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Abstract

The activation o f B cells following encounter with antigen is tightly regulated 

during the course o f a humoral immune response. The roles o f factors produced by 

accessory cells, particularly T cells, are well established. However, the role o f any B 

cell-derived factors is less clear, and it is possible that B cells regulate their own 

activation in an autocrine manner. The aim o f this project was therefore to characterise 

the production and autocrine function o f murine B cell-derived factors.

B cells are observed to cluster upon activation in vitro , especially when 

stimulated via CD40, and B cell proliferation can be partially inhibited by blocking cell 

adhesion. It therefore appeared that B cell proximity was necessary for proliferation 

and this might have been due to the production o f an autocrine growth factor. Here, a B 

cell autocrine growth factor activity was indeed demonstrated by separating cultures o f 

B cells across dialysis tubing. This factor acted synergistically with CD40 stimulation. 

However, when B cells were cultured individually by embedding them in agarose, 

proliferation still occurred showing that B cell aggregation is not an absolute 

requirement for proliferation. An mRNA screen was performed in an attempt to 

identify cytokines produced by B cells upon activation. Several cytokine transcripts 

were discovered but none o f these were strikingly upregulated following stimulation. 

Whilst tumour necrosis factor-a (TN F-a) has been reported to be a human B cell 

autocrine growth factor, murine B cells did not express T N F-a protein and TN F-a had 

no effect on murine B cell proliferation, activation or immunoglobulin secretion. Thus 

TN F-a is not an autocrine growth factor for murine B cells. Interleukin-6 was produced 

by murine B cells following activation, and this cytokine enhanced the survival o f the B 

cells. Thus B cells clearly produce autocrine cytokines which regulate their activation.
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Chapter 1: Introduction

1.1: Hum oral Immunity

A host organism's defence against invading pathogens comprises both innate and 

acquired immune responses. Innate immunity is rapid and antigen non-specific; infections 

are combated by inflammatory responses, phagocytosis and complement-mediated killing. 

The acquired immune response takes longer to develop and is characterised by antigen 

specificity and by the development o f a memory response, thereby preventing subsequent 

re-infection with the same pathogen; this also provides the mechanism o f protection by 

vaccines. Acquired (or adaptive) immunity is mediated by lymphocytes which express 

antigen receptors (AgRs) on their cell surface. Each lymphocyte bears an AgR of a 

different specificity, so that only a few lymphocytes will be able to recognise a particular 

foreign pathogen. Upon antigen recognition, lymphocytes become activated and 

proliferate greatly to generate a large number o f effector cells with the same AgR 

specificity; this mechanism of clonal selection was first proposed by Bumet (1959). There 

are two types o f lymphocytes, thymus-derived (T cells) and bone-marrow-derived (or 

bursa-derived in birds; B  cells). T cells are subdivided into CD4+ helper T (T h) cells, 

which regulate the responses of other leukocytes, and CD8+ cytolytic T cells, which are 

responsible for the recognition and destruction of infected host cells. B cells mediate their 

effect via the secretion o f antibodies, which are soluble immunoglobulin proteins.

The response o f lymphocytes following antigen recognition must be regulated in 

order to ensure that only an appropriate immune response is made. Lack o f adequate 

control can have three different deleterious effects. Firstly, i f  a “s e lf ’ antigen is 

detected, autoimmune disease can develop whereby the immune system attacks the 

host’s own tissues. Normally, self-reactive lymphocytes are deleted or are silenced by 

the induction o f an anergic state and lack o f this regulation may lead to disease. For 

example, systemic lupus erythematosus is caused by the production o f antibodies 

against the host’s DNA, leading to the development o f immune complexes. Damage is 

caused when the complexes build up at various locations, but particularly in the kidneys 

leading to glomerulonephritis. A more specific B cell-mediated autoimmune disease is 

myasthenia gravis, in which autoantibodies directed against the acetylcholine receptor 

inhibit transmission in the neuromuscular junction, by competing with the ligand. 

Secondly, leukocytes may over-react to a non-self antigen, leading to hypersensitivity.
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Allergic reactions are caused by the production o f antibodies, o f the IgE isotype, 

directed against innocuous foreign antigens such as pollen or penicillin. These IgE 

antibodies are bound by receptors on mast cells and basophils, leading to the rapid 

release o f inflammatory mediators such as histamine. This response would be 

appropriate if  the host was infected with an extracellular parasite such as a nematode, 

but is harmful when utilised against non-pathogenic antigens. Finally, lymphocytes 

may not fully respond to an antigen when required to do so. This would allow 

otherwise harmless pathogens to cause disease.

B cell responsiveness can be regulated by a variety o f mechanisms. The B cell 

response to antigen is a complex process, with various stages at which activation must 

be regulated to ensure that an appropriate response is made. Other cell types can control 

the B cell response, via cell-to-cell contact signals or via the secretion of soluble 

mediators known as cytokines. In particular, CD4+ T h cells regulate B cell responses 

during cognate interactions, in which both cells recognise the same antigen. Many 

cytokines have been discovered and characterised. These factors are small proteins, 

typically around 8-30kDa in size. The cytokine network is characterised by both 

pleiotropy and redundancy. Thus, each cytokine tends to be produced by a variety o f 

cell types and can exert effects on many cell types, and it will exhibit overlapping 

functions with other cytokines. This latter feature is due in part to shared receptor 

usage. For example, interleukin- (IL-) 2, IL-4, IL-7, IL-9 and IL-15 all signal via a 

shared receptor subunit, known as the common y-chain. Genetic defects in this common 

receptor therefore have far-reaching effects, as exemplified by the condition X-linked 

Severe Combined Immunodeficiency. Specificity is achieved in this system via 

differential expression o f ligand binding domains o f receptors.

1.2: Im m unoglobulin Isotvoes

Immunoglobulin (Ig) proteins are central to B cell function, as they serve as both 

AgRs and effector antibodies. Each basic Ig unit contains two identical heavy chains (~50- 

70kDa) and two identical light chains (~25kDa), which together form a “Y” shaped 

protein. The proximal arms contain the variable (V) regions, which are different in each B 

cell and thereby confer antigen specificity. Variability between Igs is clustered into three 

or four small areas within the V region, and these areas make up the complementarity 

determining regions (CDR) as they interact with the Ag. The remainder o f the protein is
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the constant region, which bestows function on the protein. The stem region is known as 

the crystallisable fragment (Fc), whereas the arm regions are known as the antigen-binding 

fragments (Fab). The chains are held together by disulphide bonds and by non-covalent 

interactions, and the number o f the former varies substantially between different Ig 

isotypes.

There are five different classes, or isotypes, o f Ig expressed by murine and human 

B cells, namely IgM, IgD, IgA, IgG and IgE. This is achieved by the differential 

expression o f constant (C) region genes, and each isotype o f Ig serves a different function. 

Ig isotypes differ in many respects, including their ability to activate the complement 

cascade, their in vivo half-life, their sensitivity to digestion by proteolytic enzymes, their 

binding affinity for Fc receptors expressed on cells and their tendency to aggregate. This is 

due mainly to differences in the structure o f the hinge regions located between the first and 

second constant domains of the heavy chain, as this determines the flexibility of the 

molecule. The number o f heavy chain C domains also varies between isotypes: IgG and 

IgA have three whereas IgM and IgE have four. Human IgD contains three C domains, 

but the second domain has been deleted in mice. In addition the carbohydrate content o f Ig 

molecules varies, between 3% for IgG and 13% for IgE.

Mature, resting B cells express transmembrane forms o f both IgM and IgD: these 

are the B cell AgRs. Recognition o f antigen by the AgR initiates B cell activation via 

signals transduced through two accessory proteins, Iga  and Ig(3. IgD has the largest hinge 

region and is therefore the most flexible Ig. Initially during an antibody response, 

pentameric IgM is the predominantly secreted isotype. This antibody has a high functional 

affinity for antigen due to its ten antigen combining sites, but has a short in vivo half-life 

averaging five days. IgM activates the complement cascade, thereby enhancing 

phagocytosis and inducing lysis o f bacteria.

Upon maturation o f the immune response, other isotypes are produced, depending 

on the type o f humoral immunity which is required. IgA is especially important for 

resistance to mucosal infections as it can be secreted across epithelia and is resistant to 

proteolytic enzymes; secreted IgA exists as dimers. Genetic IgA deficiency is fairly 

common in humans and does not cause major immunodeficiency. Mice possess only one 

IgA isotype, whereas humans express two subclasses: IgAl is the predominant form in the 

plasma whereas IgA2 is the main form in secretions. IgE is only expressed at very low 

levels in healthy individuals, but it is important during extracellular parasitic infections as
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it is used to recruit mast cells and basophils, and induces their degranulation. It is the least 

flexible Ig as it has no hinge function.

In addition, there are four subclasses of IgG; namely IgG 1-4 in humans and IgGl, 

G2a, G2b and G3 in mice. These subclasses do not closely correspond with each other, as 

they arose by gene duplication after species divergence. All IgG isotypes have a long in 

vivo half-life o f around twenty-five days, and they can cross the placenta; maternal 

antibodies provide protection for the neonate. In humans, IgGl is the predominant IgG 

isotype made against protein antigens, whereas IgG2 acts against carbohydrate antigens. 

Each IgG antibody can confer protection by neutralisation o f viruses, e.g. by binding to the 

influenza haemagglutinin protein and blocking cell entry, or bacterial toxins, such as 

Tetanus toxin or Diphtheria toxin. In addition, the human IgGl and the murine IgG2a 

mainly act as opsonins, thereby aiding phagocytosis of pathogens, whilst IgG3 o f both 

species has a high capacity to activate the complement cascade.

There are also two types o f light chain, k  and X, and both o f these can associate 

with any heavy chain isotype. In mice, approximately 95% of antibodies contain k  light 

chains, whereas in humans the expression levels are more even.

B cells are regulated to ensure that the appropriate isotype o f Ig is secreted, and this 

is achieved to a large degree by the effect o f various cytokines. During a secondary 

(memory) response to a particular antigen, very little IgM is secreted and the pathogen is 

eliminated via the actions o f downstream switched isotypes.

1.3: B Cell Developm ent

B cells can be subdivided into B la , B ib  and B2 cells (reviewed by Herzenberg & 

Kantor, 1993; Haughton et al, 1993). Each subset has a different profile of expression of 

surface markers: B la  cells are IgMhlgh IgDlow CD5+, B ib  cells are IgMhlgh IgDlow CD5" 

while B2 cells are IgM+ IgD hlgh CD5'. B1 cells are found mainly in the peritoneal and 

pleural cavities and are self-replenishing: they are the major source o f serum IgM, which 

provides natural immunity to bacterial infection. B2 ("conventional") cells constitute the 

majority of recirculating peripheral B cells and develop from pluripotent haematopoeitic 

stem cells in the bone marrow or foetal liver. Precursor cells undergo a series of antigen- 

independent differentiation steps until mature, resting, naive B cells are formed which are 

released into the periphery (reviewed by Melchers et al, 1995).
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The various stages of B-precursor development can be classified according to the 

expression o f components of the AgR complex and of other cell surface markers. Pro-B 

cells are the initial B-lineage committed cells. They do not express any molecules o f the 

AgR but do express various transcription factors, including the B cell specific activator 

protein (BSAP), which regulate genes involved in AgR synthesis and expression 

(Fitzsimmons & Hagman, 1996; Desiderio, 1995).

At this stage, cells begin to rearrange their Ig heavy chain genes (reviewed by 

Zheng et al, 1998). The heavy chain variable region is actually transcribed from three 

separate gene segments, the variable ( V h) segment, the diversity ( D h) segment and the 

joining (Jh) segment. These are located on chromosome twelve in humans and on 

chromosome fourteen in mice. The germ-line heavy chain locus consists o f a tandem array 

of several hundred Vh gene segments at the 5’ end, although this contains a number of 

pseudogenes. Each Vh segment encodes between 100 and 130 amino acids, which is the 

majority o f the heavy chain variable domain. This is followed by a tandem array of ten to 

twenty Dh gene segments, which encode short sequences o f one to fifteen amino acids. 

The Jh gene segments encode sixteen to twenty-one amino acids: there are four Jh gene 

segments in mice and six functional Jh gene segments in humans, plus three pseudogenes. 

Prior to transcription, individual V, D and J gene segments are brought together by somatic 

rearrangement in a process known as V(D)J recombination. The V segment contains the 

first two complementarity determining regions while the third is contained in the D 

segment. The constant region genes are located in a separate cluster further downstream.

V(D)J recombination occurs in two steps, DNA cleavage followed by the joining 

together of broken ends (reviewed by Bogue & Roth, 1996). Each V, D and J segment is 

flanked by recombination signal sequences (RSS), which are highly conserved and contain 

two consensus motifs, a heptamer (CACAGTG) and a nonamer (ACAAAAACC). These 

two motifs are separated by divergent sequences o f either 12bp or 23bp and recombination 

occurs between two RSS with different intervening sequence sizes: this is known as the 

12/23 rule. Recombination is mediated by the enzymes derived from the recombination 

activating genes (RAG)-l and RAG-2. Initially, the RAG proteins bind two distant RSS, 

and bring them into close proximity with each other. Double-strand breaks are made 

exactly at the borders between the coding sequences and the RSSs, and the ends of the 

coding regions are sealed by hairpin formation. The blunt ends o f the RSSs then fuse 

together, and the intervening region is lost from the chromosome. The hairpin loops at the 

ends o f the coding regions are broken open, and recombination occurs between a V and a
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D segment, or between a D and a J segment. If the hairpin loop is nicked slightly away 

from the end o f the coding region, additional nucleotides are incorporated by DNA repair 

mechanisms, thereby providing a further method o f increasing genetic diversity. 

Moreover, extra nucleotides can be incorporated at the end o f the coding sequences by the 

action o f terminal deoxynucleotide transferase. This recombination event is also mediated 

by the RAG enzymes, as well as by DNA Protein Kinase. This latter enzyme is composed 

o f a Ku heterodimer, which forms the DNA binding component, and a catalytic subunit 

(DNA-PKcs). Genetic defects in any of these components blocks V(D)J recombination: 

the SCID defect in mice is caused by a mutation in DNA-PKcs, which prevents the 

production o f functional AgRs in both B cells and T cells so these mice do not possess 

mature lymphocytes. It is believed that the distorted hairpin structure is recognised by the 

protein Ku subunit, leading to activation of the kinase domain. This in turn may lead to the 

recruitment o f other components of the DNA repair machinery, and may regulate the 

accessibility o f the hairpin ends to nucleases.

Pre-B cells express a pre-B cell receptor (pre-BCR) which consists of a 

functionally rearranged p heavy chain together with a pseudo light chain, which is not a 

rearranged gene product (Borst et al, 1996). Following expression o f a pre-BCR, 

recombination o f heavy chain genes on the other Ig gene locus is terminated; a mechanism 

known as allelic exclusion. This ensures that each B cell only expresses AgRs o f one 

specificity and is necessary to prevent autoimmunity. The pre-BCR also signals cell 

proliferation and the initiation of gene rearrangement o f the light chain.

Similar events occur during light chain recombination as for heavy chain gene 

rearrangement. However, the germ-line gene organisation is slightly different from the 

heavy chain locus. Light chains do not contain D segments, and V segments are joined 

directly to J segments. There are two light chain loci; the k  locus is located on 

chromosome 6 and the X locus on chromosome 16 in mice. The murine k locus contains a 

tandem array o f around 100 VK gene segments, and is followed by a tandem array of 5 JK 

gene segments, although JK3 is a pseudogene. There is only one CK gene, which is 

therefore expressed in all k  light chains. In mice, there are only two V segments in the X 

locus, and each is associated with two J^-Ca. segments.

Thus B cells express AgRs composed o f rearranged heavy and light chains: this
o

enables the generation o f approximately 10 different AgR specificities, from the germ-line 

content of a few hundred gene segments. If gene recombination on one chromosome fails 

to produce a functional Ig molecule, rearrangement is initiated on the other chromosome,
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allowing the developing B cell a second chance to produce a functional AgR. Immature B 

cells, which express surface IgM AgRs, are subject to negative selection such that binding 

of the AgR to auto-antigens may induce cell death or render the cell anergic to subsequent 

antigenic stimulation. Finally, 5 genes of the same VDJ specificity as the p heavy chains 

are transcribed so that mature B cells expressing surface IgM and IgD are released into the 

periphery. This co-expression of AgRs is achieved by alternative splicing.

The differentiation of cells from haematopoietic stem cells to mature B 

lymphocytes is dependent on the bone marrow or foetal liver microenvironment. This is 

partly due to direct cell-to-cell physical contacts between developing B cells and stromal 

cells, macrophages or endothelial cells, but is also dependent on regulation by soluble 

factors (reviewed by Law & Clark, 1994). The cytokine interleukin 7 (IL-7) is very 

important in B cell development. Neutralising anti-IL-7 antibodies administered to mice 

block B lymphopoiesis (Grabstein et al, 1993) while overexpression o f IL-7 enhances it 

(Rich et al, 1993). Also, the addition o f IL-7 is sufficient to induce and sustain B 

lymphopoiesis in vitro from bone marrow derived precursors from mice (Namen et al, 

1988). IL-7 acts in synergy with Stem Cell Factor in promoting B cell lymphopoeisis. No 

other cytokine has yet been found which promotes B lymphopoiesis, but interferon-y (IFN- 

y), transforming growth factor-p (TGF-P), IL-3 (Matsunaga et al, 1998) and IL-4 all 

appear to block B cell development in vitro (reviewed by Rosenberg & Kincade, 1994).

1.4: T-Indeoendent B Cell Activation

B cell antigens can be classified according to the mechanism by which they evoke 

their antibody responses. Protein antigens require a B cell - T cell cognate interaction, 

made possible by the breakdown o f the protein and expression o f constituent peptides in 

conjunction with the Major Histocompatibility Complex (MHC) Class II on the surface of 

the B cell. This thymus-dependent (TD) immune response is discussed in more detail 

below.

Thymus-independent (TI) B cell responses are elicited by components of 

extracellular bacteria. They are characterised by predominantly IgM production with no 

memory to the antigen. TI Ags have been subdivided into two categories, although the 

distinction is becoming blurred (Snapper & Mond, 1996). The archetypal TI-1 murine B 

cell antigen is lipopolysaccharide (LPS), a product of Gram-negative bacteria which 

induces a polyclonal B cell response. TI-2 antigens are large molecular weight molecules
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with multivalent epitopes, such as bacterial cell wall polysaccharides (reviewed by Mond 

et al, 1995a). These antigens are long-lived in vivo and are capable o f extensively cross- 

linking the surface Ig AgR, thereby providing a qualitatively and quantitatively different 

signal to the B cell.

Full B cell activation, leading to high-level Ig secretion as well as proliferation, 

requires a “second signal” in addition to ligation o f the AgR. T cells provide this signal in 

TD responses, while various factors can provide the second signal for TI-2 immune 

responses. Other cell types, notably Natural Killer (NK) cells, can be activated by 

bacterial antigens as part of the innate immune response, resulting in the secretion of 

cytokines such as IFN-y, IL-3 and GM-CSF. Studies in vitro have shown that these 

cytokines synergise with TI-2 antigens to induce B cell proliferation and Ig secretion, but 

not with other types o f antigen (Mond et al, 1995b). Also, other bacterial components can 

directly enhance the B cell response to Tl-2 antigens (Snapper & Mond, 1996). These 

include bacterial DNA, which is rich in unmethylated CpG motifs, lipoproteins and 

Neisserial porins, which all markedly enhance Ig secretion and proliferation induced by 

TI-2 antigens. Interestingly, low concentrations o f LPS also markedly synergise with TI-2 

antigens. Thus TI-1 immunity is believed to be due to the fact that LPS is capable of 

providing both signals to the B cells.

1.5: T-Deoendent B Cell Immune Response

The acquired immune response occurs in the secondary lymphoid organs, 

namely the spleen, the lymph nodes, tonsils and Peyer’s Patches. Here, B cells which 

recognise specific antigens are activated and undergo proliferation, isotype class 

switching and somatic hypermutation, which enhances Ig affinity for antigen. They 

may also differentiate into high-rate antibody secreting cells or into memory cells. 

These events are regulated by other cells in the environment, via cell-to-cell contact 

signals and by cytokines. In the case o f thymus-dependent antigens, T cells provide 

both types o f signal.

The histologic architecture within the spleen and lymph nodes is complex, and 

facilitates optimum cellular interactions (reviewed by Kosco-Vilbois et al, 1997; Kelsoe & 

Zheng, 1993; Snow & Noelle, 1993). The structures o f the lymph nodes and splenic white 

pulp are similar, and are divided into separate B cell and T cell areas. The B cell areas 

comprise the primary lymphoid follicles. In lymph nodes these are located between the T
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cell zone and the subcapsular sinus, whereas in the spleen the primary follicles are 

surrounded by the mantle zone, which is bordered by the marginal zone and the T cell 

zone. These primary follicles contain reticula of follicular dendritic cells (FDCs). During 

the maturation o f a TD immune response, secondary structures, known as germinal 

centres, are formed within the primary follicles.

Recirculating lymphocytes enter lymph nodes from the bloodstream via high 

endothelial venules. In addition, cells and Ag enter lymph nodes via the afferent 

lymphatics, into the subcapsular sinus. There is a network of lymphatic sinuses between 

the primary follicles, which drain into the efferent lymphatics. Access to the splenic white 

pulp is slightly different, with cells and blood-borne antigens entering via the central 

arterioles which arise from the splenic artery. These arterioles divide into a network of 

marginal sinuses, which allow contact with the B and T cell areas. The central arteriole is 

surrounded by the periarteriolar lymphoid sheath (PALS) which contains mostly CD4+ Th 

cells and also some naive, resting B cells. In addition, dendritic cells can retain 

unprocessed Ag for up to 48 hours, and thereby carry it to and maintain its presence in B 

cell areas (Wykes et al, 1998).

Upon activation by antigen, different types o f TD B cell immune responses occur 

within the T cell areas and in the primary follicles (reviewed by Kelsoe, 1995). This is 

partially due to the presence o f different types o f accessory cells, namely the interdigitating 

dendritic cells (IDCs) in the PALS and lymph node T cell zone and the FDCs in the 

follicles. Initially after antigen encounter, B cells in the PALS proliferate and condense to 

form large, discrete foci; these are detectable within 48 hours o f immunisation. Here, B 

cells are induced to undergo Ig isotype class switching and produce the majority of the 

antibody which is secreted during the early stages o f the response. However, these B cells 

do not undergo somatic hypermutation and do not contribute to the development of 

memory B cells. Antigen-activated B cells also enter the follicles and initiate the germinal 

centre reaction. Again, B cells clonally expand and undergo Ig isotype switching. 

However, germinal centre B cells also undergo somatic hypermutation and differentiate to 

form long-lived memory cells, which respond to subsequent challenge with the same 

antigen. This reaction reaches its maximum after ten to twelve days but is maintained for 

several more days (McHeyzer-Williams, 1996).

Reactions in the PALS-associated foci and the germinal centres result in cells 

which secrete low levels of antibody. These plasmablastic cells then migrate to the bone 

marrow where they proliferate and undergo terminal differentiation to plasma cells, which

25



secrete high levels o f antibodies. Both of these steps are positively regulated by IL-6 

(reviewed by Klein et al, 1995).

1.6: Cognate T Cell - B Cell Interaction

The initial event leading to B cell activation and clonal expansion is the recognition 

of foreign antigens by B cells via their surface IgM or IgD AgRs (see Fig. 1.1). This leads 

to internalisation o f the protein following which it is degraded and its constituent peptides 

are bound to MHC Class II proteins and expressed on the cell surface. Concurrently, 

CD4+ Th cells which recognise the same antigen are activated by dendritic cells, which 

have taken up and processed antigen and express it in conjunction with MHC Class II. 

The next step is the cognate interaction between B and Th cells with the same antigen 

specificity, due to the T cell AgR binding to the peptide/ MHC complex expressed on the 

surface o f the B cell.

Various other interactions are also o f crucial importance in this mutual 

activation process, the most important being the interaction between CD40 and CD 154. 

CD40, a 48 kDa transmembrane glycoprotein, is a member o f the tumour necrosis factor 

receptor family. It is expressed on the surface o f all cells o f the B lineage from the pre- 

B cell stage until it is down-regulated in plasma cells, and also on various other cell 

types. Upon activation by antigen, Th cells transiently express the ligand for CD40 

(CD40L; CD 154; Armitage et al, 1992). The interaction between CD40 and CD40L is 

crucially important for various aspects o f B cell activation including antibody secretion, 

Ig isotype switching, germinal centre formation and cell survival in the germinal centre 

reaction, as well as enhancing proliferation (reviewed by Banchereau et al, 1994; Durie 

et al, 1994). The critical role for these proteins is demonstrated by the human X-linked 

immunodeficiency, Hyper IgM syndrome, which is due to mutations in the CD40L: 

these patents are unable to produce any isotype o f Ig other than IgM (Allen et al, 1993). 

Also, targeted disruption o f the genes encoding CD40 (Castigli et a l, 1994; Kawabe et 

al, 1994) or CD40L (Renshaw et al, 1994; Xu et al, 1994) in mice leads to severe 

immune impairment. It is possible that signals emanating from binding o f the CD40L 

are also necessary for complete activation of Th cells (van Essen et al, 1995; Grewal et 

al, 1995).

T cells also require a second signal in order to undergo full activation. This 

occurs primarily via CD28, which binds to members o f the B7 family o f proteins
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Figure 1.1: Mutual activation o f B and T cells during a T-D  imm une response. Initially, the B 
cell recognises the native antigen via its AgR, while the T cell responds to Ag displayed by an 
antigen-presenting cell. The activated T cell expresses CD40L, which stim ulates the B cell via 
CD40, leading to expression o f B 7 .1 and B7.2 by the B cell which further stimulate the T  cell.
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expressed on antigen presenting cells, including activated B cells. Among other 

important interactions are those which mediate adhesion between B and T cells, such as 

LFA-1 binding to ICAM-1, thereby allowing other lower affinity interactions to be 

prolonged (Fig. 1.1).

As well as providing contact signals for B cell activation, Th cells secrete cytokines 

which regulate B cell activation. Fully differentiated Th cells can be divided into two 

types depending on the spectrum of cytokines which they secrete. T hI cells produce IL-2, 

IFN-y and tumour necrosis factor-p (lymphotoxin), while T h2 cells produce IL-4, IL-5, IL- 

6 and IL-10. Broadly speaking, ThI cells stimulate cell-mediated immune responses while 

Th2 cells regulate humoral immunity. However, it is becoming clear that the distinction is 

not this straightforward, as type 1 cytokines can also have a positive effect on B cell 

activation.

1.7: Somatic Hvpermutation

Two processes act in concert during the germinal centre reaction, to increase the 

overall functional affinity, or avidity, o f the responding B cells. GC B cells are liable to 

die, unless they are rescued from apoptosis by contact with antigen. Thus competition 

when B cells first enter the follicles ensures that those with higher affinity are more likely 

to survive. It has been estimated that each GC is formed from around ten to twenty 

founder B cells entering a primary follicle, but that the resultant differentiated B cells 

emerging from the GC originate from an average o f only three o f these precursor cells 

(Liu et al, 1997). Most antibodies produced during the initial stages o f a primary immune 

response have only moderate affinity for Ag and the range o f specificities produced is 

quite limited, as they are restricted to germ-line encoded V regions. There are exceptions 

to this finding, including high-affmity germ-line encoded Abs produced to vesicular 

stomatitis virus and Streptococcus pneumoniae, which have presumably been selected 

during evolution (Andersson et al, 1998). However, during the GC reaction, B cells 

undergo somatic hypermutation during which changes are made in the amino acid 

sequence o f the Ig protein variable region. This process allows the development o f Igs 

with up to 100-fold higher affinities, and again competition ensures that those B cells with 

the highest affinity for the antigen survive. This affinity maturation of the B cell response 

increases the ability for antibody to clear an infection. Somatic hypermutation only occurs
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in the tightly controlled microenvironment of the germinal centre, and mutations have been 

seen as early as 4 days following immunisation (Kallberg et al, 1994).

Both the nature o f the signals which GC B cells receive to initiate somatic 

hypermutation, and the molecular mechanisms underlying the changes are unknown. It 

is possible to induce low-level somatic hypermutation in vitro using activated T cells, 

but not by using combinations o f CD40 ligation, IL-2, IL-4 and IL-10 (Razanajaona et 

al, 1997). During somatic hypermutation, mainly point mutations are introduced in the 

V region o f the Ig locus, although very occasionally insertions or deletions occur 

(reviewed by Storb, 1996). This mutation rate is approximately 1 per lOOObp per cell 

per generation in the V region, which is approximately one million-fold higher than 

typical DNA mutation rates in mammalian cells.

Mutations can occur throughout a section o f the V region gene which is 

approximately 2kb long, with the 5’ end beginning at a distinct starting point near the 

promoter: this is the same in all cells. However, the 3 ’ end o f mutation varies, and can 

also extend into the D or J regions, and mutations can occur in introns as well as exons. 

In addition, “hot spots” exist in the complementarity-determining regions, which have a 

much higher mutational susceptibility. These hot spots often possess a specific m otif 

(C/A A G C/T T) and also exhibit unusual codon usage (reviewed by Storb, 1996). 

During the course o f an immune response, mutations become more focused to the 

CDRs, as this is where mutations are likely to increase the affinity for antigen. There is 

a strand-bias for mutation events; moreover, non-productively rearranged Ig genes can 

also be mutated.

Transgenic studies have been used in attempts to determine the mechanism 

underlying somatic hypermutation (reviewed by Wabl & Steinberg, 1996). By replacing 

the Ig V region gene with a globin gene, or even bacterial sequences such as gpt 

(guanosine phosphoribosyl transferase) or neor (neomycin phosphotransferase), it has been 

shown that the mutation mechanism is independent of any Ig gene-specific sequences, as 

these other sequences are also mutated in GC B cells. These experiments also rule out the 

possibility that somatic hypermutation occurs by homologous recombination, as donor 

sequences do not exist for bacterial DNA in the murine genome. Also, the Ig promoter can 

be replaced by the globin promoter and down-stream hypermutation still occurs. 

However, the enhancer regions in the Ig locus are absolutely necessary.

Various models for somatic mutation have been proposed. These include 

mechanisms involving gene conversion, low-fidelity DNA replication or site-specific
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nicking of DNA followed by repair via an error-prone DNA polymerase. However, it is 

now clear that gene transcription is absolutely required for hypermutation to occur. 

