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Introduction

1 Introduction

1.1 The Immune System

The immune system of vertebrates consists of different mechanisms for defending the
body against infection. In general, two lines of defense exist: the innate and the
adaptive immune responses. The innate form of the immune system is directly
available and reacts to a wide range of pathogens but is not able to build a lasting
immunity and is not specific for individual pathogens. This is why the adaptive
immune system is important, as this branch of immunity is able to produce specific
antibodies against a particular pathogen or its product. The adaptive immune system
can result in memory cells against the respective pathogen and reacts very quickly in
case of a reinfection. Examples of innate immunity include macrophages, dendritic

cells and neutrophils; T and B cells belong to the adaptive immune system.

1.2 B Cell Development

B (bone marrow or bursal) cells develop in the bone marrow after birth and are
generated in the fetus from pluripotent hematopoietic stem cells in the fetal liver
(reviewed in Hardy and Hayakawa, 2001). The multipotential progenitor (MPP)
develop from the murine hematopoietic stem cells (HSC) in the bone marrow, then
the lymphoid-primed multipotential progenitors (LMPPs) arise followed by common
lymphoid progenitor (CLP) population (Fig. 1.1). Different cell types can develop
from these different cell stages, for example erythrocytes and megakaryocytes from
MPPs, monocytes from LMPPs, T cells and dendritic cells (DCs) from CLPs. They
all express different cell surface markers (Fig. 1.1). After the CLP stage, precursor B
cells develop. These are divided in four subsets, termed fractions A, B, C and D
(Hardy et al., 1991). In vitro analysis has shown that fraction A can develop into
fraction B or C, suggesting they are the earliest B cell precursors. They are therefore
known as pre-pro-B cells. During their differentiation, B cells undergo an
immunoglobulin-gene rearrangement. In B cell precursors, the heavy-chain DJ
(diversity and junction) is rearranged and then the heavy-chain variable (V)DJ
rearrangement takes place. Most pre-pro-B cells lack heavy-chain DJ rearrangements,
making them independent of immunoglobulin-gene rearrangement (Allman et al.,

1999). Fractions B and C are called pro-B-cells (early and late pro-B cells), consist of
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large, mitotically active cells and have heavy-chain DJ or variable (V)DJ
rearrangements (Hardy et al., 1991; Li et al., 1996). Most cells in fraction D are small,

resting B cells termed pre-B cells and IgM" immature B cells (Hardy et al., 1991).
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Figure 1.1: Early B cell development in the bone marrow.
B cell precursors, including their surface markers and out of the precursors developing cells.

(Nagasawa, 2006)

After a successful rearrangement of their immunoglobulin genes, immature B cells
enter the spleen as transitional 1 (T1) B cells. Here, they develop to T2 and possibly
T3 B cells and mature to marginal zone (MZ) and follicular (FO) B cells (Fig 1.2)
(Allman et al., 2001; Loder et al., 1999). T3 B cells are thought to be anergic B cells
(Merrell et al., 2006). The hallmarks of MZ B cells will be described in section 1.2.1.
FO B cells are located in the follicles of spleen, lymph node, and ectopic lymphoid
aggregates. Ectopic lymphoid organs are also called tertiary lymphoid organs. They
are formed after birth and mimic secondary lymphoid tissue structure. They generate
local immune responses in tissues (Thompson, 2012). In general, FO B cells need T
cell help to develop into plasma cells or memory B cells (Kerfoot et al., 2011;
reviewed in Shlomchik and Weisel, 2012). After T cell contact, they proliferate and
form small clusters of homogenous clones. These clusters are then able to build short-
lived extrafollicular plasmablasts or a long-lived collection of germinal center (GC) B
cells (Porto et al., 1998; Coico et al., 1983). In germinal centers, B cells undergo
extensive rounds of proliferation, somatic hypermutation and antigen-affinity driven

selection (reviewed in Victora and Nussenzweig, 2012; reviewed in Honjo et al.,
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2002; Liu et al., 1989).
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Figure 1.2: Overview of B cell development.

The developmental stages of B cells from the CLP stage via immature B cells to mature B cells. CPL=
common lymphoid progenitor, CSR= class switch recombination, SHM= somatic hypermutation

(LeBien and Tedder, 2008)

In addition to the B2 B cells, which consists of MZ B cells and the FO B cells, there is
another population: B1 B cells. B1 B cells are localized in the peritoneal and pleural
cavities but can also be found in lymph nodes and spleen (reviewed in Kantor and
Herzenberg, 1993). They can be further divided in two subpopulations: the Bla B
cells (CD5") and B1b B cells (CD5") (Kantor et al. 1992). In general, B1 B cells have
a more restricted immunoglobulin repertoire compared to other immunoglobulin
producing B cells and are primarily responsible for innate immunity, reacting to a
variety of T cell independent antigens (Kantor et al., 1997; Baumgarth et al., 2005).
B1 B cells also have the ability to produce CD138" plasma cells (Yang et al., 2007;
Tung et al., 2007).

1.2.1 Marginal Zone B Cells
The marginal zone is a compartment of the spleen that separates the white pulp from

the red pulp and was first described by Weidenreich 1901 as ,, Kndtchenrandzone*
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(Weidenreich, 1901; MacNeal, 1929). The marginal zone consists of different cell
types: the marginal zone (MZ) B cells, specialized macrophages, reticular fibroblasts
and dendritic cells (Nolte et al., 2004). In the MZ, two types of macrophages exist: the
marginal metallophilic macrophages (MMM) and the marginal zone macrophages
(MZM) (reviewed in Mebius and Kraal, 2005). MMMs cross-present blood-borne
antigens by splenic CD8" DCs and CD8" T cells (Backer et al., 2010). MZMs are
phagocytotic cells that remove blood-borne pathogens and apoptotic material in the
spleen (Aichele et al., 2003; Odermatt et al., 1991). In histology, the marginal zone
(MZ) can be detected with MOMA-1 antibody that detects the marginal metallophilic
macrophages (MMM) that line the inner face of the marginal sinus (Kraal and Janse,
1986). In addition to using anatomical features to analyze MZ B cells, there are a
number of surface markers that can be used to identify them. MZ B cells express high
levels of IgM, CD21, CD1d, CD38, CD9 and CD25 and very low levels of IgD and
CD23. In addition to these surface markers, they also express high levels of 2
integrin, LFA-1, 0481 integrin as well as B7 protein (Gray et al., 1982; Hsu, 1985; Lu
et al., 2002; Oliver et al., 1999; Oliver et al., 1997). In contrast to FO B cells that
recirculate in the body, MZ B cells cannot circulate because they are sessile (Gray et
al., 1982). Another characteristic of MZ B cells is their very long life span. Whether
this is because they are long-lived cells or if the spleen contain self-renewing
progenitors of MZ B cells is still in discussion (Hao and Rajewsky, 2001;
Kumararatne, et al. 1980; reviewed in Pillai et al., 2005).

It has been shown that MZ B cells develop from a different T2 cell type in spleen than
FO B cells do. These T2 cells are called T2-MZPs (marginal zone precursors) and are
not found in mice that do not have marginal zone B cells, for example Aiolos null
mice and conditional Notch2” mice (Amano et al., 1998; Roark et al., 1998; reviewed
in Pillai et al., 2004; Cariappa et al., 2001; Saito et al., 2003; Kumararatne and
MacLennan, 1981).

For the development of MZ B cells only a ‘weak’ B cell receptor (BCR) signal is
needed (Sun et al., 2002). Therefore a signal-strength model is proposed: if the BCR
of a transitional stage 2-follicular precursors (T2FP) cell reacts with a self-antigen, the
Bruton's tyrosine kinase (Btk) pathway is activated and the cell develops into a FO B
cell. If the reaction of the T2-FP to the self-antigen is weak or non-existent, the cells

survive because of the B cell activation factor (BAFF) and constitutive BCR
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signaling. The absence of stronger BCR stimulation induces signals to develop into
MZ B cells (Cariappa et al., 2001; reviewed in Pillai et al., 2004; reviewed in
Cariappa and Pillai, 2002). This demonstrates that BAFF is crucial for MZ B cell
development and survival (Thien et al., 2004; Batten et al., 2000). The Notch2
signaling also plays an important role for the MZ B cell development. This was first
shown in a B cell-specific knockout of RBP-Jxk that lead to an MZ B cells loss and an
increase in FO B cells (Tanigaki et al., 2002). Other known ways of developing MZ B
cells include the activation of PI3K through the BCR, and its subsequent activation of
Akt leading to MZ B cell development (Srinivasan et al., 2009; Calamito et al., 2010;

reviewed in So and Fruman, 2012).

MZ B cells are able to respond to blood born pathogens in order to defend the body.
In this way, they can be part of T cell independent (TI) and T cell dependent (TD)
immune reactions (Snapper et al., 1993; Snapper et al., 1995; Oliver et al., 1997;
Rubtsov et al., 2008). In general, they react very quickly with a T cell independent
humoral response on toll-like receptors (TLRs) and present lipid molecules in
association with CD1d (Treml et al., 2007; Genestier et al., 2007). They also interact
with antigens exposed on macrophages, DCs or neutrophils and rapidly differentiate
into plasmablasts to produce high amounts of IgM (Martin et al., 2001; Baldzs et al.,
2002; Ravetch et al., 2000). In addition, they are able to class switch and produce IgG
and a little IgA. Antibodies produced by MZ B cells are low affinity antibodies and
are required until FO B cells produce high affinity antibodies (Pone et al. 2012).

1.2.2 Germinal Center

Germinal centers (GCs) are found in secondary lymphoid organs. Their development
takes place during T cell dependent antibody responses. Therefore, the interaction
between antigen specific B cells and CD4" T cells is important (MacLennan, 1994).
GCs are mainly involved in antibody diversification through class switch
recombination (CSR) and somatic hypermutation (SHM) (Jacob et al., 1991; Berek et
al., 1991; Petersen-Mabhrt et al., 2002; Hasler et al., 2011). For these two processes,
GC B cells express the enzyme activation-induced cytidine deaminase (AID). A GC is
divided into two different structural features: the light zone (LZ) and the dark zone
(DZ). The LZ is proximal to the lymph node capsule or spleen marginal zone. It

contains the antigen-specific GC B cells, follicular dendritic cells (FDCs), and a
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subset of naive IgD" B cells (Schwickert et al. 2009; Suzuki et al. 2009). The B cells
are mixed among a network of FDCs (Schwickert et al., 2007). In addition to B cells,
there are also CD4" and CD8" T cells as well as conventional dendritic cells (DCs)
(Grouard et al., 1996). The DZ includes B cells that have a high nucleus to cytoplasm
ratio (Nieuwenhuis and Opstelten, 1984).

1.3 Class Switch Recombination

The body has various mechanisms for defending itself against infections. One
mechanism is the class switch recombination (CSR), which generates different
antibody classes to react against structurally different pathogens. Naive B cells
express IgM and IgD on their surfaces. Following infection, they are able to switch to
expressing 1gG, IgE or IgA (reviewed in Esser and Radbruch 1990). An antibody
itself consists of the constant (C) region that has effector function and the variable (V)
region where the antigen-binding site is arranged. The V region is built on IgH
(heavy) and IgL (light) chains, whereas the IgL chain includes Vi and Jp gene
segments and the IgH locus is encoded by V(D)J exons (Alt et al., 2014). The V(D)J
exons are composed of variable (Vy), diversity (D) and joining (J) gene segments and
are rearranged during early B cell development in the bone marrow (reviewed in Jung
et al. 2006). Downstream of the V(D)J exons are eight sets of Cy exons in the
following order: 5’-V(D)J-Cu-Cs-Cy3-Cy1-Cy2b-Cy2a-Ce-Ca (Honjo, 1978). During
CSR, the constant regions Cp and Cd of the Cy locus are replaced with Cy3, Cyl,
Cy2b, Cy2a, Ce or Ca regions, and in the end, one immunoglobulin isotype is
produced.

The CSR process can take place both inside and outside the GCs and is induced by
AID (Muramatsu et al., 2000). AID targets so-called S regions (repetitive sequences,
1 to 10kb), which are placed upstream before every Cy exon except for Cd, and places
double-strand breaks (DSBs) within them (Kataoka, 1980). AID then links the donor
S region (also known as Sp) to one of the other downstream acceptor S regions (Sy3,
Syl, Sy2b, Sy2a, Se or Sa) via a breakage and joining mechanism by which an extra
chromosomal circle arises (reviewed in Iwasato et al., 1990; Kataoka, 1980). The
“other” ends are joined together by classical non-homologous end-joining (C-NHEJ)
or alternative end-joining (A-EJ). This leads to an mRNA in which the Cy is replaced

and a new class of antibody can arise, such as IgG, IgE or IgA. IgE expression can
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also take place directly between Sp and Se or following IgG switching through
sequential CSR between the fused SuSy1 and Se (Fig. 1.3) (Xiong et al. 2012).
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Figure 1.3: Mechanism of the class switch recombination.
After V(D)J recombination, class switch recombination (CSR) takes place. It is induced by activation-
induced cytidine deaminase (AID) and leads to an excised intervening DNA and a mRNA sequence

encoding for one of the different immunoglobulin isotypes. (Chaudhuri and Alt, 2004)

1.4 Activation-induced Cytidine Deaminase

The activation-induced cytidine deaminase (AID) is an 26kDA enzyme produced by
the Aicda gene and is an important player and initiator of CSR and somatic
hypermutation (SHM) (Muramatsu et al., 2000; Revy et al., 2000; Nagaoka, 2002;
Petersen et al., 2001). The initiation of the CSR and SHM through AID starts by
deaminating cytosine and creating an uracil (Petersen-Mahrt et al., 2002; Chaudhuri et
al., 2003; Sohail et al., 2003; Bransteitter et al., 2003; Dickerson et al., 2003). In
addition, AID acts as a mutagen and is involved in tumor genesis in B and non-B cells
(Komeno et al., 2010; Pasqualucci et al., 2007; Takizawa et al., 2008; Matsumoto et
al., 2007; Kovalchuk et al., 2007). For a long time it was believed that AID is
restricted to B cells, but AID expression has also been found in CD4" T cells, testes,
and ovaries (Qin et al., 2011; Schreck et al., 2006; Morgan et al., 2004). The
structural composition of AID consists of an N- and a C-terminus that are connected
by a cytidine deaminase (CD) catalytic domain and a linker sequence (Ta et al.,

2003).
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Figure 1.4: Primary structure of activation-induced cytidin deaminase (AID).
AID is composed of a nuclear localization signal (NLS) localized N-terminal, an active site that
includes the cytidine-deaminase motif, a linker sequence and a nuclear export signal (NLS) that is

positioned C-terminal. (Chaudhuri and Alt, 2004, changed by E.-M. Cox)

At the N-terminus, a nuclear localization signal (NLS) can be found; and at the C-
terminus, a nuclear export signal (NES) (Ito et al., 2004). The N-terminal region is
required for DNA cleavage in CSR and SHM and the C-terminal region is needed for
recombination (Ta et al., 2003) (Shinkura et al., 2004; Doi et al., 2009; Shivarov et
al., 2008; Wei et al., 2011; Barreto et al., 2003). In addition, AID shows sequence
homology with APOBEC1 (apolipoprotein B mRNA-editing enzyme, catalytic
polypeptide 1), a RNA-editing cytidine deaminase (Patenaude et al., 2009). Some
groups have assumed that AID edits an mRNA to encode a new protein required to
activate CSR and SHM (Muramatsu et al., 2000; Revy et al., 2000; Doi et al., 2003),
however APOBEC1 seems to be the exception to a family of DNA-cytidine
deaminases that evolved to mediate innate immunity, and AID remains a DNA-
modifying enzyme, as has been described in various publications (Fig. 1.4) (Harris et

al., 2002).

1.5 The B Cell Antigen Receptor

The B cell antigen receptor (BCR) has different important functions. It is very
important for clonal selection of B cells and the generation of a humoral immunity
and in addition it is needed for the successful development and maintenance of the B
cell pool in the periphery. The BCR is composed of a ligand-binding and a signaling
domain. The ligand-binding domain includes a transmembrane immunoglobulin
heavy chain (IgH) and a covalently associated immunoglobulin light chain (IgL). The
antigen binding takes place at the complementary-determining regions (CDRs) that
are created by an IgH and IgL in juxtaposition, to create a ligand-binding region that
is unique for every BCR. For the signal transduction, a non-covalent-associated

heterodimer of Iga and IgB signaling protein is provided (Papavasiliou et al., 1995;
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Teh, 1997). Both Iga (CD79a) and IgB (CD79b) are bound to immune-receptor
tyrosine-based activation motifs (ITAMs) that are necessary for signal transduction
(Fig. 1.5). The BCR remains in a resting state until antigen binding activates it. There
are two models for BCR activation that are currently being discussed. One is the
crosslinking hypothesis, which suggests that all the BCR complexes on the resting B-
cell surface are monomers, and that the crosslinking of two monomers leads to the
activation of the BCR (reviewed in Radbruch et al., 2006). The second model
describes an oligomeric structure of the resting BCR called “dissociation activation
model” (DAM). This model describes an oligomeric structure for the activation of the
BCR (Schamel et al., 2000; Yang and Reth, 2010). Downstream of the inactive BCR,
the SRC-family protein tyrosine kinases (PTKs) Lyn tyrosine kinase (Lyn) and spleen
tyrosine kinase (Syk) can be found (Campbell and Sefton et al. 1992; Yamanashi et
al., 1991). Both act as initiators for BCR signaling. After the binding of an antigen
through the BCR, LYN phosphorylates the ITAMs of Iga and IgR at the first tyrosine
residue (Schmitz et al., 1996). The phosphorylation of ITAM-associated tyrosine
residues forms docking sites for SRC homology 2 (SH2)-domain-containing proteins
that are important for the activation of Syk, a PTK that contains such an SH2-domain
(Fiitterer et al., 1998; Grucza et al., 1999; Rowley et al., 1995). The ITAM
phosphorylation therefore leads to the activation of Syk and Btk (reviewed in
Kurosaki, 1999). Syk plays a key role in B cell signaling and phosphorylates both
ITAM tyrosines (Y182 and Y193) of Iga. A Syk disruption inhibits most downstream
BCR signaling and leads to a block in B cell development. This underlines the
importance of Syk in the BCR signaling (Abb. 1.4 right) (Jiang et al., 1998; Takata et
al., 1994; Turner et al., 1995).

For a successful BCR signaling, positive and negative co-receptors are important.
These modulate the signaling of the BCR and are transiently or constitutively
localized with the BCR. CD19 and CD45 are positive co-regulators of the pre-BCR
and BCR signaling (reviewed in Tedder et al., 1997; reviewed in Hermiston et al.,
2003). CD45 is a phosphatase and dephosphorylates an inhibitory residue on the
signal-initiating SRC-family PTKSs that are responsible for the ITAM phosphorylation
(Thomas and Brown, 1999). CD19 functions in a complex with CD21 and CD81 and
is able to increase the BCR signaling in multiple ways (Carter and Fearon, 1992). The
association of CD19 and CD21 is important for transduction signals that are triggered

by the combined binding of complement C3d-coupled antigens to the BCR and CD21
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(Fearon et al., 2000). The association of CD19 and CD81 is needed for CD19 surface
expression and links the membrane protein complex to the cytoskeleton (Mattila et
al., 2013). Examples for negative regulation of the BCR through co-receptors are
CD5, CD22, CD72 and paired immunoglobulin-like receptor B (PIRB). They are
transmembrane proteins that contain immune-receptor tyrosine-based inhibitory
motifs (ITIMs) (Chacko et al., 1996). ITIMs are targets for SRC family proteins and
their phosphorylation leads to the recruitment of SH2-domain-containing protein
tyrosine phosphatases (PTPs) (reviewed in Nitschke, 2005; reviewed in Gergely et al.,
1999).
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Figure 1.5: Structure and function of the pre-BCR and BCR complex. (Monroe, 2006)

The pre-BCR consist of the same components as the BCR except for the IgL chain at
the ligand-binding domain. Instead of the IgL chain, there is a surrogate light chain
(SLC) that is formed by Vpre-B and the A5 (Sakaguchi and Melchers, 1986; reviewed
in Melchers et al., 1993; Karasuyama et al., 1990) (Fig. 1.5). Although the pre-BCR
lacks the original antigen-binding site, the pre-BCR is able to generate signals. These
signals and their regulation are similar to those from the BCR (reviewed in Benschop
and Cambier, 1999; reviewed in Meffre et al., 2000). The pre-BCR signals are
important for all pre-B cell dependent processes such as the IgH allelic exclusion, IL-
7-dependend pro-B cell expansion, maturation through the pro-B cell pre-B cell

checkpoint and the initiation of IgL. gene recombination (reviewed in Monroe, 2006).

1.6 Akt, the Protein Kinase B (PKB)

Akt plays an important role in human diseases such as diabetes, hypertrophy and
cancer (Cross et al., 1995; George, 2004; Cho, 2001; Shiojima et al., 2005; Roy,
2002; Cheng et al.,1996; Staal, 1987). This is due to the different ways of signal

transduction that Akt influences. Akt is, for example, crucial for cell growth, survival,
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proliferation and metabolism (Cho, 2001; Cho et al., 2001; Peng et al., 2003). To get a
better understanding of how Akt acts in cases of malignancy in the immune system,
we generated a mouse strain that constitutively overexpresses Aktl in B cells. The
Akt/protein kinase B (PKB) is a serine/threonine kinase which belongs to the cAMP-
dependend protein kinase A/protein kinase G/protein kinase C (AGC) super family of
protein  kinases. Three different isoforms exist: Aktl/PKBo/RAC-PKa,
Akt2/PKBB/RAC-PKB and Akt3/PKBYy/RAC-PKy (Jones et al., 1991b; Jones et al.,
1991a; Cheng et al., 1992; Staal et al., 1987; Konishi et al., 1995; Nakatani et
al.,1999). These are all expressed in mice and humans and show high structural and
functional similarity, but are differentially expressed on mRNA and protein levels
(reviewed in Yang et al., 2004b; Altomare et al., 1998; Brodbeck et al., 1999). All
isoforms consists of an amino terminal pleckstrin homology (PH) domain, a central
kinase domain and a regulatory domain at the C-terminus (Fig. 1.6) (Bellacosa et al.,

1991; Coffer and Woodgett, 1991; Datta et al., 1995).

The regulatory domain includes the hydrophobic and proline-rich motif characteristic
of AGC kinases (Hanada et al., 2004). The phosphatinositol 3 kinase (PI3K) builds
membrane lipid products such as phosphatidylinositol-3,4,5-diphosphate (PtdIns-
3,4,5-P,) and -trisphosphate (PtdIns-3,4,5-P3) that become bound by the PH Domain
of Akt with similar affinity (Frech et al., 1997; James, 1996). The kinase domain of
Akt shares a high similarity with other AGC kinases and contains a conserved
threonine (Thr) and serine (Ser) residue (Bellacosa et al., 1991; Coffer and Woodgett,
1991). This threonine residue is important for enzymatic activation. The carboxy
terminus contains a 40 acids tail. In this region, a hydrophobic motif characteristic of
AGC kinases can be found. To become fully activated, phosphorylation of the serine
and threonine residue in this hydrophobic motif is important (Alessi et al., 1996;
Hanada et al., 2004; Takeuchi, 1996). In case of Aktl, the residues are Thr308 in the
activation loop and Ser473 in the hydrophobic motif (Alessi et al., 1996). Akt can be
activated in several ways, but the most significant upstream activation is activation

through PI3K (Franke et al., 1995; Burgering and Coffer, 1995).
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Figure 1.6: Structure of Aktl, Akt2 and Akt3.

Shown are the structures of Aktl, Akt2 and Akt3. They all consist of a pleckstrin homology (PH)
domain, a helical region, a kinase domain and a regulatory motif. The kinase domain bears a threonine
(Thr) and the regulatory motif a serine (Ser) phosphorylation side. This phosphorylation sides differ
between the three isoforms. (Cohen, 2013, adapted by E.-M. Cox)

One mechanism by which PI3K is able to activate Akt is through the binding of
phosphoinositides directly to the PH domain (James, 1996; Franke, 1997; Frech et al.,
1997). This leads to the translocation of Akt from the cytoplasm to the inner surface
of the plasma membrane, where PI3K generates 3’phosphorylated phospholipid
residues (Andjelkovic et al., 1997; Meier et al., 1997; Wijkander et al., 1997; Zhang
and Vik, 1997; Sable et al., 1998; Currie et al., 1999). After Akt is constitutively
active the relocalization of Akt to the plasma membrane is very important for the Akt
activation (Burgering and Coffer, 1995; Kohn et al., 1996). Through the relocalization
to the plasma membrane Akt comes in proximity to regulatory kinases that
phosphorylate and activate Akt (Bellacosa et al., 1991; Coffer and Woodgett, 1991;
Burgering and Coffer, 1995; Andjelkovic et al., 1996; Kohn et al., 1996; Soskic et al.,
1999). Aktl has four different phosphorylation sites (Ser124, Thr308, Thr450,
Serd73) (Alessi et al., 1996). After an extracellular stimulation of cells Thr308 and
Ser473 get phosphorylated, whereas Ser124 and Thr450 are basally phosphorylated

12



Introduction

and gets dephosphorylated when activated.

1.6.1 Akt in B Cells

Activation of the BCR and its strengthening through the CD19 co-receptor leads to
the activation of PI3K (Otero et al., 2001; Pogue et al., 2000). This activation is
important for BCR-dependent proliferation and BCR-dependent tonic survival
signaling. PI3K binds to the PH domain of Akt and phosphoinositide-dependent
kinase-1 (PDK-1) (Stephens, 1998; Stokoe, 1997; Alessi et al., 1997a; Alessi et al.,
1997b). PDK-1 activates Akt through phosphorylation of its threonine residue in the
activation loop, in a PI3K-dependent manner in the case of Aktl Thr308 (Aman,
1998; Astoul et al., 1999; Pogue et al., 2000; Alessi et al., 1996; Alessi et al., 1997b).
In the case of Aktl Ser473, for maximal activation of Akt a serine residue in the
hydrophobic motif, has to be phosphorylated by another kinase, for example
mTORC2 (Alessi et al., 1996). Activated Akt can promote different signaling
pathways and substrates including mTOR pathway and FOXO1.

The mTOR kinase takes part in two different multi-protein complexes, mMTORC1 and
mTORC2 (Brown et al., 1994; Sabatini et al., 1994; Sabers et al., 1995; Cafferkey et
al., 1993; Kunz et al., 1993). mTORCI1 is composed of the mTOR enzyme, RAPTOR
(regulatory-associated protein of mammalian target of rapamycin), PRAS40 (proline-
rich Akt substrate 40 kDa), mLST8 (mammalian lethal with sec-13 protein 8) and
DEPTOR (DEP domain containing mTOR-interacting protein) (Fig 1.7) (Jacinto et
al., 2004; Kim et al., 2003; Peterson et al., 2009; Hara et al., 2002; Kim et al., 2002;
Sancak et al., 2007; Thedieck et al., 2007; Haar et al., 2007; Wang et al., 2007). It
regulates protein translation, cell size, intracellular transport, metabolism and lipid
biogenesis (reviewed in Schmelzle and Hall; Kim et al. 2002). mTORCI1 has the
ability to sense nutrient and mitogen signals and can be activated by growth factors.
The activation of mMTORCI can occur through Akt by phosphorylation (reviewed in
Limon and Fruman, 2012).

In addition to the catalytic mTOR subunit, mnTORC2 includes the activity components
rictor (rapamycin-intensive companion of mTOR), Sinl (mammalian stress-activated
map kinase-interacting proteinl) and mLST8, and the regulatory components
DEPTOR and Protor1/2 (Sarbassov et al., 2004; Frias et al., 2006; Jacinto et al., 2006;
Jacinto et al., 2004; Kim et al., 2003; Peterson et al., 2009; Pearce et al., 2007;
Thedieck et al., 2007). As well as phosphorylation of serum- and
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glucocorticoidinduced kinase (SGK) and PKC, mTORC2 phosphorylates Akt on
Ser473 (Fig. 1.7) (Sarbassov et al., 2005). mTORC2 regulates cell survival and
cytoskeleton dynamics (Jacinto et al., 2004).

mTORC1 mTORC2
apt Rictor 8
" mTOR Protor1/2 | mTOR
: i tor
S6Ks 4EBPs others Akt SGK PKC

(ULK1, etc.)

Figure 1.7: Components of mMTORC1 and mTORC?2 and its best known substrates.

