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1 Abbreviations
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BCL-2
BCL2A1A
BCL2A1D
BCL-6
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BUBI
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c-MYC

cAMP/CREB

CARDI11
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CCL
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CCND1
CCND3
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CCR

CD
CD40-L
CDKNIA
CDKNI1B

7-Aminoactinomycin D

Activated B cell-like

B Actin

Double-stranded RNA-specific editase B2
Activation function

Activation induced cytidine deaminase
Activation induced deaminase

Acute myeloid leukemia

Antigen presenting cell

Rho guanine nucleotide exchange factor 1
Aberrant somatic hypermutation

f2 Microglobulin

BCL-2-like 1

B cell CLL/lymphoma 2

BCL-2-related protein Al

BCL-2-related protein D1

B cell CLL/lymphoma 6

B cell receptor

Burkitt lymphoma

Bone marrow

Bovine serum albumin

B- and T lymphocyte attenuator

BUBI mitotic checkpoint serine/threonine kinase
Fos proto-oncogene

Myelocytomatosis oncogene cellular homolog
Cyclic adenosine monophosphate/ cAMP response
element-binding protein

Caspase recruitment domain-containing protein 11
Catalase

C-C motif chemokine ligand

Cyclin B1

Cyclin D1

Cyclin D3

Cyclin G2

C-C Motif Chemokine Receptor

Cluster of Differentiation

CD40 Ligand

Cyclin dependent kinase inhibitor 1A

Cyclin dependent kinase inhibitor 1B




CFLAR/CFLIP

CHOP

CI

cJUN
CLL
CLP
COL1A
COO
CREBBP
CSR
CTLA4
CXCL
CXCR
DBD
DC

DC

DH

Du
DLBCL
DLLI1
DMSO
DNA

ds
ds-RNA
DUSP1
EBF
EBI3
eBL
EBV
eDLBCL
EGR3
EIF4E
EIF4EBP1
EP300
ERK1/2
ERK2/5
ETV5S
EZH2
FasL
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CASPS8 and FADD like apoptosis regulator
Cyclophosphamide-Doxorubicin-Vincristine-
Prednisone

Confidence interval

Jun proto-oncogene

Chronic lymphocytic leukemia

Common lymphoid precursors

Collagen Type I alpha 1 chain

Cell of origin

CREB binding protein

Class switch recombination

Cytotoxic T-lymphocyte-associated antigen 4
C-X-C motif chemokine ligand

C-X-C motif chemokine receptor

DNA binding domain

Dark zone

Dendritic cell

Double hit

Diversity segments

Diffuse large B cell lymphoma

Delta like canonical Notch ligand 1
Dimethyl sulfoxide

Deoxyribonucleic acid

Double Strand

Double-stranded RNA

Dual specificity phosphatase 1

Early B cell factor

Epstein Barr virus induced gene 3
Endemic (African) Burkitt lymphomas
Epstein-Barr virus

Extranodal diffuse large B cell lymphoma
Early growth response 3

Eukaryotic translation initiation factor 4E
EIF4E binding protein 1

E1A binding protein p300

Extracellular signal-regulated kinase 1 and 2
Extracellular signal-regulated kinase 2 and 5
ETS variant 5

Enhancer of zeste homologue 2

Fas ligand

Fetal bovine serum

F-Box protein 11




FDC
FL

FN1

FO
FOXO1
FOXP3
GADD45
GAL9
GAPDH
GATA3
GC
GC-B
GCB
GCSAM
GM-CSF
GNA13
GO
GSEA
GSK3
Gal3
H>Oz
HBSS
HIFla
HIV
HL
HLA
HPRT
HR
HRS
HSC
HSV8
HVEM
ICB
ICOS
ICOSL
ID3
IFNy

Ig

HC

IL

ILxR
ILxRa

Follicular dendritic cell

Follicular lymphoma

Fibronectin 1

Follicular B cells

Forkhead box O1

Forkhead box P3

Growth arrest and DNA damage inducible alpha
Galectin 9

Glyceraldehyde 3-phosphate dehydrogenase
GATA binding protein 3

Germinal Center

Germinal center B cell

Germinal center B cell like

Germinal center associated signaling and motility
Granulocyte—macrophage colony stimulating factor
G protein subunit alpha 13

Gene ontology

Gene set enrichment analysis

Glycogen synthase kinase 3

G protein a13

Hydrogen peroxide

Hank's balanced salt solution
Hypoxia-inducible factor 1 «

Human immunodeficiency virus

Hodgkin lymphomas

Human leukocyte antigen
Hypoxanthine-guanine phosphoribosyltransferase
Hazard ratio

Hodgkin Reed-Sternberg

Hematopoietic stem cells

Human herpes virus 8

Herpesvirus entry mediator

Immune checkpoint blockade

Inducible T cell costimulatory

Inducible T cell costimulatory ligand
Inhibitor of DNA binding 3, HLH protein
Interferon y

Immunoglobulin

Immunohistochemistry

Interleukin

Interleukin x receptor

Interleukin x receptor a chain




IPA Ingenuity pathway analysis

IPI International prognostic index

IRAK1/IRAK4 Interleukin-1 receptor-associated kinase 1/4

IRF4 Interferon regulatory factor 4

JAK/STAT Janus kinase/ signal transducer and activator of
transcription

Ju Joining segments

JNK C-Jun terminal kinase

JunB JunB proto-oncogene

LAG3 Lymphocyte activating gene 3

LBD Ligand binding domain

LZ Light zone

MALT Mucosa-associated lymphoid tissue

MAPK Mitogen-activated protein kinase

MCL Mantle cell lymphoma

MCL1 Mpyeloid cell leukemia sequence 1 (BCL-2-related)

MDM2 Mouse double minute 2

MDS/MPN Mixed myelodysplastic/ myeloproliferative neoplasm

MDSC Myeloid-derived suppressor cell

MEF2B Myocyte — specific enhancer factor 2B
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MMP2 Matrix metallopeptidase 2

mTOR Mammalian target of Rapamycin

MUMI1 Melanoma associated antigen (mutated) 1
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MXD1 MAX dimerization protein 1

MYDS88 Myeloid differentiation primary response 88
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NLS Nuclear localization signal
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Protein kinase B
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Polo Like Kinase 1
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Prostaglandin-endoperoxide synthase 2
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Roswell Park Memorial Institute Medium
p90 ribosomal S6 kinase
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Standard error of the mean
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Superoxide dismutase 2
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Janus kinase (JAK)- signal transducer of activation 3

T cell activation increased late expression
Tumor-associated macrophage
TATA-box binding protein

Transcription factor 3
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4 Kurzzusammenfassung

Der nukledre Weisenrezeptor NR4A1 weist durch pro-apoptotische genomische und nicht
genomische Effekte eine tumor-unterdriickende Funktion in der Lymphomentstehung auf.
Das Ziel des ersten Teils dieser Arbeit war es, die klinische Relevanz des NR4Al
Proteinexpressionsmusters in einer Kohorte von 60 diffus grof3zelligen B Zelllymphomen
(DLBCL) und nicht-neoplastischen Kontrollen mittels Immunhistochemie zu untersuchen.
Diese erste Analyse zeigte eine signifikante Assoziation von zytoplasmatischer NR4A1
Lokalisation mit dem Keimzentrums-DLBCL  Subtyp, einem  begiinstigten
erkrankungsspezifischen Uberleben, sowie gespaltener Caspase 3. Um mdgliche
Signalwege zu identifizieren welche an der zytoplasmatischen Lokalisation von NR4A1
beteiligt sind, wurde als komplementdrer, funktioneller Ansatz eine Gen Set
Anreicherungsanalyse von sogenannten Reactome Signalwegen mittels 6ffentlich
zuginglichen Microarray Daten durchgefiihrt. Diese Analyse zeigte signifikante
Anderungen im ERK1/2 Signalweg, was auch durch semi-quantitative Real-Time PCR
nachgewiesen werden konnte. Hier konnte ein hoher zytoplasmatischer NR4A1 Anteil mit
einer erhohten Expression von ERK1/2 Zielgenen assoziiert werden.

Im zweiten Teil dieser Arbeit, wurde der Effekt des Nr4al Verlustes auf die Entwicklung
von B Zell Lymphomen in einem Myc-gesteuerten Mausmodell untersucht. Daher wurden
zuerst Nr4al-/- Mause mit EuMyc Méusen gekreuzt. Ein Vergleich der so erhaltenen
Mauskohorten zeigte deutlich, dal vor allem EuMyc Nr4al-/- sowie auch EuMyc
Nrdal+/- Mause, im Gegesatz zu EuMyc Nr4al+/+ Maiusen, eine beschleunigte
Tumorentstehung sowie ein verkiirztes Uberleben aufweisen. Eine Untersuchung des
Knochemarkes und der Milz zeigte weiters, dal durch den Nr4al Verlust bereits vor der
Lymphomentstehung Defekte in der Apoptose detektierbar sind. Eine anschlieBende RNA
Sequenzierung der EuMyc Nrd4al-/- und EuMyc Nr4al+/+ Tumore ergab eine durch den
Nr4al Verlust induzierte Anreicherung von Genen welche immunologische und
immunoregulatorische Funktionen besitzen. Daher wurden Tumorzellen beider
Mauskohorten in C57/Bl6 Wildtyp- und immundefiziente Fox Chase Scid Beige Miuse
transplantiert. Die Resultate unterstrichen deutlich die Annahme, daf die Rolle von Nr4al
eine immunologische Komponente beinhaltet da eine Hochregulierung von
immunoregulatorischen Genen sowie eine gesteigerte Disseminierung ins Knochenmark

von immunkompetenten, aber nicht immundefizienten Méusen gezeigt werden konnte.
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Diese Daten weisen darauf hin, daB3 ein hoher zytoplasmatischer NR4A1 Proteinanteil
durch die Induzierung von Apoptose mit einer giinstigen Lymphom-spezifischen
Uberlebensrate verbunden ist. GleichermaBen fungiert Nr4al in einem Lymphom
Mausmodell durch die Transregulierung von immunoregulatorischen Genen als ein
Tumorunterdriicker. Zusammenfassend unterstreichen diese Studien die Wichtigkeit von
NR4A1 als moglicher pradiktiver Marker fiir die Risikoabschitzung in aggressiven

Lymphomen.
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5 Abstract

The nuclear orphan receptor NR4A1 has been described to possess tumor suppressive
functions through pro-apoptotic genomic and non-genomic effects in aggressive
lymphomas. In the first part of this project, we aimed to immunohistochemically
characterize the clinico-pathological relevance of NR4A1 protein expression patterns in a
cohort of 60 diffuse large B cell lymphoma (DLBCL) patients and non-neoplastic lymph
nodes. We observed that high cytoplasmic NR4A1 was significantly associated with
favorable cancer-specific survival, the germinal center B cell-like subtype and cleaved
caspase 3. Complementary, functional profiling using gene set enrichment of Reactome
pathways based on a publicly available microarray data was applied to determine pathways
potentially implicated in cytoplasmic localization of NR4A1 and validated by means of
semi quantitative real-time PCR. The pathway analysis revealed changes in the ERK1/2
pathway, and this was corroborated by the finding that high cytoplasmic NR4A1 was
associated with higher expression of ERK1/2 targets in our cohort.

In the second part of this project, the effects of Nr4al loss on B cell lymphoma
development were determined in a mouse model of Myc-driven lymphomagenesis.
Therefore, first the EuMyc mouse was crossed with the Nr4al-/- mouse. The generated
mouse cohorts comprising of EuMyc Nr4al+/+, EuMyc Nrd4al-/- and EuMyc Nrdal +/-
mice were compared with respect to tumor formation and survival and results
demonstrated accelerated tumor formation and reduced survival upon loss of Nrdal.
Moreover, investigation of bone marrow and spleen of mice at the premalignant stage
revealed defects in apoptotic potential. RNASeq of tumors from EuMyc Nr4al-/- mice and
EuMyc Nr4al+/+ mice showed that genes involved in immune function and/or immune
regulation were induced by Nr4al loss. Hence, tumor cells of both mouse cohorts were
transplanted into C57/Bl6 and immunocompromised Fox Chase Scid Beige recipients.
Results from the transplantation of EuMyc Nr4al-/- derived tumors clearly demonstrated
an upregulation of immunoregulatory molecules upon loss of Nr4al only in
immunocompetent mice. Furthermore, transplantation of the same tumors led to an
enhanced dissemination potential to the bone marrow of immunocompetent but not
immunodeficient mice.

These data indicate that high cytoplasmic NR4A1l is associated with a favorable

lymphoma-specific survival in DLBCL patients by induction of apoptosis. Likewise, in a
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lymphoma mouse model, it functions as a tumor suppressor by transregulating
immunemodulatory genes. Collectively, these studies underpin the importance of NR4A1

as potential prognostic marker for risk assessment in aggressive lymphomas.
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6 Introduction

6.1 B Cells and Malignant Transformation
6.1.1 B Cell Development

B cells form an integrate part of humoral immunity and are the main line of defense against
extracellular pathogens. There exists an almost infinite repertoire of antibodies produced as
immunoglobulins by B cells targeting their cognate antigen. The generation of B cells
occurs throughout life and encompasses several checkpoints and stages. B cell generation
starts in the bone marrow, where cells progress through pro-B cell and pre-B cell
developmental stages. At the next differentiation step as immature B cells, they acquire
antigen specificity by expression of a functional B cell receptor (BCR), thereby
representing the first key check point in B cell development. Cells which successfully
transverse this process enter the periphery as transitional B cells and migrate to the spleen,
where they complete their development by differentiation into naive, follicular, or marginal
B cells (1-4). For the expression of functional BCR and formation of antigen-specific
mature B cells, several rearrangement processes are necessary. Malfunction in one or more
of these pathways leads to development of lymphoid neoplasms, autoimmune disorders,

allergies and immunodeficiencies, respectively.

6.1.2 B Cell Development in the Bone Marrow

B cell development from hematopoietic stem cells (HSC) starts prenatally in the liver and
is then outsourced to the bone marrow (BM) as primary lymphoid tissue for the rest of a
mammals’ lifetime. Various transcription factors drive development and maturation of B
cells in the BM. The entire process is characterized by rearrangement processes of
deoxyribonucleic acid (DNA) segments encoding the heavy- and the light-chain regions of
variable (Vy), diversity (Dmy and joining (Jy) segments of immunoglobulins, and
expression of accessory molecules on the cell surface. The finally resulting BCR complex
is indispensable for positive selection of developing B cells and migration of these cells to
secondary lymphoid organs for further maturation (1)

Development starts with pluripotent HSCs, which differentiate to multipotent lymphoid

precursors (MLPs) and common lymphoid precursor cells (CLP). From there on, several
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transcription factors guide development of B cells from the pre-pro B cells state to the pro-
B cell state - expressing CD19 - and pre-B cells, having already upregulated the pre-BCR
on the cell surface (5). The transcription factor Spi-1 proto-oncogene (PU.I) is expressed
at very early developmental stages (6). Its low expression favors B cell development by its
ability to modify the chromatin structure of its target genes (7). Among them components
of the pre-BCR (Ig-a, Ig-£, VpreB, A5), interleukin (IL) 7 receptor @ (IL7Ra), early B cell
factor (EBF) and recombination activating gene 1/2 (RAG1/2), all indispensable for B cell
maturation (5). EBF, induced by PU.I, positively regulates expression of transcription
factor 3 (TCF3; E2A), both being essential for paired box 5 (PAX5) expression (8-11). The
main processes of B cell development in the BM- VDJ recombination, expression of the
pre-BCR complex and fate to the B cell lineage- are synergistically regulated by these
three factors. VDJ recombination is initiated early in CLP by PU.I expression (7, 12).
Recombination signal sequences (RSS) flank the V, D and J gene segments and are
recognized by RAG1/2, which introduces DNA double strand (ds) breaks that are finally
resolved by non-homologous end-joining (NHEJ) DNA repair mechanisms (13-18). First,
rearrangement of the Dy and Jy segments occurs followed by further joining of an
upstream Vy to the DpJy segment, so that CD19 positive pro-B cells express a recombined
heavy chain. Next, functional VDJ-Cyheavy chains form the pre-BCR complex by pairing
with VpreB and 5. Signals transmitted by the pre-BCR complex induce a shutdown of
RAG1/2 expression, thereby inhibiting recombination of another H-chain allele in pre-B
cells. Finally, cell division and rearrangement of the L-chain segments encoding the A- or
k-chain occurs which is facilitated by re-induced RAGI/2 expression. Successfully
rearranged x- or A-chains ultimately replace the VpreB and 45 chains of the pre-BCR to
form a functional immunoglobulin M (IgM) molecule on the cell surface of immature B

cells, which in the next step enter the spleen to undergo further maturation processes (5,

19-22).
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6.1.3 B Cell Development in Secondary Lymphoid Organs and the Germinal Center

Reaction

After leaving the bone marrow, immature B cells expressing IgM and IgD enter the spleen
as transitional B cells where they differentiate into marginal zone (MZ) — or follicular (FO)
B cells, depending on the specificity of their B cell receptor. Upon antigen contact, MZ
differentiate further into short-lived plasma cells, while FO cell take part in the germinal
center reaction (1). Germinal centers (GCs) of secondary lymphoid organs like lymph
nodes and spleen provide the places for B cell affinity maturation upon encounter of
foreign antigen. Germinal centers can be divided in distinct zones harboring specialized
cells and forming definable structures for differentiation of B cells into antibody-producing
plasma cells and memory B cells (23) (Figure 1). Secondary follicles, where the germinal
center reaction takes place, develop from primary follicles with naive B cells (24, 25).
Primary lymphoid follicles are separated by interfollicular regions and surrounded by T
cell rich zones (26, 27). Follicular dendritic cells (FDCs), residing in the center of the
follicles, are responsible for initiation of the germinal center reaction by antigen
presentation and thus activation of naive B cells (28-30). Antigen-activated B cells move to
the borders of the follicles where they interact with follicular T Helper cells (Trn) (31, 32).
Activated B cells can be distinguished by naive B cells by increasing size, altered
morphology, higher proliferation rate as well as upregulation of distinct marker molecules
on the cell surface and a changed genetic program (33-40). Approximately four to six days
after antigen encounter, germinal centers begin to form surrounded by a mantle zone
consisting of naive B cells displaced by the expanding germinal center B cells (25, 41).
The after seven days fully established GC, can at this timepoint be subdivided in two
microscopically distinct zones. The dark zone (DC) is characterized by expansion and
somatic hypermutation (SHM) of expanding B cells termed centroblasts, while in the light
zone (LZ) B cells termed centrocytes undergo antigen selection and class switch

recombination (CSR) (33, 42-45) (Figure 1) .
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Figure 1: The Germinal Center Reaction

Adapted by permission from Springer Nature Customer Service Centre GmbH: Spinger Nature. Nature
Reviews Immunology. Dynamics of B cells in germinal centres. De Silva NS, Klein U (24). ©OSpringer
Nature. 2015

Although being restricted to different zones within the germinal center, SHM and CSR are
both independent of RAGI1/2 but dependent on activation-induced deaminase (AID).
Somatic hypermutation of the rearranged Vu DuJy and ViJ. genes by insertion of point
mutations in mainly the variable regions provides antibody mutants with higher affinities
for the antigen and thus contributes to affinity maturation of the humoral immune response.
In contrast, class switch recombination affects the constant region of the antibody, thereby
changing the effector functions in humoral immunity by producing IgE, IgA and IgG,
respectively. In humans the eight Cy heavy chain genes (C,, Cs, Cy3, Cy1, Ca1-Ea-Cy2, C ya,
C:s and Ca2) lie downstream of the VDJ segments. So-called switch (S) regions are located
upstream of Cy except Cs. AID introduces breaks in two S regions leading to exertional
deletion of the intervening region together with Cy, so that only Cea, Cy and Ce regions
remain (46, 47). Reticular cells in the DZ lead to attraction of B cells via the C-X-C Motif
Chemokine Receptor 4 - C-X-C Motif Chemokine Ligand 12 (CXCR4-CXCL12) axis
compared to the LZ, where immune cells like follicular T-helper cells (Tru), macrophages

and FDCs reside (48). Intravital microscopy showed that the process of affinity maturation
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is a dynamic one where lymphocytes travel from the dark to the light zone and vice versa.
Thereby, they undergo several rounds of proliferation and SHM to generate high affinity
clones. These clones are then positively selected in the light zone by either competing for

antigen binding or T cell help (34, 42, 49-52) (Figure 1).

6.1.4 Gene Expression Programs Regulating the Germinal Center Reaction

Distinct gene expression programs direct B cell development from GC formation,
recirculation between the light and the dark zone to exit of mature B cells as antibody
producing plasma cells or long-lived memory B cells (24).

B Cell CLL/Lymphoma 6 (BCL-6) is indispensable for initiating the germinal center
reaction by controlling migration of activated B cell precursors towards the center of the
follicle and is expressed throughout the GC reaction. Furthermore, BCL-6 is essential for
controlling genetic programs of somatic hypermutation in the dark zone (26, 27, 53).
Myocyte—specific enhancer factor 2B (MEF2B) shows a similar expression pattern to BCL-
6 and directly activates BCL-6 transcription in GC B cells. In contrast, myocyte—specific
enhancer factor 2B (MEF2C) is expressed in B cells upon antigen encounter and
stimulates proliferation during the early phase (54, 55). Interferon regulatory factor 4
(IRF4) has a dual function in the GC reaction. /RF4 expression is positively regulated by
nuclear factor kappa B (NF-xB) and drives early GC formation in B and T cells. In this
phase it also synergizes with MEF2B in inducing BCL-6 expression. In contrast, /RF4
functions as a negative regulator of BCL-6 expression in light zone B cells and drives
class-switch recombination and differentiation of B cells into plasma cells (56-59).
Myelocytomatosis oncogene cellular homolog (c-MYC) 1is expressed during antigen
activation of B cells but repressed by BCL-6 during the phase of appearance of early to
mature germinal centers. Once the germinal center formation has taken place, c-MYC is re-
expressed in a subset of light zone B cells in mature germinal centers and regulates the
light zone-dark zone recirculation of activated B cells (60, 61). Last, myeloid cell leukemia
sequence 1 (BCL-2-related) (MCLI) regulates in accordance with c-MYC germinal center
formation by negatively regulating apoptosis of B cells during the early phase throughout
the establishment of germinal centers (62).

The fate of mature B cells towards the plasma cell or memory B cell lineage is mainly

determined by gene expression profiles and affinity maturation. B cells differentiating into
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plasma cells harbor high affinity receptors for the respective antigen. NF-xB-driven
induction of /RF4, which in turn suppresses BCL-6 expression and induces PR domain zinc
finger protein 1 (PRDM1 also known as BLIMP-1), furthermore contributes to production
of plasma cells upon antigen encounter (57, 63) In contrast, commitment to the memory
compartment can happen without T cell help and even without GC formation.
Nevertheless, the majority of memory cells arise after T cell help to B cells in germinal
centers and their development seems to depend on the presence of interleukin 21. These
memory cells exhibit hypermutated immunoglobulin genes, though with lower antigen

affinities as opposed to plasma cells (63-66).
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6.2 Lymphomas
6.2.1 What are Lymphomas?

The World Health Organization (WHO) classification of neoplasms of the hematopoietic
and lymphoid tissue combines morphology, immunophenotype, genetic, molecular, and
clinical features to stratify these malignancies according to their cell of origin and
maturation state (67). Lymphomas originate from lymphoid cells and comprise a very
heterogenous type of cancer with a predominant localization in lymphoid tissues and to a
lesser extent at extranodal sites (68). Included in this classification are mature B cell
malignancies, T- and Natural Killer (NK) cell neoplasms, Hodgkin lymphomas (HL),
histiocytic and dendritic cell neoplasms, and posttransplant lymphoproliferative disorders
(PTLD). The great clinical and pathological diversity of B cell lymphomas can be
subdivided into HL and non-Hodgkin lymphomas (NHL). NHL may show an indolent or
aggressive course, resulting in a further classification into one of the two subtypes. (69,

70).

6.2.2 Indolent B Cell Lymphomas

Indolent lymphomas account for almost 40% of all non-Hodgkin lymphomas worldwide,
whereby follicular lymphoma (FL) represent the third most common type of non-Hodgkin
lymphomas in the Western world (71-73). An overview of indolent B cell lymphomas and

their frequencies is depicted in Table 1.

Table 1: Worldwide occurrence of indolent B cell lymphomas.

Republished with permission of American Society of Hematology. From Hematopathology Approaches
to Diagnosis and Prognosis of Indolent B-Cell Lymphomas. Randy D. Gascoyne, 2005, 299-306. ©
2005; Permission conveyed through Copyright Clearance Center, Inc. (73)

Lymphoma Subtype Frequency
Follicular lymphoma, grade 1-3A 22%
Extranodal marginal zoine B cell lymhoma, MALT-type 8%
Small lymphocytic lymphoma/ CLL 7%
Nodal marginal zone lymphoma 2%
Lymphoplasmacytic lymphoma 1.2%
Splenic marginal zone lymphoma <1%
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6.2.2.1 Follicular Lymphomas

Follicular lymphoma is the third most common type of non-Hodgkin lymphomas in the
Western world (71, 72). FL represents the prototype of an indolent clinical course with
slow progression, whereby the majority of patients already suffer from advanced stage
disease at time of presentation and diagnosis, with approximately 70% showing bone
marrow involvement. Similar to chronic lymphocytic leukemia (CLL), the median age at
time of diagnosis is elevated with around 60 years, however there exist around 25% of
patients being 40 years or less (74). A hallmark of follicular lymphomas is the t(14;18)
(q32:921) translocation, present in 80-90% of all cases, leading to overexpression of B Cell
CLL/Lymphoma 2 (BCL-2) having anti-apoptotic effects. Nevertheless, this mutation is
considered to be not enough for the full development of FLs, as other genetic (75, 76) and
epigenetic factors (77, 78) as well as the microenvironment (79, 80) seem to play a

substantial role in the development of disease.

