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Abstract 
 

Humoral immune responses arise when B lymphocytes respond to activation signals, 

enter mitosis and proliferate rapidly. Concurrent differentiation to antibody secreting 

and isotype switched effector cells is tightly linked to cell division, such that the degree 

of proliferation strongly influences the nature of the response that is mounted. Previous 

versions of a quantitative model of lymphocyte proliferation based on inherent variation 

in the time cells take to divide or die were able to accurately describe the entry of naïve, 

resting cells into division and subsequent population expansion. In the work described 

here, the model was tested and extended by investigating the proliferation cessation and 

population contraction phases of in vitro B cell responses. Experiments designed to 

assess the distribution of times to die of cells that had ceased proliferating revealed that 

the number of divisions achieved by individual cells is stochastically distributed in the 

population and varied in response to different stimuli. Both the concentration and 

duration of stimulation regulate the number of divisions undergone. A cell that stops 

dividing is described as having reached its division destiny. Further investigation 

revealed that cells reach a maximum division destiny even during repeated high-dose 

stimulation. This limit is dictated by cellular progression through divisions, and is not 

dependent on the survival capacity of the cells or time. Incorporation of division destiny 

in the quantitative model allows proliferation cessation to be described and the 

distribution of times to die after this point to be assessed. This extended model can 

describe the full course of in vitro lymphocyte proliferation responses to various 

different stimuli. 

 

A quantitative understanding of lymphocyte behaviour also provides a framework for 

analysing cellular signal integration. B cell receptor (BCR) binding by antigen initiates 

activating signaling cascades and facilitates the response of specific B cells to powerful 

co-stimulatory signals, such as T cell help or Toll-like receptor ligands. In the work 

presented in this thesis, B cells from hen egg lysozyme (HEL)-specific BCR transgenic 

SWHEL mice were used to quantitatively assess in vitro B cell responses to the presence 

of specific antigen during T-dependent or T-independent stimulation. The role of BCR 

binding in modulating the proliferation response to these signals was found to be 

complex and variable, with different proliferation parameters affected under the 
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different stimulatory conditions. The presence of HEL enhances proliferation responses 

by accelerating the entry of SWHEL B cells to division in response to anti-CD40 mAb 

and interleukin (IL)-4 stimulation, or rendering a greater proportion of cells responsive 

to lipopolysaccharide (LPS) stimulation, or extending the division destiny of cells 

responding to stimulation with CpG-DNA. However, high concentrations of HEL 

inhibit B cell proliferation, again in a signal specific manner, by affecting cell viability 

or division destiny. Experiments investigating the temporal regulation of antigen 

signalling demonstrate that short duration exposure to antigen can program alterations 

to subsequent B cell responses, but that high dose inhibition requires prolonged antigen 

exposure. Effector cell differentiation is also profoundly influenced by the antigen 

signal, in some cases in a manner not associated with the proliferative effects of antigen. 

Antibody secreting cell differentiation is inhibited on a per division basis during 

proliferation responses to both anti-CD40 mAb and IL-4 and also to LPS. The antigen 

signal does not directly affect isotype switching to IgG1 during T-dependent stimulation 

differentiation but strongly induces isotype switching to IgG1 during LPS stimulation. 

This behaviour mimics that of B cells responding to LPS and IL-4 but is mediated by a 

different, STAT6-independent pathway. These data not only illustrate the complex role 

of antigen signals in B cell responses but also exemplify the necessity for an integrated 

assessment of proliferation and differentiation in order to understand B cell fates.  
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Chapter 1: Introduction 

 

1.1 B cell biology 
The process of hematopoiesis, the generation of blood cells, begins during 

embryogenesis after the initial division of pluripotent hematopoietic stem cells 

(reviewed in (LeBien and Tedder 2008)). Hematopoeisis is generally divided into two 

pathways: myelopoeisis, during which granulocytes, megakaryocytes and macrophages 

are generated, and lymphopoeisis. Lymphoid progenitor cells give rise to T and B 

lymphocytes (commonly referred to as T and B cells), natural killer (NK) cells and 

dendritic cells (DC). The mouse has long been used as an animal model of human 

immunology, and aspects of the biology of mouse B cells were the focus of the work 

presented in this thesis. This Introduction describes murine B cells unless otherwise 

specified.  

 

B cell biology may be broadly classified into two distinct phases. Firstly there is the 

process by which mature B cells, each expressing a unique B cell receptor (BCR), are 

generated. In most mammals, including the mouse and the human, B cell generation and 

maturation occurs in the liver during fetal life and in the bone marrow after birth 

(LeBien and Tedder 2008). Mature B cells that have not been activated by BCR-specific 

antigen are termed naïve B cells. Naïve B cells circulate through the blood and 

lymphatic system, surveying the body for foreign antigens. Activation of a naïve, 

mature B cell through its BCR initiates the second phase of B cell behaviour. This phase 

comprises the rapid clonal proliferation of an individual B cell, affinity maturation of 

the BCR by somatic hypermutation and differentiation to effector cell types, including 

isotype switched cells and antibody secreting cells (ASC) (reviewed in (Wagner and 

Neuberger 1996; Fairfax et al. 2008; Tarlinton et al. 2008) and described later in this 

Chapter). Activated B cells proliferate and differentiate in defined locations in 

secondary lymphoid organs such as the spleen and lymph nodes. During this process B 
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cells interact with other immune cells, including T cells, DC and macrophages 

(reviewed in (Allen et al. 2007)). After a period of proliferation and differentiation, the 

responding B cell population contracts through apoptotic death, leaving a small 

population of differentiated memory B cells (reviewed in (Manz et al. 2002; Tarlinton 

2006; Tangye and Good 2007)). Memory B cells are believed to circulate and survey 

the body in a similar manner to naïve B cells, but are able to mount a faster and more 

specific response if an antigen is re-encountered. 

 

1.1.1 B cell development 

Differentiation from the common lymphoid progenitor (CLP) to mature naïve B cells 

proceeds through various cellular intermediates, which are distinguished by the 

expression and arrangement of immunoglobulin genes and the presence of characteristic 

cell surface molecules (reviewed in (Hardy and Hayakawa 2001; LeBien and Tedder 

2008) and see Figure 1.1). The B220 isoform of the cell surface molecule CD45 is 

considered a pan B cell marker and is upregulated upon cellular differentiation from the 

CLP to the pre-pro B cell (Hardy and Hayakawa 2001). Commitment to the B cell 

lineage occurs at this stage, before any components of the B cell antigen receptor (BCR) 

are expressed (Allman et al. 1999). Pro B cells are formed in the next differentiation 

step, which is defined by the upregulation of CD19, a surface molecule which remains 

expressed on all subsequent cells in the developmental pathway (Hardy and Hayakawa 

2001). Pro B cells also express precursors of the BCR, including immunoglobulin (Ig) α 

(Igα) and immunoglobulin β (Igβ). The recombination activating genes (RAG) 1 and 2 

are switched on at the pro-B cell stage and Ig heavy chain gene rearrangement occurs, 

first with diversity (D) and junction (JH) regions joining, followed by variable (VH) to 

DJ gene rearrangement (Alt et al. 1984). A pre-BCR is then assembled, with membrane 

Igα and Igβ associating with membrane Igµ and a surrogate light chain comprising the 

λ5 and VpreB gene products (Tsubata and Reth 1990). The generation and expression 

of the pre-BCR marks the attainment of the pre B cell developmental stage and is 

essential for progression to subsequent developmental stages (Wang and Clark 2003). 

Subsequent to this, Ig light chain λ and κ gene rearrangement occurs and these light 

chains replace of the surrogate light chain in the pre-BCR to form a mature BCR, which 
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marks the transition to the immature B cell stage. Immature B cells express surface IgM 

but little or no IgD.  

 

During this stage of B cell development a stringent negative process functions on self-

reactive B cells to delete them via apoptosis (reviewed in (Strasser and Bouillet 2003; 

Strasser et al. 2008)) or render them anergic (reviewed in (Cambier et al. 2007)). The 

remaining non-self reactive immature B cells are able to leave the bone marrow and 

migrate to the periphery, where they are referred to as transitional B cells. Transitional 

B cells are classified as T1 or T2, with the developmental order being from immature to 

T1 to T2 to mature B cell (Loder et al. 1999). Only approximately 10-30% of 

transitional B cells survive and become mature naïve peripheral B cells (Meffre et al. 

2000). B cells must receive functional signals through the BCR that are strong enough 

to signal successful BCR rearrangement but that do not result in negative selection in 

order to differentiate successfully from the transitional stage to a mature B cell (Meffre 

et al. 2000). These selection processes are described in the subsequent section. In fact, a 

basal level of BCR signaling is believed to be essential for the survival of mature 

peripheral B cells (Lam et al. 1997; Fuentes-Panana et al. 2004). Surface IgD is up-

regulated upon the differentiation step to mature B cells, such that mature B cells 

express BCRs of either IgM or IgD isotype. 

 

Naïve mature B cells are long-lived and remain circulating in the periphery for several 

weeks or months in the adult (Forster and Rajewsky 1990). However, they are not 

terminally differentiated cells. Instead, B cell development continues if a B cell 

becomes activated, as described in subsequent sections, with activated B cells capable 

of affinity maturation, isotype switching and differentiation to ASC or memory cells. 

 

1.1.2 Generating a diverse B cell repertoire 

Immunoglobulin gene rearrangement occurs during B lymphopoiesis, as described 

above. The complex, multi-stage and highly regulated recombination processes generate 

a large repertoire of diverse mature B cells, each expressing a unique, functional BCR. 

In the mouse, the unrearranged germline Ig heavy (H) chain locus contains 150 or 

morevariable (V) genes, depending on the strain of mouse, 12 diversity (D) genes, four 
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joining (J) genes and eight constant (C) genes (reviewed in (Honjo 1983; Jung et al. 

2006)). Diversity is less extensive at the light (L) chain gene loci, with the κ chain locus 

containing approximately 140 V genes, five J genes and one C gene and the λ locus 

containing two V genes and four paired J and C genes (Honjo 1983; Kirschbaum et al. 

1996). A rearranged H chain VDJ region is transcribed with an H chain C gene, which 

dictates the immunoglobulin isotype. Similarly, VJ L chain genes are transcribed 

together with an L chain C gene. The multiple possible combinations of genes thus 

results in a highly diverse repertoire of unique H and L chains. B cell proliferation after 

H chain gene rearrangement allows a given H chain to combine with multiple L chains, 

further increasing the repertoire diversity. 

 

Immunoglobulin gene rearrangement at either the H or L chain locus starts randomly on 

one of the each of the appropriate chromosomes (chromosome 12 for the heavy chain 

(Hengartner et al. 1978), chromosome 6 for the κ light chain (Hengartner et al. 1978) 

and chromosome 16 for the λ light chain  (D'Eustachio et al. 1981)). If a successful 

gene rearrangement occurs, signaling through the expressed pre-BCR leads to allelic 

exclusion, the process by which further rearrangement at the heavy chain locus is 

repressed, thus ensuring that each B cell produces only one unique BCR (reviewed in 

(Nussenzweig et al. 1988; Mostoslavsky et al. 2004; Jung et al. 2006). This prevents 

expression of a second, different Ig gene from the second chromosome and thus ensures 

that each B cell only expresses one unique antigen receptor, thus satisfying the original 

hypothesis of Burnet’s clonal selection theory (Burnet 1957). If no BCR signal is 

received, rearrangement can proceed at the second chromosome, thereby maximizing 

the likelihood of a productive gene rearrangement. 

 

Expression of an appropriately rearranged BCR is not the only requirement for B cell 

survival; the expressed BCR must also be of an appropriate affinity for self. This is 

regulated by both positive and negative selection processes that occur during B cell 

development (reviewed in (Heltemes and Manser 2002; Fuentes-Panana et al. 2004)). 

Signals received through productively rearranged and expressed surface Ig indicate that 

the developmental process should continue to the next stage in a process referred to as 

positive selection (Fuentes-Panana et al. 2004). This signal is referred to as a
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‘basal’signal to distinguish it from the antigen-ligation signal that activates mature B 

cells (Fuentes-Panana et al. 2004). How this signal is provided remains controversial, as 

does whether an extracellular ligand is required (reviewed in (Fuentes-Panana et al. 

2004)). In contrast, negative selection acts to prevent the survival of B cells that, as an 

inevitable result of the random Ig gene rearrangement process, express strongly self-

reactive BCRs. The inadvertent survival of such cells would lead to autoimmune 

responses. Interaction of a self-reactive surface Ig molecule with self antigen may lead 

to apoptosis of the B cell in a process called clonal deletion (Hartley et al. 1993). 

Alternatively, the self-reactive B cell may be arrested in a non-responsive state termed 

anergy (Nossal and Pike 1980). Whether self-reactive B cells are deleted or anergized 

depends on BCR affinity and expression level, the developmental stage of the cell and 

the site of antigen encounter (Goodnow 1992; Wang and Clark 2003). However, the life 

span of anergic B cells is much shorter than mature B cells selected to survive, such that 

anergy may also be considered as a form of deletion (Fulcher and Basten 1994; Fulcher 

and Basten 1994). Whether immediate cell deletion occurs or an anergic state is invoked 

has been found to be dependent on properties of the self-antigen (Goodnow 1992; 

Hodgkin and Basten 1995; Fulcher et al. 1996). Signal strength through the BCR is an 

important factor, with high-avidity BCR binding by multivalent antigens leading to 

deletion and low-avidity binding by small soluble antigens leading to anergy. In some 

cases, B cells with self-reactive or non-functional BCRs undergo a process termed 

receptor editing, in which the secondary VDJ rearragements replace the existing 

variable region, thereby rescuing the cell from deletion (reviewed in (Edry and 

Melamed 2004; Jung et al. 2006)). 

 

1.1.3 Mature B cells 

The mature B cell population in an adult is heterogeneous, with different subtypes of B 

cells found in different sites in the periphery. Mature naïve B cells arriving from the 

bone marrow or circulating through the blood move through specific areas of secondary 

lymphoid organs, such as the primary follicles of the spleen and lymph nodes. These B 

cells are referred to as follicular B cells. If antigen recognition occurs, the B cell will be 

stimulated to divide and differentiate. These processes are accompanied by changes in 

surface receptor expression, such as down-regulation of CD19 and the acquisition of 
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effector cell-specific molecules, such as blimp-1 for antibody secreting cells or 

alternative sIg for isotype switched cells. These cell phenotype differences allow naïve 

follicular B cells to be distinguished from differentiated follicular B cells.  However, 

two distinct populations of B cells exist in addition to the follicular B cells: the marginal 

zone B cells and B2 B cells. Marginal zone (MZ) B cells are so named for their 

localization in the marginal sinus of the spleen. This positioning at the blood-lymphoid 

interface allows them to mount rapid and effective immune response to foreign antigens 

in the blood (reviewed in (Lopes-Carvalho and Kearney 2004)). MZ B cells are long-

lived cells that express low levels of surface IgD and high levels of surface CD21, and 

are distinguished from T2 follicular B cells by the lack of surface CD23 (Loder et al. 

1999). Follicular and MZ B cells are classified together as B2 cells.  B1 cells develop 

differently to B2 cells and are the predominant B cell in the peritoneal and pleural 

cavities. B1 cells can be distinguished from follicular B cells by the expression of 

surface CD5 and lack of surface IgD. It has been suggested that B1 cells are involved in 

a more primitive immune response to that of follicular B cells, with less capacity for 

specificity and adaptivity (Fagarasan et al. 2000). The repertoire of BCR specificities of 

both the B1 and MZ B cell populations is less diverse than that of follicular B cells and 

is biased towards highly repetitious epitopes (Martin and Kearney 2000). It has been 

suggested that these cells are involved in more innate-like immune responses, as 

compared to the adaptive responses of follicular B cells (Martin and Kearney 2000; 

Martin et al. 2001). The affinity and strength of signal received through the BCR during 

B cell development is believed to play a significant role in the differentiation of B cell 

precursors to follicular, B1 or MZ B cells (Cariappa and Pillai 2002). 

 

1.1.4 Modes of B cell activation 

Mature B cell activation is categorized, depending on the requirement for involvement 

of CD4+ T cells, into T-dependent (TD) and T-independent (TI) activation. Although 

both forms of B cell activation lead to clonal B cell expansion and antibody secretion, 

the more sophisticated differentiation processes of isotype switching, affinity 

maturation and development of a memory B cell population are more efficient when 

specific T cell help is available.  
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1.1.4.1 T-dependent B cell activation 

Antigens that trigger TD B cell activation are typically protein antigens, as such 

antigens can be internalized by the cell after BCR binding, processed and presented on 

the B cell surface in the context of major histocompatability complex (MHC) class II 

for recognition by T cells. B cells can recognize, bind and internalise soluble antigen or 

antigen presented on the surface of a cell (Batista et al. 2001). Antigen-specific CD4+ T 

cells, termed “helper” T cells, recognize the antigen-MHC complex on the B cell 

surface via their T cell receptor (TCR) and are thus activated in turn. Alternatively, the 

T cell may be activated by an antigen-MHC complex on another antigen presenting cell 

(APC), typically a dendritic cell (Inaba et al. 1990). An immunological synapse then 

forms, described as a stable, flattened interface between a lymphocyte and a cell it is 

interacting with (Huppa and Davis 2003). The immunological synapse allows a 

bidirectional exchange of signals between the two cells as multiple cell surface 

receptors are engaged by ligands expressed on the opposing cell surface. During the 

synapse between a T cell and a B cell, CD28 on the T cell surface binds to B7.1 (CD80) 

or B7.2 (CD86) molecules expressed on antigen-stimulated B cells (Lenschow et al. 

1994; Lenschow et al. 1996). This interaction leads to expression of CD40L on the T 

cell surface, which binds the CD40 receptor on the B cell. Signalling through CD40 is 

essential for TD B cell activation and differentiation (reviewed in (Aversa et al. 1994; 

Gray et al. 1994; Clark et al. 1996; van Kooten and Banchereau 2000; Bishop and 

Hostager 2001)).  

 

1.1.4.2 T-independent B cell activation 

T-independent (TI) antigens are capable of activating B cells without the requirement 

for T cell help. Athymic mice are able to respond to these antigens (Wortis 1971). TI 

antigens are typically non-protein antigens of bacterial or viral origin and are classified 

into two types. 

 

TI Type 1 antigens contain motifs called pathogen-associated molecular patterns 

(PAMP) that bind to pattern recognition receptors (PRR) on the B cell surface or within 

the cell. At high concentrations T1-1 antigens can act in a mitogenic fashion, activating 

B cell proliferation and differentiation regardless of BCR specificity and without the 

requirement for a second signal (Fehr et al. 1996; Lanzavecchia and Sallusto 2007). 
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Thus, these antigens are also referred to as “polyclonal” B cell activators. The most 

thoroughly characterised family of PRR is the family of Toll-like receptors (TLR) 

(Lanzavecchia and Sallusto 2007). Typical TI-1 antigens include LPS, a ubiquitous cell 

wall component of gram-negative bacteria, and unmethylated CpG DNA, which is 

present in bacterial and viral genomes but is not found in mammalian DNA. LPS and 

CpG DNA bind to TLR4 (Hoshino et al. 1999) and TLR9 (Krieg 2002), respectively, 

and are the most studied polyclonal activators of B cells of the TI-1 antigen class (Krieg 

et al. 1995; Peng 2005).  

 

TI Type 2 antigens are not intrinsically mitogenic and specific BCR ligation is required 

for induction of B cell responses to these antigens. TI-2 antigens are usually large 

molecules containing highly repetitive structures, such as the capsular polysaccharides 

of bacteria, that extensively cross-link the BCR, thus forming clusters containing 10-20 

antigen-bound membrane immunoglobulin receptors (Vos et al. 2000). Although T-cell 

help is not required for B cell proliferation in response to TI-2 antigens, these antigens 

can typically elicit additional signaling pathways (for example by TLR ligation) that 

function in conjunction with the BCR-induced signals to enhance the B cell response 

(Snapper and Mond 1996; Vos et al. 2000). In fact, while B cell proliferation can be 

induced by TI-2 antigens alone, it has been proposed that a second signal is required for 

antibody secretion in responses to TI-2 antigens, such as that provided by TLR ligation 

(Mond et al. 1995; Vos et al. 2000). B cell responses to TI-2 antigens may also be 

enhanced by the complement system or cytokines secreted by cells of the innate 

immune system (Snapper and Mond 1996; Vos et al. 2000). 

 

1.1.4.3 Activation of murine B cells in vitro 

B cells can be isolated from the spleen or lymph nodes of mice by producing single cell 

suspensions from lymphoid tissue and purifying the cells based on the characteristic 

surface molecules of the cell types found in these tissues. Many of the behaviours of B 

cells seen in vivo are replicated in in vitro culture systems, including rapid proliferation 

in response to stimulation, accompanied by Ig isotype switching and cellular 

differentiation to ASC (for examples see (Hodgkin et al. 1996; Hasbold et al. 2004)). In 

vitro assays may therefore be used to assess many aspects of B cell biology, including 

studies of the effect of transgenic or gene knock-out mutations, the differences in 
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behaviours of various B cell subsets or the influence of cytokines, other co-stimuli or 

drugs on B cell responses.  

 

Most in vitro B cell analysis is conducted on B cell populations expressing the 

endogenous diversity of BCR specificities and B cell activation is induced using stimuli 

that activate B cells independently of BCR specificity. B cell activation in this manner 

is also referred to as “polyclonal” B cell activation, and the molecules that induce such 

behaviour are referred to as mitogenic stimuli. Murine B cells can be activated in vitro 

to divide and differentiate via signaling through CD40, either using CD40 ligand 

(CD40L) purified from the membranes of activated T cells or an anti-CD40 monoclonal 

antibody, in combination with the cytokine interleukin (IL)-4 in the absence of any 

direct BCR-antigen interaction (Hodgkin et al. 1990; Gray et al. 1994). While CD40 

ligation alone can trigger B cell proliferation in vitro, progression through multiple 

rounds of cell division and differentiation events require the additional presence of IL-4 

(Kehry and Hodgkin 1994; Hasbold et al. 1999). As described above, TI-1 antigens can 

also act as polyclonal B cell activators. In the work presented in this thesis, anti-CD40 

mAb and IL-4 is used to mimic TD B cell activation and LPS and CpG are used as TI 

stimuli.  

 

Polyclonal or monoclonal antibodies that bind surface IgM or IgD may also be used to 

stimulate B cells to proliferate in vitro (Hawrylowicz et al. 1984; Klaus et al. 1984; 

Rush et al. 2002). B cell responses to BCR engagement by antigen can be analysed 

using populations of BCR transgenic B cells in which the specificity of the BCR is 

known, as described in a subsequent section of this Chapter. 

 

1.1.5 Primary B cell responses in vivo  

If a B cell circulating through the spleen or a lymph node binds antigen and interacts 

with antigen-specific helper T cells it will become trapped in the T cell zone of these 

organs. B cells proliferate in these areas for 3-4 days before migrating to regions of the 

tissue called primary foci, or extrafollicular foci. These foci are only short-lived and, 

although isotype switching can occur in these B cells immunoglobulin gene somatic 

hypermutation (SHM) to higher affinity does not (McHeyzer-Williams et al. 1993). 
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These processes are described in more detail in subsequent sections. Generation of 

short-lived ASC called plasmablasts occurs during the extrafollicular response, and the 

rapid differentiation of these cells provides early antibody responses to a foreign antigen 

(Smith et al. 1996). However, the lack of SHM during this stage of the response means 

that the antibody secreted by these cells may be of relatively low affinity. If these 

antibodies are insufficient to clear a response, further proliferation and differentiation of 

the responding cells is required. During the period in which these initial ASC are 

providing a first-pass response, additional B cells from the primary focus migrate to 

primary lymphoid follicles, where proliferation continues and a germinal centre (GC) 

forms (reviewed in (Tarlinton 1998)). It is in the GC that the antibody response gains 

effectiveness, through both affinity maturation and isotype switching (Jacob et al. 1991; 

Liu et al. 1991). The partitioning of B cells to extrafollicular foci or to the GC could be 

a stochastic process or one in which cell-specific BCR recognition of antigen directs 

cells to different locations (Dal Porto et al. 1998; Blink et al. 2005). This behaviour will 

be discussed in more detail later in this Chapter. 

 

The initial phases of a GC reaction take place in the dark zone of the GC, where 

proliferation is rapid and sIg expression is low (Tarlinton 1998). Cells then migrate to 

the light zone, where proliferation is slower and sIg is upregulated (Tarlinton 1998). 

SHM and the selection by affinity maturation, and isotype switching, occur in the GC. 

Thus, GC B cells that are selected to survive differentiate into longer-lived ASC 

(plasma cells) that are typically of greater affinity than the plasmablasts of the initial 

follicular response and are likely to be of switched isotypes appropriate to the presented 

immunological challenge. Upon cessation of a GC response, some GC plasma cells are 

able to migrate to the bone marrow, where they persist for months or years and are able 

to provide a long term source of high affinity antibody. Some GC cells differentiate to 

memory cells and enter circulation (reviewed in (Tarlinton et al. 2008)). Memory cells 

are long lived non-secreting cells that are quiescent or divide very slowly but continue 

to circulate through the blood and lymph systems. They express the high-affinity, 

isotype-switched sIg derived during a GC response and express higher levels of MHC 

class II molecules. This makes memory cells highly efficient at generating a fast, highly 

specific and effective immune response if an antigen is encountered again by the host. 
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1.1.5.1 Affinity maturation 

Affinity maturation is the process by which cells with high BCR affinity for a target 

antigen are positively selected to preferentially survive and proliferate. Affinity 

maturation occurs as the result of B cells in the GC undergoing SHM, a process in 

which point mutations are introduced into the rearranged VH and VL gene at very high 

rates (reviewed in (Wagner and Neuberger 1996; Li et al. 2004; Wang and Wabl 2005)). 

The consequential changes in protein sequence have the potential to change the BCR 

conformation and hence the affinity of the BCR for antigen. For affinity maturation to 

proceed, there must be a constant source of antigen in the GC to allow selection of cells 

based on BCR binding affinity. Antigen may be presented to the B cells by follicular 

DC or as soluble antigen in the GC reaction. Some mutations will result in 

advantageous increases in affinity and cells bearing these mutations are selected to 

survive. Selection to survive is based on intercellular competition for access to limiting 

amounts of antigen. However, the majority of mutations will be deleterious. Mutations 

that lead to stop codons, mutations in framework regions that alter essential Ig folding 

or mutations in complementarity determining regions (CDRs) that inhibit antigen 

binding will all be detrimental and will result in the B cell being deleted by apoptosis. 

Despite this heavy negative selection pressure, B cells that repeatedly survive selection 

over many generations may have accumulated multiple advantageous mutations and 

bind antigen with substantially enhanced affinity.  

 

The enzyme activation-induced cytidine deaminase (AID) is required for both somatic 

hypermutation and isotype switching (Muramatsu et al. 2000; Li et al. 2004). AID is 

upregulated upon mature B cell activation and acts to deaminate deoxycytidine in 

variable and switch regions, leading to deoxyuracil bases that must be replaced by DNA 

repair enzymes (reviewed in (Longerich et al. 2006)). The repair process generates 

mutations in the DNA at the deaminated site and in neighbouring nucleotides 

(Longerich et al. 2006). 

 

1.1.5.2 Isotype switching 

The H chain constant region of membrane-bound or secreted Ig determines the isotype 

and, in the case of secreted Ig, the structure and effector functions of the antibody.  

There are five main antibody isotypes, IgM (constant chain gene µ), IgG (Cγ), IgA 
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(Cα), IgD (Cδ) and IgE (Cε). IgG is further subdivided into IgG1, IgG2a, IgG2b and 

IgG3 in the mouse and IgG1, IgG2, IgG3 and IgG4 in humans. Isotype switching allows 

greater flexibility and targeting of immune responses, as the various Ig isotypes differ in 

their abilities to cross mucosal barriers, initiate the complement cascade and activate 

effector cells via Fc receptor binding (reviewed in (Stavnezer 1996; Li et al. 2004)). For 

example, IgG1 and IgG3 Fc receptors bind macrophages and neutrophils, allowing 

phagocytosis of pathogens expressing surface antigen that is bound by antibodies of this 

isotype. Mast cells, eosinophils and basophils bind to the Fc receptor on IgE, 

implicating this antibody in the release of various inflammatory molecules from these 

cells. The isotypes also have various physical structures, for example, IgM antibodies 

are pentameric structures and IgA antibodies are dimeric.  

 

The BCR of naïve B cells contains heavy chains linked with either the Cµ or Cδ gene. 

IgM is thus the first antibody to be secreted by B cells during an immune response; IgD 

is not secreted. During the extrafollicular and GC phases of a B cell response, the 

rearranged V genes can be assembled with other CH genes and thereby switch the 

expression of the same variable Ig gene to a different isotype. All C genes are arranged 

in a cluster on the same chromosome, and isotype switching occurs via non-homologous 

recombination between repetitive DNA sequences called switch regions upstream of the 

genes for each constant chain isotype (reviewed in (Manis et al. 2002; Wang and Wabl 

2004)). Transcription of unrearranged CH genes occurs prior to final switch 

recombination, resulting in the expression of germline transcripts, also referred to as 

switch transcripts (Stavnezer 1996). Generation of germline transcripts is an essential 

intermediate step in the switching process, and the isotype of the germline transcript 

transcribed correlates with the Ig isotype that is eventually expressed. 

 

During TD immune responses, helper T cells provide CD40L and cytokines, both of 

which are important for the initiation of isotype switching and its regulation (Coffman 

et al. 1993). T-cell derived cytokines provide signals to the B cell that help determine 

which isotype is appropriate to respond to the pathogen being encountered. For 

example, in the mouse, IL-4 and TGF-β polarize isotype switching towards the 

production of IgG1, IgG2b, IgE and IgA, whereas IFN-γ preferentially induces 

switching to IgG2a or IgG3 (Coffman et al. 1989; Coffman et al. 1993; Delphin and 

Stavnezer 1995; Stavnezer 1995; Lebman and Edmiston 1999). The tumor necrosis 
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family (TNF) members BAFF and APRIL are also capable of inducing isotype 

switching (Litinskiy et al. 2002; He et al. 2007). More recently, miRNAs have been 

found to regulate AID and the differentiation of isotype-switched cells to ASC (Vigorito 

et al. 2007; Teng et al. 2008; Turner and Vigorito 2008).  

 

1.1.6 Signal transduction upon BCR activation 

BCR ligation induces a complex intracellular signaling pathway that leads to the 

activation of the transcription factors NF-κB and NFAT and the activation of the 

mitogen activated protein kinase (MAPK) kinase family members extracellular signal-

regulated kinase (ERK), c-JUN-terminal kinase (JNK) and p38 (reviewed in (Kurosaki 

2002; Niiro and Clark 2002; Dal Porto et al. 2004)). The following paragraphs and 

Figure 1.2 summarise some of the main features of the BCR signaling pathway. The 

BCR comprises membrane-bound Ig (mIg) non-covalently linked to a heterodimer of 

Igα and Igβ, which are linked by disulphide bonds. The role of the mIg is in antigen 

recognition, whereas Igα and Igβ are responsible for signal transduction (Reth 1992). 

Antigen binding to B cells leads to BCR clustering at the cell surface, which is essential 

for B cell activation. The cytoplasmic regions of Igα and Igβ contain an 

immunoreceptor tyrosine-based activation motif (ITAM). Antigen binding leads to 

activation three of the main protein tyrosine kinases (PTK), Lyn, Syk and Bruton’s 

tyrosine kinase (BTK). Phosphorylation of the two conserved tyrosines in each ITAM 

by Lyn brings the ITAM into a conformation that can be bound by Syk and BTK. The 

propagation of the signal received on antigen binding proceeds when Syk 

phosphorylates the adaptor protein B cell linker protein (BLNK). Phosphatidylinositol-

3,4,5-triphosphate (PIP3) is activated by phosphoinositide 3-kinase (PI3K), which itself 

is activated by the BCR co-receptor molecule CD19 (Okkenhaug and Vanhaesebroeck 

2003). PIP3 then phosphorylates and activates phospholipase C-γ2 (PLC-γ2), which is 

also recruited by BLNK. This cluster of signalling molecules, located proximal to the 

BCR and including Lyn, Syk, BTK, PI3K, BLNK and PLC-γ2, is referred to as the B 

cell signalosome (Fruman et al. 2000). Activated PLC-γ2 is able to cleave 

phosphoinositide PI(4,5)P2 (PIP2) into the second messenger molecules 

inositoltriphosphate (IP3) and diacylglycerol (DAG). IP3 release leads to an intracellular 

calcium flux that is required for activation of calcineurin, which in turn activates the 
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nuclear transcription factor NFAT. DAG, in conjunction with calcium, activates protein 

kinase C (PKC), which is important in activating ERK, JNK and p38. PKC also directly 

activates the nuclear transcription factor family NFκB. The pathway leading to NFκB 

activation is also calcium dependent. 

 

A number of BCR co-receptors, in addition to CD19, regulate BCR signaling in both 

positive and negative manners (Kurosaki 2002; Niiro and Clark 2002). FcγRIIB and 

paired immunoglobulin-like receptor B (PIRB) both contain immunoreceptor tyrosine- 

based motifs (ITAMs) that act to inhibit BCR signaling by recruiting the phosphatases 

SHP1 and SHIP. The co-receptor CD22 has been implicated in both positive and 

negative regulation of BCR signaling (Tedder et al. 2005).  

 

Knowledge of signalling pathways initiated by BCR binding is under continual 

expansion and modification. Recent examples of this include: (i) the recent 

demonstration that calcineurin also regulates transcription factor Mef2c after BCR 

binding, and that this transcription factor plays an important role in B cell responses 

(Wilker et al. 2008), (ii) the finding of the ability for cross-talk to occur between TLR 

or cytokine and BCR signalling pathways (Yi et al. 2003; Guo and Rothstein 2005; Dye 

et al. 2007; Chaturvedi et al. 2008)  and (iii) the increased awareness of the important 

roles 

played by ligands of the TNF family of molecules, including BAFF and a proliferation-

inducing ligand ligand (APRIL) in B cell signalling and survival (reviewed in 

(Schneider 2005; Bossen and Schneider 2006; Mackay et al. 2007). In addition to 

initiating the signalling cascade described above, activation of the BCR by antigen also 

leads to BCR internalization and degradation, which is followed by antigen processing 

and presentation on the cell surface in the context of MHC class II, thus eliciting T cell 

help, as described above. 
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Figure 1.2: The signaling cascades initiated upon B cell receptor binding. 
BCR binding leads to the recruitment of intracellular signaling molecules including Lyn, Syk, 
BTK, PI3K, BLNK and PLC-γ2, referred to as the immune signalosomes. Downstream 
signalling pathways lead to the activation of the MAPK family members ERK, JNK and p38 
and the transcription factors NF-κB and NFAT. Figure modified from Niiro and Clark 2002. 
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1.1.7 BCR affinity and avidity 

The BCR is unusual among cell surface receptors in that it does not have a single 

unique ligand with a fixed interaction potential, but rather it may be stimulated by 

ligands of varying affinities and structures (Kouskoff et al. 1998). This provides the cell 

with the capability of responding to different BCR agonists in a manner that has 

evolved to maximise the efficiency and effectiveness of the response. This flexibility is 

important in the development of the B cell repertoire, in which the engagement of 

immature B cell BCR leads to receptor editing, death, anergy or passage into a mature 

state. Subsequently, BCR ligation on mature B cells also induces a broad spectrum of 

cell outcomes, including cell inactivation through anergy, apoptotic cell death or 

proliferation with resulting differentiation. 

 

The interaction between an antibody and an antigen can be described by the affinity and 

avidity of the interaction. The strength with which a monovalent Ig binding site of an 

antibody binds an antigen is described as the affinity of the interaction. The avidity of 

an antibody binding interaction is the combined strength of the interaction if multiple 

binding sites are involved, for example in the binding of multivalent antibodies to 

multiple antigenic epitopes. The same nomenclature is used to describe the interaction 

between a BCR and an antigen. The affinity and aviidity of a given BCR for its cognate 

antigen are important for both intracellular signaling, resulting in B cell proliferation 

and differentiation, and for the ability of the B cell to internalize and present antigen. 

The role of BCR affinity and in determining B cell outcomes described in more detail in 

the following sections of this Chapter. 

 

1.1.8 Model systems for studying B cell biology 

A number of model antigens exist that are frequently used in immunology research and 

that have been thoroughly characterised in terms of structure, binding kinetics and 

affinity. One of these is hen egg lysozyme (HEL). HEL is particularly useful as a model 

antigen as its crystal structure is known (Bentley 1996), multiple monoclonal antibodies 

are available that bind to different epitopes of the protein (Smith-Gill et al. 1984) and 

molecular genetic systems for site-directed mutagenesis have been optimized (Paus et 
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al. 2006). Lysozymes from other avian species are available and useful for affinity 

comparison purposes. The association and dissociation kinetics of antibody binding to 

various HEL epitopes has been studied in detail (Xavier and Willson 1998).  

 

1.1.8.1 BCR transgenic mice and the SWHEL mouse 

The diversity of the B cell repertoire renders it very difficult to analyse the behaviour of 

a given B cell, in vitro or in vivo, in response to encounter with antigen; there are simply 

too few B cells specific in one animal for a given antigen to “find” such events by 

experiment. However, multiple transgenic mouse lines have been developed by using Ig 

genes derived from monoclonal antibodies to specific antigens as transgenes or gene 

replacements achieved by homologous DNA recombination. These processes generate 

mice with large populations of monospecific B cells. In fact, BCR transgenic mice were 

amongst the first transgenic mice to be generated after the advent of the necessary 

molecular technologies in the 1980s (Goodnow 1992).  

 

Amongst the first BCR transgenic mice to be generated was a mouse line called MD4 

(Goodnow et al. 1988), carrying rearranged H and L chain genes derived from the 

HyHEL10 hybridoma cells secreting monoclonal antibody to HEL (Smith-Gill et al. 

1984). The rearranged genes were co-injected into mouse eggs as separate DNA 

constructs. It was found that mice in which copies of both the heavy and light chain 

transgenes had successfully integrated had high serum anti-HEL antibody titres and a 

large proportion of B cells were HEL-binding (Goodnow et al. 1988). It is now believed 

that stable integration and expression of the rearranged genes, complete with necessary 

promoter and enhancer elements, leads to early provision of the signals that are usually 

provided only upon successful rearrangement and expression of an H chain gene during 

B cell development (Brink et al. 2008). These signals are usually necessary for allelic 

exclusion to prevent further rearrangement events; in the case of the BCR transgenic 

mice, the signals prevent expression of endogenous immunoglobulin genes. BCR 

transgenic mice generated by this method were used very successfully for numerous 

studies on B cell tolerance induction during B cell development (Goodnow et al. 1988; 

Goodnow et al. 1989; Goodnow 1992; Hartley et al. 1993).  
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However, the site of integration of the immunoglobulin genes was not controlled in 

these mice, such that recombination events at the H chain locus leading to isotype 

switching could not occur (Brink et al. 2008). To overcome this problem, transgenic 

mice were made in which the rearranged VHDJH gene was targeted to the 

physiologically appropriate location at the 5' end of the germline IgH gene, thereby 

replacing the JH elements and preventing further JH rearrangements. This was achieved 

by the process of homologous recombination in embryonic stem (ES) cells. Transgenic 

ES cell clones were then injected into mouse blastocysts to create chimeric mice 

carrying the transgene. Mice were made in this manner with BCR specificity for 4-

hydroxy-3-nitrophenyl) acetyl (NP) (Cascalho et al. 1996) and phosphorylcholine (Taki 

et al. 1993). When these mice were bred to homozygosity, very few B cells expressed 

VH genes other than the targeted VH specificity (Taki et al. 1993). It was also shown that 

isotype switching occurred at the targeted locus (Taki et al. 1993). 

 

A similar approach was adopted to generate the HEL-specific BCR transgenic mouse 

strain that was used for experiments presented in this thesis. In this mouse line, the 

rearranged VH10 gene (VHDJH) from the HEL-binding hybridoma HyHEL10 was 

targeted to the IgH locus in C57Bl/6 mouse ES cells as described above (Phan et al. 

2003). Chimeric mice were crossed with wild type (WT) C57Bl/6 mice to obtain mice 

heterozygous for the VH10 transgene. These mice were then crossed with LC2 

transgenic mice, which carry the Vκ10-κ light chain (also derived from the HyHEL10 

mAb) as a randomly integrated transgene. This resulted in mice transgenic for both the 

targeted HEL-binding VH gene and the HEL-binding Vκ10-κ gene. Mice heterozygous 

for both alleles were termed SWHEL mice, indicating their ability to undergo isotype 

switching (Phan et al. 2003). The SWHEL mice have the same BCR specificity as the 

MD4 mice described above. 

 

Approximately 25-50% of B cells of the SWHEL mice bind HEL (Phan et al. 2003; Brink 

et al. 2008). This proportion is lower than that seen in conventional non-targeted BCR-

transgenic mice (Taki et al. 1993; Cascalho et al. 1996). The remaining cells are of other 

BCR specificities. This outcome has been proposed to be due to the potential, in these 

gene targeted BCR transgenic mice, for upstream VH or VHD gene segments to 

recombine with the inserted VHDJH gene, leading to immunoglobulin heavy chains with 

other specificities (Cascalho et al. 1996; Phan et al. 2003). The population of non-HEL 



Introduction 

 20 

binding B cells in SWHEL mice has proven useful in investigating the fate of self-

reactive B cells in in vivo models in which SWHEL mice are crossed with soluble HEL 

transgenic mice, as the non-self B cells provide competition for the self-reactive B cells, 

thereby mimicking more accurately the physiological processes of tolerance induction 

and anergy (Phan et al. 2003). For experiments conducted for the purpose of this thesis, 

however, the SWHEL mice were crossed with RAG2 deficient mice to provide pure 

populations of HEL binding B cells. This is described in Chapter 5. 

 

HEL-binding SWHEL B cells have a IgMhi IgDlo-hi cell surface phenotype; they lack the 

IgMlo IgDhi subset that is present in WT mice and also in the non-HEL binding B cell 

compartment of the SWHEL mice (Phan et al. 2003). This cellular phenotype is also 

observed in the MD4 mice (Phan et al. 2003) and resembles an ‘immature’ B cell 

phenotype. However, other non-immunoglobulin cell surface markers show that the 

SWHEL mice produce normal proportions of immature, mature follicular and marginal 

zone B cells and that these localize to appropriate anatomical locations (Phan et al. 

2003). Importantly, the HEL-binding SWHEL B cells are capable of switching to all Ig 

isotypes (Phan et al. 2003). 

 

1.1.9 The sensitivity of in vitro B cell responses to affinity and avidity 

variation 

A number of studies have used BCR transgenic mice to investigate the effect of the 

affinity and avidity of the antigen-BCR interaction on various aspects of B cell 

responses, and these studies have provided significant insights into how B cell 

responses are generated and regulated. Kouskoff et al. used peptide ligands of varying 

affinities for the antibody 3-83 (specific for the H-2Kk MHC class I molecule) displayed 

on the surface of M13 bacteriophage in co-culture assays with transgenic B cells 

specific for 3-83 (Kouskoff et al. 1998). Although all four of the phage tested had the 

ability to bind to 3-83 antibody in ELISA analyses, significant differences were seen in 

their ability to activate B cells. All but the lowest affinity phage induced an increase in 

B cell size, as assessed by forward scatter profiles during flow cytometry, suggesting 

cell activation had occurred as a result of BCR occupancy. However, only the highest 

affinity phage induced significant B cell proliferation and anti-3-83 antibody secretion 
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in in vitro culture assays. Thus, the authors concluded that successful BCR ligation 

alone was insufficient to produce functional cellular outcomes (proliferation and 

differentiation), and that a threshold of affinity exists that must be overcome before 

these processes will occur (Kouskoff et al. 1998). Protein tyrosine phosphorylation in 

response to BCR engagement by the phage was also investigated. It was found that not 

only did incubation with the lower affinity phage produce lower overall phosphorylation 

levels in the B cells but that different subsets of proteins were phosphorylated 

(Kouskoff et al. 1998). These interesting results suggest that the BCR is capable of 

partial signalling, an observation that might provide clues as to how the varying 

outcomes of BCR engagement are differentially regulated by affinity.  

