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Abstract (Italian)

Il recettore delle cellule B (B-cell receptor, BCR) ¢ un regolatore cruciale della sopravvivenza,
selezione e differenziamento dei linfociti B. Ogni BCR ¢ costituito da un tetramero di catene
pesanti (H) e leggere (L) delle immunoglobuline (IG), associate alle subunita di segnalazione
CD79A e CD79B. Oltre al suo ruolo fisiologico, i segnali trasmessi dal BCR rappresentano un
importante driver del processo di trasformazione che conduce allo sviluppo dei linfomi a cellule
B. I processi che rimodellano i loci delle IG, inclusi la ricombinazione V(D)J, I’ipermutazione
somatica e lo switch isotipico di classe, generano diversita anticorpale e modulano la funzione
effettrice delle IG stesse. Una regolazione aberrante di tali processi favorisce I’insorgenza di
traslocazioni cromosomiche e mutazioni somatiche su scala genomica, conducendo alla
trasformazione maligna. Sebbene la maggior parte dei linfomi a cellule B maturi conservi
I’espressione del BCR, evidenze recenti del nostro laboratorio mettono in discussione questo
paradigma, identificando una quota significativa di forme aggressive di linfoma a cellule B che
silenziano 1’espressione delle IG, precludendo la formazione di complessi BCR.

Lo scopo di questo studio ¢ stato quello di indagare i meccanismi molecolari
responsabili del silenziamento ricorrente dell’espressione delle IG in un sottotipo di linfoma
potenzialmente letale rappresentato dai linfomi a cellule B ad alto grado con traslocazioni di
MYC e BCL2 (HGBCL-DH-BCL?2). Per affrontare questo quesito, su campioni primari di
HGBCL-DH-BCL2 IGH-esprimenti e casi con IGH non rilevabile (IGH"NP), ho profilato e
valutato la funzionalita dei riarrangiamenti dei geni variabili (V) delle IG, analizzato 1’utilizzo
delle classi isotipiche dell’IGH e studiato 1’espressione della subunita responsabile di segnalare
dal BCR, CD79B, al fine di stabilire se uno o piu di questi determinanti possano essere
responsabili e/o preferenzialmente associati al silenziamento del BCR in HGBCL-DH-BCL2.

Analisi molecolari sui campioni di linfoma hanno rivelato una marcata eterogeneita
nell’utilizzo dei riarrangiamenti dei geni V delle catene IGH e IGL tra i casi IGH" e IGHUNP. T
tumori con BCR silenziato conservavano sistematicamente geni V dell’lGH potenzialmente
produttivi, escludendo le mutazioni inattivanti come meccanismo generale responsabile del
silenziamento dell’IGH a livello proteico. L’analisi dei riarrangiamenti dei geni V delle catene
leggere ha mostrato un quadro piu complesso, con identificazione ripetuta di riarrangiamenti
non funzionali derivanti dalla stessa popolazione clonale di cellule B tumorali. L’analisi
dell’utilizzo delle classi isotipiche dell’IGH ha evidenziato una chiara dicotomia tra tumori
IGH-positivi e IGH"P, T casi IGH" erano frequentemente associati ad alterazioni strutturali

della regione genomica switch-p dell’IGH, con impatto negativo sul processo di IG CSR,



favorendo al contempo il mantenimento dell’espressione di IGM. Al contrario, 1 tumori
IGHY™P completavano sistematicamente il processo di CSR, come indicato dalla perdita del
gene /IGHM e dall’espressione di trascritti per catene costanti IGH indicative di IG CSR (es
IGG). Pertanto, mentre linfomi HGBCL-DH-BCL2 IGH" derivano principalmente da linfociti

B che selezionano IGM come BCR, i corrispettivi IGHYNP

originano da precursori linfomatosi
che hanno completato IG CSR, sostituendo IGM con IGG o IGA. Infine, la quantificazione dei
trascritti del gene CD79B ha evidenziato una marcata variabilita tra i diversi linfomi HGBCL-
DH-BCL?2, indipendentemente dallo stato IGH. L’analisi qualitativa di una variante di splicing
di CD79B con skipping dell’esone 3, codificante per una proteina incapace di associarsi alla
catena IGH, ha escluso una sua espressione preferenziale nei casi IGH"P,

Questo studio ha studiato tre distinti meccanismi potenzialmente coinvolti nel
silenziamento di IG/BCR nei linfomi HGBCL-DH-BCL2. 1 dati indicano che il silenziamento
del BCR osservato nella maggior parte di questi tumori non ¢ dovuto a mutazioni nonsense €/0
frameshift che compromettano la funzionalita dei geni /GHV. L’analisi del repertorio dei geni
V delle catene leggere nei casi IGH'™P ha evidenziato ripetutamente riarrangiamenti non
produttivi, spesso associati all’espressione delle ricombinasi RAG1/2, suggerendo un processo
riconducibile al cosiddetto receptor editing. Il silenziamento di espressione della proteina IGH
nei linfomi HGBCL-DH-BCL? risulta principalmente associato all’espressione, da parte della
cellula precursore del linfoma, di catene IGH che hanno completato il processo di switch
isotipico di classe, mentre i tumori IGH" conservano I’espressione di IGM. Questi risultati
supportano un modello in cui I’isotipo IGH influenza la traiettoria evolutiva che determina lo
sviluppo di linfomi HGBCL-DH-BCL2 IGH' e IGH"™P, Infine, i livelli di trascritti del gene

HYNP_ escludendo uno

CD79B risultavano altamente variabili sia nei casi IGH' che in quelli IG
spegnimento del gene CD79B come causa principale del silenziamento del BCR.
Analogamente, 1’espressione di un’isoforma di mRNA di CD79B con skipping dell’esone 3,
che impedisce 1’associazione con la catena IGH, non risultava arricchita nei linfomi IGH"P,

Nel complesso, questo lavoro ha contribuito a definire la relazione tra integrita dei geni
V dell’IGH e IGL, classe isotipica dell’IGH e il silenziamento del complesso BCR nei linfomi
HGBCL-DH-BCL2. Lo studio ha inoltre esplorato la possibilita che tale silenziamento sia
causato da variazioni nell’espressione di CD79B e/o dalla selezione di specifiche isoforme di
splicing. L’integrazione dei dati identifica il processo di “receptor editing” delle catene leggere
delle immunoglobuline, nonche’ la selezione di particolari classi isotipiche dell’IGH, come

determinanti potenzialmente contribuenti al silenziamento del BCR nei linfomi HGBCL-DH-

BCL2.



Abstract (English)

The B-cell receptor (BCR) is a central regulator of B cell survival, selection, and
differentiation. Each BCR is expressed in multiple identical copies on the surface of a B
lymphocyte and consists of a tetramer of immunoglobulin (IG) heavy (H) and light (L) chains
associated with the signalling subunits CD79A and CD79B. Beyond its physiological role,
BCR signalling is a key driver of B cell lymphomagenesis. Genetic processes targeting the IG
loci, including V(D)J recombination, IG somatic hypermutation (SHM), and IG class switch
recombination (CSR), generate antibody diversity and modulate IG effector function. Aberrant
regulation of these processes favours the occurrence of chromosomal translocations, genome-
wide somatic mutations, eventually leading to malignant transformation. While most mature B
cell lymphomas preserve BCR expression, recent evidence challenges this paradigm by
identifying a sizeable fraction of aggressive forms of B-cell lymphoma that silence 1G
expression precluding the formation of antigen receptor complexes.

The aim of this study was to investigate the molecular mechanisms responsible for the recurrent
silencing of IG expression in a life-threatening lymphoma subtype represented by high-grade
B-cell lymphomas with MYC and BCL?2 rearrangements (HGBCL-DH-BCL?2). To address this
question, I performed three sets of molecular analyses to investigate the expression and
functional status of compoennets of the BCR in representative primary HGBCL-DH-BCL?2
tissue specimens, differentiating IGH-expressing from IGH-undetectable (IGH"™P) cases.
Specifically, I profiled and assessed the functionality of IG variable (V) gene rearrangements,
monitored IGH class usage, and analysed the expression of the BCR signalling subunit CD79B
to establish whether any of these three determinants could be responsible for and/or
preferentially associated with BCR silencing in a high proportion of HGBCL-DH-BCL?2.
Comprehensive molecular analysis of lymphoma specimens revealed substantial heterogeneity

HYNP cases with

in the usage of IGH and IGL chain V gene rearrangements across IGH" and IG
no skewing in V gene usage. BCR-silenced tumors consistently retained potentially productive
IGH V genes, excluding crippling mutations as a general mechanism responsible for IGH
silencing observed at the protein level. 1G light chain V gene profiling showed a more complex
pattern with repeated identification of several non-functional rearrangements originating from
the same clonal B cell population. Analysis of IGH class usage showed a clear dichotomy
between IGH-positive and IGH"NP tumors. IGH" HGBCL-DH-BCL2 cases predominantly

expressed IGM and were frequently associated with structural alterations of the IGH switch-u

region, precluding efficient IG CSR, while enforcing IGM expression. In contrast, IGHUNP



tumors consistently completed IG CSR, as indicated by the loss of the IGHM constant region
gene and the preferential detection of IGH-switched transcripts. Therefore, whereas IGH"
HGBCL-DH-BCL?2 derive primarily from IGM-expressing B cells, IGH"NP counterparts arise
from lymphoma precursors that had undergone IG CSR to become IGG- or IGA-expressing
cells. Finally, quantitative CD79B transcript measurements revealed marked inter-lymphoma
variability irrespective of IGH status. Qualitative analysis of an exon-3 skipped CD79B splice
variant, coding for a protein unable to pair with the IGH chain, excluded its preferential
expression in  the IGH"™  subset of  HGBCL-DH-BCL2 cases.
This study has investigated three distinct mechanisms potentially contributing to IG/BCR
silencing in HGBCL-DH-BCL2, a highly aggressive lymphoma subtype with limited
therapeutic options. The data indicate that BCR silencing observed in most of these tumors, is
not caused by nonsense and/or frameshift mutations interfering with functionality of IGH V
genes. Analysis of the IG light chain V gene repertoire of IGH"N? HGBCL-DH-BCI2
repeatedly revealed non-productive rearrangements, often associated to the expression of the
RAG1/2 recombinases reminiscent of a process called receptor editing.

IGH silencing in HGBCL-DH-BCL? is primarily associated with the expression of isotype-
switched IGH chains by the lymphoma precursor cell, while IGH™ tumors preferentially retain
IGM expression. These results support a model in which antibody class influences the
evolutionary trajectory leading respectively to IGH" and IGH"N® HGBCL-DH-BCL2.

Finally, CD79B transcript levels were highly variable in both IGH" and IGH"™® HGBCL-DH-
BCL2, excluding CD79B mRNA downregulation as a major mechanistic determinant for BCR
silencing in these tumors. Similarly, expression of an exon-3 skipped CD79B mRNA isoform
preventing CD79B pairing to the IGH chain was not enriched among IGH"N® HGBCL-DH-
BCL?2 cases.

Collectively, my work has contributed to establishing the relationship between IGH V gene
integrity, isotype class choice, and BCR silencing in HGBCL-DH-BCL2. I have also explored
the possibility that BCR silencing in these lymphomas is linked to changes in CD79B
expression and/or isofom selection. Integration of the data identifies IG light chain receptor
editing and IGH class selection as major determinants associated with, and potentially

contributing to, BCR silencing in HGBCL-DH-BCL2.

Keywords
B cell receptor, lymphoma; V(D)J recombination; Immunoglobulin class switch

recombination; CD79B.
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1. Introduction
1.1. The B Cell Receptor

The B cell receptor (BCR) is a defining feature of B lymphocytes and a central mediator of
adaptive immunity. It consists of two membrane-bound IGH chains paired with two
corresponding IGL chains both carrying a variable (V) region domain conferring unique
antigen specificity. Each IGH/L chain tetramer is non-covalently associated with the signalling
heterodimer CD79A (Iga) and CD79B (Igf) (Tkachenko, Kupcova and Havranek, 2023). Each
B cell expresses a unique BCR specificity generated through the process of V(D)J
recombination. The complexity of the BCR primary repertoire is estimated to be over 10'!
unique specificities in humans. This configuration enables the immune system to recognize an
almost inexhaustible diversity of antigens, forming the molecular basis of humoral immunity.
However, antigen-binding capacity alone does not fully explain the biological role of the BCR.

IGs lack intrinsic signalling capacity and instead rely on their association with CD79A and

B-CELL ANTIGEN RECEPTOR COMPLEX
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Figure 1: B-cell antigen receptor complex Source: (Aribi, 2020)

The B-cell antigen receptor (BCR) complex consists of membrane-bound IGH and IGL chains
responsible for antigen binding, associated with the signalling subunits CD79A (Iga) and
CD79b (IgB). These subunits harbour cytoplasmic ITAM motifs that are critical for the

initiation of intracellular signalling upon antigen engagement.