Short cuts see text. (Limon and Fruman, 2012)

FOXO1 and FOXO3 are important players in B cell development and Akt is able to
regulate them through phosphorylation (Dengler et al., 2008; Hinman et al., 2009; Lin
et al., 2010). FOXOI is needed for a successful B cell development, whereas FOXO3
is crucial for pre-B cell development (Dengler et al., 2008; Hinman et al., 2009). It
has been shown that Akt and FOXO are able to regulate each other and the model of
the Akt-FOXO axis has therefore been proposed, which can influence B cell
development in two ways (reviewed in Limon and Fruman, 2012). In the case of a
lower level of FOXO and higher levels of Akt, B cells undergo a fast differentiation
into antibody secreting plasma cells that secrete low affinity IgM. A high FOXO and
low Akt expression leads to GC formation and after 1-2 weeks memory or plasma
cells with high affinity antibodies are generated (SHM and CSR) (Dengler et al.,
2008). In resting B cells, FOXO factors are nuclear and force cell cycle arrest,
longevity and recirculation (Essers et al., 2005; Takaishi et al., 1999). Akt is activated
through B cell activation before entering the nucleus and phosphorylates FOXO at
three different serine and threonine residues (Thr24, Ser256, Ser319) (Burgering et
al., 1999; Rena et al., 1999; Takaishi et al., 1999; Tang et al., 1999). This leads to the
export of FOXO into the cytoplasm, where it is degraded (Brunet et al., 1999; Biggs
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et al., 1999; Brownawell et al., 2001). Taken together, the Akt-FOXO axis is a key
control point for various B cell functions (Fig. 1.8).

CD138+ Plasmablast
asmablas Plasma Cell

(mainly low-affinity IgM)

A\ ,. \ /, Q\“’ﬁ.o
é‘é\ éﬁo
. K
- %
BCR Engagement %, “'A
) +/-TLR Ligation 9”»04”4; Plasma Cell
Resting B cell - :
ing B cel +/-T cell Help Activated B cell &"ﬁ \ /A (high-affinity IgG, IgA, etc.)

N 4/‘%@7

¥ Memory B cell

Germinal Center B cells \

AID Expression:
CSR, SHM
Figure 1.8: Shows how the Akt-FOXO axis controls the B cell differentiation of activated B cells.
The activity of PI3K/Akt signaling defines the nuclear activity of FOXO. High PI3K/Akt activity leads
to low FOXO activity and plasmablast differentiation. When PI3K/Akt activity is low, FOXO activity

is high and germinal center B cell fate can occur. (Limon and Fruman, 2012)
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1.7 Objectives

The Akt pathway has multiple functions. Besides the regulation of cell growth,
proliferation, differentiation, and survival it is also known for its role in malignancy.
Akt was shown to be overexpressed in various carcinomas and appears to play an
important role in cancer and other diseases in humans. The aim of this study was to
investigate the role of constitutive Aktl activation in B cell development, maturation,
and possible B cell tumor formation. Therefore, we used a mouse strain allowing for
the conditional expression of an N-terminally myristoylated Aktl (Rosa-Akt-C) in
cell types expressing the Cre recombinase. In this mouse, the myristoylation tag
recruits Aktl to the plasma membrane where Aktl becomes constantly
phosphorylated and therefore activated. The Rosa-Akt-C mouse was crossed to
CD19-Cre mouse, leading to the B cell-specific overexpression of Aktl (referred to as
Akt®°F) already from pro-B cell or early pre-B cell stages on. To investigate the
influence of Aktl overexpression in mature B cells, the Rosa-Akt-C mouse was

crossed to AID-Cre mouse strain, deleting in germinal center cells.
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2 Material and Methods

2.1 Used Material

2.1.1 Chemicals and Reagents

Chemicals were purchased from BD Biosciences (USA), Sigma-Aldrich (Steinheim),
Carl Roth (Karlsruhe), Fluka (Steinheim), Merck (Darmstadt), or AppliChem

(Darmstadt) unless stated otherwise. Solutions were prepared with double distilled

water (ddH,0).

Sterility of solutions and chemicals used in cell culture was maintained by working

under a sterile hood (Heraeus®, HeraSafe™, Thermo Fisher Scientific, Langenselbold,

Germany).

Table 2.1: Used chemicals.

Name of chemical

Supplier

Acetic acid (C2H402)

Merck, Darmstadt, Germany

Agarose, electrophoresis grade

Biozym, Hess. Oldendorf, Germany

Ammonium Chloride (NH4CI)

Sigma-Aldrich Chemie, Steinheim, Germany

Aqua

B. Braun, Melsungen, Germany

Bovine serum albumin (BSA)

Pan Biotech, Aidenbach, Germany

Dimethylsulfoxide (DMSO)

Lifetechnologies, Ober-Olm, Germany

DL-Dithiothreitol (DTT)

Sigma-Aldrich Chemie, Steinheim, Germany

Dubelco’s Modified Eagle’s
(DMEM)

Medium

Sigma-Aldrich, Sigma® Life Science, Buchs, Switzerland

EGTA

Sigma-Aldrich Chemie, Steinheim, Germany

Ethanol, abs. (EtOH)

Carl Roth, Karlsruhe, Germany

Ethidium bromide (EtBr)

Fluka, Sigma-Aldrich Chemie, Steinheim, Germany

Ethylendiamine tetraacetate

(EDTA)

Sigma-Aldrich Chemie, Steinheim, Germany

FACS Clean

BD Biosciences, San Diego, USA
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FACS Rinse BD Biosciences, San Diego, USA
FACSFlow™ BD Biosciences, San Diego, USA

Fetal calf serum (FCS) Gibco®, Life Technologies™, Paisley, UK
Glycine Merck, Darmstadt, Germany

HBSS Gibc0®, Life TechnologiesTM, Paisley, UK

HEPES Buffer

Sigma-Aldrich, Sigma® Life Science, Buchs, Switzerland

Hydrochloric acid Fuming (37 %) (HCI)

Merck, Darmstadt, Germany

Ionomycin

PromoKine, Heidelberg, Germany

Isofluran, Forene® 100% (V/V)

Abbvie, Ludwigshafen, Germany

Isopropanol

Hedinger, Stuttgart, Germany

L-Glutamine 200mM

Gibco®, Life Technologies™, Paisley, UK

Magnesium chloride (MgCl,)

Carl Roth, Karlsruhe, Germany

Methanol (MeOH)

Carl Roth, Karlsruhe, Germany

Minimum Essential Medium Non Essential

Gibco®, Life Technologies™, Paisley, UK

Amino Acids (MEM NEAA)
MOPS Carl Roth, Karlsruhe, Germany
NP-40 Merck Millipore, Calbiochem, Schwalbach, Germany

Paraformaldehyde (PFA)

Sigma-Aldrich Chemie, Steinheim, Germany

PBS

Sigma-Aldrich, Sigma® Life Science, Buchs, Switzerland

PBS++

Gibco®, Life Technologies™, Paisley, UK

Penicillin Streptomycin

Gibco®, Life Technologies™, Paisley, UK

Phosphoric Acid (H;POy)

Carl Roth, Karlsruhe, Germany

Potassium acetate (C,H;KO,)

Merck, Darmstadt, Germany

Potassium chloride (KCl)

Merck, Darmstadt, Germany

Potassium Hydrogen Carbonat

(KHCO;)

Carl Roth, Karlsruhe, Germany

Proteinase K

Roche, Mannheim, Germany

Sodium dodecyl sulfat (SDS)

Serva, Heidelberg, Germany
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Skim Milk Powder

Fluka, Sigma-Aldrich Chemie, Steinheim, Germany

Sodium azide (NaNj3)

Carl Roth, Karlsruhe, Germany

Sodium chloride (NaCl)

Carl Roth, Karlsruhe, Germany

Sodium hydrogencarbonate (NaHCO;)

Carl Roth, Karlsruhe, Germany

Sodium hydroxide (NaOH)

Merck, Darmstadt, Germany

Sodium pyruvate 100mM

Gibco®, Life Technologies™, Paisley, UK

Sulfuric Acid (H,SOy) Carl Roth, Karlsruhe, Germany
Tris Carl Roth, Karlsruhe, Germany
Tween™20 Sigma-Aldrich Chemie, Steinheim, Germany

b-Mercaptoethanol (b-ME)

AppliChem, Darmstadt, Germany

2.1.2 Equipment

Table 2.2: List of equipment not mentioned in the text.

Equipment

Supplier

CO,-Incubator

BBD 6220, Heraeus®, Thermo Fisher Scientific, Dreieich, Germany

Gel documentation system

Gel-Doc XR, Bio-Rad Laboratories GmbH, Munich, Germany

Heating-Thermo Shaker

Multifunctional Thermo Shaker MHR 13, Ditabis Digital biomedical

imaging system AG, Pforzheim, Germany

Magnetic stirrer

MR 3001 K, Heidolph, Schwabach, Germany

Multichannel pipette Transferpette® S-12, Brand, Wertheim, Germany

pH meter inoLab pH720, WTW, Weilheim, Germany

Pipettes Pipetman, Gilson, Midleton, USA

Pipettor MATRIX CellMate II, Thermo Scientific, New Hampshire, USA
Power supply Power PAC 200 & Power PAC Basic, Bio-Rad Laboratories GmbH,

Munich, Germany

Roller mixer

Roller mixer SRT9, Bio Cote Stuart, Stone, Staffordshire, UK

Scale

BP 1200, Sartorius, Sigma-Aldrich, Munich, Germany

Shaker

IKA-VIBRAX-VX12, IKA, Staufen, Germany

Table centrifuge

Galaxy MiniStar, silverline, VWR, Darmstadt, Germany

Vortex

REAX 2000, Heidolph, Schwabach, Germany

Waterbath

Memmert, Schwabach, Germany

2.1.3 Disposable Materials

Table 2.3: Table of used materials.

Expendable materials

Supplier

15 ml and 50 ml Tubes

Greiner Bio-one, Frickenhausen, Germany
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6-well plate

Macroplatte, Greiner Bio-one, Frickenhausen, Germany

96-well plates, pointed bottom

Nunc, Thermo Fisher Scientific, Dreieich, Germany

96-well reaction plates for

Real-Time analysis

MicroAmp® Fast 96-Well Reaction Plate, Applied Biosystems® (Life
Technologies GmbH, Darmstadt, Germany).

Cryo-Tubes CryoTube™ vials, Thermo Fisher Scientific, Dreieich, Germany
Cuvette Roti"” Lab, single-use cell, PS, Carl Roth, Karlsruhe, Germany
Extra Thick Blot Paper Bio-Rad Laboratories GmbH, Munich, Germany

Gloves Sempermed®, Sernpercare®, Wien, Austria

Immobilon Transfer membrane

Immobilon P, Millipore 20orporation, Billerica, USA

Micro tube 1.5 ml

Sarstedt, Niimbrecht, Germany

Sterile 96-well plates, flat and

round bottom

Nunclon Delta Surface, Thermo Fisher Scientific, Dreieich, Germany

Sterile serological pipettes

Cell star, Greiner Bio-one, Frickenhausen, Germany

Sterile syringe filter (0.45 pm)

VWR, Darmstadt, Germany

Syringe 1ml

Luer-Lok™ Tip, BD Biosciences, San Diego, USA

Syringe Omniﬁx®—F, Tuberculin, B. Braun, Melsungen, Germany
Tips Nerbe Plus, Winsen/ Luhe, Germany

2.1.4 Buffer and Media

Table 2.4: Table of used buffers.

Buffer Concentration Composition
1x RIPA buffer 20mM Tris-HCI (pH 7.5)
150m NaCl
ImM Na,EDTA
ImM EGTA
1% NP-40
1% sodium deoxycholate
2.5mM sodium pyrophosphate
ImM B-glycerophosphate
ImM Na3zVO,
Ipg/ml leupetin
Buffer A 10mM HEPES
10mM KCl1
0.lmM EDTA
DTT and protease inhib., freshly added
1x MOPS buffer 0.05M Tris
0.05M MOPS
1.03mM EDTA
3.5mM SDS
1x transfer buffer 192mM Glycine
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25mM Tris
10% MeOH
TBS 50mM Tris
150mM NaCl, pH 7.4
10x Ack (Ammonium-Chloride- 150mM NH,Cl1
Potassium) lysis buffer 100mM KHCO;
1.25mM EDTA
PBS-EDTA-BSA 2mM EDTA
0.5% BSA
Tail Lysis buffer 100mM Tris-HCIL, pH 8.5
5mM EDTA
2% SDS
200mM NaCl
100-400pg/ml Proteinase K, putted freshly
TE buffer 10mM Tris-HCL, pH 8
ImM EDTA
1x TAE 0.04M Tris, pH 8
0.001M EDTA
0.02M acetic acid

Table 2.5: Medium used to culture B cells.

Name of Medium Composition

500ml DMEM

1.2% Pen (10.000Units/ml) Strep (10.000pg/ml)
1.2% MEM NEAA (100x)

1.2% L-Glutamin (200mM)

1.2% Sodium Pyruvat (100mM)

1.2% Hepes (1M)

0.12% MeOH

10% FCS

B cell medium

500ml DMEM

1.2% Pen (10.000Units/ml) Strep (10.000pg/ml)
1.2% MEM NEAA (100x)

1.2% L-Glutamin (200mM)

1.2% Sodium Pyruvat (100mM)

1.2% HEPES (1M)

0.12% MeOH

1% FCS

Resting B cell medium
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2.2 Molecular Biology

2.2.1 Preparation of Genomic DNA

Tail biopsies were lysed overnight at 56°C in lysis buffer. Undigested tissue was
pelleted by centrifugation for 10min at 20,000xg. To precipitate genomic DNA, the
supernatant was mixed with an equal volume of isopropanol and collected by
centrifugation 10min at 20,000xg. The DNA was washed with 70% (v/v) EtOH
10min at 20,000xg, dried at 37°C and solved in TE buffer.

2.2.2 RNA Isolation and Quantitative Real-Time PCR

RNA from murine cells was prepared using the peqGOLD Total RNA Kit (PEQLAB
Biotechnologies GmbH, Erlangen, Germany). The SuperScript® II reverse
transcriptase protocol (Invitrogen' ™ by life technologies™, Carlsbad, USA) was used
to synthesize cDNA. cDNA was subsequently used for Real-Time PCR. Quantitative
Real-Time PCR was performed with QuantiTect® primers from QIAGEN (Hilden,
Germany) as described on their homepage: https://www.qiagen.com/de/resources/reso
urcedetail7id=882a8baa-29df-4182-a2a5-17083f4dbel 1 &lang=en.  Reaction  took
place in StepOnePlus™ Realtime System of Applied Biosystems (Life Technologies

GmbH, Darmstadt, Germany). Expression of all genes was normalized to HPRT.

Table 2.6: Program used for quantitative Real-Time PCR.

Step T°C | Time Cycles/T °C Description

1 95 15min Holding stage

2 95 15sec Cycling stage

3 55 30sec Cycling stage

4 72 30sec 40x step 2-4 Cycling stage

5 90 15sec Melt curve stage
6 60 Imin +0.5°C till 90°C for step 7 are reached Melt curve stage
7 90 15sec Melt curve stage

Table 2.7: Oligonucleotides used for quantitative Real-Time PCR.

Name of | Sequence (5’-3’)/ Orderno. Company

primer

Aicda QT00123676 QIAGEN (Hilden, Germany),
CD23 QT00099540 QIAGEN (Hilden, Germany),

22




Material and Methods

Deltex1 QT00097139 QIAGEN (Hilden, Germany),

Hesl QT00313537 QIAGEN (Hilden, Germany),

Hes5 QT00268044 QIAGEN (Hilden, Germany),

IgGl CuR- AAT GGT GCT GGG CAG GAA | Metabion(Planegg/ Steinkirchen, Germany)
Iy1F- GGC CCT TCC AGA TCT TTG

Notchl QT00156982 QIAGEN (Hilden, Germany),

Notch2 QT00153496 QIAGEN (Hilden, Germany),

2.2.3 Agarose Gel Electrophoresis
Separation of DNA fragments by size was achieved by electrophoresis in agarose gels

(2% (w/v), 1x TAE ((Sambrook, 1989), 0.5mg/ml EtBr).

2.2.4 Quantification of DNA and RNA

The concentration of nucleic acids was determined by measuring the absorption of the
sample at 260nm and 280nm in a multimode microplate reader (Infinite® M200Pro
NanoQuant, Tecan, Ménnedorf, Switzerland). An OD20 of 1 corresponds to
approximately 50ug/ml for double stranded DNA or 40ug/ml for RNA and single
stranded DNA. Purity of nucleic acids was estimated by the ratio OD260/OD2so, with
1.8 and 2.0 optimal for DNA and RNA respectively. Alternatively, the DNA was
separated by electrophoresis in an agarose gel and the concentration was evaluated
from the band intensity in comparison to a standard. A third method for quantification
was use of the NanoDrop” N-1000 (PEQLAB Biotechnologies GmbH, Erlangen,

Germany).

2.2.5 Polymerase Chain Reaction (PCR)

PCR (Mullis and Faloona, 1987; Saiki et al., 1988) was used to genotype mice for the
presence of targeted alleles or transgenes from tail DNA. The PCRs were carried out
in Biometra T3000 Thermocycler (LABRepCo, Horsham, USA) or in Arctic'™
Thermal Cycler (Thermoscientific, Waltham, USA). Genotyping of mice DNA was
performed in a total volume of 20ul, using the PCR program shown in Table 2.8.
Blood of Akt®°F mice was analyzed by FACS to screen for GFP expression.

Table 2.8: PCR program for DNA genotyping.

Step T°C Time Cycles Description

1 95 Smin Denaturation

2 96 30sec Denaturation

3 60 Imin Primer hybridization
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4 72 2min 34x step 2-4 Elongation
5 72 10min Final elongation
6 4 0 Cooling

PCR mix for 1 sample

10ul REDTaq"” ReadyMix"™ PCR Reaction Mix*

0.1ul  Primerl (100uM)

0.1ul  Primer2 (100uM)

Iul  DNA

8.8ul dH,O

*REDTaq” ReadyMix™ PCR Reaction Mix with MgCl, (Sigma-Aldrich, St. Louis,
USA) (20mM Tris-HCI, pH 8.3, 100mM KCI, 3mM MgCl,, 0.002% gelatin, 0.4mM
dNTP mix (dATP, dCTP, dGTP, TTP), stabilizers, 0.06unit/ul 7Taq DNA

Polymerase).

Table 2.9: Sequences of oligonucleotides used for genotyping.

Name of Sequence (5°-3°) T ann °C | Expected

primer band sizes
(bp)

Cre7 TCA GCT ACA CCA GAG ACG G 63 WT 452

CD19c Cre AACCAGTCA ACACCCTICC 57 mut 715

CD19d2 Cre CCA GAC TAG ATA CAG ACC AGG 62

Cre rev CCC GGC AAA ACA GGT AGT TA 58 310

Cre forw GCA CTG ATT TCG ACC AGG TT 58

Actin forw TGT TAC CAA CTG GGA CGA CA 58 510

Actin rew GAC ATG CAA GGA GTG CAA GA 58

Rosa FA AAA GTC GCT CTG AGT TGT TAT 55 WT 600

Rosa Spi CAT CAA GGA AAC CCT GGA CTA CTG 65 mut 250

Rosa RA GGA GCG GGA GAA ATG GAT ATG 61

5 eGFP CGC CGT AGGTCA GGG TGG T 62 200

3 Rosa (eGFP) | CGC CGT AGG TCA GGG TGG T 64

hCD2t forw2 GAC AAG AAA AAG ATT GCA CAA TTC AGA | 68 146

AAA GAG
hCD2t rev2 GTA TCA TAT ATT GAT ACC TTG TAG ATA | 68
TCC TGA TC

JHT1 CAG TGA ATG ACA GAT GGA CCT CC 65 WT 400

JHT2 mut GCA GAA GCC ACA ACC ATA CATTC 63 mut 600

JHT3 WT CAC AGT AACTCG TTC TTC TCT GC 63
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2.3 Biochemistry

2.3.1 Protein Extract Preparations

For preparation of whole cell lysates, frozen cell pellets were lysed on ice in
appropriate amounts of RIPA buffer (Cell Signaling, Danvers & Boston, USA) to
which protease inhibitor cocktail (Roche, Mannheim, Germany) and Phosphatase
inhibitor (Roche, Mannheim, Germany) was added. Cells were gently pipetted up and

down every Smin for 15min.

Cell suspensions were centrifuged at 20,000%g for 10min to separate debris from
supernatant. Supernatants were transferred to fresh tubes. Protein concentration was
determined in a photometer (Bio Photometer plus, Eppendorf, Hamburg, Germany)
using Bio-Rad reagent (Bio-Rad Protein Assay Dye Reagent Concentrate, Bio-Rad
Laboratories GmbH, Munich, Germany) and Bradford assay.

For preparation of nuclear and cytosolic protein fractions, freshly MACS purified B
cells were used. Cells were lysed with Buffer A and placed for 15min on ice.
Afterwards, 1% NP-40 was added and incubated at RT for 3min. The suspension was
subsequently vortexed for 15s and spun down with 1500%g at 4°C. The resulting
supernatant was the cytoplasm fraction. The pellet was washed three times in Buffer
A and resuspended in RIPA buffer with 1% NP-40, DTT and protease inhibitors and
incubated for 30min on ice. After a spin down for 10min at 4°C, the supernatant was
transferred into a fresh tube (nuclear fraction). The protein concentrations were

determined as described above (section 2.3.1).

2.3.2 Western Blot

20-100pug of protein was mixed with 4x loading dye (NuPAGE® LDS Sample Buffer,
Novex® by life technologiesTM, Carlsbad, USA), 33mM DTT and aqua dest. and
denatured at 70°C for 10min. Lysates were run on 4-12% gradient SDS-PAGE gels
(NuPAGE® Novex” Gel Systems, Invitrogen'™ by life technologies™, Carlsbad,
USA) in gel electrophoresis chambers (X Cell Sure Lock™ Mini-Cell, life
technologies, Carlsbad, USA) in 1x MOPS buffer and blotted with a semi-dry blot
system (Trans-Blot® SD Semi-Dry Transfer Cell, Bio-Rad Laboratories GmbH,
HEIDEL, Munich, Germany) in 1x transfer buffer (w/v) NF-milk/TBS/0.01% Tween
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for 1 h at RT. Primary antibodies were incubated overnight at 4°C in either 5% (W/v)
NF-milk/TBS/0.01% Tween or 5% (w/v) BSA/TBS/0.01% Tween. Membranes were
then incubated for 1h at RT with secondary HRP conjugated donkey-a-rabbit or goat-
a-mouse antibodies in in 5% (w/v) NF-milk/TBS/0.01% Tween, except for Actin,
which is directly HRP conjugated, was dissolved in NF-milk/TBS/0.01% Tween and
the membranes were incubated for lh at RT. Amersham'" ECL Prime Western
blotting reagent (GE Healthcare Life Science, Freiburg, Germany) was used as a
substrate for the HRP reaction and exposed in Molecular Imager® Gel Doc™ XR

System (Universal HoodlIlI, Bio-Rad Laboratories GmbH, Munich, Germany).

Table 2.10: Used Western blot antibodies.

Antibody Band size Source | Supplier

(kDa)
Actin (I-19) HRP 43 Goat Santa Cruz, Dallas, USA
Akt 60 Rabbit | Cell Signaling, Danvers & Boston, USA
A-Rabbit Donkey | GE Healthcare Life Science, Freiburg, Germany
FOXO1 (C29H4) 78-82 Rabbit | Cell Signaling, Danvers & Boston, USA
Goat-0-Mouse Goat Bio-Rad Laboratories GmbH, Munich, Germany
GSK-38 (27C10) 46 Rabbit | Cell Signaling, Danvers & Boston, USA
Lyn 56 Rabbit | Cell Signaling, Danvers & Boston, USA
mTOR (7C10) 289 Rabbit | Cell Signaling, Danvers & Boston, USA
Notch2 (D76A6) XP® 110, 120,300 | Rabbit | Cell Signaling, Danvers & Boston, USA
Phospho-Akt (Ser473) 60 Rabbit | Cell Signaling, Danvers & Boston, USA
Phospho-Akt (Thr308) 60 Rabbit | Cell Signaling, Danvers & Boston, USA
Phospho-GSK-3B (Ser9) | 46 Rabbit | Cell Signaling, Danvers & Boston, USA
(D85E12)
Phospho-Lyn (Tyr507) 53,56 Rabbit | Cell Signaling, Danvers & Boston, USA
Phospho-mTOR 289 Rabbit | Cell Signaling, Danvers & Boston, USA
(Ser2448)
Phospho-Syk 72 Rabbit | Cell Signaling, Danvers & Boston, USA
(Tyr525/526) (C87C1)
Phospho-Tyr (PY99) Mouse | Santa Cruz, Dallas, USA
Syk (D3Z1E) XP® 72 Rabbit | Cell Signaling, Danvers & Boston, USA
o/ Tubulin 55 Rabbit | Cell Signaling, Danvers & Boston, USA
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2.4 Cell Biology

2.4.1 Single Cell Suspensions of Cells from Lymphoid Organs

Murine lymphoid organs were taken and placed into ice-cold PBS/2% FCS. Spleen
(Spl), lymph nodes (LN), Peyer’s patches (PP) and mesenteric lymph nodes (mLN)
were passed through a nylon cell strainer (40uM, Falcon®, Coring, Durham, USA).
Bone marrow was flushed with PBS/2% FCS and scattered with a syringe.
Erythrocytes of spleen and bone marrow preparations were lysed with Ack lysis
buffer for 2min. The reaction was stopped with ice-cold PBS/2% FCS and the
erythrocyte debris was removed by centrifugation (300xg, 7min). Cells were then
resuspended in an appropriate amount of ice cold PBS/2% FCS and counted (see

section 2.4.3).

2.4.2 Isolation of Lymphoid Cells from Blood

Blood from the tail vein was collected in a tube with two drops Heparin (Heparin-
Natrium-25000, Ratiopharm, Ulm, Germany) and layered on top of 7% (w/v) Ficoll
400 (LSM 1077 Lymphocyte separation medium, PAA Laboratories GmbH,
Egelsbach, Germany) at a 1:1 ratio. Tubes were centrifuged at 3500rpm for 7min at
RT. Lymphocytes were collected from the interphase of the gradients, resuspended in

PBS/2% FCS and stored on ice.

2.4.3 Cell Counting

A Neubauer chamber (Marienfeld-Superior, Lauda-Konigshofen, Germany) and
trypan blue dye exclusion test were used to determine the number of viable cells. A
small amount of cell suspension was diluted with physiological trypan blue solution
(Gibco®, Life TechnologiesTM, Paisley, UK), which stains dead cells blue. Live cells
cannot take up the dye because of their intact membrane. After counting 16 single
quadrants, the average counted cell number (N) was multiplied by the dilution factor
(V) and the chamber factor (10%), resulting in the number of live cells per ml (Cell
number/ml= N x V x 10%).

2.4.4 Flow Cytometry

1x10° cells per sample of prepared and counted single cell suspensions from organs
were treated with Fc-block (BioXCell, West Lebanon, USA) to block free Fc
receptors. The cells were then surface-stained in 40ul PBS/2% FCS with
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combinations of fluorescein isothiocyanate (FITC), phycoerythrin (PE), peridin-
chlorophyll protein complex (PerCP), allophycocyanin (APC), the tandem conjugates
phycoerythrin cyanine dye (Pe-Cy7) and allophycocyanin cyanine dye (APC-Cy?7),
Pacific Blue, AmCyan and/ or biotin-conjugated monoclonal antibodies for 10min at
4°C. Stainings that contained biotinylated mAbs were then stained for a second time
with Streptavidin (SA)-PE, SA-APC, SA-PE-Cy7, SA-APC-Cy7, SA-V500, SA-
PerCP for 10 min at 4°C. The samples were subsequently washed and resuspended in
PBS/2% FCS and analyzed on a FACSCanto™ II (BD Biosciences, Heidelberg,
Germany) or FACScan (BD Biosciences, Heidelberg, Germany). FLOWJO software
(FLOWJO, LLC data analysis software, USA) or Cell Quest™ software (BD

Biosciences, Heidelberg, Germany) was used to evaluate the results.

Table 2.11: Antibodies and compensation beads used for FACS stainings and compensations.

