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Abstract

The IL-6/gp130/JAK/STAT3 axis is crucial for the regulation of normal B cell and T cell functions, and for
coordinated activity of the innate and adaptive immune system. However, aberrant IL-
6/gp130/JAK/STAT3 signaling is associated with a wide range of cancer entities as well as with acute
and chronic inflammation. Notably, this axis has been described as a prevalent event in hematological
malignancies, including acute and chronic leukemia, and multiple myeloma. Although advancements
have been made in understanding the pathogenesis of these severe diseases and novel targeted
therapies have been introduced, still not all patients can be cured. Thus, there is an urgent need for the
development of new mouse models that would help to better analyze the influence of this pathway on
specific tumorigenic processes.

In this study, the role of conditional gp130/JAK/STAT3 activation was examined in transgenic mouse
models by targeting constitutively active, cell-autonomous gp130 activity to distinct B cell subsets, as
well as to the entire hematopoietic system by making use of the Cre-loxP-system. Thereby constitutive
activation of gp130 signaling within the entire B cell compartment promoted differentiation of B cells
towards a mature stage in young mice. RNA-sequencing analysis of these animals revealed the L-gp130
signature with activation of IL-6/JAK/STAT3, PISK/AKT/MTOR, WNT, MYC, as well as BCR and NF-
kappaB signaling pathways.

Regardless of when activated during B cell differentiation, constitutive active gp130 signaling eventually
led to the development of mature B cell ymphomas and plasma cell disorders with features of multiple
myeloma. The tumors in the different compound mice occurred with full penetrance only at different

latencies while infiltrating CD138* cells represented a central characteristic in every tumor.

Notably, a collaboration of the oncogene Myc and gp130 signaling in B cells in a HSPC-FL
transplantation approach was demonstrated. Here, gp130 activity abrogated the differentiation block
induced by a B cell-targeted Myc transgene and resulted in complete penetrance of the gp130-
associated CD138-positive plasma cell phenotype. However, a collaboration of gp130 activity in B cells

and the partial knockdown of the tumor suppressor p53 was not seen.

Moreover, constitutive active gp130 signaling in hematopoietic stem cells likewise resulted in the growth
of largely mature, aggressive B cell cancers, again with a high penetrance of CD138-positive tumors and

features of multiple myeloma.

Taken together, this study reveals that gpl30 signaling selectively provides a strong growth and
differentiation advantage for mature B cells and directs lymphomagenesis specifically towards terminally

differentiated B cell cancers while also showing serial transplantability.



1 Introduction

1.1 IL-6/gp130/JAK/STAT signaling

1.1.1 Interleukin-6 (IL-6)

Interleukin-6 (IL-6) is a pleiotropic cytokine that acts on various cells and is produced by nearly all stromal
cells and cells of the immune system (Hunter and Jones 2015). It belongs to the group of long-chain a-
helix-bundle cytokines (Bazan 1990) and uses the IL-6 receptor (IL-6R) for signal transduction. The IL-
6R is composed of an 80 kDa IL-6 binding molecule termed gp80, CD126 or IL-6Ra and the ubiquitously
expressed 130 kDa common receptor subunit, glycoprotein 130 (gp130, CD130) (Yamasaki, Taga et al.
1988, Taga, Hibi et al. 1989, Hibi, Murakami et al. 1990). Gp130 does not only mediate signal
transduction by IL-6 itself but by many other members of the IL-6 family of cytokines, including leukemia
inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), oncostatin M (OSM), interleukin-11 (IL-11), and
cardiotropin-1 (CT-1) (Gearing, Comeau et al. 1992, Ip, Nye et al. 1992, Liu, Modrell et al. 1992, Yin,
Taga et al. 1993, Pennica, Shaw et al. 1995).

There are two types of signaling through the IL-6R. During the classical signaling, binding of IL-6 to the
80 kDa cell membrane receptor IL-6Ra leads to the formation of a complex with the ubiquitously
expressed common receptor unit, glycoprotein gp130 thus activating the signaling cascade. In contrast,
trans-signaling includes a soluble IL-6 receptor (sIL-6R, gp55), that is either produced by alternative
splicing of the IL-6R mRNA or shed from the surface of IL-6R-expressing cells (Lust, Donovan et al.
1992, Mullberg, Schooltink et al. 1993). This sIL-6R, which has been found in body fluids such as urine
and blood (Novick, Engelmann et al. 1989), first binds to IL-6 and then to the membrane receptor gp130
hence leading to signal transduction (Figure 1) (Jones, Horiuchi et al. 2001, Ataie-Kachoie, Pourgholami
et al. 2013). A
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Figure 1: Classical IL-6 signaling (left) and trans-signaling (right). Left: binding of IL-6 to its transmembrane
receptor IL-6R leads to the dimerization of the signal transducing receptor subunit gp130, termed classical IL-6
signaling. Right: IL-6 first binds to sIL-6R and this complex then binds to gp130 in a reaction called trans-signaling.
Abbreviations: circled Y: tyrosine, white P in black circle: phosphate (adapted from (Heinrich, Behrmann et al. 1998,
Lee, Buhimschi et al. 2011)).



Originally identified as a factor essential for differentiation of B cells into antibody producing plasma cells
(PCs), IL-6 was initially described as B cell differentiation factor or B cell stimulatory factor-2 (BSF-2)
(Hirano, Yasukawa et al. 1986, Akira, Taga et al. 1993). Apart from its important role in B cells, IL-6 also
displays a wide range of biological functions in regards of the immune response, inflammation, and
hematopoiesis, as well as in the endocrine and nervous systems. It therefore promotes T-cell growth
and differentiation, megakaryocyte maturation, the development of osteoclasts, and acute-phase protein
synthesis in hepatocytes. Furthermore, IL-6 acts as a growth factor in multiple myeloma
(MM)/plasmacytoma and other cancers and promotes the growth of hematopoietic stem cells (Sehgal
1989, Heinrich, Castell et al. 1990, Hirano 1990, Van Snick 1990, Hirano 1992, Hirano 1994).

1.1.2 Janus kinases (JAKS)

Binding of IL-6 to its receptor and subsequent dimerization of gp130 leads to phosphorylation and
activation of Janus kinases (JAKs). JAKs comprise a family of four non-receptor tyrosine kinases in
mammals, namely Jak1, Jak2, Jak3, and Tyk2. They are over 1,1000 amino acids (aa) in length, ranging
in molecular weights from 120 to 140 kDa. Whereas the expression of Jak3 is constrained to cells of the
myeloid and lymphoid lineages, Jak1, Jak2, and Tyk2 are ubiquitously expressed (reviewed in (Leonard
and O'Shea 1998, Yamaoka, Saharinen et al. 2004)). JAKs have been shown to associate with a proline-
rich region in each intracellular domain that is termed box1/box2 region and is adjacent to the cell
membrane (lhle 2001). JAKs possess seven defined regions of homology called Janus homology
domains 1 to 7 (JH1-7) at which JH1 at the carboxyl terminus represents the typical eukaryotic tyrosine
kinase domain. Adjacent to JH1 lies the JH2 enzymatically inactive pseudokinase domain that regulates
catalytic activity of JH1 (Yeh, Dondi et al. 2000). JAKs moreover contain an SH2-like domain (JH3-JH4)
and a FERM (four-point-one, ezrin, radixin, moesin) homology domain (JH6-JH7) at their amino terminus
(Figure 2). The Src homology 2 (SH2) domain is for binding to phosphorylated tyrosine residues and the
FERM domain mediates the interaction with receptor complexes (reviewed in (Kisseleva, Bhattacharya
et al. 2002, Yamaoka, Saharinen et al. 2004, Thomas, Snowden et al. 2015)). Upon ligand stimulation,
receptors undergo conformational changes putting JAKs into proximity of each other, thus enabling

activation by autophosphorylation (Remy, Wilson et al. 1999).
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Figure 2: Schematic structure of Janus kinases (JAKs) with their functional domains. Abbreviations: N: amino-
terminus, C: carboxyl-terminus, JH: Janus homology, FERM: four-point-one, ezrin, radixin, moesin, SH2: Src
homology 2 domain, white P in black circle: phosphate (adapted from (Yamaoka, Saharinen et al. 2004)).




1.1.3 Signal transducers and activators of transcription (STATS)

Once activated, JAKs phosphorylate the tyrosine residues on the IL-6 receptor, thus providing docking
sites for the phosphorylation and activation of cytoplasmic transcription factors called signal transducer
and activator of transcription (STATS) (Heinrich, Behrmann et al. 2003). Seven STAT proteins have been
identified in mammals, namely STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 with
sizes ranging from 750 to 850 aa, all sharing a common structural motif (Figure 3) (Darnell 1997). The
N-terminal portion of STATs and the adjacent coiled-coil domain represent protein-protein interaction
sites providing contacts for transcription factors and other regulatory proteins. These domains are
followed by a DNA-binding region, displaying the central element of the molecule and determining DNA
sequence specificity of the individual STATs. A linker region that participates in DNA-binding leads to
the SH2 domain that is essential for the recruitment of STATs to phosphorylated receptors and for
reciprocal SH2-phosphotyrosine interactions between monomeric STATS to form dimers. The C-terminal
end is composed of a transactivation domain (TAD) required for activation of transcription (Shuai,
Horvath et al. 1994, Becker, Groner et al. 1998, Chen, Vinkemeier et al. 1998, Bromberg and Darnell
2000). Once STATs are recruited to activated tyrosine kinases on the cytoplasmic part of the IL-6
receptor, they become themselves substrates for tyrosine phosphorylation leading to their homo- or
hetero-dimerization and translocation to the nucleus, where they bind specific promoter sequences thus
modulating transcription of several genes important for cell growth, differentiation, survival and apoptosis
(Figure 4) (Heinrich, Behrmann et al. 1998, Buettner, Mora et al. 2002, Levy and Lee 2002).

N—- el SH2 Fc

Figure 3: Schematic structure of signal transducers and activators of transcription (STATs) with their
functional domains. Abbreviations: N: amino-terminus, C: carboxyl-terminus, NTD: N-terminal domain, DBD: DNA-
binding domain, SH2: Src homology 2 domain, TAD: transactivation domain, circled Y: tyrosine, circled S: serine
(adapted from (Chen and Khurana Hershey 2007)).
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1.2 IL-6 downstream signaling

Central to the IL-6 signaling pathway is the activation of signal transducer and activator of transcription
3 (STAT3), that, following phosphorylation and acetylation, forms a dimer in which the SH2 domain of
one phospho-STAT3 (pSTAT3) molecule binds to the phosphorylated Tyr705 of the other and vice versa.
Following translocation from the cytoplasm to the nucleus, pSTAT3 dimers can bind to a canonical 8 —
10 bp inverted repeat DNA element that is commonly referred to as an interferon (IFN)-gamma activated
sequence (GAS) element (Levy and Lee 2002). This engagement then controls the transcription of a
number of genes including the apoptotic regulatory genes B-cell ymphoma-extra large (Bcl-XL), myeloid
cell leukemia-1 (MCL-1), the X-linked inhibitor of apoptosis protein (XIAP), the oncogene MYC, and the
Fas cell surface death receptor (FAS) (Darnell 1997).



The termination of this pathway is mediated by endogenous inhibitors including the suppressors of
cytokine signaling (SOCS) and protein inhibitors of activated STATs (PIAS). These proteins are
produced by activated STAT3 in normal cells under regular physiological conditions to limit IL-6 signaling,
thus suggesting the existence of an autoregulatory mechanism for this pathway (Ataie-Kachoie,
Pourgholami et al. 2014). STAT3 activation thereby induces expression of SOCS3 thus creating a

negative feedback loop to discontinue gp130-dependent signaling (Auernhammer, Bousquet et al. 1999).

Depending on the cell type and cellular environment, IL-6/gp130 signaling is also able to trigger the
activation of mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) cascades
(Costa-Pereira 2014).
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Figure 4: IL-6/gp130/JAK/STAT signaling. Binding of IL-6 to its receptor causes dimerization of two gp130
molecules leading to the activation of associated JAKs. These then phosphorylate the cytoplasmic part of gp130,
thus generating docking sites for STATs. STATSs also become phosphorylated and translocate into the nucleus as
homo- or heterodimers, where they regulate gene transcription. Abbreviations: circled Y: tyrosine, white P in black
circle: phosphate (adapted from (Heinrich, Behrmann et al. 1998))

1.2.1 The chimeric receptor protein Leucine zipper + glycoprotein 130, L-gp130

The extracellular part of gp130 consists of an immunoglobulin (Ig)-like domain followed by a cytokine
binding domain and three fibronectin Ill domains. While IL-6 binds to the IL-6R through the binding sites
I (Boulanger, Chow et al. 2003), the gp130 dimer is formed by contact of gp130 to the binding sites II
and Il (Ehlers, Grotzinger et al. 1994). For the design of the constitutive active form of gp130, termed L-
gp130 (Leucine zipper + glycoprotein 130), the entire extracellular portion of gp130 was replaced by the

human 39-amino acid Jun leucine zipper sequence of the transcription factor Jun (O'Shea, Rutkowski et
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al. 1989, Stuhlmann-Laeisz, Lang et al. 2006). The transmembrane and cytoplasmic domains of the
gp130-receptor were left intact and the subsequent chimeric gp130 protein is comprised of 343 aa and
the molecular mass was calculated to be 43.4 kDa (Figure 5) (Stuhlmann-Laeisz, Lang et al. 2006). It
was shown that L-gp130 is constitutively active and therefore able to induce STAT3 and ERK1/2

phosphorylation as well as transcriptional activation of gp130 target genes without the addition of IL-6 in

vitro (Stuhlmann-Laeisz, Lang et al. 2006) and in vivo (Dechow, Steidle et al. 2014).

IL-6
gp130

gp130

L-gp130

inactive active active

Figure 5: Schematic illustration of gp130 and the chimeric L-gp130. Scheme of the gp130 receptor with the
extracellular domain consisting of an Ig-like domain (lg), cytokine binding domain (CBD), and three fibronectin type
IlI-like domains (FNIII). In the chimeric receptor protein L-gp130, the entire extracellular region was replaced by the
leucine zipper (LZ) region of the human c-jun gene and stabilized by an additional disulfide bridge (S-S). A FLAG-
tag (Flag) was inserted between signal peptide and leucine zipper (adapted from (Stuhlmann-Laeisz, Lang et al.
2006)).

1.3 B cell development
1.3.1 Early B cell development

B cells are produced continuously throughout the lifespan, originating from the fetal liver during
embryonic life followed by the development from hematopoietic stem cells that reside in the bone marrow
(BM) (reviewed in (Dorshkind 2002, Georgopoulos 2002, Busslinger 2004)). After differentiation via the
multipotent progenitor (MPP) and common lymphoid progenitor (CLP) stage (Kondo 2010), early B cell
development in the BM relies on the establishment of a functional B cell receptor (BCR) being formed
through the rearrangement of V (variable), D (diversity), and J (joining) gene segments at the
immunoglobulin (Ig) heavy and light chain loci (Tonegawa 1983, Alt, Yancopoulos et al. 1984).
Recombinase activating genes 1 and 2 (RAG1/2) dependent joining of a D and Ju segment at the Ig
heavy chain (IgH) locus is the earliest of these developmental stages forming a so-called pro-B cell
expressing the surface marker CD19 (Del Nagro, Otero et al. 2005), followed by a Vu to DJn
rearrangement (Schatz, Oettinger et al. 1989, Oettinger, Schatz et al. 1990). After successful VuDJIH
recombination, the resulting heavy chain is conjugated to a surrogate Ig light chain (IgL) to establish the
pre-BCR, which is then transferred to the cell surface and includes the signal-transducing components
Ig-a and Ig-B (CD79-a and CD79-b). Signaling through the pre-BCR is critical for sustained differentiation

6



into pre-B cells (Pillai and Baltimore 1987, Karasuyama, Rolink et al. 1994). Efficient light chain
rearrangement at either the Ig kappa or lambda light chain locus then constitutes a complete BCR and
combined with the p chain forms an IgM molecule that is expressed on the cell surface, hence defining

the immature B cell stage.

The molecular mechanisms leading to the formation of a functional BCR are equal in human and mice
(LeBien 2000). The only difference lies in the contribution of the common y chain cytokine interleukin 7
(IL-7). Whereas murine pro- and pre-B cells are reliant on the expression of IL-7 for survival and
differentiation, human B cell progenitors are IL-7 independent (Namen, Lupton et al. 1988, Noguchi, Yi
et al. 1993, Prieyl and LeBien 1996, Puel, Ziegler et al. 1998). Once immature, B cells leave the BM as

transitional B cells and finalize their maturation in the periphery.

1.3.1 Late B cell development

Mature B cells express IgD on their surfaces and are referred to as naive if they have not yet been
exposed to an antigen (Loder, Mutschler et al. 1999). These essential steps in early B cell development
from commitment of lymphoid progenitors to the B lymphocyte lineage via the pro-, pre-, immature up to
the mature stage of B cell differentiation are regulated by Paired box protein 5 (Pax5). Pax5 also
maintains B cell identity by preventing premature entry into the PC transcriptional program (Barberis,
Widenhorn et al. 1990, Cobaleda, Schebesta et al. 2007, Fuxa and Busslinger 2007). Mature B cells
further differentiation into follicular B cells, marginal zone (MZ) B cells, and germinal center (GC) B cells
is then determined by the diverse microenvironmental influences of the spleen, lymph nodes (LNs), and

pleural cavity (Pieper, Grimbacher et al. 2013, Rickert 2013).

GCs are histological structures where naive B cells upon antigen encounter get activated by interaction
with CD4* T cells and are targeted by Ig gene remodeling processes termed somatic hypermutation
(SHM) and class-switch recombination (CSR). Both events are driven by expression of activation-
induced cytidine deaminase (AID), which deaminates cytidine residues to uridines in the VDJ and switch
regions of the Ig gene (Neuberger, Lanoue et al. 1999, Muramatsu, Kinoshita et al. 2000, Nussenzweig
and Nussenzweig 2010, Pavri and Nussenzweig 2011, Victora and Nussenzweig 2012). Furthermore,
GC B cells express the activation markers GL7 as well as Fas and the transcription factor B cell
lymphoma 6 (Bcl-6) that is mandatory for their development (Cattoretti, Chang et al. 1995). Bcl-6 directly
binds to Prdm1 and therefore represses the production of B lymphocyte induced maturation protein 1
(Blimpl) thus preventing premature entry into PC differentiation (Vasanwala, Kusam et al. 2002,
Tunyaplin, Shaffer et al. 2004). The GC is comprised of a dark zone (DZ), with highly proliferating B cells,
termed centroblasts, and a light zone (LZ) in which so-called centrocytes are intermingled with follicular
dendritic cells (FDC), T cells and macrophages (Victora and Nussenzweig 2012). Centroblasts in the DZ
are large-sized B cells that lack surface Ig and undergo SHM of their IgH and IgL genes, whereas the
non-proliferative centrocytes residue in the LZ, are smaller-sized, re-express surface Ig and are
submitted to CSR (MacLennan 1994, Klein and Dalla-Favera 2008). CSR changes the IgH class from
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IgM to IgG, IgA, or IgE, whereas SHM causes Ig-variable-region mutations, thus creating a B cell pool
with increased (or decreased) affinity for a particular antigen (Muramatsu, Kinoshita et al. 2000). In
healthy B cells, GC commitment is triggered by the oncogene MYC. After its suppression in the GC dark
zone, an increase in Myc expression in the light zone selects B cells for re-entry into the GC dark zone
to undergo further rounds of proliferation and SHM (Tarlinton and Smith 1997, Wolniak, Shinall et al.
2004, Dominguez-Sola, Victora et al. 2012). While negatively selected cells in the GC reaction die via
apoptosis, positively selected clones leave the GC and differentiate into memory B cells or long-lived
PCs.

Long-lived PCs survive for about 30 days in the BM, express the surface marker Syndecan-1 (CD138)
and possess the ability to produce high-affinity antibodies of different isotype classes (Berek, Berger et
al. 1991, Jacob, Kelsoe et al. 1991, MacLennan 1994, Aref, Goda et al. 2003, Zhan, Tian et al. 2003,
Victora and Nussenzweig 2012). In addition to IL-6 (Hirano, Yasukawa et al. 1986, Akira, Taga et al.
1993), this PC transcriptional program is mainly regulated by the expression of Blimp1, which directly
suppresses MYC (Lin, Wong et al. 1997), as well as interferon regulatory factor-4 (IRF-4), and X-box
binding protein 1 (XBP-1), all essential transcription factors in terminal B cell differentiation (reviewed in
(Reimold, Iwakoshi et al. 2001)). Survival of PCs in the BM is mediated by IL-6, A proliferation-inducing
ligand (APRIL) as well as B cell activating factor (BAFF) that are produced by stromal cells and various
hematopoietic cells such as eosinophil (Sze, Toellner et al. 2000, Shapiro-Shelef and Calame 2004,
Shapiro-Shelef and Calame 2005, Nutt, Hodgkin et al. 2015).

However, not all antigen-activated B cells ultimately enter the GC reaction. Following T cell contact, a
subset of selected B cells travels as plasmablasts to particular areas in the LNs, known as the medullary
chords, where they differentiate into short-lived PCs that secrete antibodies with low affinity for the
invading pathogen and die within three days. This secreted Ig is not somatically hypermutated, and is
mostly IgM (Figure 6) (Jacob and Kelsoe 1992, Hallek, Bergsagel et al. 1998).
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Figure 6: The Germinal Center (GC) reaction. Upon antigen encounter, activated B cells either differentiate into
short-lived extrafollicular PCs responsible for the early production of IgM antibodies or differentiate into large blasts
called centroblasts, and initiate the so-called germinal center (GC) reaction. Centroblasts undergo clonal expansion
and somatic hypermutations (SHM), and those that are positively selected experience class switch recombination
(CSR) and differentiate into smaller centrocytes and, finally, long-term memory or PCs (Allen, Okada et al. 2007)
(adapted from (Samitas, Lotvall et al. 2010)).

