102.9 (2022): 99B5.[2]

This chapter's methodology section will mainly outline my contributions, specifically the

methods used for genomic characterization and the development of PDX models. It is important

to note that my c@uthors performed additional experiments, includingnimohistochemical
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analysis and the assessment of microvascular density and area, which are thoroughly detailed

in the referenced publications provided.

11.7. Patients andsamplesprocessingfor PDX derivation
Lymphoma samples for the derivation of PDX models were obtained with informed consent
from all patients in accordance with the Declaration of Helsinki. This study received approval
from the Ethics Committee of the General University Hospital in Prague tlodel8/18.
To perform WES, BNHL, and FNHL lymphomasamples were sorted for CDp@sitive B
cells using CD19 MicroBeads (Miltenyi Biotec, Great Britain) and for Gpdsitive cells
using CD45 MicroBeads (Miltenyi Biotec, Great Britain), respectiviehgparation of samples
for sorting follows the same principles@sscribecabove
Cel | sorting was per for médivatadsGelh SortinghsgstetMA C S E
(MidiMACSE Separator, Miltenyi Biotec, Great Britain), following standard protocols.
Briefly, a prepared cell suspension (approximab€lyl50 x 1077 cells) is centrifuged at 300 x
g for 10 minutes, and the supernatant is completely aspirated. The cell pellet is resuspended in
a corresponding volume of PBS and mixed with an equivalent amount of CD19 or CD45
MicroBeads, followingthe protocol. Incubation for 15 minutes 28  Aollows. After
incubation, the cell suspension is mixed with an equivalent volume of PBS and centrifuged at
300 I g for 10 minutes. The supernatant is d
are resuspended in 500 ¢ lwsoThe cBllBME is plddedgnitheet i ¢ S
magnetic field (separator magnet) and washed with 3 mL of PBS. The cell suspension is applied
to the column, and the column is washed with 3 mL of PBSforé&véyY) €L of cel | s
Then, the column is moved and placed in a new collection tube. Five milliliters of PBS are
added to the column, and magnetically | abel e

The resulting cell suspension was used for downstream procedures.

Note: Lymphoma cell infiltration of every patient sample was veriféuaring standard
diagnostic procedures at the hematology laboratories of the Department of Medical
Biochemistry and Laboratory Diagnostics at the General University Hospital in Prague (VFN),
including immunophenotyping analysis. Only samples with tumor int r at i on of

undewentfurther processingncluding WES
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11.8. Establishment of PDX models
The Animal Care and Use Committee approved this study under No. M3&EU7/20178.
Only female immunodeficient mice NOD.GRrkdc¢c |129'mWi/SzJ, purchasedrom the
Jackson Laboratory in Bar Harbor, Maine, USA, were used. These mice are commonly referred
to as NSG mice. For detailed information on NSG mice, see the introduction section on PDX
models above. Mice were housed in individually ventilated cadbe &enter for Experimental
Biomodels, First Faculty of Medicine, Charles University, PragueciCRepublic.
Primary lymphoma samples were cut into small pieces, homogenized throdghierdmeter
nylon mesh, suspended in phospHauéfered saline (PB$S$ortedand injected subcutaneously
intoadultmice (10 T 1076 cel |l s/ mous e pternationwds esed, e f t
where pieces (approximatel | 2 1 2 mm) of |l ymphoma ti ss
lymphoma cell suspension in BD Matrigel Matrix (BD Biosciences), were surgically implanted
into the subrenatapsule of anesthetized mice. When tumors in the subcutaneously injected
mice reached 2 cm in the largest dimension, or when engraftment of tumors in the subrenal
capsule became visible by ultrasduexamination (Vevo 3100/LAZKX), the animals were

euthanized. The tumors were then excised and used for subsequent analyses.

Together with lymphoma samples, from which they have been derived, they underwent
immunohistochemical analysis, quantification of microvessel density and area (MVD, MVA,
respectively), and WES.

11.9. Next-generationexome sequencing and copy number variant analyses
A detailed methodology for NGS WES analysismpletelyadhering to the same principles,
methods, and materials, is described aboveti®PDX model analysis, minor adjustments
were made to filter out the resulting variar@pecifically, curated gene lists for each lymphoma
subtype in our PDX models (DLBCL, MCL, PTCL, BL) were created based on recent
publications highlighting frequently and recurrently mutated genes in these dig&gs23,
60, 66, 74, 82, 84, 9092, 109, 170, 172, 173, 233, 238, 239, -288]. Regarding this
analysis, the threshold for variant allele frequef\&F) of detected mutations in at least one
samplewas setit a VAF of 10% or greater
Variants in these genes were then identified and marked in the diagrams and tables that
followed. A comprehensive list of filtered variants, along with lists of frequently and recurrently

mutated genes in DLBCL, MCL,-NHL, and BL, as well as a pi@mpiled CNV gene list
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(refer to the CNV analysis procedure above for the Jamde2), can be downloaded from the
following URL: https://doi.org/10.5281/zen0do0.6035345

The table presents variants that pagbedfiltering criteria described in the methods, which
werefound in both the PDX model sample and the original patient sample (sheet S1A). It also
includes variants that were newly detected (N/D) (sheet S1B) or newly undetected (N/U) (sheet
S1C) during PDX model derivation. Lists of genes for filtering varianisadticular interest

are included in the tablati{eet S1D), along with a list for filtering CNV changes in these genes
(sheet S1E). The following abbreviatis are used: Chr (Chromosome), REF (Reference allele),
ALT (Alternative allele), AA change (Amino acid change), Patient AF (Allele frequency in the
patientds sampl e), Patient Depth (Read depth
in PDX model smple), PDX Depth (Read depth in PDX sample).

CNV analysis, completely adhering to the same principles, methods, and materials, is described
above. Variants with copy numbers higher or lower than 2, i.e., amplifications and deletions in
selected genes, were plotted for each patient sample and codiegpBDX model using the

circlize package for R299].

Immunohistochemical analysis of patient lymphoma biopsies and dbesponding?DX
models and quantification of microvessel density (MDV) and microvessel area (MVA) was
performed by my colleagues. A detailed methodojadgng with all necessary citatioris,
provided in JAkga et al. (2022)
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12.RESULTS

12.1. Characteristics of MCL patients and their clinical outcome
Table 1, presented in the Methods and Materials section, provides essential details of patients
with MCL (P01P25), which are necessary for further correlations with genomic data. As
mentioned above, 75 % of patients were male. The age range of the patiengswess 217
and 81 years, with a median of 68 yedree male representation and average age of our
patients, therefore, corresponded to the traditional and repeatedly cited distribution in the
population[300-302]. According tathe Mantle Cell Lymphoma International Prognostic Index
(MIPI), 84 % of patients suffered from higisk diseasge59 % of patients presented with
adverse lymphoma morphology (pleomorphic or blastoid), and 56 % of patients had a high
proliferation index expressed by the®i7 mar ker (O030%), analyzed i
standard immunohistochemical analy{§83-306].
Patients were treated with-@HORlike regimens (56%), while 44% received intensified
treatments, as detailed Table 1 The optimal response to initial therapy was assessed using
CT (computed tomography) or PET/CT (positron emission tomography/computed tomography)
scans, which are standard diagnostic and monitoring tools for staging and ongoing evaluation

during treatmenf307].