Unrearranged V k  genes are not transcribed and are also not mutated, whereas 

unrearranged VA, genes are both transcribed and mutated. Indeed, a second Ig promoter 

transgene located just upstream from the C region is sufficient to introduce high-rate 

hypermutation into the downstream region, because it initiates transcription (Storb, 1998). 

It is possible that the transcription apparatus incorporates a “mutator” protein under the 

influence o f the Ig region enhancers. This mutator might cause the transcription apparatus 

to stall, which would induce the recruitment o f nucleotide excision repair enzymes. The 

RNA polymerase would back up a few nucleotides and a short stretch o f single-stranded 

DNA would be excised. This nick might then be repaired by an error-prone DNA 

polymerase, before transcription is continued (Storb, 1998). In this model, the mutator 

would be unable to reload after pausing, so transcription could then continue until the end 

of the Ig gene. Mutations would then be permanently established during the S phase of the 

cell cycle.

While this mechanism has not been proven, it is at present the model which fits 

best with the experimental data. It would explain why mutation is transcription-dependent 

and would also explain why mutations are concentrated near the start site at the 5’ end of 

the V region. The CDRs may contain hot spots, because certain sequences in these regions 

mean that the transcription apparatus is more likely to stall there. However, it is important 

to realise that mutations in the CDRs are also those which could enhance Ab affinity for 

Ag, and therefore cells expressing those mutations are more likely to be positively selected 

in the GC reaction. This would skew the observed frequency o f mutation in different 

regions in the resultant cell population. In another model (Winter & Gearhart, 1998), it has 

been proposed that the importance of the enhancer region is that it contains nuclear matrix- 

attachment sites, which would then bring the V region into contact with mutational 

apparatus. This is not mutually exclusive from the model outlined above.

The recombination activating genes are now known to be re-expressed in mouse 

GC B cells. While it was originally thought that these enzymes might be involved in 

the somatic hypermutation mechanism, it was shown that mutation still occurs at the 

normal rate in RAG-deficient mice (Zheng et al, 1998). Therefore the role o f these 

genes in GC B cells may be at the selection stage (Giachino et al, 1998). If somatic 

hypermutation has resulted in an Ig molecule which has a lower affinity for Ag and is 

therefore not positively selected, further Ig gene recombination events could occur in an
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attempt to make another functional Ig with high Ag affinity. Indeed, somatic 

hypermutation might also have introduced a STOP codon, or prevent secretion o f 

functional Ab. The RAG genes are switched off again following AgR cross-linking 

(Meffre et al, 1998).

1.8: The Germinal Centre Reaction

Following initial activation in the T cell areas, a proportion o f responding B 

cells, together with activated CD4+ Th cells, migrate into the primary follicles where 

they initiate the germinal centre (GC) reaction. There is massive B cell proliferation 

during the GC reaction, but there is also a large amount o f apoptosis, due to selection 

processes (reviewed by MacLennan, 1994;Nossal, 1994). Tingible body macrophages 

are located throughout the GC, which clear up debris following this extensive cell death.

Each GC can be largely divided into a dark zone and a light zone, based on the 

density o f B cells and therefore the appearance by conventional light microscopy 

following staining (Fig. 1.2). The dark zone is proximal to the T cell area, and B cells 

in the dark zone are known as centroblasts. These cells divide rapidly, and are also the 

cells which undergo somatic hypermutation; they do not express surface Ig. Very few 

FDCs exist in this dark zone, as Ag-driven selection does not occur in this region. The 

light zone contains centrocytes, which are non-dividing and are surface Ig+. This region 

also contains a high density o f FDCs, which express both Fc receptors and complement 

receptors, and are therefore capable o f retaining Ag in the form o f immune complexes 

for prolonged periods. FDCs can also internalise this Ag and present it in the context o f 

MHC Class II to CD4+ T h cells. B cells circulate between these two zones. Following 

somatic hypermutation in the dark zone, B cells are very liable to die by apoptosis. To 

prevent this “death by neglect,” centrocytes which have enhanced affinity for Ag can be 

rescued by signals from FDCs, due to the interaction o f the AgR with the FDC immune 

complexes. This rescue also requires the interaction with cognate activated CD4+ Th 

cells, to maintain self-tolerance.

In addition, centrocytes are also liable to die if  they encounter self-Ag, in the 

form o f soluble protein (reviewed by Pulendran et al, 1997). This is due to an active 

deletion mechanism, and has been demonstrated by the injection o f Ag during the peak 

o f a GC reaction. Immunisation o f mice with nitro-phenyl- human serum albumin (NP- 

HSA) evokes strong B cell immune responses, which peak after approximately 14 days.
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Figure 1.2: The germinal centre reaction. The dark zone contains rapidly dividing centroblasts 
(CB) which are undergoing somatic hypermutation. Meanwhile, centrocytes (CC) undergo 

selection in the light zone. Cells may circulate between the zones until they either die or leave the 
GC to differentiate into memory cells (M C) or effector plasm a cells (PC).
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Injection o f soluble NP-HSA at this point causes substantially enhanced apoptosis in the 

germinal centres (Pulendran et al, 1995). This cell death is Ag-specific as injection o f 

irrelevant proteins has no effect. Furthermore, this action is mediated directly on B 

cells and is not T cell-dependent, as murine serum albumin (MSA) evoked a similar 

effect; MSA-specific T cells are absent in mice. Similar effects have also been 

observed using hen egg lysosyme-specific transgenic B cells (Shokat & Goodnow, 

1995). Extra-follicular B cells are not deleted by the presence o f soluble Ag during the 

immune response. In vitro, prolonged AgR ligation o f CD40-activated human GC B 

cells induces apoptosis (Galibert et al, 1996a), presumably as this mimics encounter 

with self Ag in the absence o f costimulatory signals. In contrast, AgR ligation 

potentiates the proliferative effect o f CD40 stimulation on naive or memory B cells.

The enhanced propensity for centrocytes to undergo apoptosis is partly due to an 

increased expression o f the Fas protein (CD95), and also enhanced sensitivity to Fas- 

mediated killing following ligation. Fas is a member o f the TNF-R superfamily, and 

signaling via this protein is known to induce apoptosis, especially in lymphocytes 

(reviewed by Krammer, 1999). Stimulation o f GC B cells via CD40 induces Fas 

expression (Garrone et al, 1995), thereby rendering the cells susceptible to Fas Ligand- 

directed killing. Fas Ligand is expressed on some activated CD4+ ThI cells, which are 

co-located with the centrocytes in the GC light zone. CD40-activated GC B cells can be 

rescued from Fas-mediated death by short-term AgR ligation in vitro (Rothstein et al,

1995); this does not occur by down-regulation o f Fas, but instead by blockade o f the 

apoptotic signals. This rescue presumably mimics the effect o f dual stimulation from 

FDCs and cognate CD4+ Th cells during the positive selection events in the light zone. 

Lack o f the elimination o f autoreactive centrocytes leads to autoimmune disease. MRL- 

Ipr/lpr mice have high levels o f ds-DNA-reactive B cells which arise by somatic 

hypermutation in germinal centres. However, these mice are incapable o f deleting these 

cells, because a genetic defect in their Fas gene prevents the usual deletion by apoptosis. 

These mice also have extensive lymphadenopathy, due to the lack o f apoptosis o f 

activated T cells. In addition, GC B cells have down-regulated their expression o f the 

Bcl-2 protein, thereby rendering themselves more susceptible to apoptosis. However, 

they still express high levels o f Bcl-2 mRNA, allowing rapid re-expression o f Bcl-2 

following the receipt o f differentiation signals (Liu et al, 1991).

Thus various fates are possible for centrocytes. If they are positively selected by 

encounter with FDCs bearing Ag, they may leave the GC and further differentiate to
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form memory B cells, or form plasmablastic cells which migrate to the bone marrow 

prior to differentiation into terminally-differentiated high-level Ig-secreting plasma 

cells. Alternatively, they may die by apoptosis or they may re-enter the dark zone and 

undergo a further round o f somatic hypermutation in an attempt to increase their Ag 

affinity. There is therefore a continuous cycle o f mutation and selection, in order to 

yield the highest possible affinity Igs. During a secondary response to an Ag, far fewer 

cells re-enter the memory cell pool and most cells which are positively selected in the 

GC eventually become plasma cells.

The activation o f B cells during the GC reaction is under strict control. Whilst 

this largely takes the form o f cell-contact derived signals, the prevailing cytokine milieu 

can also affect the outcome. IL-4, derived from Th2 cells, protects activated murine B 

cells from Fas-mediated apoptosis (Nakanishi et al, 1996). In contrast, TGF-P is known 

to suppress AgR-mediated rescue from apoptosis (Holder et al, 1992). Moreover, light 

zone FDCs have been shown to secrete an inhibitory factor which prevents proliferation 

o f GC B cells (Freedman et al, 1992).

In addition to their regulated expression o f the AgR, which may be formed from 

a switched isotype, GC B cells characteristically express CD38 and CD77, with 

decreased expression o f CD44 and CD39. Furthermore, they have a high affinity for 

the lectin Peanut Agglutinin (Rose et al, 1980). These markers can therefore be used to 

distinguish GC B cells from extra-follicular B cells.

1.9: M em ory B cells

It is during the GC reaction that memory B cells are produced, which confer 

long-term immunity to the priming antigen. Thus memory cells are only produced 

during TD and not TI immune responses. The choice between the formation o f memory 

cells or plasmablastic cells in the GC is believed to be determined by the influence o f 

co-stimulatory signals delivered from the accessory cells, namely FDCs and CD4+ Th 

cells. The combinations o f CD40 ligation and IL-4, or CD40 stimulation together with 

IL-2 and IL-10, are believed to promote the differentiation into memory cells (Arpin et 

al, 1995; Pulendran et al, 1997).

Memory cells form a long-lived and self-replenishing pool, with different 

patterns o f distribution and recirculation than naive B cells. In humans, memory cells 

can persist for over twenty years following initial contact with an Ag. In rodents, they
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are located in the marginal zone o f spleen or in the mucosal epithelia o f lymph nodes; 

alternatively they re-circulate in the periphery. Human memory B cells are described as 

IgD'CD38', and they can also be identified by their somatically mutated Ig genes. 

Usually, memory B cells express class-switched Ig isotypes, although early in an 

immune response, B cells with a memory cell phenotype but expressing IgM can be 

detected in the marginal zones o f mice (MacLennan et al, 1997). The first memory B 

cells enter the marginal zone approximately 4 days after the initial cognate B-T 

interaction in the T cell area o f the spleen, and they persist for over a year as an 

identifiable population in mice. During a response, B cells can differentiate and migrate 

from the centroblast stage to marginal zone memory cell in as little as 8 to 24 hours. 

There is constant low-level differentiation from the memory cell pool, leading to 

constant Ig secretion. This allows for the immediate neutralisation o f toxins or viruses 

following re-exposure to some agents: for example anti-tetanus toxoid Abs persist for 

years in the blood following vaccination. The life span o f individual memory B cells 

may increase as the GC reaction slows, as there will then be less competition in the 

marginal zone.

The secondary, or memory response, to re-infection by a pathogen is 

characterised by a rapid increase in Ab titre, with increased affinity for antigen 

compared to the primary response, and by the expression o f switched isotypes. This is 

due to the rapid generation o f a large number o f effector cells which are then capable o f 

clearing the pathogen. The speed o f the secondary response is aided by several factors. 

M emory cells are ideally placed to encounter Ag as the splenic marginal zones are 

perfused by blood sinusoids, which carry Ag. In lymph nodes, memory B cells are 

located to meet Ag crossing the epithelium or entering via the afferent lymphatics, and 

are therefore the first B cells to respond to subsequent re-challenge. In addition, 

recirculating memory cells have the ability to home to Ag-draining sites, again 

increasing the rapidity o f a secondary response. The cytokines IL-2 and IL-10 promote 

the differentiation o f memory cells into plasma cells in vitro in response to AgR ligation 

(Arpin et al, 1997). However, this differentiation is blocked by stimulation through 

CD40, which instead promotes memory B cell proliferation (Silvy et al, 1996).

Memory cells are much more rapidly activated following antigen recognition 

than naive B cells, and have a much higher tendency to differentiate into effector 

plasma cells. Thus a secondary B cell response occurs mainly extra-follicularly, with 

much smaller GCs forming than during the primary response (Arpin et al, 1997). Upon
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activation, these cells do not undergo further somatic hypermutation, but occasionally, 

they can be induced to undergo isotype class-switching, if  they have not already done 

so. Adoptive transfer experiments have shown that these differences between naive and 

memory B cells are an intrinsic property o f the cells, rather than being due to 

differential location or contact with Ag and accessory cells. Moreover, a cognate T-B 

cell interaction is not necessary to activate memory B cells (LeClerc et al, 1995). This 

high propensity for memory B cells to differentiate into plasma cells instead of 

proliferating prevents an over-accumulation o f memory cells with one specificity, as 

plasma cells have a short life span. Memory B cells are better antigen presenting cells 

than naive B cells as they constitutively express the accessory markers B7-1 and B7-2, 

and these are rapidly up-regulated following stimulation (Liu et al, 1995). Thus 

memory B cells alone can induce Tn-cell proliferation, in a B7-l/B7-2-dependent 

manner during a secondary response.

It is necessary for Ag to persist to maintain a memory B cell population (Gray et 

al, 1996). This Ag is stored as depots on FDCs in immune complexes. Following 

immunisation with a non-renewable protein Ag, small foci o f proliferating Ag-specific 

B cells have been identified in follicles months later (Liu et al, 1991). The supply o f 

cross-reactive epitopes from another protein would also be sufficient to maintain a 

memory response. Furthermore, live vaccines induce better long-term immunity than 

dead vaccines because replicating micro-organisms provide a continuous supply o f Ag.

Memory B cells express both bcl-2 and Fas (Liu et al, 1995), but are not 

susceptible to Fas-mediated apoptosis. This has implications for the generation o f 

autoimmunity, as once memory cells have been formed in a GC reaction, they give rise 

to a continuous pool o f easily activated B cells, which are not believed to be subject to 

any further levels o f selection. Thus if  a centrocyte manages to bypass the tolerance 

induction mechanism in the GC, the host organism will possess a long-lived memory 

pool o f self-reactive B cells.

1.10: Regulation of B Cell Proliferation

Several cytokines are known to enhance the clonal expansion o f both murine 

and human B cells. These factors tend to have little effect on the cell cycle alone, but 

potentiate the effect o f signals through the AgR or CD40. These cytokines are secreted 

by accessory cells, often CD4+ Th cells, during an immune response. It is possible that
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these cytokines are secreted in a directional manner to prevent the activation of bystander 

B cells.

IL-4 is a potent B cell growth factor, for both murine and human B cells. It is 

secreted by activated T h -2  cells, and was originally known as B cell Stimulatory Factor- 

I. It acts on small, resting B cells and promotes their progression into cell cycle when 

they are concurrently stimulated by AgR ligation via SAC, dextran sulphate or anti-Ig 

antibodies, or by CD40 cross-linking (Yokota et al, 1988; Clark et al, 1989). Moreover, 

IL-4 can act on naturally occurring large, buoyant B cells or on in vitro primed B cells 

to induce proliferation in the absence o f other stimuli (O’Garra et al, 1986). IL-4 alone 

can induce partial activation o f small, resting B cells, including an increase in cell 

volume, increased RNA and protein synthesis and changes in the expression o f cell 

surface markers. During B cell development, immature cells are highly susceptible to 

apoptosis if  they are triggered through the AgR: this mechanism exists to maintain 

tolerance in the B cell repertoire. However this negative signal can be overcome by IL-

4 in the presence o f CD40 stimulation, allowing Th2 cells to rescue these immature B 

cells (Brines & Klaus, 1993).

IL-5 is produced by activated Tn2-cells, and is often but not always secreted 

alongside IL-4. It may also be produced by CD8+ T cells and NK cells and is a potent 

growth-enhancing factor for murine B cells (reviewed by Karlen et al, 1998). IL-5 is 

part o f a gene cluster with IL-3, IL-4, IL-13 and GM-CSF on chromosome 11 in mouse 

and chromosome 5 in man. It was originally identified as a T cell replacing factor for B 

cell differentiation, but also as an eosinophil differentiation factor. IL-5 has a much 

greater proliferative effect on large, buoyant, previously activated murine B cells than 

on small, resting cells. Furthermore, germinal centre B cells are more responsive to IL-

5 in conjunction with other stimuli than other lymph node B cells, as demonstrated by 

separation based on PNA expression (Rabinowitz et al, 1990). B la  B cells from the 

peritoneal cavity are far more responsive to IL-5 in vitro than conventional splenic B 

cells (Wetzel, 1990), and IL-5 transgenic mice have a greatly expanded CD5+ B cell 

population with a corresponding increase in serum IgM levels. Contrary to expectation 

from in vitro studies, IL-5-deficient mice exhibit only minor B cell defects (K opf et al,

1996). In adulthood, these mice possess normal numbers o f B and T cells in the bone 

marrow, spleen, and thymus, with the normal expression pattern o f cell surface markers. 

Two-week old IL-5-deficient mice do have a 50-80% reduction in the number B la  cells, 

but by six weeks o f age these cells are present in normal numbers. The primary and
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secondary B cell responses to systemic challenge with dinitrophenyl-ovalbumin, which 

is a TD Ag, and to mucosal challenge with influenza are normal, as is the antibody 

production during infection with the parasite Mesocestoides corti. Therefore, 

presumably a functionally redundant cytokine obviates the necessity for IL-5 during 

these responses.

In contrast, the effects o f IL-5 on human B cells are far less dramatic, and no 

effect on human primary B cell proliferation has been demonstrated, either alone or in 

conjunction with SAC, phorbol ester plus ionophore or anti-Ig stimulation (Clutterbuck 

et al, 1987). Furthermore, IL-5 has no synergistic effects with other stimulatory 

cytokines such as IL-2, IL-4 and IFN-y. However, IL-5 has similarly strong effects on 

both human and murine eosinophil activation. Moreover, IL-5 is an autocrine growth

factor for some EBV-transformed B cell lines (Baumann & Paul, 1992).

IL-13 has similar effects on human B cells as IL-4, although the magnitude o f 

the response tends to be lower (reviewed by Callard et al, 1997). It is mainly produced 

by activated Th2 cells and is expressed earlier following activation than IL-4. It 

enhances human B cell proliferation induced through either the AgR or CD40. In 

contrast, IL-13 has no effect on murine B cell growth, reflecting a species difference in 

the mechanism o f regulation. The similarities in the response to IL-4 and IL-13 are due 

to shared receptor chain usage: the high affinity IL-4 receptor is composed o f an IL-4R 

a-chain plus the common y-chain, and the IL-4R a-chain  also forms a non-binding 

component o f the IL-13 receptor (Callard et al, 1996).

IL-2 is an important regulator o f both human and murine B cell proliferation,

and is produced by activated CD4+ T cells. It has no effect on small, resting B cells, 

even in combination with other stimuli such as AgR or CD40 ligation. However, upon 

activation by various means, including interaction with activated T cells or AgR 

ligation, B cells are induced to express the IL-2R a-chain (Nakanishi et al, 1992). This 

allows the formation o f the high affinity IL-2R aPy hetero-trimer, as the other two 

chains are constitutively expressed. Pre-activated, low-density B cells respond to IL-2 

by increased proliferation (Blanchard et al, 1994) and there is a concomitant increase in 

Ab production in cultures containing IL-2 (Callard & Smith, 1988). IL-2 also enhances 

its own effects by affecting the level o f expression o f the IL-2R p-chain (Moreau et al, 

1995).

IL-7 may be involved in the regulation o f mature B cell proliferation as well as 

during lymphopoiesis. It promotes the proliferation o f both small, resting and large,

38



buoyant human B cells when stimulated with anti-Ig Ab, although it has no effect when 

SAC is used to activate the cells (Joshi & Choi, 1991). Moreover, it is produced by 

FDCs (Kronke et al, 1996), which may therefore provide a driving force for B cell 

proliferation during the germinal centre reaction. Furthermore, IL-7 is believed to be 

involved in the upregulation o f the RAG genes in GCs, which allows further V(D)J 

recombination to occur (Hikida et al, 1998).

Several other cytokines have been implicated as regulators o f B cell 

proliferation, including IL-1, IL-9, IL-10, Interferon-y and members o f the tumour 

necrosis factor family: these effects are described more fully later. Furthermore, 

another cytokine, transforming growth factor-f> (TGF-p), has an inhibitory effect on B 

cell proliferation (Aversa et al, 1994), and may therefore act as a homeostatic 

mechanism to control the amplitude o f the response.

Combinations o f cytokines can have complex effects on B cell proliferation. 

Thus while IL-2, IL-4 and IL-13 all individually promote proliferation, IL-13 

potentiates the effect o f IL-2 whilst IL-4 inhibits it by diminishing IL-2RP expression 

(Defrance et al, 1994). IL-4 itself augments expression o f the IL-4R a-chain  at both the 

mRNA and the protein levels (Renz et al, 1991), and CD40 stimulation also enhances 

IL-4R expression by approximately five-fold, with a corresponding increase in IL-4 

responsiveness o f 100-1000-fold (Siepmann et al, 1996).

1.11: Regulation o f Isotvoe Switching

During isotype switching, the Ag specificity o f the Ig secreted by a B cell 

remains unchanged, but expression o f the heavy chain constant (C h) region genes 

varies, so that a down-stream Ig isotype with a different function is produced (reviewed 

by Snapper et al, 1997). This downstream isotype is expressed in both the membrane 

form and as secreted Ab. Isotype switching can be induced by both TI and TD antigens, 

and occurs in both the B cell foci in the PALS and the germinal centres. It begins 

within 4 days o f the initiation o f an immune response. The majority o f Ig produced 

during a memory response consists o f down-stream, switched isotypes.

Isotype switching occurs via a deletional DNA recombination event (reviewed 

by Stavnezer, 1996a). The Ig C h region locus comprises an array o f genes encoding the 

different isotypes, and upstream o f each gene there is an I exon and a “Switch Region” 

(Fig. 1.3). Isotype switching occurs via recombination between these switch regions,
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leading to the looping out and deletion o f the intervening genes. Excised circles of 

intervening DNA can be detected in cells which have undergone isotype switching. 

Thus the expressed Ch gene is brought next to the VDJ region, thereby making Ab 

production more efficient. Switch regions (S) do not have precise rearrangement 

sequences, and recombination can occur throughout the region. Instead, they contain G- 

rich tandem repeats consisting o f a variety o f pentamers, and the repeat length varies 

between isotype switch regions. The Sp, S a  and Ss regions are closely related 

sequences, while the Sys are homologous to each other but differ more from the other S 

regions.

Prior to class switching, germ-line transcripts are expressed from the 

unrearranged Ch gene (reviewed by Stavnezer, 1996b). Transcription initiates 5’ o f the 

I exon, continues through the switch region and then through the coding Ch gene. There 

is a promoter region 5’ to each I exon, but transcription is orchestrated by an intronic 

enhancer, Ep, which is located between the VDJ and the Cp regions, and also by a locus 

control region o f enhancers situated 3’ o f Ca. These germ-line transcripts are 

necessary, but not sufficient, for subsequent switching to that isotype: the B cell must 

also be induced to proliferate. The function o f these transcripts is not entirely clear, but 

it is possible that the increased transcriptional activity in a Ch locus may confer 

enhanced accessibility for binding o f the recombination machinery. The germ-line 

transcripts are sterile, as they are not translated into protein (Wabl & Steinberg, 1996). 

Furthermore, they lack the VDJ sequence and therefore could not direct the synthesis o f 

intact Igs. Moreover, most I exons contain STOP codons in each reading frame. 

Following isotype switching, there can be no further germ-line transcription o f the 

switched isotype, as the region 5 ’ to the switch sequence has been deleted from the 

chromosome. It is possible that the germ-line transcripts bind to the DNA duplex, 

thereby allowing the recruitment o f trans-?LQ\mg factors. This could occur by loss o f 

superhelical turns in the triple strand complex, and is known as the “Accessibility 

Model” . Two S regions are somehow brought into juxtaposition, and switch 

recombination is initiated by the creation o f double-strand breaks in both the donor and 

acceptor S regions. Single-strand (ss) ends are created by exonuclease action, and these 

can recombine with the opposing ss ends, thus recombining donor with acceptor DNA. 

This is believed to prime DNA synthesis, which is necessary for switch recombination. 

The other two ss ends also recombine, creating the excised circles which contain all the
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intervening Ch genes (Fig. 1.3). This model requires that proofreading mechanisms are 

inhibited during recombination as the S sequences are only partially homologous. It is 

possible that Rad51, which is the eukaryotic homologue o f the bacterial RecA protein, 

mediates this recombination event, as its expression is upregulated in murine B cells 

during isotype switching and then down-regulated (Kong et al, 1998).

The I exons are known to be crucial to isotype switching, as deletion o f an I 

exon itself or its promoter blocks switching to that isotype while having no effect on 

any other isotype. Indeed, transcription per se is not sufficient, as replacement o f an I 

promoter or exon prevents switching, even though transcription still occurs. Thus the 

sequence o f the germ-line transcript is important, and may contain consensus sequences 

which bind factors involved in recombination. Alternatively, the germ-line transcripts 

may contain sequences which localise the two S regions to a specific point on the 

nuclear matrix.

Selectivity is achieved by the presence o f unique sequences 5’ to each I exon, 

which bind regulatory proteins. Ig class switching is largely regulated by the actions o f 

various cytokines. These may be produced by Th cells during a TD response, or by 

other accessory cells such as dendritic cells, mast cells, monocytes/macrophages, or NK 

cells. The effect o f cytokines is often due to regulation o f the germ-line transcription, 

and cytokine response elements have been identified in some C region promoters. In 

addition, the nature o f the B cell activator influences the isotype o f Ig which is 

subsequently expressed. LPS alone can induce isotype switching to IgG3 and IgG2b in 

murine B cells. However, anti-5-dextran, which mimics a TI-2 Ag due to its repetitive 

structure, induces a different response, both alone and in combination with cytokines. 

Stimulation through CD40 has yet another effect on isotype switching. CD40 alone 

does not induce the expression o f s or y4 germ-line transcripts, whereas it can activate 

germ-line transcription o f y 1, y2 and y3 in human B cells (Jumper et al, 1994).

IL-4 has potent effects on both human and murine isotype switching. In murine 

B cells, it inhibits the production o f IgG3 and IgG2b induced by LPS. Moreover, it 

induces the germ-line transcription o f the yl and s genes, with subsequent switching to 

IgG l and IgE, in the presence o f LPS or CD40 stimulation (Jabara et al, 1990; Warren 

& Berton, 1995). In human B cells, IL-4 induces IgG4 and IgE class switching 

(Lundgren et al, 1989). It is possible that IL-4 serves a similar role in both humans and 

mice, as neither murine IgGl nor human IgG4 are complement-fixing Abs. IL-4 is 

sufficient to induce germ-line transcription o f the murine yl gene, but transcription o f
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the s gene requires an additional activator. Thus the mechanism o f switching to these 

two isotypes is different. Anti-8-dextran does not induce IgE isotype switching or 8 

germ-line transcription, even in the presence o f IL-4 and IL-5 (Snapper & Mond, 1993). 

The importance o f IL-4 in the IgE response has been demonstrated in vivo; infection 

with the nematode Nippostrongylus brasiliensis induces a potent IgE response in wild- 

type mice but this is notably absent in IL-4"7' mice (Morawetz et al, 1996; K opf et al,

1993). Moreover, the normal predominant IgG l response to the TD antigen NP- 

chicken y-globulin is greatly reduced in these IL-4'7’ mice and is replaced with an IgG2 

and IgG3 response, because the TH2-dominance has been lost (Kuhn et al, 1991).

Sequential switching can occur, in the 5 ’ to 3 ’ direction. In mice, switching to 

IgE usually occurs via an intermediate IgG l stage, and the former exhibits slower 

kinetics with a higher IL-4 requirement (Moon et al, 1989). Moreover, IgE switching 

can be inhibited by anti-IgGl mAbs, and purified sIgG l+cells can switch to IgE 

production in vitro (Mandler et al, 1993).

IL-13 promotes Ig class switching to IgE and IgG4 in human B cells following 

stimulation through CD40 or via activated T cells (Zurawski & de Vries, 1994; 

Defrance et al, 1994). However, it also enhances the production o f IgM and other IgG 

isotypes, but not o f IgA (McKenzie et al, 1993), and its actions on class switching are 

therefore less specific than those of IL-4. The magnitude o f the response to IL-13 is 

lower than that to IL-4. It was originally thought that murine IL-13 had no effect on B 

cell stimulation, as it had no effect on proliferation or the expression o f surface 

activation markers. However, IL-4-deficient mice are able to mount an IgE response 

following infection with Plasmodium chabaudi or Leishmania major, implying that 

another cytokine can replace this function o f IL-4 in mice. Indeed, it has recently been 

found that IL-13 enhances Ab production in vitro by murine B cells stimulated by fixed 

activated T cells or by sub-optimal anti-CD40 treatment (Lai & Mosmann, 1999), 

although the effect is approximately 100-fold lower than for IL-4. Again, the effect o f 

IL-13 on murine B cells is not particularly selective for IgG l or IgE. However, no 

effects o f IL-13 were demonstrated when B cells were stimulated by LPS or with high 

concentrations o f anti-CD40 mAb.

In mice, IFN-y induces class switching to IgG2a in combination with LPS or 

anti-8-dextran (Snapper & Mond, 1993). Furthermore, it inhibits the production o f 

IgG l and IgE induced by LPS plus IL-4, and this occurs by inhibition o f germ-line
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transcription. In human B cells, IFN-y inhibits IgG4 synthesis by preventing germ-line 

transcription, and also inhibits IgE production but at a later stage.

TGF-P increases the expression o f a  germ-line transcripts in both murine and 

human B cells, with subsequent increased IgA production with LPS stimulation. To a 

lesser extent, TGF-P also induces IgG2b class-switching in LPS-activated murine B 

cells. However, it inhibits 8 germ-line transcription and therefore IgE production in 

both human and murine B cells (Stavnezer, 1996a).

IL-10 also acts to enhance IgA production, following stimulation o f human B 

cells through CD40, IgM and TGF-p. In addition, it increases switching to IgG3 in 

LPS-stimulated murine B cells, and to IgGl and IgG3 in CD40-activated human B cells. 

However, it decreases the switch to IgA following LPS stimulation (Snapper et al, 

1997). IL-10 does not affect germ-line transcripts, but its mechanism o f action is

unclear.

