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1 Abstract

B cells internalize antigen in a specific manner through the B cell receptor (BCR).

The antigen is processed into peptides that are loaded on to MHC class II molecules

and presented to CD4+ T cells.  I have investigated factors that affect how the antigen

is taken up, processed and presented.

One way that B cells can obtain antigen is by extracting antigen that is tethered on

cells in the form of immune complexes.  Follicular dendritic cells (FDCs) are thought

to be a type of cell that can provide antigen in this way.  B cell acquisition of intact

antigen from FDCs is thought to be important during the maturation of an immune

response.  As previous studies are relatively limited due to the technical difficulties

of obtaining FDCs, the molecular mechanisms involved in this antigen transfer are

still unclear.  I have therefore attempted to develop an in vitro system for assessing

antigen transfer from FDCs isolated from murine spleen to B cells, with the aim of

investigating the molecular requirements for transfer of antigen from FDCs to B

cells.  In particular, I have studied the role of the BCR on B cells and complement

receptors 1 and 2 (CR1/2) on FDCs in uptake of antigen by B cells from FDCs.

I have also used soluble antigen to investigate the role of affinity in uptake and

presentation of antigen by B cells.  I have used a panel of recombinant antigens,

together with B cell transfectants expressing antigen-specific BCRs, to study BCR-

antigen interactions of varying affinities.  T cell hybridomas recognising different

epitopes of the antigen allowed me to determine the efficiency of antigen

presentation.  A high affinity interaction between the BCR and its antigen generally

enables more effective presentation than a low affinity one.  I have found, however,

that the effect of BCR-antigen affinity varies according to the T cell epitope studied.

Under certain circumstances presentation may be better when the affinity of the BCR

for the antigen is reduced.
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2 Abbreviations

AIDS Acquired Immuno-Deficiency Syndrome

bp Base pairs

BCR B cell receptor

BFA Brefeldin A

BLC B lymphocyte chemoattractant

BSE Bovine spongiform encephalopathy

CFA Complete Freund’s adjuvant

CJD Creutzfeld-Jacob disease

CLIP Class II-associated Ii peptide

cpm Counts per minute

CR Complement receptor

DC Dendritic cell

DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid

DNP Dinitrophenol

DNP-KLH Dinitrophenol conjugated to keyhole limpet haemocyanin

EBV Epstein-Barr virus

eGFP Enhanced green fluorescent protein

FACS Fluorescence activated cell sorting

FDC Follicular dendritic cell

GAG Glycosaminoglycan

HEL Hen egg lysozyme

HIV Human immunodeficiency virus

HRP Horseradish peroxidase

i.p. Intra-peritoneally

Ig Immunoglobulin

Ii Invariant chain

IL-2 Interleukin-2

IPTG Isopropyl-beta-D-thiogalactopyranoside

ITAM Immunoreceptor tyrosine-based activation motif

ITIM Immunoreceptor tyrosine-based inhibition motif

JQEL Japanese Quail egg lysozyme

KDa Kilodaltons

LDC Low density cell, as obtained from the FDC isolation procedure

LTb Lymphotoxin b
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LTa Lymphotoxin a (also known as lymphotoxin or TNF-b)

MBP Myelin Basic Protein

MHC Major histocompatibility complex

MIIC MHC class II loading compartment

NK Natural killer

PCR Polymerase chain reaction

PFA Paraformaldehyde

PI-3 kinase Phosphoinositol-3 kinase

PNA Peanut agglutinin

RNA Ribonucleic acid

RT-PCR Reverse transcriptase-polymerase chain reaction

SCR Short consensus repeat

SDS Sodium dodecyl sulphate

SDS-PAGE SDS-polyacrylamide gel electrophoresis

TLR Toll-like receptor

TNF-a Tumour necrosis factor a

TSE Transmissible spongiform encephalopathies

TT Tetanus toxoid

TTCF Tetanus toxin C fragment
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3 Introduction

3.1 The need for an immune system

All organisms have a ‘drive to survive’ and try to protect themselves from their

environment and other organisms it may contain.  Even bacteria, which replicate

quickly and have clonal populations, produce restriction endonucleases to destroy

foreign DNA.  It can be argued that complex, multi-cellular organisms such as

mammals have an even greater need to protect themselves from the environment.

They are longer-lived and give rise to fewer progeny than lower organisms; hence, it

becomes of greater importance that each individual survives.  However, many lower

organisms, including certain bacteria, viruses and various protozoa and metazoa, can

be harmful.  Higher organisms have therefore developed an integrated system of

defence mechanisms, collectively known as the immune system, against these

pathogens.  There are two main aspects to vertebrate immunity, known as innate and

acquired immunity.

Innate immune mechanisms are thought to have evolved first, as many of them are

found in invertebrates as well as vertebrates.  Some of these mechanisms are as

simple as having protective coatings to shield the organism from the environment

and the pathogens that it may contain.  For mammals, these include skin and the

mucous membranes found in exposed parts of the body such as the nose and the

mouth.  Other innate defence mechanisms are more active.  For example, specialized

populations of cells such as macrophages and neutrophils can ingest micro-

organisms by phagocytosis.  These types of cells can recognize broad features of

pathogens through the expression of families of cell surface receptors.  One such

family comprises the toll-like receptors (TLRs).  For example, TLR-4 recognizes

lipopolysaccharide on Gram-negative bacteria1,2, while TLR-9 recognizes

unmethylated CpG sequences found in the DNA of microbes3.  Signalling through

TLRs leads to activation of protein kinase pathways and results in altered

transcription.  Innate defence mechanisms also include systems of soluble proteins.

An example is the complement system, a cascade of proteins that can be activated by

the surface of pathogens and culminates in the formation of a membrane attack
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complex that damages the invading organism.  Innate immune strategies are

therefore diverse in nature but they have in common the fact that they are encoded in

the germline and do not adapt to the pathogen.

Innate defence mechanisms are of great value, even in higher organisms, as they are

immediately available and can act as a first line of defence.  However, they are

limited by their inflexibility.  This is an important consideration since the generation

time of higher organisms is much longer than that of the pathogens.  This means that

the pathogens can evolve much more quickly to evade the innate defence strategies

of the host.  A complementary set of immune mechanisms, known collectively as the

acquired immune response, has evolved in vertebrates to overcome this problem.

The acquired, or adaptive, immune response can be seen as allowing evolution to

take place at the cellular level within a complex organism, thus enabling the host to

compete with constantly evolving pathogens.  The acquired immune response does

not replace innate mechanisms, as can be seen in individuals with impaired function

of these mechanisms.  For example, a lack of complement factor D can lead to

susceptibility to bacterial meningitis4, while impaired macrophage function can lead

to the recurrent fungal and bacterial infections of chronic granulomatous disease

(reviewed by Segal5).  This is because it takes several days for the acquired response

to be mounted, since it has to be ‘tailor-made’ rather than being ‘off-the-peg.’

However, it is a valuable addition to host defence mechanisms, with the innate

immune system initially controlling an infection until the slower but more specific

acquired response occurs.  There is also a large degree of interplay between the two

types of response, with acquired mechanisms harnessing and controlling the innate

methods of killing the pathogens. An important additional feature is the development

of immune memory so that, once an optimal response has been generated to a

particular pathogen, the host organism is able to reproduce that response immediately

in the case of a second attack.  Both the specificity and memory aspects of the

acquired response are provided by cells known as lymphocytes, which recognise

pathogen-derived molecules or antigens through antigen-specific receptors.  These

receptors are not directly encoded in the germline but are rearranged and modified to

produce many specificities from relatively few genes.  Each lymphocyte expresses
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only one specificity of receptor but the existence of a large pool of these cells means

that many specificities can be represented.  The diversity of lymphocyte specificity

allows highly effective immune responses to be made against a wide range of

pathogens.

3.2 Lymphocyte populations

There are two distinct types of lymphocyte, B cells and T cells.  These lymphocytes

recognize proteins and other molecules from pathogens, known as antigens, through

specific receptors.  The part of an antigen that is bound by one of these receptors is

known as an epitope.  Both T and B cells can be found in secondary lymphoid tissue

such as the lymph nodes and the white pulp of the spleen.  They are largely

segregated; B cells tend to be found in lymphoid follicles, surrounded by a T cell

area.  However, the segregation is not absolute, as the cells need to come into contact

with one another during the course of an immune response.

T cells recognize antigens through surface expression of a receptor known as the T

cell antigen receptor (TCR)6.  This type of receptor recognises peptide fragments of

antigens referred to as T cell epitopes, which are displayed bound to major

histocompatibility complex (MHC) molecules on the surface of other cells.  Each

TCR has a specificity directed against a particular combination of a peptide and an

MHC molecule7.  There are many such combinations; to counter this, the TCR is

encoded by a range of germline gene segments that are rearranged to produce

receptors of a far wider range of specificities than would be possible if each complete

receptor were to be encoded in the germline.  Inaccuracies in the joining of the

segments and the insertion of extra nucleotides introduce further diversity.  T cells

can be subdivided into two types, cytotoxic and helper.  Cytotoxic T cells control the

spread of intracellular pathogens.  Helper T cells regulate cytotoxic T cell responses,

as well as the responses produced by the other population of lymphocytes, B cells.

B cells express an equivalent receptor to the T cell receptor, known as the B cell

receptor (BCR).  This contains membrane-bound immunoglobulin, comprising

constant and variable regions, and is similar to the TCR in that it is encoded by gene
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segments that can be rearranged to produce many specificities.  However, the BCR

recognises conformational shapes on the surface of intact antigens, rather than

peptide fragments, so there is no equivalent of the MHC molecule for B cell antigen

recognition.  These regions are referred to as B cell epitopes or ‘footprint regions.’

Another difference is that, while gene rearrangement leads to diversity of BCR

specificity during B cell development in the same way as it does for T cells, further

diversity is introduced during the course of an immune response.  This phenomenon

is accompanied by selection of the most effective B cells; this allows the efficiency

of the response to increase with time since the function of B cells directly depends on

production of appropriate immunoglobulin.

3.3 B cell functions; role of the antigen-specific B cell

receptor

The key to B cell function is that the membrane-bound immunoglobulin that

comprises the BCR can also be produced in soluble form as antibody.  Antibodies

can neutralize bacterial toxins by binding to them and thus preventing their uptake by

host cells.  They can coat pathogens, a process known as opsonization.  In both these

situations, the variable regions of the antibodies bind the toxin or pathogen, while the

constant regions bind to Fc receptors on macrophages, allowing the macrophages to

ingest the complexes.  Antibody binding to pathogens can also lead to their being

coated by complement, leading to their destruction by either direct killing or

targeting to phagocytes.  The elegance of these mechanisms is that adaptive antibody

responses link to the cells and proteins of the innate immune system and both

augment and regulate their abilities to attack invading organisms.

After an initial encounter with antigen, many B cells then differentiate into plasma

cells and secrete large amount of soluble antibody to perform such functions.  Other

B cells become memory B cells, ensuring that a rapid response can be mounted if the

same pathogen is subsequently encountered.  The effectiveness of these roles relies

upon a high quality interaction between immunoglobulin and antigen.  It is therefore

essential that the few antibody specificities matching B cell epitopes on the antigen

are selected out of the many available specificities. This concept of ‘clonal
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selection,’ developed by Burnet8, requires firstly that many B cells would be

produced for a response to an antigen, all with different specificities, and secondly

that any cell that was able to bind the antigen would undergo selective proliferation

(clonal expansion).  These two principles are reflected by the two stages of B cell

development as described below.  The initial expression of immunoglobulin in

membrane-bound form as part of the BCR plays a key role in the maturation of the

cells, leading to secretion of effective antibodies.

3.4 B cell development

B cells can be considered to undergo two distinct stages of development.  The first of

these is antigen-independent and is followed by all B cells, in order to produce a

large pool of B cells.  This ensures that most antigens will be recognized, if only with

low affinity, since many antigen specificities will be generated.  In contrast, the

second stage of development is only followed by B cells that recognize antigen

during an immune response, in order to improve the quality of the response.

Signalling through the B cell receptor plays an important part in both these

developmental processes.

The initial, antigen-independent phase of mammalian B cell development occurs in

the foetal liver and continues in the bone marrow after birth and throughout adult

life.  The microenvironments of these locations play an important role in B cell

development, with stromal cells providing essential cytokines including IL-7 as well

as physical contact (reviewed by Hardy and Hayakawa9).  Haematopoietic stem cells

give rise to multilineage progenitors, which in turn produce common lymphoid

progenitors that are capable of becoming both B and T cells as well as natural killer

cells.  The commitment to becoming a B cell occurs prior to, and independently of,

rearrangement of the B cell receptor10.  Cells that have not yet started BCR

rearrangement are termed ‘pro-B cells.’

The BCR consists of membrane-bound immunoglobulin together with the signalling

molecules Iga and Igb11.  Immunoglobulin is made up of two separately encoded

subunits known as the heavy and light chains (reviewed by Edelman12). These are
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encoded by multiple gene segments that are rearranged in an ordered fashion to form

one of many possible immunoglobulin molecules, with the heavy chain being

rearranged first13; subsequent assembly of the light chain is dependent on successful

heavy chain recombination14.  Rearrangement of the gene segments encoding the

heavy and light chains is dependent on expression of the recombinase enzymes Rag-

1 and Rag-215. B cell development will not progress until a signal through the

rearranged heavy chain is obtained, providing a mechanism by which successful

rearrangement of the heavy chain is monitored.  Thus, Iga and Igb are expressed at

this stage to mediate signal transduction16.  However, the light chain has still not

been rearranged so the B cell receptor is incomplete.  This apparent paradox is

overcome by expression of a ‘surrogate’ light chain that pairs with the newly

rearranged heavy chain, forming a so-called pre-BCR, in order to signal17.  This also

ensures that a heavy chain has been produced that is likely to be able to pair with a

rearranged light chain.

Once a functional heavy chain has been produced, rearrangement of heavy chain loci

ceases and light chain rearrangement begins; at this stage, the cells are known as

‘pre-B cells.’  Successful rearrangement results in the assembly of a complete BCR,

allowing signal transduction and progression through the next ‘checkpoint’ of B cell

development.  The tight regulation of gene rearrangement leads to a phenomenon

known as allelic exclusion, meaning that each B cell only expresses BCRs of one

specificity.  At this stage, the constant region of the immunoglobulin is encoded by

the µ gene segment; the immunoglobulin is therefore of the IgM class.  Although the

BCR rearrangement is complete, cells at this stage are termed ‘immature B cells’ as

they still have to be tested for their ability to bind to self-antigens.

An important aspect of B cell development is keeping to a minimum the risk that the

B cells will react to antigens present in the tissues of the host organism.  At the

immature stage, while the cells express only IgM, any that are able to bind these

‘self-antigens’ in the bone marrow or foetal liver are deleted18, become anergic19,20 or

undergo editing of the Ig light chain to alter their specificity21.  Factors such as the

affinity of the interaction and whether the antigen is soluble or membrane bound22

seem to affect the outcome.  As the cells progress through development they begin to
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undergo a change in the processing of the heavy chain RNA transcripts, causing

some of the Ig to be made with the d heavy chain segment in place of the µ segment.

As a consequence, the maturing B cells begin to co-express IgM and IgD, at which

point engagement of the BCR by antigen no longer leads to negative selection.

The small proportion of B cells that escape negative selection leave the bone marrow

or foetal liver as naïve B cells.  They recirculate through the blood, lymph nodes and

spleen as well as other sites such as the skin and mucosal epithelia.  This maximises

the possibility of a cell of the appropriate specificity encountering an antigen.

However, most of these cells undergo apoptosis three to four days after leaving the

bone marrow.  Evidence from Cyster et al. indicates that they have to compete with

existing recirculating B cells for survival signals from the secondary lymphoid

tissues, such as lymph node and spleen.  This provides a mechanism by which

homeostasis is maintained23.

Cells that emerge from these antigen-independent stages of development remain at

the naïve B cell stage and continue to recirculate until they encounter antigen.  In the

absence of antigen, B cells pass rapidly through the T cell area of the secondary

lymphoid tissue and progress directly to the follicles.  However, if they encounter

antigen in the T cell area, they remain there and undergo clonal expansion to form a

primary focus of B cells.  Some of these cells differentiate to become antibody-

secreting plasma cells.  These play an important role early in the primary immune

response.  However, the antibodies are likely to be of low affinity; other B cells

therefore migrate to the lymphoid follicles to undergo further development.

Further development of B cells takes place in germinal centres, which are formed

within the lymphoid follicles as the cells continue to proliferate.  The cells, termed

centroblasts at this stage, downregulate BCR expression, especially of IgD, and

divide rapidly.  During this time, the DNA mutation rate increases in the regions of

the immunoglobulin variable region that make contact with antigen, a process known

as somatic hypermutation24.  This generates further diversity but, as the mutations are

random, the outcome in terms of BCR affinity for the antigen will be variable, with a
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few cells being able to bind better but most having their ability to bind antigen

reduced.  A selection process for these B cells is therefore necessary.

The selection of B cells after somatic hypermutation also occurs in the germinal

centre.  The cells need to obtain survival signals to prevent their undergoing

apoptosis; in order to do this they must bind antigen through the BCR.  Thus, after

each round of mutation, cells whose BCRs have accumulated detrimental mutations

are eliminated (reviewed by Tarlinton25).  Once the somatic hypermutation period

has ended, the germinal centre consists of a quasi-clonal population of B cells26.  The

mutation and selection processes are collectively termed affinity maturation, since

the B cells that remain typically have an increased affinity for antigen.  The cells

reduce their mutation rate, slow their rate of division and increase BCR expression;

they are at this point termed centrocytes (reviewed by MacLennan27).  These cells

differentiate into plasma cells, enabling large quantities of high affinity antibody to

be secreted, and memory B cells, allowing immediate, high quality defence against a

subsequent encounter of the antigen (reviewed by McHeyzer-Williams28).  Class

switching also occurs in the germinal centre, allowing different constant domains to

be used in conjunction with the same rearranged variable region (reviewed by Manis

et al.29).  This enables different effector functions to be carried out by the antibodies.

3.5 Immuno-modulatory receptors on B cells

BCR function is regulated by the expression of other receptors.  A complex known as

the B cell co-receptor is involved in positive regulation of the BCR, while expression

of Fc receptors and CD22 contribute to negative regulation.  Toll-like receptors have

also recently been shown to be expressed on B cells30.  These additional receptors

therefore help to ensure that B cells respond appropriately.

The B cell co-receptor comprises complement receptor 2 (CR2; also known as

CD21), CD19, CD81 and Leu-13.  CR2 binds C3d, a complement component

produced when C3 is activated.  Since the complement pathway can be activated by

microbial surfaces or antibody, this receptor helps to link the innate and acquired

parts of the immune response.  The deposition of C3d on to antigens allows cross-
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linking of CR2 to the membrane immunoglobulin in the BCR.  It is known that this

causes CD19 to interact with the Iga and Igb components of the BCR, leading to

phosphorylation of CD19 and downstream stimulatory events.  Indeed, it has been

shown that antigens linked to two or three copies of C3d are much more

immunogenic than unmodified antigen31.  However, recent data suggest that the

signalling is not entirely carried out by CD19.  The cytoplasmic tail of CR2 seems to

be required for a maximal effect on BCR signalling and preliminary data suggest that

tyrosine residues in the CR2 cytoplasmic tail are phosphorylated32.  There is also

evidence to suggest that CD19 can act independently of CR233.  IgM and the

glycosaminoglycan heparan sulphate have been shown to bind CD19 in a CR2-

independent manner34.

B cells also express a receptor for the Fc portion of IgG.  This receptor, FcgRIIb,

contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) in its

cytoplasmic tail.  The receptor allows modulation of BCR signalling since antigen-

antibody complexes can cross-link the BCR and the Fc receptor. This causes

phosphorylation of the ITIM motif and recruitment of phosphatases that interfere

with phosphorylation of the BCR35, leading to a reduction in BCR signalling.

CD22 is another receptor that has an inhibitory effect on BCR signalling.  A member

of the sialoadhesin family of proteins, CD22 is found in association with the BCR

and binds to alpha-2,6-linked sialic acid conjugates of glycoproteins.  The ligand

binding domain has been shown to be necessary for CD22 to exert its inhibitory

effect36,37.  The ligands are present on B cells but steric constraints seem to prevent

autologous binding.  It has been demonstrated that sialylated glycoproteins on the

surface of other cells dampen down the B cell response to antigens present on the

other cells; this suggests that the function of CD22 is to inhibit B cell responses to

self, as sialylation tends to occur only in higher eukaryotes38.  Like FcgRIIb, CD22

ligation acts through recruitment of phosphatases that interfere with kinase-mediated

BCR signalling.  The interaction between CD22 and the BCR is an example of the

interaction between innate and adaptive immunity, with the recognition of a

structural feature modulating immunoglobulin-mediated recognition of antigen.
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Toll-like receptors also link innate and adaptive immunity through their expression

on B cells.  However, they have a stimulatory rather than an inhibitory effect, as

signalling through these receptors lead to activation of the IRF and NFkB

transcription factors39,40.  TLR-9, which binds bacterial, unmethylated CpG DNA

sequences3, has been shown to be expressed on human naïve and memory B cells30.

TLR-9 is present on human naïve B cells only at very low levels and expression is

only upregulated if the BCR is also bound by its specific antigen.  In contrast, human

memory B cells constitutively express high levels of TLR-9 and can be stimulated by

its independent ligation; this may be a mechanism for polyclonal maintenance of the

memory B cell pool30.  Other TLRs have been shown to be expressed on B cells but

the differential expression between naïve and memory cells varies for different TLRs

and may also differ between human and mouse30.

3.6 The requirement for T cell help

Some antigens are able to elicit an antibody response simply by triggering B cells.

These are known as T-independent (TI) antigens and include mitogens such as

lipopolysaccharide that activate B cells in a polyclonal fashion (known as TI-1

antigens) and repetitive structures that activate B cells by extensively cross-linking B

cell receptors (known as TI-2 antigens).  However, the majority of antigens elicit

antibody responses by interacting specifically with the BCR. For these antigens, the

B cell requires additional signals from T cells in order to initiate an antibody

response. This was shown by the lack of B cell responses to many antigens in nude

(athymic) mice41.  Antigens in this category are therefore known as T-dependent

antigens.

Given that T cells recognize peptides in the context of MHC molecules, protein

antigens must be internalized, processed and presented to the T cells in order to elicit

help.  This was demonstrated by Buus and Werdelin, who carried out experiments

using guinea-pig antigen presenting cells.  They showed that presentation of large

proteins, but not peptides, was abrogated by fixing cells or reducing the temperature,

thus demonstrating that the antigens must be actively processed42.  They also showed

that chloroquine could inhibit antigen presentation in non-fixed cells, thereby
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demonstrating that acidification of endocytic vesicles was important for the

generation of T cell epitopes43.  This suggested a role for acid proteases in the

processing of T-dependent antigens. B cells, like other antigen presenting cells, must

internalize, process and present antigen in order to obtain T cell help.  However,

whereas macrophages or dendritic cells can take up many antigens through generic

receptors, B cells take up antigen specifically through the BCR in order to process

and present it.

3.7 B cell processing and presentation of antigen

The complete BCR consists of membrane-bound immunoglobulin (Ig) in association

with the Iga/Igb heterodimer11, a signalling complex that contains phosphorylation

motifs known as immunoreceptor tyrosine-based activation motifs (ITAMs)44,45.

Experiments using protein kinase inhibitors to block signalling have shown that

signalling through the BCR enhances processing of the BCR/antigen complex46,47.

Until recently, it was thought that binding of antigen causes phosphorylation of the

ITAMs, leading to B cell activation (in mature B cells) or deletion (during negative

selection).  However, this left what Reth described as “an unsolved problem of

Burnet’s clonal selection theory”48, since a conformational change in the BCR is

necessary to allow signalling49.  Reth pointed out that it would be very difficult for a

multitude of diverse antigens to all cause a similar conformational change.  He

proposed instead that BCRs are in a precise oligomeric state and that antigen binding

causes a conformational distortion48.  Rather than antigen binding causing

phosphorylation of the BCR, it seems that phosphorylation may be constitutive and

under continual repression by the phosphatase Shp-150.  The conformational

distortion of the oligomeric BCR could therefore release the phosphatase activity,

allowing the phosphorylation to become effective.  A cascade of downstream events

then culminates in calcium release, protein kinase C activation and hence activation

and alteration of gene expression (reviewed by Weiss and Littman51).

Effective internalization of BCR/antigen complexes is clearly important to allow

processing and presentation of antigen-derived peptides and BCR signalling plays an

important role in this process.  The BCR undergoes a certain level of constitutive
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internalization, mediated by an ITAM motif in the Iga subunit52,53.  Indeed, IgG,

which has a longer cytoplasmic tail than IgM, is able to undergo internalization even

in the absence of Iga and Igb54.  However, cross-linking of the BCR by antigen

accelerates trafficking of the BCR/antigen complex55 due to increased signalling46,

thus increasing efficiency of antigen presentation.  Salamero et al. used inhibitors of

tyrosine kinases and tyrosine phosphatases to show that these enzyme activities link

BCR signalling and the regulation of BCR internalization56; BCR signalling can

increase the diversity of T cell epitopes that are generated57.

Once the BCR/antigen complex has been internalized, it enters the endocytic

pathway for processing and loading on to MHC class II molecules.  Work by

Mitchell et al. indicates that membrane Ig is able to target internalized antigen to

appropriate endocytic compartments for peptide loading on to MHC class II58 late in

the endocytic pathway59.  As the complexes pass through the endocytic pathway,

they are exposed to the activities of various enzymes.  Reduction of disulphide bonds

is an important early step for some proteins60,61.  An enzyme known as GILT, for

gamma interferon-inducible lysosomal thiol reductase, has been shown to be

important for this process62.  A variety of proteolytic enzymes including certain

cathepsins63,64 and asparaginyl endopeptidase65 act upon both the antigen and the

bound immunoglobulin as the complex proceeds through the endocytic pathway.  It

has been shown that acidification of the early endocytic vesicles is critical for

effective B cell antigen processing66, probably because the acid proteases present in

these vesicles are compromised at neutral pH.

MHC class II molecules are synthesized in the endoplasmic reticulum and

chaperoned by invariant (Ii) chain through the trans-Golgi network to peptide loading

compartments (reviewed by Cresswell67).  The MHC/peptide complexes are then

transported to the cell surface.  The precise location where peptides generated by

antigen processing meet newly synthesised MHC class II molecules has been the

subject of some debate; indeed, Neefjes68 said of the various studies done that “if

something can be extracted from these studies, then it is confusion.”  Various

compartments were identified using techniques such as electron microscopy, with

terms such as CIIV and MIIC.  Neefjes suggests that the concept of MIIC is more
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useful as a collective term for late endosomal- and early lysosomal-derived structures

where most peptide loading of MHC class II molecules seems to occur68.  Indeed, it

has been shown that the MHC class II-containing compartments are not

homogeneous, with separate compartments containing MHC molecules that are

receptive to peptide binding and fully functional MHC/peptide complexes69,70.  It has

been shown that BCR signalling actually induces the transient formation and

maturation of MHC class II peptide-loading compartments as well as targeting

BCR/antigen complexes to these compartments71-74.  This is controlled through the

phosphoinositol-3 kinase (PI-3 kinase) signalling pathway by Igb75, PI-3 kinase

being upregulated upon BCR ligation76.

Studies using the PI-3 kinase inhibitor wortmannin have shown that PI-3 kinase

activity is required for correct assembly of MHC class II/peptide complexes77.  This

is at least partly because peptide loading requires degradation of Ii chain by cathepsin

D to the class II-associated Ii chain peptide (CLIP; reviewed by Cresswell67).

Targeting of cathepsin D to the class II peptide loading compartment requires PI-3

kinase.  Since PI-3 kinase is upregulated upon BCR ligation, this implies that

assembly of the complexes is regulated by BCR signalling.  Furthermore, the

exchange of CLIP for antigenic peptides that occurs for MHC class II molecules is

catalysed by H-2M and regulated by H-2O in mice (HLA-DM and HLA-DO

respectively in humans).  The sub-cellular distribution of H-2M or HLA-DM is

altered upon BCR signalling74, resulting in co-localization of these ‘non-classical’

MHC class II molecules with their targets.  Thus, BCR signalling orchestrates the

assembly of the MHC class II/peptide complexes

It can be seen that antigen uptake, processing and presentation to T cells is regulated

at many stages by BCR cross-linking and signal transduction.  Shaw et al. showed

that functions of the BCR other than signalling also affect antigen presentation78.  It

is unsurprising, therefore, that the nature of the interaction between the BCR and the

antigen consequently has significant effects on the uptake and presentation of the

antigen.  Aluvihare et al. showed that the requirement for BCR-mediated

acceleration and targeting of antigen for class II loading varies between antigens. A

BCR/antigen interaction with a rapid off-rate requires the assistance of BCR
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signalling to transport the BCR/antigen complex rapidly to the class II loading

compartment, while a higher affinity interaction makes the transport of the complex

less dependent on BCR signalling79.  Indeed, higher affinity interactions between

BCR and antigen have been found to lead to enhanced antigen presentation80 as long

as the affinity is above a threshold of approximately 106 M-1 and below a ceiling of

approximately 1010 M-1, a phenomenon termed “affinity discrimination” by Batista

and Neuberger.  However, it is not yet clear whether this is due to improved

internalization of the antigen, or as a result of enhanced targeting of BCR/antigen

complexes to class II loading compartments, or both.

3.8 Sources of antigen for B cells; follicular dendritic cells

Much work has been focused on uptake, processing and presentation of antigen in

soluble form.  However, it is thought that B cells typically encounter antigen in the

highly cellular surroundings of the T cell area of secondary lymphoid tissue.  This

model increases the likelihood of a B and a T cell being able to participate in linked

recognition of an antigen, given the low frequency of lymphocytes of each

specificity.  It is likely, therefore, that much of the antigen accessible to B cells is to

be found on the surface of cells, partly because the T cell area is densely packed with

cells and also because immobilization of the antigen would further increase the

likelihood of the B and T cells meeting.  Furthermore, activated B cells undergo

affinity maturation in the germinal centre, another situation in which they must bind

antigen in a location densely packed with cells.  Again, the controlled display of

antigen arrayed on cells seems feasible under these circumstances.  Batista and

Neuberger showed that tethering antigen to a plastic plate, to simulate it being

tethered on the surface of a cell, allowed specific presentation through the BCR at

lower affinities than those required when the antigen is in soluble, monomeric

form81.  Affinity discrimination is still observed at higher affinities, with a similar

ceiling to that observed with soluble antigen.  Arraying an antigen on the surface of a

cell would thus be a very efficient way of presenting antigen to B cells for affinity

maturation.  Batista et al. loaded Fc receptor-expressing cells with immune
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complexes and showed that B cells could form a synapse with the antigen-bearing

cells to acquire antigen through the BCR82.

Two types of cells have been shown to retain intact antigen on their surfaces.  Recent

evidence shows that dendritic cells (DCs) derived from spleen are able to transfer

intact antigen to B cells.  Wykes et al.83 have shown that DCs incubated briefly

(‘pulsed’) with horseradish peroxidase retain active enzyme and that antigen-pulsed

DCs can elicit a B cell response, indicating that DCs act as a source of intact antigen

for B cells.  Their experiments show that these interactions occur in vivo as well as in

vitro. However, antigen retention on DCs has only been shown to last for

approximately 48 hours to date.  A sub-set of DCs may be involved in initiating

primary immune responses in the B cell follicles84.

The best-characterized presentation of intact antigen to B cells is carried out by

follicular dendritic cells (FDCs).  FDCs are found in the follicles of secondary

lymphoid tissue as a complex network and are able to maintain intact, unprocessed

antigen tethered to the cell surface.  The lineage of FDCs is not entirely clear.