CD79B, which contain immunoreceptor tyrosine-based activation motifs (ITAMs) (Wen et al.,
2019). These motifs are essential for initiating intracellular signalling following antigen
engagement. Conformational changes in the receptor complex after antigen binding promote
ITAM phosphorylation, permitting recruitment and activation of downstream kinases such as
SYK (Liu et al., 2022). Through this physical coupling of antigen recognition and signal

transduction, extracellular antigenic cues are efficiently converted into intracellular responses.

1.2. BCR signalling and functional outcomes in normal B Cells
Antigen binding triggers BCR signalling through initial receptor clustering and conformational
changes that permit activation of Src-family kinases such as Lyn, followed by recruitment and
activation of spleen tyrosine kinase (SYK) (Brian 4th and Freedman, 2021). This leads to
phosphorylation of ITAM motifs and assembly of a signalling complex that propagates
intracellular signals. Major downstream pathways include NF-kB, PI3K/AKT, and MAPK,
each contributing to the regulation of B-cell survival, proliferation, differentiation, and
metabolism (Balaji et al., 2018). Notably, BCR signalling is neither uniform nor strictly binary
but highly dynamic and context dependent, with the strength, duration, and spatial organisation
of signals ultimately determining cell fate. Weaker, tonic signalling supports anti-apoptotic
pathways and basal survival, whereas stronger antigen-driven signals promote clonal
expansion and differentiation into plasma cells or memory B cells. Excessive or prolonged
BCR signalling can induce apoptosis, eliminating among others, autoreactive newly formed B
cell clones. This graded signalling response is essential for maintaining immune homeostasis.
Dysregulated BCR signalling has major consequences: insufficient signalling impairs B-cell
survival and can lead to immunodeficiency, whereas excessive signalling promotes
autoimmunity or contributes to malignant transformation (Preite et al., 2019). Signal thresholds
are tightly controlled by co-receptors and regulatory molecules, including CD19, CD22, and
FcyRIIB, which fine-tune BCR outputs (Chen et al., 2025). Additional complexity arises from
crosstalk with other receptors, such as Toll-like receptors (TLRs) and cytokine receptors,
allowing integration of antigen-specific and innate immune cues to shape B-cell responses. For
instance, co-engagement of BCR and TLRs can amplify signalling and drive terminal
differentiation to antibody secereting plasma cells, particularly during infection. Because BCR

signalling orchestrates activation, tolerance, and apoptosis (Berry et al., 2020), even subtle



perturbations in these pathways can have lasting effects, and uncontrolled signalling is a key

driver of autoimmune disease and B-cell malignancies.
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Figure 2: Overview of B-cell receptor signalling pathways Source: Efremov, Turkalj and

Laurenti, 2020

Figure 2 illustrates BCR signalling pathways triggered by antigen engagement. Activation of
CD79A/B recruits’ kinases such as LYN and SYK, which in turn activate downstream cascades
including PI3K, BTK, and PLCy2. These pathways converge on NF-xB, MAPK, and AKT
signalling, thereby regulating B-cell survival, proliferation, and differentiation, while
co-receptors such as CD19 modulate signal strength. The combined activity of these pathways,
rather than any single route, determines overall signalling output, but the precise mechanisms

by which B cells establish and adjust these signalling thresholds remain incompletely defined.

1.3. The BCR control of early B cell development
B-cell development is a tightly regulated process that occurs in the bone marrow and generates
a diverse self-tolerant B-cell repertoire. Haematopoietic stem cells progress through a series of
stages, pro-B, pre-B, immature B, and mature naive B cells, each defined by characteristic
molecular and phenotypic changes (Winkler and Mértensson, 2018). A key feature of this
developmental trajectory is the generation of BCR diversity through V(D)J recombination. The

recombination-activating genes RAG1 and RAG?2 initiate V(D)J recombination by introducing
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site-specific double-strand breaks at recombination signal sequences. These breaks are repaired
by non-homologous end joining DNA repair factors, generating a variable (V) region gene
from the joining of individual variable (V), diversity (D), and joining (J) gene segments. As a
result, the antigen receptors produced are highly diverse, enabling the immune system to
recognize a wide range of pathogens. However, DNA double-strand breaks inherently pose a
risk of genomic instability (Winkler and Martensson, 2018). Errors in the DNA repair process
can lead to chromosomal translocations, making V(D)J recombination both essential for
immune diversity and a potential source of genomic vulnerability. The first developmental
checkpoint in B cell development is mediated by assembly of a pre-B cell receptor (pre-BCR).
In pro-B cells expression of a functional pre-BCR relies on successful competion of a IGH
chain V gene rearrangement and allows progression to the pre-B cell stage (Wong et al., 2019).
In pre-B cells, RAG recombination targets the IGL chain chain loci, IG-kappa or IG-lambda,
to catalyze VJ recombination. Productive IGL chain V gene rearrangements followed by
successful pairing of IGH and IGL chains leads to the transit from the pre-B to the immature
B cell stage strictly dependent on surface expression of a functional BCR.

Negative selection shapes the newly formed BCR repertoire by eliminating immature
autoreactive cells, ensuring self-tolerance and preventing autoimmune disease. This process is
not entirely efficient, and some autoreactive B cells escape into the periphery, where additional
regulatory mechanisms are required to control them.

Overall, B-cell development reflects a balance between generating diversity and maintaining
tolerance, a balance that is inherently imperfect and creates opportunities for pathogenic errors.
This is particularly relevant in lymphoma, where aberrant V(D)J recombination events

contributes to the outgrowth of B cell leukemias and lymphomas.
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Figure 3: Regulation of BCR signalling and therapeutic inhibition of BTK and PI3K

Source: Profitos-Peleja et al., 2022

Figure 3 compares antigen-dependent chronic BCR signalling with tonic BCR signalling.
Chronic signalling involves activation of SYK, BTK, MAPK, and PI3K, driving
NF-kB-mediated proliferation and survival typical of ABC-DLBCL. In contrast, tonic
signalling predominantly relies on PI3K-AKT-mTOR pathways to sustain survival in
GCB-DLBCL. The figure also highlights therapeutic inhibitors targeting key components of

these signalling cascades.

1.4. The BCR control of B cell immune responses: the key role played by the germinal
center reaction

After antigen encounter through the BCR, activated B cells migrate to germinal centres (GC),
specialized microenvironments in secondary lymphoid organs such as the spleen and lymph
nodes (Rastogi et al., 2022). GCs consists of two spatially resolved zones where B cells exert
distinct functions. In the GC dark zone (DZ), B cells undergo rapid proliferation while
accumulating mutations into IG Varable region genes through the process called IG somatic
hypermutation (SHM). IG SHM is initiated by the action of the activation-induced cytidine
deaminase (AID) enzyme, which deaminates cytidines into IGV genes converting them into

uracils which are in turn replaced through distinct DNA repair pathways including missmatch
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repair and base excision repair, followed by the action of error-prone DNA polymerases. As a
result of IG SHM, clonally related B cells acquire a distinct set of randomic single-nucleotide
substitutions impacting on the original binding affinity of the BCR. After completion of a round
of IG SHM, GC DZ B cells migrate to the GC light zone (LZ) area. Here B cells equipped with
mutated BCRs compete with each other for the ability to capture antigen presented on the
surface of follicular dendritic cells in the form of antigne-antibody immune complexes. Cells
capturing more proteinaceous antigen thanks to improved BCR affinity, will intenalize and
process more of it allowing a more efficient presentation of resulting peptides on MHC-class

IT complexes, to T-follicular helper (Tth) cells (Martinez-Riano et al., 2023). Cells expressing
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Figure 4: B-cell migration, interaction, and differentiation dynamics in the gerhlinal

SHM and proliferation

centre Source: Gracie et al., 2025

Figure 4 depicts the germinal centre reaction, highlighting the coordination between dark and
light zone processes. In the dark zone, B cells proliferate and acquire somatic hypermutations,
whereas in the light zone they interact with follicular dendritic cells and Tth cells for
affinity-based selection. High-affinity clones survive and differentiate into memory B cells or
plasma cells, while low-affinity cells are eliminated by apoptosis. Importantly, the germinal
centre is also a major site of genomic instability: somatic hypermutation and class switch
recombination generate DNA damage that must be repaired, creating opportunities for

mutations and chromosomal translocations (Pilzecker and Jacobs, 2019).
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high-affinity BCRs are therefore preferentially selected to survive, either re-entering into a
further round of proliferation and IG SHM in the DZ area or exit the GC as antibody-secreting
plasma cells, which represent terimally differentiated B cells, or as long-lived memory B cells
which retain a high-affinity BCR on the surface. Memory B cells are preferentially recruited
into secondary immune responses following repeated encounter of the host with the same
foreign antigen. Memory B cells can either partecipate again in the GC reaction, or teerminally
differentiate in antibody-screting plasma cells.

The process of antibody affinity maturation occuring in GCs as a result of iterative rounds of
clonal expansion, IG SHM and antigen-driven selection remains at each stage strictly

dependent on the expression of functional BCR complex (Ondrisova and Mraz, 2020).

Another major genetic rearrangement occuring in GC B cells is associated with the propoerty
of B cells to switch the effector function of their BCRs. Whereas the dominant IGH chain class
expressed by newly formed and later matured pre-GC B cells is represented by IGM, once B
cells get recruited into the GC reaction, they often undergo the process called IG class switch
recombination (CSR). IG CSR allows a B cells to replace the IGM constant region with that of
another class including in humans IGG1, IGG2, IGG3, IGG4 IGAT and IGA2. The replacement
of IGM with that of another IGH class leads to major qualitative and quantitative changes in
BCR signaling, as well as to the capacity to more effectively activate other arms of the immune
system, including activation of the complement pathway, which preferentially binds to IGG
antibodies as compared to their IGM counterparts. Binding of soluble IGG to the surface of
pathogens favors local activation of the complement pathway ultimatly leading to the killing
of the pathogen. As IG SHM, also IG CSR is iniated by AID which favors staggered DNA
double-stranded breaks in specific genomic regions in the IGH chain locus called IG switch
regions. Theese regions map proximal to each IGH constant region gene (i.e. IGG1, IGG2,
IGG3 IGAL1). During IG CSR, breaks introduced by AID in the IGH switch region preceding
the /IGHM constant region gene (also called switch-mu) concurr with similar breaks in one of
the downstream IGH switch regions flanking the IGG or IGA constant region genes. Upon
completion of IG CSR, the IgM constant region gene is deleted from the locus and rplaced by
a downstream IGH constant region gene which is placed proximal to the functional IGHV gene

ensuring expression of a full-length isotype-switched IGH transcript.
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Figure 5: Mechanism of IGH Class Switch Recombination (CSR).
Source: Chaudhuri, J. & Alt, F. W. (2004)

The IGH locus contains the V(D)J region and downstream constant region genes (Cp, Cy, Ca,
etc.), each preceded by switch (S) regions. Activation-induced cytidine deaminase (AID)
introduces double-strand breaks in Sy and a downstream S region corresponding to the target
isotype. DNA repair deletes the intervening segment, positioning the selected constant region
next to the V(D)J exon. This generates a full-length isotype-switched IGH transcript (e.g., IgG
or IgA), replacing IgM, and modifies BCR signaling and effector functions. The excised DNA

forms a circular episome

1.5. The B Cell Receptor and Lymphomas

1.5.1. The role of Immunoglobulin genetics in B cell lymphomagenesis
The BCR plays a central role in the pathogenesis of mature B-cell malignancies. The
contribution of BCR biology to malignant B cell transformation starts with the genetic
rearrangements responsible of the V(D)J recombination, IG SHM and IG CSR occuring
respectively during early B cell development, and later upon partecipation of antigen-specific

B cells in the GC reaction.
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Aberrant V(D)J recombination cataglyzed by the Ragl/2 genes is responsible of chromosomal
translocations such as the t(14;18) placing the BCL2 oncogene in close proximity to /GH cis
regulatory regions, ultimately causing deregulated constitutive expression of the oncoprotein.
The t(14;18) translocation is the hallmark of Follicular Lymphoma (FL) a mature B cell
lymphoma arising from BCL-2 rearranged B cells acquiring through the transit in the GC
additional somatic mutations ultimately promoting the outgrowth of a milagnant clonal B cell
neoplasm. Aberrant V(D)J recombination also cause the t(11:14) /GH::CCND1 chromosomal
rearrangement driving constitutive expression of the cyclin gene and ultimately the outgrowth
of rapidly proliferating mantle cell lymphoma.

IG light chain loci can also represent targets of aberrant VJ recombination. In particular, our
lab has recently described the partecipation of the RAG1/2 recombination machinery to the
generation of IGL::MYC, t(8;22) translocations responsible of the outgrowth of High-grade B
cell lymphomas with MYC and BCL2 rearrangements (HGBCL-DH-BCI2)

Aberrant IGH CSR catalyzed by AID is instead the primary responsible of the t(8;14)
chromosomal translocation responsible of Burkitt Lymphoma (BL), a GC B cell tumor
characterized by the juxtaposition of the c-MYC gene to /GH cis regulatory regions, leading to
deregulated expression of the oncoprotein.

