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 Abstract 
 

Lymphocytes are essential for the generation of specific immunity. Development of B cells in the 

bone marrow and T cells in the thymus have several analogous features, and are tightly regulated 

processes. Even though there is an increasing amount of information concerning lymphopoiesis, 

many questions remain unanswered. The aim of this thesis has been to understand some of the 

molecular events that contribute to the control of lymphocyte development. 

Expression of the B cell receptor is an important checkpoint in B lymphocyte development. 

The Dµ protein is a truncated B cell receptor that can induce some of the signals elicited by full 

length µ, but cannot promote further B cell differentiation. In order to determine if this could stem 

from an impaired survival signal, we introduced Bcl-2 into RAG2 deficient Dµ transgenic mice. 

Analysis of these mice showed that Dµ could not support pre-B cell maturation despite extended 

survival of B cell precursors by Bcl-2. In addition, data from recombination competent Dµ 

transgenic mice demonstrated that the Dµ induced partial block is permissive for marginal zone B 

cell development, whereas the formation of follicular B cells is severely reduced.  

The bHLH family of transcription factors is known to be involved in the regulation of 

lymphocyte development. Whereas the roles of E2A and HEB have been well documented in both 

B- and T-lymphocytes, detailed knowledge concerning E2-2 is lacking. To address the role of E2-2 

in B cell development, we have reconstituted mice, using E2-2 deficient fetal liver cells, and 

analysed the B cell compartments. We also measured mRNA expression patterns for the three E-

proteins in wildtype mice. Resulting data show that, in addition to a role in B cell lineage entry, E2-

2 is required for efficient expansion of pro-B cells, and also influences the follicular versus 

marginal zone decision.   

While focusing on assigning a role for E2-2 in T-cell development, we analyzed the 

expression of the E-proteins during this process and performed functional studies in fetal thymic 

organ cultures. E2-2 deficient mouse embryos were shown to display a partial block at the DN3 

stage, which was not due to proliferation or apoptosis defects. In addition, analysis of expression 

levels of the pre-Tα chain suggests that E2-2 may play a role in the regulation of transcription of 

pre-Tα, and therefore in the assembly of the pre-T cell receptor. 
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Abbreviations 

 
APC   antigen presenting cell 
BCR   B cell receptor 
bHLH   basic helix-loop-helix 
BM   bone marrow 
C   constant 
CTL   cytotoxic T lymphocyte 
D   diversity 
DC   dendritic cell 
DN   double negative 
DP   double positive 
FL   fetal liver 
H   heavy 
Het   heterozygous 
Ig   immunoglobulin 
ISP   immature single positive 
ITAM   immunoreceptor tyrosine-based activation motif 
J   joining 
KO   knockout 
L   light 
MHC   major histocompatibility complex 
MZ   marginal zone 
pBCR   pre-B cell receptor 
pTCR   pre-T cell receptor 
pTα   pre-TCRα chain 
RAG   recombination activating gene 
RF   reading frame 
RSS   recombination signal sequence 
SLC   surrogate light chain 
SP   single positive 
TCR   T cell receptor 
TG   transgene 
TH   T helper lymphocyte 
V   variable 
WT   wildtype 
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Introduction 

 

1.1 The immune system 

Each day we are challenged by potentially disease-causing microorganisms like viruses, 

bacteria, fungi and parasites. Luckily our body has developed a system designed to battle 

intruders that enter our blood or tissues; the immune system. One fundamental property of 

this system is that it can discriminate between self and non-self and therefore clear 

infections without causing too much damage to self-tissue. In vertebrates the immune 

system consists of both non-specific (innate) and specific (adaptive) components that are 

dependent on each other and work in close collaboration to rid the body of pathogens. 

 

The non-specific immune system is also called the innate immune system and is our first 

line of defence, immediately able to combat a wide range of pathogens without the need for 

prior exposure. The epithelial surfaces of the body are the first defence against infection, not 

only providing a physical barrier to infections but also producing antibacterial enzymes and 

peptides. Low pH and the normal flora of non-pathogenic bacteria are other obstacles that 

intruders must overcome in order to manifest an infection. Innate immunity also involves 

phagocytic cells, like macrophages and neutrophils that engulf and destroy microorganisms, 

as well as the complement system that recruits inflammatory cells, lyses pathogens or 

targets them for phagocytosis by other cells. Only if an infectious organism can break the 

early defence set up by the innate immune system will an adaptive immune response 

develop. 

 

The specific (adaptive) immune system does not become fully activated until several days 

after infection. It develops during the lifetime of an individual as an adaptation to infections 

and in many cases it confers lifelong immunity to re-infection from the same pathogen. The 

adaptive immune system involves antibodies against a specific pathogen, the humoral 

immune response, as well as the cell-mediated immune response, where infected cells are 

destroyed by T lymphocytes. These immune responses depend upon the clonal selection of 

lymphocytes. Each lymphocyte has a unique antigen receptor, generated by somatic gene 

rearrangements, that will scan the surroundings for pathogens. If a lymphocyte encounters 
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the antigen to which its receptor is specific, it will become activated, proliferate, and give 

rise to many cells with the same specificity.  These antigen-specific effector lymphocytes 

will then fight the infection. After the infection has been cleared, some lymphocytes persist, 

constituting immunological memory, which ensures a more rapid and effective response 

upon a subsequent encounter with the same antigen.  

 

Lymphocytes develop and mature in the primary lymphoid organs; the bone marrow and the 

thymus, while activation and accumulation occur in the secondary lymphoid organs; the 

lymph nodes and the spleen. The peripheral lymphoid organs are specialized for trapping 

antigen, allowing for initiation of immune responses and providing signals that sustain 

recirculation of lymphocytes. The whole system is inter-connected by a network of lymph- 

and blood vessels that transport lymphocytes and antigens until they encounter one another 

in the secondary lymphoid organs. 

 

 

1.2 Function of lymphocytes 

 

B lymphocytes  

The specific immune system consists of B lymphocytes and T lymphocytes, which have 

very different ways of recognizing antigen. The antigen receptor of B lymphocytes, the B 

cell receptor (BCR), is termed antibody or immunoglobulin (Ig).  Each developing 

lymphocyte generates a unique antigen receptor, which ensures that one cell will only 

recognize one antigen (Burnet, 1976). The enormous diversity in receptor specificity is 

generated by somatic rearrangements of a large number of gene segments encoding the 

antigen-binding site.  

 

The BCR consists of two identical heavy (H) and two identical light (L) chains joined by 

disulfide bonds, giving each antibody two identical antigen-binding sites (Figure 1). The 

antigen-binding region varies extensively between different antibodies and it is therefore 

known as the variable (V) region. Three segments of particular variability can be identified 

in the variable domain of both the heavy and the light chains; they are called hypervariable 
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regions and form the antigen-binding site when brought together in the antibody molecule. 

The three hypervariable loops determine antigen specificity by forming a surface 

complementary to the antigen, and are more commonly termed complementarity-

determining regions (CDRs) (Wu and Kabat, 1970; Amit et al., 1985; Amit et al., 1986). 

The region that carries out the effector function does not vary as much and is thus known as 

the constant (C) region (Figure 1). There are five main forms or so called isotypes; IgA, 

IgD, IgG, IgE and IgM, each with a specialized effector mechanism (Edelman, 1973; Vitetta 

and Uhr, 1975).  

 
Figure 1. A schematic representation of the antibody molecule. White boxes represent the 

variable antigen-binding domains. Grey boxes represent the constant domains of the heavy 

and light chains. 

 

 

Membrane-bound immunoglobulin on the B cell surface serves as the cell’s receptor for 

antigen, while immunoglobulin of the same specificity is secreted as antibody by terminally 

differentiated B cells called plasma cells. Secreted antibodies bind pathogens or their toxic 

products and constitute the main effector function of B cells in adaptive immunity. 

Antibodies can participate in host defence in three main ways. Firstly they can neutralize 

toxins and viral particles by coating them and thereby inhibiting their binding to host cells. 

Secondly, coating of pathogens and foreign particles by antibodies renders them more easily 

recognised and ingested by phagocytes (opsonization). The third function is to activate the 

complement system, which eventually eliminates the pathogens by lysis or phagocytosis. 
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When membrane bound, the antibody is associated with the invariant accessory molecules 

Igα and Igβ, making up the BCR complex (Hombach et al., 1990). The antibody itself 

cannot generate a signal, instead it is the cytoplasmic tails of Igα and Igβ that carry out the 

signalling function of the receptor (Sanchez et al., 1993). A motif termed the 

immunoreceptor tyrosine-based activation motif (ITAM) is present on each of the Igα and 

Igβ tails and signal transduction is initiated when these are phosphorylated (Reth, 1989). A 

signalling cascade involving many signalling molecules follows ITAM-phosphorylation. 

Ultimately, antigen recognition leads to the induction of new gene synthesis by activation of 

transcription factors (discussed later). 

 

In the periphery, B cells require expression of their BCR for survival (Lam et al., 1997). In 

addition, the TNF family ligand, BAFF (also called BlyS) is specifically required for the 

survival of mature re-circulating B cells (Gross et al., 2001; Schiemann et al., 2001). Upon 

binding of foreign antigen to the antibody on its surface, the B cell responds by proliferation 

and differentiation. It can either differentiate into an antibody secreting plasma cell or into a 

long-term surviving memory cell (Rajewsky, 1996). The B cells can respond to antigens 

that are either thymus-dependent (TD) or thymus-independent (TI). TD antigens are soluble 

proteins that antigen presenting cells (APCs) can internalize, process and present on their 

surface together with class II major histocompatibility complex (MHC) molecules. Peptides 

bound to MHC class II molecules trigger helper T cells to make membrane-bound and 

secreted molecules, such as cytokines, that can activate a B cell. Many microbial 

constituents such as bacterial polysaccharides can induce antibody production in the 

absence of T helper cells. These are known as TI antigens, but in contrast to TD responses, 

TI responses cannot produce memory cells.  

 

The Toll-like receptors (TLRs) recognize TI antigens, including pathogen associated 

molecular patterns (PAMPs), such as bacterial lipopolysaccharides (LPS), RNAs and 

DNAs, which are widely recognized by cells from both the adaptive and innate lineages. 

The TLRs function in B cells is to induce and/or co-stimulate proliferation, class switching 

and differentiation into antibody-secreting cells. B cells are recognized for their expression 
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of TLR9 and TLR10, which are induced in response to BCR stimulation and predominate in 

activated and memory populations (Bernasconi et al., 2003; Bourke et al., 2003). TLR9 and 

its ligand, CpG-containing DNA, have received a lot of attention due to their nature as a 

pathogenic co-stimulator of auto-reactive B cell responses (Leadbetter et al., 2002; Viglianti 

et al., 2003). 