1.4 B cell lymphomas

Chromosomal translocations and oncogenic mutations can occur during the complex machinery of
antibody diversification, making B cells particularly prone to malignant transformation. The pathways
normal B cells use to sense antigens, are frequently disrupted in B cell malignancies either through gain-
of-function mutations that activate signaling effectors, loss-of-function mutations that inactivate negative
regulators of signaling, or autocrine receptor activation. This may then lead to constitutive stimulation of
prosurvival pathways or the simultaneous activation of several interconnected signaling pathways
(Shaffer, Young et al. 2012). As depicted above, recombination of V, D, and J gene segments assembles
IgH and IgL genes during B cell development in the BM. This process is driven by the two enzymes
RAG1 and RAG2, ultimately leading to breaks in double-stranded DNA. These breaks are subsequently
resolved by DNA repair processes (non-homologous end-joining, NHEJ). However, they display a source
of chromosomal translocations in different types of B cell lymphomas (Jung, Giallourakis et al. 2006).
When a functional BCR is then built and the B cell enters the GC reaction, two before described
modifications of B cell DNA alter the BCR: SHM and CSR, both dependent on AID activity (Muramatsu,
Kinoshita et al. 2000). Although those genetic changes are indispensable for a normal immune response,
they are also prone to DNA damage making the GC reaction another presumable source for the
development of many types of B cell lymphomas (Allen, Okada et al. 2007, Lenz and Staudt 2010).
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Therefore, it is well understood that GC B cells are the origin of diffuse large B cell ymphoma (DLBCL)
of the GC subtype, follicular lymphoma (FL), and Burkitt's lymphoma (BL) in humans. These lymphoma
entities carry the differentiation program of the normal B cell they arise from, but are malignantly
transformed due to above described oncogenic abnormalities that often disrupt this usual program
(Alizadeh, Eisen et al. 2000, Shaffer, Rosenwald et al. 2001, Klein, Tu et al. 2003). On the contrary,
DLBCL of the ABC subtype is a post—GC cancer being characterized by mutated Ig V genes (Lossos,
Alizadeh et al. 2000) and exhibiting a gene expression signature comprising many PC-associated
genes, such as XBP-1 and IRF-4 (Wright, Tan et al. 2003). Unlike multiple myeloma (MM), ABC DLBCL
maintains expression of many mature B cell genes, suggesting that its blockage in plasmacytic
differentiation takes place at the plasmablast stage and is due to the loss of Blimpl activity, a key
transcription factor indispensable to drive mature B cells into terminal differentiation and cell-cycle arrest
(Turner, Mack et al. 1994, Shapiro-Shelef, Lin et al. 2003, Shapiro-Shelef, Lin et al. 2005).

Marginal zone (MZ) B cells are situated at the interface between the circulation and the lymphoid tissue
and presumably display the cells of origin for several indolent types of B cell lymphomas that progress
in the SPL (f.e. splenic marginal zone lymphoma (SMZL)), in the LN (nodal marginal zone lymphoma
(NMZL)) or at extranodal sites such as the mucosa-associated lymphoid tissue (MALT lymphoma)
(Bende, van Maldegem et al. 2009).

1.5 Plasma cell disorders

Plasma cell disorders, also known as plasma cell dyscrasias, are a heterogeneous group of diseases
arising from the proliferation of neoplastic monoclonal PCs which often produce a monoclonal Ig protein
referred to as M-protein spike (Drappatz and Batchelor 2004). The disorders cover a wide spectrum of
clinical manifestations ranging from more indolent and benign processes to highly aggressive conditions
that require immediate intervention. Plasma cell dyscrasias comprise: monoclonal gammopathy of
undetermined significance (MGUS), multiple myeloma (MM), Waldenstrém macroglobulinemia (WM),
plasmacytoma, plasma cell leukemia, POEMS syndrome (polyneuropathy, organomegaly,
endocrinopathy, monoclonal gammopathy, and skin changes), primary amyloid light-chain (AL)

amyloidosis, and heavy-chain diseases (Sobol and Stiff 2014, Lee 2016, Swerdlow, Campo et al. 2017).

1.5.1 Plasmacytomas

Solitary plasmacytomas comprise 2 — 5 % of all plasma cell disorders and are characterized by a
localized accumulation of neoplastic monoclonal PCs without the evidence of a systemic plasma cell
proliferative disease (Knowling, Harwood et al. 1983). With a disease onset at the median age of 55
years, plasmacytomas can be categorized into two groups depending on their location. Patients with
solitary bone plasmacytomas (SBP) present with a single area of bone destruction due to clonal
malignant PCs primarily affecting the axial skeleton especially the vertebrae while patients suffering from
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solitary extramedullary plasmacytoma (SEP) harbor a mass of abnormal PCs outside the bone in soft
tissue (Dimopoulos, Moulopoulos et al. 2000, Dimopoulos and Hamilos 2002, Soutar, Lucraft et al. 2004).
The differentiation criteria for both SBP and SEP from MM is the absence of CRAB characteristics
(hypercalcemia, renal failure, anemia, and multiple bone lesions). SBP is diagnosed by a skeletal survey
confirming a solitary bone lesion as well as by a BM examination revealing normal morphology or a very
low infiltration of clonal PC (less than 10 %), and lack of myeloma-related organ dysfunction (Durie and
Salmon 1975, Dimopoulos, Moulopoulos et al. 2000, Soutar, Lucraft et al. 2004, Rajkumar, Dimopoulos
et al. 2014). The existence of monoclonal Ig protein has been reported for 60 % of SPB and less than
25 % of SEP patients but only at low levels of less than 30 g/l. The treatment of choice for plasmacytoma
is local radiotherapy. However, over 50 % of patients progress to MM within two years after treatment
(reviewed in (Dimopoulos, Moulopoulos et al. 2000, Soutar, Lucraft et al. 2004)). In comparison to
patients suffering from SEP, SBP patients have a poor prognosis and a significantly higher risk to develop
MM (reviewed in (Kilciksiz, Karakoyun-Celik et al. 2012)). Although SEP can arise throughout the body,
almost 90 % develop in the head and neck, especially in the upper respiratory tract. The gastro-intestinal

tract represents the next most frequent site of SEP (reviewed in (Soutar, Lucraft et al. 2004)).

1.5.2 Multiple Myeloma

Multiple myeloma (MM) also belongs to the group of plasma cell disorders and is a highly aggressive
type of B cell lymphoma that displays the second most common hematologic malignancy accounting for
approximately 1 % of all neoplasms and for 13 % of hematologic cancers worldwide. It represents a
disease of old people with most patients being diagnosed at the age of 70 years and older (Palumbo and
Anderson 2011). The disease is thought to arise from malignantly transformed post-GC PCs that invade
the BM with a low proliferative rate and extended life span (Hallek, Bergsagel et al. 1998, Matsui, Wang
et al. 2008). A 10 — 15 % involvement of monoclonal PCs in the BM identified by aspiration or biopsy is
required for the definitive diagnosis of MM (George and Sadovsky 1999). Due to the abnormal infiltration
of malignant cells into the BM, B cells, T cells, and macrophages of MM patients undergo immunologic
alterations resulting in an increased susceptibility to infections, particularly those caused by
pneumococcus, tetanus and diphtheria organisms (Munshi 1997). The abnormal PCs that accumulate
in the BM produce high amounts of monoclonal Ig or Ig fragments in the serum and/or urine (M-protein
spike) (Figure 7). Over 90 % of all MM patients present with an M-protein in the az,  or y regions in the
serum or urine at the time of diagnosis of greater than 30 g/l (George and Sadovsky 1999, International
Myeloma Working 2003, Kyle and Rajkumar 2006, Galson, Silbermann et al. 2012). The Ig is mostly of
the 1gG, IgM or IgA and rarely of the IgE or IgD subtype or alternatively represents kappa or lambda light
chain fragments (called Bence Jones protein) and causes hyperviscosity as well as end-organ damage
(reviewed in (Michels and Petersen 2017)). Furthermore, 80 — 90 % of patients present with multiple
bone lesions due to the inhibition of osteoblasts and activation of osteoclasts during their course of
disease and this feature remains a major source of morbidity and mortality (Roodman 2004). The typical

clinical manifestations of MM are hypercalcemia, renal failure, anemia, and multiple bone lesions (CRAB)
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(International Myeloma Working 2003, Kyle and Rajkumar 2004). Although the BM is the primary location
of MM, spreading of neoplastic to other organs like the spleen, LNs, the liver or the gastrointestinal tract

has been reported (reviewed in (Gutnik and Bacon 1985, Kyle and Greipp 1988)).
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Figure 7: Serum protein electrophoresis. The red line is from an MM patient showing a characteristic M-protein
spike. The green line depicts a healthy patient that lacks this feature in the y-fraction (George and Sadovsky 1999).

MM can occur de novo or evolve from a precursor condition termed monoclonal gammopathy of
undetermined significance (MGUS) as a result of accumulating oncogenic events that differ between
patients accompanied by changes in the bone marrow microenvironment (BMM) (Morgan, Walker et al.
2012, Botta, Di Martino et al. 2016). Under these circumstances, MGUS progresses to smoldering
myeloma, an asymptomatic early form of MM, and finally to symptomatic intramedullary or
extramedullary myeloma (EMM) (Kuehl and Bergsagel 2002). While in intramedullary myeloma,
proliferation of clonal PCs is restricted to the BM, EMM is defined by the presence of these cells outside
the BM. EMM occurs in around 6 % of patients and affects liver, CNS, kidneys, lymph nodes (LNs), and
the gastro-intestinal tract amongst others (Soutar, Lucraft et al. 2004, Blade, Fernandez de Larrea et al.
2011, Weinstock and Ghobrial 2013). As described above, MM also frequently develops in patients

suffering from plasmacytomas (Dimopoulos, Moulopoulos et al. 2000, Soutar, Lucraft et al. 2004).

In early pathogenesis, MM patients are typically assigned to a hyperdiploid group characterized by
trisomies of one or more odd-numbered chromosomes 3, 7, 9, 11, 15, or 17 or to a non-hyperdiploid
group, where the majority of patients displays translocations comprising the switch region of the IgH
locus on chromosome 14, such as t(4;14), t(11;14) or t(14;16) resulting in deregulation of certain
oncogenes like FGFR3 (fibroblast growth factor receptor 3), cyclin D1 or c-MAF (musculoaponeurotic
fiborosarcoma) (Chesi, Bergsagel et al. 1998, Fonseca, Blood et al. 2002, Kuehl and Bergsagel 2002,
Fonseca, Barlogie et al. 2004, Fonseca, Bergsagel et al. 2009, Kumar, Fonseca et al. 2012). Secondary
translocations promote disease progression and comprise complex cytogenetic abnormalities like
chromosome 13 deletions, deregulation of the oncogene MYC, activating mutations of RAS or B-RAF or
loss of chromosome 17p, which results in loss of the tumor suppressor Trp53. Those aberrations result
in an altered expression of growth factor receptors as well as adhesion molecules on the surface of MM

cells, hence stimulating their proliferation and migration while modifying their interaction with the BMM
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(Kuehl and Bergsagel 2002, Korde, Kristinsson et al. 2011, Palumbo and Anderson 2011). One of these
surface molecules is the heparan sulfate proteoglycan Syndecan-1 (CD138), which is not only expressed
on normal PCs but also highly upregulated on MM cells. Syndecan-1 is important for the connection
between (malignant) PCs and the BMM and can thereby support myeloma growth and metastasis
(Ridley, Xiao et al. 1993, Reijmers, Groen et al. 2010). Furthermore, it is well known that the cytokine IL-
6, derived from either paracrine sources or MM cells themselves, plays a crucial role in the malignant
progression of MM by regulating growth and survival of myeloma tumor cells (Kawano, Hirano et al.
1988, Klein, Zhang et al. 1995). Accordingly, 35 % of myeloma patients show significantly elevated serum
IL-6 levels (Bataille, Jourdan et al. 1989).

1.6 The IL-6/gp130/JAK/STAT3 axis in MM

MM cells locate to the BM and interact with stromal cells thereby stimulating production of IL-6 leading
to inhibition of osteoblastic activity while triggering osteoclast activity. Increased osteoclastic activity plus
inhibited osteoblastic activity results in osteoporosis, painful lytic lesions, and hypercalcemia (Chauveau
and Choukroun 1996). IL-6 is thereby expressed by MM cells in an autocrine way (Kawano, Hirano et
al. 1988, Schwab, Siegall et al. 1991) but the major source are the BM stromal cells that produce high
amounts of IL-6 upon stimulation by malignant cells (Caligaris-Cappio, Bergui et al. 1991, Uchiyama,
Barut et al. 1993). Elevated serum levels of IL-6 are associated with progression of MM and remain a
predictive factor for poor prognosis of the disease (Ludwig, Nachbaur et al. 1991, Pelliniemi, Irjala et al.
1995, Frassanito, Cusmai et al. 2001). In addition to classical IL-6 signaling, MM cells can experience
IL-6 trans-signaling, where IL-6 in the circulation or interstitium binds to sIL-6R. Thereby, IL-6 trans-
signaling is capable of conferring IL-6 responsiveness to myeloma cells that have lost their IL-6R
expression during tumor progression (Rosean, Tompkins et al. 2014). It is thus not surprising that
elevated levels of soluble IL-6R in the serum were seen in MM (Kyrtsonis, Dedoussis et al. 1996,
Thabard, Barille et al. 1999). Furthermore, constitutively activated IL-6/gp130/JAK/STAT3 signaling
directly accounts for the malignant progression of MM by conferring a survival advantage through the
prevention of apoptosis, thus allowing the accumulation of long-lived myeloma tumor cells (Catlett-
Falcone, Landowski et al. 1999). Additionally, STAT3 phosphorylation and target gene activation have

been demonstrated as hallmarks in patients suffering from MM (Dechow, Steidle et al. 2014).

1.7 Treatment of MM patients

During the last couple of years, new therapeutic advances, including novel agents such as
immunomodulatory drugs (IMiDs) (thalidomide, lenalidomide and pomalidomide) and proteasome
antagonists (bortezomib, ixazomib, carfilzomib), have led to markedly improved overall survival of

myeloma patients by targeting both, the tumor cell and its BMM (Hideshima and Anderson 2002, Kumar,
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Rajkumar et al. 2008, Rajkumar and Kumar 2016). Proteasome inhibitors disrupt normal degradation of
intracellular proteins by the proteasome, thus resulting in cell-cycle arrest, stimulation of apoptosis, and
inhibition of angiogenesis (Mitsiades, Mitsiades et al. 2002, Adams 2004). IMiDs promote apoptosis of
established neovasculature and prevent angiogenesis as well as cell-cell adhesion, thereby

counteracting the protective effect of the BM milieu (Quach, Ritchie et al. 2010).

1.7.1 Standard treatment

Transplant eligible patients without substantial comorbidities and aged below 65 typically receive approx.
four cycles of initial chemotherapy that encompasses three drugs, including at least one novel agent (an
IMID or proteasome inhibitor) and steroids. The goal of induction therapy is to reduce the myeloma
burden, improve symptoms and allow for successful stem cell collection. This is followed by stem cell
collection and high-dose melphalan treatment with consequent autologous stem cell transplantation
(ASCT) as consolidation. Currently, the most common induction regimens for newly diagnosed MM
patients are bortezomib, thalidomide, and dexamethasone (VTd); bortezomib, lenalidomide, and
dexamethasone (VRd); bortezomib, cyclophosphamide, and dexamethasone (VCd); and carfilzomib,
lenalidomide, and dexamethasone (KRd). The choice and duration of subsequent maintenance therapy
is then frequently driven by the presence or absence of high-risk cytogenetic features (Palumbo and
Anderson 2011, Engelhardt, Terpos et al. 2014, Rajkumar and Kumar 2016, Paul, Lipe et al. 2019).
Older patients, presenting with more formidable comorbidities, are treated with more moderately dosed

chemotherapy only (Rollig, Knop et al. 2015).

1.7.2 Novel treatment options currently studied

In recent years, novel drugs have been approved or are in clinical trials for the treatment of patients
suffering from MM. These comprise mainly immunotherapeutic approaches. Two monoclonal antibodies
(daratumumab and isatuximab) targeting CD38 that is expressed on the surface of more than 90 % of
malignant plasma cells from patients with MM have shown promise in relapsed, refractory MM (Jelinek
and Hajek 2016, Lonial, Weiss et al. 2016, Usmani, Weiss et al. 2016, Feng, Zhang et al. 2017).
Recently, a four-drug combination (bortezomib, melphalan, prednisone, and the monoclonal anti-CD38
antibody daratumumab) was approved for the treatment of MM patients (Mateos, Dimopoulos et al. 2018)
while several other four-drug combinations are currently under evaluation in clinical trials (Paul, Lipe et
al. 2019). Elotuzumab, another monoclonal antibody targeting the signaling lymphocytic activation
molecule F7 (SLAMF7), has also shown activity in relapsed MM (Lonial, Dimopoulos et al. 2015). Both,
daratumumab and elotuzumab are currently assessed in the treatment of newly diagnosed MM patients

in combination with multiple induction regimens (reviewed in (Paul, Lipe et al. 2019)).

In addition to monoclonal antibodies, several immunotherapies have recently been proposed. They
include, amongst others, chimeric antigen receptor T-cell therapy (CAR-T cells), tumor vaccines, immune
checkpoint inhibitors as well as antibody-drug conjugates, that combine a monoclonal antibody and
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chemotherapy in one drug (Rodriguez-Otero, Paiva et al. 2017). In the last years, a number of other
CAR-T cells has been designed to target surface antigens expressed by MM cells. These include CD38
(Suck, Odendahl et al. 2016), CD138 (Jiang, Zhang et al. 2014), and CD269, the B-cell maturation
antigen (BCMA) (Tai and Anderson 2015). However, despite their efficacy, CAR-T cells have raised

many concerns regarding their short- and long-term toxicities (Brudno and Kochenderfer 2016).

Other promising agents include novel proteasome inhibitors (oprozmib and marizomib), CDK inhibitors
(dinaciclib), phosphoinositide 3-kinase (PI3K) inhibitors, histone deacetylase inhibitors (panobinostat,
rocilinostat, vorinostat), ABT-199, a selective BCL-2 inhibitor, and LGH-447, a pan PIM kinase inhibitor
(Naymagon and Abdul-Hay 2016, Rajkumar and Kumar 2016).

In addition, the IL-6/gp130/JAK/STAT pathway is also being targeted in finding novel treatment
approaches to fight MM. Success in pre-clinical data using JAK inhibitors has thereby further prompted
early-phase studies. Currently, ruxolitinib, targeting JAK1 and JAK2, is being studied with regimens
containing IMiDs, proteasome inhibitors, and monoclonal antibodies (de Oliveira, Fook-Alves et al. 2017,
Ghermezi, Spektor et al. 2019). Moreover, the IL-6 inhibitor siltuximab, a chimeric monoclonal antibody
which binds IL-6, has been approved for the treatment of multicentric Castleman’s disease and is now

also being investigated for treatment in MM (Orlowski, Gercheva et al. 2015, Brighton, Khot et al. 2019).

Unfortunately, up till now, nearly all patients will eventually relapse and develop refractory disease,

wherefore MM is still seen as an incurable disease.

1.8 Mouse models of MM

Over the past centuries, a variety of pre-clinical mouse models has been generated that recapitulate a
broad range of biological features of MM. These systems comprise strains that spontaneously undergo
malignant transformation while aging as well as transgenic models of murine MM or immuno-
compromised animals receiving orthotopic xenografts of human MM cell lines (Rossi, Botta et al. 2018).

However, most of them are limited because of their late disease onset and/or low penetrance.

1.8.1 Genetically engineered mouse models

Genetically engineered mouse (GEM) models are often used for studying human cancer. The genetic
profile of these mice is altered in a way that one or several genes which are seemingly involved in
malignant transformation are mutated, deleted or overexpressed (Richmond and Su 2008). To date,
several GEM models of MM have been generated. The Eu-xbp-1s strain (on a C57BL/6 background)
expresses high levels of a spliced isoform of XBP-1 (XBP-1s), a transcription factor that is important for
terminal B cell differentiation and known to be implicated in human MM (Munshi, Hideshima et al. 2004),
under the control of immunoglobulin V4 promoter and Eu enhancer elements. Some of these animals

develop MGUS at around one year of age and few progress into MM in later life showing lytic bone
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lesions and monoclonal gammopathy as well as human MM like gene signature with over-expression of
Cyclin D1 and MAF (Carrasco, Sukhdeo et al. 2007). In another GEM model, expression of the oncogene
MYC is targeted to GC B cells in C57BL/6 mice by means of AID-dependent SHM. The majority of these
VK*MYC transgenic animals presents with monoclonal gammopathies as well as PC expansion in the
BM (but not in secondary lymphoid organs such as spleen and LNs) and exhibits end organ damage
with a median survival of two years. Additionally, serial transplantation of MM cells into syngeneic
recipients results in rapid reestablishment of the disease. These characteristics clearly recapitulate
human MM in this model. Yet, some Vk*MYC mice also develop other cancers of the B cell lineage
(Chesi, Robbiani et al. 2008, Chesi, Matthews et al. 2012). A third GEM model is based on the finding
that the c-MAF proto-oncogene was found to be over-expressed in MM in the presence of t(14;16)
resulting in an aggressive MM phenotype with short survival (Chesi, Bergsagel et al. 1998). In the Ep c-
Maf model regulation of c-Maf by means of the immunoglobulin enhancer is directed to the murine B-cell
compartment. At around 50 weeks of age, transgenic mice develop a clonal M spike with hyper-
gammaglobulinemia, increased PCs in the BM and cast nephropathy and resemble a plasmacytic or

plasmablastic lymphoma phenotype (Morito, Yoh et al. 2011).

Additionally, there are also several transgenic MM models that are based on the activation of the IL-6/IL-
6R axis (Dechow, Steidle et al. 2014, Paton-Hough, Chantry et al. 2015, Rossi, Botta et al. 2018),
underscoring its importance in proliferation as well as malignant transformation of late B cells. C57BL/6
mice that overexpress IL-6 develop plasmacytosis characterized by an elevated production of Ig
(Suematsu, Matsuda et al. 1989); however, development of monoclonal and transplantable
plasmacytomas is only seen in IL-6 transgenic mice on a BALB/c background (Suematsu, Matsusaka et
al. 1992). In a retroviral murine BM transduction-transplantation model on the same background,
expression of L-gp130 facilitating constitutive IL-6/gp130/JAK/STAT3 activation, induces MM
development at a high penetrance and relatively short latency (Dechow, Steidle et al. 2014). The BALB/c
strain is prone to developing PC disorders upon adequate stimuli due to a mutation in the inhibitor of
Cdk4/alternative reading frame (INK4a/ARF) locus leading to partial disability of the tumor suppressor
protein pl6"a (Zhang, DuBois et al. 2001). It is therefore of great interest to generate a model
resembling human MM on the frequently used C57BL/6 background eliminating the role of the mutation

in the INK4a/ARF locus that supports lymphomagenesis.