 

A series of studies has used the HEL system to explore in vitro B cell responses to 

affinity and avidity variation. In an early study, HEL-specific B cell lymphoma lines 

were generated by transfection with VH/VL regions from two anti-HEL monoclonal 

antibodies, HyHEL10 (high affinity) and D1.3 (lower affinity) (Batista and Neuberger 

1998). These B cells were co-cultured with T cell hybridomas specific for HEL peptides 

in the context of MHC class II, and soluble HEL proteins of varying affinities were 

added to the cultures. This enabled the BCR-antigen interaction to be studied in both 

directions, assessing the effect of affinity variation in either the BCR or the antigen. The 

level of IL-2 produced by the T cells was used as the read-out for these assays and was 

assumed to show a direct correlation with the efficiency of presentation of HEL 

epitopes by the B cells to the T cells (Batista and Neuberger 1998). In this system, the 

range of sensitivity of the response to affinity was found to be approximately 106 – 108 

M-1. The authors also demonstrated that a HEL variant with an affinity that lay below 

the affinity threshold when in monomeric form was able to present HEL to T cells when 

oligomerised, indicating that the affinity threshold can be lowered by changing the 

physical structure of the antigen. Oligomerisation of high affinity mutants did not affect 

their presentation-inducing capacity as the affinity ceiling had already been reached. 

 

While it is important to note that these numerical values for minimum and maximum 

affinities are likely to be specific to the antigen model system used in these experiments, 

the existence of an affinity range in which effective responses will occur is likely to be 

generally applicable. Indeed, it was also shown that a similar effect of affinity range 
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was observed when B cell signalling, rather than presentation by T cells, was used to 

assess the effect of BCR-antigen interactions (Batista and Neuberger 1998). 

The study described above was conducted using soluble antigen. However, the same 

authors subsequently addressed the point that antigen is more likely to be encountered 

in vivo in an insoluble form, whether as a particulate or cellular antigen or tethered to 

the surface of another immune cell (Batista and Neuberger 2000). In this series of 

experiments, the same B cell lymphoma-T cell hybridoma co-culture system was used 

but HEL was presented as a soluble monomer, bound to 2.8 µm beads via a 

streptavidin-biotinylated anti-HEL mAb bridge or coated on a plastic plate (Batista and 

Neuberger 2000). B cells incubated with HEL-coated beads were able to efficiently 

present HEL to T cells. This process was shown to be dependent on a signalling-

competent BCR, whereas soluble HEL could be presented by B cells in which the BCR 

was mutated to prevent signalling. The authors suggest that this reflects that constitutive 

endocytosis is sufficient for presentation of monomeric, soluble HEL but that the 

presentation of HEL coated onto beads requires active phagocytosis and is dependent on 

functional ITAM signalling (Batista and Neuberger 2000).  

 

In contrast to the distinct effects of affinity on the B cells’ capacity for presentation of 

soluble HEL, when the beads were coated with HEL mutants of varying affinity there 

was no difference in the presentation to T cells of WT HEL or a 100-fold lower affinity 

variant (Batista and Neuberger 2000). This result suggests that arraying HEL on the 

bead lowered the affinity ceiling. In another experiment, HEL was tethered to a plastic 

plate via either the HyHEL10 or D1.3 anti-HEL mAb and B cells with transgenic BCRs 

derived from both of these mAbs were cultured in these plates. B cells from both 

transgenic lines could effectively extract and present antigen tethered by either mAb, 

indicating that these processes could occur even if the BCR affinity was lower than the 

tethering strength. Thus the authors demonstrated that B cells can present antigen after 

internalisation from soluble or bead-coated form or after extraction from a non-

internalisable surface. In all cases the affinity of the antigen affects presentation 

capacity but the window of affinity discrimination differed between the physical forms. 

Antigen coating density is clearly also important and was shown to have parallel effects 

with antigen affinity. 
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1.1.9.1 B cell membrane spreading provides a possible basis for affinity 

discrimination 

Batista and colleagues extended their examination of HEL-specific B cell responses to 

HEL in vitro to assess the effect of tethering antigen to a cell surface as part of an 

immune complex, thereby mimicking as closely as possible the physiological setting 

(Batista et al. 2001). To do this, HEL was aggregated with IgG mAbs and loaded onto 

the surface of a myeloid cell line expressing an Fcγ receptor. These cells were incubated 

with HEL-specific B cells and the resulting interactions observed by fluorescence 

confocal microscopy. Upon incubation of the myeloid cells with the B cells, the 

membrane-bound immune complexes and the BCR came into close proximity in a 

synapse-like manner. In this process, the B cells became polarised, with the BCRs 

clustering at the point of contact between the B cell and the antigen presenting (Batista 

et al. 2001). The authors suggest that this pattern shows parallels with the 

supramolecular activation clusters (SMACs) that have been shown to be characteristic 

of the T cell-target cell interactions that were first used to define the immunological 

synapse (Monk et al. 1998; Grakoui et al. 1999).  

 

More recently, scanning electron microscopy studies of HEL-specific B cells 

responding in vitro to HEL on the surface of target cells have revealed that the B cells 

undergo a spreading process, flattening themselves against the plastic of the culture 

dishes to maximise surface area for 2-4 minutes after contacting the antigen (Fleire et al. 

2006). During this period multiple small clusters of antigen were internalised by the 

cells. The spreading phase was followed by a 5-7 minute contraction phase, during 

which the small antigen clusters were collected into one central cluster that occupied a 

large proportion of the cell volume. The spreading and contraction process was found to 

be required for specific BCR-antigen interaction, functional BCR signalling capacity 

and actin polymerisation. The extent of spreading was highly dependent on membrane 

antigen density, such that a 10-fold reduction in density completely inhibited the 

spreading response. When various HEL affinity mutants were used on the presenting 

cell membrane a minimum affinity value of approximately 106 M-1 was found to be 

required for spreading to occur. The area of spreading achieved increased with affinity 

up to a value of 5 x 107 M-1, beyond which no further increase in spreading was 

achieved. The total amount of antigen accumulated inside the cell and the subsequent 

ability of the B cells to present antigen to T cells were both directly correlated with the 
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spreading capacity and affected in the same way by antigen affinity and density. The 

authors developed a computer model of the spreading response based on a critical level 

of receptor occupancy (75%) required for incremental increases in cell spreading (Fleire 

et al. 2006). This model was able to discriminate antigen affinity and avidity and 

suggests that a quantitative relationship between receptor occupancy, cell spreading and 

antigen accumulation may provide an explanation for the differential cellular response 

to antigens of differing affinities and densities. 

 

1.1.9.2 Antigen valency also regulates B cell responses in vitro 

The studies outlined above show that the affinity and structural presentation of antigen 

can act cooperatively to regulate the degree of responsiveness of B cells. In these 

studies the antigen avidity was altered by oligomerising the antigen or by increasing the 

density of antigen attached to an inert surface or a cell surface. The role of antigen 

valence has also been assessed in a more specific manner using HEL cross-linked with 

glutaraldehyde to give monomeric, dimeric, trimeric and higher order HEL complexes 

(Kim et al. 2006). The HEL conjugates all induced protein tyrosine phosphorylation 

profiles of identical patterns when incubated with HEL-specific B cells but the amount 

of protein phosphorylation increased with the increasing antigen valency. No 

concentration of the monomeric HEL tested induced comparable protein tyrosine 

phosphorylation levels to that of the oligomeric HEL conjugates. Differences between 

the effects of the monomeric or all other HEL oligomers were also observed when 

calcium flux was used to assess B cell responses. The calcium flux induced by 

monomeric HEL was slower, reached a lower peak and returned to basal levels 

immediately, rather than retaining a sustained elevation such as seen with oligomeric 

HEL as the stimulus. This lacklustre calcium response was seen even when higher 

concentrations of the monomeric HEL were used, indicating that the nature of the 

signal, not just the amount of signal, induced by monomeric HEL differs to that induced 

by oligomeric antigen. Monomeric HEL, as compared to the other oligomeric antigens, 

was also less efficient at promoting BCR internalisation, less able to induce 

rearrangement of intracellular MHC class II compartments and was dramatically less 

efficient at presenting antigen to HEL-specific T cells in co-culture presentation assays. 

Although effectiveness in all of these assays increased somewhat with subsequent 

increases in valency (ie. from dimeric to trimeric to multimeric), the most distinct 
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difference occurred between the monomeric form and any oligomeric forms. The 

differences in outcome resulting from various valencies of antigen appeared to result 

from downstream signalling processing and propagation, as receptor-proximal events 

such as CD86 and CD69 expression were similarly well initiated by all forms of the 

antigen tested.  

 

The authors also drew attention to the contrasting effects on B cells of monomeric HEL 

and a monomeric anti-IgM Fab fragment, the latter being unable to produce tyrosine 

phosphorylation, calcium flux or BCR internalisation in their experiments (Kim et al. 

2006). This finding suggests that BCR ligation by specific antigen or by anti-

immunoglobulin antibodies are not equal processes, indicating that any inferences made 

about the consequences of BCR activation when using anti-Ig reagents as activators 

should be made with caution. 

 

1.1.10 The role of BCR affinity and avidity in T-dependent B cell 

responses in vivo 

In addition to the in vitro studies described above, BCR transgenic mice have been used 

in a number of elegant in vivo experiments. One example is the attempt by various 

groups to assess B cells partitioning to either extrafollicular foci or to GCs in the initial 

phases of a B cell response, and address the question of whether this is a purely random 

or a directed process, and how it may be affected by BCR affinity or avidity. 

 

Paus and colleagues developed a range of recombinant HEL proteins that are recognised 

by the SWHEL BCR with a 10,000 fold affinity range by introducing site-specific point 

mutations in the recombinant proteins (Paus et al. 2006). The HEL variants had 

affinities for HyHEL10 (and thus also affinity for the SWHEL BCR) of WT HEL (2 x 

1010 M-1), 2x HEL (8 x 107 M-1) and 3x HEL (1.5 x 106 M-1). Preliminary in vitro 

experiments indicated that these affinity variations were indeed sufficient to induce 

differing B cell responses. For example, a 10 times greater concentration of 2x HEL and 

1,000 times greater concentration of 3x HEL was required to induce the same extent of 

intracellular tyrosine phosphorylation, indicative of B cell activation, as that of WT 

HEL (Paus et al. 2006).  
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SWHEL B cells were shown to proliferate extensively in vivo in response to 

immunisation with all three HEL variants coupled to sheep red blood cells (SRBC; used 

to provide T cell help) but not to mock-conjugated SRBC (Paus et al. 2006). However, 

the responses were not equally robust and both the total proliferating cell number and 

the proportion of responding cells decreased with decreasing affinity of the HEL variant 

used. Analysis of spleen sections revealed comparable expansion of SWHEL B cells in 

the GC in response to all three HEL variants. However, the extrafollicular foci of mice 

challenged with WT HEL or 2x HEL contained 100-fold more plasma cells on day 5 

than mice challenged with 3x HEL. The authors proposed that B cells must have an 

affinity for antigen above a certain threshold for differentiation to the extrafollicular 

plasma cell compartment, and that this threshold is substantially higher than that 

required for partitioning to the GC (Paus et al. 2006). 

 

The work by Paus and colleagues contrasts with an earlier study in which no differences 

in initial immunoglobulin affinities were detected between B cells from extrafollicular 

foci or the GC. Dal Porto and colleagues  immunised WT mice with the hapten (4-

hydroxy-3-nitrophenyl)acetyl (NP) coupled to chicken-γ-globulin (CGG) as a carrier 

protein and isolated NP-specific B cells from the GC and extrafollicular foci by 

microdissection on Days 2-10 (Dal Porto et al. 1998). The rearranged VDJ segments 

from these B cells were amplified by PCR for sequence analysis and transfection into 

myeloma cells. The immunoglobulin produced by the transfected cells was assessed for 

NP-specificity and affinity. The average affinity of the antibodies was very similar to 

that of primary anti-NP serum antibody and the average affinity of antibodies derived 

from foci B cell H chains was not significantly different to that of antibodies derived 

from early GC B cells. The authors propose that their results suggest that even very low 

affinity B cells participate in normal early responses to TD antigens and that these cells 

serve to provide humoral protection and activate innate responses during the time taken 

for high affinity antibody to be developed through competition mechanisms. 

 

Shih and colleagues also used the NP system to assess specific B cell responses, using B 

cells expressing recombined NP-specific BCRs of high (5 x 106 M-1) or low (1.25 x 105 

M-1) affinity (Shih et al. 2002). In this system, the heavy chains were NP-specific but 

the light chains were not transgenic, resulting in only 3-5 % of the B cells in the mice 

being antigen-specific. In vivo challenge with NP-CGG showed that mice with the 
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higher affinity B cells produced specific serum IgM antibody faster than those with 

lower affinity B cells but the maximum serum levels attained were equivalent in the two 

types of mice. Interestingly, the presence of the specific B cells in the transgenic mice 

did not produce any greater level of NP-specific serum IgG1 than that present in NP-

immunised WT mice. There was also no difference in the numbers of NP-specific GC B 

cells in immunised WT or high or low affinity BCR transgenic mice at any time point 

up to Day 30 after immunisation, by which time GC numbers had returned to pre-

immunisation levels. In competitive experiments in which equal numbers of low and 

high affinity NP-specific B cells from allotype-marked donor mice were transferred into 

WT recipient mice prior to immunisation, the high affinity B cells were shown to 

accumulate in the GCs more rapidly than the low affinity B cells, and the relative 

population of the high affinity B cells was also expanded. This demonstrated that 

although both high and low affinity B cells were separately capable of mounting 

immune responses of equivalent magnitude, the higher affinity B cells were at an 

advantage in a competitive setting. The authors suggest that the preliminary activation 

of B cells and recruitment into GCs is very promiscuous, and that refinement of the 

population occurs via affinity-dependent competition within the GC (Shih et al. 2002). 

 

Partly to address the conflicting findings using the HEL and NP systems., Paus and 

colleagues extended their studies with the SWHEL B cells to show that antigen density 

can act co-operatively with affinity to determine early B cell fate (Paus et al. 2006). 

When the low affinity 3x HEL was coupled to the SRBC at a three-fold higher density, 

the production of extrafollicular plasma cells was increased by 10 fold. However, the 

magnitude of the early GC response was not affected by antigen density. The authors 

stress that there is not a sharp threshold of interaction between the BCR and antigen that 

determines whether extrafollicular plasma cell differentiation will occur or not, rather 

that the relative strength of reaction within a certain range determines the extent of 

plasma cell differentiation. The authors comment that their analysis of the combined 

effect of affinity and epitope density to direct B cells to GCs or extrafollicular foci may 

explain why previous studies have seen stochastic entry of B cells of all affinities to 

either compartment (Dal Porto et al. 1998). This earlier study used NP coupled to CGG 

as a carrier protein at a very high density and Paus and colleagues suggest that this may 

explain why even B cells with very low affinities for NP were seen to be recruited into 

the extrafollicular response in these experiments. 
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Having explored the role of BCR affinity in directing B cells to extrafollicular or GC 

fates, the SWHEL B cells were further used to assess whether any selective process 

operates within the GC to regulate B cell differentiation to plasma cells (Phan et al. 

2006). Unmutated HEL (WT HEL) and mutated HEL with 10,000 fold lower affinity 

(3x HEL) were coupled to SRBC prior to immunisation. The affinity of the HEL was 

shown not to affect the frequency of recruitment of SWHEL B cells into the GC, rates of 

IgG1 isotype switching or rates of SHM up to day 5 of the response (Phan et al. 2006). 

Differences in the GC responses appeared at later stages, with more rounds of SHM 

occurring in those mice responding to low affinity HEL challenge, leading to a larger 

number of mutations accumulated in these GC B cells than those responding to high 

affinity HEL. This resulted in affinity maturation of the B cells responding to 3x HEL, 

with a strong serum response to WT HEL achieved in these mice by day 15. The 

majority (82%) of the donor derived B cells from these mice contained a single point 

mutation at the tyrosine 53 codon of the H chain variable region, a mutation that was 

shown to increase the affinity of the SWHEL BCR for 3x HEL by 85 fold. The authors 

then demonstrated that these specifically mutated B cells preferentially differentiated 

into plasma cells; approximately 85% of all GC plasma cells contained the tyrosine 53 

mutation (Phan et al. 2006). The authors concluded that GC plasma cell differentiation 

is not a stochastic process but that low affinity B cells must mutate to reach a certain 

affinity threshold before differentiation will occur. This work therefore demonstrated 

that although B cells of a wide range of affinities may enter the GC (Dal Porto et al. 

1998), progression along the differentiation pathway to antibody secretion is not 

indiscriminate, but regulated by BCR affinity.  

 

The role of antigen affinity in the regulation of memory B cell generation during TD B 

cell responses has also been explored. When mice were immunised with NP conjugated 

to keyhole limpet hemacyanin (NP-KLH), affinity maturation occurred in both GC B 

cells and cells differentiating to antibody secreting cells (ASC) (Smith et al. 1997). 

However, while the proportion of ASC secreting high affinity antibody increased to 

100% by day 28 of the response, the proportion of GC B cells expressing high affinity 

BCR did not increase above approximately 65%. Furthermore, the composition of the 

memory cell compartment on day 42 reflected that of the late GC compartment. The 

authors propose that this suggests that no further selection based on affinity occurs in 

the transition from GC cell to memory cell (Smith et al. 1997). 
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1.1.11 The role of antigen affinity in T-independent responses in vivo 

The studies of the role of antigen affinity in regulating B cell responses described above 

were all conducted in situations in which the antigen was designed to also elicit T cell 

help. In an alternative study, NP-specific BCR transgenic mice expressing either low or 

high affinity BCR were immunised with NP-Ficoll to mimic a T-independent type 2 

response (Shih et al. 2002). In this system, an immediate effect of BCR affinity was 

seen, with specific B cell expansion from 3% to 25 % of splenic lymphocytes in high 

affinity transgenic B cell mice three days after immunisation, compared to an expansion 

from 3% to 14% in the mice with the lower affinity BCR. This expansion was found to 

be due to a greater proportion of high-affinity specific B cells being activated to 

proliferate, as assessed by DNA replication experiments. The responding cells of both 

mice were from the MZ compartment, as is typical for a reaction to TI-2 antigens. The 

serum antibody responses were in accordance with this differential cell expansion, with 

higher levels of NP-specific IgM and IgG1 found in the serum of the higher affinity 

mice. In competitive transfer experiments identical to those performed in the NP-CGG 

immunisation experiments described above, the proportion of resulting high affinity B 

cells was much greater than that of low affinity B cells 3 days after immunisation, 

despite equal numbers of the two cell types at the start of the response. In fact, in these 

experiments it was shown that the low affinity B cell population had not expanded, 

suggesting that a strong selection process was operating to recruit only the high affinity 

cells into the response. The authors comment that this dramatic difference in the 

competitive ability of the two cell types contrasts somewhat with the less than 2-fold 

difference in their expansion capacity in the non-competitive experiments. It is 

suggested that this might be explained by the fact that low affinity interactions may be 

successful if soluble antigen is present, allowing the low affinity cells to mount a 

significant response, but that higher affinity cells would rapidly clear the antigen if 

present in a competitive setting.  

 

1.2 Quantitative assessment of B cell responses  
This Introduction has thus far described a number of general aspects of B cell biology 

and, more specifically, several of the findings that have led to the current understanding 

of the role of antigen-BCR interactions in regulating immune responses. From these 
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studies, and others of their ilk, it is clear that antigen type, concentration, affinity and 

avidity, T cell help, cytokines and other co-stimulatory molecules are all factors that can 

operate singly and in combination to regulate the course and the outcomes of B cell 

responses to specific antigen. It is interesting to consider these observations not only in 

the context of biological outcomes but also in a theoretical exploration of how and why 

such layers of regulation might exist. It has been suggested that TD and TI responses 

have evolved to allow the generation of optimal immune responses to different antigens 

with minimum effort by the host (Hodgkin 1997). In this proposed theory, TD and TI B 

cell activation processes are not treated as distinct responses, rather as polar ends of a 

continuum of B cell responses. The affinity and valence of the antigen are crucial in 

determining which ‘arm’ of the response is activated and thereby the rate and nature of 

the response (Hodgkin 1997). Partly in response to this theory, a major aim of the 

research presented in this thesis was to analyse in vitro B cell responses to antigen in a 

quantitative manner by using mathematical models of B cell behaviour. This process 

aimed to explore which elements of B cell behaviour are regulated by various properties 

of the antigen and thus facilitate a heightened understanding of how complex B cell 

outcomes are regulated. 

 

A number of quantitative models of lymphocyte behaviour based on descriptions of 

populations of lymphocytes have been developed in our laboratory. The models are 

useful for dissecting lymphocyte proliferation and differentiation responses into distinct 

components and assessing how certain signals act to alter the behaviour of these 

components. As these models can accurately describe population behaviour in response 

to certain conditions, and changes to conditions, they are useful for building an 

understanding of how lymphocytes integrate multiple signals to generate an appropriate 

proliferation response. The models also provide insights into how small changes in 

signals received by lymphocytes can result in large changes in population behaviour 

(Hawkins et al. 2007). 

 

Studying immune responses in a population-based manner is somewhat at odds with the 

molecular trend that immunology research has taken in the last two or three decades. 

However, the relevance of this approach becomes obvious when considering some of 

the end-goals of immunology, such as understanding viral dynamics to best target 

treatment regimes, determining the most appropriate adjuvants for vaccines or assessing 
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individual variation in autoimmune disease. Each of these examples relies on an 

understanding of lymphocyte response on a population scale. Designing the most 

beneficial interventions does not necessarily require an intricate knowledge of 

molecular events, although this level of understanding will, of course, likely aid future 

therapeutic strategies. 

 

1.2.1 CFSE based models of lymphocyte proliferation 

In 1994 Lyons and Parish discovered that if cells are labeled with the dye 5(6)- 

carboxyfluorescein diacetate succinimidyl ester (CFSE), the amount of dye in a parent 

cell will be equally divided between two daughter cells upon mitotic division  (Lyons 

and Parish 1994). CFSE is a fluorescein analogue and thus can be readily observed and 

quantified using standard flow cytometry. CFSE is a dye that binds to intracellular 

protein components. CFSE labeling of B and T cells has since become a standard 

technique for studying the proliferation behaviour of lymphocytes in vitro (Parish 1999; 

Quah et al. 2007). CFSE is also used for tracking cells and cellular proliferation in vivo, 

following adoptive transfer of cells labelled with CFSE ex vivo into live animals. 

Methods have been developed for optimal labeling of lymphocytes with CFSE to 

achieve maximal fluorescence with minimal effects on cell survival and proliferation 

and differentiation behaviour (Hodgkin et al. 1996; Quah et al. 2007). The discovery of 

the predictable portioning of the dye upon division opened up many new possibilities 

for the study of lymphocyte responses and provided unprecedented precision in 

experiments that were used for building mathematical models to describe B and T cell 

proliferation and survival. 

 

1.2.2 Hodgkin laboratory models of lymphocyte proliferation 

The Hodgkin laboratory has spent many years exploring lymphocyte biology using 

quantitative analysis techniques, with the aim of providing novel insights into the 

understanding of immune responses. A series of models of both T and B cell 

proliferation has been developed, with new experimental techniques and more 

sophisticated mathematical analysis leading to progressive refinement of the models.  

 



Introduction 

 32 

An early observation using CFSE to track lymphocyte division was that highly purified 

and phenotypically homogeneous murine T and B cell populations exhibit marked 

asynchrony in terms of entry to proliferation (Lyons and Parish 1994; Hodgkin et al. 

1996; Gett and Hodgkin 1998). A population of naïve B or T cells labeled with CFSE 

and stimulated in vitro does not show a single peak of CFSE fluorescence decreasing 

two-fold with division as the cells simultaneously divide, but rather multiple peaks of 

decreasing CFSE fluorescence, indicating that, at any given time, there are cells in a 

responding population that have undergone, for example, from one up to five divisions, 

as well as cells that have yet to divide. This suggests that there is variability in the time 

taken by cells to enter division after stimulation; that it is a stochastic quantity, rather 

than a determined one with a finite value applicable to all cells. When this heterogeneity 

was studied further, it was observed that the variation in time to first division could be 

altered by the stimulation conditions. In the case of B cell stimulation with CD40L, the 

dose of stimulus and the presence or absence of IL-4 influenced the time to first division 

(Hodgkin, et al. 1996). When T cells were stimulated with TCR agonists, time to first 

division was regulated by the dose of the agonist (Hommel and Hodgkin 2007). 

 

The variability in time to first division in homogeneous lymphocyte populations was the 

first indication that stochastic processes underlie the regulation of lymphocyte 

proliferation. The outcomes of these stochastic elements may be described 

quantitatively using an appropriate probabilistic distribution with a mean and variance. 

This means that, if a population of cells is behaving in a stochastic manner, the 

behaviour of an individual cell may be difficult or impossible to predict, but the 

behaviour of a population of many such cells can be well described using probability 

distributions. Subsequent experiments have demonstrated that the time to first division 

is not the only lymphocyte behaviour that exhibits variation within the population. 

Indeed, to describe observed lymphocyte proliferation and survival mathematically, 

multiple independent stochastic components must be integrated into one model. 

 

1.2.2.1 A four parameter model of T cell proliferation: the Gett-Hodgkin model  

The first model developed in the Hodgkin laboratory sought to describe the variation in 

the time taken for apparently phenotypically identical lymphocytes to undergo first 

division following in vitro stimulation. The model was also based on the observation 
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that the time taken for B or T calls to transition from a resting state into first division is 

considerably longer than the rate of progression through subsequent divisions. 

Following in vitro stimulation, lymphocytes take in the order of 30 to 60 hours to enter 

division, depending on the cell type or stimulation conditions, whereas progression 

through each subsequent division occurs every 6-12 hours (Hasbold et al. 1998; 

Hasbold et al. 1999; Gett and Hodgkin 2000; Deenick et al. 2003; Hawkins et al. 2007). 

The model developed was a four parameter model based upon experimental observation 

of T cell proliferation in vitro (Gett and Hodgkin 2000). In this model, the time to first 

division was described using a normal distribution, with a mean and variance as model 

parameters. When stimulated T cells were sorted by flow cytometry into cell 

populations based on their division number (from CFSE profiles) and returned to 

culture, uniform rates of progression through subsequent divisions were observed (Gett 

and Hodgkin 2000). The time to each subsequent division was therefore incorporated 

into the model as a fixed value. The combination of three parameters (mean and 

standard variation of time to first division and time to subsequent division) accurately 

predicted the proportion of cells in each division at various times of culture. However, 

the total number of cells in each division predicted by the model was significantly 

greater than the actual number of cells measured in the experiment. It was observed that 

unstimulated T cells died rapidly in culture, at a rate that could be described with an 

exponential decay function. It was concluded that this decay rate, in conjunction with 

the asynchronous time to first division, would result in some cells dying before entering 

division. Therefore, another parameter was added to the model, describing the rate at 

which cells died prior to entry to division  The values for the number of live cells per 

division at various culture times predicted by this four-parameter model fitted 

experimental data very well (Gett and Hodgkin 2000). 

 

The four parameter model could also accurately describe experimentally observed 

effects on T cell proliferation resulting from various signals. Fitting the experimental 

data with the model revealed which one or more of the model parameters were affected 

by each signal (Gett and Hodgkin 2000). For example, the mean time to first division 

was decreased by the separate addition of both anti-CD28 and IL-4 to cell cultures. If 

both stimuli were added together, the mean time to first division was reduced by a value 

equal to the arithmetic sum of that achieved by each stimulus alone. This was one of the 

first pieces of evidence showing how multiple stimuli, each individually causing small 
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differences in the model parameters, can operate together to produce substantial effects 

on the overall behaviour of a cell population. 

 

1.2.2.2 A six parameter model of T cell proliferation: the Deenick-Hodgkin model 

Despite the apparent usefulness of the four parameter model, subsequent experiments 

showed that these four parameters were not sufficient to accurately model all T 

lymphocyte proliferation experiments. The values predicted by the model did not match 

experimental results at later times during the proliferation response (Gett and Hodgkin 

2000). Additionally, the model failed to describe the behaviour of T cells in response to 

sub-optimal IL-2 concentrations (Deenick et al. 2003). Experimental observation of T 

cells showed that cultures responding to low IL-2 concentrations contained a substantial 

number of dead cells, but the four-parameter model did not permit cell death after the 

first division. In a refinement of the model, two additional parameters were added. One 

parameter was the first division precursor frequency, defined as the proportion of the 

population that will, at some time determined by the probability distribution for time to 

first division, actually enter division (Deenick et al. 2003). A first division precursor 

frequency of less than 1 implies that some cells will never enter division and participate 

in subsequent proliferation. In the model division precursor frequency is a fixed number 

that can vary depending on the stimulation and co-stimulation received. A second 

parameter added to the model was the death rate after entry to division (Deenick et al. 

2003). For this parameter, the death rate was described as the proportion of dividing 

cells that die in each division after entry to division, and was assumed to be constant for 

all subsequent divisions. One other modification was made during the development of 

the six-parameter model. A lognormal distribution was found to fit the observed 

variation in times to first division more accurately than a normal distribution (Deenick 

et al. 2003). The lognormal distribution was therefore implemented for the time to first 

division parameters in this model.   

 

1.2.2.3 Experimental methods for constraining model parameter values 

In the development of the six-parameter model, a number of methods were designed to 

help assess whether alterations in the probability distributions that were predicted by 

modelling cellular responses to various co-stimuli could be verified using experimental 
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data. Such experimental methods are generally applicable to enable cellular division 

times to be measured directly and are useful for testing model capabilities and 

constraining the range of parameter values that are deemed plausible for a given 

response, thus informing the modelling process. 

 

Estimates of the values for the mean and variance of time to first division and an 

indication of the relative proportion of cells entering first division can be made using 

the cell division inhibitor colcemide (Hodgkin et al. 1991). Cells exposed to this 

chemical will replicate DNA but arrest in metaphase as colcemide prevents formation of 

the mitotic spindle. In these assays, colcemide is added to cultures of naïve, resting cells 

together with a stimulus. If tritiated thymidine is added to the cultures for a defined 

period of time at multiple times during the cell response to a stimulus, only those cells 

actively replicating DNA for the first time (ie. undergoing first division) will 

incorporate the tritiated thymidine, as the colcemide prevents cells from passing through 

first division and thus prevents any other DNA replication events. A time to first 

division distribution curve is obtained by plotting the amount of tritiated thymidine 

incorporation at each time. As described previously, the experimental data are best 

described by a lognormal distribution. Additionally, the area under this curve (the total 

amount of tritiated thymidine incorporated over the course of the experiment) gives an 

indication of the relative number of cells participating in the first division. 

 

1.2.2.4 The cohort method of quantitative CFSE data analysis 

Another method for direct determination of some parameters of the proliferation model 

is by analyzing CFSE data using the “cohort method” (Gett and Hodgkin 2000; 

Hawkins et al. 2007; Hommel and Hodgkin 2007). The cohort method is described in 

detail in Chapter 2. Briefly, this method uses calculations of the numbers of cells per 

division at multiple times over the course of an in vitro lymphocyte proliferation 

response to estimate parameters describing the early phase of the response, including 

the mean time taken for cells to enter division and the mean time taken for each 

subsequent division undergone. However, the method has a number of caveats. For 

practical advantage, a normal distribution is used in the cohort method (see Chapter 2), 

although, as described above, the distribution of times to first division is better fitted 

with a lognormal. The cohort method also relies on subjective choice of which cohort 



Introduction 

 36 

plots to use for subsequent analysis. For example, the choice of harvest times to use for 

cohort analysis is critical (Figure 2.2 D). At early harvest times, when cells have 

undergone few divisions, there will be insufficient data to adequately fit a normal 

distribution to cohort plots. Similarly, late harvest times should also be avoided, as 

slowing cell proliferation (due to culture overgrowth or cells reaching a natural 

limitation to division capacity, as described in Chapter 3) would skew the trendline fit to 

this plot of division number versus harvest time that is integral to the cohort analysis. 

Thus, sufficient data needs to be collected during the phase of the response in which 

cells are actively proliferating if an accurate estimation of parameter values is to be 

obtained by the cohort method. 

 

1.2.2.5 A fully probabilistic model of lymphocyte proliferation: the cyton model 

In the six parameter model of lymphocyte proliferation, the death rates for the two 

division classes (first division and subsequent divisions) were described using 

exponential and linear decay rates, respectively. This model also included a fixed 

intermitotic time. It was proposed that converting these parameters to age-dependent 

probabilistic parameters would be likely to more closely match the underlying biology 

(Deenick et al. 2003). In order to assess this, it was necessary to identify an appropriate 

probabilistic description of each biological process and explore how they operated in 

relation to each other. In response to this, a more detailed analysis of the times to die of 

unstimulated cells placed in culture was conducted. This revealed that a lognormal 

distribution provided the best fit to the experimental data for the distribution of times to 

die in first division, indicating that the likelihood of dying is dependent on the age of the 

cell (Hawkins et al. 2007). Thus, experimental evidence indicates that lognormal PDFs 

best describe the distributions of times to divide and times to die of resting lymphocytes 

following in vitro stimulation. 

 

A further refinement of the lymphocyte proliferation model was then developed. This 

model incorporates probabilistic distributions for each of the four division and death 

components described so far. Thus the full list of time-based parameters included in this 

model are: time to first division (mean and variance), time to die before entry to 

division (mean and variance), time to each subsequent division (mean and variance) and 

time to die of cells undergoing subsequent divisions (mean and variance) (Hawkins et 
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al. 2007). In this model, the term “cyton” was coined to describe a unit comprising a 

time to divide and a time to die that operates within each cell in each division (Hawkins 

et al. 2007). The cyton model assumes that the two timed processes operate 

concurrently but independently, and whichever time is reached first will dictate the fate 

of that cell. As soon as a cell divides, new cyton values will be assigned to the progeny 

cells, drawn stochastically from the distributions of division and death times that 

describe the behaviour of the cell population. For intuitive graphical representation of a 

cyton, the division time is plotted as a positive probability and the death time as a 

negative probability. Logically, both cyton values for any individual cell are never 

available – a cell will either divide or die and once this event occurs the time of the 

other event is meaningless. The cyton model assumes that any cell that simultaneously 

tries to divide and die will die. Cyton plots are represented by population probability 

density functions that describe the distributions of times to divide and times to die in the 

population. A graphical representation of this is shown in Figure 1.3.  

 

A cyton can operate with any probability distribution; lognormal distributions were used 

in the original description of the model (Hawkins et al. 2007) and in the work presented 

here. As described above, experimental data show that lognormal distributions provide 

the best fit for times to first division (Deenick et al. 2003) and times to die before first 

division (Hawkins et al. 2007). One of the main aims of this thesis was to further 

explore the behaviour of cells in subsequent divisions and the appropriate cyton 

description of this behaviour.  

 

In addition to the time-based cyton parameters of the model, this proliferation model 

uses the same parameter previously referred to as precursor frequency to describe the 

proportion of cells entering first division. This parameter has been renamed as 

“progressor fraction” (Hawkins et al. 2007) to avoid any potential confusion of 

thiscomponent of the proliferation response with the separate concept of the 

differentiation of a precursor cell to another cell type.  
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Figure 1.3: The parameters of the cyton model of lymphocyte proliferation. 
The cyton model is based upon probabilistic parameters that describe the distribution of times to 
divide and times to die for undivided cells prior to entry to first division (A) and progressing 
through each subsequent division (B). A cyton is the term given to the combination of these two 
times (division and death) and is graphically depicted with the division times on the positive y 
axis (blue) and death times on the negative y axis (red). Division times are represented with the 
character φ and death times with the character ψ. Times for undivided cells are designated “0” 
and times for subsequent divisions “i>0”. In this example, each division and death distribution 
is described with a lognormal probability density function with parameters median (med) and 
variance (δ). In addition, the first division progressor fraction (pF0) describes the proportion of 
cells that enter first division. The table below provides the parameter values used in this Figure, 
as an example of tables that will be used later in this thesis. The proliferation response that 
would be calculated from these parameter values from a starting cell number of 40,000 cells is 
presented in (C). 
 
 
   Undivided cells Subsequent divisions  

φ  0 ψ 0 φ  i>0 ψ i>0  

med s med s med s med s pF0 

         45.0 0.3 25.0 0.6 8.0 0.1 25 0.25 0.8 

 
 
Table 1.1: Values of the example cyton model parameters presented in Figure 1.3. 
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1.2.3 Alternative techniques for cell division tracking 

In addition to CFSE, a variety of other labels can be used to track cell division kinetics. 

Other fluorescent dyes that label cell components and give a halving of fluorescence 

with each cell division can also be used to track lymphocyte proliferation, for example 

the red dye PKH26, which stains membranous cell components (Parish 1999). 

However, PKH26 usually stains cells with more heterogeneity and less brightly than 

CFSE, such that determination of division peaks is less accurate and fewer divisions can 

be tracked. Other dyes, such as SNARF-1 and DDAO-SE are also available, but CFSE 

remains the most useful for in vitro division tracking, in our experience. Some 

techniques use labels that are incorporated into the DNA of dividing cells, which allows 

the proportion of a cell population that is actively dividing to be determined. The most 

commonly used DNA label is bromodeoxyuridine (BrdU), a thymidine analogue. 

Deuterated glucose, which labels the pentose sugar of nucleosides, has also been used, 

and is advantageous due to it being less toxic than BrdU (Asquith et al. 2002).  

 

1.2.4 Other quantitative models of lymphocyte responses 

A growing number of research groups utilize mathematical modeling to describe 

lymphocyte population behaviours. One example of quantitative modeling of 

lymphocyte proliferation that has received considerable attention is the analysis of T 

cell dynamics and homeostasis in vivo in both resting and virally infected animals. 

Early attempts to model steady state T cell populations assumed a single turnover rate 

(equal proliferation and death rates) and used a ‘source term’, an additional input of 

cells, to explain the observation that death rates were consistently higher than 

proliferation rates (Mohri et al. 1998; Ribeiro et al. 2002). In the example of T cell 

dynamics, the source was postulated to arise via T cell replenishment from the thymus 

or from a subpopulation of peripheral T cells that were recruited into active division 

(Mohri et al. 1998). Macallan and colleagues modeled T cell homeostasis with a 

different approach, using variable proliferation and death rates, and introduced the 

concept of population heterogeneity to account for this (Macallan et al. 2003). It was 

proposed that population heterogeneity may be due to intrinsic cell characteristics, in 

which cells undergo a spectrum of turnover rates. Alternatively, cells within a 
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population may behave differently to one another as a result of their recent division 

history (Macallan et al. 2003). These authors also suggest that kinetic heterogeneity 

within T or B cell populations is unsurprising due to their clonal diversity, with 

differing kinetics being dependent on differing receptor expression, phenotype, cytokine 

microenvironment and recent history of contact with antigen (Asquith et al. 2002). The 

concept of intrinsic population heterogeneity is also fundamental to the proliferation 

models developed in our laboratory, given the extent of variation in cell behaviour that 

is seen in vitro culture even within highly purified and phenotypically homogeneous 

populations. 

 

Other researchers have also used CFSE-derived data to model lymphocyte kinetics, 

some of which have been based on the early Smith-Martin model of cell cycle dynamics 

(Smith and Martin 1973). The Smith-Martin model was based on the measurement of 

intermitotic times of various cell lines extracted from videotape of cells proliferating. 

This was a novel technique at the time and it revealed variation in division times that 

had not been seen previously in experiments using synchronized cell populations. The 

Smith-Martin model separates the cell cycle into two phases: the A phase, 

corresponding approximately to the G1 phase of the cell cycle, and the B phase, 

comprising the S, G2 and M phases. Cells in the resting A phase are recruited 

stochastically into the B phase, during which they divide. Time spent in B phase is of 

fixed duration, such that variability in cell cycle time is accounted for by variation in 

time taken for recruitment from A to B phase, described in this model with an 

exponential distribution (Smith and Martin 1973).  

 

Bernard and colleagues sought to build on the Smith-Martin model by considering cells 

in both a proliferating and a resting phase and using CFSE as a marker of cell maturity 

(Bernard et al. 2003). Their model was structured with respect to cellular age and 

maturation state, with age as a continuous variable and maturity a discrete value, based 

on division number. In this model, the age parameter was taken to be the position of a 

given cell in the proliferation phase of the cycle, from time of entry to the point of 

cytokinesis, after which the resting phase is re-entered. Cells could be lost from the 

cycle during the resting phase (at a random rate) or at the point of re-entry to the 

proliferating phase. Ganusov and colleagues also extended the Smith-Martin model by 

including parameters to allow for cell death during the cell cycle and also for the 
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number of divisions (Ganusov et al. 2005). In this model, as in the Hodgkin model, 

division and death rates were assumed to be independent of time and the number of 

divisions undergone. These authors used CFSE data to estimate values for the 

parameters of a fixed time taken to complete B phase (termed duration of division), the 

probability of cell death during the cell cycle and the average division time (including 

phases A and B) (Ganusov et al. 2005). However, they proposed the need to measure an 

additional parameter, the fraction of cells in division (in B phase), in conjunction with 

CFSE data, to allow estimation of all parameters of the Smith-Martin model. The 

likelihood of parameter values being influenced by division number was also discussed 

(Ganusov et al. 2005). Given the division-linked nature of B cell differentiation, 

discussed below, and the role of cell surface phenotype in the signaling pathways that 

are proposed to contribute to determining proliferation model parameter values, it is 

likely that more advanced models will need to incorporate the ability for parameter 

values to change with division number. This proposal is supported by results presented 

in this thesis. 

 

These examples demonstrate that modeling lymphocyte behaviour, despite not yet being 

a widely utilized technique, is a growing and developing field. The ability to describe 

complex immune responses with defined quantitative parameters will not only lead to a 

more accurate understanding of the immune system, but has the potential to lead to 

enhanced predictive capabilities. 