Dijkstra et al. carried out studies that suggested that the FDCs are derived from

mesenchymal reticular fibroblasts85.  In contrast, Kapasi et al.86 carried out

experiments in SCID mice, which have no FDCs, showing that FDC formation can

be induced by transferring primary lymphoid tissue (bone marrow or foetal liver).

This would appear to contradict Dijkstra’s suggestion.  However, Liu et al. suggest

that there may actually be two types of FDC, one type being stromal and the other of

haematopoietic origin87.

3.9  Functions of FDCs

Antigen-independent interaction between FDCs and B cells plays a central role in the

induction and maintenance of lymphoid follicles.  The antigen-driven interaction

between FDCs and germinal centre B cells is thought to be important in the selection

of B cells during immune responses (see section 3.11).  FDCs act as a source of

antigen for competing centrocytes that have undergone somatic hypermutation.
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Triggering of the BCR on the developing B cells that can effectively bind antigen

leads to the provision of survival signals for these cells88.

FDCs are also thought to be involved in the maintenance of immunological memory.

There has been much debate on the subject of whether persistence of antigen is

required for immunological memory but Zinkernagel argues that it depends how the

term is defined89.  While ‘immunological memory’ in terms of a faster response due

to the presence of memory lymphocytes is now widely accepted to be antigen-

independent, Zinkernagel proposes that it is the antigen-dependent presence of

neutralizing antibody and activated T cells that leads to ‘protective immunity,’

promoting survival of both the individual and the species.  He argues that the

persistence of antigen is therefore likely to be important.  FDCs are able to retain

antigen for long time periods; Mandel et al. showed that FDCs from murine popliteal

lymph nodes can maintain antigen for 3 months90 and it has been predicted that

human FDCs may retain antigen for years91.  Moreover, FDCs have been shown to

be involved in the induction of secondary IgG responses, in terms of both their

ability to act as a source of antigen and also the provision of antigen-independent

stimulatory activity92.

3.10 Antigen tethering on FDCs

FDCs present antigen to B cells in the form of immune complexes consisting of

antigen bound by antibody or complement93.  Yoshida et al.94 showed that these

complexes can be held on the surface of FDCs in two ways.  Firstly, the Fc region of

antibodies can be bound by Fc receptors.  Secondly, activation products of

complement component C3 allow complexes to be trapped by complement receptors.

Qin et al.95 showed that IgG Fc receptor IIb (FcgRIIb) is expressed on FDCs.  Their

experiments using FcgRIIb-/- mice demonstrated the need for this receptor in the

retention of immune complexes and generation of normal antibody responses. These

mice showed reduced trapping of immune complexes in spleen and lymph nodes.

FcgRIIb is expressed on B cells as well as on FDCs so it could be argued that it is the

absence of the receptor on B cells that causes the defects.  However, the transfer of
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wild-type B and T lymphocytes into the mice did not restore normal responses,

suggesting that the receptor is required on FDCs.  Qin et al. suggest that one role of

the receptor may be to compete for immune complexes with FcgRIIb on B cells, thus

reducing the negative regulation of B cells by immune complexes (as discussed in

section 3.5).

Complement-mediated trapping of immune complexes on FDC networks is blocked

by monoclonal antibodies against CR1 and CR1/2 but not CR394.  In the mouse, CR1

and CR2 are alternatively spliced products of the same locus, Cr2, as proposed by

Kurtz et al.96 and demonstrated by Molina et al. 97.  Mice were generated with

targeted disruptions of this locus; when challenged with T cell-dependent antigens,

these mice had lower serum antibody titres against the antigens, showing that these

complement receptors are needed for efficient B cell responses98,99.  However, the

receptors are also expressed on the B cells themselves so it was unclear whether the

requirement for them is restricted to FDCs or B cells (or both).

Fang et al.100 constructed chimaeric mice to address this question.  These

experiments rely on the fact that stromal cells such as FDCs are much less sensitive

to irradiation than lymphocytes.  It is therefore possible to eliminate lymphocytes

(including B cells) from a mouse by irradiation, without damaging host stromal cells,

and subsequently to reconstitute the animal with bone marrow prepared from

another.  The results showed that Cr2-/- mice reconstituted with Cr2+/+ bone marrow

are less able to trap immune complexes or sustain antibody production than Cr2+/+

hosts100.  However, it has not definitively been shown that FDCs lacking CR2 are

less able to act as a source of antigen for B cells.

3.11  Interdependence between B cells and FDCs

B cells and FDCs are found in very close contact in secondary lymphoid tissues,

allowing each to provide the other with signals important to their development.

Recent evidence suggests that some of these signals occur through the recognition of

antigen by B cells whilst other important signals occur independently of antigen.
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FDCs provide important antigen-independent signals for B cells when lymphoid

follicles are established during the initiation of an immune response.  FDCs entice B

cells into the forming follicles by chemoattraction, using a protein called B

lymphocyte chemoattractant (BLC)101.  This small, secreted protein is a member of

the chemokine family and contains characteristic CXC amino acid motifs in its

amino terminal region.  It is highly basic and this may aid formation of a chemotactic

gradient through interactions with sulphated proteins and proteoglycans102.  The

receptor for BLC, CXC chemokine receptor 5 (CXCR5), is expressed on

recirculating B cells.  Targeted inactivation of BLC103 or CXCR5104 causes

disruption of follicle formation, clearly demonstrating the importance of this

interaction.

FDCs also provide antigen-independent signals to B cells during their activation.

This was demonstrated in a series of elegant experiments by Kosco et al.105.  They

prepared resting B cells from a B cell receptor transgenic mouse, so that the B cells

were all specific for dinitrophenol (DNP).  They then isolated FDCs from mice that

had been immunised with either DNP conjugated to carrier proteins, or carrier

proteins alone.  The ability of these FDCs to stimulate the resting B cells to become

antigen presenting cells was then assessed.  The results showed that FDCs from mice

immunised with an irrelevant antigen can stimulate B cells as long as the relevant

antigen is also present in solution.

Antigen-dependent signals from FDCs are important during B cell activation.  B cells

are activated in secondary lymphoid tissue by T cells, outside the follicles.  Activated

B cells then enter germinal centres and undergo clonal expansion and somatic

hypermutation, followed by selection of the cells with the highest affinity for

antigen27.  The B cell selection process works because B cells need to bind antigen

through their specific receptors in order to receive survival signals.  Liu et al. 106

showed that germinal centre B cells incubated at 37°C will normally die but that this

can be delayed, although not prevented, by cross-linking the B cell receptors with

anti-immunoglobulin antibodies.  It is known that tonsil B cells need to attach to

FDC to survive well in culture107 and that antigen can be transferred from FDCs to B

cells and then on to T cells108,109.



Introduction

31

These findings indicate that FDCs temporarily promote the survival of germinal

centre B cells by presenting antigen to their B cell receptors.  As well as promoting

survival, this provides the source of antigen for the B cell receptor mediated

selection, as the B cells carrying high affinity receptors will out-compete those with

lower affinity receptors for contact with the antigen.  Subsequent processing of the

antigen by the B cells and its presentation to antigen specific T cells through MHC

class II elicits CD40 ligand signalling from the T cells and allows high affinity B

cells to survive110.

B cells also provide stimulatory signals for FDCs that are critical during the

formation and maintenance of FDC networks.  Two molecules in particular give

important signals: tumour necrosis factor alpha (TNF-a) and lymphotoxin (also

called tumour necrosis factor beta or TNF-b).  The crucial importance of these

cytokines is demonstrated by the fact that their inhibition by receptor-

immunoglobulin fusion proteins can lead to the disappearance of FDC networks

within 24 hours111.

TNF-a is a homotrimeric cytokine that occurs in both a soluble and a membrane-

bound form.  The relative importance of these two forms is not yet clear.  Two

receptors exist for TNF-a, TNFR-I (p55) and TNFR-II (p75)  (reviewed by Chaplin

and Fu112).  The importance of TNF signalling was demonstrated when Matsumoto et

al. showed that TNFR-I deficient mice cannot form FDC networks113.  They

subsequently showed that this receptor is required on cells that do not originate from

bone marrow.  Endres et al.114 used bone marrow chimaeras to demonstrate that the

TNF ligand is needed on B cells for FDC network development.  It is thought that the

most important role of TNF signalling is in the maintenance of FDC networks in the

absence of an immune response.

Lymphotoxin is structurally related to TNF-a and also exists in a homotrimeric form,

LT-a3, that can bind to TNF-I and TNF-II.  However, it also exists in heteromeric,

surface bound forms that bind to another receptor, the lymphotoxin beta receptor

LTbR (reviewed by Chaplin and Fu112).  The involvement of lymphotoxin in the

development of FDCs was demonstrated when Matsumoto et al. showed that mice
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deficient in LT-a do not form FDC networks113.  However, as a deficiency in LT-b

also causes a lack of FDC networks, it has been proposed that a heteromeric form of

lymphotoxin is most likely to be involved in FDC development115,116.  Browning

suggests that the most likely form is LT-a1b2 because cross-linking experiments

have shown that the b subunit is dimeric in these complexes; the strong homology

between members of the TNF family suggests that the protein should be trimeric117.

Lymphotoxin expression was shown to be required on bone marrow derived cells,

rather than stromal cells, using bone marrow chimaeric mice114,118.  These cells were

shown to be B cells by transferring lymphotoxin expressing B cells into LT-a-/- mice

and showing that FDC networks are restored119.

This two-way interaction between FDCs and B cells is further illustrated by the

recent finding that mice deficient in LT-a, LT-b, TNF or TNFR-I do not make

BLC120.  This implies that the lymphotoxin and TNF lie upstream of BLC/CXCR5

signals in the signalling pathway.  A picture is built up of B cells inducing the

development of FDC networks, which are then able to give signals back to the B

cells.  A schematic diagram of these events is shown in Figure 3.1.

Lymphocytes are needed for the provision of antigen to FDCs in the spleen, although

it is not clear whether this is the case in other secondary lymphoid tissues27.  The

involvement of lymphoid cells in providing splenic FDCs with immune complexed

antigen was first demonstrated by Brown et al.121.  They showed that the irradiation

of spleens prevents the localisation of immune complexes to the spleen.  Depletion of

lymphocytes with anti-lymphocytic serum produced similar results.  Experiments by

Gray et al. indicate that the lymphocytes in question are the B cells of the marginal

zone of the spleen122, as depicted in Figure 3.1.
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Figure 3.1: Interdependence between FDCs and B cells within lymphoid follicles.
LT: lymphotoxin, LTBR: lymphotoxin beta receptor, TNF: tumour necrosis factor, BLC:
B lymphocyte chemoattractant, MZ: marginal zone.  Antigen is represented by filled
triangles.
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3.12  Aims of the project

The overall aim of this project was to investigate further how B cells obtain antigen.

Much work has been carried out concerning the uptake of soluble antigen by B cells

but little is known about extraction of antigen from cell surfaces.  I therefore focused

on the interactions between B cells and FDCs.  I aimed to investigate what factors

influence antigen transfer between these cell types.  These factors included the

requirement for particular receptors on the FDC and/or on the B cell and whether the

nature of the interaction between the antigen and the cells influences the transfer of

the antigen.  The amount of work that has been or is being done on FDCs is limited,

making the project challenging.  However, I considered it to be worthwhile, both

because of a desire to understand more about an interaction that is likely to be central

in the generation of a humoral immune response and because there are likely to be

implications for mammalian health.  (FDCs are known to act as a reservoir for

pathogens both in HIV infection and prion disease, as will be discussed in Chapter

7.)  Before I could address these questions I needed to establish an experimental

system whereby I could study the interaction between FDCs and B cells.  The aims

of the project were therefore as follows:

• To set up an in vitro assay to investigate the interaction between FDCs and B

cells

• To use this system to address the following questions:

o Is the B cell receptor required for efficient acquisition of antigen from

FDCs?

o If so, does the BCR need to be able to signal?

o Which receptors are needed on the FDC?

o Are other receptors needed on the B cell?
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In addition, a surprising observation made during the development of the FDC assay

is investigated.  This involved the interaction of B cells with soluble antigen and the

effect of BCR/antigen affinity on this interaction in different circumstances.

3.13  Summary

B cells play a central role in the acquired immune response.  Signalling through the

B cell receptor controls many aspects of B cell development, differentiation and

function.  The nature of engagement of the BCR is therefore highly influential on the

outcome of a B cell response.  The interaction between FDCs and B cells is

important both in establishing the environment in which B cell activation and

selection occur and in enabling transfer of antigen from FDCs to B cells.  The quality

of the interaction between the BCR and antigen also determines the outcome of BCR

engagement.  This project therefore aims to investigate further the uptake and

presentation of antigen by B cells, in terms of both the interaction between B cells

and FDC-tethered antigen and the effects of affinity on uptake of soluble antigen.
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4 Setting up an in vitro system for studying transfer of

antigen from FDCs to B cells

“Success is the ability to go from one failure to another with no loss of enthusiasm.”

Winston Churchill

4.1 Introduction

The aim of this project was to investigate the parameters affecting transfer of antigen

from FDCs to B cells.  In order to do this, I set out to establish a reproducible in vitro

system to monitor transfer of antigen from FDCs to B cells, by reading out

subsequent antigen presentation by the B cells to T cells.  Although this type of

system would be complex, there was the potential advantage that it would reproduce

in vitro the physiological interaction between B cells and antigen.  The system would

potentially be sensitive to the transfer of small quantities of antigen.  It could be used

to study, for example, the requirement for expression of various molecules on FDCs

and B cells when antigen is transferred from the former to the latter, or the effect of

the BCR/antigen affinity on antigen transfer.  The requirements for establishing this

system included:

• A source of FDCs loaded with antigen

• B cells to extract the antigen

• A means by which acquisition of antigen by the B cell can be assessed.

• Model antigen(s)

4.1.1 Potential sources of FDCs

Three sources of cells have mainly been used for previous work on FDCs.  These are

“FDC-like” cell lines, cells isolated from human tissues and cells isolated from

murine tissues.

Various “FDC-like” cell lines have previously been established to study interactions

between FDCs and other cells such as B and T cells.  The HK123, FDC-1124,125 and

FDC-H1126 cell lines are all derived from human tonsil.  Use of such cell lines has
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the advantage that it is more convenient than isolating ex vivo cells as the cells can be

kept in culture for long periods.  It would also avoid the ethical concerns of using

freshly isolated human tissues or carrying out experimentation on animals.  There

would also be the potential advantage that the cells would be consistent between

experiments.  However, there are problems associated with using such cell lines.

FDC-H1 was immortalized by fusing human FDCs with a myeloma cell line126, so it

would not be suitable for use in molecular studies since it would not be clear whether

molecules originated from the FDCs or the myeloma cells.  The HK and FDC-1 cell

lines were not derived from fusions; rather, they were cells isolated from human

tonsil and kept in culture for a number of weeks.  However, these cell lines rapidly

lost expression of many surface markers characteristic of FDCs, such as CR2

(CD21), CD23 and CD35123-125.  They would not, therefore, be suitable for studies

addressing the role of such molecules in the transfer of antigen from FDCs to B cells.

Ex vivo FDCs have also been used in various studies.  FDCs isolated from human

tonsils127 have been used in phenotyping studies128 and work on interaction with B

cells129.  Szakal et al. immunized mice with HRP and used a DAB/H2O2 substrate to

visualise antigen trapping on isolated FDCs130.  FDCs from murine tissues have been

used to study interactions with B and T cells107.  The use of murine FDCs was more

practical for this project for several reasons.  Firstly, the increased incidence of

Creutzfeld-Jacob disease (CJD) has made suitable human tissue such as tonsils

difficult to obtain, due to the risk of transmission through lymphoid tissue, especially

in the ‘new variant’ form of the disease131.  Secondly, the use of mice means that an

antigen of choice can be loaded on to FDCs in vivo by immunization of the mice

prior to harvesting of tissues; this was essential for setting up a system of FDCs

loaded with an antigen for which antigen-specific B and T cells were available.

Thirdly, mice lacking expression of molecules such as CR2 or Fc receptors allow

investigation of the requirements for these molecules.  For these reasons, murine

tissues were used as a source of FDCs.  The method of Kosco132 for isolation of

FDCs from mice describes the use of lymph nodes as the source of cells.  However,

the acquisition of sufficient FDCs to carry out antigen presentation assays would

involve the use of very large numbers of mice.  The dissection procedures would
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have been lengthy which, given the already long preparation protocol, may have

affected the viability of the cells.  I therefore chose to use spleen as the source of

cells; this is described as an alternative source in Kosco’s procedure.  The spleen can

be dissected quickly and the white pulp yields a range of cells similar to that found in

lymph nodes.

4.1.2 Choice of B cells

Previous studies of antigen transfer from FDCs to B cells have used ex vivo B cells

from mice108,133.  An alternative approach is to use stable B cell transfectants.  These

have a number of potential advantages and have been used in many studies of BCR

biology.  Firstly, the introduction of B cell receptors of known specificity is possible;

this means that established antigen presentation protocols could be used.  The BCRs

would also be expressed at consistent levels, although BCR-transgenic mice would

be comparable in this respect.  However, there are other advantages; B cell

transfectants exist in which the BCRs have specific mutations that compromise

certain functions; for example, the ability to associate with Iga and Igb.  These could

be used to address whether, for, example, the signalling capability of the BCR is

important for antigen extraction.  B cells lacking various cell surface molecules could

be used to determine the role of these molecules in interaction with FDCs.  Another

consideration was that B cell transfectants are easy to grow in culture and are thus

readily available for experiments, avoiding the need for parallel cell isolations.  This

was an important consideration because FDC isolation is a long, complex and labour-

intensive procedure, so it would have been technically difficult to perform B cell

purifications at the same time.  Furthermore, B cell transfectants are less dependent

on growth factors than ex vivo B cells, thus reducing the problem of maintaining

viable cells and avoiding the need for conditioned media.  I therefore decided to use

B cell transfectants rather than ex-vivo B cells for the system.

4.1.3 A method for assessment of antigen acquisition by B cells

The assessment of antigen uptake by B cells from FDCs has previously been

performed by measuring antigen-specific IgG production95.  However, the use of B

cell transfectants prohibits this method, as the BCR is present only in the membrane-

bound form and is unable to be secreted.  An alternative is to measure the onward
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presentation of the antigen to T cell hybridomas (or T cell lines).  It is a very direct

measure of antigen uptake, since antigen can not be presented to the T cells unless it

has first been processed by the B cells, as long as the T cells are MHC-mismatched

with the FDCs to prevent direct presentation by any contaminating antigen

presenting cells co-isolated with the FDCs.  A T cell readout was therefore chosen.

Measurement of IL-2 production, rather than direct proliferation, was chosen to

assess T cell stimulation as the B and T cells proliferate without stimulation.  An

illustration of the in vitro assay is shown in Figure 4.1.

4.1.4 Model antigens

Model antigens were required for immunization of mice in order to induce FDC

development and load FDCs with antigen in vivo.  A number of factors were taken

into consideration when choosing model antigens.  The antigens needed to be T-

dependent and able to elicit humoral immune responses, in order to generate

germinal centres and elicit the development of FDCs. It was important that the

proteins were either commercially available or could easily be purified in appropriate

quantities for immunization of many groups of mice, in order to carry out a series of

experiments to optimize FDC isolation protocols as well as then investigating the

roles of different surface molecules on FDCs and B cells.  B cell lines and T cell

hybridomas specific for the antigens needed to be available.

Taking these factors into consideration, two possible antigens were chosen; hen egg

lysozyme (HEL) and the C fragment of tetanus toxin (TTCF).  HEL is a

commercially available protein with a molecular weight of approximately 14 kDa.

Specific B cells expressing different HEL-specific BCRs were available80 and panels

of HEL-specific T cell hybridomas allowed detection of several epitopes of HEL in

the context of different MHC class II molecules134.  It was possible that its

immunogenicity might be problematic, as proteins of a low molecular weight are

generally understood to be less immunogenic than larger proteins. However, the

system had potential advantages in that lysozymes from different species, and B cells

expressing BCRs with different affinities for HEL, could potentially be used to study

the effects of BCR/antigen affinity on antigen transfer from FDCs to B cells.
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A recombinant, histidine-tagged form of TTCF can be produced in E.coli135 and has

recently been shown to elicit immune responses in a number of inbred mouse

strains136.  Specific B cells have been produced by cloning a high affinity BCR

specific for TTCF54 from an EBV-transformed B cell clone137 and transfecting B

lymphoma cells with the heavy and light chains of the BCR54. TTCF-specific T cell

hybridomas have recently been generated138; T cell lines have also recently been

generated by our laboratory and others32,138.  The TTCF system had the potential

advantage that TTCF-specific B cells have been made that express mutant BCR

molecules lacking association with the Iga/b heterodimer32, due to replacement of

the immunoglobulin transmembrane domain or truncation of cytoplasmic sequences.

These reagents would allow the requirements for several of the components of the

BCR in extraction of antigen from FDCs to be investigated.  A decision was made to

utilise both these antigen systems, thus allowing wide-ranging studies on transfer of

antigen from FDCs to B cells to be performed.
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Figure 4.1: An in vitro assay for studying transfer of antigen from FDCs to B
cells.
Antigen (green triangles) is taken up by the B cell through the BCR, internalized and
processed.  This allows presentation on MHC class II molecules and presentation to T
cells.  The T cells secrete IL-2 in response to MHC/peptide recognition; this IL-2
production can then be measured by ELISA or by culturing the assay supernatants
with IL-2 dependent HT-2 cells and measuring their proliferation.  The mismatched
MHC restrictions of the FDCs and the T cells ensure that direct presentation of antigen
to the T cells by the FDCs is unable to occur.
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4.2 Results

4.2.1 Optimisation of immunization protocol

Mature FDC networks are found in germinal centres within lymphoid tissue but not

in primary follicles139.  It was therefore necessary to establish optimal conditions for

induction of germinal centre formation within the lymphoid tissue in order to isolate

FDCs from immunized animals.  Since germinal centres develop as part of the

humoral immune response to T dependent antigens140, it was important to establish

strong B cell responses in mice in order that they could be used as a source of FDCs.

C57Bl/6 mice were therefore immunized with varying amounts of alum-precipitated

antigens to establish the optimum dose for germinal centre formation.  Since spleen

was to be used as the source tissue for FDCs, immunizations were carried out using

the intra-peritoneal (i.p.) route to allow antigen to be transported to the white pulp of

the spleen.  Alum-precipitated antigen with heat-killed Bordatella pertussis was

used, as recommended by Kosco’s protocol132.  Immuno-fluorescence staining was

carried out on spleen sections to look for germinal centre formation.  Peanut

agglutinin (PNA) was used to visualise germinal centre B cells141, while the

surrounding B cells outwith the germinal centre were detected with anti-IgD, since

IgD is not found on germinal centre B cells142.  Examples of the germinal centres

formed in response to HEL and TTCF are shown in Figure 4.2.  In the case of TTCF,

the brightest germinal centres were observed with the highest doses of antigen

(300µg).  There was little difference between 200 and 300µg HEL but the higher

amounts gave better germinal centre formation than 100µg.  FDC networks were also

visible upon staining of the sections with an FDC-specific antibody, FDC-m2143

(Figure 4.3).  Based on these data, I decided to use 300µg of each antigen for

primary and boost immunizations.

4.2.2 Purification of FDCs

Having established suitable antigen doses, cohorts of mice were immunized and

FDCs isolated.  The method used to obtain FDCs was based on a protocol developed

by Marie Kosco132.  According to this method, it is important to immunize mice and

then give a boost immunization.  This allows antibodies generated in the primary
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response to form immune complexes with the antigen that can then be loaded on to

FDCs.  The mice are irradiated two to three days after boosting; this reduces the

number of lymphocytes present but should not affect the radiation-resistant FDCs.

These steps are outlined in Figure 4.4A.  The immunizations consisted of 300µg

alum-precipitated antigen with B. pertussis as determined above.  The irradiation was

carried out using a caesium source, giving a sub-lethal dose of 600 rad.

Figure 4.4B shows the method for isolating FDCs from the spleens of the immunized

and irradiated mice.  Kosco’s method recommends using the spleens two to three

days after irradiation.  However, recent evidence shows that FDC survival is highly

dependent on the presence of B cells and that FDC networks can be abrogated in as

little as one day when deprived of B cell-derived signals111.  I consequently modified

the protocol, reducing the time between irradiation and cell preparation to one day to

reduce the risk that depletion of the B cells would also deplete the FDCs.

Spleens were removed, pooled and digested with collagenase (at a final

concentration of 2.4 mg/ml) to liberate stromal cells.  DNAse I (1mg/ml) was

included in the digestion to prevent the cell preparation becoming viscous, as this

would hinder density centrifugation.  The cells obtained from the digestion were

separated on continuous Percoll density gradients with a range of 1.02 – 1.09 g/ml.  I

obtained two bands of cells from each gradient; this is as expected from Kosco’s

protocol (see Figure 4.5).  The buoyant density of the lower band was approximately

1.08 g/ml.  The upper, less dense band that should contain the FDCs was consistently

observed to have a density of approximately 1.05g/ml, somewhat lower than the 1.06

- 1.07 g/ml quoted in Kosco’s method.  The cells obtained from the upper band on

the gradients (i.e. the fraction with lower buoyant density) were incubated on plastic

for 1 hour at 37°C to allow any macrophages, dendritic cells or fibroblasts to adhere.

The non-adherent cells were recovered and analysed.
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4.2.3 Characterization of the FDC population using fluorescence
techniques

Attempts were made to characterize the putative FDC populations obtained using the

method outlined in section 4.2.2.  Cells were stained with antibodies against markers

of various cell types, as shown in Table 4.1.

Antibody Staining pattern

Anti-CD19 B cells

Anti-MHC class II B cells, macrophages, dendritic cells,

thymic epithelial cells

FDC-m2 FDCs

Anti-F4/80 Macrophages

Anti-Thy-1 (CD90) T cells and thymocytes

Table 4.1: Staining patterns of various antibodies used to stain FDC
populations.

An example of flow cytometry data is shown in Figure 4.6.  The cells did not form

one homogeneous population in terms of forward and side scatter (Figure 4.6A).

When the cells were stained with a panel of antibodies (Figure 4.6B), the levels of

autofluorescence were high, making it difficult to determine the true levels of

staining.  However, some staining with anti-MHC class II, FDC-m2 and anti-Thy-1

was apparent, suggesting that there may be FDCs, T cells and possibly dendritic cells

and/or B cells present.  I also attempted to examine FDC populations using

fluorescence microscopy by making cytospins or adhering cells with poly-L-lysine.

However, no staining was obtained.

As direct identification of FDCs using monoclonal antibodies directed against

surface markers was unsuccessful, I attempted instead to visualise antigen retention

by FDCs.  In order to assess whether the putative FDC populations had acquired

antigen in vivo, I utilised a recombinant protein comprising TTCF fused to enhanced

green fluorescent protein (eGFP-TTCF).  This protein had been shown to be

functionally active by flow cytometry, in that it could bind to B cells expressing a
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TTCF-specific BCR and green fluorescence was detected (S. Preston and A. Knight,

unpublished observation).  Cell populations were obtained from mice that had either

been immunized and boosted with TTCF or that had been immunized with TTCF but

boosted with eGFP-TTCF.  Flow cytometry was used to measure the level of

fluorescence at the eGFP wavelength.  The results are show in Figure 4.7.  There was

no detectable difference in green fluorescence between mice boosted with TTCF and

eGFP-TTCF at any stage of the FDC purification.  This may have been due to the

high levels of autofluorescence observed in the population of larger cells, as this

could mask any true fluorescence.  Again, cells were also examined by fluorescence

microscopy following cytocentrifugation or poly-L-lysine adherence to slides but no

fluorescent cells were apparent.

The autofluorescence of the putative FDC populations in the FITC wavelength was

hindering flow cytometric analysis.  I investigated whether this autofluorescence was

comparable in the other emission wavelengths available on the flow cytometer.  The

FacsCalibur instrument has two excitation wavelengths and four emission

wavelengths as shown in Table 4.2.  Cells from an FDC purification procedure were

examined on all four channels; the results are shown in Figure 4.8.  The voltages

were set to ensure that unstained LK35.2 B cells had fluorescence intensities of

between 100 and 101 units on each channel.  The results show that the larger cell

gate, which is more likely to contain FDCs, has considerable autofluorescence at

each wavelength tested.  Although the high fluorescence of the larger cells would not

necessarily prevent further analysis, I decided not to pursue fluorescence studies of

FDCs but rather to concentrate on antigen presentation studies.

Excitation Emission

Blue laser 488nm FL-1: 530nm ± 15nm

FL-2: 585nm ± 21nm

FL-3: ≥ 670nm

Red laser 635nm FL-4: 661nm ± 8nm
Table 4.2: Excitation and emission wavelengths available on the FacsCalibur
flow  cytometer.
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4.2.4 Testing of processing and presentation of antigen by specific B
cells to T cell hybridomas.

Despite the apparent lack of success with fluorescence analysis of purified FDC

populations, I decided to proceed with assays to determine whether the purified low-

density cells (henceforth referred to as LDCs) could act as a source of antigen for B

cells.  This would allow a functional characterization of the cells, as well as

establishing a system for further experiments.  In order to do this, I needed to

establish a system for assessing antigen presentation.  As outlined in the introduction

to this chapter, this involved being able to measure onward processing and

presentation of antigen by the B cells to T cells.

I therefore tested the ability of both TTCF- and HEL-specific B cells to process and

present soluble antigen to T cell hybridomas of appropriate specificity. Previous

work has shown that expression by B cells of a high affinity BCR should enhance

presentation of the appropriate antigen to T cells80,137,144.  This meant that I could use

soluble antigen to test whether cells transfected with antigen-specific BCRs were

capable of enhancing antigen presentation compared with the presentation by

untransfected B cells.  It was also important to establish that the T cell hybridomas

would give a detectable response to soluble antigen, if they were to be used as a read-

out for presentation of antigen tethered on LDCs.  Additionally, this would allow the

sensitivity of the antigen detection to be examined.

Antigen presentation assays were performed by incubating graded doses of soluble

antigen with the B and T cells for 24 hours.  The resultant IL-2 production by the

hybridomas was assessed either by culturing assay supernatants with the IL-2

dependent cell line HT-2 and measuring HT-2 proliferation by incorporation of

tritiated thymidine, as shown in Figure 4.9, or measuring IL-2 levels in the assay

supernatants by ELISA.  The relationship between IL-2 production by T hybridoma

cells and uptake of antigen by B cells is unlikely to be linear; this type of assay can,

however, still be quantitative if relative levels of antigen presentation are obtained by

comparing samples. Plotting IL-2 production against antigen concentration on a

semi-logarithmic graph produced sigmoidal curves.  Differences in the efficiency of

antigen presentation between samples were assessed by measuring the shift in the
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sigmoidal curve, which could be done in effect by comparing the minimum antigen

concentration at which an IL-2 response above background levels was obtained.

The HEL system utilised LK35.2 B lymphoma cells or LK35.2 cells transfected with

the HEL-specific HyHEL-10 B cell receptor80, together with a panel of HEL-specific

T cell hybridomas.  Figure 4.10 shows presentation of HEL to two HEL-specific T

cell hybridomas.  2G7.1 recognizes HEL1-18 in the context of MHC class II I-Ek

molecules, while 4G4.1 recognizes HEL46-61 displayed on I-Ak molecules.  The

response of these hybridomas to antigen was clearly enhanced when presentation was

carried out by B cells expressing the HEL-specific BCR.  (Two other HEL-specific T

cell hybridomas tested did not reveal the expected enhancement of presentation of

soluble antigen in the presence of the HEL-specific BCR.  This finding is addressed

in Chapter 6.)  The hybridomas both consistently made sufficient IL-2 to elicit a high

degree of proliferation and 3H-thymidine incorporation by the HT-2 cells, reaching

100,000cpm at antigen concentrations of approximately 1nM.