IL-5 is also involved in the regulation o f Ig production by murine B cells, but it 

has no effect on its own. It acts at a post-switch level to increase levels o f mRNA 

following activation, but has no effect on the expression o f germ-line transcripts. For 

example, anti-8-dextran plus IFN-y can induce the expression o f y3 germ-line 

transcripts, but the addition o f IL-5 leads to greatly increased production o f IgG3. Also, 

stimulation o f murine B cells with CD40L and TGF-p leads to low level production o f 

IgA, but this is much enhanced in the presence o f IL-4 and IL-5. It was originally 

thought that human B cells did not respond to IL-5, as there was no effect in several 

assays with either primary B cells or B cell lines (Clutterbuck et al, 1987). More 

recently, it has been shown that IL-5 can augment Ig production by human B cells, but 

that this depends on the stimulus and is also only effective during a narrow time period. 

Thus IL-5 enhances SAC-induced Ig secretion when it is added up to 24 hours after 

stimulation, but has no effect at later time points, and it has no effect with PWM 

stimulation (Bertolini et al, 1993). Moreover, IL-5 synergises with both IL-4 and IL-2 

to enhance Ig secretion by human B cells. The IL-5 receptor consists o f a cytokine- 

specific a-chain, which alone binds IL-5 with low affinity, and a signal-transducing P- 

chain which is also part of the IL-3 and GM-CSF receptors. Expression o f the IL-5R a -  

chain has not been observed in primary human B cells, but binding o f IL-5 to human B 

cells has been demonstrated using biotinylated IL-5. It is therefore possible that human 

B cells express a different IL-5 receptor, which has a lower affinity (Baumann & Paul,

1997). The responsiveness o f murine B cells to IL-5 is regulated: IL-4 induces
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expression o f the IL-5R a-chain, whereas stimulation through the AgR enhances 

expression o f the IL-5R p-chain. However, IL-4 alone suppresses the expression o f the 

P-chain, and it is necessary to have IL-4 and IL-5 together with AgR ligation for 

prolonged expression o f functional IL-5R on murine B cells (Weber et al, 1996).

Another cytokine, IL-6, has profound effects on the production o f Igs by both 

murine and human B cells, and this is discussed in detail in Chapter 6.

1.12: Autocrine Regulation of B Cell Activation

Thus, much is known about the contribution o f cytokines expressed by other cell 

types, particularly T cells, in B cell activation. However, the role o f cytokines produced 

by B cells themselves is less clearly established. During the maturation o f an immune 

response, activated B cells are situated in the B cell areas o f the secondary lymphoid 

organs, namely the PALS-associated foci and the germinal centres. Here, they have a 

great deal o f contact with other B cells whereas other cell types are scarce. Indeed, by six 

days after immunisation, it has been found that no T cells are detectable in the extra- 

follicular B cell area (Jacob & Kelsoe, 1992). Thus B cells are likely to be greatly 

affected by cytokines released by other B cells. In addition, in vivo experiments have 

been performed in which T cell derived signals have been blocked with neutralising 

antibodies. Blocking CD40L or B7.2 showed that although Th cells are necessary to 

initiate the extra-follicular reaction in the PALS, by five days post-immunisation the 

reaction can continue in the absence o f T cell help. However, T cell help is required 

throughout the germinal centre reaction, as anti-CD40L mAbs dissipate germinal centres, 

while anti-B7-2 mAbs retard B cell proliferation, down-regulate V region mutation and 

cause failure o f the memory cell formation (Han et al, 1995). Therefore, it is possible that 

B cell derived cytokines could serve to provide the necessary proliferative and 

differentiative signals required for the maintenance o f B cell responses.

It is possible that B cell proliferation is dependent on the production o f an 

autocrine growth factor. This then would be analogous to the role o f IL-2 in T cell 

activation. T cells stimulated in vitro by antigen or lectin are induced to both secrete 

IL-2 and express functional high affinity IL-2 receptors, and T cell proliferation is 

dependent on this autocrine loop. Moreover, following the initial activation, T cell 

clones can proliferate in culture indefinitely in the presence o f exogenous IL-2 (Morgan 

el al, 1976; Smith, 1980). IL-2 also acts directly to further enhance the expression o f

45



the IL-2 receptor (Katzen et al, 1985). B cells might also be involved in the regulation 

o f isotype switching or immunoglobulin secretion, via the secretion o f specific 

combinations of cytokines.

1.13: Investigation of B Cell Activation

These complex in vivo events can be partially dissected using in vitro culture 

systems. The clonal expansion o f B cells following activation can be mimicked with 

proliferation assays, in which B cells are induced to divide by stimulation through the 

AgR or via CD40. Proliferation can thus be measured by quantification o f radiolabelled 

thymidine incorporation during DNA synthesis. The effects o f  various cytokines on B 

cell proliferation can be assessed by the addition o f exogenous cytokine, usually in a 

recombinant form. Alternatively, the role o f endogenously produced cytokine can be 

determined using neutralising antibodies.

Ig isotype-switching and secretion by murine B cells can be induced by 

stimulation with LPS or through CD40. In the latter case, cytokines must be included to 

drive switching events. Thus this system provides a method for determining the effects 

o f cytokines during T-D immune responses.

Initial activation events can also be determined in vitro , by flow cytometric 

analysis o f cell-surface markers. Expression o f the glycoprotein CD69 is rapidly 

upregulated on lymphocytes following activation, and is detectable within 2-3 hours. 

Its physiological function has not yet been fully characterised, although stimulation 

through CD69 can enhance proliferation and cytokine gene expression (Testi et al,

1994). CD23 is also upregulated on B cells following stimulation, particularly by CD40 

plus IL-4. This molecule is an Fc receptor for IgE and is therefore involved in 

immunity against parasites. It is also involved in cellular adhesion via interaction with 

CD21, the second complement receptor, thereby regulating antigen presentation to T 

cells and also germinal centre survival (Bonnefoy et al, 1995). The high affinity IL-2 

receptor a-chain  is expressed by B cells following activation through CD40 or the AgR, 

and this is further enhanced by cytokines, notably IL-5 (Poudrier & Owens, 1994) and 

IL-2 itself (Moreau et al, 1995). Following stimulation, the level o f MHC Class II 

expression by B cells is increased, to potentiate their antigen-presentation function. In 

addition, the costimuli B7.1 and B7.2, which bind CD28 on T cells, can be detected
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following in vitro activation. Again, exogenous cytokines or neutralising antibodies can 

be included in cultures to determine the role o f these factors in B cell activation.

Alternatively, B cell activation can be analysed using immortalised B cell 

lymphomas. It is known that some B cell lines secrete autocrine growth factors which 

are necessary for their growth (Gordon et al, 1984). Therefore any cytokines expressed 

in the lymphomas might fulfil this function, and further, might also aid the proliferation 

o f primary B cells. Five B cell lymphomas were used throughout these studies. WEHI- 

231, CH31 and CH33 are all immature B cell lymphomas which express surface IgM. 

WEHI-231 was generated by mineral oil injection in a BALB/c x NZB mouse (Warner 

et al, 1975), while CH31 and CH33 arose following hyperimmunisation o f B10.H-2aH-
i.

4 p/W ts mice with sheep erythrocytes (Pennell et al, 1985). The BAL-17 lymphoma 

was induced in a BALB/c mouse by injection with 1-ethyl-1-nitrosourea and is surface 

IgM+IgD+ (Kim et al, 1979), while A20 arose spontaneously in an ageing BALB/c 

mouse and is surface IgG+. These B cell lymphomas therefore represent different stages 

o f B cell maturation.

1.14: Aim o f this Project

The aim o f this project was therefore to determine whether murine B cells 

produce autocrine growth or differentiation factors which regulate their activation. 

Several lines o f  investigation were pursued concurrently. Two known cytokines, IL-6 

and TN F-a, have been implicated as B cell growth factors. Thus the potential for these 

cytokines to act as autocrine growth factors for murine B cells was determined, by 

analysis o f their production by B cells and by evaluation o f their effects on B cell 

proliferation in vitro (Chapters 5 and 6). The effects o f these cytokines on B cell 

activation, Ig secretion and survival were also examined. The expression o f a large 

number o f cytokine genes by activated B cells was determined by RNase protection 

assay using multi-probe templates, in an attempt to reveal candidate cytokines for 

further analysis (Chapter 4). An investigation into the potential role o f B cell-derived 

autocrine activity in B cell proliferation is described in Chapter 3.
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Chapter 2: Materials and Methods

2.1: Reagents 

2.1.1: Antibodies

All antibodies were against murine antigens. Most antibodies were obtained by 

purification o f concentrated hybridoma supernatant using a Protein G Sepharose®4 Fast 

Flow (Pharmacia) column and are of rat origin, unless otherwise stated.

Table 2.1: Non-commercial antibodies

SPECIFICITY CLONE ISOTYPE
B220 RA3-3A1** IgM

CD25 7D4* IgM

CD3 s-chain KT3 IgG2a

CD3 s-chain 145-2C11 Hamster IgG

CD4 YTS-191** IgG2b

CD40 FGK45.5 IgG2a
CD40 1C10 IgG2a

CD40 3/23 IgG2a

CD8 YTS-169** IgG2b
CD86 GL-1 IgG2a

FcyRII/III 2.4G2 IgG2b

ICAM-1 YNI/1.7.4 IgG2a

IgD 5-chain 1.19 IgG2a

IgM p-chain b-7-6 IgG l

IL-6 6B4 IgG l

L F A -la FD441.8 IgG2b

L F A -la M l 7/4.2 IgG2a

L FA -ip M l 8/2.a IgG2a

MHC Class II NIMRU-4 IgG2a

p21 ras Y13-238 IgG l
Thy-1 NIMR-1* IgM

TN F-a mp6-XT22 IgG l

VLA-4 PS/2 IgG2b

* Used as unpurified ascites for cell preparation
** Used as unpurified supernatant for cell preparation
# Purified by dialysis o f supernatant against water and centrifugation o f resultant 
precipitate, which was then redissolved in PBS.
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Various commercial antibodies were also used as shown in Table 2.2.

Table 2.2: Commercial antibodies

SPECIFICITY CLONE M ODIFICATION SOURCE

B220 RA3-6B2 biotin or FITC Pharmingen
CD23 B3B4 FITC Pharmingen
CD69 H1.2F3 biotin Pharmingen
CD80 16-10A1 PE Pharmingen

IL-6 R a-chain D7715A7 biotin Pharmingen
p55 TNF RI goat polyclonal biotin R&D Systems
p75 TNF RJI goat polyclonal biotin R&D Systems

mouse Ig (H + L) goat polyclonal, 
human or rat 

adsorbed
none

Southern
Biotechnology

mouse IgA, IgG l, 
IgG2a, IgG2b, 
IgG3 or IgM

goat polyclonals biotin
Southern

Biotechnology

Biotinylation o f  antibodies

Purified mAbs were dialysed versus 0.1M sodium hydrogen carbonate prior to 

incubation with 60pg o f Sulfo-NHS-LS-Biotin (EZ-Link™;Pierce) per mg o f mAb for 2 

hours at room temperature. The labelled mAbs were then dialysed into PBS or RPMI- 

1640 before use.

FITC labelling o f  antibodies

Purified mAbs in 0.1M sodium hydrogen carbonate, pH 9.5, were mixed with 

2mg fluoroscein isothiocyanate isom er-1 on celite (Sigma) per 5mg mAb, and stirred 

for 2 hours at room temperature. The labelled mAbs were dialysed into PBS prior to 

use in flow cytometry.

2.1.2: Cytokines

Interleukin-6 (IL-6) and tumour necrosis factor-a (TN F-a) were both from 

Peprotech and were reconstituted according to the manufacturer’s instructions. Their 

efficacy was determined by bioassay (see Appendix B). IL-4 and IFN-y were obtained 

from transfected X63 myeloma cells (Karasuyama & Melchers, 1988). IL-4 activity 

was determined using the CTLL-2 cell line, which is sensitive to both IL-4 and IL-2. 

IFN-y was quantified by comparison with known standards in an ELISA assay.
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2.1.3: Buffers

“PBS” refers to D ulbecco’s phosphate-buffered saline A throughout, which 

contained 170mM sodium chloride, 3.4mM potassium chloride, lOmM disodium 

phosphate and 1.8mM monopotassium phosphate. Tris-Borate/EDTA (TBE) buffer was 

used for agarose and polyacrylamide gel electrophoresis o f DNA and RNA. IX  TBE 

contained lOOmM Tris[hydroxymethyl]aminomethane, lOOmM boric acid and 5mM 

ethylenediaminetetra-acetic acid. Borate-buffered saline, which was used to coat 

ELISA plates with immunoglobulins, contained lOOmM boric acid, 25mM sodium 

tetraborate and 75mM sodium chloride.

2.1.4: Other reagents

FK506 (a gift from Fujisawa GmbH, Munich, Germany) was dissolved at 

1 mg/ml in ethanol and further diluted in RPMI-1640 medium. In any experiment with 

FK506, a B cell proliferation control was included to demonstrate efficacy. 

Lipopolysaccharide (LPS) and phorbol 12,13 dibutyrate (PDBu) were purchased from 

Sigma, while ionomycin was from Calbiochem.

2.2: Tissue Culture

All cells were incubated in humidified incubators at 37°C, 6% CO2 during 

experiments and for routine maintenance o f cell lines.

All experiments with primary B cells were performed in “B Cell Medium” 

(BCM), made up from RPMI-1640 purchased from Sigma, as this yielded lower 

background stimulation o f B cells than medium from other sources. The RPMI-1640 

was supplemented with Im M  sodium pyruvate, 2mM L-glutamine, non-essential amino 

acids (Sigma), 50pM  2-mercaptoethanol (2-ME; Sigma), lOOU/ml penicillin and 

lOOpg/ml streptomycin, as well as 5% foetal calf serum (FCS; GlobePharm) which 

again had low background effects on B cell activation.

2.2.1: Cell lines

The murine B cell lymphomas WEHI-231, BAL-17, A20, CH31 and CH33 and 

the TN F-a-sensitive L929 fibroblast cell line were maintained in complete RPMI-1640 

(GIBCO-BRL) supplemented with 5% FCS. The cytokine indicator cell lines B9 (IL-6) 

and CTLL (IL-2) were also cultured in complete RPMI-1640 with the addition of
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approximately lOU/ml o f the relevant cytokine. RAW.264.7 (a murine macrophage cell 

line), K47 (CD40L-tranfected fibroblasts) and K5 (“mock” transfected control 

fibroblasts) cell lines were cultured in DMEM supplemented with 5% FCS, sodium 

pyruvate, L-glutamine, non-essential amino acids, 2-ME, penicillin and streptomycin. 

The K47 and K5 transfectants were routinely maintained in 500pg/ml o f active 

geneticin sulphate (G418; GIBCO-BRL). All cell lines were passaged twice per week. 

The adherent L929, K47 and K5 cells were treated with trypsin versene, and 

RAW.264.7 cells were scraped off the flasks, prior to passage. Before use in 

experiments, K47 and K5 were irradiated (6000rad) with a Gammacell® 40 Extractor 

(Nordon International Inc).

2.2.2: Generation of T hI and T h2 supernatants

D l . l  ( T h I )  and CDC35 (T h 2 ) T cell clones were a gift from Dr. Powrie 

(Oxford). They both carry H-2d-restricted T Cell Receptors specific for rabbit IgG. 

They were restimulated every fourteen days by incubation with irradiated (3000rad) 

BALB/c splenocytes and 4pg/ml rabbit anti-mouse IgG (Sigma) in complete RPMI- 

1640 plus 10% FCS and approximately lOOU/ml IL-2, and further passaged every two 

days.

Supernatants were generated by incubation o f the clones at 1 x 106 cells/ml on 

immobilised anti-CD3s mAb (145-2C11; pre-adhered to flasks at 10p,g/ml) for 24 

hours.

2.3: M ice

Mice were bred under specific pathogen free conditions but were transferred to a 

different facility prior to use. They were aged approximately three to five months when 

used. Cells were obtained from either (CBA/Ca x C57B10) F] male mice or from 

BALB/c female mice.

2.3.1: Conventional purification of B cells

Splenic B cells were used throughout the study. A cell suspension was created 

by pressing spleens through a sterile steel gauze. Next, T cells were killed by 

incubation at 37°C for 40 minutes in a cocktail o f anti-thy-1, anti-CD4, anti-CD8 

antibodies and guinea-pig complement (Harlan) at dilutions o f 1:900, 1:6, 1:6 and 1:3
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respectively in RPMI-1640, in a total volume o f 3ml/spleen. B cells were then obtained 

by density centrifugation on discontinuous percoll gradients (Pharmacia) diluted in 

PBS, for 20 minutes at 1200g. Normally, small, dense, resting B cells were used in 

experiments and these were collected from the 85% - 75% interface o f an 85% - 75% - 

50% percoll gradient. These will be referred to as conventionally purified B cells and 

were typically > 90% B220 positive. Occasionally, total B cells were generated using 

an 85% - 65% - 50% gradient.

2.3.2: FA C SortingB cells

When very pure B cells were required, small, resting B cells were obtained as 

above and then stained with 2pg/ml B220-FITC prior to separation by sorting with a 

FACSTARplus (Becton Dickinson) flow cytometer, which typically yielded a 

population o f cells >99.5% B220+ IgM+IgD+ (see Appendix B).

To generate an IgA' starting population for Ig secretion experiments, 

conventionally purified B cells were dually labelled with B220-FITC and 10pg/ml of 

biotinylated goat anti-mouse IgA followed by 0.5pg/ml phycoerythrin-streptavidin (PE- 

SA; Southern Biotechnology) prior to FACSorting.

2.3.3: Purification of T cells

T cells were obtained from splenocyte suspensions by incubation with anti-B220 

mAb (0.5ml concentrated hybridoma supernatant) and complement prior to density 

centrifugation. The resultant population was typically 85-90% CD3+.

2.3.4: W hole spleen cell cultures

In some experiments, whole spleen cells (WSC) were obtained by centrifugation 

of splenocyte suspensions on 85% - 50% percoll gradients: WSC were retrieved from 

the interface.

2.4: Proliferation Assays

2.4.1: Regular primary B cell proliferation assay

B cells were incubated in the presence o f the indicated stimuli at 1 x 105 cells per 

well, in 200pl o f B cell medium in flat-bottomed 96-well plates. [ H]-thymidine 

(0.5pCi per well; Amersham) was added for the last 4 hours o f the 72 hour assay. The
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cells were harvested onto filter mats using a Wallac 1295-004 Betaplate 96-well 

harvester and thymidine incorporation was quantified by a Wallac 1205 Betaplate 

scintillation counter. Results are expressed as means ± S.D.s o f triplicate assays.

2.4.2: B cell lymphoma proliferation assay

Lymphoma cells were incubated at 1 x 104 /well in 200pl o f complete RPMI- 

1640 with the indicated reagents for a total of 48 hours. [ H]-thymidine uptake was 

quantified as for primary B cells.

2.4.3: Dialysis tubing proliferation assay

In some experiments, different populations o f cells were separated from each 

other using sterile cellulose ester dialysis membranes (Spectra/Por; Spectrum), 

according to a previously published method (Nizet et al, 1996). This tubing had a 

molecular weight cut-off o f 50kDa, thereby retaining activating antibodies on one side 

whilst allowing any cytokines produced to diffuse freely between the two 

compartments.

Conventionally purified B cells and whole spleen cells were used at 106/ml, 

whilst CTLLs were used at 105/ml. First, 4ml o f medium was added to the wells o f 6- 

well plates. Each dialysis membrane was cut in half to yield tubes o f approximately 

7cm long and 1cm diameter, which were opened and then placed into the wells. 750pl 

o f cell suspension were carefully pipetted into each membrane. The membrane was 

then manipulated so that folds at the edges o f the well ensured the contents remained in 

the middle o f the tube. Protruding ends o f tubing were cut off, and other cells and 

indicated stimuli were then added to the medium outside the tubing to a final volume o f 

6ml. Cultures were incubated for 72 hours.

In some experiments, the two compartments were separated, the contents o f each 

were gently mixed, and cells were placed in 96-well plates in 200pl in triplicate. 

Proliferation was then assayed by [ H]-thymidine incorporation during a 4 hour period 

as usual. In other experiments, 15pCi o f [ H]-thymidine was added directly to each 

culture. After 4 hours, the contents o f each compartment were then manually harvested 

onto 25mm GF/A microfibre filter discs (Whatman), which were placed in vials with 

5ml scintillation fluid (ReadySafe™; Beckman) and counted by a LS6000IC 

scintillation counter (Beckman).

Experiments were performed in normal B Cell Medium, with the addition o f

53



5pg/ml gentamicin (Sigma), and gloves and instruments were sterilised with ethanol 

prior to handling the membranes.

2.4.4: Agarose immobilisation assay

Sometimes, individual cells were separated from each other during a 

proliferation assay, by immobilisation in agarose. A full description o f this method is 

given in Appendix A.

2.5: B cell Reaggregation Assay

B cells were stimulated as indicated for 72 hours at 2 x 106/ml in normal BCM. 

Clusters which had formed were broken up by vigorous pipetting, and live cells were 

separated by centrifugation on 18% metrizamide (Nycomed) at 900g.

The cells were then labelled with either CellTracker™ Orange CMTM R (5-(and- 

6)-(((40chloromethyl)benzoyl)amino)tetramethylrhodamine) or with CellTracker™ 

Green CMFDA (5-chloromethylfluroscein diacetate), both from Molecular Bioprobes. 

These probes pass freely into cells through the plasma membrane, but undergo a 

glutathione S-transferase-mediated reaction once inside the cell, which retains the dye in 

the cytoplasm. The dyes were reconstituted according to the manufacturer’s 

instructions. Cells were labelled by incubation at 37°C in lpM  probe in BCM for 30 

minutes. The cells were then washed twice with modified RPMI-1640 lacking phenol 

red (Sigma).

To study reaggregation, cells were incubated in LabTek® Chamber Slides™ 

(Nunc) in 500pl o f BCM which had been made from phenol-red free RPMI-1640. Each 

cell population was used at 2.5 x 105 cells/well. The cells were allowed to aggregate 

during a 2 hour incubation at 37°C. The cultures were then analysed using an inverted 

microscope (Olympus) connected to a CCD camera and analysed by Deltavision 

deconvolution software.

2.6: Cvtokine Bioassavs

2.6.1: Generation of supernatants for cytokine bioassays

Cells were incubated at 106/ml in 24-well plates in B cell medium containing the
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indicated stimuli. At the time points shown, the supernatants were separated from the 

cells by centrifugation and were stored frozen prior to analysis by bioassay.

2.6.2: L929 bioassay for TNF-a

Cells from the L929 fibroblast line die by apoptosis in the presence o f TN F-a in 

a dose-dependent manner (Appendix B). The cells were incubated for 24 hours at 2 x 

104/well in lOOpl in flat-bottomed, 96-well plates to allow adherence. The medium was 

aspirated, and dilutions o f test supernatants were added in the presence o f  3pg/ml 

actinomycin D (Sigma). After a further 24 hours, the medium was aspirated and the 

cells were washed once with 150pl PBS. They were then both fixed and stained by the 

addition o f 125pi o f a solution containing 0.2% crystal violet (Sigma) and 20% ethanol. 

After 15 minutes, the free solution was washed o ff with tap water and the plates were 

left to dry. The adherent cells were then lysed with 1 25jll1 1%  acetic acid and the optical 

density determined at 540-450nm, using a Titertek M ultiskan MCC/340 ELISA plate 

reader. By comparison with known TN F-a standards, the concentration o f TN F-a in 

the test supernatants could be determined. Results are expressed as means ± S.D.s o f 

triplicate supernatants analysed in duplicate on the L929 bioassay.

2.6.3: B9 bioassay for IL-6

B9 is a murine hybridoma cell line which is dependent on IL-6 for its growth. 

The cells were washed out o f IL-6 48 hours before an assay was set up, in order to 

increase sensitivity. Cells were incubated at 5 x 103/well in 200pl in flat-bottomed 96- 

well plates, with dilutions o f indicated test stimuli. They were incubated for 96 hours
T • • •

and [ H]-thymidine incorporation during the last 4 hours was assayed as described for 

proliferation assays. The concentration o f IL-6 in the test supernatants was determined 

by comparison with known standards. Duplicate supernatants were pooled prior to 

analysis; thus data represent means ± S.D.s. on the B9 bioassay. IL-6 could be 

neutralised by the anti-IL-6 mAb 6B4 in this assay (Appendix B), but it was found that 

the B9 cells also proliferated slightly in the presence o f LPS or IL-4.

2.7: Im m unoglobulin Isotvoe Analysis

2.7.1: Generation of supernatants for immunoglobulin assays

Irradiated CD40 L igand-expressing fibroblasts (K47) or controls (K5) were
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seeded at 2 x 104/ml in 24-well plates in supplemented DMEM and allowed to adhere 

for 24 hours. The medium was aspirated and 3 x 105 B cells were added in B cell 

medium with the indicated stimuli. After a further 6 days, the supernatants were 

separated from the cells by centrifugation and frozen prior to analysis.

2.7.2: ELISA for the analysis of immunoglobulin isotype

Between each step, wells were washed thoroughly with wash buffer (PBS + 

0.05% Tween-20; Sigma). 96-well plates (Cert-maxisorp Nunc-immunosorplates) were 

coated with 50pl/well o f either human-adsorbed goat anti-mouse Ig (for IgA, IgG3 and 

IgM analysis) or rat-adsorbed goat anti-mouse Ig (IgG l, IgG2a and IgG3 analysis) in 

borate-buffered saline. After incubation for 16 hours at 4°C, the wells were blocked by 

incubation with 200pl PBS containing 5% horse serum and 5% FCS for 2 hours at room 

temperature. Next, the test supernatants were added in a 50pl volume, diluted in BCM 

where appropriate, and incubated at room temperature for 3 hours. Biotinylated isotype 

specific goat anti-mouse Ig polyclonal antibodies were added at 5pg/ml in 50pl PBS for 

one hour followed by streptavidin-horse radish peroxidase (Serotec), at 2pg/ml in PBS 

for 30 minutes.

Then 75pl o f ABTS (2,2’-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid); 

Sigma) in lOmM sodium phosphate buffer, pH6.2, containing 0.0025% H2O2 was added 

to each well. The reaction was stopped by the addition o f 75pl o f 1.25% sodium 

fluoride, and the optical density at 405nm was determined. By comparison with 

myeloma standards (Serotec) the concentration o f each isotype in each supernatant was 

determined. Results are expressed as means ± S.D.s o f triplicate supernatants analysed 

in duplicate on the ELISA assay.

2.8: Analysis o f mRNA

2.8.1: Extraction of RNA

Total RNA for use in either reverse transcription-polymerase chain reaction 

(RT-PCR) or RNase Protection assay (RPA) was extracted from cells using RNeasy 

spin columns (Qiagen) according to the manufacturer’s instructions. In brief, cell 

suspensions were pelleted by centrifugation, lysed with a high-salt buffer containing 2- 

ME and guanidinium isothiocyanate, and homogenised by repeatedly passing through a
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19-G (1.1mm) needle. Ethanol was added and the RNA samples were bound to silica 

gel membranes. After washing away contaminants, RNA was eluted with water.

Estimation o f RNA concentrations in lymphocyte preparations proved difficult 

as they were so low; hence equivalent cell numbers were used in experiments. The 

RNA concentration in cell line preparations was estimated by spectrophotometry, 

assuming A260 = 1 = 40|ug/ml.

Normally, RNeasy mini columns were used, although on some occasions midi 

columns were used to obtain RNA from the B cell lymphomas.

2.8.2: Multi-Probe RNAse Protection Assay

Riboquant™ Multi-Probe RNase Protection Assay kits (Pharmingen) were used 

throughout, according to the manufacturer’s instructions. In brief, radiolabelled anti

sense RNA probes were synthesised from DNA templates by the incorporation o f [a- 

P]-UTP (Amersham) by T7 RNA polymerase. Each template set contained sequences 

specific for several cytokine genes as well as for two “housekeeping” genes, L32 and 

GAPDH. RNA samples prepared as described were hybridised with an excess o f the 

probe, after which single-stranded RNA was digested with RNase A + T l. The 

protected double-stranded cytokine mRNA and probe duplexes were then purified and 

separated by polyacrylamide gel electrophoresis, and were quantified by a 

phosphorimager (STORM-860; Molecular Dynamics) with ImageQuant software.

Although each sample in an experiment originated from the same number o f 

cells (usually ~107 lymphocytes), there was considerable variation in the detected 

expression o f the two housekeeping genes. Thus the phosphorimager values obtained 

for each cytokine were divided by those for the housekeeping genes for each sample, in 

order to normalise for the total amount o f RNA and thereby allow comparison between 

samples. Results are thus expressed as cytokine intensities relative to one o f the 

housekeeping genes.

Substantially more RNA was extracted from B cell lymphomas and could 

therefore be quantified. Hence in these experiments 10pg o f total RNA were used in 

each sample.

2.8.3a: Reverse Transcription

RNA samples were typically prepared in 30pl o f water, o f which 5pl was used
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in each reaction. The reactions were performed in 20pl in autoclaved microcentrifuge 

tubes. Each contained:

5 pi RNA
lp l oligo dT]2-i8 (500pg/ml stock solution; Pharmacia Biotech)
6 pi sterile water
4pl 5X first strand buffer (250mM Tris-HCl, 375mM KC1, 15mM MgCl2;

GIBCO-BRL)
2pi 0.1M DTT (GIBCO-BRL)
lp l dNTP mix (containing lOmM each o f dATP, dGTP, dCTP, dTTP;

Pharmacia Biotech)
1 pi SuperScript™II RNase H‘ Reverse Transcriptase (GIBCO-BRL)

The RNA, oligo dT^-is and water were first incubated together at 70°C for 10 

minutes and chilled on ice, after which the other reagents were added. The reverse 

transcription was performed at 42°C for 1 hour and was terminated by incubation at 

70°C for 15 minutes. The cDNA product was diluted to lOOpl before use in the 

polymerase chain reaction.

2.8.3b: Polymerase Chain Reaction

Tumour necrosis factor-a and hypoxanthine phosphoribosyltransferase (HPRT) 

primers were synthesised by Oswel DNA Service (University o f Southampton) 

according to published sequences (Murphy et al, 1993), and are intron-spanning. The 

latter primer pair served as a positive control for efficient RNA extraction and reverse 

transcription.

