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Abstract

Responses of T cells to antigen depend on recognition of MHC-peptide complexes by
cells with specific clonal T cell receptors. There is much data on the properties of
individual clones responding to particular peptide-MHC complexes of infectious agents
and also data analysing the TCR sequence variability of T cells responding to single
peptide-MHC complexes. However, there is less data on global responses and the size
and number of clones. Most studies to date have focussed on CD8^ T cells where large
expanded clones have been detected in a number of cell populations, helping to define
clonal responses to a range of infections. In contrast there is limited data in CD4^ cells
where clones are much smaller and are present at a lower frequency.

The data presented in this thesis examines the clonality of CD4^ T cells at a global level
through heteroduplex analysis. Initial attempts to establish this technique for
examination of clonality in mice failed; however the technique is proven in human
studies. Human CD4^ cells were subdivided by their expression of CD45, CD27 and
CD95 to determine which phenotypic markers distinguish naïve, memory and effector
cells. Phenotypic and clonal analysis have allowed a model of differentiation to be
proposed suggesting that loss of CD27 and acquisition of CD95 defines antigen
experienced cell populations. Data also suggests that a population of CD45RA^CD27‘
CD95^ cells might be a revertant population.

The clonality of CD4^CD45R0^CD25^ regulatory cells has also been examined. There
was a large overlap in clonality between CD25^ and CD25‘ cells suggesting that
regulatory T cells may develop in the periphery firom antigen experienced cells. Studies
in humans are mostly performed on peripheral blood samples due to ethical and
practical constraints of sampling tissues. The data presented here examines the overlap
of clonality of cells in blood, secondary lymphoid tissues and non-lymphoid effector
tissues, and shows that there is a high degree of overlap in clonality between blood and
tissues. Collectively, these data provide further knowledge of the clonal responses of
CD4^ cells.
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Chapter 1: Introduction

CHAPTER 1

Introduction

1.1

The fight against infection

1.1.1

Why do we need immune systems?

The susceptibility of organisms to infections by pathogens has driven the evolution of
immune systems. Immune systems have co-evolved with pathogens resulting in a
complex interplay whereby hosts are able to recognise, eliminate and remember a broad
range of micro-organisms. Conversely, as this system has evolved, pathogens have
evolved a number of mechanisms to avoid recognition and elimination without
damaging their chances of survival. For any species to be successful there must be a
carefully controlled balance between infection and immunity. Failure of the immune
system may result in immunodeficiency, hypersensitivity or autoimmunity each of
which has potentially fatal consequences. Vertebrate species have evolved a complex
immune system comprising of innate and adaptive components. They include physical
barriers, a network of cellular interactions and the production of secreted factors. These
work together to provide systemic protection against pathogens.

Characteristically the innate immune system provides the first line defence against
pathogens. It is able to recognise pathogens as being ‘foreign’ to the host in a pathogen
non-specific manner via general pattern recognition receptors, and present the danger to
cells of the adaptive immune system. The adaptive immune system is initiated by the
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innate immune system. Molecular structures including proteins and carbohydrates from
pathogens are presented to the cells of the adaptive immune system to induce a response
specific to that antigen. Following activation these cells are able to remember the
antigenic encounter, this memory results in faster and more efficient recall responses to
the antigen.

1.1.2

Components of the immune system

The body has a number of physical barriers to reduce infection including the skin and
mucosal epithelia at common sites of infection. These barriers act together with
biochemical mechanisms including the production of lysozyme, an antibacterial enzyme
in tears and varying pH conditions throughout the systems of the body. If physical
mechanisms fail to prevent entry of pathogens once inside the host they can detected by
a range of molecules including complement, antibodies (e.g. IgM) and lectin like
proteins. Once bound by these molecules pathogens can be ingested by scavenging
cells.

The cellular components of the immune system are leukocytes (white blood cells)
derived from pluripotent haemopoietic stem cells in the bone marrow. These give rise to
two lineages of cells in the blood via myeloid and lymphoid progenitors. An overview
of the differentiation of the cellular components of blood is shown in figure 1.1. The
cells o f the innate system provide protection against a wide range of pathogens.
Recognition of antigens is based on molecular patterns rather than specific peptides and
these cells do not
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have ‘specific’ antigen receptors as found in the adaptive immune system. The myeloid
progenitor gives rise to polymorphonuclear granulocytes including basophils,
neutrophils and eosinophils. These are found in both blood and tissues and are an
important part of the innate system being largely responsible for phagocytosis of
pathogens. Monocytes are found in the blood, upon extravasation to the tissues they
differentiate into macrophages. These cells are important phagocytic cells and also act
as antigen presenting cells displaying antigens to the adaptive immune system.

Dendritic cells (DC) are derived fi*om both myeloid and lymphoid lineages. These cells
are commonly referred to as professional antigen presenting cells due to their great
efficiency in the uptake of antigen and subsequent presentation to cells of the adaptive
system. There are many types of DCs in different tissues, these include Langerhans cells
in the skin, intraepithélial DCs in the gut and skin, and follicular DCs in lymphoid
tissues.

Natural killer cells (NK cells) are derived from lymphoid progenitors. Most
lymphocytes are components of the adaptive immune system and have antigen specific
receptors. However, unlike other lymphocytes NK cells do not possess an antigen
specific receptor. NK cells are able to recognise and kill virally infected cells and are
involved in anti-tumour responses.

The cells of the adaptive immune system are derived fi*om lymphoid progenitors, these
have the capacity to home different lymphoid organs. There are two main families of
lymphocytes. In humans, T (thymus derived) cells develop in the thymus through the
processes of positive and negative selection, their activation results in cell mediated
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immunity including direct killing of infected cells and release of cytokines. B
lymphocytes, so called due to their development in the Bursa of Fabricus in birds,
mature in the bone marrow or foetal liver. Activation of B cells through the B cell
receptor results in the generation of plasma cells, which produce and secrete antibodies.
Antibodies are immunoglobulin molecules which are involved in the humoral response
to antigens. Antibodies bind antigens and facilitate their uptake by cells, and they can
activate other parts of the immune system. Both T cells and B cells express receptors
which recognise specific antigenic peptides, they are able to form a memory of this
encounter and response more efficiently on re-exposure to that antigen.

Erythocytes, red blood cells, and platelets are also derived from the haemopoietic stem
cell. These are not directly involved in immune function. However, platelets are
important in blood clotting and inflammation.

1.2

The innate immune system

The innate immune system provides a first line defence against pathogen invasion. Cells
of the innate immune systems recognise pathogens through the binding of receptors on
their surface with broad patterns o f molecules on pathogens. Pattern recognition
receptors (PRRs) have evolved to recognise non-self structures, so called pathogen
associated molecular patterns (PAMPS). PRRs are able to detect combinations of
polysaccharides, proteins, lipids and distinct nucleic acid motifs including bacterial CpG
islands (Medzhitov 2000). A number of innate receptors have been identified including
toll like receptors (TLR), scavenger receptors and the mannose receptor.
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A large number of toll like receptors have been identified, cells use multiple TLRs to
recognise several features from gram positive bacteria, gram negative bacteria and viral
products. As the repertoire of stimulants for TLRs is diverse, the range of defence
mechanisms that they induce is dependent on receptor usage. Production of tumour
necrosis factor a (TNFa) activates macrophages and causes them to release defensins,
which facilitate the adaptive immune response. There is a general induction of inducible
nitric oxide synthase (iNOS), and nitric oxide (NO) which has anti-microbial effects.
The mannose receptor is an endocytic receptor expressed on macrophages, this
recognises carbohydrates structures on bacteria, fungi and parasites. Also related is
mannose binding protein (MB?) produced by hepatocytes, both the mannose receptor
and MB? trigger phagocytosis, opsonisation and initiate inflammatory responses
(Gordon 2002). Myeloid cells including macrophages and dendritic cells express
scavenger receptors. They facilitate the uptake and clearance of apoptopic cells and also
recognise modified host molecules, lipoteichoic acid and LPS.

Heat shock proteins (hsp) are intracellular molecules found in most cells. Under stress,
including infections, the level of hsps in cells increases dramatically. Hsps have been
found to bind antigen peptides and chaperone them to MHC molecules (Srivastava
2002). Hsp-peptide complexes have been shown to elicit strong cytotoxic T cell
responses and are an important link between the innate and adaptive immune responses.
Natural killer cells were initially identified by their ability to kill certain tumours in
vitro, they account for up to 15% of peripheral blood lymphocytes and have been found
to be important in controlling viral infections and tumours. NK cells contain inhibitory
receptors to MHC Class I and are activated by cells expressing low or no Class I. This is
important in many viral infections where the virus downregulates Class I expression to
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evade detection by CD8^ T cells. However, recently it has been shown that NK cells
also express large numbers of additional receptors which recognise molecules on
infected cells. These include killer immunoglobulin-like receptors and lectin-like
receptors. These can be either activating or inhibitory. Activation occurs due to the
balance of the activating and inhibitory receptors (Cerwenka 2001). Once activated NK
cells have direct cytolytic activity carried out through the same mechanisms as CD8^
cytolytic T cells (discussed in section 1.6.4.1). They also release cytokines to selectively
induce Thl T cell responses, again showing the strong crosstalk between the innate and
adaptive paths of the immune system. NK T cells are a group of cells which express
CD3 but also many NK receptors. The function of these cells is not known but it is
likely to overlap that of T cells and NK cells.

All innate recognition results in amplification of the immune response through the
release of soluble factors including defensins, cytokines, chemokines and complement.
These facilitate inflammation at sites o f infection.

Complement is a collection of proteins which, following proteolysis to produce the
active form, create a cascade resulting in i) direct killing of micro-organisms, ii)
opsonisation of target cells, iii) activation of phagocytes and iv) augmentation of
antibody responses. Activation of the complement cascade can follow two pathways,
the Classical and alternative pathways. In the Classical pathway immune complexes
bind the complement protein clq and trigger the cascade. Lectins on many gram
positive and gram negative bacteria also trigger this pathway. Micro-organisms can also
bind the complement protein c3 and thus activate the cascade through the alternative
pathway. These converge with the generation of c3 convertase, this converts c3 to c3b
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and is the central event of the complement system activating the terminal lytic
complement sequence. The lytic sequence results in formation of a membrane attack
complex which lyses target cells.

1.3

The adaptive immune system

Although the innate immune system is able to respond quickly to pathogen invasion it is
unable to generate immunological memory or to recognise specific pathogenic peptides.
Activation of the innate system leads to priming of the adaptive system which carries
out these functions.

During infection tissue resident DCs and immature DCs recruited to the sites of
invasion take up and process antigen. They then mature and migrate to lymphoid tissues
where they interact with T cells and B cells. B cells recognise antigen via the B cell
receptor, an immunoglobulin molecule on the cell surface. Some native antigen is able
to migrate to lymph nodes through the lymphatic system. This is then taken up by
follicular DCs in the lymph nodes and presented to B cells. During B cell development
the diversity of repertoire is established fi*om somatic recombination of variable (V),
joining (J), diversity (D) and constant (C) genes to form a heavy chain. This heavy
chain randomly combines with a light chain, composed from recombination of V, J and
C genes; this is a similar system to T cell receptor formation, discussed in section 1.5.1.
Upon encounter with antigen B cells can internalise the foreign protein and present it to
T cells, acting as antigen presenting cells. Upon clonal expansion some B cells
differentiate into plasma cells which produce antibodies. The predominant antibody in
primary responses is IgM although there is some class switching and IgG and IgA can
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be detected. Other activated cells differentiate into memory cells. Upon restimulation,
and with help from effector CD4^ cells, these differentiate into high affinity plasma
cells and change the expression of heavy chain to secrete other antibodies,
predominantly IgG and IgA, which are more specific to the antigen. Somatic mutation
of heavy and light chains also occurs following antigen stimulation, predominantly in
IgG and IgA molecules suggesting that it might be associated with class switching
(Jacobs 2001). These point mutations, usually within the variable regions, add to the
diversity of antibodies. Additional diversity is generated through N-region diversity,
this is identical to generation of diversity of T cell receptors and is discussed in section
1.5.1.

There are two types of T cell in the immune system defined by the nature of the T cell
receptor, yô T cells are specialised cells, they are found within the prenatal thymus in
large numbers. In many species including humans and mice the number of yô cells
decreases at birth, however in other species, including sheep and cows, they remain at
high numbers. Post-natally they are found in specialised epithelial tissues in the skin,
gut and genitourinary tract. The function of these cells is not understood, however it is
known that they recognise heat shock proteins and non-classical MHC gene products.

The predominant T cells found post-natally have a TCR composed of an alpha and beta
chain, aP T cells. During T cell development cells lose expression of one of the
costimulatory molecules CD4 or CDS becoming single positive mature T cells. Upon
activation CD4^ T cells differentiate into T helper cells assisting the production of
antibody through activation of B cells. Most CDS^ T cells become cytotoxic T cells
with the direct ability to kill infected cells and to produce cytokines including TNFa

23

Chapter 1: Introduction
and IFNy. The focus of this thesis is a p T cells, the development and function of these
cells is discussed further below.

1.4

T cell development

1.4.1

Development of T cells in the thymus

T cell development occurs in the thymus. Thymocyte precursors enter the thymic
stroma from the bone marrow. These progenitors are HSA^, CD43^, CD44^, CDS',
CD4'ow (Schwarzler 2001, Michie 1998). A schematic representation of T cell
development in the thymus is shown in figure 1.2. The majority of T cell development
occurs in the cortex of the thymus where developing thymocytes are tightly packed
among epithelial cells. In the outer cortex precursors develop to triple negative (TN)
thymocytes, so called due to the CD3 CD4 CDS' phenotype; although these are also
commonly referred to as double negative (DN) due to the lack of expression of CD4 and
CDS. Throughout this stage cells can also be subdivided by their expression of CD25
and CD44 with cells progressing from CD25'CD44^ to CD25^CD44^ to CD25^CD44'
(Godfrey 1993).

It is during the CD25^CD44' stage that rearrangement of the T cell receptor (TCR) p
chain begins. Expression of a pre TCR at the cell surface results in proliferation, a chain
rearrangement and the subsequent expression of CD4 and CDS (von Boehmer 19SS).
These double positive (DP) thymocytes are found deeper within the cortex and account
for 70-80% of all thymocytes. Following expression of a functional TCR, thymocytes
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undergo a selection process and lose expression of either CD4 or CD8 to become single
positive (SP) thymocytes which eventually exit the thymus via the medulla.

1.4.2

Positive and negative selection

T cells can only recognise antigen presented in self-MHC molecules (Zinkemagel
1974), however, it is essential that in the periphery they do not cause an immune
response to self antigens. This tolerance is established during thymocyte development
through the processes of positive and negative selection. Within the large diversity of
TCR (discussed in section 1.5.) a high proportion of cells will express TCR that are
unable to recognise self-MHC molecules. Positive selection is mediated by thymic
cortical epithelial cells expressing self peptides presented in MHC class I and class II
(Fink 1978) and requires multiple interactions over several days. Thymocytes are
predisposed to die by apoptosis, cells which successfully recognise self-MHC molecules
are rescued from this cell death (Saito 1998). These cells increase their expression of
TCR and lose expression of one of the coreceptors CD4 or CD8 to mature into single
positive cells. Within the population of cells selected to survive in positive selection,
some will bind to self-peptides. These thymocytes are deleted through negative
selection mediated by Fas induced apoptosis (Goldrath 1999). Approximately 95% of
DP thymocytes die during development, the 5% of surviving cells expand
intrathymically (Hare 1998) to produce a repertoire of cells which can efficiently target
foreign antigens without causing damage to the host.

The regulation o f positive and negative selection has been discussed in detail with two
models being proposed. The altered ligand model is based on the observation that
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different cell types induce positive and negative selection. It suggests that thymic
epithelium and bone marrow-derived cells express different self-peptides; with bone
marrow derived cells expressing an overlapping repertoire of peptides with the
periphery whereas the thymic epithelium expresses self antigens confined to the thymus.
This model suggests that positive selection occurs before negative selection however, it
does not allow for the observations that some TCR transgenic mice show clonal deletion
at an early DP stage (Sha 1988) or evidence showing that thymic epithelial cells can
also mediate negative selection (Salaun 1990). The alternative hypothesis is the
affinity/avidity model which suggests that the balance between positive and negative
selection is determined by the affinity of each TCR to peptide-MHC complexes
(Goldrath 1999). Thymocytes with intermediate affinity for peptide-MHC are selected
for whilst those with a high affinity are deleted (Alam 1996). This model is supported
by the observation that variations in expression of CD4 and CD8 can alter the outcome
of selection (Lee 1992), and that amino acid changes in MHC molecules can also have a
bearing on whether cells are selected (Sha 1990). This model also allows for negative
selection to occur prior to positive selection, and to be mediated by thymic epithelial
cells.

1.4.3

Development of the T ceil repertoire

The eventual peripheral repertoire of TCRs is dependent on the selection processes that
occur in the thymus. Many studies have shown that although the repertoire of naïve
cells is diverse, there is preferential usage of certain TCR chains. This is influenced by
factors including MHC type, peptide interactions and superantigen gene expression. The
coreceptor usage can also effect TCR repertoire with CD4 expression promoting a more
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diverse T cell repertoire (Wang 2001). The best-defined examples of the influence of
MHC alleles on repertoire come firom studies in transgenic mice and rats. Allelespecific over expression of AV genes has been seen in a number of studies (TorresNagel 2001). For example, in congenic Lewis rat strains there are differing levels of
VA8S2 expression dependent on the strain (Torres-Nagel 1994). Likewise, certain V a
molecules interact preferentially with either MHC class I or MHC class II molecules.
These cells are preferentially selected as CDS or CD4 SP cells respectively and result in
different repertoires in CD4^ and CDS^ cells (Sim 1998). Biased Vp usage has also been
reported to be present following VDJ rearrangement of the P chain. This is not related to
the distance of the Vp gene to the Djp cluster (Wilson 2001). Studies in humans have
also shown skewing of the TCR repertoire usage (Gulwani-Akolkar 1991, Henwood
1996).

The specific peptides involved in interactions during positive selection also bias the
developing repertoire. Transgenic mice in which single peptides are expressed have a
large and broad CD4 response with wide TCR diversity (Goldrath 1999). However
further studies have revealed that these cells are unable to positively select TCRs of
known specificity, and that they also have constrained TCRa chain usage. Holes in the
repertoire exist when T cells are selected in the presence of minimal ligands (Sebzda
1999). Specific selection events in TCRp transgenic mice also promote maturation of
thymocytes with distinct a p chain usage (Sant’Angelo 1997).

The presence of exogenous and endogenous superantigens during thymic development
can affect the repertoire. The integration of mouse mammary tumour viruses (jntvs),
which encode superantigens, is commonly observed in mice, but as yet none have been
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identified in humans. Superantigens bind the Vp chain of the TCR independently of
MHC interaction, and can cause deletion of entire Vp families or preferentially select
expression of others (Cazenave 1990). Most deletions occur at the DP stage (Kappler
1988), but partial deletion of some Vp suggests that it may also occur at the SP stage of
development (Woodland 1990). The presence of endogenous mouse superantigens has
been linked to deletions of Vp3, 5, & 11 in Balb/c mice (Simpson 1993). Transgenic
mice expressing mtv-8 and mtv-9 have increased expression of Vp2, 4 and 8 on CD4^
cells, this positive selection appears to occur during the SP stage of development.

1.5

T Ceil Receptors

1.5.1

TCR genes

The TCR genes are multigene families found in germline DNA, each family encoding
one of the four TCR a , p, 5, and y chains. The TCRp chain was the first to be identified
by subtractive cDNA hybridisation (Hedrick 1984). Subsequently the TCRa (Chien
1984, Saito 1984), TCRS (Chien 1987) and TCRy (Saito 1984) genes were identified
with the S locus found within the a locus. This prevents T cells expressing both a p and
yS receptors. Each multigene family is composed of discontinuous regions of coding
segments, the variable (V), joining (J) and constant region (C). TCRp and S genes also
contain diversity (D) regions. Functional TCR molecules are formed from somatic gene
rearrangements of a V, J and C segment for a and y chains, and V, D, J and C segments
for p and 5 chains. The initial generation of diversity in TCR chains is determined by
rearrangements o f these gene segments. Germline DNA encodes large numbers of
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coding sections, especially variable segments with approximately 100 V a segments and
53 Vp segments in the human genes (Robinson 1993, Wei 1994). Table 1.1 shows the
chromosomal locations and numbers of coding segments of human and mouse TCR
genes. Gene segments have been divided into subfamilies on the basis of 75%
homology. There are 25 human Vp gene families classified as TCRBVl-25. A number
of families including BV5 and BV13 have multiple members (Concannon 1986, Kimura
1986, Breiteneder 1995), these are designated Vp5.1, Vp5.2 and Vpl3.1, Vpl3.2 in this
thesis. Germline DNA also contains non-fimctional pseudogenes including BV21
(VplO) and BV23 (Vpl9) (Currier 1996, Davodeau 1995).

TCR gene rearrangement occurs during thymocyte development. TCRp rearrangement
occurs first during the double negative stage. The organisation of the human P locus has
two constant regions each associated with a set of J segments and a D segment (figure
1.3 A). Gene rearrangement of the p chain is dependent on cw-elements including and
upstream promoter and enhancer (Khor 2002). Initially there is rearrangement of a D to
a J segment. One of the many V regions then splices to the DJ segment with Vp
segments preferentially targeted to Dp elements (Sleckman 2000). At this point
transcription of the gene can occur, the VDJ segment then splices to the associated C
region at the mRNA level. Once the p locus has rearranged the fimctional protein is
expressed on the cell surface in association with the protein gp33 as the preTCR (von
Boehmer 1994). Expression of the preTCR regulates further expansion of DP
thymocytes and is required for allelic exclusion of the p chain (Aifantis 1997); this
restricts gene rearrangement to only one allele and prevents the expression of two p
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TCR
chain
a
P
Ô

Murine
number of gene
segments ^
chromosome
D
J
C
V
13
6
14
14

100
50"
5
7

-

2
2
-

50
12
6
4

1
2
1
4

Human
number of gene
segments
V
D
J
chromosome
C
14qll
7q32-35
14qll.2
7pl5

100
53
3
12

-

2
3
-

61
13
3
5

1
2
1
2

Not all gene segments produce functional TCR chains, genes are grouped into families some of which
have multiple members

Table 1.1.
segments

Murine and human chromosomal locations and numbers of TCR gene
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chains. If a non-productive p chain is produced there is a second attempt to form a
productive rearrangement from the second DJC gene clusters.

Rearrangement of the TCRa chain (figure 1.3B) occurs at the DP stage of thymocyte
development following p gene rearrangement. This ordering allows proper thymocyte
development, as premature TCRap expression impairs thymocyte development and
expansion (Lacorazza 2001), it also allows selection of cells with productive p chains.
As there are no D genes, the chosen V and J segments splice together. This causes
deletion of the Ô locus and commits the thymocyte to a a p T cell. Once the a chain is
rearranged the protein is expressed with the p chain displacing gp33 because it has a
higher affinity for TCRp (Trop 2000). Allelic exclusion of the a chain is less stringent
than that of the P chain and is controlled at the cell surface level (Gascoigne 1999, Boyd
1998). It has been found that some cells express two different a chains with one p chain
(Malissen 1988).

The mechanisms of recombination of TCR gene segments, like that of immunoglobulin
chains, is directed by conserved heptamer and nonamer sequences found downstream of
V and D gene segments and upstream of germline D and J segments (Tonegawa 1983).
Heptamer and nonamer sequences are separated by 12 or 23 base pair spacers which
correlate to one or two DNA helix turns. These compose the recombination signal
sequences (RSS). Recombination is catalysed by enzymes encoded by recombination
activating genes 1 and 2 (RAG-1 & RAG-2). The role of these gene products in
recombination is essential, demonstrated by the observation that RAG knockout mice
lack mature T and B cells due to the absence of TCR and immunoglobulin receptors
(Mombaerts 1992). RAG proteins are involved in the formation o f a synaptic complex
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between the two RSS, the DNA is spliced end to end and the excess DNA is excised in
circular form, so called T cell receptor excision circles (TRECs). The ends of the coding
region are then covalently linked. This joining of segments is not exact and permits the
addition and deletion of further nucleotides, this further increases the diversity of TCRs.
Junctional diversity is generated by two mechanisms. Asymmetric scission of closed
hairpin termini at junctions causes the template-dependent addition of palindromic ‘P’
nucleotides (Lafaille 1989). In addition N-region diversity occurs by the addition of ‘N ’
nucleotides in a template-independent manner due to the activity of the enzyme terminal
deoxynucleotidyl transferase (TdT) which is expressed almost exclusively on immature
thymocytes and pro B cells (Gilfillan 1993).

Davis initially postulated that the potential repertoire of 10^^ TCR was possible (Davis
1988). More recent work has suggested that for human naïve T cells approximately 10^
different p chains in blood can pair with about 25 different a chains, and this is reduced
in memory cells (Arstilla 1999). Studies in mouse splenocytes have also suggested that
there are 2 x 10^ clones of approximately 10 cells each (Casrouge 2000). Although these
estimates of TCR repertoire size are smaller than original estimates the mechanisms of
somatic gene rearrangement from large numbers of gene segments, junctional diversity
and random pairing of a and P chains provide a large repertoire of receptors. Unlike
immunoglobulin formation somatic mutation does not occur in the TCR. This may be to
maintain tolerance and recognition of self-MHC. Alternatively, somatic mutation may
have evolved specifically in B cells correlated to their function of producing very high
affinity antibodies.
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1.5.2

T cell receptor structure

In order for T cells to recognise the broad range of antigens encountered by the immune
system, and to remember the specificity, T cell receptors have evolved as a highly
variable family of molecules. The general structure of the T cell receptor is however
conserved. T cell receptors are heterodimers of polypeptides belonging to the
immunoglobulin superfamily of molecules (Chothia 1988). Over 95% of circulating
human T cells express an a and a p chain. The presence of the less abundant (1-10%)
TCRs expressing a y and 5 chain was first discovered in 1984 following the accidental
cloning of the murine y chain (Saito 1984). yô T cells are conserved in all vertebrates
and are abundant in neonates and in intraepithélial repertoires in the skin, genitourinary
tract and gut. They are thought to play a distinct role through recognition of nonclassical MHC molecules and heat shock proteins (O’Brien 1989, Janeway 1988).

All TCR chain polypeptides are transmembrane glycoproteins containing an external
amino-terminal extracellular domain, which contains the variable and constant regions;
a short linker, a membrane spanning domain and a short cytoplasmic tail. The chains in
a p T cells are linked by disulphide bonds formed within the variable and constant
regions, and also within the linker. In contrast to this it is proposed that y6 chains are
linked via non-covalent associations. Variability of the T cell receptor chains is largely
due to three regions of hypervariability of amino acid sequence on the a and p chains,
these correspond to the complementarity determining regions involved in antigen
binding (Davis 1988). X-ray crystallography has confirmed that the most diverse of
these, CDR3, is involved in peptide binding (Garcia 1996). The CDR3 is formed from
the VDJ rearrangement and is classed as being firom the conserved J region triplet GXG
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(where G is glycine and X is any amino acid) to the nearest preceding V region encoded
cysteine (Chothia 1988). Due to the large extent of diversity in this region the CDR3
can be used as a clonotypic marker (Pannetier 1993).

Association of the variant TCR chains with invariant CD3 proteins (y, 5, e, Q forms the
functional TCR complex expressed at the cell surface. Whereas the function of the TCR
chains is to recognise antigen, the CD3 subunits of the TCR control assembly of the
molecule and mediate signal transduction. CD3 y, ô and e are members of the
immunoglobulin (Ig) superfamily thought to have arisen by gene duplication after
divergence of mammalian and avian species (Clevers 1988, Bemot 1991). The mature
TCR-CD3 complex is a divalent molecular complex (Exley 1995). It contains a single
copy of CD3 y and 5 and two copies of CD3e joined by disulphide bonds which
assemble in the endoplasmic reticulum (ER). The TCR a or p chains assemble to them
with the positive charges of the TCR chains attracted to the negative charge of the CD3
proteins (figure 1.4.).

The final component of the complex is the addition of two

CD3Ç chains. These are different from the other molecules in the complex as they are
not members of the Ig superfamily. They contain long cytoplasmic tails each of which
contains three Immuno-receptor tyrosine-based activation motifs (ITAMs), each ITAM
contains two phospho-tyrosine molecules and upon T cell triggering all are
phosphorylated.

Protein folding is dependent on the oxidising conditions of the endoplasmic reticulum
(ER), adenosine triphosphate (ATP) and calcium ions in the environment (Braakman
1992). A number of chaperonins are found in this environment and are thought to be
important in regulating the successful production of the TCR-CD3 complex. CD3co is
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Diagrammatic representation of polypeptide chains in the functional TCR-CD3
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an uncommon member of the CD3 complex and is a potential chaperonin. CD3co
associates with high mannose ER forms of the intracellular complex, absence of the
protein impairs efficient trafficking of the complex to the cell surface (Hall 1991). In
addition the major C a^ binding protein, calnexin is thought to be involved in correct
protein folding and trafficking of molecules fi*om the ER (Ou 1993).

1.6

T cell activation

1.6.1

Antigen presentation to T ceils

Once T cells exit into the periphery they are ready to encounter and eliminate foreign
antigens. Naïve T cells circulate through the lymphatic system where they can interact
with antigen presenting cells (APC), these cells entrap and process antigen as part of the
innate immune system. Once antigen is taken up by DCs they migrate to secondary
lymphoid tissues, including the lymph nodes, due to changes in expression of
chemokine receptors on the cell surface. There is downregulation of CCRl and CCR5
and upregulation of CCR7 (Sozzani 1998), this attracts DCs to secondary lymphoid
chemokine (SLC) produced by lymphoid tissues. During this process the DCs mature
and present the antigen in the groove o f major histocompatibility complexes (MHC) on
the cell surface. T cells are only able to recognise antigen presented in this way
(Zinkemagel 1974). Some native antigen can migrate to lymph nodes in afferent lymph
where it is taken up by follicular and ‘professional’ DCs and presented to B cells.

MHC genes are highly polymorphic and are found as clusters of allelic variants. They
encode two classes of molecules. Class I and Class II. MHC proteins are members of
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the immunoglobulin superfamily; they are composed of immunoglobulin like domains
and a peptide binding cleft. Hypervariable regions of the MHC genes encode the peptide
binding cleft, structurally this is composed of a p-sheet and two a helical regions
(Bjorkman 1987, Stem 1994). In MHC Class I, three Ig domains combine with a nonMHC encoded p2-microglobulin.

About 1% of antigen taken up by APCs is broken down into smaller peptides, epitopes,
is combined with MHC molecules inside the ER and is expressed on the cell surface. In
MHC class I molecules (encoded by HLA A, B & C in humans) the ends of the peptide
binding groove are blocked by amino acid residues, thus ensuring that peptides of a
distinct length, 8-10 residues, can be presented. Different MHC molecules vary in the
position of peptide pockets. Peptides are anchored and held in the groove through
hydrogen bonding between the antigenic peptide and residues in the pockets of the
binding cleft. Peptides presented on Class I MHC molecules are usually derived fi*om
endogenously synthesised peptides processed through the proteosome within the cell
(Townsend 1989). These molecules are recognised by CD8^ T cells. In contrast CD4^T
cells are MHC Class II restricted. In humans MHC Class II is encoded by the HLA D
locus (DR, DQ and DP). Although the general stmcture of Class II molecules is similar
to class I the peptide binding groove is more open allowing longer length peptides (1318 amino acids) to be accommodated, extending beyond the ends of the cleft (Stem
1994). Peptides presented in Class II MHC molecules are usually from exogenous
antigens taken up by APCs (Brodsky 1991). They are broken down in endosomes
within the cells and loaded into Class II molecules prior to transport to the cell surface.
It has been shown for both CD4^ and CD8^ cells that the CDR3 of the TCR is

39

Chapter 1: Introduction
responsible for contacting the bound peptide, explaining why the large diversity of TCR
is required for antigen recognition (Davis 1988).

1.6.2

Activation of T cells

Once in the lymph nodes the mature DCs migrate to the T cell area where they come
into intimate contact with naïve T cells. Each T cell clone will have a different affinity
for the MHC-peptide molecule it encounters. HPLC mass spectrometry of peptides
eluted from Class 1 molecules has shown that over 2 000 distinct peptides are present
from approximately 10^ copies of each class 1 molecule per cell (Engelhard 1994). This
suggests that the concentration of any one MHC-peptide complex in the area of contact
on the cell surface is low. The interaction between T cells and MHC-peptide complex is
low affinity (Ifr^ to lO'^M) (Matsui 1991) and may be sustained through the serial
triggering of many TCR on a T cell by a single MHC-peptide complex (Valitutti 1995).

Adhesion molecules are important in initiating interactions between T cells and APCs.
Interactions between CD2 and LFA-1 on T cells to LFA-3 and lCAM-1 on APC
respectively (figure 1.5. outlines some of the interactions between T cells and APCs)
provide initial contact between cells (Shaw 1997). This allows contact between the
TCR-MHC complex and costimulatory molecules to occur. The upregulation of integrin
molecules is triggered by chemokines produced during infections by infected cells and
APCs. The coreceptors CD4 and CD8 are important in establishing contact between the
TCR and MHC-peptide complex and are required for the initial activation of T cells.
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Figure 1.5.
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activation of the cell.
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Addition of CD4 or CDS blocking antibody prior to immunisation results in tolerance.
Binding of the extracellular region of CD4 or CDS has been shown to increase the
avidity of the TCR to MHC-peptide interaction 100 fold (Miceli 1991). However,
following multiple antigen exposure, i.e. cells in a memory population, T cells are less
dependent on the coreceptors (Zamoyska 1995). The interaction between TCR and
MHC-peptide complex is essential for T cell activation and is commonly referred to as
signal 1, however, this alone is not sufficient to trigger T cell activation.

Without additional costimulatory signals (Signal 2) T cells may become anergic. This is
a state where the T cell is unresponsive to antigen and does not have any effector
function such as the ability to produce lL-2 (Schwartz 1990), although clonal expansion
may occur. The best-defined costimulatory interaction between T cells and APCs is
between CD28 on T cells and CD80 (B7-1) and CD86 (B7-2) which are constitutively
expressed on immature DCs, and upregulated on other APCs (figure 1.5.).
Costimulation through this interaction has been shown to be required for optimal
activation of CD4^ and CD8^ T cell clones and isolated T cells. The length of signalling
required to commit to proliferation is also reduced when anti-CD28 costimulation is
included (lezzi 1998). Interactions through these molecules also display an important
inhibitory function in T cells. The B7 molecules are also ligands for CTLA-4, expressed
at low levels on naive cells but highly upregulated on activated T cells (Boussiotis
1996). It is thought that this serves to turn off proliferation of T cells once an infection
is under control by preventing the positive CD28 to B-7 interaction. CTLA-4 deficient
mice have a lymphoproliferative disorder resulting in an expansion of CD4^ T cells,
suggesting that inhibition of T cell activation via this route may predominantly affect
this population of cells (Chambers 1997).
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Another costimulatory interaction occurs between CD40L on T cells and CD40 on
APCs (Armitage 1992). Interactions between these molecules are essential for CD4^ T
cell effector functions, with a defect in T cell help in humoral immunity observed in
CD40 knockout mice (Kawabe 1994). This interaction has also been shown to activate
DCs resulting in an increase in MHC and costimulatory molecules, and production of
cytokines which allow DCs to directly activate naïve CD8^ T cells. This can overcome
the requirement for CD4^ T cell help in some circumstances (Lanzavecchia 1998).
CD27 is a member of the tumour necrosis receptor family which acts as a costimulatory
molecule in activation of naïve cells through interactions with CD70 (Hintzen 1994).
CD27 is upregulated following activation and then is gradually turned off causing
abrogation of the immune response (de Jong 1992). CD27 is required for the generation
and long-term maintenance of T cell memory (Hendriks 2000).

The current opinion on the interactions between T cells and APCs is that molecules are
found in distinct microenvironments within the cell membrane. Upon initial interaction
an immunological synapse is formed (Dustin 2002). T cells are polarised through
chemokine receptor signalling, the end at which the immunological synapse forms is ten
fold more sensitive to antigens (Negulescu

1996). Within the synapse are

supramolecular activation clusters (SMACs) which contain all the molecules involved
in interactions between the cells. There is movement of molecules within these areas
and in the mature synapse TCR and MHC molecules, and CD28 are found in a central
cSMAC whilst larger adhesion molecules are found in an outer ring, pSMAC. This
molecular structure provides the basis for the sustained signalling required for efficient
T cell activation. Intracellular signalling molecules are also part of the immunological
synapse and play a vital role in T cell activation; these are discussed in the next section.
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1.6.3

T cell signalling

Triggering of T cells via the TCR/CD3 complex has a number of potential outcomes,
activation, anergy or death. The conditions under which the T cell interacts with the
APC, and the signalling pathways that follow determine the eventual outcome. In order
for the signalling events leading to T cell activation and proliferation to occur, a number
of molecules must come together in the synapse.

A schematic figure of the events of CD4^ T cell signalling is shown in figure 1.5. The
earliest events of T cell signalling involve transfers o f phosphate groups between
intracellular molecules including the src kinases, this is mediated by protein tyrosine
kinases which add phosphate groups and phosphatases that remove them. In naïve T
cells the CD3e chain is associated with p 5 9 ^ , the constitutively phosphorylated Ç chain
is associated with ZAP-70 via immunoreceptor tyrosine-based activation motifs
(ITAMs) (Wange 1993, Weiss 1994), and CD4 is associated with p56^^^ (Turner 1990,
Weiss 1994). Upon TCR stimulation ITAMs of the CD3Ç chain are phosphorylated by
Ick and fyn. Lck and fyn are activated by the tyrosine phosphatase CD45 which has two
intracellular phosphatase domains. CD45 can also act as an inhibitor through
phosphorylation of a different tyrosine residue. The extracellular domain of CD45
undergoes alternative splicing and can express multiple isoforms. The high molecular
weight isoforms including CD45RABC are commonly expressed on naïve cells and the
lower molecular weight ones such as CD45R0 are expressed on activated and memory
cells. The mechanism for activation of CD45 is not known, neither is the function of the
different isoforms. One model proposed by Weiss suggests that homodimerisation of
the CD45R0 isoform prevents activity of the phosphatase domains hence turning off the
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immune response, however this does not explain the ability of effector cells to have a
faster response to infection (Xu 2002). Alternatively Bottomly and colleagues suggest
that c/5-binding of CD45 to CD4 and CD3 regulates its activity (Leitenberg 1999).

Once phosphorylated the CD3 Ç chain activates ZAP 70 (Chan 1995), in turn ZAP 70
activates linker of activation in T cells (LAT) (Zhang 1998) and SLP-76 (Wardenburg
1996). Activation of LAT promotes a cycle of GDP & OTP exchange by small GTPbinding proteins such as Grb2, which, via a number of adaptor proteins including Sos
and Ras, trigger signalling through the mitogen activated protein (MAP) kinase cascade.
MAPs

are

serine/threonine

kinases,

which

are

sequentially

activated

by

phosphorylation. Once ERK is activated the protein translocates into the nucleus and
activates transcription of immediate early genes for cell division and the lL-2 gene
(Cantrell 1996).

Activation of SLP-76 targets a second signalling pathway, phospholipase Cy is activated
(Fusaki

1996),

this

cleaves

phosphatidyl-inositol-4,5-bisphosphate

(PIP2)

into

diacylglycerol (DAG) and inositol triphosphate (IP3) (Nishibe 1990). DAG activates
protein kinase C (PRC) which further activates MAP kinase amplifying the signal. It
also binds IkB the inhibitor of NFkB allowing the active form to translocate to the
nucleus and initiate gene transcription. IP3 causes release of calcium ions from
intracellular stores which in turn activate the calcium binding protein, calcineurin
(Lewis 2001) this activates NF-AT allowing it to translocate to the nucleus where it
binds to the promoter of the lL-2 gene.

45

Chapter 1: Introduction
As described earlier, costimulatory signals are essential to T cell activation, the
intracellular domain of CD28 is associated with Phosphinositol-3 kinase (PI3K).
Activation of PI3K leads to further production of IP3 causing a further increase in the
concentration of intracellular calcium and also producing phosphatidylinositol-3, 4bisphosphate (PI-3, 4-Pi). This recruits the kinase Akt via plectin homology (PH)
domains, which in turn activate transcription factors including AP-1 and NFkB.

Signalling through a number of pathways amplifies activation of T cells, causing them
to actively enter the cell cycle and start production of IL-2 and the IL-2 receptor which
are essential for proliferation. There is crosstalk between different signalling pathways
and the initial receptor binding can affect the potential outcome. For example if CD4 is
ligated before the TCR, activation induced cell death via apoptosis is triggered (Newell
1990).

1.6.4

T cell effector mechanisms

Following stimulation naïve T cells proliferate rapidly for 4-5 days then they
differentiate into effector cells. Once activated in this way the cells are able to respond
to antigen without further need for costimulation, allowing immediate effector function
to be carried out.

1.6.4.I CD8^ T cells

Activation of naïve CD8^ T cells drives differentiation into Tel or Tc2 cells. Tel
release IL-2 and IFNy and have direct cytolytic activity, they are commonly referred to
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cytolytic T cells (CTL). Alternatively some naïve cells differentiate into Tc2 cells which
release cytokines including IL-4, 5, 6 & 10 and have a helper function similar to CD4^
T cells (Seder 1992, Kelso 1991). Upon restimulation both subsets become cytotoxic
(Cerwenka 1998).

CTL are important mediators of cell cytotoxicity that are essential in the clearance of
intracellular pathogens. CTLs can directly kill infected cells through a number of
mechanisms.

Direct cell-cell

contact through the interaction of Fas

ligand

(CD178/CD95L) on CTL with Fas (CD95) on infected cells, leads to apoptosis of the
infected cell. Fas is a member of the tumour necrosis factor receptor superfamily, a
group characterised by a cysteine rich extracellular region and the presence of death
domains in the intracellular region (Krammer 1999). The Fas-FasL interaction causes
trimérisation of Fas (Bajorath 1997) leading to activation of the death domain, this
killing is calcium independent, relying on other signalling pathways including activation
of the caspase cascade (Anel 1995).