 

1.2.5 Division linked differentiation in lymphocytes 

B cell proliferation in vivo and in vitro is accompanied by differentiation to ASC and 

isotype switching. Studies of murine and human lymphocyte responses have shown that 

differentiation processes, including ASC differentiation, isotype switching and memory 

cell generation in B cells and acquisition of cytokine secretory capacity in T cells are 

directly linked to division number (Hodgkin et al. 1996; Gett and Hodgkin 1998; 

Hasbold et al. 1998; Deenick et al. 1999; Tangye et al. 2002; Tangye et al. 2003; 

Tangye and Hodgkin 2004). Some differentiation events begin after only a few cell 

cycles, others require multiple rounds of cell division. Division-linked B cell isotype 

switching has been particularly well studied. For example, B cells stimulated with anti-
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CD40 mAb and IL-4 begin to switch to IgG1 after only a few cell divisions, whereas 

IgE switching occurs in later division rounds (Hasbold et al. 1998). This corresponds to 

later in the proliferation response, but it can be seen that, even at later time points, cells 

that remain in earlier divisions will not have switched to IgE. Despite significant 

changes in the proportion of cells that exist in each division cycle at different times of 

culture, the percentage of cells of switched isotype in each division cycle was found to 

remain constant, indicating that switching was truly division linked and not directly 

related to the length of time in culture (Hasbold et al. 1998). It has subsequently been 

shown that switching to isotypes IgE, IgG2a, IgG2b, IgG3 and IgA in murine B cells is 

also dependent on division progression, although the divisions at which switching 

occurs differ for each isotype (Deenick et al. 1999; Hasbold et al. 1999). Some division-

linked events occur solely in response to B cell stimulation, for example isotype 

switching to IgG3 in response to LPS (Deenick et al. 1999), whereas others specifically 

require an additional cytokine, for example IgG2a switching in response to IFNγ in 

combination with anti-CD40 stimulation (Hasbold et al. 1999). The proportion of 

switched cells per division and the division in which isotype switching begins to occur 

can also be regulated by the use of different stimuli and the addition of cytokines to 

lymphocyte cultures. For example, during B cell responses to LPS, the addition of IL-4 

increases switching to IgE, whereas IFN-γ increases switching to IgG2a (Hasbold et al. 

1999).  

 

The generation of differentiated ASC in in vitro B cell cultures is also division linked.  

Surface expression of syndecan-1, a marker of ASC, was seen only to become apparent 

in cells that had undergone four or more divisions (Hodgkin et al. 1996). The interplay 

of division-linked isotype switching and differentiation to ASC has also been 

investigated (Hasbold et al. 2004). The proportion of ASC in both IgM and switched 

IgG1 cell populations was found to be similar for each division, demonstrating that 

switching does not alter the division-linked probability of differentiation to ASC. 

Conversely, differentiated ASC were found to be no longer capable of further isotype 

switching. The effects of cytokines on these processes were also examined (Hasbold et 

al. 2004). IL-4 apparently increases the rate of both ASC differentiation and switching 

to IgG1 in a concentration dependent manner when added to cultures stimulated with 

CD40L. IL-4 is known to also influence the survival and proliferation behaviour of cells 

responding to CD40L, implicating this cytokine in complex regulation of both 
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proliferation and differentiation outcomes. In contrast, the addition of IL-5 to cultures 

increases the number of ASC in each division, but does not affect B cell proliferation or 

survival, indicating that this cytokine only regulates the probability of differentiation 

per division (Hasbold et al. 2004). Division linked isotype switching and differentiation 

to ASC also occurs in human B cells (Tangye et al. 2002; Tangye et al. 2003). 

Importantly, although ASC differentiation and isotype switching are both division-

linked processes, they operate independently and may each be influenced by the same, 

or different, signals (Hasbold et al. 2004). 

 

These observations raise the question of how to better understand the inter-regulation of 

B cell proliferation and differentiation. Many of the stimulatory conditions shown to 

effect division linked differentiation are also known to effect proliferation and survival 

per se. For example, as described above, increasing the concentration of IL-4 present in 

cultures with CD40L stimulation enhances numerous aspects of both proliferation and 

differentiation responses. In contrast, the addition of IFN-γ to B cells stimulated with 

CD40L and IL-4 has more specialized effects and results in a longer mean time to entry 

to division and reduced cell viability, but an increase in switching to IgG2a (Hasbold et 

al. 1999). While it appears that the proliferation and differentiation parameters are 

regulated in an independent manner, any assessment of the effect of a given stimulatory 

condition on B cell differentiation needs to be conducted in parallel with careful 

consideration of the potential effects of that stimulation on B cell proliferation. 
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Aims of this thesis 
 

As described in this Introduction, a quantitative model based on population variation in 

cell times to divide and die can accurately describe lymphocyte proliferation responses 

in vitro. This model is useful for assessing how external signals regulate lymphocyte 

responses and provides a framework for analysing division-linked differentiation. 

However, the model has, to date, only been used to assess the early phases of 

lymphocyte proliferation responses, comprising the entry of resting cells to division 

following stimulation and their subsequent rapid proliferation. In normal lymphocyte 

responses in vivo, proliferation does not continue unabated, but undergoes a contraction 

phase during which the majority of specific responding cells die. The behaviour of 

lymphocytes during the later phases of an in vitro proliferation response has so far not 

been assessed during the development of the quantitative model. A major aim of this 

thesis was to investigate these phases and explore how cell survival is regulated once 

lymphocytes start proliferating, and then extend the model to encompass these findings. 

 

This Introduction has also described how antigen affinity and avidity influence many 

aspects of B cell behaviour in vivo and in vitro, from the regulation of intracellular 

signal molecule activation response through to the complex partitioning of cells to 

different tissue compartments and differentiation pathways during an infection 

response. To date, the quantitative model described above has assessed B cell responses 

in vitro to polyclonal activation by mitogens. However, B cell responses in vivo are 

dependent on combined signals provided by antigen and other co-stimulatory 

molecules. The other major aim of this thesis was to assess B cell responses to a specific 

BCR signal during both T-dependent and T-independent stimulation conditions in the 

framework of our quantitative model and in light of our understanding of the inter-

regulation of B cell proliferation and differentiation.  
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Chapter 2:  Materials and methods 

 
  Stimuli Supplier 

  
LPS from Salmonella typhosa Sigma-Aldrich, St. Louis, MO, USA, cat  

#L7895  
CpG 1668 – (TCC ATG ACG TTC CTG 
ATG CT) (fully phosphorothioated) 

Geneworks, Adelaide, Australia 

anti-mouse CD40 monoclonal antibody 
(1C10) 

Prepared from the original hybridoma 
(Heath et al. 1994) 

IL-4  Dr Robert Kastelein (DNAX Research 
Institute, Palo Alto, CA, USA) 

HEL (lysozyme from chicken egg white) Sigma-Aldrich, cat # 6876 

HEL affinity variants (WT, 2x and 3x) Dr Robert Brink (Garvan Institute of 
Medical Research, Sydney, Australia) 

anti-mouse IgD monoclonal antibody 
(1.19) 

Prepared from the original hybridoma 
(Brines and Klaus 1992) 

 
General reagents 

 
CFSE Molecular Probes, Invitrogen, Carlsbad, 

CA, USA, cat  # C1157 
Propidium iodide (PI)  Sigma-Aldrich, cat # 287075 
Calibrite beads BD Biosciences, Franklin Lakes, NJ, 

USA, cat # 349502 
5-bromo-2'-deoxyuridine (BrdU) Sigma-Aldrich, cat # 858811 
DNAse Boehringer Mannheim, now Roche 

cat # 04 716 728 001 
PCR primers Geneworks 
RedTaq DNA polymerase and buffer Sigma-Aldrich, cat # 094K0906 
MEK inhibitor UO126 Cell Signaling Technology, Danvers, 

MA, USA, cat #9903 
MEK inhibitor PD98059 Cell Signaling Technology, cat # 9900 

 
Table 2.1: List of general reagents and suppliers. 
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2.1 Reagents 

2.1.1 Media used for cell preparation and culture 

MACS buffer: 2 mM ethylenediaminetetra-acetic acid (EDTA) and 0.5% bovine serum 

albumin (BSA) in PBS. 

 

Phosphate buffered saline (PBS): 8.0 g/L NaCl, 1.25 g/L Na2HPO4.2H2O and 0.35 g/L 

Na2H2PO4.2H2O in Milli-Q water to pH 7.3. 

 

Red cell removal buffer (RCRB): 5% FCS, 10 mM KHCO3, 150 mM NH4Cl and 0.1 

mM EDTA in Milli-Q water. 

 

B cell medium (BCM): 2 mM L-glutamine, 0.1 mM nonessential amino acids, 10 mM 

HEPES pH 7.4, 100 µg/ml streptomycin, 100 U/ml penicillin, 50 µM beta-

mercaptoethanol (all supplements were purchased from Sigma, St. Louis, MO) and 10% 

heat-inactivated fetal calf serum (FCS) (CSL, Parkville, Australia), in RPMI 1640 

medium (Gibco BRL, Grand Island, NY). 

 

2.1.2 Solutions used for analysis protocols 

ELISA/ELISpot plate coating buffer: 2.86 g/L Na2CO3 and 7.56 g/L NaHCO3 in PBS. 

 

ELISA washing buffer: 0.04% Tween 20 in PBS. 

 

ELISA blocking buffer: 2% FCS in PBS. 

 

ELISpot blocking buffer: 10% FCS in RPMI medium. 

 

ELISA secondary antibody dilution buffer: 10 g/L BSA and 0.04% Tween 20 in PBS. 

 



Materials and Methods 

 49 

ELISA substrate solution: 1 mg/ml 2,2'-AZINO-bis [3-ethylbenziazoline-6-sulfonic 

acid] (ABTS), 0.03% H2O2, 0.1M citric acid and 0.1 M tri-sodium citrate in double 

distilled water. 

 

FACS staining buffer (PBA): 0.1% BSA and 0.1% NaN3 in PBS 

 

Propidium iodide (PI): made up at 1 µg/ml in RPMI and used at a final concentration of 

0.05 µg/ml when harvesting cells for the purpose of dead cell exclusion. 

 

Tail digestion buffer for DNA preparation: 100 mM Tris (pH 8), 5 mM EDTA (pH 8), 

0.2% w/v sodium dodecyl sulphate (SDS), 200 mM NaCl in Milli-Q water. Proteinase 

K was added to 100 µg/ml was added immediately prior to use. 

 

Solutions for PCR analysis and for preparation of mRNA and cDNA were provided by 

the relevant manufacturers. 

 

2.2 Laboratory methods 

2.2.1 Mice 

All animals were bred and maintained in specific pathogen-free conditions at WEHI 

animal facilities (Kew, Bundoora and Parkville, Victoria, Australia) in accordance with 

WEHI animal ethics committee regulations. Mice of pure C57BL/6 genotype or 

transgenic genotype on a C57BL/6 background were used for all experiments. SWHEL 

mice (Phan et al. 2003) were kindly provided by Dr Robert Brink, Garvan Institute of 

Medical Research, Sydney, Australia and were bred and at WEHI with RAG2-/- 

(Shinkai et al. 1993) and blimp-1GFP/+ (Kallies et al. 2004) mice kindly provided by 

Stephen Nutt (WEHI) and with STAT6-/- mice (Takeda et al. 1996) kindly provided by 

Lynn Corcoran (WEHI). Mice constitutively expressing Bcl-2 under control of the vav 

promoter (Ogilvy et al. 1999) were kindly provided by Steve Gerondakis (WEHI) and 

Bim deficient mice (Bouillet et al. 1999) were kindly provided by Philippe Bouillet 

(WEHI).  
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2.2.2 Mouse genotyping  

Genotypes of transgenic mice were determined by PCR using genomic DNA prepared 

from tail clippings (obtained at three weeks of age) and by flow cytometric analysis of 

peripheral blood lymphocytes obtained from eye bleeds (obtained at four weeks of age 

or older).  

 

PCR primers for determination of the presence of one or two copies of the SWHEL H 

chain transgene: 

SWHEL upper GTCTCTGCAGGTGAGTCCTAACTTCT 

SWHEL lower CAACTATCCCTCCAGCCATAGGAT 

Fragment sizes: WT H chain: 865 base pairs, Tg H chain: 302 base pairs. 

 

2. SWHEL L chain transgene determination by peripheral blood analysis: 

Peripheral mouse blood was treated with red cell lysis buffer and the remaining cells 

were washed with PBA prior to staining with FITC-labelled HEL and PE-conjugated 

B220 and subsequent analysis by flow cytometry (see below). Cell suspensions 

containing HEL-binding B cells identified mice containing one copy of the Vκ10-κ 

transgene (two copies of the transgene causes embryonic lethality (Robert Brink, 

Garvan Institute, personal communication)). 

 

3. PCR primers for the RAG2 gene: 

RAG2-1 5'  GCAACATGTTATCCAGTAGCCGGT  

RAG2-2 5'  TTGGGAGGACACTCACTTGCCAGT  

RAG2-3 5'  GTATGCAGCCGCCGCATTGCATCA  

Fragment sizes: RAG WT: 600 base pairs, RAG knockout 1000 base pairs. 

 

4. PCR primers for the blimp-1GFP gene knock-in: 

BL-1 5'  GGCAAGATCAAGTATGAGTGC  

BL-2 5'  TGAGTAGTCACAGAGTACCCA  

BL-3 5'  GCGGAATTCATTTAATCACCCA 

Fragment sizes: blimp-1+/+: 611 base pairs, blimp-1GFP/+: 531 base pairs. 
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5. PCR primers for the STAT6 WT allele: 

forward 5' GCTCCTCACAGATAGAGAACATCCAGCC  

reverse 5' CCACAGTCATCTTGATAGTAGTAGAGAC  

Fragment size: 700 base pairs. 

 

6. PCR primers for the STAT6 KO allele: 

forward LC18.5 5' CCGCTTCCTCGTGCTTTACGGTATC 

reverse 5' CCACAGTCATCTTGATAGTAGTAGAGAC 

Fragment size: 700 base pairs. 

 

2.2.3 Purification of naïve, resting follicular B cells and in vitro culture 

Naïve, resting follicular B cells purified from mouse spleens were used for all 

experiments. Single-cell suspensions were prepared from whole spleens, red cell 

depleted with RCRB and separated on discontinuous (50%:65%:80%) percoll density 

gradients. Small dense cells located at the 65%:80% interface were collected and the B 

cell fraction was purified via negative selection using magnetic bead B cell isolation kits 

(Mitenyi Biotec, Bergisch Gladbach, Germany, catalogue #130-090-862). Cell purity 

was assessed by flow cytometric analysis after each purification protocol and B cell 

populations used for experiments were ≥ 97 % B220 positive and CD19 positive. 

 

In experiments requiring division tracking, cells were labelled with CFSE according to 

the method described below immediately prior to culture. B cells were cultured in flat-

bottomed tissue culture plates in B cell medium (BCM) at 5% CO2 and 37°C, unless 

otherwise indicated. Culture volumes were 200 µl per well for 96 well plates and 1 ml 

per well for 24 well plates. B cells stimulated with LPS were cultured at 4 – 4.5 x 105 

cells/ml and B cells stimulated with anti-CD40 mAb and IL-4 or CpG were cultured at 

1.2 – 1.5 x 105 cells/ml. In cases where cell number was recorded at multiple times over 

the course of the experiment, multiple 200 µl samples were cultured and three replicate 

cultures were used for each counting process. Stimuli were added to cell suspensions at 

the commencement of culture and cultures were undisturbed for the length of the 

experiment unless otherwise indicated. When the stimulation conditions were altered 

during the course of the experiment experiments, cells were cultured in stimulus for a 
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designated time period before being harvested from culture wells, washed twice in 

BCM and returned to culture as described. 
 

2.2.4 CFSE labelling 

Purified B cells were washed once in PBS/0.1% BSA and resuspended at 1 x 107 cells 

per ml. Aliquots of 5 mM CFSE in DMSO were diluted 1/10 with PBS/0.1% BSA. 20µl 

of diluted stock was added per ml of cells to obtain a final concentration of 1 0µM 

CFSE. The cell suspension was incubated at 37ºC for 5 minutes, mixed thoroughly by 

pipetting and incubated for another 5 minutes. The reaction was stopped by washing 

cells in 10 volumes of ice cold RPMI/10%FCS. The CFSE labelled cells were washed 

once more in B cell medium prior to culture at the appropriate cell concentration. 

 

2.2.5 Determination of cell numbers in proliferation assays 

When determination of absolute cell numbers was required in proliferation assays, a 

known number of Calibrite beads (BD Biosciences) was added directly to cell cultures 

before harvesting, usually 10 µl from a stock solution of 106 beads/ml in PBS. PI was 

also added to cultures prior to harvest for distinguishing dead cells (Figure 2.1 A and 

B). The number of live cells per culture was then estimated in reference to the bead 

number using the calculation: 

 

added beads ofNumber 
counted beads ofNumber 

counted cells ofNumber 
culture in cells ofNumber !""
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The absolute number of cells per division was also calculated in this manner. Normal 

distributions were fit to the peaks of CFSE dilution profiles using the curve-fitting 

function in Flow-Jo software and the number of cells counted per division was extracted 

from this analysis (Figure 2.1 C). These numbers were then converted to actual cell 

numbers per division in the cell cultures using the above formula.  
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Figure 2.1: Determination of live cell number and cell number per division from flow 
cytometric analysis of CFSE dilution. 
For experiments in which cell numbers were determined, a known number of beads were added 
to cell cultures prior to harvest and analysis by flow cytometry. The beads can be gated 
separately from live or dead cells based on forward scatter characteristics (A). Live cells are 
identified by lack of uptake of propidium iodide, also added to cultures immediately prior to 
harvest (B). Division progression can be determined by CFSE dilution by observation of 
fluorescence intensity in the FL1 channel; FlowJo software was used to fit normal distributions 
to division peaks (C) and these were used to gate cells in individual divisions. Individual 
divisions cannot be distinguished once cells reach autofluorescent levels in the FL1 channel, 
shown here as being beyond division 8 (C). Figure modified from Hawkins et al. 2007. 
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2.2.4 Cell surface staining for flow cytometry 

Cell surface markers were detected using fluorescently conjugated or biotinylated 

specific monoclonal antibodies. All staining was carried out on ice in either plastic 5ml 

FACS tubes or 96-well V-bottom plates. Cells were washed between stains with PBA. 

In cases where dead cells needed to be identified, PI was added to cell culture wells 

immediately prior to harvest. Cells were harvested from in vitro culture, washed once in 

PBA and then incubated on ice with the appropriate concentration of detection antibody 

(Table 2.2) for 30 minutes. When biotinylated antibodies were used, cells were washed 

twice in PBA prior to incubation on ice with tricolour-conjugated streptavidin for 30 

minutes. After staining, cells were washed twice and transferred to cluster tubes for 

flow cytometric analysis (Corning Co-star, Acton, MA, USA). Sample data was 

collected on FACScan, LSR or FACScalibur flow cytometers (BD Biosciences, USA) 

and analysed with Flow-Jo software (Tree Star, San Carlos, CA, USA). PI was added to 

cell suspensions prior to analysis to allow exclusion of dead cells.  

 

2.2.6 Cell fixation and permeabilisation for intracellular staining 

Cells were harvested from tissue culture wells and washed once in PBA prior to fixation 

with 2% paraformaldehyde (PFA) in PBS at approximately 250µl per 500,000 cells for 

30 minutes at 4ºC. Equal volumes of 0.1% Tween in PBS were added directly to cells 

and incubated overnight at 4ºC. After fixation and permeabilisation, cells were washed 

twice in PBA and stained for flow cytometry as described above. Live cells were gated 

by side scatter versus forward scatter profiles. 

 

2.2.7 PhosFlow flow cytometry 

BD Biosciences reagents and protocols were used for PhosFlow. B cells were purified 

as described above and held at 4°C until immediately prior to stimulation. B cells were 

then incubated in BCM at 37°C with appropriate stimuli for the indicated times. Cells 

were fixed immediately for 10 minutes at 37°C with BD PhosFlow lyse/fix buffer 

according to the recommended protocol. Cells were permeabilised on ice for 30 minutes 
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with BD PhosFlow Perm III buffer according to the recommended protocol. Cells were 

then washed twice in PBA prior to staining with a BD PhosFlow anti-pSTAT6 antibody 

and analysis by flow cytometry. 

 

3.2.8 Enzyme-Linked ImmunoSorbent Assay (ELISA) 

ELISAs were used to detect antibody in cell culture supernatants. ELISA plates were 

coated with unlabelled mouse Ig at 2 µg/ml or hen egg lysozyme (HEL) at 10 µg/ml in 

ELISA coating buffer. 96 well flexiplates for ELISA (Corning Co-star) were coated 

overnight at 4ºC with 100 µl solution per well. After overnight incubation, plates were 

washed three times with ELISA wash buffer, as for all subsequent washes. 200 µl of 

blocking buffer was added to each well and the plates were incubated for one hour at 

room temperature. Plates were then washed and 100µl diluted cell culture supernatants 

were added to plates prior to incubation at room temperature for 2 hours. Plates were 

then washed and 100 µl of a solution of the appropriate secondary antibody conjugated 

to biotin diluted in ELISA secondary antibody dilution buffer was added to each well. 

Plates were incubated for one hour at room temperature prior to washing. The binding 

reaction was detected by the addition of 100µl of ELISA substrate solution (Table 2.1). 

Plates were incubated at room temperature until colour developed and the reaction was 

then stopped by adding 50µl of 1% SDS solution. Absorbance at 492 nm was measured 

using a Softmax micro-plate reader (Molecular Devices, Sunnyvale, CA, USA). 

 

3.2.9 ELISpot 

HA 96 well filtration plates for ELISpot (Millipore, Billerica, MA, USA) were coated 

as described above for ELISA. After overnight incubation, plates were washed three 

times with RPMI. 200µl of blocking buffer was added to each well and plates were 

incubated for one hour at 37ºC. Plates were then washed three times with RPMI. Cell 

suspensions were prepared at a known cell concentration and 100µl aliquots were added 

to plates and incubated undisturbed for four hours at 37ºC in a CO2 incubator. Plates 

were washed three times with RPMI and three times with ELISpot wash buffer. The 

appropriate secondary antibody coupled to biotin was diluted in secondary antibody 

buffer and 100µl added to plates. Plates were incubated overnight at 4ºC then washed 
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three times with EliSpot wash buffer. Strepdavidin-AP (Amersham Biosciences, UK) 

was diluted in secondary antibody buffer at the appropriate concentration and 100µl 

added to plates. Plates were incubated for one hour at room temperature. Plates were 

washed four times with ELISpot wash buffer. Substrate solution was prepared by 

dissolving BCIP/NBT tablets (Sigma-Aldrich, St. Louis, MO, USA) in MilliQ water 

(one tablet per 10 ml). Substrate solution (100µl) was added to each well and plates 

were incubated at room temperature. When the desired degree of spot colour 

development was reached the reaction was stopped by rinsing plates thoroughly with 

tap water. Plates were left to dry thoroughly at room temperature. Spots were counted 

using an AIDS ELISpot reader system (Autoimmun Diagnostika, Germany). 

 

3.2.10 BrdU incorporation assay 

In vitro cultured cells were pulsed for two hours with BrdU at a final concentration of 

100 µg/ml by addition of an appropriate volume of a 2 mg/ml stock solution. Cells were 

then harvested, washed once in PBS and fixed with 2% paraformaldehyde in PBS at 

approximately 250µl per 500,000 cells for 10 minutes on ice. Equal volumes of 0.1% 

Tween in PBS were added directly to cells and the cells were incubated overnight at 

4ºC. Cells were then washed three times with PBA and transferred to fresh tubes prior 

to DNA digestion using a DNAse-1 solution containing 0.2 mg/ml DNAse-1, 0.2 mM 

CaCl2 and 0.04 mM MgCl2. Digestion was allowed to proceed for 30 minutes at 37°C in 

a water bath. Cells were washed twice in PBA and stained for BrdU incorporation using 

an APC-conjugated anti-BrdU antibody prior to flow cytometric analysis. 

 

3.2.11 Preparation of cellular RNA and cDNA synthesis 

Total cellular RNA was prepared from cells harvested from in vitro cultures using 

Qiagen RNeasy Mini Kits according to the manufacturer’s instructions. Total cDNA 

was synthesised from RNA transcripts using the Invitrogen SuperScript™ III First 

Strand Synthesis System according to the manufacturer’s instructions.  
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 Antibodies for flow cytometry 

  anti-syndecan-1-PE  BD Pharmingen, cat # 553714 
anti-BrdU Alexa 647  Molecular Probes, cat # A21305 

anti-IgM PE  BD Pharmigen, cat #553521 

anti-IgM APC  Prepared from the original hybridoma 
(Brines and Klaus 1992) 

anti-IgD FITC  BD Pharmigen, cat # 553439 

anti-IgG1 biotin  BD Pharmigen, cat #02232D 
anti-IgG1 APC  BD Pharmigen, cat # 550874 

anti-IgG2a PE  Southern Biotech, Birmingham, AL, 
USA, cat # 1085-09 

anti-IgG2b PE   Southern Biotech, cat # 1095-09 

anti-IgG3 PE  Southern Biotech, cat # 1105-09 
anti-B220 PE  BD Pharmigen, cat # 553090 

anti-CD19 FITC  BD Pharmigen, cat # 553785 

anti-STAT6 Alexa 647  BD Pharmingen, cat # 558242 

  Antibodies for ELISA and ELISpot  

  anti-IgM unlabelled for ELISA Southern Biotech, cat # 1021-01 

anti-IgG1 unlabelled for ELISA Southern Biotech, cat # 1070-01 
anti-IgM biotin for ELISA Southern Biotech, cat # 1021-08 

anti-IgG1 biotin for ELISA Southern Biotech, cat # 1070-08 

anti-Igκ unlabelled for ELISA Southern Biotech, cat # 1050-01 

anti-Igκ biotin for ELISA Southern Biotech, cat # 1050-08 
streptavidin tricolour conjugate for ELISA Caltag Laboratories, Invitrogen, 

Carlsbad, CA, USA, cat # SA1006 
 

Table 2.2: List of antibodies used for analysis protocols. 
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3.2.12 Quantitative real-time PCR 

Quantitative real-time PCR reactions were set up using a QuantiTect SYBR Green RT-

PCR kit (Qiagen). PCR was performed on an ABI PRISM 7900H cycler (ABI). 

Expression of the Hmbs gene was used for normalisation of each gene tested.  

 

Primer sequences used were: 

 

AID: 

427 5' CCGGCACGTGGCTGAGTTT 

428 5' GATGCGCCGAAGTTGTCTGGTTAG 

 

Cµ (total cellular IgM): 

514 Cµ common 5' CCCACAGCATCCTGACTGTGACAGAGGAG 

515 Cµ membrane 5' GATGAAGGTGGAGGCAGTGGTCCACAGG 

 

Cγ (total cellular IgG1): 

511 Cγ1 common 5' CACCAGGACTGGCTCAATGGCAAGGAG 

512 Cγ1 membrane 5' GTCCTGGGCCTCAGCACAGGTCTCGTCC 

 

Hmbs: 

658 5' GACCTGGTTGTTCACTCCCTGAAG 

659 5' GACAACAGCATCACAAGGGTTTTC 

 

2.3 Quantitative methods 

2.3.1 Reproducibility of data 

All Figures presented in this thesis contain representative data from one of at least two 

identical experiments.  
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2.3.2 Statistical analysis 

Data were analysed using GraphPad Prism software (GraphPad Software, La Jolla, CA, 

USA). P values for statistical analysis were calculated using an unpaired two-tailed T-

test (Student’s T-test) or a one-way analysis of variance (ANOVA). Statistical 

significance was declared at p values less than 0.05. 

 

2.3.3 Curve fitting 

Data sets used to define the division destiny parameter of the cyton proliferation model 

were analysed using the Matlab fmincon function (Mathworks, Natwick, MA) to 

determine curves of best fit. Functions were minimised using sum of squares: 
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Division destiny, described in Chapter 3, was fit using a discrete normal distribution 

according to the normal probability mass function: 
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based on the normal probability density function (PDF): 
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All other of the cyton model parameters were fit using lognormal PDFs according to: 
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In one example, an exponential PDF was used for fitting, according to: 
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2.3.4 Quantitative implementation of the general cyton model 

The cyton model is described in (Hawkins et al. 2007). The extension of the model to 

incorporate division destiny is described in Chapter 3. A mathematical description of 

the model written by Cameron Wellard, WEHI, is provided here. 
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Each cell can be completely characterised by the PDF from which the time to die TD, or 

time to divide TB, is randomly drawn. The parameters of the PDFs are different for 

undivided cells and for cells in subsequent generations. Lognormal PDFs are used, 

characterised by the two parameters mean µ and standard deviation σ. The lognormal 

PDF is defined as:  
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The progressor fraction, γi, defines the fraction of cells in generation i, for which it is 

possible to divide. For undivided cells, this is treated as a free parameter. For 

generations after the first division, this is defined by the population division destiny, the 

distribution of the final division number reached by a cell cohort in the absence of 

death, which is treated as a normal probability distribution.  
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Thus, the probabilities that a cell is fated to die, or divide, at a given moment in time, 

are respectively given by the terms: 
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Where δ is the Dirac delta function.  Of course, whether a cell actually does die or 

divide at a given time must be weighted by whether or not the other process was 

scheduled to happen first.  Thus, the probabilities that a cell actually dies or divides at a 

given time are given by the conditional PDFs: 
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Although the processes of death and division are stochastic, and so the fate of a 

particular cell will be random, the average behaviour of the system can be predicted. For 

example, the mean number of undivided cells that will die at a time t after stimulation is 

just equal to the number of initial cells times the probability that any cell dies at that 

time. Using this approach, a set of differential equations can be written for the average 

number of live cells in each division, as a function of time: 
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2.3.5 The cohort method of analysing CFSE data 

To generate cohort plots, the number of cells in each division was calculated at multiple 

times over the course of an in vitro lymphocyte proliferation response, from harvesting 

cells with a known number of beads and setting division gates based on CFSE dilution, 

as described above (Figure 1.2 A). The number of cells per division was then 

transformed to take into account population expansion upon division, by dividing each 

cell count by 2n, where n = division number. To address the fact that cells observed to 

be in division 2, for example, could either have just reached division 2, be halfway 

through this division cycle or be about to divide, the division number was taken to be 

n+0.5, eg. division 1.5, 2.5 etc (Figure 1.2 B). Undivided cells are not considered in 

cohort analysis. The resulting plot of cell number versus division number is called a 

“precursor cohort plot”. A normal distribution was then fitted to the each of the 

transformed data sets describing the position of the cells across divisions at various time 

points (Figure 1.2 C). Curve fitting was achieved using Matlab software, as described 



Materials and Methods 

 62 

above. The parameters of these distributions were used to generate plots of mean 

division number versus harvest time (Figure 1.3 D). A linear trendline was fitted 

through this plot using Microsoft Excel and the point at which an extrapolation of that 

trendline reaches division number 1 was used as an estimate of the mean time to first 

division (Figure 1.3 D). The slope of the trendline gives the fraction of a division 

undergone per unit time, such that 1/slope of the trendline was used as an estimate of 

the mean time between each subsequent division (Figure 1.3 D). The area of the normal 

distributions fitted to cohort plots indicates the cohort cell number ie. the number of 

cells in culture having taken division into account. This area plotted versus the mean 

division number gives an indication of whether or not cell death is occurring during the 

proliferative phase of the response (Figure 1.3 E).  
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Figure 2.2: The cohort method of analysing CFSE data for determination of proliferation 
parameter values. 
To conduct a cohort analysis of CFSE data, data is required on the absolute number of cells 
that have undergone a defined number of divisions at designated times (A). These numbers 
must then be transformed to account for population expansion by dividing each value by 
2^(division number) and to account for cell progression through a given division by using division 
number + 0.5 as each interval (B). Undivided cells are not included in this analysis. The data 
are then described by the mean and variance of the best fit normal distribution found for each 
data set (C). A trendline fitted through a plot of mean division number versus harvest time 
can be used to calculate the intermitotic times in subsequent divisions (1/slope) and mean 
time to first division (extrapolation of the trendline to intercept with division 1) (D). A plot of 
area under the normal distributions versus mean division number of that distribution gives an 
indication of death rate during division progression. In this example a loss of 20% of cells per 
division was calculated from an exponential trendline fit through the data points. Figure 
modified from Hawkins et al. 2007. 
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Chapter 3: Division destiny and death: Modelling 

the later phases of B cell proliferation responses 

  

3.1 Introduction 
 

The activation of naïve lymphocytes, in vitro or in vivo, can lead to the entry of the 

resting cells into the cell cycle and their subsequent progression through multiple 

rounds of cell division. As described in Chapter 1, quantitative models have been 

developed to describe lymphocyte proliferation and assist in understanding its 

regulation. Such models may be applied to scenarios in which a quantitative assessment 

of the effects of particular agents or conditions on lymphocyte behaviour is useful, for 

example when comparing the effectiveness of various drugs or vaccine adjuvants, or to 

provide a quantitative perspective on the effects of certain genetic manipulations or 

mutations on B or T cell responses. The models provide a valuable theoretical 

framework with which to dissect the kinetic aspects of a lymphocyte response, to 

examine of the regulation of these aspects and to explore the mechanisms of 

lymphocyte signal integration. This Chapter describes refinements to a model of 

lymphocyte proliferation developed in our laboratory that resulted from an experimental 

focus on the cessation and contraction phases of in vitro lymphocyte responses 

 

Earlier studies of lymphocyte proliferation conducted in our laboratory focused on the 

initiation and expansion phases of the cellular responses (Gett and Hodgkin 2000; 

Deenick et al. 2003). These phases could be modeled well by focusing on the 

parameters which define the entry of cells to division and their rates of progression 

through subsequent divisions. The values of these parameters can also be directly 

evaluated using experimental techniques such as tritiated thymidine incorporation 

assays in the presence of colcemide or the cohort method of analyzing CFSE data ((Gett 
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and Hodgkin 2000; Deenick et al. 2003) and described in Chapter 1). However, the 

experimental data and the model fits to data in these earlier studies did not agree at late 

times (beyond approximately 90 hours). Unfortunately, in the T lymphocyte 

proliferation experiments used to develop the models, many of the cells in the 

responding population had undergone more than 8 divisions by these late times. Even 

with optimal CFSE staining, the limit of division tracking by CFSE is approximately 8 

divisions, as beyond this point the CFSE dilutes to such an extent as to be at cell 

autofluorescence levels. It is not possible to re-label cells with CFSE, as by the time the 

cells have divided multiple times, the physical heterogeneity of the population renders 

CFSE staining not useful for division tracking.  For this reason, previous attempts at 

fitting the models to experimental data had stopped at approximately this point. Thus, 

there was evidence that the model required refinement to provide more accurate 

descriptions of the later phases of lymphocyte responses. We sought to achieve this in 

two ways; by investigating more closely the role of death in cell populations undergoing 

active division and by observing the proliferation behaviour of B cells beyond the limits 

of CFSE fluorescence. 

 

During the development of the fully probabilistic cyton model, described in Chapter 1, 

it was demonstrated that quantifying the parameter values of the distribution of times to 

die prior to first division was straightforward, as the distribution of times to die in 

unstimulated cells is equally applicable to stimulated cells up to the time of first 

division (Hawkins et al. 2007). However, experimental assessment of the death rate of 

dividing cells is more difficult, as the competing events of division and death are hard to 

distinguish in a rapidly proliferating cell culture. The cyton model assumes that each 

cell has a set time to die that operates independently of the time to divide and that is re-

set upon each division. We hypothesised that these times to die are stochastically 

distributed in the population, as has been previously shown to be the case for the times 

to die of undivided cells (Hawkins et al. 2007). However, in an actively dividing 

population the cells are triggered to divide before the time to die is reached, making it 

difficult to study the underlying distribution of times to die.  

 

We proposed that if it were possible to truncate the proliferation response so that cells 

would enter division but cease dividing at a point during the proliferation phase, then 

this could help to reveal the distribution of times to die that operates at this phase of the 
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response. Stimulus removal experiments have previously identified the ability of B cells 

to continue dividing in the absence of continued exposure to the activating signal (Rush 

and Hodgkin 2001). However, this “division momentum” only lasted for a short time 

and the cells were seen to undergo fewer divisions than did equivalent cells in cultures 

where the stimulus was not removed (Rush and Hodgkin 2001). We reasoned that 

similar stimulus removal experiments might provide the incomplete proliferation 

responses we desired for assessing the times to die of cells that were in the actively 

dividing phase of the response. This process exposed the necessity for incorporation of 

an additional regulator of cell proliferation into the model, which we termed “division 

destiny” (Hawkins et al. 2007). The experimental derivation of these parameters and 

their usefulness in the cyton model are discussed in this Chapter. 

 

3.2 Results 

3.2.1 Short stimulation limits the subsequent division progression of B 

cells stimulated with anti-CD40 mAb and IL-4 

The cyton model assumes that a probability distribution describes the times to die of B 

cells that had been stimulated to progress beyond first division. It was hypothesized that 

removing the stimulus to divide would annul the action of the division unit of the 

subsequent divisions cyton and thereby reveal the underlying independent probability of 

cell death. To assess this by experiment, the behaviour of B cells receiving limited 

duration stimulation was examined.  

 

Naïve, resting B cells purified from spleens of C57Bl/6 mice were used for all 

experiments presented in this Chapter, unless otherwise specified. B cells were labeled 

with CFSE and stimulated in vitro with anti-CD40 mAb and IL-4 to simulate T-

dependent (TD) stimulation. The cells were cultured in these conditions for 30, 40, 50 

or 60 hours before being removed from culture, washed thoroughly and returned to 

culture in medium only or in medium containing anti-CD40 mAb and IL-4 at the 

original concentrations. The number of live cells and the progression of the cells 

through divisions were determined at defined times after return to culture (Figures 3.1 
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and 3.2). Cells stimulated with anti-CD40 mAb and IL-4 do not divide until at least 40 

hours in culture; the 30 and 40 hour periods of stimulus exposure therefore ended prior 

to any of the cells undergoing the first mitotic event. However, some cells in these 

cultures were subsequently able to enter division and undergo a small number of 

subsequent divisions (Figure 3.1 and Figure 3.2 B, D). Similar experiments previously 

conducted in our laboratory have shown that inclusion of a CD40-Ig fusion protein, 

which blocks CD40-induced B cell division, in cell cultures following removal of CD40 

stimulation  does not impair the “division momentum” of the cells (Rush and Hodgkin 

2001). This observation supports the concept that the subsequent division observed is 

not due to CD40 mAb remaining present in the culture medium or on the surface of the 

cells. Thus, these experiments demonstrate that progeny cells can divide without 

themselves receiving any direct stimulation. Cells stimulated for 50 or 60 hours were 

able to undergo more divisions (Figure 3.1 and Figure 3.2 F, H). However, none of the 

cultures subjected to stimulus removal were able to undergo as many divisions as 

control cells returned to stimulation. 

 

3.2.2 Division destiny: the stochastic distribution of division number in 

proliferating B cell populations 

The CFSE profiles of the cells that were subjected to removal of anti-CD40 mAb and 

IL-4 stimulus showed that, while the duration of stimulation determined the average 

number of eventual divisions, not all cells in each population underwent the same 

number of divisions. By day 3 of culture, for example, many cells that had received 30 

hours of stimulation had divided twice (reached the second CFSE division peak after 

the undivided peak), some had divided three times, whereas others remained undivided 

(Figure 3.1). This observation suggested that the distribution of division number 

attained by a population of stimulated cells should be a distinct feature of a quantitative 

model of B cell proliferation. The number of divisions undergone by a starting cell was 

termed the cell’s “division destiny” (Hawkins et al. 2007). Experiments designed to 

further assess the distribution of division destinies in a responding population and the 

role of this distribution in the cyton model are described below. 
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Figure 3.1: B cell proliferation following limited duration stimulation with anti-CD40 
mAb and IL-4: CFSE dilution. 
CFSE-labelled B cells were stimulated with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 for 
the times indicated. Cells were harvested, washed three times with B cell medium (BCM), 
counted and returned to culture at 5 x 104 cells/ml in BCM only (grey) or in BCM containing 20 
µg/ml anti-CD40 mAb and 500 U/ml IL-4 (red). Subsequent proliferation was tracked by CFSE 
dilution at various times after return to culture, as indicated. Overlayed histograms show relative 
fluorescence intensity (RFI) and are not representative of cell number. 
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Figure 3.2: B cell proliferation following limited duration stimulation with anti-CD40 
mAb and IL-4: cell numbers. 
Cell numbers in cultures introduced in Figure 3.1 were determined by flow cytometric 
counting with beads, as described in Chapter 2 (A, C, E, G); points represent means and SEM of 
three replicate cell cultures at each time Mean division numbers were calculated from values of 
numbers of cells per division, based on CFSE profiles, as described in Chapter 2 (B, D, F, H). 
Mean division numbers were based on divisions 1-8 without inclusion of cells that remained 
undivided, to reveal changes in division number without incorporating any effect of stimulus 
duration on the proportion of cells entering division. 
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3.2.3 Incorporating division destiny as an independent component of 

the lymphocyte proliferation model 

For division destiny to be incorporated as a model component, it was necessary to 

determine an appropriate distribution to describe division number variation in the 

population. It was also important to establish whether the division destiny distribution 

was independent of cell survival, in order to inform how the parameters describing these 

behaviours could be implemented in the model. To do this, identical stimulus removal 

experiments to those described in Figures 3.1 and 3.2 were conducted using B cells 

from transgenic mice over-expressing the anti-apoptotic protein Bcl-2 (Ogilvy et al. 

1999). Very similar behaviour was observed in these cell populations; short duration 

stimulation was followed by limited subsequent proliferation and the number of 

divisions achieved was related to the duration of stimulus exposure (Figure 3.3). 

However, in contrast to the wild type (WT) B cells, which underwent population 

contraction due to cell death after reaching their respective division destinies, the 

number of Bcl-2 transgenic (Tg) cells plateaued at this point (Figure 3.3 A and B). 

Proliferation did not continue, as assessed by there being both no further increase in cell 

number (Figure 3.3 A and B) and no further CFSE dilution (Figure 3.3 E and F). 

However, the block in apoptosis prevented the cells from dying. The fact that enforced 

survival did not lead to any further proliferation supports the hypotheses that the 

stimulation exposure programs the division destiny of the cells and cessation of division 

progression is not dependent upon, or a consequence of, the initiation of cell death. 

Similar experiments were carried using in Bim-deficient B cells to ascertain that the 

independent regulation of division destiny and survival was not simply specific to the 

Bcl-2 transgenic system. Bim-deficient B cells also stopped dividing at a similar time 

and division profile to WT B cells in CpG stimulation, yet remained alive for 

considerably longer (data not shown). 

 

Data from the stimulus removal experiments using Bcl-2 transgenic cell populations 

were used to assess the variation in division destiny in the population (Figure 3.4 A and 

C). Inspection of the profiles of the cells spread across various divisions at the time at 

which proliferation had ceased revealed that this distribution appeared similar to a 

normal distribution truncated at the left (division 1). A truncated normal distribution
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Figure 3.3: Enforced survival does not ensure extended B cell proliferation after stimulus 
removal.  
CFSE-labelled WT or Bcl-2 transgenic B cells were stimulated with 20 µg/ml anti-CD40 mAb 
and 500 U/ml IL-4 for 40 or 60 hours prior to thorough washing and return to culture in medium 
only. Subsequent proliferation was tracked by cell counting (A and B) and CFSE dilution (C-F) 
at multiple times after return to culture. Points represent the mean and SEM of three replicate 
cultures measured at each time. 
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Figure 3.4: The variation in division destiny in B cell populations is well fit with a normal 
distribution.  
CFSE-labelled Bcl-2 transgenic B cells were cultured with 20 µg/ml anti-CD40 mAb and 500 
U/ml IL-4 for either 40 h (A, B) or 60 h (C, D) before stimulus removal. Three times were 
chosen at which cell numbers and CFSE profiles remained static and at which the division 
destiny had been reached (92.5, 107 and 115.5 h) (A, C); points represent mean and SEM of 
three replicate cultures at each of these times. The proportion of cells in each division as a 
fraction of the total number of cells was calculated from the means of these three times, and 
these proportions were also averaged (mean and SD shown with open symbols in B, D). Cells in 
divisions 1-8 only were considered for this proportion analysis. The dashed lines and closed 
symbols in B and D represent the best fit of a discrete normal distribution to these values, as 
described in Methods. Parameter values for discrete normal distributions were m = 0.92 and s = 
1.45 divisions (B) and m = 2.29 and s = 1.81 divisions (D). 
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was fitted to the division progression profiles and provided a good fit to the data (Figure 

3.4 B and D). The normal distribution needed to be truncated at division 1 as division 

destiny describes the division capacity of cells that have entered division; the division 

destiny distribution does not include the first division progressor fraction parameter, 

which is a separate feature of the model. Thus, the spread of division destinies of cells 

in the population is described with a normal distribution of division number. This 

distribution has been added to a version of the cyton model (Hawkins et al. 2007). The 

curve predicts the fraction of cells that, having reached one division, will progress to the 

next. The mathematical incorporation of the division destiny distribution in the cyton 

model is described in Chapter 2. The model assumes that the probability of a cell 

stopping dividing in a division is independent of the time it reached that division. The 

regulation of division destiny in stimulated B cell populations is described more fully in 

Chapter 4. 

