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INTRODUCTION 

ABSTRACT 

The developmental processes of lymphopoiesis generate mature B lymphocytes from hematopoietic 

stem cells through increasingly restricted intermediates. Networks of transcription factors regulate these 

cell fate choices and are composed of both ubiquitously expressed and B lineage-specific factors.  

E-protein transcription factors are encoded by the three genes E2A, E2-2 (SEF2-1), and HEB. The E2A 

gene is required for B cell development and encodes the alternatively spliced proteins E12 and E47. 

 During B lymphocyte development, the cells have to pass several checkpoints verifying the 

functionality of their antigen receptors. Early in the development, the expression of a pre-B cell 

receptor (pre-BCR) with membrane-bound immunoglobulin (Ig) heavy chain protein associated with 

surrogate light chain (SLC) proteins is a critical checkpoint that monitors for functional Ig heavy chain 

rearrangement. Signaling from the pre-BCR induces survival and a limited clonal expansion. Here it is 

shown that pre-BCR signaling rapidly down-regulates the SLCs 5 and VpreB and also the co-receptor 

CD19. Ca2+ signaling and E2A were shown to be essential for this regulation. E2A mutated in its 

binding site for the Ca2+ sensor protein calmodulin (CaM), and thus with CaM-resistant DNA binding, 

makes 5, VpreB and CD19 expression resistant to the inhibition following pre-BCR stimulation. Thus, 

Ca2+ down-regulates SLC and CD19 gene expression upon pre-BCR stimulation through inhibition of 

E2A by Ca2+/CaM. A general negative feedback regulation of the pre-BCR proteins as well as many co-

receptors and proteins in signal pathways from the receptor was also shown. 

 After the ordered recombination of Ig heavy chain gene segments, also Ig light chain gene 

segments are recombined together to create antibody diversity. The recombinations are orchestrated by 

the recombination activating gene (RAG) enzymes, other enzymes that cleave/mutate/assemble DNA of 

the Ig loci, and the transcription factor Pax5. A key feature of the immune system is the concept that 

one lymphocyte has only one antigen specificity that can be selected for or against. This requires that 

only one of the alleles of genes for Ig chains is made functional. The mechanism of this allelic 

exclusion has however been an enigma. Here pre-BCR signaling was shown to down-regulate several 

components of the recombination machinery including RAG1 and RAG2 through CaM inhibition of 

E2A. Furthermore, E2A, Pax5 and the RAGs were shown to be in a complex bound to key sequences 

on the IgH gene before pre-BCR stimulation and instead bound to CaM after this stimulation. Thus, the 

recombination complex is directly released through CaM inhibition of E2A.  

 Upon encountering antigens, B cells must adapt to produce a highly specific and potent antibody 

response. Somatic hypermutation (SH), which introduces point mutations in the variable regions of Ig 

genes, can increase the affinity for antigen, and antibody effector functions can be altered by class 

switch recombination (CSR), which changes the expressed constant region exons. Activation-induced 

cytidine deaminase (AID) is the mutagenic antibody diversification enzyme that is essential for both SH 

and CSR. The AID enzyme has to be tightly controlled as it is a powerful mutagen. BCR signaling, 

which signals that good antibody affinity has been reached, was shown to inhibit AID gene expression 

through CaM inhibition of E2A.  

 SH increases the antigen binding strength by many orders of magnitude. Each round of SH leads 

to one or a few mutations, followed by selection for increased affinity. Thus, BCR signaling has to 

enable selection for successive improvements in antibodies (Ab) over an extremely broad range of 

affinities. Here the BCR is shown to be subject to general negative feedback regulation of the receptor 

proteins as well as many co-receptors and proteins in signal pathways from the receptor. Thus, the BCR 

can down-regulate itself to enable sensitive detection of successive improvements in antigen affinity. 

Furthermore, the feedback inhibition of the BCR signalosome and most of its protein, and most other 

gene regulations by BCR stimulation, is through inhibition of E2A by Ca2+/CaM.  

 Differentiation to Ab-secreting plasmablasts and plasma cells is antigen-driven. The interaction of 

antigen with the membrane-bound Ab of the BCR is critical in determining which clones enter the 

plasma cell response. Genome-wide analysis showed that differentiation of B cells to Ab-secreting cell 

is induced by BCR stimulation through very fast regulatory events, and induction of IRF-4 and down-

regulation of Pax5, Bcl-6, MITF, Ets-1, Fli-1 and Spi-B gene expressions were identified as immediate 

early events. Ca2+ signaling through CaM inhibition of E2A was essential for these rapid down-

regulations of immediate early genes after BCR stimulation in initiation of plasma cell differentiation.
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ABBREVIATIONS 
 
 

Ab  antibody 

Ag  antigen 

AID activation-induced cytidine deaminase 

BCR  B cell receptor 

bHLH  basic helix-loop-helix 

BM  bone marrow 

C  constant 

CaM calmodulin 

CaM
R
 calmodulin-resistant mutant 

CSR class-switch recombination 

D  diversity 

GC germinal centre 

H  heavy chain 

H3K4me3 histone 3 lysine 4 trimethylation 

Ig  immunoglobulin 

J  joining 

L  light chain 

PC plasma cell 

RAG  recombination activating gene 

RSS  recombination signal sequence 

SH somatic hypermutation 

SLC  surrogate light chain 

TF transcription factor 

TdT terminal deoxynucleotidyl transferase 

TH  T helper lymphocyte 

V  variable 

WT  wild-type 
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INTRODUCTION 
 

The mammalian immune system 
  

Our environment is rich in potential pathogens such as bacteria, viruses, fungi 

and parasites, posing a threat to all multi-cellular organisms. Therefore, a 

sophisticated and efficient defence machinery must be in place to fight off 

these pathogens and to avoid life-threatening diseases. The mammalian 

immune system is the defence system that can discriminate between self and 

non-self and can therefore fight infections without damaging the organism‟s 

own tissues. This system is divided into the innate or non-specific immune 

system, and the adaptive or specific immune response that both work together 

to clear infections by pathogens.  

The innate immune system 

The innate or non-specific immune system is an in-born first line of defence 

against foreign intruders. It does not require prior exposure to the pathogen 

and functions immediately, but not specifically. Already the epithelial 

surfaces of an organism‟s body are parts of the innate immune system, as the 

epithelium not only provides an anatomical and physiological barrier but also 

produces anti-microbial peptides and enzymes. Low pH conditions and non-

pathogenic bacteria found in some organs also pose a basic line of defence. 

However, the innate immune system consists to a major part of phagocytic 

cells that can engulf and digest microbes and the complement system that 

targets pathogens for phagocytosis, lyses them and also recruits inflammatory 

cells (Figure 1). 

The adaptive immune system 

The adaptive part of the immune system has to be activated by an infection 

and requires several days after first entrance of pathogen due to the 

requirements of affinity maturation and clonal expansion. The adaptive 

system is under constant development during the organism‟s lifetime and is 

able to render permanent immunity by recognizing the same pathogen again 

once it has been encountered. The adaptive immune system utilizes highly 

specific antibodies (Ab) against the pathogen that are secreted by 
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differentiated B lymphocytes and is called the humoral immune response, and 

it utilizes T lymphocytes destroying infected cells that is called the cell-

mediated response (Figure 1). Each lymphocyte possesses a unique receptor 

called the antigen (Ag) receptor to be able to identify components of any one 

pathogen, bind to that pathogen, become activated and proliferate. Abs are 

generated and a memory is created against this particular pathogen if 

encountered in the future.  

 

 

 

Figure 1. Overview of the mammalian immune system. 

 

B lymphocytes and their functions 

 

B lymphocytes (hereforth referred to as B cells) express on their surface the B 

cell receptor (BCR), which has a membrane-bound Ab. Each B cell possesses 

a unique BCR to ensure one Ag specificity per cell. The BCR is assembled of 

dimers of Immunoglobulin (Ig) heavy chains (H) and light chains (L) as 

depicted in Figure 2. This gives each Ab two identical Ag-binding sites at the 
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highly variable ends of the chains, which give each Ab its unique specificity 

by forming a protein sequence complementary to that of its specific Ag (Amit 

et al., 1985). These variable regions of both IgH and IgL are composed of 

different Variable (V), Diversity (D) and Joining (J) segments that are 

assembled at the DNA level in a process known as V(D)J recombination. The 

constant (C) regions of IgH are the effector regions that when part of a free 

Ab are the effectors of the adaptive immune response and when membrane-

bound are needed to transduce BCR signaling. The C regions fall into five Ig 

classes, IgA, IgD, IgE, IgG and IgM, and they all have their own effector 

functions (Edelman, 1973).  

 

 

 
 

Figure 2. Schematic structure of an antibody. 

 

 

The free antibodies are secreted by plasma cells, which are differentiated B 

cells, and have three main functions in adaptive immunity; firstly to 

neutralize toxic pathogenic particles and viruses by forming an Ab coat 

around them, secondly to label intruders for phagocytosis, which is known as 

opsonization, and thirdly to activate the complement system to destroy the 

pathogens. When the antibody molecule is membrane-bound, it functions 

primarily as the BCR for Ag, leading to signals that activate B cells and 

regulate many processes discussed in the following chapters. 
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B cell development 

 

B cells develop from hematopoietic stem cells, which themselves develop in 

the fetal liver and from birth in the bone marrow (BM) (Osmond and Nossal, 

1974; Abramson et al., 1977). B cells undergo many stages of development 

through increasingly restricted intermediates that have to pass several 

checkpoints. The initial stages occur in the BM and are Ag-independent. 

Instead, the stroma of the BM provides growth factors including IL-7 and 

BAFF necessary for survival (Hardy et al., 1991; Holl et al., 2010) and pre-

BCR ligands needed for functional B cell development. B cell development is 

divided into stages based on the expression of surface markers, the 

progressive Ig rearrangements and expression of functional BCR and Ig 

subclasses. Figure 3 summarizes these BM B cell classifications as originally 

proposed by Hardy and Rolink, with more recent additions (Hardy et al., 

1991; Rolink et al., 1994, Matthias and Rolink, 2005). 

 

 

 

Figure 3. B cell development stages in the BM. All B cells express B220. 

Temporal expression of B cell specific genes and surface markers are 

summarized. Rearrangements of both IgH and IgL are indicated inside the 

circles representing cells. The blunt arrow indicates the block in B cell 

development if pre-B1 cells fail to express the pre-BCR. GL, germline: SLC, 

surrogate light chain; RAG, recombination activating gene; TdT, terminal 

deoxynucleotidyl transferase.   
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V(D)J recombination, clonal expansion and receptor editing in the BM 

The rearrangement of Ig gene segments is central to developing the variable 

regions of Abs (Figure 2), resulting in a repertoire of specific Abs. These 

variable regions are assembled from a large pool of germ-line (GL) gene 

segments falling into the Variable (V), Diversity (D) and Joining (J) classes. 