6.2.2.2 Mucosa-Associated Lymphoid Tissue Lymphomas

Mucosa-associated lymphoid tissue (MALT) lymphomas represent around 8% of all non-
Hodgkin lymphomas. They usually arise at extranodal sites with a distribution from the
stomach (70%), lung (14%), ocular adnexa (12%), thyroid (4%) and small intestine (1%)
(81). Histologically MALT lymphomas infiltrate the marginal zone and spread diffusely
into the surrounding tissue. Their immunophenotype is CD20+, CD21+, CD35+, IgM+,
IgD- (67). Usually MALT lymphomas show a very indolent disease course with a ten-year
survival of 90% and a disease-free survival of 70% (82). However, in some cases, MALT
lymphomas can progress and transform into aggressive extranodal diffuse large B cell
lymphoma (eDLBCL) with a ten-year survival rate of approximately 42% (82). The
different mechanism responsible for development of MALT lymphomas include

translocations, trisomies, deletions, somatic mutations and chronic infections (83).

6.2.2.3 Chronic Lymphocytic Leukemia

According to the WHO, chronic lymphocytic leukemia is classified as mature B cell
neoplasm characterized by an accumulation of monoclonal, small, mature CD5+ B

lymphocytes - co-expressing CD19, CD20 and CD23 as well as low levels of surface
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immunoglobulin - in blood, bone marrow and other lymphoid tissues (67, 72, 84, 85). CLL
is in many cases an age-related disease with a median age of 70 years, whereby the
molecular mechanisms still remain unknown with most of the cases being sporadic ones
(72, 86, 87). The clinical course of CLL is extremely heterogeneous. Accordingly, survival
of patients with CLL ranges from less than 1-2 years to over 15 years (88), with patients
showing a greater proliferation rate have been found with a more aggressive disease (89)

also presenting symptoms including fever, fatigue, weight loss and night sweats (90).

6.2.2.4 Morbus Waldenstrom

Waldenstrom Macroglobulinaemia (MW) or Morbus Waldenstrém is a type of indolent
lymphoma first described in 1944 by a Swedish physician, who also acts as eponym of the
disease. Characteristics of the disease are accumulation of monoclonal IgM positive B
cells. Patients usually also present with bone marrow, lymph node and spleen involvement.
Malignant B cells arise from memory B cells and express the pan B cell markers CD19,
CD20, CD22 and CD79a, while CDS5, CD10 and CD22 are missing. Genetic aberrations
affecting the t(9;14) loci as well as rearrangements and mutations in PAX5, CXCR4, and
myeloid differentiation primary response 88 (MYDS88) are hallmarks of this disease (67, 91,
92).

6.2.3 Aggressive B Cell Lymphomas

The most common types of hematological neoplasms in adults are aggressive B cell
lymphomas. Aggressive B cell non-Hodgkin neoplasms include several subtypes of
DLBCLs, Burkitt lymphomas (BL), follicular lymphomas grade IIIb, mantle cell
lymphomas (MCL), B cell lymphoma unclassifiable with features intermediate between
DLBCL and BL, and primary effusion lymphoma (PEL), whereby the first four types
account for almost 50% of all lymphomas (70).
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6.2.3.1 Mechanisms of Aggressive B Cell Lymphoma Development

Most B cell lymphomas arise from a malignant transformed and clonally expanded B cell
in the germinal centers of secondary lymphoid follicles (93). This entails that B cells
undergoing maturation processes are also prone to errors made during these processes,
which ultimately give rise to malignant clones driving together with microenvironmental
factors lymphomagenesis. The cellular origin represents an important feature of malignant
B cells and is used for their classification. For instance, germinal center B cell like (GCB-
DLBCL) show, like Burkitt lymphomas and follicular lymphomas, a gene signature
representative of germinal center B cells (GC-B cells), while other activated B cell like/
non-germnial center B cell like (ABC-DLBCL/ NGCB-DLBCL) resemble activated B
cells. Another important mechanism resulting in B cell lymphomagenesis are
transformation events occurring during VDJ recombination, SHM, and CSR ultimately
leading to juxtaposition of Ig loci to proto-oncogenes. Other genetic causes of lymphoma
development include mutations in tumor suppressor genes like tumor protein 53 (p33),
amplifications and translocations not affecting immunoglobulin loci. Furthermore, viruses
like Epstein-Barr virus (EBV) and human herpes virus 8 (HSV8) are implicated in
lymphomagenesis. Last, BCR signaling and the tumor microenvironment contribute to the
development of lymphoid neoplasms. While some lymphomas show dependence on the
BCR or exhibit a chronic active BCR signaling, others do not express a functional BCR at
all. Likewise, the surrounding cells influence lymphoma development depending on the
subtype. In HL the microenvironment is indispensable for lymphomagenesis and forms the
main part of tumor mass, while DLBCLs seem to be less dependent on the surrounding

microenvironment (94, 95).

6.2.3.2 Diffuse Large B Cell Lymphomas

Diffuse large B cell lymphoma is the most common subtype of NHL, accounting for 30%-
40% of all NHL cases in adults. Even though DLBCL occurs predominately at higher ages,
a considerable part of children and adolescents also account for the high percentage of
people developing DLBCL. With standard immunochemotherapy, aggressive B cell
lymphoma, even at the advanced stage, is in many instances a curable disease.

Nevertheless, around 40% of patients experience a relapse (96). DLBCL can develop de
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novo or by transformation of indolent lymphomas like follicular lymphomas and CLL (97).
Immunohistochemically, DLBCL cells express pan B cell markers like CD19, CD20,
CD22, CD79a and PAXS. Other markers important for classification and risk stratification
include CD10, BCL-6, BCL-2, CD5, CD30 CD43, IRF4/ melanoma associated antigen
(mutated) 1 (MUMI1), p53 and MYC (97). The hallmarks of DLBCL are chromosomal
translocations and aberrant somatic hypermutation (ASHM) occurring during SHM and
CSR in the GC reaction. Gene expression profiling of DLBCL samples showed that
DLBCL can be subdivided in three different subtypes based on similarity in expression
pattern to the cell of origin (COO); GCB-DLBCL, ABC-DLBCL, or in case of usage of an
immunohistochemical algorithm NGCB-DLBCL, and primary mediastinal B cell
lymphoma (PMBL) (98). While both GCB- and ABC-/NGCB-DLBCL cells originate from
light zone B cells, GCB-DLBCL cells express higher levels of BCL-6 and CD10, lack
IRF4 expression and show high SHM. In contrast, the ABC-/NGCB-DLBCL subtype lacks
SHM and rather resembles more activated or plasmablastic B cells undergoing terminal
differentiation (99, 100). Genetic inactivation of the histone modifying enzymes CREB
Binding Protein (CREBBP) in 40% of all cases, of mixed lineage [ymphoma/ leukemia 2
(MLL2) in 30% of DLBCL cases, and to a lesser extent of E/A Binding Protein P300
(EP300) are common for both subtypes. Mutations in CREBBP and EP300 affect only one
allele in the majority of cases and lead to impairment of BCL-6 downregulation and p53
activation. Thereby, favoritism of enhanced genomic instability occurs by constitutive
BCL-6 activation and repression of the anti-oncogenic effect of p53 (101, 102). Mutations
in MLL2 are less well characterized and seem to have a broad effect on epigenetic
regulatory mechanisms. Interestingly, genetic modifications of MLL2 together with
mutations in CREBBP are characteristic for transformed FL even before the
transformational event occurs (103, 104). Another hallmark of DLBCL is deregulation of
BCL-6. Several direct and indirect mechanisms target BCL-6 and thus lead to its
dysfunction. First, around 35% of patients harbor chromosomal rearrangements of BCL-6
resulting in its expression instead of downregulation during the late phase of the GC
reaction. Even though this type of mutation affects both subtypes, the frequencies of BCL-
6 chromosomal translocations are higher in the ABC-/ NGCB-DLBCL subtype. In
contrast, point mutations, seen in >70% of cases are rather observed in the GCB-DLBCL

subtype (105). Mutations occurring during SHM may on the one hand disrupt the negative
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autoregulation of BCL-6 itself or on the other hand prevent binding and transcriptional
repression of /RF4 in the CD40 signaling pathway (57, 106). As above mentioned,
CREBBP/EP300 loss indirectly affects BCL-6 downregulation. Furthermore, gain-of-
function mutations in MEF2B and loss-of-function mutations in F-Box Protein 11
(FBXOI11) give indirectly rise to higher BCL-6 expression levels (99). Other genetic
lesions shared between GCB- and NGCB-DLBCL are mutations in p53 (103) and
Forkhead Box Ol (FOXOI), both being of prognostic value for risk assessment (107).
Importantly, more than 60% of DLBCL cases lack cell surface expression of major
histocompatibility complex (MHC) class I molecules. In this setting, inactivation of 42
Microglobulin (f2M), CD58 and other genes encoding human leukocyte antigen (HLA)
molecules occurs together with insufficient transport of these molecules to the cell surface.
As a consequence, the lack of co-stimulatory molecules gives rise to immune escape of
DLBCL cells from NK- and T cells (108). The GCB-DLBCL subtype is less well
characterized regarding key lesions associated with disease. Chromosomal translocations
of MYC (10% of cases) and BCL-2 (40% of cases) analogous to those occurring in BL and
FL are of poor prognosis if occurring together. Likewise, so called double hit (DH) or
triple hit (TH) lymphomas affecting chromosomal translocations of MYC/BCL-2 or to a
lesser extent MYC/BCL-6 and MYC/BCL-2/BCL-6, respectively, are restricted to the GCB-
DLBCL subtype (109, 110). Additionally, around 20% of GCB-DLBCL patients harbor
mutations in the Enhancer of zeste homologue 2 (EZH2) gene. EZH? functions as a
transcriptional repressor of genes involved in GC proliferation and gain-of-function
mutations thus lead to impaired post-GC differentiation (111). Last, hindrance of cell
migration out of the germinal center favors lymphomagenesis. Mutations in Sphingosine-1-
Phosphate Receptor 2 (S1PR2), P2Y Purinoreceptor 8 (P2RYS8), G Protein Subunit Alpha
13 (GNA13), and Rho Guanine Nucleotide Exchange Factor 1 (ARHGEFI) of the G
protein al3 (Gal3) pathway result in its inactivation and restriction of B cells to the GC
(112). In the ABC-/ NGCB-DLBCL subtype two important mechanisms contributing to
lymphoma development have been characterized. Constitutive activation of the NF-«B
pathway is representative for NGCB-DLBCL cells. Chronic active BCR signaling,
mutations in the Toll-like receptor (TLR) pathway and mutations in negative regulators of
NF-«B all converge in a deregulation of NF-kB. Chronically active BCR signaling requires

activating mutations in the caspase recruitment domain-containing protein 11 (CARDI1I).
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Furthermore, mutations in the BCR receptor complex components CD79B and CD794 are
present in 20% of ABC-/ NGCB-DLBCL cases and lead to attenuation of the BCR
signaling pathway (113). Additionally, 30% of ABC-/ NGCB-DLBCL patients carry
mutations in MYDS88 - a gene being involved in the TLR pathway. This mutation leads to
spontaneous assembly of a protein complex containing the two kinases interleukin-1
receptor-associated kinase 4 (IRAK1) and IRAK4, thereby activating NF-«kB. Moreover,
this assembly leads to activation of the Janus Kinas (JAK)-signal transducer of activation 3
(STAT3) pathway, a typical type I interferon pathway (114). TNF Alpha Induced Protein 3
(TNFAIP3, A20), which functions as a negative regulator of the NF-«B pathway, is found
to be inactivated in around one third of NGCB-DLBCL samples and consequently leads to
prolonged activity of the transcription factor (115). A further hallmark of ABC-/ NGCB-
DLBCL cells is the prevention terminal differentiation. Mutually exclusive bi-allelic
inactivation of PRDM 1, acting as the master regular of terminal differentiation into plasma
cells, or BCL-6 translocations, mediating PRDM|1 repression, both can lead to inhibition of
PRDM]1 function and thus blocked differentiation to antibody producing B cells (116, 117).
These subtypes of DLBCLs are associated with distinctly different overall survival rates
after chemotherapy (i.e Cyclophosphamide-Doxorubicin-Vincristine-Prednisone (CHOP)
alone or immunochemotherapy based (i.e. Rituximab (R)-CHOP) regimens. While GCB-
DLBCL patients show a favorable overall survival, patients with ABC-/ NGCB-DLBCL

have worse prognosis (118, 119).

6.2.3.3 Burkitt Lymphomas

Dennis Burkitt first described the prevalence of rapidly growing tumors of the jaw and
abdomen in children infected with malaria, what he at that time supposed to be round-cell
sarcomas. Some years later it became clear that these malignancies were indeed
lymphomas. The WHO currently classifies Burkitt lymphomas into three different clinical
variants: the specific geographical variant of endemic (African) Burkitt lymphomas (eBL)
and sporadic Burkitt lymphomas (sBL) occurring elsewhere. Compared to endemic BL,
which are almost to 100% EBV positive, only 10-20% of sBL carry viral DNA. The third
BL variant is related to human immunodeficiency virus (HIV) infections and thus termed
immunodeficiency-related BL. In this variant around 40% of patients shows EBV

infections. The annual incidence of eBL is 40-50 cases per million children under 18 and
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represents up to 90% of all newly diagnosed lymphomas, while sBL have an incidence of 2
cases per 1 million children (120, 121). Burkitt lymphomas express CD20, CD79a as well
as CD10 and BCL-6, whereas BCL-2 is usually not expressed (120). They arise from GC-
B cells and show an extremely high proliferation rate with a doubling time of 24-48 hours.
Expression of AID leads like in normal GC-B cells, to somatic hypermutation and class
switch recombination. The hallmark of BL is the t(8;14) translocation juxtaposing c-MYC
to the immunoglobulin heavy chain promotor leading to constitutive ¢-MYC expression.
The t(8;14) translocation involves immunoglobulin switch regions indicating that the
translocation arises from CSR (122, 123). While ¢-MYC is mutated in 70% of cases,
mutations increasing the protein stability of cyclin D3 (CCND3) are present in 38% of sBL
but only 2% of eBL. Another important pathway in BL is the TCF3-Inhibitor of DNA
Binding 3, HLH Protein (ID3) axis. £24 or its negative regulator /D3 are mutated in 70%
of sBL cases. TCF3 directly transactivates CCND3 resulting in increased cell cycle
progression and promotion of BCR signaling by immunoglobulin expression and tyrosine-
protein phosphatase non-receptor type 6 (PTPN6) suppression. Furthermore, inactivating
mutations in p53 in 35% of all cases and BCR signaling involving phosphatidylinositide 3
kinase (PI3K) are common in Burkitt lymphomas (121, 123, 124). Clinical outcome is
favorable in young people treated with high dose chemotherapy. Nevertheless, elderly
people poorly respond to this therapeutic strategy so that currently new efforts like the use

of BCR and PI3K inhibitors are under investigation (121).
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6.3 The EuMyc Lymphoma Mouse Model

The EuMyc mouse model, first described in the mid-80s, is based on the genetic transfer of
the proto-oncogene c-Myc coupled to the immunoglobulin heavy chain enhancer into the
genome of C57BL/6Jx SJL/JF> recipients. Through mimicking the t(8;14) translocation
present in Burkitt lymphomas, follicular lymphomas and CLL, this model recapitulates
important features of human lymphomagenesis (125). Though being a spontaneous tumor
model, mice develop rapidly malignant monoclonal lymphomas with a median of 12-16
weeks and besides, however to a lesser extent, lymphoid leukemias. Transgene expression
is almost exclusively restricted to B cells of the pre-B cell lineage and to a lesser extent to
mixed pre-B/ B cells and more mature IgM expressing B cells, respectively.
Lymphomagenesis is characterized by enhanced c-Myc-driven B cell proliferation and
concomitant enlargement of B cells, even ahead of birth. Pathologically, mice show
disseminated lymphomas with enlarged spleens and lymph nodes, detectable already
before disease onset. Notably, they develop thymomas originating solely and exclusively
from B cells. Furthermore, dissemination into the lung and liver as well as swelling along
the vertebral column are characteristic for this mouse model (126-128).

Despite acting as a proto-oncogene, c-Myc induced transformation is usually
counterbalanced by either accumulation of p53 via the protein 19 ADP ribosylation factor
(p19”RF)-mouse double minute 2 (Mdm2)-p53 pathway or suppression of the anti-
apoptotic genes like Bcl-2 and Bcl-2-Like 1 (Bcl-xL), both resulting in stimulation of
apoptosis. As a consequence, a second hit, interfering with or disrupting these pathways is
necessary to make c-Myc a driver of lymphomagenesis. In this setting, the p19***-Mdm2-
p53 pathway is inactivated by mutations arising in p/9%" and p53 as well as
overexpression of Mdm?2 (129). Furthermore, c-Myc cooperates independently with Bcl-2,
Bcl-xL and other pro-apoptotic genes leading to hyperproliferative stimuli during early

stages of B cell development (130-132).

28



6.4 Tumor immunology
6.4.1 The Immune System and its Components

The immune system serves to counteract invading pathogens thereby mediating immunity
to the host. This comprises the concerted action of cells from the innate and adaptive
immune system thereby leading to an appropriate immunological response. Discrimination
of self and nonself is a key feature of innate and adaptive immunity. In contrast, these two

systems differ in their specificity, receptors and cells involved in immune response.

6.4.2 Innate Immunity

The innate, or native, immune system is always present and responds to microbial
pathogens, whereas nonmicrobial pathogens are not recognized by this system. The
components of innate immunity recognize so called ‘molecular patterns’ for structures
shared by several classes of microbes (pattern recognition receptors). Among them are the
TLRs binding e.g. to bacterial products and double-stranded RNA (ds-RNA). The
receptors involved in recognition are encoded in the germline and thus a specific cell line
expresses the same receptors. This renders the innate immune systems a system with
limited diversity and efficiency considering the sheer endless number of pathogens,
however, makes it indispensable in the first line of defense upon pathogen encounter and

stimulation of the adaptive immune system (133, 134).

6.4.2.1 Neutrophils

Neutrophils are myeloid cell-derived phagocytes produced continuously in the bone
marrow and usually circulating through the blood with a short half-life. Upon microbial
infection, they are recruited to sites of infection by chemo attractants, become attached
through binding to endothelial adhesion molecules and transmigrate through the
endothelium.

Recognition of microbial structures, especially those of bacteria and fungi, leads to
activation, ingestion and killing of microbes. Traditionally neutrophils were thought to be
just specialized in killing extracellular microbes, however, recent work showed that they
play also a role in combating intracellular microbes, e.g. those infecting macrophages, and

antigen trafficking. Neutrophils use oxygen independent molecules like lysozyme,

29



proteases and defensins as well as secretion of reactive oxygen and nitrogen species
(respiratory burst). In order to avoid overwhelming immune reactions, they are subjected to
apoptosis and subsequently ingested by macrophages. Lack or excess of neutrophil
recruitment and activation leads to deficient or exacerbated immune responses. Hence,

activation, secretion and elimination have to be tightly regulated (135-137).

6.4.2.2 Monocytes

Like neutrophils, monocytes derive from the myeloid lineage of hematopoietic precursors
from the bone marrow. They circulate in blood and are recruited rapidly to sites of
inflammation and also directly to lymphoid organs. Circulating monocytes have a reduced
lifespan which is regulated by induction of apoptosis. Augmentation of monocyte lifespan
can be induced upon differentiation into macrophages and dendritic cells. In homeostatic
conditions and upon inflammatory stimuli like cytokines and microbial products
monocytes get recruited, transmigrate through the endothelium, and differentiate into
distinct cell populations depending on the surrounding cytokine milieu. Differentiated
monocytes populate lymphoid and nonlymphoid tissue thereby exerting diverse roles in

homeostasis, inflammation, and chronic disease. (138-140).

6.4.2.3 Macrophages

Macrophages derive from monocytes and together with them they are often called the
mononuclear phagocyte system. They have, compared to monocytes, a longer lifespan and
altered morphology and are found in connective tissue where they play an important role in
host defense against pathogens, stimulation of the adaptive immune system and tissue
remodeling (133, 141). Macrophages are cells involved in professional phagocytosis,
antigen presentation to T cells and tissue repair. Expression of receptors specific for
apoptotic cells and various pathogens like viruses, fungi and bacteria leads to their
recognition and ingestion. Phagocytosis involves production of hydrogen peroxide (H>0»),
reactive oxygen species and proteins i.e. cytokines and chemokines involved in the
inflammatory response. Processed pathogens are transported and integrated in the
macrophages cell membrane as MHC class II peptide complexes. This initiates cell-

mediated immunity by antigen presentation to T cells. Activated macrophages secrete pro-
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inflammatory cytokines like tumor necrosis factor a (TNFa), IL-6, IL-1 and Type I
Interferons leading to enhanced inflammatory response and stimulation of the adaptive
immune system in a feedback mechanism enhancing their proper activation (133, 139,

142).

6.4.2.4 NK cells

NK cells comprise about 15% of lymphocytes in blood and lymphoid organs. They
resemble cytotoxic CD8+ T cells regarding their potent lysis of virus-infected or
transformed cells. Development of NK cells is not dependent on the thymus, they lack - in
contrast to Natural Killer T (NKT) cells - the T cell marker CD3, and activation and target
cell killing is rather mediated by the concerted action of activating and inhibitory receptors
expressed on the cell surface. In contrast to cytolytic T cells, NK cells are inhibited by
expression of MHC I molecules. Downregulation of MHC I molecules is a common
mechanism used by tumors and virus-infected cells in order to evade cytolysis by the
adaptive immune system, rendering NK cells a potent counterpart of T cells in cell-
mediated cytotoxicity. NK cell mediated killing is accomplished by exocytosis of
cytoplasmic granules containing perforin and granzymes inducing apoptotic cell death of
target cells. Furthermore, there exists a crosstalk between NK cells and other cell types.
Production of interferon y (IFNy), TNFa and granulocyte—macrophage colony stimulating
factor (GM-CSF) activates macrophages to effectively ingest and kill microbes. Activated
macrophages produce IL12 in turn stimulating IFNy production by NK cells. Immature
dendritic cells (DC) are killed by NK cells in order to avoid improper stimulation of T cells

and DCs in turn promote NK cell activation and cytolytic activity (133, 143, 144).

6.4.2.5 7vo-T lymphocytes

v0-T cells build a bridge between innate and adaptive immunity and even though belonging
to the T lymphocyte lineage they represent a counterpart to af-T cells. They comprise 1-
10% of nucleated cell in blood (Vy9Vé2 cells) and are abundant in epithelial layers
(Vy9Val). Blood vo-T cells recognize low-molecular-weight compounds called
phosphoantigens in an MHC-unrestricted manner. Intermediates of the 2-C-methyl-D-

erythritol 4 phosphate (MEP) pathway of microbial isoprenoid synthesis as well as
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aminobisphosphonates of the mevalonate pathway of eukaryotic isoprenoid synthesis,
alkylamines and tumor cells activate yd cells (145-149). Bisphosphonates like zoledronate
and pamidronate are currently used in clinics to boost yo-T cell responses against tumors

(150, 151).

6.4.3 Adaptive Immunity

There exist two types of adaptive immunity protecting the host either from intra- or
extracellular microbes. Cell-mediated immunity is carried out by T lymphocytes killing
intracellular microbes while humoral immunity is mediated by antibodies produced by B
cells against extracellular pathogens, thus preventing microbes to enter host cells. Several
features distinguish the adaptive from the innate immune system. First, the adaptive
immune response is specific. This is achieved by clonal selection of antigen receptors, each
one specific for an antigen. Second, antigen encounter leads to clonal expansion of
lymphocytes producing clones of the same cell. Third, memory lymphocytes mediate a
more rapid and larger immune response upon repeated encounter of a certain antigen (133,

134).

6.4.3.1 op-T lymphocytes

ap-T lymphocytes develop in the thymus by positive and negative selection to ensure
elimination of T lymphocytes with too weak or too high binding affinities to self-MHC
molecules. Antigen specificity is achieved by somatic recombination of T cell receptor
genes during maturation. The antigen binding site consists of the variable regions of the a-
and B-chains, respectively, while the constant domains of both chains are responsible for
signal transduction and effector functions. In case of af-T lymphocytes efficient T cell
development and function are mediated by association of the T cell receptor (TCR) with
the CD3 complex, containing six chains termed -, 6- y- and {, to form the TCR-receptor-
complex. Recognition of antigen by T cells depends on binding of co-stimulatory
molecules to MHC molecules expressed on cells harboring pathogens in their cytosol or
cytoplasmic particles. CD8 or CD4 co-receptors on T cells bind to MHC class I or MHC
class II molecules on infected cells, professional antigen presenting cells (APCs) and B

cells, respectively, which present peptide fragments after prior internalization and
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procession. This feature elicits specific immune responses adjusted to distinct kinds of
pathogens. Likewise, proliferation and differentiation into cytotoxic effector cells needs
co-stimulation by molecules expressed on APCs. Among those are the expression of B7.1
(CD80) and B7.2 (CD86) binding to CD28 on T cells. Following activation T cells express
several stimulating and inhibitory molecules like IL2 and cytotoxic T-lymphocyte-
associated antigen 4 (CTLA4), respectively, responsible for clonal expansion and
conversion into effector cells. In contrast to strict co-stimulatory requirements before
clonal expansion proliferating T cells differentiate without co-stimulation increasing their
effector potential.

