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Mature B lymphocytes are capable of acquiring adaptive immune function based 

upon several selective and diversification processes, which allow potent antibody 

responses.  It is speculated that E proteins play an important role in such events, as they 

are a class of basic helix-loop-helix transcription factors involved in a multitude of 

hematopoetic developmental pathways.  While the function of E proteins in early B 

lymphopoiesis is well characterized, less is known about these DNA binding factors in 

the later stages of B cell maturation.  Here, using a combination of in vivo and in vitro 
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methods, we studied the germinal center reaction, class switch recombination, and plasma 

cell development in mice lacking the E proteins E2A and HEB in an attempt to better 

understand the participation of E2A and HEB in antigen-activated B cell formation.  In 

vivo, lethally irradiated mice transplanted with E2A and HEB null bone marrow are 

deficient in class switch recombination and subsequent plasma cell function.  In vitro 

experiments show that the E proteins E2A and HEB are both required for efficient 

humoral immunity.  Mice lacking one or both of these E proteins demonstrate perturbed 

isotype switching and plasma cell differentiation in activated B cell cultures.  We further 

identify impaired expression of genes involved in the germinal center reaction and 

plasma cell development.   

Taken together, these data suggest that E2A and HEB function in the germinal 

center by controlling two mutually exclusive transcriptional programs that ultimately 

drive B cell activation.  We additionally examined genome-wide H3K3 monomethylation 

patterns in naïve and germinal center B cells.  This analysis has confirmed the importance 

of E2A in late and end stage B cell development and ultimately suggests differences in 

the enhancer repertoire of naïve B lymphocytes in comparison to antigen-dependent B 

cell lineages. 
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Chapter I: 

General Introduction 
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Types of Antigen and the Humoral Immune Response 

Antigens that elicit a humoral immune response are categorized into two 

subgroups based upon helper T cell participation.  T-independent (TI) antigens possess 

specific structural and compositional qualities that induce terminal B cell differentiation 

in the absence of T lymphocytes.  TI antigens are further classified into TI-1 and TI-2 

populations.  While TI-1 antigens stimulate B lymphocytes independently of the B cell 

receptor, TI-2 antigens need signaling via the B cell receptor for B cell activation.  TI-1 

antigens have bacterial components such as LPS and are typically toll-like receptor 

agonists (Oracki et al., 2010).  TI-2 antigens are small molecules coupled to artificial 

carrier proteins.  Marginal zone B lymphocytes and peritoneal B1 cells respond to the 

majority of TI-2 antigens (Lane et al., 1986).  Despite the short lifetime of marginal zone 

derived plasma cells, antibody output lasts for several weeks.  T-dependent (TD) 

reactions occur when helper T cell subsets are required for B cell activation.  TD antigens 

also give rise to activated B cells that enter germinal centers or form plasma cells away 

from B cell follicles.  B cell fate is subsequently determined after interaction with a 

cognate T cell at the boundary between the follicle and T lymphocyte area (Linterman 

and Vinuesa, 2010).   

Germinal Center Development 

Germinal center formation is initiated in the B cell follicles of secondary 

lymphoid organs after encounter with antigen.  Recirculating follicular B cells 

continuously survey secondary lymphoid tissues for signs of infection.  If a foreign 

presence is detected, they will mobilize at the border between the B and T lymphocyte 

areas in search of help from germinal center T cells (Garside et al., 1998).  B cell 
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movement towards the T cell region is facilitated by the rapid upregulation of the 

chemokine receptor CCR7 (Reif et al., 2002).  All B cells constitutively express the 

CD40 cell surface marker, which binds to the CD40 ligand on activated T follicular 

helper cells (Foy et al., 1994; Han et al., 1995).  Upon activation, T follicular helper cells 

also secrete cytokines to enhance germinal center B cell survival, proliferation, and 

differentiation.  This relationship between B cells and T cells is an essential part of the 

germinal center reaction, as these signals promote the targeted recruitment of AID to 

switch recombination sequences at immunoglobulin heavy chain constant region genes.  

The primary function of B cells that remain localized within the B cell follicle is 

to cultivate the germinal center microenvironment.  Established germinal centers are 

segregated into two distinct compartments, the dark zone and the light zone.  Each 

section functions differently to further promote affinity maturation and selection of 

germinal center B cells.  The dark zone of the germinal center is densely packed with, 

proliferating B cells that have decreased expression of surface immunoglobulin 

(MacLennan, 1994; Nieuwenhuis and Opstelten, 1984).  Here, antigen-experienced B 

cells mature by undergoing somatic hypermutation.  Somatic hypermutation is a B cell 

receptor diversification process that introduces point mutations within the V(D)J regions 

of rearranged immunoglobulin loci and changes the antigen binding properties of the 

encoded immunoglobulin.  Germinal center B cells that undergo somatic hypermutation 

acquire improved antigen binding affinity and are positively selected for survival.  

During this process, immunoglobulin variable regions accumulate further mutations and 

thus are optimized for a highly specific and potent adaptive immune response.  These 

modifications are fixed in somatic B cell genomes, and as such they are maintained in 
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clonal expansion and resulting memory responses.  In the light zone, germinal center 

clones with increased affinity for antigen are preferentially selected based upon their 

interactions with antigen-loaded follicular dendritic cells and follicular T helper cells that 

offer pro-survival signals.  They also participate in class switch recombination, a reaction 

specific to the recombined DNA sequence that replaces the primary constant (Cµ) region 

with a downstream constant region (C!, C" or C#).  Alterations to constant regions 

change the isotype of B cells and produce a B cell receptor with different effector 

properties.  B cells that demonstrate strong binding to antigen return to the dark zone, 

where they undergo further rounds of proliferation and selection.  The repeated process of 

recycling back and forth between the dark and light areas of the germinal center gives 

rise to primed B cells that respond with high affinity against antigen.  Somatic 

hypermutation and class switch recombination are both carried out by the AID enzyme 

(Muramatsu et al., 2000).  The genomic and functional flexibility of these germinal center 

events allows for an antigen-appropriate response in several different infection contexts.   

The compartmentalization of dark and light zones is further dependent upon the 

CXCL12 and CXCL13 chemokine gradients and differential abundance of CXCR4 on 

centroblasts and centrocytes (Allen et al., 2004).  In the dark zone, centroblasts have 

increased CXCR4 expression, which enables coupling to their ligand CXCL12.  

Centrocytes in the light zone upregulate CXCR5 and bind to CXCL13.  CXCL13 is made 

by follicular stromal cells and expressed by follicular dendritic cells, which controls the 

distribution of resident germinal center B and T lymphocytes.  Expression of CXCL13 

facilitates intimate interactions between centrocytes, follicular dendritic cells, and 

follicular T cells, which ultimately leads to the differentiation of selected light zone B 
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lymphocytes to high-affinity antibody secreting plasma cells that have the potential to 

survive long-term in the bone marrow for several months and memory B cell populations 

(Allen et al., 2004). 

Plasma Cell Differentiation 

Activated B cells can alternatively migrate outside of the germinal center to 

extrafollicular areas, where they offer short-term immunity by immediately expanding 

and differentiating into plasmablasts, followed by plasma cells.  This process provides an 

antigen specific immune response via the secretion of protective antibodies and is 

independent of the germinal center response, which takes longer to initiate.  Plasmablasts 

and plasma cells downregulate CXCR5, upregulate CXCR4, and maintain expression of 

the orphan G-protein coupled receptor Epstein Barr virus-induced gene 2 (EBI2), 

enabling their movement outside of B cell follicles and the robust secretion of 

neutralizing antibodies (Gatto et al., 2009; Pereira et al., 2009).  

It is not yet understood how signaling pathways direct either the retention of 

germinal center B cells or plasma cell egress to the follicular periphery.  Recent studies 

suggest that B cells with a specific affinity for antigen are predisposed to become 

transient antibody secreting cells, while activated B cells with a diverse range of antigen 

binding enter the germinal center pathway (Chan et al., 2009; O'Connor et al., 2006; Paus 

et al., 2006).  Furthermore, the combination of transcription factor expression, 

responsiveness of follicular dendritic and T lymphocytes, and strength of B cell receptor-

antigen crosslinking influence the differentiation of activated B cell subsets.   
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Transcriptional Regulation of Activated B Cell Subsets 

 The fates of germinal center B cell populations are largely controlled by mutually 

exclusive gene profiles that favor either the continued presence of B cells in the germinal 

center or the departure of these cells into the periphery, which results in further 

differentiation to plasma cell or memory B cell subsets.  Germinal center and plasma cell 

transcription factors must extinguish each other’s expression programs, which allows 

differentiation in a follicular or extra-follicular manner (Shapiro-Shelef and Calame, 

2005).  While it is known how germinal center B cell and plasma cell gene networks are 

upregulated independently of one another, current differentiation models do not explain 

how repression is overcome to enable the development of either cell type.   

B cell identity is for the most part enforced by Pax5, as its expression is 

maintained in mature B cells (Nutt et al., 2001).  Histology data has demonstrated that 

Pax5 activity is limited to B cells and is absent in plasma cells (Dong et al., 2008; 

Feldman and Dogan, 2007).  Pax5 has multiple functions in establishing and continuing 

expression of the B lineage gene program.  It regulates factors that control 

immunoglobulin gene rearrangement, B cell receptor signaling (CD79a, CD19, and 

BLNK), and induces AID in germinal centers (Gonda et al., 2003; Schebesta et al., 2007).  

Pax5 directly inhibits the pro-plasma cell protein Xbp1, which is responsible for 

upregulating genes that encode enzymes and chaperones involved in the endoplasmic 

reticulum stress response (Reimold et al., 2001; Shaffer et al., 2004).  It also represses 

IgH, IgL, and J chain, immunoglobulin genes that are critical to plasma cell function 

(Linderson et al., 2004; Rinkenberger et al., 1996; Roque et al., 1996). 
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The extinction of the B cell transcriptional profile leads to an increase in Blimp-1, 

which has been identified as the master regulator of plasma cell development (Kallies et 

al., 2004; Shaffer et al., 2002).  Blimp-1 suppresses cell cycling by targeting genes such 

as c-myc (Lin et al., 1997).  It also silences mature and germinal center B cell factors 

such as Pax5, SpiB, CIITA, Id3, AID, and Bcl6 (Lin et al., 2002; Piskurich et al., 2000; 

Sciammas and Davis, 2004; Shaffer et al., 2002).  Blimp-1 is capable of direct interaction 

with Pax5, and as a result re-expresses various Pax5 target genes that promote plasma 

cell formation including Xbp1 and immunoglobulin genes.  Blimp-1 activation also 

results in the increased expression of CXCR4, which assists in plasma cell maintenance 

and homing (Sciammas and Davis, 2004).   

Irf4 is another transcription factor critical to the development of plasma cells that 

acts upstream of Blimp-1.  Irf4 has been reported to interact with a conserved region of 

the prdm1 gene (Blimp-1).  Previous data also indicates that Irf4 is a key factor in the 

beginning stages of plasma cell differentiation, as B cells deficient in Irf4 fail to induce 

Blimp-1.  Blimp-1 expression could be restored upon ectopic expression of Irf4, 

furthermore suggesting that Irf4 expression precedes Blimp-1 upregulation (Sciammas et 

al., 2006).   

E Proteins and Regulation of E Protein Activity 

The mammalian E protein family is comprised of class I basic helix-loop-helix 

proteins that recognize and bind to specific DNA sequences known as E-box sites that 

contain the consensus sequence G/ACAXXTGG/A (Bain et al., 1993).  E proteins are 

expressed in a tissue-specific manner, forming homo- or heterodimers in lymphoid cell 

lineages with other E protein family members.  E proteins possess both a helix-loop-helix 
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dimerization domain and a basic DNA binding region that facilitates interaction with 

DNA.  In addition, E proteins have been previously shown to activate or repress gene 

expression via two domains that function by mediating specific transactivation events, 

known as AD1 and AD2 (Aronheim et al., 1993; Massari et al., 1996; Quong et al., 

1993).  The AD1 region contains an exceptionally conserved motif that recruits histone 

acetyltransferases CBP and p300, which are associated with gene activation (Bradney et 

al., 2003; Qiu et al., 1998).  Alternatively, E proteins can interact with histone 

deacetylase complexes such as ETO members, resulting in translational repression 

(Zhang et al., 2004). 

Lymphoid cells are known to express four different E proteins, including E12, 

E47, E2-2, and HEB (Bain et al., 1993).  The E2A gene encodes for both E12 and E47, 

two distinct proteins that arise from differential splicing of a single exon.  E12 and E47 

have been shown to bind E box sites with different affinities.  E47 demonstrates a highly 

specific affinity to the E box consensus sequence, while E12 interacts weakly (Sun and 

Baltimore, 1991).  E2-2 and HEB are encoded separately but are also capable of forming 

distinct isoforms that lack N-terminal transactivation domains through an alternative 

transcription mechanism (Massari and Murre, 2000).  In B lymphocytes, the majority of 

E-box binding complexes are E47 homodimers, although E47 and E2-2 heterodimers 

have been observed (Bain et al., 1993).  In the T lineage, E47 mostly forms heterodimers 

with HEB (Sawada and Littman, 1993).  E12 and E2-2 are also expressed in B and T 

lymphocytes (Bain et al., 1993; Corneliussen et al., 1991).   

