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Abstract 

B cells are part of the adaptive immune system and, as plasma cells, fight various path-

ogens by producing antibodies. The development, homeostasis, and self-tolerance of 

B cells are regulated by several key cellular processes. These cellular key functions, as 

proliferation, differentiation, but also apoptosis and cell cycle arrest are controlled by 

different signaling pathways. One major regulator of these processes is the extracellular 

signal–regulated kinase (ERK), which is mainly activated by the mitogen-activated pro-

tein kinase (MAPK) pathway Ras-Raf-MEK-ERK. In B cells, the contribution of the Ras-

Raf-MEK-ERK signaling pathway to B cell development, activation, differentiation, and 

transformation was described by the analyses of the components Ras and ERK in differ-

ent cell lines. 

To investigate the role of the Raf-kinases on these processes specifically in primary mu-

rine B cells, Raf-1fl/fl//B-Raffl/fl//mb1-Cre+/- (DKO) mice were generated leading to the B 

cell specific deletion of the two kinases from the early B cell development onwards. This 

mouse model was used within this thesis to analyze Raf mediated functions during B cell 

development, activation, and differentiation. Within this dissertation, important roles of 

B-Raf and Raf-1 in the following processes was revealed: (I) B-Raf and Raf-1 were not 

required to mediate ERK phosphorylation in BCR, LPS and CD40 stimulated B cells but 

rather acted as negative regulators of PI3K or Rac/PAK mediated ERK phosphorylation 

in resting and activated mature B cells. (II) Inactivation of B-Raf and Raf-1 in DKO mice 

resulted in an impaired T independent immune response. (III) B-Raf//Raf-1 inactivation 

caused a block in plasma cell differentiation at the transition of activated B cells to pre-

plasmablasts and in their further differentiation into plasmablasts. We found that at this 

stages B-Raf and Raf-1 mediate a strong increase in ERK phosphorylation, which 

seemed to be essential for plasma cell differentiation.  

Furthermore, Raf-1fl/fl//B-Raffl/fl//LMP1/CD40flSTOP+/-//CD19-Cre+/- (RafDKO/LC40) mice 

were compared with LMP1/CD40flSTOP+/-//CD19-Cre+/- (LC40) and control mice to exam-

ine the effect of the genetic inactivation of B-Raf and Raf-1 on B cells with a constitutively 

active CD40 signal and the resulting LC40 driven B cell transformation. Inactivation of B-

Raf and Raf-1 in RafDKO/LC40 mice decreased the LC40 mediated phenotype of B and 

T cell expansion and B cell transformation. As revealed by an RNA-Seq analysis, this 

appeared to be predominantly caused by decreased LC40 mediated Myc expression, 

and reduced Notch2 and non-canonical NFκB activation. These data, suggest that Raf-

kinases modulate the activation of these two signaling pathways downstream of CD40. 
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Zusammenfassung 

B-Zellen sind Teil des adaptiven Immunsystems und bekämpfen als Plasmazellen durch 

Antikörperproduktion verschiedene Krankheitserreger. Die Entwicklung, Homöostase 

und Selbsttoleranz von B-Zellen werden durch mehrere zelluläre Schlüsselprozesse re-

guliert. Diese umfassen Proliferation, Differenzierung, aber auch Apoptose und Zellzyk-

lusarrest und werden durch verschiedene Signalwege gesteuert. Ein wichtiger Regulator 

dieser Prozesse ist die extrazelluläre signalregulierte Kinase (ERK), die hauptsächlich 

durch den Mitogen-aktivierten Proteinkinase (MAPK)-Signalweg Ras-Raf-MEK-ERK ak-

tiviert wird. In B-Zellen wurde der Beitrag des Ras-Raf-MEK-ERK-Signalwegs zur Ent-

wicklung, Aktivierung, Differenzierung und Transformation von B-Zellen durch die Ana-

lyse der Komponenten Ras und ERK in verschiedenen Zelllinien beschrieben. 

Um die Rolle der Raf-Kinasen auf diese Prozesse speziell in primären murinen B-Zellen 

zu untersuchen, wurden Raf-1fl/fl//B-Raffl/fl//mb1-Cre+/- (DKO)-Mäuse erzeugt. Diese wei-

sen eine B-Zell-spezifischen Deletion der beiden Kinasen ab der frühen B-Zell-Entwick-

lung auf. Dieses Mausmodell wurde in dieser Arbeit verwendet, um die Raf-vermittelten 

Funktionen während der B-Zellentwicklung, -aktivierung und -differenzierung zu analy-

sieren. Im Rahmen dieser Dissertation wurden wichtige Rollen von B-Raf und Raf-1 in 

den folgenden Prozessen aufgedeckt: (I) B-Raf und Raf-1 waren nicht erforderlich, um 

die ERK-Phosphorylierung in BCR-, LPS- und CD40-stimulierten B-Zellen zu vermitteln, 

sondern fungierten vielmehr als negative Regulatoren der PI3K- oder Rac/PAK-vermit-

telten ERK-Phosphorylierung in ruhenden und aktivierten reifen B-Zellen. (II) Die Inakti-

vierung von B-Raf und Raf-1 in DKO-Mäusen führte zu einer beeinträchtigten T-Zell un-

abhängigen Immunantwort. (III) Die B-Raf//Raf-1-Defizienz verursachte eine Blockade 

der Plasmazell-Differenzierung beim Übergang von aktivierten B-Zellen zu Prä-Plas-

mablasten und bei ihrer weiteren Differenzierung zu Plasmablasten. Wir fanden heraus, 

dass B-Raf und Raf-1 in diesen Stadien einen starken Anstieg der ERK-Phosphorylie-

rung bewirken, der für die Plasmazell-Differenzierung wesentlich zu sein scheint.  

Darüber hinaus wurden Raf-1fl/fl//B-Raffl/fl//LMP1/CD40flSTOP+/-//CD19-Cre+/- 

(RafDKO/LC40)-Mäuse mit LMP1/CD40flSTOP+/-//CD19-Cre+/- (LC40)- und Kontrollmäu-

sen verglichen, um die Auswirkungen einer genetischen Inaktivierung von B-Raf und 

Raf-1 auf B-Zellen mit einem konstitutiv aktiven CD40-Signal und die daraus resultie-

rende LC40-getriebene B-Zelltransformation zu untersuchen. Die Inaktivierung von B-

Raf und Raf-1 in RafDKO/LC40-Mäusen verringerte den LC40-vermittelten Phänotyp der 

B- und T-Zell-Expansion sowie der B-Zelltransformation. Wie eine RNA-Seq-Analyse 

ergab, scheint dies in erster Linie auf eine verringerte LC40-vermittelte Myc-Expression 

und eine reduzierte Notch2- und nichtkanonische NFκB-Aktivierung zurückzuführen zu 
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sein. Diese Daten deuten darauf hin, dass Raf-Kinasen die Aktivierung dieser beiden 

Signalwege stromabwärts von CD40 modulieren. 
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TRIF TIR domain-containing adaptor inducing IFN-β 

Tris Trishydroxymethylaminomethane 

v/v  volume per volume 

w/o without 

w/v  weight per volume 

μ heavy chain of the immunoglobulin 
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1. Introduction 

1.1 The immune system 

In mammals the innate and adaptive immune system exist to eradicate pathological mi-

crobes (1). Cells of the innate immunity originate from the myeloid linage and are the first 

line of the immune response. They immediately fight the infection and bridge the time 

until the adaptive immune system responds with a time delay of about 4 to 7 days. (1–

3). The adaptive immune system acts through the humoral B cell and the cellular T cell 

response (2). B and T cells both originate from the lymphoid lineage and are character-

ized by antigen specificity. Each B or T cell expresses exactly one of the antigen specific 

B or T cell receptors (BCR and TCR), respectively (1–3). The entire B and T cell popu-

lation covers a large repertoire of receptors against the majority of pathogens (1). 

Activation of naïve T cells by antigen presenting cells within the secondary lymphoid 

organs leads to differentiation into either CD8+cytotoxic T cells fighting infected cells or 

CD4+ T helper cells. CD4+ T cell activation provoke the T cell dependent (TD) immune 

response. Hereby, the native antigens are trapped by the BCR leading to BCR signaling 

in the B cell. Furthermore, the BCR bound antigen is internalized, processed and antigen 

peptides are presented by MHC class II molecules on the B cell surface. These com-

plexes are recognized by specific CD4+ T cells inducing costimulatory signals in the 

B cell. This complete B cell activation results in affinity maturation, class switching and 

final differentiation to antibody secreting plasma cells (PC) or memory B cells (1–5). 

In addition to the TD immune response, B cells could differentiate in a T cell independent 

(TI) manner (2,5,6). Two different types are distinguished, which are categorized accord-

ing to their antigens. TI type I antigens, such as lipopolysaccharide (LPS), trigger B cell 

activation through Toll-like receptors (TLRs). In contrast, repetitive polysaccharides initi-

ate a TI type II immune response through BCR crosslinking (6). The latter needs the 

support of T and natural killer cells by cytokine production (7). No adjustment of antibody 

affinity occurs in the TI immune response resulting in a very rapid production of low-

affinity IgM antibodies (2,5,6). 

1.2 B cells 

The mature B cell population can be categorized in B1 and B2 cells. B1 cells predomi-

nantly home to the body cavities, such as the peritoneal cavity. They respond rapidly to 

pathogens by producing natural IgM antibodies and are considered to have the property 
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of self-renewal (8,9). Furthermore, B1 cells are subdivided in B1a and B1b cells by a 

CD5high and CD5low expression, respectively (8–10). 

In the murine spleen, the two mature B2 cell populations, CD23highCD21+IgDhighIgMlow 

follicular B (Fo B) cells and CD23lowCD21highIgDlowIgMhigh marginal zone B (MZ B) cells 

are distinguished (8,11,12). Thereby, a major part of splenic B cells is made up by Fo 

B cells (11). Fo B cells migrate highly throughout the lymphatic system and reside in the 

follicular structures of the secondary lymphoid organs near to the T cell boarder. They 

predominantly respond in a TD immune response (8,11,13). MZ B cells are stationary 

located in the marginal zone at the border of white to red pulp in the murine spleen. Here, 

they are in direct contact with blood and can therefore rapidly respond to blood-borne 

pathogens. They predominantly react T cell independently (13,14). However, MZ B cells 

are not completely sessile, as shuttling of MZ B cells into the follicle has been described. 

This plays a key role in the transport of blood-borne pathogen antigens to follicular den-

dritic cells (FDCs) of the follicles (8,13,15). 

1.2.1 B cell development 

1.2.1.1 Bone marrow B cell development 

The B1 B cell subset is hypothesized to develop during fetal hematopoiesis in the liver 

(10). The more prominent B2 B cell subset derive from common lymphoid progenitor 

(CLP) cells of the lymphoid lineage. The B cell development of adult mammals takes 

place in the bone marrow (BM) (1–3) (Figure 1). 

An important process occurring during B cell development is the generation of the vari-

ous BCRs, which are repeatedly tested for functionality and self-tolerance (16). The BCR 

is composed of immunoglobulins, consisting of 2 heavy and 2 light chains, complexed 

with the transmembrane signaling heterodimer of the immunoglobulin-associated pro-

teins Igα (CD79a, mb1) and Igβ (CD79b) (17). The heavy and light chains are encoded 

by multiple variable (V), diverse (D), and joining (J) gene segments (1,17). Both immu-

noglobulin chains are formed by recombination during B cell development. The heavy 

chains consist of one of each of the different VH, D and JH gene segments, while the light 

chain is formed by VLJL rearrangement (2,18). The high diversity is not only based on the 

random combination of the different segments but is increased by imprecise splicing and 

the insertion of nucleotides by the deoxyribonucleotidyltransferase (1,16). 

Rearrangement of the immunoglobulin heavy chain takes place in the pro-B cell (18,19). 

The pro-B cells arise from the CLP and express the pro-BCR consisting of calnexin and 

the signaling heterodimer of Igα and Igβ (16). At the transition of pro-B cells to early large 

pre-B cells the pre-BCR is expressed on the cell surface. This surface expression is only 

possible, if a functional heavy chain VHDJH (µ) could associate with a surrogate light 
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chain (SLC). The resulting immunoglobulin is associated with the signaling heterodimer 

Igα/Igβ. Signaling of the pre-BCR mediates intense proliferation resulting in a positive 

selection of cells, which successfully rearranged their heavy chain (16,18,20). Subse-

quently, the recombined heavy chain is protected from renewed rearrangement by allelic 

exclusion (20–23). During the transition of early large pre-B cells to small pre-B cells VLJL 

recombination of the immunoglobulin light chain is induced (23,24). After passing the 

checkpoint for successful rearrangement of the light chain, a functional BCR containing 

2 rearranged heavy and light chains and the signaling domains Igα and Igβ is formed 

(16). The expression of the BCR on the surface of the B cell reflects the transition of the 

small pre-B cell to the immature B cell. The different stages of B cell development can 

be distinguished by the marker expression of CD25, CD43 and B220 (Figure 1). 

The immature B cells are checked for self-reactivity to ensure self-tolerance (2,25). While 

strong BCR signaling upon binding of self-antigens seems to lead to apoptosis, moderate 

BCR binding of self-antigens initiate receptor editing of the light chain. If this is not suc-

cessful, apoptosis or anergy is induced in immature B cells (16,18,25). Anergic B cells 

can still migrate out of the BM but cannot be activated and are not able to differentiate 

into antibody producing PCs (19). However, immature B cells passing the negative se-

lection migrate as transitional B cells to the periphery, predominantly in the spleen, where 

they finally mature into Fo B or MZ B cells (2,16,25). 

 

Figure 1: Schematic illustration of the B cell development in the BM. Based on Meffre et al. 
2000 and Hardy et al. 2001 (16,18). BM hematopoietic stem cells (BM HSC) differentiate into 
common lymphoid progenitors (CLP) and further to pro-B cells (pro-B) expressing the pro-BCR 
(calnexin, Igα and Igβ). In pro-B cells VDJ recombination of the heavy chains takes place. Ex-
pression of the pre-BCR [rearranged immunoglobulin heavy chain µ and the surrogate light chain 
(SLC)] occurs in large pre-B cells (large pre-B). In the small pre-B cells the light chains are re-
combined. In immature B cells, the mature BCR [rearranged heavy (µ) and light (VLJL) chain] is 
expressed and checked for self-tolerance by negative selection. Immature B cells passing this 
checkpoint emigrate into the periphery and differentiate into mature B cells in the spleen. The 
surface ex-pression of B220, CD43 and CD25 in BM B cells is depicted. This figure was designed 
using BioRender Basic, biorender.com. 
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1.2.1.2 Peripheral B cell maturation and cell fate decision 

The negative selection of B cells expressing a self-reactive BCR does not stop with em-

igrating from the BM. A relevance of negative selection of autoreactive transitional B cells 

in vivo is discussed because transitional B cells do not proliferate upon BCR crosslinking, 

but feature BCR induced apoptosis in vitro (26,27). Transitional B cells are categorized 

in three stages T1, T2, and T3 (26,28). T1 cells that have successfully migrated into the 

follicular structures of the spleen immediately become T2 cells (29). Allman et al. could 

show in 2001, that transitional B cells featured a linear progression from the T1 to the T2 

and further to the T3 stage (26). However, the mature Fo B and MZ B cells were de-

scribed to originate from the T2 stage (14). In contrast, the T3 B cell population does not 

give rise to mature B cells but appears to be composed of autoreactive B cells, which 

are consequently forced into an anergic state (30,31). 

The cell fate decision of the T2 B cell to become Fo B or MZ B cells depends on various 

signaling pathways and further their strength (11). It has been suggested that strong 

BCR signaling in transitional B cells favors the transition to Fo B cells, while weak BCR 

signals leads to the development of MZ B cells (11,29). 

In addition, Notch2 signaling drives T2 maturation into the MZ B cell phenotype. This 

was demonstrated by experiments inactivating Notch2 resulting in a reduced MZ B cell 

population (32) and by experiments with constitutively active Notch2 leading to increased 

amounts of MZ B cells (33). Notch2 is a transmembrane receptor binding its membrane 

bound ligand DLL-1 expressed by another cell. Receptor engagement induces Notch2 

cleavage by an ADAM protein. Subsequent cleavage by the γ-secretase releases the 

intracellular domain of Notch2 (Notch2IC) from the plasma membrane into the cyto-

plasm. After translocation of Notch2IC into the nucleus, it binds together with the DNA-

binding protein RBPJ to the DNA causing changes in the gene expression pattern (34). 

Furthermore, NFκB signaling influences the survival, differentiation, and cell fate deci-

sion of maturating B cells (11). NFκB signaling is predominantly induced by the BCR and 

some receptors of the tumor necrosis factor (TNF) family like CD40 and the B cell acti-

vating factor receptor (BAFF-R) (35,36). In mammals, the five NFκB transcription factors 

p50, p52, RelA (p65), RelB and c-Rel are known to bind as homo- and heterodimers to 

κB enhancers of the DNA and thus influence the expression of target genes (35–37). 

The NFκB transcription factors pre-exist in inactivated states in the cell (38). This inacti-

vation is mediated by IκB proteins (inhibitor of the nuclear factor of kappa light polypep-

tide gene enhancer in B-cells), which on the one hand masks the nuclear localization 

sequence of the NFκB, and on the other hand favors a cytoplasmic localization of IκB 

and its complexed proteins by the nuclear export sequence of IκB (35,38,39). Ligand 

binding of different receptors result in activation of the IκB kinase (IKK) complex, which 
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mediates phosphorylation of the IκB. The resulting ubiquitination and proteasomal deg-

radation of the IκB proteins release the NFκB transcription factors. Furthermore, the IKK 

complex phosphorylates the precursor proteins p100 (NFκB2) and p105 (NFκB1), which 

leads to a partial degradation to p52 and p50, respectively. Then NFκB dimers translo-

cate to the nucleus and induce changes in the gene expression pattern of the cell 

(35,36,40).  In addition to the canonical (classical) pathway, the non-canonical (alterna-

tive) NFκB signaling pathway was identified in 2001 (41). These two NFκB signaling 

pathways not only differ in the components used but are also activated by different re-

ceptors. BCR signaling mainly leads to the activation of the canonical NFκB pathway 

(42,43). It is based on p105 processing to the p50 protein, which dimerizes primarily with 

RelA and c-Rel (44,45). BAFF-R mediated signaling mainly favors the non-canonical 

NFκB signaling by activation of the IKKα (41,44,46–48). After phosphorylation of p100 

and subsequent proteasomal processing to p52, the latter dimerizes predominantly with 

RelB (44,49,50). CD40 signaling activates both the canonical and the non-canonical 

NFκB signaling pathway (51). Finally, it should be mentioned that the beneficial effect of 

NFκB signaling on most of the peripheral B2 cells was described but seems to play a 

more prominent role regarding MZ B cell expansion (52,53). 

So far, a most widely linear development of mature B cells was described. But several 

authors also mentioned the possibility of plasticity between Fo B and MZ B cells 

(11,13,14). In 2021, this was proven in mice by Lechner et al. They observed the Notch2 

driven generation of MZ B cells from Fo B cells (54). 

1.2.2 B cell differentiation 

1.2.2.1 Cellular processes of B cell differentiation 

Antigen contact of naïve B cells leads to the generation of PCs. Depending on the type 

of antigen (TD or TI), and which B cell subtype (Fo B, MZ B or B1 cell) encounters the 

antigen, either extra-follicular short-lived or long-lived germinal center (GC) derived PCs 

are generated (55). MZ B cells and B1 cells usually differentiate very rapidly after antigen 

exposure in a TI immune response to short-lived PCs. This takes place in extra-follicular 

foci. Thus, no affinity maturation and only little immunoglobulin isotype switching takes 

place. Furthermore, these short-lived PCs remain in the secondary lymphoid organs and 

do not exhibit migratory properties towards the BM (8,56,57). 

Fo B cells respond primarily to TD antigens, and the intensity of BCR stimulation by the 

antigen determines the mode of PC differentiation. Strong BCR-antigen binding allows 

Fo B cells to rapidly differentiate in extra-follicular foci into short-lived PCs (55,58). 

Fo B cells with rather weak to intermediate antigen mediated BCR signaling migrate to 
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the B-T cell border. Those activated Fo B cells receive co-stimulatory signals from acti-

vated T cells (59,60). Additionally, the B-T cell interactions lead to class-switch recombi-

nation (CSR) of the constant regions of the immunoglobulins, which results in an isotype 

switch from IgM/IgD to IgG, IgA or IgE. The different isotypes of immunoglobulins have 

different effector functions (61–63). Co-stimulated Fo B cells reenter the follicle and in-

duce the GC reaction (59,60). While early GC are characterized by a strong proliferation 

of B cells, mature GC are divided into two areas (55,60,64). The proliferating centroblasts 

are located in the dark zone and perform somatic hypermutation (SHM), which leads to 

affinity maturation by the introduction of point mutations in the variable regions of the 

rearranged gene loci of the immunoglobulins. By migrating into the light zone, the cells 

stop proliferating and are then designated as centrocytes. Here, the BCR affinity of cen-

trocytes is checked (65,66). While low BCR affinity leads to reentry into the dark zone 

and renewed SHM, B cells with high-affinity BCRs receive strong signals. These lead to 

differentiation of centrocytes into PCs. GC derived PCs egress through the dark zone, 

feature a long lifespan, high antibody affinity, represent different immunoglobulin isotype 

classes and home predominantly to the BM. Memory B cells are more likely to arise from 

centrocytes through survival signals and displayed most likely low BCR affinity 

(55,67,68). They leave the GC through the light zone and reside in the marginal zone of 

the spleen (69,70). 

In any case, contact with an adequate stimulus initially leads to intensive proliferation of 

activated B cells. Some of these B cells then differentiate into plasmablasts (PB), which, 

while still proliferating, already secrete antibodies. Cells that stop proliferation and exclu-

sively secrete antibodies are then referred to as mature PCs (55). Antibodies bind the 

antigens and can either have a neutralizing function or lead to phagocytosis of the path-

ogens or infected cells by activating the innate immune system or the complement sys-

tem (1,2). 

1.2.2.2 Marker expression during plasma cell differentiation 

In all the processes of terminal differentiation to PCs described so far, the transcription 

factors PAX5 (Paired box protein 5), IRF4 (Interferon Regulatory Factor 4) and BLIMP1 

(B lymphocyte induced maturation protein 1) play a crucial role (55). PAX5 induces B cell 

identity already from the pro-B cell stage during B cell development (71). PAX5 represses 

genes important for PC differentiation, such as Xbp1 (72). Thus, PAX5 downregulation 

is a prerequisite for PC differentiation (55,73), which already occurs at the pre-plas-

mablast (pre-PB) stage (74). Beyond the plasmablast (PB) stage, PAX5 expression is 

no longer detectable (55). 
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Figure 2: Scheme of the B220, PAX5, IRF4, CD138, and BLIMP1 regulation during PB for-
mation. From the pre-PB state onwards, B220 and PAX5 get downregulated, while BLIMP1 and 
CD138 are upregulated. IRF4 is already expressed in activated B cells and is further upregulated 
during PC differentiation. The same illustration adapted from Oracki et al. 2010 (55) can be found 
in Scheffler et al. 2021. 

 

In addition, PC differentiation is driven by the expression of the transcription factors IRF4 

and BLIMP1. On the one hand, this leads to further inhibition of PAX5 and other genes 

that stabilize the identity of the mature B cells (55,75). On the other hand, PC genes, 

such as Xbp1 and CXCR4, are expressed (76,77). Moreover, a certain dose dependence 

is described for IRF4. While moderate IRF4 expression induces CSR, high IRF4 levels 

mediate BLIMP1 expression (78). Whereas IRF4 is already steadily upregulated in acti-

vated B cells up to the PB stage, BLIMP1 expression has a delayed onset. It is upregu-

lated in PBs and continues to increase further during differentiation into PC. At the tran-

sition from pre-PB to the PB stage, the B cell marker B220 is downregulated. At the same 

time, the PC marker CD138 (syndecan) is expressed. The downregulation of B220 and 

the upregulation of CD138 continue to increase as PBs differentiate into PCs (55). This 

marker expression pattern of the different PC differentiation stages from naïve B cells 

into PBs is important for some flow cytometric analyses used in this work (Figure 2). 

1.2.3 Signaling during B cell activation 

1.2.3.1 B cell receptor signaling 

Due to the high complexity of BCR signaling in the different B cell stages, the focus will 

be on the main antigen induced signaling pathways in mature B cells (Figure 3). As men-

tioned above, the BCR consists of 2 rearranged heavy and light chains and the signaling 

domains Igα and Igβ (16). Both Igα and Igβ contain an immunoreceptor tyrosine-based 

activation motif (ITAM) in their intracellular domains (79). Upon BCR stimulation by anti-

gen crosslinking and recruitment to lipid rafts in the plasma membrane, the ITAMs of Igα 
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and Igβ are phosphorylated by the protein tyrosine kinases (PTK) of the Src-familiy (LYN, 

BLK, and FYN) (80). The double phosphorylated ITAMs provide a docking site for the 

PTK SYK, which binds to it via its 2 Src Homology 2 (SH2) domains. Consequently, SYK 

is phosphorylated and activated either by Src-PTKs or by autophosphorylation (80,81). 

Activated SYK mediates phosphorylation of the adaptor protein Src homology [SH2] do-

main–containing leukocyte protein of 65 kD (SLP-65, also known as BLNK), which links 

the BCR mediated activation of PTKs with the different downstream signaling pathways 

(80,82,83). SLP-65 is constitutively associated with the guanine nucleotide exchange 

factor Vav and the Grb2-Sos complex (82,83). Recruitment of SLP-65 with its associated 

proteins to the plasma membrane in the proximity to BCR activated PTKs allows activa-

tion of Vav and Grb2-Sos (83), resulting in activation of the three different Mitogen-acti-

vated protein kinase (MAPK) pathways. Vav is hypothesized to activate the Rac-MEKK-

JNK/p38 pathway, while Grb2/Sos is described to induce the Ras-Raf-MEK-ERK signal-

ing cascade (83–85). The different MAP kinases p38, JNK (c-Jun-N-terminal kinase), 

and ERK (extracellular-signal regulated kinase) phosphorylate divers cytoplasmic and 

nuclear targets. These include transcription factors (TF), which in turn achieve changes 

in the gene expression. For example, nuclear ERK phosphorylates and activates the 

transcription factors Elk-1 and Ets (86,87). JNK phosphorylates Jun, which then together 

with Fos, forms the transcription factor AP-1 (2,80,86). While p38 and JNK are described 

to integrate inflammatory signals, ERK plays a crucial role inducing proliferation and dif-

ferentiation of the cells (80). The Ras-Raf-MEK-ERK signaling pathway will be described 

below in more detail (see 1.3.2). 

In addition to MAPK activation, phosphorylated SLP-65 acts as a scaffold for the inter-

action of SYK, the Burton’s tyrosine kinase (BTK) and the phospholipase C gamma 

(PLCγ). SYK and BTK mediated activation of PLCγ leads to the hydrolysis of phospho-

inositide-3,4-bisphosphate (PIP2) to diacylglycerol (DAG) and inositol triphosphate (IP3) 

(80,88). The latter mediates an increase of cytoplasmic Ca2+, which leads to the calmod-

ulin (Cam) mediated activation of Cam kinases (CamK) or calcineurin. The Cam kinase 

II (CamK2) can translocate to the nucleus and for instance modulates the transcription 

factor Ets-1. Additionally, activated Calcineurin dephosphorylates NFAT, which then 

translocate to the nucleus and acts as transcription factor. DAG activates the protein 

kinase C (PKC), which can contribute to the activation of the Ras-Raf-MEK-ERK pathway 

(80,88–91). Additionally, PKC can activate NFκB signaling by indirectly activating the 

IKK complex, which leads to the release and translocation of NFκB dimers (92). 

BCR signaling is influenced by the CD19-CD21-CD81 coreceptor complex, as its activa-

tion lowers the threshold of signal strength required for BCR activation. CD21, also 

known as complement receptor 2 (CR2), directly interacts with CD19 and binds the C3 
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component of the complement system, integrating information from the innate immune 

system into the adaptive immune response (93). A pathogen covered by components of 

the complement system concurrently binds to the BCR by its antigen itself and to CD21 

by the C3 component attached to the pathogen. This simultaneous binding brings the 

BCR and the CD19-CD21-CD81 coreceptor complexes into close proximity. Thus, the 

Src-family kinases activated by the BCR-antigen interaction can also lead to phosphor-

ylation of the CD19 receptor (2). Upon activation CD19 interacts, for example, with the 

phosphatidyl inositol-3 kinase (PI3K), leading to phosphorylation and activation of AKT 

(93). Phospho-AKT mediates survival signals by the inhibition of Foxo1 (Forkhead family 

of transcription factors 1) and the activation of the mTOR (mammalian target of rapamy-

cin) signaling pathway (94). 

 

 

Figure 3: Schematic illustration of B cell receptor (BCR) signaling in mature B cells. Based 
on Kurosaki 1999 and Dal Porto et al. 2004 (80,85). The BCR consists of a membrane bound 
immunoglobulin (2 heavy chains, 2 light chains) associated with the signaling hetero dimer Igα/Igβ 
each containing an ITAM (immunoreceptor tyrosine-based activation motif). The BCR is associ-
ated with the B cell coreceptor complex CD21-CD19-CD81, which mediates PI3K/AKT signaling 
upon Src mediated phosphorylation occurring upon antigen stimulation of the BCR. AKT itself 
leads to mTOR activation and Foxo1 repression. After antigen-crosslinking the BCR mediates 
recruitment and activation of the Src kinases (LYN, FYN, BLK), which in turn phosphorylate the 
ITAMs of Igα and Igβ. SYK is recruited to the phosphorylated ITAMs and itself recruits the adaptor 
protein SLP-65 to the membrane, thereby activating PLCγ and MAPK downstream signaling 
events. MAPK signaling results in the activation of p38, JNK and ERK. PLCγ activation induces 
calcium signaling and in turn NFκB signaling. After nuclear translocation of the effector proteins, 
gene expression is changed either by phosphorylation of target proteins by p38, JNK, CamK2 or 
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ERK, or as transcription factors (TF) itself (NFκB). This figure was created using BioRender Basic, 
biorender.com. 

 

1.2.3.2 CD40 receptor signaling 

The CD40 receptor, mainly expressed on B cells, belongs to the tumor necrosis factor 

(TNF) family integrating costimulatory signals (40,95). CD40 stimulation of B cells in vitro 

results in upregulation of the activation markers (ICAM-1 and CD95), proliferation, im-

proved survival, and differentiation (95–97). In vivo experiments with CD40 deficient mice 

suggest an essential role of CD40 in TD immunoglobulin class switching and germinal 

center formation, but not for TD IgM responses and TI antibody responses (98). 

The interaction of the CD40 ligand (CD40L, CD154) expressed on CD4+ TH cells with 

CD40 expressed on B cells leads to trimerization of CD40 and association with TNF 

receptor associated factors (TRAF), which transduce the CD40 signal to different signal-

ing pathways (99). The TRAF family consists of 6 members, of which TRAF1, TRAF2, 

TRAF3, TRAF5 and TRAF6 interact with CD40 (100). TRAFs themselves do not exhibit 

enzyme activity, but function as adaptor proteins (101). Thereby, different TRAFs coop-

eratively mediate different signaling pathways.  

CD40 interaction with either TRAF6 or a TRAF2/3 complex activates PI3K and PLCγ in 

a LYN dependent manner (100–103). The phosphorylation and activation of ERK might 

be induced either Ras independently by a TRAF6 mediated PI3K/AKT dependent path-

way or by a TRAF2/3 induced LYN/SYK activation leading to Ras-Raf-MEK-ERK signal-

ing (103–107). The TRAF1/TRAF2 complex induces exclusively the canonical NFκB sig-

naling pathway, while TRAF3/TRAF5 interaction with the CD40 receptor activates both 

the canonical and the non-canonical NFκB signaling pathway (100). The activation of 

non-canonical NFκB activation upon CD40 crosslinking further depends on the TRAF2 

dependent degradation of TRAF2 and TRAF3, which results in the release and stabili-

zation of the NFκB inducing kinase (NIK). The latter is required for the p100 processing 

to p52 (40,100,101). TRAF2 not only mediates degradation, but further activates MEKK1 

and thereby JNK and p38 (100,108). In contrast to the TRAF dependent CD40 mediated 

signaling pathways, JAK binds directly to the activated CD40 receptor without the partic-

ipation of any TRAFs and results in the activation of STAT transcription factors (100,109). 

In summary (Figure 4), the interaction of CD40 with its ligand mediates the activation of 

the MAP kinases ERK, JNK and p38, of the canonical and non-canonical NFκB pathway, 

as well as of PI3K, PLCγ and JAK/STAT signaling (97,100,101). 
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Figure 4: Schematic illustration of the main events of signal transduction upon CD40 sig-
naling. Based on Kashiwada et al. 1998, Elgueta et al. 2009, Vidalain et al. 2000, Ren et al. 1994, 
Nair et al. 2020 and Bishop 2004 (100,102–105,110). Upon crosslinking of the CD40 receptor on 
B cells with its CD40 ligand on T cells clustering takes place, followed by association with different 
TRAF adaptor proteins or JAK leading to the activation of the MAP kinases ERK, JNK and p38, 
of the canonical and non-canonical NFκB pathway, as well as of PI3K, PLCγ2 and JAK/STAT 
signaling. This figure was created using BioRender Basic, biorender.com. 
 

1.2.3.3 Toll-like receptor 4 signaling 

Besides BCR and TNF receptors, B cells also respond to pathogens via Toll-like receptor 

(TLR) signaling. TLRs belong to the germline-encoded pattern-recognition receptors, 

which recognize specific pathogen-associated molecular patterns (PAMPs) (111–113). 

The different TLRs recognize specific PAMPs. For example, TLR9 is activated by hypo-

methylated CpG motifs of viral DNA, while TLR3 recognizes double-stranded RNA, 

which is usually found only in pathogens. TLR4 binds LPS of the outer membrane of 

gram-negative bacteria and is present in the plasma membrane of B cells (112–114). 

TLR4 stimulation of B cells induces a TI immune response resulting in proliferation and 

PC differentiation (113,114). Ligand binding is mediated by the ectodomain containing 

leucin-rich repeats. The downstream signaling (Figure 5) is transduced by the Toll/IL-1 

receptor (TIR) domain (115). TLR4 engagement with LPS leads to oligomerization of the 

receptor resulting in its interaction of the TIR domain with MyD88 (myeloid differentiation 

primary response gene 88). MyD88 signaling induces endocytosis of the TLR4 followed 

by TRIF (TIR domain-containing adaptor inducing IFN-β) mediated signaling (112–117). 