This process of V(D)J recombination occurs on both the IgH and IgL chains, 

where the IgL does not contain any D gene segments. The recombination 

activating gene (RAG) enzymes are the effectors of rearranging the Ig genes 

and, bound in a RAG1/RAG2 dimer, RAG1 recognizes the recombination 

signal sequences (RSS) (Oettinger et al., 1990) whereas RAG2 binds to 

specific tri-methylation of lysine 4 in histone 3 (H3K4me3) (Ramón-Maiques 

et al., 2007). The RAGs create DNA double strand breaks, activating the 

DNA repair mechanism. Thereby the RAGs allow ligation of any possible 

combination of V, D and J segments (Smider and Chu, 1997). Further 

diversity is achieved by addition of nucleotides at the DNA ends by the 

terminal deoxynucleotidyl transferase (TdT) (Alt and Baltimore, 1982). The 

absence of either one of the RAGs completely blocks B cell development, 

resulting in lack of a peripheral lymphoid system (Shinkai et al., 1993). The 

transcription factors Pax5 (Hesslein et al., 2003; Fuxa et al., 2004; Johnson et 

al., 2004), and E2A and EBF (discussed later; Jones and Zhuang, 2009) have 

been shown to play pivotal roles in achieving V(D)J recombination.  

The IgH locus spans several megabasepairs of gene segments. In total, there 

are 195 V segments (110 genes and 85 pseudogenes, see Johnston et al., 

2006), 12 D, four J and eight C genes in the mouse. First, the D and J 

segments are joined, then a V segment is ligated to the DJ complex (Figures 

3 and 12). The VDJ is then ligated to the Cμ by RNA splicing. There are two 

alleles of genes including those of the IgH locus; one IgH allele is rearranged 

first and if this is unsuccessful due to frame-shift or other reasons, also the 

second allele is rearranged. However, to achieve a monospecific antibody, 

only one allele should undergo successful rearrangement. The other allele 

must be silenced once a functional rearranged IgH has formed (Yancopoulos 

and Alt, 1986). This process is known as Ig allelic exclusion and is 

introduced in more detail on pages 29-31.  

Once the IgH has rearranged, it is expressed on the surface of pre-B cells 

together with surrogate light chains verifying its functionality (Kawano et al., 

2006) by forming a pre-BCR. If pre-B cells do not express the SLC and 

thereby not the pre-BCR, B cell development is blocked (Figure 3) 

(Sakaguchi and Melchers, 1986; Kitamura et al., 1992; Mundt et al., 2001). 
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The SLC proteins VpreB and λ5 are temporarily expressed on pre-B cells and 

their expression is silenced by pre-BCR signaling (Parker et al., 2005) which 

also up-regulates IgL rearrangement in pre-B2 cells (Shapiro et al., 1993). 

The SLC silencing is important for developmental progression (Martin et al., 

2007), and the mechanism of this silencing is presented in Paper I. The 

signals from the pre-BCR also control allelic exclusion of IgH (Nussenzweig 

et al., 1987; Manz et al., 1988) and a mechanism is proposed in Paper II.  

Pre-BCR signals increase proliferation of pre-B cells with a rearranged IgH, 

known as clonal expansion (Melchers, 2005). To selectively expand the 

successful IgH clones, the rearrangement has to occur on IgH before that on 

IgL (Decker et al., 1991), and this proliferation is dependent on both IL-7 

receptor α and the pre-BCR (Erlandsson et al., 2005), thereby enabling a 

greater Ab repertoire as one functional IgH can then pair with a wide range of 

rearranged IgL.   

As with IgH, rearrangement of IgL is regulated by the corresponding 

mechanisms, and a complete BCR is expressed on immature B cells. This 

membrane bound Ab has however to be verified for Ag affinity, and 

autoreactive clones must be eliminated by apoptosis (Melamed et al., 1998) 

or the IgL must be further rearranged in a complex process called receptor 

editing (Radic and Zouali, 1996).  When a satisfactory IgM is expressed, 

mature B cells start expression also of the Igδ C segment and leave the BM as 

IgM
+
IgD

+
 naïve B cells. 

 

Selection, clonal expansion and affinity maturation in the germinal centre 

Mature B cells that enter the peripheral lymphoid organs have a functional 

BCR with IgM that potentially can bind specifically to Ag. However, these 

naïve cells have not met Ag and need to later be selected for Ag binding 

affinity. For this reason, B cells require IgM expression as well as the growth 

factor BAFF and ligands such as CD40L (CD154) for survival (Lam et al., 

1997; Schiemann et al., 2001; Allen et al., 2007). B cells that are positively 

selected for good Ag affinity ultimately differentiate to Ab secreting plasma 

cells (PC) or long-term surviving memory B cells that carry memory from the 

previous Ag encounter, thus providing a very fast and efficient immune 

response in future re-infections (Rajewski, 1996; Paus et al., 2006; Phan et 

al., 2006). As summarized in Figure 4, B cells need to pass both selections 

for adequate BCR signaling by free Ags, such as for example 

lipopolysaccharide (LPS), and activation by Ag-presenting cells triggering T 

helper cells (TH) to produce CD40L.  
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Figure 4. BCR signal- and T cell help-dependent selection of naïve mature B 

cells. Follicular dendritic cells (FDC), the stromal cells of the peripheral 

lymphoid organs, assist in B cell maturation selection by the presentation of 

Ag to the B cell. T helper cells (TH) participate in the T cell-dependent 

checkpoint of B cell selection. Adapted from Allen et al., 2007. 

 

Naïve mature B cells (IgM
+
IgD

+
CD23

+
CD21

lo
CD1

-
CD5

-
) migrate to 

lymphoid follicles (thus called follicular B cells) and form the germinal 

centres (GC) in the peripheral lymphoid organs (spleen, lymph nodes, tonsils 

and Peyer‟s patches). These cells must undergo several selective processes to 

provide for a more effective Ab response. Affinity maturation is a very 

complex process where B cells undergo somatic hypermutation (SH) of the 

V-regions. Class-switch recombination (CSR) of selected B cells then 

generates antibodies with the same Ag-binding specificity but different Ab 

effector functions by expressing the same variable segments in IgG, IgE or 

IgA Abs to be secreted by PCs (Kataoka et al., 1980; reviewed in Maizels, 

2005). GC formation is dependent on both BCR and CD40 stimulations 

(Kawabe et al., 1994; Han et al., 1995). Cells that underwent SH but fail to be 

activated by TH cell-dependent selection can, dependent on their BCR signal 

strength, be allowed back to the SH site in the GC (“dark zone”) to go 

through another round of SH (Figure 5) (Klein and Dalla-Favera, 2008). 

Activation-induced cytidine deaminase (AID) is the antibody diversification 

enzyme that is essential for both SH and CSR. AID mutates C to U in 

sequences with a WRCY consensus and has a high preference for the Ig loci 

(Muramatsu et al., 2000; Revy et al., 2000; Arakawa et al., 2002; reviewed in 

Xu et al., 2007). AID increases the mutation rate on the variable segments of 

the Ig genes 10
6
-fold, and a mechanism to tighly control the mutagenic and 

carcinogenic AID (Marusawa, 2008) is presented in Paper III.  
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Figure 5. The germinal centre: a site for B cell selection and maturation. 

Modified from Klein and Dalla-Favera, 2008.  

 

As mentioned above, the BCR is used to select cells for receptor editing, to 

select against autoreactive cells, and to select cells for extrafollicular plasma 

cell differentiation and for SH in the GC reaction (Brink et al., 2008; 

Tarlinton, 2008; Meyer-Hermann et al., 2009; Tussiwand et al., 2009). SH 

increases the Ag binding strength by many orders of magnitude. Each round 

of SH leads to one or a few mutations, followed by selection for increased 

affinity. BCR signaling has therefore to enable selection for successive 

improvements in Ag binding over an extremely broad range of affinities. 

Paper IV shows that BCR signaling is subject to a negative feedback loop 

from the BCR. Thereby the sensitivity of the BCR can decrease as the Ag 

affinity of the Ab is increased and the B cell rendered better in binding Ag. 

The mechanism for this negative feedback regulation of the BCR and its 

signaling proteins is also outlined in Paper IV.   

The minority of follicular B cells are non-circulating marginal zone B cells 

(IgM
+
IgD

lo
CD23

lo
CD21

+
CD1

+
CD5

-
), which can be rapidly recruited into the 

early adaptive immune responses. Another type is the B-1 B cells 

(B220
lo

IgM
+
IgD

-
CD23

-
CD21

-
CD5

-
/CD5

+
) with polyspecific BCRs. The latter 

are not part of the adaptive immune response as they lack memory and are not 

selected for Ag binding, but otherwise perform similar roles as other B cells.  
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Mature B cells differentiate to plasma cells 

B cells that successfully respond to antigen in the GC can differentiate into 

plasmablasts (short-lived proliferating Ab-secreting cells), into long-lived 

non-cycling Ab-secreting PCs, and into memory B cells that can rapidly 

differentiate into Ab-secreting cells after re-exposure to Ag (Shapiro-Shelef 

and Calame, 2005). Differentiation into PCs is Ag driven as outlined above. 

The interaction of Ag with the membrane-bound Ab of the BCR is critical in 

determining which B cell clones enter the PC response and become Ab 

secreting cells. The transcriptional profile of a B cell and a PC is very 

different, and BCR-dependent gene expression events must occur to drive PC 

differentiation (Nera and Lassila, 2006). The trigger of these early 

transcriptional changes in PC differentiation is studied in Paper V.   

 

 

Transcription factor networks drive B cell development 
 

 

Lymphoid lineage development is a complex process driven by networks of 

transcription factors (TF) and many of their communications are still 

unresolved. Mouse knockout and other genetic targeting approaches have 

helped to identify TFs involved in B cell development (reviewed in Matthias 

and Rolink, 2005 and Dias et al., 2008). Selected TFs controlling B cell 

development are summarized in Figure 6. To commit to the lymphoid lineage 

from hematopoietic stem cells, SCL, c-kit and Lmo2 are the committing 

factors (Porcher et al., 1996; Yamada et al., 1998). 