Out of 25 patients, 23 achieved either complete remission (CR) or partial remission (PR). This
means the tumor signs disappeared and the PET/CT scan was negative (CR), or the tumor size
was reduced by at least 50 % with a positive PET/CT scan showingifcaigt decrease in

tumor size (PR). Stable disease (SD), where the tumor did not shrink more than 50 % nor grow
more than 20 %, was observed in two patients. The median EFS for the entire group was 10
months, ranging from 1.3 to 90.6 months, while the&liane OS was 29 months, ranging from

9.5 to 109.5 months. Overall, the described parameters suggest that this cohort is prognostically
adverse, as evidenced by unfavorable outcomes represented by the EFS and OS mentioned

above.

12.2. Resulting counts of genomic aberrations represented by variants,and
identified by WES
Processing and complex filtering of WES dafeour 25 patients described in the methods,
identified a total 0f922 nonsynonymous variants. Ninety percent of these were SNVs, while

small insertions and deletioascounted for 1%. Of the 922 variants, 616 were shared between
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diagnostic and relapsed samples, 236 were newly detected dNgained at relapseand 70

variants were newly undetectad diagnosigN/U, orlos). Compar i son of wvari a
SEM) between diagnostic and relapsed sampl es
N/ D variants, and 3.5 N 0.8 N/U variants per
samples was significantly loweompared to the number of lost variants at the diagnostic
samples, as indicated Ipy< 0.05, as showm Figure 4 The same conclusion applies when
comparing sharet N/D and shar@to N/U variants Figure 5 presents aignificant difference

with p-values< 0.001 observedshen comparing the total mean number of variants per patient

at r el ap s eand(imBtlde.diagndstic 8ample 2 7 . 4 ARstatikticaly) significant

increase was observed in geneadhpsed samples, with a minority of variants being lost. The
majority of variants detected by WES were shared between the diagnostic and corresponding

sampls.

N < 0.0001
S 301 p < 0.0001
= ' <001 |
| T —p<00l |
o 616 total
=
= 204
o
2
-
= 1
s 104
- 236 total
3
==
E 70 total
“ T T T
Shared N/D N/U

Figure 4: A bar plot preseringtheMe an N St andard error of the N
count offiltered variants, which were shared, N/D, and N/U at relapse and diagnosis. For
statistical comparison, we usad unpaired-test, andp-values were adjusted using tHelm

method.
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Figure 5: Number of variants visualized bytplot and boxploper patientThis figure shows
theMean variant courthangebetween variants presentthe diagnostic sample and those in

therelapsé sampleP-valuewascalculated using paired ttest

To compare differences among individual patients, a stacked bar plot displaying counts (N) of
shared, gained (N/D), and lost (N/U) varianfsthe diagnostic and corresponding relapsed

sampledor each patients shown below irFigure 6.
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Figure 6: A stackedbar plot of shared, N/and N/U variants at each patient.
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12.3. Comparison of mutational patterns in diagnostic and corresponding
relapsedsamples
A similar mutational patternvas observed between diagnostic and relapsed samates

represented by a comparison of percentages of detected variant typbsaiB.

Type of Diagnostic sample | Relapsed sample

variant (%) (%)

missense 82.7 83.1
stop-gained 7.1 7.0
frameshift 6.9 6.6

Table 3 Comparison of percentages of detected variant types.

Note: Missense variantiypically involve a single change in a DNA base pair within a codon,
resulting in the substitution of one amino acid for anotfieis may or may not lead to the
production of an altered protein withodified functions. Stopggained variants, also known as
nonsense variants, are characterized by a single DNA base pair change that creates a premature
stop codoncommonlyresulting in a notfunctional protein. In cases of small insertions or
deletions (< 3 bases) of nucleotides, frameshift variants occurngtitie entire reading frame

of all codons and altering the amino acid sequence downstream of the change. This typically

results in a notfiunctional protein

Diagnostic and relapsed samples harbored substitutions, represented maimlgsiions.
Transitions, i.e.substitution of one purine base for another purine, or pyrimidine base for
another pyrimidine base, e.g., Adenine and Guanine, or Cytosine and Thymine, reached 57.3%
and 55.2% at diagnostic and relapsed samples, respectively. Transversions, i.e. j@ubstitut

one purine for a pyrimidine base, or vice versa, are generally less common. Indeed,
transversions were observed in a lower percentagé¥@8t diagnosis, and 35.9% in relapsed
sampleg§308, 309]

Another analysis was performed to examine the impact of variants, as predicted by the SnpEff
toolbox which was explained in the Methods and Materials seddimi-impact and moderate

impact variants that could disrupt gene and protein function were identified. Fepght
variants, such as nonsense or freshdét mutations, 97 were observed at diagnosis, and 117 at
relapse, representing a 20.6% increasehighimpact variants in relapsed sampl@he

majority of variants had a moderate impact. These variants are supposed to have less significant,
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but still potentially harmful effects on the gene and protein production, and are represented by
missense or Hirame deletions.We identified 583 of them at diagnosis and 727 at relapse,
showing a 24.7% increase in relagpsamples.

12.4. Genomic landscape of patients with MCL at diagnosié analysis of variants
and CNV changes

In this sectionye focused on analyzing the most frequently mutated gesesell as studying
copy number alterations at the timedtdgnosis. The tumor suppres3ét53gene was mutated
in 48% of patients, making it the most frequently mutated gene in our cohort of 25 patients at
the time ofdiagnosis. The second masimmonlyaltered gene wa&TM, mutated in 32% of
patients, followed bXMT2D, CCND1, SP140Q andLDL receptosrelatedprotein 1B(LRP1B
genes (28%, 20% faCCND1landSP140 and 16%, respectively). Another six mutated genes
were observed in 12% of patients, specificAlfKBIE, ARFGEF3NOTCH1 TRAF2 CASP5
andSMARCA4The spectrum of altered genes comprised 36 additional tiextegeranutated
in two or morepatients. Visualization adhementioned changes is providesingthe Oncoprint

method inFigure 7.

An analysis off P53variants was performed, focusing on their locations. A total of 12 variants

in theTP53gene were identified, with 75% located in the p53 DNA binding domain, 17% in
the p53 tetramerization domain, and one in the untranslated region. Variants in the p53 binding
and tetramerization domains have the most significant effedh@d P53 gene function.
Variants in the p53 binding domain are the most prevalent, occurring in over 95% of human
cancers, and have tmeost significanimpact on p53 protein functiof310-312]. Figure 8
illustrates the localization of detected variants in the aforementioned domsaigsa lollipop

plot.
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Figure 7 Variants, predicted by WES ir© 2patients at diagnosis, visualizégt Oncoprint
function The upper bar plot represents counts and variant types per patient, and tbieledht
bar plot presents the percentage and variant type ispefied geneTypes of variantare

color-coded and patterooded with the legend provided on the right side of the Oncoprint.
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Figure 8: Localization of TP53 variants predicted by WES. Nd, blue box is @53
transactivation motjfNo.2, or a n g és a [b®DNA binding domainNo.3,ye | | ow ab o x

p53-tetramerisation motifReprinted and adjusted from the paper Kar@let al. (2023).

Further, the analysis of copy number variants (CNV) at diagm@ssperformedWe focused
onarmtevel events and identified significant deletions (frequency score >PvHEhje < 0.25)
localized to chromosomal arms 9p, 9q, 13q, and 17p, as wathpldfication on chromosomal

arm 3g.Figure 9 provides an overview of these events in diagnastidrelapsed samples

Relapsed samples and their genolai@scapes wilbe discusselielow.
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Figure 9: Detected bromosonal arm-level copy number eventat diagnosis and relapsg,
v al u e s(false(osiive ratio) means the results were statistically signifi€eprinted
from the paper Karol®et al. (2023).