 

After T cell-dependent activation, B cells migrate to lymphoid follicles and proliferate to 

form germinal centres. The reactions that take place here provide for a more effective 

response upon re-infection. For example, every B cell begins by expressing IgM as its BCR 

and it is the first antibody produced, later in the immune response, the same V-region may 

be expressed in IgG, IgA, or IgE antibodies. This is called isotype switching (Nossal et al., 

1964; Kataoka et al., 1980) and it generates antibodies with different biological functions 

but with the same specificity of the receptor. The B cells in the germinal centre also go 

through a process called affinity maturation when they undergo V-region somatic 

hypermutation (Weigert et al., 1970; Bernard et al., 1978) and cells with improved affinity 

for the antigen are selected. Ligation of the BCR and stimulation through CD40, together 

with direct T cell contact, are required for both the initiation and maintenance of germinal 

centres (Kawabe et al., 1994; Han et al., 1995).  

 

Once an immature B cell expresses IgM on its surface its fate is determined by the 

specificity of the antigen receptor. Lymphocytes with strongly self-reactive receptors should 

be eliminated to prevent autoimmunity. Immature B cells that bind self-antigens in the bone 

marrow are deleted from the repertoire (clonal deletion). These B cells either die through 

apoptosis or undergo further rearrangements of the variable part of the light-chain (receptor 

editing), alternatively they are rendered anergic (permanent state of unresponsiveness). 

These processes are referred to as central tolerance. Self-reactive B cells that manage to 

escape this control and migrate from the bone marrow are controlled by peripheral 

tolerance mechanisms. For example, antigen recognition by B cells without help from T 

cells can make the B cells anergic. In addition, the antigen-induced loss of B cells known as 

clonal deletion can also occur in the periphery (Goodnow, 1996; Van Parijs and Abbas, 

1998). 
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Newly formed B cells give rise to follicular or marginal zone (MZ) B cells (Kumararatne 

and MacLennan, 1981; Martin and Kearney, 2002) that differ in their surface phenotype, 

anatomic localization and immunological function. Follicular B cells make up the bulk of 

the peripheral B cells, and are the main constituents of the splenic and lymph node follicles. 

They recirculate through the blood and lymphatic systems and contribute to both the 

primary and memory responses. In contrast, MZ B cells comprise only about 5% of all 

peripheral B cells, are localized in the marginal sinus of the spleen, do not recirculate and 

contribute to the early primary immune response. As they constitute the first line of defence 

against blood-borne pathogens, without contributing to the memory B cell response, they 

may be viewed as a link between the innate and adaptive immune systems. 

 

Another subset of B cells, resembling the MZ cells, are the B-1 cells (comprising about 5% 

of total B cells). They are distinguished from conventional B cells (B-2) by the expression 

of cell-surface molecules, B-1 cells are B220loIgMhiIgD-CD21-CD23-, a fraction of these are 

CD5+ (B1a cells), while another subset is CD5- (B1b cells) (Berland and Wortis, 2002). The 

B-1 cells have properties quite distinct from conventional B cells, they arise early in 

ontogeny and use a distinct and limited set of gene rearrangements to make their receptors. 

They are self-renewing in the periphery and reside mainly in the peritoneal cavity 

(Hayakawa et al., 1983; Hayakawa et al., 1986; Berland and Wortis, 2002). The B-1 cells 

seem to be important in T cell independent responses to carbohydrate antigens such as 

bacterial polysaccharides. 

 

T lymphocytes 

All T lymphocytes express a T cell receptor (TCR) on their cell surface (Hedrick et al., 

1984; Yanagi et al., 1984). This consists of two chains, the α chain and the β chain, that 

together form a heterodimer with a constant region and a variable region, which determines 

the specificity of the receptor. Similar to the receptors for B cells, the antigen specificities of 

the TCRs are generated through differential usage of variable region gene segments (Siu et 

al., 1984). The α:β heterodimer is associated with a complex of signalling chains 

collectively called CD3 (Samelson et al., 1985). These invariant accessory chains are; one 
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CD3γ, one CD3δ and two CD3ε, which all contain cytoplasmic ITAM motifs involved in 

signal transduction. Consequently, the CD3 complex is required for the surface expression 

of the antigen-binding chains and for signalling via the receptor. Optimal expression and 

signalling, however, also require a homodimer of ζ chains. 

 

T lymphocytes can first be divided into two groups depending on what co-receptor they 

express in addition to the TCR. Cytotoxic T cells (CTL) express CD8 and are specialised to 

kill any cell they specifically recognise. The other type of T cells, T helper cells (TH), 

express CD4 and their main function is to activate other effector cells of the immune 

system. T helper cells can be classified further into two distinct subsets based on their 

cytokine production (Mosmann et al., 1986). T helper 1 (TH1) cells produce IFN-γ, IL-2 and 

TNF and mediate elimination of intracellular pathogens. T helper 2 (TH2) cells produce IL-

4, IL-5, IL-13 and IL-6 and mediate the clearance of large, extracellular pathogens, as well 

as being involved in allergy reactions.  

 

Another category of T helper cells is the T regulatory (Treg) cells, which play a key role in 

the maintenance of self-tolerance and negative control of various immune responses. 

CD4+CD25+ T cells have been shown to inhibit autoimmune diabetes in mice and rats 

(Salomon et al., 2000; Stephens and Mason, 2000) and the transfer of T cells lacking the 

CD4+CD25+ subset into athymic nude mice have been shown to result in the spontaneous 

development of T cell mediated diseases (Sakaguchi et al., 1995). There are at least two 

types of Treg cells: developmentally programmed and inducible. The developmentally 

programmed Tregs are derived from the thymus as a functionally mature population. They 

are typically characterized by the expression of CD4 and CD25 and their development and 

function depends on the transcription factor Foxp3 (Sakaguchi et al., 2001; Fontenot et al., 

2003; Hori et al., 2003; Khattri et al., 2003). Naïve CD4 T cells can be induced by 

numerous environmental factors to become regulatory T cells, these inducible Tregs are not 

clearly defined in terms of their phenotype and function, but are thought to mediate 

suppression predominantly via cytokine-dependent pathways, in contrast to thymically 

derived Tregs which require cell-cell contact in order to mediate suppression (Berthelot and 

Maugars, 2004). 
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Unlike the BCR that can recognize free antigen, the TCR only recognize antigens coupled 

to MHC molecules on the cell surface (Katz et al., 1973; Zinkernagel and Doherty, 1974). 

The MHC is polygenic, it contains several different MHC class I and class II genes so that 

an individual can have a set of MHC molecules with different peptide-specificities. The 

MHC is also highly polymorphic, so there are several variants of each gene within the 

population. These two properties make it difficult for pathogens to escape immune 

responses mediated in this way. The mouse MHC locus is called H-2 and contains clusters 

of MHC class I genes and MHC class II genes. Class I molecules are encoded by the K, D 

and L regions and consist of an α-chain associated to the β2-microglobulin molecule. They 

are expressed on all nucleated cells. The class II molecules are encoded by the A and E 

regions and are made up of αβ-heterodimers. MHC class II molecules are exclusively 

expressed by APCs such as B cells, dendritic cells (DCs) and macrophages (Steinmetz et al., 

1982; Kaufman et al., 1984).   

 

DCs provide two signals required for activation of naïve T cells. In addition to the antigen-

specific binding of the TCR to peptide-MHC, a second signal is provided by co-stimulatory 

molecules such as B7-1 (CD80) and B7-2 (CD86), expressed by the DCs. Depending on the 

density of peptides presented, types of co-stimulatory molecules expressed and cytokines 

secreted by the DCs, CD4 T cells differentiate into either TH1 or TH2 cells (Constant and 

Bottomly, 1997). CD8 T cells require similar signals from the DCs for activation. The main 

pathway by which DCs become activated and mature to provide the second signal to naïve 

T cells occurs via the TLR recognition of PAMPs, discussed earlier (Medzhitov, 2001). 

 

Pathogens and their products can be found in either the cytosol or the vesicular 

compartment of cells. MHC class I molecules deliver peptides from the cytosol to the cell 

surface. Such peptides are usually from degraded endogenous intracellular proteins, but if a 

cell is infected by a virus, viral peptides will also be shown on MHC class I molecules and 

the cell is targeted for destruction (Townsend et al., 1985; Morrison et al., 1986; Bjorkman 

et al., 1987). CTLs recognize peptides associated with MHC class I, the CD8 co-receptor 

binds to the constant part of the MHC and strengthens the interaction of the TCR/peptide-
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MHC (Norment et al., 1988). When the CTL and an infected target cell are in close contact, 

the activated CTL releases cytotoxic proteins such as perforin and granzymes in a 

directional manner in order to lyse the target cell.   

 

Peptides associated with MHC class II molecules are from exogenous proteins that have 

been internalized by phagocytosis or endocytosis (Davidson et al., 1991; Germain and 

Hendrix, 1991). The internalized proteins are degraded in specialized vesicles by enzymes 

and low pH before binding to MHC molecules and transportation to the cell surface. T 

helper cells recognize MHC class II associated peptides and the co-receptor CD4 functions 

in a similar way to CD8/MHC class I (Doyle and Strominger, 1987). This interaction leads 

to secretion of various cytokines by the T cells, which results in activation of CTL and B 

cells. 

 

A small population of T cells (2-5%) carry an alternative receptor made up of γ and δ chains 

(Bank et al., 1986; Brenner et al., 1986). The receptor repertoire is limited and it is possible 

that it is not restricted by the MHC class I and class II molecules, but may bind free antigen. 

Little is known about the biological function of these cells, but they predominate in the 

epithelium of the skin and intestines.  

 

When T cells mature in the thymus they go through a series of selection events to ensure 

that no auto-reactive cells develop (described later). Even so, some self-reactive T cells 

escape to the periphery where they are under the control of peripheral tolerance 

mechanisms much like those for B cells. For example, T cells may be rendered anergic if 

antigen recognition occurs without co-stimulation from APCs. T cells might also be 

eliminated by Fas-induced apoptosis when repeatedly activated by persistent antigens such 

as self-antigen (Goodnow, 1996; Van Parijs and Abbas, 1998). 
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1.3 Lymphocyte development 

 

B cell development 

All hematopoietic cells, including B and T lymphocytes, are derived from pluripotent stem 

cells (Abramson et al., 1977). Hematopoiesis can first be detected outside the embryo in the 

yolk sac, it then proceeds in the fetal liver and after birth the bone marrow (BM) becomes 

the permanent site of hematopoiesis (Osmond and Nossal, 1974; Raff et al., 1976). 

 

The development of B cells occurs in the BM and is independent of foreign antigen. 

Survival of early B cells is dependent upon direct contact with stroma and growth factors, of 

which IL-7 is one of the most critical (Namen et al., 1988; Hardy et al., 1991; Peschon et al., 

1994; von Freeden-Jeffry et al., 1995). 

