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1 Abstract

Diffuse Large B-cell Lymphoma (DLBCL) is the most commonly diagnosed lymphoma. The DLBCL
subtype C5/MCD recurrently features concurrent mutations of MYD88 and CD79B, overexpression of
BCL2, and a plasma cell differentiation block. C5/MCD patients respond particularly poorly to standard
first-line chemo-immunotherapy or experience early relapse. This highlights an urgent need for novel
therapeutic strategies. In this thesis, an optimized autochthonous mouse model of C5/MCD DLBCL, the
PPMBC mouse model, was established. PPMBC mice developed (oligo-)clonal DLBCLs with additional
genetic alterations often found in the C5/MCD subtype. These lesions expressed cell surface markers
typical for DLBCL and metastasized to extranodal regions. This model enabled the evaluation of
treatment strategies, disentangling the effects of a common pro-oncogenic mutation, and exploring
metabolic properties. Specifically, we identified a Cd79b ITAM mutation recurrent in C5/MCD DLBCL
to confer a targetable tumor reliance on B-cell receptor (BCR) signaling. This CD79BY1°®* mutation may
identify a patient subgroup benefitting of treatment with ibrutinib, an inhibitor for the BCR signaling
adaptor BTK, either as a single agent or in combination with other treatments. Furthermore, we
determined metabolic alterations accompanying the Cd79b ITAM mutation and ibrutinib treatment in
our mouse models. Combining ibrutinib with IACS-010759, an inhibitor of oxidative phosphorylation,
demonstrated synergistic viability reduction of murine DLBCL cell lines. Taken together, this work
highlights the PPMBC model as a powerful preclinical tool for investigation of targetable C5/MCD

DLBCL vulnerabilities and for testing of novel therapy options.
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Abbreviation

Term

79-MBC Cd79bcond‘p.Y195H,. Myd88cond‘p.L252P/wt’. R05026LSLBCL2‘IRES.GFP/wt’. Cd19Cre/wt
79-PPMBC Cd79bcond‘p.Y195H,. Pl’dmlﬂ/ﬂ,' Mydggcond.puszp/wt; R05026LSL.BCL2.IRES‘GFP/wt’. Cdl19Cre/wt
ABC-DLBCL Activated B-cell-like diffuse large B-cell lymphoma
AcCa Acylcarnitine

AID Activation-induced cytidine deaminase

ATP Adenosine triphosphate

AZ Aktenzeichen (for animal experiment permissions)
BAX Bcl-2-associated X protein

BCL2 B-cell lymphoma 2

BCL6 B-cell lymphoma 6

BCL10 B-cell lymphoma 10

BCR B-cell receptor

bp Base pair

BRCA2 Breast cancer 2

BTK Bruton’s tyrosine kinase

C3/EZB Cluster 3/EZB subtype

C5/MCD Cluster 5/MCD subtype

C57BL/6) C57 black 6, Jackson Laboratory

CAGGS Cytomegalovirus early enhancer/chicken B actin
CAR-T Chimeric antigen receptor T

CARD11 Ccaspase recruitment domain 11 protein

CBM complex CARD11-BCL10-MALT1 complex

CD19 Cluster of differentiation 19

CD3e Cluster of differentiation 3 epsilon subunit

CD40 Cluster of differentiation 40

CD79A Cluster of differentiation 79A

CD79B Cluster of differentiation 79B

CD138 Cluster of differentiation 138

cDNA Copy DNA

Cer Ceramide

Cl Combination index
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CoA Coenzyme A
COO Cell-of-origin
Cre Cre recombinase
CREBBP CREB-binding protein
dCTP Deoxycytidine triphosphate
DG Diglyceride
DICOM Digital Imaging and Communications in Medicine
DLBCL Diffuse large B-cell lymphoma
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethylsulfoxide
DNA Desoxyribonucleic acid
dTTP Deoxythymidine triphosphate
Dz Dark zone
ECAR Extracellular acidification rate
ELISA Enzyme-linked immunosorbent assay
EZH2 Enhancer of zeste homolog 2
Fab Fragment antigen-binding region
FACS Fluorescence-activated cell sorting
FCS Fetal Calf Serum
FFPE Formalin-fixed and paraffin-embedded
FDG-PET 8F-fluorodeoxyglucose-positron emission tomography
FoB Follicular B cell
FRT Flippase recognition target
g Gravitational force equivalent
GC Germinal center
GCB Germinal center B cell
GCB DLBCL Germinal center B-cell-like diffuse large B-cell lymphoma
GFP Green fluorescent protein
GSEA Gene set enrichment analysis
H&E Hematoxylin and eosine
Hex3Cer Hexyl-3-ceramide
HL Hodgkin’s lymphoma
ICOS Inducible T-cell costimulator
Ig Immunoglobulin
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IL-2 Interleukin-2
IL-4 Interleukin 4
IL-21 Interleukin 21
ITAM Immunoreceptor tyrosine-based activation motif
ITIM immunoreceptor tyrosine-based inhibitory motifs
IRAK1/4 Interleukin-1 receptor-associated kinase 1/4
IRES Internal ribosome entry site
KBC Kmt2d, Bcl2, Cre
Ki67 Marker of proliferation Kiel 67
KMT2D Histone-lysine N-methyltransferase 2D
LDH Lactate dehydrogenase
LPC lysophosphocholine
loxP Locus of x-over
LSL LoxP-Stop-LoxP
LZ Light zone
MALT1 Mucosa-associated lymphoid tissue lymphoma
MB Memory B cell
Mb1 MB-1 membrane glycoprotein
MBC Mydggcond.p.LZSZP/wt,. R05026LSL.BCL2.IRES.GFP/wt,. cd19Cre/wt
MMLV Moloney murine leukemia virus
MRI Magnetic Resonance Imaging
MS Mass spectrometry
MYD88 Myeloid differentiation primary response 88
My-T-BCR MYD88-TLR9-BCR
MZB Marginal Zone B cell
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NHL Non-Hodgkin’s lymphoma
OCR Oxygen consumption rate
OxPhos Oxidative phosphorylation
PB Plasmablast
PBS Phosphate buffered saline
PC Plasma cell
PCR Polymerase chain reaction
PD-1 Programmed cell death protein 1
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PD-L1 Programmed death-ligand 1
PE phosphoethanolamine
PI3K Phosphatidylinositol 3-kinase
PKCB Protein kinase CB
PLA Proximity ligation assay
PLCy2 phospholipase Cy2
PNA Peanut agglutinin
PCh Phosphocholine
PPMBC Prdmlﬂ/ﬂ,' Mydggcond‘p‘LZSZP/wt’. ROSGZ6LSLBCL2'|RES'GFP/Wt,' Cd19Cre/wt
PRDM1 PR domain zinc finger protein 1
R-CHOP Rituximab, cyclophosphamide, hydroxydaunorubicin, oncovin, prednisone
RNA Ribonucleic acid
RNAI RNA interference
rpm Revolutions per minute
SD Standard deviation
SDS Sodium dodecylsulfate
SHMT2 Serine hydroxymethyltransferase 2
SMBC Mydggcond.p.LZSZP/wt,, ROSGZ6LSL.BCL2.IRES.GFP/LSL.Spib.IRES.GFP,, Cd19Cre/wt
SYK Spleen tyrosine kinase
TBL1XR1 F-box-like/WD repeat-containing protein
TE Time to echo
Tfh T follicular helper cell
TG Triglyceride
TLR Toll-like receptor
TME Tumor microenvironment
TNF Tumor necrosis factor
TR Repetition time
TRAF6 TNF receptor associated factor 6
TSE Turbo spin echo
umli Unique Molecular Identifier
VDJ Variable—diversity—joining
VEP Varian Effect Predictor
WES Whole-exome sequencing
wt Wildtype
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3 Introduction

3.1 The human immune system constitutes several protection levels

The human immune system is the body’s primary protection against infection (Murphy et al. 2012;
Janeway 1992). Different levels of immunity protect against pathogens: The first line of defense are
anatomic barriers like the skin or the mucosa, prohibiting pathogen entry (Leceta et al. 2022; Hornef
et al. 2002). If this fails, innate immune features, such as the complement system (Gros, Milder, and
Janssen 2008) or other antimicrobial proteins (De Smet and Contreras 2005), combat the pathogen,
often helped by innate immune cells like macrophages, natural killer cells or innate lymphoid cells
(zhang et al. 2021). Under pathogen persistence, adaptive immunity is activated, mainly driven by B
cells secreting antibodies and T cells killing infected cells or providing B cell help (Murphy et al. 2012).

The typical course of an acute infection requiring clearance by the adaptive immune response
begins with the entry of the pathogen into the body (Murphy et al. 2012). Initially, the innate immune
response keeps the pathogen in check, slowing its advance (Murphy et al. 2012). When a minimal
pathogen level is reached, the adaptive immune response is elicited (Freedman and Gatica 1977),
initiating B and T cell activation and subsequent reactions like the germinal center (GC) reaction (see
3.2) (De Silva and Klein 2015). After maturation of the adaptive response, effector cells and antibodies
start to clear the infection (Murphy et al. 2012). Reaching antibody clearance, the immune response
ceases, but residual effector cells convey immune memory (Fig. 11) (Inoue and Kurosaki 2024; Farber,

Yudanin, and Restifo 2014).

Innate Adaptive
Immune Response Immune Response
Infection | Response
Establishmentl Induction Effector phase Memory
—A
g
o
C
)
o
o
S
©
o

Threshold for
activationof — | ------ -/ B, oo
adaptive response

1 Time
Pathogen Pathogen

entry clearance

Figure 11 The course of an infection resolved by the adaptive immune response. After pathogen entry, a pathogen’s growth
rate is impeded by the innate immune response. Upon reaching a certain pathogen level threshold, the adaptive immune
response is activated. Response induction leads to preparation of immunity to move to the effector phase, where the pathogen
is defeated. Following pathogen clearance, the immune system retains memory cells to be prepared to launch a rapid immune
response upon encountering the same pathogen.

Adapted from JANEWAY’S IMMUNOBIOLOGY, 10E by Kenneth Murphy, Casey Weaver and Leslie Berg. Copyright © 2022 by
W. W. Norton & Company, Inc. Used with permission of W. W. Norton & Company, Inc.
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In all immune responses, balance is key for the human immune system: While an insufficient
response provoked by immune dysfunction fails to clear infections, an overactive response may lead

to autoimmunity or even carcinogenesis (Murphy et al. 2012).

3.2 B cells evolve upon antigen exposure

Hematopoietic stem cells in the bone marrow are the precursors of all blood cells (Murphy et al.
2012). Some differentiate into common lymphoid progenitor cells, which in turn are the origin of B
cells, T cells, and natural killer cells (Carsetti 2000). Within the bone marrow, VDJ recombination
generates a diverse B-cell receptor (BCR) repertoire (Nagasawa 2006; Hughes et al. 2022). For the
resulting immature B cells, absence of self-reactivity is ensured in the bone marrow and periphery,
yielding mature naive B cells circulating the body (Murphy et al. 2012). Upon binding of a specific
antigen, usually including additional T cell help, naive B cells are activated and differentiate into
antibody-secreting plasmablasts and plasma cells (Murphy et al. 2012). The resulting antibodies can
neutralize small antigens (like toxins), opsonize pathogens for uptake by macrophages, or activate the
complement system to form a membrane-attack complex harming the pathogen (Murphy et al. 2012).
The surface marker CD19, a co-receptor for BCR signal transduction, is expressed in nearly all stages of
B cell development, starting at VDJ recombination (Li et al. 2017).

A proportion of activated B cells migrates to primary lymphoid organs such as the spleen, where it
initiates the GC reaction to improve the antigen affinity of the BCR (Murphy et al. 2012). In the so-
called dark zone of the GC, B cells expand clonally (Murphy et al. 2012). The name “dark zone” stems
from the observation that the local accumulation of cells makes the tissue seem dark on
immunohistochemistry stainings of primary lymphoid organs (Allen et al. 2004). In parallel, B cells
undergo somatic hypermutation: In this process, random mutations that alter the V regions of
immunoglobulin genes responsible for antigen binding are introduced, a process which is mediated by
the enzyme activation-induced cytidine deaminase (AID) (Maul and Gearhart 2010). B cells then
wander to the light zone to undergo affinity selection: Only mutated B cells with a comparably high
affinity for the antigen, in competition with the other B cells generated in the dark zone, will receive T
follicular helper cell help (De Silva and Klein 2015; Young and Brink 2021). B cells with sufficient “help”
consisting of stimulation of CD40 and the inducible T-cell costimulator (ICOS) (Dong, Temann, and
Flavell 2001), as well as expression of the cytokines IL-4 and IL-21 (Gonzalez et al. 2018), survive to
transfer back to the dark zone, where the process begins anew in a cyclic reentry model (Young and
Brink 2021; De Silva and Klein 2015). “Optimized” B cells subsequently differentiate into memory B
cells or plasma cells (Fig. 12) (Nutt et al. 2015; Inoue et al. 2021).

12
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:. Antigen K
\ Afﬂnlly selection .
] Germlnal memory
—_— center B cell
reaction
Y
naive \‘f\f’l}é
B cell Clonal expansmn
Somatic Hypermutation
CD138+
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Figure 12 The GC reaction “optimizes” B cells for the adaptive immune response. Upon activation of naive B cells by an
antigen, a subset of B cells migrates to primary lymphoid organs to initiate the GC reaction. The bipolar GC has a dark zone,
appearing darker on immunohistochemistry stainings due to high cell density, and a light zone. In the dark zone, B cells
undergo rapid proliferation (clonal expansion) while simultaneously altering their antigen-binding site with AID-driven somatic
hypermutation. Expanded B cells relocate to the dark zone, where they undergo affinity selection by competing for T follicular
helper cell (Tfh) help. B cells without help undergo apoptosis, while B cells receiving sufficient Tfh interaction move back to the
dark zone in a continuous cycle. Throughout the GC reaction, B cells also differentiate into memory B cells or CD138* plasma
cells secreting antibodies to fight the GC-initiating infection.

AID also allows for class switch recombination, exchanging the BCR immunoglobulin: While naive B
cells express IgM and IgD, as do the first antibody-expressing plasma cells in an immune response,
class-switched B cells express either IgA, IgE, or an IgG class (IgG1-1gG4) (Murphy et al. 2012; Schroeder
and Cavacini 2010). Each immunoglobulin class has a specialized function and distribution: While Ig
is relevant for mast cells in allergic reactions, IgA antibodies are mainly secreted at mucosae to be
transported across the epithelium (Schroeder and Cavacini 2010). I1gG antibodies are efficient in
antigen neutralization, opsonizing pathogens, activating the complement system and sensitizing other
immune cells. I1gG is usually the most abundant antibody in human serum (Justiz Vaillant et al. 2024).

The BCR responsible for B-cell activation consists of a surface immunoglobulin of the respective
type associated with a heterodimer of CD79A and CD798B (Fig. 13) (Murphy et al. 2012; Tanaka and Baba
2020). When a specific antigen is bound, tyrosines in the immunoreceptor tyrosine-based activation
motifs (ITAMs) of CD79A and CD79B are phosphorylated by Src-family kinases such as LYN (Bojarczuk
et al. 2015). These phosphorylated ITAMs recruit the kinase SYK, which is also activated by
phosphorylation (Y532, YY535/536) (Bohnenberger et al. 2011), and subsequently transmits signaling
via Bruton’s tyrosine kinase (BTK), phospholipase Cy2 (PLCy2), phosphatidylinositol 3-kinase (PI13K) and
AKT (Bojarczuk et al. 2015; Young et al. 2019). Activated PLCy2 generates downstream second
messengers, which in turn induce the release of intracellular calcium, triggering calcium-dependent
signaling (Engelke et al. 2007). These second messengers also activate protein kinase CB (PKCPB), which
recruits caspase recruitment domain 11 protein (CARD11), B-cell lymphoma 10 (BCL10) and mucosa-
associated lymphoid tissue lymphoma translocation protein 1 (MALT1), forming the so-called “CBM
complex”, which activates NF-kB signaling (Bohnenberger et al. 2011). In this manner, BCR signaling

activation promotes B-cell proliferation via PI3K, MAPK and NF-kB signaling (Bojarczuk et al. 2015).

13
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Negative regulation is believed to be mediated by phosphorylation of immunoreceptor tyrosine-based
inhibitory motifs (ITIM) of BCR-associated proteins induced by LYN, leading to BCR internalization and
signal inhibition (Wen et al. 2019).

B-cell receptor

A\Y4
i | PR

triggers Ca?*
( SYK ) signaling
(BTK ) (PLCg2)

W o~
Ge<oo)

—— proliferation

S N A via PI3K, MAPK
activates @ate recruit NF-kB
PI3K

AKT

Figure 13 Classical BCR signaling activates proliferative cascades and downstream effector pathways. In this simplified
scheme, a transmembrane immunoglobulin is activated by binding antigens (pink), phosphorylating ITAMs of CD79A and
CD79B. These in turn recruit and activate the kinases SYK and BTK by phosphorylation. BTK phosphorylates the phospholipase
PLCy2 which mediates the generation of second messengers triggering Ca?* signaling and the recruitment of the CBM complex
(CARD11, BCL10, MALT1). Simultaneously, BTK activates PI3K and AKT. Together, BCR activation induces B-cell activation and
proliferation via PI3K, MAPK and NF-kB signaling cascades.

In the setting of B-cell malignancies, another mode for BCR signaling was recently described by
Phelan et al.: Signaling via the My-T-BCR supercomplex. In this context, BCR signaling seems to
synergize with Toll-like receptor (TLR) signaling (Fig. 14)(Phelan et al. 2018). TLRs are innate immune
receptors recognizing typical pathogen patterns such as unmethylated CpG DNA found in viruses (in
the case of TLR9) (Balka and Nardo 2019). Upon activation, TLR9 recruits MYD88, IRAK1/4, and TRAF6
(Murphy et al. 2012; Balka and Nardo 2019). It was shown that in the endosome of lymphoma cells,
the BCR can form a complex with TLR9, amplifying pro-oncogenic signaling (Phelan et al. 2018;
Mandato et al. 2023). To our knowledge, this mechanism was only reported in malignancy and might

be irrelevant for in healthy B cells.

14
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B-cell receptor Toll-like receptors
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Figure 14 Malignant BCR signaling via the My-T-BCR supercomplex. In the context of lymphoma, it has been reported that
the BCR forms a complex with TLR9 and signaling adaptors in the endosome, leading to enhanced BCR activation benefitting
the lymphoma.

3.3 B cell ymphoma is an age-associated disease

Several factors seem to contribute to cancer development in B cells, making B cell ymphoma one
of the 10 most frequently diagnosed cancers worldwide (Bray et al. 2024). On the one hand, the GC
reaction promotes cancer development: High B-cell proliferation rates and active alteration of genetic
material via AID-driven somatic hypermutation, which does not always target solely the desired BCR
antigen-binding site, can lead to unintended effects (Leeman-Neill, Bhagat, and Basu 2024). In fact, AID
targets non-lg genes with a low frequency, which can lead to pro-oncogenic genetic alterations, and
signatures of aberrant AID-induced mutations are commonly found in lymphoma (Chapuy et al. 2018;
Chaudhuri et al. 2014). On the other hand, ageing is a relevant factor for lymphoma development: Not
only does the risk to develop lymphoma increase with age (Wallace and Reagan 2022), patient age is
also a major determinant of lymphoma biology in diffuse large B-cell lymphoma (DLBCL), such as
subtype and cytogenic complexity (Klapper et al. 2012). Furthermore, age-related spontaneous
somatic cytidine deamination (C>T mutation) was found to be the predominant mutational signature
in DLBCL (Sarkozy, Salles, and Falandry 2015; Chapuy et al. 2018).

Lymphomas are a heterogeneous group of cancers and are classically subdivided into Hodgkin’s
lymphoma (HL) and Non-Hodgkin’s lymphoma (NHL) (Paquin et al. 2023). While HL carries a low
number of tumor cells in a hyperactive microenvironment, showing a defective B-cell program, NHLs
comprise a large family of indolent and aggressive lymphomas (Alaggio et al. 2022). The most
frequently diagnosed lymphoma is DLBCL, a B-NHL which has a large-cell morphology and a mature B-
cell phenotype (Smith et al. 2015; Alaggio et al. 2022).
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3.3.1 DLBCL is the most common NHL

DLBCL is an aggressive and heterogeneous disease, shown to have a 5-year survival rate of about
60% following standard first-line treatment with R-CHOP (rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisolone) (Horvat et al. 2018; Jakobsen et al. 2022). Two DLBCL subgroups are
distinguished by cell-of-origin (COO) classification: Germinal center B cell-like (GCB) and activated B
cell-like (ABC) DLBCL (Alizadeh et al. 2000). GCB DLBCLs express GC markers, harbor a GC gene
expression profile and are thus thought to arise from GC B cells. ABC DLBCLs are characterized by a
higher expression of plasma cell genes, chronic BCR and NF-kB activation, and show a lower overall 5-
year survival rate compared to GCB DLBCL (Wright et al. 2003; Sehn and Salles 2021). Although the
original COO classification was based on gene expression profiling, immunohistochemistry-based
algorithms like the Hans algorithm are often used clinically to distinguish GCB and non-GCB cases
(Alizadeh et al. 2000; Hans et al. 2004; Sehn and Salles 2021). Currently, there is no stratified treatment
protocol based on COO classification, rendering it mainly relevant for patient prognosis and as starting

point for further downstream analyses (Sehn and Salles 2021).

3.3.2 The C5/MCD DLBCL shows a poor prognosis

Recently, the genetic alterations of primary DLBCLs were analyzed by several independent studies,
using consensus clustering to identify distinct DLBCL subsets largely overlapping between studies
(Chapuy et al. 2018; Wright et al. 2020; Schmitz et al. 2018). These investigations described the cluster
5 or MCD subtype (C5/MCD), a subtype mainly consisting of ABC DLBCLs and defined by frequent co-
occurrence of gain-of-function CD79B and MYD88 mutations (Chapuy et al. 2018; Wright et al. 2020;
Schmitz et al. 2018). This subtype showed an especially poor progression-free survival (Chapuy et al.
2018; Schmitz et al. 2018). CD79B mutations mainly included ITAM mutations, most often mutating
Y196, driving BCR signaling (Phelan et al. 2018; Mandato et al. 2023; Davis et al. 2010). MYD88
mutations in C5/MCD DLBCL selectively involved the activating L265P mutation, which also amplifies
BCR and NF-kB signaling (Phelan et al. 2018; Mandato et al. 2023; Munshi et al. 2020; Ngo et al. 2011).
Oncogenic BCR signaling in lymphoma cells carrying these two mutations is induced via the My-T-BCR
supercomplex (Fig. I5A) (Phelan et al. 2018; Mandato et al. 2023). BCR signaling is essential for B-cell
survival and pathogenic proliferative BCR signaling is critical in many DLBCL cases (Young et al. 2019;
Srinivasan et al. 2009).

Another characterizing genetic alteration was the amplification of the chromosomal arm 18q
carrying the BCL2 gene (Chapuy et al. 2018), which is associated with overexpression of BCL2 (Monni
et al. 1997). BCL2 is an anti-apoptotic protein of the BCL2 family that was shown to inhibit tumor cell

death in lymphomas and other types of cancers (Fig. I5B) (Youle and Strasser 2008).
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Additionally, MCD/C5 DLBCLs also carry genetic alterations of genes involved in plasma cell
differentiation, among them loss-of-function mutations of PRDM1 (6q21) (Chapuy et al. 2018), a
transcription factor necessary for plasma cell differentiation (Fig. 15C) (Tunyaplin et al. 2004; Shaffer et
al. 2002); and the amplification of SPIB (19q), a transcription factor suppressing plasma cell

differentiation (Horiuchi et al. 2023).
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Figure I5 Genetic alterations drive malignant signaling in C5/MCD DLBCL. (A) Mutations of MYD88 and CD79B synergize to
induce proliferative My-T-BCR supercomplex signaling. Murine homologues of the respective mutations are annotated. (B)
Amplification of 18q, where the BCL2 gene is located, leads to increased level of BCL2, which inhibits apoptosis. (C) PRDM1, a
transcription factor necessary for plasma cell differentiation, displays loss-of-function mutations in C5/MCD DLBCL.
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It was recently shown that another characteristic genetic alteration of C5/MCD DLBCL, the gain-of-
function mutation of BTGI1, increases competitiveness of B cells in lymphoma development
(Mlynarczyk et al. 2023). C5/MCD DLBCL also recurrently harbors TBL1XR1 loss-of-function mutations,
which promote GC reentry skewing B cell fates to memory B cells and can drive lymphomagenesis
(Venturutti et al. 2020).

C5/MCD DLBCL was speculated to be sensitive to treatment by agents inhibiting BCR signaling. In
line with this, a phase 1/2 clinical trial demonstrated that the BTK inhibitor ibrutinib prolonged survival
of ABC DLBCL patients carrying a CD79B ITAM mutation, and strikingly 5 out of 5 CD79B/MYD88-
comutant cases responded, suggesting ibrutinib as a potential therapy for these genetically defined
cases (Wilson et al. 2015). In a randomized phase 3 trial for the combination of ibrutinib with standard
first-line immunochemotherapy (R-CHOP), a survival advantage for ibrutinib-co-treated patients was
only found in patients below 60 years (Younes et al. 2019). An additional retrospective analysis found
a BCL2/MYC-coexpressing patient subset to be preferentially sensitive to ibrutinib treatment, hinting
at additional molecular mechanisms at play (Johnson et al. 2023). In the recently published GUIDANCE-
1 trial, addition of ibrutinib to R-CHOP in frontline therapy increased response rates in MCD-like DLBCL
(Zhang et al. 2023). However, even in responding patients, resistance to ibrutinib is frequent, often
induced by BTK mutations (Nakhoda, Vistarop, and Wang 2022), although other mechanisms like
metabolic rewiring, suppression of autophagy or the unfolded protein response were suggested as
well (Choueiry, Singh, Sircar, et al. 2021; Zhang et al. 2020; Phelan et al. 2024). Further research is
required to determine if and when ibrutinib might be a viable and long-term treatment strategy for

DLBCL patients.

3.3.3 Mouse models mimic DLBCL in vivo

Mouse models are frequently used as pre-clinical tools to study cancers and test treatment options
(Ireson et al. 2019). While some models are based on the injection of tumor cells or pro-oncogenic
substances, many researchers work with genetically engineered mouse models (Zitvogel et al. 2016).
These are often based on genetic alterations specifically activated in target tissues to initiate the
intended cancer by using the Cre/loxP system: The Cre recombinase recognizes a certain locus (locus
of x-over, loxP) and mediates deletion of genetic material between two loxP sites, for example leading
to a gene knockout or removing a stop locus enabling the expression of a gene of interest (Kim, Kim,
et al. 2018).