Specificity Clone Vendor
AA4.1/ CD93 AA4.1 eBioscience
B220/ CD45R 104 & RA3-6B2 eBioscience
RA3-6B2 Biolegend, Caltag Lab, BD Bioscience
CDl1d 1B1 eBioscience
CD3 145-2C11 BD Bioscience
CD4 GK 1.5 & RM4-5 eBioscience
RM4-5 & GK1.5 BD Bioscience, eBioscience
CD5 53-7.3 eBioscience, BD Bioscience
CD8 YTS 169.4 Immunotools
53-6.7 Biolegend, eBioscience, BD Bioscience
5H10 Invitrogen
CD11b M1/70 eBioscience
CD19 PeCal Immunotools
6D5 Biolegend
MB 19-1 eBioscience
1D3 BD Bioscience
CD21/CD35 7E9 Biolegend
8D9 eBioscience
CD23 B3B4 BD Bioscience, eBioscience
CD24 M1/69 Biolegend
CD38 90 eBioscience
CD43 S7 BD Bioscience
CD44 M7 eBioscience
IM8 Biolegend
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CD62L (L-Selectin) MEL-14 Immunotools, eBioscience
CD90.2/ Thyl.2 53-2.1 eBioscience, Biolegend, BD Bioscience
CD138 281-2 BD Bioscience
F4/80 BMS eBioscience
FAS/ CD95 Jo2 BD Bioscience
GR-1/ Ly6C+Ly6G RB6-8C5 BD Bioscience
IgD 11-26¢.2a BD Bioscience
11-26¢ eBioscience
IgGl A85-1 BD Bioscience
IgM R6-60.2 BD Bioscience
11/41 eBioscience
Igx 187.1 BD Bioscience
Igh SouthernBiotech
IRF4 3E4 eBioscience
PNA Sigma life science
PO-PRO™-1 iodide Invitrogen
SA Ab’s Biolegend, BD Bioscience, eBioscience
Fixable via dyes eBioscience, BD Bioscience
Comp beads oa-mouse negative BD Biosciences
control
Comp beads o-rat and o-hamster/ BD Biosciences
negative control

2.4.5 Ca’*-Flux Assay

To measure the flux of the second-messenger Ca®" in cells, a chelate system was used.
Chelators can bind Ca®" in a high affinity. Therefore, fluorescent chelate-antibodies
that change their spectral abilities in dependence to the loading condition with Ca**
were used. The taken antibodies are FuraRed™ (PerCP) and Floud (FITC)
(Invitrogen™ by life technologies™™, Eugene, USA). The fluorescence intensity of
FuraRed™ decreases with the uptake of Ca®’. For Floud4, the fluorescence intensity
goes up with the Ca*"-binding. The FACS Canto™™ II (BD Biosciences, Heidelberg,
Germany) was used to measure the fluorescence. 10x10° CD19 MACS purified B
cells were stained and afterwards 4x10° B cells were used for the measurement. Sit
flush was shut down at the FACSCanto™™ II to measure Ca”" flux before the reaction
was completed. First, the baseline of the B cells was recorded for 1min. Measurement
was paused and Spg/ml aIgM added to the cells to activate them and trigger the Ca*"

release. Ca”" flux is a very fast reaction; therefore cells were immediately measured
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for 4min after algM addition. As a positive control, SuM Ionomycin was added to
trigger a Ca”" release and measured for 1 min; as a negative control, 10mM EGTA
was used for the uptake of Ca*" and measured for 2min.

Since efficiency of dye uptake differ from cell to cell, the intensity of only one dye
cannot be used for comparison. Therefore, for the analysis the ratio between the

fluorescence intensities of the two chelating-antibodies was calculated.

2.4.6 Magnetic Cell Sorting and FACS Sorting

Specific cell populations were either sorted or depleted from a heterogeneous cell
suspension by magnetic cell sorting (MACS; Miltenyi Biotec, Bergisch Gladbach,
Germany). Cell populations were labeled with antibody-coupled microbeads (10ul
beads, 90ul PBS-EDTA-BSA per 107 cells) and separated on LS or LD MACS
columns (Miltenyi Biotec, Bergisch Gladbach, Germany) in a magnetic field
(Miltenyi et al., 1990). For MACS purification, CD19 or CD43 Micro beads for
mouse (Miltenyi Biotec, Bergisch Gladbach, Germany) were used. The purity of
isolated cell populations was verified by FACS analysis. The purity of isolated B cells
was between 93 and 98%. For cell sorting, B cells were purified by MACS and then
stained with antibodies against various cell surface markers. Individual B cell subsets

were then sorted using a FACSAria™ 11 (Becton Dickinson, Franklin Lakes, USA).

2.4.7 Proliferation Assay and in vitro B Cell Stimulation

The CellTrace™ Violet Cell Proliferation Kit (Invitrogen, Paisley, UK) was used for
cell labeling. This dye diffuses into cells, where it is cleaved by intracellular esterases
to form a highly fluorescent compound. This compound binds covalently to
intracellular amines, resulting in a stable fluorescent staining. The dye is unable to
diffuse out of the cell. After one cycle of cell division, the stain is halved in each of
the daughter cells. This can be detected by flow cytometry. For proliferation analysis,
MACS-sorted (see section 2.4.6) B cells were labeled with CellTrace dye. For
proliferation assays, B cells were resuspended in 1ml 37°C warm PBS per 10° cells
and 5uM CellTrace (5SmM stock in DMSO, Molecular probes) and incubated in the
dark for 20min at RT. The reaction was stopped by addition of 10ml B cell media (see
table 2.5). After centrifugation (300%g, 7min), unbound CellTrace was washed away
twice with PBS. Triplicates of 300,000 labeled cells were plated in a 96-well round

bottom plate. The cells were incubated in B cell media (see table 2.5), treated with
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aCD40, algM, LPS, BAFF or CpG (concentrations see table 2.12) and incubated at

37°C, 5% CO,. Labeled cells were analyzed by flow cytometry after four days.

Table 2.12: Used stimulants.

Stimulus Stock conc. End conc. Vendor

algM 1.2mg/ml 10pg/ml Jackson ImmunoResearch, West Baltimore Pike,
USA

BAFF 10pg/ml 50ng/ml R&D Systems, Minneapolis, USA).

CpG 500pM 0.1uM InvivoGen, San Diego, USA

LPS Img/ml 20pg/ml Sigma-Aldrich, St. Louis, USA

aCD40 500pg/ml 2.5pg/ml BioXCell West Lebanon. USA

2.4.8 Survival Assay
Two triplicates of 300,000 MACSed B cells were plated in a 96-well, round bottom

plate and cultured for four days in B cell media (see table 2.5) at 37°C, 5% CO,. The
living cell number was determined daily by counting (see section 2.4.3) and cells

were analyzed by flow cytometry.

2.4.9 Culture of ex vivo Splenocytes and Lymphocytes

Single cell suspensions of spleen and lymph nodes were prepared as described in
section 2.4.1 and MACS either purified or not. B cells of spleens or lymph nodes
were then resuspended in B cell media (see table 2.5) supplemented with various
stimuli in the indicated concentration (see table 2.12) and cultured (37°C, 5% CO,)

for no longer than four days.

2.4.10 Plasma Cell Differentiation

For in vitro plasma cell differentiation triplicates of 300,000 MACS, purified B cells
were plated in a 96-well round bottom plate and cultured in B cell media (see table
2.5) with IL4 and LPS (see table 2.13) at 37°C, 5% CO,. After four days, cells were
analyzed by flow cytometry.

2.4.11 Induced Class Switch Recombination
Splenic B cells were isolated using the MACS system. Triplicates of 300,000 cells per
well were incubated in a 96-flat bottom plate for four days in the presence of different

stimuli (concentrations see table 2.12). After this, B cells were either analyzed for the

expression of IgA (BAFF, IL4, IL5, LPS, TGFB, ad Dextran), IgGl (IL4, LPS),

31



Material and Methods

IgG2b (BAFF, LPS, TGFB) and IgG3 (LPS) by flow cytometry or used to generate

PCRs of circular class switch transcripts.

Table 2.13: Stimuli used to induce class switch to different immunoglobulins.

Stimulus Stock conc. End conc. Vendor

BAFF 10pg/ml 100ng/ml R&D Systems, Minneapolis, USA).
IL4 10pg/ml 20ng/ml R&D Systems, Minneapolis, USA).
ILS Sug/ml 1.5ng/ml R&D Systems, Minneapolis, USA).
LPS Img/ml 50pg/ml Sigma-Aldrich, St. Louis, USA
TGFp1 2pg/ml 2ng/ml R&D Systems, Minneapolis, USA).
ad Dextran 25pg/ml 3ng/ml Fina Biosolutins (Rockville, USA)

2.4.12 PCR of Circular Class Switch Transcripts

During class switch recombination, slope transcripts are formed. These transcripts can

be detected via PCR.

Table 2.14: PCR program used for the analysis of circular class switch transcripts.

Step T°C Time Cycles Description

1 95 9min Denaturation

2 94 30sec Denaturation

3 58 Imin Primer hybridization
4 72 Imin 35 x step 2-4 Elongation

5 72 10min Final elongation

6 4 0 Cooling

PCR mix for 1 sample

10l REDTaq"” ReadyMix ™ PCR Reaction Mix*
0.1ul  Primerl (100uM)
0.1ul  Primer2 (100uM)

Iul  DNA
8.8ul dH,O

*REDTaq” ReadyMix™ PCR Reaction Mix with MgCl, (Sigma-Aldrich, St. Louis,
USA) (20 mM Tris-HCIL, pH 8.3, 100 mM KCI, 3 mM MgCl,, 0.002 % gelatin, 0.4
mM dNTP mix (dATP, dCTP, dGTP, dTTP), stabilizers, 0.06 unit/ul 7ag DNA

Polymerase).
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Table 2.15: Sequences of oligonucleotides used to analyze slope transcripts.

Name of primer Sequence (5°-3°) T amn °C
CuR AAT GGT GCT GGG CAG GAA GT 60
Iy1F GGC CCT TCC AGA TCT TTG AG 60
Iy3F TGG GCA AGT GGA TCT GAA CA 58
Actin rew GAC ATG CAA GGA GTG CAA GA 58
Actin forw TGT TAC CAA CTG GGA CGA CA 58

2.4.13 Histological Analysis

Shock-frozen organs were cut in 8-10um slices in a cryostat (LEICA CM1900, Leica,
Wetzlar, Deutschland), transferred onto glass slides and stored at -80°C till needed.
For immunofluorescence staining, sections were thawed, air dried, fixed with 4%
PFA (Sigma-Aldrich Chemie, Steinheim, Germany) and stained with primary
antibody overnight at 4°C in a humidified chamber. Used antibodies: a-B220 (BD
Pharmingen, Hatfield, United Kingdom), a-CD1d (eBioscience, Hatfield, United
Kingdom), a-CD3 (eBioscience, Hatfield, United Kingdom) and a-MOMA-1 (BMA
biomedicals, Augst, Switzerland). Slides were incubated for 30min, RT with a
biotinylated secondary antibody (Dianova, Hamburg, Germany). Finally, slides were
treated with streptavidin-HRP and stained with Tyramide (Cy3). Before investigation,
nuclei were counterstained for Smin at RT with Hoechst 3342. Slides were covered
with Mounting Medium with DAPI (Vector H-1200, Vector Laboratories, Inc.
Bulingame, USA). Analysis was carried out with a fluorescence microscope
(Olympus IX81, Shuichi, Tokio, Japan). Stainings and fluorescence microscope
pictures were performed by Alexei Nikolaev (Institute for Molecular Medicine,

University Medical Center of the Johannes Gutenberg-University).

For the manufacture of 4% PFA, 900ml of dH,O were heated up to 60°C. During
stirring, 40g of PFA (Sigma-Aldrich Chemie, Steinheim, Germany) were added. To
dissolve PFA 10 drops of 2N NaOH were added and after the solution had become
clear, 100ml of 10x PBS were added. After this the pH was adjusted to 7.2.

2.5 Mouse Experiments

Tail bleeding as well as the general handling of mice was performed according to

Hogan (Hogan et al., 1987) and Silver (Silver, 1995).
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2.5.1 Mice

C57BL/6 mice were obtained from Harlan Laboratories. CD19-Cre mice (Rickert et
al., 1997) and AID-Cre mice (Kwon, Busslinger et al., 2008) were crossed to Rosa-
Akt-C mice (F. T. Wunderlich, unpublished). JHT knockout mice (Gu et al., 1993)
were crossed to CD19-Cre mice and then to Rosa-Akt-C mice. The crossings were
carried out in the standard facilities of the University Medical Center Mainz TARC

(Translational Animal Research Center).

2.5.2 NP-CG, SRBC and NP-Ficoll Immunization

Primary T cell dependent (TD) responses were induced with alum precipitated NP-
CG (4-hydroxy-3-nitrophenylacetyl chicken-y-globulin) (Weiss and Rajewsky, 1990;
Rickert et al., 1995) and sheep red blood cells (SRBC). The antigen was prepared by
mixing 1 volume of NP,-CG (100png) (Biosearch Technologies, Petaluma, USA)
with 1 volume of PBS (100ul). Mice were immunized with i.p. injections of 100ug
NP2-CG in a volume of 200ul. For an immunization with SRBC, 1 volume SRBC
(Sheep Blood in Alsevers Solutions, Oxoid, Thermo Fisher Scientific, Hampshire,
UK) was mixed with 50 volumes of PBS, centrifuged for 10min, 300xg at 4°C. Then
it was washed three times with 50 volumes PBS. The cells were counted and
resuspended in PBS (10° cells/ml). The mice were i.p. injected with 100ul of the
diluted SRBC. NP-Ficoll generated a T cell independent (TI) type 2 antigen reaction.
For NP»s-Ficoll (Biosearch Technologies, Petaluma, USA), immunization mice were

injected i.p. with Spg/mouse NP»7-Ficoll. The antigen was dissolved in 10ul PBS.

2.5.3 Antibiotic Treatment to Eliminate Microbiota in the Gut

4.5 week-old mice were treated for 5.5 weeks with a mixture of antibiotics in their
drinking water, which was changed twice a week and kept in the dark. The following
antibiotics were dissolved in autoclaved water: Metronidazole (2.15mg/ml) (Sigma-
Aldrich Chemie, Steinheim, Germany), kanamicin sulfate salt (4mg/ml) (Sigma-
Aldrich Chemie, Steinheim, Germany), gentamicin sulfate salt (350ug/ml) (Sigma-
Aldrich Chemie, Steinheim), Germany and ampicillin (2.5mg/ml) (Ratiopharm, Ulm,

Germany).

2.5.4 Immunglobulin- and Cytokine-ELISA
For the Ig-ELISA, Ig serum concentrations to NP (4-hydroxy-3-nitrophenylacetyl)

were determined with ELISA as has been described previously (Roes and Rajewsky,
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1993). Microtiter plates (Greiner Bio-one, Frickenhausen, Germany) were coated
overnight at 4°C with a for Ig class specific coating antibody in PBS or when NP-
specific with NP BSA (Biosearch Technologies, Petaluma, USA). The next day, the
microtiter plate was blocked with PBS/0,5% BSA for 30min at RT. Serially diluted
sera samples, standard and blank, were applied to the wells and incubated for 1h at
37°C. The secondary biotinylated antibody was added for 1h at 37°C. Streptavidine-
AP (Roche, Mannheim, Germany) was pipetted onto the microtiter plate and
incubated for 30min at RT. Afterward this, the substrate (ALP Roche Hitachi,
Mannheim, Germany) was incubated for 10-20min in the dark at RT. Following each
incubation step, unbound antibodies, streptavidin-enzyme or substrate were removed
by a three times Smin washing step with tap water. The probes were measured in a
multimode microplate reader (Inﬁnite® M200Pro NanoQuant, Tecan, Méannedorf,
Switzerland) at 405nm and a reference at 570nm. The relative antibody concentration
was determined by calculating the association constant as described by Cumano and
Rajewsky (Cumano and Rajewsky, 1985), following a method developed by
Herzenberg et al. (Herzenberg et al., 1980). SoftMax” Pro (Molecular Devices
Corporation, Sunnyvale, California, USA) software was used to analyze the data.

For the CD23 ELISA, a Kit was used and performed as instructed by the
manufactures (mouse CD23/Fce RII, DuoSet” ELISA Development Systems, R&D
Systems, Minneapolis, USA).

Table 2.16: Antibodies, biotin-conjugates and standards used for Ig-ELISA.

Coating Biotin-Conjugate Specificity | Standard

Goat a-Mouse IgM Rat a-Mouse IgM IeM Homemade, Clone: B1-8p
Goat a-Mouse IgG1 Rat a-Mouse IgG1 IgGl Homemade, Clone: N1G9
Goat a-Mouse IgG2a | Goat a-Mouse IgG2a | IgG2a Homemade, Clone: 41.2-3
Goat a-Mouse IgG2b | Goat a-Mouse IgG2b | IgG2b Homemade, Clone: D3-13F1
Goat a-Mouse IgG3 Goat a-Mouse 1gG3 1gG3 Homemade, Clone: S24/63
Goat a-Mouse IgA Goat a-Mouse IgA IgA SouthernBiotech

Rat a-Mouse IgE Rat a-Mouse IgE IgE Homemade, Clone: B1-8
Goat a-Mouse k Goat a-Mouse k Homemade, Clone: S8

Goat a-Mouse A Rat a-Mouse A Homemade, Clone: N1G9

All used antibodies and biotin-conjugates were from SouthernBiotech (Birmingham, USA).
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2.6 Software

For analyzing flow cytometry data, Cell Quest’™ (BD Biosciences, Heidelberg,
Germany) and FLOWJO (FLOWJO, LLC data analysis software, USA) were used.
SoftMax® Pro (Molecular Devices Corporation, Sunnyvale, California, USA)
software was used for ELISA data and StepOne™ Software v2.2 (Life Technologies
GmbH, Darmstadt, Germany) for quantitative Real-Time analysis. For statistics,
Prism® (GraphPad Software Inc., USA) and Microsoft Excel (Microsoft Corporation,
USA) were used. For preparing figures, Adobe Illustrator CS4, Adobe Acrobat Pro
and Adobe Photoshop CS4 (Adobe Systems, USA) were used. For text processing
Microsoft Word (Microsoft Corporation, USA) was used.

2.7 Statistic
Values are typically represented as mean +SEM (standard error of mean). Statistical
significance was assessed using 2-tailed Student ¢ test or 2-way ANOVA test. P-

values < 0,5 were regarded as significant, displayed by * in the figures (*= p-value <

0.05, **=p-value < 0.01, ***= p-value < 0.001).
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3 Results

3.1 Functionality of the Transgenic Akt®°" Mouse Model

Akt is an important serine/threonine kinase with functions that encompass cell
growth, proliferation, differentiation, survival, and metabolism (Cho et al., 2001;
Peng et al., 2003). Besides these essential roles, Akt also plays an important role in
certain diseases, including diabetes, hypertrophy, and cancer (Roy, 2002; Shiojima et
al., 2005; Staal, 1987). For instance, Akt was shown to be activated in cancer (Staal,
1987). For example, in a special form of non-Hodgkin lymphoma, the B cell chronic
lymphocytic leukemia (B-CLL) activation of Akt was observed and direct inhibition
of Akt led to apoptosis of B-CLL cells (Hofbauer et al., 2010). In general, Akt gets
activated through the phosphorylation of serine (Ser) and threonine (Thr) residues. In
B cells, Akt is phosphorylated at Ser473 and Thr308, which either activates or
inactivates target proteins, influencing processes such as survival, proliferation,
differentiation, metabolism, and certain diseases. (Cheng et al., 1992; Alessi et al.,
1996; Alessi et al., 1997b; reviewed in Limon and Fruman, 2012).

For experiments the Rosa-Akt-C mouse (unpublished mouse made by F. T.
Wunderlich) was used. The Rosa-Akt-C mouse strain allows for the conditional
expression of an N-terminally myristoylated Aktl in cells expressing the Cre
recombinase. The myristoylation tag recruits Aktl to the plasma membrane where
Aktl is constantly phosphorylated. As an internal control, green fluorescent protein
(GFP) serves to monitor recombination efficiency through an Internal Ribosome
Entry Site (IRES-element) (Fig. 3.1A). IRES in general leads to an efficient co-
expression of two genes under the same promoter (Kozak, 2005). In order to
investigate the role of B cell specific overexpression of Aktl in B cell maintenance,
differentiation and possible B cell tumor formation, the Rosa-Akt-C mouse was
crossed to the CD19-Cre mouse (Rickert et al., 1997). In the resulting strain the Cre
recombination deletes a loxP flanked STOP cassette, allowing for the B cell specific
overexpression of Aktl, under control of the CAG promoter (Fig. 3.1A). The CAG
promoter consists of the Cytomegalovirus (CMV) early enhancer and the chicken B-

actin promoter and rabbit B-globin which is a strong synthetic promoter that drives

37



Results

high levels of gene expression allowing Aktl to be consistently active (Niwa et al.,
1991).

The CD19-Cre mouse strain deletes loxP flanked alleles specifically in the B cell
lineage from the pro-B cell or early pre-B cell stages on with a deletion efficiency of
75-80% in the bone marrow (BM) and over 90-95% in splenic B cells (Rickert et al.,
1997).

In this thesis, the Rosa-Akt-C mouse crossed to the CD19-Cre mouse is referred to as
Akt®°F mice and expresses both Aktl and CD19-Cre heterozygously. As controls we
used CD19-Cre heterozygous mice, due to the fact that they already have a reduced
number of marginal zone (MZ) B cells and B1 B cells. B cell populations that are
shown in FACS stainings are always gated on GFP" B cells to exclude cells that
escaped Cre-mediated recombination with the exception of stainings including T
cells, since T cells do not overexpress Aktl and are not GFP'. For the calculation of
total B and T cells, all cells were used. In our hands, the Cre deletion efficiency in B
cells of Akt®°" mice was different for each organ and for the peritoneal cavity (PerC).
In spleen, (Spl) the deletion efficiency was 92-96%; in peripheral lymph nodes (pLLN,
including: superficial cervicals, axillary, brachial, and inguinal lymph nodes) 35-76%;
in mesenteric lymph nodes (mLN) 70-96%; in Peyer’s patches (PP) 89-97%; and in
PerC 98-99.8%.

The phosphorylation of Aktl at the site Thr308 is mediated through phosphoinositide-
dependent kinsase-1 (PDK-1) in a phosphoinositide 3-kinase (PI3K) dependent
manner, whereas the Ser473 becomes phosphorylated by mTORC2 (Alessi et al.,
1996; Alessi et al., 1997b; reviewed in Limon and Fruman, 2012). For maximal
activation of Akt, both amino acid residues need to be phosphorylated (Alessi et al.,
1996). To confirm the overexpression and the activation of Aktl in unstimulated B
cells of Akt®°" mice, we performed Western blot analysis. Therefore, antibodies that
recognize the phosphorylation of Akt at Ser473 and Thr308 were used and, as
expected, the phosphorylated amino acid residues could be detected at 60kDa in the
Akt®?F MACS purified B cell lysates. Akt®°" B cell lysates showed, in addition to the
phosphorylated Akt variants, a slightly larger pAkt band when compared to B cell
lysates from CD19-Cre controls (Fig. 3.1B). Endogenous Akt was, as expected,
detected in MACS purified B cell lysates from spleen of Akt®°" mice and CD19-Cre
controls at 60kDa. An additional larger band was also seen here in cell lysates of

Akt®°F when compared to CD19-Cre controls (Fig. 3.1B). This additional band could
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be due to the myristoylation tag and the triple FLAG tag at the C-terminus, which are
absent in controls. A slight phosphorylation of Akt at Ser473 and Thr308 was also
observed in control lysates. This is possibly due to the MACS purification since the
process of MACS purification with CD19 beads leads to direct binding of the co-
receptor CD19 on B cells, causing activation, which might explain the weak

phosphorylation in controls.
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Figure 3.1: Generation of Akt™ mice.

(A) Schematic representation of the targeting strategy in a Rosa locus. B cell specific overexpression of
Aktl (Akt®°F) was generated through CD19-Cre-loxP mediated recombination. Filled triangles
represent loxP sites; filled ovals represent FRT sites. After Cre recombination, the Neomycin (NEO)
and the Stop cassette, flanked by loxP, are excised. Aktl and GFP are expressed under the control of
the CAG promoter. (B) Western blot analysis of 45ug protein lysates from CD19 purified splenic B
cells using a-Akt (60kDa), a-phospho-Akt Ser473 (60kDa), and a-phospho-Akt Thr308 (60kDa)

antibodies. a-Actin (43kDa) was used as loading control.

3.2 Investigation of Primary and Secondary Lymphoid Organs

The bone marrow (BM) is the primary lymphoid organ where B cells are ‘born’.
Here, precursor B cells develop into pro and pre-B cells followed by an immature B
cell stage. Immature B cells leave the BM and enter the spleen as transitional 1 (T1) B
cells (AA4+CD23'Ithi). In the spleen they mature to transitional 2 (T2) B cells
(AA4'CD23"IgM™) and possibly to transitional 3 (T3) B cells (AA4'CD23 IgM™)
(Allman et al., 2001). T2 B cells are precursors of mature B cells whereas T3 B cells
are suggested to be anergic B cells (Merrell et al., 2006). Aktl overexpression
induced by CDI19-Cre revealed significantly reduced total numbers of pro/pre,
BOE

immature, and mature recirculating B cells in the BM of Akt

to controls (Fig. 3.2A, B).

mice in comparison
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Taken together, Aktl overexpression at the stage of pro/pre-B cell development
resulted in reduced B cell development and also caused a reduction of mature

recirculating B cells in the BM.
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Figure 3.2: B cell distibution in BM.

(A) FACS analysis of 6-8 week-old Akt®** and CD19-Cre control mice. Genotypes and antibodies
used are indicated. The numbers close to the gates of lymphocyte populations refer to the percentage of
live cells in the gates. Representative plots are shown, experiment was repeated 9 times with n = 2-3
mice per genotype. (B) Total cell numbers of immature (B220", IgM"), pro/pre (B220", Ing"W) and
mature recirculating (recirc.) B cells (B220high, IgM") in BM. For total cell numbers, all experiments
are combined. Horizontal bars mark the mean value +/- SEM. ***P< (.001, as calculated using 2-tailed

Student ¢ test.

In different B cell malignancies, including B-CLL, the microenvironment is very
important for tumor growth and survival (Steidl et al., 2010; reviewed in Burger et al.,
2009a). Apoptosis of B-CLL cells can be rescued in the presence of macrophages, T
cells or stromal follicular dendritic cells which provide survival stimuli such as
chemokines and angiogenic factors (reviewed in Burger et al., 2009a; Pedersen et al.,
2002; Tsukada, 2002; reviewed in Chiorazzi et al., 2005).

Two groups observed overexpression of the T cell chemokines CCL3 and CCL4 in B-
CLL cells (Burger et al., 2009b; Zucchetto et al., 2010). It was shown that these
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chemokines recruit monocytes and macrophages to the B-CLL cells and, in addition,
these recruited cells secrete stimuli that prevent B-CLL apoptosis (Zucchetto et al.,
2010; Burger et al., 2009b; Burger et al., 2000). With the knowledge that these cells
are important in B-CLL survival and growth, further investigation through FACS
analysis of mature macrophages, monocytes and neutrophils were performed. In BM
the investigation of mature macrophages, monocytes and neutrophils revealed no
significant difference between Akt®°* mice and CD19-Cre controls (Fig. 3.3A, B),

BOE

but in spleen of Akt mice a significant increase in total numbers of mature

macrophages, monocytes and neutrophils was observed (Fig. 3.4A, B).
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Figure 3.3: Mature macrophages, monocytes and neutrophils in BM of Akt
(A) FACS analysis of 6-8 week-old Akt®°F and CD19-Cre control mice. Genotypes and antibodies are
indicated. The numbers close to the boxes of cell populations refer to the percentage of live cells in the
gates. Cells were gated on B2207, CD3  and CD11b" cells. Representative plots are shown, experiment
was repeated 4 times with n = 2-3 mice per genotype. (B) Total cell numbers of mature macrophages
(mature macro.) (F4/ 80", Gr-1"), monocytes (mono.) (F4/ 80", Gr-1"") and neutrophils (neutro.) (F4/

80", Gr-lhigh) in BM. For total cell numbers, 2 experiments are combined with 7 Akt®°"

mice vs. 7
CD19-Cre control mice. Horizontal bars mark the mean value +/- SEM, ns = not significant, as

calculated using 2-tailed Student ¢ test.
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Figure 3.4: Increased splenic mature macrophages, monocytes and neutrophils in Akt
(A) FACS analysis of 6-8 week-old Akt®** and CD19-Cre control mice. Genotypes and antibodies
used are indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage
of live cells in the gates. Cells were gated on B220", CD4", CD8 and CD11b" cells. Representative
plots are shown, experiment was repeated 5 times with n = 3-4 mice per genotype. (B) Total cell
numbers of splenic mature macrophages (mature macro.) (F4/ 80", Gr-17), monocytes (mono.) (F4/ 80",
Gr-1™) and neutrophils (neutro.) (F4/ 80", Gr-1""). For total cell numbers, all experiments are

combined. Horizontal bars mark the mean value +/- SEM. ***P< 0.001, **P< (.01, as calculated using

2-tailed Student ¢ test.