Helix-loop-helix proteins are segregated into seven classes based upon their tissue 

specific phenotype, ability to bind DNA, and their interaction with one another.  In 
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addition to expression in lymphoid cells, class I helix-loop-helix factors are found in 

muscle, pancreatic, and neuronal tissues (Bain et al., 1993; Davis et al., 1987; Jacobs et 

al., 1993; Murre et al., 1989; Nelson et al., 1990).  Class II factors are restricted to 

proteins that are essential for muscle (Braun et al., 1989; Brennan and Olson, 1990; Davis 

et al., 1987; Wright et al., 1989).  They are also important in central nervous system 

development (Alonso and Cabrera, 1988; Villares and Cabrera, 1987).  Class III proteins 

play central roles in controlling cell growth, while Class IV helix-loop-helix factors are 

involved in cell cycle progression (Alt et al., 1986; Blackwood and Eisenman, 1991).  

Class VI proteins typically contain a proline in their binding region, and class VII factors 

possess a PAS domain (Klambt et al., 1989; Massari and Murre, 2000; Rushlow et al., 

1989). 

The DNA binding ability of E proteins throughout B cell maturation is highly 

controlled by a fifth class of helix-loop-helix proteins known as Id proteins (Benezra et 

al., 1990).  The Id gene products are comprised of four members in vertebrate organisms, 

Id1-4, although Id2 and Id3 are only expressed in lymphoid lineages (Norton, 2000).  Id 

proteins are structurally similar to E proteins, with the exception that they lack the basic 

DNA binding domain.  Thus, Id proteins function by forming heterodimers with E 

proteins and directly inhibiting their DNA binding capacity.  They are also known to 

heterodimerize with class II factors in a similar manner (Benezra et al., 1990).   

E2A Regulation of Early B Lymphocyte Development 

Hematopoietic stem cells give rise to precursor cells that are specific to a variety 

of different lineages such as B, T, natural killer, myeloid, dendritic, and erythroid cells.  

B lymphocytes are a critical component of the adaptive immune response, providing 
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effector function in the form of secreted antibodies.  B lymphocyte development 

primarily occurs in the bone marrow and is characterized by the temporal gain and loss of 

cell surface markers and intracellular proteins.  In addition, this ordered progression is 

tightly regulated by important growth checkpoints that enforce proper proliferation, 

survival, and further differentiation.  Phenotypic changes that take place throughout 

lymphocyte development are largely governed by the activities of transcriptional 

regulatory proteins.  A multitude of transcription factors have been previously implicated 

throughout B cell maturation, and in particular, the transcription factor E2A plays a 

critical and central role in B lineage lymphopoiesis (Schebesta et al., 2002).  E2A induces 

EBF1 activity, which in cooperation with Pax5 directs progenitor cell commitment to the 

B lineage.  The combined expression of E2A, EBF, and Pax5 and leads to the activation 

of genes involved in B cell specification including Bcl11a, Ly6D, and Foxo1 (Busslinger, 

2004; Dias et al., 2008; Murre, 2009). 

Discerning the early developmental stages of B lymphocytes is based upon the 

expression of heavy or light immunoglobulin genes, while intermediate B cell 

populations are identified by the appearance of cell surface receptor proteins.  One of the 

first significant events in B lineage maturation is the sequential rearrangement of 

immunoglobulin heavy and light chain loci.  This type of reorganization involves the 

joining of various gene segments together to produce a functional B cell receptor.  

Specification to the B cell lineage is first established in pro-B cells, which undergo heavy 

chain gene rearrangements.  The correct combination of these segments facilitates 

differentiation to the pre-B cell stage, where light chain loci are reordered.  During early 

B cell development, E2A is involved in all of the above mentioned events, promoting 
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immunoglobulin gene transcription and recombination, regulating additional transcription 

factors that are vital in establishing commitment to the B cell lineage, promoting the 

survival of pro-B cells, and also contributing to the receptor editing process in pre-B cells 

(Kee, 2009).   

The targeted deletion of E2A in mice leads to a complete ablation of B cell 

populations prior to the rearrangement of heavy chain loci as well as a block in the 

expression of B lineage associated genes including RAG1, lambda-5, mb-1, VpreB, and 

Pax5 (Bain et al., 1994).  Thus, E2A is absolutely required for normal B cell activity at 

the committed progenitor and early B cell stages.  Past literature has suggested that E2-2 

and HEB are not essential to early B lymphocyte development, although it has been 

shown that E2-2 and HEB double heterozygotes have reduced pro B cell numbers 

(Zhuang et al., 1996).  Furthermore, HEB is capable of partially restoring early B cell 

development when expressed in the E2A site of E2A null mice.  These experiments 

suggest that while E2A activity is sufficient for B lymphopoiesis, other E protein family 

members contribute to B cell survival and differentiation (Zhuang et al., 1998).  

Histone Modifications in B Cells   

E protein expression is highly regulated throughout B lymphocyte development to 

promote proliferation, differentiation, and function.  In addition, the direct and indirect 

binding of transcription factors, as well as epigenetic marks such as DNA methylation 

and histone modifications further influences these important cellular processes (Fisher, 

2002; Hagman and Lukin, 2006).  Histones are proteins that package and organize DNA 

in units known as nucleosomes to condense the genome and control gene expression.  

Histone tails can be modified in a variety of ways including acetylation, methylation, 
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ubiquination, and phosphorylation (Talbert and Henikoff, 2010).  The purpose of such 

epigenetic changes is to allow chromatin associating and remodeling factors to bind DNA 

and permit or restrict the access of regulatory proteins.  Methylation of DNA and 

posttranslational modifications of histones leads to differences in chromatin structure and 

subsequently alters the degree of compaction and the activity of the genome.  

Specifically, the acetylation of histone residues correlates with active chromatin, while 

deacetylated histones are characterized by transcriptional repression (Ruthenburg et al., 

2007).  Methylation of histone tails facilitates chromatin remodeling by recruiting 

chromatin modification machinery.   

Furthermore, active promoters are marked by the acetylation of H3 and H4 

residues and trimethylation of H3K4, while enhancer regions typically contain 

monomethylation of histone 3 at lysine 4 (Heintzman et al., 2007; Pokholok et al., 2005).  

Recent work has indicated that the DNA binding activities of E2A are linked to genome-

wide H3K4 monomethylation in early B cell populations.  E2A occupancy is very tightly 

correlated with putative enhancer elements in pro B cells, and its binding patterns are 

distinct based upon proximity to transcriptional start sites.  Interestingly, E47 directly 

increases the abundance and pattern of H3K4 monomethylation across a diverse variety 

of enhancer regions (Lin et al., 2010).   

E2A Regulation of Mature B Lineages 

The successful assembly of both heavy and light immunoglobulin chains leads to 

the expression of surface IgM, a characteristic marker of immature B cells.  Secondary 

rearrangements may occur if an autoreactive antigen receptor is generated, a process 

known as receptor editing.  It has been shown that E2A is involved in receptor editing, as 
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its abundance is elevated at the immature B cell stage.  Mature B lymphocytes express 

IgM and IgD receptors and exit the bone marrow, migrating to the peripheral organs 

including the spleen and lymph nodes.  Populations of B cells that occupy specific areas 

of the secondary lymphoid organs such as the spleen are known as marginal zone and 

follicular B cells.  It has further been shown that E and Id protein activity modulates 

marginal zone versus follicular B cell fates.  High expression of E2A favors follicular B 

cell formation, while increased Id3 levels support marginal zone B cell development 

(Quong et al., 2004).  Both of these particular B cell subsets are among the earliest to 

encounter antigen in the periphery, and can further differentiate into plasma cells that are 

capable of rapidly clearing a pathogenic presence (Lopes-Carvalho and Kearney, 2004; 

Pillai et al., 2005).   

E2A protein abundance is substantially increased in mature naïve B cells treated 

with a wide variety of mitogenic stimuli such as LPS, the combination of anti-CD40 with 

IL4, and by B cell receptor cross-linking (Quong et al., 1999).  E2A has been further 

implicated to function in activated B cell lineages, as its activity is required to induce 

AID function and promote class switch recombination in ex vivo activated B lymphocyte 

cultures.  E2A, in addition to other E proteins have been shown to bind a regulatory 

element present in the AID enhancer located in the first intron (Sayegh et al., 2003).  

Additional studies have demonstrated that histones found in this AID enhancer are highly 

acetylated in germinal center B cells (Odegard et al., 2005), which is consistent with a 

critical role of this DNA binding element in controlling AID expression.  Taken together, 

these studies demonstrate that E2A and potentially additional E protein family members 

are essential factors during antigen activated B cell development. 
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Conclusion 

This thesis will demonstrate the completion of three related projects:  first, the 

role of E2A and HEB in the humoral immune response, second, the requirement of the E 

proteins E2A and HEB in cultured activated B cells, and last, the genome-wide analysis 

of H3K4 monomethylation patterns in naive and germinal center B cells.  Using a 

combination of in vivo and in vitro methods, this work provides an all-encompassing 

approach to identify novel roles for E2A and HEB in the development and function of 

germinal center B cells and antibody secreting plasma cell populations.  
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Summary  

In the past two decades, the function of E2A in bone marrow B cell subsets has 

been extensively studied, however less is known about how E2A regulates mature B 

lineages that reside in the peripheral lymphoid organs such as the spleen.  After 

encountering antigen, E2A is robustly expressed to modulate AID activity, although this 

has only been shown using ex vivo experimental systems.  Here, we use E2A- and Id3-

GFP knock-in mice to better understand expression patterns of E2A and Id3 in antigen 

specific B cell populations.  For the first time, we also identify novel roles for E2A and 

HEB during germinal center diversification events in an in vivo setting by studying a 

germinal center response in immunized mice lacking the E proteins E2A and HEB.  In 

the absence of E2A and HEB, we find abnormalities in germinal center function and 

subsequent plasma cell output.   

 

Introduction 

There exists ample evidence that E2A is involved in later stages of B cell 

development.  Past and present work has indicated a potential role for E2A in the 

regulation of activated B lineage subsets.  During an immune response, antigen-activated 

follicular B cells are recruited to germinal centers, which are highly colonized areas in 

peripheral lymphoid organs densely packed with rapidly proliferating lymphocytes via 

co-stimulatory signaling provided by follicular T cell populations.  Initial work 

examining E2A expression in various developing and adult rat tissues found high levels 

of E2A transcripts in germinal centers based upon in-situ hybridization experiments 

(Roberts et al., 1993).  B cells residing in this environment undergo somatic 
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hypermutation, a process that alters nucleotides in the immunoglobulin variable region of 

rearranged antibody genes.  Germinal center B cells also participate in class switch 

recombination, where heavy chain segments expressing IgM and IgD switch to IgG, IgA, 

or IgE.  Recent observations have indicated that E2A activity is specifically induced 

during B cell activation to accommodate isotype switching (Quong et al., 1999).  Nuclear 

extracts were prepared from both naïve and primary B cells cultured in vitro with various 

types of stimulatory molecules.  Protein levels of the E2A gene products E12 and E47 

were subsequently measured and E2A DNA binding capacity was additionally examined 

by EMSA, demonstrating a robust induction of E2A levels within 48 hours of activation.  

It was also found that ectopic expression of the E protein antagonist Id3 perturbed E2A 

DNA binding ability and dramatically inhibited class switch recombination in activated B 

cell cultures.   

Diversification events in the germinal center such as somatic hypermutation and 

class switch recombination further add to the antibody repertoire and are carried out by 

the mutagenic enzyme activation-induced cytidine deaminase, known as AID 

(Muramatsu et al., 2000).  AID specifically functions by deaminating cytosine residues in 

variable and constant regions of the immunoglobulin heavy chain locus, leading to single 

point mutations or large deletions of constant regions.  Until recently, it remained to be 

determined how AID targets double-stranded DNA in specific immunoglobulin regions.  

Current speculations hypothesize the direct recruitment of AID to these regions of DNA, 

facilitating the binding of transacting proteins that bind to cis-elements such as 

immunoglobulin enhancers.  An example of such a factor is E2A, whose protein-binding 

consensus sequence can be found in all Ig enhancers (Michael et al., 2003).   
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E protein activity was directly correlated to the upregulation of AID transcripts 

and class switch recombination in experiments where the authors overexpressed Id3 in ex 

vivo activated B cells, finding that AID gene expression was severely reduced.  

Interestingly, the enforced expression of AID in concert with Id3 retroviral infection 

partially restored isotype switching (Sayegh et al., 2003).  Due to the fact that Id3 

proteins have the ability to antagonize the DNA binding activity of all E protein family 

members, it is still unknown which E proteins in addition to E2A are responsible for the 

absence of class switch recombination.  Data has been provided suggesting that AID gene 

expression is also controlled in part by calcium signaling pathways.  In experiments 

where E2A was mutated in the binding site for calmodulin (the calcium sensing protein), 

AID transcription could not be extinguished after sufficient activation via the B cell 

receptor (Hauser et al., 2008).  Thus, E2A is required to regulate AID via the B cell 

receptor.  Taken together, these investigations hint at a functional role for E proteins in 

mature B lineages.  More recent publications have identified other direct protein 

interactions with AID including Protein Kinase A, which is recruited to the 

immunoglobulin locus to assist in heavy chain modification events and Ikaros, a 

transcription factor that directly binds to isotype gene promoters (Sellars et al., 2009; 

Vuong et al., 2009).  Additionally, the HoxC4 transcription factor has also been shown to 

control AID expression via direct activation of the AID promoter region (Park et al., 

2009).  Perhaps E proteins influence the cooperation of these molecules with AID.  