Table 2.3: PCR Primers

Primer Sequence (5’ to 3 ’)
Product

size

TN F-a sense GCG ACG TGG AAC TGG CAG AAG
277bp

TN F-a anti-sense GGT ACA ACC CAT CGG GCT GGC A

HPRT sense GTA ATG ATC AGT CAA CGG GGG AC
214bp

HPRT anti-sense CCA GCA AGC TTG CAA CCT TAA CCA

PCR reactions were performed in 50pi in autoclaved tubes. Each contained:

5 pi cDNA (diluted as described above)
1 pi sense primer (from 250pg/ml stock)
1 pi anti-sense primer (from 250pg/ml stock)
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1 pi Proof-Mix (mixture o f DNA polymerases from Thermus aquaticus and 
Pyrococcus woesei; Hybaid-AGS)

5 pi 1 OX reaction buffer (Hybaid-AGS)
3.5pl 25mM M gCl2 (Hybaid-AGS)
2.5pl dNTP mix (containing lOmM each o f dATP, dGTP, dCTP, dTTP;

Pharmacia Biotech)
31 pi sterile water

These were overlayed with mineral oil (Sigma).

PCR was performed by a Biometra Trio-thermoblock. After an initial 

denaturation step at 94°C for 210 seconds, the reaction comprised 32 cycles o f 

denaturation for 50 seconds at 96°C, annealing for 70 seconds at 59°C and elongation 

for 100 seconds at 72°C. The final elongation step continued for a further 5 minutes. 

The reaction products were electrophoresed next to DNA molecular weight markers 

(lOObp PCR Molecular Ruler; BIO-RAD) in 1.2% agarose gels containing 0.5pg/ml 

ethidium bromide.

2.9: Flow Cvtom etrv

Analyses were usually performed on a FACScan flow cytometrer, although 

occasionally a FACStarPLUS or a FACS Vantage were used (all manufactured by Becton 

Dickinson).

2.9.1: Surface staining

All staining was performed on ice in FACS buffer, which contained PBS, 0.1% 

bovine serum albumin and 0.1% sodium azide. Cells were labelled with the following 

antibodies for 30 minutes and washed with FACS buffer between steps. Biotin labelled 

antibodies were revealed by PE-SA (0.5pg/ml).

Analysis o f  cell purity

B cells were commonly stained with either FITC- or biotin- conjugated anti- 

6220 (2pg/ml). Sometimes, biotinylated b-7-6 (anti-p; 5pg/ml) or 1.19 (anti-5; 

lOpg/ml) were used as well. T cells were stained with lOpg/ml KT3-FITC (anti-CD3c). 

Activation markers

Cells were labelled with 2.5pg/ml B3B4-FITC (anti-CD23), 5pg/ml 7D4-biotin 

(anti-CD25), 5pg/ml H1.2F3-biotin (anti-CD69), 5pg/ml 16-10A1-PE (anti-
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CD80/B7.1), 7pg/ml G L-l-biotin (anti-CD86/B7.2) or 5pg/ml NIMRU4-FITC (anti- 

MHC Class II).

TNF receptors

The two receptors, p55 TNF RI and p75 TNF RII, were labelled with lOpg/ml o f 

biotinylated antibody. Goat-anti-IgA was used as a negative control with the 

RAW.264.7 cells, but this was not feasible for B cells.

Membrane TN F-a

The membrane form o f TN F-a was stained with 10fj,g/ml mp6-XT22, while the 

Y 13-238 mAb (anti-p21ras) served as an isotype-matched control. In experiments with 

B cell lymphomas, cells were pre-blocked with unlabelled 2.4G2, which inhibits 

binding via Fey receptors, by incubation for 15 minutes at 20pg/ml. The 2.4G2 mAb 

was also included during the mp6-XT22 staining step.

2.9.2: Determination of cell survival

After incubation in triplicate under indicated conditions, B cells were pelleted by 

centrifugation and resuspended in hypotonic 0.1 % Triton X-100/ 0.1% sodium citrate 

solution containing 50pg/ml propidium iodide (Sigma). The resulting stained nuclei 

were considered apoptotic if  they contained sub-diploid levels o f DNA, as revealed by 

flow cytometry (Nicoletti et al, 1991). Results are expressed as means ± S.D.s o f 

triplicate cultures.
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Chanter 3: Autocrine Factors in B Cell Proliferation

3.1: Introduction

In this chapter, two key questions concerning B cell activation are considered. 

Firstly, do B cells make an autocrine growth factor? Secondly, is B cell aggregation 

necessary for their proliferation in vitro?

The antibiotic agents cyclosporin A (CsA) and FK506 have long been known to 

have specific immunosuppressive effects on both T and B lymphocytes. In murine B 

cells, the drugs abrogate proliferation induced in vitro by anti-AgR or anti-CD40 

antibodies, whereas proliferation induced by LPS is far less sensitive (Dongworth & 

Klaus, 1982; Klaus et al, 1994a). Inhibition o f human B cell proliferation induced by 

Pokeweed M itogen (PWM) or Staphylococcus aureus Cowan I (SAC) has also been 

demonstrated (Suzuki et al, 1990). Other aspects o f B cell activation, such as the up- 

regulated expression o f MHC Class II (Mongini et a l, 1992), the FcsRII (CD23) or the 

high-affinity interleukin 2 receptor (CD25; Morikawa et a l, 1992; Lillehoj et al, 1984) 

are unaffected by CsA and FK506, again demonstrating that specific signaling pathways 

are blocked by these drugs. Signals blocked by the drugs are those which involve 

increases in intracellular Ca.2+

The mechanism o f action o f CsA and FK506 in lymphocytes is becoming 

clearer. Both AgR- and CD40- stimulation o f B cells induce the activation o f the 

Nuclear Factor o f Activated T cells (NF-AT; Choi et al, 1994), and this induction can 

be inhibited by CsA or FK506 (Venkataraman et al, 1994). There are at least four 

members o f the NF-AT family o f transcription factors, which exhibit varying tissue 

distributions (Northrop et al, 1994; Hoey et al, 1995) and they are constitutively active 

in some cell types. However in lymphocytes, NF-AT must be activated via two 

separate signaling pathways. A CsA/FK506-resistant pathway acts via Protein Kinase 

C to up-regulate the expression o f the AP-1 family o f transcription factors. It is now 

known that components o f this family interact with NF-AT directly, in order to 

stimulate maximum DNA-binding and transcription-promoting activity (Jain et al,
9 +1992; Castigli et al, 1993). In addition, a Ca dependent mechanism must be invoked 

and this part is sensitive to CsA and FK506. In resting lymphocytes, NF-AT molecules 

are located in the cytoplasm and must be translocated to the nucleus to be active. NF-
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AT must first be dephosphorylated by the Ca -calmodulin-dependent phosphatase 

calcineurin, and this enzyme is a target for inhibition by the immunosuppressants. 

These drugs bind to distinct immunophilin proteins which then act to inhibit calcineurin. 

Thus, NF-AT is maintained within the cytoplasm by CsA and FK506. Indeed, artificial 

nuclear localisation o f NF-AT is sufficient to render cells resistant to FK506 

(Timmerman et al, 1996).

NF-AT activity has been most widely studied in the IL-2 promoter o f T cells, 

where it acts as part o f a co-ordinated response to stimulation. However, NF-AT 

binding sites have also been demonstrated in the promoter regions o f other cytokine 

genes, such as IL-4 (Rooney et al, 1995), IL-3, GM-CSF (Tocci et al, 1989) and TN F-a 

(Tsai et al, 1996). Thus it is attractive to speculate that CsA and FK506 are able to 

inhibit AgR- and CD40-mediated B cell proliferation because they inhibit the induction 

o f transcription o f a cytokine gene necessary for the proliferation. This cytokine would 

thus be an autocrine growth factor for B cells.

The phenomenon o f B cell aggregation during stimulation is related to the 

possibility that B cells secrete an autocrine growth factor. Homotypic adhesion of 

lymphocytes during activation in vitro is a well-documented occurrence. For B cells, 

antibodies against various cell-surface molecules induce this clustering, including the 

AgR, CD 19, CD20 or MHC Class II (Spieker-Polet et al, 1985; Kansas & Tedder,

1991). However, the cell aggregation caused by anti-CD40 mAbs is far more 

pronounced, with larger and tighter aggregates being formed. This CD40-induced 

clustering is further enhanced by other stimuli, notably anti-Ig or IL-4 stimuli (Klaus et 

al, 1994b).

Anti-CD40-induced aggregation is mediated at least in part via the interaction of 

the Leukocyte Function-associated Adhesion molecule 1 (LFA-1) with it counter

ligand, Intercellular Adhesion Molecule 1 (ICAM-1; Barrett et al, 1991). B cell 

stimulation through CD40 acts to increase the avidity o f LFA-1 for its ligand, by 

inducing a conformational change, and IL-4 and anti-Ig increase the surface expression 

o f ICAM-1. Increases in LFA-1 expression levels occur more slowly (Branden & 

Lundgren, 1993). The LFA-1 integrin is a heterodimer consisting o f aL and p2 chains 

(CD 11 a/CD 18). Antibodies against the LFA-1 a-chain  can inhibit B cell aggregation, 

but further, they also inhibit B cell proliferation (Klaus et al, 1994b). This led to the 

proposal that B cell clustering forms an essential part o f their activation. This could be 

explained by the secretion o f the putative autocrine growth factor: if  cells are kept in
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close contact with each other, then any secreted cytokines could reach high 

concentrations within the small spaces between the cells in clusters. However, blocking 

the cellular interactions would lead to dilution o f the cytokines in the culture medium, 

thereby inhibiting their effects on B cell proliferation.

In previous experiments (Klaus et al, 1994b) the an ti-L F A -la  mAbs only 

partially blocked cell clustering and the proliferation o f the cells was only partially 

inhibited. Here, B cells are cultured entirely separately from each other by 

immobilisation in agarose, to determine whether this blocks B cell proliferation 

completely and therefore whether B cell contact is necessary for proliferation.

3.2: Results

3.2.1: Effects of FK506 on primary B cells and B cell lymphomas

Initially, the previously reported experiments analysing the effect o f FK506 on 

B cell proliferation were repeated. As shown in Figure 3.1, stimulation o f B cells 

through the AgR was completely blocked by FK506. The response to CD40 ligation 

was inhibited but was never completely blocked; this was found to be true with three 

other anti-CD40 mAbs. The combination o f anti-AgR and anti-CD40 stimulation was 

also FK506-sensitive (data not shown). The LPS-induced proliferation was only 

slightly abrogated by FK506.

Next, the potential for FK506 to inhibit the growth o f five B cell lymphomas 

was investigated. It was possible that these transformed cell lines constitutively 

expressed an autocrine growth factor, whose transcription could be inhibited by FK506. 

If this had been the case, then analysis o f this factor might have provided clues as to the 

nature o f an inducible autocrine growth factor for primary B cells. However, FK506 

had no effect on the growth o f the lymphomas WEHI-231, BAL-17, A20, CH31 or 

CH33 (Fig. 3.2).

3.2.2: Production of an autocrine growth factor by murine B cells

In order to determine whether B cells produce an autocrine growth factor, two 

cell populations were separated from each other using dialysis tubing. Cells on one side 

were stimulated to proliferate with mAbs and the antibodies were retained on this side, 

as the molecular weight cut-off o f the tubing was 50kDa. However, any cytokines 

secreted by these proliferating cells were able to diffuse through to the other population
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of cells, assuming that their molecular weight was lower than 50kDa. Thus analysis o f 

the proliferation o f this latter population revealed secretion o f growth factors from the 

former population. This method was developed by Nizet and colleagues (Nizet et al, 

1996) who used it to demonstrate that IL-2 secreted by activated human T cells 

enhanced the proliferation o f another population o f T cells or o f an IL-2 indicator cell 

line.

Initially, this method was validated using the activation o f whole spleen cell 

(WSC) cultures as a positive control. WSC inside the dialysis tubing proliferated 

significantly if  the WSC outside were activated with anti-CD3, but did not in the 

absence o f stimulation outside the bag (Fig. 3.3). To show that this proliferation was 

not caused by the diffusion o f mAb across the dialysis membrane, cultures were set up 

with only the stimulating mAb but no cells outside the bag: in this instance, there was 

no proliferation o f the cells inside. This control was included in all subsequent 

experiments. In addition, activated WSC maintained the growth o f the IL-2 indicator 

cell line, CTLL, inside the tubing whereas unactivated WSC did not (Fig. 3.3).

Next, this method was applied to the study o f B cells, in order to determine 

whether they produce an autocrine growth factor. B cells were incubated in medium 

only inside the dialysis tubing, and other B cells were added to the outside 

compartment, in the presence o f various stimuli. However, under these conditions, 

growth factor activity produced by B cells could not be detected (Fig. 3.4). This 

therefore suggested a fundamental difference in the mechanism by which B cells and T 

cells regulate their proliferation.

One reason for the lack o f detectable activity in these experiments could have 

been that the B cells inside the tubing were dying before sufficient autocrine factor had 

been synthesised by the external B cells. Thus, in the final experiments, B cells inside 

the dialysis tubing were incubated with the 3/23 anti-CD40 mAb. This mAb has low 

mitogenicity, but delivers a survival signal to the B cells (Parry et al, 1994). Under 

these conditions, autocrine growth factor activity was clearly demonstrated by murine B 

cells. Stimulation o f B cells outside the tubing through CD40 and the AgR led to 

increased proliferation o f B cells within the dialysis tubing (Fig. 3.5).
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3.2.3: Inhibition of B cell proliferation by blocking L F A -la

The experim ents with the a n ti-L F A -la  neutralising m Abs were repeated. 

Again, both antibodies inhibited anti-CD 40-m ediated B cell proliferation by 

approxim ately 50% (Fig. 3.6). The anti-A gR-induced proliferation was not affected by 

neutralising L F A -la , but the com bined stim ulation with anti-Ig and anti-CD 40 mAbs 

was inhibited. LPS-induced B cell proliferation was unaffected by the blockade o f 

LFA-1. Control antibodies isotype-m atched to the a n ti-L F A -la  m A bs had no effect on 

B cell proliferation (not shown).
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Figure 3.6: Effect o f  blocking adhesion through LFA-1 on B cell proliferation. B cells were 
stimulated with anti-p  (lOpg/m l b-7-6), anti-CD40 (lO pg/m l FGK45.5) or LPS (Ipg /m l) alone 

or in the presence o f 20pg/m l o f one o f the anti-LFA -1 a  mAbs, F D 441.8 or M 17/4.2.

3.2.4: B cell contact is not necessary for pro liferation

In order to determ ine whether B cell contact is necessary during B cell 

proliferation, an assay was developed whereby B cells were cultured independently in 

sem i-solid agarose (see Appendix A for full details). By m icroscopy, it was clear that 

the cells rem ained independent. [3H]-thym idine incorporation was then determ ined 

following activation with various stimuli.
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Contrary to expectation. B cells still proliferated well in response to all stimuli 

w hen separated in agarose (Fig. 3.7). W hilst there was usually some decrease in B cell 

proliferation in agarose com pared to m edium , the extent o f  this decrease was variable, 

som etim es absent and never more than that shown. Indeed, the W EHI-231 B cell 

lym phom a, which usually grows as single cells in suspension, also exhibited slightly 

decreased [ ’H j-thym idine incorporation when cultured in agarose com pared to medium  

(data not shown). N evertheless, there was definite induction o f  B cell proliferation in 

agarose, show ing that B cell aggregation is not necessary for proliferation in vitro.
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Figure 3.7: B cells can still proliferate in vitro when separated in agarose. Conventionally 
purified B cells were cultured in medium or in agarose with the indicated stimuli for 96 

hours. [ ’Hj-thym idine incorporation was measured during the last 16 hours.
All stimuli were used at lOpg/ml (anti-p:b-7-6, anti-CD40:FGK45.5, an ti-8 :1.19)

This finding does not rule out the existence o f  an autocrine growth factor; one 

could be produced but in sufficient am ounts to diffuse to other cells. The addition o f 

exogenous cytokines to the agarose cultures did indeed enhance the proliferation in the 

expected m anner, such that both IFN-y and IL-4 enhanced CD 40-induced proliferation 

(Fig. 3.8).
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3.2.5: Further investigation of the anti-LFA-1 effect

As B cell aggregation was not necessary for B cell proliferation, it appeared that 

the an ti-L FA -la mAbs delivered a negative signal to the B cells inhibiting their 

proliferation, in addition to providing a physical barrier to clustering. This idea was 

supported by further experiments with B cells immobilised in agarose: addition o f the 

an ti-L FA -la mAb further inhibited B cell proliferation induced by anti-CD40 

stimulation, either with or without AgR ligation (Fig. 3.9). This could not have been 

caused by physical blockade o f cellular interaction, as there was no possibility o f B cell 

contact (see Appendix A, Fig A .l).

The role o f B cell contact in proliferation was further investigated using mAbs to 

other important adhesion molecules on the B cell surface. Interestingly, a mAb directed 

against the LFA-1 p-chain had contrasting effects on B cell proliferation, depending on 

the stimulus used. AgR-induced proliferation was inhibited, but anti-CD40-induced 

proliferation was actually enhanced (Fig. 3.10a). Moreover, a mAb directed against 

Intercellular Adhesion M olecule-1 (ICAM-1), which is a physiological ligand for LFA- 

1, had virtually no effect on B cell proliferation (Fig. 3.10b). This mAb (YNI/1.7.4) is a 

neutralising antibody and has previously been reported to block the mixed lymphocyte 

reaction (Dang & Rock, 1991), which again implies that the effect o f  an ti-L FA -la mAb 

on B cell proliferation is not mediated by simple blockade o f the LFA-1/ICAM-1 

binding. The possibility remains that the binding o f  LFA-1 to another ligand, ICAM-3, 

is involved in B cell proliferation.

The complex effects o f mAbs against adhesion molecules were further 

demonstrated by the action o f PS/2, a mAb directed against the Very Late Antigen-4 

(VLA-4). This integrin is known to be important in mediating B cell adhesion to other 

cell types, notably follicular dendritic cells (Koopman et al, 1991). This mAb slightly 

enhanced anti-p-induced proliferation whilst having no effect on the anti-CD40 

response (Fig. 3.10c). Inclusion o f isotype-matched controls to these anti-adhesion 

molecule mAbs never had any effect on B cell proliferation (not shown).

3.2.6: Why do B cells aggregate in vitro?

W hilst B cell contact is not necessary for proliferation in vitro , the phenomenon 

of aggregation is still remarkable, especially that which is initiated via CD40 plus AgR 

ligation. However, the preceding results imply that the clustering is a result o f 

activation, rather than a necessary prelude. Thus preliminary experiments were
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performed to investigate this occurrence further. Resting B cells do not form clusters, 

but activation o f  cultures with different stimuli induces aggregation: this could be 

explained by the expression o f chemoattractants by activated B cells, which would pull 

the B cells towards each other, allowing the binding o f adhesion molecules to hold the 

cells tightly together. It would therefore be expected that anti-CD40 ligation in the 

presence o f IL-4 or anti-p would provide a strong stimulus for expression o f the 

postulated chemoattractant, whereas anti-p alone would provide only a weak stimulus.

In order to study B cell aggregation, activated cells were labelled and analysed 

by fluorescence microscopy. The advantage o f this method is that different cell 

populations can be labelled with different fluorochromes and therefore easily 

distinguished. Thus analysis o f reaggregation o f mixtures o f cells, which had 

previously undergone differential stimulation, was possible.

As expected, resting B cells remained separate from each other (Fig. 3.11a), 

whereas B cells which had previously been stimulated via anti-CD40 plus anti-p for 72 

hours reformed clusters within the 2 hour incubation period (Fig. 3.11b). Cells which 

had been activated together, but then separated for labelling, reaggregated evenly upon 

mixing showing that the two different dyes did not cause variation (Fig. 3.11b). In 

accordance with previous results, cells activated only via CD40 formed aggregates (Fig. 

3.1 Id) whereas those stimulated via the AgR only did not, under these conditions (Fig. 

3.11c). Thus stimulation through CD40, especially with co-ligation o f  the AgR, caused 

B cell reaggregation in the absence o f continued stimulation and following the breakup 

of the clusters.

Interestingly, although anti-p-stimulated B cells were unable to form clusters on 

their own, they did aggregate evenly with cells which had been activated via anti-CD40 

(Fig. 3.12a) or CD40 plus AgR co-stimulation (Fig. 3.12b). Thus it appears that anti-p 

stimulation is sufficient to induce responsiveness to clustering in B cells, but that it is 

not adequate for clustering on its own. Indeed, LPS-stimulated B cells were also 

attracted into clusters with CD40-stimulated B cells (data not shown). One 

interpretation o f these data is that CD40 ligation induces the secretion o f a 

chemoattractant, whereas AgR stimulation up-regulates the expression o f a receptor for 

this chemoattractant. Thus the two stimuli would act synergistically in B cell clustering. 

Resting B cells were not attracted into the clusters (Fig. 3.12d and Fig. 3.11c & d), as 

would be expected if  they do not express either the chemoattractant or its receptor.
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were prepared imm ediately before the experiment. Labelled cells were incubated together for
2 hours at 37°C before analysis.
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3.3: Discussion

In the course o f these experiments, various approaches were attempted in order 

to determine whether B cells produce an autocrine growth factor. The main problem to 

overcome was that any stimulating antibodies used to induce this cytokine in B cells 

would affect the response o f an indicator population o f B cells, if  it remained in any 

collected supernatant. The attempted methods included the generation o f supernatants 

from activated B cells, followed by the removal o f mAbs by incubation with Protein G 

sepharose beads prior to addition to fresh B cells. Also, whole spleen cell cultures were 

activated with immobilised anti-CD3 followed by specific killing o f the T cells; 

supernatant was then collected from the remaining B cells. However, both these 

methods were flawed, and failed to clearly show whether any autocrine growth factor 

existed. Thus the dialysis tubing assay was performed, in which the two B cell 

populations and the stimulating antibodies were kept in separate compartments across 

50kDa cut-off membranes.

Two interesting facts emerged from these studies. Firstly, autocrine growth 

factor activity was clearly demonstrated when the indicator B cells were incubated with 

anti-CD40 mAb (Fig. 3.5). Thus B cells produce their own cytokine to regulate their 

proliferation. Secondly, this growth factor activity could not clearly be demonstrated 

without CD40 ligation, in contrast to the stimulation o f IL-2 production by T cells and 

WSC (Nizet et al, 1996 and Fig. 3.4). Thus there appears to be a difference in the 

kinetics o f production o f autocrine factor synthesis by B and T cells. The synergistic 

effect o f the anti-CD40 mAb could have been mediated via the upregulation o f a 

cytokine receptor, or by maintaining cell viability until the autocrine growth factor was 

produced. Indeed, this latter hypothesis is in accordance with the kinetics o f action o f 

CsA and FK506 on T and B cell proliferation. The T cell response becomes insensitive 

to these immunosuppressants within 24 hours, whereas B cell proliferation is sensitive 

to their actions for longer periods (Sigal & Dumont, 1992), implying that the affected 

cytokine production is occurring later in B cells.

Unfortunately, there was not enough time to continue investigation o f this 

activity. However, there are several experiments which could be performed from this 

point. The activity demonstrated was induced via dual stimulation o f CD40 and the 

IgM AgR; thus next the induction with other stimuli could be investigated. Also, 

neutralising antibodies against known cytokines could be included to attempt to identify
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the factor. Furthermore, FK506 could be included in subsequent cultures, to determine 

whether the activity identified here is the same as that which had been predicted from 

previous experiments. Whilst the effects o f CsA and FK506 on NF-AT activation are 

quite clear, there is no evidence to show that these are the only effects o f these agents 

within B cells, and their inhibitory effects on proliferation may not be due to lack of 

cytokine expression.

Aggregation o f B cells was clearly shown not to be necessary for their 

proliferation, by culturing the cells individually in agarose (Fig. 3.7). This was in 

contrast to the original hypothesis, as it had previously been discovered that mAbs 

directed against the LFA-1 a-chain inhibited B cell proliferation in vitro. However, it 

now appears that the effect o f these mAbs is more complicated than mere physical 

blockade. It is possible that they are actually providing a negative signal to the B cells. 

This notion is supported by the facts that the mAbs partially inhibit B cell proliferation 

even when cells are separated in agarose (Fig. 3.9), and that blocking mAbs against the 

LFA-1 p-chain and the LFA-1 ligand, ICAM-1, failed to exhibit the same effect (Fig. 

3.10). Moreover, there have been previous reports whereby blocking LFA-1 had no 

effect on B cell proliferation (Neron et al, 1996) or actually increased it (Bjorck et al,

1992): these results could be due to different mAbs affecting the integrin in different 

ways. In addition, antibodies directed at LFA-1 and ICAM-1 have elicited opposing 

effects on IgE secretion by human B cells (Katada et al, 1996; Bjorck & Paulie, 1993).

Thus B cell clustering appears to be a consequence o f activation, rather than a 

necessary step in the activation process. It is known that cells within clusters tend to be 

more activated than non-clustered cells, as assessed by the expression o f activation 

markers and by DNA synthesis (Klaus et al, 1994b). However, these results could be 

re-interpreted as showing that only activated cells are attracted into the B cell clusters, 

whereas unactivated cells remain separate, rather than the previous theory whereby cells 

were more activated because they were clustered.

It is possible that this clustering o f B cells upon activation in vitro is a 

recapitulation o f events which occur in vivo. Upon encounter with antigen, B cells 

migrate to the B cell areas o f the spleen and lymph nodes, namely the PALS-associated 

foci and the germinal centres, in order to continue their response. This migration is 

controlled by various factors, but presumably the expression and response to 

chemokines is crucial. B lymphocyte chemoattractant (BLC) is now known to be 

expressed in the follicles o f the spleen, lymph nodes and Peyer’s patches (Gunn et al,
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1998; Legler et al, 1998), with follicular dendritic cells being the likely source. This 

chemokine acts specifically on B cells via the CXCR5 receptor (B urkitf s Lymphoma 

Receptor-1; BLR-1) to attract B cells into the germinal centre reaction (Forster et al, 

1996). It is possible that upon activation in vitro by CD40 stimulation, B cells secrete a 

chemokine, as they might do in B cell areas in vivo, which acts to further attract B cells 

into B cell areas. Ligation o f the AgR induces responsiveness to this signal, possibly 

via up-regulation o f  the chemokine receptor. In the preliminary results presented here, 

responsiveness to clustering has been shown to occur after AgR ligation (Fig. 3.12a & 

b), whereas this stimulus in itself is not sufficient to cause clustering (Fig. 3.11c). If 

this theory were true, it would explain why clustering occurs gradually during the 

course o f  activation in vitro, as cells must become competent to express both the 

chemokine and its receptor. To date, the only chemokine discovered which is expressed 

by activated B cells is ABCD-1 (Schaniel et al, 1998). This chemokine is also produced 

by dendritic cells and acts selectively on activated T cells; it is presumably important in 

bringing these three cell types together during the cognate B-T cell interaction. Other 

chemokines, notably stromal cell-derived factor-1 (SDF-1; Vicente-Manzanares et al, 

1998) and secondary lymphoid tissue chemokine (SLC; Nagira et al, 1998), are known 

to be involved in the recirculation o f lymphocytes. However, they do not act selectively 

on B cells and are not synthesised by B cells. Thus an unidentified chemokine might 

underlie the effects observed here.
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Chanter 4: RNase Protection Assay 

Screen of Cvtokine Expression hv Murine B cells.

4.1: Introduction

In an attempt to identify any autocrine factors produced by murine B cells, 

cytokines transcribed by B cells upon activation were determined by RNase Protection 

Assay (RPA) analysis. This approach was made possible by the development of 

commercial RPA probe kits (produced by Pharmingen), which allow several cytokines 

to be analysed in one experiment. Four RPA template sets were used in these studies, 

which between them contained probes for a wide variety o f cytokines, namely: 

Interleukins- (IL-) 1-7, 9-13 and 15; the interferons IFN-p and IFN-y as well as the IFN- 

y Inducing Factor (IGIF; IL-18); the tumour necrosis factor genes TN F-a, L T -a (TNF- 

P) and LT-P; the colony stimulating factors GM-CSF, M-CSF and G-CSF; stem cell 

factor (SCF), leukaemia inhibitory factor (LIF) and the macrophage migration 

inhibitory factor (MIF).

Previous analyses o f cytokine production by B cells have relied on protein 

assays, such as ELIS As or bioassays, or mRNA analysis by RT-PCR or single-probe 

RPA. However, the drawback o f these approaches is that each cytokine must be 

analysed separately. Therefore, these multi-probe RPA kits allow the analysis o f many 

more cytokines.

B cells were activated in vitro by a variety o f stimuli, and the extracted RNA 

was subjected to RPA analysis. FK506 was included during activation in some 

experiments, in an attempt to reveal NF-AT-dependent transcription (see Chapter 3.1). 

It was anticipated that a cytokine gene (or genes) would be transcribed in an FK506- 

sensitive manner upon activation via anti-p or anti-CD40, and that this would 

correspond to the putative autocrine proliferation factor.

4.2: Results

Initially, conventionally purified B cells were stimulated with soluble mAbs and 

harvested prior to analysis with the RPA probes. However, as the study progressed it 

was discovered that stronger and more consistent results were obtained if  the B cells
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were prim ed prior to stim ulation. Therefore, the follow ing data were generated by 

incubation o f  W SC on im m obilised anti-CD3 mAb for 16 hours prior to restim ulation o f 

the purified B cells with anti-p or anti-C40 m Abs for a further 4 hours, at which time 

the cells were harvested. At this point, B cells were activated but had not begun to 

synthesise DNA (Fig.4.1). M oreover, after a further 48 hours, large am ounts o f [ ’H]- 

thym idine were incorporated by prim ed B cells restim ulated in this manner. The anti-p 

stim ulation was inhibited by co-treatm ent with FK506 and the anti-CD40 stim ulation 

was partially inhibited under these conditions. In addition, supernatants from activated 

T h I or T h2 cell clones were included, to further stim ulate the B cells. Thus any 

potential autocrine growth factors should be highly expressed in these samples. These 

prim ed B cells were >96%  B220+IgM + (see Appendix B, Fig. B .l) .
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Figure 4.1: Proliferation controls for primed B cell RPA samples. Duplicate proliferation 
assays were set up at the same tim e as the RPA samples. The “4 hr” assay was pulsed with 

[3 FT]-thym idine immediately and harvested after 4 hours, at which point the RPA samples were 
also harvested. The “48 hr” assay was pulsed with [ ’H ]-thymidine after a further 44 hours, and 

harvested after another 4 hours. B cells were stimulated with anti-p (I0pg/m l b-7-6), anti- 
CD40 (lOpg/m l FGK45.5) or both together, or with anti-CD40 plus l%  supernatant from T Hl 

or T h2 T  cell clones. FK506 was used at lOng/ml.