Macroscopic analysis of secondary lymphoid organs revealed a dramatic enlargement

of the spleens in Akt®°"

mice as early as 6 weeks of age, accompanied by
significantly higher total splenic cell numbers (Fig. 3.5A, B).

To address which population could account for the enlargement of the spleen, FACS
analysis was performed, using B220 as a B cell marker and CD90.2 as a T cell
marker. This analysis revealed significantly elevated total numbers of B and T cells in
the spleen of Akt®°* mice compared to controls (Fig. 3.5C, D).

BOE . . .
%% mice was normal, histological

To investigate if the splenic structure of Akt
analysis of the B and T cell compartments was performed, using antibodies against
B220 and CD3. The histological analysis showed normal follicles of B and T cells in

Akt®?" spleens compared to controls (Fig. 3.5E). The follicles that were observed
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showed CD3" T cells surrounded by B220" B cells. Taken together, Aktl
overexpression leads to higher total numbers of B and T cells as well as increased

total cell numbers of mature macrophages, monocytes and neutrophils and therefore

. BOE - .
to the enlargement of the spleen in Akt®°" mice while the structure looks normal.
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Figure 3.5: Effect of Aktl overexpression on splenic B and T cell numbers in Akt
BOE

BOE mice.

(A) Splenomegaly of Akt™ " mice already at the age of 6 weeks. (B) Total splenic B cell numbers.
Experiment was repeated 9 times with n = 3-4 mice per genotype. (C) FACS analysis of 6-8 week-old
Akt®** and CD19-Cre control mice. Genotypes and antibodies used are indicated. The numbers close
to the boxes of lymphocyte populations refer to the percentage of live cells in the gates. Representative
plots are shown, experiment was repeated 7 times with n = 3-4 mice per genotype. (D) Total cell
numbers of B220" B cells and CD90.2" T cells in spleen. For total cell numbers, all experiments are
combined. (E) Histological analysis of the B and T cell compartments in spleen. a-CD3 (red) antibody
was used to detect T cells and a-B220 (green) antibody was used to detect B cells. Scale bar = 200um.
B, D Horizontal bars mark the mean value +/- SEM. ***P< 0.001 as calculated using 2-tailed Student ¢

test.
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In contrast to the enlarged spleens in Akt®°"

mice, all pLN were normal in size
compared to CD19-Cre controls (data not shown). As expected, total cell numbers of
pLN were unchanged between Akt®°" mice and CD19-Cre controls (Fig. 3.6A).
Unexpectedly, FACS analysis of B and T cells of Akt®®* mice showed significantly
decreased numbers of B220" B cells and a tendency to increased CD90.2" T cell
numbers in comparison to CD19-Cre mice (Fig. 3.6B, C). The tendency of more T

cells and fewer total B220" B cell numbers in Akt®°" mice in comparison to controls

can explain same total cell numbers in Akt®°" mice and controls.
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Figure 3.6: B and T cell distribution in pLN of Akt®°* mice.

(A) Total cell numbers of pLN. Experiment was repeated 9 times with n = 3-4 mice per genotype. (B)
FACS analysis of 6-8 week-old Akt®°® and CD19-Cre control mice. Genotypes and antibodies were
used as indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of
live cells in the gates. Representative plots are shown, experiment was repeated 6 times with n =3 mice
per genotype. (C) Total cell numbers of B220" B cells and CD90.2" T cells in pLN. For total cell
numbers, all experiments are combined. A, C Horizontal bars mark the mean value +/- SEM. **P<

0.01, ns = not significant, as calculated using 2-tailed Student # test.

Analysis of mLN from Akt"°" mice displayed significantly increased total cell
numbers compared to mLN from controls (Fig. 3.7A). FACS analysis of mLN
revealed no significant difference in total cell numbers of B and T cells in Akt®°"

mice compared to CDI19-Cre controls (Fig. 3.7B, C). Possibly due to the
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BOE

overexpression of Aktl in B cells of Akt™ "~ mice, other cell types are attracted and

either accumulate or migrate for example due to the secretion of chemokines into the
mLN. This is displayed by the high amount of B220", CD90.2" double negative (DN)
cells (13% in CD19-Cre control mice compared to 51% in Akt®°" mice), which could

BOE

lead to this increase in total cell number in Akt™~ mice.
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Figure 3.7: B and T cell distribution in mLN is not affected by Aktl overexpression.

(A) Total cell numbers of mLN. Experiment was repeated 4 times with n = 3 mice per genotype. (B)
FACS analysis of 6-8 week-old Akt®°® and CD19-Cre control mice. Genotypes and antibodies are
indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of live
cells in the gates. Representative plots are shown, experiment was repeated 4 times with n = 3 mice per
genotype. (C) Total cell numbers of B220" B cells and CD90.2" T cells in mLN. For total cell
numbers, all experiments are combined. A, C Horizontal bars mark the mean value +/- SEM. **P<

0.01, ns = not significant, as calculated using 2-tailed Student # test.

PP are secondary lymphoid organs located outside of the gut that include B cell
follicles, follicular dendritic cells (FDCs), T cells, and dendritic cells (DCs) (Barreau
et al., 2007; reviewed in Jung et al., 2010). In PP, the total cell number did not
significant differ between CD19-Cre and Akt®°" mice. PP of Akt®°" mice revealed
significantly decreased numbers of B cells whereas T cell numbers showed no

BOE

significant difference between Akt™~ mice and controls (Fig. 3.8A, B, C). Similar to

what we observed in mLN, we also detected in the PP an increase in the percentage of
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B220°, CD90" DN cells (51%) compared to CD19-Cre controls (13%) (Fig. 3.8B, C).

BOE

Due to the increase in the DN cell population, total cell numbers of Akt™ " mice and

CD19-Cre controls did not differ. Possibly this DN cells are FDCs and DCs.
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Figure 3.8: Overexpression of Aktl leads to reduced numbers of B cells in PP.
(A) Total cell numbers of PP. Experiment was repeated 5 times with n = 5 mice per genotype, 5 PP

BOE and CD19-Cre control mice.

were taken from each mouse. (B) FACS analysis of 6-8 week-old Akt
Genotypes and antibodies were used as indicated. The numbers close to the boxes of lymphocyte
populations refer to the percentage of live cells in the gates. Representative plots are shown,
experiment was repeated 4 times with n = 3 mice per genotype, 5 PP per mouse. (C) Total cell numbers
of B220" B cells and CD90.2" T cells in PP. For total cell numbers, all experiments are combined. A, C
Horizontal bars mark the mean value +/- SEM. **P< 0.01, ns = not significant, as calculated using 2-

tailed Student ¢ test.

The PerC is located between the parietal peritoneum and the visceral peritoneum. In
this cavity, immune cells such as monocytes/macrophages, natural killer (NK) cells,
dendritic cells (DCs), T cells, FO and B1 B cells can be found (reviewed in Broche
and Tellado, 2001). FACS analysis of the PerC revealed increased numbers of both B

BOE

and T cell populations in Akt™ mice, leading to a highly significant difference in

total cell numbers (Fig. 3.9A, B, C).
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Figure 3.9: Increased B and T cell populations in PerC of Akt™ " mice.

(A) Total cell numbers of PerC. Experiment was repeated 14 times with n = 3-4 mice per genotype. (B)
FACS analysis of 6-8 week-old Akt®°F and CD19-Cre control mice. Genotypes and antibodies were
used as indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of
live cells in the gates. Representative plots are shown, experiment was repeated 5 times with n = 3 mice
per genotype. (C) Total cell numbers of B220" B cells and CD90.2" T cells in PerC. For total cell

numbers, all experiments are combined. A, C Horizontal bars mark the mean value +/- SEM. ***P<

0.001, as calculated using 2-tailed Student ¢ test.

In summary, Aktl overexpression significantly increased the total cell numbers in the
spleen and PerC. This increase was due to more B and surprisingly also more T cells.
In addition, the spleen showed elevated numbers of mature macrophages, monocytes
and neutrophils.

Also in mLN, overall total cell numbers were elevated but the Aktl overexpression
had no influence on total B and T cell numbers when compared to controls. Perhaps
an increase in other cell types is responsible for the increase in total cells numbers.
Total cell numbers of pLN and PP in Akt®°F mice were not changed when compared

BOE

to control mice. In pLN of Akt " mice Aktl overexpression led to the tendency of

increased T cells but to a reduction of B cells. In PP, an increased DN cell population

in Akt®°* mice could account for the equivalent total cell numbers in Akt®°" mice
BOE

and controls, but reduced total B cell numbers in Akt™ " mice.
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Figure 3.10: B1 and B2 B cells in PerC and pLN.
(A) FACS analysis of PerC cells from 6-8 week-old Akt®** and CD19-Cre control mice. Genotypes
and antibodies used are indicated. The numbers close to the boxes of lymphocyte populations refer to

BOF mice were additionally gated on GFP" cells to

the percentage of CD19" live cells in the gates. Akt
exclude escapees. Representative plots are shown. Experiment was repeated 9 times with n = 3 mice
per genotype. (B) Total cell numbers of Bla (CD5+, CD43"), Blb (CD5, CD43+) and B2 (CD5,

CDI43") B cells of PerC. For total cell numbers, 8 experiments are combined. (C) FACS analysis of 6-8
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week-old Akt®®* and CD19-Cre control mice of pLN. Genotypes and antibodies are indicated. The
numbers close to the boxes of lymphocyte populations refer to the percentage of CD19" and B220" live
cells. Akt®°* mice were additionally gated on GFP" cells to exclude escapees. Representative plots are
shown. Experiment was repeated 4 times with n = 2-3 mice per genotype. (D) Total cell numbers of
Bla (CD5', CD11b"), Blb (CD5, CD11b") and B2 (CD5", CD11b") B cells in pLN. For total cell
numbers, 3 experiments are combined. B, D Horizontal bars mark the mean value +/- SEM. ***P<

0.001, **P< 0.01, as calculated using 2-tailed Student ¢ test.

In PerC B1 B cells that can be sub-divided into Bla (CD5") and B1b B cells (CD5),
are found predominantly beside B2 B cells. Recently, Calamito et al. could show that
Aktl and Akt2 play a determining role in Bl B cell development, the B1 B cell
development was hindered in Aktl and Akt2 deficient chimeras (Calamito et al.,
2010). Thus, we aimed to analyze Bl and B2 B cell subsets in PerC and pLN via
FACS analysis.

In PerC of Akt®°" mice a significant increase in total cell numbers of B2, Bla and
B1b B cells was observed compared to CDI19-Cre controls (Fig. 3.10A, B).
Collectively, in PerC this indicates a strong influence of Aktl on Bla, Blb and B2 B
cell numbers.

As expected, pLN of CD19-Cre controls mainly consist of B2 B cells. In contrast,
Akt"®* mice had a significantly diminished B2 B cell population but increased
numbers of Bla and B1b B cells (Fig. 3.10C, D).

BOE mice led to a dramatic shift of total cell

The Aktl overexpression in B cells of Akt
numbers of Bla, Blb, and B2 B cells in comparison to controls. Possibly the increase
of CD5" Bla B cells in PerC and pLN as well as the dramatic increase of B2 B cells
in PerC hint to the development of B-CLL cells in Akt®°" mice, because it is assumed
that B1 and MZ B cells (belonging to the B2 B cell population) are the precursors of
B-CLL (Caligaris-Cappio et al., 1982; reviewed in Chiorazzi and Ferrarini, 2003;

reviewed in Chiorazzi et al., 2005).

It is known that immature B cells (AA4.17, IgM", IgD") express membrane IgM
(mIgM) whereas mature B cells express membrane IgM/IgD or just IgD (mlgD)
(Benschop and Cambier, 1999; Havran et al., 1984; Scher et al., 1976). FACS
analysis of mature vs. immature B cells was performed to investigate the maturation

of IgM and IgD expressing B cells in the lymphatic organs and the PerC.
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Interestingly, splenic B cells of Akt®°" mice expressed only IgM™ B cells, but no
mature IgD" B cells, indicating an immature population (Fig. 3.11 upper left).
Surprisingly, we detected a CD19" IgM’, IgD” DN population, which was absent in
CD19-Cre controls (Fig. 3.11 upper left). Further assumptions regarding this IgM’,
IgD" DN population can be found in chapter 3.6.

pLN of WT mice are usually composed of mature IgD" B cells. Therefore, it was
surprising that, similarly to what was observed in the spleen, B cells of pLN of Akt®°"
mice showed only IgM" B cells and no IgD" B cells in comparison to CD19-Cre mice
(Fig. 3.11 lower left). Furthermore, in pLN of Akt®° mice, the IgM", IgD" DN
population was detected whereas this population was absent in controls (Fig. 3.11
lower left).

BOE :
°F mice, whereas controls showed

In PP the same observation was made for Akt
normal IgD" B cells and IgM", IgD” DN population (Fig. 3.11 upper right).

Also in PerC of Akt®°" mice, mainly IgM" and IgM", IgD" DN B cells were detected,
whereas the controls displayed normal IgM" and IgD" B cells and no IgM", IgD” DN
cells (Fig. 3.11 lower right).

In conclusion, all tested organs and PerC of Akt®°"

mice consisted of a population of
IgM" B cells whereas mature IgD" B cells were absent. In addition, in all tested

organs and PerC we detected a population of B cells that is DN for I[gM and IgD.
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Figure 3.11: IgM vs. IgD expression on B cells of spleen, pLN, PP and PerC.
FACS analysis of 6-8 week-old Akt®°F and CD19-Cre control mice. Genotypes and antibodies used are
indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of CD19"

BOF ‘mice are additionally gated on GFP" cells to exclude escapees.

live cells in the gates. Akt
Representative plots are shown for all organs. Spleen: Experiment was repeated 10 times with n = 2-3

mice per genotype. pLN: Experiment was repeated 5 times with n = 3 mice per genotype. PP:
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Experiment was repeated 3 times with n = 3 mice per genotype. 5 PP each mouse. PerC: Experiment

was repeated 4 times with n = 2 mice per genotype.

3.3 Dramatic Increase of MZ-like B Cells in Akt®°F Mice

Due to the findings that in pLN and PerC B1 and B2 B cell numbers were elevated,
we investigated B1 and B2 B cell subsets in spleen. Interestingly, FACS analysis of
splenic B cells of Akt®°" mice revealed significantly increased numbers of B2 and
B1b B cells when compared to CD19-Cre controls. Splenic Bla B cells of Akt®%"
mice were not significantly changed, but slightly reduced in total cell number, when
compared to CD19-Cre control animals (Fig. 3.12A, B). In order to investigate, due to
which B cell population the B2 B cells were increased, MZ B cells, and FO B cells

were analyzed.
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Figure 3.12: Splenic B1 and B2 B cell subsets.

(A) FACS analysis of 6-8 week-old Akt®** and CD19-Cre control mice. Genotypes and antibodies
used are indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage
of CD19" and B220" live cells in the gates. Akt®°F mice were additionally gated on GFP" cells to
exclude escapees. Representative plots are shown. Experiment was repeated 6 times with n = 3 mice
per genotype. (B) Total cell numbers of splenic Bla (CD5", CD43"), B1b (CD5", CD43") and B2 (CD5
, CD43") B cells. For total cell numbers, all experiments are combined. Horizontal bars mark the mean

value +/- SEM. ***P< (.001, ns = not significant, as calculated using 2-tailed Student ¢ test.
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Spleens of wild type mice normally consist of mature B cells expressing IgM™€",

IgD"" for MZ and IgM™", IgD"" for FO B cells. It was interesting to find out
whether increased numbers of IgM’ B cells were due to a developmental block or if
they were MZ B cells.

In order to investigate the B2 B cell population and the IgM" B cells we performed
FACS analysis to discriminate between FO and MZ B cells (Fig. 3.13A).

MZ B cells, identified as CD1d"", CD21"€" and CD23", are located in the marginal
zone of the spleen, which separates the white pulp from the red pulp (Weidenreich,
1901; MacNeal, 1929; Nolte et al., 2004).

FACS analysis of splenic B cells of Akt®°" mice displayed significantly higher
numbers of CD1d"#", CD21"&" MZ-like B cells, while FO B cells, which are CD23",
were completely absent in comparison to CD19-Cre controls (Fig. 3.13A, B).

In summary, we could show that IgM™ B cell populations detected in spleen (Fig.
3.11) were due to increased numbers of MZ-like B cells. In addition, the elevated
number of B2 B cells and the general increase in B cell numbers could also be

explained by the enlarged population of MZ-like B cells.

Normally, MZ B cells can be found in the MZ surrounding the MOMA ring. In order
to investigate if MZ-like B cells in spleen show a normal distribution around the
MOMA ring, histological analysis using o-MOMA to detect metallophilic
macrophages located at the inner border of the MZ, and a-CD1d, to detect MZ B cells
surrounding the MOMA ring, was performed. The size of the CD1d"" MZ-like B cell
population was strongly increased and, interestingly, was observed both in- and
outside of the MOMA ring in Akt®®* mice (Fig. 3.13,C). These data show a strong
shift to the MZ-like B cell compartment at the expense of FO B cells due to
constitutive Aktl signaling.

T1 B cells are precursor cells that develop to T2 B cells, which are then direct
precursors of MZ and FO B cells (Loder et al., 1999). By FACS analysis we detected
an increased T1 B cell population in Akt°°" mice (Fig. 3.13A, B). Detailed analysis
of transitional B cells can be found in chapter 3.8.

The investigation of surface IgM clearly revealed higher IgM expression on the
surface of B cells of Akt®°" mice in comparison to CD19-Cre controls (Fig. 3.13D).

This observation underlines the finding of mostly MZ-like B cells in Akt®°" mice,

52



Results

due to the knowledge, that MZ B cells are IgM™" and IgD"" in comparison to FO B
cells that are IgM"" and IgD"®" (Martin et al., 2001; reviewed in Pillai et al., 2005).
Significant increased T1 B cells are also reasonable to account to the high surface

expression of IgM in Akt®°F mice in comparison to CD19-Cre controls, because T1 B

cells are, as MZ B cells IgM"#" and IgD'" (reviewed in Pillai et al., 2005).
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Figure 3.13: Distribution of splenic MZ, FO and T1 B cells in Akt®°* mice vs. controls.
(A) FACS analysis of splenic B cells from 6-8 week-old Akt®** and CDI19-Cre control mice.

Displayed are 2 different stainings to show MZ, FO and T1 B cells. To calculate the cell numbers of
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the different populations, the upper staining shows different gates for the MZ B cell population
(CD21™" CD23") and the T1 (CD21"", CD23") B cells. In the upper 2 plots, FO (CD21™, CD23"),
MZ (CD21"¢" CD23") and T1 (CD21"°%, CD23") B cells are shown. In the lower 2 plots, FO (CD21™,
CD1d"™), MZ (CD21"¢" CD1d"¢") and T1 (CD21"", CD1d"¥) B cells are displayed. The numbers
close to the boxes of lymphocyte populations refer to the percentage of B220" live cells in the gates.
Akt®°F mice are additionally gated on GFP' cells to exclude escapees. CD23 vs. CD21 staining:
Experiment was repeated 4 times with n = 2-3 mice per genotype. CD1d vs. 21 staining: Experiment
was repeated 4 times with n = 2-3 mice per genotype. (B) Total cell numbers of splenic MZ, FO and T1
B cells were calculated based on the lower CD21 vs. CD23 staining. For total cell numbers, 3
experiments are combined. (C) Histological analysis of the MZ in spleen. a-MOMA (red) antibody
was used to detect the MOMA ring and a-CD1d (green) antibody was used to detect MZ B cells. Scale

BOE

bar = 200pm. (D) Surface expression of IgM in splenic B cells of Akt™ "~ mice and CD19-Cre controls.

BOE

Cells were gated on live cells and CD19" cells. Akt”°" mice were additionally gated on GFP" cells.

Histogram is representative of all experiments. B Horizontal bars mark the mean value +/- SEM.

*#*P<0.001, as calculated using 2-tailed Student ¢ test.

3.4 Constitutive Aktl Signaling Overcomes CD19 Deficiency During
MZ B Cell Differentiation

In CD19 deficient mice it was shown that the co-receptor CD19 of the BCR is very
important for BCR-derived MZ B cell generation (Rickert et al., 1995; Engel et al.,
1995). Activation of the BCR and its strengthening of the signaling through the CD19
co-receptor prominently leads to the activation of PI3K (Otero et al., 2001; Pogue et
al., 2000). Also, further observations that the lack of the PI3K isoform p1103 leads to
a defective MZ B cell development, hints that PI3K signaling might be responsible
for a lack of MZ B cell development. The main downstream target of PI3K is Akt
(James, 1996; Franke, 1997; Frech et al., 1997). Therefore, we investigated whether
constitutive Aktl can overcome the absence of CD19 and restore MZ B cell
development. In mice homozygous insertion of Cre into the CD19 locus leads to a
knockout of CD19 and therefore to CD19 deficiency (Rickert et al., 1997). The CD19

knockout mouse was crossed to the Rosa-Akt-C mouse (Akt"CD19-Cre™).

BOE +/-

Similar to what we observed for Akt™ "~ mice, splenic total cell numbers of Akt

CD19-Cre” mice were increased in comparison to CD19-Cre”” controls (Fig. 3.14A).

FACS analysis of Akt”"CD19-Cre”” mice revealed that although CD19 is absent, an

BOE

enlarged splenic MZ-like B cell population, similar as in Akt™ mice, was present
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(Fig. 3.14B, C; Fig. 3.13A, B). As expected, CD19-Cre”” controls developed no MZ B
cells (Fig. 3.14B, C).
In conclusion, Aktl overexpression is able to overcome CD19 deficiency and allows

for the development of MZ-like B cells at the expense of FO B cells.
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Figure 3.14: Aktl overexpression leads to splenic MZ-like B cells in Akt CD19-Cre” mice.

(A) Total splenic cell numbers of 8.5 week-old Akt”"CD19-Cre” and CD19-Cre” control mice. (B)
FACS analysis of splenic B cells Akt""CD19-Cre”” and CD19-Cre”" control mice. 2 different stainings
are shown to differentiate MZ, FO and T1 B cells. In the upper 2 plots, FO (CD21™, CD23"), MZ
(CD21"¢" CD23") and T1 (CD21"%, CD23") B cells are shown. In the lower 2 plots, FO (CD21™,
CD1d""), MZ (CD21"¢" CD1d"€") and T1 (CD21"%, CD1d"™) B cells are shown. The numbers close
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to the boxes of lymphocyte populations refer to the percentage of B220" live cells in the gates. Akt
CD19-Cre” mice are additionally gated on GFP" cells to exclude escapees. Representative plots are
shown, experiment was twice with n = 2-3 mice per genotype. (C) Total cell numbers of splenic MZ,
FO and T1 B cells were calculated based on the CD21 vs. CD23 staining. For total cell numbers, the
experiments were combined. (D) Histological analysis of the MZ in spleen. a-MOMA (red) antibody
was used to detect the MOMA ring, a-CD1d (green) antibody was used to detect MZ B cells, and
DAPI (blue) to detect the nuclei. Scale bar = 200um. A, C Horizontal bars mark the mean value +/-
SEM. **P< 0.01, as calculated using 2-tailed Student ¢ test.

In order to investigate the localization of MZ-like B cells and the structure of spleen
in Akt""CD19-Cre” mice, splenic sections were stained with a-MOMA, a-CD1d and
DAPIL Akt""CD19-Cre”” mice showed a similar follicular organization including an
enlarged MZ as in the Akt®°* mice, whereas in CD19-Cre” controls only the
MOMA-ring was observed (Fig. 3.14D; Fig. 3.13C). The investigation of the
structure of the spleen by histology also displayed MZ-like B cells in- and outside of
the MOMA ring equivalent to the Akt"°" mice (Fig. 3.14D; Fig. 3.13C). In general,
MZ B cells are only located outside of the MOMA ring, so it is possible that due to
increased numbers of MZ-like B cells in the spleens of Akt”"CD19-Cre” and Akt®°F
mice, they also begin to accumulate inside of the MOMA ring.

Collectively, we could show that the overexpression of Aktl can overcome the CD19

deficiency and induce the MZ-like B cell development.

3.5 Investigation of MZ B Cell Surface Marker Expression

Hallmarks of MZ B cells are their characteristic surface markers, their location in the
MZ and their ability to respond rapidly to T cell independent antigens. To monitor
whether the MZ-like B cells of Akt®°F and Akt""CD19-Cre”” mice are ‘real’ MZ B
cells, the expression levels of two typical MZ B cell markers (CD21 and CD1d), were
analyzed by FACS. Akt"®F, Akt”"CD19-Cre” mice and their controls expressed
CD21 in similar levels (Fig. 3.15, left). CD1d presents self and non-self glycolipids,
and activates, through this presentation, natural killer (NK) T cells via interaction
with the T cell receptor (TCR) of NKT cells (Chen et al., 2007). CD1d expression in
MZ-like B cells of Akt®®* mice was similar to CD1d expression of MZ B cells of
CD19-Cre control mice. MZ-like B cells of Akt”"CD19-Cre” mice showed
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significant increased expression of CD1d on the surface in comparison to MZ B cells
of CD19-Cre™ controls (Fig. 3.15, right).

MZ-like B cells of Akt®°* and Akt"”"CD19-Cre”" mice express the characteristic MZ
B cell marker CD21 and CD1d and therefore, have a similar phenotype to typical MZ
B cells.
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Figure 3.15: MZ B cell surface marker expression in Akt®°F vs. Akt”"CD19-Cre”” mice and the
corresponding controls in spleen.

Determination of MFI (mean fluorescence intensity) through FACS analysis of the MZ surface markers
CD21 and CDI1d. Cells are gated on splenic live cells and MZ B cells. Akt®°" and Akt""CD19-Cre™
mice were additionally gated on GFP. Experiment was repeated twice with n = 2-3 mice per genotype.
Horizontal bars mark the mean value +/- SEM. **P< (.01, ns = not significant, as calculated using 2-

tailed Student ¢ test.

3.6 Investigation of MZ-like B Cell Precursors in Akt"°* Mice

It is known that immature B cells express mIgM" B cells and AA4.1 while the mature
ones express mIgM and mIgD. AA4.1 is an early marker for immature B cells (Li et
al., 1996). The investigation of mature and immature B cells in spleen revealed that
while Akt®°* mice showed significantly increased mature B cells (B220", AA4.17) as
compared to controls, there were no differences in the immature B cell (B220,
AA4.1%) population (Fig. 3.16A, B). The larger mature B cell population in Akt®%"
mice could be due to the increased MZ-like B cell populations in spleen (Fig. 3.13).

To study the different subpopulations of immature B cells, FACS analysis was

BOE

performed. Splenic immature B cells of Akt™ " mice revealed strongly increased T1

(CD23", IgD"®") and extremely decreased T2 (CD23", IgD"€") and T3 (CD23", IgD")
B cell populations (Fig. 3.16C, D). It is still elusive whether MZ B cells differentiate

only from the T2 B cell stage or also from T1 B cell stages. Some groups assumed
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that MZ B cells can also develop from T1 B cells (Loder et al., 1999; Hampel et al.,
2011; Roundy et al., 2010). The dramatic increase of T1 B cells in Akt®%F mice could
indicate that MZ-like B cells can develop directly from T1 B cells. T2 B cells are
important for the FO fate decision (reviewed in Pillai and Cariappa, 2009). They are
BOE

highly decreased in Akt

Akt®°F mice.

mice and could therefore explain the loss of FO B cells in

In summary, the overexpression of Aktl leads to a block in the early precursor

development from T1 to T2 B cells.
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Figure 3.16: Lack of T2 and T3 B cells in spleen of Akt®°* mice.