MyD88 dependent signaling indirectly activates TRAF6, which on the one hand leads to 

the activation of IKKs and thereby induces NFκB signaling, and on the other hand to the 

induction of various MAP kinases. Like MyD88/TRAF6, the adapter protein TRIF acti-

vates IKKs and MAP kinases by the recruitment of RIP1 (receptor-interacting protein 1) 

(112,116). Many mechanisms of these signaling pathways have been explored using 
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macrophages and cell lines. In B cells, a participation of the BCR/SYK axis in TLR4 me-

diated ERK phosphorylation and cross talks between the TLR4 and the BCR are de-

scribed but needed to be further validated (114,118). Furthermore, an involvement of 

TPL2 in ERK activation is assumed (119). 

 

 

Figure 5: Simplified schematic illustration of the main events of signal transduction upon 
TLR4/LPS signaling. Based on Ciesielska et al. 2020, Lu et al. 2008, Schweighoffer et al. 2017, 
Kuriakose et al. 2014 (112,114,117,119). Upon LPS binding TLR4 oligomerize leading to the as-
sociation with either MyD88 or TRIF. These interactions indirectly result in the activation of the 
MAP kinases ERK, JNK and p38, or the NFκB pathway, as well as PI3K signaling. ERK phos-
phorylation is further mediated in a BCR/SYK dependent manner. This figure was created using 
BioRenderBasic, biorender.com. 

1.3 Raf-kinases 

1.3.1 Raf-kinase family 

The serine/threonine kinases of the Raf (rapidly growing fibrosarcoma) family are im-

portant intermediates in the signal transduction. In mammals, 3 isoforms exist A-Raf (68 

kDa), B-Raf (70-100 kDa) and Raf-1 (C-Raf; 72-74 kDa) (120). First Raf-1 was identified 

as a transforming oncogene in mouse and chicken in 1983. It attracted even more atten-

tion, when Raf-1 was proven as a direct Ras target protein mediating ERK phosphoryla-

tion (121,122). Then the transforming effect of B-Raf mutations in cancer were discov-

ered (123–125). Although tissue-specific expression of the various Raf isoforms was 

previously reported, most recently an almost ubiquitous expression of A-Raf, B-Raf, and 

Raf-1 has been assumed (120,126). 

The structure of all three Raf isoforms (Figure 6) is divided into a regulatory N-terminal 

and a C-terminal kinase domain. The regulatory N-terminal domain is composed of the 
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conserved regions CR1 and CR2, with CR1 including the Ras-binding domain (RBD) 

and a cysteine-rich domain (CRD) (120,127). While RBD binds Ras, CRD can bind both 

Ras and membrane lipids. Upon binding, both domains induce conformational changes 

leading to the removal of autoinhibition and the membrane recruitment of Raf (see sec-

tion 1.3.2) (128,129). CR2 contains serine and threonine residues, which upon phos-

phorylation have an inhibitory influence on the Raf activation by the interaction with the 

14-3-3 protein (130,131). The conserved C-terminal CR3 region contains the kinase do-

main and regulatory amino acids that must be phosphorylated for Raf activation (132). 

The Raf isoforms exist in the cytoplasm of quiescent cells, due to the absence of a dis-

tinct subcellular localization sequence (133). 

 

 

Figure 6: Scheme of the protein structure of Raf-kinases. Raf-kinases contain a regulatory N-
terminal domain consisting of the 2 conserved regions CR1 and CR2. The CR1 contains the Ras-
binding domain (RBD) and the cysteine-rich domain (CRD). The CR2 consists of a Ser/Thr-rich 
domain. The C-terminal domain is formed by a third conserved region CR3, which contains the 
kinase domain. This figure based on Lavoie et al. 2015 (134) and was created using BioRender 
Basic, biorender.com. 

 

1.3.2 The Ras-Raf-MEK-ERK signaling pathway 

Raf activity is tightly controlled and in unstimulated cells Raf-kinases are maintained in 

an inactive state mediated by autoinhibition, inhibitory phosphorylation and binding to 

repressors, such as RKIP. Autoinhibition is achieved by an inactive conformation (129). 

This inactive conformation is stabilized by the binding of the 14-3-3 protein dimer to one 

phosphorylated serine in the CR2 domain and to one in the C-terminal domain (131). 

Furthermore, the interaction between 14-3-3 and CR2 masks the CRD and thus prevents 

Raf activation (135). 

The exact mechanism of Raf regulation has not yet been fully elucidated. The key as-

sumptions of the Raf activation/inactivation cycle are as followed: Cell stimulation leads 

to receptor mediated recruitment of the Grb2-Sos complex. The guanine nucleotide ex-

change factor Sos causes the GDP-GTP exchange of Ras (129,136). Active Ras-GTP 

recruits cytosolic Raf-kinases to the plasma membrane through RBD binding (121,129). 
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This allows binding of the CRD domain of Raf either to Ras-GTP or to phosphatidyl ser-

ine in the plasma membrane (129,137,138). The subsequent dissociation of the 14-3-3 

protein from the CR2 domain of the Raf-kinases allows the protein phosphatases PP1 

and PP2a to dephosphorylate inhibitory phosphate residues (129,135,139,140). Subse-

quently, in Raf-1 and A-Raf, tyrosine residues in the kinase domain are phosphorylated 

by Src kinases, which themselves have been activated by stimulation. Next, phosphory-

lation of serine residues in the same region by different kinases, for instance PKA, takes 

place (129,141,142). The resulting negatively charged region in the kinase domain of 

Raf abolishes autoinhibition (128,129,143). In B-Raf, this region is already negatively 

charged by aspartate residues and a constitutive phosphorylation of serine-445 (S445) 

(129,141). After abrogation of autoinhibition, homo- and heterodimerization of the Raf-

kinases occur. Dimerization leads to an additional conformational change that activates 

the kinase activity of Raf (129). Preferentially, B-Raf/Raf-1 heterodimers are formed, 

which exhibit the highest kinase activity (129,144–146). 

To date, MEK1 and MEK 2 (mitogen-activated protein kinase/ERK kinase) are the only 

accepted substrates of activated Raf-kinases (120,127). Several other proteins, such as 

Rb, MYPT, BAD, or ASK1 are discussed as Raf substrates, influencing cell cycle pro-

gression, cell motility as well as apoptosis (127). Although all Raf isoforms activate MEK 

by phosphorylation at two serine residues in the activation loop (S117 and S221) 

(136,141,147), B-Raf exhibits the highest kinase activity with respect to MEK, followed 

by Raf-1. A-Raf exhibits only a low capacity of MEK phosphorylation (148). Activated 

MEK in turn leads to ERK activation through phosphorylation of the Thr-Xxx-Tyr motif in 

the activating segment (120,149). As activated serine/threonine kinase phospho-ERK 

(pERK) regulates many different cytoplasmic (RSK, MLCK) but also nuclear (Elk-1, c-

Fos, c-Myc) target proteins (150,151). Thereby, pERK influences various cellular pro-

cesses, such as differentiation, proliferation, survival, but also apoptosis (120,127). The 

outcome of the Ras-Raf-MEK-ERK signaling pathway seems to depend on the intensity 

and temporal dynamics of ERK activation as well as on the cell type (120,152,153). Alt-

hough the Ras-Raf-MEK-ERK signaling pathway is the conventional pathway for ERK 

phosphorylation, Ras/Raf independent pathways of ERK phosphorylation through PI3K, 

PAK, MEKK1, or TPL2 has also been described in various cell types (107,150,154–157). 

To regulate and terminate the Ras-Raf-MEK-ERK signaling, Raf-kinases are inactivated 

by various processes. Protein phosphatase PP5 dephosphorylates activating phosphate 

groups of Raf (158). In addition, Raf-kinases are inactivated via an ERK-mediated feed-

back loop. Thus, ERK phosphorylates regions in the CR2 domain of Raf, abolishing the 

Ras-Raf interaction but also Raf dimerization (127,129,159). Subsequently, the inacti-

vated Raf monomers are recycled back to the inactive conformation (129). 
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1.3.3 Raf mutations 

Knockout experiments of Raf revealed some non-redundant functions of the different 

mammalian Raf isoforms A-Raf, B-Raf and Raf-1. Conventional A-Raf knockout mice 

survived in utero but died 7 to 21 days after birth, suffering from neuronal and intestinal 

malformations (160). Mice with a conventional knockout of B-Raf or Raf-1 were both 

embryonic lethal (161,162). The B-Raf deficiency led to neuronal defects, but the prob-

able cause of death was vascular malformations resulting in massive hemorrhage (161). 

B-Raf is also the main activator of MEK and ERK in the placenta, which is essential for 

its development (163). Embryonic lethality in Raf-1 knockout mice likely results from high 

apoptosis in the liver. However, these mice also show defects in the placenta and the 

hematopoietic system. In addition, Raf-1 appears to contribute to ERK activation during 

embryonic development (164,165). These results support the high importance of Raf-

kinases in very multifaceted cellular processes. 

Additionally, the Ras-Raf-MEK-ERK pathway is often hyperactivated by mutations in var-

ious human cancers (120,125,166,167). These mutations predominantly affect B-Raf 

while rare mutations have been detected in Raf-1 and A-Raf (120,168). The best known 

B-Raf mutation V600E is predominantly found in melanomas but could also be detected 

in 4 % of multiple myelomas (168–170). In the V600E mutation, a valine at position 600 

is replaced by glutamic acid, which constitutively activates B-Raf (120,171). In 2004, 

Wan et al. were able to demonstrate that of 22 B-Raf mutants tested, 81.8 % had in-

creased B-Raf kinase activity (170). The analyses of the Raf mutations occurring in hu-

man cancer support the important role of Raf mediating ERK hyperactivation in tumor 

development and progression. 

Therefore, Raf inhibitors have been developed for the treatment of Ras and Raf driven 

cancers. Dabrafenib was developed to treat melanoma featuring the hyperactive V600E 

B-Raf mutation (171), but in high concentrations Dabrafenib could inhibit all three Raf 

isoforms (172). Sorafenib is a multi-targeted tyrosine kinase inhibitor, also inhibiting all 

three Raf-kinases (173). Dabrafenib and Sorafenib act by interaction with the ATP-bind-

ing site of a Raf monomer thereby inhibiting its kinase activity (174,175). 

This mechanism is effectively working at high inhibitor concentrations saturating all Raf 

molecules. But at non-saturating concentrations, the so-called paradoxical ERK activa-

tion may occur (172,176). It is assumed that at low inhibitor concentrations not all Raf 

monomers are bound and inhibited by the inhibitors. The Raf monomer bound to the 

inhibitor got inactivated and favors dimerization with an unbound non-inhibited Raf mon-

omer. This dimerization leads to conformational changes of the uninhibited Raf followed 

by its hyperactivation, causing the so-called paradoxical ERK phosphorylation 
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(172,174,176,177). Therefore, the newer pan-Raf inhibitor LY3009120 (LY30) was de-

veloped. It was described to have a comparable inhibitory effect on all three Raf isoforms 

and the paradoxical ERK activation, that has been described in cells treated with soraf-

enib and dabrafenib, is barely detectable with LY3009120 (172,173,176). 

1.3.4 Raf mediated functions in B cells 

Although Raf-kinases have been the subject of research for nearly 30 years, little is 

known about their role in B cell development and activation. Raf mediated ERK phos-

phorylation in B cells upon BCR stimulation was demonstrated by Brummer et al. in 2002 

through induced B-Raf//Raf-1 deficiency in the chicken B cell line DT40 (178). The block 

in B cell development caused by a dominant-negative mutant of Ras could be rescued 

by constitutively active Raf-1 (179). Moreover, constitutively active Raf-1 promoted B cell 

maturation and expansion (180). Rowland et al. showed in 2010, that reduced BCR sur-

face expression in immature B cells led to impaired differentiation of immature B cells 

into transitional and mature B cells. Introduction of a constitutive active N-Ras increases 

ERK phosphorylation and enables immature B cells, with a low BCR expression to dif-

ferentiate into transitional and mature B cells. Although this study did not consider the 

individual Raf isoforms, these results suggest that the Ras-Raf-MEK-ERK pathway, ac-

tivated by tonic BCR signaling, affects the differentiation of immature B cells (181). Fur-

thermore, the importance of MEK/ERK phosphorylation in the activation of mature B cells 

was demonstrated by MEK inhibition, which inhibits BCR mediated proliferation (182). In 

2015, Lionetti et al. analyzed Ras and Raf mutations in patients with plasma cell dyscro-

sia. In about 21.7% of these samples, mutations in Ras or Raf were detected. This sup-

ports the assumption that Raf-kinases may play an important role in plasma cell differ-

entiation (183). 

In our group, the influence of B-Raf and Raf-1 inactivation was investigated in murine 

B cells with and without constitutively active CD40 signaling (see section 1.4). The pro-

ject was started by Samantha Feicht during her PhD thesis. Mice harboring a B cell spe-

cific deletion of either Raf-1, B-Raf or both, revealed a block in the B cell development at 

the transition from pro- to pre-B cells, but also from large pre-B to small pre-B cells (184). 

Initially, we assumed that this phenotype was due to a reduced ERK phosphorylation, as 

Yasuda et al. in 2008 demonstrated an ERK dependence in maturation from pro- to pre-

B cells (185). Furthermore, B cell specific inactivation of B-Raf and/or Raf-1 revealed a 

redundant role of these two Raf-kinases in the generation and maturation of transitional 

B cells, which resulted in reduced splenic B cell numbers. Thereby, Fo B cells were more 

affected than MZ B cells. Although ERK phosphorylation was still inducible in B-Raf//Raf-
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1 single or double deficient B cells, the TD immune response was slightly impaired in B-

Raf//Raf-1 deficient B cells resulting in reduced GC B cells and antibody titers (184). 

1.4 Model systems 

1.4.1 The Raf-1fl/fl//B-Raffl/fl//mb1-Cre+/- (DKO) transgenic mouse model 

To investigate the contribution of the Raf isoforms B-Raf and Raf-1 in B cell development 

and activation, our group analyzed mice with B cell specific inactivation of B-Raf and 

Raf-1 or both in C57BL/6 mice. Here, the previously published mouse strains Raf-1fl/fl 

(186) and B-Raffl/fl (187) were used. In the Raf-1fl/fl mouse strain, exon 3, encoding for the 

RBD, and in B-Raffl/fl mice, exon 12, encoding for parts of the kinase domain, are biallel-

ically flanked with loxP sites (locus of crossing, x) (186,187). By crossbreeding of homo-

zygous Raf-1fl/fl//B-Raffl/fl mice with heterozygous mb1-Cre+/- mice, the loxP-flanked ex-

ons of B-Raf and Raf-1 were deleted in B cells (Figure 7). In mb1-Cre+/- mice, the Cre-

recombinase is expressed under the control of one Igα locus from the early pro-B cell 

stage onwards (188). Here, only heterozygous mb1-Cre+/- mice were used, since mb1-

Cre+/+ mice exhibit severely reduced B cell numbers due to a biallelic deletion of the Igα 

locus resulting in a loss of BCR surface expression (189). 

Thus, in the crossbred Raf-1fl/fl//B-Raffl/fl//mb1-Cre+/- (DKO) mice, a B cell specific deletion 

of exon3 of Raf-1 and exon 12 of B-Raf is already achieved in pro-B cells. Deletion of 

the exons leads to frameshifts and consequently to a knockout of Raf-1 and B-Raf. 

 

 

Figure 7: Scheme of the Raf-1fl/fl//B-Raffl/fl//mb1-Cre+/- (DKO) transgenic mouse model. This 
mouse model was created by crossing homozygous B-Raffl/fl//Raf-1fl/fl mice (left panel) with heter-
ozygous mb1-Cre+/- mice (right panel). In homozygous B-Raffl/fl//Raf-1fl/fl mice, the exon 12 of both 
B-Raf alleles, encoding for parts of the kinase domain (187), and the Ras-binding domain (exon 
3) of both Raf-1 alleles (186) were flanked by loxP sites (red arrows). In heterozygous mb1-Cre+/- 
mice a humanized Cre-recombinase (green) was integrated into the exon 2 and 3 of one allele of 
the Igα gene (188). B cell specific expression of the Cre-recombinase leads to the deletion of the 
loxP flanked exons of B-Raf (exon 12) and Raf-1 (exon 3) from the early pro-B cell stage onwards. 
Deletion of the exons leads to a knockout of Raf-1 and B-Raf. 
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1.4.2 The Raf-1fl/fl//B-Raffl/fl//LMP1/CD40flSTOP+/-//CD19-Cre+/- (RafDKO/LC40) 

transgenic mouse model 

Additionally, the role of B-Raf and Raf-1 in B cell activation, expansion, and transfor-

mation upon constitutive CD40 signaling was examined. Constitutive CD40 signaling in 

B cells is induced by the B cell specific expression of the LMP1/CD40 fusion protein. The 

latter contains the transmembrane domain of the LMP1 gene of the Epstein-Barr virus 

(EBV) fused to the intracellular signaling domain of CD40. To prevent ubiquitous expres-

sion of LMP1/CD40 in all tissues, a loxP flanked STOP cassette was inserted prior to the 

LMP1/CD40 transgene. This whole Stop-flox/LMP1/CD40 gene cassette 

(LMP1/CD40flSTOP) was integrated into the rosa26 locus, which is ubiquitously active. The 

B cell specific expression of the fusion protein LMP1/CD40 was achieved by crossbreed-

ing to CD19-Cre+/- mice, where the Cre-recombinase was heterozygously inserted into 

the exon 2 of one CD19 gene (190). Therefore, the Stop cassette of the LMP1/CD40flSTOP 

gene is specifically deleted in B cells under the control of the CD19 promotor (52). To 

analyze the role of B-Raf and Raf-1 in the LMP1/CD40 induced phenotype, the above 

mentioned mouse strains Raf-1fl/fl (186) and B-Raffl/fl (187) were homozygously crossed 

to the LMP1/CD40flSTOP+/-//CD19-Cre+/- (LC40) mice (52). The resulting Raf-1fl/fl//B-

Raffl/fl//LMP1/CD40 flSTOP+/-//CD19-Cre+/- (RafDKO/LC40) mice exhibit a knockout of both 

Raf-1 and B-Raf genes with a concomitant expression of the fusion protein LMP1/CD40 

in B cells (Figure 8). 

 

 

Figure 8: Scheme of the Raf-1fl/fl//B-Raffl/fl//LMP1/CD40flSTOP+/-//CD19-Cre+/- (RafDKO/LC40) 
transgenic mouse model. This mouse model exhibits a homozygous B-Raffl/fl//Raf-1fl/fl (left 
panel), a heterozygous LMP1/CD40flSTOP +/- (middle panel), and a heterozygous CD19-Cre+/- (right 
panel) genotype. In homozygous B-Raffl/fl//Raf-1fl/fl mice, the exon 12 of both B-Raf alleles, (188) 
and exon 3 of both Raf-1 genes (186) were flanked by loxP sites (red arrows). In heterozygote 
LMP1/CD40flSTOP+/- mice, the transgene for the fusion protein LMP1/CD40 (pink) was linked to a 
loxP flanked STOP cassette (red). This LMP1/CD40flSTOP transgene was inserted into the exon 2 
of one allele of the rosa26 locus (52). In heterozygous CD19-Cre+/- mice the Cre-recombinase 
gene (green) was integrated into the exon 2 of one allele of the CD19 gene (190). B cell specific 
expression of the Cre-recombinase occurs already during B cell development and leads to the 
deletion of the loxP flanked regions. CD19-Cre mediated deletion of the loxP flanked exons of the 
Raf-kinases results in a knockout of Raf-1 and B-Raf and LMP1/CD40 expression under the con-
trol of the constitutive active rosa26 promotor in B cells. 
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2. Aim 

The Ras-Raf-MEK-ERK signaling pathway plays an important role in the transduction of 

extracellular stimuli in many different cell types, leading to changes in cellular processes 

such as proliferation, differentiation, but also cell cycle arrest or apoptosis. In B cell but 

also in lymphoma development an essential involvement of Ras and ERK has been de-

scribed. The contribution of the intermediate Raf-kinases of this signaling pathway has 

rarely been analyzed. To date, little is known about the functions of Raf in mammalian 

B cell development, activation, differentiation, and lymphoma generation. To fill this 

knowledge gap, a model system was developed in which Raf-1 and B-Raf were condi-

tionally deleted in murine B cells from the pro-B cell stage onwards. Since in previous 

experiments, B-Raf and Raf-1 showed a largely redundant function in mature B cells, 

only Raf-1fl/fl//B-Raffl/fl//mb1-Cre+/- (DKO) mice with a B cell specific double knockout of 

B-Raf and Raf-1 should be analyzed in this work. Furthermore, the contribution of B-Raf 

and Raf-1 to constitutive B cell activation and lymphoma generation should be investi-

gated by studying mice with an inactivation of Raf-1 and B-Raf in B cells expressing a 

constitutive active CD40 receptor. In detail, the aims of this doctoral thesis were: 

1) The investigation of the role of B-Raf and Raf-1 in mature B cells 

Against the expectations Samantha Feicht could observe during her thesis that in DKO 

B cells the BCR mediated ERK phosphorylation was not reduced (191). First, I should 

confirm the reproducibility of these unexpected results. Furthermore, the mechanisms 

leading to BCR mediated ERK phosphorylation in the absence of B-Raf and Raf-1 should 

be uncovered. Therefore, in vitro anti-IgM stimulation of isolated control and DKO B cells 

in the absence or presence of different inhibitors were performed. 

Furthermore, Samantha Feicht could show that DKO mice displayed an impaired TD 

immune response (184,191). In addition to this, I should investigate whether Raf-kinases 

also play a role in the TI B cell response. Therefore, control and DKO B cells were im-

munized with NP-Ficoll. Furthermore, plasma cell differentiation of isolated LPS stimu-

lated control and DKO B cells was analyzed in vitro. Additionally, the ERK phosphoryla-

tion during this LPS induced plasma cell differentiation of control and DKO B cells was 

examined in vitro. 

2) The analysis of the role of B-Raf and Raf-1 on CD40 signaling in B cells: 

Next to BCR and LPS signaling, CD40 is an important B cell receptor important for the 

integration of costimulatory signals (40,95). To complete the investigation of the role of 

Raf-kinases in the main signaling events in mammalian B cells, the contribution of B-Raf 
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and Raf-1 to CD40 mediated ERK phosphorylation should be elucidated by in vitro stim-

ulation of isolated control and DKO B cells with anti-CD40. 

Constitutive CD40 signaling by LC40 expression in B cells leads to B cell expansion, 

activation, and lymphoma generation (52). The participation of hyperactivated ERK to 

the LC40 mediated phenotype was already described (107). To investigate the contribu-

tion of B-Raf and Raf-1 to the LC40 induced phenotype, those two Raf-kinases were 

conditionally inactivated in B cells of LC40 mice. Young and aged RafDKO/LC40 mice 

were compared to aged-matched LC40 and control mice regarding the pERK level, the 

B and T cell composition, the B cell activation, and the outgrowth of an aberrant 

CD21lowCD23lowCD43+CD5low B cell population. Furthermore, RNA-Seq analyses of iso-

lated B cells of young LC40 and RafDKO/LC40 mice were performed to investigate the 

effects of the B-Raf//Raf-1 deficiency on the gene expression in general. 
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3. Results 

3.1 The role of B-Raf and Raf-1 in B cell receptor signaling 

The Ras-Raf-MEK-ERK signaling pathway has already been described in detail in the 

literature. B-Raf and Raf-1 mainly function as a kinase towards MEK leading to the acti-

vation of ERK and its downstream targets. However, many of these data were generated 

using cell lines. Moreover, a dependence of the consequences of Raf signaling on the 

cell type and on the respective activation or differentiation stage of the cell was described 

(192). Thus, only little is known about the role of Raf-kinases in B cells. This knowledge 

gap will be addressed below by analyzing the role of Raf-kinases specifically during the 

activation and differentiation of primary mouse splenic B cells. 

To shed light on this, mice were generated with a B cell specific knockout of B-Raf and 

Raf-1. For this purpose, homozygous B-Raffl/fl//Raf-1fl/fl mice (186,187) were crossed with 

heterozygous mb1-Cre+/- mice (188). In the resulting B-Raffl/fl//Raf-1fl/fl//mb1-Cre+/- (here-

after referred to as DKO) mice, Cre-recombinase is expressed B cell specifically under 

the control of the Igα locus very early during B cell development. This results in the de-

letion of the Ras-binding domain (exon 3) of Raf-1 and one part of the kinase domain 

(exon 12) of B-Raf from the early pro-B cell stage onwards. These deletions lead to a 

double knockout of the B-Raf and Raf-1 proteins. Because of the wildtype like phenotype 

of heterozygous mb1-Cre+/- mice, both mb1-Cre+/- mice and C57BL/6 wildtype mice were 

used as controls and summarized under the term controls (abbreviated ctrl). 

3.1.1 Increased basal and BCR mediated ERK phosphorylation in DKO 

B cells 

To get a deeper insight into the role of B-Raf and Raf-1 in BCR signaling, short-time 

stimulation experiments were performed. Thereby, isolated B cells of DKO and control 

mice were either kept unstimulated or were treated with an agonistic anti-IgM antibody, 

to induce BCR signaling. The total and phosphorylated protein levels of the Raf down-

stream targets MEK, ERK1, and ERK2 were analyzed by Western blot. 

While the total MEK, ERK1, and ERK2 level were similar in control and DKO B cells 

regardless of the stimulation, differences could be observed with respect to the phos-

phorylation state of MEK, ERK1, and ERK2. In both genotypes, anti-IgM stimulation led 

to a significant increase of MEK, ERK1, and ERK2 phosphorylation compared to the 

unstimulated condition. Strikingly, unstimulated and anti-IgM stimulated DKO B cells ex-

hibited significantly increased pERK1 and pERK2 levels compared to controls. MEK 
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phosphorylation was also elevated in DKO B cells, but the increase did only reach sig-

nificance upon anti-IgM treatment (Figure 9). These data indicated a regulatory role of 

B-Raf and Raf-1 towards the MEK and ERK phosphorylation in mature B cells. 

 

 
Figure 9: DKO B cells exhibited increased pERK levels, which could be further induced 
upon anti-IgM stimulation. Pooled splenic B cells from 2 to 3 mice per genotype (ctrl or DKO) 
were either kept unstimulated or were treated with anti-IgM for 2.5 min in vitro. (A) A representa-
tive Western blot for total and phosphorylated MEK and ERK1/2 for the two genotypes with and 
without anti-IgM stimulation is shown. Tubulin served as loading control. (B) The graph summa-
rizes the fold induction of pERK1, pERK2 and pMEK in comparison to unstimulated controls. The 
calculation of the fold induction is described in section 6.7.5. Each dot represents one of n = 5 
independent experiments. Lines connect the corresponding values of the different time points of 
one genotype per Western blot. Due to the lognormal distribution the data sets were logarithmical 
transformed and statistically analyzed by the Two-way ANOVA with Tukey’s multiple comparisons 
test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. These illustrations can also be found in 
Scheffler et al. 2021. 

The in vitro stimulation experiments described above were performed on B cells isolated 

using CD43-MACS depletion. To exclude an influence of the performed B cell isolation 

on pERK, pERK levels were determined in B cells ex vivo using flow cytometry. Thereby, 

splenic B cells were subdivided into Follicular (Fo B; CD23highCD21+) and Marginal zone 

(MZ B; CD23-CD21high) B cells (Figure 10A). 

 

 

Figure 10: B-Raf//Raf-1 inactivation resulted in elevated basal pERK levels. The p-ERK level 
in Fo B (CD23highCD21+) and MZ B (CD23-CD21high) cells was analyzed in n = 4 control (ctrl) and 
n = 4 DKO mice. (A) The gating strategy for Fo B and MZ B cells pre-gated on B220+ B cells is 
shown. (B) A representative histogram overlay for pERK and its isotype control (Iso) of the gated 
Fo B and MZ B cells of ctrl and DKO mice. (C) The Median Fluorescent Intensity (MFI) of pERK 
and its isotype control (Iso) are illustrated for Fo B and MZ B cells of ctrl and DKO mice. The dots 
correspond to individual mice. The bars and error bars represent the mean ± standard deviation. 
The data were normally distributed. Two-way ANOVA with Sidak’s multiple comparisons test was 
performed. *p < 0.05; **p < 0.01. Similar illustrations are included in Scheffler et al. 2021. 
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B-Raf//Raf-1 inactivation in DKO B cells caused a slight but significant elevation of the 

basal ERK phosphorylation in both Fo B and MZ B cells compared to their controls. 

Within one genotype, ERK phosphorylation was approximately 1.5-fold higher in MZ 

B cells than in Fo B cells (Figure 10B-C). 

As described earlier, DKO mice displayed a defect in the B cell development in the BM 

(184). Therefore, not only splenic but also BM B cells of control and DKO mice were 

examined with respect to their ERK phosphorylation. Mature recirculating (recirc) B cells 

were identified as B220highCD43low. The additional marker CD25 in combination with 

B220 and CD43 allowed the distinction of pro (B220lowCD43highCD25-), early large pre 

(B220lowCD43highCD25+), pre (B220lowCD43lowCD25+) and immature 

(B220lowCD43lowCD25-) B cells (Figure 11A). Like mature splenic B cells, the pERK levels 

of mature recirculating B cells were higher in the DKO compared to controls (Figure 11B-

C). Detailed examination of the pERK levels of each subset of developing B cells (pro, 

early large pre, pre, and immature) showed that in both genotypes all developing B cells 

exhibited lower ERK phosphorylation than mature recirculating B cells. In addition, no 

differences between genotypes in the pERK signals of developing B cells could be de-

tected (Figure 11C). 

These results implied the independence of ERK phosphorylation from B-Raf and Raf-1 

in unstimulated and short-term anti-IgM stimulated mature B cells. Furthermore, these 

results suggested an inhibitory function of the Raf-kinases B-Raf and Raf-1 on the pERK 

levels in mature B cells. 

 

Figure 11: B-Raf//Raf-1 inactivation increased the pERK levels in recirculating B cells. The 
pERK levels in different subsets of ex vivo BM B cells of n = 4 control (ctrl) and n = 4 DKO mice 
were analyzed by flow cytometry. In (A) the gating strategy for the different subsets of B cells in 
the BM are shown. B cells are pre-gated on B220+ cells and are subdivided in pro 
(B220lowCD43highCD25-), early large pre (B220lowCD43highCD25+), pre (B220lowCD43lowCD25+), 
immature (B220lowCD43lowCD25-), and recirculating (recirc; B220highCD43low) B cells. (B) Repre-
sentative histogram overlay of pERK and its isotype control (Iso) in recirculating B cells in the BM 
of control and DKO mice. (C) The Median Fluorescent Intensity (MFI) of pERK or its isotype con-
trol (Iso) of control and DKO BM B cell subsets gated as indicated in (A). The dots and error bars 
represent the mean ± standard deviation. The data were normally distributed. Two-way ANOVA 
with Tukey’s multiple comparisons test was applied in (F). ****p < 0.0001. Similar illustrations are 
included in Scheffler et al. 2021. 
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3.1.2 Unaltered BCR downstream signaling in DKO B cells 

Since many cross talks and feedback loops exist between different signaling pathways, 

the question arose whether the inactivation of B-Raf and Raf-1 also influences other BCR 

mediated signaling pathways. Therefore, BCR mediated activation of different signaling 

molecules was investigated by Western blot on unstimulated and anti-IgM stimulated 

splenic B cells of control and DKO mice. 

 
Figure 12: DKO B cells displayed unaltered BCR signaling with respect to pSYK, pJNK, 
pp38, pIκBα, and pAKT. Isolated splenic B cells of control (ctrl; n = 3 to 8) and DKO (n = 3 to 8) 
mice were either left untreated or were stimulated with anti-IgM for 2.5 min in vitro. (A-F) A repre-
sentative Western blot for pSYK (A), pAKT (B), pIκBα (C), pPLCγ2 (D), pJNK1/2 (E), and pp38 
(F) and their indicated loading control (Tubulin or GAPDH) is shown for the two genotypes with 
and without anti-IgM stimulation. The graphs summarize the indicated fold induction in compari-
son to unstimulated controls. The calculation of the fold induction is described in section 6.7.5. 
Each dot represents an individual mouse. The bars and error bars represent the mean ± standard 
deviation.  Due to the lognormal distribution the data sets were logarithmical transformed and 
statistically analyzed by the two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001. Similar graphs are included in Scheffler et al. 2021. 

 

First, the activation of SYK, a main signaling molecule directly interacting with the BCR 

(81,193), was examined. Additionally, we analyzed the activity of the PI3K/AKT signaling 

pathway by determining pAKT levels (194) and of the NFκB pathway by investigating the 

phosphorylation of the inhibitory protein IκBα, which leads to NFκB activation (195,196). 



Results  40 

 

Furthermore, the activities of the MAPK JNK and p38 were explored, which are phos-

phorylated upon BCR stimulation (91). Phosphorylated PLCγ2 was described as an ac-

tivator of the PKC, which could mediate MAPK activation (197). Therefore, we studied 

the phosphorylation of PLC-γ2. 

Under both conditions, unstimulated and anti-IgM stimulated, control and DKO B cells 

displayed comparable levels of pSYK, pAKT, pIκBα, pPLCγ2, pJNK1/2, and pp38. 

Thereby, in both genotypes, anti-IgM stimulation resulted in an induction of SYK, AKT, 

IκBα, PLCγ2, JNK1, and p38 phosphorylation (Figure 12). Thus, the activities of all ana-

lyzed signaling molecules were similar between DKO and control B cells. These results 

led to the assumption that the previously described inhibitory function of B-Raf and Raf-

1 is restricted to ERK phosphorylation and that B-Raf//Raf-1 inactivation did not affect 

NFκB, PI3K/AKT, and PLCγ2/JNK/p38 MAPK signaling upon BCR stimulation. Next, we 

analyzed how ERK phosphorylation was mediated in mature B cells of DKO mice. 

3.1.3 Increased ERK phosphorylation upon pan-Raf inhibitor treatment 

First, we investigated whether in DKO B cells, ERK phosphorylation is mediated by the 

third Raf-kinase family member A-Raf. A-Raf is considered to have only a low kinase 

activity with respect to MEK (148,153), which is why previous analyses focused on B-

Raf and Raf-1. To investigate whether A-Raf is expressed in mature murine B cells, 

Western blots were performed on unstimulated and anti-IgM stimulated splenic B cells 

of control and DKO mice. 

The Western blots and the corresponding quantified fold induction revealed comparable 

A-Raf level in unstimulated and anti-IgM stimulated mature B cells of control and DKO 

mice (Figure 13). Thus, A-Raf is expressed in B cells and B-Raf//Raf-1 inactivation in 

DKO B cells did not appear to lead to a compensatory change in the A-Raf expression. 