CTLs also induce cytotoxicity via the release of lytic granules into infected cells. In the
presence of calcium, perforin molecules polymerise to form polyperforin channels in the
target cell membrane causing lysis of the cells. At the same time enzymes of the serine
protease family, granzymes, are released into the cytoplasm of the target cell where they
are able to initiate apoptosis by activating caspase 3 (Quan 1996). The importance of
perforin is demonstrated by the observation that in knock out mice the ability to mount a
CTL response is severely defective. Mice defective in granzyme B show less profound
defects (Kagi 1994). A third mechanism of killing by CTLs is through cytokine release.
As previously discussed, members of the TNFR superfamily contain death domains
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triggered by oligomerisation of receptors. CTLs can kill target cells independently of
direct cell contact through the release of tumour necrosis factor a (TNFa), this binds
TNFR on target cells, triggering death (Krammer 1999).

1.6.4.2 CD4^ T cells

Upon activation, naïve CD4^ cells differentiate into Thl or Th2 cells dependent on their
cellular environment. In the presence of lL-12, IFNy or transforming growth factor
(TGFP) ThO cells are polarised to differentiate into Thl cells; whereas in the presence
of lL-4 cells differentiate into a Th2 phenotype. Each of these has distinct functions in
the adaptive immune system.

The polarisation of Thl cells by lL-12, an important stimulus for IFNy production,
reflects the fact that these cells are active mediators of inflammatory responses. Thl
cells release a range of cytokines including IFNy and TNFp within one hour of
triggering. IFNy activates macrophages, increasing their antimicrobial efficiency and
targeting bacterial infections; it also acts to inhibit polarisation of Th2 cells. Release of
macrophage chemotactic factor (MCF) causes macrophages to accumulate at sites of
infection. Thl cells are important in delayed type hypersensitivity responses. Activated
Thl cells can also upregulate expression of Fas ligand and are able to trigger apoptosis
of cells directly (Ju 1994).

Th2 cells release lL-4 and lL-5 with lL-6, 9, 10 and 13 also commonly produced. lL-10
production inhibits Thl polarisation via effects on APCs, pushing the environment
predominantly to Th2 production. lL-4 and lL-5 provide T cell help to B cells to
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produce antibody, especially IgGl in the mouse, and are involved in class switching of
B cells (Tangye 2002). Not all responses to antigens require CD4 help. T-independent
antigens are usually large polymeric molecules containing repeating motifs which
induce antibody responses. Responses to T-independent antigens are not as strong as to
T-dependent antigens, there is no class switching with antibody responses being IgM
dominated and memory to them is poor (Mond 1995). Th2 cells also induce activation
of mast cells and eosinophils, and production of IgE and are commonly involved in
allergic responses.

Regulatory T cells (Tregs) have recently been identified in both mice and humans
(Jonuleit 2001, Levings 2001, Read 1998). These cells are neither Thl nor Th2 and
have a phenotype of CD4^CD45R0^CD25^. Tregs are anergic and they inhibit cellular
responses. Their absence in mouse models has been shown to predispose to autoimmune
diseases (Kara 2001, Asseman 1999). The fimctional mechanism through which Tregs
inhibit responses is not known. Inhibition might be mediated through soluble factors,
and the suppressive cytokine IL-10 has been suggested to play a role (Asseman 1999).
The alternative is a cell contact model. In mice the molecule GITR was thought to be a
candidate to mediate suppression, however this is not expressed on human cells
(Shimizu 2002). Tregs also have a high level of expression of CTLA-4 suggesting this
may be one mechanism of reducing the immune response. Tregs are thought to be
activated in an antigen specific manner, but their effects are not antigen specific, they
can inhibit any responses. Because of this the timing of their involvement in immune
responses is critical.
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The generation of Tregs is controversial. Studies by Wing showed the presence of a
population of CD4^CD25^ Tregs in human thymus and cord blood, suggesting these are
released from the thymus and then become activated to a CD45R0^ phenotype in the
periphery (Wing 2002). Transgenic mouse studies have also suggested that Tregs are a
distinct population in the thymus they suggest that selection of Tregs is due to avidity of
TCR-MHC interactions, with a very high peptide concentrations inducing selection
(Jordan 2001). However, thymic involution in humans occurs at about 40 years, this
would limit or prevent further Tregs being produced. Several studies have suggested
that Tregs might also be generated in the periphery in response to oral antigens or
allograft transplantation (Thorstenson 2001, Kara 2001). Work by Akbar and colleagues
have shown suppressive human CD4^CD45R0^CD25^ cells to have short telomeres,
suggesting they have undergone a number of rounds of cell division (Taams 2002).
They also share a similar expression of Vp usage to CD25* cells. However regulatory T
cells are generated and they mediate their effect, it is now accepted that they have a
crucial role in negative regulation of immune responses.

1.7 T cell memory

1.7.1

Development of T cell memory

Immunological memory is defined as an antigen-induced altered state of the immune
system. There are an increased number of antigen-specific T cells and qualitative
differences in the expression of cell surface molecules involved in adhesion and
costimulation (Ahmed 1996). Cells in a memory population respond to previously
encountered antigens with enhanced efficiency on re-exposure leading to a faster.
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stronger and more prolonged response (Veiga-Femandes 2000). The use of DNA
microarrays showed that the expression of approximately 200 cDNA clones changed
following T cell activation, these are expected to affect the different responses and
properties of naïve, effector and memory CD4^ cells (Liu 2001). The enhanced response
by memory cells is because the threshold of detection is lower for memory than naïve
cells, and that memory cells have a decreased dependency on CD28 mediated
costimulation (London 2000, Fujii 1992).

The differentiation of memory T cells is not clearly understood and is complicated by
the many different methods of phenotypically defining different populations (discussed
in section 1.7.2). Following naïve cell activation many of the responding cells are
susceptible to apoptosis by activation induced cell death (AICD), this prevents over
expansion of the T cell pool and is thought to be induced by granule mediated lysis
(Opferman 2001, Opferman 1999, Callan 1998). However, previous studies have shown
that AICD in CD4^ cells is Fas (CD95) dependent, whilst that in CD8^ cells is not
(Algeciras 1998, Zimmerman 1996). The alternative regulation of AICD may explain
quantitative differences in the detectable clone sizes of CD4^ and CD8^ cells. It has
recently been shown that CD4^ T cell help during the primary response is essential for
secondary expansion and generation of memory CD8^ cells, however it is not needed
for the primary response (Janssen 2003).

The lineage relationship of naïve, effector and memory cells is controversial. The
conventional model of linear differentiation from naïve to effector to memory is
supported by evidence that CD4^ T cell effectors can become memory cells without
further division (Hu 2001). These data also agree with studies suggesting that there is
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little differentiation of cells between effector and memory phases (Farber 1998). The
transition from effector to memory CD4^ cells might be due to withdrawl of antigen
stimulation (Harbertson 2002) suggesting that persistent antigen exposure is not
required. Upon stimulation naïve CDS^ cells are committed to divide at least seven
times and then differentiate into effector or memory cells (Kaech 2001). This is further
supported by the observation that CDS^ cells acquire memory properties several weeks
following viral clearance (Kaech 2002). Whilst these studies suggest a linear model of
differentiation other studies have raised the possibility that memory cells can be derived
directly from a subset of naïve cells, bypassing the effector stage (Farber 1998). This
alternative hypothesis is based on the observation that heat-stable antigen, which
provides a weaker costimulatory signal than CD28, is able to drive naïve murine T cells
to memory but not effector cells (Liu 1997).

The maintenance of immunological memory is another controversial area. There are
many arguments for and against the role of antigen persistence in maintenance of
memory. By definition ‘memory’ implies that cells do not continuously recognise
antigen, however, most experimental models cannot exclude that some antigen is
present and persistent antigen has been observed in some viral infections. Antigen can
be maintained on follicular DCs as antigen-antibody complexes for long periods of time
(Beverley 1991). Long-lasting CTL responses to hepatitis B virus are related to trace
amounts of viral persistence detected by PGR (Rehermann 1996) and the RNA virus
LCMV can generate cDNA transcripts and persist in mice (Klenerman 1997). In support
o f the arguments for the requirement of antigen for maintenance of memory there are
impaired memory responses in B cell deficient mice (Gray 1996), and T cell memory
declines with the removal of antigen (Kundig 1996). It was also found that CD4^
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memory cells cannot migrate into peripheral lymph nodes in the absence of antigen
(Bradley 1999). However, more recent definition of central and effector memory
populations (discussed in Section 1.7.2) might account for these observations. In
contrast transgenic systems have shown that CD4^ and CD8^ memory cells can be
generated in an MHC independent manner, suggesting that antigen persistence is not
essential (Swain 1999, Murali-Krishna 1999). Adoptive transfer experiments have also
shown memory CD8^ cells to LCMV and influenza persist in the absence of antigen
(Mullbacher 1994, Lau 1994). However, there are arguments that memory T cells by
this definition do not necessarily correspond with protective immunity which is the true
measure of memory.

Homeostasis of memory populations is also dependent on cytokine exposure. Viruses
and type I interferon (IFN) can initiate bystander proliferation of CD8^ T cells in an
antigen-independent manner (Tough 1996). It has been shown more recently that
persistence and proliferation of naïve and memory cells have different cytokine
requirements. In human CD4^ cells effector, but not central, memory cells expand well
with IL-15 and IL-7 whereas naïve cells do not respond (Geginat 2001). Other studies
have found that IL-7 is essential for the survival and proliferation of naïve cells
(Rathmell 2001, Tan 2001). In mice IL-15 and IL-7 regulate proliferation of memory
CD8^ but not CD4^ cells (Tan 2002). IL-15 has since been shown to promote the
survival of both naïve and memory CD8^ cells in mice (Berard 2003, Mueller 2003).
The effects of antigen and cytokines maintain homeostasis of naïve and memory
populations ensuring constant numbers of T cells in the immune system.
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1.7.2

Markers for memory

T cell activation results in changes in the expression of cell surface markers including
molecules involved in adhesion, costimulation and migration; some of which are
permanent. Table 1.2. outlines the function of a range of human T cell markers and their
ligands. Changes in expression are related to the different properties of naïve, effector
and memory cells and they have commonly been used to define these populations.
Monoclonal antibodies to the leukocyte common antigen, CD45, have been used to
define naïve and memory cells. As previously discussed (section 1.6.3) CD45 is a
tyrosine phosphatase involved in T and B cell signalling. Alternative splicing of exons
4, 5 and 6 in the extracellular region results in the expression of multiple isoforms.
Following in vitro mitogenic activation human T cells were found to lose expression of
the high molecular weight CD45RA isoform and gain expression of the low molecular
weight isoform CD45R0 (Akbar 1988). Functional studies showed that cells within the
CD45R0^ fraction of both CD4^ and CD8^ populations respond to recall antigens
(Merkenschlager 1989, Merkenschlager 1988), whilst responses to neo-antigens are
elicited through the CD45RA^ population (Young 1997). CD45R0^ cells also express
lower levels of the anti-apoptopic protein bcl-2, correlating with activation induced cell
death in effector cells (Akbar 1993). However studies have shown that CD8^ cells can
re-express CD45RA following prolonged in vitro stimulation (Warren 1991), and
CD8^CD45RA^ antigen-specific memory cells have been reported in viral infections
(Dunne 2002, Faint 2001, Wills 1999). Estimates of the division rates of human T cells
also suggest that whilst naïve T cells divide less frequently than memory cells, some
CD45R0^ memory cells do revert to CD45RA expression (McLean 1995). Although the
‘reversion’ of CD45 isoforms has not been well documented in CD4^ cells some studies
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Molecule

Alternative
name

CD7
C D lla

LFA-1

CD25

IL-2Ra

CD27
CD28
CD31
CD38

Pecam-1

CD45

LCA

CD54
CD57
CD58
CD62L

ICAM-1
LFA-3
L-selectin

CD69
CD95
CD122

AIM
Fas
IL-2RP

CD134
CDwl97

0X40
CCR7

Potential
ligands
? Fc receptors
CD54, CD18,
CD 102
IL-2, CD122
CD70
CD80, CD86,
CD31,CD38
CD31
CD22, MR,
MBP, galectins
LFA-1
CD2
CD34,
Made AM-1
Fas ligand
IL-2, 15
CD25, 132
0X40 ligand
SLC, ELC

Family

Function

IgSF
Integrin

cell adhesion and costimulation

decreases on differentiation of cells

IL-2 signalling
TNFR
IgSF
IgSF
ADP ribosyl
cyclase
IgSF
IgSF
oligosaccharide
IgSF
selectin
C-type lectin
TNFR
IgSF
TNFR
chemokine
receptor

Notes

T & B cell activation
costimulation
cell adhesion
adhesion and activation
tyrosine phosphatase, cell
activation
cell adhesion
adhesion and costimulation
lymphocyte rolling

marker of Tregs, different stages of
thymocyte differentiation
also binds CTLA-4, negative regulation
marker for recent thymic emigrants

alternative splicing of exons - different
isoform expression

marker of central/effector memory,
controls migration into lymph nodes

early activation
apoptosis
IL-2/15 signalling
adhesion and costimulation
T cell homing and migration

marker of central/effector memory,
controls migration into lymph nodes

IgSF - Immunoglobulin superfamily, TNFR - tumour necrosis factor receptor family, LFA - leukocyte functional antigen, LCA - leukocyte common antigen, MRmannose receptor, MBP- mannan binding protein, ICAM - intercellular adhesion molecule, AIM - activation inducer molecule, CCR - chemokine receptor, SLCsecondary lymphoid tissue chemokine, ELC - Epstein Barr virus-induced receptor ligand chemokine

LA

LA

Table 1.2.

Functions of some human T cell surface molecules
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have shown the presence of memory in CD45RA^ populations (Richards 1997).
Furthermore, CD4^ cells lose expression of CD45RB with repeated stimulation (Salmon
1994). These studies suggest that whilst CD45 can provide information on the activation
status of cells, identification of naïve and memory T cells requires the use of additional
surface markers. These are outlined in table 1.3. The chemokine receptor CCR7 and
CD62L were initially used to define distinct populations of human CD4^CD45R0^
memory cells (Ahmadzadeh 2001, Campbell 2001, Sallusto 1999). Expression of CCR7
and CD62L on so-called central memory cells (Tcm) allows them to migrate to
secondary lymphoid tissues. These cells do not have immediate effector function and
only secrete IL-2, however they are able to differentiate into effector cells. Conversely
effector memory (Tem) cells have lost expression of CCR7 and CD62L, these cells have
immediate effector function but are excluded fi'om lymph nodes. However, a different
study has shown that many cytokine-producing cells are CCR7^ (Debes 2002). Loss of
CD27 expression is known to correlate with effector function (De Jong 1992). Campbell
showed that there was an enrichment of CD27' cells within the CCR7 effector
population, and most CD27' cells are CCR7 and CD62L", although the correlation is
not complete (Campbell 2001). This suggests that there is extreme diversity in memory
cells expressing any of these markers. Naïve cells are defined by high expression of
CCR7, CD27 and CD62L along with CD45RA. Memory CD4^ cells in non-lymphoid
organs of mice have been found to have a highly differentiated phenotype expressing
high levels of CD25 and CD44 and reduced levels of C D lla and CD62L (Cauley
2002 ).

Naïve CD8^ cells are defined by their expression of CD45RA, high levels of CD27,
CCR7 and CD62L (Campbell 2001, Sallusto 1999). CD45R0^ cells can be divided into
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Molecule
NAIVE
Positive
CD45RA
Negative
CD45R0
High
CD45RB
N /D ‘C D lla
Positive
CD27
N/D
CD28
High
CD62L
Positive
CCR7
^ N/D - Not determined

CE

CE>8^
MEMORY
Negative
Positive
Low
N/D
Variable
N/D
Variable
Variable

NAIVE
Positive
Negative
High
Low
Positive
Positive
High
Positive

MEMORY
Variable
Variable
Low
Variable
Variable
Variable
Variable
Variable

Table 1.3.
Expression of common cell surface markers on human CD4^ and CD8^
naïve and memory cells.
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central and effector memory populations by their expression of CCR7 and CD62L.
These distinct populations of cells have been identified in persistent EBV infection
(Tussey 2000). The expression of the costimulatory molecules CD27 and CD28 have
been studied extensively on CD8^ cells (Tomiyama 2002, Wills 2002, Appay 2002,
Fiorentini 2001, Weekes 1999, Kern 1999). Naïve CD45RA^ cells are predominantly
CD27^ and CD28^ and loss of these molecules correlates with repeated stimulation,
often seen in viral infections. However some populations of antigen-experienced cells
express CD45RA and CD27, but have lost CD28 (Wills 2002, Appay 2002). CD8^
CD45RA cells have been found to contain three subsets of cells in EBV and CMV
infection; CD27^CD28‘", CD27^CD28 and CD2TCD28' (Tomiyama 2002). These
subsets correspond with a gradual increase in CCR5 expression and decrease in CCR7
expression. The phenotype of different memory populations is complex and varies in
different infections (Appay 2002). The adhesion molecules C D llb and C D lla have
also been used to distinguish between different cell populations (Christensen 2001,
Faint 2001). C D llb (Mac-1) is expressed on effector cells following activation, but not
on memory cells in CD8^CD28^ populations (Fiorentini 2001). C D lla expression has
been found to be low on naïve cells increasing following antigen stimulation (Faint
2001). However, as with expression of CD27 and CD28, a CD8^CD45RA^CD 11 a^ ^
population has been observed. These cells have memory cell properties and increase
with age and in systemic viral infections (Hoflich 1998). Distinct CD8^ effector
populations can also be identified by expression of CD7, with CD7^°^ subsets
containing effector cells (Aandahl 2003). The expression of all these molecules is
largely overlapping, and although recent studies have begun to separate cell populations
by these markers there is still no consensus on what phenotypically defines naïve and
memory cells. An 11-colour flow cytometry technique established by Roederer and

58

Chapter 1: Introduction
colleagues has provided the most conclusive definition of naïve cells to date
(CD45RA^, CD27^, 0028"^, CD62L^ and GDI la*®'^) with the greater number o f markers
used, the more accurate the determination of the naïve cell population (De Rosa 2001).

1.8

Clonality

1.8.1

Clonality as a measure of immune responses

Peripheral naïve T cells in young adults have a diverse repertoire of TCRs (Arstilla
1999). T cell activation results in massive expansion of cells with clonotypic TCR
towards the encountered antigen (Butz 1998, Callan 1996). In most infections the
immune response is directed by the expansion of dominant clones, although
subdominant clones are also involved. EBV infection induces a strong CD8^ T cell
response. The expansion of cells is largely oligoclonal based on dominant epitopes such
as GLCTLVAML firom the early lytic cycle antigen BMLFl (Annels 2000) and
FLRGRATGL (Callan 1998). The expansion of FLRGRATGL epitope specific cells are
seen both early and late in the immune response. The extent of expansion of clones is
dependent on antigen dose, duration of exposure and cytokine environment (Gallimore
1998, Butz 1998, Tough 1996, Hou 1994), the timing of recruitment o f clones is also an
important factor in the composition of the response (Bousso 1999). Expansions of cells
and their differentiation into memory populations results in a more restricted TCR
repertoire in memory and effector populations (Arstilla 1999).

The clonality of an

individual may reflect past immunological history, and also their ability to respond to
neo-antigens.
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Clonally restricted populations of human cells were first documented by Hingorani in
1993, with clonal predominance of some TCR found in CD8^CD45R0^ cells (Hingorani
1993). Since then a number of cellular and molecular techniques have detected
expanded populations in humans and mice (Wack 1998, Ku 1997, Schwab 1997,
Posnett 1994, Callahan 1993). Many studies have shown that the presence of large
monoclonal expansions correlates with increasing age (Wack 1998, Schwab 1997,
Posnett 1994); this reflects the immunological history o f donors and the reduced ability
of elderly individuals to respond to neo-antigens. Expansions are commonly observed
within CD8^CD45R0^ populations of elderly individuals (Bernardin 2003, Shen 1998)
and can also be detected in these populations at a lower frequency in young individuals.
Clonal expansions in CD45RA^, naïve, populations are less frequent reflecting the
antigen-inexperience of these cells. However, clonal expansions have been detected at a
lower frequency in this population in elderly individuals (Wack 1998) and are
occasionally seen in young donors (Maini 2000). Clonal expansions in CD45R0^ cells
and in postulated ‘revertant’ CD45RA^ cells have been detected in viral infections
including EBV, CMV and HIV (Wills 1999, Kern 1999, Maini 2000) further implying
that oligoclonality of cells correlates to immunological history. Many expansions in
CD45RA^ cells have been found to be CMV specific (Wills 1999). Clonal expansions
have been observed over a number of years implying that they are representative of
stable memory populations (Schwab 1997).

Detectable expansions in CD4^ cells are less frequent and, ex vivo, are usually only seen
in centenarians (Bernardin 2003, Wack 1998). Antigen specific clones are present in
some defined CD4'*’ populations, and have been detected in diseases including EBV
(Carmichael, oral presentation, Jenner Institute CD4^ T cell memory meeting, October
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2002) and rheumatoid arthritis (Wagner 2003). Previous studies of the activation of
CD4^ T cells in mice have shown that the duration of acute responses is shorter than
that of CD8^ cells (Doherty 1996), and although there are expansions of EBV specific
CD4^ cells, this expansion is much smaller than the expansion of CD8^ cells (Miyawaki
1991). These data suggest that CD4^ and CD8^ cells responses are controlled
differently. The low frequency of detection of CD4^ clones reflects a more polyclonal
repertoire of TCR (Wang 2001, Li Pira 1998). This may be due to a number of
influences. 1. The cells responding may consist of smaller expansions of a more diverse
repertoire. 2. The expansion phase may be more tightly regulated and prevent clonal
expansions reaching detectable levels. 3. The expansion of cells may be as large as that
seen in CD8^ cells, but with a larger contraction phase in CD4^ cells, leaving them
undetectable except in the acute expansion phase (Maini 1999). In healthy, young
individuals expansions are only observed following in vitro restimulation with recall
antigens (Maini 1998, Li Pira 1998). The clonality of CD4^ populations is discussed in
more detail in Chapters 4 and 5.

The observation of oligoclonal expansions does not necessarily correlate with antigen
specificity. However, comparisons of ex vivo CD4^ T cells to in vitro tetanus toxoid
stimulated cells fi*om a donor recently vaccinated with TT showed that some ex vivo
clones were antigen specific (Maini 1998). When studying clonality it is important to
recognise that detectable and functional repertoires are different. Mechanisms of central
and peripheral tolerance generate cells that are anergic and lack the ability to respond to
antigen. Anergic and tolerant cells maybe visualised by techniques used to study
clonality if they occur in the total repertoire at detectable frequencies. However, these
cells are not capable of responding to antigen so are not part of the functional

61

Chapter 1: Introduction
‘responding’ repertoire. The different roles of naïve and expanded populations of cells
must also be considered when issues of clonality are addressed. Nonetheless, studies of
clonality of T cells have provided new insights into mechanisms of immune responses.

1.8.2

Techniques for studying clonality

Cellular assessment of TCRs is largely based on surface staining, examining Vp family
usage. Monoclonal antibodies are available for approximately 75% of human and
murine Vp, and some V a families. These have been used to enumerate percentages of
cells expressing individual Vp proteins, and increasing distortions of the distribution of
Vp families have been shown to correlate with increasing age (Ricalton 1998).
However, this technique does not indicate the presence of clonal populations of cells
within a Vp family. Increases in any Vp family usage may reflect a polyclonal response
to antigen within that family, and as the naïve repertoire shows different levels of Vp
family usage it may be difficult to assess the significance of changes. The recent
development of MHC-tetramers has the advantage of detecting antigen-specific CDS^
cells, and to a lesser degree CD4^ cells (Reijonen 2003, Appay 2002, Cameron 2002,
Altman 1996). Although cells could be labelled with tetramers and antibodies against
TCR chains they would not identify expansions of different clonal TCR within the same

vp. Also single tetramer-binding populations do not reflect the breadth of response to
the whole antigen or organism.

A range of molecular methods have also been used to assess Vp usage, unlike staining
techniques these have the benefit of examining the clonality o f cells within different Vp
families. The majority of techniques detect differences in the CDR3 region of the TCR
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due to the large degree of diversity in this region. Most techniques have focussed on Vp
family usage for numerous reasons. Firstly, there are fewer BY than AY gene segments
making practical analysis more feasible. Secondly, as previously discussed (section
1.5.1), Y a chains display less stringent allelic exclusion than Yp chains (Gascoigne
1999). However, the disadvantage of this is that more than one a chain may be
associated with a single p chain, suggesting that not all individual clones are being
detected (Annels 2000).

Many methods used to identify T cell clones allow a more global analysis of the
repertoire of cells, recognising any expanded T cell populations in the donor. The major
disadvantage is that they do not provide information on antigen specific clones.
Alternatively the clonality of antigen specific cells can be assessed by quantitative
clonotypic analysis (Wills 1999, Weekes 1999). This method uses a probe against the
CDR3 of individual peptide-specific clones and can detect approximately 1% clonotype
sequence against the background of 99% different sequences in any Yp family. Single
cell PCR and sequencing can provide unambiguous identification of T cell clones
(Kurakowa 1999, Maryanski 1999). Here single T cells are separated from cell
suspension or tissue section and both the a and p chains are amplified and sequenced.
This method is very expensive and time consuming and would require sequencing of
large numbers of single cells to study polyclonal populations.

Global analysis of clonality is most useful when assessing the overall clonality of
different cell populations, most of the methods are rapid and allow large amounts of
data to be generated. CDR3 length-based assays, Spectratyping and Immunoscope
(Cochet 1992, Pannetier 1993) were initially used in the study of murine clonality.
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CDR3 length within a Vp family depends on D- and J- region usage, and N-region
diversity. The CDR3 length of TCRs follow a normal Gaussian distribution, any skewed
peaks are representative of the presence of a clonal expansion. However, this method
does not allow TCRs with identical CDR3 lengths to be separated. Examination of the
sensitivity of this technique showed that spectratyping cannot reliably detect cells at a
frequency lower than 1:1000 (Maini 1998). However, increased sensitivity has been
demonstrated in Immunoscope by using run-off nested PCR reactions with joining
region primers (Pannetier 1995). These methods have since been applied to studying
clonality of human T cell populations during infections and disease. Studies using these
methods have shown a large, persistent expansion of Vp5.3^ cells in a multiple sclerosis
patient (Musette 1996) and oligoclonal proliferation of cells in Rheumatoid arthritis
(Waase 1996). CDR3 length based assays have also identified clonal expansions of cells
in elderly individuals (Schwab 1997). Single strand conformation polymorphism
(SSCP) detects alterations in the sequence of the CDR3, therefore allowing
identification of individual clones. However, this is very labour intensive and the
sensitivity of this technique is not known (Masuko-Hongo 1998, Yamamoto 1996).

Heteroduplex analysis (HDA) and the related heteroduplex tracking (HTA) and
heteroduplex motility assays (HMA) (Bernardin 2003, Shen 1998) separate DNA
strands on the basis of formation of mismatched pairing of nucleotides. Sorrentino first
developed HDA for the detection of different DRB3 HLA alleles by cross-hybridisation
(Sorrentino 1991). Mismatched double stranded DNA produces two bands when
separated on a non-denaturing gel, the retarded migration is thought to be related to
DNA bending rather than the area between the strands. Changes in DNA conformation
may be accounted for by the non-denaturing conditions and the observation that
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mismatched pairing of nucleotides causes a mild disruption of the double-helical
structure (Brown 1986). This results in a reduction in the number of hydrogen bonds
between the strands, this in turn causes DNA bending and an increase in the
superhelical diameter (Ramstein 1988). It is this, which is thought to be responsible for
the retarded migration of heteroduplices through polyacrylamide gels. The first use of
HDA to study T cells was in yÔ T cells (Giachino 1994) and DN CD4 CD8 thymocytes
(Dellabona 1994). These T cells populations have a more restricted specificity than a p
T cells and it was estimated that a single clone detecting 10% of the total population
could be detected. HDA has also been used to show clonal populations of aP T cells in
EBV infections (Maini 2000) and in the elderly (Wack 1998). HTA has recently been
used to describe oligoclonal memory populations in humans, with more clones present
in CD8^ than CD4^ cells (Bernardin 2003). This data confirms similar studies performed
using HDA (Wack 1998, Maini 2000).

Many of the molecular techniques discussed have a common problem; they involve
PCR amplification of individual Vp families. There may be skewed amplification of
individual families and also varying mRNA expression in different cells leading to
biases in the results. One method that overcomes these is single cell PCR analysis
(Maryanski 1999). A second problem encountered with molecular studies is the
standardisation of techniques. Standardisation of cell number prior to RNA or DNA
extractions is possible, however different cells may have differing levels of mRNA
which would affect the extent of amplification. Also, it has been shown that HTA
analysis of low cells numbers does not provide reproducible results (Bernardin 2003). It
is possible to standardise either the amount of RNA put into reverse transcription
reactions, or the amount of cDNA amplified. HDA uses standardisation of cDNA.
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Improvements to HDA have been made since its initial use, these are discussed in the
next section.

1.8.3

Heteroduplex Analysis for aP TCR clonal analysis

As previously stated, heteroduplex analysis provides a rapid and global method for
detection of expanded T cell populations. Following initial experiments the sensitivity
o f HDA was improved by a number of additions to the technique specifically designed
for a p T cell clone detection (Wack 1996). Differences are measured across the CDR3,
where difference in D and J region usage, and P- and N-nucleotide addition add to the
generation of diversity. Wack and colleagues introduced the use of an extended Vregion matched ‘carrier’ DNA. Carriers are cDNA for BVl-24 cloned from T cell
clones. These are amplified from a BC primer 30 bp 3’ to those used for amplification
of sample TCR sequences. The 3’ overhang is detected with an external BC specific
probe, this ensures that only products formed with the carrier are visualised and
removes some of the background polyclonal smear formed by polyclonal cells and
sample-sample heteroduplices. Most importantly this carrier is monoclonal; when used
in excess any emerging expanded clones with differences at the CDR3 are preferentially
bound to carrier. This results in a reproducible migration pattern, which forms a unique
molecular footprint of clones.

During the initial experimental set up, amplification of the carrier DNA was carried out
using DNA polymerase from Thermus aquaticus (Tag). However, when carrier DNA
was subjected to HDA in the absence of sample more than the one expected band was
observed (Maini 1998). Tag polymerase lacks proof-reading ability due to the absence
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of exonucleolytic activity. Studies by Tindall showed Taq polymerase to introduce base
pair substitutions at approximately 1 in 9 000 bp (Tindall 1988). To over come this
problem carrier PCR was amplified using DNA polymerase from Pyrococcus furiosus
{Pfu\ this enzyme has intrinsic 3'-5’ exonuclease activity allowing it to proof-read and
correct errors introduced during amplification. Pfu polymerase has been shown to have
a high PCR fidelity (Cline 1996) and use of this enzyme in carrier amplification for
HDA resulted in a reduction of false heteroduplex bands (Maini 1998).

The experimental procedure of HDA is shown in figure 1.6. RNA is extracted from the
sample T cell population and is reverse transcribed using random primers. Aliquots of
sample cDNA are amplified using primers specific for each Vp family (26 reactions in
humans). Amplified sample DNA is mixed with an excess of amplified carrier DNA of
the same Vp family, denatured and allowed to re-anneal. Four types of product are
formed, although the excess of monoclonal carrier minimises the production o f sample
homoduplices or heteroduplices.

Samples are separated by polyacrylamide gel

electrophoresis, transferred to nylon membrane and carrier products are detected with
radioactive or chemiluminescent labelled external carrier probe. Carrier homoduplices
are identified as a strong band migrating furthest in the gel. Heteroduplices formed
between sample cDNA and monoclonal carrier indicate the presence of clonally
expanded populations, they are retarded in the gel and are seen as weaker bands above
the carrier homoduplex against the background of a polyclonal smear.

The presence of heteroduplices has previously been shown to relate to the presence of
an expanded clone as determined by sequencing of PCR products (Maini 2000). A
patient with acute infectious mononucleosis was shown to have dominant
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heteroduplices in BV23. These were isolated and amplification products were cloned
and sequenced with 12 of 13 inserts being identical at the VDJ junction. A clonotypic
probe was made to the N region of the predominant sequence and used to reprobe the
membrane. This probe localised to the same heteroduplex band as the external BC
probe.

Following these experimental improvements, Maini compared the sensitivity of HDA to
spectratyping. A Vp8 expressing Jurkat T cell line was used to spike polyclonal PBMC
at a series of dilutions and both techniques were performed (Maini 1998). Jurkat
specific heteroduplex bands were clearly observed at dilutions of 1 in 10 000 and could
be faintly seen at 1 in 100 000. In contrast to this spectratyping carried out from the
same cDNA samples showed an oligoclonal peak at dilutions of 1 in 100 and 1 in 1 000,
however beyond this the normal Gaussian distribution was observed. These experiments
show that HDA is at least 10 fold more sensitive than spectratyping, and thus make it
the preferred method of clonal analysis in this work.

1.9

Objectives of study

The original objective o f this study was to establish a method for assessing clonality in
mice. Heteroduplex analysis was set up in mice as human studies have shown this
method to be most sensitive for rapid and global clonal analysis (Maini 1998). The
initial aim was to assess the clonality of T cells in a range of tissues. This has two main
objectives, 1. To observe whether blood sampling is representative of the immune
response in tissues and 2. To follow an immune response at a clonal level during
infection. This was to lead to studies to determine the effects on clonality of
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manipulating immune responses. Unfortunately attempts to set up HDA in mice failed.
This thesis will discuss the problems encountered with the murine analysis and compare
it with problems in the human technique.

The focus of the thesis then changed to assess the clonality of CD4^ T cells in humans.
The initial aim was to identify naïve CD4^ T cells defined by their expression of
different surface markers. Preliminary data showed CD4^ cells to be divided by their
expression of CD27 and CD95. This thesis examines the phenotypic and clonal
properties of these cell populations to gain a greater understanding of cell
differentiation. The clonality of human CD4^CD45R0^CD25^ regulatory T cells was
also assessed to clarify their origin and to study their relationship to other CD4^
populations. To address the question of how representative blood T cells are of the total
immune response a number of collaborations were established. Firstly we assessed the
clonality of CD4^ and CD8^ cells from tonsil and blood of patients with acute infectious
mononucleosis. Secondly we utilised an in vivo cutaneous PPD model which allows
comparison of clonality of cells in blood and non-lymphoid effector tissues (Orteu
1998).
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2.1

Materials

2.1.1

List of reagents and kits

Reagent

Company

100 bp DNA ladder

Invitrogen Life Technologies

Ikb DNA ladder

Invitrogen Life Technologies

Acrylamide (30%w/v): Bis-acrylamide (0.8%w/v) 37.5: IBioRad
Agarose

Invitrogen Life Technologies

Ammonium persulphate

Invitrogen Life Technologies

Anti Digoxigenin-AP Fab fragments

Roche Diagnostics

Big Dye terminator ready reaction mix

PE Biosystems

Bovine serum albumin

Sigma

Bromophenol blue

Biorad

CDP-Star

Roche Diagnostics

Chloroform

Sigma

Concanavalin

A

Sigma

Diethyl pyrocarbonate

Sigma

DIG 3’ oligonucleotide end labelling kit

Roche Diagnostics

DIG wash and block kit

Roche Diagnostics

Dimethyl sulphoxide

Sigma

Ultrapure dNTP

Amersham Pharmacia

EcoRI

Amersham Pharmacia

EDTA

BDH

Ethanol

lAH Stores

Ethidium bromide

Sigma

Extra thick blotting paper

BioRad

Ficoll Paque PLUS

Amersham Pharmacia

Foetal calf serum

PAA Laboratories

Formaldehyde

BDH

Formamide

Sigma
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G-50 microspin columns

Amersham Pharmacia

Glycerol

Sigma

Glycogen

Invitrogen Life Technologies

Heparin (Pump-hep with sodium)

Leo Laboratories Ltd

Human serum

Sigma

Hybond bC membrane

Amersham Pharmacia

Hyperfilm ECL

Amersham Pharmacia

INVaF’ ONE SHOT cells

Invitrogen Life Technologies

Isopropanol

BDH

Kanamycin (20mg/ml)

lAH Media

Lithium chloride

Sigma

LongRanger singel gel pack

BMA Products

MACS LS separation column

Miltenyi Biotech

MACS CD4 microbeads

Miltenyi Biotech

Normal mouse serum

Sigma

Oligo dT (12-18) primer

Invitrogen Life Technologies

One-Phor-All buffer PLUS

Pharmacia

Orthopermeafix

Ortho Diagnostic Systems

Penicillin/ streptomycin

Sigma

Pfu polymerase

Stratagene

Plasmid maxi kit

Qiagen

Platinum qPCR supermix-UDG

Invitrogen Life Technologies

Proteinase K

Sigma

QIAprep Spin miniprep kit

Qiagen

QIAquick PCR purification kit

Qiagen

Rapid Hyb

Amersham Life Science

Recombinant Rnasin

Promega

Reverse transcriptase (MMLV-RT)

Invitrogen Life Technologies

Rox reference dye

Invitrogen Life Technologies

RPMI-1640 (with glutamax and HEPES)

Invitrogen Life Technologies

Sequencing loading dye

Applied Biosystems

Sodium chloride

BDH

20 X SSC Buffer

Invitrogen Life Technologies

10% Sodium dodecyl sulphate

Invitrogen Life Technologies

Sodium hydroxide pellets

BDH

Sucrose

BDH

Taq polymerase (& buffer, MgCh)

Promega
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T Cell enrichment columns (mouse)

R & D Systems

TEMED

BioRad

^H-thymidine

Amersham

TOP 10 One Shot Cells

Invitrogen Life Technologies

10 XTAE Buffer

Invitrogen Life Technologies

10 XTEE Buffer

Invitrogen Life Technologies

Transfer ribonucleic acid (Brewers yeast)

Sigma

Tri reagent

Sigma

Trypan blue

Sigma

Tween20

BDH

X-gal (40mg/ml)

Invitrogen Life Technologies

Xylene cyanol FF

Biorad

2.1.2

Monoclonal Antibodies

Table 2.1

Monoclonal antibodies to human cell surface markers
Antibody

CD3

Clone

HIT3a

Isotype
m - mouse
r-ra t
mIgG2a k

Conjugate

FITC

Company

Pharmingen,
UK

CD4

MT310

mlgGl

FITC

Dako,UK

S3.5

mIgG2a k

APC

Caltag, USA

CD7

LT7

mIgG2a

BIOTIN

Serotec, UK

CDS

UCHT4

C D lla

G43-25B

mIgG2a k

FITC

Pharmingen

C D llb

O KM l

CD19

BU12

CD25

M-A251

mlgGl

PE

Pharmingen

ACT-1

mlgGl

FITC

Dako

M-T271

mlgGl

PE

Pharmingen

LT27

mIgG2a

FITC

Serotec

CD28.2

mlgGl

K

FITC

Pharmingen

CD27

CD28

K

K

15E9
CD31

WM59

mlgGl

K

PE

Pharmingen

CD38

HIT2

mlgGl

K

FITC

Pharmingen

CD44

G44-26

mIgG2b K

FITC

Pharmingen

CD45RA

HIlOO

mIgG2b K

BIOTIN

Pharmingen
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MEM56

mIgG2b

RPE-CY5

Serotec

HIIO

mIgG2b K

FITC

Pharmingen

PD7126

mlgGl

FITC

Dako

MT4

mlgGl

PE

Pharmingen

UCHLl

mIgG2a

RPE-CY5

Serotec

UCHLl

mIgG2a k

PE

Pharmingen

UCHLl

mIgG2a k

FITC

Pharmingen

PE

Pharmingen

SN130
CD45RB

CD45R0

K

UCHLl
CD54

HA58

mlgGl

CD57

TBOl

mIgM

FITC

Serotec

CD58

IC3

mIgG2a k

PE

Pharmingen

CD62L

Dreg56

mlgGl

K

PE

Pharmingen

Dreg56

mlgGl

K

FITC

Pharmingen

CD69

CH14

mIgG2a

FITC

Caltag

CD95

DX2

mlgGl

K

FITC

Pharmingen

DX2

mlgGl

K

APC

Pharmingen

CD 122

MÜC-P3

mlgGl

K

PE

Pharmingen

HLA-DR

TU36

mIgG2b

FITC

Caltag

PE

Sigma

FITC

Pharmingen

PURIFIED

Pharmingen

K

HK14
Annexin V
CCR7

Table 2.2

2H4

mIgM

Monoclonal antibodies to human intracellular molecules
Bcl-2

Bcl-2/100

mlgGl

FITC

Pharmingen

Perforin

ÔG9

mIgG2b

FITC

Pharmingen

Ki-67

B56

mlgGl

FITC

Pharmingen

K
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Table 2.3

Secondary reagents
Species

Conjugate

Company

PERCP

Pharmingen

FITC

Pharmingen

PE

Pharmingen

APC

Pharmingen

RPE

Southern Biotechnology

raised to
Streptavidin

GoatF(ab’)2

mIgM

Associates, USA
PE

Caltag

Species

Conjugate

Company

IgGl

Mouse

PE

Pharmingen

IgGl

Mouse

FITC

Pharmingen

IgG2a

Mouse

PE

Pharmingen

IgG2a

Mouse

FITC

Pharmingen

FITC

Dako

Goat F(ab’)2

Rat IgG

Table 2.4 Human Isotype controls

IgG2a

Mouse

BIOTIN

Caltag

IgG2a

Mouse

APC

Pharmingen

IgG2b

Mouse

FITC

Pharmingen

IgG2b

Mouse

RPE-CY5

Serotec

IgG2a K

Rat

Pharmingen

Table 2.5 Monoclonal antibodies to murine cell surface markers

Antibody

Clone

CD3

KT3

Isotype
m - mouse
r - rat
mIgG2a

VP8.1/8.2

MR5-2

mIgG2a

Conjugate

Company

FITC

Serotec

PE

Pharmingen
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2.1.3

Primers

All Primers were synthesised to 0.5nmol and purified by high performance liquid
chromatography. Primers were obtained from MWG-Biotech (Germany) unless
otherwise stated.