For lymphoma models, B-cell specific expression of Cre is usually achieved by expressing the
recombinase from B-cell specific genes heterozygously. For instance, Cd19® and Mb1® are expressed
in early B-cell stages, while Cg1°® and Aicda“" are expressed in GC stages (Tabatabai et al. 2023; Casola
et al. 2006; Rickert, Roes, and Rajewsky 1997; Robbiani et al. 2008; Hobeika et al. 2006). Several DLBCL
mouse models for GCB- and ABC-DLBCL have been established:
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1. One of the most frequently altered genes in GCB DLBCL is the GC gene BCL6, which is often
hyperactivated by amplification, translocation, or structural variation (Basso and Dalla-Favera
2012b; Chapuy et al. 2018; Schmitz et al. 2018). Mice carrying a mimicked BCL6 translocation
develop a lymphoproliferative disease, culminating in lymphoma, giving insight into the role
of BCL6 alterations in GCB DLBCL (Cattoretti et al. 2005).

2. Another frequent characteristic of GCB DLBCL is the genetic alteration of chromatin modifiers
such as EZH2 or KMT2D (Chapuy et al. 2018; Schmitz et al. 2018). Several mouse models have
investigated the promoting effect of EZH2 mutations on lymphoma proliferation, also in
combination with BCL6 or BCL2 (Béguelin et al. 2013; Béguelin et al. 2016; Béguelin et al. 2020).
Concomitant BCL2 overexpression and Kmt2d or Crebbp loss have also led to lymphoma
development in mouse models (Zhang et al. 2017; Zhang et al. 2015).

3. The Reinhardt laboratory previously established the so-called MBC mouse model (Fliimann et
al. 2021; Knittel et al. 2016). Myd88°?®, the murine orthologue of MYD88%", and an
overexpression allele of BCL2, Rosa26" B RESGFP \were conditionally expressed using Cd19¢®
(Myd88cond-pL252P/wt. Rosq 2 GSL B IRESGFP/wt, o7 gCre/wt)  Mice developed lymphomas with a
median overall survival of 179 days. Lymphomas were assigned as ABC-DLBCLs by
immunohistochemistry staining, gene expression and mutational profiling. These
autochthonous mice were successfully used as preclinical tools for testing combined BCL2- and
PD-1 blockade. One shortcoming of the model is lack of expression of the B-cell markers B220
and CD19, which are typically expressed in DLBCL tumor samples. Instead, the tumors express
the plasma cell marker CD138. This close relation to the plasma cell lineage might hamper
interpretability of results for DLBCL patients, necessitating adaptions to faithfully mimic

patient DLBCL (FIimann et al. 2021; Knittel et al. 2016).
3.4 Altered tumor metabolism in DLBCL

3.4.1 Deregulated cellular energetics are a hallmark of cancer

Understanding intra- and intercellular signaling is integral to comprehending the complex
mechanisms of life (Nair et al. 2019). One major influence on cell signaling is metabolism (Miyazawa
and Aulehla 2018). Some intermediates of major catabolic and anabolic pathways serve directly as cell
signaling intermediates, such as acetyl-CoA, which acts as second messenger by influencing acetylation
profiles (Pietrocola et al. 2015). Many secondary effects induced by metabolic changes also lead to cell
signaling alterations, for example in the insulin signaling pathway (Castiello, Heileman, and Tabrizian
2016). Generally, cell signaling strongly controls cell metabolism and vice versa (Natalya and Craig
2016). Disruptions in either metabolic or signaling pathways lead to alterations in the other, impacting
the whole system due to the complex network of feedback loops and regulation mechanisms (Lin et

al. 2022).
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Metabolic alterations can be caused by natural developments like ageing (Lopez-Otin et al. 2013),
but also malignant signaling and genetic aberrations, which is why deregulated cellular energetics were
named a Hallmark of Cancer (Hanahan and Weinberg 2011; Hanahan 2022). The Warburg effect was
the first reported reprogramming of cancer cell energy metabolism, which shifts glucose metabolism
to “aerobic glycolysis” (Warburg 1956). To date, the function of this metabolic change is still not fully
understood: While some hypothesize it to be the effect of aberrant signaling, it may also promote
cancer by maintaining normoxia or producing pro-oncogenic metabolites (Jaworska et al. 2023; Galicia-
Vazquez and Aloyz 2019). In fact, the oncometabolite lactate as product of the Warburg effect was
proposed to promote pro-oncogenic tumor microenvironment (TME) (Kato et al. 2013), metastasis
(Pennington et al. 2019), and tumor-associated cachexia (Liu et al. 2024; Kumagai et al. 2022).

Many other metabolic alterations have been described in cancer cells, which seem to affect tumor
fitness and performance, metastasis, and treatment response (Bergers and Fendt 2021). For instance,
it was recently described that the metabolite methylglyoxal, a byproduct of glycolysis, inactivates the
tumor suppressor protein BRCA2, allowing for tumorigenesis relevant for several cancer types (Kong
et al. 2024). Specific lipids have also been known to act as cellular second messengers, making their
emerging role in tumor biology seem likely (Vasseur and Guillaumond 2022). For example,
prostaglandin E2, sphingosine phosphates and fatty acids were demonstrated to exert crucial roles in
metastasis of several cancers (Wang et al. 2020; Patmanathan et al. 2016; Luo et al. 2018). Targeting a
lipid kinase phosphorylating phosphoinositolphosphate led to increased targetable antigen
presentation in several tumor types (Bao et al. 2023).

Other studies investigated the possibility of dietary interventions in cancer treatment. While the
first therapeutic activity of the folic acid antagonist aminopterin was described decades ago (Farber
and Diamond 1948), the notion of taking adiposity under consideration for treatment choice (Fournier
et al. 2023) or the role of high-fat diet in cancer progression (Labbe et al. 2019), were recently
reinforced.

Recent advances in -omics technologies now allow for a comprehensive analysis of metabolism in
the context of a cell’s genetic and epigenetic background, promising to improve our understanding of
their interplay, impact on cell signaling, as well as treatment outcomes. Integration of metabolic data
into tumor characterization could even improve tumor subtyping, improving diagnosis and treatment
choice, as illustrated by studies integrating -omics data into subtyping different cancers (Qu et al. 2024;

Xiao et al. 2022; Wang et al. 2023).

3.4.2 DLBCL shows deregulated metabolism
Like many other cancers, DLBCL exhibits an increased metabolic activity compared to other somatic

cells. Clinical tests for DLBCL diagnosis and staging therefore include ®F-fluorodeoxyglucose-positron
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(FDG-PET) emission tomography as readout for glucose uptake, as well as lactate dehydrogenase (LDH)
level testing (Kluckova, D’Avola, and Riches 2022).

Within the tumor, the impact of signaling pathway alterations such as BCR or PI3K signaling have
been studied extensively, but little is known about their effect on cellular metabolism (Young et al.
2019; Bojarczuk et al. 2019; Pfeifer et al. 2013). Inhibition of the BCR signaling kinase SYK was
associated with a decrease in cholesterol biosynthesis in cell lines (Chen, Monti, et al. 2013). By
classifying DLBCL cell lines by their metabolic signatures, they are distinguishable into BCR- and
OxPhos-dependent cell lines reprogramming their fatty acid metabolism, the latter predominantly
using palmitate as respiratory fuel while reducing glucose and increasing glutamine usage (Caro et al.
2012; Wei et al. 2022). Patients also seem classifiable by a metabolism-associated gene signature
which impacts the TME (He et al. 2022). Other studies have identified CD37 as prognostic marker for
DLBCL and demonstrated its inhibitory role for fatty acid metabolism (Peeters et al. 2022; Xu-Monette
et al. 2016). The SHMT2 gene, which is frequently amplified in B-cell lymphomas, is involved in the
mitochondrial folate cycle shown to contribute to cancer metastasis (Lee, Vousden, and Hennequart
2024). Altered metabolism in DLBCL seems to be predictive for treatment response to R-CHOP (Chiche
et al. 2019; Fornecker et al. 2019) and chimeric antigen receptor (CAR) T cells (Linguanti et al. 2022;
Derlin et al. 2021). MYC as recurrent oncogene in DLBCL seems to drive oxidative phosphorylation,
sensitizing to an inhibitor of oxidative phosphorylation (Donati, Rava, et al. 2022). Furthermore,
inhibition of glycolysis and oxidative phosphorylation was found to be a promising therapeutic strategy
for DLBCL treatment in cell lines and xenograft models (Noble et al. 2022), but clinical trials testing
inhibition of oxidative phosphorylation in advanced solid tumors or acute myeloid leukemia
demonstrated high toxicity (Machado et al. 2023; Janku et al. 2021; Yap et al. 2023). Notably, while
many studies were performed in vitro or on preserved DLBCL patient samples, little is known about
metabolic alterations within an in vivo system, which will be integral to gain a comprehensive picture

interpreting the many reports indicating the role of metabolic alterations in DLBCL.

3.5 Aims of the project

C5/MCD DLBCL is a DLBCL subtype with poor prognosis under standard frontline
immunochemotherapy (Chapuy et al. 2018; Schmitz et al. 2018). Therefore, a testing tool for novel
treatment options is highly needed.

This research project consists of three parts.

As a foundation, we aimed to establish an improved mouse model mirroring C5/MCD DLBCL
biologically in morphology, cell surface marker expression and gene expression (Fig. I6A). Specifically,
we hypothesized that a close relation to the plasma cell lineage could be avoided by introducing a
plasma cell differentiation block with a conditional knockout of Prdm1 (generating the PPMBC mouse

model) or overexpression of Spib (generating the SMBC mouse model) into the previously published
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MBC mouse model (Knittel et al. 2016). These models were characterized by flow cytometry,
immunohistochemistry, MRI, serum analysis, WES and transciptomics. The preferred model was used
as preclinical testing tools for several treatment options, among them CAR-T cell treatment.

The established mouse model was then applied in two clinically relevant research questions:

Firstly, which effects do the frequently occurring CD79BY1°®* mutations mediate which might be
targetable (Fig. 16B)? To this end, a conditional mutation (murine orthologue, Cd79b"***") was
introduced into the model and compared to the Cd79b"' counterpart using flow cytometry,
immunohistochemistry, MRI, WES, transcriptomics, and proximity ligation assays. Furthermore,
response to ibrutinib inhibiting BCR signaling was tested in this model.

Secondly, what metabolic alterations can be found in the different available C5/MCD mouse models
that might give rise to additional treatment options (Fig. 16C)? For this purpose, transcriptomic and
metabolomic data from different genotypes and after treatment with ibrutinib was analyzed.
Metabolic measurements of cell lines treated with ibrutinib were conducted by SeaHorse experiments.
Lastly, combination therapy with an inhibitor of oxidative phosphorylation, IACS-010759, was tested

in murine cell lines.
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Figure 16 Aims of this project. (A) First, an improved autochthonous mouse model of C5/MCD DLBCL was to be established by
removing the plasmablastic-like phenotype via introduction of a plasma cell differentiation block with a conditional knockout
of Prdm1 into the previously published MBC mouse model, generating the PPMBC mouse model. This model was subsequently
applied to (B) investigate the role of recurring CD79B ITAM mutations in C5/MCD DLBCL and to (C) analyze metabolic
alterations in different genetic backgrounds and after BTK inhibition.
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4 Materials and methods

4.1 Experimental mice

For chapter 5.2: “For survival analyses, animals were recorded as events that succumbed to disease
or that had to be sacrificed due to predefined termination criteria. Animals that died due to genotype-
unrelated reasons (appendicitis, abnormal teeth, injuries inflicted by cage mates) were censored.”
(Flumann et al. 2023)

To minimize animal suffering, these humane termination criteria were predefined in collaboration
with the animal welfare office and approved by the local authorities (Landesamt fir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen). These criteria included a body condition score of 1 and
2 (Ullman-Cullere and Foltz 1999) indicating poor mouse fitness, weight reduction of >5%, abnormal
scratch wounds, clotted orifices, pronounced coordination issues, paralysis of extremities, a sustained
cowering position, a tightened abdomen, abnormal stereotypical behavior, apathy, self-isolation,
automutilation, respiratory problems, epilepsy, prolonged diarrhea or constipation, rectal prolapse. If
mice had to be sacrificed solely due to one or more of these reasons, data and samples were not used
for further analyses except for causes of death in Fig. R6B and R19B, but some of these criteria could
accompany the following “lymphoma-provoked” symptoms. Animals were sacrificed and data and
samples were used for the analyses reported in this thesis if they met one or more of the following
criteria: Palpable tumor(s) with a diameter >1cm, lymphadenopathy in the neck region, strongly
enlarged spleen (3.5-fold), detectable enlargement of the abdomen accompanied with altered walking
style.

“In treatment studies, onset of lymphoma was defined by a lesion larger than 150ul or
splenomegaly larger than 50 pl detectable by MRI, with a robust volume increase in two consecutive
scans. Venetoclax (MedChem Tronica) was administered as a suspension in 0.4% Methylcellulose by
oral gavage at 200mg/kg daily. Ibrutinib (MedChem Tronica) was administered as a suspension in 0.4%
Methylcellulose by oral gavage at 30mg/kg daily for three weeks as a single agent or in combination
with venetoclax, then via drinking water until death. For preparation of drinking water, ibrutinib was
resolved in 5% HP-Cyclodextrin (PanReac Applichem) at 0.16mg/ml. Mice were allowed to drink
liberally with no other source of water. Mice receiving ibrutinib drinking water received approximately
30 mg/kg ibrutinib per day (Woyach et al. 2014). Upon relapse or progression, animals were re-
challenged with venetoclax for three weeks, with or without concurrent treatment with ibrutinib via
drinking water.” (Flumann et al. 2023)

“For anti-CD19 CAR-T cell experiments, T cells were isolated from spleens of C57BL/6 wt mice using
the Mouse CD3 T cell isolation kit (Biolegend, Cat. No. 480031), cultured and activated as previously

described (Kochenderfer et al. 2010). In brief, T cells were activated in vitro by anti-mouse CD3e (200
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ng/mL, Biolegend, clone 145-2C11), mu-rine IL-2 (100 U/mL, Novartis, 17152.00.00) and anti-mouse
CD28 (100 ng/mL, Bio-legend, clone 37.51), and subsequently transduced with CAR-retrovirus.
Retrovirus for transduction of T-cells was produced by HEK 293T cells co-transfected with the retroviral
Moloney murine leukemia virus (MMLV)-based helper plasmids coding for the gag, pol, and env genes
together with the CAR. After transduction, T-cells were stained with a polyclonal goat anti-rat IgG
antibody (Biotin, Jackson Immuno, Cat. No. 112-066-072), counter-stained with Streptavidin (APC,
Biolegend, Cat. No. 405207) and anti-mouse CD3 (APC, Biolegend, clone 145-2C11) to analyze
transduction efficacy. To treat CD19+ lymphomas with antigen-specific T cell therapy, 2x10°
engineered CAR-T cells were intravenously injected into lymphoma-bearing C57BL/6 PPMBC mice
(identified by MRI). Tumor response was subsequently monitored by weekly MRI and overall survival
was recorded.” (Flumann et al. 2023)

“For transplantation experiments, Ragl”’- mice (C57BL6/J background from Jackson Laboratories
002216) or syngeneic C57BL/6 mice (Cre-negative Prdm1™/f; Myd88cond-p-L252P/cond p.L252P. R g 2 6LSL-BCL2:
IRES-GFP/LSLBCL2-IRES-GFP hraader animals) were used as recipients. 5x10° cells suspended in PBS were
transplanted intraperitoneally (Rag1”") or intravenously (syngeneic mice). All animals were housed in
a specific-pathogen-free facility and animal breedings and experiments were approved by the local
animal care committee and the relevant authorities (Landesamt fiir Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen, AZ: 84-02.04.2014.A146, 84-02.04.2017.A131, 81-
02.04.2019.A009, 81-02.04.2020.A395).” (Flumann et al. 2023)

Addition for chapter 5.2 and chapter 5.3: “For samples collected from acutely treated mice,
ibrutinib was administered daily by oral gavage for three days at 30mg/kg body weight, then mice were

sacrificed for sample collection on the fourth day.” (Flumann et al. 2024)

4.1.1 Generation of alleles

For chapter 5.1: “The generation of the Cd19°¢, Myd88%°"*P1252P and Rosa26'St- B2 RESGFP glleles has
been described previously (Fliimann et al. 2021). The Prdm17° allele was purchased from the Jackson
Laboratory on a C57BL/6J background (Stock No: 008100) (Shapiro-Shelef et al. 2005). To generate the
Rosa26St-5Pb-RESGFP gllele, murine Spib cDNA was cloned into a Rosa26 locus-targeting vector, in which
a CAGGS (cytomegalovirus early enhancer/chicken B actin) promoter drives expression of the
transgene (Spib) as well as an internal ribosomal entry site—driven green fluorescent protein (IRES-
GFP). Expression of these genes is prevented by a LoxP-flanked STOP cassette. This targeting vector
was electroporated into BRUCE4 embryonic stem cells, which were then screened for correct
integration by standard Southern blot methods. Correctly targeted ES cells were used to generate
chimeras, which were backcrossed onto a pure C57BL/6J back-ground and examined for germ line

transmission.” (Flumann et al. 2023)
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For chapter 5.2: “Generation of the Cd79b* Y1 3llele: The targeting vector was generated using
standard techniques. The Cd79b wildtype sequence was based on the NCBI transcript NM_008339.2.
Wildtype exons 3 to 6 were flanked by loxP sites. A polyadenylation signal (hGHpA) was inserted
between the 3’ UTR and the distal loxP site. Downstream of the distal loxP site, copies of exons 3 to 6
harboring the p.Y195H mutation were inserted. Additionally, a FRT-site flanked neomycin resistance
cassette and an F3-flanked puromycin resistance cassette were inserted into the targeting vector,
which was then electroporated into C57BL/6NTac embryonic stem cells. Positive clones were derived
by dual selection with G418 and puromycin. Correct integration was verified by Southern blotting
before blastocyst injection. Germline-transmitting founder animals were received and crossbred with
a FlpDel line to remove the puromycin and neomycin resistance cassettes.” (Flumann et al. 2024)
4.1.2 Genotyping

For all chapters: To determine the genotypes of experimental mice, PCRs from murine ear punch
DNA were performed using GoTaq (Promega, M7845) according to manufacturer’s instructions with

the following primers (all annotated 5’ 2 3’):

Target allele Forward primer Reverse primer

Prdm1" CAATGCTTGTCTAGTGTC AGTAGTTGAATGGGAGC
Cd79bcP1193H GTCTTATTAGAAACCCAACAAACC | GGTTGGGTACTTTTAACTCTTTCC
Rosa26S-SPib-IRES.GFP GCAGGAAGCACTTGCTCTC CGACAAGGCGTCTAGTTTATGTG

R05026LSL.BCL2—IRES—GFP

Rosa26" GCAGGAAGCACTTGCTCTC GATAAGGCTGCAGAAGGAGC
Cd19“e ACAGAGGGAGGCAATGTTGT CCCAGAAATGCCAGATTACG
Cd19™ ACAGAGGGAGGCAATGTTGT TGCCAGACCAAAGAACTTCC
Myd88cond-p-1252P GCCCTTCTGACATTCAATCC ATGGCTCTACAAACTAACACTTCC

To determine the genotypes of murine cell lines, PCRs were performed analogously from genomic

DNA (see 4.2).

4.2 Generation of murine cell lines

For chapters 5.2 and 5.3: To generate murine cell lines from primary tumors, 107 splenocytes from
autochthonous lymphomas or secondary lymphomas derived in transplanted Ragl1”" mice (see 4.1)
were seeded in murine cell line medium (see 4.3). Medium was exchanged weekly until outgrowth of
tumor cells was detected. As soon as reliable tumor cell proliferation was observed (cell number
doubling in a week or less for at least four consecutive weeks), cells were sorted by flow cytometry to
remove residual non-tumor cells and, if more than one proliferative tumor clone distinguishable by

surface markers detected by flow cytometry emerged, to separate tumor clones. Cell sorting was

26



Julia Hansen 4 Materials and methods

performed using the surface markers annotated in 4.6 on a BD FACSAria Fusion. DNA was extracted

(Qiagen, 51306) and genotyped as in 4.1.2.

4.3 Tissue culture

For chapters 5.2 and 5.3: Murine cell lines of genotypes PPMBC (BWQ_296, BWQ_234, BWQ_379,
BWQ_379), MBC (BIN_291, BIN_292, BIN_256), 79-PPMBC (CBU_84) and 79-MBC (BSQ_12) were
cultured in mouse medium consisting of DMEM (ThermoFisher Scientific, 11960044) supplemented
with ImM Sodium Pyruvate (Thermo Fisher Scientific, 11360039), 1x MEM Non Essential Amino Acid
Solution (PAN Biotech, P08-32100), 2mM L-Glutamine (Gibco, 11539876), 10% heat-inactivated FCS
(Thermofisher, 10270106), 10mM HEPES (Carl Roth, 6763.2), 33uM B-Mercaptoethanol (Sigma Aldrich,
SMLO0430), 50U/mL Penicillin and 0.05mg/mL Streptomycin. Cells were prepared for experiments by
harmonizing cell density, seeding cell lines at a concentration of 250 000 cells/mL and grown at 37°C
at 5% CO2 for 48 hours before each experiment.
4.4 MR imaging

For chapters 5.1 and 5.2: “Mouse MR imaging was performed as described previously (Flimann et
al. 2021). In brief, mice were anesthetized with 2.5% isoflurane and scanned on a 3.0T MRI system
(Igenia, Philips) with a small rodent solenoid coil (diameter 40mm, Philips Research Europe). Axial T2-
weighted images of the abdomen were acquired (TSE factor: 10, TR: 2674ms, TE: 65ms, slice thickness:
1.0 mm. Images were exported in DICOM format and spleen and tumor volumes were measured by

segmentation using the Horos software.” (Flumann et al. 2023)

4.5 Immunohistochemistry

For chapters 5.1 and 5.2: “Mouse tissue was Formalin-fixed and paraffin-embedded (FFPE). 4um
sections were stained for B220 (BD, clone RA3-6B2), CD138 (BD, Cat. No. 553712), Ki67 (Cell Marque),
CD3 (Thermo Fisher, clone RM-9107), biotinylated PNA (Vector Laborato-ries, B-1075-5), BCL6 (CST
clone D65C10) and MUM1/IRF4 (Proteintech, Cat. No. 11247-2-AP). Germinal centers were quantified
from PNA stainings using the soft-ware Imagel. Ki67+ cells per total cell count was quantified using the
ImmunoRatio plugin for Imagel.” (Flumann et al. 2023)

For chapter 5.2, the “quantification of Ki67 positive cells was performed using the QuPath

software.” (Flumann et al. 2024)

4.6 Flow cytometry

For chapters 5.1 and 5.2: Single-cell suspensions from mouse spleen, lymphomas or peritoneal
cavity cells were either stained immediately after collection (Fig. R3C) or collected and preserved at -
80°C in FCS+10% DMSO until staining (all other figures). For flow cytometry, these samples were
thawed, washed in DPBS (Thermo Fisher, 14190169) and filtered through a 35um (Falcon, 352235) or
40um nylon mesh (Corning, 2121462) to exclude cell clumps. To enable exclusion of dead cells, a
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Zombie NIR Fixable Viability Kit (Biolegend, Cat. No. 423105) was used by incubating the samples for
15min at 4°C with diluted Zombie NIR™ dye diluted 1:2000 in 100uL DPBS, which was previously
determined to be the optimal concentration. Cells were simultaneously treated with 0.25ug Mouse BD
Fc Block™ (BD, 553142) to minimize unspecific binding. Then, samples were washed in DPBS and
stained for 15min at 4°C “with the following fluorescent-labeled antibodies: BD Biosciences: CD45
(APC-Cy7 and Alexa Fluor700, clone 30-F11), B220 (Pacific-Blue and BV786, clone RA3-6B2), CD95/Fas
(BV510, clone Jo2), CD5 (BUV496, clone 53-7.3), IgD (BUV496, clone 217-170), IgA (BV650, clone C10-
1), IgM (BV711, clone 11/41), CD19 (BUV395, clone 1D3), CXCR4 (PE, clone 2B11), CD38 (BUV395, clone
clone 90/CD38), IgG2b (BV650, 28.0clone R12-3), IgG3 (BV650, clone R40-82), IgG1 (BV650, clone
RMG1-1), BioLegend: CD3 (PerCP-Cy5.5, clone 281-2), CD138 (PE/Cy7 and PerCP-Cy5.5, clone 281.2),
MHCII (AF700, clone M5-1142), CD21/CD35 (PE/Cy7, clone 7E9), CD23 (BV510, clone B3B4), CD86
(PE/Cy7, clone GL1), PLCg2 (PE, biorbyt, Cat. No. orb504888), Invitrogen: CD93 (PE, clone AA4.1), GL-7
(eFluor660, clone GL7), pPLCg2 (APC, clone 4NPRN4). Cell Signaling: pSyk (AF488, clone C87C1), Syk
(AF488, clone D3Z1E). Biozol: IgG2c (AF647, Cat. No. SBA-1079-31).” (Flumann et al. 2023)

Subsequently, cells were washed in DPBS and resuspended in FACS buffer (1% BSA (Sigma, A7906)
in DPBS) including 2% PFA for signal preservation, and stored at 4°C until FACS analysis within the week.

For phospho flow cytometry experiments (Fig. R13B, Fig. R25, Fig. R26B, Fig. R29D), samples were
first stained for extracellular markers as above, then washed in DPBS and permeabilized using the
eBioscience FoxP3/Transcription Factor Staining Buffer Set (Invitrogen, 00-5523-00), before staining
for intracellular markers at 4°C overnight (pPLCg2, PLCg2, pSyk, Syk). Subsequently, cells were washed
in DPBS and resuspended in FACS buffer and stored at 4°C until FACS analysis within the week.

“Flow cytometry was conducted on a Gallios flow cytometer (Beckman Coulter) or LSRFortessa cell
analyzer (BD Biosciences) and data was analyzed with the FlowJo software (version 10.6.1; BD
Biosciences).” (Flumann et al. 2023)

Analysis of peritoneal cavity cells was performed analogously.

The gating strategies are depicted in Fig. SR1.