 

 

Figure 13: Similar A-Raf expression in mature con-
trol and DKO B cells. The A-Raf expression of un-
stimulated or anti-IgM stimulated splenic B cells of 
n = 4 control (ctrl) and n = 7 DKO mice was measured 
by Western blot. A representative Western blot for A-
Raf and the loading control Tubulin is shown for the 
two genotypes with and without anti-IgM stimulation. 
The graph summarizes the fold induction of A-Raf in 
comparison to unstimulated controls. The calculation 
of the fold induction is described in section 6.7.5. Each 
dot represents an individual mouse. The bars and er-
ror bars represent the mean ± standard deviation. The 
data followed a normal distribution. For statistical anal-
ysis the Two-way ANOVA with Tukey’s multiple com-
parisons test was performed. A similar illustration of 
the data is shown in Scheffler et al. 2021. 
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To test whether A-Raf mediates the ERK phosphorylation in the absence of B-Raf and 

Raf-1, inhibition experiments were performed with the different pan-Raf inhibitors Dabraf-

enib, Sorafenib and LY3009120 (LY30). As already described in section 1.3.3, Dabraf-

enib and Sorafenib could inhibit all 3 Raf-kinases, but they could also lead to paradoxical 

ERK activation under non-saturating concentrations (172,173,176). Additionally, the par-

adox-breaking inhibitor LY3009120 was used, which was described to comparably inhibit 

all three Raf-kinases and barely induce paradoxical ERK activation (172). According to 

the literature paradoxical ERK activation should only occur with low but not with high 

concentrations (10 µM) of the pan-Raf-inhibitors (172).  

Therefore, first titration experiments of the three inhibitors Sorafenib, Dabrafenib, and 

LY3009120 were performed on unstimulated and anti-IgM stimulated control B cells. 

Treatment with each inhibitor resulted in an increased ERK phosphorylation at each con-

centration tested compared with the corresponding solvent control DMSO. Moreover, 

pERK levels continued to increase with rising concentrations for all three inhibitors, ar-

guing against paradoxical ERK activation (Figure 14). 

 

 

 

 

 

 

Next, the effect of pan-Raf inhibitor treatment on the ERK phosphorylation was analyzed 

in DKO B cells. For all three pan-Raf inhibitors, induction of ERK phosphorylation was 

detected in both unstimulated and stimulated DKO B cells compared with the DMSO 

treated DKO B cells. In particular, the DMSO samples and the samples treated with lower 

Figure 14: Titration of pan-Raf inhibitors 
on control B cells. Pooled isolated splenic 
B cells of 2 control mice were pre-treated 
with the different pan-Raf inhibitors Sorafenib 
(A), Dabrafenib (B) or LY3009120 (C) for 
1.5 h using the indicated concentrations or its 
solvent control DMSO. Unstimulated or anti-
IgM stimulated samples were analyzed for 
total and phosphorylated ERK using Western 
blot analyses. Tubulin served as loading con-
trol. Representative Western blots and the 
fold induction of the pERK1 and pERK2 sig-
nals in comparison to the unstimulated 
DMSO treated controls are shown. The cal-
culation of the fold induction is described in 
section 6.7.5. Each titration of the different in-
hibitors Sorafenib (A), Dabrafenib (B), and 
LY3009120 (LY30) (C) was performed in 
n = 2 independent experiments. A similar il-
lustration of the data is shown in Scheffler et 
al. 2021. 
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pan-Raf inhibitor concentrations again showed higher pERK levels in DKO samples com-

pared to the corresponding samples of control B cells (Figure 15A-C). 

Due to the high similarity of the behavior of the control and DKO B cells with respect to 

the different pan-Raf inhibitors, we focused on the LY3009120 treated samples and the 

corresponding controls for quantification. Thereby, the significant elevated pERK levels 

of DKO B cells compared to controls could be confirmed. Furthermore, LY3009120 treat-

ment of B cells of both genotypes led to significantly increased pERK levels (Figure 15D). 

Because high concentrations of pan-Raf inhibitors and the inhibitor LY3009120, which 

exhibits little paradoxical ERK activation, had a pERK inducing effect, it can be almost 

excluded that the increased ERK phosphorylation was caused by paradoxical ERK acti-

vation. The experiments suggested that inhibition of the Raf-kinases induced the ERK 

phosphorylation similar to the genetic knockout of B-Raf and Raf-1. 

 

 
Figure 15: The chemical or genetic inactivation of Raf-kinases led to increased pERK lev-
els. (A-C) Pooled isolated splenic B cells of 2 to 3 mice per genotype (control [ctrl] or DKO) were 
pre-treated with the different pan-Raf inhibitors Sorafenib (A), Dabrafenib (B), or LY3009120 
[(LY30); (C)] for 1.5 h using the indicated concentrations or its solvent control DMSO. Unstimu-
lated or anti-IgM stimulated samples were analyzed for total and phosphorylated ERK using West-
ern blot analyses. Tubulin served as loading control. Representative Western blots and the fold 
induction of the pERK1 and pERK2 signals in comparison to the unstimulated DMSO treated 
controls are shown. Theses analyses were performed for Sorafenib (A) with n = 2, for Dabrafenib 
(B) with n = 1; and for LY3009120 (C) with n = 2 independent experiments. (D) The graphs sum-
marize the fold induction of pERK1 and pERK2 of DMSO or LY3009120 (3 µM) treated (1.5 h) 
control and DKO B cell samples in comparison to the mean of DMSO treated control B cell sam-
ples measured by Western blot analyses similar to (C). The calculation of the fold induction is 
described in section 6.7.5. Each dot represents one of n = 4-6 independent experiments. Bars 
and error bars indicate the mean ± standard deviation. Due to lognormal distribution the data sets 
were logarithmically transformed and statistically analyzed by the Two-way ANOVA with Sidak’s 
multiple comparisons test. **p < 0.01; ***p < 0.001; ****p < 0.0001. (A-D) The calculation of the 
fold induction is described in section 6.7.5. The same illustrations can be found in Scheffler et al. 
2021. 

 



Results  43 

 

3.1.4 BCR induced SYK, PI3K and RAC/Pak dependent ERK 

phosphorylation in mature B cells 

In the following section, the mechanism of pERK induction in control and DKO B cells 

was investigated. For this purpose, isolated mature B cells of control and DKO mice were 

preincubated with different inhibitors for SYK (p505-15; iSYK), PI3K (LY294002; LY29), 

AKT (Akt8; iAKT), PAK (PF-3758309; iPAK) and IKK2 (IKK2-inhibitor 8; iIKK2). Subse-

quently, the samples were either left unstimulated or were stimulated with anti-IgM. The 

ERK phosphorylation was examined by Western blot. 

SYK is phosphorylated after BCR crosslinking and activates a broad spectrum of differ-

ent signaling pathways (81,193). Phospho-AKT was reduced upon iSYK treatment, re-

flecting the inhibitory effect of iSYK (194). Additionally, the iSYK treated control and DKO 

B cells showed decreased pERK levels compared to the corresponding solvent control 

samples treated with DMSO. This was true for both basal and anti-IgM induced pERK. 

Furthermore, iSYK treatment strongly reduced the elevated pERK levels of unstimulated 

DKO B cells to the level of DMSO treated unstimulated controls (Figure 16). 

 
Figure 16: SYK inhibition reduced basal and anti-IgM mediated pERK levels of control and 
DKO B cells. Isolated splenic B cells of 4 mice were pooled per genotype. Control (ctrl) and DKO 
B cell samples were pre-treated for 1.5 h with 0.5 µM of the SYK inhibitor p505-15 (iSYK) or its 
solvent control DMSO. Subsequently, the samples were left unstimulated (w/o) or were stimulated 
with anti-IgM for 2.5 min. The expression and phosphorylation of AKT and ERK were analyzed 
by Western blot. Tubulin served as loading control. One representative Western blot and the fold 
induction of pAKT, pERK1, and pERK2 in comparison to unstimulated controls is illustrated. The 
calculation of the fold induction is described in section 6.7.5. Since this experiment was only per-
formed in n = 2 independent experiments, the statistical evaluation is not indicated. These illus-
trations are published in Scheffler et al. 2021. 

 

Because mature B cells with a constitutive active CD40 signal display a CD19/PI3K de-

pendent ERK phosphorylation (107), the pERK levels were analyzed in the presence of 

a PI3K or an AKT inhibitor. In both genotypes, the PI3K and AKT inhibitors resulted in 

reduced pAKT levels in unstimulated and anti-IgM stimulated B cells, confirming the ef-

ficacy of the inhibitors. While the AKT inhibitor did not show any inhibitory effect on the 

pERK levels, the PI3K inhibitor LY294002 reduced the ERK phosphorylation in a dose-

dependent manner in unstimulated and anti-IgM stimulated B cells of both genotypes 

(Figure 17). 
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Figure 17: Basal and anti-IgM mediated pERK levels of control and DKO B cells was PI3K 
dependent. Control (ctrl) and DKO B cell samples contained pooled isolated splenic B cells of 2 
to 4 mice per genotype. The B cell samples of both genotypes were either pre-incubated for 1.5 h 
with 6 or 20 µM of the PI3K inhibitor LY294002 (LY29) in (A), with 5 µM of the AKT inhibitor (Akt8; 

iAKT) in (B) or the according solvent controls (DMSO). Afterwards, the samples were left unstim-
ulated (w/o) or were stimulated with anti-IgM for 2.5 min. Total and phosphorylated AKT and ERK 
were analyzed by Western blot. Tubulin served as loading control. One representative Western 
blot and the fold induction of pAKT, pERK1, and pERK2 in comparison to unstimulated DMSO 
treated controls. The calculation of the fold induction is described in section 6.7.5. (A) was per-
formed in n = 4, and (B) in n = 2 to 5 independent experiments, which are represented by individ-
ual dots. Bars and error bars indicate the mean ± standard deviation. (A) The data sets were 
normal distributed and statistically analyzed by the Two-way ANOVA with Dunnett’s multiple com-
parisons test. *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. (B) Since the iAKT treatment 
was only performed in n = 2 independent experiments, the statistical evaluation is not indicated. 
Similar figures are illustrated in Scheffler et al. 2021. 

 

RAC/PAK mediated ERK phosphorylation has been described in human neutrophils 

(154). Therefore, the possibility of a RAC/PAK dependent ERK, MEK, and AKT phos-

phorylation was investigated in unstimulated and anti-IgM stimulated B cells of control 

and DKO mice by iPAK treatment. In both genotypes iPAK treated samples displayed 

consistently lower pERK levels than in the corresponding DMSO treated controls. 

Thereby, ERK2 phosphorylation was less sensitive to iPAK treatment than pERK1. Al-

ready the use of 5 µM iPAK on unstimulated DKO B cells reduced the basal pERK levels 

almost to DMSO treated control levels. Additionally, unstimulated, and anti-IgM stimu-

lated control and DKO B cells showed a similar dose-dependent inhibition of pMEK upon 

iPAK treatment. The inhibitory effect of iPAK on pAKT was similar in DKO and control B 
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cells. Thereby, the basal pAKT level were more sensitive to iPAK treatment than the AKT 

phosphorylation of anti-IgM stimulated samples (Figure 18). 

 

 

Figure 18: The RAC/PAK signaling contributed to the basal and anti-IgM mediated pERK 
levels of control and DKO B cells. Isolated splenic B cells of 2 to 4 mice were pooled to generate 
B cell samples of control (ctrl) and DKO mice. They were pre-treated for 1.5 h with 5 or 10 µM of 
the PAK inhibitor PF-3758309 (iPAK) or its solvent control DMSO. For both genotypes, unstimu-
lated (w/o) samples were compared to anti-IgM stimulated (2.5 min) ones. One representative 
Western blot for pAKT, AKT, pERK1/2, ERK1/2, pMEK and Tubulin is shown. The fold induction 
of pAKT, pERK1, and pERK2 are illustrated in comparison to unstimulated DMSO treated con-
trols. The calculation of the fold induction is described in section 6.7.5. Each dot represents an 
individual B cell sample analyzed in n = 3 independent experiments. Bars and error bars indicate 
the mean ± standard deviation. The data set was lognormal distributed. After logarithmic trans-
formation the data were statistically analyzed by the Two-way ANOVA with Sidak’s multiple com-
parisons test. *p < 0.05, **p < 0.01. The same data are published in Scheffler et al. 2021. 

 

To investigate if the IKK dependent TPL2/ERK signaling pathway, which was previously 

described in innate immune cells (155,156), contribute to the ERK phosphorylation in 

DKO B cells, unstimulated and anti-IgM stimulated control and DKO B cells were prein-

cubated either with the iIKK2 or its solvent control DMSO. Hereby, the iKK2 mediated 

inhibition of the IκBα phosphorylation determined to proof the efficacy, which could nicely 

be detected in both genotypes. Neither ERK nor AKT exhibited an iIKK2 dependent re-

duction of phosphorylation in unstimulated and anti-IgM stimulated B cells of both geno-

types (Figure 19). 

In summary, the described inhibitor experiments established that BCR crosslinking led 

to SYK phosphorylation, which resulted in phosphorylation of ERK via PI3K and 

RAC/PAK signaling pathways. AKT and IKK2 do not appear to play a significant role in 

this process. Comparable results have also been observed in DKO B cells, arguing 

against compensatory activation of other signaling pathways. The fact that SYK, PI3K 

and RAC/PAK inhibitors lowered the basally elevated pERK level in DKO B cells to con-

trol levels indicated that ERK phosphorylation in DKO B cells was mediated by conven-

tional pathways, which seemed to be negatively regulated by Raf-kinases. 
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Figure 19: Basal and anti-IgM mediated pERK levels of control and DKO B cells were inde-
pendent of the canonical NFκB signaling pathway. Control (ctrl) and DKO samples were gen-
erated by pooling of isolated splenic B cells of 2 to 4 mice per genotype. After pre-incubation for 
1.5 h with 5 µM of the IKK2 inhibitor8 (iIKK2) or its solvent control DMSO, samples of both geno-
types were left unstimulated (w/o) or stimulated with anti-IgM (2.5 min). Western blots were per-
formed to analyze total and phosphorylated AKT, ERK1/2, and IκBα. A representative Western 
blot and the fold induction of pAKT, pERK1, pERK2 and pIκBα in comparison to unstimulated 
DMSO treated controls are illustrated. The calculation of the fold induction is described in section 
6.7.5. Since this experiment was performed in n = 2-5 independent experiments, the statistical 
evaluation is not indicated. Individual B cell samples are represented by the dots. Bars and error 
bars indicate the mean ± standard deviation. The data are similarly illustrated in Scheffler et al. 
2021. 

3.2 The role of B-Raf and Raf-1 in PC differentiation 

3.2.1 Impaired TI immune response in DKO mice 

The TD immune response was slightly impaired in DKO mice (184). To analyze if a B 

cell specific B-Raf//Raf-1 inactivation influences the TI immune response, control and 

DKO mice were immunized intraperitoneally with NP-Ficoll. After 14 days, the amount of 

NP-specific antibody secreting cells (ASC) was analyzed by ELISpot. The ASCs were 

discriminated by their isotype-specificity (IgM and IgG3). The immunization of control 

mice led to a clear generation of NP-specific ASCs compared to its unimmunized (n.i.) 

counterpart. In contrast, immunized DKO mice displayed significantly reduced amounts 

of NP-specific IgM and IgG3 ASCs compared to immunized controls (Figure 20A). 

In addition, the serum titers of NP-specific IgM and IgG3 antibodies were measured by 

ELISA. Both antibody titers were elevated in immunized compared to unimmunized con-

trols. NP-specific IgM antibodies were present in immunized DKO mice, but their titers 

were significantly lower than in immunized controls. The titers of NP-specific IgG3 anti-

bodies were barely detectable in immunized DKO mice (Figure 20B). 
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In summary, PC differentiation seems to be markedly reduced in DKO mice upon TI 

immune response. Compared to the previous results of the TD immune response of DKO 

mice (184), the deficits of DKO mice to react to TI immunization were even stronger. 

 

 

Figure 20: DKO mice displayed a diminished TI immune response. 14 days after intraperito-
neal NP-Ficoll immunization of control (n = 5 to 7) and DKO (n = 5 to 9) mice, (A) NP-specific IgM 
and IgG3 ASCs were measured by ELISpot and (B) relative (rel.) units of NP-specific IgM and 
IgG3 antibody serum titers were determined by ELISA. Unimmunized (n.i.) control (n = 3 to 5) 
and DKO (n = 3 to 5) mice served as negative controls. Each data point represents the value of 
one individual mouse. The bars and error bars signify the mean ± standard deviation. ELISpot (A) 
and logarithmized ELISA (B) data sets were normal distributed. Two-way ANOVA with Tukey’s 
multiple comparisons test were performed. **p < 0.01; ****p < 0.0001. A similar presentation of 
the data can be found in Scheffler et al. 2021. 

 

3.2.2 Impaired LPS mediated PC differentiation in DKO B cells in vitro 

To demonstrate a direct role of B-Raf and Raf-1 in the PC differentiation, in vitro LPS 

stimulation was performed with isolated splenic B cells of DKO and control mice for 3 

days. LPS stimulation is described to induce the TI type I immune response by activating 

the Toll-like receptor 4 (112) leading to plasmablast (PB) formation in vitro. In the follow-

ing, the expression of the different markers B220, CD138, PAX5, IRF4 and BLIMP1 that 

are up- or down-regulated during PB differentiation (Figure 2) was investigated by flow 

cytometry. 

First, the percentage of generated PBs (CD138highB220low) after 3 days of LPS stimula-

tion was determined. The formation of PBs was significantly impaired in DKO samples 

compared to controls. Thus, the controls had about 4.4 times more PBs than the DKO 

samples (Figure 21). These data suggested an important role of B-Raf and Raf-1 during 

the formation of PBs. 
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Figure 21: DKO B cells failed to adopt the PB state upon LPS stimulation in vitro. Isolated 
control (ctrl; n = 15) and DKO (n = 15) B cells of the spleen were stimulated with LPS for 3 days 
in vitro and analyzed by FACS. Unstimulated cells of both genotypes (d0) were used as negative 
controls. All FACS plots were pre-gated on living cells (TOPROneg). (A) Representative 
B220/CD138 FACS plots and the gating strategy of PBs (CD138highB220low) are depicted. (B) The 
amounts of PBs gated as illustrated in (A) from different experiments are compiled in the graph. 
Values of individual mice are represented by different data points. The bars and error bars signify 
the mean ± standard deviation. The data set (B) was normal distributed and statistically analyzed 
using the Unpaired Student’s t-test. ****p < 0.0001. In (B) some data of Samantha Feicht were 
summarized with own data. The illustration can also be found in Scheffler et al. 2021. 

 

Next, we checked for the expression of the B cell activation marker IRF4 and of the PC 

differentiation factor BLIMP1. Here, both control and DKO B cells showed comparable 

IRF4 activation after 3 days of LPS stimulation (Figure 22A), but the proportion of 

BLIMP1pos cells was approximately 4-fold higher in controls than in DKO samples (Figure 

22B). Furthermore, the remaining BLIMP1pos DKO B cells were not capable of generating 

the CD138highB220low PB population, which could be detected in controls (Figure 22C). 

Figure 22: DKO B cells ex-
hibited normal IRF4 but im-
paired BLIMP1 upregula-
tion. Flow cytometry was per-
formed on unstimulated 
(day 0; d0) and LPS stimu-
lated (3 days; in vitro; d3) iso-
lated splenic B cells of n = 6 
control (ctrl) and n = 5 DKO 
mice. All FACS plots were 
pre-gated on living cells (Fixa-
ble Live/Deadneg). (A) Repre-
sentative overlays of IRF4 of 
d0 compared to d3 in control 
and DKO B cells. (B) Repre-
sentative overlay of BLIMP1 

and a graph compiling the data of BLIMP1pos cells of control and DKO B cells. Each data point 
represents one mouse. The bars and error bars signify the mean ± standard deviation. (C) The 
gating and amounts of PBs (CD138highB220low) within the BLIMP1pos cell population as gated in 
(B). Numbers represent the mean ± standard deviation. The data sets in (B) and (C) were lognor-
mal distributed. After logarithmic transformation the unpaired Student’s t-test was performed. **p 
< 0.01. These illustrations can also be found in Scheffler et al. 2021. 
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To get a deeper insight at which stage of PB differentiation B-Raf and Raf-1 are im-

portant, FACS stainings were performed with B220, PAX5, IRF4 and CD138. This FACS 

staining made it possible to distinguish naïve B cells (PAX5highIRF4low) from day zero 

from activated B cells (PAX5highIRF4+), pre-PBs (PAX5lowIRF4highCD138+B220high) and 

PBs (PAX5lowIRF4highCD138highB220low) generated after 3 days of LPS stimulation. 

 

 

Figure 23: LPS stimulated DKO B cells displayed a block in the transition into pre-PB and 
PB. (A-C) Flow cytometric analyses of unstimulated (day 0; d0) and LPS stimulated (3 days; in 
vitro; d3) isolated splenic B cells of control (ctrl) and DKO mice (n = 10 for each genotype). Plots 
were pre-gated on living cells (fixable Live/Deadneg). (A) Representative contour plots for 
PAX5/IRF4 illustrating the gating of IRF4highPAX5low B cells in control and DKO samples and a 
graph compiling the amounts of this population. (B) Gating strategy and a graph compiling the 
data of control and DKO pre-PBs (CD138+B220high) and PBs (CD138highB220low) within the 
PAX5lowIRF4high population described in (A). (C) Calculation of the amounts of pre-PBs and PBs 
gated in (B) within all living B cells. (A-C) Each data point represents one mouse. The bars and 
error bars indicate the mean ± standard deviation. The data sets of (A) and (C) were lognormal 
and the one in (B) was normal distributed. The data sets of (A) and (C) were logarithmically trans-
formed. In (A) the unpaired Student’s t-test and in (B) and (C) the Two-way ANOVA with Sidak’s 
multiple comparisons test were performed. *p < 0.05; **p < 0.01; ****p < 0.0001. These illustra-
tions can also be found in Scheffler et al. 2021. 

 

Regardless of the genotype, nearly no naïve B cells could be observed after three days 

of LPS stimulation. Compared to controls, DKO B cells displayed significantly reduced 

amounts of IRF4highPAX5low cells (Figure 23A). This population includes both pre-PBs 
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and PBs. Thus, the IRF4highPAX5low population was further subdivided by the expression 

of CD138 and B220. Within the IRF4highPax5low gate, DKO B cells exhibited higher 

amounts of pre-PBs (CD138+B220high) and reduced frequencies of PBs 

(CD138highB220low) compared to controls (Figure 23B) indicating a differentiation block 

from pre-PBs to PBs. Calculating the total amounts of pre-PBs and PBs within all B cells 

demonstrated significantly decreased percentages of both pre-PBs and PBs in DKO 

samples (Figure 23C). These results suggested that not only the final PB differentiation, 

but already the differentiation of activated B cells to pre-PBs is impaired in DKO B cells. 

Taken together, both control and DKO B cells displayed a similar LPS mediated B cell 

activation. Nonetheless, the DKO B cells were partially blocked at the transition from 

activated B cells to pre-PB and further to PB, illustrating the important role of B-Raf and 

Raf-1 during PB differentiation. 

 

3.2.3 Increased LPS mediated ERK phosphorylation in DKO B cells 

As just demonstrated, DKO mice displayed a reduced PC differentiation both in vivo after 

NP-Ficoll immunization and in vitro upon LPS stimulation. Raf-kinases are postulated to 

mediate ERK phosphorylation (178). Moreover, a role of pERK in the upregulation of 

BLIMP1 and the subsequent PC differentiation was previously described (198). There-

fore, the ability of DKO B cells to upregulate pERK upon LPS stimulation was examined 

in the following. 

First, isolated mature B cells from DKO and control mice were stimulated with LPS in 

vitro up to three days. Flow cytometry was used to determine the pERK levels in living 

B cells from day 0 to day 3. As expected, ERK phosphorylation steadily increased in 

control B cells over time, which reflected the B cell activation upon LPS stimulation. Sur-

prisingly, even in the absence of B-Raf and Raf-1 in DKO B cells, LPS stimulation led to 

a continuous increase of pERK levels. Similar to the previously described results of un-

stimulated and anti-IgM stimulated DKO B cells (see 3.1.1), pERK levels were higher in 

DKO B cells than in the corresponding controls upon LPS stimulation at all time points, 

reaching significance at day 3 (Figure 24). Thus, ERK phosphorylation was still inducible 

in DKO B cells by long-term LPS stimulation. 
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Figure 24: Both control and DKO B cells upregulated pERK upon LPS stimulation. Isolated 
splenic B cells from two mice per genotype were pooled and stimulated with LPS for up to 3 days. 
The pERK levels in living B cells (Fixable Live/Deadneg) were determined by FACS, with an isotype 
control (Iso) included. Unstimulated cells were used for day 0 (d0). Both a representative pERK 
overlay of d0 and d3 and a graph compiling the median fluorescent intensity (MFI) as mean ± 
standard deviation of n=3 independent experiments were depicted. The data were normally dis-
tributed. Two-way ANOVA with Tukey’s multiple comparisons test was performed. **p < 0.01. 
These illustrations can also be found in Scheffler et al. 2021. 

 

To get a deeper insight into the role of B-Raf and Raf-1 during the initial phase of B cell 

activation, short-term stimulations for 1 or 5 min with LPS were performed on isolated 

splenic B cells of control and DKO mice. Again, basal ERK phosphorylation was signifi-

cantly increased in unstimulated DKO B cells compared with the unstimulated control. 

 

 
Figure 25: DKO B cells exhibited increased ERK phosphorylation, which could be further 
upregulated upon in vitro stimulation. Isolated splenic B cells from 2 to 3 mice were pooled 
per genotype. The pooled samples were either kept unstimulated (w/o) or were treated with LPS 
for 1 or 5 min in vitro. (A) A representative Western blot for total and phosphorylated MEK and 
ERK1/2 for the two genotypes with and without LPS stimulation is shown. Tubulin served as load-
ing control. (B) The graphs summarize the fold induction of pERK1, pERK2 and pMEK in com-
parison to unstimulated controls. The calculation of the fold induction is described in section 6.7.5. 
Each dot represents one of n = 3 independent experiments. The corresponding values of the dif-
ferent time points of one genotype per Western blot were connected by a line. Due to the lognor-
mal distribution the data sets were logarithmical transformed and statistically analyzed by the 
Two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01. These illustrations 
can also be found in Scheffler et al. 2021. 

 

Furthermore, an increased MEK and ERK phosphorylation of DKO B cells compared to 

controls was also evident upon LPS stimulation. However, the time course of pMEK and 

pERK was similar between controls and DKO B cells. Here, regardless of the genotype 
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an upregulation of pMEK and pERK was observed after 1 min of LPS stimulation, which 

dropped back to the unstimulated level after 5 min (Figure 25). These data underline that 

B-Raf and Raf-1 do not mediate but rather negatively regulate the initial LPS mediated 

MEK and ERK phosphorylation in mature B cells. 

To investigate the mechanisms of LPS mediated ERK phosphorylation, inhibitor experi-

ments were performed. First, the participation of A-Raf to LPS mediated ERK phosphor-

ylation was analyzed by treating isolated control and DKO B cells with either LY3009120 

or its solvent control DMSO and subsequent short-term LPS stimulation.  As before, in 

the DMSO treated control B cells an LPS mediated ERK phosphorylation after 1 min of 

LPS stimulation was detectable, which was reduced again at the 5 min timepoint. The 

LY3009120 treatment of the control B cells increased the ERK phosphorylation to such 

high levels, that an additional effect on the pERK levels by LPS stimulation could not be 

observed. DKO B cells displayed a high increase in the ERK activation upon LY3009120 

treatment compared to the corresponding DMSO treated DKO samples, too (Figure 

26A). These results indicated, an inhibitory role of A-Raf on the basal and LPS mediated 

ERK phosphorylation redundant to B-Raf and Raf-1 in control and DKO B cells. 

 
Figure 26: LPS induced pERK levels of 
control and DKO B cells is partially PI3K 
dependent. Pooled splenic B cells of 2 to 3 
mice per genotype were incubated with 
3 µM LY3009120 [LY30; (A)] or with 20 µM 
LY294002 [LY29; (B)], or its solvent control 
DMSO. Subsequently, the samples were 
left unstimulated or were stimulated with 
LPS for 1 or 5 min. (A) One representative 
Western blot of total and phosphorylated 
ERK, its loading control Tubulin and the 
fold induction of pERK1 and pERK2 com-
pared to the unstimulated DMSO control is 
illustrated. The calculation of the fold induc-
tion is described in section 6.7.5. (B) One 
representative Western blot of total and 
phosphorylated AKT and ERK and its load-
ing control Tubulin is illustrated. (C) The 
fold induction of pAKT, pERK1, and pERK2 
compared to the unstimulated DMSO con-
trols measured by Western blots similar to 
(B) is depicted. The calculation of the fold 
induction is described in section 6.7.5. (A) 
was performed in n = 2 and (B+C) in n = 3 
independent experiments represented in 
individual dots (C). Bars and error bars in-
dicate the mean ± standard deviation. (C) 
The data sets were normal distributed and 
statistically analyzed by the Two-way 
ANOVA with Dunnett’s multiple compari-
sons test. *p < 0.05, **p < 0.01; ***p < 
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0.001; ****p < 0.0001. Similar figures are illustrated in Scheffler et al. 2021. 

 

Furthermore, a PI3K-dependency of the LPS mediated ERK phosphorylation was inves-

tigated, by treating isolated control and DKO B cells with the PI3K-inhibitor LY294002 

and subsequent short-term LPS stimulation. The PI3K inhibitor LY294002 led to de-

creased pAKT levels in unstimulated and LPS stimulated B cells of both genotypes, 

which reflected the efficacy of the inhibitor. In both genotypes the LY294002 treatment 

reduced the LPS mediated ERK phosphorylation (Figure 26B-C). Thus, to some extent 

short-term TLR4 signaling mediated ERK phosphorylation in a PI3K dependent manner 

in control and DKO B cells. 

ERK acts as a kinase to phosphorylate many cytoplasmic and nuclear target proteins. 

The outcome of ERK activation also seems to depend on the subcellular localization of 

pERK (199). Because a possible role of B-Raf in the nuclear localization of pERK has 

been described (200), the subcellular pERK levels were investigated in control and DKO 

B cells upon LPS stimulation. Isolated mature B cells of control and DKO mice were left 

untreated or were stimulated with LPS for up to 10 min. Afterwards, proteins of the cyto-

plasmic and nuclear fractions were isolated, and their pERK levels were determined us-

ing the protein simple WES system. 

 

 

Figure 27: DKO B cells featured a prolonged ERK phosphorylation in the nucleus. Isolated 
splenic B cells of 3 control (ctrl) and 3 DKO mice were pooled per genotype and subsequently 
stimulated with LPS in vitro for the indicated time points. After nuclear/cytoplasmic fractionation, 
pERK levels were analyzed in the cytoplasmic (A) and the nuclear (B) fraction by protein simple 
WES. The dots and error bars represent the mean ± standard deviation of n = 3 independent 
experiments. The data were normally distributed. Two-way ANOVA with Sidak’s multiple compar-
isons test was performed. **p < 0.01. A similar graph for the nuclear fraction is included in 
Scheffler et al. 2021. 

 

Regardless of the treatment, in both subcellular compartments ERK phosphorylation was 

higher in DKO B cells compared to controls. A similar kinetic of the pERK levels could 

be observed in the cytoplasmic fractions of DKO and control samples (Figure 27A). In 
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the nuclear fraction, an initial peak of pERK could be monitored after 1 min of LPS stim-

ulation in both genotypes. In the controls, the pERK signal declined after the initial peak 

and returned to the baseline pERK levels of the unstimulated control after 5 min of LPS 

treatment. At the 10 min time point, no new increase in pERK could be detected in control 

B cells (Figure 27B). A decrease in the pERK signal after the initial peak was also ob-

served in DKO B cells, but the pERK level remained at a constantly elevated level com-

pared to the baseline pERK level of unstimulated DKO B cells (Figure 27B). Thus, a 

prolonged nuclear localization of pERK in DKO B cells compared to controls could be 

observed upon LPS stimulation in vitro. The B-Raf//Raf-1 inactivation did not appear to 

reduce, but rather to enhance, the nuclear localization of pERK upon short-term LPS 

stimulation in DKO B cells. 

Taken together, TLR4 signaling appears to induce a PI3K dependent ERK phosphoryla-

tion, which seems to be negatively regulated by the redundantly acting Raf-kinases A-

Raf, B-Raf, and Raf-1. The increased ERK phosphorylation in DKO B cells caused by 

the B-Raf//Raf-1 inactivation compared with controls was reflected in both the cytoplasm 

and the nucleus. The nucleus also showed a longer lasting ERK phosphorylation in DKO 

B cells compared to controls. Thus, contrary to our original hypothesis that the PC defect 

in DKO B cells could be caused by impaired LPS mediated ERK phosphorylation, no 

reduced pERK levels were detected in mature DKO B cells compared to controls upon 

LPS stimulation in vitro. 

3.2.4 A sharp increase of pERK as a prerequisite for PB differentiation in 

vitro 

Up to now only whole populations of mature B cells were analyzed with respect to the 

ERK phosphorylation. Because of similar defects in the PC differentiation of the previ-

ously published ERK1/2 double knockout chicken DT40 B cell line and our murine DKO 

B cells (178), the pERK levels at the different stages of PC differentiation in LPS stimu-

lated control and DKO B cells were examined. 

To determine the total and phosphorylated ERK levels in the different PC differentiation 

stages, the markers already described in section 3.2.2 were used in flow cytometry. 

Since LPS stimulation for 3 days caused a general activation of all isolated B cells in 

vitro, naive B cells (PAX5highIRF4-) of CD43-depleted control and DKO B cells were ex-

amined for their total and phosphorylated ERK levels at day 0. In each sample activated 

B cells (PAX5highIRF4+), pre-PBs (pre-PBs; PAX5lowIRF4highCD138+B220high) and PBs 

(PAX5lowIRF4highCD138high B220low) were distinguished after 3 days of LPS stimulation 

(Figure 28). 
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Figure 28: Gating strategy of the different B cell differentiation stages upon LPS stimula-
tion in vitro. Isolated splenic B cells of control (ctrl) and DKO mice were either measured at day 0 
as unstimulated cells or were stimulated with LPS for 3 days. (A) Representative overlaid contour 
FACS plots for PAX5/IRF4 of isolated splenic B cells of control and DKO mice of day 0 displaying 
naïve B cells (PAX5highIRF4-) and after 3 days (d3) of LPS stimulation to distinguish activated (act) 
B cells (PAX5highIRF4+) from PAX5lowIRF4high B cells. In (B) CD138/B220 contour plots to depict 
the distribution of pre-PBs (PAX5lowIRF4highCD138+B220high) and PBs 
(PAX5lowIRF4highCD138highB220low) within the PAX5lowIRF4high population described in (A). All 
samples were pre-gated on living cells (Fixable Live/Deadneg). 