1.8.2 Xenograft models

Xenograft models of murine MM are based on the engraftment of primary human MM cells or MM cell
lines in immuno-compromised mice. To mimic human MM in mice, two different SCID (severe combined
immunodeficiency) mouse models for MM have been generated, namely the SCID xenograft and the
SCID-hu model. In the SCID xenograft model, human MM cell lines are injected intravenously (i.v.) into
immuno-compromised mice. There, the transplanted cells home to the BMM resulting in the

reestablishment of MM with osteolytic bone lesions and the existence of serum paraprotein (reviewed in
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(Asosingh, Radl et al. 2000)). For the SCID-hu animal model, SCID mice are implanted with bilateral
human fetal bone grafts that serve as a niche for interaction of human MM cells with a BMM of human
origin. Human MM derived cell lines are then injected directly into the BM cavity of sublethally irradiated
SCID-hu mice resulting in the MM cells to infiltrate the marrow cavity of the graft while sparing the murine
bone and all other murine normal tissues. With osteolytic lesions of the human bone and the presence
of monoclonal human Ig as well as human IL-6 in the PB serum of mice, this model represents a suitable
tool to mimic the human disease in mice (Urashima, Chen et al. 1997). The SCID-hu animal model has
since been used to investigate the interaction of human MM cells with the BMM. Yaccoby and colleagues
were thereby able to show successful engraftment of primary cells from MM patients upon
transplantation with development of osteolysis in the implanted human bone and serial transplantability

of the disease (Yaccoby, Barlogie et al. 1998, Yaccoby and Epstein 1999).

1.8.3 Other mouse models of malignant transformation

In addition to the described GEM and xenograft models, other approaches have been used to study

MM in vivo.

It is known that with aging, mice of the C57BL strains recurrently display an idiopathic paraproteinemia
that resembles the development and natural history of human MGUS and eventually human MM (van
den Akker, de Glopper-van der Veer et al. 1988). C57BL/KaLwRij mice exhibit the highest frequency of
idiopathic paraproteinemia amongst the various strains of C57BL mice. Approximately 80 % of
C57BL/KaLwRij mice spontaneously evolve a B cell proliferative disorder resembling human MGUS
and a very small fraction of around 1 % presents with MM or WM after two years. C57BL/KaLwRij mice
developing MM represent what is known as the original 5TMM model. Serial transplantation of BM from
the 5TMM model into young naive syngeneic recipients results in the reestablishment of the disease for
multiple generations with characteristics similar to the human disease. The 5TMM models nicely reflect
the syngeneic nature of interaction of the MM cells with adhesion molecules and cytokines of the host
microenvironment (Radl, De Glopper et al. 1979, Radl, Croese et al. 1988, Radl 1989, Radl 1990,
Vanderkerken, De Raeve et al. 1997).

In another model, an abnormal accumulation and proliferation of PCs in the peritoneal cavity is seen
upon intraperitoneal (i.p.) injection of pristane mineral oil into BALB/c mice. The plasmacytomas are
transplantable into the peritoneum of syngeneic recipients primed with pristane. However, these PC

tumors are primarily localized in the peritoneum, LNs, and spleen and not in the BM (Potter 1986).
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1.9 The Cre/loxP system

The site-specific DNA recombinase Cre (causes recombination) of the bacteriophage PI specifically
recognizes 34 bp long sequences, known as loxP (locus of X over in PI) (Sternberg and Hamilton 1981,
Sternberg, Hamilton et al. 1981). Cre cuts out DNA segments that are flanked by two directly repeated
loxP sites as a circular molecule, thereby leaving a single loxP site in the genome (Sauer and Henderson
1988). As Cre recombinase does not require cofactors or accessory molecules in eukaryotic cells
(Abremski and Hoess 1984), it appears to be the first choice for gene modifications in the mouse
genome. In case that the gene of interest is flanked by loxP sites (i.e. floxed), Cre expression results in
the knock down of this gene. If the gene of interest is preceded by a floxed transcriptional stop sequence
(STOP), Cre expression will lead to the removal of the stop cassette, thus allowing expression of the
gene of interest (Lakso, Sauer et al. 1992). The latter scenario is depicted in Figure 8 where expression

of the transgene L-gp130 is facilitated upon activation of Cre recombinase.
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Figure 8: Gene activation by the Cre/loxP system by L-gp130 as the gene of interest. (A) LoxP sites flanking
the target sequence, i.e. a stop cassette. Downstream is the gene of interest followed by a reporter gene. (B) LoxP
sequences bind to each other by complementary base-pairing; Cre recombinase then gets attached to this structure,
cleaves in the middle, catalyzing homologous recombination thereafter. (C) As a result, the target sequence is
released from the genomic DNA as a circular DNA molecule and the gene of interest gets expressed (after
(Szeberenyi 2013)).

1.9.1 Conditional gene targeting by the Cre/loxP system

Conditional gene targeting is a gene modification being restricted to a specific cell type of the mouse. It
requires a mouse strain containing a floxed gene of interest or stop cassette and an additional mouse
strain expressing the Cre recombinase under a cell type specific promoter. Breeding of those two strains
results in the generation of compound mice, carrying the knockdown or activation of the gene of interest

restricted to those cell types, where Cre recombinase is expressed. Conditional mouse mutants are now
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widely used to study the function of ubiquitously expressed genes in certain cell types and to circumvent
embryonic lethality due to inactivation of a putative indispensable gene (Nagy 2000, Nagy, Mar et al.
2009).

Using the CD19Cre strain in the above depicted scenario (Figure 8) results in expression of the L-gp130
transgene and therefore activation of IL-6/gp130/JAK/STAT3 signaling from the pro-B cell stage onwards
(Rickert, Roes et al. 1997) while breeding with Cy7Cre mice allows conditional gene activation within the
GC (Casola, Cattoretti et al. 2006). As PRDM1Cre (herein referred to as Blimp1Cre) is expressed when
B cells leave the GC to differentiate towards the PC stage, L-gp130 expression in compound mice is
restricted to plasmablasts and PCs (Kallies, Hasbold et al. 2007) and the Vav1Cre strain directs L-gp130
expression to the whole hematopoietic compartment (Ogilvy, Elefanty et al. 1998, Ogilvy, Metcalf et al.
1999). Figure 9 gives an overview of all Cre-transgenic strains used in this study and depicts when they

are active during differentiation.
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Figure 9: Overview of the Cre-transgenic strains and their expression during B cell development and in
hematopoietic stem cells. Breeding of L-gp130 mice to distinct Cre-transgenic strains results in constitutive
activation of gp130 signaling during hematopoietic and B cell development. HSC: hematopoietic stem cell, CLP:
common lymphoid progenitor, Pre-pro B: pre-pro B cell, Pro-B: pro B cell, Pre-B: pre B cell, Immature: immature B
cell, Mature: mature B cell, GC: germinal center B cell, Pre-BCR: pre B cell receptor (after (Giles, Bender et al.
2009)).

The described strains were selected as it is known for decades that IL-6/gp130 signaling is not only
important for late B cell differentiation (Hirano, Yasukawa et al. 1986, Akira, Taga et al. 1993) but also
directly accounts for the malignant progression of MM (Catlett-Falcone, Landowski et al. 1999). Apart
from its central role in B cells, conventional I1L-6/gp130 signaling is moreover essential for regulating
cellular responses during hematopoiesis (Jenkins, Roberts et al. 2005) and for the differentiation of

certain other lymphoid compartments (Park, Nakagawa et al. 2004, Nishihara, Ogura et al. 2007).
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1.10 Objectives

B cell malignancies including MM represent frequent cancers and are still considered incurable for a
large proportion of patients. Despite significant progress in understanding the pathogenesis of these
severe diseases and the introduction of novel targeted therapies, the remission free and overall survival
of patients is poor (Guang, McCann et al. 2018). With IL-6/gp130/JAK/STAT3 signaling playing an
important role regarding the development and progression of MM, this pathway is of special interest for
the future invention of new medications (Catlett-Falcone, Landowski et al. 1999). Although several
murine models based on the activation of this axis have been generated, they are limited due to their
low penetrance and late disease onset (Dechow, Steidle et al. 2014, Paton-Hough, Chantry et al. 2015,
Rossi, Botta et al. 2018). So far, the development of transplantable plasmacytomas has only been shown
in IL-6 transgenic mice on a BALB/c background (Suematsu, Matsusaka et al. 1992), a strain that is
prone to malignant transformation as it harbors a mutation in the inhibitor of Cdk4/alternative reading
frame (INK4a/ARF) locus that results in partial disability of the tumor suppressor protein p16'k4a (Zhang,
DuBois et al. 2001). Therefore, there is an urgent need to develop novel in vivo models for mimicking
and analyzing the mechanisms of B cell ymphoma and myeloma pathogenesis, and for providing novel

tools for testing therapies.

For that reason, the aim of the present study was to create conditional in vivo models of activated IL-
6/gp130/JAK/STAT3 signaling on the frequently used C57BL/6 background. Constitutively active, cell-
autonomous gp130 activity was thereby targeted to B cells, as well as to the entire hematopoietic system

by making use of the Cre-loxP system.

First, the murine models allowed the investigation of the IL-6/gp130/JAK/STAT3 axis in B cell
development and differentiation. Second, this approach was used to reveal concomitantly activated
signaling pathways. Third, diseases that developed in these newly generated models were characterized
particularly with regard to bearing resemblance to human MM. Fourth, the collaboration of activated

gp130 signaling with second mutations in the development of malignant transformation was assessed.
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2 Materials and Methods

2.1 Materials
2.1.1 Chemicals and Reagents

2-Mercaptoethanol, 50 mM

Acetic acid

ACK Lysis buffer

Acrylamide/Bis-acrylamide solution [30 %]
Agarose NEEO ultra-quality Roti®Garose
Ammonium persulfate (APS)

Bovine Serumalbumin (BSA)

Bromphenol blue

Complete Mini (Protease Inhibitor Cocktail)
Deionized water

Dimethyl sulfoxide (DMSO)

dNTP Mix, 10 mM

Dithiothreitol (DTT)

Dulbecco’s phosphate buffered saline (DPBS)
Dulbecco’s Modified Eagle Medium (DMEM)
Ethanol

Ethidiumbromid (EtBr) solution [1 %]

Ethylendiamintetraacetate (EDTA)

Thermo Fisher Scientific
Carl Roth GmbH
Thermo Fisher Scientific
Carl Roth GmbH

Carl Roth GmbH
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roche

B. Braun Melsungen AG
Serva

Fermentas
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Carl Roth GmbH

Carl Roth GmbH

Carl Roth GmbH

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA) Carl Roth GmbH

Fetal Calf Serum (FCS)

Formaldehyde solution [36 %]

Formalin solution [10 %]

Glycerol

Glycine

Hank’s Balanced Salt Solution, 10x (HBSS)
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
Isoflurane CP® [1 mg/ml]

Isopropanol

PAA Laboratories GmbH
Fluka

Sigma-Aldrich
Sigma-Aldrich

Carl Roth GmbH
Thermo Fisher Scientific
Thermo Fisher Scientific
CP-Pharma

Carl Roth GmbH

21



L-Glutamine, 200 mM

Lipofectamine® 2000

Magnesium chloride (MgCl>)

Methanol

Non-essential amino acids (NEAA)
Oligo(dT)12-18 Primer

Opti-Mem® | Reduced Serum Media
Osteosoft®

Penicillin/Streptomycin (Pen/Strep)
Phenylmethylsulphonyl fluoride (PMSF)
Phosphate buffered saline (PBS)
Polybrene (Hexadimethrine bromide)
Ponceau S

Propidium lodide (PI)

RNase OUT

Sheep red blood cells (SRBC)

Skim milk powder

Sodium dodecylsulfate (SDS)

Sodium chloride (NacCl)

Sodium fluoride (NaF)

Sodium orthovanadate (Na3VvO4)
Sodium tetraborate decahydrate (Borax)
SuperSignal West (Pico/Dura/Femto)
N,N,N’,N'-Tetramethylethan-1,2-diamin (TEMED)
Tris(hydroxymethyl)aminomethane (TRIS)
Trypan blue stain solution [0.4 %]
Trypsin-EDTA-Solution, 10x

Tween 20

Ultra Pure Distilled Water (Aqua dest.)

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

J.T. Baker

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Sarstedt

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Carl Roth GmbH
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Pierce

Sigma-Aldrich

Carl Roth GmbH
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
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2.1.2 Consumables

6 well-plates

12 well-plates

BD Plastipak™ 1 ml Sub-Q insulin syringes
Blood lancets supra

Cell culture dishes

Cell culture flasks T125, T75, T25
Cell strainers 100 pum

Combitips advanced® 10 mi
CoolCell™ FTS30 Freezing container
Cryo Tubes™

CyAn ADP Lx P8

Discardit™ Il disposable syringes
Eppendorf tubes, 1.5 ml and 2 ml
FACS tubes, 5 ml

Filter vacuum driven bottle top filter
Kodak films

MACS LS Columns

Microvette tubes

Parafilm

PCR-Strips Single Cap 8er-Soft-Strips 0.2 ml
Pipette tips

Pipette filter tips

PVDF-Membrane

S-Monovette®, EDTA

Sterican® disposable needles

Whatman® Filter Unit Puradisc FP30 0.2 um and 0.45 pm

Whatman® Paper

Greiner Bio-One GmbH
Greiner Bio-One GmbH
BD Biosciences

Megro GmbH & Co KG
TPP

Greiner Bio-One GmbH
BD Bioscience
Eppendorf AG

Sigma Aldrich

Corning

Beckman Coulter

BD Biosciences
Sarstedt

BD Biosciences
Millipore

Thermo Fisher Scientific
Miltenyi Biotech
Sarstedt

Pechiney Plastic Packaging
Biozym Scientific GMBH
Sarstedt

Starlab

Bio-Rad Laboratories
Sarstedt

B. Braun Melsungen AG
GE Healthcare Life Sciences

Biometra
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2.1.3 Instruments

Analytical balance Kern 770

Cage systems IVC

Cell incubator (Heraeus Hera cell 240)
Electrophoresis chamber

Elphoscan ES2000 Plus device

Flow cytometer (Cyan ADP Lx P8)
FACSAria™ 1l cell sorter

Fridges and lab freezers

Dissecting instruments

Epson Perfection 4990 Photo Scanner
GelDoc System Universal Hood Il
Glas ware

Infrared lamp

Light microscope Olympus CK40 and CKX41
Light microscope Axiovert 25

Liquid nitrogen tank Biosafe® MDf
MACS MultiStand

Microfuge Heraeus Biofuge fresco
Microfuge Heraeus Megafuge 16 RS
Microfuge Heraeus Multifuge 3s
Microfuge MiniSpin

Microcentrifuge Mikro22R

Microwave MWS 2820

MidiMACS™ Separator

Multi-Channel Pipettes Research Plus®
NanoDrop 2000c

Neubauer hemocytometer

OPTIMAX X-ray Film Processor
pH-meter SevenEasy™

Pipetboy

Kern & Sohn GmbH
Tecniplast

Heraeus

Bio-Rad Laboratories
Sarstedt
Coulter-Cytomation
BD Biosciences
Liebherr Hausgerate GmbH
Fine Science Tools GmbH
Epson

Bio-Rad Laboratories
Labware SCHOTT AG
Breuer GmbH
Olympus

Carl Zeiss

Cryotherm

Miltenyi Biotec
Heraeus

Heraeus

Heraeus

Eppendorf AG

Hettich Zentrifugen

Bauknecht Hausgerate
GmbH

Miltenyi Biotec

Eppendorf AG

Thermo Fisher Scientific
Paul Marienfeld GmbH
PROTEC GmbH & Co KG
Mettler Toledo

Integra Biosciences AG
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Pipettes Research Plus®

Power Pac 200

Power Pac P25T

Precision balance Kern EG 2200-2NM
Repeater 4780 and M4

gRT-PCR Cycler (ABI Prism 7900 HT)

Rotating mixer RM5

Safety cabinet HERAsafe® HSP18
Scil Vet ABC Blood Counter

SDS-Gelelectrophoresis chamber (Multigel Long)

Smart Spec Plus™ Spectrophotometer
SONOPLUS Homogenisator (HD 2070)
Sunrise Microplate Reader

Thermal Cycler Veriti™ 96-well
Thermal Cycler BIOER Gene Touch
Thermomixer comfort

Vortex Mixer Genie2

Vortex Mixer IKA MS1 and Lab Dancer
Water bath

Water bath SUB

Wet-transfer device

Eppendorf AG
Bio-Rad Laboratories
Biometra

Kern & Sohn GmbH
Eppendorf AG

Applied Biosystems

CAT Laboratory Shakers and

Mixers

Heraeus

ScilAnimal Care
Biometra GmbH
Bio-Rad Laboratories
Bandelin electronic
Tecan Life Sciences
Thermo Fisher Scientific
Biozym Scientific GmbH
Eppendorf AG

Scientific Industries

IKA® Werke GmbH & Co. KG

Memmert
Grant Instruments

Bio-Rad Laboratories
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2.1.4 Growth media and buffer compositions

Phoenix Eco media:
DMEM

10 % FCS (heat inactivated)
Storage at 4 °C

MEF media:

DMEM

10 % FCS (heat inactivated)
1 % Pen/Strep

1 % Glutamine

1% NEAA

0.1 % 2-Mercaptoethanol
Storage at 4 °C

Freeze media:
FCS (heat inactivated)
10 % DMSO

Storage at 4 °C

HF2" buffer:

10 % HBSS, 10x

2 % FCS (heat inactivated)
1% HEPES

1 % Pen/Strep

deionized water

0.22 ym sterile filtered
Storage at 4 °C

FACS buffer:
PBS

0.5 % BSA
Storage at 4 °C
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Formaldehyde buffer for intracellular staining:
1:10 Formaldehyde solution [36 %]
1:1 dilution in FACS buffer

Tail buffer:

1% SDS

0.1 M NaCl

0.1 M EDTA

0.05 M Tris (pH 8)

315 ml deionized water

NaB buffer (1x):
0.19 % Borax

deionized water

Agarose gel (1 %):

1 % Agarose

NaB buffer (1x)

Boiled in microwave until completely dissolved

1 pug/ml EtBr

Protein lysis buffer:
50 mM HEPES

150 mM NaCl
1mMEDTAPpPH 7.5
2.5mM EGTApH 7.5
0.1 % Tween 20

1 mM PMSF

1 mM NaF

0.1 mM NavO4

10 % of one Roche Mini-Complete tablet dissolved in H20

PBS-Tween (PBS-T):
1 ml Tweenin 1L PBS



APS (10 %):

10 % Ammoniumpersulfat in Aqua dest.

Separating gel:

10 % Acrylamid/Bisacrylamid
375 mM Tris/HCI, pH 8.8

0.1 % SDS

3% APS

0.07 % TEMED

Stacking gel:

5 % Acrylamid/Bisacrylamid
125 mM Tris/HCI, pH 6.8
0.1 % SDS

7 % APS

0.14 % TEMED

Loading buffer 5x:
3.88gDTT

250 mM Tris-HCI 1M ph 6.8
59 SDS

6.25 g Bromphenol blue (1 %)
50 % Glycerol

50 ml deionized water

SDS-Running buffer 10x:
14.4 % Glycine

3 % Tris

1% SDS

deionized water

SDS-Running buffer 1x:
1:9 10x Running buffer in H20
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Transfer buffer:
20 % Methanol
10 % SDS-Running buffer (10x)

deionized Wasser

Amido Black Destain:
10 % Methanol
10 % Acetic acid

80 % deonized water

4 % Formalin solution:
40 % Formalin solution [10 %]

60 % PBS
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2.1.5 Enzymes

Phusion High Fidelity DNA Polymerase [2 U/pul]

Proteinase K

2.1.6 Primers

Ambion

All oligonucleotides were purchased from Eurofins Genomics.