Specialization of of-T lymphocytes mediated immunity is furthermore achieved by
specialization on distinct types of pathogens. CD8+ effector cells differentiate into
cytotoxic lymphocytes whose primary function is to kill mainly virus infected cells in
order to irradiate the origin of infection. Lysis of target cells is mediated mainly by
cytoplasmic granules containing perforin, granzymes and Fas-Ligand (FasL) leading to
apoptotic cell death. Contrary, the fate of CD4+ effector cells to differentiate into Tul-,
Tu2- or Tul7- T-helper lymphocytes is more likely determined by the kind of pathogen
and surrounding inflammatory cytokine milieu. Both have in common that they recognize
pathogens and its products processed in cytoplasmic particles. The principal function of
Tul-cells is to activate macrophages to kill ingested bacteria while Ty2-cells stimulate i.e.
B cells to perform humoral immunity. Cytokines important for CD4+-mediated immunity
regulate and fine-tune the immune system. Important cytokines and membrane bound
proteins that mediate CD4+ effector functions are CD40-Ligand (CD40-L), GM-CSF,
TNFa and IFNy, which are also expressed by CD8+ T cells, as well as IL4, IL5 and IL-10
secreted by Tu2- cells (134, 152, 153)

6.4.3.2 B Lymphocytes

Arising from the same hematopoietic precursor as T lymphocytes, B cells mature in the
bone marrow with the help of stromal cells. As their lymphoid counterparts their
differentiation includes somatic recombination of immunoglobulin chains, negative-
selection of self-recognizing B cells and ultimately migration to peripheral lymphoid
organs (in detail described in chapter 6.1). The receptor of B cells resembles the T cell

receptor, however, it can be secreted and shows variety in the constant regions. The
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secreted form of the B cell receptor is called antibody. In the membrane bound form the B
cell receptor binds to one Iga and one IgB-chain responsible for signal transduction of the
BCR-receptor-complex. Mature B cells express IgM on their surface. Antigen stimulation
leads to differentiation to plasma cells accompanied by isotype switch with consequent
production of membrane-bound and soluble immunoglobulins of different classes (IgM,
IgD, IgE, IgA and IgG). Activation is regulated by Tul cells and recognition of antigen
without need of prior procession. Antibodies secreted by plasma cells are responsible for
neutralization of pathogens and opsonization stimulates phagocytosis of pathogen, while
formation of memory B cells mediates a rapid response upon repeated encounter with an

antigen (134).

6.4.4 Immunoregulation

During the past decades cancer epidemiologists have identified several major risk-factors
contributing to cancer development and progression, thereby giving insight not only into
the genetic predisposition of cancer development but also highlighting environmental and
lifestyle caused factors (154). In the 1980s, the discovery of Warren and Marshall, who
showed that chronic Helicobacter pylori infection may cause gastric cancer shed light on
the connection between chronic infection and inflammation and cancer development (155).
The concept that the immune system recognizes and eliminates transformed cells was first
postulated by Paul Ehrlich in 1909 (156) and not modified until the late fifties with the
upcoming field of immunology. Burnet and Thomas were the ones who proposed in 1957
and 1959, respectively, that the primary function of the immune system is to protect from
cancerous cells through a immunosurveillance mechanism (157, 158). However, this
theory was discarded again in the 1980s where studies from Stutman and others showed
that there was no difference in tumor development between wildtype and athymic nude
mice, which to that time point apparently were lacking T- and B cells (159-161).
Resumption of the theory and final evidence that the immune system is indispensable for
the elimination of cancer cells came by the generation Rag-/ and Rag-2 knockout mice,
respectively, which completely lack NKT cells, T- and B cells (162). Two studies clearly
demonstrated that mice lacking these immune cells are more likely to develop chemically
induced and, importantly, spontaneous tumors and that different cells of the immune

system have a synergistic effect in cancer immunosurveillance (163, 164). Recent data led
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to refinement of the cancer immunosurveillance theory now known as cancer
immunoediting. The process involves three phases defined as elimination, equilibrium, and
escape. During the elimination phase cells of innate and adaptive immunity efficiently
target and lyse tumor cells. During the equilibrium phase tumor cells develop mechanisms
by which several tumor variants show increased resistance to immune attack while others
are eliminated by the immune system, thereby giving rise to tumor persistence under the
regulatory control of the immune system. In the final phase, tumor cells expand in an
uncontrolled manner and actively disable recognition by the immune system. Tumors have
evolved several mechanisms by which they try to evade the immune system. Among them
are downregulation of the antigen processing machinery and antigen expression on the cell
surface. Generally, tumors create a tolerogenic environment in order to suppress
recognition and elimination by the immune system. Promotion of regulatory T cells
(Tregs), suppressing cytotoxic T cell functions and APCs, attraction of myeloid-derived
suppressor cells (MDSC) and tumor-associated macrophages (TAMs) all serve the tumor
to evade the host’s immune system (165-167). In humans, participation of the immune
system in malignant transformation of cells was first described in immunosuppressed
patients and people suffering from immunodeficiencies who showed a higher risk of viral-
associated tumors (168). Furthermore, evaluation of de novo malignant transformations in
transplant patients clearly demonstrated the higher prevalence of tumor formation without
any known viral etiology in immunosuppressed individuals, thereby confirming the role of

immunosurveillance in cancer epidemiology (169, 170).

6.4.5 Immune Checkpoints in Health and Disease

One important group of immunostimulatory molecules is represented by the CD80/CD86—
CD28/CTLA4 superfamily. In T cell physiology, this family is one of the prime examples
of how coreceptor-ligand binding regulate T cell activation and repression. While CD28 is
constitutively expressed on T cells and functions as a co-activator during T cell activation,
its counterpart CTLA4 is upregulated upon T cell stimulation and inhibits prolonged
responses by competing with CD28 for the same two ligands CD80 and CD86 (171, 172).
Moreover, inducible T cell costimulator (ICOS) and inducible T cell costimulator ligand
(ICOSL) (173)- both members of the CD28-B7 superfamily — enhance T cell activation.
ICOS, present on T-helper type 1 and 2 (Tul and Tn2) cells is expressed upon TCR
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engagement and important for co-stimulation of naive and especially antigen experienced
T cells (174-176). ICOS also participates in the germinal center reaction of T cell help to B
cells and antibody class switch in humoral immune responses (177). CD25, the interleukin
2 receptor a chain, was first described in 1976 and forms part of a multi-subunit complex
consisting of the interleukin 2 receptor @ (IL2Ra), IL2RfS (CD122) and yc (CD132)
receptor subunits. Chrystal structure analysis revealed that binding of IL2 to CD25 leads to
assembly and formation of the fully active receptor complex. CD25 is not expressed on
resting but activated T cells and acts as a key molecule in transmitting pro-survival signals
to proliferating T cells and other cells of the hematopoietic lineage. Nevertheless, its
presence together with forkhead box P3 (FoxP3) is also a hallmark of Tregs, thereby
preventing autoimmune reactions but also immunological reactions towards cancerous
cells (178-180). Similarly, IRAK4, being part of the TLR/ interleukin 1 receptor signaling
pathway, is important for proper immune function. Mutations in the IRAK4-dependent
signaling pathway have been shown in ABC-DLBCL and Waldenstrom’s
Macroglobulinaemia (181, 182). In analogy to the CD28/CTLA4 pathway, CD226/ CD96/
T cell immunoreceptor with Ig and ITIM domains (TIGIT) form a way of activating and
inhibiting T cell responses by competing with each other for the same ligands CD155 and
CDI112 with different affinities. Akin to CD28 and CTLA4, CD226, CD96 as well as
TIGIT bind to CD155 while CD112 is bound solely by TIGIT and C226 (183). TIGIT is
expressed on conventional af3-T lymphocytes, various T cell subpopulations and NK cells,
where it exerts an inhibitory function (184-186). Likewise T cell activation, increased late
expression (TACTILE), also termed CD96, present on T-, NK- and NKT cells, has been
identified as an immunosuppressive marker (187). In contrast, CD226 shares similarities
with CD28 in boosting immune responses (188, 189). Further inhibitory signals playing a
role in T- and B cell mediated immunity can be induced by binding of the tumor necrosis
factor receptor 14 (TNFRSF14), better known as herpesvirus entry mediator (HVEM)
(190), to its inhibitory receptors B- and T lymphocyte attenuator (BTLA, CD272) and
CD160 (BYS55). Two reports independently identified BTLA as the co-inhibitory receptor
for HVEM (191, 192). The expression of BTLA is widespread on immune cells like B
cells and T cells as well as antigen presenting cells and natural killer (T) cells, while
CD160 expression is restricted to cytotoxic cells but not B cells or cells of the myeloid

lineage (193-195). The ligand HVEM 1is expressed on almost all hematopoietic cells and
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transmits inhibitory signals to cells upon binding to the aforementioned receptors (194,
196). Other important inhibitory pathways, which have already gained broad attention in
clinic or are on the way of doing so are represented by programmed cell death 1 (PD1),
binding to its ligands programmed cell death ligand 1 and 2 (PDL1 and PDL2),
respectively, and T cell immunoglobulin and mucin-domain containing-3 (TIM3) binding
to its ligand Galectin 9 (GAL9) (197-200). The immunosuppressive functions of TIM3 has
first been identified on IFNy secreting Tul and cytotoxic CD8+ T cells (201). Meanwhile
it has been shown to be expressed on many solid and hematological neoplasms, where it is
targeted together with other checkpoint inhibitors to restore exhausted cytotoxic T cells
(202, 203). Besides, it has been shown to not solely inhibit T cells by additionally
inhibiting tumor-infiltrating dendritic cells (204). The function of GAL9 in cancer is not
restricted to binding of TIM3 but rather affects other mechanisms including apoptosis, cell
cycle control, migration and metastases (205). Furthermore, lymphocyte activating gene 3
(LAG3, CD223), first isolated from an IL2-dependent NK cell line (206) is upregulated on
activated T cells and furthermore expressed on plasmycytoid dendritic cells. In contrast to
other immune checkpoints, LAG3 binds to MHC class II molecules, thereby resembling
CD4 T cells with which it shares a similar structure. Nevertheless, it also associates with
the CD3 receptor complex and is present on CD8 T cells (207, 208). Apart from the
interplay of receptors and ligands expressed on immune cells and other cells of non-
hematopoietic origin, cytokines play a key role in cell migration and cellular crosstalk.
Interleukin 10 is an immunosuppressive cytokine produced by almost all lymphocytes and
myeloid cells. Equally, it suppresses innate and adaptive immune responses by inhibiting
proliferation of cells, antigen presentation and cytotoxic effector functions. IL10 plays
important roles in autoimmune disorders and viral infections. Targeting IL10 to enhance
immune reactions proved to be difficult due to its diverse sources and target cells (209,
210). Likewise, the transcription FoxP3 is characteristic for immunosuppressive processes.
Natural and induced Tregs, expressing high levels of CD25 and FoxP3 (211), are
indispensable for maintaining peripheral tolerance and inhibiting autoimmune reactions.
Both belong to the CD4 T cell compartment and their regulatory function is based on direct
and indirect interactions leading to suppression of effector T cells. Direct effects are
mediated by deprivation of IL2 and production of IL10 and transforming growth factor 8
(TGFp), while they indirectly suppress T cells by interaction with dendritic cells (212-
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215). In contrast, IFNy, a type II interferon, functions as one of the first cytokines
produced in adaptive immunity to enhance cellular and humoral cytotoxicity (216). With
respect to other cytokines and interleukins, members of the interleukin 12 family of
cytokines consisting of interleukin 12, interleukin 23, and interleukin 27 share functional
and structural aspects. Though all of the members being proinflammatory cytokines, their
modes of action differ during infections, autoimmune disorders, and tumor development.
All of them are multimeric proteins being formed by distinct subunits to be fully active.
The IL-12p40 subunit is part of IL12 and IL23 and forms together with IL-12p35, the
active form of IL12, while covalent linkage to IL-23p19 gives rise to IL23. IL27 is also a
heterodimeric protein build of the two subunits IL-27p28 and Epstein Barr virus induced
gene 3 (EBI3). The main function of IL12, produced by myeloid cells like DCs,
macrophages as well as B lymphocytes upon TLR ligation is to enhance cellular
cytotoxicity mediated by NK cells and T lymphocytes, their IFNy production as well as
differentiation of naive T cells towards Tul cells (217, 218). IL12 represents an important
bridge connecting innate and adaptive immune responses and is negatively regulated by
other immunosuppressive cytokines like IL10 and TGFp (219). In contrast, naive T cells
do not respond to IL23, which rather enhances a skewing of immune responses towards
CD4+ memory cells. Furthermore, NK cells, monocytes and macrophages respond to 1L23
(220, 221). Generally, its effects are similar to IL12, albeit the main difference between
these two cytokines is the central role of IL23 in inducing differentiation of naive CD4+ T
cells into Tu17 cells producing high levels of interleukin 17A and IL17F. Tul7 cells are
important for host defense against microbial pathogens but also major contributors to
autoimmune diseases (222, 223). IL27, sharing similarities with IL12 and IL23 possesses
furthermore structural relationship to the interleukin 6 family of cytokines (224, 225).
Following IL6 signaling pathway, the IL27 receptor is composed of the gp130 subunit, like
the interleukin 6 receptor, bound to WSX-1. The actions of IL27 resembles more those of
IL12 than IL23. 1127 induces proliferation of CD4 cells, induces together with IL12 the
production of IFNy in naive T cells and supports differentiation into the Tu1 lineage, which
is enhanced upon TLR ligation on myeloid cells(226-228). Interleukin 21 regulates the
function of lymphoid cells, NK cells and myeloid cells and is highly expressed on B cells
whose differentiation and activation are highly regulated by this cytokine. IL21 enhances

differentiation of B cells into plasma cells, its activation by anti-CD40 antibodies and
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promotes class switch recombination to IgG1 (229, 230). Last, interleukin 16 was first
identified to act as a chemoattractant produced by blood mononuclear cells. It is produced
by T cells, DCs and eosinophils in a pro-form and cleaved by caspase 3 in an apoptosis-
independent manner into a pro-molecule and mature part which is further secreted to bind

to CD4 (231-233).

6.4.6 The Tumor Microenvironment in B Cell Lymphomas

A particular feature of tumor immunosurveillance and prevention of autoimmunity is the
expression of inhibitory receptors - referred to as "immune checkpoints" - and their
corresponding ligands (Figure 2) on distinct cell types of the immune system. The so-
called tumor microenvironment, composed of tumor cells, surrounding immune cell
infiltrates, extracellular matrix, stroma, and blood vessels modulates or suppresses immune
cell function in order to preserve immune responses while preventing autoimmunity.
Considerable improvements have been made in order to dissect the role of immune
checkpoints in disease development. In many neoplasms, the tumor microenvironment is
nowadays regarded rather a putative driver of cancer progression than a positive
contributor to tumor cell clearance. Immune checkpoint blockade (ICB) using therapeutic
antibodies targeting immune checkpoint inhibitors has led to enormous improvements in
survival of patients, especially those suffering from diseases with high mutational load like
melanomas, lung cancer and bladder cancer, where two of the inhibitory receptors, CTLA4
and PD1, were found to exhibit critical inhibitory effects on T cells. In the last years, novel
"immune checkpoints" and their ligands (shown in Figure 2) have been identified,

nevertheless many of them are remaining less well characterized (234-239).
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Figure 2: Immune checkpoints expressed on immune and tumor cells.

Adapted by permission from Springer Nature Customer Service Centre GmbH: on behalf of Cancer
Research UK: :Spinger Nature. British Journal of Cancer. Hallmarks of response to immune checkpoint

blockade. Cogdill AP, Andrews MC, Wargo JA (234). ©OSpringer Nature. 2017

The influence of the tumor microenvironment on disease development in solid and
hematological neoplasms is defined by the genetic aberrations of tumor cells, the
dependence of tumor cells on external stimuli and the hosts’ immune response. In B cell
lymphomas, three patterns have been described to contribute differentially to disease
progression. Re-education is a process characterized by dependence of lymphoma cells on
pro-survival and proliferation signals provided by the tumor microenvironment. This is
exemplified in FLs, where low expression of PD1, high Treg cell infiltrates, and increased
numbers of TAMs lead to exhaustion of infiltrating immune cells and thus negatively
contribute to disease outcome, while maintaining a rather normal tissue distribution (240-
242). Another process termed recruitment is a hallmark of classical Hodgkin lymphomas.
In this tumor type, malignant Hodgkin Reed-Sternberg (HRS) cells account for only <5%

of the tumor, while the remaining tumor mass is composed of immune cells, resulting in a
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distinct tissue composition as opposed to FLs. Third, effacement is seen in BLs and also
DLBCL. Here, genetic alterations lead to a rather tumor microenvironment-independent
proliferation of malignant cells (68, 95). Hence, based on the curative potential of adoptive
immunotherapy through allogenic stem cell transplantation in hematologic neoplasms,
clinical trials of ICB are currently ongoing, especially in the context of B cell lymphomas
(243). In follicular lymphomas, high numbers of PD1 expressing regulatory lymphocytes
were associated with a good prognosis (240). While PDI1 is expressed on T cells, PDLI is
typically expressed on tumor cells (197, 234). Importantly, PDL1 expression has been
shown recently for DLBCL cells and its expression was associated with the more
aggressive NGCB subtype (244, 245). Blockage of the PD1 pathway was associated with
high response rates seen in heavily pretreated Hodgkin B cell lymphoma patients (243),
based on a frequent amplification of the gene locus (9p24.1) causing PDLI and/or PDL?2
overexpression (246). Moreover, PDLI and PDL2 are overexpressed by Janus kinase/
signal transducer and activator of transcription (JAK/STAT) amplification (246) or by
EBV infection in Hodgkin B cell lymphoma (247). In DLBCL, PDLI but not PDL?2 is
overexpressed due to genetic alterations affecting the 9p24 locus (244, 248). Though being
obviously less dependent on the tumor microenvironment compared to FL or HL,
promising results have been published in early phase clinical trials targeting immune
checkpoints in DLBCL (181, 200, 249, 250). Blockade of PDI with Pidilizumab,
Nivolumab and Pembrolizumab — alone or in combination therapy - shows promising
results in clinical trials targeting diffuse large B cell lymphomas of nodal and extranodal
origin as well as those lymphomas developed from indolent CLL by Richter

Transformation (200, 249-252).
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6.5 The Nur77-Family

The Nur77-family of nuclear orphan receptors is comprised of the three members Nuclear
Receptor Subfamily 4 Group A Member 1 (NR4A1, Nur77), NR44A2 (Nurrl), and NR4A43
(Nor-1). All members have a homologous amino acid sequence with an N-terminal
activation function domain (AF-1), a subsequent DNA binding domain (DBD), and the
ligand binding domain (LBD). The C-terminal domain harbors a second but dispensable
activation function domain (AF-2). While the amino acid sequence of the DBD (91-95%)
and LBD (60%) is well conserved among the three members, AF-1 mediating
transactivation shows a variant sequence. NR4A1, NR4A2, and NR4A3 have a diverse
expression pattern in distinct tissues like skeletal muscle, adipose tissue, heart, kidney,
brain, and T cells. As immediate early- or stress response genes Nur77 family members
become activated by several external physiological stimuli like stress, prostaglandins,
inflammatory responses, hormones, neurotransmitters, growth factors, and calcium.
Nevertheless, no specific endogenous ligand has been characterized yet, so that the family
members are specified as orphan receptors of the superfamily of steroid nuclear hormone
receptors. The DNA binding domain contains a nuclear localization signal (NLS) thereby
leading to nuclear localization of NR4As. Expression of target genes is mediated by
binding of the DBD to the DNA consensus sequence AAAGGTCA termed NRBE or
NGFI-B-responsive element as a monomer. Alternatively, the DBD can bind as dimer
(homo- or heterodimer) to the sequence AAAT(G/A)(C/T)CA termed NurRE or Nur-
responsive element (253-258). Transactivation of Nur77 family members leads to diverse
processes like regulation of apoptosis, inflammation, cell cycle control, metabolism, DNA
repair mechanisms as well as tumor development in a cell context-dependent manner. The
opposing roles of NR4As in pro-survival versus pro-apoptotic stimuli can be attributed to
three different biological properties of these transcription factors: (1) Transactivation might
lead to upregulation of target genes involved in survival and proliferation or (2) contrary to
apoptosis. (3) Furthermore, translocation from the nucleus to the cytoplasm leads to

mitochondrial targeting triggering apoptotic pathways (258-263).
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6.5.1 NR4A1

Overexpression of NR441 and its related transcriptional activity can lead to proliferation
and malignant transformation in cancer cells (264-266). In contrast, NR4A1 can also exert
pro-apoptotic functions. In T cells, NR4A41 is induced upon TCR-mediated stimulation
leading to apoptosis of T cells (262). Moreover, NR4A1 possesses non-genomic functions.
These are based on the translocation of NR4A1 from the nucleus to the cytoplasm, where it
binds to the hydrophobic groove. This in turn leads to a change in the conformation of
BCL-2 converting it from an anti-apoptotic to a pro-apoptotic protein triggering
cytochrome C release and apoptosis (267). Subcellular localization is regulated by
posttranslational phosphorylation of NR4A1. While hyperphosphorylated NR4A1 is found
in the cytoplasm, its hypophosphorylated counterpart is present in the nucleus (268). C-Jun
terminal kinase (JNK), extracellular signal-regulated kinases 2 and 5 (ERK2, ERKY),
protein kinase C (PKC), mitogen-activated protein kinases (MAPK), p90 ribosomal S6
kinase (RSK), protein kinase B (PKB, AKT), glycogen synthase kinase 3 (GSK3) as well
as the DNA-dependent protein kinase are all able to phosphorylate NR4A1 within different
positions of the amino acid sequence (258). Positive regulation of NR4A1 translocation to
the cytoplasm is achieved via phosphorylation of its N-terminal residues by JNK (269), at
Ser105 within the MAPK pathway (270), by ERKS (271), and at Ser351 by AKT (272),
which results in inhibition of its DNA binding ability and consequently to translocation of
NR4AL1 to the cytoplasm. Contrary, phosphorylation at Thr142 by ERK2 leads to retention
of NR4AT1 in the nucleus (273). Other important transcriptional and post-transriptional
regulatory mechanisms affect NR4A1 expression levels. Apart from phosphorylation,
protein interactions of NR4A1 with retinoid X receptor (RXR), hypoxia-inducible factor 1
a (HIFla), NF-kB and thyroid hormone recptor-associated protein 220 (TRAP220)
regulate NR4A41 expression. Transcriptional control of NR4A/ is influenced by histone
deacetylases, acting as co-repressors of NR4A1. Repression is positively regulated by
calcium flux, ERKS and cyclic adenosine monophosphate/ cAMP response element-
binding protein (cAMP/CREB). Furthermore, the Fos proto-oncogene c-FOS and
positively affect NR441 expression by binding to the AP-1 binding site of NR4A41 (258,
274, 275).
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6.5.2 NR4A1l and NR4A3 in Hematological Neoplasms

Involvement of NR4As in human diseases has been described for inflammatory and
neurodegenerative diseases (253, 276). Moreover, they have been shown to be implicated
in tumor development. Overexpression of NR4A3 caused by translocation has been
detected in extraskeletal myxoid chondrosarcoma and in addition in transformed HeLa
cells (277, 278). Contrary, in a murine model, Nr4al/Nr4a3 double knockout mice rapidly
developed acute myeloid leukemia (AML) characterized by an increased expansion of
hematopoietic precursor cells and decreased expression of JunB proto-oncogene (JunB)
and Jun proto-oncogene (cJun). In human AML, these results could be confirmed as
NR4A41 and NR4A3 were downregulated in leukemic blasts irrespective of karyotype (279).
Another study confirmed these results using hypo allelic (Nr4al+/- Nr4a3-/- and Nrdal-/-
Nr4a3+/-) mice. Mice with reduced gene dosage developed chronic myeloid malignancy
recapitulating mixed myelodysplastic/ myeloproliferative neoplasm (MDS/MPN) in
humans (280). Likewise, reduced NR4A1 and NR4A3 expression levels were found in solid
tumors like follicular thyroid carcinomas and melanomas (281, 282). In lymphoid
neoplasms, high expression of NR4A3 was shown in treated DLBCL patients with good
response rates compared to those who were refractory to CHOP treatment (283).
Furthermore, both transcription factors were found to be downregulated in indolent (CLL
and FL) and aggressive (DLBCL and FLIIIb) lymphomas. Induction and/or overexpression
of either factor, led to induction of apoptosis in tumor cells in vivo and in vitro and

expression levels correlated to those of pro-apoptotic genes (258, 284, 285).
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7 Material and Methods

7.1 Part1 (reproduced and modified from Fechter K. ez al. (286) with permission of
Scientific Reports)

7.1.1 Patient Samples

Tumor specimens of 60 patients with DLBCLs, including 37 de novo and 23 transformed
lymphoma samples, receiving a Rituximab containing regimen at the Division of
Hematology, Medical University of Graz between 2000 and 2010 (with follow-up until
May 2016, median follow up time: 5.84 years) were obtained from the Institute of
Pathology, Medical University of Graz. All samples represented DLBCLs using the WHO
classification (67). Based on the immunohistochemistry (IHC) profiles according to the
Hans algorithm (287), all cases were classified as follows: 12 cases were categorized as
germinal center subtype, 22 as non-germinal-center B cell like, and three as non-
classifiable. In these three cases, re-classification was not possible because of lacking
tumor material. As transformed DLBCL samples originating from FLs exhibited a similar
expression pattern as GCB-DLCBL samples (288), 23 transformed DLBCL samples were
added to this subtype (Table 7). For this retrospective study, we used patient specimens
obtained for routine diagnostic procedures. Hence, no written informed consent of patients
was obtained. This consent procedure was approved by the Ethical Committee of the

Medical University Graz (No. 28-517 ex 15/16).

7.1.2  Survival Analysis

To test whether different levels of NR4A1 in the cytoplasm influence clinical outcome, we
analyzed the association between histological NR4A1 abundance and clinical data of
histologically-confirmed aggressive lymphoma patients (summarized in Table 7). Patients
were categorized into two groups using as a cutoff the median percentage of lymphoma
cells exhibiting NR4A1l in the cytoplasm (in the following termed low and high
cytoplasmic NR4AT1 expression). Survival analysis was performed in R 3.3.3 (289) using
the R package 'survival' (290). Patients’ cancer-specific survival was calculated with the
Kaplan-Meier method, compared by the log rank test. Survival curves were visualized

using the R package 'survminer' (291). P-values <=0.05 were considered as significant.
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The Cox proportional-hazards model was applied to investigate the association between
the survival time and clinico-pathological variables (cytoplasmic NR4AT1 level, age, sex,
and stage — univariate and multivariate analysis), thereby determining Hazard ratios (HRs),
corresponding 95% confidence intervals (Cls) and p-values. The validity of the Cox
proportional-hazards model (assessing the assumption of proportional hazards as well as
testing for non-linearity) was checked using the R package 'survival' (290), survminer'

(291) and 'Greg' (292). P-values <= 0.05 were considered as significant.