Figures 4.2 to 4.5 show phosphorim ager results from gels obtained following 

RPA analysis o f  these sam ples with each o f the Riboquant™  probes m C K -l, m CK-2b, 

m C K o b  and m CK-4. In addition, RNA extracted from each o f  the B cell lymphom as 

WEFII-231, BAL-17, A20, CH31 and CH33 during log-phase growth was analysed with
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each o f the RPA probes (Figs. 4.6 to 4.9). Hence cytokines which could participate in 

the growth o f these cells lines were revealed.

In the following sections, the quantity o f the mRNA o f each cytokine tested in 

each sample is shown relative to one o f the housekeeping genes. This was necessary to 

normalise for variations in the total RNA extracted between samples, especially in the 

experiments with primary B cells as the total RNA content in these cells was usually too 

low to be accurately measured. Consequently, experiments were based on equilibration 

o f initial starting cell numbers, rather than on RNA concentration. Often, cytokine 

mRNA expression appeared to have been induced, but this was usually matched by a 

corresponding increase in the expression o f the so-called “house-keeping genes” (see 

Discussion). Nevertheless, several genes were expressed in the B cells and these are 

detailed in the following sections. Where results o f mRNA content are not shown for a 

particular cytokine, the expression o f this cytokine was consistently below one- 

thousandth o f the housekeeping genes and was deemed to be negative.

4.2.1: Interleukin 1

IL-1 has mainly been characterised as a mediator o f the inflammatory response, 

although it exerts effects on a wide variety o f cell types (reviewed by Dinarello, 1998). 

The IL-1 response is tightly regulated by various factors, to prevent hyper

responsiveness in this system. There are two IL-1 receptors, IL-1RI and IL-1RII. The 

binding o f IL-1 to the IL-1RI receptor initiates signal transduction, whereas IL-1RII acts 

as a “decoy” receptor; it lacks any signaling function, but reduces IL-1 binding to IL- 

1RI. In addition, both receptor molecules can be cleaved and released into the 

extracellular matrix, thereby mopping up free cytokine. There are three members o f the 

IL-1 cytokine family. IL-1 a  and IL-1 p both act as agonists on the IL-1RI receptor, as 

binding o f these cytokines allows the receptor to bind to another protein, IL-1R 

accessory protein, which is required for signal transduction. The third member, IL-IRa, 

acts as an antagonist as it competitively binds to the IL-1R but does not allow 

association with the IL-1R accessory protein. Furthermore, IL-1 a  and IL -ip  are both 

synthesised in inactive pro-forms. Leader sequences must be specifically cleaved to 

allow expression o f the active cytokine, and the enzymes which perform this task are 

also tightly regulated.

In the present study, IL-1 a  mRNA was consistently observed in primed B cells 

(Fig. 4.10). The expression o f IL-1 p was usually lower, whilst the level o f IL-IR a was

81



FK506

Primed B cells

1 (N (N CO: x. x. t. Q
O  O  h-1 ^  h-1 E—1 r jTT+- -T+- W
Q Q + + + +

^ r y  r) j ^  ̂ do cs
r o S S  Q Q  + + Q Q Q Q  +
'■^ ^  *-1 —> r \ r } —>* —* r ' \ r ' \ r ' \ r ' \

C/3 L><U < 7 : . 2 . 2  i  1  U U n a u u o u
7  - S  T 3  - O .....................................................................................................................................o fi  0) <u <u

c£ £ £
-t—> +-> -t—< ■(—11 -1—> -<—< Cu 00 g
c c c C C C G c  c c _) > 0
ce a c3 03 03 03 a a  oj c3 !> 0

_ + _ + _ + _ +  - + _ _ __

IL-4 
IL-5 
IL-10 

IL-13 
IL-15

IL-9

IL-2

IL-6

IFN-y

■vl  
i*-**

L32

GAPDH

F igure 4.2: Expression o f mCK-1 cytokines by primed B cells. B cells were primed by the 
activation o f WSC by immobilised anti-CD3 for 16 hours, and then restimulated as shown fo ra  

further 4 hours. “ Fresh B cells” were harvested immediately after purification. B cells 
stimulated with LPS (lO pg/m l) and WSC were harvested after 24 hours. “Control” and tRNA 
samples were supplied by the manufacturers. Anti-p (b-7-6) and anti-CD40 (FGK45.5) mAbs 

were used at 10pg/ml, and the T H1 and T H2 supernatants were included at 1%.

82



Primed B cells

*—1 (N (N rnd d d I  Q
o  o  H  t -  H  H  QJ

a  q + + + +
 ̂ O  r ) r j  O  d

CO £ d
_d 3
25 '2
<u <L>
£ £

_ +

Q Q + + Q Q Q Q  + _

=L1 =L1 O1 u1 =L1 =L1 u 1 u 1 U1 01
d

-t—>
d c

4—»
C c

*4-*
c

+3
C d C

4—»
G

03 03 cd cd cd cd cd 03 cd cd

_ + _ + _ + _ + _ +

r / i J ^ ^ C d C C C C C C C C ^ j ^  7 : C  C C 03 03 d  d  03 03 03 03 03 03 ^

FK506

<u <  2,  . 2 . 2 = L d . U U  =L =L U  U  U  U  „ r   ̂ 2
X)  2 a t-s 2  _L _L 1 1 1  1 1 • 1 1 CZ) w  £3
0  ? « w u 2 2 '5 2 2 '"2 '2 '2 '2 '2 ^ S® g

o

IL -12p35 

IL-12p40

IL-10 

IL-1 a

IL-1 p

IL -IR a

IGIF

IL-6

IFN-y

M IF

L32

GAPDH

F igure 4.3: Expression o f  mCK-2b cytokines by primed B cells. 
Cells were prepared and restimulated as in Fig. 4.2.

83



Primed B cells

01

o  o

=  D Q
8 §  ?  o  u
cc e  s  o  Q3 a =L n

O
'of
Q
U

■t—> ■*->< +->
C
03

c
c3

Gcd

^  -O T3 O 0) 01 <u

FK506 - - +  - +

TNF-(3 

LT-p

L T -a  

IL-6 

IFN-y

IFN-P

T G F-pl

TG F-P2

TGF-P3

MIF

L32

GAPDH

c c c
coj o3 o3

►

i , n cn
X X X ;x ! Q

f—1 H H E—1 U
+ + + + i

o o o o c
'of ^r 'Of ce
Q Q a o +
U1 U1 u i u1 GO U

os-+-*
*—> '•G cu c/o c
f icd

G
cd

C
cd Gcd hJ £

o
o

_ + _ + _ _ _

F igure 4.4: Expression o f  mCK-3b cytokines by primed B cells. 
Cells were prepared and restimulated as in Fig. 4.2

84



FK506

IL-3 
IL -11 
IL-7

GM-CSF

M-CSF

G-CSF

LIF

IL-6

SCF

L32

GAPDH

Primed B cells

o  o

Q Q
o
"sf

O CJ CJ

8 £ Ci Q + +
=L H c j CJ =L =L

T3 'S 1 i 1 i 1 i
dJr <—• £ G c c G C
C c a 03 ce

_ + _ + _ + _ +

O O r j r j O O O O  C

r n £ S  Q Q  + + Q Q Q Q  + -
cl) <r . 2 . 2 = 2 . = L O U = i - = S - U C J C J U  r ) 8

$  -g  X5 -a  -JL . i  -JL . i  . i  . i  . i  w  ^  y
8 c t i ^ ^ ^ c c c c c c c c c c 0- ; ^ ©
Cl L - ! < - ! - ^ C C c S c 3 c 3 c ' 3 o 3 a 3 c 3 c 3 c d a 3 i - J £ > ' 0

X
CN

X
H H H
+ + +
o o o
-3- -3-
Q Q Q
CJ1 CJi CJ1
+—>
G c G
G c3

__ + _

m
Q
CJ

V .

Figure 4.5: Expression o f mCK-4 cytokines by primed B cells. 
Cells were prepared and restimulated as in Fig. 4.2.
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during log-phase growth. RNA was extracted and lOpg o f each sample were used.
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lower still. However, as mentioned above, these levels o f expression o f mRNA may not 

necessarily be reflected in the protein levels. Moreover, it is the ratio o f IL-1 a  or IL-1 p 

to IL-IR a which will determine the response o f a cell. Nevertheless, IL-1 a  mRNA 

could clearly be detected in these B cells. This is in accordance with previous reports. 

IL-1 a  can exist in a transmembrane form as well as the secreted form. This 

transmembrane form has been detected on human B cells, where its expression is 

increased following activation through the AgR, especially in the presence o f IL-2 (Zola 

et al, 1993). Both IL-1 a  and IL-1 P have also been detected in intracellular stores, as 

transmembrane forms and as secreted active proteins following AgR ligation o f B cells 

in the presence o f IL-2 (Hawrylowicz et al, 1989). M oreover, IL-1 has been reported to 

increase B cell proliferation in response to anti-p stim ulation (Howard et al, 1983), 

although this effect is more obvious if  the B cells are pre-incubated in IL-1 in order to 

prime the cells for anti-p responsiveness (Freedman et al, 1988). Thus it is possible that 

the IL-1 a  detected here might enhance B cell proliferation in an autocrine fashion 

during stimulation.

IL-1 has also been implicated as an autocrine growth factor for some EBV- 

transformed B cell lines (Gordon et al, 1986; Vandenabeele et al, 1988). Here, there 

was only low level expression o f IL-1 genes in the five B cell lymphomas tested 

(Fig.4.11), with IL-1 a  the predominant form in most cases.

4.2.2: Interleukin 9

IL-9 is mainly produced by activated Th2 cells, where its synthesis is dependent 

on the previous expression o f IL-2, IL-4 and IL-10 (reviewed by Demoulin & Renauld, 

1998). This cytokine enhances the proliferation o f previously activated T cells, but has 

no effect on resting T cells. It also enhances the growth o f mast cells, both in vitro and 

in vivo.

IL-9 also has effects on B cells: IL-9 synergises with IL-4 to enhance IgE and 

IgG l production in vitro during LPS stimulation. Furthermore, IL-9 transgenic mice 

exhibit clear increases in serum immunoglobulins o f all isotypes, with increased Ag- 

specific responses. Here, low levels o f IL-9 mRNA could be detected in primed B cells 

(Fig. 4.12). It may be that higher levels o f IL-9 might have been detected at later time 

points, if  B cell and T cell IL-9 expression are similarly regulated. Additionally, IL-9 

mRNA was detected at low levels in the B cell lymphomas (Fig. 4.13).
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4.2.3: Interleukin 10

IL-10 was originally known as “Cytokine Synthesis Inhibitory Factor” due to its 

effects on cytokine secretion by ThI cell clones. It is produced by T h2 cells, as well as 

activated macrophages and mast cells (reviewed by Mosmann, 1994). The effects o f 

IL-10 include the inhibition o f cytokine production by macrophages, and reduction of 

their killing ability; thus IL-10 acts to limit the responsiveness o f these cells. IL-10 also 

abrogates T cell proliferation, by inhibiting the production o f autocrine IL-2.

In contrast, IL-10 tends to augment B cell activation. IL-10 enhances human B 

cell proliferation in response to CD40 or AgR ligation (Rousset et al, 1992). 

Furthermore, IL-10 also enhances the secretion o f IgG, IgA and IgM by SAC-activated 

human B cells, with IgG l and IgG3 being the predominantly expressed isotypes (Briere 

et al, 1994). IL-10 specifically synergises with TGF-p to promote IgA secretion from 

human B cells (Defrance et al, 1992). In contrast, IL-10 inhibits TGF-p-induced IgA 

secretion from murine B cells, although it enhances Ig class switching to IgG3 

(Shparago et al, 1996).

Moreover, both human (Burdin et al, 1997) and murine (O ’Garra et al, 1990) B 

cells reportedly produce IL-10, following activation through the AgR or CD40. In the 

present study, IL-10 mRNA was indeed detected in primary B cells (Fig. 4.14). IL-10 

has also been described as an autocrine growth factor for EBV-transformed B cell lines 

(Beatty et al, 1997). Here, IL-10 mRNA was detected in the A20 B cell lymphoma, but 

not in the other cell lines (Fig. 4.15). Thus IL-10 produced by murine B cells may play 

an autocrine role in the regulation o f B cell differentiation.

4.2.4: Interleukin 12

IL-12 is pivotal in both innate and acquired immune responses. It is mainly 

produced by monocytes/macrophages, neutrophils and dendritic cells, and acts to 

initiate cell-mediated ThI-type responses while inhibiting humoral Tn2-type immunity 

(reviewed by Trinchieri, 1998). It is also involved in a positive feedback loop with 

IFN-y, such that IL-12 secreted by phagocytes induces IFN-y production by T cells and 

Natural Killer (NK) cells, which enhances IL-12 production. IL-12 exists as a 

heterodimer consisting o f p35 and p40 chains, which are encoded by separate genes. 

These have homology to IL-6 and the IL-6R a-chain  respectively, and must both be 

expressed together in order to exert any activity. The p35 chain mRNA is widely 

expressed at low levels whereas the p40 chain mRNA is tightly regulated. When cells
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produce IL-12 activity, the p40 chain is expressed more abundantly than the p35 chain, 

at both the protein and mRNA levels (Sartori et al, 1997).

In the present study, the p35 chain mRNA was detected in all the primary B cell 

samples (Fig. 4.16) but the p40 chain mRNA was virtually absent. Therefore it is 

extremely unlikely that these murine B cells secrete IL-12. In addition, none o f the B 

cell lymphomas expressed p40 mRNA, and only WEHI-231 expressed p35 mRNA (Fig. 

4.17). These results correlate with previous reports. IL-12 was originally discovered in 

supernatants from EBV-transformed B cell lines (Kobayashi et al, 1989), but is absent 

in non-EBV transformed B cell lines. Further, IL-12 secretion by human primary B 

cells is not detectable, in response to bacterial stimuli or following antigen specific 

interaction with CD4+ T cells (Guery et al, 1997). In this way, B cells may direct T cell 

responses to a T ^-phenotype, whereas other antigen-presenting cells, such as dendritic 

cells, would drive a THl-type immune response.

The effects o f IL-12 on B cells are complex, with effects being mediated via 

other cell types and other cytokines. However, B cells can also respond directly to IL- 

12 as both human and murine B cells express IL-12 receptors when activated (Vogel et 

al, 1996). Exogenous IL-12 enhances purified B cell proliferation to anti-p or SAC 

stimulation, although this effect may be mediated via the production o f IFN-y (Li et al,

1996). IL-12 also has direct and indirect effects on the profile o f immunoglobulin 

secretion by B cells (Jelinek & Braaten, 1995), although the actual effects vary 

depending on the immunisation strategy.

4.2.5: Interleukin 15

IL-15 was expressed at low levels throughout the prim ed B cell experiments 

(Fig. 4.18) and also by the B cell lymphomas (Fig. 4.19). This cytokine shares marked 

structural homology with IL-2. Indeed, both IL-2 and IL-15 can signal via the IL-2Rp- 

chain and the common y-chain, although they have distinct ligand-binding a-chain 

receptors (reviewed by Cosman et al, 1997). However, a distinct, specific IL-15R 

signal transduction pathway has recently been identified in mast cells (reviewed by 

Waldmann et al, 1998).

There is some redundancy o f function between IL-2 and IL-15. Both cytokines 

enhance T cell and NK cell proliferation, as well as inducing cytotoxic activity and 

further cytokine secretion. Moreover, IL-15 has also been implicated in both the 

proliferation and differentiation o f B cells (Armitage & Alderson, 1995). It enhances
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proliferation induced by anti-p stimulation, and also increases the secretion o f  IgM, 

IgGl and IgA from CD40L-activated human B cells. However, the pattern o f  

expression o f  IL-15 and IL-2 is very different. Whereas IL-2 production is mainly 

limited to T cells, IL-15 m RNA has been detected in wide variety o f  tissues, including 

epithelia, fibroblasts, monocytes/macrophages, endothelium, keratinocytes and dendritic 

cells. In addition, the IL-15R a-cha in  is more widely expressed than the corresponding 

IL-2R a-chain. It is possible that IL-15 provides a link between the innate and acquired 

immune responses; its release by inflamed tissues could enhance the responsiveness o f  

T cells by upregulating the IL-2R a-chain  (Cosman et al, 1997). Therefore, if  the low 

levels o f  IL-15 m RNA detected in the present study were translated into functional 

cytokine, this could either be important in aiding T cell activation, or might serve in an 

autocrine manner to enhance B cell proliferation and immunoglobulin secretion.
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F igure  4.19: Expression o f IL-15 mRNA by B cell lymphomas.
Samples were prepared as in Fig. 4.11. The graph represents the mean ± S.E.M. of data 

accum ulated from three separate experiments.

4.2.6: In terferon-y

IFN-y has long been known as a key regulator o f  cell-mediated immunity, due to 

its release by N K  cells and ThI cells following activation. Moreover, IFN-y acts to 

induce IL-12 production by macrophages, thereby initiating a positive feedback loop. 

IFN-y also has profound effects on B cell activation. It promotes the proliferation o f  B 

cells in response to SAC (Aoki & Ohno, 1987) or CD40 ligation (Johnson-Leger et a l,

1997). Furthermore, IFN-y acts as an Ig class-switching factor by promoting the 

production o f  IgG2a, and to a lesser extent IgG3, by murine B cells. It also strongly 

abrogates the production o f  IgGl and IgE, thereby inhibiting a T H2-type response 

(reviewed by Boehm et al, 1997).

In the present study, IFN-y was expressed in all the primed B cell samples (Fig. 

4.20). This is consistent with other recent reports o f  IFN-y production by B cells 

(reviewed by Young, 1997), although most o f  this work has been performed with B cell 

lines. In an interesting study, Kouskoff et al discovered that production o f  IFN-y in 

primary murine B cells was relative to the affinity o f  the AgR-Ag interaction (K ouskoff 

et al, 1998); this may provide a mechanism for regulating the autocrine production o f
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the cytokine. IFN-y was also expressed in the B cell lymphomas, with A20 exhibiting 

the highest level o f  IFN-y m RNA (Fig. 4.21).
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4.2.7: Interleukin 18

IL-18 acts in synergy with IL-12 to induce IFN-y production by activated ThI 

cells; hence its alternative name o f Interferon Gamma Inducing Factor (IGIF). IL-18 

and IL-12 together also induce T cell proliferation and enhance the production o f GM- 

CSF and IL-2 (reviewed by Okamura et al, 1998). IL-18 also activates NK cells. It is 

produced predominantly by activated macrophages, but recent studies have revealed 

other sources, such as the adrenal cortex, dendritic cells, keratinocytes and osteoclasts, 

thereby indicating further roles for this cytokine. Predictions o f IL-18 structure from its 

primary sequence suggest that this cytokine exhibits homology with IL - la  and IL-1P; 

indeed it possesses a similar leader sequence which can also be cleaved by the IL -ip  

converting enzyme.

IL-18 also exerts direct effects on B cells. Together with IL-12, IL-18 enhances 

the production o f IFN-y by CD40-activated murine B cells, which then acts in an 

autocrine manner to enhance IgG2a production whilst inhibiting IgGl and IgE 

production (Yoshimoto et al, 1997). It is believed that IL-12 synergises with IL-18 in 

both B and T cell responses by upregulating the expression o f the IL-18 receptor. Here, 

IL-18 was found to be expressed by all the primed B cells (Fig. 4.22). Thus under some 

circumstances, activated B cells may use autocrine IL-18 in order to increase their IFN- 

y synthesis. IL-18 was also produced by the B cell lymphomas, with CH31 and WEHI- 

231 demonstrating the highest level o f expression (Fig. 4.23).

4.2.8: Granulocyte-M acrophage Colony-Stimulating Factor

GM-CSF mRNA was detected at low levels in primed B cells (Fig. 4.24) but not 

in the B cell lymphomas. This cytokine promotes the proliferation and differentiation 

of monocytes and granulocytes from haematopoietic progenitors in vitro. Indeed, GM- 

CSF is administered clinically to treat neutropenia following cytotoxic chemotherapy. 

However, mice deficient for the GM-CSF gene do not exhibit obvious defects in 

haematopoiesis, and possess the expected numbers and proportions o f lymphocytes, 

neutrophils, eosinophils, monocytes, platelets and erythrocytes (Dranoff & Mulligan, 

1994). It may be that GM-CSF is most important during infection, and acts at the local 

level, as endogenous GM-CSF is rarely detectable in the blood stream. Neutrophils and 

macrophages both exhibit enhanced phagocytosis and intracellular killing o f pathogens 

following exposure to GM-CSF.
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GM -CSF is produced by monocytes, fibroblasts, endothelial cells, activated T 

cells and natural killer cells (Root & Dale, 1999). Furthermore, G M -CSF production by 

B cells has also previously been reported. Primary human B cells secrete GM -CSF in 

response to SAC stimulation in vitro , and indeed in v/vo-activated B cells spontaneously 

secrete GM -CSF following isolation (Zupo et a l , 1992). In addition, GM -CSF has 

previously been detected in some human B cell lines (Lindemann et a l , 1991) and in 

some murine B cell lymphomas following incubation with LPS or I L - l a  (Akahane et 

al, 1991). In the present study, the B cell lymphomas were not stimulated and it is 

possible that these cells might also express GM -CSF m RN A  under different culture 

conditions.

The role o f  B cell-derived GM -CSF is unclear, although it is conceivable that B 

cell-derived GM -CSF may play a role in haematopoiesis, as the bone marrow contains a 

significant population o f  activated B cells and plasma cells. In addition, B cell-derived 

GM -CSF may promote phagocyte microbicidal responses within inflammatory sites, via 

direct cellular activation, by increasing neutrophil recruitment and also via the induction 

o f  other cytokines such as T N F -a  and IL-6 (Tarr, 1996).
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F igure  4.24: Expression o f GM -CSF mRNA by prim ed B cells.
Samples were prepared as in Fig. 4.10.
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4.2.9: M acrophage Colony-Stimulating Factor

M-CSF is involved in regulating the proliferation and differentiation o f 

mononuclear phagocytic cells (reviewed by Fixe & Praloran, 1998). M-CSF also 

stimulates the growth o f monocytes during haematopoiesis. It is detectable in the 

circulation o f healthy subjects and mice, and enhances phagocytosis and the oxidative 

burst, thereby enhancing microbial killing. M-CSF has a short in vivo half-life as it is 

degraded in the liver and spleen, but it is continuously synthesised by a variety o f cell 

types including epithelial cells, monocytes/macrophages, neutrophils, fibroblasts, 

microglia, keratinocytes, activated T cells and osteoblasts, thereby maintaining the 

steady-state concentration. M-CSF levels are rapidly up-regulated during infection to 

enhance the innate immune response.

There are three isoforms o f this cytokine, formed by alternative splicing o f  the 

same primary transcript. The secreted cytokine is released into the circulation, whereas 

the proteoglycan form is sequestered locally in the extracellular matrix. M-CSF can 

also exist in a transmembrane form. All three isoforms function by binding to the same 

receptor, c-fms, which is a proto-oncogene and is a ligand-inducible tyrosine kinase. 

Different functions o f the isoforms are therefore due to differential expression and 

location.

Osteopetrotic op/op mice carry a natural mutation in the M-CSF gene, leading to 

a total absence o f biologically active cytokine. Study o f these mice reveals the 

importance o f M-CSF not only in the homeostasis o f monocytes/macrophages, but also 

in inflammation, bone metabolism, fertility and pregnancy (Stanley et a l, 1994).

M-CSF production by human B lineage cells has been previously reported, in 

both activated normal B lymphocytes and in EBV-transformed B cell lines (Reisbach et 

al, 1989). In the present study, M-CSF mRNA was present in murine primed B cells 

(Fig. 4.25) and was also expressed at low levels by BAL-17, CH31 and CH33 

lymphomas (Fig. 4.26). Production o f M-CSF by B cells may constitute part o f general 

upregulation o f this cytokine during infection. In addition, B cells also express the c- 

fms receptor (Rosti et al, 1993) and may therefore respond to M-CSF in an as yet 

undefined autocrine manner.
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4.2.10: M acrophage Migration Inhibitory Factor

MIF mRNA was the most abundant species in both primary B cells (Fig. 4.27) 

and B cell lymphomas (Fig. 4.28). This cytokine activity was one o f the first to be 

documented (Bloom & Bennett, 1966; David, 1966); release o f MIF by activated T cells 

was believed to be important in cell-mediated immune responses, such as delayed-type 

hypersensitivity reactions, in order to retain macrophages in the affected area. Recently, 

much broader functions o f MIF have been characterised (reviewed by Bemhagen et al,

1998). Systemic concentrations of MIF are normally around 6-25ng/ml due to release 

o f the cytokine from the pituitary. MIF acts systemically to oppose the actions o f 

glucocorticoids. Thus during an inflammatory response, glucocorticoids act to dampen 

the response, whereas MIF overrides this control. It is therefore the local ratio o f the 

two mediators which determines the cellular response.

MIF does not appear to behave like a classical cytokine. It is synthesised 

constitutively and is stored within cells ready to be released upon activation. 

Furthermore, no receptor for MIF has been identified. MIF lacks homology with other 

cytokines, but is closest in structure to microbial isomerisation enzymes. Indeed, MIF 

has been shown to catalyse the keto-enol isomerisation o f jp-hydroxyphenylpyruvate and 

phenylpyruvate in vitro (Rosengren et al, 1997). This may reflect its action in vivo, 

although its physiological ligand is unknown. The intracellular stores may therefore 

also be functional.

MIF is released locally by monocytes/macrophages in response to low doses o f 

LPS or inflammatory cytokines such as TNF-a. Synthesis o f MIF by epithelial cells 

and fibroblasts during development, and by parenchymal cells in the skin, liver, brain, 

pancreas and kidneys have also been described (Bemhagen et al, 1998). Interestingly, 

neutrophils do not synthesise MIF, even though they play a prominent part in the 

initiation o f an inflammatory response (Calandra et al, 1994). MIF is known to be 

important in the regulation o f T cell proliferation; it is secreted by activated T cells and 

neutralisation o f MIF inhibits their proliferation (Bacher et al, 1996). Thus, the high 

levels o f MIF synthesis by B cells observed in the present study may underlie an 

important role o f this cytokine in the regulation of B cell proliferation, or reflect the role 

o f B cells as antigen-presenting cells.
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4.2.11: Transforming Growth Facto r-p

There are three isoforms o f TGF-p, although the distinct functions o f each of 

these have not been clearly delineated; they all signal through the same receptors and 

they all exhibit similar wide-spread tissue distributions (reviewed by Letterio & 

Roberts, 1998). These factors are key regulators during development, and their 

pleiotropic functions range from controlling cellular differentiation to initiating 

apoptosis; the effect often depends on the stage o f differentiation o f the target cell. In 

the immune system, TGF-p inhibits the proliferation o f activated T cells, by interference 

with the IL-2 autocrine loop. However, TGF-p can also enhance the growth o f naive T 

cells.

TGF-p has been reported to have several effects on B cells. It promotes 

immunoglobulin class switching to IgAl and IgA2 in human B cells (van Vlasselaer et 

al, 1992) and to IgA and IgG2b in murine B cells (Garcia et al, 1996). Moreover, 

stimulation o f murine B cells with LPS evokes secretion o f TGF-p, which is necessary 

for the production o f all switched Ig isotypes (Snapper et al, 1993). Also, germinal 

centre B cells can be rescued from apoptosis by signals through the AgR, but this can be 

blocked by TGF-p, which is expressed by FDCs (Holder et al, 1992).

In the present study, TGF-p 1 was the predominantly expressed isoform in all the 

primary B cell samples (Fig. 4.29). TGF-p2 and TGF-P3 did appear to increase upon 

activation, although they were always less abundant than TGF-p 1. Likewise, TGF-p 1 

mRNA was expressed by all the B cell lymphomas (Fig. 4.30), while the expression of 

TGF-p2 and TGF-p3 was more variable. If  this TGF-P mRNA is translated into protein 

in these cells, then it may well serve an autocrine function which is worthy o f further 

investigation. In particular, the reason for variable expression o f TGF-P2 and TGF-p3 

should be explored.

4.2.12: IL-6 and TNF family genes

Primed B cells and B cell lymphomas did express IL-6, TN F-a, L T -a and LT-P 

mRNA (Figs. 4.4 & 4.8). However, these cytokines were concurrently studied in more 

depth, so the RPA results are presented in Chapters 5 and 6.
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4.2.13: Non-expressed cytokines

Cytokines which were considered not to be expressed by either primary B cells 

or B cell lymphomas were IL-2, IL-4, IL-5, IL-3, IL-7, IL-11, IL-13, SCF, G-CSF, LIF 

and IFN-p. O f these, IL-2 might have been expected to be positive, as IL-2 production 

by murine B cells has previously been reported (Taira et al, 1987). Indeed IL-2 has 

been implicated as an autocrine growth factor (Lagoo et al, 1990) and an autocrine 

differentiation factor (Takahashi et al, 1999) for B cells. G-CSF secretion from human 

germinal centre B cells has previously been demonstrated (Corcione & Pistoia, 1997) 

but not from other B cell subsets. IL-4, IL-5 and IL-13 are known to be important T 

cell-derived cytokines which regulate B cell activation (see Chapter 1), but they were 

not expressed by B cells themselves (Fig. 4.2) or by the B cell lymphomas (Fig. 4.6). 

Likewise, IL-7, IL-3, IL-11 and SCF are known to be important in the regulation o f B 

cell lymphopoeisis, but they appear not to be involved in the autocrine regulation o f 

mature B cell activation.

4.3: Discussion

Disappointingly, no obvious induction o f an FK-506-sensitive autocrine growth 

factor was detected during the RPA screen o f cytokine expression in primary B cells. 

There are various possible reasons, which together may account for this result. One 

obvious possibility is that the putative autocrine growth factor was not represented in 

the multi-probe RPA kits. It may even be that this factor has not yet been discovered or 

cloned. In this case, another approach might be required to identify the factor, such as 

differential display RT-PCR.

One o f the main problems with this approach was that activation o f the B cells 

led to a general, widespread increase in most species o f mRNA, including the two 

housekeeping genes, L32 and GAPDH. This has previously been reported, and increase 

in total cellular RNA is often used as a measurement o f the degree o f lymphocyte 

activation, indicating a transition from Go to Gi (Darzynkiewicz et al, 1976). Therefore, 

when cytokine mRNA was calculated relative to a housekeeping gene, the result was 

often constant, no matter how the cells had been stimulated. Indeed Pharmingen state in 

their instruction manual “ ... if  RNA samples are tested on a “per input cell” basis, 

signals from the housekeeping probes can be used to monitor the degree o f cellular
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activation.” Furthermore, the ratio between the two housekeeping genes was not always 

constant; when this occurred, the more evenly expressed gene was used in calculations.