Filtration against our assembled CNV gene list, containing 22 genes, was posi#i@efdhe

22 genes, which were altered (deleted or amplified) in two or patrents.Namely, 50% of
patients were positive for deletions of one of the regulators of the RK3Kpathway,GNA14
(guanine nucleotide binding protein alpha 14), 46% of patients had predicted deleTie®s of
ANXAJ ALDH1Al, MIR15A and MIR16-1, and 42% of patients harbored deletions of
CDKN2A RB1, NOTCH1 RHOBTB2SORBS3andTNFRSF10RjenesrespectivelyAnother

16 genesfrom our assembled CNV gene list, which were predicted to have deletions, were

identified in more than six patien&mplifications, observed in our dataset, were present in the

84



PI3K and SOX2genes, detected in 46% of our patients our cohort,37.5% and 20% of

patients weralsopositive for amplifications ofheMYCandBCL2genes, respectively

A complete overview of events mentioned above is providé&igimre 10.
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Figure 10: Genelevel CNV events heatmap of diagnostic samples. The presented events are
specific to certairgenes, filtered using our pessembled CNV gene list, as described in the
methods. GISTIC was used to determine threshold®py number (CNYyalues, which are
expressed as amplitudes of divergence from the control. CNV amplitude > O, i.e., 1 or 2,
typically indicates monoor biallelic amplification. Conversely, CNV amplitude < 0, i-&.pr

-2, indicates monaor biallelic deletionsThe number of patients, positive for amplifications or
deletions in specified genes, is visualizedloaright side othe heatmapReprintedfrom the

paper Karolog et al. (2023).

To verify the reliability of the predicted CNV changes identified by WES, independent
validation of TP53and CDKN2Adeletions was performed using FISH. Verification of these
deletions by FISH was consistent with the WES predicted results in 91% of cas@f5he
mutations or deletionwere, therefore, detected in 64% of patients, with 29% of them having

co-occurrence of both events.
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12.5. Genomic landscape of patients with MCL at relapsé& analysis of variants
and CNV changes

The mutational profile of the relapsed samples showed the persistence of variants already
identified in the diagnostic samples, witl?53 gene variants found in 48% of the relapsed
cases. Notably, allP53variants present at diagnosis were also detected at relapse. Although
no newTP53mutations appeared in the relapsed samples, there was a significant increase in
the variant allele frequency (VAF) of the knowiP53 variants.Figure 11 illustrates the
evolution of VAF from the diagnostic time poitattherelapse time point. The median VAF of

TP53mutations at diagnosis was 0.35, rising to 0.76 at relapse.
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Figure 11: VAF of TP53variants(redspots). The grey spots represent shared, N/D, and N/U
variants (light gray), identified in diagnostic and corresponding relapsed samplésases.

Reprinted from the paper Karol@et al. (2023).
Another frequently detected variant in relapsed samples involved mutationATNHB6%),

KMT2D (32%), and_RP1B(24%) genes, followed by mutations$i®140andCCND1in 20%

of patients. An additional nine genes were found in 12% of cases and are shown alongside the
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previously mentioned ones iRigure 12. This figure also displays other mutated genes

identified intwo or morerelapsed cases.
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Figure 12 Variants, predicted by WES ir© 2patients at relapse, visualized by Oncoprint
function. The upper bar plot represents counts and variant types per patient, and-gidatight
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bar plot presents the percentage and variant type in the specified gene. Types of variants are

color-codedandpatterncoded with the legend provided on the right side of the Oncoprint.

We identified several candidate genes in the relapse dataset that were not found in diagnostic
samples, indicating they were newly discovered at the time of lymphoma relapse (N/D
variants). Three patients carried new variants of HtR®1Bgene that were absent in their
corresponding diagnostic samples, raising the total numhbgrBiBmutations at relapse to

six (24%). Notably, one patient had two variants ofltR€1Bgene. The correlation between
LRP1Bmutation, mutational burden, and overall survivaSj@evealed that relapsed MCL
patients withLRP1Bmutations have a significantly higher mutational burden and display
trend toward decreased OS at diagnosis. Visualization of the mentioned correlations is provided
in Figures 13 and 14, respectivelyA significantassociation between higher mutational burden

and LRP1B mutation has been reported in otlwancers as discussed further belaw the

discussion section.
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Figure 13: Mutational burden in correlation with the presence of LRP1B mutationat
relapse. LRP1Bmutationwas observed in six patients the time ofrelapse For statistical
analysis of correlation with mutational burden at relapse, an unpaiestl was performed,
showing a significant increase mmutational burdecompared with wild types (WT, 19 cases),
with a calculategh-value 0f0.0276 Mut at REL= presence diRP1Bmutationat relapse
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OS of LRP1B mutated cases at diagnosis
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Figure 14: Univariate analysis of overall survival (OS) in patients WiRP1Bmutation at

diagnosis compared to wild typ@&/T). Median OS (median survival) is provided in months.

Newly detected variantsvhich were acquired and identified by WES in at least two patients at
relapse, were represented by mutations ingiaeesKMT2D, HOXD9 CDC27 RYRZ2 and

FLNA. Figure 15 illustratesan overview of these newly gained variants at relaldséably,
variants in five genes, OdospesificallyietdeATa CABF5a gn o s i
ETNKZL LRRIQZ andNOTCH2gene$® were also found at relapgsamplesn oneadditional

case
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Figure 15: Newly detected variants, predicted by WESOrbatients at relapse, visualized by
Oncoprint function. The upper bar plot represents counts and variant types per patient, and the

right-sided bar plot presents the percentage and variant type in the specified gene. Types of
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variants are colecodedand patterncoded with the legend provided on the right side of the

Oncoprint.

CNV analysis of relapsed samples followed the same principles as described in the previous
section on diagnostic samples results. Aewel chromosomal events predicted in the
diagnostic samples were all present in the relapsed sanmptesexcept for 1p and 19p
chromosomal arm deletions. However, additional changes were identified only in the relapsed
samples. New arrevel events included one newly gained and three newly lost chromosomal
arms. Specifically, a new amplification of tlip chromosomal arrnd new deletions of the

6q, 8p, and 21p chromosomal arms were identified, as shokigure 9.

Relapsed samples were positive for most CNV events, including amplifications and deletions
that were also identified in ttdtagnostic samples. However, the frequency and magnitude of
these changes at relapse were notably higher, meaning the amplified and deleted regions had
significantly bigger weight, with p-value < 0.05 as visualized the combined violin and box

plot inFigure 16. Easily described, more amplificatioascurredand increasgat relapse, and

deletionsweremore frequent anchore serious at relapse.
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Figure 16: Violin and box plot ofCNV weighs for amplifications and deletions diagnostic

(DG) and relapse(REL) samplesP-valuewas calculated using ampaired-test.The Y-axis

is on a logarithmic scale, representing the relative frequency score of CNV changes at different
chromosomal regions. The violin shalhgstrates the distribution density of values, where wide
parts indicate a high frequency sdmples with that value. A box pldisplays the median,
interquartile range, and whiskers to illustréte spread of dat&Reprintedfrom the paper
Karolovg et al. (2023).