Table 2.6 Primers used for human genes
Heteroduplex Analysis (Life Technologies, UK)

Forward
vpi
V32
VP3
V34
V35.1
V35.2
V36
V37
V38
V39

5 ’-gcacaacagttccctgacttgcac-3 ’
5 ’-tcatcaaccatgcaagcctgacct-3 ’
5 ’-gtctctagagagaagaaggagcgc-3 ’
5 ’-acatatgagagtggatttgtcatt-3 ’
5 ’-atacttcagtgagacacagagaaac-3 ’
5 ’-ttccctaactatagctctgagctg-3 ’
5 ’-aggcctgagggatccgtctc-3 ’
5 ’-cctgaatgccccaacagctctc-3 ’
5 ’-ccatgatgcggggactggagttgc-3 ’
5 ’-cctaaatctccagacaaagct-3 ’

Accession
Number
M27381
M12886
M13843
X04921
X04927
M13850
X04934
M13855
X00437
M13859

V310
V311
V312
V313.1
V313.2
V314
V315
V316
V317
V318
V319
V320
V321
V322
V323
V324
C3 ext’

5 ’-ctccaaaaactcatcctgtacctt-3 ’
5 ’-tcaacagtctccagaataaggacg-3 ’
5 ’-aaaggagaagtctcagat-3 ’
5 ’-caaggagaagtccccaat-3 ’
5 ’-ggtgagggtacaactgcc-3 ’
5 ’-gtctctcgaaaagagaagaggaat-3 ’
5 ’-agtgtctctcgacaggcacag-3 ’
5 ’-aaagagtctaaacaggatgagt-3 ’
5 ’-cagatagtaaatgactttcag-3 ’
5 ’-gatgagtcaggaatgccaaaggaa-3 ’
5 ’-caatgccccaagaacgcaccctg-3 ’
5 ’-agctctgaggtgccccagaat-3 ’
5 ’-attcacagttgcctaaggatcga-3 ’
5 ’-gggcagaaagtcgagtttctggtt-3 ’
5 ’-tttatgaaaagatgcagagcgat-3 ’
5 ’-aagtcaagtcaggccccaaagct-3 ’
5 ’-tgggaaggaggtcgacagtg-3 ’

M13860
M13861
M14268
X04932
X92878
M13865
M11951
X57723
M27388
M27389
M27390
M13554
M33233
X57727
U03115
X58800
X00437

Gene

Primer

Reverse
C3int
C3 ext
UC4

5 ’-cacccacgagctagctccacgtggtc-3 ’
5 ’-tgctgaccccactgtcgacctccttcccatt-3 ’
5 ’-tggccttccctagcaggatct-3 ’

X00437

TRECman
TRECfwd
TREC rev

5 ’-cacatccctttcaaccatgct-3 ’
5 ’-gccagctgcagggtttagg-3 ’

NG 001332

76

Chapter 2: Materials and Methods

Table 2.7 Primers used for murine genes
Heteroduplex Analysis

Forward
Gene
V(31
VP2
Vp3
VP4
V35.1
V35.2
VP6
VP7
V38.1
VP8.2
V38.3
VP9

vpio
vpii
VP12
VP13
V314
VP15
VP16
VP17
V318
V320

Primer
(for Hammersmith carriers)
5 ’-ttacatatatctgccgtgga-3 ’
5 ’-accttgtactgcacctgcag-3 ’
5 ’-attcagtcctctgaggcagg-3 ’
5 ’-agaccttcagatcacagctc-3 ’
5 ’-ctagaggactctgccgtgta-3 ’
5 ’-ggaactggaggactctgcta-3 ’
5 ’-ctgcccagaagaacgagatg-3 '
5 ’-tctggattctgctaaaacaa-3 ’
5 ’-ttctggagttggcttccctt-3 ’
5 ’-gtgtacttctgtgccagcgg-3 ’

Accession
Number
M22606
M21203
M12415
M13674
M15613
M15614
M10093
X00696
M15616
M15617

5 ’-ttcttcctctcagacatctt-3 ’
5 ’-tggctctgcaggcctagagt-3 ’
5 ’-aataagtctgtagagccgga-3 ’
5 ’-tcaactctgaagatccagag-3 ’
5 ’-attcaacctacagaacccaa-3 ’
5 ’-cagggcgacacagccaccta-3 ’
5 ’-gcttctcagccactctggct-3 ’
5 ’-gacagaggcttatacctctg-3 ’
5’-ctgaaaatccaacccacagc-3 ’
5 ’-gactcagcactgtacctctg-3 ’
5 ’-acagtgaacaatgcaaggcc-3 ’
5 ’-acgtgcgaagccgaagactc-3 ’

M15618
M13677
X56702
N00046
M30880
M31648
M11858
M13374
X03671
M61184
X16695
X59150

5 ’-aacaaggagaccttgggtggagtc-3 ’
5 ’-agaagcccctggccaagcac-3 ’
5’-tggccaagcacacgagggtagccttt-3 ’

M35181

Reverse
CPint
Cp ext
CP probe

Sequencing
M13 fwd _____ 5 ’-gtaaaacgacggccag-3 ’

2.1.4

Probes

Table 2.8 Probes used in this study
TRECman

5T A M acacctctggtttttgtaaaggtgcccactTAMRA3’

Sigma
Genosys,
UK
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2.1.5

Buffers

TAE (lOX)

TEE (lOX)

SSC (20X)

400mM Tris acetate

0.89M Tris base

3MNaCl

lOmM EDTA

0.89M Boric acid

0.3M Na Citrate

20mM EDTA pH8

PBSa (per litre)
8gNaCl
0.2gKCl
1.44g Na2P04
0.24g KH2O4

FACS buffer

FACS Fixative

PBSa, 0.2% BSA

PBSa, 0.2% BSA, 1% formaldehyde

MACS Buffer
PBSa, 0.5% BSA, 2mM EDTA

Heteroduplex Analysis
Hybridisation Wash Buffer

Detection buffer

Stripping Solution

2x SSC, 0.1% SDS

IM Tris-HCl (pH9.5)

0.2MNaOH, 0.1%

SDS
O.lxSSC, 0.1% SDS

IM NaCl

TE (pHS.O)
lOmMTris.Cl (pH8.0)
ImM EDTA

2.1.6

Media

Luria Bertani medium (per litre)

Luria Bertani agar (per litre)

bacto-tryptone

lOg

bacto-tryptone

lOg

bacto-yeast extract

5g

bacto-yeast extract

5g

NaCl

lOg

NaCl

lOg

bacto-agar

15g
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SOC medium (Invitrogen Life Technologies)
2%

tryptone

0.5%

yeast extract

lOmM

NaCl

20mM

glucose

2.5mM

KCl

lOmM

MgCl]

lOmM

MgS04

RPM I1640 10% Human serum
RPMI 1640 medium with L-alanyl-L-glutamine and 25mM HEPES
10% human serum
1% penicillin/ streptomycin

RPMI 1640 10% Foetal calf serum
RPMI 1640 medium with L-alanyl-L-glutamine and 25mM HEPES
10% foetal calf serum
1% penicillin/ streptomycin

2.1.7

Plastic wear

Table 2.9 Plastic wear used in laboratory work
Description

Company

30ml Universal tubes

Sterilin

7ml Bijou

Sterilin

50ml polypropylene tubes

Falcon

15ml polypropylene tubes

Falcon

5ml polypropylene tubes (filter top)

Falcon

5ml polypropylene tubes

Falcon

Cryovial

Nalgene Nunc International

Microamp PCR tubes

Applied Biosystems

Thermo-Fast 96 well PCR plates

AB gene

Microamp PCR caps

Applied Biosystems

Eppendorf tubes (1.5ml)

Anachem

Eppendorf tubes (0.5ml))

Anachem
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PVC microtitre 96well U bottom plates

2.1.8

Dynex, USA

Glassware

Glassware was obtained from the Institute for Animal Health, Compton and was
autoclaved before use.

2.2

Methods

2.2.1

Isolation of peripheral blood mononuclear cells

Venous blood was collected in heparinised syringes via 190 x 1 inch needles (Terumo
Europe, Belgium), diluted in an equal volume of phosphate buffered saline a (PBSa)
and slowly layered onto Ficoll Paque (Amersham Pharmacia, UK) in 50ml Falcon
tubes. Blood was centrifuged at 500 x g, 30 mins at room temperature (RT) without
brake. Cells were removed from the interface and washed twice in RPMI 1640 10%
Human serum (RlOH) or sterile PBSa at 350-400 x g and resuspended at the required
concentration.

2.2.2

Isolation and T cell enrichment of murine splenocytes

Spleens were obtained from Balb/c and DO11.10 mice (Perkins 1996) (lAH, Compton).
Single cell suspensions were made by teasing the tissues. Red blood cells were lysed by
incubation in lysis buffer (0.83% ammonium chloride, 0.1% potassium hydrocarbonate,
0.02% EDTA in dH20) for 2 mins on ice. Cells were immediately washed at 350-400 x
g and resuspended in 2ml wash buffer (R&D Systems). T cell enrichment columns
(R&D Systems) were prepared by washing with 8ml Ix wash buffer prior to the

80

Chapter 2; Materials and Methods
addition of the cell suspension. Cells were incubated on the column for 10 mins then
eluted with a further 8ml of wash buffer, washed and resuspended in medium.

2.2.3

Cell viability test

Cell viability was tested using the trypan blue exclusion method. Cells were diluted in
an equal volume of trypan blue solution (Sigma, UK) and live cells, determined by
exclusion of trypan blue, were counted on a haemocytometer (improved Neubauer
chamber) viewed under a light microscope (Leica). The number of cells in the
suspension is calculated by the formula:

Number of viable cells in 25 squares x 2 (dilution factor) x 10"^ = number of cells/ml

2.2.4

Cryopreservation of cells

Cells were frozen in 90% foetal calf serum (FCS)(PAA Laboratories, Austria), 10%
dimethyl sulphoxide (DMSO) (Sigma, UK) at -80°C overnight in a polystyrene box
then transferred to liquid nitrogen for long term storage.

2.2.5

Magnetic isolation of CD4 T cells

Peripheral blood mononuclear cells (PBMC) were resuspended in cold MACS wash
buffer at 80pl per 10^ cells and incubated for 15 mins at 6-12°C with 20pl directly
labelled CD4 beads (Miltenyi Biotech, UK). They were then washed at 350-400 x g in
10-20 times the labelling volume and resuspended at 10* cells/500pl. Cells were
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pipetted onto a pre-washed MACS LS column (on a magnetic field) and washed three
times with 3ml wash buffer; effluent was collected as negative fraction. The colunm
was removed from the magnet and placed into a new collection tube. CD4 positive cells
were flushed out in 5ml wash buffer with the syringe plunger provided. To increase
purity the cells were passed through a second column. Purity was routinely greater than

97%.

2.2.6

Isolation of cell populations by cell sorting

PBMCs were surface stained with monoclonal antibody at predetermined optimum
concentration at 10^/ml in PBSa/0.2% BSA in a tube of appropriate volume. Cells were
incubated for 20 mins on ice in the dark with regular mixing and were washed at 350400 X g in PBSa/BSA. Following this cells were resuspended at 2 x lOVml and filtered
into 5ml tubes for sorting on a Moflo (Cytomation, USA). Purity of the fractions was
checked after cell sorting.

2.2.7

Cell surface staining

Cells (2 X 10^) were incubated in flexible microtitre plates with 50pl of predetermined
optimum concentration o f antibody in PBSa, 0.2% BSA for 20 mins at 4°C.
Subsequently they were washed three times in buffer at 400 x g and resuspended in an
appropriate volume. If samples were to be left overnight they were resuspended in
lOOjLil

fixative buffer (PBSa, 0.2% BSA, 1% formaldehyde) and stored at 4°C in the

dark. For murine samples cells were incubated in 10% normal mouse serum for 30 mins
prior to addition of antibody.
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2.2.8

Annexin V surface staining

Monoclonal antibody to Annexin V was obtained in a kit (Pharmingen, UK) and was
used as directed by the manufacturer. 1x 10^ cells were surface stained as required then
resuspended in lOOpl Ix annexin binding buffer diluted 1:9 from the lOx stock in dHiO.
5pi annexin V antibody was added and incubated for 15 mins, RT in the dark. 400pl Ix
binding buffer was added and the samples analysed by flow cytometry within 1 hr.

2.2.9

Intracellular staining

Cells were stained for cell surface markers as described in section 2.2.7 and then
resuspended in 40pl permeafix (Ortho Diagnostics, UK) diluted 1 in 2 in distilled water.
Following a 40 min incubation at RT in the dark, cells were washed thoroughly in PBSa
0.2% BSA at 400 x g and were incubated with a predetermined optimum concentration
of intracellular antibody. Cells were incubated for 20 mins, at RT in the dark washed
three times at 400 x g and resuspended for analysis.

2.2.10 Flow cytometry

Following staining, cells were run on a FACSCalibur (Becton Dickinson, UK) and data
were analysed using Cellquest and WinMDI software. Settings and compensation were
established on single stained controls. Between 10,000 and 50,000 events were collected
for analysis.
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2.2.11 TRECman

Signal joint region standard in pZeroBlunt vector (Invitrogen Life Technologies, UK)
was obtained from Daniel Douek, UTSW Medical Center. Standard dilutions were
made from a initial solution of 1ml containing 2x10^ molecules per 5pl. Final standards
were obtained by sequential dilutions of lOOpl into 900pl and made up to 10ml with
dH20 containing tRNA (Brewer’s yeast, Sigma, UK) at a final concentration of
30ng/ml. Cells were lysed in lOOpg/ml proteinase K with lOpl per 10^ cells. They were
vortexed incubated at 56°C for 1 hr and centrifuged at 15,000 x g. Cells were further
incubated at 95°C for 10 mins and recentrifuged. 5 pi standard or cell lysate was
amplified with Platinum qPCR supermix-UDG (Invitrogen Life Technologies, UK),
primers at 0.6pM, Ipl Rox reference dye (Invitrogen Life Technologies, UK) and probe
at 0.1 pM to a 25pl final volume. PCR was carried out on an Abi Prism 7700 Sequence
Detector (PE Applied Biosystems, UK) at 95°C for 5 mins, then 95°C for 30 secs, 60°C
1 min for 40 cycles. Analysis was on Sequence Detector System version 1.5.

2.2.12 RNA extraction

Cells were lysed in SOOpl (<5xlO^) or 1ml (>5x10^) Tri reagent (Sigma, UK) and left
for 5 mins at RT to ensure complete dissociation of nucleoprotein complexes.
Chloroform (200pl) was added to the samples, these were shaken vigorously for 15 secs
and then incubated at RT for 15 mins. Following this, the mixture was centrifuged at
12,000 X g at 4°C for 15 mins.
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The aqueous phase was transferred to a new eppendorf tube and RNA was precipitated
with 0.5ml ice-cold isopropanol and Ipl glycogen (20mg/ml) (Life Technologies, UK)
at 4°C for 15 mins, and centrifuged at 4°C at 12,000 x g for 15 mins. The RNA pellet
was washed in 75% (1ml) ethanol, vortexed and centrifuged at 12,000 x g for 5 mins at
4°C, air dried and resuspended in 20pl diethyl pyrocarbonate (DEPC) (Sigma, UK)
treated distilled water. RNA was subsequently incubated at 55°C for 15 mins. RNA was
immediately used for cDNA synthesis or stored at -80°C.

2.2.13 Reverse Transcription

RNA was reverse transcribed to produce cDNA using Moloney Murine Leukaemia
virus Reverse transcriptase (Life Technologies, UK). 30pl of master mix containing (per
sample) lOpl 5x first strand buffer, 4pl dNTP (2.5mM) (Pharmacia, UK), 5pi OligoDT
(0.5pg/pl), 0.5pl DTT (O.IM), lul RNasin (40U/pl) (Promega, UK), 2pl M-MLV RT
made up to 30pl with DEPC treated dH20 was added to 20pl RNA. The reaction mix
was incubated at 37°C for 1-2 hrs prior to assessment of the quality and concentration of
cDNA by spectrophotometry (Genequant Pro; Amersham Pharmacia, UK). cDNA was
stored at -20°C.

2.2.14 Agarose gel electrophoresis

DNA fragment size was assessed by agarose gel electrophoresis. Gels were prepared
from 0.6-1% agarose (Life Technologies, UK) in Ix TAE (Life Technologies, UK) with
ethidium bromide (Sigma, UK). Samples were mixed with loading buffer (0.25%
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bromophenol blue (Biorad, UK), 0.25% xylene cyanol FF (Biorad, UK), 30% glycerol
(Sigma, UK)) at a ratio of 1:6 and loaded against Ikb or lOObp DNA ladders.

2.2.15 Spectrophotometry

The concentration of DNA was routinely checked by measuring absorbance at
wavelengths of 260 and 280nm. DNA was diluted 1:10 in background buffer and was
read in a capillary tube. Background absorbance was set at 320nm. The purity of DNA
was determined by the 260/280 ratio which was routinely greater than 1.7.

2.2.16 Transformation of E,coli strains

2.2.16.1

TOPIO

Ligation products contained within the pCR-Blunt vector (Invitrogen Life Technologies,
UK) were transformed into TOPIO One-Shot competent cells (Invitrogen Life
Technologies, UK) following the manufacturer’s directions. All procedures were carried
out under sterile conditions.

For each product, a vial of cells (50pl) was thawed on ice and 2pi ligation product
added and gently mixed by stirring. Cells were incubated on ice for 30 mins and heat
shocked in a water bath at 42°C for exactly 30 secs before transferring back to ice for a
further 2 mins. 250pl SOC medium (pre-heated to 37°C) was added and the vials were
horizontally shaken at 37°C for 1 hr at 225 rpm in a rotary shaking incubator
(Gallenkamp).
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Transformed cells were placed on ice and an appropriate volume spread on LB-agar
plates containing kanamycin (50pg/ml). Plates were incubated overnight at 37®C.
Putative positive colonies were selected and grown overnight at 37°C in LB medium
supplemented with 50pg/ml kanamycin.

2.2.16.2

INVaF’

Ligation products contained within the pCR2.1 vector (Invitrogen Life Technologies,
UK) were transformed into INVaF’ One-Shot competent cells (Invitrogen Life
Technologies, UK) following the manufacturer’s directions. All procedures were carried
out under sterile conditions.

INVaF’ cells were thawed on ice. 2pl P-mercaptoethanol and 2pi ligation product were
added and gently mixed by stirring. Cells were incubated on ice for 30 mins and heat
shocked in a water bath at 42°C for exactly 30 secs before transferring back to ice for a
further 2 mins. 250pl SOC (RT) was added and the vials were horizontally shaken at
37°C for 1 hr at 225 rpm in a rotary shaking incubator.

Transformed cells were placed on ice and an appropriate volume spread on LB-agar
plates containing kanamycin (50pg/ml) and X-gal (40pl of 40mg/ml stock). These were
incubated overnight at 37°C and place at 4°C for 2-3 hrs to ensure correct colour
development. Putative positive colonies were selected and grown overnight at 37°C in
LB medium supplemented with 50pg/ml kanamycin.
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2.2.17 Preparation of plasmid DNA

2.2.17.1

Small scale preparation (miniprep)

Small scale preparation was carried out using QIA Spin Miniprep kit (Qiagen, UK)
following the manufacturers recommendations.

1ml bacterial culture was transferred to a sterile eppendorf tube, the cells collected by
centrifugation at 15,115 x g for 5 mins and resuspended in 250pl resuspension buffer
(PI; 50mM Tris-Cl (pHS.O), lOmM EDTA, lOOpg/ml RnaseA). 250pl lysis buffer was
added (P2; 200mM NaOH, 1% SDS) and inverted to mix, 350pl neutralisation buffer
(N3) was then added and again inverted to mix. The mix was centrifuged at 15,115 x g,
10 mins and the supematent pipetted onto a QIAprep spin column (in a 2ml collection
tube). This was centrifuged at 15,115 x g for 30-60 secs and the flow through discarded.
The column was washed in 0.5ml Buffer PB and 0.75ml Buffer PE, centrifuged as
before after each wash, and an additional spin following the buffer PE wash. DNA was
eluted into a new eppendorf tube in 50pl Buffer EB (lOmM Tris-Cl (pH8.5)).

2.2.17.2

Large scale preparation (maxiprep)

Bacterial culture (2.5ml) prepared from a single colony was further grown in 400ml LBmedium with 50|Lig/ml kanamycin overnight at 37°C in a horizontal shaker at 225rpm.
Stocks were made by adding 200pl glycerol to 1ml culture. These were stored at -80°C.
Large scale preparation of the transformed bacteria was carried out with a plasmid Maxi
kit (Qiagen, UK) following the manufacturer’s directions. The bacterial culture was
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pelleted by centrifiigation at 6,000 x g for 15 mins at 4°C. The pellet was resuspended
in 10ml resuspension buffer (PI; 50mM Tris-Cl (pH8.0), lOmM EDTA, lOOpg/ml
RnaseA) following which lysis buffer (P2; 10ml, 200mM NaOH, 1% SDS) was added.
Samples were mixed and incubated for 5 mins at RT. This was followed by the addition
of 10ml neutralisation buffer (P3; 3.0M potassium acetate (pH5.5)). The lysate was
incubated on ice for 20 mins in a QIAfilter maxi cartridge (Qiagen, UK) and cleared
through the filter. The cleared lysate was applied to a pre-equilibrated QIAGEN-tip 500
column (10ml equilibration buffer (QBT; 750mM NaCl, 50mM MOPS, pH7.0, 15%
isopropanol; 0.15% triton) and allowed to enter the resin by gravity flow.

The column was washed twice with 30ml wash buffer (QC; l.OM NaCl, 50mM MOPS,
(pH7.0) 15% isopropanol) and the DNA was eluted into a polycarbonate centrifuge tube
in 15ml elution buffer (QF; 1.25M NaCl, 50mM Tris-Cl (pH8.5), 15% isopropanol).
DNA was precipitated by addition of 0.7 volumes of isopropanol (RT) and centrifuged
at 15,000 X g for 30 mins, washed in 70% ethanol, air dried and resuspended in an
appropriate volume of distilled water. The concentration and purity of the DNA was
analysed by spectrophotometry by reading absorbance at 260 and 280nm.

2.2.18 Restriction Endonuclease Digests

DNA preparations were digested with EcoRI (Life Technologies, UK) which cuts at the
sequence 5’-G/AATTC-3’. One-phor-all buffer (Pharmacia, UK) was used at the
recommended concentration to a total of lOpl reaction mix with Ipl enzyme, 2pl Onepro-all buffer and 7pl DNA. The mix was incubated at 37°C for 1-2 hrs. Products were
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separated by agarose gel electrophoresis at 70v and visualised by ethidium bromide
(Sigma, UK) staining (lOpg/ml final concentration).

2.2.19 Sequencing

Sequence reaction mix was set up with 6pl Big Dye termination ready reaction mix (PE
Biosystems, UK), 200ng maxiprep DNA, and Ipl M l3 primer made up to a final
volume of 20pl with distilled water. This was amplified on a thermocycler (GeneAmp
9700; Applied Biosystems, UK) at 25 cycles of 96°C for 10 secs, 50°C for 5 secs, 60°C
for 4 mins followed by 4°C.

PCR products were purified using microspin 0-50 columns (Pharmacia, UK), vacuum
centrifuged (80°C, 30 mins) to dry DNA and resuspended in 6pi of formamide
(5pi)[loading buffer (lpl)(xylene cyanol/Dextran blue; Applied Biosystems, UK).
Samples were heated to 94°C for 2 mins and kept on ice until loading.

Sequencing gel was prepared fi*om Long Ranger Singel pack (BMA Bioproducts, UK)
containing 5% Long Ranger, 6M urea, 0.05% ammonium persulphate and 0.07%
TEMBD as directed. Samples were run at a constant voltage of 1200v at 50°C in Ix
TBE buffer (Life Technologies, UK) for 7 hrs on an ABI PRISM 377 DNA Sequencer
(Perkin Elmer, UK). Results were analysed using OMIGA 1.1.3 software (Oxford
Molecular, UK).
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2.2.20 Heteroduplex Analysis

2.2.20.1

Polymerase Chain Reaction

Amplification of monoclonal carrier DNA

Monoclonal carrier DNA for each human Vp family (obtained from Mala Maini
(University College London)) was amplified using Pfu Turbo polymerase (Stratagene,
UK). A master mix was prepared with 5pi lOx pfu buffer, 4pl dNTP (2.5mM), Ipl
Cpext primer (12.5pM), Ipl pfu polymerase and dHiO for a final volume of 50pl. Ipl
of Vp specific forward primer (12pM) and lOOng DNA were added, the relative
volumes of DNA and dH20 were adjusted accordingly. Hotstart PCR was carried out on
a thermocycler (GeneAmp 9700). Samples were denatured at 94°C for 3 mins, followed
by 35 cycles of denaturating 94°C for 30 secs, annealing 58°C for 30 secs, and extension
72°C for 1 min; then 1 cycle of 72°C 10 mins prior to 4°C. For Vp 10, 12, 17 and 19,
200ng of DNA was used and the samples were subjected to 45 cycles of amplification.
Amplification was assessed by agarose gel electrophoresis.

Amplification of sample DNA

Sample cDNA was amplified with Taq polymerase (in storage Buffer A; 50mM TrisHCl pH8, lOOmM NaCl, O.lmM EDTA, ImM DTT, 50% glycerol, 1% TritonX-100;
Promega, UK). 500ng of DNA was amplified with Ipl Vb specific forward primer and
Ipl Cpint reverse primer (12pM). A master mix was prepared for 26Vps, 3 positive
controls (UC4 forward & CPext’ reverse at 500, 200 and lOOng DNA) and a negative
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control (no DNA). Per reaction, 5pi lOx taq buffer, 4pl 25mM MgCli, 4pl 2.5mM
dNTP, 0.5pi Taq polymerase were mixed and dHzO added to a final volume of 50pl.
Hotstart PCR was performed at 94°C for 3 mins, followed by 35 cycles of 94°C for 30
secs, 58°C for 30 secs, 72°C for 1 min; followed by extension 72°C 10 mins and 4°C.
Amplification of samples was checked on a 1% agarose gel.

2.2.20.2

Carrier annealing reaction

Ipl amplified specific Vp monoclonal carrier was added to 20pl amplified sample
cDNA and mixed on ice. Annealing was performed on a thermocycler, denaturing at
95°C for 5 mins and re-annealing at 50°C for 60 mins, going to 4°C. Samples were kept
on ice until loading.

2.2.20.3

Heteroduplex separating gel

Samples were separated on a 12% polyacrylamide gel (80ml sufficient for 2 gels
contained 32ml acrylamide (30%w/v): Bis-acrylamide (0.8%w/v) (Biorad, UK), 48ml
0.5x TBE, 96pi TEMED (Biorad, UK) and 184pl 25% ammonium persulphate (Life
Technologies, UK)). Gels were pre-run in 0.5x TBE for 30 mins (BioRad Protean II xi
Cell) at 10mA (BioRad PowerPac 300). Samples were loaded against a Ikb DNA ladder
with 4pl loading buffer (0.25% bromophenol blue (Biorad, UK) in 40% sucrose (BDH,
UK) in dH20) and run at 10mA for 16 hrs at 4°C.

Gels were stained in 0.5x TBE-5pg/ml ethidium bromide (25pi) for 20 mins,
photographed and destained in 0.5x TBE.
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2.2.20.4

Semi-dry transfer of DNA

Semi-dry transfer of DNA was performed on a Trans-blot SD (BioRad, UK). Hybondmembrane (Amersham Pharmacia, UK) and thick blotting paper (Biorad, UK) were
pre-soaked (0.5x TBE), the components were assembled and run at 20v for 1 hr
(BioRad PowerPac 200). Membranes were briefly washed in 0.5x TBE and left to dry.
DNA was crosslinked to the membrane at 0.12 joules (Stratalinker 2400, Stratagene,
UK). Gels were restained to ensure complete transfer.

2.2.20.5

cp

DIG-labelling of Cp probe

external oligonucleotide probe was labelled with DIG (Digoxygenin) 3’

oligonucleotide end labelling kit (Roche Diagnostics, Germany). 5x reaction buffer
(8pl), cobalt chloride (2pl, 25mM), Cp ext oligonucleotide (8pl, lug/ul), Dig-11ddUTP (2pi, ImM) and Terminal transferase (2pi, 50u/pl) were mixed and made up to
40pl with dH20. The reaction mix was incubated at 37°C for 15-60 mins. To purity the
probe 1pi glycogen was added to 200pl 0.2mM EDTA (pH8), made fresh each day. 4pl
of this was added to the probe and placed on ice. To aid precipitation, 5pi 4M lithium
chloride (Sigma, UK) and 150pl chilled 100% ethanol were added and the probe was
incubated at -80°C for 30 mins then centrifuged for 10 mins at 12,000 x g. The pellet
was washed in 70% ethanol, air-dried and resuspended in 200pl. Aliquots of 20pl were
kept at -20°C.
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2.2.20.6

Hybridisation

Membranes were pre-hybridised in 10ml Rapid-Hyb buffer (Amersham Pharmacia, UK)
at 57°C for 30 mins. 20pl of DIG-labelled probe was added and the membranes
hybridised for a further 2.5 hrs. Membranes were subsequently washed twice in 2 x SSC
(Life Technologies, UK), 0.1% SDS (sodium dodecyl sulphate. Life Technologies,
UK)) at 57°C for 5 mins followed by two washes in 0.1 x SSC, 0.1% SDS.

2.2.20.7

Detection of DIG-probe

Membranes were equilibrated in washing buffer for 1 min at room temperature and
transferred to trays in 100ml blocking solution (Roche Diagnostics, Germany) with
gentle rocking for 1 hr. Anti Digoxigenin-AP Fab fragments (Roche Diagnostics,
Germany) were briefly centrifuged (15,115 x g, 1 min) and diluted to 1:20,000 in
blocking solution. Membranes were incubated with the antibody for 30 mins with
constant rocking at RT. Antibody solution was discarded and the filters washed three
times (50ml for 5 mins, 100ml for 15 mins, 100ml for 10 mins) in washing buffer
(Roche Diagnostics, Germany).

Probe was detected by addition of CDP-Star (Roche Diagnostics, Germany) diluted 1:50
in detection buffer and added to the membranes for 20 mins. Chemoluminscence was
detected by autoradiography at varying timepoints with films developed on a Compact
X4 (X-OGraph Imaging sytems, UK) and Fluor-S Max (Biorad, UK). Membranes were
stored in 2x SSC at 4°C.
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2.2.20.8

Stripping of DIG-probe

To remove probe, membranes were incubated in 0.2M sodium hydroxide (NaOH; BDH,
UK), 0.1% SDS at room temperature for 15 mins, twice. They were subsequently
washed in 2x SSC for 5 mins at RT and stored dry in saran-wrap or at 4°C.
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CHAPTERS

Phenotypic analysis of naïve and memory CD4^ T cell populations

3.1

Introduction

Differentiation of lymphoid cells in the periphery is essential for immune function.
Changes in expression of surface markers including adhesion molecules and
costimulatory molecules are critical to the homing of lymphocytes and activation of
immune responses. There have been a number of studies of the differentiation of CD8^
T cells characterised by such changes, these have included identification of post mitotic
effector cells which have lost expression of CD28 and acquired expression of CD57
(Weekes 1999); and antigen-experienced cells which have reverted from expression of
CD45R0 to CD45RA (Michie 1992, Warren 1991) a phenomenon first suggested by
Sarawar (Sparshott 1991). As discussed in section 1.7. the phenotypic characterisation
of cells has been used to try to define naïve and memory populations, however, none of
the phenotypic markers studied are accurately representative of function and
differentiation stage.

The differentiation of CD4^ cells has been somewhat neglected in terms of volume of
study. Perhaps the most influential recent observation relating to surface marker
expression in memory CD4^ T cells was that the chemokine receptor CCR7 is
differentially expressed on CD45R0^ populations (Sallusto 1999). CD45 isoform
expression has been used as a general marker for ‘naïve’ and ‘memory’ populations for
sometime. It is now known that, at least for CD8^ T cells, antigen experienced cells can
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revert to expression of CD45RA (Wills 1999). However, CD45 isoform expression does
not allow for further differentiation of effector and memory cells. Phenotypic expression
of CCR7 further divides CD4^CD45R0^ populations. CD45R0^CCR7^ cells were
shown to have similar characteristics to naïve cells; they home to lymphoid organs, have
no immediate effector function and have been termed central memory (Tcm) cells
(Sallusto 1999). Within the CD45R0^ population is a subset of CCR7 cells, so called
effector memory cells (Tem). The loss of CCR7 prevents these cells migrating to
lymphoid organs, instead they preferentially home to tissues such as the gut and skin.
These cells have immediate effector function and are able to produce IFNy, IL-4 and IL5. It is postulated that Tcm provide a reservoir of memory cells which can respond
quickly to secondary infections and differentiate into Tem. This is in contrast to the
more conventional idea that effector cells give rise to memory cells through different
resistance to activation induced cell death (AICD), although these ideas are not
mutually exclusive.

The expression of the adhesion molecule L-selectin (CD62L) was shown to correlate
with CCR7 expression, the CCR7^ cells expressing high levels of CD62L, and CCR7
cells having lost expression of CD62L. CD62L is important in initiating rolling of cells
on high endothelium, facilitating the adherence and consequent migration into the
parenchyma of the tissues. A combination of loss of CCR7 and CD62L is predicted to
be responsible for the loss of homing ability of Tem. Recent studies have provided
conflicting evidence as to the effector function of CCR7^ cells (Hengel 2003, Unsoeld
2002), leading to the suggestion that CD62L is a better marker to distinguish Tcm and
Tem.
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Although these studies have provided some understanding of the further differentiation
of antigen-experienced CD4^ cells, differences in naïve cells have not been examined.
CD45RA expression alone is not precise enough to describe a true naïve cell, and CCR7
and CD62L expression are also observed on a subset of memory cells. Identification of
true naive cells by phenotypic markers would allow further research into targeting
responses to different subsets of cells, and could lead to improvements in vaccination
strategies.

3.2

Objectives

The objectives of this chapter were to identify cell surface markers whose expression
further subdivides the CD45RA and CD45R0 subsets, to characterise these subsets in
terms of phenotype and replicative history, and suggest possible differentiation
pathways of CD4^ naïve and memory cells.

3.3

Results

3.3.1

CD27 and CD95 further subdivide CD4^CD45RA"^ and CD4 CD45R0*
populations

Phenotypic analysis of PBMCs from young, healthy volunteers was carried out to assess
markers to further subdivide ‘naïve’ and ‘memory’ populations. PBMC were quadruple
stained with CD4 APC, CD45RA biotin-streptavidin PERCP, and combinations of a
large panel of monoclonal antibodies covering adhesion molecules, costimulatory
molecules and others known to alter on activation (see table 2.1. for details). Flow
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cytometry gates were set on small cells expressing CD4 and negative for CD45RA, and
expression of the remaining markers was assessed.

Analysis of individual markers

showed the presence of small, discrete populations of CD25^ cells (potentially
regulatory T cells), CD27‘ cells, CD95^ cells, CD 122^'^^ cells and HLA-DR^ cells (data
not shown). Combinations of markers revealed that CD27' cells were CD95^^^ and
conversely CD95^°^ cells were CD27 . The presence of CD45RA CD27 CD95^°^ cells
was suggestive of a 'naïve'-like population in the CD45R0^ ‘memory’ population, it
was decided to investigate these subsets further. Gating on CD4^CD45RA^ cells
similarly showed CD27 and CD95 to further subdivide this population into three (figure
3.1. A, B, D & E). Analysis of cord blood CD4^CD45RA^ cells showed the majority
(approximately 99%) of cells to be CD27 CD95 , suggesting these to be the most naïve
population identified (figure 3.1.C).

Following this observation a larger group of healthy young individuals (aged 21-30
years) were examined for their expression of CD27 and CD95 on CD4^CD45RA^ and
CD4^CD45RA' populations. Within CD4^CD45RA^ cells the CD27^CD95‘ population
accounts for approximately 80-95% of cells (mean 86.3), the CD27^CD95^ population
1-15% of cells (mean 12.3%) and the CD27'CD95^ population 1-10% of cells (mean
1.2%); however, this more differentiated subset is not present in all individuals (table
3.1). Within the CD4^CD45RA" population all three populations are present in all
individuals examined. The most naiVe-like CD45RA'CD27^CD95‘ population accounts
for approximately 3-20% of cells (mean 7.2%), CD27^CD95^ are the predominant
population accounting for 65-90% of cells (mean 80.7%) and the remaining CD27"
CD95^ are 5-15% of cells. These results show that CD27 and CD95 can further
subdivide cells expressing different CD45 isoforms on ‘naïve’ and ‘memory’ cells. It
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Figure 3.1. PBMC from healthy volunteers were stained with CD4 APC, CD45RA biotin
streptavidin PERCP, CD27 PE and CD95 FITC. A) Gate on small cells set on SSC and
FSC B) Expression of CD4 and CD45RA on small cells. Gates set on CD4^CD45RA^ and
CD4^CD45RA' cells. C) Expression of CD95 and CD27 on CD4^CD45RA^ cells in cord
blood. D) Representative plot of CD95 and CD27 expression on CD4^CD45RA^ cells in a
young individual. E) Representative plot of CD95 and CD27 expression on CD4^CD45RA'
cells in a young individual.
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Age
(Y) 21-30
(M) 45-60
(E) 65+

n‘
30
28
4

27+95"
86.3
82.2
76.9

% CD4+CD45RA+
27+95+
2795+
12.3
1.2 (4/30)'
15.6
2.01 (10/28)
13.3 (3/4)
8.5

% CD4+CD45R0+
27"95+
27+95" 27+95+
7.2
80.7
11.8
79.2
13.2
7.6
14.4
56.0
34.7

Percentage of cells expressed as a mean of number of individuals tested (n).
^ CD27’CD95^ CD4^CD45RA^ cells are only present in a small number of individuals

Table 3.1.
Proportions of populations, defined by CD27 and CD95, within
CD4^CD45RA^ and CD4^CD45R0^ populations.
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isn’t clear from these results whether these are stable subsets with distinct properties or
are related, for example, to cell cycle.

3.3.2

Age related changes in subset proportions

The levels of expression of surface markers associated with differentiation of cells have
been shown to alter with age. Although this is more obvious in CD8^ cells there are
some changes in levels of CD4^ cell markers (D. Wallace, personal communication). In
order to assess the potential role of the six populations in the immune system I carried
out phenotypic analysis of individuals over two further age ranges.

Percentages of subsets in young individuals have already been discussed. PBMCs from
individuals aged 45-60 years (middle-aged) and over 65 years (elderly) were stained and
analysed as for young donors. Following gating on CD4^CD45RA^ and CD4^CD45RA'
subsets, proportions were compared to those observed in young individuals (table 3.1.).
There is no significant difference in the proportions of subsets in middle aged
individuals, although there is a slight increase in the number of individuals who have
the CD27'CD95^ CD4^CD45RA^ population (10 of 28 in middle-aged, 4 of 30 in
young). This however may be due to individual variation and needs assessing on larger
sample numbers. Analysis of elderly individuals shows that there are small differences
in proportions. Within the CD4^CD45RA^ population there is a decrease in the
percentage of CD27^CD95‘ and CD27^CD95^ subsets and a corresponding increase in
CD27'CD95^ cells, this subset is also present in a greater percentage of individuals (3 of
4). Within the CD4^CD45R0^ populations there is an increase in CD27^CD95‘ cells and
CD27'CD95^ cells with the double positive (CD27^CD95^) population decreasing in
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representation. These results suggest that there are minor age related differences in the
proportions of subsets in young, middle-aged and elderly individuals. Results in the
elderly can only be regarded as preliminary because few samples were available for
study. Possible differences between young and middle-aged donors need to be
confirmed on larger sample numbers.

3.3.3

The CD4 CD45RA CD27 CD95^ population is enriched in a CD4*®^ subset
of cells

The presence of CD4^CD45RA^CD27'CD95^ cells has been shown to be variable, with
many donors lacking this subset. Analysis of dot plots of stained cells of the individuals
with this subset showed that the CD4^ population was more diffuse, containing some
CD4>ow ggjjg (figm-g 3.2.A). This observation is true for young and middle-aged
individuals. In order to determine whether this population is preferentially found in
CD4'ow

these cells were gated and the expression of CD27 and CD95 was

examined (figure 3.2.B). Results from eight individuals show that CD4'°^ cells are
enriched for the CD27'CD95^ population, the CD4*®'^ population containing 60-87% of
CD27'CD95^ cells, with the exception of two individuals (11.7% and 29.6%).

3.3.4

Phenotypic analysis of CD27 and CD95 defined CD4^ populations

As previously mentioned, a number of changes of expression of phenotypic markers
occur on cells during activation and differentiation. In order to characterise the
differentiation pathway o f the CD27 and CD95 defined populations a large panel of
monoclonal antibodies was assessed. CD4^ cells were magnetically sorted, cells were
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Figure 3.2. CD4‘°"CD45RA"^ populations are enriched in CD27 CD95'" cells. Cells
were quadruple stained for CD4 APC, CD45RA biotin-streptavidin PERCP, CD27 PE
and CD95 FITC. Small CD4^ CD45RA^ cells were gated and expression o f CD27 and
CD95 was assessed. A) A Young individual (Y I7) with no CD4^°'^ cells lacks the
CD27'CD95^ population; whereas young individual (Y23) with a CD4^°'^ population has
CD27'CD95^ cells. B) CD4*“'' cells from Y23 were gated and expression o f CD27 and
CD95 was examined.
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then quadruple stained with CD45RA biotin streptavidin PERCP, CD27 PE, CD95 APC
and a FITC conjugated marker. The range of markers studied included costimulatory
molecules (CD28), activation markers (CD44, CDS8, CD69), adhesion molecules
(CD54, CD58, CD62L), cytokine and chemokine receptors (CD25, CD 122, CCR7) and
cell death associated proteins (bcl-2, perforin, annexin V).