To more carefully examine changes in E2A expression levels during late B cell 

differentiation, we used E2A- and its antagonist Id3-GFP reporter mice to determine 

protein levels of both helix-loop-helix factors in various activated B cell populations 
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during an immune response.  We then utilized two types of E2A and HEB conditional 

knockout mouse models for our analyses.  We included in our evaluation mice deficient 

in E2A or HEB alone to address how these E proteins individually contribute to the 

function of activated B cells.  E2AF/F, HEBF/F, and E2AF/FHEBF/F mice were crossed 

with mice carrying an ER cre transgene or a CD21 cre transgene.  In order to determine 

the role of E proteins in germinal center formation, class switch recombination, and 

plasma cell development, we started with an in vivo approach.  

 

Results 

E2A and Id3 Have Opposite Roles During an Immune Response 

As an initial analysis to study E proteins in antigen dependent B cell formation, 

we used E2A- and Id3-GFP knock-in animals to monitor protein expression profiles of 

E2A and Id3 throughout an immune reaction.  Specifically, we measured GFP 

fluorescence in germinal center derived B cell subsets after immunization.  Consistent 

with previously published observations, we found low levels of E2A in naïve splenic B 

cells.  E2A expression was significantly upregulated in plasmablasts, which are the 

proliferative precursors to plasma cells.  E2A levels were even further increased in 

plasma cell populations, however we found the highest abundance of E2A expression in 

germinal center B cells (Figure 2.1A).   

We found reciprocal results in Id3-GFP reporter mice.  Naïve B lymphocytes 

showed the highest amount of Id3, while plasmablasts downregulated Id3 protein 

expression.  Plasma cell and germinal center B cells demonstrated baseline Id3 levels that 

were identical to those in wild type control mice (Figure 2.1B).  Taken together, these 
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data highlight the opposing activities of E2A and Id3 in end stage B lymphocyte 

development and further hint that E2A is required in a germinal center reaction.   

E2A and HEB Null Mice Form Germinal Centers and Differentiate into Antibody 

Secreting Plasma Cells After Immunization 

For our in vivo studies, mice with floxed E2A, HEB, and E2A and HEB alleles 

were bred with mice containing an ER cre transgene (Figure 2.2A).  The targeted deletion 

of both or single E proteins was specifically and efficiently achieved via the induction of 

ER cre recombinase upon administration of Tamoxifen in mice with floxed E2A or/and 

HEB alleles.  Mice received 1 milligram of Tamoxifen homogenized in sunflower seed 

oil for 5 consecutive days.  We also activated ER cre in wild type mice to control for any 

unexpected deleterious effects.  Wild type, E2A, HEB, and E2A and HEB floxed mice 

post treatment with Tamoxifen were immunized with a combination of NP-KLH and Ribi 

adjuvant (Figure 2.2B).   

The use of an NP hapten-based immunization system is favorable for studying 

cell populations that make specific antibodies against the NP molecule (Jack et al., 1977).  

Thus, we are able to analyze activated B cells that participate in the germinal center 

reaction, as only they are able to generate highly specific receptors against NP after 

undergoing several rounds of affinity maturation, somatic hypermutation, and class 

switch recombination.  Another advantage to immunizing mice with NP-containing 

reagents is the ability to perform additional NP specific assays such as ELISAs and 

ELISPOTs.  Interestingly, our in vivo analysis of activated B cells did not reveal a more 

severe phenotype in the absence of both E2A and HEB as compared to E2A or HEB 

alone.  This could have occurred because the antigen and adjuvant we used is 
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administered at saturating concentrations, making it difficult to detect additive 

differences between single and double knockout animals.  As such, the remaining results 

focus mainly on E2AF/FHEBF/F ER cre immunized animals.   

Seven or 14 days after immunization with an NP specific immunogen, spleens 

were harvested.  In addition, blood samples were collected for the purpose of measuring 

serum levels of secreted antibodies.  We then evaluated populations of germinal center B 

cells and plasma cells generated in vivo using a multicolored flow cytometry approach.  

Our analysis of activated B lymphocyte populations in E2A and HEB single and double 

knockout mice revealed increased total and NP specific plasma cell numbers in contrast 

to wild type ER cre mice.  Surprisingly, we did not observe disturbances in germinal 

center formation at day 7 or day 14 by FACS analysis after immunization, although we 

found a significant increase in plasma cell development (Figure 2.3A).  These results are 

further reflected by cell numbers of germinal center B and antibody secreting cells 

(Figure 2.3B).  We also identified a reduction in splenic B cells, suggesting that E2A and 

HEB are important in mature B cell lineages (Figure 2.3B).  

Deletion of E2A and HEB Results in Defective Class Switch Recombination and 

Plasma Cell Function 

We further assayed for plasma cell function via NP specific ELISPOTs and 

ELISAs.  While ELISPOTS allow the quantification of individual antibody secreting 

cells, ELISAs measure serum levels of antibodies (Figure 2.4A and B).  We compared 

both low and high affinity NP specific antibody responses in wild type and knockout 

animals by using BSA haptenated to either 23 NP molecules or 4 NP molecules in both 

types of assays (Takahashi et al., 1998).  Furthermore, the use of different conjugation 
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ratios of NP is often used to assess the amount of affinity maturation in immunized 

animals.  Consistent with our FACS data, ELISPOT assays revealed a dramatic increase 

in NP23 and NP4 IgM specific plasma cells at day 7 in E2A and HEB ablated mice in 

comparison to wild type controls (Figure 2.5A and B; Figure 2.7A).  An overabundance 

of low and high affinity IgM secreting plasma cells was also found in single and double 

knockout animals at 14 days post immunization (Figure 2.6A and B; Figure 2.7A).  Mice 

missing E2A or/and HEB demonstrated a deficiency in isotype switched antibody 

secreting cell populations at day 7 alone (Figures 2.5A and B; Figure 2.7A).  At day 14 

after immunization, we observed similar numbers of low and high affinity IgG1 positive 

antibody secreting cells in knockout animals in comparison to wild type controls, 

suggesting an initial delay in the kinetics of germinal center derived plasma cell 

formation that later becomes equal to wild type amounts by day 14 (Figures 2.6A and B; 

Figure 2.7A).  

ELISA assays verified an increase in low and high affinity antibody levels from 

serum at day 7 and 14, as well as a striking decrease in low and high affinity IgG1 serum 

antibodies at day 7 and day 14, especially in high affinity assays where NP4-BSA was 

used (Figure 2.7B).  Interestingly, only half of the knockout animals were capable of 

generating highly specific IgM antibodies, suggesting that the overproduction IgM serum 

antibodies were from mostly low affinity NP specific plasma cells.  Based upon the 

results of these assays, we conclude that the prolonged IgM response in knockout animals 

is a result of failed isotype switching and is further indicative of abnormal germinal 

center formation early on in the immune response.   
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One major limitation of the ER cre mouse model is the ubiquitous deletion of 

E2A and HEB in other lymphoid compartments such as T, natural killer, dendritic, and 

myeloid cells.  These cells also become activated and contribute to an immune response 

against NP-KLH, especially helper T cells, as NP-KLH is a T cell-dependent antigen.  

Furthermore, we cannot exclude the possibility that E2A and HEB are required for the 

proper function of these particular cell subsets.  In this experimental setup we are unable 

to conclude if the observed results are due specifically to abnormalities in B cells alone or 

a combined deficiency from several different types of lymphocytes when these E proteins 

are removed. 

E2A and HEB are Essential for Normal Naïve Splenic B Cell Development 

In an effort to determine if E2A and HEB are required in the function of activated 

B cell subsets in a B cell intrinsic manner, we deleted E2A, HEB, and E2A and HEB 

exclusively in mature B cells.  This was accomplished by crossing wild type, E2AF/F, 

HEBF/F, and E2AF/FHEBF/F mice to mice containing a cre recombinase that is active 

only in CD21 positive B cells (Figure 2.8A).  Initial analysis of E2A floxed CD21 cre 

mice revealed a severe disturbance in splenic cellularity.  We found E2AF/F CD21 cre 

mice on average had a 50 percent reduction in total cell numbers in the spleen.  This 

profound phenotype might be a result of the requirement of E2A in the proper function of 

stromal and follicular dendritic cells, as these cells have been previously shown to 

express CD21 (Barrington et al., 2002).  In order to further study this splenic 

abnormality, we performed histological analysis on spleens from WT CD21 cre, E2AF/F 

CD21 cre, HEBF/F CD21 cre, and E2AF/FHEBF/F CD21 cre mice (Figure 2.8B).  

Briefly, spleens were stained with MOMA-1, B220, and CD3e antibodies to examine the 
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structure of marginal zones and B cell follicles.  Despite the decrease in spleen size, we 

found that mice deficient in E2A and HEB exhibited for the most part normal architecture 

albeit a reduction in B cell follicle size (Figure 2.9).  In addition, we observed increased 

marginal zone formation in knockout animals, which corroborates previously published 

work about mature B cell development in the absence of E2A (Quong et al., 2004).   

To avoid this defect in spleen size apparent in the E2A and HEB floxed CD21 cre 

mice for our immunization experiments, we transplanted whole bone marrow from wild 

type CD21 cre and E2AF/FHEBF/F CD21 cre mice into lethally irradiated CD45.1 

recipients (Figure 2.10).  We also reconstituted lethally irradiated recipients with E2AF/F 

CD21 cre bone marrow to verify that CD21 was being expressed at the appropriate point 

of B lineage development.  Approximately 8 weeks after transplantation, FACS analysis 

of bone marrow cells demonstrated normal percentages of immature CD19 positive 

lymphocytes, suggesting that the CD21 cre transgene was not activated earlier than the 

mature B cell stage (Figure 2.11A and B).  Further examination of naïve splenic B cell 

subsets revealed skewed marginal zone and decreased follicular B cell populations 

(Figure 2.11C and D).  These results indicate that CD21 is upregulated in mature B cells, 

as we find abnormalities in naïve B cells in the absence of E2A.   

E2A and HEB Function in a B Cell Intrinsic Manner to Promote Germinal Center 

Diversification Events 

Mice reconstituted with wild type CD21 cre or E2AF/FHEBF/F CD21 cre bone 

marrow cells were immunized with 400 µg of NP-KLH in Ribi and sacrificed at day 8 

post injection (Figure 2.10).  FACS analysis of activated B cell populations revealed no 

remarkable disturbances in the formation of germinal centers but increased plasma cell 
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differentiation, similar to E2AF/FHEBF/F ER cre immunized animals (Figure 2.12A and 

B).  We also performed ELISPOTs to enumerate NP specific antibody secreting cells.  

E2A and HEB deficient transplanted mice showed increased low and high affinity NP 

specific IgM plasma cell formation as compared to wild type reconstituted mice, although 

this was not found to be significant (Figure 2.13A and B).  Despite their ability to form 

germinal centers after immunization, we observed diminished levels of low and high 

affinity NP specific IgG1 antibody secreting cells in double knockout reconstituted 

animals 8 days after immunization (Figure 2.14A and B).  While mice transplanted with 

E2A and HEB null bone marrow cells showed reduced low affinity (NP23) isotype 

switched plasma cells, we found that high affinity (NP4) class switched plasma cells were 

virtually absent in these animals, further hinting at a defect in affinity maturation (Figure 

2.14B).  Blood was collected one day prior to immunization in addition to days 4 and 8 to 

assess levels of IgM and IgG1 serum antibodies at early and later time points during the 

immune reaction via ELISAs.  In agreement with our ELISPOT data, we found severe 

deficiencies in serum concentrations of secreted IgG1 antibodies at each post 

immunization time point (Figure 2.15B).  Analysis of IgM NP specific antibodies looked 

relatively normal in mice reconstituted with E2A and HEB floxed CD21 cre bone 

marrow as compared to host mice that received wild type CD21 cre bone marrow (Figure 

2.15A). 

To summarize, we suspect that mice lacking E2A and HEB are unable to 

participate in germinal center associated events such as class switch recombination or 

post germinal center B cell differentiation to high affinity antibody secreting plasma 

cells.  Our combined ELISPOT and ELISA data is suggestive of germinal center 
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malfunction.  Germinal center B cells in E2A and HEB lacking mice cannot undergo 

class switch recombination; therefore subsequent plasma cell formation is of the IgM 

isotype during an immune response.  As mentioned earlier, we found increased 

populations of plasma cells as measured by flow cytometry in animals missing E2A and 

HEB.  We suggest that increased plasma cell differentiation in E2A and HEB deficient 

cells is mostly from marginal zone B cells that contribute to the immune response, which 

is also supported by our histology data and our FACS analysis of mature B cell 

populations that demonstrates a bias towards marginal zone formation.   