7.1.3 Immunohistochemistry

Formalin-fixed paraffin embedded tissue was stained after pre-treatment with Target
Retrieval Solution (Dako, Glostrup, Denmark) using the staining kit K5001 (Dako,
Glostrup, Denmark) and the automated stainer inteliPATH FLX® (Biocare Medical,
Pacheco, CA, USA). Primary antibody to NR4A1 (clone E-6, 1:200, #sc-166166) was
purchased from Santa Cruz (Dallas, TX, USA) and primary antibody to cleaved caspase 3
(clone 5A1E, #9664L) from Cell Signaling (Leiden, The Netherlands). To determine the
IHC profiles according to the Hans algorithms, primary antibodies to CD10 (clone 56C6,
1:6, # NCL-CD10-270, Novocastra, Leica Biosystems, Wetzlar, DE), MUMI1 (clone
MUMlIp, 1:50, #M7259, Dako, Glostrup, Denmark) and BCL-6 (clone GL191E/AS, 1:100,
#227M-96, Cell-Marque, Newcastle Upon Tyne, United Kingdom) were applied. For
control purposes, tissues known to contain the respective antigens were included (positive
controls). Replacement of the primary antibody by normal serum always revealed negative
results (negative controls). The percentage of lymphoma cells exhibiting cytoplasmic
NR4A1l expression was independently determined by two pathologists. For cleaved

caspase 3, positive cells were defined as positive cells per mm?.

7.1.4 Isolation of Germinal Center B Cells as Non-Neoplastic Controls

Tonsils from young patients undergoing routine tonsillectomy were disaggregated and
separated by Ficoll (GE Healthcare, USA). The specific monoclonal antibodies used were
anti CD20-APC (clone 2H7, #559776, BD Biosciences, San Jose, CA, USA) and anti
CD77-FITC (clone 5B5, #551353, BD Biosciences, San Jose, CA, USA).
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Cells were sorted using the FACSAria (BD Biosciences, San Jose, CA, USA) into
germinal center B cells (GC-B, CD20+, CD77+).

7.1.5 RNA Extraction

Total RNA was extracted using Trizol (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol. cDNA was synthesized using the
RevertAid™ H Minus First Strand ¢cDNA Synthesis Kit (Fermentas, Thermo Fisher
Scientific, Waltham, MA, USA).

7.1.6 Microarray Analysis

The dataset E-GEOD-10846 (Affymetrix GeneChip Human Genome U133 Plus 2.0) (293)
was downloaded from ArrayExpress and analyzed in R 3.3.3 (289). By applying rma, the
data was preprocessed with the R package 'afty' (294, 295), and the 200 clinical samples
from R-CHOP-treated patients diagnosed with NGCB- or GCB-DLBCL were used for the
analysis. The R package 'limma' (296) was applied to compute differentially expressed
genes between the NGCB- and GCB subtypes, and the resulting p-values were adjusted for
multiple testing with Benjamini and Hochberg’s method to control the false discovery rate
(297).

Genes with an adjusted p-value <= 0.05 and abs(log2FC) > log2(1.5) were used as input
for the Gene Ontology (GO) analysis (959 unique genes with Entrez IDs). The R package
'GOstats' v.2.40.0 (298) was applied to compute hypergeometric p-values for
overrepresentation of each GO term (biological process). Terms with a p-value <= 0.01
were considered as significantly enriched. Terms were filtered based on the distance to the
root (>=14) to obtain informative terms. Pathway analysis based on a gene set enrichment
analysis (GSEA) was conducted using the R package 'ReactomePA' v.1.18.1 (299) and
Reactome pathways (v.1.58.0) with a p-value <= 0.05 were considered as significantly

enriched.

47



7.1.7 Semi-Quantitative Real Time PCR

Semiquantitative real-time polymerase chain reaction (RQ-PCR) was done with the
QuantiNova SYBR Green PCR Kit using an ABI Prism 7000 Detection system (Applied
Biosystems, Foster City, CA, USA). QuantiTect primers assays depicted in Table 3 were
bought from Qiagen (Hilden, Germany). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), hypoxanthine-guanine phosphoribosyltransferase (HPRT) and peptidylprolyl
isomerase A (PPIA) served as housekeeping genes. Results are expressed as fold changes
based on calculation 2724°T and normalized to the geometric mean of the housekeeping
genes. The cycling protocol included 34 cycles with activation at 95°C, followed by a
denaturation step for 5 seconds at 95°C and an annealing/extension step for 10 seconds at
60°C. Melt curve analysis served to identify the different reaction products including

nonspecific products.

Table 2: Thermal cycler amplification program for Real-Time PCR.

Temperature
Step Time Amplification Cycle
[°C]
PCR initial activation step 2 min 95°C 1
DNA denaturation 5 sec 95°C
Combined annealing/extension 10 sec 60°C 34
Melt curve analysis 5 sec 95°C 1
Melt curve analysis 5 sec 60°C 1
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Table 3: Oligonucleotide sequences of primers for RQ-PCR.

Gene Alternative Name Assay Name Reference
GAPDH3428-f | Glyceraldehyde 3- AAG GTC GGA GTC AA
phosphate dehydrogenase CGGATTT
GAPDH3428-r ACC AGA GTT AAA
AGC AGC CCT G
HPRTI-f Hypoxanthine-guanine ATG GGA GGC CAT
phosphoribosyltransferase CAC ATT
HPRTI-r ATG TAA TCC AGC
AGG TCA GCA A
PPIA-f Peptidylprolyl isomerase CTC CTT TGA GCT
A GTT TGC AG
PPIA-r CACCACATGCTT
GCC ATCC
EIF4 E_f Eukaryotic Translation TGC GGC TGA TCT
Initiation Factor 4E CCA AGTTTG
EIF4E-r CCC ACA TAG GCT
CAATACCATC
EIF4EBPI-f Eukaryotic Translation CAC CCC GGG AGG
Initiation Factor 4E TAC CAG GAT C
Binding Protein 1
EIF4EBP]-r CGC ccG ceeaer
TAT CTT CT
XPOI Exportin 1 HS XPO1 1 SG #QT00045528
CDKNIB Cyclin Dependent Kinase | Hs CDKNIB 2 SG #QT00998445
Inhibitor 1B
CDKNIA Cyclin Dependent Kinase | Hs CDKN1A 1 SG #QT00062090
Inhibitor 1A
GADDA45 Growth Arrest And DNA | Hs GADD45A 1 SG | #QT00014084
Damage Inducible Alpha
BCL6 B cell CLL/ Lymphoma 2 | Hs BCL6 1 SG #QT00079233
CCNG2 Cyclin G2 Hs CCNG2 1 SG #QT00998193
CCNB1 Cyclin B1 Hs CCNBI1 1 SG #QT00006615
CAT Catalase Hs CAT 1 _SG #QT00079674
SOD2 Superoxide Dismutase Hs SOD2 1 SG #QT 01008693
PLK] Polo Like Kinase 1 Hs PLK1 1 SG #QT00049749
EGR3 Early Growth Response 3 | Hs EGR3 1 _SG #QT00246498
cFOS Fos Proto-Oncogene, AP- | Hs FOS 1 SG #QT00007070
1 Transcription Factor
Subunit
BUBI BUBI Mitotic Hs BUB1 1 _SG #QT00082929
Checkpoint
Serine/Threonine Kinase
MXDI1 MAX Dimerization Hs MXDI1 1 SG #QT00082915
Protein 1
JUNB JunB Proto-Oncogene, Hs JUNB 1 SG #QT00201341
AP-1 Transcription Factor
Subunit
c¢JUN Jun Proto-Oncogene, AP- | Hs JUN 1 SG #QT00242956
1 Transcription Factor
Subunit
ETVS ETS Variant 5 Hs ETV5 1 SG #QT00009485
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Gene Alternative Name Assay Name Reference

DUSP] Dual Specificity Hs DUSP1 1 SG #QT00036638
Phosphatase 1

CCL22 C-C Motif Chemokine Hs CCL22 1 _SG #QT00089817
Ligand 22

CCR7 C-C Motif Chemokine Hs CCR7 2 SG #QT01666686
Receptor 7

CD44 CD44 Molecule (Indian Hs CD44 1 SG #QT00073549
Blood Group)

IL10 Interleukin 10 Hs IL10 1 SG #QT00041685

MMP?2 Matrix Metallopeptidase | Hs MMP2 1 SG #QT00088396
2

FN1 Fibronectin 1 Hs FN1 1 SG #QT00038024

COLIA Collagen Type I Alphal | Hs COL1A1 1 SG #QT00037793
Chain

CFLAR CASP8 And FADD Like | Hs CFLAR 1 SG #QT00064554
Apoptosis Regulator

ADARB Double-stranded RNA - Hs ADARBI1 1 SG #QT00081655
Specific Editase B

7.1.8 Statistical Analysis

Statistical analysis was performed using the IBM SPSS Statistics 23.0 (IBM, Vienna,
Austria). P-values < 0.05 were considered statistically significant. The non-parametric
Mann—Whitney U-test was used to analyze differences in the expression analysis. Fisher’s
exact test was used to determine whether the frequency of cytoplasmic NR4A1 was

associated with any clinical parameter. Furthermore, Spearman correlation was applied to

estimate the correlation of Caspase 3 and cNR4A1.
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7.2 Partll
7.2.1 Mouse Models

C57/Bl6, B6.Cg-Tg(IghMyc)22Bri/] (EuMyc) and Nr4al-/- mice for analyses of survival
and tumor formation were bought from the Jackson Lab (Bar Harbor, ME, USA). Breeding
and housing was performed under specific pathogen-free (SPF) conditions. To explore the
role of Nr4al in oncogene-driven B cell lymphoma development, mice deficient for Nr4al
were crossed with EuMyc transgenic mice and C57/Bl6 (wt) controls. Mice were
monitored every other day until sings of hunched posture, ruffled fur, enlarged lymph
nodes and other signs of overt disease. Upon tumor formation, mice were sacrificed under
deep isoflurane anesthesia (#B 506, AbbVie Ltd., Berkshire, United Kingdom) by cervical
dislocation. All animal work was done in accordance with a protocol approved by the
Institutional Animal Care and Use Committee at the Medical University of Graz.

For transplantation of tumor cells, 4 weeks old male mice were used. 40 C57/Bl6 animals
were bought from Janvier Labs (Le Genest-Saint-Isle, France) and 30 immunodeficient
Fox Chase Scid Beige mice from Charles River (Sulzfeld, Germany). The Fox Chase Scid
beige mouse model is characterized by both, autosomal recessive mutations in SCID
(Prkdcscid) and beige (Lystbg). While the SCID mutation results in severe combined
immunodeficiency affecting B- and T lymphocytes, the beige mutation results in defective
natural killer cells (300). All animals were housed under SPF conditions. After acclimation
of one week, mice were injected intravenously with 1x10% tumor cells resuspended in
100ul sterile phosphate-buffered saline (PBS) (#10010056, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). Mice were monitored on a daily base until onset of overt

disease and sacrificed as described above.

7.2.2 Preparation of Single Cell Suspensions

Single cell suspensions were prepared for flow cytometric analysis and freezing of tumor
tissue, respectively. For isolation of bone marrow, the tibia and femur of mice were
cleaned from residual tissue and the bones were pounded in a mortar using Hank's
balanced salt solution (HBSS) (#24020133, Gibco, Thermo Fisher Scientific, Waltham,
MA, USA). To remove residual bones, the suspension was passed through a 70uM cell
strainer (#352350, BD Biosciences, San Jose, CA, USA). For obtaining single cell
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suspensions of spleen and tumor, the tissue was mashed using a 70uM cell strainer and
HBSS. All single cell suspension were washed in HBSS and cells were pelleted at 500xg,
Smin, RT. Supernatant was aspirated and the pellet was resuspended in complete Roswell
Park Memorial Institute medium (RPMI 1640 medium) (#11875093, Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) containing 20% fetal bovine serum (FBS)
(#10500064, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 1% Antibiotic-
Antimycotic (#15240062, Gibco, Thermo Fisher Scientific, Waltham, MA, USA). For flow
cytometric analysis, cells were stained as described under points 7.2.3 — 7.2.5 and 7.2.9.
Tumor cells were frozen in 90% complete RPMI 1640 medium containing 20% FBS and
10% CryoSure Dimethyl Sulfoxide (DMSO) (#WAK-DMSO-10, WAK-Chemie Medical
GmbH, Steinbach, Germany) and stored at -80°C.

7.2.3 Apoptotic Assays

For detection of apoptosis by AnnexinV/ 7-aminoactinomycin D (7-AAD) staining, single
cell suspensions were counted automatically using a CASY® Cell Counter and Analyzer
(OLS OMNI Life Science, Bremen, Germany). 100ul single cell suspensions from tumor,
bone marrow and spleen containing 1x10° cells were blocked for 10 minutes at 4°C with
50ul RPMI 1640 medium containing 1.5pl TruStain fcX™ (anti-mouse CD16/32)
antibody (#101320, Biolegend, San Diego, CA, USA). Subsequently, cells were stained
with antibodies against IgM-eF450 (clone 11/41, #48-9998, eBioscience, Thermo Fisher
Scientific, Waltham, MA, USA), [gD-BV605 (clone 11-26c¢.2a, #563003, BD Biosciences,
San Jose, CA, USA), CD19-BV510 (clone 1D3, #562956, BD Biosciences, San Jose, CA,
USA) and CD43-APC (clone S7, #560663, BD Biosciences, San Jose, CA, USA),
respectively. Cells and antibodies were mixed by vortexing. Following 30 minutes
incubation at 4°C in the dark, cells were washed once with 100ul HBSS at 500xg, Smin,
RT. Pellet was resuspended 100ul Annexin V Binding Buffer (#422201, Biolegend, San
Diego, CA, USA) and 5uL Annexin V-APC (#640919, Biolegend, San Diego, CA, USA)
were added. Cells were mixed by vortexing and incubated 15min at RT in the dark. Cells
were diluted in 400ul Annexin V Binding Buffer and S5pL 7-AAD (#420403, Biolegend,
San Diego, CA, USA) were added.
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Cells were analyzed on an LSR II cytometer (BD Biosciences, San Jose, CA, USA) using
BD FACSDIVA™ Software (BD Biosciences, San Jose, CA, USA).

Raw data were analyzed using FlowJo V10 software (FlowJo LLC, Ashland, OR, USA).
For detection of cleaved caspase 3, 1x10° cells were blocked and stained with antibodies as
described above. For cleaved caspase 3 staining, cell pellet was resuspended in 25ul 4%
paraformaldehyde (#403052731, Gatt-Koller, Absam, Austria) for fixation. After
incubation for 15min at RT, cells were washed with excess of 1x PBS at 500xg, Smin, RT.
Permeabilization of cells was performed by adding slowly 300ul of ice-cold 90% methanol
(#1.06007.2500 Merck, Darmstadt, Germany) under constant vortexing, followed by 30
minutes incubation on ice. Subsequently, cells were washed with excess of 1x PBS at
500xg, Smin, RT. Pellet was resuspended by pipetting in 100ul incubation buffer
containing 0.5% bovine serum albumin (BSA) (# A9418, Sigma-Aldrich, Thermo Fisher
Scientific, Waltham, MA, USA) in 1x PBS. 5uL anti-cleaved caspase 3 antibody (Asp175)
(#9602, Cell Signaling, Leiden, The Netherlands) was added and cells were mixed well.
Cells were incubated for 1h at RT protected from light. After washing with an excess of
incubation buffer for 500xg, Smin, RT, pellet was resuspended by pipetting in 100ul
incubation buffer. Cells were analyzed on an LSR II cytometer using BD FACSDIVA™

Software. Raw data were analyzed using FlowJo V10 software.

7.2.4 Determination of B Cell Subpopulations by Flow Cytometric Analysis

Single cell suspensions of bone marrow and spleen were counted automatically using a
CASY® Cell Counter and Analyzer. 100ul single cell suspensions from tumor, bone
marrow and spleen containing 1x10° cells were blocked for 10 minutes at 4°C with 50ul
RPMI 1640 medium containing 1.5ul TruStain fcX™ (anti-mouse CD16/32) antibody.
Subsequently, cells were stained with antibodies against IgM-eF450 (clone 11/41, #48-
9998, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA), IgD-BV605 (clone 11-
26c¢.2a, #563003, BD Biosciences, San Jose, CA, USA), CD19-BV510 (clone 1D3,
#562956, BD Biosciences, San Jose, CA, USA), CD43-APC (clone S7, #560663, BD
Biosciences, San Jose, CA, USA), CD21-APC (clone 7G6, #558658, BD Biosciences, San
Jose, CA, USA) and CD23-PECy7 (clone B3B4, # 25-0232-82, eBioscience, Thermo
Fisher Scientific, Waltham, MA, USA), respectively. Cells and antibodies were mixed by

vortexing.
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Following 30 minutes incubation at 4°C in the dark, cells were washed once with 100ul
HBSS. After centrifugation at 500xg, Smin, RT, supernatant was removed and the pellet
was resuspended in 100ul HBSS. Prior to measurement, 3ul 7-AAD were added to each
sample. Acquisition was performed on an LSR II cytometer using BD FACSDIVA™

Software. Raw data were analyzed using FlowJo V10 software.

7.2.5 Flow Cytometric Analysis of Tumor, Bone Marrow and Spleen

Blocking of single cells from tumor, bone marrow and spleen was done as described
above. Subsequently, cells were stained with antibodies against I[gM-eF450 (clone 11/41,
#48-9998, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA), CD19-BV510
(clone 1D3, #562956, BD Biosciences, San Jose, CA, USA), B220-APC (clone RA3-6B2,
#103211, Biolegend, San Diego, CA, USA) and TCR-FITC (clone H57-597, #11-5961-82,
eBioscience, Thermo Fisher Scientific, Waltham, MA, USA), respectively. Staining,

acquisition, and data analysis was performed as described above.

7.2.6 RNASeq

For RNASeq fresh frozen tumor material derived from EuMyc Nr4al+/+, EuMyc Nrdal-/-
and wt mice (n=5 per group and genotype) as used. Total RNA was isolated from the
tumors and RNA quality was determined on the Bioanalyzer. For barcoded library
preparation a total of 500 ng RNA was used according to the Lexogen 3’QuantSeg manual.
Sequencing reaction was performed on the Ion Proton with Hi-Q chemistry.

For bioinformatics analysis of the sequencing process, first the bases with bad quality
scores were removed by processing the fastq reads through a quality control pipeline
consisting of 3’adapter removal with Cutadapt (301) and quality trimming with
Trimmomatic (302), whereby all reads shorter than 22 nucleotides were removed. These
reads were then further used to be aligned to the Mus musculus mm10 genome using
STAR in the first (303) and Bowtie in the second step (304). From the reads mapping to
multiple locations in the genome, only the primary alignment was retained. In order to
count the number of reads mapping to each gene, HTSeq-count (305) was applied and
DEseq2 (306) was used to test for differential expression of the genes. In order to

determine the differentially expressed genes, EuMyc Nrd4al+/+ vs. wt mice, EuMyc
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Nrdal-/- vs. EuMyc Nr4a+/+ and EuMyc Nr4al-/- vs. wt mice, respectively were
compared. The results were corrected for multiple testing using the incorporated
Benjamini-Hochberg method (297). GO analyses were performed to determine the
significantly up- and downregulated genes according to an adjusted p-value (<0.1) using
BiNGO (307) in Cytoscape (308) and subsequent hypergeometrical testing gave a p-value
if the enrichment terms associated with the genes. The resulting p-value was further
corrected with the Benjamini-Hochberg method (297) with a significance threshold of
p<0.1. Only the biological processes were investigated using the Mus musculus annotation
as reference. As in BINGO, a certain gene annotated with a GO term is included in all the
parental terms, the resulting redundancy was removed by applying ClueGO (309), a
Cytoscape (308) plug-in integrating GO terms and KEGG/ Reactome/ Wiki pathways.
Hence, non-redundant biological terms could be visualized into a functionally grouped
network. Up- and downregulated genes were both used together as an input for GO and
Pathway analysis. Using kappa statistics calculation, the biological terms were grouped
together based in their shared genes.

Finally, Genesis gave a z-score heatmap of the log transformed normalized counts of the
intersect of the differentially regulated genes between the three distinct comparisons
including 393 genes. Hierarchical clustering of both the samples and the genes using
Euclidean distance revealed five clusters. Therefore finally, k-means clustering with k=5

using Eucledian distance was performed.

7.2.7 RNA Isolation and Preparation of cDNA

Total RNA extraction from primary and transplanted EuMyc Nrd4al-/- and EuMyc
Nr4al+/+ tumors was performed using the Qiagen RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Removal of genomic DNA from RNA
preparations was done with the RNase-free DNase set (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Total RNA was transcribed into
cDNA by using the RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific,

Waltham, MA, USA) according to the manufacturer’s instructions.
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7.2.8 Semi-Quantitative Real Time PCR

RQ-PCR was performed with the QuantiNova SYBR Green PCR Kit (Qiagen, Hilden,
Germany) using a Bio-Rad CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). All samples were assayed in duplicates. TATA-Box Binding Protein
(Tbp), Hprtl, Ppia, and Actin (Actb) served as housekeeping genes. Results are expressed
as fold changes based on calculation 22T and normalized to the geometric mean of the

housekeeping genes. QuantiTect Primer Assays for validation of deregulated genes are

listed in Table 4 and 5 and were bought from Qiagen (Qiagen, Hilden, Germany).

Table 4: QuantiTect Primer Assays for validation of RNASeq.

Genes determined for validation of RNASeq. Thp, Hprt, Actb and Ppia were used as housekeeping

genes.
Gene Alternative Name Assay Name Reference

TATA-Box Binding

Thp Protein Mm Tbp 1 _SG #QT00198443
Hypoxanthine

Hprt Phosphoribosyltransferase | Mm_Hprt 1 _SG #QT00166768
1

Ppia iep“dylpmlyl Isomerase | 1 ppia 1 SG #QT00247709

Actb B-Actin Mm_Actb_1_SG #QT00095242
B cell

Bcl2ala leukemia/lymphoma 2 Mm Bcl2ala 1 SG #QT00142016
related protein Ala
B cell

Bcel2ald leukemia/lymphoma 2 Mm Bcl2ald 1 SG #QT00136465
related protein Ald
Tumor Necrosis Factor

Tnfsfll Superfamily Member 11 Mm_Tnfsfll 1 SG #QT00147385
Sphingosine-1-Phosphate

Siprs Receptor 5 Mm_Slpr5 1 _SG #QT00282744

Cd226 CD226 Antigen Mm_Cd226 1 _SG #QT01062187
Tumor Necrosis Factor

Tnfrsf8 Receptor Superfamily Mm_Tnfrsf8 1 _SG #QT00116599
Member 8

DIl Delta-Like 1 (Drosophila) | Mm_DII1_1_SG #QT00113239

Gata3 GATA binding protein 3 | Mm_Gata3 1 SG #QT00170828

Cel22 C-C Motif Chemokine Mm Ccl22 1 SG #QT00108031
Ligand 22

1112b Interleukin 12B Mm I112b 1 _SG #QT00153643
prostaglandin-

Ptgs? endoperoxide synthase 2 | Mm_Ptgs2 1 SG #QT00165347
(COX2)
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Gene Alternative Name Assay Name Reference
. Tumor Necrosis Factor, .
Tnfaip3 Alpha-Induced Protein 3 Mm_Tnfaip3 1 SG #QT00134064
. CASP8 And FADD Like

cFlip/ Cflar Apoptosis Regulator Mm_Cflar 1 _SG #QT00171738

Bcl2 B cell CLL/Lymphoma 2 | Mm_Bcl2 1 _SG #QT00156282

Cendl Cyclin D1 Mm_Ccndl_1_SG #QT00154595
Interferon Regulatory

Irf4 Factor 4 Mm_IRF-4 1 SG #QT00109984

Cer7 €-C Motif Chemokine | ¢\ 7 | 3G #QT00240975
Receptor 7

Cdoe6 CD96 Molecule Mm_Cd96 1 SG #QT00112959

. Activation Induced .

Aicda Cytidine Deaminase Mm_Aicda 1 _SG #QT00123676

Cel20 C-C Motif Chemokine | \p ) 006 | 56 #QT00261898
Ligand 20

Icos Inducible T cell Mm_Icos_1_SG #QT00131579
Costimulator

cdz27 CD27 Molecule Mm_Cd27 1 _SG #QT01077608

Haver2 Hepatitis A Virus Cellular | ¢ 0o 156 H#QT00112427
Receptor 2

17 Interleukin 7 Mm 117 1 SG #QT00101318
Germinal Center

Gesam Associated Signaling And | Mm_Gcesam 1 _SG #QT00113225
Motility

Pdcdl Programmed Cell Death 1 | Mm_Pdcdl 1 _SG #QTOOL11111
Programmed Cell Death 1

Pdcdllg2 Ligand 2 Mm_Pdcdllg2 1 SG #QT00136640

Table 5: QuantiTect Primer Assays for deregulated genes in primary and transplanted tumors.

Genes determined for deregulated genes in primary and transplanted tumors. Hprt, Actb and Ppia were

used as housekeeping genes.