For comparison of data collected in different datasets (dataset no. 1 MBC and C; dataset no. 2 79-
MBC, MC, 79-C, 79-MC) as performed in Fig. R16, Fig. R17, Fig. R18, data was acquired as indicated
above and B cell subsets were determined using the gating strategies in Fig. SR1. Then, data was
normalized by dividing the resulting B cell subset percentages by the corresponding cell subset
percentage of a wt reference sample measured in both data sets, and multiplied with the cell subset
percentage of the wt reference from dataset no. 1. For Fig. R26, data was standardized by division with

the respective bulk protein level of each sample, then compared.
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4.7 Serum Ig analysis

For chapter 5.1: “Serum was collected from 10-week-old mice and subjected to measurement of
IgA, IgM or whole IgG via ELISA, which was performed according to manufacturer’s in-structions
(Thermo Fisher, Cat. No. 88-50450-22, 88-50470-88 and 88-50400-22).” (Flumann et al. 2023)

Serum collection was performed by carefully pricking the mouse cheek or tail vein and collecting
the needed amount of blood in a Microvette® (Sarstedt, 20.1282). The blood was centrifuged for 10min
at 2,000g before transferring the supernatant (serum) into a fresh microtube. Blood was stored at
-20°C for short-term storage and then transferred to -80°C for long-term storage before usage.

4.8 3’-RNA-sequencing analysis

For chapter 5.1: “RNA was isolated from cryo-frozen tissue using a commercial kit (Qiagen).
Libraries were prepared with the Lexogen QuantSeq kit according to the standard protocol. After
validation (2200 TapeStation; Agilent Technologies) and quantification (Qubit System; Invitrogen,
Waltham, USA) pools of cDNA libraries were generated. The pools were quantified using the KAPA
Library Quantification kit (Peqglab, Erlangen, Germany) and the 7900HT Sequence Detection System
(Applied Biosystems, Waltham, USA) and subsequently sequenced on an lllumina HiSeq4000
sequencer using a 1x50 bp protocol. Reads were mapped to the murine genome (mm10) and
guantified using Salmon. Data was normalized and statistics were calculated using DESeq2.

Murine B cells were isolated from the peripheral blood, purified with a commercial kit (Miltenyi
Biotec, 130-090-862) and treated with 10ug/ml anti-CD40 (FGK45.5, Miltenyi), 10ug/ml anti-lgM
(Jackson ImmunoResearch) and 40ng/ml IL-4 (130-094-061, Miltenyi) for 24h. Germinal center cells
were purified from murine spleens by a commercial kit targeting PNA (130-110-479, Miltenyi). RNA
was isolated using a commercial kit (Qiagen), sequencing was performed as described above. To
generate gene sets for blood activated B and germinal center B cells, differentially expressed genes
between the two groups were identified. A minimum fold change of 2 and a minimum p value of 0.01
were used as thresholds. Gene set analysis was then performed using the FGSEA package (R). ssGSEA
scores were calculated with the corto R package.” (Flumann et al. 2023)

For chapter 5.2 and 5.3: “RNA was isolated from cryopreserved tissue using a commercial kit
(Qiagen, 74004). RNA samples were processed and sequenced as previously described (Fliimann et al.
2021). For the purpose of data analysis, we initially measured the RNA levels using kallisto (Bray et al.
2016), which involved pseudoaligning the reads to the mm10 reference genome. The variant
annotation was performed using the Varian Effect Predictor (VEP), based on the gene definitions from
the GRCm38.p6 mouse reference genome as represented in the Ensembl database version 96. To
ensure uniformity, MGI Gene symbols were converted using tximport (Soneson, Love, and Robinson

2015), and the counts were imported as length-scaled transcripts per million. To account for
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normalization factors related to batch, tissue type, and genotype, as well as perform subsequent

differential analyses, we employed DeSeq2.” (Flumann et al. 2024)

4.9 BCR sequencing

For chapter 5.1: “PNA* cells were isolated by MACS-sorting (Germinal Center B Cell (PNA)
MicroBead Kit, mouse, Miltenyi Biotec, 130-110-479). The BCR sequencing of PNA* cells was performed
using a commercial kit (NEB, NEBNext immune sequencing kit mouse). To assemble the raw sequencing
data into unique sequences (unique combinations of barcodes and BCR sequence), the pRESTO
package (Vander Heiden et al. 2014) was employed, according to the kit manufacturer’s
recommendations. Individual deduplicated sequences were then processed using the IgBlast software
(Ye et al. 2013) and the output analyzed for V, D, J gene usage as well as somatic hypermutation rate.
The isotype of each read is given in the pRESTO output and determined by aligning the C gene-specific
primer sequences used during library preparation.

The library preparation for the BCR receptor sequencing data in Fig. R7 was performed as described
previously (Fliimann et al. 2021). Sample demultiplexing and assembly was performed employing the
published MIGEC pipeline. To assess clone sizes, the MIGEC output was further processed using a
custom R script. Clones were assembled by connecting subclonal sequences that differ by only a single
mismatch. The resulting networks were visualized with the software Gephi. Gini coefficients were
calculated for the dominant clones of each sample with the R package ‘reldist’.

For SHM and isotype analysis in lymphoma samples, a commercial kit for full-length Ig sequencing
was employed (NEBNext immune sequencing kit mouse). The reads were process using the pRESTO
package. The assembled and deduplicated reads were processed with a custom R script to define
individual clones by connecting sub-clonal sequences with a distance of 1bp. The dominant clone
sequences were analyzed using IgBlast to determine nucleotide and amino acid changes from
germline.” (Flumann et al. 2023)

For chapter 5.2: “RNA was isolated from cryo-preserved lesions that were histologically
characterized as lymphoma (Qiagen, 74004). PNA* germinal center B cells were isolated using a
commercial kit for magnetic separation (Miltenyi, 130-110-479) and served as controls. Libraries were
then produced with the NEBNext Immune Sequencing kit (NEB, E6330), following the manufacturer’s
protocol. Libraries were sequenced on an lllumina MiSeq device (MiSeq Reagent Kit v3, 600 cycles).
The derived sequences were processed with the pRESTO toolkit (Vander Heiden et al. 2014). Samples
with less than 1,000 unique molecular identifiers (UMIs) or unproductive rearrangements were
excluded from further analysis. Heavy and light chain consensus sequences were further processed
separately. Individual consensus sequences were combined to one clone if they differed by two or less
nucleotides. The clone size was determined by the number of associated UMiIs. Circular clonality plots

were generated with the software Gephi.” (Flumann et al. 2024)
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4.10 Whole exome sequencing (WES)

For chapter 5.1: “DNA was isolated from cryo-preserved PPMBC, SMBC and MBC tumors, as well as
human FFPE samples, after written informed consent was provided by the patients. Whole exome
sequencing was performed on an lllumina NovaSeq6000 according to previously published protocols
(Flumann et al. 2023; Herling et al. 2018). By means of the BWA mem aligner, we aligned raw
sequencing reads of the mouse samples to the reference genome mm10 and the human samples to
the reference genome hg19. Identical read pairs that rep-resent possible PCR duplicates were masked
out after alignment. All overlapping regions between the read pairs are considered only once in the
analysis. Due to a lack of matched normal for some tumor specimens, we generated a representative
non-tumor sample by combining normals matching to some tumor samples. Our in-house cancer
genome analysis pipeline is used for mutation and copy number alteration calling (Cun et al. 2018;
Peifer et al. 2012). To correct for genotypes that are not captured by representative normal, we filtered
out called mutations that were exactly the same in more than one tumor sample.” (Flumann et al.
2023)

For chapter 5.2: “DNA was isolated from cryopreserved tissue using a commercial kit (Qiagen,
69504). Whole exome sequencing was performed on an Illumina NovaSeq6000, as previously
published (Flimann et al. 2021). FASTQ files were trimmed using cutadapt (Martin 2011) and
subsequently mapped to the mm10 reference genome using Burrows-Wheeler aligner (Li and Durbin
2009). Mapped BAM files were cleaned using Picard tools [Broad Institute]. We followed the GATK best
practices recommendations (DePristo et al. 2011; McKenna et al. 2010). Briefly, raw DNA sequence
data (SAM files) were initially cleaned using Picard tools using a 'LENIENT' validation stringency.
Additional steps included storing read group information and marking duplicates. Consistently,
SAMtools (Danecek et al. 2021) were used to sort/index reads. Base calibration was performed using
the GATK toolkit (Danecek et al. 2021). Reference files were used as described previously (Lange et al.
2020). For calling a normal reference file, we used a matching normal described previously (Flumann
et al. 2023). Further analysis of tumor purity estimations, copy number analysis, and mutation calling
involved ABSOLUTE (Carter et al. 2012), Manta (Carter et al. 2012), Copywriter (Kuilman et al. 2015),
Mutect2 (McKenna et al. 2010), and Strelka2 (Kim, Scheffler, et al. 2018). Variants were annotated
using VEP (McLaren et al. 2016), and visualizations were partially used from maftools (Mayakonda et

al. 2018).” (Flumann et al. 2024)

4.11 CAR-T co-culture experiments

For chapter 5.2: “For co-culture experiments, anti-CD19 CAR-T cells were co-cultured with a CD19+
PPMBC lymphoma cell line for 48 hours [see 4.3]. Subsequently, cell counts were analyzed by flow
cytometry after staining for CD3 (PE, Biolegend, clone 145-2C11) and CD19 (V500, BD Biosciences,

Clone 1D3) after gating for Zombie-negative live cells.” (Flumann et al. 2023)
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4.12 B cell receptor internalization

For chapter 5.2: Goat F(ab')2 Anti-Mouse IgM-LE/AF (Southern Biotech, 1023-14) was biotinylated
using the EZ-Link Sulfo-NHS-Biotinylation Kit (Thermo Scientific, 21425) following manufacturer’s
instructions. Using a commercial CD43 magnetic separation kit (Miltenyi, 130-049-801), CD43" naive B
cells were isolated using LD columns (Miltenyi, 130-042-901) from splenocytes of Cd19“¢" and
Cd19/"t;Cd79b P Y195H/ Wt mice following manufacturer’s instructions. 500 000 cells per condition were
kept at 4°C in 200uL murine cell line media (see 4.3) and surface BCR was labeled with biotin-
conjugated anti-lgM Fab (Jackson ImmunoResearch, 115-067-020) at a dilution of 1:200 or with biotin-
conjugated anti-lgM F(ab’)2 (see above) at a dilution of 1:133.3 for 30 min. After staining, cells were
incubated for 0, 5, 10, 20, 30, 40, 50 and 60min at 37°C, fixed with 0.5% PFA and stored on ice. Surface-
accessible BCR was subsequently stained with 1:200 streptavidin Alexa Fluor 647 (Thermo Fisher,
$32357) and 1:200 BUV395 CD19 (BD Biosciences, clone 1D3). Cells were analyzed on a LSRFortessa
cell analyzer (BD Biosciences) and data was analyzed with the Flowlo software (version 10.6.1; BD

Biosciences).

4.13 Proximity ligation assays

For chapter 5.2: “Formalin-fixed and paraffin-embedded spleen or tumor tissues from mice were
cut into 4 um sections and used for proximity ligation assays (PLAs) with Duolink® In Situ Detection
Reagents Red according to the manufacturer’s instructions (Sigma, DUO92008). Briefly, FFPE sections
were deparaffinized in xylene and subsequently rehydrated in graded alcohol and distilled water. After
heat-induced antigen retrieval at pH 6.0 for 30 minutes, slides were placed in PBS and tissue was
permeabilized for 10 minutes in ice cold methanol, briefly washed in PBS and then blocked for 30
minutes at room temperature using Duolink® blocking buffer. Tissue was then incubated with the
antibody mix overnight at 4°C. Primary antibodies were previously conjugated according to the
Duolink® PLA probemaker protocol to PLUS (MYD88, abcam, ab2064; Probemaker Plus, DU0O92009)
and MINUS (BTK, Cell Signaling, 94988; MALT1, Thermo Fisher, PA5-114500; CD79B, abcam, ab240083;
Probemaker Minus, DU092010) PLA oligonucleotides and diluted 1:50 with Probemaker Assay Reagent
and Assay Diluent to generate the antibody mix. For the isotype controls, a rabbit IgG isotype control
(abcam, ab37415) was conjugated to PLUS and MINUS PLA oligonucleotides and applied using the
same protocol. On the following day, slides were washed in PBS, then ligation and rolling circle
amplification steps were performed using the Duolink® In Situ Detection Reagent Red following the
manufacturer’s protocol. 79-MBC and MBC tissue was counterstained with DAPI (BD Pharmingen,
564907, 1ug/mL), 79-PPMBC and PPMBC tissue was counterstained with 1:50 BV421 rat-anti mouse
CD45R/B220 (BD Horizon, Cat. No. 562922). Tissue slices were mounted in Prolong Diamond Antifade
Mountant (Invitrogen, P36961). Imaging was performed using a Leica SP8-DLS Confocal microscope.

Four images per slide were acquired, each capturing at least 100 cells. PLA spots were counted using
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FlJI software (Version 2.9.0/1.53t) and normalized either to total cell count (MBC/ 79-MBC) or count
of B220* -cells (PPMBC/ 79-PPMBC). PLA counts from different batches were compared by normalizing
to a reference sample that was included in both batches. This batch normalization was performed on

the data sets visualized in Fig. R29A,B.” (Flumann et al. 2024)

4.14 Metabolomics

For chapter 5.3: For metabolomics analysis of spleen and lymphoma tissue, tissue samples of
~300mg were snap-frozen and stored at -80°C before usage. Samples were disintegrated to a fine
powder while frozen using a TissueLyser (Qiagen) for 2 runs, each 2mins at 30Hz. Then, 1 mL of -20°C-
cold extraction buffer containing 50% methyl-tert-butyl-ether (Sigma, 306975), 30% methanol (Fisher
Chemical, A456-212) and 20% MS-grade water (Honeywell, 14263) supplemented with internal
standards (0.25uM U-3C®N amino acids, Cambridge isotopes, 79248; 0.1ug/mL 3Cyo ATP, Sigma,
710695; 10ng/mL citric acid D4, Sigma, 485438; 10ng/mL EquiSPLASH™ LIPIDOMIX standard, Avanti
Polar lipids, 30731) was added to each sample. Samples were sonicated until disintegration and
incubate for 30mins in a thermomixer (Eppendorf), at 4°C and 1500rpm. Samples were then
centrifuged for 10min at 21000g at 4°C before transferring the supernatant to a fresh tube. 200 pL
methyl-tert-butyl-ether and 150 uL LC-grade water were added and the suspension was incubated for
another 10mins at 15°C, 1500rpm in a thermomixer. Samples were centrifuged (5min, 15°C, 16000g)
and the liquid phases were separated into fresh tubes (upper phase containing lipids, lower phase
containing polar metabolites). Liquid was evaporated in a Speed Vac concentrator (Eppendorf) at 20°C
and 1000rpm and samples were stored at -80°C until MS analysis. MS analysis was performed by the
Metabolomics core facility of the Max Planck Institute for Biology of Ageing. The following detailed
descriptions were provided courtesy of Patrick Giavalisco, head of the Metabolomics core facility.

Data was analyzed using R 4.3.2.

4.14.1 Anion-Exchange Chromatography Mass Spectrometry (AEX-MS) for the analysis of
anionic metabolites

“Extracted metabolites were re-suspended in 150ul of UPLC/MS grade water (Biosolve), of which
100 pl were transferred to polypropylene autosampler vials (Chromatography Accessories Trott,
Germany) before AEX-MS analysis.

The samples were analysed using a Dionex ionchromatography system (Integrion Thermo Fisher
Scientific) as described previously (Schwaiger et al. 2017). In brief, 5uL of the resuspended polar
metabolite extract were injected in push-partial mode, using an overfill factor of 1, onto a Dionex
lonPac AS11-HC column (2mm x 250mm, 4um particle size, Thermo Fisher Scientific) equipped with a
Dionex lonPac AG11-HC guard column (2mm x 50mm, 4um, Thermo Fisher Scientific). The column

temperature was held at 30°C, while the auto sampler temperature was set to 6°C. A potassium
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hydroxide gradient was generated using a potassium hydroxide cartridge (Eluent Generator, Thermo
Scientific), which was supplied with deionized water (Milli-Q 1Q 7000, Millipore). The metabolite
separation was carried at a flow rate of 380 puL/min, applying the following gradient conditions: 0-3min,
10mM KOH; 3-12min, 10-50mM KOH; 12-19min, 50-100mM KOH; 19-22min, 100mM KOH, 22-23min,
100-10mM KOH. The column was re-equilibrated at 10mM for 3min.

For the analysis of metabolic pool sizes the eluting compounds were detected in negative ion mode
using full scan measurements in the mass range m/z 77 — 770 on a Q-Exactive HF high resolution MS
(Thermo Fisher Scientific). The heated electrospray ionization (ESI) source settings of the mass
spectrometer were: Spray voltage 3.2kV, capillary temperature was set to 300°C, sheath gas flow
50AU, aux gas flow 20AU at a temperature of 330°C and a sweep gas glow of 2AU. The S-lens was set
to a value of 60.

The IC-MS data analysis was performed using the open-source software El Maven (Agrawal et al.
2019) (Version 0.12.0). For this purpose, Thermo raw mass spectra files were converted to mzML
format using MSConvert (Chambers et al. 2012) (Version 3.0.22060, Proteowizard). The identity of
each compound was validated by authentic reference compounds, which were measured at the
beginning and the end of the sequence. For data analysis the area of the deprotonated [M-H*] or
doubly deprotonated [M-2H]2 mass peaks of every required compound was extracted and integrated
using a mass accuracy <5 ppm and a retention time (RT) tolerance of <0.05 min as compared to the
independently measured reference compounds.

Peak areas were then normalized to internal standards, followed by a normalization to the protein
content or the cell number of the analyzed samples.” — Patrick Giavalisco
4.14.2 Semi-targeted liquid chromatography-high-resolution mass spectrometry-based (LC-
HRS-MS) analysis of amine-containing metabolites

“The LC-HRMS analysis of amine-containing compounds was performed using a QE-Plus high-
resolution mass spectrometer coupled to a Vanquish UHPLC chromatography system (Thermo Fisher
Scientific). In brief: 50uL of the available 150puL of the above mentioned (AEX-MS method) polar phase
were mixed with 25ul of 100mM sodium carbonate (Sigma), followed by the addition of 25ul 2% [v/v]
benzoylchloride (Sigma) in acetonitrile (UPC/MS-grade, Biosove, Valkenswaard, Netherlands), as
reported previously (Wong et al. 2016). The derivatized samples were thoroughly mixed and kept at a
temperature of 20°C until analysis.

For the LC-HRMS analysis, 1pl of the derivatized sample was injected onto a 100 x 2.1mm HSS T3
UPLC column (Waters). The flow rate was set to 400pl/min using a binary buffer system consisting of
buffer A (10 mM ammonium formate (Sigma), 0.15% [v/v] formic acid (Sigma) in UPC-MS-grade water
(Biosove, Valkenswaard, Netherlands). Buffer B consisted of acetonitrile (IPC-MS grade, Biosove,

Valkenswaard, Netherlands). The column temperature was set to 40°C, while the LC gradient was: 0%
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B at Omin, 0-15% B 0- 4.1min; 15-17% B 4.1 — 4.5min; 17-55% B 4.5-11min; 55-70% B 11 — 11.5min, 70-
100% B 11.5 - 13min; B 100% 13 - 14min; 100-0% B 14 -14.1min; 0% B 14.1-19min; 0% B. The mass
spectrometer (Q-Exactive Plus) was operating in positive ionization mode recording the mass range
m/z 100-1000. The heated ESI source settings of the mass spectrometer were: Spray voltage 3.5kV,
capillary temperature 300°C, sheath gas flow 60AU, aux gas flow 20AU at 330°C and the sweep gas was
set to 2 AU. The RF-lens was set to a value of 60.

The LC-MS data analysis was performed using the open-source software El Maven (Agrawal et al.
2019) (Version 0.12.0). For this purpose, Thermo raw mass spectra files were converted to mzML
format using MSConvert (Chambers et al. 2012) (Version 3.0.22060, Proteowizard). The identity of
each compound was validated by authentic reference compounds, which were measured at the
beginning and the end of the sequence. For data analysis the area of the protonated [M + nBz + H]+
(nBz stands for the number of benzoyl moieties attached to each compound). Extracted ion
chromatograms were generated with a mass accuracy of <5ppm and a retention time (RT) tolerance
of <0.05 min as compared to the independently measured reference compounds. These areas were
then normalized to the internal standards, which were added to the extraction buffer, followed by a

normalization to the protein content or the cell number of the analyzed samples.” — Patrick Giavalisco

4.14.3 Liquid Chromatography-High Resolution Mass Spectrometry-based (LC-HRMS) analysis
of lipids

“The stored (-80°C) lipid extracts were re-suspended in 300uL of a UPLC-grade acetonitrile:
isopropanol (70:30 [v:v]) mixture, followed by vortexing and 10min incubation on a thermomixer at
4°C. The re-suspended samples were cleared by a 5min centrifugation at 10.000xg and the
supernatants were transferred to 2ml glass vials with 200ul glass inserts (Chromatography Zubehor
Trott, Germany), which were placed in an Acquity iClass UPLC (Waters) sample manager at 6°C. The
UPLC was connected to a Tribrid Orbitrap HRMS, equipped with a heated ESI (HESI) source (ID-X,
Thermo Fischer Scientific).

Of each lipid sample 2ul were injected onto a 100 x 2.1mm CSH C18 UPLC column, packed with
1.7um particles (Waters). The flow rate of the UPLC was set to 350ul/min and the buffer system
consisted of buffer A (10mM ammonium acetate, 0.1% acetic acid in water/acetonitrile [4:6] and buffer
B (10mM ammonium acetate, 0.1% acetic acid in UPLC-grade acetonitrile/isopropanol 1:9 [v/v]). The
UPLC gradient was as follows: 0-1min 75% A, 1-2min 75-60% A, 2-4min 60-42% A, 4-6min 42-38% A,
6-9min 38-30% A, 9-11min 30-27% A, 11-13min 27-22%, 13-15.8min 22-0% A, , 15.8-16min 0% A, 16-
16.10-75% A and 16.1-20min 75% A. This leads to a total runtime of 20min per sample.

The ID-X mass spectrometer was operating either for the first injection in positive ionization mode
or for the second injection in negative ionization mode. In both cases, the analyzed mass range was

between m/z 150-1500. The resolution was set to 120.000, leading to approximately 4 scans per
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second. The RF lens was set to 40%, while the AGC target was set to 100%. The maximal ion time was
set to 100ms and the HESI source was operating with a spray voltage of 3.5kV in positive ionization
mode, while 3.2kV were applied in negative ionization mode. The ion tube transfer capillary
temperature was 300°C, the sheath gas flow 60 arbitrary units (AU), the auxiliary gas flow 20AU and
the sweep gas flow was set to 1AU at 330°C.

All samples were analyzed in a randomized run-order.

Targeted data analysis was performed using the quan module of the TraceFinder 5.1 software
(Thermo Fischer Scientific) in combination with a sample-specific in-house generated compound
database. For the analysis of untargeted lipidomic data mMZmine (version 2.3) was used (Pluskal et al.

2010).” — Patrick Giavalisco

4.15 SeaHorse

For chapter 5.3: For SeaHorse experiments, the Agilent Seahorse XF Real-Time ATP Rate Assay Kit
(Agilent, 103593) was used according to manufacturer’s instructions. Briefly, 250,000cells/well were
seeded in DPBS (Thermo Fisher, 14190169) on a SeaHorse plate and allowed to attach for 30min at
room temperature. In the meantime, treatment compounds were prepared in a sensor cartridge
hydrated overnight on SeaHorse XF Calibrant (Agilent, 100840-000) using SeaHorse DMEM (Agilent,
103680-100) supplemented with 1mM Pyruvate (Agilent, 103578-100), 10mM Glucose (Agilent,
103577-100) and 2mM Glutamine (Agilent 103579-100). SeaHorse measurement was performed using
a Seahorse XFe96 Analyzer and normalized using cell counts via Cytation 5 (Fig. R33A, Fig. SR7A) or by
protein amounts (Fig. R33B&C). For normalization by protein amounts, SeaHorse medium was
removed and cells were resuspended in 10uL 4% SDS (Carl Roth, 2326.2) in DPBS per well and frozen
at -20°C. The next day, protein amounts were determined using a Pierce™ BCA Protein Assay Kit

(Thermo Fisher, 26619) according to manufacturer’s instructions in a Tecan Spark plate reader.

4.16 Ibrutinib sensitivity and combination screen

For chapter 5.3: To determine ibrutinib sensitivity of murine cell lines, 10 000 cells/well per cell line
were seeded on a 96-well plate and treated with DMSO or ibrutinib at concentrations of 0.0512nM to
20mM in triplicates. After 3 days of incubation at 37°C, cell viability was determined using
alamarBlue™ cell viability reagent (Invitrogen, A50101) according to manufacturer’s instructions in a
Tecan Spark plate reader.

For the combination screen of ibrutinib and IACS-010759 (sellekchem, S8731), 2500 cells/well per
cell line were seeded in a 365-well-plate. Cells were treated with ibrutinib of concentrations of 1nM to
20mM and IACS-010759 at concentrations of 0.6nM to 12.5mM in quadruplicates. After 3 days of
incubation at 37°C, cell viability was determined using alamarBlue™ cell viability reagent (Invitrogen,

A50101) according to manufacturer’s instructions in a Tecan Spark plate reader.
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Cell viability data was analyzed by normalizing fluorescence data to the DMSO-treated controls and
modeling it to a Hill function (Gesztelyi et al. 2012), using R 4.3.2. For the combination screen, the

ClcomputeR package (Zhang, Fu, and Chou 2016) was used.
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5 Results

5.1 Distinct genetically determined origins of Myd88/BCL2-driven aggressive lymphoma
rationalize targeted therapeutic intervention strategies

5.1.0 Contributions

Chapter 5.1 is based on the following publication in Blood Cancer Discovery:

Flumann, R., J. Hansen, B. W. Pelzer, P. Nieper, T. Lohmann, I. Kisis, T. Riet, V. Kohlhas, P. H. Nguyen,
M. Peifer, N. Abedpour, G. Bosco, R. K. Thomas, M. Kochanek, J. Knufer, L. Jonigkeit, F. Beleggia, A.
Holzem, R. Buttner, P. Lohneis, J. Meinel, M. Ortmann, T. Persigehl, M. Hallek, D. P. Calado, M.
Chmielewski, S. Klein, J. R. Gothert, B. Chapuy, B. Zevnik, F. T. Wunderlich, B. von Tresckow, R. D.
Jachimowicz, A. M. Melnick, H. C. Reinhardt and G. Knittel (2023). "Distinct Genetically Determined
Origins of Myd88/BCL2-Driven Aggressive Lymphoma Rationalize Targeted Therapeutic Intervention
Strategies." Blood Cancer Discov 4(1): 78-97.

The following figures were retrieved from the publication: Fig. R1A, R1B, R2, R3, R4, R5, R6, R7, RS,
R9, R10, R11, R12, R13B except for rightmost panel, R14; and Appendix SR1
The following figures were generated solely for this thesis: R1C, R13B rightmost panel; and

Appendix SR2, SR3B

Detailed author contributions relevant for experiments shown in this thesis are as following:

R. Flimann, H.C. Reinhardt, G. Knittel, P. Nieper, M. Chmielewski conceptualized and designed the
project.

R. Flimann and F. T. Wunderlich generated the novel Spib allele and confirmed its function. R.
Flimann coordinated breeding of all mice.