In addition, only extremely low amounts o f RNA could be extracted from 

freshly isolated B cells. Also, meaningful results could not be obtained from primary B 

cells stimulated for a short-term with the anti-p and anti-CD40 mAbs which are 

normally used in proliferation assays. Consequently, B cells were pre-primed by 

incubation o f WSC cultures on immobilised anti-CD3 mAb prior to the stimulation with 

mAbs. Thus the cytokine mRNA following activation was compared with the level in 

primed B cells, rather than in freshly isolated B cells. Under these conditions, FK506- 

sensitive proliferation could still be observed, but cells were used at a time point before 

commitment to DNA synthesis in the hope that the autocrine growth factor expression 

would be maximal.

Notwithstanding the outlined limitations, these data clearly show that some o f 

the cytokines tested can be expressed in B lineage cells. These may be important as 

autocrine factors in B cell activation, or indeed may be vital in other aspects o f the B 

cell response, e.g. as an antigen-presenting cell to T cells. The macrophage migration 

inhibitory factor (MIF) was strongly expressed at the mRNA level and warrants further 

investigation. It is possible that anti-MIF mAbs would inhibit B cell proliferation in 

vitro, in the same manner as for T cells. MIF is stored intracellularly, and lymphocyte 

activation induces secretion rather than transcription. Thus supernatants should be 

tested to determine whether B cell activation leads to the release o f functional cytokine. 

Other cytokines expressed in B cells and B cell lymphomas were IL-1, IL-9, IL-10, IL- 

15, IL-18, IFN-y and TGF-p. Each o f these therefore has the potential to act in an 

autocrine manner during B cell activation and could be further analysed in proliferation 

and Ig class switching experiments using recombinant cytokine and neutralising 

antibodies.

However, the expression o f mRNA does not necessarily correlate with the 

expression o f functional protein. For example, whereas IL-2 expression is regulated 

primarily at the level o f transcription, IL-15 is also regulated at the translational level. 

The IL-15 mRNA 5’ untranslated region (UTR) has several non-functional AUG start 

functions, which may act as decoys to prevent efficient translation. In addition, the 

signal peptide at the 5’ end o f the translated IL-15 protein is also very inefficient at 

allowing secretion o f the cytokine, thereby allowing another level o f  control (reviewed 

by W aldmann et al, 1998). Thus, many cells express the IL-15 mRNA, but the cytokine
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is only secreted upon further activation. Also, cytokine proteins can be kept in an 

inactive form and only released following appropriate stimulation. This is the case for 

IL-1 genes, where the IL -lp  converting enzyme is necessary to cleave functional IL -lp  

from its pro-form.

Additionally, other cytokines can affect the level o f expression o f functional 

cytokine. For example, IL-10 can inhibit the expression o f a variety o f cytokines by 

macrophages, including GM-CSF, IL-1, TN F-a, IL-12 and IL-6, by enhancing mRNA 

degradation (Bogdan et al, 1992). TGF-p reduces the expression o f other cytokines by 

inhibiting translation (Mosmann, 1994). Thus in vivo, the production o f cytokines by B 

cells would be regulated not only by contact signals but also by the ambient cytokine 

environment.

Analysis o f cytokine expression by the B cell lymphomas was somewhat easier 

than for primary B cells, as far more RNA could be extracted. Ideally, these 

lymphomas could be stimulated, with phorbol ester and ionophore or through the AgR 

or CD40, to further determine which cytokines are inducible in an FK506-sensitive 

manner in these B lineage cells.
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Chanter 5: Tumour Necrosis Factor-a is not

an Autocrine Factor for Murine B Lymphocytes.

5.1: Introduction

Tumour necrosis factor-a (TNF-a) has long been known to be a key mediator of 

the inflammatory acute phase response (reviewed by Baumann & Gauldie, 1994), where 

it is made primarily by activated macrophages. More recently, T N F-a has also been 

found to be an important regulator o f lymphocyte activation. There are three TNF 

family genes in mouse and man, and these are located together in the MHC Class III 

gene locus. The proteins encoded by these genes are TN F-a, lym photoxin-a (LT-a; 

otherwise known as TNF-(3) and lymphotoxin-p (LT-P). These proteins are functional 

as trimers. TN F-a can exist in either a 26kDa transmembrane form or a 17kDa soluble 

form (Kriegler et al, 1988). The “secreted” TN F-a is actually produced from the 

transmembrane form by proteolytic cleavage mediated by the matrix metalloproteinase 

TACE (for TNF-a-converting enzyme; Black et al, 1997; Moss et al, 1997). Both o f 

these forms are functionally active. The L T -a monomer does not possess a 

transmembrane domain, hence LT -a trimers are secreted. Transmembrane LT is 

formed via the association o f L T -a with the LT-P protein, which does span the plasma 

membrane (Browning et al, 1993). This form o f LT usually exists with the 

stoichiometry L T -a jB 2, although the L T -a2pi form has also been detected in vitro 

(Browning et al, 1995).

TN F-a and LT have partially redundant functions in vivo, and this is to some 

extent due to overlapping receptor usage. Two TNF receptors, p55 TNF RI and p75 

TNF RII, have been identified. Both o f these receptors bind both forms o f TN F-a as 

well as the soluble L T -a cytokine. Another receptor, LTpR, transduces signals 

delivered by the transmembrane L T -aiB 2 molecule (Crowe et al, 1994). These three 

receptors have limited homology in their intracellular domains and consequently 

different signal transduction pathways are evoked following ligation o f each receptor.

The overlapping functions o f these cytokines and receptor have been partially 

delineated using gene-targeted disruption in mice (reviewed by Chaplin & Fu, 1998). 

The L T -a gene is crucial for the normal development o f lymph nodes; mice lacking LT-
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a  do not possess any Peyer’s patches and virtually all lymph nodes are absent (De 

Togni et al, 1994). Splenic organisation is also severely disrupted in these mice, with 

no apparent marginal zone or primary follicles, and no separate B and T cell areas 

(Matsumoto et al, 1996). Reconstitution experiments have shown that L T -a expression 

by stromal cells rather than by lymphocytes is necessary for the correct migration o f 

lymphocytes within the spleen. Also, mice lacking B and T cells, due to severe 

combined immunodeficiency (SCID) or gene-targeted RAG deficiency, still form intact 

lymph nodes, again showing that lymphocyte-derived L T -a is not necessary for lymph 

node development. In contrast, mice deficient for either p55 TNF RI or p75 TNF RII 

exhibit a much milder phenotype. Thus presumably it is signals mediated via the 

binding o f L T -aiB 2 to the LT(3R which are important in development. This has indeed 

been shown by the administration o f LTpR-Fc fusion proteins to pregnant mice, which 

can cross the placenta and which block the formation o f Peyer’s patches and lymph 

nodes in developing mice (Rennert et al, 1996).

Mice deficient for either p55 TNF RI or for TN F-a develop normally, with 

separate B and T cell zones forming in the spleen and lymph nodes. Nonetheless, 

profound immunodeficiency is revealed following immunisation. p55 TNF RI"7' mice 

are highly susceptible to infection with Listeria monocytogenes but exhibit increased 

resistance to LPS or S.aureus enterotoxin B injection (Futterer et al, 1998; Rothe et al, 

1993), thereby demonstrating that both beneficial and harmful responses can be

mediated through this receptor. The lack o f response following immunisation is due to

a lack o f follicular dendritic cells, and a corresponding lack o f germinal centre 

formation. p75 TNF RH-deficient mice are significantly protected against cerebral 

malaria, thereby showing that it is this receptor which mediates the harmful 

inflammatory response in this disease (Lucas et al, 1997). They are also protected 

against endotoxic shock (Erickson et al, 1994).

Thus the separate functions o f the two TNF receptors are not really known.

Following ligation, the two receptors recruit different downstream signaling molecules. 

In particular, the “death domain” o f the p55 TNF RI binds TRADD (TNFR1-associated 

death domain protein) which acts as an adapter molecule to recruit further signaling 

molecules such as FADD (fas-associated protein with death domain), RIP (receptor 

interacting protein) and FLICE (FADD-like interleukin-1 converting enzyme) which are 

known to be involved in the apoptotic pathway. Whilst other signaling proteins, 

particularly TRAFs (TNF-receptor associated factors) bind p55 TNF RI and act to
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modulate this apoptotic signal, the p75 TNF RII lacks the death domain and therefore 

clearly evokes a different cellular response.

Various roles have been ascribed to p75 TNF RII, ranging from antagonism of 

the p55 TNF RI by neutralising the TN F-a to agonism by binding and transferring the 

TN F-a to p55 TNF RI (Tartaglia et al, 1993 a). However, mice deficient for p75 TNF 

RII still exhibit normal p55 TNF RI function, thereby implying that the roles o f the two 

receptors are more separate (Peschon et al, 1998). It has also been suggested that p75 

TNF RII is mainly responsible for transducing signals delivered via the transmembrane 

form o f T N F-a (Grell et al, 1995). There are several reports indicating that p75 TNF 

RII is the main receptor mediating thymocyte proliferation (Grell et al, 1998; Tartaglia 

et al, 1993a; W elbom e^tf/, 1996).

T cell-derived T N F-a is known to be an important factor regulating the 

activation o f  human B cells. Recombinant TN F-a enhances B cell proliferation induced 

by SAC (Jelinek & Lipsky, 1987) or anti-p. (Kehrl et al, 1987) stimulation. Also, the 

transmembrane form o f TN F-a is expressed on the surface o f activated CD4+ Th cells, 

where it enhances Ig secretion by B cells (Aversa et al, 1993). Indeed, dysregulated 

expression o f transmembrane T N F-a on CD4+ T cells following HIV infection has been 

implicated as the cause for polyclonal B cell activation (Macchia et al, 1993).

Importantly, there have been several reports o f TN F-a production by B cells 

themselves. This has been more extensively studied with human than murine B cells. 

Stimulation through the AgR or CD40 (Boussiotis et al, 1994) induces rapid expression 

of the T N F-a mRNA, in both primary B cells and B cell lines. Both TN F-a mRNA and 

protein have been detected in other systems using combinations o f SAC, anti-p 

antibodies and phorbol ester (Sung et al, 1988). Similarly, Smith et al reported TN F-a 

secretion from primary B cells and B cell lines following stimulation with Platelet 

Activating Factor and phorbol ester (Smith et al, 1994). Sendai virus can also induce 

TN F-a mRNA synthesis by human B cells directly (Goldfeld & Maniatis, 1989). TNF- 

a  mRNA and protein secretion have also been described from a panel o f murine B cell 

lymphomas (Laskov et al, 1990) but not from primary murine B cells.

Moreover, T N F-a produced by B cells seems to be critical for their 

proliferation. Inclusion o f neutralising antibodies to TN F-a during stimulation through 

the AgR or with anti-CD40 mAb plus IL-4 abrogates human B cell proliferation 

(Boussiotis et al, 1994). Furthermore, exogenous TN F-a enhances the proliferative
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response o f these cells. The expression o f T N F-a by human B cells can be inhibited by 

CsA and FK506 (Goldfeld et al, 1994), as is B cell proliferation. Taken together, these 

data support the hypothesis that TN F-a is an autocrine growth factor for human B cells.

L T -a is known to be an autocrine growth factor for Epstein-Barr Virus- (EBV) 

transformed B cell lines. All EBV-transformed B cell lines secrete L T -a constitutively 

(Estrov et al, 1993) and growth o f these cells can be inhibited with neutralising anti-LT- 

a  antibodies (Gibbons et al, 1994). Moreover, LT has been implicated as an autocrine 

growth factor for human primary B cells. Stimulation o f tonsillar B cells with SAC plus 

anti-p antibody (Sung et al, 1989) or anti-CD40 mAb plus IL-4 (W orm & Geha, 1994) 

induces the expression o f L T -a mRNA, whilst LT-p mRNA is constitutively expressed 

in these cells. Furthermore, the addition o f recombinant L T -a enhances human B cell 

proliferation to CD40 plus IL-4 stimulation, while anti-LT-a antibody is inhibitory 

(Worm et al, 1998).

The main aim o f this study was to determine whether TN F-a is also an autocrine 

growth factor for murine B cells. Preliminary data concerning the role o f LT -a are also 

discussed.

5.2: Results

5.2.1: Murine B cells do not secrete TN F-a

Initially, the secretion o f TN F-a by murine B cells was investigated by 

stimulation in vitro followed by analysis o f supernatants using the L929 bioassay. 

However, despite extensive examination, no TN F-a activity was ever detected. Figure 

5.1 shows that whilst T cells secreted TN F-a in response to CD3 cross-linking, small, 

resting B cells did not respond to any stimuli. B cells supernatants were tested at 

various time points ranging from 4 hours to 72 hours, following incubation with the 

stimuli indicated and also with anti-5 mAb and with IFN-y (data not shown). In 

addition, the possibility that any TN F-a produced was not released into the supernatant 

because it was held within B cell clusters was tested by breaking up cell clusters 

through a 26 gauge needle 24 hours prior to harvesting the supernatant: again no TN F-a 

was detected. Next, B cells from BALB/c female mice were tested, in case the lack o f 

TN F-a secretion was specific to the (CBA x BIO) Fi strain o f mice. However, again no 

TN F-a was detected (data not shown).
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F igu re  5.1: M urine B cells do not secrete T N F-a. Conventionally purified B cells from 
(CBA x B10) F] male mice were incubated for 64 hours with the indicated stimuli, and 

the supernatants tested for TNF activity using the L929 bioassay. (Anti-p: lOpg/ml b-7- 
6; anti-CD40: lOpg/ml FGK45.5; anti-CD3: 145-2C11 imm obilised at lOpg/ml; LPS 

used at lOpg/ml and IL-4 at lOU/ml)

One possible explanation for the difference between these data and those 

obtained from human B cells was the source o f  the B cells. Goldfeld and colleagues 

used cadaveric splenic B cells (Goldfeld et a l, 1992) and it is possible that these were 

partially activated in vivo prior to use in their experiments. Hence total B cell 

preparations were obtained from mice spleens, which contained large, buoyant B cells 

as well as the small, resting B cells. However, total splenic B cells from both (CBA x 

B10 ) F| male mice and from BALB/c female mice failed to secrete T N F -a  in response 

to any o f  the stimuli described above (data not shown).

Finally, the secretion o f  T N F -a  from murine B cell lymphomas was examined. 

WEHI-231, BAL-17 and A20 did not secrete T N F -a  in response to PDBu and 

ionomycin, whereas the T H1 cell clone, D l . l ,  responded well to anti-CD3 cross-linking 

(Fig. 5.2). In addition CH31 and CH33 did not respond under these conditions, nor did 

any o f  the lymphomas respond to LPS stimulation (data not shown).
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F igu re  5.2: M urine B cell lymphom as do not secrete TN F-a. W EH I-231, BAL-17 and A20
cells in log-phase growth were incubated at 10 /ml for 16 hours withlOOng/ml PDBu and
500ng/ml ionomycin (P + I). T H1 cells (D 1.1) were incubated on immobilised anti-CD3

(145-2C 11) at l0 6/ml. T N F -a was measured using the L929 bioassay, with the inclusion of
the neutralising anti-TN F-a mAb, XT22 (20pg/m l), in some wells.

5.2.2: M urine B cells do not express tran sm em b ran e  T N F -a

As the T N F -a  protein also exists in a 26kDa transmembrane form, the 

possibility that murine B cells use this form instead o f  the secreted cytokine was 

investigated by flow cytometry. Figure 5.3 shows that stimulated murine B cells do not 

express the transmembrane form o f  TN F-a . B cells were activated for various times 

ranging from 4 hours to 48 hours, either as purified B cells or by activation o f  WSC 

cultures, but transmembrane T N F -a  was never observed.

In addition, none o f  the murine B cell lymphomas expressed transmembrane 

T N F-a , either at rest (Fig. 5.4) or following activation with PDBu and ionomycin (not 

shown).
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F igu re  5.3: M urine B cells do not express transm em brane T N F-a. B cells ( H  ) were incubated 
with anti-p  (lOpg/m l b-7-6), anti-CD40 (lOpg/m l 3/23), LPS (lO pg/m l) or PDBu + ionomycin 
(100 and 500ng/ml respectively) for 16 hours. WSC ( □ )  were stimulated on immobilised anti- 
CD3 mAb (145-2C 11). Cells were labelled with biotinylated anti-TN F -a mAb (lOpg/m l mp6-

XT22), revealed by PE-SA.
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F igure  5.4: M urine B cell lymphomas do not express transm em brane T N F-a. B cell 
lymphom as were pre-incubated with the FcyRII/Ill-blocking mAb 2.4G2 for 15 minutes, 

prior to labeling with ( ■  ) anti-TN F -a (lOpg/m l m p6-XT22) or (— ) an isotype-matched 
control (Y 13-238). These biotinylated mAbs were revealed by incubation with PE-SA. T 

cells were stimulated on im m obilised anti-CD3 mAb for 16 hours prior to labelling.
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5.2.3: Expression of TNF-a mRNA by murine B cells

T N F-a expression by murine B cells was next investigated at the mRNA level. 

In contrast to the protein studies, TN F-a mRNA was consistently detected in murine B 

cells. Resting, unstimulated B cells expressed the TN F-a mRNA, and the absolute 

concentration o f T N F-a mRNA consistently increased following stimulation (Fig. 

5.5a). However, total mRNA in B lymphocytes always increases upon activation (see 

Chapter 4.3), and there was no evidence for specific induction o f T N F-a as the ratio o f 

TN F-a mRNA compared to L32 mRNA did not vary greatly (Fig. 5.5b). B cell samples 

were analysed by RPA following stimulation via both the IgM and the IgD AgRs, via 

CD40, sometimes in the presence o f T hI or Tn2-type cytokines, with LPS or with 

PDBu plus ionomycin. Primed B cells were also tested, as described in Chapter 4, and 

time points chosen ranged from 30 minutes to 72 hours. Nevertheless, a definite 

induction o f TN F-a mRNA could never be proven, and the increase in actual 

concentration always reflected the overall increase in mRNA (data not shown). The 

inclusion o f the immunosuppressant FK506 failed to expose any induction o f the TNF- 

a  gene (see Chapter 4, Fig. 4.3).

In order to show that B cells were the source o f the T N F-a mRNA, highly 

purified FACSorted B cells were analysed by RT-PCR, as insufficient RNA could be 

extracted for RPA analysis. Figure 5.6 again shows that resting B cells synthesised 

TN F-a mRNA. Higher levels o f TN F-a appeared to be induced following activation, 

although the relationship with the HPRT “housekeeping gene” could not be determined, 

as this was not a quantitative method.

Next, TN F-a mRNA was analysed in the B cell lymphomas. A20, CH31 and 

CH33 all expressed reasonably high levels o f TN F-a mRNA (Fig. 5.7) whereas the 

W EHI-231 and BAL-17 lymphomas expressed lower levels, during normal growth 

conditions. The W EHI-231, BAL-17 and A20 lymphomas were also analysed 

following stimulation through CD40 or the AgR. Again, no further induction o f TN F-a 

mRNA could be detected and FK506 did not decrease the background expression level 

(Fig. 5.8 and data not shown).
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Figure 5.5: Expression o f T N F -a mRNA by prim ary B cells. 107 conventionally purified 
small, resting B cells per sample were stimulated as indicated for 62 hours prior to analysis 

with the m CK-3b RPA probe, (a) Phosphorimager representation (b) calculated T N F -a 
mRNA expression, relative to the L32 “housekeeping gene.”
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F igure 5.6: Expression o f TN F-a mRNA by FACSorted B cells. FACSorted small, resting B 

cells (>99.9% B22(T) and T cells (-85%  CD3e ) were stimulated at I0(’ cells/sam ple for 16 hours 
as indicated. The RAW .264.7 macrophage cell line was used at ltT/sample. Total RNA was 
extracted, mRNA was reverse transcribed and T N F-a and HPRT mRNAs were specifically 
amplified by PCR. The “ H20” negative control was performed with no cells from the RNA 
extraction point. Stimuli used anti-p: lOpg/ml b-7-6; anti-CD40: lOpg/ml FGK45.5; anti-8: 
lOpg/ml 1.19; anti-CD3: 145-2CI1 immobilised at lOpg/ml; PDBu (lOOng/ml), ionomycin 

(500ng/ml); LPS: lOpg/ml for B cells, lOOng/ml for RAW .264.7.

5.2.4: T N F -a  is not a grow th factor for m urine B cells

The potential for T N F -a  to be an autocrine growth factor for m urine B cells was 

also investigated by analysing the effects o f  the cytokine on proliferation. Exogenous 

T N F -a  had no effect on the proliferation o f  small, resting B cells (Fig. 5.9). 

Experim ents were perform ed with B cells obtained from both (CBA  x BIO) F| male and 

BALB/c fem ale mice. They were stim ulated with anti-p  and anti-6 m Abs and with 

three different anti-CD 40 m Abs or LPS, in the presence o f  T N F -a  titrated betw een 0.1 

and lOOng/ml. Sub-optim al concentrations o f stim ulating m Abs were som etim es used 

to attem pt to uncover any effect o f  the T N F-a. N onetheless, no effect o f exogenous 

T N F -a  was ever observed. In sim ilar experim ents, small resting B cells were 

stim ulated in the presence o f  neutralising an ti-T N F-a m Ab, titrated betw een 50 and 

lOpg/m l, but there was no effect on their proliferation (Fig. 5.10). Both the T N F -a  and 

the an ti-T N F -a  m Ab (m p6-X T22) were active in the L929 bioassay (see A ppendix B, 

Fig. B.3).
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F igu re  5.8: Stimulation o f W EH I-231 does not further enhance T N F -a  expression. 106 
cells/sam ple were stim ulated with anti-p (lOpg/m l b-7-6), anti-CD40 (lO pg/m l FGK45.5) or 
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RAW .264.7 cells were stimulated with lOOng/ml EPS. RNA was extracted and analysed using the 
m CK-3b RPA probe, (a) Phosporimager depiction (b) calculated T N F-a/F 32  ratio from the same

experiment.
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F igu re  5.9: Exogenous T N F -a has no effect on the proliferation o f small, resting B cells. 
Conventionally purified B cells from (CBA x BIO) FI mice were sub-optim ally stim ulated with 

anti-p  (1 pg/m l b-7-6), anti-8 (1 pg/ml 1.19) or anti-CD40 (1 pg/m l 3/23) in the absence or presence 
o f lOOng/ml recom binant T N F -a (corresponding to lOOU/ml on the L929 bioassay).

As these results contrasted with those obtained with hum an B cells (Boussiotis 

et al, 1994), non-resting m urine B cells were also exam ined. Firstly, total splenic B cell 

preparations were m ade which contained large, buoyant B cells that had been partially 

activated in vivo. These were stim ulated as described above, but again the presence o f 

exogenous T N F -a  (Fig. 5.11) or neutralisation o f  endogenous T N F -a  (data not shown) 

had no effect. Secondly, conventionally purified B cells were prim ed in vitro, by 

incubation with anti-p  mAb. Restim ulation o f these prim ed B cells in the presence o f 

titrated T N F -a  failed to show any effect o f  T N F -a  in B cell proliferation (Fig. 5.12). 

These experim ents were perform ed with cells from both (CBA x BIO) Fi male and 

BALB/c fem ale mice.

Finally, the effect o f  neutralising endogenous T N F -a  on the growth o f  B cell 

lym phom as was exam ined. Here again, the an ti-T N F-a m Ab did not have any effect 

(Fig. 5.13).
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F igu re  5.10: Neutralisation o f endogenous T N F -a  has no effect on B cell proliferation. Small, 

resting B cells from (CBA x B10) F, mice were stim ulated as shown in the absence or presence of 
an ti-T N F -a m Ab (20pg/m l mp6-XT22). (Anti-p: b-7-6, anti-5: 1.19, anti-CD40: 3/23; all stimuli

were used at 10pg/ml.
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F igu re  5.11: Exogenous T N F -a has no effect on the proliferation o f large, buoyant B cells. 
Total B cells were isolated from (CBA x B10) F, mice and stim ulated as shown in the presence 

o f Ing/m l T N F-a. Stimuli used were anti-p: lOpg/ml b-7-6, anti-5: lOpg/ml 1.19, anti-
C D 40:10pg/m l FGK45.5.
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F igu re  5.12: Exogenous T N F -a has no effect on the proliferation o f B cells primed in vitro. 
Conventionally purified B cells from BALB/c m ice were incubated for 24 hours with anti-p 
mAb (lO pg/m l b-7-6). Live cells were then isolated and restim ulated with anti-p  (5pg/m l), 
anti-5 (1 pg/ml 1.19) or anti-CD40 (5pg/m l 1C 10) for a further 72 hours in the absence or

presence o f lOng/ml T N F-a.
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F igu re  5.13: Neutralisation o f endogenous T N F -a  has no effect on the growth o f m urine B 
cell lymphomas. Cells were used during log-phase growth and were incubated in titrated anti-

T N F -a m Ab (m p6-XT22) for 48 hours.
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5.2.5: TNF - a  does not affect B cell activation

The effects o f exogenous TN F-a and neutralisation o f endogenous TN F-a on 

the expression o f B cell activation markers were examined by flow cytometry. B cells 

were sub-optimally stimulated so that any slight effect would be exposed. However, 

recombinant T N F-a (Fig. 5.14) and anti-TN F-a mAb (Fig. 5.15) did not have any effect 

on the expression o f the early activation marker CD69, the FcsRII (CD23), the high 

affinity IL-2R a-chain  (CD25), the costimulatory molecules B7.1 and B7.2 (CD80 and 

CD86) or MHC Class II. Thus TN F-a is not involved in the early stages o f B cell 

activation.

5.2.6: Immunoglobulin class switching is TNF-a-independent

The possible involvement o f TN F-a in immunoglobulin class switching and 

secretion was investigated. B cells were induced to secrete Ig by incubation with 

CD40L-transfected fibroblasts and the supernatants were assayed for the quantity o f 

each Ig isotype by ELISA. The addition o f exogenous T N F-a (Fig. 5.16) or the 

neutralisation o f endogenous TN F-a (Fig. 5.17) did not affect the profile o f Ig secreted 

into the supernatant. Secretion o f IgE was always below the level o f detection. The 

concentration o f IgG l could not be determined where the anti-TN F-a mAb was 

included, as this itself was detected by the ELISA. The Ig secretion was CD40L- 

dependent, as B cells incubated with “mock”-transfected fibroblasts (containing the 

neomycin-resistance gene but not the CD40L gene) did not secrete any more Ig than B 

cells incubated in medium alone. IL-5 promoted the secretion o f all the isotypes, 

presumably by an isotype-switching-independent mechanism. Thus under these 

conditions, TN F-a is not a class-switching factor for murine B cells.

5.2.7: M urine B cells express p75 TNF RII but not p55 TNF RI

The lack o f responsiveness to TN F-a might have been due to lack o f expression 

o f the TNF receptors. B cells from both (CBA x BIO) Fi mice and BALB/c mice did 

not express the p55 TNF RI protein, even following stimulation for up to 72 hours (Fig. 

5.18 and data not shown). However, both strains constitutively expressed the p75 TNF 

RII and this was upregulated following stimulation (Fig. 5.19). Moreover, RPA 

analysis showed the presence o f the p75 TNF RII but not the p55 TNF RI mRNA in 

primary B cells (Fig. 5.20), both constitutively and following activation.
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In addition, analysis o f  the m urine lym phom as revealed that they too expressed 

the p75 TNF RII but not the p55 TNF RI m RNA (Fig. 5.21).
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F igu re  5.14: Exogenous T N F -a has no effect on the expression o f surface activation
m ark e rs .  unactivated c e lls ,   activated c e l ls ,   cells activated in the presence o f
lOng/ml T N F-a. Cells were activated by incubation with 1 pg/m l 1C10 (anti-CD40 mAb) for 24 

hours (CD69, CD23, CD86 and MHC Class II), 5pg/m l FGK45.45 (anti-CD40 mAb) for 48 hours 
(CD25) or lOpg/ml o f both anti-p  (b-7-6) and anti-CD40 (FGK45.5) mAbs for 48 hours (CD80).
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F igu re  5.15: Neutralisation o f endogenous T N F -a  has no effect on the expression o f surface
activation m a r k e r   unactivated cells, - activated cells, cells activated in the

presence o f 50pg/m l an ti-TN F-a mAb (mp6-XT22). Cells were activated by incubation with 
1 pg/m l 1C 10 (anti-CD40 mAb) for 24 hours (CD69, CD23, CD86 and MHC Class II), 5pg/m l 
FGK45.45 (anti-CD40 mAb) for 48 hours (CD25) or lOpg/ml o f both anti-p  (b-7-6) and anti- 

CD40 (FGK45.5) mAbs for 48 hours (CD80).
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5.2.8: Expression of lymphotoxin by murine B cells

The possibility that lymphotoxin could act as an autocrine growth factor for 

murine B cells in place o f TN F-a was considered. L T -a and LT-P mRNA were 

consistently detected in murine B cells by RPA. There appeared to be a slight increase 

in L T -a following stimulation via CD40 (Fig. 5.22) in agreement with published data 

(Worm & Geha, 1994). However, this increase again followed the overall increase in 

mRNA in activated cells. Moreover, the inclusion o f FK506 in the restimulation o f 

primed B cells failed to alter the expression o f either L T -a or LT-p mRNA (Fig. 5.23).

Analysis o f the B cell lymphomas revealed that they all expressed the LT-p 

mRNA and that A20, CH31 and CH33, but not WEHI-231 or BAL-17, also expressed 

the L T -a gene (Fig. 5.24).

5.3: Discussion

There was no evidence to support the notion that T N F-a is an autocrine growth 

factor for murine B cells. Neither induction o f T N F-a synthesis nor a role in 

proliferation were discovered despite intensive investigation. T N F-a activity could not 

be detected in the supernatants o f primary B cells following activation (Fig. 5.1). These 

experiments were performed with both (CBA/Ca x C57B10) Fi male mice (H-2k/b) and 

BALB/c female mice (H-2d), showing that the lack o f  secretion o f TN F-a was not 

strain- or gender- specific. In addition, the 26kDa transmembrane form could not be 

detected on the surface o f murine B cells following activation (Fig. 5.3).

Also, no TN F-a was detected in the supernatants collected from the B cell 

lymphomas (Fig.5.2) and these cells did not express the transmembrane form o f the 

protein (Fig. 5.4). Reports o f TN F-a production by murine B cell lines have been 

mixed. A20 has previously been reported not to secrete T N F-a (Laskov et al, 1990). 

