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ABSTRACT

The aim of this thesis was to characterise the T cell receptors (TCR) involved in 
two hum an immune responses, and their interaction w ith antigen in the 
context of major histocompatibility molecules. The TCR of a panel of hum an 
CD4+ house dust mite - specific T cell clones were analysed in the context of 
the peripheral TCR repertoire. The clones were found to use a restricted set of 
TCR variable (V) genes, although there was little conservation of junctional 
sequences. Several clones had identical TCR at the sequence level, despite the 
fact that they had been isolated in different years. Screening of amplified TCR 
transcripts from several years later suggested the presence in vivo of long lived 
dominant T cell clones in this response.

The hum an T cell response to the influenza haemagglutinin peptide HA 307 - 
319 in the context of the class 11 molecule DRl was studied in two hum an T cell 
clones derived from different individuals. One of these clones, HA1.7, 
responds equally to HA 307 - 319/DR4, while the other, Cl-1, does not. 
Sequencing of amplified TCR transcripts revealed that the two clones express 
highly related TCRa chains, w ith a conserved junctional motif, bu t very 
different TCRp chains. Modelling studies led to the prediction that a conserved 
glutamic acid residue (94E) in the TCRa junctional region might be critical to 
peptide recognition.

After initial investigation of models for expression of TCR, mutagenesis 
studies of the HA1.7 TCRa chain were performed using transfection into the 
hum an T cell line JRT3T3.5, and the rat basophil line (RBL). In the RBL line, 
ligation of the transfected TCR leads to degranulation, measurable as serotonin 
release. TCRa mutants carrying either alanine or lysine at position 94 no longer 
recognised the HA 307 - 319 /D R l complex. These mutants were not rescued 
by peptides carrying reciprocal charge changes.
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CHAPTER 1 

Introduction

1.1 The vertebrate adaptive immune system

The cells of the vertebrate adaptive immune system afford an individual 
protection against a vast array of potentially pathogenic organisms. Three 
fundam ental features of this system are specificity, mem ory, and the 
discrimination of self from non - self, or tolerance. The specific recognition of 
foreign molecules (known as antigens) and their discrimination from self, are 
central functions of T and B lymphocytes. Lymphocytes also play important 
roles in the subsequent effector mechanisms by which antigens are cleared. The 
T and B cell lineages derive from pluripotential haematopoietic stem cells 
which arise from the foetal liver, and later from the bone marrow. Both B and T 
cells carry highly variable, clonally distributed specific receptors for antigen ; 
surface immunoglobulin and the T cell receptor (TCR), respectively. These 
molecules are genetically and structurally related, suggesting a common 
evolutionary origin.

B cells develop in the Bursa of Fabricius in birds and the bone m arrow of 
mammals, and recognise specific antigen by their surface immunoglobulin. 
Upon antigenic stimulation, they develop into plasma cells which secrete this 
antigen specific receptor as antibody : the so called humoral immune response. 
The antigens bound by antibodies may be proteins, carbohydrates or other 
components of foreign organisms and are recognised as native molecules.

T cells, in contrast, develop in the thymus (Miller, 1961), and are responsible for 
the cell mediated immune response. The T cell antigen specific receptor, a 
heterodimer of ap or y8 chains, is not secreted, and cannot interact directly with 
native antigen alone. Rather, the great majority of T cells bearing ap TCR 
recognise antigen in the form of short peptides which are 'presented' by major 
histocom patibilty complex (MHC) molecules (either class I or class II, as 
described below) on the surface of a second cell, the antigen presenting cell 
(APC) (Townsend et a l , 1989, Rothbard and Gefter, 1991). MHC molecules are 
polymorphic between individuals, and T cells recognise peptide optimally in 
the context of self MHC, a phenom enon know n as MHC restriction 
(Zinkemagel and Doherty, 1974). In theory any cell expressing MHC molecules 
may present antigen to T cells. Some cell types are specialised in this function, 
bearing high levels of MHC products, as well as other surface molecules which

Chapter One : introduction L. R. Wedderburn 1995
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interact w ith T cells : these cells include macrophages, dendtritic cells, and 
activated B cells. Exceptions to the recognition of peptide/M H C  complexes 
include some yô T cells for which the ligand is still unclear (Haas et al, 1993), 
and certain subpopulations of ap T cells which may interact with non-classical 
MHC molecules, such as CDl (Porcelli et al, 1993, Beckman et al, 1994).

The two major subtypes of mature T cell are defined by their expression of the 
cluster of differentiation (CD) molecules, CD4 and CDS. The CD4 molecule, a 
single chain glycoprotein of 55Kd, is expressed on mature T cells whose TCR 
interact with class II products. CD4+ cells are mostly helper T cells (Th), which 
provide help for B cells and other immune effectors primarily through the 
production of cytokines. A m inority of CD4+ cells have a cytotoxic (Tc) 
phenotype. CDS is usually a heterodimer consisting of a  (34Kd) and p (32Kd) 
chains and is expressed on class I restricted T cells. The CDS+ population 
includes most cytotoxic (Tc) cells, whose functions include the lysis of virally 
infected cells (McMichael and Askonas, 197S) and malignantly transformed 
cells (Boon, 1992). CD4 and CDS are also expressed in an ordered sequence on 
developing thymocytes, and have been used extensively in the study of T cell 
development. This is further discussed in section 1.5.

The antigen receptors of both T and B cells are coded for by tandem arrays of 
gene segments, which rearrange during developm ent to produce a vast 
num ber of potential specificities for foreign or self antigens. This collection of 
different reactivities is commonly referred to as the repertoire of either T or B 
cells. The T and B cell repertoires must include some receptors which could be 
autoreactive. To prevent these cells causing autoimmune disease there exist 
several mechanisms of 'silencing' self-reactive lymphocytes, either by deletion 
or functional inactivation. For T cells the major site of such deletion of 
potentially autoreactive cells is the thymus, where T cells are educated' on self 
MHC but deleted if they recognise self antigen with high affinity.

In the absence of three dim ensional structural knowledge of the TCR 
heterodimer, exactly how the TCR 'sees' an MHC molecule plus peptide, the 
latter bound within a peptide binding groove of the MHC, is still unknown. 
Considerable progress has recently been made in understanding this problem, 
by the production of soluble TCR molecules using various strategies (Chien 
and Davis, 1993). Understanding of how thymic selection is mediated has also 
increased dramatically with the use of genetically engineered mice and organ 
culture of foetal thymus tissue. However, several of the central paradoxes of T 
cell biology remain unanswered. As well as the question of the interaction of 
the TCR with its ligand, these include how the same receptor complex can 
m ediate negative and positive selection in the thym us, as well as T cell

Chapter One : introduction L. R. Wedderburn 1995
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activation in the periphery. In order to address these questions it is necessary to 
understand the interaction of the TCR w ith M H C /pep tide  at both the 
structural and functional levels.

The work presented in this thesis considers the interaction between the TCR of 
hum an CD4+ T cells and MHC class 11 molecules plus antigen. Initially, the 
molecular, genetic and developmental features of the biology of the TCR will 
be reviewed in this introduction, followed by a description of the current 
knowledge of TCR gene usage, and an overview of the major functionally 
distinct subpopulations of T cells. Two hum an immune responses were studied 
for this thesis : these will therefore be introduced before a brief description of 
the aims of the work which was undertaken.

1.2 The T cell receptor for antigen

The antigen specific receptor of T lymphocytes comprises a complex of seven 
membrane spanning glycoproteins. Of these, two chains (the TCRap or yÔ 
chains) are highly polymorphic, while the other 5 chains are non variable and 
make up the CD3 complex. A schematic representation of the TCR, CD4 and 
CD3 polypeptides, interacting w ith an MHC class 11 positive antigen 
presenting cell, is shown in figure 1.1. For the purposes of this thesis the term 
TCR is used to describe the ap or yô pair (previously known as Ti), which 
confer antigen specificity (Yague et al, 1985, Davis and Bjorkman, 1988). The 
hum an TCRa and TCRp chains each have a molecular weight of approximately 
45Kd, and form a disulphide - linked heterodimer in the assembled TCR. Like 
immunoglobulin molecules, these TCR molecules have a membrane - proximal, 
constant region, and a membrane - distal variable region. In hum ans the large 
majority of peripheral blood T cells carry the ap TCR while the yô TCR is 
expressed on only 1 - 10% of these cells, although some species, such as the 
sheep, may have up to 30% yô T cells.

1.2.1 The human TCR genes

The antigen specific portion of the TCR was initially identified by anti - 
clonotypic antibodies (Meuer et al, 1983). The m urine and hum an cDNA 
sequences for the TCRp chain were cloned by differential hybridisation 
techniques (H edrick  et al, 1984) or through their sequence hom ology to 
immunoglobulins (Yanagi et al, 1984). Subsequently, cDNA or genomic clones

Chapter One : introduction L. R. Wedderburn 1995
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Figure 1.1 : Schematic diagram of the TCR, CD3 and CD4 molecules and 
their interaction with an MHC class II positive APC. The TCRa and TCRp 
chains are shown interacting with antigenic peptide (black dot), and the MHC 
class II molecule, expressed on the surface of the antigen presenting cell. The 
CD4 and CD3 polypeptides are also shown. The stoichiometry of the CD3 
complex, the alternative form of the Ç chain, and the Ick and fyn molecules, are 
further discussed in the text. Adapted from Williams and Beyers, 1992.
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for the TCRy (Saito et al, 1984a) TCRa (Chien et al, 1984, Salto et al, 1984b), and 
TCR6 chains (Chien et al, 1987) were identified. All of these chains are encoded 
by rearranging gene segments comprising variable (V), joining (J), diversity 
(D), (for TCRp and TCRÔ chains), and constant (C) regions.

All functional V genes have certain highly conserved residues such as the 
cysteines which allow for disulphide bonding within the domain. J segments, 
in com m on w ith the im m unoglobulin J gene segments, have a central 
conserved motif : F-G-X-G. The constant region segments, composed of four 
exons, also provide cysteines for both intra- and inter - chain disulphide bonds, 
w hich  are requ ired  for surface expression (Rubin et al, 1994). The 
transmembrane regions of the TCR chains contain either one (TCRp and TCRy) 
or tw o (TCRa and TCR5 ) positively charged residues which are thought to 
interact w ith negatively charged residues in the CDS chains during assembly of 
the complex (Caspar-Bauguil et al, 1994).

The hum an TCRp locus is located at chromosome 7q32 and spans a distance of 
some 650Kb. The complete sequence of this region from one individual has 
recently been submitted to the international database (Rowen et al, 1994). While 
138 different TCRVp sequences have been submitted to the database, many of 
these are allelic or polymorphic variants. In the TCRp sequence submitted the 
num ber of functional Vp segments is 53, and these are arranged in clusters 
along the 5' region of the locus : however there may be some inter - individual 
variation in this number which has previously been estimated as 57 (Robinson,
1991). Both the m urine and hum an genomes contain a num ber of TCRY 
pseudogenes ; some of these (the so called orphon V genes), have been mapped 
to a d ifferent chromosome from the functional TCRp locus, position 9p 
(Robinson et al, 1993). One human TCRVp null gene, Vpl8, maps to the 3' end 
of the  Cp2 gene and is thought to be the homologue of the m urine Vpl4 
E (M alissen et al, 1986, Charmley et al, 1993).

The humain TCRp locus possesses 2 Cp gene segments, each linked to 1 Dp and 
a cluster o»f Jp gene segments, with 6 Jpl and 7 Jp2 segments associated with the 
C p l an d  (Cp2 genes respectively (Yoshikai et al, 1984, Toyonaga et al, 1985). 
During T cell development, TCRp gene rearrangement occurs initially of D to J 
segm ents, and then of VDJ segments, usually with loss of the intervening DNA. 
The VDJ and  C regions are brought together by splicing at the level of the 
prim ary tr anscript. It is thought that any V segment can rearrange to either of 
the D genes, and Dpi may rearrange to either the Jpl or the Jp2 cluster, the 
latter p e rh a p s  occurring after a failed rearrangem ent at the Jpl site. Most 
analyses suggest that the Dp2 segment only rearranges to Jp2 and Cp2 
segm ents. A  schematic representation of this locus is shown in figure 1.2.
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The hum an TCRa locus is located at chromosome 14q ll and contains 
approximately 60 Va and 60 Ja segments, no D region, and only one C region 
segment (Sim et al, 1984, Yoshikai et al, 1985, Roman-Roman et al, 1991, Koop et 
al, 1992, Wilson et al, 1992). The TCRô gene complex lies within the TCRa locus 
(Chien et al, 1987, Hata et al, 1989), and the V gene pools of these two loci are to 
some extent shared (Sottini et al, 1991). The TCRy chain locus, on the short arm 
of chromosome 7, contains 8 functional V segments, 5 J gene segments and two 
C region segments (LeFranc et al, 1986).

The TCR V gene segments are organised into families according to sequence 
homology, w ith members of a family sharing more than 75% identity at the 
nucleotide level (Wilson et al, 1988). The hum an TCRVp sequences fall into 24 
such families (Concannon et al, 1986, Kimura et al, 1986, Kimura et al, 1987, 
Wilson et al, 1990, Ferradini et al, 1991, Robinson, 1991), while there are 
currently 33 recognised TCRVa families (Klein et al, 1987, Roman-Roman et al, 
1991, Moss et al, 1993). Some of these are single member families, while others, 
such as Vp5, 6 and 13, include multiple members. These latter three families are 
clustered together as a 'cassette' within which all the V genes share highly 
related promoter and untranslated sequences, suggesting that they have arisen 
by relatively recent gene duplication events (Li et al, 1991).

The nomenclature of the TCR genes has been complicated by the large number 
of sequences published and submitted to the database, and in some cases the 
same sequence has been assigned several names, or slightly different sequences 
the same name. An internationally agreed nomenclature has recently been 
suggested and is gradually becoming accepted (WHO, 1993 and Bell et al, 1995, 
in press). For the purposes of this thesis two designations are used for V gene 
sequences : the previously accepted name, followed in brackets by the name 
according to the WHO nomenclature. When a particular V gene segment is 
referred to on several occasions the first of these names is used in the text.

TCR V, D, and J segments are all flanked by recombination signal sequences 
(RSS) which comprise a conserved heptamer sequence separated from an A /T  
rich nonam er by either 12 or 23 bp : this arrangem ent is shared w ith the 
immunoglobulin genes (Hesse et al, 1989) . Gene rearrangem ent occurs in a 
highly ordered sequence, and requires the expression of several genes 
including the recombinase activation genes RAGl and RAG2, (Oettinger et al, 
1990). The disruption of these genes by homologous recombination in mice (the 
so called RAG 'knock - out' or RAG-/- mice) leads to a complete lack of TCR 
positive T cells and Ig positive B cells (Mombaerts et al, 1992b).

DNA joining between V, D and J segments is imprecise, leading to variable 
sequences across these junctions. Further variability (N region variability) is
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created by the activity of terminal deoxynucleotidyl transferase (TdT) which 
adds a variable number of nucleotides between two gene segments, a role it 
also plays in B cells during immunoglobulin gene rearrangement (Desiderio et 
al, 1984). TdT expression can be detected from just before birth in the mouse. 
TCR from mice in which the TdT gene has been disrupted (TdT-/-) show few 
N region nucleotides, much like the foetal sequences from T cells prior to TdT 
expression (Feeney, 1991, Gilfillan et al, 1993). Template dependent addition of 
nucleotides, known as P region activity, also occurs in murine TCR (Lafaille et 
al, 1989), although the evidence for this in hum an TCR sequences is sparse.

The large number of different TCR V, D (for TCRp) and J genes combined with 
N region activity, and the potential for pairing of many TCRa with different 
TCRp chains creates a potentially vast array of different antigen specificities on 
ap positive T cells. This potential diversity has been estimated to be as high as 
10^5, greater than the total number of lymphocytes in the organism (Davis and 
Bjorkman, 1988). Unlike B cells, there is little evidence for somatic 
hypermutation in mature T cells (Ikuta et al, 1985, Hackett et al, 1992), although 
there is some recent evidence for TCR mutation in those T cells interacting with 
B cells in germinal centres (Zheng et al, 1994).

1.2.2 The structure of the TCR/CD3 complex

The full three dimensional structure of the TCR heterodim er has yet to be 
determined. However, comparative modelling based on homology with the 
immunoglobulin (Ig) molecules suggests that each TCR chain consists of two 
dom ains (variable and constant) each w ith intrachain disulphide bonds 
between conserved cysteine residues (Chothia et al, 1988). The structure of the 
Ig V dom ain consists of 9 p-pleated sheets joined by three loops which are 
coded for by the m ost variable sequences and are know n as the 
complementarity determining regions (CDR) 1, 2 and 3 (Wu and Kabat, 1970). 
The specificity of an antibody is thus created by six variable loops : CDRl, 2 
and 3 from each of the H and L chains.

Similarly TCR sequences show most sequence variability in three putative CDR 
regions which are thought to form loops joining the p-pleated sheets. CDRl 
and 2 are coded for by germline sequences. The CDR3 equivalent regions are 
coded for by the junctional V , N, D and J sequences and show the highest 
degree of variability. Several groups have suggested that the CDR3 regions of 
TCR chains make critical contacts with the peptide moiety of the compound 
M H C /peptide antigen, while the CDRl and 2 regions contact the MHC 
(Chothia et al, 1988, Davis and Bjorkman, 1988). This issue is further discussed
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in section 1.6. A recent report of the crystal structure of a TCRp chain confirms 
that this consists of two Ig - like domains (V and C), joined by a relatively rigid 
hinge like region (Bentley et al, 1995).

The nonpolymorphic components of the TCR/CD3 complex are responsible for 
signal transduction after ligation of the TCR has occurred. They include three 
members of the Ig superfam ily : CD3y, 5 and e, (these three alone are 
sometimes referred to as CD3); and two other chains, Ç and r\ (in mice), which 
are highly related to the high affinity IgE receptor y chain (Malissen and 
Schmitt - Verhulst, 1993). The TCRap or TCRyÔ dimers cannot reach the cell 
surface in the absence of CD3 and it is CD3Ç which is limiting in the assembly 
of the complex (Weissman et al, 1989). In the absence of one chain the 
components of TCR/CD3 are rapidly degraded within the cell (Ashwell and 
Klausner, 1990). The exact stoichiometry of the complex is still unclear and may 
vary. For example, in the murine TCR, Ç may exist as a ÇÇ homodimer, or as a 
heterodimer paired with the T| chain, which is a splice variant of Ç. One current 
model suggests that the complex consists of two ap heterodimers, complexed 
with a ye plus a ôe heterodimer as well as the ÇÇ or Çr) pair (Punt et al, 1994, 
Terhorst et al, 1995).

In contrast to the TCRa and TCRp chains, the CD3 chains have cytoplasmic 
sequences of considerable length, which mediate signalling events. While the 
cytoplasmic domain of CD3Ç alone can transduce a signal (Irving and Weiss, 
1991, Letourneur and Klausner, 1991), it is clear that the CD3e chain is also 
capable of coupling the TCR dim er to dow nstream  effector molecules 
(Wegener et al, 1992, Letourneur and Klausner, 1992). These chains have in 
common the presence of immunoreceptor tyrosine activation motifs (ITAMs, 
also known as TAM, or ARAM motifs), consisting of the protein sequence : 
D / E-X-X-Y-X-X-L/ I-X^-g-Y-X-X-L (where X is any amino acid), in their 
cytoplasmic domains. IT AMs are also found in the cytoplasmic tails of many 
other surface molecules with signalling properties such as the y chain of the 
high affinity IgE receptor, FceRl (Keegan and Paul, 1992). These motifs are 
thought to be the site of tyrosine phosphorylation by cellular protein tyrosine 
kinases (PTKs). Once phosphorylated, they are templates for the binding of 
SH2 (src - homology 2) domain - containing proteins which are involved in 
further signalling events.

In T cells, several protein tyrosine kinases have been shown to be involved in 
signalling downstream of the TCR/CD3 complex : these include p59fy^, p56^^^ 
and ZAP-70 (reviewed in Weiss, 1993). p59fy^ is associated with CD3, and 
p56^^^ with the CD4 or CDS molecules : these are both members of the src 
family of kinases and are thought to be involved in the phosphorylation of the
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CDS chains. also plays a critical role in T cell development, as discussed
below. ZAP 70 has been shown to associate with phosphorylated Ç in activated 
T cells (probably via its SH2 domains), and is thought to interact with and 
activate downstream  effector molecules (Malissen and Schmitt - Verhulst,
1993).

TCR stimulation leads to the activation of many cytoplasmic and membrane 
proteins. The best characterised of these are phospholipase C (PLC), p2 1 ^^s and 
calcineurin (Weiss and Littman, 1994). All of these are implicated in the 
transcriptional regulation of the IL-2 gene, which is the most extensively 
studied result of T cell activation. The activation of PLCyl results in the 
production of the second messengers inositol-l,4,5-trisphosphate (IPS) and 
diacylglycerol (DAG). These are responsible for the rap id  increase in 
intracellular calcium and activation of protein kinase C (PKC), respectively. 
PKC induces the active form of the G protein p21^^^s  ̂ which can also be 
activated by PKC independent routes, and this leads to the activation of the 
MAP kinase cascade (Cantrell, 1994). The increased intracellular calcium 
activates calcineurin (Ullman et al, 1990). Calcineurin is thought to 
dephosphorylate the cytoplasmic component of the T cell specific transcription 
factor, nuclear factor of activated T cells, NF-AT (Jain et al, 1992) . Activated 
NF-AT is then translocated into the nucleus, where it associates w ith the 
nuclear component of NF-AT (consisiting of fos/jun complexes), which in turn 
results in increased transcription of the IL-2 gene (Rao, 1994).

1.3 Other receptor - ligand pairs involved in T cell activation

U pon interaction of the TCR complex with peptide antigen plus MHC, the 
sensitivity of the T cell to activation is greatly enhanced by a second interaction 
: that between the MHC and either CD4 or CD8. Through their interaction with 
nonvariable regions of class II or I molecules respectively (Salter et al, 1990, 
Konig et al, 1992, Cammarota et al, 1992), these coreceptors increase the avidity 
of the interaction with M H C/peptide (Miceli et al, 1991). They also play a role 
in signalling through their association with p 5 6 ĉk (Glaichenhaus et al, 1991). 
Mice lacking a functional CD4 gene show markedly decreased helper function 
for antibody responses (Rahemtulla et al, 1991), although they have been shown 
to have some TCR+ DN cells which are class II restricted and may provide T 
cell help (Locksley et al, 199S).

While stimulation through the TCR is required for an antigen specific T cell 
response, it has been clear for some time that T cells generally require a second 
signal, itself not antigen specific, in order to proliferate or produce cytokines in
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response to antigen. In the absence of such a second signal, TCR stimulation 
may lead to functional inactivation (frequently termed anergy) or even death 
by apoptosis (Jenkins and Schwartz, 1987, Schwartz, 1990). An important co
stimulatory effect comes from the interaction of the CD28 or CTLA-4 molecules 
on T cells, with B7-1 or B7-2, which are expressed mainly on activated B cells 
and other 'professional' APCs (reviewed in Schwartz, 1992 and Allison, 1994). 
CD28 is expressed on naive T cells and anti - CD28 antibodies can provide a 
powerful costimulatory signal, sufficient to prevent anergy induction (Harding 
et al, 1992) . In contrast CTLA-4 is expressed on activated T cells, and has high 
affinity for both B7-1 and B7-2. Activated T cells can induce B7 expression in B 
cells, while transfection of B7 into cells previously unable to activate T cells can 
lead to potent T cell stimulation, and even tumour rejection (Chen et al, 1992).

The large, abundant transmembrane phosphatase, CD45, is also involved in T 
cell signalling. Expressed in several different molecular weight forms, due to 
alternative splicing of RNA, this molecule has been shown to define T cell 
subsets with different functional properties (see section 1.7). CD45 is required 
for optimal T cell signalling, and both p59fy^ and p 5 6 ^̂ k have been identified 
as substrates of CD45 (Ledbetter et al, 1993). On TCR ligation, CD45 is recruited 
to the TCR/CDS complex, where it may function as a regulator of these PTKs 
by dephosphorylation of the C terminal tyrosine (Weiss and Littman, 1994). 
One potential ligand for CD45 has been identified on B cells, (CD22) 
(Stamenkovic et al, 1991). However, this data remains controversial, and there 
are presum ed to be other, as yet unknown, ligands for the various CD45 
isoforms.

An important interaction between T and B cells involves the CD40 molecule on 
B cells, and its ligand on T cells, gp39 (or CD40L). This has largely been studied 
for its effects on B cells, where it can rescue germinal centre B cells from 
apoptosis and cause immunoglobulin isotype switching. The CD40 - CD40L 
interaction can also upregulate B7 expression on the B cell, thereby increasing 
the efficiency of the interaction with T cells (Kennedy et al, 1994).

Finally, several other ligand pairs, including CD2-LFA3, ICAM l-LFAl, and 
CD5-CD72, may contribute to the interaction between a T cell and the antigen 
presenting cell although individually these may be relatively low affinity 
events (van der Merwe et al, 1995). Many of these adhesion molecules are 
upregulated by activation, and several, such as ICAMl, have been shown to 
deliver a signal which contributes to IL-2 production and /o r  T cell 
proliferation (Hogg and Landis, 1993).
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1.4 Antigen presentation to T cells

The molecules which present peptide antigen to T cells are encoded by the 
m ajor histocom patib ility  complex, a region spanning som e 4Mb of 
chromosome 6 in hum ans (also known as the hum an leukocyte antigen, or 
HLA, region). The two major classes of MHC molecules, MHC class I and II, 
are among the most polymorphic proteins known, and their central function is 
the binding and display of peptides. The hum an MHC class I region includes 
HLA-A, B, and C loci ; the equivalent loci in the mouse MHC are H-2 K, D and 
L. These class I molecules are composed of a polymorphic heavy chain (44Kd) 
which is noncovalently associated with a non-MHC encoded, 12Kd invariant 
molecule, p2 microglobulin (P2 M). The class II molecules, HLA - DR, DP and 
DQ (I-E and I-A in the mouse) are heterodimers of two MHC coded chains, a  
(34Kd) and p (28Kd), of which the p chain is the more polymorphic. The class I 
and class II molecules are members of the immunoglobulin superfamily. While 
class I is expressed on most nucleated cells, class II is restricted primarily to 
macrophages, monocytes, dendritic cells, and activated B cells (and activated T 
cells in humans), although many cell types can be induced to express class II, 
for example by treatment with y-interferon.

MHC molecules show extensive polymorphism, most of which is concentrated 
in three hypervariable regions, and these code for residues which contribute to 
the peptide binding site. Due to the phenomenon of linkage disequilibrium 
within the MHC, certain alleles are inherited together more frequently than 
w ould be expected by chance. These combinations of alleles are known as 
haplotypes. According to the WHO nomenclature, each allele is given a 
designated name which includes its locus and then allele num ber, such as 
HLA-DRB1*0101 (Bodmer et al, 1994). However, for brevity during this thesis, 
the heterodimer encoded for by the DRA locus and the DRBl^OlOl allele of the 
locus is generally referred to as the DRl molecule.