R. Flimann, J. Hansen and J. Kniifer monitored the mice, performed autopsies, and took all mouse
samples.

R. Flimann, J. Hansen, L. Jonigkeit performed MRI analyses.

J. Hansen and B. Pelzer designed the flow cytometry panels. J. Hansen established and optimized
flow cytometry panels and acquired flow cytometry data. J. Hansen and R. Flimann analyzed the flow
cytometry data.

R. Flimann analyzed immunohistochemistry stainings.

R. Flimann measured serum immunoglobulin levels by ELISA.

R. Flimann, J. Hansen and J. Kniifer prepared samples for transcriptomic analyses and whole-exome

sequencing (WES). G. Knittel and S. Klein analyzed transcriptomes and WES.
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G. Knittel and R. Flimann prepared BCR sequencing. G. Knittel analyzed BCR sequencing.

J. Hansen and J. Kniifer performed Rag1”- engraftment experiments.

T. Riet prepared the CAR-T construct, performed in vitro CAR-T experiments and supplied CD19
CAR-T cells. J. Hansen and J. Knifer performed in vivo CAR-T experiments.

R. Flimann performed treatment experiments with venetoclax and ibrutinib.

G. Knittel and R. Flimann performed statistical analyses of all experiments.

Resources were contributed by T. Lohmann, G. Bosco, R.K. Thomas, R. Bittner, T. Persigehl, M.
Hallek, D.P. Calado, M. Chmielewski, J.R. Gothert, B. Chapuy, B. Zevnik, F.T. Wunderlich, B. von
Tresckow, R.D. Jachimowicz, A.M. Melnick, H.C. Reinhardt.

A complete list of contributions, including for publication aspects not part of this thesis, is found in

chapter 7.
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5.1.1 Genetic alterations predispose for lymphomas with different dependencies

Our previously published MBC mouse model recapitulated many characteristics of human DLBCL
and could be used for pre-clinical treatment testing (Fliimann et al. 2021; Knittel et al. 2016). However,
MBC lymphomas were found to be CD138*B220", hinting at a close relationship to the plasmablastic
lineage, which is rarely seen in DLBCL patients. Therefore, we reanalyzed available patient whole-
exome sequencing (WES) data (Chapuy et al. 2018; Schmitz et al. 2018), and found that the majority
of cases carrying characteristic MYD88 mutations displayed additional genetic alterations conferring a
plasma cell differentiation block (Fig. R1A). PRDM1, which is the master regulator of plasma cell
differentiation (Shapiro-Shelef et al. 2005), was frequently lost via PRDM1 loss-of-function mutations
and deletions of the PRDM1 locus (6q or 6g21). Another observed mechanism leading to plasma cell
differentiation arrest was the amplification of the locus of SPIB (located on 19q), a transcription factor
suppressing plasma cell differentiation by inhibiting the expression of PRDM1 (Horiuchi et al. 2023).
Additionally, mutations of TBLXR1 and increased activation of BCL6 by fusion or structural variation
have been shown to prevent GC B cell differentiation (Basso and Dalla-Favera 2012a; Venturutti et al.
2020). Taken together, 90% (46/51) of MYD88-mutant MCD cases and 79% (19/24) of MYD88-mutant
C5 cases carried at least one of these genetic alterations, prompting us to investigate the role of a
plasma cell differentiation block in our MBC mouse model.

To this end, a loxP-flanked Prdm1 allele (Shapiro-Shelef et al. 2005) to conditionally delete Prdm1
in B cells carrying Cd19¢ was acquired (Fig. R1B). Additionally, a novel Spib overexpression allele by
inserting a Spib.IRES.GFP site with a loxP.STOP.loxP cassette into the Rosa26 locus was generated (Fig.
R1B), mediating Spib overexpression dependent on Cre-mediated excision of the STOP cassette
(Flumann et al. 2023). Both alleles were combined with our existing MBC mouse model, generating

e The PPMBC mouse model (Prdm1™/; Myd88cond-»1252P/wt, Rosq26HS! B2 IRES.GFP/wt. Cf7 gCre/wt)
e The SMBC mouse model (Myd88¢ond--1252P/wt, R s 2GLSLBCL2 IRES GFP/LSL.Spib.IRES.GFP. ¢y 7 gCre/wt)

(Please note that the genetic generation of the PPMBC and SMBC mouse models took place without
involvement by J. Hansen and is described here for explanatory reasons.)

To characterize both mouse models before and after onset of malignancy, we investigated two
cohorts of mice. To analyze the premalignant phenotype, we sacrificed 10-week-old mice, an age at
which no signs of lymphoma could be detected yet. For in depth analysis of the terminal phenotype,
we monitored mice longitudinally up to an age of 100 weeks and sacrificed them at predefined
termination criteria (such as highly enlarged spleens or tumors, see 4.1, Fig. R1C).

Chapter 5.1 begins with the characterization of the PPMBC and SMBC mouse models, first before
signs of malignancy (premalignant phenotype, 5.1.2), followed by analysis of animal and tumor
phenotype upon lymphoma development (5.1.3-5.1.6). Subsequently, several treatment options are
tested in the PPMBC model (5.1.7-5.1.8).
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Figure R1 MICD/C5 DLBCL frequently carries a plasma cell differentiation block. (A) Analysis of genetic data from (Chapuy et
al. 2018; Schmitz et al. 2018) reveals high incidence of genetic alterations mediating a plasma cell differentiation block in
MYD88-mutated DLBCL patients. (B) Alleles used to generate the PPMBC and SMBC mouse models for modeling DLBCL with a
plasma cell differentiation block. (C) SMBC and PPMBC mice were analyzed at two time points, premalignant animals at an
age of 10 weeks and tumor-bearing animals upon tumor development, see text and section 4.1. loxP locus-of x-over, FRT
flippase recognition target, MRI Magnetic resonance imaging, pA polyadenylation site, * mutation, STOP stop codon, neo®

neomycin resistance cassette, IRES internal ribosome entry site.
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5.1.2 Deletion of Prdm1 and overexpression of Spib block plasma cell differentiation

Already at 10 weeks of age, first effects of Prdm1 deletion and Spib overexpression could be
observed in PPMBC and SMBC mice. Using magnetic resonance imaging (MRI), we observed
significantly increased spleen volumes in SMBC and PPMBC mice compared to MBC and Cd19°¢/*t (C)
controls (Fig. R2). This change became more pronounced at 20 weeks of age, when SMBC and PPMBC
demonstrated ~2-fold increased spleen volumes compared to MBC mice, which in turn had ~2-fold
increased spleen volumes compared to C mice. This hints at an increased lymphocyte pool leading to
accelerated spleen growth, reinforced by the additional genetic alterations induced in the SMBC and

PPMBC mouse model.

>
w

= N
o ©o o

o

spleen volume (ul/g,)

10 20
Age (weeks)
= WT
= MBC

[ SMBC
= PPMBC

Figure R2 SMIBC and PPMBC mice display splenomegaly early-on. (A) Representative MRI sections of the abdomen of 10-
week-old mice of the respective genotypes. The spleen is outlined in white. (B) Quantification of spleen volumes of 10- and 20-
week-old mice by MRI (wt, n 2 5; MBC, n = 6; SMBC, n > 6; and PPMBC, n = 5). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Welch unpaired two-tailed t test, error bars represent SD.

To further investigate this first indication of expedited malignant lymphoproliferation, we sacrificed
mice at 10 weeks of age and extracted splenocytes and peritoneal cavity cells to study present B-cell
subsets. An increased B cell subset could indicate the potential lymphoma founder population in our
model, providing insight into murine lymphomagenesis. To characterize the immune cell populations,
we used flow cytometry to investigate the following B cell populations: CD19*B220" B-1 cells (B1),
innate-like B cells involved in rapid infection response and mainly found in the peritoneal cavity, with
CD5* effector Bla cells and CD5 B1b cells with memory function in immune protection (Haas 2015);
CD23°CD21* marginal zone B cells (MZB) residing adjacent to the splenic sinus involved in response to
T cell-independent antigens; CD23*CD21* follicular B cells (FoB), the dominant mature B cell subset
located in lymphoid follicles; and CD138* plasmablasts (PBs) which secrete antibodies (Wong et al.
2019; Nutt et al. 2015). For flow cytometry gating strategies see Fig. SR1.

MBC and SMBC splenocytes displayed significantly decreased CD19*B220" B1 levels compared to C
mice (Cd19¢/*!), while PPMBC splenic CD19*B220" B1 levels were significantly increased (Fig. R3A).
Interestingly, the ratio between CD5* Bla and CD5 B1b cells was altered as well: While CD5* Bla cell
levels were decreased, CD5 B1b cells showed significantly increased levels in MBC, SMBC and PPMBC
mice compared to C mice (Fig. R3A). When looking at B-cell subsets in general, all three models showed

increased CD19*B220* B cell levels, as expected from the induced malignant genetic alterations (Fig.
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R3B). However, CD23°CD21* MZB pools were significantly decreased in MBC and SMBC, but not PPMBC
spleens. CD23*CD21* FoB populations, on the other hand, were increased in MBC and SMBC spleens
(Fig. R3B).
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Figure R3 Flow cytometry analysis of premalignant PPMBC and SMBC mice show altered splenic B-cell subsets. (A)
CD19*B220 B1 cells (B1), including B1a and B1b subsets. (B) CD19*B220* B cells including follicular B (FoB) and marginal zone
B cells (MZB) of 10-week old C (n =6), MBC (n = 7), SMBC (n = 7) and PPMBC (n = 7) mice. (C) Splenic CD138* Plasmablasts (PB)
and plasma cells (PC) from 10-week-old C (n = 11), MBC (n = 10), SMBC (n = 8), or PPMBC (n = 9) mice. *p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001. Welch unpaired two-tailed t test, error bars SD.
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Lastly, we investigated levels of splenic CD138" cells, indicating the plasmablast and plasma cell
compartments. As expected, overexpression of Spib or deletion of Prdm1 strongly reduced both
subsets in premalignant SMBC and PPMBC mice compared to MBC mice. Reduction of late
plasmablast/plasma cell levels was significantly more pronounced in PPMBC mice compared to SMBC
mice, suggesting a more thorough plasma cell differentiation block (Fig. R3C).

Peritoneal cavity cells were analyzed analogously with comparable results (Fig. SR2).

Taken together, the induced genetic alterations show varying impacts on B-cell subsets in spleen
and peritoneal cavity of premalignant mice. In many investigated subsets, MBC and SMBC cell ratios
seemed more similar to each other compared to PPMBC mice. PPMBC mice revealed B-cell levels more

comparable to C mice for peritoneal cavity B cells, splenic marginal zone B cells and follicular B cells.

A from CD45*/B220*/IgD-
MBC SMBC io 15 o 20
y VB =] b=
35.2 O 10 8 15
s 510
0 o
g e 5 S
Py <
5 o
GCB Q
e 2.85 ©o0 =,
[0}
a — — — CIC [ISMBC
o -10° 0 10°  10* 10° -10® 0 10° 10* 10° -10°> 0 10° 10° 10° -10°> 0 10° 10° 10° = MBC @ PPMBC
CD95/Fas - BV510 ~
B from GCB cells (CD45*/B220*/IgD/CD95/Fas*/CD38)
(o3 MBC SMBC PPMBC x
4 —
‘k105‘] 2825 ?729 Ikkk k
’ : L 3] v
10" = oC
e ; e MBC
wl, s 2- v SMBC
3 10 g % APPMBC
0 [=]
x z Lz Lz 1 a
2l 625 31.3 39.8 38.5 3
Of -10° 0 10° 10* 10° -10° 0 10° 10* 10° .10° 0 10° 10° 10 -10° O 10° 10° 10° o
A -
CD86 - PE-Cy7 ~
C GC area GC count mean GC size
¥ kxd
: o 15 2 6 o 5
4 o Xk @ o ) - .
, 5 | = E it
< i ] 10 E 4 %3
“ [} e )
Z = o by
oS o 5 8 2 £ 21.
' |5 o %1
X0 0 0
OWT mMBC OSMBC @ PPMBC

Figure R4 Autochthonous mouse models, especially PPMBC mice, showed increased GC development at 10 weeks of age.
(A, B) Flow cytometry analysis of splenic B cells subsets of 10-week old C (n = 6), MBC (n = 7), SMBC (n = 7) and PPMBC (n =
7) mice. (A) memory B (MB) cell subsets and GCB cell subsets. (B) Flow cytometry analysis of GC light zone (LZ) and dark zone
(DZ) polarity. (C) Immunohistochemistry analysis of PNA* GCs in FFPE tissue of spleens of 10-week-old wt (n = 10), MBC (n =
5), SMBC (n =5) and PPMBC (n = 5) mice. Scale bar represents 500um. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch
unpaired two-tailed t test, error bars SD. PNA peanut agglutinin.
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Since many lymphomas originate from the GC reaction (Mlynarczyk, Fontan, and Melnick 2019), we
examined GC B cell subsets and consequences from the GC reaction in more detail (Fig. R4, Gating
Strategies Fig. SR1). All three mouse models displayed increased levels of CD38CD95* GCB cells and
CD38*CD95 memory B (MB) cells in flow cytometry analyses (Fig. R4A). GC DZ/LZ ratio was significantly
altered as well: All three models showcased an increased DZ/LZ ratio, hinting at increased proliferation
in the dark zone (Fig. R4B). As observed in histology samples of splenic tissue when staining for GCs
with peanut agglutinin (PNA), GC area, count and mean size was increased in all three mouse models
as well (Fig. R4C). This increased level of GC reaction might drive lymphomagenesis in these mice.

BCR signaling is highly relevant for C5/MCD DLBCL, rendering removal of surface BCR expression
synthetically lethal for this DLBCL subset (Chapuy et al. 2018; Davis et al. 2010; Young et al. 2015).
Interestingly, MBC and SMBC mice demonstrated significantly decreased levels of surface IgM on
splenic naive B cells (Fig. R5A), hinting at a decreased dependency on BCR signaling. When investigating
serum Ig titers via ELISA, we observed decreased immunoglobulin titers for SMBC and PPMBC mice
compared to MBC mice (Fig. R5B), as expected by the lack of plasma cells. This was again more
pronounced in PPMBC mice, highlighting the decreased permissiveness for plasma cell development

in this genotype.
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Figure R5 Analysis of immunoglobulins in autochthonous mouse models of DLBCL. (A) Surface IgM levels on splenic naive B
cells of 10-week-old mice C (n = 6), MBC (n = 6), SMBC (n = 7) and PPMBC (n = 7) mice, representative flow cytometry analysis
and quantification. (B) Serum Ig titers of IgM, IgA and IgG from 10-week-old wt (n = 8), MBC (n = 7), SMBC (n = 6), PPMBC (n
=5) mice by ELISA. *p<0.05, **p<0.01, ***p<0.001. Welch unpaired two-tailed t test, error bars SD.
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5.1.3 Deletion of Prdm1 and Spib overexpression accelerate lymphomagenesis

To determine the effect of B cell-specific Prdm1 deletion or Spib overexpression in MBC animals on
overall survival, we monitored mice until they reached predefined termination criteria (see 4.1), such
as development of large tumors. As previously reported for MBC mice (FIimann et al. 2021), animals
succumbed to lymphoma stochastically. While MBC animals demonstrated a median overall survival
of 49 weeks, survival was significantly reduced in PPMBC and SMBC mice (median overall survival of
34.1 and 37.1 weeks, respectively), suggesting an additional pro-oncogenic effect mediated by these
genetic alterations (Fig. R6A). As previously described, most MBC animals died from B220°CD138*
lymphomas (Fig. R6B, C). PPMBC animals consistently developed B220*CD138" lymphomas (Fig. R6B,
C). When considering SMBC animals, however, some developed B220°CD138* lymphomas, while others
developed B220*CD138" lymphomas, again hinting at increased permissiveness for the plasma cell
lineage (Fig. R6B). Note that a small proportion of animals died from non-malignant causes such as
scratch wounds (Fig. R6B). Interestingly, SMBC and PPMBC showed detectable infiltration of CD3* T
cells (Fig. R6C). Due to the emerging role of the TME in lymphoma biology, a further in-depth
investigation of infiltrating T cells might give novel insights into C5/MCD biology (Steen et al. 2021).

As expected from an aggressive lymphoma like DLBCL, high proliferation rates were detected in
MBC, SMBC and PPMBC tissue samples, revealed by high positivity for the proliferation marker Ki67.
Ki67 positivity was comparable between all three genotypes (Fig. R6C, D).

For SMBC and PPMBC mice, lesions occurred mainly in spleen and lymph nodes and could be

detected with magnetic resonance imaging (Fig. R6E).
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Figure R6 SMBC and PPMBC mice develop lymphomas. (A) Overall survival of wild-type (n=6), MBC (n=45), SMBC (n=28) and
PPMBC (n=26) mice. (B) Terminal phenotypes of MBC, SMBC and PPMBC animals. (C) Representative immunohistochemistry
stainings of FFPE tumor tissue from MBC, SMBC and PPMBC animals. (D) Quantification of cells positive for the proliferation
marker Ki67 by immunohistochemistry staining of FFPE tumor tissue from MBC (n = 13), SMBC (n = 9) and PPMBC (n = 5)
animals. (E) Representative MRIs of lymphoma-bearing MBC, SMBC and PPMBC animals. *p<0.05, ****p<0.0001. Log-rank
test (A) and Welch unpaired two-tailed t test (D), error bars SD.
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To confirm that not only B cell proliferation was increased in general, but tumors originated from
one or several malignant clones, we investigated clonality by RNA-based BCR sequencing (Shugay et
al. 2014). While splenocytes from wild-type mice showed a clonally highly diverse BCR repertoire, MBC,
SMBC and PPMBC tumor cells demonstrated one or few dominant clones making up to more than 90%
of the B cell subset in the majority of cases (Fig. R7A, B). From this, we determined the Gini coefficient
used to assess the evenness of clonal distribution, ranging from 0 to 1 (Wright Muelas et al. 2019). A
Gini coefficient of 1 would represent a maximally inequal distribution, meaning a perfectly monoclonal
tumor (Wright Muelas et al. 2019). The Gini coefficients for MBC samples were close to 1, representing
nearly monoclonal samples where one clone dominates the distribution. SMBC samples showed a
comparatively high variance for the Gini coefficient, while PPMBC tumors had a high, but significantly
lower Gini coefficient compared to MBC tumor samples, indicating a less stringent clonality (Fig. R7C).
On the other hand, we observed an expectable usage of Ighv genes, indicating that dominant clones
differed between lymphoma samples (Fig. R7D). If all tumors were driven by the same specific set of
(auto-)antigens in different animals, this could be indicated by usage of the same Ighv genes as seen

in some DLBCLs (Young et al. 2015). Our data discourages this hypothesis in our models (Fig. R7D).
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As previously mentioned, BCR signaling was shown to be highly relevant for C5/MCD DLBCL and
different immunoglobulin isotypes confer distinct types of BCR signaling (Chapuy et al. 2018; Maity et
al. 2018; James 2022). We therefore investigated isotype choice in MBC, SMBC and PPMBC tumor
samples, revealing different proportions of MBC, SMBC and PPMBC tumors to express IgA, IgG or IgM,
although sample sizes were notably small (Fig. SR3A). Similarly, we observed different isotype positivity
for different samples in our flow cytometry data (Fig. SR3B).

5.1.4 SMBC and PPMBC tumors show propagative capacity outside of lymphatic tissue and in
engrafted Rag1”- mice

Extranodal disease is observed frequently in B-cell lymphoma patients (Sehn and Salles 2021). In
SMBC and PPMBC mice, extranodal infiltration into the liver and the lung was significantly more
prevalent than in MBC mice, as detected by immunohistochemistry staining for B220* B cells (Fig. R8A,
B). At mouse autopsy, we also noticed increased lymphoma dissemination into different lymph node
regions in PPMBC and SMBC mice, compared to MBC mice (Fig. R8B). Interestingly, while most MBC
mice displayed affected mesenteric lymph nodes, the spleen seemed to be the most affected organ in
SMBC and PPMBC mice (Fig. R8B).

Next, we tested the engraftment capacity into immunodeficient Rag1” mice. Due to the loss of the
genome-editing nuclease RAG1 responsible for VDJ recombination (Mombaerts et al. 1992), these
mice lack mature T and B cells, allowing for adoptive transfer of splenocytes from immunocompetent
mice without rejection by the intrinsic adaptive immune system (Ganesan et al. 2007). After injecting
tumor cells into Rag1” mice, we observed engraftment in a majority of cases, comparable between
genotypes (Fig. R8C). Engrafted PPMBC tumors were similar to primary tumors in expression of the
surface markers B220 and CD3, as well as positivity for the proliferation marker Ki67, as seen in
immunohistochemistry stainings (Fig. R8D). We further applied the technique of injecting lymphoma

cells into Rag1”" mice to derive cell lines from tumor tissue for future studies in vitro (see 4.2 and 5.3).

49



Julia Hansen 5 Results

MBC SMBC PPMBC
n=13 n=10 n=15

extranodal [Cyes
involvement @ no

submand. LN

tranodal
lesions
c
=}
«Q
(7]

% liver @ @ @ x
perihep. LN @ @ @ ~
para-renal LN @ @ @ —
mesenteric LN @) () (P
peyer's pateh (P (D (N~
para-aortic LN @ @ @

thoracic LN

@ @ @ iliacal LN

@vBC (OSMBC @PPMBC

(o4 D H/E B220 CcD3 Ki67
Rag1” 2 :
MBC E
n=14 #* O
(&}
m kol
SMBC z 5
n=11 i,
o =
28

PPMB
n=28

o
(T (&
o ER
[ engraftment #* 5
[_1no engr. = |
= .
o c
o s
Q.
(2}
c
£

Figure R8 High aggressivity of MBC, SMBC and PPMBC lymphomas as determined by metastasis and engraftment rate into
Ragl”/- animals. (A) Representative immunohistochemistry stainings of extranodal lesions in PPMBC animals. Quantification
of extranodal lesions in MBC, SMBC and PPMBC animals. (B) Quantification of lymphoma-affected sites in MBC (n = 14), SMBC
(n = 10) and PPMBC (n = 10) animals as determined at autopsy. (C) Quantification of engraftment of tumor cells of the
respective genotype after injection into Ragl’- animals. (D) Representative immunohistochemistry stainings of lymphoma
tissue of primary PPMBC tumors and secondary tumors derived in Ragl”- animals by engraftment of cells from the respective
primary tumor. Scale bars represent 500um. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch unpaired two-tailed t test,
error bars SD.
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5.1.5 A plasma cell differentiation block predisposes for ongoing somatic hypermutation

The decreased clonal dominance observed in SMBC and PPMBC mice (Fig. R7B) could be caused by
ongoing somatic hypermutation increasing mutation rate and genetic heterogeneity within the tumor.
In line with this, we found Aicda, the transcript for the enzyme AID initiating the process of mutating
immunoglobulin gene variable regions (Martin and Scharff 2002), to be significantly upregulated in the
transcriptomes in SMBC and PPMBC tumor samples (Fig. R9A). Complementary determining region
mutation frequency was increased as well (Flumann et al. 2023) and we detected several newly
emerged genetic alterations in the investigated tumor samples (Fig. R9B). Several of these genetic
alterations were previously shown to be recurrently altered in DLBCL and often relevant for C5/MCD
DLBCL (Chapuy et al. 2018; Schmitz et al. 2018; Reddy et al. 2017; Wright et al. 2020), such as mutations
in the genes for Irf2bp2, Pim1, Pou2f2 and H2-Ab1 (Fig. R9C). This indicates our model to be a useful

representation of C5/MCD DLBCL even recapitulating the genetic heterogeneity of clinical C5/MCD

DLBCL.
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Figure R9 Ongoing AID-driven somatic hypermutation generates additional genetic alterations in MBC and PPMBC mice.
(A) RNA levels of Aicda determined by RNA-seq. (B) Genetic alterations in WES data of MBC and PPMBC lymphomas. (C)
Lollipop plots of genetic alterations in genes shown to be relevant for C5/MCD DLBCL (WES data). ****p<0.0001. Welch
unpaired two-tailed t test, error bars SD.
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5.1.6 PPMBC and SMBC models allow for conclusions on DLBCL lineage

DLBCL is classically subdivided into GCB- and ABC-like by COO classification (Alizadeh et al. 2000),
C5/MCD DLBCL mostly consists of ABC DLBCL (Chapuy et al. 2018; Schmitz et al. 2018). We confirmed
our mouse tumor samples to be IRF4* (Fig. R10A), which is a defining characteristic of non-GCB DLBCL
based on Hans algorithm (Hans et al. 2004). To further specify the cell of origin of our modeled
lymphomas, we generated 3’-RNA-seq reference data from GC B and AB cells from wild-type animals
for gene set analysis (GCB“? and AB"P). Transcriptomes from the published GCB-DLBCL mouse model
Kmt2d";VavP-Bcl2;Cy1¢¢/™t (Zhang et al. 2015), referenced as KBC model, were significantly enriched
for genes belonging to the GCB"? gene set and depleted for the AB“? genes, when compared to our
C5/MCD lymphoma models. The PPMBC, MBC and SMBC mouse models all appeared enriched for AB"?
genes and depleted for GCB"? genes when compared to the KBC reference data. When considering
single-sample enrichment scores, SMBC scored highest for AB"?, followed by MBC and then PPMBC, all
clearly on the AB'? side (Fig. R10B). Hence, we conclude that our three mouse models develop a disease

comparable to ABC DLBCL based on transcriptome analysis.
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Figure R10 MBC, SMBC and PPMBC mice develop ABC DLBCL. (A) Representative immunohistochemistry stainings of MBC,
SMBC and PPMBC lesions and quantification. (B) Gene set enrichment analysis (GSEA) for AB and GCB gene sets in KBC, SMBC,
PPMBC and MBC lesions. The middle graphic displays single-sample GSEA scores representing the degree to which genes of
the GCB“»/ABC“P gene sets are coordinately upregulated compared to KBC as a reference.
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The origin of malignant genetic alterations in lymphoma is believed to lie at least partially in AID-
driven somatic hypermutation within the GC reaction (Chapuy et al. 2018). On the other hand, ABC
DLBCLs were previously found to be related to plasmablast or plasma cells based on gene expression
(Alizadeh et al. 2000; Dekker et al. 2016). More recently, memory B cells with an aged/autoimmune B-
cell program were proposed as possible cell of origin (Venturutti and Melnick 2020; Venturutti et al.
2022). In line with the latter hypothesis, our B220* PPMBC and SMBC lymphomas showed expression
of memory B cell markers (Fig. R11). Interestingly, while the expression of the GC dark zone marker
CXCR4 was increased in our premalignant animals (see Fig. R4B), we observed decreased CXCR4
expression levels compared to healthy splenocytes (Fig. R11). This might hint at further malignant

events altering cell surface marker expression during lymphomagenesis in the PPMBC model.
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Figure R11 PPMBC mice develop DLBCLs related to the MB lineage. Representative comparison of flow cytometry analyses
of a PPMBC lymphoma (“lymphoma”, blue) with spleen cells from a 10-week-old healthy C mouse (“healthy”, grey) and
overlay. MB memory B cells, GCB germinal center B cells, DZ dark zone, LZ light zone.
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5.1.7 The PPMBC model as a platform to assess immunotherapeutic approaches

An immunotherapy rapidly gaining importance in the lymphoma field is treatment with CD19-
targeting chimeric antigen receptor (CAR) T cells. Several CAR-T cell products were recently approved
for treatment of lymphomas and other hematologic malignancies in Europe and the United States,
achieving overall response rates ranging between 53 to 83% in DLBCL (Cappell and Kochenderfer 2023).
To generate a CAR-T construct, an antigen-binding domain (commonly anti-CD19 for DLBCL) is
combined with the CD3 T cell activation chain CD3{, additionally carrying a hinge region, a
transmembrane domain and a co-stimulatory domain for higher efficiency (Cappell and Kochenderfer
2023). This construct is integrated in autologous T cells, to allow these patient-derived genetically
modified T cells to target the lymphoma (Cappell and Kochenderfer 2023). In our simplified approach,
a domain binding murine CD19 was combined with murine CD28 as transmembrane domain and the
murine CD3Z, which was used to transfect splenic T cells (Fig. R12A). In vitro, CAR-T cells efficiently
eliminated CD19* PPMBC lymphoma cells at all investigated effector cell to target cell ratios down to
0.25:1, while mock-transduced T cells demonstrated little to no anti-malignant capacity (Fig. R12B).
Anti-tumor competence was confirmed in vivo, where treatment of lymphoma-bearing PPMBC mice
decreased tumor volume and prolonged survival compared to untreated mice (Fig. R12C and R12D).
Upon closer inspection, CAR-T cells seemed to be mainly active in mice carrying a low tumor burden
(spleen volume between 500 and 699 uL) at treatment initiation, while mice with a high tumor burden
(spleen size 2700 uL) benefitted little from CAR-T treatment (Fig. R12C and D). Consistently, lymphoma
burden was previously indicated to be predictive for CAR-T response in clinical trials (Locke et al. 2020).