(A) FACS analysis of splenic B cells from 6-8 week-old Akt®* and CD19-Cre control mice. Shown is
a staining for mature (B220", AA4.1") and immature B cells (B220", AA4.1"). The numbers close to
the boxes of lymphocyte populations refer to the percentage of CD19" live cells in the gates. Akt®°F
mice were additionally gated on GFP" cells to exclude escapees. Representative plots are shown,
experiment was repeated 4 times with n = 2-3 mice per genotype. (B) Total cell numbers of mature and
immature B cells in spleen. For total cell numbers, 2 experiments are combined. (C) FACS analysis of

BOE

splenic B cells from 6-8 week-old Akt™ " and CD19-Cre control mice. Shown is a staining for T1

(IgM"" CD23") T2 (IgM"¢", CD23") and T3 (IgM"", CD23") B cells. The numbers close to the boxes
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of lymphocyte populations refer to the percentage of live cells in the gates. Cells were additionally
gated on CD19", B220" and AA4.1" cells. Akt®F mice were additionally gated on GFP" cells to
exclude escapees. Representative gates are shown, experiment was repeated 4 times with n = 2-3 mice
per genotype. (D) Total cell numbers of transitional B cell subsets in spleen. For total cell numbers, 2
experiments are combined. B, D Horizontal bars mark the mean value +/- SEM. ***P< 0.001, ns = not

significant, as calculated using 2-tailed Student ¢ test.

3.7 MZ-like B Cells of Akt®° Mice do not Behave as Normal MZ B
Cells

We hypothesized that the increased MZ-like B cell population could be due to either a
survival advantage or increased proliferation of these cells. To answer this, a
proliferation assay was performed. B cells were labeled with Violet CellTrace, which
is a dye that intercalates into the cell. Due to cell cycle division fluorescence intensity
is halved in each of the daughter cells after one cycle of cell division. These labeled
splenic B cells were cultured for four days. B cells were either left untreated or were
treated with algM (BCR), CpG (TLR9), or LPS (TLR4). Unstimulated B cells were
treated with BAFF (B cell activation factor) to keep them alive.

FACS analysis of the proliferation assay revealed normal response of Akt®°" B cells
to stimulation of TLRY (Fig. 3.17A, B). Oliver et al. postulated that MZ B cells after
LPS stimulation proliferate better than FO B cells (Oliver et al., 1997). However,

BOE

although the B cell population of Akt™ " mice mainly consists of MZ-like B cells,

they did not proliferate better than control B cells after LPS stimulation (Fig. 3.17A,

B). Interestingly, stimulation of the BCR of B cells from Akt®°"

mice with algM
showed no proliferation at all compared to controls (Fig. 3.17A, B).

The crosslinking and activation of the BCR, leads to the activation of a cascade of
molecules that drives a Ca*" release (reviewed in Cambier et al., 1994). This Ca*"
release is important for many intracellular processes including apoptosis, cell
adhesion and migration, and in general, Ca*" release also plays a role in cell-fate
decisions in B cells (reviewed in Scharenberg et al., 2007). To test whether B cells of
Akt®°F mice are able to flux after BCR stimulation, Ca*" flux experiments were

performed. Induction of a Ca*" output in Akt®°"

B cells with algM activation failed,
although they do show a higher baseline level than CD19-Cre control B cells (Fig.
3.17C).

In conclusion, it seems that the BCR of Akt®°F

mice is not able to respond to algM
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stimulation (shown by proliferation assay and Ca®" flux analysis) and is, as was the
case with the CD19 co-receptor, not necessary to generate and keep MZ-like B cells

alive in case of constitutively active Aktl expression.
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Figure 3.17: Influence of Aktl overexpression after stimulation, BCR induced signaling.
(A) In vitro analysis of Violet CellTrace labeled B cells stimulated with BAFF, algM, CpG and LPS
for 4 days. Plots are displayed in % of Max. Experiment was repeated 4 times with n = 3 mice per

BOE

genotype. Cells were gated on live cells and CD19" cells. Akt"°" mice were additionally gated on GFP"

cells to exclude escapees. (B) Same experiment as in A, but with cell numbers. (C) Ca>" flux of splenic
B cells of Akt®°F and CD19-Cre controls after stimulation with algM (5pg/ml, indicated by arrow).
Cells were gated on live cells and CD19" cells. Experiment was repeated 4 times with n = 1 mouse per

genotype. A-C For both experiments, CD19" MACS purified splenic B cells were used.

In general, the activation of the BCR leads to phosphorylation of tyrosine residues,
such as the Iga and IgBB ITAM tyrosines, as well as to binding and activation of src-
family and spleen tyrosine kinase (Syk), which, for their part, phosphorylate other
signal transduction molecules (reviewed in Kurosaki, 1999). To prove whether B cells

of Akt®°F mice get phosphorylated at all tyrosine residues through the activation of
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the BCR, a pTyr Western blot was performed using algM stimulated splenic B cells
(Fig. 3.18A). The Western blot revealed mostly less tyrosine phosphorylation in
Akt®°F B cells compared to controls, but also two bands (=110kDa, >160kDa) in the

upper part of the blot were highly phosphorylated (Fig. 3.18A).

Lyn tyrosine kinase (Lyn) and Syk are both tyrosine kinases that are activated through
the ITAMS of the BCR (reviewed in Fruman et al., 2000). It was shown that Lyn can
potentially act as an inhibitor of BCR mediated activation of Akt (Li et al., 1999). To
test Syk and Lyn activation another Western blot with algM stimulated B cells was
performed. Preliminary data showed that, as expected, Syk was not phosphorylated,
whereas phosphorylation of Lyn was the same as in controls (Fig. 3.18B, C). Since
phosphorylation of Lyn can be caused by Akt, observed Lyn pohosphorylation is due

to constitutively active Aktl.

A CD19-Cre Akt®F B CD19-Cre AKtOE
0" 1° 3 5°15°0° 1* 3 5°15'M 01 3 5 15 0° 1° 3 5 15°
Coh o S Emes <O° "’_‘ pSyk (Tyr253/256)
R T b Ll ————— Y
.'d.' .-.-: 1;8 —————— v o —— SyK
pTyr 8ig T ——————————— Y
50
40
- 30 c CD19-Cre AktBF
0 1° 3 515 0 1° 3" 5 15°
ACHN 0 o s o o ————— = sses e es seme s pLyn (Tyr507)
e —————————  ACHiN
-—— o Lyn

o —————_— o= v o ACtin

Figure 3.18: Less tyrosine phosphorylation, no Syk phosphorylation but Lyn phosphorylation in
Akt®°F splenic B cells after BCR crosslinking.

(A) a-phospho-Tyr Western blot of CD19 MACS purified splenic B cells rested for 4h and stimulated
with 10pg/ml algM for the indicated time points. 24ug protein of each lysate was used. (B) Western
blot of a-phospho-Syk (72kDa) and a-Syk (72kDa) from depleted CD43 MACS purified splenic B
cells stimulated with 10pg/ml algM for the indicated time points. 30pg protein of each lysate was
used. (C) Western blot of a-phospho-Lyn (53/56kDa) and a-Lyn (56kDa) from depleted CD43 MACS
purified splenic B cells stimulated with 10pg/ml algM for the indicated time points. 30ug protein of

each lysate was used. A-C As loading control in all blots, a-Actin (43kDa) were used.
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3.8 Aktl Expression Prolongs the Survival of Akt®°" B Cells in vitro

We could already show that increased cell numbers of MZ-like B cells in Akt®°F mice
could not be due to increased proliferation (Fig. 3.17A, B), therefore we investigated
if B cells of Akt®°" mice survive better than B cells of CD19-Cre controls. To answer
this, CD19 MACS purified splenic B cells were cultured for four days without
additional stimulation. Every day the number of living cells was determined by
counting and flow cytometry. The survival assay revealed a survival advantage of B
cells of Akt®°F mice in comparison to B cells of CD19-Cre controls (Fig. 3.19A, B).
Already at day two B cells of Akt®°" mice showed significant better survival than B
cells of CD19-Cre controls (Fig. 3.19A, B). After four days, all CD19-Cre B cells
were dead, whereas 50% of Akt®°" B cell were still alive (Fig. 3.19B). Increased B

BOE

cell numbers in Akt mice thus seem to be a consequence of better survival, and not

due to increased proliferation.

Taken together, these results showed that Aktl overexpression in B cells led to a

BOE

prolonged survival of B cells in Akt™ mice in vitro and indicated that constitutive

Aktl signaling is able to rescue B cells of Akt®°" mice from cell death to some extent.
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Figure 3.19: Influence of Aktl overexpression to B cell survival.

(A) FACS analysis of survival assay. Splenic B cells were taken for 4 days in culture without any
stimulus to determine the survival of the cells. Experiment was repeated 4 times with n = 3 mice per
genotype. (B) Cell numbers of survival assay. +/- SEM. **P< 0.001, *P< 0.05, ns = not significant, as
calculated using 2-tailed Student ¢ test. For the experiment, CD19" MACS purified splenic B cells were

used.
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3.9 MZ-like B Cells of Akt®°® Mice do not Class Switch as Normal
MZ B Cells

One hallmark of MZ B cells is to secrete immunoglobulin IgM und IgG3 in a TI
manner (Martin et al., 2001). To analyze the immunoglobulin secretion of the Aktl

overexpressing MZ-like B cells, Akt®°"

and CD19-Cre mice were immunized with
NP-Ficoll to generate a TI immune response. Therefore, serum from blood taken on
day 0, 7, 14, 21 and 28 were used to determine IgM and IgG3 secretion using NP-
specific ELISA. Surprisingly, we detected significant less IgM in the blood sera of
Akt”?F mice in comparison to controls (Fig. 3.20A left, B left). Furthermore, IgG3
was not secreted by MZ-like B cells of Akt®°" mice (Fig. 3.20B right, C right). To
illustrate that the sera of Akt®°" mice mostly do not secrete IgM and no IgG3, we also
display the values on a linear scale, to show zero values (Fig. 3.20B).

In conclusion, MZ-like B cells of Akt®°F mice were not able to initiate an immune

response after TI immunization.
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Figure 3.20: No IgM and IgG3 secretion from B cells of Akt®°" mice.

(A) NP-specific immunoglobulin ELISA of blood sera from NP-Ficoll immunized Akt®°* mice and
CD19-Cre controls. Experiment was carried out once with n = 7 mice per genotype. (B) Same data as
in (A) but y-axis is linear, to also display 0 values. Horizontal bars mark the mean value +/- SEM.

***¥P<0.001, **P< 0.01, *P< 0.05, ns = not significant, as calculated using 2-way ANOVA test.
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3.10 MZ-like B Cells Leave the Spleen and Migrate into other
Lymphatic Organs

MZ B cells are sessile cells that are located exclusively in the MZ in wild type mice
(Gray et al., 1982; Nolte et al., 2004). Due to the fact that nearly all splenic GFP' B
cells of Akt®°" mice are MZ-like B cells, we assumed that these cells start to migrate
into other lymphoid organs because the splenic niche, the MZ, is replenished. In order
to prove this theory, FACS analysis of pLN, mLN, and PP was performed.
Interestingly, MZ-like B cells were found in pLN of Akt"°" mice. Nodal B cells of
Akt®°F mice showed a shift from FO B cells to MZ-like B cells (Fig. 3.21).

In Akt""CD19-Cre” mice we could already show that splenic MZ-like B cells could
develop independently of the CD19 co-receptor due to Aktl signaling. Interestingly,
also in the pLN of Akt”"CDI19-Cre”™ mice MZ-like B cells could be observed,
whereas in pLN of CD19-Cre” controls FO B cells were detected (Fig. 3.21).
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Figure 3.21: MZ-like B cells in pLN of Akt®°* and Akt”"CD19-Cre” mice.

FACS analysis of nodal B cells from 6-8 week-old Akt®°® and Akt”"CD19-Cre” mice with
corresponding control mice. Displayed are 2 different stainings showing MZ, FO and T1 B cells. In the
left staining, FO (CD21™, CD1d""), MZ (CD21"¢", CD1d"") and T1 (CD21", CD1d"") B cells are
shown. The right staining shows FO (CD21™, CD24™"), MZ (CD21"¢" CD24") and immature
(CD21"¢" CD24™") B cells. The numbers close to the boxes of lymphocyte populations refer to the
percentage of B220" live cells in the gates. Akt®°" and Akt"”"CD19-Cre” mice were additionally gated
on GFP" cells to exclude escapees. Representative plots are shown, Akt®°F and CD19-Cre mice: n = 2-

3 and Akt “"CD19-Cre” CD19-Cre”” mice: n = 2-3, experiment was repeated twice.
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Figure 3.22: MZ-like B cells in mLN and PP of Akt®°" mice.

FACS analysis of mLN and PP from 6-8 week-old Akt®°* and CD19-Cre control mice. Displayed are 2
different stainings showing MZ, FO and T1 B cells. In the left staining, FO (CD21™, CD1d""), MZ
(CD21™" CD1d"™) and T1 (CD21"%, CD1d"") B cells are shown. The right staining shows FO
(CD21", CD23%), MZ (CD21", CD23") and T1 (CD21"¥, CD23") B cells. The numbers close to the
boxes of lymphocyte populations refer to the percentage of live cells in the gates. Cells were gated on
live cells and CD19" cells. Akt®° mice were additionally gated on GFP" cells to exclude escapees.
mLN: Experiment was repeated 3 times with n = 3 mice per genotype. PP: Experiment was repeated 3

times with n = 3 mice per genotype, 5 PP per mouse.

FACS analysis of MZ B cells in mLN and PP revealed MZ-like B cells in Akt®"
mice whereas in the controls only FO B cells were detected (Fig. 3.22). MZ-like B

cells of Akt®°" mice are also able to migrate into mLN and PP.

In conclusion, constitutive Aktl signaling leads to the accumulation of dramatically
increased splenic MZ-like B cell population. Despite the fact that MZ B cells are
sessile cells, these MZ-like B cells migrate into other lymphatic organs, probably due

to restricted space in the spleen.

3.11 Loss of CD23 Expression Due to Constitutive Aktl Signaling

CD23 was shown as an important surface marker for T2, T3 and FO B cells (Loder et

al., 1999; Allman et al., 2001; reviewed in Pillai and Cariappa, 2009). As already
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shown, FACS analysis of transitional B cells of Akt®%"

mice revealed strongly
diminished T2 and T3 B cell populations and the investigation of mature B cells
showed an absence of FO B cell populations (Fig. 3.16C, D; Fig. 3.13A, B). In
general, T2 and T3 B cells as well as FO B cells express CD23, but this surface
marker was not detectable in B cells of Akt®°" mice by FACS. It is known that
ADAMIO is the in vivo sheddase of CD23 (Gibb et al., 2010). In order to investigate
if CD23 was completely cleaved and therefore not detectable on the cell surface of
Akt"?F B cells a CD23 ELISA was performed. CD23 ELISA from blood sera of
Akt"?F mice revealed a significant reduction of CD23 in sera of Akt®°" mice in
comparison to sera of CD19-Cre controls (Fig. 3.23A).

Thus, Real-Time analysis was performed to investigate if already CD23 mRNA levels
are reduced. The investigation of CD23 levels revealed a significant reduction of
CD23 mRNA levels in B cells of Akt®°" mice in comparison to B cells of CD19-Cre

controls (Fig. 3.23B).

Collectively, Aktl signaling is a negative regulator of CD23 mRNA levels, as we
could show that B cells of Akt"°" mice express no CD23.

* *
A 10%3 — 0cpi9-Cre B o157 — 00 CD19-Cre
] W Akt®°F Q T W Akt®OF

[a] ©

0.0 1.0
- Opo 5
é 1034 7
g . 2
o

_.$-_ 3 0.5+
"aga” ;qzj
©
(0]

CD23 ELISA

Figure 3.23: CD23 secretion in blood sera and CD23 RNA levels.

(A) CD23 ELISA of blood sera from Akt®°* mice and CD19-Cre controls. Experiment was carried out
once with n = 7-13 mice per genotype. (B) Quantitative Real-Time PCR of CD19 MACS purified
splenic B cells. Relative expression levels of CD23 with indicated genotypes. Gene expression levels
were normalized to HPRT from each mRNA preparation. The fold change was calculated in
comparison with the results obtained from CD19-Cre controls. Experiment was carried out once with n
= 3 mice per genotype. A, B, Horizontal bars mark the mean value +/- SEM. ***P< 0.001, *P< 0.05, as

calculated using 2-tailed Student ¢ test.
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3.12 Defects in Class Switch Recombination in Akt®®F Mice

CSR is a very important mechanism to defend the body from antigens. To investigate
if CSR in B cells of Akt®°" mice is functional we performed ELISA, FACS and Real-
Time analysis. Pierau et al. could show that overexpression of Aktl in all cells of the
body leads to increased levels of IgM, IgG1 and IgG3 after TI immunization. After
stimulation with LPS they could detect an increase in IgM, IgG and IgA secretion in
Aktl overexpressing mouse line in comparison to controls (Pierau et al., 2012).

First, immunoglobulin ELISAs from blood sera from naive animals was performed. B
cells of Akt®®® mice in comparison to B cells of CD19-Cre controls secreted
significantly less of all tested immunoglobulins (Fig. 3.24A, B). We assumed that
detected immunoglobulin titers were due to Cre escapee cells that do not overexpress
Aktl and cannot be excluded in blood sera.

Nevertheless B cells of Akt®°" mice do not secrete immunoglobulins, it is possible,
that they switch but not secrete them. To test this, in vitro stimulation with LPS and
IL4 was performed, which cause a switch to IgG1. Stimulation of Akt®°" B cells did
not induce class switch to IgG1, whereas as expected for CD19-Cre controls, 19%
control B cells switched to IgG1 (Fig. 3.24C).

To assess if B cells of Akt®®" mice in general are able to perform the process of class
switching, this process was investigated. One requirement for B cells to switch is the
generation of circular transcripts (CTs). These CTs can be verified by PCR of in vitro
stimulated splenic B cells. During the process of CSR activation-induced cytidine
deaminase (AID) targets so called S regions, inserts two double-strand breaks and
links the donor S region (Sp) to one of the other downstream acceptor S regions, in
the case of IgG1l: Syl (Muramatsu et al., 2000; Kataoka et al., 1980). Therefore, an
extra chromosomal circle arises and the CTs are generated (reviewed in Iwasato et al.,
1990; Kataoka et al., 1980). The performed PCR for y1 CTs is specific for IgGlI.
After in vitro stimulation of splenic B cells with LPS and IL4, a clear band for the y1
CTs could be detected in the DNA of control mice, whereas the Akt®°F mice cells did
not show this band (Fig. 3.24D).

IgG1 expression can also be detected via quantitative Real-Time PCR. RNA levels of

BOE

IgG1 were dramatically reduced in B cells of Akt™ "~ mice whereas B cells of CD19-

Cre mice showed normal RNA expression levels of IgG/ (Fig. 3.24E).
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Given that there is no CSR detectable, it was interesting to investigate the gene
expression levels of Aicda. Its protein, the AID, is very important in initiating the

mechanism of CSR (Muramatsu et al., 2000). Quantitative Real-Time analysis

. . . . BOE -
revealed significantly less dicda gene expression in RNA of Akt®°F mice.
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Figure 3.24: Akt®°F mice are not able to secrete and express immunoglobulins.

(A) Analysis of immunoglobulins in blood sera using ELISA assay. Depending on immunoglobulin,
18-25 blood probes were used. Y-axis shows logarithmic scale. (B) Different way of representing
ELISA assay of immunoglobulins. Y-axis is linear pictured in order to show data of zero. (C) FACS
analysis of CD19" MACS purified splenic B cells after 4 days of in vitro stimulation (LPS and IL-4) to
achieve an IgG1 switch (LPS 50pg/ml and IL-4 20ng/ml). Mice used were 6-8 weeks old. Numbers

next to the gates refer to percentage of CD19" live cells. AktPOF

mice were additionally gated on GFP
to exclude escapees. Representative plots are shown, experiment was repeated 3 times with n = 3 mice
per genotype. (D) PCR analysis of IgG1 circular transcripts (yl CT) for splenic B cells of Akt®%F and
CD19-Cre control mice after in vitro stimulation. Actin was detected at a size of 510bp and y1 CT ata
band size of 408bp. Experiment was repeated 3 times with n = 3 mice per genotype. (E) Quantitative
Real-Time analysis of IgG1 from in vitro stimulated CD19 MACS purified splenic B cells. Experiment

was performed once with n = 3 mice per genotype. (F) Quantitative Real-Time PCR of CD19 MACS

69



Results

purified splenic B cells. Relative expression levels of Aicda with indicated genotypes. Gene expression
levels were normalized by HPRT from each mRNA preparation. The fold change was calculated in
comparison with the results obtained from CD19-Cre controls. Experiment was repeated twice with n =
3 mice per genotype. A, B, E, F Horizontal bars mark the mean value +/- SEM. **P< 0.01, *P< 0.05,

as calculated using 2-tailed Student ¢ test.

In summary, Akt®°" B cells do not secrete immunoglobulins, and the process of class
switching is, due to Aktl overexpression, inhibited in these mice. For CSR important

features such as Aicda expression and generation of CTs are absent.

3.13 Germinal Center Formation in Akt®°F Mice

One place where CSR can take place are germinal centers (GCs) which are located in
secondary lymphoid organs and arise in follicles after TD immune responses (Jacob et
al., 1991; Berek et al., 1991; Petersen-Mahrt et al., 2002; Hasler et al., 2011;
MacLennan, 1994).

BOE .
OF mice revealed

Surprisingly, the investigation of GC B cells in mLN of naive Akt
GC B cells, although the total cell numbers of GC B cells in Akt®°" mice were

decreased in comparison to CD19-Cre controls (Fig. 3.25A, B).
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Figure 3.25: Naive GC of mLN in Akt®°* and CD19-Cre mice.
(A) FACS analysis of naive GC in mLN. Mice were 6-8 weeks old. Genotypes and antibodies used are
indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of CD19"

BOF mice were additionally gated on GFP' cells to exclude escapees.

live cells in the gates. Akt
Representative plots are shown, experiment was repeated twice with n = 3 mice per genotype. (B)
Displays the total cell numbers of GC of mLN in the different mouse strains. For total cell numbers, all
experiments are combined. C, D Horizontal bars mark the mean value +/- SEM. *P< 0.05, as

calculated using 2-tailed Student ¢ test.

70



Results

To investigate the immune response of Akt®%"

mice after T cell dependent (TD)
immunization, GC formation was verified. GC B cells can be detected by FACS
without immunization and 10 days after immunization with either sheep red blood
cells (SRBC) or 4-hydroxy-3-nitrophenylacetyl chicken-y-globulin (NP-CG). Naive

BOE mice showed no GC formation whereas CD19-Cre mice

splenic B cells of Akt
already had a small population of GC B cells before immunization (Fig. 3.26A), as
expected since the animals are not kept germfree in the animal facility. Following TD
immunization with NP-CG and SRBC, total cell numbers of GC B cells were
drastically reduced in spleen of Akt®°"
CG immunization in spleen of Akt®°* 0.03% GCs could be detected, whereas CD19-
Cre controls showed 1.6% of GC formation. In spleen of Akt®°* mice the SRBC

immunization led to 0.3% GC formation and 5% in CD19-Cre controls (Fig. 3.26C).

mice in comparison to control mice. After NP-

In PP, B cells of CD19-Cre controls and Akt®°" mice in the naive state already
showed GC formation (Fig. 3.26B). After TD immunization with NP-GC in Akt®°®
mice, the total cell numbers of GCs strongly decreased compared to controls (Fig.

3.26D).
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Figure 3.26: GC formation in Akt®°* and CD19-Cre control mice before and after immunization.
(A) FACS analysis of splenic B cells. Shown are 3 independent experiments, unimmunized and

BOE and CD19-Cre control mice. Unimmunized mice were 6-8 weeks old.

immunized Akt
Representative plots are shown, experiment was repeated 3 times with n = 3 mice per genotype. For
immunization, SRBC and NP-CG were used. Immunized mice were analyzed 10 days after
immunization. Mice immunized with SRBC were 7 weeks old. Experiment was repeated once with n =
3 mice per genotype. Mice immunized with NP-CG were 12 weeks old. Experiment was carried out

once with n = 4 mice per genotype. Genotypes and antibodies used are indicated. The numbers close to
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the boxes of lymphocyte populations refer to the percentage of CD19" live cells in the gates. Akt®°F

mice are additionally gated on GFP" cells to exclude escapees. (B) FACS analysis of GC in PP. Shown
are 2 independent experiments, unimmunized and immunized with NP-CG. Unimmunized mice were
6-8 weeks old, experiment was done once with n = 3 mice per genotype. Immunized mice were 12
weeks old and analyzed 10 days after immunization. Genotypes and antibodies were used as indicated.
The numbers close to the boxes of lymphocyte populations refer to the percentage of CD19" live cells

BOE

in the gates. Akt”°" mice were additionally gated on GFP" cells to exclude escapees. (C) Displays the

total cell numbers of GC of the different conditions and the different mouse strains in spleen.
Experiment was carried out once with n = 3 mice per genotype. (D) Displays the total cell numbers of
GC of the different conditions and the different mouse strains in PP. Experiment was carried out once
with n = 3 mice per genotype, 5 PP per mouse. Horizontal bars mark the mean value +/- SEM. ***P<

0.001, **P< 0.01, ns = not significant as calculated using 2-tailed Student # test.

BOE mice cannot

In summary, due to constitutive Aktl signaling splenic B cells of Akt
form GC B cells even after TD immunization. In contrast, GC formation in PP of
Akt®%F mice could be detected in naive cells whereas TD immunization led to

reduced numbers of GC B cells.

Why do B cells of PP and mLN in Akt®°" mice form GC B cells, particularly without
immunization? Casola et al. could show that 3 week-old transgenic mice treated for 2
weeks with a cocktail of broad-spectrum antibiotics display a reduction in GCs of PP.
He claimed that the GCs in PP are microbiota derived (Casola et al., 2004).

To determine if the development of GCs in PP and mLN of Akt°°" mice was
dependent on bacteria 4.5 week-old mice were treated for 5.5 weeks with a mixture of
broad-spectrum antibiotics. FACS analysis of PP B cells showed no significant

BOE

decrease in GC B cell numbers of antibiotic-treated Akt™ " mice in comparison to

treated controls and naive GC B cells of Akt®°" mice and controls (Fig. 3.27A, D).
FACS analysis of mLN revealed an increase of GC B cells in percentage in Akt®%"
mice and no difference in CD19-Cre controls after antibiotic treatment (Fig. 3.27B).
As expected, splenic B cells showed no GC B cells (Fig. 3.27C).

BOE

In summary, antibiotic treatment of Akt "~ mice did not reduce total GC B cell

numbers in PP as well as in mLN in comparison to CD19-Cre controls.
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Figure 3.27: GC formation after antibiotic treatment.

FACS analysis of GC in different organs. Mice were 10 weeks old. Genotypes and antibodies were
used as indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of
CD19" live cells in the gates. Akt®°F mice were additionally gated on GFP™ cells to exclude escapees.
Representative plots are shown, 4 mice per genotype of untreated mice and 5 mice per genotype of
treated mice, experiment was done once. Antibiotic treatment started with the age of 4.5 weeks and
was given for 5.5 weeks. (A) GC in PP, 5 PP each mouse. (B) GC in mLN. (C) Splenic GC. (D)

Displays the total cell numbers of GC in PP, 5 PP each mouse. Graph shows no significances.

3.14 Investigation of Plasma Cell Formation in Akt"°* Mice

Plasma cells are terminally differentiated B cells that secret high-affinity antibodies
(reviewed in Calame et al., 2003). Due to strongly decreased GC formation and no
observed CSR in Akt”°F mice, plasma cell formation in these mice were investigated.
Based on the fact that Akt®°" mice had mostly MZ-like B cells, and that MZ B cells

BOE

are able to differentiate into plasma cells, the B cells of Akt™ "~ mice should develop

into plasma cells, provided that they are functional MZ B cells.
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To investigate “natural” plasma cell formation without stimuli leading to plasma cell
differentiation FACS analysis was performed. It revealed no significant difference in
plasma cell numbers between Akt®°" mice and controls (Fig. 3.28A, B).

Next, an in vitro experiment was performed to induce B cell differentiation into
plasma cells. Therefore, splenic B cells were stimulated with LPS and IL4 for 4 days

and afterwards analyzed by FACS. B cells of CD19-Cre mice were able to
BOE

differentiate into plasma cells after stimulation, whereas B cells of Akt™ mice were
not (Fig. 3.28C).
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Figure 3.28: Plasma cell differentiation in spleen.