The large num bers of different alleles at the polymorphic loci (for example, 
over 100 known alleles of the DRBl locus) mean that at a population level, a 
vast potential range of peptides can be presented. Within one individual these 
will be limited to those which can bind one of the different MHC molecules 
expressed (6 class I and approximately 10 class II molecules). This implies that 
each MHC molecule must be able to bind a wide range of peptides, such that 
m ost foreign proteins will contain at least one sequence which can be 
presented to T cells.

The resolution of the three dimensional structure of several class I molecules, 
(Bjorkman et al, 1987, Madden et al, 1991) and one class II molecule, HLA-DRl
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(Brown et al, 1993 , Stern et al, 1994) has confirmed that they are structurally 
highly related despite sharing only approximately 25% of sequence at the DNA 
level. Both class I and class II molecules have two m em brane proximal 
imm unoglobulin - like domains, (the ag and P2 M in class I, the « 2  and p2  

domains in class II), supporting a structure containing the groove - like peptide 
binding site. A ribbon diagram to illustrate the structure of the DRl molecule is 
shown in figure 1.3. This groove is composed of a 'floor' of eight p sheets and 
two 'walls' of a  - helical structure. In class II the peptide groove is created by 
residues from both a  and p chains. W ithin the groove, peptide adopts an 
extended conformation. While these MHC structures are highly similar, there 
exist some critical differences.

Peptide binding to class I molecules is governed by interactions between the N 
and C terminal residues of the antigenic peptide, (generally 8 -1 1  amino acids 
long), and conserved pockets of the class I peptide binding site (Madden et al, 
1992). The binding groove of class I molecules is closed at each end, limiting the 
length of peptide which can be accommodated, although some binding of 
longer peptides occurs by bulging of the peptide centrally (Guo et al, 1992). In 
contrast, the ends of the class II binding groove are open and these molecules 
bind longer peptides : 12 - 24 mers are typical (Rudensky et al, 1991, Chiez et al,
1992). The peptide binding specificity of different MHC class II molecules is 
defined by several pockets along the groove which define preferred residues 
for positions of the peptide over a stretch of about 9 amino acids. These pockets 
together make up allele specific 'motifs' of preferred peptides (Rothbard et al, 
1989b, Hammer et al, 1993). The number of residues either side of this core of 9 
- 1 0  amino acids can vary considerably, and several groups have shown 'nested 
sets' of related peptides bound to the same class II molecule.

The DR heterodim er is coded for by the invariant DRA locus, and one of 
several DRB loci which code for the p chain. In total 9 DRB loci have been 
identified although some of these are pseudogenes. Most individuals express 
products from at least two DRB loci, and these p chains each pair with the DRA 
product a  chain. Since MHC loci from both chromosomes are used, one 
individual may have 4 or even 6  different DR heterodimers expressed on class 
n  positive cells. Most MHC molecules can bind a large number of peptides. For 
the DRl (DRA, DRBl*0101) molecule, these all share an anchor residue (termed 
anchor 1 ) which fits into a deep hydrophobic pocket of the binding groove 
(O'Sullivan et al, 1990) and tyrosine, phenylalanine, tryptophan, leucine or 
isoleucine are preferred residues at this site (Hammer et al, 1993, Hill et al,
1994). Several other DR molecules also have a preference for a hydrophobic 
side chain near the N terminal end of the peptide, to fit into this pocket.
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Figure 1.3 : Ribbon diagram of the structure of the HLA-DRl molecule.
The green regions are the two domains of the a  chain, the yellow regions are 
the domains of the p chain. The peptide, in purple, is shown within the peptide 
binding groove. The transmembrane and short cytoplasmic domains are not 
shown. Adapted with permission from Stern and Wiley, 1994.
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The D Rl molecule has been crystallised w ith  the influenza pep tide 
haemagglutinin 307 - 319 in situ (Stern et al, 1994). This structure shows that in 
addition to the anchor 1 pocket (PI), the DRl molecule has pockets which fit 
peptide side chains at positions P4, P6 , P7 and P9. The binding of HA 307 - 319 
to the DRl molecule is further discussed in chapters 5 and 7.

The two classes of MHC molecules differ in their assembly pathw ays and 
biological functions. Class I molecules generally present peptides from 
intracellular and in particular cytosolic proteins, such as viral products within 
an infected cell. Assembly of class I occurs in the ER, initially w ith the 
chaperone molecule calnexin. The stable expression of class I at the cell surface 
is dependent on the presence of peptide (Townsend et al, 1989).

The currently accepted model suggests that peptides destined to bind class I 
are created by the activity of the proteosome, a cytosolic complex w ith 
proteolytic activity, of which some components (such as the low molecular 
weight polypeptides, LMP2 and LMP7) are MHC encoded (Kelly et al, 1991b, 
Ortiz-Navarrete et al, 1991). Peptides are then transported into the ER by the 
activity of the ABC-transporters, coded for by the MHC loci, TAPI and TAP2 
(K elly et al, 1992, Spies et al, 1992). In some species, such as the rat, 
polymorphisms in TAP genes affect the set of peptides which are found bound 
to class I molecules (Powis et al, 1992). TAP negative cell lines, (such as the 
hum an .174 and murine RM AS) show little or no class I expression, while TAP 
- / -  mice are deficient in class I expression and CD8 + T cells (reviewed in 
Momburg et al, 1994).

The class II pathway is designed to present a different part of the antigenic 
world to T cells. The majority of peptides presented on class II are derived from 
extracellular proteins or those taken up into the endocytic pathway. To this end 
the biology of peptide loading on class II molecules has several particular 
features. MHC class II molecules assemble in the ER complexed to a 
nonpolymorphic protein, invariant chain, li (Roche et al, 1991, Sant and Miller, 
1994). li negative cell lines or li-/- mice show dramatically reduced expression 
of class II at the cell surface. li inhibits the binding of other peptides to class II 
in the ER, as well as stabilising the interaction of the ap dimer and enhancing 
transport to the Golgi. There is now data to suggest that the class II - associated 
li peptides (CLIP) of li (residues 82 - 107) actually bind within the groove of 
class II (Sette et al, 1995). After transit to the low pH, endosomal compartment, 
li is cleaved by specific proteases, and class II then binds peptides which are 
available in these organelles. It is thought that the class II - like dimer encoded 
by the MHC genes DMA and DMB (Kelly et al, 1991a), may play a role in the 
removal of CLIP peptides from class II (Denzin et al, 1994).
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Despite the specialisation of class I and II molecules for presentation of 
peptides from distinct compartments, there are several examples of exceptions 
to the rules outlined above. For example, some cytosolic proteins may be 
transported into the secretory pathway and thereby gain access to class II 
molecules (Malnati et al, 1992). Since the estimated number of MHC molecules 
bearing one peptide which are required to stimulate a T cell is as low as 200 
(Demotz et al, 1990), even small amounts of such 'leakiness' may lead to these 
peptides being recognised by the T cell system.

1.5 T cell developm ent

Haematopoietic stem cells enter the thymus early in development (day 11-12  
of gestation in the mouse). Prothymocytes express few T cell specific markers, 
and are CD4-, CDS- (known as double negative, DN). Studies on murine foetal 
thymocytes have established that thymocytes then progress through an 
ordered sequence of stages during development. Cells become CD4+CD8+ 
(double positive, DP), probably via a single positive, (SP) CD8 + phenotype, 
and finally progress to become mature CD4+ or CD8 + SP cells. During this 
time, the TCR genes are rearranged and expressed. The vast majority of 
thymocytes (-95%) never leave the thymus, but die w ithin the organ by 
apoptosis (Scollay et al, 1980, Surh and Sprent, 1994). This apparent 'waste' of 
cells reflects the processes of negative and positive selection which ensure self 
tolerance and MHC restriction of the T cell compartment.

The first TCR chains to be rearranged are TCRy and ô : the yô TCR is expressed 
at day 15 in the murine thymus. TCRp rearrangement also occurs at day 14 - 15 
in the m ouse. The expression of a productive p chain inhibits further 
rearrangement of TCRp, a phenomenon known as allelic exclusion. Similarly, 
the expression of a functional transgenic TCRp chain prevents endogenous p 
rearrangements (Uematsu et al, 1988). There is now evidence that this early 
TCRp protein is complexed with a nonvariable surrogate a' chain, pTa, also 
known as gp33 (Groettrup et al, 1993, Saint-Ruf et al, 1994). Transition from DN 
to DP cells requires the expression of TCRp (Mombaerts et al, 1992a) and also 
the PTK p56^^^. Expression of a dominant negative p56^^^ leads to a block in 
development at the DN stage, although such mice do not switch off TCRp 
rearrangem ent (Levin et al, 1993) showing that p56^^^ is also involved in the 
control of allelic exclusion of TCRp. Futhermore, mice which overexpress 
p56lc^ in the thymus show greatly reduced TCRp rearrangement, in particular 
of Vp to Dpjp rearrangement (Anderson et al, 1992).
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The TCRa locus begins to rearrange on day 16 - 17 of murine gestation, and this 
occurs in DP thymocytes. Mice w ith a disrupted TCRa gene have DP 
thymocytes, which show a majority of productive TCRp rearrangements, but 
no peripheral aP positive T cells (Philpott et al, 1992, Mallick et al, 1993). 
However, allelic exclusion at the TCRa locus is 'leaky', and in TCRa transgenic 
mice, endogenous TCRa rearrangement continues (Borgulya et al, 1992). As 
further discussed in chapter 3, this may lead to a single T cell expressing more 
than one TCRa chain.

Once TCR is expressed, initially at low levels, the DP thymocyte may undergo 
selection. Much of the data which informs the current understanding of thymic 
selection comes from mice made transgenic for a single TCR, in some cases on a 
RAG-/- background. For example, in male mice transgenic for a TCR specific 
for the male m inor histocom batibilty antigen, H-Y, massive deletion of 
thymocytes occurs, provided the MHC background is the same as the 
restriction of the TCR used, H-2 >̂ (Kisielow et al, 1988a). In contrast, in an H-2^ 
female transgenic for this TCR, thymocytes mature and the large majority of 
peripheral CD8 + cells express the transgenic TCR. On the H-2<  ̂background 
using the same trasngenic TCR, the T cells cannot be positively selected 
(Kisielow et al, 1988b). Similar results have been obtained w ith class II 
restricted TCR transgenic mice (Kaye et al, 1989).

Thymocyte deletion has also been shown to occur due to the effects of 
superantigens. These are molecules which bind to particular Vp gene products, 
and to MHC class II products, and which stimulate T cells in a way that is 
different to other antigens (Marrack and Kappler, 1990). Superantigens are 
thought to bind a solvent exposed site on the side of the TCRVp chain, (Choi et 
al, 1990). In the mouse endogenous superantigens, encoded for by retroviral 
sequences in the genome, are responsible for the expression of the Mis 
antigens. These molecules cause deletions of thymocytes expressing particular 
TCR Vp family products during thymic development (Berg et al, 1989, Acha- 
Orbea et al, 1991, Dyson et al, 1991).

These data demonstrate two rules' of selection : first, that in the presence of 
antigen, a thymocyte expressing a TCR w ith high affinity for that antigen is 
deleted; second, that the TCR needs to have an 'adequate' level of affinity for 
the thymic MHC type (plus, it is presumed, peptide), for positive selection to 
proceed. This 'window of affinity' model of selection was generally accepted 
until recently. It is now  becoming clear that affinity is not the single 
determinant of whether an interaction between TCR and M H C/peptide in the 
thymus will lead to deletion or positive selection, as outlined below.
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In order to undergo positive selection a DP thymocyte has to express a both a 
TCR and an appropriate coreceptor, CD4 or CDS, which can interact with the 
same MHC. Thus, a class I restricted TCR supports the development of CD8 + 
mature T cells, and a class II restricted TCR, of CD4+ T cells. The mechanism 
for this commitment to one or other lineage is still controversial. Two major 
models have been proposed to explain how a DP thymocyte becomes SP with 
appropriate MHC restriction (von Boehmer and Kisielow, 1993) . The first, the 
instructional model, suggests that specific binding of the ap TCR to thymic 
MHC leads to a signalling event which 'instructs' the cell to down regulate one 
coreceptor and develop into a SP cell. According to this theory no SP cells with 
mismatched' TCR could be produced. This model has been supported by data 
showing that the constitutive expression of the CDSa chain in a m ouse 
transgenic for a class I restricted TCR did not rescue the development of CD4+ 
mature T cells (Borgulya et al, 1991).

Such evidence argues against the second hypothetical m odel, the 
stochastic/selection model. This theory proposes that cells randomly shut off 
either CD4 or CDS during development, and then only those cells whose TCR 
plus coreceptor can interact with M HC/peptide can undergo positive selection. 
In mice lacking either MHC class I or II molecules, the existence of thymocytes 
bearing CD4^°CDS^b or CD4^iCDS^o respectively, suggests that intermediate 
cells exist which are 'on their way' to becoming SP, and argue in favour of a 
stochastic model (Chan et al, 1993). Interestingly, the constitutive expression of 
high levels of CD4 in a mouse lacking in class I molecules could rescue the 
development of CDS+ mature T cells (Davis et al, 1993) in contrast to the CDS 
experiments discussed above. A third model has recently been proposed 
whereby thymocytes are 'pre-committed', at a very early stage, to either the 
CD4 or CDS lineage, and undergo positive selection before downregulating 
one or other coreceptor (Crompton et al, 1993).

The exact nature of the ligand, and in particular the peptides, which mediate 
positive selection in the thymus is as yet unclear. Several groups have recently 
used foetal thymic organ culture (FTOC) models to throw light on this issue. In 
order to understand these data it is necessary to consider the issue of altered 
peptide ligands, or antagonists, of the TCR. It is now known that an individual 
TCR may respond to subtly different peptides (differing by only one or two 
residues), in the context of the same MHC molecule. These altered peptides 
may act as partial agonists, or in some cases, antagonists (De Magistris et al, 
1992) of the same TCR (Allen, 1994, Sette et al, 1994). Possible mechanisms for 
this phenomenon will be considered in section 1 .6 .
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Using a class I restricted, OVA/H-2K^ specific TCR transgenic mouse, crossed 
with a P2 M - /-  (and therefore class I negative) strain, Hogquist and coworkers 
examined the role of peptides in positive selection (Hogquist et al, 1994) . The 
addition of a single peptide rescued class I expression : if this was simply the 
antigenic OVA peptide, negative selection occurred. However, addition of 
variant peptides previously shown to be antagonists for this TCR (but not of 
unrelated peptides) led to positive selection.

In a similar system, the use of TA PI-/- mice crossed with a TCR transgenic 
strain where the TCR was specific for LCMV/H-2D^/ showed that at low 
concentrations the LCMV peptide (or altered peptide ligands) could mediated 
positive selection. However, high concentrations of the LCMV antigenic 
peptide led to deletion of the developing thymocytes (Ashton- Rickardt et al, 
1993, Ashton- Rickardt et al, 1994). These data can all be criticised on the basis 
of the fact that addition of one peptide to a P2 M -/-  or T A PI-/- cell leads to 
only low levels of class I molecule expression, yet they are all expressing the 
same peptide : this situation is very different from the physiological one, where 
high levels of MHC molecules are expressed, yet they bear a wide range of 
different peptides.

While the naturally occurring peptides which m ediate selection are still 
unknown, a consensus is developing on the possible mechanisms for positive 
selection. It w ould appear that when a TCR on a developing thymocyte 
interacts with M H C/peptide, several factors influence the resulting outcome. 
The affinity of the interaction is clearly im portant ; as well as this, ligand 
density, and expression of the coreceptors or other signalling molecules may 
affect whether the cell is selected. The concept of overall receptor occupancy 
may describe the sum of these factors more accurately than affinity alone.

During the series of phenotypically distinct developmental stages discussed 
above, thymocytes migrate from the cortex to the medulla of the thymus, from 
where they exit as 'naive' or 'virgin' T cells, the large majority of which are 
CD4+ or CD8 +. A small population are DN, CD4-CD8- cells, although the 
functional significance of this population is still poorly understood.

1.6 The T cell receptor repertoire

1.6.1 Influences on the peripheral TCR repertoire

The theoretical potential T cell repertoire created by the random rearrangement 
of TCR gene segments, N region activity and pairing of different TCRa and 
TCRp chains, is enormous : the estimate of 10^  ̂specificities has been alluded to
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earlier. The expressed functional repertoire, however, is more limited than this. 
As is clear from the above description of T cell development, thymic selection 
events may limit the repertoire through the interaction of particular TCR chains 
with MHC or superantigen molecules. There is evidence from twin studies that 
the expressed TCR repertoire is affected by MHC haplotype (Gulwani-Akolkar 
et al, 1991, Loveridge et al, 1991), and these effects may be mediated through 
both the classical MHC molecules and other MHC gene products, such as the 
TAP polymorphisms in the rat, mentioned above. In the highly outbred human 
population, these genetic effects on TCR repertoire are somewhat more subtle 
than in the mouse, where deletions of whole Vp families can be demonstrated 
which are due to thymic events.

Genes outside the MHC, such as TCR polymorphisms, deletions or inversions, 
can also affect the expressed TCR repertoire. Such polymorphisms are often in 
the TCR gene segments themselves, and may alter the potential recogntion of 
peptide/M H C  in the thymus. Other polymorphisms include differences in 
regulatory sequences such as the single base change in the Vp3 RSS which is 
thought to affect level of expression of this TCR V family (Posnett et al, 1994b). 
Events during childhood and adult life can also lead to changes in the 
expressed repertoire, such as the apparent oligoclonal expansions of 
subpopulations of T cells expressing particular TCR V gene products, which 
have been noted in the elderly (Grünewald et al, 1992, Posnett et al, 1994a). 
These might be the product of continued antigen stimulation, perhaps by 
persistant viruses. These effects will be more fully considered in chapter 4 of 
this thesis, where the characterisation of the peripheral TCR repertoire of one 
individual is described.

1.6.2 TCR gene expression in particular immune responses

Many studies have been reported which consider the contribution of particular 
TCRa or TCRp chains, and their junctional sequences, to specific immune 
responses of both human and murine T cells. Much of the work using hum an T 
cells suffers from one of two problems : the antigens recognised are often not 
known (such as T cells from sites of autoimmune disease), and the functional 
role of these clones in pathogenesis may be ill-defined. A notable exception is 
the hum an T cell response to the influenza virus, where imm unodom inant 
epitopes for both class I and class H MHC molecules of common haplotypes are 
well defined.

Much of the evidence from TCR gene usage studies supports the view that 
specific sequences from both TCR chains are involved in specificity. Early data
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from murine T cell clones or hybridomas showed a restriction in the V gene 
segments used by TCR specific for moth cytochrome c (MCC) 8 8  - 103/I-E^ 
(Fink et al, 1986, Winoto et al, 1986), peptides of myelin basic protein, (Acha- 
Orbea et al, 1988) and LCMV32 - 42/H-2D^ (Brandie et al, 1991). Many such 
studies also showed restricted or conserved protein sequences across the V(D)J 
junctional regions, even in clones which were the result of separate 
rearrangement events (Lai et al, 1990, Danska et al, 1990, Wither et al, 1991). Site 
directed mutagenesis of a conserved amino acid of the TCRp chain VDJ 
junction, in a murine clone specific for pigeon cytochrome c/I-E^ suggested 
that one TCR CDR3 residue could be critical to the interaction with peptide 
antigen (Engel and Hedrick, 1988). A similar study implicated a single residue 
in the CDR3 of the TCRa chain of a p-azobenzenearsonate - specific T cell clone 
(Nalefski et al, 1992).

Subsequent to these reports, many conflicting data were reported. Some studies 
show a restriction of only one TCR chain in a set of clones of related specificity, 
suggesting that for some interactions the influence of one TCR chain may be 
dominant (Casanova et al, 1991, Ruberti et al, 1991, Boitel et al, 1992) . In other 
reports extensive conservation of both TCR chains has been noted (Aebischer et 
al, 1990, Moss et al, 1991, Casanova et al, 1992, Bowness et al, 1994). The data in 
hum ans who share an MHC allele (such as A2 or B27) but are otherwise 
genetically very different, are perhaps more persuasive than that from inbred 
mice of a particular strain. Still other data suggest a surprising degree of 
variation in the TCR gene segments which may recognise one peptide/M H C 
combination, such as a series of murine clones specific for the haemagglutinin 
peptide 110 -120 in the context of I-E^ (Taylor et al, 1990). It appears that there 
may be no clear rule' to explain the degree of restriction of V gene usage for a 
particular T cell response.

The current model of the structure of the TCR/peptide/M HC ternary complex 
suggests that the CDRl and 2 regions of each of the TCR chains interact 
primarily with the MHC, while the CDR3 regions make direct contacts with the 
antigenic peptide. Site directed mutagenesis studies of CDR3 referred to above 
largely supported this model. Mutagenesis studies of both the CDRl region 
(Nalefski et al, 1990, Bellio et al, 1994) as well as the a-helical portion of the 
peptide groove of a class II molecule, (Peccoud et al, 1990) confirmed the 
importance of these regions in the TCR interaction with M HC/peptide.

Perhaps the most compelling data for this model comes from studies of the 
murine clone 5C.C7 which recognises the MCC8 8  - 103/I-E^ complex, using the 
TCR gene segments V a ll .l  and Vp3. Jorgensen and coworkers have made mice 
which are 'hemitransgenic' for one or other TCR chain from this TCR and then
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analysed the TCR sequences of hydridomas specific for MCC8 8  - 103/I-E^ 
(Jorgensen et al, 1992a). Several residues of this peptide, including the lysine at 
position 99 (99K) and threonine at 102 (102T), are critical for specific T cell 
recognition.

In mice with a fixed (transgenic) TCRp chain immunised with a 99E variant of 
the MCC peptide, hybridomas reproducibly demonstrated a reciprocal change 
in one residue of the CDR3 region of the TCRa chain, position 93, from E to K. 
Similarly, a change at position 102 of the peptide from T to E, produced 
hybridomas from the TCRa hemitransgenic mice, whose TCRp chains showed 
single residue changes at position 101 from N, to R or K. These data strongly 
suggested that at least two TCR contacts, one from each CDR3, were critical for 
recognition of this peptide. Interestingly, however, the exact change of the 
altered residue in the TCRp chain was strictly correlated with the Vp gene 
segment used : those hybridomas which expressed the Vpl product and could 
recognise the 102E variant peptide had neither K nor R, but a Q residue as a 
conserved change. This observation suggested that TCR which express 
different V or J products may have different critical interactions with the same 
peptide/M HC.

This last concept is supported by some experiments where transfer of different 
CDR3 regions of related TCR has been attempted. For example, transplanting 
the CDRl, 2 and 3, sequences of the TCRp chain of the 5C.C7 clone to a highly 
related TCRp chain, and pairing this chimeric molecule with the 5C.C7 TCRa 
chain, could not restore antigen responsiveness (Patten et al, 1993). This mutant 
TCR did however respond to the superantigen SEE, showing that at least some 
aspects of the conformation of the mutant TCRp chain were equivalent to the 
parent chain. These results suggest that even highly related TCR chains may 
have small differences in conformation, and that the three dimensional 'shape' 
of the CDR regions is affected by distant framework residues of the TCR. 
However, a separate study using the same TCR but grafting the CDR regions 
onto a different TCRp backbone (expressing Vpl7) was successful in 
reconstituting specificity (Katamaya et al, 1995).

It is possible that related TCR may dock onto the same M H C/peptide ligand in 
reverse orientations (rotated by 180°), or that more than one 'register' for 
docking may be possible for a given ligand. If this is the case, it is also possible 
to envisage that one TCR may interact with several different M H C /peptide 
combinations, by docking in different registers or orientations. This might 
account for some of the intriguing observations made recently with antagonist 
or altered peptide ligands (see section 1.6.3).
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In conclusion, while there is considerable evidence for restriction of TCR gene 
segment use in specific immune responses, there are also many examples of the 
plasticity of the T cell repertoire. Furthermore, the knowledge that the CDR3 
regions make critical peptide contacts has to be interpreted with caution, since 
it is also clear that distant parts of the TCR can affect CDR3 recognition, just as 
deeply buried residues of the peptide/M H C can affect T cell recognition (Chen 
et al, 1993).

Perhaps one problem in visualising the interaction between the TCR and 
M H C /peptide has been an historical accident. Early models considered the 
possibility that the MHC and peptide were seen' by two different receptors. 
Although this 'dual receptor' theory has now been discredited, it may have left 
its m ark in immunological thinking. Thus there is a tendency to attem pt to 
explain the recognition of MHC and peptide separately. This m ay be 
dangerous, since the two should really be considered as one functional 
molecule made of several components each of which may influence the other. 
This is illustrated by the images of the full structure of a class I or II molecule 
containing peptide: the surface presented to the TCR is a whole' , w ith a 
particular and highly specific shape, but cannot be readily separated into two 
components.

1.6.3 The ’repertoire' of an individual TCR

It is clear from the above discussions that a single T cell may respond to 
related, but different, M H C/peptide ligands, in a peptide specific manner, with 
very different functional outcomes. This is illustrated during thymocyte 
development, when the same TCR can mediate negative or positive selection, 
and also in m ature T cells, where ligation of the TCR may lead to activation, 
anergy, or blocking of the response to the agonist peptide, depending on the 
ligand and costimulatory molecules present. It could therefore be considered 
that each TCR has its own 'repertoire' of ligands : a set of related ligands with 
which it can interact, leading to different responses, presum ably through 
different signalling events. The evidence for altered peptide ligands, agonists, 
and antagonists will be briefly outlined here.

Early evidence for different functional outcomes from stimulation by related 
peptides of a mature T cell, came from a murine Th clone, specific for Hb(64 - 
76) in the context of I-E^ (Evavold and Allen, 1991). In response to a peptide 
with a single altered residue, 73D-Hb (64 - 76), this clone still produced IL-4 but 
no longer proliferated. This altered peptide was therefore considered to be a 
partial agonist for the TCR. In contrast, for some clones, altered peptides

Chapter One : introduction L. R. Wedderbum 1995



39

seemed to be true antagonists, in that they specifically blocked the response to 
the wild type peptide (De Magistris et al, 1992). In this case, using the hum an T 
cell clone Cl-1 (specific for haemagglutinin HA 307 - 319/D R l), a whole series 
of partial agonists and antagonists could be defined, some of which were 
antagonists at low concentration, but agonists at much higher concentrations 
(Alexander et al, 1993). This effect was antigen specific and, it was argued, not 
due to displacement from the MHC or TCR blockade.