After sorting cells were routinely greater than 95% CD4^. Cells were gated on
CD45RA^ and CD45RA expression, and then CD27 and CD95 expression. The
expression of the panel of markers was compared between CD27 CD95", CD27 CD95^
and CD27'CD95^ cells. Some representative histograms are shown in figure 3.3. and a
summary of many of the markers examined is shown in figure 3.4.

A decrease in

expression from CD27^CD95‘ through CD27^CD95^ to CD27‘CD95^ was seen in CD7,
CD62L, CD38 and bcl-2 in CD45RA^ and CD45RA cells. There was a gradual
decrease in CCR7 expression in CD45RA cells. In CD45RA^ cells CCR7 was
expressed in CD27^CD95’ and CD27^ CD95^ cells but was totally lost in CD27 CD95^
cells. This pattern of expression was also seen for CD31 in CD45RA^ cells. In
CD45RA" cells CD31 was expressed on CD27^CD95 cells but not on the remaining
subsets. Conversely, there was an increase in expression of HLA-DR, CD 11 a, CD54,
CD58 and perforin in both CD45RA^ and CD45RA' cells from CD27^CD95" to CD27'
CD95^ populations. CD57 was expressed on CD27'CD95^ CD45RA^ and CD45RA'
populations but not on other populations. CD45RB expression decreased in CD45RA"
cells and on 2 out of 4 occasions in CD45RA^ cells, however in other individuals there
was little difference in CD45RB expression on CD45RA^ cells. CD45R0 was expressed
in increasing levels on CD45RA' cells from CD27^CD95‘ to CD27'CD95^. It was not
expressed on CD27^CD95’, or CD27^CD95^ CD45RA^ cells; however, there was a low
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level of expression on CD27'CD95‘^ cells, suggesting these may be double positive
CD45RA^CD45R0^ cells. There was no difference in the expression levels of CD25,
CD44 or CD 122 suggesting none of the cells are acutely activated.

These results show that the pattern of staining of these markers is remarkably similar for
both CD45RA^ and CD45RA' populations. In both, as cells lose expression of CD27
and gain expression of CD95 they appear to become more differentiated shown by loss
of CD45RA, CD62L, CD7 and CCR7 and gain of CDl la and HLA-DR; with the CD27'
CD95^ cells in both looking highly and possibly terminally, differentiated.

3.3.5

Analysis of replicative history of CD27 and CD95 defined CD4^ populations

Replicative history of cell populations is commonly assessed by their T cell receptor
excision circle (TREC) content. TRECs are produced during rearrangement of the V a
chain of the TCR, leading to excision of the VÔ locus. As TRECs are extrachromosomal
they are not replicated in mitosis and so decrease in cell populations through subsequent
cell divisions. Following isolation of cells by MoFlo sorting the TREC content of the
six populations described was measured by real-time PCR established by D. Douek
(Douek 2000). Standard DNA from the signal joint region was prepared as described in
section 2.2.11 (with concentrations of 10^ -10^ molecules). Triplicates of standard were
run with each PCR and a standard curve was established from the cycle threshold (Ct)
and concentration o f DNA (figure 3.5.B). The threshold was set at 0.05 where specific
amplification is occurring, and allows comparison of samples run at different times.
Triplicates of non-template controls were run to establish the level at which results are
not valid, and samples were run in triplicate. The mean Ct value of samples was
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Figure 3.5.
TREC content of sorted cells was assessed by real-time PCR. A)
Results from two young (Y15 & Y20) and two middle-aged (M06 & M25)
individuals are shown. Data represents number of TRECs per 1000 cells and is
representative of the mean of triplicate experiments. Error bars show standard
deviation and the red line shows the point below which results are not reproducibly
detectable. B) Standard curve was obtained from the Ct values of standards and used
to determine TREC values of samples.
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calculated, entered into the equation obtained from the standard curve (figure 3.5.B) and
used to obtain a value for the numbers of TRECs present in the sample, this was then
adjusted to represent TREC numbers in 1000 cells.

TREC analysis was carried out on two young and two middle-aged individuals (figure
3.5.A).

In

young

individuals

a

high

number

of TRECs

are

present

in

CD4^CD45RA^CD27^95' populations, suggesting that these are the most recent thymic
emigrants and the most naïve. There are also high, although less, numbers of TRECs in
CD45RA^CD27^CD95^ cells suggesting that these have undergone some cell divisions.
Surprisingly, a reasonably high level of TRECs was also seen in CD45RA'CD27^CD95‘
cells. There was a very low number in CD45RA'CD27^CD95^ cells. In all other subsets,
including the CD45RA^CD27'CD95^ cells, the level of TRECs observed was below the
level of reproducible detection established from non-template controls. In middle-aged
individuals TRECs were only detected in CD45RA^CD27^CD95' cells; these were at a
significantly lower frequency than in young individuals, approximately 3-5/1000 cells
compared to 40-60/1000 cells. This analysis shows that all CD45R0^ subsets have lower
TREC content than any CD45RA^ subset except CD45RA^CD27 CD95^ cells. This
suggests that this population might have undergone more divisions than some CD45R0^
populations and might be a revertant population.

3.4

Discussion

Although historically CD45 isoform expression has been used to define naïve and
memory T cells (Michie 1992, Beverley 1991) it is now clear that this is an
oversimplification. A large number o f studies on CD8^ T cells have shown a number of
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molecules to be differentially expressed on ‘naïve’ and ‘memory’ cells, e.g. CD 11 a
(Faint 2001), CD27 (Hamann 1997), CD28 (Posnett 1999), CD57 (Weekes 1999),
however, there has been relatively little data on CD4^ cells. The work described in this
chapter aimed to further assess markers of naivety and memory in CD4^ cells and to
characterise these cell populations. The results presented here show that within CD4^
cells both CD45RA^ and CD45R0^ populations can be subdivided by expression of
CD27 and CD95.

CD27 is a member of the tumour necrosis factor receptor family (TNFR) that acts as a
costimulatory molecule in T cell activation through its interaction with CD70 (Hintzen
1994). CD27 is upregulated on T cells following activation but is gradually
downregulated after prolonged activation (de Jong 1991). Cells expressing CD45R0
have previously been divided by expression of CD27 (de Jong 1992). Antigen-specific,
differentiated Thl and Th2 cells, were found to be CD27' and produce effector
cytokines (Sunder-Plassmann 1995). CD4‘^CD45R0^CD27‘ cells also increase with age
and in some diseases (Nijhuis 1994, Hoi 1993). Many studies show all CD4^CD45RA^
cells to express CD27 (Kurosawa 1994, Hintzen 1993). The data presented here agrees
with studies by de Jong (1992) that CD45R0^ cells can be divided by CD27, however in
contrast to Hintzen it also shows that expression of CD27 may be lost on a subset of
CD45RA^ cells. The lack of this finding in previous studies is probably due to the low
number of individuals in which this population is observed.

The presence of a population o f CD45RA^CD27 cells has been reported in CD8^ cells
(Hamann

1997).

In

line

with

the

data

presented

here

in

CD4^

cells,

CD8^CD45R0^CD27' cells had an increased expression of CD95 and CDl la; and
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CD8^CD45RA^CD27‘ cells lack CD28

and CD62L (Hamann

1997) as do

CD4^CD45RA^CD27' cells presented here. CD8^CD45RA^CD27 cells are induced by
antigen, have a skewed Vp TCR usage that differs from that of unprimed CD27^ cells
and contain oligoclonal T cell expansions detected by spectratyping. CD27‘ cells also
have shorter telomeres than CD27^ cells (Hamann 1999). It appears therefore that both
CD4^ and CD8^ CD45RA^ populations contain a primed subset of CD27’ cells; whether
these are postulated CD45 ‘revertants’ is not known.

The co-expression of CD95 with CD27 was used to subdivide cells. CD95 (Fas) is
another member of the TNFR family, which acts as a death receptor. CD95 is increased
after activation, but in contrast to CD27, does not down regulate after prolonged
stimulation (Hintzen 1993). CD95 is preferentially expressed on CD45R0^ cells with
very little expression on naive CD45RA^ cells and adult peripheral and cord blood
(Miyawaki 1992). The expression of CD95 following activation promotes the death of
activated CD4^ cells once their effector function is complete (Alderson 1995).
However, not all cells are killed as some are able to resist activation induced death to
form the ‘memory’ population for that antigen.

Here we show that although in agreement with previous findings CD95 expression is
found primarily on CD45R0^ cells, there is a small subset of CD45RA^ cells (also
lacking CD27) which have a high level of expression of CD95. There is also a
population of CD45R0^ cells which lack CD95 expression and maintain CD27, in line
with studies by Hamann (1997). In CD8^ cells this population was found to exert
effector function only following restimulation, suggesting they are part of a central
memory population. Our phenotypic data shows that the CD4^CD45R0^CD27^CD95‘
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population expresses both CCR7 and CD62L suggesting they are a central memory
population, although the effector function of these cells has not been assessed. The
intermediate level of TREC positive cells in this population also suggests they have not
been through extensive cell division.

The expression of CD95 on CD45RA^ cells correlated to loss of expression of CD27. In
agreement with studies in CD8^ cells (Hamann 1997), these CD45RA^CD27'CD95^
cells appear to be highly differentiated, having downregulated expression of CCR7,
CD28 and CD62L. This, along with the negative TREC count, suggests they have
undergone many rounds of cells division and are possibly CD45 ‘revertants’. In
agreement with this is the observation that CD45RA^CD27'CD95^ cells express low
levels of CD45R0. Previous reports have shown that when T cells are grown in vitro for
long periods they eventually re-express CD45RA as well as CD45R0 (Arlettaz 1999,
Warren 1991).

The increased proportion of CD45RA^CD27'CD95^ cells in the CD4*°^ population is
interesting, as this population only appears to be present in individuals with this CD4^°^
phenotype. CD4 is known to decrease on cells following activation. Although at the
time of examination all volunteers were ‘healthy’ and not presenting with any illnesses
it is possible that they may be carriers of chronic viral infections such as Epstein Barr
Virus (EBV) and Cytomegalovirus (CMV). These are very prevalent in western society
with EBV present in approximately 90% of the population (Rickinson and Gregory
1993), and CMV in 40-60% o f the population (Mockarski 2001). Most EBV positive
individuals do not have a history of acute infectious mononucleosis and become EBV
positive without suffering overt illness.
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Recently, a population of CD8*°^ expressing cells has been defined as containing a
cytotoxic or effector subpopulation (Trautmann 2003).

These cells expressed high

levels of CD45RA and CD95L, and low levels of CD45R0, CD28 and CD62L; this
phenotype is also seen in the CD4^°^ population of CD45RA^CD27'CD95^ cells
described here. The CD8^°'^ cells had a restricted TCR usage determined by antibody
staining and were capable of exhibiting cytotoxicity suggesting they are effector cells.
Reactivity of the CD8^°^ cells to lytic and latent EBV epitopes was assessed by
ELISPOT and the population was found to contain EBV specific cells. A population of
CD4*owexpressing cells with similar characteristics to the CD45RA% CD27‘CD95^ cells
have been described, these increase with age (Bryl 2001). In the work presented here the
increased proportion of individuals with the CD45RA^CD27 CD95^ population with
age also supports their association with chronic, persistent infections. As people age
they are exposed to an increasing number of infections. CMV is very prevalent in the
elderly and is responsible for large oligoclonal expansions of CD8^ cells (Khan 2002).
CMV infection is also linked with large numbers of CD8^CD45RA^CD27 cells
(Kuijpers 2003). The increase in the number of people with this effector population with
age may reflect this increased exposure to viral infections, although it is difficult to
draw any firm conclusions from such a small sample.

The measurement of TREC content of cell populations has been widely used to estimate
replicative history of cells (Kimmig 2002, Douek 2000). TRECs are formed from VDJ
recombination of the TCR during thymocyte development. Once formed they are
diluted out of the cell population with increasing cell divisions. However, due to
constraints o f the technology it is not exact and populations with a high TREC content
may have undergone a number of rounds of division (Hazenberg 2003). CD45RA^ cells
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have previously been shown to contain high TREC levels whilst CD45R0^ populations
do not contain detectable levels of TRECs (Douek 1998). Further division of CD45RA^
cells with CD31 showed differences in TREC levels. CD45RA^CD31^ cells, proposed
to be recent thymic emigrants, have a high TREC level whilst a CD45RA^CD31
population have a reduced number of TRECs suggesting they have undergone extensive
cell division (Kimmig 2002). It is interesting to note that the TREC negative
CD45RA^CD27'CD95^ cells in this study have also lost expression of CD31. However
phenotypic analysis of CD31', TREC negative cells by Kimmig (2002) showed that they
are phenotypically ‘naïve’, unlike the CD45RA^CD27’CD95^ cells, and are postulated
to be central naïve cells which are predominant in elderly individuals in whom thymic
output has ceased. The presence of high TREC numbers in CD45RA^CD27^CD95 , and
CD45RA^CD27^CD95^ populations supports the idea that these cells are more naïve
than CD45RA' cells and CD45RA^CD27 CD95^ cells. The decrease of TRECs in these
populations in middle aged donors may correspond to the decrease in thymic output.

The presence of a population with high TREC content within CD45R0^ cells is perhaps
the more interesting and novel observation. CD45R0^CD27^CD95‘ cells have a
phenotype expressing CD31, CD28, CD62L and CCR7. This is a similar phenotype to
that of central memory cells (Sallusto 1999). The reasonably high TREC content of
these cells suggests they have undergone limited cell division, and possibly that central
memory cells are formed early after initial activation before too many cell divisions
have occurred. However, this disagrees with the recent report that CD8^ central memory
cells in mice differentiate fi*om effector memory cells in a linear model of
differentiation (Wherry 2003).
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The phenotypic and TREC analysis of all CD27 and CD95 defined populations
presented here allows a model of differentiation to be proposed (figure 3.6.). The large
extent of overlap in phenotypic characterisation between CD45RA^ and CD45R0^ cells
suggests there may be differentiation from CD45RA expression to CD45R0 expression
at any stage of CD27 and CD95 differentiation, maintaining the phenotype of other
markers. The gradual increase and decrease in expression of various cell surface
molecules suggests a largely linear differentiation pathway. However, due to the large
difference

in

phenotype

between

CD45RA^CD27’CD95^

cells

and

CD45R0^CD27^CD95' cells it appears unlikely that there is a direct link between them.
The highly differentiated phenotype of CD45RA^CD27'CD95^ cells suggests that they
might have reverted from CD45R0 to CD45RA expression. The very low TREC content
also suggests that they have undergone more division than CD45R0^CD27^CD95‘ cells.
However, CD45RA^CD27'CD95^ cells may also be activated effector cells to chronic
viruses.

The work outlined in this chapter characterises CD45RA^ and CD45R0^ cells on the
basis of expression of CD27 and CD95 and has looked preliminarily at changes in these
populations with age. Although there were few obvious phenotypic differences in
middle-aged donors there were more in elderly individuals, however more donors are
required to confirm these observations. The phenotypic and TREC analysis has lead to
the proposal of a model of differentiation of these subsets. In order to further elucidate
the differentiation pathways of these subsets the clonality of each will be assessed.
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CHAPTER 4

Clonal analysis of CD4^ naïve and memory T cells

4.1

Introduction

Phenotypic analysis of CD4^ T cells shows that expression of CD45 is not a definitive
marker of naïve and memory cells and that CD45RA^ and CD45R0^ populations are
subdivided by other molecules such as CCR7 and CD62L (Beverley 1991, Sallusto
1999, Hengel 2003). Phenotypic analysis is often used as a surrogate for function,
however, alone it cannot distinguish cells as being antigen-experienced, or define
whether they are members of expanded populations.

Clonal expansion of T cells occurs as a result of antigenic stimulation and can be used
to assess the antigen experience of cell populations. Oligoclonal expansions of cells
have been reported ex vivo in the antigen-experienced CD8^ CD45R0^ population in
healthy young individuals and have been shown to increase with age (Ricalton 1998,
Wack 1998, Shen 1997, Posnett 1994). The increase of CD8^ clonal expansions with
age has also been reported in mice (Ku 1997, Callahan 1993). Clones are less fi*equently
detected ex vivo in CD45RA^ cells but are seen in the CD45RA^CD8^ subset in elderly
individuals (Wack 1998). There is increasing evidence that the clones detected in both
CD45RA^ and CD45R0^ populations are antigen specific. Studies in human
cytomegalovirus and Epstein Barr virus infections have revealed antigen-specific clones
within a CD45RA^CD27^CD28' subset of CD8^ T cells (Wills 2002, Tomiyama 2002).
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Clonal expansions of CD8^CD45RA^CD27‘ effector cells have also been reported
(Hamann 1999, Kern 1999).

Clonal expansions within CD4^ populations occur less frequently and, in healthy
individuals, have only been described in ex vivo samples within the CD45R0^
populations o f centenarians (Bernardin 2003, Maini 2000, Wack 1998). Responses to
chronic inhaled antigen revealed antigen-specific clones in CD4^CD45RA^ and
CD45R0^ cells suggesting that immune memory is present in both subsets (Richards
1997). Recently clonal expansions have been detected in CD4^ populations in diseases.
Assessment of the clonality of cells in rheumatoid arthritis showed clonal expansions in
CD4^CD28‘ cells (Schmidt 1996, Wagner 2003). Studies in HCMV revealed
enrichment of antigen specific clones in CD4^CD45RA^CD28" cells (A. Carmichael,
oral presentation, Jenner Institute CD4^ T cell Memory meeting, October 2002).
However, clones in CD4^ cells have not been detected except in disease states in young
individuals.

The role o f antigen stimulation in activation and differentiation of regulatory T cells
(Tregs) is an important area of current interest. The evidence that Treg precursors
depend on interactions with MHC for their thymic development (Jordan 2001, Besinger
2001) suggests that they may be exposed to a wide range of MHC-peptide complexes as
are other thymocytes. This in turn suggests that they are likely to have a diverse TCR
repertoire. An alternative hypothesis is that Tregs can also develop in the periphery
from antigen-experienced cells (Taams 2001, Taams 2002). This is supported by data
showing that CD25^ regulatory cells have short telomeres and are prone to apoptosis.
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Clonal analysis of CD25^ regulatory cells compared to circulating non-activated
memory cells could determine whether this hypothesis is valid.

4.2

Objectives

The objectives of this chapter are to outline the clonality of the six CD4^ populations
identified by expression of CD27 and CD95, and show how these relate to the
postulated differentiation pathway (Chapter 3). Changes in the clonality of subsets in
the differentiation pathway were assessed by performing heteroduplex analysis on
subsets separated fi’om PBMC over a four month period, and through assessment of
clones before and following in vivo tetanus toxoid vaccination. Regulatory T cells may
be driven by antigen specific interactions in the periphery, the clonality of
CD4^CD45R0^CD25^ regulatory T cells was examined to determine if this hypothesis
is true.

4.3

Results

4.3.1

Samples

CD45, CD27 and CD95 defined populations from four young, three middle-aged and
two elderly individuals were sorted as shown in table 4.1. Heteroduplex analysis was
performed with samples firom different subsets run in parallel to allow comparison of
clones. The order of samples on the gels was consistently
2. CD45RA^CD27^CD95^

1. CD45RA^CD27^CD95

3. CD45RA^CD27 CD95^

4.

CD45R0^CD27^CD95" 5. CD45R0^CD27^CD95^ 6. CD45R0+CD27'CD95^. Where
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populations '
1,2,4,5,6
1,2,4,5,6
1,2,3,4,5,6
1,2,3
1,2,4,5,6
1,2,
1,2,3
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3

E05

1,2,3

1-24

1

R egl
Reg 4

CD25VCD25'
CD257CD25'

1-24
1-24

1
1

Reg 5

CD25*/CD25'

1-24

1

Reg 6

CD25VCD25'

1-24

1

Reg 7

CD25*/CD25‘

1-24

1

Y02
Y14
Y23
Y25
MOl

Vp
examined
1-22
1-22
3,5.2
1-24
10,13.2,15,23
1-24
1-24
1-11
5.2,20
1-24
1-24

Number of
samples
1
1

Source

Notes

EJIVR"
EJrVR
EjrVR

four month samples

1
EJIVR
1
1
1
1
1

TT vaccination: No
day 7 HD A

EJIVR
EJIVR
EJIVR
Derek Macallan, St George’s Hospital,
London
Derek Macallan, St George’s Hospital,
London
EJIVR
Jean Fletcher, Royal Free and University
College Hospital, London
Jean Fletcher, Royal Free and University
College Hospital, London
Jean Fletcher, Royal Free and University
College Hospital, London
Jean Fletcher, Royal Free and University
College Hospital, London

TT vaccination

____ _ +------------ -4- ------ ----«4-__ __4-^ «______ ___
■Edward Jenner Institute for Vaccine Research
^ Y - young (21-30 yrs), M - middle aged (45-60 yrs), E - elderly (65 yrs +)
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Table 4.1.

Donors and sample information for results in this chapter
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samples from different timepoints were run in parallel a restricted selection of Vp
families was analysed due to practical limitations. The decision of which Vps to
examine was based on preliminary studies on a full repertoire on one subset of cells.
There were insufficient samples to allow analysis of CD45R0^ populations in elderly
individuals.

CD4^CD45R0^CD25^ and CD4^CD45R0^CD25‘ cells from five individuals were
obtained by performing separation with magnetic beads and were provided by J.
Fletcher (Royal Free and University College Hospital, London, UK). Separated cells
were routinely greater than 75% purity. Heteroduplex analysis was performed for 26 v p
families. CD25^ and CD25 cells for each v p family were run in parallel to allow
comparison of clones. Ethical approval for all samples was obtained from the Edward
Jenner Institute or Royal Free and University College Hospital.

4.3.2

Clonal expansions are found in all CD45RA^ populations

Heteroduplex analysis of CD45RA^ populations in young, middle-aged and elderly
individuals showed clonal expansions are present in CD27^CD95", CD27^CD95^ and
CD27'CD95^ subsets (figures 4.1. & 4.2.). Comparison of clones shows the most
‘naiVe-like’ CD27^CD95' population to have fewest clones, between 3 and 18 (table
4.2.), although these are seen against a darker, more polyclonal smear. In many cases
where clones are present in this population they are also seen in the CD27^CD95^ and
CD27'CD95^ populations (figures 4.1. & 4.2. black arrows). However, there appear to
be a small number of clones exclusively within the CD27^CD95 population (figures
4.1. & 4.2. red arrows).
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Y23
Vpi4

1. C D 27X D 95'
2. CD27XD95^
3. CD27'CD95^

Figure 4.1.
Clonality of CD45RA^, CD27 and CD95 defined populations was
assessed by heteroduplex analysis. Clonal expansions were seen in young individuals in
all three populations, with an increased number of clones in CD27'CD95^ cells.
Representative films of Vp families from two individuals are shown. Results are
representative of four young individuals. CD27'CD95^ population was not present in
Y14. Black arrows show clones in CD 27X D 95' and other populations, red arrows show
clones uniquely in CD 27X D 95' cells, blue arrows show clones shared between
CD27XD95^ and CD27'CD95^ cells, green arrows show clones in either CD27XD95^
or CD27'CD95^ cells.
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E05
VB13.2

VP2
^

2

?

1. CD 27X D 95'
2. CD27^CD95*
3. CD27 CD95+

Figure 4.2.
Clonality of CD45RA% CD27 and CD95 defined populations was
assessed by heteroduplex analysis. Clonal expansions were seen in elderly individuals,
with an increased number of clones compared to the young. Representative films of V(3
families from two individuals are shown. Results are representative of two elderly
individuals. Black arrows show clones in CD27^CD95' and other populations, blue
arrows show clones shared between CD27^CD95^ and CD27'CD95^ cells, green arrows
show clones in either CD27"^CD95^ or CD27‘CD95^ cells.
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Number of clones

CD27 CD95

CD27 CD95^

CD27'CD95^

(Y -86.3 M-82.2
E -76.9)

Total CD4 CD45RA^

(Y -1 2 .3 M-15.6
E -8.5 )

(Y -1 .2 M-2.01
E-13.3)

Y23
Y25
Y14
Y02

10
18
18
3

18
24
28
11

17
‘N/A
'N/A
'N/A

32
24
32
11

MOl
M07

5
12

39
20

38
30

43
31

EOl
E05

10
15

32
48

44
43

57
71

’ The CD27’95^ population could not be sorted from this individual.
^ The total unique clones is less than the sum of those in each subset due to overlap of clones between
subsets.
^ Figures show the mean percentage of CD45RA^ cells in Y (young), M (middle-aged) and E (elderly)
donors (see table 3.1 for details)

Table 4.2.
Numbers of clones in CD45RA^, CD27 and CD95 defined populations in
young, middle-aged and elderly individuals
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The number of clones in CD45RA^ populations increases in CD27^CD95^ cells
compared to CD27^CD95" cells, with different individuals having between 11 and 48
clones present; it then remains relatively constant in CD27‘CD95^ cells. The absence of
CD27'CD95^ cells in most donors makes it difficult to compare numbers of clones in
these more differentiated subsets directly, however from the data here the major
increase in clonality occurs between CD27^CD95" and CD27^CD95^ cells. Many clones
are shared between the CD27^CD95^ and CD27'CD95^ subsets (figures 4.1. & 4.2.
blue arrows). However, there are clones uniquely present in either subset (figure 4.1. &
4.2. green arrows). These results show that cells with a naïve phenotype may contain
clonally expanded populations.

4.3.3

The number of clonal expansions in CD45RA cells increases with age

Comparison of clones between young and elderly donors revealed that there is an
increase in the number of clones in CD45RA^ populations with increasing age (figures
4.1., 4.2. and table 4.2.). The mean total number of CD45RA^ clones from four young
individuals is 25, whereas the total numbers in two middle-aged individuals were 43 and
31 and in two elderly individuals were 57 and 71 respectively. The average in young
donors is influenced by the fact that three of the four donors lacked the CD45RA^CD27"
CD95^ population and many clones are seen in this subset (figure 4.2.). However, the
one young donor with this subset had a significantly lower number of clones in this
subset (17 compared to 44 and 43 in elderly donors) and in the total number of
CD45RA^ clones (32 compared to 57 and 71). These data show that there is a trend for
the number of clones in CD45RA^ cells to increase with age with the most significant
increase found in elderly donors. Comparison of the numbers of clones in all three
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CD45RA^ populations suggests that there is no increase in number of clones in the more
‘naïve’ CD27^CD95" population with age, and that the difference is in the CD27^CD95^
and CD27‘CD95^ populations.

4.3.4 Clones in CD45RA'*’populations are also found in CD45R0^ populations

Assessment of the clonality of CD45R0^ populations showed clones could also be
detected in CD27^CD95‘, CD27^CD95^ and CD27 CD95^ cells. In many cases where
clones are observed in CD45RA^ populations they can also be found in one or more of
the CD45R0^ populations (figures 4.3.A & C black arrows). Between 26% and 45% of
clones in CD45R0^ populations are also detected in CD45RA^ populations (table 4.3.)
However, there are cases where clones are detected uniquely in CD45RA^ populations
(figure 4.3.B). There are also many examples where clones detected in CD45R0^
populations are absent in CD45RA^ populations (figure 4.3.C red arrows), these make
up approximately 55% to 73% of CD45R0^ clones (table 4.3.).

Within CD45R0^ populations there is a general trend for the number of clones to
increase in CD27^CD95^ and CD27’CD95^ populations and clones in these subsets are
not always observed in CD27^CD95' cells (figure 4.3.C blue arrows & table 4.3.). There
are more clones observed in CD45R0^ subsets compared to CD45RA^ subsets (table
4.3.). The total number of clones increased by at least 1.5 times in the individuals
examined. These data show that clonal expansions are detected in all subsets. Although
there is a trend for the
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CD45RA

CD45R0

CD45RA

CD45R0

A)
1.
2.
3.
4.
5.
6.

CD4^CD45RA^CD27^CD95"
CD4^CD45RA^CD27^CD95'
CD4^CD45RA^CD95^CD27'
CD4^CD45R0^CD27^CD95'
CD4^CD45R0^CD27^CD95^
CD4^CD45R0^CD2TCD95^

B)

r

*
*

*

Y14
Vpl9

Y14
VP13.2

r

C)

1

2

4

m
Figure 4.3. Heteroduplex analysis was performed on sorted cell populations defined
by expression of CD45, CD27 and CD95. A) Clones found in CD45RA^ populations
are commonly also seen in CD45R0^ populations (black arrow). B) Clones can be found
in CD45RA^ populations but not CD45R0^ populations (black asterisks). C) Clones in
CD45R0^ cells are not always in CD45RA^ cells (red arrows) Clones in CD45R0^ cells
are not always in CD27^CD95 (blue arrows).
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CD27'"CD95’ CD27"^CD95^

Number of clones
CD27CD95^
Total
(Y -11.8 MCD4^CD45R0^

(Y -7 .2 M-7.6
E-14.4)^

(Y -80.7 M79.2 E -56.0)^

Y02
Y14

19
31

29
40

32
53

M07
MOl

24
18

36
20

50
20

Total
CD4^CD45RA^'

% CD45R0^ clones also
in CD45RA^

34
56

11
32

26.5%
44.6%

51
20*

31
N/A

35.3%
40.0%

13.2 E -34.7)^

‘ Only Vp 1-11 in MOl
^ The number of total unique clones is less than the sum of those in each subset due to overlap of clones between subsets
^ Figures show the mean percentage of CD45R0^ cells in Y (young), M (middle-aged) and E (elderly) donors (details in table 3.1)

Table 4.3.
Numbers of clones in CD45R0^, CD27 and CD95 defined populations and overlap of clonality in CD45RA^ and
CD45R0^ populations

to
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number of clones to increase in CD27‘CD95^ subsets in both CD45RA^ and CD45R0^
cells there is no strict pattern as to which subsets clones are present in.

4.3.5

Clones in CD45RA^ and CD45R0^ populations are stable over a four month
period

The clonality of CD45RA^ and CD45R0^ populations in one young donor was followed
over a four-month period. Figure 4.4. shows all six populations in one Vp family at 0, 2
and 4 months. There are two clonal expansions (represented by black arrows) the first is
present in CD45RA^CD27^CD95^ and CD45RA^CD27'CD95^ populations. At 0
months there is a faint clonal expansion. The intensity of the clone increases at 2
months, it then decreases in the 4-month sample but is still stronger than at 0 months.
The second clonal expansion is present in all populations with the exception of
CD45RA^CD27^CD95 cells. The clones are more intense in the CD45RA^ subsets, and
again increase in intensity after 2 and 4 months. However, it is possible that less DNA
was loaded in the 0 month sample and the carrier homoduplices are also fainter. Within
CD45R0^ cells the clones are more intense in CD27^CD95^ and CD27‘CD95^
populations (the apparent lack of band in CD45R0^CD27'CD95^ at 2 months is due to
poor amplification and is reflected by the general lack of a polyclonal smear within the
entire lane). The individual had been vaccinated against Meningitis C at 14 days prior to
the 0 month sample which may reflect the differences in intensity observed at different
timepoints. Although the intensity of clones changed over the period of examination
they were all present consistently in the same subsets.
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0 months
2

1

4

2 months
5

^ r
6 1

4 months
r

2

3

4

5

6

1

2

3

4

5 6

^ I
f 1
1. CD4*CD45RA*CD27*CD952. CD4*CD45RA*CD27^CD95‘"
3. CD4^CD45RA^CD27 CD95^
4. CD4*CD45R0^CD27"^CD95‘
5. CD4^CD45R0*CD27*CD95*
6. CD4^CD45R0*CD27'CD95"

Figure 4.4. Heteroduplex analysis was performed on Vp3 from subsets sorted from a
young donor (Y23) at 0, 2 and 4 months. Arrows show the same clones present at all
timepoints examined. * Note the reversed order of populations 1 and 3 in the 0 month
sample.
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4.3.6

Effect of tetanus toxoid vaccination on clonal distribution

The effect of antigen on the clonality of the six populations was examined in two
donors. Cells were sorted ex vivo prior to and at 7 and 28 days following in vivo tetanus
toxoid vaccination. Following vaccination there were no obvious new clones in any of
the populations at either 7 or 28 days in either individual (figure 4.5.). There may be
small changes in the intensity of bands in different population e.g. one clone in donor
Y25 Vp23 disappears from CD45RA"^CD27^CD95^ cells and may become more intense
in CD45R0^CD27^CD95* cells (figure 4.5.A, black arrow). However, in general there
were no increases in the number of clones following vaccination.

4.3.7

Clonality of CD4 CD45R0 CD25^ regulatory T cells

Heteroduplex analysis of CD4^CD45R0^CD25^ and CD4^CD45R0^CD25* cells shows
that there is a large overlap of bands in CD25^ and CD25 populations (figure 4.6.) with
very few clones exclusively in either the CD25^ or CD25" population. The percentage of
clones in CD25^ cells that are also in the non-regulatory, or activated, CD25' cells
ranges fi*om approximately 80-90%, with one individual, Reg 1, showing a lower (58%)
overlap (table 4.4.). The total numbers of clones observed in these populations are quite
low ranging from 15 to 39. The heteroduplex bands, representing expanded clones, are
faint in comparison to those observed ex vivo from differentiated subsets suggesting that
these clones are not present at a very high frequency and are unlikely to be recently
activated cells. These
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Y25
VP23
Day 28 post
vaccination

Pre vaccination

3

4

I

V613.2
Pre vaccination

Day 28 post
vaccination

1. CD4^CD45RA^CD27^CD952. CD4^CD45RA^CD27^CD95^
3. CD4"^CD45RA^CD27 CD95^
4. CD4^CD45R0^CD27^CD955. CD4^CD45R0^CD27^CD95^
6. CD4^CD45R0^CD27 CD95^
Figure 4.5. Heteroduplex analysis was performed on sorted cell populations from
individuals prior to, and following in vivo tetanus toxoid vaccination. No unique bands
were observed following vaccination. Results are from two V|3 families from one of two
individuals examined. The black arrow shows a clone where slight differences are
observed in populations 2 and 4.
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Vp2
CD25+ CD25-

VP5.2
CD25+ CD25.

VP6
CD25+ CD25-

Figure 4.6. Comparison
of
clones
in
CD4^CD45R0^CD25^
and
CD4^CD45R0^CD25‘ cells. Shown are three BV families from one individual,
representative o f five individuals examined. Black arrows show clones present in
CD25^ and CD25' populations, blue arrows show clones present in CD25' but not
CD25^ cells, red arrows show clones present in CD25^ cells but absent in CD25‘ cells.
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No. clones shared in CD25^ & CD25 ^
Total no. clones in CD25^
Total no. clones in CD25
Total no. clones
% clones in CD25^ also in CD25’ ‘

R egl
7
10
12
15
58.3%

Individual
Reg 4
Reg 5
18
17
24
23
20
19
26
25
90.0%
89.5%

Reg 6
27
32
34
39
79.4%

R eg ?
23
27
29
32
79.3%

Total number of shared clones in CD25^ & CD25 / Total number of clones in CD25
^ All cells are CD4^CD45R0^

Table 4.4.
Comparison
of
clones
in
CD4^CD45R0^CD25^
CD4^CD45R0^CD25‘ cell populations from healthy volunteers.

and

135

Chapter 4
results show there is overlap of clonality between regulatory T cells and other non
activated, antigen-experienced, T cells in the periphery.

4.4

Discussion

Phenotypic analysis of the six CD4^ populations defined by expression of CD45, CD27
and CD95 outlined in chapter 3 lead to the generation of a model of differentiation of
these subsets (figure 3.6.). However, studies in EBV, CMV and HIV infected
individuals have shown that antigen-specific CD8^ T cells can have a range of
phenotypes, and that these can vary in different viral infections (Appay 2002,
Champagne 2001). These data suggest that phenotype alone cannot be used to
distinguish differentiation pathways of cells. Clonal expansions of cells with specific
TCR occurs following activation and can be used as a measure of antigen experience of
cell populations. The data presented in this chapter examines the clonality of different
cell populations in healthy individuals to further elucidate the relationship of the
subsets.

The presence of clonal expansions in CD8^CD45RA^ cells has been noted in a number
of viral infections including EBV, CMV and HIV (Maini 2000, Wills 1999, Kern 1999,
Shen 1998). Although clones in CD4^ cells are less fi^equently detected they have been
observed ex vivo following vaccination with recall antigen (Hibberd 1993). Functional
CD4^CD45RA^ clones have been reported in atopic responses to Dermatophagoides
pteronyssinus (Richards 1997) where CD45RA^ and CD45R0^ clones grown in vitro
had comparable Vp gene usage and cytokine production.
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Where clonal expansions have been reported in CD8^CD45RA^ cells they are usually
found within distinct subsets of cells. Studies by Wills (Wills 2002) show that clonal
expansions in CMV are within CD27^CD28‘ and CD27’CD28‘ populations of
CD45RA^ cells. Hamann and colleagues showed CD8^CD45RA^CD27' cells to contain
clonal expansions and to have undergone numerous cells divisions (Hamann 1999). The
presence of clonal expansions in these reports supports the view that antigen
experienced cells can revert from expression of CD45R0 to CD45RA as suggested by
Michie (Michie 1992). Work by Carmichael and colleagues has also shown CMV
specific clonal expansions to be present in CD4^CD45RA^CD28‘ cells (A.Carmichael,
oral presentation, Jenner Institute CD4^ T cell Memory meeting, October 2002).
Analysis of CD4^CD45RA^ populations in the present study found clonal expansions to
be present in CD27^CD95^ and CD27 CD95^ cells. This agrees with the phenotypic and
TREC analysis suggesting that CD27 CD95^ cells may be revertants. The phenotype of
CD4^CD45RA^CD27'CD95^ cells also agrees with the phenotype of CD8^ revertants
(Wills 2002, Kern 1999). However, these data do not provide solid evidence for
reversion as the clonal expansions in these subsets could be due to recent activation of
CD45RA^ cells before switching to CD45R0 expression. This is unlikely as all donors
appeared to be healthy at the time of sampling. However chronic EBV and CMV
infections are observed in a large proportion of adults in developed countries and some
of the donors examined are likely to be carriers of these viruses. The persistence of
clones in CD45RA^ subsets over the four month period also suggests that clonal
expansions are not due to recent activation.

The presence of clonal expansions in CD27^CD95^ cells is more difficult to explain.
These do not have a ‘memory’ or ‘revertant’ phenotype. Although there can be quite a
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large contamination of this subset from CD27^CD95‘ cells, as this latter population
contains fewer expansions it is unlikely that the heteroduplices seen are due to these
cells.

The

small

size of the CD45RA^CD27^CD95^ population (8-16%

of

CD4^CD45RA^ cells) may mean that fewer cells of a clone are detected as a
heteroduplex band than in the larger CD27^CD95‘ population. Preliminary studies by A.
Bennett suggest that more heteroduplex bands and less of a polyclonal smear are
observed when lower cell numbers are analysed (A. Bennett, personal communication).

The present study shows that the number of clonal expansions in CD4^CD45RA^ cells
increases with age. Many studies have previously described an increase in clones with
age in humans (Wack 1998, Ricalton 1998, Schwab 1997, Posnett 1994, Hingorani
1993) and mice (LeMaoult 2000, Callahan 1993, Gonzalez-Quintial 1992). This is
thought to be due to the increasing prevalence of chronic viral infections, especially
CMV, with age. Many CMV and HIV specific clones have been detected in CDS7^
populations (Kern 1999, Morley 1995, Labalette 1994). These have been suggested to
be Tate memory cells’ (d’Angeac 1994) and have been found to increase with age
(Khan 2002). The CD45RA^CD27'CD95^ cells in the present study increase with age
and are also CD57^ suggesting that they might be chronically antigen stimulated cells.

The most unexpected observation of this study was the presence of clonal expansions in
CD4^CD45RA^CD27^CD95' cells. These cells have a naïve phenotype and have a high
TREC content. Previous studies of CD8^ cells have suggested that antigen specific
clones are not present in cells with a naïve phenotype e.g. CD28^, CCR7^, CD62L^
(Wills 2002, Tussey 2000). However CD8^CD45RA^CD27^ positive cells are further
divided by CD28, with CD28" but not CD28^ cells containing clones (Wills 2002).
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However CD27^CD95‘ cells express high levels of CD28. Our data therefore raises a
number of important questions about the size of clones in the periphery and the
sensitivity of the methods used in this and earlier studies. Previous studies have shown
that heteroduplex analysis can detect up to 1 in 100,000 cells (Maini 1998) but how
many cells are in a clone when it exits the thymus? and how do these differ for Vp
families with different representation in the periphery? Some of these issues are
discussed within this chapter, the remaining questions relating to difficulties in
quantification of heteroduplex analysis are discussed in chapter 7.

There is skewed Vp usage of cells in cord blood and adult peripheral blood (Grünewald
1991), this is thought to be induced by positive selection in the thymus. Similar studies
in mice have also showed skewed Vp usage in the thymus (Ema 1997). Analysis of the
clonality of cord blood revealed oligoclonal expansions of cells (Schelonka 1998). This
suggests that there may be some oligoclonal expansions in naïve cells. In line with this
is the suggestion that some clones may be larger than others when they enter the
periphery. Along with evidence that there is skewed Vp usage in the thymus, work by
Hare and colleagues showed that following positive selection there is expansion of both
CD4 and CD8 single positive cells (Hare 1998). This involves multiple cell divisions
mediated by MHC class 11^ thymic epithelial cells and is more extensive in neonates
than adults. It is possible that this causes some clones with in a single Vp families to be
preferentially expanded. In line with this most expansions observed in CD27^CD95"
cells are quite faint against a strong polyclonal smear. This suggests that the population
is highly polyclonal with a few small clonal expansions.
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Peripheral expansions of mature T cells have been shown to be important for T cell
regeneration in adults following bone marrow transplantation and in HIV (Mackall
1997). In healthy individuals there is a balance between this and thymic dependent T
cell output, with expansion and turnover of CD45R0^ cells balanced by cell death.
Peripheral expansion can result in a skewed Vp repertoire. This is limited by diversity
of clones in the starting population because of the limited number of mature cells
transplanted, and by the diversity of antigen present with many EBV and CMV specific
clones stimulated. Skewing of repertoire has also been observed in healthy individuals
(Hingorani 1993, Gorski 1994). However, peripherally expanded cells have a memory
phenotype, with low CD45RB expression whilst the CD45RA^CD27^CD95' have high
CD45RB expression. This suggests that the clonal expansions found in this naïve
population are not due to peripheral expansion.