Aberrant IG SHM is instead recurrently implicated in the introduction of single nucleotide
substitutions and/or samll insertions/deletions in lymphoma relevant genes including BCL6,
BCL2, PAXS5, BACH2, IRF4, MYC, CIITA and TCF4.

Collectively these observations highlight the relevance of immunoglobulin genetics in the

origin of B cell lymphomas, representing the dark side of B cell immunity.

1.5.2. The role of BCR signaling in B cell lymphomagenesis

Malignant B cells frequently hijack the same pathways that support normal B-cell survival and
proliferation (Burger and Wiestner, 2018). Two principal forms of oncogenic B-cell receptor
(BCR) signalling have been described: chronic active signalling and tonic signalling.

Chronic active BCR signalling arises in a permissive microenvironment for malignant
transformation and typically depends on engagement with self-antigens or environmental
antigens (Bagnara et al., 2022). It is exemplified by activated B cell-like diffuse large B-cell
lymphoma (ABC-DLBCL), in which BCR-driven constitutive NF-kB activation promotes cell
survival and proliferation. By contrast, tonic BCR signalling is antigen-independent and relies
on low-level, constitutive PI3K-mediated signalling, as observed in BL (Gehringer et al.,

2020).
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These two signalling modes differ not only conceptually but also in their biological and
therapeutic implications. Chronic active signalling, being persistent and often antigen-driven,
is frequently associated with mutations in components of the BCR and Toll-like receptor (TLR)
signalling pathways, such as CD79B or MYDS88, which further amplify pathway activation.
Tonic signalling, on the other hand, appears to be more dependent on BCR expression levels

and basal signalling thresholds than on specific oncogenic mutations.

Anti-CD137

CAR-T cells

Figure 6: Roadmap of drugs directed against follicular lymphoma (FL)

Source: Blanco et al., 2022

Figure 6 depicts the lymphoma tumour microenvironment, where pro-tumour and anti-tumour
immune cells interact. Malignant B cells engage immune checkpoints such as PD-1 and
CTLA-4 to suppress T-cell activity, while macrophages, dendritic cells, and regulatory T cells
provide additional tumour support. Therapeutic strategies targeting these pathways aim to

enhance antitumour immunity and disrupt tumour-promoting cellular interactions.

A key unresolved question is whether all B-cell lymphomas share the same degree of
dependence on BCR signalling. While many entities exhibit clear BCR addiction, others can
downregulate or even lose BCR expression altogether. This suggests that BCR dependency
varies across lymphoma subtypes and disease stages. Such variability has important therapeutic
implications, as tumours lacking functional BCR signalling are unlikely to respond to BCR

pathway inhibitors. Thus, although BCR signalling is a well-established driver of
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lymphomagenesis, its contribution is highly context-dependent and heterogeneous across
tumours. A detailed understanding of how BCR expression and signalling are regulated in
different lymphoma settings is therefore crucial for both biological interpretation and clinical

application.

1.5.3. BCR expression and class varies across mature B cell neoplasms
B-cell neoplasms arising from mature B cells have long been thought to retain surface
expression of the B-cell receptor (BCR) on malignant cells. This paradigm applies to tumors
originating from pre—germinal center (pre-GC) B cells, such as chronic lymphocytic leukemia
and mantle cell lymphoma, as well as to malignancies derived from germinal center (GC)-
experienced B cells, including diffuse large B-cell lymphoma (DLBCL), Burkitt lymphoma
(BL), and follicular lymphoma (FL). However, recent work, including studies from our
laboratory, has challenged this assumption.
Through a comprehensive immunohistochemical analysis of class-specific IGH proteins (IGM,
IGG, IGA) in primary lymphoma samples classified as BL, DLBCL, and HGBCL-DH-BCL2,
a particularly aggressive subtype characterized by MYC and BCL2 rearrangements, we
observed marked heterogeneity in immunoglobulin expression. While the majority of tumors
retained IG expression, a substantial fraction displayed partial or complete silencing of IGH
protein across the malignant population. Notably, uniform BCR silencing was predominantly
observed in GC-derived HGBCL-DH-BCL2, in which more than two-thirds of cases were
classified as IGH-undetectable (IGH"NP) by immunohistochemistry (our data; Hilton et al.,
Blood, 2024).
These findings were further substantiated by biochemical analyses showing that IGHYNP
HGBCL-DH-BCL? fail to assemble functional BCR complexes, as evidenced by the absence
of detectable interactions between IGH and CD79A or CD79B. This supports the notion that
loss of IGH expression results in structural disruption of the receptor complex. Importantly,
our studies also revealed a link between BCR expression status and IGH isotype selection in
the lymphoma precursor cells. Whereas IGH-positive HGBCL-DH-BCL?2 predominantly
express unswitched IGM, IGHYNP
IGA) GC B cells.

cases consistently originate from class-switched (IGG or

Collectively, these findings reveal a far more complex landscape than previously appreciated,
in which variability in BCR expression and IGH class delineates biologically distinct
lymphoma subsets within the same histological and genetic categories. In particular, the

observation that mature GC B cells can give rise to lymphomas that have extinguished BCR
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expression has important mechanistic and clinical implications. It raises fundamental questions
about how malignant B cells bypass dependence on BCR signalling and has direct therapeutic
relevance, given the increasing use of antibody—drug conjugates targeting CD79B, which rely

on surface BCR expression for effective tumor cell targeting.

1.5.4. The BCR Signalling subunits CD79A and CD79B in mature B cell
neoplasms

CD79A and CD79B are integral components of the B-cell receptor (BCR) complex and act as
the primary mediators of intracellular signal transduction following antigen engagement
(Tkachenko, Kupcova and Havranek, 2023). These transmembrane proteins contain
immunoreceptor tyrosine-based activation motifs (ITAMs) in their cytoplasmic domains,
which are phosphorylated by Src family kinases upon BCR activation. ITAM phosphorylation
enables recruitment of spleen tyrosine kinase (SYK) and the assembly of downstream
signalling complexes, ultimately leading to activation of NF-kB, PI3K/AKT, and MAPK
pathways. CD79A and CD79B therefore function not merely as accessory molecules, but as
essential transducers that couple antigen recognition to cellular responses. In their absence, the
immunoglobulin component of the BCR 1is signalling-incompetent, underscoring the
interdependence between structural integrity and signalling competence of the receptor
complex (Seon et al., 2024).

In diffuse large B-cell lymphoma (DLBCL), particularly in the activated B cell-like (ABC-
DLBCL) subtype, gain-of-function mutations in CD79B are common and are associated with
increased surface BCR expression and chronic active signalling (Young et al., 2019).
Mechanistically, these mutations often impair receptor internalisation, thereby prolonging
signal duration and sustaining NF-kB activation. This exemplifies how alterations in CD79A/B
can enhance oncogenic BCR signalling.

Conversely, we have recently linked reduced expression of CD79B protein to the IGH"™P
phenotype of HGBCL-DH-BCL2, pointing to a tight regulatory relationship between the
immunoglobulin heavy chain (IGH) and CD79B. This coupling is likely inherited from
precursor cells. For instance, germinal center dark zone (GC-DZ) B cells undergo marked
downregulation of surface BCR, accompanied by reduced CD79B protein levels. This
physiological state is recapitulated in IGH"N® HGBCL-DH-BCL?2, consistent with their
derivation from GC-DZ B cells.
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CD79B has recently emerged as a major therapeutic target in frontline treatment of aggressive
B-cell lymphomas, including DLBCL and HGBCL. The antibody-drug conjugate polatuzumab
vedotin (Pola-V) binds surface CD79B in the context of the BCR and exploits receptor
internalisation to deliver a cytotoxic payload, monomethyl auristatin E (MMAE), into
malignant B cells. MMAE disrupts microtubule polymerisation, thereby blocking mitosis and
inducing rapid cell death.

The identification of IGHYNP mature B-cell lymphomas poses a significant challenge for Pola-
V-based therapies, as the target antigen is absent from the cell surface. This mechanism may
explain observations from multiple clinical studies reporting reduced efficacy of Pola-V-
containing regimens in patients with germinal center B cell-like (GCB) DLBCL and HGBCL-
DH-BCL2, both of which frequently exhibit silencing of surface BCR expression.

BCR BCR BAFF/BAFF-R BCR

/ co1e come \

MiM-cantaining receptor @ @)

Survival, apoptosis inhibition, proliferation, activation,
differentiation, autophagy, mitechondrial biogenesis, metabolism regulation

Figure 7: Role of CD79a/CD79b in B-cell receptor signalling in normal B cells
Source: Tkachenko, Kupcova and Havranek, 2023

Figure 7 outlines BCR signalling and its regulation, including receptor internalisation and
interactions with co-receptors such as CD19 and BAFF-R. Activation of kinases including
SYK, BTK, and PLCy2 initiates PI3K/AKT, MAPK/ERK, and NF-kB pathways, which
together regulate B-cell survival, proliferation, differentiation, and metabolism. Crosstalk with

TLRY further modulates these responses. Regulation of CD79A/B expression and function can
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reflect broader changes in transcriptional control, protein stability, or local signalling
organisation. Consequently, analysing CD79a/b provides a useful framework for
distinguishing structural defects in BCR assembly from alterations in signalling capacity.
These distinctions are essential for understanding heterogeneity in BCR dependency among

lymphomas and for predicting responses to BCR-targeted therapies.
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2. Aim of the work

The recent identification of IGHYNP subsets of HGBCL-DH-BCL2 challenges the long-
standing paradigm that mature B-cell lymphomas universally retain a functional BCR. These
findings raise fundamental mechanistic questions regarding how malignant B cells can bypass
dependence on BCR signalling, and what molecular events underlie the loss of receptor
expression.

Building on these observations, the work presented in this thesis is aimed at dissecting the
molecular basis of BCR silencing in HGBCL-DH-BCL?2, with a focus on three main objectives.
First, to determine whether structural alterations of the immunoglobulin genes contribute to
BCR loss, I reconstructed full-length IGH and immunoglobulin light chain variable (V) region
sequences from BCR-silenced HGBCL-DH-BCL? cases using 5' rapid amplification of cDNA
ends (5 RACE). This approach enabled the assessment of V(D)J recombination integrity and
the identification of potential abnormalities affecting productive IG expression.

Second, to investigate the relationship between BCR expression and IGH class selection, I
performed IGH class-specific RT-PCR analyses to define the isotype usage in IGH-positive
and IGH"NP HGBCL-DH-BCL2 cases. This analysis was further extended to explore the
mechanisms underlying the apparent failure of IGM® cases to complete CSR toward
downstream IGh classes, providing insights into the genetic basis of this phenomenon.

Third, given the central role of CD79B in BCR assembly and signalling, I examined CD79B
expression in representative HGBCL-DH-BCL?2 cases stratified by IGH status. This analysis
included both quantitative assessment of CD79B transcript levels and isoform-specific
characterization of CD79B mRNA to determine whether altered expression and/or alternative
splicing contribute to the reduced CD79B protein levels observed in IGH"™P lymphomas.
Collectively, these approaches aim to provide a mechanistic framework linking IG gene
configuration, class-switching status, and CD79B regulation to the loss of BCR expression in
aggressive B-cell lymphomas. By integrating these molecular insights with the phenotypic
characterization described above, this study seeks to elucidate how BCR silencing is
established and maintained, and to define its biological and therapeutic implications.

All research activities described in the thesis were conducted at the AIRC Institute of Molecular
Oncology, IFOM-ETS, Milan, under the supervision of Prof Stefano Casola (Principal
Investigator leading the Genetics of B Cells and Lymphomas Laboratory at IFOM-ETS, and
Associate Professor of General Pathology, Department of Medical Biotechnology and

Translational Medicine, University of Milan, Italy).
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3. Materials and Methods

3.1. Human participants
Experimental procedures involving human biological samples were conducted in strict
adherence to the ethical standards of the institutional research committees of clinical centers
that were involved in the study (ASST Spedali Civili, Brescia, Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milano). All procedures were performed in accordance with
the Declaration of Helsinki. Prior to enrolment, written informed consent was obtained from
all participants. The study cohort comprised n = 32 patients diagnosed with High-Grade B-Cell
Lymphoma with rearrangements of MYC and BCL2 (HGBCL-DH-BCL2). Primary tumor
samples were obtained via surgical biopsy, immediately snap-frozen in liquid nitrogen, and
stored at -80°C to preserve the integrity of nucleic acids and protein structures until further

processing.