 

3.2.4 The General Cyton Solver 

Having used the proliferation data from stimulation removal experiments to introduce 

into the model a mechanism to account for cessation of division progression, it was 

possible to return to analyzing the distribution of times to die of cells that had stopped 

dividing. To do this, the model was used to fit cell number data from the proliferation 

responses shown in Figure 3.2. This required an ability to simultaneously alter the 

parameters of the first division and subsequent division cytons and the division destiny 

distribution. An algorithm was developed to allow numerical solutions for all of these 

parameters to be found; this solver was termed the General Cyton Solver (GCytS) and 

was implemented in Matlab (Hawkins et al. 2007). In the GCytS used for modelling 

presented here, it was assumed that one cyton, with the same division and death 

distributions, describes the behaviour of cells in each subsequent division. Thus, the 

same parameter values describe the distributions of times to divide and times to die in 

each division after first division. The GCytS calculates total live and dead cell numbers 

and the number of cells in each division at any time after the initial stimulation time, 

using any given set of parameter values. 
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The GCytS incorporates an optimization routine that can vary parameter values in each 

of multiple iterations and assess the fit of each parameter set to the input data until an 

optimal fit is found. All of the parameters can be allowed to vary during this 

optimization routine, or selected parameters can be set to specified values or specified 

ranges of values (for example, if these have been determined by experiment). The 

GCytS is capable of substituting different probability density functions (PDFs). We 

have previously shown that lognormal PDFs best describe the distributions of times to 

divide and die of undivided cells (Deenick et al. 2003; Hawkins et al. 2007) and these 

were used in all modelling routines presented here.  

 

3.2.5 Determining the distribution of times to die in B cells following 

proliferation arrest using the GCytS 

The GCytS was used to find model fits to data sets for the total cell number and the 

number of cells per division from the proliferation cessation experiments depicted in 

Figures 3.1 and 3.2. The GCytS optimization routine was first used with the data set 

from constant stimulation with anti-CD40 mAb and IL-4 to find parameter values for 

the distributions of times to divide and die of undivided cells and the distribution of 

times to divide in subsequent divisions (Figure 3.5 A). We hypothesised that removing 

the stimulus would not change the time taken for each subsequent division to occur and 

the parameter values found for subsequent division time in the constant stimulation data 

set was fixed for all data sets. The GCytS optimization routine was then used to obtain 

fits for the stimulus removal data. For this modelling, lognormal PDFs were used for the 

distribution of times to die in subsequent divisions. Excellent fits to the data were 

obtained (Figures 3.5 B, C, D). Parameter values are provided in Table 3.1 and the cell 

numbers per division predicted from these parameter values are shown in Figure 3.6.  

 

It was observed that these solutions contained very similar parameter values for the 

distribution of times to die in subsequent divisions in all three stimulus removal data 

sets (Table 3.1). It was possible that these fits revealed a common death rate for cycling 

B cells. To test this, the average values for both the mean and the variance of times to 

die in subsequent divisions were calculated from the optimal parameter values for the 

three stimulus removal data sets. These values were then used in a further round of 
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Figure 3.5: Determination of model parameters applicable to B cell proliferation in 
response to constant or limited duration stimulation using the GCytS: fits to total cell 
number.  
Total cell number and cell number per division data were collected at multiple times for 
the stimulus removal experiments described in Figure 3.1. Constant stimulation 
conditions were modelled using the data set resulting from cells being washed and 
returned to stimulus after 30 hours. The GCytS optimisation routine was used to find 
optimal solutions for all parameters to fit the constant stimulation data set (A). 
Experimental data are represented by open symbols; mean and SEM of three replicates 
are shown. The dotted black line represents the GCytS solution predicted from the 
optimal parameter values found. Data sets from stimulus removal conditions (ie. initial 
stimulation with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 and return to medium 
only) were then modelled using fixed parameter values for times to subsequent 
divisions, as predicted from the constant stimulation data (med = 6.27 h and s = 0.05 h). 
All other cyton model parameters were allowed to vary. Dotted black lines (B, C, D) 
represents the GCytS solution predicted from the optimal parameter values found. The 
stimulus removal and constant stimulation data sets were then re-fitted using the 
average values for the parameters of the distribution of times to die in subsequent 
divisions  (med = 30.1 h and s = 0.35 h) determined from the three stimulus removal 
data sets (30 h, 40 h and 50 h stimulation). The dotted gray lines represent the fit found 
for each condition using these restricted parameter values. The full cyton model 
parameters for the various solutions are listed in Table 3.1. 
 
It must be noted that the GCtyS requires a time zero cell number as input data but this 
was not available due to the nature of the experiment, as the first cell counts were 
performed after the cells had been washed and re-plated at the 30, 40 or 50 hours. To 
arrive at an approximate starting cell number, cell counts from the first time following 
re-plating were normalized for cell division by dividing the number of cells in each 
respective division (as assessed by CFSE fluorescence) by 2n, where n = the division 
number.  
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Figure 3.6: Determination of model parameters applicable to B cell proliferation in 
response to constant or short duration stimulation using the GCytS: fits to cell numbers 
per division. 
The optimal solutions found by the GCytS in Figure 3.6 (black dashed lines) were obtained by 
fitting to experimental data of total cell number and cell numbers per division. The fits to cell 
numbers per division are shown here for four representative times for each stimulation 
condition. The solutions used were those obtained by fixing parameters for time to subsequent 
divisions (med = 6.27 h and s = 0.05 h) and allowing all other parameters to vary, as described 
in Figure 3.6. Experimental data are represented by open symbols; mean and SEM of three 
replicate cultures are shown. The full cyton model parameters used for these fits are listed in 
Table 3.1.  
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optimisation with the GCytS. The cell number data could be modelled almost 

identically well with this common distribution for times to die in subsequent divisions 

as with the parameter values specific to each data set found in the initial optimizations 

(Figure 3.5 B, C, D). Additionally, fixing these common values for the distribution of 

times to die had only minor affects on other proliferation parameters after optimisation 

(Table 3.1). Furthermore, the constant stimulation data set could also be well fit using 

these fixed parameter values for the distribution of times to die (Figure 3.5 A). 

However, this data set did not contain information on the proliferation cessation and 

death phase of the response in constant stimulation and so the relevance of these 

parameter values to this data set is minimal. The parameter values describing the 

behaviour of the later phases of the response to constant stimulation with anti-CD40 

mAb and IL-4 are described in more detail in the following section. 

 

3.2.6 Parameters for division destiny and death of cells in subsequent 

divisions are required for modelling full proliferation responses 

The model fits to data presented in Figures 3.5 and 3.6 demonstrate that the hypothesis 

that an underlying distribution of times to die governs the behaviour of proliferating 

cells is consistent with the data. Without this distribution, the model would not be able 

to fit the contraction phase of the response that occurs after division destiny is reached. 

Further evaluation of B cell responses to constant TD stimulation indicated that even if 

the stimulus is not removed, B cell proliferation undergoes a phase in which cell death 

leads to population contraction, and to successfully model this phase the same 

parameters for division destiny and death are required. This is exemplified in Figure 

3.7. The initiation and proliferation phases of a B cell response to anti-CD40 mAb and 

IL-4 can be accurately modeled using only parameters describing the distributions for 

times to first division, times to die prior to first division and the times to die in 

subsequent divisions (Figure 3.7 i). In contrast, if only these parameters are used when 

attempting to fit a data set in which all phases of the proliferation response are 

documented, the model is clearly unable to fit the data (Figure 3.7 ii). However, the full 

experimental data can be fitted highly accurately if division destiny and the death unit 

of the subsequent division cyton are incorporated into the model (Figure 3.7 iii). It 

should be noted that many cells responding to anti-CD40 mAb and IL-4 stimulation 
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undergo more than eight divisions in vitro, such that CFSE peaks become 

indistinguishable at later phases of the response. For modelling purposes, the GCytS 

was implemented such that cells from division 8 onwards were considered 

cumulatively. Parameter values used to obtain these fits are given in Table 3.2. 

 

The modeled data sets presented in Figures 3.5 A (and Figure 3.6 D) and Figure 3.7 iii 

were obtained from different experiments but both are examples of the proliferation of 

B cells in response to constant stimulation with anti-CD40 mAb and IL-4. Although 

slight differences might arise from the fact that the cells in the experiment presented in 

Figure 3.5 were “interrupted” by washing and replacing into culture, multiple 

experiments in our laboratory have shown that in vitro B cell responses to a given 

stimulus are highly reproducible and this would also be expected in these cases. A 

comparison of the parameter values given in Tables 3.1 and 3.2 show that the two data 

sets are best fit with very similar parameter values for the first division cyton and first 

division progressor fraction. However, the values for the subsequent division cyton 

parameters and, particularly, the division destiny parameters, differ substantially. This 

example demonstrates that input information on all phases of the response is necessary 

if appropriate parameter values are to be found using the GCytS optimization routine. 

The provision of data on the later phases of the response in the experiment presented in 

Figure 3.7 allowed more accurate parameter values to be determined. However, the fact 

that divisions beyond division 8 cannot be distinguished by CFSE dilution makes it 

impossible to definitively assess the accuracy of the model in fitting these data sets.  

 

3.2.7 Modelling in vitro and in vivo lymphocyte responses using the 

cyton model 

The data presented above show that the cyton model is capable of fitting the full course 

of a B cell proliferation responses to TD stimulation. The model was then tested for 

more general applicability by assessing its ability to model experimental data of in vitro 

B cell responses to the T-independent stimuli LPS or CpG. Cells were tracked through 

the phases of division initiation, proliferation, cessation of proliferation and death of the 

responding cells and the responses were modeled using the GCytS. The full model was 
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Figure 3.7: Division destiny and subsequent division death parameters for necessary for 
modelling the full course of a B cell proliferation response. 
CFSE-labelled B cells were stimulated with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4. Cell 
numbers and cell numbers per division were calculated at multiple times during culture. 
Proliferation data were modelled using the GCytS to give optimal fits. In row (i) a data set using 
times up to 98 h time was used as input data for the GCytS. In the modelling, death of cells 
undergoing subsequent divisions was not permitted and the division destiny was set to an 
arbitrary value of 5, which approximated the duration of the proliferation response (assuming a 
division rate of 8-10 hours for approximately 40-50 hours after the time to first division). In (ii) 
the GCytS was used to find optimal parameter values for a longer data set in which the 
proliferation cessation and population death phases of the response were included. Again, no 
death of cells undergoing subsequent divisions was permitted and the division destiny was set to 
an arbitrary value of 10 that approximated the duration of the proliferation response. The model 
was unable to fit the later phases of the response with these stipulations. These experimental 
data were subsequently used for a separate fitting routine (iii) in which the GCytS utlised all 
parameters for optimisation. The distributions of times to divide and times to die for undivided 
cells (column A) and cells in subsequent divisions (column B) and the division destiny 
distributions (column C) that correspond to these parameter values are graphically depicted. 
Numerical parameter values are presented in Table 3.2. In column D experimental data are 
represented by open symbols (mean and SEM of three replicate cultures) and the dotted lines 
show the GCytS predicted values for total cell number.  
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Figure 3.8: GCytS solutions for in vitro proliferation responses to constant T-independent 
stimulation. 
CFSE-labelled B cells were stimulated in vitro 15 µg/ml LPS (A) or 3 µM CpG (B). Cell 
numbers and cell numbers per division data were calculated at various times during culture. 
Proliferation data from all cultures were modelled using the GCytS to obtain optimal fits. 
Experimental data are represented by open symbols (mean and SEM of three replicate cultures 
are shown) and the dotted lines show the GCytS predicted values for total cell number. 
Numerical parameter values are presented in Table 3.3. 
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able to accurately fit all phases of the proliferation response for both stimuli (Figure 3.8 

and Table 3.3). While the parameter values differed to those found for proliferation 

responses to anti-CD40 and IL-4, the same model could fit proliferation data from all 

three stimulation conditions. It is noteworthy that the model can accurately fit the B cell 

response to CpG stimulation. B cell responses to CpG are particularly useful for testing 

the functionality of the model, as the division destiny of cells responding to CpG lies 

within the limits of CFSE dilution, so that the contribution of the distributions 

governing division destiny and times to die in subsequent divisions can be directly 

observed. This is explored in more detail in Chapter 4.  

 

The B cell proliferation response to CpG also provided an opportunity for assessing the 

distribution of times to die in subsequent divisions. Modelling of the contraction phases 

of the response had to this point been conducted using a lognormal PDF. While this 

distribution fit the data well (Figures 3.5-3.7), there were insufficient data to test 

whether this distribution provided the best possible fit to data. The death rate of 

undivided lymphocytes has previously been modeled with an exponential decay 

function (Gett and Hodgkin 2000; Deenick et al. 2003), although it has since been 

shown that a lognormal PDF better fits this behaviour (Hawkins et al. 2007). To test 

which of these two functions better fit distributions of times to die in dividing cells, the 

GCytS was also used to find optimal fits to the CpG proliferation response (Figure 3.8 

B) with an exponential distributions for the times to divide in subsequent divisions. As 

the exponential function has only one parameter, whereas the lognormal PDF uses two 

parameters, Akaike’s Information Criterion (AIC) values, which take into account the 

goodness of fit and the number of parameters of the model (Akaike 1973) were 

calculated for each fit. An AIC value of 1904 was obtained using the lognormal PDF 

and a value of 2036 was obtained using the exponential distribution. A difference in 

AIC values of greater than 6 implies a greater than 95% probability that the fit with the 

lower value is the better fit. Thus, it seems that the lognormal curve better fits the 

distribution of times to die of dividing B cells. However, it should be noted, as 

previously examined (Hawkins et al. 2007), that other two-parameter skewed 

distributions are also likely to provide similarly good fits as a lognormal distribution. 

 

To test the applicability of the cyton model for providing a quantitative assessment of in 

vivo lymphocyte proliferation, the GCytS was used to analyse infection dynamics data 
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kindly provided by Professor Dirk Homann, University of Colorado, USA in which 

numbers of epitope-specific CD8+ and CD4+ T cells were tracked after lymphocytic 

choriomeningitis virus (LCMV) infection (Homann et al. 2001). The cyton model was 

able to provide a solution that gave an excellent fit to the in vivo data for the initiation, 

expansion and contraction phases of the response, up to the point at which the 

population reached a plateau in cell number (Figure 3.9). This plateau presumably 

represents either the differentiation of a small proportion of the population to long-lived 

memory cells or the maintenance of a small population of cells through homeostatic 

proliferation, or a combination of these alternatives. The cyton model is not currently 

able to model this phase of an in vivo response. However, the accurate modelling of the 

earlier phases suggests that the parameters and their implementation in the current cyton 

model are also appropriate for quantitative descriptions of in vivo lymphocyte 

proliferation. Parameter values for the fits to data shown in Figure 3.9 are tabulated in 

Table 3.4. Parameter values are quite different between in vitro and in vivo data sets (for 

parameter values of in vitro T cell proliferation see (Hommel and Hodgkin 2007)), 

however these differences are expected and in no way invalidate the applicability of the 

model.  

 

3.2.8 Using the cyton model to assess whether cell times to die are 

altered when division cessation is induced prematurely 

The optimal fits to data from both stimulus removal experiments and constant 

stimulation experiments using anti-CD40 mAb and IL-4 contained very similar 

parameter values for the distribution of times to die in subsequent divisions (Tables 3.1 

and 3.2). However, it is clear that B cell responses are not governed by a single 

distribution of times to die in subsequent divisions, but that this distribution differs 

between responses to different stimuli (Figures 3.7 and 3.8 and Tables 3.3 and 3.4). 

Experiments were conducted to test whether the times to die of cells that had reached 

their division destiny after constant stimulation or after stimulus removal would also be 

similar in response to CpG stimulation. The GCytS was used to find optimal solutions 

to data sets in which CpG stimulation was removed or replaced after 20 or 30 hours 

(Figure 3.10 and Table 3.5). As seen for anti-CD40 mAb and IL-4 stimulation, longer 

duration stimulation increased the first division progressor fraction and the mean 
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Figure 3.9: GCytS solutions for in vivo lymphocyte T cell proliferation data. 
Data on the in vivo proliferation of murine CD8+ (A) and CD4+ (B) T cells responding to 
specific LCMV epitopes (GP276 and GP61, respectively) after LCMV infection was provided 
by Dirk Homann (Homann et al. 2001). The number of epitope specific cells per spleen was 
recorded at multiple times after infection. Cell number data (black dots) were analysed using the 
GCtyS. Both data sets were modelled with an arbitrary starting cell number of 100. Numerical 
parameter values are provided in Table 3.4. Modelling by Philip Hodgkin, WEHI. 
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Figure 3.10: GCytS solutions for B cell proliferation responses to constant or limited 
duration CpG stimulation. 
CFSE-labelled B cells were stimulated with CpG for 20 h or 30 h prior to the cells being 
thoroughly washed and returned to culture in the original CpG stimulation conditions (CpG 
replaced; i. and iii.) or in medium alone (CpG removed; ii. and iv.). Total cell number and cell 
number per division data were collected at various time GCytS to give optimal fits. First 
division (column A) and subsequent division (column B) cyton and division destiny (column C) 
parameters are graphically depicted. In column D experimental data are represented by open 
symbols; mean and SEM of three replicate cultures are shown. The dotted lines in column D 
represent the GCytS predicted values for total cell number. Numerical parameter values are 
presented in Table 3.5. 
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division destiny of the responding cells. Additionally, the mean times to first division 

and mean times to die prior to first division were shorter when the stimulus was 

removed (ii and iv in Table 3.5) when the stimulus was returned (i and iii in Table 3.5). 

Cells receiving constant CpG stimulation entered division rapidly, very little or no death 

of undivided cells was observed and apparently 100% of cells are responsive (Figures 

3.8 and Figure 3.10 i and iii). However, in the cases of stimulus removal, some cells did 

not enter division and the death component of the first division cyton needed to be 

implemented to account for this (Figure 3.10 ii and iv). The parameter values derived 

from modelling the CpG responses did not show any affect of stimulus removal on the 

mean times to divide in subsequent divisions, suggesting that the rate of progression 

through division was unchanged, only the number of divisions undergone. However, in 

contrast to the behaviour of cells responding to anti-CD40 mAb and IL-4 stimulation,  

the mean times to die of cells in subsequent divisions were considerably shorter in both 

cases of CpG stimulus removal than the mean time to die found when the CpG stimulus 

was replaced (Table 3.5).  

 

3.2.9 Assessing the influence of IL-4 on B cell viability after proliferation has 

commenced 

IL-4 has been shown to increase the viability of unstimulated B cells (Hodgkin et al. 

1991; Paul 1991; Hasbold et al. 1999). Having established a method for assessing times 

to die in cells proliferating in response to various stimuli, it was interesting to assess 

whether IL-4 could increase the survival or proliferative capacity of B cells once they 

had entered the cell cycle. During the stimulus removal experiments presented in 

Figures 3.1 and 3.2, parallel cultures were monitored in which IL-4 was replaced in the 

cultures after washing. Cells initially stimulated with anti-CD40 mAb and IL-4 and 

returned to stimulation with IL-4 did not show appreciably different proliferative or 

survival capacity when compared to cells returned to medium alone (Figure 3.11).  
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Figure 3.11: Continued provision of IL-4 does not extend the division or survival capacity 
of proliferating B cells following removal of anti-CD40 mAb stimulation.  
CFSE-labelled B cells were stimulated with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 for 
the times indicated prior to thorough washing and return to culture with IL-4 (green) or in BCM 
only (grey). Total cell numbers were determined by flow cytometric counting with beads (left 
hand columnl); data points represent mean and SEM of three replicate cultures. Mean division 
numbers (right hand column) were calculated from CFSE profiles at various times. Cells in 
division zero were not included in the calculation of mean division number. 
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3.3 Discussion 
 

Earlier versions of quantitative models of B cell proliferation were able to provide good 

fits to data on the entry to division and expansion phases of lymphocyte proliferation 

responses, the parameters were insufficient to describe the full course of lymphocyte 

responses (Gett and Hodgkin 2000; Deenick et al. 2003). The cyton model is based on 

the existence of variation in cell times to divide and times to die in lymphocyte 

populations and comprises stochastic units describing the distribution of these times to 

divide and times to die. The distributions and parameter values of the distributions 

governing the first division cyton have been previously assessed in vitro (Hawkins et al. 

2007). However, in order to establish a model that could better fit later phases of 

lymphocyte proliferation, it was necessary to more rigorously assess the behaviour of 

cells in subsequent divisions.  

 

In this work it was hypothesized that the same underlying cyton mechanism would 

operate in cells undergoing later divisions as in cells entering first division; in other 

words, that there would be competing stochastic elements regulating times to divide and 

times to die during the subsequent divisions phase of the response. We proposed that 

removing the impetus to divide, and thus annulling the impact of the time to divide 

distribution, would uncover the distribution of times to die regulating cellular behaviour 

at this stage of the response. This was achieved by stimulating the cells for long enough 

to induce robust entry to division, then washing the stimulus away and returning the 

cells to culture in medium alone. This resulted in some division, but the cells ceased 

proliferating at a much earlier time than cells receiving constant stimulation, and 

subsequently died. In this experimental system, the contraction of the population 

occurred at a stage of division progression when CFSE division peaks were still 

individually distinguishable, which allowed analysis of the independent regulation of 

the mechanistic units regulating division progression and survival in the cyton model. 

Stimulus removal also led to population contraction occurring before sufficient 

expansion of cell number had taken place to warrant concerns about cell culture 

overcrowding influencing death. 
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When proliferation ceased, the cells were spread across multiple divisions and there was 

little change in this defined division progression profile during the period of cell death. 

This observation suggested two important concepts: that the division number potential 

of responding cells is distributed in the population and that the distribution of the times 

to die of the cells was independent of the division in which they had arrested (Figure 

3.3). To test these hypotheses, transgenic Bcl-2 overexpressing B cells were used in 

similar stimulus removal experiments. These cells also arrested after a short period of 

division momentum, but stayed alive for much longer. Importantly, it was observed that 

there was no “catch-up” of division progression during this static phase; that is, when 

proliferation ceased, the cells were spread across multiple divisions, and they remained 

in these division distribution profiles for many hours after division cessation (Figures 

3.3 and 3.4). These data provided strong evidence both for the existence of a 

distribution of division number and for the independent regulation of division 

progression and survival. Additionally, this verification of the independent regulation of 

death supported the idea that inducing proliferation arrest by stimulus deprivation would 

be an appropriate way of analysing the distribution of times to die of cycling cells. 

 

The division number achieved by a cell prior to death was termed the division destiny of 

the cell. The distribution which describes the variation in number of divisions 

undergone by a population of responding cells is referred to as the division destiny 

distribution. In our model, once cells reach their division destiny, the motivation to 

divide is lost, the underlying distribution of times to die takes effect and the cells die 

accordingly. The previous model of B cell proliferation had no capacity to model 

division arrest. The experimental observations described here resulted in the inclusion 

of division destiny as a new component in the cyton model, described with a normal 

distribution. A biological process has been hypothesized that may potentially explain 

how this variation in division number arises and why a normal distribution may describe 

it best (Hawkins et al. 2007). It is plausible to speculate that the level of stimulation 

received by cells in the population conforms to an approximately normal distribution 

and that a threshold level is required to drive cells into any division. Those cells below 

this threshold remain in division 0; this is described in the model by the first division 

progressor fraction parameter, which thus accounts for those cells that are stimulated 

below the threshold plus those that are insensitive to the stimulus. Furthermore, it is 

proposed that increasing levels of stimulation above the threshold level can induce cells 
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to be able to divide an increasing number of times, up to a maximum value (the 

distribution of which is the division destiny of the population). This will result in 

stochasticity in the population in terms of the number of divisions each cell is able to 

undergo, leading to a division destiny profile that follows the normal distribution. The 

results presented in this Chapter demonstrate that division destiny is an essential 

component of a quantitative model if it is to provide an accurate description of the full 

course of lymphocyte proliferation responses, in vitro or in vivo.  

 

The division destiny distribution allows for arrest in division progression and forces a 

point at which the division component of the subsequent division cyton is no longer 

active. For the death phase evident in the data sets to be modelled, it is thus necessary 

for parameter values for the distribution of times to die of cells in subsequent divisions 

to be found (Figure 3.5). Importantly, these parameters are not only applicable to data 

sets in which cells were dying in response to stimulus removal. By continuing standard 

proliferation assays beyond the times that had been typical in previous analyses (Gett 

and Hodgkin 2000; Deenick et al. 2003) it became clear that cells responding to 

constant stimulation also reach a point at which proliferation ceased and the cells died. 

The enhanced cyton model, with the additional distributions for division destiny and 

subsequent division times to die, is also able to fit the full course of proliferation 

responses to uninterrupted exposure to various different stimuli (Figures 3.7 and 3.8). 

 

The parameter values found by the GCytS for the distributions of times to die to best fit 

TD stimulation data, both after stimulus removal and in the case of constant stimulation, 

are very similar (Tables 3.1 and 3.2). This observation raises a number of interesting 

questions.  Is there intrinsic death rate of cycling cells that is common to all cells? This 

is clearly not the case, as revealed by modelling of data sets for other stimulation 

conditions (Figure 3.8 and Table 3.2). Is there a common death rate for all cells 

receiving the same initial stimulation, irrespective of the factor is that induces the 

population to contract, ie. regardless of whether they die following deliberate stimulus 

removal or as a result of a “natural” cessation of proliferation? What, in fact, is the 

trigger for population contraction to occur during constant stimulation in vitro? Is it also 

a form of stimulus removal, due simply to exhaustion of the original stimulatory 

molecule, or is there some intrinsic limit to proliferative capacity? These latter questions 

will be addressed in Chapter 4.  
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The question of whether one death distribution is applicable to cells dying after 

responding to stimulation, regardless of the catalyst for death, was addressed by 

repeating the stimulus removal and constant stimulation experiments using CpG 

stimulation conditions. In this stimulation condition, it was evident that the rate of 

population contraction was much faster when proliferation arrested after stimulus 

removal than when proliferation ceased in cultures in which stimulus was replaced 

(Figure 3.10). Fitting to the cyton model using the GCytS confirmed this, with 

distributions for times to die in subsequent divisions with shorter means and less 

variance needed to fit the data sets obtained from cell populations subjected to stimulus 

removal, as compared to the distributions that best fit the constant stimulation data. 

Interestingly, the optimal fit found by the GCytS revealed very similar parameter values 

for the distributions of times to die in both cases of stimulus removal, although the 

difference in stimulation duration was sufficient to produce substantially different 

division destinies. This suggests that similar distributions may describe the behaviour of 

cells that do not progress to further divisions as a result of stimulus removal (regardless 

of which division they arrest in), but that, in this system, the distribution of times to die 

is different to that existing for cells dying as a result of reaching division destiny after 

constant stimulation. It seems logical that cells may die at different rates depending on 

what factors, intrinsic or extrinsic, commit a cell to dying; an active stimulus 

withdrawal may provide a signal for cells to die at a faster rate than the death rate of 

cells reaching an intrinsic division limitation. It remains possible that cells dying after 

removal of anti-CD40 mAb and IL-4 or at the completion of a proliferation response to 

these stimuli are governed by very similar death parameters; perhaps the “natural 

completion” of a proliferation response initiates very similar signals as active stimulus 

removal in the TD B cell response.  

 

The results of the experiments exploring the death of dividing cells are supportive of the 

hypothesis that a stochastic regulator of times to die is operational in cycling cells, and 

that this component of lymphocyte proliferation allows cell death once division destiny 

has been reached. The model fits to the data sets presented here suggest that B cells do 

not have one intrinsic death rate, but that death rates vary depending on both the 

stimulus that is used and the conditions that induce death. This can be seen as 

complementary to the regulation of division rates: different stimulatory conditions result 
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in different distributions for times to first division and different rates of progression 

through subsequent divisions, so it seems reasonable that death rates differ as well.  

 

In this Chapter, the cyton model was further developed to enable the modelling of later 

stages of B cell proliferation responses. The results presented here verify that death, as 

part of the proliferative process, can be appropriately described by the existence of an 

underlying probabilistically distributed times to die in cycling cells and that the rate of 

population contraction can be well modelled using a lognormal distribution for times to 

die, just as for the death rate of cells that do not enter first division. These responses 

resemble the behaviour of lymphocytes during mammalian immune responses. In vivo, 

the period of antigen-driven lymphocyte expansion is followed by cell death and 

contraction of the population, often leaving a pool of long-lived memory cells. This is 

illustrated for T cells in Figure 3.9. Cessation of proliferation in vivo may be triggered 

by cell-intrinsic limitations regulating progression through the cell cycle, deprivation of 

stimulatory or growth factors or by active inhibition by other external signals. Any of 

these processes could lead to cell death, and the role of examples of such triggers in 

regulating in vitro responses is explored in Chapter 4.  

 

While results presented in this Chapter demonstrate that all of the distributions 

operating in our model are necessary to describe the full course of a B cell proliferation 

response, the assumptions and limitations of the model must also be recognized. 

Although the model parameter values determined to fit data presented here were 

obtained through optimization routines, in many cases other combinations of parameter 

values would also provide good fits to data. Thus, while all of the parameters are 

necessary, the CFSE data used for fitting the model is insufficient for unique parameter 

values to be found. This complication is a result of the very nature of the cyton model; 

unique parameter values for experimental data will seldom arise when using 

simultaneously operating distributions for times to divide and times to die if there is 

overlap of these distributions. An example of this is the shortening of the mean time to 

first division that apparently occurs with short duration stimulation times, as seen in 

Tables 3.1 and 3.5. Intuitively, it seems improbable that short duration stimulation 

would speed the rate of first division, and it is more likely that this is a compensatory 

outcome resulting from the model attempting to account for the actual event of more 

cells dying prior to first division. Indeed, changes to the distribution of times to divide 
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and times to die of undivided cells and changes to first division progressor fraction must 

be balanced to try to compensate for the alterations to the response induced by stimulus 

removal.  

 

The inter-regulation of division destiny and time to die in subsequent divisions is also 

difficult to deconstruct in stimulation conditions in which cells undergo more than 8 

divisions. Additionally, experimental data can be modelled with differing parameters 

for the distributions for times to divide and times to die in subsequent divisions 

depending on whether death occurs only after cells reach their division destiny or if 

some cells die during the proliferation phase as a result of a death time distribution that 

overlaps somewhat with the distribution of division times. The current cyton model 

assumes both can occur and an important next step in the development of the model will 

be to try to assess whether this assumption is correct.  

 

Some parameters of the model can be estimated by experiments which provide data on 

certain aspects of the response. As described in Chapter 1, these include tritiated 

thymidine incorporation assays, measuring the times to die of unstimulated cells or the 

cohort method of CFSE analysis. It is therefore important not to focus exclusively on 

parameter values determined by a modelling optimisation routine but to identify where 

alternative experimental or modelling techniques can better inform an analysis of 

proliferation outcomes. In subsequent Chapters of this thesis, various combinations of 

these techniques are used to assess B cell responses. 

 

The current cyton model is able to describe each phase of a primary lymphocyte 

proliferation response in vitro and in vivo. However, the model remains a work in 

progress and new experiments continue to shed light on the complexity of the kinetics 

of B cell responses. For example, the current model does not have the capacity to 

incorporate variation between divisions, which may occur. The model also currently 

does not account for differences in the proliferative behaviour of cells that have 

differentiated to antibody secreting cells. It is probable that the distributions of times to 

divide and times to die and division destiny will alter upon differentiation, and the 

incorporation of new parameters into the model would allow this to be described. 

However, these behaviours have not yet been rigorously assessed by experiment. 

Despite this, the usefulness of the cyton model as described in this Chapter can be seen 
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through the dissection of the components of lymphocyte responses. Only by fully 

understanding these components can we come to accurate conclusions about how B cell 

responses are differentially regulated by various stimulatory signals and conditions. In 

this Chapter the regulation of the distribution of times to die of cells that had undergone 

multiple divisions was explored, and this resulted in the introduction of division destiny 

into the cyton model. Preliminary analysis in this Chapter indicates that a cell 

population’s division destiny depends on the type of stimulus and the duration of 

exposure to stimulus. In Chapter 4 the regulation of division destiny by these and other 

variables is explored in more detail. 
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Chapter 4: The regulation and mechanism of 

B cell division destiny 

 

4.1 Introduction  
 

B cell responses, in vivo and in vitro, can be qualitatively and quantitatively regulated 

by the type of stimulatory signal and its dose, affinity, physical structure or duration 

(Coffman et al. 1988; Bachmann et al. 1993; Reth and Wienands 1997; Batista and 

Neuberger 1998; Kouskoff et al. 1998; Niiro and Clark 2002). While it is intuitively 

reasonable to expect that a population of cells will respond better to stronger signals 

than to weaker ones, a thorough and quantitative description of how B cell proliferation 

is regulated in response to signals of varying strength and quality has been lacking. 

Understanding the mode of regulation of B cell proliferation is important not simply 

because proliferation determines the overall size of the responding lymphocyte 

population but also because the processes of ASC differentiation and isotype switching 

are integrally linked to cell division (Hodgkin et al. 1996; Deenick et al. 1999; Tangye 

et al. 2002; Hasbold et al. 2004; Tangye and Hodgkin 2004). As a consequence of this, 

qualitative features of the response, such as the amount and type of antibody secreted, 

will be influenced by the extent of division progression of the participating cells. Thus, 

control of the rate of progression through successive divisions and the number of 

divisions undergone is an important variable in the generation of an appropriate immune 

response. 

 

Previous studies exploring the control of lymphocyte division progression have 

highlighted two broad classes of behaviour. The first has been called the “autopilot” 

response (Bevan and Fink 2001), as exemplified by CD8+ T cell behaviour, in which a 

brief encounter with antigen leads to a large number of successive divisions. In contrast, 

CD4+ T cell and B cell division progression appears to be more dependent on constant 
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stimulation (Rush and Hodgkin 2001; Bajenoff et al. 2002).  Rush and Hodgkin showed 

that B cells stimulated to divide in vitro are able to undergo fewer divisions if the 

stimulus is removed than if the stimulus is constantly present, before division ceases 

and the cells die (Rush and Hodgkin 2001; Bajenoff et al. 2002). Clearly this behaviour 

will influence the response mounted, as intrinsic division linked differentiation events 

will only proceed as long as division is maintained.  

 

Experiments designed to inform the further development of a model of lymphocyte 

proliferation, presented in Chapter 3, provided information on the number of divisions 

that in vitro stimulated B cells will undergo. These experiments demonstrated that  

division capacity is stochastically distributed in B cell populations and is a regulable 

property of B cell behaviour. The division destiny distribution was introduced into our 

model of lymphocyte proliferation to describe the variation in the maximum number of 

divisions reached by cells participating in a proliferation response. The introduction of 

this parameter enabled the quantitative description of later phases of lymphocyte 

responses, including the cessation of proliferation and contraction of the population by 

cell death. In light of the importance of division number in determining not only the 

magnitude and duration, but also the qualitative nature, of B cell responses, we sought 

to further examine the regulation of division destiny. 

 

The results presented in this Chapter demonstrate that B cell division destiny in vitro 

differs for different stimuli and is further regulated by the concentration of the 

stimulatory molecule and the timing of exposure to stimulation. Experimental data 

included in this chapter also demonstrate that B cells have an intrinsic division number 

limit, even under optimal stimulation conditions, which represents the maximum of 

division destiny for a given stimulation condition. Furthermore, a series of experiments 

was designed to explore the mechanism behind division destiny. These results provide 

evidence supporting the hypothesis that the division destiny is likely to be a 

consequence of division counting rather than due to a timing mechanism.  
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4.2 Results 

4.2.1 Stimulus dose determines B cell proliferation capacity by 

regulating the division destiny of responding B cells 

Quantitative assessment of in vitro responses to different mitogens, such as presented in 

Figured 3.8 and 3.9, demonstrated that different stimuli can induce different B cell 

response kinetics and different division destinies. An obvious starting point for 

investigating the regulation of division destiny was therefore to explore in more detail 

the effect of the type and also the strength of the signal on B cell proliferation. To do 

this, a range of concentrations of various stimuli was used; as in Chapter 3, T-dependent 

(TD) stimulation was mimicked using anti-CD40 mAb and IL-4, while the TLR 

agonists LPS and CpG were used as T-independent (TI) stimuli. Naïve, resting B cells 

purified from spleens of C57Bl/6 mice were used for all experiments presented in this 

Chapter, unless otherwise specified. B cells were cultured with varying concentrations 

of each of these stimuli and proliferation was assessed in terms of cell number and 

progression through subsequent divisions. The proliferation profiles were similar to 

those seen in Chapter 3, comprising a proliferative phase that led to an increase in cell 

number until a time at which population growth ceased and cell death led to a gradual 

decline in cell number. This general pattern was seen in response to all concentrations 

of each of the three stimuli assessed. However, a clear effect of concentration was 

observed, with the extent of population expansion increasing with increasing stimulus 

concentration. The entry of cells to first division was one aspect affected by dose, in 

such a way that a greater proportion of cells remained undivided at lower stimulus 

concentrations (Figure 4.1 D-F). The absolute number of live cells entering division was 

also lower at lower stimulus concentrations (data not shown). However, the entry of 

cells to division was not the only aspect of the response affected by stimulus dose. 

CFSE profiles showed that the cell populations on average progressed through fewer 

divisions at lower stimulus concentrations (Figure 4.1 D-F). Further examination of 

division progression over the course of the experiment revealed that the mean division 

number achieved by the cell populations was related to the stimulus concentration, in 

the case of each stimulus tested. This was not simply a result of cells being left behind 
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Figure 4.1: B cell proliferation in response to varying stimulus concentrations.  
CFSE-labeled B cells were stimulated in vitro with anti-CD40 mAb IL-4, LPS or CpG at the 
concentrations shown. Cell numbers were calculated for each stimulation condition at multiple 
times (A, B, C) and the proportion of cells in each division was calculated at one time during 
the early expansion phase of each response (D, E, F). Each point represents the mean of cell 
numbers or division numbers calculated from three replicate cultures. The mean division 
number (G, H, I) was calculated at multiple times from data of cell number per division; cells 
that were in divisions 8 and greater were included in division 8 for this calculation. Cells in 
division zero were not included in the calculation of mean division number.  
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in an undivided state, as the mean division number was affected even when calculated 

by not considering cells in division 0 (Figure 4.1 G-I). Cell populations stimulated with 

the highest concentrations of anti-CD40 mAb and IL-4 or LPS stimulation underwent a 

sufficient number of divisions such that the CFSE had diluted so far that individual 

division peaks could no longer be discriminated. Cells in this autofluorescent range 

were considered as being in division 8 for the purpose of calculating mean division 

number. This is indicated by “division 8+” in graphical representations of mean division 

number (Figure 4.1 D-F). In contrast, CFSE profiles of CpG-stimulated cells showed 

maximum division progression within the range of CFSE resolution, as revealed by the 

plateau of mean population division number around division 5 (Figure 4.1 I).  

 

4.2.2 The duration of stimulation also regulates the division destiny of 

responding B cells 

Another variable of stimulation of a proliferation response that can be experimentally 

adjusted is the duration of the stimulus. Results presented in Chapter 3 show that the 

extent of division progression achieved by cells that had been subjected to stimulus 

removal was related to the duration of exposure to the stimulus that the cells had 

received. As antigen exposure and T-cell help are also likely to be temporally regulated 

in vivo, the next step in investigating the regulation of division number was to study the 

effect of the duration of stimulation on B cell proliferation in more detail. Some B cells 

activated with each of the three stimuli tested were capable of entering division even if 

the stimulus was removed prior to the onset of mitosis, but the maximum total cell 

numbers reached (Figure 4.2 A-C) and the degree of division progression reached 

(Figure 4.2 D-F) were less than when a stimulus was constantly present. However, more 

divisions were achieved when the stimulus was removed at later times. The proportion 

of cells entering division was also lower in cultures receiving limited duration 

stimulation than those in constant stimulation (Figure 4.2 D-F). The results in Figures 

4.1 and 4.2 therefore show that the strength of stimulus, both in terms of its 

concentration and duration, regulate the capacity of cells to enter division and their 

division destiny. 
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Figure 4.2: B cell proliferation in response to varying stimulation duration.  
CFSE-labeled B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-
4, 15 µg/ml LPS or 3 µM CpG. At the times indicated (eg. 30, 40 and 50 h for anti-CD40 
cultures) parallel cultures of cells were harvested, washed three times in warm medium and 
returned to culture in medium alone. Constant stimulation is represented by cells washed at the 
earliest time and returned to culture with the original level of stimulation. Cell numbers (A, B, 
C), the proportion of cells in each division (D, E, F) and the mean division number (G, H, I) 
were determined at various times as described in Figure 4.1. Each point represents the mean of 
cell numbers or division numbers calculated from three replicate cultures. 
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4.2.3 Stimulation dose and duration can coordinately regulate B cell 

division destiny 

The results presented above show that the division destiny of a responding population 

can be regulated by stimulus concentration and stimulation duration when these 

variables are individually altered. In another set of experiments, the interaction between 

stimulus concentration and duration was explored. B cells were subjected to the same 

concentration range of stimuli as presented in Figure 4.1, but the stimuli were removed 

at a time, appropriate to each stimulus, prior to when cells are seen to undergo the first 

mitotic event (Figure 4.3 A-C). The mean division number achieved was regulated by 

the dose of stimulus in each case (Figure 4.3 G-I). This indicated that the dose of the 

stimulus is also capable of regulating the division destiny of a B cell population that 

only encounters that stimulus prior to first division. However, the mean division number 

reached at all concentrations was considerably less when stimulation was removed early 

in the culture period (Figure 4.3 G-I) than that reached in cell populations in which the 

equivalent stimulus dose was present throughout the culture period (Figure 4.1 G-I). 

This result demonstrates that dose and duration of the stimulation can act together to 

determine the division destiny outcome.  

 

A notable observation from this experiment was that the mean division number of cells 

stimulated with anti-CD40 mAb and IL-4 or LPS plateaued at maximum division 

progression and remained static during population decline (Figure 4.3 G-H). This 

suggested that once the population had reached their division destiny the distribution in 

times to die was independent of division number. However, the mean division number 

of CpG-stimulated cultures appeared to decrease during this phase (Figure 4.3 I), 

suggesting that, with this stimulus, cells in later divisions die more rapidly than those in 

earlier divisions.  