The presence of clonal expansions in CD45R0^ cells was expected and agrees with
many studies in CD8^ cells during viral infections and ageing (Maini 2000, Wills 1999,
Wack 1998, Hingorani 1993). As previously discussed fewer clonal expansions have
been seen in CD4^ cells. The observation of clones in CD4^ cells in this work might be
a reflection of increasing sensitivity of the technique through the use of
chemiluminescent detection, or the fact that we have analysed smaller and more distinct
cell populations. In this situation there may be fewer polyclonal cells meaning that
clonal expansions are more readily detected. Due to limitations in detection it is possible
that a ‘set’ number of cells in one Vp family with low usage is detected as a clonal
expansion, whereas in a larger Vp family it would not be detected V pl8 has previously
been shown to have low levels of expression and VplO has been reported to be a
pseudogene which is rearranged but is not functional (Currier 1996).

However,
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comparison of VplO and V pl8 clones in multiple samples in this work suggests that
reproducible bands can be seen. In contrast to this a recent report by Bernardin showed
that reproducible heteroduplices were observed in all except VplO and V pl8 (Bernardin
2003). The reason for this discrepancy is not known.

A substantial (27-45%) proportion of clones seen in CD45R0^ populations are also
found in CD45RA^ cells supporting findings in CD8^ cells that antigen-experienced
cells can revert firom expression of CD45R0 to CD45RA (Wills 1999). Recent reports
have shown that CD45R0^ cells contain different populations with effector or memory
function defined by expression of molecules including CCR7, CD28 and CD27
(Sallusto 1999, Tomiyama 2002, Champagne 2001). Analysis of these cell populations
suggests that antigen-specific memory cells can reside in a number of differentiation
states, and that these can differ between infections (Appay 2002, Champagne 2001).
The observation in the present data that clonal expansions can be seen in a range of
subsets, e.g. CD45R0^CD27^CD95^ but not CD45R0^CD27^CD95' and other
combinations, might be due to different antigen-specificity of different clones. For
example clones in CD27^CD95* cells (CCR7^, C D 28\ CD62L^) might be EBV specific
whereas cells in the CD27 CD95^ subset (CCR7", CD62L', CD57^ might be CMV
specific. However this cannot be assessed by heteroduplex analysis.

It has recently been shown that CD8^ central and effector memory cells defined by
CD62L expression have distinct repertoires (Baron 2003). Immunoscope analysis of ex
vivo separated populations showed that the repertoire of CD62L^ cells was more diverse
than that of CD62L' cells. Although some clonotypes were shared over 90% were found
distinctly in one population, there were no changes in clonality between the subsets over
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a nine month period. This suggests that central and effector memory cells may develop
along distinct pathways, although some may follow a linear differentiation pathway.
The presence of unique clones in CD45R0^CD27^CD95' (CCR7^, CD62L^ and
CD45R0^CD27‘CD95^ (CCR7', CD62L ) might represent central and effector memory
populations. In agreement with these studies the clonality of CD45R0^CD27^CD95' and
CD45R0^CD27^CD95^ cells is more diverse than CD45R0^CD27’CD95^ cells. The
distribution of clonal expansions between different subsets might be related to the
affinity of clones for antigen with cells of different affinity differentiating to different
extents. It might also be related to the amount of time since antigenic stimulation or the
microenvironment in which antigen was encountered. However, the fact that clones
appear to be maintained within the same subset over time suggests that this is probably
not the explanation.

Analysis o f clones in each of the CD45, CD27 and CD95 defined subsets over a four
month period found clones to be stable within the subsets in which they are present.
This suggests that in non-acute disease memory clones are stable in defined
differentiation states until they become activated. It was hoped that analysing the
clonality of subsets before and following in vivo vaccination to tetanus toxoid (TT)
would provide further insights into the differentiation pathway of the subsets, and might
identify which subset o f cells responds to recall antigens. However, there were no
distinct changes in the clonality of cells detected ex vivo in either of the two individuals
examined at either 7 or 28 days post-vaccination. Studies following in vitro stimulated
TT specific clones in individuals also showed them to be stable over time, suggesting
long term maintenance of CD4^ clones (Maini 1998). It is possible that the responding
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clones may not expand predominantly in one population, or change differentiation state
but may instead show a small expansion over all subsets.

Examination of in vitro CD4^ responses to TT has shown that the TCR repertoire of
responding cells is heterogeneous with some dominant clones (Godthelp 2001). A
number of T cell epitopes have been identified within the TT polypeptide chain
explaining the large heterogeneity of the response (Morel 1987). Dominant clones were
found to be stable for up to 5 years following allogeneic bone marrow transplantation
(Godthelp 2001, Vavassori 1996). This agrees with studies in viral infections in humans
and mice showing long term immunity to be mediated by stable and dominant clones
(Prevost-Blondel 1997, Maryanski 1996, McHeyzer-Williams 1995, Kalams 1994).
There have been numerous claims that clones in CD4^ cells are only seen following in
vitro stimulation with TT (Maini 1998, Li Pira 1998). Although studies by Maini
showed CD4^ TT clones were stable and suggested long term maintenance of CD4^
clones, in vitro stimulation and use of cell lines can alter the hierarchy of clones
responding dependent on the timing of stimulation. This might bias the TCR repertoire
observed. It is possible that clones stimulated in vivo following vaccination are not
detected because of lack of stimulation, although work by Hibberd showed an increased
expression in V p 2 ,4,6,13.1 and 14 in PBMCs 14 days following in vivo TT
vaccination (Hibberd 1993).

The clonality of the cell populations described in chapter 3 can be used to further define
the postulated differentiation pathway of the cells. Figure 4.7. outlines the clonality data
in relation to the previous model. The increased number of clones in CD45R0^
compared to CD45RA^ subsets agrees with the linear differentiation pathway shown.
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The presence of clonal expansions in CD27^CD95^ and CD27'CD95^ CD45RA^ cells,
and the overlap of clones between CD45RA^ and CD45R0^ populations suggests that
cells may be reverting from either CD27^CD95^ or CD27‘CD95^ CD45R0^ populations.
However this is not confirmed. It would be interesting to assess antigen-specific clones
in separated subsets to help to confirm this hypothesis. Analysis of the telomere length
of cells and the expression of telomerase might help to further elucidate this. In general
the data presented in this chapter fits well with the model from the phenotypic analysis.

Regulatory CD4^ T cells have been shown to have an important role in controlling
immune responses in mice and humans. In humans they have been detected in the
thymus (Stephens 2001), blood (Dieckman 2001, Jonuleit 2001) and lymphoid organs
including tonsil and spleen (Taams 2001). Currently it is thought that Tregs develop in
the thymus following interactions with self antigens and thymic epithelial cells (Hori
2002, Jordan 2001, Besinger 2001). However, some studies have shown that CD4^ cells
can be induced to become anergic when stimulated by antigen presented by non
professional APCs (Taams 2001). They are also generated in the periphery following
intravenous or oral administration of antigen (Thorstenson 2001) and following allograft
transplantation (Hara 2001). Comparison of the clonality of CD4^CD45R0^CD25^
versus CD4^CD45R0^CD25’ cells in this chapter shows that, in agreement with
previous studies, the repertoire of these cells is largely polyclonal (Taams 2002) with
faint heteroduplices seen against a strong polyclonal smear. However, there are a
number o f clonal expansions observed with the majority seen in both populations. The
faintness of the bands is probably because these cells are not activated and the clones of
Tregs are small in the periphery. This would allow a large repertoire of clones to exist in
a relatively small population of cells. These studies show that in addition to being
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generated in the thymus, Tregs might be generated in the periphery from highly
differentiated cells. However, current methods of separating Tregs are not ideal and it is
possible that some o f the CD25^ cells are activated cells. Also the purity of the CD25^
cells was routinely 75-90% and that of the CD25 cells 65-90% so faint heteroduplices
may be a result of contamination.

If Tregs develop in the periphery from differentiated CD45R0^ cells it is interesting to
discuss how they might relate to the differentiation of CD27 and CD95 defined
populations.

Various

studies

have

described

the

phenotype

of

human

CD4^CD45R0^CD25^ Tregs, they are CD45RB^°'^, CD95^^\ bcl-2*°'^, CD28^^ and
HLA-DR^°^ (Wing 2002, Taams 2001, Jonuleit 2001). This phenotype corresponds to
that observed for CD45R0^CD27^CD95^ and CD45R0^CD27'CD95^ cells described in
this thesis. These populations also have undetectable levels of TRECs, this agrees with
data showing that Tregs have short telomeres and have undergone numerous rounds of
cell division (Taams 2002). This suggests that the peripheral development of a Treg
pool might contain clones from a number of varying differentiation states. The potential
association between Tregs and the CD27 and CD95 defined CD4^ populations is shown
in figure 4.7.
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CHAPTER 5

Clonal analysis of lymphocytes in lymphoid and non-lymphoid tissues

5.1

Introduction

The majority of human investigations are carried out on peripheral blood samples due to
the practical and ethical difficulties associated with obtaining samples fi’om other
tissues. However, the cells of the immune system circulate through lymphoid tissues
such as the draining lymph nodes, tonsil and spleen and also migrate to non-lymphoid
tissues such as the gut, liver, skin and joints. This poses the question whether studies on
peripheral blood are truly representative of what is actually happening during an
immune response.

Expansions of cells with clonal TCRs in peripheral blood have been widely documented
in a number of viral infections including EBV, CMV and HIV (Maini 2000, Wills 1999,
Cohen 2002). Oligoclonal T cell responses have also been observed in effector tissues
including the liver, where oligoclonal expansions are seen in intrahepatic T cells in
Hepatitis C-related end-stage disease (Davey 2001). Fewer human studies have directly
compared clonality of cells in different tissues. One study of T cells from PBMC and
synovial fluid (SF) of an infant with chronic arthritis showed that although oligoclonal
expansions were present in both blood and SF, some expanded clones were excluded
from the joint (Wedderbum 1999). A more recent comparison of blood and liver tissue
from patients with chronic hepatitis B shows that although there is some overlap in T
cell usage the repertoire of cells in liver is more restricted than those in blood (Sing
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2001). There are far fewer studies on the clonality of CD4^ responses, and many reports
that clonal expansions in CD4^ cells are only detected following in vitro stimulation
(Maini 2000, Li Pira 1998). However, a study by Minutello in which hepatitis C specific
T cell lines were established revealed a specific CD4^ clone in the liver but not in blood
(Minutello 1993).

Comparisons of blood to lymphoid tissues such as tonsil, spleen or lymph nodes are less
detailed. One study revealed T cell expansions in blood and lymph nodes of HIV
infected individuals during highly active anti retroviral therapy (Kostense 2001). Clonal
expansions seen in lymph nodes before HAART were present in blood following
treatment showing a role for recirculation of cells in repopulation of the immune
system. Studies in mice have allowed an insight into clonality of lymphoid tissues,
however most do not compare lymphoid tissues to blood (Maryanski 1996, GonzalezQuintial 1992). Cochet and colleagues (Cochet 1992) followed the clonality of a
specific T cell response in lymph nodes, spleen and blood. Following activation the
response was first seen in draining lymph nodes, then spleen then blood. However, the
spleen can only receive cells from the blood as it has no lymphatic connections so the
implications of this study are unclear and may be related to the sensitivity of techniques.
Although there are numerous studies in mice examining in vivo memory responses
(Flynn 1999, Maryanski 1996, McHeyzer-Williams 1995) there are few in vivo systems
for assessing memory responses in humans.
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5.2

Objectives

The objective of the work presented in this chapter was to compare the clonality of T
cells in tissues and peripheral blood samples. The clonality of blood and lymphoid
tissues was examined in CD4^ and CD8^ T cells from blood and tonsil of patients with
and without acute infectious mononucleosis (AIM). Secondly, the clonality o f blood and
non-lymphoid tissues was compared in a PPD inoculation model and the evolution of
clonality in the recall response was examined.

5.3

Results

5.3.1

Samples

CD4^ and CD8^ cells from blood and tonsil of patients with acute infectious
mononucleosis were obtained from Fiona Plunkett (Royal Free and University College
Medical School, London, UK). All patients presented with symptoms of acute EBV
infection

including

pharyngitis,

fever,

malaise,

lymphadenopathy

and

hepatosplenomegaly. Diagnosis of acute infection was based on these symptoms and
IgM monospots. Cells from blood and tonsil of age matched control patients were also
obtained. All patients were aged between 18 and 24 years. Heteroduplex analysis was
performed for 26 Vp families with blood and tonsil samples for each Vp run in parallel
to allow comparison of clones. Details of samples in this study are shown in table 5.1.
All samples had ethical approval from the Edward Jenner Institute for Vaccine Research
or the Royal Free and University College Hospital.
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Donor

CeU
populations

Tissue

vp

Source

Notes

GD

CD8+

1-24

CD8+
CD4^

RT

CD8^
CD4^

SK

CD8^
CD4+

Fiona Plunkett, Royal Free and
University College Hospital,
London
Fiona Plunkett, Royal Free and
University College Hospital,
London
Fiona Plunkett, Royal Free and
University College Hospital,
London
Fiona Plunkett, Royal Free and
University College Hospital,
London

AIM patient

MK-P

Blood
&
Tonsil
Blood
&
Tonsil
Blood
&
Tonsil
Blood
&
Tonsil

Table 5.1.

1-24
1-16
1-24
1-24
1-24
1-24

AIM patient

AIM patient

Control
Non- AIM
patient

Donors and sample information for EBV studies in this chapter
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Clonality of blood and non-lymphoid effector tissues was examined through the
establishment of an in vivo cutaneous recall response to PPD, through induced delayedtype hypersensitivity (Orteu 1998). This work was carried out in collaboration with
John Reed and Ame Akbar (Royal Free and University College Medical School,
London, UK). 0.1ml of a 1/10,000 solution of tuberculin PPD (Evans Medical,
Leatherhead, UK) was inoculated intradermally (Mantoux test) into the forearm of
donors. All donors had been immunised with Bacille Calmette-Guerin 20-30 years
previously. Blisters were formed by suction at the site of inoculation six and twenty
days later, left over night and the cell infiltrate collected on days seven and twenty-one.
Cells from the infiltrate were depleted of CDS^ cells. The purity of CD4^ cells was
assessed by flow cytometry and was routinely greater than 70%. Samples used in this
study are shown in table 5.2. Heteroduplex was performed on a number of Vp families
with PPD stimulated PBMC, day 7 blister and day 21 blister samples run in parallel to
allow comparison of clones. In individuals AC and AMQ unstimulated PBMC from day
0, 7 & 21 and PPD stimulated PBMC from day 0, 7 & 21 were obtained. Analysis of
these individuals was carried out on limited Vp families due to practical constraints, the
Vp families were chosen because they contained large numbers of clones in test
experiments. The order of loading samples in these individuals was 1. day 21 PBMC, 2.
day 7 PBMC, 3. day 0 PBMC, 4. day 0 PPD stimulated PBMC, 5. day 7 PPD stimulated
PBMC, 6. day 7 blister, 7. day 21 blister, 8. day 21 PPD stimulated PBMC. This
allowed comparison of clones between different tissues at different timepoints.
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Donor

Tissue

vp

Source

day 0 PPD
day 7 & day
21 blisters

1-24

John Reed, Royal
Free and University
College Hospital,
London
John Reed, Royal
Free and University
College Hospital,
London
John Reed, Royal
Free and University
College Hospital,
London
John Reed, Royal
Free and University
College Hospital,
London
John Reed, Royal
Free and University
College Hospital,
London

DS

CeU
populations
CD4+CD45R0"^

DW

CD4*CD45R0"^

day 0 PPD
day 7 & day
21 blisters

1-24

KB

CD4"^CD45R0+

day 0 PPD
day 7 & day
21 blisters

1-24

TST

CD4*CD45R0"^

day 0 PPD
day 7 & day
21 blisters

1-24

AC

CD4+CD45R0"^

1,2,3,6,
8,13.2,
14,15

AMQ

CD4*CD45R0*

day 0, 7, 21
PBMC
day 0, 7, 21
PPD day 7
& day 21
blisters
day 0, 7, 21
PBMC
day 0, 7, 21
PPD day 7
& day 21
blisters

Table 5.2.

3,4,6,9,
13.1,14
,22

John Reed, Royal
Free and University
College Hospital,
London

Donors and sample information for PPD inoculation results
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5.3.2

CD8^ T cells in blood and tonsil of AIM patients have largely overlapping

clonality.

The clonality of CD8^ T cells from blood and tonsil of AIM patients was assessed by
heteroduplex analysis. Results show that there are large numbers of clonal expansions in
CD8^ T cells of AIM patients in both blood and tonsil. There are more clones in CD8^
cells from tonsil than in blood especially in donor GD (table 5.3.). Comparisons of
blood and tonsil show that there is a large, yet incomplete, overlap of clonal expansions,
(figure 5.1. black arrows, and table 5.3.). Approximately 96% of clones present in blood
are also present in tonsil with the exception of donor RT with 82%. This shows that a
very small proportion of clones are found in blood alone (figure 5.1. red arrows). In
contrast to this 77-93% of CD8^ clones in tonsil are also in blood in AIM patients.
These results suggest that whilst almost all clones in blood are present in tonsil, there
may be a population of cells representing 7-23% of the clones in the tonsil that are not
circulating in the blood (figure 5.1. blue arrows). These may correspond to the increased
number of clones detected in tonsils.

The assessment of the number of clones from three AIM individuals revealed that there
were considerably fewer clones in one individual, RT, than in others and that these were
more comparable to the numbers of clones observed in non-AIM controls. Although this
may be due to natural variation or misdiagnosis, any acute viral infection would be
expected to generate clonal expansions of either CD4^ or CD8^ T cells.

Previous

studies on EBV infected individuals revealed one patient presenting with AIM
symptoms who
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GD

GD
V pi3.2

VP6
B

T

B

T

MK-P
V(31
B

T

Figure 5.1.
CD8^ T cells were separated from blood (B) and tonsil (T) of AIM
patients. Heteroduplex analysis was performed. Representative films of BV families
from two individuals are shown. Black arrows show clones shared between blood and
tonsil, blue arrows show clones in tonsil but absent in blood and red arrows show clones
in blood that are absent in tonsil.
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Total No. shared
clones in blood
and tonsil
Total No. clones
in blood
Total No. clones
in tonsil
% clones in blood
also in tonsil ^
% clones in tonsil
also in blood ^

GD
CD8
84

MK-P*
CD8
115

AIM
MK-P
CD4
38

RT
CD8
28

RT
CD4
16

Control
SK
SK
CD8
CD4
20
28

87

120

70

34

20

21

49

109

124

45

37

19

39

30

96.6%

9 5 j%

5 4 J%

82.4%

80.8%

95.2%

57T%6

7 7 J%

92.7%

84.4%

75.7%

84.2%

51.3%

933%

O n l y v p 1-16

Number of shared clones / Total number of clones in blood
Number of shared clones / Total number of clones in tonsil

T able 5.3.
Summary o f the number of clones in blood and tonsil from AIM patients
and healthy volunteers.
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progressed to chronic EBV infection (D. Wallace, personal communication).
Heteroduplex analysis on total PBMC taken 9 months following acute infection, when
the individual was presenting with symptoms of AIM again, showed a lower number of
clonal expansions than observed in other individuals with acute EBV infection, with a
total of 45 clones present (fig 5.2.). As individual RT from the present study shows a
similar level of clonal expansion, one explanation for the lower number of clones may
be that RT also has chronic EBV infection. Unfortunately detailed clinical information
for these samples is not available.

5.3.3

CD4^ T cells in blood and tonsil of AIM patients have largely overlapping

clonality.

Analysis of the clonality of CD4^ cells fi’om blood and tonsil showed that there were
noticeably fewer clones in CD4^ than CD8^ T cells (table 5.3.) with more clones
detected in blood than tonsil. Although a large percentage of clones were shared
between tissues (figure 5.3. black arrows) the overlap was not complete (figure 5.3. red
and blue arrows). The average of clones present in blood and also in tonsil was 67%
(compared to 95% in CD8^ cells) with a large proportion of clones not shared (-33%)
suggesting a large proportion of clones are found uniquely in blood. A greater level of
clonal sharing was observed between tonsil and blood with 84% o f clones in tonsil
present in blood, although as with CD8^ cells, about 16% of clones were seen uniquely
in tonsil. These results show that the overlap in clonality within the CD4^ population is
not complete. Most striking is the difference in the number of unique clones in blood
between CD4^ and CD8^ cells suggesting they might have different kinetics and
possibly different migratory properties.
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Figure 5.2.
Heteroduplex analysis was performed on an individual with chronic EBV infection. Some clonal expansions can be seen within
the polyclonal smear and the homoduplex bands are located at the bottom of each lane. The film here shows a full BV gene repertoire.
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MK-P

vps.i

MK-P
Vp5.2

B

B

T

T

RT

vpi
B

T

p

Figure 5.3.
Comparison of clonality of CD4^ T cells from blood (B) and tonsil (T) of
AIM patients. Black arrows show clones present in blood and tonsil, blue arrows show
clones present in tonsil but absent in blood, red arrows show clones present in blood but
absent in tonsil. Representative BV families from two individuals are shown.
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5.3.4

Clonality of CD4^ and CD8^ T cells from blood and tonsil of healthy

volunteers

To examine whether the large overlap in clonality between blood and tonsil was due to
EBV infection, the clonality of CD4^ and CD8^ cells from blood and tonsil of a control,
age-matched, patient was assessed. There were fewer total clones in the control
individual compared to the AIM patients in both CD4^ and CD8^ cells (table 5.3).
Within CD4^ cells there were more clones in blood than in tonsil and a bigger overlap of
clonality between tonsil and blood (93.3%) than between blood and tonsil (57.1%)
(figure 5.4.A and table 5.3.). This suggests that the increased number of clones in blood
might be unique. In CD8^ cells this is reversed with 95.2% clones in blood also in tonsil
and only 51.3% of clones in tonsil also found in blood (figure 5.4.B and table 5.3.).
There are more clones in tonsil than in blood possibly representing a unique population
of about 50% of clones. These results suggest that the high degree of overlap in
clonality between CD4^ and CD8^ cells in blood and tonsil is not due to acute viral
infection and is a measure of normal circulation. However, a larger sample size is
required to confirm this observation.

5.3.5

T cells found in blisters at the site of PPD inoculation at different timepoints
show incomplete overlap in clonality

PPD inoculation was carried out to investigate clonality of non-lymphoid tissues and to
study the evolution of clonality in a recall response. Comparison of the clonality of
blisters at day 7 and day 21 show that there is a large overlap of clones with 57-92% of
clones present at day 7 also found at day 21 (figure 5.5.A and table 5.4.). However there
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A)

SK Vp l 4
B

T

SK V(315

SKV(34
B

SK V65.1

T

Figure 5.4.
Comparison of clonality in blood (B) and tonsil (T) from healthy
volunteers. A) CD4^ and B) CD8^ cells were separated and heteroduplex analysis
performed. Black arrows show clones present in both blood and tonsil, blue arrows
show clones in tonsil that are absent in blood, red arrows show clones that are absent in
tonsil and present in blood.
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Figure 5.5.
Comparison of clones in day 7 early (d7/7) and day 21 late (d21/7) blisters. A) Two BV families from one individual
are shown. Black arrows show clones shared between early and late blisters. B) Some clones are present in early (d7/7) but not late
(d21/7) blisters (arrows). A BV family from each of two individuals are shown. C) Clones present in late (d21/7) blisters are not
always present in early (d7/7) blisters. BV families from two individuals examined are shown. Arrows show bands representing clonal
expansions in late but not early blisters. Results are representative of five individuals examined.

n
o\

?
LA

Chapter 5

No. clones shared in B7/7 & B21/7
No. clones in B7/7
No. clones in B21/7

DS
34
37
60

Individual
DW
KB
TST
19
34
35
60
51
28
23
39
37

% clones in B7/7 also in B21/7
% clones in B21/7 also in B7/7 "

9L9%
5 6 J%

67.9%
82.6%

5 6 J%
87ri%o

6&6%
94.6%

AC *
15
17
19
8&2%
7&9%

Only 8 BV families
Number of clones shared in B7/7 & B21/7 / Total number of clones in B7/7
Number of clones shared in B7/7 & B21/7 / Total number of clones in B21/7
AC: any clones also present in unstimulated PBMC discounted

T able 5.4.
Level of clonal sharing in early (B7/7) and late (B21/7) blisters from
healthy volunteers.

162

Chapter 5
are also clones present at day 7 which are not seen at day 21 (figure 5.5.B and table
5.4.), and conversely there are unique clones at day 21 with 56-95% clones also seen in
the earlier day 7 blister (figure 5.5.C table 5.4.). Where less of an overlap is observed
e.g. DS, KB; this seems to correlate with a large change in the number of clones found
at the two timepoints. These results suggest that whilst many of the cells found at the
site of antigen administration at day 7 and day 21 share clonality, that it is an evolving
immunological site.

5.3.6

The majority of clones in blisters are seen in

in vitro PPD stimulated

PBMC

To assess whether clones seen in blisters were antigen specific, PBMC were taken at
day 0 or day 7 and stimulated with PPD in vitro for six days. Heteroduplex analysis was
carried out on PPD stimulated PBMC in parallel with blister samples to compare
clonality between blood and blisters. Results show that between 44% and 83% of clones
found in PPD stimulated PBMC are shared in both early (day 7) and late (day 21)
blisters (figure 5.6. and table 5.5.). This suggests that a large numbers of clones (1556%) stimulated in vitro with PPD are do not enter lesions in vivo. Almost all clones
(93-96%) found in blisters are also stimulated in vitro (data not shown). In donors AC
and AMQ clonality of unstimulated PBMC was also examined to ensure that clones
observed were not unrelated to the PPD stimulation. As expected from total PBMC,
there were very few clonal expansions in unstimulated cells (data not shown). Any
overlapping clones in unstimulated PBMC, PPD stimulated PBMC and blisters were not
counted. This did not affect the range of overlap in clonality in comparison to the other
individuals, justifying the conclusion that the clones observed are PPD related.
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TST V pi3.2

KB Vp8

PPD 7/7

PPD 7/7

Figure 5.6.
Comparisons of clonal expansions in PPD stimulated PBMC and early
(d7/7) blisters. Representative BV families from two of six individuals are shown.
Arrows show clones present in PPD stimulated PBMC and early blisters.
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Individual

DS

DW

KB

TST

AC

AMQ
1,4

No. clones shared in B7/7 & PPD
No. clones shared in B21/7 &
PPD
Total No. clones in PPD

32
51

25
20

50
29

49
37

14
13

ND"*
17

72

39

59

69

17-17"

ND-22"

% clones in B7/7 also in PPD ^
% clones in B21/7 also in PPD

44.4%
7fr8%

64T%
51.3%

84.7%
49.2%

7L0%
5T6%

82.4%
76.5%

ND
773%

Only 8 BV families
Number of clones shared in B7/7 & PPD / Total number of clones in dO PBMC stimulated with PPD
Number of clones shared in B21/7 & PPD / Total number of clones in dO PBMC stimulated with PPD
AC & AMQ: any clones also present in unstimulated PBMC discounted
AC & AQM compared B7/7 to d7/7 PPD & B21/7 to d21/7 PPD; all others compared to dO/7 PPD
ND: not determined

Table 5.5.
Level of clonal sharing in early (B7/7) blisters and PPD stimulated
PBMC from healthy volunteers.
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5.4 Discussion

The work presented in this chapter addresses the validity of the use of blood in human
studies. The ethical and practical constraints on obtaining tissue samples from human
volunteers means that in the majority of human studies only blood samples can be
assessed. The question whether this is representative of the entire immune response is
unclear. In an immune response activation of T cells occurs in lymphoid organs
including the lymph nodes, spleen and mucosal associated lymphoid tissue, where
antigen presenting cells come into contact with naïve T cells in primary responses, or
central memory T cells in memory responses. Following clonal expansion in lymphoid
organs antigen-specific effector cells migrate to infected tissues where they can initiate
clearance of infection. The trafficking of lymphoid cells through the body occurs
through both the lymphatic system and the blood. Cells are able to enter both systems in
the tissues which have a large number of capillaries and lymph ducts. Cells circulating
in the lymphatic system enter the blood system via the thoracic duct. Blood sampling
provides a ‘snapshot’ of the composition of blood at that time. Although not all cells
will be circulating at any given point it is assumed that blood contains a representative
proportion of cells. Data in this chapter examines the similarity of clonal expansions of
T cells in blood and lymphoid tissues during a primary EBV infection, and blood and
non-lymphoid effector tissue during an in vivo memory response to the M tuberculosis
cell wall antigen, PPD.

Epstein Barr virus (EBV) is a y-herpes virus which infects B cells. It is a common,
persistent virus with 90-95% o f most adult populations showing evidence of infection
(Rickinson and Gregory 1993). EBV enters B cells via the surface molecules CD21 and
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exhibits both lytic (productive) and latent (non-productive) infection (Kieff 1996,
Rickinson and Gregory 1993). Infection with EBV is often seen during adolescence
with around 50% of cases presenting with acute infectious mononucleosis (glandular
fever). EBV is also associated with proliferative disorders including Burkitt’s
lymphoma, nasopharyngeal carcinoma, Hodgkin’s lymphoma and post-transplant
lymphoma (Rickinson 1992).

Acute EBV infection is controlled in the periphery by the cellular immune response.
Acute infection commonly results in lymphoproliferation and large clonal expansions of
CD8^ T cells (Callan 1996). Responses to early antigens, including the dominant
EBNA3 protein, and to lytic antigens are major components of the primary and memory
CTL response (Callan, 1998, Silins 1997, Murray 1992). IgM and IgG antibodies are
raised against a number of EBV antigens by around 40 days post infection (Hewetson
1979). Some IgG antibodies can mediate antibody-dependent cellular cytotoxicity
against lytically infected cells (Rickinson and Moss 1997). Acute EBV infection has
also been shown to result in activation of CD4^ T cells, however the resulting clonal
expansion of cells is less than in CD8^ cells (Miyawaki 1991). CD4^ T cells are
involved in the control of EBV through cytokine induced B cell help, which matures the
antibody response and also activates the CD8^ T cell response.

The TCR usage of cells specific for EBV has been studied by several methods. Healthy
EBV carriers showed a conserved HLAB8 restricted response to an immunodominant
EBNA epitope with identical TCR protein sequences seen in four donors (Argaet 1994).
The involvement of superantigen-driven expansion was suggested following the
observation that a group o f AIM patients had expansions of T cells expressing BV6 and
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BV7 (Smith 1993). However, studies by Callan showed that large expansions of BV
families were oligoclonal, suggesting they are antigen, not superantigen-driven (Callan
1996). Clonality of CD8^ T cells responding to EBV infection has previously been
studied by heteroduplex analysis (Maini 2000). In line with the results presented here
clonal expansions were observed within CD8^ T cells, largely within CD45R0^,
antigen-experienced populations. However, no clonal expansions were observed in
CD4^ cells. In contrast to these data, we find clonal expansions in CD4^ cells from IM
patients, although there are fewer and are they are smaller than those seen in CD8^ cells.
The lower number of clonal expansions observed in CD4^ cells is probably due to the
lower level of CD4^ cell expansion during acute infection (Miyawaki 1991). Expanded
CD4^ clones have been observed using SSCP in two individuals with flu-like symptoms
(Masuko 1994) implying that CD4^ clones can be detected ex vivo in some acute viral
infections. In the present study clonal expansions were observed in both CD4^ and
CD8^ T cells in blood and tonsil. The discrepancies within data relating to the CD4^
population is probably due to improvements in the sensitivity of the technique,
including the use of chemoluminescent detection instead of radioactivity.

The data presented in this chapter suggests that there may be differences in the overlap
in clonality between CD4^ and CD8^ cells in blood and tonsil. In CD8^ cells the
majority of clones in blood are also in the tonsil and differences are probably due to
limitations in the threshold o f detection of the technique. In both CD8^ and CD4^ cells
there is a population of clones unique to the tonsil that are not present in blood. One
explanation for this difference is that blood clones are more differentiated and more
recently expanded and that they are selected to enter the blood by the level of
differentiation. Unique clones in the tonsil may not have reached the level of
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activation/differentiation required to exit into the blood. Studies have shown that in both
blood and tonsil tetramer positive CD8^ cells are CD45RA' CD27' and CCR7’
suggesting they are highly differentiated. However, whilst in the blood all tetramer
positive cells are CD28', in the tonsil they are CD28^ (A. Akbar, unpublished data).
This shows that cells in blood are more activated and agrees with previous studies
which show a decrease in CD28 expression in CD8^ cells in EBV (Appay 2002,
Borthwick 1996). In support o f this argument in a control individual there is no
activation of cells and there are more unique clones in tonsil. However due to the small
sample number it is difficult to draw any firm conclusions.

In CD4^ cells there is a population of unique clones in blood which are not seen in
CD8^ cells. The reasons for this are unclear. If CD4^ clones are transiently expanded
(Masuko 1994, Doherty 1996) it might be expected that there would be less unique
clones in blood than tonsil. There have also been suggestions that CD4^ cells do not
circulate in blood for long after activation (Minutello 1993) again this might imply that
there would be fewer unique clones. However this is not the case. The observation of
unique blood clones may be due to the timing of sampling. Studies following CD4^
responses to pigeon cytochrome c in mice showed clones to be present in draining
lymph nodes before they were seen in blood (Cochet 1992). Blood clones may have
been more recently activated and therefore be larger and easier to detect. The absence of
these clones in tonsil may reflect a lower level of activation or a high rate of exit of
these clones from the tissue leaving expansions in tonsil below the threshold of
detection. It is difficult to draw further conclusions about these data due to the small
sample size.
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One AIM patient analysed, RT, was found to have a significantly lower number of
clones in both CD4^ and CD8^ populations than other individuals. Although this may be
due to individual variation, the number of clones appears to be similar to that found in
PBMC of another individual with chronic EBV infection examined. Although EBV is a
chronic and persistent virus, in AIM viraemia is usually cleared within three weeks,
although the symptoms may persist for months. However, some individuals are not able
to control infection. The failure of normal resolution is due to an inadequate cellular
response (Borysiewicz 1986). The reduced number of clones seen in patient RT may be
due to a reduced cellular response, however, without further information on the clinical
progression of disease in this individual it is not possible to draw any clear conclusions.
The data presented here show that there is a large overlap in clonal expansions in blood
and tonsil following AIM. In agreement with previous studies, large clonal expansions
were seen in CD8^ cells. Expansions were also seen in CD4^ cells, but there were fewer
detected and they were smaller than those seen in CD8^ cells. The data also suggests
that the responses of CD4^ and CD8^ cells may have different kinetics and migratory
properties. As expected there were few, yet detectable, clones in cells fi*om a healthy
control. The high degree of overlap in all populations examined suggests that blood
sampling is highly representative of the immune response in lymphoid tissues.

The PPD mantoux blister model of cutaneous purified protein derivative-induced
delayed-type hypersensitivity established by Akbar and colleagues is one of the first
methods developed to study responding memory cells directly ex vivo in humans (Orteu
1998). The model is representative of a standard tuberculin-induced DTK response. The
clinical peak of the DTK response is seen at three days following inoculation and is
scored by erythema production and induration. Experiments following the establishment
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of the method showed that although the clinical peak was seen at day three, the peak of
the cellular response was day seven. Antigen-specific cells were detected via production
o f IFNy, cells migrating into cutaneous lesions were predominantly CD4^, CD45RA',
and CCR7' corresponding with highly differentiated effector memory cells recently
described (Sallusto 1999). Analysis of the cellular content firom blisters over a period of
time showed that telomeres of antigen specific cells are shorter at later timepoints than
earlier timepoints, or than blood CD4^CD45R0'^ cells (Ame Akbar, personal
communication). This along with data showing proliferation and apoptosis of cells in
lesions suggests that the immune response is evolving in situ.

The high degree of shared clones in early and late blisters agrees with these data. The
majority of clones in blisters at day 21 can already be seen at day 7 suggesting that
clones proliferate in situ. The apparent presence of unique clones in early and in late
blisters may be in part due to the threshold of detection of the technique. Clones may
rise above, or fall below this threshold as a consequence of both the in situ proliferation
and death previously reported (Orteu 1998). The loss of clones in late blisters may be
due to clonal exhaustion as has been seen in responses to viral infection (Gallimore
1998, Pantaleo 1997). As antigen is used up, cells with a higher affinity for the antigen
may overtake those effective earlier in the response, this would lead to detection of
higher affinity clones at later timepoints. It is also possible that low affinity cells are
migrating out of the tissue.

To address the effect of migration into lesions the clonality of blisters was compared to
that o f PPD stimulated PBMC. The large overlap in clonality of PPD stimulated PBMC
at days 0, 7 and 21 to that of blisters shows that the same clones are circulating as have
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migrated into the lesion, and that the migration could occur at any timepoint following
inoculation. This is in agreement with studies comparing the Vp repertoire of blood and
pleural fluid of patients with M tuberculosis infection (Gambon-Deza 1995). Most Vp
usage was the same in blood and pleural fluid up to 21 days following infection, though
there was an increased representation of two Vp families in pleural fluid in two out of
five individuals.

The overlap in clonality between PPD stimulated PBMC and blisters was not complete.
Although different sources o f PPD were used in vivo and in vitro, complicating
comparisons of blisters and PBMC, the high overlap suggests that a large proportion of
in vivo PPD responsive clones were activated by in vitro restimulation. Where
differences are observed they can be explained in several ways. Firstly, it is possible
that there was selective migration of some clones into the lesion. This is supported by
reports that the clonality of blood and effector tissues is varied with expanded clones
being either excluded or preferentially located in tissues (Sing 2001, Wedderbum 1999).
Secondly, the availability of antigen in vivo may have affected clonal activation. In vitro
studies use a high antigen dose at which most TCR avidities will be responsive, also all
cells are able to come into contact with the antigen. In contrast the amount of PPD used
in in vivo inoculation is much less, this may result in cells with a lower avidity not being
activated. It must also be considered that in vivo not all cells with reactive TCR may
have the antigen presented to them, thus restricting the number of clones expanded. This
might explain why almost all clones in blisters were found in PPD stimulated PBMC,
but not all PPD stimulated clones were found in blisters. The final explanation for
differences in clonality between PPD stimulated blood and blisters is the limitations of
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detection based on cell numbers this was discussed in chapter 4 and will be discussed in
chapter 7.

These data show clonal expansions of cells both in vivo and in vitro following PPD
stimulation and for the first time examine the evolution of clones in situ in humans.
Although the antigen specificity of blister clones could not be assessed directly, the
large overlap in clonality between cells from blisters and PPD stimulated PBMC
suggests that clones were antigen specific. Studies have shown in vitro PPD stimulation
of T cell lines to result in a broad clonal heterogeneity (Li Pira 1998). However, cell
lines differ in their responsiveness to antigen and there may be biases in which clones
are stimulated.

The results presented in this chapter demonstrate that there is a large overlap in clonality
of cells in blood and tissue in both primary infection, e.g. EBV, and secondary, e.g.
tuberculosis PPD stimulation. The importance of the high level of sharing of clonal
populations between blood and lymphoid, and blood and non-lymphoid tissues is
emphasised by the fact that most studies in humans are carried out on peripheral blood.
The high degree of shared clonality between blood and tissues provides solid
justification for the sampling of human blood.
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CHAPTER 6

Establishment of murine heteroduplex analysis

6.1

Introduction

Investigations into the function of the human immune system are essential to further
understanding the way infectious organisms are treated by the immune system and also
how the system breaks down resulting in damage to the host. The majority of human
investigations are carried out on peripheral blood samples due to the difficulty of
obtaining samples from other tissues as was discussed in Chapter 5. Also because of the
difficulties of working with human tissues many animal models of infection have been
established where there are fewer restrictions on what tissues can be ethically obtained.

The development of transgenic mice with targeted deletions or alterations in the
expression of different molecules, including molecules such as CD28, CD40, CD40L,
CD45 and many others has provided an insight to the function of the immune system
(Shahinian 1993, Kawabe 1994, Xu 1994, Kozieradzki 1997). These allow immune
responses to be selectively altered, and the function of different molecules examined.
The ability to change immune responses in mice can be used to investigate how the
clonality of responding cells is affected by those changes. This further understanding of
the immune system may lead to the development of more efficient vaccines and vaccine
strategies. One disadvantage of using mice for long-term experiments is that measuring
responses in the same individual over a time period is more difficult, although they can
be bled repeatedly only small volumes can be obtained. To counter this, large pools of
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inbred animals are often used at different time points. This reduces the significance of
inter-individual variation and allows general trends to be observed.

In order to establish whether expanded T cell clones in peripheral blood are also present
in lymphoid and non-lymphoid tissues, and to investigate factors that might alter the
diversity and size of clones responding to specific antigens, it was decided to establish
heteroduplex analysis in the mice. A number of methods have been used to study T cell
repertoire, these are outlined in Chapter 1. Although CDR3 length based spectratyping
and immunoscope assays (Pannetier 1993, Sourdive 1998) are already established in
mice, these methods are not as sensitive as heteroduplex analysis (Maini 1998). Also, in
line with the human experiments described in this thesis, comparisons of clonality using
the same technique will allow potential artefacts of the technique in studies on blood to
be highlighted.