 

The process of B cell development can be divided into several stages based on changes in Ig 

gene rearrangement status and expression of specific protein markers. The classifications 

according to Hardy and Rolink, are summarized in Figure 2 (Hardy et al., 1991; Rolink et 

al., 1994). During differentiation, the variable regions of the antibody´s H and L chains are 

assembled from a pool of Ig germ-line gene segments, called variable (V), diversity (D) and 

joining (J) gene segments. The rearrangement process is mediated by recombination signal 

sequences (RSS) flanking the gene segments (Early et al., 1980; Sakano et al., 1980). 

Proteins encoded by the recombination activating genes (RAG-1 and RAG-2) recognise the 

RSSs and initiate the rearrangement process (Schatz et al., 1989; Oettinger et al., 1990) by 

creating double-stranded breaks followed by repair mediated by general repair enzymes 

(Smider and Chu, 1997). The absence of either RAG gene completely abrogates 

rearrangement and results in individuals lacking B and T cells (Mombaerts et al., 1992b; 

Shinkai et al., 1993). 
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Figure 2. A schematic diagram of B cell differentiation in the BM, showing the different 

developmental stages. The expression of B-lineage associated genes and the configuration 

of Ig genes are indicated. The nomenclatures according to Hardy et al. (1991) and Rolink et 

al. (1994) are shown together with expression of markers used to define the stages. B220 is 

expressed at all stages. The black arrow indicates the stage at which B cell development is 

blocked upon failure to express the pBCR. 

 

 

BCR rearrangements start at the pro-B cell stage, where the heavy chain is rearranged first. 

One of the 15 D gene segments (Kurosawa and Tonegawa, 1982) is joined to one of four JH 

gene segments (Sakano et al., 1980), and then one of several hundred VH gene segments 

(Brodeur and Riblet, 1984; Livant et al., 1986) is joined to the DJH complex at one allele. If 

the join is non-productive (out-of-frame), the second allele rearranges a VH to the DJ-

complex. The VHDJH complex is thereafter attached to the constant part of the Ig through 

mRNA splicing. After a functional VHDJH rearrangement has been made, the µ heavy chain 

is expressed on the cell surface, together with the surrogate light chain (SLC) (Sakaguchi 

and Melchers, 1986; Kudo and Melchers, 1987; Tsubata and Reth, 1990). The SLC is 

composed of two polypeptides, VpreB and λ5. There are two VpreB genes in the mouse, 

VpreB1 and VpreB2 (Sakaguchi and Melchers, 1986; Kudo and Melchers, 1987) both of 
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which can associate with λ5 to form the SLC (Karasuyama et al., 1990; Dul et al., 1996). 

Mice lacking any SLC components show an incomplete block in B cell development 

(Kitamura et al., 1992; Mundt et al., 2001; Shimizu et al., 2002).  

 

The µ/SLC complex is termed the pre-B cell receptor (pBCR) and it is believed to, in 

association with Igα and Igβ, mediate a signal to stop further rearrangements at the heavy 

chain locus (allelic exclusion) (Nussenzweig et al., 1987; Manz et al., 1988). Allelic 

exclusion of the IgH locus might also be achieved through an alternative pathway that does 

not require pBCR function, as indicated by mice that show allelic exclusion despite lacking 

the SLC (Shimizu et al., 2002). The pBCR also signals to up regulate light chain 

rearrangement (Iglesias et al., 1991; Shapiro et al., 1993), induce silencing of VpreB and λ5 

transcription (Parker et al., 2005) and to continue differentiation to the pre-B cell stage 

(Kitamura et al., 1991).  

 

In addition to providing the checkpoint that monitors functional IgH recombination, the 

pBCR also signals for proliferation of pre-B cells (Melchers, 2005). While the expansion at 

the pro-B cell stage has been shown to be dependent on the IL7-Rα chain (Peschon et al., 

1994; von Freeden-Jeffry et al., 1995; Maki et al., 1996; Maraskovsky et al., 1998; Carvalho 

et al., 2001; Sitnicka et al., 2003b), optimal cell expansion at the pre-B cell stage is 

dependent on both the expression of pBCR and IL7-Rα (Erlandsson et al., 2005). The fact 

that pre-B cells go through several rounds of division before rearrangement of the light 

chain (Decker et al., 1991) increases the repertoire diversity by permitting one functional 

heavy chain to pair with a wide range of light chains. However, rearranged heavy chains are 

not expanded equally, since there is a skewing towards increased representation of distal VH 

gene families. This may be due to better pairing of these rearrangements with SLCs and 

hence increased proliferation (Martensson et al., 2002).  

 

The light chain gene rearrangement is analogous to the heavy chain. The κ light-chain locus 

tends to rearrange before the λ locus by joining a Vκ to a Jκ gene segment. As with the heavy 

chain locus, rearrangements take place at only one allele at a time. Only if the first 
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rearrangement is non-productive, the second allele is rearranged. This mechanism, called 

allelic exclusion, ensures that each cell expresses immunoglobulins with a single antigen 

specificity (Yancopoulos and Alt, 1986). The mechanism of this process is not fully 

understood, however, it has been proposed that chromosomal accessibility is a primary 

regulator of V-DJ recombination (Sleckman et al., 1998). After the generation of a light 

chain, immature B cells express complete BCRs that consist of a light chain and a heavy 

chain. If this surface IgM is self-reactive, the cell may change the BCR-specificity by nested 

light chain gene rearrangements, receptor editing, (Tiegs et al., 1993; Radic and Zouali, 

1996) or it will die by antigen-induced apoptosis (Hartley et al., 1993; Melamed et al., 

1998).  

 

The last stage in the BM involves the co-expression of the δ chain and emigration to the 

periphery, leading to the generation of mature IgM/IgD positive cells. Upon encounter with 

foreign antigen, the antigen-dependent phase of B cell differentiation begins. This involves 

proliferation and differentiation into either antibody secreting plasma cells or long-lived 

memory cells.  

 

The importance of the pBCR and the BCR in B cell development has been demonstrated 

when transgenic µ-H chains and H chains together with L chains are introduced into RAG 

deficient mice (Spanopoulou et al., 1994; Young et al., 1994). When a transgenic µ-H chain 

is introduced, B cell development can proceed until the pre-B cell stage, where the L chains 

normally rearrange, but then stops. If both transgenic H chains and L chains are introduced, 

B cell development is completely rescued. 

 

Assembly of the heavy and light chains from rearrangement of a pool of gene segments 

generates enormous diversity in antibody specificity. Another type of combinatorial 

diversity is generated by the combination of the two different receptor chains, the heavy 

and the light chain. In addition, other mechanisms increase the diversity by exonuclease 

nibbling, addition of P-nucleotides and insertion of N-sequences, catalyzed by terminal 

deoxynucleotidyl transferase (TdT) (Alt and Baltimore, 1982).  
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The utilization of VH genes differs in fetal and adult life. B cells that are produced during 

fetal and neonatal life preferentially use D-proximal VH genes, while the repertoire in adult 

mice shows random VH gene utilization (Yancopoulos et al., 1984; Perlmutter et al., 1985). 

Selection at the cellular level is likely to contribute to the establishment of the mature B cell 

repertoire. Antibodies produced early in development are also characterized by lack of N-

sequence additions due to the absence of TdT activity at this time (Carlsson and Holmberg, 

1990; Feeney, 1990; Gu et al., 1990). 

 

During B cell development in mice, a truncated µ chain can be formed before the 

rearrangements at the heavy chain locus are completed. The majority of DH segments have 

their own promoter and an ATG translational initiation codon, so that when DH is joined to 

JH in one of three possible reading frames, reading frame 2 (RF2) (Ichihara et al., 1989), the 

resulting DHJH complex can be translated into a truncated µ chain denoted Dµ (Reth and 

Alt, 1984). Joints in RF2 are shown to be underrepresented in pre-B or mature B cells 

(Meek, 1990; Gu et al., 1991; Carlsson et al., 1992), suggesting that Dµ expression blocks 

further differentiation (Gu et al., 1991; Chang et al., 1992; Ehlich et al., 1994; Haasner et 

al., 1994). Indeed, expression of a Dµ transgene results in a partial block in B cell 

development at the pro-B cell stage, with suppression of endogenous µ chain gene 

rearrangements (Tornberg et al., 1998; Malynn et al., 2002).  

 

T cell development 

T cells are derived from stem cells in the bone marrow, but migrate at an early stage to the 

thymus where differentiation and TCR gene rearrangement occur. The rearrangement is 

essentially similar to VDJ rearrangement in B cells except that T cells have two different 

sets of receptors, αβ and γδ. The development of T cells from a multipotent progenitor is a 

complex process that is dependent on genetic recombination and extracellular signals. 

Proliferation and survival of early thymocyte progenitors depends largely on signals from 

the IL-7-IL-7R and the tyrosine kinase receptor c-kit and its ligand, stromal cell factor 

(SCF). During later stages of development, thymocytes depend upon cytokines and signals 

through the pre-TCR and TCR (Cantrell, 2002). 
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Distinct developmental stages of progenitor T cells can be defined by the expression of the 

accessory molecules CD4 and CD8 (Godfrey et al., 1993). The most immature thymocytes 

express neither CD4 nor CD8 (double-negative stage, DN) and further development leads, 

after a stage as immature CD8 single–positive (ISP), to the expression of both CD4 and 

CD8 (double-positive stage, DP). The DP cells then mature into fully differentiated cells 

that express either CD4 or CD8 (CD4 or CD8 single-positive stage, SP) and leave the 

thymus (Haks et al., 1999; von Boehmer et al., 1999). The surface proteins CD25 (IL-2 

receptor α-chain), CD44 and c-kit (CD117) can be used to further subdivide the DN cells 

into four additional developmental stages, DN1 to DN4 (Godfrey et al., 1992; Godfrey et 

al., 1993; Hoffman et al., 1996). A schematic overview of T cell development is presented 

in Figure 3. 

 
 

Figure 3. The different stages of T cell development in the thymus. Surface markers defining 

the stages are shown. The black arrow indicates where β-selection takes place while the 

white arrow shows the stage where positive and negative selection occurs.  

 

 

The DN1 population (CD44+, CD25-, c-kit+) consists of the earliest T cell precursors in the 

thymus. These are not yet fully committed to the T cell lineage but could also differentiate 

into NK or DCs. However, they can no longer become myeloid or erythroid lineage cells 

(Wu et al., 1991; Ardavin et al., 1993). Successful rearrangement of the β chain of the TCR 

gene at the transition to the DN3 stage (CD44-, CD25+) leads to the assembly and 
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expression of a pTCR that contains the rearranged β chain and the surrogate α-chain, 

denoted pTα, together with signalling molecules of the CD3 complex (Groettrup et al., 

1993; Saint-Ruf et al., 1994).  