Treatment with a murine PD-L1 antibody (Schofield et al. 2021) was also tested in PPMBC mice, not
reducing tumor volume by more than 25%, but prolonging overall survival of mice by a few months.
(Flumann et al. 2023)

In both approaches, the PPMBC mouse model served as a useful proxy for preclinical treatment

testing, corroborating its value for future research.
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Figure R12 CAR-T cell treatment of lymphoma-bearing PPMBC mice reveals the role of tumor size for treatment response.
(A) Schematic of the used CAR construct to transfect murine T cells. (B) Population sizes of B and T cells after 48h of in vitro
coculture of CD19* cells (PPMBC lymphoma cell line) with mock-treated T cells or CAR-T cells at different effector:target cell
ratios. (C) Changes of tumor volume in lymphoma-bearing PPMBC mice untreated or treated with CAR-T cells with high or low
tumor burden. (D) Survival of lymphoma-bearing PPMBC mice untreated or treated with CAR-T cells with high or low tumor
burden. *p<0.05, **p<0.01. Log-rank test.
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5.1.8 Increased BCR signaling reveals a therapeutic vulnerability for PPMBC lymphomas

Our transcriptomic data revealed signs of elevated BCR signaling in PPMBC lymphomas leading to
increased pro-oncogenic downstream signaling like activation of the NF-kB and PI3K pathways (Fig.
R13A). When investigating phosphorylation levels of BCR signaling adaptors, we also found increased
activating phosphorylation levels of PLCy2 (Y759) and SYK (Y525/526) in PPMBC compared to MBC
lymphomas (Fig. R13B). When normalizing this data to bulk protein levels, the latter showing high
variation, ratios of phosphorylated to total protein levels differed significantly only for SYK, but not

PLCy2 (Fig. R13B-right). Nevertheless, we conclude that proximal BCR signaling activity is elevated in
PPMBC lymphomas.
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Figure R13 BCR signaling is elevated in PPMBC lymphomas. (A) Gene set enrichment analysis of BCR-relevant
signaling pathways in MBC and PPMBC lymphomas. (B) Flow cytometry analysis of phosphorylated BCR signaling
adaptors PLCy2 and SYK in MBC (n = 10) and PPMBC (n =10) lymphomas. Representative and quantification of
median fluorescence intensity (MFl), also normalized to bulk unphosphorylated protein levels. *p<0.05, **p<0.01,
*#¥p<0.001, ****p<0.0001. Welch unpaired two-tailed t test, error bars SD.
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Therefore, we asked whether BTK inhibition via ibrutinib targeting BCR signaling might be
therapeutically active in PPMBC mice. Since we previously demonstrated efficacy of targeting BCL2
using the BCL2 inhibitor venetoclax in our BCL2-dependent MBC mouse model (Flimann et al. 2021),
venetoclax, ibrutinib, and a combination of both was tested in PPMBC mice. Both agents alone led to
a tumor volume reduction in treated mice, upon which animals soon relapsed and regained tumor
growth (Fig. R14A). Combining venetoclax and ibrutinib, however, led to near-disappearance of tumors
and significantly prolonged response rates (Fig. R14A). This was reflected in the maximal tumor volume
change per treated mouse (Fig. R14B) and increased progression-free and overall survival of mice
treated with both agents compared to untreated or single-agent-treated animals (Fig. R14C and D).
Taken together, this in vivo experiment displayed high therapeutic potential for the combination of
ibrutinib and venetoclax for treatment of ABC DLBCL. These findings were transferred to the clinic in
an off-label setting, presenting high response rates in five out of six ABC DLBCL patients (Flumann et
al. 2023), revealing the combination as potential bridging treatment method and confirming our model
as suitable pre-clinical testing tool.

(Please note that mouse treatment with venetoclax and ibrutinib (Fig. R14), as well as patient
treatment, was performed without involvement of J. Hansen and is described here to illustrate the

relevance of the preceding sections.)
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Figure R14 Combination treatment with ibrutinib and venetoclax is highly effective in lymphoma-bearing PPMBC mice. (A)
Tumor volume change in untreated, single-agent-treated or combination-treated PPMBC mice. (B) Maximum tumor volume
change in untreated, single-agent-treated or combination-treated PPMBC mice. (C) Progression-free survival and (D) overall
survival of untreated (n = 7), single-agent venetoclax-treated (n = 8) or ibrutinib-treated (n = 9) or combination-treated (n = 7)
PPMBC mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Log-rank test.

57



Julia Hansen 5 Results

5.2 An inducible Cd79b mutation confers ibrutinib sensitivity in mouse models of
Myd88-driven diffuse large B-cell ymphoma

5.2.0 Contributions

Chapter 5.2 is based on the following publication in Blood Advances:

R. Flumann*, J. Hansen*, J. Meinel, P. Pfeiffer, H. Goldfarb Wittkopf, A. Lutz, J. Wirtz, M. Mollmann,
T. Zhou, A. Tabatabai, T. Lohmann, M. Jauch, F. Beleggia, B. Pelzer, F. Ullrich, S. Hofmann, A. Arora, T.
Persigehl, R. Buttner, B. von Tresckow, S. Klein*, R. D. Jachimowicz*, H. C. Reinhardt* and G. Knittel*
(2024). "An inducible Cd79b mutation confers ibrutinib sensitivity in mouse models of Myd88-driven

diffuse large B-cell lymphoma." Blood Adv 8(5): 1063-1074.

*R.F., J.H., S.K,, R.D.J,, H.C.R., and G.K. contributed equally to this study.

The following figures were retrieved from the publication: Fig. R15A, R19, R20, R21, R22, R23, R24,
R25, R27, R28, R29
The following figures were generated solely for this thesis: Fig. R15B, R16, R17, R18, R26

Detailed author contributions relevant for experiments shown in this thesis are as following:

R. Flimann, J. Hansen, S. Klein, R.D. Jachimowicz, H.C. Reinhardt, and G.Knittel conceived and
designed experiments.

R. Flimann, J. Hansen, H. Goldfarb Wittkopf and A. Liitz monitored the mice, performed autopsies,
and took all mouse samples.

R. Flimann, J. Hansen, A. LUtz and J. Wirtz performed and analyzed MRI.

J. Hansen acquired flow cytometry data. J. Hansen and R. Flimann analyzed the flow cytometry
data.

R. Flimann analyzed immunohistochemistry stainings.

R. Flimann, J. Hansen, H. Goldfarb Wittkopf and A. Liitz prepared samples for transcriptomic
analyses and WES. G. Knittel and S. Klein analyzed transcriptomes and WES data.

G. Knittel and R. Flimann prepared BCR sequencing. G. Knittel analyzed BCR sequencing.

J. Hansen performed and analyzed BCR internalization experiments.

R. Flimann and J. Hansen performed and analyzed proximity ligation assay experiments.

J. Hansen, H. Goldfarb Wittkopf, A. Liitz and R. Fliimann performed treatment experiments with

ibrutinib.
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G. Knittel performed statistical analyses of all published experiments. J. Hansen performed
statistical analyses of experiments analyzed for this thesis.

Resources were contributed by B. Pelzer, T. Persigehl, R. Blttner.

The novel conditional Cd79b"1%°" allele was generated by an external company (Taconic Biosciences)
and function was confirmed experimentally by R. Flimann.

A complete list of contributions, including for publication aspects not part of this thesis, is found in

chapter 7.
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5.2.1 CD79B is associated with C5/MCD DLBCL biology

Mutation of the immunoreceptor tyrosine-based activation motif (Y196X) of the BCR component
CD79B is one of the predominant genetic alterations for C5/MCD DLBCL (Chapuy et al. 2018; Schmitz
et al. 2018). While BCR signaling dependency was shown to be characterizing for C5/MCD DLBCL
(Chapuy et al. 2018; Young et al. 2019) and the CD79B8"**** mutation supposedly increases BCR signaling
by decreasing interaction with the Lyn-mediated negative feedback loop (Davis et al. 2010), its exact
role is incompletely understood.

To elucidate the mechanisms mediated by the CD79B ITAM mutation and especially its effect on
therapy response, we employed our previously published MBC and PPMBC mouse models (Flumann
et al. 2023; Flimann et al. 2021; Knittel et al. 2016). To this end, a Cre-inducible Cd79b°"®PY1%H 3lele
(hereafter Cd79b"'**") was generated, where the murine orthologue Y195 of the ITAM tyrosine
frequently mutated in patient DLBCL (Y196) is exchanged to histidine (Chapuy et al. 2018; Schmitz et
al. 2018). We crossed this allele into our MBC and PPMBC mouse models to develop the 79-MBC and
79-PPMBC mouse models, respectively (Fig. R15A).

(Please note that the Cd79b"'**" allele was generated by an external company without involvement
by J. Hansen and is described here for explanatory reasons.)

To investigate early effects of the Cd79b ITAM mutation on B cell development, we analyzed a
cohort of premalignant 10-week-old mice (79-MBC and MBC). For in-depth analysis of the malignant
impact of the mutation immediately before onset of lymphoma, 30-week-old animals were
investigated (79-PPMBC and PPMBC). After lymphoma development throughout life, mice were
sacrificed and inspected to determine the malignant phenotype (Fig. R15B).

Chapter 5.2 begins with the characterization of the 79-MBC and 79-PPMBC mouse models, first
before signs of malignancy (premalignant phenotype, 5.2.2), followed by in-depth analysis of animal
and tumor phenotype upon lymphoma development (5.2.3-5.2.4). Subsequently, BCR signaling and
treatment with ibrutinib is investigated in the 79-MBC and 79-PPMBC models (5.2.5-5.2.6).
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Figure R15 Experimental setup to investigate the role of CD79BY*%*! jn an autochthonous mouse model. (A) Alleles used to
generate the 79-PPMBC and 79-MBC mouse models. (B) 79-MBC and 79-PPMBC mice were analyzed at an age of 10 or 30
weeks and tumor-bearing animals were investigated upon tumor development. loxP locus-of x-over, FRT flippase recognition
target, MRl Magnetic resonance imaging, pA polyadenylation site, * mutation, STOP stop codon, neoR neomycin resistance

cassette, IRES internal ribosome entry site.
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5.2.2 The Cd79b"1%°H mutation demonstrated little effect on general B-cell development

To investigate whether the putatively pro-oncogenic Cd79b"1%" mutation impacts the B-cell
compartment before detectable signs of lymphoma, we studied premalignant mice at 10 weeks (MBC
and 79-MBC) and 30 weeks (PPMBC and 79-PPMBC) of age by flow cytometry analyses of splenocytes.
Due to animal availability, it was not possible to analyze both the 10- and the 30-week time points in
all genotypes.

Surprisingly, we observed no significant alteration in B cell subset levels of CD19'B229  B1,
CD19'B220* B, CD23*CD21* FoB or CD23'CD21* MZB cells when comparing 79-MBC to MBC mice (Fig.
R16). When comparing 79-PPMBC to PPMBC mice, CD19*B229 B1 and CD23*CD21" FoB cell levels were
unaltered, while CD19*B220* B and CD23'CD21* MZB cell levels were decreased by ~1/5 in 79-PPMBC
mice (Fig. R16).

A from lymphocytes (CD45'CD3") B from lymphocytes (CD45'CD37)
MBC 79-MBC 590, 80, .
A
i B & 4 w e | =
- o 8T ’ 1 : P o 60
2 . 4 - @y 34 g 10° s Y. F Q
g 3 : 3a [ MBC ~ 3 £ © 4 [ mec
2 : Bl 29 2 B 79 MBC 3 e £\ 5 B 79-MBC
' . ; : . 8% ' 4 o
§ 3 j = 14 § 0 LE E 20
o | . 0 m |08 ’ - @
40° 0 100 10° 10° -10° 0 10° 10° 10 B1 107 0 10° 10° 10" 40° 0 10° 10" 10 0
D19 - BUV3SS ” CD19 - BUV395 -
PPMBC 79-PPMBC 1T PPMBC 79-PPMBC -
A . . A, 60 A
” i e 8 —_ 15+ 10 B =
= 3 3 s 48 o 104 1 rPMBC © 10 v 4 \ % o 40 =
@ - ; 20 I 79-PPMBC > & F e o PPMBC
2 07 EiE 3 s 0% . & [ g .91 5 B 79-PPMBC
; ] 4 o
gl = Ve = gl o ' i 820
LR | il o | 4¢1 a
-0° 0 100 10° 10° -10° © 100 10° 1 B1 7 ERRAMS MR CR T 0
g -10° 0 10° 10' 10" 410”0 10" 10 1
CD18 - BUV395 CD19 - BUV395 -
C from B cells (CD45'/CD3/CD19'/B220")
MBC 79-MBC 204 . 60 .
o =
Aiot{  FoBBOS ; E 15 E
104 S ;. o Y
- | 8 1.0q- 6
8|10 e £ 2
IR @ 0.5 o
i . N ]
AR . 067 = w
o = R R ERE L e 0.0 0
s} -10° 0 10°  10* 10° -10° 0 107 10* 10l
CD21 - PE-Cy7 -
PPMBC 79-PPMBC ] .

~
FoB 54.2 g6 . in
8 2 20
[=] ] “6 4 E
2 - 5
) & = 10
o m 2 <
& g g
al 4 M| = 0 Loy
O| 1000 10° 10 100 -1t 0 10°  10° 10
©D21 - PE-Cy7 -

Figure R16 Splenic B cell subsets analyzed by flow cytometry are largely comparable between Cd79bY'%5H and Cd79b™ut
premalignant animals. (A) CD19*B220- B1 cells. (B) CD19*B220* B cells. (C) CD23*CD21* FoB and CD23-CD21* MZB cells.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch unpaired two-tailed t test, error bars SD. Note that MBC data was
acquired in a different sample set than 79-MBC, PPMBC or 79-PPMBC and comparison is based on normalizing the data to a
wt reference sample acquired in both data sets (see 4.6).
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Furthermore, the populations of potential lymphoma precursor cells, CD38'CD95* GCB and
CD38*CD95" MB cells, were similar or reduced by the Cd79b"1%°" mutation. Splenic MB cells were nearly
halved in 79-MBC compared to MBC mice, while splenic GCB cell levels in 79-PPMBC mice were roughly
a third of the ones in PPMBC mice (Fig. R17).
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Figure R17 Splenic MB and GCB subsets analyzed by flow cytometry are largely comparable between Cd79bY%5H and
Cd79b™“t premalignant animals. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch unpaired two-tailed t test, error bars
SD. Note that MBC data was acquired in a different sample set than 79-MBC, PPMBC or 79-PPMBC and comparison is based
on normalizing the data to a wt reference sample acquired in both data sets (see 4.6).

It might initially be surprising to not observe increased lymphoma progenitor cell levels in the B-cell
developmental stages with Cd79b"***" as additional prooncogenic alteration. The lab previously
showed that for instance the MYD88%>*" mutation alone did not affect B cell levels, but overexpression
of BCL2 present in all genotypes investigated in Fig. R16 and Fig. R17 was determining to increase B
cell levels (Flimann et al. 2021). Similarly, we observed comparable B cell levels between C, MC, 79-C
and 79-MC mice, indicating that BCL2 overexpression is the basis for increased B cell levels in our MBC

and PPMBC lymphoma models (Fig. R18).
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Figure R18 B cell levels are unaltered in the absence of overexpressed BCL2. Splenic CD19*B220* B cell levels of 10-week-old
C(n=6), MC (n=6), 79-C (n =9) and 79-MC (n = 6) animals as determined by flow cytometry.
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5.2.3 Myd88 and Cd79b comutant murine lymphomas closely resemble human ABC-DLBCL

In line with the unaltered amount of lymphoma progenitor cells, addition of Cd79b"***" to the MBC
or PPMBC background did not alter median survival of the mice (Fig. R19A), further hinting that the
additional pro-oncogenic genetic alteration does not affect lymphoma development itself. As
previously demonstrated (Fig. R6A), mice with PPMBC background died earlier than mice with MBC
background: PPMBC mice showed a median survival of 37.0 weeks and 79-PPMBC mice of 37.4 weeks,
while MBC mice survived 44.0 and 43.2 weeks, respectively (Fig. R19A).

The terminal phenotype was comparable for the MBC or PPMBC background independent of the
Cd79b status: While most MBC and 79-MBC mice succumbed to B220'CD138* lymphoma, PPMBC and
79-PPMBC mice mostly passed away due to B220*CD138" lymphoma (Fig. R19B). For MBC and 79-MBC
mice, several animals died due to non-malignant reasons such as excessive scratch wounds (Fig. R19B).
79-PPMBC mice showed a slightly larger proportion of non-malignant causes of death compared to
PPMBC mice as well (Fig. R19B).

When investigating tissue samples using immunohistochemistry, we also observed a similar tumor
cell composition independently of Cd79b status. Lymphoma structure seemed unaltered, B220 or
CD138 expression patterns were comparable, as well as proliferation rates indicated by Ki67
expression (Fig. R19C, D). MRI analysis of lymphoma-bearing animals displayed large lesions affecting

spleen, lymph nodes and other organs (Fig. R19E).
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Figure R19 Cd79b"“t and Cd79b"*%H [ymphomas seem largely comparable. (A) Overall survival of MBC, 79-MBC, PPMBC and
79-PPMBC mice. (B) Terminal phenotype of MBC, 79-MBC, PPMBC and 79-PPMBC mice. (C) Representative
immunohistochemistry stainings of MBC, 79-MBC, PPMBC and 79-PPMBC lymphomas. (D) Quantification of Ki67* cells in
immunohistochemistry stainings of FFPE tissue of MBC, 79-MBC, PPMBC and 79-PPMBC lesions. (E) Representative MRIs of
MBC, 79-MBC, PPMBC and 79-PPMBC mice.
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Infiltration patterns of lymphomas seemed largely unaffected by Cd79b status, although minor
differences were observed: 79-MBC mice presented less involvement of abdominal lymph nodes
compared to MBC mice, while 79-PPMBC mice presented less involvement of the submandibular

lymph nodes compared to PPMBC mice (Fig. R20).
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Figure R20 Cd79bY*%*H animals show increased levels of splenic lesions. Quantification of lymphoma-affected sites at autopsy
in MBC, 79-MBC, PPMBC and 79-PPMBC animals. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Fisher’s exact test,
corrected for multi-hypothesis testing.

Also, clonality of the tumor fraction seemed unchanged by Cd79b status as determined by BCR
sequencing: Investigated tumors demonstrated expansion of one or several clones (Fig. R21A).
Clonality fraction was significantly increased for all investigated genotypes compared to PNA* GC wild-
type B cells. Interestingly, when analyzing BCR isotype, we observed a higher fraction of IlgM*
lymphomas in 79-PPMBC animals compared to other genotypes (Fig. R21C), which is frequently seen
in DLBCL patients (Lenz et al. 2007). To summarize, many features of our autochthonous mouse models
are unaffected by Cd79b"*%*" (survival, cause of death, tumor morphology, B220 expression, CD138
expression, Ki67 expression), but the mutation has a minor effect on lymph node involvement and

immunoglobulin expression.
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Figure R21 79-PPMBC tumors are (oligo-)clonal and largely IgM*. (A) Representative clonality plots generated from BCR
sequencing data. Main clones are displayed as blue circles connecting to sequences with one mismatch. Individual circles
represent a specific V(D)J sequence. The circle size represents the respective readout count. (B) Fraction of the largest clone in
each analyzed sample (MBC, n = 8; 79-MBC, n = 10; PPMBC, n = 5; and 79-PPMBC, n = 6) compared to splenic PNA* B cells
from wt animals (n = 4). (C) Immunoglobulin heavy chains identified from BCR sequencing data. *p<0.05. Welch unpaired two-
tailed t test, Benjamini-Hochberg-correction for multihypothesis testing.

5.2.4 Genetic and transcriptomic features of Myd88 and Cd79b commutant murine lymphomas
match human ABC-DLBCLs

To explore our murine Cd79b wild-type and mutant lymphomas more deeply, we performed WES
and 3’-RNA-sequencing of bulk lymphoma tisue. We previously showed increased expression levels of
Aicda, the transcript of AID, for PPMBC compared to MBC lymphomas, indicative of ongoing somatic
hypermutation (Flumann et al. 2023). This increased level was retained in 79-PPMBC lymphomas. We
also observed a trend of increased Aicda expression in 79-MBC lymphomas compared to MBC

lymphomas (Fig. R22).
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Figure R22 Aicda expression is increased in PPMBC and 79-PPMBC lymphomas as determined from transcriptome data.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch unpaired two-tailed t test, Benjamini-Hochberg-correction for
multihypothesis testing. TPM transcript per million (proportion of a transcript in a pool of all transcripts).
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Independently of Aicda expression, lymphomas of all four genotypes presented with acquired
mutations in addition to the Cre-induced genetic alterations. Especially 79-PPMBC mice frequently
harbored lesions commonly seen in human MCD DLBCL: Mutations in Pim1, Irf2bp2, Etv6, Pim2, Vmp1,
Bcl2, Nfkbia, Mpegl, Socs3, Ciita. Many of the enriched genetic alterations are likely pro-oncogenic

and could be relevant for lymphoma biology, warranting further investigation (Fig. R23).
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Figure R23 Autochthonous mouse models acquire additional genetic alterations. Oncoplot displaying recurrently mutated
genes from MBC, 79-MBC, PPMBC, and 79-PPMBC lymphomas (WES data). Genes indicated “mut. In MCD” have previously
been reported to commonly occur in MCD DLBCL .
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Delving deeper into the origin of these lymphomas in our autochthonous mice, we explored gene
set enrichments and surface marker expression for putative founder populations. As previously
demonstrated for PPMBC lymphomas (Fig. R11), we again support the notion of the memory B cell
lineage as relevant for lymphomagenesis: 79-PPMBC lymphomas expressed memory B cell surface
markers (Fig. R24A) and both PPMBC and 79-PPMBC lymphomas had a significantly increased memory
B cell score (Fig. R24B). Due to the plasma cell differentiation block mediated by loss of Prdm1, these
cells are unable to terminally differentiate and likely cycle between GCB and MB stages, facilitating the

path to lymphomagenesis.
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Figure R24 79-PPMBC lymphomas are related to memory B cells. (A) Overlay of representative flow cytometry analyses of
healthy splenic C cells (blue) and 79-PPMBC lymphoma cells (red) with indicated memory B cell (MB) and GC B cell (GCB) gates.
(B) A memory B cell score was derived from the estimated memory B cell count determined by mMCP-counter in gene
expression data (n = 60). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch unpaired two-tailed t test, Benjamini-
Hochberg-correction for multihypothesis testing.

5.2.5 Myd88 and Cd79b co-mutant murine lymphomas harbor amplified BCR signaling

When probing Cd79b"***" lymphoma cells for BCR signaling activation by flow cytometry analyses
of lymphoma cell suspensions, we observed significantly increased levels of activating phosphorylation
of the BCR signaling adaptors PLCg2 and SYK in 79-MBC compared to MBC, and 79-PPMBC compared
to PPMBC lymphomas, respectively (Fig. R25). The Cd79b"%" mutation seemed to amplify BCR

signaling in these lymphomas, offering up a potential treatment strategy (see 5.2.6).
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Figure R25 Phosphorylation of BCR signaling adaptors is increased in Cd79bY1%5H [ymphomas. Flow cytometry analysis of
phosphorylated BCR signaling adaptors PLCg2 and SYK. Representative and quantification for the comparison of (A) MBC (n =
10) and 79-MBC (n = 7) lymphomas or (B) PPMBC (n = 12) and 79-PPMBC (n = 18) lymphomas. *p<0.05, **p<0.01, ***p<0.001,
*#*%p<0.0001. Welch unpaired two-tailed t test.
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In contrast to this notion, when comparing healthy B cells extracted from spleens between 79-C
and C mice, we found no indication of increased BCR signaling (Fig. R26). Although it was previously
assumed that ITAM mutations of Cd79b decrease internalization of the BCR complex upon stimulation
(Gazumyan, Reichlin, and Nussenzweig 2006), we found no similar evidence of this for the single
Cd79b"1%°" mutation in nonmalignant B cells investigated here (Fig. R26A). Likewise, in phospho flow
cytometry data, activating phosphorylation levels for SYK and PLCg2 were comparable between 79-C
and C mice (Fig. R26B). To summarize, although Cd79b"***" amplified BCR signaling in lymphoma
samples of autochthonous C5/MCD mouse models, healthy spleen cells of mice carrying Cd79bY1°>"

without additional pro-oncogenic alterations showed no indication of increased BCR signaling levels.
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Figure R26 Cd79b"1%5H alone is insufficient to increase BCR signaling. (A) Splenic naive B cells from healthy C and 79-C mice
were stimulated for the indicated time points with IgM-binding Fab or F(ab), fragments. Surface BCR was subsequently
quantified by flow cytometry to determine the fraction of internalized BCR, normalizing to time point 0 (unstimulated). (B)
Quantification of flow cytometry analysis of phosphorylated BCR signaling adaptors PLCg2 and SYK normalized to bulk protein
levels in splenic B cells of 10-week-old C (n = 6) and 79-C (n = 9) mice. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch
unpaired two-tailed t test.
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5.2.6 The Cd79b"1°°H mutation confers a targetable reliability on BCR signaling

MYD88 and CD79B co-mutant lymphomas were previously reported to initiate the My-T-BCR
supercomplex driving malignant BCR signaling in C5/MCD DLBCLs (Phelan et al. 2018; Mandato et al.
2023). To investigate the occurrence of this complex in our lymphoma model, we used proximity
ligation assays (PLAs) to test for interaction of MYD88 as TLR signaling adaptor and several BCR
components (Fig. R27). Using probes for two proteins of interest at a time, PLA uses an in situ rolling
circle amplification of DNA only possible if both probes are in close proximity (Hegazy et al. 2020).
Subsequent staining for the amplified DNA enables highly sensitive detection, visualizing protein
colocalization within 40nm (Hegazy et al. 2020). As a control, we demonstrated significantly increased
PLA signal when using probes specific for our proteins of interest compared to IgG isotype controls
(Fig. R27C).