3.2. HGBCL-DH-BCL2(-BCL6) and DLBCL cell lines

Diffuse Large B-Cell Lymphoma (DLBCL) cell lines, including OCI-LY7, WSU-DLBCL2,
and SU-DHL-4 were purchased from DMSZ repository (German Collection of
Microorganisms and Cell Cultures) and cultured in RPMI-1640 medium (Euroclone)
supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS) (Sigma-Aldrich), 2
mmol/L L-glutamine, 50 pmol/L B-mercaptoethanol, according to manufacturer’s instructions.
COH-DHL1 and COH-THL1 HGBC-DH-BCL2(-BCL6) patient derived cell lines were kindly
provided by dr Joo Y. Song and Prof Wing C. Chan and cultured in RPMI-1640 medium
(Euroclone) supplemented with 10% heat-inactivated FBS (Sigma-Aldrich), 2 mmol/L L-
glutamine, supplemented with 10mmol/L HEPES (Euroclone) to maintain pH stability. All
cells were cultured at a density of 0.5 - 1.5 x 10° cells/mL, at 37°C in a humidified atmosphere,
with 5% CO2. To ensure experimental reproducibility, cell lines were periodically tested for
Mycoplasma (MycoAlert Mycoplasma Detection Kit, Lonza). Cell line authentication was
performed via short-tandem-repeat (STR) profiling using the GenePrint 10 System (10-Locus
STR System for Cell Line Authentication, Promega).

3.3. Nucleic acid extraction
AllPrep DNA/RNA Mini Kit (Qiagen) was used for concomitant DNA and RNA extraction
from human lymphoma cell lines or frozen tissue biopsies. Cultured cells (up to 5x106) were
harvested by centrifugation at 300 x g for 5 minutes, washed once with ice-cold PBS, and lysed
directly in RLT Plus buffer. The addition of f-mercaptoethanol was critical for effective lysis

of these high-protein-content lymphoid cells. Frozen biopsies were subjected to mechanical
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disruption using the TissueLyser II (Qiagen). Approximately 20 - 30 mg of frozen tissue was
placed in a 2 mL microcentrifuge tube containing a 3 - 7 mm stainless steel beads and 600 puL
of RLT Plus lysis buffer (supplemented with 1% B-mercaptoethanol to irreversibly denature
RNases). To achieve complete homogenization, two consecutive cycles of 20 seconds at 30 Hz
were performed. Between cycles, samples were kept on ice to prevent thermal degradation of
RNA. Lysates obtained from cultured cell lines or homogenized frozen biopsies were passed
through AllPrep DNA spin columns to allow binding of genomic DNA, while the flow-through
was used for RNA purification via RNeasy spin column (Qiagen). DNA/RNA concentration
and integrity were assessed using Qubit dsSDNA HS Assay Kit (Thermo Fisher Scientific),
NanoDrop 2000/2000¢ spectrophotometers, and Agilent 2100 Bioanalyzer system.

3.4. 5’ Rapid amplification of cDNA ends (5°’RACE)

The 5’RACE protocol was adapted from Vazquez Bernat and colleagues (Vazquez Bernat et
al., 2019). Briefly, total RNA was extracted using AllPrep DNA/RNA Mini Kit (QIAGEN),
and first-strand cDNA synthesis reaction was performed using 200 ng of total RNA with 10
umol/L oligo dT and Superscript II Reverse Transcriptase (Thermo Fisher Scientific) at 42°C
for 1 hour. Template switching was carried out at 42°C for 1 hour by adding to the reaction
mix a template switch oligonucleotide (Readl TS, Table 3) composed of a five-nucleotide
poly-guanosine (poly-G) stretch, a 12-nucleotide unique molecular identified, and an
[llumina’s universal amplification sequence (Readl). Following template switching, cDNA
was purified using the Wizard SV Gel and PCR clean-up kit (Promega) according to the
manufacturer’s recommendation. 2X KAPA HiFi Hot Start Ready Mix (Roche) was used to
amplify the purified cDNA template through a 2-step semi-nested PCR using forward Readl-
specific primers (Read1-U) and two sets of class-specific IGH and IGK/L constant region gene-
specific reverse primers (with second-round internal primers, including also the Illumina Read2
sequence). Primer sequences are listed in Table 3. A purification step was conducted after each
PCR round using AMPure XP Bead-Based Reagent (Beckman Coulter Life Sciences)
according to the manufacturer’s instructions using a 0.65X beads-to-sample ratio, to selectively
remove primer dimers while retaining the desired ~ 450 bp fragments. 10 ng of purified PCR
products were indexed using 2X KAPA HiFi Hot Start Ready Mix, with forward (P5 R1) and
reverse (P7 R2) indexing primers, in a 13-cycle index PCR reaction. Indexed libraries were
purified using AMPure XP Beads, quality controlled using Agilent 2100 Bioanalyzer system,
and sequenced (2 x 250 bp read length) on a MiSeq Illumina sequencer using MiSeq Reagent
Kit v2, 300-cycles (Illumina).

24



3.5. Bioinformatic pipeline and clonotype identification
Raw paired-end FASTQ files were first merged using usearch (v.11.0.667) using standard
parameters (90% identity, minimum merge length of 15 bp). Cutadapt (v.3.4) was used to
recognize and trim 3' primers; any read lacking these primers was discarded to ensure high-
quality data. To streamline the dataset and remove potential sequencing errors, sequences were
"collapsed" (deduplicated) using a custom Python package, and sequences appearing only once
were removed from the analysis. Functional annotation of the immunoglobulin segments (V,
D, and J genes) was performed by aligning the processed sequences against the IMGT reference
database using IgBlast (v.1.21.0). Sequences with identical CDR3 lengths and D-J gene
assignments were grouped and subjected to agglomerative clustering to cluster the same
clonotype sequences. This clustering used a dynamic distance cutoff tailored to the specific
length of the CDR3 region, allowing for the precise grouping of sequences into distinct,

biologically relevant clonotypes.

3.6. Detection of IGH switched vs unswitched sterile transcripts
Total RNA was extracted from human ymphoma cell lines using RNeasy Mini Extraction Kit
(Qiagen) as described in section 3.3. Total RNA was reverse transcribed into complementary
DNA (cDNA) using Superscript-III Reverse Transcriptase (Thermo Fisher Scientific)
according to the manufacturer’s recommendations. Briefly. 0.5-1 pg of total RNA was
combined with 10 umol/L oligo(dT) and 10 mM dNTP mix in nuclease-free water to a final
volume of 10 pL, incubated at 65 °C for 5 min to denature secondary structures, and
immediately chilled on ice. Reverse transcription was performed by adding 10 uL of a reaction
mix containing 2 uLL 10x RT buffer, 4 pL 25 mM MgClz, 2 uL 0.1 M DTT, 1 pL RNaseOUT
recombinant RNase inhibitor, and 1 pL SuperScript III Reverse Transcriptase (200 U/uL). The
reaction was incubated at 25 °C for 10 min to allow primer annealing, followed by cDNA
synthesis at 50 °C for 50 min. The enzyme was inactivated by heating at 85 °C for 5 min, and
residual RNA was removed by treatment with RNaseH (1 U, 20 min at 37 °C). Resulting cDNA
was diluted 1:5 - 1:10 in nuclease-free water and used as template for downstream PCR
analysis. To amplify transcripts initiated from the I sterile exon located upstream of the IGHM
constant region and spliced to downstream constant region genes following CSR, PCR
reactions were designed using a forward primer annealing to the I sterile exon and reverse
primers annealing to the IGHG1 constant region. Primer sequences are indicated in table 3.
PCR reactions were carried out in 25 pL. volumes containing 1 - 2 uL of cDNA template, 0.2

uM of each primer, 200 uM dNTPs, 1X GoTaq Flexi buffer containing 2.5 mM MgCl, and 1
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U thermostable GoTaq Flexi DNA polymerase. PCR products were resolved by agarose gel

electrophoresis and visualized by nucleic acid staining.

3.7. Analysis of the genomic integrity of the /GHM switch region (Sp)
Genomic integrity of the immunoglobulin heavy-chain switch-p (Sp) region was assessed by
PCR amplification of genomic DNA using primers flanking the Su locus, to detect potential
intra—switch-region deletional events. Genomic DNA was isolated from lymphoma cell lines
or primary HGBCL-DH-BCL?2 samples using AllPrep DNA/RNA Mini Kit (Qiagen),
following the manufacturer’s recommendations, as described in section 3.3. DNA
concentration and purity were determined using Qubit dsSDNA HS Assay Kit (Thermo Fisher
Scientific), NanoDrop 2000/2000c spectrophotometers, and Agilent 2100 Bioanalyzer system
and samples were diluted to a working concentration of 20 - 50 ng/uL. For each reaction, up
to 100 ng of genomic DNA was used as template in a PCR assay designed to amplify a fragment
spanning the Sy region of the IGH locus. Primers were designed to anneal to conserved
sequences flanking the Sp repetitive region upstream of the constant /GHM gene, thereby
enabling amplification of the intact genomic interval or any shortened derivatives resulting
from deletional events within Sp. Primer sequences are indicated in table 3. PCR reactions
were performed in a total volume of 25 pL, combining 1X GoTaq FLEXI buffer containing
2.5 mM MgCl,, and 1 U thermostable GoTaq Flexi DNA polymerase, 200 uM each dNTP, 0.2
uM of each forward and reverse primer, 1 U thermostable GoTaq Flexi DNA polymerase, and
genomic DNA template. PCR products were resolved by electrophoresis on 1.5 - 2% agarose
gels prepared in 1x TAE buffer and visualized by nucleic acid staining under ultraviolet
illumination. The expected amplicon corresponding to the intact Sy region was defined based
on the reference genomic configuration of the IGH locus, whereas shorter PCR products were
interpreted as indicative of intra—Sp deletions arising from aberrant recombination events. As
a negative control for amplification of the Sp region, genomic DNA derived from IGHYNP
HGBCL-DH-BCL? cases (i.e., lymphomas that had undergone immunoglobulin class-switch
recombination and therefore deleted the genomic interval downstream of Sp) was included in
the analysis. PCR products displaying reduced size relative to the expected full-length fragment
were excised from the agarose gel using a sterile scalpel and purified with a gel extraction kit.
Purified amplicons were subsequently subjected to bidirectional Sanger sequencing using the
same PCR primers to characterize the junctions generated by intra—Sp deletional events and to

confirm the presence of deletions within the switch region. Sequencing chromatograms were
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analysed using Snapgene alignment software and compared with the reference IGH genomic

sequence to identify breakpoint positions and confirm the deletion of internal Su segments

3.8. Optimization of RT-PCR-based method for the detection of CD79B transcript
variants

Alternative splicing of the CD79B transcript was assessed by RT-PCR-based approach
designed to distinguish the full-length CD79B transcript from a splice variant lacking exon 3
(Ex3%). Total RNA was extracted from lymphoma cell lines, FACS - purified tonsillar germinal
center (GC) B-cell subsets (dark zone, DZ, and light-zone, LZ), and peripheral blood
mononuclear cells (PBMCs) obtained from healthy donors, using AllPrep DNA/RNA kit
(Qiagen) as described in seciton 3.3., following manufacturer’s recommendations. cDNA was
synthesized from 0.5 - 1 pg of total RNA using SuperScript III Reverse Transcriptase (Thermo
Fisher Scientific) following the manufacturer’s instructions as described in section 3.6. cDNA
was diluted in nuclease-free water and used as template for PCR amplification. To discriminate
between the canonical and alternatively spliced CD79B transcripts, PCR primers were designed
to anneal to exons located upstream and downstream of exon 3, thereby enabling amplification
of both the full-length transcript containing exon 3 (hereafter referred to as Transcript-1, T1)
and the shorter exon-skipped transcript lacking exon 3 (Transcript-2, T2). Primer sequences
are indicated in table 3. PCR reactions were performed in a total volume of 25 pL containing
1-2 uL of cDNA template, 0.2 uM of each primer, 200 pM dNTPs, 1x PCR buffer with MgCl.,
and 1 U thermostable DNA polymerase. Amplified products were resolved by electrophoresis
on 2% agarose gels prepared in 1x TAE buffer and visualized using intercalating nucleic acid
dye under ultraviolet illumination. PCR parameters were empirically optimized to improve
detection sensitivity for the shorter isoform, including adjustment of annealing temperature and
cycle number. Amplicons corresponding to both transcript variants were excised from the gel,
purified using a gel extraction kit, and subjected to bidirectional Sanger sequencing to confirm

exon composition and validate the identity of the amplified splice variants.

3.9. Quantitative RT-PCR analysis of CD79B transcript isoforms
Relative expression levels of the CD79B transcript variants were quantified using real-time
quantitative reverse transcription PCR (RT-qPCR). Total RNA was extracted from lymphoma
cell lines and converted into cDNA as described above. Quantitative PCR reactions were
performed using isoform-specific primer sets designed to selectively amplify the exon-3—

skipped variant (T2), designed across the exon 2—exon 4 junction generated by exon-3
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skipping. Exon 4 — exon 5 spanning primers were used to measure overal CD79B levels,
measuring both T1 and T2 transcript variants. RT-qPCR reactions were carried out in 20 pL
volumes using a SYBR Green—based detection system in a real-time PCR thermocycler. Each
reaction mixture contained 1x SYBR Green master mix, 0.2 uM of each primer, and 5 pL of
diluted cDNA template. Amplification conditions consisted of an initial polymerase activation
step at 95 °C for 10 min followed by 45 amplification cycles of denaturation at 95 °C for 10 s
and annealing/extension at 60 °C for 10 s. All reactions were performed in technical triplicate,
and no-template controls were included to exclude contamination or primer-dimer formation.
At the end of the amplification protocol, a melting-curve analysis was performed to verify the
specificity of each PCR product. Relative transcript abundance was calculated using the
comparative Ct (AACt) method after normalization to a constitutively expressed housekeeping
gene (GAPDH). For each cell line, expression levels of the T1 and T2 isoforms were quantified

independently and subsequently compared across samples.