The TTCF system involved the use of the TTCF-specific T cell hybridomas 3A5 and

4A8138.  These hybridomas are H-2d restricted.  The 11.3 BCR is specific for

TTCF137; various B lymphomas expressing this BCR were available.  These were

A2054,145 (H-2 A/Ed), LK35.232,146 (H-2 I-A/Ed/k) and CH2732,147 (H-2 I-A/Ek).

Figure 4.11 shows presentation of soluble TTCF by A20 cells, with and without the

TTCF-specific BCR, to 3A5 and 4A8.  At best, the maximal response obtained with

4A8 was in the region of 10,000cpm as shown but the response was frequently lower

than this.  3A5 was even less sensitive, consistently giving fewer than 5000cpm.

When the TTCF-specific T cell hybridomas were tested with LDCs from TTCF-

immunized mice in place of soluble antigen, no presentation was observed.  This was

unsurprising, given the poor responses obtained using soluble antigen.  Surprisingly,

the HEL-specific T cell hybridomas also failed to detect any transfer of antigen to B

cells from LDCs isolated from HEL-immunized mice, despite the sensitivity of the

system with soluble antigen.

Although neither the TTCF nor the HEL hybridoma systems had allowed me to

observe LDC-mediated presentation of antigen to B cells, the reason for this
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appeared to be different for the two systems.  The HEL hybridomas gave strong

responses with soluble antigen and demonstrated BCR-mediated enhancement of

antigen presentation, with detection of HEL at concentrations as low as 0.1nM.  They

should therefore have been sensitive enough to detect any LDC-mediated

presentation, suggesting that for some reason the LDCs obtained from HEL-

immunized mice were not capable of transferring HEL to B cells.  However, in the

case of the TTCF system, the T cell hybridomas were not very sensitive.  This meant

it was possible that LDCs obtained from TTCF-immunized mice were able to

transfer antigen to B cells but that the experimental readout was not sensitive enough

to detect it.

I decided to try to develop a combined system where TTCF could be transferred

from LDCs to B cells but the HEL T cell hybridomas could then be used to read out

presentation.  To this end, I made DNA constructs encoding a recombinant protein

consisting of a fusion of the entire HEL protein linked to the N terminus of TTCF

(see Appendix).  This would allow TTCF-specific B cells to obtain antigen from

LDCs and process and present epitopes of HEL to HEL-specific T cell hybridomas.

However, this protein turned out to be insoluble when expressed in E. coli, probably

because the disulphide bonds within the HEL part of the protein could not form

properly.  I therefore made another construct encoding TTCF tagged with the first 18

amino acids of HEL at the N terminus (see Appendix).  As most of the HEL protein

was no longer encoded, the likelihood of mis-folding was reduced, while still

allowing presentation to the 2G7.1 HEL-specific hybridoma.  However, this protein

was also insoluble when expressed in E. coli. Expression in Origami™ bacteria

(Novagen), which express the thioredoxin reductase (trxB) and glutathione reductase

(gor) genes, and are therefore much more efficient at protein folding than wild-type

E. coli, did not improve solubility.

I therefore returned to the TTCF system and attempted to find an alternative read-out

for antigen presentation.  I tested two TTCF-specific T cell lines for their abilities to

respond to TTCF in soluble form and on LDCs.   The H-2d restricted T cell line

TTCF-1 was generated by Antoniou138 and was the founder line from which the 3A5

and 4A8 T cell hybridomas were generated, as described in section 4.1.4.  An H-2k
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restricted TTCF-specific T cell line was made jointly by Andrew Knight, Denise

Barrault and myself, following a similar method but using cells from spleen rather

than lymph nodes32.  The T cell lines were first tested with soluble antigen and were

able to give significant responses, which were enhanced by the TTCF-specific 11.3

BCR.  These results are shown in Figure 4.12A (H-2d) and Figure 4.13A (H-2k).

Furthermore, when graded numbers of LDCs from TTCF-immunized mice were used

in place of soluble antigen, LDC-mediated presentation of antigen to B cells was

now detectable by both the T cell lines, as shown in Figure 4.12B (H-2d) and Figure

4.13B (H-2k).  Presentation was enhanced when TTCF-specific B cells were used,

compared to non-specific B cells.  This suggested that the BCR was playing an active

role in taking up the antigen from the LDCs.  Substitution of LDCs prepared from

HEL-immunized mice in place of those isolated from TTCF-immunized mice

reduced the level of antigen presentation to that observed when non-specific B cells

were used (Figure 4.14).  This supported the idea that the BCR is interacting

specifically with antigen to increase uptake, rather than the increased presentation

being due to some non-specific interaction between the BCR and the antigen-bearing

cells.

4.2.5 Summary

Immunization of C57Bl/6 mice was optimized to give good germinal centre

formation and development of FDC networks.  A method based on that developed by

Marie Kosco for FDC isolation was used to isolate a low density putative FDC

population from the immunized mice.  Attempts were made to characterize the cells

by fluorescence techniques but a high level of autofluorescence made it difficult to

interpret the results.  I therefore proceeded directly to test the cells in functional

antigen presentation assays.  Low density cells (LDCs) from HEL-immunized mice

did not show transfer of antigen to B cells, despite the high sensitivity of the HEL-

specific T cell hybridomas.  TTCF-specific T cell hybridomas were not sensitive

enough to allow detection of LDC-mediated antigen presentation.  However, use of

TTCF-specific T cell lines allowed transfer of antigen from TTCF-loaded LDCs to

be detected.  This antigen transfer from LDCs to B cells was enhanced when B cells

expressing a TTCF-specific BCR were assayed.
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Figure 4.2: Titration of antigen for optimal germinal centre formation.
C57Bl/6 mice were immunized i.p. with 100, 200 and 300µg of alum-precipitated
TTCF or HEL.  Mice were culled at day 10 (TTCF) or boosted as per the primary
immunization after 14 days and culled 3 days after boosting (HEL).  Spleens were
cryo-sectioned and stained for markers of germinal centre formation (PNA-FITC,
green) and non-germinal centre B cells (anti-IgD-Texas Red, red).  Numbers indicate
antigen dose.  The experiment was performed twice.
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Figure 4.3: Staining of FDC networks in immunized mice.
C57BL/6 mice were immunized i.p. with 300µg alum-precipitated antigen, boosted in a
similar manner after 14 days and culled after a further 3 days.  Spleens were cryo-
sectioned and stained with FDC-m2 antibody (red).  The TTCF micrograph is co-
stained with anti-CR2 (7G6-FITC, green).  The HEL micrograph is co-stained for the
germinal centre marker PNA-FITC  (green).  Areas of overlap appear yellow.  The
experiment was performed twice.
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Figure 4.4: Procedure for preparation of FDCs from murine spleen.
(A) Immunization/irradiation procedure.  Mice were given primary and boost
immunizations 14 days apart.  They were irradiated (600 rad) 2-3 days later.  (B)
Procedure for isolation of FDCs.  Mice were culled and the spleens taken 1 day after
irradiation.  The spleens were digested with collagenase and DNAse I and the
resulting cells subjected to density centrifugation on Percoll gradients.  Cells from the
upper of the two bands generated (i.e. lower density) were adhered to plastic for 1
hour at 37°C in the presence of serum.  The non-adherent cells were then harvested.

The cell types expected to be present at each stage are indicated. FDC: follicular
dendritic cell, B: B cell, T: T cell, DC: dendritic cell, mf: macrophage.
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Figure 4.5: Location of cell populations on Percoll density gradients.
A: buoyant densities of marker beads as observed on control gradients.  B: Location of
the two bands of cells observed when collagenase-extracted cells were separated on
gradients.  The upper band was consistently observed to have a buoyant density of
approximately 1.05 g/ml.
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Figure 4.6: Flow cytometry data from an isolated population of putative FDCs.
(A) Dot plot showing the forward scatter (X-axis) and side scatter (Y-axis) of the FDC
population; cells were gated as shown.  (B) Staining of the three gated populations for
various cell surface markers.  Antibodies were either FITC-labelled or biotinylated; in
the latter case streptavidin-FITC was used as a secondary reagent.  Data are
representative of three experiments.
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Figure 4.7: Flow cytometry of cells from mice boosted with TTCF or eGFP-TTCF.
Cells were taken at various stages during FDC purification: after Geys red blood cell
lysis, after Percoll fractionation (upper and lower fractions) and after plastic
adherence.  A: Dot plots showing forward scatter (X-axis) and side scatter (Y-axis) of
cells obtained at the different stages.  Cells from each stage were divided into two
gates as shown, the gate on the left being taken as smaller cells and the gate on the
right as larger cells.  B-E: Histograms of each gated population, showing fluorescence
at the eGFP wavelength (peak excitation is approximately 500nm; the FL-1 channel
(530nm ± 15nm) was used).  In each case, the larger cells are shown on the left and
the smaller cells on the right.  B: Cells taken after Geys red blood cell lysis.  C: Cells
taken from the upper band of the Percoll gradient.  D: Cells taken from the lower band
of the Percoll gradient.  E: Cells taken after the adherence step.  Data are
representative of two experiments.
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Figure 4.8: Autofluorescence of putative FDCs at four different wavelengths.
Unstained LK35.2 B cells were used to set the voltages for each channel such that the
range of fluorescence intensities was between 100 and 101.  An unstained, putative
FDC population was then assessed for fluorescence on each channel.  (A) Forward
and side scatter characteristics of the cells, used to gate two populations.  (B-E)
Autofluorescence of the populations at each wavelength measured.
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Figure 4.9: Determination of T cell hybridoma responses by HT-2 measurement
of IL-2 production.
Incubation of different doses of antigen with B and T cells leads to production of
varying amounts of IL-2 (represented by the number 2), dependent on the level of T
cell stimulation.  Culture of the assay supernatant with HT-2 cells (H) leads to varying
levels of HT-2 proliferation and thus varying levels of 3H-thymidine incorporation (H*).
Harvesting of the assay and determination of beta emission (*) can therefore be used
as a measure of T cell stimulation.



Setting up the FDC system

58

Figure 4.10: Presentation of soluble antigen by LK35.2 and LK35.2HyHEL-10
cells to HEL-specific T cell hybridomas.
Antigen presentation was assessed by culturing LK35.2HyHEL-10 cells or
untransfected LK35.2 cells with HEL-specific T cell hybridomas in the presence of
graded doses of HEL.  Presentation to the hybridomas (A) 2G7.1 and (B) 4G4.1 is
shown.  The data are representative of three experiments.
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Figure 4.11: Presentation of antigen to TTCF-specific T cell hybridomas.
Antigen presentation was assessed by culturing untransfected A20 cells (A20) and
A20 cells transfected with the TTCF-specific 11.3 BCR (A20-TTCF) to TTCF-specific T
cell hybridomas in the presence of graded doses of TTCF.  Presentation to the
hybridomas (A) 3A5 and (B) 4A8 is shown.  Variable data were obtained with these
hybridomas.
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Figure 4.12: Presentation of antigen to the TTCF-specific H-2d T cell line.
Antigen was processed and presented by untransfected A20 cells (A20) and A20 cells
transfected with the TTCF-specific 11.3 BCR (A20-TTCF).  Antigen was added either
as graded concentrations of soluble TTCF (A) or as graded numbers of LDCs purified
from TTCF-immunized mice (B).  Data are representative of two experiments.
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Figure 4.13: Presentation of antigen to the TTCF-specific H-2k T cell line.
Antigen was processed and presented by CH27 cells (CH27) or by CH27 cells
transfected with the TTCF-specific 11.3 BCR (CH27-TTCF). Antigen was added either
as graded concentrations of soluble TTCF (A) or as graded numbers of LDCs purified
from TTCF-immunized mice (B).  Data are representative of three experiments.
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Figure 4.14: LDCs from TTCF-immunized mice, but not HEL-immunized mice,
act as a source of antigen for TTCF-specific B cells.
Antigen was processed and presented by untransfected A20 cells (A20) and A20 cells
transfected with the TTCF-specific BCR (A20-TTCF).  The H-2d restricted, TTCF-
specific T cell line TTCF-1 was used to assess antigen presentation.  The data are
representative of two experiments.
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4.3 Discussion

4.3.1 Immunization protocol and purification of FDCs

Putative FDC populations were isolated from murine spleen, using a slightly

modified version of Kosco’s protocol132.  According to this protocol, density

centrifugation of the cells liberated by collagenase digestion should yield two bands.

The upper band should have a buoyant density of between 1.06 and 1.07 g/ml and

should therefore lie between the red and blue density marker beads.  However,

although I observed two bands of cells, the upper band consistently had a buoyant

density of approximately 1.05 g/ml, as observed by its location between the green

and red marker beads (see Figure 4.5).  The reason for this discrepancy is unclear.

The major difference between my protocol and that of Kosco was that I shortened the

time between irradiation of the mice and harvesting the spleens.  This was to promote

survival of the FDCs by ensuring that they were not deprived of B cells for more

than one day, due to the findings of Mackay and Browning111 that a lack of B cell-

derived signals can severely deplete FDC networks in as little as twenty-four hours.

This change to the protocol could increase the numbers of B cells remaining.

However, if this increased the numbers of B cells clustered with the FDCs on the

density gradient, the buoyant density would be expected to increase, since

lymphocytes would be more dense than FDCs.  The change in the protocol would

not, therefore, be likely to cause the buoyant density of the upper band of cells to

decrease.  Burton et al.148 report a buoyant density of between 1.05 and 1.06 g/ml,

slightly higher than my observations but still somewhat below the value reported by

Kosco.  In contrast, earlier work by Schizlein et al. demonstrated that FDCs were

found in a cell population found between 1.05 and 1.034 g/ml, which is somewhat

lower than my observations149.  It would therefore seem that this parameter varies

slightly between laboratories for an unknown reason.

Typically, approximately 3¥106 cells were obtained from the spleens of ten mice.

The number of leukocytes obtained from a murine spleen is approximately 108,

suggesting that about 109 cells would be obtained from ten mice.  Hence,

approximately 0.3% of the leukocytes were retained.  FDCs make up less than 0.1%



Setting up the FDC system

64

of the leukocytes in the lymph nodes132 so, assuming this figure is similar in the

white pulp of spleen, the purity of the FDC preparations may have been in the order

of 30%.  This is the purity obtained by others after this method of purification132,148.

4.3.2 Characterization of FDCs using fluorescence techniques

Attempts to stain the putative FDC populations for analysis by flow cytometry were

not successful.  Human FDCs have previously been characterized by flow

cytometry124 but, according to Kosco132,

“Higher purities have been obtained from human tonsillar isolates using specific
antigenic markers…with the fluorescence activated cell sorter.  However, these
systems have not proved to be effective with FDC obtained from mice.”

This would suggest that trying to use flow cytometry to characterize murine FDCs

could be difficult, possibly due to “the physical stress placed on the mouse FDC’s

long dendritic processes132.”  The high levels of autofluorescence may have been due

to cell damage as the processes passed through the narrow tubing of the flow

cytometer.  However, Burton et al.148 were able to use fluorescence activated cell

sorting to increase the purity of their murine FDC preparations, which were then

used in experiments to determine whether FDCs could provide co-stimulatory signals

to B cells.  They do not, however, show any flow cytometric data characterizing the

cells so it is not possible to know the levels of autofluorescence, for example, in their

FDC populations.

The flow cytometry analysis of the putative FDC populations, as shown in Figure

4.6, could potentially have been improved by the use of various techniques.

Electronic gating of the cells could have been used to exclude dead cells based on

their low forward light scatter and high side scatter properties.  Another method for

gating out dead cells would have been to use a vital dye such as propidium iodide.

Non-specific staining could have been assessed by using isotype control antibodies,

rather than unstained cells, as a negative control for staining.  A likely source of non-

specific antibody binding would be IgG-binding Fc receptors.  Binding to these

receptors could have been blocked using an antibody such as 2.4.G2, specific for

mouse FcgRII and III, or by the addition of a saturating concentration of IgG.  These

measures may have allowed better characterization of the cell populations obtained.
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Cytospins of putative FDC populations followed by immunofluorescence did not

yield any specifically positive staining.  Previously, Schnizlein et al.149 used a

“cytobucket” (IEC) to centrifuge FDCs on to slides “in a less disruptive manner than

that achieved with a cytocentrifuge.”  Unfortunately, such a machine was not

available for a comparison to be carried out.

4.3.3 Antigen presentation assays using the HEL system

The system for measuring transfer of HEL from FDCs to B cells involved using

well-characterized B cell transfectants and T cell hybridomas specific for HEL.  The

readout system for presentation therefore seemed likely to be robust.  Indeed, uptake

of soluble antigen by HEL-specific B cells and subsequent processing and

presentation of peptides to the T cell hybridomas was very efficient, with the T cell

hybridomas acting as a sensitive measure of the uptake of antigen by the B cells.

Concentrations of less than 0.1nM could be detected by the system.  However, when

LDCs isolated from HEL-immunized mice were used in place of soluble antigen,

presentation was not detectable.  Given that the readout system was sensitive, it

seems most likely that HEL-loaded cells were not generated.

One possible explanation is that HEL-loaded cells were not generated effectively due

to a low immunogenicity of the HEL protein.  The low molecular weight of HEL

(approximately 14 kDa) makes it less likely to be immunogenic than a larger protein

such as TTCF, with a molecular weight of approximately 45 kDa.  The fact that

300µg of each antigen had to be used, together with the difference in molecular

weights of the proteins, means that in molar terms considerably more HEL than

TTCF had to be used in order to get a good immune response.  The germinal centres

observed in spleen sections of HEL-immunized mice were not as bright or large as

those observed in the spleen sections of mice immunized with TTCF, even when

comparing mice that had been immunized and boosted with HEL to mice that had

only received a primary immunization with TTCF (Figure 4.2).  Similar numbers of

cells were obtained in LDC populations isolated from HEL-immunized mice as from

those isolated from TTCF-immunized mice.  However, they may have borne only

low levels of antigen on their surface, making them a poor source of HEL for the

HEL-specific B cells.
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C57Bl/6 mice were used as a source of antigen-bearing cells because their H-2b

MHC restriction was optimal for mismatch with the B and T cells used.  However,

these mice express only MHC class II I-Ab and this, together with the small size and

resultant low number of potential T cell epitopes, may limit their ability to mount T-

dependent responses against HEL. This could result in low antibody titres, which in

turn could have a negative effect on the ability of cells to trap immune complexes.

There may be other strains of mice that are more responsive to HEL, although H-2b

restricted T cell hybridomas against HEL have been generated150, implying that the

lack of MHC diversity in C57Bl/6 does not cause too great an impairment of T cell

responses.  Indeed, although Goodnow et al.20 state that “C57Bl/6 mice respond

poorly to this antigen,” referring to the work of Gammon and colleagues151, these

studies show poor responses to certain fragments derived from HEL rather than from

the whole antigen.  Thus, while the repertoire of T cell epitopes generated will be

restricted in C57Bl/6 mice due to the lack of the I-Eb MHC class II molecule, it

should still be possible for these mice to mount a response against the whole antigen.

Another explanation for the inability of HEL-specific B cells to acquire antigen

efficiently from the LDCs obtained from HEL-immunized mice is that tethering of

antigen to cells may affect its uptake and processing.  It has been shown by Davidson

et al. that binding additional epitopes of an antigen with Fab fragments can alter the

peptide repertoire generated from the antigen when it is taken up by a B cell through

the BCR152.  It is therefore possible that, while soluble HEL taken up through the

HyHEL-10 BCR is permissive for the generation of the peptides recognised by the T

cell hybridomas 2G7.1 and 4G4.1, HEL tethered on to FDCs, or other antigen-

bearing cells, cannot be processed equivalently.  Antigen tethered on to FDCs in the

form of antibody/antigen complexes via Fc receptors will be bound by both soluble

immunoglobulin and the membrane-bound immunoglobulin of the BCR, giving a

situation equivalent to that in the experiments of Davidson et al.  It has also been

shown that binding of derivatives of the complement component C3 to an antigen

can affect its processing153.  Since another mode of antigen tethering on to FDCs is

binding to CR2 via C3 derivatives, this may also affect antigen uptake, processing

and MHC/peptide display by B cells.  These factors may be especially important
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when the antigen consists of relatively small molecules, as is the case with HEL,

since steric constraints will become more critical.  B lymphoma cells transfected with

a single BCR, HyHEL-10, were used to try to take up antigen from the LDC

populations.  It may be the case that use of B cells expressing an alternative HEL-

specific BCR such as D1.380, or different T cell hybridomas, could have led to a

different outcome in terms of B cell uptake of antigen.

4.3.4 The TTCF system

In contrast to the HEL systems, the system for measuring the transfer of TTCF from

LDCs to B cells involved the use of more recently established TTCF-specific B cell

transfectants54 and T cell hybridomas138.  The B lymphoma cells transfected with the

TTCF-specific BCR were clearly capable of eliciting a response from the T cell

hybridomas at lower antigen concentrations than untransfected B lymphoma cells

(Figure 4.11).  However, the sensitivity of the T cell hybridomas was too low to

allow detection of antigen transfer from LDCs to B cells.  It is unclear why the

hybridomas were responding so poorly; indeed, at the time of these studies they were

concurrently being used in soluble antigen assays in the laboratory of origin and

responding well.  Many frozen aliquots of cells were tested but a consistently strong

response could not be obtained.

As an alternative approach to the T cell hybridomas, I used TTCF-specific T cell

lines.  The H-2d restricted T cell line, TTCF-1, was the founder line used to establish

the T cell hybridomas already tested.  The H-2k restricted line was established in our

laboratory.  Unlike the T cell hybridomas, which were generated from a T cell line

after immortalization by fusion, the T cell lines were neither clonal nor immortal.

They were maintained in culture by periodic restimulation with antigen, antigen

presenting cells and a source of growth factors.

Use of the T cell lines allowed me to detect transfer of antigen from LDCs to B cells

and the subsequent processing and presentation of MHC/peptide complexes.  B cells

expressing the TTCF-specific BCR were able to stimulate a measurable T cell

response in the presence of between 103 and 104 cells from the LDC population.  In

comparison, a response is seen with soluble TTCF when a final concentration of
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approximately 0.01nM is used in 200µl.  This equates to approximately 109

molecules of TTCF.  Assuming a purity of approximately 30% (see section 4.3.1)

and that antigen is equivalently immunogenic in solution and on antigen-bearing

cells, these figures indicate that a single cell may carry somewhere in the region of a

million molecules of TTCF.  Alternatively, it is possible that antigen arrayed on the

surface of an FDC or other antigen-bearing cell would be more immunogenic than

that found in solution, in which case far fewer molecules could be present on the cell

to produce an equivalent response.  In contrast to TTCF-specific B cells, non-specific

B cells showed very little response even at the highest numbers of isolated LDCs.

It is perhaps unsurprising that expression of a BCR of the correct specificity would

greatly increase the ability of B cells to gain antigen from FDCs or other cells

bearing intact antigen, since uptake of even soluble antigen is much more efficient in

the presence of an antigen-specific BCR80,137,144.  It would therefore seem likely that

uptake of cell- derived antigen, which is likely to be in a more complex form, would

have even more of a requirement for the BCR.  The observed effect of the BCR

seemed to be antigen specific, since LDCs isolated from mice immunized with HEL

were not able to act as a source of antigen for TTCF-specific B cells, although this

would have been a better control had the LDCs from HEL-immunized mice been

able to act as an antigen source for HEL-specific B cells.

4.3.5 Summary

Putative FDC populations were isolated from the spleens of immunized mice by

collagenase digestion of murine spleens, density centrifugation and plastic

adherence.  A slight discrepancy in the buoyant density of the FDC-containing cell

fraction compared to the published figure was observed; the value appears, however,

to vary slightly between laboratories.  Attempts to characterize the cells by flow

cytometry were unsuccessful, possibly due to the fragile nature of the cells.

However, cells from mice immunized with TTCF, one of the two model antigens

investigated, were able to act as a source of antigen for B lymphoma cells and T cell

lines of the correct specificity.  Expression of the antigen-specific BCR greatly

enhanced uptake of the cell-derived antigen by the B cells.
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5 Further investigation of the in vitro system for studying

transfer of antigen from low density cells to B cells

“Lasciate ogne speranza, voi ch’intrate!”

Dante, Inferno: Canto III

5.1 Introduction

In the previous chapter, I developed an assay that tested transfer of the TTCF antigen

from low density, antigen bearing cells (LDCs) to B cells, which allowed the B cells

to process the antigen and present it to TTCF-specific T cell lines.  I also showed that

the B cells need to express a TTCF-specific BCR in order to obtain antigen from

LDCs.  I now wanted to utilise this system to address other molecular requirements

for the B cell uptake of cell-derived antigen to take place.  In particular, the role of

complement receptors in this interaction is not fully understood.

Murine CR1 and CR2 are alternative splice products of the same gene, Cr297.  They

contain different numbers of a structural motif known as the short consensus repeat

(SCR). Two strains of mice lacking the Cr2 gene have been generated.  Carroll’s

laboratory targeted SCRs 9 and 10 of the Cr2 gene98, while Molina et al. targeted

SCR-1499.  Both groups found that responses to T-dependent antigens were impaired;

however, there were differences in the phenotypes, such as a reduction in peritoneal

B cells, observed by Carroll but not Molina.  Unlike the human receptors, the murine

receptors are only expressed on FDCs and B cells but, nevertheless, there has been

considerable controversy regarding the relative importance of expression on these

two cell types.

Two possibilities for the role of CRs in B cell responses are that they are required to

trap antigen on FDCs to be presented to B cells, and/or that they are needed to

enhance B cell signalling in conjunction with CD19.  In order to try to address the

relative roles of complement receptors on FDCs and B cells, Carroll’s laboratory

reconstituted their Cr2 deficient mice with Cr2+ bone marrow, which should lead to

the presence of CR1/2 on B cells but not FDCs.  They showed that expression on B
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cells alone could restore antibody responses, implying that CR1/2 were not required

on FDCs98.  Further work was also carried out, involving blastocyst complementation

of Rag-2 deficient embryos with Cr2 deficient cells154.  This produced mice

intrinsically lacking CR1/2 on B cells.  The conclusions drawn from this work by the

authors are that, since the mice have severely impaired T-dependent immune

responses, and that the FDCs are wild-type, CR1/2 are required on B cells rather than

on FDCs.  In my opinion, however, this could mean that CR1/2 are required on both

cell types for optimal immune responses and does not rule out a role for CR1/2 on

FDCs. Furthermore, Molina’s group then made bone marrow chimaeras with either

wild-type B cells and CR-deficient FDCs or vice versa and showed that a deficiency

of CR1/2 on FDCs leads to an inability to maintain antibody responses or trap

antigen in B cell follicles100.  It would therefore seem that CR1/2 have a role to play

in the stimulation of B cells by FDCs.

The exact nature of this role, however, remains unclear.  One reason for this is that

the Fc receptor FcgRIIb is also able to trap antigen on FDCs.  Work by Yoshida et al.

suggests that CR1/2 and Fc receptors may have distinct roles for antigen presentation

to B cells, as they find that CR1/2 alone trap antigen in primary follicles, while both

types of receptor can perform this function during immune responses94.  However,

the cells expressing CR1/2 alone are in the dark zone of the germinal centre, while

those expressing both types of receptors are found in the light zone.  Since the

majority of FDCs are located in the light zone27, it is likely that most FDCs express

both types of receptor.  It is possible that either type of receptor can trap antigen for

presentation to B cells, in which case the loss of CR1/2 may be at least partially

compensated by the continued presence of FcgRIIb.  However, other evidence

suggests that CR2 on FDCs provides a source of a CR2 ligand, such as C3d, iC3b or

C3dg, that is needed to engage CR2 on B cells for enhancement of the B cell

response155.  This would mean that CR2 could be responsible for a co-stimulatory

effect while FcgRIIb acts as the main source of antigen.

I therefore wished to try to clarify the role of CR1/2 on FDCs.  Although I could not

be certain whether the LDC populations corresponded to FDCs, I decided to perform

experiments using Cr2-/- mice as a source of LDCs, after first carrying out
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histological analysis of the mice to check for expression of CR1/2 and the presence

of FDC networks.

5.2 Results

5.2.1 Staining of C57Bl/6 and Cr2-/- mice for FDC networks

Spleen sections from C57Bl/6 and Cr2-/- mice were stained with antibodies against

murine CR1/2 and FDC networks to check that CR2 was not expressed and that FDC

networks were still present.  Figure 5.1A shows that, while bright CR1/2 staining is

present in the wild-type (left panel), no CR1/2 staining is evident in the section taken

from a Cr2-/- mouse (right panel).  However, FDC network staining with the antibody

FDC-m2 was also absent from Cr2-/- samples, despite being clearly visible in the

wild type section.  Germinal centres were present in both wild-type and Cr2-/-

samples, as shown in Figure 5.1B.  This absence of FDC-m2 staining in Cr2-/- mice

had not been reported previously, although it has been noted that FDC-m2 staining is

found in the areas of splenic white pulp that also contain CR1 and CR2-expressing

cells156, suggesting that the antigen for FDC-m2 may be restricted to these cells.

Since this finding, it has been reported that the ligand for the FDC-m2 antibody is the

complement component C4157.  This would explain why Cr2-/- mice appear to lack

FDC networks, since C4 cannot be captured by the FDCs in the absence of CR2, thus

preventing binding of the FDC-m2 antibody.

The mice clearly lacked CR2 expression as expected.  Although staining with the

FDC-m2 antibody was not observed, it has been reported that the splenic follicles of

these mice can be stained with another FDC-specific antibody, FDC-m198,

suggesting that FDCs are present in these mice.  The normal appearance of germinal

centres in the Cr2-/- mice also suggests the presence of FDCs, as the interaction

between FDCs and B cells is required for normal development of lymphoid

follicles156.  I therefore decided to proceed with experiments using these mice to

address the role of CR1/2 on FDCs.



Further investigation of low density cells

72

5.2.2 Presentation of antigen to B cells by LDCs purified from Cr2-/-

mice.

LDCs purified from mice lacking CR1/298 were compared to those isolated from

wild-type C57Bl/6 mice. Figure 5.2 shows that LDCs lacking CR1/2 are able to

provide antigen to TTCF-specific B cells as efficiently as wild-type LDCs.

Presentation to non-specific B cells is equivalently low for both types of LDC.  In

this case the H-2d restricted T cell line was used to assess presentation.  Figure 5.3

shows that similar results are obtained with the H-2k restricted T cell line.

These results were somewhat surprising, given the anticipated role of CR1/2 on

FDCs, as discussed in section 5.1.  Given the lack of success of characterizing the

LDCs by fluorescence techniques (see previous chapter), it seemed possible that

there were cells other than FDCs present in the LDC population that might be able to

provide antigen for B cells.  It has been shown that dendritic cells (DCs) can act as a

source of antigen for B cells83.  Since DCs are not known to express CR2, any

presentation of intact antigen by these cells would be unlikely to depend on this

receptor.  Another potential explanation was that antigen from the immunization

might still be present in the spleen in a non-cell bound form.  This might result in the

non-specific short term association of antigen with various other cells.  In order to

investigate these possibilities, I tested the ability of the various cell populations

obtained during the FDC isolation procedure to present intact antigen to B cells.