 

Discussion 

As expected, our E2A-GFP expression data illuminates the importance of E2A 

protein activity in germinal center B cells and plasma cell subsets during an immune 

response to a pathogenic presence.  Intermediate levels of E2A in plasma cells as 

compared to germinal center B lymphocytes suggests that the downregulation of E2A in 

B cells migrating to peripheral locations (such as naïve B or plasma cells) is a common 

hallmark throughout B lymphocyte development.  The inverse expression pattern of Id3 

in these same late B cell populations suggests that Id3 modulates E protein activity in 

naïve B cells.  When E2A is induced after an immunization, Id3 levels decline, allowing 

class switch recombination and somatic hypermutation to take place via the activity of 

the AID enzyme.  This data is furthermore the first in vivo evidence that the inverse 

activities of both E2A and Id3 orchestrate the humoral immune system reaction.   

Both types of cre lines used for our in vivo experiments deletes the E2A and HEB 

alleles at different stages of B cell development.  The ER cre experimental setup removes 
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E2A and HEB in an omnipresent fashion, and the CD21 cre line eliminates both E 

proteins at the mature B cell stage (Kraus et al., 2004; Zheng et al., 2002).  While it is 

difficult to conclude that our ER cre results are a B cell intrinsic mechanism, both sets of 

data indicate similar roles for E2A and HEB in antigen activated B cell formation.  As 

such, our discussion will focus on our E2AF/FHEBF/F CD21 cre experimental results 

because they are identical to our ER cre data.  Both results also strengthen our argument 

that E proteins are required for proper germinal center functions that are specific to B cell 

populations.   

CD21 begins to be expressed at the mature B cell stage.  Thus, we find a similar 

bias towards marginal zone B cell formation and reduction in follicular B cell 

development in E2AF/F CD21 cre mice, validating previously reported results (Quong et 

al., 2004).  E2A alone has been hypothesized to function in mature quiescent B cells and 

the germinal center microenvironment based upon a substantial amount of previous 

research.   For the first time, we also identify HEB to be important the formation of 

mature naïve B cells that are capable of mounting an immune response.  Our histology 

and FACS data shows that cre mediated deletion of mature B cells leads to skewed 

marginal zone formation at the expense of follicular B lymphocytes in HEBF/F CD21 cre 

mice.  

While mice reconstituted with E2AF/FHEBF/F CD21 cre bone marrow are 

capable of forming germinal centers after immunization with a T cell-dependent antigen, 

closer analysis reveals striking defects in germinal center developmental processes such 

as class switch recombination.  In the absence of E2A and HEB, AID is not induced; 

therefore, the majority of germinal center B cells that enter the extrafollicular plasma cell 
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pathway are IgM positive.  Furthermore, the use of an NP-based antigen system points to 

abnormalities in other germinal center events including affinity maturation, as E2AF/F 

HEBF/F CD21 cre plasma cells are incapable of making isotype switched antibodies 

against high affinity NP specific reagents.  E2A and HEB perhaps regulate germinal 

center B cell recycling between the dark and light zones.  We propose that the increase in 

plasma cells in animals containing E2A and HEB null cells comes from marginal zone B 

cells that immediately differentiate into nonspecific IgM secreting cells, however serum 

levels of IgM do not reflect this hypothesis (Figure 2.15A).  It is plausible that these 

while these types of plasma cell populations might be overly abundant in mice lacking 

E2A and HEB, they are not functional or unable to secrete antibodies.   

 

Materials and Methods 

E2A- and Id3-GFP Mice 

The E2A-GFP targeting construct was derived from a modification of the E47bm 

targeting construct reported in a previous study (Zhuang et al., 2004).  The E2A stop 

codon was converted into a BamHI site via site directed mutagenesis.  The entire coding 

region of EGFP (Clontech) was inserted into the BamHI site in frame with E2A.  A 

positive selection marker was provided by a PGKNeo cassette inserted into the XbaI site 

about 1kb downstream of the E2A gene.  A negative selection marker was provided by 

the PGK driven Diphtheria Toxin (DT) gene placed outside the homologous regions.  For 

the Id3-GFP mice, the sequence encoding GFP was inserted into the exon encoding the 

Id3 helix-loop-helix region.  The targeted allele resulted in a mutated Id3 locus in which 
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the expression of GFP was placed under control of regulatory elements present in the Id3 

gene. 

Generation of E2A- and HEB-Deficient Mice 

All experiments were carried out in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of the University of California, San Diego 

(UCSD).  E2A and HEB floxed animals were kindly provided by Dr. Yuang Zhuang 

(Duke University) and crossed to mice carrying the ER cre or CD21 cre transgene (Jax).   

Deletion of E2A and HEB in ER Cre Mice 

The targeted deletion of single or both E proteins was specifically and efficiently 

achieved via the induction of ER cre recombinase upon administration of Tamoxifen in 

mice with floxed E2A and HEB alleles.  Mice aged 9-10 weeks received 1 mg of 

Tamoxifen (Sigma) homogenized in sunflower seed oil (Sigma) for 5 consecutive days.  

The efficacy of this deletion was measured at both transcriptional and translational levels 

in mature naïve and activated splenic B cells. ER cre was also activated in wild type mice 

to control for any unexpected deleterious effects.   

Bone Marrow Transplantations and Chimeras 

CD45.1 congenically marked recipients aged 8-10 weeks were lethally irradiated 

with 1,000 rads of ! irradiation from a Cs source the day before transfer.  Mice received 5 

million bone marrow cells from WT CD21 cre, E2AF/F CD21 cre, and E2AF/FHEBF/F 

CD21 cre donors (CD45.2 allotype).  For competitive reconstitutions, an equal ratio (2.5 

million each) of CD45.1 bone marrow cells were mixed with WT CD21 cre, E2AF/F 

CD21 cre, and E2AF/FHEBF/F CD21 cre bone marrow cells.  
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Immunizations 

E2A-GFP, Id3-GFP, ER, and CD21 cre containing E protein-deficient mice post 

treatment with Tamoxifen received an immunization of 400 µg NP-KLH (Biosearch 

Tech) in an oil-containing adjuvant emulsion (Sigma) to maximize effector cell 

responses.  Lethally irradiated CD45.1 host mice given E2A and HEB floxed CD21 cre 

bone marrow were immunized in an identical manner.   

ELISPOTs   

MultiScreen-HA plates (Millipore) were coated with NP23- or NP4-BSA in PBS 

at 25 µg/ml overnight.  Plates were then washed with PBS and blocked with complete 

RPMI media.  Total splenic cells were plated at 100,000 cells/ml for measuring IgM 

secretion and 200,000 cells/ml for IgG1 and incubated overnight in a CO2 incubator.  

Plates were washed with PBS containing Tween-20, followed by PBS alone and 

incubated with goat anti-mouse IgM or IgG1 HRP antibodies (Southern Biotech) in milk 

diluant for 4 hours in a CO2 incubator.  After washing, spots were visualized with freshly 

made 1% 3-amino-9-ethylcarbazole (Sigma) in sodium acetate buffer and 3% H202.  

Spots were then analyzed and counted at high resolution using an ELISPOT reader 

system with KS ELISPOT Software 4.9 (Zellnet, Inc.).   

ELISAs 

High-binding 96 well plates were coated with NP23- or NP4-BSA (Biosearch 

Tech) in carbonate buffer at 25 µg/ml overnight.  Plates were washed the following day 

with PBS containing Tween-20 and blocked with PBS supplemented with 5% FCS.  

Serum samples were incubated in blocking buffer for 1 hour in a CO2 incubator.  After 

washing, goat anti-mouse IgM or IgG1 HRP (Southern Biotech) was added to the plates 
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and incubated for 1 hour.  Finally, the HRP substrate Super AquaBlue was added 

(eBioscience), and the optical density at 405 nm was measured using a 96 well 

spectrometer (Spectra Max Plus 384).   

Flow Cytometry 

All FACS analyses were performed with 8-12- week-old mice.  Single cell 

suspensions were prepared and stained using various fluorescently labeled antibodies 

purchased from eBioscience or BD.  Flow cytometry was performed on an LSR II (BD) 

and data were analyzed with FlowJo software (Tree Star, Inc.).  The following antibodies 

were used:  anti-B220 (RA3-6B2); CD19 (1D3); IgM (II/41); IgD (11-26); CD21 (8D9); 

CD23 (B3B4); GL7 (GL7); CD138 (281-2); IgG1 (A85-1); and NP conjugated to 

allophycocyanin.  

Conjugation of NP to APC 

40 µg of NP-OSu (Biosearch Tech) was conjugated to 1 mg of allophycocyanin 

(Prozyme) in a simple and one-step chemical reaction.  NP-APC was purified by dialysis 

against sodium bicarbonate buffer followed by PBS twice.   

Histology 

Spleens from WT CD21 cre, E2AF/F CD21 cre, HEBF/F CD21 cre, and 

E2AF/FHEBF/F CD21 cre mice were snap frozen in OCT at -80°C, sectioned, and 

stained with anti-MOMA-1 Biotin, anti-B220-PE, and anti-CD3e-APC antibodies, 

followed by incubation with a streptavidin-FITC labeled antibody.   
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Figure 2.1: 

E2A- and Id3-GFP Expression During a Humoral Immune Response 

E2A (A) and Id3 (B) protein expression levels in naïve B cells, plasmablasts, plasma 
cells, and germinal center B cell subsets.  Mice were sacrificed fourteen days post 
immunization for FACS analysis.  Graphs represent GFP mean fluorescence intensity.   
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Figure 2.2: 

In Vivo ER Cre Experimental Design 

A. E2A floxed, HEB floxed, and both E2A and HEB floxed mice were crossed to 
mice carrying an ER cre transgene.   
 

B. Wild type, E2AF/F, HEBF/F, and E2AF/FHEBF/F ER cre mice were treated with 
1 mg of Tamoxifen for 5 consecutive days, followed by immunization with 400 
µg of NP-KLH and Ribi.  Mice were sacrificed after 7 or 14 days later to examine 
germinal center responses and plasma cell formation.   

 

 

 

•  Look at nonspecific and NP-specific immune response 

•  FACS germinal center and plasma cells 

•  Quantify antibody secreting cells in spleen (ELISPOT) 

•  Measure antibody secretion in serum (ELISA) 

Harvest spleen 

Tamoxifen treated (1 mg for 5 days) 
Immunized with 400 ug NP-KLH + Ribi 

+/+ ER cre 
E2AF/F ER cre 
HEBF/F ER cre 

E2AF/FHEBF/F ER cre 

Obtain blood 

Day 7 or 14 

X 

E2AF/F or/and HEBF/F ER cre 

A B 



!

!

43!

 

 

 

 

 

 

Figure 2.3: 

FACS Analysis of Activated B Cell Subsets in E2A and HEB Floxed ER Cre Mice 

A. Germinal center development and plasma cell differentiation 14 days post 
immunization were examined by flow cytometry using GL7, CD138, and B220 
antibodies.  Numbers in the gates represent the percentage of live cells. 
 

B. Graphs show germinal center, plasma cell, and B cell numbers per spleen in wild 
type ER cre and E2AF/FHEBF/F ER cre mice. 
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Figure 2.4: 

Plasma Cell Functional Assays  

A. Splenic plasma cells at day 7 and 14 after immunization were further quantified 
by ELISPOT.  Low and high affinity NP specific IgM and IgG1 secreting plasma 
cells were enumerated using plates coated with BSA haptenated to 23 or 4 
molecules of NP. 
 

B. Serum concentrations of IgM and IgG1 NP specific antibodies were assessed by 
ELISA at day 7 and 14 post injection with NP23-BSA or NP4-BSA coated plates 
to detect low and high affinity antibodies.  
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Figure 2.5: 

Day 7 ER Cre Post Immunization Antibody Secreting Cell Development 

A. Low affinity NP specific IgM and IgG1 plasma cells from single and double 
knockout animals.   
 

B. High affinity NP specific IgM and IgG1 plasma cells from single and double 
knockout animals. 
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Figure 2.6: 

Day 14 ER Cre Post Immunization Antibody Secreting Cell Development 

A. Low affinity NP specific IgM and IgG1 plasma cells from single and double 
knockout animals.   
 

B. High affinity NP specific IgM and IgG1 plasma cells from single and double 
knockout animals. 
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Figure 2.7: 

ER Cre NP Specific Plasma Cells and Serum Antibodies 

A. Summary of ELISPOT results in double knockout mice at day 7 and day 14 post 
injection. 
 

B. Serum levels of IgM and IgG1 NP specific antibodies in E2A and HEB null mice 
after 7 or 14 days of a germinal center response.  Antibody titers were calculated 
relative to a wild type control. 
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Figure 2.8: 

CD21 Cre Mice 

A. E2A floxed, HEB floxed, and both E2A and HEB floxed mice were crossed to 
mice containing a cre recombinase that is active only in CD21 positive cells to 
exclusively delete E2A and HEB in mature B cells. 
 