Components Volume (pl)
H>O 13.8

5x GoTaq flexi buffer 5

MgCl; 25 mM 2

dNTPs 2.5 mM 2

primer Fw 10 uM 0.5

primer Rv 10 pM 0.5

GoTaq Flexi DNA Polymerase | 0.2
Template DNA 1

Total 25

Table 1. PCR reaction master mix. List of reagents used for individual PCR reactions. Initial

concentration for each reagent is indicated
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Temperature Time (min) | cycle
°O)
Initial denaturation 94 3.00 1
Denaturation 94 0.30
Annealing Ta 0.30 35X
Extension 72 0.30
Final extension 72 5.00 1
Soak 4 hold

Table 2. Thermal cycling conditions used with GoTaq Flexi DNA Polymerase PCR

reactions. Annealing temperature was optimized for each primer set based on the primer Tr,

Primer Name Primer Sequence (5’ to 3°) Application

READI TS TCGTCGGCAGCGTCAGATGTGTATAAG 5’RACE
AGACAGNNNNNNNNNNNNrGrGrGrGrG

READIU TCGTCGGCAGCGTCAGATGTGTATAAG 5’RACE
AGACAG

Hu IgM RACE Out GCCAACGGCCACGCTGCTCGTATCCGA  5’RACE

Hu IgG RACE Out TCCTGAGGACTGTAGGACAGC 5S’RACE

Hu IgD RACE Out GGTGGTACCCAGTTATCAAGCAT 5’RACE

Hu IgA RACE Out GGGAAGTTTCTGGCGGTCA 5’RACE

Hu IgE RACE Out GTGTCCCAGGTCACCATCAC 5’RACE
GGCCTCTCTGGGATAGAAGTTATTCAGC 5’RACE

Hu IgKk RACE Out
AGGC

Hu IgL RACE Outl GACACACTAGTGTGGCCTTGTTGGCTTG 5’RACE

Hu IgL RACE Out2 GACACACCAGTGTGGCCTTGTTGGCTTG 5RACE

Hu IgL RACE Out3 GGCACACCAGTGTGGCCTTGTTGGCTTG 5RACE

Hu IgL RACE Out4 GACACACCAGCATGGCCTTGTTGGCTTG 5RACE
GTCTCGTGGGCTCGGAGATGTGTATAA  5RACE

Hu IgM RACE In GAGACAGGGGAATTCTCACAGGAGACG
AGGGGGAAA
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Hu IgG RACE In

Hu IgD RACE In

Hu IgA RACE In

Hu IgE RACE In

Hu IgK RACE In

Hu IgL RACE Inl

Hu Igl. RACE Inl

Hu IglL RACE In2

N501 F

N502 F

N503 F

N504 F

N505 F

N506 F

GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGAAGACCGATGGGCCCTTG
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGGGTGTCTGCACCCTGATA
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGAAGACCTTGGGGCTGGT
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGTTGCAGCAGCGGGTCAAGGG
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGCGGGeAAGATGAAGACAGAT
GGTGCAGC
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGAGGAGGGCGGGAACAGAG
TGAC
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGAGGAGGGCGGGAACAGAG
TGAC
GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGCAGAGGAGGGTGGGAACAG
AGTGAC

AATGATACGGCGACCACCGAGATCTAC
ACTAGATCGC TCGTCGGCAGCGTC

AATGATACGGCGACCACCGAGATCTAC
ACCTCTCTAT TCGTCGGCAGCGTC

AATGATACGGCGACCACCGAGATCTAC
ACTATCCTCT TCGTCGGCAGCGTC

AATGATACGGCGACCACCGAGATCTAC
ACAGAGTAGA TCGTCGGCAGCGTC

AATGATACGGCGACCACCGAGATCTAC
ACGTAAGGAG TCGTCGGCAGCGTC

AATGATACGGCGACCACCGAGATCTAC
ACACTGCATA TCGTCGGCAGCGTC
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5’RACE

5’RACE

5’RACE

5’RACE

5’RACE

5’RACE

5’RACE

5’RACE

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding



N507 F

N508 F

N701 R

N702 R

N703 R

N704 R

N705 R

N706 R

N707 R

N710 R

N711 R

N712 R

N714 R

N715R

M-F1
M-R1

AATGATACGGCGACCACCGAGATCTAC
ACAAGGAGTA TCGTCGGCAGCGTC

AATGATACGGCGACCACCGAGATCTAC
ACCTAAGCCT TCGTCGGCAGCGTC

CAAGCAGAAGACGGCATACGAGATTAA
GGCGAGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATCGT
ACTAGGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATAGG
CAGAAGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATTCC
TGAGCGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATGGA
CTCCTGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATTAG
GCATGGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATCTC
TCTACGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATCGA
GGCTGGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATAAG
AGGCAGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATGTA
GAGGAGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATGCT
CATGAGTCTCGTGGGCTCG

CAAGCAGAAGACGGCATACGAGATATC
TCAGGGTCTCGTGGGCTCG

GGAGGGGATGCTCCGGGAAGGTGG
CGAGGCAGCCAACGGCCACGC
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Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Sample barcoding

Intra Sp deletion

Intra Sp deletion



Imu F3

Imu cons G

Imu cons M

hCD79b Ex1 FW1

hCD79b qPCR Ex4 R

evl

hCD79b Ex1 FW1

hCD79b_Ex6 REV1

hCD79b qPCR _Ex3 F

wl

hCD79b qPCR Ex4 R

evl

hCD79% EX2 4
fw2

hCD79b_EXS Rev
hCD79b Ex1 Fw2

jun

GGATGCGTGGCTTCTGCTGC

TCCTTGACCAGGCAGCCCAG

CAACGGCCACGCTGCTCGT

CAGGCTGGCGTTGTCTCC

TCTGCTTCAGCTGTGCCAAG

CAGGCTGGCGTTGTCTCC

GGGTGCTCACCTACAGACCA

CTCCGGCAATGTGAGCTGG

TCTGCTTCAGCTGTGCCAAG

CGGTACCGGAATCCCAAAGGATTC

CTCCATGCCAGCCTTGCTG
CTCGGACGTTGTCACGGGT
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Detection non-

switched  sterile
transcripts
Detection switched
sterile transcripts
Detection non-
switched  sterile

transcripts

Detection of
CD79B transcript
variants

Detection of
CD79B transcript
variants

Detection of
CD79B transcript
variants

Detection of
CD79B transcript
variants

Detection of
CD79B transcript
variants

Detection of
CD79B transcript

variants

qRT-PCR primers

qRT-PCR primers
qRT-PCR primers



hCD79b EX2 4 Jun

Rev GTGCCAAGGTGCTGAATCCTT
pax5 f GATCAGCTACCCCAGCTCGG

pax5 R CTGTCCTGCTGGTCCGAGGA
hCD79b Ex 4 Fw AGCAGAGGAACACGCTGAAGG
hCD79b Ex6 REVI GGGTGCTCACCTACAGACCA
GAPDH Fw AGCGCTGACCTTGAGGTCTCCTTG
GAPDH Rv

gRT-PCR primers

qRT-PCR primers
gRT-PCR primers
qRT-PCR primers
qRT-PCR primers
gRT-PCR primers
qRT-PCR primers

Table 3. List of primers used in the study. Name of the oligo, sequence (from 5’ to 3”) and

specific application are indicated for each primer.
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4. Results

4.1. Overview of Experimental Framework
To comprehensively map the molecular perturbations responsible for the recurrent silencing of
BCR expression in HGBCL-DH-BCL2, this study implemented a multi-layered investigative
strategy focused on three primary regulatory pillars: IGV gene rearrangements, IGH class, and
expression of the BCR subunit CD79B.
The experimental workflow began with the reconstruction of clonal IGH and IG light chain V
gene rearrangements in HGBCL-DH-BCL? retrieved by 5’ rapid amplification of cDNA ends
(5" RACE). Class-specific IGH transcript analysis combined with analyses of the IGH switch-
mu genomic region allowed reconstruction of IGH class usage in IGH" and IGH"™? HGBCL-
DH-BCL? cases. Finally, I tested the hypotehsis that BCR silencing in IGH"N® HGBCL-DH-
BCI2 resulted from changes in expression and/or transcript isoform usage of the CD79B gene.
By integrating these experimental arms across a cohort of primary patient specimens and cell
line derivatives, the study has explored three mechanisms potentially responsible for
differential IGH expression and IGH class choicc between IGH" and IGH"™® HGBCL-DH-
BCL2.

4.2. IGHV gene profiling in HGBCL-DH-BCL2 by 5’ rapid amplification of cDNA
ends (5’RACE)

To define the molecular architecture of the BCR in HGBCL-DH-BCL?2, 1 performed systematic
immunoglobulin (IG) profiling across 22 primary clinical cases. We utilized an optimized 5’
Rapid Amplification of cDNA Ends (5’RACE) protocol to capture the complete repertoire of
heavy (IGH), kappa (/GK), and lambda (/GL) chain transcripts. The primary advantage of this
5’RACE methodology - summarized in the technical schematic in Figure 4.2.1 - lies in its
ability to amplify full-length /GH/IGL/IGK transcripts without prior knowledge of the specific
variable (V) region utilized by the malignant clone. By employing a template-switching
oligonucleotide (TSO) that anneals to the 5' cap of the mRNA during reverse transcription, this
method allowed the introduction of a universal adapter sequence functioning as template for
subsequent PCR amplification together with locus-specific IG constant region primers. This
strategy eliminates the inherent bias of conventional multiplex primer-based amplification,
which may fail in HGBCL cases due to the high rate of IG somatic mutations

potentiallypreventing primer binding sites.
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The robustness of this approach was particularly critical for characterizing IGH"NP cases,
clones that possess transcriptionally active but highly divergent BCR variants. Successful
library preparation was confirmed via agarose gel electrophoresis, which indicated distinct,
locus-specific amplicons for /GH, IGK, and IGL across representative HGBCL-DH-BCL?2
cases (Figure 4.2.2). Quality check of IG heavy and light chain libraries was confirmed using
2100 Bioanalyzer system, ensuring a narrow, high-quality fragment size distribution suitable
for Next-Generation Sequencing (NGS) (Figure 4.2.3). The resulting sequencing data revealed
a remarkably heterogeneous landscape of light chain usage, as detailed in Table 4.2.1A. A
pivotal finding emerged from the analysis of IGH"N® HGBCL-DH-BCL2(-BCL6) cases, most
notably in Case #245. Despite its IGHUNP phenotype, this case harbored a single, productive,
hypermutated /GHV gene rearrangement. Conversely, for the same tumor, S’RACE analyses
combind with next generation sequencing of amplicons identified multiple /GKV and IGLV
genes representing both productive and non-productive rearrangements. This result alongside
constitutive RAG1/2 expression, is consistent with RAG-dependent IG light chain V-gene
editing ongoing within the malignant clone. Similarly, IG light chain V gene profiling of the
COH-THLI1 cell line established from primary lymphoma cultures of a HGBCL-DH-BCL?2
case (Wang, J.Q. et al., 2019), identified multiple independent rearrangements. This result,
combined with the persistent expression in these cells of the RAG1/2 genes is consistent with
a scenario of ongoing IG light chain editing, contributing to the estabslishment of a pool of
IGHYNP lymphoma cells as a result of the acquistion of non-productive rearrangements. (Table
4.2.1B). Collectively, these results indicate that IGH"N® HGBCL-DH-BCL? frequently exhibit

genetic footprints of IG receptor editing, contributing to the extinction of BCR expression.
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Figure 4.2.1: Schematic overview of the 5’ Rapid Amplification of cDNA Ends (5°’RACE)

workflow for B-cell receptor repertoire profiling.