The results of these experiments are shown in Figure 5.4.  As in previous

experiments, the putative FDCs prepared by taking the top fraction from the Percoll

gradient and selecting the non-adherent cells were able to present antigen to B cells

(Figure 5.4B).   However, both entire splenocytes, taken after collagenase digestion

of spleens and red blood cell lysis (Figure 5.4C), and cells taken from the lower

portion of the Percoll gradient (Figure 5.4D) were also able to act as an antigen

source for B cells.  This result suggested either that antigen was persisting in the

injection site and was consequently available to bind to splenic cells in a non-specific

manner, or that cells other than FDCs were also able to maintain antigen over the

three days between the boost immunization and the isolation procedure.  No visual

evidence of persisting alum-precipitated antigen emulsion was observed in the
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peritoneal cavities of the mice used for the procedure (not shown), suggesting that

the second possibility might be more likely.

FDCs have the ability to retain antigen for long time periods90.  With this in mind, I

decided to increase the length of time between the boost immunization and the cell

isolation, with the aim of investigating the nature of antigen retention by the other

cellular fractions.  I therefore carried out the FDC isolation procedure, varying the

time between the boost immunization and the cell isolation procedure.  Two groups

of mice were set up; mice in one group were boosted three days before cell isolation

as previously, while the other mice were boosted ten days before cell isolation.  In

both cases, irradiation was carried out twenty-four hours prior to cell isolation.  The

immunizations were timed to ensure that the cell isolations for both groups could be

carried out simultaneously.  Figure 5.5 shows presentation of antigen to B cells by

different cell populations obtained during the FDC isolations.  It can be seen from

Figure 5.5 C and D that, while whole splenocytes and cells taken from the lower

fraction of the density gradient were able to act as an antigen source for B cells after

three days, neither population was able to do so after ten days.  In contrast, the LDC

fraction was able to present antigen to TTCF-specific B cells at both time points,

although presentation was somewhat reduced when the longer time period was used

(Figure 5.5B).

It seemed possible, therefore, that the unexpected result observed when comparing

LDC populations from wild-type and Cr2-/- mice were due to the presence of a

contaminating cell population other than FDCs.  I therefore repeated the comparison

of cells expressing or lacking CR1/2, leaving the longer, ten day time period between

boosting and irradiating the mice.  The results are shown in Figure 5.6.  It can be

seen from Figure 5.6B that the LDC fraction can provide an antigen source for

TTCF-specific B cells whether or not CR1/2 are expressed; indeed, efficiency

appears to be somewhat increased in the cells lacking CR1/2.  However, in this

experiment the other fractions are also able to act as a source of antigen, despite the

results from previous experiments as described above.
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It would therefore appear that the persistence of either an antigen depot or other cells

bearing antigen may be somewhat variable.  If that were the case, leaving a period of

ten days between the boost immunization and irradiation may sometimes, but not

always, be long enough to eradicate the alternative sources of antigen, leaving the

LDC fraction as the only source.  The experiment shown in Figure 5.6 was only

carried out once and would therefore need to be repeated.  The time period between

the boost immunization and irradiation may then need to be extended to ensure that

cells from the LDC fraction were the only cells capable of acting as an antigen

source for B cells.  The role of CR1/2 on FDCs could then potentially be addressed,

although further characterization of the LDC fraction would be necessary to clarify

whether the antigen-bearing cells in this population correspond to FDCs.
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Figure 5.1: FDC-m2 staining in C57Bl/6 and Cr2-/- mice.
Spleens from C57Bl/6 and Cr2-/- mice were embedded and cryosectioned prior to
staining and immunofluorescence.  The mice were immunized and boosted with
100µg DNP-KLH prior to harvesting of the spleens.  (A) Sections were stained with the
anti-CR1/2 antibody 7G6-FITC (green) and the FDC-specific antibody FDC-m2 (red).
Overlap appears yellow.  (B) Sections were stained with a marker of germinal centre B
cells (PNA-FITC, green) and a marker of non-germinal centre B cells (anti-IgD, red).
The experiment was carried out twice.

C57Bl/6 Cr2-/-

C57Bl/6 Cr2-/-
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Figure 5.2: Presentation of antigen to B cells by wild-type and Cr2-/- LDCs, using
the H-2d T cell line.
LDCs purified from TTCF-immunized mice were used as a source of antigen. Antigen
was processed by untransfected A20 cells (A20) and A20 cells transfected with the
TTCF-specific BCR (A20-TTCF).  The H-2d T cell line was used to detect B cell
antigen presentation.  The assay was performed twice; once with the H-2d T cell line
and once with the H-2k T cell line.
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Figure 5.3: Presentation of antigen to B cells by wild-type and Cr2-/- LDCs, using
the H-2k T cell line.
LDCs purified from TTCF-immunized mice were used as a source of antigen. Antigen
was processed by untransfected LK cells (LK) and LK cells transfected with the TTCF-
specific BCR (LK-TTCF).  The H-2k T cell line was used to detect B cell antigen
presentation.  The assay was performed twice; once with the H-2d T cell line and once
with the H-2k T cell line.
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Figure 5.4: Cells in all fractions from the FDC purification procedure can present
antigen to B cells 3 days after boosting.
B cells were CH27 (non-specific) or CH27-TTCF (TTCF-specific).  The H-2k restricted,
TTCF-specific T cell line was used to detect antigen presentation. (A) Uptake of
soluble antigen.  (B) LDCs obtained by density centrifugation and plastic adherence
were used as the source of antigen.  Overleaf: (C) The lower (high density) fraction
from the Percoll gradient was used as the source of antigen.  (D) Splenocytes were
taken after collagenase digestion and red blood cell lysis of the spleens.  Cells in B-D
were isolated from C57Bl/6 spleens.  The data are representative of two experiments.
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(See previous page for figure legend)
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Figure 5.5: Only the LDC fraction can present antigen to B cells 10 days after
boosting.
B cells were CH27 (non-specific) or CH27-TTCF (TTCF-specific).  The H-2k restricted,
TTCF-specific T cell line was used to detect antigen presentation. (A) Uptake of
soluble antigen.  (B) LDCs obtained by density centrifugation and plastic adherence
were used as the source of antigen.  Overleaf: (C) The lower (high density) fraction
from the Percoll gradient was used as the source of antigen.  (D) Splenocytes were
taken after collagenase digestion and red blood cell lysis of the spleens.  Cells in B-D
were taken from two groups of TTCF-immunized C57Bl/6 mice.  One group were left
for 3 days between the boost immunization and cell isolation; the other were left for 10
days.  In both cases, irradiation of the mice was carried out on the day prior to cell
isolation, which was carried out simultaneously for the two groups.  The data are
representative of two experiments.
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(See previous page for figure legend)
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Figure 5.6: Presentation of antigen to B cells by cells purified from wild-type and
Cr2-/- mice 10 days after boosting.
B cells were CH27 (non-specific) or CH27-TTCF (TTCF-specific).  The H-2k restricted,
TTCF-specific T cell line was used to detect antigen presentation. (A) Uptake of
soluble antigen. (B) LDCs obtained by density centrifugation and plastic adherence
were used as the source of antigen.  Overleaf: (C) The lower (high density) fraction
from the Percoll gradient was used as the source of antigen.  (D) Splenocytes were
taken after collagenase digestion and red blood cell lysis of the spleens.  Cells in B-D
were taken from TTCF-immunized C57Bl/6 and Cr2-/- mice.  The experiment was
carried out only once.
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5.3 Discussion

5.3.1 The nature of the cells presenting intact antigen to B cells

LDC populations were isolated using the procedure developed in the previous

chapter.  However, uncertainty arose as to whether FDCs were the only cells within

these populations that were able to act as a source of intact antigen for B cells.  It was

expected that FDCs would exhibit some degree of requirement for CR1/2 in order to

obtain enough antigen in vivo to act as an in vitro source of antigen for B cells.

However, the results displayed in this chapter, although somewhat variable, indicate

that the cells isolated did not have any requirement for CR1/2.

For this reason, I investigated the ability of cells from all stages of the purification to

act as a source of antigen for B cells.  As shown in Figure 5.4, cells other than those

from the LDC fraction were able to act as a source of intact antigen when the original

time course for the protocol was used.  This could not be due to direct presentation of

antigen to T cells by the purified cells, since the mice used as a source of cells were

MHC-mismatched to the T cells used for the assay readout.  One possible reason is

that the antigen used for immunization could be persisting in the peritoneal cavity,

which could lead to the non-specific presence of antigen on many cell types from the

spleen.  However, no obvious deposits of alum-precipitated antigen were observed in

the peritoneal cavities during dissection of the spleens.  An alternative reason could

be that cells other than FDCs that can maintain intact antigen may be present in the

spleen.

The most likely alternative cells that could act as a source of intact antigen would be

dendritic cells, as there is some evidence to suggest that they can maintain antigen in

an unprocessed form83.  Splenic DCs can be purified in a very similar manner to

FDCs158, with the main differences being that a single collagenase digestion is

performed rather than sequential digestions and that transiently adherent cells are

selected rather than non-adherent cells.  It would be feasible, therefore, that some

DCs liberated during the digestion may not have adhered very effectively and were

therefore present in the purified cell populations.  DCs vary in their morphology
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depending on their maturation state, which could lead to heterogeneous buoyant

density characteristics.  There was therefore a possibility that they could be present

in the lower, as well as the upper, fraction from the density gradient, which would

explain the results shown in Figure 5.4.

DCs have only been shown to retain intact antigen for relatively short time periods

compared with FDCs83,90.  I decided, therefore, to utilise the ability of FDCs to

maintain antigen for long periods of time. I altered the FDC isolation protocol to

increase the length of time between the boost immunization and isolation of the cells,

with the aim of reducing intact antigen maintenance by cells other than FDCs

without affecting any FDCs present.  Increasing the incubation from three to ten days

was initially promising in C57Bl/6 mice (Figure 5.5); this experiment was carried out

twice and showed that the LDC fraction alone could present antigen to B cells after

the longer time period.  However, when I then used the ten day incubation to

compare presentation of Cr2-/- mice with that of C57Bl/6 mice (Figure 5.6), all of the

cell populations demonstrated presentation of antigen to B cells.  This experiment,

which was only performed once due to time constraints, clearly contrasts with the

previous data shown in Figure 5.5 and would need to be repeated.  However, it

appears in any case that a ten day incubation between boosting and cell isolation can

give variable results with regard to the ability of the cell populations to present intact

antigen to B cells.  Future development of this assay would require this incubation to

be extended to various longer time periods, with extensive testing to understand fully

the time period over which the non-FDC fractions can act as a source of intact

antigen.  This would allow an incubation period to be chosen that would lead to a

reproducible lack of presentation by the non-FDC populations, as well as consistent

antigen presentation by the putative FDC fraction.

These results have possible implications for the interpretation of previous studies on

FDCs.  The earliest work involving enrichment of FDCs in suspension relied upon

antigen retention, dendritic morphology and an inability to carry out efficient

phagocytosis130.   The first of these characteristics clearly means that any cells able to

retain antigen would have been classed as FDCs.  Mature dendritic cells would also

have highly dendritic morphology and reduced ability to carry out phagocytosis of
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antigen.  It is therefore possible that the cells first characterized as FDCs are actually

a heterogeneous collection of cell types.  Although later work involving purification

of FDC populations does address this issue, there are still some potential

uncertainties.

Burton et al. describe experiments where FDCs were purified by fluorescence

activated cell sorting (FACS), based on binding to the FDC-m1 antibody, and then

used to provide stimulation for B cell proliferation148.  They showed that addition of

the remaining cells (that did not bind FDC-m1) were unable to provide this

stimulation.  The antigen with which the FDC-m1 antibody reacts has not, however,

yet been characterized, leading once more to the problem of how FDCs are defined.

Kosco-Vilbois et al. showed that FDCs isolated by the density centrifugation and

plastic adherence method could provide antigen to resting ex vivo B cells105; they

showed that plastic-adherent dendritic cells and macrophages taken from the

adherence step were unable to carry out this function.  However, as described above,

dendritic cells vary in their physical characteristics depending on their maturation

state.  Thus there may have been additional, less adherent, cells present in the FDC

population.  They also showed that mechanical disruption of secondary lymphoid

tissue, which is thought to destroy the delicate dendritic processes of FDCs, removes

the ability to stimulate B cells.  However, it is unclear as to how this might affect

other cell types present within the spleen.

In the light of my results regarding the non-FDC fractions and their ability to act as

an antigen source for B cells, it would be important to establish whether the cells in

the putative FDC fractions of my experiments were indeed FDCs.  As discussed in

the previous chapter, attempts to characterize the cells by flow cytometry and

fluorescence microscopy were unsuccessful.  However, other techniques could be

used to gain insight in to the nature of the cells.  These would include the use of mice

lacking FDCs and also the use of cell culture inserts.

One of the concerns that arose from the results in this chapter was that cells other

than FDCs may be presenting intact antigen to B cells.  A way to address this would

be to isolate cells from one of the various knockout mice that have been reported to
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lack normal FDC networks.  Mice lacking LTa159, LTb115, TNF-a160 and TNFR-1161

have all been shown to be deficient in FDC networks.  The FDC isolation procedure

could therefore be carried out in wild-type and FDC-deficient mice; if the cells

presenting intact antigen in previous experiments were indeed FDCs then the cell

population isolated from the FDC-deficient mice should not be able to present

antigen to B cells.  Conversely, if the cells were not FDCs then the ability to present

intact antigen should be unimpaired in the FDC-deficient population.  It would be

preferable to use mice that, while lacking FDCs, have as few other abnormalities as

possible.  LTa-/- mice have gross abnormalities in splenic architecture and lack

detectable lymph nodes159.  LTb-/- mice also lack the majority of lymph nodes and

have impaired segregation of B and T cells in the secondary lymphoid tissues115.  It

would therefore be more appropriate to use TNF-a or TNFR-1-/- mice, which do

form lymph nodes and have relatively normal spleen morphogenesis160,162.  These

mice are defective in germinal centre formation160,162; however, it seems inevitable

that any mice lacking FDCs will also lack germinal centres, given the role of

interaction between FDCs and B cells in germinal centre formation (as discussed in

the literature review).  For this reason, it is unlikely that any other mice lacking

FDCs would be better suited to the experiment.

Another concern was that the alum precipitated antigen could be persisting in the

peritoneal cavity and causing non-specific retention of antigen on the surfaces of

different cell types.   This possibility could be investigated by using cell culture

inserts (‘transwells’) in the antigen presentation assays.  These inserts can be used to

separate two cell populations within a well, so that soluble factors can pass between

them but the cells are unable to have contact.  An assay could therefore be set up so

that cells from the FDC fraction were on one side of the insert and the B cells on the

other.  If all the antigen is tethered on FDCs then the insert should prevent transfer of

antigen.  In contrast, if the antigen is loosely associated with other cells in a non-

specific manner, it would still be able to pass through the membrane and be taken up

by B cells.  The inserts for the 96-well plate format used for the FDC assays are

currently only available with a 0.2µm pore size, manufactured by Nalge Nunc

(Hereford, UK).  This is relatively large, raising the question as to whether FDC-
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tethered antigen would definitely not be able to pass through the pores.  This

becomes an especially important consideration when taken in the light of data from

John Tew and colleagues, suggesting that FDC-derived immune complexes can

detach to form immune complex-coated bodies known as ‘iccosomes.’  However,

these iccosomes have been shown to range in size from 0.3 to 0.7µm in diameter163

and should not, therefore, pass through the pores.  It would be preferable to use

inserts with smaller pores to ensure this but unfortunately the inserts with 0.02µm

pores are only currently available in 6- and 24-well formats.

These types of experiments would help to establish the nature of the cells presenting

antigen to B cells in the in vitro assay system.  They could then be carried out at

different time points to establish a protocol for ensuring that presentation of intact

antigen is only carried out by FDCs, producing a system that could be used for

further experiments.

An additional factor to be considered is that Hasegawa et al. recently showed that the

Cr2-/- mice generated by Carroll’s group do not entirely lack CRs33.  They

demonstrated that immunoprecipitations of CD19 co-precipitated proteins that

reacted with CR2-specific antibodies.  These proteins were smaller than those found

in wild-type cells.  Flow cytometric analysis of B cells from the mice showed low-

level expression of CR2; RT-PCR showed that the targeted exons were spliced out of

the Cr2-/- transcripts, which would explain the smaller size of the proteins observed

in the immunoprecipitation experiments.  The shortened splice forms of CR1/2 in the

Cr2-/- mice would still be able to bind C3d, so they could still be functional in terms

of their ability to bind immune complexes on FDCs.  It is therefore possible that the

cells that were purified from Cr2-/- mice, and were able to present antigen to B cells,

were FDCs expressing the shortened form of CR2.  Spleen sections from the Cr2-/-

mice did not stain with the CR1/2-specific 7G6 antibody (Figure 5.1); however, this

may have been because the expression levels were below the limits of detection,

since flow cytometry showed that the shortened CR1/2 stained less brightly with 7G6

than with another CR1/2-specific antibody, 7E933.  It would be interesting to repeat

the comparison of wild-type and Cr2-/- LDC populations using the other strain of

Cr2-/- mice generated by Molina et al.99; flow cytometric analysis of splenocytes
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from these mice does not reveal any staining with either the 7G6 or the 7E9

antibody.  It may, then, be the case that LDC populations from these mice would not

be able to present antigen to B cells.

5.3.2 Future experiments

It was frustrating that shortage of time, combined with technical difficulties,

prevented the project proceeding to the stage where the FDC in vitro assay could be

exploited to answer the many important questions that still remain about the

interactions between FDCs and B cells.  The exact role of CR1/2 in the transfer of

antigen from FDCs to B cells could be established as intended.  It would be

interesting to determine the extent to which FcgRIIb and CR1/2 can compensate for

one another, especially if it transpired that a lack of CR1/2 on FDCs did not prevent

antigen transfer to B cells in vitro.  Indeed, mice lacking both these types of receptor

have been bred for this purpose.  The further development of the in vitro assay would

also allow many other, relatively straightforward, experiments to be carried out to

investigate the roles of other molecules on FDCs and B cells.

CD19 is an important constituent of the B cell co-receptor.  Although it is known to

mediate signals initiated by binding of complement components to CR2, CD19 has

also recently been shown to amplify BCR signalling independently of CR233.  De

Fougerolles et al. constructed fusion proteins comprising regions of the extracellular

domain of murine CD19 fused to the human IgG1 Fc domain in order to seek ligands

that could induce this CR2-independent CD19 signalling34.  They discovered that the

membrane-proximal portion of CD19 binds the WEHI-231 B cell line but not other B

cell lines such as A20.  Since WEHI-231 expresses surface IgM, they tested the

ability of soluble IgM to compete with WEHI-231 for binding to CD19 and found

that IgM was indeed the ligand.  Further experiments showed that the sulphated

glycosaminoglycans (GAGs) heparin and/or heparan sulphate, present on stromal

cells, also bound the fusion protein.  Chondroitin sulphate, another sulphated GAG,

did not bind.  Co-localization experiments involving staining of germinal centres

with the fusion protein and an FDC-specific antibody suggested that both these types

of ligands for CD19 are present on FDCs.
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De Fougerolles and colleagues suggest that IgM may be present on FDCs as a result

of antibody-induced complement coating of antigen, which could be tethered by

means of CR2.  These findings are supported by Youd et al.164 who showed that

pentameric IgM is involved in the initiation of antigen trapping in lymphoid follicles.

They suggest that this first occurs in the marginal zone and that C3 activation then

leads to transfer of the immune complexes to FDCs.  However, it is not clear whether

IgM is necessary for immune complexes to be able to stimulate B cells.  This could

be addressed by purifying FDCs from mice with a targeted deletion of the Igµs

region of the Cµ gene165; this region controls the production of secretory IgM and its

deletion results in mice that specifically lack secretory IgM while retaining

membrane-bound IgM and secretory forms of other Ig isotypes.

The glycosaminoglycans (GAGs) heparin and/or heparan sulphate were shown to be

responsible for the interaction between stromal cell lines and the CD19 fusion

proteins.  Some of these experiments involved treating the cells with enzymes to

degrade glycosaminoglycans.  These enzymes were simply described as ‘heparinase’

or ‘chondroitinase,’ however, there are three different enzymes that cleave different

regions of heparan sulphate and heparin and it is necessary to treat with all three in

order to degrade heparin or heparan sulphate166.  If de Fougerolles et al. only used

one of the enzymes (this is not specified), this could explain why they only observed

a reduction in binding of approximately fifty per cent34.  Treatment of FDCs with the

three types of heparinase would destroy any heparin or heparan sulphate present.

Comparison of enzyme-treated and mock-treated FDCs would determine whether

interaction between these sulphated GAGs and CD19 on B cells was necessary to

stimulate antigen transfer. A complementary experiment would be to use soluble

GAGs to out-compete the membrane bound forms; this technique was also used by

de Fougerolles et al.  This experiment would determine whether the sulphated GAGs

were required in the context of intercellular contact.

Bonnefoy et al. showed that certain antibodies directed against human CR2 promote

the survival of germinal centre B cells167. Fischer et al. used mice lacking Cr2 to

confirm that murine germinal centre B cells also require antigen-independent

signalling through CR1/2 for their survival168.   CD23 has been shown to bind CR2
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in humans169.  The studies of Bonnefoy et al. compared the effects of soluble CD23

and antibodies against CR2 and showed that both were able to promote germinal

centre B cell survival; the effects were non-additive, indicating that both reagents

were acting upon CR2167.  Murine FDCs express CD23 (also known as FceRII)170, so

it is possible that CD23 on FDCs could bind CR2 on germinal centre B cells and

promote their survival.  However, it is not clear whether CD23 is able to bind CR2 in

mice.  Furthermore, Fearon and Carroll171 note that mice lacking CR1/2 have a level

of immune deficiency similar to that found in mice lacking C3.  They infer from this

that complement components may be the only physiological ligands for CR2.  The

potential role of CD23 on FDCs as a ligand for CR2 on B cells in mice could be

clarified by isolating FDCs from mice lacking CD23172 and comparing their ability to

present antigen to B cells with FDCs isolated from wild-type mice.

5.3.3 Summary

The in vitro assay for measuring the transfer of intact antigen from LDCs to B cells

was used to investigate the role of CR1/2 on FDCs.  It was predicted that a lack of

CR1/2 would impair the ability of FDCs to act as an antigen source to some degree.

However, no difference was observed, giving rise to the possibility that there may be

contaminating cells present that could also act as a source of intact antigen.  Cells

other than those from the LDC fraction were indeed able to perform this function.

The kinetics of this phenomenon were investigated; development of this work may

clarify the conditions under which FDCs are the sole cell type able to fulfil the role

of antigen source for B cells.  This would allow many experiments to be carried out

to address the requirements for different molecules on the FDC.
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6 Effect of antigen/B cell receptor affinity on antigen

presentation.

“Scientists have already cast great darkness on the matter.  If they continue their
investigations, we shall soon know nothing at all on the topic.”

 Attrib. Mark Twain

6.1 Introduction

The antigen presentation assays described in the previous chapters used LDCs as a

source of antigen for B cells.  However, control assays with soluble antigen were

routinely performed to ensure that the B cell transfectants and T cell hybridomas

were responsive to antigen.  Many studies have been performed involving the uptake

of soluble antigen by B cells and the subsequent processing and presentation to T

cells.  It is well documented that expression by B cells of a high affinity BCR

enhances presentation of the appropriate antigen to T cells80,137,144.  Of the four HEL-

specific T cell hybridomas tested, two of them revealed such an enhancement of

presentation, as shown in Figure 2.10.  However, the remaining two hybridomas

showed no enhancement in the level of antigen presentation despite the expression of

the HyHEL-10 BCR (see below).

This effect is clearly intriguing and I felt that it warranted further investigation.  I

therefore set out to establish why expression of a high affinity BCR does not always

confer an advantage in antigen presentation.  I investigated differences in the modes

of presentation of the different epitopes of HEL.  I then altered the affinity of the

interaction between the B cell receptor and the antigen to determine the effect on

presentation of the different HEL epitopes.

6.2 Results

6.2.1 Expression of a high affinity BCR does not always enhance
antigen presentation.

The responses of four HEL-specific T cell hybridomas to HEL were tested.  LK35.2

B lymphoma cells were used to process and present the antigen.  These B cells were
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either untransfected or were transfected with the high affinity, HEL-specific HyHEL-

10 BCR (Ka = 5¥1 010 M-1)80,173.  Antigen presentation to the T cell hybridomas

2G7.1 and 4G4.1, recognising epitopes comprising amino acids 1-18 of HEL on I-Ek

and 46-61 of HEL on I-Ak respectively, is enhanced approximately 1000-fold in the

presence of the HyHEL-10 BCR (Figure 6.1).  This can be seen by the reduction in

the minimum antigen concentration that is required for the T cell hybridoma to

respond, observed as a shift to the left of the response curve.  While effective

presentation in the absence of the BCR requires at least 10nM HEL, as little as

0.01nM elicits a response when the B cells express the HyHEL-10 BCR.

In contrast, antigen presentation to the T cell hybridomas 1B9.1 and 3B11.1,

recognising amino acids 116-129 and 34-45 of HEL respectively on I-Ak, shows no

enhancement when the HyHEL-10 BCR is present (Figure 6.2).  The concentration

of antigen required to elicit a response by these hybridomas is approximately 0.1µM,

both in the absence and the presence of expression of the HyHEL-10 BCR.

6.2.2 Both hybridomas that fail to show BCR-mediated enhancement of
antigen presentation recognize epitopes presented on recycling
MHC class II molecules.

It was possible that binding of the BCR interfered sterically with processing of the

34-45 and 116-129 epitopes of HEL; however, I did not think this was the reason for

the lack of enhancement of presentation of these epitopes by the HyHEL-10 BCR

(discussed in section 6.3.2).  I therefore started to look for differences between the T

cell hybridomas that display enhancement of antigen presentation in the presence of

the HyHEL-10 BCR and those that do not, in order to determine the reason for the

dichotomous effect of the high affinity BCR.  One attribute that distinguishes the

1B9.1 and 3B11.1 hybridomas from the 4G4.1 hybridoma is that the peptides

recognized are preferentially loaded on to two distinct populations of MHC class II

molecules.

The discovery that there are two distinct MHC class II sub-populations present in

antigen-presenting cells started when Momburg et al.174 investigated the presentation

of various epitopes of HEL by rat fibroblasts expressing murine MHC class II I-Ak
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molecules.  They showed that presentation of the 46-61 epitope to the 4G4.1

hybridoma (and other hybridomas recognising the same epitope) is enhanced when

the invariant chain, Ii, is also expressed.  However, the 34-45 and 116-129 epitopes

show no change in presentation upon expression of Ii.  Zhong et al.175 later showed

that presentation of the epitopes not enhanced by Ii expression is dependent on re-

entry of MHC class II molecules from the cell surface into the endocytic pathway

(henceforth referred to as recycling MHC molecules).  They used rat basophil

leukaemia cells transfected with mutant MHC molecules to show that a dileucine

motif in the cytoplasmic tail of the class II b chain is required for efficient recycling

of MHC class II molecules; invariant chain-independent antigen presentation

required the presence of this dileucine repeat in the cytoplasmic tail.

These data demonstrate that both the epitopes for which there was no enhancement

of presentation in the presence of the HyHEL-10 BCR are preferentially presented in

the context of recycling, rather than newly synthesized, MHC class II molecules.  In

contrast, the 46-61 epitope requires Ii for presentation.  I proceeded to investigate

whether the 1-18 epitope, like the 46-61 epitope, is presented on newly synthesized

MHC molecules.  If this were the case, the mode of presentation could have a

bearing on the differential enhancement of antigen presentation by the HyHEL-10

BCR.

6.2.3 HEL1-18, like HEL46-61, is presented on newly synthesized MHC
class II molecules

In order to determine whether the presentation of HEL1-18 to the 2G7.1 hybridoma

requires newly synthesized MHC class II molecules, I performed assays using the

fungal metabolite Brefeldin A (BFA).  This molecule blocks transport of newly

synthesized proteins from the endoplasmic reticulum to the Golgi apparatus.

Presentation of peptides requiring newly synthesized MHC class II is therefore

blocked176, while epitopes that load on to recycling MHC molecules are unaffected.

LK35.2 cells were pre-treated with BFA, pre-treated with DMSO as a vehicle control

or were maintained untreated in normal medium. HEL was added to a high final

concentration (250µM) for 6 hours, maintaining the initial BFA or DMSO treatment
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in those samples that had been pre-treated.  The cells were washed, fixed and washed

again, then incubated with 2G7.1 T hybridoma cells for 24 hours.  The results are

shown in Figure 6.3.  B cells that were treated with DMSO were as effective as

untreated cells at presenting the 1-18 epitope of HEL to 2G7.1.  The ability of BFA-

treated cells to present the epitope to 2G7.1 was, however, greatly reduced.

These data indicate that presentation of the HEL1-18 epitope requires the movement

of newly synthesized MHC class II molecules from the endoplasmic reticulum into

the Golgi apparatus, en route to the endocytic pathway.  The result reveals a

tantalizing correlation between the pool of MHC class II molecules required for

loading of an epitope of HEL and the ability of a high affinity BCR to enhance

presentation of the epitope to T cells.

6.2.4 Lowering the affinity of the BCR for its antigen using the D1.3
BCR

The evidence that epitopes that are preferentially loaded on to recycling MHC

molecules fail to show BCR-mediated enhancement of antigen presentation, while

those that are loaded on to newly synthesized MHC molecules do show such an

enhancement, led me to seek an explanation for the effect based on the differential

loading of the epitopes on to the two populations of MHC class II molecules.  Pinet

and Long177 showed that loading of peptide on to recycling MHC class II molecules

occurs in early endosomes, whereas newly synthesized MHC molecules are

unavailable for peptide binding until the late endosome/lysosome stage.  It therefore

seemed possible that, in the case of an epitope that is preferentially loaded on to

recycling MHC class II, too high an affinity between antigen and BCR could lead to

a failure to generate the epitope early enough in the endocytic pathway to encounter

the recycling MHC molecules.  The epitope may not survive in late endocytic

compartments178, leading to a lack of its presentation. This led me to formulate the

hypothesis that the recycling epitopes might be presented more efficiently if the

BCR/antigen affinity were to be reduced, as this would encourage the dissociation of

the BCR/antigen complex earlier in the endocytic pathway. I therefore compared

presentation of the different epitopes by cells expressing the HyHEL-10 BCR with

presentation by those expressing another HEL-specific BCR, D1.3.
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The D1.3 BCR has an affinity for HEL of 3¥108 M-1, approximately 100-fold lower

than that of the HyHEL-10 BCR80,179.  Previous studies looking at the role of

BCR/antigen affinity in antigen presentation suggest that most epitopes would

display reduced presentation when the antigen was taken up through the lower

affinity BCR80.  However, my hypothesis led me to predict that, while this would be

the case for 2G7.1 and 4G4.1, presentation to 1B9.1 and 3B11.1 would be enhanced

when antigen was taken up through the D1.3 BCR.

The results of this experiment are shown in Figure 6.4 and Figure 6.5.  Presentation

of the 1-18 and 46-61 epitopes of HEL to 2G7.1 and 4G4.1 is indeed reduced when

the D1.3 receptor is used in place of the HyHEL-10 BCR.  This can be seen in Figure

6.4, where the concentrations of antigen required to elicit a response are increased

approximately 10-fold when cells expressing the D1.3 BCR were used in place of the

HyHEL-10 BCR. Presentation of the 34-45 epitope to 3B11.1 is not enhanced

(Figure 6.5B); however, the result for the 116-129 epitope was as predicted in that its

presentation to 1B9.1 is indeed enhanced when the D1.3 BCR is used (Figure 6.5A).

Thus, for the case of the HEL116-129 epitope, which is preferentially loaded on to

recycling MHC class II molecules, reducing the affinity of the BCR for antigen

increases the level of antigen presentation.