At the gene level in relapsed samples, we found a similar range of gene deletions and
amplifications as described in diagnostic sampsegfigure 17). However, most gains and

losses observed at diagnosis were more common at relapse. The most frequent predicted
abnormality in relapsed samples was deletio@DKN2AandCDKN2B This alteration was

newly detected in 8 relapsed samples compared to diagnosis and was present in 75% of patients
(18/24). Univariate analysi®vealed that the presence@DKN2Adeletion at diagnosis was

linked to overall survival (OS). Although all patients were primarily selected based on
confirmed relapses;DKN2A deletionat diagnosiswas significantly associated with shorter
OS(p-value = 0.001)as shown ifrigure 18.
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Figure 17: Genelevel CNV events heatmap mlapsedsamples. The presented events are
in specific genes, filtered using our gassembled CNV gene list, as described in the

methods. GISTIC was used to determine thresholds of CN values, which are expressed as
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amplitudes of divergence from the control. CNV amplitude > 0, i.e., 1 or 2, typically
indicates monoor biallelic amplification. Conversely, CNV amplitude < 0, i-4.,0r-2,
indicates monoor biallelic deletionsThe number of patients, positive for amplifications
or deletions in specified genes, is visualizedtlon right side of the heatmaReprinted
from the paper Karol®et al. (2023).
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Figure 18 Univariate analysis of overall survival (OS) in patients VGIDKN2Amutation at

diagnosis compared to wild types. Median OS (median survival) is provided in months.

Another prognostically adverse genomic abnormality, the deletion oTB%3 gene, was
observed in four new casessulting in a 58% relapse rate, a 12% incréase diagnosis. One
patient lost thefP53deletion in the relapsed sample. When combined with mutations of the
TP53gene, inactivation was found in 76% of relapsed samples, with seven patients having both
mutation and deletion, five patients having only mutation, and seven patients having only

deletion

Regarding thTM gene deletion, three patients acquired it at relapdigating that 37.5% of
cases were positive for this event. Seven had both deletion and mutatioddMigene, two
had only a mutation, and three had onljetetion. We observed that the presence of either an
isolatedATM mutation or alrATM mutation and/or deletion in the diagnostic sample displayed

a trend toward increased OS, as showRigures 19and20.
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OS of ATM mutated cases at diagnosis
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Figure 19: Univariate analysis of overall survival (OS) in patients WNAM mutation at

diagnosis compared to wild types. Median OS (median survival) is provided in months.
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Figure 20: Univariate analysis of overall survival (OS) in patients wATiV mutationand/or
deletionat diagnosis compared to wild types. Median OS (median survival) is provided in

months.
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At the level of significant amplifications, filtered using our4assembled CNV gene list, we
identified several amplified genes in relapsed samples, incli®RIIKGCA SOX2 MYC, and
BCL2 in 50%, 46%, 37 %, and 29%, respectively. All of them were detected more frequently
than inthe diagnosis. For the details about the predictions mentioned abovegsess 17
and12.

Validation of predicted CNV events at relapse, explicfipKN2A deletions andPIK3CA
amplifications, was conducted using the DNA copy number assay TagMan. Patients with
available DNA were analyzed f@DKN2AIloss in 14 out of 25 samples, and RIK3CAgain

in 14 out of 25 samples. A high correlation was observed between predicted CNV events and
the TagMan assay results, specifically 86% and 88% of samples with preGDteN2A
deletion andPIK3CAamplification, respectively, matched the TagMan assaytsgsd shown

in Figure 21
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Figure 21: Validation of CNV predictions,PIK3CA amplification (part A) andCDKN2A

deletion (part B)using TagMan AssayThe presented bar plots show the total number of
detected alleles per patient for both control and relapsed samples. The table below each bar plot
provides TagMan copy number values, their conversion to dCN values (with O representing the
control), and thie relation to amplitude values predicted by WES analysis. N = number, CTRL

= control sample (i.e., netumorous patient's sample), REL = relapse. P = patient. We report
the results of two independent experiments. 1 = positive match.
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12.6.

lymphomas

Establishment of patientderived xenografts (PDX) of aggressive

Tumor samples from fifteen patients with aggressive-Nodgkin lymphomas were used to
develop PDX models. The male-female ratio was 9:6. Derivation was performed using
samples either from primary diagnostic tumor tissues (5/15) or from tumor tissaesedhat
lymphoma relapse (10/15). We obtained tumor samples from seven patients with DLBCL, one
patient with transformation of marginal zone lymphoma into DLBCL, one dduble
lymphoma positive foMYCandBCL2gene rearrangements, one BL, two MCLs, B¥dLs,

one PTCLENOS, one ALCLALK-positive, and one ALCIALK -negative lymphomaThe
available details, which contain information about each patient andothesponding PDX
mode] are provided imable 4.

Gender | Diagnosis | Subtype Disease S?‘mp'e WES | Therapy PDX
status origin

F DLBCL nonGC Dg LN Yes | Untreated VEN-D3

M DLBCL nonGC Dg LN Yes |Untreated VFEN-D6

M DLBCL nonGC R/R LN Yes | G-CHOP VEN-D1

EN (soft RCHOP + ve
M DLBCL GC R/R - Yes | R-ESHAP; RGIFOX; |VFN-D4
tissues)
RT
R-CHOP; RESHAP;

F DLBCL nonGC R/R LN Yes R-GIFOX: RT VEN-D5

6 |M LecL | CC transformeq 1, LN No |R-COP VFN-D12
from MZL
7 |F DLBCL doublehit R/R LN Yes | R-CHOP/RESHAP |VFN-D20
. EN R-HyperCVAD, R-

8 M Burkitt RIR | tomach) | YeS % HD-araC VFN-B3
9 M MCL R/R LN Yes | Nordic protocol VFN-M5R1
10| F MCL R/R LN Yes | Nordic protocol VFN-M1
11| M AITL R/R LN Yes | CHOEP VEN-T3
12|F AITL R/R LN No Untreated VEN-T7
13|F EIL%L R/R LN Yes | CHOEP VFN-T6
14| M ALCL ALK -negative |Dg LN Yes | Untreated VFN-T5
15| M ALCL ALK -positive Dg LN Yes | Untreated VFN-T4

Table 4: Characteristics of patients with aggressive lymphomas and their corresponding

PDX models: AITL = angioimmunoblastic Icell lymphoma; ALCL = anaplastic large cell

lymphoma; ALK = anaplastic lymphoma kinase; araC = cytarabine; COP = cyclophosphamide,
CHOP COP
diffuse larg B-cell ymphoma; EN = extraodal; ESHAP = etoposide, solumedrol, hidgse

vincristine, prednisone; + doxoru

araC, cisplatin; F = female;-GHOP = obinutuzumab + CHOP; GC = germinal center; GIFOX
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= gemcitabine, ifosfamide, oxaliplatin; H&aC = highdose araC; hyperCVAD =
hyperfractionated cyclophosphamide, doxorubicin, vincristine, dexamethasone; LN = lymph
node; M = male; MCL = mantle cell lymphoma; MZL = marginal zone lymphoma; MTX =
methotrexée; NOS = not otherwise specified; Pt = patient; PTCL = peripheregllT
lymphoma; t = transformed; R = rituximab; RM = rituximab maintenance; R/R =
relapsed/refractory; RT = radiotherapy; tDLBCL = transformed DLBEEe.pr i nt ed f r om
et al. (2022).

The majority of PDX models (13/15) underwent WES following the principles described in the
Methods and Materials section. Two PDX models could not be analyzed due to a lack of
available DNA. To eliminate common gene polymorphisms;tmamrous samples, i,®duccal

smears or trephine biopsies without tumorous infiltration, were obtained from patieaish

case. Analysisof shared mutations between the lymphoma patients’ samples and the
corresponding PDX models confirmed that PDX models retain the majority of somatic variants
detected by WES. A complete | i st of filter
corresponohg PDX model is provided in the Excel table, available at this web link:

https://zenodo.org/records/60353B5iefly, theprovided tabléncludes a list of variants shared

bet ween the PDX model and its corresponding
(N/D) variants found in the PDX model after derivation (S1B), and a list of newly undetected
(N/U) variants lost during the deation of the PDX model (S1C). Gene lists, which were pre
assembled based on current literature for each lymphoma subtype and used for filtering variants,
along with the CNV prassembled gene list containing genes of special interest (as described

in theMethods and Materials section), are provided in the S1D and S1E sheets, respectively.