Similar effects have now been demonstrated for both CD4 and CD8  positive T 
cell clones (Jameson et al, 1993), and also for an altered ligand where the MHC 
rather than the peptide, had single residue mutations (Racioppi et al, 1993). 
Recently two reports have suggested that antagonist peptides m ay be 
produced naturally by the HIV and hepatitis B viruses, and that these may 
inhibit or down regulate the cytotoxic immune response to these viruses when 
present at even very low concentrations (Bertoletti et al, 1994, Klenerman et al, 
1994). As discussed in section 1.5, the effects of altered peptide ligands on 
developing thymocytes expressing a defined TCR have suggested that 
antagonist peptides may be efficient ligands for positive selection.

Several models have been proposed to explain how stimulation through the 
TCR might lead to different outcomes (reviewed in Jameson and Bevan, 1995). 
It is thought likely that different affinities of the TCR for the altered ligands are 
involved. There is some evidence for this from measurements of the affinity of 
soluble TCR for its ligand. In one system, measuring affinity by a competition 
assay, a single TCR was found to have widely different affinity for related 
ligands some of which were partial agonists (Sykulev et al, 1994). In a second 
report, surface plasmon resonance measurements were used to m easure the 
interaction between TCR and M HC/peptide. Using this method the affinity of 
a TCR (2B4) for a partial agonist peptide was shown to be similar to, but to 
have a considerably faster dissociation rate than, that for the wild type peptide 
(Matsui et al, 1994).

Even if affinity measurements for many TCR, comparing binding of their wild 
type versus altered ligands, do differ in a reproducible fashion, the 
mechanisms by which these differences translate into functional outcomes is 
not yet understood. One possibility is that conformational changes of the TCR 
are required for signalling. Differences in such changes could then translate 
into altered phosphorylation of the CD3 chains or other effector molecules. 
There is already some evidence that altered peptide ligands do indeed lead to a 
different pattern of tyrosine phosphorylation in the CD3Ç chain compared to 
wild type peptide (Sloan - Lancaster et al, 1994, Madrenas et al, 1995).
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A second theory is based on the fact that cross linking of the TCR is a 
stimulatory signal. It is probable that on TCR stimulation, there is aggregation 
in the cell membrane, both of TCR molecules, as well as CD4 or CD8  , CD45 
and other glycoproteins. This w ould lead to recruitm ent of signalling 
molecules and amplification of the signal, perhaps allowing a threshold for 
activation to be crossed. Thus, ligands with a low affinity for the TCR would 
not facilitate receptor aggregation, and therefore not allow a positive signal to 
be generated. Clearly either model needs to accommodate the fact that in some 
cases the 'negative' signal from an antagonist peptide appears to dominate, 
while others cause differential signalling to occur (for example causing 
cytokine production but no proliferation).

The significance of understanding differential signalling through the TCR is 
two fold : first it may throw light on several central processes of T cell biology 
including thymic development, and tolerance through anergy. Secondly there 
is considerable interest in the concept of altered peptide ligands for the therapy 
of T cell mediated diseases. In the murine autoimmune disease experimental 
allergic encephalomyelitis, (EAE), T cells specific for myelin basic protein and 
proteolipid protein (PLP) can transfer disease, and show restricted use of TCR 
V gene segments. The use of two TCR antagonists from PLP has been shown to 
delay onset of disease (Franco et al, 1994) while the induction of EAE can be 
prevented by analogues of the encephalitogenic peptide, Acl-11, which bind to 
the MHC with higher affinity than Acl-11 (Metzler and Wraith, 1993).

One report using several related peptides on different HA specific T cell lines 
suggested that for some im m une responses, certain peptides m ay be 
antagonists for many different T cells of related specificity (Snoke et al, 1993). 
This provides encouragement that peptide therapy might be a real possibility 
in humans, where the TCR expressed by disease specific T cells will be far more 
heterogeneous than in inbred mice, and will differ between individuals.

1.7 Functionally distinct T cell populations

The major functional division between T cells is defined by expression of the 
coreceptors CD4 or CD8 . The expression of these molecules in the thymus and 
on peripheral T cells has been described earlier. They play several roles in the 
functional phenotype of a mature T cell : both in the MHC molecule recognised 
by the TCR, and in the signalling events on TCR ligation. CD4 positive cells can 
be further divided into functionally distinct subsets according to their cytokine 
profile, into three major subsets, known as ThO, Thl and Th2 cells. This was 
initially demonstrated in murine T cell clones (Mosmann et al, 1986). Thl cells
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produce IL-2, y-IFN and tum our necrosis factor (TNF)-p, while Th2 cells 
produce IL-4, IL-5, IL-10 and IL-13, and ThO cells, thought to represent 
precursors of the other two subsets, produce both Thl and Th2-type cytokines.

In mice, genetic differences between strains control the developm ent of a 
predominantly Thl or Th2 response to Leishmania infection (Reiner et al, 1993). 
This intracellular parasite is cleared by activated macrophages : mice which 
make a predominantly Thl response to the infection are thus protected since y- 
IFN is a potent activator of macrophages (Scott et al, 1988). In contrast strains 
which make a Th2 - like response (such as the B alb/c strain) develop 
nonhealing lesions and later die from the infection. In several murine models of 
autoimmune disease there is evidence that the tissue damage is m ediated by 
Thl type cells; in contrast allergic responses are generally characterised by cells 
of a Th2 phenotype. In humans the distinction between the two types is less 
clear, since many clones can be 'pushed' to switch cytokine phenotype in vitro. 
However clear examples of Thl and Th2 like hum an clones have been reported 
(Romagnani, 1991).

There is evidence that unprimed Th cells are bipotential for the two types of Th 
cell, and that the presence of particular cytokines when antigen is first 
encountered influences which type of Th cell is produced (Hsieh et al, 1992). IL- 
4 directs the production of Th2 type cells, while the presence of y-IFN or IL-12 
(the latter made by macrophages) will lead to Thl cells. Some data suggest that 
cytokines in the microenvironment produced by AFC (such as Langerhans cells 
of the skin or alveloar macrophages), direct the early immune response. The 
original source of IL-4 in a Th2 dominated response is unclear. Cross regulation 
of these two subsets occurs whereby y-IFN  can inhibit the proliferative 
response of Th2 cells, and IL-10 can inhibit cytokine production by Thl cells, 
probably through the down regulation of production of IL-12 by macrophages.

Another functional division of T cells is defined by the expression of the 
different isoforms of the CD45 molecule. This large membrane-expressed 
glycoprotein is coded for by several exons which are variably spliced, leading 
to isoforms of different molecular weights. In hum ans the largest isoform is 
known as CD45RA (220Kd) while the smallest (180Kd) isoform is CD45RO. 
Typical naive or virgin T cells express CD45RA, as well as L-selectin. In 
contrast, memory T cells generally reside within the CD45RO population, and 
these cells express low levels of L-selectin, but high levels of CD29 and CD2 
(Merkenschlager et al, 1988, Merkenschlager and Beverley, 1989, Wallace and 
Beverley, 1990).

As well as these phenotypic differences, CD45RO cells are more readily 
activated and have a shorter inter - mitotic time than CD45RA cells (Beverley,
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1991, Michie et al, 1992, Akbar et al, 1991). Peripheral blood T cells may express 
both markers, and there is evidence for a progression of phenotype from 
CD45RA , through the intermediate CD45RB, to CD45RO, during a developing 
immune response (Salmon et a l , 1994).

However, the division between naive and memory cells based on CD45 
expression is not absolute : there are data to suggest that in some circumstances 
cells m ay revert to the expression of the large m olecular w eight form, 
sometimes becoming 'double positive' for the two forms, perhaps once antigen 
is no longer present. This controversial area is considered further in chapter 4 
of this thesis.

1.8 A im s of the work presented in  this thesis

The work presented in this thesis is divided into two main parts, each of which 
studies a different T cell response. These two parts had common aims : to 
characterise the T cell receptors involved in defined hum an immune responses, 
and to address the question of how these TCR interact w ith their specific 
ligands.

The first of the responses considered was the hum an CD4+ T cell response to 
the common allergen house dust mite (RDM), Dermatophagoides pteronyssinus. 
This organism is present throughout the home in all temperate climates, and 
the immune response made to RDM antigens is typical of an atopic response. 
Atopy is defined as the production of specific IgE in response to common 
environmental allergens. It is now clear that allergen - specific T cells, and in 
particular Th2 like T cells, play a central role in this disease. These cells 
produce IL-4, IL-5, IL-10 and IL-13, and thereby provide help for specific B cells 
to undergo isotype switching, leading to IgE production. The pathogenesis of 
atopic disease is considered further in the introduction to chapter 3.

A panel of ten CD4+, class II restricted RDM - specific T cell clones originating 
from one individual was studied. The house dust mite is a complex organism, 
with at least 4 major groups of antigens, each with one or more T cell epitope. 
The T cell clones were chosen because they were all able to support the 
production of specific IgE from autologous B cells, through the production of 
IL-4 and other cytokines. They were, however, heterogeneous in terms of their 
antigen specificity and MRC restriction. They were therefore considered to be 
representative of this immune response. These clones were studied in the 
context of the overall TCR repertoire of the same individual.
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The second immune response studied was that to the single stranded RNA 
virus, influenza A, a common hum an pathogen. The influenza genome codes 
for only 10 proteins, of which the haemagglutinin (HA) and neuraminidase 
(NA) are expressed on the outer surface of the virion, which is made from host 
cell derived lipid bilayer. Other important proteins include the matrix 1 and 2 
proteins and the nucleoprotein (NP). Both cytotoxic and helper T cells are 
involved in the protective immune response which leads to clearance of the 
virus. A major target for the class II restricted T cell response is the HA peptide 
307-319.

The work undertaken involved two hum an T cell clones, HA1.7 and Cl-1, 
which were isolated from different individuals. Both of these T cell clones are 
specific for HA 307 - 319 in the context of the class II molecule, HLA-DRl. 
These clones differ in their cross reactivity on a second class II molecule, DR4. 
The aim was to characterise the interaction between the TCR of these clones, 
and the HA 307 - 319/D R l complex, at the molecular level. This work 
demonstrated that these two shared highly related TCRa chains, yet expressed 
very different TCRp chains. The availability of the full crystal structure of the 
DRl molecule allowed a model to be generated of the interaction of these TCR 
with their ligand. This in turn led to a prediction about the interaction between 
TCR and the HA 307 - 319 peptide.

Following optimisation of several systems for testing this model, a mutagenesis 
study of the HA1.7 TCRa chain was undertaken, in order to test the model 
generated. The data presented supports the concept that the CDR3 regions 
make critical contacts with the peptide moiety of the peptide/M H C complex. 
However, it also suggests that these critical contacts are affected by other 
regions of each component of the ternary complex.
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C H APTER 2

G eneral m ateria ls and  m eth o d s

2.1 Buffers and solutions

All chemicals were of analytical grade or equivalent, and were obtained from 
Sigma, UK or BDH, UK unless otherwise stated. Millipore deionised water, 
autoclaved where appropriate, was used to make all solutions. All buffers and 
solutions were sterilised by autoclaving or filtration where appropriate.

TEE : lOx stock
0.89M Tris base 
0.89M Boric acid 
20mM EDTA pH 8.0

per litre
108g
55g
40ml 0.5M EDTA

TAE : 50x stock
2M Tris base 
Glacial acetic acid 
0.05M EDTA pH 8.0

per litre 
242g 
57.1ml
100ml 0.5M EDTA

TE pH 8.0
lOmM Tris - HCl
ImM EDTA pH 8.0
adjusted to pH 8.0 with lOM NaOH

STE pH 8.0
lOmM T ris-H C l 
ImM EDTA pH 8.0 
lOOmM sodium chloride 
adjusted to pH  8.0 with lOM NaOH

Denhardt's solution : 50x stock 
Ficoll (Pharmacia) 
Polyvinyl pyrrolidone 
BSA Fraction V

per 500ml

5g
5g
5g
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SSC : 50x stock per litre
sodium chloride 175.3g
sodium citrate 8 8 .2 g
adjusted to pH 7.0 with lOM NaOH

Phosphate buffered saline Dulbecco's A (PBSA) pH 74 per litre
137mM sodium chloride 8 g
3.3mM potassium chloride 0.25g
1.7mM potassium dihydrogen orthophosphate (anhydrous) 0.24g 
lOmM disodium hydrogen orthophosphate (anhydrous) 1.43g
adjusted to pH 7.4 with HCl

Phenol

500g of phenol crystals (U ltrapure, Gibco) were m elted at 60^C. 8 - 
hydroxyquinoline was added to 0 .1 % (w /w ) and the phenol was then 
equilibrated by mixing with an equal volume of IM  Tris-HCl, pH  8.0. The 
phenol and Tris were allowed to separate, the upper layer (Tris) was removed, 
and there followed two changes of equal volumes of fresh lOOmM Tris-HCl, 
pH  8.0.

Phenol/chloroform solution

Tris - equilibrated phenol/ 0.1% 8 -hydroxy quinoline was added to an equal 
volume of a solution of chloroform : isoamyl alcohol (24:1).

Bacteriological media : reagents were obtained from Difco, UK.

L - broth per litre
bacto - yeast extract 5 g
bacto - tryptone lOg
sodium chloride lOg
adjusted to pH 7.6 with lOM KOH

L - agar : L - broth plus 15g/L bacto - agar.

TY - broth per litre
bacto - yeast extract 5 g
bacto - tryptone 8 g
sodium chloride 2 .5 g
adjusted to pH 7.2 with lOM KOH
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TY agar : TY - broth plus 15g/L bacto - agar.

TY top agar : TY - broth plus 7g/L  bacto - agar.

2TY - broth per litre
bacto - yeast extract lOg
bacto - tryptone 16g
sodium chloride 5g
adjusted to pH 7.2 with lOM KOH

2TY agar : 2TY - broth plus 15g/L bacto - agar.

O - broth per litre
bacto - yeast extract 5g
bacto - tryptone 2 0 g
magnesium sulphate 4g
potassium chloride 0.75g
adjusted to pH 7.6 with lOM KOH

O - agar : O - broth plus 15g/L bacto - agar.

M9 salts : 5x stock per litre
disodium hydrogen orthophosphate (anhydrous) 30g
potassium dihydrogen orthophosphate (anhydrous) 15g
sodium chloride 2.5g
ammonium chloride 5g
adjusted to pH  7.2 with lOM KOH

Minimal agar plates

15g bacto - agar were added to 1 litre of Ix M9 salts, the mixture sterilised by
microwave, and allowed to cool to 60 °C. The following sterile solutions were
then added before plates were poured :

2 0 % glucose 1 0 ml
IM  magnesium sulphate 2ml
IM calcium chloride 0.1ml
thiamine 2 mg
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2.2 Bacterial strains

All strains used were derivatives of E Coli K12.

Strain
JMlOl

XL -1  blue

Genotype
A (lac -proAB), thi, supE 
F' [troD36, proAB+, lac¥l, ZA M15] 
supEAA, hsdR17, recA l, e n d A l, gyrA4:6, thi, 
rellAl, lac
F' [proAB+'lacI% lacZAM15, TnlO(tet^)]

2.3 T issue culture m ethods

Sterile tissue culture glassware was supplied by ICRF, and plasticw are 
obtained from Falcon, UK, unless otherwise stated. Cells were grown in a 
water saturated atmosphere of 5% CO2  in air. All culture medium supplements 
and selection reagents were from Gibco, Life Technologies, UK unless 
otherwise stated. Mycoplasma - screened foetal calf serum (FCS, Gibco) was 
heat inactivated at 56°C for Ihr, and aliquoted and stored at -20°C before use. 
All cell lines, blood products, and clones were handled in a F2 facility cell 
culture hood. Cells were routinely passaged every 2 - 3  days at a dilution of 1 
in 5 to 1 in 10. For passage of adherent cell lines, cells were washed once in 
PBSA and incubated in 0.05% trypsin / 0.5mM EDTA for 5 min at 37°C to allow 
detachment of cells. All cells were tested for mycoplasma (PFLO) every 3 - 4  
weeks. For counting , cells were diluted 1 in 2 in 0.4% Trypan blue (Sigma), 
which is excluded by viable cells but taken up by dead cells. Cells were 
counted in a haemocytometer (Neubauer) and were routinely >95% viable.

Cell culture media

CM

clCM

CTLL - CM 

DMEM - CM 

mDMEM

RPM I1640,10% FCS, 2mM glutamine. Penicillin 100 
rU /m l, Streptomycin lOOpg/ml

RPMI 1640,5% pooled human AB serum, 2mM 
glutamine. Penicillin 100 lU /m l, Streptomycin lOOpg/ml

RPMI 1640,10% FCS, 2mM glutamine. Penicillin 100 
lU /m l, Streptomycin lOOpg/ml, lOpM 2-mercaptoethanol

DMEM, 10% FCS, 2mM glutamine. Penicillin 100 lU /m l, 
Streptomycin lOOpg/ml

DMEM, 10% FCS, 2mM glutamine. Penicillin 100 lU /m l, 
Streptomycin lOOpg/ml, lOpM 2-mercaptoethanol
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2.4 Cell lin es

Cell lines routinely used are shown in table 2.1. Specific T cell clones and 
transfectants are described in appropriate chapters.

name description culture
medium

selection
conditions

reference

Jurkat (J6 ) hum an T cell leukaemic 
line

CM nil (Schneider 
et fl/,1977)

JRT3T3.1 TCR - negative Jurkat 
derivative

CM nil (O hashi et 
al, 1985)

JRT3T3.5 TCR - negative Jurkat 
derivative

CM nil

58a-p- TCR negative murine T 
cell hybridoma

mDMEM nil (Letourneur 
& Malissen, 
1989)

S13.2 58a-p- transfectant 
expressing LacZ reporter 
construct

mDMEM hygromycin
(Calbiochem)
Im g /m l

RBL 2H3 rat basophil leukaemia DMEM-
CM

nil (Metzger et 
al, 1986)

LDRl murine fibroblast (L cell) 
transfectant expressing 
hum an DRl

CM geneticin
Im g /m l

R3.2L murine fibroblast (L cell) 
transfectant expressing 
hum an DR4

CM hygromycin
(Calbiochem)
Im g /m l

HOM2 hum an EBV - transformed 
DRl positive B cell line

CM nil

R /R IH P rat mastocytoma cell 
(P815) transfected with 
hum an DRl

CM hygromycin
(Calbiochem)
Im g/m l

CTLL murine IL-2 dependent 
T cell line

CTLL-
CM

rIL-2,
2 0 n g /m l 
(Eurocetus)

(Gillis et al, 
1978)

COS-1 simian renal fibroblast line DMEM-
CM

nil (Gluzman,
1981)

Table 2.1 : Cell lines routinely used
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2.5 Preparation of peripheral blood mononuclear cells (PBMC)

Venous blood was collected by venepuncture into heparinised tubes, and 
diluted by an equal volume of plain RPMI 1640. 25 ml of this m ixture was 
layered onto a 15ml cushion of Ficoll (H istopaque 1077, Sigma), and 
centrifuged at 400g (approx. ISOOrpm) at room tem perature for 25 min. The 
cells at the interface were recovered, washed twice in CM (see section 2.3) 
counted in a haem ocytom eter (im proved N eubauer cham ber), and 
resuspended at the required cell density. This procedure routinely produced 
approximately 1 x 10^ PBMC per ml original blood sample.

2.6 Im m unofluorescence analysis by flow  cytometry

Cell suspensions stained for the detection of surface antigens were analysed by 
flow cytometry on a fluorescence activated cell sorter (FACS). FACS buffer 
was: PBSA/0.1% BSA/ 0.1% sodium azide. For the majority of FACS analysis, 
10^ cells were stained per condition. All new batches of antibody were titrated 
on positive controls to determine the optimal concentration for staining before 
experimental use. Antibodies were diluted in FACS buffer. Where available, 
antibodies directly conjugated to fluorescein isothiocyanate (FITC) or 
phycoerythrin (PE) were used. Alternatively, monoclonal supernatants or 
purified antibodies were used followed by second layer P(ab')2 anti mouse Ig- 
FITC, PE, (Sigma) or cy-chrome (Pharmingen)- conjugated antibodies. In some 
cases, biotinylated first layer antibodies were used, followed by streptavidin - 
FITC, PE (Sigma) or cy-chrome (Pharmingen) conjugates. These fluorochromes 
are excited by a 488nm laser, with emission wavelengths of 525, 580 and 655 
respectively. Isotype matched irrelevant antibodies were used as controls.

For staining, cells were washed once in FACS buffer, aliquoted into 96 well 
plates, and pelleted by centrifugation at 1300rpm for 3 min. Incubations were 
for 30 min on ice in 50|il/well. After each incubation cells were washed 3 times 
in 200|xl/well FACS buffer. 1 % normal mouse serum was added to the final 
wash where appropriate. Analysis of stained cells by was perform ed on a 
Becton Dickinson FACScan, using the Consort 30 and Cellquest software. For 
routine staining live cells were gated on forward and side scatter using linear 
scales, and data for other parameters was collected on a log scale. 10 - 15,000 
events were saved per condition. In some cases propidium  iodide (50|Xg/ml) 
was included to aid gating of dead cells. For cell sorting, staining was 
performed in sterile tubes and antibodies diluted in RPMI 1640/2% FCS, and 
filter - sterilised before use. Cells were sorted on a Becton Dickinson FACStar 
apparatus with the help of members of the FACS department.
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2.7 Restriction enzym e digests

Restriction enzyme buffers : lOx stocks:

Low salt
O.lMTris-HCl, pH 7.5 
O.IM magnesium chloride 
lOmM dithiothreitol

Medium salt 
O.IM Tris-HCl, pH 7.5 
O.IM magnesium chloride 
lOmM dithiothreitol 
0.5M sodium chloride

High salt
0.5M Tris-HCl, pH  7.5 
O.IM magnesium chloride 
lOmM dithiothreitol 
IM  sodium chloride

All digests were performed in the presence of 0.1 m g /m l BSA. Enzymes were 
obtained from Boehringer or New England Biolabs. For digestion of cloned 
DNA and plasm ids, restriction endonucleases w ere used at a final 
concentration of 1 un it/pg  DNA. Digestion was performed in the appropriate 
Ix buffer for 1-2 hours at 37°C. For digestion of high molecular weight DNA, 10 
- 20 |xg DNA was digested using 30 - 40 units of enzyme in a volume of 50 - 100 
|Lil. Spermidine was added to a final concentration of 4mM, and the digest was 
performed overnight.

2.8 Agarose gel electrophoresis

Resolution of DNA fragments for analytical or preparative purposes was by 
agarose gel electrophoresis, using a Gibco - BRL 'Horizon' 11.14 tank or a 
Pharmacia minigel' apparatus. For DNA purification by the filter paper elution 
m ethod, electrophoresis was carried out using low m elting tem perature 
agarose (Seakem) in Ix TAF buffer. All other DNA sam ples w ere 
electrophoresed in standard agarose in Ix TBF buffer. Agarose (0.5 - 3%, 
Seakem) was melted in Ix buffer, allowed to cool, and ethidium  brom ide 
added to 0.5|ig/m l. The agarose was poured into a gel casting tray w ith an 
appropriate gel comb to form loading wells.
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DNA samples were loaded into wells with one sixth volume of 6 x loading 
buffer : 30% glycerol (v/v), 0.25% bromophenol blue (w /v). Ikb DNA ladder 
(Boehringer) was also loaded as a DNA standard. Gels were electrophoresed at 
25 - 90 V. DNA was visualised on an ultra violet light box and photographs 
taken using a polaroid land camera.

2.9 Purification of D N A  fragments from agarose gels.

Elution into filter paper

DNA was run on a TEE agarose gel until the fragm ent of interest was 
visualised. A slot was cut just in advance of the band, and a small piece of 
3MM filter paper, backed by dialysis tubing, placed within it. The gel was then 
run for a further 3 - 5  min until the required band had run into the filter paper. 
This was then placed in a 0.65ml eppendorf tube with a pinhole at the bottom. 
The DNA was eluted in wash buffer (20mM NaCl, 50mM Tris-HCl pH  7.5, 
ImM  EDTA, 0.1% SDS), and then extracted twice with phenol/ chloroform, 
before precipitation with 1/10 volume 3M sodium acetate pH  5.2 and 2.5 
volumes absolute ethanol. DNA was then recovered by centrifugation at 
13000rpm for 10 min and washed once in 70% ethanol before resuspension in 
water or TE pH 8.0.

Low melting point method

DNA was run on a TAE low melting point gel, the band of interest excised 
under UV light, made to lOmM EDTA, lOOmM NaCl, and melted at 6 8 °C for 
10 min. After phenol extraction, the DNA was precipitated and treated as 
above.

’Wizard* clean up system

The excised band of DNA of interest was centrifuged through siliconised glass 
wool packed into a 0.65ml eppendorf tube with a pinhole at the bottom. The 
eluate was purified using the 'w izard' DNA clean up system (Promega) 
according to the manufacturer's instructions.

2.10 Estimation of nucleic acid concentration

DNA or RNA solutions were diluted in distilled water by a factor of 50 - 200 
and placed in a quartz cuvette. The optical density (OD) of the solution was 
m easured, relative to water, at a w avelength of 260nm on an LKB
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spectrophotometer. The nucleic acid concentration, in |ig /m l, was calculated by 
multiplying the absorbance reading by the dilution and then by 50 for DNA, 40 
for RNA and 33 for oligonucleotides. In order to check the purity of the sample, 
the OD at 280nm was also measured. A ratio (OD2 6 O/OD2 8 O) of 1.7 - 1.95 
indicated a protein free sample. For some procedures, concentrations were also 
estimated by running DNA on agarose gels.

2.11 L igation of restriction fragm ent into plasm id or bacteriophage  
vectors.

Ligase buffer : lOx stock 
0.5M Tris-HCl, pH 7.6 
O.IM magnesium chloride 
lOOmM dithiothreitol 
lOmM ATP 
0.5m g/m l BSA

Purified fragm ents of DNA were subcloned by ligation into plasm id or 
bacteriophage vectors, which had been digested with appropriate enzymes to 
create compatible ends. Vector and insert DNA were mixed at molar ratios of
1 : 1, 1: 3 and 1 : 10. Two control tubes with vector alone, with and w ithout 
ligase, were always included. Ligations were performed in lOjil, containing 10 - 
20ng vector DNA in Ipl, 1 - 7 |xl insert DNA, Ijil lOx ligase buffer and lOOU of 
T4 DNA ligase. Ligation reactions were carried out at room temperature for 1 -
2 hours. Half the reaction mixture was used to transform competent E Coli.

2.12 Preparation o f com p etent E C o l i  for transform ation  w ith  
bacteriophage or plasm id D N A .

Com petent bacteria were prepared using a modification of the m ethod of 
Hanahan, 1983. Fresh buffers were made for each batch of competent bacteria 
and were filter sterilised before use :

TfBl TfB2

30mM potassium acetate lOmM sodium-MOPS
50mM manganese chloride lOmM potassium chloride
lOOmM potassium chloride 75mM calcium chloride
lOmM calcium chloride 15% (v/v) glycerol
15% (v/v) glycerol
adjusted to pH  5.8 with 0.2M adjusted to pH  7.0 w ith  IM
acetic acid NaOH or IM HCl
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Competent E Coli for transformation with bacteriophage.