After commitment, PU.1 is a vital TF for continuing the B cell lineage. It 

belongs to the Ets family of TFs and is not exclusively needed for the B cell 

lineage but has also roles in committing to the myeloid lineage and is 

involved in T cell and neutrophil development (Scott et al., 1994, McKercher 

et al., 1996). The fact that the IL-7Rα gene, whose expression is vital for 

pro/pre-B cell survival, is a direct target of PU.1 (deKoter et al., 2002) 

illustrates the importance of this TF in early B cell development. The Ikaros 

zink-finger family (Ikzf) is another set of TFs that are required for the 

lymphocyte lineages. Target genes of Ikzf include the SLC (Sabbattini et al., 

2001; reviewed in Sabbattini and Dillon, 2005), TdT (Trinh et al., 2001) and 

in the T cell lineage also CD8 (Harker et al., 2002).    



 

13 

INTRODUCTION 

 

 

Figure 6. Transcription factors in B cell development. The figure is not 

exhaustive but a selection of important TFs that are discussed in the papers 

of this thesis. PU.1, purine-rich box binding factor 1; Ikzf, Ikaros zink finger; 

EBF, early B cell factor; Pax5, paired box protein 5; IRF, interferon-

regulatory factor; HSC, hematopoietic stem cell; MP, myeloid progenitor; 

LP, lymphoid progenitor.  

 

 

PU.1 and Ikzf participate in the decision to commit to the B cell fate. If PU.1 

and/or Ikzf is absent for example in mouse knockout experiments, B cell 

development is not initiated and such mice lack B cells (DeKoter et al., 2002; 

Allman et al., 2003; Rosenbauer et al., 2004). Once cells are committed to the 

B cell lineage, the basic Helix-loop-Helix (bHLH) proteins E2A, E2-2 and 

HEB, collectively called E-proteins, the E-protein antagonists Id2 and Id3, 

EBF and Pax5 control the development (Fuxa and Skok, 2007), as 

demonstrated by mouse knockout models (Lin and Grosschedl, 1995; 

Urbanek et al., 1994; Schilham et al., 1996; Hesslein et al., 2003; reviewed in 

Quong et al., 2002 and in Busslinger, 2004).  

In the GC reaction, B cells are selected for good Ag binding affinity and have 

to pass TH cell selection as outlined earlier (Figure 5). The transcriptional 

profile of a GC B cell differs ~15% from that of a PC (Bhattacharya et al., 

2007). Thus, the TF networks differ substantially between GC B cells and 

PCs. The TF network in a B cell versus a PC is illustrated in Figure 7.  
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Figure 7. Transcription factor networks based on mutual repression in 

differentiation to PCs. The TFs and genes specific for a B cell are repressed 

in a PC, thus losing B cell identity. Reprinted with permission from Nera and 

Lassila, 2006.  

 

 

PC differentiation of selected B cells is induced by regulatory events from the 

BCR. The differentiation requires repression of an entire network of TFs 

(Nera and Lassila, 2006). Many of the genes that are repressed or activated in 

PC differentiation are rapidly regulated by BCR stimulation and the majority 

of these are regulated by E2A (shown in Paper V). 
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Basic Helix-Loop-Helix transcription factors  
 
 
The basic Helix-loop-Helix (bHLH) domain was originally discovered as a 

DNA binding and dimerisation motif in the MyoD, daughterless, Myc and 

E2A TFs (Murre et al., 1989). Genome-wide TF expression analysis has 

revealed at least 116 bHLH family members in the mouse (Gray et al., 2004).  

The bHLH TFs bind their DNA target sequence, which in most cases has the 

consensus sequence 5‟-CANNTG-3‟, the E-box (Ephrussi et al., 1985), by 

their basic domain. The HLH domain is used for dimerizations among the 

family members that differ between cell and tissue types. The transactivation 

domains are usually N-terminal and serve to activate or inhibit the bHLH TFs 

by interaction with transcriptional co-factors (Figure 8). The bHLH TFs fall 

into seven classes depending on their expression pattern, function and 

dimerization preferences (Massari and Murre, 2000).  

Class I bHLH proteins comprise the E-proteins E2A, E2-2 and HEB. E2A 

and E2-2 have originally been identified as TFs binding to E-box sequences 

within the IgH enhancer (Ephrussi et al, 1985; Murre et al., 1989; Henthorn et 

al., 1990), and HEB (HeLa E-box binding) was later found by screening a 

HeLa cDNA library for sequence homology (Hu et al., 1992). They are 

broadly expressed without tissue preference (Roberts et al., 1993) and 

involved in many differentiation processes. E-proteins form homodimers in 

lymphocytes, and in tissue-specific differentiation processes such as 

myogenesis and neurogenesis they form heterodimers with class II bHLH 

factors (Massari and Murre, 2000). However, the best-studied roles of E-

proteins are in B and T cell development, and a number of E-protein target 

genes in lymphocytes have been identified as summarized in Table 1.  

In the context of this thesis, it should be mentioned that one study showed 

E47 binding to the E-box sequence with high affinity in vitro, whereas E12 

was binding only weakly (Sun and Baltimore, 1991). However, the E-box 

binding affinities for E12 and E47 in vitro are dependent on salt concentration 

and are sensitive to pH; E12 binds strongly at lower salt levels, whereas E47 

binds strongly at higher salt levels (Corneliussen et al., 1994a). Both E12 and 

E47 are also active in vivo. 
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Figure 8. Class I bHLH proteins, also called E proteins, the inhibitory class 

V proteins and two examples of class II bHLH proteins, MyoD and NeuroD, 

with their activation (AD) and (b)HLH domains. Alternative transcription 

start sites result in canonical (Can) and alternative (Alt) E2-2 and HEB. 

 

Table 1. Examples of E-protein target genes in B and T lymphocytes with 

references. The list is based on both down-regulated genes in E-protein 

knockout mice and biochemical studies of E-protein:gene promoter 

interactions. Further E2A target genes are presented in Papers IV and V. 
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While class I bHLH proteins are ubiquitously expressed, class II bHLH 

proteins are tissue-specific. They play roles in the regulation of differentiation 

of specific tissues. The best studied of those processes are myogenesis and 

neurogenesis.  Here, E-proteins form heterodimers with class II proteins since 

class II proteins themselves have poor binding to DNA as homodimers 

(Lassar et al., 1991). In myogenesis, the MyoD family (MyoD, myogenin, 

Myf5 and MRF4) is driving the differentiation to muscle cells, and in 

neurogenesis the differentiation to neurons is driven by other class II bHLH 

proteins (NeuroD, Ngn1, Mash-1 and Math-1). Examples of both groups are 

depicted in Figure 8. Class II proteins can convert one cell type to another, as 

shown by studies where ectopic over-expression of a class II protein can force 

differentiation of fibroblasts to muscle cells (Davis et al., 1987) and of 

carcinoma cells to neurons (Farah et al., 2000).  

Class V proteins lack the DNA-binding basic domain (Figure 8) and act 

therefore as inhibitory dimerisation partners to certain bHLH proteins. They 

are termed Id proteins and are inhibitors of differentiation through inhibition 

of DNA binding. The four Id proteins, Id1-Id4, have a high affinity for E-

proteins compared to other bHLH proteins and can therefore act as inhibitors 

of many differentiation programs by blocking DNA binding of E-proteins 

(Langlands et al., 1997 and reviewed in Ruzinova and Benezra, 2003). 

Consequently, the Id levels are high during proliferation, and in 

differentiation when the E-proteins are needed more, the Id levels decrease 

(Sikder et al., 2003).  

There are also inhibitory bHLH proteins that can inhibit E-protein activity by 

repressor domains. Negative factors for bHLH-mediated transcription are 

Twist and MyoR in myogenesis and ABF-1 in B cells (Lu et al., 1999; Spicer 

et al., 1996; Massari et al., 1998).  

 

E-proteins in B cell development 

As shown in Figure 6, E-proteins play vital roles at almost all stages of B cell 

development. Homozygous knockout of E2A (E2A
-/-

) in mice leads to a 

developmental block early in B cell development, resulting in no mature B 

cells from the BM and very low number of pro-B cells that have not 

undergone any IgH rearrangement (Bain et al., 1994; Zhuang et al., 1994). 

E2A heterozygote knockouts (E2A
+/-

) have half the number of splenic B cells 

compared to wild-type (WT) mice, again emphasizing the importance of E2A 

in B cell development (Zhuang et al., 1994). Furthermore, as shown by a 
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gene-tagging based ChIP approach (Greenbaum and Zhuang, 2002; Table 1), 

E2A dimers are controlling vital genes at many stages in B cell development. 

Homozygous knockout of the other E-proteins E2-2 and HEB lead in both 

cases to a reduced number of pro-B cells and mature B cells (Zhuang et al., 

1996), thereby demonstrating their involvement in the early B cell lineage. 

However, it is clear from these studies that E2A is the E-protein that plays the 

biggest role in B cell development. E-proteins appear to have also 

overlapping functions: when deleting any combination of two alleles of the E-

protein genes, a more complete B cell developmental block is observed than 

when deleting only one E-protein allele (Zhuang et al., 1996). More evidence 

of the redundancy of E-proteins in the B cell lineage is provided by 

successfull rescue of the B cell block in E2A
-/- 

mice with a human cDNA for 

HEB under the original E2A promoter, and partial rescuing of mature B cells 

in the E2A
-/-

 mice by transgenic expression of either E12 or E47 (Zhuang et 

al., 1998; Bain et al., 1997).  

 

Regulation of E-protein activity 

As mentioned above, Id proteins regulate E-protein activity. Id2 and Id3 have 

been shown to be the main long-term E-protein regulators in both B and T 

cell development (Pan et al., 1999; Yokota et al., 1999; Rivera et al., 2000; 

reviewed in Kee et al., 2000). In both B and T cell signaling pathways, Id3 

levels become elevated and can therefore inhibit E2A (reviewed in Engel and 

Murre, 2001). 

Phosphorylation of E-proteins is another possibility of regulation. E47 has 

been shown to preferentially homodimerize when unphosphorylated. Hence 

phosphorylation inhibits homodimerisation and thus activity of target genes 

(Sloan et al, 1996). 

DNA binding of E-proteins is also inhibited by calcium-activated calmodulin 

(CaM) (Corneliussen et al., 1994b; Saarikettu et al., 2004). The regulatory 

effects of this inhibition of E-proteins were studied in all papers of this thesis, 

and will be discussed in the Results section. 
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B cell receptor signaling 
 
 
The main components of the pre-BCR and the BCR are membrane-bound 

Abs. Between these receptors they differ only in their light chains: Where the 

pre-BCR has the SLC for pairing and verifying the newly rearranged heavy 

chain, the BCR is a fully assembled Ab with Igκ or Igλ light chain. The pre-

BCR and BCR transmit signals regulating survival, proliferation, selection 

and differentiation as outlined earlier. To transmit a signal of a ligand-

activated pre-BCR or an Ag-activated BCR, the C-terminal region of the 

heavy chain associates with Igα/Igβ heterodimers that have long cytoplasmic 

tails containing immunoreceptor tyrosine-based activation domains (ITAM).  