Figure 22 presents atackedoar plot of theamouns of shared, N/D, and N/U variarfsr each
PDX model and its corresponding lymphomaetyps visualized in this figure, the majority of
somatic variants were shared between the PDX and lymphoma samples, with a minimum of

gainedandlost variantgletected after the derivation.
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Figure 22: A stacked bar plot with counts (N) of shared, gained (N/D), and lost (N/U) variants,

detected by WES across all available PDX models derived from patients with aggressive

lymphomas. N = count of variants.

Analysis of median allele frequencies (VAF) of shared variants confirmed that VAFs in PDX

models are similar to those in corresponding lymphoma samples. Details are proVideltin

5.

Median VAF of Median VAF of

List shared mutations | shared mutations

in PDXs in patient samples
All 0.39 0.27
DLBCL 0.44 0.36
MCL 0.45 0.44
T-NHL 0.41 0.27
BL* 0.42 0.44
VFN-D3 vs P1 0.43 0.38
VFN-D6 vs P2 0.44 0.26
VFEN-D1 vs P3 0.47 0.38
VEN-D4 vs P4 0.44 0.3
VEN-D5 vs P5 0.43 0.39
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VEN-D20 vs P7 0.47 0.48
VEN-B3 vs P8 0.42 0.44
VEN-M5R1 vs P9 0.45 0.43
VEN-M1 vs P10 0.47 0.44
VEN-T3 vs P11 0.2 0.1
VEN-T6 vs P13 0.42 0.09
VEN-T5 vs P14 0.45 0.42
VFN-T4 vs P15 0.38 0.16

Table5: Comparison of medians of variant allele frequencies (VAF) in aggressive lymphomas
and their corresponding PDX models, together with comparison of median VAF of each PDX
model derived from a specific patient lymphoma typ&P15= patient primary lymphoma
samples; INHL = T-cell nonHodgkin lymphomas; VFN PDX models derived from primary
lymphoma samples PR15; * only 1 PDX model (VFNB3).

A representative example comparing the genetic landscape ofpatient with aunique
lymphoma subtypg€DLBCL, MCL, BL, PTCL-NOS, AITL, ALCL-ALK -positive, ALCL-
ALK -negative)with its corresponding PDX model is provided belowrigures 237 30.

The figures presented beloNustrate a complex visualization of the comparison, using a
circular ideogram provided in part A of the figure (described in the Methods and Materials
section), alongvith predicted CNV events. Three circular tracks are included. The outer track
represents CNV chromosomal positions, while the two inner tracks display the predicted CNVs
in specific chromosomal regions of the patient and its established PDX model.céntke of

each circular ideogram is a colonded tablewhere gene amplifications and deletions specific

to each lymphoma subtyee filtered based on our CNV gene |Betected amplifications

and ctletions are highlighted with shades of red and blue, and the numbers of predicted gains
and losses (CN = copy number) are shown next to the-cotted table of detected events.
Specifically,numbertwo indicates a normal CN, number three indicates a gain of one allele,
and a value greater than 3 indicates a gain of more than one allele. The darker the red, the more
gains are present. For deletions, number one indicates a predicted monoallelic deletion (lighter
blue shade), and number two indicates a predicted biallelic deletion (darker blue Sedols).

the circular ideogranm part B a scatter plois displayed that shows the VAF of all shared,

N/D, and N/U variants of the PDX model compared to the corresponding patients' lymphoma
sample Each figure comprises a stacked bar |ppatrt C)of shared, gained (N/D), and lost
(N/U) variants between the PDX model angraphoma sample, from which it was derived.
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Figure 23 WES analysis of a PDX model VFN1, derived from a patient (P3) with DLBCL
(nonGC). GC =germinalcenteRe pr i nted from Jakga et al
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VFEN-D4 vs P4
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VFN-B3 vs P8

A
Y
* o= !
7 W JI P8
P g0 1 B3
${ o= *’
V.4
4
A i u
o ;
CN
CTRL P8 gz >3
& 3 ~
L P53 2
1
Bo
=
©
()
K ©
%9% M
%Ctnmﬂj‘?&
9
B 1.00 C
0.75 46
75
®
G MYC
i Shared
m 0.50 1
N = N/D
- & N/U
@
0.25 UBR4
25+
2

0.00
0.00 0.25 0.50 0.75 1.00 G

P8

Figure 25: WES analysis of a PDX model VFBI3, derived from a patient (P8) with BL.
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VFN-MS5R1 vs P9
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Figure 26: WES analysis of a PDX model VFM5R1, derived from a patient (P9) with
relapsed MCL.
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VFN-T3 vs P11
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Figure 27: WES analysis of a PDX model VFN3, derived from a patient (P11) with AITL.
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VFN-T4 vs P15
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Figure 28: WES analysis of a PDX model VFM, derived from a patient (P15) with ALCL
ALK -positive.
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Figure 29: WES analysis of a PDX model VFRb, derived from a patient (P14) with ALCL
ALK -negative.
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VFN-T6 vs P13

A
Y
* =D !
2 ™ 1
R \
o & 1M T6 P
V. \
4
y 4
f\i %
o
CN
crr. P13 16 >3
4 3 n~
= ARIDIA 2
1
Bo
2 )
©
>
%% ©
M M
Qta'%tmrcﬂ:nmﬂi‘?jﬂ
9
B 1.00 C
0.75 60_
18
\ﬁ 0.50 <, RE2BP2 40- " Shared
N
b
T M
" 20
= 20-
0.00
0.00 0.25 0.50 0.75 1.00 G
P13

Figure 30: WES analysis of a PDX model VFRb, derived from a patient (P13) with PTCL
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107



Each circular ideogram presented above represents a unique type of aggressive lymphoma.
Theremaining ideograms of established PDX models are available in the Supplementary
Materials of the paperbyak ga et al . (2022).

An analysis of N/D and N/U variants was conducted, focusing on the distribution of VAFs
across patient samples and corresponding PDX models.

The list of N/U variants detected in the lymphoma sample but not in the matching PDX model
mainly included mutations with low variant allele frequency. Notably, only a small portion of
these variants involved genes from the-gssembled gene lists. The dien VAF of N/U
variants across all patient samples was (NIB. variants, found in PDX models but not in the
matching patient samples, appeared more often than N/U variants, and the majority of them
were not detectable in corresponding primary lymphoamaptes (VAF in primary sample =

0). In general, most N/D mutations had low VAFs, with a median VAF of 0.18 across all PDX
models. Additionally, variants in genes from our-pesembled lists were more common
compared to the N/U variants mentioned earlbatails, containing information about VAFs

andvariants inspecific genes of interest, are provided able 6 below.