 

An increase in pERK- and ERK-levels could be observed in both genotypes in the tran-

sition from naïve to activated B cells, to pre-PBs and further to PBs (Figure 29A-B). In 

control B cells, a sharp upregulation of pERK levels occurred in the transition from acti-

vated B cells into pre-PBs. This increase was significantly attenuated in DKO B cells. 

Similar results could be observed by analyzing pERK levels in pre-PBs in comparison to 

PBs (Figure 29A). Since ERK expression also appeared to increase during PC differen-

tiation and plateaued in the last differentiation step from pre-PB to PB (Figure 29B), the 

ratio pERK/ERK was calculated in addition. Already in naïve B cells, a tendency of ele-

vated ERK phosphorylation in DKO compared to control B cells could be detected. The 

pERK/ERK ratio approximated each other in activated B cells of control and DKO mice. 

Then, the amount of phosphorylated ERK sharply increased during subsequent differen-

tiation to pre-PBs and PB in controls. In contrast, the pERK/ERK ratios in DKO B cells 

increased only slightly upon differentiation to pre-PBs and PBs (Figure 29C). 

In summary, in addition to the inhibitory regulatory function of the B-Raf and Raf-1 in 

naïve and activated B cells, a B-Raf//Raf-1 dependent ERK phosphorylation during PC 

differentiation could be demonstrated. Here, B-Raf and Raf-1 appear to mediate a strong 
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boost in the ERK phosphorylation in the progression from activated B cells to pre-PB and 

further to PB and might therefore play a crucial role in this differentiation process. 

 

 

Figure 29: A sharp increase of pERK levels in pre-PBs as a prerequisite for PB formation. 
Isolated splenic B cells of control (ctrl; n = 4) and DKO (n = 5) mice were either measured at day 
0 as unstimulated cells or were stimulated with LPS for 3 days. The gating strategy presented in 
Figure 28 was used for the determination of naïve B cells (PAX5highIRF4-) at day 0 and activated 
(act) B cells (PAX5highIRF4+), pre-PBs (PAX5lowIRF4highCD138+B220high) and PBs 
(PAX5lowIRF4highCD138highB220low) after 3 days (d3) of LPS stimulation. (A-B) Representative his-
togram overlays and graphs summarizing the Median fluorescent intensity (MFI) of pERK (A) and 
total ERK (B) levels of the distinct differentiation states (naïve B cells, activated B cells, pre-PBs, 
and PBs) are depicted. Isotype controls (Iso) were included in the FACS stainings. (C) The ratio 
of the MFIs of pERK (A) to ERK (B) was calculated for each differentiation stage of control and 
DKO B cells. (A-C) All data sets were normal distributed. Two-way ANOVA with Tukey’s multiple 
comparisons test was used. ****p < 0.0001. Similar illustrations can be found in Scheffler et al. 
2021. 
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3.3 The effects of B-Raf//Raf-1 inactivation on CD40 induced 

B cell activation 

3.3.1 Negative regulatory function of B-Raf and Raf-1 on CD40 mediated 

ERK phosphorylation 

The role of B-Raf and Raf-1 in CD40 mediated ERK phosphorylation in splenic B cells of 

control and DKO mice was investigated by stimulation with an agonistic anti-CD40 anti-

body for different time points. In both genotypes, CD40 stimulation led to a peak of pERK 

levels after 10 min, which declined to unstimulated levels after 30 min. After 2 h, the ERK 

phosphorylation increased again in both genotypes. These results suggested that pERK 

was increased in DKO B cells with and without stimulation, however B-Raf//Raf-1 inacti-

vation did not influence the pERK kinetic upon CD40 stimulation (Figure 30A-B). 
 

Figure 30: DKO B cells dis-
played increased pERK levels 
upon CD40 stimulation. Isolated 
splenic B cells of 2 to 3 control 
(ctrl; black) and DKO (red) mice 
were pooled per genotype. Con-
trol B cell samples were either left 
untreated or pre-incubated with 
3 µM LY3009120 (LY30; blue) for 
1.5 h. The different B cell samples 
were either left unstimulated or 
were stimulated with anti-CD40 
for different time points (10, 20, 
30, or 120 min). Total and phos-
phorylated ERK was analyzed by 
Western blot. Tubulin served as 
loading control. (A) Representa-
tive Western blot of the described 
control and DKO B cell samples 
treated as indicated. (B) Fold in-
duction of pERK1 and pERK2 at 
different time points of anti-CD40 
stimulation of the control and DKO 
B cell samples without LY30 pre-
incubation. Dots and error bars 
represent the mean ± standard 
deviation of n = 3 independent ex-
periments. (C) Quantification of 
unstimulated or anti-CD40 stimu-
lated (10 min or 120 min) control, 
DKO, and LY30 pre-treated con-
trol B cell samples constituted as 
fold induction of pERK1 and 

pERK2. Bars and error bars represent the mean ± standard deviation of n = 3 independent ex-
periments indicated as dots. (B+C) The calculation of the fold induction is described in section 
6.7.5. The data sets were lognormal distributed, logarithmically transformed and statistically ana-
lyzed by the Two-way ANOVA with either Sidak’s (B) or Tukey’s (C) multiple comparisons test. 
*p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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To exclude a compensatory role of A-Raf in our experimental setup, control B cells were 

additionally treated with the pan-Raf inhibitor LY3009120 (172). In unstimulated and 

CD40 stimulated control B cells treatment with LY3009120 led even to higher pERK lev-

els than the genetic inactivation of B-Raf and Raf-1 alone (Figure 30A+C). Taken to-

gether, the results of the genetic and the chemical (LY3009120) inactivation of Raf-ki-

nases indicated that CD40 mediated ERK phosphorylation is Raf independent and con-

firmed an inhibitory function of Raf-kinases in mature and activated B cells towards 

pERK. 

3.3.2 PI3K dependency of long-term CD40 mediated pERK in control and 

DKO B cells 

Previous data (107,184) hinted to a CD19/PI3K dependency of the ERK phosphorylation 

in mature B cells. To test this upon CD40 stimulation control and DKO B cells were 

treated with the PI3K inhibitor LY294002 or its solvent control DMSO in the presence or 

absence of CD40 stimulation. 

Figure 31: Long-term 
CD40 stimulation in-
duced a PI3K dependent 
ERK phosphorylation. 
Splenic B cells of 2 to 3 
control (ctrl) and DKO 
mice were pooled and ei-
ther pre-incubated with 
DMSO or with 20 µM 
LY294002 (LY29) for 
1.5 h. Afterwards cells 
were either left unstimu-
lated (us) or were stimu-
lated with anti-CD40 for 
10 min or 120 min. The to-
tal and phosphorylated 
AKT and ERK1/2 were an-
alyzed by Western blot. 
Tubulin served as loading 
control. (A) Representa-
tive Western blot of the de-
scribed control and DKO 
B cell samples treated as 
indicated. (B) The graphs 
show the fold induction of 
pAKT, pERK1, and pERK2 
in comparison to unstimu-
lated DMSO treated con-
trols.  The calculation of 
the fold induction is de-
scribed in section 6.7.5. 
Each data point repre-
sents one B cell sample. 
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The bars and error bars represent the mean ± standard deviation of n = 3 independent experi-
ments. Due to lognormal distribution the data were logarithmically transformed. Two-way ANOVA 
with Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

 

At both time points LY294002 treatment led to a strong reduction of the pAKT levels, 

which confirmed the inhibition of the PI3K. In both genotypes, the ERK phosphorylation 

was inhibited by the PI3K inhibitor upon 2 h of CD40 stimulation, while LY294002 treat-

ment did not influence the pERK levels after 10 min of CD40 stimulation (Figure 31). 

Thus, in both genotypes long-term CD40 stimulation seemed to be PI3K dependent, 

while the initial peak of pERK after 10 min appears to be independent from PI3K. 

 

3.3.3 Enhanced ERK phosphorylation in RafDKO/LC40 B cells 

Next, we tested the ERK phosphorylation in B cells from LMP1/CD40//CD19-Cre (LC40) 

mice expressing a constitutive active CD40 in B cells. We have shown previously that 

ERK is constitutively activated in B cells and plays an important role in the B cell expan-

sion of LC40 mice. To study whether ERK is still phosphorylated in the absence of B-

Raf//Raf-1, the mouse strains B-Raffl/fl//Raf-1fl/fl (184) and LMP1/CD40stopfl//CD19-Cre 

(LC40) (52) were crossed to generate RafDKO/LC40 mice (Raf-1fl/fl//B-

Raffl/fl//LMP1/CD40flSTOP+/-//CD19-Cre+/-) mice (Figure 8). These mice exhibit a B cell spe-

cific B-Raf//Raf-1 inactivation and concomitant expression of the LC40 transgene. This 

fusion protein consists of the transmembrane domain of the viral LMP1 protein and the 

intracellular signaling domain of the CD40 receptor leading to constitutive active CD40 

signaling (52).  Isolated splenic B cells from LC40 and RafDKO/LC40 mice were exam-

ined concerning their nuclear and cytoplasmic pERK levels by Western blot. 

The ERK phosphorylation was increased in RafDKO/LC40 compared to LC40 B cells 

(Figure 32) in both the cytoplasm and the nucleus. These results indicated an inhibitory 

function of the B-Raf and Raf-1 towards the ERK phosphorylation also in LC40 express-

ing B cells. Thus, the previously described PI3K dependent ERK phosphorylation in 

LC40 expressing B cells also appears to be negatively regulated by B-Raf and Raf-1. 
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Figure 32: RafDKO/LC40 B cells exhibited higher ERK phosphorylation than LC40 B cells. 
Nuclear/cytoplasmic fractionation was performed on isolated splenic B cells from LC40 (n = 6) 
and RafDKO/LC40 (n = 6) mice. Total and phosphorylated ERK1/2 levels in the cytoplasmic and 
the nuclear fraction was analyzed by Western blot. Tubulin and Lamin B2 served as loading con-
trols for the cytoplasmic and nuclear samples, respectively. (A) Representative Western blot of 
the LC40 and RafDKO/LC40 samples as indicated. (B+C) Fold induction of pERK1 and pERK2 
in the cytoplasmic (B) and nuclear (C) fractions in RafDKO/LC40 compared to LC40 samples. 
The calculation of the fold induction is described in section 6.7.5. The dots represent individual 
mice, the bars and error bars represent the mean ± standard deviation. The data were normally 
distributed and statistically analyzed using the Two-way ANOVA with Sidak’s multiple compari-
sons test. ***p < 0.001; ****p < 0.0001. 

3.4 Attenuated LC40 mediated phenotype upon B-Raf//Raf-1 

inactivation 

Although Raf-kinases seemed not to mediate ERK phosphorylation upon CD40 signal-

ing, Raf-kinases might influence B cell activation and expansion. Therefore, phenotypical 

analyses of the RafDKO/LC40 mice were performed in comparison to LC40 mice, which 

are still Raf proficient. CD19-Cre+/- and wildtype C57BL/6 mice were summarized under 

the term control (ctrl). In the following, some data of Laura Kuhn, a master student of our 

lab, were reevaluated or summarized with own data. 

3.4.1 Diminished B cell expansion in RafDKO/LC40 mice 

First, we focused on the phenotypical analyses of young (< 4 months) RafDKO/LC40 

mice in comparison to age matched LC40 and control mice. As earlier described (52), 

LC40 mice displayed a splenomegaly (Figure 33A) due to a nearly five-fold expansion of 

B cells (Figure 33B) and a 3 fold increase of T cells (Figure 33C). RafDKO/LC40 mice 

featured significantly reduced splenic weights and B cell numbers compared to LC40 

mice but they were still significantly higher than in controls. The number of T cells from 

RafDKO/LC40 mice also tended to be decreased in comparison to LC40 mice but still 

increased compared to controls (Figure 33A-C). Thus, in terms of cell expansion, 

RafDKO/LC40 revealed an intermediate phenotype between control and LC40 mice. 
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Figure 33: B-Raf//Raf-1 inactivation weakened the LC40 induced B and T cell expansion. 
Young (< 4 months) control (ctrl; n = 8), LC40 (n = 8) and RafDKO/LC40 (n = 9) mice were ana-
lyzed regarding their splenic weights (A), their B220+ B (B) and their Thy1.2+ T (C) cell numbers 
measured by flow cytometry. Each dot represents an individual mouse. Line and error bars depict 
the mean ± standard deviation. (A-C) The splenic weight (A) was normal, and the B and T cell 
numbers (B+C) were lognormal distributed. After logarithmic transformation of the lognormal dis-
tributed data sets, all data were statistically analyzed by One-way ANOVA with Tukey’s multiple 
comparison. **p < 0.01; ***p < 0.001; ****p < 0.0001. In these illustration FACS stainings per-
formed by Laura Kuhn were reevaluated and summarized with own data. 

 

Additionally, the two main B cell subsets in the spleen, Fo B and MZ B cells, were ana-

lyzed by CD21 and CD23 surface stainings. In LC40 mice, the boundaries between MZ 

B (CD23-CD21high) and Fo B (CD23highCD21+) cells were blurred due to a significant in-

crease of CD21 expression in LC40 B cells compared to controls. In RafDKO/LC40 mice, 

the upregulation of CD21 was significantly decreased in comparison to LC40 mice (Fig-

ure 34A-B). Nevertheless, MZ B and Fo B cell like cells of LC40 and RafDKO/LC40 mice 

were determined by transferring MZ B and Fo B gates of controls. 

LC40 mice showed an expansion of Fo B and MZ B cells relative to controls with a 

stronger effect on MZ B than on Fo B cells, which confirmed previously published data 

by Hömig-Hölzel et al. in 2008 (52). This resulted in a shift in the proportion of Fo B and 

MZ B cells towards the MZ B cell compartment. This phenotype was weakened in 

RafDKO/LC40 mice (Figure 34C). MZ B cell numbers were significantly reduced in 

RafDKO/LC40 mice by nearly one sixth compared to LC40 mice, while Fo B cell numbers 

only tended to decrease (Figure 34D). These results suggested that B-Raf and Raf-1 are 

important for the strong expansion of MZ B cells in the LC40 mice. 
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Figure 34: B-Raf//Raf-1 inactivation weakened the LC40 induced expansion of Fo B and MZ 
B cells. The surface CD21 and CD23 expression of young (< 4 months) control (ctrl; n = 8), LC40 
(n = 8) and RafDKO/LC40 (n = 9) mice was analyzed by flow cytometry. (A) Representative plots 
for CD23/CD21 of B220+ splenic B cells illustrating the gating strategy of Fo B (CD23highCD21+) 
and MZ B (CD23-CD21high) cells. (B) Representative CD21 histogram overlay of control, LC40, 
and RafDKO/LC40 B220+ B cells and the summarized MFI. (C-D) The frequency (C) and the cell 
numbers (D) of Fo B and MZ B cells of the 3 genotypes, gated as described in (A). (B-D) Each 
dot represents an individual mouse. Line and error bars depict the mean ± standard deviation. 
The CD21 MFI (B) and the Fo B and MZ B cell frequencies (C) were normal distributed, and the 
Fo B and MZ B cell numbers (D) were lognormal distributed. After logarithmic transformation of 
the lognormal distributed data sets of (D), all data were statistically analyzed by One-way ANOVA 
with Tukey’s multiple comparison. *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. In these 
illustration FACS staining performed by Laura Kuhn were reevaluated and summarized with own 
data. 

3.4.2 Diminished pathological splenomegaly in old RafDKO/LC40 mice  

In 2008, Hömig-Hölzel et al. described an LC40 induced transformation of B cells to an 

aberrant CD43+CD21lowCD23low population during aging (52). The question arose 

whether Raf-kinases play a role in the development of this aberrant B cell population in 

LC40 mice, which finally develops to B cell lymphomas. To address this question, aged 



Results  63 

 

control, LC40, and RafDKO/LC40 mice were analyzed. Again, these data were summa-

rized with some previous results of Laura Kuhn. 

It was noticed that the splenic weights in all 3 genotypes tended to increase during aging. 

While the increase in splenic weight was very low in control mice and moderate in 

RafDKO/LC40 mice, LC40 mice showed a strong variation in the splenic weights (Figure 

35A). To get a better overview about the increase in the splenic weight in the three gen-

otypes during aging, mice were categorized in three groups: Mice that had a splenic 

weight less than or equal to 0.2 g were referred to mice with normal splenic weight. If the 

splenic weight was between 0.2 g and 0.5 g the mice were designated as mice with a 

moderate splenomegaly. A splenic weight higher than 0.5 g was categorized as patho-

logical splenomegaly. 

All young control mice had a normal splenic weight and all young LC40 mice displayed 

a moderate splenomegaly. In contrast, only 14.3 % of the young RafDKO/LC40 mice 

exhibited a moderate splenomegaly. In control mice, aging resulted in a moderate sple-

nomegaly in 4.2 % and pathological splenomegaly in 4.2 %. In LC40 mice, half of the old 

LC40 mice (56.5 %) featured a pathological and 30.4 % a moderate splenomegaly. In 

contrast, only 3.1 % of old RafDKO/LC40 mice displayed a pathological splenomegaly, 

and (37.0 %) a moderate splenomegaly. Opposite to the old LC40 mice, more than half 

of the old RafDKO/LC40 mice (59.4 %) exhibited a normal splenic weight (Figure 35B). 

 

 

Figure 35: B-Raf//Raf-1 inactivation diminished the LC40 mediated pathological spleno-
megaly. (A) The splenic weight of young (< 4 months) control (ctrl; n = 9), LC40 (n = 10) and 
RafDKO/LC40 (n = 7) mice were compared to old (> 10 months) control (n = 24), LC40 (n = 23) 
and RafDKO/LC40 (n = 32) mice. Each dot represents an individual mouse. Bars and error bars 
depict the mean ± standard deviation. After logarithmic transformation of the lognormal distributed 
data set, it was statistically analyzed by One-way ANOVA with Tukey’s multiple comparison. 
*p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. (B) Pie charts illustrating the frequencies of 
mice with a normal splenic weight (< 0.2 g) or a moderate (between 0.2 g and 0.5 g) or patholog-
ical (> 0.5 g) splenomegaly per genotype. These illustrations summarize my data and reevaluated 
data of Laura Kuhn. 
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Next the splenic cell composition of old control, LC40, and RafDKO/LC40 mice were 

analyzed (Table 1). Splenic B (B220+, CD19+) and T cell numbers (Thy1.2+) were signif-

icantly expanded in old LC40 mice compared to controls. This LC40 mediated cell ex-

pansion was significantly reduced by B-Raf//Raf-1 inactivation. 

Interestingly, LC40 expression in B cells did also affect the T cell expansion. Thereby, 

the two main T cell subsets, CD4+ and CD8+, were significantly increased in old LC40 

compared to aged-matched controls. The LC40 mediated expansion affected more CD4+ 

than CD8+ T cells leading to a significant increase of the CD4+/CD8+ ratio. The B-

Raf//Raf-1 inactivation reduced the LC40 mediated CD4+ and CD8+ T cell expansion to 

control levels resulting in a normalized CD4+/CD8+ ratio. Furthermore, LC40 expressing 

B cells significantly increased the number of activated CD4+CD69+ and CD8+CD69+ T 

cells compared to controls. Hereby, the B-Raf//Raf-1 inactivation significantly diminished 

the number of activated CD4+CD69+ and CD8+CD69+ T cells to control levels. FACS 

stainings for naïve (CD62LhighCD44low), effector (CD62LlowCD44low) and memory 

(CD62highCD44high) cells in the CD4 and CD8 positive T cell compartments revealed a 

significant expansion of effector and memory CD4+ T cells in LC40 mice compared to 

controls. Again, RafDKO/LC40 mice exhibited a control like cell composition of these 

T cell subsets (Table 1). Thus, Raf-kinases seemed to contribute to the LC40 mediated 

T cell expansion and activation also during aging. 
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Table 1: Splenic cell composition of old control, LC40 and RafDKO/LC40 mice. The cell 
composition of the spleen of old (> 10 months) control (ctrl; n = 19), LC40 (n = 18) and 
RafDKO/LC40 (n = 24) mice was determined by different FACS stainings. The most used markers 
are depicted in the table. Other markers: naïve (CD62LhighCD44low), effector (CD62LlowCD44low) 
and memory (CD62highCD44high) CD4 and CD8 positive T cells. Numbers illustrate the 
mean ± standard deviation. All data sets were logarithmically transformed due to lognormal dis-
tribution and were statistically analyzed by One-way ANOVA with Tukey’s multiple comparison. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. This table summarizes my data and reevalu-
ated data of Laura Kuhn. 

 

 

 

 

 

CD19+

B220+

Thy1.2+

CD3+ T cells

CD3+CD4+ T cells

CD3+CD8+ T cells

ratio CD4/CD8

CD3+CD4+CD69+  T cells

CD3+CD8+CD69+  T cells

CD4+ naive T cells

CD4+ effector T cells

CD4+ memory T cells

CD8+ naive T cells

CD8+ effector T cells

CD8+ memory T cells

7.4 ± 1.5 4.0 ± 5.1

31.8 ± 82.7

1.7 ± 2.1 5.0 ± 7.0 4.0 ± 11.0

107.1 ± 139.7 20.2 ± 12.9

10.2 ± 1.8 22.6 ± 37.7 9.1 ± 6.4

c
e
ll 

n
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m

b
e
r 

[x
1
07

]

******

*** *

7.4 ± 5.251.3 ± 75.46.4 ± 11.4

1.5± 2.6 3.9 ± 5.6 1.8 ± 1.4

**
7.3 ± 15.4 30.4 ± 35.6 6.4 ± 3.7

**

**** **

****

3.5 ± 8.8 14.0 ± 16.7 2.5 ± 1.4

25.5 ± 20.9

*
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m
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r 

[x
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07

]

***

ctrl

6.8 ± 5.9

6.7 ± 5.6

4.2 ± 7.5

**

***

****

RafDKO/LC40

11.8 ± 10.0

11.4 ± 10.2

5.4 ± 2.8

46.6 ± 55.5

LC40

48.8 ± 55.3

**** ****
1.6 ± 0.8 3.9 ± 2.0 1.7 ± 1.0

c
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ll 

n
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m

b
e
r 

[x
1
06

]

*****

**

c
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ll 
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r 

[x
1
06

]

2.1 ± 4.1 13.4 ± 22.0 2.7 ± 1.8

3.8 ± 6.7 12.1 ± 19.5 2.3 ± 2.4

1.0 ± 1.8 3.6 ± 4.8 0.9 ± 1.0

3.6 ± 6.6
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3.4.3 Diminished LC40 mediated outgrowth of the aberrant 

CD21lowCD23lowCD43+ B cell population by inactivation of B-Raf and 

Raf-1  

As already mentioned, the lymphomagenesis of LC40 mice based on the outgrowth of 

an aberrant B1-like CD21lowCD23lowCD43+CD5low B cell population. We found signifi-

cantly increased proportions of B1b (B220lowCD5low) cells in LC40 mice compared with 

controls, whereas RafDKO/LC40 mice displayed similar proportions of B1b cells like con-

trols. B1a (B220lowCD5high), B2 (B220highCD5low), and activated B2 (B220highCD5high) cells 

were similar distributed in old control, LC40 and RafDKO/LC40 mice (Table 2). 

Table 2: Splenic B cell composition of old control, LC40 and RafDKO/LC40 mice. The fre-
quencies of splenic B2 (B220highCD5low), activated B2 (B220highCD5high), B1a (B220lowCD5high), 
B1b (B220lowCD5low) cells of old (> 10 months) control (ctrl; n = 19), LC40 (n = 18) and 
RafDKO/LC40 (n = 24) mice was determined by different FACS stainings. Numbers illustrate the 
mean ± standard deviation. All data sets were logarithmically transformed due to lognormal dis-
tribution and were statistically analyzed by One-way ANOVA with Tukey’s multiple comparison. 
*p < 0.05; ***p < 0.001. This table summarizes my data and reevaluated data of Laura Kuhn. 

 

 

In young mice, no differences in the amount of CD21lowCD23low B cells could be detected 

between the three genotypes. During aging both LC40 and RafDKO/LC40 mice featured 

an elevated CD21lowCD23low population compared to control mice, but the increase was 

more prominent in B-Raf//Raf-1 proficient mice (Figure 36A). After similar categorization 

of the CD21lowCD23low B cell population in aged mice of all three genotypes as for the 

splenic weight, the results became even clearer. In control mice 13.6 % developed a 

moderate (between 40 % and 60 %) and 4.5 % a pathological (> 60 %) expansion of the 

CD21lowCD23low B cell population. In RafDKO/LC40 mice, the proportion of mice with 

moderate (22.2 %) and pathological (11.1 %) expansion of the CD21lowCD23low B cells 

doubled in comparison to controls, but the majority (66.7 %) still displayed normal 

(< 40 %) amounts of CD21lowCD23low B cells. In contrast, only 30.0 % of LC40 mice had 

normal percentages of the CD21lowCD23low B cell population. In the majority of LC40 

mice, the CD21lowCD23low B cell population expanded to moderate (25.0 %) or patholog-

ical (45.0 %) proportions (Figure 36B). 

 

B2

act. B2

B1a

B1b

2.4 ± 4.3 1.6 ± 1.2 3.1 ± 7.0

**
10.4 ± 12.3 16.1 ± 6.3 11.5 ± 6.6fr

e
q
u
e
n
c
ie

s
 [
%

]

60.8 ± 21.8 57.3 ± 14.8 56.1 ± 19.0

2.2 ± 2.6 4.3 ± 5.5 4.0 ± 7.9

ctrl LC40 RafDKO/LC40
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A similar picture was obtained by analyzing the percentages of the CD43+CD23low pop-

ulation in aged mice and categorizing them into mice with normal (< 25%), moderate 

increased (between 25% and 70%), and pathological increased (> 70%) percentages of 

the CD43+CD23low population (Figure 36C and D). 

In summary, both RafDKO/LC40 and LC40 mice developed higher amounts of the 

CD43highCD23lowCD21low aberrant B cell population than controls. But, in RafDKO/LC40 

mice the outgrowth of the aberrant B ell population was less severe than in LC40 mice. 

These data suggested a participation of B-Raf and Raf-1 in the LC40 mediated outgrowth 

and expansion of the aberrant B cell population. 

 

 

Figure 36: B-Raf//Raf-1 inactivation reduced the LC40 mediated outgrowth of the aberrant 
B cell population. The aberrant splenic B cell population was determined by flow cytometry.  The 
FACS plots were pre-gated on B220+ and then the percentage of either CD21lowCD23low or 
CD43+CD23low was determined. (A) The graph compiles the percentages of the CD21 lowCD23low 
B cell population of young (< 4 months) control (ctrl; n = 7), LC40 (n = 10) and RafDKO/LC40 
(n = 7) and old (> 10 months) control (n = 22), LC40 (n = 20) and RafDKO/LC40 (n = 27) mice. 
(B) Pie charts of old control, LC40, and RafDKO/LC40 mice illustrating the frequencies of mice 
with normal (< 40 %), moderate (between 40 % and 60 %) or pathological (> 60 %) amounts of 
CD21lowCD23low B cells as depicted in (A). (C) The graph summarizes the percentages of the 
CD43+CD23low B cell population of old (> 10 months) control (n = 9), LC40 (n = 10) and 
RafDKO/LC40 (n = 11) mice. (D) Pie charts of old control, LC40, and RafDKO/LC40 mice illus-
trating the frequencies of mice with normal (< 25 %), moderate (between 25 % and 70 %) or 
pathological (> 70 %) amounts of CD43+CD23low B cells as depicted in (C). (A+C) Each dot rep-
resents an individual mouse. Bars and error bars depict the mean ± standard deviation. Due to 
normal distribution the data were directly statistically analyzed by One-way ANOVA with Tukey’s 
multiple comparison. *p < 0.05; ***p < 0.001; ****p < 0.0001. Here summarized data from me and 
reevaluated data of Laura Kuhn are illustrated. 
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3.4.4 Alteration of the LC40 mediated B cell activation upon B-Raf//Raf-1 

inactivation  

LC40 expression induces a B cell activation in young mice, which is heterogenous in 

B cells of aged LC40 mice (52). To investigate the effect of B-Raf//Raf-1 inactivation on 

LC40 mediated B cell activation, the expression of the activation markers CD95, ICAM-

1, and ICOS-L was determined in B cells of young (< 4 months) and old (> 10 months) 

control, LC40, and RafDKO/LC40 mice. 

CD95 and ICOS-L levels were significantly higher in LC40 whereas they were similar in 

RafDKO/LC40 mice in comparison to controls. Interestingly, the significantly increased 

expression of CD95 and ICOS-L decreased in aged LC40 mice and was then compara-

ble among all three genotypes. In contrast, differences of ICAM-1 between the genotypes 

where hardly visible in young mice, but the expression of ICAM-1 increased significantly 

in LC40 and RafDKO/LC40 mice during aging resulting in significantly elevated ICAM-1 

levels in both old LC40 and RafDKO/LC40 mice compared to old controls (Figure 37). 

These data revealed that B-Raf and Raf-1 are involved in the LC40 mediated increase 

in ICOS-L and CD95 in young but not old mice. In contrast, Raf-kinases do not seem to 

have an effect on increased ICAM-1 levels in old mice. 

 

 
Figure 37: The expression pattern of the different B cell activation markers in control, LC40 
and RafDKO/LC40 mice. The surface expression of the activation markers CD95, ICAM-1, and 
ICOS-L was analyzed on B220+ B cells of young (< 4 months) control (ctrl; n = 8), LC40 (n = 9) 
and RafDKO/LC40 (n = 11) and old (> 10 months) control (n = 7-8), LC40 (n = 8-10) and 
RafDKO/LC40 (n = 11-13) mice by FACS. The MFI was normalized to the mean of the old control 
mice leading to the fold induction of each marker. Each dot represents an individual mouse. Bars 
and error bars depict the mean ± standard deviation. All data sets were lognormal distributed. 
After logarithmic transformation the data sets were statistically analyzed by One-way ANOVA with 
Tukey’s multiple comparison. *p < 0.05, **p < 0.01; ***p < 0.001; ****p < 0.0001. These illustra-
tions summarized my own FACS stainings with reevaluated ones performed by Laura Kuhn. 
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3.4.5 Detection of Raf proficient B cells in old RafDKO/LC40 mice 

Since in conditional mice the Cre mediated recombination of LoxP sites is never 100%, 

it could be possible that B cells with undeleted Raf genes grew out in the aged 

RafDKO/LC40 mice. To test this assumption, the B-Raf and Raf-1 levels of B cells from 

old control, LC40, and RafDKO/LC40 mice were investigated by Western blot. B-Raf was 

detected by a pB-Raf antibody recognizing the constitutive phosphorylated serine at po-

sition 445 (129,141). Additionally, the pERK levels were determined. B cells from young 

mice were analyzed in parallel, to test weather aging influences the expression levels of 

these proteins. 

As expected, in young control and LC40 B cells, B-Raf and Raf-1 could be detected, 

whereas Raf-kinases were absent in young RafDKO/LC40 B cells. Despite some varia-

tions in the amounts, B-Raf and Raf-1 were detectable in all old control and LC40 mice. 

However, only 25 % of the old RafDKO/LC40 mice displayed a complete absence of B-

Raf and Raf-1. The other RafDKO/LC40 samples of aged mice had intermediate to high 

B-Raf and Raf-1 levels. These data indicated a selection of B-Raf//Raf-1 proficient B cells 

in old RafDKO/LC40 mice (Figure 38A) during aging. 

Figure 38: In old RafDKO/LC40 
mice Raf proficient B cells are 
detectable. (A) Representative 
Western blot for pB-Raf, Raf-1, 
pERK, and ERK of isolated 
splenic B cells of old 
(> 10 months) control (ctrl; n = 5), 
LC40 (n = 4) and RafDKO/LC40 
(n = 8) mice. Tubulin served as 
loading control. Young 
(< 4 months) control (n = 5), LC40 
(n = 1) and RafDKO/LC40 (n = 1) 
mice were included as controls. 
(B) The left graph depicts the rel-
ative (rel.) Raf level (sum of pB-
Raf and Raf-1 normalized to the 
loading control Tubulin) against 
the summarized rel. pERK level 
(sum of pERK1 and pERK2 each 
normalized to the loading control 
Tubulin), the linear regression, the 
correlation coefficient R2 and the 
categorization of no/low Raf level 
(rel. Raf level < 1) and int/high Raf 
level (rel. Raf level > 1) regard-
less of the genotype. The right 
graph shows the rel. pERK level in 
B cells with no/low Raf level com-
pared to B cells with int/high Raf 
level regardless of the genotype. 

The dots represent individual mice, the bars and error bars represent the mean ± standard devi-
ation The data were lognormal distributed. After logarithmic transformation the data were statisti-
cally analyzed using the Unpaired Student’s test. *p < 0.05. 

 

https://www.dict.cc/?s=correlation
https://www.dict.cc/?s=coefficient
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Next, the ERK phosphorylation of each sample was analyzed. As already described, in 

young mice LC40 expression increased the ERK phosphorylation in B cells compared to 

controls (52). This increased pERK levels were also present in RafDKO/LC40 mice com-

pared to controls, which was already analyzed in section 3.3.3. ERK phosphorylation of 

old mice were very heterogeneous. It was noticed that in samples with high B-Raf and 

Raf-1 levels, ERK phosphorylation was lower than in samples with low B-Raf and Raf-1 

amounts (Figure 38A). To investigate this in more detail, B-Raf and Raf-1 levels were 

summed for each sample. This normalized Raf levels were compared to the normalized 

pERK levels of the same sample regardless of genotype and age. The normalized pERK 

level was determined by summing the normalized pERK1 and pERK2 values. Here, an 

indirect correlation with R2 = 0.4227 could be detected. Data Points without or with low 

Raf levels (< 1) exclusively represent RafDKO/LC40 mice, which showed significantly 

higher ERK phosphorylation than mice displaying intermediate or high Raf levels (Figure 

38B). 

In summary, these Western blot analyses demonstrated a selection advantage of Raf 

competent B cells compared with B-Raf//Raf-1 deficient B cells in aged RafDKO/LC40 

mice. We did not test whether the stop-cassette upstream the LMP1/CD40 transgene 

was deleted in those Raf proficient B cells of old RafDKO/LC40 mice. Nevertheless, 

these results indicated an important role of B-Raf and Raf-1 in B cell expansion. Thus, 

B cells featuring no/low Raf protein levels might reflect real RafDKO/LC40 B cells con-

comitantly expressing LC40 leading to increased pERK levels. The latter were even 

higher than in Raf proficient LC40 B cells included in the group with int/high Raf levels. 

These results confirmed our findings of section 3.3.3 also in aged mice. 