Thermo Fisher Scientific

Primer names Primer sequence 5 -> 3
L-gp130
L-gp130_rev_CAG TGT CGC AAATTAACT GTG AATC
L-gp130_rev wt GAT ATG AAG TACTGG GCT CTT
L-gp130_fwd AAA GTC GCT CTG AGT TGT TATC
CD19Cre
Cre8 CCC AGA AAT GCCAGATTA
19c AAC CAGTCAACACCCTTICC
19d AAC CAGTCAACACCCTTICC
VaviCre
VaviCre fwd AGA TGC CAG GAC ATC AGG AAC CTG
VavlCre_rev ATC AGC CAC ACC AGACACAGAGATC
CylCre
Cyl WT fwd TGT TGG GAC AAA CGA GCA ATC
Cyl Mutant fwd GGT GGC TGG ACC AAT GTAAATA
Cyl Common GTC ATG GCA ATG CCAAGG TCG CTA G
Blimp1Cre
Blimp1Cre fwd GCC GAG GTG CGC GTC AGT AC
Blimpl1Cre_rev CTG AACATG TCCATCAGGTICTTG
Ep-Myc
Myc fwd ACC TCT CCG AAACCAGGCACCGCAA
Myc rev TCTTGC TCG CGC GCT AGT CCTTTCC
p53 KO
p53 Mutant fwd CAG CCTCTGTTC CACATACACT
p53 WT fwd AGG CTT AGA GGT GCA AGC TG
p53 Common TGG ATG GTG GTATACTCAGAGC

Table 1: Overview of primers used for genotyping in this study

Primer names

Primer sequence 5 -> 3

L-gp130

L-gp130 fwd (human)

ATG ATA AAG AAT TGT GCG GCG G

L-gp130 rev (human)

TGT TTAAGC TGT GCC ACC TG

gpl30

gp130 fwd (murine)

CCGTCATITTGG ATTTGG CACA

gp130 rev (murine)

CCT CAC CAG CCCACATTCTA

GAPDH

GAPDH fwd (murine)

AAG GTC ATC CCA GAG CTG AA

GAPDH rev (murine)

CTG CTT CACCACCTT CTT GA

Table 2: Overview of primers used for gRT-PCR in this study
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2.1.7 Antibodies

Primary antibody Dilution Supplier
anti-actin; a-mouse 1/5000 in 5 % MP Sigma
anti-Bcl-2; a-mouse 1/1000in 5 % BSA BD Pharmingen
anti-Bcl-XL; a-rabbit 1/1000in 5 % BSA Cell Signaling
anti-gp130; a-rabbit 1/1000 in 5 % MP Santa Cruz
anti-STAT3; a-rabbit 1/1000in 5 % BSA Cell Signaling
anti-pSTATS3 (tyr705); a-rabbit 1/1000in 5 % BSA Cell Signaling
anti-phospho-p44/42 MAPK 1/1000 in 5% BSA Cell Signaling
(Thr202/Tyr204)

Primary antibody Dilution Supplier
anti-mouse (HRP-linked) 1/10.000 GE Healthcare
anti-rabbit (HRP-linked) 1/10.000 GE Healthcare

Table 3: Overview of antibodies used for western blot analysis in this study

Antigen Fluorochrome Clone Dilution Supplier
CD45 Pacific 30-F11 1/200 eBioscience
Blue/eFluor450
CD45 APC 30-F11 1/200 eBioscience
CD19 Pacific eBiolD3 (1D3) | 1/200 eBioscience
Blue/eFluor450
CD138 PE 281-2 1/200 BD Biosciences
CD138 APC 281-2 1/200 BD Biosciences
CD95 PECy7 Jo2 1/400 BD Biosciences
GL7 PerCP/Cy5.5 GL7 1/400 BioLegend
B220 APC-eFluor7380 RA3-6B2 1/400 eBioscience
B220 PECy7 RA3-6B2 1/400 eBioscience
IgM APC /41 1/400 eBioscience
IgM PE eB121-15F9 1/400 eBioscience
IgD PE 11-26¢ (11-26) | 1/400 eBioscience
IgD Pacific 11-26¢ (11-26) 1/400 eBioscience
Blue/eFluor450
CD93 PerCP/Cy5.5 AA4.1 1/200 eBioscience
CD11b APC-eFluor780 M1/70 1/200 eBioscience
CD3e PerCP/Cy5.5 145-2C11 1/200 eBioscience
Gr.1 PE RB6-8C5 1/200 eBioscience
ckit (CD117) APC-eFluor780 2B8 1pl/1Mio cells | eBioscience
ckit (CD117) PE 2B8 1pl/1Mio cells | eBioscience
Scal PECy7 D7 1pl/1Mio cells | eBioscience
Mouse hematopoietic | bio 1pl/1Mio cells | eBioscience
Lineage Cocktail
Terl19 Pacific Ter-119 1ul/1Mio cells | eBioscience
Blue/eFluor450
Streptavidin Pacific 1pl/1Mio cells | eBioscience
Blue/eFluor450
pSTAT3 (Y705) PE LUVNKLA 0.06ug/sample | eBioscience
Isotype 19G2b kappa | PE eBMG2b 0.06ug/sample | eBioscience

Table 4: Overview of antibodies used for flow cytometric analysis in this study
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2.1.8 Molecular weight markers for DNA and proteins

Gene Ruler™ 1 kb Plus Ladder

PageRuler™ Plus Prestained Protein Ladder

2.1.9 Plasmids

MSCV-IRES-GFP (MIG)
MSCV-Cre-YFP
MSCV-L-gp130-IRES-GFP

2.1.10 Kits

Bio-Rad Protein Assay

CD19 MicroBeads, mouse

CD138 MicroBeads, mouse

KAPA Mouse Genotyping Kit

Mouse Immunoglobulin Panel
Platinum SYBR Green gPCR SuperMix-UDG
Qiagen® DNeasy Blood & Tissue Kit
Qiagen® Omniscript RT Kit
Qiagen® Qiashredder

Qiagen® RNeasy Plus Mini Kit

SBA Clonotyping™ System-AP

2.1.11 Software programs

Excel

FlowJo Version 10

GraphPad Prism Version 7
Inkscape Version 0.92

Magellan Version 7

Quantity One 1-D Analysis Software
Word

Thermo Fisher Scientific

Thermo Fisher Scientific

J. Miller and W. Pear, Philadelphia
gift from M. Schmidt-Supprian, Munich

gift from T. Dechow, Munich

Bio-Rad Laboratories
Miltenyi Biotec
MiltenyiBiotec

Kapa Biosystems
SouthernBiotech
Invitrogen

Qiagen

Qiagen

Qiagen

Qiagen

SouthernBiotech

Microsoft Office

Tree Star Inc.
GraphPad Inc
Inkscape Community
Tecan Life Sciences
Bio-Rad Laboratories

Microsoft Office
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2.1.12 Mouse strains

Mice used in this study were on a C57BL/6 background. All mice were bred and maintained in
microisolators in the animal facility of Technische Universitat Miinchen under specific-pathogen-free
(SPF) conditions according to FELASA recommendations on a 12-h light/dark cycle, receiving food and
water ad libitum. Animal experiments were performed in accordance with the FELASA guidelines and

approvals from the regional animal ethics committee (Regierung von Oberbayern, Munich, Germany).

R26 fl rx L-gp130 (herein referred to as L-gp130)

This novel conditional mouse strain on the frequently used C57BL/6 background was generated by
Frank-Thomas Wunderlich and Mona Al-Maatrri at the Center for endocrinology, preventive medicine and
diabetes at the Max Planck Institute for Metabolism Research in Cologne, Germany. In this strain,
compound expression of the chimeric receptor protein L-gp130 (Stuhlmann-Laeisz, Lang et al. 2006)
and the fluorescent protein from the CAG promoter is prevented by a loxP- and a rox-flanked stop
cassette. The novel B9-36 ROSA26 targeting vector, a derivative of the STOP-EGFP ROSA CAG
targeting vector, comprising a short arm of homology (SAH), a chicken beta actin promoter followed by
a loxP flanked neo stop and a rox flanked stop cassette was employed. The single Ascl site can be used
toinsert in frame transgenes to the 2A driven Zoanthus sp. green fluorescent protein (ZsGreen) construct
to monitor Cre- and Dre-mediated recombination. 3' to the 2A ZsGreen cassette, the 4.5 kb long arm of
homology (LAH) and negative PGK DTA cassettes are inserted. L-gp130 was amplified from pCDNA L-
gpl130 with oligos 5AscLGP130 (GGC GCG CCA CCA TGT TGA CGT TGG CAG ACT TGG) and
3AscLGP130 (GGC GCG CCC TGA CCT GAG GCA TGT AGC CGC C) sequenced and inserted into
Ascl site of B9-36 TV. 40ug of AsiSl linearized B9-36 L-gp130 was transfected into 107 Bruce 4 ES cells
by electroporation and selected with G418. Isolated single ES clones were screened using Southern blot
analysis of EcoRI digested clonal DNA using ROSA26 EcoRI/Pacl probe as previously described
(Belgardt, Husch et al. 2008). An additional 7.1 kb targeted band appeared with the 15.6 kb WT band in
correctly targeted clones. A neo probe confirmed single integration of the transgene. Correctly targeted
clones were injected into donor blastocysts to generate chimeric mice that were backcrossed to C57BL/6
mice to obtain R26 fl rx L-gp130 mice on a pure C57BL/6 background. To create the Cre-activatable L-
gp130 conditional allele, parental mice were crossed to Dre deleter mice (Anastassiadis, Fu et al. 2009).
Breeding of this strain to Cre-transgenic mice leads to forced activation of gp130 signaling in the

Correspondent compartment.

CD19Cre (B6.129P2(C)-Cd19tmire)can/ )

A Cre recombinase gene was inserted into the first coding exon of the CD19 antigen gene thus abolishing
endogenous CD19 gene function and placing Cre expression under the control of the endogenous CD19
promoter/enhancer elements. Cre recombinase expression in this strains is seen from the earliest stages

throughout B-lymphocyte development and differentiation (Rickert, Roes et al. 1997).
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Cy1Cre (B6.129P2(Cg)-Ighg1tmLcreCan/g)

This transgenic mouse model expresses Cre recombinase from the endogenous Ighgl (immunoglobulin
heavy constant gamma 1) locus restricting Cre recombinase activation to GC B cells. The expression of
a bicistronic mRNA consisting of the Ig gamma 1 constant region (Cy1) and Cre recombinase was made
possible by the introduction of an Internal Ribosome Entry Site (IRES)-Cre-frt-flanked neomycin cassette
into the 3' UTR of the I|g gamma 1 constant region gene between the last membrane coding region and

its polyadenylation site (Casola, Cattoretti et al. 2006).

PRDM1-Cre (B6.Cg-Tg(Prdm1-cre)1Masu/J; herein referred to as Blimp1Cre)

In this strain, Cre recombinase is expressed under the control of the mouse Prdml (PR domain
containing 1; Blimpl1) promoter. The exon 1 and 2 coding region of the targeted mouse gene were
replaced by a nuclear localization sequence (NLS) followed by the Cre sequence and a transcriptional
stop cassette (Ohinata, Payer et al. 2005). Blimp1l gets upregulated upon exit from the GC reaction and

its expression is therefore seen in PCs (Turner, Mack et al. 1994).

Vav1-iCre (B6.Cg-Commad1QTe(vavl-icre)A2Kiol 3. herein referred to as VaviCre)

This transgenic line expresses Cre recombinase under the control of the mouse vav 1 oncogene (Vavl)
promoter therefore directing expression of an optimized variant of Cre recombinase (iCre) to
hematopoietic cells (and their progenitors) (Ogilvy, Elefanty et al. 1998, Ogilvy, Metcalf et al. 1999,
Shimshek, Kim et al. 2002, de Boer, Williams et al. 2003).

Ep-Myc (B6.Cg-Tg(lghMyc)22Bri/J)

In this strain, the murine oncogene Myc (c-Myc) is under control of the Ep immunoglobulin heavy chain
enhancer restricting its expression to the B cell lineage. Ep-Myc transgenic mice frequently develop
aggressive pre-fimmature B cell lymphomas early in life mimicking the human BL phenotype (Adams,
Harris et al. 1985).

Trp53 knockout (B6.129S2-Trp53™1Wi/J; herein referred to as p53 KO)

In this transgenic strain, exons 2 — 6 (including the start codon) of the Trp53 gene are replaced by a
neomycin cassette leading to the knockout of the gene. Mice homozygous for the mutation develop
lymphomas and sarcomas at three to six months of age. Heterozygous mice show tumor formation at

about ten months of age (Jacks, Remington et al. 1994).

Ly5.1 (B6.SJL-Ptprc? Pepc®/BoyJ; CD45.1)

In contrast to WT C57BL/6 inbred strains expressing the PtprcP (CD45.2 or Ly5.2) allele, this C57BL/6
congenic strain carries the differential pan leukocyte marker Ptprc2, commonly known as CD45.1 or Ly5.1
(Shen, Saga et al. 1985). It is commonly used in transplant studies and therefore served as BM support

in the FL-HSPC transplantation approach in the present study.

34



2.2 Methods
2.2.1 Molecular biology techniques
2.2.1.1 Mouse genotyping by PCR

Genotyping of mice is based on the polymerase chain reaction (PCR) that allows for in vitro amplification
of specific DNA sequences by repeated cycles of DNA-denaturation, annealing of specific primers and
elongation by a thermoresistant DNA polymerase (Mullis and Faloona 1987). Products can then be

visualized on an agarose gel to control for the presence of transgenes.

DNA was isolated from ear punches or embryonic tissue (see chapter 2.2.3.2) by digestion in Tail buffer
with 200 pg/ml Proteinase K at 55 °C, 750 rpm o/n in a thermo shaker. The next day, the reaction was
stopped by heat inactivation at 99 °C for 5 min. After centrifugation at 4 °C at 13000 rpm in a table
centrifuge, supernatants were collected and 1 pl was used for genotyping using the KAPA Mouse

Genotyping Kit.
Reaction mix, 20 pl in H20: 1 pl DNA
1 pl each Primer (100 pmol/pl)
10 pl Kapa Genotyping Mix
Ad 20 pl H20
The temperature for denaturation was 94 °C, annealing temperatures varied between 56 — 65 °C

depending on the melting temperature of the primers, and elongation was carried out at 72 °C for 1 — 2

min depending on the length of the sequence.

Primers used for genotyping are depicted in Table 1.

2.2.1.2 Agarose gel electrophoresis

In an agarose gel, DNA is separated in an electric field dependent on its size. Visualization is then
realized by addition of ethidium bromide (EtBr), a fluorescent agent that intercalates into DNA (Waring
1965). In this study, 1 % agarose gels were used. Therefore, agarose was dissolved in the appropriate
volume of electrophoresis buffer (1X NaB), boiled, supplemented with EtBr and cooled down in a gel
chamber. DNA samples were then loaded into gel pockets together with a marker (DNA ladder) prior to

electrophoresis. EtBr stained DNA visualized under UV-light.

2.2.1.3 Isolation of genomic DNA from tumor material

Genomic DNA was isolated from tumor/tissue samples using the Qiagen® DNeasy Blood & Tissue Kit

according to manufacturer’s instructions.
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2.2.1.4 Analysis of IgH rearrangements

IgH rearrangements were amplified by PCR from genomic DNA (chapter 2.2.1.3) as follows: MsVHe-
AH-forward (TCGAGTTTTTCAGCAAGATGAGGTGCAGCTGCAGGAGTCTGG) was combined with
JH4e-New-AH-reverse ~ (ATCTTCTAGAAAGATGTCCCTATCCCATCATCCAGGG) to  amplify
rearrangements involving JH1-4. All samples were amplified by PCR for 35 cycles with Phusion High
Fidelity DNA Polymerase (2 U/ul) with the following conditions: 2 mM MgClz; melt at 98 °C for 10 mins,
anneal at 72 °C for 1 min, extend at 72 °C for 10 mins and then visualized on a 1 % agarose-gel. Genomic

DNA from Ep-Myc LN was used for monoclonal and oligoclonal controls.

2.2.1.5 RNA extraction from eukaryotic cells

For analysis of gene expression on transcriptional level, mMRNA needs to be extracted using RNase-free
solutions because of omnipresent RNases. In this study, total RNA was extracted from MEFs with the
Qiagen® RNeasy Mini Kit according to the manufacturer’s instructions. Isolation of total RNA from MEFs
was realized in a two-step protocol: the tissue lysate was first homogenized using a QIlAshredder,
followed by RNA extraction with help of the RNeasy Mini Kit that depends on reversible binding of RNA
to silica-membrane spin columns as stated above. To obtain a higher RNA purity, the optional DNAse

digestion steps were performed as suggested by the manufacturer.

RNA concentration in the final eluates was measured spectrophotometrically on a Nanodrop.

2.2.1.6 Reverse transcription (RT)

Reverse transcriptases are enzymes of viral origin, synthesizing complementary DNA (cDNA) on the
basis of an RNA template in a reaction called reverse transcription (RT) (Baltimore 1970, Temin and
Mizutani 1970, Spiegelman, Watson et al. 1971). The resulting cDNA is the source for different gene

expression analyses such as quantitative real time PCR (qRT-PCR).

To obtain cDNA, 1 ug of extracted RNA (see chapter 2.2.1.5) was reversely transcribed using the
Qiagen® Omniscript RT Kit with RNase Out and oligo(dT) primers, which allow specific transcription of

mMRNA via annealing to polyA-tails according to the manufacturer’s protocol:
cDNA was synthesized at 37 °C for 60 min with heat inactivation of the enzyme at 93 °C for 5 min.

Reaction mix: 1 pg RNA in 12 yl RNase-free H20
2 pl 10x Puffer RT
2 ul dNTPs
2 pl oligo-dT (1:5 dilution)
1 pl RNase out (1:4 dilution)

1 yl Reverse Transcriptase
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2.2.1.7 Quantitative real time PCR (qRT-PCR)

gRT-PCR is a PCR-based method using fluorochromes to monitor the amount of amplified DNA in real
time after each PCR cycle (Bustin and Mueller 2005). SYBR Green is a commonly used gRT-PCR dye
that unspecifically binds to double-stranded DNA to form a DNA-SYBR Green complex absorbing blue
and emitting green light. Fluorescence intensity hence correlates with the amount of DNA, thus allowing
quantification of gene expression in relation to reference genes (Schneeberger, Speiser et al. 1995,
Zipper, Brunner et al. 2004). In this study, analysis was performed on an ABI Prism 7900HT cycler using
the Platinum SYBR-Green Q PCR SuperMix-UDG according to the manufacturer’s instructions with
cDNA from MEFs (see chapter 2.2.3.2) in triplicates as templates. Data analysis was done by comparing

Ct values with a control sample set as 1 and normalized to the expression of GAPDH.

Primer sequences are listed in Table 2.

Reaction mix: 15.6 pl Power SYBR Green PCR Master Mix
0.5 yl ROX
1 pl Primer (forward and reverse, each 10 uM)
1.8 ul cDNA
8.0 pl H20

Program: 95 °C 1 min
95°C 15 sec
60 °C 1 min } 40x
95°C 15 sec
60 °C 1 min Melt curve

95°C 15sec

2.2.2 Protein biochemistry
2.2.2.1 Cell lysis

Cell pellets were lysed in ice-cold lysis buffer containing protease inhibitors for 15 minutes on ice followed
by sonication (4 cycles with 10 sec at 30 % power). Cell debris was removed by centrifugation at full
speed for 5 min at 4 °C in a microcentrifuge and supernatants were collected. Protein was quantified
using the Bio-Rad Protein Assay Dye Reagent according to the manufacturer’s instructions (Bradford
1976). Protein absorption was measured at 750 nm on the Smart Spec Plus Spectrophotometer. 15 ug
protein were taken up in 5X loading dye, boiled at 95 °C for 5 min to denaturate proteins via SDS and

stabilize the sample.
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2.2.2.2 SDS-PAGE and immunoblotting

SDS polyacrylamide gel electrophoresis (SDS-PAGE) is a gel-based technique for the separation of
proteins in an electric field due to their electrophoretic mobility. In the presence of SDS, tertiary structures
are overcome and proteins are coated in negative charge, thus migrating according to their molecular
weight (Smith 1984). SDS-PAGE is followed by immunoblotting to detect membrane-bound proteins by
making use of specific antibodies.

15 ug of protein samples and a molecular weight marker were loaded onto a 10 % SDS polyacrylamide
gel and electrophoretically separated in 1X Running Buffer in an electrophoresis chamber at 30 V and
RT o/n. The gel was then blotted onto a Methanol-activated PVDF membrane (0.45 pum) in a wet-transfer
device using Transfer buffer at 4 °C and 1000 mA for 2 h. After blocking with BSA or skim milk in PBST
for 1 h at RT, membranes were incubated o/n at 4 °C with primary antibodies in BSA or skim milk in
PBST on a roller mixer as indicated on the respective data sheet. Membranes were then washed twice
with PBST and incubated with secondary anti-rabbit or anti-mouse IgG antibody conjugated to HRP for
1 h at RT. Following three additional washing steps with PBST, membranes were visualized on Kodak
films with Pierce™ ECL Western Blotting Substrate according to the manufacturers’ instructions. The
ECL method is based on chemiluminescent HRP substrates, creating signals at the site of bound

secondary antibody.

2.2.2.3 Stripping of membranes

To re-probe a PVDF membrane with another antibody, the previously bound primary and secondary
antibodies were stripped off the membranes using Amido Black Stain solution for 10 min at RT followed

by three washing steps with PBST and incubated again with the new antibodies.

Primary and secondary antibodies and their dilutions used in this study are listed in Table 3.

2.2.2.4 Collection of serum and serum electrophoresis

Up to 300 pl of whole blood from mice were collected in Microvette tubes and allowed to clot for 30 min
at RT. The clot was removed by subsequent centrifugation in a table centrifuge at 2.000 x g for 10 min
at 4 °C. The supernatant was collected and stored at — 20 °C. Serum protein electrophoresis was
performed on an Elphoscan ES2000 Plus device. 25 pl mouse serum was applied to a cellulose acetate
strip. After separation, the resulting protein fractions were stained with Ponceau S and quantified by

densitometric scanning.
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2.2.3 Cell culture and cell-based assays
2.2.3.1 Cell culture methods

Cells were kept in a humidified incubator at 37 °C and 5 % CO..

2.2.3.2 Preparation and culture of murine embryonic fibroblasts

Preparation and culture of murine embryonic fibroblasts (MEFs) has been described elsewhere
(Jozefczuk, Drews et al. 2012). MEFs of the following genotypes were prepared and cultured in this
study: L-gp130™", L-gp130"+, L-gp130** (i.e. WT). Genotyping was performed on heads of isolated
embryos as described in chapter 2.2.1.1 and 2.2.1.2.

2.2.3.3 Generation of retrovirus and infection of MEFs

The ecotropic packaging cell line PhoenixEco was used for the generation of retrovirus in order to deliver
exogenous DNA into murine cells upon transfection with Lipofectamine™ 2000. Lipofectamine is a
cationic liposome substance that forms complexes with negatively charged nucleic acid molecules thus
allowing their translocation into the cell by overcoming the electrostatic repulsion of the cell membrane
(Dalby, Cates et al. 2004). Retrovirus genomes generally comprise three open reading frames (ORF)
that encode for proteins essential for virus production: env (envelope), gag (group-specific antigen), and
pol (polymerase). gag codes for core and structural proteins of the virus, pol codes for reverse

transcriptase, protease and integrase, and env codes for the retroviral coat proteins (Coffin 1992).

For transfection, PhoenixEco cells were seeded at a density of 4 x 106 cells in 5 ml PhoenixEco media
in a 10 cm cell culture dish and kept at 37 °C o/n. Per dish, 30 pl of Lipofectamine™ 2000 were mixed
with 750 pl Opti-MEM® | Reduced Serum Media and incubated for 5 min at RT. In the meantime, 20 pg
of plasmid DNA was given to 750 pl Opti-MEM® | Reduced Serum Media, combined with the
Lipofectamine mixture and incubated for 30 min at RT. Media was removed from PhoenixEco cells and
replaced by 3.5 ml fresh media followed by addition of 1.5 ml DNA/Lipofectamine complexes per dish.
After 6 h incubation, the media was changed to MEF media. Supernatants containing retroviral particles
were then collected after 24, 36, and 48 h post transfection and filtered through a 0.45 pm Whatman®
Filter Unit.

The day before, MEFs were seeded at low densities (i.e. 6 x 105 cells in T25 cell culture flasks in 5 ml
MEF media) to allow for their proliferation as a prerequisite for retroviral infection of adherent cells (Miller,
Adam et al. 1990). MEFs were infected three times at 12-h intervals with retroviral supernatant
supplemented with 8 ug/ml polybrene. Polybrene is a cationic polymer used to increase infection
efficiency (Davis, Morgan et al. 2002). MEFs were then sorted for GFP/YFP positivity on the BD

FACSAria™ Il cell sorter for further analyses.

Plasmids used for transfection are listed in the Materials section 2.1.9.
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2.2.3.4 Freezing and thawing of cells

Cells can be cryoconserved using a cryoprotectant such as dimethyl sulfoxide (DMSQO). DMSO enters
the cell thus avoiding crystallization, damage, and cell lysis (McGann and Walterson 1987). For long
term storage, MEFs as well as freshly isolated cells from mouse necropsies were pelleted, resuspended
in freeze media (FCS supplemented with 10 % DMSO), and aliquoted in cryotubes at a concentration of
up to 1 x 108 cells/ml. Cryotubes were transferred to a — 80 °C freezer in a freezing container assuring a
cooling rate of 1°C/min to prevent damage to the cell membrane that is caused by a rapid freezing

process. After at least 24 h at — 80 °C, the cells were transferred to liquid nitrogen for long-term storage.