 

Expression of the pTCR on the cell surface enables the cell to go through an important 

checkpoint called β-selection (Mallick et al., 1993; Dudley et al., 1994). Thymocytes 

belonging to the CD4/CD8 double-negative (DN) stage are critically dependent on pTCR 

signalling for survival, proliferation and developmental progression to the more mature 

CD4/CD8 double-positive (DP) stage (Chaffin et al., 1990; von Boehmer et al., 1999). In 

mice unable to produce β-chains, T cell development is blocked at the DN3 stage 

(Mombaerts et al., 1992a; Mombaerts et al., 1992b; Shinkai et al., 1992). In RAG-/- mice, 

this block can be overcome by introduction of a rearranged TCR β-chain transgene or by the 

injection of anti-CD3ε antibodies that can drive thymocyte differentiation to the DP stage 

(Levelt et al., 1993; Shinkai et al., 1993). Similar blocks at the DN3 stage occurs in pTα, 

CD3ε and p56lck deficient mice, demonstrating the importance of a signalling competent 

pTCR (Molina et al., 1992; Fehling et al., 1995; Malissen et al., 1995). 

 

The rearrangement of β-, γ-, and δ-chain genes occurs almost simultaneously at the DN 

stage, at this time the thymocytes are not yet committed to the αβ or γδ lineages. When the 

T cell expresses pTCR on its surface, it becomes committed to the αβ lineage and further 

rearrangements at the γδ locus cease. The mechanisms controlling this branch point are not 

clear, but signalling through the receptors of the Notch family might be involved in the 

lineage decision, although experiments have given contradictory data regarding this 

(Washburn et al., 1997; Kang et al., 2001; Wolfer et al., 2002). 

 

After passing β-selection, thymocytes undergo proliferation and differentiate to the DP 

stage. This transition is characterized by down regulation of CD25, induction of CD4 and 

CD8 expression and cell division. When the cells reach the DP stage they become small and 

cycle slowly, RAG expression is up regulated and now the rearrangement of the α-chain 

takes place (Wilson et al., 1994). The α-chain then pairs with the β-chain to make up the 
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complete TCR, enabling the cell to go through the checkpoints called positive and negative 

selection (see next paragraph). Cells surviving the selection at the DP stage up regulate the 

expression of TCR and become SP TCRhi cells. They leave the thymus and enter the 

peripheral pool of naïve mature T lymphocytes. 

 

To be able to generate an immune response, T cells are first screened for recognition of self-

MHC molecules, a process known as positive selection (von Boehmer and Kisielow, 1990). 

Those T cells that fail to bind to the MHC molecules die (death by neglect) (Jameson and 

Bevan, 1998). Thymocytes that recognise MHC class I lose the expression of CD4 while 

those that recognise MHC class II lose expression of CD8 to become SP T cells. 

Thymocytes recognising self-MHC or self-peptides plus self-MHC with too high affinity 

are deleted through negative selection (Kisielow et al., 1988). These two mechanisms 

ensure that T cells that go to the periphery respond only to foreign antigen plus self-MHC 

and that self-reactive T cells are eliminated. The net result is that most thymocytes are 

eliminated during development (up to 99%) and only a few of them are able to reach the 

mature stage. 

 

Although MHC specificity in positive selection is the major determinant in the CD4/CD8 

lineage decision, several studies support the view that quantitative differences in TCR 

signalling in DP thymocytes leads to an instructive bias in CD4/CD8 lineage commitment.  

This “strength of signal” model proposes that stronger/longer signals promote the CD4 T 

cell lineage and weaker/shorter signals favour the CD8 T cell lineage (Matechak et al., 

1996; Bosselut et al., 2001; Lucas et al., 2002; Pearce et al., 2004; Tyznik et al., 2004). 

There also seems to be a requirement for continuous TCR signalling as a re-enforcement 

step, even after CD4 or CD8 down regulation (Salmon et al., 1999; Liu et al., 2003). A 

variation of the “strength of signal” model is the “kinetic signalling” model, that states that 

all thymocytes sensing a TCR signal proceed to a CD4+CD8lo stage (Bosselut et al., 2003). 

At this stage, sustained TCR signals lead to CD4 T cell commitment but CD8 T cell 

commitment results from the cessation of TCR signals (Liu et al., 2003; Liu and Bosselut, 

2004).  
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2.1 Transcription factors controlling lymphocyte development 

The development of hematopoietic lineages, including lymphocytes, is a very complex 

process. Targeting experiments have identified several different transcription factors 

involved in development (Henderson and Calame, 1998; Kuo and Leiden, 1999). Distinct 

transcription factor expression patterns serve as hallmarks for each hematopoietic cell type 

and the combination of factors used in each pathway can explain the effector genes that the 

cell type will express. As illustrated in Figure 4, the cells are passed stepwise from the 

control of one set of regulators to another as they progress through development.  

 

Transcription factors SCL/tal-1 and Lmo2 have been shown to be essential for 

hematopoietic development (Porcher et al., 1996; Yamada et al., 1998). After commitment 

to the lymphoid lineage, other transcription factors are required, some of which are shown 

in Figure 4. 

 

The PU.1, a transcription factor of the Ets family, is required for the development of several 

cell lineages. PU.1 deficient mice lack lymphoid and myeloid precursors at birth (Scott et 

al., 1994). T cells and neutrophils appear at reduced levels after birth while B cells and 

macrophages remain absent, indicating that PU.1 is not essential for lymphoid commitment 

but for normal differentiation of B cells (McKercher et al., 1996). Constitutive expression of 

the IL-7 receptor is sufficient to rescue B cell development from the PU.1 deficient block, 

suggesting that the IL-7 signal is downstream of PU.1 (DeKoter et al., 2002).  

 

The Ikaros family of zink-finger transcription factors are required for all lymphocyte 

lineages (Georgopoulos et al., 1994). Ikaros mutant mice lack fetal B and T cells while T 

cells are generated in adult mice, indicating different functions for Ikaros in fetal and adult 

T cell development (Wang et al., 1996). So far only a few genes, such as those encoding 

TDT (Trinh et al., 2001), λ5 (Sabbattini et al., 2001), and CD8α (Harker et al., 2002) have 

been identified as direct targets of Ikaros.  

 

The basic helix-loop-helix (bHLH) transcription factors, E2A, HEB and E2-2 are also 

essential for both B and T cell development and will be discussed in detail later.  
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Figure 4. Selected transcription factors regulating lymphocyte development. *Discussed in 

section 2.2 and papers II and III. 

 

 

The B cell precursor is first rendered competent by its expression of PU.1 and Ikaros, 

without which B cell development does not begin (DeKoter et al., 2002; Allman et al., 

2003; Rosenbauer et al., 2004). B cell development is then guided by three main 

transcription factors, E2A, EBF (early B cell factor) and Pax5 (paired box protein 5). EBF is 

a regulator of early B cell development and mutant mice show a developmental block at the 

pro-B cell stage, before any D-J rearrangements (Lin and Grosschedl, 1995). B cell 

development in Pax5 deficient mice is arrested at the pro-B cell stage after IgH DJ 

rearrangements (Urbanek et al., 1994; Schilham et al., 1996; Hesslein et al., 2003), 

subsequent to the block in E2A and EBF mutant mice. Pro-B cells can develop into B cells 

in the presence of Pax5, whereas in its absence they can enter other differentiation 

pathways. Pax5-/- pro-B cells can reconstitute T cell development in Rag2-/- mice and they 

can differentiate into macrophages, osteoclasts, DCs, granulocytes and NK cells when 

stimulated in vitro (Nutt et al., 1999; Rolink et al., 1999). One explanation for this is that the 

role of Pax5 is to suppress alternative lineage choices. 

 

The complicated differentiation process of T cells requires a strict control of transcriptional 

activation and repression and several transcription factors are known to play important roles 

(Kuo and Leiden, 1999). Among these are the basic helix-loop-helix (bHLH) proteins 

(Massari and Murre, 2000). The first stages of T cell development and expression of T cell 

genes depend on the transcription factors GATA-3, c-Myb, members of the Runx family, of 
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the bHLH family and of the Ikaros family. The appearance of pre-T cells in fetal life also 

depends on the Ets-family transcription factor PU.1. The one transcription factor that 

appears to be T cell-specific is GATA-3. During T cell development, the functions that 

these factors perform are discontinuous, stage-specific and even subject to alterations 

between activating and inhibitory effects from one stage to the next.  

 

Disruption of the genes encoding GATA-3, HES-1 and c-Myb leads to a complete arrest at 

the DN stage and a failure of null mutated ES cells to differentiate into mature T cells in 

Rag2-/- complementation assays (Ting et al., 1996; Allen et al., 1999; Tomita et al., 1999). 

Transcription factors regulating T cell development in later stages are T cell-factor 1 (TCF-

1) and lymphoid-enhancer-binding factor 1 (LEF-1). Mice that are double mutant for these 

factors show a partial block at the DN stage and a complete block at the DN to DP transition 

(Okamura et al., 1998). 

 

In the periphery, a large number of transcription factors function in regulating lymphocyte 

activation, function and terminal differentiation. Some of these are the Ets, NF-κB/Rel, Oct-

2, OCA-B, NFAT and LKLF proteins (Henderson and Calame, 1998; Kuo and Leiden, 

1999). 

 

 

2.2 Basic helix-loop-helix transcription factors 

The bHLH proteins are dimeric transcription factors that are found in eukaryotes ranging 

from yeasts to humans (Massari and Murre, 2000; Ledent and Vervoort, 2001). They have 

important functions in embryonic development, especially in neurogenesis, myogenesis, 

heart development and hematopoiesis (Littlewood, 1998). The bHLH family of transcription 

factors was first defined in 1989 when Murre and colleagues identified E12 and E47 by 

their ability to bind as homodimers to the E-box sites located within the Ig heavy and Ig 

light chain gene enhancers (Murre et al., 1989a; Murre et al., 1989b). After this initial 

classification of a few bHLH proteins, many more proteins have been identified and today 

the bHLH family contains over 400 different members (Morgenstern and Atchley, 1999). 
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Structure, function and subclasses of bHLH proteins 

Members of the bHLH family have two highly conserved and functionally distinct domains, 

which together make up a region of approximately 60 amino-acid residues. The HLH motif 

consists of two amphipatic α-helices separated by a loop structure (Murre et al., 1989b). 

This domain facilitates the dimerization with other HLH members (Murre et al., 1989b). At 

the amino-terminal end is a conserved basic region that allows HLH dimers to bind to DNA. 

In addition, E-proteins contain two conserved regions that function to recruit coactivator or 

corepressor complexes, these are referred to as AD1 and AD2 domains (Aronheim et al., 

1993; Quong et al., 1993; Massari et al., 1999) (Figure 5). 

 

 

 
 

Figure 5. Schematic representation of the human E2-2 protein. The location of the 

transactivation, bHLH and C domains are shown. 

 

 

The DNA binding sites are so called E-boxes, with the consensus sequence CANNTG. This 

sequence was first discovered in the Ig heavy chain enhancer (Ephrussi et al., 1985) but is 

now found in regulatory elements of numerous genes, such as the TCR α and β loci, the 

promoters of mb-1, λ5, pTα and the CD4 silencer and enhancer elements (Ho et al., 1989; 

Staudt and Lenardo, 1991; Sawada and Littman, 1993; Ernst and Smale, 1995; Reizis and 

Leder, 1999; Kee and Murre, 2001). 