The ITAM is composed of tyrosine-rich repeats (YXXL) that are 

phosphorylated upon Ag-stimulation of the BCR and thereby provide docking 

sites for several proteins containing SH2 domains (Reth, 1989; Law et al., 

1993; Sanchez et al., 1993; Flaswinkel and Reth, 1994). Three classes of 

tyrosine kinases are activated upon BCR triggering, the Syk, Src and Btk 

families. Syk and the Src kinase Lyn transduce the initial signal from the 

BCR Igα/Igβ subunits, and Btk is activated downstream of those (Figures 9 

and 10). Syk and Lyn have partially redundant functions in transducing the 

BCR signals, as disruption of either one impairs BCR signaling whereas 

disruption of both abolishes the signaling (Takata and Kurosaki, 1996).  

Phosphatidylinositol 3 kinase (PI3K) is also rapidly activated through Gab 

and BCAP upon BCR stimulation, phosphorylating phosphatidylinositol 

bisphosphate (PIP2) to phosphatidylinositol trisphosphate (PIP3). Syk also 

recruits PLCγ2 through the adaptor BLNK and activates it, which in turn 

hydrolyses PIP2 to diacylglycerol (DAG, a protein kinase C activator) and 

inositol trisphosphate (IP3), and IP3 triggers the release of calcium from the 

ER. Calcium fluxes in the cell occur together with phosphorylations as the 

first events of BCR stimulation (Justement et al., 1991; Carter et al., 1991). 

As can be seen in Figures 9 and 10, the initial signal transductions are the 

same between pre-BCR and BCR, and a series of adaptor proteins further 

transduce the signal cascades by providing binding sites for kinases and 

GTPases, starting further pathways. This aggregation of signaling proteins 

under the BCR is for these reasons termed the signalosome. The large size of 

the signalosome has an impact on the outcome of signal transduction from the 

BCR and provides ways to induce rapid, flexible and tightly regulated 

responses, depending on the sum of input signals. The signaling pathways 

usually end in the nucleus where they regulate TF activation and gene 
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expression (reviewed in Dal Porto et al., 2004). The BCR signal is enhanced 

by stimulation of the co-receptor complex of CD19, CD21 and CD81, which 

is involved in activating Lyn and PI3K (Figure 10). There are also other co-

receptors, CD22 (activates Syk) and CD72 (recruits the adaptors GRB2 and 

SHP1), that modulate BCR signaling and function as molecular switches, 

determining whether Ag-stimulated B cells undergo apoptosis or proliferation 

(Nitschke and Tsubata, 2004). However, in pre-BCR signaling not as much is 

known about the use of co-receptors except CD19 (Figure 9).  

Although signaling in pre-B cells and B cells is highly similar and involve the 

same pathways, their functions are different. In pre-B cells, a basal level of 

pre-BCR and IL-7R signaling by stromal ligands and IL-7 is required for 

survival to enable verification of the newly rearranged IgH by the SLCs 

(Hendriks and Middendorp, 2004; Mårtensson et al., 2007). Therefore, 

signals from the pre-BCR have two purposes: first, in a BLNK-Btk 

independent manner and together with signals from the IL-7R, cells are 

driven into a limited clonal expansion (Figure 9; Hendriks and Middendorp, 

2004; Vettermann et al., 2006). If signals from the pre-BCR are strong 

enough – i.e. if the rearrangement on one IgH allele was successful enough to 

proceed with – BLNK and Btk are recruited in the BLNK-Btk dependent 

pathway and cells exit the proliferative stage. The SLC and the IL-7R are 

then down-regulated (by IRF-4 and calcium/CaM), the other IgH allele is 

silenced in allelic exclusion and pre-B cells differentiate to immature B cells 

(Figures 9 and 12; Hendriks and Middendorp, 2004, Papers I and II).  

Later in B-cell development, the BCR is used to select cells for receptor 

editing, to select against autoreactive cells, to select those cells that are 

allowed to leave the BM, and to select cells for extrafollicular PC 

differentiation and for SH in the GC reaction (Brink et al., 2008; Meyer-

Hermann et al., 2009; Tarlinton, 2008; Tussiwand et al., 2009). Therefore, the 

BCR signal strength determines the fate of the B cell. The number of genes 

that are rapidly regulated by BCR signaling is enormous; it is approximately 

15% of all the genes in the genome (Paper V). There is a very complex 

network of pathways involved. However, a very important player is the 

calcium flux in the cell upon BCR stimulation that activates CaM and thereby 

through inhibition of E2A affects a major part of BCR signaling-dependent 

gene expressions (Papers III and V), and also protein:protein interactions 

(Papers II and IV).   
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Figure 9. The pre-BCR and stromal ligand-induced signaling pathways 

(modified from Hendriks and Middendorp, 2004). Pre-BCR activation 

involves phosphorylation of ITAMs in the Igα/β dimers, thereby recruiting 

and activating Syk tyrosine kinase. Proliferation is induced by both pre-BCR 

and IL-7 signaling in a BLNK–Btk-independent manner through the ERK 

MAP kinase. A substrate of Syk is the adaptor protein BLNK, which upon 

phosphorylation provides binding sites for Btk and PLCγ2. This BLNK–Btk-

dependent pathway signals to differentiation and stop of proliferation by 

down-regulating SLC (VpreB and λ5) and IL-7R expression.
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Figure 10. The BCR, its co-receptors and Ag-induced signaling (modified 

from Dal Porto et al., 2004). Signal transduction initiates upon Ag-induced 

aggregation of the membrane Ig and the signal transducing proteins Igα and 

Igβ. Signals are then propagated by phosphorylations and other 

modifications, and by interactions. The signaling cascade regulates TF 

activation and gene expression. The co-receptors CD19, CD21 and CD81, 

and also CD22 and CD72 (not shown) participate in BCR signaling at 

various levels. The BCR signalosome and many of its signaling proteins are 

subject to Ag-driven negative feedback (Paper IV).  
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Calcium, calmodulin and inhibition of E-proteins 
 
 
There is a 10 000-fold higher calcium (Ca

2+
) concentration outside than inside 

the cell. Ca
2+ 

signaling involves induction of increased Ca
2+

 levels inside the 

cell that are sensed by Ca
2+

-binding sensor proteins and further translated into 

activation or inhibition of enzymes. The intracellular Ca
2+ 

concentration can 

upon stimulation, in the cases discussed here pre-BCR and BCR stimulation, 

increase ten-fold (reviewed in Berridge et al., 2000). This increase is due to 

influx from the ER, the intracellular Ca
2+ 

store, in B cells triggered by 

activation of PIP2 catalyzed by PLCγ2, or from outside the cell through 

plasma membrane Ca
2+ 

channels. In B cells, Ca
2+

 release from the ER also 

leads to influx through the Ca
2+

 release activated channels (CRAC) in the 

plasma membrane. Differential location of proteins and the various manners 

of Ca
2+ 

inductions allow Ca
2+ 

to regulate a high number of cell functions. Ca
2+ 

signals occur as waves of different amplitude and frequency, and these 

oscillations are found in all types of cells. The BCR stimulus strength 

regulates the levels of intracellular Ca
2+

. The stronger the BCR stimulation, 

the higher are Ca
2+ 

frequency and amplitude (Thomas et al., 1996). Ca
2+ 

signals regulate transcription in many ways; for example, CREB and NFAT 

TFs are activated by Ca
2+ 

through the sensor enzymes CaM-dependent kinase 

IV and calcineurin, respectively (Shaywitz and Greenberg, 1999; Hogan et 

al., 2003). High Ca
2+ 

levels have also been shown to induce NF-κB in B cells 

(Dolmetsch et al., 1997).  

 

Calmodulin and inhibition of E-proteins 

Ca
2+ 

is perceived by a large number of proteins. Most of these belong to the 

EF-hand family of Ca
2+ 

binding proteins (Lewit-Bentley and Rety, 2000). 

Depending on their structural changes upon binding Ca
2+ 

and their function, 

Ca
2+ 

binding proteins are either buffers or sensors of Ca
2+

. Examples of Ca
2+ 

buffers are parvalbumin (Ulfig, 2002) and calreticulin (Michalak et al., 2002) 

that participate in tightly controlling the Ca
2+ 

distribution and concentration in 

the cell. Ca
2+ 

sensors function as transmitters of Ca
2+ 

signaling. They change 

conformation upon binding Ca
2+ 

and subsequently bind to target proteins, 

modulating their activity (Ikura, 1996). Calmodulin, (CaM), S-100 proteins 

and calretinin are examples of that category (Bhattacharya et al., 2004; 

Schwaller et al., 1997; Saarikettu et al, 2005).  
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CaM is an abundant and ubiquitously expressed Ca
2+ 

sensor (148 amino 

acids, 17 kDa) that is extremely conserved in eukarytotes both structurally 

and functionally (Davis and Thorner, 1989). Target proteins of CaM include 

the CaM-dependent kinases (CaMK) and the phosphatase calcineurin, and 

over 200 further targets have been reported. A few targets even bind to the 

Ca
2+ 

free form of CaM, apo-CaM (Hoeflich and Ikura, 2002).  

CaM belongs to the EF-hand family of Ca
2+

 binding proteins that is also 

called the calmodulin superfamily. CaM contains two domains that each have 

two EF-hands. Each EF-hand can bind a free Ca
2+

. This changes the helix-

loop-helix structure of the EF-hand so that hydrophobic amino acids are 

exposed, thereby enabling activated CaM to bind to its targets (Vetter and 

Leclerc, 2003; Zhang et al., 1995). CaM has a large number of divergent 

targets and there is no specific recognition sequence in its targets, but rather a 

similar α-helical structure exhibiting basic and hydrophobic amino acids with 

common distances between these amino acids. CaM typically binds in a 

classical wrap-around fashion (Vetter and Leclerc, 2002). However, this is 

not the case for the CaM/E2-2 interaction where CaM binds to E2-2 in a 2:2 

molar ratio in a flex-change mode and not as an induced fit (Onions et al., 

2000, Larsson et al., 2001, 2005a, 2005b). The flex-change fit of CaM to E2-

2 is assumed also for the other two E-proteins, since one has identical amino 

acids in the CaM binding site and the other differs only in one amino acid.  