B. E2AF/F CD21 cre mice have a reduction in spleen size as compared to wild type 
CD21 cre mice.   
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Figure 2.9: 

Splenic Architecture in E2A or/and HEB Floxed CD21 Cre Mice 

Wild type (top left panel), E2A floxed (top right panel), HEB floxed (bottom left panel), 
or E2A and HEB floxed (bottom right panel) CD21 cre spleens were snap frozen in OCT 
and sectioned.  Slides were stained using MOMA-1-FITC, B220-PE, and CD3e-APC to 
distinguish marginal zones, B cell follicles, and T cell areas, respectively.   
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Figure 2.10: 

In Vivo CD21 Cre Experimental Design 

Whole bone marrow from wild type CD21 cre and E2AF/F CD21 cre mice was 
transplanted into lethally irradiated CD45.1 recipients.  Approximately 8 weeks after 
reconstitution, animals were immunized with 400 µg of NP-KLH and Ribi and analyzed 
at day 8 or 10 post immunization. 
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Figure 2.11: 

B Cell Development in E2AF/F CD21 Cre Reconstituted Mice 

Multicolored flow cytometry was used to examine immature and mature B cell lineages 
in the bone marrow and spleen of E2AF/F CD21 cre recipient animals (A and C).  
Numbers in the gates (A and C) and graphs (B and D) represent the percentage of live 
CD19 positive cells.   
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Figure 2.12: 

Late B Cell Differentiation in E2AF/FHEBF/F CD21 Cre Transplanted Mice 
 

A. Animals were immunized 8 weeks after reconstitution with 400 µg of NP-KLH 
and Ribi and examined at day 8 post immunization.  Germinal center 
development and plasma cell formation was evaluated via flow cytometry.  
Numbers in the gates reflect the percentage of live CD19 positive cells. 
 

B. Graphic representation of activated B cell percentages based upon live CD19 
positive cells. 
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Figure 2.13: 

IgM Plasma Cell Formation in E2A and HEB Floxed CD21 Cre Mice 

Splenic antibody secreting cells at day 8 after immunization were quantified by 
ELISPOT.  Low and high affinity NP specific IgM plasma cells were enumerated using 
plates coated with BSA haptenated to 23 or 4 molecules of NP.  Graphs (A) represent 
plasma cells per spleen and pictures (B) show individual IgM secreting plasma cells on 
ELISPOT membranes.   
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Figure 2.14: 

IgG1 Plasma Cell Formation in E2A and HEB Floxed CD21 Cre Animals 

Splenic antibody secreting cells at day 8 after immunization were quantified by 
ELISPOT.  Low and high affinity NP specific IgG1 plasma cells were enumerated using 
plates coated with BSA haptenated to 23 or 4 molecules of NP.  Graphs (A) represent 
plasma cells per spleen and pictures (B) show individual IgG1 secreting plasma cells on 
ELISPOT membranes.   
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Figure 2.15: 

NP Specific Serum Antibodies in E2AF/FHEBF/F CD21 Cre Recipients 

Serum concentrations of NP specific IgM (A) and IgG1 (B) antibodies were determined 
by ELISA at day 4 and 8 post injection.  Plates were coated with NP26-BSA or NP4-
BSA to detect low and high affinity antibodies.  Antibody titers were calculated relative 
to a wild type control. 
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Chapter III: 

E2A and HEB are Required for In Vitro B Cell Activation  
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Summary 

Previous work has indicated that the E2A gene products are dramatically induced 

upon B cell activation by a wide variety of signaling pathways.  It has also been reported 

that inhibiting E protein function by overexpression of Id3 abolishes the ability of 

activated B cells to undergo class switch recombination, indirectly linking E2A and other 

E protein activity to germinal center processes.  Here, we activate B cells from mice 

deficient in E2A and HEB using an in vitro culture system.  The resulting data is the first 

direct evidence that the E proteins E2A and HEB are both necessary for activated B cell 

differentiation in response to an antigenic presence.  We furthermore determine that in 

the absence of E2A and HEB, transcription factors that function in both the germinal 

center response and plasma cell differentiation are not properly upregulated, suggesting a 

mechanism underlying faulty class switch recombination and plasma cell formation.   

 

Introduction 

E2A was originally thought to be involved in later stages of B lymphocyte 

development based upon its expression patterns in immortalized mature B and plasma 

cell lines (Jacobs et al., 1993; Murre et al., 1991).  Immunohistochemical staining of 

human lymph tissue also identified strong E2A protein expression in germinal center dark 

zones, suggesting a functional role for E proteins in peripheral lymphoid organs such as 

the spleen and lymph nodes (Goldfarb et al., 1996).  In further support of this view, the 

activation of primary naïve splenic B cells using various combinations of stimulatory 

molecules and helper T cell subsets leads to the rapid appearance of E12 and E47 RNA 

and protein levels.  E2A induction is a common mechanism that is specific to later B cell 
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populations, as stimulated splenic T cells do not activate the E2A gene products.  Past 

literature has implicated E2A in class switch recombination and the regulation of the 

germinal center diversifying enzyme AID.  Activated B cells with enforced Id3 

expression are incapable of producing secondary immunoglobulin isotypes, although this 

defect can be partially rescued by the overexpression of AID (Sayegh et al., 2003).  E2A 

functions downstream of germline transcription but prior to switch rearrangements; 

therefore, B lymphocytes deficient in E2A DNA binding activity are able to promote 

germline transcription but cannot induce isotype switching (Quong et al., 1999).  

Interestingly, the helix-loop-helix protein Id2 has been shown to suppress isotype 

switching, signifying that Id2 blocks E protein expression after class switch 

recombination and somatic hypermutation have occurred (Sugai et al., 2003). 

Germinal center development or differentiation to the plasma cell phenotype is 

tightly regulated by two networks of transcription factors that must become upregulated 

independently of one another (Oracki et al., 2010).  In the germinal center, proteins that 

maintain B cell identity are highly expressed, such as Bcl6, Mta3, Pax5, and MITF, while 

transcription factors driving terminal differentiation include Blimp1, Xbp1, and Irf4 

(Shapiro-Shelef and Calame, 2005).  The upregulation of these factors promotes 

cessation of the cell cycle, massive changes in cell-surfacing proteins and homing, and 

immunoglobulin secretion.  E47 has furthermore been implicated to function in plasma 

cell differentiation.  In experiments where E47 was transduced in a lymphoma cell line 

deficient in E2A, Xbp1 was upregulated, which is a critical factor in the development and 

function of antibody secreting cells (Schwartz et al., 2006).   
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Mature naïve primary B cells can be easily purified and cultured in vitro using a 

variety of polyclonal mitogens and cytokines.  Activated B lymphocytes in culture share 

several qualities of germinal center B cells, including a significant increase in 

proliferation and changes in expression patterns of cell surface stimulatory markers.  ER 

cre mice are suitable for our in vitro experiments because after Tamoxifen treatment, B 

cells are purified and activated in the absence of all other types of splenic lymphocytes.  

Therefore, we are capable of studying the roles of E2A and HEB in a B cell intrinsic 

manner.  In addition, the activating cytokines employed for these experiments were 

titrated to allow us the ability to carefully study both single and double knockout B cell 

activation.  The use of non-saturating concentrations of stimulatory molecules 

furthermore enables us to determine whether E2A and HEB cooperate together to 

promote activated B cell formation or if they are functionally redundant.   

 

Results 

Class Switch Recombination and Plasma Cell Formation is Perturbed in the 

Absence of E2A and HEB  

To measure class switch recombination and plasma cell differentiation in mice 

with an excised E2A allele, HEB allele, or both E2A and HEB alleles in vitro and 

validate our in vivo results, follicular and marginal zone B cells were isolated and 

stimulated in culture with anti-CD40, IL4, and IL5 to promote class switch recombination 

to IgG1 or plasma cell formation, respectively.  After 96 hours, activated cells were 

assayed for differences in IgG1 isotype subsets and plasma cell surface marker 

expression (Figure 3.1).   
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After culturing HEB null activated follicular B cells for 96 hours, we saw a 

moderate decline in B cells able to undergo class switch recombination as measured by 

IgG1 expressing populations, while E2A deficient cultured B cells exhibited a more 

dramatic defect in comparison.   The absence of both E2A and HEB demonstrated the 

most striking suppression of IgG1 positive cell formation, suggesting that these E 

proteins act together to promote class switch recombination (Figure 3.2A).  We also 

found that plasma cell differentiation was most severely hindered in the E2A and HEB 

floxed marginal zone B cells, while E2A and HEB-single floxed syndecan-1 expressing 

populations were mildly diminished, therefore suggesting that E proteins are also 

involved in terminal B cell development (Figure 3.2B).  

For our initial studies, total mature naïve B lymphocytes that included both 

marginal zone and follicular B cells were cultured and assessed for class switching and 

plasma cell development in wild type and knockout animals.  It has been previously 

reported that mice heterozygous for E2A have an increased propensity to form marginal 

zone B cells at the expense of follicular B cells (Quong et al., 2004).  Marginal zone B 

cells are also less prone to isotype switch, as they are instead primed to differentiate into 

antibody secreting plasma cells (Pillai et al., 2005).  Based upon this information, we 

chose to activate these two types of populations separately to confirm that defects in 

isotype switched cells were not a direct result of enhanced marginal zone formation in the 

absence of E2A.  We observed identical results in comparison to experiments where 

marginal zone and follicular B cells were activated together.  This data also suggests that 

the class switching defect observed in vitro is due to impaired follicular B cell 

stimulation, as these are the predominant cells that are capable of generating a germinal 
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center reaction and not because of a skewing to the marginal zone compartment.  We also 

found decreased IgM and IgG1 antibodies in culture supernatants from knockout B cells, 

which is further indicative of a disturbance in terminal B cell differentiation (Figure 3.3).   

Cellular Proliferation and Death are Normal in Activated B Cells Lacking E2A and 

HEB 

Consistent with prior research, we also confirmed that cellular proliferation and 

death were not contributing to the defects observed in late B cell formation (Quong et al., 

1999).  Cultures missing E2A or/and HEB grew equally well in comparison to wild type 

cultures 48 hours post activation based upon enumeration of proliferating cells (Figure 

3.4A).  After 96 hours of activation, viability was further examined by cell staining with 

7AAD and Annexin V.  Wild type and knockout cells showed similar percentages of 

7AAD and Annexin V positive populations, which implies normal cell division and death 

in the absence of E2A and HEB (Figure 3.4B).   

Microarray Analysis of E2A and HEB Deleted Activated B Cells  

In an attempt to characterize the molecular mechanisms by which E proteins 

regulate activated B lineages, we generated microarray data from the two different 

subsets of activated B cells.  RNA was made from sorted follicular and marginal zone 

cultured B cells 48 hours post-stimulation.  Activated follicular B cell subsets from single 

and double knockout mice demonstrated differential expression of genes involved in 

germinal center development such as CD80/86, CD93, Klf2, CXCR4, CXCR5, and AID 

(Figure 3.5A; Table 3.1 and 3.2).  Previous reports implicate E proteins in regulation of 

the AID enzyme and its function in germinal center processes (Odegard et al., 2005; 

Sayegh et al., 2003).  We validated mRNA levels of AID by real-time quantitative PCR 
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(Figure 3.5B).  In the absence of E2A or/and HEB, AID is not properly induced, 

suggesting a mechanism behind the defective class switching we observed.  Plasma cell 

differentiation in single and double knockout marginal zone activated B cells was also 

studied at the molecular level.  We identified impaired upregulation of CXCR4 and 

Xbp1, genes that promote plasma cell specific events including germinal center egress 

and enforcement of a dynamic cellular transformation that enables immunoglobulin 

secretion (Figure 3.6A; Table 3.3).  These results were substantiated using real-time 

quantitative PCR to verify transcript levels of Xbp1, Blimp1, and J chain (Figure 3.6B).  

Taken together, these data pinpoint potential mechanisms by which E proteins function in 

the germinal center by controlling two mutually exclusive transcriptional programs that 

ultimately drive B cell activation.   

 

Discussion 

The combined use of anti-CD40, IL4, and IL5 cytokines in ex vivo B cell cultures 

mimics the signals that germinal center B cells receive from helper T cell subsets (Emslie 

et al., 2008).  Thus, we are able to study germinal center and extrafollicular activities in a 

B cell intrinsic fashion without the bias of other cell types.  Here, we demonstrate direct 

and novel roles for E2A and HEB in class switch recombination and plasma cell 

development.  The in vitro studies of single and double knockout animals implies that 

E2A also forms heterodimers with HEB in mature B cells.  These results moreover reveal 

that E2A and HEB are both required for normal B cell activation, as mice deficient in 

both E proteins demonstrate the most striking disturbance in the development of isotype 

switched and antibody secreting cells.   
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Our microarray analysis identifies many targets of E2A and HEB that function in 

late and terminal B cell differentiation.  These data give us unique insights into how E2A 

and HEB mechanistically regulate factors involved in germinal center formation, class 

switching, and plasma cell differentiation.  Previous work has demonstrated that E 

proteins induce AID expression in activated B cells and directly interact with an enhancer 

element located within the AID gene (Sayegh et al., 2003).  As such, we anticipated that 

AID levels would not be efficiently upregulated in mice missing E2A and HEB.  It was 

however, surprising to us that E proteins have a functional role in the formation of 

antibody secreting plasma cells by inducing the expression of Xbp1, Blimp-1, and J 

chain.  Recent studies have indicated that the pro-plasma cell transcription factor Blimp-1 

enforces plasma cell development and the expression of Id2 (Shaffer et al., 2002).  This 

work postulates that because E protein activation is critical to the proper induction of 

AID, the control of Id2 via Blimp-1 explains how AID expression is decreased after 

isotype switching.  Our data suggests that E2A and HEB are required after the mature B 

cell specific transcriptional program has been extinguished, which is intriguing.   