Gene Alternative Name Assay Name Reference

Hypoxanthine

Hprt Phosphoribosyltransferase | Mm_Hprt 1 SG #QT00166768
1

Ppia iep“dylpmlyl Tsomerase | \ 1 poia 1 SG #QT00247709

Actb B-Actin Mm_Actb 1 SG #QT00095242

Cds0 CD80 Molecule Mm Cd80 1 SG #QT00129787

Cds6 CD86 Molecule Mm Cd86 1 SG #QT01055250

Lag3 Lymphocyte Activating 3 | Mm Lag3 1 SG #QT00113197

Lgals9 Galectin 9 Mm Lgals9 1 SG #QTO00173236

Hvem/ TNF Receptor

Tnfisfl4 Superfamily Member 14 Mm_Tnfrsf14 1 SG #QT00142184

Btla B And T Lymphocyte Mm Btla 1 SG #QT00117635
Associated
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Gene Alternative Name Assay Name Reference
Cdl155/ Pvr Poliovirus Receptor Mm_D7Ertd458¢ 1 SG | #QT00174034
Cdli2/ Nectin Cell Adhesion
Nectin? Molecule 2 Mm Pvrl2 1 SG #QT00098280

Interleukin 1 Receptor
Irak4 Associated Kinase 4 Mm_Irak4 1 SG #QT00166453
12 Interleukin 2 Mm 112 1 SG #QT00112315
121 Interleukin 21 Mm 1121 1 SG #QT00134358
127 Interleukin 27 Mm 1127 1 SG #QT00143017
1110 Interleukin 10 Mm 1110 1 SG #QT00106169
1116 Interleukin 16 Mm 1116 1 SG #QTO00116550
1l17a Interleukin 17a Mm Il17a_1 SG #QT00103278
Interleukin 2 Receptor
Cd25/12ra Subunit Alpha Mm I12ra 1 SG #QT00101108
1l12a Interleukin 12a Mm Il12a_ 1 SG #QT01048334
1123a Interleukin 23a Mm I123a 2 SG # QT01663613
Ifng Interferon gamma Mm_Ifng 1 SG #QT01038821
Foxp3 Forkhead Box P3 Mm Foxp3 1 SG #QT00138369
Cd28 CD28 Molecule Mm_Cd28 1 SG #QT01058316
Icos Inducible T cell Mm_Icos_1_SG #QT00131579
Costimulator
Inducible T Cell
Icosl Costimulator Ligand Mm_Icosl 1_SG #QT00105805
Cdoe6 CD96 Molecule Mm_Cd96 1 SG #QT00112959
Cd226 CD226 Molecule Mm_Cd226 2 SG #QT01165738
Cdi60 CD160 Molecule Mm_Cd160 1 _SG #QT00125342
T Cell Immunoreceptor
Tigit With Ig And ITIM Mm_Tigit 2 S #QT02372314
Domains
Tim3/ Haver2 | Hepatitis A Virus Cellular | 000 1 86 #QT00112427
Receptor 2
Pdl/ Pdcdl Programmed Cell Death 1 | Mm_Pdcdl 1 _SG #QT00148617
Pdcdllg] Egiﬁmd Cell Death 1} \p) pedllgl 1.SG | #QT00112427
Programmed Cell Death 1
Pdcdlig? Ligand 2 Mm_Pdcdllg2 1 SG #QT00136640
Cytotoxic T-Lymphocyte
Ctla4 Associated Protein 4 Mm_Ctla4 1 SG #QT00103929

The non-parametric Mann-Whitney U-test was used to identify statistical differences
between gene expression levels using the IBM SPSS Statistics 23.0 (IBM, Vienna,
Austria).
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7.2.9 Flow Cytometric Analysis for Immune Cell Infiltrates of Tumor Cells

Specific immune cell infiltrates were analyzed on tumor cells derived from transplanted
C57/B156 mice. Single cell suspensions were prepared and cells were subjected to cell
surface and intracellular staining protocols. Marker molecules used for extra- and

intracellular stainings are listed in Table 6.

Table 6: Markers used for flow cytometric analysis of tumor cells.

Marker Clone Reference Company
CD45-AF700 30-F11 #103128 Biolegend
CD3e-BUV395 145-2C11 #563565 BD Biosciences
CD4-APC RM4-5 #100516 Biolegend
CD8-PerCP/Cy5.5 53-6.7 #100734 Biolegend
vOTCR-PE-CF594 GL3 #563532 BD Biosciences
NKp46-BV510 29A1.4 #137623 Biolegend
CDI19-PECy7 6D5 #115520 Biolegend
CD44-FITC IM7 #103005 Biolegend
CD19-BV510 1D3 #562956 BD Bioscience
CD62L-BV605 MEL-14 #104438 Biolegend
PD1-BV421 29F.1A12 #135221 Biolegend
Tim3-PE B8.2C12 #134003 Biolegend
FoxP3-PE FIK-16s #12-5773-82 eBisocience
RORyT-BV421 Q31-378 #562894 BD Biosciences

7.2.9.1 Cell Surface Staining

Single cell suspensions containing 5x10° cells were prepared in PBS. Cells were
centrifuged at 500xg, Smin, 4°C. Pellet was resuspended in 100ul PBS and mixed with
100pl Fixable Viability Dye-eFluor780 (#65-0865, eBioscience, Thermo Fisher Scientific,
Waltham, MA, USA) (1:1000 diluted in PBS). Cells were pipetted to mix and incubated 30
minutes at 4°C in the dark. Afterwards cells were washed twice at 500xg, Smin, 4°C with
200ul staining buffer (PBS+2% FBS) and pellet was resuspended in 100ul IC Fixation
Buffer (#00-8222-49, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA). After
an incubation step of 10 minutes at 4°C, 100ul staining buffer was added and cells were
centrifuged twice at 500xg, Smin, 4°C. For antibody staining, cells were resuspended in

48.5ul staining buffer containing 1.5pl TruStain fcX™ (anti-mouse CD16/32) antibody
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and blocked for 10 minutes at 4°C. Afterwards a total of 50ul staining buffer containing
the respective antibodies was added and cell incubated for 30 minutes at 4°C in the dark.
Cells were washed twice with 200ul staining buffer. For flow cytometric analysis, cells

were resuspended in 50-100pl staining buffer.

7.2.9.2 Intracellular Staining

Single cell suspensions containing 5x10° cells were prepared in PBS. Cells were
centrifuged at 500xg, Smin, 4°C. Pellet was resuspended in 100ul PBS and mixed with
100ul Fixable Viability Dye-eFluor780. Cells were pipetted to mix and incubated 30
minutes at 4°C in the dark. Afterwards cells were washed twice at 500xg, Smin, 4°C with
200ul staining buffer (PBS+2% FBS) and pellet was resuspended in 100ul 1x TF Fix/Perm
Buffer (#562725, BDBiosciences, San Jose, CA, USA) prepared according to the
manufacturers’ protocol. Cells were incubated for 40 minutes at 4°C in the dark and
washed once with 100ul staining buffer. Afterwards 100ul 1x Perm/Wash buffer
(#562725, BDBiosciences, San Jose, CA, USA) prepared according to the protocol were
added to the pellet and cells were washed twice at 500xg, Smin, 4°C. For antibody
staining, cells were resuspended in 48.5ul 1x Perm/Wash buffer containing 1.5p1 TruStain
fcX™ (anti-mouse CD16/32) antibody and blocked for 10 minutes at 4°C. Afterwards a
total of 50ul 1x Perm/Wash buffer containing the respective antibodies was added and
cells incubated for 30 minutes at 4°C in the dark. Cells were washed twice with 200ul 1x
Perm/Wash buffer and subsequently once with 200ul staining buffer. For flow cytometric

analysis, cells were resuspended in 50-100pul staining buffer.

60



7.2.10 Preparation of Tumor Cells for Injection

Tumor single cell suspensions were thawed rapidly in a 37°C water bath and washed once
in 10ml RPMI 1640 medium containing 10% FBS and 1% Antibiotic-Antimycotic. Cells
were centrifuged at 500xg, 5Smin, RT. Supernatant was removed and cells were
resuspended in 1ml RPMI 1640 medium containing 10% FBS and 1% Antibiotic-
Antimycotic. Cells were counted using a CASY® Cell Counter and Analyzer and 1x10°
cells were stained with 3ul 7-AAD to determine the percentage of dead cells. Flow
cytometric analysis was performed was described above. The volume of cells
corresponding to 1x10° cells was centrifuged at 500xg, Smin, RT. The pellet was

resuspended in 100ul PBS and cells were stored at 4°C until injection.
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8 Results

8.1 Part I: Cytoplasmic NR4A1 in Diffuse Large B Cell Lymphomas (reproduced
from Fechter K. ez al. (286) with permission of Scientific Reports

8.1.1 Higher Cytoplasmic NR4A1 Correlates with the GCB-DLBCL Subtype and

Increased Survival

In order to better understand the contribution of cytoplasmic NR4A1 location to survival
and subtype in DLBCL, first a histologic examination of patient specimens in our cohort of
DLBCL (n=60) was performed. With respect to the patients’ characteristics, the genders in
our cohort were almost equally distributed. (52% male vs 48% female patients). The cohort
included more patients aged over 65, and more male patients were present in the patient
cohort being under 65. Regarding the clinical parameters, there were more patients with
elevated clinical stages according to the Ann Arbor classification. 35% showed
involvement on both sides of the diaphragm (Ann Arbor stage III) and 23.3% showed
involvement of extranodal sites (Ann Arbor stage IV). Moreover, four patient samples
could not be classified due treatment in another center. Using the international prognostic
index (IPI) - encompassing the age, Ann Arbor stage III to IV, serum LDH levels, ECOG
performance status >2 and involvement of more than 1 extranodal site for tumor staging -
more than half of the patients revealed an IPI of 1 or 2. 36.67 % of patients could be
classified to the NGCB-DLBCL, having a worse prognosis, compared to 20% of patients
being classified as de novo GCB-DLBCL (pGCB-DLBCL). Importantly, 38.33% of
patients exhibited follicular lymphomas, which were due to transformation into the GCB-
DLBCL (tGCB-DLBCL) further on characterized as such, while three patient samples
(5%) could not be characterized to any subtype due to lacking histologic material (Table 7)
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Table 7: Clinico-pathologic characteristics of patients included in the study.

Reproduced with modifications from Fechter K. ez al. (286) with permission of Scientific Reports.

Clinico-pathologic parameters Patients Proportion
(n=60)
Gender
Male 31 52%
Female 29 48%

Age at diagnosis

<65 27 45%
Male 15 55.6%
Female 12 44.4%

>65 33 55%
Male 16 48.5%
Female 17 51.5%

Ann Arbor Stage

| 10 16.7%

2 11 18.3%

3 21 35%

4 14 23.3%

Unclassified 4 6.7%

IPI (International Prognostic Index)

1 19 31.7%
2 14 23.3%
3 12 20%
4 11 18.3%
Unclassified 4 6.7%

Immunophenotype (Hans algorithm)

NGCB-DLBCL 22 36.67%
pGCB-DLBCL 12 20%
tGCB-DLBCL 23 38.33%
Unclassified 3 5%
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As we previously reported, NR4A41 expression was significantly reduced in the NGCB-
DLBCL subtype (284). As shown in Figure 3 a-d, a varying percentage of aggressive
lymphoma cells (5-80%) exhibited cytoplasmic NR4AT1 in stark contrast to their normal
controls - germinal center B cells - in which no cytoplasmatic NR4A1 was found (on
average 27.1% for NGCB- and 48.5% for GCB-DLBCL, p<0.0048, Figure 3a-d).
Furthermore, we could not detect any significant differences in cytoplasmic NR4Al
abundance in de novo GCB-DLCBL compared to the transformed subtype (on average
41.7% vs. 52.4%, p=0.19, Figure 3d). For association of the cytoplasmic NR4A1 staining
pattern with survival in our cohort of diffuse large B cell lymphomas, the patients were
stratified using the median percentage of lymphoma cells (median=40%) exhibiting
cytoplasmic NR4A. Results of the Kaplan Meier survival analysis showed that there was a
significant association between high cytoplasmic NR4A1 levels and favorable cancer-

specific survival (n=60, p=0.016, log-rank test, Figure 3e).
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Figure 3: Immunohistochemical NR4A1 analysis and overall survival.

(a-c) NR4AI expression in (a) non-neoplastic lymph nodes (magnification x100 for the overview and
magnification x400 for the big picture), (b) NGCB-DLCBL (magnification x400) and (¢) GCB-DLBCL
(magnification x400) (35) determined by immunohistochemical analysis. All images were captured by
using an Olympus BX51 microscope and an Olympus E-330 camera. (d) Distribution of the cytoplasmic
levels of NR4A1 in GC-B (n=5), NGCB- (n=22)- and GCB-DLBCL (n=35) consisting of GCB-DLBCL
(pGCB-DLBCL, n=12) and transformed (tGCB-DLBCL, n=23) GCB-DLBCL as two different subtypes
of GCB-DLBCL. Each bar represents the mean values of cytoplasmic NR4A1 levels of each group +
standard error of the mean (SEM). (e) Kaplan Meyer graphical illustration of the cancer-specific
survival classified by levels of cytoplasmic NR4A1 of all lymphoma patients. Patients with high

cytoplasmic NR4A1 expression are shown in blue and with low cytoplasmic expression in yellow.

Reproduced from Fechter K. et al. (286) with permission of Scientific Reports.
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Applying the Fisher’s exact test for significance testing, the more frequent high
cytoplasmic NR4A1 expression in GCB-DLBCL compared to the NGCB-subtype could be
confirmed (71.4% vs. 31.8%, p=0.0057, Table 8).

Table 8: Cytoplasmic NR4A1 expression in DLBCL.

The frequency of cytoplasmic NR4A1 expression was stratified by the median percentage of lymphoma
cells exhibiting cytoplasmic NR4A1 expression (40%). Statistical calculation was performed using the

Fisher's exact test. Reproduced from Fechter K. et al. (286) with permission of Scientific Reports.

Low (<40%)  High (>40%) p-value
NGCB-DLBCL 15 7 0.0057
GCB-DLBCL 10 25

Furthermore, we used uni- and multivariate analysis for calculation of the Cox proportional
hazards ratio. For the calculation, we omitted three cases, where we were not able to
determine the specific lymphoma subtype (see Table 7). In either case, we detected
subtype, age, cytoplasmic NR4A1 levels and tumor stage as independent prognostic
factors, having a significant association with survival (p<0.05). However, advanced tumor
stage (3 or 4), the NGCB subtype, increasing age and low cytoplasmic NR4A1 levels were

corroborated to be of poor prognostic value.
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Table 9: Cox Proportional Hazards Regression Analysis. Univariate and multivariate Cox

proportional hazard ratio calculation.

Hazard ratios (HR) are stated for the 2nd group relative to the 1st group. Reproduced from Fechter K. et

al. (286) with permission of Scientific Reports.

Univariate
1% group, 2™ group HR | Lower | Upper | P-value
Ref 95% 95%
CI CI
Age continuous 1.070 1.031 1.110 0.0004 wkk
Sex male,n=32  female, n=25 0.641 0.296 1.388 0.2590
Stage 1-2,n=22 3-4,n=35 1.520 0.682 3.388 0.3060
cytoNR4 low, n =25 high, n =32 0.385 0.175 0.847 0.0176 *
Al
Subtype GCB,n=35 NGCB,n=22 9.556 3.743 24.390 <0.0001 | ***
Multivariate
1% group, 2nd group HR Lower | Upper | P-value
Ref 95% 95%
Cl CI

Age continuous 1.066 1.011 1.123 0.0173 ®
Sex male,n=32  female, n =25 0.533 0.189 1.503 0.2342
Stage 1-2,n=22 3-4,n=35 2.735 1.006 7.439 0.0487 *
cytoNR4 low, n =25 high, n =32 0.378 0.148 0.966 0.0422 ®
Al
Subtype GCB,n=35 NGCB,n=22 4.790 1.538 14.922 0.0069 w*

This indicates that cytoplasmic location of NR4AT1 influences survival of DLBCL patients

and that this can be related to its higher expression in the clinically less aggressive GCB-

DLBCL subtype.
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8.1.2 Transformed DLBCL Cases Have No Influence on the Correlation of Survival

with the GCB-DLBCL Subtype, while NR441 Expression Does

As 38.33% of patients exhibited transformed follicular lymphomas, we repeated the
survival analysis omitting the tGCB-DLBCL cases. By stratifying this de novo DLBCL
patient cohort - consisting of 21 cases with low and 16 cases with high cytoplasmic
NR4AL1- according to the median percentage of lymphoma cells exhibiting cytoplasmic
NR4A1 (median=40%), we could again see a significant association between high
cytoplasmic NR4A1 staining and favorable cancer-specific survival (n=37, p=0.036, log-
rank test, Figure 4).

Survival probability

p=0.036

Strata
GytaNR4AT Low, n =21
= cytoNR4AT High, n = 16

0 H 10 15 20
Cancer-specific survival time [years]

Figure 4: Kaplan-Meier graphical illustration of the cancer-specific survival of de novo DLBCL

patients.

Kaplan Meyer graphical illustration of the cancer-specific survival classified by levels of cytoplasmic
NR4A1 of de novo DLBCL patients. Patients with high levels of cytoplasmic NR4A1 are depicted in
blue and with low levels in yellow. Reproduced from Fechter K. et al. (286) with permission of

Scientific Reports.
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To investigate whether cytoplasmic NR4A1 is caused by high NR4A4I expression, we
further analyzed expression and protein content in the entire DLBCL cohort: In 30%
(18/60) of all DLBCL cases and 35.1% (13/37) of de novo DLBCL cases, the NR4A1 gene
expression status (high vs. low) did not correspond to cytoplasmic NR4A1 expression
(high vs. low). Survival analysis based on cytoplasmic NR4A1 abundance was statistically
more significant than that based on NR4A41 gene expression levels (p=0.016, compared to
p=0.032, Figure 5a). Noteworthy, we could not observe any significant differences in
survival when excluding the tGCB-DLCBL cases and stratifying based on NR4Al
expression (n=37, p=0.108, log-rank test, Figure 5b).
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Figure 5: Kaplan-Meier graphical illustration of the cancer-specific survival classified by VR4A1

expression of lymphoma patients.

(a) Kaplan-Meier graphical illustration of all DLBCL patients. High NR4A1 expression correlates with
better survival (p=0.032). (b) Kaplan-Meier graphical illustration of the de novo DLBCL patients. We
have updated the figure to incorporate the extended follow-up time (p=0.11). Patients with high NR4A41
expression are shown in blue and with low expression in yellow. Reproduced from Fechter K. et al.

(286) with permission of Scientific Reports.
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Taken together, these data suggest that high cytoplasmic NR4A1 levels might not be
caused by high NR4A41 expression levels and consequently other mechanisms influence

higher protein abundance of NR4A1 in the cytoplasm.

8.1.3 Cytoplasmic NR4A1 Is Associated with Higher Occurrence of Apoptotic
Lymphoma Cells

In several publications, the role of cytoplasmic NR4A1 in the induction of apoptosis has
been investigated (263, 267). Therefore, we decided to further examine this pro-apoptotic
function in our cohort of aggressive lymphomas and performed an immunohistochemical
analysis of cleaved caspase 3. We found a significant correlation of cells showing
cytoplasmic NR4A1 and cleavage of caspase 3 (spearman’s rho=0.741, p<0.001). As
shown in a representative IHC stain in Figure 6a, we were able to prove cleaved caspase 3
expression in both, the NGCB- and GCB-DLBCL subtypes. Further analysis comparing
the number of positive cells/ mm? demonstrated a clear association with the GCB-DLBCL
subtype. While there was no detectable cleaved caspase 3 expression in non-neoplastic
control GC-B cells compared to GCB-DLBCL specimens (p<0.001), we detected a 3.3
fold higher expression of cleaved caspase 3 in GCB-DLBCL samples opposed to the
NGCB-DLBCL subtype (p=0.0041, Figure 6b). A more detailed analysis of the distinct
GCB-DLBCL types, either de novo or transformed, revealed no significant differences in
the number of positive cells/ mm? exhibiting cleaved caspase 3 expression (pGCB- and

tGCB-DLBCL, p=0.506, Figure 6b).
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Figure 6: Immunohistochemical analysis of cleaved caspase 3.

(a) Immunohistochemical stain for cleaved caspase 3 in a representative GCB-DLBCL sample. (b)
Number of cells exhibiting a cleaved caspase 3 depicted in cells/mm? in non-neoplastic GC-B (n=4),
NGCB-DLBCL (n=19) and GCB-DLBCL (n=33) samples and samples of the two different GCB
subtype namely primary GCB- (n=12) and transformed GCB-DLBCL (n=21). Each bar represents the
mean values of each group + standard error of the mean (SEM). Reproduced from Fechter K. et al.

(286) with permission of Scientific Reports.

These data suggest that cytoplasmic NR4AT1 is able to induce apoptosis and that this is in
turn associated to the GCB-DLBCL subtype irrespective of its origin.

8.1.4 Exportin 1 Is Not Responsible for the Translocation of NR4A1l to the
Cytoplasm

Exportin 1 (XPO1) is a crucial transporter of NR4A1, leading to its translocation to the
cytoplasm (310). In order to find a possible relation of XPO1 and cytoplasmic NR4A1, we
determined relative XPOI expression levels by means of semiquantitative RQ-PCR in
relation to cytoplasmic NR4A1 abundance. Both, the GCB-DLBCL and NGCB-DLBCL
subtype showed a significant higher expression of XPOI compared to GC-B cell controls
(22.4 fold, p<0.001 for GCB-DLBCL, 19.8 fold p<0.001 for NGCB-DLBCL, Figure 7a).
Nevertheless, we could not see any significant differences when comparing the NGCB-
DLBCL with the GCB-DLBCL subtype (p=0.611, Figure 7a). Likewise, differentiation
between the pGCB-DLCBL and tGCB-DLCBL subtype revealed no differences (p=0.632,
Figure 7a). In addition, XPOI expression was comparable in lymphoma specimens with

high and low cytoplasmic NR4A1 expression (p=0.601, Figure 7b).
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Figure 7: Expression levels of XPO1.

(a) Relative XPOI expression levels in non-neoplastic lymph nodes (GC-B) (n=4), NGCB-DLBCL
(n=19), GCB-DLBCL (n=33) and the two different GCB subtype namely de novo GCB- (pGCB-
DLBCL, n=12) and transformed GCB-DLBCL (tGCB-DLBCL, n=21) as determined by RQ-PCR. Each
bar represents the mean values of expression levels + standard error of the mean (SEM) (b) Relative
XPOI expression levels as determined by RQ-PCR set of low (n=26) and high (n=26) cytoplasmic
NR4AT1 expression DLCBL. Reproduced from Fechter K. et al. (286) with permission of Scientific
Reports.

Taken together, these results show that overexpression of XPO! is not the sole reason for

the cytoplasmic localization of NR4A1 in aggressive lymphomas.

8.1.5 High Cytoplasmic NR4A1 Is Associated with Prominent Kinase Pathways in

Aggressive Lymphomas

Based on the association of cytoplasmic NR4A1 expression levels with GCB-DLBCL
(71.4% in GCB vs. 31.8% in NGCB, p=0.0057, Fisher’s exact test, Table 8), we
determined differentially expressed genes to identify the molecular mechansism causing
cytoplasmic NR4A1. Therefore, we compared GCB- and NGCB-DLCBL cases in the
publicly available dataset of Lenz et al. (119), containing samples from 200 R-CHOP-
treated patients. A total of 959 genes were found to be differentially expressed based on an
adjusted p-value <0.05 and abs(log2FC) > log2(1.5). For complementary functional
profiling, a GO analysis was used together with gene set enrichment analysis of Reactome
pathways. GO analysis led to 308 significantly enriched GO terms (p-value <= 0.01), with
many of the terms being associated with immune response. Especially these terms were

associated with immune response of B cells, being the result of differences in cellular
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origin of the two DLCBL subtypes (GCB vs. NGCB). In agreement with the results of
cleaved caspase 3, eleven out of 308 GO terms were related to apoptosis, suggesting a
distinct regulation of apoptotic pathways in the two lymphoma subtypes. Besides, we
found 15 GO terms to be associated with kinase activity and/or protein phosphorylation. A
more detailed analysis of these kinase pathways revealed that four GO terms were
associated with the extracellular signal-regulated kinase 1/2 (ERK1/2) or the MAPK
cascade, and two GO terms with PKB/AKT signaling. Analysis of Reactome pathways
gave 110 significantly enriched pathways (g-value <= 0.05). In this analysis, the
PI3BK/AKT activation’, ‘phosphatidylinositol (3,4,5) triphosphate (PI3P) activates AKT
signaling’, ‘PI3K/AKT Signaling in Cancer’, and ‘Constitutive Signaling by aberrant PI3K
in Cancer’ pathways showed a significant different regulation in GCB- and NGCB-
DLBCL. The enrichment map (Figure 8) shows these and other related pathways e.g.
pathways associated with receptors that signal through AKT.
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Figure 8: Hierarchical clustering of enriched pathways and associated genes, visualized as a

heatmap

A functional related group is denoted in the figure. Genes associated with a given pathway are presented
in yellow. Genes not associated with a given pathway are shown in blue. Reproduced from Fechter K. et

al. (286) with permission of Scientific Reports.