CaM is a small protein that can move freely between cytoplasm and nucleus 

(Liao et al., 1999). Upon persistent Ca
2+

 increase, CaM has been shown to 

translocate to the nucleus in several cellular systems (Teruel et al., 2000). The 

nuclear translocation of CaM has been reported in stimulated pancreatic cells 

(Craske et al., 1999), stimulated neuronal cells (Deisseroth et al., 1998) and in 

forced in vitro differentiation of fibroblasts (Hauser et al., 2008). It has been 

suggested that there are more targets for Ca
2+

-loaded CaM in the nucleus, and 

more targets for apo-CaM in the cytoplasm (Teruel et al., 2000).    

When CaM interacts with E-proteins, it binds to and inhibits the DNA 

binding basic part of the bHLH domain. This occurs for E-protein 

homodimers but not for E12/Mash2 and E12/MyoD heterodimers at the same 

CaM concentration (Corneliussen et al., 1994b). Thus E-protein homodimers, 

not the analyzed E-protein/ClassII bHLH heterodimers, are sensitive to CaM 

inhibition. The structure of the complex between a CaM homodimer and the 

CaM binding part of an E2-2 homodimer has been resolved and can be 

applied to the CaM interaction with the other E-protein/bHLH dimers 

(Larsson et al., 2005a, 2005b). Furthermore, it has been shown that CaM 
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inhibits transcriptional activity of E-proteins by masking their basic domain 

and preventing their DNA binding (Onions et al., 2000; Saarikettu et al., 

2004). With these properties, CaM has the capacity to regulate differentiation 

processes in several systems. In myogenesis, where MyoD is one of the 

proteins that drive the differentiation, CaM regulates this process by 

inhibition of E2A (Hauser et al., 2008). In B cells, where E-proteins activate 

target genes as homodimers, CaM negatively regulates E-protein target gene 

expression (Papers III, IV and V) by inhibiting E-protein homodimers from 

binding to and transactivating target gene promoters (Figure 11A). The 

opposite effect is observed in myogenesis, where E-proteins bind to MyoD 

and form heterodimers that activate the MyoD target genes. Here, E-protein 

homodimers act as repressors of MyoD target genes. CaM inhibition of these 

homodimers removes the repressive competitiors, and the MyoD target genes 

become activated and drive myogenesis, since CaM binds poorly to MyoD 

(Figure 11B) (Onions et al., 1997, Hauser et al., 2008). 

 

 

 
 

Figure 11. CaM regulation of bHLH TFs and their target genes.  
A. Expression of E-protein target genes (Papers III, IV and V) can be inhibited 

by Ca2+
 signaling through formation of CaM/E-protein complexes that cannot 

bind DNA. B. Expression of MyoD target genes can be activated by Ca2+
 

signaling through CaM inhibition of E-protein homodimers that function as 

competitors to MyoD:E-protein heterodimers (Hauser et al., 2008). 
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Aims 
 

 

 

The general aim of this thesis was to study the physiological roles of CaM 

inhibition of E2A in antigen receptor regulation of B cell development. 

 

 

 

The more specific aims were to:  

 

 

 Characterize the initial phase of silencing of surrogate light chain 

expression, and to analyze the mechanism of this silencing after pre-BCR 

stimulation 

 

 

 Study the process of assembling Ig genes to create antibody diversity and 

examine the signaling pathway controlling the important allelic exclusion 

process leading to monospecific Ag receptors on B cells 

 

 

 Examine if antigen receptor signaling can shut-off AID expression and 

elucidate a possible mechanism   

 

 

 Explore how much of all gene expression effects of antigen receptor 

signaling occurs through Ca
2+

/calmodulin inhibition of E2A. 

 

 

 Examine the coupling between BCR signaling and the shift in TF 

network from that of a B cell to that of PC differentiation and to analyze 

the mechanism. 

 

AIMS 
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Summary of Results 
 

 

 

Negative feedback regulation of pre-BCR components 
(Paper I) 
 

At the pre-B2 cell stage, expression of the pre-BCR composed of IgH 

associated with the SLC proteins λ5 and VpreB serves as a critical checkpoint 

to monitor for a functionally rearranged IgH. The SLC pairing ability with the 

IgH determines survival, proliferation, and differentiation of individual pre-B 

cells. IgH alone can also deliver differentiation signals, but the SLCs both 

verify the IgH and enhance its signaling capability. As outlined earlier, 

signaling from the pre-BCR induces clonal expansion, but it silences also the 

SLC expression. The silencing of the SLC expression limits clonal expansion 

by the limited supply of SLCs in the cytoplasm.  

To study SLC shut-off upon pre-BCR stimulation, it was necessary to 

establish an inducible pre-B cell system. It was therefore important to first 

examine whether an in vitro culture of BM pre-B cells could be maintainted 

under such conditions that the stromal cell line, S17, did not deliver too much 

autonomous pre-BCR signaling, and that I could stimulate the pre-BCR with 

an anti-μ (anti-IgM) antibody. After optimisations, it was found possible to 

grow pre-B cells at a very limiting density of S17 cells together with a high 

amount of IL-7. After stimulating the pre-BCR of these pre-B cells, I show 

that the SLC proteins λ5 and VpreB are down-regulated up to four-fold at the 

mRNA level and up to two-fold at the protein level within 5 h of anti-μ. 

VpreB1 and VpreB2 genes both code for VpreB in mice, and VpreB3 is a 

related protein that was also down-regulated (Figure 1 of Paper I). 

Interestingly, the co-receptor CD19 was also down-regulated (Figure 1), but 

this is not long-term as CD19 is later needed for survival of B cells. The 

known repressors of SLC expression Ikaros and Aiolos that belong to the Ikzf 

family of TFs are up-regulated on both mRNA and protein levels in this 

culture system (Figure 1). However, the changes of the Ikzf expression are 

slower than the SLC expression decreases, hinting towards that the former are 

secondary events.  

 

RESULTS 
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Next I used the Ca
2+

 chelating agent BAPTA-AM and the Ca
2+

 channel 

blockers TMB-8 and nifedipine and showed that the down-regulation of λ5, 

VpreB and CD19 is dependent on Ca
2+

 signaling, as the use of these agents 

abolished the decreases (Figure 2). The E2A/SLC promoter complex was 

studied by electrophoretic mobility shift assay (EMSA). In presence of 

EDTA, the complex remains upon pre-BCR signaling, but it is much reduced 

when Ca
2+

 is present (Figure 3), showing that E2A binding to the E-boxes in 

the SLC promoter regions is sensitive to Ca
2+

. 

To investigate whether pre-BCR stimulation inhibited SLC expression 

through CaM inhibition of E2A, I first used luciferase reporters, containing 

the promoter regions of λ5 and VpreB, in a transient transfection system of 

pre-B cell lines. When examining anti-μ stimulations and over-expression of 

CaM, the transcriptional activities of both reporters were sensitive to pre-

BCR signaling and to over-expression of CaM (Figure 4). 

Mutants of the basic DNA and CaM binding domain of E12 were created 

previously that disrupt the CaM binding but not the DNA binding (Saarikettu 

et al., 2004; Hauser et al., 2008). Mutant m847 is resistant to inhibition by 

both CaM and the four Id proteins. Importantly, m8N47 is resistant to CaM 

(also referred to as E12 mutant CaM
R
) but it is still inhibited by Id1-Id4. This 

enables discrimination between inhibition by Id proteins and inhibition by 

CaM. The two mutants were used to analyze whether CaM inhibition of E12 

is indeed the immediate silencing mechanism of the SLCs upon pre-BCR 

signaling. We used an shRNA approach to silence endogenous E2A in a 

human pre-B cell line, and then WT and mutants of mouse E12 (that are not 

affected by shRNA against human E2A) were expressed to study their effect 

on the mRNA levels of the analyzed genes. When expressing the CaM-

resistant E12 mutants, we observed a differential loss of pre-BCR signaling-

dependent λ5 and VpreB reductions and also Ikaros and Aiolos inductions 

when compared to expression of WT E12 (Figure 5). The differential loss of 

anti-μ sensitivity of SLC expression with the CaM-resistant mutants was also 

shown in the reporter system (Figure 4). The effects of CaM-resistant 

mutants on expression after pre-BCR stimulation were also studied in primary 

pre-B cells at protein level. I established a retroviral infection system with 

plasmids coding for WT E12 or CaM-resistant E12 mutants plus GFP. SLC 

and CD19 protein of infected GFP
+
 pre-B cells was then quantified by FACS 

before and after anti-μ treatment. This showed that the immediate inhibitions 

of λ5, VpreB and CD19 protein expression after pre-BCR signaling are 

mediated by CaM inhibition of E2A (Figure 6B).

RESULTS 
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The findings in Paper I raise the question if a corresponding negative 

feedback mechanism as for the pre-BCR component SLC and the co-receptor 

CD19 by CaM inhibition of E2A occurs also for other receptor components, 

co-receptors and signalosome components in pre-B cells (cf. Figure 9 in the 

Introduction). This question is addressed in Paper IV.   

     

 

Regulation of allelic exclusion of IgH (Paper II) 
 

Introduction to IgH allelic exclusion 

A key property of the adaptive immune system is that each lymphocyte 

expresses an antigen receptor with only one specificity that can be selected 

for or against. To express a monospecific Ag receptor requires a very high 

level of organisation and tight controls, as there are two IgH alleles and four 

IgL alleles that undergo recombination. V(D)J recombination on the IgH 

initially drives DH–JH rearrangement on both IgH alleles, but a VH–DJH 

rearrangement is then completed on only one allele, provided that it is 

deemed functional, to avoid polyspecificity. A feedback mechanism is 

therefore in place to prevent VH–DJH rearrangements on both alleles. This 

feedback is mediated by strong pre-BCR signaling to stop further 

rearrangement once the pre-B cell expresses a functional IgH protein, verified 

with the SLCs (Figure 12A).  

Accessible regions for recombination have acetylation and methylation 

modifications of histones that are characteristic of actively transcribed genes. 

The modification of histone 3 by lysine 4 trimethylation (H3K4me3) has a 

direct consequence for ordered V(D)J recombination, as the recombination 

activating gene 2 (RAG2) enzyme has a PHD domain in its non-core region  

that binds specifically to H3K4me3 in the genome (Ramón-Maiques et al., 

2007; Matthews et al., 2007). This histone modification is found only on the J 

genes and on closely linked D genes, but not on V genes even when the V 

locus is accessible. The recombination recognition sequences (RSS) that 

recruit RAG1 cleavage are present in all the V, D and J genes. It has been 

suggested that the binding of the non-core region of RAG2 to H3K4me3 acts 

as an allosteric trigger to increase RAG recombinase activity and that the 

RAG1/RAG2 pair is preferentially recruited to the RSS of J and D genes 

before targeting the V genes later (Desiderio, 2010), thereby enabling the 

ordered rearrangements of D to J before V to DJ as depicted in Figure 12B. 