The idea that E proteins control the expression of the germinal center chemokines 

CXCR5 and CXCR4 further suggests their dual role in regulating germinal center B cells 

and plasma cells.  In the absence of E2A and HEB, germinal center B cell function and 

plasma cell differentiation are compromised because these chemotactic factors do not 

appropriately recruit activated B cells to the germinal center via CXCR5 or the peripheral 

areas for plasma cell development via CXCR4.  Additionally, these results explain how 

E2A and HEB maintain normal germinal center chemokine gradients and dark/light zone 

segregation during an immune response.  We also suspect that abnormal marginal zone 
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and follicular B cell development in E2A and HEB null mice is due to decreased 

expression of CXCR5, which is critical in B cell homing to B cell follicles (Campbell et 

al., 2003; Cyster et al., 1999; Pevzner et al., 1999).  The faulty downregulation of 

CXCR5 in follicular B cells perhaps leads to the mislocalization of follicular B cells to 

marginal zones, which would explain why E2A and HEB deficient mice have an 

increased affinity to form marginal zone B cell populations.  Abnormalities in CXCR4 

expression might lead to long-lived bone marrow plasma cell malfunction in the absence 

of E2A and HEB, as these high affinity antibody secreting cells require increased CXCR4 

levels to migrate towards specialized niches in the bone marrow (Hargreaves et al., 

2001).   

The differential expression of other factors such as CD80/86, CD93, and Klf2 

suggests aberrances in B cell signaling, B cell homeostasis, plasma cell homing, and the 

long-term survival of plasma cells in bone marrow niches in knockout B lymphocytes 

(Carreno and Collins, 2002; Chevrier et al., 2009; Collins et al., 2005; Schwartz et al., 

2002; Winkelmann et al., 2011).  The regulation of these genes by E2A and HEB 

indicates that E proteins are important in the survival of effector cell populations that 

ensures long-lasting immunity and the subsequent development of memory B cell 

subsets.  Our observations lead us to question if E proteins are required for secondary 

immune responses.  Due to the fact that E2A has been shown to be consistently important 

throughout the life span of a B cell, it is reasonable that E proteins have roles in 

maintaining the humoral immune system.   
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Materials and Methods 

Generation of E2A- and HEB- Deficient Mice  

All experiments were carried out in accordance with protocols approved by the 

Institutional Animal Care and Use Committee of the University of California, San Diego 

(UCSD).  E2A and HEB floxed animals were kindly provided by Dr. Yuang Zhuang 

(Duke University) and crossed to mice carrying the ER cre transgene (Jax).   

Deletion of E2A and HEB in ER Cre Mice   

The targeted deletion of single or both E proteins was specifically and efficiently 

achieved via the induction of ER cre recombinase upon administration of Tamoxifen in 

mice with floxed E2A and HEB alleles.  Mice aged 9-10 weeks received 1 mg of 

Tamoxifen (Sigma) homogenized in sunflower seed oil (Sigma) for 5 consecutive days.  

The efficacy of this deletion was measured at both transcriptional and translational levels 

in mature naïve and activated splenic B cells. ER cre was also activated in wild type mice 

to control for any unexpected deleterious effects.   

Flow Cytometry and Cell Sorting   

 All FACS analyses were performed with 8-12- week-old mice.  Single cell 

suspensions were prepared and stained using various fluorescently labeled antibodies 

purchased from eBioscience or BD.  Flow cytometry was performed on an LSR II (BD) 

and data were analyzed with FlowJo software (Tree Star, Inc.).  The following antibodies 

were used:  anti-B220 (RA3-6B2); CD19 (1D3); IgM (II/41); IgD (11-26); CD21 (8D9); 

CD23 (B3B4); CD138 (281-2); and IgG1 (A85-1).  For cell sorting experiments, CD19 

positive cells were enriched via MACS purification, and cells were subsequently stained 

for CD21 and CD23 to distinguish marginal zone from follicular B cell subsets and sorted 
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on a BD FACS Aria for culturing.  Both types of B cells were stimulated under similar 

conditions for 96 hours and assayed for activation via FACS analysis.  Cell death was 

measured using Annexin V (eBioscience) and 7AAD (Invitrogen). 

In vitro B Cell Cultures 

Total naïve B cells from spleen were isolated by depletion of CD43 surface 

receptors (B Cell Isolation Kit; Miltenyi Biotec) or sorted based upon marginal zone or 

follicular B cell markers.  Cells were plated at 0.5 x 106 cells/mL and cultured in RPMI 

medium supplemented with 10% (vol/vol) FCS, 100 U/ml penicillin-streptomycin, 2 mM 

L-glutamine, and 50 µM 2-mercaptoethanol in the presence of 10 µg/mL anti-CD40 

(Enzo Life Sciences), 100 ng/mL IL4 (R & D Systems), and 100 ng/mL IL5 (R & D 

Systems), or 5 µg/mL LPS (Sigma) for 4 days at 37°C in 5% CO2.  

Quantitative RT-PCR 

Total RNA was isolated using the RNeasy kit (QIAGEN), and cDNA was 

subsequently prepared with oligo-dT primers using SuperscriptIII reverse transcription 

(Invitrogen).  Quantitative PCR was performed using FastStart Universal SYBR Green 

Master Mix containing Rox reference dye (Roche) on a Stratagene Mx3500p cycler.   

Statistical Analysis   

Statistical significance was computed using the two-tailed Student’s t test.  P < 

0.05 was considered significant. 
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Figure 3.1: 

In Vitro Experimental Design 

Targeted deletion of single or both E proteins was achieved by administering 1 mg of 
Tamoxifen homogenized in sunflower seed oil for 5 consecutive days.  ER cre was 
activated in wild type mice as a control.  Follicular and marginal zone B cells were then 
sorted and activated in vitro separately to study class switch recombination and plasma 
cell differentiation. 
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Figure 3.2: 

In Vitro B Cell Activation 

A. Follicular B cells from wild type, single, and double knockout animals were 
cultured in the presence of anti-CD40, IL4, and IL5 to promote class switch 
recombination to IgG1.  After 96 hours, activated B cells were assayed for 
differences in IgG1 isotype subsets by flow cytometry.  
 

B. Marginal zone B cells from wild type, single, and double knockout animals were 
cultured in the presence of anti-CD40, IL4, and IL5 for plasma cell 
differentiation.  After 96 hours, activated B cells were assayed for plasma cell 
surface marker expression via flow cytometry. 
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Figure 3.3: 

Plasma Cell Function in Ex Vivo Activated B Cell Cultures 

IgM and IgG1 antibodies in culture supernatants of wild type, single, and double 
knockout activated marginal zone B cells were quantified to assess plasma cell function.   
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Figure 3.4: 

Proliferation and Cell Death in E2A and HEB Null Cultures 

A. Proliferation was measured via enumeration of wild type and E2A or/and HEB 
deleted cells growing in culture after 48 hours. 
 

B. At 96 hours post-activation, viability was further examined by FACS analysis of 
Annexin V and 7AAD positive cells. 
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Figure 3.5: 

Microarray Analysis of Follicular Activated B Cells 

A. Gene expression at 48 hours post stimulation of wild type, single, and double 
knockout follicular B cells was analyzed by microarray.  Hierarchical clustering 
was performed with Gene Pattern software on genes with a 2-fold greater or less 
than change in expression as compared to WT ER cre samples. 
 

B. Specific genes involved in activated B cell formation that showed dramatically 
impaired expression such as AID were substantiated using real-time quantitative 
PCR to identify potential targets of E2A and HEB. 
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Figure 3.6: 

Microarray Analysis of Marginal Zone Activated B Cells 

A. Gene expression at 48 hours post stimulation of wild type, single, and double 
knockout marginal zone B cells was analyzed by microarray.  Hierarchical 
clustering was performed with Gene Pattern software on genes with a two-fold 
greater or less than change in expression as compared to WT ER cre samples. 
 

B. Specific genes involved in activated B cell formation that showed dramatically 
impaired expression including Xbp1, Blimp-1, and J chain were substantiated 
using real-time quantitative PCR to identify potential targets of E2A and HEB. 
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Table 3.1: 

Complete List of Up and Downregulated Genes in Follicular Activated B Cells 
Greater or Less than Two-Fold in Expression as Compared to WT ER Cre Samples 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B
Gene Fold Change Gene Fold Change
Mid1 5.7595 Mid1 14.3134
Il2ra 2.7284 Rps6kl1 6.8767

Anxa4 2.5615 Grwd1 3.9749
Nupr1 2.5591 EG241041 3.0676

EG241041 2.3599 Dapk2 2.5503
Il1r2 2.2579 1110017D15Rik 2.4426

Fam114a2 2.2483 Erdr1 2.3895
H2-T10 2.1358 Ccl17 2.3171
Slamf1 2.1285 Esam 2.2161
Esam 2.1280 Emr1 2.1457
Egr2 2.1189 Anxa4 2.1387
Gnb4 2.0844 Cd86 2.0319
F2rl1 2.0466 Hyou1 2.0287
Slfn2 2.0247 Bag3 2.0061
Cd93 0.4989 Pop4 0.4979

Epm2aip1 0.4948 Plk1 0.4874
Arv1 0.4918 Picalm 0.4848
Rfx2 0.4882 Ctsc 0.4718

Nuak1 0.4857 Alg9 0.4716
LOC100045780 0.4835 Dnase1l3 0.4200

Zfp39 0.4748 Itpr2 0.4181
Mfap5 0.4717 Trim30 0.4043

Shcbp1 0.4694 Srpr 0.3969
Gnaz 0.4690 Ly6a 0.3697

1110034A24Rik 0.4608 Tcf12 0.3561
4930515G01Rik 0.4588 Casp4 0.3125

Tcf3 0.4581 Ly6d 0.2818
Klhl6 0.4572 2810417H13Rik 0.1592
Myl4 0.4570 Cxcr5 0.0578
Lynx1 0.4560

Tax1bp3 0.4555
Grm6 0.4494
Mgst2 0.4456
Mef2b 0.4455
Aire 0.4427

Klhdc2 0.4405
Thy1 0.4332

LOC100047651 0.4178
Slco4a1 0.3993
Cxcr4 0.3892

St6galnac2 0.3868
AA407270 0.3741

Rgs1 0.3738
Wnt10b 0.3733
Havcr1 0.3656
Igsf3 0.3633
Nudt6 0.3551

Twistnb 0.3457
Ccl25 0.3347
Grn 0.3236
Hscb 0.3089

Cbfa2t3h 0.2815
Rplp0 0.2713
Ly6a 0.2399
Aicda 0.2008

Dnase1l3 0.1635
Ly6d 0.1603

Znhit3 0.0934

E2AF/F ER cre FO HEBF/F ER cre FO
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Table 3.2: 

Complete List of Up and Downregulated Genes in  
E2AF/FHEBF/F ER Cre Follicular Activated B Cells Greater or Less  
than Two-Fold in Expression as Compared to WT ER Cre Samples 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B
Gene Fold Change Gene Fold Change
Mid1 10.8125 Mgst2 0.4934
Ccl17 5.6211 Fcrla 0.4910
Emr1 4.9408 Zcchc18 0.4895
Rps6kl1 4.8372 Cd93 0.4886
EG241041 4.7635 Rfx2 0.4878
Grwd1 4.0798 Mns1 0.4841
Il2ra 3.8259 2010001M09Rik 0.4841
Cd86 3.6110 Gadd45g 0.4788
Esam 3.5917 Olfml2b 0.4734
Sirpa 3.1288 Il16 0.4698

D12Ertd553e 2.7195 Irf8 0.4600
Bcl2l1 2.6348 Rgs1 0.4598

EG433016 2.6308 Cxcr5 0.4560
Sema4a 2.5608 Aire 0.4545
Dok2 2.5247 Rnase6 0.4496
Lpl 2.5156 Twistnb 0.4486
Nupr1 2.4846 Apobec1 0.4473
Slamf1 2.4609 Amigo2 0.4371
Vim 2.3398 Gnaz 0.4274
Gbp2 2.2927 Klf2 0.4240
Msc 2.2904 Trim30 0.4225
Cd80 2.2608 Slco4a1 0.4215
Nrp1 2.2583 Fbxo46 0.4210
St8sia6 2.2396 Id3 0.4189
Erdr1 2.2292 Nudt6 0.4151

2010005H15Rik 2.1708 Cxcr4 0.4109
9130211I03Rik 2.1654 LOC100047651 0.4100

Stat5a 2.1583 Sbk 0.4057
Anxa4 2.1569 Klhl6 0.4010
Slfn2 2.1468 LOC100045780 0.3930
Pik3cg 2.0861 Picalm 0.3896
Rhof 2.0815 Lynx1 0.3840
Sh3bgrl 2.0784 Igsf3 0.3828

Ltb 0.3797
Wnt10b 0.3796
Net1 0.3777
Vegfa 0.3766
Slpi 0.3605
Myl4 0.3603

Cbfa2t3h 0.3519
Klhdc2 0.3517
Faim3 0.3443
Mef2b 0.3377
Mfap5 0.3349
Ctsc 0.3303

AA407270 0.3229
1110034A24Rik 0.3214

Sfrs16 0.3186
Havcr1 0.2919
Grn 0.2765
Tcf12 0.2698
Grm6 0.2459

2810417H13Rik 0.1827
Aicda 0.1630
Dnase1l3 0.1497
Ly6a 0.1491
Ly6d 0.1123

Upregulated Downregulated
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Table 3.3: 