A Mediar_1 VAF of N/D Median VAE of N/U mutations in
mutations in PDXs patient samples

All PDX models 0.18 0.15

DLBCL 0.27 0.14

MCL 0.18 0.36

T-NHL 0.15 0.14

BL (1 model) 0.17 0.11

B. N/D from the Genelist N/U from the Genelist
VFEN-D1 vs P3 ETV6 RUNX1
VFN-D3 vs P1 PDGFRA 0
VFEN-D4 vs P4 NF1, HIPK3 0
VFEN-D5 vs P5 ITPKB, ENAM 0
IRF4, RNF213, MYC,
VFN-D6 vs P2 FOXO1, KLHL14, KLHL14, 0
OSBPL10
VFN-D20 vs P7 0 0
VFN-M1 vs P10 0 0
VFN-M5R1 vs P9 0 0
VFN-T3 vs P11 STAT1, ZNF708, RHOA 0
VEN-T4 vs P15 SPEN, FSIP2, DCC, ZNF53 0
VEN-T5 vs P14 AIRD1B, VPS13A, MYD88 0
VFEN-T6 vs P13 IRF2BP2, VAV1, TCF20 BIRC6

VFN-B3 vs P8 0 0
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Table 6: Representation of VAF medians for N/D mutations, identified in PDX models, and
N/U mutations, detected in patient samples (part A). Variants in genes of special interest,
filtered using our prassembled gene lists in N/D and N/U mutations, are showntir pf

this table. 0 = gene list mutation not detected.

Our detection threshold was set for mutations with a \BAE0% or higherHowever, only a
few N/D variants were detected below this threshold in patient samples, meaning more than 0%
but less than 10% VAF, as visualizedHigure 31.

VFN-D3 vs P14 e oo . frsneee
VFN-D6vs P24 ]
VFN-D1 vs P3- e e R
VFN-D4 vs P4- | | } ---------
VFN-D5 vs P5- IR T EODSITE ST — —
VFN-D20 vs P74 B R
VFN-B3 vs PS- |- frrrerss frosnneneeeeees frosee
VFN-M5R1 vs P9 e BB B ., Ll ., ,
VFN-M1 vs P10+ T T S
VFN-T3 vs P11 RGNV AU, SRS, W——
VEN-T6 vs P13- T T— SEC R e T
VEN-T5 vs P14~ STNINTU. TNC———————
VEN-T4 vs P15+ R

1 || || 1 || ||

10 20 30 40 50 60

Number of variants

|:| Present in Patient Sample |:| Not present in Patient Sample

Figure 31: The majority of N/D variants were not present in corresponding patient samples.
The red part of the stacked barplot shows variants with VAF > 0, but < Q0%specified
threshold for the analysis was set up for VAF > 10%.

Transitions were the most frequent typeswtleotidesubstitutiongletected in our data set of
N/D variants, suggesting that the process of somatic hypermutation may contriltbbée to
establishment and generation of PDX models. A barplot, showing the numbers of specified

substitutions, is provided iRigure 32
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Figure 32 Representation of counts (N) of specific transitions and transversions in our dataset

of N/D variants. A = Adenine; C = Cytosine; G = Guanine; T = Thymine.

Discussion of the provided results and conclusions follows below.
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13.DISCUSSION

Our wholeexome sequencing analysis of MCL patients provided valuable new insights into
the genomic landscape and clonal evolution of this rare lymphoma subtype. The mutational
profiles of 25 MCL patients were examined, including primary diagnostic sanapies
corresponding relapdesamples after failure of standard immunochemotherapy used as first
line treatmentMultiple sequencing studies, as mentioned above, primarily contain diagnostic
samples. Only patients who experiencediseaserelapsewere included in this analysis.
Therefore, thisanalysisof diagnostic and consequent relapse samples is a rare source of new
data, and ecording to our knowledgeomprises one of the largest cohorts of MCL patients
with sequential samples to dafesystematiaeview and metanalysisconducted by Hill et al.
(2020) provides information obtained from 32 articles that describe the mutational landscape
of MCL, citing multiple examples of analyses that utilized diagnostic samples. Only a few of

them contained consequeelapse samplg¢$89].

Since only patients who experienced relapse were included, it is not surprising that they
harboed an increased amount of unfavorable prognostic factors, represented by advanced
MIPI, aggressive pleomorphic or blastoid morphology, high proliferation inde&7Kiand
increased rate afP53gene mutations. Specificallihe TP53gene in our cohort was tmeost
frequentlymutatedat diagnos anddetected in 48% of patientSespite not reaching statistical
significance, which could be caused by the relatigehall number of cases included in our
analysiq25), the occurrence giP53mutation at diagnosis displayed a trend toward decreased
OS. As theTP53mutation is a critical predictor of poor prognosis in M@lyltiple studies are
focusing on developing treatment strategies for patients with this mutation. A recently
published systematic review and mataalysis of patients with newly diagnosed or
relapsed/refractorf P53mutatedMCLs by Zhang et al. (202%)ffers a comprehensive view

of the treatment approhes currently employed, including targeted therapy, allogestein

cell transplantation, and CAR cell therapy. Despite these sophisticated therapies, the long
term survival of such patients remaswboptimal, highlightinghe need for further innovative

therapies and randomizedntrolledtrials in the future[313].

Identified shortene®FS and @ alsojustified this poor prognosis in our cohort, with durations

of 10 and 29 months, respectivejotably, Sarkozy et al. (2025) recently published a paper
analyzing 1280 MCL patient3hey focused on patients included in randomizedlimstMCL

trials conducted in France, for whom progression of disease within two years (POD24) could
be evaluated. Not surprisingly, patients who relapsed within 24 months had significantly lower
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postrelapsemedian 0S9.3 months) compared to those who did not relapse (median OS not
reachedpr relapsed later (median OS = 49.4 montAsjignificant association of POD24 with
adverse prognostic factoasd shortened postlapse OSnentioned above was identified in
this study{314].

BesidesIP53mutations, other highisk events at the CNV level wedetectedincluding arm

level alterationssuch as del (9p), del (13q), and del (17p). These abnormalities involve crucial
genes that play roles in processes like the cell cycle, apoptosis, or the DNA damage response
pathway, as mentioned earlier. Notably, deletions of genes sucbiN2A CDKN2B and
TP53are among them. This set of aberrations closely resembles those described in the C4
cluster, as noted in the study by Yi et al. (2022). In thatecoythe C4 cluster is characterized

by the presence of the aforementioned-&wel deletions, along witiP53 mutations and a
hyperproliferative signature, with aygar OS of 14.2%yYi et al. alsodescribedcluster C2,

which is enriched witiATM deletions and mutations, along with upregulateekBFand DNA

repair pathways, estimating ayar OS of 56.7%169]. In our study, visualizing the variants
detected at diagnosis and relapse revealed two distinct cjusterone with TP53 gene
mutations and né&TM mutations, and another withTM mutations and nd P53 mutations.

Only one exception with both mutations was found. This may indicate the presence of different
biological subgroups within our cohort of MCL cases. Notably, our cafertonstrated a
correlation betweefP53mutation and a trend toward decreased overall survival, as well as a
correlationbetweenATM mutation and a trend toward increased overall survival compared to
wild-type individuals. However, also iATM-mutated cases, this did not reach statistical
significance, possibly due to the small size of our cohort E8kious studies have mentioned

the mutual exclusivity of these mutations and their distinct clinical impacts. Nevertheless, when
additional aberrations are presenutch as the eoccurrence oT P53andCDKN2Aalterations,

the cumulative effect may be significandlifered[156, 192, 237]

We compared the occurrence of resulting individual aberratibdegnosigrom our data set
with current literature and identified @dear enrichment of prognostically adverse variants
Mutations ofTP53were already mentioned, but increased numbers of mutatidisIo2D,
SP140 or NOTCH1andNOTCH2were found in 28%, 20%, and 24%6r bothNOTCHland
NOTCH2), respectively with the previously mentioned deletion ©OKN2A?2B predicted in
42% of patientsTable 7 below providesan overview of this comparison with the current
literature[169, 170, 172, 173, 176, 189, 233, 235, 236, 238,.239]
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Study | Cohort | TP53 | ATM | KMT2D | SP140 |NOTCH1/2 Other (%)
Our
results 25 48 32 28 20 24 LRP1B (24)
(%)
Hill,
HA., et | 2127 27 44 N/A 8 6 CDKNZ’?(%‘%'AV\(/SSQ (15
al. (2020)
Ferrero 186
S., etal. Se(g‘dtegfec 8 42 12 N/A 8 WHSC1 (16)
(2020) 200)
Yi, S., et
ol 022 134 31 34 14 8 N/A LRP1B (7)
Be- 29 + 172
ol (201g)| taroeted | 28 41 14 7 10 WHSC1 (10)
sequencing
Zhang, J.
r RB1 (11), WHSCL1 (7), POT|
et al. 56 19 42 20 N/A 14
(2014) (5), SMARCA4 (14)
Yang, P.,
etal. 16 31 38 N/A N/A 6 WHSC1 (31), CDKN2A (6)
(2018)

Table 7: Comparison of gene frequencies with published data and our findings.