 

Based on the expression patterns and dimerization specificities of the bHLH proteins, they 

can be divided into five different classes. 

 

Class I bHLH proteins are also called E-proteins, these are widely, but not ubiquitously 

expressed. There are four E-proteins in mammals; these are E47 and E12, in addition to 

HEB (HeLa E-box-binding protein) and E2-2 (Murre et al., 1989a; Henthorn et al., 1990; 
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Corneliussen et al., 1991; Sun and Baltimore, 1991; Hu et al., 1992). The Drosophila 

melanogaster homolog of E-proteins, “daughterless”, is involved in sex determination and 

neurogenesis. 

 

E12 and E47 are encoded by one gene, E2A (also known as Tcfe2a in mice) and arise 

through differential splicing (Murre et al., 1989a; Sun and Baltimore, 1991). These two 

proteins bind to E-box sites with different affinities; E47 with relatively high affinity, 

whereas E12 interacts weakly (Sun and Baltimore, 1991). HEB and E2-2 are encoded by 

separate genes (Henthorn et al., 1990; Corneliussen et al., 1991; Hu et al., 1992), but several 

potential isoforms can be generated through alternative splicing.  

 

E-proteins bind DNA as either homo- or heterodimers with other members of the HLH 

family (Murre, 1992). In nonlymphoid developmental systems the E-proteins form 

heterodimers with class II bHLH proteins. In contrast, E-proteins function mainly as 

homodimers or heterodimers with other E-proteins in lymphocyte development (Bain et al., 

1993; Sawada and Littman, 1993; Shen and Kadesch, 1995; Sloan et al., 1996). The role of 

E-proteins in lymphocyte development is discussed later. 

 

Class II bHLH proteins have a tissue specific expression pattern and can form 

heterodimers with the E-proteins (Littlewood, 1998). They are important in neurogenesis, 

myogenesis and hematopoiesis. The muscle specific bHLH protein MyoD is one of the most 

studied models of E-protein regulation (Lassar et al., 1991). Other class II proteins 

important in muscle differentiation are Myf5, MFR4 and myogenin (Arnold and Winter, 

1998). A group of proteins that has a role in neuronal differentiation includes NeuroD, 

MASH, NSCL, MATH and neurogenin (Guillemot, 1999). The SCL/Tal1 protein is 

essential for hematopoietic and vascular development in vertebrates (Shivdasani et al., 

1995; Porcher et al., 1996; Visvader et al., 1998). 

 

A third class consists of the negatively acting HLH proteins, of which there are four 

vertebrate Id proteins, Id1, Id2, Id3 and Id4 (Id for “inhibitor of DNA-binding”) (Benezra et 

al., 1990; Christy et al., 1991; Sun et al., 1991; Riechmann et al., 1994). Members of this 
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group lack the basic region and can therefore not bind to DNA, when they heterodimerize 

with other bHLH proteins they consequently form non-functional complexes. The four Id 

proteins are broadly expressed and they dimerize efficiently with E-proteins while their 

affinity for class II proteins varies (Riechmann et al., 1994; Langlands et al., 1997).  

 

The fourth class is the bHLHZip proteins, which contain an additional zipper motif C-

terminal of the bHLH domain. The myc, max and mad proteins are members of this group 

and they are involved in regulation of cell growth and proliferation (Bernards, 1995). The 

bHLH-PAS group of proteins is the fifth class and is characterized by a PAS-domain C-

terminal of the bHLH domain (Crews, 1998). 

 

Regulation of E-protein activity 

E-protein activity is regulated at various levels. For example, E-proteins are broadly 

expressed, however certain E-protein complexes are restricted to specific cell types. E2A 

homodimers dominate in B lineage cells, although heterodimers of E47 and E2-2 have been 

noted as well (Murre et al., 1991; Bain et al., 1993; Shen and Kadesch, 1995). E47/HEB 

heterodimers are found mostly in thymocytes (Sawada and Littman, 1993; Bain et al., 

1997a). E12 and E2-2 are also expressed in developing thymocytes and B cells 

(Corneliussen et al., 1991; Bain et al., 1993), additional complexity is generated by the 

presence of distinct HEB and E2-2 isoforms that lack N-terminal transactivation domains 

(Corneliussen et al., 1991; Rothenberg, 2002). 

 

E-protein DNA binding activities are inhibited by the Id HLH proteins. Id proteins 

efficiently heterodimerize with E-proteins and thus act as dominant-negative regulators 

(Benezra et al., 1990; Sun et al., 1991; Riechmann et al., 1994; Langlands et al., 1997; Yan 

et al., 1997), the ratio of E-proteins to Id proteins will determine the level of E-protein 

activity. Of the four Id proteins, Id2 and Id3 are the main regulators of E-protein activity in 

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

al., 2000).  
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The DNA binding of E-proteins is also inhibited by the calcium/calmodulin complex 

(Saarikettu et al., 2004). Calmodulin is a ubiquitously expressed regulator of several cellular 

processes. Upon lymphocyte receptor signalling, leading to increased intracellular Ca2+ 

levels, calmodulin is able to bind and modify target proteins (Van Eldik, 1998). 

 

Phosphorylation of E47 has also been suggested to regulate E-protein activity. In B cells, 

E47 seems to be dephosphorylated at specific residues, potentially promoting 

homodimerization (Sloan et al., 1996). 

 

E-proteins activate or repress gene expression (Ikawa et al., 2004). The AD1 and AD2 

domains mediate the transactivation activities (Aronheim et al., 1993; Quong et al., 1993; 

Massari et al., 1999). The AD1 domain can also repress transcription by recruitment of a 

family of corepressors called ETO (Zhang et al., 2004). ETO gene products can, like the Id 

proteins, inhibit the activity of E-proteins, but whereas the Id proteins affect all E-proteins, 

ETO members may only be recruited to a subset of genes in order to mediate transcriptional 

repression. 

 

E-proteins in B cell development 

Cytokine receptors Flk2/Flt3 and IL-7R, and transcription factors PU.1, Ikaros, E2A, EBF 

and Pax5 are critical in the development of B cell precursors (Singh et al., 2005). 

Specification of the B lymphoid fate starts as a consequence of expression of Flk2/Flt3 

(Mackarehtschian et al., 1995; Adolfsson et al., 2001; Sitnicka et al., 2002). The 

transcription factors PU.1 and Ikaros are required for expression of this receptor. Flk2/Flt3 

signalling in concert with PU.1 then induces IL-7R (Nichogiannopoulou et al., 1999; 

DeKoter et al., 2002; Medina et al., 2004). Combined loss of Flk2/Flt3 and IL-7R results in 

complete failure to develop B lineage cells (Sitnicka et al., 2003a; Vosshenrich et al., 2003). 

PU.1 is essential for generation of B cells but only when expressed at reduced 

concentrations, as high concentrations favour macrophages (DeKoter and Singh, 2000).  

Signalling through the IL-7R is proposed to induce the E-protein E2A (Singh et al., 2005). 
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E-proteins, EBF and Pax5 are critical in regulating the early B lineage program of gene 

expression (Busslinger, 2004). E2A proteins function in common lymphoid progenitors 

upstream of EBF and Pax5 (Kee and Murre, 1998), where they are required for the initiation 

of expression of EBF and a subset of B-lineage genes. E2A can induce recombination at the 

IgH locus and activation of target genes through recruitment of the SAGA histone-

acetyltransferase complex, which is involved in chromatin remodelling and transcriptional 

activation (Massari et al., 1999). In a recent report it was shown that EBF is capable of 

rescuing E2A-deficient progenitor cells up to the late pro-B cell stage, confirming that EBF 

is the main target for E2A (Seet et al., 2004). PU.1 knockout progenitor cells can also be 

rescued by ectopic expression of EBF, suggesting that EBF is downstream of PU.1 (Medina 

et al., 2004). It remains to be determined whether E2A and PU.1 work independently or 

cooperate in driving the expression of EBF, and whether additional lineage-restricted 

transcription factors aid in this process. Conditional PU.1 knock-out mice, where PU.1 is 

specifically deleted in the B lineage, do not have any effect on B cell development or 

function suggesting that PU.1 is not essential beyond the pre-B stage (Polli et al., 2005). 

 

Once EBF is induced, it acts together with E2A to induce expression of Pax5 (Sigvardsson 

et al., 1997; Kee and Murre, 1998; O'Riordan and Grosschedl, 1999), which in turn induces 

the expression of B-lineage specific genes, including BLNK, CD19, LEF1 and Igα (Nutt et 

al., 1998; Nutt et al., 1999; Schebesta et al., 2002; Souabni et al., 2002). EBF, in 

cooperation with RUNX1, modulates DNA methylation and chromatin accessibility in order 

to facilitate activation of the Mb-1 gene by Pax5 (Maier et al., 2004). In addition to up 

regulating Pax5, E2A and EBF regulate expression of the B cell-specific genes λ5, VpreB, 

Igα, Igβ, RAG-1 and RAG-2 (Sigvardsson et al., 1997; Kee and Murre, 1998; O'Riordan 

and Grosschedl, 1999).  

 

E2A and Pax5 also inhibit the expression of genes that are normally induced in alternative 

hematopoietic lineages. E2A proteins inhibit the expression of genes encoding proteins 

involved in myeloid and erythroid development (Ikawa et al., 2004). Pax5 acts to suppress 

T-lineage-specific and myeloid-specific gene expression, including Notch1 (Nutt et al., 

1999; Schebesta et al., 2002; Souabni et al., 2002). A recent report has shown that one 
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important function of Pax5 is to repress Flt3 transcription in B cell progenitors and that this 

repression is essential for normal B lymphopoiesis (Holmes et al., 2006). 

 

Although E2A and EBF are absolutely essential for the formation of pro-B cells, true 

commitment to B cell differentiation is only achieved after expression of Pax5, since Pax5 

deficient pro-B cells show a remarkable plasticity and can differentiate into several other 

lineages (Nutt et al., 1999; Rolink et al., 1999; Schaniel et al., 2002).  To preserve B cell 

identity, Pax5 activity needs to be continuously maintained (Horcher et al., 2001; Mikkola 

et al., 2002). 

 

As described above, B cell development is critically dependent on E-protein activity and 

E2A deficient mice have a complete arrest in development at an early stage, before onset of 

immunoglobulin heavy-chain rearrangement (Bain et al., 1994; Zhuang et al., 1994). Such 

mice lack early B lineage specific transcripts like Igα, Iµ, RAG1 and Pax5 in their bone 

marrow cells. In contrast myeloid development is normal. A similar phenotype is seen in 

mice transgenic for Id1, an inhibitor of E-protein activity (Sun, 1994). Ectopic expression of 

Id3 in human bone marrow cells results in an analogous block, which demonstrates the 

conserved function of E-proteins in murine and human lymphopoiesis (Jaleco et al., 1999). 