Complete List of Up and Downregulated Genes in Marginal Zone Activated B Cells 
Greater or Less than Two-Fold in Expression as Compared to WT ER Cre Samples 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

A B C
Gene Fold Change Gene Fold Change Gene Fold Change
Mid1 5.5025 Mid1 23.4415 Cygb 0.4975
Crhbp 3.6487 Arv1 4.8223 Apobec1 0.4959
Arl2bp 3.2963 Rps6kl1 4.5059 Gnaz 0.4930
Arv1 3.2665 Erdr1 3.4106 Dmwd 0.4873

Fgfr1op2 2.3279 Fgfr1op2 3.4001 Larp2 0.4856
Slamf1 2.2942 Grwd1 3.3289 Frag1 0.4839
Esam 2.2467 Arl2bp 3.1805 Ankrd37 0.4827

Fam114a2 2.0290 Nrarp 2.6032 Twistnb 0.4821
Eaf2 0.4967 Nelf 2.5052 Klhdc2 0.4783
Hyi 0.4927 H2afj 2.4520 Selplg 0.4772

Tax1bp3 0.4915 Dapk2 2.3932 Speer6-ps1 0.4759
Hist1h3f 0.4881 Art4 2.3726 Ly6d 0.4756
Shcbp1 0.4837 Slamf1 2.2948 H2-T10 0.4749
Cap1 0.4827 Prdx2 2.2109 Cacna1h 0.4734
Aicda 0.4768 Lars2 2.1210 Tg 0.4635

Fkbp11 0.4729 Esam 2.1121 Myl4 0.4632
Epm2aip1 0.4700 Crhbp 2.1112 Ddit4 0.4625

Zfp39 0.4590 Elk3 2.0886 Ccdc117 0.4539
Ccdc117 0.4589 Hyi 0.4645 Net1 0.4531

Riok1 0.4509 4432416J03Rik 0.4619 Egln3 0.4488
2610528E23Rik 0.4480 Pkm2 0.4603 4930583H14Rik 0.4428

Amigo2 0.4452 Mns1 0.4479 1110034A24Rik 0.4411
Havcr1 0.4324 Cap1 0.4413 Cxcr4 0.4376
Rbm47 0.4207 Ccr5 0.3994 Znhit3 0.4366
Ccl25 0.4194 Srpr 0.3589 Ly6a 0.4300
Cygb 0.4086 Tcf12 0.3293 Fbxo46 0.4298

Mcoln2 0.4010 Casp4 0.2331 Pvr 0.4276
Cldn10 0.3818 2810417H13Rik 0.1321 Mns1 0.4274

St6galnac2 0.3241 Cxcr5 0.0550 Sec24d 0.4250
Gdpd3 0.3032 Speer1-ps1 0.4109
Twistnb 0.2946 Eaf2 0.4073
Znhit3 0.0797 AI451617 0.4064

Speer3 0.4061
LOC545732 0.4050

Cap1 0.4046
Pon3 0.4017
Mt1 0.3863

Havcr1 0.3857
Wnt10a 0.3853
Xbp1 0.3838
Rsph1 0.3794
Rgs10 0.3780
Rbm47 0.3669

AA407270 0.3654
Cebpb 0.3613
Sfrs16 0.3486
Id2 0.3443

Mcoln2 0.3369
Mgst2 0.3243
Tubb6 0.3237
Alg8 0.3159
Ccr5 0.3149
Mist1 0.3125
Nudt6 0.3073

1190002H23Rik 0.3053
Aicda 0.3053
Vegfa 0.2995

Bhlhb8 0.2966
Amigo2 0.2892
Tcf12 0.2773

Fkbp11 0.2488
Slpi 0.2383

Picalm 0.2299
2810417H13Rik 0.1394

Trim30 0.1016
Ctsc 0.0618

E2AF/F ER cre MZ HEBF/F ER cre MZ E2AF/FHEBF/F ER cre MZ
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Chapter IV: 
 

Epigenetic Patterns in Germinal Center B Cells 
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Summary 

The strict control of gene expression is required for mature naïve B lymphocytes 

to either preserve a quiescent cell state, or to become activated and differentiate into the 

appropriate downstream lineages after encounter with antigen.  This precision is 

maintained by transcription factors that regulate gene expression and the epigenetic state 

of the chromatin, allowing transcription factor accessibility.  Here, we compare histone 3 

lysine 4 (H3K4) monomethylation patterns in naïve and germinal center B cells 

undergoing an immune response.  This analysis has allowed the prediction of novel 

enhancer elements in mature and antigen activated B lymphocytes, and further points to 

an important role of E2A in the germinal center.   

 

Introduction 

Our immune system is comprised of many cell subsets that protect the body from 

foreign invaders using a variety of defense mechanisms.  These types of cellular 

behaviors include the development and acquisition of effector functions, which result 

from transcriptional modifications.  Such changes are mediated by sequence-specific 

transcription factors, chromatin remodeling enzymes, and chromatin.  Chromatin is the 

combination of DNA and histone proteins, which modulates genomic compaction and 

expression.  Covalent alterations to chromatin influence the accessibility of target 

sequences for transcription factors and the activation of linked genes necessary for 

immune functions.   

Nucleosomes are the basic repeat units of chromatin and are formed by wrapping 

DNA around a histone octamer that includes two copies of the histone proteins H2a, H2b, 
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H3, and H4.  DNA and histone modifications influence the molecular processes that 

utilize chromatin as a substrate.  It is well established that DNA methylation is involved 

in transcriptional repression, while post-translational modifications on histones can either 

activate or repress transcription, depending on the type and location of a particular 

modification (Heintzman et al., 2007; Pokholok et al., 2005).  The placement of 

nucleosomes along DNA also regulates the accessibility of essential cis-regulatory 

sequences to trans-acting transcription factors that have important roles in immune 

function (Cosgrove, 2007; Ruthenburg et al., 2007). 

In the past few years, genome-wide techniques such as ChIP-Seq have identified a 

‘‘cistrome’’ of transcription factors involved in distinct developmental stages of B and T 

cells.  These studies have begun to define the adaptive immune response based on 

transcription factor binding and histone markings.  Current work has identified many 

DNA sequence-specific transcription factors that are required for the development and 

effector functions of T lymphocytes (Agarwal and Rao, 1998; Akimzhanov et al., 2008; 

Avni et al., 2002; Chen et al., 2005; Fields et al., 2004; Hatton et al., 2006; Santangelo et 

al., 2002; Schoenborn et al., 2007).  These reports further suggest that promoters and 

enhancers are poised at different stages of activation by epigenetic changes via distinct 

transcription factors in different cells.  For example, in a relatively new study, it was 

found that plasticity between helper T cell populations is connected with the presence of 

active epigenetic modifications of genes encoding helper T cell lineage-specific 

transcription factors, even in cells where those factors were not expressed.  The presence 

of positive (H3K4 trimethylation) and negative (H3K27 trimethylation) histone 

modifications mostly correspond to the patterns of cytokine expression of specific helper 
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T cells.  The genes encoding the regulatory transcription factors exhibit positive 

(H3K4me3) chromatin remodeling in multiple effector helper T cell populations, 

suggesting that they are predisposed for expression (Wei et al., 2009). 

A wealth of recent work has harnessed the power of ChIP-Seq to identify 

epigenetic patterns in early B cell subsets, but not in later B cell populations (Heinz et al., 

2010; Lin et al., 2010; McManus et al., 2011; Mercer et al., 2011).  Emerging literature 

suggests the importance of distinct histone marks in germinal center T and B 

lymphocytes.  Changes in epigenetic patterns have been observed during the 

differentiation and cytokine expression of follicular helper T cells that facilitate germinal 

center function.  Both ex vivo and in vitro derived follicular helper T cells demonstrate 

“multi-potential” cytokine production, accompanied by epigenetic modifications 

consistent with plasticity of expression of regulatory transcription factors (Lu et al., 

2011).  Another group identified the global occupancy of AID and its cofactor RPA in the 

activated B cell genome.  Specifically, they found that the association of AID is tightly 

correlated with activating chromatin patterns (Yamane et al., 2010).  We applied a similar 

global approach to examine H3K4 monomethylation marks in naïve and activated B cell 

populations.  We compared the dynamics of enhancer repertoire between both cell types 

and identified novel DNA binding elements that regulate germinal center B cell function.   
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Results 

Distinct Enhancer Elements Are Found in Naïve B Cells and Germinal Center B 

Cells 

We studied changes in H3K4 monomethylation patterns in both naïve and 

germinal center B cells from immunized mice to predict novel enhancer elements 

involved in naïve and activated B cell development.  To this end, we sorted naïve and 

germinal center B cells 9 days post immunization to ensure a robust germinal center 

response and performed an H3K4 monomethylation ChIP (Figure 4.1).  We then prepared 

a ChIP library and used deep sequencing technology to identify novel DNA binding 

elements that are involved in germinal center function.  Approximately 14,000 peaks 

were found in naïve B cells, and 12,500 peaks were identified in germinal center B cells.  

Over 5,000 peaks were found in both types of B cells (Figure 4.2).  We focused our 

analysis on the differential peaks specific to naïve B or germinal center B cells.  We used 

HOMER, a motif finding algorithm that identifies distal signatures localized within 500 

base pairs upstream or downstream of histone binding.  This program lists motifs in 

transcription factor-associating DNA sequences based upon statistical enrichment.  We 

then compared the top-scoring motifs in both naïve and activated cell subsets (Figure 

4.3).  The most frequently occurring motifs found in naïve B cells were ETS1, Runx, and 

PU.1, while the most common motifs that appeared in germinal center B cells included 

ETS1, Pou2f2, and E2A.  These results not only further suggest that E2A function is 

important in germinal center B cells, they imply that there are differences in the enhancer 

repertoire of naïve B cells and activated B cells.   
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Activated B Cell Enhancers Demonstrate E2A Occupancy 

Our ChIP-Seq analysis of germinal center B cells prompted us to identify 

potential enhancers present in activated B cells that are directly regulated by E2A.  We 

first activated wild type naïve B cells in the presence of IL4 and LPS for 48 hours.  

Activated B cells were first checked by FACS to ensure sufficient stimulation in culture, 

then cells were fixed, lysed, and immunoprecipitated using an antibody against E2A 

(Figure 4.4A).  In the past, it has been difficult to perform an E2A specific ChIP on 

activated B cells because E2A most likely forms heterodimers with HEB instead of 

homodimers with itself in these cell types (unpublished observation).  Thus, we have 

optimized our E2A ChIP assay in mature B cells by using EGS, a long-arm cross-linking 

compound that maximizes protein-protein cross-linking (Zeng et al., 2006).  When 

coupled with formaldehyde, EGS allows up to a ten-fold greater enrichment of E2A 

targets as confirmed by qPCR in comparison to fixation with formaldehyde alone (Figure 

4.4B).  Our data suggests E2A occupancy at a variety of activated B cell enhancers, 

including Bcl6, AID, Blimp1, and Xpb1.  These factors are furthermore known to 

function in the follicular and extrafollicular germinal center reaction.  These results 

support our microarray data from our in vitro studies, indicating that E2A also directly 

controls these targets. 

 

Discussion 

Our germinal center B cell ChIP Seq data provides us with further in vivo 

evidence that activated B lymphocytes undergoing a humoral immune response require 

E2A activity as suggested from our motif finding analysis.  Our E2A ChIP experiments 
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using in vitro activated B cells additionally link the direct regulation of E2A to a variety 

of putative activated B cell enhancers that function in both germinal center development 

and plasma cell differentiation. 

Current genome-wide studies have provided insight into how transcriptional 

regulators act in a cooperative fashion to define different stages in a cell’s maturation 

process.  These types of analyses have been applied to a variety of lymphocyte 

developmental settings including hematopoietic progenitor cell commitment to B or 

myeloid lineages, and !-selection in early T cell populations.  In a recent paper, the 

characterization of H3K4 monomethylation patterns in early lymphocyte formation 

reveals that lineage-restricted enhancer repertoires are established upon multipotent stem 

cell specification to the B or myeloid cell fate.  The authors’ combined microarray and 

ChIP-Seq analysis further demonstrates that the very early stages of B cell development 

are associated with a dynamic pattern of genome-wide enhancer elements and gene 

expression signatures (Mercer et al., 2011).  In another paper, global E2A occupancy was 

shown to decrease during the process of !-selection in T cells, allowing for the induction 

of Id3 expression after the successful assembly of the pre-T cell receptor.  This work 

further points out that enhancer repertoires are modulated in specific lymphocyte 

populations such as T cells to accommodate critical developmental and growth processes 

(Miyazaki et al., 2011). 

Taking both of these findings into consideration, we sought to better understand 

how gene expression networks differ during the naïve to activated B cell transition.  Here, 

we describe similar experimental and computational strategies to address this question.  