6.2

Objectives

The objectives of this work were to establish heteroduplex analysis in mice and assess
the sensitivity of the technique. Once established heteroduplex analysis was to be used
to follow immune responses to model antigens or infection in mice in a range of tissues.
Following this it was to be used to assess how clonality of responses could be changed
by external factors such as dose of antigen, route of inoculation, and different
costimulatory factors. However, we were unable to successfully establish a method for
studying clonality in mice. This chapter discusses the attempts made and associated
problems encountered.
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6.3

Results

6.3.1

Production of Monoclonal carrier DNA

Monoclonal carrier DNA was first introduced into HDA to improve thereproducibility
of the analysis (Wack 1996). Murine monoclonal carrier DNA for murine BV genes 120, including three members of the BV8 gene BV8.1, 8.2 & 8.3, were obtained from S.
Davies (CSC, Hammersmith, London). These had been originally obtained by RT-PCR
from splenocytes taken from 129 mice. Figure 6.1. shows a schematic of the production
of monoclonal carrier DNA. The joining regions (J) included in the carrier clone were
determined by sequencing performed by S. Davies (CSC, Hammersmith, London). The
composition of the BV clones used is shown in table 6.1.

We transformed INYaF’ competent cells with the DNA, carried outsmall-scale and
large-scale DNA preparations and checked for the presence of the insert by digestion
with EcoRI. The resulting DNA had concentrations of 500-1000ng/pl, and measurement
of absorbance at OD260/280nm greater than 1.6 showed reasonable nucleic acid purity
with little protein contamination. Carrier DNA for all BV families was sequenced to
confirm the correct BV gene was encoded. The monoclonal carriers were subjected to
PCR amplification and subsequently used for HDA. The location of primers for HDA is
shown in a schematic diagram in figure 6.2.A, and a representative PCR gel is shown in
figure 6.2.B. Amplification of the carriers was expected to give products of
approximately 140-250 bp dependent on the BV gene, with BV8.2 carrier
approximately 180 bp and BV9 carrier approximately 190 bp. Due to initial problems
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Figure 6.1.

Flow chart of carrier DNA production.
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BV gene
BVl
BV2
BV3
BV4
BV5.1
BV5.2
BV6
BV7
BV8.1
BV8.2
BV8.3
BV9
BVIO
B V ll
BV12
BV13
BVl 4
BVl 5
BVl 6
BVl 7
BVl 8
BV20

Table 6.1.

BJ gene
J2S7
J2S3
J2S1
J2S5
J2S3
J2S5
J lS l
J lS l
J2S4
J2S3
J2S1
J2S3
J1S4
J2S4
J2S7
J2S7
J1S2
J2S2
J2S1
J2S1
J2S3
J2S1

BV and BJ gene composition of murine monoclonal DNA

178

Chapter 6
D

J

C

A)
VB

C(3fwd
—^

5’
58-171 bp

3’

3’

1 bp
84 bp
78 bp >
_<3Q.bp-> ^ 2 1 bp
Cp probe
Cpint

5’

Cpext

B)

-200 bp

Figure 6.2.
Vp8.2 and Vp9 were amplified from BV specific DNA using Tag
polymerase. A) TCR V, D, J & C regions are shown with primers indicated by arrows.
The distance in base pairs is given from the start of each primer. B) Samples were run
against a Ikb ladder and expected products of approximately 200bp obtained. (Lane 1)
Ikb ladder (Lane 2) Vp8.2 sample (Lane 3) Vp8.2 negative control (Lane 4) Vp9
sample (Lane 5) Vp9 negative control. Larger bands show different levels of
supercoiling of the plasmid DNA.
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encountered with the amplification of carrier DNA with Pfu polymerase, Taq
polymerase was used.

The carrier DNA was annealed in the absence of polyclonal DNA sample to assess the
distance of migration of carrier homoduplices through the gel. Running at a standard
10mA, 4°C for 16 hr the carriers migrated a reasonable distance through the gel
allowing them to be detected and ample space above for heteroduplex bands to be
visualised. Annealing of carrier alone can be seen in figure 6.3.

6.3.2

Sensitivity of murine heteroduplex analysis

To assess the sensitivity of the murine HDA a monoclonal T cell was mixed into a
polyclonal TCR population. Cells from the transgenic mouse line DO11.10, which has a
TCR that preferentially rearranges BV8.2 with B D l.lB Jl.l (Perkins 1996), were used
to spike a clonal TCR into a naïve, polyclonal Balb/c population. Splenocytes from
DO11.10 and Balb/c female mice were enriched for T cells and surfaced stained for
expression of CD3 and V|38.1/8.2. Splenocytes fi*om DOll.lO mice routinely had
greater than 90% V|38.1/8.2^ CD3^ cells, in comparison Balb/c splenocytes had
approximately 20% Vp8.2/8.2'^ CD3^ cells (figure 6.4.A & B). Although the percentage
of CD3^ cells increased following purification fi*om approximately 30% to 85%, the
proportion of Vp8.1/8.2^ cells within the CD3^ cells remained unchanged.

DOll.lO cells were mixed into Balb/c cells at decreasing ratios from 1:10 to 1:10 000
using constant total cell numbers of 10^ CD3^ cells. Unspiked DOll.lO and Balb/c
splenocytes were used as controls. RNA was extracted from the samples and RT-PCR
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carrier homoduplices

Figure 6.3.
Carrier (V(3 1-11) was annealed in the absence of polyclonal sample and
run on a HDA separating gel under standard conditions. The gel was stained with
ethidium bromide and bands visualised. Carrier homoduplices have different migration
distances through the gel. (Lane 1) Ikb ladder, (Lanes 2-15) V(31-l 1 respectively.
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Figure 6.4.
Splenocytes from A) DOl 1.10 and B) Balb/c mice were enriched for T
cells and surface stained for expression of CD3 (FITC) and V(38.1/8.2 (PE). Data are
representative o f four individual experiments. Percentage V(38.1/8.2^ cells among total
CD3^ cells are shown.
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carried out for amplification of Vp8.2. An example of amplification of VpS.2 is shown
in figure 6.5.A. The products from DOll.lO amplification migrate slightly further
through the gel. The expected product size for amplification of Vp8.2 in Balb/c cells is
approximately 120 bp; with 24 bp of variable region, 15 bp diversity region, 50 bp
joining region and 30 bp to the reverse primer in the constant region. Because this is a
polyclonal population there are many Vp8.2 sequences with differing CDR3 therefore
the exact product size cannot be determined. As DOll.lO has a clonal TCR with only
one CDR3 sequence the expected product size is 111 bp (Blackman 1986, Entrez
Accession number M l4416).

The amplified products were annealed to Vp8.2 carrier. The positive control was
DOll.lO T cells annealed with Vp8.2 carrier, this is expected to give a large
heteroduplex band due to the monoclonal TCR. As a negative control DOll.lO T cells
were annealed to Vp9 carrier, this should form no heteroduplices, as there will be no
specific binding within the variable region. As a further control Balb/c T cells were
annealed to Vp8.2 carrier, although Balb/c express about 20% Vp8.2^ T cells because
this is a polyclonal population these should be below the threshold level of detection.
The presence of heteroduplices among Balb/c cells would show that the technique is too
sensitive, detecting polyclonal populations of cells and not just oligoclonal expansions.
The products were run on a HDA separating gel under standard conditions to allow
comparison o f gels. Following ethidium bromide staining bands could be seen in all
lanes (figure 6.5.B), however it is not possible to determine whether these are carrier
homoduplices, sample homoduplices or carrier sample heteroduplices. Because there
are bands in all lanes it was thought that the lower bands might be sample homoduplices
and the upper bands carrier homoduplices since no heteroduplices should be present in
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Figure 6.5.
Sensitivity of HDA was assessed by spiking Balb/c splenic T cells with
DOll.lO splenic T cells. Samples numbered 1-7 are 1. DOll.lO, 2.DO 11.10, 3. Balb/c,
4. 1:10, 5. 1:100, 6. 1:1 000, 7. 1:10 000. A) PCR products of approximately 120 bp
were observed following amplification. Samples 1-7 were run against a Ikb ladder, -:
non-template negative control, +: carrier PCR positive control. PCR products were
annealed and separated B) shows a representative HDA gel, without probing a definite
identification of bands is not possible. C) A representative film after probing against the
external carrier constant region.
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lane 2. In agreement with this sample DOll.lO homoduplices should run faster and
therefore migrate further in the gel than carrier homoduplices since these are longer.

To confirm whether bands are carrier-related products gels were transferred to
membrane and probed against the Cp carrier overhang, formed fi*om the amplification
of a longer carrier than sample product (figure 6.5.C). Following probing distinct carrier
homoduplices can be seen at the bottom of the film, these follow the pattern of Vp8 and
Vp9 carriers observed when carrier was annealed and run alone. The lower bands and
second band in lane 2 (of same size in all lanes on the gel) are not visualised following
probing suggesting that these are sample-sample products. Above the homoduplex
bands faint bands can be seen in lanes 1 , 4 , 5 and possibly 6. These correspond with
expected carrier-sample heteroduplices. They migrate less than the carrier because of
mismatched pairing in CDR3 and are present in the positive control (lane 1) but neither
negative control (lanes 2 & 3). Heteroduplices can be seen at dilutions of 1:10, 1:100
and possibly 1:1000. This is not as sensitive as the human assay, and appears to be
about the same sensitivity as CDR3 length-based assays. Numerous repeats showed
heteroduplices regularly formed at these dilutions and occasionally in 1: 10,000.
However, they were much fainter than would be expected for the dilutions used.

6.3.3

Artefacts in murine heteroduplex analysis

Whilst attempting to optimise heteroduplex analysis in mice it became apparent that
unexpected bands were being observed (figure 6.6.) Although these were not very
obvious in early experiments they could be seen if films were examined in detail (figure
6.5.C). Artefactual bands were more retarded in the gel than homoduplices or
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artefacts
heteroduplices
carrier homoduplices

Figure 6.6. Following probing during sensitivity experiments strong artefacts are
observed. This representative film shows carrier homoduplices, heteroduplices and
artefacts that follow the pattern of the carrier. This is representative of 13 experiments.
1. DOll.lO Vp8.2, 2. DOll.lO VP9, 3. Balb/c, 4. 1:10,5. 1:100,6. 1:1 000, 7. 1:10 000.
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heteroduplices suggesting they have a larger extent of mismatched pairing, restricting
their migration. They also closely resemble the pattern of migration seen in the carriers
suggesting the problem may be related to carrier rather than sample. An attempt was
made to find out what the artefacts were and how they could be reduced through various
adaptations to the protocol. These are outlined in table 6.2.

To determine whether artefacts were due to contamination new DNA preparations were
made and tested alongside old stocks, and stocks originally obtained from S. Davies.
New reagents were used and new probe was labelled but the artefacts persisted. To
assess the relative importance of carrier and sample in artefact formation heteroduplex
analysis was performed on carrier alone and carrier-sample products. Artefact formation
was consistently worse in the absence of sample, suggesting that sample dilutes the
effect. All further experiments were carried out with carrier alone as this appeared to be
the principal cause of the problems. One possible explanation for the artefacts was that
they were due to errors introduced during amplification, this would produce more
heteroduplices after annealing with more mismatched pairing. The effect of
amplification was assessed by varying the conditions of amplification including using
the proof-reading polymerase, Pfu. To examine whether the artefactual bands were due
to a number of different amplification products in the mix, especially supercoiled
plasmid DNA, the effect o f annealing temperature for amplification was assessed. PCR
products were also re-precipitated or gel purified. None of the changes to the
amplification procedure affected the presence of the artefacts. However, it was found
that the quality of RNA used in the experiment was important. Poor quality RNA
produced poor results with very faint bands, and artefacts. Good quality RNA produced
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What we did?
Different purity of RNA

Why?
Does the quality of RNA
affect artefacts?

Pfu amplification

Hybridisation of Cp probe at
different temperatures

Are artefacts due to errors
introduced in amplification?
Does damage to PCR
product by freeze thawing
increase artefacts?
Is temperature of PCR
producing extra products?
Can better PCR products
reduce artefacts?
Are there extra products in
the PCR mix? - get pure
product
Is the probing protocol
promoting artefacts?

Annealing at different
temperatures

Is the annealing promoting
artefact bands

Anneal vs non-annealed
PCR product
Anneal carrier alone

Is annealing promoting
artefact formation?
Are artefacts related to
carrier or sample?

New DNA preparations

Are the original stocks
contaminated?

Fresh vs Freeze thawed PCR
product
PCR annealing at different
temperatures
PCR with different MgC12
concentrations
Gel purified PCR product

Table 6.2.

What happened?
Generally works better
with ‘good’ RNA but still
artefacts
Still artefacts
Artefacts irrespective of
freeze thawing
Still artefacts
Still artefacts
Still artefacts

Less probing of artefacts
and homoduplices at
higher temperatures
Possible reduction but not
clearance at higher
temperatures
Artefacts are stronger
after annealing
Artefacts there, and
worse if carrier alone
than if diluted with
sample
Artefacts present in both

Analysis of artefacts in murine heteroduplex analysis

188

Chapter 6
much stronger heteroduplex bands, seen at 1:10,000, however, the artefacts were also
stronger.

The next stage of the heteroduplex procedure involves mixing carrier and sample,
denaturing for 5 mins and subsequently annealing for 1 hr. To assess the efficiency of
the annealing reaction carrier and sample were denatured at 95°C and annealed at a
range of different temperatures (40°C -80°C). Although artefactual bands were always
observed there was a decrease in intensity of bands at higher annealing temperatures.
However, annealing at higher temperatures also reduced the intensity of heteroduplex
and carrier homoduplex bands. This lowered the sensitivity of the technique and was not
a useful solution. To see if annealing was promoting the formation of artefactual bands,
heteroduplex gels were run with annealed and non-annealed carrier (figure 6.7.).
Analysis of non-annealed products revealed that there was a reduced level, and in some
cases undetectable level, of artefactual bands when compared to annealed carrier. This
showed that the reason for artefact formation relates to annealing, however, it does not
explain what the artefacts are.

As artefactual bands were only observed following probing of the Cp overhang the
effect of hybridisation of the probe was examined. Membranes were hybridised for 2 Vi
hours at 40°C, 50°C and 60°C. Hybridisation at lower temperatures resulted in a high
level of background because of non-specific binding and higher temperatures showed a
reduction in intensity of probing of both artefactual bands and carrier homoduplices.
This suggested that probing did not affect the formation of artefacts. At this stage it was
decided to abandon the development of the murine assay due to time constraints.
Potential further work in this area is discussed in section 6.4.
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Figure 6.7.
Artefacts are worse following annealing of carrier. Vp8.2 and V|39 PCR
product of carrier alone was either annealed at 50°C for 1 hr, or not annealed, separated
on a HDA gel and probed against the C[3 external overhang. This film is representative
of three different experiments covering a range of Vp families.
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6.3.4

Artefacts in human heteroduplex analysis

Whilst a colleague was performing experiments to improve quantification of
heteroduplex analysis in human studies it was discovered that reproducible bands were
consistently observed in the upper region of the gel (A. Bennett, personal
communication). As a known clone was being diluted into polyclonal cells it was
thought that these bands were artefacts. The migration of bands through the gel was
severely retarded suggesting a high level of mismatched pairing or tertiary structure. As
with the mouse artefacts, the artefactual bands were stronger when carrier alone was
annealed suggesting that they are carrier based. An example of the artefactual bands
after annealing carrier alone is shown in figure 6.8. However the pattern of migration of
artefactual bands was not similar to that of the carrier homoduplex bands as had been
seen in the mouse system. A number of attempts were made to reduce artefact formation
and to determine what the artefacts are, these are outlined in table 6.3. and were
performed by a number of members of the group including myself.

New carrier DNA preparations were made to ensure formation of the artefactual bands
was not due to contamination of DNA. Artefactual bands were detected from both new
and old stocks of carrier DNA and from DNA obtained from M. Maini (Department of
Hepatology, University College London, UK) suggesting that they are not the result of
contamination. Carrier DNA was also sequenced to ensure the correct Vp product was
present; there were no errors in any of the sequences obtained. The effect of
amplification of carriers on artefact formation was examined. To ensure that extra
products in the PCR mix were not interfering with the carrier annealing reaction PCR
products were gel-purified. None of the changes to the amplification procedure affected
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Figure 6.8.
Artefacts are seen in human heteroduplex analysis. Carrier PCR product
form V(36-10 was annealed alone, separated on a HDA gel and probed against the
carrier constant region. Artefacts can be seen in the upper region of the film.
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What we did?
Gel purified carrier PCR
product
Annealed vs denatured PCR
product

Why?
Are there extra products in
PCR mix? - get pure
product
Is annealing promoting
artefact formation?

Carrier alone

Is this related to carrier or
sample?

New DNA preparations

Are the original stocks
contaminated?
Are carriers correct DNA
sequence?

Sequence carrier

Digestion with nuclease
after annealing
Stain gels with Sybr Green
or ethidium bromide

Table 6.3.

Are artefacts single stranded,
digest if they are?
Are artefacts single
stranded? Sybr Green stains
single stranded DNA better
than ethidium bromide

What happened?
Artefacts present

Artefacts present in both,
but some annealing
would occur prior to
loading
Artefacts present, and
worse if carrier alone
than if diluted with
sample
Artefacts present
Sequences match
published, carriers are
correct
Artefacts and
homoduplices digested
Artefacts and
homoduplices stain
equally bright with Sybr
Green, no ssDNA in
either band

Analysis of artefacts in human heteroduplex analysis
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the formation of artefactual bands suggesting that they were not by-products of
amplification. To see whether the denaturing and re-annealing procedure promoted
formation of artefactual bands, analysis of annealed versus denatured-only carrier was
performed. Denatured only carrier showed a slight reduction, but not clearance, in
artefact formation. However, some annealing would occur prior to loading samples onto
the gel.

Because artefactual bands were greatly retarded, it was thought that they were either
concatamers of numerous carrier molecules, or single-stranded carrier which had not
annealed and formed a large tertiary structure. To assess if artefacts were single
stranded DNA identical gels were stained with ethidium bromide, which intercalates
into double-stranded DNA and Sybr Green, which preferentially binds single-stranded
DNA. Artefactual bands and carrier homoduplices stained equally bright when stained
in either ethidium bromide or Sybr Green. This suggests that there is no enrichment of
single strands in either band. To investigate further the role of single stranded DNA,
annealed carrier was incubated with Mung bean exonuclease, which digests single
stranded DNA. When products were run on gels and stained no bands were visible
suggesting that all DNA had been digested.

It was decided that as the artefacts produced a distinct and reproducible fingerprint, and
that the bands were weaker when sample is annealed, we would accept the presence of
these bands and discount them in experiments performed. However, this is not ideal and
the nature of the artefacts should be investigated further.
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6.4

Discussion

The decision to use heteroduplex analysis to study clonality of immune responses in
mice was based on the observation that the technique was ten-fold more sensitive than
the CDR3 length-based assays immunoscope and spectratyping (Maini 1998).
Heteroduplex analysis also has the advantage that each band is a signature for a single
CDR3 sequence, whereas CDR3 length peaks cannot always distinguish different
sequences. These techniques, and others used for the study of clonality have been
successfully established and used in mice. Sourdive and colleagues used CDR3 length
based assays to assess the responding T cell repertoire to LCMV infection in mice,
showing that the repertoire of cells is under stochastic control. Three clones made up
approximately 70% of the response to a dominant CTL epitope, and the repertoire of
cells in the primary response was functionally and structurally similar to that in memory
populations in immune mice and to secondary effector cells (Sourdive 1998). Studies by
Cochet (Cochet 1992) compared the clonality of cells responding to pigeon cytochrome
c in lymph nodes, spleen and blood by spectratyping and showed that the responding
cells are first seen in lymph nodes and then are in found spleen and blood at later
timepoints.

Heteroduplex analysis allows a rapid and global analysis of T cell clonality and it
successfully addresses a number of aspects of clonality. It provides information on the
overall level of clonality of defined populations, detects antigen-driven expanded clones
above a polyclonal background, allows phenotypic characterisation of expansions and
allows tracking of individual clones. However, it has limitations. Quantification of
clones is difficult to standardise fi'om band intensity because of differences in the level
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o f expression of different Vp families and potential biases in PCR amplification. This
makes it difficult to assess the relative dominance of different clonotypes in a
population. A dominant clonotype could be more clearly detected through PCR and
sequencing. This is viable for large clones but would require large numbers of
sequences to detect small clones observed by heteroduplex analysis. However, small
clones are not likely to be dominant clonotypes in a response. CDR3 length based
assays also address most of the above points. However studies by Naumov (Naumov
1998) showed that antigen specific responses which exhibit conserved BV gene usage
and conserved CDR3 amino acid motifs can display different CDR3 region sequences;
these would be easily identified as multiple heteroduplex bands but would not be
detectable by length-based assays. Tracking of individual clones would also be more
difficult by length-based assays.

The presence of overwhelmingly prominent artefactual bands in heteroduplex analysis
of murine samples restricted any further development of this technique. Although in the
sensitivity experiments heteroduplex bands could be detected, the position of the
artefactual bands in the gel creates further problems. The distance of migration of the
artefacts in mice is greater than that seen in humans, causing interference with
observation of heteroduplices in populations with a number of expanded clones. The
experiments described in this chapter attempted to reduce or eliminate artefacts, and
although this has not been achieved consistently, they have provided insight as to why
they arise. The similarity of the migration pattern of artefacts to carrier homoduplices
suggested that their formation is carrier dependent, and they appear to be worse in the
absence of sample. Changes in annealing conditions seem to have the largest effect on
artefact formation, suggesting that they arise due to inefficient re-annealing of carrier.
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Non-denaturing polyacrylamide gels separate double stranded DNA on the basis of
structure, not size, base composition or sequence; kinks caused by differences in pairing
can effect the mobility of identical sized molecules by up to 10% (Sambrook 1989). The
retarded migration of artefacts above the heteroduplex and carrier homoduplex bands
suggests that the artefacts are much ‘bulkier’ molecules than heteroduplices. This
observation has led us to believe that they are concatamers, or multimers, of carrier
molecules binding to each other. This may occur via the constant region overhang or
through complementary binding of other regions of the molecule following
dénaturation.

The composition of mouse and human BV gene sequences was compared to see if there
were any obvious differences that would affect carrier binding. There were no apparent
differences in the base composition or GC and AT ratios in human and in mice. Study
of the DNA sequences of BV genes revealed that there were no repeating or
palindromic sequences that would preferentially bind themselves. However, there is a
GGGG sequence in the Cp external overhang of both human and murine carriers. This
is one motif, which is known to promote formation of quadruplex DNA strands (Zhang
2001) which are produced following thermal dénaturation (Hardin 2000).

One observation that arose from assessment of murine and human sequences was that
the murine carriers were consistently shorter than human carriers. The primers for
amplification of murine BV genes were approximately 60-170 bp upstream of the start
of the constant region; the reverse primer was 84 bp downstream o f the BC start codon
(figure 6.1.A). This produces carriers of 140-250 bp.

In contrast, primers for

amplification o f human BV genes were 120-240 bp upstream of the BC start, and the
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reverse primers

170 bp downstream (figure 6.9.); this amplifies carriers of

approximately 290-400 bp, much longer than those of the mouse. There is no obvious
reason why this should encourage the formation of artefacts; however, there may be a
relationship. One method to determine whether this is the cause would be to make and
amplify new mouse carriers with a similar length to those used in the human technique.
In order to determine whether the inconsistency with the human technique relates to the
sequence of the BV or BC regions, heteroduplex analysis could be performed on
transgenic mice which express human BV2 gene rearranged to the murine BC gene
(Madsen 1999). There is also a transgenic mouse expressing human BV7 and murine
BC allowing different BV families to examined (H. Bodmer, personal communication).
The presence of artefacts in human heteroduplex analysis went largely unnoticed for a
long period of time, and were only discovered when an experiment titrating a known
clone (Jurkat cells) into a polyclonal population was performed. In this system only one
clone should have been present however, extra bands were observed in the upper region
of the gel (A. Bennett, personal communication). These bands have now been
reproducibly observed on many occasions and are believed to be artefacts. Having
abandoned establishment of heteroduplex analysis in mice due to the presence of
artefacts, it was interesting to compare the properties of the artefactual bands found in
the two species.

Attempts to reduce or eliminate artefacts in the human technique were as fi*uitless as
attempts in mice. However, in the human technique the artefacts are found in the upper
region of the gel outside the polyclonal smear and as such they do not interfere with the
detection o f heteroduplex bands. The reproducible nature of the migration of the bands
allows easy recognition and elimination of the artefacts from sample-carrier
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heteroduplices. As with the mouse carrier artefacts, in the human technique artefactual
bands seem to be carrier based as they are worse when carrier alone is annealed;
however, they do not follow the pattern of carrier homoduplices as closely as is
observed in the murine technique. In contrast to the murine technique artefacts are
found very high in the gel suggesting there is a large structural abnormality retarding
their migration.

The structural formation of DNA in the artefacts has not been established. Initial
thoughts were that they were either concatamers of numerous DNA molecules, formed
as discussed for murine artefacts. Alternatively it was thought artefacts might be single
stranded DNA forming large tertiary structures with single stranded DNA hairpin loops.
Experiments in this chapter tried to establish the presence of single stranded DNA.
Digestion of single stranded DNA in annealed products prior to separation removed the
artefactual bands, suggesting these may be single stranded, however, carrier
homoduplices which should be complementary-matched double stranded DNA were
also degraded. The reasons for this are unclear; one possibility is that carrier
homoduplices form as the gel is running.

Other groups (L Wedderbum, personal communication) have previously seen the
presence o f artefactual bands in human HDA. It was not possible to determine what the
bands were, or why they were formed. However, they disappeared after a while.
However, a recent report in a new DNA heteroduplex-tracking assay, very similar to the
method used in this thesis, showed bands in the upper region of polyacrylamide gel
(Bernardin 2003). These are explained as being single stranded DNA suggesting that the
artefactual bands in human heteroduplex analysis are also single stranded. It is clear
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from the results in this thesis that heteroduplex analysis is a valuable tool in the study of
clonality in human T cell populations. However there are limitations to its use, it is not
easy to quantify clonal sizes from films and does not detect deletions from the
repertoire. It is prone to bias in PGR amplification of different BV families and
comparisons between different families should be avoided. Variable levels of TCR
mRNA in different cell populations (Wotton 1993) also bias the technique. The
presence o f artefacts in the murine technique prevented further development of this
model in mice. Although this would be a useful tool it is possible to use spectratyping or
immunoscope to study clonality in mice. As a tool for studying human clonality the
artefacts seen in heteroduplex analysis are largely irrelevant and do not interfere with
detection of expanded clones, although ideally they should be eliminated or their
formation adequately understood, the technique can still be successfully used.
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General Discussion and Future Plans
The work presented in this thesis provides further knowledge of the clonality o f CD4^ T
cell populations. The development of MHC-tetramer technology has driven a large
amount of research into the properties of oligoclonal populations responding to
particular peptide-MHC complexes in a wide range of infections (Appay 2002, Callan
1998, Altman 1996). However, there is less data on global responses to infections and
the size and number of clones. Techniques developed to examine the global clonality,
including heteroduplex analysis and immunoscope, detect differences in the CDR3 of
the TCR (Maini 1998, Sourdive 1998, Wack 1996, Pannetier 1993). By amplifying
cDNA from individual BV genes all clones within that Vp can be assessed and, if large
enough, detected.

Most studies to date have focussed on CD8^ cells where large clonal expansions are
frequently observed within both CD45RA^ and CD45R0^ populations following viral
infections (Wills 1999, Maini 2000). Clonal expansions are commonly detected ex vivo
in elderly individuals in CD8^CD45RA^ and CD45R0^ populations, and to a lesser
extent in CD4^ cells (Wack 1998, Shen 1998, Hingorani 1993). However, in young
individuals expansions in CD4^CD45RA^ cells are rare and those in CD4^CD45R0^
cells are infrequently detected. Expansions in CD4^ cells in both disease and ageing are
smaller and more difficult to detect (Maini 1998). It has been proposed that these
differences in detection might be due to different regulation of CD4^ and CD8^ cells
(Maini 1999). Alternatively, CD4^ clones may be more difficult to detect because the
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repertoire of CD4^ cells is more diverse than that of CD8^ cells (Wang 2001) and
expansions have to be larger to be observed against a more polyclonal background
repertoire. Recent studies have detected antigen-specific clones in subsets of
CD8^CD45RA^ cells (Appay 2002, Wills 1999), subdividing CD4^ cell populations by
their expression of other surface markers may lead to further understanding of their
differentiation and reduce the polyclonal repertoire over which clonal expansions must
be detected.

CD45RA^ Subsets
Initial phenotyping of human CD4^CD45RA^ and CD4^CD45R0^ cells revealed that
both populations can be subdivided into three populations by their expression of CD27
and CD95; CD27^CD95', CD27^CD95% and CD27'CD95^. Cells lose expression of
CD27 upon repeated stimulation (de Jong 1992). Conversely naïve T cells express low
levels of CD95, this is upregulated on effector cells and some memory populations
(Miyawaki 1992). An initial model of differentiation where cells are initially
CD27^CD95‘ they then differentiate through CD27^CD95^ to end in the CD27 CD95^
subset was postulated. Perhaps the most interesting CD45RA^ subsets to emerge is the
CD45RA^CD27'CD95^ population present in some individuals. The loss of CD27 on a
population of CD8^CD45RA^ cells has been previously reported (Hamann 1997,
Hamann 1999). Similarly to CD8^CD45RA^CD27" cells reported by Hamann, these
cells are highly differentiated as assessed by phenotypic markers including loss of
CD28, CD62L, CD45RB, and CCR7 expression and an increase in C D ll a and CD95;
they have a skewed Vp repertoire with most clonal expansions in CD45RA^ cells being
within this subset; and also have undetectable levels of TRECs. These observations
suggest that it is unlikely that these cells are precursors for the CD45R0^CD27^CD95'
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or CD45R0^CD27^CD95^ populations as there would have to be a large change in
expression of many of the surface markers examined including CD27, downregulation
o f which is irreversible (Hintzen 1993). This suggests that the differentiation of the
subsets is not linear. However, these cells may give rise to the most differentiated
CD45R0^CD27'CD95^ cells. Alternatively CD45RA^CD27 CD95^ cells may be
antigen-experienced cells which have reverted to express CD45RA. This hypothesis is
supported by the observation that these cells also express CD45R0 as has been
previously reported for revertants (Warren 1991). Also in agreement is the large number
of clonal expansions found in this subset, although there are fewer clones than seen in
CD45R0^ cells suggesting that not all clones revert in phenotype, and that cells of one
clone can express different phenotypes. The phenotypic and clonal data present here
cannot distinguish between these two possibilities. Analysis of telomere length and
telomerase activity would help to identify the origin of this subset, however this has
been difficult due to the low numbers of cells and the small number of individuals who
have it. Analysis of these smaller subsets be more achievable in elderly donors where
the proportions are larger. The increase in frequency of this population with age is
interesting, however this needs examining in a larger sample. Unfortunately we were
unable to acquire samples from more elderly donors. Following from the observation
that this population is enriched within CD4*°^ cells, if they do increase with age it might
be thought that they are directly related to antigen exposure. Studies of CD8^°'^ cells
found antigen-specific cells to be directly related to EBV exposure, these cells had a
similar phenotype to the CD45RA^CD27'CD95^ population (Trautmann 2003). The
recent advances in Class II MHC tetramers may make it possible to assess the antigen
specificity of these cells in the future.
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CD45R0^ subsets
The most significant finding within the CD45R0^ populations was that assessment of
TRECs

and

phenotype

revealed

that,

at

least

in

young

individuals,

CD45R0^CD27^CD95' cells are less differentiated and have undergone fewer divisions
than the CD45RA^CD27'CD95^ cells. This suggests that this population is cycling at a
slower rate, or has come out of cycle at an early stage of differentiation. The phenotype
suggests that they may be similar to the central memory cells (Tcm) described by
Lanzavecchia and colleagues (Sallusto 1999). The phenotype of regulatory T cells also
suggests

that

they

can

only

be

generated

by

the

more

differentiated

CD45R0^CD27^CD95^ or CD45R0^CD27'CD95^ cells in the periphery (Wing 2002,
Taams 2001). Are these CD45R0^ populations effector memory cells (Tem) (Sallusto
1999), precursors for regulatory cells or both dependent on the cellular environment and
antigenic stimulus? To understand the differentiation of these cells the functions of
different subsets should be examined. The expression of CCR7 and CD62L as used to
define central and effector memory cells (Hengel 2003, Sallusto 1999) suggests that
these cell populations maybe similar. To address this question the cytokine production
of these cells should be assessed. Tcm do not have immediate effector fimction, but
secrete high levels of IL-2. In contrast Tem secrete high levels of IL-4, IL-5 and IFNy.
The responsiveness of naïve cells, Tcm and Tem to cytokine stimulation has been
examined with Tem preferentially responding to IL-7 and IL-15 stimulation (Geginat
2001). Understanding the responsiveness of these populations may help to determine
their function. The turnover of the different CD45RA^ and CD45R0^ cell populations
could be examined through either ex vivo BrdU staining or in vivo deuterated glucose
labelling (Hellerstein 1999). Low levels of bcl-2 staining suggest that CD45RA^CD27'
CD95^ might be more prone to cell death. This is in contrast to data from
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CD8^CD45RA^ revertants which are resistant to apoptosis (Dunne 2002). However,
other reports suggest that these revertants are prone to death (Geginat 2003). Further
studies of expression of death related genes (including bcl-x and bax) and spontaneous
apoptosis are required to understand the nature and function of these populations.

This work has described six populations of CD4^ cells and has assessed their phenotype
and clonality to postulate their differentiation (figure 7.1.). It is thought that although
there is gradual loss of CD27 and acquisition of CD95, the differentiation pathway is
not linear. It is possible that cells can become activated and acquire expression of
CD45R0 at any point in the pathway. Although cells can re-express CD45RA re
expression of CD27 has not been reported suggesting that the only possible ‘reversion’
is from CD45R0^CD27'CD95^ to CD45RA^CD27'CD95^ cells. Regulatory T cells were
found to contain small clonal expansions which had a high degree of overlap with the
clonality o f other CD4^CD45R0^ cells supporting data that Tregs may be generated in
the periphery from antigen-experienced, highly differentiated cells (Taams 2001). The
direct comparison between Tregs and the other populations described needs further
confirmation. It is important to note that these studies have been performed on low
numbers of samples, this should ideally be extended to larger numbers to account for
the wide individual variation that can occur.

Clonality in tissues
Most human studies are performed on peripheral blood samples due to the practical and
ethical constraints on obtaining samples from tissues. In collaboration with A. Akbar
(Royal Free and University College Medical School, London, U.K.) we have obtained
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samples from blood and tonsil of patients with acute infectious mononucleosis, and
blister cells from the site of an in vivo PPD inoculation. Previous studies have shown
that following primary infection virus-specific T cells in different tissues are not
identical (Wherry 2003, Masopust 2001). Other studies have also found oligoclonal T
cells to be either excluded or preferentially found in effector sites (Wedderbum 1999,
Minutello 1993). It is important to determine more clearly how representative blood
sampling is of the entire immune response.

Analysis o f the clonality of CD4^ and CD8^ T cells in blood and tonsil of AIM patients
showed a large overlap between tissues, this was greater in CD8^ cells with 75% of
clones shared between tonsil and blood and 96% between blood and tonsil. The
presence of unique clones in the tonsil correlates with phenotypic data showing that
tonsil cells express more CD28 than blood cells and are less differentiated. These
suggest that cells are activated in lymphoid tissue and that only the most differentiated
cells exit into the periphery (Soares 2003). This study also showed that the mechanisms
preventing apoptosis of effector cells leading to generation of the memory pool are the
same in cells from tonsil or blood showing these cells are highly similar. Although the
extent of clonal sharing was lower in CD4^ cells it was still greater than 65% showing
that blood sampling is still detecting over half of the responding cells in infection.
However, in agreement with previous studies there are unique clones in different tissues
(Wedderbum 1999). There was also a high degree o f overlap in clonality between
blister cells and in vitro PPD stimulated PBMC with approximately 94% of clones in
blisters also in blood. This model also provided a unique opportunity to follow clones in
humans longitudinally. Data revealed that within a three week period (blisters at day 7
and day 21) there was little change in the clonality of cells in the blisters with a high
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degree of sharing observed. However, this was not complete suggesting that it is an
evolving immunological site.

It would be interesting to look at the phenotype of cells in tissues in more detail,
identifying the six CD4^ populations described in Chapter 3. Differences in proportions
o f cells in tissues and in infections might help to elucidate the functions of these
populations. The presence of regulatory T cells in tissues should also be examined.
Recent studies have found Tregs to be present in the target organ of patients with
rheumatoid arthritis (Cao 2003) it would be interesting to see if Tregs are present in
tissues in non-autoimmune disorders.

Quantification of HDA
The present data has examined the global clonality of CD4^ populations using
heteroduplex analysis. HDA is a relatively rapid technique which detects clonal
expansions of T cells. The inclusion of a monoclonal carrier, and its specific detection,
has a provided a technique capable of reproducibly detecting clones as a molecular
fingerprint (Wack 1996). HDA can reliably detect 1 in 10, 000 and up to 1 in 100, 000
cells making it ten-fold more sensitive than the alternative CDR3 length-based assays
(Maini 1998). The technique has been used to identify clonal expansions in viral
diseases, chronic arthritis, and ex vivo in elderly donors (Maini 2000, Wedderbum 1999,
Wack 1998). It is a very adaptable and useful technique for detecting clonal expansions
if analysis of the antigen-specificity of clones is not required.

At present there is no adequate method of quantitating HDA and bands are counted as
clonal expansions if they can be seen above the polyclonal smear by eye. In some cases
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the decision is obvious and bands are clearly visible; but in other cases the bands may
be very faint, or the background smear very dark making it difficult to distinguish
between distinct bands and shades of the smear. This arbitrary decision can lead to
variation in analysis dependent on the individual counting, time of day, light intensity in
the laboratory and many other events. My colleagues and I have begun to examine
methods of quantitating the value of heteroduplex bands by densitometry using Quantity
One software (BioRad, U.K.). Measuring the density of the lane produces a spectrum
representing both the intensity (measured by ONT) and width of a band, the darker the
band the larger the CNT. In this way it is possible to compare bands in different lanes of
the gel looking for identical clones. An example of this is shown in figure 7.2. where
VP3 from CD45RA"^CD27^CD95' (Lane 1), CD27^CD95"^ (Lane 2), and CD27 CD95*
(Lane 3) have been overlaid. The polyclonal smear in Lane 1 seen as a broad peak
whereas heteroduplex bands in Lane 3 are sharper and larger peaks. In this method a
baseline is set to bring the base of the peak to a standard point. Setting this baseline is
arbitrary and it is possible that smaller clones may not be detected. It is also possible to
quantitate each heteroduplex band as a percentage of the total density of the lane. This
might provide information on the relative size of clones and be related to the number of
cells in the original population. A percentage density at which clones are counted is set,
making decisions less arbitrary, but what level should this be set at? Bernardin et al
(Bernardin 2003) have used a similar heteroduplex motility assay to study clonality,
they detected clones representing as little as 2% of the total population by densitometry
to standardise this analysis, however, there are limitations. Firstly a set limit assumes
that all Vp families and clones within them are amplified to the same extent. As
previously discussed, HDA is standardised by using a set 500ng of cDNA for
amplification rather than cell number where differing mRNA levels may affect the
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results. However, there may be preferential amplification of some subfamilies biasing
the amount of cDNA going into the annealing reaction. This can increase the overall
density of the lane and hinder comparisons of different lanes. Differences in volumes in
the annealing reaction and also in loading the gel can also affect the overall density.
Another important question is where to measure the density. Carrier homoduplices form
preferentially during annealing and are commonly the strongest band observed on films,
as these do not contain any sample should they be included in the total density of the
lane? If not where before them do you end the measurement as there is ofl:en a gradual
increase in intensity leading to the homoduplex, which can differ between Vp families.
The presence of artefacts (described in Chapter 6) can affect the overall density of lanes.
On some occasions these are barely detectable and may not be seen, on other occasions
these can be very strong. It is presumed that these artefacts are single-stranded carrier
DNA, on the same basis as carrier homoduplices should these be included in the
density? If they are excluded there is the additional problem that these bands have
different migration rates in different v p families so defining a cut off point might be
difficult. Although there are limitations to these quantification methods they are more
reliable then ‘eye ball’ methods and more analysis is required to decide how best to
utilise these tools.

In summary the work in this thesis has described different CD4^ T cell populations and
has provided an initial outline of their differentiation through phenotypic and clonal
analysis. HDA has been used to compare the clonality of cells in peripheral blood and
tissues showing that blood is highly representative of the immune response and
validates the use of blood in human studies. It has identified a highly differentiated
CD45RA^ subset which, on the basis on TREC and phenotype, suggest that revertants
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analogous to CD8^CD45RA^ cells may exist. It has shown that CD4^ T cell
differentiation is much more complex than CD45RA and CD45R0 supporting reports of
the presence of different memory populations. Also, we have shown that Tregs do not
appear to be a distinct lineage in terms of repertoire and they may be generated in the
periphery.

Future Work
This work identifies six populations of CD4^ cells and provides a preliminary outline of
their differentiation through phenotypic and clonal characterisation. Future analysis
should include analysis of telomere length by Flow Fish and associated telomerase
activity by TRAP assay. To further the understanding of the subsets, and how they
relate to previously described populations, their function must be addressed. Initially
analysis of cytokine production should be studied. Upon in vitro stimulation antigen
inexperienced (naïve) cells will produce IL-2 but not IFNy, this is reversed in antigenexperienced cells. Due to the low numbers of cells this is best studied by intracellular
cytokine staining or the recently developed bead-based cytokine assays. It would be
interesting to examine the movement of cells between different populations. Following
stimulation o f individual populations with anti-CD3 and irradiated allogeneic antigen
presenting cells the expression of CD27, CD45 and CD95 could be examined. However,
this would only be possible for the larger cell populations. From the hypothesis that
CD45RA^CD27'CD95^ cells are antigen-experienced it would be interesting to look at
the proportions of cells with cohorts of CMV positive patients, and if technology is
available to look at the antigen-specificity of the subsets with class II tetramers.
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Within heteroduplex analysis it is essential that further studies into quantification of the
technique are carried out. One possibilty, which has been preliminarily started, is to
dilute a known number of clonotypic TCR (e.g. from Jurkat cells) into each sample and
to measure the intensity of heteroduplices against the internal control. It would also be
useful to establish a regular negative control in HDA to ensure contaminating DNA is
not present in samples.