This indicates that there is a hyperactivation of specific kinase pathways in GCB-DLBCL
samples as opposed to NGCB-DLBCL and therefore potentially also in cytoplasmic high
vs. cytoplasmic low DLBCL.
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8.1.6 Higher Expression of ERK1/2 Target Genes Is Related to High Cytoplasmic
NR4A1 Expression in Aggressive Lymphomas

JNK, ERK 1/2, AKT, and RSK all are known to post-translationally phosphorylate
NR4AI, resulting in cytoplasmic localization of NR4A1 (258, 275). Thus, we thought to
assess hyperactivation of these pathways in cytoplasmic NR4Al high compared to
cytoplasmic NR4A1 low DLCBL samples. First, we used selected cases with extremely
low (below 20%, n=9 consisting of 6 NGCB- and 3 GCB-DLBCL) or high (above 80%,
n=8 consisting of 2 NGCB- and 6 GCB-DLBCL) cytoplasmic NR4A1 expression to
perform an explorative gene expression analysis. In total, four different pathways were
analyzed. Two pathways were found to be differentially regulated by GO analysis. Hence,
cyclin dependent kinase inhibitor 1B (CDKNIB), cyclin dependent kinase inhibitor 14
(CDKN1A), growth arrest and DNA damage inducible alpha (GADD45), BCL-6, cyclin
G2 (CCNG2), cyclin Bl (CCNBI), catalase (CAT), superoxide dismutase 2 (SODZ2), and
polo like kinase 1 (PLKI) - regulated by AKT (311-313) - and early growth response 3
(EGR3), cFOS, BUBI mitotic checkpoint serine/threonine kinase (BUBI), MAX
dimerization protein 1 (MXDI1), JUNB, cJUN, ETS variant 5 (ETV5) and dual specificity
phosphatase 1 (DUSPI) - regulated by ERK1/2 (314)- were used to detect hyperactivated
pathways in GCB- and NGCB-DLBCL samples. Moreover, we decided to analyze the JNK
(315, 316) and mammalian target of rapamycin (mTOR) pathway (317-319), representing
two other pathways contributing to lymphoma development. Hence, expression levels of
C-C motif chemokine ligand 22 (CCL22), C-C motif chemokine receptor 7 (CCR7), CD44,
IL10, matrix metallopeptidase 2 (MMP2), fibronectin 1 (FNI), collagen Type I alpha 1
chain (COL1A), CASPS8 and FADD like apoptosis regulator (CFLAR) and double-stranded
RNA-specific editase B2 (ADARB), known to be regulated by JNK (based on the Ingenuity
Pathway Analysis (IPA) tool), and eukaryotic translation initiation factor 4E (EIF4E) and
EIF4E binding protein 1 (EIF4EBPI) for mTOR pathway analysis (320) were determined.
For five of the eight ERK target genes investigated, we detected an increased expression in
DLBCL samples with high cytoplasmic NR4A1l. Expression levels of cFOS (5.1 fold,
p=0.03), JUNB (1.9 fold, p=0.03), cJUN (2.6 fold, p=0.04), MXD1 (7.6 fold, p=0.07), and
DUPSI (21.1 fold, p=0.06), were significantly higher (Figure 9b, p=0.071), while we

found no significant differences in the other pathways examined (Figure 9a, ¢ & d).
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Figure 9: Expression analysis of AKT-, ERK1/2-, JNK- and mTOR- target genes (based on
literature) in low (n=9) and high (n=8) cytoplasmic expressing aggressive lymphoma specimens
determined by RQ-PCR.

(a) Relative expression levels of (a) AKT (b) ERK1/2 (¢) JNK and (d) mTOR target genes. Each bar
represents the mean values of expression levels + standard error of the mean (SEM). Reproduced from

Fechter K. et al. (286) with permission of Scientific Reports.
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In order to rule out that the higher expression of cFOS, JUNB, cJUN, MXDI and DUPSI
in cytoplasmic NR4A1 expressing DLBCL was due the stringent conditions applied
(below 20% and above 80%), the number of lymphoma cases in our patient cohort was
increased to n=34 consisting of 12 low and 22 high cytoplasmic NR4A1 expressing
DLBCL (51 in total). For this stratification we used the stratification according to
lymphoma samples exhibiting a lower or higher cytoplasmic NR4A1 expression than the
median of 40% of lymphoma cells positive for cytoplasmic NR4A1. Likewise, expression
of cFOS (3.7 fold, p=0.035), JUNB (3.1 fold, p=0.006), cJUN (3.4 fold, p=0.023), MXD1
(7.1 fold, p=0.005) and DUSPI (9.1 fold, p=0.018) was significantly higher in lymphomas
with high cytoplasmic NR4A1 expression (p<0.036, Figure 10a). Additionally, we
performed a separate analysis for these factors in the GCB- and NGCB-DLBCL subtype,
respectively. As shown in Figure 10b, cFOS (2.1 fold, p=0.08), JUNB (1.5 fold, p=0.06),
¢JUN (6.3 fold, p=0.03) and MXD1 (2.1 fold, p=0.013) were significantly higher expressed
in GCB-DLCBL compared to NGCB-DLBCL (MXDI and c¢JUN, p=0.03, tendency in
cFOS and JUNB, p=0.081).
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Figure 10: Expression analysis of ERK1/2 target genes.

(a) Relative expression levels of ERK1/2 target genes in low (n=21) and high (n=30) cytoplasmic
expressing DLBCL determined by RQ-PCR. (b) Relative expression levels of ERK1/2 target genes in
GCB- (n=29) and NGCB- (n=22) DLBCL determined by RQ-PCR. Each bar represents the mean values
of expression levels + standard error of the mean (SEM). Reproduced from Fechter K. et al. (286) with

permission of Scientific Reports.

Last, we investigated expression levels in pGCB-DLBCL and tGCB-DLCBL, respectively.
None of the respective genes exhibiting a higher expression in lymphomas with high
cytoplasmic NR4A1 content, either under stringent or less stringent conditions, or in the

GCB-DLBCL subtype genes was found to be differentially expressed (p=0.17, Figure 11).
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Figure 11: Expression analysis of ERK1/2 target genes in GCB-DLBCL subtypes.

(a) Relative expression levels in de novo (pGCB-DLBCL, n=9) and transformed (tGCB-DLCL, n=20)
GCB-DLBCL determined by RQ-PCR. Each bar represents the mean values of expression levels +
standard error of the mean (SEM). Reproduced from Fechter K. ef al. (286) with permission of
Scientific Reports.

Collectively, these data suggest that the ERK1/2 pathway activation might be implicated in
NR4AT1 nuclear export in DLBCL, as already shown in lung cancer cells as well as human

primary T cells and kidney cells (321-323).
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82 Part II: The Role of the Nuclear Receptor Nrdal in Myc-Driven

Lymphomagenesis
8.2.1 Nr4al Loss Accelerates Myc-Driven B Cell Lymphomagenesis

In order to investigate in vivo the tumor suppressive function of Nr4al on B cell
lymphoma development, mice lacking Nr4al were crossed with EuMyc mice. Hence in
this setting, proto-oncogene-driven lymphoma development could be monitored
concomitantly with Nr4al loss with respect to tumor formation and survival. A cohort of
EuMyc Nrdal+/+ (n=134), EuMyc Nr4al-/- (n=84) and mice with a heterozygous Nr4al
loss (EuMyc Nr4al +/-; n=59) was generated and mice were monitored until onset of
disease. With respect to tumor formation, EuMyc Nr4al-/- developed tumors significantly
faster than EuMyc mice without Nr4al loss. In detail, the median tumor formation was 45
days for EuMyc Nr4al-/- compared to 107 days for EuMyc Nr4al+/+ mice (p <0.001).
Likewise, EuMyc Nr4al-/- showed a reduced survival with a median of 92 days compared
to EuMc Nr4al+/+ mice with a median survival of 123 days (p<0.037). In either case,
EuMyc Nrd4al+/- mice gave intermediate results with a median tumor formation of 66 days

(p<0.001) and a median survival of 102 days (p<0.037) (Figure 12).
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Figure 12: Tumor formation and survival in EuMyc Nrdal+/+, EuMyc Nr4al-/- and EuMyc

Nrdal+/- mice.
(a) Tumor formation in EuMyc Nrdal+/+ (blue, n=134), EuMyc Nrdal-/- (red, n=84), and EuMyc

Nrd4al+/- (green, n=59) mice (p<0.001). (b) Survial of EuMyc Nr4al+/+ (blue, n=134), EuMyc Nrdal-
/- (red, n=84), and EuMyc Nr4al+/- (green, n=59) mice (p<0.037).
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In summary, these results demonstrate that Nr4al exerts a tumor suppressive function in

Myc-driven lymphomagenesis by impacting survival and tumor formation.

8.2.2 Nr4al Is Essential to Mediate the Pro-Apoptotic Function of c-Myc at the

Premalignant Stage

Despite the rapid tumor formation in the EuMyc mouse model due to enhanced
proliferation of B cells, this model needs a second hit for tumor formation. This is
characterized by counteracting the pro-apoptotic function of c¢-Myc through inhibition of
the Mdm2-p19Arf-p53 pathway and/ or overexpression of the anti-apoptotic genes Bcl-2
and Bcl-xL (129, 324, 325). Furthermore, caused by c-Myc-driven proliferation,
premalignant EuMyc mice display an expanded population of pre-B cells and immature
IgM+ transitional B (T1) cells. This leads to accumulation of these cells in secondary
lymphoid organs concomitantly with a reduced number of mature B cells. Nevertheless,
expansion of these premalignant cells is time-limited by the pro-apoptotic function of c-
Myc (126). Therefore, the rate of B cell apoptosis in bone marrow and spleen of wt and
Nr4al-/- mice as well as EuMyc Nrd4al-/- and EuMyc Nr4al+/+ mice at an age of 5
weeks, representing the premalignant stage of EuMyc Nrd4al-/- and EuMyc Nrdal+/+
mice, was quantified (n=5 per genotype) by using flow cytometric analysis for cleaved
caspase 3 and Annexin V/ 7AAD staining in combination with antibodies directed against
Cd19, Cd43, I1gM and IgD expressed on B cells.

In the bone marrow, Annexin V levels were 13.3% for EuMyc Nr4al+/+ B cells compared
to 3.4% for EuMyc Nr4al-/- B cells. Furthermore, we observed higher levels of cleaved
caspase 3 comparing B cells from EuMyc Nr4al+/+ to EuMyc Nr4al-/- mice (15.6% vs
3.33%, respectively) (p<0.009). In spleen, the apoptotic potential in more immature
Cd19+IgM- pre-B cells was similar to the trend observed in bone marrow. We detected
15.0% Annexin V positive splenic B cells from EuMyc Nr4al+/+ mice opposed to 1.5% in
EuMyc Nr4al-/- mice. Likewise, cleaved caspase 3 levels were 17.4% for B cells from
EuMyc Nr4al+/+ mice vs 0.8% for those from EuMyc Nr4al-/- mice (p<0.007). With
respect to more mature CD19+IgM+ B cells, we again found higher levels of Annexin V
(15.6% vs 1.1%, respectively) and higher levels of cleaved caspase 3 (19.4% vs 3.3%,
respectively) in EuMyc Nr4al+/+ derived B cells in contrast to EuMyc Nr4al-/- dervived
B cells (p<0.03).
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Apoptosis rate was comparable in EuMyc Nr4al-/-, wt mice and mice with Nr4al loss in

all B cell populations examined in bone marrow and spleen (Figure 13).
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Figure 13: Loss of Nr4al enhances survival of premalignant EuMyc B cells.

Annexin V and cleaved caspase 3 staining of B cells (Cd19+) isolated from bone marrow and pre-B
cells (Cd19+IgM-) and B cells (Cd19 IgM+) isolated from spleen. Data represent means of positive
cells £ SD from at least 4 independent experiments for each genotype. “*” indicates p<0.05 compared to

EuMyc Nrdal+/+.

With respect to the number of the different B cell subpopulations, results were similar,
indicating an enhanced survival of B cells upon the loss of Nr4al in the c-Myc induced
model of lymphomagenesis. A combination of total cell count with different fluorophore-
labeled antibodies for flow cytometric analysis showed that the number of several B cell
populations was increased in EuMyc Nr4al-/- mice at the premalignant stage. While the
numbers of B cells (Cd19+), pro/pre B cells (Cd19+, IgM-, Cd43-), T1 B cells (IgMMieh
Cd21+) and T2 B cells (IgM "&" Cd21+ Cd23+) were similar in the compared cohorts of
wt, Nrdal-/-, EuMyc Nrd4al+/+ and EuMyc Nrd4al-/- mice, respectively, results
demonstrated an increased number of T3 and mature B cells (IgM+ and IgD+) in bone
marrow (4 fold, p<0.03) and spleen 3 fold, p<0.03) of EuMyc Nr4al-/- mice compared to
the other mouse cohorts (Figure 14a & b).
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Figure 14: Loss of Nr4al alters B cell subpopulations at the premalignant stage.

Cell number and B cell subset composition determined by cell counting and flow cytometric analysis of
(a)bone marrow (2 femora) and (b) spleen of 5-week-old mice of the indicated genotypes (n=5). “*”
indicates p<0.05 compared to Nrdal+/+, “A” indicates p<0.05 compared to EuMyc Nrdal-+/+,

“°”p<0.05 compared to Nr4al-/- mice.

Considering that B cells developing in the bone marrow and different B cell populations in
the spleen show a defect in the apoptotic potential and that the numbers of T3 transitional
and mature B cells in the bone marrow and spleen are significantly increased, these results
indicate that Nr4al loss facilitates survival of B cell upon oncogenic stress conditions and

consequently lymphoma development.

8.2.3 Nr4al Loss Leads to a Higher Percentage of B Cells in the Bone Marrow but
Not in Spleen

In order to determine base line values of B cells in the bone marrow and spleen of EuMyc
Nr4al+/+ (n=15) and EuMyc Nr4al-/- mice (n=18), we isolated single cells from the two
respective organs and stained them with antibodies against Cd19 and B220. In spleen, the
percentage of B cells was comparable in both mouse cohorts (61.03% in EuMyc Nrdal+/+
vs 66.28% in EuMyc Nr4al-/- mice, p=0.759, Figure 15a). In contrast we found increased
percentages of B cells in the bone marrow of EuMyc Nr4al-/- mice (50.30%) compared to
the bone marrow of mice without Nr4al loss (33.78%, p=0.065, Figure 15b).
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Figure 15: Percentages of B cells in spleen and bone marrow after transplantation of EuMyc

Nrdal+/+ and EuMyc Nrdal-/- derived tumors.

(a) Spleenic B cells from EuMyc Nrd4al+/+ (black, n=15) or EuMyc Nr4al-/- (white, n=18) were
stained with antibodies against Cd19 and B220 (p=0.759). (b) B cells from bone marrow of EuMyc
Nrdal+/+ (black, n=15) or EuMyc Nr4al-/- (white, n=18) were stained with antibodies against Cd19
and B220 (p=0.065). Each bar represents the mean values of expression levels & standard error of the

mean (SEM). p-values are depicted in the respective graphs.

These data demonstrate that upon loss of Nr4al, B cells preferably infiltrate the bone
marrow as opposed to the spleen and that Nr4al is obviously implicated in tumor cell

dissemination and regulation of infiltrating immune cells.

8.2.4 Genes Involved in Immunoregulation and the NfKb Pathway Are Upregulated
upon Loss of Nrdal

RNASeq enables the determination of differentially transcribed genes of the whole genome
at a given time. As survival analysis as well as B cell development and apoptotic potential
at the premalignant stage revealed differences in EuMyc Nrd4al-/- and EuMyc Nrdal+/+
mice, we decided to determine RNA expression in a total of ten tumors comprising of
EuMyc Nrd4al+/+ (Lexogen 01-05) and EuMyc Nr4al-/- mice (Lexogen 06-10),
respectively (n=5 per group and genotype). Filtered reads were mapped to the Mus
Musculus mm 10 genome and results corrected for multiple testing with the Benjamini

Hochberg method (297) (Figure 16).
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Figure 16: Heat map of the results of RNASeq.

Green represents reduced expression and red enhanced expression of genes. Lexogen 06-10 are EuMc

Nr4al-/- tumors and Lexogen 01-05 are EuMc Nr4al+/+ tumors.

Using a corrected p-value below <0.1 we could detect 57 genes which were significantly
up- and 18 which were significantly downregulated when comparing the EuMyc Nrdal-/-
with the EuMyc Nr4al+/+ mouse. Moreover, applying a log fold change of logFC <1.5 or

logFC >1.5 this number could be decreased to 48 up- and nine genes downregulated (Table

10).

4

Lexagen_01

Lexngen_02

Lexogen_03

Lexogen_04

4

Lexagen

Gimaps
AF30081001Rik
[
Dnasell2

cos
Gmarzas
Pdcdilg=z
Siglech
Colzz
Izumor
SleSalo

AS30099 119 Rk
FamZ1Zb
Abcbhs

tm2zZa

P21

Her
ATO000Z20C10RIK

i
FER0020J00 Rk
SGMmI27T003
Snordss
Znrd1

86



Table 10: Differentially expressed genes in EuMyc Nr4al-/- and EuMyc Nr4al+/+ mice.

Red color denotes upregulated and green color denotes downregulated genes.

Comparison

#Genes (FDR p-
value < 0.10)

#Genes
(uncorrected p-

value < 0.05)

#Genes (FDR p-
value < 0.10;
logFC>1.5 or
logFC<-1.5)

#Genes
(uncorrected p-
value < 0.05;
logFC>1.5 or
logFC<-1.5)

EuMyc Nrdal-/- vs
EuMyc Nrdal+/+

571+18]

8001+412

48149

4101+128]

The gene list of differentially expressed genes was used to perform gene ontology and
Ingenuity Pathway analysis in order to determine whether these genes clustered in distinct
pathways and/ or cellular functions. Results revealed that mainly genes involved in
immunological processes and the Nf-kB pathway were overexpressed in the EuMyc
Nr4al-/- mouse compared to EuMyc mice without Nr4al loss. Among the most prominent
pathways being differentially regulated were negative regulation of T cell proliferation,
negative regulation of response to biotic stimuli, negative regulation of immune response,

lymphocyte migration, chemokine receptors bind chemokines and acute phase response,

respectively (Figure 17).
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Figure 17: Results from the ClueGO analysis.
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Clusters show a network from ClueGO produced using the list of up and downregulated genes for

EuMyc Nr4al-/- vs EuMyc Nrd4al+/+ with 1og2FC<-1.5 or log2FC>1.5, uncorrected p-value <0.05. The

network represents the enriched terms as nodes that are linked based on the similarity of their shared

genes (the size of the node reflects the enrichment significance of the terms). The functional groups are

represented and visualized by their most significant term. The light gray are the ones that didn't group.

The analyses were done using medium GO levels (levels 3-8).
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Validation of the differentially expressed genes was performed by means of semi-
quantitative RQ-PCR. Therefore, RNA was isolated from in total 19 fresh- frozen tumors
specimens derived from 19 EuMyc Nr4al-/- mice (n= 10 IgM- and n= 9 IgM+ tumors) and
21 EuMyc Nr4al+/+ mice (n=13 IgM- and n=8 IgM+ tumors) including those tumors used
for RNASeq. Genes evaluated encompassed those involved in positive and negative
regulation of immune responses of B and T cells, immune checkpoint inhibitors, Nf-kB
target genes as well as proteins regulating cell cycle, respectively. Figure 18 represents the
results for genes involved in B cell immunology (Figure 18a-c) and T cell immunology-
related genes (Figure 19a-c). Germinal center associated signaling and motility (Gesam) —
a protein specific for the germinal center in lymphoid follicles (326, 327), Cc/20 — ligand
for the chemokine receptor CCR6 and important for Ty17 and Treg cell responses (328),
GATA binding protein 3 (Gata 3) — a transcription factor involved especially in Tu2 cell
differentiation (329) and Icos — belonging to a group of cell surface molecules important
for T cell stimulation and proper immune function (330), were significantly upregulated in
EuMyc Nr4al-/- mice compared to EuMyc Nr4al+/+ mice (Figure 18a & 19a). In detail,
Gcesam was 7.4 fold (p=0.014), Cc/20 3.7 fold (p=0.015), Gata3 7.7 fold (p=0.040) and
Icos 7.6 fold (p=0.007) higher expressed in EuMyc Nr4al-/- mice. Moreover, Bcl-2-
related protein A1 (Bcl2ala) (3.7fold, p=0.064) and Bcl-2-related protein D1 (Bcl2ald)
(4.6 fold, p=0.088), being both Bcl-2-related proteins (331), were also upegulated in
EuMyc Nr4al-/- mice (Figure 18a). As the EuMyc tumor model is known to produce pre-
B, immature B, or mixed pre-B/immature B immunophenotypes and that these distinct
types of lymphomas feature different gene expression patterns as well as oncogenic
pathways, we decided to dissect the role of early (IgM-) and late onset lymphomas (IgM+)
in our mouse cohort (126, 332). Interestingly, when dissecting IgM negative and IgM
positive tumors within the two respective groups of EuMyc Nr4al-/- and EuMyc Nrdal+/+
mice, respectively, we found even more genes being significantly differentially expressed
in the IgM- subgroup (Figure 18b & 19b), while this was not the case in the more mature
IgM+ tumor specimens (Figure 18c & 19c¢).
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Figure 18: Semi-quantitative RQ-PCR for genes involved in B cell immunology.

(a) Relative expression values of EuMyc Nr4al+/+ (n=21) and EuMyc Nrdal-/- (n=19) mice (Figure
18a, grey bars). (b) Relative expression levels of I[gM- tumors of EuMyc Nr4al+/+ (n=13) and EuMyc
Nrdal-/- (n=10) mice (Figure 18b, orange bars). (c) Relative expression values of and IgM+ tumors of
EuMyc Nr4al+/+ (n=8) and EuMyc Nr4al-/- (n=9) mice (Figure 18c, blue bars). Each bar represents

the mean values of expression levels = standard error of the mean (SEM). p-values are depicted in the

respective graphs.
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Figure 19: Semi-quantitative RQ-PCR for genes involved in T cell immunology.

(a) Relative expression values of EuMyc Nr4al+/+ (n=21) and EuMyc Nrdal-/- (n=19) mice (Figure
19a, grey bars). (b) Relative expression levels of IgM- tumors of EuMyc Nr4al+/+ (n=13) and EuMyc
Nrdal-/- (n=10) mice (Figure 19b, orange bars). (c) Relative expression values of and I[gM+ tumors of
EuMyc Nr4al+/+ (n=8) and EuMyc Nrd4al-/- (n=9) mice (Figure 19c, blue bars). Each bar represents
the mean values of expression levels + standard error of the mean (SEM). p-values are depicted in the

respective graphs.
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Furthermore, we could detect a significant overexpression of genes involved in the Nf-kB
pathway. Bcl-2 - an anti-apoptotic protein, whose translocation to the IgH locus or over-
expression is an important clinical predictive parameter in indolent and aggressive
lymphomas (333) - was 2.8 fold (p=0.001), and cFlip and Ccndl (Cyclin DI) - involved in
apoptosis and cell cycle control (334-336) - were 2.1 fold (p=0.040) and 1.2 fold (p=0.034)
higher expressed in tumors derived from EuMyc Nr4al-/- mice (Figure 20a). Additionally,
we found a 1.3 fold (p=0.018) increased expression of Ccr7 — important for B and T cell
homing to secondary lymphoid organs and B cell homing to T cell-rich zones (337) - and a
2.8 fold (p=0.004) increased expression Tnfaip3 - a negative feedback regulator of the Nf-
kB pathway (338) - in IgM- tumors of EuMyc Nr4al-/- mice (Figure 20b). Except for Bcl-
2, there were no markedly distinct RNA expression levels in IgM+ positive tumors from

either of the two mouse cohorts (p< 0.05, Figure 20c).
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Figure 20: Semi-quantitative RQ-PCR for Nf-kB target genes.

(a) Relative expression values of EuMyc Nr4al+/+ (n=21) and EuMyc Nrdal-/- (n=19) mice (Figure
20a, grey bars). (b) Relative expression levels of IgM- tumors of EuMyc Nr4al+/+ (n=13) and EuMyc
Nrdal-/- (n=10) mice (Figure 20b, orange bars). (c) Relative expression values of and I[gM+ tumors of
EuMyc Nrdal+/+ (n=8) and EuMyc Nrd4al-/- (n=9) mice (Figure 20c, blue bars). Each bar represents
the mean values of expression levels = standard error of the mean (SEM). p-values are depicted in the

respective graphs.

Last, results showed that when comparing either tumors derived from EuMyc Nrdal-/-
mice to those derived from EuMyc Nr4al+/+ mice or just I[gM- tumors within the two
mouse cohorts, there was a trend of higher expression of immunoregulatory markers on
EuMyc Nr4al-/- derived tumors. Havcr2 (Tim3) was 4.7 fold (p=0.038) overexpressed in
EuMyc mice lacking Nrdal, while Pdcdllg? (Pdl2) showed a significant 15.8 fold
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(p=0.019) higher expression only in IgM- tumors (Figure 2la&b). For other
immunosuppressive molecules like Cd96 and Cd226 a trend was visible in EuMyc Nrdal-
/- mice and IgM- tumors of the latter, while there were no significant differences detectable

in I[gM+ tumors (Figure 21a-c) (234).
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Figure 21: Semi-quantitative RQ-PCR for immunoregulatory molecules.

(a) Relative expression values of EuMyc Nr4al+/+ (n=21) and EuMyc Nrdal-/- (n=19) mice (Figure
21a, grey bars). (b) Relative expression levels of IgM- tumors of EuMyc Nr4al+/+ (n=13) and EuMyc
Nrdal-/- (n=10) mice (Figure 21b, orange bars). (c) Relative expression values of and I[gM+ tumors of
EuMyc Nrdal+/+ (n=8) and EuMyc Nr4al-/- (n=9) mice (Figure 21c, blue bars). Each bar represents
the mean values of expression levels + standard error of the mean (SEM). p-values are depicted in the

respective graphs.
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Altogether, semi-quantitative RQ-PCR could validate the results obtained by RNASeq and
underpin the role of Nr4al loss not only by acceleration of lymphoma formation in the
Myc mouse model, but furthermore by skewing gene expression towards a profile favoring

lymphoma development.

8.2.5 Immunoregulatory Molecules Are Upregulated in Tumors from EuMyc
Nr4al-/- Mice

As results of the RNASeq validation showed that many molecules implicated in
immunological processes were differentially expressed in tumors derived from EuMyc
Nrdal-/- and EuMyc Nr4al+/+ mice, we decided to evaluate the RNA expression levels of
a set of marker molecules known to be important for activation, induction of tolerogenic
processes, and a set of cytokines involved in immunoregulatory processes. Therefore, the
markers tested, were subdivided into three distinct groups, including molecules having an
immunosuppressive effect, costimulatory molecules, and a set of cytokines and
transcription factors.

RNA was isolated from frozen tumor samples derived from EuMyc Nr4al-/- and EuMyc
Nrdal+/+ mice (n=20 per genotype). Tpb, Hprt, Actb and Ppia served as housekeeping
genes.