These authors concluded that this was due to the mature phenotype o f this lymphoma 

compared to their pre-B cell lymphomas, which were strong expressers o f TN F-a. 

However, those cell lines which expressed TN F-a in that study were also those which 

were transformed by Abelson virus, which may also have had an effect. Production of 

TN F-a in human B cell lines is also variable (Sung et al, 1988).

136



GAPDH

0.

<
Z

(Nm
d
ei
H
.o
cd

«

0.

0.

F igu re  5.22: Expression o f lymphotoxin genes by primary B cells. Small, resting B cells were 
incubated with anti-p  (b-7-6), anti-8 (1.19) or anti-CD40 (FGK45.5) mAbs or with LPS (lOpg/m l 

each stimulus) for 60 hours. WSC were activated on immobilised anti-CD3 mAb. Extracted RNA 
was analysed using the mCK-3b RPA probe, (a) Phoshorimager depiction (b) calculated ratio o f 

L T -a mRNA com pared to the L32 “housekeeping gene.”

137



a

FK506

L T -a

LT-p

-a<u

c
"5<u

+

o o HtT
Q Q +

o o U U o
Q Q + + Q

=Li 1 U1 U1 =Li i Ui-4—>c C -4—»a C c cC3 a c3 c3 cd a

- + - + - + -

W# itlP §*iHl

.'

H
+
o

Q

+

<N
X

f—1 
+  
o

Q

(N
X

(—
+
o

a
u  u  u  u

+

L32

GAPDH

r-x&tfc

0.05-1

0 .0 4 -

X
q  0 .034

a
H °-02H 
o

0.01

0 . 00 -

liiilinill L T -a 
(H D  LT-p

+  -  +  -  +  -  +  -  +  -  +

Medium Anti-p Anti- Anti-p Anti-CD40 Anti-CD40
CD40 + CD40 + T h 1 + T H2

FK506

F igu re  5.23: Expression o f lymphotoxin genes by prim ed B cells. WSC were activated on 
im m obilised anti-CD3 m Ab for 16 hours, prior to restim ulation o f the purified B cells for a 

further 4 hours, (a) phosphorim ager depiction (b) calculated quantities o f LT mRNA 
com pared to the GAPDH “housekeeping gene.” Stimulating mAbs were used at lOpg/ml 
(anti-p: b-7-6, anti-CD40:FGK45.5) and T H1 and T H2 supernatants were included at 1%.

FK506 was used at lOng/ml in some samples.

138



a
<
z
&

m
CNI
x
tu
s

r -
I

_1
<
CQ

o(N
<

m
X
u

C*~)cn
X
u

LT-a
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There have been very few reports o f T N F-a protein, rather than mRNA, 

detection in B cells. In their paper, Goldfeld and colleagues allude to the production o f 

400U/ml TN F-a from splenic B cells following anti-Ig treatment (Goldfeld et al, 1992). 

However, the B cell preparation in this case also contained a large (-10% ) proportion o f 

monocytes and this latter population may have given rise to such a large amount of 

TN F-a. Certainly, much lower concentrations were detected in positive B cell line 

supernatants: Laskov et al found 4.0U/ml in supernatant from their highest producer 

after accumulation for 4 days (Laskov et al, 1990). Following stimulation o f human 

primary B cells with SAC or anti-p antibody, secreted TN F-a was in the region o f 40- 

50pg/ml (Smith et al, 1994), which would correspond to approximately 0.4 to 0.5U/ml 

in the L929 bioassay used in the present study. Importantly, in another study no 

secreted T N F-a could be detected following stimulation o f human tonsillar B cells 

(Worm & Geha, 1995a).

The expression o f TN F-a mRNA did increase following activation o f primary B 

cells (Figs. 5.5 & 5.6). However, as discussed in Chapter 4, this increase was paralleled 

by an increase in expression o f the housekeeping genes and could therefore not be 

described as induction. This is especially true as unstimulated highly purified B cells 

also contained low levels o f T N F-a mRNA (Fig. 5.6). Previously reported increases in 

TN F-a mRNA following activation through the AgR (Goldfeld et al, 1992) or via 

CD40 (Boussiotis et al, 1994) occurred after only 30 minutes stimulation and had 

disappeared by 6 hours. Thus the data presented here were from longer time points. 

However, one would imagine that to be effective, a B cell autocrine growth factor 

would need to be expressed during the later stages o f the progression into cell cycle, 

rather than during the initial activation stage. This theory is borne out by the fact that 

anti-AgR-induced B cell proliferation is CsA- and FK506- sensitive up to 48 hours 

(Klaus et al, 1994a), presumably because o f the requirement for continued expression o f 

the putative autocrine growth factor. Thus the reported burst o f TN F-a mRNA 

expression following human B cell activation may be important for another purpose. 

Importantly, this rapid burst o f mRNA expression has not convincingly been shown to 

be translated into protein expression. In the present study, both secreted and 

transmembrane T N F-a were found not to be present at time points as short as 4 hours.

In other reports, much less physiological stimuli have been required to induce 

TN F-a expression in B cells. Sung et al (1988) found that combinations o f SAC or 

anti-p mAb with phorbol ester were necessary to induce T N F-a mRNA or protein in
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human tonsillar B cells, and that each stimulus alone was insufficient. Using SAC plus 

PM A stimulation, these authors also reported that T N F-a mRNA gradually accumulated 

over 30 hours, in contrast to the short burst o f expression described above. However, 

the “control” p-actin mRNA also increased with time.

Stimulation o f WEHI-231, BAL-17 and A20 cells also failed to increase the 

amount o f T N F-a mRNA above the constitutive level o f expression (Fig. 5.8 and data 

not shown). This is in accordance with a previous study o f murine B cell lines, whereby 

PMA had no effect in a wide range o f B cell lymphomas (Laskov et al, 1990).

It is possible that more extensive use o f the RT-PCR assay might have revealed 

induction o f  TN F-a mRNA following activation, as it is far more sensitive than the 

RPA assay. However, contaminating cells would have been more o f a problem, 

especially as CD40 is expressed on monocytes which are known to produce high 

amounts o f TN F-a.

In contrast to the reported data with human B cells (Boussiotis et al, 1994), 

T N F-a was not found to be important in murine B cell proliferation. Addition o f 

exogenous TN F-a, in combination with a variety o f stimuli, had no effect on the 

proliferation o f B cells from either BALB/c or (CBA/Ca x BIO) Fj mice (Fig. 5.9). 

Neutralisation o f any endogenous TN F-a also had no effect (Fig. 5.10). It was 

considered that this difference might have been due to in vivo activation o f the human B 

cells prior to analysis in the reported study. Consequently, total B cell populations, 

including large activated B cells, were isolated from mice spleens. Again, exogenous 

T N F-a and neutralising anti-TNF-a mAbs had no effect (Fig. 5.11). Furthermore, 

murine B cells primed in vitro prior to stimulation were also unaffected (Fig. 5.12). 

Clearly, these data are different from those obtained using human B cells, although 

Sung et al also failed to block B cell proliferation using neutralising anti-TNF-a Ab 

(Sung et al, 1988).

In order to investigate further the potential role o f T N F-a in murine B cell 

activation, the expression levels o f known activation markers were analysed. However, 

no effect o f exogenous TN F-a or neutralising anti-TNF-a mAb could be detected (Figs. 

5.14 & 5.15). Also, the effects o f these agents on immunoglobulin secretion were found 

to be negative (Figs. 5.16 & 5.17).

The lack o f effect o f TN F-a in all these experiments could have been due to 

negative expression o f the necessary TNF receptors by murine B cells. It was found
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that murine B cells, from both BALB/c and (CBA/Ca x BIO) Fi mice, constitutively 

expressed the p75 TNF RII but did not express the p55 TNF RI, even after stimulation. 

This was true at both the protein (Figs. 5.18 & 5.19) and the mRNA (Fig. 5.20) levels. 

It is unknown which TNF receptor would be the main mediator o f any TN F-a signal in 

B cell proliferation, although by analogy with T cell proliferation, it is likely that p75 

TNF RII would be the transducer (Grell et al, 1998). Moreover, T cell-expressed 

transmembrane TN F-a probably exerts its proliferative effect on B cells via p75 TNF 

RII (Aversa et al, 1993). Thus the presence o f the p75 TNF RII on the murine B cells 

would probably be sufficient to transduce an autocrine proliferative TN F-a signal if  it 

were present.

As previously described for human B cells (M apara et al, 1994), LT-P mRNA 

was constitutively present in all B cell populations (Figs. 5.22, 5.23 & 5.24). The 

expression o f L T -a mRNA appeared to increase upon stimulation o f primary B cells 

(Fig. 5.22) although this again partially followed the overall increase in cellular mRNA. 

During the course o f the experiments with TN F-a, two mAbs were tested in B cell 

proliferation assays. The data shown were obtained with mp6-XT22 mAb, which 

neutralised T N F-a in the L929 bioassay (Appendix B), but had no effect on B cell 

proliferation. However, the mp6-XT3 mAb, which also neutralised TN F-a, had more 

complex effects in B cell proliferation assays. Anti-p- or anti-8- induced proliferation 

was unaffected by mp6-XT3, but proliferation induced by CD40 ligation or LPS was 

strikingly inhibited (data not shown). This is presumably due to cross-reactivity o f this 

mAb with another factor, which is important in B cell proliferation induced via CD40 or 

LPS. Clearly, the identification o f this factor is important in establishing the role o f 

autocrine growth factors in B cell proliferation. An obvious candidate for the factor is 

LT-a, as it exhibits marked homology with TN F-a. However, preliminary experiments 

investigating the role o f L T -a in murine B cell proliferation were unsuccessful. For 

unknown reasons, recombinant murine L T -a is difficult to produce, even though the 

human homologue is readily available (Dr. J. Browning, personal communication). 

W hilst potentially neutralising anti-LT-a and anti-LT-p mAbs had no effect in B cell 

proliferation assays, their neutralising capabilities could not be tested. Any L T -a 

secreted by B cells in response to stimulation would have been detected in the L929 

bioassay but this was not the case. Nevertheless, in the human B cell studies, LT-a 

expression was induced on the cell surface but secreted L T -a was not detected (Worm
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& Geha, 1994). Thus LT remains a prime candidate for further investigation o f murine 

B cell autocrine growth factors. However, L T -a production in human B cells is not 

inhibited by CsA and no consensus NF-AT binding sites exist in the 1.2kb region 

upstream of the murine or human L T -a genes (Worm & Geha, 1995b). Therefore LT -a 

can not be solely responsible for B cell proliferation in vitro.
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Chapter 6: Interlenkin-6 is an Autocrine 

Survival Factor for Murine B Lymphocytes.

6.1: Introduction

Immunologists originally termed IL-6 “B Cell Stimulatory Factor-2” and “B cell 

differentiation factor” due to the positive effects this cytokine has on the activation o f B 

lineage cells. The cytokine was also previously known as IFN-p2, hybridoma growth 

factor and hepatocyte stimulating factor, thereby indicating the pleiotropic nature o f this 

cytokine (Van Snick, 1990). The effects o f IL-6 include promoting immunoglobulin 

production in B cells, and enhancing the proliferation and differentiation o f T cells, 

partially via the induction o f IL-2 production and IL-2 receptor expression. IL-6 

enhances haematopoeisis and megakaryocyte maturation in mice, although it inhibits 

the growth o f macrophage cell lines whilst promoting their differentiation. IL-6 is a key 

initiator o f the acute phase response by promoting the synthesis o f various proteins, 

including C-reactive protein and serum amyloid protein A, by hepatocytes during 

inflammation. Other targets o f IL-6 include blood vessels and neuronal cells, where it 

promotes differentiation, and also induces adrenocorticotrophic hormone synthesis 

(reviewed by Akira et al, 1993). IL-6 is also involved early in embryonic development, 

with IL-6 transcripts detectable as early as the 8-cell stage. It is a glycosylated protein, 

with a molecular weight between 22 and 29kDa in mice, and is produced by a variety o f 

cell types. Monocytes/macrophages are a major source o f the cytokine following 

activation, but it is also made by fibroblasts, endothelial cells, keratinocytes, mast cells 

and activated T cells.

IL-6 is part o f a family o f structurally related cytokines; other members o f this 

group include Leukaemia Inhibitory Factor (LIF), IL -11, Oncostatin M (OSM), Ciliary 

Neurotrophic Factor (CNTF) and Cardiotrophin-1 (CT-1; reviewed by Taga & 

Kishimoto, 1997). There is a fair degree o f functional redundancy between these 

cytokines, and this is due to the fact that they all share the gp l30  receptor signal 

transduction molecule. G pl30 is ubiquitously expressed, whereas the ligand-binding 

chains o f the receptors are differentially expressed, allowing for cytokine-specific 

responses. The IL-6R a-chain is functional either in a transmembrane form or as a 

soluble protein. Binding o f IL-6 by the IL-6R a-chain  allows it to bind to and cross
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link the gpl30 chain; dimerisation o f gpl30  initiates the intracellular signal. Targeted 

disruption o f the gpl30  gene in mice has an embryonically lethal effect due to severely 

impaired cardiomyocyte development. Analysis o f these embryos also reveals 

dramatically reduced haematopoiesis.

The role o f IL-6 in the immune response has been partially established using 

murine models. Mice carrying an IL-6 transgene demonstrate elevated levels of 

circulating Ig, especially o f the IgG l isotype. They have enlarged spleens and lymph 

nodes due to a dramatic increase in the number o f  plasma cells, which are mainly IgM+ 

(Suematsu et al, 1989). In permissive strains, transplantable plasmacytomas develop 

(Suematsu et al, 1992). Conversely, mice rendered deficient for IL-6 by targeted 

disruption are incapable o f developing plasmacytomas even following pristane oil 

injection (Hilbert et al, 1995). Moreover, these IL-6-deficient mice exhibit an impaired 

response to infection. There is an increased bacterial load following Listeria 

monocytogenes challenge, whilst the production of IgG is reduced compared to wild- 

type mice following infection with vesicular stomatitis virus (K opf et al, 1994). The 

extent to which different cell types are affected in these models is unclear. In an 

interesting investigation, it was found that circulating IgG and IgA levels could be 

restored in Rag'/_ and SCID mice by reconstitution with B cell lines carrying an IL-6 

transgene, thereby showing that the necessity for T cell help could be bypassed (Oka et 

al, 1995).

Various diseases are caused by dysregulated IL-6 production. Castleman’s 

disease is caused by an overproduction o f IL-6. Patients with this condition have large, 

benign hyperplastic lymph nodes caused by an infiltration o f plasm a cells, with 

concurrent fever, anaemia, hypergammaglobulinaemia and production o f acute phase 

proteins. Excision o f the affected lymph nodes relieves all clinical symptoms and IL-6 

levels return to normal. Over-expression o f IL-6 is also involved in rheumatoid 

arthritis. It is produced by B cells, T cells, synoviocytes and chondrocytes in the 

affected joints, leading to an increase in the level o f autoantibodies and acute phase 

proteins. In human multiple myeloma, there is an accumulation o f monoclonal plasma 

cells in the bone marrow, leading to osteolytic lesions. This is caused by dysregulated 

production o f IL-6, which acts as a paracrine and then an autocrine growth factor for 

these myeloma cells.

IL-6 has long been known to induce the final maturation step o f B cells into 

plasma cells. Plasmablastic cells, which arise in germinal centres, are low-rate
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immunoglobulin secretors. They undergo further rounds o f proliferation in the bone 

marrow and also differentiate into high-rate Ig-secreting plasma cells. Both o f these 

responses are promoted by IL-6 (reviewed by Klein et al, 1995).

In vitro , addition o f IL-6 to cultures o f  peripheral blood mononuclear cells 

(PBMC) enhances the response to PWM, with substantial increases in the amount of 

IgM, IgG and IgA secreted, but without alteration in the kinetics o f the response 

(Muraguchi et al, 1988; Kawano et al, 1995). IL-6 also enhances Ig secretion from 

purified human B cells, pre-activated with SAC or PW M (Bertolini & Benson, 1990), 

although it has no effect on unstimulated cells. IL-6 has been reported not to influence 

isotype switching in human cells; rather it enhances the frequency o f Ig-secreting cells 

and the rate o f  production o f Ig o f all isotypes by committed, isotype-switched cells 

(Lue et al, 1991).

IL-6 production by human B cells has been demonstrated in vitro in response to 

a number o f stimuli. Activation o f B cells through the AgR appears to have different 

effects depending on the actual stimulus used. SAC induces IL-6 secretion by B cells, 

with the response peaking at 96 hours (Rieckmann et al, 1991) and PWM exerts a 

similar effect (Chauhan et al, 1994). However other authors, who used mAbs against 

the AgR to stimulate their cells, failed to observe IL-6 secretion, although they did see 

synergy when the mAbs were administered with phorbol ester (Smeland et al, 1989). 

More recently, stimulation o f human B cells through CD40 has been found to induce 

IL-6 secretion (Burdin et al, 1995). Other cytokines can affect the production o f IL-6 

by human B cells. IL-4 alone is sufficient to induce IL-6 secretion (Hutchins et al, 

1990), and also synergises with CD40-stimulation (Jeppson et al, 1998). IL-10 has an 

inhibitory effect on CD40-induced IL-6 secretion (Burdin et al, 1995).

Murine B cells have been less intensively studied, but LPS induces IL-6 

secretion (Hobbs et al, 1991). In this case, anti-p antibodies (F(ab )2  goat Abs) had no 

effect alone, but enhanced the response to LPS. Interestingly, bacterial DNA can 

directly activate murine B cells and induce IL-6 production (Klinman et al, 1996). This 

is due to unmethylated CpG motifs in bacterial DNA which are much less common in 

vertebrate DNA due the phenomenon o f “CpG suppression”.

IL-6 production has also been detected in some, but not all, EBV-transformed B 

cell lines, whether transformation occurred in vivo (Durandy et al, 1994) or in vitro 

(Yokoi et al, 1990). Indeed this IL-6 acts as an autocrine growth factor for these cells 

(Tosato et al, 1990) in conjunction with the IL-1 autocrine loop (see Chapter 4). IL-6
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has been reported not to influence prim ary B cell proliferation induced by SAC (Van 

Snick, 1990) or PW M  (M uraguchi et al, 1988). However, studies with m urine B cells 

have been far less extensive. Also, the effects o f  IL-6 during the early stages o f B cell 

activation are unclear. Thus the aims o f  this study were to characterise further the 

secretion o f  IL-6 by m urine B cells in response to different stim uli, and to determ ine 

w hether the IL-6 produced served any autocrine function.

6 .2: R esu lts

6.2.1: Secretion of IL-6 by m urine B cells

Initially, the effect o f CD 40-stim ulation on conventionally purified murine 

resting B cells was investigated. It was discovered that incubation with anti-CD40 

m Abs induced IL-6 secretion, and that the am ount o f  IL-6 generated in supernatants 

increased over a 96 hour culture period (Fig. 6.1). IL-6 secretion could also be induced 

by two other anti-CD 40 m Abs, DOM I-85 and 1C 10, and could alw ays be neutralised by 

the anti-IL-6 m Ab 6B4 (data not shown). Highly purified FA CSorted B cells were also 

induced to secrete IL-6 by CD 40-stim ulation (Fig. 6.4 and data not shown).
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F igure  6.1: Stimulation o f B cells via CD40 induces IL-6 secretion. B cells were 
stimulated with either 3/23 or FGK45.5 mAbs (10pg/m l) and collected supernatants 

were tested for IL-6 using the B9 bioassay.
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Next, the effect o f concurrent stimulation via the AgR was determined. The 

inclusion o f anti-p, mAb blocked the CD40-induced IL-6 secretion (Fig. 6.2a). The 

effect o f this IgM ligation was extremely potent, with anti-p mAb as low as lOng/ml 

still exerting an inhibitory effect; this is below the concentration necessary to observe 

mitogenicity in conjunction with anti-CD40 stimulation (Fig. 6.2b). Interestingly, IgD 

ligation did not have the same effect (Fig. 6.3). The anti-6 mAb did not induce IL-6 

secretion from B cells, but neither did it inhibit the IL-6 secretion induced via CD40 

cross-linking. The mAb was however active in a B cell proliferation assay (not shown).

The effects o f other cytokines known to modulate CD40-induced B cell 

activation were tested for their influence on the secretion o f IL-6. At first, it was 

believed that THl-type cytokines, especially IFN-y, greatly synergised with CD40 for 

the induction o f IL-6 production (Fig. 6.4 and data not shown). However, upon further 

analysis with highly purified FACSorted B cells, which were >99.5%IgM+IgD+, this 

was found not to be the case (Fig. 6.4). Thus a contaminating cell type in the 

conventional B cell preparations must have been responding to the IFN-y and anti-CD40 

combination. The Tn2-type cytokine IL-4 markedly abrogated the induction o f IL-6 

secretion by CD40 ligation (Fig. 6.5) and this was also observed with highly purified 

FACSorted B cells. Analysis o f the effect o f total Th2 supernatant on IL-6 secretion by 

B cells would have been impossible, as it already contains IL-6.

6.2.2: Analysis of IL-6 mRNA

IL-6 production in B cells was also observed at the mRNA level by RNase 

Protection Assay, as part o f the screen o f B cell cytokine expression (see Chapter 4). 

This system was not sensitive enough to detect IL-6 mRNA in small, resting B cells 

stimulated with mAbs only. However, following priming by stimulation o f whole 

spleen cultures on immobilised anti-CD3 mAb, purified B cells were induced to express 

IL-6 mRNA with anti-CD40 mAb (Fig. 6.6). However, in this system, there was only 

slightly lower IL-6 expression when the cells were stimulated in a combination o f anti-p 

and anti-CD40. There was no IL-6 expression in primed B cells restimulated with anti- 

p or incubated in medium only.

In addition IL-6 mRNA was analysed in a panel o f B cell lymphomas (Fig. 6.7). 

O f these, only BAL-17 expressed significant levels o f IL-6.
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F igu re  6.2: Stimulation via the IgM AgR inhibits anti-CD40 induced IL-6 secretion.
(a) Conventionally purified B cells were incubated in com binations o f anti-CD40 (lOpg/m l 
3/23) and anti-p  (lO pg/m l b-7-6) for varying periods, (b) B cells were incubated with anti- 

CD40 mAb (lO pg/m l 3/23) along with titrated anti-p  m Ab (b-7-6). Both IL-6 secretion ( ■  ) 
and [ ’H]-thymidine incorporation ( y ) were analysed after 96 hrs. All supernatants were 

analysed for IL-6 using the B9 bioassay.
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Figure 6.3: Stimulation via the IgD AgR has no effect on IL-6 secretion. 
Conventionally purified B cells were incubated in com binations o f anti-CD40 (lOpg/m l 

3/23) and anti-8 (1 Opg/ml 1.19) for varying periods, and the supernatants analysed
using the B9 bioassay.
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Figure 6.4: IFN-y has no effect on IL-6 secretion from highly purified B cells. 
Conventional B cells or B220+FACSorted B cells were incubated in com binations o f anti- 
CD40 mAb (lO pg/m l 3/23) and IFN-y (250U/m l) for 96 hours, before supernatants were 

analysed for IL-6 by the B9 bioassay.
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Figure 6.5: IL-4 inhibits CD40-induced IL-6 secretion. B cells were 
incubated in com binations o f anti-CD40 (lOpg/m l 3/23) and IL-4 (10 U/ml) 
for the tim es indicated. Supernatants were collected and analysed using the

B9 bioassay.

6.2.3: IL-6 is not an au tocrine grow th factor for m urine B cells

No evidence was discovered for a role o f IL-6 in prom oting B cell proliferation, 

despite intensive investigation. Initially, small resting B cells were stim ulated with anti- 

p, anti-5 and anti-CD40 m Abs or with LPS in the presence o f  exogenous IL-6 (Fig. 6.8). 

There was never any effect with IL-6, even when the cytokine was titrated from 

lOng/ml to lOpg/ml. The stim ulating m Abs and LPS were also tested at subm itogenic 

concentrations, in order to reveal any possible synergy with IL-6, but again there was no 

effect (data not shown). In addition, these experim ents were perform ed with small, 

resting B cells from female BALB/c mice and again, IL-6 had no effect.

Next, the effect o f  neutralising endogenous IL-6 was tested. Small, resting B 

cells were stim ulated with com binations o f anti-p., anti-CD 40 and anti-5 m Abs. or with 

LPS, at varying concentrations with titrated anti-IL-6 m Ab (Fig. 6.9 and data not 

shown). However, the anti-IL-6 mAb never had any effect on B cell proliferation, 

although it was capable o f  neutralising IL-6 (see A ppendix B, Fig. B.4). These 

experim ents were also perform ed with B cells from fem ale BALB/c mice.
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F igu re  6.9: Neutralisation o f endogenous IL-6 has no effect on the proliferation o f small, 
resting B cells. Conventionally purified B cells from (CBA x B10 ) F t mice were stimulated 
with anti-p  (lOpg/m l b-7-6), anti-8 (lO pg/m l 1.19), anti-CD40 (lO pg/m l FGK45.5) or LPS 

(lOpg/m l). The anti-IL-6 mAb, 6B4, was included at 20pg/m l where shown.
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Finally, total splenic B cells were isolated from both (CBA x BIO) F] and 

BALB/c m ice and tested for any effect o f IL-6 or anti-IL-6 (Fig. 6.10 and data not 

shown), in case buoyant, activated B cells were capable o f responding to IL-6. But 

again. IL-6 and anti-IL-6 failed to have any effect.

In addition, the effect o f neutralising endogenous IL-6 on various B cell 

lym phom as was investigated. IL-6 activity was never necessary for their growth (Fig. 

6.11). This was as to be expected for W EHI-231, A20, CH31 and CH33 as they do not 

express IL-6, but this cytokine had the potential to be an autocrine growth factor for 

BAL-17 (Fig. 6.7).
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o o  + ^

medium 
E = 1  IL-6

F igu re  6.10: Exogenous IL-6 has no effect on the proliferation o f large, buoyant B cells. 
Total B cells were isolated from (CBA x B10) F, mice and were stim ulated with anti-p 

(lO pg/m l b-7-6), anti-8 (lO pg/m l 1.19), anti-CD40 (lOpg/m l FGK45.5) or LPS (lOpg/m l). 
IL-6 was included at Ing/ml where shown.

6.2.4: The initial activation of B cells is not affected by IL-6

The possibility that the IL-6 produced by B cells m ight have another autocrine 

function was exam ined. Firstly, the effects o f exogenous IL-6 or neutralisation o f 

endogenous IL-6 on the expression o f  surface activation m arkers were tested. B cells 

were sub-optim ally stim ulated so that any slight effects could be detected. However,

the expression o f the low affinity FceRII (CD23), the early activation m arker (CD69),

the accessory signals B7.1 (CD80) and B7.2 (CD86), the high affinity IL-2R a-cha in
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(CD25) and M HC Class II were never affected by IL-6 (Fig. 6.12) or by anti-IL-6 m A b 

(Fig. 6.13).
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F igure 6.11: Neutralisation o f endogenous IL-6 has no effect on the growth o f B cell 
lymphomas. Each lymphoma was cultured for 48 hours with titrated anti-IL-6 mAb 

(6B4) prior to analysis o f  [ ’H j-thym idine incorporation.

6.2.5: IL-6 is not an isotype switch facto r for m urine B cells

The effects o f  exogenous IL-6 and neutralisation o f  endogenous IL-6 on 

im m unoglobulin isotype switching were investigated. B cells were cultured with 

C D 40Ligand-expressing fibroblasts, and supernatants generated were analysed for the 

concentration o f  each Ig isotype. N either IL-6 nor anti-IL-6 m Ab affected the 

concentration o f  IgG2b or IgG3 (Fig. 6.14), nor did IL-6 affect the secretion o f  IgG l. 

The affect o f  anti-IL-6 on IgG l secretion could not be determ ined as the anti-IL-6 m Ab, 

6B4, was itself detected by the ELISA. The levels o f  IgG 2a and IgE were extrem ely 

low throughout (not shown).

Initially, it was believed that IL-6 induced isotype sw itching to IgA in m urine B 

cells (Fig. 6.15). However, when an IgA ' starting population was generated by 

FA CSorting, no IgA was secreted into the supernatant (Fig. 6.15). Thus IL-6 prom oted 

IgA secretion from pre-sw itched B cells, but did not actually induce isotype switching. 

The supernatants from these FA CSorted B cells contained com parable levels o f  IgM 

and IgG2b to those generated from conventionally purified B cells (data not shown). 

IL-5 prom oted Ig secretion o f  all the isotypes (Figs. 6.14). This was presum ably by 

increasing the secretion rate rather than by inducing sw itching events.
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F igu re  6.12: Exogenous IL-6 has no effect on the expression o f activation markers by B cells.
  unactivated cells, -------  activated cells, --------  cells activated in the presence o f lng/m l
IL-6. Cells were activated by stimulation with 5pg/ml FGK45.5 (anti-CD40 mAb; CD69, CD23, 
CD86, MHC Class II), 5pg/m l 1C10 (anti-CD40; CD25) or anti-p and anti-CD40 (lOpg/m l each 

o f b-7-6 and FGK45.5; CD80). Cells were analysed by flow cytom etry after 24 hours (CD69, 
CD86) or 48 hours (CD23, CD25, CD80, MHC Class II) stimulation.
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presence o f  20pg/m l anti-IL-6 mAb (6B4). Cells were stim ulated with 5pg/m l FGK45.5 (anti- 
CD40 mAb; CD69, CD23, CD86 and MHC Class II), 5pg/m l 1C10 (anti-CD40 mAb, CD25) 

or with anti-p  and anti-CD40 (lOpg/m l each o f b-7-6 and FGK45.5; CD80). Cells were 
analysed by flow cytom etry after 48 hours stimulation.
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anti-IL-6 mAb. Supernatants were tested for IgA by ELISA.
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6.2.6: IL-6 enhances the survival of murine B cells

IL-6 is known to be a survival factor for murine resting T cells, protecting them 

from spontaneous apoptosis upon explantation (Teague et al, 1997). Thus, here the 

possibility that IL-6 has the same effect on murine B cells was tested. IL-6 did indeed 

protect conventionally purified B cells from spontaneous apoptosis over a 96 hour 

period (Fig. 6.16), with an increased proportion o f cells remaining alive at every time 

point tested. This effect could be neutralised with anti-IL-6 mAb. It was maximal at 

lOng/ml IL-6 but still evident at lOOpg/ml (data not shown). Highly purified 

FACSorted B cells (>99.5% IgM+IgD+) were also protected from apoptosis by IL-6 

(Fig. 6.17) showing that the observed effect was not due to the survival o f 

contaminating cells.