(A) FACS analysis of plasma cells in spleen. Mice were 11 weeks old. Representative plots are shown.
Experiment was performed once with n = 4 mice per genotype. Genotypes and antibodies were used as
indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of CD19"

BOF mice were additionally gated on GFP" cells to exclude escapees. (B)

live cells in the gates. Akt
Displays the total cell numbers of plasma cells in spleen of Akt®* and CD19-Cre mice. (C) FACS
analysis of in vitro plasma cell differentiation via stimulation with LPS (50pug/ml) and IL4 (20ng/ml)
for 4 days. Mice used for this experiment were 10 weeks old. The numbers close to the boxes of
lymphocyte populations refer to the percentage of CD19" live cells in the gates. Experiment was carried
out once with n = 3 mice per genotype. B Horizontal bars mark the mean value +/- SEM, ns = not

significant as calculated using 2-tailed Student ¢ test.

In summary, Akt®°" B cells cannot differentiate into plasma cells, although Aktl is

known to provide the signal for differentiation into plasma cells (reviewed in Limon
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and Fruman, 2012). These data show evidence that MZ-like B cells in Akt®°F mice

are not functional.

3.15 Influence of Aktl Signaling on Downstream Signaling Pathways

It was important to know how the constitutive Aktl signaling in B cells of Akt®%"

BOE B ¢ells had more total

mice influenced downstream pathways. In general, Akt
protein than the same cell numbers of B cells from CD19-Cre mice. Mechanistic
pathway analysis was performed to investigate signaling downstream of Aktl in

Akt®°F mice.
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Figure 3.29: Mechanistic signaling pathway analysis of different pathways regulated by Akt1.

(A) Western blot analysis of the mTOR pathway. Shown are protein levels of a-phospho-mTOR
Ser2448 (289kDa) and a-mTOR (289kDa). 67ug of total protein lysate were used. (B) Western blot
analysis of a-FOXO1 (78-82kDa). 25ug of total protein lysate were used (C) Western blot analysis of
a-phospho-GSK-38 Ser9 (46kDA) and a-GSK3-8 (46kDA). 67ug of total protein lysate were used. A -
C As loading control a-aBTubulin (55kDa) or a-Actin (43kDa) were used. For all blots CD19 MACS

purified splenic B cells rested for 4 hours were used.

For HEK-293 cells it could be shown that the growth factor-induced PI3K/Akt
signaling pathway phosphorylates mTOR at Ser2448 and leads to an elevated activity

of mTOR (Navé, 1999). So we expected, due to Aktl activation, to detect higher

BOE

levels of pmTOR in Akt®°® mice than in controls, but in Akt mice the

overexpression of Aktl did not lead to a higher activation of mTOR (Fig. 3.29A). In

BOE mice in comparison to

contrast, mTOR itself seems to be less expressed in Akt
CD19-Cre controls and pmTor Ser2448 shows similar protein levels compared to

controls (Fig. 3.29A).
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Beside mTOR and many other substrates, also FOXO transcription factors play an
important role in B cells. In B cells only FOXO1 and FOXO3a are expressed and Akt
is known to phosphorylate FOXO (Kerdiles et al., 2009; reviewed in Peng, 2008).
This harms its transcriptional activity and leads to the transport of pFOXO into the
nucleus where it gets degraded (Brunet et al., 1999; Brownawell et al., 2001).
Western blot analysis of FOXO1 revealed less protein levels of FOXO1 in B cell
lysates of Akt®°F
overexpression of Aktl leads to the degradation of FOXO1 (Fig. 3.29B).

Furthermore, the glycogen synthase kinase-3 (GSK-3) is regulated through Akt. GSK-

mice in comparison to CD19-Cre controls, which could hint that

3 is a serine/threonine protein kinase that regulates several physiological processes
such as the phosphorylation and inactivation of glycogen synthase 3 (reviewed in
Welsh et al., 1996). Phosphorylation of GSK-3a at Ser21 and phosphorylation of
GSK-38 at Ser9 through Akt leads to its inhibition (Cross et al., 1995; Sutherland et
al., 1993; Sutherland et al., 1994; reviewed in Li et al., 2015). Analysis of GSK-38
and pGSK-3B revealed slightly higher amounts of GSK3-8 and noticeably more
pGSK3-B in lysates of Akt®°F mice (Fig. 3.29C). Therefore, Aktl overexpression
leads to the phosphorylation of GSK3-8 at Ser9 and could lead to its inhibition.

In general, Notch2 could be observed as an important player in B cell development
and it was shown that MZ B cell development is Notch2 dependent (Hampel et al.,
2011; Saito et al., 2003; Shimizu et al., 2000; Tan-Pertel et al., 2000). Besides
Notch2, Notchl is also expressed in B cells. Notchl can also increase MZ B cell
development and plays a role in peripheral B cell activation and antibody secretion
(Kang et al., 2014). To investigate Notch signaling, Western blot and quantitative
Real-Time analysis for Notchl, Notch? and the target genes of Notch2 were
performed. The analysis of Notch2 protein revealed more Notch2 protein levels in B
cells of Akt®°" mice in comparison to CD19-Cre controls.

Quantitative Real-Time analysis showed significantly less Notch? expression
independent of whether cells were CDI19 positive, CD43 depleted and MACS
purified, or sorted for only MZ B cells (Fig. 3.30A, B). Notchl is also downregulated
at the RNA level in B cells of Akt®°" mice (Fig. 3.30C). In addition to Notch2 and
Notchl, the Notch2 target genes hairy and enhancer of split 1 (Hesl), hairy and
enhancer of split 5 (Hes5) and Deltex] (Dtx1) were investigated. Hes1 and Hes5 are
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direct downstream targets of Notch2 and their activation through Notchl leads to a
disruption of B cell development (Shimizu et al., 2000; Tan-Pertel et al., 2000;
Kawamata et al., 2002). Dtx1 is a Notch signal modulator and a transcriptional target
of Notch and gets regulated by Notch2 (Saito et al., 2003). Previous quantitative Real-
Time analysis of Notch2 target genes Hesl, Hes5 and Dtx] revealed different results
(Saito et al., 2003; Shimizu et al., 2000; Tan-Pertel et al., 2000). Saito et al. could
show that Notch2 regulates Dtx1 expression and that both play a role in MZ B cell
development, whereas Hesl and Hes5 expression are less affected when Notch2 is
absent (Saito et al., 2003). The data shown here also suggests that downregulation of
Notch2 RNA transcripts in MZ B cells of Akt®°" mice leads to downregulation of
Dix] transcription in MZ B cells of Akt®°" mice in comparison to RNA transcripts of
MZ B cells in control mice (Fig. 3.30B, F). The opposite could be observed for

immature and mature resting B cells of Akt®°"

mice (negative purified for CD43)
(Fig. 3.30B, F). The latter showed an increase of D¢x/ RNA levels in comparison to
immature and mature resting B cells of controls (Fig. 3.30B, F). Hes! RNA levels of
MZ B cells from Akt®°* mice were not affected and showed similar transcription
levels as CD19-Cre controls even when Notch2 RNA levels were downregulated (Fig.
3.30B, D). The same was true for immature and mature resting B cells (Fig. 3.30B,
D). However, the downregulation of Notch? seems to downregulate Hes5 in all
investigated B cell populations (Fig. 3.30B, E),

Through the Akt overexpression in B cells of Akt®°"

mice, Notch2 protein levels are
increased, which could explain the increased number of MZ-like B cells. The
increased Notch2 protein levels lead to a reduction in Notch?2 RNA levels, and its
target genes Hesl, Hes5 and DitxI are differentially regulated. Whereas Hes/ RNA
levels seemed to be independent of Notch2 protein and RNA levels, Hes5 RNA
transcription levels decreased with increased Notch2 protein levels and
downregulated RNA levels. DtxI RNA levels seemed to be differentially regulated
through Notch?2 in the different B cell subsets. In MZ-like B cells, the higher levels of
Notch2 protein and the lower levels of RNA seemed to also reduce the relative

expression levels of Dix/, whereas in immature and mature resting B cells, RNA

levels of Dtx1 were upregulated.
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Figure 3.30: Mechanistic signaling pathway analysis of Notch2 and quantitative Real-Time

analysis of Notch1, Notch2 and Notch2 target genes in Akt®°*

and CD19-Cre control mice.

(A) CD43 MACS depleted purified B cells were used to prepare total protein lysates for a-Notch2
Western blot. Shown is Notch2 full length (300kDa), Notch2 transmembrane (120kDa) and Notch2
intracellular region (100kDa). 60ug of total protein lysate were used. a-Actin (43kDa) was used as a
loading control. (B) The relative expression level of Notch2 in CD19/CD43 MACS purified splenic B
cells and MZ-like B cells is shown. (C) Relative Notchl expression in CD19 MACS purified splenic B
cells. (D-F) Relative gene expression levels of the target genes Hesl, Hes5 and Deltex] (DitxI) of
Notch2 in CD43 MACS purified splenic B cells and MZ-like B cells. (B-F) Gene expression levels
were normalized to HPRT from each mRNA preparation. The fold change was calculated in

comparison to the results obtained from CD19-Cre controls. B-F Horizontal bars mark the mean value

+/- SEM. ***P<(.001, **P< 0.01, ns = not significant as calculated using 2-tailed Student ¢ test.
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3.16 Proposed Tumor Development in Akt®°" Mice

It is known that Akt is overexpressed in many kinds of tumors; therefore, we expected
to generate a B cell tumor model by overexpressing Aktl in B cells. Possibly due to

BOE mice (6-8 weeks old) we did not detect tumor formation, so

the young age of Akt
far. B-CLL is by definition, “a proliferation of B lymphocytes that express CD19 or
CD20, CD5, CD23 and low levels of Ig on their surface” (Chiorazzi and Ferrarini,
2003). In this disease, an accumulation of slowly proliferating CD5" B lymphocytes
can be observed that develops with age. To find out if constitutive Aktl leads to an
accumulation of these cells, mice were left to age. These experiments are just in the

beginning stages and no mice have yet been analyzed, but thus far we could observe a

. BOE ___. .
tendency in aged Akt ~ mice (>72 weeks) to lose weight as compared to controls
(Fig. 3.31).
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Figure 3.31: Weight course of aging mice.

(A) The relationship between weight and age in Akt®°" mice in comparison to CD19-Cre controls is
shown. Differences between groups are not significant, except in week 72 and 76. Horizontal bars mark
the mean value +/- SEM. *P< (.05, as calculated using 2-tailed Student ¢ test. (B) Table that displays

the number (n) of mice in the corresponding week.

To proof a possible immunoglobulin production with age, ELISA of blood sera from
17-29 week-old mice was performed. Curiously, the blood sera of aged Akt®°F mice
showed no IgM secretion in comparison to CD19-Cre mice (Fig. 3.32A). In addition,
IgG1 and IgG3 were not detectable compared to CD19-Cre controls (Fig. 3.32B, C).

B cells of aged Akt®°" mice did not secrete immunoglobulins.
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Figure 3.32: Immunoglobulin secretion of blood sera in aged Akt™ " mice.

ELISA for Immunoglobulins of blood sera from 17-29 week-old Akt®°* mice and controls (A) IgM
ELISA (B) IgG1 ELISA (C) IgG3 ELISA. The upper figures show logarithmic scale; lower figures
display linear scale to also include values of zero. Experiment was done once with n = 4-6 mice per
genotype. A-C Horizontal bars mark the mean value +/- SEM. **P< 0.01, ns = not significant as

calculated using 2-tailed Student ¢ test.

3.17 Detailed Analysis of IgM’, IgD" Double Negative B Cell
Population

Igk (Ig kappa) and IgA (Ig lambda) are the two existing light chains and are important
markers for mature B cells (Bernier and Cebra, 1964; Pernis et al., 1965). An
immunoglobulin has either k or A chains and in the BM of wild type mice the ratio of
K to A is 95 to 5 (Takeda et al., 1996; Alt et al., 1980; Langman and Cohn, 1995).
Some B cell tumors showed a shifted Igk, IgA ratio and therefore we investigated Igx
and Igh (Niewmierzycka et al., 2015; reviewed in Jenner, 2014).

BOE

The investigation of k" and A" B cells in BM and spleen of Akt®®" mice revealed an

opposite picture. In BM Akt®%"

mice showed significantly reduced k', A" and double
negative B cells as compared to CD19-Cre controls (Fig. 3.33A, B).

Spleens of Akt”°* mice had significantly more total cell numbers of ¥ and X" B cells
than controls, due to more B cells in Akt®°F mice (Fig. 3.33C, D). Also numbers of B
cell negative for k and A (DN) are significantly increased in spleen of Akt®°* mice in
comparison to CD19-Cre controls (Fig. 3.33D). The same DN population could be

detected in the IgM vs. IgD staining in spleen, PP and PerC (Fig. 3.11). It seems that
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these B cells do not express Igk, Igh, IgM and IgD and are not normal B cells, but

express the surface marker CD19.
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Figure 3.33: Distribution of k and A positive B cells in BM and spleen.
(A) FACS analysis of 6-8 week-old Akt®°* and CD19-Cre control mice in BM. Genotypes and
antibodies are used as indicated. The numbers close to the boxes of lymphocyte populations refer to the

BOF mice were additionally gated on GFP" cells to

percentage of CD19" live cells in the gates. Akt
exclude escapees. Representative plots are shown, experiment was repeated 3 times with n = 3-4 mice
per genotype. (B) Total cell numbers of x, A and double negative cells of BM B cells. For total cell

numbers, all experiments are combined. (C) FACS analysis of splenic cells from 6-8 week-old Akt®°"
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and CD19-Cre control mice. Genotypes and antibodies were used as indicated. The numbers close to
the boxes of lymphocyte populations refer to the percentage of live cells in the gates. Cells were gated
on live cells and CD19" cells. Akt®** mice were additionally gated on GFP to exclude escapees. The
experiment was performed 4 times with 12 mice per genotype each time. (D) Total cell numbers of k, A
and double negative cells in spleen. For total cell numbers, all experiments are combined. B, D DN
stands for double negative. Horizontal bars mark the mean value +/- SEM. ***P< 0.001, *P< 0.05 as

calculated using 2-tailed Student ¢ test.

To investigate if Igk and Ig\ are secreted in the blood sera of Akt®®* mice, ELISA
was performed. Amazingly the blood sera showed less k and A in the blood sera of
Akt®°F mice than in controls (Fig. 3.34A, B). That means that Akt°°" mice express
significantly increased splenic k' and A" B cells but soluble Igk and Igh is
significantly reduced in comparison to the CD19-Cre control mice.
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Figure 3.34: Igk of and Igh concentration in serum Akt®*°* and CD19-Cre mice.
(A) Igh and Igk concentrations in serum of Akt®%F and CD19-Cre mice determined by ELISA. (B)
Figure shows linear y-axis to display also data of zero from IgA. Igk had no zero values and therefore

no other way of representing data is needed.

BOE mice a

During the investigation of surface IgM and IgD in B cells of Akt
population negative for [gM and IgD was observed (Fig. 3.11). The study of the k and
A light chains also revealed this DN population (Fig. 3.33). We assumed that these
CD19" B cells that do not express BCR are able to bypass the process of selection in
the BM. To verify this, Akt®°® mice were crossed to JHT” mice. The JHT” mice
carry a deletion of the Jy segments and the intron enhancer in the IgH locus. This
mouse strain cannot generate functional B cells, because the formation of heavy V
region genes through somatic Vy-Dy-Jy recombination is not functional (Gu et al.,

1993). In this thesis Akt®®" mice crossed to JHT” mice are called Akt” JHTCD19-
Cre"” mice. As controls C57BL/6 mice called wild type (WT) and JHT"CD19-Cre ™"
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mice were used. During our investigations it was observed that JHT"CD19-Cre”" and
Akt JHTCD19-Cre"” did not form PP.

First, we investigated if CD19" B cells developed. As expected in JHT"CD19-Cre*
controls, no CD19" B cells could be detected in the analyzed organs whereas in WT
mice normal CD19" B cells were observed. Amazingly, in Akt” JHT'"CD19-Cre"
mice CD19" cells could be found in all organs. Spleen and PerC showed the most
impressive CD19" population followed by the population in pLN and mLN (Fig.
3.35).
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Figure 3.35: Investigation of CD19 positive B cells in different organs and PerC in Akt” JHT™"
CD19-Cre™” mice.
FACS analysis of 7.5 week-old Akt” THT"CD19-Cre””, WT and JHT"CD19-Cre”" control mice in

spleen, pLN, mLN and PerC. Antibodies used are indicated. The numbers close to the boxes of
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lymphocyte populations refer to the percentage of live cells in the gates. Akt JHT"CD19-Cre"" mice
were additionally gated on GFP" cells to exclude escapees. The experiment was done 3 times with mice
of different ages: firstly, 7.5 weeks (2 WT, 2 JHT"CD19-Cre" and 4 Akt JHT"CD19-Cre"" mice),
secondly, 9.5 weeks (2 WT, 2 JHT CD19-Cre”” and 4 Akt JHTCD19-Cre” mice) and thirdly, 12
weeks (2 WT, 2 JHT CD19-Cre"” and 4 Akt” THT"CD19-Cre"" mice).

In order to identify the type of CD19" cells found in the Akt JHT"CD19-Cre” mice,
stainings for IgM vs. IgD and « vs. A were performed. We assumed that these CD19"
B cells are the DN B cells that already could be observed in the k vs. A and IgM vs.
IgD stainings of Akt®°" B cells (Fig. 3.33; Fig. 3.11). As expected, B cells of WT
mice in spleens and PerC showed IgM" and IgD" cells, whereas in pLN and mLN
only IgD" cell could be observed (Fig. 3.36A-D upper staining). WT mice showed no
DN population (Fig. 3.36A-D upper staining). In spleen, pLN, mLN and PerC k" and
A" B cells could be detected in WT and no DN cells could be seen. Due to no CD19"
B cells in JHT"CD19-Cre™" controls no k', A" nor DN cells could be observed. Also
in Akt” JHT"CD19-Cre”” mice no " and A" cells could be detected in all
investigated organs and PerC but all CD19" cells were DN (Fig. 3.36A-D middle
staining). This was most impressive in spleen and PerC, whereas in pLN and mLN
few DN cells could be detected, even when the number of cells next to the gates
seemed to be high (Fig. 3.36A-D upper staining).

Next we gated on the DN cell population of the «k vs. A staining and following on IgM
and IgD (Fig. 3.36A-D lower staining). Obviously the CD19" DN cells found in Akt™"
JHTCD19-Cre”” mice were the same DN cell population detected in the IgM vs.
IgD staining. This was true for all organs and PerC, whereas this population was also
most impressive in spleen and PerC (Fig. 3.36A-D lower staining). It seems that
through the constitutive Akt] overexpression in Akt” JTHTCD19-Cre"” mice B cells
do not undergo BCR selection and leave the BM without a functional BCR. So the
Aktl overexpression leads to the generation of CD19" B cells that can leave the BM

even without a functional BCR.
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Figure 3.36: Investigation of CD19 positive and double negative B cells in different organs and
PerC of Akt JHT"CD19-Cre" mice.

FACS analysis of 7.5 week-old Akt JHT"CD19-Cre”, WT and JHT"CD19-Cre”" control mice in
(A) spleen (B) pLN, (C) mLN and (D) PerC Antibodies used are indicated. The numbers next to the
gates refer to the percentage of CD19" live cells. Akt JHTCD19-Cre"” mice were additionally gated
on GFP" cells to exclude escapees. The experiment was performed 3 times with mice of different ages:
firstly, 7.5 weeks (2 WT, 2 JHTCD19-Cre” and 4 Akt JHT"CD19-Cre” mice), secondly, 9.5
weeks (2 WT, 2 JHTCD19-Cre”" and 4 Akt JHT"CD19-Cre"" mice) and thirdly, 12 weeks (2 WT, 2
JHT"CD19-Cre™" and 4 Akt JHT"CD19-Cre"” mice).
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3.18 Overexpression of Aktl in a Later Phase of B Cell Development

The CD19-Cre mouse used for the previous experiments leads to recombination
already at the pro-B cell or early pre-B cell stages in the B cell development of the
BM (Rickert et al., 1997; Engel et al., 1995). To investigate, if the observed influence

of a constitutively active overexpression of Aktl in Akt®%"

mice is due to very early
Aktl overexpression already in the BM, Aktl overexpression in a later phase of B cell
development had to be investigated. Therefore the Aicda-Cre mouse was crossed to
the Rosa-Akt-C mouse (Akt”"AID-Cre™) (Qin et al., 2011; Kwon et al., 2008). In B
cells the Aicda-Cre deletes in GC B cells (Kwon et al., 2008; Muramatsu et al., 2000).
It is known that Aicda expression is not unique for B cells; it is also expressed in
CD4" T cells and in different organs such as mouse ovary and human testis (Morgan
et al., 2004; Qin et al., 2011; Schreck et al., 2006). To be able to detect in which cells
beside B cells Adicda is expressed Aicda-Cre mice were crossed to EYFP mice
(EYFP""AID-Cre""). EYFP mice express the reporter yellow fluorescent protein
(YFP) and then Aicda expression is visible.

The first impressive observation was that Akt”"AID-Cre”” mice died very early.
Females die already at the age of 6.5-12.5 weeks while males die between 8-24 weeks
of age (Fig 3.37). In Akt”"AID-Cre” mice a weight loss of about 1 gram was
observed = one week before they died. The weight loss correlated with the sickness of

the Akt AID-Cre™ mice.

100 N
< 80- —— control (n= 30)
g -#- female (n= 25)
o 60 - male (n= 38)
G 401
o
[0)
o 204
0 T T T T T T T T T T T e
0O 2 4 6 8 10 12 14 16 18 20 22 2
Week

Figure 3.37: Survival of Akt AID-Cre™ mice in comparison to EYFP""AID-Cre"" controls.
Shown is the percentage per week of survival of female (red) and male Akt"” "AID-Cre"” mice (grey) in

comparison to EYFP"AID-Cre"" controls (black) in week.
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The second very interesting observation was that Akt”"AID-Cre”” mice showed large
pLN that were partly encapsulated, and in females extreme enlarged ovaries could be
detected (Fig. 3.38 A-C, G, H). Spleen sizes of Akt”"AID-Cre”” mice and EYFP™"
AID-Cre"” controls were comparable (data not shown). In one Akt”"AID-Cre”” male
a large thymus was seen and in 10 females and 2 males just relicts of thymi could be
observed (Fig. 3.38 E, F). Another exciting observation was that most of the males

develop long grey hair with age. The male in the picture was 20 weeks old (Fig. 3.38

Figure 3.38: Abnormal observations in Akt”"AID-Cre"” mice.

(A) Shown is a female Akt”"AID-Cre”” mouse with swollen abdomen (see white darts). (B) The white
darts indicate the altered pLN of the Akt AID-Cre”" mouse in (A). (C) Shown are the large and
encapsulated pLN of Akt”"AID-Cre”” mouse marked with white arrows. (D) Akt”"AID-Cre"”" male that
has long, grey hair. The mouse displayed is 20 weeks old. (E) Enlarged thymus in Akt”"AID-Cre"”
mouse (see white dart). (F) Relicts of thymus marked with white darts. (G) Top view abdomen. Darts
mark enlarged ovaries in Akt”"AID-Cre” mouse. (H) Shown are the enlarged ovaries of Akt AID-

Cre”” mouse, marked with white darts.

After all these interesting observations, FACS analysis was performed to investigate
the influence of constitutive Aktl expression in later phases of B cells. The
investigation of B and T cell distribution in spleen revealed YFP'/GFP" cells not only
in B cells. Interestingly, YEP'/GEP" cells could also be seen in T cells in EYFP™"
AID-Cre"" controls and in Akt”"AID-Cre"” mice (Fig. 3.39A, B, C). DN cells also
expressed YFP'/GFP" cells (Fig. 3.39D). Therefore Aicda expression is not restricted
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to B cells, and thus Aktl is overexpressed also in a minor population of T cells of

Akt”"AID

+/- .
-Cre™" mice.

In conclusion, in splenic B, T and DN cells Aicda is expressed and therefore, also

Aktl is constitutively active in these cells, which implicates a role for Aicda in cell

types other than B cells.
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Figure 3.39: Distribution of splenic B and T cells in Akt”AID-Cre” and EYPF"AID-Cre™

control mice.

(A-D) FACS analysis of Akt""AID-Cre"”” and EYFP""AID-Cre"” mice. Antibodies were used as

indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of live
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cells in the gates. Experiment was repeated 3 times with n = 3 mice per genotype. DN stands for double

negative.

Since we detected YFP' cells (dicda expressing cells) also in T cells, different T cell
subsets were analyzed. By FACS analysis we could show a similar distribution
between splenic CD4" and CD8" T cell populations between the genotypes and both
populations showed YFP'/GFP" cells. In Akt”"AID-Cre”” mice, GFP" cells showed
increased percentages in comparison to YFP' cells in controls due to the Aktl
overexpression in Akt”"AID-Cre"” mice (Fig. 3.40A).

To show which T cell population express GFP/YFP on the surface and therefore
constitutively express Aktl, CD4" and CD8" T cell subsets were investigated. The
investigation of CD8" naive, memory effector and effector T cells revealed that
YFP'/GFP', CD8" T cells are effector T cells (Fig. 3.40B). The same was true for
CD4" T cell subpopulations, but here the population of YFP"/GFP" memory effector
T cells was larger than in the CD8" T effector cell populations (Fig. 3.40C).
Collectively, GFP/YFP expression was observed in CD8" effector T cells and CD4"
memory effector T cells and therefore, constitutive Aktl expression in T cells of

Akt AID-Cre"" mice seemed to be restricted to these T cell populations.
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Figure 3.40: Distribution of splenic T

control mice.
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(A) FACS analysis of CD8" and CD4" T cells in spleen. Genotypes were used as indicated. The
numbers close to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the
gates. Experiment was repeated 3 times with n = 3 mice per genotype. (B) Displays CD8" naive
(CD62L", CD44’), memory effector (CD62L", CD44") and effector T cells (CD62L", CD44"). The
numbers close to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the
gates. (C) Displays CD4 " naive (CD62L", CD44") and memory effector T cells (CD62L", CD44"). The
numbers close to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the

gates.

In pLN more B cells and less T cells could be observed in Akt”"AID-Cre"” mice in
comparison to the EYFP”"AID-Cre"” control mice (Fig. 3.41A-C). Similarly to
spleen, in pLN B as well as T cells were positive for YFP/GFP and also DN (CD3",
B220°) cells were YFP'/GFP" (Fig. 3.41B-D).
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Figure 3.41: Distribution of B and T cells in Akt”AID-Cre”” and EYFP""AID-Cre™" control mice

in pLN.

(A-D) FACS analysis of Akt”"AID-Cre”” and EYFP""AID-Cre”” in pLN. Antibodies are used as

indicated. The numbers close to the boxes of lymphocyte populations refer to the percentage of live

cells in the gates. Experiment was repeated 3 times with n = 3 mice per genotype. DN stands for double

negative.

We also investigated the different T cells subsets in pLN. In general, CD4" and CD8"
T cells showed a population of YFP'/GFP" cells (Fig. 3.42A). The analysis of CD8"

naive, memory effector, and effector T cells revealed mainly YFP"/GFP" effector T
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cells (Fig. 3.42B). Also in CD4" T cell subsets of memory effector T cells were the
affected cells that expressed YFP and GFP (Fig. 3.42C).

In summary, CD4" T cells of Akt”"AID-Cre”" mice showed in general more GFP
expression than CD8" T cells and therefore higher numbers of CD4" T cells of Akt™
AID-Cre"” express Aktl constitutively. In general, CD4" memory effector and CD8”
effector T cells are the subpopulation of T cells that express Aicda and therefore

overexpress Aktl.
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Figure 3.42: Distribution of T cell subsets in Akt AID-Cre”” and EYFP""AID-Cre™ control mice
in pLN.
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(A) FACS analysis of CD8" and CD4" T cells in pLN. Genotypes are used as indicated. The numbers
close to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the gates.
Experiment was repeated 3 times with n = 3 mice per genotype. (B) Displays CD8" naive (CD62L",
CD44), memory effector (CD62L", CD44") and effector T cells (CD62L", CD44"). The numbers close
to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the gates. (C)
Displays CD4" naive (CD62L", CD44") and memory effector T cells (CD62L"°, CD44"). The numbers

close to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the gates.

In mLN it was the same as in spleen and pLN: YFP" and GFP" cells could be detected
in B, T and DN cells (Fig. 3.43B-D). Further analysis of CD8" and CD4" T cells
showed that CD4" T cell had more YFP'/GFP" cells than CDS" T cells (Fig. 3.44A).
The investigation of CD4" and CD8" T cells subsets again showed YFP'/GFP" CD4"
memory effector T cells and CD8" effector T cells, whereas CD4" memory effector T
cells of Akt”"AID-Cre"” mice display a real dominant subset (Fig. 3.44B, C).
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Figure 3.43: Distribution of B and T cells in Akt”"AID-Cre”” and EYFP""AID-Cre™" control mice
in mLN.