 

4.2.4 The extent of B cell proliferation depends on the mitogen but is 

intrinsically limited in all stimulation conditions 

During the analysis of these experiments involving limiting duration or low 

concentration stimulation it was observed that the division destiny reached a plateau in
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Figure 4.3: B cell proliferation in response to defined stimulation concentration and 
duration.  
CFSE-labeled B cells were stimulated in vitro with anti-CD40 mAb and IL-4, LPS or CpG at 
the concentrations shown. At 40 h (anti-CD40), 30 h (LPS) or 27 h (CpG) cells were removed 
from culture, washed three times in medium and returned to culture in medium alone. Cell 
numbers (A, B, C), the proportion of cells in each division (D, E, F) and the mean division 
number (G, H, I) were determined at various times as described in Figure 4.1. Each point 
represents the mean of cell numbers or division numbers calculated from three replicate 
cultures. 
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each stimulation condition, beyond which provision of higher concentrations of 

stimulus for the full duration of the experiment did not result in the cell populations 

undergoing more divisions (Figure 4.1 A-C). Thus, attention was next focused on an 

analysis of the division destiny of B cell populations responding to saturating 

concentrations of stimuli. As seen in Figure 4.1, cells responding to constant provision 

of saturating concentrations of all three stimuli reached a point of proliferation 

cessation, and this occurred at different times for the different stimuli (Figure 4.4 A). 

Analysis of the CFSE profiles indicated that the division destinies of the cell 

populations at this point differed between the stimuli (Figure 4.4 B-D). It was not 

possible to determine the maximum division progression of cells responding to 

saturating anti-CD40 mAb and IL-4 or LPS stimulation, as these cell populations 

reached the limit of CFSE fluorescence prior to the time at which proliferation ceased 

(Figure 4.4 B and C). However, cells responding to CpG stimulation stopped dividing at 

a point at which CFSE divisions were still discernable, and the division profiles of the 

CpG stimulated cells did not show further division progression as the cells died (Figure 

4.4 D). These results suggested that there is also variability in the division capacity of 

the cell populations receiving strong stimulation and it was hypothesized that an 

intrinsic and variable limit to B cell proliferation capacity exists even in optimal 

exposure to a given stimulation condition. This hypothesis imparts another layer of 

importance to division destiny, implying that it is an inherent component of a B cell 

response that acts to confer a maximal response in a population to a given signal and 

possibly acts as a regulatory mechanism to guard against uncontrolled proliferation.  

 

4.2.5 B cell division destiny in maximal stimulus concentrations cannot 

be extended by repeat stimulation 

It was necessary to exclude the possibility that the limit to proliferation observed in 

Figure 4.4 was imposed by cell overgrowth or insufficient access to mitogenic signals. 

In an experiment designed to address these possibilities, cells activated with all three 

stimuli were either permitted to proliferate undisturbed for the full course of the 

experiment or identical cultures were diluted by a factor of 2 or 10 at times prior to the 

point at which population decrease commenced. These split cultures were supplemented  
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Figure 4.4: B cell division destiny varies in response to different stimuli.  
CFSE-labeled B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-
4, 15 µg/ml LPS or 3 µM CpG. Cell numbers were determined at multiple times (A; each point 
represents the mean of cell numbers calculated from three replicate cultures). Representative 
CFSE profiles overlayed to show actual cell number are presented at three times for each 
stimulus condition (B, C and D).   
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with fresh medium and stimulus and subsequent proliferation was tracked by cell 

number and CFSE profile analysis. Despite the reduction in total cell number in the split 

cultures, the onset of population contraction occurred at very similar times to when cell 

numbers began to decrease in undisturbed cultures (Figure 4.5). Correcting for the 

dilution factor showed that cells in the diluted cultures were not able to achieve a 

greater population expansion than their undisturbed counterparts (Figure 4.5 D-F).  

 

These data indicate that activated B cells are subject to a limit to proliferation that 

cannot be overcome by repeated stimulation. For CpG-stimulated B cells, under the 

conditions used here, this limit occurs within the range of CFSE dilution at which 

individual division peaks remain distinguishable (Figure 4.4 D). It was not possible with 

CFSE techniques to directly determine the division destiny of B cell populations 

stimulated with saturating concentrations of anti-CD40 mAb and IL-4 or LPS as more 

than 8 divisions were undergone by many cells in these cultures (Figure 4.4 B and C). 

However, an approximation of the division destiny of the cells can be made by 

comparing the total cell number and CFSE profiles at various times. For example, the 

maximum cell number reached by the cell population stimulated with LPS was recorded 

at 92 hours (Figure 4.4 A), and at this time the majority of the cells had reached CFSE 

autofluorescence (Figure 4.4 C). Although some cells may continue to divide beyond 

this point in time, and this is no longer determinable, the fact that death surpasses 

proliferation from this point on indicates that the division destiny of the population will 

not have a mean value greater than in the order of 10 divisions, assuming that the 

intermitotic time remains approximately consistent.  

 

4.2.6 Proliferating B cells do not secrete soluble factors that trigger cell 

death 

It is possible that B cells cultured for an extended period of time might secrete soluble 

factors that would affect the viability of other cells in the culture. To address this 

possibility, B cells were cultured for 4 days in anti-CD40 mAb and IL-4 or LPS 

stimulation. On the fourth day, additional naïve B cells were purified and cultured alone 

or in combination with the four day old cells from the respective cultures. The 
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Figure 4.5: B cell proliferation following subculture and re-stimulation.  
CFSE-labeled naïve resting B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb and 
500 U/ml IL-4, 15 µg/ml LPS or 3 µM CpG. Cells were resuspended at the times indicated (A, 
B, C) and one half or one tenth of the culture volume was transferred to new culture wells 
containing medium and the appropriate stimulus at the required concentration to return the cells 
to the original stimulatory conditions. Parallel cultures were maintained undisturbed (black). 
Cell numbers were determined at various times (means of three replicate cultures shown for all 
points, SEM are shown for the undisturbed cultures to give an indication of variation). 
Corrected cell numbers were determined by multiplying the actual cell number by the dilution 
factor (D, E, F).  
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proliferation of naïve cells was tracked by cell number at various times (Figure 4.6). In 

the case of LPS, the presence of the “old”, proliferating cells did not impair the 

proliferation of the naïve cells (Figure 4.6 B). The proliferation of cells in response to 

anti-CD40 mAb and IL-4 was reduced in the mixed cell culture compared to culture of 

these cells alone (Figure 4.6 A). It is possible that this difference is due to the fact that 

by day 4, most cells in LPS-stimulated cultures are no longer actively proliferating, 

while cells stimulated with anti-CD40 mAb and IL-4 continue to proliferate between 

days 4 and 5 (see Figure 4.4 A). This period of continued proliferation, which would 

have overlapped with the period in which the “new” cells were responding to the 

stimulus, might have impaired the new cells’ access to nutrients, stimulus and culture 

space. However, it does not appear that the presence of the “old” cells in either culture 

impacted negatively on the immediate viability of the “new” cells or their ability to 

respond to stimulation (Figure 4.6 A). Similar experiments were also performed in 

which naïve cells were cultured with equal parts of fresh medium and supernatant from 

four day old B cell cultures; no adverse effect on the proliferation of the naïve cells was 

observed (data not shown). These results argue against the possibility of the existence of 

a soluble or cell surface B cell product that leads to autocrine inhibition of proliferation. 

  

4.2.7 Enforced survival does not extend B cell division destiny 

In Chapter 3, Bcl-2 over-expressing B cells from transgenic mice (Bcl-2 transgenic 

cells) were used in stimulus removal experiments to demonstrate that the survival and 

the division destiny of cycling cells are independently regulated. These transgenic cells 

were used again to assess whether enforced survival could overcome the limit to 

division destiny observed in cell populations responding to maximal stimulation. CpG 

stimulation was chosen for this analysis as the division destiny of WT cells can be 

directly quantified from CFSE profiles. Bcl-2 transgenic cells proliferating in response 

to CpG were cultured both undisturbed and in cultures which were split to reduce cell 

number and provided with additional stimuli. Cell number analysis revealed a plateau in 

population expansion in each case, in contrast with the cell death seen in cultures of 

identically stimulated WT cells (Figure 4.7 A). The interpretation of this cellular arrest 

is that the B cells are no longer cycling, yet they remain alive due to the block in 

apoptosis caused by over-expression of Bcl-2. CFSE profiles revealed that enforced 
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Figure 4.6: Actively proliferating B cells do not induce death of naïve cells in mixed cell 
cultures. 
C57Bl/6 Ly5.1 B cells were CFSE-labelled and stimulated with 20 µg/ml anti-CD40 mAb and 
500 U/ml IL-4 (A) or 15 µg/ml LPS. Four days later, C57Bl/6 Ly 5.2 B cells were purified and 
also labelled with CFSE. The original Ly5.1 B cells were harvested and counted and the freshly 
prepared Ly5.2 B cells were cultured alone or in a 1:1 ratio with the original cells in the 
presence of the relevant stimulus. The subsequent proliferation of the naïve cells was monitored 
at various times. At each time point, cells were harvested with beads to allow cell counting and 
stained with a PE-conjugated anti-Ly5.1 mAb to distinguish the B cell populations. Cell 
numbers of cells in mixed cultures have been normalized to the initial cell number of each 
culture containing Ly5.2 cells only. 
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Figure 4.7: Proliferation of Bcl-2 transgenic B cells is also limited by division destiny.  
B cells over-expressing the anti-apoptotic molecule Bcl-2 (purified from Bcl-2 Tg mice) were 
labeled with CFSE and stimulated with 3 µM CpG. WT B cells were stimulated in identical 
conditions. Cells were resuspended at day 3 and one half or one tenth of the cultures were 
transferred to new culture wells containing medium and stimuli at the required concentration to 
return the cells to the original conditions. Parallel control cultures were left undisturbed. 
Calculated cell numbers corrected for the appropriate dilution factor are shown (A). The number 
of cells per division was calculated from CFSE profiles at various times for both undisturbed 
Bcl-2 Tg B cell cultures (B) or Bcl-2 Tg B cell cultures split 1:10 on day 3 (C). Each point 
represents the mean and SEM from three replicate cultures. 
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survival did not lead to progression through more than 6 divisions (Figure 4.7 B, C), the 

limit for CpG proliferation observed previously (Figure 4.4 D). The proliferation 

profiles of Bcl-2 transgenic and WT B cell populations cultured in the same experiment 

were fitted with the cyton model using the GCytS, as described in Chapter 3. As 

expected from the CFSE profiles, the parameter values for times to first division, times 

to subsequent divisions and division destiny are comparable between the two cell types 

(Figure 4.8 and Table 4.1). However, the proliferation of the Bcl-2 cells needs to be 

modeled without any death in subsequent divisions (Figure 4.8 and Table 4.1), to 

account for the similar division destiny but lack of cell death in this population. Taken 

together, these results indicate that the division destiny of cells responding to maximal 

stimulation with a given stimulus is not extended by extending the cells’ survival. These 

results also negate the theoretical possibility that cessation of population expansion 

occurs as a result of the average death time of dividing cells becoming much shorter in 

later divisions and thereby death occurring before division could occur.  

 

4.2.8 B cells retain their division destiny even when proliferation is 

interrupted 

The experiments presented above confirmed that in vitro B cell proliferation is limited 

even under conditions of saturating stimulation. This feature of B cell responses 

operates independently of cell survival and dictates the division destiny of a population 

responding to a specific stimulus in vitro. These data raise the question as to what 

mechanisms regulate division destiny and how differing division destinies arise in 

response to different stimuli. Importantly, these experiments did not identify whether 

the proliferation limit was imposed by the time in culture or by the division number of 

responding cells. This is an important distinction as it may provide information on the 

mechanism by which B cell proliferation is regulated and insight into the control of 

contraction of B cell responses in vivo. A series of experiments was therefore conducted 

to attempt to discriminate between these alternatives.  

 

Firstly, on the basis of the observation that short stimulation duration leads to a 

truncated division destiny (Figures 4.2 and 4.3), an experiment was designed in which 

progression through divisions was interrupted for an interval of time. B cells were
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Figure 4.8: A quantitative comparison of proliferation parameters of WT or Bcl-2 
transgenic B cells. 
WT (upper row) or Bcl-2 Tg (lower row) B cells were labelled with CFSE and stimulated with 3 
µM CpG. Total cell numbers and cell numbers per division were calculated at various times 
during culture. Proliferation data from both cultures were modelled with cyton model 
parameters using the GCytS to give optimal fits. First division (panel A) and subsequent 
division (panel B) cyton and division destiny (panel C) parameters are graphically depicted. In 
panel D experimental data are represented by open symbols; mean and SEM of three replicates 
are shown. The dotted lines in panel D represent the GCytS predicted values for total cell 
number. Parameter values are presented in Table 4.1. 
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stimulated with LPS, removed from culture during the population expansion phase and 

washed thoroughly before being returned to culture in either medium alone or with LPS. 

As seen Figure 4.2, cells in cultures in which the stimulus was removed reached a lower 

total cell number than the restimulated cells and commenced dying earlier (Figure 4.9 

A). However, subsequent re-provision of LPS rescued these B cells from cell death and 

resulted in a resumption of proliferation (Figure 4.9 A). The second expansion phase 

also reached a maximal point, but at a later time than in cultures stimulated constantly. 

The CFSE profiles of the interrupted stimulation cultures show that division progression 

arrested at a point during the period of stimulus deprivation, when the division destiny 

achievable from that stimulation duration had been reached (Figure 4.9 B). However, 

this was then followed by resumed cell division, as measured by CFSE dilution, 

following re-provision of stimulus (Figure 4.9 B). This suggested that the re-provision 

of stimulus allowed cells in these cultures to reach a similar division destiny to those 

cells in undisturbed cultures, but that this occurred at a later time due to the proliferation 

arrest during the period of stimulus deprivation.  

 

4.2.9 Culture of B cells at low temperatures slows proliferation kinetics 

and delays the time that division destiny is reached 

The conundrum of whether the intrinsic control of a cell’s fact is determined by 

counting division number or time has been previously studied by others in other cell 

types. During the examination of oligodendrocyte precursor cells it was found that 

changes in temperature could be used to explore the relative contribution of time and 

intrinsic division counting (Gao et al. 1997). This strategy was used here to investigate 

the effect of temperature on B cell proliferation. Replicate cultures of B cells identically 

stimulated with anti-CD40 mAb and IL-4 (Figure 4.10 A), LPS (Figure 4.10 B) or CpG 

(Figure 4.10 C) were incubated at 32ºC or 37ºC. Irrespective of the stimulus, cells 

cultured at the lower temperature took a significantly longer time to enter division. 

However, once proliferation commenced the cells underwent multiple rounds of 

division, as assessed by CFSE dilution. In each stimulus, a similar degree of population 

expansion occurred in cell cultures incubated at either temperature, however the time at 

which the maximum cell number was reached was substantially later in populations of 

cells incubated at 32ºC (Figure 4.10 left hand column). CFSE profiles revealed that cells 
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Figure 4.9: Evidence that B cell proliferation cessation is regulated by division number: 
interrupted stimulation 
CFSE-labelled B cells were stimulated in vitro with 15 µg/ml LPS. After 40 h in culture the 
cells were harvested, washed three times in warm medium and returned to culture in medium 
alone, as two parallel sets of cell cultures. Parallel cultures were left undisturbed (“constant 
stimulation”). At 88 h one set of the stimulus deprived cells was re-stimulated with the initial 
concentration of LPS. Cell numbers were calculated at multiple times. (A; each point represents 
the mean and SEM calculated from three replicate cultures). (B) CFSE profiles are shown from 
a similar experiment in which the LPS was washed away at 20 h or washed away at 20 h and 
replaced at 50 h. Overlayed histograms show relative fluorescence intensity (RFI) and are not 
representative of cell number. 
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grown at 32ºC lagged behind in earlier divisions compared to cells cultured at 37ºC at 

various times throughout the experiment, but that culture at 32ºC also resulted in 

multiple divisions. These results are consistent with the existence of a division-based 

regulator of division destiny and argue against the proposal that cells stop dividing after 

a total time in culture.To assess the effect of lowering the culture temperature on 

proliferation parameters, the data sets for CpG stimulated B cells were analysed by the 

cohort method of CFSE data analysis. The CpG data set was chosen as B cells 

stimulated in this manner have division destinies that occur within the limits of CFSE 

dilution and there is therefore less ambiguity in quantitative analysis of cell responses to 

CpG than the other two stimuli, as discussed in Chapters 3 and 4. This analysis revealed 

that division times for both first division and subsequent divisions were longer at lower 

temperatures. Trendlines fitted through the plots of mean division number versus 

harvest time were used to estimate the mean times to first division (50.7 hours at 32ºC 

and 35.2 hours at 37 ºC) and mean times to subsequent division (15.6 hours at 32ºC and 

8.9 hours at 37 ºC) (Figure 4.10 D). The division destiny of cells cultured at lower 

temperature was also lower (maximum mean division number 3.9 divisions at 32ºC and 

4.6 divisions at 37ºC) (Figure 4.10 E). These experiments thus provided interesting 

insights into the effect of temperature on B cell proliferation, as well as helping to 

verify that total time in culture does not initiate proliferation cessation. 

 

4.2.10 B cells sorted from different divisions exhibit a hierarchy of 

subsequent proliferation capacity 

In a further experiment designed to distinguish between a time- or division-imposed 

limit to proliferation, proliferating B cells were sorted from CFSE profiles according to 

the number of completed divisions (Figure 4.11 A) and returned to separate cultures 

with stimulus. Tracking the cells’ subsequent proliferation revealed that cells sorted 

from later divisions proliferated less extensively and reached the point of proliferation 

cessation earlier than cells sorted from earlier divisions (Figure 4.11 B). This behaviour 

was independent of the time in culture. All cell populations had reached CFSE 

autofluorescence by the time at which population decline began (Figure 4.11 C). 
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Figure 4.10: Evidence that B cell proliferation cessation is regulated by division number: 
temperature regulation of proliferation 
CFSE-labelled B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-
4 (A), 15 µg/ml LPS (B) or 3 µM CpG (C) at 37ºC or 32ºC. Total cell numbers were determined 
at multiple times (left hand column; each point represents the mean and SEM calculated from 
three replicate cultures). Representative CFSE profiles are given for various times to indicate 
cellular progression through divisions at 37ºC (middle column) or 32ºC (right hand column). 
Overlayed histograms show RFI and are not representative of cell number. The CpG data sets 
were analysed by the precursor cohort method and normal distributions were fitted to the cohort 
data. Trendlines were fitted through plots of mean division number obtained from these 
distributions for three harvest times during the active proliferation phases of the response (D). 
The area under the normal distributions fitted to cohort data is plotted for multiple mean 
division times, showing the mean maximum division destiny of the two responding populations 
(E). 
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Figure 4.11: Evidence that B cell proliferation cessation is regulated by division number: 
re-culture of cells sorted by number of divisions undergone. 
CFSE-labelled B cells were stimulated in vitro with 15 µg/ml LPS for three days prior to 
harvest. The cells were then sterilely sorted by division number based on CFSE peaks (A) and 
returned to culture in the original LPS stimulation conditions. Total cell number (B; each data 
point represents the mean and SEM from three replicate cultures) and CFSE profiles (C) were 
analysed at multiple times after return to culture. Overlayed histograms show RFI and are not 
representative of cell number. 
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The results of the three experiments presented in Figures 4.9 – 4.11 are all consistent 

with the hypothesis that a division linked limit is the key regulator of the extent of B 

cell proliferation, not the time taken during a proliferation response.  

 

4.2.11 Division destiny is additionally influenced by B cell 

differentiation to ASC 

The differentiation of B cells to ASC has been shown to be linked to division number, 

((Hasbold et al. 2004; Tangye and Hodgkin 2004) and as described in Chapter 1). Thus, 

it was possible that differentiation was contributing to the cessation of cell division. B 

cells from blimp-1GFP/+ knock-in mice (Kallies et al. 2004) were used to assess whether 

ASC differentiation has an effect on B cell division destiny. B cells were labelled with 

the red division tracking dye PKH26, as the GFP reporter protein in these transgenic 

cells prevented the use of CFSE for division tracking. Of the three stimulatory 

conditions used here, the number of ASC generated is most significant for LPS 

stimulation, reaching nearly 50% of the population after 4 days of culture (Kallies et al. 

2004). LPS stimulation was therefore used to assess the effect of ASC differentiation on 

division destiny. The blimp-1GFP/+ B cells were stimulated with LPS and sorted into four 

separate populations based on their relative division progression and GFP levels (Figure 

4.12 A). The individual populations were then returned to culture with LPS stimulation 

and their subsequent proliferation and differentiation was observed. Of the 

undifferentiated (GFP negative) cells, those sorted from earlier divisions (PKH26 high) 

exhibited the greater proliferative capacity on return to culture  than cells sorted from 

later divisions (PKH26 low) (Figure 4.12 B), an expected pattern in light of data 

presented in Figure 4.11. However, the behaviour of the differentiated (GFP positive) 

cells was strikingly different, as these cells did not achieve any population expansion on 

return to culture (Figure 4.12 B). As expected, a large proportion of the cells that had 

been undifferentiated at the time of sorting gradually differentiated to GFP-high cells 

after return to stimulation (Figure 4.12 C). In fact, more than 80% of the cells were 

expressing GFP by the time at which these cell populations stopped proliferating. These 

results indicated that differentiated and undifferentiated cells have very different 

division progression competencies and suggested that the process of differentiation is 

able to re-program the division destiny of individual cells. 
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Figure 4.12: Differentiation to ASC re-programs B cell division destiny.  
PKH26-labelled B cells from blimp-1GFP/+ transgenic mice were stimulated in vitro with 15 
µg/ml LPS for 85 hours prior to harvest. The cells were then sorted into four populations based 
on GFP expression and degree of PKH26 dilution (A). The four populations were returned to 
separate cultures in the original LPS stimulation conditions. Cell number was determined at 
multiple times after return to culture (B; each point represents the mean and SEM from three 
replicate cultures). The proportion of cells from the two sorted populations that were initially 
GFP low that had subsequently differentiated into GFP high cells was also determined at each 
time. This is plotted (green) alongside total cell number for these populations (black) in C.  
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4.2.12 Division destiny leads to population contraction even in the 

absence of B cell differentiation to ASC 
The observation that a large proportion of cells responding to LPS stimulation had 

differentiated to ASC at the time at which population decline began (Figure 4.12) raised 

the possibility that it is the process of differentiation that is actually the cause of 

division cessation, at least in these conditions. To assess whether the process of ASC 

differentiation has a direct influence on proliferation limitation, the known ability of 

BCR stimulation to potently inhibit ASC differentiation in LPS-stimulated cultures (Rui 

et al. 2006) was exploited. To do this, SWHEL RAG2-/- mice were crossed with blimp-

1GFP/+ mice to provide pure populations of HEL-specific B cells that express GFP under 

the control of the blimp-1 promoter. These transgenic mice, and the concept of ASC 

differentiation inhibition by antigen during LPS stimulation, are further explored in 

Chapters 5 and 6. B cells from the resulting SWHEL RAG2-/- blimpGFP/+ mice were 

stimulated with LPS in the presence or absence of HEL and proliferation and 

differentiation to ASC was tracked. Extensive proliferation occurred in these cultures 

but, as expected, the B cells did not progress to exhibit ASC phenotypic characteristics 

(Figure 4.13 A) or secrete antibody (data not shown here but shown in Chapter 6). 

However, a limit to proliferation was still observed in these cultures, even when the cell 

density was reduced and additional stimulation provided (Figure 4.13 B). The data from 

these experiments are in accordance with a model of B cell proliferation in which 

division destiny is not imposed solely by differentiation processes, but that 

differentiation may alter the division destiny of a cell. 

 

4.3 Discussion 
 

Lymphocyte differentiation has been shown to be tightly linked to proliferation and cell 

division and is therefore a crucial determinant of the nature and effectiveness of 

immune responses. The concept that variation in the number of divisions achieved by 

responding cells is an integral aspect of B cell proliferation was introduced in Chapter 3, 

along with a description of division destiny as a component of the cyton model. When 
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Figure 4.13: Inhibition of differentiation to ASC does not remove the effect of division 
destiny. 
B cells from SWHEL RAG2-/- blimp-1GFP/+ transgenic mice were stimulated in vitro with 15 
µg/ml LPS alone and with 100 ng/ml HEL. The proportion of cells that had differentiated to 
GFP high cells in each population on Day 4 is shown in A. Cell number was determined at 
multiple times during culture (B; each point represents the mean and SEM from three replicate 
cultures).  
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the applicability of the cyton model to multiple stimulation conditions was tested it was 

observed that B cell populations have different division destinies in response to 

different stimuli (Figures 3.7 and 3.8). Previous results from stimulus removal 

experiments have also indicated that B cell division number is dependent on the 

duration of stimulation (Figure 3.2 and (Rush and Hodgkin 2001)). In light of these 

results, experiments varying the type, duration and strength of the stimulus were chosen 

as the starting point for further investigation of the regulation B cell division destiny. 

This analysis revealed that naïve B cells cultured in vitro respond to each of the 

activating stimuli tested in both a dose- and duration dependent manner, influencing the 

maximum cell number reached (Figures 4.1-4.3). The effect of stimulus dose or 

duration on cell number is not due to significant differences in the relative survival rates 

of cells prior to first division, consistent with previous findings (Hawkins et al. 2007). 

Instead, the results clearly show that the strength and duration of stimulation dictate the 

proportion of cells entering division and the population division destiny.  

 

It is interesting to compare these findings with the reported behaviour of T cells. 

Antigen concentration has also been shown to regulate the number of T cells recruited 

into the proliferation response and the subsequent number of divisions they reach 

(Wells et al. 1997; Wells et al. 1999; Schrum and Turka 2002). Similarly, CD8+ T cells 

can also continue to divide in vitro (van Stipdonk et al. 2001) or in vivo (Kaech and 

Ahmed 2001) even after the activating signal is removed. In fact, only a very brief pulse 

of stimulus is required to initiate multiple rounds of CD8+ T cell division and 

differentiation to cytotoxic effector and memory cells (van Stipdonk et al. 2003). CD4+ 

T cells that have experienced antigen encounter long enough to enter the cell cycle are 

also able to progress through further divisions in the absence of a continued TCR signal, 

although their subsequent proliferative program is not as striking as that of CD8+ T 

cells (Bajenoff et al. 2002). Despite this “autopilot” behaviour of proliferating T cells 

(Bevan and Fink 2001), there is ample evidence that the response can be regulated by 

stimulation conditions (Bajenoff et al. 2002; Curtsinger et al. 2003; Williams and Bevan 

2004). It appears that regulation of maximum division number by duration and dose of 

stimulation is a mechanism common to both T and B cells (results presented here and 

(Mercado et al. 2000; Schrum and Turka 2002)). B cell behaviour appears to more 

closely mimic that of CD4+ than CD8+ T cells, in that proliferation can occur without 
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prolonged or repeated antigen exposure, although participating cells do not undergo as 

many divisions as are achieved in the presence of constant stimulation.  

 

During these experiments it was noted that responding B cell populations also follow a 

characteristic pattern of population growth, proliferation cessation and subsequent cell 

death, when cultured in conditions of constant stimulation at saturating doses. This 

pattern resembles that of a physiological immune response. In maximal stimulation, the 

onset of population contraction occurs at different times during the various stimulation 

conditions and appears to be an intrinsic feature of the responses, not a consequence of 

restrictive culture conditions (Figure 4.5) or autocrine signaling (Figure 4.6). 

Furthermore, B cells forced to survive by transgenic over-expression of Bcl-2 also reach 

a maximum cell number and cannot be driven to proliferate further (Figure 4.7). These 

results suggest that a limit to B cell proliferation exists that is imposed by the 

stimulation conditions and is independent of the survival capacity of the cells. Extrinsic 

factors, including interactions with other cells and their products, are very likely to 

influence the behaviour of B cells during in vivo physiological responses. However, the 

in vitro proliferation assays used in these experiments allow analysis of B cell behaviour 

in a more defined system and it appears that the division destiny in response to a certain 

stimulus is a fundamental aspect of B cell proliferation responses.  

 

The data presented in Figure 4.5 show that proliferating B cells reach a point of 

maximum population expansion at approximately the same time regardless of whether 

they were undisturbed or restimulated. This implies that either a time- or division-based 

limit is imposed on proliferating B cells. A series of experiments was designed to 

distinguish between these two possible mechanisms for the control of proliferation 

cessation. Cells subjected to an interrupted stimulation regime (Figure 4.9) or cultured 

at low temperatures (Figure 4.10) proliferate to an equivalent degree to cells that 

received uninterrupted stimulation but do so over an extended time period. Furthermore, 

cells sorted from late divisions exhibit a lesser ability to continue proliferating than cells 

sorted from earlier divisions (Figure 4.11). These combined results strongly suggest that 

the basis for the contraction of B cell populations responding to constant stimulation is 

via a “division counter”. However, the data still do not formally exclude a time-based 

counter that operates from the time of first division. In effect, these two mechanisms 
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would produce very similar outcomes in B cell populations, given the asynchrony of 

time to enter first division (Hodgkin et al. 1996; Hawkins et al. 2007).  

 

There are other reported examples of intrinsic intracellular timers that operate during 

developmental pathways and that may be triggered by time or division number 

(reviewed in (Raff 2006)). Normal somatic cells undergo a finite number of cell 

divisions in vitro before reaching a state termed replicative senescence (Effros and 

Pawelec 1997; Martens et al. 2002; Migliaccio et al. 2005). The onset of senescence is 

due to the effects of telomere shortening with each mitotic event and is therefore 

directly linked to cell division number and not time (Allsopp et al. 1992; Reddel 1998). 

However, activated human and mouse lymphocytes upregulate expression of 

telomerase, an enzyme that extends telomere length, which may function to support the 

capacity of lymphocytes to undergo extensive clonal expansion (reviewed in (Hodes et 

al. 2002)). Furthermore, in the system studied here a relatively small number of cell 

divisions was observed and telomere shortening is unlikely to play a significant role in 

initiating population contraction. 

 

An intrinsic limit to T cell proliferation has been identified that is similar to that 

demonstrated here in B cells (Badovinac et al. 2002). Badovinac and colleagues showed 

that antigen-specific CD8+ T cells responding to infection in vivo were programmed to 

undergo contraction at a defined time and that the kinetics of contraction were 

independent of the magnitude of the response or the duration of the infection. This may 

appear contradictory to the results presented here in Figure 4.2, in which the duration of 

stimulation dictated the division capacity of responding B cells. However, Badovinac 

and colleagues reported on an in vivo infection model and the time scale of their 

proliferation and contraction responses was understandably less fine than is possible for 

in vitro studies. Additionally, the shortest duration of infection they investigated was 24 

hours, which is likely to be long enough to induce very substantial CD8+ T cell 

proliferation. Furthermore, they demonstrated that contraction commenced at the same 

time point even in the presence of persistent viral infection. The authors propose that a 

“hard-wired”, programmable mechanism exists to exert a limit to T cell proliferation. 

This concept agrees well with the concept of B cell division destiny introduced in 

Chapter 3 and further explored in this Chapter. 
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The results presented here clearly show that division destiny is a critical factor in 

determining the magnitude and duration of B cell responses. In the extended analysis of 

B cell proliferation responses presented here, evidence is provided that division destiny 

may be regulated by the strength of stimulus (Figures 4.1 – 4.3), the type of stimulus 

(Figure 4.4) and the differentiation status of the cells (Figure 4.12). While it is relatively 

easy to quantify the effect of stimulus dose or duration on B cell division destiny, the 

impact of ASC differentiation is less easy to measure. Most markers of ASC, for 

example syndecan-1 or blimp-1 expression, represent an end-stage of the differentiation 

pathway and it is possible that division destiny can be re-programmed in B cells at a 

time or division number prior to when the cells are identifiable as having differentiated. 

Despite this, the role of differentiation in altering B cell proliferation response outcomes 

warrants further investigation. Our current quantitative model does not allow for 

changes to B cell behaviour upon differentiation. Although accurate fits to cell numbers 

can be obtained without this capacity, a better understanding of how differentiation can 

affect proliferation may enlighten investigations as to how distinct signals differentially 

regulate B cell outcomes. We also predict that other factors may influence division 

destiny, including the presence of cytokines or other co-stimulatory molecules. Division 

number strongly influences the effector cell differentiation of B cells and it is therefore 

highly appropriate that division destiny be regulable by external signals.  
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Chapter 5: The effects of antigen on B 

cell proliferation in vitro 

 

5.1 Introduction 
 

One of the main aims of developing quantitative models of lymphocyte behaviour is to 

endeavour to better understand how lymphocytes integrate signals and respond 

accordingly. For example, B cells participating in an immune response in vivo may 

receive multiple signals, including those from specific antigen, co-stimulatory 

molecules on the surface of helper T cells and APC, soluble cytokines and TLR ligands, 

as described in Chapter 1. It is likely that some signals will be received simultaneously, 

some sequentially, and the B cell may be exposed to any given signal for a prolonged 

period, or only for a short duration of time. Further variations in signal complexity arise 

from, for example, the affinity of the antigen-BCR interaction or the local concentration 

of cytokine. The combination of signals that a B cell receives determines its response: 

does the cell survive or die, move location, proliferate or differentiate. Thus, complex 

signal integration must occur if appropriate outcomes are to be achieved. 

 

As has been described in previous Chapters, in vitro studies in our laboratory have 

revealed intrinsic heterogeneity in lymphocyte populations. Not only do lymphocytes 

respond differently to different signals, but within a population of lymphocytes there is 

considerable variability in the response to any one signal or signal combination. This 

heterogeneity reveals itself in the times lymphocytes take to divide or die, their 

propensity to divide and their propensity to differentiate. We have developed 

mathematical models to quantify this behaviour, which can help to describe how 

different stimulation conditions produce different population responses. Assessing how 

individual signals regulate different parameters of B cell behaviour can facilitate a better 
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understanding of how multiple signals can produce defined outcomes. Elements of our 

models have already been used to characterise in vitro B cell responses to mitogenic T-

dependent (TD) activation (Hawkins et al. 2007; Turner et al. 2008) and in vitro T cell 

responses to cytokine signals and TCR affinity (Gett and Hodgkin 2000; Deenick et al. 

2003; Hommel and Hodgkin 2007). In the work presented in this and the following two 

Chapters, this quantitative method of assessing lymphocyte behaviour was used to 

evaluate the role of antigen signalling in in vitro B cell responses. 

 

The historical development of various theoretical models of lymphocyte activation, 

revolving around the requirement for one or more signals, dates back to the 1950s and 

has been reviewed elsewhere (Baxter and Hodgkin 2002). We now know that mature, 

naïve B cells can be activated in a TD or TI fashion, as described in Chapter 1. 

However, the signalling requirements for effective B cell responses to antigen in vivo 

are still debated. Recently, it has been suggested that three signals are required for TD B 

cell activation in vivo: the antigen signal, T cell help and TLR activation (Pasare and 

Medzhitov 2005; Ruprecht and Lanzavecchia 2006). This has been challenged, with 

others arguing that TLR signals, while acting to enhance both in vivo and in vitro B cell 

responses to antigen, are not necessary for productive B cell activation (Meyer-

Bahlburg et al. 2007). While the complexities of signal integration are difficult to define 

in vivo, activation of B cells in vitro does not require multiple signals, and proliferation 

and differentiation occur in response to mitogenic TLR ligands or T cell-derived co-

stimulatory molecules. We proposed that the various signals serve to modify the B cell 

response in a quantitative manner and sought to investigate how the signal provided by 

specific antigen can modify or synergise with a polyclonal signal to influence the B cell 

response. 

 

The majority of studies assessing the behaviour of antigen-specific B cell populations 

responding to antigen have been conducted in vivo, as described in Chapter 1. However, 

some in vitro studies have indicated an important role of antigen in regulating naïve B 

cell proliferation in vitro. For example, the presence of HEL has been shown to enhance 

the in vitro proliferation of HEL-specific B cells from MD4 mice in response to plasma 

membranes containing CD40L (Eris et al. 1994) or to LPS (Brink et al. 1992), as 

assessed by relative levels of cellular uptake of tritiated thymidine. To further assess the 
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influence of antigen on B cell proliferation, the SWHEL mice (described in Chapter 1) 

were used for experiments presented here.  

 

HEL-binding B cells from SWHEL mice develop normally and proliferate, differentiate 

to ASC and isotype switch in vitro in response to polyclonal TD and TI signals (Phan et 

al. 2003). The presence of HEL in in vitro cultures of HEL-specific B cells induces 

hallmarks of cellular activation, including tyrosine phosphorylation, increases in cell 

size, calcium signalling and activation from the G0 to G1 phases of the cell cycle (Cooke 

et al. 1994; Phan et al. 2003). Although HEL alone is insufficient to induce HEL-

specific B cells to enter division (Cooke et al. 1994), we hypothesised that the 

stimulatory effects of HEL would lead to changes in B cell responses to polyclonal 

stimuli in vitro. This Chapter presents data on the effect of the additional presence of 

antigen, at various concentrations and affinities, on B cell proliferation responses to 

mitogenic TD or TI stimuli. The role of the antigen signal in determining B cell 

differentiation outcomes was also assessed, and this is presented in Chapters 6 and 7. 

While the effects on proliferation presented in this Chapter are interesting per se, the 

fact that B cell differentiation in vitro is division-linked, as described in Chapter 1, 

rendered a thorough understanding of the proliferation changes occurring in response to 

antigen essential for an informed study of B cell differentiation. 

 

5.2 Results 

5.2.1 Generation of pure populations of SWHEL B cells and their 

specific responsiveness to HEL 

Although up to 50% of the B cells of the SWHEL mice are able to bind HEL, pure 

populations of antigen-specific B cells were required for these studies. It was not 

possible to obtain these by flow cytometric sorting based on their HEL-binding 

capacity, as this would involve BCR engagement and thus rescind the ability for 

subsequent analysis of the effect of BCR signals. In order to obtain pure transgenic B 

cell populations, the SWHEL mice were crossed with RAG2 knockout mice on a C57Bl/6 

genetic background (RAG2-/- mice) (Shinkai et al. 1993). It was expected that the lack 

of RAG2 protein would prevent the recombination events with upstream endogenous 
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VH or VH plus D gene segments that occur in the SWHEL mice and lead to the significant 

population of non-HEL binding B cells in these mice (Brink et al. 2008). This was 

indeed the case; the B cells of SWHEL RAG2-/- mice almost exclusively bind HEL 

(Figure 5.1 A). Purified HEL-binding B cells from the SWHEL (and SWHEL RAG2-/-) 

mice are all B220hi and CD19hi, just as WT B cells (Figure 5.1 B). However, the SWHEL  

mice exhibit a IgMhi IgDlo-hi phenotype and lack the IgMlo IgDhi
 population that is 

present in the equivalent B cell compartment of WT B cells or of non HEL-binding B 

cells from SWHEL mice ((Phan et al. 2003) and Figure 5.1 B). 

 

SWHEL RAG-/- mice were used for all experiments presented in this Chapter unless 

otherwise specified, and the term ‘SWHEL B cells’ refers to naïve, resting follicular B 

cells purified from spleens of these mice as described in Chapter 1. HEL purchased 

from Sigma (see Chapter 2) was used for all experiments in this Chapter except those 

presented in Figure 5.16, in which WT, 2x and 3x HEL variants kindly provided by 

Robert Brink (Garvan Institute) were used as indicated.  

 

The presence of HEL at any concentration did not result in any changes to WT B cell 

proliferation in response to in vitro stimulation with anti-CD40 mAb and IL-4 or LPS 

alone or together with various concentrations of HEL (Figure 5.2 A and B). It may 

therefore be concluded that any changes to B cell behaviour observed in cultures of 

SWHEL B cells when HEL is present in the culture are indeed due to specific BCR 

signalling. To confirm that HEL alone is not sufficient to induce SWHEL B cell 

proliferation in vitro, naïve cells were stimulated with anti-CD40 mAb and IL-4 or 

HEL. While the anti-CD40 mAb and IL-4 stimulated cells entered division and 

proliferated rapidly, stimulation with HEL up to a concentration of 1000 ng/ml did not 

lead to proliferation (Figure 5.2 C).  

 

5.2.2 SWHEL B cells proliferate less than WT B cells in response to 

mitogenic stimulation 

It has previously been reported that the HEL-binding B cells from SWHEL mice 

proliferate less than non HEL-binding B cells from the same mice when cultured in 

vitro with anti-CD40 mAb and IL-4 or with LPS (Phan, et al. 2003). We also observed  
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Figure 5.1: Phenotypic characterisation of B cells from SWHEL and SWHEL RAG2-/- mice. 
Peripheral blood samples from SWHEL RAG2-/- mice were subjected to red blood cell lysis and 
then stained with PE-conjugated anti-B220 and FITC-conjugated HEL and analysed by flow 
cytometry. Fluorescence of cells gated by forward scatter characteristics as live cells is shown 
(A). Naïve, resting B cells were purified from spleens of WT, SWHEL RAG2+/- or SWHEL RAG2-

/- mice as described in Chapter 2. Cells were stained with PE-conjugated anti-B220 and FITC-
conjugated anti-CD19 (B) or PE-conjugated anti-IgD or and FITC-conjugated anti-IgM (C) and 
analysed by flow cytometry. 
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Figure 5.2: HEL has no effect on the proliferation responses of WT B cells and HEL alone 
is insufficient to stimulate SWHEL B cells to divide. 
CFSE-labelled WT B cells were cultured in vitro with 20 µg/ml anti-CD40 mAb and 
500 U/ml IL-4 or 15 µg/ml LPS alone and with either 10 ng/ml or 1000 ng/ml HEL. Cell 
proliferation was assessed by flow cytometric determination of cell number as a function of 
time (A; means and SEM of three replicate cultures are shown) or overlaying CFSE profiles to 
assess division progression (B). In another experiment, SWHEL RAG2-/- B cells were stimulated 
in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 or with 1 ng/ml HEL or not 
stimulated. Total live cell numbers were determined at various times (C; means and SEM of 
three replicate cultures are shown). 
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that B cells from SWHEL RAG2-/- (homozygous knockout) mice reached a lower cell 

number than WT B cells or B cells from SWHEL RAG2+/- (heterozygous knockout) mice 

when proliferating in response to all polyclonal stimuli tested  (Figure 5.3 A-C). The 

intermediate level of proliferation of the B cells from SWHEL RAG2+/- mice results from 

the substantial fraction of the (more proliferative) non-HEL binding B cells in these 

mice (Phan et al. 2003). Phan et al. presented CFSE profiles showing the SWHEL B cells 

accumulating in earlier divisions at the fourth day of the response (Phan et al. 2003). 

Delayed progression of SWHEL B cells through division was also observed here in 

response to all three stimuli (Figure 5.3 D-F). According to the parameters of our 

lymphocyte proliferation model, retarded division progression could be due to any or a 

combination of a number of factors, including delayed first division, slower division 

times or a truncated division destiny. Total cell numbers and CFSE profiles were 

compared at various times to assess which of these possibilities might explain the 

differences observed between WT and SWHEL B cells. The number of live cells 

remaining in the SWHEL RAG2-/- cultures at the time of proliferation commencing was 

also significantly lower than the WT population in the case of anti-CD40 mAb and IL-4 

stimulation (Figure 5.3 A).  