RESULTS 
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Figure 12. Overview of V(D)J recombination and allelic exclusion.  

A) Control of antigen receptor assembly during B cell development. Each 

developmental step is guided by stage-specific recombination of the IgH or 

IgL genes and results in monospecific BCR expression. Expression of a 

rearranged IgH and thereby pre-BCR results in proliferation signals that 

lead to clonal expansion, and the SLC verify this IgH version based on its 

signaling capacity (see also Figure 9). Strong pre-BCR signals silence the 

SLCs and lead to differentiation and to feedback inhibition of further 

rearrangement of the second IgH allele, which is known as allelic exclusion. 

The stage-specific expression of the SLCs, CD25 and the RAG and TdT 

enzymes is indicated. B) Ordered rearrangement of the IgH genes in V(D)J 

recombination. First one of the D segments is ligated to one of the J segments 

and then a V segment is ligated to the DJ. The CH (Cμ) is added to the 

variable sequences coding for this version of the IgH protein by splicing. The 

IgH is expressed and verified together with the SLCs as the pre-BCR.
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Apart from the RSS and H3K4me3 regulating the targeting of the RAGs, 

there are several TFs controlling V(D)J recombination. The V segments of 

the mouse IgH locus have binding sites for several TFs, including E2A and 

Pax5 (Johnston et al., 2006; Ebert et al., 2011). Pax5 has been reported to be 

an essential factor in inducing and orchestrating IgH recombination in the V 

region (Hesslein et al., 2003; Fuxa et al., 2004; Johnson et al., 2004; Zhang et 

al., 2006; reviewed in Johnson et al., 2009). In one study, Pax5, E47 and/or 

RAG1/RAG2 were transiently expressed in 293T embryonic kidney cells that 

normally never undergo V(D)J recombination, and V to DJ recombination 

occurred exclusively at the IgH locus only when the RAGs and E47 were co-

expressed with Pax5 (Zhang et al., 2006). E12 and E47 activities regulate the 

sequential rearrangement of IgL loci (Beck et al., 2009), and ectopic 

expression of E47 together with RAG1/RAG2 in embryonic kidney cells has 

been shown to induce DH to JH recombination (Romanow et al., 2000). 

Furthermore, ectopic expression of E2A together with the RAGs induces 

recombination of a subset of Vκ segments, and E2A expression readily 

promotes accessibility of the IgH locus to the recombination machinery 

(Romanow et al., 2000; Goebel et al., 2001). E2A also activates IgH, RAG 

and TdT transcription when expressed in non-lymphoid cells (Table 1). E2A 

is also needed for RAG activity (Borghesi et al., 2005). RAG1, RAG2, Pax5 

and E2A are therefore indispensable for orchestrating V(D)J recombination.  

The IgH rearrangement is regulated also physically by chromosomal 

contraction/expansion. When both alleles are accessible for the recombination 

machinery (including the RAGs, Pax5 and E2A), chromosomal contraction 

and DNA looping in the shape of a cloverleaf enables recombination, whereas 

chromosomal expansion inhibits the recombination events (Roldán et al., 

2005; Bolland et al., 2009). 

Since the identification of Ag receptor allelic exclusion and its importance, 

the precise molecular mechanisms by which it is achieved have remained 

enigmatic, despite the proposal of several models (reviewed in Vettermann 

and Schlissel, 2010). Some models for allelic exclusion are very 

controversial, but feedback inhibition from the pre-BCR, and the BCR later in 

development, has a well-established major role in the allelic exclusion 

(Vetterman and Schlissel, 2010; Brady et al., 2010). How can the 

recombination machinery be inactivated by pre-BCR signals to stop 

rearrangement on the second allele?  

The aim of Paper II was to analyze possible mechanisms to achieve allelic 

exclusion of the IgH after pre-BCR stimulation.  
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Results for Paper II 

 

Pre-BCR-mediated down-regulation of components of the recombination 

complex by CaM inhibition of E2A. 

To investigate if individual components of the recombination complex are 

down-regulated or inhibited upon pre-BCR stimulation, I employed mouse 

pre-B cells and maintained them at the same conditions as those described in 

Paper I. Upon stimulation of the pre-BCR with anti-μ, I found by qRT-PCR 

analyses that RAG1, RAG2, TdT, Pax5, and also the TF Ets1 and the tyrosine 

kinase Flt3 (whose repression is important for B lineage commitment as 

discussed in Holmes et al., 2006) all decreased between two- and four-fold at 

the mRNA level, and by FACS I found up to two-fold reductions of the 

protein levels (Figure 1A of Paper II). Importantly, E2A expression was 

almost not affected by pre-BCR stimulation (Figure 1A). When using Ca
2+

 

signaling inhibitors, I found that the down-regulations were abolished and 

hence they were Ca
2+

 signaling dependent (Figure 1B). Since the RAGs and 

TdT are confirmed E2A target genes (Table 1 in Introduction), I studied the 

Ca
2+

 sensitivity of E2A binding on the RAG promoters, the Erag enhancer 

and the TdT promoter, and found that the formation of the E2A/DNA 

complex was also Ca
2+

 sensitive (Figure 1C). The same shRNA approach as 

described in Paper I, using E12 mutants that are CaM-resistant, further 

showed that down-regulations of the RAGs and TdT are through CaM 

inhibition of E2A (Figure 1D). Figure 1C-D was done in a pre-B cell line 

where I did not observe a Pax5 decrease upon anti-μ treatment, and therefore 

Pax5 was not analyzed here. Finally, to analyze the mechanism at the protein 

level in primary cells, I used the retroviral constructs described in Paper I that 

express WT and CaM-resistant mutants of E12, infected pre-B cells from BM 

and analyzed RAG and TdT protein levels by FACS. Again, there was a two-

fold decrease of RAG and TdT protein when stimulating the pre-BCR in 

presence of WT E12, which was abolished for the RAGs and decreased for 

TdT when mutant E12 was expressed (Figure 1E). Taken together, these data 

show down-regulation of recombination complex components after pre-BCR 

signaling that occurs by CaM inhibition of E2A.  
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Inducible in vivo proximities of recombination-coupled components with 

CaM and rapid loss of proximities with H3K4me3 upon pre-BCR signaling 

The down-regulations of the levels of recombination complex components 

were significant and are therefore likely to contribute to allelic exclusion. 

However, they appear to be too small compared with the extremely strong 

allelic exclusion to be the major reason for the feedback inhibition. To search 

for an additional mechanism and to analyze if the RAGs, Pax5 and E2A are 

together in a complex, I searched for in vivo proximities between the proteins. 

A relatively new method was used for this, in situ proximity ligation assay 

(PLA), where two proteins suspected to be in close proximity are labeled with 

Abs raised in different species. Then secondary Abs with conjugated DNA 

oligonucleotides were added so that a rolling circle amplification of the 

oligonucleotides can be created only if the Abs are in very close proximity, 

resulting in a very localized red signal.  

In all pairs between the RAGs, Pax5 and E2A in primary mouse pre-B cells, I 

observed PLA signals that were not affected by pre-BCR signaling, showing 

that these are indeed together as components of the recombination complex 

(SI Figure 2 and Figure 3B). In all pairs of CaM and anyone of E12, E47, 

RAG1, RAG2 and Pax5, pre-BCR stimulation for 30 min increased the 

number of PLA signals two- to three-fold, and the increase remained for 5 h 

(Figures 2 and 3A), showing that CaM joins the complex when the pre-BCR 

is stimulated. I also examined if the recombination complex leaves the 

RAG2-specific H3K4me3 upon pre-BCR signaling. Proximities between 

H3K4me3 and E2A, RAG1, RAG2 and Pax5 decreased all by at least three-

fold within 30 min of anti-μ, and the proximities remained reduced for 5 h. 

This shows that upon pre-BCR stimulation, the recombination complex 

leaves the DNA  regions where the chromatin has RAG2 binding sites, and it 

suggests that this may be due to CaM binding to E2A and possibly to other 

proteins in this complex (Figures 2 and 3A). 

Next I examined if the localization of the recombination complex is regulated 

by CaM inhibition of E2A. For this, mouse pre-B cells were infected with 

retroviral contructs as described before, expressing WT E12 and CaM-

resistant mutant m8N47, hereforth referred to as CAM
R
, and analyzed by 

PLA of GFP
+
 cells. When infected with virus expressing WT E12, the 

proximities of CaM–E12, CaM–RAG and CaM–Pax5 are induced after pre-

BCR stimulation as in the non-infected cells, whereas this induction of 

proximity is completely lost in cells infected with virus expressing the CAM
R
 

E12 (Figure 3C). Proximities between H3K4me3 and E2A, RAG and Pax5 
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were reduced upon pre-BCR stimulation in infections with virus expressing 

WT E12, but these proximities were unaffected by the stimulation in CAM
R
 

E12-infected cells (Figure 3C). I conclude that the recombination complex is 

regulated in vivo by CaM inhibition of E2A. Upon CaM binding to E2A in 

the complex, the complex leaves the H3K4me3-rich chromatin.  

 

Localisation of recombination complex components on the IgH locus is 

sensitive to CaM inhibition of E2A 

To study the regulation of binding of proteins in the recombination complex 

to different segments in the IgH locus, I used a chromatin 

immunoprecipitation (ChIP) approach with retrovirally infected pre-B cells. 

First, I precipitated chromatin from cells infected with virus expressing E12 

WT with a C-terminal Flag-tag by ChIP with anti-Flag antibody. This was 

analyzed by real-time PCR using primers amplifying E-boxes in two IgH 

enhancers (Eμ, intronic enhancer; hs3b, 3‟ enhancer) (Greenbaum et al., 

2004), RAG1 binding sites containing the RSS in selected V segments, 

RAG2-specific sequences at H3K4me3 modifications in the D and J 

segments, Pax5 binding sites in V genes and acetylated negative control 

sequences without the binding sites (see also Figure 12B for a schematic 

illustration of the IgH locus). As seen in Figure 4A of Paper II, E12-Flag 

specific ChIP signals are obtained at the E12-specific sequences but also at 

the RAG1 and RAG2 specific sites and most Pax5 binding sites. This 

suggests that E12, RAGs and Pax5 are bound to these IgH locus segments in 

a complex. To further analyze this, I used an approach with retrovirus 

constructs expressing unflagged E12 and either RAG2-Flag or Pax5-Flag on 

the same virus driven by separate promoters. When analyzing the DNA of 

anti-Flag ChIP of such infected cells, I again obtained signals over 

background in most of the E2A, RAG1, RAG2 and Pax5 binding sites 

(Figure 4B-C). These data strongly suggest that the recombination-coupled 

proteins E12, RAG2 and Pax5 interact in vivo in a complex at the IgH locus, 

and we can deduce that RAG1 is also a part of this protein complex.  