In line with the presence of a signaling complex formed by TLR and BCR components, we observed
increased colocalization of MYD88 with the BCR signaling components CD79B, MALT1 and BTK in
Cd79b"*%" compared to Cd79b"* lymphoma sections both in the PPMBC and the MBC background (Fig.
R27A, B). Intriguingly, when we treated animals for three days with ibrutinib and took samples on the
fourth day, this acute ibrutinib treatment abolished colocalization to Cd79b"* baseline levels in both
backgrounds (Fig. 27A, B). Hence, inhibition of BTK by ibrutinib appears to perturb this signaling

complex, potentially interrupting the proliferative BCR signaling required by the lymphoma.
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Figure R27 Cd79bY%5H promotes the formation of a MYD88-BCR complex which can be disrupted by acute ibrutinib
treatment. (A, B) PLAs targeting MYD88 and BCR signaling components in FFPE tissue from (A) PPMBC and 79-PPMBC or (B)
MBC and 79-MBC lymphomas, as well as from animals acutely treated with ibrutinib of the respective genotype. (C) Control
PLA of the indicated target proteins with an IgG isotype control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch
unpaired two-tailed t test, Benjamini-Hochberg multihypothesis correction.
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To investigate the long-term effects of this BCR signaling inhibition, we treated lymphoma-bearing
animals orally with ibrutinib for several weeks. We had previously demonstrated ibrutinib treatment
to prolong survival of PPMBC mice (Fig. R18) and again demonstrated a survival benefit of several
weeks for PPMBC mice, while survival of MBC mice was comparable between untreated and ibrutinib-
treated animals (Fig. R28). The Cd79b"'°*" mutation, however, enhanced the response to ibrutinib in
both MBC and PPMBC backgrounds, leading to an astonishing lymphoma regression especially in 79-
PPMBC mice, increasing survival by several months (Fig. R28). We therefore conclude the Cd795Y%"

mutation to be indicative for ibrutinib response in Myd88- and Bcl2-driven lymphomas.
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Figure R28 Mice carrying the Cd79bY1%5H have an enhanced response to ibrutinib. (A) Representative MRI images of
lymphoma-bearing animals at diagnosis and after 3 weeks of ibrutinib treatment. (B) Tumor volume development as
determined by MRI in untreated and ibrutinib-treated animals. (C) Progression-free survival and (D) overall survival of animals
left untreated or treated with ibrutinib. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Log-rank test.

This astounding result notwithstanding, all mice eventually relapsed under continuous ibrutinib
treatment and succumbed to the disease (Fig. R28C, D). Interestingly, when performing PLA for MYD88
and CD79B on FFPE samples from relapsed 79-MBC and 79-PPMBC mice, we found the colocalization
of the two signaling complex components to be significantly increased compared to the acutely treated
samples, even restored to naive levels in 79-MBC samples (Fig. R29A, B). Consistently, levels of
activating phosphorylation of the BCR signaling adaptors SYK and PLCg2 did not differ between naive

and relapsed 79-PPMBC samples (Fig. R29D), although it is necessary to highlight that only two

73

time from treatment initiation (weeks)



Julia Hansen 5 Results

relapsed samples were available for phospho flow cytometry analysis. We observed a significant
decrease of B cell levels in relapsed compared to treatment-naive 79-PPMBC lymphoma samples,
hinting at novel tumor-driving mechanisms in relapsed 79-PPMBC mice (Fig. R29C). When performing
WES on relapsed 79-MBC and 79-PPMBC lymphoma samples, we did not observe canonical resistance-
conferring BTK mutations as frequently seen in patients (Nakhoda, Vistarop, and Wang 2022), but
genetic alterations in other genes whose relevance for ibrutinib resistance needs to be investigated
further (Fig. R29E). Taken together, we present additional autochthonous mouse models of C5/MCD
DLBCL, the 79-MBC and 79-PPMBC models. We demonstrated a targetable dependency on increased

BCR signaling in the Cd79b mutant setting and explored ibrutinib resistance mechanisms.
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Figure R29 Relapse under continuous ibrutinib exposure seems associated with partially restored BCR signaling. (A, B) PLA
counts of colocalized MYD88 and CD79B in FFPE lymphoma tissue from naive, acutely ibrutinib-treated and relapsed (A) 79-
MBC and (B) 79-PPMBC lymphomas. (C) Quantification of B220*CD19* B cell fraction in lymphomas of treatment-naive (n =
10) and ibrutinib-relapsed (n = 2) 79-PPMBC mice analyzed by flow cytometry. (D) Quantification of phosphorylated SYK and
PLCg2 normalized to bulk protein levels in lymphomas of treatment-naive (n = 10) and ibrutinib-relapsed (n = 2) 79-PPMBC
mice analyzed by flow cytometry. (E) Genetic alterations determined by WES of lymphomas from 79-MBC and 79-PPMBC mice
relapsed under continuous ibrutinib treatment. Genes with a significantly higher mutation frequency in the relapsed cohort
than in naive samples (Fisher’s exact test) are visualized. **p<0.01, ***p<0.001, ****p<0.0001. Welch unpaired two-tailed t
test, Benjamini-Hochberg multihypothesis correction.
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5.3 Autochthonous mouse models show metabolic distinctions

5.3.0 Contributions

Chapter 5.3 contains unpublished data.

The following figure was retrieved from the publication for 5.2 (Flumann et al. 2024): Fig. R30
The following figures were generated solely for this thesis: Fig. R31, R32, R33, R34, R35; SR4, SR5,
SR6, SR7

Detailed contributions relevant for this thesis are as following:

J. Hansen, R. Flimann, R. Jachimowicz, H.C. Reinhardt and G. Knittel conceptualized and designed
the project.

R. Flimann, J. Hansen, H. Goldfarb Wittkopf and A. Litz prepared samples for transcriptomic
analyses and WES. G. Knittel and S. Klein analyzed transcriptomes and WES.

J. Hansen and R. Flimann performed metabolomics experiments. Mass spectrometry analysis was
executed by the metabolomics core facility of the MPI for Biology of Ageing. J. Hansen analyzed
metabolomics data.

J. Hansen conducted and analyzed SeaHorse experiments.

J. Hansen performed and analyzed viability assays under ibrutinib treatment.

J. Hansen, R. Flumann, M. Hutzen and Y. Elkis carried out the ibrutinib/IACS combination screen. J.
Hansen analyzed screen data.

Resources were contributed by R. Jachimowicz, T. Langer, A. Trifunovic.

75



Julia Hansen 5 Results

5.3.1 Genetic alterations shape tumor metabolism in autochthonous DLBCL mouse models

To uncover the molecular mechanisms driving lymphomagenesis in our different autochthonous
mouse models, we employed bulk RNA-sequencing of lymphoma tissue of the four different genotypes
MBC, 79-MBC, PPMBC and 79-PPMBC (see also 5.2.4). Unsupervised clustering using a Partitioning
Around Medoids approach segregated samples from all four genotypes into two distinct clusters,
apparently dictated by the loss of Prdm1. While all PPMBC and 79-PPMBC samples were assigned to
cluster 1, the MBC and 79-MBC samples (except for one case) were assigned to cluster 2. Each cluster
was defined by overexpression of genes in the respective genotypes (Fig. R30A).

“To uncover gene sets that were associated with each cluster, we applied an overrepresentation
analysis, using enrichr (Chen, Tan, et al. 2013). In line with our previously published data (Flumann et
al. 2023) this overrepresentation analysis revealed that PPMBC and 79-PPMBC lymphomas displayed
a significantly higher expression of genes associated with the “BCR Signaling Pathway,” “TNF-alpha
Signaling via NF-kB,” “NF-kappaB complex,” and “B cell receptor complex” gene sets from the Jensen,
Hallmark, and WikiPathways reference gene sets, respectively.” (Flumann et al. 2024)

Further analysis of the enriched gene sets revealed an overrepresentation of genes involved in the
fatty acid synthase complex in PPMBC and 79-PPMBC mice (cluster 1), as well as overrepresentation
of glycolysis genes in MBC and 79-MBC mice (cluster 2), hinting at metabolic distinctions between the
genotypes (Fig. R30A).

“We next performed an additional overrepresentation analysis, using enrichr. However, this time,
we included genes that were recurrently mutated for each individual genotype to evaluate our
observation regarding the enrichment of genes frequently mutated in C5/MCD DLBCL. Through this
analysis, we discovered that the recurrently mutated genes in our 79-PPMBC genotype were
significantly associated with “B-cell activation” and “DLBCL ABC subtype,” among other factors.” (Fig.
30B) (Flumann et al. 2024)

In addition, the ceramide signaling pathway was significantly affected in our 79-PPMBC genotype
(Fig. R30B). Ceramides are biologically active lipids involved in several cellular signal transduction
pathways (Shalaby et al. 2021). A ceramide disbalance might affect signaling in 79-PPMBC lymphomas.
On the other hand, both 79-MBC and MBC mice scored for genetic alterations in the oxidative stress
response (Fig. R30B). This could induce a targetable imbalance between the production of reactive
oxygen species and the tumor’s ability to detoxify these reactive intermediates (Bhatti, Bhatti, and
Reddy 2017). The metabolic distinctions in our different mouse models might affect lymphomagenesis
and/or treatment response as well, prompting us to investigate the metabolism of tumors and cell

lines in more detail.
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Figure R30 MBC, 79-MBC, PPMBC and 79-PPMBC lymphomas display distinct transcriptomic signatures, among them
metabolic differences. (A) Transcriptomic data for the different genotypes was acquired and two clusters were assigned by
unsupervised clustering of gene expression data, dividing MBC and 79-MBC versus PPMBC and 79-PPMBC samples (with one
MBC sample intruding into the latter cluster). Genes expressed differentially between the clusters are displayed in a heatmap
with color-coded logarithmic fold changes. “Highlighted MGl Gene Symbols were extracted from the Hallmark NfkappaB
signature, Jensen compartments of NfkappaB, Jensen B-cell receptor (BCR) complex, and WikiPathways BCR, which were also
significantly enriched in cluster 1. [...] The size of the dot corresponds to the number of genes overlapping between the given
cluster and the gene set, whereas the adjusted p value is visualized following a color code with an individual legend being
provided.” (Flumann et al. 2024) (B) “Gene set enrichment analyses were performed on the list of significantly mutated genes
in lymphomas of the indicated genotypes.” (Flumann et al. 2024) (A, B) Gene sets directly involved in metabolic alterations
are highlighted in red.
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5.3.2 Metabolite levels differ between genotypes and treatment groups

To investigate the metabolic differences between tumors of different genotypes, we extracted bulk
metabolites (polar metabolites including amino acids, lipids) from cryo-conserved tumor tissue.
Metabolites were analyzed by chromatography followed by mass spectrometry, and metabolites were
normalized using heavy ion-labeled standards (see 4.14). From the resulting metabolite quantities,
samples were grouped by genotype and treatment. Significant differences between groups were
determined by t test followed by Benjamini-Hochberg multiple hypothesis testing correction, then
depicted in a volcano plot (Fig. R31).

Interestingly, we observed several metabolites to be significantly different when comparing 79-
MBC and MBC tumors. For polar metabolites (Fig. R31A), dCTP and dTTP were upregulated in 79-MBC
tumors compared to MBC tumors. The increased levels of these DNA precursors suggest alterations in
the nucleotide biosynthesis pathway, which could be indicative of increased cell proliferation or
alterations in DNA repair processes (Sobanski et al. 2021; Diehl et al. 2022).

When comparing lipid levels (Fig. R31B), a high number of specific lipids differed between
genotypes as well:

4 species of acylcarnitines (AcCa) were significantly upregulated in MBC tumors compared to 79-
MBC tumors. These metabolites primarily facilitate the transport of long-chain fatty acids into the
mitochondria for fatty acid oxidation (Dambrova et al. 2022). Increased levels might hint at augmented
fatty acid metabolism.

2 phosphocholines (PCh) were significantly upregulated in 79-MBC tumors compared to MBC
tumors, and 8 species of PChs were significantly increased in MBC tumors compared to 79-MBC
tumors. PChs are a major component of cell membranes, regulating their physical properties, and also
relevant for the biosynthesis of other lipids (van der Veen et al. 2017).

2 lysophosphocholines (LPC) were significantly increased in MBC tumors compared to 79-MBC
tumors. LPCs are degradation products of PChs, but also involved in cell signaling such as regulation of
inflammation (Liu et al. 2020). Altered levels implicate differing PCh degradation and/or cellular
signaling.

6 species of phosphoethanolamines (PE) were significantly upregulated in 79-MBC tumors
compared to MBC tumors. Comparably to PChs, PEs are abundant in cellular membranes, and the
PCh/PE ratio affects membrane properties like dynamics of lipid droplets (van der Veen et al. 2017).

2 species of triglycerides (TG) were significantly increased in MBC tumors. TGs are classical lipids

for cellular energy storage (Alves-Bezerra and Cohen 2017).
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Figure R31 Lymphomas from different genotypes and treatment groups show individually altered metabolites in
metabolomics data. Comparison of polar metabolites (A) and lipids (B) between 79-MBC (n = 3) and MBC (n = 6) tumors. (C)
Comparison of lipids in ibrutinib-treated (n = 5) vs. untreated 79-MBC tumors (n = 3). (D) Comparison of polar metabolites
between or 79-PPMBC (n = 6) and PPMBC (n = 6) tumor samples. Unpaired two-samples t-test, Benjamini-Hochberg-corrected
for multi hypothesis testing.
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When further dissecting each significantly altered lipid (Supplementary Table 1), little was known
about their individual role and function in distinction to other, closely related lipids from the same lipid
class that were not significantly altered. This makes interpretation of lipidomics data challenging, since
the relevance of a single altered lipid species is unclear. While our results do give indications for altered
metabolic pathways in 79-MBC versus MBC tumors, the specific pathways and the significance of
potentially minor differences remain undetermined.

Surprisingly, when performing the same analysis comparing 79-PPMBC and PPMBC tumor tissues,
we did not observe any significantly altered polar metabolite or lipid between the two genotypes (Fig.
SR4A, B). This indicates that alterations between 79-MBC and MBC tumors likely do not originate solely
from the mutation of Cd79b and further underlying mechanisms might play into them. Since we
previously demonstrated the PPMBC and 79-PPMBC models to be more closely related to human ABC
DLBCL than the MBC and 79-MBC models (see also 5.1, 5.2), the relevance for differences between the
two latter models for patient care is uncertain. Therefore, dissecting the underlying metabolic
differences between all four investigated mouse models is beyond the scope of this project, although
follow-up experiments might still give valuable insight into lymphomagenesis and the biology of these
mouse models in the future.

The BTK inhibitor ibrutinib was previously reported to affect cell metabolism in mantle cell
lymphoma and chronic lymphocytic leukemia (Zhang et al. 2019; Galicia-Vazquez and Aloyz 2018).
Additionally, ibrutinib-resistant cell line models shifted their metabolism from glycolysis to oxidative
phosphorylation (Choueiry, Singh, Sircar, et al. 2021). After previously demonstrating efficacy of the
BTK inhibitor ibrutinib in 79-MBC and 79-PPMBC mice (see 5.2.6), we decided to investigate our mouse
models for metabolic changes upon ibrutinib treatment. To this end, we collected tumor tissue from
mice treated with ibrutinib for 3 days and acquired metabolomics data (acutely ibrutinib-treated, see
4.1). When comparing metabolite levels of tumor tissue from acutely treated MBC and 79-MBC mice
with tissue from untreated animals, we again observed metabolic alterations (Fig. R31C, Fig. SR5):

In 79-MBC tissue, no significantly altered polar metabolites were found when comparing ibrutinib-
treated and untreated tumor tissue (Fig. SR5A), but 2 PCh and 1 Cer were upregulated in the untreated
setting, while 1 PE was upregulated in ibrutinib-treated tumor tissue (Fig. 32C). These individual lipids

were again of unknown significance (Supplementary table 3).
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Figure R32 Bulk lipid classes do not differ between MBC and 79-MBC tumors, but AcCa levels differ between untreated and
ibrutinib-treated MBC samples. (A) Comparison of all lipid classes between MBC and 79-MBC tumor samples, untreated and
acutely ibrutinib-treated. PCh phospphocholine, TG triacylglycerols, PE phospholethanolamine, SM sphingomyelin, Co
coenzyme Q, Cer ceramide, LPC lysophoshphocholine, PG phosphoglycerol, Pl phosphoinositol, Hex1,2,3Cer Mono-/Di-
/Trihexosylceramide, AcCa acylcarnitine, CL cardiolipin, PS phosphoserine, DG diacylglycerol, phSM phytosphingomyelin, LPE
lysophosphoethanolamine, ChE cholesterol ester. Note that when comparing untreated with treated groups or MBC with 79-
MBC data using unpaired two-samples t-test with Benjamini-Hochberg-correction for multi hypothesis testing, all p>0.05. (B)
Focused comparison of bulk acyl-carnitine levels between MBC and 79-MBC tumor samples, untreated and acutely ibrutinib-
treated. *p<0.05, ANOVA with Tukey’s post-hoc test.

In untreated MBC tumor tissue, creatine, which is important for recycling of ATP in energy-intense
tissue (Bonilla et al. 2021), was overrepresented when comparing to ibrutinib-treated tissue, indicating
altered energy metabolism (Fig. SR5B). A multitude of lipids was affected in ibrutinib- versus untreated
MBC tumor tissue, namely 7 AcCas, 9 ceramides (Cer) and 2 hexylceramides (Hex3Cer), 2 diglycerides
(DG), 1LPC, 42 PChs, and 5 PEs (Figure SR5C, Supplementary Table 2). Again, bulk lipid class levels seem
unaffected (Fig. R32A), except for AcCas: Ibrutinib-treated MBC tumor tissue displayed a significant
reduction of bulk AcCa levels compared to untreated MBC tumor tissue (Fig. R32B). The role of this
alteration is unclear, and interpretation of these results is impeded by the fact that it is impossible to
distinguish a metabolic response to ibrutinib and the metabolic alterations induced by tumor apoptosis
which might be initiated by ibrutinib, especially in the responding 79-MBC genotype. Further
experiments, such as sampling at different time points or performing metabolic flux analyses, would

be necessary to clarify this distinction.
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This uncertainty is given further substance by data comparing ibrutinib-treated with untreated
PPMBC and 79-PPMBC tumor tissue (Fig. 31D, Fig. SR6). Lipids were not significantly altered between
treatment groups, neither were polar metabolites in PPMBC tumor tissue. 79-PPMBC tumor tissue
displayed a significant increase of three amino acids in ibrutinib-treated mice compared to untreated
mice (Fig. R31D), namely tyrosine, leucine and tryptophane. While leucin and tryptophane are
considered nonpolar amino acids, tyrosine has a polar alcohol group. The three amino acids do not
originate from the same biosynthesis pathway, again complicating explanation of this phenomenon.

Taken together, we observed differences in metabolite levels between tumor tissue from different
genotypes and treatment groups in our autochthonous mouse models. MBC and 79-MBC tumor tissue
differed in the abundance of deoxy-nucleotides and several individual lipid species with unclear
function. In contrast, when comparing PPMBC and 79-PPMBC tumor tissue, no significantly altered
metabolites were detected. Ibrutinib treatment, on the other hand, altered individual metabolite
abundance in MBC, 79-MBC, and 79-PPMBC tumors. Abundance of bulk AcCas was significantly
decreased in ibrutinib-treated compared to untreated MBC tumors, hinting at an altered fatty acid
metabolism, and several amino acids were increased when comparing ibrutinib-treated with untreated
79-PPMBC tumors. However, no clear picture or mechanism explaining these alterations emerges,
making interpretation of our data challenging. Additionally, the low sample size of 3-6 tumors per
genotype and treatment group might render the study underpowered. Further investigation will be

required to draw meaningful conclusions.

5.3.3 Ibrutinib treatment does not significantly affect ATP production by glycolysis and
oxidative phosphorylation in murine cell lines

To determine whether the altered metabolite levels seen in our metabolomics data might be
related to differential activation of metabolic pathways such as glycolysis or oxidative phosphorylation,
we decided to perform SeaHorse experiments using cell lines derived from tumors obtained from our
autochthonous mouse models. Using SeaHorse experiments, automatic, real-time measurements of
cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) can be conducted,
enabling the derivation of ATP production rates of live cells for analysis of mitochondrial respiration
and glycolysis (Agilent website). While preliminary experiments indicated alterations induced by
ibrutinib-treatment of our cell lines (data not shown), appropriate normalization and experiment
standardization abolished these differences. Specifically, we observed no significant alteration of ATP
production rates by glycolysis or mitochondrial respiration by pre-treating the 79-MBC cell line BSQ_12
with DMSO or different concentrations of ibrutinib ranging from 1-100nM (Fig. R33A and Fig. SR7). In
vivo setting, we had treated mice with 30mg ibrutinib per kg body weight, corresponding to ~68uM
given orally, which with a bioavailability of ~10% (De Vries et al. 2016) corresponds to an order of

magnitude of UM as maximal therapeutic concentration. Note that the IC50 for ibrutinib is >5uM in
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BSQ_12 (Fig. R34D), which is unexpected since we previously observed 79-MBC mice to respond to

ibrutinib treatment (Fig. 28), implicating differences between the in vivo tumor compared to the in

vitro cell line.
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Figure R33 SeaHorse Analysis of DMSO- and ibrutinib-treated murine cell lines does not reveal significant differences. (A)
79-MBC cell line BSQ_12 was treated for 1 day with DMSO or ibrutinib. (B) MBC cell line BIN_291 and PPMBC cell line BWQ_234
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with DMSO or for 1-3 days with ibrutinib.
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Since concentrations of 1-100nM were far below the observed IC50 of BSQ_12 of >5uM, they might
be too low to have any discernible effect on glycolysis and oxidative phosphorylation. On the other
hand, concentrations of ibrutinib >100nM are known to exert off-target effects on other proteins
(Nicolson et al. 2018; Byrd et al. 2016), limiting the specificity of our assay with high ibrutinib
concentrations. Therefore, we chose cell lines with lower IC50s of ibrutinib for the next assay: We
treated the MBC cell line BIN_291 and the PPMBC cell line BWQ_234 for one day with 1nM ibrutinib,
as well as concentrations close to their respective IC10, IC25 and IC50 (determined in a 3-day viability
assay, Fig. R34A, B). Concentrations were chosen in their respective range, but for technical reasons
not diluted exactly to the respective ICs (Supplementary Table 4). In this setup, we again observed little

changes between the DMSO-treated and ibrutinib-treated conditions (Fig. R33B).
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Figure R34 Murine cell lines display differential sensitivity to ibrutinib. Ibrutinib sensitivity assays for murine cell lines (A)
BWQ_234, (B) BIN_291, (C) BIN_292, (D) BSQ_12. Cell lines were treated for three days with ibrutinib (concentration range
0.0512nM-20mM), viability determined by alamarBlue™ assay and normalized to the DMSO-treated condition before
modeling data to a Hill function.
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Lastly, we looked into potential metabolic alterations induced by ibrutinib treatment for different
durations, comparing the MBC cell line BIN_292 and the 79-MBC cell line BSQ_12. While the ATP
production rate differed between untreated, DMSO-treated and cells treated with ibrutinib for
different times, no clear trend was apparent (Fig. R33C). Although further experiments would be
required to exclude the possibility completely, from this data, it seems unlikely that ibrutinib affects
the gross metabolism of our murine lymphoma cell lines.

As previously mentioned, a potential explanation for this phenomenon might originate from in the
differences between 2D-grown in vitro cell lines, and primary tumor tissue. We attempted to
circumvent this issue by performing SeaHorse experiments with cells extracted freshly from primary
tumor tissue (Fig. SR7B). However, when comparing the MBC cell line BIN_291, the PPMBC cell line
BWQ_234, and data from the 79-MBC primary tumor cells BSQ_197, freshly extracted tumor cells
showed little to no metabolic activity and appeared quiescent (Fig. SR7B), limiting analysis with

SeaHorse experiments.

5.3.4 lbrutinib treatment acts synergistically with inhibition of oxidative phosphorylation on
murine cell lines

As we previously observed a significant enrichment of mutations in genes annotated for the
oxidative stress response gene set in MBC and 79-MBC lesions (Fig. 30), we set out to investigate
whether this might elicit a targetable vulnerability. Challenging oxidative phosphorylation in cell lines
with inhibitors such as IACS-010759 increases levels of reactive oxygen species (Molina et al. 2018),
which are responsible for oxidative stress (Forman and Zhang 2021). Other studies proposed a
synergistic effect of ibrutinib treatment and inhibition of oxidative phosphorylation: Ibrutinib-resistant
DLBCL cell lines shifted their metabolism from glycolysis to oxidative phosphorylation (Choueiry, Singh,
Sircar, et al. 2021), and targeting DNMT3A-mediated oxidative phosphorylation sensitized mantle cell
lymphoma cell lines and PDX models to ibrutinib (Hoang et al. 2024). We therefore decided to
investigate the interaction of ibrutinib treatment with inhibition of oxidative phosphorylation.