 

To investigate the quantitative differences in the early proliferation parameters of these 

two cell types, CFSE data were used for cohort analysis, as described in Chapter 2. This 

method revealed that the mean times to first division were approximately 10 hours 

longer in SWHEL RAG2-/- B cell populations than in WT B cells, in response to all three 

mitogenic stimuli (data not shown). This differing responsiveness to the stimuli is 

responsible for the retardation of SWHEL RAG2-/- B cells in earlier divisions. The slower 

time to first division may also explain why a lower total cell number is reached by 

populations of SWHEL RAG2-/- B cells. If the distributions of times to die are similar in 

both cell types but the response to stimulation is slower, then the distributions of times 

to divide and times to die will overlap more and more cells will die prior to entering 

division. This explanation is in keeping with the presented data of cell numbers at early 

times (Figure 5.3 A-C) but the times to die of unstimulated SWHEL and WT B cells were 

not compared in this analysis. 
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Figure 5.3: B cells from SWHEL RAG2-/- mice proliferate less than B cells from WT or 
SWHEL RAG2+/- mice. 
CFSE-labelled B cells from WT, SWHEL RAG2+/- or SWHEL RAG2-/- mice were labelled with 
CFSE and stimulated in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 or 15 µg/ml 
LPS or 3 µM CpG. Live cell numbers were determined at various times during culture (A-C; 
means and SEM of three replicate cultures are shown). CFSE profiles of the cell populations at 
67 h are shown in D-F. Overlayed histograms show relative fluorescence intensity (RFI) and are 
not representative of cell number. All subsequent figures and figure legends referring to SWHEL 
B cells refer to cells from SWHEL RAG2-/- mice. 
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5.2.3 HEL-engaged SWHEL B cells adhere to plastic at the start of in 

vitro culture 

The experiments described above were designed to confirm the suitability of the SWHEL 

B cells for assessing the effect of a BCR signal on B cell responses. Although the 

SWHEL B cells exhibit less robust proliferation responses than WT B cells, this was not 

problematic for the purpose of comparing SWHEL B cell proliferation responses to 

antigen during different stimulation conditions.  

 

The effect of an antigen signal on proliferation was first assessed by varying the 

concentration of soluble HEL added to cultures of SWHEL B cells responding to a 

saturating concentration of anti-CD40 mAb and IL-4. An early observation made during 

proliferation assays was that the number of live cells appeared to dramatically decreased 

at very early times in cultures which HEL was present but not in cell cultures stimulated 

with anti-CD40 mAb and IL-4 alone (Figure 5.4). This cell “loss” was quickly followed 

by an apparent recovery of live cell number that was not due to cellular proliferation as 

it occurred in the time before cells had undergone the first division. The severity of the 

early cell loss increased with increasing concentrations of HEL (Figure 5.4). Upon 

further examination it became apparent that the HEL-engaged B cells were adhering to 

the culture plates. Modest agitation, such as the pipetting technique used to harvest the 

cells for counting, did not result in all of the cells being resuspended, and this could be 

seen under a microscope as a lack of disturbance of the cells. Some degree of adherence 

appeared to last for approximately 24 hours; after this time, cell numbers in all cultures 

were comparable (Figure 5.4 B).  

 

The adherence of HEL-engaged SWHEL B cells to their culture wells made measuring 

cell numbers at early times, and assessing whether antigen affected the death rate of 

undivided cells, difficult. However, cultures containing HEL contained more viable 

cells after 24 hours than cultures containing only anti-CD40 mAb and IL-4 (Figure 5.4 

B), suggesting that HEL was not having a detrimental affect on the viability of the 

undivided SWHEL B cells. To explore this further, cell numbers from multiple 

experiments with different stimuli were compared at 24 hours, a time at which no cells 

had divided in response to any of the stimuli, but at which the cells appeared to be 

equally readily detachable from the plastic surface. There was no consistent change in 
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Figure 5.4: HEL-engaged SWHEL B cells adhere to tissue culture plastic. 
CFSE-labelled SWHEL B cells were cultured in vitro with 20 µg/ml anti-CD40 mAb and 500 
U/ml IL-4 alone and with various concentrations of HEL. Cell numbers were calculated at 
multiple times (A; means and SEM of three replicate cultures are shown). The data in (A) is 
replotted in (B) for the first 60 hours of the experiment. 
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cell number with increasing HEL concentration (Figure 5.5), suggesting that BCR 

engagement does not affect the distribution of times to die in undivided cells. 

  

5.2.4 SWHEL B cell proliferation responses to antigen during T-

dependent stimulation  

5.2.4.1 Intermediate concentrations of antigen enhance B cell proliferation during 

TD stimulation but high concentrations of antigen are inhibitory 

Following this clarification of the behaviour of SWHEL B cells in the first hours of 

exposure to antigen, the investigation of the effect of the addition of HEL on SWHEL B 

cell responses to TD stimulation was continued. The course of proliferation of the B 

cells in response to a range of antigen concentrations was examined. Plots of cell 

number at various times during the response showed that the presence of HEL at 

concentrations less than 10 ng/ml generated an increase in the total cell number reached 

during the proliferation response of SWHEL B cells to anti-CD40 mAb and IL-4 (Figure 

5.6 A and B). This did not appear to be the result of substantially greater survival 

capacity of the undivided cells at these concentrations (Figure 5.5 and 5.6 A) but could 

occur as the result of more cells entering division or an extended division destiny. 

However, maximum population expansion occurred at earlier times during culture with 

these HEL concentrations, suggesting that the division destiny of these populations was 

reached earlier in time. This could be the outcome of the cells in these populations 

experiencing either a truncated division destiny or a similar average division destiny 

that was reached faster, in response to an earlier first division or faster subsequent 

division rates. These various possible explanations for the enhancing effect of low to 

intermediate HEL concentrations are explored in the following section.  

 

In contrast to the enhancing effect of the presence of low concentrations of HEL, the 

presence of HEL at concentrations of 10 ng/ml and greater was inhibitory to 

proliferation, resulting in lower total cell numbers than in cultures stimulated with anti-

CD40 mAb and IL-4 alone (Figure 5.6 A and B). This was not caused by a lower 

survival capacity of cells prior to first division or fewer cells entering division (Figures 

5.5 and 5.6 A). However, during the population expansion and contraction phases there 
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Figure 5.5: The presence of antigen does not affect the viability of SWHEL B cells after 24 
hours of TD or TI stimulation. 
SWHEL B cells were cultured in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 or 15 
µg/ml LPS or 3 µM CpG alone and with various concentrations of HEL. Cell numbers 
determined at 20-24 hours after initial culture are presented here (means and SEM of three 
replicate cultures are shown). Results from each experiment are presented in different colours. 
Duplicate experiments were conducted as indicated. 
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Figure 5.6: The effects of HEL on SWHEL B cell proliferation during anti-CD40 mAb and 
IL-4 stimulation. 
CFSE-labelled SWHEL B cells were cultured in vitro with 20 µg/ml anti-CD40 mAb and 500 
U/ml IL-4 alone and with various concentrations of HEL. Cell numbers were calculated at 
multiple times (means of three replicate cultures are shown in A). B shows the mean cell 
numbers for each stimulation condition at 92 and the SEM is also shown. Cell numbers per 
division were also calculated from CFSE profiles at three times during the expansion phase of 
the response (C, D, E; means of three replicate cultures are shown).  
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were fewer cells in cultures with high HEL concentrations than when no HEL was 

present. This is indicative of the cells in later divisions having an impaired survival 

capacity or a shortened division destiny, although proliferation continued for 

approximately the same length of time prior to the onset of population contraction as 

when no HEL was present (Figure 5.6 A). 

 

5.2.4.2 CFSE profiles, BrdU incorporation assays and cohort analysis reveal high 

and low concentrations of antigen exert distinct effects on B cell proliferation 

during TD stimulation  

The results presented above demonstrate that the presence of HEL substantially affects 

the proliferation of SWHEL B cells responding to anti-CD40 mAb and IL-4 stimulation, 

and this does not occur in a simple manner consistently corresponding to the dose of 

antigen. In order to better distinguish between the various possible effects of HEL on 

proliferation parameters proposed above, CFSE profiles of the responding cell 

populations were analysed.  

 

The CFSE profiles demonstrated clearly that the presence of HEL promoted faster times 

to first division in cell cultures stimulated with anti-CD40 mAb and IL-4 (Figure 5.6 C). 

This effect, accompanied by no observable change in the distribution of times to die 

prior to first division (Figure 5.5), would be expected to lead to a larger number of 

dividing cells and thus can explain the greater cell numbers that accumulated during the 

expansion phase of the response to low to intermediate concentrations of HEL (Figure 

5.6 A-E). However, this effect does not account for the inhibition of proliferation in 

response to high concentrations of HEL. At early times, there was no impact of high 

HEL concentration on initial cell viability (Figure 5.6 A and C) and the inhibitory effect 

of high HEL concentration began to take place only after approximately 80 hours 

(Figure 5.6 A and D). These data indicated that higher concentrations of HEL effect 

parameters that dictate the behaviour of the cells in later stages of the response. 

 

As shown in Chapters 3 and 4, many B cells stimulated in vitro with anti-CD40 mAb 

and IL-4 undergo sufficient divisions to reach CFSE autofluorescence, so that cells 

cannot be allotted to distinct divisions at the time at which proliferation ceases. It was 

therefore not possible to determine from CFSE profiles whether the presence of HEL 



Effects of antigen on B cell proliferation 

 150 

changed the division destiny of the responding cell populations. A BrdU pulsing 

experiment was carried out to determine at which stages of the response cells in the 

various cultures were actively proliferating. This experiment revealed that equal 

proportions of live cells were proliferating at day 3 in response to anti-CD40 mAb and 

IL-4 alone and with all concentrations of HEL tested (Figure 5.7 A). However, by day 4 

fewer cells in cultures responding to 0.1 or 1 ng/ml HEL had incorporated BrdU than in 

cultures with no HEL or higher concentrations of HEL (Figure 5.7 B). This pattern was 

repeated on day 5 (Figure 5.7 C). These results indicate that the cells in cultures 

containing 0.1 or 1 ng/ml HEL had ceased proliferating earlier than cells in other 

cultures, consistent with the hypothesis that the population division destiny is not 

truncated by these concentrations of HEL but is reached at an earlier time due to the 

first division being undergone earlier in these. However, the BrdU incorporation 

experiments also showed that equal proportions of cells remained proliferating in 

response to high concentrations of HEL as in cultures with no HEL on days 4 and 5 of 

the response (Figure 5.7 C). It thus appears that the high concentrations of HEL did not 

act to truncate the division destinies of the cells between days 4 and 5 of the response. 

 

5.2.4.3 Cohort analysis of SWHEL B cell proliferation responses to antigen during 

TD stimulation 

In order to more quantitatively assess the changes to proliferative parameters resulting 

from the presence of antigen during TD stimulation, CFSE data from cultures of SWHEL 

B cells with varying concentrations of HEL were used for cohort analysis. As described 

in Chapter 2, a trendline fitted through a plot of the mean of the normal distributions 

fitted through cohort plots at multiple times during the proliferative phase of a response 

can be used to calculate the mean time to first division and the mean time between each 

subsequent divisions (Figure 5.8 A). As expected from observation of the CFSE 

profiles, the cohort analysis estimated shorter mean times to first division in cultures 

containing 0.01 to 1 ng/ml HEL (Figure 5.8 B). Interestingly, the cohort analysis 

revealed that increasing HEL concentration led to significantly longer division times in 

subsequent divisions (Figure 5.8 C). 
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Figure 5.7: SWHEL B cells stimulated with differing concentrations of HEL during anti-
CD40 mAb and IL-4 stimulation differ in their extent of BrdU incorporation. 
SWHEL B cells were cultured in vitro with 20 µg/ml anti-CD40 mAb and 500 U/ml IL-4 alone 
and with various concentrations of HEL. On days 3, 4 and 5 of culture, cells were pulsed with 
100 µg/ml BrdU for 2 hours prior to harvest, fixation and digestion, as described in Chapter 2. 
Each sample was split in two and duplicate samples were stained with Alexa 647-labelled anti-
BrdU mAb prior to flow cytometric analysis. Unpulsed cells were also fixed, permeabilised and 
stained to provide a control for background staining (not shown). The proportion of BrdU 
positive live cells on each day is shown; staining duplicates are shown as individual points for 
each condition.  
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Figure 5.8: Cohort analysis of SWHEL B cell responses to combined HEL and anti-CD40 
mAb and IL-4 stimulation. 
CFSE data from the proliferation experiment presented in Figure 5.6 were analysed by the 
cohort method. Normal distributions were fitted to cohort plots and the mean of these normal 
distributions was plotted against harvest time for each stimulation condition, as described in 
Chapter 2. A linear trendline was fitted through these plots (A; three examples shown). The 
intersection of the extrapolated linear trendline with division 1 was used to estimate the mean 
time to first division (B) and 1/slope of the linear trendline was used to estimate the mean time 
to subsequent divisions (C). Values that were statistically significantly different (p<0.05 by 
ANOVA with a Tukey’s post-test) to the values for anti-CD40 mAb and IL-4 stimulation alone 
are starred. 
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5.2.4.4 Short duration exposure to antigen is sufficient to influence B cell 

proliferation during TD stimulation 

In Chapter 4 the duration of stimulus exposure was shown to be able to program 

elements of the subsequent proliferation response. Having observed that the presence of 

HEL in anti-CD40 mAb and IL-4 stimulated SWHEL B cell cultures had marked effects 

on both early and late stages of the proliferation responses, it was of interest to 

investigate the extent to which these effects could be induced by limited duration 

exposure to antigen. CFSE-labelled SWHEL B cells were cultured in vitro with anti-

CD40 mAb and IL-4 alone and with various concentrations of HEL for 30 minutes prior 

to the cells being washed thoroughly and returned to culture in anti-CD40 mAb and IL-

4 stimulation only. The pulse of low concentrations of HEL induced a greater overall 

proliferation response than in cell populations not pulsed with HEL, and the pulse of 

high concentrations of HEL generated a somewhat inhibited proliferation response 

(Figure 5.9 A). Thus, the short exposure to antigen influenced the proliferation 

responses in an analogous way to that seen when HEL was present throughout the 

response, and the various concentrations affected the same distinct proliferation 

parameters (compare Figures 5.6 and 5.9). However, the HEL-related effects on 

proliferation were not as striking as those observed when HEL was constantly present 

(for example, compare Figure 5.6 A and C with Figure 5.9 A and C), suggesting that 

antigen exposure for a longer time period is necessary for the full potential effects of 

antigen on the proliferative outcomes to be realised. 

 

5.2.5 SWHEL B cell proliferation responses to antigen during T-

independent stimulation  

5.2.5.1 Antigen enhances SWHEL B cell proliferation during LPS stimulation but 

regulates multiple proliferation parameters in a concentration dependent manner 

Having assessed the effect of HEL on SWHEL B cell proliferation during TD 

stimulation, the role of antigen in TI responses was next examined. The TLR-4 agonist 

LPS was used as one of two TI mitogens. CpG was also used as another TI stimulus and 

these experiments are described in a following section. CFSE-labelled SWHEL B cells 
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Figure 5.9: Exposure to HEL for 30 minutes is sufficient to induce effects on the 
proliferation of SWHEL B cells during anti-CD40 mAb and IL-4 stimulation. 
CFSE-labelled SWHEL B cells mice were stimulated in vitro for 30 minutes with 20 µg/ml anti-
CD40 mAb and 500 U/ml IL-4 alone and with various concentrations of HEL. Cells were then 
washed three times in medium and returned to culture with anti-CD40 mAb and IL-4 only. Cell 
numbers were calculated at multiple times (A; means of three replicate cultures are shown). Cell 
numbers per division were also determined at three times during the expansion phase of the 
response (B, C, D; means of three replicate cultures are shown). 
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were cultured with a saturating concentration of LPS together with the same 

concentration range of HEL as used in analysis of TD stimulation. Low to intermediate 

concentrations of HEL dramatically increased the number of cells produced over the 

course of the proliferation response (Figure 5.10 A and B). All concentrations of HEL 

triggered greater proliferation than occurred when no antigen was present, but lower 

concentrations of HEL had a greater effect than higher concentrations, once a threshold 

was exceeded (Figure 5.10 A and B). As with the analysis of TD stimulation described 

above, CFSE profiles were analysed to help to dissect how HEL was influencing B cell 

proliferation parameters and thus inducing these effects. 

 

While LPS alone induces a robust proliferation response in WT B cells (see Chapters 3 

and 4) and also induces proliferation of SWHEL B cells (Figure 5.3), a characteristic of 

LPS-induced responses is that a substantial proportion of cells do not respond to 

stimulation but remain undivided and eventually die. CFSE profiles of the SWHEL B 

cells stimulated with LPS and HEL showed that even low concentrations of antigen 

were able to significantly reduce this population of undivided cells; the presence of 1 

ng/ml of HEL in the culture was sufficient to stimulate the vast majority of cells to enter 

division (Figure 5.10 C and D). This increase in first division progressor fraction led to 

there being a greater number of live cells in cultures with all concentrations of antigen 

tested than in cultures stimulated with LPS only. However, changes to first division 

progressor fraction could not explain how high concentrations of HEL resulted in 

cultures with fewer cells than cultures in which lower HEL concentrations were present. 

CFSE profiles from times during the expansion phase of the response (Figure 5.10 D 

and E) showed that the division progression of cell populations stimulated with high 

concentrations of HEL lagged behind counterpart cells stimulated without HEL. At the 

point at which proliferation ceased, not all cells stimulated with high concentrations of 

HEL had reached CFSE autofluoresence, indicating a truncated division destiny in these 

populations. Thus, although first division progressor fraction is increased, cell 

progression through later divisions is impaired. The balance of more cells dividing but 

undergoing fewer divisions explains how a high concentration of HEL can lead to a 

greater proliferation response than that obtained in only LPS stimulation, but not as 

great as that seen in response to intermediate concentrations of HEL (which induce a 

high first division progressor fraction but do not show impaired division progression).
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Figure 5.10: The effects of HEL on SWHEL B cell proliferation during LPS stimulation. 
CFSE-labelled SWHEL B cells were cultured in vitro with 15 µg/ml LPS alone and with various 
concentrations of HEL. Three replicate culture wells were harvested for cell counting at 
multiple times (means shown in A). B shows the mean and SEM of cell numbers for all 
stimulation conditions at 68 h as a representative time. Cell numbers per division were also 
determined at each time analysed and mean values for three representative times are shown (C-
E).  
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Cohort analysis of CFSE data from an LPS proliferation experiment confirmed these 

conclusions, revealing that increasing the concentration of HEL induced shorter mean 

times to first division but longer subsequent division times (Figure 5.11). Thus it 

appears that the inhibitory effects of high concentrations of HEL result from slowed 

progression through divisions and shortened division destiny.  

 

5.2.5.2 The effects of antigen on SWHEL B cell proliferation during LPS stimulation 

increase with the duration of antigen exposure 

As for TD stimulation, it was of interest to assess the role of the duration of antigen 

stimulation during TI responses. SWHEL B cells were stimulated with LPS alone and 

together with a high or low concentration of HEL for 2, 8 or 24 hours prior to washing 

and return to culture in LPS only. As seen previously (Figure 5.10), both concentrations 

of HEL were sufficient to dramatically increase the first division progressor fraction, 

eliminating the peak of undivided cells that remained observable in the CFSE profiles 

for LPS-only stimulation (Figure 5.12). This striking effect was observed even after 

only 2 hours of exposure to HEL. However, differential effects of HEL concentration 

and exposure duration were seen when the relative progression of cells through 

subsequent divisions was examined. Exposure to either 1 or 1000 ng/ml HEL for 2 or 8 

hours did not interfere with the division progression of the cells, but 24 hours of HEL 

stimulation led to an accumulation of cells in earlier divisions in cultures with HEL at 

both concentrations. This effect was not increased by constant exposure to 1 ng/ml 

HEL, but constant exposure to 1000 ng/ml HEL resulted in greater truncation of 

division progression than 24 hours of exposure. Thus, the effects of HEL on first 

division progressor fraction can be programmed by short duration exposure, whereas 

the inhibitory effects of HEL on division destiny require longer exposure times.  

 

5.2.5.3 Antigen enhances SWHEL B cell proliferation during CpG stimulation by 

extending population division destiny 

The TLR-9 agonist CpG was used as an alternative stimulus to investigate the effects of 

antigen combined with TI activation. As for previous experiments, HEL was added at 

various concentrations to CFSE-labelled SWHEL B cells with a saturating concentration 

of CpG. In this condition, the presence of HEL significantly enhanced B cell 
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Figure 5.11: Cohort analysis of SWHEL B cell responses to combined HEL and LPS 
stimulation. 
CFSE data from the proliferation experiment presented in Figure 5.10 were analysed by the 
cohort method, as described in Chapter 2 and Figure 5.8. Normal distributions were fitted to 
cohort plots and the mean of these normal distributions was plotted against harvest time for each 
stimulation condition. A linear trendline was fitted through these plots and used to calculate 
mean times to first division (A; intersection of the extrapolated linear trendline with division 1) 
and the mean time to subsequent divisions (B; 1/slope of the linear trendline). Values that were 
statistically significantly different (p<0.05 by ANOVA with a Tukey’s post-test) to the values 
for LPS stimulation alone are starred. 
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Figure 5.12: Short duration exposure to HEL increases the first division progressor 
fraction of SWHEL B cells during LPS stimulation but the inhibitory effects of antigen on 
division progression are only apparent after longer exposure. 
CFSE-labelled SWHEL B cells were cultured in vitro with 15 µg/ml LPS alone and with various 
concentrations of HEL. Replicate cultures were washed at 2 h, 8 hr or 24 h and returned to 
culture in 15 µg/ml LPS only. Replicate cultures were maintained undisturbed (constant 
stimulation). CFSE profiles are shown for day 3 (A, B, C) and day 4 (D, E, F). Overlayed 
histograms show RFI and are not representative of cell number. 
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proliferation responses as observed by cell number (Figure 5.13). In contrast to the 

observations made during LPS stimulation, no clear trend of high dose HEL inhibiting 

the response was observed, although the cell numbers in cultures receiving 1000 ng/ml 

HEL were lower than in populations stimulated with 100 ng/ml HEL (Figure 5.13 A and 

B), suggesting that this effect might become apparent at still higher concentrations.  

 
Analysis of the CFSE profiles of SWHEL B cells stimulated with HEL and CpG showed 

no effect of HEL at early times (Figure 5.13 C). However, at later times it was clear that 

the presence of HEL allowed the cells to undergo more divisions than occurred in cell 

populations stimulated with CpG alone, and this effect increased with increasing 

antigen concentration (Figure 5.13 D and E). As described in Chapters 3 and 4, B cells 

responding to CpG stimulation have division destinies that lie within the observable 

limits of CFSE dilution. Thus, the extension of division destiny by the addition of HEL 

could be seen directly in CFSE profiles. However, in light of results presented in 

Chapter 4, we would expect that division destiny will also reach a maximum value in 

these stimulation conditions, beyond which further increases in antigen concentration 

will not further extend division destiny and thus population expansion will plateau. 

 

The extended proliferation capacity of SWHEL B cells stimulated with HEL and CpG 

was confirmed by BrdU pulsing experiments. Already on day 3 a greater proportion of 

cells remained actively proliferating in response to higher concentrations of antigen than 

in cultures in which no antigen was present (Figure 5.14 A). By day 4 cells all cells 

responding to CpG only or to CpG together with concentrations of HEL up to 10 ng/ml 

had ceased proliferating. However, cultures of cells responding to 100 or 1000 ng/ml 

showed that up to 10% of live cells were still incorporating BrdU (Figure 5.14 B). This 

proportion was lower by day 5 but the difference between high concentrations of HEL 

and lower concentrations remained apparent (Figure 5.14 C).  

 

Finally, the CFSE data sets for CpG stimulation were also analysed by the cohort 

method. This method estimated that the mean time to first division was shortened by the 

presence of 0.1 and 1 ng/ml HEL but not by other concentrations (Figure 5.15 A). This 

effect was similar to that seen following anti-CD40 mAb and IL-4 stimulation, although 

the difference in mean times for CpG (35.2 hours in CpG only and 29.9 hours with 0.1 
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Figure 5.13: The effects of HEL on SWHEL B cell proliferation during CpG stimulation. 
CFSE-labelled SWHEL B cells were cultured in vitro with 3 µM CpG alone and with various 
concentrations of HEL. Three replicate culture wells were harvested for cell counting at 
multiple times (means shown in A). B shows the mean and SEM of cell numbers at 88 h as a 
representative time. Cell numbers per division were also determined at each time analysed and 
three representative times are shown (C-E; means of three replicate cultures are shown). 
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Figure 5.14: SWHEL B cells responding to high concentrations of HEL during CpG 
stimulation incorporate BrdU for longer periods. 
SWHEL B cells were cultured in vitro with 3 µM CpG alone and with various concentrations of 
HEL. On days 3, 4 and 5 of culture, cells were pulsed with 100 µg/ml BrdU for 2 hours prior to 
harvest, fixation and digestion, as described in Chapter 2. Each sample was split in two and 
duplicate samples were stained with Alexa 647-labelled anti-BrdU mAb prior to flow 
cytometric analysis. Unpulsed cells were also fixed, permeabilised and stained to provide a 
control for background staining (not shown). The proportion of live cells staining positively on 
each day is shown; staining duplicates are shown as individual points for each condition.  
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Figure 5.15: Cohort analysis of SWHEL B cell responses to combined HEL and CpG 
stimulation. 
CFSE data from the proliferation experiment presented in Figure 5.13 were analysed by the 
cohort method, as described in Chapter 2 and Figure 5.8. Normal distributions were fitted to 
cohort plots and the mean of these normal distributions was plotted against harvest time for each 
stimulation condition. A linear trendline was fitted through these plots and used to calculate 
mean times to first division (A; intersection of the extrapolated linear trendline with division 1) 
and the mean time to subsequent divisions (B; 1/slope of the linear trendline). Values that were 
statistically significantly different (p<0.05 by ANOVA with a Tukey’s post-test) to the values 
for CpG stimulation alone are starred. The area under the cohort plots, providing an indication 
of relative cell number, was calculated at each time and is plotted against mean division number 
(C). 
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ng/ml HEL) were not as large as the difference in mean times for anti-CD40 mAb and 

IL-4 (48.2 hours stimulus only and 36.8 hours with 0.1 ng/ml HEL). Interestingly, 

increasing the concentration of HEL shortened the mean time to subsequent divisions in 

CpG stimulation (Figure 5.15 B), in contrast to both anti-CD40 mAb and IL-4 and LPS 

stimulation experiments, in which higher HEL concentrations induced longer mean 

subsequent division times (Figures 5.8 and 5.11, respectively).  

 

The fact that the division destiny of B cell populations stimulated with CpG is 

observable by CFSE dilution allowed the cohort method to be extended to an analysis of 

the mean division number of all of the responding populations. A plot of the area of the 

cohort plots versus the mean division number of the population shows that during the 

proliferation phase, as the mean division number increased, the area under the normal 

distribution fitted to the cohort plots remains approximately the same (Figure 5.15 C). 

Cell expansion is accounted for in the cohort analysis process, such that the fact that the 

area does not decrease during this phase means that little death is occurring at these 

times. However, once cells reach their division destiny, death begins and the area of the 

cohort plots decreases (Figure 5.15 C). The extension of the population division destiny 

by increasing concentrations of HEL can be seen particularly clearly in this plot, as can 

the plateau in division destiny that is reached, beyond which further antigen 

concentration does not further extend division destiny (Figure 5.15 C).  

 

5.2.6 Antigen affinity and concentration coordinately influence B cell 

proliferation responses to TD and TI stimulation 

A useful property of the SWHEL transgenic mouse system is that the affinity of the BCR-

antigen interaction can be regulated. The HEL affinity mutants described in Chapter 1 

(WT HEL, 2x HEL and 3x HEL, with decreasing affinity) (Paus et al. 2006) were used 

to assess how antigen affinity influences the proliferation responses of B cells. were 

added at various concentrations to SWHEL B cell cultures stimulated with anti-CD40 

mAb and IL-4 or LPS or CpG and cell numbers were measured over the course of the 

proliferation response. The lower affinity variants (2x HEL and 3x HEL) regulated the 

various B cell proliferation responses in a highly similar pattern to that achieved by WT 

HEL. For example, intermediate dose enhancement and high dose inhibition of 
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Figure 5.16: Antigen concentration and affinity exert coordinate effects on SWHEL B cell 
proliferation. 
SWHEL B cells were cultured in vitro with 20 µg/ml anti-CD40 mAb (A) and IL-4, 15 µg/ml 
LPS (B) or 3 µM CpG alone (C) (stimulus only in red) or with various concentrations of WT 
HEL (blue), 2x HEL (green) or 3x HEL (orange). Cells were harvested for counting at on day 4; 
means and SEM of three replicate cultures are shown.  
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proliferation were caused by antigen during anti-CD40 mAb and IL-4 stimulation 

(Figure 5.16 A). However, antigen concentration and affinity exerted coordinate effects 

on B cell behaviour in all conditions, such that the concentration of the lower affinity 

HEL variants needed to be approximately two orders of magnitude greater than the 

concentration of WT HEL for the same effect on the proliferation responses to be 

achieved (Figure 5.16 A, B and C).  

 

5.3 Discussion 
 

In Chapter 4 it was demonstrated that both the concentration and duration of exposure 

to polyclonal stimuli act to regulate both the proportion of B cells participating in an in 

vitro proliferation response and the division destiny of the responding population. In the 

work presented in this Chapter, the effects of antigen on antigen-specific B cell 

proliferation in response to TD and TI stimulation were assessed by experiment and 

analysed using the quantitative framework describing lymphocyte proliferation that has 

been developed in our laboratory. The presence of antigen influenced multiple 

parameters of B cell proliferation responses, including first division progressor fraction, 

mean time to first division, mean time between subsequent divisions and division 

destiny. Furthermore, it became evident that the concentration, duration of exposure and 

affinity of antigen are all capable of regulating these effects. 

 

The initial report characterising the SWHEL mice demonstrated that HEL-specific B cells 

show impaired division progression after 4 days of CD40L and IL-4 stimulation 

compared to non-HEL specific B cells from the same mouse (Phan et al. 2003). 

However, anergic B cells from the progeny of SWHEL mice crossed with soluble HEL 

transgenic mice did not show this proliferative defect. The authors hypothesised that 

this reflects the ability of BCR signalling to modulate B cell responsiveness to TD 

stimulation, since the anergic B cells had matured in the presence of specific antigen 

(Phan et al. 2003). Data presented here shows that, although SWHEL B cells undergo 

multiple divisions in response to anti-CD40 mAb and IL-4 or LPS or CpG stimulation, 

substantially lower cell numbers are obtained at all stages of the proliferation responses 

than arise in cultures of WT cells stimulated in the same way. A cohort analysis of 

CFSE data revealed that SWHEL B cells take longer to enter division in each condition. 
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This reduced responsiveness to the stimuli results in fewer cells participating in the 

response and delayed progression through divisions. This analysis does not rule out the 

possibility that other proliferation parameters, such as the viability of the cells or their 

division destinies, may also differ between the two cell types, although no substantial 

difference in the division destiny distribution is observed in the populations responding 

to CpG stimulation (data not shown). Nonetheless, these data demonstrate that the lower 

proliferative capacity of HEL-specific B cells is a common characteristic in response to 

both TD and TI stimuli and that this is, at least in part, due to their relatively delayed 

responses to stimulation. It may be of interest to compare the proliferative capacities of 

other BCR transgenic B cells from, for example, 383-µδ mice (specific for the H-2Kk 

MHC class I molecule) (Russell et al. 1991) or ‘quasi-monoclonal’ mice (specific for 

(4-hydroxyl-3-nitrophenyl) acetyl (NP)) (Cascalho et al. 1996) to assess whether this is 

a general behaviour amongst populations of B cells with defined BCR specificities.  

 

The primary focus of the work presented in this Chapter was to investigate the effect of 

antigen on the proliferation of B cells responding to TD or TI stimulation. An 

interesting observation made early in these studies was that SWHEL B cells adhere to 

their culture vessels following exposure to HEL. This appears to be a remarkably 

effective process, as substantial adherence occurs with the addition of only 1 ng/ml 

HEL, a concentration that has been shown to engage less than 5% of the sIg receptors of 

MD4 B cells (Goodnow et al. 1989). It has been reported previously that HEL-engaged 

B cells adhere to plastic surfaces (Cinamon et al. 2004) but a reason for this was not 

postulated. Recent microscopy experiments have shown that B cells undergo a 

spreading and contraction response in response to BCR engagement (Fleire et al. 2006). 

It is conceivable that this spreading response leads to cellular adherence. However, 

spreading and contraction occurs over a period of approximately 10 minutes (Fleire et 

al. 2006) and the adherence of the B cells observed here persisted for approximately 20 

hours (Figure 5.4). It is possible that repeated engagement of the BCR occurs such that 

a substantial proportion of the population is in contact with antigen at any one time. 

This could lead to prolonged adherence, perhaps until internalisation or saturation of the 

B cell receptor renders it unresponsive to signals. Downregulation of surface BCR 

expression has been seen in MD4 B cells after 5 hours of exposure to soluble HEL 

(Batista et al. 2001). By comparing cell numbers at times prior to first division but after 

alleviation of adherence, it could be seen that the response of the cells to activating 
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signals is not impaired by this behaviour. However, it may be useful to note this 

phenomenon for certain experimental techniques or data analysis. 

 

The data presented in this Chapter clearly show that the additional presence of antigen 

strongly influences in vitro B cell proliferation responses to mitogenic stimuli. Despite 

the fact that the stimuli were used at concentrations shown in Chapter 4 to be saturating 

concentrations that produce maximal responses to each stimulus, the addition of antigen 

could enhance each response. This indicates that BCR signals can act synergistically 

with both TD and TI signals to boost B cell proliferation. However, it is not simply the 

case that the addition of more antigen leads consistently to enhanced proliferation. 

Instead, the effects of various antigen concentrations differ considerably between the 

different stimulation conditions. Furthermore, this work demonstrates that the 

proliferation parameters affected by the presence of antigen are also specific to each 

stimulation condition. These effects are summarized in Table 5.1 

 

In the case of TD stimulation using anti-CD40 mAb and IL-4, BCR engagement by 

antigen increases the proliferation response by shortening the time taken for the cells to 

undergo first division and thereby increasing the number of cells participating in the 

response. However, high concentrations of antigen are inhibitory to the proliferation 

response (Figure 5.6). This high dose inhibition is not the result of impaired cell entry to 

division but takes place during the expansion phase of the response. Cohort analysis of 

the CFSE data reveals that the mean time to divide in subsequent divisions is increased 

in the presence of high concentrations of HEL (Figure 5.8 C). High concentrations of 

antigen also induce a somewhat shorter mean time to first division (Figure 5.8 B) and 

this, balanced with longer division times, may lead to early CFSE profiles that are 

indistinguishable from those of cells cultured without HEL, as seen in Figure 5.6 A. It is 

also possible that the mean division time only increases in later divisions. In either case, 

longer subsequent division times result in slower population expansion and thus fewer 

cells at any given time, as is observed in the later phases of the response to high 

concentrations of antigen. However, the fact that the number of cells in cultures with 

high concentrations of antigen are never as great as the cell numbers achieved when no 

antigen is present suggests that either the distribution of times to die in subsequent 

divisions or the division destiny of the population, or both, are also altered by high 

antigen concentrations. 
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It is difficult to definitively distinguish between these possibilities during stimulation 

with anti-CD40 mAb and IL-4 due to the extent of CFSE dilution that is undergone. 

With current techniques, it is not possible to determine whether cells may die while 

actively participating in a division cycle or only upon reaching their division destiny. If 

the latter is the case, then division destiny must be truncated by high concentrations of 

HEL; otherwise the responding cell populations would be expected to eventually reach 

the same cell number. However, if cell death can occur as a result of overlapping, and 

simultaneously functional, distributions of times to divide and times to die, then a 

longer subsequent division time would lead to more cells being lost from the response 

during the proliferation phase, even if their potential division destiny has not been 

reached. This latter hypothesis is more in accordance with data from the BrdU 

incorporation assay, which shows that the proportion of actively proliferating cells is 

not inhibited by high concentrations of HEL up to day 5 of the response (Figure 5.8) 

 

These results demonstrate that different parameters of B cell proliferation are affected 

by different concentrations of antigen during TD stimulation. The behaviour of cells in 

response to the presence of 10 ng/ml HEL suggests also that the ranges of 

concentrations inducing these different effects overlap one another. This antigen 

concentration leads to enhanced early proliferation, stimulating faster first divisions in 

the same manner as lower HEL concentrations (Figure 5.6 C). However, by a later time 

this division progression advantage had been lost (Figure 5.7 D) and still later the effect 

had been reversed and there were fewer live cells in this culture than in the culture 

without HEL (Figure 5.7 E). These combined results indicate that this intermediate 

antigen concentration is able to induce both a degree of the enhancing effect of low 

antigen concentrations, but also a degree of the inhibitory effect that occurs with high 

concentrations. 

 

Rush et al. have assessed the effect on in vitro B cell proliferation of the addition of a 

BCR cross-linking (anti-IgD) mAb to cultures of WT B cells stimulated with CD40L 

and IL-4 (Rush et al. 2002). The presence of the anti-IgD mAb led to faster first 

divisions and the accumulation of more cells in later divisions when compared to 

CD40L and IL-4 stimulation alone, as assessed by CFSE profiles on days 2 and 3 of the 

culture. However, there was no difference in the division profiles of the cells on day 4. 

These results are similar to those presented here for the behaviour of SWHEL B cells 
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responding to intermediate concentrations of antigen. Rush et al. attribute the slowing of 

division progression at day 4 to nutrient depletion in the culture medium (Rush et al. 

2002). While this may play a contributing role, it is also possible that the concentration 

of anti-IgD mAb used was sufficient to induce the effects on division destiny or times to 

die in later divisions as shown here to occur in the presence of high concentrations of 

HEL. These observations may warrant future experiments to directly compare the 

effects of these reagents. 

 

When the effect of antigen on in vitro TI stimulation was assessed, the influences of 

HEL on B cell responses to LPS or CpG were found to vary. The effect of antigen on TI 

responses therefore cannot be generalised and these conditions must be considered on 

an individual basis. This is perhaps not surprising, given that the proliferation responses 

to these two stimuli alone are also inherently different.  

 

In cultures of LPS-stimulated SWHEL B cells, the most striking observed effect of the 

presence of antigen is the increase in the proportion of cells that enters first division 

even when very low HEL concentrations are used (Figure 5.10). This results in 

substantially greater total cell numbers in cultures containing low to intermediate 

concentrations of HEL than in cultures stimulated with LPS alone. The proportion of 

cells entering division following stimulation with LPS is influenced by the density of 

the cells in culture; the first division progressor fraction of B cell populations 

responding to LPS is often under 50%, but if the cell density is too low then even fewer 

cells enter division (Edwin Hawkins, WEHI, personal communication). Even though 

previously established optimal cell densities were used for experiments presented in this 

Chapter, it is possible that BCR engagement by HEL leads to further enhancement of 

intercellular interactions. However, BCR signals may also trigger intracellular pathways 

that impact directly on this parameter.  

 

Proliferation in response to LPS and high concentrations of HEL is lower than in cell 

populations responding to intermediate concentrations of HEL, despite the high antigen 

concentrations also leading to almost all cells entering division. It is therefore clear that 

the first division progressor fraction is not the only parameter of the LPS proliferation 

response that is affected by antigen. Cohort analysis shows that progressively increasing 

the HEL concentration results in both faster mean times to first division and slower 
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mean times to subsequent divisions (Figure 5.11); this combination results in 

indistinguishable CFSE profiles during the early proliferative phases of the response, as 

seen in Figure 5.10 D. However, by later times the CFSE profiles in subsequent 

divisions are no longer equivalent and the division progression of cells that had been 

stimulated with high doses of HEL lags behind that of cells stimulated with no HEL or 

low concentrations of HEL (Figures 5.10 E). In contrast to TD stimulation, it is possible 

in the case of LPS stimulation to directly observe in CFSE profiles that high 

concentrations of HEL actively truncate the population division destiny. Not all cells in 

these cultures undergo sufficient divisions to reach CFSE autofluoresence, in contrast to 

cell populations responding to LPS alone. 

 

Thus, as already seen for TD stimulation, antigen exerts differing effects on LPS 

proliferation parameters depending on its concentration. Previous studies in our 

laboratory ((Mamchak and Hodgkin 2000) and Zhen Guo, WEHI, unpublished results) 

have investigated how the addition of anti-Ig reagents affect B cell proliferation 

responses to LPS. Multiple anti-IgM and anti-IgD mAbs were tested and shown to exert 

surprisingly different effects; some mAbs enhanced LPS-induced proliferation, others 

inhibited it. One anti-IgD mAb (1.19) exerted similar effects on cell behaviour to those 

shown here to occur upon the addition of HEL to SWHEL B cell cultures stimulated with 

LPS; first division precursor frequency was increased, resulting in greater overall 

proliferation, but a relative accumulation of cells in earlier divisions was also observed 

(Zhen Guo, WEHI, unpublished). The enhancing effect of the anti-Ig signal on cell 

number was reversed by the addition of cyclosporine A (CsA), a molecule that inhibits 

the phosphatase activity of calcineurin ((Mamchak and Hodgkin 2000) and Zhen Guo, 

WEHI, unpublished results). However, which proliferation parameters were affected by 

CsA was not assessed. It may be of interest to further explore these findings, and those 

discussed above for TD stimulation, by definitively comparing the effects of anti-Ig 

reagents and specific antigen on B cell behaviour to various stimuli and assessing the 

role of calcineurin signalling.  

 

The response of CpG-stimulated B cells to antigen is less complex than the effects of 

antigen seen during anti-CD40 mAb and IL-4 or LPS stimulation. The average division 

destiny of cell populations responding to CpG is significantly greater in the presence of 

antigen, resulting in both an extended duration of the response and the accumulation of 
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a greater number of live cells (Figures 5.13 and 5.14). Observation of the forward 

scatter characteristics of the cells by flow cytometry also showed that cells in 

stimulation with CpG and high concentrations of HEL remain in a large “blast” state for 

longer than cells stimulated with CpG alone (data not shown).  

 

In summary, it may not be surprising that the addition of a second stimulatory agent 

enhances B cell proliferation. However, by analysing the B cell proliferation parameters 

that define the model we have developed in our laboratory, significant new insights are 

revealed into how these responses are enhanced. It is perhaps more surprising to see that 

the presence of antigen influences different proliferation parameters in each stimulation 

condition. The data presented in this Chapter show that the signalling pathways initiated 

by BCR engagement act in synergy with the signalling pathways initiated by anti-CD40 

and IL-4 or LPS or CpG activation to produce very distinct changes to B cell behaviour. 