6.2.5 Reducing the affinity of the antigen for the BCR; purification of
Japanese Quail Egg Lysozyme

It has been demonstrated that immunoglobulin binding to an antigen can affect

processing of epitopes from the ‘footprint’ region where the immunoglobulin

interacts with the antigen180.  The D1.3 BCR binds a region of HEL distinct from that

bound by HyHEL-10.  Indeed, it overlaps the 116-129 epitope recognised by

1B9.1181, as shown in Figure 6.6.  Thus, presentation of HEL through interaction

with a different BCR could alone have increased the antigen presentation,

independently of any effects due to differences in affinity.  I therefore took a

complementary approach to confirm that presentation of the HEL116-129 could be

enhanced by presentation through a BCR with a lower affinity than that of HyHEL-

10.  The approach involved reducing BCR/antigen affinity by altering the antigen

rather than the BCR.  This would allow the HyHEL-10 BCR to be used throughout
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an experiment, ensuring that any direct effects due to masking of particular regions

of the antigen would remain constant.  I decided to investigate the possibility of

using naturally occurring lysozymes from species other than chicken as a way of

modifying BCR/antigen affinity.

Inspection of the sequences of lysozymes from various bird species indicated that

Japanese Quail egg lysozyme (JQEL) was a good candidate for this experiment.  It

has an affinity for the HyHEL-10 BCR of 1.4¥108 M-1, which is approximately 300-

fold lower than that of HEL173.  This is due to amino acid differences in the HyHEL-

10 contact areas182,183, shown in Figure 6.7.  It has only two mutations outside the

HyHEL-10 contact areas, at residues 3 and 122.  Unfortunately, these positions lie

within the 2G7.1 and 1B9.1 epitopes respectively.  This meant that it was possible

that the T cell hybridomas would no longer recognise the epitopes.  However, the

only quail lysozyme containing fewer differences outwith the HyHEL-10 binding

regions, the Bob-White Quail, also lacks the differences within the regions184.  This

means that, although the affinity between Bob-White Quail and HyHEL-10 has not

been determined, it is likely to be extremely similar to that observed with HEL.

Other species such as guinea-fowl, pheasant and duck carry many more amino acid

differences outwith the HyHEL-10 binding sites, making it more likely that the T cell

epitopes would be affected185-188.  Japanese Quail egg lysozyme therefore appeared

to be the most suitable candidate, having a lower affinity for the HyHEL-10 BCR

while carrying relatively few amino acid differences in the T cell epitope regions.

Lysozyme has an unusually high isoelectric point (approximately 11), lending itself

to purification by cation exchange at a pH slightly below 11, under which condition

it is positively charged but other proteins within egg-white are not.  Ten eggs were

separated, yielding approximately 100ml egg-white.  The egg-white was then diluted

1 in 5 with 0.1M ammonium acetate buffer, pH 9.0 and incubated with carboxy-

methylsepharose.  The CM-sepharose was washed and packed into a column.  The

lysozyme was eluted using 0.5M ammonium acetate buffer, pH 9.4.  Figure 6.8

shows SDS-PAGE analysis of the purification.  Two main bands were observed

(indicated by arrows).  One was approximately 14kDa, the correct molecular weight

for lysozyme.  The other was approximately 45kDa; this was probably ovalbumin,
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which is present in large quantities in egg-white.  The molecular weights of the two

proteins obtained were dissimilar, allowing separation by size exclusion

chromatography.  Figure 6.9 shows the A280 trace obtained; two well-defined peaks

are present with clear separation between them.  Fractions from the peaks were

checked by SDS-PAGE (Figure 6.10).  As expected, the higher molecular weight

fraction was eluted first and the 14kDa protein eluted in later fractions.

I then tested the ability of the 2G7.1 and 1B9.1 hybridomas to respond to purified

JQEL.  The results are shown in Figure 6.11.  The 1-18 epitope of JQEL is

recognised by 2G7.1, despite the phenylalanineÆtyrosine amino acid difference at

residue 3.  As expected, the lower affinity interaction with the HyHEL-10 BCR leads

to less efficient antigen presentation (Figure 6.11A).  However, the 116-129 epitope

of JQEL is not recognised by 1B9.1, as can be seen by the complete lack of

presentation by both LK and LK HyHEL-10 cells (Figure 6.11B).  This was

somewhat surprising as the glutamineÆ asparagine change at residue 121 is

relatively conservative, merely making the side chain one carbon atom shorter.

Unfortunately this meant that JQEL could not be used as a way of lowering the

BCR/antigen affinity for testing antigen presentation to the 1B9.1 hybridoma.

Montezuma and California Quail egg lysozymes both have a histidine at this

position, which has both the shorter side chain and an imidazole group, suggesting

that these would be less likely to be recognised189,190.  Lysozymes of other bird

species carry less conservative differences as well as differences at other residues as

previously mentioned.

6.2.6 Lowering affinity of the antigen for the BCR: Recombinant mutant
lysozymes

It appeared that natural lysozymes were not appropriate for these studies.  I therefore

obtained two recombinant lysozymes that carry mutations only in the HyHEL-10

binding regions80.  There are no differences in the 1-18 or 116-129 regions.  Both

mutants have alanine residues in place of key residues involved in HyHEL-10

binding183 (Figure 6.12).  The 21/101 lysozyme has substitutions at residues 21 and

101, leading to an affinity for HyHEL-10 of Ka = 4.2¥109 M-1, approximately 10-fold
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lower than wild-type HEL.  The Tetra mutant has alanine residues substituted at

positions 21, 101, 102 and 103, giving an affinity of Ka = 5¥108 M-1, a 100-fold

reduction.

Figure 6.13 shows presentation of the mutant lysozymes compared to wild-type

HEL. The results reflect those obtained with the D1.3 BCR, in that the reduction in

affinity of the antigen for the BCR had a different effect on presentation to the 1B9.1

and 2G7.1 T cell hybridomas.  Presentation of the 1-18 epitope by LK35.2HyHEL-

10 cells to 2G7.1 was highest when wild-type HEL was used; 21/101 was presented

approximately 10-fold less efficiently (Figure 6.13A).  Presentation of the Tetra

mutant was 10-fold lower again.

When these antigens and the LK35.2HyHEL-10 cells were used to present the 116-

129 epitope to the 1B9.1 T cell hybridoma, however, the highest level of presentation

occurred with the 21/101 mutant, which elicited a T cell response at an antigen

concentration approximately 100 times lower than that required when HEL was used

(Figure 6.13B).  This clearly demonstrates that lowering the affinity of antigen for

the BCR has enhanced presentation of the 1B9.1 epitope.  The mutant with the

lowest affinity, the Tetra mutant, was presented approximately 10 times less

efficiently than the 21/101 mutant, suggesting that there is an optimal affinity

between the BCR and the antigen for presentation of the 1B9.1 epitope.

6.2.7 Summary

I have shown that presentation of two epitopes of HEL, consisting of amino acids

116-129 and 34-45, is not enhanced by expression of a high affinity BCR. This is

despite the fact that presentation of two other epitopes, comprising amino acids 1-18

and 46-61, is enhanced as would be expected.  As far as I am aware, this is the first

description of this surprising effect.  I have determined that the inability of a high

affinity BCR to enhance presentation correlates with the loading of the epitopes on to

recycling MHC class II molecules.  The presentation of one of the ‘recycling’

epitopes, HEL116-129, can be enhanced by antigen uptake through a specific BCR

when the affinity of the BCR/antigen interaction is lowered.  The same result is
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observed whether the reduction in affinity is achieved by altering the BCR or the

antigen.
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Figure 6.1: Expression of the HyHEL-10 BCR enhances B cell presentation of
certain T cell epitopes derived from HEL.
Antigen presentation was assessed by culturing LK35.2HyHEL-10 cells or
untransfected LK35.2 cells with HEL-specific T cell hybridomas in the presence of
graded doses of HEL.  Expression of the HyHEL-10 BCR enhances presentation to
the hybridomas (A) 2G7.1 and (B) 4G4.1.  The data are representative of three
experiments.
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Figure 6.2: Expression of the HyHEL-10 BCR does not enhance B cell
presentation of other T cell epitopes derived from HEL.
Antigen presentation was assessed by culturing LK35.2HyHEL-10 cells or
untransfected LK35.2 cells with HEL-specific T cell hybridomas in the presence of
graded doses of HEL.  Expression of the HyHEL-10 BCR does not enhance
presentation to the hybridomas (A) 1B9.1 and (B) 3B11.1.  The data are
representative of three experiments.
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Figure 6.3: Response of the 2G7.1 T cell hybridoma to Brefeldin A-treated B
cells.
LK35.2 cells were incubated for 20 minutes in the presence of Brefeldin A, DMSO or
plain medium. HEL was then added to a final concentration of 500µM, in the
continuing presence of BFA or DMSO when appropriate.  After 6 hours, the cells were
washed, fixed with PFA, washed extensively and incubated with 2G7.1 cells for 24
hours.  The data are representative of two experiments.
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Figure 6.4: Reducing BCR affinity for HEL reduces presentation of the 2G7.1 and
4G4.1 epitopes.
Untransfected LK35.2 cells, or LK35.2 cells expressing either the high affinity HyHEL-
10 BCR or the lower affinity D1.3 BCR, were cultured with HEL-specific T cell
hybridomas (A) 2G7.1 and (B) 4G4.1 in the presence of graded doses of HEL.  The
data are representative of three experiments.
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Figure 6.5: Reducing BCR affinity for HEL enhances presentation of the 1B9.1
epitope.
Untransfected LK35.2 cells, or LK35.2 cells expressing either the high affinity HyHEL-
10 BCR or the lower affinity D1.3 BCR, were cultured with HEL-specific T cell
hybridomas (A) 1B9.1 and (B) 3B11.1 in the presence of graded doses of HEL.  The
data are representative of three experiments.

A

B
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Figure 6.6: Location of the epitope recognized by the T cell hybridoma 1B9.1.
The 116-129 epitope of HEL is shown (black) in relation to the predicted D1.3 BCR
binding site.  The structure shown is the HEL antigen (yellow) complexed to a soluble
Fv fragment (brown) from the D1.3 antibody183.
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Figure 6.7: Amino acid sequences of HEL and JQEL.
Residues in JQEL that differ from the HEL sequence are marked in red, emboldened
text.  Shaded areas indicate the residues that contact HyHEL-10.  Sequences are
shown without the 18 amino acid leader sequence; the numbering is therefore
consistent with that used for the T cell epitopes.  Sequences were obtained from the
Swiss Prot database.
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Figure 6.8: 14% SDS-PAGE gel of fractions collected from cation exchange
purification of JQEL.
Numbers above lanes indicate fraction number.  RM: molecular weight markers
(masses are given in kDa).  UB: unbound material from cation exchange.  SM: starting
material.  10µl of each sample were loaded; the unbound and starting materials were
diluted 1:10.  Bands of approximately 45 kDa and 14 kDa were observed, as indicated
by the arrows.
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Figure 6.9: Size exclusion separation of JQEL from a contaminating protein.
Fraction numbers are indicated below the trace.  The maximum A280 observed was
approximately 0.8.
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Figure 6.10: 14% SDS-PAGE gel of fractions collected from size exclusion.
Numbers above lanes indicate fraction number.  RM: molecular weight markers
(masses are given in kDa). 15µl of each sample were loaded.
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Figure 6.11: JQEL is recognised by 2G7.1 but not by 1B9.1.
Antigen presentation was assessed by culturing LK35.2HyHEL-10 cells or
untransfected LK35.2 cells with HEL-specific T cell hybridomas in the presence of
graded doses of HEL and JQEL. Presentation of (A) the 1-18 epitope to 2G7.1 and (B)
the 116-129 epitope to 1B9.1 is shown.
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Figure 6.12: Amino acid sequences of recombinant mutant lysozymes.
Residues in the mutants that differ from the HEL sequence are marked in red,
emboldened text.  Shaded areas indicate the residues that contact HyHEL-10.
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Figure 6.13: Presentation of recombinant mutant lysozymes.
Untransfected LK35.2 cells or LK35.2 cells expressing the HyHEL-10 BCR were
cultured with HEL-specific T cell hybridomas (A) 2G7.1 or (B) 1B9.1 in the presence of
graded doses of the different lysozymes. The data are representative of three
experiments.
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6.3 Discussion

6.3.1 Previous work relating BCR affinity and antigen presentation

Early evidence that an antigen-specific BCR could enhance antigen uptake and

presentation to T cells was generated by Rock et al144.  Their experiments made use

of a hapten-carrier system, where B cells carried a hapten-specific BCR and T cells

were specific for epitopes from the carrier protein.  In this situation, presentation of

the carrier protein by the B cells was enhanced 1000-fold when the protein was

modified with the appropriate hapten.  Modification of the carrier with different

haptens had no effect.

Lanzavecchia provided further evidence for the enhancement of B cell antigen

presentation using EBV-transformed human B cells from tetanus-toxoid (TT)

immune donors137.  These experiments involved a protein antigen rather than a

hapten-carrier system.  B cells binding TT with an affinity of between 5¥107 and

2¥108 M-1 were able to present native TT to antigen-specific T cell clones and elicit a

response at 104-fold lower antigen concentrations than those required by non-specific

B cells.

The role of affinity of the BCR has been investigated by Batista and Neuberger80.

They showed that the BCR must have an affinity for antigen of at least Ka = 106 M-1

in order to enhance presentation above the level shown by non-specific B cells.

However, above this threshold, increasing affinity results in more efficient

presentation, i.e. stimulation of T cells occurs at progressively lower antigen

concentrations.  This holds true until a ‘ceiling’ of approximately 1010 M-1, at which

point any further increase in affinity ceases to cause further enhancement of antigen

presentation.  It is interesting to note that the enhancement of presentation seen as the

BCR/antigen affinity is increased could be due to enhanced internalization of the

antigen, or to more efficient processing/targeting of antigen once inside the cell, or

both; it is not possible to distinguish between these situations.

Thus, previously published data all indicate that expression of a high affinity BCR

will lead to substantial enhancement of B cell antigen presentation.  However, I have



Effect of affinity on antigen presentation

115

made the surprising observation that, for certain T cell epitopes of HEL, uptake

through a BCR with a very high affinity (Ka = 5¥1 010 M-1) for HEL gives no

enhancement of antigen presentation.

6.3.2 Effects of the BCR on antigen processing

It is known that binding of a BCR to an antigen can affect processing of that antigen.

Davidson and colleagues performed SDS-PAGE analysis of processed, radiolabeled

antigen to show that antigens are processed differentially depending on the epitopes

that are bound by immunoglobulin152.  It was later shown that in some circumstances

immunoglobulin binding to an antigen can suppress generation of epitopes from that

region of the antigen180.

It was therefore possible that binding of the HyHEL-10 BCR to HEL might be

suppressing generation of the 34-45 and 116-129 epitopes recognised by the 1B9.1

and 3B11.1 T cell hybridomas, resulting in the failure of the BCR to enhance antigen

presentation.  However, the linear distance between the two epitopes is considerable,

with the 46-61 epitope, whose presentation is enhanced by the HyHEL-10 BCR,

lying between them.  In my opinion, it is unlikely that two discontinuous epitopes

could be suppressed in such a manner while an intermediate epitope is unaffected.

Furthermore, on examination of three-dimensional structures generated by X-ray

crystallography183,191, the HyHEL-10 monoclonal antibody binds in a region that

does not coincide with either the 34-45 or the 116-129 epitopes.  This can be seen in

Figure 6.14, which shows a soluble Fv fragment bound to HEL191.

6.3.3 Recycling MHC class II molecules

Studies by Momburg et al.174 showed that the epitopes recognised by 1B9.1 and

3B11.1 differ from the 4G4.1 epitope in that their presentation is not enhanced by

expression of invariant chain, implying that these epitopes were not being loaded on

to newly synthesized MHC class II molecules.  Zhong et al.175 later showed that

recycling of MHC class II molecules could allow presentation of these epitopes in

the absence of newly synthesized MHC class II molecules, a phenomenon first

described by Salamero et al192.
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I therefore established that the epitope recognised by 2G7.1, like that recognised by

4G4.1, is dependent on newly synthesized MHC class II for its presentation.  This

experiment was carried out by using Brefeldin A to block intracellular transport of

newly-synthesized MHC class II molecules.  It is possible that the BFA could have

had a direct detrimental effect on presentation of HEL epitopes.  A control for this

would have been to show that it had no effect on a hybridoma that uses recycling,

rather than newly-synthesized, MHC molecules.  I attempted to use 1B9.1 for this

purpose but fixation of the B cells prevented recognition of the appropriate epitope

by the T cell hybridoma.  An alternative would have been to use 3B11.1; however,

data from Zhong et al.175 indicate that the HEL34-45 epitope recognized by this

hybridoma shows a variable requirement for newly-synthesized versus recycling

MHC molecules (see section 6.3.5).  This could make BFA studies on presentation to

3B11.1 difficult to interpret.

It seemed likely that the presence or absence of enhancement of presentation through

a high affinity BCR could be connected with the use of the two distinct pools of

MHC class II molecules.  Studies by Momburg et al.174 in mouse suggest that

recycling MHC encounters peptides in early endocytic compartments, as presentation

of recycling-dependent epitopes is not affected by chloroquine and acidification of

vesicles is therefore unimportant.  Pinet and Long have shown this to be the case for

human HLA-DR molecules.  They showed that presentation of an epitope of

influenza virus on recycling MHC molecules is insensitive to concanamycin B, an

inhibitor of early endosome to late endosome transport, indicating that loading of

recycling MHC molecules occurs in the early stages of the endocytic pathway177.

This is in contrast to newly synthesized class II molecules that encounter antigen

fragments in highly acidic MIIC vesicles.

6.3.4 Targeting of antigen by the BCR and effects of affinity

Several studies have shown that the BCR is not only important for antigen

internalisation, but also for targeting antigen to appropriate endosomal compartments

in order that it may associate with MHC class II molecules58,78,193.  The requirement

for antigen targeting may vary depending on the affinity of the interaction between

the antigen and the BCR79.  A trans-membrane tyrosine residue in the BCR is
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required for antigen targeting58, although it is not clear whether this motif directly

affects targeting to and retention in particular endocytic vesicles or whether it

associates with chaperone-like molecules.  Iga and Igb, signalling proteins that

associate with membrane immunoglobulin, have also been shown to enhance antigen

presentation52; these proteins are also important in targeting antigens to particular

endosomal compartments.

It is clear, then, that the BCR is important for both internalisation of antigen and

subsequent targeting to particular intracellular locations.  While a high affinity

interaction between antigen and BCR is beneficial for the former, I proposed that it

may not always be so for the latter.  As mentioned previously, processed antigen

must be present in early endocytic compartments in order to meet recycling MHC

molecules.  It seemed possible that a very high affinity BCR/antigen interaction

could lead to inappropriate targeting of antigen deep into the endocytic pathway

where the opportunity to meet recycling MHC class II would have been missed.  If

this were the case, then reducing the BCR/antigen affinity would enhance

presentation of the recycling epitopes.

I have tested this hypothesis with two epitopes of HEL that have been shown to

associate with recycling MHC class II molecules.  In the case of the 116-129 epitope,

recognised by 1B9.1, presentation was indeed enhanced when the BCR/antigen

affinity was reduced, either by using a different, lower affinity BCR or by using

mutant lysozymes with reduced affinity for the HyHEL-10 BCR.  However,

presentation of the 34-45 epitope to 3B11.1 was not enhanced when the D1.3 BCR

was used in place of HyHEL-10.  It is unlikely that the change in binding site had

any effect on presentation as neither binding site overlaps the 3B11.1 epitope.

6.3.5 Presentation of HEL34-45 to 3B11.1

Zhong et al.175 showed that the 1B9.1 and 3B11.1 epitopes behave rather differently

during fluid phase presentation, in that the 3B11.1 epitope can be presented as long

as either newly synthesized MHC molecules can reach the cell surface or MHC

molecules already at the cell surface can recycle.  The 1B9.1 epitope, however, has

an absolute requirement for MHC recycling under these circumstances.  Forquet et
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al.194 investigated antigen uptake via the HyHEL-10 BCR by using splenic B cells

from BCR-transgenic mice on the H-2k background.  Their findings suggest that the

34-45 epitope recognised by 3B11.1 is no longer dependent on recycling MHC class

II molecules for its presentation when targeted through the BCR.

In the light of these data, it is surprising that I have never observed an enhancement

of presentation of 34-45 by the HyHEL-10 BCR.  It is possible that there is some

difference between the BCR-transgenic splenic B cells used by Forquet et al. and the

LK transfectants that I used.  This possibility is supported by additional data

produced by Forquet and colleagues, which showed that targeting of antigen to B

lymphoma cell lines did not enhance presentation to 3B11.1 in comparison to fluid

phase uptake194.  In any case, it would seem that the reason for the failure of the

HyHEL-10 BCR to enhance presentation of this epitope in my system may be

different from the reason for the result observed with the 1B9.1 epitope.

6.3.6 Presentation of HEL116-129 to 1B9.1

Presentation of the 116-129 epitope to 1B9.1 is enhanced 10-fold when the

BCR/antigen affinity is decreased by a factor of approximately 150, comparing

presentation through HyHEL-10 with that through D1.3.  A similar degree of

enhancement is seen when comparing presentation of wild type HEL and the Tetra

mutant, a decrease in affinity of 100-fold.  However, an enhancement of presentation

of around 100-fold is observed when comparing presentation of wild-type HEL to

the 21/101 mutant, a reduction in affinity of around 12-fold.  This suggests that there

may be a balance between having a high enough affinity for efficient internalisation

of the antigen and having a sufficient degree of dissociation of the BCR/antigen

complex in the early part of the endocytic pathway.

6.3.7 A model for presentation of lysozyme to 1B9.1

Figure 6.15 shows a model for the presentation of HEL and 21/101 to the 1B9.1 T

cell hybridoma.  HEL, when binding to a high affinity BCR such as HyHEL-10,

would be predicted to have a relatively low dissociation rate in the mildly acidic,

early endocytic environment.  This may limit the generation of the 116-129 epitope

within the early endosome if the BCR hinders proteolysis.  Consequently, the epitope
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would not be available to bind MHC class II molecules recycling from the cell

surface.  As this epitope is found on a relatively exposed region of the HEL protein,

it is also possible that this early compartment may represent the only opportunity for

its generation; it has been predicted that exposed epitopes may not survive in late

endocytic compartments178.  This is shown in Figure 6.15A.  Conversely, the 21/101

mutant, internalizing via the same BCR, will exhibit a higher degree of dissociation

in the early part of the pathway due to the lower affinity interaction between BCR

and antigen.  This will allow increased access to recycling MHC class II molecules

and presentation to the 1B9.1 T cell hybridoma (Figure 6.15B).

These predictions could be tested by allowing LK35.2HyHEL-10 B cells to bind

either HEL or the 21/101 mutant at 4°C, warming them to 37°C to allow

internalization for different lengths of time and then removing any non-internalized

antigen from the surface.  The cells would then be lysed, followed by

immunoprecipitation of the HyHEL-10 BCR and western blotting.  The blot would

be probed with a HEL-specific antibody that binds in a different region from

HyHEL-10; this would show whether HEL was still present in association with the

HyHEL-10 BCR.  If the predictions are correct, the BCR/antigen complex should

dissociate more quickly in the cells given 21/101 than in the cells given wild-type

HEL.  An alternative method to detect the antigens would be to radio-label them; this

method would avoid the need for western blotting but it would be important to

ensure that radiolabelling the antigens did not affect their affinity for the BCR.  The

location of the complexes within the cells could be determined by taking cells that

had internalized the different antigens for varying lengths of time, carrying out sub-

cellular fractionation on density gradients and testing the fractions for the presence of

HEL.  Fluorescence microscopy could also be used to track the localisation of

HEL/BCR complexes within cells.  Staining with the HyHEL-10 antibody shows

only free HEL, whereas staining with an antibody that binds HEL in a region

different from that bound by HyHEL-10 allows binding of all HEL, whether free or

in association with the BCR195.  In this way, information about HEL/BCR complexes

can be deduced.  Co-staining with markers for early and late endosomes, for

example, would allow localisation; the model would predict that BCR/antigen
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complexes would be present earlier in the endocytic pathway in 21/101-pulsed cells

than in those pulsed with wild-type HEL.

6.3.8 Implications for affinity maturation

My finding that reducing the affinity between an antigen and a B cell receptor can

actually enhance presentation of a particular T cell epitope from that antigen has

important implications for the progression of humoral immune responses.  Affinity

maturation of an antibody response involves somatic hypermutation of B cell

receptors and selection of the ‘best’ binders, followed by differentiation into

antibody-secreting plasma cells as well as memory B cells.  This series of events can

be reconciled with my finding in two ways.  One possibility is that the epitope will

continue to be presented throughout the immune response; this has the implication

that affinity maturation does not necessarily equate with affinity increase.  The other

possibility is that the repertoire of epitopes presented will change during the course

of the immune response.  It is known that epitopes presented by recycling MHC

molecules are presented more rapidly than epitopes that are loaded on to newly

synthesized MHC class II196; presentation on recycling molecules can be seen after

as short a time as fifteen minutes, compared with at least an hour for presentation on

new MHC class II molecules178.  The two modes of presentation can occur within a

single pathogen-derived antigen, with one epitope being presented rapidly and

another following the slower route197.  It may therefore be the case that presentation

of exposed epitopes from an antigen occurs early in the immune response via

recycling MHC class II, when the affinities of BCRs for the antigen are still

relatively low.  As the response develops, epitopes that are more deeply buried

within the antigen will be generated and presented on new MHC molecules.  These

epitopes may be favoured by the increasing affinity of BCRs for the antigen, as

BCR/antigen complexes will persist through to the late endocytic compartments.

The higher affinity will also enhance internalization of the antigen.

It is difficult to predict which of the two possibilities described above is correct,

although in my opinion the latter seems more likely.  Selection of centrocytes after

somatic hypermutation involves binding of antigen through the BCR.  However,

there are two ways in which this antigen/BCR interaction could lead to survival
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signals.  Firstly, signalling through the BCR and downstream phosphorylation events

could directly lead to the generation of survival signals.  Under these circumstances

it seems likely that the affinity of the interaction would be proportional to the level of

the survival signal; in terms of Reth’s model (discussed in section 1.7), a higher

affinity interaction may induce a greater distortion of the BCR array, reducing

repression of BCR signalling.  This would fit with the idea that recycling epitopes

may be presented less as the immune response progresses since high affinity

interactions would be favoured.  Secondly, uptake and presentation to CD4+ T cells

could lead to the generation of survival signals for the B cell.  In this scenario the

level of survival signals would be related to the level of antigen presentation rather

than affinity, so it would fit with the idea that cells with lower affinities may actually

be preferentially selected.

6.3.9 Implications for responses to pathogens

It has become apparent that many pathogens of both human and mouse contain

epitopes that are loaded on to recycling MHC class II molecules (reviewed by

Robinson and Delvig198).  It would be interesting to determine whether my result

obtained with the 116-129 epitope of HEL is applicable to these pathogen-derived

epitopes.  The affinity range investigated with the panel of lysozymes ranged from

5¥1010 M-1 to 5¥108 M-1, with the optimum affinity for presentation of the 116-129

epitope lying between these values.  This is a reasonably narrow affinity range, given

that cells expressing a BCR with an affinity of above 106 M-1 for antigen are able to

show differential presentation compared with cells lacking a BCR80.  However, the

principle of reduced BCR/antigen affinity leading to enhanced presentation of

recycling epitopes may be applicable to pathogen-derived epitopes over different

affinity ranges.

6.3.10  Implications for autoimmunity

The finding that a low affinity interaction between a BCR and its antigen can

enhance presentation of certain T cell epitopes may be important when considered in

the context of autoimmunity.  Myelin basic protein (MBP) is a component of the

myelin sheath surrounding nerves and has been implicated in the pathogenesis of

multiple sclerosis.  Certain epitopes of this protein are now known to be presented on
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recycling MHC class II molecules196.  Another auto-antigen, type II collagen, is

implicated in rheumatoid arthritis.  Presentation of an immunodominant epitope from

this protein has been characterised as being independent of the HLA-DM molecule, a

non-classical MHC class II molecule involved in CLIP removal and peptide loading

of newly synthesized classical MHC class II molecules, suggesting that it also loads

on to recycling MHC molecules199.  It would be interesting to determine how the

affinity between auto-antigens and specific BCRs affects presentation of these

epitopes.  It has been assumed that deletion or anergy of developing B cells that bind

self-antigen with high affinity will prevent autoreactivity.  However, if a lower

affinity interaction between BCR and an auto-antigen leads to better presentation of

an immunodominant T cell epitope then this could lead to the generation of

functional autoreactive cells.

6.3.11  Summary

I have shown that, under certain circumstances, a decrease in the affinity between a

BCR and its antigen can result in enhancement of antigen presentation.  This can

occur when the epitope recognised by the associated T cells is loaded on to recycling,

rather than newly synthesized MHC class II molecules.  I predict that this is due to

greater dissociation of the BCR/antigen complex early in the endocytic pathway.

The principle of increased antigen presentation in the context of a lower affinity

interaction between the antigen and the BCR has a number of implications for

humoral immune responses in the context of affinity maturation and responses to

pathogens as well as auto-antigens.
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Figure 6.14: Location of the HEL T cell epitopes (black) recognized by
hybridomas 1B9.1 and 3B11.1 in relation to the predicted HyHEL-10 BCR
binding sites.
The HEL antigen is shown in yellow, complexed to a soluble Fv fragment (brown) from
the HyHEL-10 antibody193.
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Figure 6.15: A model for enhanced presentation of recycling MHC class II-
binding T cell epitopes dependent on reduced antigen/BCR affinity.
(A) High affinity wild-type lysozyme binds to the HyHEL-10 BCR and is internalized
into a clathrin-coated vesicle (CCV).  The complex remains largely intact and
progresses through endocytic vesicles (EV) until reaching MHC class II-rich
compartments (MIIC) where the 1B9.1 T cell epitope is destroyed by proteolysis.  (B)
The 21/101 lysozyme binds with a lower affinity to the HyHEL-10 BCR but is still
internalized into the CCV.  As this complex progresses into the EV it begins to
dissociate, allowing generation of the 116-129 T cell epitope.  The presence of MHC
class II molecules that have recycled from the cell surface into the EV allows the
formation of MHC-peptide complexes that travel to the cell surface and stimulate the
1B9.1 T cell hybridoma.
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7 Discussion

7.1 Aims of the project

The research in this thesis has focused on the factors influencing the uptake and

presentation of antigen by B cells.  This work has involved two main aspects of B

cell uptake and presentation of antigen.  One aspect involved the development of a

system for studying the uptake of antigen tethered on FDCs, with a view to

investigating the factors that influence this transfer of intact antigen between two

cells.  The other aspect focused on the uptake and presentation of soluble antigen,

studying the effects of the interaction between the B cell receptor and the antigen.

The work carried out on the transfer of antigen from FDCs to B cells involved setting

up an in vitro system consisting of ex vivo FDCs isolated from immunized mice,

together with antigen-specific B cell transfectants and T cell hybridomas and lines.

Considerable progress was made in that evidence of antigen transfer was observed in

a TTCF-specific system.  However, further work remains to be carried out to clarify

the nature of the cells acting as a source of intact antigen.  I believe that it will be

important to develop this system in order to understand better the role of FDCs in the

humoral immune response.  Furthermore, a greater understanding of the mechanisms

by which FDCs maintain antigen could lead to advances in human and veterinary

medicine, as discussed in section 7.2 below.