During first-strand synthesis, priming with an oligo dT primer captures polyadenylated
transcripts and, upon reaching the 5' end of the RNA template, the Reverse Transcriptase
Superscript Il adds a 5’ poly-cytidine tract upstream of the UTR, to the 3' end of the newly
synthesized cDNA strand, providing an anchoring site for a template-switch oligonucleotide
(TSO) containing a poly-guanosine RNA stretch of 5 nucleotides (nt) present at the 3’ end. The
template-switching oligonucleotide (TSO) carries a universal amplification DNA sequence
identical to the Illumina’s READ1 sequencing primer and a unique molecular identifier (UMI).
Upon base pairing between the TSO and the polycytidine stretch, the reverse transcriptase
"switches" template strands, and completes cDNA synthesis up to the 5' end of the TSO. The
resulting template-switched cDNA containing the READ1-UMI sequence is used for a first
round PCR to selectively amplify immunoglobulin transcripts. In this step, a universal forward
primer complementary to the template-switch sequence (READI1U) is paired with reverse

primers that anneal within the immunoglobulin constant region. A second semi-nested PCR
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using inner chain-specific primers containing a 5’ tail identical to the Illumina Read2 sequence
primer ensures efficient and specific amplification of the V(D)J-containing amplicons,
incorporating the READ1 sequence upstream of the UMI and V segment, while adding the
READ?2 priming site downstream of the J segment. Finally, adapters and indices suitable for
[Mlumina's MiSeq platform were introduced using a 10-15 cycle PCR step. This approach
enables unbiased amplification of the V(D)J repertoire, bypassing the need for V-region
specific primers which are often confounded by high somatic hypermutation (SHM) loads in
HGBCL-DH-BCL?2 cases. Abbreviations: UMI, Unique Molecular Identifier, V, Variable; D,
Diversity; J, Joining; C, Constant; NGS, Next-Generation Sequencing.

Primary HGRCL samples 47 #203 #176 #12 # #2 A2 M

IGK IGK IGIL IGH IGK IGH I6GK I6L I6L IGL IGK IGK

10000y —»
-
oty — - my = e .---

HGBCL~High-Grade B cell lymphomas

Figure 4.2.2. IG heavy and light chain profiling in primary HGBCL-DH-BCL?2. Agarose
gel electrophoresis (1.5% agarose) of IG heavy (/GH) and light (/GK, IGL) chain libraries from
eight representative primary HGBCL-DH-BCL?2 cases. The expected size for /GH and IGL
chain libraries, including NGS primer and adapter sequences, is ~750 and ~650 bp,
respectively. First lane: 100 bp ladder.
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Figure 4.2.3: Quality assessment of 5S'RACE libraries

Representative electropherograms showing the quality and size distribution of IG heavy and
light chain 5° RACE libraries, analyzed on the Agilent 2100 Bioanalyzer system. The peaks
around 650 bp and 735 bp correspond to the IG light chain and heavy chain libraries,
respectively, including NGS primers and adapters. The narrow distribution and high
fluorescence units (FU) confirmed high-quality, specific amplification suitable for downstream

sequencing. Internal lower and upper markers are indicated at 15 bp and 1500 bp, respectively.

HGBCL-
DH-BCL2/ IGVK IGVL
ID IGH HGBCL- RNA IGJK IGVK: RNA IGJL IGVL:
IGH (RNA scope)
# status DH- (% of RNA Productive (% of RNA  Productive
BCL2- reads) reads)
BCL6
HGBCL-
IGKV4-1
235 IGHM/IGHD Positive | DH-BCL2- IGKJ2 Yes - -
(93%)
BCL6

HGBCL- IGKVI-5
53 IGHM/IGHD/IGHG Positive - - - -
DH-BCL2 (40%) IGKJ1

IGLVI-
HGBCL-
9 IGHM Positive - - - 40 IGLJ1 Yes
DH-BCL2
(80%)
IGLV3-

HGBCL- | IGKV2-
238 IGHA UND/+ IGKJ4 Yes 19 IGLJ2 Yes
DH-BCL2 | 28 (50%)

(49%)
HGBCL-
IGKV3-
49 IGHG UND/+ | DH-BCL2- IGKJ1 Yes NA NA
20 (52%)
BCL6
IGLV2-
HGBCL-
16 IGHG UND . . . 14 IGLJI Yes
DH-BCL2
(25%)
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IGLV1-
51 IGLJ7 Yes
(16%)
IGLV2-
23 IGLJ3 Yes
(12%)
IGLV3-1
(12%)

IGLJ2 Yes

HGBCL-

IGKV4-1 IGLV3-1
245 IGHG UND | DH-BCL2- IGKJ4 Yes IGLJ3 No
L (73%) (36%)

IGKV2- IGLV4-3
1GKJ3 No IGLJ7 No
28 (23%) (29%)

IGLV3-
IGKJ4 No 10 IGLJ3 Yes

(28%)

IGKV2-
18 (3%)

IGKV2-
IGLVI-
29 IGKJ4 No IGLJ3 Yes
51(6%)
(0.5%)
IGKV2-
IGLV2-
28 IGKJ4 Yes y IGLJ1 Yes
(<0.1%)

IGLVI-
HGBCL-
305 IGHG UND - - - 51 IGLJ3 Yes
DH-BCL2

(95%)

IGLV3-
HGBCL-
239 IGHG UND . : . 19 IGLJ2 Yes
DH-BCL2

(76%)

IGLV3-
HGBCL-
240 IGHA UND - - - 19 IGLJ2 Yes
DH-BCL2
(34%)
IGLV2-
14 IGLJ3 Yes
(11%)
IGLV2-8
(7%)

IGLJ3 Yes

IGLVS-
61(6%)

IGLJ3 Yes

Table 4.2.1A: IGV gene profiling of IGH* and IGH"N® HGBCL-DH-BCL2(-BCL6),
revealed by NGS of 5S'RACE
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Clone Germline
IG Clone | Unique
Cell line (% of IGHV IGHJ IGHC identity (av. Status
A\ ID (#) counts
reads) %)
IGHV4-
VH 1 3310 90 19 IGHJ2? | IGHGI 87 Productive
VK NI NI NI NI NI NI NI NI
COH-
IGLV4- Non-
DHL1 VL 1 1972 91 IGLJ6 | IGLC6 99
69 productive
IGLV2-
VL 3 81 2 14 IGLJ1 | IGLCI 95 Productive
Clone Germline
IG Clone | Unique
Cell line (% of IGHV IGHJ | IGHC identity (av. Status
\" ID (#) counts
reads) %)
IGHV4- .
VH 1 2973 99 304 IGHJ4 | IGHM 98 Productive
IGKV3- .
VK 3 1011 52 /s IGKJ1 IGKC 95 Productive
VK 1 630 32 IGKV4-1 | IGKJ5 | IGKC 99 Productive
IGLV2- Non-
VL 11 298 11 IGLJ6 | IGLC6 99 )
23 productive
Non-
COH- VL 7 343 17 IGLV3-1 | IGLJ6 | IGLC6 99 )
productive
THL1-K
IGLV3-
VL 23 51 3 Iy IGLJ2 | IGLC2 99 Productive
IGLV3- Non-
VL 6 67 4 IGLJ3 | IGLC3 99
27 productive
IGLV7- Non-
VL 22 88 5 IGLJ6 | IGLC6 99
43 productive
IGLV2- Non-
VL 14 100 5 IGLJ1 | IGLCI 67
34 productive
Clone Germline
IG Clone | Unique
Cell line (% of IGHV IGHJ | IGHC identity (av. Status
v ID (#) | counts
reads) %)
COH- IGHV4- .
VH 1 756 100 IGHJ4 | IGHM 98 Productive
THLI1-L 30-4
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Non-

VK 2 1679 5 IGKV4-1 | IGKJ4 | IGKC 99 )
productive
IGKV2- Non-
VK 6 882 14 IGKJ5 | IGKC 80 )
30 productive
Non-
VK 9 420 11 IGKVS-2 | IGKJ2 | IGKC 94
productive
IGLV2-
VL 1 949 36 14 IGLJ7 | IGLC7 99 Productive
IGLV2-
VL 5 538 21 23 IGLJ2 | IGLC2 99 Productive
VL 6 219 12 IGLV3-1 | IGLJ2 | IGLC2 99 Productive
VL 12 291 11 IGLV2-8 | IGLJ3 | IGLC3 99 Productive
IGLV3-
VL 8 123 7 10 IGLJ2 | IGLC2 99 Productive
Non-
VL 17 61 3 IGLV2-5 | IGLJ6 | IGLC6 99 )
productive
Clone Germline
IG Clone | Unique
Cell line (% of IGHV IGHJ | IGHC identity (av. Status
\" ID (#) counts
reads) %)
IGHV4-
VH 1 1562 100 304 IGHJ4 | IGHM 98 Productive
IGKV2- Non-
VK 7 2435 73 IGKJ5 | IGKC 80
30 productive
Non-
VK 1 441 23 IGKV4-1 | IGKJ4 | IGKC 99
productive
VK 2 41 2 IGKV4-1 | IGKJ4 | IGKC 99 Productive
COH-
IGKV2- Non-
THLI1- VK 5 54 1 IGKJ5 | IGKC 80 )
30 productive
IGHYND
Non-
VL 2 214 3 IGLV2-5 | IGLJ6 | IGLC6 99
productive
IGLV2-
VL 1 111 2 14 IGLJ7 | IGLC7 99 Productive
IGLV3- Non-
VL 7 80 13 IGLJ6 | IGLC6 99
10 productive
VL 8 50 8 IGLV3-1 | IGLJ6 | IGLC6 99 Productive
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IGLV2-
23

VL 6 52 7 IGLJ6 | IGLC6 99 Productive

Table 4.2.1B. IGV gene profiling of IGH"® COH-DHL1 and IGK", IGL* and IGHUNP
COH-THL1 lines, analyzed by 5'RACE, followed by NGS of PCR amplicons.
[NI=not identified]

4.3. IGH class informs on the cell-of-origin of IGH* and IGH"X® HGBCL-DH-BCL2
A critical challenge in HGBCL is the high frequency of cases bearing the IGH"P phenotype,
precluding the possibility to enquire the IGH class selected by the malignant B cells. Building
on recent findings from the host laboratory (Varano et al., BCD 2025), which utilized
RNAscope technology to show that IGH"™P cases retain expression of IGH transcripts, I aimed
to determine whether IGH protein silencing was linked to a particular IGH class selected by
the lymphoma precursor cell and conserved throughout cell transformation. As shown in the in
Figure 4.3.1, I designed an RT-PCR-based gene expression assay to measure IGH sterile
transcripts. This approach combines a forward primer annealing to the I sterile exon mapping
upstream to the first IGH constant region gene (/GHM) matched to a reverse primer annealing
to individual IGH constant region genes starting from /GHM and continuing along the
chromosome in a 5’ to 3’ direction with /IGHD, IGHG3, IGHGI, IGHAI, IGHG2, IGHG4,
IGHE and IGHA2. Upon IGH CSR the IGHM gene is deleted and rteplaced by a downstream
IGH constant region gene. In this setting IG CSR is accompanied by the absence of the Iu-
IGHM sterile transcript substituted by an alternative transcript consisting of the I sterile exon
spliced to one of the downstream IGH constant region genes (i.e. Iu-IGHGI1 in B cells
expressing the IgG1 heavy chain),
The IGH sterile transcript RT-PCR assay was optimized on a panel of DLBCL cell lines with
known IGH isotype profile including WSU-DLCL2 (IGG"), SUDHL4 (IGG"), and OCI-LY7
(IGM") cells. As shown in Figure 4.3.2, this optimization step allowed for the identification of
the most efficient primer pairs, yielding highly specific amplicons discriminating IGM from
IGG transcripts. Next, we applied the IGH RT-PCR assay to the patient-derived HGBCL-DH-
BCL2 cell line models COH-THL1 (IGM") and COH-DHL1 (IGH"™P). (Figure 4.3.3): While
amplification of IGH sterile transcripts from the COH-THL1 model identified an IGM-specific
RT-PCR product, IGH"NP COH-DHLI1 cells expressed IGG sterile transcripts.
These results align with data shown in Varano et al., indicating that IGH" HGBCL-DH-BCL2
preferentially (93% of the cases) express the IGM isotype, while the IGHY™P counterparts
primarily (95% of the cases) express IGH-switched IGG or IGA transcripts.
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Collectively, these findings indicate that whereas BCR+ HGBCI-DH-BCL?2 predominantly
originate from IGM-expressing GC B cells, their IGH"NP counterparts arose from GC B cells
which had completed IGH CSR.

C Ci 3 Sys 1| [SY1
IGH Locus & ufe B A A

Not switched CSR

v WE 7 ™ EEE
transcript L |
D

‘ VD.

Productive
switch transcript

GLT= Germline transcript
PST=Post switch sterile transcript

Cyi

el

Figure 4.3.1: Schematic representation of the /GH locus before and after undergoing
class-switch recombination (CSR).

In unswitched human B cells, IG heavy chain locus contains the rearranged variable region
(VDJ) followed by the constant region genes encoding IgM (Cp), IgD (C9), IgG3 (Cy3), IgG1
(Cyl), IgAl (Ca), IgG2 (Cy2), and IgG4 (y4). Each constant region is preceded by a switch (S)
region (e. g., Si, Syl, etc) and a sterile exon (Ip, Iy3, Iyl, etc), which drives transcription of
sterile germline transcripts (GLTs). Transcription from these sterile exons promotes chromatin
accessibility and enable targeting by the activation-induced cytidine deaminase (AID), which
initiates recombination between switch regions. This process results in the excision of the
intervening DNA and juxtaposition of the VDJ exon with a downstream constant region.
During class-switch recombination from IgM (left) to IgG1 (right), the Cp, Co, and Cy3 genes
are excised, allowing the VDJ exon to be spliced to Cyl, resulting in the expression of post-
switch transcripts.