 

Despite these differences, a common theme emerges on careful analysis of the results: it 

appears that the enhancement of proliferation in the presence of antigen is induced by 

altering a parameter that is “limiting” in each stimulation condition. B cells stimulated 

with anti-CD40 mAb and IL-4 take a comparatively long time to enter division and a 

substantial number of cells die during this phase; intermediate concentrations of antigen 

shorten the time to first division and thus more cells divide. Many cells do not respond 

to LPS stimulation and remain undivided; the presence of antigen reduces the 

proportion of undivided cells. Finally, a short division destiny is a hallmark of B cells 

stimulated with CpG; adding antigen to the culture allows responding cells to undergo 

many more divisions. The results presented in this chapter suggest that the presence of 

an additional BCR signal can enhance B cell responses by regulating the elements of the 

proliferation machinery that are sub-maximally induced even by saturating 

concentrations of a mitogen. An interesting extension of this study will be to conduct 

experiments in which the concentration of mitogen is varied in combination with a 

constant concentration of antigen. It is possible that exposure of B cells to antigen may 

change the sensitivity of the cells to polyclonal activation; for example, the 

concentration of a ubiquitous molecule such as LPS required to induce a B cell response 

may be considerably lower if the cell is sensitised by antigen exposure. 
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Another important finding presented in this Chapter is that high doses of antigen 

actively inhibit B cell responses. Inhibition occurs by influencing distinct aspects of the 

proliferation responses to those that result in proliferation enhancement. Inhibition of 

proliferation may reflect a B cell reaction to a signal that chronic BCR engagement is 

occurring. Indeed, when SWHEL B cells are only exposed to HEL for a short time 

(Figures 5.9 and 5.12), the enhancing effects on proliferation that occur early in the 

response are observed but the detrimental impacts on proliferation that occur late in the 

response to constant high-dose HEL stimulation are observed to a lesser extent, 

depending on how long the duration of HEL exposure was. This suggests that chronic 

stimulation through the BCR initiates the inhibitory effects that shut down the 

proliferation response in later phases. Inhibition of the cell number achieved during the 

SWHEL B cell response to CpG stimulation was inhibited in the presence of high doses 

of HEL, despite the fact that division destiny is actually extended by high doses of 

antigen in this system (Figure 5.13). Thus, high antigen concentration may indeed 

provide a signal that affects the times to die of dividing cells. This observation provides 

further evidence that the regulation of division destiny and death is very complex and 

that this behaviour cannot be fully analysed with current CFSE-based techniques.  

 

A final point of interest from this Chapter is that antigen concentration and affinity 

appear to coordinately regulate in vitro B cell proliferation (Figure 5.16). The patterns 

of changed proliferation in response to low and high dose WT HEL in each stimulus are 

paralleled when the lower affinity (2x and 3x) HEL mutants are used in culture instead, 

but the concentration range over which the effects are exerted is shifted to higher 

concentrations. Thus, a concentration of WT HEL that exerts a high-dose inhibitory 

effect is the same concentration that exerts a low-dose stimulatory effect when lower 

affinity antigen is used. These combined observations indicate that analyses of changes 

to B cell behaviour in response to affinity variation and concentration must take these 

factors into account. It is interesting to note that there was little discrimination between 

2x and 3x HEL. There is a 250 fold difference in affinity between WT and 2x HEL, and 

a further 50 fold reduction in affinity between 2x and 3x HEL (Paus et al. 2006). The 

concentrations of WT and 2x HEL required to induce similar proliferation effects 

differed by approximately 2 orders of magnitude. Thus it is possible that the 50 fold 

difference in affinity between 2x and 3x HEL is not sufficient for concentration effects 

to be observed on the scale of antigen titration used in these experiments. However, in a 
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previous report, a 10 times greater concentration of 2x HEL and 1,000 times greater 

concentration of 3x HEL was required to induce the same extent of SWHEL B cell 

intracellular tyrosine phosphorylation as that of WT HEL (Paus et al. 2006). This is 

greater affinity discrimination than that observed here, suggesting that the role of 

affinity in the proliferation responses assessed in this Chapter warrants further 

investigation.
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Chapter 6: The effects of antigen on B 

cell differentiation in vitro 

 

6.1 Introduction 
 

The development of an effective humoral immune response relies not only on the 

proliferation of antigen specific B cells but also on their differentiation to antibody 

secreting cells (ASC). The isotype of immunoglobulin that is secreted by these cells is 

also important, as each of the isotypes have different functional capacities, as described 

in Chapter 1. B cell differentiation does not occur spontaneously in naïve cells in vivo or 

in vitro, but is dependent on activation signals that induce proliferation. In vitro, the 

progression of B cells through division cycles directly dictates the likelihood of 

differentiation events (Hodgkin et al. 1996; Hasbold et al. 1998; Deenick et al. 1999; 

Tangye et al. 2002; Hasbold et al. 2004; Tangye and Hodgkin 2004). However, just as 

previous Chapters have described the population variability inherent to B cell 

proliferation responses, these in vitro studies have shown that it is also the case that not 

all cells in a population will differentiate in the same way in response to a given signal. 

Studies of division linked differentiation led to the formulation of the “division 

hypothesis” (Tangye and Hodgkin 2004). This hypothesis proposes that B cells are 

governed by an internally encoded differentiation pathway, and ASC differentiation and 

isotype switching ensue in a predetermined division-linked pattern during the 

proliferation response. It is hypothesised that loss of antigen provides a signal that 

sufficient ASC of an appropriate isotype had already been generated. In contrast, the 

continued presence of antigen signals to the cells that further division is required to 

produce more ASC and that antibody of an alternative isotype should be secreted 

(Tangye and Hodgkin 2004). Thus, the antibody isotypes produced in early division 

rounds are those more likely to clear common pathogens, such as IgG1 (Tangye and 
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Hodgkin 2004). Antibody isotypes such as IgE or IgA may only be produced in later 

rounds of division as these may be more effective in combating unusual or persistent 

pathogens. In this hypothesis, additional signals provided by other cell types, such as 

cytokines, may provide specific information to the B cells that alters the timing and 

outcomes of this programmed response (Tangye and Hodgkin 2004). 

 

The analysis of the effects of BCR engagement on B cell proliferation presented in 

Chapter 5 shows that an antigen signal significantly influences the quantitative 

outcomes of in vitro B cell responses to mitogenic stimuli. The resultant understanding 

of the effects of antigen on proliferation serves to inform studies of the effects of 

antigen on differentiation. A signal that regulates aspects of B cell division progression 

in the ways seen here to occur in response to antigen, including the proportion of cells 

that participate in the proliferation response, the division rate or the population division 

destiny, is expected to affect the differentiation outcomes of the response in a division-

linked manner. We sought to assess this hypothesis by experiment, together with an 

analysis of whether BCR engagement leads to differentiation behaviour that occurs 

independently of the proliferative effects induced by antigen. This Chapter presents 

results from experiments investigating SWHEL B cell ASC differentiation and isotype 

switching in response to the presence of HEL of varying concentrations and affinities 

during T-dependent (TD) and T-independent (TI) stimulation. Close reference is made 

to the proliferation effects of antigen reported in Chapter 5.  

 

In experiments presented in this Chapter, B cells that had differentiated to ASC were 

identified either by expression of the cell surface marker syndecan-1, also known as 

CD138, (Sanderson et al. 1989) or using SWHEL blimp-1GFP/+ B cells from offspring of 

SWHEL mice that had been bred with blimp-1GFP/+ mice (Kallies et al. 2004). GFP 

expression indicating transcription of blimp-1 is the preferred method for identifying 

ASC, as this method does not rely upon the cell surface staining process required for 

identifying cells expressing syndecan-1. Furthermore, not all cells capable of antibody 

secretion express syndecan-1, whereas all blimp-1 expressing (GFP+ cells from the 

blimp-1GFP/+ mice) cells secrete antibody and no cells that do not express blimp-1 (GFP− 

cells from the blimp-1GFP/+ mice) are capable of secretion (Kallies et al. 2004). Thus, 

estimates of numbers and proportions of ASC will be higher when blimp-1 expression is 

used as the identifying marker than when syndecan-1 is used. However, syndecan-1 
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expression was relied upon in experiments presented here when an analysis of cell 

division progression was required, as GFP expression cannot be adequately 

distinguished in CFSE-labelled cells.  

 

6.2 Results 

6.2.1 The addition of HEL to cultures of WT B cells during LPS 

stimulation does not affect ASC differentiation or isotype switching 

HEL purchased from Sigma was used for all experiments in this Chapter except those 

presented in Figure 6.2, 6.6 and 6.11, where WT, 2x and 3x HEL variants were used as 

indicated. HEL does not affect the in vitro proliferation of WT B cells (Figure 5.2). The 

expectation that HEL would not affect WT B cell differentiation was supported by the 

observation that the presence of HEL did not influence ASC differentiation (Figure 6.1, 

left hand column) or isotype switching away from IgM (Figure 6.1, middle column) 

during WT B cell responses to LPS stimulation. HEL also did not lead to isotype 

switching to IgG1 in WT B cells (Figure 6.1, right hand column). The importance of 

this control will become evident later in this Chapter.  

 

6.2.2 B cell differentiation in response to antigen during T-dependent 

stimulation 

6.2.2.1 HEL regulates the differentiation of SWHEL B cells during TD stimulation 

in a manner that appears to reflect the effects of antigen on proliferation  

SWHEL RAG-/- mice were used for all experiments presented in this Chapter unless 

otherwise specified, and the term ‘SWHEL B cells’ refers to naïve, resting splenic 

follicular B cells purified from spleens of these mice as described in Chapter 1. For
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Figure 6.1: HEL does not affect the ASC differentiation or isotype switching of WT B cells 
during in vitro proliferation responses. 
CFSE-labelled WT B cells were stimulated in vitro with 15 µg/ml LPS alone (A) and with 1000 
ng/ml HEL (B) or 1 ng/ml HEL panel C). The cells were harvested on day 4, fixed with PFA 
and permeabilised with Tween overnight, as described in Chapter 2. The following day the cells 
were stained with PE-conjugated anti-syndecan-1 and APC-conjugated anti-IgM or anti-IgG1 
antibodies and analysed by flow cytometry. 
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experiments in which isotype switching was analysed, only B cells from SWHEL mice 

heterozygous for the heavy chain transgene were used, to prevent the potential 

occurrence that the presence of two heavy chain transgenes could result in the 

expression of immunoglobulin of two different isotypes from the same cell. 

 

During experiments assessing SWHEL B cell ASC differentiation during anti-CD40 mAb 

and IL-4 stimulation, IL-5 was added to the cultures as this cytokine has been shown to 

increase the rate of ASC differentiation during TD stimulation in vitro without affecting 

proliferation parameters (Hasbold et al. 2004). In these conditions, the addition of HEL 

at low concentrations led to both a greater proportion (Figure 6.2 A, C and E) and a 

greater number (Figure 6.2 B and D) of ASC than were generated in response to the 

stimuli alone. However, the enhancing effect of antigen on differentiation was reversed 

at higher HEL concentrations, which resulted in a gradual decrease in the proportion 

and number of ASC. The presence of the highest concentrations of antigen actually 

resulted in both a lower proportion and fewer ASC than were seen in populations of 

cells stimulated with anti-CD40 mAb, IL-4 and IL-5 alone (Figure 6.2). When the 

proliferation response of SWHEL B cells to saturating anti-CD40 mAb and IL-4 was 

analysed, the addition of low concentrations enhanced proliferation by reducing the 

time to first division, thereby increasing the overall number of responding cells, 

whereas high HEL concentrations in inhibited the response (Figures 5.6-5.8). Thus, the 

bell-shape of the changes to ASC differentiation with differing antigen concentrations 

directly reflects the concentration dependent effects of antigen on proliferation. While 

direct comparison of cell numbers cannot be made due to the results being obtained 

from different experiments, the peak of both number of live cells and number and 

proportion of ASC occurred in response to 0.1 ng/ml HEL (Figures 5.6 and 6.2).  

 

B cells responding to anti-CD40 mAb and IL-4 stimulation in vitro typically switch 

isotype to IgG1 in a division linked manner (Hasbold et al. 1998). IgG1 production by 

SWHEL B cells responding to CD40L and IL-4 in vitro has also been shown (Phan et al. 

2003), but the effect of the presence of HEL on this behaviour was not assessed. When 

this combined stimulation was tested, the proportion of IgG1 isotype switched cells was 

also regulated by HEL concentration in a bell-shaped pattern (Figure 6.3), just as for 

ASC differentiation. Interestingly, while the presence of high concentrations of HEL 
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Figure 6.2: HEL influences SWHEL B cell differentiation to ASC during TD stimulation in 
a manner that appears to be linked to the effects of antigen on proliferation.  
SWHEL blimp-1GFP/+  B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb, 500 U/ml 
IL-4 and 5 ng/ml IL-5 alone and with various concentrations of WT HEL. Cells were harvested 
for counting and analysis of GFP expression on days 4 and 5. Percentages (A, C) and absolute 
numbers of GFP high cells (B, D) were calculated (mean and SEM of three replicate cultures 
are shown). GFP expression in blimp-1GFP/+  B cells is indicative of blimp-1 expression and used 
as a marker of ASC differentiation (Kallies et al. 2004). Representative flow cytometry 
histograms of live cells showing relative GFP expression and the gate used for identification of 
GFP high cells are shown (E). 
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Figure 6.3: HEL influences SWHEL B cell isotype switching during TD stimulation in a 
manner that appears to be linked to the effects of antigen on proliferation.  
CFSE-labelled SWHEL B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb 500 U/ml 
IL-4 and 5 ng/ml IL-5 alone and with various concentrations of HEL. Cells were harvested on 
day 4 and stained with an APC-conjugated anti-IgG1 antibody prior to analysis byflow 
cytometry. Percentages of live cells identified as staining positively for IgG1 are shown (A; 
mean and SEM of three replicate cultures are shown). Representative flow cytometry dotplots 
showing gates used to determine positive IgG1 staining are shown (B). 
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induced a lower proportion of cells to switch to IgG1 than intermediate HEL 

concentrations, these high concentrations were not actively inhibitory and did not 

reduce the proportion of switched cells below that seen in response to stimulation 

without antigen. This suggested that either a higher concentration of antigen is required 

to induce an equivalent extent of effect on isotype switching as on ASC differentiation, 

or alternative mechanisms operate to influence the two differentiation events.  

 

6.2.2.2 Antigen signals inhibit the proportion of ASC generated per division during 

TD stimulation but isotype switching rates are not affected on a per division basis 

The results presented in Figures 6.2 and 6.3 show that B cell differentiation is affected 

by antigen concentration in a pattern that directly mirrors the effect of antigen seen on B 

cell proliferation. However, it was not possible from these data to conclude that the 

differences in proliferation behaviour resulting from the presence of antigen exclusively 

explain the observed differentiation outcomes. Instead, the possibility remained that the 

antigen signal was also directly affecting differentiation behaviour. To examine this, 

cell differentiation was calculated on a per division basis. The proportion of ASC in 

each division was reduced by the presence of HEL in a concentration dependent manner 

(Figure 6.4 A) but no consistent effect was seen on the rates of IgG1 isotype switching 

per division (Figure 6.4 B). This result explains the differential effects of high antigen 

concentration on ASC differentiation and isotype switching considered in the previous 

section. Active inhibition of ASC differentiation by the presence of HEL was confirmed 

on a per-cell basis by ELISpot assay (Figure 6.5). 

 



Effects of antigen on B cell differentiation 

 187 

 
 
 
Figure 6.4: HEL inhibits the proportion of SWHEL ASC generated per division during TD 
stimulation but does not affect isotype switching per division. 
CFSE-labelled SWHEL B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb, 500 U/ml 
IL-4 and 5 ng/ml IL-5 alone and with various concentrations of HEL. Cells were harvested on 
days 4 and 5 and stained with PE-labelled anti-syndecan-1 and APC-labelled anti-IgG1 
antibodies and analysed by flow cytometry. Division intervals were determined from CFSE 
dilution profiles as described in Chapter 2 and the proportions of syndecan-1- (A and B) and 
IgG1- (C and D) expressing cells per division were calculated. Proportions of cells per division 
were only calculated in divisions in which more than 100 cells were counted by flow cytometry.  
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Figure 6.5: HEL inhibits the proportion of SWHEL B cells differentiating to ASC during 
TD stimulation on a per cell basis 
SWHEL B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb, 500 U/ml IL-4 and 5 
ng/ml IL-5 alone and with various concentrations HEL for four days. Live cells were counted 
and used in ELISpot assays as described in Chapter 2. Plates had been coated with HEL. Wells 
were seeded with 4500 cells from each stimulation condition. Antibody binding was detected 
using a biotinylated anti-mouse IgM secondary antibody. Spot number was determined using an 
ELISpot plate counter; means and SEM are shown for three replicate wells from each 
stimulation condition (A). Photographs of representative wells from each stimulation condition 
are shown in (B).  
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6.2.3 B cell differentiation in response to antigen during T-independent 

stimulation 

6.2.3.1 The presence of HEL inhibits ASC differentiation in SWHEL B cell during 

LPS stimulation 

Having assessed the complex role of antigen in regulating differentiation during TD B 

cell responses, similar experiments were carried out using TI stimuli. Previous reports 

have documented that ASC differentiation is inhibited when WT B cells are 

simultaneously stimulated with an anti-Ig antibody and LPS (Andersson et al. 1974; 

Kearney et al. 1978; Rui et al. 2006) and when HEL-specific MD4 B cells are 

stimulated with LPS and HEL (Rui et al. 2006). When this behaviour was investigated 

using SWHEL B cells, it was also observed that the addition of HEL during LPS 

stimulation led to a remarkable decrease in the proportion and number of ASC, in a 

manner dependent on antigen concentration (Figure 6.6). ELISA analysis also showed 

that the amount of HEL-specific antibody in the supernatants of cultures of B cells 

stimulated with LPS was markedly inhibited by HEL in a concentration dependent 

manner (Figure 6.7). This effect of antigen on ASC differentiation is clearly 

independent to the effects of HEL on SWHEL B cell proliferation reported in Chapter 5. 

One ng/ml HEL was the concentration of antigen found to most enhance B cell 

proliferation responses to LPS, both in terms of cell number and division progression 

(Figure 5.10), yet this antigen concentration resulted in an approximately 60% reduction 

of the proportion of cells differentiating to ASC compared to cells stimulated with LPS 

alone (Figure 6.6). 

 

6.2.3.2 SWHEL B cells switch to IgG1 in response to HEL during LPS stimulation 

B cells proliferating in response to LPS stimulation typically switch isotype to IgG2b 

and IgG3 (Gronowicz et al. 1979). When various concentrations of HEL were added to 

cultures of SWHEL B cells during LPS stimulation, the presence of HEL induced a 

substantial decrease in the proportion of cells expressing IgM, suggesting that more 

isotype switching was occurring in these cultures (Figure 6.8 A). Analysis of the 

expression of the other immunoglobulin isotypes revealed that HEL induced the LPS-

stimulated cells to switch to IgG1, an isotype that is atypical of the B cell response to 
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Figure 6.6: HEL inhibits ASC differentiation of SWHEL B cells during LPS stimulation in 
an antigen dose dependent manner 
SWHEL blimp-1GFP/+  B cells were stimulated in vitro with 15 µg/ml LPS alone and with various 
concentrations of WT HEL. Cells were harvested for counting and analysis of GFP expression 
on day 4. Percentages (A) and absolute numbers of GFP high cells (B) were calculated (mean 
and SEM of three replicate cultures are shown). Representative flow cytometry histograms of 
live cells showing relative GFP expression and the gate used for identification of GFP high cells 
are shown (C). 
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Figure 6.7: Antigen induced inhibition of ASC differentiation during LPS stimulation is 
reflected in antibody titres from cell culture supernatants.  
SWHEL B cells were stimulated in vitro with 15 µg/ml LPS alone and with various 
concentrations HEL for four or five days. Culture supernatants were then harvested and diluted 
by a factor of 100 prior to analysis for Igκ concentration by ELISA using plates coated with 10 
µg/ml HEL. Antibody binding was detected using a biotinylated anti-mouse Igκ secondary 
antibody. The mean and SEM of the optical density (OD) of three replicate wells of the ELISA 
plate are shown.  
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Figure 6.8: HEL induces IgG1 isotype switching in SWHEL B cells during LPS stimulation. 
SWHEL B cells were stimulated in vitro with 15 µg/ml LPS alone and with various 
concentrations of HEL. Cells were harvested on days 3 and 4, fixed with PFA and 
permeabilised with Tween overnight. The following day, cells were stained with APC- or PE-
conjugated anti-IgM, anti-IgG1, anti-IgG2a, anti-IgG2b or anti-IgG3 antibodies and analysed by 
flow cytometry. Percentages of live cells identified as staining positively for each isotype are 
shown for IgM (A) and switched isotypes (B).  
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LPS, in a manner dependent on the concentration of antigen (Figure 6.8 B). Relative 

expression of other Ig isotypes was not affected by the presence of HEL in a consistent 

manner (Figure 6.8 B). The cells were also screened for IgA and IgE expression but the 

numbers of cells expressing these isotypes were below the level of detection. Isotype 

switching to IgG1 in response to combined HEL and LPS stimulation is further 

considered in Chapter 7. 

 

6.2.3.3 Short duration HEL exposure during LPS stimulation leads to secretion of 

IgG1 by SWHEL B cells 

Results presented in Chapter 5 demonstrate that exposure of SWHEL B cells to HEL for a 

short time at the start of constant stimulation with LPS or anti-CD40 mAb and IL-4 

initiated the same changes to proliferation parameters that occurred when HEL was 

present throughout the culture period, and the duration of HEL exposure dictated the 

extent of the effects on proliferation. As the antigen signal exerted interesting effects on 

B cell differentiation during LPS stimulation that were not associated with the 

proliferative effects of antigen, the ability of short duration antigen exposure to alter 

differentiation behaviour was investigated. When HEL was present for the first 24 hours 

of SWHEL B cell culture with LPS, ASC differentiation was reduced compared to that 

observed in cultures stimulated with LPS alone, but the inhibition was not as great as 

that seen when HEL was constantly present (Figure 6.9 A). In contrast, switching to 

IgG1 was induced to the same level in cell populations receiving 24 hours of HEL 

stimulation as in populations in which HEL was constantly present (Figure 6.9 A). This 

observation again suggests differential modes of action for the regulation of ASC 

differentiation and isotype switching by antigen, as already seen in TD stimulation.  

 

ELISA analysis of cell culture supernatants revealed that the ability of SWHEL B cells 

stimulated with LPS to secrete antibody was somewhat recovered when HEL was 

removed after 24 hours (Figure 6.9 B) and that detectable levels of secreted IgG1 were 

secreted by cells treated in this way (Figure 6.9 C). IgG1 was not detected in 

supernatants from cell cultures stimulated with LPS alone (Figure 6.9 C), as LPS does 

not lead to IgG1 switching (Figure 6.8 B). Although IgG1 switching occurs in LPS-

stimulated cells when HEL is constantly present, no IgG1 (or IgM) could be detected in 

these supernatants due to the almost complete inhibition of differentiation to ASC that 
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occurs in these conditions (Figure 6.9 B and C). These observations were further 

reinforced by ELISpot analysis. Spots representing cells secreting IgG1 were only 

obtained from cells stimulated with LPS and short duration HEL exposure (Figure 6.9 

D). Thus, a 24 hour period of high dose antigen exposure during LPS stimulation is 

sufficient to induce substantial IgG1 isotype switching and also leads to effective IgG1 

antibody secretion. 
 

6.2.3.4 HEL induces ASC differentiation and IgG1 isotype switching in SWHEL B 

cells during CpG stimulation 

B cell differentiation to ASC in response to CpG stimulation is difficult to assess, as 

follicular B cells stimulated with CpG do not produce syndecan-1 or blimp-1 expressing  

cells that can be detected by flow cytometry (Fairfax et al. 2007). However, when HEL 

was added to cultures of SWHEL B cells stimulated with CpG, antibody secretion 

increased in an antigen concentration dependent manner (Figure 6.10 A). Despite this, 

supernatants of cells stimulated with 1000 ng/ml HEL contained less antibody that those 

stimulated with 100 ng/ml HEL (Figure 6.11 A). Thus, high-dose antigen appears to 

actively inhibit ASC differentiation during CpG stimulation, as cell proliferation in 

response to 1000 ng/ml during CpG stimulation is enhanced compared to proliferation 

in response to CpG alone (Figures 5.13 and 5.14). 

 

CpG stimulation of B cells in vitro also does not lead to detectable numbers of cells of 

any switched isotype (data not shown). Having observed isotype switching to IgG1 in 

response to antigen during LPS stimulation, it was of interest to assess whether antigen 

also induces IgG1 switching in response to CpG, another TLR agonist. IgG1 

accumulated in supernatants of SWHEL B cell cultures when HEL was added during 

CpG stimulation (Figure 6.10 B) and IgG1 expressing cells were also detected by flow 

cytometry (Figure 6.10 A). Secreted IgG1 antibody was detectable by ELISA (Figure 

6.10 B) and ELISpot (Figure 6.10 C), although the concentration of HEL required to 

induce secretion of IgG1 antibody was higher than that required to induce IgM secretion 

(Figure 6.10 B), again indicating differential regulation of ASC differentiation and 

isotype switching by an antigen signal. Inhibition of secretion of IgG1 antibody in 

response to the highest concentration of HEL tested was observed, as previously noted 

for IgM secretion. 
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Figure 6.9: Exposure of SWHEL B cells to HEL for 24 hours during LPS stimulation 
induces ASC differentiation and IgG1 antibody secretion. 
SWHEL B cells were stimulated in vitro with 15 µg/ml LPS alone and with 1000 ng/ml HEL. 
After 24 hours, cells were harvested, washed three times in BCM and replaced in culture with 
LPS only or with LPS and HEL. Cells were harvested after a total culture time of 4 or 5 days. 
Cells harvested on day 5 were fixed with PFA and permeabilised with Tween overnight. The 
following day, cells were stained with PE-conjugated anti-syndecan-1 and biotinylated anti-
IgG1 antibodies. A tricolour-conjugated streptavidin was used for detection of biotin. Cells 
were analysed by flow cytometry; representative dot plots are shown (A). Supernatants of cell 
cultures were harvested after five days and used for ELISA analysis in ELISA plates coated 
with 10 µg/ml HEL. Antibody binding was detected using a biotinylated anti-mouse IgM (B) or 
anti-mouse IgG1 (C) secondary antibodies. The mean and SEM of the optical density (OD) of 
three replicate wells of the ELISA plate are shown. Live cells harvested on day 4 were counted 
and used in ELISpot assays using plates had been coated with 10 µg/ml HEL. Wells were 
seeded with 5000 cells from each stimulation condition. Antibody binding was detected using a 
biotinylated anti-mouse IgM secondary antibody. Spot number was determined using an 
ELISpot plate counter; a photograph of each of three replicate wells is shown. 
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Figure 6.10: HEL increases ASC differentiation and IgG1 switching in SWHEL B cells 
during CpG stimulation although high dose antigen inhibits ASC differentiation.  
SWHEL B cells were stimulated in vitro with 3 µM CpG alone and with various concentrations of 
HEL for five days. Culture supernatants were harvested and diluted by a factor of 2 prior to 
analysis for antibody concentration by ELISA using plates coated with 10 µg/ml HEL. 
Antibody binding was detected using a biotinylated anti-mouse IgM (A) or IgG1 (B) secondary 
antibodies. The mean and SEM of the optical density (OD) of three replicate wells of the ELISA 
plate are shown (error bars smaller than symbol in some cases). In another experiment, SWHEL B 
cells were stimulated in vitro with 3 µM CpG alone or with various concentrations of HEL for 
five days prior to harvest, fixation with PFA and permeabilisation with Tween overnight. The 
following day, cells were stained with an APC-conjugated anti-IgG1 antibody and analysed by 
flow cytometry. Representative flow cytometry dotplots showing gates used to determine 
positive IgM or IgG1 staining are shown (C). 
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Figure 6.11: Antigen concentration and affinity exert coordinate effects on SWHEL B cell 
differentiation. 
SWHEL blimp-1GFP/+  B cells were stimulated in vitro with 20 µg/ml anti-CD40 mAb, 500 U/ml 
IL-4 and 5 ng/ml IL-5 or 15 µg/ml LPS alone and with various concentrations of WT HEL, 2x 
or 3x HEL. Cells were harvested for counting and analysis of GFP expression on day 4. 
Percentages (A, C) and absolute numbers of GFP high cells (B, D) were calculated (mean and 
SEM of three replicate cultures are shown). Note that the data shown for WT HEL has already 
been presented in Figures 6.2 and 6.7; the 2x and 3x HEL variants were used in the same 
experiments. In another experiment, CFSE-labelled SWHEL B cells were stimulated in vitro with 
15 µg/ml LPS alone or with various concentrations of WT HEL, 2x or 3x HEL. Cells were 
harvested on day 4 and stained with an APC-labelled anti-IgG1 antibody and analysed by flow 
cytometry. The proportion of cells expressing IgG1 in each population was determined (E). 
Division intervals were determined from CFSE dilution profiles as described in Chapter 2 and 
the proportions of cells expressing IgG1 per division were also calculated (F).   
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6.2.4 Antigen affinity and concentration coordinately influence B cell 

differentiation during TD and TI proliferation responses 

In Chapter 5 it was shown that antigen concentration and affinity operate in a coordinate 

fashion to regulate B cell proliferation in response to mitogenic stimuli (Figure 5.16). 

The HEL affinity variants described in Chapters 1 and 5 were also used to test the effect 

of antigen affinity on SWHEL B cell differentiation behaviour. The patterns of antigen 

concentration dependent effects on ASC differentiation were similar in response to all 

antigen affinities tested but, as previously observed for the effects of antigen affinity on 

proliferation responses, approximately 100 times the concentration of the lower affinity 

2x or 3x HEL variants was required to exert effects comparable to those seen in 

response to the addition of WT HEL (Figure 6.11 A-D). As also previously seen in the 

proliferation assays, little difference was observed between 2x HEL and 3x HEL in 

terms of antigen concentration dependent effects on ASC differentiation. 

 

Isotype switching to IgG1 in response to the addition of HEL during LPS stimulation 

was also assessed using the HEL affinity variants described in Chapters 1 and 5. The 

presence of 2x and 3x HEL also induced measurable IgG1 switching, although only at 

the highest antigen concentration tested (Figure 6.11 E and F). When the proportion of 

switched cells was analysed on a per division basis a similar coordinate relationship 

between antigen affinity and concentration was observed for isotype switching 

behaviour as for proliferation and ASC differentiation (Figure 6.11 F). Interestingly, 

there appears to be more discrimination between 2x and 3x HEL variants in the IgG1 

switching response to that seen for proliferation or ASC differentiation, suggesting that 

the isotype switching process may be somewhat more sensitive to affinity variation. 

This observation may justify further testing at higher antigen concentrations. 
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6.3 Discussion 
 

During humoral immune responses in vivo, quantitative regulation of B cell 

proliferation is necessary to establish appropriately timed immune responses that are of 

adequate magnitudes to combat a pathogen without detrimental depletion of host 

resources and while retaining flexibility for other responses to be mounted. In addition, 

qualitative regulation of effector cell differentiation helps to generate responses that will 

most effectively target a pathogen. In in vitro B cell responses, the quantitative and 

qualitative aspects of B cell behaviour can be directly assessed and are found to be 

tightly related. ASC differentiation and isotype switching are both division linked 

processes, and many of the stimuli that induce B cell proliferation also influence 

differentiation outcomes (Hodgkin et al. 1996; Hasbold et al. 1998; Deenick et al. 1999; 

Tangye et al. 2002; Tangye and Hodgkin 2004). In this Chapter, the effects on B cell 

differentiation of an antigen signal during proliferation responses to TD or TI stimuli 

were investigated. Results presented in Chapter 5 show that the signal provided by HEL 

influences multiple aspects of SWHEL B cell proliferation, and different proliferation 

parameters are affected in the responses to different stimuli. These effects on 

proliferation were carefully taken into account when changes in differentiation patterns 

in response to the antigen signal were observed in this Chapter. A summary of the 

effects of antigen on B cell differentiation is provided in Table 6.1. 

 

An analysis of the effect of HEL on SWHEL B cell differentiation in response to TD 

stimulation provides an excellent example of how B cell outcomes are best understood 

when differentiation is considered as a division linked process. If merely an “end-point” 

of proliferation and differentiation is looked at, for example the total accumulation of 

antibody in culture supernatant as measured by ELISA (Figure 6.4), it could simply be 

assumed that intermediate concentrations of antigen enhance ASC differentiation rates 

and high concentrations are inhibitory. But this assumption would not take relative cell 

proliferation into account. HEL concentration regulates the SWHEL B cell proliferation 

response to anti-CD40 mAb and IL-4 stimulation in a bell-shaped manner (Figure 5.6) 

and the same pattern is observed for ASC differentiation and isotype switching to IgG1 

(Figures 6.2 and 6.3). Thus, the ELISA result could be explained by HEL exerting no 

direct effect on ASD differentiation, but instead by the effects of antigen on cell number 
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and division progression, as it is known that the likelihood of ASC differentiation 

increases with division number (Hasbold et al. 2004). Intermediate concentrations of 

HEL lead to the presence more cells in later divisions throughout the course of the 

response (Figure 5.6), which will result in more antibody having been secreted by a 

given time, as was observed (Figure 6.4). Similarly, high concentrations of HEL reduce 

the number of live cells at later stages of the proliferation response (Figure 5.6), which 

could explain the observed accumulation of lower amounts of antibody in supernatants 

of cell cultures stimulated in this way. 

 

However, yet further analysis reveals that the effects of antigen on differentiation during 

TD stimulation cannot solely be explained by proliferation changes. An indication that 

this might be the case is the finding that high concentrations of HEL inhibit the 

proportion of cells differentiating to ASC, as well as the absolute number (Figure 6.2). 

One explanation for this could be that high HEL concentrations may act to truncate the 

mean population division destiny, as discussed in Chapter 5. However, HEL decreases 

the rate of ASC differentiation in a concentration dependent manner on a per division 

and per cell basis (Figures 6.4 and 6.5). Thus, the concentrations of HEL that lead to the 

highest amount of antibody being secreted and the highest number of differentiated 

ASC actually cause an inhibition in differentiation rates. The high numbers and 

proportions of ASC observed in these conditions result from the proliferative effects of 

antigen, which compensate for this inhibition. In summary, this is a useful example of 

how integrating an understanding of division linked differentiation with studies of 

proliferation and differentiation can help to deconstruct experimentally observed effects 

on B cell responses to certain stimulus combinations. 

 

Interestingly, no consistent affect of HEL on the rate of isotype switching per division 

during TD stimulation was observed (Figure 6.4). In contrast to this, Rush et al. showed 

that the addition of an anti-IgD mAb to B cell cultures stimulated with CD40L and IL-4 

delayed isotype switching to IgG1 by an average of 2-3 divisions, despite enhancing B 

cell proliferation at early times (Rush et al. 2002). The total numbers or proportions of 

switched cells were not presented in this study, but a delay in division-linked switching 

combined with no effect on proliferation would be expected to result in a lower number 

and proportion of switched cells. It is possible that anti-Ig reagents andspecific antigen 

exert differing influences through the BCR, although the proliferative effects 
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seemsimilar, as discussed in Chapter 5. Rush et al. did not present results on ASC 

differentiation, so it is not possible to compare the effects of anti-IgD used in their 

system and the effects of antigen observed here on this behaviour.  

 

Previous studies of B cell behaviour in vitro have shown that ASC differentiation 

prevents subsequent isotype switching (Hasbold et al. 2004). It thus appears somewhat 

contradictory that IgG1 isotype switching per division is unaffected by the presence of 

HEL, despite significant inhibition of ASC differentiation per division. This ambiguity 

indicates that further investigation of isotype switching in response to antigen during 

TD stimulation, including an analysis of switching to other isotypes, is warranted. 

 

The addition of HEL to LPS stimulated B cell cultures has markedly different effects on 

both ASC differentiation and isotype switching to those observed during TD 

stimulation. Despite increasing the proportion of cells entering first division and thereby 

increasing the overall proliferation response to LPS (Figure 5.10), the presence of HEL 

dramatically inhibits ASC differentiation (Figure 6.6). The presence of antigen also 

leads to switching to IgG1, an isotype atypical of B cell responses to LPS (Figure 6.8 

B). These effects cannot be accounted for by the proliferation changes induced by 

antigen during LPS stimulation. 

 

Inhibition of ASC differentiation upon the addition of an anti-Igµ antibody to cultures 

of mouse spleen cells stimulated with LPS was first observed over 30 years ago 

(Andersson et al. 1974; Kearney et al. 1976). In an observation described by the authors 

as paradoxical, this inhibition of differentiation was seen to be accompanied by a 

marked increase in the proliferation of the responding cells, as assessed by cell number 

and cellular incorporation of tritiated thymidine (Kearney et al. 1976; Kearney et al. 

1978). Inhibition of ASC differentiation by the presence of an anti-Igµ mAb during LPS 

stimulation of B cells has been reported again more recently, together with the finding 

that concurrent stimulation of HEL-specific BCR transgenic (MD4) B cells with LPS 

and HEL also leads to the same outcome (Rui et al. 2006). These combined results 

suggest a global phenomenon in which BCR signalling, whether by specific antigen or 

through BCR cross-linking, inhibits ASC differentiation during LPS stimulation. How 

might this occur? Rui et al. showed that exposure of MD4 B cells to HEL during LPS 

stimulation leads to chronic phosphorylation of the signalling intermediate ERK (Rui et 
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al. 2006). Chronic ERK phosphorylation was not seen in B cells during LPS stimulation 

alone. When ERK signalling was inhibited using a MEK antagonist, a recovery of 

syndecan-1 expression by B cells stimulated with LPS and HEL was observed. 

Furthermore, treatment with the MEK antagonist led to measurable secreted antibody in 

cell supernatants following in vitro B cell stimulation with LPS and HEL or LPS and 

anti-Igµ mAb (Rui et al. 2006). This suggests that maintained ERK signalling is 

required for the inhibition of ASC differentiation that occurs under these stimulation 

conditions.  

 

Although the finding that ERK signalling plays an important role in ASC differentiation 

regulation is useful, it does not explain how ASC differentiation is suppressed. Kearney 

et al. (Kearney et al. 1978) propose a possible explanation for the mechanism of this 

inhibition: that the generation of membranes necessary for the formation of rough 

endoplasmic reticulum, an organelle characteristic of plasma cells, could be impaired by 

the continuous modulation and internalisation of IgM receptors and associated 

membrane that occurs upon BCR engagement. However, the fact that their data suggest 

that merely one hour of anti-Igµ exposure is sufficient to result in almost complete 

inhibition of secretory capacity six days later (Kearney et al. 1978) appears at odds with 

this hypothesis; it seems unlikely that one hour of sIg modulation would prevent 

membrane trafficking six days later. If this were the case, it is difficult to see how 

antigen stimulation through the BCR could be associated with successful specific 

antibody secretion during in vivo responses. However, this hypothesis could have 

greater resonance with the results presented here, which show that differentiation 

capability may be recovered to some extent at later stages in the response if the BCR 

stimulus is removed after 24 hours of exposure (Figure 6.9).  

 

A similar temporal effect of HEL on the inhibition of ASC differentiation inhibition has 

previously been observed upon the addition of HEL to cultures of MD4 B cells 

stimulated with CpG (Rui et al. 2003). In a very similar study to the authors’ 

investigation of MD4 cells responding to LPS and antigen, Rui et al. showed that ASC 

differentiation during CpG-induced B cell proliferation was dramatically inhibited by 

BCR ligation and that this effect was dependent on the ERK pathway. However, when 

HEL was washed away after one day, ASC differentiation capacity was delayed but had 

resumed 4 days later, compared to the chronic inhibition that was observed during 
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constant antigen exposure (Rui et al. 2003). Although this result supports the data 

presented in this Chapter for LPS stimulation conditions, it should be noted that we do 

not observe levels of syndecan-1 or blimp-1 expression typically used for characterising 

ASC at any stage the proliferation response of naïve, resting follicular B cells (used in 

all experiments presented here) to CpG stimulation (data not shown and (Fairfax et al. 

2007)). However, B1 B cells do differentiate to ASC expressing these characteristic 

markers in response to CpG (Fairfax et al. 2007) and it is possible that the whole splenic 

B cell populations used by Rui et al. (Rui et al. 2003) contained sufficient B1 and MZ B 

cells to produce the extent of CpG-induced ASC differentiation (and corresponding 

inhibition of differentiation) reported in their study. 

 

The induction of IgG1 switching in response to LPS and HEL reported in this Chapter is 

a novel finding and this phenomenon is explored in more detail in Chapter 7. Isotype 

switching to IgG1 is also seen when high concentrations of HEL are added to SWHEL B 

cells stimulated with CpG (Figure 6.10). This IgG1 switching could be the outcome of a 

number of possible occurrences. In Chapter 5 it was shown that increasing the 

concentration of HEL in SWHEL B cell cultures stimulated with CpG resulted in the 

responding cells undergoing more divisions. It is possible that this extended division 

destiny allows isotype switching to occur along a division-linked default path that is 

inherent in the B cell response but that is never reached under conditions of CpG 

stimulation alone as insufficient divisions are undergone. Unfortunately, as re-

stimulation with CpG alone does not extend the division destiny of the cells it is not 

possible to assess this. Alternatively, HEL may induce the same signalling pathways 

during CpG stimulation as those that lead to IgG1 switchinig during LPS stimulation. If 

a mechanism is elucidated to account for IgG1 switching in response to LPS and HEL, 

as discussed in the following Chapter, it should be possible to investigate the role of this 

mechanism in CpG responses. 

 

It is also possible that BCR ligation during CpG activation leads to an entirely different 

signalling outcome to the signalling that occurs in response to antigen during LPS 

stimulation. The current understanding of B cell isotype switching during CpG 

responses is less developed than that of responses to LPS. In in vivo models of allergy 

and infection, CpG DNA promotes antigen-specific antibodies of Th1-like isotypes, 

including IgG2a, IgG2b and IgG3 (Chu et al. 1997; Rifkin and Marshak-Rothstein 
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2003). Recent studies have shown that in vitro B cell stimulation with CpG leads to 

class switching to IgG2a via a signalling pathway that involves the transcription factor 

T-box expressed in T cells (T-bet) (Peng et al. 2002; Liu et al. 2003; Lin et al. 2004). T-

bet induction in response to CpG signalling and the resulting switch to IgG2a occurs 

independently of IFNγ, the cytokine typically associate with switching to IgG2a 

(Snapper and Paul 1987; Peng et al. 2002; Liu et al. 2003). LPS stimulation of B cells 

does not lead to T-bet up-regulation (Liu et al. 2003) but IFNγ-induced in vitro 

switching to IgG2a in combination with LPS is dependent on T-bet expression (Peng, 

Szabo et al. 2002; Gerth et al. 2003). Thus, T-bet may represent an important 

differential factor in the signalling events resulting from LPS and CpG stimulation of B 

cells and in particular play a role in determining the isotype of switched B cells 

responding to CpG alone or in combination with other signals. No cellular expression of 

IgG2a or IgG2a antibody secretion was measured in CpG proliferation assays conducted 

for this work (data not shown). However, if possible distinctions between the effects of 

antigen signalling on responses to different TI stimuli are to be investigated, assessing 

T-bet expression and regulation might be a useful starting point. 
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Chapter 7: Isotype switching to IgG1 in response 

to antigen during LPS stimulation 

 

7.1 Introduction 
 

Although inhibition of B cell differentiation to antibody secreting cells (ASC) in 

response to BCR ligation during LPS stimulation has been previously reported 

(Andersson et al. 1974; Kearney et al. 1978; Rui et al. 2006), the observation, presented 

in Chapter 6,  that these stimulation conditions induce isotype switching to IgG1 is a 

novel finding. It seems counter-intuitive that combined LPS and antigen signalling 

should be inhibitory to productive humoral immune responses, as these signals would 

be expected to be integral to the generation of B cell responses to bacterial antigens. It is 

possible that active reduction in ASC differentiation occurs as a cellular defence 

mechanism to avoid indiscriminate responses to very common signals. However, data 

presented in Chapter 6 indicate that not only can antibody secretion capacity be 

recovered after an antigen signal of limited duration, but that the isotype of antibody 

that is then secreted can be altered by the exposure to antigen. A 24 hour pulse of 

antigen exposure at the start of continuous LPS stimulation programmed the responding 

cells to undergo substantial IgG1 class switching at later stages of the response, but the 

removal of the antigen allowed some recovery of ASC differentiation capacity, such 

that when this differentiation step occurred, a proportion of the ASC had already 

switched isotype and thus secreted IgG1 (Figure 6.9). The striking degree of IgG1 

switching in response to the antigen signal warranted further investigation, as is 

presented in this Chapter. 
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7.2 Results 

7.2.1 HEL and IL-4 both induce SWHEL B cells to switch to IgG1 

during LPS stimulation  

SWHEL RAG-/- mice were used for all experiments presented in this Chapter unless 

otherwise specified, and the term ‘SWHEL B cells’ refers to naïve, resting splenic 

follicular B cells purified from spleens of these mice as described in Chapter 1. HEL 

purchased from Sigma was used for all experiments in this Chapter. 