To this end, we performed a combination screen using ibrutinib and the OxPhos-inhibitor IACS-
010759, which was previously shown to be effective in MYC-driven lymphoma models (Donati, Nicoli,
et al. 2022). Murine cell lines cell lines derived from tumors obtained from our autochthonous mouse
models were treated for three days with ibrutinib (concentration range 0.0512nM-20mM), IACS-
010759 (concentration range 0.6nM-12.5mM), or combinations of the two. Cell viability was
determined by alamarBlue™ assay and normalized to DMSO-treated cells of the same cell line.

By analyzing the resulting viability data using the Chou-Talalay combination index (Chou 2010), we
observed synergism (combination index Cl <1) in 8 of 9 murine cell lines (table R1) and synergism at all
but the two lowest effect levels (Fa) in the 9t cell line (BSQ_12, resulting plots in Fig. R35). Synergism

seemed independent of single-agent ibrutinib or IACS-010759 sensitivity (table R1). This combined
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efficacy was quite surprising as we did not observe metabolic alterations in oxidative phosphorylation
induced by ibrutinib (see 5.3.2). This promising result warrants further research into the effectivity of
the combination in vitro and in vivo, as well as in-detail analysis of potential mechanisms for the
observed synergy.

Cumulatively, our data on metabolic alterations in autochthonous mouse models of C5/MCD DLBCL
do not present a clear picture of genetic or treatment-induce metabolic pathway changes relevant for

patient treatment, but opens up potential routes for further investigation.
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Figure R35 ibrutinib and IACS-010759 act synergistically in murine C5/MCD cell lines. Representative illustrations of the
combination index (Cl) as determined by Chou-Talalay model for the combination of ibrutinib and IACS-010759, tested at
several Fa (fraction affected, effect level).

Table R1 Cl for the tested murine cell lines. IC50s as determined from combination screen. Note that the exact IC50 can vary
between experiments, therefore numbers do not exactly match IC50s determined in Fig. R34.

cell_line genotype |(Cl 1C50(Ibrutinib) [nM] | IC50(IACS-010759) [nM]
BWQ_269 |PPMBC <1 0.4 13.9

BWQ_234 | PPMBC <1 529.9 2547.1

BWQ_379 |PPMBC <1 2315 4195.0

BIN_291 MBC <1 536.6 706.4

BIN_292 MBC <1 1282.5 6240.6

BIN_256 MBC <1 2386.8 5276.8

CBU_84 79-PPMBC |<1 6771.1 1671.1

BSQ_12 79-MBC mostly <1 | 4920.6 77.0
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6 Discussion

DLBCL is a frequently diagnosed cancer (Bray et al. 2024). The poor prognosis for patients relapsing
or refractory to standard frontline therapy requires additional knowledge about the disease (Sehn and
Salles 2021). C5/MCD DLBCL consists of a subgroup of DLBCL patients characterized by genetic
alterations including mutations of MYD88 and CD79B, amplification of the BCL2 locus and alterations
conveying a plasma cell differentiation block (Chapuy et al. 2018; Schmitz et al. 2018). This subgroup
was demonstrated to have an especially poor outcome, amplifying the need for innovative treatment
options (Chapuy et al. 2018; Schmitz et al. 2018).

In this project, the PPMBC mouse model, which is mimicking the clinically relevant features of
C5/MCD DLBCL, was established. By comparing with patient data and testing several treatment
options, this model was validated as a powerful preclinical tool for investigation of C5/MCD DLBCL.
The success of the combination of venetoclax and ibrutinib in mouse and the off-label clinical
treatment of a small patient cohort broadens the options for bridging therapies for DLBCL patients.
Furthermore, application of the PPMBC mouse model in investigating the commonly occurring CD79B
mutation in C5/MCD DLBCL indicated the mutation to serve as a biomarker for response to ibrutinib
treatment. In another approach, the model was applied to research cell metabolism in C5/MCD DLBCL,
revealing metabolic differences mediated by genetic alterations and a synergistic response in derived
cell lines treated with ibrutinib and an inhibitor of oxidative phosphorylation. However, to fully

comprehend the scope of metabolic alterations in C5/MCD DLBCL, further research is required.

6.1 The PPMBC mouse model serves as a preclinical testing tool

By investigating the role of a plasma cell differentiation block in C5/MCD DLBCL, we not only
revealed its relevance for lymphomagenesis, but also generated a mouse model mirroring clinically
relevant features of C5/MCD DLBCL on a cellular level (Flumann et al. 2023). While plasmablastic
lymphoma is a distinct entity, it was proposed that also ABC DLBCL such as C5/MCD DLBCL is derived
from B cells in the process of differentiating into plasma cells (Frick, Dérken, and Lenz 2011), which is
blocked in our model system. Although the frequent occurrence of plasma cell differentiation blocks
was observed, it was mainly noted to increase aggressivity of the disease (Montes-Moreno et al. 2010).
Here, we showed that a plasma cell differentiation block was necessary to faithfully recapture C5/MCD
DLBCL in our autochthonous mouse model. Specifically, we obtained two different alleles conferring
this block, generating the SMBC and PPMBC mouse models. While both the overexpression of the
transcription factor SpiB and the loss of the transcription factor Prdm1 block B cell differentiation into
plasma cells (Horiuchi et al. 2023; Boi et al. 2015; Shapiro-Shelef et al. 2005), we observed different
qualities of the intended differentiation block, with lower levels of residual plasmablasts and plasma

cells in the PPMBC model. Additionally, the PPMBC model exhibited a higher reliability in terms of
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consistent phenotype, tumor localization, lymphoma surface marker expression, and other
characteristics. “These differences between SMBC and PPMBC mice might be at least partially
explained by the fact that Prdm1 deletion in our model prevents any protein expression, whereas Spib
overexpression from the Rosa26 locus might be counter regulated by mechanisms leading to SPIB
degradation or through partial silencing of the Rosa26 locus.

Next to mutational and epigenetic inactivation, PRDM!1 is also transcriptionally repressed by BCL6
(Shaffer et al. 2000; Tunyaplin et al. 2004), which itself is a target of PRDM1-mediated repression, thus
constituting a negative feedback loop (Shaffer et al. 2002). In addition to its role in blocking terminal
plasma cell differentiation via PRDM1 repression, SPIB also plays an important role for proper BCR
signaling in mature B cells. In contrast to Spib-proficient B cells, Spib-deficient B cells display reduced
proliferation in response to BCR cross-linking and an impaired ability to form GCs (Su et al. 1997;
Garrett-Sinha et al. 1999). The oncogenic role of SPIB in ABC-DLBCL is further underscored by the
observation that the ABC-DLBCL cell line OCI-Ly3 harbors a rearrangement, which juxtaposes SPIB to
Ig enhancers leading to enforced SPIB expression (Lenz et al. 2007). Altogether, it is conceivable that
the similar lymphomagenesis-enhancing effects of Spib overexpression and Prdm1 deletion in the MBC
model are the result of different molecular mechanisms, namely, a potent plasma cell differentiation
block in the Prdm1-deficient setting and a slightly less pronounced block in terminal differentiation
together with augmented BCR signaling in the Spib-overexpressing scenario.” (Flumann et al. 2023)

For our further studies, we therefore focused on the PPMBC mouse model. Many characteristics
seem shared between C5/MCD DLBCL patients and the PPMBC mouse model, but in contrast to patient
data (Lenz et al. 2007), the majority of PPMBC-derived lymphomas were class-switched. This factor
was remedied in the 79-PPMBC model, which showed an increased rate of non-class switched, IgM*
lymphomas (Fig. R21C), indicating that the 79-PPMBC model might mimic DLBCL patient lymphoma
even better than other genotypes. Besides this, there are likely other details differing between the
mouse model and the human scenario which could be improved by adding additional genetic
alterations. For the sake of simplicity in terms of breeding and for preserving the variety of additional,
naturally developing genetic alterations seen in the PPMBC model mirroring the human genetics, we
opted to continue our research with the PPMBC mouse model. We believe that it reflects substantial
aspects of C5/MCD DLBCL.

In our mouse models, we used Cd19“®to drive the expression of conditional genetic alterations
relevant for lymphomagenesis, where the Cre expression cassette was inserted into exon 2 of the
endogenous murine Cd19 allele (Rickert, Roes, and Rajewsky 1997). CD19 is expressed upon VD)
recombination early-on in the B cell lineage. In this setup, due to the concomitant broad expression of
Cre, nearly all B cells in the autochthonous mouse model carried the desired genetic alterations. While

this ensured expression of the desired alleles in all potential lymphoma precursor cells, it potentially
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affected more B cells than necessary for lymphomagenesis and limited the possibilities to investigate
the roles of healthy, nonmalignant B cells in the TME or the systemic immune response. While the
infiltration of nonmalignant B cells into DLBCL tissue has been observed before (Liu et al. 2023; Ye et
al. 2022), their relevance for tumor characteristics and treatment response remains unclear. In the
PPMBC mouse model, genetic alteration of all mature B cells likely prohibits investigation of
nonmalignant B cells. We occasionally observed scratch wounds and other indications of autoimmune
reactions in our autochthonous mice, which could be explained by the manipulation of non-tumor cells
mediating self-reactivity as well. On the other hand, usage of Cd19 generated a reliable mouse model
with faithful tumor development in an agreeable time frame.

In an orthogonal approach, Aicda®® expressed in GC B cells was used to drive the expression of
conditional BCL2 overexpression, Myd88 and Cd79b mutation and Prdm1 loss alleles in a bone marrow
transplantation approach (Pindzola et al. 2022). At an age of 6-8 months, only 5 out of 8 animals
showed signs of lymphoma development (expansion of white pulp in the spleen) and were far from
succumbing to the disease (Pindzola et al. 2022), indicating a delayed lymphoma onset compared to
our PPMBC mouse model (Fig. R19). In contrast, combining conditional BCL2 overexpression, MYD88
mutation and/or Prdm1 loss alleles with Cr2°¢, which expresses Cre in mature B cells, gave additional
insights into the early, premalignant phenotype of these mice: Comparably to our models, increased
GC development was observed with amplified output of plasmablasts and plasma cells in the presence
of functional Prdm1, while loss of Prdm1 promoted GC expansion and the generation of potential
precursor cells (Pindzola et al. 2022).

The combination of the mentioned alleles with other Cre alleles was, to our knowledge, not tested
yet. It is conceivable that the usage of more restricted alleles such as Cy1“e, expressed in GC B cells
(Casola et al. 2006), or Cd21“¢, expressed during the differentiation of transitional B cells into mature
B cells (Kraus et al. 2004), might yield mouse models capturing an advanced spectrum of the DLBCL
TME, while likely delaying lymphoma onset as well.

When considering expensive and laborious mouse models for preclinical studies, the possibility of
other model systems potentially sufficient to answer specific research questions should be deliberated
as well. A plethora of human DLBCL cell lines was established in the past which can be easily handled
in vitro, capture most recurrent genetic alterations of patient DLBCL, and could be used to make
impactful discoveries on cellular signaling alterations, metabolism and other features (Kubacz et al.
2022; Li, Ning, et al. 2019; Young et al. 2019; Yanguas-Casas et al. 2021). We ourselves frequently apply
murine cell lines derived from our mouse models for in vitro experiments, but discerned notable
differences when comparing data: For instance, while 79-MBC animals respond strongly to ibrutinib
treatment (Fig. R28), the 79-MBC cell line BSQ_12 did not seem to be sensitive to ibrutinib treatment
(Fig. R24, table R1), and similarly for the 79-PPMBC cell line CBU_84 (table R1). It is known that cancer
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cell lines often differ from tumors, as was found for instance for genetic alterations and gene
expression profiles of ovarian cancer cell lines (Domcke et al. 2013). Also, cell lines can evolve over
time in vitro, sometimes changing drug response (Ben-David et al. 2018). A study comparing canine
lymphoma cell lines with canine lymphoma tissue previously found that gene expression is altered in
these in vitro models and some therapeutic targets are not similarly expressed between the two,
among them GSK3B and PIK3CD, which are relevant for cell metabolism (Taher et al. 2018). These and
other limitations highlight the need for in vivo models.

Another approach for modeling DLBCL is the usage of primary human GC cells that can be
genetically manipulated and immortalized for tissue culture (Caeser et al. 2021). 3D organoids attempt
to include the complex TME into their modeling, can be used for high-throughput drug screening and
have been used to test antibody therapy and chemotherapy in lymphoma (Foxall et al. 2021; Tebon et
al. 2023; Sullivan et al. 2024). However, even these models cannot capture the full complexity of a
living organism, emphasizing mouse models to be an important tool especially in the context of

treatment testing (Tabatabai et al. 2023).

6.2 The Cd79b"1%>" mutation amplifies BCR signaling and targetability

Applying our PPMBC mouse model to study the role of the CD79B ITAM mutation in DLBCL, we
were surprised to note no significant disease acceleration and no advanced lethality when introducing
the Cd79b"***! allele into our model. “This observation is in line with a recent report showing that the
cytotoxic effect of RNAi-mediated CD79B depletion in the DLBCL cell line HBL1 (harboring a CD79BP-Y*%F
mutation) could be rescued by both, CD79B wildtype and various ITAM-mutant cDNAs (Davis et al.
2010). Importantly, there was no quantitative difference in the ability to rescue the CD79B depletion
phenotype between wildtype and mutant cDNAs, possibly indicating that CD79B ITAM mutants do not
provide a proliferative advantage per se (Davis et al. 2010). Based on this observation, it was proposed
that the selection of CD79B ITAM mutations might be an early event during lymphomagenesis,
enabling supraphysiological responses to self or foreign antigen (Davis et al. 2010; Shaffer, Young, and
Staudt 2012). [...] However, it is important to note that in our Cd19“®driven model system, Cd79b ITAM
mutations are induced at the same time as Myd88 and BCL2 aberrations, which by themselves promote
self-reactivity (Flimann et al. 2021).” (Flumann et al. 2024)

In fact, we observed reduced values of splenic B220*CD19* B cells in premalignant 79-PPMBC
compared to PPMBC mice (Fig. R16B), corroborating the possibility of increased elimination of self-
reactive B cells in this background.

It is long known that negative feedback mechanisms induce cell death in active B cells to prevent
self-reactivity, mediating a complex balance between survival and death signals upon B cell activation
(Donjerkovi¢ and Scott 2000). Therefore, another explanation for the comparable survival rates of

Cd79bY*%" and Cd79b"* mice could be that initiating anti-apoptotic signaling by BCL2 overexpression is
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the limiting step of lymphomagenesis in our mouse models, rendering the role of CD79B secondary. In
fact, most DLBCLs seem to express antiapoptotic proteins, commonly BCL-2, but also BCL-XL or MCL-1
(Klanova et al. 2022; de Jong et al. 2019).

The CD79BY1°* ITAM mutation has previously been described to reduce BCR inhibition mediated by
LYN leading to BCR internalization and signal reduction (Gazumyan, Reichlin, and Nussenzweig 2006;
Xu et al. 2005; Davis et al. 2010). However, this raises a seeming contradiction: If CD79B mutations
decreased BCR internalization in C5/MCD DLBCL, how could B cells depend on My-T-BCR signaling
initiated by internalized BCRs in DLBCL endosomes? We here observed no altered BCR internalization
levels upon BCR activation in primary B cells carrying the Cd79b"'%" mutation (Fig. R26), providing a
possible answer. Further research needs to be conducted to solve this paradox.

On the other hand, our results again raise the question on the exact mechanism of increased BCR
signaling mediated by Cd79b"*%*": If the mutation does not reduce inhibition of BCR signaling, which
mechanism of action driving increased BCR signaling is it promoting instead? Its relevance for My-T-
BCR signaling has been demonstrated repeatedly (Phelan et al. 2018; Mandato et al. 2023) and we
have observed significantly increased rates of colocalization with MYD88 as well, which might be the

main outcome of Cd79b"*%>".

6.3 Ibrutinib as treatment option for C5/MCD DLBCL

Within this project, several treatment options for C5/MCD DLBCL were tested successfully on

autochthonous mouse models.

Ibrutinib is a BTK inhibitor approved as monotherapy treatment for chronic lymphocytic leukemia
(Timofeeva and Gandhi 2021), relapsed/refractory mantle cell ymphoma (Radhakrishnan et al. 2022)
and other lymphatic malignancies (Xue et al. 2020). We here identified the Cd79b ITAM mutation to
be a strong factor for response to ibrutinib monotherapy in our autochthonous mouse models. While
MBC and PPMBC mice responded little to ibrutinib treatment, 79-MBC and 79-PPMBC mice
demonstrated a striking survival benefit of multiple months under continuous ibrutinib treatment (Fig.
R28). Our data supports the previously proposed notion of CD79B as determining factor in ibrutinib
response (Wilson et al. 2015) and contradicts other claims of CD79B limiting ibrutinib response (Kim
et al. 2016).

In a recent report, no significant increase in overall survival by the addition of ibrutinib to frontline
therapy was found in non-GCB patients, although detailed analyses claim to find survival advantages
in subgroups like younger patients or BCL2/MYC co-expressors (Younes et al. 2019; Johnson et al.
2023). In the GUIDANCE-01 trial, patients were treated with R-CHOP plus an additional agent according
to their DLBCL subgroup, with ibrutinib for MCD-like patients, increasing response rates significantly

(zhang et al. 2023). In line with this, a recent report found promising BTK inhibition responses in
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patients with MYD88 and/or CD79B mutations (Deng et al. 2024). It is likely that ibrutinib only benefits
this patient subgroup, in line with our findings.

Nevertheless, ibrutinib responses in our mouse model were not durable and the evolving resistance
mechanisms remain speculation. While our WES analysis did not return typical mutations of Btk or
Plcg2 associated with BTK inhibitor resistance in CLL patients (Woyach et al. 2014), we found an
accumulation of Cd83 mutations in relapsed tumors. CD83 is known to be expressed on activated
immune cells and to play a role in immune response regulation (Li, Ju, et al. 2019; Riaz et al. 2023).
Moreover, CD83 seems to negatively attenuate B-cell function upon BCR activation and CD83 inhibition
leads to increased B-cell responses to immunization in vivo (Kretschmer et al. 2007; Kretschmer et al.

2009). Further research might show the relation of Cd83 mutations and ibrutinib resistance.

The combination of venetoclax and ibrutinib was shown to be effective in chronic lymphocytic
leukemia (Niemann et al. 2021) and Waldenstréom’s macroglobulinemia with MYD88 mutations
(Castillo et al. 2024). Due to the dependence of our mouse model on antiapoptotic BCL2 and malignant
BCR signaling, the high response rates of PPMBC mice treated with a combination of ibrutinib and
venetoclax (Fig. R14) were anticipated. When translating these results to DLBCL patients in an off-label
setting, several non-GCB patients responded to this bridging treatment, prolonging survival and
offering the opportunity to undergo other subsequent treatments (Flumann et al. 2023). In DLBCL,
there is emerging data for the combination as a promising treatment option in non-GCB DLBCL (Zhou
et al. 2021). Importantly, this combination therapy could be beneficial in patients without CD79B ITAM
mutations, as we showed efficacy in our Cd79b"* PPMBC model (Fig. R14). However, since responses
do not seem durable in patients or our mouse models, additional research needs to be conducted to

determine resistance mechanisms and/or favorable follow-up therapies.

Another promising therapy option for DLBCL is adoptive cell therapy with CD19-targeting CAR-T
cells. Several products are already approved for treatment of lymphomas in Europe and the United
States with overall response rates ranging between 53 to 83% in DLBCL (Cappell and Kochenderfer
2023). In fact, based on the results of recent clinical trials, CAR-T-cell therapy has been recommended
as second-line therapy for DLBCL patients refractory to or relapsing under initial
chemoimmunotherapy (Lutfi et al. 2023; Westin and Sehn 2022). When treating PPMBC mice with
mCD19-targeting CAR-T cells, we observed striking response rates in mice with a low tumor burden,
leading to a survival benefit of numerous months (Fig. R12). This long remission phase underscores the

high hopes for CAR-T cell treatment in DLBCL.

92



Julia Hansen 6 Discussion

However, response to CAR-T cell treatment was poor in PPMBC mice with a high tumor burden (Fig.
R12). Although this is in line with patient data (Locke et al. 2020), it is possible that other factors affect
CAR-T cell response which could be further analyzed using the PPMBC mouse model in the future.

It is also worth mentioning that recent reports on T-cell malignancies arising after CAR-T cell
treatment has elicited worries about this therapy option (Ghilardi et al. 2024; Verdun and Marks 2024).
We have observed no indication for secondary cancers in CAR-T-treated PPMBC mice, which is
expected based on the low incidence numbers observed in the human setting. Nevertheless, PPMBC
mice should be tested for malignant T-cell proliferation in future CAR-T cell experiments.

Another concern of CAR-T cell therapy is the occurrence of serious adverse events accompanying
therapy (Brudno and Kochenderfer 2016). Acute adverse events include damaging of tissues
expressing the CAR-targeted antigen, the toxic cytokine release syndrome, cross-reactivity with
nontargeted proteins, allergic reactions, neurologic toxicities, and graft-versus-host disease (for
allogeneic CAR-T cells)(Brudno and Kochenderfer 2016; Cappell and Kochenderfer 2023). Long-term
effects encompass long-lasting B-cell depletion accompanied by immunoglobulin depletion, impairing
immune reactions and vaccine responses (Cappell and Kochenderfer 2023). A more specific on-tumor,
off-target CAR-T activity could overcome these risks (Rafigq, Hackett, and Brentjens 2020). In fact, when
a collaborating group tested a switch CAR/CCR T cell construct in our PPMBC mouse model with higher
specificity, tumor growth was inhibited while an intact CD80°CD19* B cell population was retained,

indicating this approach to be promising for reducing adverse events (Prinz et al. 2024).

6.4 The metabolic landscape of C5/MCD DLBCL remains complex

We determined that genetic backgrounds shape metabolic alterations in autochthonous mouse
models of C5/MCD DLBCL, although the impact of this finding remains unclear. It is conceivable that
the observed differences by introducing the Cd79b"*%" mutation might stem from alterations of other
cellular pathways and be secondary effects. In fact, BCR signaling itself was previously indicated to
alter B-cell metabolism, promoting glucose uptake and glycolysis (Doughty et al. 2006) and BCR-DLBCLs
seem to exhibit less oxidative phosphorylation and dependence on fatty acid oxidation (Caro et al.
2012). While our data could not show a stratified pattern, we do see increased BCR signaling in
Cd79b"1%°" lymphoma samples concomitantly with oxidative stress in the MBC background, as well as
altered lipid metabolism (Fig. R30). These metabolic changes might be accessory phenomena induced
by BCR signaling alterations, but might be targetable all the same, as indicated by the synergy of
ibrutinib treatment with IACS-010759, an inhibitor of oxidative phosphorylation (Fig. R34).

Interpretation of our metabolomics data was impeded by the sheer quantity of polar metabolites
and especially lipids whose individual function is unclear in the majority of cases. When comparing
PPMBC and 79-PPMBC samples, this high number of comparisons of individual metabolites quickly led

to p level saturation by Benjamini-Hochberg correction for multiple hypothesis testing, rendering
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potentially interesting differences insignificant. A higher number of samples and a more targeted
approach, only comparing specific metabolites of interest, might render similar analyses more
meaningful in future experiments. Another approach that could be upscaled more easily would be the
usage of cell line models, but metabolic profiles of cell lines only partially overlap with primary tissue,
as was shown for colon cancer cell lines (Rombouts et al. 2021), and cell lines can acquire atypical
genetic or gene expression alterations as seen in breast cancer cell lines (Liu et al. 2019). Here, we also
observed the differences in ibrutinib response (see below), indicating that our in vitro models cannot
recapitulate the in vivo setting in all aspects.

It was previously reported that ibrutinib response and resistance development could be affected
by metabolic alterations in lymphomas and chronic lymphocytic leukemia (Choueiry, Singh, Sun, et al.
2021; Galicia-Vazquez and Aloyz 2018; Zhang et al. 2019). After illustrating the pivotal role of
Cd79b"*%" in ibrutinib response, we set out to investigate whether metabolic alterations might be the
driving force for the distinguishing ibrutinib response between mice of different genotypes, and
whether ibrutinib itself affects cellular metabolism. In our cell line model, we could neither detect
significant metabolic differences between cell lines derived from murine lymphomas with different
genetic backgrounds, nor between untreated and ibrutinib-treated samples of the same cell line (Fig.
R33). A possible explanation could be differences between the in vitro and in vivo setting, as we
observed neither the 79-MBC BSQ_12 nor the 79-PPMBC CBU_84 cell line to be sensitive to ibrutinib
treatment (table R1), although animals of these genotypes responded to ibrutinib treatment (Fig. 28).
The synergy of treatment with ibrutinib and IACS-010759 (Fig. R34), however, does hint at an interplay
between BCR inhibition and metabolism in the cell line model. Further research is required to elucidate
this mechanism and its significance.

Another confounding factor when analyzing the relationship of BCR inhibition and metabolism is
the recently reported link between ibrutinib response in MYD88%%" lymphomas and autophagy
(Phelan et al. 2024). MYD88'*%" lymphomas seem to selectively inhibit an autophagic tumor
suppressive pathway degrading MYD88'2%°F necessary for lymphoma survival which can be reactivated
by BTK inhibition (Phelan et al. 2024). If this pathway is attenuated, ibrutinib response might be
hindered or resistance mechanisms could emerge. Autophagy and tumor metabolism have long been
known to interact, with autophagy sustaining glycolysis and mitochondrial metabolism by delivering
key metabolites in cancer cells (Pandey, Yadav, and Shukla 2021). Taken together, a complex picture
of the role of metabolic alterations in lymphoma biology and treatment emerges, warranting further

investigation to draw meaningful conclusions.

6.5 Conclusion

Within this thesis, three chapters of lymphoma biology were studied. First, autochthonous mouse

models of C5/MCD DLBCL were analyzed, optimized and validated comprehensively. In our PPMBC
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mice, C5/MCD DLBCL seems to develop from the B-cell lineage of memory B-cell differentiation,
supporting this lineage as potential origin for C5/MCD DLBCL as previously suggested (Venturutti and
Melnick 2020). The comparability to patient DLBCL cells and availability for treatment testing makes
our PPMBC mouse model a valuable preclinical testing tool for C5/MCD DLBCL research (Fig. D1A).
Looking forward, the PPMBC mouse model will likely emerge as a powerful tool in DLBCL research. The
MBC mouse model could already be applied by us and our collaborators to study a plethora of research
guestions (Flumann et al. 2024; Tabatabai et al. 2023; Pindzola et al. 2022; Venturutti et al. 2022) and
we believe the PPMBC mouse model to be used even more broadly, generating new knowledge about
C5/MCD DLBCL and validating treatments pre-clinically. The PPMBC mouse model was already
employed in DLBCL research by us (see below), and our collaborators to test a switch CAR/CCR T cell
treatment approach (Prinz et al. 2024).