3.5 Alteration of the LC40 induced gene expression pattern by 

B-Raf//Raf-1 inactivation 

As previously demonstrated (see 3.3.3 and 3.4), it could be shown that B-Raf//Raf-1 

inactivation in LC40 expressing B cells further increased the pERK levels and attenuated 

the LC40 mediated phenotypic changes. To investigate how B-Raf//Raf-1 inactivation 

influences the transcriptional profile of LC40 B cells, the RNA expression pattern of iso-

lated splenic B cells from young RafDKO/LC40 and LC40 mice was analyzed by per-

forming RNA sequencing analyses. The RNA was sequenced by the Research group of 

Dr. Helmut Blum of the Laboratory for Functional Genome Analysis (LAFUGA) in Munich. 

The gene alignments, analyses of the robustness, heatmap and bioinformatic analysis 

of the biological processes were executed in cooperation with Dr. Sonja Grath, Head of 

the Research group “Molecular Evolution and Functional Bioinformatics”, LMU Munich 

and Daniel Strobl, Institute of Computational Biology, Helmholtz Center Munich. The 
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analyses of the Top25 differentially expressed protein-coding genes and the Gene Set 

Enrichment Analyses (GSEA) were performed in close collaboration with Dr. Lothar 

Strobl, a member of our own research group. 

3.5.1 B-Raf//Raf-1 inactivation reduced the expression of genes with a 

tumor promoting function in LC40 B cells 

Using the heat-map of all significantly differentially expressed genes, the robustness of 

RNA sequencing could be confirmed. This assumption based on the clustering of the 

individual genotypes and the similar RNA expression profiles of the different samples of 

one genotype. In LC40 B cells 807 genes were significantly upregulated and 466 genes 

significantly downregulated compared to RafDKO/LC40 B cells (Figure 39). 

Figure 39: The B-Raf//Raf-1 inactivation 
changed the gene expression pattern in 
LC40 expressing B cells. Heatmap of all 
significant differentially expressed genes 
between young LC40 (n = 4) and 
RafDKO/LC40 (n = 4) mice after unsuper-
vised clustering. The significantly differen-
tially expressed genes were represented 
by the rows, the different samples were or-
ganized in the columns. Relative changes 
of the gene expression were illustrated by 
the color code. Upregulated genes were 
depicted in red and downregulated genes 
in yellow. 

 

 

 

 

 

 

 

The top 25 differentially expressed protein-coding genes (Table 3 and Table 4) were 

analyzed in more detail. Among these, a clear majority (80%) showed a higher expres-

sion in LC40 than in RafDKO/LC40 B cells. Many differentially expressed genes were 

associated with survival, activation, immunosuppression and MZB cell development, or 

were described as tumorigenic or oncogenic. These findings may explain the increased 

cell expansion in LC40 mice (Table 3). The genes with a lower expression in LC40 than 

in RafDKO/LC40 B cells affected cell proliferation, as well as cell activation and apoptosis 

(Table 4). 
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Moreover, the reduced potential of RafDKO/LC40 mice for the expansion of aberrant 

B cells could be explained by higher Ahnak expression compared with LC40, as Ahnak 

could downregulate the oncogene Myc (201). Indeed, a significantly higher Myc expres-

sion in LC40 B cells than in the corresponding RafDKO/LC40 samples was detectable. 

Additionally, the expression of the Myc target gene Odc1 (202) was sharply reduced in 

RafDKO/LC40 compared to LC40 B cells (Figure 40). These results supported the notion 

that RafDKO/LC40 B cells exhibit an alteration in LC40 induced gene expression, which 

might attenuate cell expansion and transformation during aging. 

 

Figure 40: B-Raf//Raf-1 inactivation increased Ahnak and decreased Myc and Odc1 RNA 
expression in LC40 expressing B cells. Normalized counts of Ahnak, Myc and Odc1 of the 
RNA sequencing of LC40 (n = 4) and RafDKO/LC40 (n = 4) B cells. Dots represent individual 
mice. Bars and error bars illustrate the mean ± standard deviation. Data were normal distributed 
and statistically analyzed using the Unpaired Student’s test. **p < 0.01; ***p < 0.001; 
****p < 0.0001. 
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Table 3: Genes within the Top 25 significant differentially expressed protein coding genes with a higher expression in LC40 than in RafDKO/LC40 
B cells. Gene symbols, a brief function with its corresponding references, the log2FoldChange and the adjusted p-values (padj) are listed. 
 

gene symbol function log2FoldChange padj references 

Lilrb4 immunosuppressive -1,27805795 4,81E-59 (203) 

Lilr4b function in antigen capture and presentation, inhibits 
MHC class I signaling 

-1,173419354 8,38E-53 https://www.genecards.org/cgi-
bin/carddisp.pl?gene=LILRB4 

Fosl2 oncogenic -1,207805725 7,70E-50 (204) 

Rsu1 regulation of cell adhesion -1,143803723 2,18E-49 (205) 

Cacna1e calcium signaling -0,938773216 1,64E-45 (206) 

Mios Upregulated in PCs compared to other B cell sub-
sets 

-1,423705688 2,14E-44 https://www.proteinatlas.org/ENSG00000164654-
MIOS/immune+cell/B-cells 

Myof tumorigenesis and malignant progression -0,944659212 3,60E-41 (207) 

Cnr1 survival -2,517946099 5,48E-40 (208) 

Ccr1 Upregulated upon EBV infection and in lymphoblas-
toid cell lines 

-1,571921635 2,09E-38 (209) 

Sema7a Activation/differentiation of lymphocytes -0,939827064 3,51E-30 (210) 

Notch-target (54) 

Odc1 myc target -0,85142519 1,69E-28 (202) 

Asb2 Elevated in MZBs by Notch1 signaling -1,554016811 2,55E-28 (211,212) 

Cebpz regulates heat shock protein 70 (HSP70) promoter; 
participates in cell growth and differentiation; con-
tributes to leukemia 

-0,816770644 4,28E-26 (213) 

I830077J02Rik electron carrier activity -0,894703789 2,12E-25 https://www.ncbi.nlm.nih.gov/IEB/Re-
search/Acembly/av.cgi?db=mouse&q=I830077J0
2Rik 

Bhlhe40 negative regulator of B cell activation; upregulated 
in human anergic CD21low B cells 

-0,876967654 2,13E-25 (214) 

Cr2 B lymphocytes activation; CD21; Notch target -0,700305164 4,81E-25 (215,216) 

Il21r T cell mediated B cell proliferation, PC differentia-
tion 

-0,766560673 6,09E-25 (64,217) 

Kit lymphocyte development -1,106802074 1,01E-24 (218) 

Utrn Cell motility/adhesion -0,696973379 1,15E-24 (219) 

Nr4a3 induced by BCR signaling; dampening B cell prolif-
eration 

-0,792244651 1,08E-23 (220) 
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Table 4: Genes within the Top 25 significant differentially expressed protein coding genes with a lower expression in LC40 than in RafDKO/LC40 B cells. 
Gene symbols, a brief function with its corresponding reference, the log2FoldChange and the adjusted p-values (padj) are listed. 
 

gene symbol function log2FoldChange padj references 

Cacna1i Voltage-sensitive calcium channels; not described 
in immune cells so far 

1,940105148 9,12E-41 https://www.proteinat-
las.org/ENSG00000100346-CACNA1I 

Ahnak growth retardation and cell cycle arrest through 
downregulation of c-Myc and cyclin D1/D2 
(mamma-carcinoma) 

1,310778809 1,14E-40 (201) 

Sh2b2 modulation of BCR signaling; APS-KO mice > in-
creased B1 cells 

2,502443232 4,71E-40 
(221,222) 

Cmah Cmah knockout mice > hyperactive B cells 0,8773423 5,11E-32 (223) 

A430078G23Rik regulating cell death and apoptosis 1,03852376 1,08E-23 (224) 
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3.5.2 Alterations of biological processes upon B-Raf//Raf-1 inactivation 

The gene expression pattern of RafDKO/LC40 and LC40 B cells was checked for signif-

icantly enriched biological processes. Making use of the online platform PANTHER (Pro-

tein Analysis Through Evolutionary Relationships, http://pantherdb.org) (225), biological 

processes with respect to the direction of the gene regulation (up- or downregulated) 

were examined. Within the biological process “positive regulation of cell adhesion” 14 of 

the 410 genes were significantly lower expressed in LC40 compared to RafDKO/LC40 

B cells (Suppl. Table 1). Also, the process “immune response” was significantly enriched 

with genes presenting a lower expression in LC40 in comparison to RafDKO/LC40 

B cells ( 

Suppl. Table 2). In contrast, the biological process "semaphorin interactions" showed an 

enrichment of genes with a higher expression in the LC40 compared to the 

RafDKO/LC40 genotype (Suppl. Table 3). Thus, B-Raf//Raf-1 inactivation seemed to 

modify the kind of cell-cell and cell-matrix interactions of LC40 expressing B cell, which 

also play a role in the immune response. 

3.5.3 Increased MZ B cell differentiation in LC40 mice is reverted in the 

absence of B-Raf and Raf-1 

LC40 mice displayed increased amounts of MZ B cells compared to controls and 

RafDKO/LC40 mice (see section 3.4.1). To determine whether the expanded B cells in 

LC40 mice are indeed MZ B cells or whether only the expression of some surface mole-

cules is altered, the differentially expressed genes of LC40 and RafDKO/LC40 mice were 

compared with the gene sets of MZ B and Fo B cells using GSEA. The ImmGen Popu-

lation Comparison Tool based on microarray data (http://rstats.immgen.org/Popula-

tionComparison/index.html) (226) was used to assemble genes into gene sets that are 

differentially expressed between MZ B and Fo B cells (Suppl. Table 4 and 5). Subse-

quent GSEA highlighted a strong significant enrichment of genes upregulated in MZ B 

cells in LC40 in comparison to RafDKO/LC40 samples. In contrast, Fo B cell associated 

genes were found to be significantly enriched in RafDKO/LC40 B cells (Figure 41). These 

results suggested that LC40 expression induces enhanced differentiation towards MZ B 

cells. This phenotype is attenuated in the absence of B-Raf and Raf-1. 
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Figure 41: LC40 B cells exhibit predominantly a MZ B cell gene signature, which is abro-
gated in RafDKO/LC40 B cells. GSEA Enrichment plots performed on the ranked differentially 
expressed gene list of LC40 compared to RafDKO/LC40 B cells with gene sets for genes upreg-
ulated in MZ B and Fo B cells. The normalized enrichment score (NES), the nominal p-value 
(NOM p-val) and the False discovery rate (FDR q-val) are recorded in the corresponding graphs. 
The gene sets (Suppl. Table 4 and 5) were generated using the micro-array data of the ImmGen 
database (226). 

 

3.5.4 Reduced Notch2 and non-canonical NFκB mediated gene 

expression in RafDKO/LC40 mice 

As described in Section 1.2.1, MZ B cell differentiation is controlled by the interplay of 

multiple signaling pathways. Thus, BCR, BAFFR, and Notch2 signaling have been de-

scribed to participate in this cell fate decision (11). Our group showed recently that 

Notch2 signaling is sufficient to induce the transdifferentiation of Fo B cells into functional 

MZ B cells (54) highlighting the importance of the Notch2 pathway in differentiation to 

MZB cells. As depicted in section 3.4.1, LC40 B cells displayed a higher CD21 expres-

sion compared to RafDKO/LC40 B cells, which has been described as a typical Notch 

target gene (Cr2) (32,227). Additionally, among the top 25 differentially expressed pro-

tein-coding genes the Notch target genes Cr2, Asb, and Sema7a displayed a significantly 

higher expression in LC40 compared to RafDKO/LC40 B cells (Table 3). Thus, the ques-

tion arose if B-Raf//Raf-1 inactivation reduces Notch2 signaling in LC40 expressing 

B cells. 

To address this question, we used RNA sequencing data from Lechner et al., who in-

duced constitutive active Notch2 signaling by tamoxifen administration in Fo B cells. At 

day 3 after tamoxifen treatment, a Notch2 dependent change in the gene expression 

profile could already be detected without causing a change in the Fo B cell phenotype or 

localization. At day 14 after Notch2 induction Fo B cells transdifferentiated to real MZ 

B cells (54). These RNA Seq data were used to generate different gene sets for GSEA. 

First, the gene expression profile of Notch2IC expressing (Notch2IC+) Fo B cells was 

compared to normal Fo B cells at day three after tamoxifen treatment to extract a gene 

set for the immediate early (Notch2 up- (Suppl. Table 6) and downregulated (Suppl. Ta-

ble 7) genes. Next, the differentially expressed genes of Notch2IC+ B cells after 14 days 
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and 3 days after tamoxifen induction were compared to obtain late Notch2 up- (Suppl. 

Table 8) and downregulated (Suppl. Table 9) genes. 

 

Figure 42: The Notch2 induced gene signature of LC40 expressing B cells was diminished 
in RafDKO/LC40 B cells. GSEA enrichment plots performed on the ranked differentially ex-
pressed gene list of LC40 compared to RafDKO/LC40 B cells with gene sets for up- (left column) 
and downregulated (right column) immediate early (A) and late (B) Notch2 responding genes 
(Suppl. Table 6 to 9). The normalized enrichment score (NES), the nominal p-value (NOM p-val) 
and the False discovery rate (FDR q-val) are recorded in the corresponding graphs. The gene 
sets were generated using the RNA-Seq data of Lechner et al., 2021 (54). 

 

GSEA of immediate early and late Notch2 induced genes discovered an enrichment of 

genes upregulated by Notch2 activation in LC40 and in parallel an enrichment of Notch2 

downregulated genes in RafDKO/LC40. (Figure 42). These results indicated a LC40 me-

diated activation of Notch2 signaling in B cells, which is attenuated by the B-Raf//Raf-1 

inactivation in RafDKO/LC40 B cells. 

In addition to Notch2, BAFFR signaling plays an essential role in the development of MZ 

B cells (11). Stimulation of the BAFF receptor leads mainly to the activation of the non-

canonical NFκB signaling pathway (11,47). In LC40 expressing B cells, hyperactive non-

canonical NFκB signaling in addition to increased ERK and JNK phosphorylation was 

detected (52). A direct target of the non-canonical NFκB signaling pathway is ICOS-L 

(228). As mentioned above, young LC40 mice displayed upregulated ICOS-L compared 

to controls, which was significantly decreased by B-Raf//Raf-1 inactivation in young 

RafDKO/LC40 B cells (see section 3.4.4). These observations led to the question, if the 

B-Raf//Raf-1 deficiency could reduce the activity of the non-canonical NFκB signaling 

pathway in LC40 expressing B cells. To analyze this, GSEA were performed using gene 
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sets designed from gene expression data of different mouse models displaying hyperac-

tivated non-canonical NFκB signaling. 

 

 

Figure 43: The non-canonical NFκB induced gene signature of LC40 expressing B cells 
was diminished in RafDKO/LC40 B cells. GSEA Enrichment plots performed on the ranked 
differentially expressed gene list of LC40 compared to RafDKO/LC40 B cells with gene sets for 
up- (left column) and downregulated (right column) genes of BAFF-tg (BAFF), TRAF2KO and 
TRAF3KO B cells displaying a hyperactive non-canonical NFκB signal were generated using the 
micro-array data of Gardam et al., 2008 (48) (Suppl. Table 10 to 15).The normalized enrichment 
score (NES), the nominal p-value (NOM p-val) and the False discovery rate (FDR q-val) are rec-
orded in the corresponding graphs. 

 

Gardam et al. published micro-array data of B cells from transgenic BAFF overexpress-

ing mice compared to controls (48). These data were used to generate BAFF upregu-

lated (BAFF-UP; Suppl. Table 10) and BAFF downregulated (BAFF-DOWN; Suppl. Ta-

ble 11) gene sets. Within the same publication, data sets of TRAF2KO or TRAF3KO 

compared to control B cells were published (48). These knockouts result in a hyperacti-

vation of the non-canonical NFκB signaling pathway (46,48). Thus, gene sets for up- and 

downregulated genes of TRAF2KO and TRAF3KO mice were extracted (Suppl. Table 

12 to 15). 

All GSEA with gene sets reflecting genes upregulated by non-canonical NFκB signaling 

were enriched in samples of the LC40 in comparison to the RafDKO/LC40 genotype. In 

contrast, genes downregulated by non-canonical NFκB were enriched in the 
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RafDKO/LC40 genotype (Figure 43). These results implied the participation of B-Raf and 

Raf-1 in the LC40 induced non-canonical NFκB signaling. 

3.5.5 Requirement of B-Raf and Raf-1 for LC40 induced activation of the 

Notch2 and non-canonical NFκB signaling pathways 

To test, if B-Raf//Raf-1 inactivation leads to a reduction of LC40 mediated Notch2 and 

non-canonical NFκB signaling, RNA-Seq data of young LC40 and RafDKO/LC40 B cells 

were used. First, RNA levels of Notch2 and its downstream targets HES1 and CD21 

were examined. No significant differences in the normalized counts of Notch2 between 

LC40 and RafDKO/LC40 B cells could be detected. Thus, Notch2 did not appear to be 

downregulated at the level of RNA transcription upon B-Raf//Raf-1 inactivation. However, 

the Notch2 target genes HES1 and CD21 displayed higher RNA levels in LC40 than in 

RafDKO/LC40 B cells (Figure 44A). The lower CD21 RNA levels in RafDKO/LC40 B cells 

confirmed the previous results of reduced CD21 surface expression in RafDKO/LC40 

B cells measured by flow cytometry (see section 3.4.1). In summary, decreased expres-

sion of Notch2 target genes in RafDKO/LC40 compared with LC40 B cells referred to 

reduced LC40 mediated Notch2 signaling upon B-Raf//Raf-1 inactivation, but this 

seemed not to be caused by decreased Notch2 RNA expression. 

 

 
Figure 44: B-Raf//Raf-1 inactivation decreased HES1, CD21 and NFκB2 RNA expression in 
LC40 expressing B cells. The normalized counts of the components of the Notch2 signaling 
pathway Notch2, HES1, and CD21 (A) and of the non-canonical NFκB signaling pathway RelB 
and NFκB2 (B) of the RNA sequencing of LC40 (n = 4) and RafDKO/LC40 (n = 4) B cells. Dots 
represent individual mice. Bars and error bars illustrate the mean ± standard deviation. Data were 
normal distributed and statistically analyzed using the Unpaired Student’s test. **p < 0.01; 
***p < 0.001; ****p < 0.0001. 
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To analyze the activity of non-canonical NFκB signaling, the RNA levels of the two com-

ponents of the non-canonical NFκB signaling pathway, RelB and NFκB2 (p100/p52), 

were analyzed. A significant reduction in NFκB2 RNA was observed in RafDKO/LC40 

compared with LC40 B cells, but no differences were observed in the RNA levels of RelB 

(Figure 44B). These results indicated a contribution of B-Raf and Raf-1 in LC40 mediated 

NFκB2 expression, which might lead to the reduced non-canonical NFκB activation in 

RafDKO/LC40 compared to LC40 B cells detected by the GSEA. 

The normalized counts underlined the results of the GSEA that B-Raf and Raf-1 might 

contribute to Notch2 and non-canonical NFκB signaling. To confirm these findings on 

protein level, Western blots for Notch2, HES1, RelB and p100/p52 (protein of the NFκB2 

gene) were performed with ex vivo isolated B cells from young control, LC40, and 

RafDKO/LC40 mice.  

A significant LC40 mediated upregulation of Notch2 protein expression could be ob-

served in LC40 and RafDKO/LC40 B cells compared to controls. However, LC40 and 

RafDKO/LC40 B cells featured similar Notch2 protein levels. Similarly, an increased 

HES1 signal was detected in LC40 B cells in comparison to controls. But here 

RafDKO/LC40 B cells tended to have reduced amounts of HES1 compared to LC40 

B cells (Figure 45A). This confirmed the lower gene expression of HES1 in 

RafDKO/LC40 than in LC40 B cells analyzed by RNA sequencing. These results indi-

cated reduced Notch2 signaling in RafDKO/LC40 compared to LC40 B cells, which is 

not caused by reduced Notch2 transcription or protein expression. 

RelB did not display any differences regarding the RNA levels between LC40 and 

RafDKO/LC40 B cells. However, there was a tendency for decreased RelB protein levels 

in RafDKO/LC40 B cells in comparison to control and LC40 B cells. Interestingly, a sig-

nificantly increased RelB cleavage was observed in LC40 B cells compared to control 

and RafDKO/LC40 B cells. In addition, we could detect diminished p52 levels in 

RafDKO/LC40 B cells in comparison to LC40 B cells (Figure 45B). 
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Figure 45: RafDKO/LC40 B cells displayed significantly reduced HES1 and p52 protein ex-
pression. Representative Western blots and the quantified fold induction of Notch2 and HES1 
(A) and RelB and p100/p52 (B) of isolated splenic B cells of control (ctrl; n = 7), LC40 (n = 7) and 
RafDKO/LC40 (n = 7) mice in comparison to control B cells. The calculation of the fold induction 
is described in section 6.7.5. The dots represent individual mice, the bars and error bars represent 
the mean ± standard deviation The data for Notch2, RelB and p52 were normal, the data for HES1 
and p100 were lognormal distributed. After logarithmic transformation of the lognormal distributed 
data sets, all data sets were statistically analyzed using the One-way ANOVA with Tukey’s mul-
tiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Taken together, not only the results of the GSEA, but also the reduced amounts of HES1 

RNA and protein levels, as well as the diminished CD21 expression in RafDKO/LC40 

compared to LC40 B cells revealed a reduction of Notch2 signaling by B-Raf//Raf-1 in-

activation in LC40 expressing B cells. Similarly, the non-canonical NFκB signaling path-

way was less active in RafDKO/LC40 B cells than in LC40 B cells. Evidence for this was 

the enrichment of non-canonical NFκB upregulated genes in LC40 B cells and downreg-

ulated genes in RafDKO/LC40 B cells detected by GSEA. Furthermore, the reduced 

NFκB2 RNA level and the decreased p52 protein level supported the assumption of less 

non-canonical NFκB signaling in RafDKO/LC40 than in LC40 B cells. In summary, B-Raf 

and Raf-1 seemed to promote the LC40 mediated activation of the non-canonical NFκB 

and Notch2 signaling pathways. 
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4. Discussion  

B cells need to translate various extracellular signals into the corresponding cellular func-

tions. The latter can range from proliferation and differentiation to cell cycle arrest and 

apoptosis. Many different signaling pathways play important roles in the corresponding 

signal transduction. It is known that BCR as well as CD40 and TLR4 activate the Ras-

Raf-MEK-ERK signaling pathway (52,85,100,114,118,181). This signaling pathway is 

described as a linear signaling cascade (120,129,136). An essential involvement of the 

Ras-Raf-MEK-ERK signaling pathway in B cell development, as well as in lymphoma 

development, has been demonstrated through the Ras and ERK components. The vari-

ous Raf-kinases have often not been studied in this regard (181–183). Thus, their roles 

in terms of mammalian B cell development, activation, differentiation, and lymphoma 

generation remained to be explored. To analyze this, a mouse model was developed 

with a conditional knockout of B-Raf and Raf-1 specifically in B cells from the pro-B cell 

stage onwards. Regarding B cell development, a redundant function of B-Raf and Raf-1 

was demonstrated at the transition from pro- to large pre-B cells and the development of 

transitional B cells into mature B cells. In addition, these mice exhibited an impaired TD 

immune response (184). The role of B-Raf and Raf-1 in B cell activation, differentiation 

and lymphoma generation were investigated within this thesis by examining (I) the mech-

anisms of BCR induced ERK phosphorylation, (II) the participation of B-Raf and Raf-1 to 

PC differentiation, and (III) the influence of B-Raf//Raf-1 inactivation on short-term or 

constitutive CD40 signaling. 

4.1 Negative regulation of BCR mediated pERK levels by Raf-

kinases in mature B cells 

During analyses of basal ERK phosphorylation in control and DKO B cells, the following 

observations were made: Although, B cell development was impaired in B-Raf//Raf-1 

deficient B cells and was described to be highly dependent on ERK1/2 in mice (184,185), 

ERK phosphorylation was similar between developing B cells of DKO and control mice. 

This could be due to the presence of a certain pERK threshold for cell survival or differ-

entiation, or low amounts of developing B cells exhibiting a change in ERK phosphory-

lation to pass certain checkpoints. Additionally, MZ B cells exhibited higher basal pERK 

than Fo B cells, which could be due to higher BCR expression and tonic BCR signaling 

in MZ B compared to Fo B cells (11,229). 

In contrast to the previous results of Brummer et al. in 2002, which were obtained in 

chicken DT40 cells (178), no Raf dependence of BCR mediated ERK activation could be 
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detected in mature murine B cells. Unexpectedly, B-Raf//Raf-1 inactivation led to in-

creased pMEK and pERK levels with and without anti-IgM treatment, indicating a nega-

tive regulatory function of B-Raf and Raf-1 in mature murine B cells. B-Raf//Raf-1 inacti-

vation further led to increased pERK levels in recirculating B cells of the bone marrow, 

underlining the negative regulatory function of Raf-kinases in mature B cells. This nega-

tive regulatory function seemed to be restricted to MEK/ERK phosphorylation, since no 

alterations in the BCR mediated activation of SYK and the downstream signaling path-

ways NFκB, PI3K/AKT, and PLCγ2/JNK/p38 could be observed in mature DKO B cells. 

Up to now, MEK1/2 is the only accepted Raf target protein (120,127). Furthermore, the 

only known MEK substrate is ERK (230). The negative regulatory function of Raf towards 

pMEK and pERK could be caused by Raf mediated activation of repressors of pMEK 

and pERK. Well known repressors of ERK phosphorylation are the dual-specificity MAP 

kinase phosphatases (DUSP) (231–233). Kidger et al. published in 2017 a regulating 

function of the Raf-kinases on DUSP5 (232). Thus, in mature B cells Raf-kinases might 

regulate DUSPs to fine-tune the ERK phosphorylation upon tonic or initial BCR signaling. 

The mechanisms of how ERK could be phosphorylated in DKO B cells were investigated 

by several inhibition experiments. Incubation with different pan-Raf inhibitors (Sorafenib, 

Dabrafenib and LY3009120) resulted in a dose-dependent increase of pERK amounts 

in unstimulated and BCR stimulated control and DKO B cells. The dose-dependency of 

pERK already at low inhibitor concentrations, the use of high saturating inhibitor concen-

trations, and the pERK inducing effect of the paradox-breaking pan-Raf inhibitor 

LY3009120 argued against paradoxical ERK activation in our experiments (172,174–

177). In addition, a compensatory ERK phosphorylation by A-Raf could be excluded. 

These data confirmed an inhibitory function of Raf-kinases with respect to the basal and 

initial BCR mediated ERK phosphorylation. Furthermore, these results showed that ERK 

is activated independently of Raf-kinases in resting and activated mature B cells. 

Additional inhibitor experiments against various signaling pathways revealed the involve-

ment of SYK, PI3K and Rac/PAK in basal and initial BCR mediated ERK phosphoryla-

tion. PI3K dependent pERK upregulation was previously described (107,234). Further-

more, the phosphorylation of ERK by the serine-threonine kinase PAK was published as 

either PI3K dependent or independent in various cell types (154,235–237). Additionally, 

PLCγ2 signaling was postulated to increase pERK (197,238). Thus, we hypothesized 

that BCR mediated SYK activation transmitted ERK phosphorylation via an interplay of 

PI3K, Rac/PAK and PLCγ2 signaling. Thereby, Raf-kinases seemed to negatively regu-

late these processes. The PLCγ2 participation has to be further elucidated in future ex-

periments. 
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Since ERK phosphorylation was unaltered in developing and increased in mature DKO 

B cells, BCR mediated signaling could be elicited differently in developing and mature 

B cells. It has been hypothesized that the BCR localization within or outside of lipid rafts 

may influence the type and outcome of BCR mediated signaling. The pre-BCR is perma-

nently localized in lipid rafts (29,239), while the BCR of transitional B cells is constantly 

excluded from lipid rafts even upon antigen binding (240,241). In mature B cells antigen 

crosslinking of the BCR mediates its recruitment to lipid rafts leading to proliferation, 

activation, and differentiation (29,242,243). Thus, B-Raf and Raf-1 might negatively reg-

ulate the pERK level upon BCR signaling outside of the lipid rafts in transitional, resting 

mature B cells, or initially activated mature B cells. But a B-Raf//Raf-1 dependence of 

the ERK phosphorylation could still be present in signaling processes induced by BCRs 

localized within lipid rafts, such as pre-BCR signaling of developing B cells or antigen-

induced BCR signaling in pre-PBs and PBs. To analyze the BCR localization within the 

plasma membrane and the corresponding pERK signaling in the presence or absence 

of B-Raf and Raf-1, AMNIS imaging flow cytometry for the ganglioside GM1 of lipid rafts, 

the BCR component CD79b and pERK in control and DKO B cell subsets could be per-

formed (17,244–247). 

4.2 Impaired PC differentiation upon B-Raf//Raf-1 inactivation  

DKO mice showed a significant impairment of the TI type II immune response induced 

by NP-Ficoll immunization. Similar results were observed upon TD and TI type I immun-

izations (184). Thus, in DKO mice, a defect in the generation of ASCs and the resulting 

antibody production is generally evident. In vitro differentiation by LPS revealed defects 

in the differentiation of activated B cells to pre-PBs and further to PBs. Proliferation of 

activated B cells is a prerequisite of PC differentiation because it enables epigenetic 

changes. These allow the accessibility of BLIMP1 and other transcription factors to the 

DNA, which lead to the alteration of the gene expression necessary for PC differentiation 

(198,248). CFSE experiments revealed that in DKO B cells, not only proliferation but also 

PC differentiation were impaired (184). 

Comparable to short-term BCR stimulation, a PI3K dependence of ERK phosphorylation 

could be detected in the initial B cell activation by LPS, whereas an involvement of SYK, 

Rac/PAK and PLCγ2 remains to be investigated. The negative regulation of the Raf-

kinases towards pERK detected upon BCR stimulation was also present upon LPS short-

term stimulation. Besides the increased pERK level in DKO B cells, a prolonged ERK 

phosphorylation in the nucleus of DKO B cells was observed. Nuclear localization of 

DUSP5 was described to lead to nuclear dephosphorylation of pERK (232). Thus, de-

creased nuclear DUSP5 activity in DKO B cells might cause an increased and prolonged 
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amount of nuclear pERK. The latter might contribute to the impairment of PC differenti-

ation of DKO B cells, since not only the absolute pERK levels but also the spatiotemporal 

dynamics of pERK seemed to translate specific effector functions, such as proliferation 

or differentiation (152,232,249,250). In PC12 cells a transient and sharp increase of 

pERK mediates proliferation, while sustained pERK signaling leads to neuronal differen-

tiation (251–253). Furthermore, anergic B cells exhibit increased pERK levels but fail to 

further increase pERK and to differentiate into PC. That indicated a requirement of low 

pERK levels in quiescent B cells with a potential to spatiotemporally increase upon stim-

ulation (19,192,254,255). 

Additionally, our results provided evidence that a moderate ERK phosphorylation in ac-

tivated B cells might evoke proliferation, while sharply increased pERK level in pre-PBs 

and PBs could cause differentiation. The latter is underlined by the link of increasing 

pERK to the upregulation of BLIMP1 required for PC differentiation (198). The sharp 

increase of pERK in pre-PBs and PBs was attenuated in DKO B cells. The negative 

regulatory function of Raf might keep pERK at low levels in resting and activated B cells, 

but Raf-kinases might mediate ERK phosphorylation in pre-PBs and PBs. This possible 

switch in the function of Raf-kinases could be caused by alterations in the phosphoryla-

tion, the dimerization, and the subcellular localization of Raf as well as differences in the 

interaction with distinct scaffolding proteins (127,136,142,250). Which of these mecha-

nisms regulate the Raf functions needs to be further explored in the future. Analyses of 

the phosphorylation patterns of Raf by mass spectrometry, or determination of their sub-

cellular localization by AMNIS imaging flow cytometry or immunohistochemistry may 

help to answer this question. In addition, dimerization of Raf molecules could be investi-

gated by non-denaturing gel electrophoresis, while immunoprecipitation could reveal in-

teraction partners of Raf. 

4.3 Negative regulation of CD40 mediated pERK by Raf-

kinases  

In addition to BCR and TLR signaling, costimulatory signals through TNFR also partici-

pate in B cell activation and differentiation (46,101). Therefore, the role of Raf-kinases 

was also investigated upon CD40 stimulation. Although control and DKO B cells exhib-

ited comparable pERK kinetics, the negative regulatory function of Raf-kinases detected 

upon short-term BCR and TLR4 stimulation, was also evident upon CD40 stimulation. 

The use of the LY3009120 pan-Raf inhibitor confirmed a redundant negative regulatory 

function of all 3 Raf-kinases upon CD40 stimulation. 

Furthermore, our experiments revealed a PI3K dependent ERK phosphorylation upon 

2 h of CD40 stimulation in control and DKO B cells. These data confirmed the published 
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results that constitutive CD40 signaling in LC40 B cells causes a CD19/PI3K dependent 

increase of pERK mediating B cell survival and proliferation (107). Introducing a B cell 

specific deletion of B-Raf and Raf-1 in this LC40 mouse model revealed a negative reg-

ulatory function of B-Raf and Raf-1 even upon constitutive CD40 signaling, since pERK 

levels were even higher in RafDKO/LC40 B cells compared to LC40 B cells. This was 

true for the cytoplasmic and the nuclear fraction, which suggested an unaltered translo-

cation of pERK upon Raf inactivation. Thus, we could not confirm the postulated function 

of nuclear B-Raf as a stabilizer for nuclear pERK by preventing DUSP5 mediated 

dephosphorylation of pERK (200). 

In contrast to the PI3K dependent upregulation of pERK after 2 h or constitutive CD40 

signaling, our data suggested a different mechanism of ERK phosphorylation after 

10 min of CD40 stimulation. Hereby, ERK activation was still negatively regulated by Raf-

kinases but was induced without the participation of PI3K signaling. One possible mech-

anism of initial CD40 mediated ERK phosphorylation would be PI3K independent phos-

phorylation of ERK by Rac/PAK signaling (237), as described upon short-term BCR stim-

ulation (see section 4.1). Furthermore, TPL2 signaling could lead to ERK phosphoryla-

tion upon 10 min of CD40 stimulation (256). Which signaling pathways are responsible 

for the early CD40 induced pERK peak remains to be investigated. 