For thawing of the cells, it is mandatory to rapidly wash out the DMSO that can be toxic to the cell at
prolonged exposure times. Accordingly, cells were rapidly thawed at 37 °C and DMSO was washed out
with HF2* buffer.

2.2.4 Animal experiments
2.2.4.1 Keeping and breeding of mice

WT C57BL/6J mice for transplantation experiments were purchased from Charles River Laboratories or
Janvier Laboratories. The novel conditional L-gp130" mouse model was bred to the different Cre-
transgenic strains, described in chapter 3.2, to activate gp130/JAK/STAT3 signaling at distinct stages of
hematopoietic and B cell development. Recipient as well as compound mice were monitored for signs of
morbidity and tumor development by daily observation and physical examination. For experiments

littermates were used as control animals unless otherwise indicated.

2.2.4.2 Fetal liver cell transplantation

L-g130"" mice were bred to CD19Cre** and Epu-Myc*- mice and subsequent offspring was again mated
and females were monitored for vaginal plugs. Fetal liver hematopoietic stem/progenitor cells (FL-HSPC)
were obtained on embryonic day 13.5 (E13.5) and genotyping was done on isolated embryonic DNA
(see chapter 2.2.1.1 and 2.2.1.2). C57BL/6 FLC recipient mice received myeloablative irradiation (8.5
Gy) and were transplanted with 1.2 x 108 syngeneic FL-HSPC together with 0.2 x 106 Ly5.1 BM support

in total via tail vein injection.

2.2.4.3 Serial transplantation of tumor cells

For serial transplantation, CD19;L-gp mice were sacrificed upon arrival of the defined endpoints of the

study and 1 x 10° tumor cells were transplanted into sublethally irradiated (4.5 Gy) syngeneic recipients.
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2.2.4.4 Sheep red blood cell (SRBC) immunization

Intravenous sheep red blood cell (SRBC) injection has been shown to initiate a GC reaction (Zhang,
Tech et al. 2018). Therefore, Cy1;L-gp mice were injected i.v. with 1 x 108 SRBCs in PBS to activate
gpl30/JAK/STAT3 signaling and analyzed 11 d after immunization.

2.2.4.5 Necropsy

Upon reaching the previously defined end points of the study, mice were sacrificed using isoflurane.
Blood samples were collected into 1.2 ml heparinized tubes and blood cells were counted on a Scil Vet
ABC. Mesenteric tumors as well as SPL and LN were dissected from the surrounding tissues and divided
for further analyses: one part was fixed in 4 % Formalin solution for 48 h for immunohistochemical (IHC)
analyses, the other part was passed through 100 uym cell strainers, washed in HF2* buffer and frozen
viably for further analyses. Femurs and tibias were also isolated. While one tibia was fixed in 4 %
Formalin solution for 48 h followed by storage in Osteosoft for two weeks for subsequent IHC analyses,
the BM from the additional bones was flushed out using HF2* buffer, homogenized and passed through
a filcon before being frozen viably. If samples immediately underwent flow cytometric analysis,
ammonium chloride—potassium bicarbonate (ACK) lysis buffer was used to lyse erythrocytes prior to

staining.

2.2.5 Immunological methods
2.2.5.1 Flow cytometry

Flow cytometry is a laser-based technique used to simultaneously analyze different cell characteristics
on a single cell level. In a hydrodynamic field, single cells are illuminated by a laser beam and pass a
set of light detectors that measure fluorescent signals e.g. autofluorescence or fluorochrome-coupled
antibodies as well as physical properties such as size and granularity of single cells (Orfao, Ruiz-
Arguelles et al. 1995). For extracellular staining, cells were incubated with fluorescently labeled
antibodies in FACS buffer for 30 min on ice in the dark. Unbound antibodies were removed by
subsequent washing with FACS buffer. Viability distinction was realized by resuspending the cell pellet
with propidium iodide (PI) at a concentration of 1 ug/ml in FACS buffer. Before analysis on a Cyan ADP
Lx P8, cells were passed through a filcon to remove remaining tissue clumps. FlowJo Software Version

10 was used for data analysis.

Gating strategy for distinct B cell subsets is shown in Figure 13. Mouse Hematopoietic Lineage Biotin
Cocktail was used together with antibodies against c-kit, Sca-1, and Ter119 for defining LSK and MPP
compartments in the BM. Gating for these populations has been described elsewhere (Istvanffy, Kroger
et al. 2011).
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2.2.5.1.1 Intracellular flow cytometry for pSTAT3

After extracellular staining with fluorescently labeled antibodies against CD45, CD19, and CD3,
splenocytes from Vav;L-gp mice and age-matched controls were washed twice with FACS buffer and
fixed in warm Formaldehyde solution (4 %) for 10 mins at 37 °C followed by permeabilization in 90 %
ice-cold Methanol for 30 mins on ice. After subsequent washing with FACS buffer for two times, cells
were incubated with the intracellular pSTAT3 antibody for 1 h on ice in the dark, washed again and

resuspended in FACS buffer for flow cytometric analysis. 1gG2b kappa was used as an isotype control.

Antibodies for flow cytometry and their dilutions are listed in Table 4.

2.2.5.2 Enzyme-linked Immunosorbent Assay (ELISA)

ELISA is an assay technique for detecting and quantifying soluble antigens (Engvall and Perlmann 1971,
Van Weemen and Schuurs 1971). In a so-called sandwich ELISA, antibodies are immobilized to a solid
surface capable of binding antigens from a sample. Those antigens are bound by a second antibody
coupled to an enzyme. Added substrate is then converted by the enzyme into a detectable signal that
correlates with the quantity of the antigen. In the present study, basal Ig concentrations of IgM and 19Gotal
were determined by ELISA applying the SBA Clonotyping™ System-AP and the Mouse Immunoglobulin
Panel on serum samples (see chapter 2.2.2.4) from diseased mice and controls. Optical densities were

measured on a Sunrise Microplate Reader with Magellan 7 software.

2.2.5.3 Magnetic cell separation

Murine B cells and PCs were magnetically purified from tumor material as well as from young CD19;L-
gp and C57BL/6 WT spleens using CD19 and/or CD138 MicroBeads according to the manufacturer’s

protocol.

Purification was afterwards controlled by flow cytometry.

2.2.6 Histological and immunohistochemical analyses

Histological and IHC analyses was performed by Prof. Dr. Leticia Quintanilla de Fend at the Institute of
Pathology (University of Tubingen) and Prof. Dr. Katja Steiger at the Institute of Pathology (TUM). IHC
describes the detection of antigens in tissue sections using specific antibodies. Samples were fixed in 4
% Formalin solution and stored in PBS thereafter. Paraffinized samples were then sent to the Institute
of Pathology in Tubingen, where the samples were cut into sections using a microtome and processed

according local standard protocols.

Hematoxylin and eosin (H&E) staining was performed following standard protocols.
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2.2.7 Transcriptome analysis
2.2.7.1 RNA isolation from tumor material for RNA-sequencing

RNA was isolated from samples with an infiltration of > 60 % ZsGreen* tumor cells using the Qiagen®
RNeasy Plus Mini Kit according to the manufacturer’s protocols. Where infiltration rate was lower, CD19*
cells were collected by MACS separation (see chapter 2.2.5.3) and RNA was isolated thereafter. The

latter also accounted for splenocytes from young CD19;L-gp as well as C57BL/6 WT controls.

RNA concentration in the final eluates was measured spectrophotometrically on a Nanodrop.

2.2.7.2 RNA-sequencing

Library preparation for bulk 3’-sequencing of poly(A)-RNA was done as described previously (Parekh,
Ziegenhain et al. 2016). Briefly, barcoded cDNA of each sample was generated with a Maxima RT
polymerase using oligo-dT primer containing barcodes, unique molecular identifiers (UMIs) and an
adapter. 5’ ends of the cDNAs were extended by a template switch oligo (TSO) and after pooling of all
samples full-length cDNA was amplified with primers binding to the TSO-site and the adapter. cDNA was
tagmented with the Nextera XT kit (lllumina) and 3’-end-fragments finally amplified using primers with
lllumina P5 and P7 overhangs. In comparison to Parekh et al. the P5 and P7 sites were exchanged to
allow sequencing of the cDNA in readl and barcodes and UMIs in read2 to achieve a better cluster
recognition. The library was sequenced on a NextSeq 500 (lllumina) with 75 cycles for the cDNA in readl
and 16 cycles for the barcodes and UMIs in read2. Data was processed using the published Drop-seq
pipeline (v1.0) to generate sample- and gene-wise UMI tables (Macosko, Basu et al. 2015). Reference
genome (GRCm38) was used for alignment. Transcript and gene definitions were used according to the
ENSEMBL annotation release 75. RNASeq was done by R. Ollinger.

2.2.8 Bioinformatical analyses
2.2.8.1 Statistical analysis of high-throughput gene expression data

High-throughput gene expression data from the conditions indicated in the text were carried out using
the R environment for statistical computing (v3.4.0) (R-Core-Team 2016). Analysis of RNASeq data was

done in collaboration with H.C. Maurer.

2.2.8.2 Differential gene expression analysis

Genome-wide differential gene expression analysis for RNASeq data was carried out using the voom-
limma framework as implemented the R package limma (Ritchie, Phipson et al. 2015). This yielded
moderated t- and F-statistics for two and three group comparisons, respectively, and a false discovery

rate (FDR) < 0.1 was considered significant.
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2.2.8.3 Derivation of a CD19;L-gp gene expression signature

First, a differential gene expression analysis was carried out between WT B cells and B cells with Cre-
mediated L-gp130 activation (CD19;L-gp) as described above, yielding to a total of 2094 genes which
were differentially expressed at a FDR < 0.05. The top 100 genes induced and repressed by L-gp130
activation, respectively, were used to build a two-tailed gene set and information on their effect size (log:
fold change) was added as an additional weight for sSSGSEA, thus yielding a L-gp130 signature regulon.
When using the L-gp130 signature regulon, positive enrichment scores indicate similarity to CD19;L-gp

B cells whereas negative enrichment scores indicate similarity to WT B cells.

2.2.8.4 Data acquisition and pre-processing

B cell development: gene expression data from studies comparing different stages of B cell development
using the Affymetrix GeneChip Human Genome U133 Plus 2.0 platform were retrieved from
ArrayExpress and Gene Expression Omnibus (GEO), respectively. Specifically, the accession numbers
were E-MEXP-2360 (Jourdan, Caraux et al. 2009), E-MEXP-3034 (Jourdan, Caraux et al. 2011), E-
MEXP-3945 (Jourdan, Cren et al. 2014), and GSE15271 (Caron, Le Gallou et al. 2009).

CEL files were retrieved for all studies and normalized using the GCRMA R package (Wu 2014).

MM: Normalized gene expression data from Keats et al. (Keats, Fonseca et al. 2007) were retrieved

from the Multiple Myeloma Genomics Portal (Liefeld 2008).

For all microarray datasets, probes were collapsed at the gene level by keeping the probe with the

highest median expression. Genes with an interquartile range of zero were removed from the analysis.

2.2.8.5 Gene set collection

Gene sets were retrieved from the MSigDb v6.0 (Subramanian, Tamayo et al. 2005, Liberzon, Birger et
al. 2015) modules HALLMARK, C2 canonical pathways, C3 transcription factor targets and C6 oncogenic
signatures and were categorized as follows: (i) B cell sighaling pathways whose names contain ‘B_CELL’
or ‘BCR’ (n = 10), (ii) NF kappa B signaling pathways containing ‘KAPPAB', or ‘NFKB’ (n = 22), (iii)
Downstream signaling pathways containing ‘MAPK’, ‘ERK’, ‘PI3K’, ‘AKT’ or ‘MTOR’ (n = 43), (iv) Hippo
signaling containing ‘HIPPO’ or ‘YAP’ (n = 5), (v) Developmental pathways containing ‘WNT’, ‘NOTCH’,
‘TGF’, ‘HEDGEHOG’, ‘SHH’ or ‘BMP’ (n = 40) and (vi) MYC and STAT3 signaling containing ‘MYC’, ‘IL6’,
‘IL6ST’ or ‘'STAT3’ (n = 18). In order to determine STAT3 activity as opposed to mere STAT3 expression
among different B cell development stages, the expression of STAT3 target genes rather than STAT3
itself was considered as described below. STAT3 target genes were retrieved from the TTRUST (Han,
Cho et al. 2018) database.
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2.2.8.6 Single sample gene set enrichment (ssGSEA)

Single sample GSEA (ssGSEA) was used to determine the activity of selected pathways or regulatory
genes per individual sample as implemented in the VIPER (virtual inference of protein activity by enriched
regulon analysis) framework (Alvarez 2014). VIPER is capable to account for separate tails of a gene
set, e.g. up- and downregulated genes from a signature between conditions, and furthermore, considers
the absolute ranking of genes as well by using the aREA algorithm (Alvarez, Shen et al. 2016).

First, raw counts from RNASeq were normalized to account for different library sizes, and the variance
was stabilized by transforming the data to logz CPM (counts per million) using the edgeR (Robinson,
McCarthy et al. 2010) R package. Then ssGSEA was carried out using the indicated gene sets and
regulons, respectively, and the viper (eset.filter = FALSE, method = ‘scale’, min.size = 10) function from
the eponymous R package (Alvarez 2014). VIPER yields normalized enrichment scores (NES) per
sample which are normally distributed and based on the assumption that in the null situation, the target

genes are uniformly distributed in the gene expression signature.

Differential enrichment analysis of gene sets and regulatory gene activity between conditions was carried
out using the limma R package (Ritchie, Phipson et al. 2015) and a FDR < 0.1 was considered significant.
If only one pathway or signature was compared across conditions, significance was assessed using
Welch’s t test and ANOVA assuming unequal variance as implemented in the R stats package,
respectively, depending on whether two or more conditions were compared. Single sample enrichment

results for select pathways were depicted in a heatmap using the pheatmap R package (Kolde 2015).

2.2.8.7 Differential expression of immunoglobulin heavy and light chain genes

Immunoglobulin (Ig) light (Igkc, Iglcl, Iglc2, Iglc3, Iglc4) and heavy (Igha, Ighm, Ighd, Ighg2b, Ighg3,
Ighgl, Ighg2c) chain genes were examined for their differential expression between WT and tumor
tissues from Vav;L-gp mice as well as from CD19;L-gp mice with PC and Mature phenotypes,
respectively. Expression levels are shown as counts CPM on a log2 scale and false discovery rates were
retrieved from a linear model fit using the R package limma (Ritchie, Phipson et al. 2015).

2.2.9 Statistical analysis

All statistical tests were performed using the statistical functions of Microsoft Excel or GraphPad Prism7.
All values are expressed as mean + SEM, and a P value less than 0.05 was considered significant (*P
<0.05, *P < 0.005, **P < 0.0005, and ****P < 0.0001). The 2-tailed Student’s t test was used to compare
quantitative data between two independent samples. When comparing three or more groups, a one-way
analysis of variance (ANOVA) statistical test was used to analyze the differences between group means

followed by the Tukey’s test. Survival data were analyzed using the Mantel-Cox test.
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3 Results

This study was conducted in the research group of Prof. Dr. Ulrich Keller at Klinikum rechts der Isar
(TUM) in the Department of Internal Medicine Il supported by the help from collaboration partners. To
warrant a comprehensive understanding of the project, relevant data acquired by other researchers is

also shown here; the respective contributions are indicated in the text and/or figure legends.

3.1 Generation of R26 fl rx L-gp130 mice

To create an in vivo tool for aberrant gp130 downstream signaling, a novel mouse model allowing
conditional expression of L-gp130 was designed by Frank-Thomas Wunderlich and Mona Al-Maatrri at
the Center for endocrinology, preventive medicine and diabetes at the Max Planck Institute for
Metabolism Research in Cologne, Germany. The ROSA26 knock-in mouse strain, where compound L-
gp130 and ZsGreen expression from the CAG promoter is prevented by a loxP- and a rox-flanked stop
cassette were generated on the frequently used C57BL/6 background. The strategy to insert the floxed
L-gp130-2A-ZsGreen cassette under control of the CAG promotor into the mouse ROSA26 locus is
shown in Figure 10 and further details are stated in the Materials and Methods section. Crossing these
mice to deleter Dre mice removed the rox-flanked stop cassette in the germline, thereby generating a
Cre-dependent L-gp130 allele.
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Figure 10: Generation of R26 fl rx L-gp130 mice. The targeted locus for insertion of the floxed L-gp130-2A-
ZsGreen cassette under control of the CAG promotor is depicted before and after homologous recombination. EcoRI
sites within the targeted genomic region are indicated. Amp: ampicillin resistance gene, CAG: chicken-beta-actin
promotor with CMV (cytomegalovirus)-IE enhancer, DTA: diphtheria toxin fragment A, LAH: long arm of homology,
L-gp130: Leucine-zipper + glycoprotein130, loxP: locus of recombination by Cre, neo: neomycin resistance gene,
rox: locus of recombination by Dre, SAH: short arm of homology, SV40: Simian Virus 40, WSS: Westphal Stop
sequence, ZsGreen: Zoanthus sp. Green fluorescent protein. [Figure 7 was provided by F.-T. Wunderlich and M. Al-
Maarri].
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To test whether Cre-mediated L-gp130 activation resulted in activation of gp130 downstream signaling,
L-gp130%* (L-gp) mice were bred and MEFs were isolated from WT, homozygous, and heterozygous L-
gpl130 embryos at E13.5. Homozygous and heterozygous MEFs were then transduced with retrovirus
encoding Cre recombinase (Cre-IRES-YFP) while WT MEFs transduced with retrovirus encoding the L-
gp130 construct (L-gp130-IRES-GFP) served as a positive control and heterozygous L-gp130 MEFs as
well as WT MEFs transduced with the empty vector control MIG (MSCV-IRES-GFP) served as positive
controls, respectively. If transduction efficiency was less than 80 %, MEFs were sorted for further RNA

and protein isolation. The procedure is depicted in Figure 11.
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Figure 11: Overview of the experiment. Heterozygous L-gp130 mice were bred and MEFs isolated on E13.5.
Genotyping revealed the existence of WT, homozygous, and heterozygous embryos. The WT band was at 570 bp,
the transgene (TG) band was at 380 bp. MEFs were transduced with the depicted constructs and, when transduction
efficiency was lower 80 %, sorted for GFP/YFP positivity. MEFs: murine embryonic fibroblasts, MIG: MSCV-IRES-
GFP, GFP: green fluorescent protein, YFP: yellow fluorescent protein, WT: wildtype, TG: transgene, kb: kilo bases,
L: ladder, C: homozygous control.

No dose effect was seen regarding L-gp130 expression from homozygous and heterozygous MEFs
respectively. However, expression of L-gp130 seems to result in the suppression of endogenous gp130
transcript levels (Figure 12A). Additionally, on protein level, L-gp130 expression led to a slight activation
of STAT3 (measured as phospo-STAT3; pSTAT3) in comparison to the negative control (Figure 12B).
Thus, activation of the transgenic L-gp130 allele in MEFs generated from conditional L-gp130 knock-in

mice caused gp130 downstream signaling activity.
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Figure 12: Expression of L-gp130 results in downstream activity. (A) MEFs of the indicated genotypes were
transduced with the designated constructs and sorted for GFP/YFP positivity. Depicted is the mRNA expression for
L-gp130 and gp130 relative to GAPDH. Shown are means + SEM. (B) Immunoblot analysis of transduced and sorted
MEFs to investigate JAK/STATS3 signaling on protein level. Activation of STAT3 by means of pSTAT3 is shown in
MEFs expressing L-gp130 in comparison to control MEFs.

3.2 Gating strategy to define distinct B cell subsets by flow cytometry

For the investigation of consequences of constitutive gp130 activation in B cells, a specific flow cytometry
panel was developed to define certain subsets of B cell differentiation. This panel was created based on
a previous own study (Afshar-Sterle, Zotos et al. 2014) as well as on other studies focused on certain B
cell subsets (Derudder, Cadera et al. 2009, Schmidt, McGinnes et al. 2012, Enders, Short et al. 2014).
Figure 13 depicts the designed gating strategy that was used throughout this study to identify definite B
cell subsets using a healthy C57BL/6 mouse as an example. On the basis of this gating, augmentation
of distinct B cell populations led to the characterization of different phenotypes upon malignant
transformation hereinafter.
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Figure 13: Flow cytometry gating strategy for the definition of distinct B cell subsets. First, doublets were
excluded followed by exclusion of debris and red blood cells (RBC) by their cell size and granularity (FSC/SSC).
Propidium iodide (PI) was further used to eliminate dead cells. Pro/Pre and immature B cells were defined by gating
B220 against IgM. PCs were described as CD138*CD19" while further gating on the CD19* B cell population defined
GC B cells via GL7 staining and surface expression of immunoglobulins IgM and IgD revealed the maturity state of
B cells. Previous gate is always indicated as is the organ of analysis.

3.3 Constant gp130 signhaling promotes B cell differentiation in young CD19;L-gp
mice

To examine how forced activation of gpl30 downstream signaling pathways influences B cell
differentiation and/or proliferation, the newly generated L-gp130%* strain was bred to CD19Cre*" mice.
CD19Cre*";L-gp130"+ (CD19;L-gp) compound mice and L-gp1307+ (L-gp) controls were sacrificed at the
age of six weeks and further analyzed. Gross physical examination at this early time point of life did not
reveal any obvious pathology, and spleens did not show significant differences in weight between the
two groups (Figure 14A). Moreover, histological investigations of spleens and BM displayed largely
unaltered morphology and cellularity (Figure 14B) and absolute white blood cell (WBC) numbers were
comparable between groups (Figure 14C). Flow cytometric analysis of the T cell and B cell
compartments in BM, spleen, and peripheral blood (PB) of these young CD19;L-gp and age-matched L-
gp control mice by means of CD3 and B220 surface staining, revealed no significant changes in T and
B cell frequencies (Figure 14D). In CD19;L-gp mice, L-gp130 and subsequently ZsGreen are expressed
upon the pro-B cell stage, where B cells start to express CD19 (Del Nagro, Otero et al. 2005) (see Figure
9). Hence, CD19* B cells in BM, spleen, and PB were analyzed for their ZsGreen positivity (Figure 14E).
Gating on these ZsGreen* B cells and further examination of IgM and IgD surface staining showed a
larger fraction of cells expressing IgD in CD19;L-gp mice in comparison to L-gp controls in all analyzed
compartments (Figure 14F). This indicates that forced gpl30 signaling already promotes B cell
differentiation towards a mature stage in young mice. Immunoblot analysis of purified splenic B cells
supported this notion by revealing L-gp130 expression and subsequent aberrant STAT3 activation in
terms of phospho-STAT3 (pSTAT3) in B cells derived from CD19;L-gp mice (Figure 14G).
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Figure 14: Forced gp130 signaling promotes B cell differentiation in young CD19;L-gp mice. Analyses
depicted are from six weeks old CD19;L-gp mice and age-matched controls. Data shown are from one representative
experiment with n = 3 animals per group. Shown are means + SEM. (A) Spleen weight comparison of CD19;L-gp
mice (blue) and L-gp controls (grey). (B) Histological analysis (H&E staining) of spleen and BM from one
representative animal per group. Original magnification, x400. (C) Analysis of PB displaying WBC, lymphocyte
(Lymph), and granulocyte (Gran) numbers. (D) T cell (upper panel) and B cell compartments (lower panel) in BM,
spleen, and PB were identified by B220 and CD3 surface staining, respectively. (E) ZsGreen positivity of CD19* B
cells in BM, spleen, and PB. (F) B cells in PB (upper panel), spleen (middle panel), and BM (lower panel) were
analyzed for IgD* and IgM* surface expression. B cells in CD19;L-gp mice were ZsGreen*, * P < 0.05, ** P < 0.005,
*** P < 0.0005 and **** P < 0.0001 as determined by the Student’s t test. (G) Immunoblot analysis of CD19* splenic
B cells with the indicated antibodies. [Histology data from (B) was provided by K. Steiger and L. Quintanilla-Martinez].