With respect to immunoinhibitory molecules, the majority of molecules tested was higher
expressed in tumors from EuMyc mice with Nr4al loss. As shown in Figure 22, Pdl and
both of its ligands Pd/I and PdI2, were all overexpressed upon loss of Nr4al. In detail we
detected a 19.7 fold higher expression of Pdl (p=0.000), a 3.7 fold higher expression of
Pdll (p=0.101) and a 5.8 fold higher expression of Pdl2 (p=0.013) in tumors from EuMyc
Nr4al-/-. Furthermore, Lag3 (5.4 fold, p=0.002), Tim3 (2.3 fold, p=0.144), as well as its
ligand Gal9 (2.2 fold, p=0.002) were also higher expressed in EuMyc derived tumors with
Nr4al loss (Figure 22).
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Figure 22: Semi-quantitative RQ-PCR for immunoinhibitory genes in primary tumors.

Relative expression values of EuMyc Nrd4al+/+ (n=20, blue bars) and EuMyc Nr4al-/- mice (n=20, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.
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Likewise, several other - more or less well-known - immunoinhibitory molecules were
overexpressed in primary tumors derived from EuMyc Nrd4al-/- compared to tumors
derived from EuMyc Nr4al+/+ mice. We found an overexpression of the inhibitory
molecules Cd96 (11.5 fold, p=0.028) and its ligands Cd/12 (4.1 fold, p=0.001) and Cd155
(3.2 fold, p=0.007) in tumors from EuMyc Nr4al-/- mice. Furthermore, Btla (2 fold,
p=0.009), Hvem (2.3 fold, p=0.002) and Cdi60 (7.9 fold, p=0.009) were all higher
expressed in tumors from EuMyc Nrdal-/- mice compared to tumors from EuMyc
Nr4al+/+ mice. In contrast the expression levels of Tigit and Ctla4 were similar in both
mouse cohorts evaluated, with a rather slightly higher expression in tumors derived from
EuMyc Nr4al+/+ mice. Results showed a 1.1 fold higher expression of Tigit (p=0.880) and
1.2 fold higher expression levels of Ct/a4 (p=0.832) in tumors without Nr4al loss. (Figure
23).
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Figure 23: Semi-quantitative RQ-PCR for immunoinhibitory genes in primary tumors (cont.)

Relative expression values of EuMyc Nrdal+/+ (n=20, blue bars) and EuMyc Nr4al-/- mice (n=20, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.
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Interestingly, many molecules with an immunostimulatory function were also
overexpressed in tumors from of EuMyc Nr4al-/- mice (Figure 24). In primary tumors, we
found higher expression levels of members of the Cd80/Cd86—Cd28/Ctlad IgG
superfamily. In tumors of EuMyc mice with Nr4al loss, Cd28 was 13.3 fold higher
(p=0.001), Cd80 8.3 fold higher (p=0.000), and Cd86 1.7 fold higher (p=0.003) expressed.
Moreover, the co-stimulatory molecules Icos and its ligand IcosL were 5.2 fold (p=0.002)
and 1.5 fold (p=0.304) higher expressed, respectively. Irak4, another immunostimulatory
molecule, was also 2.2 fold (p=0.001) overexpressed in EuMyc Nr4al-/- tumors. Last,
Cd25 and Cd226 showed quite a high overexpression in EuMyc tumors with Nr4al loss.
Cd25 was 7.7 fold (p=0.025) and Cd226 was 9.4 fold (p=0.004) higher expressed on these

tumor cells.
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Figure 24: Semi-quantitative RQ-PCR for immunostimulatory genes in primary tumors.

Relative expression values of EuMyc Nrdal+/+ (n=20, blue bars) and EuMyc Nr4al-/- mice (n=20, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.
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Regarding cytokine and transcription factor expression profiles, we determined expression
levels of several pro- and anti-inflammatory cytokines and expression of Foxp3.
Expression of the anti-inflammatory interleukin 10 was slightly higher in EuMyc
Nr4al+/+ derived tumors (1.2 fold, p=0.074). The immunoinhibitory transcription factor
Foxp3 was 5.2 fold higher expressed in EuMyc Nr4al-/- tumors (p=0.007). Similarly, we
found a 2.9 fold overexpression of //2 in the same tumor specimens (p=0.565). Members of
the 1112 family of cytokines showed all an enhanced expression in EuMyc Nr4al-/- tumors
as opposed to EuMyc Nrd4al+/+ tumors. /12 was 9.7 fold (p=0.003), 7123 5.1 fold
(p=0.002), and 7127 2.1 fold (p=0.101) higher expressed. ///7 was found to be 3.8 fold
overexpressed in EuMyc Nr4al+/+ tumors compared to EuMyc Nrdal-/- tumors
(p=0.836), while 7/21 was 1.3 fold higher (p=0.199) and 7716 2.9 fold higher (p=0.000)
expressed in EuMyc tumors with Nrdal loss. Interestingly, we detected a 3 fold
overexpression of /FFNy in tumors without Nr4al loss (p=0.001) (Figure 25).
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Figure 25: Semi-quantitative RQ-PCR for cytokines and transcription factors in primary tumors.

Relative expression values of EuMyc Nrdal+/+ (n=20, blue bars) and EuMyc Nr4al-/- mice (n=20, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.
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Taken together, the expression data of tumors of both mouse cohorts demonstrate that the
loss of Nr4al leads to an upregulation of many immunoregulatory molecules. Importantly,
many of them have immunoinhibiting functions on diverse immune cells. This indicates a

role of Nr4al in immunomodulation.

8.2.6 Nr4al Loss Leads to Decreased Survival upon Transplantation of Tumors into

wt but Not into Immunodeficient Mice

Based on the fact that the Nr4al-/- mouse has an immunological phenotype and, on our
observation, that Nr4al loss resulted in higher expression of genes being implicated in
immunoregulation, we decided to decipher this effect by transplantation of tumor cells into
wt and immunodeficient mice. It has been described that Nr4al-/- mice lack Ly6C
monocytes subpopulations, and harbour changes in macrophage tolerance and
phagocytosis, clonal deletion, Treg cell differentiation and increased numbers of Cd8 T
cells (339-341).Therefore, we transplanted single cell suspensions derived from tumors of
EuMyc Nr4al-/- and EuMyc Nr4al+/+ into C57/Bl6 wt recipients (n=20 per genotype) as
an immunocompetent model and Fox Scid Beidge mice (n=15 per genotype) as an
immunodeficient model to investigate the lymphoma cell intrinsic function and the
immune regulatory function of Nr4al loss in Myc-driven lymphomagenesis.

Fourteen wt mice transplanted with EuMyc Nr4al-/- tumor cells and thirteen mice
transplanted with EuMyc Nr4a +/+ tumor cells developed visible tumors. In five Fox Scid
Beidge mice we could not detect any engraftment of either tumor cells derived from
EuMyc Nrdal-/- or EuMyc Nr4al mice, respectively.

In both experiments, mice were monitored on a daily base until onset of overt disease,
ruffled fur and signs of poor general condition. As shown in Figure 26a, the median
survival of mice transplanted with EuMyc Nr4al-/- tumor cells (red line) was 23 days
compared to 28 days for mice transplanted with EuMyc-derived tumors without Nr4al loss
(blue line) (p= 0.003; Figure 26a). In contrast, we did not observe any differences in
survival upon transplantation of tumor cells derived from either EuMyc Nr4al-/- (red line)
or EuMyc Nr4al+/+ (blue line) mice into immunodeficient Fox Chase SCID Beige mice
(median survival 24 days for EuMyc Nrd4al-/- derived tumors and 23 days for EuMyc
Nr4al+/+ derived tumors; p=0.552, Figure 26b).
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Figure 26: Kaplan Meyer analysis of wt C57/Bl6 and immunodeficient Fox Chase SCID Beige

recipients after transplantation with tumor cells.

(a) C57/BI6 mice were injected i.v. with tumors derived from EuMyc Nr4al+/+ mice (n=13, blue line)
or EuMyc Nr4al-/- mice (n=14, red line) and survival was monitored (p=0.003). (b) Fox Chase SCID
Beige mice were injected i.v. with tumors derived from EuMyc Nr4al+/+ mice (n=10, blue line) or

EuMyc Nr4al-/- mice (n=10, red line) and survival was monitored (p=0.552).

These data indicate that the tumor microenvironment plays a role in Nr4al-mediated

lymphomagenesis.

8.2.7 Nr4al Loss Is Linked to a Higher Dissemination Potential of Tumor Cells into

Bone Marrow of wt but Not Immunodeficient Mice

Dissemination of lymphoid neoplasms is, like metastasis in solid tumors, a hallmark of
these diseases. It is guided by adhesion molecules as well as chemokines and their
receptors, and is therefore linked to specific tissues for distinct lymphoma entities and
influenced by the interaction of malignant cells with immune cells (342, 343). With this
respect, we investigated dissemination of tumor cells from EuMyc Nr4al+/+ and EuMyc
Nr4al-/- tumors into bone marrow and spleen and compared data of C57/Bl6 and Fox
Chase Scid Beige mice. Therefore, tumor single cell suspensions were stained with
antibodies against Cd19 and B220, and expression levels of B cells were detected by flow

cytometric analysis. After transplantation of tumors cell into C57/Bl6 wt mice we observed
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a similar percentage of B cells in the spleen while we found increased percentages of B
cells in the bone marrow. In detail, we found 28.1% vs 31.2% Cd19+ B220+ cells in the
spleen of wt mice after transplantation of EuMyc Nr4al+/+ and EuMyc Nr4al-/- tumors,
respectively (Figure 27a, p=0.778). In contrast, the percentage of B cells in the bone
marrow of wt mice was 42.0% after transplantation of EuMyc Nr4al+/+ tumors and 62.5%
after transplantation of tumors with Nr4al loss (Figure 27b, p=0.065). Importantly,
differences in dissemination into spleen and bone marrow were negligible in Fox Chase
Scid Beige mice. In the spleen of immunodeficient mice we detected 48.3% vs 37.9%
when comparing transplantation of EuMyc Nrdal-/- to EuMyc Nr4al+/+ tamors (Figure
27¢c, p=0.673). Furthermore, there was no difference regarding dissemination into the bone
marrow with similar percentages of B cells upon transplantation of both tumor genotypes
(44.9% vs 41.1% for EuMyc Nr4al-/- and EuMyc Nr4al+/+ tumors, respectively, Figure
27d, p=1.000).

105



80

80

a SPL b p=0.065 BM
A A T

60 1 60 1
=2 p=0.778 =
Y | 40 Y |40
ks T G
1] 9]
Qo Qo
S 20 4 E 20 +
c c
9] ]
(8] o
— —
9] o]
[« N o

0 0

B cells B cells
80 80
c s SPL d BM
A p=0. A p=1.000

60 4 60 4
) ©n T
Y |40 I Y |4
[T [
o [9)
] u
ap Q0
S |l S P
c c
9] L]
[S] (8]
— —
o] o]
o a

0- 0

B cells B cells

. EuMyc Nrdal+/+ Tx I:' EuMyc Nrdal-/- Tx

Figure 27: Percentages of B cells in spleen and bone marrow after transplantation of C57/Bl6 and

Fox Chase Scid Beige mice with EuMyc Nrd4al+/+ or EuMyc Nr4al-/- derived tumors.

(a) Single cell suspensions of spleen cells derived from wt mice transplanted with tumors from EuMyc
Nrdal+/+ (n=13 black bar) or EuMyc Nrd4al-/- (n=14, white bar) mice were stained with antibodies
against Cd19 and B220. (b) Single cell suspensions of bone marrow cells derived from wt mice
transplanted with tumors from EuMyc Nr4al+/+ (n=13 black bar) or EuMyc Nr4al-/- (n=14, white bar)
mice were stained with antibodies against Cd19 and B220. (c) Single cell suspensions of spleen cells
derived from immunodeficient mice transplanted with tumors from EuMyc Nr4al+/+ (n=10 black bar)
or EuMyc Nrd4al-/- (n=10, white bar) mice were stained with antibodies against Cd19 and B220. (d)
Single cell suspensions of bone marrow cells derived from immunodeficient mice transplanted with
tumors from EuMyc Nr4al+/+ (n=10 black bar) or EuMyc Nr4al-/- (n=10, white bar) mice were
stained with antibodies against Cd19 and B220. Each bar represents the mean values of expression

levels + standard error of the mean (SEM). p-values are depicted in the respective graphs.
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These results show that spreading of tumor cells exhibiting Nr4al loss - especially into the
bone marrow - is higher in immunocompetent mice. Lack of tumor microenvironment in
immunodeficient mice diminishes dissemination and thus underpins the role of

immunoregulatory mechanisms in Nr4al-based tumor development.

8.2.8 Transplantation of Tumors into C57/Bl6 Mice Further Enhances the

Immunomodulatory Effect of Nr4al Loss

In order to compare expression levels of those immunoregulatory molecules examined in
primary tumors, tumor tissue of transplanted C57/Bl6 mice (n=13 for EuMyc Nrdal+/+
and n=14 for EuMyc Nr4al-/- mice) was frozen and further analyzed by RQ-PCR. In
accordance with the higher expression levels of immunosuppressive molecules detected on
tumor cells of primary tumors, we could confirm these results in transplanted tumors. Pd!
was 5.9 fold overexpressed in transplanted tumors from EuMyc Nr4al-/- mice (p=0.027),
while its ligands Pd/l and Pdl2 were 7.9 fold (p=0.038) and 9.04 fold (p=0.007)
overexpressed. Expression levels of the other molecules were 3.5 fold higher in the tumors
derived from transplantation of tumors with Nr4al loss for Tim3 (p=0.293), 3.2 fold higher
for Gal9 (p=0.027), and 5.2 fold higher for Lag3 (p=0.013) (Figure 28).
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Figure 28: Semi-quantitative RQ-PCR for immunoinhibitory genes in tumors from

transplantation of C57/Bl6 mice.

Relative expression values of EuMyc Nr4al+/+ (n=13, blue bars) and EuMyc Nr4al-/- mice (n=14, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.

108



With respect to expression levels of other immunoinhibitory molecules, the levels ranged
from a 1.4 fold overexpression for Tigit (p=0.421) to a 55.6 fold overexpression for Ctla4
(p=0.006) in EuMyc Nr4al-/- derived transplanted tumors, which is in contrast to primary
tumors. Moreover, we detected a 3.6 fold higher expression of Cd96 (p=0.003) and a 5.2
fold and 3.6 fold higher expression of its ligands Cd/55 (p=0.021) and Cd112 (p=0.218),
respectively, in EuMyc Nr4al-/- derived transplanted tumors. Likewise, Hvem was 3.9 fold
(p=0.042), Btla 2.4 fold (p=0.003), and Cd160 2.8 fold (p=0.108) overexpressed upon

transplantation of tumors with Nr4al loss (Figure 29).
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Figure 29: Semi-quantitative RQ-PCR for immunoinhibitory genes in tumors from

transplantation of C57/B16 mice (cont).

Relative expression values of EuMyc Nrdal+/+ (n=13, blue bars) and EuMyc Nr4al-/- mice (n=14, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.
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As shown in Figure 30, the expression levels of immunostimulatory molecules was
changed for some genes tested when comparing primary to transplanted tumors.
Expression levels of Cd25 (p=0.602), Cd80 (p=0.955) and Irak4 (p=0.941) were similar in
both groups. All other genes examined, were higher expressed in tumors derived from
mice transplanted with EuMyc Nr4al-/- tumors opposed to mice transplanted with tumors
without Nr4al loss. In particular, Cd28 was 3.6 fold higher (p=0.128), Cd86 1.5 fold
higher (p=0.186), Cd226 4 fold higher (p=0.027), and Icos and IcosL 4.6 fold (p=0.104)
and 3.7 fold (p=0.026) higher expressed.
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Furthermore, we examined again RNA expression levels of several cytokines and Foxp3
(Figure 31). Intriguingly, expression levels of the proinflammatory cytokine Ifny were
drastically diminished in EuMyc Nr4al-/- derived tumors (7.9 fold lower expression
compared to tumors derived from transplantations without Nr4al loss, p=0.020), while
expression levels of the anti-inflammatory cytokine ///0 were 6.9 fold increased in the
same tumors (p=0.09). Moreover, we found an 81 fold overexpression of //2 in tumors
with Nr4al loss (p=0.034), while Foxp3 expression was almost the same in both groups
(p=0.738). Several other cytokines were higher expressed in tumors derived from
transplantations of EuMyc Nr4al-/- tumors. Among them /12 (2 fold, p=0.298), Il17a (2.6
fold, p=0.688), 1121 (13.4 fold; p=0.870), and 1/27 (7.4 fold, p=0.01). Interestingly, /23,
forming a heterodimeric protein with the 11-12p40 subunit was 1.9 fold lower expressed in
EuMyc Nr4al-/- derived tumors as opposed to 7/12 (p=0.499). For 1116 we could not detect

any differences in the expression levels similar to the expression of Foxp3 (p=0.765).
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Figure 31: Semi-quantitative RQ-PCR for cytokines and transcription factors in tumors from

transplantation of C57/Bl6 mice.

Relative expression values of EuMyc Nrdal+/+ (n=13, blue bars) and EuMyc Nr4al-/- mice (n=14, red
bars). Each bar represents the mean values of expression levels + standard error of the mean (SEM). p-

values are depicted in the respective graphs.
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Collectively, these data underpin the immunomodulatory role of the orphan receptor Nr4al
and shows its tumor suppressive function by transcriptionally regulating genes involved in

immunoregulation.

8.2.9 Transplantation of Tumor Cells Exhibiting Nrdal Loss Leads to an Altered

Immune Cell Infiltrate of Tumors in wt Mice

Fox Chase SCID Beige mice have non-functional T- and B cell compartments was well as
missing NK cells. This indicates that these cells might contribute to immunosurveillance
mechanisms owing to loss of Nr4al. Therefore, tumors of C57/Bl6 wt recipients
transplanted with tumor cells from EuMyc Nrd4al-/- (n=12) or EuMyc Nr4al+/+ (n=12)
mice were isolated upon tumor formation. Single cell suspensions of these tumors were
stained with antibodies against Cd19, B220 and TCRB, respectively, and cells were
subjected to flow cytometric analysis. Interestingly, we detected more reactive B
(B220+Cd19+) cells, corresponding to the hosts’ own B cells, and T cell (Tcrf3+) infiltrates
in tumors of wt mice transplanted with tumor cells derived from EuMyc Nr4al-/- mice.
Determination of the percentages of B- and T cells in developing tumors gave 1.4% vs
3.1% reactive B cells and 4.9% vs 12.2% T cells in transplanted tumors from EuMyc
Nr4al+/+ mice compared to those from EuMyc Nr4al-/- mice (Figure 32).
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Figure 32: Percentages of reactive B cells and T cells in tumors after transplantation of C57/Bl6

mice with EuMyc Nrdal+/+ or EuMyc Nr4al-/- derived tumors.

Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from EuMyc
Nr4al+/+ (n=12, black bars) or EuMyc Nr4al-/- (n=12, white bars) mice were stained with antibodies
against Cd19 and B220 (reactive B cells) and TcrB3 (T cells). Each bar represents the mean values of

expression levels + standard error of the mean (SEM). p-values are depicted in the respective graphs.
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To evaluate the possible contribution of immunoregulatory molecules, which may dampen
the immune response against tumors exhibiting Nr4al loss, we first investigated the
expression levels of immune checkpoint inhibitors on B and T cells. Cd3 and Cd19 were
used together with Pdl, Pdll and Tim3, respectively, to identify T (Cd45+Cd19-
Cd3+Pd1+ or Cd45+Cd19-Cd3+Tim3+) and B cells (Cd19+Pdll+) expressing these
immunoregulatory molecules. As shown in Figure 33, we could detect higher mean
fluorescence intensities (MFI) of all three marker molecules on tumors developed after
transplantation of C57/Bl6 mice with EuMyc Nr4al-/- tumors. Pdl expression on Cd3
cells was 720.7 MFI vs 4034.5 MFI comparing transplanted tumor cells from EuMyc
Nrdal+/+ to EuMyc Nr4al-/- mice (p=0.135). Likewise, we found elevated levels of Tim3
on Cd3 positive cells (44.2 MFI in EuMyc Nrdal+/+ vs 227.5 MFI in EuMyc Nrdal-/-
derived tumors, p=0.161) and Pdll on Cd19 positive B cells (682.8 MFI in EuMyc
Nrdal+/+ vs 1234.5 MFI in EuMyc Nr4al-/- derived tumors, p=0.273).
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Figure 33: MFI of Pd1, Tim3 and Pdl1 expression on Cd3 and Cd19 positive cells in tumors after
transplantation of C57/Bl16 mice with EuMyc Nr4al+/+ or EuMyc Nr4al-/- derived tumors.

Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from EuMyc
Nrdal+/+ (n=12, black bars) or EuMyc Nrd4al-/- (n=12, white bars) mice were stained with antibodies
against Cd45, Cd19, Cd3 and Pdlor Tim3, respectively, and Cd45, Cd19 and PdlI1. Each bar represents
the mean values of expression levels = standard error of the mean (SEM). p-values are depicted in the

respective graphs.
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Thus, we looked more in detail into two major T cell subsets, the Cd4 and Cd8 T cells.
Both types play a key role in adaptive immunity and while CD8 T cells exert cytotoxic
functions (344), CD4 T cells — among other functions - provide help to stimulate immune
responses (345). We could not detect a correlation of either more cytotoxic or helper T
cells to the increased percentage of T cells in the tumor. In the Cd8 subset, (Cd45+Cd19-
Cd3+Cd8+) the percentage of cells was comparable in both groups (1.0% in EuMyc
Nrdal+/+ vs 1.1% in EuMyc Nr4al-/- derived tumors, p=0.538) while in the Cd4 subset
(Cd45+Cd19-Cd3+Cd4+) we saw an increase in Cd4 T cells upon transplantation of
EuMyc Nrd4al+/+ derived tumors (3% in EuMyc Nrd4al+/+ vs 1.9% in EuMyc Nrdal-/-
derived tumors, p=0.187) (Figure 34a). Importantly, results showed a higher expression of
immunoregulatory marker molecules on cytototxic Cd8 T cells. We detected both, more
Pdl (Cd45+Cd19-Cd3+Cd8+Pd1+) (569.3 MFI for EuMyc Nrdal+/+ vs 5061.7 MFI for
EuMyc Nr4al-/- derived tumors, p=0.063) and Tim3 (Cd45+Cd19-Cd3+Cd8+Tim3+) (10
MFI for EuMyc Nr4al+/+ vs 73.02 MFI for EuMyc Nr4al-/- derived tumors, p=0.053). In
the Cd4 T cell subpopulation we could also show an increased expression of both
immunomodulatory markers. We determined Pdl (Cd45+Cd19-Cd3+Cd4+Pd1+)
expression to be 838.4 MFI for EuMyc Nrdal+/+ vs 5139 MFI for EuMyc Nrd4al-/-
derived tumors (p=0.143), and Tim3 (Cd45+Cd19-Cd3+Cd4+Tim3+) expression to be
56.2 MFI for EuMyc Nr4al+/+ vs 146.2 MFI for EuMyc Nr4al-/- derived tumors
(p=0.270) (Figure 34b).
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Figure 34: Percentages of Cd8+ and Cd4+ T cells and MFI of Pd1 and Tim3 expression on these
cells in tumors after transplantation of C57/Bl6 mice with EuMyc Nr4al+/+ or EuMyc Nrdal-/-

derived tumors.

(a) Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from
EuMyc Nrd4al+/+ (n=12, black bars) or EuMyc Nrd4al-/- (n=12, white bars) mice were stained with
antibodies against Cd45, Cd19, Cd3 and Cd8 or Cd4, respectively. (b) Single cell suspensions of tumor
cells derived from transplantation of wt mice with tumors from EuMyc Nr4al+/+ (n=12, black bars) or
EuMyc Nrdal-/- (n=12, white bars) mice were stained with antibodies against Cd45, Cd19, Cd3 and
Cd8 or Cd4, respectively together with staining of either Pd1 or Tim3. Each bar represents the mean
values of expression levels + standard error of the mean (SEM). p-values are depicted in the respective

graphs.

These results suggest that even though Nr4al loss provokes higher immune cell infiltrates,
these infiltrating cells might be blocked in their anti-tumoral activity as shown by higher
MFI of Pdl expression on T cells, leading to a faster outgrowth of tumors upon

transplantation of EuMyc Nr4al-/- derived tumor cells.

Another important characteristic of proper T cell function is the differentiation of naive
cells to more experienced memory and effector cells. Naive, central memory, effector
memory and effector cells can be characterized by combinations of different marker
molecules and represent distinct features regarding extravasation from lymphoid tissue and
cytokine secretion (346). Hence, we performed further evaluation of distinct T cell
subpopulations using Cd62L and Cd44 expression. Analysis of T cell differentiation states

using the pan T cell marker Cd3 - ranging from the naive to more educated states with
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prior antigen contact and cytotoxic populations — revealed no marked differences in Cd3 T
cells. Naive T cells (Cd45+Cd19-Cd3+Cd44-Cd62L+) were 3.6% vs 18.7% (p=0.121),
central memory (CM, Cd45+Cd19-Cd3+Cd44+Cd62L+) were 9.5% vs 6.1% (p=0.083),
effector memory (EM, Cd45+Cd19-Cd3+Cd44+Cd62L-) 32.2% vs 36.5% (p=0.770), and
double negative (-/-, Cd45+Cd19-Cd3+Cd44-Cd62L-) were 62.6% vs 43.5% comparing
tumors from wt mice transplated with EuMyc Nr4al+/+ and EuMyc Nr4al-/- tumors,
respectively (Figure 35).
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Figure 35: Percentages of T cell subpopulations of Cd3+ cells in tumors after transplantation of

C57/B16 mice with EuMyc Nrdal+/+ or EuMyc Nrdal-/- derived tumors.

Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from EuMyc
Nrdal+/+ (n=12, black bars) or EuMyc Nr4al-/- (n=12, white bars) mice were stained with antibodies
against Cd45, Cd19, Cd3, Cd62L and Cd44, respectively. Each bar represents the mean values of

expression levels + standard error of the mean (SEM). p-values are depicted in the respective graphs.