 

After promoting B cell commitment, E-proteins control the proliferation of pro-B cells 

(Herblot et al., 2002). E2A proteins were shown to be required during the IL-7 dependent 

expansion and survival of pro-B lymphocytes (Kee and Murre, 2001). A recent report 

demonstrated that E2A proteins are required, in part, due to a role in optimal expression of 

N-myc (Seet et al., 2004), a transcription factor involved in cell proliferation and a known 

target for IL-7R signalling (Morrow et al., 1992).  Signalling through the pBCR then leads 

to a transient decrease in E2A expression (Schebesta et al., 2002; Quong et al., 2004) and a 

burst of proliferation.  E47 expression is increased again in the large, proliferating pre-B 

cells, in order to cause cell cycle arrest, induce RAG1/2 expression and to promote Igκ light 

chain gene accessibility at the small pre-B cell stage (Romanow et al., 2000; Hsu et al., 

2003; Quong et al., 2004). In immature B cells, E47 remains abundant to promote receptor 

editing (Quong et al., 2004). E47 decreases in transitional B cells and even further in 
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IgM+IgD+ B cells. One model proposes that abundant E47 enforces the B cell checkpoint, 

allowing continued receptor revision, while signalling from the BCR results in decreased 

amounts of E47 and developmental progression (Quong et al., 2004). 

 

A fraction of older mice have a substantial decrease in E47 in pro-B cells that correlates 

with a loss of pro-B cells with age (Frasca et al., 2003; Van der Put et al., 2004). It is not 

clear if it is the decrease in E47 that is responsible for the reduction in pro-B cell production 

or if it is a secondary effect. 

 

In the periphery, high E2A activity favours the development of follicular B cells rather than 

MZ B cell development. The opposite is observed when Id3 expression is induced (Quong 

et al., 2004). Notch and the adaptor protein Ras modulate the follicular versus MZ B cell 

fate (Guinamard et al., 2000; Tanigaki et al., 2002), but it is not know if E2A and Id3 are 

linked to these pathways. Furthermore, it has been demonstrated that E2A plays additional 

roles during peripheral B lymphopoiesis as E2A expression is induced upon B cell 

activation (Quong et al., 1999). It has been shown that E2A proteins are required for 

immunoglobulin class switching and somatic hypermutation by directly regulating the 

expression of activation-induced deaminase (AID) (Sayegh et al., 2003). It is suggested that 

Id2 functions in activated B cells to inhibit E-protein activity once the class switching and 

hypermutation is completed (Gonda et al., 2003).  

 

Generation of E2-2 and HEB knockout mice revealed that these genes are not essential for 

the establishment of the B cell lineage, rather that B cell development is dependent on these 

proteins as the numbers of pro-B cells are reduced in E2-2 and HEB deficient embryos 

(Zhuang et al., 1996). 

 

Several lines of evidence suggest considerable redundancy among the different E-proteins. 

For example, mice heterozygous for both E2A and HEB or E2-2 have a notable reduction of 

B lymphopoiesis compared to mice only heterozygous for E2A (Zhuang et al., 1996). 

Moreover, introducing two copies, but not a single copy, of the HEB gene could partially 

rescue B cell development in E2A deficient mice (Zhuang et al., 1998). These observations 
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form the basis of the idea that the overall timing and dosage of E-protein activity modulates 

a given E-protein regulated event. This would in turn be determined by the amount of 

available E-protein and the E/Id protein ratio. 

 

The E-protein knockout mice die at an early age for unknown reasons (Bain et al., 1994; 

Zhuang et al., 1994; Zhuang et al., 1996). Only a few E2A and HEB deficient mice survive 

to adulthood while all E2-2 deficient mice die around birth. This is unlikely to be a result of 

defects in lymphocyte development, but reflects other functions for the E-proteins during 

embryonic or postnatal development. 

 

E-proteins in T cell development 

The development of T cells is, like B cell development, dependent on E-proteins. However, 

unlike B cell development there is no absolute requirement for any of these proteins as T 

cells are still generated, albeit at reduced levels, in E-protein deficient mice. Enforced 

expression of Id3 in human T lineage precursors and expression of a dominant negative 

form of HEB both suppress thymocyte development (Heemskerk et al., 1997; Barndt et al., 

2000), indicating the importance of E-proteins in T cell development.  

 

E47 expression is low at the DN1 stage but is induced during the transition to the DN2 stage 

(Engel et al., 2001). The partial block in E2A deficient mice occurs, in αβ T cells, at the 

early DN1 stage, before any rearrangement of the β-chain (Bain et al., 1997a). The 

transition of thymocytes from the DN1 stage to the DN2 and DN3 subsets is associated with 

onset of TCR rearrangement and restriction to the T lineage (Godfrey et al., 1994; Petrie et 

al., 1995; Wu et al., 1996). E2A proteins are also important for the generation of γδ T cells, 

in part by regulating V(D)J recombination (Bain et al., 1999a). These data indicate that E2A 

is necessary for efficient initiation of the T cell developmental program. 

 

In the DN2 and DN3 compartments, E-proteins have multiple functions. They act to initiate 

and/or maintain T-lineage specific gene transcription (Schlissel et al., 1991; Herblot et al., 

2000). It has also been reported that E2A directs early events such as V(D)J recombination 

in T cell development (Kim et al., 1999; Barndt et al., 2000). In addition, E47 expression is 
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required to suppress developmental progression to the DP stage in the absence of pTCR 

signalling (Engel et al., 2001). E47 functions to block cell cycle progression in DN3 cells, 

before the expression of TCRβ (Engel and Murre, 2004). Id3 gene expression is induced by 

pTCR signalling and E47 levels decrease once cells reach the DP stage (Engel et al., 2001). 

Thus, successful β-selection requires down regulation of E47 activity by signalling from the 

pTCR complex. 

 

At the DP stage, E-proteins and their antagonist Id3 function to regulate positive selection 

(Rivera et al., 2000). Positive selection and maturation of thymocytes at the DP stage is 

enhanced in E47 deficient mice (Bain et al., 1999a). Id3 has a reversed phenotype, with 

repressed positive selection and maturation (Rivera et al., 2000).  

 

HEB and E2-2 are involved in the regulation of T cell development as well, however T cells 

are still generated in HEB and E2-2 deficient mice (Zhuang et al., 1996). In HEB knockout 

mice T cell development is affected at the DN to DP stage with an accumulation of ISP cells 

(Zhuang et al., 1996; Barndt et al., 1999). It is possible that HEB is necessary for the 

transition of thymocytes into the DP stage, alternatively, HEB might be required for 

induction of CD4 expression in DP cells (Sawada and Littman, 1993). HEB is also 

necessary for the expression of the pTα gene as demonstrated in HEB deficient and 

SCL/LMO transgenic mice (Herblot et al., 2000).  E2-2 has a reported role at or before the 

DN stage in T cell development (Bergqvist et al., 2000). 

 

E2A proteins have been implicated in cellular proliferation and apoptosis. Studies have 

shown that both high and low levels of E2A activity promote cell death suggesting that 

lymphocytes can only survive within a limited range of E2A activity (Engel and Murre, 

1999; Kim et al., 1999; Park et al., 1999). E2A deficient mice develop, in addition to T cell 

defects, T cell lymphomas after three to nine months of age (Bain et al., 1997a). The 

lymphomas are CD4CD8 DP, of clonal origin, have increased levels of c-myc transcripts 

and show chromosomal abnormalities. The mechanism for tumour development is not 

known, but when E2A is ectopically expressed in cell-lines derived from E2A deficient 

lymphomas, cell death results (Engel and Murre, 1999). Likewise, ectopic expression of 
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E47 in human T cell acute lymphoblastic leukaemia (T-ALL) results in a block in cell cycle 

progression and activated programmed cell death (Park et al., 1999). These observations 

suggest that E2A might function as a tumour suppressor and that its inactivation is a key 

factor in the development of human T-ALL. 

 

Signalling pathways regulating E-protein function 

Data from signalling studies suggest that E-proteins control the DP checkpoint in T cell 

development. TCR-mediated signalling inhibits the DNA-binding activity of E2A-HEB 

heterodimers, in part by the induction of Id3 expression (Bain et al., 2001). Crosslinking of 

the TCR leads to activation of the extracellular signal-regulated kinase (Erk) signalling 

pathway. Erk activates the transcriptional regulator SAP-1, which in turn induces expression 

of Egr-1, that can directly activate Id3 expression (Bain et al., 2001; Bettini et al., 2002; 

Costello et al., 2004). Similarly, signalling mediated by transforming growth factor-β (TGF-

β) and bone morphogenetic protein (BMP) activates Id3 expression by activation of 

receptor-regulated SMAD transcription factors (Kee et al., 2001).   

 

Notch signalling has been linked to both T cell commitment and MZ versus follicular B cell 

development (Pui et al., 1999; Radtke et al., 1999; Tanigaki et al., 2002). The Notch 

pathway promotes T cell development and suppresses B cell development by inhibiting E2A 

activity via several mechanisms (Ordentlich et al., 1998; Maillard et al., 2003). It was 

initially shown that Notch has the ability to modulate the transactivation activity of E47 

(Ordentlich et al., 1998). Later studies have shown that Notch signalling promotes E47 

degradation after modification by Erk MAP kinase activities (Nie et al., 2003) and that the 

carboxyl terminus of Hsc70-interacting protein (CHIP) directly binds E2A and is a crucial 

factor in Notch-induced ubiquitination and degradation of E2A proteins (Huang et al., 

2004).  
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Aims of the study 

 

The overall aim of this thesis has been to investigate the genetic control of the mouse 

lymphocyte development. The specific questions were: 

 

∗ What is the role of Dµ in B cell development? 

 

∗ How is E2-2 involved in B- and T lymphocyte development? 

 

 

 

Results and discussion 
 

Paper I: The role of Dµ protein in B cell development  

Before IgH gene rearrangement is completed, a product translated from the DHJH gene 

rearranged in reading frame 2 (RF2) (Ichihara et al., 1989), the Dµ protein, can be expressed 

in pro-B cells (Reth and Alt, 1984). It has been suggested that this Dµ protein, in association 

with the SLC, has some signalling properties similar to the pBCR, such as suppression of 

VH to DHJH gene rearrangement and up regulation of light chain gene rearrangement and 

expression (Reth et al., 1985; Gu et al., 1991; Tsubata et al., 1992; Ehlich et al., 1994; 

Loffert et al., 1996; Tornberg et al., 1998). There is an under representation of 

rearrangements in RF2 in mouse pre-B or B cells that is referred to as Dµ selection. The 

selection against Dµ is dependent on an intact Dµ transmembrane domain (Gu et al., 1991), 

λ5 (Kitamura et al., 1992), Igβ (Gong et al., 1996), the Syk tyrosine kinase (Cheng et al., 

1995) and BLNK/BASH (Hayashi et al., 2003). This suggests that the counter-selection 

against Dµ expressing cells is mediated by the deposition of the protein at the cell surface 

and that it is dependent on a signalling competent Dµ-pBCR complex. The selection against 

RF2 occurs in B220+ CD43+ precursors, before any light chain rearrangements have taken 

place, this goes against the possibility that Dµ is unable to pair with a mature light chain, 

instead it argues that a pBCR containing Dµ is defective in mediating developmental 
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progression of pro-B cells (Gu et al., 1991; Ehlich et al., 1994; Gong et al., 1996; Horne et 

al., 1996). This idea is supported by the analysis of Dµ transgenic mice (Tornberg et al., 

1998; Malynn et al., 2002).  