CyiCre*";L-gp130"+ (Cy71;L-gp) as well as BlimplCre*-;L-gp130"+ (Blimpl;L-gp) mice were also
examined at the age of six weeks. Histological investigations of spleens and BM displayed unaltered
morphology and cellularity in comparison to L-gp controls (Figure 15A) and also spleen size and weight

were comparable between groups (Figure 15B). However, absolute WBC numbers differed substantially
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with young BlimpZ1;L-gp mice already showing elevated levels when assessed in the PB at this early time
point of analysis (Figure 15C). Mice of this genotype also presented with slight lymphadenopathy
(Figure 15C). In flow cytometric analysis of Cy1,L-gp mice, hardly any ZsGreen* cells were seen and
therefore gating on this population and subsequent further analysis was not possible. In Blimp1;L-gp, in
contrast, a small ZsGreen* population was seen. Gating on these cells, however, revealed the activation

of gp130 signaling not only in the B lineage but also in T cells and granulocytes (data not shown).
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Figure 15: Forced gp130 signaling alters total WBC numbers in young mice. Analyses depicted are from six
weeks old Cyl;L-gp and Blimp1;L-gp mice compared to age-matched L-gp controls. Data shown is from one
representative experiment with n = 2 — 3 animals per group. Shown are means + SEM. (A) Histological analysis
(H&E staining) of spleen and BM from one representative animal per group. Original magnification, x400. (B) Spleen
weight comparison of Cy1;L-gp and Blimp1;L-gp with L-gp controls revealing no significance as analyzed by the
ANOVA test followed by the Tukey’s test. (C) Analysis of PB displaying absolute numbers for WBC, lymphocytes
(Lymph), and granulocytes (Gran) in the three cohorts. Significance was assessed by ANOVA testing followed by
the Tukey’s test. [Histology data from (A) was provided by K. Steiger and L. Quintanilla-Martinez].

3.4 Establishment of the Lgp-130 signature

Mining publicly available data for expression of STAT3 target genes during B cell development, the
highest expression was found in plasmablasts and PCs in accordance with elevated STAT3 activity
whereas STAT3 expression itself diminished during late B cell differentiation. IL-6/JAK/STAT3 signaling

activity appeared to be highest in PCs as well as memory B cells (Figure 16A).
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In order to investigate differences in the B cell compartment, a global gene expression analysis was
performed on splenic B cells obtained from young CD19;L-gp and control mice via RNA-sequencing
(RNASeq) followed by a principal component analysis (PCA). This approach revealed a different cluster
of L-gp1l30 expressing B cells and control B cells (Figure 16B, C). A significant activation of IL-
6/JAK/STAT3, PISK/AKT/MTOR, WNT, MYC, as well as BCR and NF-kappaB signaling was seen in B
cells form CD19;L-gp mice, being defined as the L-gp130 signature (Figure 16D, see methods section
for further details). These results thus point to an activation of several pathways downstream of gp130
signaling in B cells of young CD19;L-gp mice associated with STAT3 and B cell proliferation as well as
with differentiation and BCR signaling activity. Examining distinct stages during late B cell differentiation
in humans, the described L-gp130 signature was found to be most prominent in GC B cells (Figure 16E).
Isolated RNA samples were handed over to Rupert Ollinger at TranslaTUM for library preparation and
RNASeq. Subsequent analysis of raw data was done in collaboration with Hans Carlo Maurer at Klinikum

rechts der Isar (TUM), Department of Internal Medicine Il.
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Figure 16: Expression and activity of STAT3 by hierarchical cluster analysis. (A) Heatmap illustrating the
expression of STAT3 target genes among various stages of B cell development. The upper panel depicts the
respective cell type as well as results for mere STAT3 expression (3rd row from top) as opposed to STAT3 activity
and IL-6/JAK/STAT3 pathway activity (top and 2nd row from top, respectively) determined by ssGSEA. (B) Principal
component analysis (PCA) of RNASeq gene expression profiles from CD19* splenocytes of young WT (blue) and
CD19;L-gp (red) mice, respectively. (C) Volcano plot illustrating results from a differential gene expression analysis
between CD19* splenocytes isolated from six weeks old WT and CD19;L-gp mice. The top 15 up- (blue) and
downregulated (red) genes are labeled. Positive log2 fold changes indicate higher levels in WT splenocytes. A total
of 2094 differentially expressed genes (DEG) were identified at an FDR <= 0.05. (D) Heatmap depicting single
sample gene set enrichment results as normalized enrichment scores (NES) for the indicated pathways and their
distribution between CD19* splenocytes isolated from WT (blue) and CD19;L-gp (red) mice. These characteristics
in young CD19;L-gp are defined as the Lgp130 signature. All pathways shown are differentially enriched at an FDR
< 0.1. (E) ssGSEA results of the L-gp130 signhature among various stages of B cell development in humans with
highest enrichment results in activated B cells and GC B cells. [Data analysis was done by H.C. Maurer].

3.5 Activation of gp130 signaling in B cells leads to mature B cell malignancies

Having seen that B cell-specific activation of gp130/JAK/STAT3 signaling led to an increased percentage
of mature IgD* B cells in young CD19;L-gp mice, an aging cohort of these mice was monitored for
possible consequences of B cell-targeted constitutive gpl30 signaling activity. CD19;L-gp showed
deterioration of health with onset of a potential disease starting at 30 days of age with a medium survival
of 151 days and were thus sacrificed. CD19Cre*- (CD19) as well as L-gp control mice did not develop
signs of malignancy within the observed time frame (Figure 17A). The visible disease pattern comprised
reduced activity, extended bellies due to mesenteric tumors with ascites (Figure 17B) occasionally
accompanied by splenomegaly (Figure 17C), enlarged lymph nodes (LNs), and paralyzed hind limbs
indicative of spinal affection. To investigate the cause of illness, CD19;L-gp mice underwent whole-body
necropsy and extended flow cytometric analysis of the hematopoietic organs (gating strategies shown in
Figure 13). B cell-specific activation of gp130 downstream signaling resulted in B cell malignancies with
a penetrance of 100 %. Three different subtypes of ZsGreen* B cell disorders were identified in this
cohort as defined by flow cytometry. The first subgroup was identified as a plasma cell (PC) disease
characterized by the augmented presence of CD19-CD138" cells. The second subtype represented
CD19* B cell tumors characterized by strong expression of IgD and was thus termed mature B cell
lymphoma (Mature). Only a minor portion of sick animals died from a third condition with accumulation
of B220*IgM* B cells and was therefore identified as a Pro-Pre/Immature phenotype (Figure 17D, E).
Comparing survival of mice succumbing to either the PC or the Mature phenotype, no significant
differences were seen with median survivals accounting to 151 days in both groups (Figure 17F). As
already described in the analysis of MEFs heterozygous and homozygous for the L-gp130 allele (Figure
11A, B), a dose effect was again not observed in heterozygous (CD19;L-gp™*) compared to homozygous
(CD19;L-gp"™ mice as median survival did not significantly differ between both groups (151 days and
142 days, respectively, Figure 17G). Flow cytometric analysis revealed that mice homozygous for the
L-gp130 allele also died from mesenteric tumors of the Mature and PC phenotypes (data not shown).
Further testing of homozygous animals was not performed and all following data displayed in this study

originates from analyses on mice heterozygous for the L-gp130 allele.
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The results seen in flow cytometry on CD19;L-gp mice were confirmed by histological and IHC analyses,
where the tumors arising could also be divided into three groups. Importantly, in tumors of all subtypes
medium-sized tumor cells with abundant pale cytoplasm, eccentric nucleus, inconspicuous nucleolus,
and nuclear pleomorphism were present. These cells showed CD138* staining thus identifying them as
malignant PCs (Figure 17H). This indicated a possible continuum within the L-gp130-induced disease
with malignant transformation occurring at various stages of B cell development. The transcription factor
Pax5 is expressed in B cells from the pro- to the mature B cell stage but is absent in terminally
differentiated PCs (Barberis, Widenhorn et al. 1990). IHC revealed strong Pax5 staining in the Pro-
Pre/Immature and also in the Mature phenotype whereas tumors of the PC phenotype lacked expression
of this transcription factor (Figure 17H). In line with results from flow cytometry (Figure 17D), staining
for IgM was seen in the Pro-Pre/Immature phenotype but barely present in the Mature as well as PC
phenotype (Figure 17H). Malignant PCs mainly located to the BM (average infiltration 29 %) and the
mesenteric tumors (average infiltration 43 %) while the spleen was less infiltrated by PCs (average 2 %)
(Figure 171, upper panel). On the contrary, malignant mature B cells predominantly infiltrated spleen and
BM (average 83 % and 79 %, respectively) and to a lesser extend located to the mesenteric tumors
(average infiltration 43 %) (Figure 171, lower panel). The existence of an M-protein in the serum is a
characteristic in over 90 % of MM patients (International Myeloma Working 2003). Therefore, the serum
of diseased mice underwent testing for presence of this feature. While 31.3 % of mice assigned to the
PC group showed an M-protein, 55.3 % of animals with a Mature phenotype exhibited monoclonal
gammopathy (Figure 17J). In accordance with clonality analysis of mesenteric nodal tumors by VDJ-
PCR revealing that the majority were monoclonal (Figure 17K), analysis of Ig serum levels showed
frequently elevated IgG levels in mice of both phenotypes (Figure 17M, lower panel). However, these
differences were not statistically significant. Variances were also observed when performing RNASeq
analysis for expression of Ig heavy constant gamma chains that encode for the IgG isotypes (Figure
17L, upper panel). In addition, pronounced changes were similarly seen for expression of the remaining
heavy chains defining the IgA, IgD, and IgM isotypes (Figure 17L, upper panel). Light chain constant
region gene expression revealed a shift toward higher k and lower A gene expression in the CD19;L-gp
mice of both phenotypes in comparison to WT controls (Figure 17L, lower panel). Summarizing,
activation of constitutive gp130 signaling very early during B cell development drives the establishment

of mature B cell neoplasms and plasma cell disorders with a penetrance of 100 %.
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Figure 17: Activation of gp130 signaling in B cells results in B cell malignancies. (A) Kaplan-Meier curve
showing survival of CD19;L-gp (n = 60) in comparison to CD19 (n = 17) and L-gp (n = 18) controls. The median
survival was 151 days. (****, P < 0.0001, Mantel-Cox test). (B) 77 % of diseased CD19;L-gp animals presented with
mesenteric tumors. (C) A large proportion of diseased CD19;L-gp developed splenomegaly. Significance in
comparison to controls was determined via the ANOVA test followed by the Tukey’s test. (D) Flow cytometric gating
strategy applied on tumors revealed three B cell phenotypes arising in CD19;L-gp mice. After exclusion of PI* dead
cells, the gate was set for ZsGreen* cells to include all cells with activated JAK/STAT3 signaling. The first group was
defined by CD19-CD138* staining as a plasma cell (PC) phenotype, the second as a CD19*IgD* mature B cell
(Mature) phenotype, and the third group as a Pro-Pre/lmmature B220*IgM* phenotype. (E) Distribution of the
spectrum of B cell malignancies in diseased CD19;L-gp as determined by flow cytometry. The majority of diseased
mice accounted for the PC or Mature phenotype while two animals died of a Pro-Pre/lmmature B cell phenotype.
(F) Kaplan-Meier curve depicting survival comparison of mice of the PC and Mature phenotypes. No significant
differences were seen with median survival accounting for 151 days for both phenotypes. (G) Kaplan-Meier curve
depicting that median survival of heterozygous (CD19;L-gp™*) and homozygous (CD19;L-gp"") mice did not differ
significantly. (H) Histological and IHC analyses of one representative mesenteric tumor of the Pro-Pre/Immature
(left), Mature (middle), and PC (right) phenotype arising in CD19;L-gp mice. CD138"* cells were present in all
phenotypes. Original magnification, x400. (1) Extent of infiltration of tumor cells of the PC phenotype (upper panel)
and Mature phenotype (lower panel) into BM, spleen, and mesenteric nodal tumor of diseased mice as assessed
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by flow cytometry. 23 mice per phenotype were analyzed. (J) Serum protein electrophoresis from representative
diseased CD19;L-gp mice of the PC phenotype (upper row) and the Mature phenotype (lower row). The arrows point
towards the gamma fraction indicating whether the animals presented with (w/) or without (w/0) an M-protein at time
point of analysis. A total of 31 mice was analyzed. (K) Clonality analysis from CD138* isolated tumor DNA of CD19;L-
gp mice. Most tumors were monoclonal and only some represented an oligoclonal disease. O: oligoclonal control,
M: monoclonal control, L: ladder. (L) RNASeq gene expression profiles of Ig heavy (upper panel) and light (lower
panel) chain constant regions obtained from mesenteric nodal tumor material of CD19;L-gp of the Mature and PC
phenotypes in comparison to CD19+ isolated WT splenocytes. CPM: counts per million, FDR: false discovery rate.
Significance was evaluated by the ANOVA test with subsequent assessment of the FDR. (L) Ig levels, assessed by
ELISA, from serum of sick CD19;L-gp mice of the Mature (n = 6) and PC (n = 4) phenotype in comparison to CD19
(n = 5) and L-gp (n = 4) controls. Differences in IgM (upper panel) and IgG levels (lower panel) between groups
were considered not significant as determined by the ANOVA test followed by the Tukey’s test. Shown are means
+ SEM. [Histology and IHC data from (H) were provided by K. Steiger and L. Quintanilla-Martinez, Serum
electrophoresis from (J) was performed by M. Thaler, and Data analysis from (L) was done by H.C. Maurer].

3.6 Serial transplantability of the disease

Tumor cells from sick CD19;L-gp mice with a CD138* PC phenotype were serially transplanted into
sublethally irradiated syngeneic recipients. The latency of disease onset in these animals was reduced
to a median of 116 days (Figure 18A). Full necropsy of mice revealed the reestablishment of tumor
formation seen in the donor mice with the existence of CD138* PCs (Figure 18B). Therefore, the disease
from CD19;L-gp donor mice was serially transplantable with reproduction of the phenotype.
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Figure 18: Serial transplantation of cells from CD19;L-gp tumors results in reestablishment of the disease.
(A) Kaplan-Meier curve depicting survival of serially transplanted animals. The median survival was 116 days. (B)
FACS plots showing the CD138* phenotype in donor and graft recipient. Results are representative for five
independent experiments with n = 3 recipients per primary tumor.

3.7 Activation of gp130 during or post the GC reaction results in delayed tumor
formation

Activating L-gp130 in B cells using CD19Cre led to the development of mature B cell lymphomas and
PC neoplasms. As MM is thought to arise from malignantly transformed post-GC PCs (Hallek, Bergsagel
et al. 1998), two additional Cre transgenic strains leading to gp130/JAK/STAT3 activation in late B cells
were included in this study to identify the precise role of this pathway for B cell transformation. Cy7Cre
mice allow conditional gene activation within the GC (Casola, Cattoretti et al. 2006) and PRDM1Cre
(herein referred to as Blimp1Cre) leads to signaling initiation when B cells leave the GC to differentiate
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towards the PC stage (Kallies, Hasbold et al. 2007). As previously seen in CD19;L-gp, both Cy1Cre*-;L-
gp130%+ (Cy1;L-gp) as well as BlimplCre*-;L-gp130%* (Blimpl;L-gp) mice frequently developed
expanded bellies as a result of mesenteric tumors with ascites and showed general signs of a consuming
disease. The median survival for Cy1;L-gp accounted to 629 days (Figure 19A), whereas Blimp1;L-gp
died significantly earlier, showing a median survival of 309 days (Figure 19B). In addition to the PC and
Mature phenotype identified in diseased CD19;L-gp mice, a third phenotype was seen in Cyl;L-gp
animals characterized by an accumulation of CD19*GL7* GC B cells. This subtype was thus termed GC
(Figure 19C, right panel). Figure 19E depicts the distribution of the three different phenotypes within the
Cy1;L-gp cohort. Diseased Blimp1;L-gp mice presented with the PC and Mature phenotypes, affirming
that B cell transformation occurred subsequent to the GC reaction upon activation of gp130/JAK/STAT3
signaling (Figure 19D, F). Histological and IHC analyses of tumors from diseased Cy1;L-gp and
Blimp1;L-gp mice with the PC phenotype revealed high infiltration of PCs with abundant pale cytoplasm,
eccentric nucleus, inconspicuous nucleolus, nuclear pleomorphism, and positive CD138* staining
whereas the infiltration of these CD138* PCs in tumors from Cy1;L-gp mice with a GC phenotype was
considerably less (Figure 19G). Several of the mice of both genotypes showed the existence of an M-
protein in the serum indicating Ig production (Figure 19H, I). Consequently, significantly elevated 1gG
levels in Cy1;L-gp mice were seen compared to L-gp controls whereas IgM levels were equal between
groups (Figure 19J). These results confirm the development of terminally differentiated B cell cancers

by oncogenic gp130 activation upon activation at the GC or post-GC stage of B cell development.

A B
100 S 100
8 50- T 504
a%) - Cg1cre*” ‘% = Blimp1Cre*’
- L-gp130™/* = L-gp130™"*
= Cg1 Cre*’ “L-gp1 301+ - BIImp?Cre+/ “L-gp1 307+
O T T T 1 0
0 200 400 600 800 0 200 400 600 800
Time [days] Time [days]

C PC ) Mature ) GC

Ighte B cats
86

= 53.8% PC = 37.5% PC
= 30.8% Mature = 62.5% Mature
15.4% GC

59



G J IgM IgG""
100
H&E ! 104 %.
o® *
BT et e .
°®
0.1
CD138 °
0.01 T T T T
L-gp CytiL-gp L-gp CyTL-gp
|
Cy1.L-gp Biimp1;L-gp
100 % = 35.7% w/ monoclonal gammopathy 100 % = 71.4% w/ monoclonal gammopathy
. 64.3% w/o monoclonal gammopathy 28.6% w/o monoclonal gammopathy
0% e S 0% ! ori

L) t

Figure 19: Gp130 activation during or post GC B cell differentiation results in lymphoma and plasmacytoma.
(A) Kaplan-Meier curve showing survival of Cyl;L-gp (n = 50) in comparison to Cyl (n = 7) and L-gp (n = 12)
controls. The median survival of Cyl;L-gp compound mice was 629 days. Controls did not show any signs of
malignancy during the observed time frame (*, P = 0.0109, Mantel-Cox test). (B) Kaplan-Meier curve showing
survival of Blimp1;L-gp (n = 22) in comparison to Blimp1 (n = 11) and L-gp (n = 12) controls. The median survival of
Blimp1;L-gp mice was 309 days. Controls did not show any signs of disease during the observed time frame (****,
P < 0.0001, Mantel-Cox test). (C) Flow cytometric analysis from tumors of diseased Cy1;L-gp mice identified three
phenotypes: CD19°-CD138"* (PC, left), CD19*IgD* mature B cell (Mature, middle), and CD19*GL7* GC B cells (GC,
right). Shown is the analysis of tumor material from one representative animal per phenotype. At least three mice
per group were analyzed. (D) Flow cytometric analysis from diseased Blimp1;L-gp mice identified a CD19-CD138*
(PC, left) and a CD19*IgD* (Mature, right) phenotype. Shown is the analysis of tumor material from one
representative animal per phenotype. At least three mice per phenotype were analyzed. (E) Distribution of the three
types of B cell malignancies in diseased Cy1;L-gp. (F) Distribution of the two types of B cell malignancies in diseased
Blimp1;L-gp. (G) Histological and IHC analysis of one representative tumor from Blimp1;L-gp (left) and Cy1;L-gp
(middle and right) mice. Tumors with the PC phenotype showed high infiltration of malignant cells positive for CD138
(left and middle). The GC phenotype displayed only minor infiltration of CD138* cells (right). Original magnification,
x400. (H, ) Serum protein electrophoresis from representative diseased Cgl;L-gp and Blimp1;L-gp mice. The bars
indicate the percentage of mice with (w/) or without (w/0o) gammopathy. At least eight mice per genotype were
analyzed. (J) Ig levels, assessed by ELISA, from serum of diseased Cgl;L-gp mice in comparison to L-gp controls.
The outlier presenting with low IgG level did also not show evidence of monoclonal gammopathy as assessed by
serum protein electrophoresis. Shown are means + SEM. (** P = 0.0051, by the student’s t test). [Histology and IHC
data from (G) were provided by K. Steiger and L. Quintanilla-Martinez, Serum electrophoresis from (H, 1) was
performed by M. Thaler].

3.8 Immunization of Cyl;L-gp mice leads to the formation of a GC but does not
promote tumor development

The absent ZsGreen* population in young (chapter 3.3) as well as the late disease onset in aged Cy1;L-
gp mice (chapter 3.7) led to the assumption that B cells of these mice had only infrequently undergone

the GC reaction. Intravenous (i.v.) sheep red blood cell (SRBC) injection has been shown to initiate a
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GC reaction (Zhang, Tech et al. 2018). To induce mature B cells to enter the GC and therefore activate
Cyl-dependent gp130 signaling, Cyl;L-gp mice were immunized i.v. with SRBCs and analyzed eleven
days thereafter as the GC reaction usually peaks at around 10 — 12 days after immunization (Calame
2001). SRBC injection resulted in an increased CD19*GL7* GC B cell population in the spleen of both,
Cy1l;L-gp as well as L-gp control animals (Figure 20A). Nevertheless, an accumulation of CD19*CD138*
plasmablasts in the BM was only seen in immunized Cy1;L-gp but not L-gp controls (Figure 20B).
However, immunization of Cy1;L-gp with SRBC did not promote immediate tumor development. These
data together with the results presented in the previous section indicate that enforced gp130 downstream
signaling activity in GC B cells is sufficient to cause malignant transformation but is not further amplified

by SRBC immunization.
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Figure 20: SRBC immunization promotes the formation of a GC reaction. (A) l.v. injection of SRBC leads to an
accumulation of GC B cells in the spleen of Cyl;L-gp and L-gp controls and (B) to an increased plasmablast
population in Cy1;L-gp mice in the BM. w/o: without, w/: with.