Further characterization of Cd8 and Cd4 positive T cells demonstrated that subtypes where
significantly changed in the Cd4 T cell population. In the Cd8 positive T cell population,
naive T cells (Cd45+Cd19-Cd3+Cd8+Cd44-Cd62L+) were 20.1% vs 30.3% (p=0.121),
central memory (Cd45+Cd19-Cd3+Cd8+Cd44+Cd62L+) were 8.8% vs 12.0% (p=0.105),
effector memory (Cd45+Cd19-Cd3+Cd8+CD44+Cd62L-) 14.7% vs 25.3% (p=0.196)
comparing tumors from wt mice transplated with EuMyc Nrd4al+/+ or EuMyc Nrdal-/-
tumors (Figure 36a). In the Cd4 T cell compartment we detected 16.2% vs 30.2.7% naive
T cells (Cd45+Cd19-Cd3+Cd4+Cd44-Cd62L+, p=0.055), 1.2% vs 3.8% central memory
Cd4 T cells (Cd45+Cd19-Cd3+Cd4+Cd44+Cd62L+, p=0.034), and 19.3% vs 37.9%
(Cd45+Cd19-Cd3+Cd4+Cd44+Cd62L-, p=0.033) effector memory Cd4 T cells comparing
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transplation of EuMyc Nr4al+/+ or EuMyc Nr4al-/- tumors (Figure 36b). Interestingly, in
both subtypes we noted a decreased expression of double negative effector cells upon
transplantation of tumors with Nr4al loss (49.95% vs 39.8% in Cd8 T (Cd45+Cd19-
Cd3+Cd8+Cd44-Cd62L-) cells and 63.3% vs 34.0% in Cd4 T (Cd45+Cdl19-
Cd3+Cd4+Cd44-Cd62L-) cells comparing EuMyc Nrdal+/+ to EuMyc Nrdal-/- tamors
(Figure 36a and b).
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Figure 36: Percentages of T cell subpopulations in Cd8+ and Cd4+ T cells in tumors after
transplantation of C57/Bl16 mice with EuMyc Nr4al+/+ or EuMyc Nr4al-/- derived tumors.

(a) Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from
EuMyc Nrdal+/+ (n=12, black bars) or EuMyc Nrd4al-/- (n=12, white bars) mice were stained with
antibodies against Cd45, Cd19, Cd3, Cd8, Cd62L and Cd44, respectively. (b) Single cell suspensions of
tumor cells derived from transplantation of wt mice with tumors from EuMyc Nr4al+/+ (n=12, black
bars) or EuMyc Nr4al-/- (n=12, white bars) mice were stained with antibodies against Cd45, Cd19,
Cd3, Cd4, Cd62L and Cd44, respectively. Each bar represents the mean values of expression levels +

standard error of the mean (SEM). p-values are depicted in the respective graphs.
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Last, we investigated the contribution of two other T cell subtypes belonging to the Cd4 T
cell subset and being characterized by Roryt and 1117 (Cd45+Cd19-Cd3+Cd4+Roryt+) or
Cd25/Foxp3 (Treg cells, Cd45+Cd19-Cd3+Cd4+Foxp3+) expression. While Tul7 cells
exert a proinflammatory function (347), regulatory T cells suppress other T cell
populations (348). Therefore, cells were subjected to Cd3 and Cd4 staining together with
intracellular staining of the transcription factors Roryt or Foxp3, respectively. In the Tnl7
subset we detected 14.1% vs 19.5% (p=0.644), and in the regulatory subset 13.2% vs
12.2% (p=0.510) in tumors derived from transplantation of EuMyc Nr4al+/+ or EuMyc
Nr4al-/- derived tumor cells (Figure 37).
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Figure 37: Percentages of Treg and Tnl7 cells in tumors after transplantation of C57/Bl6 mice

with EuMyc Nrdal+/+ or EuMyc Nr4al-/- derived tumors.

Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from EuMyc
Nrdal+/+ (n=12, black bars) or EuMyc Nr4al-/- (n=12, white bars) derived tumors were stained with
antibodies against Cd45, Cd19, Cd3, Cd4, Foxp3 and Roryt, respectively. Each bar represents the mean
values of expression levels + standard error of the mean (SEM). p-values are depicted in the respective

graphs.

These findings underpin the idea that higher expression of immunoregulatory molecules on
T cells is rather responsible for reduced survival upon transplantation of EuMyc Nrdal-/-
tumors than regulatory T cells or an imbalance in other inflammatory T cell subsets.
Moreover, distinct T cell subpopulations, especially in the Cd4 T cell subtype, might

contribute to the observed effects.
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Apart from looking at the adaptive immune system, we evaluated cells of the innate
immune system and myeloid subpopulations. With respect to the innate cells, ydTcr,
NKp46 and Cd3 were used to examine the expression levels of atypical T cells bearing the
vo T cell receptor as well as NK and NKT cells. As shown in Figure 38, all examined
subpopulations were rarely found in the engrafted lymphomas. We detected 0.05% vs
0.18% vy6 T cells (Cd45+Cd19-Cd3+Cd4-Cd8-ydTcr+), 0.06% vs 0.25% NKT cells
(Cd45+Cd19-Cd3+Cd4-Cd8-NKp46+), and 0.21% vs 0.20% NK cells (Cd45+Cd19-Cd3-
NKp46+) in tumors from transplantation of EuMyc Nrd4al+/+ or EuMyc Nr4al-/- derived

tumor cells, respectively.
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Figure 38: Percentages of Yo T cells, NKT cells and NK cells in tumors after transplantation of
C57/Bl6 mice with EuMyc Nr4al+/+ or EuMyc Nr4al-/- derived tumors.

Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from EuMyc
Nrdal+/+ (n=12, black bars) or EuMyc Nr4al-/- (n=12, white bars) mice were stained with antibodies
against Cd45, Cd19, Cd3, Cd4, CdS8, ydTcr, and NKp46, respectively. Each bar represents the mean
values of expression levels + standard error of the mean (SEM). p-values are depicted in the respective

graphs.

To check, whether differences were also present in cells of the myeloid lineage, we stained
cells with markers against Cd11b, Ly6c, Ly6g, Cdl1c and F4/80. Although infiltrates of
myeloid cells in tumors were scarce, tumors derived from EuMyc Nr4al-/- cells had 0.9%
neutrophils (Cd45+Cd19-Ly6G+) and 0.4% monocytes (Cd45+Cd19-Ly6G-F4/80-Cd11c-
Cd11b+Ly6C+) compared to tumors derived from transplantation of EuMyc Nrdal+/+
cells (0.2%, p=0.007 and 0.2%, p=0.291, respectively). In contrast the percentage of
macrophages (Cd45+Cd19-Ly6G-F4/80+Cdl1lct+) was lower in tumors derived from
transplantation of EuMyc Nrd4al-/- cells (0.5%) than from EuMyc Nr4al+/+ cells (0.6%,
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p=0.210) (Figure 39a). Interestingly, we detected a significantly higher percentage of Pdll
in all myeloid subpopulations examined (Figure 39b). Pdll expression was 420.8 MFI vs
825.6 MFI (p=0.030) on neutrophils (Cd45+Cd19-Ly6G+Pdl1+), 625.9 MFI vs 943.0 MFI
(p=0.055) on monocytes (Cd45+Cd19-Ly6G-F4/80-Cd11c-Cd11b+Ly6C+Pdll), and
1980.0 MFI vs 3420.6 MFI (p=0.017) on macrophages (Cd45+Cd19-Ly6G-
F4/80+Cd11c+Pdll) comparing tumors derived from EuMyc Nr4al+/+ to EuMyc Nrdal-/-
cells (Figure 39b).
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Figure 39: Percentages of neutrophils, monocytes, and macrophages and MFI of Pdll expression
of these cells in tumors after transplantation of C57/Bl6 mice with EuMyc Nrdal+/+ or EuMyc

Nr4al-/- derived tumors.

Single cell suspensions of tumor cells derived from transplantation of wt mice with tumors from EuMyc
Nrdal+/+ (n=12, black bars) or EuMyc Nrd4al-/- (n=12, white bars) mice were stained with antibodies
against Cd11b, Ly6c, Ly6g, Cdllc, F4/80 and Pdll1, respectively. Each bar represents the mean values

of expression levels + standard error of the mean (SEM). p-values are depicted in the respective graphs.

This is in detail interesting as the immunosuppressive phenotype of myeloid cells, induced
by changes in the tumor microenvironment (349), might contribute to or synergize with
expression of immunoregulatory molecules on B and T cells, thereby presumably

facilitating lymphoma development.
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9 Discussion

The first part of this project (reproduced from Fechter K. et al. (286) with permission of
Scientific Reports) was designed to investigate the subcellular expression pattern of
NR4A1 in human aggressive lymphomas and so to elucidate the non-genomic -
cytoplasmic - role of NR4Al in induction of apoptosis in distinct lymphoma subtypes.
Although there is growing evidence that NR4Al plays an important role in human
tumorigenesis and lymphomagenesis (258, 275, 284, 285) and that the apoptotic effects of
a number of anti-tumoral agents are mediated by the cytoplasmic function of NR4AT1 (258,
275), data on the clinico-pathological relevance of intracellular localization (cytoplasmic
and nuclear) of NR4A1 in tumors and especially on lymphoma are scarce. To the best of
our knowledge, only one study has dealt with protein levels in cytoplasm of another
member of the Nur77 family of nuclear orphan receptors, namely NR4A2. In that study,
high levels of cytoplasmic NR4A2 were associated with adverse outcome in bladder cancer
patients (350). Contrary to that, our survival analysis clearly demonstrated that high
cytoplasmic NR4A1 levels were associated with a favorable clinical course in DLBCLs by
performing uni- and multivariate survival analyses. Survival analysis using cytoplasmic
NR4A1 levels exhibited a lower p-value than using NR4A41 expression levels, suggesting
cytoplasmic NR4Al as a better predictive marker in aggressive lymphomas. Nevertheless,
it is noteworthy that cytoplasmic NR4A1 is highly associated with distinct DLBCL
subtypes. Moreover, it is when compared to the univariate analysis, only borderline
significant in the multivariate analysis, which itself is limited by the relatively small cohort
size. Therefore, a more detailed investigation is needed to show if high cytoplasmic
NR4A1 is indeed an independent factor for disease outcome or a characteristic of the GCB
subtype. Together with the fact that rituximab and doxorubicin - two components of the R-
CHOP regimen - induce NR4A1 expression and that NR4A1 is mandatory for viral and
BCR-mediated B cell apoptosis (351-355), it could be speculated that NR4A1, especially
cytoplasmic NR4Al, influences the therapeutic effect of the cytostatic therapeutic
strategies. We also observed that high cytoplasmic NR4AT1 levels occurred with a higher
incidence in GCB-DLBCL than in NGCB-DLBCL.

Several studies have demonstrated that NR4A1 targets the mitochondria in the cytoplasm,
where it binds the hydrophobic groove of the BCL-2 protein, leading to a change in the

BCL-2 conformation which changes its function from a cytoprotective to a cytodestructive
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molecule triggering cytochrome C release and apoptosis (263, 267). In our lymphoma
cohort, we showed that the level of cytoplasmic NR4A1 was associated with the number of
lymphoma cells exhibiting a cleaved caspase 3, suggesting that NR4A1 might target the
mitochondria in aggressive lymphomas and thereby induces apoptosis. In addition, we
observed that the number of lymphoma cells expressing cleaved caspase 3 was
significantly higher in GCB-DLBCL. Two other comprehensive studies also demonstrated
cleavage of caspase 3 in nodal DLBCL, but they did not show any association with the
GCB subtype (356, 357). GO and pathway analysis also determined an enrichment of
genes involved in apoptosis. This aligns with our results of the cleaved caspase 3 assay and
provides further support for the hypothesis that cytoplasmic NR4Al is possibly an
important factor in the better survival of aggressive lymphomas.

We determined that XPO!I — encoding a protein known to transport NR4A1 from nucleus
to cytoplasm (310) — was overexpressed in the GCB-DLBCL and NGCB-DLBCL subtype
compared to GC-B control cells. Overexpression of XPO/ was shown in primary
mediastinal B cell lymphomas and classic Hodgkin lymphomas, mantle cell lymphomas
(358, 359), as well as in indolent lymphomas and myeloid neoplasms (360, 361). However,
to the best of our knowledge, XPO! overexpression has not been described in DLBCL so
far. A significant number of NGCB- and GCB-DBCL specimens have been reported to
exhibit a copy number gain in 2p15, the chromosomal locus of XPOI (362), suggesting
this as an important mechanism for XPOI overexpression in DLBCL. XPO1 is a new
target in cancer therapy based on the development of several XPOI inhibitors only
targeting tumor cells but not normal hematopoietic cells. Inhibitors like KPT-251 and
KPT-330 (Selinexor) displayed anti-proliferative and pro-apoptotic activities in various
hematological malignancies in both in vivo and in vitro settings (363-365). Importantly,
Selinexor, an orally available irreversible XPO1 inhibitor, showed promising results with a
response rate of 31% in patients with advanced NHL participating in a clinical phase I trial
(366). However, a correlation between XPOI overexpression and levels of cytoplasmic
NR4AT1 could not be observed, suggesting that other factors/mechanisms might trigger
NR4A1 translocation to the cytoplasm.

To identify other mechanisms that could lead to NR4AT translocation to the cytoplasm and
therefore to elevated apoptosis, we used functional profiling of GCB- and NGCB-DLBCL
microarray samples, as the GCB subtype is highly associated with high cytoplasmic
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NR4AL levels. GO and pathway analysis revealed an enrichment of changes in AKT and
ERK1/2 signaling. As a number of kinases have already been shown to phosphorylate
NR4A1, causing translocation to the cytoplasm such as JNK, AKT, RSK, and ERK1/2
(269, 274, 321-323, 367, 368), activated AKT and/or ERK1/2 signaling might cause
impaired NR4A1 translocation to the cytoplasm. As a consequence, NR4A1 would not be
able to exert its pro-apoptotic function in the cytoplasm, which ultimately would lead to
diminished apoptosis and thereby to decreased survival. Our explorative gene expression
analysis of AKT-, ERK1-2-, JNK, and mTOR-targets genes demonstrated that five of eight
ERK1/2 target genes investigated showed higher expression in DLBCLs with high
cytoplasmic NR4A1 levels. The obtained data point to an association between activated
ERK1/2 and cytoplasmic localization of NR4A1 and indicate that ERK1/2 signaling may

play a role in cytoplasmic localization of NR4A1 in aggressive lymphomas.

In the second part of the project we examined in vivo the role of Nr4al in lymphoma
development. In order to first evaluate whether Nr4al plays a role in lymphomagenesis we
used two well described mouse models. Previous work from our group as well as other
reports underlined the role of Nr4al and Nr4a3 in the development of lymphoid and
myeloid malignancies. While NR441 and NR4A43 were found to be downregulated in
aggressive lymphoid malignancies, which was associated with reduced survival and
apoptosis (284, 285), the loss of Nr4al and Nr4a3 in double knockout mice led to the rapid
development of AML (279). Moreover, gene dosage seems to be important as hypoallelic
Nrd4al+/- Nrd4a3-/- or Nrd4al-/- Nr4a3+/- mice developed a mixed myelodysplastic/
myeloproliferative disease (280). Likewise, crossing of the Myc-driven lymphoma mouse
model with Nr4al-/- mice clearly demonstrated that Nr4al exerts a tumor suppressive
function. Homozygous loss of Nr4al led to reduced survival and accelerated lymphoma
formation compared to heterozygous and control mice without Nr4al loss, respectively.

A more detailed analysis of the role of Nr4al in our lymphoma mouse model revealed that
loss of the nuclear receptor suppressed the pro-survival effect of the Myc protooncogene
causing the survival of several B cell populations in bone marrow and secondary lymphoid
organs even ahead of tumor formation at pre-malignant stage. Our previous studies
demonstrating that ectopic overexpression of NR4A41 in aggressive lymphoma cells results

in induction of apoptosis (284, 285) confirms our observation. In addition, the increased
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number of transitional T3 B cells — known to be involved to some extent in
unresponsiveness to B cell receptor stimuli and thereby possessing lower apoptosis rates
(369) — confirmed the pro-apoptotic function of Nr4al and its implication in B cell
apoptosis of pre-malignant and malignant lymphoma cells. These observations suggest an
important pro-apoptotic role of Nr4al in lymphomagenesis even before lymphoma
development.

Gene expression profiling revealed that Nr4al loss resulted in a significant upregulation of
57 and downregulation of 18 genes, indicating that this nuclear receptor may act as
transcriptional repressor. A more detailed bioinformatical analysis of the differentially
expressed genes, showed that GO-terms associated with immunological processes were
associated with deregulated genes sets. Validation of these genes participating in B- and T
cell immunology, immune regulation, the Nf-kB pathway and cell cycle control by RQ-
PCR, respectively, further indicated an immunological component in lymphomagenesis
upon loss of Nr4al. In particular, we found a significant upregulation of genes involved in
T- and B cell responses and differentiation, the Nf-kB pathway, and immunoregulatory
mechanisms in EuMyc mice with Nr4al loss. Interestingly, the effect of overexpression of
the majority of genes seemed to be more pronounced in IgM- tumors than in [gM+ tumors.
Here, genes involved in B cell immunology as well as Nf-kB target genes and
immunomodulatory molecules were higher expressed in IgM negative tumor specimens of
EuMyc Nr4al-/- mice as opposed to EuMyc Nrd4al+/+ mice. Therefore, it might be
hypothesized that loss of Nr4al also impacts immunological pathways in Myc-driven
lymphomagenesis.

Several reports described immunological defects in Nr4al-/- mice affecting myeloid and T
cell subpopulations (339-341). Transplantation of tumor cells into immunocompetent and
immunocompromised mice were performed to demonstrate that the accelerated
lymphomagenesis is a lymphoma cell intrinsic effect and not mediated by the
immunological phenotype of Nr4al-/- mice. Transplantation of tumors cells derived from
EuMyc Nrd4al-/- and EuMyc Nrd4al+/+ mice, respectively, into C57/Bl6 wt recipients
showed that loss of Nr4al resulted in a significantly reduced survival compared to
transplanted tumors from EuMyc Nr4al+/+ mice. In stark contrast, transplantation of the
same tumor cells into immunodeficient Fox Chase SCID Beige mice resulted in no

differences in survival. The median survival was similar to that of C57/Bl6 mice
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transplanted with EuMyc Nr4al-/- lymphoma cells. This proves the importance of the
tumor microenvironment in Nr4al-mediated lymphomagenesis and that loss of Nrdal
results in a suppression of anti-lymphoma immunity. In accordance with these results, we
detected higher percentages of B220+Cd19+ lymphoma cells in the bone marrow of
EuMyc Nr4al-/- mice and C57/Bl6 wt mice transplanted with EuMyc Nr4al-/- tamors.
Contrary to that, there were no differences in B cells in bone marrow isolated from
immunocompromised mice transplanted with EuMyc Nrdal-/- tumors, suggesting the
involvement of the immune system in lymphoma dissemination.

Gene expression analysis of immunomodulatory genes and cytokines in primary and
transplanted lymphoma cells revealed that the majority of genes tested was overexpressed
in tumors harboring a Nr4al loss and those derived from transplantation of EuMyc Nrdal-
/- tumor cells. The higher expression levels of immunoinhibitory molecules and cytokines
in primary tumors upon loss of Nr4al indicates that Nr4al regulates the expression of
molecules important for proper immune response towards tumors. Expression levels of
immunoinhibitory markers like Pdl, Pdll, Pdl2, Tim3 and Gal9 were all higher in tumors
derived from EuMyc Nr4al-/- mice. While the immunoinhibitory molecules Pdl1 and PdI2
bind to its receptor Pd1, Gal9 represents the ligand for Tim3. Compared to co-stimulatory
and inhibitory receptors regulating immune cell activation, immunoinhibitory receptors
and ligands are often overexpressed in the tumor microenvironment (197). TIM3 has been
shown to be expressed in various solid and blood-born malignancies, where it is involved
in exhausted of T cells and inhibition of dendritic cells (202-204). With respect to GAL9,
its function is more diverse, as it not solely binds to TIM3 but furthermore influences other
cellular mechanisms like apoptosis, cell cycle control, migration and metastases (205).
Likewise, the main function of constitutive or adaptive expression of PD1 and its ligands
in cancer, is to limit the activation of T cells (197). Importantly, the immunoinhibitory role
of the PD1 pathway is becoming more and more clear and several inhibitory antibodies
have been shown promising results in clinics (244, 249, 370). Additionally, other
immunoinhibitory molecules being widely expressed on lymphoid cells were found to be
overexpressed in EuMyc Nr4al-/- lymphomas (183). We detected a higher expression of
the inhibitory molecules Lag3 (207) and Cd96 and also of the immunostimulatory
molecule Cd226. Furthermore, the same trend was observed for Cd/12 and Cdl55 — the
ligands for Cd96, Cd226 and Tigit - in EuMyc Nr4al-/- derived tumors. Likewise, the
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expression levels of Hvem and its receptors Btla and Cd160, having all immunoinhibitory
effects on most hematopoietic cells (194, 196), were higher in EuMyc Nr4al-/- tumors. In
contrast, we found similar expression levels of the immunoinhibitory markers Ctla -
impeding prolonged T cell activation (172) - and Tigit - binding to Cd155 and Cd112 (185,
186) - in both tumor groups. With respect to the immunostimulatory molecules tested, we
could see an increased expression of members of the Cd28 superfamily, Cd28, Cd80, Cd86
(172), Icos as well as its ligand IcosL (174, 175), the interleukin 2 receptor o. chain (Cd25)
(180) and Irak4 (182) in EuMyc Nr4al-/- tumors. Moreover, analysis of cytokines and
transcription factors revealed a slightly higher expression of the immunosuppressive
cytokine ///0 — inhibiting innate and adaptive immune responses (209, 210)- and Ifny -
enhancing immunity (216) — in EuMyc Nr4al+/+ lymphomas. In contrast, //2 — stimulating
immune responses of various cells like T- and NK cells (179) — and Foxp3 — inducing
tolerance (211) — showed a higher expression in the same tumors. Last, members of the
proinflammatory interleukin 12 family of cytokines (//12, 1123, 1I27) (371) were like the
chemoattractant 7/76 (233) and the B cell differentiation cytokine //21 (229), but unlike
1l17a - important for host defense but also contributing to autoimmune diseases (223) -
found to be higher expressed in primary tumors from EuMyc Nr4al-/- mice. Comparison
of the results of primary to transplanted tumors showed that most of the genes examined in
primary tumors followed the same trend, namely a higher expression in tumors derived
from transplantation of EuMyc Nrd4al-/- lymphoma cells. Interestingly, we detected a
slightly higher expression of T7igit and a massively higher expression of Ctla4 in
transplanted tumors from EuMyc Nr4al-/- mice. Furthermore, while Cd25, Cd80 and
Irak4, respectively, showed a higher expression in primary tumors of EuMyc Nrdal-/-
mice, we could not see these effects in transplanted tumors. Rather, here the expression
levels were comparable in both transplanted tumor types. The same trend was found when
measuring the relative expression of Foxp3 and //16. Finally, expression of 1/17a was
higher in transplanted tumors from EuMyc Nr4al-/- mice as opposed to primary tumors,
and 7/10 expression was extremely increased in the same specimens. This suggests that
Nr4al results in immune evasion by upregulation of immunoregulatory genes like Pdl,
Ctla4, 1110 and many others. Noteworthy, further in vivo experiments using blocking
antibodies targeting selected immune checkpoints together with transplantation of tumors

cells, will lead to a more detailed picture of this influence on immune evasion.
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Targeting the tumor microenvironment to circumvent immunosurveillance mechanisms is
becoming more and more important in clinics (372). In this sense, we investigated immune
cell infiltrates and the protein expression of Pdl, Tim3 and Pdll on T- and B cells of
transplanted tumors. Importantly, we could confirm the results obtained on RNA level also
on protein level. Staining of tumor cells of transplanted tumors showed more T cell
infiltrates in tumors derived from EuMyc Nr4al-/- mice. Furthermore, we found a higher
expression of Pdl and Tim3 on T cells and Pdll on B cells in tumors derived from EuMyc
Nr4al-/- mice. This trend was also visible when looking at Cd8 and Cd4 T cells separately,
even though percentages of Cd8 and Cd4 T cells were similar and even higher in
transplanted tumors of EuMyc Nr4al+/+ mice, respectively. With respect to different T
cell subpopulations, we detected higher percentages of naive-, central- and effector
memory cells on Cd3+, Cd4+ or Cd8+ T cells in transplanted tumors from EuMyc
Nrdal+/+ mice compared to double negative cells, which were higher in tumors from
EuMyc Nr4al-/- mice. While we could not detect any differences in other T cell subsets,
we interestingly found a significantly higher percentage of infiltrating neutrophils and also
monocytes in tumors derived from EuMyc Nr4al-/- mice and additionally higher
expression levels of Pdll on all myeloid populations tested. Collectively, these results
underpin the immunological component of Nr4al in Myc-driven lymphoma development.
Hence, further studies are needed to obtain more information about the tumor suppressive
role of Nr4al in lymphomagenesis. Therefore, in future experiments, we aim to validate
our observations in B cell-specific knockouts using the Cre-LoxP system, look in more
detail into protein expression of immunoregulatory molecules in control mice at the
premalignant and more advanced stages of lymphoma formation and last investigate more

in detail distinct putative pathways involved in immunoregulation.

These two studies provide the first evidence that NR4A1l plays distinct roles in
lymphomagenesis. The subcellular localization of NR4A1l can be clearly and robustly
correlated to different lymphoma subtypes and cancer-specific survival of aggressive
lymphoma patients. Likewise, the cytoplasmic NR4Al expression pattern provides
independent prognostic information, thereby representing a potentially useful marker for
risk stratification and therapeutic intervention. Furthermore, in our mouse model of Myc —

driven lymphomagenesis, Nr4al supposedly functions as a tumor suppressor by
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influencing the apoptotic potential and expression of immunomodulatory molecules and
cytokines. Loss of Nr4al is associated with reduced survival and increased tumor
formation as well as increased expression of immunoregulatory molecules on tumor cells.
Thus, more studies are needed to better explore the role and underlying mechanisms of

Nr4al in lymphoma development.
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