The different mechanisms leading to ERK phosphorylation upon CD40 stimulation might 

be influenced by the localization of CD40 receptors within the plasma membrane and 

the association with different TRAF molecules. The initial pERK peak after 10 min of 

CD40 stimulation might be mediated by TRAF6/TPL2 signalosomes outside of lipid rafts 

(247,256). In contrast, long-term CD40 stimulation might require the recruitment of the 

CD40 receptor to lipid rafts by the association with TRAF2 and TRAF3 (101,110,247) 

leading to Lyn/PI3K dependent ERK phosphorylation (107,247,257–259). These hypoth-

eses need to be confirmed either by Western blot analyses of plasma membrane frac-

tions or by AMNIS imaging flow cytometry. 

4.4 Diminished LC40 phenotype upon B-Raf//Raf-1 

inactivation 

4.4.1 Reduced cell expansion in young RafDKO/LC40 mice 

Additional to its role in ERK phosphorylation, effects of B-Raf//Raf-1 inactivation on cell 

activation, expansion, and transformation by constitutive CD40 signaling in B cells were 

investigated comparing RafDKO/LC40 mice to control and LC40 mice. B cell specific 

LC40 expression leads to a splenomegaly already in young mice due to a B and T cell 

expansion. LC40 mediated B cell expansion affected MZ B cells more than Fo B cells, 
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shifting the ratio of these two cell populations toward MZ B cells (52). The B-Raf//Raf-1 

inactivation in LC40 expressing B cells diminished not only the MZ B and Fo B but also 

the T cell expansion. This resulted in a significantly reduced splenomegaly in 

RafDKO/LC40 mice compared to LC40 mice. 

In LC40 B cells, increased survival and proliferation compared to wildtype B cells is de-

pendent on the hyperactivation of the CD19/PI3K/ERK signaling pathway (107). As al-

ready mentioned, RafDKO/LC40 B cells displayed increased pERK levels in both the 

cytoplasm and nucleus compared with LC40 B cells. Retention of pERK in the cytoplasm 

by binding to cytoplasmic anchor proteins has been described to mediate apoptosis 

(260–262). Thus, the increased pERK levels in the cytoplasm of RafDKO/LC40 in com-

parison to LC40 might mediate increased apoptosis instead of proliferation. This could 

contribute to the reduced B cell expansion in RafDKO/LC40 compared to LC40 mice. 

Besides the direct influence of pERK on proapoptotic proteins, cross-talks to other sig-

naling pathways could also influence B cell expansion. For example, upregulation of 

CD21 by LC40 expression was observed, blurring the boundaries between Fo B and MZ 

B cells. B-Raf//Raf-1 inactivation in RafDKO/LC40 mice significantly reduced the amount 

of MZ B cell-like cells and significantly decreased the CD21 expression compared to 

LC40 mice. Since Notch2 signaling drives transitional B cells into MZ B cells (11,32–

34,54) and CD21 has been described as a typical Notch target gene (32,227,263), our 

results suggested that B-Raf//Raf-1 inactivation reduced the LC40 induced Notch2 sig-

naling. Furthermore, a synergistic effect of Notch2 signaling on CD40 mediated prolifer-

ation was described (264). Therefore, the interplay of Notch and CD40 signaling in LC40 

B cells could promote proliferation leading to B cell expansion. Decreased Notch activity 

in RafDKO/LC40 compared to LC40 B cells might contribute to the reduced B cell ex-

pansion in RafDKO/LC40 mice. The influence of Raf inactivation on Notch signaling will 

be further discussed in section 4.5.4. 

4.4.2 Reduced LC40 mediated aberrant B cell expansion in old 

RafDKO/LC40 mice 

While in young LC40 mice both MZ B and Fo B cells were expanded, an aberrant 

B1b cell-like population CD21lowCD23lowCD43+CD5low grew out in aged LC40 mice 

(52,265). This correlated with the appearance of mono- and oligoclonal bands in South-

ern blots of aged LC40 mice (265). The role of B-Raf and Raf-1 on the LC40 mediated 

expansion of aberrant B cells was analyzed using aged RafDKO/LC40, LC40 and control 

mice. 

The majority of old LC40 mice developed a pathological splenomegaly, while most of the 

aged control mice displayed normal splenic weights. Compared to LC40 mice, fewer 
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RafDKO/LC40 mice exhibited a pathological splenomegaly during aging. Similar results 

were obtained analyzing the so-called aberrant B cell population 

CD21lowCD23lowCD43+CD5low B cells. Some preliminary results of other organs of aged 

RafDKO/LC40 mice indicated that the B-Raf//Raf-1 inactivation did not alter the homing 

of aberrant B cells. These data reflect the importance of B-Raf and Raf-1 for the LC40 

mediated aberrant B cell expansion in the spleens of aged mice. 

4.4.3 Altered LC40 mediated B cell activation in RafDKO/LC40 mice 

Upregulation of CD95 reflects B cell activation. CD95 is important for negative selection 

of autoreactive B cell clones by inducing apoptosis as a death receptor (256,266–268). 

Besides its function in apoptosis, the induction of non-apoptotic signaling pathways by 

CD95 and its beneficial role in proliferation and cancer progression is discussed 

(269,270). Thus, CD95 was analyzed with respect to B cell activation in young and old 

LC40, RafDKO/LC40 and control mice. While young LC40 B cells displayed increased 

CD95 expression compared to young control and RafDKO/LC40 mice, aged mice 

showed similar CD95 level in all three genotypes. These data indicated that B cells of 

young LC40 mice might profit from high CD95 expression, while in aberrant B cells the 

pro-apoptotic function of CD95 might dominate. This might lead to a positive selection of 

aberrant B cells exhibiting lower CD95 expression level. These ambivalent functions of 

CD95 might cause the high heterogeneity of CD95 in aged LC40 mice (52). A participa-

tion of Raf-1 in the switch of the CD95 function from apoptosis to metastasis in colorectal 

cancer cells had already been described. The authors have shown that CD95 mediates 

apoptosis in the absence of Raf-1, while it leads to metastasis in Raf-1 proficient cells 

(271). Thus, the reduced CD95 expression level in young RafDKO/LC40 B cells com-

pared to LC40 B cells could be due to increased apoptosis of CD95high cells in the ab-

sence of Raf-1 in RafDKO/LC40 B cells. This could also contribute to the reduced B cell 

expansion detected in RafDKO/LC40 mice compared to LC40 mice. 

In addition to B cell expansion, LC40 expression led to marked T cell expansion in young 

and aged LC40 mice (52). T cells in aged LC40 mice also exhibited a high level of acti-

vation, as reflected by the increased proportions of CD69+ T cells and differentiated ef-

fector and memory T cells. Here, LC40 had a stronger effect on CD4+ T cells than on 

CD8+ T cells, as indicated by the significant increase in CD4+/CD8+ ratio in LC40 mice 

compared with controls. B-Raf//Raf-1 inactivation significantly attenuated the LC40 in-

duced T cell phenotype to control levels. Since leakiness of the expression of the Cre-

recombinase in T cells is unlikely (52), T cell expansion is most likely elicited as a by-

stander effect. B cell depletion experiments revealed an important role of B cells in the 

activation and maintenance of T cells (52,272–274). In this context, B-T cell interactions 
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could provide certain co-stimulatory signals to promote T cell expansion. Thereby, B cell 

activation might play an important role. 

Binding of ICOS-L on activated B cells to ICOS on T cells promotes proliferation and 

differentiation into follicular T helper cells (275,276). Thus, increased ICOS-L expression 

on B cells of young LC40 mice, which was reduced in young RafDKO/LC40 mice, might 

contribute to the T cell activation and expansion. This might explain why the T cells are 

less expanded in RafDKO/LC40 mice compared to LC40 mice. 

Other protein interactions mediating B-T cell interactions would be CD40/CD40-L, 

MHC II/TCR, CD80/CD28, and CD86/CD28 (276–279). Preliminary results regarding 

CD80 and CD86 expression on B cells of aged control, LC40, and RafDKO/LC40 B cells 

indicate that CD80 and CD86 were more highly expressed on LC40 than on control and 

RafDKO/LC40 B cells. This could explain the differences in T cell expansion between 

aged LC40 and RafDKO/LC40 animals but should be confirmed by additional experi-

ments. Previous FACS stainings published by Hömig-Hölzel et al. in 2008 revealed that 

MHC II is upregulated in LC40 B cells compared to controls (52), but the effect of genetic 

B-Raf//Raf-1 inactivation remains unanswered. Furthermore, the effect of LC40 signaling 

on the expression of endogenous CD40 on the B cell surface and the influence of a B-

Raf//Raf-1 inactivation on this expression pattern should be examined. 

4.4.4 Detection of Raf proficient B cells in old RafDKO/LC40 mice 

The decreased B and T cell expansion and the reduced aberrant B cell development in 

RafDKO/LC40 compared to LC40 mice indicated an essential function of B-Raf and Raf-

1 in constitutive CD40 signaling in B cells. Cre-recombinase under the control of the 

CD19 promotor led to a high deletion efficiency in peripheral B cells and a moderate one 

in developing ones in the bone marrow (52,190). A high deletion efficiency of the floxed 

DNA regions in young RafDKO/LC40 mice was substantiated by the absence of B-Raf 

and Raf-1 in Western blot analysis, and the clear phenotype induced by B-Raf//Raf-1 

inactivation such as decreased splenomegaly, decreased B cell expansion and in-

creased ERK phosphorylation compared to LC40 cells. 

Despite the high CD19-Cre mediated deletion efficiency in mature B cells, the latter is 

never 100%. Thus, an outgrowth of undeleted Raf proficient B cells in RafDKO/LC40 

mice during aging was possible. Indeed, Western blot analyses revealed a growth ad-

vantage of Raf proficient B cells in old RafDKO/LC40 mice, which could not be detected 

in young RafDKO/LC40 mice. Since the recombination of the loxP-flanked exons of B-

Raf and Raf-1 as well as the deletion of the STOP-cassette of the LC40 fusion protein is 

mediated by the same Cre-recombinase under the control of the CD19 promoter, it is 

likely that the Raf proficient B cells growing out in old RafDKO/LC40 mice might also fail 
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to express LC40. However, this should be confirmed by Western blot using a human 

anti-CD40 antibody as published by Hömig-Hölzel et al. (52). The re-expression of Raf1 

and B-Raf in B cells of RafDKO/LC40 mice during aging supports the importance of B-

Raf and Raf-1 for B cell maintenance and/or expansion. Reasons could be increased 

survival, elevated proliferation, or reduced immune surveillance of Raf proficient B cells 

compared to the RafDKO/LC40 ones. 

In addition to the Raf expression, the ERK phosphorylation in B cells of aged 

RafDKO/LC40, LC40 and control mice was investigated. An indirect correlation between 

the expression of B-Raf and Raf-1 and the ERK phosphorylation was found. The fact 

that Raf deficient B cells showed the highest pERK level might be due to the CD19-Cre 

mediated deletion of the loxP-flanked regions in the B-Raf, Raf-1 and LC40 genes in 

these B cells. Consequently, these cells presumably exhibited concomitant LC40 expres-

sion in addition to inactivation of B-Raf and Raf-1, which, as has already been shown in 

young mice, leads to higher ERK phosphorylation than in B cells of LC40 mice (see 

section 3.3.3). Despite this, the indirect correlation of Raf expression and ERK phosphor-

ylation was also present in Raf expressing B cells of all genotypes. This supported the 

results of a negative regulatory function of B-Raf and Raf-1 with respect to the ERK 

phosphorylation already discussed in the section 4.3. 

4.5 Changed LC40 mediated gene expression pattern upon B-

Raf//Raf-1 inactivation  

In addition to the increased pERK levels in RafDKO/LC40 B cells, ERK independent 

functions of B-Raf and Raf-1 may contribute to the attenuated LC40 mediated pheno-

type. Therefore, transcriptomic analyses of young RafDKO/LC40 and LC40 B cells were 

performed to identify mechanisms for the decreased B and T cell expansions and B cell 

transformation in RafDKO/LC40 compared to LC40 mice. Because of the blurred bound-

aries of MZ B and Fo B cells in LC40 mice, the whole splenic B2 cell population was 

used. As a result, a higher proportion of MZ B cells was presumably present in the LC40 

samples than in the RafDKO/LC40 samples. Apart from this, however, this strategy offers 

the possibility to show differences in the gene expression patterns of splenic B2 cells of 

RafDKO/LC40 and LC40 mice. In future experiments the expression of genes of interest 

and of the corresponding proteins should be examined on isolated MZ B and Fo B cells. 

In addition, it may be interesting to compare the transcriptional profile of the two geno-

types with control samples. 
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4.5.1 Diminished expression of tumor associated genes in RafDKO/LC40 

B cells  

By analyzing the top 25 differentially expressed genes between LC40 and 

RafDKO/LC40, the high occurrence of tumor-associated genes such as Myof, Cebpz, 

and Fosl2 was noticed (204,207,213,280). These genes were all significantly higher ex-

pressed in LC40 than in RafDKO/LC40 B cells and might contribute to the increased 

occurrence of pathological splenomegaly and greater cell expansion in LC40 mice. 

Furthermore, two Myc associated genes Ahnak and Odc1 were detected among the top 

25 differentially expressed genes. While Ahnak was higher expressed in RafDKO/LC40 

B cells, they displayed significantly lower RNA levels of Odc1. Myc itself was significantly 

higher expressed in LC40 compared to RafDKO/LC40 B cells. Low Ahnak expression in 

Burkitt-lymphomas suggested a tumor suppressing function of Ahnak in B cells (281), 

which might base on the Ahnak mediated repression of Myc (201). 

Myc itself exhibits a wide range of cellular functions causing tumor progression and gene 

instability when hyperactivated (282–284). A correlation between Raf-kinases and the 

Myc RNA expression has rarely been investigated in murine mature B cells. In pro-B cells 

an ERK dependency of the Myc RNA expression was described by Yasuda et al. in 2008, 

but the role of Raf-kinases was not investigated in this context (185). In 1998, Kerkhoff 

et al. established a direct link between Ras/Raf signaling and Myc RNA expression in a 

fibroblast cell line (285). With a higher Myc expression in LC40 compared to 

RafDKO/LC40 B cells, our results suggested a Raf dependent Myc expression also in 

mature murine B cells. In contrast to the described ERK dependency published by Ya-

suda et al., in 2008 (185), our RafDKO/LC40 B cells displayed lower Myc expression but 

higher pERK levels than LC40 B cells. However, Yasuda et al. did not investigate the 

effects of the ERK1/2 double knockout on Raf-kinases. Thus, the ERK dependence of 

the Myc expression described by Yasuda et al. may in fact be due to reduced Raf ex-

pression or activity. Thus, our data revealed that in mature B cells with a constitutive 

CD40 signal the Myc expression might be regulated in a Raf dependent but ERK inde-

pendent mechanism. 

Furthermore, synergies between Myc and Raf and between Myc and CD19 in tumor 

development and progression have been described in B cells (286–288). Based on the 

reduction of the Myc expression in RafDKO/LC40 compared to LC40 B cells, it could be 

hypothesized, that LC40 B cells would exhibit an increased activity of the Myc:CD19 

amplification loop. This might result in a greater predisposition to B cell transformation 

and lymphoma development in LC40 than in RafDKO/LC40 B cells. 
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Odc1 is described as a direct Myc target (202,289,290). Thus, the lower Odc1 expression 

in RafDKO/LC40 compared to LC40 B cells could give an indication of reduced Myc pro-

tein levels upon B-Raf//Raf-1 inactivation. This assumption should be proven by future 

Western blot analyses. Odc1 encodes for the ornithine decarboxylase 1 mediating the 

rate-limiting step in polyamine biosynthesis (291,292). Polyamines play a crucial role in 

cell proliferation, survival, and apoptosis (292–294). Thus, Odc1 might participate to tu-

mor development, since inhibiting Odc1 prevents tumor progression (290,292,295). 

Taken together, B-Raf//Raf-1 inactivation appeared to cause a decreased Ahnak expres-

sion, which could explain the reduced RNA levels of Myc and Odc1 in RafDKO/LC40 

compared to LC40 B cells. Thus, the altered expression pattern of Ahnak, Myc, and Odc1 

in RafDKO/LC40 B cells compared with LC40 B cells could contribute to the reduced 

B cell expansion and transformation upon B-Raf//Raf-1 inactivation in LC40 B cells. 

4.5.2 Changed expression of genes involved in immune responses and 

cell adhesion in RafDKO/LC40 B cells 

Genes of the biological processes "positive regulation of cell adhesion" and "immune 

response" were higher expressed in RafDKO/LC40 compared to LC40 samples. In these 

two biological processes a certain overlap of genes was present pointing to the close 

connection between cell adhesion and adequate immune responses (296,297). Genes 

occurring in both biological processes were CD27 and Tnfrsf13c. CD27 was described 

to play a critical role in germinal center formation (298,299). Lower CD27 level in LC40 

B cells might contribute to the impaired germinal center reaction in LC40 B cells com-

pared to controls (52). RafDKO/LC40 mice might be able to form germinal centers due 

to higher CD27 expression, which needed to be examined in future experiments. Addi-

tionally, Tnfrsf13c was higher expressed in RafDKO/LC40 than in LC40 B cells. 

Tnfrsf13c encodes for the BAFF receptor, which mediates survival signals in B cells pre-

dominantly via non-canonical NFκB signaling (46–48,300–302). Because B-Raf//Raf-1 

inactivation might reduce cell survival, as discussed in section 4.4, the increased 

Tnfrsf13c levels could result from positive selection of RafDKO/LC40 B cells displaying 

a high BAFF receptor expression. 

Furthermore, differentially expressed genes of the biological process "semaphorin inter-

actions" were higher expressed in LC40 compared to RafDKO/LC40 B cells. The signif-

icantly changed genes of the biological process "semaphorin interactions" includes sem-

aphorin 7a (Sema7a) and some plexins (e.g., Plxna1, Plxnd1), which serves as sema-

phorin receptors. Initially, semaphorin interactions were described in the context of axon 

guidance, but later have been published playing a crucial role in the immune response 

(210,303–306). Sema7a can be promoted by stimulation in B cells (307) and is thought 
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to play an important role in their activation and differentiation (210). Furthermore, Plexin 

d1 (Plxnd1) was described to play a crucial role in MZ B cells and was upregulated in 

CD40 stimulated Fo B cells (308). Additionally, Semaphorins also appear to be important 

in tumorigenesis and metastasis. They have been identified in different cancer types, 

although no aberrant expression of semaphorins were detected in B cell lymphomas so 

far (309–311). Thus, Raf-kinases might take part in an LC40 induced upregulation of 

semaphorins and its receptors (plexins) leading to increased semaphorin interactions in 

LC40 compared to RafDKO/LC40 B cells. This higher expression of genes of "sema-

phorin interactions" in LC40 B cells might contribute to the LC40 mediated MZ B cell 

expansion and tumorigenesis. The B-Raf//Raf-1 inactivation seemed to decrease the 

semaphorin interactions, which might explain the decreased B cell expansion and trans-

formation in RafDKO/LC40 mice compared to LC40 mice. 

4.5.3 Contribution of B-Raf and Raf-1 to the LC40 induced MZ B cell 

expansion 

Among the top 25 differentially expressed genes MZ B related ones appeared. These 

results had to be interpreted carefully, since they could either be causative or a conse-

quence of increased MZ B cell expansion in LC40 compared to RafDKO/LC40 mice. 

Thus, the following results should be analyzed in future experiments by single cell se-

quencing or sorting of MZ B cell like and Fo B cell like cells followed by qPCR. 

Nevertheless, LC40 B cells displayed a higher expression of Cr2, encoding the CD21 

protein. This confirmed the results of the CD21 FACS (see section 3.4.1 and 4.4.1). LC40 

B cells also possessed significantly higher Asb2 amounts, which is induced by Notch 

signaling and is typical for MZ B cells (211,212). These results indicated that constitutive 

CD40 signaling pushes splenic B2 cells into a MZ B cell like phenotype. 

Since Hömig-Hölzel et al. showed by histological analysis that the expanded MZ B cell 

population in LC40 mice was intrafollicular and not localized in the marginal zone (52), 

the question arose to what extent MZ B cells of LC40 mice correspond to true MZ B cells 

and whether B-Raf//Raf-1 inactivation affects only single genes or the "true" generation 

of MZ B cells. To investigate this, GSEA with respect to Fo B and MZ B gene sets were 

performed. These revealed a significant enrichment of MZ B cell associated genes in 

LC40 samples and of Fo B cell associated genes in RafDKO/LC40 samples. This argued 

for a true induction of the MZ B cell phenotype by LC40 signaling, which is alleviated by 

B-Raf//Raf-1 inactivation. Since both Notch and non-canonical NFκB signaling partici-

pate to the cell fate decision towards MZ B cells (11,32,33,52,53), their activations were 

investigated and discussed in the following section 4.5.4. 
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4.5.4 Reduced LC40 mediated Notch2 and non-canonical NFκB signaling 

in RafDKO/LC40 mice  

GSEA of the RNA-Seq data revealed an increased activation of Notch2 and non-canon-

ical NFκB signaling in LC40 compared to RafDKO/LC40 B cells. Thus, inactivation of B-

Raf and Raf-1 seemed to negatively affect LC40 mediated activation of Notch2 and non-

canonical NFκB signaling. 

Normalized counts of the RNA-Seq and Western blots showed that Notch2 was more 

highly expressed in LC40 and RafDKO/LC40 B cells than in controls. In contrast, both 

Notch2 targets CD21 and HES1 were reduced at gene and protein levels in 

RafDKO/LC40 compared with LC40 B cells. Thus, B-Raf//Raf-1 inactivation did not ap-

pear to affect the LC40 induced Notch2 transcription and translation, but the Raf-kinases 

seemed to influence the expression of Nocht2 targets. The Notch mediated expression 

of its target genes depends on the interaction between the intracellular domain of Notch 

(NotchIC) and the DNA-binding protein RBPJ. The RBPJ-NotchIC complex associates 

with transcriptional activators. In contrast, in the absence of NotchIC, RBPJ inhibits tran-

scription by binding corepressors (312,313). AKT1 mediated phosphorylation of RBPJ 

was shown to promote this transcriptional repression, thereby reducing the expression 

of Notch1 target genes (314).  By a similar mechanism, B-Raf//Raf-1 inactivation could 

AKT-dependently or -independently increase RBPJ phosphorylation and thereby reduce 

LC40 mediated expression of Notch target genes without affecting Notch2. To study the 

RBPJ-NotchIC interaction in RafDKO/LC40 compared to LC40 B cells, immunoprecipi-

tation or DNA chip experiments could be performed. 

No differences of the normalized counts of RelB could be detected between LC40 and 

RafDKO/LC40. However, protein expression of full-length RelB was moderately in-

creased in LC40 compared to RafDKO/LC40 B cells. These results supported the hy-

pothesis of higher non-canonical NFκB activation in LC40 compared to RafDKO/LC40 

B cells. In addition, LC40 B cells displayed more RelB cleavage than control and 

RafDKO/LC40 B cells. RelB cleavage has mostly been described in context with subse-

quent proteasomal degradation. This might suggest a compensatory mechanism in LC40 

B cells to counteract hyperactivation of non-canonical NFκB signaling. In 2008, Hömig-

Hölzel et al. observed a reduced capacity to activate the canonical NFκB signaling path-

way in LC40 compared to control B cells (52). This could be due to the negative regula-

tory function of RelB on RelA and cRel, which has already been described in T cells and 

could be alleviated by RelB cleavage (315). 

NFκB2 encodes p100 the cytoplasmic p52 precursor, which is also an important compo-

nent of the non-canonical NFκB signaling pathway. LC40 B cells exhibited increased 

normalized counts of NFκB2 and p52 protein compared to RafDKO/LC40 B cells. Thus, 
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B-Raf and Raf-1 appeared to be essential contributors of the LC40 mediated induction 

of p52. The latter was already published in 2008 by Hömig-Hölzel et al. (52). Since 

NFκB2 expression can be induced by Notch signaling (316–318), the reduced activation 

of the non-canonical NFκB pathway in RafDKO/LC40 B cells could also result from re-

duced Notch activation as previously discussed. This could be investigated, for example, 

by using γ-secretase inhibitors in LC40 B cells with subsequent analysis of p52 levels. 

4.6 Raf-kinases: more than a kinase towards MEK/ERK 

Within this thesis, we could establish that Raf-kinases play a crucial role in PC differen-

tiation, cell expansion and B cell transformation with only a minor effect on the initial 

B cell activation. In activated B cells BCR, TLR4 and CD40 induced ERK phosphoryla-

tion might probably be mediated by SYK activation followed by PI3K, Rac/PAK and 

PLCγ2 signaling. Hereby, Raf-kinases did not phosphorylate MEK/ERK, but rather neg-

atively regulate the pERK level in unstimulated and activated B cells. In contrast, Raf-

kinases seemed to be essential for the dramatic increase of pERK in pre-PBs and PBs, 

which resulted in BLIMP1 expression followed by the initiation and implementation of the 

PC differentiation. Thus, the function of Raf-kinases seemed to depend on the differen-

tiation state of the B cell by switching from a negative regulator of pERK in unstimulated 

and activated B cells to a MEK/ERK phosphorylating kinase in pre-PBs and PBs. 

The expression of LC40 elicits a constitutive CD40 signaling in B cells, which led to ac-

tivation, expansion, and transformation, but fail to induce differentiation. Thus, our results 

of increased pERK in RafDKO/LC40 compared to LC40 B cells supported our theory of 

a negative regulatory function of B-Raf and Raf-1 on pERK in activated B cells. None-

theless, B-Raf//Raf-1 inactivation in LC40 expressing B cells, led to a diminished LC40 

mediated phenotype. The RNA-Seq analyses revealed changes in the gene expression 

pattern in LC40 expressing B cells by the inactivation of B-Raf and Raf-1. These changes 

could explain the reduced B cell expansion and transformation in RafDKO/LC40 com-

pared to LC40 mice, which might be due to cross talks of B-Raf and Raf-1 with other 

signaling pathways upon constitutive CD40 signaling. B-Raf and Raf-1 seemed to con-

tribute to LC40 mediated Notch2 signaling probably by altering the RBPJ binding capac-

ity. Furthermore, B-Raf//Raf-1 inactivation diminished the LC40 induced non-canonical 

NFκB activation predominantly by reducing the NFκB2 expression either Notch2-de-

pendently or -independently. 

In contrast to literature, Raf-kinases might not only phosphorylate MEK and ERK but 

further negatively regulate the pERK levels depending on the differentiation state of the 

B cell. Furthermore, B-Raf and Raf-1 seemed to contribute to Notch2 and non-canonical 

NFκB signaling during LC40 mediated B cell activation. Thus, our results supported the 
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hypothesis of B-Raf and Raf-1 as a regulator of B cell activation by fine-tuning not only 

the MEK/ERK but also Notch2 and non-canonical NFκB activation. 
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5. Material 

5.1 Mouse strains 

The activation and differentiation of the B-Raf//Raf-1 double knockout B cells was inves-

tigated using young (8-20 weeks) RafDKO//mb1-Cre and control mice. 

RafDKO//LMP1/CD40//CD19-Cre mice and its corresponding controls up to an age of 

4 month were defined as young mice. Aged RafDKO/LC40, LC40 and control mice (10-

20 months) were analyzed for the investigation of the outgrowth of an aberrant cell pro-

liferation depending on the constitutive CD40 signaling in combination with and without 

the B-Raf//Raf-1 inactivation. 

All mice were maintained under specific pathogen-free housing conditions. Agreeable to 

the German Animal Welfare Act, all experiments were authorized by the institutional 

committee on animal experimentation and the Government of Upper-Bavaria. 

5.1.1 C57BL/6 

The C57BL/6 mouse strain was obtained from Charles River Laboratories. Mice of this 

strain were used for breeding and as control mice in our experiments. 

5.1.2 mb1-Cre 

The mb1-locus encodes for the Igα gene. Igα is involved in the BCR signaling and is 

expressed very early during B cell development. The integration of a humanized Cre-

recombinase into the exon 2 and 3 of the Igα gene leads to the B cell specific expression 

of the Cre-recombinase already at the early pro-B cell stage (188). No homozygous mb1-

Cre+/+ mice were used, because homozygous insertion of the Cre gene led to a knockout 

of the Igα gene leading to a B cell deficiency (189). Heterozygous mb1-Cre+/- mice dis-

played a wildtype like phenotype and were used for breeding and as control mice. 

5.1.3 RafDKO//mb1-Cre (DKO) 

This mouse strain has its origin in the cross breeding of the Raf-1fl/fl mice (186) with the 

B-Raffl/fl mice (187) resulting in a Raf-1fl/fl//B-Raffl/fl mouse strain. Here, the exon 3, en-

coding for the Ras-binding domain and exon 12, encoding for parts of the kinase domain, 

were flanked by loxP sites. Both the floxed Raf-1 and B-Raf alleles were bred to homo-

zygosity. Subsequent cross breeding of these mice to the mb1-Cre mouse strain led to 

a B cell specific deletion of the loxP flanked exons of B-Raf and Raf-1 very early during 

B cell development. Deletion of the exons leads to a knockout of Raf-1 and B-Raf. 
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5.1.4 CD19-Cre 

CD19 is a B cell specific surface molecule. It is already detectable during B cell develop-

ment and highly expressed in mature B cells (93). The CD19-Cre mouse strain (C57BL/6 

background) expresses the Cre-recombinase under the control of the CD19 promoter 

(190). CD19 alleles containing the Cre gene lose the ability of CD19 expression. There-

fore, a homozygous CD19-Cre+/+ mouse displays a CD19 deficiency (93) and was not 

used in our experiments. 

5.1.5 LMP1/CD40//CD19-Cre (LC40) 

LMP1/CD40 (LC40) is an artificial fusion protein. It contains the transmembrane domain 

of the viral EBV protein LMP1 fused to the cytosolic domain of CD40. The LMP1 part 

leads to a ligand independent accumulation of LMP1/CD40 and the constitutive activa-

tion of the CD40 signaling. The LMP1/CD40 gene construct additionally contains a loxP 

flanked STOP-cassette in front of the fusion protein coding region. The whole construct 

is integrated into the rosa26 locus. A STOP-cassette, cloned upstream of LMP1/CD40 

transgene prevents expression of the fusion protein. Cre-recombinase mediated excision 

of the STOP-cassette enables expression of the LMP1/CD40 gene. Cross breeding of 

the LMP1/CD40 mice to CD19-Cre mice leads to a B cell specific excision of the STOP-

cassette resulting in an B cell specific expression of LMP1/CD40 (52). We backcrossed 

the original LMP1/CD40//CD19-Cre (Balb/c) to a C57BL/6 background. Therefore, in 

some experiments mice with a mixed background had to be used. Only 

LMP1/CD40//CD19-Cre+/- (LC40) mice were used for analyses. 

5.1.6 RafDKO//LMP1/CD40//CD19-Cre (RafDKO/LC40) 

The RafDKO//LMP1/CD40//CD19-Cre (RafDKO/LC40) mouse strain results of cross 

breeding of the Raf-1fl/fl//B-Raffl/fl (see section 5.1.3) mouse strain with the 

LMP1/CD40//CD19-Cre (see section 5.1.5) mouse strain on a C57BL/6 background. Af-

ter CD19-Cre mediated excision of the loxP flanked regions, B cells of these mice display 

a concomitant B-Raf//Raf-1 knockout and an expression of the LMP1/CD40 fusion pro-

tein. 
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5.2 Antibodies 

Table 5: Antibodies used in FACS with its corresponding conjugates, clones, the company and 
its used dilution. 

 

Table 6: Antibodies used in ELISpot with its corresponding clones, the company, and its used 
dilution. 

 

Table 7: Antibodies used in ELISA with its corresponding clones, the company, and its used dilu-
tion. 

 

Antibody Conjugate Clone Company Dilution

CD43 Biotin; BV421; FITC S7 BD Biosciences 1:100

SA-APC BD Biosciences 1:400

SA-PerCP BD Biosciences 1:100

B220 PerCP; FITC RA3-6B2 BD Biosciences 1:400

CD21 APC; BV421 7G6 BD Biosciences 1:100

CD23 PE; FITC B3B4 BD Biosciences 1:200

CD5 APC; BV450 53-7.3 BD Biosciences 1:500

CD95 PE; V450 JO2 BD Biosciences 1:75

CD138 PE; BV421 281-2 BD Biosciences 1:600; 1:200

BLIMP1 AlexaFluor 647 5E7 BD Biosciences 1:100

PAX5 PE 1H9 BD Biosciences 1:2000

IRF4 APC 3E4 BD Biosciences 1:200

Phospho-ERK1/2 (Thr202/Tyr204) Cell signaling (#9101S) 1:100

ERK1/2 Cell signaling (#9102S) 1:100

Rabbit mAb IgG XP Isotype Control DA1E Cell signaling (#3900S) 1:100

goat-anti-rabbit AlexaFluor 488; PE invitrogen 1:100

CD19 PE; APC; FITC BD Biosciences 1:600; 1:200

Thy1.2 Biotin BD Biosciences 1:1000

CD3 FITC BD Biosciences 1:200

CD4 APC eBioscience™ 1:400

CD8 PerCP BD Biosciences 1:80

CD25 PE PC61 BD Biosciences 1:400

CD62-L FITC BD Biosciences 1:100

CD44 PE BD Biosciences 1:500

CD69 PE BD Biosciences 1:50

ICAM-1 FITC BD Biosciences 1:200

ICOS-L PE eBioscience™ 1:100

TOPRO-3 Molecular Probes 1:40000

Fixable Live/Dead FITC; UV Life technologies 1:1000

F
A

C
S

Antibody Clone Company Dilution

rat-anti-mouse IgM R6-60.2 BD Biosciences 1:500

rat-anti-mouse IgG3 R40-82 BD Biosciences 1:500

Avidin D - HRP Vector 1:2000

Antibody Clone Company Dilution

goat-anti-mouse-IgM-HRP YF97 Southern Biotech 1:5000

rat-anti-mouse IgG3 R40-82 BD Biosciences 1:350

Avidin D - HRP Vector 1:2000
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Table 8: Antibodies used in protein analyses (Western blot and WES) with its corresponding 
clones, the company, and its used dilution. 

 

 

5.3 Chemicals, enzymes, commercial kits and consumable 

material 

Table 9: Material/Chemicals/Enzymes/Commercial kits and the company the products were ob-
tained from. 
 