3.9 Activation of gp130 overcomes the lymphoma phenotype of B cell-targeted
Myc by enforcing plasmacytic differentiation

Secondary translocations like deregulation of the oncogene MYC or loss of the tumor suppressor TP53
promote disease progression in patients suffering from MM (Kuehl and Bergsagel 2002). To unravel
whether additional secondary mutations would accelerate tumor development in CD19;L-gp mice, p53--
KO mice were bred to CD19Cre**;L-gp1307 leading to CD19Cre*-;L-gp130%-;p53*" offspring. However,
neither disease onset nor phenotype in the two triple transgenic animals that were analyzed differed
substantially from what was seen in sick CD19;L-gp. Hence, in the present study a collaboration between
TP53 function and the gp130 pathway was not evident and therefore this breeding was not taken further

(data not shown).

MYC aberrations not only play an important role in MM but also frequently occur in GC and post GC B
cell lymphomas and are often associated with poor prognosis (Reddy, Zhang et al. 2017, Chapuy,
Stewart et al. 2018). In healthy B cells, Myc expression triggers GC commitment. After suppression of

Myc in the GC dark zone, an increase in Myc expression in the light zone selects B cells for re-entry into
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the GC dark zone and further affinity maturation (Dominguez-Sola, Victora et al. 2012). This physiological
regulation of Myc expression is largely abrogated in Ep-Myc mice where Myc is under control of the Ep
immunoglobulin heavy chain enhancer leading to its expression targeted to the B cell lineage (Adams,
Harris et al. 1985). To test the relevance of gp130 signaling for B cell differentiation in a scenario of Myc
overexpression committed to B cells, triple transgenic mice of the CD19Cre;L-gp130;Ep-Myc (CD19;L-
gp;Myc) genotype were generated with CD19;L-gp and Myc serving as controls. Triple transgenic
animals were not born at Mendelian frequency with only one out of 61 littermates (i.e. 1.6 % vs. 25 %
expected) born alive, that had to be sacrificed at the age of 13 days when it had already reached the
endpoints of the study (i.e. reduced activity, lymphadenopathy, expanded belly due to splenomegaly,
Figure 21A). Flow cytometric analysis of PB, LN, and spleen showed accumulation of CD19*GL7* GC
B cells as well as CD19-CD138* PCs within the ZsGreen* compartment (Figure 21B). Due to the very
low number of triple transgenic animals fetal liver hematopoietic stem/progenitor cell (FL-HSPC) grafts
from E13.5 embryos were generated. Genotyping revealed triple transgenic embryos at the expected
Mendelian ratio. CD19;L-gp;Myc and control FL-HSPC were subsequently transplanted into lethally
irradiated syngeneic recipient mice (Figure 21C). The median survival after transplantation was 20 days
for CD19;L-gp;Myc recipients, whereas recipients of control grafts survived significantly longer (median
survival for CD19;L-gp was at 265 days and for Myc 277 at days, respectively) (Figure 21D). Flow
cytometric analysis of CD19;L-gp;Myc tumors showed an accumulation of CD19*GL7* GC B cells as
well as CD19-CD138* PCs thus representing the same phenotype as previously seen in the single
surviving triple transgenic mouse (Figure 21B, E, F). The phenotypes of control recipients, however,
varied considerably. The Myc control group succumbed to an immature B cell disease characterized by
CD19* B cells expressing IgM but not IgD on their surface, while missing mature B cell subsets including
GC B cells and PCs (Figure 21E, F). In contrast, the CD19;L-gp control group developed a mature B
cell disorder characterized by the accumulation of IgD* and the absence of IgM* B cells (Figure 21E, F).
These flow cytometric results were confirmed by IHC staining of tumor material from CD19;L-gp;Myc as
well as CD19;L-gp and Myc control mice. CD19;L-gp;Myc transplanted animals displayed intensive
CD138 staining thereby lacking B220 expression whereas CD19;L-gp controls stained positive for the
PC marker CD138 but also for the B cell marker B220 (Figure 21G). On the contrary, in Myc controls,
CD138* staining was completely absent (Figure 21G). CD19;L-gp;Myc as well as CD19;L-gp
transplanted mice showed only minor Myc and Pax5 staining in contrast to Myc controls (Figure 21G).
Although dying significantly later, Myc graft recipients demonstrated higher expression of the proliferation

marker Ki67 in tumor cells than did CD19;L-gp;Myc mice (Figure 21G).

In summary, the activation of gp130 downstream signaling solely in B cells dominantly progresses the
pre-fimmature B cell lymphoma phenotype characteristics of Ep-Myc mice towards a mature B
cell/plasma cell disorder. These data confirm a collaboration between activated gp130/JAK/STAT3
signaling and the oncogene Myc and further underline the role of gp130 signaling in plasmacytoma and

myeloma pathogenesis.
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Figure 21: Activated gp130 collaborates with Myc to enforce plasmacytic differentiation. (A) The single
CD19;L-gp;Myc animal presented with lymphadenopathy and splenomegaly as indicated by the white arrows. (B)
Flow cytometric analysis of the spleen from the animal shown in (A). (C) Scheme of the CD19;L-gp;Myc FL-HSPC
transplantation. FL-HSPC from triple transgenic CD19;L-gp;Myc embryos and from CD19;L-gp and Myc controls
were isolated at day 13.5 of embryonic development. 1.2 x 108 FL-HSPC together with 0.2 x 10° Ly5.1 BM support
cells were transplanted i.v. into lethally irradiated C57BL/6 recipients. Mice were sacrificed upon disease onset and
whole body necropsy performed. The data shown are from one representative experiment from a group size of n =
6 animals each. (D) Kaplan-Meier curve revealing a significant shorter survival of mice transplanted with FL-HSPC
from CD19;L-gp;Myc as compared to CD19;L-gp and Myc controls (n = 6 mice per group) (***, P = 0.003, Mantel-
Cox test). (E) Flow cytometric analysis of tumors. Tumors from CD19;L-gp;Myc transplanted animals demonstrating
a phenotype of a late B cell disease as stated in the text. At least three mice per genotype were analyzed. Shown
are representative analyses. (F) Analysis of organ infiltration in CD19;L-gp;Myc, CD19;L-gp, and Myc transplanted
animals by distinct B cell populations as assessed by flow cytometry. Data are shown as mean percentage + SEM
assessed from at least three mice per genotype. Asterisks indicate significant differences as determined by ANOVA
testing followed by the Tukey's test. (G) Histology and IHC from tumor material of one representative animal per
group showing substantial differences between cohorts. Original magnification, x400. [Histology and IHC data from
(G) were provided by K. Steiger and L. Quintanilla-Martinez].
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3.10 Conditional gp130 activation in hematopoietic stem/progenitor cells results
in a highly aggressive B cell malignancy

The data presented heretofore indicated that activated constitutive gp130 signaling at either a very early
stage of B cell development or towards final differentiation drives late B cell commitment and eventually
leads to highly aggressive mature B cell ymphomas and PC tumors. However, JAK/STATS3 activation is
also a recurrent event in other hematopoietic neoplasms, including chronic as well as acute leukemia
and T/natural killer (NK) cell neoplasms ((Kucuk, Jiang et al. 2015) and reviewed in (Sansone and
Bromberg 2012, Munoz, Dhillon et al. 2014)).

Therefore, to ultimately test the significance of constitutive gp130 activation for promoting mature B cell
lymphoma and plasma cell disorders, genetic activation of the L-gp130 transgene to hematopoietic stem
cells and thus to the entire hematopoietic system was realized by using the transgenic Vav1Cre strain
(Ogilvy, Elefanty et al. 1998, Ogilvy, Metcalf et al. 1999). VaviCre*-;L-gp130%* (Vav1;L-gp) compound
mice began to deteriorate in their general condition within the first two months of life and were sacrificed
in compliance with the endpoints of the study. The median survival was 53 days (Figure 22A). Whole
body necropsy displayed brittle bones, lymphadenopathy, and splenomegaly (Figure 22B, C),
suspicious for an aggressive hematopoietic disorder. Examination of PB from diseased Vav1l;L-gp mice
revealed a significant increase in WBC numbers and platelets when compared to Vavl and L-gp controls
(Figure 22D, E). All leucocyte subpopulations in the PB, LN, spleen, and BM of Vavl;L-gp mice were
characterized by ZsGreen expression indicative of activation of gpl30 signaling in the entire
hematopoietic system (Figure 22F). However, no significant differences in the frequency of HSPC were
seen in diseased mice in comparison to age-matched controls by means of Lin-Scal*c-kit* (LSK) and
Lin"Scal-c-kit* (multipotent progenitors, MPP) compartments in the BM (Figure 22G). Flow cytometry
analysis of LNs rather showed that the B cell compartment of these mice consisted of immature and Pro-
Pre-B cells (Figure 22H and 22I left) as well as mature IgD* B cells (Figure 22H and 22I right). This
finding was supported by histological and IHC analyses that revealed the presence of two different B cell
subpopulations in the spleen and LNs of Vavl;L-gp mice. The first resembled morphologically an
aggressive B cell malignancy while the second represented a CD138* plasma cell disorder that has
already been seen before in the other xCre;L-gp breedings of this study (Figure 22K). IHC as well as
flow cytometry showed scattered infiltration of T cells into LNs (Figure 22J), however, the main
pathological feature was the massive accumulation of CD138* PCs and B220* Pax5* B cells (Figure
22K). The PC disorder in Vavl;L-gp mice was also underpinned by the presence of gammopathy in
100% of tested animals, however only to a moderate extent (Figure 22L, M). These findings were
supported by results obtained from RNASeq analysis of Ilg heavy chain constant regions (Figure 22N,
upper panel). Assessment of light chain constant region gene expression revealed significantly lower A
gene profiles in Vavl;L-gp mice compared with WT controls (Figure 22N, lower panel). In accordance
with the aggressive phenotype leading to an early disease onset in Vavl;L-gp mice, transcript analysis

of splenocytes showed MAPK pathway signaling as well as strong activation of the pro-survival proteins
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Bcl-XL and Bcl-2 besides the expression of the L-gp130 construct and excessive STAT3 activation by
means of pSTAT3 (Figure 220). The latter was also seen not only in the B cell (Figure 22P, upper row)
but also the T cell compartment (Figure 22P, lower row) of diseased Vav1;L-gp mice by intracellular flow
cytometric staining of splenocytes in comparison to age-matched Vavl control mice.

Thus, these results are consistent with a dominant gp130 downstream signaling mechanism that

enforces the development of B cell cancers even when activated at the stage of HSPCs.
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Figure 22: Conditional gp130 activation in hematopoietic stem/progenitor cells results in a highly aggressive
B cell malignancy (A) Kaplan-Meier curve showing survival of Vavl;L-gp (n = 44) in comparison to Vavl (n = 26)
and L-gp (n = 33) controls. Vavl;L-gp compound mice had a median survival of 53 days. Controls did not show any
signs of malignancy within the observed time frame (****, P < 0.0001, Mantel-Cox test). (B) Diseased Vavl;L-gp
animals presented with lymphadenopathy and splenomegaly as indicated by the white arrows. The spleen of an
age-matched healthy Vavl mouse is shown for comparative reasons. (C) Spleen size (left) and weight (right) of
diseased Vavl;L-gp in comparison to controls. Differences were significant as determined by ANOVA testing
followed by the Tukey’s test. (D) The majority of sick Vavl;L-gp animals showed thrombocytosis. (E) WBC analysis
of PB in diseased Vavl;L-gp (n = 27) in comparison to normal Vavl (n = 5) and L-gp (n = 6) controls (*, P < 0.05,
ANOVA test followed by Tukey’s test). Shown are means + SEM. (F) Flow cytometric analysis revealing genetic
activation of L-gp130 expression in nearly all PI'-CD45* cells from diseased Vavl;L-gp as defined by ZsGreen
positivity (right). In contrast, Vav1l (left) and L-gp controls (middle) cells did not show a ZsGreen signal. Depicted is
the BM of one representative animal per cohort. At least four mice were analyzed per cohort. (G) Flow cytometric
analysis of BM from diseased Vavl;L-gp animals displaying no significant differences in the Lin"Scal*c-kit" (LSK) as
well as Lin'Scalc-kit (MPP) compartments in comparison to age-matched control groups as assessed by the
ANOVA test followed by the Tukey’s test. Shown are means + SEM of at least four mice per group. (H) Flow
cytometric analysis of diseased Vav1;L-gp mice (n = 11 analyzed) for distinct B cell subsets. Cells were gated for
PI-ZsGreen* living cells. Shown is the LN sample of one representative animal. Pro-Pre- and immature B cells (left)
were present while a small fraction of CD138* PCs was seen (middle). The CD19* B cell population was identified
as a mature IgD* differentiation state (right). The previous gate is indicated. (1) Quantitative analysis of LN infiltration
by the distinct B cell subsets as shown in H from n = 11 mice. Bars represent the mean percentage + SEM. (J) T
cells are the major leucocyte subpopulation of living ZsGreen+ cells in LNs from diseased Vavl;L-gp as determined
by flow cytometry (n = 11). Shown are means + SEM. (K) Histological and IHC analyses from spleen (left) and LN
(right) of a representative diseased Vavl;L-gp mouse. H&E stainings revealed high infiltration of tumor cells into

68



both organs (upper row). Both, spleen and LN showed expression of B220 and CD138 as well as Pax5 and IgM.
Infiltration of CD3* T cells was seen into the LN but not the spleen. Ki67 staining reveals a higher proliferation rate
in the spleen as compared to the LN. Original magnification, x400. (L) Serum protein electrophoresis from one
representative Vavl;L-gp animal indicative of moderate but significant monoclonal gammopathy. The arrow
indicates the abnormal protein fraction. All tested animals presented with this feature (n = 15). (M) Ig levels, assessed
by ELISA, from serum of diseased Vavl;L-gp mice (n = 6) in comparison to L-gp controls (n = 4). Shown are means
+ SEM (**** P < 0.0001, student’s t test). (N) RNASeq gene expression profiles of Ig heavy (upper panel) and light
(lower panel) chain constant regions obtained from mesenteric nodal tumor material of Vavl;L-gp in comparison to
CD19+ isolated WT splenocytes. CPM: counts per million, FDR: false discovery rate. Significance was evaluated by
student’s t test with subsequent assessment of the FDR. (O) Splenocytes from diseased Vavl;L-gp show expression
of the L-gp130 protein and strong activation of gp130 downstream signaling cascades including anti-apoptotic
pathways. (P) Intracellular flow cytometry for pSTAT3 expression in ZsGreen* B cells (upper panel) and T cells
(lower panel) of sick Vav1;L-gp mice (n = 6) in comparison to Vavl and L-gp controls (n = 2 each). Significance was
assessed by the ANOVA test followed by the Tukey’s test. [Histology and IHC data from (K) were provided by K.
Steiger and L. Quintanilla-Martinez, Serum electrophoresis from (L) was performed by M. Thaler and Data analysis
from (N) was done by H.C. Maurer].

3.11 RNASeq of tumor material from diseased mice reveals clustering of
genotypes

Independent of the time point of activation during hematopoietic and B cell differentiation, all xCre;L-gp
compound mice succumbed to tumors of B cell origin. When comparing tumor material from Vavl;L-gp
and CD19;L-gp mice by RNASeq, an evident clustering of the two genotypes was seen (Figure 23A).
Unlike CD19;L-gp tumors of the Mature phenotype, tumors of the PC phenotype showed strong
activation of WNT, BCR, and NF-kappaB signaling and also expression of gp130 downstream targets
(Figure 23B). Vavi;L-gp tumors, however, displayed activation of all the distinct downstream cascades
activated by IL-6/gp130 signaling (Figure 23B). These analyses show that initiation of the same signaling
axis at distinct time points of hematopoietic and B cell development leads to the activation of — at least

partly — different gp130 downstream pathways and targets.
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Figure 23: Transcriptional programs in murine lymphomagenesis. (A) Hierarchical clustering of RNASeq gene
expression profiles obtained from Vavl;L-gp (red) and CD19;L-gp (blue) tumors reveals clear separation by
genotype. Distance measure: 1- Spearman correlation, HC linkage: complete. (B) Heatmap depicting ssGSEA
results as normalized enrichment scores (NES) for the indicated pathways and their distribution between lymphomas
derived from the Vavl;L-gp (green) and CD19;L-gp mouse models (orange: PC phenotype, purple: Mature
phenotype). All pathways shown are differentially enriched at an FDR < 0.1. [RNASeq was done by R Ollinger and
subsequent data analysis was performed by HC Maurer].

3.12 The L-gp130 signature is represented during progression of human MM

Having seen that constitutive activation of gpl30/JAK/STAT3 signaling results in mature B cell
lymphomas and MM irrespective of its activation during hematopoietic and B cell development, publicly
available gene expression datasets were interrogated for the in chapter 3.4 defined L-gp130 signature
in diverse disease stages of human MM in comparison to MGUS and normal PCs. Among different
progression stages of MM, the L-gp130 signature was most highly activated in patients suffering from

relapsed MM while lowest activation was seen in normal PCs as depicted in Figure 24.
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Figure 24: The L-gp130 signature during progression of MM. ssGSEA results of the previously defined L-gp130
signature among different progression stages of MM. The stages were earlier profiled by Keats et al. Enrichment

results are positively correlated with disease progression. [Data was provided by HC Maurer].
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4 Discussion

Although major advances in understanding its development and progression have been made, MM is
still considered a disease with a short-limited survival, and most patients die from the malignancy.
Nevertheless, research has significantly improved the life of MM patients with the introduction of 18 newly
approved treatments within the past twelve years thereby increasing the median overall survival (OS)
over three fold (Guang, McCann et al. 2018). Treatment options include (1) autologous stem cell
transplantation (ASCT), (2) therapies targeting MM in the context of the BMM (e.g. proteasome inhibitors,
IMiDs, histone deacetylase inhibitors), as well as (3) immunotherapy (e.g. monoclonal antibodies,
checkpoint inhibitors and T-cell immunotherapy). However, most patients still succumb to MM as they
eventually progress into a refractory disease (Guang, McCann et al. 2018). Therefore, a deeper
understanding of this severe malignancy is still needed. The focus of this study thus was a signaling
pathway that has been shown to play a prominent role as a driver in the development and progression
of MM, namely the IL-6/gp130/JAK/STATS3 axis (Catlett-Falcone, Landowski et al. 1999). Even though
this pathway has already been targeted by the development of several JAK inhibitors that revealed
efficacy by inducing growth arrest and cell death (Pedranzini, Dechow et al. 2006, Monaghan, Khong et
al. 2011, Scuto, Krejci et al. 2011), yet MM remains incurable for the vast majority of patients. The
absence of good animal models of MM still impedes a full understanding of disease mechanisms and
the successful translation into novel therapies for patients. Several mouse models of MM based on
activation of the IL-6/IL-6R axis have already been designed (Dechow, Steidle et al. 2014, Paton-Hough,
Chantry et al. 2015, Rossi, Botta et al. 2018), underscoring the importance of this pathway regarding
proliferation as well as malignant transformation of late B cells. However, these models are restricted
due to their late disease onset and/or low penetrance. Therefore, novel transgenic mouse models that
conditionally activate gp130 signaling on a C57BL/6 background thus eliminating the role of the mutation
in the INK4a/ARF locus that supports lymphomagenesis in MM models on a BALB/c background were
introduced here (Zhang, DuBois et al. 2001).

In summary, activation of gp130 signaling by means of L-gp130 in a novel in vivo approach on the
frequently used C57BL/6 background promoted B cell differentiation and eventually resulted in the
development of CD138* tumors with characteristics of MM irrespective of its activation during

hematopoietic and B cell differentiation.

4.1 Forced activation of gp130 signaling within the B cell compartment results in
STAT3 activation, accumulation of mature B cell subsets, and malignant
transformation

IL-6/IL-6R/gp130 signaling is crucial for normal B cell differentiation and function including the production

of Ig by terminally differentiated PCs (Hirano, Yasukawa et al. 1986, Muraguchi, Hirano et al. 1988, Akira,
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Taga et al. 1993, Kopf, Baumann et al. 1994, Kumanogoh, Marukawa et al. 1997, Silver and Hunter
2010, Schaper and Rose-John 2015). Already in six weeks old CD19;L-gp mice, STAT3 activation in
CD19* B cells from splenocytes (Figure 14G) as well as an accumulation of mature B cell subsets in the
ZsGreen* compartments was seen (Figure 14F). Subsequently, at an average of five months of age
these mice showed the development of mainly late B cell lymphomas and plasma cell disorders while
only two out of 48 analyzed mice presented with a Pro-/Pre-/Immature B cell phenotype in flow cytometric
analysis (Figure 17D, E). This transformation in early B cell development might be due to additional
mutations that by chance occurred in these two animals thus preventing further B cell differentiation.
However, tumor material of this phenotype was limited to state this hypothesis in further analyses. Still,
histology and IHC investigations revealed the presence of CD138* PCs with abundant pale cytoplasm,
eccentric nucleus, inconspicuous nucleolus and nuclear pleomorphism also in this phenotype as well as
in sick mice of the Mature and PC phenotypes (Figure 17H). CD138 (Syndecan-1) is a cell surface
marker of malignant PCs that is expressed from the majority of MM cell lines as well as patient specimens
(Wijdenes, Vooijs et al. 1996, Chilosi, Adami et al. 1999, Wei and Juneja 2003). It acts as a major
regulator of the BMM that supports myeloma growth and metastasis (Ridley, Xiao et al. 1993) In the
present study, all tumors showed strong infiltration of malignantly transformed PCs as a feature of MM
in IHC analyses (Figure 17H). Assessing diseased CD19;L-gp mice of the PC and Mature phenotypes
by flow cytometric analysis, infiltration of high amounts of malignant cells at multiple sites of the body
was detected (Figure 171). These characteristics clearly distinguish the present plasma cell disorder from
solitary plasmacytomas where a localized accumulation of less than 10 % of neoplastic monoclonal PCs
is seen (Durie and Salmon 1975, Knowling, Harwood et al. 1983, International Myeloma Working 2003),
suggesting that the disease resembled MM. High amounts of monoclonal Ig or Ig fragments that can be
measured in the serum as an M-protein spike are produced from these malignantly transformed PCs.
Over 90 % of myeloma patients present with this characteristic at time point of diagnosis (International
Myeloma Working 2003). In the here described animal model about one third (PC) and half (Mature) of
the cohorts revealed the presence of monoclonal gammopathy (Figure 17J). Also in human MM it has
been shown that some patients present with a non-secretory form of the disease and therefore do not
show a detectable M-protein in their serum or urine. However, the subset of these patients is really small,
only accounting to 3 — 5 % (Cavo, Galieni et al. 1985, Blade and Kyle 1999, Middela and Kanse 2009).