We have employed global analyses and computational approaches to describe enhancer 
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repertoires that underpin mature and activated B cell development.  These signatures 

include Ets, Runx, and Pu.1, in naïve B cells, as well as Ets, Pou2f2, and E2A consensus 

binding sites in germinal center B cells.  Pou2f2 is particularly intriguing because it is 

important in germinal center B cell differentiation to antibody secreting plasma cells via a 

T cell-dependent mechanism (Emslie et al., 2008).  Our identification of distinct 

signatures present in activated B cell subsets are furthermore reflective of their effector 

function and ability to respond to antigen during an immune response.  Finally, by 

comparing naïve and germinal center B cells in conjunction with gene expression 

microarrays and identification of enhancer repertoires by H3K4 monomethylation marks, 

we describe the later stages of B cell development in terms of evolving global enhancer 

and silencer repertoires.  It would be interesting to compare DNA binding motifs in 

memory B and long-term high affinity antibody secreting plasma cells to further assess 

the appearance of distinct regulatory elements at specific maturation stages throughout 

the lifetime of a B cell.   

 

Materials and Methods 

ChIPs   

The H3K4 monomethyl ChIP on naïve and germinal center B cells was performed 

as previously described (Agata et al., 2007).  Dynal beads containing bound H3K4me1 

antibody were used for immunoprecipitation.  For the E2A ChIP, activated B cells were 

cross-linked with 0.15 mM EGS for 15 minutes and fixed with 1% formaldehyde for 8 

minutes.  All incubations were carried out at 25°C.  Cells were then lysed, sonicated, and 

immunoprecipitated overnight using pre-bound Dynal beads containing anti-E2A (anti-
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E12 V18; Santa Cruz Biotechnology, Inc.) or normal rabbit IgG (Santa Cruz 

Biotechnology, Inc) antibodies.  For both the H3K4me1 and E2A ChIPs, 

immunocomplexes were washed and reverse cross-linked overnight and protein was 

digested by proteinase K treatment.  ChIP DNA was further purified using QIAquick 

PCR Purification columns (QIAGEN) and analyzed by quantitative PCR with FastStart 

Universal SYBR Green Master Mix on a Stratagene Mx3500p cycler.   

ChIP Sequencing 

ChIP libraries were prepared as carried out by Yin and colleagues (Lin et al., 

2010).    Immunoprecipitated chromatin was end-modified to generate blunt ends by T4 

DNA polymerase, Klenow polymerase, and T4 polynucleotide kinase.  An ‘A’ base was 

added to the 3’ end of the blunt phosphorylated DNA fragments by 3’ to 5’ exo minus 

Klenow.   Oligonucleotide adapters were ligated to the ends of the DNA pieces by DNA 

ligase.  Adaptor-modified DNA fragments were size selected between 150 to 300 base 

pairs by running on an 8% polyacrylamide gel, followed by a PCR of the gel-extracted 

DNA.  Amplified ChIP DNA was then size-selected again by 8% PAGE and hybridized 

to a flow cell.  The high-density array of clusters on the flow cell surface was then 

sequenced using the Illumina Genome Analyzer.  Data collection and analysis software 

mapped the sample sequences to known mouse genomic sequence to identify the ChIP 

DNA fragments.  Tags that associated with unique DNA sequences were further analyzed 

and visualized by the University of California Santa Cruz Genome Browser.  Peak 

finding and subsequent ChIP-Seq genome wide analyses were performed using the 

HOMER software package, available at http://biowhat.ucsd.edu/homer. 
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Figure 4.1: 

Naïve and Germinal Center B Cell Sorting Strategy 

Wild type mice aged 8 weeks were immunized with 400 µg NP-KLH and Ribi adjuvant.  
Nine days post injection, spleens were harvested and CD19 positive B cells were sorted 
based upon cell surface marker expression of IgD, B220, GL7, and Fas. 
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Figure 4.2: 

Differential Peaks in Naïve Versus Germinal Center B Cells 

Venn diagram represents number of H3K4 monomethyl peaks found in naïve B cells, 
germinal center B cells, or both types of subsets. 
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Figure 4.3: 

Motif Analysis of Naïve and Germinal Center B Cells 

HOMER, a de-novo motif finding algorithm was used to identify distal H3K4 
monomethylation peaks that were greater than plus or minus 3 kilobases from 
transcriptional start sites.  Top scoring motifs within 500 base pairs of the peak center 
were identified in naïve B cells (left panel) and germinal center B cells (right panel). 
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Figure 4.4: 

E2A Occupancy at Distal Regulatory Elements in Activated B Cells 

A. Purified naïve B cells were cultured in the presence of IL4 and LPS for 48 hours, 
followed by fixation with EGS and formaldehyde.  Activated B cell extracts were 
immunoprecipitated using an antibody against E2A. 

B. Quantitative real-time PCR was performed on purified DNA samples to test 
enrichment at enhancer regions of various activated B cell genes.  IgG was used 
as a negative control. 
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Chapter V: 

General Discussion 
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E2A is Required at Multiple Stages Throughout the Lifespan of a B Cell 

E2A is highly expressed in pro B cells to accommodate the rearrangement of 

antigen receptor genes and activation of B cell specific transcription factors (Bain et al., 

1994).  Immature B lymphocytes also require E2A protein activity to modify self-reactive 

immunoglobulin surface markers during receptor editing (Quong et al., 2004).  Upon exit 

from the bone marrow, E2A protein levels decline and remain low in resting peripheral 

naïve B cells (Quong et al., 1999).  In response to a pathogenic presence, E2A is robustly 

upregulated to promote class switch recombination by activating the AID enzyme in 

germinal centers (Quong et al., 1999; Sayegh et al., 2003).  As such, E2A expression is 

necessary at multiple stages throughout B lineage development.  Our work has further 

clarified the role of E2A in a variety of end stage B cell subsets during a germinal center 

response.  Germinal center B cells can be recruited to extrafollicular areas of the spleen, 

ultimately leading to plasma cell development and relocation to other peripheral 

lymphoid sites in the body.  The downregulation of E2A in mature B cells departing from 

the bone marrow or in plasma cells leaving the germinal center suggests that increased 

E2A levels are specifically associated with distinct stages in B cell maturation where 

active gene rearrangements and affinity maturation processes occur.   

It would be interesting to study E2A beyond germinal center formation and short-

term plasma cell differentiation, in effector populations such as memory B cells or long-

lived bone marrow plasma cells.  Based upon our studies, it would make sense E2A 

would once again be induced upon secondary antigen encounters.  Memory B 

lymphocyte differentiation to high affinity antibody secreting plasma cells would lead to 



!

!

99!

B cell receptor modifications that more efficiently and quickly eliminate antigen, 

ultimately resulting in the re-activation of E2A.   

The Combined Activities of E2A and HEB is a Hallmark of B Lymphocyte 

Development 

Growing evidence highlights the requirement of other E protein family members 

during distinct stages of B and T cell development.  Specifically, several roles for HEB in 

T lymphocyte development have been identified in both recent and past studies.  HEB 

has been shown to act in thymocyte progenitors and is highly expressed in early T cell 

lineages and is a critical factor in the progression of thymocyte maturation after the pre-

TCR checkpoint (Braunstein and Anderson, 2011; Rothenberg et al., 2008).  

Additionally, HEB is required to promote differentiation to invariant natural killer T cell 

subsets (D'Cruz et al., 2010).  In B lymphocytes, HEB is also a necessary factor in pro B 

cell formation (Zhuang et al., 1996).  Currently, HEB is thought to act in concert with 

E2A to enforce proper B cell development, as mice deficient in HEB and heterozygous 

for E2A demonstrate a complete block in the ability to generate B cells past the Ly6D 

negative common lymphoid progenitor stage.  Interestingly, E2A and HEB appear to 

control an overlapping set of target genes in early B cell subsets.  The combined 

regulatory activities of both E proteins suggest that they function together to promote B 

lymphocyte specification in progenitor cells (Welinder et al., 2011).   

This early B cell study parallels our results in end stage B cell development.  We 

have identified the requirement of both E2A and HEB in the formation of isotype 

switched cells and antibody secreting cells in ex vivo B cell cultures and immunized 

animals.  In vitro, the combined absence of both E2A and HEB demonstrates a more 
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substantial arrest in activated B cell differentiation in comparison to E2A or HEB 

deficient cultures alone.  In addition, we identify common targets of E2A and HEB in our 

microarray studies, suggesting that both E proteins have cooperative roles in controlling 

activated B cell transcription factors.  Taken together, these data suggest that the 

temporal expression of both E2A and HEB throughout the lifetime of a B cell ensures its 

proper maturation and ability to respond to antigen.  E2A forms heterodimers with HEB 

during critical B cell specific processes such as driving commitment of progenitor cells to 

the B cell fate and coordinating humoral immune responses.   

E2A and HEB Together Regulate a Variety of Genes Involved in Antigen Activated 

B Cell Function 

Among the many transcription factors that we identified in our microarray 

analysis, we were intrigued to find both anticipated and novel targets of E2A and HEB.  

Not surprisingly, in the absence of E2A and HEB, AID transcripts were not properly 

induced.  AID is a central mediator in the adaptive immune response, driving germinal 

center diversification events that add to the repertoire of B cell antigen specific receptors.  

We also discovered that CXCR5, a B cell and germinal center homing receptor was 

dramatically decreased in E2A and HEB deleted activated B cells.  Additionally, defects 

we observed in antibody secreting cell differentiation by FACS analysis were consistent 

with abnormalities in the upregulation of several pro-plasma cell transcription factors, 

including Xbp1, CXCR4, Blimp-1, and J chain as shown by microarray and qPCR.   

Interestingly, we found differential expression of unexpected transcription factors 

not classically associated with B cell activation in E2A and HEB deficient B cell cultures 

such as Wnt10a, Vegfa, and APOBEC1.  Marginal zone derived plasma cells from E2A 
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and HEB deficient mice were incapable of inducing Wnt10a.  According to past 

literature, the upregulation of Wnt10a and its other signaling components suggests its 

importance in primary antibody secreting cells (Aberle et al., 1997; Li et al., 1999; van de 

Wetering et al., 2002; Zhan et al., 2002).  While Vegfa was robustly upregulated in wild 

type RNA samples, its expression profile was dramatically lower in the absence of E2A 

and HEB.  Vegfa expression was recently found to be increased in plasma cell subsets as 

compared to activated B cells (Underhill et al., 2003).  Previous work has indicated that 

VEGF gene expression can be induced in B-cell lines upon addition of Blimp-1.  

Consequently, Blimp-1 may initially allow VEGF expression, which is then regulated by 

modifying factors in vivo (Shaffer et al., 2002).  We also found differential expression 

patterns in knockout B cell cultures of the RNA-editing enzyme catalytic subunit 

APOBEC1, whose homolog is AID.  APOBEC1 is an RNA-editing cytidine deaminase 

that functions in lipid absorption but has been hypothesized to function in the immune 

system (Navaratnam et al., 1993; Teng et al., 1993).  Previous work has indicated the 

presence of APOBEC1 transcripts in mouse secondary lymphoid tissues and several 

immune cell types (Nakamuta et al., 1995).  As an RNA binding protein, APOBEC1 

associates with and stabilizes several AU-rich mRNAs, thereby influencing their 

translation independently of editing activity and potentially further adding to the diversity 

of antigen receptors in the adaptive B cell response (Anant and Davidson, 2000; Anant et 

al., 2004; Xie et al., 2009).   

We furthermore observed a disturbance in the activation of genes associated with 

hematopoietic progenitor and early B cell development, including Ly6A and Ly6D.  

While Ly6a is expressed on hematopoietic stem cells, Ly6D demarcates progenitor cells 
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already committed to the B lineage.  The use of ER cre mice in our ex vivo studies deletes 

E2A and HEB at the earliest progenitor stem cells prior to B cell specification.  Despite 

the fact that we purify naïve B cells, expression of both Ly6A and Ly6D remains 

perturbed in mature B lymphocytes in the absence of E2A and HEB.  It is unclear if 

abnormalities in these two cell surface markers alter the function of activated B and 

plasma cells, or if these receptors in general are upregulated again in end stage B cell 

subsets.  Both of these possibilities are interesting, as they would implicate Ly6A and 

Ly6D in later stages of B cell development.   

Distinct Cis-Regulatory Elements in Mature B Lineages 

We compared naïve and germinal center B cells from immunized animals to 

identify differences in H3K4 monomethylation signatures on a global scale.  Not 

surprisingly, we found significant E2A motifs present in germinal center B cells, which 

were absent in naïve B cells.  These results suggest that a network of B lineage stage 

specific enhancers exist, which promote the maintenance of B cell identity in mature B 

cells or germinal center associated events in activated B cells. Interestingly, we find that 

several targets of E2A from our microarray analysis contain E2A motifs.  For example, 

we identified H3K4 monomethylation marks at the AID locus includes E box sites, 

indicating that an enhancer regulating AID has E2A motifs.  Our genome-wide analysis 

of in vivo activated B cells prompted us to identify activated B cell enhancer elements 

occupied by E2A.  These results gave us further insight into E2A’s direct regulation of 

DNA binding elements in genes that are highly activated in germinal centers and 

antibody secreting cells.   
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Conclusion 

In conclusion, we have explored a variety of research avenues using a 

combination of in vivo and in vitro experimental methods to study antigen dependent B 

lymphocyte activation.  Our results represent a significant development in our knowledge 

and understanding of E protein function in late B cell function.  We have identified a 

novel role for HEB in mature B cell subsets, and furthermore, our work has revealed 

specific molecular mechanisms by which E2A and HEB control class switch 

recombination and plasma cell differentiation.   
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