JMlOl E Coli were used for work with the bacteriophage M13, and F+ bacteria 
were maintained by growth on minimal agar plates. A O -  agar plate was 
streaked with JMlOl bacteria and incubated at 37°C overnight. A single colony 
was used to inoculate 10 ml O - broth overnight, and this culture was then 
diluted 1: 20 in 100ml O - broth in a 200ml flask. The flask was shaken at 37°C 
until an OD5 5 0  of 0.48 was reached. The bacteria were chilled on ice, 
centrifuged for 5 min at 2500rpm and 4°C, and then gently resuspended in ice 
cold 40ml TfBl, in which they were incubated for 90 min. Bacteria were 
pelleted at for 5 min at 2500rpm and 4°C, and gently resuspended in 4ml ice 
cold TfB2. Aliquots of 100|il were snap frozen on liquid nitrogen and stored at 
-70°C. The transformation efficiency of each batch of competent bacteria was 
determined by transforming with supercoiled M13 of known concentration.

Competent E Coli for transformation with plasmids.

For transformation with plasmids, XLl-blue E Coli were used. The method was 
as above, with the following modifications. The stock plate was L - agar, the 
overnight culture was grown in L - broth plus tetracycline 7.5|Lig/ml, and the 
final culture was grown in L - broth.

2.13 Transformation of E Coli  w ith ligation products.

Transformation by bacteriophage products.

Stock solutions (aliquoted and stored at -20°C) :
Isopropyl-p-D-thio-galactopyranoside (IPTG) 20m g/m l in dH 20
5-Bromo-4-chloro-3-indolyl-p-D-galactoside (X - gal) 20m g/m l in dimethyl

formamide.
Competent JMlOl E Coli were thawed on ice and 5|xl of ligation mixture added 
per 100|xl bacteria. The mixture was incubated on ice for 40 min, heat shocked 
at 42°C for 90 sec, and returned to ice for 1 min. 0.42ml O - broth was added 
and the bacteria were shaken gently at 37°C for 20 min. 0.2ml of exponentially 
growing JMlOl E Coli, 25 pi of IPTG and 25 pi of X - gal were added, and the 
mixture was added to 3ml of TY top agar, prewarm ed to 45°C. The bacteria 
were poured onto prewarmed 9cm TY agar plates and incubated overnight at 
37°C. Using this method, M13 recombinants containing inserts gave white 
plaques while wild type M13 gave blue plaques.
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Transformation by plasmid products.

Competent XLl - blue E Coli were thawed on ice and 5|il of ligation mixture 
added per 100|xl bacteria. The mixture was incubated on ice for 40 min, heat 
shocked at 42°C for 90 sec, and returned to ice for 1 min. 0.2ml L - broth was 
added, and the bacteria were shaken gently at 37°C for 20 min. They were then 
spread on 9cm L - agar plates containing 50|Lig/ml ampicillin and incubated 
overnight at 37°C. Ampicillin resistant colonies were analysed as potential 
recombinants. Where the number of colonies on background plates was high, 
colonies were first screened for the presence of inserts by colony hybridisation 
(see section 2.23).

2.14 Preparation of bacteriophage or plasm id D N A

Solutions

Solution I
50mM glucose 
lOmM EDTA pH 8.0 
25mM Tris-HCl pH 8.0

Solution II
0.2M NaOH 
1% SDS

Solution III per litre
3M potassium 60ml 5M potassium acetate
5M acetate (pH 4.8) 28.5 ml glacial acetic acid

Small scale preparation of DNA (’minipreps')

For preparation of bacteriophage DNA, single white plaques were toothpicked 
into 1.5ml of exponentially growing JMlOl E Coli in 2TY - broth, and shaken 
for 5 hr at 37°C. The culture was centrifuged at 13000 rpm  for 5min, the 
supernatant stored ('phage stock'), and the pellet used to prepare dsDNA. For 
preparations from plasmids, single ampicillin resistant colonies were picked 
into 5ml L - broth and shaken overnight at 37°C. 1.5 ml of this culture was 
centrifuged and the pellet to prepare dsDNA. Bacterial pellets were 
resuspended in 100|il of cold solution I, vortexed well, and 200 |xl of solution II 
and 150 pi cold solution III were added. The lysate was vortexed vigorously 
and centrifuged for 5min at 13000rpm. The supernatant was transferred to 
another tube and extracted with equal volume of phenol/chloroform . DNA
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was then precipitated with 2 volumes absolute ethanol, pelleted and washed 
once in 70% ethanol, before being resuspended in deionised water containing 
RNAse A, final concentration 20|ig/ml.

Medium scale preparation of DNA Cmidipreps’)

This m ethod was used to produce clean dsDNA for sequencing. A 50ml 
overnight culture was prepared from each colony. After treatm ent as above 
w ith 5ml solution I, 10ml solution II, and 5ml solution III, the lysate was 
centrifuged at 2500rpm, +4°C for 5 min, and the supernatant recovered. 
Nucleic acids were precipitated w ith ice cold isopropanol and spun at 
2500rpm, +4°C, for 5 min. The pellet was dissolved in 1.5ml TE pH  8.0 and 
RNA was precipitated by adding 2ml cold 5M lithium chloride. RNA was 
removed by centrifugation and the supernatant recovered. Two volumes of 
cold absolute alcohol were added, and the DNA pelleted by centrifugation, 
before being resuspended in TE pH 8.0. DNA was then treated with RNAse A 
(20|xg/ml) to remove any residual RNA, and precipitated by addition of 0.5 
volume 20% PEG 2000, 2.5M sodium chloride. The DNA was dissolved again 
in TE pH  8.0 and extracted with chloroform and then phenol/ chloroform, 
before final precipitation with 1/10 volume 3M sodium acetate pH  5.2 and 2.5 
volumes absolute ethanol.

Maxi scale preparation of DNA ('maxipreps')

For large scale preparation of DNA from bacteriophage, 1ml of phage stock 
was used to inoculate 200ml of exponentially growing JMlOl E Coli in 2TY - 
broth, and the culture was shaken for 5 hours. For maxipreps from plasmids, 
lOjxl of a m iniprep culture or an individual bacterial colony was added to 
400ml L - broth containing 50 |ig/m l ampicillin and shaken overnight. From 
both preparations, the bacteria were pelleted by centrifugation at 5000rpm and 
resuspended in 40ml of Solution I, followed by 80ml of Solution II and 40ml of 
Solution III. The lysate was separated from cell debris by centrifuging at 
2500rpm for 10 min and the plasmid DNA was precipitated by adding 0.8 
volume of isopropanol and spinning at 5000rpm for 15 min. The DNA pellet 
was resuspended in TE pH 8.0 to a final volume of 9ml. lOg of caesium chloride 
and 500|il of lOm g/m l ethidium bromide were added to the solution. DNA 
was isolated after spinning at 45000 rpm in a Beckman ultracentrifuge for 24hr. 
DNA bands were removed by aspiration and ethidium bromide extracted with 
several changes of water saturated butan-l-ol. The DNA was then precipitated 
by adding 2 volumes of absolute ethanol and spinning at 5000rpm at room 
tem perature for 15 min. Finally the DNA pellet was resuspended in deionised
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water and the concentration and purity determined by spectroscopy. Maxiprep 
DNA was aliquoted and stored at -20°C.

2.15 Preparation of cytoplasmic RNA from mammalian cells

Gloves were w orn at all stages during RNA work. Total cellular RNA was 
prepared by the acid guanidinium thiocyanate phenol method (Chomczynski 
and Sacchi, 1987).
Lysis buffer TE / SDS

5M guanidine thiocyanate lOmM Tris-HCl pH  7.5
0.2M p-mercaptoethanol 0.2mM EDTA
0.5% sarcosyl 0.2% SDS
50mM Tris-HCl pH 6.0
lOmM EDTA
stored dark at +4°C

Cells were washed in cold PBSA and pelleted. Cells were resuspended in 1ml 
lysis buffer per 5 x 10^ cells, and the mixture vortexed well. 1ml of water 
saturated phenol was added, followed by 0.4ml chloroform and lOOpl 3M 
sodium acetate pH  4.0, After incubation on ice for 15 min and centrifugation at 
lOOOOrpm for 20 min, the aqueous phase was recovered and RNA precipitated 
with cold isopropanol. The RNA was pelleted, washed once in 70% ethanol, 
and resuspended  in TE/SDS. After phenol extraction the RNA was 
precipitated again and stored under ethanol. For some samples, RNA was 
prepared  using RNAzol B (Biogenesis Ltd) which is based on the same 
principles as the guanidinium thiocyanate phenol method.

2.16 Preparation of cDNA

5|ig of total RNA was resuspended in 16|l i 1 RNAse - free water and 4jxl of 
Im g /m l oligo - dT (Collaborative Research) was added. Annealing was 
allowed to occur at 55°C for 3 min, and the mixture put on ice for 3 min. The 
following were then added :

0.55|il RNAse inhibitor (Promega, 40U/|il)
8|xl mixed dNTPs each at 5mM (Boehringer)
4|xl O.IM DTT in IM  potassium acetate pH 7.5
4|il lOx reverse transcriptase buffer
(0.25M Tris-HCl pH 8.2 at 42°C, 0.25M KCl, 30mM MgC^)
2\l\ AMV reverse transcriptase 20U/|xl (Life Sciences) 
dH 20 to 40|il
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The m ixture was incubated at 42°C for 1 hour, and 60^1 of dHzO was then 
added. cDNA was precipitated three times w ith an equal volume of 4M 
ammonium acetate, 3 volumes absolute ethanol at room tem perature. This 
method does not precipitate small nucleic acids, and therefore removes primer 
from the cDNA.

For use in anchored polymerase chain reactions (AnPCR), a 'tail' of 15 - 30 
guanidine residues was created. The cDNA was resuspended in l lp l  of dH20, 
and the following were added :

3|li1 5mM cobalt chloride
Ipl dGTP lOOpM
4|li1 5x terminal transferase buffer
(IM potassium cacodylate, 0.125M Tris-HCl pH 6.6,1.25mg/ml BSA) 
Ijxl terminal transferase 25U/pl (Boehringer)

After incubation at 37°C for 15 min, 80|xl of dH 20 was added. The G - tailed 
cDNA was extracted with phenol/chloroform and then resuspended in 200|il 
of dH20, aliquoted and stored at -20°C.

2.17 Polymerase chain reaction (PGR)

The PGR was used to amplify cloned, genomic or cDNA (Saiki et a l , 1988). 
Short (15 - 35) oligonucleotide primers (ICRF) were designed to have roughly 
50% G /C  content, and included restriction sites where required. Template 
DNA was mixed with 0.25|liM primers, dATP, dCTP, dGTP and dTTP each at 
200|iM, in a final concentration of lOmM Tris-HCl pH  8.3, 50mM KCl, 1.5mM 
M gCl2 , 0.01% gelatin, and 2.5 units of Taq polymerase (Cetus), in a 0.65 |il 
eppendorf tube. For products to be used in constructs for stable transfectants, 
Taq polymerase was replaced by Vent polymerase, (New England Biolabs), 
which has proof reading activity giving sequence fidelity 3-6 times higher than 
w ith Taq polymerase. Reaction conditions were as for Taq polymerase. The 
reaction mixture was overlaid w ith one drop of light m ineral oil (Sigma). 
Amplification was carried out in a Perkin Elmer Cetus thermal cycler.

Standard PCR conditions were as follows:
First cycle : dénaturation at 94°C for 5 min

annealing at Tm of primers for 1 min* 
extension at 72°C for 2 min (or 1 min per Kb) 

Subsequent 25 cycles : dénaturation at 94°C for 1 min
annealing at Tm of primers for 1 min* 
extension at 72°C for 2 min 

Final extension period : 72°C for 10 min
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* Where Tm = n(A + T )x 2 + n(C or G) x 4 
Touch down PCR conditons (Don et a l , 1992) :
This modification was used to reduce non specific priming and was as above, 
except with first annealing temperature 68°C and in each subsequent cycle a 
decrease of 1°C in the annealing tem perature down to 56°C, followed by a 
further 20 'standard' cycles.

Anchored PCR conditions (Loh et a l , 1989):
This method was used to amplify mRNA from genes with variable 5' ends, in 
particular transcripts from rearranged TCR genes. 5 - lOjLil G - tailed cDNA was 
used as the template in a final reaction volume of 50 or lOOpl. Conditions were 
as above with an annealing temperature of 55°C.

After PCR, 1/10 of each reaction was visualised on an agarose gel. The 
remaining 9/10 were extracted twice with phenol/chloroform and then treated 
with proteinase K (Sigma), 50|ig/m l in Ix proteinase K buffer (lOmM Tris-HCl 
pH  8.0,5mM EDTA, 0.5% SDS).

2.18 DNA sequencing

Preparation of single stranded M13 DNA for sequencing

Single stranded DNA was prepared from M13 phage stock (see section 2.11). 
1.5 ml of phage stock was added to 150|xl 20% PEG, 2.5M NaCl and inverted 
gently. After 15 m in at room  tem perature, DNA was recovered by 
centrifugation at ISOOOrpm for 10 min and redissolved in lOOpl TE pH  8.0. The 
DNA was extracted with phenol and then chloroform, and precipitated with 
1/10 volume 3M sodium acetate pH  5.2 and 2.5 volumes absolute alcohol. 
After centrifugation as above, the DNA was washed once in 70% ethanol and 
redissolved in 15|xl dH20. 5|xl DNA was used immediately in sequencing 
reactions.

Preparation of double stranded DNA

The 'midiprep' method was used to prepare plasmid DNA for sequencing (see 
section 2.11). 5|ig of DNA was denatured by addition of 4pl IM  NaOH, ImM 
EDTA in a total of 20pl dH20. After 5 min DNA was precipitated w ith 2|xl 2M 
ammonium acetate and 55|xl cold absolute ethanol, placed on dry ice for 10 min 
and centrifuged at 13000rpm for 10 min. The DNA pellet was washed in 70%
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ethanol, dried, resuspended in 5|xl dH 20 and used immediately in sequencing 
reactions.

Sequencing reactions

A m odified version of the dideoxy chain term ination sequencing reaction 
(Sanger et a l , 1977) was performed using the Sequenase Version 2.0 Kit (USB). 
Template DNA, sequencing buffer and 2.5ng of oligonucleotide prim er were 
heated to 65°C for 2 minutes and allowed to cool to room temperature. The 
following were added to the annealed template and primer : l^il O.IM DTT, 2pl 
5x labelling mix (7.5pm each of dGTP, dCTP, and dTTP), 0.5pl ^^S-dATP, and 
2pl of Sequenase enzyme (T7 DNA polymerase) diluted 1 in 8 in enzyme 
dilution buffer (lOmM Tris-Cl pH7.5,5mM DTT, 0.5mg/ml BSA). For reactions 
w ith  dsDNA 0.5% NP-40 was also included. After 1-5 m in at room  
temperature, 3.5pl of the reaction was added to 2.5pl of each termination mix 
(containing either A, G, C or T dideoxynucleotides and a mixture of all four 
dNTPS at SOpM each) in a 96 well microtitre plate. The reaction was stopped by 
addition of 4pl of stop solution (95% form am ide, 20mM EDTA, 0.05% 
bromophenol blue, 0.05% xylene cyanol) to each termination reaction. Samples 
were heated to 80°C for 2 min immediately before loading.

Acrylamide gel separation of sequencing reactions

Biorad gel apparatus was used for DNA sequencing. Glass plates were washed 
thoroughly with distilled water and ethanol and the back plate siliconized with 
sigmacote (Sigma). The apparatus was assembled with 0.4mm spacers and an 
acrylamide plug formed. The denaturing polyacrylamide gel solution was 
made as follows. A stock solution of 30% acrylam ide/bis acrylamide mixture 
(National Diagnostics) was diluted to 6% acrylamide in 7M Urea. The solution 
was deionised by mixing with Amberlite MB-1 beads (BDH). TBE was added to 
Ix, and the gel mix made up to the final volume using dH 20. 50mls of 6% 
denaturing  gel was polym erised by adding 300pl of 10% am m onium  
persulphate and 40pl of TEMED (Sigma). After pouring, the flat edge of a gel 
comb was used to indent the top of the gel, and the gel was left for at least 1 
hour to set.

The gel was pre-run at 50W for half an hour in IX TBE before loading. The 
samples were loaded using a 48 well shark's tooth comb and the gel was run at 
50 - 55W. Sequencing reactions were generally loaded at split times allowing a 
short run of 2 hours and a long run of 4 hours to maximise readable sequence. 
The gel apparatus was dismantled and the gel then transferred onto 3MM
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paper before drying on a vacuum drier at 80°C for 1 hour. Sequence gels were 
exposed overnight on Fuji or Kodak XAR5 film at room temperature.

2.19 Oligo - labelling of DNA probes

Oligo labelling buffer (OLE) :
Solution A Solution B

1.25M Tris-HCl pH  8.0 2M HEFES pH 6.6
0.125M magnesium chloride
18|xl 2-mercaptoethanol per ml
5pl per ml each of O.IM dATP, dTTP, &
dGTP in TE (Pharmacia)

Solution C : 90 O D units/m l random hexadeoxyribonucleotides (Pharmacia)
A, B , and C were mixed in proportions 10 : 25 :15 and stored at -20°C 
DNA probes were labelled using the method of Feinberg and Volgelstein, 1984. 
20 - 50ng of DNA was denatured by boiling for 3 minutes. The DNA was 
placed on ice for 2 minutes and the following reagents added: 10|xl OLB, 2pl 
lOm g/m l BSA, 5pl ^^P-dCTP(Amersham), and 1)l i 1 Klenow fragment of DNA 
polymerase I, in a total volume of 50fxl. After incubation for at least 4 hours at 
room temperature, 50pi STE was added, and the mixture was centrifuged at 
2000rpm for 5 minutes through a Sephadex G-50 m edium  grade column 
equilibrated in STE, to remove unincorporated label. The eluate was counted in 
an Oncor Probecount to determine specific activity and boiled for 5 minutes 
prior to hybridisation. Probes used were routinely of specific activity of > 10^ 
dpm /pg  DNA.

2.20 Northern blot analysis of cellular RNA

RNA was analysed on 1% agarose/form aldehyde gels. 2g of agarose was 
added to 148ml of dH 20 and 20ml of lOx Northern buffer (200mM MOPS free 
acid, 50mM sodium acetate, lOmM EDTA, pH  7.0) and melted in a microwave 
oven. After cooling to 60°C, 32ml of formaldehyde (Fluka) was added, and the 
mixture poured into a RNAse free gel tray. 20 pg of total RNA was mixed with 
3 volumes denaturing buffer (20mM MOPS free acid, 5mM sodium acetate, 
ImM  EDTA, pH  7.0, 50% formamide (Fluka), 6% formaldehyde). The sample 
was then heated to 60°C for 5 minutes and allowed to cool slowly. 1 /6  volume 
loading buffer (50% glycerol, Ix Northern buffer, 0.25% bromophenol blue) 
was added before loading. The gels were electrophoresed in Ix Northern buffer 
at 100 mA for 3-4 hours, photographed, rinsed in dH 20 and transferred 
overnight onto Hybond N+ m em brane (Amersham) in 20X SSC. The
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mem brane was then rinsed with 2X SSC, air dried, and UV cross-linked 
(Stratagene UV crosslinker) before hybridisation.

The blotted membrane was prehybridised for 6-8 hours at a tem perature of 
42^0 in hybridisation solution containing 50% formamide, 5x SSC, 50mM 
sodium phosphate pH 6.6, Ix Denhardt's solution 0.1% SDS and SOpg/ml of 
boiled salmon sperm DNA. Hybridisation was in the same buffer, w ith the 
addition of 5% dextran sulphate, and was overnight at 42^C. Northern blots 
were washed four times for five min each at room temperature in 2x SSC, 0.1 % 
SDS, to remove excess dextran sulphate and then twice for 15 min each at 50^C 
in O.lx SSC, 0.5% SDS. Blots were exposed at -70C on Kodak XAR5 film using 
intensifying screens.

2.21 Preparation of genomic DNA

PK buffer :
50mM Tris-HCl pH 8.0 
lOOmM EDTA 
lOOmM NaCl 
1% SDS

1 - 5 X 10^ cells were washed once in PBSA, pelleted and resuspended in 700|xl 
PK buffer. 2.5pl Proteinase K (lOmg/ml) were added and the lysate incubated 
overnight at 55°C. RNAse was then added (final concentration 150jLig/ml), and 
the lysate incubated at 37°C for 2 hours. The mixture was extracted with 
phenol/chloroform  several times, until the interface was clear, and the DNA 
precipitated with cold isopropanol. The DNA was recovered by centrifugation, 
washed once in 70% ethanol, and left to dissolve overnight in TE pH  8.0.

2.22 Southern analysis of genomic DNA

Solutions :
Depurination solution : 0.25M HCl

Denaturing solution Neutralising solution
1.5M sodium chloride 1.5M sodium chloride
0.5M sodium hydroxide 0.5M Tris-HCl pH  7.0

Prehybridisation buffer Hybridisation buffer
3x SSC 6x SSC
Ix Denhardt's solution 5x Denhardt's solution
0.1% SDS 0.5% SDS
50pg/m l salmon sperm DNA lOOpg/ml salmon sperm DNA
5% dextran sulphate lOmM EDTA
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10 - 20 jig genomic DNA was digested as in section 2.5, and an aliquot checked 
for complete digestion, before electrophoresis at 1.5V/cm overnight on a 0.7% 
TBE agarose gel. The gel was placed in depurination solution for 15 min, rinsed 
in dH 20, and then agitated in denaturing solution for 30 min. Following a 
further rinse, the gel was incubated in two changes of neutralising solution (15 
min each), and then transferred to nylon membrane (Hybond N+) in 20x SSC 
by capillary action overnight. The blot was air dried and UV-fixed to 
immobilise the DNA (Stratagene UV crosslinker).

Hybridisation of Southern blots

The filter was incubated in prehybridisation buffer for 2 - 6  hours at 65°C in a 
roller bottle (Hybaid). The boiled, labelled probe was added to hybridisation 
buffer. Hybridisation was overnight at 65°C. After hybridisation the filter was 
washed once at room temperature in 2x SSC and then given 2 x 30 min washes 
in Ix SSC, 0.5% or 0.1% SDS at 65°C, depending on the stringency required. 
Blots were exposed at -70C on Kodak XAR5 film using intensifying screens.

2.23 Colony hybridisation

For screening of bacterial colonies for inserts, after transformation by ligation 
products, colony 'lifts' were made by resting 9cm circular nylon membrane 
(Hybond N+) on each bacterial plate for 2 min. To facilitate orientation, holes 
were pierced through the filter with a needle and their positions marked on the 
plates. The membranes were then placed on Saran wrap, on 5ml of denaturing 
solution for 5 min and then on 2 changes of neutralising solution (2 min each). 
The filters were w rapped in Saranwrap and UV-fixed (Stratagene UV 
crosslinker), and then treated as Southern blot filters (section 2.22).
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CHAPTER 3 

Characterisation of the T cell receptors of a panel of house dust 
m ite-specific T cell clones

3.1 Introduction

3.1.1 The role of T cells in atopy

The production of specific immunoglobulin E (IgE) after exposure to common 
environmental allergens represents an aberrant and potentially pathogenic 
immune response, known as atopy. One third of the population are atopic, 
while atopic disease, particularly extrinsic asthma, allergic rhinitis, and atopic 
dermatitis, affect approximately 10% of the population. Allergen - specific IgE 
antibodies bind to high - affinity IgE receptors (FceRl) on m ast cells and 
basophils, present in many tissues, particularly the mucosae, and in the 
presence of antigen this leads to degranulation and the release of vasoactive 
mediators, cytokines, and chemotactic factors. These in turn recruit eosinophils, 
basophils, neutrophils, and lymphocytes to the site of allergic reactions, the so 
called late phase response.

Common allergens reach the mucosae through ingestion or inhalation. Some of 
the most ubiquitous of the aeroallergens are proteins derived from the house 
dust mite (HDM). These small sightless animals, 0.3mm long (figure 3.1), 
inhabit carpets, beds and curtains in all temperate climates and feed on human 
scales (Platts-Mills and Chapman, 1987). There are two major species of HDM, 
Dermatophagoides pteronyssinus (D. pteronyssinus) and D. farinae. Unfractionated 
mite extracts contain at least four major groups of antigens, groups I-IV, which 
are derived from both the faecal pellets and bodies of the mites. The 
predominant IgE response to HDM is directed to the group I {Der p I and Der f  
I) and group II {Der p II and Der f  II) allergens (Chapman and Platts - Mills, 
1981, Didierlaurent and Garcelon, 1991) and is cross reactive between the two 
species. The group I - I V  allergens are all enzymes, which may assist in 
mucosal penetration of the allergens and their subsequent ability to induce 
immune responses (Chua et al, 1988, Stewart et al, 1992).

Atopy is characterised by high levels of both total and allergen specific IgE. The 
production of specific IgE depends on CD4+ T cells (Okumura and Tada, 1971, 
Ishizaka, 1984). The T cell derived cytokines interleukin (IL)-4 and IL-13 induce 
immunoglobulin class switching to IgE, IgE synthesis, and both B cell and mast 
cell p ro lifera tion  (D el P re te  et al, 1988, P u n n o n e n  et al, 1993),
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Figure 3.1 : Scanning electron micrograph of D e r m a t o p h a g o i d e s  
pteronyssimis house dust mite. Magnification approximately x 350.
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while IL-5 causes eosinophilia. Mice made deficient for the IL-4 gene by gene 
targeting are unable to produce either IgE or Th2 cells (Kopf et al, 1993).

Although HDM - specific T cells can be readily isolated from both atopic and 
non - atopic subjects, they show a marked difference in their cytokine profile. 
HDM - specific T cells from atopies are Th2-like, produce IL-4 and IL-5, little or 
no interferon (IFNj-y, and support the production of IgE in vitro by autologous 
B cells. In contrast clones from non - atopies produce no IL-4 but high levels of 
IFN-y (O'Hehir et al, 1989, W ierenga et al, 1991, Lin et al, 1992). There is 
evidence that the majority of T cells which accumulate at sites of allergic 
responses are of the Th2 phenotype (Robinson et al, 1992, Del Prete et al, 1993). 
The mechanisms responsible for the preferential development of allergen - 
specific Th2, rather than Thl, cells in atopies are unclear. There is data to 
suggest that the precise peptide and MHC specificity can be identical in 
allergen specific clones with different cytokine secretion profiles (van Neerven 
et al, 1994). Both IL-4 and IL-10 favour the development of Th2 over Thl cells, 
but the initial source of these cytokines during a primary immune response is 
not known. As yet no strong associations between MHC haplotype and atopy 
have been demonstrated. However, there are data to suggest an 'atopy gene' at 
a locus at l lq l3  (Cookson et al, 1992), and recent linkage analysis of 11 large 
Amish families has shown an association of IgE levels to 5q31.1, where both the 
IL-4 and IL13 genes are located (Marsh et al, 1994).