RT-PCR strategies using forward primers annealing to the I sterile exon and reverse primers

targeting specific constant region genes can distinguish unswitched from switched cells. In
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unswitched cells, the Iu—Cp primer pair amplifies the corresponding germline transcript. After
CSR to IgG1, the Cp region is deleted while the I exon is retained; therefore, amplification
occurs only when the Ip forward primer is paired with an IGHG]1 reverse primer, indicating

successful class switching.

OCI-LY7 WSU-DLCL2 SU-DHLA
(Ight) (126*) 269
Primer RV Cy Cp Cy Cp o Cn
PrimerFW  JuF1  IpF2  IpF1 IpF2 IwFl IpF? IsFl1 IuR2 T T2 —
p—

OCI-Ly7=IGHM,WSU-DLCL2=IGHG+, SU-DHL4=IGHG+

Figure 4.3.2: RT-PCR assay for the detection of post-switch transcripts.

Agarose gel electrophoresis showing amplification of germline transcripts (GLT, /GM) or post-
switch transcripts (PST, /GHG!) in IgM+ or IgG+ Diffuse Large B cell lymphoma (DLBCL)
cell lines, respectively, using isotype-specific primer pairs (as described in figure 4.3.1). RT-
PCR was performed using I forward primers (F1, F2) in combination with reverse primers for
Cu (IgM) or Cyl (IgG) constant regions. The Ipy—Cp amplicon corresponding to the IgM
germline transcript was detected in the IgM* OCI-LY7 cell line (In F1 paired with the Cp
reverse primer). In contrast, only non-specific bands (*) were observed in the IgG* WSU-
DLBCL2 and SUDHLA4 cell lines with this primer pair, consistent with deletion of the Cp
region following class-switch recombination. Conversely, Cy1-specific post-switch transcripts
were detected exclusively in the IgG* WSU-DLCL2 and SUDHLA4 cell lines when the Ip
forward primer was paired with the Cy1 reverse primer, confirming the specificity of the assay

for detecting class-switched transcripts
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COH-DHL1 COH-THL1

Primer FW IpF1 IpF1
Primer RV Cy Cp Cy Cp
C——— L — ~
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Figure 4.3.3: Analysis of IGH isotype usage in HGBCL-DH-BCL? cell lines.
Agarose gel electrophoresis showing IGH isotype in the COH-DHL1 and COH-THLI cell
lines, by RT-PCR analysis of sterile transcripts. RT-PCR was performed using a forward primer

annealing to the Ip sterile exon in combination with reverse primers targeting individual

constant region genes. The IGHUND cell line COH-DHL1 displays a specific [u—Cy amplicon,
consistent with class-switch recombination to the IgG isotype. In contrast, the IgH* COH-
THL1 (THL) cell line shows an Ip—Cp—specific amplicon, indicating retention of a pre-switch
IgM isotype. No amplification of Iu—Cd (IgD) or Ip—Cp (IgM) transcripts was detected in the
COH-DHLI1 sample, and no Ip—Cd amplification was observed in the COH-THL1 sample,
confirming the specificity of the detected isotype-associated transcriptional profiles in these

representative HGBCL models.

4.4. Why do BCR+ HGBCL-DH-BCL2 fail to undergo IG CSR?
We next asked how IGM-expressing HGBCL-DH-BCL?2 experiencing AID expression evaded
IG CSR. To investigate this, we monitored the integrity of the IGH switch-p (Sp) genomic
region, which is targeted by AID to initiate the process of IG CSR, promoting staggered double
stranded DNA breaks. Similar breaks are also introduced in a switch region proximal to a
downstream IGH constant region gene (i.e. /[GHGI). Simultaneous breaks at the two IGH

switch regions favors the deletion of the intervening genomic DNA and rejoining of the IGH
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locus placing the proximal /GHV gene in proximity to a distal IGH constant region gene. The
process of IG CSR may however fail leading to the reconstitution of the Smu region. In an
attempt to investigate the status of the Sp region in IGM expressing HGBCL-DH-BCL2, 1
performed a genomic PCR using primers flanking this region to amplify DNA from
representative cases. Notably, as shown in Figure 4.4.1 5 out of 9 (56%) IGM" lymphomas

HYNP cases, which

showed shorter Sy amplicons compatible with intra Sp deletional events. IG
completed IGh CSR, and thereby deleted the genomic region downstream to Sy acted as
negative controls. Shorter Sy genomic regions amplified from IGM" cases were subjected to
Sanger sequencing confirming deletional events, Collectively, these findings support a scenario
whereby a fraction of HGBCL-DH-BCL?2 cases remain strictly dependent on IGM expression.
To achieve this precursor of lymphoma, extended to their malignant derivatives, are selected
on the basis of repeated failures of IGH CSR leading to the progressive erosion of the Sp
region, utlimately precluding replacement of IGM with a class-switched IGG/IGA alternative.
In a context of chronic BCR signaling we hypothesize that IGM expression, but not IG-
switched BCRs, may provide a specific signaling "threshold" optimal for tumor survival.
Recognition of a self-antigen within the microenvironment may drive such chronic stimulation;
however, surface expression of a switched isotype (such as IGG), which possesses a different
cytoplasmic tail and signaling potency, might trigger an excessively strong signal that is
incompatible with cellular fitness or leads to activation-induced apoptosis. Extending this

logic, we propose that the IGHUNP

phenotype may represent a further evolutionary step in this
signaling continuum. In these cases, the transition to a switched isotype may have indeed
generated a "too strong" chronic signal, prompting the malignant clone to silence its BCR
expression entirely, thereby "learning" its way out of signaling-induced toxicity while
maintaining alternative survival pathways. This creates a distinct biological bifurcation: IGM+
clones that survive by structurally preventing isotype switch, while IGH"NP tumors surviving

by silencing a potentially deleterious switched receptor.
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Figure 4.4.1. Analysis of deletions within the Sp region in primary HGBCL-DH-BCL?2
cases. A. Schematic representation of the S switch region within the IGH locus. The positions
of the primers flanking the Sp region used for genomic PCR amplification are indicated. B.
Agarose gel electrophoresis of genomic PCR products spanning the Sy switch region in
representative HGBCL-DH-BCL?2 primary cases. Control samples (PBMCs and Hela non-B
cells) dissplay the expected full-length Spu amplicon (upper bands). In contrast, several
[gM+cases (eg, #58, #5, #64, #202) show additional low-molecular weight amplicons. These
truncated products are consistent with internal deletions within the Sp region, which likely
disrupt structural integrity of the switch region and thereby prevent class-switch recombination

to downstream constant. Region genes, while mantaining constitutive IgM expression.
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4.5. IG-independent routes to BCR silencing in IGH"® HGBCL-DH-BCL?2
4.5.1. CD79B protein is recurrently downregulated in IGH"? HGBCL-DH-
BCL2

Expression of a functional BCR strictly depends on the assembly of a complex between IGH/L
chains and the CD79A/B sububnits. Failed expression of any of the BCR components favors
clearance of the remaining ones (or extracellular secretion in the case of the 1G light chain).
Therefore, we hypothesized that failure to detect IGH protein in BCR-silenced HGBCL-DH-
BCL?2 could be linked to silencing of the CD79B protein. In line with this scenario, work
performed in the hosting lab with the help of collaborators, revealed that IGH"N® HGBCL-
DH-BCL?2 frequently exhibit reduction in CD79B abundance accompanied by intracellular
retention of the protein and failure to form complexes with residual traces of IGH protein
(Varano et al. BCD 2025). These results questioned a possible mechanism responsible for

CD79B downregulation in IGH"N® HGBCL-DH-BCL2 cases.

4.5.2. Tracking alternative splicing of the CD79B gene in normal and malignant

B cells

To explore whether alternative splicing could be responsible for reduced CD79B protein
expression in IGHYN® HGBCL-DH-BCL2, we focused on a particular mRNA isoform skipping
exon-3 (Ex3%). The CD79B%%4 isoform lacks the sequence encoding for the extracellular
immunoglobulin-like (Ig-like) domain, a region critical for the non-covalent association
between the CD79A/B heterodimer and the IGH chain. Expression of the CD79B%34isoform
is associated with significantly impaired surface BCR expression in chronic lymphocytic
leukemia (Alfarano et al., 1999,) To monitor CD79B isoform expression in HGBCL-DH-
BCL2, we designed an RT-PCR protocol using primers annealing respectively to exons
upstream and downstream of exon 3, as detailed in Figure 4.5.2.1. This approach allows for the
simultaneous detection of the full-length transcript and the shorter Ex32 isoform.

The experimental workflow was optimized measuring CD79B transcripts in peripheral blood
mononuclear cells (PBMC) from healthy donors. Agarose gel electrophoresis of amplified
transcripts identified a larger fragment corresponding to full-length CD79B (hereafter called
Transcript-1 or T1) and a shorter fragment (Transcript-2 or T2) corresponding to the Ex34
variant which became more apparent after rigorous optimization of the PCR parameters (Figure
4.4.2.2). Identity of T1 and T2 transcripts was confirmed by Sanger sequencing of the amplified
RT-PCR product. Next, we analyzed the CD79B T1/T2 transcript pattern in primary FACS-
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sorted tonsillar GC DZ and LZ B cells previously isolated by the hosting lab, alongside DLBCL
cell lines.

Intriguingly, while both the Ex3* variant was expressed also in non-transformed DZ B cells,
the presumed cell of origin (COO) for HGBCL-DH-BCL2, (Figure 4.4.2.3). The identification
of this variant in the DZ suggests that CD79B alternative splicing may be a physiologic
mechanism used by proliferating B cells to modulate BCR levels during somatic
hypermutation.

These results suggest that alternative splicing of the CD79B gene represents a possible
mechanism operating in normal and malignant GC DZ B cells to reduce the expression level
of the CD79B protein, thereby contributing to the silencing of BCR expression. These results
layed the ground to investigate CD79B transcript isoform usage in HGBCL-DH-BCL2.

4.5.3. Quantitative assessment of CD79B T1 and T2 transcripts in HGBCL-DH-
BCL2 models

To quantify levels of CD79B T1 and T2 mRNA isoforms, we performed quantitative RT-qPCR
screening both of IGH+ and IGHYNP HGBCL-DH-BCL?2 cell lines. CD79B T1 levels varied
substantially across the investigated lines, showing no correlation with sBCR levels (Figure
4.5.2.4). Similarly, while the T2 transcript was detected in roughly half of the cell line models,
it did not positively correlate with sSBCR extinction (Figure 4.5.2.4). These results suggest that
the "BCR-silent" phenotype in IGH"™P cases is not primarily caused by preferential CD79B
exon-3 skipping or upregulation of the CD79B T2 isoform.

Transcript 1 (Equivalent to transcript 3, except for a AGC codon missing in transcript 1 and present in transcript 3)
hCD79b_Ex1 FW1 (76..93)  hCD79b_gPCR_Ex3_FW2 (260 .298) hCD79b_gPCR_Ex4_RV1 (511..530
hCD79b_Ex6_REV1 (728 .. 747,

250 500 =l 10007
CD79b transcriptl_CDS
Exonl | | Exon 3 | Exond | | Exon 6

Exon §

Exon 2

NM_000626.4 CD79B [organism=Homo sapiens] [GeneIlD=974] [transcript=1]
1246 bp

Transcript 2 (Equivalent to transcript 4, except for a AGC codon missing in transcript 2 and present in transcript 4)
76 .. 93) hCD79b_Ex1_FW1 hCD79b_gPCR_Ex4_RV1 (199 ., 218) hCD79b_Ex6_REV1 (416 .. 435

P o - 6007 B00T
Bonl ] [ Bxond [Exon 5 Exon 6
hCD79b_Transcript2_CDS

[Exonz |

NM_021602.4 CD79B [organism=Homo sapiens] [GeneIlD=974] [transcript=2] copy
934 bp
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Figure 4.5.2.1: Alternative transcript variants of human CD79B gene. Schematic
representation of the two major CD79B transcript variants: the full-length transcript (Transcript
I, T1) and an exon 3—skipped isoform (Transcript 2, T2). Transcript 1 corresponds to the
canonical mRNA and includes exon 3, which encodes the extracellular immunoglobulin-like
domain required for proper B-cell receptor (BCR) assembly and surface expression. Transcript
2 results from alternative splicing that skips exon 3 (AEx3), generating a shorter isoform
associated with impaired surface BCR expression.