Notably, mutations inthe TP53 KMT2D, SP14Q0 NOTCH]1 and NOTCH2 geneswere

overrepresenteth our cohort, in contrast to unselected cohorts of newly diagnosed MCL
mentioned infable 7. ConverselyATM mutations accounted for 32%, a proportion lower than

that reported in previously published literature.

Only a small proportion of newly identified variants were found in relapsed samples. We
assume that the higher occurrence of known prognostically unfavorable alterations at diagnosis
could promote the growth of therapgsistant clones that lead to relapBkis might to some

extent,explain why fewer de novo mutations are detected in relapsed samples.

The observation that most variants and CNVs present at diagnosis remain at relapse (i.e., shared
variants) indicates that core genetic lesions persist throughout the disease course. At the same
time, relapse is characterized by the emergence of newlyfidémhutations along with more
numerous and larger CNVs, reflecting a significant increase in the genetic heterogeneity of the
chemotherapyesistant clones. This may occur through two different mechanisms. One is that
chemoimmunotherapy might select MCL subclones with frequerftP53and CDKN2A/2B
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inactivation, which are inherently more heterogeneous at baseline. Alternatively, these clones
may acquire additional mutations and CNVs during relapse, as a defective DNA response
pathway renders them more susceptible to genomic alterations. Addressiggestion will

require singlecell omics analyse§.he consequences ahincreased mutational burden were
discussed in a study by Obr et al. (2020), which examined the prognostic impactTBbthe
mutational burden (VAF and frequency of del17p) ioohort of 114 newly diagnosed MCL
patients.Their findings indicate that in younger patients, a higtb3 mutation burden is

predictive of chemoresistance, irrespective of the standard treatment agpisich

Inactivation of theTP53gene, caused by mutations and/or deletions, along with deletions of
CDKNZ2A/2B were the most common abnormadbfieletected in 76% and 75% of relapsed
samples, respectively. Only two patients did not harbor these aberritimusyer, in both
cases, mutations in other w&hown driver MCL genes were identifi@dspecifically, KMT2D

and mutations in eithédOTCH1or NOTCH2[176, 219, 221, 315]

Although no new variants of tHEP53gene were found in the relapsed samples, the median

VAF of existing TP53 mutations increased significantly, from 0.35 at diagnosis to 0.76 at
relapse. The most | ikely explanation is the
favors the survival, expansion, and disseminatiomRB3mutated subclones. An alternative
explanation (Acompartmentfi hypothesis) is th
already show variabl€P53VAFs at diagnosis. In this scenario, the preferential survival and
expansion of cells with higheFP53 VAFs in a given compartment coulitcount for the

elevated VAFs observed at relapse. Targeted sequencin@P68B across available
compartments in patients P02, P19, and P20 revealed uniformly low VAFs at diagnosis
compared to relapse, supporting the selective pressure hypothesis over the compartment
hypothesis. Details are provided Tiable 8. In patients P02 and P19, WES identified two
additional variants emerging at relapsEGR1andEZH2), which were subsequently added to

the targeted sequencing panel. Targeted sequencing véndipdesence of both variants in the

relapsed samples, wherdghsy were absent from the corresponding diagnostic samples.

VAF of N/D
variants by
targeted NGS
(%)

P02 DG PBMC 6.25 9.7 ND ND

TP53VAF VAF of N/D
by targeted | variants by
NGS (%) WES (%)

TPS53VAF

Codes| Sample| Compartment by WES (%)
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P02 DG BM NA 12.8 NA ND

P02 | REL BM 82 39.7 NEGR1(26) NEGR1(21)
ND*(KMT2D
andATM
P20 DG BM 6.17 NA variants detecte NA
under the

detection limit)

KMT2D (12.9),

P20 | DG PBMC NA ND NA ATM (10.4)
KMT2D (16),

P20 | REL LN 97 NA ATM (36) NA

P19 | DG LN ND ND ND ND

P19 | DG BM NA ND NA ND

P19 | REL BM ND ND EZH2(22) EZH2(15.6)

Table 8: Comparison of newly detected (N/D) variants and TP53 variants identified by WES
and targeted sequencing in different compartments of patients P02, P20, aRd=RiE8ient

DG = diagnosisREL = relapsePBMC = peripheral blood mononuclear ceBM = bone
marrow LN = lymph node VAF = variant allele frequen¢NA = not analyzedND = not

detected.

WES analysis predicted ne®DKN2A/2B deletions in eight patients who had relapsed.
However, it should be noted that WiB&sed CNV predictions may not be as effective in
detecting minor subclones (less than 30Bd6]. This is consistent with our findings at
diagnosic samples where routine FISH analysis identified more patients WGIDKN2A
inactivation than WE$®ased CNV predictions (15 versus 10 cases). These CNV results suggest
that minor subclones wit€DKN2A deletions were likely missed by WES at diagnosis, but
became detectable at relapse due to thedaipgn selection and expansion@DKN2Adeleted
clones. Our findings, combined with previous data, highlight the critical roBED&tN2A/2B
deletions in conferng chemoresistance and support the view ©RKN2A/2B deletions
represent later subclonal events, likely arising withRb3mutated MCL clone$156]. Our
analysis of WES data (variants and CNVs) indicates that standard-lifrent
immunochemotherapy tends to select forgxesting MCL (sub)clones with inactivated DNA
damage response pathways (TRk&, CDKN2Age), aligning with previously published
researchj156, 174, 176, 189]

Along with genetic losses, CNV analysis revealed recurrent amplifications of key oncogenes,
includingPIK3CA  whi ch codes for the p11lKndseBK)uni t
Amplifications of PIK3CAwere among the most frequent CNVs, found in 46% of patients at
diagnosis and 50% at relapse, aligning with previously published finf2d¢s 218] When
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combined with frequent deletions &NA14and forkhead box O3FOXO3 genes, these
PIK3CA amplifications indicate disruption of the PI3XKT pathway in MCL, both at
diagnosis and to a greater extent at reldp%&, 318] Indeed, results from Bitzova et al.

(2024) indicate that frequent PI3K pathway aberrations can alter downstream signaling,
resulting in decreased dependence on BCR signaling, enhanced metabolic and hypoxic

adaptation, and resistance to targeted therapies in [CA].