In a second angle, the PPMBC model was applied to gain deeper insights into the effect of the
commonly occurring CD79B ITAM mutation, presenting it as determining factor for BCR signaling and
response to BTK inhibition (Fig. D1B). Identifying Cd79b"*%" to distinguish ibrutinib response will
facilitate treatment of C5/MCD DLBCL patients in the future. Additionally, further analysis of the model
to ascertain the modes of ibrutinib resistance manifestation might enable resistance prevention in the
future.

Lastly, different mouse models were used to investigate C5/MCD DLBCL metabolism,
demonstrating differences between genotypes and synergism of ibrutinib treatment and inhibition of
oxidative phosphorylation (Fig. D1C). Additional research will be required to interpret the relevance of

this data in full.
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Figure D1 This thesis investigated DLBCL from three angles. (A) To obtain a powerful preclinical testing tool, the PPMBC mouse
model was generated and validated by comparison with human data and treatment testing, showing improvement over the
previously published MBC model. Note that the indicated lymphomas only share some characteristics of memory B cells or
plasma cells and are not fully differentiated to either cell type. (B) By applying the PPMBC mouse model to investigate the role
of Cd79bY195H, we determined an increased and targetable dependency on BCR signaling. (C) The metabolic differences in our
mouse models prompted us to analyze the interplay of BCR signaling and oxidative phosphorylation, finding synergy of
targeting both in our murine cell lines.
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11.1 Supplementary Figures
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Gating of B1a/b cells (Fig. S1E)
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Figure SR1 Gating strategies for flow cytometry analyses of lymphocytes. The following subsets were analyzed: (A) leukocytes,
(B) Follicular B (FoB) and Marginal zone B cells (MZB), (C) Memory B (MB) and GC B cells (GCB), (D) plasmablasts (PB) and
plasma cells (PC), (E) naive B cells, (F) Bla and B1b cells, (G) DZ and LZ GCBs, (H) MB and GCBs from GFP* lymphoma cells
analogously to (C), (I) DZ and LZ GCBs from GFP* lymphoma cells analogously to (G). For details see section 4.6.
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Figure SR2 Flow cytometry analysis of premalignant PPMBC and SMBC mice show altered B-cell subsets in the peritoneal
cavity. (A) CD19*B220 B1 cells, including B1a and B1b subsets. (B) CD19*B220* B cells including follicular B (FoB) and marginal
zone B cells (MZB). (C) CD138* Plasmablasts (PB) and plasma cells (PC). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Welch
unpaired two-tailed t test, error bars SD.
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Figure SR3 Immunoglobulin usage in MBC, SMBC and PPMBC tumors. (A) Quantification of isotype of the dominant tumor

clone in MBC, SMBC and PPMBC tumors. (B) Representative flow cytometry analysis of surface expression of IgM and 1gG2c
in an IgG* and IgM* PPMBC lymphoma sample.
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Polar metabolites in 79-PPMBC vs. PPMBC tumors
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Lipids in 79-PPMBC vs. PPMBC tumors

3

o

-log10(p) [Benjamini-Hochberg-corrected]

differential
expression

® no
@ up in ibrutinib

@ up in untreated

o —

5.0 2.5 0.0 25
log2(fold change of lipid abundance)

Figure SR4 Comparison of polar metabolites (A) and lipids (B) between 79-PPMBC (n = 6) and PPMBC (n = 6) tumor tissue.
Unpaired two-samples t-test, Benjamini-Hochberg-corrected for multi hypothesis testing. Note that due to the high variance
between samples and high number of tests, Benjamini Hochberg correction leads to p value saturation.
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Polar metabolites in ibrutinib- vs. untreated 79-MBC tumors
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Polar metabolites in ibrutinib- vs. untreated MBC tumors
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Figure SR5 (A) Comparison of polar metabolites between ibrutinib-treated (n = 5) and untreated 79-MBC (n = 3) tumor samples
(B) Comparison of polar metabolites between ibrutinib-treated (n = 6) and untreated MBC (n = 6) tumor samples. (C)
Comparison of lipids between ibrutinib-treated (n = 6) and untreated MBC (n = 6) tumor samples. Unpaired two-samples t-
test, Benjamini-Hochberg-corrected for multi hypothesis testing.
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Lipids in ibrutinib- vs. untreated 79-PPMBC tumors
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Figure SR6 Comparison of polar metabolites (A) and lipids (B, C) between ibrutinib-treated and untreated PPMBC (A,C) and
79-PPMBC (B) tumor tissue (n = 6 for each condition). Unpaired two-samples t-test, Benjamini-Hochberg-corrected for multi
hypothesis testing. Note that due to the high variance between samples and high number of tests, Benjamini Hochberg

correction leads to p value saturation.
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Figure SR7 SeaHorse Analysis of DMSO- and ibrutinib-treated murine cell lines does not reveal significant differences. (A) 79-
MBC cell line BSQ_12 was treated for 1 day with DMSO or ibrutinib [repetition of R33A]. (B) MBC cell line BIN_291 and PPMBC
cell line BWQ_234 were compared with primary 79-MBC tumor cells, BSQ_197. Note that data is not normalized to protein
amount for better visibility.
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11.2 Supplementary Tables

Supplementary Table 1 Differentially abundant lipids comparing untreated 79-MBC vs. MBC tumor samples. Column “Lipid”
annotates the lipid in detail, combining the lipid class (e.g. “Cer”), the adduct used in MS (e.g. “H”, “CH3COQ”), the number of
C atoms per bound fatty acid separated by a colon from the number of double bonds in that fatty acid (e.g. “d18:2” constitutes
a fatty acid with 18 C atoms and 2 double bonds; d stands for delta or double bond). The weight and sum formula of the lipid
are annotated at the end as well. “nlog10p” is the negative base 10 logarithm of the p value, “log2fc” the base 2 logarithm of
the fold change, “diffexpressed” annotates differential expression: UP meaning upregulated in 79-MBC samples, DOWN

meaning downregulated in 79-MBC samples.

11 Appendix

Lipid Class nlogl | log2f | diffexpr
Op C essed

AcCa(18:1) H_AcCa_(18:1) NA NA_426.35778547 _C25 H48 | AcCa(l | 1.984 | - DOWN
04 N1 8:1) 596 0.780

44
AcCa(18:2) H_AcCa_(18:2) NA_NA 424.34213547 C25 H46 | AcCa(l | 1.398 | - DOWN
04 N1 8:2) 325 1.019

24
AcCa(20:1)_H_AcCa_(20:1)_NA_NA_454.38908547_C27 H52 | AcCa(2 | 1.419 | - DOWN
04 N1 0:1) 312 0.813

47
AcCa(20:2)_H_AcCa_(20:2)_NA_NA_452.37343547_C27 H50 | AcCa(2 | 1.593 | - DOWN
04 N1 0:2) 266 1.040

53
LPC(20:2)_CH3COO_LPC_(20:2)_(20:2)_NA_606.3776455299 | LPC(20 | 1.358 | - DOWN
99_C30H57 09 N1P1 :2) 451 0.752

54
LPC(20:2)_H_LPC_(20:2)_NA_NA_548.37106847_C28 H55 O7 | LPC(20 | 1.419 | - DOWN
N1 P1 :2) 312 0.794

37
PC(16:1_22:6)_CH3COO_PC_(16:1_22:6)_(16:1)_(22:6)_862.5 | PC(16: | 1.477 | - DOWN
60360529999_C48 H81 010 N1 P1 1 083 0.774

96
PC(17:1_18:2)_CH3COO_PC_(17:1_18:2) (17:1)_(18:2)_828.5 | PC(17: | 2.067 | - DOWN
7601053_C45 H83 010 N1 P1 1 048 1.212

39
PC(18:2_18:2)_CH3COO_PC_(18:2_18:2)_(18:2)_(18:2)_840.5 | PC(18: | 1.984 | - DOWN
7601053_C46 H83 010 N1 P1 2 596 1.018

27
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11 Appendix

PC(19:1_18:2) CH3COO_PC_(19:1_18:2) (19:1) (18:2) 856.6 | PC(19: | 1.477 | - DOWN
0731053_C47 H87 010 N1 P1 1 083 | 0.745

93
PC(33:0e)_H_PC_(33:0e) NA_NA_734.60581847 C41H8507 | PC(33: | 1.385 | - DOWN
N1P1 Oe) 144 | 1.022

73
PC(36:4) H_PC_(18:2)_(18:2)_NA_782.56943347_C44 H81 | PC(36: | 1.984 | - DOWN
08 N1 P1 4) 596 | 1.078

44
PC(36:4) Na_PC_(18:2) (18:2) NA_804.55137847 C44 H80 | PC(36: | 1.984 | - DOWN
08 N1 P1 Nal 4) 596 | 0.846

53
PC(36:5)_H_PC_(36:5)_NA_NA_780.55378347_C44 H79 08 | PC(36: | 2.067 | - DOWN
N1P1 5) 048 | 1.176

01
TG(52:5)_Na_TG_(16:1) (18:2) (18:2)_875.70991147 C55 | TG(52: | 1.593 | - DOWN
H96 06 Nal 5) 266 | 2.151

54
TG(57:2)_NH4_TG_(16:0)_(18:1)_(23:1)_946.87971547_C60 | TG(57: | 1.556 | - DOWN
H116 06 N1 2) 364 | 1.771

59
PC(22:2_20:4)_CH3COO_PC_(22:2_20:4)_(22:2)_(20:4) 920.6 | PC(22: | 1.358 | 0.614 | UP
38610529999 C52 H91 010 N1 P1 2 451 | 593
PC(40:8e) H_PC_(40:8¢) NA_NA_816.59016847 _C48 H83 07 | PC(40: | 1.419 | 1.195 | UP
N1P1 8e) 312 | 254
PE(18:1_22:4)_H_PE_(18:1_22:4) (18:1) (22:4) 792.554880 | PE(18: | 1.356 | 0.981 | UP
529999 _C45 H79 08 N1 P1 1 742 | 179
PE(20:2_20:4)_H_PE_(20:2_20:4)_(20:2)_(20:4) 790.539230 | PE(20: | 4.725 | 0.843 | UP
529999 _C45 H77 08 N1 P1 2 929 | 893
PE(40:2)_Na_PE_(18:1) (22:1) NA_822.59832847 C45 H86 | PE(40: | 1.984 | 1.437 | UP
08 N1 P1 Nal 2) 596 | 509
PE(40:5e)_H_PE_(18:0e)_(22:5)_NA_780.59016847_C45 H83 | PE(40: | 1.984 | 0.707 | UP
07 N1P1 Se) 596 | 344
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PE(40:5e)_Na_PE_(18:0e) (22:5) NA_802.57211347_C45 PE(40: | 1.593 | 0.767 | UP
H82 07 N1 P1 Nal Se) 266 | 879
PE(40:6e)_H_PE_(18:2e)_(22:4)_NA_778.57451847_C45 H81 | PE(40: | 1.685 | 1.390 | UP
07 N1P1 6e) 722 | 949
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Supplementary Table 2 Differentially abundant lipids comparing treated vs. untreated MBC tumor samples. Column “Lipid”
annotates the lipid in detail, combining the lipid class (e.g. “Cer”), the adduct used in MS (e.g. “H”, “CH3COQ”), the number of
C atoms per bound fatty acid separated by a colon from the number of double bonds in that fatty acid (e.g. “d18:2” constitutes
a fatty acid with 18 C atoms and 2 double bonds; d stands for delta or double bond). The weight and sum formula of the lipid
are annotated at the end as well. “nlog10p” is the negative base 10 logarithm of the p value, “log2fc” the base 2 logarithm of
the fold change, “diffexpressed” annotates differential expression: UP meaning upregulated in ibrutinib-treated samples,
DOWN meaning downregulated in ibrutinib-treated samples.

Lipid Class nloglOp | log2fc diffexpr
essed
AcCa(16:0)_H_AcCa_(16:0)_NA_NA_400.34213547_C23 H46 04 | AcCa(16 | 1.64 -0.81 DOWN
N1 :0)
AcCa(16:1)_H_AcCa_(16:1)_NA_NA_398.32648547_C23 H44 04 | AcCa(16 | 2.51 -1.10 DOWN
N1 :1)
AcCa(18:1)_H_AcCa_(18:1)_NA_NA_426.35778547_C25 H48 04 | AcCa(18 | 3.82 -1.32 DOWN
N1 :1)
AcCa(18:2)_H_AcCa_(18:2)_NA_NA_424.34213547_C25 H46 04 | AcCa(18 | 2.39 -1.38 DOWN
N1 :2)
AcCa(20:1)_H_AcCa_(20:1)_NA_NA_454.38908547_C27 H52 04 | AcCa(20 | 2.61 -1.40 DOWN
N1 :1)
AcCa(20:2)_H_AcCa_(20:2)_NA_NA_452.37343547_C27 H50 O4 | AcCa(20 | 2.45 -1.40 DOWN
N1 :2)
AcCa(20:4)_H_AcCa_(20:4)_NA_NA_448.34213547_C27 H46 04 | AcCa(20 | 1.43 -1.14 DOWN
N1 :4)
Cer(d18:1_24:1)_CH3COO_Cer_(d18:1_24:1)_(d18:1)_(24:1)_70 | Cer(d18 | 1.84 -0.61 DOWN
6.63549753_C44 H84 05 N1 :1
Cer(d18:1_24:1)_H_Cer_(d18:1_24:1)_(d18:1)_(24:1)_646.61436 | Cer(d18 | 1.54 -0.60 DOWN
7529999_C42 H80 O3 N1 :1
Cer(d18:2_24:1)_CH3COO_Cer_(d18:2_24:1) (d18:2)_(24:1)_70 | Cer(d18 | 1.53 -0.90 DOWN
4.619847529999_C44 H82 O5 N1 2
Cer(d41:2)_CH3COO_Cer_(d41:2)_(d41:2) NA_692.6198475299 | Cer(d41 | 1.94 -1.42 DOWN
99_C43 H82 O5 N1 :2)
Cer(d41:2)_H_Cer_(d18:2)_(23:0)_NA_634.61327047_C41 H80 | Cer(d41 | 2.21 -1.48 DOWN
03 N1 :2)
Cer(d42:3)_H-H20_Cer_(d18:2)_(24:1)_NA_628.60270547_C42 | Cer(d42 | 1.50 -0.83 DOWN
H78 02 N1 :3)
Cer(d42:3)_H_Cer_(d18:2)_(24:1)_NA_646.61327047_C42 H80 | Cer(d42 | 1.40 -0.85 DOWN
O3 N1 :3)
Cer(t41:1)_H- Cer(t41: | 1.95 -1.49 DOWN
2H20_Cer_(t41:1)_NA_NA_616.602705469999_C41 H78 02 N1 | 1)
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Cer(t42:1)_H-2H20_Cer_(t42:1)_NA_NA_630.61835547_C42 Cer(t42: | 2.06 -1.30 DOWN
H80 02 N1 1)

DG(36:3)_NH4_DG_(18:1) (18:2)_NA_636.55615047_C39 H74 | DG(36:3 | 1.36 -1.17 DOWN
05 N1 )
DG(38:5)_NH4_DG_(18:1)_(20:4)_NA_660.55615047_C41 H74 | DG(38:5 | 2.76 -1.33 DOWN
05 N1 )
LPC(34:0)_Na_LPC_(34:0)_NA_NA_770.60341347_C42 H86 07 | LPC(34: | 2.41 -0.95 DOWN
N1 P1 Nal 0)

PC(16:0_22:4) CH3COO_PC_(16:0_22:4) (16:0)_(22:4) 868.607 | PC(16:0 | 1.46 -0.83 DOWN

31053_C48 H87 010 N1 P1

PC(16:1e_18:1)_CH3COO_PC_(16:1e_18:1) (16:1e)_(18:1)_802. | PC(16:1 | 1.53 -1.08 DOWN
59674553_C44 H85 09 N1 P1 e
PC(16:1e_18:2)_CH3COO_PC_(16:1e_18:2) (16:1e)_(18:2)_800. | PC(16:1 | 1.95 -0.92 DOWN
58109553_C44 H83 09 N1 P1 e
PC(16:1e_20:4)_CH3COO_PC_(16:1e_20:4) (16:1e) (20:4) 824. | PC(16:1 | 2.39 -0.81 DOWN
58109553_C46 H83 09 N1 P1 e
PC(17:0_20:4)_CH3COO_PC_(17:0_20:4)_(17:0)_(20:4)_854.591 | PC(17:0 | 1.51 -0.63 DOWN

66053_C47 H85 010 N1 P1

PC(17:1_18:2) CH3COO_PC_(17:1_18:2) (17:1)_(18:2) 828.576 | PC(17:1 | 1.53 0.71 DOWN
01053_C45 H83 010 N1 P1

PC(18:0_20:2) CH3COO_PC_(18:0_20:2) (18:0)_(20:2) 872.638 | PC(18:0 | 1.53 -0.63 DOWN
610529999 C48 H91 010 N1 P1

PC(18:0_22:5) CH3COO_PC_(18:0_22:5) (18:0)_(22:5) 894.622 | PC(18:0 | 1.75 -0.63 DOWN
960529999 C50 H89 010 N1 P1

PC(18:0e_16:0)_CH3COO_PC_(18:0e_16:0) (18:0e)_(16:0)_806. | PC(18:0 | 2.38 -0.94 DOWN
62804553_C44 H89 09 N1 P1 e
PC(18:1_18:2) CH3COO_PC_(18:1_18:2) (18:1)_(18:2) 842.591 | PC(18:1 | 2.45 -0.66 DOWN

66053_C46 H85 010 N1 P1

PC(18:1_24:1) CH3COO_PC_(18:1_24:1) (18:1)_(24:1) 928.701 | PC(18:1 | 1.53 -1.41 DOWN
210529999 C52 H99 010 N1 P1

PC(19:1_18:1) CH3COO_PC_(19:1_18:1) (19:1)_(18:1) 858.622 | PC(19:1 | 1.59 -0.84 DOWN
960529999 C47 H89 010 N1 P1

PC(19:1_18:2) CH3COO_PC_(19:1_18:2) (19:1)_(18:2) 856.607 | PC(19:1 | 2.39 -0.98 DOWN
31053_C47 H87 010 N1 P1

PC(19:1_20:4) CH3COO_PC_(19:1_20:4) (19:1)_(20:4) 880.607 | PC(19:1 | 2.21 0.72 DOWN
31053_C49 H87 010 N1 P1

PC(33:0e)_H_PC_(33:0e)_NA_NA_734.60581847_C41H8507 N1 | PC(33:0 | 1.61 | -0.90 | DOWN
P1 e)
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PC(34:0)_H_PC_(18:0)_(16:0)_NA_762.60073347_C42 H85 08 | PC(34:0 | 2.43 -0.80 DOWN
N1P1 )
PC(34:0e)_H_PC_(34:0e)_NA_NA_748.62146847_C42 H87 07 N1 | PC(34:0 | 2.40 -1.01 DOWN
P1 e)
PC(34:1)_H_PC_(16:0)_(18:1)_NA_760.58508347_C42 H83 08 | PC(34:1 | 1.43 -1.06 DOWN
N1 P1 )
PC(34:1e)_H_PC_(18:1e)_(16:0)_NA_746.60581847_C42 H85 O7 | PC(34:1 | 1.74 -0.67 DOWN
N1P1 e)
PC(34:1e)_H_PC_(34:1e)_NA_NA_746.60581847_C42 H85 07 N1 | PC(34:1 | 2.43 -0.76 DOWN
P1 e)
PC(34:1e)_Na_PC_(18:1e)_(16:0)_NA_768.58776347_C42 H84 | PC(34:1 | 1.78 -0.62 DOWN
07 N1 P1 Nal e)
PC(34:2e)_H_PC_(16:1e)_(18:1)_NA_744.59016847_C42 H83 O7 | PC(34:2 | 1.34 -1.13 DOWN
N1P1 e)

PC(34:2e)_Na_PC_(16:0e)_(18:2) NA_766.57211347_C42 H82 | PC(34:2 | 2.03 -0.94 DOWN
07 N1 P1 Nal e)
PC(34:2e)_Na_PC_(16:1e)_(18:1)_NA_766.57211347_C42 H82 | PC(34:2 | 1.50 -1.09 DOWN
07 N1 P1 Nal e)
PC(34:3e)_H_PC_(16:1e)_(18:2)_NA_742.57451847_C42 H81 O7 | PC(34:3 | 2.20 -1.34 DOWN
N1P1 e)
PC(35:0)_H_PC_(35:0)_NA_NA_776.61638347_C43 H87 08 N1 | PC(35:0 | 2.51 -0.69 DOWN
P1 )
PC(35:2)_H_PC_(15:0)_(20:2)_NA_772.58508347_C43 H83 08 | PC(35:2 | 1.46 -0.62 DOWN
N1P1 )
PC(35:2e)_H_PC_(35:2e)_NA_NA_758.60581847_C43 H85 07 N1 | PC(35:2 | 1.49 -2.26 DOWN
P1 e)
PC(36:3)_H_PC_(18:1)_(18:2)_NA_784.58508347_C44 H83 08 | PC(36:3 | 1.79 -0.73 DOWN
N1P1 )
PC(36:3e)_H_PC_(18:3e)_(18:0)_NA_770.60581847_C44 H85 O7 | PC(36:3 | 1.87 -2.38 DOWN
N1P1 e)
PC(36:4)_Na_PC_(18:2)_(18:2)_NA_804.55137847_C44 H80 08 | PC(36:4 | 1.74 -0.72 DOWN
N1P1 Nal )
PC(36:5e)_H_PC_(16:1e)_(20:4)_NA_766.57451847_C44 H81 07 | PC(36:5 | 1.95 -0.91 DOWN
N1 P1 e)
PC(36:5e)_Na_PC_(16:1e)_(20:4)_NA_788.55646347_C44 H80 | PC(36:5 | 1.78 -0.83 DOWN
07 N1 P1 Nal e)
PC(37:1)_H_PC_(37:1)_NA_NA_802.63203347_C45 H89 08 N1 | PC(37:1 | 1.53 -0.66 DOWN
P1 )
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PC(37:2)_H_PC_(19:1)_(18:1)_NA_800.61638347_C45 H87 08 | PC(37:2 | 1.43 -1.37 DOWN
N1P1 )
PC(37:3)_H_PC_(37:3)_NA_NA_798.60073347_C45 H85 08 N1 | PC(37:3 | 1.69 -0.82 DOWN
P1 )
PC(38:2)_Na_PC_(16:0)_(22:2)_NA_836.61397847_C46 H88 08 | PC(38:2 | 1.37 -0.72 DOWN
N1 P1 Nal )
PC(38:4e)_H_PC_(20:4e)_(18:0)_NA_796.62146847_C46 H87 O7 | PC(38:4 | 1.51 -0.68 DOWN
N1P1 e)
PC(38:5)_H_PC_(16:0)_(22:5)_NA_808.58508347_C46 H83 08 | PC(38:5 | 2.04 -2.09 DOWN
N1P1 )
PC(38:5)_Na_PC_(16:0)_(22:5)_NA_830.56702847_C46 H82 08 | PC(38:5 | 2.29 -1.81 DOWN
N1 P1 Nal )
PC(44:4)_H_PC_(44:4)_NA_NA_894.69463347_C52 H97 08 N1 | PC(44:4 | 1.36 -0.73 DOWN
P1 )

PC(44:5) Na_PC_(44:5)_NA_NA_914.66092847_C52 H94 08 N1 | PC(44:5 | 1.50 -0.72 DOWN
P1 Nal )
PE(18:0e_22:4)_H_PE_(18:0e_22:4)_(18:0e)_(22:4)_780.591265 | PE(18:0 | 1.36 -0.86 DOWN
53_C45H83 07 N1P1 e
PE(38:3)_H_PE_(18:1)_(20:2)_NA_770.56943347_C43 H81 08 N1 | PE(38:3 | 1.46 -0.82 DOWN
P1 )
PE(40:4e)_H_PE_(40:4e)_NA_NA_782.60581847_C45 H85 O7 N1 | PE(40:4 | 1.53 -0.88 DOWN
P1 e)
PE(40:6e)_Na_PE_(40:6e)_NA_NA_800.55646347_C45 H80 O7 | PE(40:6 | 2.32 -0.76 DOWN
N1 P1 Nal e)
Hex3Cer(d34:1)_H_Hex3Cer_(d18:1)_(16:0)_NA_1024.67784547 | Hex3Ce | 1.53 2.55 upP
_C52 H98 018 N1 r(d34:1)
Hex3Cer(d42:2)_H_Hex3Cer_(d18:1)_(24:1)_NA_1134.78739546 | Hex3Ce | 1.36 1.39 up
999 _C60 H112 018 N1 r(d42:2)
PE(34:4p)_H_PE_(14:0p)_(20:4)_NA_696.49626847_C39 H71 O7 | PE(34:4 | 1.95 0.83 upP
N1P1 p)
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Supplementary Table 3 Differentially abundant lipids comparing treated vs. untreated 79-MBC tumor samples. Column “Lipid”
annotates the lipid in detail, combining the lipid class (e.g. “Cer”), the adduct used in MS (e.g. “H”, “CH3CO0Q”), the number of
Catoms per bound fatty acid separated by a colon from the number of double bonds in that fatty acid (e.g. “d18:2” constitutes
a fatty acid with 18 C atoms and 2 double bonds; d stands for delta or double bond). The weight and sum formula of the lipid
are annotated at the end as well. “nlog10p” is the negative base 10 logarithm of the p value, “log2fc” the base 2 logarithm of
the fold change, “diffexpressed” annotates differential expression: UP meaning upregulated in ibrutinib-treated samples,

DOWN meaning downregulated in ibrutinib-treated samples.
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Lipid nloglOp | log2fc diffexpresse
d

Cer(d42:2) H_Cer_(d42:2)_NA_NA_648.62892047_C42 H82 | 1.43208 | -1.05797 | DOWN

03 N1 3

PC(38:1)_Na_PC_(38:1)_NA_NA_838.62962847_C46 H9008 | 1.66520 | -0.80513 | DOWN

N1 P1 Nal 5

PC(40:1)_H_PC_(40:1)_NA_NA_844.67898347_C48 H95 08 | 2.61444 | -0.71492 | DOWN

N1P1 8

PE(36:5)_Na_PE_(16:1)_(20:4)_NA_760.48877847_C41 H72 | 1.32091 | 1.71920 | UP

08 N1 P1 Nal 2 9
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Supplementary Table 4 Ibrutinib concentrations used for Fig. R33.
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IC10_used
cell line IC10 [nM] | [nM] IC25 [nM] | IC25_used [nM] |IC50 [nM] |IC50 used [nM]
BIN_291 6.1 22.6 59.8 45.2 582.2 582
BWQ_234 2.2 4 18.8 22.6 159 159

130