Purple annotations indicate the primer design strategy used for transcript detection. A forward
primer located in exon 1 and a reverse primer in exon 6 allow simultaneous amplification of
both transcript variants by RT-PCR, enabling discrimination based on amplicon size. In

addition, internal qPCR primer pairs were designed to specifically quantify the full-length

transcript.
PBMC
Exon Exon Exon
1-4 34 1-6
o Predicted MW amplicons for Transcript 1 or
Trl s Transcript 2:
_-__ = Ex1/Ex4: T1=455 vs T2= 143bp
r
- 2 Ex3/Ex4: T1=251 vs T2= No amplification

Tr2
Ex1/Ex6: T1=672 vs T2= 360bp

Figure 4.5.2.2: Optimization of an RT-PCR strategy for detecting CD79B alternative
splicing variants.

Agarose gel electrophoresis of RT-PCR products corresponding to the full-length CD79B
transcript (Transcript 1, T1) and the exon 3—skipped variant (Transcript 2, T2), measured in
peripheral blood mononuclear cells (PBMCs). Discrimination between the two isoforms was
achieved using multiple primer combinations targeting different exon junctions.
Amplification with primers spanning exon 1-4 and exon 1-6 produced two distinct bands

corresponding to the predicted sizes of the full-length transcript (T1; ~455 bp and ~672 bp,
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respectively) and the exon 3—skipped variant (T2; ~143 bp and ~360 bp, respectively). In

contrast, amplification with primers spanning exon 3—4 generated a single band corresponding

exclusively to T1.

Dark Zone

Exl/6 Ex14 Ex3/4 TSO

' .
12

-

T

Light Zone

OCI-LY?

Ex1/6 Exli4 Ex34 TSO

Ex1/6 Ex1/4 Ex3i4

Predicted MW amplicons for Transcript 1 or
Transcript 2:

Ex1/Ex4: T1=455 vs T2= 143bp
Ex3/Ex4: T1=251 vs T2= No amplification

Ex1/Ex6: T1=672 vs T2= 360bp

Figure 4.5.2.3: Analysis of the expression of CD79B transcript variants in dark-zone and

light-zone germinal center B cells. PCR amplification of CD79B transcript variants using

exon-specific primers. T1 and T2 CD79B transcript variants yielded distinct fragment sizes,

indicating that both isoforms can be simultaneously express multiple in germinal center B cell

subsets, potentially modulating the strength, quality, or localisation of BCR signalling.
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Figure 4.5.2.4: Expression of CD79B transcript variants in HGBCL-DH-BCL?2 primary
cases.

Quantitative RT-PCR (qQRT-PCR) analysis of CD79B transcript variants in IGH+ and IGHUNP
HGBCL-DH-BCL?2 cases. Expression levels of the full-length transcript (T1; blue bars) and
the exon 3—skipped isoform (CD79B Ex3Del; orange bars) reveal heterogeneous expression of
both variants across all samples analyzed, irrespective of IGH status. Data are shown as the

mean of n = 3 technical replicates + standard deviation.
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5. Discussion

5.1. Overview of key findings and biological context

This study provides an integrated molecular dissection of BCR silencing in HGBCL-DH-BCL?2
by combining analyses of IG V gene configuration, IGH class usage, and CD79B expression.
The results reveal that loss of BCR expression is not attributable to a single genetic lesion, but
rather reflects alternative, not necessarily mutually exclusive mechanisms linked to the
developmental origin and evolutionary trajectory of the malignant clone.

Three principal conclusions emerge. First, BCR-silenced, IGH"™P lymphomas retain
potentially productive IGH V gene rearrangements, excluding crippling mutations as a general
mechanism of BCR silencing. Second, IGH class usage segregates strongly with BCR
expression status, with IGHYN® HGBCL-DH-BCL2 predominantly transcribing IGH class-
switched genes, whereas BCR-positive cases preferentially retain IGM expression. Third,
although CD79B gene expression is variable across tumors, alternative splicing does not appear
to represent a dominant mechanism underlying CD79B downregulation in IGH"N® HGBCL-
DH-BCL?2 cases. =

Collectively, these findings support a model in which BCR expression in HGBCL-DH-BCL?2
reflects distinct biological states associated with differential reliance on sBCR signals,

ultimately modulating the evolutionary trajectory of each individual malignant B cell.

5.2. IGV gene analysis reveals productive IGH rearrangements and footprints of

receptor editing in IGH"’ HGBCL-DH-BCL?2

A central finding of my work is that IGH"NP lymphomas consistently retain productive IGHV
rearrangements. This observation argues against the hypothesis that BCR loss is primarily
driven by crippling mutations as observed in classical Hodgkin Lymphoma (Varano et al.
2025) Instead, the detection of multiple productive and non-productive IG light chain
rearrangements provides strong evidence for receptor editing activity. This process, normally
confined to early B cell development, appears to be aberrantly reactivated in these tumors,
likely through re-expression of the RAG1/2 recombinase genes.

Together, our findings support a model in which defective receptor assembly, rather than

genetic inactivation of IGH, underlies BCR silencing in IGHYN® HGBCL-DH-BCL2.
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5.3. IGH class usage is skewed toward class-switched isotypes in IGH"® HGBCL-
DH-BCL?2

Another major finding linked to my work is the association between IGH class usage and BCR
expression status. IGH"™P lymphomas predominantly express IGH class-switched transcripts
(IGG or IGA), whereas BCR-positive tumors largely retain IgM expression. This dichotomy
provides important insight into the cell of origin of these tumors. IGHY™P lymphomas likely
derive from GC B cells that have completed IG CSR, whereas BCR-positive cases primarily
arise from cells that have failed or been selected against completing IG CSR.

IGH class switching is associated with qualitative and quantitative changes in BCR signalling.
It is therefore plausible that the acquisition of an IGH switched BCR may generate a signalling
environment that is incompatible with sustained surface BCR expression in specific oncogenic
contexts associated with the outgrowth of IGH'NP HGBCL-DH-BCL2, favouring instead

receptor silencing.

5.4. BCR-positive HGBCL-DH-BCL2 maintain IGM expression through “erosion” of

IGH switch-p genomic regions

The identification of deletions within the IGH switch-p (Sp) region in IGM-expressing
HGBCL-DH-BCL?2 provides a mechanistic explanation for their failure to complete IG CSR.
These structural alterations are expected to impair AID-initiated IGH class switching, thereby
enforcing IGM expression.

This observation supports the existence of selective pressure favouring maintenance of IGM-
based BCR signalling. IGM BCRs deliver signalling outputs that differ quantitatively and
qualitatively from IGH class-switched receptors, potentially providing an optimal signalling
threshold necessary for the genesis and possibly maintenance of IGH" HGBCL-DH-BCL?2
cases.

Our work supports a model whereby IGM-dependent lymphoma precursor cells may be
selected for repeated failed CSR events, progressively eroding the Sp region and thereby
locking the malignant clone into an IGM-expressing state. Conversely, IGH"™P lymphomas
may have followed a strikingly different evolutionary route, during which complete BCR
silencing allows escape from signalling states that are no longer compatible with optimal

tumour fitness.
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5.5. The CD79B gene shows evidence of alternative splicing in HGBCL-DH-BCL2
models, including an exon-3-deleted isoform associated with impaired BCR

assembly

Analysis of CD79B transcripts in HGBCL-DH-BCL? cell line models revealed the presence of
alternatively spliced isoforms, including an exon-3—deleted variant lacking the extracellular
immunoglobulin-like domain required for interaction with IGH. Notably, this isoform is not
restricted to malignant cells but is also detectable in normal GC DZ B cells. This observation
suggests that alternative splicing of CD79B in HGBCL-DH-BCL?2 may represent a mechanism
hijacked by malignant B cells from normal germinal center B cells to transiently downregulate

BCR expression during rapid proliferation in the dark zone.

5.6. The CD79B exon-3-deleted isoform does not correlate with the IGHUND
phenotype

Despite its potential functional relevance, quantitative transcript measurements did not reveal
a clear association between expression of the exon-3—deleted CD79B isoform and BCR
silencing. Both full-length and truncated transcripts were variably expressed across IGH-
positive and IGH"N® HGBCL-DH-BCL?2 models, indicating that alternative splicing alone is

insufficient to account for the IGH"P

phenotype. These findings suggest that mechanisms
operating beyond regulation of CD79B gene expression and splicing are responsible for the

reduced protein levels observed in IGHY™P lymphomas.

5.7. Mechanisms of BCR silencing in HGBCL-DH-BCL?2

The work presented in this thesis is part of a broader and more comprehensive effort carried
out by the hosting laboratory to elucidate the mechanisms responsible for BCR silencing in
IGH"™P HGBCL-DH-BCL2. Based on the full complement of experimental evidence
accumulated by the lab, we propose several non-mutually exclusive scenarios that may account
for BCR silencing in the majority of HGBCL-DH-BCL?2 cases.

1.Receptor editing and IG light chain diversification. Reactivation of RAG1/2 expression and

recombinase activity promotes ongoing IG light chain V gene recombination, leading to the
accumulation of non-productive rearrangements or the generation of light chains unable to

efficiently pair with the pre-existing IGH chain. As a consequence, BCR assembly is disrupted,
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resulting in the targeting of unpaired immunoglobulin chains and CD79B for intracellular
degradation.

2. Impaired folding and stability of hypermutated IGH chains. Although IGH transcripts are

productive, extensive V gene somatic mutation may compromise proper folding of the encoded
proteins. Misfolded IGH chains are likely retained within the endoplasmic reticulum and
targeted for degradation, thereby preventing surface expression.

3. Post-transcriptional and post-translational regulation of CD79B. While this study excludes

a major role for alternative splicing in CD79B downregulation, it does not rule out regulation
at the protein level. In this context, the adaptor protein KLHL4 has recently emerged as a key
regulator of CD79B stability through ubiquitin-mediated degradation pathways in mature B-
cell lymphomas (Choi et al. 2020) Increased activity of such pathways could reduce steady-
state CD79B protein levels, thereby impairing BCR assembly and surface expression. Notably,
reduced CD79B protein abundance is also a physiological feature of GC DZ B cells, suggesting

that malignant cells may exploit conserved regulatory programs controlling receptor turnover.

5.8. Clinical implications

The identification by our lab of a predominant fraction of BCR-silenced HGBCL-DH-BCL?2
cases has direct therapeutic implications. The antibody-drug conjugate Polatuzumab vedotin
(pola-V) relies on surface CD79B expression on target cells for effective targeting and
internalization of a cytotoxic paylod (Camus & Tilly,2021). Loss of BCR/CD79B expression
is therefore expected to confer intrinsic resistance to these therapies. Our findings support the
need to assess IGH status at diagnosis. In particular, patients with IGH"™P lymphomas may
benefit from Pola-V—free treatment strategies, thereby avoiding unnecessary exposure to the

toxic side effects of the antibody conjugate.
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6. Conclusions

This work provides new insight into the molecular determinants underlying BCR
silencing in HGBCL-DH-BCLZ. Through an integrated analysis of immunoglobulin gene
rearrangements, IGH class usage, and CD79B transcript expression, the study
demonstrates that loss of BCR expression in these tumors is not primarily driven by
destructive mutations affecting IGH V genes or by consistent downregulation of CD79B.
Instead, the data point to a model in which the developmental state of the lymphoma
precursor cell plays a central role: tumors arising from class-switched B cells frequently
lose surface IGH expression, while those retaining IgM expression preserve a functional
BCR. In addition, the recurrent detection of multiple light-chain rearrangements in IGH-
undetectable tumors suggests that receptor editing may represent an additional
mechanism contributing to disruption of BCR assembly. Together, these findings refine
our understanding of how aggressive germinal-center-derived lymphomas can evolve
independently of canonical BCR signalling pathways and highlight the importance of
immunoglobulin gene configuration in shaping the biological heterogeneity of HGBCL-
DH-BCLZ2. By clarifying the molecular basis of BCR loss, this work also provides a
framework for interpreting variability in response to BCR-targeted therapies and
underscores the need to consider BCR expression status when designing therapeutic

strategies for these highly aggressive malignancies.

6.1. Limitations of the study
A limitation of this study is the relatively small number of primary cases analysed. Although
the findings are consistent and mechanistically coherent, validation in larger cohorts will be
necessary to confirm their general applicability. Functional validation of the proposed
mechanisms responsible for BCR silencing particularly those related to receptor editing,

protein folding, and CD79B turnover, will be required to establish causality.
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6.2. Future perspectives

Future work should focus on dissecting the upstream triggers of BCR silencing. One attractive
hypothesis is that chronic engagement of autoreactive BCRs may drive progressive receptor
desensitization and eventual silencing as an adaptive response to prevent signalling-induced
hyperactivation leading to cell death. This hypothesis can be tested through the generation of
recombinant antibodies derived from paired IGH and IGL chain V gene sequences cloned from
primary lymphoma cass to assess antigen specificity and evaluate their self-reactivity.

Investigations of post-translational regulation of CD79B, including the role of KLHL4 and
related pathways, can contribute to understand the mechanisms governing BCR silencing in

IGH"NP HGBCL-DH-BCL2?.
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