Material/Chemicals/Enzymes/ 
Commercial kits Company 

4 % PFA (Roti Histofix 4%) Roth 

Acrylamide (Rotiphorese Gel 30) Roth 

APS AppliChem 

BSA (ELISpot coating) New England BioLabs 

BSA (Westernblot) Sigma Life Science 

DC Protein Assay Kit BioRad 

Antibody Conjugate Clone Company Dilution

Phospho-ERK1/2 (Thr202/Tyr204) Cell signaling (#9101S) 1:2500

ERK1/2 Cell signaling (#9102S) 1:2500

alpha/beta-Tubulin Cell signaling (#2148S) 1:2500

Phospho-AKT (Ser473) XP D9E Cell signaling (#4060S) 1:2500

AKT Cell signaling (#9272S) 1:2500

Phospho-MEK (Ser217/221) 41G9 Cell signaling (#9154S) 1:1000

MEK 47E6 Cell signaling (#9126S) 1:1000

Phsopho-SYK (Tyr525/526) Cell signaling (#2711S) 1:1000

Phospho-p38 MAPK 

(Thr180/Tyr182) XP
D3F9 Cell signaling (#4511S) 1:1000

Phospho-IkBalpha (Ser32/36) 5A5 Cell signaling (#9246S) 1:1000

IkBalpha 44D4 Cell signaling (#4812S) 1:1000

Phospho-PLC-gamma-2 (Tyr1217) Cell signaling (#3871S) 1:1000

Phospho-SAPK/JNK (T183/Y185) 81E11 Cell signaling (#4668S) 1:1000

GAPDH 6C5 Merck (#CB1001-500UG) 1:20000

A-Raf Cell signaling (#4432S) 1:1000

Raf-1 (C-Raf) Cell signaling (#9422S) 1:1000

pB-Raf Cell signaling (#2696S) 1:1000

Lamin B2 Cell signaling (#13823) 1:1000

Notch2 C651.DbHN

Dr. Artavanis-Tsakonas, 

Developmental Studies 

Hybridoma Bank, 

University of Iowa

1:2

HES1 SantaCruz (#sc-25392) 1:500

p100/p52 Cell signaling (#4882S) 1:1000

RelB Cell signaling (#4922S) 1:1000

Anti-mouse IgG-HRP HRP-linked Cell signaling (#7076S) 1:2500

Anti-rabbit IgG-HRP HRP-linked Cell signaling (#7074S) 1:2500

Anti-rat IgG-HRP HRP-linked SantaCruz (#sc-2006) 1:2000

Tubulin Cell signaling (#2148S) 1:20

LaminB2 E1S1Q Cell signaling (#13823S) 1:50

Phospho-Erk1/2 (Thr202/Tyr204) Cell signaling (#9101S) 1:20
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Material/Chemicals/Enzymes/ 
Commercial kits Company 

CD43 depletion Kit Mitenyi Biotec 

DMSO Sigma Life Science 

DNA loading buffer ThermoScientific 

DNA marker (gene ruler) ThermoScientific 

dNTPs ThermoFisher 

DTT Sigma Life Science 
ECL Western Blotting Detection Re-
agents GE Healthcare 

EDTA Merck 

FACS tubes (MP32022) Micronic 

Fetal calf serum (FCS) PAA Cell culture Company 

Glycine Sigma Life Science 

Halt Phosphatase Inhibitor Cocktail Pierce 

IGEPAL Sigma Life Science 

L-glutamine Gibco 
LIVE/DEAD Fixable Blue Cell Stain 
Kit Life technologies 

MACS buffer Mitenyi Biotec 

MgCl2 (50 mM) ThermoFisher 
Microplate, 96-well, PS, roundbot-
tom (FACS) Greiner Bio One 

Mini Compete protease inhibitor Roche 
Mini-Protean TGX Protein Gels 
(10%) Bio Rad 

NE-PER Kit Life technologies 

Non-essential amino acids (NEAA) Gibco 

NP13-BSA Biosearch Technologies 
PAGE ruler Prestained Protein lad-
der Thermo Schientific 

Pan-B cell isolation kit Mitenyi Biotec 

Penicillin Gibco 

Ponceau S Solution Sigma Life Science 

Powdered milk Roth 

RBC lysis buffer eBioscienceTM 

Reaction tube 1.5ml Eppendorf 

Reaction tube 15ml Sarstedt 

Reaction tube 2ml Eppendorf 

Reaction tube 50ml Sarstedt 

RPMI Gibco 

SDS Sigma Aldrich 

Sodium pyruvat Gibco 

Streptomycin Gibco 

Taq buffer ThermoFisher 

Taq polymerase ThermoFisher 

TEMED Roth 

TOPRO-3 Molecular Probes 

Tris AppliChem 
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Material/Chemicals/Enzymes/ 
Commercial kits Company 

Trizol invitrogen 

Tween AppliChem 

Wes Anti-rabbit detection module protein simple 

WES Separation Kit proteinsimple (#SM-W004) 
WES Seperation Module, 12-230 
kDa, 8x25 capillary cartidges protein simple 

β-Mercaptoethanol (cell culture) Gibco 

β-Mercaptoethanol (Western blot) Merck 
 

5.4 Inhibitors 

Table 10: Inhibitors with its corresponding target, the company, and its used concentration. 

Inhibitor Company Target Concentration 

LY294002 Cell Signaling Technology PI3K 6µM or 20µM 

Sorafenib Bayer HealthCare Raf 1µM to 10µM 

Dabrafenib Selleckchem Raf 1µM to 10µM 

LY3009120 Selleckchem Raf 0.1µM to 10µM 

p505-15 Selleckchem SYK 0.5µM 

PF-3758309 Selleckchem PAK 5µM or 10µM 

Akt8= Akti 1/2 Merck AKT 5µM 

IKK2-inhibitor 8 Merck IKK2 5µM 

DMSO SigmaLife Science solvent control 0.1µM to 20µM 
 

 

5.5 Stimuli 

Table 11: Stimuli with its corresponding company, its used concentration, and the incubation time 
points. Mostly used timepoints are marked with bolt type. 

 

Inhibitor Company Concentration Timepoints

LPS long-term 1 - 3 d

LPS short-term 1/ 2.5/ 5/ 10/ 20 min

anti-IgM 115-006-020 Jackson Immunology Research 15 µg/ml 0.5/ 2.5 /5 /15 min

anti-CD40 HM40-3 eBioscience 2.5 µg/ml 10/ 20/ 30/ 120 min

Sigma-Aldrich 50 µg/ml
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5.6 Buffer and media composition 

Table 12: Formula of media and uncommercial buffers 

 

 

5.7 Software 

The specific software programs are mentioned in the description of the specific methods. 

Commonly used software programs were Microsoft Excel for organization and calcula-

tion of data sets. Microsoft Word and PowerPoint were used to generate the text and 

illustrations. Most figures were designed using the Adobe Illustrator and BioRender Basic 

(biorender.com). 

Buffer Composition

Lysis buffer DNA isolation 100 mM Tris/HCl (pH 8), 5 mM EDTA, 0.2 % SDS, 200 nM NaCl, 100 

µg/ml Proteinase K

1x TAE 40 mM Tris/HCl, 20 mM acetic acid, 1 mM EDTA (pH 8.5)

TE 10 mM Tris (pH 7.9), 1 mM EDTA

1 % B cell media (1 % BCM) 1x RPMI 1640 containing 1% (v/v) heat-inactivated FCS, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-

glutamine, 1x NEAA, and 52 µM β-mercaptoethanol

10 % B cell media (10 % BCM) 1x RPMI 1640 containing 10% (v/v) heat-inactivated FCS, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 1 mM sodium pyruvate, 2 mM L-

glutamine, 1x NEAA, and 52 µM β-mercaptoethanol

2x Laemmli buffer 120 mM Tris (pH 6.8), 4 % SDS, 20 % Glycerin, 0.01% bromphenol 

blue

2x NP40 lysis buffer 100 mM Tris (pH 7.4), 300 mM NaCl, 4 mM EDTA, 2 % NP40,  1/100 

Phosphatase Inhibitor, 1/7 Protease inhibitor

Buffer A (nuc-cyt fractionation) 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 

mM DTT (add fresh), 1/100 Phosphatase Inhibitor, 1/7 Protease 

inhibitor

Buffer C (nuc-cyt fractionation) 20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 

DTT (add fresh), 1/100 Phosphatase Inhibitor, 1/7 Protease inhibitor

Stacking gel 5 % acrylamide, 6,25 % 2 M Tris (pH 6.8), 10 % SDS, 10 % APS, 10 

% TEMED in distilled water

Running gel 7.5 % 7.5 % acrylamide, 25 % 1.5 M Tris (pH 8.8), 10 % SDS, 10 % APS, 10 

% TEMED in distilled water

Running gel 12 % 12 % acrylamide, 25 % 1.5 M Tris (pH 8.8), 10 % SDS, 10 % APS, 10 

% TEMED in distilled water

10x Running buffer 30.3 g Tris, 144.2 g glycine, 10 g SDS in 1l membrane pure water

10x Blotting buffer 30.3 g Tris, 144.2 g glycine in 1l membrane pure water

TBST 0.1 M Tris/HCl (pH 7.5) , 0.1 M NaCl, 0.02 % (v/v) Tween

PBS 137 mM NaCl,  2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4

Stripping solution 8 g SDS, 3,125 % 2 M Tris (pH 6.8) in 400 ml membrane pure water

Carbonate buffer 0.1 M NaHCO3 (pH 9.5)

ELISA substrate buffer 0.1 M citric acid, 0.1 M Tris with freshly added 0.015% H2O2
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6. Methods 

The used Antibodies (see section 5.2), chemicals, commercial kits, and consumable ma-

terial (see section 5.3) were summarized in different tables in the material section. Fur-

thermore, the different inhibitors (see section 5.4) and stimuli (see section 0) as well as 

the buffer and media composition (see section 5.6) were listed in the material section. 

6.1 Mouse genotyping 

6.1.1 Isolation of genomic DNA 

To analyze the genotypes of the transgenic mice, DNA from tissue samples (ear or tail 

clippings) was isolated. Tissue samples were shaken in 500 µl lysis buffer at 56 °C over 

night. Precipitation of the proteins was accomplished by adding 170 µl saturated NaCl 

solution (> 5 M) to the lysed tissue samples and subsequent inversion. The proteins and 

tissue remnants were pelletized by centrifugation (Eppendorf; Centrifuge 5424 R; 

10 min, 15000 rpm, 4 °C). By transferring the supernatant into tubes containing 500 µl 

(100 %) isopropyl alcohol and subsequent inversion, the DNA was precipitated. After 

pelletizing the DNA by centrifugation, the DNA pellet was washed by adding 500 µl 

(70 %, v/v) ethanol, followed by another round of centrifugation. The supernatant was 

discarded afterwards, and the DNA pellet was dried first at room temperature and then 

at 37 °C for 30 min in the heater. The dried DNA pellet was dissolved in 100 µl TE buffer 

by shaking for 2-3 h at 37 °C. The dissolved DNA was stored at 4 °C. 

6.1.2 Polymerase chain reaction and gel electrophoreses 

After the isolation of the genomic DNA of the transgenic mice (see section 6.1.1), the 

genotype of each mouse was determined by specific polymerase chain reactions (PCRs) 

and additional gel electrophoreses. The set of PCRs needed to be performed for each 

mouse strain (Table 13) and the corresponding primer (Table 14; purchased from meta-

bion), PCR mixtures (Table 15) and PCR programs (Table 16) are listed below. The 

PCRs were run in the thermal cycler from Biometra. 

The amplified gene products were detected by gel electrophoreses. Therefore, the am-

plified PCR probes were mixed with DNA loading buffer and loaded onto agarose gels 

[1x TAE, 5 µg/ml ethidium bromide, 1.5 - 2% (w/v) agarose (Biozym)]. For gel electro-

phoresis gel chambers from PEQLAB Biothechnologie containing 1x TAE buffer were 

used. After running the electrophoreses at 80 V to 100 V for 1.5 h, the DNA products 

were detected by the UV luminescence screen Quantum ST-4. With UV light DNA inter-

calated ethidium bromide could be visualized. Additionally, a gene ruler was loaded onto 
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each gel prior electrophoreses to analyze the size of the DNA bands. The specific prod-

uct size of each PCR product is shown in  

Table 17. 

Table 13: Specific PCRs needed to be performed for the indicated mouse strains 

 

Table 14: Primer and primer sequences used in the different PCRs 

 

Table 15: PCR mixtures specific for each PCR 

 

mb1cre RafDKO//mb1cre CD19cre LMP1/CD40//CD19cre RafDKO/LMP1/CD40//CD19cre

mb1cre mb1cre CD19cre CD19cre CD19cre

Raf-1 LMP1/CD40 LMP1/CD40

B-Raf rosa26 rosa26

B-Raf∆ Raf-1

B-Raf

B-Raf∆

PCR Primer Primer sequence 5'-3'

Mb1‐Cre P54 GGAGATGTCCTTCACTCTGATTCT

Mb1‐Cre P55 ACCTCTGATGAAGTCAGGAAGAAC

B‐Raf 9 GCATAGCGCATATGCTCACA

B‐Raf 11 CCATGCTCTAACTAGTGCTG

B‐Raf 9 GCATAGCGCATATGCTCACA

B‐Raf 17 GTTGACCTTGAACTTTCTCC

Raf‐1 US‐Lox TGGCTGTGCCCTTGG AACCTCAGCACC

Raf‐1 DS‐Lox AACATGAAGTGGTGTTCTCCGGGCGCC

Raf‐1 CT‐U ATGCACTGAAATGAAAACGTGAAGACGACG

CD19c AACCAGTCAACACCCTTCC

CD19d CCAGACTAGATACAGACCAG

Cre 7 TCAGCTACACCAGAGACGG

CD40 PCR3 CTGAGATGCGACTCTCTTTGCCAT

Ex1Fw1LMP1 AGGAGCCCTCCTTGTCCTCTA

Rosa fw 1(60) CTCTCCCAAAGTCGCTCTG

Rosa rev2 (62) TACTCCGAGGCGGATCACAAGC
rosa26

mb1cre

B-Raf

B-RafΔ

Raf-1

CD19cre

LMP1/CD40

mb1cre B-Raf B-Raf-Δ Raf-1 CD19cre LMP1/CD40 rosa26

dH20 18.85µl 18.35µl 18.35µl 18.1µl 19.1µl 19.65 18.4µl

Taq buffer

(10x)

MgCl2 

(50mM)

dNTP 0.5µl 0.5µl 0.5µl 0.5µl 0.5µl 0.5µl 0.5µl

primer 0.25µl 0.25µl 0.25µl 0.25µl 0.25µl 0.1µl 0.1µl

DMSO - - - - - - 0.25µl

Taq polymerase

(5U/µl)

DNA

(5-10ng)

2.5µl

1µl 1µl 1µl 1µl 1µl 1µl 1.5µl

2.5µl 2.5µl 2.5µl 2.5µl 2.5µl 2.5µl

0.15µl

1.5µl 2µl 2µl 2µl 1µl 1µl 1.5µl

0.15µl 0.15µl 0.15µl 0.15µl 0.15µl 0.15µl
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Table 16: PCR programs of the thermal cycler specific for each PCR 

 

 
Table 17: Sizes of the different PCR products of the specific PCRs 

 

 

6.2 Mouse immunization 

To induce a TI immune reaction, RafDKO//mb1-Cre and control (mb1-Cre+/- or wildtype 

C57BL/6) mice were injected intraperitoneally (i.p.) with 50 µg NP-Ficoll (Biosearch 

Technologies) in 200 µl DPBS (Gibco). NP-Ficoll induces a TI type 2 immune response 

(6) resulting predominantly in IgM and IgG3 antibody production (319). The NP-specific 

immune reaction regarding the predominant isotypes (IgM and IgG3) was analyzed 14 

days after immunization by ELISpot (see section 6.10) and ELISA (see section 6.9).  

6.3 Organ preparation 

The phenotype of the different transgenic mice was studied by analyzing the serum, the 

bone marrow, and the spleen. For collection of serum, mice were killed by CO2-inhala-

tion. Subsequently, the blood was taken by cardiopuncture with a syringe. For extraction 

of the serum, the blood was directly stored on ice without additives for 3 h. After 3 h on 

ice, the coagulated component of the blood was pelletized by centrifugation (Eppendorf; 

Centrifuge 5424 R; 15 min, 14000 rpm, 4 °C). The supernatant was transferred into a 

new tube and centrifuged another time. Afterwards the supernatant (serum) was trans-

ferred into a new tube. The sera were frozen at -80 °C until ELISA (see section 6.9) was 

performed. For the preparation of the other organs, mice could either be euthanized by 

CO2-inhalation or by cervical dislocation. The spleen was collected in tubes containing 

1 % BCM. The bone marrow cells were flushed out of the tibia with 1 % BCM. All samples 

were stored on ice until cell or serum preparation. 

mb1cre B-Raf B-Raf-Δ Raf-1 CD19cre LMP1/CD40 rosa26

initial denaturation 4min, 94°C 5min, 94°C 5min, 94°C 4min, 94°C 2.5min, 95°C 5min, 95°C 3min, 95°C

cyclic denaturation 45sec, 94°C 45sec, 94°C 45sec, 94°C 45sec, 94°C 45sec, 94°C 45sec, 95°C 45sec, 95°C

cyclic hybridization 1min, 58°C 1min, 60°C 1min, 60°C 30sec, 58°C 45sec, 59°C 45sec, 55°C 45sec, 58°C

cyclic elongation 1min, 72°C 1min, 72°C 1min, 72°C 2min, 72°C 2min, 72°C 1.25min, 72°C 1min, 72°C

final elongation 10min, 72°C 10min, 72°C 10min, 72°C 10min, 72°C 10min, 72°C 10min, 72°C 10min, 72°C

number of cycles 35 30 30 40 30 32 33

mb1cre B-Raf B-Raf-Δ Raf-1 CD19cre LMP1/CD40 rosa26

wt 357bp 165bp 500bp 500bp

fl/fl 413bp 220bp 600bp

del 280bp 360bp

cre 500bp 700bp
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6.4 Single cell suspensions 

To generate single cell suspensions the spleen was ground through a 70 µM cell strainer 

and pelletized for 10 min, at 1200 rpm, and 4°C using the Rotanta 460R, Hettich Centri-

fuge. Because of the containment of erythrocytes, the cell suspensions of the spleen and 

the bone marrow needed to be treated with RBC (Red Blood Cell) lysis buffer (eBiosci-

enceTM) for 3 min at room temperature. RBC lysis was stopped by adding twice the vol-

ume of 1 % BCM and subsequent centrifugation (10 min, at 1200 rpm, and 4°C, Rotanta 

460R, Hettich Centrifuge). After lysis, all cells were resuspended in 1 % BCM and stored 

on ice. 

6.5 B cell enrichment with MACS purification 

To enrich B cells in the single cell suspensions of the spleens of the transgenic mice (see 

sections 6.3 and 6.4) magnetic cell sorting (MACS; Mitenyi Biotec) was performed fol-

lowing the manufacturer’s instructions. Usually, naïve B cells were isolated by the CD43 

depletion kit (Mitenyi Biotec). Only for B cell enrichment of aged mice the pan-B cell 

isolation kit (Miltenyi Biotec) was used, because some old mice exhibited a CD43+ B cell 

population, which would be sorted out by CD43-depletion. 

6.6 B cell culture, stimulation, and inhibitor treatment 

6.6.1 Short-term stimulation 

For short-term stimulation (up to 2 h) B cells could be kept under unsterile conditions. 

Isolated splenic B cells (see section 6.5) were seeded (3 - 5 x 106 cells in 100 µl 1 % 

BCM) in 1.5 ml reaction tubes. To get enough B cells for each sample per experiment, 

B cells of 2 or 3 mice per genotype were pooled before seeding. Cells were rested at 

least for 30 min at 37 °C in the heater (Eppendorf; Thermomixer compact) without shak-

ing. After resting, B cells were either directly stimulated or incubated with the different 

inhibitors (see Table 10) for 1.5 h diluted in 1 % BCM. As solvent control of the inhibitors 

served DMSO at the highest inhibitor concentration used for each experiment. For stim-

ulation, untreated or inhibitor treated B cells were gently mixed with the different stimuli 

(see section 0) diluted in pre-heated 1 % BCM. After incubation for the different time 

points, the reaction was stopped by adding 1 ml ice-cold PBS to the sample, inverting 

the tube, and storing the sample on ice. 
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6.6.2 Long-term stimulation with LPS 

Long-term stimulation was performed with B cells of DKO and the corresponding control 

mice. Here, long-term stimulation was defined as a time frame of 1 up to 3 days. Culti-

vation took place in an incubator (Binder) at 37 °C, 5 % CO2 and 95 % humidity. B cells 

were enriched (see section 6.5) under sterile conditions. Cultivation of the different sam-

ples took place in round bottom 96-well plates. In each well 5 x 105 cells were seeded in 

50 µl 1 % BCM. For each condition and genotype 3 to 5 wells were seeded, which were 

pooled during harvesting. All samples rested for 30 min in the incubator to establish a 

resting state upon normothermic conditions (37 °C) after isolating the B cells on ice. To 

be able to compare the stimulated B cell samples to the unstimulated initial state of the 

seeded cells, 3 wells per genotype were pooled, washed with ice-cold PBS, stained with 

fixable Live/Dead staining, fixed and permeabilized and stored at -20 °C (see section 

6.8). The residual samples were used for long-term stimulation with LPS. Therefore, the 

seeded B cells were mixed with 11µl 1 % BCM, 50 µl LPS (100 µg/ml in 1 % BCM), and 

14 µl FCS (fetal calve serum) to increase the FCS concentration of the B cell media to 

10 %. Each sample was cautiously mixed by pipetting and incubated for 1 to 3 days 

depending on the used time points of the experiment. Afterwards, the samples of one 

condition and genotype were polled and washed with ice-cold PBS. After fixable 

Live/Dead staining, fixation and permeabilization, the samples were stained for intracel-

lular FACS together with the unstimulated samples of day 0 (see section 6.8). 

6.7 Protein analysis 

6.7.1 Protein extraction of whole cell lysates 

For protein analyses ex vivo isolated B cells or short-term stimulated B cells (6.6.1) were 

used. For each sample 3 to 5 x 106 cells were used. After resting at 37 °C for 1h or short-

time stimulation the cells were washed twice with ice-cold PBS and then centrifuged 

(Eppendorf; Centrifuge 5424 R; 10 min, 4 °C, 2600 rpm). Cells were lysed by adding 

10 µl 2x NP40 lysis buffer to the cell pellet followed by a 20 min incubation on ice. To 

support cell lysis, samples were vortexed every 5 min for approximately 1 min during 

NP40 incubation. Subsequently, the samples were centrifuged (15 min, 4 °C, 

15000 rpm) to separate the proteins from cell fragments and the DNA. Afterwards, the 

protein containing supernatant was transferred into a new tube and stored at -80 °C. 
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6.7.2 Nuclear cytoplasmic fractionation 

The NE-PER extraction Kit (Thermo Scientific) was used for nuclear cytoplasmic frac-

tionation of short-time LPS stimulated control and DKO B cells following the manufac-

turer’s instructions. The nuclear cytoplasmic fractionations of RafDKO/LC40, LC40 and 

the corresponding control B cells were performed by a non-commercial protocol. After 

B cell isolation (see section 6.5), 2 x 107 B cells were rested in 500 µl 1 % BCM in a tube 

in a heater at 37 °C. After washing the cells twice with ice-cold PBS and subsequent 

centrifugation (Eppendorf; Centrifuge 5424 R; 10 min, 4 °C, 2600 rpm), the cell pellet 

was dissolved in 100 µl of buffer A. After incubation for 15 min on ice, 6.75 µl NP40 

(Sigma) was added. To increase the rupture of the cell membrane, the samples were 

harshly mixed at 4 °C on a vortexer for 5 min. The cytoplasmic fraction was separated 

from the nuclei and other cell fragments by centrifugation (Eppendorf; Centrifuge 5424 

R; 10 min, 4 °C, 15000 rpm). The supernatant containing the cytoplasmic fraction was 

transferred into a new reaction tube and stored on ice for a short time. The remaining 

pellet was washed once with 1.5 ml buffer A and subsequently pelletized by centrifuga-

tion (5 min, 4 °C, 13000 rpm). The supernatant was discarded and 40 µl buffer C was 

added to the pellet. The nuclei were broken by harshly mixing the samples on the vor-

texer for 30 min at 4 °C. After centrifugation (10 min, 4 °C, 15000 rpm) the supernatant 

containing the nuclear fraction was transferred into a new reaction tube and was stored 

on ice for a short time. For long-term storage both fractions were frozen at -80 °C. 

6.7.3 Protein quantification 

Protein quantification in the nuclear and cytoplasmic fractions was performed in two dif-

ferent ways. Because of the low protein concentrations and the buffer composition, the 

concentration of the proteins isolated with the NE-PER Kit were measured with the 

NanoDrop (ND-1000 Spectrophotometer) at 280 nm. 

The protein concentrations of whole cell lysates (see section 6.7.1) and nuclear/cyto-

plasmic fractionations prepared with the “non-commercial” method (see section 6.7.2) 

were determined using the DC Protein Assay Kit (BioRad) following the manufacturer’s 

instructions. As protein standard, different defined concentrations of bovine serum albu-

min were used. This method bases on the Bradford Assay measuring the shift of the 

absorption maximum from 480 nm to 595 nm, induced by protein binding to the added 

dye. 
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6.7.4 SDS-PAGE and Western blot 

SDS-PAGE 

The proteins of the whole cell lysates (see section 6.7.1) and the non-commercially pre-

pared nuclear cytoplasmic fractionations (see section 6.7.2) were separated by SDS-

PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) followed by a West-

ern blot analysis. After protein quantification 10 µg to 20 µg protein sample were incu-

bated with 2 x Laemmli buffer and a tenth DTT at 70 °C for 10 min. This led to the dena-

turation of the proteins, allowing their separation only by the molecular weight. After de-

naturation, the samples, and a protein marker (PAGE ruler) were loaded onto an acryla-

mide gel. For most of the proteins 12 % non-commercial gels or 10 % commercial gels 

(Mini-Protean TGX Protein Gels 10%) were used. Only the detection of Raf-1 and B-Raf 

was performed with 7.5 % non-commercial gels. All gels contain a stacking and a running 

gel, which are used to focus and separate the samples, respectively. For gel running the 

chambers from BioRad (Mini Protean Tetra Cell, Bio Rad) filled with running buffer were 

used following the manufacturer’s instructions. The stacking gel ran at 30 mA until sam-

ples passed over to the running gel. Then the power was set to 60 mA for 30 min and 

then to 90 mA until the 15 kDa band of the marker just left the bottom of the gel.  

 

Western blot 

After SDS-PAGE the proteins were transferred to and immobilized on a PVDF membrane 

(polyvinylidene fluoride; Immobilon-P Transfer Membrane). Prior transfer the PVDF 

membrane was activated in methanol and equilibrated in distilled water followed by an 

incubation step in blotting buffer. The proteins were transferred to the membrane by wet 

blotting in the BioRad chamber (Mini Protean Tetra Cell, Bio Rad) filled with blotting 

buffer at 80 mA at 4 °C over night. 

 

Blocking and antibody incubation 

To prove the protein transfer, the membrane was stained by Ponceau S solution for 1 min 

followed by washing with deionized water. To avoid unspecific antibody binding to the 

proteins the membranes were blocked for 1 h at room temperature with a high concen-

trated protein solution. Thereby, whole cell lysates were blocked with 5 % (w/v) BSA (bo-

vine serum albumin)/TBST (Tris-buffered saline with Tween20). For Lamin B2 and 

Notch2 detection membranes were incubated in 5 % (w/v) milk/TBST. After blocking, the 

membranes were incubated with the primary antibodies (see  

Table 8) diluted in the blocking solution at 4 °C over night. The primary antibody bound 

specifically to the protein of interest and was recognized HRP (horseradish peroxidase) 

conjugated secondary antibodies (see  
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Table 8). The latter were specific for the species dependent Fc-part of the primary anti-

body. The secondary antibodies were always diluted in 5 % (w/v) milk/TBST and incu-

bated for 2 h at room temperature. After each antibody incubation the membranes were 

washed three times with TBST. 

 

Development 

The specific antibody binding to the protein of interest was detected by chemilumines-

cence. For this development the membranes were wetted with a freshly mixed ECL-

solution according to the manufacturer’s instructions. ECL served as a substrate for the 

HRP. The ECL conversion by HRP led to a light emission, which was either detected by 

film (Agfa HealthCare) exposition and subsequent film development (Cawomat 2000 IR 

processor, Ernst Christiansen) or by the Vilber Fusion FX6 Edge imager. By these meth-

ods the proteins of interest were depicted as bands. After development, the ECL-solution 

was removed by washing the membranes three times with TBST. Afterwards, mem-

branes could be dried at room temperature and subsequently stored at 4 °C or the bound 

antibodies could be removed from the membranes by stripping (see below). 

 

Stripping 

Due to the low amounts of protein samples in our experiments, we had to test several 

proteins of interest on one membrane, consecutively. Proteins with different sizes, e.g. 

ERK and tubulin, could be detected sequentially without removing the previous antibod-

ies. To detect proteins of a similar size, e.g. ERK and MEK, the membrane had to be 

stripped in between. This stripping procedure removed the previously bound antibodies. 

For this purpose, the membranes were incubated with 7.5 ml stripping buffer freshly 

mixed with 51.5 µl β-mercaptoethanol for 35 min in a 50 ml reaction tube rotating in a 

hybridization oven (Mini 10, Thermo Hybaid) at 56 °C. Subsequently, the membranes 

were washed five times with TBST. Thereafter, the previously described working steps 

of blocking, antibody incubation, and development were performed. 

6.7.5 Western blot quantification 

As described above in a Western blot, the proteins of interest were depicted as bands. 

The width and darkness of the bands represented the amount of protein. The analogous 

films were scanned (EPSON Expression 1680 Pro Scanner) and quantified using Im-

ageJ/Fiji. The digital images developed by the Fusion FX6 Edge imager were quantified 

by the Vilber Bio-1D software. To exclude the impact of different loading or blotting of 

the different samples on one membrane, all quantified values were normalized by divi-
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sion through the corresponding values of their inherent loading control. As loading con-

trols, Tubulin, GAPDH or Lamin B2 were used. To calculate the fold induction, the nor-

malized protein amounts of each sample and condition were divided by the mean of the 

normalized protein amounts of the unstimulated control samples. 

6.7.6 Protein Simple WES 

DKO mice displayed low amounts of B cells. Therefore, LPS kinetics (see section 6.6.1) 

with subsequent nuclear cytoplasmic fractionation (see section 6.7.2) led to very low 

protein amounts, which were not sufficient for a conventional Western blot. 

Thus, to detect and quantify different proteins of interest in those samples, WES from 

Protein Simple was used following the manufacturer’s instructions. WES is a fully auto-

mated system specialized on a low protein input and a fast data generation. In this sys-

tem a matrix is constructed within a capillary for size separation of proteins. After sepa-

ration of the proteins, the proteins are immobilized on the capillary wall by UV radiation. 

Next, the matrix is removed from the capillary. Afterwards, immunoblotting with primary 

antibodies and HRP-conjugated secondary antibodies was performed. WES also fully 

automatically performs the development by chemiluminescence. Using the associated 

protein simple Compass software, the proteins could be detected and quantified. 

For WES the above described primary Western blot antibodies pERK, Tubulin and 

Lamin B2 were used with deviating dilutions, which will be described in the following (see   

Table 8). To ensure a correct measurement, the protein concentration must be in a linear 

regression of the chemiluminescence signal. Therefore, the optimal protein concentra-

tion for each antibody was determined by a dilution series (0.03-1.5 µg/µl) with a fixed 

antibody dilution (pERK 1:50; LamB2 1:50; Tub 1:20). Additionally, the used amounts of 

primary antibodies must lead to a saturated binding on the immobilized proteins. Thus, 

the antibody dilutions for each determined protein concentration were optimized in a sec-

ond round of antibody dilution series (1:200 to 1:20). In our case we established the 

following settings: We used 0.3 µg/µl of the nuclear fraction in combination with the pERK 

(1:20) and the LamB2 (1:50) antibodies. To detect Tubulin (1:20) 0.3 µg/µl of the cyto-

plasmic fraction was applied. For pERK (1:20) a protein concentration of 0.5 µg/µl of the 

cytoplasmic fraction was used. To compare the different WES runs among each other, 

each run of the WES contained the same sample of anti-IgM stimulated control B cells 

followed by a nuclear cytoplasmic fractionation with the NE-PER Kit.  



Methods 113 

 

6.8 Flow Cytometry (FACS) 

Flow cytometry was performed to analyze the cell composition of different organs of the 

transgenic mice ex vivo or the activation and differentiation of B cells upon in vitro stim-

ulation. Thereby, different marker proteins for the different cell subsets, for activation, 

and for differentiation were stained with fluorochrome-coupled antibodies. Only ERK, 

pERK and its isotype control were stained with primary antibodies and fluorochrome-

coupled secondary antibodies. All antibodies and the corresponding dilutions are listed 

above (see Table 5). 

For each staining 5 x 105 to 1 x 106 cells were seeded into one well of a 96-well plate. 

To remove the B cell media, cells were washed with 150 µl MACS buffer and pelletized 

by centrifugation (5 min, 1200 rpm, 4 °C; Rotanta 460-R, Hettich centrifuge). Up to 5 

wells of long-term stimulated samples (see section 6.6.2) were pooled during the wash-

ing step to have enough cells for FACS staining. The following staining protocols (surface 

or intracellular staining) depend on the cellular localization of the different marker pro-

teins: 

 

Surface staining 

If all the marker proteins used for one staining are localized on the cell surface, the pro-

teins could be directly stained and no fixation and permeabilization was needed. For 

surface staining the washed cells of one well were mixed with 25 µl of the antibodies 

diluted in MACS buffer. After incubation (20 min, in the dark, on ice) cells were washed 

by adding 150 µl MACS buffer and subsequent centrifugation (5 min, 1200 rpm, 4 °C; 

Rotanta 460-R, Hettich centrifuge). Cells were either resuspended in 80–100 µl of MACS 

buffer or in a TOPRO-3 dilution (1:40000) to stain dead cells. The resuspended cells 

were transferred to a FACS tube. Stained cells were kept in the dark on ice until the 

FACS measurement was performed. 

 

Intracellular staining 

For some of the plasmablast marker, e.g. IRF4 and PAX5, but also for pERK, ERK, and 

its isotype controls, cells needed to be fixed and permeabilized to stain these intracellular 

proteins. Ex vivo isolated cells were highly vital and could directly be fixed by incubating 

the washed cells 10 min with 2 % PFA (4 % Histofix diluted 1:2 with PBS) at room tem-

perature. Compared to that, long-term stimulated (see section 6.6.2) cell samples con-

tained a lot of dead cells. To be able to exclude these in the following analysis, a live/dead 

staining was necessary. The live/dead staining was performed prior the fixation and per-

meabilization of the cells. Therefore, the previously described seeded cells were washed 

again with PBS to remove the MACS buffer. MACS buffer contains BSA, which would 
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trap and weaken the live/dead staining. After washing, cells were stained in 75 µl 

live/dead stain (dilution 1:1000 in PBS) for 5 min on ice in the dark. Thereafter, 75 µl 4 % 

PFA was added to each sample to fix the live/dead stained cells. Cells were incubated 

for 10 min at room temperature in the dark. Afterwards cells were centrifuged (5 min, 

1200 rpm, 4 °C; Rotanta 460-R, Hettich centrifuge) and permeabilized by resuspending 

the cell pellets in 100 µl ice-cold methanol. These permeabilized cells could either be 

directly used for staining or could be covered with a foil and then stored up to one week 

in the freezer (-20 °C). 