While cell-bound antigen is likely to be a major source of antigen for B cells, it is

also probable that they will encounter soluble antigen.  As discussed in earlier

chapters, many studies have been carried out to date on the uptake and presentation

of soluble antigen by B cells, all of which have indicated that an increase in the

affinity of the BCR for an antigen enhances presentation of that antigen to T cells.

However, I have shown that, under certain circumstances, a lower affinity interaction

can actually enhance presentation.  Specifically, I have investigated the presentation

of an antigen to a T cell hybridoma recognizing an epitope in the context of recycling

MHC class II molecules.  Presentation is enhanced when a BCR of moderate, but not

high, affinity for the antigen is expressed by the B cells.  This has implications for
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the development of immune responses both to pathogens and to self-antigens, as

discussed previously.  However, it is also important to consider how the tethering of

antigen to an FDC may influence its uptake and processing, as discussed in section

7.3.

7.2 Clinical implications of antigen maintenance by FDCs

A deeper understanding of antigen maintenance on FDCs is clearly important from

the perspective of furthering insight into the mechanisms of normal immune

responses.  However, FDC-mediated maintenance of antigen is also known to be

subverted during disease processes, giving rise to immediate clinical implications.

Examples of such disease processes are retroviral infection, specifically the human

immunodeficiency virus (HIV), and the transmissible spongiform encephalopathies

(TSEs) such as scrapie, bovine spongiform encephalopathy (BSE) and Creutzfeld-

Jacob disease (CJD).

The HIV virus is responsible for the disease known as Acquired Immuno-Deficiency

Syndrome (AIDS), which was responsible for approximately three million deaths

world-wide in 2002200.  FDCs have long been known to be a depot for HIV virus201.

Infectious HIV particles localize on FDCs and can regain infectivity even when

previously neutralized by antibodies202.  The FDCs are able to transmit the HIV virus

to CD4+ T cells203 and are able to maintain infectious HIV particles even when

replication is unable to take place204.  Mathematical modelling by Hlavacek et al.

predicts that FDCs are likely to be the main depot for HIV91.  It is therefore of great

clinical relevance to understand the nature of the interaction between the HIV virus

particles and the FDCs, as this may allow disruption of FDC trapping of virus

particles to be used as an additional therapy in conjunction with the anti-retroviral

drugs already in use.  This is especially important in the light of evidence that the

virus persists on FDCs during antiretroviral theory, leading to a resurgence of the

infection when treatment is stopped204,205.

HIV binding to human FDCs has been shown to be dependent on complement206.  Fc

receptors and antibody have also been shown to be required207.  It may therefore be
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possible to disrupt the interaction between FDCs and the virus by using blocking

antibodies against these receptors.  However, both CR2 and Fc receptors have roles

on cells other than FDCs; blocking these receptors could therefore have detrimental

effects on the immune regulation of, for example, B cells.  Furthering current

understanding of the interaction between the virus and FDCs could lead to the

development of more subtle approaches to disrupting the viral reservoir without

causing excessive perturbation of the immune system as a whole.  Use of the in vitro

assay to extend current knowledge of antigen retention on FDCs could facilitate such

developments, which could then be tested using murine models of HIV infection.

The TSEs have become a high profile group of diseases, due to both the economic

impact of the livestock diseases scrapie and BSE and the medical impact of the

spread of TSEs to humans in the form of CJD.  The cause of these diseases has been

controversial but much evidence indicates that transmission is purely through

conformational changes in prion proteins, without nucleic acid involvement

(reviewed by Jackson and Collinge208).  Prion proteins have been shown to associate

with FDCs both in mouse models and in natural disease209,210.  Natural infection with

a prion disease usually occurs in the periphery and a key process in disease

progression is the migration of the disease to the brain.  FDCs have been implicated

in this process, as the secondary lymphoid organs are highly innervated, providing a

route to the brain.

There has been much controversy over the role of FDCs in TSE pathogenesis.

Studies by Manuelidis and colleagues using mouse models have suggested that CJD

can spread from the periphery to the brain in the absence of FDCs211,212.  However,

Bruce and colleagues have contrasting data demonstrating that mice lacking FDCs

are protected against neuroinvasion of the prion disease213,214 and that even a

temporary abrogation of FDCs can hinder the neuroinvasion process215.  It has been

suggested that differences in the prion strains used in the two sets of experiments

may account for the discrepancies208.  Despite the controversy, it appears that FDCs

have a role to play in the disease processes associated with at least some strains of

pathogenic prions.  Work by Klein et al. showed that, while Fc receptors appear to be

uninvolved in a murine model of scrapie pathogenesis, mice lacking complement
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receptors or various complement components were partially or fully protected

against the disease216.  It is likely, therefore, that continued investigation of the

nature of antigen retention on FDCs, using an in vitro antigen transfer assay together

with ex vivo FDCs, could lead to further insight into TSE pathogenesis.

7.3 Comparison of soluble and FDC-bound antigen

Davidson et al. showed that the BCR influences antigen processing depending on the

location of the ‘footprint region’ of the antigen that is bound by the BCR; BCRs of

differing specificities can therefore give rise to different ranges of peptide

fragments152.  However, additional immunoglobulins that are not part of the BCR can

also affect presentation of an antigen, whether in soluble form or as part of an

immune complex.  The outcome of binding of an immunoglobulin to a region of an

antigen containing a particular T cell epitope can vary dramatically, with

presentation of some epitopes being enhanced while presentation of other epitopes is

markedly reduced180,217.

These results may have implications for the uptake of antigen tethered on FDCs.

Tethering is thought to occur through receptors for antibody Fc regions and

complement components.  If antigen is tethered via Fc receptor/antibody complexes

then the antigen may have an additional immunoglobulin bound to it when it is taken

up by the B cell.  This could have either positive or negative effects on the ability of

the B cell to process the antigen.  If the antibody recognizes the same ‘footprint’

region of the antigen as the BCR then uptake of the antigen may also be affected,

depending on whether the antigen contains repetitive structures.  Tethering via

complement receptors could also affect antigen processing; it has been shown that

the linking of C3b (the active precursor of the C3d fragment that binds to CR2) to an

antigen alters the rate and specificity of proteolysis153.

It is very likely that FDC-derived antigen will have antibody or complement proteins

bound to it at the point of uptake by a B cell. There is some controversy regarding

the exact form in which FDC-derived antigen is taken up; Szakal et al. showed that

antigen is arrayed on the surface of FDCs in structures of approximately half a
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micron in diameter, termed ‘iccosomes’163, and describe a process of iccosome

release with B cells taking up these immune complex-coated bodies (reviewed by

Tew et al.93).  Under these circumstances, the antigen would still be in association

with antibody and/or complement proteins.  However, it is unclear as to how

physiologically relevant this process of iccosome release may be, as FDCs are fragile

cells and it is possible that experimental manipulation could cause detachment of

iccosomes from the remainder of the FDC membrane.

Batista and Neuberger demonstrated that B cells can actively extract antigen from a

surface, giving rise to an alternative mechanism by which B cells could acquire

antigen from FDCs81.  Antigen could be pulled away from a tethering antibody

covalently attached to a plastic plate.  If the antigen itself were attached covalently to

plastic then it could not be taken up.  However, later work showed that membrane-

integral proteins can actually be extracted and processed by B cells82.  It is surprising

to note that

“extraction could also occur if the extracting BCR was of relatively weak affinity and
the tethering (of antigen to an antibody) was strong”

implying an active extraction process81.  If antigens were actively extracted from

FDCs, it is likely that, as with the proposed iccosome mechanism, the antigen would

remain associated with antibody or complement components (shown in Figure 7.1),

as discussed below.

In the case of C3d-coated antigens (Figure 7.1A), tethering occurs via CR2 (Panel 1).

The C3d-coated antigen could be pulled away, leaving CR2 behind on the FDC

(Panel 2).  Alternatively, according to the work of Batista and Neuberger81, the

complex complete with CR2 could be extracted from the FDC (Panel 3).  The link

between C3d and the antigen is covalent, and is thus far less likely to be broken than

either the membrane attachment of CR2 or the interaction between CR2 and C3d.

In the case of antibody/antigen complexes (Figure 7.1B), tethering occurs via

FcgRIIb (Panel 1).  The antibody-coated antigen could be pulled away from the Fc

receptor (Panel 2), or the complete antigen/antibody/Fc receptor complex extracted

from the FDC (Panel 3).  In this case, the interaction between antigen and antibody is
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non-covalent, so it is possible that ‘bare’ antigen could be pulled away by the B cell,

leaving the antibody bound to the Fc receptor (Panel 4).  The relative probabilities of

the outcomes shown in Panels 2 and 4 are likely to be determined by whether the

affinity of the antibody for the antigen is higher than that of the Fc receptor for the

antibody.  The affinity of human FcgRIIb for antibody is in the order of 106 M-1 218.

The affinity of the antibody for antigen would vary hugely.  During a secondary

immune response, it is likely to be at least 106 M-1, since the affinity of a BCR for an

antigen must be at least 106 M-1 for specific uptake of the antigen to occur, which

would be required for the production of specific antibody.  It would therefore be

more likely that the interaction between antibody and Fc receptor would be disrupted

(Panel 2) than that between the antibody and the antigen (Panel 4).  However, in a

primary response, low affinity natural antibodies could be involved.  Ochsenbein and

Zinkernagel describe the range of avidities of natural antibodies as between 2¥102

and 2¥1010 M-1; presumably this would reflect the affinities of IgG natural antibodies

since they would be monomeric219.  Under these circumstances, the outcome shown

in Figure 7.1B, Panel 4 would perhaps be more likely than that shown in Panel 2,

leading to uptake of ‘bare’ antigen by B cells.  However, it is questionable whether

antigen would remain in association with antibodies of such low affinities.  Overall,

it seems probable that much antibody-coated antigen would remain so upon

extraction from FDCs.

If antigens are extracted from FDCs with their antibody- or complement-derived

ligands still attached, whether in the form of iccosomes or immune complexes

actively extracted from an FDC, then there is a distinct possibility that these ligands

could affect the processing of the antigens as described above.  I have demonstrated

in this thesis that a T cell epitope that requires loading on to recycling MHC

molecules is preferentially generated when a soluble antigen is taken up by a

moderate affinity BCR rather than one of high affinity.  It would be particularly

interesting to see whether this effect still occurs when antibody- or complement-

coated antigen is extracted from a cell surface.  The additional ligands could

potentially mask the exposed region of the antigen containing the T cell epitope,

preventing it from accessing recycling MHC molecules but preserving it for loading
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on to newly synthesized MHC class II.  If this were the case, presentation of the T

cell epitope may now be enhanced by an increase in the affinity of the BCR for the

antigen.

7.4 Summary

Two aspects of B cell uptake and presentation of antigens have been studied; uptake

of soluble antigen and also uptake of antigen tethered on FDCs.  The work involving

soluble antigen allowed a new discovery to be made concerning the effects of

BCR/antigen affinity on antigen presentation.  The FDC in vitro assay may, after

further development, allow a better understanding of the factors affecting uptake of

membrane-tethered antigen by B cells.  This would advance current understanding of

the initiation of immune responses and could also generate ideas for potential

treatment of HIV and TSE infections.
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Figure 7.1: Possible modes of B cell antigen extraction.
Antigen is shown either coated with complement component C3d and tethered via
CR2 (A) or coated with antibody and tethered via Fc receptors (B).  Panel 1: Antigen
tethered to an FDC.  Panel 2: Coated antigen is pulled away from the receptor.  Panel
3: The receptor is pulled away from the membrane, producing antigen coated with
C3d/CR2 (A) or antibody/Fc receptor (B).  An additional possibility, ‘bare’ antigen
being pulled away from the coating antibody, is shown in B, Panel 4.
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8 Materials and Methods

8.1 Animals

Mice were maintained under specific pathogen free conditions in the animal facilities

of the College of Science and Engineering at the University of Edinburgh.  C57Bl/6

and CBA mice were bred in house.  Cr2-/- mice were kindly provided by Michael

Carroll (Harvard Medical School, Boston, USA); breeding pairs were set up in filter

cages and the colony was maintained under similar conditions as the wild-type mice.

Female mice were immunized at between 6 and 12 weeks of age and were age-

matched as closely as possible.  All experiments involving animals were carried out

under appropriate personal and project licences in accordance with Home Office and

University of Edinburgh regulations.

8.2 Antigens

8.2.1 Tetanus toxin recombinant C fragment (TTCF)

NovaBlue (DE3) E.coli (Novagen, Madison, WI, USA) were transformed with the

open reading frame of TTCF as an N-terminal histidine10 fusion in pET-16b135.

Transformed bacteria were grown in the presence of tetracycline (12.5µg/ml) and

ampicillin (50µg/ml) to select for the host strain and the plasmid respectively.

Single colonies were grown up in 10 litres Luria-Bertani broth containing

tetracycline and ampicillin by John White, Department of Chemistry, University of

Edinburgh.  Protein expression was induced with isopropyl-beta-D-

thiogalactopyranoside (IPTG) at a final concentration of 25µg/ml during the log

phase of growth.  Bacteria were harvested, frozen at -80°C, lysed in 300ml B-Per

reagent (Pierce Biotechnology, Rockford, IL, USA) and centrifuged at 27,000 ¥ g.

Supernatants were filtered through a 0.2µm syringe filter and loaded on to a nickel-

charged HiTrap chelating column connected to an ÄKTAprime chromatography

system (Amersham Biosciences, Little Chalfont, Bucks, UK).  The equilibration

buffer was IMAC 25 (Tris-HCl 100mM pH8.0, NaCl 500mM, imidazole 25mM).

Histidine-tagged protein was eluted using IMAC 200 (Tris-HCl 100mM pH8.0, NaCl
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500mM, imidazole 200mM).  Fractions were subjected to SDS-PAGE; fractions

found to contain protein of the appropriate molecular weight were dialysed

extensively against PBS before storage at -80°C.

eGFP-TTCF was purified in a similar manner from a construct consisting of pET-

16b containing the open reading frames of eGFP and TTCF as an N-terminal

histidine10 fusion (made by Andrew Knight).  Cultures were grown by Pam Beattie,

Institute for Cell and Molecular Biology, University of Edinburgh.  This construct

was transformed into Origami (DE3) pLysS E. coli (Novagen) and the bacteria

grown in the presence of chloramphenicol (34µg/ml), kanamycin (15µg/ml),

tetracycline (12.5µg/ml) and ampicillin (50µg/ml) to select for host strain,

thioredoxin reductase gene, glutathione reductase gene and plasmid respectively.

The harvested bacteria were additionally disrupted using a Z plus cell disrupter

(Constant Systems Ltd, Daventry, UK).

8.2.2 Lysozymes

Wild-type hen egg lysozyme was purchased from Sigma (Poole, Dorset, UK) and

dialysed extensively against PBS.  Japanese quail egg lysozyme was purified by

cation exchange from eggs kindly provided by the Roslin Institute, Edinburgh.

Approximately 100ml albumen were obtained from ten eggs.  The egg-white was

then diluted 1 in 5 with 0.1M ammonium acetate, pH 9.0 and incubated, rotating,

with 120ml carboxy-methylsepharose (CM-sepharose; Amersham Biosciences)

overnight at 4°C.  The CM-sepharose was washed four times in the same buffer and

packed into a column.  The lysozyme was eluted using 0.5M ammonium acetate, pH

9.4.  A contaminating band of 45kDa was separated from the 14kDa lysozyme by

size exclusion chromatography on a G-100 column (Amersham Biosciences),

following extensive dialysis into 0.1M sodium phosphate buffer, pH 8.0, containing

0.1M sodium chloride.  J558L plasmacytoma transfectants expressing the

recombinant HEL mutants [R21, D101] and [R21, D101, G102, N103] were kindly

provided by Facundo Batista80. Mutant lysozymes were purified by cation exchange

on CM-sepharose as above, except that pre-packed CM-sepharose columns were

used in conjunction with the ÄKTAprime chromatography system.
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8.3 Immunizations

For FDC isolation, antigens were alum precipitated as follows: antigen was prepared

at 1mg/ml in PBS and an equal volume of 9% w/v aluminium potassium sulphate

solution (Sigma).  1M NaOH was used to raise the pH and induce the formation of an

aluminium hydroxide/antigen precipitate.  Phenol red was used as an indicator for the

titration.  The precipitate was washed extensively in PBS and adjusted to 1mg/ml

antigen.  Heat killed Bordatella pertussis (Lee Laboratories, Grayson, Georgia,

USA) added to a final concentration of 109  bacteria per ml.  Mice were immunized

i.p. with 300µl alum precipitated antigen with B. pertussis.

For generation of T cell lines, antigens were emulsified in complete Freund’s

adjuvant (CFA; Sigma).  Immunizations were carried out sub-cutaneously in one

footpad and both legs, with a total of 100µg antigen injected per mouse.

8.4 Tissue culture

8.4.1 Media and culture conditions

Cells were maintained at 37oC in the presence of 5% CO2.  Culture products were

purchased from Invitrogen (Paisley, UK) unless otherwise stated.  Cells were grown

in RPMI-1640 containing 10% FCS (First Link Ltd., West Midlands, UK), 100µg/ml

kanamycin, 2mM glutamine, 1mM sodium pyruvate, non-essential amino acids and

50µM b-mercaptoethanol (Sigma) unless otherwise stated.

8.4.2 B cell lines

The mouse H-2 I-A/Ed/k B cell lymphoma LK35.2 is described by Kappler et al.146

LK35.2 transfectants expressing the HEL-specific BCRs D1.3 and HyHEL-10 were a

kind gift from Facundo Batista80.

The mouse H-2 A/Ed B cell lymphoma A20 is described by Kim et al.145.  A20

transfectants expressing the TTCF-specific BCR 11.3 were made by Andrew

Knight54.
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The mouse H-2 I-A/Ek  B cell lymphoma CH27 is described by Haughton et al.147

CH27 cells did not originally express CR2 but were transfected with a construct

encoding murine CR2 by Denise Barrault32.  The CH27 cells expressing murine CR2

were also transfected with the TTCF-specific 11.3 BCR32.

8.4.3 T cell hybridomas

The H-2k restricted, HEL-specific T cell hybridomas 1B9.1, 3B11.1, 4G4.1134 and

2G7.1220 were a generous gift from Luciano Adorini (see Table 8.1). The H-2d

restricted, TTCF-specific T cell hybridomas 3A5 and 4A8 were a kind gift from

Antony Antoniou138 (see Table 8.2).  T cell hybridomas were seeded at 3¥1 03

cells/ml every second day.

Name HEL peptide specificity Amino acid sequence MHC class II

restriction

1B9.1 116-129 KGTDVQAWIRGCRL Ak

3B11.1 34-45 FESNFNTQATNR Ak

4G4.1 46-61 NTDGSTDYGILQINSR Ak

2G7.1 1-18 KVFGRCELAAAMKRHGLD Ek

Table 8.1: HEL-specific T cell hybridomas.
Amino acid numbers exclude the leader sequence and begin at the first amino acid of
the mature protein.

Name TT peptide specificity Amino acid sequence MHC class II

restriction

3A5 1130-1146 LIPVASSSKDVQLKNIT H-2d

4A8 935-951 VHKAMDIEYNDMFNNFT H-2d

Table 8.2: TTCF-specific T cell hybridomas.
Amino acid numbers refer to the complete amino acid sequence of tetanus toxin.
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8.4.4 T cell lines

The H-2d restricted, TTCF-specific T cell line was a generous gift from Antony

Antoniou138.  The H-2k restricted, TTCF-specific T cell line was generated from

CBA mice immunized as detailed in section 8.3.  10 days after immunization, a

single cell spleen suspension was made in X-Vivo 15 media (BioWhittaker,

Walkersville, MD, USA) supplemented with 100µg/ml kanamycin, 2mM glutamine,

50µM b-mercaptoethanol and 1.5µg/ml TTCF.  Cells were plated out into 24 well

plates at 5x106cells/ml.  Cells were then re-stimulated with antigen, initially every 2

weeks.  Approximately 2x105 T cells were mixed with 5x106 freshly irradiated CBA

splenocytes in the presence of 1.5µg/ml TTCF.  The third re-stimulation was as

before but with the inclusion of 5% T cell growth factor (a kind gift from Antony

Antoniou, Dundee University) prepared from Sprague-Dawley rat spleen cells as

described221.  After the fourth re-stimulation the line was maintained in RPMI-1640

supplemented with 100µg/ml kanamycin, 2mM glutamine, 50µM b-mercaptoethanol

and 5% heat-inactivated FCS and re-stimulated as before.  Andrew Knight used a

panel of 88 overlapping 17-mer peptides (a kind gift from Colin Watts, Dundee

University) spanning the entire length of TTCF to establish that the dominant

specificity of this line was targeted to amino acids 1028-1043 of tetanus toxin

(ANKWVFITITNDRLSS)32.

8.4.5 Antigen presentation assays

Duplicate wells of 200µl culture medium were set up containing graded doses of

antigens together with B and T cells.  In some experiments, purified FDCs or other

cells obtained during the purification were used in place of soluble antigen (see

section 8.5).  For lysozyme assays, 2¥104 B cells and 5¥104 T cells were used.  For

TTCF assays, 105 B cells were used, together with either 105 T hybridoma cells or

2¥104 cells from a T cell line.  Assays were incubated at 37oC for 24 hours in the

presence of 5% CO2 and then frozen.  T cell stimulation was measured as IL-2

release by incubating 50µl assay supernatant with 5¥103 IL-2-dependent HT-2 cells

in 50µl for 42 hours.  HT-2 proliferation was assessed either by [3H]-thymidine

incorporation during the final 18 hours (see section 8.4.6), or by measuring IL-2
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production using an ELISA.  Error bars represent the standard error of the mean from

duplicate wells.

8.4.6 3H-thymidine incorporation

[Methyl-3H]-thymidine with a specific activity of 3 TBq/mmol was purchased from

ICN (Basingstoke, UK).  18.5 kBq were added to each well for the final 18 hours of

culture of an assay.  Plates were harvested on to printed filter mats (Wallac, Turku,

Findland) using a Mach IIIM Tomtec harvester (Wallac).  The mats were dried by

heating and Meltilex scintillation wax (Wallac) melted on to them.  A Trilux 1450

Microbeta scintillation counter (Trilux, Arnsberg, Germany) was used to count the

assays.

8.4.7 Brefeldin A treatment

For the assay to establish whether 2G7.1 required newly synthesized MHC class II,

LK35.2 cells were pre-treated with BFA (Calbiochem, San Diego, CA, USA) for 20

minutes at a final concentration of 10µg/ml, pre-treated with DMSO (Sigma) at the

same concentration as a vehicle control, or were maintained untreated in normal

medium. HEL was added to a final concentration of 250µM for 6 hours, maintaining

the initial BFA or DMSO treatment in those samples that had been pre-treated.  The

cells were washed three times and fixed in 4% paraformaldehyde in PBS for 2

minutes, followed by neutralization with an equal volume of 0.1M glycine, pH 7.4.

The cells were washed a further three times and incubated with 2G7.1 T hybridoma

cells for 24 hours.  The assay was then processed as above. Error bars represent the

standard error of the mean from triplicate wells.

8.5 FDC isolation

The procedure for isolation of murine FDCs was based on a method of Kosco132.

Between 5 and 10 mice were used per experimental group; all quantities of reagents

are given per group of 5 mice and were scaled up as appropriate.  Mice were

immunized i.p. with 300µg alum-precipitated antigen containing killed B. pertussis

as outlined in section 8.3.  A similar boost immunization was given after two weeks.

Cell isolation was typically carried out three days after the boost immunization but
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longer time periods were used where specified.  One day prior to cell isolation, mice

were irradiated by exposure to 600 rad using a caesium source.

All cell manipulations were carried out using cut-off Pasteur pipettes or wide bore

micropipette tips.  Cells were maintained at 4°C unless otherwise stated.  On the day

of cell isolation, immunized and irradiated mice were humanely killed by cervical

dislocation.  Spleens were removed into basic FDC medium (RPMI-1640 containing

2mM L-glutamine, 50U/ml penicillin and 50µg/ml streptomycin).  Spleens were

injected with 9ml pre-warmed digest mix (basic FDC medium containing 2.4mg/ml

type IV collagenase (Worthington, Lakewood, NJ, USA) and 1mg/ml DNAse I

(Sigma)) and incubated at 37°C for 20 minutes.  The digested tissue was gently

teased apart and pipetted up and down using a cut-off Pasteur pipette.  The cell

suspension was transferred into 15ml ice-cold stop solution (basic FDC medium

containing 20% FCS).  The remaining tissue was bathed in 9ml more digest mix for

20 minutes at 37°C, pipetted gently up and down and the cell suspension transferred

as above.  A final digestion step was carried out, after which all cells and remaining

tissue fragments were transferred to the stop solution.  The tissue fragments were

allowed to settle out for 5 minutes; the cell suspensions were then transferred to fresh

tubes.

Red blood cell lysis was performed as follows: Cells were centrifuged for 7 minutes

at 450 ¥ g and the supernatant discarded.  Cells were resuspended in 3ml basic FDC

medium plus 12ml haemolytic Gey’s solution (130mM NH4Cl, 5mM KCl, 0.16mM

Na2HPO4, 0.176mM KH2PO4, 5.5mM glucose, 1mM MgCl2, 0.26mM Mg2SO4,

1.5mM CaCl2,13.4mM NaHCO3) for 2 minutes.  Cells were immediately washed

twice, resuspended in 2ml basic FDC medium and counted.  100µl of DNAse I

solution (10mg/ml) were added.

Cell separations were carried out as follows: Cells were loaded on to pre-formed

continuous density gradients with a range of 1.02 – 1.09 g/ml (49.2% Percoll

(Amersham), 0.15M NaCl, 20mM Hepes; centrifuged at 22,000 ¥ g for 20 minutes in

the absence of braking).  A maximum of 2¥108 cells were loaded on to each gradient.

An additional gradient was loaded with density marker beads (numbers 2-6,
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Amersham).  Gradients were centrifuged at 450 ¥ g for 30 minutes in the absence of

braking.  The lower density upper band of cells was recovered; additionally, the

higher density lower band was sometimes also recovered.  Cells were washed twice

in basic FDC medium and resuspended in complete FDC medium (basic FDC

medium with 5% FCS).  Cells were counted and resuspended at approximately

4¥106/ml, plated out in small, tissue culture-treated Petri-dishes (5ml per dish, at a

maximum of 2¥107 cells per dish) and incubated for 1 hour at 37°C.  Non-adherent

cells were recovered and resuspended in appropriate medium for subsequent

procedures.
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8.6 Fluorescence techniques

8.6.1 Reagents

Specificity Clone or reagent name Label Source

FDC-m2 antigen FDC-m2 Biotin AMS

CR2 7G6222 FITC In-house

CD19 1D3223 FITC In-house

MHC class II M5/114224 FITC In-house

F4/80 CI:A3-1 Biotin Caltag

Thy-1 (CD90) T24225 Biotin In-house

IgD Polyclonal Unlabelled* The Binding Site

Sheep IgG Polyclonal Biotin The Binding Site

Germinal centre

B  cells

Peanut agglutinin (PNA) FITC Vector

Laboratories

Biotin Streptavidin FITC Southern Biotech

Table 8.3: Reagents used for fluorescence applications.
Suppliers were AMS Biotechnology Ltd., Abingdon, Oxon, UK; The Binding Site,
Birmingham, UK; Vector Laboratories, Peterborough, UK; Southern Biotech,
Birmingham, Alabama, USA; Caltag MedSystems Ltd., Tadcester, North Hants, UK.
Biotinylated antibodies were detected with streptavidin-FITC.  Commercially bought
reagents were used at the manufacturer’s recommended dilution.  Reagents produced
in-house  were used at dilutions determined empirically for each batch. *Sheep anti-
IgD was detected with biotinylated anti-sheep antibody followed by streptavidin-FITC.

8.6.2 Flow cytometry

Cells were plated out at 1-5¥105/ml per well in U-bottomed 96 well plates.  Samples

were washed twice in FACS buffer (PBS containing 2% FCS), resuspended in 100µl
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antibody diluted in FACS buffer and incubated on ice for 30 minutes.  The cells were

washed four times and, if necessary, stained with a secondary antibody.  Samples

were resuspended in 200µl FACS buffer and analysed using a FACScalibur flow

cytometer and CellQuest software (Becton Dickinson, Mountain View, CA, USA).

10,000 events were typically collected.  Subsequent data analysis was carried out

using FlowJo software (TreeStar).

8.6.3 Fluorescence microscopy of spleen sections

Murine spleens were embedded in Cryo-M-Bed compound (Bright Instrument Co.,

Huntingdon, UK) and 5µm sections cut using a CM1510 cryostat (Leica

Microsystems (UK) Ltd., Knowlhil, Bucks, UK).  Sections were transferred to multi-

spot microscope slides (C.A. Hendley, Essex, UK) and fixed in acetone for 10

minutes, air-dried and stored at -20°C until required.  Slides were washed twice in

PBS for a total of 10 minutes; 50µl antibody diluted in PBS were then pipetted on to

each section.  Slides were incubated in a humid atmosphere for 2 hours at room

temperature and then washed 3 times for a total of 30 minutes.  The slides were then

incubated with secondary and tertiary antibodies in the same way if required, except

that the incubation was for one hour.  Slides were washed 3 times in PBS for a total

of one hour prior to mounting with Citifluor mounting reagent (Agar Scientific Ltd.,

Stansted, UK).

8.6.4 Fluorescence microscopy of cells

For cytospins, cells were suspended at 106/ml in PBS.  The chambers of  a Cytospin

centrifuge (Shandon Elliot, London, UK) were loaded with 100µl FCS followed by

100µl cells.  Samples were spun on to frosted microscope slides (BDH) for 5 minutes

at approximately 800 revolutions per minute.  Slides were air-dried for 30 minutes,

fixed in acetone for 10 seconds, air-dried and stored at -20° until required.

Cells were poly-L-lysine adhered to cover slips by incubating cover slips in an

aqueous solution of poly-L-lysine (1mg/ml) for 15 minutes at room temperature.

The coated coverslips were washed 3 times in PBS and placed in 24 well plates.

Cells were added in 100µl serum-free medium and incubated for 12 minutes at room

temperature.  200µl FCS were added to each well to prevent further sticking of cells.
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Cover slips were either washed in PBS and fixed immediately, or incubated

overnight at 37°C before washing and fixation.  Fixation was either in acetone for 10

seconds or in 3% PFA for 20 minutes.  PFA fixed cells were quenched in 50mM

ammonium chloride for 10 minutes and permeabilized in 0.2% Triton X-100 for 4

minutes.

Slides were incubated in PBS containing 2% FCS for 20 minutes at room

temperature, then washed twice by immersion in PBS.  Slides were then incubated in

50µl antibody diluted in PBS/2% FCS for 1 hour at room temperature.  Slides were

washed four times and, if necessary, incubated in secondary antibody for 30 minutes.

Mounting was carried out as above.

Slides were viewed using an Olympus microscope, photograped using a Hamamatsu

Orca digital camera and analysed with OpenLab software (Improvision).



144

9 Appendix: construction of recombinant proteins

9.1 Introduction

It was necessary to use systems of antigen-specific B and T cells in order to assess

antigen transfer from FDCs to B cells.  Two model antigens were used: hen egg

lysozyme (HEL) and the C fragment of tetanus toxin (TTCF).  The HEL-specific T

cell hybridomas were more reliable in responding to soluble antigen than those

specific for TTCF.  However, attempts to use the HEL system to study antigen

transfer from FDCs to B cells were unsuccessful.  In contrast, the TTCF-specific T

cell hybridomas were less reliable but there seemed to be an increased likelihood that

the TTCF-specific B cells would be able to obtain the antigen from FDCs.  I

therefore wanted to develop a combined system where TTCF could be transferred

from FDCs to B cells but the HEL T cell hybridomas could then be used to read out

presentation.