Serial transplantation of tumor cells from sick CD19;L-gp mice resulted in the establishment of secondary
tumors with a significantly shorter survival time (Figure 18). A reestablishment of the primary disease
was shown earlier by the group in a transduction-transplantation model of L-gp130 (Dechow, Steidle et
al. 2014). However, there, activation of gp130 signaling was brought to the whole hematopoietic
compartment on a BALB/c background that makes mice prone to developing plasma cell disorders upon
adequate stimuli due to a mutation in the inhibitor of Cdk4/alternative reading frame (INK4a/ARF) locus
leading to partial disability of the tumor suppressor protein pl6'k4a (Zhang, DuBois et al. 2001). In
contrast, in CD19;L-gp mice described in this study, gpl130 activation only took part in the B cell

compartment and on the frequently used C57BL/6 background. This approach shows the importance of
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the gp130/JAK/STAT3 axis for B cell differentiation and malignant transformation while eliminating the

role of the mutation in the INK4a/ARF locus that supports lymphomagenesis (Zhang, DuBois et al. 2001).

4.2 CD19;L-gp show collaboration with the oncogene Myc but not with the tumor
suppressor Trp53

The hypothesis to see a disease progression in CD19;L-gp mice when bred to the p53 KO strain
originated from the knowledge that secondary translocations like loss of the tumor suppressor TP53
promoted tumor development in MM patients (Kuehl and Bergsagel 2002). However, triple transgenic
CD19;L-gp;p53*- animals in the present study did not reveal a shorter survival than CD19;L-gp mice
(data not shown). This finding can be explained by the fact that heterozygous p53 KO mice also only
show tumorigenesis at very low numbers and with a long latency while mice carrying a homozygous
deletion in the TP53 gene are highly prone to malignancy (Donehower, Harvey et al. 1992). This is
supported by two studies on samples of human MM patients which showed that a bi-allelic deletion of
TP53 had a significant impact on clinical outcomes in MM patients while hardly any or only moderate
effects were seen for TP53 single-lesion disease (Thanendrarajan, Tian et al. 2017, Walker,
Mavrommatis et al. 2019). On the contrary, a study by Teoh and colleagues proposed a role for TP53
as a haploinsufficient tumor suppressor underlining the importance of p53 baseline protein expression
levels in MM. Mechanisms like promoter hypermethylation may thereby silence the remaining WT allele,
leading to loss of heterozygosity (LOH) with a poor prognosis for patients. Moreover, abnormalities of
the more extended p53 network, such as increased expression of the E3 ubiquitin-protein ligase Mdm2
and deregulation of other downstream targets, may be of clinical relevance (Teoh, Chung et al. 2014).
In the present study no mechanistic examinations were performed. Therefore, conclusions cannot be
made whether the remaining WT allele was silenced or still expressed p53 protein, even though the
unaltered latency of CD19;L-gp;p53*- animals in comparison to CD19;L-gp mice would suppose the
latter. However, the very small cohort of only two animals analyzed does not allow to draw a conclusion
regarding the significance of the survival time. Hence, extended mechanistic analysis of a larger cohort

of triple transgenic mice is needed.

On the other hand, when combining the oncogene Myc in B cells with B cell specific L-gp130 activation
(CD19;L-gp), triple transgenic animals succumbed to a CD138* PC disease within three weeks of age
(Figure 21). This accelerated disease onset as well as the CD138* phenotype was seen earlier in a
transduction-transplantation model. There, FL-HSPC from Ep-Myc*- transgenic mice were transduced
with the L-gp130 construct in vitro and subsequently transplanted into lethally irradiated recipients.
Thereby Myc was overexpressed in B cells while gp130/JAK/STAT3 signaling was active in the whole
hematopoietic compartment, leading to a shift from a pre-/immature B cell malignancy towards a CD138*
disease (Dechow, Steidle et al. 2014). In the present study, both, overexpression of Myc as well as

constitutive activation of gp130 signaling were solely within the B cell lineage and abolished the pre-
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/immature B cell phenotype of Ep-Myc*- transgenic mice leading to the development of a CD138*
disease of high penetrance and fast latency. This outcome is in line with the observation of a previous
study where genetic alterations of Myc were found to be a secondary event in murine MM pathogenesis
that accelerate but do not drive malignant transformation (Chesi, Robbiani et al. 2008). The novel
transgenic model hereby shows the simplicity of introducing a second hit, important for malignant
transformation, into the context of activated gp130/JAK/STAT3 signaling. Thereby is not only possible to
study MM in depth but also to unravel other malignancies where this pathway is of major importance f.e.
rheumatoid arthritis, cholangiocarcinoma, hepatocellular carcinomas, as well as breast and lung cancer
(He, You et al. 2003, Niwa, Kanda et al. 2005, Isomoto, Mott et al. 2007, Ying, Li et al. 2010, Garbers,
Heink et al. 2018)

4.3 Conditional gp130 activation during late B cell differentiation results in B cell
tumors with a long latency

Knowing that MM is thought to arise from malignantly transformed post-GC PCs (Hallek, Bergsagel et
al. 1998), the transgenic L-gpl30 strain was bred to CylCre as well as Blimp1Cre mice, thereby
achieving constitutive gp130 signaling in B cells during the GC reaction and beyond. This approach

would help to unravel the exact differentiation step at which malignant transformation occurs.

In addition to young CD19;L-gp mice described in chapter 3.3, Blimpl;L-gp as well as Cyl;L-gp mice
were also analyzed at the age of six weeks. While histological analysis of organs did not reveal evidence
for malignant transformation (Figure 15A), WBC were already significantly elevated in Blimp1;L-gp in
comparison to Cy1;L-gp mice as well as L-gp controls (Figure 15C). In contrast to young Cy1;L-gp mice,
Blimp1;L-gp presented with a small ZsGreen* population in all organs examined (data not shown).
However, not only late B cells could be allocated to this population. This might be due to the fact that the
transcription factor Blimp1 is not only expressed immediately after the B cells exit the GC reaction, but
also plays a role in the terminal differentiation of other cell subsets (Xin, Nutt et al. 2011) and therefore
gp130/JAK/STAT3 signaling in these mice is not exclusively restricted to late B cells. This finding could
also explain why a much shorter median survival was observed in Blimpl;L-gp than in Cyl;L-gp mice
although activation of gp130/JAK/STAT3 signaling takes place later during B cell differentiation in the
former (Figure 19A, B). However, even in Blimpl;L-gp the development of mature B cell diseases
including plasma cell disorders was seen, again confirming the prominent role of this pathway for B cell
development as well as malignant transformation (Figure 19D, F). In diseased Cyl;L-gp mice an
additional phenotype characterized by the accumulation of CD19*GL7* GC B cells was observed (Figure
19C, E). As genetic changes taking place during the GC reaction make DNA prone to damage, the GC
displays a source for lymphoma development (Allen, Okada et al. 2007, Lenz and Staudt 2010). It is not
surprising that the additional activation of gp130 signaling in the GC by means of Cy1Cre would therefore

lead to an increased proliferation and accumulation of GC B cells. Furthermore, several of Cy1;L-gp mice

75



showed the presence of a characteristic M-protein in the serum as well as significantly elevated 1gG
levels (Figure 19H, J), both features of MM. As Cy1;L-gp mice had such a long latency, the initiation of
the GC reaction and therefore the activation of gp130 signaling was aimed to be triggered by i.v. injection
of SRBC (zZhang, Tech et al. 2018). Thereby an increase of GC B cells in the spleen as well as of
plasmablasts in the BM was achieved (Figure 20). The observation made in Cyl;L-gp mice was in
concordance with a study on immunized IL-6 deficient mice that presented with lower antigen-specific
antibody titers and were impaired in the formation of a normal GC. Thus, in the absence of IL-6 and
therefore impaired gp130 signaling, size and volume of GC B cells were severely diminished (Kopf,
Herren et al. 1998). Although an increased GC and plasmablast reaction was noticed upon activation of
gpl30/JAK/STAT3 signaling in Cy1;L-gp mice, accelerated malignant transformation did not take place.
This also accounted for Cyl;L-gp mice that underwent repeated immunization rounds and were
monitored for a longer time (data not shown). Yet the number of immunized animals was very low, so it

is difficult to draw a meaningful conclusion from these results.

4.4 Gp130 activation in hematopoietic stem/progenitor cells leads to a rapid and
aggressive B cell malignancy

So far, this study was able to show that activation of gp130/JAK/STAT3 signaling by means of L-gp130
at distinct stages of B cell differentiation led to the development of CD138* heoplasms. Besides its crucial
role in B cells (Hirano, Yasukawa et al. 1986, Akira, Taga et al. 1993), IL-6/IL-6R/gp130 signaling is also
important in regulating normal hematopoiesis (Bernad, Kopf et al. 1994, Yoshida, Taga et al. 1996,
Peters, Schirmacher et al. 1997). Using the Vavl1Cre strain, the intent was to unravel the influence of
constitutive activation of gp130 signaling for malignant transformation by targeting this axis to the entire
hematopoietic system (Ogilvy, Elefanty et al. 1998, Ogilvy, Metcalf et al. 1999). In contrast to the other
xCre;L-gp models discussed in this study, Vavl;L-gp mice did not develop mesenteric tumors but
presented with brittle bones, lymphadenopathy, and splenomegaly (Figure 22B, C) and showed a short
latency of median 53 days (Figure 22A). The animals revealed strong expression of pSTAT3 (Figure
220, P) as a downstream mediator of activated gp130 signaling. Persistent STAT3 activation is seen in
a plethora of hematologic diseases, including myeloproliferative and lymphoproliferative disorders
(Benekli, Baer et al. 2003), and IL-6/gp130/JAK/STAT3 activation displays a recurrent event also in
chronic as well as acute leukemia (reviewed in (Sansone and Bromberg 2012, Munoz, Dhillon et al.
2014)). Hence the BM of diseased Vavl;L-gp mice was examined for variances in HSPC subsets, but
no significant differences in the MPP or LSK compartments of these animals in comparison to age-
matched controls were detected (Figure 22G). Instead, infiltration of malignant cells of the B cell lineage
were also the cause of disease in those animals (Figure 22H, I, K). However, in contrast to xCre;L-gp
described before, Vavl;L-gp mice presented with two populations of neoplastic B cells: the first

resembled a CD138* plasma cell disorder as seen before in the other xCre;L-gp breedings of this study

76



whereas the second morphologically reminded of an aggressive early B cell malignancy similar to BL.
Consistent with the latter, expression of early B cell markers Pax5 and IgM in infiltrated organs was seen
(Figure 22K). These results from Vavl;L-gp mice are in some parts in contrast to mice homozygous for
a knock-in mutation in gp130 (gp130Y757FY757F) that showed gp130-dependent STAT1/3 hyperactivation
in the hematopoietic system due to the inability of gp130 to bind to SOCS3 and SHP2 (Jenkins, Roberts
et al. 2005). Just like the cohort presented here (Figure 22B, C, D), these transgenic mice demonstrated
the occurrence of splenomegaly, lymphadenopathy, and thrombocytosis when compared to gp130+/+
littermates. However, while in diseased Vavl;L-gp mice also significantly elevated total WBC counts
were detected (Figure 22E), this characteristic was not seen by Jenkins and colleagues. Furthermore,
their animals revealed expanded numbers of immature and committed hematopoietic progenitor cells in
the BM and spleen, clearly contrasting the results on the examination of HSPCs in the current study
(Figure 22G). Still, infiltration of immature and mature B cells was also seen. However, the presence of
neoplastic early B cells and CD138* PCs that were the cause of malignancy in Vavl;L-gp mice presented
here (Figure 22H, I, K), was not mentioned by Jenkins and colleagues. Consistent with data from Vav1l;L-
gp mice (Figure 220), gp130Y757F/Y757F ganimals also showed increased expression of pSTAT3 and the
anti-apoptotic protein Bcl-XL confirming gp130 downstream signaling. Moreover, this group unraveled,
that, when STAT3 activity was genetically reduced in gpl30Y757FY757F mice, the onset of the
hematopoietic phenotype was impeded, indicating that the level of STAT3 activation is crucial for gp130-

controlled hematopoietic homeostasis in vivo (Jenkins, Roberts et al. 2005).

Taken together, the results presented here are consistent with a dominant gp130 downstream signaling

mechanism that enforces the development of B cell cancers even when activated at the stage of HSPCs.

4.5 The L-gp130 signature in human MM

RNASeq and subsequent data analysis from B cells of young CD19;L-gp mice in comparison to age-
matched controls revealed the L-gp130 signature, which is defined by the activation of IL-6/JAK/STAT3,
PISK/AKT/MTOR, WNT, MYC, as well as BCR and NF-kappaB signaling (Figure 16C). As all CD19;L-
gp mice with aging developed B cell cancers, mainly of the Mature and PC phenotypes, it is not surprising
that all signaling pathways found to be activated in young CD19;L-gp mice, are known to play an
important role in human MM. An earlier study by Chesi et al. showed that progression from MGUS to
MM was associated with activation of the MYC pathway by demonstrating that both, MYC expression
and the MYC signature, were not present in normal PCs, hardly seen in MGUS but present in the majority
of MM (Chesi, Robbiani et al. 2008). In the current study, MYC targets were already upregulated in young
CD19;L-gp mice (Figure 16C) and still showed strong activation in diseased CD19;L-gp animals of both
phenotypes while this pattern was not seen in sick Vavl;L-gp mice (Figure 23B). This finding supports
the hypothesis that young CD19;L-gp mice are already prone to malignant transformation. Likewise,

multiple studies revealed the frequent activation of the PI3BK/AKT/MTOR pathway and its impact in the
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development and progression of human MM (Hideshima, Nakamura et al. 2001, Pene, Claessens et al.
2002). Sustained overactivation of this pathway was seen in Vavl;L-gp tumors in the present study.
However, in tumor material from CD19;L-gp mice of both phenotypes this axis was rather downregulated
(Figure 23B), even though this cascade is also triggered by IL-6/gp130 signaling (Costa-Pereira 2014)
and the BCR downstream pathway (Herman and Johnson 2012), that was also seen to be activated in
this study (Figure 16C and 23B). The canonical WNT signaling pathway does not only play a major role
in early development of B cells (Reya, O'Riordan et al. 2000, Ranheim, Kwan et al. 2005) and is moreover
required for normal PC function (Yu, Quinn et al. 2008), its overexpression was also frequently found in
MM patients (Derksen, Tjin et al. 2004) (reviewed in (van Andel, Kocemba et al. 2019)). The use of
murine GEM models of MM, however, revealed diverging results. While some studies showed that
downregulation of WNT signaling promoted tumor growth in vivo (Yaccoby, Ling et al. 2007, Edwards,
Edwards et al. 2008, Qiang, Shaughnessy et al. 2008), others reported progression of the disease upon
activation of this axis (Ashihara, Kawata et al. 2009, Dutta-Simmons, Zhang et al. 2009). This
corresponds with outcomes of the current study where WNT signaling was found to be activated in
tumors from Vavl;L-gp mice and CD19;L-gp mice of the PC phenotype but was downregulated in most
tumors assessed from CD19;L-gp mice with a Mature phenotype (Figure 23B). Yet, a difference in the
latency between CD19;L-gp animals of the Mature phenotype and the PC phenotype was not seen
(Figure 17F). The importance and activation of NF-kappaB signaling in normal B cell development but
also in MM patients was described in numerous studies (reviewed in (Keats, Fonseca et al. 2007)). Gene
expression analysis in samples from MM patients as well as in MM cell lines revealed constitutive
activation of the non-canonical NF-kappaB pathway in several investigations (Annunziata, Davis et al.
2007, Keats, Fonseca et al. 2007, Broyl, Hose et al. 2010). In line with this, activation of NF-kappaB
signaling was also seen in the present study, predominantly in Vav1;L-gp tumors and CD19;L-gp tumors
of the PC phenotype (Figure 23B).

Having seen that mice from all xCre;L-gp breedings eventually succumbed to mainly plasma cell
neoplasms, publicly available gene expression datasets were mined for the L-gp130 signature in normal
human PCs and the diverse disease stages of human MM including MGUS. Thereby the L-gp130
signature was found to be most highly activated in patients suffering from relapsed MM whereas lowest
activation was seen in normal PCs (Figure 24). This observation illustrates that the signature defined in

the present study on basis of the novel transgenic mouse models is represented in the human disease.

4.6 Limitations of the novel transgenic mouse models of MM

There are several murine models currently used to mimic and study human MM, yet, all of them have
their limitations and the ideal model, that would span all aspects of disease biology and genetic build, so

far does not exist.
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The 5TMM models closely resemble human disease based on the knowledge that interaction with the
BMM is crucial for MM development, clonal selection, and genomic instability. The 5T33MM and 5T2MM
models are the most characterized and widely used models of the 5TMM series. Upon transplantation
of their BM into syngeneic mice, recipients develop the presence of a monoclonal protein and osteolytic
bone disease (Radl, De Glopper et al. 1979, Radl, Croese et al. 1988, Radl 1989, Radl 1990,
Vanderkerken, De Raeve et al. 1997). Even though malignant transformation occurs rapidly in the BM
of recipient animals with an intact immune system, 5T2MM and 5T3MM mice all have myeloma cells
derived from the same original donor mice and therefore fail to capture the variability of the human
disease. Additionally, they are murine myeloma models in a murine BMM of the host and therefore do
not provide insights on the critical interactions between malignant PCs with their own BMM (Manning,
Berger et al. 1992, Vanderkerken, De Greef et al. 2000, Vanderkerken, Asosingh et al. 2003, Vlummens,
De Veirman et al. 2019).

In the humanized mouse model (SCID-hu) the limitations of the 5TMM models are overcome by
reproducing the human BMM when implanting human embryonic bone grafts in the flank of mice and
subsequently seeding them with fresh primary human BM explanted cells or human MM cell lines. In this
approach, human MM cells grow in an orthotopic full human environment, where BM stromal cells
support their proliferation which triggers osteoclasts activity and the development of bone lesions also
seen in MM patients (Rossi, Botta et al. 2018). Although high level of tumor engraftment is seen in SCID-
hu mice, ethical concerns were raised over the use of human embryonic material in this model. Its major
limitations rely on fetal bone chip availability and the fact that fetal BMM does not recapitulate adult BMM

with MM being a cancer entity of mostly the elderly (Palumbo and Anderson 2011).

Previous attempts to mimic human MM in mice through overactivation of IL-6 signaling have only led to
tumor formation in animals on a BALB/c background (Suematsu, Matsusaka et al. 1992, Dechow, Steidle
etal. 2014). However, the BALB/c strain itself is prone to developing PC disorders upon adequate stimuli
due to a mutation in the inhibitor of Cdk4/alternative reading frame (INK4a/ARF) locus leading to partial
disability of the tumor suppressor protein pl6'"k4a (Zhang, DuBois et al. 2001). In contrast, the models
described in this study are on a C57BL/6 genetic background, yet, they also have their limitations. The
diseases arising in the xCre;L-gp130 mice were mostly of late B cell stages, however, while IHC analysis
revealed the presence of CD138* PCs in virtually every single tumor, only about a half of all tumors
analyzed in this study showed a PC phenotype in flow cytometric analyses. While malignant
transformation of CD19;L-gp (Figure 17A) and Vav1l;L-gp mice (Figure 22A) occurred fast, Cg1;L-gp and
Blimp1;L-gp animals had a rather long latency (Figures 19A, B). Moreover, MM development could not
be triggered in Cg1;L-gp130 mice by immunization (Chapter 3.8) as it was shown earlier in the VK*MYC
model (Chesi, Robbiani et al. 2008). While other GEM models of MM (Eu-xbp-1s, Ep c-Maf, and
Vk*MYC) predominantly develop intramedullary myeloma, where proliferation of clonal PCs is restricted
to the BM like it is seen in the majority of MM patients, most of sick xCre;L-gp mice in this study showed
presence of malignantly transformed cells also outside the BM, mainly in the gastro-intestinal tract. This
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extra-medullary dissemination occurs with advanced stages of the disease only in around 6 % of MM
patients affecting liver, CNS, kidneys, LNs, and the gastro-intestinal tract amongst others (Soutar, Lucraft
et al. 2004, Blade, Fernandez de Larrea et al. 2011, Weinstock and Ghobrial 2013). Additionally, an M-
Gradient, which is seen in over 90 % of MM patients at time point of diagnosis (International Myeloma
Working 2003), was not consistently detected in the serum of all mice that were analyzed. This non-
secretory form of MM was also reported in patients, yet it is a very rare phenomenon (Cavo, Galieni et
al. 1985, Blade and Kyle 1999, Middela and Kanse 2009). Therefore, the here described models to some
extent represent a minority of MM patients where malignantly transformed PCs are not mainly localized

to the BM but to secondary lymphoid organs.
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5 Summary

In summary, this study shows the importance of the IL-6/gp130/JAK/STAT3 axis for hematopoietic
development as well as B cell differentiation in vivo by means of a novel transgenic mouse model on the
frequently used C57BL/6 background. Thereby, activation of gp130 signaling targeted to distinct stages
of B cell development as well as to the entire hematopoietic system resulted in mature B cell ymphoma
and plasma cell neoplasms and was also sufficient to completely abolish activity of a B cell-targeted Myc
transgene. Gp130 signaling thus provides a selective growth and differentiation advantage for mature B
cells and directs lymphomagenesis towards terminally differentiated B cell cancers that are serially
transplantable. With MM still being an incurable cancer entity and several mouse models trying to mimic
the human disease show their limitations, the present work might lead to finding new ways for treating
the disease, especially for the EMM type.

The models generated in this study can be used for testing novel therapeutic approaches targeting the
IL-6/gp130/JAK/STAT3 axis in MM and also for investigating gp130 downstream signaling, as a key
feature in cancer and many other diseases including autoimmune and inflammatory conditions, in
basically any desired tissue. As shown here for Trp53 and Myc, it is thereby easily possible to investigate
the impact of certain gene expressions in the IL-6/gp130/JAK/STAT3 context by breeding xCre;L-gp

mice to respective transgenic strains.
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