(A-D) FACS analysis of mLN of B and T cells in Akt AID-Cre” and EYFP""AID-Cre"" mice.
Antibodies are used as indicated. The numbers close to the boxes of lymphocyte populations refer to
the percentage of live cells in the gates. Experiment was repeated 3 times with n = 3 mice per

genotype. DN stands for double negative.
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Figure 3.44: Distribution of T cell subsets in Akt AID-Cre”” and EYFP""AID-Cre™ control mice

in mLN.
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(A) FACS analysis of CD8" and CD4" T cells in mLN. Genotypes are used as indicated. The numbers
close to the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the gates.
Experiment was repeated 3 times with n = 3 mice per genotype. (B) Displays CD8" naive (CD62L",
CD44), memory effector (CD62L", CD44") and effector T cells (CD62L", CD44"). The numbers close
to the boxes of lymphocyte populations refer to the percentage of live cells in the gates. (C) Displays
CD4" naive (CD62L", CD44") and memory effector T cells (CD62L°, CD44"). The numbers close to

the boxes of lymphocyte populations refer to the percentage of CD3" live cells in the gates.

As already observed in spleen, pLN and mLN, also in PP T cells as well as B cells
and DN cells showed YFP'/GFP" cells (Fig. 3.45A-D).
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Figure 3.45: Distribution of B and T cells in Akt” AID-Cre”” and EYFP""AID-Cre™" control mice

in PP.

(A-D) FACS analysis of PP of B and T cells in Akt AID-Cre”" and EYFP""AID-Cre”" mice.

Antibodies are used as indicated. The numbers close to the boxes of lymphocyte populations refer to

the percentage of live cells in the gates. Experiment was repeated 3 times with n = 3 mice per

genotype, 5 PP each mouse. DN stands for double negative.

In conclusion, in all investigated organs, B and T cells as well as DN cells showed

YFP expression and therefore constitutively active Aktl expression in B, T and DN

cells of Akt”"AID-Cre”" mice. Nevertheless, T cell subset analysis showed YFP
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expression and resulting constitutive Aktl expression in both CD8" effector T cells
and CD4" memory effector T cells, although expression was stronger in CD4"
memory effector T cells.

Due to the observed expression of YFP in T cells and that some mice showed an
enlarged thymus and some showed only small relicts of the thymus, it was also
relevant to investigate the thymus of Akt""AID-Cre” mice. Interestingly, with
sickness progression of Akt”"AID-Cre” mice, more B cells migrated into the thymus.
Whereas in controls nearly no B cells (0.7%) were detected, in mildly sick Akt AID-
Cre”” mice were 2.5% and in very sick Akt"”"AID-Cre"” mice enormous 52% B cells
were detectable (Fig. 3.46A). A proportion of these B cells show GFP expression
(Fig. 3.46C). Also very few T cells of Akt”"AID-Cre”" mice showed GFP (Fig.
3.46B). With the increasing number of B cells that migrate into the thymus, the DN
population decreased (Fig. 3.46A). The DN cells in Akt”"AID-Cre”" mice also
contained GFP" cells (Fig. 3.46D).
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Figure 3.46: Distribution of B and T cells in thymus of Akt”"AID-Cre”” and EYFP""AID-Cre"™

control mice.

(A-D) FACS analysis of thymic B and T cells in Akt"AID-Cre” and EYFP""AID-Cre”" mice.

Antibodies are used as indicated. The numbers close to the boxes of lymphocyte populations refer to

the percentage of live cells in the gates. Experiment was repeated 3 times with n = 3 mice per

genotype. DN stands for double negative. Plots are gated on live cells.
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Figure 3.47: Distribution of thymic T cell subsets in Akt” AID-Cre”” mice and EYFP™"AID-Cre™

control mice.
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(A) FACS analysis of CD8" and CD4" T cells in thymus. Genotypes were used as indicated. The
numbers close to the boxes of lymphocyte populations refer to the percentage of live cells in the gates.
Experiment was repeated 3 times with n = 3 mice per genotype. DP stands for double positive. (B)
Displays CD8" naive (CD62L', CD44), memory effector (CD62L", CD44") and effector T cells
(CD62L", CD44"). The numbers close to the boxes of lymphocyte populations refer to the percentage
of CD3" live cells in the gates. (C) Displays CD4" naive (CD62L", CD44") and memory effector T
cells (CD62L°, CD44"). The numbers close to the boxes of lymphocyte populations refer to the

percentage of CD3" live cells in the gates.

Analysis of CD8" and CD4" T cells in thymus showed a normal T cell development in
EYFP""AID-Cre"” controls and less sick Akt”"AID-Cre"” mice (Fig. 3.47A). In
general, sick Akt"”"AID-Cre"" mice showed a strongly decreased double positive (DP)
T cell population and increased CD4", CDS8" T cells and DN cells (Fig. 3.47A). In
contrast, in very sick Akt”"AID-Cre"” mice CD4", CD8" DP T cells are not detectable
anymore and DN cells as well as CD4" and CD8" T cells were increased in
comparison to controls (Fig. 3.47A). GFP expression in CD8" and CD4" T cells and
therefore Aktl overexpression was only detectable in sick and very sick mice,
whereas EYFP""AID-Cre"” controls and less sick Akt”"AID-Cre”” showed no
YFP'/GFP" CD8" and CD4" T cells (Fig. 3.47A). This was also true for CD4"
memory effector and CD8" effector T cells (Fig. 3.47B, C). It is amazing, that due to
the Aktl overexpression mice get really sick and in this very sick mice the thymus

look as a secondary lymphoid organ.

After the investigation of T cell subsets, B cell subsets in spleen were also studied.
The splenic distribution of IgM" and IgD" B cells showed only IgM" GFP" B cells in
Akt AID-Cre"”” mice, whereas EYFP""AID-Cre™ mice displayed also IgD” YFP' B
cells (Fig. 3.48). So in Akt”"AID-Cre” mice the Aktl overexpression led to the same
phenotype as already observed in Akt®°" mice (Fig. 3.48; Fig. 3.11).
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Figure 3.48: FACS analysis of splenic IgM and IgD positive B cells in Akt”"AID-Cre” mice and
EYFP""AID-Cre"” control mice.

FACS analysis of Akt”"AID-Cre”” and EYFP""AID-Cre"" mice. Antibodies were used as indicated.
The numbers close to the boxes of lymphocyte populations refer to the percentage of CD19" live cells

in the gates. Experiment was repeated 3 times with n = 3 mice per genotype.

Also analysis of splenic immature and mature B cells in Akt”"AID-Cre” mice

BOF mice, decreased immature B cell populations in comparison to

showed, as in Akt
controls (Fig. 3.49A; Fig. 3.16A, B). The same was true for splenic T2 and T3 B cells
of Akt"”"AID-Cre”” mice in comparison to EYFP""AID-Cre™" control mice. In Akt™"
AID-Cre”” mice T1 B cells strongly increased in comparison to EYFP""AID-Cre"”
controls and T2 and T3 populations are highly reduced (Fig. 3.49B). This was already
shown for Akt®°* mice and leads to the assumption that the influence of constitutive
Aktl expression in B cells is not dependent of the time point at which it gets

expressed (Fig. 3.16C, D).
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Figure 3.49: Distribution of splenic mature and immature B cells as well as transitional B cells in
Akt""AID-Cre™ mice and EYFP™"AID-Cre"" control mice.

(A) FACS analysis of splenic mature (B220", AA4.1") and immature (B220", AA4.1") B cells in Akt
AID-Cre"” and EYFP""AID-Cre”" mice. Antibodies were used as indicated. The numbers close to the
boxes of lymphocyte populations refer to the percentage of CD19" live cells in the gates. Experiment
was repeated 3 times with n = 3 mice per genotype. (B) FACS analysis of splenic T1 (Ithigh, CD23)),
T2 (IgM"" CD23") and T3 (IgM"", CD23") B cells in Akt”"AID-Cre"” and EYFP""AID-Cre"" mice.

Antibodies were used as indicated. The numbers close to the boxes of lymphocyte populations refer to
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the percentage of live cells in the gates. Plots are additionally gated on CD19" B cells and AA4.1"

cells. Experiment was repeated 3 times with n = 3 mice per genotype.
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Figure 3.50: Distribution of splenic MZ, FO and T1 B cell populations in Akt”"AID-Cre” mice

vs. controls.

(A) FACS analysis of splenic B cells from Akt”"AID-Cre”" and EYFP""AID-Cre™" control mice.
Displayed are FO (CD21™, CD23"), MZ (CD21™", CD23") and the T1 (CD21"", CD23") B cells. The

numbers close to the boxes of lymphocyte populations refer to the percentage of live cells in the gates.
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Cells were gated on live cells and CD19" cells. Experiment was repeated 3 times with n = 3 mice per
genotype. (B) Shown are FO (CD21™, CD1d""), MZ (CD21"¢", CD1d"®") and T1 (CD21"",
CDldl"W) B cells. The numbers close to the boxes of lymphocyte populations refer to the percentage of

CD19" live cells in the gates. Experiment was repeated 3 times with n = 3 mice per genotype.

The investigation of MZ B cell populations in the spleen revealed, as in the Akt®%"

mice, mainly MZ-like B cells, no FO B cells, and a small population of T1 B cells in
Akt AID-Cre™" in comparison to B cells of EYFP""AID-Cre™ controls (Fig. 3.50A,
B; Fig. 3.13A, B).

In summary the influence of constitutively expression of Aktl on MZ B cell fate

decision seemed not to be dependent at the time point of expression, cause Akt®°"

mice and Akt”"AID-Cre"” showed the same strong MZ-like B cell population.

sick very sick sick very sick
EYFP""AID-Cre*" Akt"-AID-Cre*" Akt"-AID-Cre™ EYFP""AID-Cre*" Akt"-AID-Cre™" Akt”AID-Cre*"

A w‘ 1] ] Spl B 10y o w] LN

1gG1
1gG1

YFP* «|GFP* w|GFP*

1961 ———>»
1gG1 ———»
23 3 3 3
5 &

e e e e

IgM
sick very sick sick very sick
EYFP*AID-Cre™" Akt"AID-Cre™ Akt”AID-Cre™" EYFP""AID-Cre™ Akt"-AID-Cre™ Akt”AID-Cre™"
105 " ol PP

(¢}
1gG1 ———>
3
o
3
3
2
4
o
19G1 ———>»

o YFP* «|GFP*

1I9G1 ——»
1961 ——»

IgM
Figure 3.51: Surface IgG1 expression in different organs of Akt”AID-Cre” and EYFP"AID-
Cre"” control mice.

(A-D) FACS analysis of IgGl expression in B cells from different organs of Akt"AID-Cre”" and
EYFP"AID-Cre™" control mice. The numbers close to the boxes of lymphocyte populations refer to
the percentage of CD19" live cells in the gates. Experiment was repeated 3 times with n = 3 mice per

genotype. (A) Spleen (B) pLN (C) mLN (D) PP, 5 PP each mouse.
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Surface IgG1 could be detected in EYFP""AID-Cre”" controls but not in Akt”"AID-
Cre"” mice in spleen, pLN, mLN and PP (Fig. 3.51A-D). The overexpression of Aktl
also seem to have an influence on the GFP™ B cells, because also these cell do not
switch to IgG1. So the overexpression of Aktl also led to a block of surface IgG1
expression in a later phase of B cell development.

Taken together in Akt"”"AID-Cre"”” mice the MZ-like B cell phenotype could be

BOE mice. As with

observed as well as the inability to produce surface IgG1 as in Akt
Akt®°F mice, all B cells in Akt”"AID-Cre”” mice were IgM " and did not express IgD.
From the three different transitional B cell populations, Akt AID-Cre”" mice showed
only T1 B cells, similar to Akt®°" mice. Besides this, Akt”"AID-Cre"” mice showed
CD4" memory effector and CD8" effector T cells that are GFP" and therefore these

cells also overexpress Aktl.
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4 Discussion

Akt belongs to the serine/threonine kinases and is overexpressed in many human
diseases such as diabetes and hypertrophy, as well as in many different forms of
cancer including ovarian carcinomas, colon carcinogenesis, gastric adenocarcinomas
and B cell chronic lymphocytic leukemia (B-CLL) (Cross et al., 1995; George, 2004;
Cho, 2001; Shiojima et al., 2005; Roy, 2002; Cheng et al., 1992; Staal, 1987;
Hofbauer et al., 2010). It exists in three different isoforms: Aktl/PKBo/RAC-PKa,
Akt2/PKBB/RAC-PKS and Akt3/PKBy/RAC-PKy, which share similar structures and
functions (Jones et al., 1991b; Coffer and Woodgett, 1991; Staal, 1987; Konishi et al.,
1995; reviewed in Yang et al., 2004b; Altomare et al., 1998; Brodbeck et al., 1999;
reviewed in Cohen, 2013).

Gene ablations showed that besides BCR, NFxB, and Notch2 signaling also PI3K/Akt
signaling is critically involved in MZ B cell differentiation or maintenance or both
(Rickert et al., 1995; Engel et al., 1995; Gu et al, 1993; Cariappa et al., 2000; Saito et
al., 2003; Fruman et al., 1999; Clayton et al., 2002; Calamito et al., 2010). However,
until now the effects of constitutive Akt signaling on B cell differentiation and
activation are still under debate. In this thesis, we describe the analysis of a transgenic
mouse strain, expressing Aktl upon Cre-mediated recombination in B cells. The
Rosa-Akt-C mouse was crossed to a CD19-Cre mouse, to overexpress Aktl in B cells

BOE mice). It is known

already at the pro-B cell or early pre-B cell stage (termed Akt
that Akt is activated in B-CLL and therefore the aim of the project was to generate a
mouse line that possibly develops B cell cancer, such as a B-CLL. B-CLL is a special
form of non-Hodgkin lymphoma where an activation of Akt could be detected and
where the direct inhibition of Akt leads to the apoptosis of B-CLL cells (Hofbauer et
al., 2010). Besides studies of Aktl overexpression at early stages of B cell
development using the CD19-Cre, the Rosa-Akt-C mouse was also crossed to Aicda

(AID)-Cre mice to investigate the influence of Aktl overexpression in later stages of

B cell development.
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4.1 Constitutive Aktl expression Leads to MZ-like B Cell

Development Directly From T1 B Cell Precursors
Akt®°F mice showed increased size of spleens due to significantly increased numbers
of B and T cells as well as mature macrophages, monocytes, and neutrophils as
compared to controls. The increased number of B cells was due to a massive
accumulation of MZ-like B cells at the expense of FO B cells.
Immature B cells that migrate as T1 B cells into the spleen and further differentiate to
T2 B cells. T1 B cells are AA4", IgM™" and negative for CD23 whereas T2 B cells
are AA4", IgM™" and CD23" (Allman et al., 2001). It is still in discussion at which
developmental stage immature B cells are committed to become either a FO or a MZ
B cell. However, in general, T2 B cells are thought to be direct precursors of MZ and
FO B cells (Merrell et al., 2006).
The Aktl overexpression in B cells led to the development of T1 B cells exclusively,
therefore we propose that Aktl expressing MZ-like B cells are generated from T1 B
cells. This is in accordance with other reports suggesting that MZ B cells mainly
branch from T1 B cells (Loder et al., 1999; Hampel et al., 2011; Roundy et al., 2010).
For example, mice overexpressing Notch2 only in B cells have a MZ phenotype and
also show an accumulation of T1 B cells, suggesting that in this mouse model MZ B
cells develop directly from the T1 stage (Hampel et al., 2011). Further, Roundy et al.
showed that cells in vitro with a MZ phenotype which developed from CD23"
populations were more robust than cells from CD23" transitional B cells, suggesting a
direct maturation from T1 B cells to MZ cells (Roundy et al., 2010).
In summary, constitutive Aktl expression in B cells leads to a developmental block
from T1 to T2 B cell stages possibly due to the inability to express CD23 and MZ-like
B cells seems to develop from T1 B cells. The loss of CD23 expression is discussed in

the next section (4.2).

4.2 Overexpression of Aktl in Akt®°F Mice Leads to a Loss of the

Surface Marker CD23
FO B cells are, besides other important surface markers, defined through CD23
(FceRID) expression (reviewed in Pillai and Cariappa, 2009). CD23 is expressed on
mouse B cells and follicular DCs (FDCs) and functions as a low-affinity receptor for

IgE (Bonnefoy et al., 1987; reviewed in Gould et al., 2008). It is involved in the
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regulation of IgE production and is important for the survival of GC B cells (Vander-
Mallie et al., 1982; Liu et al., 1991). Due to the fact that B cells from Akt®°F mice

BOE .
© mice

revealed no CD23 expression on the surface, the loss of FO B cells in Akt
can be explained.

In general, CD23 can be found in soluble form in sera when cleaved by ADAMI10
(Gibb et al., 2010). However, sCD23 was not detectable in blood sera of Akt®°F mice
and, in addition, CD23 RNA expression levels in B cells of Akt®°F mice were
decreased.

Knockout of CD23 in mice led to the absence of B cells that express CD23 (Fujiwara
et al.,, 1994). This was also true for mice that constitutively express Aktl; therefore,
Aktl overexpression can regulate the expression of CD23 and lead to MZ B cell fate
decision.

Pierau et al. could show similar MZ B cell numbers in controls and transgenic mice
overexpressing Aktl constitutively active, whereas FO B cells revealed only a slight
reduction in this Aktl overexpressing mouse model compared to controls (Pierau et
al., 2012). Due to an overexpression of Aktl in all cells and not specifically in B cells
as in Akt"°F mice, it is possible that general Aktl overexpression leads to a different

BOE __ -
0 mice.

phenotype as seen in Akt
In conclusion, constitutive Aktl signaling prohibits CD23 expression and therefore

leads to MZ fate decision and FO B cell development is underprivileged.

4.3 Constitutive Aktl Signaling Leads to MZ-like B Cell
Development Independent of CD19

An established scenario is that MZ B cell development is dependent on PI3K
activation downstream of BCR signaling and subsequent activation of Akt (Srinivasan
et al., 2009; Calamito et al., 2010; reviewed in So and Fruman, 2012). Deficiency of
the BCR co-receptor CD19 leads to a defective MZ B cell development, as well as
mutations in the PI3K isoforms p110d (Rickert et al., 1997; Clayton et al., 2002). The
constitutive activation of PI3K through deficiency of phosphatase and tensin homolog
(PTEN), a negative regulator of PI3K signaling, leads to a significant increase in MZ
B cells (Suzuki et al., 2003). In this work, we show that constitutive Aktl expression
in CD19-deficient B cells can overcome the defect in MZ B cell differentiation.
Therefore, the differentiation into MZ-like B cells is independent of the BCR CD19

co-receptor in the case of B cell specific Aktl overexpression.
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This could also be shown for constitutive Notch2 activity in transgenic
Notch2IC//CD19-Cre” mice (called Notch2IC//CD19-Cre™" in the paper). Here, the
activation of B cells through Notch2 leads to the hyper activation of MAPK and
PI3K/Akt signaling and, in the case of CD19 knockout, to the generation of MZ B
cells nevertheless (Hampel et al., 2011). Also for the inactivation of PTEN in addition
to CD19 deficiency, MZ B cell development through PI3K/Akt signaling could be
observed (Anzelon et al., 2003). That again underlines the dispensability of CD19 in

the case of constitutive Aktl expression during MZ B cell maturation.

4.4 FOXOI1 and Notch2 Regulation in Akt®*°" Mice

For MZ B cell development, the downregulation of FOXO1 is important (Dengler et
al., 2008; Chen et al., 2010). This downregulation is mediated by FOXO
phosphorylation through Akt (Dengler et al., 2008; Hinman et al., 2009; Lin et al.,
2010). In B cells of Akt®°" mice, the protein level of the transcription factor FOXO1
is downregulated, verifying the theory of the Akt-FOXO axis. That theory is
implicated, with high PI3K/Akt activity, in the downregulation of FOXO and the
development of MZ B cells, CD138" plasmablasts and low-affinity IgM plasma cells
(reviewed in Limon and Fruman, 2012; Dengler et al., 2008). CD138" plasmablasts
and low-affinity IgM plasma cells develop in general from MZ B cells (Martin et al.,
2001). High FOXO activity and low PI3K/Akt leads to GC development, CSR and
SHM followed by the development of high-affinity plasma cells and memory B cells
(reviewed in Limon and Fruman, 2012). Chen et al. could show that the deletion of
FOXO1 leads to MZ B cell development also in case of CD19 knockout and Calamito
et al. showed that the complete knockout of Aktl and Akt2 leads to the loss of MZ B
cells, whereas in mice with a deletion of either Aktl or Akt2, proper MZ B cell
development can still take place (Chen et al., 2010; Calamito et al., 2010). This leads
to the assumption that the overexpression of Aktl and the resulting loss of FOXO1
function impair the cell fate decision to FO B cells, thereby explaining the loss of FO
B cells in Akt®°" mice and resulting in MZ B cell development.

In MZ fate decision also Notch2 plays an important role. A strong BCR signal in
transitional B cells induces FO B cell maturation, whereas a weak BCR signaling
allow cells to develop to MZ B cells due to Notch2 signaling (reviewed in Pillai and
Cariappa, 2009). Increased protein levels of Notch2 could also be detected in B cells

of Akt”°F mice, indicating an advantage for MZ B cell generation (Saito et al., 2003;
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Hampel et al., 2011). Furthermore, Dtx1 expression is suggested to be regulated by
Notch2 and that both play a role in MZ B cell development, whereas Hes/ and Hes5
are only less affected, in the case of Notch2 deficiency (Saito et al., 2003). Further
investigations of Notch2 target genes such as Dtx1 and the general Notch receptor
targets Hesl and Hes5 in MZ-like B cells of Akt®°" mice, revealed only Hes5 and
Dtx1 are direct downstream targets of Notch2; Hes! transcription was less affected by

downregulation of Notch2. In contrast to the findings in MZ B cells of Akt®°"

mice,
Shimizu and Tan-Pertel suggest that besides Hes3, Hes! also is a downstream target
of Notch (Shimizu et al., 2000; Tan-Pertel et al., 2000). Overall, stating that the
induction of Hes1 and Hes5 disturb B cell development seems to be only partially true
for Aktl overexpression in MZ B cells (Kawamata et al., 2002).

In summary, MZ-like B cells of Akt®°" mice express higher protein levels and lower
transcription levels of Notch2, affecting the transcription of Hes5 and Dtx1. However,
there is no effect on Hes/ transcription levels. So the overexpression of Aktl in MZ-

like B cells of Akt®°* mice leads to the downregulation of Notch2 therefore possibly

having a direct effect on the downregulation of Hes5 and Ditx1.

4.5 The Loss of BCR Signaling in Akt®*°" Mice

It is known, that in B cells, ligation of the BCR co-receptor complex consisting of
CD19, CDS81, or CD21 is needed to activate PI3K and Akt, leading to MZ B cell
development (Calamito et al., 2010; Otero et al., 2001; Tuveson et al., 1993). In the
process of BCR signaling, the receptor phosphorylates and activates Syk and Lyn
(reviewed in Campbell, 1999; reviewed in Kurosaki, 1999). Syk subsequently
phosphorylates and activates BLNK/SPL-65 and PLCy; phosphorylation of
BLNK/SLP-65 is required for membrane localization of PLCy (Fu et al., 1998;
Wienands et al., 1998). Lyn phosphorylates the tyrosine kinase Btk that together with
Syk activates PLCy, resulting in BCR mediated Ca®" signaling (Takata et al., 1994;
Takata and Kurosaki, 1996; Fluckiger et al., 1998).

Upon activation of the BCR by algM stimulation, B cells of Akt®°"

mice showed no
proliferative capacities. In addition, no Ca®" flux could be induced although an
increase in basal Ca*" levels was observed when compared to CD19-Cre controls. As
seen in B cells of Akt®°" mice, anergic cells in general fail to mobilize Ca®" after
BCR engagement but show elevated basal intracellular Ca*" levels (reviewed in

Cambier et al., 2007; Healy et al., 1997; Cooke et al., 1994). Anergy is a process
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where autoreactive B cells able to bind self-antigens through low-affinity recognition,
are silenced (Healy et al., 1997; reviewed in Goodnow et al., 2005; reviewed in
Goodnow, 1997). It is possible that through the overexpression of Aktl B cells
become anergic and do not react to signals coming from the BCR. Through the

possible anergy of MZ-like B cells in Akt®°"

mice and the Aktl overexpression, these
cells cannot undergo apoptosis and they remain as anergic MZ-like B cells that are
unable to respond to BCR signaling (Bommhardt et al., 2004).

In addition to positive functions as Ca®" flux, Lyn also mediates negative pathways by
phosphorylating the BCR co-receptor CD22. CD22 recruits and phosphorylates
Suppressor of High-copy PP1 (SHP-1), which leads to the downregulation of the BCR
signaling (Nishizumi et al., 1998; Smith et al., 1998; Chan et al., 1998; Cornall et al.,
1998). In B cells of Akt®®® mice Lyn phosphorylation was observed, but
phosphorylation of Syk could not be detected. It is possible that the constitutively

active overexpression of Aktl in Akt"°F

mice leads to a negative feedback loop,
which blocks the BCR. pLyn triggers the phosphorylation and activation of the BCR
co-receptor CD22, therefore resulting in a downregulation or complete hindering of
BCR signaling and blocked phosphorylation of Syk, to avoid more and more MZ-like
B cell lineage development.

Whereas B cells of Akt®®" mice did not respond via algM stimulation they are
responsive to the stimulation of other receptors. After the stimulation of TLR4 and
TLRY through LPS and CpG respectively, B cells of Akt®°" mice proliferate. High
responsiveness to LPS ligation is known as a hallmark of MZ B cells, but B cells of
Akt®°F mice showed weaker proliferation than controls (Oliver et al., 1997; Allman et
al., 2001). In mice overexpressing Aktl in all cells, a reduced proliferation and a
lower Ca*" flux after BCR engagement could be observed, and therefore is different

BOE

to observations in Akt™ mice (Pierau et al., 2012). In addition, the CAG promoter

used in the Rosa-Akt-C construct strengthens the signal from Aktl, possibly leading

BOE mice than in the Aktl

to a much stronger Aktl overexpression in B cells of Akt
overexpression mice of Pierau, and therefore to a stronger phenotype (Pierau et al.,
2012). In conclusion, increased numbers of MZ-like B cells are not the result of

elevated proliferation through the stimulation of the BCR.

Survival assays revealed a survival advantage of constitutive Aktl B cells compared

to CD19-Cre mice. Akt forces cell survival through many mechanisms, including the
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direct phosphorylation and inhibition of pro-apoptotic proteins such as Caspase-9,
Bad and Forkhead transcription factors (reviewed in Datta et al., 1999; Cardone et al.,
1998; Datta et al., 1997; reviewed in Zhang et al., 2011; Brunet et al., 1999). Also B
cells lacking Aktl and Akt2 showed reduced survival compared to wild type mice
(Calamito et al., 2010). Our data indicate that the enormous increased MZ-like B cell
population is due to survival as a consequence of constitutive Aktl, that is known to
prevent apoptosis and leads to a better survival of B cells (reviewed in Datta et al.,
1999; Jeong et al., 2008; Yang et al., 2004a; reviewed in Yang et al., 2004b; Pogue et
al., 2000). Furthermore, constitutive Aktl signaling acts independently of BCR
signaling during the induction of MZ-like B cell differentiation.