I constructed two plasmids, each of which contained the whole of TTCF for

recognition by the B cells, as well as either the whole or part of HEL for recognition

by a T cell hybridoma.  These constructs were made by manipulating existing vectors

containing the coding regions for the two proteins.

9.2 Construction of HEL-TTCF

The first construct to be made was to express a fusion of full-length mature HEL and

the TTCF of tetanus toxin.  This would allow use of the protein with more than one

HEL-specific T cell hybridoma, as multiple T cell epitopes of HEL would potentially

be generated upon B cell processing.  A bacterial expression vector, pET16b

(Novagen), was available and already contained sequences encoding eGFP and

TTCF.  The eGFP coding region was removed by restriction endonuclease digestion.

Another vector, pCR®-XL-TOPO® (Invitrogen), contained the coding sequence for

HEL.  The HEL coding region was extracted from this vector and ligated into the

pET16b vector that now only contained the TTCF coding region.
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Plasmid DNA was prepared from Top10 bacteria (Invitrogen) containing pCR®-XL-

TOPO® HEL.  The HEL coding region was then liberated from the pCR®-XL-

TOPO® vector using NdeI, generating a 400bp fragment (Figure 9.1).  Plasmid DNA

from Top10 bacterial colonies containing  pET16b eGFP-TTCF was checked by

restriction endonuclease digestion to ensure that both inserts were present (Figure

9.2).  All the colonies gave rise to the expected restriction fragments.  DNA from one

of these colonies was digested with NdeI to excise the eGFP fragment, generating

pET16b containing the coding region for TTCF.  The digestion products were treated

with alkaline phosphatase (from calf intestine; Roche) to discourage re-ligation of the

vector; the pET16b/TTCF fragment was then gel-purified  (Figure 9.3).  The HEL

fragment produced previously was ligated into the treated vector using T4 ligase.

Top10 competent E.coli were transformed with the ligation product and grown under

ampicillin selection to select for presence of the vector, which carries the bla

resistance gene encoding b-lactamase.

Plasmid DNA was prepared from bacterial colonies and digested with NdeI to check

for the presence of the HEL insert in the vector (not shown).  It was then important to

check positive colonies to determine the direction of the insert.  This was carried out

by restriction endonuclease digestion using BlpI (Figure 9.4).  Plasmid DNA from

colonies containing the correct construct were sequenced with ABI Prism® BigDye™

terminators (Applied Biosystems), on an Applied Biosystems cycle sequencer

(provided by the ICAPB sequencing facility, University of Edinburgh).  DNA from a

verified colony was used for subsequent transformations of NovaBlue and Origami™

competent E. coli  (Novagen) for expression.

9.3 Construction of 2G7.1-TTCF

The second construct to be made comprised the coding region for TTCF, with a 54bp

sequence at the 5’ end encoding the first eighteen amino acids of HEL; this epitope

of HEL is recognized by the 2G7.1 T cell hybridoma.  While this would have the

limitation that only one T cell hybridoma could be used for recognition, I predicted

that the protein would be more likely to form correctly in E. coli and thus be

produced in a soluble form.  HEL in its entirety contains multiple disulphide bonds,
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so using only a small part of HEL was expected to reduce the complexity of protein

assembly.  There were two reasons for choosing the HEL1-18 epitope.  Firstly, the

2G7.1 hybridoma was particularly reliable.  Secondly, this epitope is at the 5’ end of

HEL, so placing it at the 5’ end of the fusion protein would potentially increase the

likelihood of appropriate folding.

Production of the 2G7.1-TTCF construct took advantage of a unique SacII restriction

site in the coding sequence of TTCF, approximately 400bp from the 5’ end.  This

allowed the first 400bp of the coding region to be excised from pET16b TTCF and

replaced with a PCR product that encoded HEL1-18 as well as the start of the TTCF

coding region.  The TTCF coding sequence was thus modified to incorporate the

HEL1-18 sequence.  The PCR reaction used the pET16b TTCF vector135 as a template

and was performed using Pfu polymerase; unlike Taq polymerase this enzyme

generates a blunt-ended PCR product.  The forward primer was 80 bases long and

comprised the NdeI restriction site, 54 bases encoding HEL1-18 and the first 20 bases

of the TTCF coding region (Figure 9.5A).  The reverse primer corresponded to 21

bases including, and downstream of, the SacII site in the TTCF coding region (Figure

9.5B).  A PCR product of approximately 500bp was generated (Figure 9.5C).

The PCR product was cloned into the pCR®4 ZeroBlunt Topo® vector, which accepts

blunt-ended PCR products.  Top10 competent E.coli were transformed with the

construct and grown on selective medium.  Plasmid DNA was prepared from

multiple bacterial colonies and digested with NdeI and SacII to liberate the insert.

The sizes of the inserts were checked by agarose gel electrophoresis and DNA from

the colonies with correctly sized inserts was sequenced.

Plasmid DNA from a colony confirmed to contain the correct insert by sequencing

was digested with NdeI and SacII to liberate the fragment containing the coding

sequence for HEL1-18 and the N terminus of TTCF.  The pET16b TTCF vector was

also digested using the same enzymes to excise the 5’ part of TTCF.  Agarose gel

electrophoresis of the digested DNA is shown in Figure 9.7.  The desired insert and

vector fragments were purified and ligated as above; the ligation reaction was

transformed into Top10 competent E.coli.  Plasmid DNA was purified from bacterial
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colonies and checked for the presence of the insert by NdeI/SacII digestion and

sequencing.  DNA from a colony with the correct insert was then used to transform

NovaBlue and Origami™ competent E. coli for expression.
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Figure 9.1: Liberation of HEL coding sequence from pCR-XL-TOPO by NdeI
digestion.
(A) Map of vector and insert (adapted from Invitrogen).  The HEL coding sequence
had previously had NdeI restriction sites added at each end by PCR before insertion in
to the vector, allowing removal by NdeI digestion.  (B) Agarose gel showing the sizes
of vector and insert after NdeI digestion.  The 400bp fragment encoding HEL was
excised and gel-purified using the QIAEXII method (Qiagen).
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Figure 9.2: Restriction digest of pET16b eGFP-TTCF to check for the presence
of the correct inserts.
DNA was prepared from 4 bacterial colonies and digested with various combinations
of restriction endonucleases.  (A) Map of the pET16b vector (Novagen) showing
position of eGFP and TTCF inserts.  (B) Diagram showing expected sizes of restriction
fragments of the construct.  (C) Agarose gel showing the products of the restriction
digests.  The following products were obtained as expected.  NdeI: 700bp and 7kbp.
NdeI + BamHI: 700bp,1.3kbp and 5.7kbp.  XbaI + BamHI: 5.6kbp and 2kbp (the 100bp
fragment was too small to be visible).
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Figure 9.3: Agarose gel showing the removal of eGFP coding sequence from
pET16b eGFP-TTCF by NdeI digestion.
The 7kbp fragment comprising pET16b and the TTCF coding sequence was excised
and gel-purified using the QIAEXII method (Qiagen).
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Figure 9.4: Assessing the direction of HEL inserts in the pET16b HEL-TTCF
construct by BlpI digestion.
(A) Map showing position of BlpI sites when the HEL fragment is inserted correctly.  In
these circumstances, BlpI digestion yields fragments of 1.54 and 5.9kbp.  (B) Map
showing position of BlpI sites when the insert is reversed.  BlpI digestion produces
fragments of 1.69 and 5.75kbp.  (C) BlpI-digested DNA from several bacterial colonies
containing inserts was subjected to agarose gel electrophoresis.  The 1.54 and
1.69kpb fragments can be distinguished.
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Figure 9.5: PCR to generate a partial coding sequence for TTCF tagged with the
NdeI restriction site and the HEL1-18 coding sequence at the 5’ end.
(A) 5’ primer, incorporating the NdeI restriction site and the HEL1-18 sequence.  Bases
1-20 of TTCF are also incorporated, allowing the primer to anneal to the original TTCF
sequence for amplification.  (B) 3’ primer, comprising the 21 bases immediately
downstream of the endogenous SacII restriction site.  (C) Agarose gel of the PCR
product, generated by using the primers in conjunction with the pET16b TTCF vector.
The product consists of the 60 bases added by the 5’ primer, plus approximately 435
bases of TTCF coding sequence, giving a band of approximately 500bp.
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Figure 9.6: Agarose gel electrophoresis of restriction digests to check for
correct insertion of the PCR product into pCR®4 ZeroBlunt Topo®.
The PCR product of 500bp was cloned into the vector, 3.95kbp in size.  Restriction
endonuclease digestion with NdeI and SacII liberated a slightly smaller fragment of
469bp.  This left a vector fragment of 3.98kbp.  Lanes marked * clearly contain
fragments of the correct size.
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Figure 9.7: Restriction endonuclease digestion and gel purification of 2G7.1-
TTCF insert and pET16b vector.
(A) Agarose gel showing fragments generated by NdeI + SacII digestion.  Digestion of
the pCR4 Blunt Topo construct allowed purification of the insert comprising the HEL1-18

coding sequence as well as the region of the TTCF coding sequence upstream of the
SacII site.  Digestion of pET16b TTCF allowed purification of the pET16b vector, still
containing the region of TTCF downstream of the SacII site.  (B) Agarose gel to
ensure that the purified DNA fragments were the correct size.  It can be seen that the
bands correlate to the excised fragments in (A).



155

10 References

1. J. C. Chow, D. W. Young, D. T. Golenbock, W. J. Christ and F. Gusovsky
(1999) Toll-like receptor-4 mediates lipopolysaccharide-induced signal
transduction. J Biol Chem 274: 10689-92

2. K. Hoshino, O. Takeuchi, T. Kawai, H. Sanjo, T. Ogawa, Y. Takeda, K.
Takeda and S. Akira (1999) Cutting edge: Toll-like receptor 4 (TLR4)-
deficient mice are hyporesponsive to lipopolysaccharide: evidence for TLR4
as the Lps gene product. J Immunol 162: 3749-52

3. H. Hemmi, O. Takeuchi, T. Kawai, T. Kaisho, S. Sato, H. Sanjo, M.
Matsumoto, K. Hoshino, H. Wagner, K. Takeda and S. Akira (2000) A Toll-
like receptor recognizes bacterial DNA. Nature 408: 740-5

4. D. H. Biesma, A. J. Hannema, H. van Velzen-Blad, L. Mulder, R. van
Zwieten, I. Kluijt and D. Roos (2001) A family with complement factor D
deficiency. J Clin Invest 108: 233-40

5. A. W. Segal (1996) The NADPH oxidase and chronic granulomatous disease.
Mol Med Today 2: 129-35

6. S. C. Meuer, O. Acuto, R. E. Hussey, J. C. Hodgdon, K. A. Fitzgerald, S. F.
Schlossman and E. L. Reinherz (1983) Evidence for the T3-associated 90K
heterodimer as the T-cell antigen receptor. Nature 303: 808-10

7. J. Yague, J. White, C. Coleclough, J. Kappler, E. Palmer and P. Marrack
(1985) The T cell receptor: the alpha and beta chains define idiotype, and
antigen and MHC specificity. Cell 42: 81-7

8. F. M. Burnet (1959) The clonal selection theory of acquired immunity,
Cambridge University Press

9. R. R. Hardy and K. Hayakawa (2001) B cell development pathways. Annu
Rev Immunol 19: 595-621

10. D. Allman, J. Li and R. R. Hardy (1999) Commitment to the B lymphoid
lineage occurs before DH-JH recombination. J Exp Med 189: 735-40

11. J. Hombach, T. Tsubata, L. Leclercq, H. Stappert and M. Reth (1990)
Molecular components of the B-cell antigen receptor complex of the IgM
class. Nature 343: 760-2

12. G. M. Edelman (1973) Antibody structure and molecular immunology.
Science 180: 830-40

13. F. W. Alt, G. D. Yancopoulos, T. K. Blackwell, C. Wood, E. Thomas, M.
Boss, R. Coffman, N. Rosenberg, S. Tonegawa and D. Baltimore (1984)
Ordered rearrangement of immunoglobulin heavy chain variable region
segments. EMBO J 3: 1209-19

14. A. Iglesias, M. Kopf, G. S. Williams, B. Buhler and G. Kohler (1991)
Molecular requirements for the mu-induced light chain gene rearrangement in
pre-B cells. EMBO J 10: 2147-55



References

156

15. M. A. Oettinger, D. G. Schatz, C. Gorka and D. Baltimore (1990) RAG-1 and
RAG-2, adjacent genes that synergistically activate V(D)J recombination.
Science 248: 1517-23

16. K. Maki, K. Nagata, F. Kitamura, T. Takemori and H. Karasuyama (2000)
Immunoglobulin beta signaling regulates locus accessibility for ordered
immunoglobulin gene rearrangements. J Exp Med 191: 1333-40

17. N. Nishimoto, H. Kubagawa, T. Ohno, G. L. Gartland, A. K. Stankovic and
M. D. Cooper (1991) Normal pre-B cells express a receptor complex of mu
heavy chains and surrogate light-chain proteins. Proc Natl Acad Sci 88: 6284-
8

18. D. A. Nemazee and K. Burki (1989) Clonal deletion of B lymphocytes in a
transgenic mouse bearing anti-MHC class I antibody genes. Nature 337: 562-
6

19. G. J. Nossal and B. L. Pike (1980) Clonal anergy: persistence in tolerant mice
of antigen-binding B lymphocytes incapable of responding to antigen or
mitogen. Proc Natl Acad Sci 77: 1602-6

20. C. C. Goodnow, J. Crosbie, S. Adelstein, T. B. Lavoie, S. J. Smith-Gill, R. A.
Brink, H. Pritchard-Briscoe, J. S. Wotherspoon, R. H. Loblay, K. Raphael
and et al. (1988) Altered immunoglobulin expression and functional silencing
of self-reactive B lymphocytes in transgenic mice. Nature 334: 676-82

21. M. W. Retter and D. Nemazee (1998) Receptor editing occurs frequently
during normal B cell development. J Exp Med 188: 1231-8

22. S. B. Hartley, J. Crosbie, R. Brink, A. B. Kantor, A. Basten and C. C.
Goodnow (1991) Elimination from peripheral lymphoid tissues of self-
reactive B lymphocytes recognizing membrane-bound antigens. Nature 353:
765-9

23. J. G. Cyster, S. B. Hartley and C. C. Goodnow (1994) Competition for
follicular niches excludes self-reactive cells from the recirculating B-cell
repertoire. Nature 371: 389-95

24. S. Kim, M. Davis, E. Sinn, P. Patten and L. Hood (1981) Antibody diversity:
somatic hypermutation of rearranged VH genes. Cell 27: 573-81

25. D. Tarlinton (1998) Germinal centers: form and function. Current Opinion in
Immunology 10: 245-51

26. J. Jacob, R. Kassir and G. Kelsoe (1991) In situ studies of the primary
immune response to (4-hydroxy-3-nitrophenyl)acetyl. I. The architecture and
dynamics of responding cell populations. J Exp Med 173: 1165-75

27. I. C. MacLennan (1994) Germinal centers. Annu Rev Immunol 12: 117-39

28. M. G. McHeyzer-Williams (2003) B cells as effectors. Curr Opin Immunol
15: 354-61

29. J. P. Manis, M. Tian and F. W. Alt (2002) Mechanism and control of class-
switch recombination. Trends Immunol 23: 31-9



References

157

30. N. L. Bernasconi, N. Onai and A. Lanzavecchia (2003) A role for Toll-like
receptors in acquired immunity: up-regulation of TLR9 by BCR triggering in
naive B cells and constitutive expression in memory B cells. Blood 101:
4500-4

31. P. W. Dempsey, M. E. Allison, S. Akkaraju, C. C. Goodnow and D. T.
Fearon (1996) C3d of complement as a molecular adjuvant: bridging innate
and acquired immunity. Science 271: 348-50

32. D. V. Barrault and A. M. Knight (2003) Distinct sequences in the
cytoplasmic domain of complement receptor 2 are involved in antigen
internalization and presentation. Submitted

33. M. Hasegawa, M. Fujimoto, J. C. Poe, D. A. Steeber and T. F. Tedder (2001)
Cd19 can regulate b lymphocyte signal transduction independent of
complement activation. J Immunol 167: 3190-200.

34. A. R. de Fougerolles, F. Batista, E. Johnsson and D. T. Fearon (2001) IgM
and stromal cell-associated heparan sulfate/heparin as complement-
independent ligands for CD19. Eur J Immunol 31: 2189-99.

35. T. Muta, T. Kurosaki, Z. Misulovin, M. Sanchez, M. C. Nussenzweig and J.
V. Ravetch (1994) A 13-amino-acid motif in the cytoplasmic domain of Fc
gamma RIIB modulates B-cell receptor signalling. Nature 368: 70-3

36. L. Jin, P. A. McLean, B. G. Neel and H. H. Wortis (2002) Sialic acid binding
domains of CD22 are required for negative regulation of B cell receptor
signaling. J Exp Med 195: 1199-205

37. S. Kelm, J. Gerlach, R. Brossmer, C. P. Danzer and L. Nitschke (2002) The
ligand-binding domain of CD22 is needed for inhibition of the B cell receptor
signal, as demonstrated by a novel human CD22-specific inhibitor compound.
J Exp Med 195: 1207-13

38. A. Lanoue, F. D. Batista, M. Stewart and M. S. Neuberger (2002) Interaction
of CD22 with alpha2,6-linked sialoglycoconjugates: innate recognition of self
to dampen B cell autoreactivity? Eur J Immunol 32: 348-55.

39. L. Navarro and M. David (1999) p38-dependent activation of interferon
regulatory factor 3 by lipopolysaccharide. J Biol Chem 274: 35535-8

40. M. Muzio, G. Natoli, S. Saccani, M. Levrero and A. Mantovani (1998) The
human toll signaling pathway: divergence of nuclear factor kappaB and
JNK/SAPK activation upstream of tumor necrosis factor receptor-associated
factor 6 (TRAF6). J Exp Med 187: 2097-101

41. J. Rygaard (1969) Immunobiology of the mouse mutant "Nude". Preliminary
investigations. Acta Pathol Microbiol Scand 77: 761-2

42. S. Buus and O. Werdelin (1986) Large, but not small, antigens require time-
and temperature-dependent processing in accessory cells before they can be
recognized by T cells. Acta Pathol Microbiol Immunol Scand [C] 94: 17-24



References

158

43. S. Buus and O. Werdelin (1984) Chloroquine inhibits accessory cell
presentation of soluble natural and synthetic protein antigens. Acta Pathol
Microbiol Immunol Scand [C] 92: 285-91

44. M. Reth (1989) Antigen receptor tail clue. Nature 338: 383-4

45. J. C. Cambier (1995) New nomenclature for the Reth motif (or
ARH1/TAM/ARAM/YXXL). Immunol Today 16: 110

46. N. M. Wagle, J. H. Kim and S. K. Pierce (1998) Signaling through the B cell
antigen receptor regulates discrete steps in the antigen processing pathway.
Cell Immunol 184: 1-11

47. V. S. Zimmermann, P. Rovere, J. Trucy, K. Serre, P. Machy, F. Forquet, L.
Leserman and J. Davoust (1999) Engagement of B cell receptor regulates the
invariant chain-dependent MHC class II presentation pathway. J Immunol
162: 2495-502

48. M. Reth, J. Wienands and W. W. Schamel (2000) An unsolved problem of
the clonal selection theory and the model of an oligomeric B-cell antigen
receptor. Immunol Rev 176: 10-8

49. G. Jiang and T. Hunter (1999) Receptor signaling: when dimerization is not
enough. Curr Biol 9: R568-71

50. G. Pani, M. Kozlowski, J. C. Cambier, G. B. Mills and K. A. Siminovitch
(1995) Identification of the tyrosine phosphatase PTP1C as a B cell antigen
receptor-associated protein involved in the regulation of B cell signaling. J
Exp Med 181: 2077-84

51. A. Weiss and D. R. Littman (1994) Signal transduction by lymphocyte
antigen receptors. Cell 76: 263-74

52. K. J. Patel and M. S. Neuberger (1993) Antigen presentation by the B cell
antigen receptor is driven by the alpha/beta sheath and occurs independently
of its cytoplasmic tyrosines. Cell 74: 939-46

53. S. Cassard, J. Salamero, D. Hanau, D. Spehner, J. Davoust, W. H. Fridman
and C. Bonnerot (1998) A tyrosine-based signal present in Ig alpha mediates
B cell receptor constitutive internalization. J Immunol 160: 1767-73

54. A. M. Knight, J. M. Lucocq, A. R. Prescott, S. Ponnambalam and C. Watts
(1997) Antigen endocytosis and presentation mediated by human membrane
IgG1 in the absence of the Ig(alpha)/Ig(beta) dimer. EMBO J 16: 3842-50

55. W. Song, H. Cho, P. Cheng and S. K. Pierce (1995) Entry of B cell antigen
receptor and antigen into class II peptide-loading compartment is independent
of receptor cross-linking. J Immunol 155: 4255-63

56. J. Salamero, M. Fougereau and P. Seckinger (1995) Internalization of B cell
and pre-B cell receptors is regulated by tyrosine kinase and phosphatase
activities. Eur J Immunol 25: 2757-64

57. D. Lankar, V. Briken, K. Adler, P. Weiser, S. Cassard, U. Blank, M. Viguier
and C. Bonnerot (1998) Syk tyrosine kinase and B cell antigen receptor



References

159

(BCR) immunoglobulin-alpha subunit determine BCR-mediated major
histocompatibility complex class II-restricted antigen presentation. J Exp Med
188: 819-31

58. R. N. Mitchell, K. A. Barnes, S. A. Grupp, M. Sanchez, Z. Misulovin, M. C.
Nussenzweig and A. K. Abbas (1995) Intracellular targeting of antigens
internalized by membrane immunoglobulin in B lymphocytes. J Exp Med
181: 1705-14

59. M. A. West, J. M. Lucocq and C. Watts (1994) Antigen processing and class
II MHC peptide-loading compartments in human B-lymphoblastoid cells.
Nature 369: 147-51

60. P. E. Jensen (1991) Reduction of disulfide bonds during antigen processing:
evidence from a thiol-dependent insulin determinant. J Exp Med 174: 1121-
30

61. D. S. Collins, E. R. Unanue and C. V. Harding (1991) Reduction of disulfide
bonds within lysosomes is a key step in antigen processing. J Immunol 147:
4054-9

62. M. Maric, B. Arunachalam, U. T. Phan, C. Dong, W. S. Garrett, K. S.
Cannon, C. Alfonso, L. Karlsson, R. A. Flavell and P. Cresswell (2001)
Defective antigen processing in GILT-free mice. Science 294: 1361-5

63. C. S. Hsieh, P. deRoos, K. Honey, C. Beers and A. Y. Rudensky (2002) A
role for cathepsin L and cathepsin S in peptide generation for MHC class II
presentation. J Immunol 168: 2618-25

64. E. B. Pluger, M. Boes, C. Alfonso, C. J. Schroter, H. Kalbacher, H. L. Ploegh
and C. Driessen (2002) Specific role for cathepsin S in the generation of
antigenic peptides in vivo. Eur J Immunol 32: 467-76.

65. B. Manoury, E. W. Hewitt, N. Morrice, P. M. Dando, A. J. Barrett and C.
Watts (1998) An asparaginyl endopeptidase processes a microbial antigen for
class II MHC presentation. Nature 396: 695-9

66. K. L. McCoy, J. Miller, M. Jenkins, F. Ronchese, R. N. Germain and R. H.
Schwartz (1989) Diminished antigen processing by endosomal acidification
mutant antigen-presenting cells. J Immunol 143: 29-38

67. P. Cresswell (1996) Invariant chain structure and MHC class II function. Cell
84: 505-7

68. J. Neefjes (1999) CIIV, MIIC and other compartments for MHC class II
loading. Eur J Immunol 29: 1421-5

69. Y. Qiu, X. Xu, A. Wandinger-Ness, D. P. Dalke and S. K. Pierce (1994)
Separation of subcellular compartments containing distinct functional forms
of MHC class II. J Cell Biol 125: 595-605

70. G. Ferrari, A. M. Knight, C. Watts and J. Pieters (1997) Distinct intracellular
compartments involved in invariant chain degradation and antigenic peptide
loading of major histocompatibility complex (MHC) class II molecules. J
Cell Biol 139: 1433-46



References

160

71. X. Xu, B. Press, N. M. Wagle, H. Cho, A. Wandinger-Ness and S. K. Pierce
(1996) B cell antigen receptor signaling links biochemical changes in the
class II peptide-loading compartment to enhanced processing. Int Immunol 8:
1867-76

72. K. Siemasko, B. J. Eisfelder, E. Williamson, S. Kabak and M. R. Clark
(1998) Cutting edge: signals from the B lymphocyte antigen receptor regulate
MHC class II containing late endosomes. J Immunol 160: 5203-8

73. K. Siemasko, B. J. Eisfelder, C. Stebbins, S. Kabak, A. J. Sant, W. Song and
M. R. Clark (1999) Ig alpha and Ig beta are required for efficient trafficking
to late endosomes and to enhance antigen presentation. J Immunol 162: 6518-
25

74. D. Lankar, H. Vincent-Schneider, V. Briken, T. Yokozeki, G. Raposo and C.
Bonnerot (2002) Dynamics of major histocompatibility complex class II
compartments during B cell receptor-mediated cell activation. J Exp Med
195: 461-72

75. M. Granboulan, D. Lankar, G. Raposo, C. Bonnerot and C. Hivroz (2003)
Phosphoinositide 3-kinase activation by Igbeta controls de novo formation of
an antigen-processing compartment. J Biol Chem 278: 4331-8

76. D. A. Tuveson, R. H. Carter, S. P. Soltoff and D. T. Fearon (1993) CD19 of
B cells as a surrogate kinase insert region to bind phosphatidylinositol 3-
kinase. Science 260: 986-9

77. W. Song, N. M. Wagle, T. Banh, C. C. Whiteford, E. Ulug and S. K. Pierce
(1997) Wortmannin, a phosphatidylinositol 3-kinase inhibitor, blocks the
assembly of peptide-MHC class II complexes. Int Immunol 9: 1709-22

78. A. C. Shaw, R. N. Mitchell, Y. K. Weaver, J. Campos-Torres, A. K. Abbas
and P. Leder (1990) Mutations of immunoglobulin transmembrane and
cytoplasmic domains: effects on intracellular signaling and antigen
presentation. Cell 63: 381-92.

79. V. R. Aluvihare, A. A. Khamlichi, G. T. Williams, L. Adorini and M. S.
Neuberger (1997) Acceleration of intracellular targeting of antigen by the B-
cell antigen receptor: importance depends on the nature of the antigen-
antibody interaction. EMBO J 16: 3553-62

80. F. D. Batista and M. S. Neuberger (1998) Affinity dependence of the B cell
response to antigen: a threshold, a ceiling, and the importance of off-rate.
Immunity 8: 751-9.

81. F. D. Batista and M. S. Neuberger (2000) B cells extract and present
immobilized antigen: implications for affinity discrimination. EMBO J 19:
513-20

82. F. D. Batista, D. Iber and M. S. Neuberger (2001) B cells acquire antigen
from target cells after synapse formation. Nature 411: 489-94.