214

Publications arising from this work

Cook, J. E.. and Beverley, P. C. L. (2001). Analysis of lymphocyte diversity in the
elderly: heteroduplex analysis and alternative techniques. Experimental Gerontology 36,
583-589

Soares, M. V. D., Plunkett, F. J., Verbeke, C. S., Cook, J. E„ Faint, J., Belaramani, L.,
Fletcher, J. M., Hammerschmitt, N., Rustin, M., Bergler, W., Beverley, P. C. L.,
Salmon, M., and Akbar, A. N. The integration of apoptosis and telomere erosion in
virus-specific CD8^ T cells in tonsils during primary infection. (Submitted)

Soares, M. V. D. , Cook, J. E. , Derett-Smith, E., Jackson, S., Salmon, M., Beverley, P.
C. L., and Akbar, A., N. The maintenance of a CD4^CD45RA^ T cell pool in humans.
(Manuscript in preparation)
*joint first authors

215

Bibliography

Aandahl, E. M., Sandberg, J. K., Beckerman, K. P., Tasken, K., Moretto, W. J., and
Nixon, D. F. (2003). CD7 Is a Differentiation Marker That Identifies Multiple CDS T
Cell Effector Subsets. J Immunol 170, 2349-55.
Ahmadzadeh, M., Hussain, S. P., and Farber, D. L. (2001). Heterogeneity of the
memory CD4 T cell response: persisting effectors and resting memory T cells. J
Immunol 166, 926-35.
Ahmed, R., and Gray, D. (1996). Immunological memory and protective immunity:
understanding their relation. Science 272, 54-60.
Aifantis, I., Buer, J., von Boehmer, H., and Azogui, O. (1997). Essential role of the preT cell receptor in allelic exclusion of the T cell receptor beta locus. Immunity 7, 601-7.
Akbar, A. N., Borthwick, N., Salmon, M., Gombert, W., Bofill, M., Shamsadeen, N.,
Pilling, D., Pett, S., Grundy, J. E., and Janossy, G. (1993). The significance of low bcl-2
expression by CD45RO T cells in normal individuals and patients with acute viral
infections. The role of apoptosis in T cell memory. JE xp Med 178, 427-38.
Akbar, A. N., Terry, L., Timms, A., Beverley, P. C., and Janossy, G. (1988). Loss of
CD45R and gain of UCHLl reactivity is a feature of primed T cells. J Immunol 140,
2171-8.
Alam, S. M., Travers, P. J., Wung, J. L., Nasholds, W., Redpath, S., Jameson, S. C., and
Gascoigne, N. R. (1996). T-cell-receptor affinity and thymocyte positive selection.
Nature 381, 616-20.
Alderson, M. R., Tough, T. W., Davis-Smith, T., Braddy, S., Falk, B., Schooley, K. A.,
Goodwin, R. G., Smith, C. A., Ramsdell, P., and Lynch, D. H. (1995). Fas ligand
mediates activation-induced cell death in human T lymphocytes. J Exp Med 181, 71-7.
Algciras, A., Dockrell, D. H., Lynch, D. H., and Paya, C. V. (1998). CD4 regulates
susceptibility to Fas ligand- and tumor necrosis factor mediated apoptosis. J Exp Med
187,711-20.
Altman, J. D., Moss, P. A. H., Goulder, P. J. R., Barouch, D. H., McHeyzer-Williams,
M. G., Bell, J. I., McMichael, A. J., and Davis, M. M. (1996). Phenotypic analysis of
antigen-specific T lymphocytes. Science 274, 94-6.
Anel, A., Simon, A. K., Auphan, N., Bufeme, M., Boyer, C., Golstein, P., and SchmittVerhulst, A. M. (1995). Two signaling pathways can lead to Fas ligand expression in
CD8+ cytotoxic T lymphocyte clones. Eur J Immunol 25, 3381-7.
Annels, N. E., Callan, M. P., Tan, L., and Rickinson, A. B. (2000). Changing patterns of
dominant TCR usage with maturation of an EBV-specific cytotoxic T cell response. J
Immunol 165, 4831-41.

216

Appay, V., Dunbar, P. R., Callan, M., Klenerman, P., Gillespie, G. M., Papagno, L.,
Ogg, G. S., King, A., Lechner, F., Spina, C. A., Little, S., Havlir, D. V., Richman, D.
D., Gruener, N., Pape, G., Waters, A., Easterbrook, P., Salio, M., Cerundolo, V.,
McMichael, A. J., and Rowland-Jones, S. L. (2002). Memory CD8+ T cells vary in
differentiation phenotype in different persistent virus infections. Nat Med 8, 379-85.
Argaet, V. P., Schmidt, C. W., Burrows, S. R., Silins, S. L., Kurilla, M. G., Doolan, D.
L., Suhrbier, A., Moss, D. J., Kieff, E., Suclley, T. B., and et al. (1994). Dominant
selection of an invariant T cell antigen receptor in response to persistent infection by
Epstein-Barr virus. JE xp Med 180, 2335-40.
Arlettaz, L., Barbey, C., Dumont-Girard, P., Helg, C., Chapuis, B., Roux, E., and
Roosnek, E. (1999). CD45 isoform phenotypes of human T cells: CD4(+)CD45RA()RO(+) memory T cells re-acquire CD45RA without losing CD45RO. Eur J Immunol
29, 3987-94.
Armitage, R. J., Fanslow, W. C., Strockbine, L., Sato, T. A., Clifford, K. N., Macduff,
B. M., Anderson, D. M., Gimpel, S. D., Davis-Smith, T., Maliszewski, C. R., and et al.
(1992). Molecular and biological characterization of a murine ligand for CD40. Nature
357, 80-2.
Arstila, T. P., Casrouge, A., Baron, V., Even, J., Kanellopoulos, J., and Kourilsky, P.
(1999). A direct estimate of the human alphabeta T cell receptor diversity. Science 286,
958-61.
Asseman, C., Mauze, S., Leach, M. W., Coffinan, R. L., and Powrie, F. (1999). An
essential role for interleukin 10 in the function of regulatory T cells that inhibit
intestinal inflammation. JE xp Med 190, 995-1004.
Bajorath, J., and Aruffo, A. (1997). Prediction of the three-dimensional structure of the
human Fas receptor by comparative molecular modeling. J Comput Aided Mol Des 11,
3-8.
Baron, V., Bouneaud, C., Cumano, A., Lim, A., Arstila, T. P., Kourilsky, P., Ferradini,
L., and Pannetier, C. (2003). The repertoires of circulating human CD8(+) central and
effector memory T cell subsets are largely distinct. Immunity 18, 193-204.
Bensinger, S. J., Bandeira, A., Jordan, M. S., Caton, A. J., and Laufer, T. M. (2001).
Major histocompatibility complex class Il-positive cortical epithelium mediates the
selection of CD4(+)25(+) immunoregulatory T cells. J Exp Med 194,427-38.
Berard, M., Brandt, K., Bulfone Paus, S. and Tough, D. F. (2003). IL-15 promotes the
survival of naïve and memory phenotype CD8+ T cells. J Immunol 170, 5018-26.
Bernardin, F., Doukhan, L., Longone-Miller, A., Champagne, P., Sekaly, R., and
Delwart, E. (2003). Estimate of the total number of CD8+ clonal expansions in healthy
adults using a new DNA heteroduplex-tracking assay for CDR3 repertoire analysis. J
Immunol Methods 274, 159-75.

217

Bemot, A., and Auffray, C. (1991). Primary structure and ontogeny of an avian CD3
transcript. Proc Natl Acad Sci U S A 88, 2550-4.
Beverley, P. C. (1991). CD45 isoform expression: implications for recirculation of
naive and memory cells. Immunol Res 10, 196-8.
Beverley, P. C. L. (1991). Immunological memory in T cells. Curr Opin Immunol 3,
355-60.
Bjorkman, P. J., Saper, M. A., Samraoui, B., Bennett, W. S., Strominger, J. L., and
Wiley, D. C. (1987). Structure of the human class I histocompatibility antigen, HLAA2. Nature 329, 506-12.
Blackman, M., Yague, J., Kubo, R., Gay, D., Coleclough, C., Palmer, E., Kappler, J.,
and Marrack, P. (1986). The T cell repertoire may be biased in favor of MHC
recognition. Cell 47, 349-57.
Borthwick, N. J., Bofill, M., Hassan, I., Panayiotidis, P., Janossy, G., Salmon, M., and
Akbar, A. N. (1996). Factors that influence activated CD8+ T-cell apoptosis in patients
with acute herpesvirus infections: loss of costimulatory molecules CD28, CD5 and CD6
but relative maintenance of Bax and Bcl-X expression. Immunology 88, 508-15.
Borysiewicz, L. K., Haworth, S. J., Cohen, J., Mundin, J., Rickinson, A., and Sissons, J.
G. (1986). Epstein Barr virus-specific immune defects in patients with persistent
symptoms following infectious mononucleosis. Q J Med 58,111-21.
Boursalian, T. E., and Bottomly, K. (1999). Stability of naive and memory phenotypes
on resting CD4 T cells in vivo. J Immunol 162, 9-16.
Boussiotis, V. A., Freeman, G. J., Gribben, J. G., and Nadler, L. M. (1996). The role of
B7-l/B7-2:CD28/CLTA-4 pathways in the prevention of anergy, induction of
productive immunity and down-regulation of the immune response. Immunol Rev 153,
5-26.
Bousso, P., Levraud, J. P., Kourilsky, P., and Abastado, J. P. (1999). The composition
o f a primary T cell response is largely determined by the timing of recruitment of
individual T cell clones. JE xp Med 189, 1591-600.
Boyd, R., Kozieradzki, I., Chidgey, A., Mittrucker, H. W., Bouchard, D., Timms, E.,
Kishihara, K., Ong, C. J., Chui, D., Marth, J. D., Mak, T. W., and Penninger, J. M.
(1998). Receptor-specific allelic exclusion of TCRV alpha-chains during development.
J Immunol 161, 1718-27.
Braakman, I., Helenius, J., and Helenius, A. (1992). Role of ATP and disulphide bonds
during protein folding in the endoplasmic reticulum. Nature 356, 260-2.
Bradley, L. M., Harbertson, J., and Watson, S. R. (1999). Memory CD4 cells do not
migrate into peripheral lymph nodes in the absence of antigen. Eur J Immunol 29, 327384.

218

Breiteneder, H., Scheiner, O., Hajek, R., Huila, W., Huttinger, R., Fischer, G., Kraft, D.,
and Ebner, C. (1995). Diversity o f TCRAV and TCRBV sequences used by human Tcell clones specific for a minimal epitope of Bet v 1, the major birch pollen allergen.
Immunogenetics 42, 53-8.
Brodsky, F. M., and Guagliardi, L. E. (1991). The cell biology of antigen processing
and presentation. Annu Rev Immunol 9, 707-44.
Brown, T., Hunter, W. N., Kneale, G., and Kennard, O. (1986). Molecular structure of
the G.A base pair in DNA and its implications for the mechanism of transversion
mutations. Proc Natl Acad Sci U S A S 3 , 2402-6.
Bryl, E., Gazda, M., Foerster, J., and Witkowski, J. M. (2001). Age-related increase of
frequency of a new, pbenotypically distinct subpopulation of human peripheral blood T
cells expressing lowered levels of CD4. Blood 98, 1100-7.
Butz, E. A., and Bevan, M. J. (1998). Massive expansion of antigen-specific CD8+ T
cells during an acute virus infection. Immunity 8, 167-75.
Callahan, J. E., Kappler, J. W., and Marrack, P. (1993). Unexpected expansions of CD8bearing cells in old mice. J Immunol 151, 6657-69.
Callan, M. F., Steven, N., Krausa, P., Wilson, J. D., Moss, P. A., Gillespie, G. M., Bell,
J. I., Rickinson, A. B., and McMichael, A. J. (1996). Large clonal expansions of CD8+
T cells in acute infectious mononucleosis. Nat Med 2, 906-11.
Callan, M. F., Tan, L., Annels, N., Ogg, G. S., Wilson, J. D., CA, O. C., Steven, N.,
McMichael, A. J., and Rickinson, A. B. (1998). Direct visualization of antigen-specific
CD8+ T cells during the primary immune response to Epstein-Barr virus In vivo. J Exp
M e d m , 1395-402.
Cameron, T. O., Norris, P. J., Patel, A., Moulon, C., Rosenberg, E. S., Mellins, E. D.,
Wedderbum, L. R., and Stem, L. J. (2002). Labeling antigen-specific CD4(+) T cells
with class II MHC oligomers. J Immunol Methods 268, 51-69.
Campbell, J. J., Murphy, K. E., Kunkel, E. J., Brightling, C. E., Soler, D., Shen, Z.,
Boisvert, J., Greenberg, H. B., Vierra, M. A., Goodman, S. B., Genovese, M. C.,
Wardlaw, A. J., Butcher, E. C., and Wu, L. (2001). CCR7 expression and memory T
cell diversity in humans. J Immunol 166, 877-84.
Cantrell, D. (1996). T cell antigen receptor signal transduction pathways. Annu Rev
Immunol 14, 259-74.
Cao, D., Malmstrom, V., Baecher-Allan, C., Hafier, D., Klareskog, L., and Trollmo, C.
(2003). Isolation and functional characterization of regulatory CD25brightCD4+ T cells
from the target organ of pateints with rheumatoid arthritis. Eur J Immunol 33, 215-23.
Casrouge, A., Beaudoing, E., Dalle, S., Pannetier, C., Kanellopoulos, J., and Kourilsky,
P. (2000). Size estimate of the alpha beta TCR repertoire of naive mouse splenocytes. J
Immunol 164, 5782-7.

219

Cauley, L. S., Cookenham, T., Miller, T. B., Adams, P. S., Vignali, K. M., Vignali, D.
A., and Woodland, D. L. (2002). Cutting edge: virus-specific CD4+ memory T cells in
nonlymphoid tissues express a highly activated phenotype. J Immunol 169, 6655-8.
Cazenave, P. A., Marche, P. N., Jouvin-Marche, E., Voegtle, D., Bonhomme, F.,
Bandeira, A., and Coutinho, A. (1990). V beta 17 gene polymorphism in wild-derived
mouse strains: two amino acid substitutions in the V beta 17 region greatly alter T cell
receptor specificity. Cell 63, 717-28.
Cerwenka, A., Carter, L. L., Reome, J. B., Swain, S. L., and Dutton, R. W. (1998). In
vivo persistence of CD8 polarized T cell subsets producing type 1 or type 2 cytokines. J
Immunol 161, 97-105.
Cerwenka, A., and Lanier, L. L. (2001). Ligands for natural killer cell receptors:
redundancy or specificity. Immunol Rev 181, 158-69.
Chambers, C. A., Sullivan, T. J., and Allison, J. P. (1997). Lymphoproliferation in
CTLA-4-deficient mice is mediated by costimulation-dependent activation of CD4+ T
cells. Immunity 7, 885-95.
Champagne, P., Ogg, G. S., King, A. S., Knabenhans, C., Ellefsen, K., Nobile, M.,
Appay, V., Rizzardi, G. P., Fleury, S., Lipp, M., Forster, R., Rowland-Jones, S., Sekaly,
R. P., McMichael, A. J., and Pantaleo, G. (2001). Skewed maturation of memory HIVspecific CD8 T lymphocytes. Nature 410, 106-11.
Chan, A. C., Dalton, M., Johnson, R., Kong, G. H., Wang, T., Thoma, R., and Kurosaki,
T. (1995). Activation of ZAP-70 kinase activity by phosphorylation of tyrosine 493 is
required for lymphocyte antigen receptor function. Embo J 14, 2499-508.
Chien, Y., Becker, D. M., Lindsten, T., Okamura, M., Cohen, D. I., and Davis, M. M.
(1984). A third type o f murine T-cell receptor gene. Nature 312, 31-5.
Chien, Y. H., Iwashima, M., Kaplan, K. B., Elliott, J. F., and Davis, M. M. (1987). A
new T-cell receptor gene located within the alpha locus and expressed early in T-cell
differentiation. Nature 327, 677-82.
Chothia, C., Boswell, D. R., and Lesk, A. M. (1988). The outline structure of the T-cell
alpha beta receptor. Embo J l , 3745-55.
Christensen, J. E., Andreasen, S. O, Christensen, J. P., Thomsen, A. R. (2001). CD 11b
expression as a marker to distinguish between recently activated effector CD8+ T cells
and memory cells. Int Immunol 13, 593-600.
Clevers, H., Alarcon, B., Wileman, T., and Terhorst, C. (1988). The T cell receptor/CD3
complex: a dynamic protein ensemble. Annu Rev Immunol 6, 629-62.
Cline, J., Braman, J. C., and Hogrefe, H. H. (1996). PCR fidelity of pfu DNA
polymerase and other thermostable DNA polymerases. Nucleic Acids Res 24, 3546-51.

220

Cochet, M., Pannetier, C., Regnault, A., Darche, S., Leclerc, C., and Kourilsky, P.
(1992). Molecular detection and in vivo analysis of the specific T cell response to a
protein antigen. Eur J Immunol 22, 2639-47.
Cohen, G. B., Islam, S. A., Noble, M. S., Lau, C., Brander, C., Altfeld, M. A.,
Rosenberg, E. S., Schmitz, J. E., Cameron, T. O., and Kalams, S. A. (2002). Clonotype
Tracking of TCR Repertoires during Chronic Virus Infections. Virology 304, 474-84.
Concannon, P., Pickering, L. A., Kung, P., and Hood, L. (1986). Diversity and structure
of human T-cell receptor beta-chain variable region genes. Proc Natl Acad Sci U S A
83, 6598-602.
Currier, J. R., Yassai, M., Robinson, M. A., and Gorski, J. (1996). Molecular defects in
TCRBV genes preclude thymic selection and limit the expressed TCR repertoire. J
Immunol 157, 170-5.
d'Angeac, A. D., Monier, S., Pilling, D., Travaglio-Encinoza, A., Reme, T., and Salmon,
M. (1994). CD57+ T lymphocytes are derived from CD57- precursors by differentiation
occurring in late immune responses. Eur J Immunol 24, 1503-11.
Davey, M. P., Rosen, H. R., Woody, C. N., Haley, D. P., Kurkinen, J., and Lewinsohn,
D. M. (2001). T-cell clones derived by CD3 stimulation from hepatitis C virus
explanted liver tissue are not representative of dominant clones present in vivo. Liver
Transpl 7, 716-23.
Davis, M. M., and Bjorkman, P. J. (1988). T-cell antigen receptor genes and T-cell
recognition. Nature 334, 395-402.
Davodeau, P., Peyrat, M. A., Romagne, P., Necker, A., Hallet, M. M., Vie, H., and
Bonneville, M. (1995). Dual T cell receptor beta chain expression on human T
lymphocytes. JE xp Med 181, 1391-8.
Debes, G. P., Hopken, U. E., Hamann, A. (2002). In vivo differentiated cytokineproducing CD4+ T cells express functional CCR7. J Immunol 168, 5441-7.
De Jong, R., Brouwer, M., Hooibrink, B., Van der Pouw-Kraan, T., Miedema, P., and
Van Lier, R. A. (1992). The CD27- subset of peripheral blood memory CD4+
lymphocytes contains functionally differentiated T lymphocytes that develop by
persistent antigenic stimulation in vivo. Eur J Immunol 22, 993-9.
De Jong, R., Loenen, W. A., Brouwer, M., van Emmerik, L., de Vries, E. P., Borst, J.,
and van Lier, R. A. (1991). Regulation of expression of CD27, a T cell-specific member
of a novel family of membrane receptors. J Immunol 146, 2488-94.
Dellabona, P., Padovan, E., Casorati, G., Brockhaus, M., and Lanzavecchia, A. (1994).
An invariant V alpha 24-J alpha Q/V beta 11 T cell receptor is expressed in all
individuals by clonally expanded CD4-8- T cells. JE xp Med 180, 1171-6.

221

De Rosa, S. C., Herzenberg, L. A., Roederer, M. (2001). 11-color, 13-parameter flow
cytometry: Identification of human naïve T cells by phenotype, function, and T-cell
receptor diversity. Nat Med 7, 245-248.
Dieckmann, D., Plottner, H., Berchtold, S., Berger, T., and Schuler, G. (2001). Ex vivo
isolation and characterization of CD4(+)CD25(+) T cells with regulatory properties
from human blood. JE xp Med 193, 1303-10.
Doherty, P. C., Topham, D. J., and Tripp, R. A. (1996). Establishment and persistence
o f virus-specific CD4+ and CD8+ T cell memory. Immunol Rev 150, 23-44.
Douek, D. C., McFarland, R. D., Reiser, P. H., Gage, E. A., Massey, J. M., Haynes, B.
P., Polis, M. A., Haase, A. T., Feinberg, M. B., Sullivan, J. L., Jamieson, B. D., Zack, J.
A., Picker, L. J., and Koup, R. A. (1998). Changes in thymic function with age and
during the treatment of HIV infection. Nature 396, 690-5.
Douek, D. C., Vescio, R. A., Betts, M. R., Brenchley, J. M., Hill, B. J., Zhang, L.,
Berenson, J. R., Collins, R. H., and Koup, R. A. (2000). Assessment of thymic output in
adults after haematopoietic stem-cell transplantation and prediction of T-cell
reconstitution. Lancet 355, 1875-81.
Dunne, P. J., Faint, J. M., Gudgeon, N. H., Fletcher, J. M., Plunkett, F. J., Soares, M. V.,
Hislop, A. D., Annels, N. E., Rickinson, A. B., Salmon, M., and Akbar, A. N. (2002).
Epstein-Barr virus-specific CD8(+) T cells that re-express CD45RA are apoptosisresistant memory cells that retain replicative potential. Blood 100, 933-40.
Dustin, M. L. (2002). Membrane domains and the immunological synpase: keeping T
cells resting and ready. J Clin Invest 109, 155-160.
Ema, H., Cumano, A., and Kourilsky, P. (1997). TCR-beta repertoire development in
the mouse embryo. J Immunol 159, 4227-32.
Engelhard, V. H. (1994). Structure of peptides associated with MHC class I molecules.
Curr Opin Immunol 6, 13-23.
Exley, M., Wileman, T., Mueller, B., and Terhorst, C. (1995). Evidence for multivalent
structure of T-cell antigen receptor complex. Mol Immunol 32, 829-39.
Faint, J. M., Annels, N. E., Cumow, S. J., Shields, P., Pilling, D., Hislop, A. D., Wu, L.,
Akbar, A. N., Buckley, C. D., Moss, P. A., Adams, D. H., Rickinson, A. B., and
Salmon, M. (2001). Memory T cells constitute a subset of the human CD8+CD45RA+
pool with distinct phenotypic and migratory characteristics. J Immunol 167, 212-20.
Farber, D. L. (1998). Differential TCR signaling and the generation of memory T cells.
J Immunol 160, 535-9.
Fink, P. J., and Bevan, M. J. (1978). H-2 antigens of the thymus determine lymphocyte
specificity. J Exp Med 148, 766-75.

222

Fiorentini, S., Licenziati, S., Alessandri, G., Castelli, F., Caligaris, S., Bonafede, M.,
Grassi, M., Garrafa, E., Balsari, A., Turano, A., and Caruso, A. (2001). C D llb
expression identifies CD8+CD28+ T lymphocytes with phenotype and function of both
naive/memory and effector cells. J Immunol 166, 900-7.
Flynn, K., and Mullbacher, A. (1997). The generation of memory antigen-specific
cytotoxic T cell responses by CD28/CD80 interactions in the absence of antigen. Eur J
Immunol 27, 456-62.
Fujii, Y., Okumura, M., Inada, K., and Nakahara, K, (1992). Reversal of CD45R
i soform switching in CD8+ T cells. Cell Immunol 139, 176-84.
Fusaki, N., Matsuda, S., Nishizumi, H., Umemori, H., and Yamamoto, T. (1996).
Physical and functional interactions of protein tyrosine kinases, p59fyn and ZAP-70, in
T cell signaling. J Immunol 156, 1369-77.
Gallimore, A., Glithero, A., Godkin, A., Tissot, A. C., Pluckthun, A., Elliott, T.,
Hengartner, H., and Zinkemagel, R. (1998). Induction and exhaustion of lymphocytic
choriomeningitis virus-specific cytotoxic T lymphocytes visualized using soluble
tetrameric major histocompatibility complex class I-peptide complexes. J Exp Med 187,
1383-93.
Gambon-Deza, P., Pacheco Carracedo, M., Cerda Mota, T., and Montes Santiago, J.
(1995). Lymphocyte populations during tuberculosis infection: V beta repertoires. Infect
Immun 63, 1235-40.
Garcia, K. C., Degano, M., Stanfield, R. L., Brunmark, A., Jackson, M. R., Peterson, P.
A., Teyton, L., and Wilson, I. A. (1996). An alphabeta T cell receptor structure at 2.5 A
and its orientation in the TCR-MHC complex. Science 274, 209-19.
Gascoigne, N. R., and Alam, S. M. (1999). Allelic exclusion of the T cell receptor
alpha-chain: developmental regulation of a post-translational event. Semin Immunol 11,
337-47.
Geginat, J., Sallusto, P., and Lanzavecchia, A. (2003). Proliferation and differentiation
potentail of human CD8+ memory T-cell subsets in response to antigen or homeostatic
cytokines. Blood 101, 4260-66.
Geginat, J., Sallusto, P., and Lanzavecchia, A. (2001). Cytokine-driven proliferation and
differentiation of human naïve, central memory, and effector memory CD4+ cells. J Exp
M ed 12, 1711-19.
Giachino, C., Granziero, L., Modena, V., Maiocco, V., Lomater, C., Pantini, P.,
Lanzavecchia, A., and Migone, N. (1994). Clonal expansions of V delta 1+ and V delta
2+ cells increase with age and limit the repertoire of human gamma delta T cells. Eur J
Immunol 24, 1914-8.
Gilfillan, S., Dierich, A., Lemeur, M., Benoist, C., and Mathis, D. (1993). Mice lacking
TdT: mature animals with an immature lymphocyte repertoire. Science 261, 1175-8.

223

Godfrey, D. L, Kennedy, J., Suda, T., and Zlotnik, A. (1993). A developmental pathway
involving four pbenotypically and functionally distinct subsets of CD3-CD4-CD8triple-negative adult mouse thymocytes defined by CD44 and CD25 expression. J
Immunol 150, 4244-52.
Godtbelp, B. C., van Toi, M. J., Vossen, J. M., and van den Elsen, P. J. (2001).
Longitudinal analysis of T cells responding to tetanus toxoid in healthy subjects as well
as in pediatric patients after bone marrow transplantation: the identification of identical
TCR-CDR3 regions in time suggests long-term stability of at least part of the antigenspecific TCR repertoire. Int Immunol 13, 507-18.
Goldratb, A. W., and Bevan, M. J. (1999). Selecting and maintaining a diverse T-cell
repertoire. Nature 402, 255-62.
Gonzalez-Quintial, R., and Tbeofilopoulos, A. N. (1992). V beta gene repertoires in
aging mice. J Immunol 149, 230-6.
Gordon, S. (2002). Pattern recognition receptors: doubling up for the innate immune
response. Cell 111, 927-30.
Gorski, J., Yassai, M., Zbu, X., Kissela, B., Kissella, B., Keever, C., and Flomenberg,
N. (1994). Circulating T cell repertoire complexity in normal individuals and bone
marrow recipients analyzed by CDR3 size spectratyping. Correlation with immune
status. J Immunol 152, 5109-19.
Gray, D., Siepmann, K., van Essen, D., Poudrier, J., Wykes, M., Jainandunsing, S.,
Bergtborsdottir, S., and Dullforce, P. (1996). B-T lymphocyte interactions in the
generation and survival of memory cells. Immunol Rev 150, 45-61.
Grünewald, J., Janson, C. H., and Wigzell, H. (1991). Biased expression of individual T
cell receptor V gene segments in CD4+ and CD8+ human peripheral blood T
lymphocytes. Eur J Immunol 21, 819-22.
Gulwani-Akolkar, B., Posnett, D. N., Janson, C. H., Grünewald, J., Wigzell, H.,
Akolkar, P., Gregersen, P. K., and Silver, J. (1991). T cell receptor V-segment
frequencies in peripheral blood T cells correlate with human leukocyte antigen type, J
Exp Med 174, 1139-46.
Hall, C., Berkbout, B., Alarcon, B., Sancbo, J., Wileman, T., and Terhorst, C. (1991).
Requirements for cell surface expression of the human TCR/CD3 complex in non-T
cells. Int Immunol 3, 359-68.
Hamann, D., Baars, P. A., Rep, M. H., Hooibrink, B., Kerkbof-Garde, S. R., Klein, M.
R., and van Lier, R. A. (1997). Phenotypic and functional separation of memory and
effector human CD8+ T cells. JE xp Med 186, 1407-18.
Hamann, D., Kostense, S., Woltbers, K. C., Otto, S. A., Baars, P. A., Miedema, P., and
van Lier, R. A. (1999). Evidence that human CD8+CD45RA+CD27- cells are induced
by antigen and evolve through extensive rounds of division. Int Immunol 11, 1027-33.

224

Hara, M., Kingsley, C. L, Niimi, M., Read, S., Turvey, S. E., Bushell, A. R., Morris, P.
J., Powrie, F., and Wood, K. J. (2001). IL-10 is required for regulatory T cells to
mediate tolerance to alloantigens in vivo. J Immunol 166, 3789-96.
Harbertson, J., Biederman, E., Bennett, K. E., Kondrack, R. M., and Bradley, L. M.
(2002). Withdrawl of stimulation may initiate the transition of effector to memory CD4
cells. J Immunol 168, 1095-1102.
Hardin, C. C., Perry, A. G., and White, K. (2000-2001). Thermodynamic and kinetic
characterization of the dissociation and assembly of quadruplex nucleic acids.
Biopolymers 56, 147-94.
Hare, K. J., Wilkinson, R. W., Jenkinson, E. J., and Anderson, G. (1998). Identification
of a developmentally regulated phase of postselection expansion driven by thymic
epithelium. J Immunol 160, 3666-72.
Hazenberg, M. D., Borghans, J. A., de Boer, R. J., and Miedema, F. (2003). Thymic
output: a bad TREC record. Nat Immunol 4, 97-9.
Hedrick, S. M., Cohen, D. I., Nielsen, E. A., and Davis, M. M. (1984). Isolation of
cDNA clones encoding T cell-specific membrane-associated proteins. Nature 308, 14953.
Hellerstein, M., Hanley, M. B., Cesar, D., Siler, S., Papageorgopoulos, C., Wieder, E.,
Schmidt, D., Hob, R., Neese, R., Macallan, D., Decks, S., and McCune, J. M. (1999).
Directly measured kinetics of circulating T lymphocytes in normal and HIV-1-infected
humans. Nat Med 5, 83-9.
Hendriks, J., Gravestein, L. A., Tesselaar, K., van Lier, R. A., Schumacher, T. N., and
Borst, J. (2000). CD27 is required for generation and long-term maintenance of T cell
immunity. Nat Immunol 1, 433-40.
Hengel, R. L., Thaker, V., Pavlick, M. V., Metcalf, J. A., Dennis, G., Jr., Yang, J.,
Lempicki, R. A., Sereti, I., and Lane, H. C. (2003). Cutting edge: L-selectin (CD62L)
expression distinguishes small resting memory CD4+ T cells that preferentially respond
to recall antigen. J Immunol 170, 28-32.
Henwood, J., van Eggermond, M. C., van Boxel-Dezaire, A. H., Schipper, R., den
Hoedt, M., Peijnenburg, A., Sanal, O., Ersoy, F., Rijkers, G. T., Zegers, B. J., Vossen, J.
M.. van Toi, M. J., and van den Elsen, P. J. (1996). Human T cell repertoire generation
in the absence of MHC class II expression results in a circulating CD4+CD8population with altered physicochemical properties of complementarity-determining
region 3. J Immunol 156, 895-906.
Hewetson, J. F., Bocker, J. F., Sereni, P., Rapp, C. E., and Henle, W. (1979).
De/elopment of antibodies reactive in antibody-dependent cellular cytotoxicity in
infectious mononucleosis. Infect Immun 24, 121-6.

225

Hibberd, M. L., Wong, F. S., Nicholson, L. B., and Demaine, A. G. (1993). Analysis of
human T-cell receptor V beta gene usage following immunization to tetanus toxoid in
vivo. Immunology 79, 398-402.
Hingorani, R., Choi, I. H., Akolkar, P., Gulwani-Akolkar, B., Pergolizzi, R., Silver, J.,
and Gregersen, P. K. (1993). Clonal predominance of T cell receptors within the CD8+
CD45RO+ subset in normal human subjects. J Immunol 151, 5762-9.
Hintzen, R. Q., de Jong, R., Lens, S. M., Brouwer, M., Baars, P., and van Lier, R. A.
(1993). Regulation of CD27 expression on subsets of mature T-lymphocytes. J Immunol
151, 2426-35.
Hintzen, R. Q., Lens, S. M., Koopman, G., Pals, S. T., Spits, H., and van Lier, R. A.
(1994). CD70 represents the human ligand for CD27. Int Immunol 6, 477-80.
Hoflich, C., Docke, W. D., Busch, A., Kern, P., and Volk, H. D. (1998).
CD45RA(bright)/CDlla(bright) CD8+ T cells: effector T cells. Int Immunol 10, 183745.
Hoi, B. E., Hintzen, R. Q., Van Lier, R. A., Alberts, C., Out, T. A., and Jansen, H. M.
(1993). Soluble and cellular markers of T cell activation in patients with pulmonary
sarcoidosis. Am Rev Respir Dis 148, 643-9.
Hori, S., Haury, M., Lafaille, J. J., Demengeot, J., and Coutinho, A. (2002). Peripheral
expansion o f thymus-derived regulatory cells in anti-myelin basic protein T cell
receptor transgenic mice. Eur J Immunol 32, 3729-35.
Hou, S., Hyland, L., Ryan, K. W., Portner, A., and Doherty, P. C. (1994). Virus-specific
CD8+ T-cell memory determined by clonal burst size. Nature 369, 652-4.
Hu, H., Huston, G., Duso, D., Lepak, N., Roman, B., and Swain, S. L. (2001). CD4+ T
cell effectors can become memory cells with high efficiency and without fiirther
division. Nat Immunol 2, 705-10.
lezzi, G., Kaijalainen, K., and Lanzavecchia, A. (1998). The duration of antigenic
stimulation determines the fate of naive and effector T cells. Immunity 8, 89-95.
Jacobs, H., and Bross, L. (2001). Towards an understanding of somatic hypermutation.
Curr Opin Immunol 13, 208-18.
Jamieson, B. D., Douek, D. C., Killian, S., Hultin, L. E., Scripture-Adams, D. D.,
Giorgi, J. V., Marelli, D., Koup, R. A., and Zack, J. A. (1999). Generation of fimctional
thymocytes in the human adult. Immunity 10, 569-75.
Janeway, C. A., Jr., Jones, B., and Hayday, A. (1988). Specificity and fimction of T
cells bearing gamma delta receptors. Immunol Today 9, 73-6.
Janssen, E. M., Lemmens, E. E., Wolfe, T., Christen, U., von Herrath, M. G., and
Schoenberger, S. P. (2003). CD4+ T cells are required for secondary expansion and
memory in CD8+ T lymphocytes. Nature 421, 852-855.

226

Jonuleit, H., Schmitt, E., Stassen, M., Tuettenberg, A., Knop, J., and Enk, A. H. (2001).
Identification and functional characterization of human CD4(+)CD25(+) T cells with
regulatory properties isolated from peripheral blood. J Exp Med 193, 1285-94.
Jordan, M. S., Boesteanu, A., Reed, A. J., Petrone, A. L., Holenbeck, A. E., Lerman, M.
A., Naji, A., and Caton, A. J. (2001). Thymic selection of CD4+CD25+ regulatory T
cells induced by an agonist self-peptide. Nat Immunol 2, 301-6.
Ju, S. T., Cui, H., Panka, D. J., Ettinger, R., and Marshak-Rothstein, A. (1994).
Participation of target Fas protein in apoptosis pathway induced by CD4+ Thl and
CD8+ cytotoxic T cells. Proc Natl Acad Soi U S A 9 1 ,4185-9.
Kaech, S. M., Hemby, S., Kersh, E., and Ahmed, R. (2002). Molecular and functional
profiling of memory CD8 T cell differentiation. Cell 111, 837-51.
Kaech, S. M., and Ahmed, R. (2001). Memory CD8+ T cell differentiation: initial
antigen encounter triggers a developmental programme in naïve cells. Nat Immunol 2,
415-22.
Kagi, D., Ledermann, B., Burki, K., Seiler, P., Odermatt, B., Olsen, K. J., Podack, E. R.,
Zinkemagel, R. M., and Hengartner, H. (1994). Cytotoxicity mediated by T cells and
natural killer cells is greatly impaired in perforin-deficient mice. Nature 369, 31-7.
Kalams, S. A., Johnson, R. P., Trocha, A. K., Dynan, M. J., Ngo, H. S., RT, D. A.,
Kumick, J. T., and Walker, B. D. (1994). Longitudinal analysis of T cell receptor (TCR)
gene usage by human immunodeficiency virus 1 envelope-specific cytotoxic T
lymphocyte clones reveals a limited TCR repertoire. J Exp Med 179, 1261-71.
Kappler, J. W., Staerz, U., White, J., and Marrack, P. C. (1988). Self-tolerance
eliminates T cells specific for Mls-modified products of the major histocompatibility
complex. Nature 332, 35-40.
Kawabe, T., Naka, T., Yoshida, K., Tanaka, T., Fujiwara, H., Suematsu, S., Yoshida,
N., Kishimoto, T., and Kikutani, H. (1994). The immune responses in CD40-deficient
mice: impaired immunoglobulin class switching and germinal center formation.
Immunity 1, 167-78.
Kelso, A., Troutt, A. B., Maraskovsky, E., Gough, N. M., Morris, L., Pech, M. H., and
Thomson, J. A. (1991). Heterogeneity in lymphokine profiles of CD4+ and CD8+ T
cells and clones activated in vivo and in vitro. Immunol Rev 123, 85-114.
Kern, F., Khatamzas, E., Surel, I., Frommel, C., Reinke, P., Waldrop, S. L., Picker, L.
J., and Volk, H. D. (1999). Distribution of human CMV-specific memory T cells among
the CD8pos. subsets defined by CD57, CD27, and CD45 isoforms. Eur J Immunol 29,
2908-15.
Khan, N., Shariff, N., Cobbold, M., Bruton, R., Ainsworth, J. A., Sinclair, A. J., Nayak,
L., and Moss, P. A. (2002). Cytomegalovirus seropositivity drives the CD8 T cell
repertoire toward greater clonality in healthy elderly individuals. J Immunol 169, 198492.

227

Khor, B., and Sleckman, B. P. (2002). Allelic exclusion at the TCRbeta locus. Curr
Opin Immunol 14, 230-4.
Kieff, E. (1996). Epstein-Barr virus and its replication. In Fundamnetal Virology, B. N.
Fields, D. M. Knipe and P. M. Hawley, eds. (Philadelphia: Lippincott-Raven), pp. 11091162.
Kimmig, S., Przybylski, G. K., Schmidt, C. A., Laurisch, K., Mowes, B., Radbruch, A.,
and Thiel, A. (2002). Two subsets of naive T helper cells with distinct T cell receptor
excision circle content in human adult peripheral blood. J Exp Med 195, 789-94.
Kimura, N., Toyonaga, B., Yoshikai, Y., Triebel, F., Debre, P., Minden, M. D., and
Mak, T. W. (1986). Sequences and diversity of human T cell receptor beta chain
variable region genes. JE xp Med 164, 739-50.
Klenerman, P., Hengartner, H., and Zinkemagel, R. M. (1997). A non-retroviral RNA
vims persists in DNA form. Nature 390, 298-301.
Kostense, S., Raaphorst, F. M., Joling, J., Notermans, D. W., Prins, J. M., Danner, S. A.,
Reiss, P., Lange, J. M., Teale, J. M., and Miedema, F. (2001). T cell expansions in
lymph nodes and peripheral blood in HIV-1-infected individuals: effect of antiretroviral
therapy. Aids 15, 1097-107.
Kozieradzki, I., Kundig, T., Kishihara, K., Ong, C. J., Chiu, D., Wallace, V. A., Kawai,
K., Timms, E., lonescu, J., Ohashi, P., Marth, J. D., Mak, T. W., and Penninger, J. M.
(1997). T cell development in mice expressing splice variants of the protein tyrosine
phosphatase CD45. J Immunol 158, 3130-9.
Krammer, P. H. (1999). CD95(APO-l/Fas)-mediated apoptosis: live and let die. Adv
Immunol 71, 163-210.
Ku, C. C., Kotzin, B., Kappler, J., and Marrack, P. (1997). CD8+ T-cell clones in old
mice. Immunol Rev 160, 139-44.
Kundig, T. M., Bachmann, M. F., Oehen, S., Hoffmann, U. W., Simard, J. J., Kalberer,
C. P., Pircher, H., Ohashi, P. S., Hengartner, H., and Zinkemagel, R. M. (1996). On the
role o f antigen in maintaining cytotoxic T-cell memory. Proc Natl Acad Sci U S A 93,
9716-23.
Kuijpers, T. W., Vossen, M. T., Gent, M. R., Roos, M. T., Wertheim-van Dillen, Weel
J. F., Baars, P. A., van Lier R. A. (2003). Frequencies of circulating cytolytic,
CD45RA+CD27-, CD8+ T lymphocytes depend on infection with CMV. J Immunol
170, 4342-8.
Kurokawa, M., Fumkawa, H., Yabe, T., Matsui, T., Toda, M., Hamada, C., Kasukawa,
R., Yamamoto, K., Nishioka, K., and Kato, T. (1999). Frequency of clonally expanded
T cells evaluated by PGR from a single cell. J Immunol Methods 224, 203-8.