I analyzed further if this complex can be negatively regulated by pre-BCR 

signaling through CaM inhibition of E2A, enabling allelic exclusion upon 

pre-BCR signaling. For this, I performed ChIP experiments both with the 

same virus constructs as in Figure 4 and also with viruses expressing CAM
R
 

E12 instead of the WT. This time, infected cells were treated with anti-μ Ab 

to trigger the pre-BCR and subjected to anti-Flag ChIP as before. For each 

ChIP experiment (Figure 5), I selected those sequences that contained 
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binding sites that resulted in signals over background in the experiments 

shown in Figure 4.  There is one general obervation from all the obtained 

results in Figure 5. In cells infected with virus expressing WT E12-Flag, or 

WT E12 plus either RAG2-Flag or Pax5-Flag, the anti-Flag signals decreased 

between two- and four-fold within 30 min of pre-BCR stimulation, whereas 

these reductions with few exceptions were completely abolished in the 

corresponding infections using CAM
R
 E12.  

The results presented in Paper II lead me to conclude that pre-BCR signaling 

down-regulates the levels of components of the recombination complex 

through CaM inhibition of E2A. This down-regulation takes however several 

hours and the down-regulations are not very strong, suggesting that they are 

not the main reason for the feedback inhibition of the complex. E2A, Pax5 

and the RAGs were also shown to be in a complex bound to key sequences on 

the IgH gene before pre-BCR activation but became instead rapidly bound to 

CaM after this activation. Thus, the recombination complex is directly 

released through CaM inhibition of E2A, and allelic exclusion is probably 

mainly achieved by feedback inhibition through this mechanism (Figure 13). 

Experiments to further analyze the mechanism and relevance of this 

regulation have been initiated, such as biochemical binding studies of the 

interactions of E2A, Pax5, CaM and the RAGs, and analysis in virus-infected 

pre-B cells of Balb/c x C57/B6 mouse crossings with allotype-specific 

antibodies to study if expression of CAM
R
 E12 disrupts allelic exclusion. 

  

 
 

Figure 13. Model of regulation of allelic exclusion by pre-BCR signaling. 

The recombination complex including Pax5 (Pax), RAG1 (R1), RAG2 (R2) 

and E2A (E) is bound to key sequences on the contracted and looped IgH 

locus to catalyze V(D)J recombination. After pre-BCR signaling, the 

recombination complex is released from the IgH loci by CaM binding to and 

inhibiting E2A, excluding the second IgH allele from further rearrangement.
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Tight control of the mutagenic activation-induced cytidine 
deaminase in B cells (Paper III) 
 

The GC provides the environment for the final maturation step of B cells to 

PCs or Memory B cells. CSR, gene conversion and SH are the three Ab 

diversification processes taking place here (cf. Figure 5 in the Introduction). 

CSR is a process that recombines two different switch regions located 

upstream of two C regions of IgH. The result of CSR is a switch from IgM 

and IgD to one of the other isotypes, IgG, IgA and IgE. However, CSR does 

not change the affinity to antigen but rather the effector function of the Ab. 

SH is an Ab diversification process that increases Ag binding affinity. It 

introduces point mutations into the variable segments that have to be selected 

for Ag binding affinity (cf. Figures 4 and 5 in the Introduction). SH occurs 

by first generating DNA lesions and then using error-prone DNA repair. SH 

is initiated by the Ab diversification enzyme activation-induced cytidine 

deaminase (AID), which deaminates cytidine to uridine and thereby changes a 

C:G basepair to a U:G mismatch. The U:G mismatch can be replicated, which 

leads to a U:A point mutation. In addition, the DNA repair systems of 

mismatch repair and base-excision repair, which functions via glycosylation 

by UNG, are recruited to the U:G. Repair of U:G by the base-excision and 

mismatch repair systems is usually with very few errors on non-Ig loci. The 

error-prone repairs that occur preferentially on the Ig loci involve low-fidelity 

translesion DNA polymerases, resulting in point mutations at and close to the 

original U:G mismatch (reviewed in Odegard and Schatz, 2006). CSR is also 

initiated by AID, which introduces U:G mutations leading to double-strand 

breaks in the switch regions upstream of the C regions of the IgH (except Igδ, 

which lacks a switch region). Gene conversions at the variable regions of Ig 

loci are also dependent on the AID enzyme. Due to its highly mutagenic 

nature, AID expression and activity have to be tightly controlled. AID 

expression is regulated by the TFs NF-kB, Pax5, STAT6, IRF-8 and E2A and 

is initially induced by LPS, IL-4 and CD40L signals.  

Since the possibility of a regulation of AID by the BCR had not been 

analyzed, we decided to investigate if strong engagement of the BCR, which 

signals that good Ab affinity has been achieved, leads to shut-off of AID 

expression. I used B cells activated with LPS and IL-4, and in Figure 1 of 

Paper III, I show that there is a dramatic reduction of about 95% after 3 h of 

BCR stimulation with anti-IgM. Actinomycin D treatment (SI Figure 6A), 

which halts transcription, showed that AID mRNA has a very short half-life, 
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and the reductions in AID mRNA and protein shown in Figure 1A-C are 

therefore due to a stop in transcription of AID after BCR stimulation. In 

Figure 1F, I show that Ca
2+

 signaling and not any of the tested serine protein 

kinases were important for this reduction in AID mRNA. To see if the 

reduction in AID mRNA is sensitive to CaM, I over-expressed CaM in a B 

cell line and also by retroviral infections in splenic B cells, and observed a 

pronounced reduction in AID mRNA (Figure 2A) and protein (Figure 5G), 

and further reduction of AID after CaM over-expression together with BCR 

stimulation. This shows that elevated levels of CaM have the same effect as 

BCR signaling and indicates therefore that BCR signaling through CaM is 

responsible for the AID shut-off.  E2A and Id levels are not affected by BCR 

stimulation (Figures 2B-D and 3C), showing that E2A protein levels remain 

and suggesting that Id proteins do not inhibit E2A after anti-IgM treatment. 

The complex between E2A and the AID enhancer is also not disrupted by 

BCR signaling if Ca
2+

 is absent (Figure 3A) but it is sensitive to Ca
2+

 

increase (Figure 3B), suggesting that BCR signaling through Ca
2+

 inhibits 

E2A on the AID enhancer. Finally, by using the same shRNA approach as 

that described in Paper I, and by infecting B cells with retrovirus constructs 

encoding CaM-resistant mutants of E12 (characterized in Hauser et al., 2008 

and Figure 4), we were able to show that the big reduction of AID mRNA 

and protein upon BCR stimulation is abolished when using a CaM-resistant 

mutant of E12, but not when using WT E12 (Figure 5A-D and H). This  

thereby leads me to the conclusion that BCR activation inhibits AID 

expression through CaM inhibition of E2A.  

It is important to note that Id proteins have also been reported to inhibit AID 

expression, but this would then be a long-term maintenance of inhibition after 

the initial inhibition through CaM inhibition of E2A. Also, from these data, 

especially Figure 5C, it is clear that E2A is dominant over E2-2 and HEB in 

regulating the AID gene. Since the AID enhancer has binding sites for many 

TFs, the pathway to E2A is likely to not be the only regulatory system to 

tightly control AID. However, I present here a dominant mechanism of an 

immediate shut-off of AID through CaM inhibition of E2A after the B cell 

has improved the BCR to high Ag affinity.  
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Negative feedback mechanisms of the pre-BCR and the 
BCR and their signalosomes (Paper IV) 
 

 

During B cell development, the pre-BCR and the BCR decide the cell fate as 

the cells have to pass several checkpoints verifying the functionality of their 

Ag receptors (outlined in Introduction). The pre-BCR signals to a limited 

clonal expansion once a functionally rearranged IgH is made, and then to 

differentiation to immature B cells coupled to down-regulation of the SLCs 

(Paper I) and Il-7R. Later in the development, the BCR is used to select cells 

for receptor editing, select B cells to leave the BM, and to select cells for 

affinity maturation at the GC, and finally for PC differentiation. B cells with 

the highest Ag affinity are selected to generate the extrafollicular plasmablast 

responses. B cells with weaker Ag binding are selected for the GC where they 

undergo stepwise SH and repeated selection for improved antigen affinity. 

Therefore, BCR signaling must be able to detect improvements in Ag affinity 

over a very broad range of affinities. It was of high interest to study if the Ag 

receptors and their signalosomes are subject to a negative feedback loop, 

which would enable selection at increasingly higher affinity levels.  

First DNA microarray analyses were performed to study the genome-wide 

transcriptional changes by pre-BCR and BCR stimulation of up to 3 h. We 

found that in both pre-B cells and B cells, the mRNA of many pre-BCR and 

BCR components and signaling proteins (Figures 9 and 10 of the 

Introduction), were down-regulated to 50% - 90% during 3 h of anti-μ (anti-

IgM) stimulation (Figures 1 and 2 of Paper IV). 

To see if these down-regulations are followed also at the protein level, I 

analyzed 18 selected gene products in anti-μ (anti-IgM) treated pre-B and B 

cells by FACS and found that within 5 h of anti-μ, most proteins were 

moderately decreased by up to two-fold (Figure 3A-B). These results indicate 

that there is negative feedback of both pre-BCR and BCR components and 

their signalosomes.  

Next I chose to analyze the activating phosphorylations of the three signaling 

proteins JNK, ERK and p38, as these proteins were not affected by BCR 

signaling in the microarray experiments. By studying these phosphorylations 

after BCR stimulation, I could analyze the ability of the whole receptor to 

function also after a second anti-IgM stimulation. I therefore treated splenic B 

cells with anti-IgM for 4 h, washed it off, and 2 h later I treated the cells again 

with anti-IgM and analyzed the levels of the indicated proteins and their 

RESULTS 



 

39 

INTRODUCTION 

phosphorylations by Western Blot (Figure 3C). As expected, after 15 and 30 

min of BCR stimulation, all three proteins were readily phosphorylated. 

Importantly, these phosphorylations could not be repeated when treating cells 

with anti-IgM for a second time (Figure 3C), showing that strong activation 

of the BCR receptor leads to a strong reduction of the ability to signal through 

the receptor, thus a negative feedback regulation of its own function.  