The induction of T cell non-responsiveness in vitro by stim ulation with 
supraop tim al concentrations of pep tide  was first described for the 
haem agglutinin - specific T cell clone, HA1.7 (Lamb et al, 1983) which is 
discussed further in chapter 5. More recently, clones specific for peptides from 
Der p I have been rendered non responsive in vitro by similar methods (O'Hehir 
et al, 1991, Yssel et al, 1994). Such 'anergic' clones no longer produce IL-4 in 
response to antigen but will still produce IFN-y, suggesting a functional 
'switch' from Th2 to Thl - like phenotype. They will also produce IL-4, IL-5 and 
IL-13 in response to phorbol ester and ionomycin, which bypasses the need for 
signalling through the TCR/CD3 complex. Recently a decrease in IL-4 
produced by D. farinae - specific CD4+ T cells after immunotherapy has been 
demonstrated in patients with HDM allergy (Secrist et al, 1993). In mice, two in 
vivo models, one using Der p I peptides given intranasally (Hoyne et al, 1993), 
and the other Fel d I peptides given subcutaneously (Briner et al, 1993), have 
show n dow nregulation of subsequent T cell and antibody responses to 
allergens. There is therefore considerable data to support the concept that 
immunotherapy could be applied to the problem of atopy.
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3.1.2 Rationale for TCR analysis of allergen - specific clones

In order to design specific immunotherapy for atopic disease, it is important to 
understand the allergen - specific T cell response at the level of peptides and 
their MHC restricting elements. As discussed in chapter 1, m any T cell 
responses have been studied for possible oligoclonality of TCR usage, with 
conflicting results. It is now clear that most allergens contain multiple T cell 
epitopes, and that these may be presented by DR, DP or DQ class 11 molecules 
(Higgins et al, 1994, van Neerven et al, 1993, Verhoef et al, 1993). Despite the 
heterogeneity of these responses, there do appear to be dom inant epitopes 
which are common for many haplotypes. The work described in this chapter 
involved a panel of HDM - specific, CD4+ class 11 restricted T cell clones. These 
are heterogeneous in their recognition patterns, and had been isolated from one 
individual over a period of several years. The aim was to characterise their TCR 
in the context of the overall TCR repertoire of the same individual.

3.2 Specific materials and methods

3.2.1 Anchored polymerase chain reactions of TCR transcripts

For the amplification of T cell receptor transcripts, T cell clones were cultured 
overn igh t in clCM (see chapter 2) in the presence of the lectin 
phytohaemagglutinin (PHA, Sigma) at a concentration of l|Xg/ml in order to 
ensure a good yield of RNA. Between 1 and 5 x 10^ cells were then used to 
prepare total cellular RNA and G - tailed cDNA as described (section 2.15). 
Where possible, cDNA was prepared from two different aliquots of each clone. 
cDNA was aliquoted, stored at -20°C, and 5|il (2.5% of the total cDNA) used in 
each 50|xl reaction w ith conditions as described. For amplification of TCR 
transcripts from T cell clones, a sense 5' polydeoxycytosine primer (anchor : 5' 
CTATCTAGAGAGCTCGCGGCCGCCCCCCCCCCCCC) and an antisense 3' primer for 
the TCRp constant region (Cp amp : 5' CGCGAATTCAGATCTCTGCTTCTGATG), or 
TCRa constant region (Ca amp : 5' TGACCGCAGTCGACAGACTTGTCACTGGATT) 

were used. After initial optimisation, an annealing tem perature of 55°C was 
found to be most efficient for AnPCR with these primers. These reactions 
produced specific products of 600 - 650 bp. From each cDNA, AnPCR for the 
TCRa and TCRp chains was performed twice, and 15 - 20 positive M13 clones 
from each amplification were sequenced (see below). In the case of those clones 
with two in frame TCRa transcripts, 10 - 15 M13 clones were analysed for each 
transcript.
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3.2.2 TCR V - family specific polymerase chain reactions of TCR transcripts

Amplification of TCR transcripts using primers to specific TCR V families was 
perform ed in order to confirm some of the results obtained by AnPCR. A 
control tube using the anchor 5' primer was included for each cDNA. For TCR 
Va families, the following V gene 5' primers were used in combination with the 
3' Ca  amp primer as above :

TCR Va family sequence 5' - 3' theoretical Tm

Va4 ACAAGCATTACTGTACTCCTA 58 °C

VaS GGAGAGAATGTGGAGCAGCATC 68 °C

V al5 GGATGTGGAGCAGAGTCTTTTTC 6 8 °C

In order to reduce incorrect priming between TCR Va families, touch down 
PCR was used for this reaction (Don et al, 1992). Consecutive cycles were run 
with annealing temperatures of 69, 68, 67, 66 °C, and then 25 standard cycles 
w ith an annealing tem perature of 65°C. These reactions produced specific 
products of 370 - 410 bp in length.

For TCR Vp families, the following V gene 5' primers were used in combination 
with the 3' Cp amp primer, and an annealing temperature of 64°C :

TCR Vp family sequence 5' - 3' theoretical Tm

Vp3 GTCTCTAGAGAGAAGAAGGAGCGC 7 4 °C

Vp6 GAGCTCAGGTGTGATCCAATTTCA 7 0 °C

Vp21 TGTGGCTTTTTGGTGCAATCCTAT 6 8 °C

These reactions produced specific products of 180 - 230 bp

3.2.3 Nested polymerase chain reactions of TCR transcripts to screen for ’long 
lived clones’ in peripheral blood.

For the amplification of whole TCR Vp families from peripheral blood 
lymphocytes, cDNA from unstimulated PBL was prepared as described. A two 
round, nested' PCR approach was employed. In the first round, upstream  5' 
TCR Vp primers for the Vp 6 and 21 families were used in combination with the 
3' Cp amp oligo and an annealing temperature of 63 °C in standard PCR. Ijxl of 
the product from this reaction was used in the second round of PCR, using the 
same Vp primers and a 3' J region primer from the sequence of the clones of 
interest with an annealing temperature of 63 °C :

Chapter Three : HDM specific T cell clones L. R. Wedderbum 1995



68

primer sequence 5' - 3' theoretical Tm

upstream Vp 6 GGATGTAGAGCTCAGGTGTGATCCAATTTCAG 94 °C

Upstream Vp 21 t GCTGGGCGGCCGCCTGTCTCCTGGGAG 98 °C

J DH15 GCCTGGTGCCCGGCCAGATCTACTGCTCTC 100°C

J D D ll GTCCCGTCGACAAAATGCTGGGGCTCGTTTC 9 8 °C

These reactions produced specific products of 350 (Vp 6) and 400 (Vp 21) bp for 
first round PCR, and 280 (Vp 6) and 360 (Vp 21) bp for the second round of 
PCR. After treatment with proteinase K and precipitation, the products were 
digested w ith S ad  and Bgl 11 (for Vp 6) or Sal 1 and Not 1 (for Vp 21) and 
cloned into the modified M13mpl8 for plaque screening as below.

3.2.4 Cloning of amplified TCR products

A modified form of the bacteriophage M13mpl8 (Messing, 1979) was the kind 
gift of Dr P. Moss, IMM, Oxford. This form has had the Bgl II site at position 
6935 removed by mutagenesis, and the M13 cloning site replaced by the 
polycloning site from the Bluescript vector (Sac I site to Sal I site). Amplified 
products were digested with appropriate restriction enzymes (Not I + Sal I for 
TCRa, and Not I + Bgl II for TCRp products), and ligated into this vector. 
Ligations were used to transform JMlOl bacteria as described, and inserts from 
white plaques were screened by restriction analysis of miniprep DNA before 
sequencing, as described in chapter 2. For screening of large num bers of 
amplified transcripts from PBL by oligonucleotide hybridisation, large plates 
containing approximately 2000 plaques each were prepared.

3.2.5. Screening of plaques by oligonucleotide hybridisation

For screening PBL TCR transcripts for particular TCR sequences, short 
oligonucleotides complementary to the N region sequences of interest were 
used, as well as internal Vp - specific oligonucleotides (as above). An irrelevant 
N region probe served as a negative control :

oligonucleotide sequence 5' - 3' theoretical Tm

N DH15 CTCTCCTCGACTGCTCCCGCTAG 76 °C

N D D ll GGCTGGTTTCCCCCCCTATCTAA 7 2 °C

p74N ATACTGCGTATCTCCCCAACCTA 6 8 °C
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After cooling plates at 4°C for 30 min, 2 plaque 'lifts' were made from each 
large plate using Hybond N+ membrane, and orientation marks made. DNA 
was denatured and neutralised, and then UV - fixed, as described (section 2. 
23). Prehybridisation was in 6 x SSC, 5 x Denhardt's solution, 0.1% SDS at 65°C 
for 2 hours, and hybridisation in 6 x SSC, 5 x Denhardt's solution at 10°C below 
the Tm of the oligonucleotide.

Labelling of short oligonucleotide probes w as perform ed using  T4 
polynucleotide kinase (New England Biolabs) by incubation at 37 °C for 45 
min:
Kinase buffer 10 x stock : Kinase reaction :

0.5M Tris-HCl pH  7.6 2|xl 10 x kinase buffer
O.IM magnesium chloride 10 - 20pmol oligonucleotide in l |il
50mM DTT 5|li1 [y  ̂ 2 p] ATP (5000Ci/ mmol, Amersham)
ImM  spermidine Ijxl T4 kinase
ImM  EDTA pH  8.0 l lp l  dH20

After hybridisation filters were washed at room tem perature in 6 x SSC and 
then in 3 X SSC/0.1% SDS at 10°C below hybridisation temperature for 15 min 
before exposure to Kodak XAR5 film for 4 hours or overnight at -70°C. Positive 
plaques were picked and the sequences of their inserts determined.

3.2.6 Analysis of TCR sequences

Nucleotide sequences were entered into the MacVector version 4.1 software for 
analysis, and predicted protein sequences produced. Both nucleotide and 
protein sequences were compared to known TCR sequences using published 
data (Toyonaga et al, 1985, Yoshikai et al, 1985, Yoshikai et al, 1986, Concannon 
et al, 1986, Tillinghast et al, 1986, Kimura et al, 1987, Klein et al, 1987, Takihara 
et al, 1989, Li et al, 1990, Ferradini et al, 1991, Hansen et al, 1991, Roman-Roman 
et al, 1991, Moss et al, 1993, WHO, 1993, Wilson et al, 1990, Wilson et al, 1988). 
Searches of the EMBL and Genbank databases were performed using the GCG 
and Intelligenetics software through the ICRF VAX facility.

3.3 Results

3.3.1 House dust mite - specific T cell clones

A panel of ten HDM - specific T cell clones were studied. The T cell clones were 
a kind gift from Dr R. O'Hehir, and had been isolated from a single atopic
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Clone
name

Proliferation to
D. farinae D. pteronyssinus

Antigen
specificity

MHC
restriction

D D ll + - group II DR52

DE12 + - group II DR52

DE41 + - group II DR52

DE47 + - group II DR52

DH15 + + group I D R ll

DE9 + + group I D R ll

DE5 + - NK DR53

DE26 + + group I DR52

DH12 + + group I D R ll

DE49 + - NK NK

Table 3.1 : Panel of house dust mite - specific T cell clones.
The species specificity, antigen specificity and MHC restriction (where known), 
of the ten HDM - specific T cell clones studied are shown. NK : not known.
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donor w ith perennial rhinitis, over a period of several years. The HLA 
haplotype of the donor, as determined by serological typing in the laboratory 
of Dr J. Bodmer, is : A 2,24(9); B50(21), 27; DR11(5), 7; DR52, DR53; DQ2, 7. The 
isolation of HDM specific T-cell clones has been reported in detail previously 
(O'Hehir et al, 1987). Briefly, peripheral blood mononuclear cells (PBMC) were 
stimulated for 7 days with unfractionated D. farinae extract. The activated T 
cells were then cloned by limiting dilution (0.3 cells per well) in the presence of 
specific antigen, irrad iated  autologous PBMC as accessory cells, and 
recom binant IL-2. Growing clones were expanded by restim ulation w ith 
antigen and accessory cells every 7 days and with IL-2 every 3-4 days. Before 
use in proliferation assays the cells were rested 7-8 days after the last addition 
of accessory cells and antigen.

The ten clones were tested for MHC and antigen specificity, in Dr O'Hehir's 
laboratory, by proliferation assays using whole dust mite extracts or partially 
purified group I and II HDM antigens. Murine fibroblasts (DAP3) transfected 
with DRB1*0101(DR1), DRBIHIOI (DR11(5)), DRBin201 (DR12(5)), DRB4*0101 
(DR53), DRB3*0101 (DR52Dw24) and DRB3*0201 (DR52Dw25), in combination 
w ith DRA*0101, were used as APCs. The specificities of the ten clones are 
shown in table 3.1. Out of the ten clones, 5 (D D ll, DE12, DE41, DE47 and 
DE26) were restricted by the product of DRB3*0201 (DR52Dw25). A further 3 
clones (DH15, DE9 and DH12) were restricted by the DRB1*1101 (D R ll(5)) 
product, while the DE5 clone was restricted by the DRB4*0101 (DR53) product. 
The restriction of the DE49 clone was not fully determined because it did not 
grow well in culture, making repeated experiments technically difficult.

As well as being restricted by different products of the DR locus, the ten clones 
had  different antigen specificities, reflecting the complexity of the HDM 
antigens. Four of the clones were cross reactive on D. farinae  and D. 
pteronyssinus. Further analysis showed that the cross reactive clones were 
specific for the group I allergen. A further four clones were specific for the 
group II allergen (table 3.1). All ten clones produced IL-4 and could support the 
production of IgE in vitro by autologous B cells.

3.3.2 Analysis of TCRa and TCRp gene rearrangements by AnPCR

The rearranged TCR transcripts expressed by the house dust mite - specific T 
cell clones were analysed by AnPCR and sequencing. The AnPCR reaction for 
the TCR chains produced specific bands of 600 - 650 bp. A 1% agarose gel for 
the analysis of a typical AnPCR reaction is show n in figure 3.2.
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no cDNA

a p
DE12

517 bp —

Figure 3.2 : Amplification of TCR transcripts from T cell clones by AnPCR.
1% agarose gel stained with ethidium bromide, showing products from the 
AnPCR reaction for TCRa and TCRp chains using cDNA from the T cell clone 
DE 12, PBL, or no cDNA as marked. M = 1Kb markers, with two sizes shown.
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TCRa

T cell clone Va Reference Ja Reference

D D ll 8.1
AV8S1

(Yoshikai et al, 
1986) HAP41

17.6 (Klein et al, 
1987) AB22

DE12 8.1
AV8S1

17.6

DE41 8.1
AV8S1

17.6

DE47 8.1
AV8S1

17.6

DH15 8.1
AV8S1

16.3 (Yoshikai et al, 
1985) JaC

DE9 8.1
AV8S1

16.3

DE5 VÔ5
ADV17S2

(Takihara et al, 
1989) KT08A

1.3 (Yoshikai et al, 
1986) JaN

DE26 1.2
AVlS2b

(Klein et al, 
1987) AA27

14.1 (Yoshikai et al, 
1986) JaG

DH12 8.1
AV8S1

(Yoshikai et al, 
1986) HAF50

1.4 (Roman-Roman 
et al, 1991) 

IGRa04
DE49 15.1

AV15S1
(Kimura et al, 
1987) FiAVT31

16.6 (Klein et al, 
1987) AB19

Table 3.2 : TCRa gene segments used by the ten house dust mite specific T 
cell clones. For the TCR Va genes, the previously designated gene segment 
names are given above, with the names according to the WHO approved 
nomenclature below (WHO, 1993, and Bell et al 1995, in press). For the TCR Ja  
genes, the classification designed by Dr P. Moss et al is used (1993). The 
sequence of the TCR C a gene is as in Sim et al, (1984). References and the 
original cDNA or genomic clone names for each of the TCR V a  and J a  genes 
are also given in the table.
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TCRp

T cell clone Vp Reference Dp JP Cp

D D ll 21.4 (Ferradini et a\, 1 1.5 1
BV21S4 1991) IGRbOl BDl BJ1S5 BCl

DE12 21.4 " 1 1.5 1
BV21S4 BDl BJ1S5 BCl

DE41 21.4 " 1 1.5 1
BV21S4 BDl BJ1S5 BCl

DE47 21.4 " 1 1.5 1
BV21S4 BDl BJ1S5 BCl

DH15 6.7a (Tillinghast et 2 2.7 2
BV6S7A1 a l  1986) pH 16 BD2 BJ2S7 BC2

DE9 6.7a " 2 2.7 2
BV6S7A1 BD2 BJ2S7 BC2

DE5 9.1 (Concannon et 1 1.4 1
BV9S1 al, 1986) PL2.6 BDl BJ1S4 BCl

DE26 3.1 (Concannon et 2 2.5 2
BV3S1 al, 1986) PL4.4 BD2 BJ2S5 BC2

DH12 3.1 " 1 1.1 1
BV3S1 BDl BJISI BCl

DE49 3.1 " 1 1.2 1
BV3S1 BDl BJ1S2 BCl

Table 3.3 : TCRp gene segments used by the ten house dust mite specific T 
cell clones. The previously designated gene segment names are given above, 
w ith the names according to the WHO approved nomenclature below. The 
sequences of the TCR Dp, Jp, and Cp genes are as in Toyanaga, 1985. References 
and the original cDNA or genomic clone names for each of the TCRp genes are 
given in the table.
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The gene segments used by the ten T cell clones are summarised in tables 3.2 
(TCRa) and 3.3 (TCRp). The gene segment designations used were initially 
from published sequences. More recently designated names according to the 
WHO nom enclature have also been used. Only one in - fram e TCRp 
rearrangem ent was detected in each of the T cell clones. However, of the 10 
clones, 8 were found to express two distinct in - frame TCRa sequences. In each 
case, one TCR transcript was found at higher frequency, ( 2 - 3  fold greater), 
than the other in the PGR amplification products. It is likely that the product of 
the more abundant TCRa transcript is expressed in association with the TCRp 
chain at the cell surface. It was not possible formally to test this due to the lack 
of monoclonal antibodies specific for the different TCR Va families.

Many authors have assigned TCRp genes to the Vp21 family. The sequence of 
the Vp21.4 gene (BV21S4) expressed by the clones differs by one residue from 
the Vp21.3 (BV21S3) gene segment, an aspartic acid (D) for asparagine (N) at 
position 86 (Wilson et al, 1990), with the conserved V region cysteine being 
counted as 92 (Chothia et al, 1988). It also differs by only one nucleotide, (silent 
at the protein level), from the sequence of the cDNA clone IGRbOl (Ferradini et 
al, 1991) now designated BV21S4. It is also identical at the protein level to the 
cDNA clone VblWlO (Hansen et al, 1991), although there are two conservative 
nucleotide differences. The other gene segments were each identical to a 
published sequence. The Vp 6.7a (BV6S7A1) is a member of a family containing 
several alleles, of which BV6S7A1 and A2 differ by just two residues in the 
coding sequence (Li et al, 1990). The Va segment of DE5 was originally 
classified as a Vô gene (Takihara et al, 1989),. Many of the V genes of the TCRa 
and TCR6 loci, which are interspersed, can be rearranged to either the Ca or the 
CÔ regions. This phenomenon is now well recognised (Miossec et al, 1991, 
Sottini et al, 1991)and has been estimated to occur in about 1% of all productive 
TCRa rearrangements.

3.3.3 Detection of identical TCR sequences in different T cell clones

The nucleotide and predicted protein sequences spanning the junctional V(D)J 
regions of the TCRa and TCRp chains are shown in figure 3.3. Six T cell clones 
utilised unique TCR sequences, while four clones were found to be identical at 
the TCR sequence level (including the sequence across the VDJp or VJa 
junctions) to others within the panel (see figure 3.3). Thus, DE12, DE41 and 
DE47 were identical to D D ll, and DE9 to DH15, although all clones had been 
isolated separately, and clones with different letters within the name (DD, DE, 
DH) originated from different venesection samples. Specifically, clone D D ll
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a) Clone Va N Ja Ca

"S

u

D D l l  TAC TTC TGTGCC 
Y F C A

DH15 TACTTC 
Y F

DE 5 TACTTCTGTGCA 
Y F C A

TACAAGAACACAGGCTTTCAG 
Y K N T G F Q

TCGCCCAGGGGTTCTGCAAGG 
S P R G S A R

GCAAGCGCTAACGACTAC 
A S A N D Y

AAACTTGTATTTGGAACTGGCACCCGACTTCTGGTCAGTCCA
K L V F G T G T R L L V S P

CAACTGACCTTTGGATCTGGGACACAATTGACTGTTTTACCT
Q L T F G S G T Q L T V L P

AAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCA
K L S F G A G T T V T V R A

DE2 6 TACTTCTGT GTTGTGAGTGAC C TTCATGGCTCTAGCAACACAGGC AAACTAATCTTTGGGCAAGGGACAACTTTACAAGTAAAACCA
Y F C V V S D L H G S S N T G  K L I F G Q G T T L Q V K P

DH12 TACTTTTGTGCA 
Y F C A

D E 49 TACTTCTGTGCA 
Y F C A

Clone vp

GTTGGGGCTGGAGGCTTC 
V G A G G F

GAGAGAATCACGGGCAGGAGA 
E R I  T G R R

NI N2

AAAACTATCTTTGGAGCAGGAACAAGACTATTTGTTAAAGCA
K T I F G A G T R L F V K A

GCACTTACTTTTGGGAGTGGAAC AAGAC TC CAAGTGCAAC CA 
A L T F G S G T R L Q V Q  P

JP

AATATCCAGAAC 
N I  Q N

GATATCCAGAAC 
D I  Q N

AATATCCAGAAC 
N I  Q N

GATATCCAGAAC 
D I  Q N

AATATCCAGAAC 
N I  Q N

AATATCCAGAAC 
N I  Q N

cp

D D l l TGTGCCAGCAGC 
C A S S

TTAGATAGGGGGGGA 
L D R G G

AACCAGCCCCAGCATTTTGGTGATGGGACTCGACTCTCCATCCTA
N Q P Q H F G D G T R L S I L

GAGGACCTGAAC 
E D L N

DH15

DE 5

TGTGCCAGCAGC 
C A S S

TGTGCCAGCAGC 
C A S S

CCTCCTAGCGGGAGCAGTCGAGGA
P P S G S S R G

CAAGGTCCCACTGGT 
Q G P T G

GAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACA
E Q Y F G P G T R L T V T

GAAAAACTGTTTTTTGGCAGTGGAACCCAGCTCTCTGTCTTG
E K L F F G S G T Q L S V L

GAGGACCTGAAA 
E D L K

GAGGACCTGAAC 
E D L N

r
%

IR
M

i

DE2 6

DH12

D E 49

TGTGCCAGCAGT 
C A S S

TGTGCCAGCAGT 
C A S S

TGTGCCAGCAGT 
C A S S

TTATTCAATAGCGGGTAC 
L F N S G Y

TTAGTTGAACGGGTC 
L V E R V

TTATATGGCGCGACC 
L Y G A T

CAAGAGACCCAGTACTTCGGGCCAGGCACGCGGCTCCTGGTGCTC
Q E T Q Y F G P G T R L L V L

ACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTA
T E A F F G Q G T R L T V V

TATGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTA
Y G Y T F G S G T R L T V V

GAGGACCTGAAA 
E D L K

GAGGACCTGAAC 
E D L N

GAGGACCTGAAC 
E D L N

Figure 3.3 : Sequence analysis of HDM - reactive T cell clones. DNA sequences encoding a) TCRa and b)TCRp chains 
spanning the junctional regions are shown. Predicted amino acid sequences are given below. Spaces have been introduced 
to allow alignment of conserved sequences. Nucleotides contributed by germ - line Dp sequences are underlined. 3̂
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was established in the year prior to the DE clones, while DE9 and DH15 were 
isolated 10 months apart. For simplicity only one representative sequence from 
each of these groups is represented in figure 3.3. Since the junctional sequences 
of the TCR chains define the clonotypic specificity of a T cell, it is most likely 
that the clones with identical TCR sequences have originated from the same 
precursor. Both groups of clones w ith identical TCR also expressed a less 
abundant second in - frame TCRa sequence, and these were also identical 
within each of the groups. This strengthens the evidence for these clones being 
'sister' or 'daughter' cells derived from single clones in vivo.

3.3.4 Oligoclonality of TCR expressed by the HDM - specific T cell clones

In the analysis of the TCR sequences for oligoclonality, the panel was 
considered to contain only six unique T cell clones. W ithin these six, a 
restricted num ber of TCR V genes were used. Three T cell clones, DH12, DE26 
and DE49, expressed Vp 3.1, while members of the Va8 family were used by a 3 
clones: D D ll (itself identical to three other clones), DH12, and DH15 (itself 
identical to one other clone). Three additional Vp and three Va genes were also 
found w ithin the panel. However, the three clones expressing Vp3.1 have 
differing MHC and antigen specificities, making this apparent oligoclonality 
difficult to interpret. Of the clones expressing Va8 genes, DH12 and DH15 are 
both specific for the group I antigen in the context of D R ll and are cross 
reactive on the two species of HDM. However D D ll and its 'sister' clones have 
a different specificity. In addition to these reservations in interpreting the 
apparent oligoclonality, it is important to note that both Va8 and Vp3.1 are 
commonly expressed gene segments in the peripheral T cell repertoire of this 
individual (see chapter 4).

Much data exists to suggest that the CDR3 regions of the TCRa and TCRp 
chains are critical in antigen recognition (see chapter 1). Therefore, the V(D)J 
junctional sequences of the T cell clones were analysed. There were no 
detectable conserved motifs of sequence or of CDR3 length in the V(D)J 
junctional region of either the TCRa or p chains. However, the 3 TCRp chains 
using Vp3 (DH12, DE26, and DE49), as well as D D ll, using Vp21.3, all have a 
leucine at position 96. Position 96 is generally the first to be coded for by N 
region nucleotides in the TCRp chain (Chothia et al, 1988) and therefore may 
theoretically be any residue. However, leucine residues are also commonly 
found in random  TCRp sequences from PEL (see chapter 4) so that the 
demonstration that 4 of the 6 unique TCRp chains have leucine at this position 
may simply reflect this.
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3.3.5 Demonstration of TCR usage by family specific PGR.