 

In this study, we wanted to determine the precise developmental stage where expression of 

Dµ would block B lymphocyte development. This was performed by breeding Dµ 

transgenic mice with mice deficient for RAG2, so that no further rearrangements could 

occur. In addition, we wanted to examine if the defect in mediating developmental 

progression, could stem from a failure of Dµ to mediate a survival signal to the pro-B cells. 

This was done by breeding the Dµ+Rag2-/- mice with mice in which the B cells were 

expressing the anti-apoptotic factor Bcl-2 as a transgene. We observed that the Dµ 

expressing B cells blocked at the pro-B cell stage (B220+CD43+), more precisely stage C, 

assessed by cell surface markers c-Kit, CD2 and CD25. This is in contrast to the study by 

Malynn and colleagues who found that the B cells accumulate in stage C´ when expressing 

Dµ protein in a rearrangement deficient background (Malynn et al., 2002). However, in 

neither of the studies could Dµ mediate progression to the B220+CD43- pre-B cell stage.  It 

is possible that different Dµ-constructs differ in their ability to block pro- to pre-B cell 

transition, either by varying in expression levels or their abilities to associate with SLCs. 

This would in turn affect the membrane targeting of the Dµ-pBCR and possibly its function.  

 

When we introduced Bcl-2 into Dµ+Rag2-/- mice, there was an increase in survival and some 

accumulation of CD43- cells. These cells are, however, not true pre-B cells, but rather cells 

arrested at the pro-B cell stage based on their surface expression of c-Kit, CD2 and CD25. 

These cells have previously been referred to as CD43dull cells, and they arise when Bcl-2 is 

over expressed in Rag-/- mice (Young et al., 1997). Thus, the Dµ protein does not allow 

progression of B cell development beyond that in Rag2-/- mice despite enforced survival by 

Bcl-2, and the difference in signalling between µ and Dµ is more fundamental than an 

impaired survival signal. 
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The signal transduction pathways from the pBCR and Dµ complexes have not been studied 

intensively, in part due to the fact that only a few B cell precursors are expressing such 

receptors. Analyses of pre-B cell lines have revealed that pBCR crosslinking induces 

tyrosine phosphorylation, lipid raft association, and activation of signalling molecules 

involved in BCR signalling, these include the signalling components Igα and Igβ, as well as 

the tyrosine kinase Syk (Cheng et al., 1995), the Src kinase family kinases, Fyn, Lyn and 

Blk (Saijo et al., 2003) and the linker molecule BLNK, also known as BASH (Pappu et al., 

1999). 

 

There are also several important differences between pBCR and BCR signalling. Firstly, in 

pre-B cells there are functional homologs of the signalling molecules Syk and BLNK, that 

are normally expressed exclusively in T cells, Zap-70 (Schweighoffer et al., 2003) and 

SLP76/LAT (Su and Jumaa, 2003). Secondly, while the Igα ITAM tyrosines of the BCR are 

indispensable for peripheral BCR function, they are largely dispensable for early B cell 

development (Kraus et al., 1999; Kraus et al., 2001), suggesting that signals may be initiated 

differently. Thirdly, the pBCR is not antigen specific and cannot respond to ligands to the 

same extent as the peripheral BCR.   

 

It can be speculated that the Dµ-pBCR, because of its truncated VH chain, cannot respond to 

a ligand in the same way as the µ-pBCR. Stromal cells have been described as ligands for 

pBCR signalling, the human pBCR can interact with galectin (Gauthier et al., 2002), while 

the murine pBCR binds heparan sulfate (Bradl et al., 2003). The functional significance of 

these interactions is unclear. It is also possible that the pBCR self-aggregates on the cell-

surface. However, most studies indicate that a selecting ligand for the pBCR is not required 

for B cell development, but simple surface expression of the pBCR may be sufficient 

(Bannish et al., 2001). Studies even suggest that the extracellular domains of the pBCR are 

largely irrelevant for mediating B cell development (Shaffer and Schlissel, 1997; Muljo and 

Schlissel, 2002). Even if surface expression of pBCR is enough for early B cell 

development, it is likely that some aggregation of surface receptor complexes occurs. In 

human pre-B cell lines, approximately 30% of resting pBCR accumulate in lipid rafts, 

whereas in mature B cell lines the BCR is excluded from lipid rafts (Guo et al., 2000). This 



 
 

41

would serve to concentrate receptor complexes and bring them into proximity with other 

signalling molecules. Together, these studies makes it unlikely that the difference in 

signalling between Dµ and µ is mediated by the ability to bind a ligand, but more likely the 

ability to aggregate in lipid rafts is affected. 

 

Another alternative is that µ-pBCR and Dµ-pBCR might generate qualitatively different 

signals. Recent analyses of mice that are deficient in BLNK/BASH indicate that the pBCR 

activates two or more signalling pathways, each with a different functions in B cell 

development.  The study by Hayashi and colleagues has demonstrated that while neither 

CD19 nor BLNK is necessary for IgH allelic exclusion, BLNK is essential for Dµ selection, 

thus distinct signals are required for these events (Hayashi et al., 2003). Since Syk has been 

shown to be necessary for Dµ selection (Cheng et al., 1995), it is likely that Syk-

phosphorylated BLNK recruits signalling molecules mediating Dµ selection. Since CD19 

does not appear to complement BLNK in Dµ selection, the Dµ complex signalling 

mechanism appears to also be distinct from the pBCR signalling mechanism promoting pre-

B cell transition. 

 

An alternative to different signalling pathways, one for differentiation and one for allelic 

exclusion and light chain rearrangements, is the possibility that the quantity of one signal 

determines cell fate. Maybe Dµ is less efficient than µ in inducing a signal because of its 

different conformation. 

 

Interestingly, when Dµ is expressed as a transgene on a recombination competent 

background, the block in B cell development allows MZ B cell development whereas the 

formation of follicular B cells is severely affected. The cells escaping the Dµ-induced block 

seem to require an endogenous functional V(D)J rearrangement since they express IgM on 

their cell surface and since no cells can pass the pro-B cell stage in Dµ+Rag2-/- mice. It is 

possible that the low surface expression of Dµ that we can detect on primary B cells would 

allow for continued rearrangement, alternatively the rearrangements were done before Dµ 

was fully expressed on the cell surface. Incomplete allelic exclusion can also be observed in 
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µ-transgenic mice, where it is confined to the most D-proximal VH-genes, such as 7183 

(Costa et al., 1992). It is possible that B cells in Dµ transgenic mice are rescued by a 

rearrangement in the D-proximal genes and that this promotes the relative increase in MZ B 

cell formation. 

 

Increased MZ formation is also observed when the B cell output from the BM is inhibited 

by induced Rag deletion (Hao and Rajewsky, 2001), as well as in other models where B cell 

development is compromised (Carvalho et al., 2001; Quong et al., 2004). The proportionally 

large MZ in Dµ transgenic mice might therefore reflect homeostatic mechanisms that 

function to give priority to the effector branch of the B cells. 

 

 

Paper II: The role of E2-2 in B cell development  

As discussed previously, differentiation, survival and population expansion of B and T 

lineage cells in the bone marrow, thymus and peripheral lymphoid organs are regulated at 

least in part by bHLH proteins. In B lymphocyte development, the E-proteins have several 

important roles. Targeting experiments have shown that E2A deficient mice have severe 

effects on B cell development, while HEB and E2-2 deficient mice have only mild effects 

(Bain et al., 1994; Zhuang et al., 1994; Zhuang et al., 1996). Compared to E2A and HEB, 

the role of E2-2 in B cell development is poorly characterised. 

 

In paper II, we set out to analyse the expression pattern of E2-2, in addition to E2A and 

HEB, in order to determine the role of E2-2 in B cell development in more detail. Different 

B cell populations were sorted from wild type mice and analysed by Real time quantitative 

PCR (TaqMan). E2-2 was predominantly expressed at the pro-B cell stage, indicating a 

function for E2-2 at this early stage. E2A was also expressed at the pro-B cell stage, but 

even though E2-2 expression levels seemed higher than E2A at this stage, it is difficult to be 

certain due to the use of different TaqMan assays. E2A has been shown by others to have a 

role in early B cell development, the development in E2A-/- mice is blocked before any 

rearrangements have taken place (Bain et al., 1994; Zhuang et al., 1994). Besides the 

function in commitment to the B cell lineage, E2A is also required during the IL-7 
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dependent expansion and survival of pro-B lymphocytes (Kee and Murre, 2001), in part due 

to E2A’s role in optimal expression of N-myc (Seet et al., 2004), a transcription factor 

involved in cell proliferation and a known target for IL-7R signalling (Morrow et al., 1992). 

We estimated the frequency of IL-7 responding cells by growing E2-2-/- FL cells on S-17 

stromal cells supplemented with IL-7. E2-2 deficiency renders a reduced frequency of 

responding B cell progenitors, despite normal IL-7Rα surface expression.  

 

E2A expression increased in the transition between the pro-B and the pre-B cell stages in 

our study. E2A is known to induce RAG1/2 expression and to promote Igκ light chain gene 

accessibility at the small pre-B cell stage (Romanow et al., 2000; Hsu et al., 2003; Quong et 

al., 2004). In immature B cells, E47 remains abundant to promote receptor editing (Quong 

et al., 2004) but as we observed, E2A expression decreases in mature B cells in the spleen. 

HEB expression was low at all stages, indicating a minor role in B cell development. 

However, the number of pro-B cells was reduced in HEB deficient embryos (Zhuang et al., 

1996) and a tandem copy of HEB can partially compensate for E2A deficiency (Zhuang et 

al., 1998). This implies that the expression pattern is a principal functional determinant for 

the E-proteins and supports a threshold model for E-protein activity. A minimum E-protein 

threshold must be exceeded for B lineage entry and efficient pro-B cell expansion, but cells 

are further selected on the basis of total E-protein expression. However, despite high levels 

of expression at the pro-B cell stage, E2-2 cannot compensate for a defect in E2A, hence 

expression levels cannot explain all functional differences.  