228

Kurosawa, K., Kobata, T., Tachibana, K., Agematsu, K., Hirose, T., Schlossman, S. F.,
and Morimoto, C. (1994). Differential regulation of CD27 expression on subsets of CD4
T cells. Cell Immunol 158, 365-75.
Labalette, M., Salez, P., Pruvot, F. R., Noel, C., and Dessaint, J. P. (1994). CDS
lymphocytosis in primary cytomegalovirus (CMV) infection of allograft recipients:
expansion of an uncommon CD8+ CD57- subset and its progressive replacement by
CD8+ CD57+ T cells. Clin Exp Immunol 95, 465-71.
Lacorazza, H. D., Tucek-Szabo, C., Vasovic, L. V., Remus, K., and Nikolich-Zugich, J.
(2001). Premature TCR alpha beta expression and signaling in early thymocytes impair
thymocyte expansion and partially block their development. J Immunol 166, 3184-93.
Lafaille, J. J., DeCloux, A., Bonneville, M., Takagaki, Y., and Tonegawa, S. (1989).
Junctional sequences of T cell receptor gamma delta genes: implications for gamma
delta T cell lineages and for a novel intermediate of V-(D)-J joining. Cell 59, 859-70.
Lanzavecchia, A. (1998). Immunology. Licence to kill. Nature 393, 413-4.
Lau, L. L., Jamieson, B. D., Somasundaram, T., and Ahmed, R. (1994). Cytotoxic Tcell memory without antigen. Nature 369, 648-52.
Lee, N. A., Loh, D. Y., and Lacy, E. (1992). CDS surface levels alter the fate of
alpha/beta T cell receptor-expressing thymocytes in transgenic mice. J Exp Med 175,
1013-25.
Leitenberg, D., Boutin, Y., Lu, D. D., and Bottomly, K. (1999). Biochemical association
of CD45 with the T cell receptor complex: regulation by CD45 isoform and during T
cell activation. Immunity 10, 701-11.
LeMaoult, J., Messaoudi, I., Manavalan, J. S., Potvin, H., Nikolich-Zugich, D., Dyall,
R., Szabo, P., Weksler, M. E., and Nikolich-Zugich, J. (2000). Age-related
dysregulation in CDS T cell homeostasis: kinetics of a diversity loss. J Immunol 165,
2367-73.
Levings, M. K., Sangregorio, R., and Roncarolo, M. G. (2001). Human cd25(+)cd4(+) t
regulatory cells suppress naive and memory T cell proliferation and can be expanded in
vitro without loss of function. JE xp Med 193, 1295-302.
Lewis, R. S. (2001). Calcium signaling mechanisms in T lymphocytes. Annu Rev
Immunol 19, 497-521.
Li Pira, G., Oppezzi, L., Seri, M., Westby, M., Caroli, F., Fenoglio, D., Lancia, F.,
Ferraris, A., Bottone, L., Valle, M. T., Kunkl, A., Romeo, G., Dalgleish, A. G., and
Manca, F. (1998). Repertoire breadth of human CD4+ T cells specific for HIV gpl20
and p66 (primary antigens) or for PPD and tetanus toxoid (secondary antigens). Hum
Immunol 59, 137-48.
Liu, K., Prabhu, V., Young, L., Becker, K. G., Munson, P. J., and Weng, NP. (2001).
Augmentation in expression of activation-induced genes differentiates memory from

229

naïve CD4+ T cells and is a molecular mechanism for enhanced cellular response of
memory CD4+ T cells. J Immunol 166, 7335-44.
Liu, Y., Wenger, R. H., Zhao, M., and Nielsen, P. J. (1997). Distinct costimulatory
molecules are required for the induction of effector and memory cytotoxic T
lymphocytes. JE xp Med 185, 251-62.
London, C. A., Lodge, M. P., and Abbas, A. K. (2000). Functional responses and
costimulator dependence of memory CD4 T cells. J Immunol 164, 265-72.
Mackall, C. L., Hakim, F. T., and Gress, R. E. (1997). T-cell regeneration: all
repertoires are not created equal. Immunol Today 18, 245-51.
Madsen, L. S., Andersson, E. C., Jansson, L., krogsgaard, M., Andersen, C. B.,
Engberg, J., Strominger, J. L., Svejgaard, A., Hjorth, J. P., Holmdahl, R.,
Wucherpfennig, K. W., and Fugger, L. (1999). A humanized model for multiple
sclerosis using HLA-DR2 and a human T-cell receptor. Nat Genet 23, 343-7.
Maini, M. K. (1998). Clonal dynamics and turnover in T cell memory (London:
University College London).

Maini, M. K., Gudgeon, N., Wedderbum, L. R., Rickinson, A. B., and Beverley, P. C.
(2000). Clonal Expansions in Acute EBV Infection Are Detectable in the CDS and not
the CD4 Subset and Persist with a Variable CD45 Phenotype. J Immunol 165, 57295737.
Maini, M. K., Casorati, G., Dellabona, P., Beverley, P. C. L. (1999). T-cell clonality in
immune responses. Immunol Today 20, 262-6.
Maini, M. K., Wedderbum, L. R., Hall, F. C., Wack, A., Casorati, G., and Beverley, P.
C. (1998). A comparison o f two techniques for the molecular tracking of specific T-cell
responses; CD4+ human T-cell clones persist in a stable hierarchy but at a lower
frequency than clones in the CD8+ population. Immunology 94, 529-35.
Malissen, M., Trucy, J., Letoumeur, F., Rebai, N., Dunn, D. E., Fitch, F. W., Hood, L.,
and Malissen, B. (1988). A T cell clone expresses two T cell receptor alpha genes but
uses one alpha beta heterodimer for allorecognition and self MHC-restricted antigen
recognition. Cell 55, 49-59.
Maryanski, J. L., Jongeneel, C. V., Bucher, P., Casanova, J. L., and Walker, P. R.
(1996). Single-cell PCR analysis of TCR repertoires selected by antigen in vivo: a high
magnitude CD8 response is comprised of very few clones. Immunity 4, 47-55.
Masopust, D., Vezys, V., Marzo, A. L., and Lefrancois, L. (2001). Preferential
localization of effector memory cells in nonlymphoid tissue. Science 291, 2413-7.
Masuko, K., Kato, T., Ikeda, Y., Okubo, M., Mizushima, Y., Nishioka, K., and
Yamamoto, K. (1994). Dynamic changes of accumulated T cell clonotypes during
antigenic stimulation in vivo and in vitro. Int Immunol 6, 1959-66.

230

Masuko-Hongo, K., Kato, T., Suzuki, S., Sekine, T., Kurokawa, M., Ueda, S., Yamada,
A., Nishioka, K., and Yamamoto, K. (1998). Frequent clonal expansion of peripheral T
cells in patients with autoimmune diseases: a novel detecting system possibly applicable
to laboratory examination. J Clin Lab Anal 12, 162-7.
Matsui, K., Boniface, J. J., Reay, P. A., Schild, H., Fazekas de St Groth, B., and Davis,
M. M. (1991). Low affinity interaction of peptide-MHC complexes with T cell
receptors. Science 254, 1788-91.
McHeyzer-Williams, M. G., and Davis, M. M. (1995). Antigen-specific development of
primary and memory T cells in vivo. Science 268, 106-11.
McLean, A. R., and Michie, C. A. (1995). In vivo estimates of division and death rates
of human T lymphocytes. Proc Natl Acad Sci U S A 92, 3707-11.
Medzhitov, R., and Janeway, C. (2000). Innate immune recognition: mechanisms and
pathways. Immunol Rev 173, 89-97.
Merkenschlager, M., and Beverley, P. C. (1989). Evidence for differential expression of
CD45 isoforms by precursors for memory-dependent and independent cytotoxic
responses: human CD8 memory CTLp selectively express CD45RO (UCHLl). Int
Immunol 1, 450-9.
Merkenschlager, M., Terry, L., Edwards, R., and Beverley, P. C. L. (1988). Limiting
dilution analysis of proliferative responses in human lymphocyte populations defined by
the monoclonal antibody UCHLl: implications for differential CD45 expression in T
cell memory formation. Eur J Immunol 18, 1653-61.
Miceli, M. C., von Hoegen, P., and Pames, J. R. (1991). Adhesion versus coreceptor
function o f CD4 and CD8: role of the cytoplasmic tail in coreceptor activity. Proc Natl
Acad Sci U S A 88, 2623-7.
Michie, A. M., Carlyle, J. R., and Zuniga-Pflucker, J. C. (1998). Early intrathymic
precursor cells acquire a CD4(low) phenotype. J Immunol 160, 1735-41.
Michie, C. A., McLean, A., Alcock, C., and Beverley, P. C. (1992). Lifespan of human
lymphocyte subsets defined by CD45 isoforms. Nature 360, 264-5.
Minutello, M. A., Piled, P., Unutmaz, D., Censini, S., Kuo, G., Houghton, M., Brunetto,
M. R., Bonino, F., and Abrignani, S. (1993). Compartmentalization of T lymphocytes to
the site of disease: intrahepatic CD4+ T cells specific for the protein NS4 of hepatitis C
virus in patients with chronic hepatitis C. JE xp Med 178, 17-25.
Miyawaki, T., Uehara, T., Nibu, R., Tsuji, T., Yachie, A., Yonehara, S., Taniguchi, N.
(1992). Differential expression of apoptosis-related Fas antigen on lymphocyte
subpopulations in human peripheral blood. J Immunol 149, 3753-8.
Miyawaki, T., Kasahara, Y., Kanegane, H., Ohta, K., Yokoi, T., Yachie, A., and
Taniguchi, N. (1991). Expression of CD45R0 (UCHLl) by CD4+ and CD8+ T cells as
a sign of in vivo activation in infectious mononucleosis. Clin Exp Immunol 83, 447-51.

231

Mocarski, E. S., and Courcelle, C. T. (2001). Cytomegalovirus and their replication. In
Fields Virology, D. M. Knipe and P. M. Hawley, eds. (Philadelphia: Lippincott
Williams and Wilkins), pp. 2629-2674,
Mombaerts, P., lacomini, J., Johnson, R. S., Herrup, K., Tonegawa, S., and
Papaioannou, V. E. (1992). RAG-1-deficient mice have no mature B and T
lymphocytes. Cell 68, 869-77.
Mond, J. J., Vos, Q., Lees, A., and Snapper, C. M. (1995). T cell independent antigens.
Curr Opin Immunol 7, 349-54.
Moody, E. M., and Bevilacqua, P. C. (2003). Thermodynamic Coupling of the Loop and
Stem in Unusually Stable DNA Hairpins Closed by CO Base Pairs. J Am Chem Sac
125, 2032-3.
Morley, J. K., Batliwalla, F. M., Hingorani, R., and Gregersen, P. K. (1995).
Oligoclonal CD8+ T cells are preferentially expanded in the CD57+ subset. J Immunol
154,6182-90.
Mueller, Y. M., Makar, V., Bojczuk, P. M., and Witek, J. (2003). IL-15 enhances the
function and inhibits CD95/Fas induced apoptosis of human CD4+ and CD8+ effectormemory T cells. Int Immunol 15, 49-58.
Mullbacher, A. (1994). The long-term maintenance of cytotoxic T cell memory does not
require persistence of antigen. JE xp Med 179, 317-21.
Murali-Krishna, K., Lau, L. L., Sambhara, S., Lemonnier, F., Altman, J., and Ahmed, R.
(1999). Persistence of memory CD8 T cells in MHC class I-deficient mice. Science 286,
1377-81.
Murray, R. J., Kurilla, M. G., Brooks, J. M., Thomas, W. A., Rowe, M., Kieff, E., and
Rickinson, A. B. (1992). Identification of target antigens for the human cytotoxic T cell
response to Epstein-Barr virus (EBV): implications for the immune control of EBVpositive malignancies. JE xp Med 176, 157-68.
Musette, P., Bequet, D., Delarbre, C., Gachelin, G., Kourilsky, P., and Dormont, D.
(1996). Expansion of a recurrent V beta 5.3+ T-cell population in newly diagnosed and
untreated HLA-DR2 multiple sclerosis patients. Proc Natl Acad Sci U S A93, 12461-6.
Naumov, Y. N., Hogan, K. T., Naumova, E. N., Pagel, J. T., and Gorski, J. (1998). A
class I MHC-restricted recall response to a viral peptide is highly polyclonal despite
stringent CDR3 selection: implications for establishing memory T cell repertoires in
"real-world" conditions. J Immunol 160, 2842-52.
Negulescu, P. A., Kraieva, T., Khan, A., Kerschbaum, H. H., Cahalan, M. D. (1996).
Polarity of T cell shape, motility, and sensitivity to antigen. Immunity 4, 421-30.
Newell, M. K., Haughn, L. J., Maroun, C. R., and Julius, M. H. (1990). Death of mature
T cells by separate ligation of CD4 and the T-cell receptor for antigen. Nature 347, 2869.

232

Nijhuis, E. W., Remarque, E. J., Hinloopen, B., Van der Pouw-Kraan, T., Van Lier, R.
A., Ligthart, G. J., and Nagelkerken, L. (1994). Age-related increase in the fraction of
CD27-CD4+ T cells and IL-4 production as a feature of CD4+ T cell differentiation in
vivo. Clin Exp Immunol 96, 528-34.
Nishibe, S., Wahl, M. I., Hemandez-Sotomayor, S. M., Tonks, N. K., Rhee, S. G., and
Carpenter, G. (1990). Increase of the catalytic activity of phospholipase C-gamma 1 by
tyrosine phosphorylation. Science 250, 1253-6.
O'Brien. L. R., Happ, M. P., Dallas, A., Palmer, E., Kubo, R., and Bom, W. K. (1989).
Stimulation o f a major subset of lymphocytes expressing T cell receptor gamma delta
by an antigen derived from Mycobacterium tuberculosis. Cell 57, 667-74.
Opferman, J. T., Ober, B. T., Narayanan, R., and Ashton-Rickardt, P. G. (2001). Suicide
induced by cytolytic activity controls the differentiation of memory CD8+ T
lymphocytes. Int Immunol 13, 411-19.
Opferman, J. T., Ober, B. T., and Ashton-Rickardt, P. G. (1999). Linear differentiation
of cytotoxic effectors into memory T lymphocytes. Science 283, 1745-8.
Orteu, C. H., Poulter, L. W., Rustin, M. H., Sabin, C. A., Salmon, M., and Akbar, A. N.
(1998). The role o f apoptosis in the resolution of T cell-mediated cutaneous
inflammation. J Immunol 161,1619-29.
Ou, W. J., Cameron, P. H., Thomas, D. Y., and Bergeron, J. J. (1993). Association of
folding intermediates o f glycoproteins with calnexin during protein maturation. Nature
364, 771-6.
Pannetier, C., Cochet, M., Darche, S., Casrouge, A., Zoller, M., and Kourilsky, P.
(1993). The sizes of the CDR3 hypervariable regions of the murine T-cell receptor beta
chains vary as a function of the recombined germ-line segments. Proc Natl Acad Sci U
S A 9 0 , 4319-23.
Pannetier, C., Even, J., and Kourilsky, P. (1995). T-cell repertoire diversity and clonal
expansions in normal and clinical samples. Immunol Today 16, 176-81.
Pantaleo, G., Soudeyns, H., Demarest, J. F., Vaccarezza, M., Graziosi, C., Paolucci, S.,
Daucher, M., Cohen, O. J., Denis, F., Biddison, W. E., Sekaly, R. P., and Fauci, A. S.
(1997). Evidence for rapid disappearance of initially expanded HIV-specific CD8+ T
cell clones during primary HIV infection. Proc Natl Acad Sci U S A 9 4 , 9848-53.
Perkins, D. L., Listman, J. A., Marshak-Rothstein, A., Kozlow, W., Kelley, V. R., Finn,
P. W., and Rimm, I. J. (1996). Restriction of the TCR repertoire inhibits the
development o f memory T cells and prevents autoimmunity in Ipr mice. J Immunol 156,
4961-8.
Posnett, D. N., Edinger, J. W., Manavalan, J. S., Irwin, C., and Marodon, G. (1999).
Differentiation o f human CD8 T cells: implications for in vivo persistence of CD8+
CD28- cytotoxic effector clones. Int Immunol 11, 229-41.

233

Posnett, D. N., Sinha, R., Kabak, S., and Russe, C. (1994). Clonal populations of T cells
in normal elderly humans: the T cell equivalent to "benign monoclonal gammapathy". J
Exp Med 179, 609-18.
Prevost-Blondel, A., Lengagne, R., Letoumeur, P., Pannetier, C., Gomard, E., and
Guillet, J. G. (1997). In vivo longitudinal analysis of a dominant TCR repertoire
selected in human response to influenza vims. Virology 233, 93-104.
Quan, L. T., Tewari, M., K, O. R., Dixit, V., Snipas, S. J., Poirier, G. G., Ray, C.,
Pickup, D. J., and Salvesen, G. S. (1996). Proteolytic activation of the cell death
protease Yama/CPP32 by granzyme B. Proc Natl Acad Sci U S A 9 3 , 1972-6.
Ramstein, J., and Lavery, R. (1988). Energetic coupling between DNA bending and
base pair opening. Proc Natl Acad Sci U S A 85, 7231-5.
Rathmell, J. C., Farkash, E. A., Gao, W., and Thompson, C. B. (2001). IL-7 enhances
the survival and maintains the size of naïve T cells. J Immunol 167, 6869-76.
Read, S., Mauze, S., Asseman, C., Bean, A., Coffman, R., and Powrie, F. (1998).
CD38+ CD45RB(low) CD4+ T cells: a population of T cells with immune regulatory
activities in vitro. Eur J Immunol 28, 3435-47.
Rehermann, B., Ferrari, C., Pasquinelli, C., and Chisari, F. V. (1996). The hepatitis B
vims persists for decades after patients' recovery from acute viral hepatitis despite
active maintenance of a cytotoxic T-lymphocyte response. Nat Med 2, 1104-8.
Reijonen, H., and Kwok, W. W. (2003). Use of HLA class II tetramers in tracking
antigen-specific T cells and mapping T-cell epitopes. Methods 29, 282-8.
Ricalton, N. S., Roberton, C., Norris, J. M., Rewers, M., Hamman, R. F., and Kotzin, B.
L. (1998). Prevalence of CD8+ T-cell expansions in relation to age in healthy
individuals. J Gerontol A Biol Sci Med Sci 53, B 196-203.
Richards, D., Chapman, M. D., Sasama, J., Lee, T. H., and Kemeny, D. M. (1997).
Immune memory in CD4+ CD45RA+ T cells. Immunology 91, 331-9.
Rickinson, A. B., and Gregory, C. D. (1993). Immunology of Epstein-Barr vims
infection. In Clinical aspects o f immunology, P. J. Lachmann, D. K. Peters, F. S. Rosen
and M. J. Walport, eds. (Cambridge: Blackwell Science Publications), pp. 1519-1534.
Rickinson, A. B., and Moss, D. J. (1997). Human cytotoxic T lymphocyte responses to
Epstein-Barr vims infection. Annu Rev Immunol 15, 405-31.
Rickinson, A. B., Murray, R. J., Brooks, J., Griffin, H., Moss, D. J., and Masucci, M. G.
(1992). T cell recognition of Epstein-Barr vims associated lymphomas. Cancer Surv 13,
53-80.
Robinson, M. A., Mitchell, M. P., Wei, S., Day, C. E., Zhao, T. M., and Concannon, P.
(1993). Organization of human T-cell receptor beta-chain genes: clusters of V beta
genes are present on chromosomes 7 and 9. Proc Natl Acad Sci U S A 9 ^ , 2433-7.

234

Saito, H., Kranz, D. M., Takagaki, Y., Hayday, A. C., Eisen, H. N., and Tonegawa, S.
(1984). Complete primary structure of a heterodimeric T-cell receptor deduced from
cDNA sequences. Nature 309, 757-62.
Saito, T., and Watanabe, N. (1998). Positive and negative thymocyte selection. Crit Rev
Immunol 18, 359-70.
Salaun, J., Bandeira, A., Khazaal, I., Caiman, F., Coltey, M., Coutinho, A., and Le
Douarin, N. M. (1990). Thymic epithelium tolerizes for histocompatibility antigens.
Science 1^1, 1471-4.
Sallusto, F., Lenig, D., Forster, R., Lipp, M., and Lanzavecchia, A. (1999). Two subsets
of memory T lymphocytes with distinct homing potentials and effector functions.
Nature 401, 708-12.
Salmon, M., Pilling, D., Borthwick, N. J., Viner, N., Janossy, G., Bacon, P. A., and
Akbar, A. N. (1994). The progressive differentiation of primed T cells is associated with
an increasing susceptibility to apoptosis. Eur J Immunol 24, 892-9.
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Cloning, a laboratory
manual: Cold Spring Harbour Laboratory Press).
Sanf Angelo, D. B., Waterbury, P. G., Cohen, B. E., Martin, W. D., Van Kaer, L.,
Hayday, A. C., and Janeway, C. A., Jr. (1997). The imprint of intrathymic self-peptides
on the mature T cell receptor repertoire. Immunity 7, 517-24.
Schelonka, R. L., Raaphorst, F. M., Infante, D., Kraig, E., Teale, J. M., and Infante, A.
J. (1998). T cell receptor repertoire diversity and clonal expansion in human neonates.
Pediatr Res 43, 396-402.
Schmidt, D., Martens, P. B., Weyand, C. M., and Goronzy, J. J. (1996). The repertoire
of CD4+ CD28- T cells in rheumatoid arthritis. Mol Med 2, 608-18.
Schwab, R., Szabo, P., Manavalan, J. S., Weksler, M. E., Posnett, D. N., Pannetier, C.,
Kourilsky, P., and Even, J. (1997). Expanded CD4+ and CD8+ T cell clones in elderly
humans. J Immunol 158,4493-9.
Schwartz, R. H. (1990). A cell culture model for T lymphocyte clonal anergy. Science
248, 1349-56.
Schwarzler, C., Oliferenko, S., and Gunthert, U. (2001). Variant isoforms of CD44 are
required in early thymocyte development. Eur J Immunol 31, 2997-3005.
Sebzda, E., Mariathasan, S., Ohteki, T., Jones, R., Bachmann, M. F., and Ohashi, P. S.
(1999). Selection o f the T cell repertoire. Annu Rev Immunol 17, 829-74.
Seder, R. A., Boulay, J. L., Finkelman, F., Barbier, S., Ben-Sasson, S. Z., Le Gros, G.,
and Paul, W. E. (1992). CD8+ T cells can be primed in vitro to produce IL-4. J
Immunol 148, 1652-6.

235

Sha, W. C., Nelson, C. A., Newberry, R. D., Kranz, D. M., Russell, J. H., and Loh, D.
Y. (1988). Positive and negative selection of an antigen receptor on T cells in transgenic
mice. Nature 336, 73-6.
Sha, W. C., Nelson, C. A., Newberry, R. D., Pullen, J. K., Pease, L. R., Russell, J. H.,
and Loh, D. Y. (1990). Positive selection of transgenic receptor-bearing thymocytes by
Kb antigen is altered by Kb mutations that involve peptide binding. Proc Natl Acad Sci
87, 6186-90.
Shahinian, A., Pfeffer, K., Lee, K. P., Kundig, T. M., Kishihara, K., Wakeham, A.,
Kawai, K., Ohashi, P. S., Thompson, C. B., and Mak, T. W. (1993). Differential T cell
costimulatory requirements in CD28-deficient mice. Science 261, 609-12.
Shaw, A. S., and Dustin, M. L. (1997). Making the T cell receptor go the distance: a
topological view of T cell activation. Immunity 6, 361-9.
Shen, D. P., Doukhan, L., Kalams, S., and Delwart, E. (1998). High-resolution analysis
of T-cell receptor beta-chain repertoires using DNA heteroduplex tracking: generally
stable, clonal CD8+ expansions in all healthy young adults. J Immunol Methods 215,
113-21.
Shimizu, J., Yamazaki, S., Takahashi, T., Ishida, Y., and Sakaguchi, S. (2002).
Stimulation of CD25(+)CD4(+) regulatory T cells through GITR breaks immunological
self-tolerance. Nat Immunol 3, 135-42.
Silins, S. L., Cross, S. M., Elliott, S. L., Pye, S. J., Burrows, J. M., Moss, D. J., and
Misko, I. S. (1997). Selection of a diverse TCR repertoire in response to an Epstein-Barr
virus-encoded transactivator protein BZLFl by CD8+ cytotoxic T lymphocytes during
primary and persistent infection. Int Immunol 9, 1745-55.
Sim, B. C., Wung, J. L., and Gascoigne, N. R. (1998). Polymorphism within a TCRAV
family influences the repertoire through class I/II restriction. J Immunol 160, 1204-11.
Simpson, E., Dyson, P. J., Knight, A. M., Robinson, P. J., Elliott, J. I., and Altmann, D.
M. (1993). T-cell receptor repertoire selection by mouse mammary tumor viruses and
MHC molecules. Immunol Rev 131, 93-115.
Sing, G. K., Li, D., Chen, X., Macnaughton, T., Lichanska, A. M., Butterworth, L.,
Ladhams, A., and Cooksley, G. (2001). A molecular comparison of T lymphocyte
populations infiltrating the liver and circulating in the blood of patients with chronic
hepatitis B: evidence for antigen-driven selection of a public complementaritydetermining region 3 (CDR3) motif. Hepatology 33, 1288-98.
Sleckman, B. P., Bassing, C. H., Hughes, M. M., Okada, A., D'Auteuil, M., Wehrly, T.
D., Woodman, B. B., Davidson, L., Chen, J., and Alt, F. W. (2000). Mechanisms that
direct ordered assembly of T cell receptor p locus V, D, and J gene segments. Proc Natl
Acad Sci U S A 97,7975-80.

236

Smith, T. J., Terada, N., Robinson, C. C., and Gelfand, E. W. (1993). Acute infectious
mononucleosis stimulates the selective expression/expansion of V beta 6.1-3 and V beta
7 T cells. Blood 81, 1521-6.
Soares, M. V. D., Plunkett, F. J., Verbeke, C. S., Cook, J. E., Faint, J., Belaramani, L.,
Fletcher, J. M., Hammerscbmitt, N., Rustin, M., Bergler, W., Beverley, P. C. L.,
Salmon, M., and Akbar, A. N. (2003). The integration of apoptosis and telomere erosion
in virus-specific CD8^ T cells in tonsils during primary infection. (Submitted)
Sorrentino, R., lannicola, C., Costanzi, S., Cbersi, A., and Tosi, R. (1991). Detection of
complex alleles by direct analysis of DNA beteroduplexes. Immunogenetics 33,118-23.
Sourdive, D. J., Murali-Krisbna, K., Altman, J. D., Zajac, A. J., Whitmire, J. K.,
Pannetier, C., Kourilsky, P., Evavold, B., Sette, A., and Ahmed, R. (1998). Conserved T
cell receptor repertoire in primary and memory CD8 T cell responses to an acute viral
infection. JE xp Med 188, 71-82.
Sozzani, S., Allavena, P., G, D. A., Luini, W., Biancbi, G., Kataura, M., bnai. T.,
Yosbie, O., Boneccbi, R., and Mantovani, A. (1998). Differential regulation of
cbemokine receptors during dendritic cell maturation: a model for their trafficking
properties. J Immunol 161, 1083-6.
Sparsbott, S. M, Bell, E. B, and Sarawar, S. R. (1991). CD45R CD4 T cell subsetreconstituted nude rats: subset dependent survival of recipients and bi-directional
isoform switching. Eur J Immunol 21, 993-1000.
Srivastava, P. (2002). Roles of beat-shock proteins in innate and adaptive immunity.
Nat Rev Immunol 2, 185-94.
Stephens, L. A., Mottet, C., Mason, D., and Powrie, F. (2001). Human CD4(+)CD25(+)
thymocytes and peripheral T cells have immune suppressive activity in vitro. Eur J
Immunol 31, 1247-54.
Stem, L. J., Brown, J. H., Jardetzky, T. S., Gorga, J. C., Urban, R. G., Strominger, J. L.,
and Wiley, D. C. (1994). Crystal stmcture of the human class II MHC protein HLADRl complexed with an influenza vims peptide. Nature 368, 215-21.
Sunder-Plassmann, R., Pickl, W. F., Majdic, O., Knapp, W., and Holter, W. (1995).
Crosslinking o f CD27 in the presence of CD28 costimulation results in T cell
proliferation and cytokine production. Cell Immunol 164, 20-7.
Swain, S. L., Hu, H., and Huston, G. (1999). Class Il-independent generation of CD4
memory T cells from effectors. Science 286, 1381-3.
Taams, L. S., Smith, J., Rustin, M. H., Salmon, M., Poulter, L. W., and Akbar, A. N.
(2001). Human anergic/suppressive CD4(+)CD25(+) T cells: a highly differentiated and
apoptosis-prone population. Eur J Immunol 31, 1122-31.
Taams, L. S., Vukmanovic-Stejic, M., Smith, J., Dunne, P. J., Fletcher, J. M., Plunkett,
F. J., Ebeling, S. B., Lombardi, G., Rustin, M. H., Bijlsma, J. W., Lafeber, F. P.,

237

Salmon, M., and Akbar, A. N. (2002). Antigen-specific T cell suppression by human
CD4+CD25+ regulatory T cells. Eur J Immunol 32, 1621-30.
Tan, J. T., Ernst, B., Kieper, W. C., LeRoy, E., Sprent, J., and Surh, C. D. (2002).
Interleukin (IL)-15 and IL-7 jointly regulate homeostatic proliferation of memory
phenotype CD8+ cells but are not required for memory phenotype CD4+ cells. J Exp
Med 195, 1523-32.
Tan, J. T., Dudl, E., LeRoy, E., Murray, R., Sprent, J., Weinberg, K. I., and Suhr, C. D.
(2001). IL-7 is critical for homeostatic proliferation and survival of naïve T cells. Proc
Natl Acad Sci U S A9S, 8732-7.
Tangye, S. G., Ferguson, A., Avery, D. T., Ma, C. S., and Hodgkin, P. D. (2002).
Isotype switching by human B cells is division-associated and regulated by cytokines. J
Immunol 169, 4298-306.
Thorstenson, K. M., and Khoruts, A. (2001). Generation of anergic and potentially
immunoregulatory CD25+CD4 T cells in vivo after induction of peripheral tolerance
with intravenous or oral antigen. J Immunol 167, 188-95.
Tindall, K. R., and Kunkel, T. A. (1988). Fidelity of DNA synthesis by the Thermus
aquaticus DNA polymerase. Biochemistry 27, 6008-13.
Tomiyama, H., Matsuda, T., and Takiguchi, M. (2002). Differentiation of human
CD8(+) T cells fi'om a memory to memory/effector phenotype. J Immunol 168, 553850.
Tonegawa, S. (1983). Somatic generation of antibody diversity. Nature 302, 575-81.
Torres-Nagel, N., Mehling, B., LeRolle, A. F., Joly, E., and Hunig, T. (2001). Genetic
control of peripheral TCRAV usage by representation in the preselection repertoire and
MHC allele-specific overselection. Int Immunol 13, 63-73.
Torres-Nagel, N., Herrmann, T., Giegerich, G., Wonigeit, K., and Hunig, T. (1994).
Preferential TCR V usage in positive repertoire selection and alloreactivity of rat Tlymphocytes. Int Immunol 6, 1367.
Tough, D. F., Borrow, P., and Sprent, J. (1996). Induction of bystander T cell
proliferation by viruses and type I interferon in vivo. Science 272,1947-50.
Townsend, A., and Bodmer, H. (1989). Antigen recognition by class I-restricted T
lymphocytes. Annu Rev Immunol 7, 601-24.
Trautmann, A., Ruckert, B., Schmid-Grendelmeier, P., Niederer, E., Brocker, E. B.,
Blaser, K., and Akdis, C. A. (2003). Human CD8 T cells of the peripheral blood contain
a low CD8 expressing cytotoxic/effector subpopulation. Immunology 108, 305-12.
Trop, S., Rhodes, M., Wiest, D. L., Hugo, P., and Zuniga-Pflucker, J. C. (2000).
Competitive displacement of pT alpha by TCR-alpha during TCR assembly prevents
surface coexpression of pre-TCR and alpha beta TCR. J Immunol 165, 5566-72.

238

Turner, J. M., Brodsky, M. H., Irving, B. A., Levin, S. D., Perlmutter, R. M., and
Littman, D. R. (1990). Interaction of the unique N-terminal region of tyrosine kinase
p561ck with cytoplasmic domains of CD4 and CDS is mediated by cysteine motifs. Cell
60, 755-65.
Tussey, L., Speller, S., Gallimore, A., and Vessey, R. (2000). Functionally distinct
CD8+ memory T cell subsets in persistent EBV infection are differentiated by
migratory receptor expression. Eur J Immunol 30, 1823-9.
Unsoeld, H., Krautwald, S., Voehringer, D., Kunzendorf, U., and Pircher, H. (2002).
Cutting edge: CCR7+ and CCR7- memory T cells do not differ in immediate effector
cell function. J Immunol 169, 638-41.
Valitutti, S., Muller, S., Celia, M., Padovan, E., and Lanzavecchia, A. (1995). Serial
triggering of many T-cell receptors by a few peptide-MHC complexes. Nature 375, 14851.
Vavassori, M., Maccario, R., Moretta, A., Comoli, P., Wack, A., Locatelli, P.,
Lanzavecchia, A., Maserati, E., Dellabona, P., Casorati, G., and Montagna, D. (1996).
Restricted TCR repertoire and long-term persistence of donor-derived antigenexperienced CD4+ T cells in allogeneic bone marrow transplantation recipients. J
Immunol 157, 5739-47.
Veiga-Femandes, H., Walter, U., Bougeois, C., McLean, A., and Rocha, B. (2000).
Responses of naïve and memory CD8+ T cells to antigen stimulation in vivo. Nat
Immunol 1, 47-53.
von Boehmer, H. (1994). Positive selection of lymphocytes. Cell 76, 219-28.
von Boehmer, H., Kaijalainen, K., Pelkonen, J., Borgulya, P., and Rammensee, H. G.
(1988). The T-cell receptor for antigen in T-cell development and repertoire selection.
Immunol Rev 101, 21-37.
Waase, 1., Kayser, C., Carlson, P. J., Goronzy, J. J., and Weyand, C. M. (1996).
Oligoclonal T cell proliferation in patients with rheumatoid arthritis and their unaffected
siblings. Arthritis Rheum 39, 904-13.
Wack, A., Cossarizza, A., Heltai, S., Barbieri, D., S, D. A., Fransceschi, C., Dellabona,
P., and Casorati, G. (1998). Age-related modifications of the human alphabeta T cell
repertoire due to different clonal expansions in the CD4+ and CD8+ subsets. Int
Immunol 10, 1281-8.
Wack, A., Montagna, D., Dellabona, P., and Casorati, G. (1996). An improved PCRheteroduplex method permits high-sensitivity detection of clonal expansions in complex
T cell populations.
196, 181-92.
Wagner, U., Pierer, M., Kaltenhauser, S., Wilke, B., Seidel, W., Arnold, S., and
Hantzschel, H. (2003). Clonally expanded CD4+CD28null T cells in rheumatoid
arthritis use distinct combinations of T cell receptor BY and BJ elements. Eur J
Immunol 33, 79-84.

239

Wang, Q., Malherbe, L., Zhang, D., Zingler, K., Glaichenhaus, N., and Killeen, N.
(2001). CD4 promotes breadth in the TCR repertoire. J Immunol 167, 4311-20.
Wange, R. L., Malek, S. N,, Desiderio, S., and Samelson, L. E. (1993). Tandem SH2
domains of ZAP-70 bind to T cell antigen receptor zeta and CD3 epsilon from activated
Jurkat T cells. J Biol Chem 268, 19797-801.
Wardenburg, J. B., Fu, C., Jackman, J. K., Flotow, H., Wilkinson, S. E., Williams, D.
H., Johnson, R., Kong, G., Chan, A. C., and Findell, P. R. (1996). Phosphorylation of
SLP-76 by the ZAP-70 protein-tyrosine kinase is required for T-cell receptor fimction. J
Biol Chem 271, 19641-4.
Warren, H. S., and Skipsey, L. J. (1991). Loss of activation-induced CD45RO with
maintenance of CD45RA expression during prolonged culture of T cells and NK cells.
Immunology 74, 78-85.
Wedderbum, L. R., Maini, M. K., Patel, A., Beverley, P. C., and Woo, P. (1999).
Molecular fingerprinting reveals non-overlapping T cell oligoclonality between an
inflamed site and peripheral blood. Int Immunol 11, 535-43.
Weekes, M. P., Carmichael, A. J., Wills, M. R., Mynard, K., and Sissons, J. G. (1999).
Human CD28-CD8+ T cells contain greatly expanded fimctional vims-specific memory
CTL clones. J Immunol 162, 7569-77.
Weekes, M. P., Wills, M. R., Mynard, K., Hicks, R., Sissons, J. G., and Carmichael, A.
J. (1999). Large clonal expansions of human vims-specific memory cytotoxic T
lymphocytes within the CD57+ CD28- CD8+ T-cell population. Immunology 98, 443-9.
Wei, S., Charmley, P., Robinson, M. A., and Concannon, P. (1994). The extent of the
human germline T-cell receptor V beta gene segment repertoire. Immunogenetics 40,
27-36.
Weiss, A., and Littman, D. R. (1994). Signal transduction by lymphocyte antigen
receptors. Cell 76, 263-74.
Wherry, E. J., Teichgraber, V., Becker, T. C., Masopust, D., Kaech, S. M., Antia, R.,
von Andrian, U. H., and Ahmed, R. (2003). Lineage relationship and protective
immunity o f memory CD8 T cell subsets. Nat Immunol 4, 225-34.
Wills, M. R., Carmichael, A. J., Weekes, M. P., Mynard, K., Okecha, G., Hicks, R., and
Sissons, J. G. (1999). Human vims-specific CD8+ CTL clones revert from
CD45ROhigh to CD45RAhigh in vivo: CD45RAhighCD8+ T cells comprise both naive
and memory cells. J Immunol 162, 7080-7.
Wills, M. R., Okecha, G., Weekes, M. P., Gandhi, M. K., Sissons, P. J., and Carmichael,
A. J. (2002). Identification of naive or antigen-experienced human CD8(+) T cells by
expression of costimulation and chemokine receptors: analysis of the human
cytomegalovims-specific CD8(+) T cell response. J Immunol 168, 5455-64.

240

Wilson, A., Maréchal, C., and MacDonald, H. R. (2001). Biased V beta usage in
immature thymocytes is independent of DJ beta proximity and pT alpha pairing. J
Immunol 166, 51-7.
Wing, K., Ekmark, A., Karlsson, H., Rudin, A., and Suri-Payer, E. (2002).
Characterization of human CD25+ CD4+ T cells in thymus, cord and adult blood.
Immunology 106, 190-9.
Woodland, D. L., Kotzin, B. L., and Palmer, E. (1990). Functional consequences of a T
cell receptor D beta 2 and J beta 2 gene segment deletion. J Immunol 144, 379-85.
Wotton, D., Ways, D. K., Parker, P. J., and Owen, M. J. (1993). Activity of both Raf
and Ras is necessary for activation of transcription of the human T cell receptor beta
gene by protein kinase C, Ras plays multiple roles. J Biol Chem 268, 17975-82.
Xu, J., Foy, T. M., Laman, J. D., Elliott, E. A., Dunn, J. J., Waldschmidt, T. J.,
Elsemore, J., Noelle, R. J., and Flavell, R. A. (1994). Mice deficient for the CD40
ligand. Immunity 1, 423-31.
Xu, Z., and Weiss, A. (2002). Negative regulation of CD45 by differential
homodimerization of the alternatively spliced isoforms. Nat Immunol 3, 764-71.
Yamamoto, K., Masuko-Hongo, K., Tanaka, A., Kurokawa, M., Hoeger, T., Nishioka,
K., and Kato, T. (1996). Establishment and application of a novel T cell clonality
analysis using single-strand conformation polymorphism of T cell receptor messenger
signals. Hum Immunol 48, 23-31.
Young, J. L., Ramage, J. M., Gaston, J. S., Beverley, P. C. L. (1997). In vitro responses
of human CD45R0brightRA- and CD45R0-RAbright T cell subsets and their
relationship to memory and naive T cells. Eur J Immunol 9, 2383-90.
Zamoyska, R., and Travers, P. (1995). The function of ap T cells and the role of the co
receptor molecules, CD4 and CD8. In T cell receptors, J. I. Bell, M. J. Owen and E.
Simpson, eds. (Oxford: Oxford University Press).
Zhang, N., Gorin, A., Majumdar, A., Kettani, A., Chemichenko, N., Skripkin, E., and
Patel, D. J. (2001). Dimeric DNA quadruplex containing major groove-aligned A-T-AT and G-C-G-C tetrads stabilized by inter-subunit Watson-Crick A-T and G-C pairs. J
Mol Biol m , 1073-88.
Zhang, W., Sloan-Lancaster, J., Kitchen, J., Trible, R. P., and Samelson, L. E. (1998).
LAT: the ZAP-70 tyrosine kinase substrate that links T cell receptor to cellular
activation. Cell 92, 83-92.
Zimmerman, C., Brduscha-Riem, K., Blaser, C., Zinkemagel, R. M., and Pircher, H.
(1996). Visualization, characterization, and turnover of CD8+ memory T cells in virusinfected hosts. JE xp Med 183, 1367-75.

241

Zinkemagel, R. M., and Doherty, P. C. (1974). Immunological surveillance against
altered self components by sensitised T lymphocytes in lymphocytic choriomeningitis.
Nature 251, 547-8.

242