The dem onstration of T cell clones isolated in different years which use 
identical TCR sequences was unexpected, and suggested that the immune 
response to house dust mite may involve dominant clones with a long life span 
in vivo, presum ably driven by repeated antigen challenge. To confirm the 
results obtained by AnPCR, several experiments were performed using TCR V 
family specific PCR. In all cases the data supported the conclusions reached 
using AnPCR analysis. Two representative experiments are illustrated in figure 
3.4. Figure 3.4a shows a gel to analyse the results of family specific PCR of the 
TCRa chain in DE41, DE47 and DE49. Thus, the DE41 and DE47 clones show a 
strong band in the reaction using a primer specific for VaS, while the DE49 
clone shows the strongest band in the reaction using a primer for V al5. Despite 
the use of touch down PCR', there is some non - specific priming by 
oligonucleotides of other Va families: in this case a cross reaction between the 
primers for Va 8 and 15. In figure 3.4b the PCR products using primers for the 
Vp 3, 6 and 21 families on cDNA from the DE12, DE41 and DE49 clones are 
analysed. Again the results support the AnPCR data.

3.3.6 Screening of peripheral blood T cells for persistent clones

In order to study the possible in vivo lifespan of T cell clones which appear to 
persist in this chronic immune response, venous blood was taken 6 yeajs after 
the original clone isolation. cDNA was prepared from unstimulated PBL and 
used as the tem plate in a nested PCR approach as described. Short 
oligonucleotides were used to screen large num bers of recombinant M13 
plaques from these amplifications for the TCRp sequences of interes:. Two 
specific oligonucleotides, complementary to the N regions of the DH,5 and 
D D ll clones respectively, as well as an N region probe chosen at random from 
PBL sequences, were used for screening. Positive plaques were picked and 
their inserts sequenced. Using both the specific oligonucleotides, sequences 
identical to the VDJ region of the clones were demonstrated in full length in
frame transcripts from unstimulated PBL. Autoradiographs of sequencirg gels 
from the DH15 - identical and D D ll - identical N regions in PBL are shewn in 
figure 3.5. No positive plaque was obtained when screening the same filters 
with the control N region oligonucleotide.

The frequency of positive plaques was compared to the num ber of podtives 
obtained by probing w ith a family specific oligonucleotide. Usinj th is
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a)

M DE41 DE47 M

b)

DE49 DE12 M

396 bp

DE41 no cDNA

DE49 no cDNA

Figure 3.4 : TCR V family specific PCR from T cell clones
2% agarose gels showing V family specific PCR products. Figure 3.4a) shows 
PCR for TCRa using cDNA from three T cell clones, or no cDNA, as marked. 
For each set of 4 lanes, primers were to : TCR Va 15, 8, 4, and the anchor primer 
(in that order), with Ca primer for all 4 reactions. Figure 3.4b) shows PCR for 
TCRp using cDNA from three T cell clones, or no cDNA, as marked. For each 
set of 4 lanes, primers were to : TCR Vp 3, 6, 21, and the anchor primer (in that 
order), with Cp primer for all 4 reactions.
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Figure 3.5 : Junctional sequences corresponding to those of long lived clones 
are present in peripheral blood Autoradiographs from sequencing gels of PBL 
TCRp transcripts after nested PCR and screening with N region 
oligonucleotides. The left panel shows PBL sequence which is identical to the 
junction of the D D ll clone, the right to the DH15 clone. For comparison with 
the junctional sequences of the clones see figure 3.3.
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information and the known frequency of expression of each V family in the 
PBL of this individual, it was possible to calculate a precursor frequency for 
each of these clones in PBL, of approximately 1 in 10^.

3.4 Discussion

The purpose of this work was to investigate the diversity of TCR usage by 
allergen specific CD4+, class 11 restricted T cell clones from an individual who 
is sensitised to Dermatophagoides antigens. Ten HDM - specific T cell clones, all 
w ith a Th2 - like phenotype were selected. All of the clones were functional 
helper T cells as defined by their ability to support the production of IgE by 
autologous B cells. Surprisingly, within the 10 clones there were two groups 
which expressed identical TCR sequences, in both TCRa and TCRp chains. The 
chances of identical rearrangem ent events at both loci occurring in two 
separate developing thymocytes are very small. It is therefore likely that these 
clones are members of clonal populations in vivo which are present at a 
relatively high frequency, and have been isolated in several different cloning 
experiments. An alternative explanation may be that these clones survive well 
in vitro, allowing them to grow out more readily than other cells during the 
cloning procedure. The two groups of long lived clones differ, in that one 
group are specific for group II antigen in the context of DR52 (a class II 
molecule which uses a p chain which is the product of the DRB3*0201 allele), 
while the other group proliferates to the group I antigen with D R ll (using a p 
chain which is the product of the DRB1*1101 allele).

The screening of amplified TCR transcripts from peripheral blood for the same 
rearranged TCRp sequences, showed that they were still present in PBL six 
years after the clones were isolated, at an estimated cell frequency of about 1 in 
10^ T cells. This is further evidence for the existence of long lived clones in vivo, 
which may recognise dominant epitopes from the HDM antigens. Screening of 
PBL was not performed for the TCRa chains from these clones : thus it is 
theoretically possible that different peripheral blood T cells possess TCRp 
sequences which are identical at the nucleotide level, yet use different TCRa 
chains. Unfortunately, the PCR approach used here cannot demonstrate which 
TCRa and TCRp chains are paired at the T cell surface.

To prove formally the persistence of these clones in vivo, it would be necessary 
to reisolate them from PBL. The estimated frequency of these clones compares 
w ith data on tetanus toxoid specific CD45RO 'memory' T cells, in tetanus 
im m unised individuals, which have been shown to be at a frequency of

Chapter Three : HDM specific T cell clones L. R. Wedderbum 1995



82

approxim ately 1 in 15,000 (Merkenschlager et al, 1988). In this case the 
frequency represents m em ory cells specific for several epitopes, while 
individual specific clones are presumed to have a lower frequency than this.

There are several other examples of long lived T cell clones during a chronic 
hum an immune response. T cell clones expressing the same TCR sequences 
have been isolated from both PBL and synovial fluid (SF) from a patient with 
reactive arthritis, several years apart (H enw ood et al, 1993). In the T cell 
response to the HIV virus, TCR sequences from clones of CD8+ cells have been 
demonstrated which may represent as much as 1% of all PBL T cells in vivo 
(McMichael et al, 1995). In these disease situations, the presence of persisting 
antigen, or repeated exposure to antigen, presum ably drives such clones. 
Indeed, it has been suggested that much of T cell memory may be maintained 
by persistent antigen (Beverley, 1991), and the CD45RO 'memory' population 
has been shown to have a short intermitotic time in vivo (Michie et al, 1992). 
There is also now evidence for the existence in vivo of large oligoclonal 
populations of CD8+ cells, particularly in the elderly, which may be specific for 
persisting antigens, such as viruses (Grünewald et al, 1992, Posnett et al, 1994a).

There are precedents for the use of immunodominant allergenic T cell epitopes 
to induce specific non- responsiveness in vivo, in animal models (Briner et al, 
1993, Hoyne et al, 1993) as well as in other m urine diseases such as EAE 
(Clayton et al, 1989, W raith et al, 1989). In the latter case, the specificity of the 
disease-associated T cell repertoire is initially directed to the N term inal 
peptide (Acl - 11 or 1 - 9NAc) of the myelin basic protein, and shifts to several 
other, usually cryptic, epitopes as the disease becomes chronic (Lehmann et al, 
1992). This phenomenon has been called determinant spreading.

In the context of allergic disease, the finding of dominant long - lived T cell 
clones in vivo has important implications for immunotherapy. Thus, allergens 
are complex antigens with m any T cell epitopes, making peptide therapy 
potentially difficult to design. However, if the immune response is dominated 
by several clones which are stable over many years, it should be possible to 
design appropriate peptide therapy.

If oligoclonality or junctional sequence conservation of TCR sequences between 
different T cell clones were also present, epitope therapy might be even more 
feasible. In this study the T cell clones considered were chosen as a 
representative group of functional helper cells recognising HDM. Since they 
have differing antigen and MHC specificities, it was not unexpected that they 
used varying TCR. After the demonstration of the dominant clones, the TCR 
sequences were compared by considering the six unique sequences only. 
Within these six, 3 expressed Vp3.1, while three expressed members of the Vo8
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gene family. However, these chains show no conservation of the CDR3 regions, 
either in terms of length or sequence.

In some T cell responses there is evidence that a particular V region may play a 
dom inant role in the recognition of a peptide/M H C  complex, even in the 
absence of any junctional sequence conservation (Boitel et al, 1992 , Casanova et 
al, 1991). However, as discussed above these clones had varying specificity for 
antigen. It was thus more likely that the use of the Vp3.1 and VoS genes was 
due simply to their relatively high representation in the overall T cell repertoire 
(see chapter 4). A panel of only 6 clones is perhaps too small to draw  firm 
conclusions about the presence of true oligoclonality.

It was interesting that a majority of the T cell clones analysed expressed two in 
- frame rearranged TCRa chains. This phenomenon is well recognised in T cell 
clones (Malissen et al, 1988, Casanova et al, 1991, Boitel et al, 1992), where it is 
thought that preferential pairing of one of the chains leads to only a single 
receptor being expressed. It appears that allelic exclusion is less stringent at the 
TCRa than the TCRp locus (Malissen et al, 1992). For example, in mice made 
transgenic for the TCRap pair from an anti - HY T cell clone, the presence of the 
transgenic rearranged TCRa chain does not prevent further rearrangement at 
the TCRa locus (Borgulya et al, 1992). This is in contrast to the TCRp locus 
where expression of a functional transgenic TCRp chain prevents expression of 
endogenous TCRp genes (Uematsu et al, 1988).

In fact, several successive rearrangements can ocurr at the TCRa locus even 
when a TCRap heterodim er has already been expressed at the cell surface of 
the thymocyte (Petrie et al, 1993). These ocurr in the developing thymocytes 
which are already CD4+ CD8+ (double positive, DP). As discussed in chapter 
1, the expression of the recombinase genes RAG-1 and RAG-2 is still high in the 
TCR^o DP cells, but is rapidly downregulated on cross linking of CD3 (Turka et 
al, 1991), or in vivo on positive selection (Brandie et al, 1992), and is low in the 
DP TCR^i thymocytes which result from positive selection (Borgulya et al, 
1992). In mice transgenic for a - specific TCRap pair, some peripheral T cells 
express two TCR, both of which use the transgenic TCRp chain, but diferent 
TCRa chains (Heath and Miller, 1993).

Dual receptor' T cells have also been demonstrated in normal hum an PBL by 
staining of different surface TCRa proteins, Va2 and Val2 or Va24 (Padovan et 
al, 1993). In each case both receptors were functional as assessed by cytotoxic 
induction by anti TCRa antibodies. It is theoretically possible that some of the 
HDM - specific T cell clones expressed two TCR using different TCRa chains, at 
the cell surface. In the absence of antibodies to demonstrate these proteins, this 
is difficult to investigate further.
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In conclusion, this study of a panel of Th2 - like, HDM - specific T cell clones 
demonstrated some restriction of TCR usage, but this is difficult to interpret in 
the light of the clone specificities and the PBL T cell repertoire. More interesting 
was the demonstration of clones which appear to be dominant in this immune 
response. The presence of junctional sequences in peripheral blood T 
lymphocytes, identical to those found in these clones, suggested that they have 
persisted for at least 6 years in vivo, at relatively high frequency. It would be 
interesting to measure the intermitotic time of such cells, which are presumably 
in cycle, since they meet antigen frequently. It will be important to see whether 
these findings can be extended to other HDM - sensitised patients, if the 
induction of T cell tolerance is to become a real possibility as a therapeutic 
approach to allergic disease.

Chapter Three : HDM specific T cell clones L. R. Wedderbum 1995



85

CHAPTER 4 

A nalysis of the peripheral T cell repertoire

4.1 Introduction

The ability of the immune system to recognise a huge variety of foreign 
antigens is conferred by the clonotypic expression of highly variable T cell 
receptor and im m unoglobulin molecules. In T cells, m any mechanism s 
contribute to this diversity, including the random, imprecise rearrangement of 
V, D, and J genes, association of different TCRa and TCRp chains, template 
independent nucleotide addition and trim m ing and tem plate dependent 
additions at the sites of recombination. The potential TCR repertoire has been 
calculated to be as high as 10^^ for the TCRap pair, (Davis and Bjorkman, 1988). 
Since this num ber is higher than the true num ber of lymphocytes in one 
individual, it follows that the actual TCR repertoire will be more limited than 
this.

In mice, several mechanisms are known to limit the TCR repertoire. For 
example, certain strains carry large deletions of part of the TCR locus (Behlke et 
a l , 1986). Thymic selection further limits the expressed repertoire both through 
the requirement for selection on MHC class 1 and 11 molecules (Kisielow et a l , 
1991), and perhaps through other MHC genes such as the peptide transporters. 
Endogenous superantigens encoded by retroviral sequences within the genome 
also affect the m urine repertoire, by leading to deletion of whole TCRVp 
families (Dyson et al, 1991). In the hum an TCR repertoire, it is clear that genes 
both within and outside the MHC, have an important influence. Monozygotic 
twins show more similarity in TCR use than siblings, (Gulwani-Akolkar et al, 
1991, Loveridge et al, 1991) and certain TCR V gene phenotypes are affected by 
genes at non - MHC loci.

While 86 different hum an TCRVa (TCRAV) and TCRV5 (TCRDV) gene 
sequences, and 138 TCRVp (TCRBV) sequences have been subm itted to the 
international databases (EMBL, Genbank) at the time of writing, it is clear that 
the true TCR V gene repertoire of any one individual is more limited than this 
QNeiet a l , 1994). Recently the complete hum an TCRp locus has been submitted 
to the database and this data suggests that there are 53 functional TCRp genes 
(Rowen et al, 1994) . Several groups have now clearly established allelism for 
many hum an TCR V gene segments, including Vpl, 2.1, 5.3, 6.7,13.4 and 15.1, 
and V a6,8.1,10 and 21 (Robinson, 1989, Plaza et a l , 1991, Li et al, 1990, Cornelis
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et al, 1993, Reyburn et al, 1993). As well as differences in coding sequences, 
some TCR alleles show noncoding polymorphisms which affect expression, 
(Kay et al, 1994), or nonfunctional sequences. For example, a stop codon in a 
VplS allele (Charmley et al, 1993) or the loss of the conserved 92cys residue 
(Vp6.1a) (BV6S1A2) (Luyrinkef al, 1993) both lead to null genes. The Vp6.1a 
allele is associated w ith a subgroup of juvenile chronic arthritis patients 
(Charmley et al, 1994). In the case of the Vp3 gene (BV3S1), there is evidence 
that a single base difference in the recombination signal sequence may affect 
expression levels and that this difference is inherited as an allele (Posnett et al, 
1994b).

As well as sequence variations, as yet unexplained differences in the expression 
of particular TCRV families have been noted between individuals, such as the 
bimodal distribution of Vp2 expression, which is a stable inherited , non MHC 
associated phenotype (Clarke et al, 1994). Furthermore there is increasing 
evidence that the TCR repertoire is different betw een T cell subsets, in 
particular the CD4 and CDS positive populations, (Gulwani-Akolkar et al, 1991, 
Grünewald et al, 1991, Davey et al, 1994). This m ay be due to differing 
constraints on the interaction between the TCR and class 1 and class 11 
molecules during thymic selection. Endogenous superantigens would also be 
expected to affect the repertoire of CD4 and CD8+ cells differently. Such 
differences may also reflect environmental influences on the repertoire. Some 
of these disparities appear to increase with age, in particular in the CD8+ 
population. Expansions of oligoclonal populations of CD8+ T cells bearing one 
V gene product, in particular in the elderly, have been demonstrated by several 
groups (Grünewald et al, 1992, Posnett et al, 1994a).

The aims of this part of the thesis were to characterise in detail the peripheral 
TCR repertoire of the atopic donor from whom the house dust mite specific T 
cell clones had been isolated. This would allow interpretation of the data 
obtained from the functional T cell clones w ithin the context of the overall 
repertoire, and would also add to the growing database on the hum an TCR 
repertoire. The w ork included analysis by two m ethods : anchored PCR 
(AnPCR) and immunofluorescence, each with distinct advantages.

Many recombinant DNA techniques have been used to study TCR genes. Two 
techniques used to overcome the problem of 5' variability have been the 
AnPCR, which uses a common 5' anchor' sequence, and inverse PCR which 
circularizes the amplified products (Ochman et al, 1988). These methods should 
allow amplification of all transcripts equally. AnPCR has been shown to 
correlate well w ith cell surface staining for TCR, or analysis by V region 
specific oligonucleotide probing (Rosenberg et al, 1992). This is in contrast to
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data where TCR transcripts have been amplified using V gene specific primers 
(Diu et al, 1993) where problems caused by different efficiencies of primers may 
occur. AnPCR has the further advantage of providing sequence data, thus both 
increasing the understanding of the VJ and VDJ junctional regions, and 
demonstrating polymorphic TCR gene sequences.

Cell surface staining allows the characterisation of V gene usage w ithin 
different cell subsets. However, when this work was commenced this approach 
was considerably lim ited by the num ber of available V family specific 
monoclonal antibodies which would cover approximately 50% of the hum an 
TCRp repertoire, and far less of the hum an TCRa repertoire. In order to 
compare the two data sets generated during this work, the first based on 
mRNA levels and the other on actual cell numbers, the assumption was made 
that the majority of PBL T cells contain roughly equal levels of mRNA.

4.2 Specific materials and methods

4.2.1 Analysis of TCR by anchored PCR

For analysis of the peripheral T cell receptor repertoire by AnPCR, G - tailed 
cDNA was prepared from unstim ulated PBMC from the donor (RM) from 
whom the HDM - specific T cell clones originated. This cDNA was used as the 
tem plate in PCR reactions w ith TCR primers and conditions described in 
chapter 3. A total of 3 different cDNAs were prepared from PBMC, each from 
different venesections, and each used in the cloning and sequencing of TCR 
transcripts. A total of 50 TCRa and 50 TCRp in - frame sequences were 
determined. Sequences were compared to previously published V and J genes, 
using the EMBL and Genbank databases as described. O ut - of - frame 
sequences were noted but analysed separately.

4.2.2 Analysis of TCR by flow cytometry

The monoclonal antibodies used in the analysis of peripheral TCR repertoire 
are shown in table 4.1. Venous blood was taken from RM several times over a 
period of 3 years and used to prepare PBMC. Cells were cultured overnight in 
plain CM at a density of 0.5 x 10^/m l, in order to remove adherent cells, and 
suspension cells then used for immunofluorescence. A three colour protocol 
was used. For early experiments, all cells were stained w ith the anti - CD3 
antibody and for two other markers: a TCR Vp family or subfamily specific 
antibody in combination with antibody specific for CD4, CDS, CD45RA or
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CD45RO. In later experiments, cells were stained for each TCR Vp family or 
subfamily in combination with CD4 or CD 8, and CD45RA or RO. In each case, 
the initial antibody was unconjugated and cells were counterstained w ith a 
FITC or PE conjugated F(ab')2 anti murine Ig, followed by a blocking step of 1% 
norm al m ouse serum . The second antibody was a biotin - conjugate, 
dem onstrated by streptavidin - cychrome. The final antibody was a direct 
conjugate. Staining was performed as described in chapter 2.

For the analysis of cells by flow cytometry, cells were initially gated on the 
population containing the lymphocytes by side and forward scatter. In early 
experiments all cells were then gated on the CD3 marker. In later experiments, 
a gate which included all CD3 positive cells was set using the scatter profile, 
and three other m arkers then analysed. 15000 events were collected per 
condition.

Specificity Name Source Reference

CD3 SK7 Becton Dickinson UK (Reinherz et al, 1986)

CD4 SK3

CD8 SKI (Bernard et al, 1984)

CD45RA SN130 Prof. P. C. L.Beverley (Akbar et al, 1988)

CD45RO UCHLl (Smith et al, 1986)

TCRVp 2 MPBD5 Prof. A. Boylston (Clarke et al, 1994)

TCRVp 3 JO VI-3 Dr J. Viney (Viney et al, 1992)

TCRVp 5.2 +5.3 ICI Prof. A. Boylston (Boylston et al, 1986)

TCRVp 6.7a OT145 (Li et al, 1990)

TCRVp 8 MX9 (Carrel et al, 1986)

TCRVp 12 S511 (Bigler et al, 1983)

Table 4.1 : Monoclonal antibodies used in analysis of TCR repertoire.
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4.2.3 Culture of PBMC with house dust mite antigen

PBMC were isolated from the donor RM and another, non atopic donor, and an 
aliquot used immediately for cell surface staining for CD3, CD4, CDS and Vp3 
as above. The remaining cells were cultured at a density of 5 x 10^ cells/m l in 
cl-CM in the presence of HDM (D. farinae) extract at a concentration of 10^ 
BU/ml. After one week, these cells were analysed for Vp3 staining as above.

4.2.4 Analysis of Vp3 recombination signal sequence alleles

A recent report has shown that two alleles of the Vp3 recombination signal 
sequence (RSS) differ by only one base, which creates a Pvu II site in one allele, 
and lead to different levels of expression of Vp3 in peripheral blood (Posnett et 
al, 1994b) . PBMC were prepared from RM and used to stain for Vp3+ cells 
within the CD3+ population as above. Genomic DNA was then prepared from 
the PBMC. For typing of the Vp3 RSS alleles, PCR was performed using the 
following primers :

Primer sequence 5' - 3' theoretical Tm

5BV3-RSS CCTTGATGGCCTGTTTTTCAC 64°C

3BV3-RSS GTGCCATCGGAGCCAGCAC 62°C

PCR was carried out under standard conditions using Ijxg genomic DNA as a 
template, using the Vent polymerase enzyme. Reaction conditions were :

First cycle : dénaturation at 94°C for 5 min
annealing at 51°C for 1 min 
extension at 72°C for 1.5 min 

Subsequent 25 cycles : dénaturation at 94°C for 1 min
annealing at 51°C for 1 min 
extension at 72°C for 1.5 min 

Final extension period : 72°C for 10 min

Follow ing am plification, PCR products w ere ex tracted  tw ice w ith  
phenol/chloroform and precipitated using 1/10 volume 3M sodium acetate pH
5.2 and 2.5 volumes absolute alcohol. The products were then digested with the 
Pvu II enzyme to distinguish between the two allelic forms of the RSS and the 
products run on a 2% TBE agarose gel.
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4.3 Results

4.3.1 TCR gene segment repertoire by anchored PCR 

TCR gene segm ent usage

The peripheral blood TCR repertoire of the individual from whom the HDM - 
specific T cell clones were established was studied by AnPCR and cell surface 
immunofluorescence. Each of the 50 in - frame VJa and 50 VDJp sequences 
analysed had a unique sequence, at both the protein and DNA levels. For 
description of these data, previous designations of V gene segments are used as 
well as the current gene segment name according to the WHO nomenclature. 
The gene segment designations of the 50 TCRa sequences are shown in table
4.2, and the 50 TCRp in table 4.3. The Va gene family segments used are shown 
in figure 4.1 while the Vp gene family and Jp segments used are shown in 
figure 4.2. The TCR repertoire of this individual was in broad agreement with 
other studies, although there is considerable inter - individual variation, 
(Doherty et al, 1991, Rosenberg et al, 1992, Moss et al, 1993).

As with other individuals, this donor has certain V genes which are used much 
more frequently than others, in particular the Va2, Va8, Vpl, Vp3, and Vp6 
families. Some other families were only rarely used, and several were not 
detected within the 50 sequences analysed. One of these is probably in part due 
to the cloning strategy used : the Vpl5 gene contains a Bgl II site within its 
coding sequence, and this would have produced a much shorter insert, lacking 
in J or C sequence, which would not have been analysed. The frequent use of 
the Va8 and Vp3 genes was interesting in view of the apparent over 
representation' of these gene segments in the TCR analysis of the HDM - 
specific T cell clones (see chapter 3). Two TCRa chains used the segment 
originally designated as VÔ5, and one the Vôl gene, giving a frequency of VÔ 
usage in this TCRa repertoire of approximately 6% which is not statistically 
different from previous estimates of this phenomenon, (Moss et al, 1993).