 

Mice deficient in E2-2 die at an early age, making studies of adult mice impossible. In order 

to determine where E2-2 functions in B cell development, we therefore analysed the ability 

of E2-2 deficient cells to reconstitute an empty host by injecting fetal liver (FL) cells into 

irradiated Rag2-/-γc-/- mice. In this model, E2-2 deficiency leads to an impaired B cell 

expansion. The numbers of pro- and pre-B cells in the BM decreased by 40-50% and 

peripheral IgM+ cells decreased by 30%. This indicates that defects stemming from E2-2 

deficiency manifest at an early stage and are then slightly compensated for in the peripheral 

B cell compartments. Interestingly, there was no difference in the number of IgM+ cells 

from mice reconstituted with E2-2+/- versus E2-2-/- FL cells. This could be interpreted as the 
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E2-2-/- B cells have a slight advantage in the periphery. Declining levels of E47 at the 

immature B cell stage has been suggested to promote developmental progression (Quong et 

al., 2004). Thus, it is possible that the small reduction in E-protein activity at the immature 

B cell stage of E2-2-/- mice results in a slight advantage of B cells to leave the BM. It could 

also reflect compensatory homeostatic mechanisms, promoting formation of MZ B cells, as 

observed when the B cell output from the BM is inhibited by induced Rag deletion (Hao and 

Rajewsky, 2001).  

 

When the peripheral B cell compartments were analysed in reconstituted mice, we noticed 

that the number of MZ B cells were unaffected by a defect in E2-2, while the follicular B 

cell development was severely perturbed, resulting in a relative increase in MZ B cells. This 

has previously been observed in E2A+/- mice and it has been suggested that E2A plays a role 

in the MZ versus follicular decision (Quong et al., 2004). Upon analysing the expression of 

E2-2 and E2A in MZ and follicular B cell populations, we observed a significant increase in 

E2-2 expression in follicular B cells. We also saw a tendency towards higher E2A 

expression in follicular B cells, but this difference was not significant. It seems likely that 

under normal conditions, the follicular versus MZ decision is specifically regulated by E2-2. 

The E-protein antagonist Id3 has been suggested to be involved in the MZ/follicular 

decision, and a decreased proportion of MZ B cells is observed in Id3 deficient mice 

(Quong et al., 2004). In our study, Id3 expression was higher in MZ compared to follicular 

B cells. Thus, it might be the concomitant down regulation of E2-2 and up regulation of Id3 

that trigger the decision to become a MZ B cell.  

 

The models of MZ B cell development are controversial and the so-called transitional stages 

through which MZ B cells develop have been classified in different ways (Loder et al., 

1999; Allman et al., 2001). A recent report by Srivastava et al. challenged these models, 

suggesting that MZ B cells develop by way of non-dividing CD21/CD35highCD23+ 

intermediates (Srivastava et al., 2005). Their model for peripheral B cell maturation 

involves two subsets in the spleen, the first being the AA4+ transitional 1 (T1) subset, which 

then gives rise to the AA4+ T2 subset. The T2 subset represents the common precursor of 

both follicular and MZ B cells. CD21/CD35highCD23+ cells are the immediate precursors of 
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MZ B cells and can arise from T2 cells, follicular B cells, or both. It is possible that the 

CD21/CD35highCD23+ subset is in dynamic equilibrium with the follicular subset 

(Srivastava et al., 2005). In our study, we have defined follicular and MZ B cells by surface 

expression of CD21 and CD23, meaning that we have included the CD21/CD35highCD23+ 

intermediate cells in the MZ B cell population. 

 

Collectively, our findings point to a role for E2-2 operating at the pro-B cell stage, where 

high mRNA expression was observed, to facilitate B cell commitment and to expand early 

B lineage cells. In addition, we provided evidence that E2-2 deficient cells regulate the 

follicular versus MZ decision, and that this correlates with the modulation of E2-2 mRNA 

levels. 

 

 

Paper III: The role of E2-2 in T cell development  

Even though we did not detect any abnormalities in T cell development in the reconstituted 

mice discussed in the previous section, data previously generated in the lab indicated that 

E2-2 also has a function in T cell development. In mice that are mosaic with respect to E2-2 

expression, cells with a homozygous null mutated E2-2 gene are underrepresented in B 

lymphocyte as well as T lymphocyte cell lineages (Bergqvist et al., 2000). Such skewing in 

mosaicism is already observed in DP thymocytes, indicating a partial block in early T cell 

development, when E2-2 is absent (Bergqvist et al., 2000). 

 

In paper III, we analysed the expression of the different E-proteins and their antagonists, Id-

protein 1-4, in different T cell developmental stages. Different T cell populations were 

sorted from wild type mice and analysed by Real time quantitative PCR (TaqMan). The 

distinct functional effects of the different E-proteins appear to be reflected in their 

expression patterns during T cell development. The up regulation of E2A mRNA in DN2 

correlates with reported E47 protein levels and its role in the regulation of β-selection 

(Engel et al., 2001). Similarly the increased expression of HEB transcript in the DN2, DN3 

and DP stages fits well with observed phenotypes at the DN3 stage and in the DN to DP 

transition (Barndt et al., 1999; Herblot et al., 2000). High levels of E2-2 RNA were 
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observed at the DN1 and DN2 stages, as well as an up regulation at the DP stage. The fact 

that all E-protein transcripts, together with Id3, show some level of up regulation at the DP 

stage highlights the complex interplay of this family of transcription factors in the 

regulation of negative and positive selection 

 

Since the reconstitution system used in paper II, might be too insensitive for detecting small 

T cell abnormalities, we used the fetal thymus organ culture (FTOC) system to study E2-2´s 

function in T cell development. This culture system enables T cells to go through 

development and accumulate in their thymic environment in vitro, as well as enhances a 

possible phenotype upon deletion of E2-2. To verify the system first, we decided to repeat 

previous data regarding E2A and HEB. In our study, E2A deficient thymocytes were 

partially blocked at the DN1 stage, in addition, there was an accelerated positive selection 

with reduced numbers of DP cells and increased numbers of SP cells. This is in line with 

previous observations in E2A deficient mice (Bain et al., 1997a; Bain et al., 1999a). HEB 

deficient mice have been shown to accumulate immature single positive cells (ISP) in the 

thymus (Zhuang et al., 1996; Barndt et al., 1999), which was also observed in our 

experimental system. In addition we saw an accumulation of cells at the DN3 stage. HEB 

has previously been shown to be involved in the regulation of pTα at this stage (Herblot et 

al., 2000; Reizis and Leder, 2001; Takeuchi et al., 2001; Petersson et al., 2002; Tremblay et 

al., 2003). 

 

When applying the FTOC system to E2-2 deficient cells, we observed an accumulation at 

the DN3 stage, indicating a partial block there. Thus, E2-2 deletion leads to an α/β 

thymocyte developmental defect in line with those elicited by other E-proteins in our 

experimental system. We observed no affect of E2-2 on γδT cell development, in 

accordance with similar observations for HEB, however E2A deficient mice have been 

shown to have a severe impairment in γδT cell development (Bain et al., 1999b; Barndt et 

al., 1999). 

 

The fact that there are no differences in the other stages, except for in DN3, when E2-2 is 

missing during FTOC is puzzling, but might reflect the fact that E2-2 deletion only results 
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in a fragile phenotype. Actually, the block at the DN3 stage in E2-2-/- mice could not be seen 

ex vivo, but only after FTOC. This might explain why we could not detect it in the mice 

reconstituted with E2-2 deficient FL cells. Another possible explanation as to why we might 

not detect any block in thymocyte development in these mice is that the defect is not cell 

autonomous but rather due to thymic stroma being E2-2-/-. This could be resolved by doing 

reconstitution thymus organ culture (RTOC), which should have the same sensitivity as the 

FTOC to detect any abnormalities in T cell development. 

 

Upon analysing the E2-2-/- thymocytes, we saw that the DN3 blocked thymocytes express 

TCRβ but have reduced levels of pTα. The pTα enhancer is known to be regulated by a 

complex combination of transcription factors including c-Myb, CSL-NICD complex (Reizis 

and Leder, 2001; Reizis and Leder, 2002) and E-proteins E2A and HEB (Herblot et al., 

2000; Reizis and Leder, 2001; Takeuchi et al., 2001; Petersson et al., 2002; Tremblay et al., 

2003). Relative levels of E2A, HEB and their inhibitor SCL have been reported to control 

pTα gene expression in immature thymocytes (Tremblay et al., 2003) and over expression 

of HEB and E2A in thymocyte cell lines activates pTα activity (Takeuchi et al., 2001). Our 

data suggests that E2-2 could be included in this network of factors regulating pTα levels. 

E2A/HEB heterodimers have been shown to predominate in the thymus (Sawada and 

Littman, 1993; Bain et al., 1997b), however, it is possible that E2-2 can heterodimerise with 

E2A and/or HEB, and in this way add to the regulation of pTα expression. Even though E2-

2 expression is turned on before β-selection, the accumulation of cells at the DN3 stage in 

E2-2-/- mice is reasonable given that E2-2´s effect is mediated through the control of pTα 

expression, which in turn is required for the cells to proceed through β-selection and enter 

the DN4 stage.  

 

The thymocytes blocked at the DN3 stage proliferate and go through apoptosis at normal 

levels and are not causing the accumulation of cells. Normally, cells that can not pass β-

selection die through apoptosis, but the fact that we did not detect an increase in apoptosis at 

the β-selection stage might be because E2-2 functions as a regulator of β-selection in a 
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similar way as reported for E2A (Engel et al., 2001) so that in the absence of E2-2, 

thymocytes with defects in pTCR are allowed to develop. 

 

In conclusion, E2-2 functions in the balance between E-proteins and their inhibitors for 

correct licensing of developing T lymphocytes, both in β-selection of immature thymocytes 

and in negative/positive selection of α/β T cells.  

 

Many transcription factors controlling various stages of B- and T cell development and 

function have been identified, but there are still other important factors to discover. It has 

also become clear that transcription factors can work together to form regulatory networks. 

An important area that requires a lot of future work is to identify the crucial target genes for 

many of the transcription factors.  
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Conclusions 
 
 
• The Dµ protein does not allow progression of B cell development beyond that in Rag2-/- 

mice, despite enforced survival with Bcl-2 

  

• In Dµ-transgenic mice, the Dµ induced partial block allows MZ B cell development 

whereas the formation of follicular B cells is severely reduced 

 

• E2-2 deficiency renders a reduced frequency of IL-7 responsive B cell progenitors, despite 

normal surface expression of IL-7Rα 

 

• A relative increase in MZ B cells in the periphery of E2-2-/- reconstituted mice correlates 

with the differential expression pattern of E2-2 in follicular versus MZ B cells 

 

• The difference in expression between various E-proteins corresponds to their functions 

during B and T cell development 

 

• E2-2 deletion leads to an α/β thymocyte developmental defect in line with those elicited 

by other E-proteins in our experimental system  

 

• Accumulated DN3 thymocytes in E2-2 deficient mice display normal ratios of TCRβ 

expression but altered levels of pTα expression 
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