4.6 MZ-like B Cells Show Normal Surface Marker but are not Able

to Class Switch

MZ-like B cells of Akt®°" mice in general do not behave like ‘normal’ MZ B cells. B
cells in general can become activated through the BCR and MZ B cells secrete 1gG3
after TI dependent. Besides the inability of MZ-like B cells of Akt®°" mice to be
activated through the BCR they do not secrete IgG3 immunoglobulins even after TI
NP-Ficoll immunization, as normal MZ B cells would do. Although mIgM expression
on B cells of Akt®°" mice is higher than in B cells of CD19-Cre control mice and

underlines the huge number of MZ-like B cells detected in Akt®%"

mice, due to the
knowledge, that MZ B cells express higher levels IgM on its surface in comparison to
FO B cells (Martin et al., 2001). This was also displayed in the IgM vs. IgD staining
where B cells of Akt®°" mice express mainly IgM" cells. Another typical feature for
MZ B cells are the expression of CD1d and CD21 surface markers (Gray et al., 1984;
reviewed in Pillai et al., 2005). The expression of these surface markers is comparable
between MZ-like B cells of Akt®°® mice to those in MZ B cells of controls.
Concerning the expression of surface markers IgM, CD1d and CD21, constitutive
Aktl expressing MZ-like B cells seemed to be ‘normal” MZ B cells. Unexpectedly,
after TI immunization with NP-Ficoll MZ-like B cells of Akt®°" mice showed a
reduced IgM and no IgG3 secretion, suggesting a defect of these cells to respond to TI
antigens as normal MZ B cells would do. In order to investigate whether these MZ-
like B cells cells are ‘real’ MZ B cells one could additionally investigate basal activity

of signaling pathways that are active in MZ B cells such as IkBa, c-Myc, Erk and
JNK.
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In contrast to the general finding that MZ B cells are sessile cells and stay in the
marginal zone of spleen, in Akt®°"
mLN and PP (Gray et al., 1982). These MZ-like B cells could also be detected in

Akt""CD19™ mice, that bear a CD19 co-receptor knockout, whereat CD19”"-Cre mice

mice, MZ-like B cells are also detectable in pLN

do not develop MZ B cells in general and least of all in pLN, mLN or PP. Possibly as
a consequence of the highly increased MZ-like B cell population in spleen, the MZ is
overcrowded and MZ-like B cells therefore migrate into other lymphoid organs.

In pancreatic LN of 16 week-old NOD mice, MZ-like B cells could be detected,
indicating antigen-presenting cell (APC) activity; these cells are thought to be capable
of presenting autoantigen in vivo (Marifio et al., 2008). Marifio et al. suggested, that
these increased numbers of MZ-like B cells in the pancreatic LN of NOD mice are not
due to migration but are related to the pathophysiology of diabetes, due to the
knowledge, that the pancreatic LN are a site critical for the presentation of
autoantigen and self-reactive T cells (Marifio et al., 2008; Hoglund et al., 1999;
Jaakkola et al., 2003; Gagnerault et al., 2002). These MZ-like B cell populations
expanded with age (Marifio et al., 2008). Also for BAFF transgenic mice it could be
shown that MZ-like B cells migrate into bood and LN (Batten et al., 2000). These
MZ-like B cells also infiltrate into salivary glands of BAFF transgenic mice, the
target organ for Sjorgen’s syndrome, and are therefore suggested to participate tissue
damage in Sjorgen’s syndrome and possibly other autoimmune diseases (Groom et
al., 2002). Expanded MZ-like B cells expressing Aktl constitutively, detected in pLN,
mLN and PP could be MZ-like B cells that have migrated out of the spleen, and might
develop an autoreactive phenotype possibly leading to autoimmune disease with age.

To proof this theory, an autoantibody test can be performed.

4.7 Constitutive Aktl Signaling Leads to the Impairment of CSR,

GC Formation and Plasma Cell Differentiation
To defend the body, one very important function of B cells is to generate
immunoglobulins. Therefore, for this function mainly GC B cells and FO B cells are
important, although MZ B cells are also able to produce low-affinity IgM and IgG3
(Jacob et al., 1991; Martin et al., 2001; Won and Kearney, 2002).
B cells of Akt®°" mice are not able to secrete immunoglobulins and do not express
IgGl1. Even after immunization with TI NP-Ficoll no IgG3 could be detected in the

sera of Akt®°" mice. This stands in contrast to the finding of Pierau et al. where they
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could show more IgG1 and IgG3 secretion after TI-II-TNP Ficoll immunization in
mice overexpressing Aktl (Pierau et al., 2012). In these transgenic mice, stimulation
in vitro with LPS also leads to an increased secretion of IgM, IgG and IgA in
comparison to controls (Pierau et al., 2012).

Discrepancies between our constitutive Aktl mouse model and theirs could be caused
by a B cell specific overexpression of Aktl in ours vs. an overexpression of Aktl in
the whole body in theirs. The constitutive Aktl mouse used by Pierau still contain FO
B cells and MZ B cells and due to containing FO B cells and normal MZ B cells Ig
secretion is not deficient.

For the generation and secretion of immunoglobulins the mechanism of CSR is
important. During this process so called circular DNAs and circular transcripts (CTs)
appear (Kinoshita et al., 2001). For the initiation of CSR AID plays an important role,
and for the generation of AID, FOXO1 is needed (Dengler et al., 2008). For B cells of
CD19-Cre controls, IgG1 specific y1 CTs could be observed, but not for B cells of
Akt®°F mice. Real-Time analysis revealed that Aicda expression levels, the gene

BOE mice. This could be

BOE

encoding for AID, was significantly reduced in B cells of Akt
explained by downregulation of FOXO1 protein levels in B cells of Akt mice
through the overexpression of Aktl. It was already shown that PI3K activity results in
activation of Akt leading to the nuclear exclusion of FOXO and to the inhibition of
CSR due to poor AID expression, whereas high expression of AID did not lead to
increased CSR (McBride et al., 2004; Omori et al., 2006). CTs also serve as a
hallmark for active CSR in vitro and in vivo and are indispensable during this process

of CSR (Kinoshita et al., 2001).

Despite the impaired CSR in B cells of Akt®®" mice GC formation was also

investigated. In splenic B cells of Akt®°"

mice, no GC formation took place, even
after TD immunization with NP-CG and SRBC. Interestingly, it is different in PP and
mLN. In these organs GCs could already be observed without stimulation. It was
shown that the GC response in the gut associated tissue (GALT) of wild type mice is
dependent on the microbial flora (Cebra et al., 1991). Also Casola et al. could show
that GCs generated in PP are microbiota derived. He treated DyLMP2A mice with a
cocktail of broad-spectrum antibiotics and could show a reduction of GCs in PP
(Casola et al., 2004). The antibiotic treatment to eliminate the microorganisms was

BOE

also used in Akt™ mice to investigate GC formation due to microbial influence. The
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antibiotic treatment did not lead to a reduction of GCs in PP and mLN in Akt2°E

mice. It is possible, that through the antibiotic treatment not the whole microbial flora
was eliminated and therefore GCs could still be generated.

The absence of GC formation in spleen after immunization and the loss of CSR and,
BOE

therefore, no immunoglobulins in B cells of Akt

Akt-FOXO axis. In the case of high expression of Akt, FOXO gets degraded and

mice, can be explained by the

therefore GC formation and CSR cannot take place (reviewed in Limon and Fruman,
2012). In resting B cells, FOXO factors are in the nucleus and influence cell cycle
arrest, longevity and recirculation (Essers et al., 2005; Takaishi et al., 1999). Through
phosphorylation and therefore activation of Akt, Akt enters the nucleus and
phosphorylates FOXO (Burgering et al., 1999; Rena et al., 1999; Takaishi, 1999;
Tang et al., 1999). This leads to the export of FOXO into the cytoplasm, where it gets
degraded and no GC formation and CSR can take place (Brunet et al., 1999; Biggs et
al., 1999; Brownawell et al., 2001).

Due to the increased numbers of MZ-like B cells in Akt2°F

mice and the knowledge
that MZ B cells differentiate very quickly into plasma cells after very low dose of
mitogens, it was expected to find plasma cells in Akt®°" mice (Oliver et al., 1999). In
vivo, less plasma cell differentiation could be observed in Akt®°" mice and CD19-Cre
controls whereas in vitro stimulation with IL4 and LPS lead to plasma cell

differentiation in CD19-Cre controls but not in Akt2°F

mice. This is another hint, that
the Aktl overexpression leads indeed to MZ-like B cell differentiation but that these

cells are anergic and not able to react as normal MZ B cells, as already assumed.

These data suggest that Aktl signaling interfere with non-galt GC formation and
differentiation of B cells. It further suggests that Aktl signaling has to be switched off

to allow GC as well as PC differentiation.

4.8 x and A Expression in B Cells of Akt®°" Mice

The expression of the k and A light chains are important markers for B cells (Bernier
and Cebra, 1964; Pernis et al., 1965). Mature B cells express either k or A chains and
in the bone marrow of wild type mice the ratio between x and A is 95 to 5 (Takeda et
al., 1996; Alt et al., 1980; Langman and Cohn, 1995). The requirement for light chain

rearrangement depends on productive heavy chain rearrangement.
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In bone marrow, a reduction of k and A expressing B cells could be observed in
Akt®?F mice in comparison to CD19-Cre mice, whereas the ratio between « and A in
Akt®°F mice is still ~93% and ~7% and therefore quite normal. The reduced cell
number of k" and A" B cells in case of constitutive Aktl expression could be due to
the general reduction of mature recirculating B cells in the bone marrow of Akt®%"
mice.

BOE

In splenic Akt™" B cells, elevated k and A levels are detected, although the ratio is

still normal (~91% are k' B cells and ~9% are A" B cells). Increased cell numbers of

BOE mice

k" and A" B cells were due to a generally increased B cell population in Akt
in comparison to CD19-Cre controls.
Collectively, light chain rearrangement functions remain normal in case of

constitutive Aktl expression.

4.9 Constitutive Aktl Expressing CD19" B Cells Lacking Surface
IgM, IgD, Igk and Ig) Can be Restored in JHT” Mice

The investigation of IgM" and IgD" B cells revealed, as already discussed, mainly
IgM" B cells in Akt®°" mice. Besides this, a DN CD19" B cell population lacking
surface IgM and IgD could be detected. The investigation of Igk and IgA chain
distribution in spleen also revealed a DN population, negative for Igk and IgA.

Dengler et al. could detect a similar cell population in mice bearing a deletion of
FOXOL1 in a CD19-Cre background, but these cells were still able to express little of
intracellular k- or A-light chains but abundant intracellular p-heavy chains. They
postulate that this cell population is made up of progenitor B cells that could escape
the bone marrow because of a changed BCR expression. These mice also show an
increase in MZ B cells as Akt®°" mice (Dengler et al., 2008).

Our theory was that through constitutive Aktl expression also B cells without a
functional BCR can leave the bone marrow. These cells are the CD19" B cells
negative for IgM, IgD, Igk and Ig\.

With the generation of the Akt” JHT"CD19-Cre"" mice it was possible to prove this
theory. These mice do not express a functional BCR and therefore there are no B cells
in the periphery. Astonishingly, Akt” JHT"CD19-Cre”" mice generate CD19" B

cells. These cells are, as were the cells in Akt®°F

mice, negative for IgM, IgD, Igk and
Igh. In conclusion these immature B cells are able to leave the bone marrow due to

constitutively active Aktl even without a functional BCR and move into the
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periphery. It is known that a tonic signal of the BCR is important to keep resting B
cells alive and a knockout of the BCR leads to apoptosis of these cells (reviewed in
Grande et al., 2007; Stadanlick et al., 2008; Lam et al., 1997; Kraus et al., 2004).
Apoptosis of B cells without a BCR can be rescued by overexpression of PI3K and
resulting activation of Akt as a downstream target of PI3K (Srinivasan et al., 2009;
James, 1996; Franke, 1997; Frech et al., 1997; reviewed in Datta et al., 1999). For that

BOE

reason in Akt~ mice also B cells without a BCR can survive, since in the case of

Aktl overexpression BCR signaling is not needed.

4.10 Signaling Pathways Downstream of Akt: mTOR and GSK-3

The mTOR kinase is active in two different multi-protein complexes mTORCI1 and
mTORC2. mTORCI1 can be activated by Akt through phosphorylation and mTORC2
phosphorylates Akt at Ser473 (Navé et al., 1999; Sarbassov et al., 2005). These
signaling pathways are important for cell growth, metabolism and proliferation
(reviewed in Liu et al., 2009; reviewed in Wullschleger et al., 2006). It was proposed
that mTOR Ser2448 gets phosphorylated by Akt and is insulin dependent whereas
Chiang et al. proposed that mTOR Ser2448 gets directly phosphorylated in vitro by
p70 ribosomal S6 protein kinase (p70S6K or S6K; serine/threonine kinase) (Navé et
al., 1999; Chiang and Abraham, 2005). In B cells of Akt"°* mice, phosphorylation of
mTOR at Ser2448 is not elevated, fitting to the hypothesis that Ser2448 rather
becomes phosphorylated by S6K than by Akt (Chiang and Abraham, 2005). Akt can
also phosphorylate and inhibit tuberus sclerosis complex TSC1/2, which also leads to
the stimulation of S6K, a key regulator of translation and cell growth (Inoki et al.,
2002). It would be interesting to investigate the protein levels of TSC1/2 and S6K to
show the involvement of Akt in mTOR signaling in our mice.

Another substrate that is regulated by Akt is the serine threonine kinase GSK-3. GSK-
3 can regulate a lot of cellular processes as transcription and translation and also
controls the synthesis of glycogen and protein by insulin regulation (Parker et al.,
1983; Welsh and Proud, 1993). Akt can phosphorylate GSK-3a at Ser21 and GSK-38
at Ser9 (Cross et al., 1995; Sutherland et al., 1993; Sutherland et al., 1994). This leads
to the inhibition of GSK-3 enzyme activity and to the dephosphorylation and
activation of glycogen synthase and the synthesis of glycogen (Cross et al., 1995;
Gold et al., 2000; reviewed in Cohen et al., 1997). Gold et al. could show that BCR
activation leads to the phosphorylation of GSK-3a and GSK-38. The activity of GSK-
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3a is PI3K dependent and it is still being investigated if this is mediated by Akt (Gold
et al., 2000). In the case of B cells of Akt®°" mice, the phosphorylation of GSK-38
shows significantly more protein phosphorylation, hence inactivating the kinase, than
CD19-Cre controls do. This is a hint that Aktl is able to inactive GSK3 through
phosphorylation of GSK-38 and confirms the literature, although it is not possible to
say how this phosphorylation influences the cellular processes in B cells. To make
any conclusions out of this finding, the phosphorylation state of GSK-3a at Ser21 also
has to be investigated in the case of Aktl overexpression in B cells. Further analysis
in the direction of metabolism and insulin regulation through GSK-3 in case of Aktl

overexpression has to be performed.

4.11 B Cell Specific Activation of Aktl Signaling Itself is not
Sufficient to Induce B Cell Lymphomagenesis

During this thesis, some points indicate a possible generation of a B-CLL. A hallmark
for B-CLL are accumulations of increased numbers of CD5" B cells (Boumsell et al.,
1978; Caligaris-Cappio, 1996). In pLN as well as in PerC, CD5" Bla B cells show

POE mice. Due to functional similarities and phenotypical

elevated cell numbers in Akt
characteristics between CLL and splenic MZ B cells, we can hypothesize that CLL
might be derived from MZ B cells (reviewed in Chiorazzi and Ferrarini, 2011;
Caligaris-Cappio and Janossy, 1985). This would fit to the MZ-like B cell phenotype
found in Akt®°F mice.

It was already shown that CLL patients with low levels of soluble IgM (sIgM) are not
able to mobilize Ca®" response after BCR engagement (Mockridge et al., 2007;
Lankester et al., 1995; Michel et al., 1993). This leads to the assumption that B-CLL
cells are anergic and survive better because of this anergy (Apollonio et al., 2013).
Moreover, B cells of Akt®°F are unable to proliferate in the case of BCR stimulation;
they survive better and do not respond with Ca®" flux after BCR engagement. In
addition, they secret less slgM than CDI19-Cre control mice do. All these
characteristics would fit to an anergic B-CLL phenotype.

Mature macrophages and neutrophils are increased in splenic Akt®°" B cells. These
cells are known to send survival signals through secretion of cytokines to B-CLL cells
to prevent apoptosis (Zucchetto et al., 2010; reviewed in Burger et al., 2009a;

Pedersen et al., 2002; Tsukada et al., 2002). This also suggests that Akt®°" mice
maybe develop a B-CLL.
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In general, B-CLL arises with age. Due to the fact that Akt®°"

mice investigated in
this thesis were very young we put a cohort of mice to age to determine whether these
mice will develop a clear B-CLL or other type of cancer. The first observation that

could be made was that Akt®°F

mice at the age of 70 weeks start to lose weight in
comparison to control. This can hint at malignancy, because that often correlates with
weight loss.

In Akt®°F proliferation assays revealed normal or no proliferation untypical for
tumors, but survival assay revealed an extreme survival advantage against controls

BOE mice. Some forms of B-CLL are

that could hinting to tumor development in Akt
known as a monoclonal B-lymphocyte expansion, therefore it would be interesting to
investigate clonality of observed MZ-like B cells (Rawstron et al., 2002).

MZ-like B cells found in the different organs and in PerC can possibly be the
precursors for a CLL. In B-CLL, Akt activity could be shown, and inhibition of Akt
leads to the apoptosis of B-CLL cells (Hofbauer et al., 2010). The protooncogene T-
cell leukemia 1 (Tcll) is a co-activator of Akt and augments Akt activation (Laine et
al., 2000). It is expressed in preleukemic T cells and subsets of naive lymphocytes
(Narducci et al., 1995; Said et al., 2001; Herling et al., 2006). Tcll is overexpressed in
many human B-cell lymphomas, including follicular lymphoma, CLL, mantle cell
lymphoma, diffuse large B-cell lymphoma and splenic marginal zone lymphoma
(Weng et al., 2012). So it is not far-fetched to assume an eventual development of B-

BOE __ -
0 mice

CLL in Akt®*" mice. So during the investigation of the relatively young Akt
some observations were made that could be linked to a B-CLL. Further investigations
are necessary to verify this theory.

Another possiblity to explain the migration of MZ-like B cells in other organs is a
nodal marginal zone B cell lymphoma (NMZL). In humans this NMZL is known. It
poses problems in diagnosis and has morphologic and immunophenotypic similarities
with extranodal lymphomas of the MALT lymphoma or splenic marginal zone
lymphomas. The exact definition for NMZL according to the World health
organisation (WHO) is “a primary nodal B-cell neoplasm that morphologically
resembles LN involved by marginal zone lymphomas of extranodal or splenic types,
but without evidence of extranodal or splenic disease”. NMZL cells are mature B
cells that express the B-cell markers CD20, CD79a and IgM, but do not express CDS5,

CD23, and cyclin D1, and lack the expression of germinal center markers CD10 and

Bcl-6 (Kahl and Yang, 2008). It is possible that the MZ-like B cells observed in pLN
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are a NMZL and maybe this form of malignancy also exists for other organs such as
mLN and PP. To clarify if the found MZ-like B cells in pLN may be a NMZL, NMZL

specific markers, as described above, has to be investigated.

4.12 Overexpression of Aktl in Mature B Cells Leads to Malignancy

AID is the initiator of CSR and SHM through target DNA cleavages (Muramatsu et
al., 2000; Revy et al., 2000; Nagaoka, 2002; Petersen et al., 2001). Besides this
important function, AID has mutagenic activity and is known for its involvement in
tumorigenesis in B and non-B cells (Rucci et al., 2006; Komeno et al., 2010;
Pasqualucci et al., 2007; Takizawa et al., 2008; Matsumoto et al., 2007; Kovalchuk et
al., 2007).

The overexpression of Aktl in later phases of B cell development through the usage
of the AID-Cre leads to malignancies in Akt”"AID-Cre” mice. In Akt AID-Cre""
mice the overexpression of Aktl leads to enlarged pLN, altered thymi and, in females,
to swollen ovaries. Also the expectation of life is dramatically reduced in Akt AID-
Cre"” mice.

It is known that the activation of Akt in general leads to malignancy and tumor
development (Cross et al., 1995; George, 2004; Cho, 2001; Shiojima et al., 2005;
Roy, 2002; Cheng et al., 1992; Staal, 1987). In human ovarian carcinoma cell lines
and primary ovarian tumors, Akt2 is overexpressed (Cheng et al., 1992). Through the
knowledge that in MZ B cell generation Aktl and Akt2 have overlapping functions, it
is possible that an Aktl overexpression can also lead to ovarian tumors in Akt”AID-
Cre”” mice (Calamito et al., 2010; Cheng et al., 1992). B and T cell lymphomas as
well as lung and liver tumors could be observed in transgenic mice that systemically
overexpress AID (Morisawa et al., 2008; Okazaki et al., 2003). The observed enlarged
ovaries in Akt”"AID-Cre”” mice are not more closely investigated, but it is possible
that it is a form of tumor affected by the Aktl overexpression, leading to early death
of the female mice. Also males die very early.

Constitutive Aktl in later B cell development also led to increased splenic MZ-like B

BOE

cell populations and mainly mature, IgM" B cells as already observed in Akt”°" mice.

Regarding transitional B cells, Akt”"AID-Cre”" mice also developed only T1 B cells

BOE

as already seen with Akt mice. In conclusion, constitutive Aktl expression

influences B cells in a similar way independent at which stage of B cell development
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Aktl is overexpressed, but in Akt AID-Cre”" mice the mutagenicity of Aktl is
visible.

Besides the expected Aktl overexpression in B cells detected by GFP expression,
Akt AID-Cre” mice show also GFP expression in T cells. Here the expression of
AID was not only restricted to CD4" T cells, but also CD8" T cells were affected (Qin
et al., 2011). Qin et al. could show that AID frequency in CD8" T cells was much
lower than in CD4" T cells in LN and PP (Qin et al., 2011). In Akt”"AID-Cre"" mice,
closer investigation of CD8" and CD4" T cells revealed that CD4" memory effector T
cells and CD8" effector T cells are the cells that express GFP and therefore
overexpress Aktl. This was true for all organs but the CD4" memory effector T cell
population was usually more dominant than the CD8" effector T cell population. Only
in pLN were these two populations nearly the same. In pLN, the general GFP
expression of CD4" and CD8" T cells was the weakest in comparison to the other
investigated organs. Interestingly, in some organs the sickness seems to correlate with
a higher GFP expression and therefore higher Aktl overexpression. Also in thymus a
connection between sickness and GFP expression/Aktl overexpression could be
observed. With sickness of the mice DP T cells disappeared and DN cells, probably B
cells, increased in thymus, so the thymus looks more like a secondary lymphoid

organ.
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5 Summary

Akt, also known as PKB, belongs to the serine/threonine kinases and is involved in
different human diseases such as diabetes, hypertrophy and cancer. Due to its diverse
ways of signaling, Akt is involved in cell growth, survival, proliferation and
metabolism. F. T. Wunderlich generated the Rosa-Akt-C mouse strain (unpublished)
that leads to an Aktl overexpression after Cre-mediated recombination. In this thesis,
the Rosa-Akt-C mouse was crossed to CDI19-Cre mice resulting in mice that

BOE mice). Due to the involvement

overexpress Aktl in a B cell specific manner (Akt
of Aktl in different forms of cancer, we aimed to generate a mouse line to investigate
the role of Aktl in B cell development, maintenance, differentiation and possible
tumor formation. The overexpression of Aktl leads to the accumulation of MZ-like B
cells in all tested lymphoid organs at the dispense of FO B cells. Further, we could
show that MZ-like B cells develop independently of CD19 in Akt”"CD19-Cre” mice
that bear a knockout for the co-receptor CD19 and normally leads to the absence of
MZ B cells. In general the B cells of the Akt®°" mice do not behave as normal B cells
and seem to be anergic and not functional. Thus, B cells do not proliferate after BCR
induced engagement and do not even show Ca”" flux after BCR specific stimulation.

BOE mice were

Moreover, the investigation of CSR revealed that B cells of the Akt
lacking the ability to class switch. Further, GC formation failed in spleen, whereas in
PP and mLN, GCs could be observed. In addition, the investigation of plasma cell

BOE

development in Akt™ mice revealed no plasma cells even after induction of plasma

cell differentiation in vitro. During this thesis, so far no cancer formation in Akt®°®

BOE mice lose weight in comparison to CD19-

mice could be observed, but aging Akt
Cre controls and many of our findings indicate a possible development of B-CLL,
possibly with age.

To investigate the role of Aktl overexpression in later phases of B cell differentiation
the Rosa-Akt-C mouse was crossed to the dicda-Cre mouse, where Cre deletes in GC
B cells. Lastly, also in these mice (Akt+/‘AID-Cre+/') constitutive Aktl leads to MZ-
like B cell development at the expense of FO B cells in GFP" cells. Unexpectedly,
overexpression of Aktl was observed in CDS" effector T cells and CD4" memory

effector T cells. Other interesting observations were enlarged ovaries and pLN, as

well as thymi that looked either enlarged or disturbed. These AktAID-Cre” mice die
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very early and so the very low longevity of these mice displays the strong
involvement of Aktl in malignancies and survival, in case of deregulation.

Aktl is very important for the maturation of MZ-like B cells and influences the
survival of this cells in a positive way in comparison to normal B cells. Due to the

loss of regulation of Aktl in Akt®°"

mice, the generated MZ-like B cells are not
functional. The data obtained from AktAID-Cre"” mice underlines the important role

of Aktl in disease and survival.
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6 Zusammenfassung

Akt, auch PKB genannt, gehort zur Familie der Serin/Threonin Kinase und ist in
verschiedene Erkrankungen wie Diabetes, Hypertrophie und Krebs involviert. Durch
die Mannigfaltigkeit seiner Signalwege ist Akt in viele lebenswichtige Prozesse
eingebunden, wie dem Zellwachstum, dem Zelliiberleben, der Proliferation und dem
Metabolismus. F. T. Wunderlich klonierte den Rosa-Akt-C Mausstamm
(unpubliziert), der nach einer Cre vermittelten Rekombination zur Uberexpression
von Aktl fiihrt. In dieser Arbeit wurde dieser Mausstamm mit der CD19-Cre Maus
verpaart, um eine Uberexpression von Aktl in B Zellen zu erreichen (Akt®°" Miuse).
Ziel war es eine Maus zu kreieren, durch die man den Zusammenhang von Aktl und
der B Zell Entwicklung, Erhaltung, Differenzierung und eventuell auch der
Krebsentwicklung untersuchen kann. Die Uberexpression von Aktl fiihrte in Akt®%"
Maiusen zur Entwicklung von MZ dhnlichen B Zellen in der Milz und einem Verlust
von FO B Zellen. In pLN, mLN and PP konnten ebenfalls MZ &hnliche B Zellen
gefunden werden. Aullerdem konnte gezeigt werden, dass sich diese MZ dhnlichen
Zellen in Akt”"CD19-Cre” Miusen, die Aktl iiberexprimieren, unabhingig vom
CD19 co-Rezeptor bilden, obwohl dieser Knockout von CD19 normalerweise zum
Verlust von MZ B Zellen fiihrt. Generell zeigten B Zellen von Akt”°" Miusen keine
normalen Reaktionen auf Stimulation und scheinen anerg und nicht funktionell zu
sein. Nach spezifischer Stimulation des B Zell Rezeptors kommt es weder zur
Proliferation der B Zellen, noch zum AusstoB von Ca®" innerhalb der B Zellen.

BOE Miusen nicht in der

Versuche zur CSR zeigten deutlich, dass B Zellen von Akt
Lage sind zu class switchen. Die Formation von GC in der Milz blieb ebenfalls aus,
wohingegen PP und mLN GC Entwicklung zeigten. Untersuchungen zur Entwicklung

BOE

von Plasmazellen kamen zu dem Ergebnis, dass B Zellen von Akt™~ Maiusen in vivo

und in vitro nach spezifischer Stimulation keine Plasmazellen entwickeln. Bisher

zeigten die Untersuchungen der B Zellen von Akt®°"

Mausen keine Tumorbildung,
jedoch weisen viele Beobachtungen auf eine mdgliche Entwicklung einer B-CLL hin.
Um den Einfluss einer Uberexpression von Aktl in spiteren Phasen der B Zell
Entwicklung zu untersuchen, wurde der Rosa-Akt-C Mausstamm mit dem Aicda-Cre
Mausstamm verpaart. Die Aicda-Cre deletiert in den GC B Zellen. Auch in diesen

Miusen (Akt”"AID-Cre™") zeigte sich ein Verlust von GFP" FO B Zellen und die
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GFP’ MZ ihnlichen B Zellen erwiesen sich als dominante B Zell Population. Des
Weiteren konnte eine Uberexpression von Aktl in CD8" Effektor und CD4" Memory
Effektor T Zellen nachgewiesen werden. Aulerdem konnten vergréBerte Ovarien und
pLN beobachtet werden sowie Thymi, die entweder vergroBert oder zerstort waren.
Aktl scheint ein sehr wichtiger Faktor bei der Bildung von MZ dhnlichen B Zellen zu
sein und beeinflusst das Uberleben dieser Zellen positiv im Vergleich zu normalen B
Zellen. Da in Akt®°" Mausen keine natiirliche Regulation von Aktl mehr stattfindet,
zeigen die MZ dhnlichen B Zellen keine normale Funktionalitit. Durch die geringe
Lebenserwartung der AktAID-Cre”” Miuse zeigt sich deutlich, welche wichtige Rolle
Aktl in Krankheit und Uberleben spielt.
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