Strikingly, transcripts using Vp3 represented 22%, and those using Va2, 20%, of 
the total repertoire. All of these sequences had different N region sequences, 
even those which used identical V and J genes. This is discussed further in later 
sections. The Dpi segment can rearrange to a gene from either the Jpl or Jp2 
gene cluster. In the sequences analysed, it was not always possible to assign the 
Dp gene segment accurately. However, there were several transcripts where 
D pi was found to be clearly rearranged to a gene from the Jp2 gene cluster. 
There is one report of TCR transcripts in which Dp2 appears to have rearranged 
to genes of the Jp l cluster, (Quiros-Roldan et al, 1995). However, no such
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PBL TCR clone TCR Va TCRJa CDR3 seq

RMa2 8.1 (AV8S1) 16.1 (HJGA) FWSSASKII

RMa3 7.1 (AV7S1) 17.5 (XWRall) RDQTGANNLF

RMa4 2.1(AV2S1) 9.5 (FLA.P21) NQAGTALI

RMa5 ll.l(A V llS l) 6.1(AC17) TYNNAGNMLT

RMa7 1.4(AVlS12*a) 17.9Ga210G) GTTGGGNKLT

RMa9 22.1(AV22S1) 9.14(D155) LNTFLV

RMalO 20.1/16.1(AV20S1) 13.2(AF211) LDNYGQNFV

RMal2 V65(ADV17S2) 9.4(HAP05) SESTNRDDKn

RMal5 4.1(AV4S1) 9.16(AC9) LRGGSEKLV

RMal6 4.1(AV4S1) 15.2(FLAVT32) LKDRGSTLGRLY

RMal7 V55(ADV17S2) 17.10 (AP511) SGTSGTYKYI

RMal9 Vôl(DVlOlSl) 17.3(HAVT24) GEGGNQFY

RMa21 22.1(AV22S1) 1.7(IGRJalO) SKTDNVMR

Table 4.2 : TCRa gene segments and CDR3 sequences of 50 in-frame PBL TCR. For the TCRVa genes, previous 
name designations are shown, with WHO designations in brackets. For the TCRJa genes, names according to Moss 
1993, and the original cDNA clone names are given. ** - polymorphic sequences.
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PBL TCR clone TCR V a TCRJa CDR3 seq

RMa25 23.1(AV23S1) 9.4(HAP05) NRDDKII

RMa26 23.1(AV23S1)** 6.2(AC25) RPPIKAAGNKLT

RMa28 2.3(AV2S8)*^* 9.3(HAVT33) VNNDGGSNYKLT

RMa29 8.1(AV8S1) 17.5(XWRa7) SGSGANNLF

RMaSO 2.6(AV2S6) 1.3(HAP10) MKDYKLS

RMaSl 7.1(AV7S1) 9.5(HAP21) PNQAGTALI

RMa32 1.3(AV1S3) 14.3(HAP08) SDAGGTSYGKLT

RMa33 7.1(AV7S1) 9.14(D155) RERHSGNTPLV

RMa34 2.1(AV2S1) 14.1(HAP29) RAGINTGKLI

RMa36 2.6(AV2S6) 1.9(XWRa9) NSDSWGKLQ

RMa38 12.1(AV12S1) 1.5(IGRJa08) SEAWGGYNKLI

RMa39 2.6(AV2S6) 14.4(HAVP50) PRQGAQKLV

RMa40 14.1(AV14S1) 14.3(HAP08) SSTSYGKLT

RMa41 13.1(AV13S1) 9.3(HAVT33) EGGGSNYKLT

r
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PBL TCR clone TCR Va TC R Ja CDR3 seq

RMa43 2.1(AV2S3) 1.7(IGRJalO) NIPNNVMR

RMa45 15.1(AV15S1) 17.90A21OG) SRVTGGGNKLT

RMa46 4.2(AV4S2) 3.1(IGRJa01) VRVYNAGKST

RMa49 7.1(AV7S1) 16.6(AB19) RNMDTGRRALT

RMaSO 2.1(AV2S1) 15.1(HAP26) GRSDGQKLL

RMa51 14.1(AV14S1) 17.11(AB11) GGATNKLI

RMa54 16.2(AV16S2) 16.1(HAF35) TVGSSASKH

RMa55 2.2(AV2S2) 17.2(HAP41) NSGGYQKVT

RMa59 5.1(AV5S1) 1.3(HAP10) DNDYKLS

RMa60 17.1(AV17S1)** 17.3(HAVT01) VSGAGYQLT

RMa62 20.1(AV20S1)’̂"- 14.1(HAP29) GDYTGKLI

RMa64 12.1(AV12S1) 1.6(IGRJa09) SEAKLGGNKLV

RMa66 ll.l(A V llS l) 9.15(AD17) EDVQGYSTLT

RMa69 20.1(AV20S1)’̂ ’̂ 16.6(AB19) GDMDEAPGRRALT

Table 4.2 continued.
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PBL TCR clone TCR Va TC R Ja CDR3 seq

RMa74 8.2(AV8S2A1) 16.6(AB19) PMDTGRRALT

RMa76 23.1(AV23S1) 14.2(HAP38) RRLQGGKLI

RMa77 17.1(AV17S1) 13.2(AJ2.2) SLKVQNFV

RMa78 8.1(AV8S1) 1.5(IGRJA08) TSFSGGYNKLI

RMa79 32.1(AV32S1) 14.1(HAP49) RSNTGKLI

RMaSl 1.4(AV1S12A1) 15.3(HAP58) TSGGSYIPT

RMa83 8.1(AV8S1) 15.3(HAP58) TSSGGSYIPT

RMa84 22.1(AV22S1) 17.11(AB11) SDGYGGATNKLI

RMa85 2.3(AV2S8)** 1.6(IGRJa09) GLGEYGNKLV

Table 4.2 continued.
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PBL TCR clone TCR Vp TCRJp TCR Cp CDR3 seq

RMbl l.l(BV lSl) BJ2S1 BC2 SVLDESYNEQF

RMb3 5.2(BV5S2) BJ2S2 BC2 SLGPSNTGELF

RMb4 3.1(BV3S1) BJ2S1 BC2 SGSSGSLWQF

RMb6 6.9(BV6S9) BJ2S1 BC2 SLTSGRHEQF

RMb7 12.3(BV13S1) BJ2S7 BC2 SYPDREGEETQY

RMbS 3.1(BV3S1) BJ2S1 BC2 SFTRGGSNEQF

RMblO 2.1(BV2S1) BJ2S7 BC2 RGSDPGNSYEQY

RM bll 6.1(BV6S1) BJ2S1 BC2 SLRLAGGDEQF

RMblS 3.1(BV3S1) BJ2S1 BC2 SSPGTEQF

RMbl4 2.1(BV2S1) BJ1S6 BCl RGQNNSPLH

RMblS 6.4(BV6S4)*'' BJ2S5 BC2 SFRDRQETQY

RMbl7 5.1(BV5S1) BJ2S1 BC2 SLGTGSYNEQF

RMbl9 12.3(BV13S1) BJISI BCl SHSALSNTEAF

Table 4.3 : TCRp gene segments and CDR3 sequences of 50 in-frame PBL TCR. For the TCRVp genes, previous 
name designations are shown, with WHO designations in brackets. For the TCRJp and Cp genes, names according 
to WHO nomenclature only are given. ** - polymorphic sequences.



D

R

t
§

I

r

fiMi

PBL TCR clone TCR Vp TCRJp TCR Cp CDR3 seq

RMb20 24.1(BV24S1) BJ1S4 BCl SRDPGQTNEKLF

RMb22 3.1(BV3S1) BJ2S3 BC2 SLQAVGTDTQY

RMb23 l.l(BV lSl) BJ2S7 BC2 SVSGIAVEQY

RMb25 l.l(BV lSl) BJ2S7 BC2 SPQVQDEQY

RMb26 3.1(BV3S1) BJ2S7 BC2 SLYDEGEQY

RMb29 l.l(BV lSl) BJ2S7 BC2 SVAGGPYEQY

RMbSl 3.1(BV3S1) BJISI BCl CTLTGTEAF

RMb32 8.1(BV8S1) BJ2S3 BC2 SSPADTQY

RMb34 4.3(BV4S3) BJ2S7 BC2 ANRDGSSYEQY

RMb36 7.1BV7S1) BJ2S5 BC2 SQVSGTQY

RMb37 20.1(BV20S1) BJ2S7 BC2 SVTGRQY

RMb40 l.l(BV lSl) BJ2S7 BC2 SAQERTKYEQY

RMb44 6.4(BV6S4) BJ2S7 BC2 SLTGDEQY

Table 4.3 continued.

VOOv



D

î

r

f
i

PBL TCR clone TCR Vp TCRJp TCR Cp CDR3 seq

RMb45 6.7a(BV6S7Al) BJ2S3 CB2 SSYRDTQY

RMb48 3.1(BV3S1) BJ2S7 BC2 RTNSLGEQY

RMb50 4.1(BV4S1) BJ2S7 BC2 GGADSYEQY

RMb53 3.1(BV3S1) BJ2S1 BC2 SKWRSYNEQF

RMb58 5.4(BV5S4) BJ2S1 BC2 SKLAGGIYNEQF

RMb62 6.9(BV6S9) BJ2S5 BC2 SLALAAEQETQY

RMb67 24.1(BV24S1) BJlSl BCl SRSQGRTEAF

RMb68 l.l(BV lSl) BJ2S2 BC2 KRRLAVNTGELF

RMb69 2.1(BV2S1) BJ1S6 BCl AKQVQGNSFLH

RMb72 3.1(BV3S1) BJ1S4 BCl SPGTGDLREKL

RMb73 2.1(BV2S1) BJ2S5 BC2 TTGTFQETQY

RMb75 6.9(BV6S9) BJ2S1 BC2 SLTGRNEQF

RMb78 l.l(BV lSl) BJ2S5 BC2 SVAPGEVETQY

Table 4.3 continued.
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PBL TCR clone TCR Vp TCRJp TCR Cp CDR3 seq

RMbSl 3.1(BV3S1) BJ1S3 BCl SLRSGTGPISGNTIY

RMb84 l.l(BV lSl) BJ2S2 BC2 VAGRVRGIGTGELF

RMb88 3.1(BV3S1) BJ2S1 BC2 SLSINEQF

RMb92 21.3(BV21S3) BJ2S3 CB2 SLGWGDTQY

RMb93 6.9(BV6S9) BJ2S7 BC2 SLDSYEQY

RMb95 5.4(BV5S4) BJ2S1 BC2 SLTTGSFYEQF

RMb96 12.3(BV13S1) BJ2S5 BC2 SYPDREGEETQY

RMb97 12.3(BV13S1) BJ2S1 BC2 SYSTSEQF

RMblOO 22.1(BV22S1) BJ2S7 BC2 SFFYEQY

RMblOl 2.1(BV2S1) BJ1S2 BCl SFYICSWLVRDRTYGYT

RMblOS 18.1(BV18S1) BJ2S1 BC2 SPLASSGRANEQF
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Table 4.3 continued.
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Figure 4.1 : TCR Va gene segment repertoire. The percentage of each TCR Va 
family used within 50 TCRa sequences analysed is shown. Figure 4.1a) : TCR 
families Va 1 - 20 ; figure 4.1b) : TCR families Va 21 - 33 and VÔ 1 - 6.
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Figure 4.2 : TCR Vp and Jp gene segment repertoire. The percentage usage of 
each of a) TCR families Vp 1 - 24 and b) Jp genes within the 50 TCRp sequences 
analysed is shown.

Chapter Four : peripheral TCR repertoire L. R. Wedderbum 1995



101

sequence was identified in this analysis. As with other studies in both hum an 
(Robinson, 1992) and mouse (Candeias et al, 1991), the ratio of Jpl : Jp2 use was 
skewed, being 18% vs 82% for this individual. This same skew applied to the 
Cp genes, and was also noted in the DJCp transcripts identified (see below). 
Within the Jp2 cluster there was a marked over representation of the 2.1 and 2.7 
genes. The rearrangement of Vp genes to each Jp gene was also analysed (data 
not shown). No preference for a particular J gene by a V gene segment was 
noted, although 50 sequences may not have been a large enough sample for 
such bias to have been observed.

CDR3 length of TCR transcripts

The num ber of residues of the putative CDR3 region of each of the 100 TCR 
sequences was analysed. The sequences of these are shown in tables 4.2 and
4.3. The definition of the CDR3 was based on Chothia et al (1988), and included 
from residue 93 in the TCRa and 95 in the TCRp chain, to the residue just 
upstream from the conserved phenylalanine of the F-G-X-G motif in the J gene 
(these F residues are 106F and 108F in TCRa and TCRp^ respectively). The 
CDR3 lengths of the TCRa and TCRp chains are shown in figure 4.3. As with 
other studies of human TCR CDR3 lengths, the majority of CDR3 sequences are 
tightly clustered between 7 and 12 residues long. However, som ew hat 
unusually this individual has a 'tail' in the distribution of CDR3 lengths of 
TCRp chains, with a total of 8% being longer than 12 residues. This distribution 
is perhaps reminiscent of the CDR3 lengths of immunoglobulins, although 
these may be as long as 20 - 24 residues.

The VDJ junctional sequences of the 50 TCRp chains were analysed for 
evidence of TdT activity. Both V and J genes showed evidence of exonucleolytic 
nibbling and nucleotide addition. The num ber of nucleotides betw een the 
germline sequences of the end of the V gene and the start of the J gene ranged 
from 6 to 36 w ith an average of 16 and a m odal value of 18. Of those 
nucleotides w hich could not be a ttribu ted  to D genes, 28% w ere 
deoxyguanosine. This skew towards G residues in the N region has been 
previously noted in both murine (Candeias et al, 1991) and hum an (Rosenberg 
et al, 1992) TCRp sequences. No dinucleotide repeats were identified, 
supporting the concept that P region activity is rarely dem onstrated in 
peripheral hum an TCRp chains (Rosenberg et al, 1992).
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Figure 4.3 : CDR3 lengths of the TCR sequences analysed. The length of the 
putative CDR3 regions of the a) 50 TCRa, and b) 50 TCRp sequences analysed.
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Polymorphic TCR V sequences

There is growing evidence for extensive polymorphism of the TCR genes, in 
both coding and non - coding sequences, and these variants can affect the 
expression of the TCR repertoire considerably. A total of 7 of the in - frame 
TCR sequences showed differences from previously published TCR V genes, at 
both the DNA and protein level (table 4.4). These comprised 6 TCRVa 
sequences (two identical, RMa4 and RMa85), and one TCRVp sequence, 
RMblS, as noted in tables 4.2 and 4.3. While it is possible that these changes 
represent PCR or sequencing errors, this seems unlikely,particularly in the case 
of chains showing more than one altered nucleotide in view of the high fidelity 
of the Taq and Sequenase enzymes. The error rates of these enzymes are 
approxim ately 1 in 10"̂  and lin  10^ respectively. Furtherm ore the TCR V 
sequence of RMa4 was identical to that of RMa85 (although the two had 
different N  region and J sequences), making it likely that this represents a true 
polymorphic variant.

Non - productive TCR sequences

In addition to the 100 productive sequences analysed, several sequences could 
not code for a functional TCR chain. Thus, 5 Va and 4 Vp rearrangements had 
no open reading frame for VDJ translation. In addition, 3 TCRa transcripts 
contained only J sequences 5' of Ca or germline sequence 5' to the Ca gene 
segment. 5 TCRp sequences were DJCp transcripts. These so called 'sterile 
transcripts' are thought to arise from the upstream  promoter of the Dp gene 
(Siu et al, 1984).

4.3.2 TCR repertoire by immunofluorescence and flow cytometry 

Cell surface staining for TCRVp chains

The analysis of the peripheral blood TCRp repertoire by surface staining was 
perform ed for two reasons. The first was to validate the AnPCR approach. 
Since flow cytometry is quantitative at the cell level, rather than the level of 
mRNA, it allows precise comparison of cell populations. Secondly, by staining 
for several markers, immunofluorescence allows a detailed characterisation of 
the phenotype of small populations. For the FACS analysis of stained cells, 
initial gating was by scatter profile. The proportions of T cells, and of the CD4+ 
and CD8+ populations were stable over several years. Figure 4.4 illustrates a 
typical experim ent, show ing the scatter gate, and cells stained for
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Clone V gene Published 
cDNA clone

Reported
sequence

New
sequence

50 50
RMa4 Va2.1 HAP26

S F
(AV2S1) (Yoshikai et al, TCC TTC

1986) 80 80

S P

TCC CGC

20 20
RMa26 Va23.1 IGRaOl

V A
(AV23S1) (Roman- GTT GCT

Roman et al. 67 67

1991) D G
GAT GGT

78 78
A P

GCA CCA

65 66 65 66
RMa28/85 Va2.3 AA25 (Klein et

H V Q L
(AV2S8) al, 1987) CAC GTC CAG CTG

67 67
RMa60 Val3.1 ABU (Klein et

N S
(AV21S1) al, 1987) AAT AGT

75 75
RMa62 Val6.1 AE212(Klein et

L p
(AV4S4) al, 1987) CTG CCG

72 72
RMbl5 Vp6.4 IGRbll

G R
(BV6S4) (Ferradini et al. GCA CGA

1991)

Table 4.4 : Polymorphism in TCR sequences from RM peripheral T cells.
Nucleotide and predicted amino acid sequences of original and new TCR V 
gene sequences. Numbering of amino acids is according to Kabat et al, (1991).
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LL 3020 26.64 2.75 LL 2889 23.77 3.07
LR 3239 28.57 231.64 LR 6208 51.07 303.58

Figure 4.4 : Flow cytometric analysis of PBMC from donor RM.
Fig 4.4a) : dot plot of PBMC with scatter gate (Rl) including lymphocytes 
shown in green. Fig 4.4b) : histogram showing CD3 staining of cells within 
gate Rl. Fig 4.4c) : two colour staining for CD3 and CD4 of cells within Rl. Fig 
4.4d) : two colour staining for CD3 and CDS of cells within Rl. For two colour 
dot plots, UL = upper left, UR = upper right, LL = lower left, LR = lower right 
quadrant.
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CDS, CD4 and CDS. Donor RM had consistently 65 - 70% T cells within the gate 
of cells collected, and of these the ratio of CD4 : CDS cells was repeatedly 60 : 
35 % of all T cells. Staining for several TCRp families (figure 4.5) showed that, 
as indicated by the PCR data, certain families are m uch more frequently 
expressed on peripheral T cells than others. The panel of antibodies used 
stained a total of approximately 30% of PEL CD3+ cells in this individual. The 
distribution was stable over many months : experiments 1 and 2 (Figure 4.5) 
were performed 6 months apart.

In general the frequency of use of each TCRp family as estimated by cell surface 
staining correlated closely with the data obtained from AnPCR. However, one 
notable exception was the Vp3 family. In the PEL of RM, the Vp3 antibody 
JOVI-3 consistently stained 11 - 13% of T cells. In contrast, in the PCR analysis 
of amplified TCR transcripts, Vp3 represented 22% of the products, a value 
nearly twice that obtained by FACS analysis. While it is always possible that a 
V family specific antibody does not stain the whole family, this is unlikely to be 
the explanation in this case. The Vp3 transcripts obtained by PCR were all 
identical in sequence to the known TCREV3S1 segment, for which the JOVI-3 
antibody is specific (Viney et al, 1992). This discrepancy therefore suggested 
that in this individual there might be a population of Vp3 positive cells which 
have unusually high levels of TCR mRNA per cell, perhaps due to chronic 
activation or antigen stimulation. These possiblities are addressed below.

TCRVp staining within T cell subsets

In order to characterise the TCRVp3 positive population in this individual, 
triple staining was performed. PEL were stained for each TCRVp and then 
counterstained for CD3 with CD4, 8, 45RA or RO. In subsequent experiments, 
cells were stained for CD4 or CDS with CD45RA or RO and each Vp family 
separately. This analysis showed that the distribution of the TCRVp families 
differed between the CD4 and CDS populations, as illustrated in figure 4.6. 
Data are the mean figures from three different experiments. For example Vp2 
was expressed on 7% of T cells overall, but 10.0% of the CD4+ cells and only 
2.2% of the CD8+ cells, while Vp8 was expressed on 4.3% of CD4+ cells and 
2.4% of the CD8+ cells. There was also a discrepancy between these subsets in 
the Vp 3 family, where 8.0% of CD4+ cells and 21.5% of CD8+ cells expressed 
Vp3. Figure 4.7 shows the FACS profiles from a typical experiment, illustrating 
the Vp3 and Vp8 staining within the CD4 and CD8+ populations. Once again 
these distributions were stable over time.
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Figure 4.5 : Frequency of TCR Vp families in RM BBL analysed by cell 
surface staining. Data from two separate cell staining and FACS analysis 
experiments, performed six months apart, are illustrated. Figures are of % of 
CD3+ cells expressing a particular Vp product.
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Figure 4.6 : Expression of TCR V gene products w ithin the CD4 and CD8+ 
populations. Percent of CD4 positive (grey bars), or CDS positive (hatched 
bars), populations reacting with McAb specific for particular Vp gene products. 
Data is the average of three experiments, performed over three years ±  
standard deviation.
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Figure 4.7 : Flow cytometric analysis of TCR Vp3 and Vp8 expression within 
CD4 and CD8+ populations. Events collected have been gated on a scatter gate 
(Rl) as shown in figure 4.4. TCR Vp staining is shown on the x axis, (labelled 
with FITC) and CD4 or CDS staining on the y axis (labelled with PE). Quadrant 
abbreviations are as in figure 4.4. Eig 4.7a) : Vp3, CD4 ; fig 4.7b) : Vp3, CDS, ; fig 
4.7c) : Vp8, CD4 ; fig 4.7d) : Vp8, CDS staining.
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As discussed earlier, this phenomenon of differential expression of certain Vp 
products between the CD4+ and CD8+ populations is now well recognised. In 
this individual the demonstration of a large CD8+, Vp3+ population was 
somewhat unexpected. The Vp3 product was found to be expressed on several 
of the HDM specific T cell clones, and these might be expected to be in a 
chronically activated state due to repeated boosting by antigen. If the HDM 
were to have an activation effect on a population of T cells, in a non - specific 
manner, through interaction of HDM antigens with a particular Vp family, one 
might expect to see an expanded population of cells bearing this Vp product 
and high levels of TCR mRNA: ie a superantigen - like effect. However, the 
HDM - specific T cell clones are CD4+ cells, while the apparent expansion of 
Vp3+ cells within the PBL was in the CD8+ population.

To further address the question of the activation state of the Vp3+ T cells, PBL 
were stained for the CD45 isoforms CD45RA and CD45RO. As discussed 
earlier these markers are thought to broadly define 'naive' and 'memory' or 
'activated' populations of T cells, although there is considerable controversy 
about how clearly demarcated these phenotypes are. Staining for the CD45 
isoforms showed that this individual had proportions of CD45RA : RO cells of 
about 70% : 60%, indicating a large population of T cells w ith a 'double 
positive' CD45RA+, CD45RO+, phenotype. The proportion of CD45RA+ cells 
within various subpopulations is shown in table 4.5. In most of the Vp families, 
the num ber of CD45RA+ cells within the CD4 and CD8 populations roughly 
paralleled that of all T cells. However, in the Vp3+ cells the difference was more 
marked, since the great majority of CD8+, Vp3+ T cells were also CD45RA+ 
(figure 4.8).

Thus, this individual was found to have an apparent expansion of CD8+, 
CD45RA+, Vp3+ T cells in his PBL. If the PCR data is also taken into account, it 
appears that this population is not clonal at the TCR sequence level, since each 
of the TCR Vp3+ transcripts was unique.

4.3.3 Culture of PBMC w ith HDM antigen

In view of the frequent use of the Vp3 gene product both by the HDM - specific 
T cell clones and on peripheral blood T cells, the possibility of a superantigen 
effect by a HDM allergen was considered. Several bacterial superantigens are 
known to be mitogenic in vitro to those T cells bearing specific V gene products 
with which they interact (Choi et al, 1989, Bowness et al, 1992). These effects can 
be seen after only a few days in culture.
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Population % CD45RA+ %CD45RO+

CD3+ T cells 70 60

CD4+ T cells 70 72

CD8+ Tcells 89 51

Vp3+ cells 87 53

CD4+Vp3+ cells 59 46

CD8+Vp3+ cells 97 5

Vp8+ cells 82 59

CD4+Vp8+ cells 63 58

CD8+Vp8+ cells 82 48

Table 4.5 : Staining by CD45 isoforms w ithin T cell subpopulations.
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Figure 4.8 : Analysis of CD45 isoform expression on TCRVp3+ cells.
Each dot plot represents events gated on TCRVpS only. Quadrant abbreviations 
are as in figure 4.4. Fig 4.8a) CD4, CD45RO ; fig 4.8b) CDS, CD45RO; fig 4.8c) 
CD4, CD45RA; and fig 4.8d) CDS, CD45RA positive staining cells within the 
TCRVp3 positive cells.
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Bulk culture of PBMC from donor RM and a control donor w ith D. farinae 
antigen was perform ed in conditions identical to those used in the original 
cloning procedure. As shown in table 4.6, no significant change was seen in the 
percentage of peripheral T cells positive for Vp3 after culture w ith HDM 
antigen.

Donor % Vp3+ T cells : 

fresh T cells after culture in HDM

RM (atopic) 11.0 10.5

JL (non atopic) 6.0 6.2

Table 4.6 : Percentage of CD3+ T cells expressing Vp3 after culture w ith 
HDM antigen.

4.3.4. Dem onstration of Vp3 allelic polymorphism

PCR across the Vp3 recombination signal sequence and subsequent digestion of 
the PCR product w ith the Pvu II enzyme was performed on genomic DNA 
from donor RM. The resulting product showed two bands of approximately 
430 and 350 bp respectively, (figure 4.9). The smaller band produced by 
digestion of the 430 bp product is only 80 bp in length and is not visualised on 
this gel.

This result suggested that the genotype of the RM donor was a heterozygote 
for alleles 1 and 2, as defined by Posnett, et al (1994b). This allele has been 
suggested to be associated with high levels of Vp3 expression in peripheral 
blood T cells (see section 4.4).
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396bp-

Figure 4.9 : Amplified product of the Vp3 RSS in donor RM. 2% agarose gels 
showing the amplification product across the Vp3 RSS. Figure 4.9a) U = 
undigested product. Figure 4.9 b) D = PCR product after digestion with Pvu II 
enzyme. M = 1Kb markers.
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4.4 Discussion

The characterisation of the peripheral T cell repertoire of one individual using 
two complementary methods yielded some unexpected results. Overall, the 
commonly used TCR V gene segments were similar to those found in other 
individuals, as was the Jp gene distribution. The non - random  use of both V 
and J genes has been noted in many other studies (Robinson, 1992, Rosenberg 
et al, 1992) and the reasons for this are unclear. Thymic selection on particular 
class 1 and class 11 allelic products may favour certain V genes. Positive 
selection for 'medium affinity' TCR may be on a limited num ber of peptide - 
MHC ligands in the thymus, which could lead to expansion of thymocytes 
bearing a limited number of V gene products. Other V gene products may be 
entirely deleted during thymic ontogeny, for example due to the expression of 
endogenous superantigen products, as is known to occur in the mouse.

TCR gene polym orphism s and other non MHC genes also influence the 
available V genes, as discussed earlier. Rearrangement efficiencies appear to 
differ between different V and J genes. In murine T cells certain Va genes have 
been shown to associate preferentially with certain Ja genes, an effect thought 
to be in part due to position within the locus (Roth et al, 1991). Certain Ja genes 
are more accessible to the 'rearrangement machinery' than others at any one 
time (Rytkonen et al, 1994). For the human TCRp locus, an analysis of frequency 
of V gene use compared to mapped position has not clarified this issue (Day et 
al, 1994). Finally there may be restrictions on the possible association of 
different TCRa and TCRp chains to form heterodimers (Saito and Germain,
1989).

The junctional sequences analysed in this study showed no evidence of an 
oligoclonal population within the 50 TCRa or TCRp sequences. In this context, 
it should be noted that the junctional sequences identified as those of 'long 
lived clones' in the response to house dust mite (see chapter 3) were not 
demonstrated in these 100 TCR transcripts. However, since the PBL frequency 
of these clones was estimated to be approximately 1 in 10^, this is not a 
surprising result. In the analysis of CDR3 regions, this individual had a slightly 
different distribution within the TCRa and TCRp chains, with the modal length 
for TCRp CDR3 being 11 and the distribution being somewhat skewed towards 
longer CDR3 regions, compared to the TCRa chains.

The demonstration of 22% of the TCRp chains using Vp3 segment and 20% of 
TCRa transcripts using Va2 was surprising. Neither of these populations was 
oligoclonal, as defined by the sharing of sequence across the junctional region. 
In further experiments, only the TCRp repertoire was studied in greater detail
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In further experiments, only the TCRp repertoire was studied in greater detail 
due to the availability of monoclonal antibodies specific for several of the TCRp 
proteins. There are now Va2, V al2 and Va24 specific antibodies, but together 
these still only cover a minority of Va products.

One possible explanation for the high expression of Vp3 gene product was 
addressed by characterising the recombination signal sequence (RSS) genotype 
of this individual. This sequence, in this case downstream  of the coding 
sequence for the V gene segment, comprises a conserved heptamer and an AT- 
rich conserved nonamer, separated by a 23 - base pair spacer region. This 
structure is required for efficient gene rearrangement. In immunoglobulins, 
differences in RSS sequences between the k and X loci lead to different 
efficiencies of recombination (Ramsden and Wu, 1991) , while changes in the 
spacer length by even one base dramatically reduce recombination efficiency 
(Hesse et al, 1989). It is therefore possible that even small changes in this region 
may affect recombination efficiency and therefore V gene usage.