83. M. Wykes, A. Pombo, C. Jenkins and G. G. MacPherson (1998) Dendritic
cells interact directly with naive B lymphocytes to transfer antigen and



References

161

initiate class switching in a primary T-dependent response. J Immunol 161:
1313-9

84. C. Berney, S. Herren, C. A. Power, S. Gordon, L. Martinez-Pomares and M.
H. Kosco-Vilbois (1999) A member of the dendritic cell family that enters B
cell follicles and stimulates primary antibody responses identified by a
mannose receptor fusion protein. J Exp Med 190: 851-60

85. C. D. Dijkstra, E. W. Kamperdijk and E. A. Dopp (1984) The ontogenetic
development of the follicular dendritic cell. An ultrastructural study by means
of intravenously injected horseradish peroxidase (HRP)-anti-HRP complexes
as marker. Cell Tissue Res 236: 203-6

86. Z. F. Kapasi, D. Qin, W. G. Kerr, M. H. Kosco-Vilbois, L. D. Shultz, J. G.
Tew and A. K. Szakal (1998) Follicular dendritic cell (FDC) precursors in
primary lymphoid tissues. J Immunol 160: 1078-84

87. Y. J. Liu, G. Grouard, O. de Bouteiller and J. Banchereau (1996) Follicular
dendritic cells and germinal centers. Int Rev Cytol 166: 139-79

88. I. C. MacLennan and D. Gray (1986) Antigen-driven selection of virgin and
memory B cells. Immunol Rev 91: 61-85

89. R. M. Zinkernagel (2002) On differences between immunity and
immunological memory. Curr Opin Immunol 14: 523-36

90. T. E. Mandel, R. P. Phipps, A. P. Abbot and J. G. Tew (1981) Long-term
antigen retention by dendritic cells in the popliteal lymph node of immunized
mice (NB - the "dendritic cells" described are actually FDCs). Immunology
43: 353-62

91. W. S. Hlavacek, J. K. Percus, O. E. Percus, A. S. Perelson and C. Wofsy
(2002) Retention of antigen on follicular dendritic cells and B lymphocytes
through complement-mediated multivalent ligand-receptor interactions:
theory and application to HIV treatment. Math Biosci 176: 185-202

92. J. Wu, D. Qin, G. Burton, A. Szakal and J. Tew (1996) Follicular dendritic
cell-derived antigen and accessory activity in initiation of memory IgG
responses in vitro. J Immunol 157: 3404-3411

93. J. G. Tew, M. H. Kosco, G. F. Burton and A. K. Szakal (1990) Follicular
dendritic cells as accessory cells. Immunol Rev 117: 185-211

94. K. Yoshida, T. K. van den Berg and C. D. Dijkstra (1993) Two functionally
different follicular dendritic cells in secondary lymphoid follicles of mouse
spleen, as revealed by CR1/2 and FcR gamma II-mediated immune-complex
trapping. Immunology 80: 34-9

95. D. Qin, J. Wu, K. A. Vora, J. V. Ravetch, A. K. Szakal, T. Manser and J. G.
Tew (2000) Fc gamma receptor IIB on follicular dendritic cells regulates the
B cell recall response. J Immunol 164: 6268-75

96. C. B. Kurtz, E. O'Toole, S. M. Christensen and J. H. Weis (1990) The murine
complement receptor gene family. IV. Alternative splicing of Cr2 gene
transcripts predicts two distinct gene products that share homologous



References

162

domains with both human CR2 and CR1. Journal of Immunology 144: 3581-
91

97. H. Molina, T. Kinoshita, K. Inoue, J. C. Carel and V. M. Holers (1990) A
molecular and immunochemical characterization of mouse CR2. Evidence for
a single gene model of mouse complement receptors 1 and 2. J Immunol 145:
2974-83

98. J. M. Ahearn, M. B. Fischer, D. Croix, S. Goerg, M. Ma, J. Xia, X. Zhou, R.
G. Howard, T. L. Rothstein and M. C. Carroll (1996) Disruption of the Cr2
locus results in a reduction in B-1a cells and in an impaired B cell response to
T-dependent antigen. Immunity 4: 251-62

99. H. Molina, V. M. Holers, B. Li, Y. Fung, S. Mariathasan, J. Goellner, J.
Strauss-Schoenberger, R. W. Karr and D. D. Chaplin (1996) Markedly
impaired humoral immune response in mice deficient in complement
receptors 1 and 2. Proc Natl Acad Sci 93: 3357-61

100. Y. Fang, C. Xu, Y. X. Fu, V. M. Holers and H. Molina (1998) Expression of
complement receptors 1 and 2 on follicular dendritic cells is necessary for the
generation of a strong antigen-specific IgG response. Journal of Immunology
160: 5273-9

101. M. D. Gunn, V. N. Ngo, K. M. Ansel, E. H. Ekland, J. G. Cyster and L. T.
Williams (1998) A B-cell-homing chemokine made in lymphoid follicles
activates Burkitt's lymphoma receptor-1. Nature 391: 799-803

102. J. G. Cyster (1999) Chemokines and cell migration in secondary lymphoid
organs. Science 286: 2098-102

103. R. Forster, A. E. Mattis, E. Kremmer, E. Wolf, G. Brem and M. Lipp (1996)
A putative chemokine receptor, BLR1, directs B cell migration to defined
lymphoid organs and specific anatomic compartments of the spleen. Cell 87:
1037-47

104. K. M. Ansel, V. N. Ngo, P. L. Hyman, S. A. Luther, R. Forster, J. D.
Sedgwick, J. L. Browning, M. Lipp and J. G. Cyster (2000) A chemokine-
driven positive feedback loop organizes lymphoid follicles. Nature 406: 309-
14

105. M. H. Kosco-Vilbois, D. Gray, D. Scheidegger and M. Julius (1993)
Follicular dendritic cells help resting B cells to become effective antigen-
presenting cells: induction of B7/BB1 and upregulation of major
histocompatibility complex class II molecules. J Exp Med 178: 2055-66

106. Y. J. Liu, D. E. Joshua, G. T. Williams, C. A. Smith, J. Gordon and I. C.
MacLennan (1989) Mechanism of antigen-driven selection in germinal
centres. Nature 342: 929-31

107. M. H. Kosco, E. Pflugfelder and D. Gray (1992) Follicular dendritic cell-
dependent adhesion and proliferation of B cells in vitro. J Immunol 148:
2331-9



References

163

108. D. Gray, M. Kosco and B. Stockinger (1991) Novel pathways of antigen
presentation for the maintenance of memory. Int Immunol 3: 141-8

109. M. H. Kosco, A. K. Szakal and J. G. Tew (1988) In vivo obtained antigen
presented by germinal center B cells to T cells in vitro. J Immunol 140: 354-
60

110. M. J. Holder, H. Wang, A. E. Milner, M. Casamayor, R. Armitage, M. K.
Spriggs, W. C. Fanslow, I. C. MacLennan, C. D. Gregory, J. Gordon and et
al. (1993) Suppression of apoptosis in normal and neoplastic human B
lymphocytes by CD40 ligand is independent of Bc1-2 induction. Eur J
Immunol 23: 2368-71

111. F. Mackay and J. L. Browning (1998) Turning off follicular dendritic cells
[letter]. Nature 395: 26-7

112. D. D. Chaplin and Y. Fu (1998) Cytokine regulation of secondary lymphoid
organ development. Current Opinion in Immunology 10: 289-97

113. M. Matsumoto, S. Mariathasan, M. H. Nahm, F. Baranyay, J. J. Peschon and
D. D. Chaplin (1996) Role of Lymphotoxin and the Type I TNF Receptor in
the Formation of Germinal Centers. Science 271: 1289-1291

114. R. Endres, M. B. Alimzhanov, T. Plitz, A. Futterer, M. H. Kosco-Vilbois, S.
A. Nedospasov, K. Rajewsky and K. Pfeffer (1999) Mature follicular
dendritic cell networks depend on expression of lymphotoxin beta receptor by
radioresistant stromal cells and of lymphotoxin beta and tumor necrosis factor
by B cells. J Exp Med 189: 159-68

115. P. A. Koni, R. Sacca, P. Lawton, J. L. Browning, N. H. Ruddle and R. A.
Flavell (1997) Distinct roles in lymphoid organogenesis for lymphotoxins
alpha and beta revealed in lymphotoxin beta-deficient mice. Immunity 6: 491-
500

116. P. D. Rennert, J. L. Browning, R. Mebius, F. Mackay and P. S. Hochman
(1996) Surface lymphotoxin alpha/beta complex is required for the
development of peripheral lymphoid organs. J Exp Med 184: 1999-2006

117. J. L. Browning, I. Dougas, A. Ngam-ek, P. R. Bourdon, B. N. Ehrenfels, K.
Miatkowski, M. Zafari, A. M. Yampaglia, P. Lawton, W. Meier and et al.
(1995) Characterization of surface lymphotoxin forms. Use of specific
monoclonal antibodies and soluble receptors. J Immunol 154: 33-46

118. M. Matsumoto, Y. X. Fu, H. Molina, G. Huang, J. Kim, D. A. Thomas, M. H.
Nahm and D. D. Chaplin (1997) Distinct roles of lymphotoxin alpha and the
type I tumor necrosis factor (TNF) receptor in the establishment of follicular
dendritic cells from non-bone marrow-derived cells. J Exp Med 186: 1997-
2004

119. Y. X. Fu, G. Huang, Y. Wang and D. D. Chaplin (1998) B lymphocytes
induce the formation of follicular dendritic cell clusters in a lymphotoxin
alpha-dependent fashion. J Exp Med 187: 1009-18



References

164

120. V. N. Ngo, H. Korner, M. D. Gunn, K. N. Schmidt, D. S. Riminton, M. D.
Cooper, J. L. Browning, J. D. Sedgwick and J. G. Cyster (1999)
Lymphotoxin alpha/beta and tumor necrosis factor are required for stromal
cell expression of homing chemokines in B and T cell areas of the spleen. J
Exp Med 189: 403-12

121. J. C. Brown, G. Harris, M. Papamichail, V. S. Sljivic and E. J. Holborow
(1973) The localization of aggregated human  -globulin in the spleens of
normal mice. Immunology 24: 955-68

122. D. Gray, D. S. Kumararatne, J. Lortan, M. Khan and I. C. MacLennan (1984)
Relation of intra-splenic migration of marginal zone B cells to antigen
localization on follicular dendritic cells. Immunology 52: 659-69

123. H. S. Kim, X. Zhang and Y. S. Choi (1994) Activation and proliferation of
follicular dendritic cell-like cells by activated T lymphocytes. J Immunol 153:
2951-61

124. E. A. Clark, K. H. Grabstein and G. L. Shu (1992) Cultured human follicular
dendritic cells. Growth characteristics and interactions with B lymphocytes. J
Immunol 148: 3327-35

125. E. A. Clark, K. H. Grabstein, A. M. Gown, M. Skelly, T. Kaisho, T. Hirano
and G. L. Shu (1995) Activation of B lymphocyte maturation by a human
follicular dendritic cell line, FDC-1. J Immunol 155: 545-55

126. K. Orscheschek, H. Merz, B. Schlegelberger and A. C. Feller (1994) An
immortalized cell line with features of human follicular dendritic cells.
Antigen and cytokine expression analysis. Eur J Immunol 24: 2682-90

127. J. Schmitz, S. Petrasch, J. van_Lunzen, P. Racz, H. D. Kleine, F. Hufert, P.
Kern, H. Schmitz and K. Tenner_Racz (1993) Optimizing follicular dendritic
cell isolation by discontinuous gradient centrifugation and use of the
magnetic cell sorter (MACS). J Immunol Methods 159: 189-96

128. F. Schriever, A. S. Freedman, G. Freeman, E. Messner, G. Lee, J. Daley and
L. M. Nadler (1989) Isolated human follicular dendritic cells display a unique
antigenic phenotype. J Exp Med 169: 2043-58

129. A. S. Freedman, J. M. Munro, K. Rhynhart, P. Schow, J. Daley, N. Lee, J.
Svahn, L. Eliseo and L. M. Nadler (1992) Follicular dendritic cells inhibit
human B-lymphocyte proliferation. Blood 80: 1284-8

130. A. K. Szakal, R. L. Gieringer, M. H. Kosco and J. G. Tew (1985) Isolated
follicular dendritic cells: cytochemical antigen localization, Nomarski, SEM,
and TEM morphology. Journal of Immunology 134: 1349-59

131. A. F. Hill, R. J. Butterworth, S. Joiner, G. Jackson, M. N. Rossor, D. J.
Thomas, A. Frosh, N. Tolley, J. E. Bell, M. Spencer, A. King, S. Al-Sarraj, J.
W. Ironside, P. L. Lantos and J. Collinge (1999) Investigation of variant
Creutzfeldt-Jakob disease and other human prion diseases with tonsil biopsy
samples. Lancet 353: 183-9



References

165

132. M. Kosco-Vilbois (1997) Isolation and enrichment of follicular dendritic cells
from murine lymphoid tissue. Immunology Methods Manual 20.5: 1468-1472

133. M. H. Kosco, E. Pflugfelder and D. Gray (1992) Follicular dendritic cell-
dependent adhesion and proliferation of B cells in vitro. J Immunol 148:
2331-9.

134. L. Adorini, J. C. Guery, S. Fuchs, V. Ortiz_Navarrete, G. J. Hammerling and
F. Momburg (1993) Processing of endogenously synthesized hen egg-white
lysozyme retained in the endoplasmic reticulum or in secretory form gives
rise to a similar but not identical set of epitopes recognized by class II-
restricted T cells. Journal of Immunology 151: 3576-86

135. E. W. Hewitt, A. Treumann, N. Morrice, P. J. Tatnell, J. Kay and C. Watts
(1997) Natural processing sites for human cathepsin E and cathepsin D in
tetanus toxin: implications for T cell epitope generation. J Immunol 159:
4693-9

136. A. N. Antoniou, S. L. Blackwood, D. Mazzeo and C. Watts (2000) Control of
antigen presentation by a single protease cleavage site. Immunity 12: 391-8

137. A. Lanzavecchia (1985) Antigen-specific interaction between T and B cells.
Nature 314: 537-9

138. A. N. Antoniou and C. Watts (2002) Antibody modulation of antigen
presentation: positive and negative effects on presentation of the tetanus toxin
antigen via the murine B cell isoform of FcgammaRII. Eur J Immunol 32:
530-40

139. A. J. Veerman (1975) The postnatal development of the white pulp in the rat
spleen and the onset of immunocompetence against a thymus-independent
and a thymus-dependent antigen. Z Immunitatsforsch Exp Klin Immunol 150:
45-59

140. Y. J. Liu, J. Zhang, P. J. Lane, E. Y. Chan and I. C. MacLennan (1991) Sites
of specific B cell activation in primary and secondary responses to T cell-
dependent and T cell-independent antigens. Eur J Immunol 21: 2951-62

141. M. L. Rose, M. S. Birbeck, V. J. Wallis, J. A. Forrester and A. J. Davies
(1980) Peanut lectin binding properties of germinal centres of mouse
lymphoid tissue. Nature 284: 364-6

142. G. Kraal, R. R. Hardy, W. M. Gallatin, I. L. Weissman and E. C. Butcher
(1986) Antigen-induced changes in B cell subsets in lymph nodes: analysis
by dual fluorescence flow cytofluorometry. Eur J Immunol 16: 829-34

143. M. H. Kosco-Vilbois, H. Zentgraf, J. Gerdes and J. Y. Bonnefoy (1997) To
'B' or not to 'B' a germinal center? Immunol Today 18: 225-30

144. K. L. Rock, B. Benacerraf and A. K. Abbas (1984) Antigen presentation by
hapten-specific B lymphocytes. I. Role of surface immunoglobulin receptors.
J Exp Med 160: 1102-13



References

166

145. K. J. Kim, C. Kanellopoulos-Langevin, R. M. Merwin, D. H. Sachs and R.
Asofsky (1979) Establishment and characterization of BALB/c lymphoma
lines with B cell properties. J Immunol 122: 549-54

146. J. Kappler, J. White, D. Wegmann, E. Mustain and P. Marrack (1982)
Antigen presentation by Ia+ B cell hybridomas to H-2-restricted T cell
hybridomas. Proc Natl Acad Sci 79: 3604-7

147. G. Haughton, L. W. Arnold, G. A. Bishop and T. J. Mercolino (1986) The
CH series of murine B cell lymphomas: neoplastic analogues of Ly-1+
normal B cells. Immunol Rev 93: 35-51

148. G. F. Burton, D. H. Conrad, A. K. Szakal and J. G. Tew (1993) Follicular
dendritic cells and B cell costimulation. J Immunol 150: 31-8

149. C. T. Schnizlein, M. H. Kosco, A. K. Szakal and J. G. Tew (1985) Follicular
dendritic cells in suspension: identification, enrichment, and initial
characterization indicating immune complex trapping and lack of adherence
and phagocytic activity. Journal of Immunology 134: 1360-8

150. P. M. Allen and E. R. Unanue (1984) Differential requirements for antigen
processing by macrophages for lysozyme-specific T cell hybridomas. J
Immunol 132: 1077-9

151. G. Gammon, N. Shastri, J. Cogswell, S. Wilbur, S. Sadegh-Nasseri, U.
Krzych, A. Miller and E. Sercarz (1987) The choice of T-cell epitopes
utilized on a protein antigen depends on multiple factors distant from, as well
as at the determinant site. Immunol Rev 98: 53-73

152. H. W. Davidson and C. Watts (1989) Epitope-directed processing of specific
antigen by B lymphocytes. J Cell Biol 109: 85-92

153. M. R. Jacquier-Sarlin, F. M. Gabert, M. B. Villiers and M. G. Colomb (1995)
Modulation of antigen processing and presentation by covalently linked
complement C3b fragment. Immunology 84: 164-70

154. D. A. Croix, J. M. Ahearn, A. M. Rosengard, S. Han, G. Kelsoe, M. Ma and
M. C. Carroll (1996) Antibody response to a T-dependent antigen requires B
cell expression of complement receptors. Journal of Experimental Medicine
183: 1857-64

155. D. Qin, J. Wu, M. C. Carroll, G. F. Burton, A. K. Szakal and J. G. Tew
(1998) Evidence for an important interaction between a complement-derived
CD21 ligand on follicular dendritic cells and CD21 on B cells in the initiation
of IgG responses. Journal of Immunology 161: 4549-54

156. P. Balogh, Y. Aydar, J. G. Tew and A. K. Szakal (2001) Ontogeny of the
follicular dendritic cell phenotype and function in the postnatal murine
spleen. Cell Immunol 214: 45-53

157. P. R. Taylor, M. C. Pickering, M. H. Kosco-Vilbois, M. J. Walport, M. Botto,
S. Gordon and L. Martinez-Pomares (2002) The follicular dendritic cell
restricted epitope, FDC-M2, is complement C4; localization of immune
complexes in mouse tissues. Eur J Immunol 32: 1888-96



References

167

158. M. Crowley, K. Inaba, M. Witmer-Pack and R. M. Steinman (1989) The cell
surface of mouse dendritic cells: FACS analyses of dendritic cells from
different tissues including thymus. Cell Immunol 118: 108-25

159. P. De Togni, J. Goellner, N. H. Ruddle, P. R. Streeter, A. Fick, S.
Mariathasan, S. C. Smith, R. Carlson, L. P. Shornick, J. Strauss-Schoenberger
and et al. (1994) Abnormal development of peripheral lymphoid organs in
mice deficient in lymphotoxin. Science 264: 703-7

160. M. Pasparakis, L. Alexopoulou, V. Episkopou and G. Kollias (1996) Immune
and inflammatory responses in TNF alpha-deficient mice: a critical
requirement for TNF alpha in the formation of primary B cell follicles,
follicular dendritic cell networks and germinal centers, and in the maturation
of the humoral immune response [see comments]. Journal of Experimental
Medicine 184: 1397-411

161. M. Le Hir, H. Bluethmann, M. H. Kosco-Vilbois, M. Muller, F. di Padova,
M. Moore, B. Ryffel and H. P. Eugster (1996) Differentiation of follicular
dendritic cells and full antibody responses require tumor necrosis factor
receptor-1 signaling. J Exp Med 183: 2367-72

162. M. Le Hir, H. Bluethmann, M. H. Kosco-Vilbois, M. Muller, F. di Padova,
M. Moore, B. Ryffel and H. P. Eugster (1995) Tumor necrosis factor
receptor-1 signaling is required for differentiation of follicular dendritic cells,
germinal center formation, and full antibody responses. Journal of
Inflammation 47: 76-80

163. A. K. Szakal, M. H. Kosco and J. G. Tew (1988) A novel in vivo follicular
dendritic cell-dependent iccosome-mediated mechanism for delivery of
antigen to antigen-processing cells. J Immunol 140: 341-53

164. M. E. Youd, A. R. Ferguson and R. B. Corley (2002) Synergistic roles of IgM
and complement in antigen trapping and follicular localization. Eur J
Immunol 32: 2328-37

165. M. R. Ehrenstein, T. L. O'Keefe, S. L. Davies and M. S. Neuberger (1998)
Targeted gene disruption reveals a role for natural secretory IgM in the
maturation of the primary immune response. Proc Natl Acad Sci 95: 10089-
93

166. M. Lyon (1997) Determination of the disaccharide composition of
glycosaminoglycans: comparison of chemical and enzymatic scission.
Biomethods 9: 61-76

167. J. Y. Bonnefoy, S. Henchoz, D. Hardie, M. J. Holder and J. Gordon (1993) A
subset of anti-CD21 antibodies promote the rescue of germinal center B cells
from apoptosis. Eur J Immunol 23: 969-72

168. M. B. Fischer, S. Goerg, L. Shen, A. P. Prodeus, C. C. Goodnow, G. Kelsoe
and M. C. Carroll (1998) Dependence of germinal center B cells on
expression of CD21/CD35 for survival. Science 280: 582-5

169. J. P. Aubry, S. Pochon, P. Graber, K. U. Jansen and J. Y. Bonnefoy (1992)
CD21 is a ligand for CD23 and regulates IgE production. Nature 358: 505-7



References

168

170. K. Maeda, G. F. Burton, D. A. Padgett, D. H. Conrad, T. F. Huff, A. Masuda,
A. K. Szakal and J. G. Tew (1992) Murine follicular dendritic cells and low
affinity Fc receptors for IgE (Fc epsilon RII). J Immunol 148: 2340-7

171. D. T. Fearon and M. C. Carroll (2000) Regulation of B lymphocyte responses
to foreign and self-antigens by the CD19/CD21 complex. Annual Review of
Immunology 18: 393-422

172. A. Stief, G. Texido, G. Sansig, H. Eibel, G. Le Gros and H. van der Putten
(1994) Mice deficient in CD23 reveal its modulatory role in IgE production
but no role in T and B cell development. J Immunol 152: 3378-90

173. T. B. Lavoie, W. N. Drohan and S. J. Smith-Gill (1992) Experimental
analysis by site-directed mutagenesis of somatic mutation effects on affinity
and fine specificity in antibodies specific for lysozyme. J Immunol 148: 503-
13.

174. F. Momburg, S. Fuchs, J. Drexler, R. Busch, M. Post, G. J. Hammerling and
L. Adorini (1993) Epitope-specific enhancement of antigen presentation by
invariant chain. J Exp Med 178: 1453-8

175. G. Zhong, P. Romagnoli and R. N. Germain (1997) Related leucine-based
cytoplasmic targeting signals in invariant chain and major histocompatibility
complex class II molecules control endocytic presentation of distinct
determinants in a single protein. J Exp Med 185: 429-38

176. Y. St-Pierre and T. H. Watts (1990) MHC class II-restricted presentation of
native protein antigen by B cells is inhibitable by cycloheximide and
brefeldin A. J Immunol 145: 812-8

177. V. M. Pinet and E. O. Long (1998) Peptide loading onto recycling HLA-DR
molecules occurs in early endosomes. Eur J Immunol 28: 799-804

178. J. P. Griffin, R. Chu and C. V. Harding (1997) Early endosomes and a late
endocytic compartment generate different peptide-class II MHC complexes
via distinct processing mechanisms. J Immunol 158: 1523-32

179. J. Foote and G. Winter (1992) Antibody framework residues affecting the
conformation of the hypervariable loops. J Mol Biol 224: 487-99

180. C. Watts and A. Lanzavecchia (1993) Suppressive effect of antibody on
processing of T cell epitopes. J Exp Med 178: 1459-63

181. T. N. Bhat, G. A. Bentley, G. Boulot, M. I. Greene, D. Tello, W. Dall'Acqua,
H. Souchon, F. P. Schwarz, R. A. Mariuzza and R. J. Poljak (1994) Bound
water molecules and conformational stabilization help mediate an antigen-
antibody association. Proc Natl Acad Sci 91: 1089-93

182. M. Kaneda, I. Kato, N. Tominaga, K. Titani and K. Narita (1969) The amino
acid sequence of quail lysozyme. J Biochem (Tokyo) 66: 747-9

183. E. A. Padlan, E. W. Silverton, S. Sheriff, G. H. Cohen, S. J. Smith-Gill and
D. R. Davies (1989) Structure of an antibody-antigen complex: crystal
structure of the HyHEL-10 Fab-lysozyme complex. Proc Natl Acad Sci 86:
5938-42



References

169

184. E. M. Prager, N. Arnheim, G. A. Mross and A. C. Wilson (1972) Amino acid
sequence studies on bobwhite quail egg white lysozyme. J Biol Chem 247:
2905-16

185. J. Jolles, E. Van Leemputten, A. Mouton and P. Jolles (1972) Amino acid
sequence of guinea-hen egg-white lysozyme. Biochim Biophys Acta 257:
497-510

186. J. Jolles, I. M. Ibrahimi, E. M. Prager, F. Schoentgen, P. Jolles and A. C.
Wilson (1979) Amino acid sequence of pheasant lysozyme. Evolutionary
change affecting processing of prelysozyme. Biochemistry 18: 2744-52

187. J. Hermann, J. Jolles and P. Jolles (1971) Multiple forms of duck-egg white
lysozyme. Primary structure of two duck lysozymes. Eur J Biochem 24: 12-7

188. K. Kondo, H. Fujio and T. Amano (1982) Chemical and immunological
properties and amino acid sequences of three lysozymes from Peking-duck
egg white. J Biochem (Tokyo) 91: 571-87

189. I. M. Ibrahimi, E. M. Prager, T. J. White and A. C. Wilson (1979) Amino
acid sequence of California quail lysozyme. Effect of evolutionary
substitutions on the antigenic structure of lysozyme. Biochemistry 18: 2736-
44

190. T. B. Lavoie, Kam-Morgan, L. N. W., Mallett, C. P., Schilling, J. W., Prager,
E. M., Wilson, A. C., Smith-Gill, S. J. (1990) Analysis of antibody-protein
interaction utilizing site-directed mutagenesis and a new evolutionary variant
of lysozyme., in The use of X-ray crystallography in the design of anti-viral
agents. Academic Press p. 213-232

191. H. Kondo, M. Shiroishi, M. Matsushima, K. Tsumoto and I. Kumagai (1999)
Crystal structure of anti-Hen egg white lysozyme antibody (HyHEL-10) Fv-
antigen complex. Local structural changes in the protein antigen and water-
mediated interactions of Fv-antigen and light chain-heavy chain interfaces. J
Biol Chem 274: 27623-31

192. J. Salamero, M. Humbert, P. Cosson and J. Davoust (1990) Mouse B
lymphocyte specific endocytosis and recycling of MHC class II molecules.
EMBO J 9: 3489-96

193. C. Bonnerot, D. Lankar, D. Hanau, D. Spehner, J. Davoust, J. Salamero and
W. H. Fridman (1995) Role of B cell receptor Ig alpha and Ig beta subunits in
MHC class II-restricted antigen presentation. Immunity 3: 335-47

194. F. Forquet, N. Barois, P. Machy, J. Trucy, V. S. Zimmermann, L. Leserman
and J. Davoust (1999) Presentation of antigens internalized through the B cell
receptor requires newly synthesized MHC class II molecules. J Immunol 162:
3408-16.

195. T. A. Gondre-Lewis, A. E. Moquin and J. R. Drake (2001) Prolonged antigen
persistence within nonterminal late endocytic compartments of antigen-
specific B lymphocytes. J Immunol 166: 6657-64



References

170

196. V. Pinet, M. Vergelli, R. Martin, O. Bakke and E. O. Long (1995) Antigen
presentation mediated by recycling of surface HLA-DR molecules. Nature
375: 603-6.

197. A. A. Delvig and J. H. Robinson (1998) Two T cell epitopes from the M5
protein of viable Streptococcus pyogenes engage different pathways of
bacterial antigen processing in mouse macrophages. J Immunol 160: 5267-72

198. J. H. Robinson and A. A. Delvig (2002) Diversity in MHC class II antigen
presentation. Immunology 105: 252-62

199. S. O. Arndt, A. B. Vogt, S. Markovic-Plese, R. Martin, G. Moldenhauer, A.
Wolpl, Y. Sun, D. Schadendorf, G. J. Hammerling and H. Kropshofer (2000)
Functional HLA-DM on the surface of B cells and immature dendritic cells.
EMBO J 19: 1241-51

200. World Health Organization (2002) AIDS epidemic update: December 2002,

201. H. Spiegel, H. Herbst, G. Niedobitek, H. D. Foss and H. Stein (1992)
Follicular dendritic cells are a major reservoir for human immunodeficiency
virus type 1 in lymphoid tissues facilitating infection of CD4+ T-helper cells.
Am J Pathol 140: 15-22

202. S. L. Heath, J. G. Tew, A. K. Szakal and G. F. Burton (1995) Follicular
dendritic cells and human immunodeficiency virus infectivity. Nature 377:
740-4.

203. R. Sprenger, K. M. Toellner, C. Schmetz, W. Luke, C. Stahl-Hennig, M.
Ernst, G. Hunsmann, H. Schmitz, H. D. Flad, J. Gerdes and et al. (1995)
Follicular dendritic cells productively infected with immunodeficiency
viruses transmit infection to T cells. Med Microbiol Immunol (Berl) 184: 129-
34

204. B. A. Smith, S. Gartner, Y. Liu, A. S. Perelson, N. I. Stilianakis, B. F. Keele,
T. M. Kerkering, A. Ferreira-Gonzalez, A. K. Szakal, J. G. Tew and G. F.
Burton (2001) Persistence of infectious HIV on follicular dendritic cells. J
Immunol 166: 690-6.

205. J. M. Orenstein, N. Bhat, C. Yoder, C. Fox, M. A. Polis, J. A. Metcalf, J. A.
Kovacs, J. Falloon, R. E. Walker, H. Masur, H. C. Lane and R. T. Davey
(2000) Rapid activation of lymph nodes and mononuclear cell HIV
expression upon interrupting highly active antiretroviral therapy in patients
after prolonged viral suppression. Aids 14: 1709-15

206. P. Joling, L. J. Bakker, J. A. Van Strijp, T. Meerloo, L. de Graaf, M. E.
Dekker, J. Goudsmit, J. Verhoef and H. J. Schuurman (1993) Binding of
human immunodeficiency virus type-1 to follicular dendritic cells in vitro is
complement dependent. J Immunol 150: 1065-73

207. B. A. Smith-Franklin, B. F. Keele, J. G. Tew, S. Gartner, A. K. Szakal, J. D.
Estes, T. C. Thacker and G. F. Burton (2002) Follicular dendritic cells and
the persistence of HIV infectivity: the role of antibodies and Fcgamma
receptors. J Immunol 168: 2408-14



References

171

208. G. S. Jackson and J. Collinge (2001) The molecular pathology of CJD: old
and new variants. Mol Pathol 54: 393-9

209. P. A. McBride, P. Eikelenboom, G. Kraal, H. Fraser and M. E. Bruce (1992)
PrP protein is associated with follicular dendritic cells of spleens and lymph
nodes in uninfected and scrapie-infected mice. J Pathol 168: 413-8

210. S. Lezmi, A. Bencsik and T. Baron (2001) CNA42 monoclonal antibody
identifies FDC as PrPsc accumulating cells in the spleen of scrapie affected
sheep. Vet Immunol Immunopathol 82: 1-8

211. L. Manuelidis, I. Zaitsev, P. Koni, Z. Y. Lu, R. A. Flavell and W. Fritch
(2000) Follicular dendritic cells and dissemination of Creutzfeldt-Jakob
disease. J Virol 74: 8614-22

212. M. J. Shlomchik, K. Radebold, N. Duclos and L. Manuelidis (2001)
Neuroinvasion by a Creutzfeldt-Jakob disease agent in the absence of B cells
and follicular dendritic cells. Proc Natl Acad Sci 98: 9289-94

213. N. A. Mabbott, A. Williams, C. F. Farquhar, M. Pasparakis, G. Kollias and
M. E. Bruce (2000) Tumor necrosis factor alpha-deficient, but not
interleukin-6-deficient, mice resist peripheral infection with scrapie. J Virol
74: 3338-44

214. N. A. Mabbott, J. Young, I. McConnell and M. E. Bruce (2003) Follicular
dendritic cell dedifferentiation by treatment with an inhibitor of the
lymphotoxin pathway dramatically reduces scrapie susceptibility. J Virol 77:
6845-54

215. N. A. Mabbott, G. McGovern, M. Jeffrey and M. E. Bruce (2002) Temporary
blockade of the tumor necrosis factor receptor signaling pathway impedes the
spread of scrapie to the brain. J Virol 76: 5131-9

216. M. A. Klein, P. S. Kaeser, P. Schwarz, H. Weyd, I. Xenarios, R. M.
Zinkernagel, M. C. Carroll, J. S. Verbeek, M. Botto, M. J. Walport, H.
Molina, U. Kalinke, H. Acha-Orbea and A. Aguzzi (2001) Complement
facilitates early prion pathogenesis. Nat Med 7: 488-92

217. P. D. Simitsek, D. G. Campbell, A. Lanzavecchia, N. Fairweather and C.
Watts (1995) Modulation of antigen processing by bound antibodies can
boost or suppress class II major histocompatibility complex presentation of
different T cell determinants. J Exp Med 181: 1957-63

218. K. Maenaka, P. A. van der Merwe, D. I. Stuart, E. Y. Jones and P.
Sondermann (2001) The human low affinity Fcgamma receptors IIa, IIb, and
III bind IgG with fast kinetics and distinct thermodynamic properties. J Biol
Chem 276: 44898-904

219. A. F. Ochsenbein and R. M. Zinkernagel (2000) Natural antibodies and
complement link innate and acquired immunity. Immunol Today 21: 624-30.

220. L. Adorini, E. Appella, G. Doria and Z. A. Nagy (1988) Mechanisms
influencing the immunodominance of T cell determinants. Journal of
Experimental Medicine 168: 2091-104



References

172

221. M. A. West, A. N. Antoniou, A. R. Prescott, T. Azuma, D. J. Kwiatkowski
and C. Watts (1999) Membrane ruffling, macropinocytosis and antigen
presentation in the absence of gelsolin in murine dendritic cells. Eur J
Immunol 29: 3450-5

222. T. Kinoshita, J. Takeda, K. Hong, H. Kozono, H. Sakai and K. Inoue (1988)
Monoclonal antibodies to mouse complement receptor type 1 (CR1). Their
use in a distribution study showing that mouse erythrocytes and platelets are
CR1-negative. J Immunol 140: 3066-72

223. I. Krop, A. R. de Fougerolles, R. R. Hardy, M. Allison, M. S. Schlissel and
D. T. Fearon (1996) Self-renewal of B-1 lymphocytes is dependent on CD19.
Eur J Immunol 26: 238-42

224. R. N. Germain, A. Bhattacharya, M. E. Dorf and T. A. Springer (1982) A
single monoclonal anti-Ia antibody inhibits antigen-specific T cell
proliferation controlled by distinct Ir genes mapping in different H-2 I
subregions. J Immunol 128: 1409-13

225. G. S. Le Gros, A. G. Herbert and J. D. Watson (1984) In vivo modulation of
thymus-derived lymphocytes with monoclonal antibodies in mice. II.
Separation of natural killer cells and cytotoxic T cells. Immunology 51: 103-
13