Next, the combined effect o f IL-6 with other known survival signals was 

investigated. IL-4 also protects B cells from apoptosis (Illera et al, 1993). Here, IL-4 

and IL-6 were both protective individually and the two cytokines together exerted an 

additive effect (Fig. 6.18). Stimulation o f B cells through CD40 not only induces the 

proliferation o f a proportion o f B cells, but also protects the remaining population from 

apoptosis (Parry et al, 1994). The two anti-CD40 mAbs FGK45.5 and 3/23 both 

increased cell survival in this study (Fig. 6.19), and this effect was increased by the co

presence o f IL-6. The inclusion o f neutralising anti-IL-6 mAb slightly, but consistently, 

inhibited the CD40 survival effect, presumably because CD40 ligation induces IL-6 

secretion as described above. Thus the CD40 survival effect may be mediated in part 

via the induction o f  an IL-6 autocrine survival-factor loop.

The effect o f IL-6 on activated B cells was tested in two ways. Firstly, IL-6 and 

anti-IL-6 mAb were included during the activation process (Fig. 6.20). As before, IL-6 

exhibited an additive effect with anti-CD40 stimulation. However, neither IL-6 nor 

anti-IL-6 had any effect when B cells were activated by anti-p mAb or by LPS. Indeed, 

anti-IL-6 mAb no longer had any effect when B cells were activated by a combination 

o f anti-p and anti-CD40 mAbs. This is in keeping with the fact that co-ligation o f the 

AgR inhibits CD40-induced IL-6 secretion (Fig. 6.2), so under these conditions IL-6 

can not act as an autocrine survival factor. Secondly, B cells were pre-activated and 

then incubated in IL-6 or anti-IL-6 mAb in the absence o f the original stimulus. Under 

these conditions, IL-6 did enhance the survival o f B cells activated via the AgR (Fig. 

6.21). In addition, anti-IL-6 mAb inhibited the survival o f B cell blasts generated via 

CD40 or CD40 plus AgR stimulation. Thus it maybe that the actual presence o f AgR
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stim ulation is necessary to inhibit the autocrine IL-6 survival loop, but that B cells 

previously activated via the AgR do respond to IL-6.
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F igure  6.16: IL-6 enhances B cell survival in vitro. Propidium iodide staining o f 
conventionally purified B cells after 96 hours incubation in medium (a) or IL-6 (b) shows 

that fewer cells exhibit subdiploid levels o f  DNA in the presence o f IL-6. (c) Time 
course o f  IL-6 effect: cells were incubated in medium , IL-6 or IL-6 and anti-IL-6. 

(IL-6: lng/m l; anti-IL-6: 6B4 mAb, 20pg/m l)
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F igu re  6.18: IL-6 and IL-4 have an additive effect on B cell survival. B 
cells were incubated for 48 hours with IL-6 (lOng/ml) or IL-4 (10 U/ml).
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F igu re  6.19: CD40-ligation and IL-6 have additive effects on B cell survival. 
B cells w ere incubated with 5pg/ml anti-CD40 m Ab (FGK45.5 or 3/23) for 72 

hours with IL-6 (lng /m l) or anti-IL-6 (20pg/m l 6B4 mAb)
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F igu re  6.20: IL-6 has no effect on B cell survival during activation through the 
antigen receptor. B cells were incubated for 72 hours with anti-p  (10pg/m l b-7-6), 
anti-CD40 (lO pg/m l 3/23) or LPS (lO pg/m l), with the inclusion IL-6 (lOng/m l) or

anti-IL-6 (20pg/m l 6B4).
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6.2.7: M urine B cells constitutively express IL-6 receptors

I he differential effects o f IL-6 on B cell populations m ight also be due to 

regulated expression o f  the IL-6 receptor com plex. The g p l3 0  signal-transducing chain 

is ubiquitously expressed but the IL-6 binding chain (IL-6R) is regulated in a variety o f 

cell types. Here, the expression o f  both chains was analysed by RNase Protection 

Assay (Fig. 6.22). All B cell populations expressed both the IL-6R and g p l3 0  m RNA, 

irrespective o f  their activating stimulus. Resting, unactivated B cells also expressed 

both chains; this is in contrast to most previous reports o f  lack o f  IL-6 R expression 

(H irata et a l, 1989; Taga et a l, 1987) but to be expected given that resting B cells 

respond to IL-6 (Fig. 6.16). Indeed, IL-6R protein expression has been observed on a 

proportion o f  resting hum an B cells, using a high sensitivity flow cytom etric assay 

(Zola & Flego, 1992).

All the B cell lym phom as tested expressed g p l3 0  m RNA, while W EHI-231, 

BAL-17, CH31 and CH33 also expressed the IL-6R (Fig. 6.23). The A20 lym phom a 

appeared to have dow n-regulated expression o f  the IL-6R m RNA.
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F igu re  6.21: Effect o f IL-6 on the survival o f pre-activated B cells.
B cells were activated by anti-p (lOpg/m l b-7-6), anti-CD40 (lOpg/m l FGK45.5) or 

both for 48 hours. Live cells were isolated by density centrifugation and incubated for 
a further 24 hours with IL-6 (lOng/ml) or anti-IL-6 (20pg/m l 6B4). Freshly prepared B 

cells were also incubated with IL-6 and anti-UL-6 for the last 24 hours.
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F igure 6.22: Primary B cells express both the IL-6 Receptor and gp 130.
B cells were incubated for 60 hours with the indicated stimuli prior to analysis with the mCR-4 
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6.3: Discussion

The data presented here show that IL-6 acts as an autocrine survival factor for 

murine B cells. Stimulation of B cells via CD40 induced IL-6 secretion (Fig. 6.1) and 

exogenous IL-6 enhanced the survival o f naive B cells following explantation (Fig. 

6.16). Furthermore, neutralisation of the endogenous IL-6 slightly inhibited the survival 

effect o f CD40 ligation (Fig. 6.19).

Co-ligation o f the IgM AgR blocked the anti-CD40-induced IL-6 secretion by 

murine B cells (Fig. 6.2). This phenomenon was also reported for human B cells 

(Burdin et al, 1996). These authors found that mAbs directed against the k  and X AgR 

light chains abrogated the CD40-induced IL-6 response, whereas SAC actually 

enhanced the response. Their interpretation was that dual stimulation o f CD40 and the 

AgR in vitro generates a “germinal centre” phenotype, and that under these conditions B 

cells no longer produce autocrine IL-6. Indeed, freshly isolated tonsillar germinal 

centre B cells failed to secrete IL-6 whereas naive and memory B cells both responded 

to CD40 ligation (Burdin et al, 1996). This is an over-simplification: whilst some 

germinal centre markers, such as CD38, Fas, CD77, B7.1, B7.2 and carboxypeptidase 

M, are correctly up-regulated on human B cells under these conditions in vitro (Galibert 

et al, 1996b), the homing receptor CD44 is not down-regulated (Wheeler & Gordon, 

1996) and murine B cells do not up-regulate their peanut agglutinin receptor expression 

(Lahvis & Cerny, 1997). Other factors, possibly cytokines derived from Th cells or 

follicular dendritic cells, are presumably required to complete the formation o f germinal 

centre B cells.

Nevertheless, this theory fits in well in the context o f IL-6 as an autocrine 

survival factor. In germinal centres, affinity maturation leads to changes in the binding 

specificities o f B cell immunoglobulins. B cells must go through further rounds o f 

selection to ensure that they still react with the noxious antigen but are not self-reactive. 

The cells must therefore be liable to die if  they are not positively selected. Thus the 

autocrine survival factor must be switched off to allow this process to occur.

In the context o f the experiments presented here, IL-6 secretion would ideally be 

analysed further from B cell blasts activated with anti-p plus anti-CD40, but then 

removed from their stimuli. The survival o f cells activated in this way was inhibited by 

neutralisation o f endogenous IL-6 (Fig. 6.21), thereby implying that these cells secrete 

IL-6 once removed from the stimulating mAbs.
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Co-ligation o f the IgD AgR failed to abrogate the CD40-induced IL-6 secretion 

(Fig. 6.3). This could be because germinal centre B cells down-regulate their IgD 

expression. Thus co-ligation o f the IgD AgR may be irrelevant in terms o f switching 

off the autocrine survival factor in germinal centre B cells, as it would not naturally 

occur. The reason for dual expression o f IgM and IgD AgRs on B cells is unclear. 

Mice deficient for either the IgM (Lutz et al, 1998) or the IgD (Nitschke et al, 1993) 

AgR possess normally developed mature B cells. Moreover, these mice respond well to 

both T-D and T-I antigens, although there is some delay in affinity maturation (Roes & 

Rajewsky, 1993) and in the production o f neutralising antibodies following 

immunisation. Furthermore, rabbits do not have a 6-chain gene and exist normally with 

only the IgM AgR (Fitts et al, 1995). Stimulation through IgM or IgD induces similar 

signal transduction pathways in B cells, with comparable increases in cAMP, 

phosphatidylinositol turnover and Protein Kinase C activation (Kanazashi et al, 1994), 

although the kinetics o f tyrosine phosphorylation are delayed following IgD ligation, 

and are more prolonged (Kim & Reth, 1995). The differences are probably due to 

differential glycosylation o f the Ig-a chain in the two complexes (Campbell et al, 1991). 

These differences in signaling presumably underlie the differences in IL-6 secretion 

when the two AgRs are co-ligated with CD40. Ideally, this phenomenon would be 

further investigated using other anti-6 and anti-p, mAbs. Also, the effect o f cross- 

linking the IgM and IgD receptors at the same time is unknown. B cells could also be 

stimulated through their k  light chain. Technical difficulties with the B9 bioassay 

prevented these questions from being resolved.

In these studies, IL-4 also blocked CD40-induced IL-6 secretion (Fig. 3.5). This 

is in stark contrast to the situation with human B cells, where IL-4 alone is sufficient to 

induce IL-6 secretion and synergises with other stimuli (Smeland et al, 1989). This 

presumably reflects a species difference between mice and man. The reason why 

murine B cells should down-regulate their IL-6 production in the presence o f IL-4 is 

unknown. In vivo, B cells would encounter CD40 and IL-4 dual stimulation during 

cognate interactions with T cells. It may be that under these circumstances IL-6 

production is inappropriate, either for B cell differentiation or for T cell function. 

Ideally, this phenomenon would be further investigated and time course experiments 

performed to determine how IL-4 exerts its effect. Interestingly, human monocytes 

have also been reported to down-regulate their IL-6 production in the presence o f IL-4 

(Hutchins et al, 1990).
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IFN-y had no effect on IL-6 secretion from extremely pure B cells (Fig. 3.4). In 

a previous report, this cytokine greatly enhanced IL-6 secretion (Yi et al, 1996). 

However, the B cells in this study were only 97-98% pure and the contaminating cells 

may therefore have been the source o f the IL-6. The immunosuppressant FK506 also 

had no effect on IL-6 production (Fig. 6.6 and data not shown). This was as to be 

expected, as the IL-6 promoter and enhancer do not possess NF-AT binding sequences.

Further analyses o f IL-6 production by murine B cells at the mRNA level would 

require a different strategy, such as quantitative RT-PCR, as the RPA method was not 

sensitive enough when the cells had been stimulated with mAbs only. Instead, cells 

were analysed following priming o f WSC with immobilised anti-CD3 mAb (Fig. 6.6). 

In this case, IL-6 mRNA was detected following anti-CD40 treatment, but this was only 

partially inhibited by anti-p mAb. This could be because the cells had already been 

greatly activated via the T cells, which stimulate the B cells through CD40.

The experiments presented here show the secreted IL-6 in cultures continued to 

increase until day 4. Whilst longer time points were not tested, this could represent the 

peak o f activity. In an extended study, Matthes et al discovered that IL-6 mRNA in 

human B cells peaked at day 3 and had disappeared by day 5, during stimulation 

through CD40 (Matthes et al, 1993).

Exogenous IL-6 enhanced the secretion o f IgA from conventionally purified B 

cells (Fig. 6.15) even in the absence o f stimulation. This was due to increased 

production by IgA-committed precursors rather than to induction o f isotype switching 

events, as an IgA' starting B cell population failed to respond to IL-6. This is in 

accordance with published data. Beagley et al found that Peyer’s patch B cells 

spontaneously secreted IgA and that this was increased by IL-6 (Beagley et al, 1989). 

Again, this effect was not apparent if  IgA' B cells were isolated prior to analysis. 

Furthermore, these authors demonstrated that low density, in vivo activated cells were 

the source o f the secreted IgA, thereby again showing that IL-6 acts on activated but not 

resting B cells. The effect o f IL-6 on IgA secretion is further enhanced by IL-5 

(Kunimoto et al, 1989). The effect o f targeted disruption o f the IL-6 gene on IgA 

responses is controversial. In one study, greatly reduced numbers o f IgA' producing 

cells were observed at mucosae, with a grossly deficient antibody response to mucosal 

challenge with ovalbumin (Ramsay et al, 1994). This result re-inforced the importance 

o f IL-6 in the IgA response. The remaining IgA secreting cells in these mice were 

believed to be derived from IL-6-independent B -l cells (Beagley et al, 1995).
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However, in another study (Bromander et al, 1996), no differences could be observed 

between IL-6 deficient and wild-type mice following oral or intranasal challenge. It is 

possible that these differences are due to different immunisation strategies, resulting in 

differential requirement for IL-6-dependent accessory cells.

IL-6 had no effect on the secretion o f any other isotype (Fig. 6.14) in this 

system. This is in contrast to the original description o f IL-6 as an Ig secretion- 

promoting factor. However, these early studies were performed with mixed populations 

o f cells, with broad-acting stimuli such as PWM or SAC. Murine studies have 

commonly involved LPS stimulation. In the present study, purified small, naive B cells 

were stimulated through CD40 alone. This stimulus was presumably insufficient to 

drive B cell activation to a point where IL-6 could act as a terminal differentiation 

factor. Furthermore, IL-6 and anti-IL-6 were only added at the beginning o f the 

cultures: effects o f these agents may have been revealed if  they had been added at a later 

time point. Alternatively, different results might have been obtained if  large, buoyant, 

in Wvo-activated cells were used in the cultures. Moreover, it may be that IL-6 acts 

synergistically with other cytokines, such as IL-4 or IL-10, such that its effects on Ig 

secretion are difficult to observe when administered alone. In a similar CD40L-based 

study, Urashima et al observed slight increases in IgG secretion by human B cells in the 

presence o f very high concentrations (~250ng/ml) o f IL-6. These authors observed no 

effect on IgM or IgA secretion (Urashima et al, 1996).

IL-6 was not an autocrine growth factor as neither exogenous IL-6 nor anti-IL-6 

mAb had any effect on B cell proliferation (Figs. 6.8 -  6.11). This is in agreement with 

previous studies, in which IL-6 had no effect on human B cell proliferation induced by 

SAC (Hirano et al, 1985) or CD40 stimulation (Burdin et al, 1996). Furthermore, IL-6 

was not involved in the upregulation o f surface activation markers (Figs. 6.12 & 6.13).

Thus IL-6 potentially acts as an autocrine survival factor during B cell 

activation. This role could be further investigated by immunising mice and then 

looking at patterns o f expression o f IL-6 in the germinal centres and the PALS- 

associated foci.

169



Conclusions

The aim o f this project was to determine whether murine B cells produce 

autocrine factors to control their own activation. The data show that B cells secrete IL- 

6, which acts to enhance the survival o f B cells. Moreover, B cells were found to 

secrete an autocrine growth factor, which synergised with CD40 ligation to promote B 

cell proliferation. Clearly, identification o f this factor is paramount in the elucidation o f 

the mechanism o f B cell autocrine regulation. Several cytokine genes were found to be 

expressed at the mRNA level by B lineage cells, by RNase protection assay. These 

included IL-1, IL-9, IL-10, IL-15, IFN-y, M-CSF, GM-CSF, MIF and TGF-p. The roles 

o f these factors should next be identified, whether they be involved in the regulation o f 

B cell responses or indeed reflect other functions o f B cells, such as antigen presentation 

to CD4+ T h e l p e r  cells. Another technique, such as differential display RT-PCR, could 

be used as an alternative method to screen B cell cytokine production. This would have 

the benefit o f not being dependent on the analysis o f previously cloned and 

characterised genes, as all species o f mRNA could potentially detected. Additionally, B 

cells could be isolated from specific cytokine-deficient mice and B cell proliferation or 

Ig secretion determined in vitro to determine which cytokines are necessary in these 

assays.

The autocrine growth factor activity demonstrated (Fig. 3.5) only exerted its 

effects when the B cells were co-stimulated, in this case through CD40. This is in 

contrast to the case with T cells, where IL-2 alone enhances proliferation. Nevertheless, 

this B cell system ensures antigen specificity o f the responding cells, and prevents 

bystander cell activation. It will be interesting to discover whether this factor also 

synergises with AgR stimulation or whether it is specific to CD40 ligation.

Exogenous IL-6 enhanced the survival o f naive, resting B cells. Interestingly, 

other members o f this cytokine family also exert survival-enhancing effects, on various 

cell types. CT-1 and LIF both promote the survival o f murine cardiac myocytes (Sheng 

et al, 1996), while CNTF enhances the survival o f rat pelvis ganglion neurons (Tuttle et 

al, 1994). CNTF, LIF, OSM and CT-1 can all support the survival o f late foetal 

trigeminal ganglion sensory neurons (Horton et al, 1998). In addition, IL-6 itself is a 

known survival factor for murine T cells (Teague et al, 1997), as well as several types 

o f neuron (Wagner, 1996).
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The possibility remains that IL-6 acts only on a subpopulation o f naive, resting 

B cells, as there was only partial protection from spontaneous apoptosis. This could be

the case if only a proportion o f resting B cells express the IL-6R a-chain. Original

reports suggested that resting human B cells did not express the receptor at all (Taga et 

al, 1987; Hirata et al, 1989). However, some expression has been observed using a 

highly sensitive flow cytometric method (Zola & Flego, 1992). This should be repeated 

using the murine B cells used in the present study. Moreover, the IL-6R a-chain  is also 

functional in a soluble form. Thus it may be that in B cell areas in vivo there is sufficient 

IL-6 R a-chain, possibly secreted from another cell type such as T cells or FDCs during 

the germinal centre reaction, to transduce the IL-6 signal.

IL-6 expression was induced in murine B cells following ligation o f CD40.

Interestingly, this pathway is not unique to B cells as monocytes (Alderson et al, 1993), 

keratinocytes (Gaspari et al, 1996) and fibroblasts (Hess et al, 1995; Yellin et al, 1995) 

also secrete IL-6 following stimulation through CD40. Indeed, the level o f CD40 

expression on various cell types can be increased by cytokines, especially IFN-y, 

thereby adding to the complexity o f the cytokine network. Moreover, IL-4 down- 

regulates IL-6 production by monocytes/macrophages (Takeshita et al, 1996) and also 

inhibited CD40-induced IL-6 secretion in the present study. Thus the mechanism of 

regulation o f the IL-6 gene is similar in various cell types.

Whilst TN F-a is reportedly an autocrine growth factor for human B cells, this 

was not the case for murine B cells. This therefore demonstrates that mice and man 

have evolved different mechanisms for regulating B cell responses. Care must be taken 

when interpreting cytokine data obtained from different species. Additionally, different 

strains o f mice respond with different cytokine profiles to the same pathogen. For 

example, C57B16 make a Tnl-type response to Leishmania major and are resistant to 

infection whereas BALB/c mice make a Tn2-type response which is ineffective at 

combating L.major and these mice eventually die (Scott, 1993). It is not known 

whether different strains o f mice are similarly varied in their B cell responses to 

pathogens.

Both IL-6 and TN F-a were found to have no effect on B cell activation, 

proliferation or Ig class switching. It may be that these effects might have been seen if  

these cytokines were added in combination with other cytokines, as the inter

relationship between cytokines is complex. Neutralisation experiments may also have 

failed to show any function due to functional redundancy o f cytokine action.
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The effect o f IL-6 on memory B cell survival was not ascertained in this study. 

However, Nerve Growth Factor acts as an autocrine survival factor for memory, but not 

resting, human B cells (Torcia et al, 1996). Furthermore, G-CSF is produced 

spontaneously by germinal centre B cells, but not by memory or resting B cells, and acts 

in an autocrine manner to enhance GC B cell survival (Pistoia & Corcione, 1995). 

Interestingly, the G-CSF and IL-6 gene organisations are closely related and probably 

arose by gene duplication (Kishimoto, 1989). Thus it appears that B cells at different 

maturation stages may use different autocrine regulation mechanisms. Ideally, different 

subsets o f B cells would be examined following the immunisation o f mice, to verify 

these differences. Furthermore, spleen and lymph node sections could be analysed, to 

evaluate the spatial and temporal expression o f putative autocrine factors during the 

development o f an immune response. It is likely that the control mechanisms within the 

GC itself are different between the dark and the light zone. In the light zone B cells 

have far more contact with other cell types, whereas in the dark zone, and indeed in the 

PALS-associated foci, autocrine growth factors are more likely to be important for 

promoting rapid cell division. It has been shown that GCs even within one spleen can 

have markedly different degrees o f mutation and selection (M cHeyzer-Williams, 1997). 

This may well be due to different balances in the ambient cytokine environment, which 

may have profound effects on B cell growth and survival.

The effects o f cytokines produced by B cells may act in several different ways. 

To be truly autocrine, the cytokine released by a cell would act directly on the same cell. 

However, it is likely that some cytokines act on other B cells in the vicinity, and 

therefore act in a paracrine manner. Alternatively, cytokines may act by autocriny, and 

may not be secreted from the cell but nevertheless affect the response o f that cell. In 

this latter case, functional protein would have to be analysed by intracellular staining, as 

it would probably not be detected in any culture supernatant.

In the present study, all the stimuli used, such as AgR or CD40 ligation or LPS, 

were polyclonal activators. It would be interesting to look at Ag-specific B cell 

activation, possibly by the use o f mice with transgenic AgRs.

Following infection or immunisation, the B cell response has a finite duration. 

W hen the pathogen has been cleared or has entered a dormant phase, B cell proliferation 

ceases and immunoglobulin levels return to normal. M ost o f the responding B cells 

subsequently die although some enter the long-lived memory cell pool. However, it is 

not known how this down-regulation is achieved. It is possible that B cell-derived
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cytokines are involved at this stage too. Autocrine cytokines could be envisaged which 

either drive propagation o f the response, in which case their production would be 

terminated to end the response. Alternatively, activated B cells may make an autocrine 

inhibitory cytokine if  they no longer encounter antigen.

Thus while the data presented here show that murine B cells do produce 

autoregulatory cytokines, there is still a long way to go before the actions o f these 

factors are fully characterised.
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Appendix A: Agarose Immobilisation Assay

A .l:  Introduction

This assay was developed in order to determine whether B cell contact is 

necessary during proliferation in vitro. A semi-solid culture matrix was required and 

agarose was investigated as this has previously been used in the culture o f mammalian 

cells. Tissues, especially pancreatic islets o f Langerhans, can be cultured long-term in 

agarose to improve both survival and growth (Brendel et al, 1994; Rosenberg & Vinik, 

1993). Single cells, such as neurons, can be immobilised in agarose thereby allowing 

static observation (Mooney & Waziri, 1982). In addition, semi-solid agarose cultures 

have been used in the cloning o f both tumour cells (Pavlik et al, 1983; Boyd et a l, 1988) 

and hybridomas (Nilsson et al, 1986), as cells are immobilised and therefore prevented 

from mixing. Leukocytes, particularly neutrophils, have been cultured with agarose in 

migration assays (Cutler & Munoz, 1974; Nelson et al, 1975; Repo et a l, 1978), but in 

this case the cells move underneath the agarose rather than being embedded in it.

Moreover, in this method, it was necessary to re-isolate the cells from the 

growth matrix at the end o f the assay in order to determine [ H]-thymidine 

incorporation. Thus agarose was again an obvious choice as it can either be degraded 

by the action o f agarase or re-melted.

A.2: M ethods

Initially the B cell lymphoma W EHI-231 was used to optimise culture 

conditions. In early experiments, various agarose preparations were tested and by

(R)observation, SeaPrep Agarose (FMC Bioproducts; Flowgen) at a concentration o f 1% 

was determined to provide the correct degree o f support; cells were isolated from each 

other but there was still some visible fluidity in the culture. SeaPrep® is an ultralow
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gelling, soft agarose and is recommended for use in hybridoma cloning (Civin & 

Banquerigo, 1983).

A 3% SeaPrep® agarose solution was prepared in HPLC-grade water (Super 

Purity Solvent; ROMIL) by gently microwaving until all the agarose had dissolved. 

This was sufficient to sterilise the preparation. It was cooled to 37°C in a water bath 

and maintained at this temperature to prevent it from setting. A fresh agarose 

preparation was made for each experiment.

A working stock o f 2X RPMI-1640 was prepared from 10X RPMI-1640 

(Sigma) by the addition o f 2mM sodium pyruvate, 4mM L-glutamine, 2X non-essential 

amino acids, lOOpM 2-mercaptoethanol, 200U/ml penicillin, 200pg/ml streptomycin, 

50mM sodium hydrogen carbonate (from a 7.5% stock solution), 4.5pM  folic acid 

(from a 12mM solution dissolved in 1M sodium hydroxide), 20%FCS and HPLC-grade 

water to the correct volume.

Cell suspensions and stimuli were made up to ten times the final concentration, 

in normal B cell medium. All reagents were heated to 37°C, as were the 24-well plates 

used in the assay and the pipette tips. 333.3 pi o f agarose were added to 333.3pl o f the 

2X RPMI-1640 in each well o f the 24-well plates, and mixed thoroughly. Cells and 

stimuli were added together with normal B cell medium to a volume o f lm l, and the 

mixture was gently stirred with a pipette tip. This was performed speedily to prevent 

the agarose from prematurely setting. The plates were then placed on ice for 10 minutes 

to quickly set the agarose before the cells had fallen to the bottom o f the matrix.

These cultures were incubated at 37°C for a total o f  96 hours, with the inclusion 

o f 2.5pCi [3H]-thymidine per well for the last 16 hours. In order to harvest the cells, the 

agarose was melted by floating the culture plate on hot (56°C) water, lm l o f hot 

distilled water was added to each well and mixed with the agarose by pipetting. The 

cultures were then harvested onto 25mm GF/A microfibre filter discs (Whatman) under 

vacuum, in the presence o f copious hot distilled water. The discs were placed in vials
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with 5ml scintillation fluid (ReadySafe™; Beckman) and counted by a LS6000IC 

scintillation counter (Beckman).

In each experiment, “blank” wells were included with only agarose and medium, 

to show that the agarose itself was not holding radioactivity on the filter discs. Controls 

were included with 333.3pl o f HPLC-grade water in place o f agarose, to show that the 

cells could be activated normally in the absence o f agarose. If  necessary, the plates 

could be frozen between culture and harvest.

A.3: Results and Discussion

By microscopy, it could be observed that culturing cells under these conditions 

did prevent cell aggregation. Figure A .l shows the difference in cell clustering when B 

cells are activated in the absence (a) or presence (b) o f 1% agarose.

Under these conditions, it could be seen that both W EH I-231 (data not shown) 

and primary B cells (see Chapter 3) were still able to synthesise DNA. The growth was 

usually less in agarose than in medium, although the extent o f this effect was variable.

An experiment was performed with CD40Ligand transfected fibroblasts (Fig.

A.2) to show that cell-contact could be blocked in this system. In the absence o f 

agarose, B cells proliferated strongly in response to the CD40L signal. Agarose almost 

completely blocked this effect; the residual response was due to soluble factors released 

from the fibroblast cells, as shown by the control fibroblasts which were transfected 

with a control plasmid lacking only the CD40L coding sequence.

This method was therefore suitable to determine whether B cell contact was 

necessary for proliferation in vitro. The results are shown in Chapter 3.
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a

b

F igure A .l: Incubation in agarose ensures that B cells remain separate. B cells 
were incubated with anti-CD40 mAb (lOpg/ml FGK45.5) in medium (a) or in 1% 

SeaPrep " agarose (b). These photographs were taken after 96 hours.
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Figure A.2: Prevention o f cell contact between B cells and CD40L-transfected fibroblasts 
inhibits B cell proliferation. B cells were incubated with irradiated CD40L-transfected 

fibroblasts or with controls, in either medium or agarose. [3H]-thymidine incorporation during 
the last 16 hours o f a 96 hour incubation was determined.
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A ppend ix  B: C o n tro ls

B.l: RNase Protection Assay samples

W hole spleen cell preparations were stim ulated for 16 hours w ith im m obilised 

anti-C'D3 following which the T cells were specifically killed by com plem ent. The 

resultant “ Primed B C e lf ' population was 96%  B220 IglVT as shown (Fig. B .l).

Figure B .l: Purity o f  prim ed B cells, 
specific B cell m A b,  unlabelled cells

B.2: Purity of FACSorted B cells

W hen a very pure B cell population was required, conventionally purified B 

cells were stained w ith anti-B220 m Ab and then FACSorted. The resultant population 

was >99.5%  B220+IgM +IgD + (Fig. B.2).

B.3: Efficacy of TNF-oc and anti-TNF-oc

Upon reconstitution, each batch o f T N F -a  was tested on the L929 bioassay, 

where it killed the cells in a dose-dependent m anner (Fig. B.3). The concentration o f 

T N F -a  required to kill 50% o f the cells was deem ed to be lU /m l for each batch. This 

L929 killing could be neutralised with the an ti-T N F-a m A b m p6-X T22.
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B.4: Efficacy of IL-6 and anti-IL-6

Prior to use, each batch o f  IL-6 was tested for its effects on B9 proliferation. 

There was considerable variation in efficacy betw een batches, but each induced B9 

proliferation in a dose-dependent m anner and could be neutralised with the anti-IL-6 

m Ab 6B4 (Fig. B.4).

B220

Figure B.2: Purity o f FACSorted B cells. B cells were sorted on the basis o f B220-F1TC staining 
and then analysed for purity by restaining with biotinylated anti-p  (a) or anti-5 (b) mAb plus PE-SA.

■*— medium 
■*— anti-TNF-a

1.0-  lh

0 .5 -

0.001 0.010 0.100 1.000 10.000

[TNF-a ] (ng/ml)
Figure B.3: Efficacy o f  T N F-a and anti-TN F-a. T N F -a  was titrated on the L929 

bioassay, and the anti-TN F-a mAb (m p6X T22) was used at 20pg/m l.
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F ig u re  B.4: Efficacy o f  IL-6 and anti-IL-6. IL-6 was titrated on the B9 bioassay, 

and the anti-IL-6 m Ab (6B4) was used at 20(ig/ml.
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