One of the most commonly mutated genesolwservedn our dataset of relapsed samples is
the lowdensity lipoprotein receptaelated protein 1BLRP1B, a tumor suppressor. This gene
showed abnormal results in six patients, with three new variants appearing in two of them.
LRP1Branks as one of the most frequently altered genes in human cancers, with recurrent
changes reported in several lymphoma subtypes, including DLBCL, masssaiated
lymphoid tissue (MALT) lymphoma, transformation of follicular lymphoma to DLBCL, and
primary central nervous systelymphomas (PCNSLSs). Inactivation typically arises through a
variety of genetic and epigenetic mechanig®k3-324] Our resultsalso demonstrated a
correlation betweehRP1Bmutation and increased mutational burden in our MCL patients,
which has been reported in the literature for other malignancies, including patients with
PCNSL, hepatocellular carcinoma, or melandB828, 325, 326]LRP1Bmutations have been
connected to poorer overall survival in primary gastrointestinal DLEZ20]. Our analysis

also observed a link betweeRP1Bmutations at diagnosis and shorter OS, though limited by
the small number of patients affected (n =V8hile LRP1Bis acknowledged as an established
tumor suppressogeneg its exact role in MCL biology and its potential as a biomarker for
prognosis or prediction still requires clarification in larger patient cohorts and functional

translational studies.

KMT2D mutations, present in a significant portion of diagnostic samples and newly emerging

in two patients at relapse (8 of 25 relapse cases, 32% overall), have likewise been associated
with poor prognosisn MCL, as noted aboveBesidesLRP1Band KMT2D, we identified

multiple other candidate genes newgginedin at least two relapse samplé&XD9 CDC27,
RYR2andFLNA). These genes have been linked to various cancers, but their ability to promote
MCL progression remains uncertg827-331)

The section below will discuss the results observed during the genetic characterization of PDX

models.
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To evaluatehe genomic and histopathologic characteristics of fifteen newly established PDX
models an integrated genetic and histopathological analysis was performed. PDX models of
aggressive lymphomas wetemparedwith their correspondingrimary tumor biopsiesOur

cohort of PDX models includedl anajor aggressive NHL subtypesepresented b&C- and

nonGC DLBCL, doublehit and transformed DLBCL, MCL, BL, PTCL, AITL, ALCL ALK
positive, and ALCEALK negative lymphomas. WES demonstrated that the PDX models
largely preserved the somatic mutations and copy number alterations present in the primary

lymphoma cellsyhich isconsistent with previously published findinNg$3, 254, 257, 262]

Our PDX models closely mirrored primary lymphomas in both the overall number of somatic
mutations and the allele frequencies of these mutations. We also observed similar mutational
landscapes and predicted CNV profiles between PDXs and their matched/mamgies. The

WES results suggest that most established PDXs retained their genetic diversity, rather than
just representing subclones of the more diverse primary tumors. In most PDXs we analyzed,
the number of shared mutations exceeded the combinedscolild/D and N/U variants.
However, only three PDXs (VFHB6 derived from patient P02, VFM1 derived from patient

P10, and VFNT6 derived from patient P13) showed a higher proportion of N/D and N/U
mutations. Across nearly all models, except for VR N/D mutations greatly outnumbered

N/U mutations.Notably, most N/D mutations were absent from the corresponding primary
lymphoma samples (VAF = 0) and were predominantly nucleotide transitions. These findings
indicate that most N/D mutations likely arose de novo during sustained proliferation of PDX
cells in the murine host, possibly driven by ongoing somatic hypermutation, which aligns with
previous report§7, 33210On t he ot her hand, most N/ U mutati
underrepresentation of disease subclones witiflegquency bystander mutations during PDX
propagation in the murine organism. Overall, these findings align with previous reports and

emphaize both the accuracy and the dynamic evolution of PDX models i383¢

Below, a brief discussion dhe resultsof histopathological analysesientioned explicitly in
the paper by Jakga et al . (2022) and carrie
context for the detected changes in our PDX mo@gls

Despite largely preserved genetic profiles, histopathological analyses (conducted by my
colleagues) revealed that PDX tumors often exhibited more aggressive features than their
corresponding primary lymphomas, including higher proliferation rates67Ki These
phenotypic differences, in the context of overall genetic similarity, are most plausibly attributed
to changes in the composition of the PDX tumor microenvironment. PDX tumors lacked human
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nortmalignant cells and murine macrophages, extubited significantly reduced microvessel
density and area compared to the original biopsies, with vessels of exclusiwahg origin.

The vascular differences likely result from suboptimal stimulation of murine angiogenesis by
human VEGF. They may have important implications for interpreting preclinical studies of
antiangiogenic therapies or drugs that rely on passivet@awocumulation, such as liposomal
cytostatics.Beyond changes in the tumor microeomment, PDX cells alsaexhibited
immunophenotypic anomalies, including decregSéX11and cyclin D1 expression in MCL
models, as well as alterations in the expression of cytotoxic granules and markers (CD20, CD3)
in certainT-NHL models. Notably, reduced cyclin D1 expression in MCL PDXs compared
with primary samples has also been reported by Zhang[@62]. PDX models areypically
created by engrafting primary lymphoma biopsies into immunodeficient mice using methods
such assubrenal capsule implantation or injection via intravenous, subcutaneous, or
intraperitoneal route@52, 257, 262, 265While the omental tumor xenograft (OTM) model
developed by Burrack et al. allows for the study of specificmahgnant cell populations
(e.g., CD4+ T cells), its capacity to support efficient serial retransplantation of PDX cells
remains uncertaif270]. The PDX models in this study preserved the genetic profiles of the
primary lymphomas but lost their tumor microenvironment heterogeneity, likely due to
selection for tumors less dependent on human tumor microenvironment components; this aligns
with our emgraftment rates of only 230% over a decade of efforts. Notably, even successfully
established PDX cells could not be expanded ex vivo, indicating a reliance on in vivo growth
conditions,which may include celto-cell interactions, hypoxia, metabolic dands, or other

factors.
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14. CONCLUSIONS

Our WES analysis of sequential MCL samples, obtained from diagnosis and subsequent
relapses, revealed significant clonal evolution of MCL after failure of standardirfiest
immunochemotherapy. The data suggest that chemothezsisyant (sub)clones, echmed

with aberrations in genes with adverse prognostic significance, were likely present at diagnosis
in most, if not all, patients. At relapse, these resistant populations were characterized not only
by frequent inactivation of key regulators of DNA dayeaesponse pathways (notafly53

and CDKN2A/2B but also by markedly increased genetic heterogeneity, including more
variants and larger CNVs compared with their diagnostic counterparts. These findings highlight
the limited effectiveness of chemotherapy in patients Witb3andCDKNZ2Ainactivation (the
so-called C4 cluster diseasdescribed aboyeand support early use of innovative therapy
strategies in this highisk subgroup, such as immunotherapies with genetically modified
autologous Tcells. Additonally, we identified several candidate drivers of MCL relapse,
includingLRP1B KMT2D, SP140NOTCH1 NOTCH2Z PIK3CA andGNA14 which require

further investigation in proedf-concept translational studies to elucidate their biological roles
and potential therapeutic applications. Overall, our results provide a framework for enhancing
risk stratification in MCL and underscore threessing need for innovative treatment strategies
that can overcome chemotherapy resistance and clonal diversification.

To conclude the analysis of patietdgrived xenografts, PDX models are among the most
relevant and versatile tools available for translational research. They offer unique opportunities
for preclinical evaluation of new therapeutic strategies and functsindles of lymphoma
biology. Notably, our findings highlight that although PDX models of aggressive lymphomas
do not fully replicate the complexity of primary tumors, particularly regarding histopathological
features and tumor microenvironment, they dsmirror and preserve their genomic
complexity and heterogeneityhese discrepancies, if ignored, may lead to significant biases
in experimental results and their interpretation. Future translational studies should therefore
include detailed genetic and phenotypic characterization of PDX models along with
complementaryexperimental systems, with the ultimate goal of enhancing their predictive

accuracy for clinical and preclinical applications.
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