To elucidate whether CaM inhibition of E2A plays a role in this negative 

feedback loop (as some genes and their products we see down-regulated in 

Figures 1-3 are reported E2A target genes; see also Table 1 in the 

Introduction), I infected B cells with retroviral constructs as described above, 

encoding WT E12 or the CaM
R 

E12 mutant (m8N47) plus GFP, with or 

without anti-IgM treatment  for 3 h, sorted infected GFP
+
 cells with a FACS 

sorter, and DNA microarrays were performed for a genome-wide analysis. 

The down-regulated genes in cells infected to express WT E12 were 

comparable to the BCR stimulation results from uninfected cells presented in 

Figure 1, and we focused on a possible loss of these mRNA reductions in the 

cells infected to express CaM
R
 E12. There was a very profound and dominant 

effect of the mutant E12. 83% of all the genes that were significantly down-

regulated when infected with virus expressing WT E12 lost more than 50% of 

their down-regulation in CaM
R
-infected cells (Figure 4A). Loss of inhibition 

of expression of mRNA for BCR components, co-receptors, and signaling 

proteins with CaM
R 

E12 upon BCR stimulation was observed for 15 of the 16 

selected down-regulated genes we studied so far in this paper (Figure 4B). 

Therefore, CaM inhibition of E2A is a very broadly used mechanism that 

dramatically shifts the transcriptional program upon activation of the BCR of 

these cells.  

We decided to look at protein proximities within the signalosome, as the 

relatively modest down-regulation of individual proteins cannot fully account 

for the very pronounced loss of BCR sensitivity (Figure 3C). For this, PLA 

assays as described in Paper II were performed. For each of the nine analyzed 

protein pairs (Figure 6A; one pair is also shown as raw PLA data in Figure 5 

and the others in SI Figure 3), an initial increase in proximity after 15 min of 

BCR signaling, as the signalosome forms, was followed by a clear reduction 

of two-fold to five-fold after 5 h of anti-IgM treatment, suggesting that the 

complete signalosome is down-regulated when the BCR encounters a strong 

stimulation. When infecting B cells with retroviruses coding for WT or CaM
R
 

E12, this marked decrease of proximities of the nine protein pairs is lost in the 

case of the CaM
R
 E12 (Figure 6B).  
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Finally, I extended the analysis of phosphorylations of JNK, ERK and p38 

with retroviral expressions of WT and CaM
R
 E12. The cells infected with 

virus expressing WT E12 behaved as the uninfected cells (Figure 3C), where 

the BCR of the splenic B cells can not be re-stimulated after 4 h of anti-IgM 

treatment (Figure 7A). In sharp contrast, the BCRs of cells infected with 

virus expressing CaM
R
 E12 retained the ability to signal even after such a 

strong and prolonged anti-IgM treatment (Figure 7A). Since infection of B 

cells is not fully efficient (infection rates were around 40%), and based on 

how uninfected cells behaved (Figure 3C), I could calculate the 

phosphorylation levels in infected cells. When focusing accordingly on the 

pure infected B cell population, the differences between WT and CaM
R
 

mutant E12 become even more pronounced (Figure 7B), demonstrating that 

the down-regulation of the BCR and its signalosome is regulated by E2A.  

Overall Paper IV shows that the BCR can down-regulate itself. This enables a 

sensitive detection of successive improvements in antigen affinity of the 

receptor over a very large span of affinities during SH in the GC. However, it 

should be noted that this property of the B cell selection system outlined here 

does not exclude the previously suggested selection mechanisms, but it is 

likely that the immense efficiency of affinity maturation in the GC is 

dependent on a combination of selection mechanisms. The selection 

mechanism discovered here may be a key one in tightly controlling the BCR 

signaling strength.  
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The role of calmodulin inhibition of E2A in initiating plasma 
cell differentiation (Paper V) 
 

 

When the BCR is deemed of high Ag affinity, B cells leave the GC to 

differentiate to Ab-secreting PCs or Memory B cells (Figure 5 in the 

Introduction). The PC differentiation is initiated by a rapid shift between the 

transcriptional network of B cells and that of PCs that are based on mutual 

repression. Before this study, a few TFs had been studied in this process and 

shown to probably have some role in the differentiation. However, the trigger 

and mechanism of such a profound change in gene expression remained 

enigmatic. Here I show how BCR activation can result in the shift of TF 

network in PC differentiation.  

Pax5, Bcl-6, Ets-1, Spi-B, MITF and BACH2 are reported to be repressors of 

PC differentiation, and on the other hand IRF-4, Blimp-1 and XBP-1 are 

repressors of the B cell transcriptional network. We aimed to examine this 

shift in the TF network in initiating PC differentiation, determine if it is BCR-

driven and analyze the mechanism behind it.  

First, I activated splenic B cells under GC-like conditions with IL-4 and 

CD40L/CD154, or with IL-4 and LPS, for 2 days. Then I stimulated the BCR 

with anti-IgM for up to 2 further days and analyzed if B cells had entered a 

BCR-driven differentiation to PCs. Cells were analyzed by FACS after 

staining for the PC marker syndecan-1 (CD138). I observed a profound 

increase in both size and syndecan-1
 
expression of cells after one to two days 

of anti-IgM (Figure 1 of Paper V), showing a BCR-driven increase in PC 

differentiation at these conditions.    

To search for changes in gene expression following BCR stimulation, we 

performed genome-wide DNA microarrays of splenic B cells treated with 

anti-IgM for 3 h. We observed an immense number of genes with significant 

transcriptional changes upon after anti-IgM stimulation corresponding to 

about 15% of the mouse genome. Interestingly, this also corresponds roughly 

to the total number of genes that differ in expression between a B cell and a 

PC (Bhattacharya et al., 2007). A selection of relevant genes is presented in 

Figure 2. Among transcription factors, Bcl-6, Pax5, Fli-1, BACH2, Ets-1, 

Spi-B and MTA3 mRNAs were down-regulated, and XBP-1 and IRF-4 

mRNAs up-regulated, whereas E2A mRNA is almost unaffected by BCR 

signaling (confirmed together with Id levels in SI Figure 3).  
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I verified the changes of the expression of these TF genes and MITF and 

Blimp-1 by real-time PCR during an anti-IgM stimulation time-course 

(Figure 3). The DNA microarray results were confirmed and the expression 

changes were very rapid. Blimp-1 also increased, but somewhat slower. Thus, 

the increase in Blimp-1 is probably a secondary change after the rapid 

immediate changes in gene expression. 

To investigate whether the immediate early events are dependent on Ca
2+

 

signaling and CaM, I stimulated splenic B cells with anti-IgM for 3 h and 

used various signaling pathway inhibitors and analyzed the mRNA levels by 

real-time PCR. The Ca
2+

 chelators and Ca
2+

 channel blockers resulted in an 

almost complete loss of the down-regulations but not blockers of several 

serine kinase pathways. This shows the importance of Ca
2+

 in regulating the 

expression of these indicated genes (SI Figure 1). Furthermore, over-

expression of CaM by transfection of a B cell line, and also by retroviral 

infection of spenic B cells, resulted in reductions of mRNA and protein levels 

of the BCR-repressed TFs (Figure 4). The reductions by CaM over-

expression alone were futher enhanced by anti-IgM treatment (Figure 4). 

These results show that the expression of Pax5, Bcl-6, Ets-1, Fli-1, MITF and 

Blimp-1 are regulated by the Ca
2+

/CaM pathway from the BCR. Employment 

of the previously described shRNA approach (explained in Paper I), and 

expression of WT E12 and CaM-resistant mutants of E12 both in these cells 

and in primay B cells further showed that the regulation of immediate early 

transcriptional events from the BCR is through CaM inhibition of E2A 

(Figure 5).  

Finally, I went back to the in vitro PC differentiation system I established and 

presented in Figure 1, and used retroviral over-expression of CaM, WT E12 

and CaM-resistant E12 mutants to study their effect on PC differentiation 

under these conditions. I found that CaM over-expression increases PC 

differentiation and CaM-resistant E12 reduces the differentiation (Figure 6). 

The very rapid early transcriptional changes for several TFs occur in parallel 

rather than the previous belief that one master regulator initiates the 

differentiation program (Nera and Lassila, 2005; Teng et al., 2007; John et 

al., 2008; Schmidlin et al., 2008; reviewed in Tarlinton et al., 2008). The 

triggering mechanism of shifting from a GC B cell to differentiating to a PC 

is through BCR-mediated CaM-inhibition of E2A, which inhibits expression 

of E2A target genes as illustrated in Figure 11 of the Introduction.  

RESULTS 
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Conclusions 
 

 

The regulatory pathway from the antigen receptor through calmodulin 

inhibition of E2A has very broad physiological implications in B cell 

development. 

 

SLC and CD19 gene expressions are down-regulated upon pre-BCR 

stimulation through calmodulin inhibition of E2A. Moreover, there is a 

general negative feedback regulation of the pre-BCR proteins as well as many 

co-receptors and proteins in signal pathways from the receptor.  

 

Pre-BCR signaling down-regulates several components of the recombination 

machinery including RAG1 and RAG2 through calmodulin inhibition of 

E2A. E2A, Pax5 and the RAGs were also shown to be in a complex bound to 

key sequences on the IgH gene before pre-BCR stimulation and instead 

bound to calmodulin after this activation. Thus, the recombination complex is 

directly released through calmodulin inhibition of E2A, leading to exclusion 

of the second IgH allele from further rearrangement. 

 

BCR stimulation, which signals that satisfactory antibody affinity has been 

reached, inhibits AID gene expression through calmodulin inhibition of E2A. 

 

It is for the first time possible to understand how B cells can be selected for 

improved antibodies during SH and thereby produce high-affinity antibodies. 

I show that the BCR is subject to general negative feedback regulation of the 

receptor signaling through down-regulation of receptor proteins as well as 

many co-receptors and proteins in signal pathways from the receptor. The 

down-regulation of the BCR occurs through calmodulin inhibition of E2A. 

 

Plasma cell differentiation is triggered by BCR signaling through very rapid 

regulatory events from the BCR. Primary regulatory events were identified as 

inhibition of Pax5, Bcl-6, MITF, Ets-1, Fli-1, and Spi-B gene expression as 

well as the induction of IRF-4 gene expression. Calmodulin inhibition of E2A 

is essential for the rapid down-regulation of immediate early genes after BCR 

activation in initiating PC differentiation. 

 

Most up- and down-regulations of gene expression after antigen receptor 

stimulation are dependent on E-protein inhibition by Ca
2+

-loaded calmodulin.  

CONCLUSIONS 
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