To remove the methanol, cells were consecutively washed with PBS and MACS buffer. 

Next, cells were stained with 30-80 µl (depending on pellet size) of a mixture of the di-

rectly fluorochrome coupled antibodies and the primary antibodies for 1 h at room tem-

perature in the dark. After washing the cells with MACS buffer, cells were incubated with 

30-80 µl of the secondary antibody for 30 min at room temperature in the dark. Then 

cells were washed with MACS buffer and transferred into FACS tubes. Until the FACS 

measurement was performed, the stained cells were kept on ice in the dark. 

 

FACS measurement 

All stained cells were measured using the FACS Calibur or the LSR Fortessa (Beckton 

Dickinson). To evaluate the data the FlowJo10 Software was used. For quantification of 

the expression of proteins by FACS either the Median fluorescent intensity (MFI) is de-

picted or the fold induction of the MFI in comparison to controls. To calculate the fold 

induction the MFI of the protein of interest of each sample and condition were divided by 

the mean of the MFIs of the protein of interest of the unstimulated control samples. 

6.9 ELISA 

Enzyme linked immunosorbent assay (ELISA) was used to detect NP-specific antibodies 

in the sera (see Section 6.3) of immunized mice and their controls (see Section 6.2). As 

described above the predominant isotypes of the TI type 2 reaction, IgM and IgG3, were 

analyzed. 

For ELISA 96-well plates (NUNCTM plates, Nunc) were coated with 5 µg/ml NP13-BSA 

in carbonate buffer (50 µl/well) over night at 4 °C. As washing solution, PBS was used 

for the IgG3-ELISA and 0.05 % (v/v) PBS-Tween for the IgM-ELISA. After washing the 

plates three times with 200 µl of washing solution per well, the plates were blocked by 

incubating each well with 50 µl of blocking buffer at room temperature. IgG3-plates were 

blocked for 1 h with 1 % milk/PBS and IgM-plates for 2 h with 5 % milk/PBS. To avoid a 

signal saturation and to ensure a correct calculation of the relative units, the serum incu-

bation was performed with a dilution series. Additionally, an internal standard composed 
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of polled sera of NP-Ficoll immunized mice was carried along next to the individual sam-

ples. Thus, the sera and the standard were diluted 1:10 in 1 % milk/PBS for the starting 

dilutions. Then these starting dilutions were serial diluted 1:2 in 1 % milk/PBS for eight 

times. After an incubation for 1 h at room temperature, unspecifically bound antibodies 

of the sera were removed by washing the plates three times with the corresponding 

washing solution. The NP-specific antibodies were then detected by isotype specific an-

tibodies listed in Table 7 (diluted in 1 % milk/PBS). The IgG3 NP-specific serum antibod-

ies were bound by consecutive incubation of the plates with a biotinylated anti-IgG3 spe-

cific antibody (50 µl/well; 30 min; room temperature) and HRP-conjugated streptavidin 

(50 µl/well; 1 h; room temperature). By any incubation the plates were washed three 

times with PBS. For linking the HRP enzyme to NP-specific IgM serum antibodies, di-

rectly HRP-coupled anti-IgM antibodies (50 µl/well; 1 h; room temperature) were used. 

After their incubation, these plates were washed three times with 0.05 % PBS-Tween. 

Both the IgG3- and the IgM-ELISA were developed by adding 100 µl o-phenylenedia-

mine (P-7288, Sigma) in ELISA substrate buffer per well. The substrate reaction started 

right away. Thus, after slightly shaking, the plates were directly measured by the ELISA 

reader (Photometer infinite F200 Pro, Tecan). The ELISA reader measured the optical 

density (OD) of the product at a wavelength of 405 nm. As a reference the OD 620 nm 

was used. The amount of product and in the following the OD 405 nm correspond to the 

amounts of NP-specific antibodies in the sera of the immunized and unimmunized mice. 

6.10 ELISpot Assay 

With the Enzyme Linked Immuno Spot (ELISpot) Assay antibody secreting cells (ASCs) 

of immunized and unimmunized mice (see section 6.2) were detected in vitro. Because 

the TI type 2 reaction mainly causes an IgM and IgG3 immune response (319), these 

NP-specific ASCs were determined isotype specifically. 

Because vital cells were cultivated in this assay for 24 h, the coating, blocking and cell 

cultivation had to be proceeded under sterile conditions. For the ELISpot special mem-

brane plates (MultiScreen HTS, 96-well, MCE-membrane, Merck Millipore) were coated 

with 50 µl of sterile filtered 25 µg/ml NP13-BSA in carbonate buffer. For each sample 

and antibody isotype triplicates were coated. One additional well per sample and isotype 

was coated with NP13-BSA, which was later used as a media control. As a background 

control one well per sample and isotype was coated with sterile filtered 25 µg/ml BSA in 

carbonate buffer. 

After an incubation over night at 4 °C the unbound NP13-BSA and BSA was removed by 

washing the plates three times with PBS. Afterwards, the plates were blocked with 10 % 

BCM for at least 2 h at 37 °C. For IgM ASC detection, 5 x 105 splenocytes/well were 
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seeded in 10 % BCM, whereas 1 x 106 splenocytes/well were applied to analyze IgG3 

ASCs. As a media control one NP13-coated well per sample was incubated with 10 % 

BCM instead of splenocytes. The splenocytes were cultivated for 24 h in the incubator 

(Binder; 37 °C, 5 % CO2, 95 % humidity). During that time the ASCs produce antibodies. 

The NP-specific ones would bind to the NP13-coated membrane. To remove the sple-

nocytes and the unspecifically bound antibodies, the plates were washed six times with 

0.025 % PBS/Tween. The NP-specific antibodies were then recognized by biotinylated 

anti-IgM and anti-IgG3 antibodies diluted in 1 % PBS/BSA (see Table 6) incubated for 

2 h at 37 °C in the incubator. After that, the ELISpot plates were washed six times with 

0.025 % PBS/Tween. After incubation with Avidin-HRP diluted in 1 % PBS/BSA (see 

Table 6) for 45 min at room temperature, the plates were washed three times with 

0.025 % PBS/Tween and subsequently three times with PBS. To develop the spots 3,3´-

Diaminobenzidin peroxidase-substrate (0.7 mg/ml, Sigma-Aldrich) was used in combi-

nation with UREA H2O2 (2.0 mg/ml, Sigma-Aldrich). Both tablets were solved in 5 ml of 

distilled water and added to the plates (50 µl/well). The incubation time until the spots 

become visible was about 10 min. The reaction was stopped by adding distilled water to 

each well. Afterwards, the plates were washed intensively with deionized water. After-

wards the plates were fully dried over night, the ImmunoSpot Series 5 UV Analyzer (CTL 

Europe) was used to analyze and count the spots. 

6.11 RNA-Sequencing 

To investigate differences in the B cell transcriptome of RafDKO//LC40 and LC40 mice, 

RNA sequencing (RNA-Seq) analyses were performed. B cells were isolated by CD43-

depletion (see section 6.5). 1 x 107 B cells were resuspended in 100 µl 1 % BCM. After 

adding 900 µl Trizol the samples were immediately mixed for 1 min by the vortexer. Af-

terwards the samples were incubated at room temperature for 5 min. After incubation, 

the samples were directly frozen using dry ice and stored at -80 °C. 

In cooperation with the research group Laboratory for Functional Genome Analysis (LA-

FUGA; LMU Munich) of Dr. Helmut Blum the RNA isolation and the RNA sequencing 

(RNA-Seq) was performed. 75 µg of each isolated RNA were inserted to construct a 

strand-specific rRNA-depleted cDNA-library applying the Encore® complete RNASeq Li-

brary system (NuGen Technologies, Inc) in the Illumina HiSeq1500. The RNA-Seq of the 

cDNA library fragments resulted in the read counts. 

The data pre-processing including general read statistic, count normalization, and quality 

control were performed in cooperation with Dr. Sonja Grath, Head of the Research group 

“Molecular Evolution and Functional Bioinformatics”, LMU Munich using the software R 

(version 3.5.1). Alignment, normalization, and subsequent statistical analyses led to the 



Methods 117 

 

generation of different values, important for the interpretation of the RNA-Seq results. 

The adjusted p-value (padj) corrects the statistical p-value for the False Discovery Rate, 

which reflects the probability that the initial hypothesis is incorrectly rejected. Addition-

ally, the difference of a gene expression between the two genotypes (LC40 and 

RafDKO/LC40) was represented by the log2fold change. Thereby, the fold induction of 

the gene expression in LC40 in comparison to RafDKO/LC40 is logarithmized to the base 

of 2. For analyzing the significantly differentially expressed genes the cutoffs were set to 

an adjusted p-value lower than 0.05 and a log2fold change greater than or equal to 0.585 

or smaller or equal to -0.585. The latter refers to an actual 1.5 fold change in the gene 

expression. All significantly differentially expressed genes were visualized in a heatmap 

using the R software. To analyze the biological processes regarding the direction of the 

gene regulation (up- or downregulated) the online platform PANTHER (Protein Analysis 

Through Evolutionary Relationships, http://pantherdb.org) (225), was used. 

The Top 25 protein coding genes refer to the 25 differentially protein coding genes with 

the highest adjusted p-values based on the alignment, normalization, and subsequent 

statistical analyses of Daniel Strobl, Institute of Computational Biology, Helmholtz Center 

Munich using R (version 3.5.1). This statistical evaluation of the RNA-Seq data by Daniel 

Strobl also established the basis of the ranked list of differentially expressed genes be-

tween LC40 and RafDKO/LC40 B cells, which was used in the Gene Set Enrichment 

Analyses (GSEA). The GSEA allows the comparison of a defined gene set to the ranked 

list of the detected genes between LC40 and RafDKO/LC40 B cells. The gene sets were 

generated using the ImmGen Population Comparison Tool based on microarray data 

(http://rstats.immgen.org/Population Comparison/index.html) (226) for the MZ B and Fo 

B gene sets (see Suppl. Table 4-5), the RNA sequencing data from Lechner et al. (54) 

for the different Notch2 regulated gene sets (see Suppl. Table 6-9), and the micro-array 

data of B cells of transgenic BAFF-overexpressing, TRAF2KO or TRAF3KO of Gardam 

et al. (48) for the different gene sets of the non-canonical NFκB pathway (see Suppl. 

Table 10-15). The GSEA software 4.1.0 examined every gene of the gene sets for its 

position within the ranked gene list of LC40 and RafDKO/LC40, thereby generating the 

normalized enrichment score (NES). If there is a match, an enrichment score is deter-

mined regarding the position in the ranked gene list. If there is no match for genes of the 

gene sets within the ranked gene list, this reduces the enrichment score. The enrichment 

score is then normalized for variation in the gene set size (NES). In our case a positive 

NES reflects an enrichment in the beginning of the ranked gene list representing genes 

highly expressed in LC40 B cells, while a negative NES indicated an enrichment of genes 

in the RafDKO/LC40. A significant enrichment is also defined by a nominal p-value below 

1 % and a False discovery q-value below 25 %. The bases for the GSEA (gene sets, 
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ranked gene list, software skills) were established in close collaboration with Dr. Lothar 

Strobl, a member of our own research group. 

6.12 Statistics 

All experiments were performed unblinded. The statistics were all calculated using the 

Prism software version 9 (Graph Pad). First the distribution and equal variance was an-

alyzed. If samples followed a log-normal distribution, the corresponding data set was 

logarithmically transformed prior to further evaluations. Additionally, the means and 

standard deviations (SDs) were analyzed. The distribution of the data sets and the exact 

statistical tests were indicated in the legend of the Figures and Tables. * p ≤ 0.05, 

** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001. Furthermore, the statistical plots were 

drawn up with the prism software. 
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Suppl. Table 1: Significantly differentially expressed genes of the biological process “positive 
regulation of cell adhesion” (positive log2Fold Changes correspond to a lower expression in LC40 
compared to RafDKO//LC40 B cells) 

 gene symbol log2FoldChange padj 

ENSMUSG00000030336 Cd27 0,710422629 0,01905751 

ENSMUSG00000027111 Itga6 0,639132307 0,00415178 

ENSMUSG00000037820 Tgm2 0,658907337 0,00902526 

ENSMUSG00000026532 Spta1 0,792865578 0,00585005 

ENSMUSG00000051457 Spn 0,846195671 0,00141486 

ENSMUSG00000020101 Vsir 0,768358287 4,21E-06 

ENSMUSG00000068566 Myadm 1,164797755 9,56E-21 

ENSMUSG00000018899 Irf1 0,598787389 3,15E-06 

ENSMUSG00000037104 Socs5 0,635352905 3,27E-07 

ENSMUSG00000044447 Dock5 0,628093251 0,02060951 

ENSMUSG00000068105 Tnfrsf13c 0,769848777 4,73E-21 

ENSMUSG00000035042 Ccl5 0,833227407 0,00052988 

ENSMUSG00000041959 S100a10 0,685758607 6,71E-06 

ENSMUSG00000068220 Lgals1 0,620382706 NA 
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Suppl. Table 2: Significantly differentially expressed genes of the biological process “immune 
system response” (positive log2Fold Changes correspond to a lower expression in LC40 com-
pared to RafDKO/LC40 B cells) 

 gene symbol log2FoldChange padj 

ENSMUSG00000068105 Tnfrsf13c 0,769848777 4,73E-21 

ENSMUSG00000057337 Chst3 0,758659431 2,02E-15 

ENSMUSG00000041247 Lamp3 0,910342205 0,00075963 

ENSMUSG00000004730 Adgre1 0,686339072 0,01858641 

ENSMUSG00000030149 Klrk1 0,609906599 0,05745056 

ENSMUSG00000096844 Igkv6-14 0,608735654 0,0254144 

ENSMUSG00000003420 Fcgrt 0,987337984 8,96E-07 

ENSMUSG00000069268 Hist1h2bf 0,609508019 0,0408481 

ENSMUSG00000051910 Sox6 0,622472178 0,05275069 

ENSMUSG00000035042 Ccl5 0,833227407 0,00052988 

ENSMUSG00000039153 Runx2 0,628494695 0,04923132 

ENSMUSG00000032690 Oas2 0,644043975 0,0014383 

ENSMUSG00000094345 Igkv14-126 0,695822994 0,02299116 

ENSMUSG00000031168 Ebp 0,206793715 0,58850472 

ENSMUSG00000030336 Cd27 0,710422629 0,01905751 

ENSMUSG00000034317 Trim59 0,888927171 2,70E-13 

ENSMUSG00000025270 Alas2 1,083209533 4,36E-05 

ENSMUSG00000027111 Itga6 0,639132307 0,00415178 

ENSMUSG00000075297 H60b 0,81510364 0,00422313 

ENSMUSG00000015217 Hmgb3 0,672283755 0,02958422 

ENSMUSG00000026532 Spta1 0,792865578 0,00585005 

ENSMUSG00000016283 H2-M2 1,030987714 6,33E-05 

ENSMUSG00000018899 Irf1 0,598787389 3,15E-06 

ENSMUSG00000040447 Spns2 1,190029667 2,22E-08 

ENSMUSG00000045092 S1pr1 0,780780666 1,68E-20 

ENSMUSG00000038058 Nod1 0,591001042 0,00269096 

ENSMUSG00000096632 Igkv9-124 0,620068964 0,0231259 

ENSMUSG00000021703 Serinc5 0,812555521 5,75E-05 

ENSMUSG00000022636 Alcam 1,039088478 1,28E-08 

ENSMUSG00000015766 Eps8 0,603149925 0,02755986 

ENSMUSG00000029570 Lfng 0,60919517 0,01967516 

ENSMUSG00000078922 Tgtp1 0,468142079 0,10021815 

ENSMUSG00000051457 Spn 0,846195671 0,00141486 

ENSMUSG00000026399 Cd55 0,675584577 1,93E-17 

ENSMUSG00000005057 Sh2b2 2,502443232 4,71E-40 

ENSMUSG00000029798 Herc6 0,986090148 3,11E-12 

ENSMUSG00000104213 Ighd 0,72420651 8,14E-19 
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Suppl. Table 3: Significantly differentially expressed genes of the biological process “semaphorin 
interaction” (negative log2Fold Changes correspond to a higher expression in LC40 compared to 
RafDKO/LC40 B cells) 

  gene symbol log2FoldChange padj 
B

io
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se
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h
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ENSMUSG00000048895 Cdk5r1 -0,594764332 1,66E-07 

ENSMUSG00000030084 Plxna1 -0,72228126 0,007952449 

ENSMUSG00000030123 Plxnd1 -1,331236874 3,17E-08 

ENSMUSG00000059495 Arhgef12 -0,916105336 8,08E-15 

ENSMUSG00000038264 Sema7a -0,939827064 3,51E-30 

ENSMUSG00000019843 Fyn -0,594195823 8,32E-09 

ad
d

it
io

n
al

 s
em

ap
h

o
-

ri
n

s 
an

d
 p

le
xi

n
s 

ENSMUSG00000074785 Plxnc1 -0,430111224 5,70E-07 

ENSMUSG00000031398 Plxna3 -0,188051964 0,676086203 

ENSMUSG00000036606 Plxnb2 -0,152400951 0,690551897 

ENSMUSG00000022231 Sema5a -0,995988131 1,30E-23 

ENSMUSG00000027200 Sema6d -0,460065666 0,127020178 

ENSMUSG00000021451 Sema4d -0,15193229 0,206257131 

ENSMUSG00000028064 Sema4a -0,154963221 0,776256039 
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Suppl. Table 4: Gene Set for genes upregulated in MZ B cells designed by using the ImmGen 
Population Comparison Tool based on microarray data (http://rstats.immgen.org/Popula-
tionComparison/index.html) (226). 

 

MZ B cells upregulated
I830077J02RIK SRGAP3 INPP4A IKBKE CEPT1 HES5 RALB

S1PR3 SIRPA CTSB REC8 PRDM1 GRHPR UBE2E3

MYOF PTPN22 BZW2 LY6A MDFIC H2-T22 MFSD10

CEACAM2 CD59A ELL3 RNASEL ARSB UTRN PLAC1L

FCRL5 GPR156 AMICA1 LOC641050 TOP2A ELK3 TMEM231

CDH17 DUSP16 TET1 CD81 FUCA2 GMNN CD80

TSGA13 HMGN3 TMEM154 GBP6 CYBB ST3GAL6 HECTD1

PLXND1 ADAM28 HBB-B1 CD1D2 COPG2 S1PR1 MCCC2

ZC3H12C LILRB4 PLBD1 SLC35F2 CACNB4 PPFIBP2 CDC25A

CD9 KCNK5 BC028528 SH2D1B1 CAPN2 ABCG1 PGK1

PLA2G7 DSE ABR ENTPD1 SLC29A1 PVR RGS3

MPEG1 1700048O20RIK CRIM1 CD274 GM4979 TNFRSF18 ATXN7L1

ASB2 TAF1D UBE2R2 GM4956 GM7609 EDEM1 LMBR1

GM10786 GM6377 LYNX1 TRPS1 GM7609 GCOM1 CTSZ

CD36 SNORA61 RAP1GAP WDFY2 NTNG2 DTX3 B4GALT1

DNASE1L3 MS4A7 CDC42BPB LYSMD2 GBP3 ZFP239 PGK1

ZC3H12C PIK3R4 4930426L09RIK KCNN4 DTX4 RPSA Sep 09

CCBP2 CDON GP49A GRAMD1B MYO10 2310044G17RIK PKD1

ABCB1A BHLHE41 PDE4A TRAF1 LOC100046496 PACSIN2 SFXN5

TBC1D9 SLC9A9 MS4A14 IFT27 ST3GAL2 BTBD19 CEBPB

EMB SCD2 ZFP532 MICAL3 ROGDI CSPRS PLAUR

NEBL CXCR7 SMYD2 PTAFR FAM49A GSTO1 ABHD6

SEMA7A PDIA4 TREM1 ADORA3 GYPC RPLP1 GM5779

TSPAN15 MCOLN3 BC005685 FAM129C RRBP1 PSAP BDH1

CD1D1 CCDC79 GBP8 ABHD5 IL6ST SCARNA17 D8ERTD82E

MARCKS TM6SF1 CD86 5033430I15RIK RPLP1 SLC39A4 SEMA6B

CSF2RB LRRC16A AKR1E1 CR2 GM6251 THYN1 ZAP70

NEDD4 HCK SEMA4B KLRB1F GADD45B ARSB ENTPD4

RGS10 GM10858 PLSCR1 ITGB1 ARL5C PDZD2 CBFA2T3

STOM PLXNC1 ALPK2 RHBDF1 CLIC4 SLC28A2 SLC46A3

MFHAS1 IL9R BC005685 SLC43A1 CHN2 TMEM26 CYFIP1

FFAR2 TRPM2 ABCG3 SNORA73A PLEKHA5 PTPRJ LAX1

TLR3 ENDOD1 SMAD3 SLC39A6 TMEM206 TMCC3 PDLIM2

CFP VAULTRC5 TSPAN31 ITM2C FAM108C 1700029I01RIK BIVM

PLAC8 RBM47 DRD5 RNU3B1 GM13251 CUL9 FGD2

CD300LF SLC25A4 LPCAT2 TFDP1 PTPRS GM2A DCLRE1A

GM7265 ALPL DENND2D FAM92A PABPC4 H2-T10 ZFP248

SERPINE2 PDE4D PPL NUCB2 MIR703 PHPT1 CEACAM16

DPH5 NAIP6 IMPDH2 AMIGO2 5730408K05RIK CBR4 CCDC28B

PTPN14 LGALS3BP CDCA7L FGL2 BLK CDK5R1 RPSA

CCR1 TMEM18 PRF1 GM13139 YPEL2 CSPRS SBF2

AHR PQLC2 LRRC25 2810416G20RIK WDR6 TMEM131 RPSA

ATXN1 RXFP1 MYC PIP4K2A RPS6KA1 EEF1B2 KIF13A

LY96 CREBL2 CACNA1E SLC7A7 POLD4 2010012O05RIK RPL3

CYP39A1 PLSCR1 PMEPA1 SLC20A2 9330129D05RIK RPSA WDR11

VWA5A PDE8A RILPL2 TFDP1 NAB1 GM13051 PGM1

GRN SLC29A3 GPR55 TYROBP BC016495 IMPACT RPL13

1700106N22RIK HBB-B2 MXD4 MYO6 OOSP1 PIK3R3 ADCK3

ID2 CD80 DRAM2 GBP2 TMOD2 TLCD2 HHAT

RUNDC3B 5830416P10RIK 1500011K16RIK ALOX5AP SFXN1 GM5167 RPL13

2010001M09RIK PPAP2B AS3MT TET1 AHCYL2 ABCB8 LY6K

TNFRSF21 TPST2 9030625A04RIK TAF1D PTPRJ CREG1 PNPO

AI452195 TMTC4 5033414D02RIK ANXA9 RPS13 DECR2 FAM125B

GM10673 MGST1 AKR7A5 DKKL1 MZT2 A930005H10RIK FAM26F

LOC625360 UBE2E2 NDST1 RCN1 TRIM32 GUSB PLCG1

DTX1 NEBL BC005685 ZDHHC14 ASAP2 FBXW17 EHMT2

NRP2 PLD4 EDARADD DENND2D PABPC4 PDCD4

RSU1 9030617O03RIK GML ARHGEF12 PABPC4 ACAD10

SORBS2 NAIP5 BST1 NLRP1B PABPC4 TLR9

ADRBK2 SRGAP3 SLC36A4 NEBL GNS 3830406C13RIK

LDLRAD3 BID DDX60 MGST2 4930572J05RIK D10WSU102E

LAIR1 ABCB1B 5830416P10RIK PLA2G4A LGMN NLRC3
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Suppl. Table 5: Gene Set for genes upregulated in Fo B cells designed by using the ImmGen 
Population Comparison Tool based on microarray data (http://rstats.immgen.org/PopulationCom-
parison/index.html) (226). 

 

Fo B cells upregulated
ACOT9 2410066E13RIK FMNL1 STXBP3A B3GNT8 GM1077 RARA TAGAP

TPM4 BRPF3 MEX3B SMC5 SPRED2 CCDC50 SORL1 RNF144A

BEND5 ZFP143 CTPS2 PARP8 SMC3 CDC14B OTUD1 ADAMTS6

TSC22D2 GAB3 CYP51 RAD21 GVIN1 GBE1 IDI1 MYO9A

FOXO1 PIRA11 H3F3A GCH1 CCDC50 GPD2 GM10850 RGL1

HIP1R IRAK3 POC1B GM11428 PIRA1 CBX7 ST6GAL1 EMP3

MAN1A MSI2 BAIAP2 DCAF12 RFK CCR6 ACSL3 ZFP608

PRKCB DHX57 LRRC8C ATP11C FANCM IL6RA MYO9A CRISP3

PICALM JAK1 SMAP2 PLK2 TLE1 JHDM1D MYO9A OLFR164

KIF16B CTNNA1 ANK PHKA1 SPNS2 RHOH SH3BP5 SSH2

PCMTD1 SMAD1 SPNB2 RDH12 EIF2C4 MAP4K3 LIFR AIDA

RHEBL1 GMEB2 RFX7 CDK19 ORAI2 PPP3CA ABCA1 PIP5K1B

CDK13 MIR342 PELI1 MTSS1 FCGRT C1GALT1 KCTD14 GM8995

TRIM25 CAPRIN2 SMAD7 CEP120 PARP1 DGKA RASA3 SFN

RRM2B SLC38A2 SGK3 DNAJC21 AI467606 SERPINB1A CD46 BCLP2

MAP3K1 BPTF EML4 ETAA1 NUP210L GM8979 CNN3 TSC22D3

GM14484 WASF2 SLC15A3 ICOSL TEX9 HSPA4L RAPGEF4 FAM102B

AVL9 GLCCI1 FBXO11 RB1CC1 PGM2L1 RFC1 RASGRP3 ITGB7

IKZF5 MED13 PPP1R2 MIER1 SKIL HMGCS1 LAMP3 A430078G23RIK

YWHAZ ZFP821 USP53 SLC4A11 CARD6 MYO9A GMFG MYO9A

HERC4 CTDSPL2 TDRD7 ARHGAP5 AFF4 4930565B19RIK DCLK2 ARHGEF18

GABBR1 NAP1L1 9130011E15RIK ZFP652 ZBTB33 GM10388 FAM65B FCHSD2

PBRM1 TLE4 PRSS12 9930021J03RIK ORAI2 ANTXR2 SLFN5 GIMAP3

WDR26 GPR52 NSMCE1 STK24 EEA1 SAMHD1 DNAHC8 CDKL1

H2-OB NAB2 SEPP1 DEK TUFT1 MEF2C ZBTB10 CMAH

PRKD3 LIN54 PDE4B AGPAT2 RBL1 INTS4 FLNA CD69

SRSF2IP MLL5 KCNJ1 UBA6 S1PR4 NEURL3 DENND5B CAR2

KDM3A IL27RA CCM2 GM5972 ZFP874B LMBRD1 RPS6KA5 RASSF3

SIK2 KPNA4 6430601O08RIK MAML3 TBC1D14 BTLA TCTN1 A630033H20RIK

NCK2 MPP6 CDC42SE1 Sep 11 TAGAP1 QSER1 SGK1 MYO9A

IQGAP1 ICAM2 GM9874 IRF2 N4BP2 IL21R ANGPTL1 DUSP4

EPB4,1L2 MDC1 FGD3 MYO9A PLCL2 BBS9 ADD3 ENPP1

GORASP2 H3F3A CDKN2D CHST3 SIKE1 TEC CCDC88A MYO9A

ESYT2 SH3BP2 TAX1BP1 PPP1R2 RYR2 MYO9A MYO9A JUND

SHANK1 CHST15 UBR1 PANK3 GIMAP4 AHNAK TAGLN2 CPM

CRLF3 SP3 ANKRD44 USP28 SMCHD1 HHEX SFN PGAP1

CIITA SPATA6 PPP4R2 CASC5 RAP1GDS1 GRAP2 FAM69A FAM101B

KCTD10 DENND4A CTDSP1 AP1M1 EPB4,1 CNN3 STAT4 CC2D2B

MYH9 TRAK2 RYBP ST3GAL1 SNX2 SELL ADAP1 CXCR4

SMAGP RSF1 ANKRD11 ROCK2 VPREB3 SCML4 GM16489 ALCAM

RNF19B ST8SIA4 GM9948 2610018G03RIK PTMA MAPK12 TCP11L2 HCRTR2

ARL13B DENND4A TPM4 SCCPDH ITSN2 TNIK ADD1 ARHGEF3

A230046K03RIK ZBTB37 9530009G21RIK 1110028C15RIK CLCF1 E230008N13RIK CYTIP SLAMF1

TMF1 SMS RIF1 RAD17 RAP1B KLF3 ITIH5 TRIB2

NUP210L ARID5B LATS2 STK38 SNX29 SLC25A24 MYO9A SSBP2

AMZ2 CSRP2 STXBP3A FXYD5 POLD1 GM16848 AKT3 MYADM

HCFC2 DNAJC9 GPATCH8 DGKD RAPGEF6 FAM46A IDI1 HVCN1

INSR FGFR1OP ST6GAL1 EIF2C2 LBH KLF6 FAM46A CRYBG3

NF1 LRRC8A HEXB PITPNC1 LASP1 GLCCI1 ADRB2 ATP1B1

IKBKB CCDC88C PPP1R2 RNF2 IL4RA QSER1 GM10759 B3GNT5

GRK6 GPR183 EPC2 E230008N13RIK JHDM1D MYO9A CCR7 BCL6

NFYA NRF1 ATP2B1 GM10551 CSNK1G3 KIF21B S100A10 FRY

MSN TBC1D1 CECR2 DPYSL2 SFXN3 EHD4 A430084P05RIK KLF2

RBM38 GM608 H3F3A CD83 SQLE LPP RBPMS CD200

STK17B CEP350 PLEKHF2 FAM108B NUP210L SSH2 STAC2 DAF2

ATN1 PRKAB2 BMF CDKL5 SNX9 FAM107B LMO2 TRIM59

PHF3 RASGRP2 CHML STAP1 1110038D17RIK UBE2L6 SLC4A3 VIM

BPTF CREB1 GPD1L LASP1 DMXL1 LDLR L1CAM ZFP318

CEP350 PIK3CG ZFP53 NUP210L YSK4 XK MS4A4C ITGA6

JAK2 LSP1 SLC14A1 ITPKB MARVELD2 CERK SERINC5 CD55

2700049A03RIK NUAK2 PLEC HSD11B1 SMCHD1 FLI1 CDC25B PDE2A

RNF122 TUBA1A GPR155 EPS8 DUSP7 ATP6V0A1 DUSP3 BACH2

INPP1 DENND4A AIM1 CAMKK2 BRWD1 FAM134B DENND5B MAPK11

PRKD2 PHACTR4 PDP1 LPP AFF3 P2RY10 LFNG PGAP1

GNA13 1700001K23RIK RABGEF1 CD2 GADD45G OLFR165 AY512938 CACNA1I

PPP2R3A SP4 CARNS1 RASA2 TMEM64 ARHGAP31 SBK1 D130062J21RIK

TOP2B SIRT1 CCDC41 PACS1 SLC4A7 1300014I06RIK XYLT1 FCER2A

ELMO1 CITED2 SC4MOL SLC16A4 PXK DYRK2 GPR146 MLLT6

ZMYM2 LPP RPS6KA3 XKRX GM8979 DOCK11 ZFP36L2

SELE ZFP81 MAP4K4 MYLIP DYRK2 SLFN8 GMFG

OSBPL8 ITGB3 D19ERTD737E RFTN2 SPRED2 GPR174 LILRA6

IFNAR1 CALM2 MTAP HDAC9 CCDC52 RICTOR SATB1
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Suppl. Table 6: Gene Set for genes upregulated by early Notch2 signaling in B cells comparing 
the RNA expression pattern of normal with Notch2IC expressing cells after 3 days of Tamoxifen 
treatment using the RNA-Seq data of Lechner et al., 2021 (54) with a minimal normalized read 
count of 50, an p-value below 0.0001, and a fold change above 1. 

 

 

Suppl. Table 7: Gene Set for genes downregulated by early Notch2 signaling in B cells compar-
ing the RNA expression pattern of normal with Notch2IC expressing cells after 3 days of Tamox-
ifen treatment using the RNA-Seq data of Lechner et al., 2021 (54) with a minimal normalized 
read count of 50, an p-value below 0.0001, and a fold change below 1. 
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Suppl. Table 8: Gene Set for genes upregulated by late Notch2 signaling in B cells comparing 
the RNA expression pattern of cells after 3 days of Tamoxifen treatment with cells after 14 days 
of Tamoxifen treatment using the RNA-Seq data of Lechner et al., 2021 (54) with a minimal nor-
malized read count of 50, an p-value below 0.0001, and a fold change above 1. 
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Suppl. Table 9: Gene Set for genes downregulated by late Notch2 signaling in B cells comparing 
the RNA expression pattern of cells after 3 days of Tamoxifen treatment with cells after 14 days 
of Tamoxifen treatment using the RNA-Seq data of Lechner et al., 2021 (54) with a minimal nor-
malized read count of 50, an p-value below 0.0001, and a fold change below 1. 
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Suppl. Table 10: Gene set for upregulated genes of BAFF-tg (BAFF) B cells displaying a hyper-
active non-canonical NFκB signal were generated using the micro-array data of Gardam et al., 
2008 (48). 

 

Suppl. Table 11: Gene set for downregulated genes of BAFF-tg (BAFF) B cells displaying a hy-
peractive non-canonical NFκB signal were generated using the micro-array data of Gardam et al., 
2008 (48). 

 

Suppl. Table 12: Gene sets for upregulated genes of TRAF2KO B cells displaying a hyperactive 
non-canonical NFκB signal were generated using the micro-array data of Gardam et al., 2008 
(48). 
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Suppl. Table 13: Gene sets for downregulated genes of TRAF2KO B cells displaying a hyperac-
tive non-canonical NFκB signal were generated using the micro-array data of Gardam et al., 2008 
(48). 

 

 

Suppl. Table 14: Gene sets for upregulated genes of TRAF3KO B cells displaying a hyperactive 
non-canonical NFκB signal were generated using the micro-array data of Gardam et al., 2008 
(48). 
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Suppl. Table 15: Gene sets for downregulated genes of TRAF3KO B cells displaying a hyperac-
tive non-canonical NFκB signal were generated using the micro-array data of Gardam et al., 2008 
(48). 
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