 

Although IgG1 antibody is not produced by B cells responding to LPS stimulation 

alone, isotype switching to IgG1 is seen when B cells are simultaneously stimulated 

with LPS and IL-4 (Vitetta et al. 1985; Snapper and Paul 1987; Berton et al. 1989; Esser 

and Radbruch 1989). Both HEL and IL-4 induced a reduction in the proportion of cells 

expressing IgM and an increase in the proportion of cells expressing IgG1 when added 

separately to cultures of SWHEL B cells stimulated with LPS (Figure 7.1 A). When HEL 

and IL-4 were added together, the level of IgG1 switching was greater than when either 

stimulus was used alone (Figure 7.1 A). Secretion of IgG1 was detected in supernatants 

of cell cultures to which 10 ng/ml HEL had been added (Figure 7.1 B), indicating that 

this concentration of HEL was sufficient to induce switching to IgG1 but did not inhibit 

to ASC differentiation to as great an extent as 1000 ng/ml HEL (Figure 7.1 B). One 

possible explanation for these results could be that SWHEL B cells stimulated with LPS 

and HEL are induced to secrete IL-4, which would then lead to IgG1 switching in the 

cells. However, a saturating concentration of IL-4 and a high concentration of antigen 

were used in the experiment presented in Figure 7.1 A, and the fact that an a greater 

level of IgG1 switching occurred when the two stimuli were used together than when 

either was used alone suggested that the two agents can act synergistically to induce 

IgG1 switching. Furthermore, supernatant of cell cultures stimulated with HEL and LPS 

did not contain detectable levels of IL-4 when analysed by ELISA (data not shown). 

These findings are more in keeping with the hypothesis that IgG1 switching occurring 

in response to HEL during LPS stimulation mimics that induced by IL-4 but is not 

mediated by IL-4.   
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Figure 7.1: IL-4 and HEL both induce IgG1 switching in SWHEL B cells during LPS 
stimulation.  
SWHEL B cells were stimulated in vitro with 15 µg/ml LPS alone and with 500 U/ml IL-4 or 100 
ng/ml HEL, separately or together. Cells were harvested on day 3, fixed with PFA and 
permeabilised with Tween overnight, as described in Chapter 2. The following day, cells were 
stained with biotinylated anti-IgM or anti-IgG1 antibodies and binding was detected using 
tricolour-conjugated streptavidin prior to analysis by flow cytometry. Percentages of stained 
cells from two separate cultures are shown (A).. In a separate experiment, SWHEL B cells were 
stimulated in vitro with 15 µg/ml LPS alone and with 500 U/ml IL-4 or 10 ng/ml HEL or 1000 
ng/ml HEL. Supernatants harvested after 4 days of culture were diluted by a factor of 6 prior to 
analysis for IgG1 concentration by ELISA using plates coated with 10 µg/ml HEL. Antibody 
binding was detected using a biotinylated anti-mouse IgG1 secondary antibody. The mean and 
SEM of the optical density (OD) of three replicate wells of the ELISA plate are shown.  
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B cell isotype switching to IgG1 in response to IL-4 co-stimulation has been shown to 

be dependent on phosphorylation of STAT6 (Takeda et al. 1996; Linehan et al. 1998). 

To assess whether HEL also uses a STAT6 signalling pathway to induce isotype 

switching to IgG1 in SWHEL B cells, STAT6 phosphorylation in SWHEL B cells was 

assessed directly by flow cytometry. The SWHEL RAG2-/- mice were also bred with mice 

lacking the STAT6 gene (STAT6-/- mice) in which STAT6 signalling is ablated and IL-4 

responses are impaired (Takeda et al. 1996; Linehan et al. 1998).  

 

7.2.2 HEL induces phosphorylation of STAT6 in B cells to a lesser 

extent than IL-4 

The phosphorylation of intracellular STAT6 in response to IL-4 or HEL stimulation was 

assessed using phosFlow techniques, as described in Chapter 2. No pSTAT6 was 

detected in response to any stimuli in B cells from SWHEL STAT6-/- mice (Figure 7.2 

A). Stimulation with IL-4 induced rapid and substantial STAT6 phosphorylation in 

SWHEL B cells compared to stimulation LPS or no stimulation (Figure 7.2 B). 

Stimulation with HEL induced levels of STAT6 phosphorylation in SWHEL B cells 

above background at each time analysed (Figure 7.2 B and C). However, the degree of 

pSTAT6 fluorescence intensity in response to HEL was less than that induced by IL-4, 

and pSTAT6 fluorescence levels were actually lower in cells concurrently stimulated 

with LPS and HEL than with cells stimulated with LPS alone. Although the STAT6 

phosphorylation induced by HEL was not as striking as that observed in response to IL-

4, it was not possible from these results to ascertain whether HEL stimulation was 

indeed inducing STAT6 phosphorylation or rather other changes to the cell that led to 

higher levels of non-specific fluorescence. 

 

7.2.3 HEL induces IgG1 switching in SWHEL B cells during LPS 

stimulation in a STAT6 independent manner 

To more definitively test whether STAT6 phosphorylation is involved in mediating 

IgG1 isotype switching in response to antigen, cellular expression of IgG1 was 

compared in B cells from SWHEL and SWHEL STAT6-/- mice. As expected, SWHEL 
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Figure 7.2: IL-4 induces STAT6 phosphorylation in SWHEL B cells but pSTAT6 induction 
by HEL is inconclusive.  
SWHEL or SWHEL STAT6-/- B cells were stimulated in vitro at 37°C with 30 µg/ml LPS or 2000 
ng/ml HEL or 500 U/ml IL-4 or LPS and HEL together or with no stimulation,. Cells were 
harvested after 5, 15, 30, 60 or 120 minutes and lysed and permeabilised as described in Chapter 
2. Permeabilised cells were stained using an APC-conjugated anti-pSTAT6 antibody prior to 
analysis by flow cytometry. SWHEL STAT6-/- B cells were used as negative controls for pSTAT6 
staining. Overlaid histograms of the level of pSTAT6 staining on gated live cells are presented 
(B). Histogram mean fluorescence intensity was calculated using FlowJo software (C).  
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STAT6-/-
 B cells stimulated with LPS and IL-4 did not express IgG1 (Figure 7.3 F and 

N), unlike SWHEL B cells with functional STAT6 (Figure 7.3 B and J). However, 

stimulation with LPS and HEL induced switching to IgG1 in a antigen dose dependent 

manner in both cell types (Figure 7.3 C, D, G, H and K, L, O, P). These results indicate 

that the IgG1 switching induced by HEL during LPS stimulation is not dependent on 

STAT6 signalling. 

 

The independence of IgG1 switching in response to HEL was confirmed by quantitative 

real-time PCR (qPCR) using cDNA prepared from B cells from SWHEL and SWHEL 

STAT6-/- mice that had been stimulated with LPS alone or together with IL-4 or HEL 

for three or four days. SWHEL B cells expressed significantly lower levels of IgM gene 

transcript following stimulation with LPS and IL-4 compared to LPS stimulation alone 

(Figure 7.4 A). In contrast, IgM transcript levels in B cells from SWHEL STAT6-/- mice 

that had been stimulated with LPS and IL-4 were not reduced compared to LPS 

stimulation alone (Figure 7.4 B), again confirming that isotype switching in response to 

IL-4 requires STAT6 signalling. However, B cells from both SWHEL and SWHEL 

STAT6-/- mice expressed significantly lower levels of IgM transcript following 

stimulation with HEL, and this was dependent on the dose of HEL used (Figure 7.4 A 

and C). When IgG1 expression levels were analysed, mirrored results were obtained: 

IL-4 induced an upregulation of IgG1 transcript expression in B cells from SWHEL mice 

but not SWHEL STAT6-/- mice, whereas HEL induced IgG1 transcript expression in both 

cell types (Figure 7.4 B and D). 

 

7.2.4 The presence of HEL enhances AID expression in SWHEL B cells 

during LPS stimulation 

B cell isotype switching relies upon the expression and action of AID (Muramatsu et al. 

2000). To help to establish whether the IgG1 expression seen in SWHEL B cells 

responding to HEL during LPS stimulation is the result of a normal isotype switching 

process, AID levels were measured by qPCR in cDNA prepared from SWHEL B cells 

stimulated in this manner. AID expression levels increased with increasing 

concentrations of HEL (Figure 7.5). However, AID expression reached a maximal level 

at approximately 10 µg/ml of HEL. Further increases in HEL concentration did not 
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Figure 7.3: HEL induces SWHEL STAT6-/- B cells to switch to IgG1 during LPS stimulation 
but IL-4 does not. 
SWHEL or SWHEL STAT6-/- B cells were prepared separately and stimulated in vitro with 15 
µg/ml LPS alone and with 500 U/ml IL-4, 10 ng/ml HEL or 1000 ng/ml HEL. Cells were 
harvested on day 3 or day 4, fixed with PFA and permeabilised with Tween overnight, as 
described in Chapter 2. The following day, cells were stained with PE-conjugated anti-
syndecan-1 and APC-conjugated anti-IgG1 to analysis by flow cytometry. 
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Figure 7.4: HEL induces immunoglobulin γ1 gene transcription in both SWHEL and SWHEL 
STAT6-/- B cells during LPS stimulation. 
SWHEL B cells were stimulated in vitro with 15 µg/ml LPS alone and  with 500 U/ml IL-4 or 10 
ng/ml HEL or 1000 ng/ml HEL or 500 U/ml IL-4 together with 1000 ng/ml HEL. SWHEL 
STAT6-/- B cells were prepared separately and stimulated in the same manner. Cells were 
harvested on day 3 and used for preparation of RNA and reverse transcription of cDNA as 
described in Chapter 2. Q-PCR was performed using primers specific for total IgM (µ) or total 
IgG1(γ1), listed in Chapter 2. Cycle threshold (CT) values for each of three replicates were 
normalised to mean hmbs CT values determined from three replicates and these normalised 
values were used for statistical analysis. Cycle threshold values from cultures containing IL-4 
and/or HEL were compared to the relevant LPS-only baseline (by day and cell type); values that 
were statistically significantly different (p<0.05 by non-paired T-test) to the LPS baseline are 
starred (lower than LPS for IgM or higher than LPS for IgG1). The normalised CT values were 
transformed to linear expression values by calculating 2^ (mean normalised CT value); error bars represent 
2^ (mean normalised CT value +/- SEM). The mean LPS expression value for each condition was then set to 
1 and other expression values (means and errors) were transformed to be relative to this, as 
shown in A-D. 
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Figure 7.5: AID expression is up-regulated in SWHEL B cells in response to HEL during 
LPS stimulation. 
SWHEL B cells were stimulated in vitro with 15 µg/ml LPS alone and with the indicated 
concentrations of HEL. Cells were harvested on day 4 and used for preparation of RNA and 
reverse transcription of cDNA, as described in Chapter 2. Quantitative real-time PCR was 
performed using primers specific for AID, listed in Chapter 2. Cycle threshold (CT) values for 
each of three replicates were normalised to mean hmbs CT values determined from three 
replicates and these normalised values were used for statistical analysis. Cycle threshold values 
from cultures containing IL-4 and/or HEL were compared to the relevant LPS-only baseline (by 
day and cell type); values that were statistically significantly different (p<0.05 by non-paired T-
test) to the LPS baseline are starred. The normalised CT values were transformed to mean 
expression values by calculating 2^( mean normalised CT value); error bars represent 2^(mean normalised CT value 

+/- SEM). The mean LPS expression value was then set to 1 and other expression values (means 
and errors) were transformed to be relative to this, as shown. 
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result in increases in AID expression, in contrast with IgG1 switching rates, which do 

increase between 10 and 1000 ng/ml HEL (Figure 7.3).  

 

7.2.5 BCR cross-linking with anti-IgD mAb inhibits ASC 

differentiation but does not induce IgG1 switching during LPS 

stimulation 

As discussed in Chapter 5, it is of interest to compare B cell responses to direct BCR 

stimulation via specific antigen with non-specific BCR cross-linking by anti-Ig 

reagents. Previous experiments in our laboratory have shown that stimulation of WT B 

cells with an anti-IgD mAb and LPS induce changes to B cell proliferation similar to 

those induced in SWHEL B cells by HEL and LPS, as described in Chapter 5. The effect 

of this antibody on IgG1 switching was investigated. When SWHEL B cells were 

stimulated with LPS, inhibition of ASC differentiation occurred in response to the 

addition of the anti-IgD antibody or HEL (Figure 7.6 C and D), as previously seen in 

our laboratory (Chapter 6 and Zhen Guo, WEHI, unpublished results). However, the 

presence of the anti-IgD antibody did not induce IgG1 switching (Figure 7.6 G), in 

comparison to the IgG1 switching observed in the presence of HEL (Figure 7.6 H).  

 

7.3 Discussion 
 

Data presented in Chapters 6 and 7 demonstrate in multiple ways that the addition of 

HEL to cultures of SWHEL B cells during LPS stimulation leads to IgG1 isotype 

switching. The fact that there are minimal effects of HEL on the proportion of cells 

expressing other isotypes (Figure 6.8) suggests that the presence of HEL causes de novo 

switching to IgG1, rather than an isotype “switch” in which another switched isotype is 

replaced with IgG1. Further evidence that the antigen signal induces additional isotype 

switching is provided by the observation that the presence of HEL leads to upregulation 

of AID expression (Figure 7.5). However, this increase in AID expression plateaus at 

concentrations of HEL that lie within the range at which further increases in HEL 
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Figure 7.6: BCR cross-linking with an anti-IgD mAb inhibits ASC differentiation but does 
not induce IgG1 switching during LPS stimulation. 
CFSE-labelled SWHEL B cells were cultured in vitro in LPS alone and with 500 U/ml IL-4 or 10 
µg/ml anti-IgD mAb or 1000 ng/ml HEL for three days. Cells were then harvested, fixed with 
PFA and permeabilised with Tween overnight. The following day, cells were stained with PE-
conjugated anti-syndecan-1 and APC-conjugated anti-IgG1 antibodies prior to analysis by flow 
cytometry.
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concentration lead to further IgG1 switching capacity, implying that AID is not the rate-

limiting molecule for the concentration dependent effects of antigen on IgG1 switching 

during LPS stimulation. Investigating the regulation of IgG1 switching by antigen is not 

merely of theoretical interest, as data presented in these Chapters show that intermediate 

concentrations of antigen or short duration antigen exposure in conjunction with LPS 

stimulation can lead to functional IgG1 secretion. 

 

The IgG1 switching behaviour in response to HEL mimics that seen in B cells 

stimulated with LPS and IL-4. However, IgG1 switching in response to HEL occurs in a 

STAT6 independent manner (Figures 7.3 and 7.4) and thus must result from a divergent 

pathway to that induced by IL-4. Other cytokines known to contribute to IgG1 

switching in the mouse include IL-13 and IL-21 (Jin and Malek 2006). IL-4 and IL-21 

exert opposing effects on cell surface markers CD23 and CD44 in mouse B cells, 

suggesting that IL-21 might function in a different manner to IL-4 and IL-13 (Jin and 

Malek 2006). However, the signal provided by IL-21 does not resemble that seen here 

for HEL activation, as IL-21 signalling inhibits proliferation responses of follicular B 

cells to both LPS and CpG in vitro (Jin and Malek 2006), whereas HEL enhances these 

responses, as seen in Chapter 5. BAFF and APRIL are cytokine-like molecules, 

produced by myeloid cells, including macrophages, dendritic cells and neutrophils, that 

bind B cell surface receptors and influence multiple aspects of humoral immune 

responses, including activating isotype switching in both human and mouse B cells 

(Litinskiy et al. 2002; Castigli et al. 2005; Schneider 2005). B cells stimulated with 

BAFF or APRIL in vitro secrete IgG1 antibody, and this level is enhanced by the 

presence of IL-4 (Litinskiy et al. 2002; Castigli et al. 2005). However, levels of IgG1 

secretion and the proportion of IgG1 expressing cells were significantly lower following 

BAFF and APRIL stimulation (with or without IL-4) than in response to LPS and IL-4 

stimulation (Litinskiy et al. 2002; Castigli et al. 2005). The signalling pathway 

downstream of the BAFF and APRIL receptors that leads to isotype switching remains 

incompletely described (Bossen and Schneider 2006).  

 

While it is likely that these cytokines and co-stimulatory molecules, or others, will 

further influence the behaviour of B cells in response to antigen and polyclonal 

activation, no previously reported co-stimulatory action seems to correspond directly 

with the SWHEL B cell responses to LPS and HEL observed here. Furthermore, WT B 
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cells in mixed cultures with SWHEL B cells do not undergo IgG1 switching in response 

to LPS and HEL stimulation (data not shown), suggesting that this is indeed a cell-

intrinsic process and that HEL-engaged SWHEL B cells do not secrete a soluble switch-

inducing factor. Instead, it appears more likely that BCR ligation leads to direct 

downstream signalling events that induce IgG1 switching. 

 

As described in Chapter 6, Rui et al. demonstrated that the prevention of ASC 

differentiation resulting from concomitant LPS and BCR signalling could be relieved by 

inhibition of ERK signalling (Rui et al. 2006). If the effects on ASC differentiation and 

isotype switching seen in the work presented here represent two outcomes of one 

signalling pathway induced by antigen, it would be expected that IgG1 switching in 

response to LPS and HEL would also be reversed by ERK inhibition. In preliminary 

experiments testing this hypothesis, the MEK1 inhibitor PD98059 or the MEK1/2 

inhibitor UO126, used at concentrations in the range previously reported to be effective 

(Rui et al. 2006), did not affect the proportion of switched cells during LPS and HEL 

stimulation (data not shown). However, restoration of ASC differentiation was also not 

seen in these experiments (data not shown). Further experiments using these inhibitors 

will be required to clarify this discrepancy and adequately assess the role of ERK 

signalling in isotype switching. A more definitive way of doing this may be to cross the 

SWHEL RAG-/- mice with mice lacking the gene for mitogen-activated protein 3 kinase 

Tpl-2 and assess the ASC differentiation and IgG1 switching of B cells from these mice, 

as Tpl-2 is required for ERK activation in B cells stimulated with LPS or CpG (Dumitru 

et al. 2000; Banerjee et al. 2006). However, results presented in this Chapter show that 

ASC inhibition in HEL-specific BCR transgenic B cells is observed in response to 

either HEL or an anti-Ig mAb during LPS stimulation (Figure 7.6), whereas IgG1 

switching occurs in response to the presence HEL but not in response to anti-Ig 

stimulation (Figure 7.6). This suggests that the two effects of antigen on differentiation 

behaviour may be at least partially induced by alternate signalling pathways, and ERK 

activation is likely not be the sole regulator of these effects.  

 

Numerous signalling pathway intermediates and transcription factors have been 

implicated in the regulation of isotype switching, including the phosphatidylinositol 3-

kinase (PI3K) pathway (Omorio et al. 2006) and interferon regulatory factor (IRF)-4, a 

transcription factors that regulates the Aicda and Prdm1 genes, which produce AID and 
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blimp-1 respectively (Klein et al. 2006; Sciammas et al. 2006). The proteins required 

for isotype switching may also be regulated at a post-transcriptional level. For example, 

B cells deficient for the micro-RNA miRNA-155 proliferate and differentiate to ASC 

normally in response to LPS and IL-4 or anti-CD40 mAb and IL-4, but the proportion 

of switched cells and the secretion of antibody of switched isotype was reduced 

compared to cultures of WT B cells (Vigorito et al. 2007). While the above examples 

are interesting descriptors of molecules that can regulate isotype switching and ASC 

differentiation, none of these models appear immediately relevant to the isotype 

switching behaviour demonstrated in this Chapter, which not only represents a change 

in the quantity of isotype switching but also the initiation of a signalling pathway that 

induces IgG1 switching.   

 

A sensible first step towards identifying the signalling pathway leading to IgG1 

switching in response to LPS and HEL may be to assess molecules known to interact 

with the murine γ1 promoter region. Phosphorylated STAT6 binds to the γ1 promoter in 

response to IL-4 stimulation, and not in response to CD40 stimulation (Xu and 

Stavnezer 1992; Lundgren et al. 1994), but the switching reported here in response to 

HEL occurred independently of STAT6. Sites for binding of the transcription factor C 

enhancer binding protein (CEBP)-β and CEBPγ overlap with the STAT6 site in a region 

that has been termed the bZip element of the γ1 promoter (Lundgren et al. 1994; Mao 

and Stavnezer 2001). Two proteins, ATF/CREB and CEBP, bind the bZip element in 

response to CD40 stimulation of B cells (Mao and Stavnezer 2001). Interestingly, 

overexpression of ATF2 led to γ1 promoter activation but overexpression of either 

CEBPβ or CEBPγ inhibited promoter activity (Mao and Stavnezer 2001). The γ1 

promoter also contains three nuclear factor kappa B (NFκB) binding sites. B cell surface 

CD40 ligation leads to binding of NFκB to the γ1 promoter (Lin and Stavnezer 1996; 

Lin et al. 1998) and induces γ1 transcription in a cytokine independent manner (Warren 

and Berton 1995). CEBP inhibition of γ1 promoter activity may be a result of it 

interfering with NFκB activity, although CEBPβ and CEBPγ appear to behave 

differently in this manner (Mao and Stavnezer 2001). Thus, signals activating any of 

these molecules could lead to the IgG1 switching observed here in response to antigen. 
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The NFκB pathway is induced upon BCR ligation, initiated by protein kinase C β 

(PKCβ) activation of the trimolecular protein complex CARMA1 to promote NEMO 

polyubiquitination and consequent IκB kinase (IKK) activation (Weil and Israel 2004; 

Schulze-Luehrmann and Ghosh 2006). Subsequent downstream events, from the IKK 

complex to NFκB activation are not specific to BCR ligation but are common to those 

that occur in other NFκB -activating pathways (Schulze-Luehrmann and Ghosh 2006). 

The activated IKK complex phosphorylates IkBα and IkBβ, which leads to their 

degradation. Removal of the regulatory effects of the IkB molecules allows NFκB 

translocation to the nucleus, where it can bind the γ1 promoter, among many other 

NFκB DNA binding sites. Unfortunately, comparing the levels of IkB phosphorylation 

or NFκB nuclear translocation in B cells responding to concurrent LPS and HEL 

stimulation or in B cells stimulated with LPS alone is likely to merely illustrate the 

upregulation of the NFκB pathway that would be expected upon provision of an 

additional BCR signal. In order to assess whether the NFκB pathway plays a specific 

role in inducing IgG1 switching in response to HEL it would be necessary to conduct 

experiments assessing occupation of the relevant γ1 promoter binding sites by NFκB 

subunits, for example by chromatin immunoprecipitation assay.  

 

Finally, IgG1 switching was seen here to occur in response to BCR ligation by antigen 

but not in response to BCR cross-linking by an anti-IgD mAb, despite the fact that both 

reagents induce similar effects on B cell proliferation and ASC differentiation during 

LPS stimulation (Chapter 5 and Figure 7.6). This differential behaviour may be due to a 

fundamental difference in the signalling pathways downstream of the BCR that are 

induced by specific antigen or cross-linking. However, previous studies in our 

laboratory have revealed considerable differences in the effects of different anti-Ig 

reagents on B cell responses to LPS (Mamchak and Hodgkin 2000), suggesting that 

other anti-Ig reagents should be tested before a definitive statement can be made about 

differences in isotype switching behaviour in response to different modes of BCR 

engagement. 
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Chapter 8: General discussion 

 

8.1 Further development of the lymphocyte proliferation model 

The development of a quantitative model of lymphocyte proliferation dynamics has 

been the focus of our laboratory for many years, as described in Chapter 1. Data 

presented in Chapter 3 demonstrates that the current model is applicable to the analysis 

of in vivo and in vitro lymphocyte responses to various different stimulation conditions. 

The model comprises units of cell behaviour describing the times cells take to undergo 

their first division, the times to die of undivided cells, the proportion of cells entering 

division, the times cells take to divide in each subsequent division, the number of 

divisions undergone and the times to die of cells once they cease proliferating. All of 

these units, except the proportion of cells entering division, exhibit population variation 

and are included in the model as stochastic elements described using probability 

distributions. Importantly, experimental evidence obtained previously (Gett and 

Hodgkin 2000; Deenick et al. 2003; Hawkins et al. 2007) and described in this thesis 

shows that all of these parameters are required to model the full course of a lymphocyte 

proliferation response.  

 

Despite the fact that the set of parameters making up the model is broadly applicable, 

model fits to experimental data reveal that parameter values vary considerably between 

different lymphocyte proliferation responses, as exemplified in Chapter 3. For example, 

B cells stimulated with anti-CD40 mAb and IL-4 take a long time to enter division, and 

many cells die during this time. However, once proliferation commences the cells 

undergo multiple divisions. Cells stimulated with CpG, on the other hand, enter division 

rapidly and very cells die undivided, but the proliferation phase is short and 

comparatively few division cycles are undergone. Considering proliferation responses 

in terms of the model parameters illustrates one of the useful aspects of modelling; the 

process can pinpoint which elements of the proliferation machinery account for 
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observed differences and put quantitative values on variations in parameter values. By 

deconstructing proliferation responses in this way, the model may be used as a type of 

“calculus” to provide insight into how lymphocytes integrate multiple signals (Gett and 

Hodgkin 2000; Deenick et al. 2003; Hawkins et al. 2007). 

 

Model development is a continuous process. Chapters 3 and 4 of this thesis illustrate the 

process by which experimental observations can lead to model refinement. In this 

example, testing the hypothesis that stochastic variation exists in the times taken by 

activated cells to die once proliferation ceases not only provided evidence to support the 

hypothesis but also revealed that the number of divisions undergone by founder cells 

also varies. Division destiny, as this property of lymphocytes was termed, was found to 

be an essential component of B cell responses to both limited duration and continuous 

stimulation and thus was incorporated in the model. This is one example of how 

experiments that provide new information on lymphocyte behaviour can expose 

elements of the model that may be lacking. Model development then becomes 

dependent on finding a balance between incorporating sufficient parameters to 

adequately describe data and provide useful information and the model becoming “over-

parameterised” and thus less informative.  

 

Additional experimental evidence may also reveal that some assumptions of the model 

do not apply to actual cellular behaviour. These insights commonly arise when new 

experimental techniques become available. Recent experiments conducted in our 

laboratory have used time-lapse microscopy techniques to film B cells responding to 

CpG stimulation in vitro (Hawkins et al. 2008). CpG was the stimulus of choice because 

B cells stimulated with CpG do not form clumps of cells during in vitro culture, unlike 

B cells stimulated with anti-CD40 mAb and IL-4 or LPS, such that tracking single cells 

over the course of a proliferation response was only feasible during CpG stimulation. In 

these experiments, the time to divide of each founder cell was recorded. Each progeny 

cell was then also tracked, and this process continued as the cells went through multiple 

divisions, providing progeny trees. Propidium iodide was added to the cultures at the 

start of the experiment, so that the time of death could also be recorded.  

 

These data have provided a wealth of information that confirms many aspects of the 

current model. Variation in cell times to divide and die and division destinies was 
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observed on a cell-by-cell level in these experiments and the use of a lognormal 

distribution to describe variation in times to divide and die is strongly supported by the 

cumulative data. Two pieces of evidence from the time-lapse microscopy data support 

the concept that division destiny functions as a division “counter”, rather than a time-

based mechanism, as discussed in Chapter 4. The first of these is that the division 

destiny of the two progeny cells of one founder cell is more highly correlated than the 

combined correlation of each of their subsequent division times prior to division destiny 

being reached (Hawkins et al. 2008). If division destiny were timed from first division, 

these correlations would be expected to be more equal. The second piece of evidence 

stems from the observation that cells that go on to divide grow in size prior to division, 

whereas cells that go on to die do not grow (Hawkins et al. 2008). This suggests that 

once cells have undergone their final division, ie. when they have reached their division 

destiny, they lose the impetus to grow and then die. If division destiny were a time-

based occurrence, it would be expected that at least some cells that go on to die would 

be seen to grow to some extent prior to death occurring. 

 

The filming data also provide information on aspects of lymphocyte behaviour that 

cannot be assessed using CFSE techniques. For example, as discussed in Chapters 3 and 

4, CFSE data cannot be used to distinguish whether reaching division destiny is a pre-

requisite for cell death to occur or if the stochastic processes operate simultaneously. 

The microscopy data gives a novel insight into inter-relation of division destiny and 

death, by showing that cells that have reached their division destiny can be identified 

visually by a failure to grow in physical size after mitosis and that cell death occurs only 

after this event. This observation indicates that it may be appropriate to incorporate an 

operation into the GCytS that prevents cell death from occurring prior to division 

destiny being reached. This modification to the model may provide more accurate 

parameter values for the distribution of times to divide and times to die of cells in 

subsequent divisions. However, it remains unknown if this behaviour occurs only 

during CpG stimulation (as analysed in the microscopy experiments) or in all 

stimulation conditions.  

 

Another example of experimental evidence exposing aspects of the model that may 

require modification is the observation that ASC differentiation can alter the division 

destiny of a cell (Figure 4.12). It is conceivable that other proliferation parameters, 
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including times to divide or die, change following differentiation events. Although long-

lived cells are not generated during lymphocyte responses in vitro, long-lived memory 

cells are generated during in vivo responses, and it is clear that the differentiation step to 

a memory phenotype is accompanied by the adoption of different parameters dictating 

times to divide and die. Further experimental examination of how differentiation events 

regulate proliferation parameters is underway in our laboratory. Time-lapse microscopy 

will be used for this purpose, for example in conjunction with B cells from blimp-1GFP/+ 

mice, to attempt to assess changes to B cell behaviour that occur upon differentiation 

(and commencement of GFP expression). 

 

The flip-side of exploring how differentiation affects proliferation is to further 

implement our understanding of how proliferation affects differentiation. As described 

in Chapters 1 and 6, division linked differentiation behaviour has been documented in 

human and mouse B and T lymphocytes (Hodgkin et al. 1996; Gett and Hodgkin 1998; 

Hasbold et al. 1998; Deenick et al. 1999; Tangye et al. 2002; Tangye et al. 2003; 

Hasbold et al. 2004; Tangye and Hodgkin 2004). Current work in our laboratory aims to 

develop an integrated model of lymphocyte proliferation and differentiation based on 

this phenomenon. By adjusting the model to allow a description of division linked B 

cell ASC differentiation and isotype switching in response to various stimuli, we hope 

to be able to use the model to predict the outcome of differentiation behaviour, for 

example the level of immunoglobulin secretion at certain times during a response. 

 

8.2 Using the lymphocyte proliferation model to theoretically assess 

immune response outcomes 

A quantitative model is not only useful for assigning parameter values to data sets and 

providing a description of a lymphocyte response to a particular stimulus. It can also be 

used to provide general insights into lymphocyte behaviour. For example, the cyton 

model can be used in an entirely theoretical mode to explore the quantitative regulation 

of immune responses. This ‘in silico’ control of the model can provide a better 

understanding of how variation in parameter values can produce different immune 

outcomes. In a theoretical experiment, the mean times to divide and die in first division 

(Figure 8.1 A) and subsequent divisions (Figure 8.1 B), and the mean division destiny 
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(Figure 8.1 C), were all altered in parallel. There is experimental evidence for all of 

these parameters being directly affected by various external signals (Gett and Hodgkin 

2000; Rush and Hodgkin 2001; Hawkins et al. 2007). The parameter values were 

selected to range from long survival with extended division to early death with few 

divisions, but remained within a plausible range based on experimental observations 

such as those in previous Chapters of this thesis. The resulting predicted responses of a 

cell population are strikingly different and encompass the outcomes of cell death 

without any overall proliferation, resembling a tolerance response (Figure 8.1 D light 

blue), through to weak proliferation and then to rapid proliferation with an increase in 

cell number of three orders of magnitude followed by slow population contraction 

(Figure 8.1 dark blue). Thus, the model is capable not only of modelling experimental 

data sets but can also provide a description of the “tuning” of the immune response that 

occurs when external signals act to influence proliferative parameters.  

 

An important and distinctive feature of the cyton model is the integral role of population 

variance. Distributed times to divide and die allow more flexibility in the resulting 

outcomes than fixed parameter values would. This is exemplified in Figure 8.2, in 

which the only parameter value to be altered was the variance in times to die in 

subsequent divisions (Figure 8.2 B). An interesting outcome of this analysis is that high 

variation in the distribution of times to die led to the generation of a population of long-

lived cells (Figure 8.2 D dark orange). This feature is made possible by the use of the 

lognormal probability density function for describing the distribution of times to die in 

subsequent divisions. The long tail of the distribution means that the contraction phase 

of the proliferation response can contain a proportion of cells that die very slowly, 

without any explicit ‘programming’ for longevity. While the current model is not able 

to model a memory population (as described in Figure 3.9), a modification of the model 

to include branching populations of differentiated cells with distinct proliferation 

parameters is currently under development. However, this example demonstrates that 

inherent population variation allow the rate of population contraction to vary, a feature 

that may be useful in ‘tailoring’ immune responses to specific pathogens.
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Figure 8.1: Exploring the regulation of lymphocyte responses using the cyton proliferation 
model.   
The theoretical proliferation responses that would be predicted to result from varying the means 
of certain cyton parameters were determined by defining parameter values and using the general 
cyton solver to generate numerical outcomes. The parameter values altered were the means of 
times to divide and die for undivided cells (A) and cells in subsequent divisions (B) and the 
mean of the division destiny distribution (C). Parameter values were varied at equally spaced 
intervals from: times to first division med = 30 h (darkest colour) to 60 h (lightest colour), s 
constant at 0.3 h and times to die of undivided cells med = 50 h (lightest) to 100 h (darkest), s 
constant at 0.5 h (A); times to divide in subsequent divisions med = 10 h (darkest) to 20 h 
(lightest), s constant at 0.2 h and times to die in subsequent divisions = 16 h (lightest) to 35 h 
(darkest), s constant at 0.75 (B). First division progressor fraction = 1 for all cases. Division 
destiny Dµ varied at equally spaced intervals from 5 divisions (lightest) to 12 divisions 
(darkest), Dσ constant at 2� divisions (C). Calculated cell outcomes from an arbitrary starting 
cell number of 10,000 cells to 20 days are coded by the equivalently coloured distributions (D). 
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These two theoretical examples of predicted lymphocyte population outcomes also 

show how apparently small changes in proliferation parameter values can lead to 

perhaps surprisingly large changes in the overall response. This perspective provides 

insight into how complex regulation of lymphocyte responses may arise, by 

demonstrating how multiple signals that all exert small effects on various proliferation 

parameters can lead to a broad range of complex outcomes, despite the fact that the 

underlying processes of response, division and death appear simple. 

 

It is interesting to speculate on the genesis of the inherent variance in lymphocyte 

behaviour that is so crucial to this quantitative theory. Many pieces of evidence 

presented in this thesis implicate signal thresholds and signal accumulation as important 

regulators of responsiveness; the concentration, duration and affinity of signal can 

determine the proportion of a cell population that will respond and the cells’ subsequent 

division capacity. Population homogeneity, as judged by the surface markers commonly 

used to determine the purity of certain lymphocyte subsets, does not exclude the 

possibility of the cells exhibiting variation in receptor density and thus signal 

receptiveness. In addition, differing responses of identical cells can arise as a result of 

variation in protein transcription (Hume 2000; Kaern et al. 2005). If the activity of 

multiple proteins is required for a particular cell outcome, a chain of small variations in 

expression levels could lead to substantial variation on a cell to cell basis. 

 

8.3 Using a quantitative understanding of lymphocyte behaviour to 

study B cell responses to antigen  

In the experiments presented in Chapters 5, 6 and 7 of this thesis, B cells from SWHEL 

mice were used to explore how direct engagement of the BCR by antigen influences in 

vitro B cell proliferation responses and differentiation outcomes. The most immediately 

evident conclusion from this study is that the impact of an antigen signal varies 

considerably depending on the stimulatory context in which the B cell sees antigen. 

Thus, different parameters of B cell proliferation are affected by antigen depending on 

whether BCR engagement occurs during TD or TI stimulation, and the effects of 

antigen on proliferation responses to two different TLR agonists also differs. While the 

parameters of the quantitative model are very useful for describing these behaviours, it 
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Figure 8.2: The sensitivity of the cyton model to stochastic variation. 
Theoretical proliferation responses were predicted from cyton values where the variance in 
times to divide in subsequent divisions was the only parameter value to be altered. The 
parameter values used are graphically depicted in the top panel; times to first division med = 30 
h and s = 0.3 h and times to die of undivided cells med = 100 h and s = 0.5 h (A); times to 
divide in subsequent divisions med = 10 h and s = 0.2 h and times to die in subsequent divisions 
med = 35 h and s varying with colour gradation from 0.5 h (lightest colour), to 0.625, 0.75, 
0.875 and 1 h (darkest colour) (B). First division progressor fraction = 1.0 and division destiny 
µ  = 12 divisions and σ = 2 divisions (C). Calculated cell outcomes from an arbitrary starting 
cell number of 10,000 cells to 20 takes are coded by the equivalently coloured distributions (D). 
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is also interesting to contextualize these results in terms of the molecular events that 

may induce the outcomes observed here.The signalling pathways initiated by binding of 

the BCR and other cell surface receptors overlap considerably. TLR and BCR signals 

both activate the JNK, ERK and NF-κB pathways and CD40 signals overlap with BCR 

signals via activation of ERK, JNK and p38 (van Kooten and Banchereau 2000; Niiro 

and Clark 2002; Yi et al. 2003; Peng 2005; Schulze-Luehrmann and Ghosh 2006; 

Gallagher et al. 2007). However, the intermediates of these pathways may differ 

depending on the activating signal (Sutherland et al. 1996; Sakata et al. 1999), and some 

molecules initiated by one signalling pathway can actively modulate downstream events 

in another. For example, protein kinase D and tumor necrosis factor (TNF) receptor-

associated factor (TRAF) proteins can regulate the interaction between BCR and CD40 

signalling pathways (Haxhinasto et al. 2002; Hostager et al. 2003; Haxhinasto and 

Bishop 2004). It has also been demonstrated that B cell activation by CD40, IL-4 or 

LPS can change the signalling cascade initiated on BCR binding in a process called 

receptor cross-talk (Guo and Rothstein 2005; Mizuno and Rothstein 2005; Dye, et al. 

2007). B cells exposed in vitro to LPS and subsequently exposed to an anti-Ig antibody 

exhibited ERK phosphorylation of similar levels to that obtained with de novo BCR 

engagement, but the ERK phosphorylation was rendered independent of PI3K activity 

by the initial exposure to LPS (Dye, et al. 2007). NFκB activity in response to BCR 

stimulation was also shown to be re-programmed following LPS pre-stimulation, such 

that signal transduction became independent of PI3K (Dye et al. 2007). When pre-

stimulation with anti-CD40 was analysed, the MEK/ERK and NFκB pathways were 

also activated in a PI3K independent fashion, while IL-4 pre-stimulation led only to this 

change in the MEK/ERK pathway (Guo and Rothstein 2005; Mizuno and Rothstein 

2005). The authors suggest that these pre-stimulation conditions may mimic the relative 

responsiveness of B cells in the middle of an immune response, in contrast with cells in 

a naïve state. However, an alternative link between the BCR and downstream signalling 

molecules that bridges the apparently bypassed early signalling molecules has yet to be 

identified.  

 

Although the intracellular events that occur upon B cell activation are clearly complex, 

and this complexity is only heightened upon receipt of multiple signals, our quantitative 

model can help to understand the consequences of these molecular events on a 

population level. Such analysis of population behaviour also has the potential to identify 
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hitherto unknown examples of signal interaction or feedback. The results presented in 

this thesis have added the characterization of B cell proliferation and differentiation in 

response to antigen to a series of quantitative analyses of lymphocyte behaviour (Gett 

and Hodgkin 1998; Deenick et al. 2003; Hawkins et al. 2007; Hommel and Hodgkin 

2007). In this work, the effect of antigen concentration was thoroughly assessed and 

found to influence B cell proliferation and differentiation in response to TI and TD 

stimulation in a multifaceted manner. The effect of temporal regulation of antigen 

signals was also investigated, and it was found that short duration exposure to antigen 

enhances proliferation in response to polyclonal stimuli in a manner that continues after 

the removal of the antigen.  

 

This work has also identified numerous aspects of B cell responses to antigen that 

remain to be examined in this quantitative manner. It is possible that B cell experience 

of antigen may alter the sensitivity of the cell to other stimuli and an interesting line of 

future investigation will be to vary both the concentration of antigen and the 

concentration of the polyclonal stimuli. Furthermore, data presented here indicate that, 

in vitro, antigen affinity and concentration operate coordinately and none of the 

experiments identified effects of high affinity antigen that could not be replicated by 

higher doses of the lower affinity antigens tested. However, testing the role of affinity 

variation during short duration exposure to antigen or when antigen is used in 

conjunction with sub-saturating doses of the polyclonal stimuli may reveal more 

intricate regulation of B cell responses by antigen affinity.  

 

The effect of the physical structure in which the antigen is presented to the cells on B 

cell behaviour also remains to be assessed using the techniques described here. As 

discussed in Chapter 1, the structure of antigen has marked effects on B cell behaviour 

in vitro and in vivo, and oligomerisation of antigen can induce responses to low affinity 

antigen that cannot be induced by simply increasing the antigen dose (Batista and 

Neuberger 1998; Batista and Neuberger 2000; Kim et al. 2006). We wish extend our 

quantitative analysis of the effect of antigen on B cell proliferation and differentiation 

by using antigen in oligomeric forms or attached to beads or flat surfaces. Furthermore, 

the experiments presented in this thesis used soluble antigen and mitogenic stimuli as 

separate entities. It will also be interesting to investigate how B cells respond to antigen 

when it is physically linked to another stimulatory molecule, for example, CpG DNA. 
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In summary, the work presented in this thesis describes an investigation of the latter 

stages of B cell proliferation responses in vitro that provided new insights into the 

regulation of B cell proliferation capacity and led to a refinement of the cyton 

proliferation model. The quantitative concepts developed in our laboratory were then 

applied to an investigation of B cell responses to antigen. This process elucidated 

elements of the complex regulation of B cell proliferation and differentiation by a BCR 

signal. The results show that maximal B cell proliferation in vitro in response to a 

mitogenic TD or TI stimulus can be further enhanced by an antigen signal, but that 

chronic high dose, high affinity antigen signalling is inhibitory to B cell proliferation. 

The previously characterised behaviour of ASC differentiation being inhibited by an 

antigen signal during LPS stimulation was also shown to occur during TD B cell 

responses, although this was only observable when the response was analysed on a per-

division or per cell basis. Finally, the addition of an antigen signal during LPS-induced 

proliferation responses was shown to initiate B cell isotype switching to IgG1 in a 

manner that resembles the commonly observed effect of IL-4 but operates 

independently of STAT6 activation. These findings now form the foundation for 

potential refinements of the model, as described above, and further investigation of the 

effects of antigen avidity and more intricate variation of antigen signal strength on B 

cell responses. 
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