In the case of the Vp3 locus, alleles affecting relative expression in PBL, despite 
identical Vp coding sequences, had been previously noted (Malhotra et al,
1992). The single base difference in the RSS (a C to T change in the 23 spacer 
region) creates a Pvu II site in allele 2 (CAGCTG) and this allele has been 
reported to be associated with high Vp3 expression (Posnett et al, 1994b). In this 
individual the PCR results suggested that the genotype was heterozygous for 
alleles 1 and 2. However, to confirm this it would be necessary to sequence this 
product and also to characterise the Vp3 RSS sequences of other individuals 
whose Vp3 expression was known. It is possible that this one base change is not 
itself the cause of altered levels of expression of Vp3, but is linked to other 
polym orphism s which affect expression. In the reported alleles, no other 
differences were demonstrated in a total of 800 bp of sequence, including some 
of the promoter region, the two Vp3 exons, the intron and some 96 bases of 3' 
untranslated region. However, in this report no analysis was made of CD4 or 
CD8 cells separately. In donor RM, both CD4 and CD8 cells showed a high 
level of Vp3 expression but this was more marked in the CD8+ population. The 
mechanism for this is unlikely to be only due to a single base in the RSS since 
this will be identical in both cell populations.

The possibility that the house dust mite allergens contained a superantigen - 
like activity for this individual was also tested. However, prelim inary 
experiments showed no evidence for an expansion of Vp3 positive cells after 
culture in HDM extract. While this does not exclude the possibility that such an 
effect is occurring in vivo, it makes this explanation unlikely.
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An analysis of the TCR repertoire by cell surface staining was performed. In 
general, this produced results which correlated well with the PCR data. The 
TCR V gene usage w ithin CD4 and CD8 populations show ed m arked 
differences. For example, both Vp2 and Vp6.7a were more frequently used on 
CD4+ than CD8+ cells. This has been shown previously, both in adults and in 
cord blood(Grunewald et al, 1991, Usuku et al, 1993, Davey et al, 1994). Such 
generalised findings suggest that the mechanisms for these skews' in repertoire 
may be due to constraints during thymic selection which are common to many 
MHC haplotypes.

Unexpectedly the Vp3+ cells were found to contain a large population of CD8+, 
CD45RA+ cells, which represented 22% of all the CD8+ lymphocytes, and 
which was stable over 3 years. Several workers have noted that the CD8 V gene 
repertoire varies more than that of CD4+ cells, both in one individual over 
time, and between individuals (Pietra et al, 1994, Clarke et al, 1994). While long 
lived expanded CD8+ populations have been previously demonstrated, some 
of these have been of the CD45RO phenotype and show oligoclonal junctional 
sequences, suggesting that they are either activated or memory cells, perhaps 
expanded in response to viral antigens (Hingorani et al, 1993). Interestingly 
there is one report of a population of Vp5.2, CD8, CD45RA+ cells, comprising 
as much as 35% of the CD8+ population, in an atopic individual with allergic 
rhinitis (Grünewald et al, 1992). Expanded Vôl and Vô2 populations have also 
been shown to increase with age, although the CD45 phenotype of these was 
not analysed (Giachino et al, 1994).

While it was initially thought that CD45RA identified a population of virgin or 
naive T cells, and CD45RO was a marker of memory or activation, there is now 
considerable evidence that this functional division based on CD45 phenotype 
may not be absolute or permanent (Beverley, 1991). For example, in the nude 
rat, reconsitution with only the CD45RC^^ (0X22+) or CD45RC^° (OX22-) cells 
has been shown to give rise to functional cells of both phenotypes (Bell and 
Sparshott, 1990). In humans, mathematical modelling based upon data from the 
lifespan of CD45RA+ and CD45RO+ cells after radiotherapy has suggested that 
CD45RO+ cells may revert to expression of the CD45RA+ phenotype (Michie et 
al, 1992), although whether such cells would then express both CD45RA and 
CD45RO, is unclear. In vitro, hum an T cells may revert from CD45RO 
expression to such a 'double positive' CD45RA+RO+ phenotype after activation 
(Rothstetn et al, 1991). Furthermore one group has suggested that for hum an 
CD8+ cells the CD45RA marker may be present not only on virgin cells but also 
a population of LFA-l^ig^^, previously activated cells (Okumura et al, 1993). It is
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therefore possible that the population identified in donor RM are not naive 
cells, but may have been previously expanded due to interaction with antigen.

In order to reconcile the different results of Vp3 expression as assessed by PCR 
and staining, it is necessary to suggest that the Vp3 positive cells contain higher 
levels of TCR mRNA than other peripheral T cells. This m ight suggest an 
activated state. Some data suggests that levels of TCRp mRNA rise steeply 2 
hours, and for a further 24 hours, after T cell stimulation by PM A (Wotton et al,
1993). However, others have suggested that TCR mRNA levels fall after a 
stimulatory signal with anti CD3 or CD2 antibodies (Paillard et al, 1988). There 
is little data on whether TCR mRNA levels are different in the CD45RO and RA 
populations. It would be interesting to have characterised the CD8, Vp3, 
CD45RA+ population further, staining for IL-2R, CD28, and LFA-1, as well as 
by quantitating TCR mRNA in these cells.

In conclusion, this individual has a TCR repertoire which is largely similar to 
previously published data. However, an atypical T cell population has been 
identified, whose significance is as yet unknown. It is possible that these Vp3+, 
CD8+, CD45RA+ cells have expanded in response to an antigenic stimulus, 
perhaps on a genetic background which leads to high Vp3 expression in 
general. The age of the donor, who was in his fifth decade during these studies, 
would be consistent with other demonstrations of such T cell expansions. 
However, from the data generated there was no evidence that this population 
was expanded due to an effect mediated by the house dust mite allergens.
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CHAPTER 5

Characterisation of two haem agglutinin specific human T cell
clones.

5.1 Introduction

CD4 positive T lymphocytes play a central role in the clearance of pathogens by 
their helper functions, primarily through the production of cytokines which in 
turn  affect CD8+ T cells, B cells, as well as non specific effector cells. The 
hum an CD4+ T cell response to many antigens is dominated by DR - restricted 
T cell clones to a limited number of immunodominant epitopes (Ottenhoff et al,
1985). In the case of the influenza virus, a common pathogen, there is a 
dom inan t response to the haem agglutin in  pep tide , HA 307 - 319 
(PKYVKQNTLKLAT) made by individuals of many MHC haplotypes. For the 
purposes of this thesis the nomenclature HA 307 - 319 is used (Rothbard et al, 
1988, De Magistris et al, 1992). However an alternative nomenclature also exists 
in which this peptide is 306 - 318, although it has the same amino acid sequence 
(Stem et al, 1994).

The hum an CD4+ T cell response to the HA 307 - 319 in the context of the class 
11 molecule DRl (DRA/DRB1*0101) has been extensively studied (Lamb et al, 
1982, Rothbard et al, 1989b, De Magistris et al, 1992). These functional studies 
have suggested that several residues of the HA peptide are im portant TCR 
contact residues, in particular 308K, 31 IK, 313N, 316K, and 319T. The recent 
elucidation of the crystal structure of the HA 307 - 319/D R l complex has 
confirmed that the peptide is bound within the binding groove of the class 11 
molecule in a extended conformation (Stern et al, 1994). Furthermore this data 
has shown that the TCR contact' residues already identified functionally do 
indeed project away from the MHC binding groove and would therefore be 
available for interaction with the TCR.

As discussed in chapter 1, many studies have suggested that particular 
M H C/peptide ligands are recognised by T cells expressing a limited number of 
TCRa or TCRp products (Fink et al, 1986, Winoto et al, 1986, Moss et al, 1991). 
The hypothesis that the CDR3 regions of the TCR chains make critical peptide - 
specific interactions with these ligands, is also supported by studies showing 
conservation of TCRa or TCRp junctional sequences, and mutational analyses 
of these sequences (Hedrick et al, 1988, Engel and Hedrick, 1988, Lai et al, 1990, 
Danska et al, 1990). Most compellingly, in mice transgenic for either the TCRa
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or TCRp chain of a TCR (5C.C7) specific for moth cytochrome c (MCC 88 - 103) 
in the context of I-E^, the alteration of a single amino acid residue in the 
peptide resulted in specific TCR showing reciprocal single residue changes in 
the CDR3 regions of the nontransgenic chain in vivo, Jorgensen et al, 1992a).

In common with many DR binding peptides, HA 307 - 319 binds well to several 
different DR alleles, including DRl, DR2, DR4 subtypes, DR5, DR7, and DR52 
(O'Sullivan et al, 1990, Hill et al, 1994). The structural data show that this 
binding is dependent on the interaction between an aromatic residue of the 
peptide, 309Y, and a deep hydrophobic pocket of the DRl molecule. This is 
known as the anchor 1 position (see figure 5.1). In several DR alleles this pocket 
shows a strong preference for an aromatic or large hydrophobic residue (Y, W, 
F, L or I) (Hammer et al, 1993, Stern et al, 1994). Subsidiary anchor positions 
include position 4 (with 309Y counted as 1), where hydrophobic residues are 
preferred, and positions 6, 7 and 9, where the preferences differ slightly 
between DR alleles.

Since there is such detailed knowledge of a particular M H C/peptide complex, 
and several T cell clones specific for this complex are available, it should be 
possible to probe in detail how the TCR of these clones interact w ith their 
ligand. In this thesis two HA 307 - 319/DRl specific T cell clones, HA1.7 (Lamb 
et al, 1982) and Cl-1 (De Magistris et al, 1992) were studied. The initial aim of 
the work presented in this chapter was to compare these two clones in terms of 
their fine specificity and their TCR sequences. This work generated data which 
allow ed a structural m odel of the T C R /M H C /pep tide  complex to be 
constructed. This led to several predictions which were then tested in a 
m utagenesis study of the HA1.7 TCRa chain. The experimental strategies 
employed to perform this, and results obtained from this work, are presented 
in chapters 6 and 7 respectively.
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Figure 5.1 : The peptide binding groove of HLA - DRl. Cut away side view of 
the HA 307 - 319/DRl complex showing the five 'buried' residues (underlined). 
The MHC molecule is in pale blue, the peptide is in red, yellow and dark blue. 
Adapted with permission from Stern and Wiley, 1994.
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5.2 Specific materials and m ethods

5.2.1 T cell clones and antigen presenting cells

The hum an T cell clone HA1.7 was the kind gift of Professor J. Lamb (Imperial 
College, London) and the Cl-1 clone the kind gift of Dr H. Grey (Cytel, San 
Diego). Both clones are CD4+ and class 11 restricted, and proliferate specifically 
in response to the influenza haem agglutinin peptide HA 307 - 319 in the 
context of the MHC class 11 molecule DRl (DRA, DRB1*0101). They were 
cultured in clCM (see section 2.3) at a density of 0.5 - 1 x 10^/m l. Recombinant 
IL-2 (Eurocetus UK) was added every 3 -4  days, at a concentration of lOng/ml. 
For feeder cells, fresh PBMC were isolated from donors of DR1(DRB1*0101) or 
DR4 (DRB1*0404) haplotype as described in chapter 2 and irradiated with 2500 
rad. These were added in equal numbers to T cells every 7 days, w ith peptide 
(HA 307 - 319) at a concentration of l|Xg/ml. Prior to use in proliferation assays 
the clones were rested for 6-7 days after the last addition of feeder cells and 
antigen. For T cell clone proliferation assays, irradiated PBMC as above were 
used as a source of antigen presenting cells (APC).

5.2.2 Peptides

The influenza A (A /T exas/1 /77 ) haem agglutinin peptide HA 307-319 
(PKYVKQNTLKLAT) and the control DRl binding influenza matrix peptide, 
MAT 19 - 31 (PLKAFIAQRLFDV) (O'Sullivan et al, 1990) were synthesised by 
the peptide synthesis laboratory. Imperial Cancer Research Fund. Peptides 
were stored as lyophilised powder or at a concentration of 5m g/m l in sterile 
PBS, at -20°C.

5.2.3 T cell clone proliferation assays

Cloned HA1.7 or Cl-1 T cells (lO^/well), were cultured in the presence of 
irradiated PBMC (2.5 x 10"̂ /well) of the DR type shown, and HA peptide at 
concentrations between 0.1 and 30 pg /m l. Assays were perform ed in flat 
bottom 96 well plates in a total of 200|il medium and each condition was tested 
on triplicate wells. Assays were for 72 hours, and cells were pulsed w ith 
tritiated thymidine ([^H]-TdR; IpC i/w ell; Amersham) for the last 16-18 hr of 
the assay. DNA was then harvested using a Titertek cell harvester and [^H] 
w as counted in a beta counter (LKB, Wallac) by liquid scintillation 
spectroscopy. Proliferation as correlated w ith [^H]-TdR incorporation was 
determ ined.
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5.2.4 Cloning and sequencing of the TCR of clone Cl-1

The TCRa and TCRp sequences of the T cell clone Cl-1 were analysed by 
AnPCR as described in chapter 3, using the same TCR C region and anchor 
oligonucleotides as well as the same cloning strategy.

5.2.5 Modelling of the ternary complex

Modelling of the T C R /D R l/H A  complexes was carried out in collaboration 
with Prof A. Rees, University of Bath. Briefly, TCR sequences were modelled 
on the immunoglobulin light chain dimer, RBI (Epp et al, 1975) for which the 
structure is known. The peptide-MHC complex was generated using the x-ray 
coordinates of the DRl molecule (Brown et al, 1993) and a peptide docking 
procedure in which the peptide was positioned in the MHC groove in an 
extended orientation with its known TCR contact residues solvent exposed. 
This modelled complex was subsequently modified to reflect the peptide twist 
described in the X-ray structure of the DR1-HA307-319 complex (Stem et al,
1994). To generate the ternary complex, the TCR and MHC-peptide complex 
were rotated onto each other in an orientation that maximised the contact 
betw een CDR3 regions and the peptide contact residues. Two possible 
orientations of the TCR were tested, differing by a rotation of 180° with respect 
to the MHC-peptide complex.

5.3 Results

5.3.1 Proliferation of the two human T cell clones to HA307 - 319

Two hum an CD4+ class 11 restricted T cell clones, isolated from different 
individuals and in different laboratories, were compared for their proliferative 
response to the influenza peptide HA 307-319 in the context of DRl (DRA, 
DRB1*0101) and DR4 (DRA,DRB 1 *0404) expressing APC. Both T cell clones 
responded to HA 307 - 319 plus DRl, as shown in figure 5.2. There was no 
significant difference in the response of HA1.7 to DRl or DR4+ APC and HA 
peptide, (figure 5.2a). However, Cl-1 showed much lower responses to HA in 
the context of DR4 than DRl over the same dose range (figure 5.2b). Both 
clones responded equally to IL-2 alone. Neither clone proliferated in response 
to the control DRl binding peptide, MAT 19 - 31 (data not shown). This 
experiment was repeated on several occasions with the same results.
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Figure 5.2 : Proliferation of the HA1.7 and Cl-1 clones . Proliferation of a) 
HA1.7 and b) Cl-1 in response to HA307 - 319/DRl (white bars), HA 307 - 
319/DR4 (black bars) or IL-2 alone (hatched bars) is shown. Results are 
expressed as mean cpm ± sem of triplicate wells after pH] thymidine uptake.
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5.3.2 The TCR sequences of the T cell clones Cl-1 and HA1.7

The TCR sequences of the T cell clone HA1.7 were already known at the time 
that this work was undertaken (Hewitt et al, 1992) . An PGR and sequencing of 
15 - 20 amplified TCRa and TCRp transcripts from the Cl-1 T cell clone 
detected only one rearranged TCRa and one TCRp chain. The full sequences of 
the Cl-1 TCR chains are shown in figures 5.3 and 5.4. The Cl-1 TCRp chain is 
the VplS.l (BV13S1) which was previously designated as Vpl3.2 (Kimura et al,
1986) . The Cl-1 TCRp chain also uses the Jp2.7 (BJ2S7) and Cp2 (BC2) genes. 
These are quite different to the gene segments expressed by the HA1.7 TCRp 
chain, which are Vp3.1 (BV3S1), Jpl.2 (BJ1S2) and Cpl (BCl). Furthermore there 
is no conservation of sequence or CDR3 length across the VDJ junctional region 
when comparing these two TCRp chains. The nucleotide and predicted protein 
sequences of the Cl-1 and HA1.7 TCRa and TCRp chains across the VDJp and 
VJa junctional regions are shown in figure 5.5, as well as the TCRa sequence of 
the T cell line JRT 3T3.5 (Jurkat derivative) for comparison. The reason for 
including the Jurkat TCRa sequence will be further discussed in chapters 6 and 
7.

In contrast to the two TCRp chains from these clones, there was a remarkable 
similarity between the two TCRa chains. The HA1.7 TCRa chain uses the V al.2 
gene segm ent (AV1S2A2), while the Cl-1 TCRa chain uses a polymorphic 
variant of V al.3 (AV1S3), with two nucleotide changes which alter residues 57 
and 58 such that they are the same as the equivalent residues in the Val.2 
segment. In the published V al.3  gene segment these residues are E - S 
(Yoshikai et al, 1985) while in the Cl-1 TCRa chain these are replaced by K - G, 
which are identical to the equivalent residues in the Val.2 segment (see figure 
5.3). Furthermore, the clones share a conserved motif across the presum ed 
CDR3 region (Chothia et al, 1988) (see figure 5.5). Thus, both clones have the 
protein sequence : V - S - E at the VJ junction, and this motif is followed by a 
S /T  respectively, and then a helix breaking residue, P /G  respectively. In the 
Cl-1 TCRa chain, both the serine 93S and the glutamic acid residue, 94E, are 
coded for by N region nucleotides (TCA GAG) w hen com pared to the 
published sequence. In the case of the HA1.7 TCRa chain, the 93S is coded for 
by germ line nucleotides, (AGT) while the 94E is the result of added 
nucleotides, (GAG).

The highly related Jurkat TCRa chain uses the Val.2 segment (AV1S2A1) and 
has the sequence V - S - D - L - E a t  the equivalent positions, (residues 92 - 96 
inclusive). In the latter case, the V and S residues are again from germline 
sequence, w ith the aspartic acid, 94D being coded for by N region bases. The J 
genes of all three of the TCRa chains considered are different.
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* * * * < . l e a d e r , .
GCC CAG CTC AAG GTC CTG GAG CAT TGC CAO TGC TCA GCC ATG CTC CTG 

A Q L K V L Q H C H C S A M L L

CTG CTC GTC CCA GCG TTC CAG GTG ATT TTT ACC CTG GGA GGA ACG AGA 
L L V P A F Q V I F T L G G T R

><. .v a . . * * * *
GCC CAG TCT GTG ACC CAG CTT GAG AGC CAA GTC CCT GTC TTT GAA GAA

A Q S V T Q L D S Q V P V F E E

GCC CCT GTG GAG CTG AGG TGC AAC TAC TCA TCG TCT GTT TCA GTG TAT 
A P V E L R C N Y S S S V S V Y

CTC TTC TGG TAT GTG CAA TAC CGC AAC CAA GGA CTC CAG CTT CTC CTG 
L F W Y V Q Y P N Q G L Q L L L

AAG TAT TTA TCA GGA TGC ACC CTG GTT AAA GGC ATC AAC GGT TTT GAG 
K Y L S G S T L V K G I N G F E

GGT GAA TTT AAC AAG AGT CAA ACT TCC TTC CAC TTC AGG AAA CGC TCA 
A E F N K S Q T S F H L R K P S

* * * * x . . N a . .
GTC CAT ATA AGC GAG ACG GGT GAG TAC TTC TGT GCT GTG TCA GAG ACT

V H I S D T A E Y F C A V S E T

* x . . J a . . *  * * *
GGA GGC TTC AAA ACT ATC TTT GGA GGA GGA ACA AGA CTA TTT GTT AAA

G G F K T I  F G A G T R L F V K

X  . . C a .  *
GGA AAT ATC CAG AAC CCT GAG C C T . . . .

A N I  Q N P D P . . . .

Figure 5.3 : TCRa sequence of the T cell clone Cl-1. The nucleotide and 
predicted protein sequences are shown, with the boundaries of the leader, 
TCRa V, N, J, and C regions marked. The initiating methionine is in green. The 
two polymorphic residues are in red.
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< . . l e a d e r . . * * * *
ATG AGC ATC GGC CTC CTG TGC TGT GGA GCC TTG TCT CTC CTG TGG GCA 

M S  I G L L C C A A L S L L W A

* * . . x . . V p . .  * *
GGT CCA GTG AAT GCT GGT GTC ACT CAG ACC CCA AAA TTC CAG GTC CTG

G P V N A G V T Q T P K F Q V L

AAG ACA GGA CAG AGC ATG ACA CTG CAG TGT GCC CAG GAT ATG AAC CAT 
K T G Q S M T L Q C A Q D M N H

GAA TAC ATG TCC TGG TAT GGA CAA GAC CCT GGC ATG GGG CTG AGG CTG 
E Y M S W Y R Q D P G M G L R L

ATT CAT TAC TCA GTT GGT GCT GGT ATC ACT GAC CAA GGA GAA GTC CCC 
I H Y S V G A G I T D Q G E V P

AAT GGC TAC AAT GTC TCC AGA TCA ACC ACA GAG GAT TTC CCG CTC AGG 
N G Y N V S R S T T E D F P L R

■k *  *  *  *  >

CTG CTG TCG GCT GCT CCC TCC CAG ACA TCT GTG TAC TTC TGT GCC AGC
L L S A A P S Q T S V Y F C A S

< . N 1 .  DR . N 2 .  * *
AGG GAT TTT CTT AGT GGC GAG CAG TAC TTC GGG CCG GGC ACC AGG CTC

R D F L S G E Q Y F G P G T R L

* .X . C p .  . * * *
ACG GTC ACA GAG GAC CTG AAA AAC GTG TTC CCA CCC

T V T E D L K N V F P P

Figure 5.4 : TCRp sequence of the T cell clone Cl-1. The nucleotide and 
predicted protein sequences are shown, with the boundaries of the leader, 
TCRp V, N, D, J, and C regions marked. The initiating methionine is in green.
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D a)

H A Ï . 7 TCRa;
v a l . 2  

TACTTCTGTGCTGTGAGT 
Y F C A V S

N J a l 7 . 8  (AA13) c a
GAGTCTCCATTTGGAAATGAG AAATTAACCTTTGGGACTGGAACAAGACTCACCATCATACCC AATATCCAG

E S P F G N E  K L T F G T G T R L T I I P  N I Q

C l - 1  TCRa:
v a l . 3  

TACTTCTGTGCTGTG 
Y F C A V

N
TCAGAGACTGGAGGCTTC 

S E T G G F

J a l . 4  ( I G R J a 0 4 )  Ca
AAAACTATCTTTGGAGCAGGAACAAGACTATTTGTTAAAGCA AATATCCAG 

K T I F G A G T R L F V K A  N I Q

g
J R T 3 T 3 .5  TCRa

v a l  .2  
TACTTCTGTGCTGTGAGT 

Y F C A V S

b)

H A Ï. 7 TCRp:
V p 3 . 1  

CTCTGTGCCAGCAGT 
L C A S S

N j a i e . l  (HAVT18) c a
GATCTCGAACCGAACAGCAGTGCTTCC AAGATAATCTTTGGATCAGGGACCAGACTCAGCATCCGGCCA AATATCCAG 

D L E P N S S A S  K I I F G S G T R L S I R P  N I Q

N I D N2 
TCGACAGGGTTGCCC 

S T G L P

J p l . 2  Cpl
TATGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTA GAGGACCTGAACAAG

Y G Y T F G S G T R L T V V  E D L N K

%

ca

S

C l - 1  TCRp:
V p l 3 . 1  

TTCTGTGCCAGC 
F C A S

N I D N2 
AGGGATTTTCTTAGTGGC 

R D F L S G

j p  2 . 7
GAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACA

E Q Y F G P G T R L T V T

Cp2
GAGGACCTGAAAAAC 

E D L K N

Figure 5.5 : TCR sequences of HA /D R l specific clones and JRT3T3.5. TCR sequences spanning a) VJCa and b) VDJCp 
junctions of the TCR of T cell clones HA 1.7 and Cl-1, and TCRa of the T cell line JRT3T3.5. Nucleotide and predicted 
protein sequences are shown. Spaces have been inserted to allow alignment of conserved sequences.
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During a collaborative effort w ith the laboratory of Dr D. Eckels, (BRI, 
Wisconsin), the TCR sequences of a series of T cell clones which were all 
specific for the HA 306 - 320 peptide in the context of DRl were also analysed. 
While these clones each used different TCRVa and TCRVp^ an interesting 
feature was noted in the TCRa chains. Nine out of the 10 clones had either a 
glutamic acid (E) or aspartic acid (D) residue in the N region of this chain, 
always only one or two residues beyond the 3' end of the V gene sequence (Dr 
D. Eckels, personal communication).

As well as the above data, the TCR sequences of a T cell clone (3BC6.6) which is 
specific for HA 307 - 319 in the context of DR4 (DRA, DRB1*0401), were made 
available by Dr J. Brawley, (Virginia, Seattle). This clone used the same TCR V 
genes and Jp gene as HA 1.7 : the Vp3.1 (BV3S1), Jpl.2 (BJ1S2) and Val.2 
(AV1S2A1) segments. However it differed from HA1.7 across the junctional 
regions of both chains. Despite these differences this clone also had a glutamic 
acid residue in the same position as the HA1.7 TCRa chain. This degree of 
identity in two clones from unrelated individuals is remarkable, and suggests 
that this combination of gene segments, as well as the conserved TCRa N 
region E residue, provide a good fit ' for the HA 307 - 319/D R l ligand. The 
TCR junctional sequences of 3BC6.6 are shown below :

3BC6.6 TCRa :

v a l . 2  

GCTGTGAGT 

A V S

N

GAGGATACCTCCTACGAC 

E D T S Y D

J a l 3 . 3  (JMa5)  

AAGGTGATATTTGGGCCAGGGACAAGCTTA 

K V I F G P G T S L

3BC6.6 TCRp :

V p 3 . 1

GCCAGCAGT

A S S

N / D / N  

TTGACAGGGACC 

L T G T

j p l . 2

GGCTACACCTTCGGTTCGGGGACCAGGTTA

G Y T F G S G T R L

The demonstration of the conserved N region motif in the HA1.7 and Cl-1 
clones and the observation of the conserved acidic residue in an equivalent 
position in these related clones, led to the hypothesis that an acidic residue in 
this position may make an important contact with the peptide/M H C  ligand. 
This led to modelling studies of the ternary complex and thence to a detailed 
study of this potential interaction.
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à

Figure 5.6 : A three dimensional model of the HA1.7 TCR/HA 307 - 319/DRl 
ternary complex. The TCR is above, with TCRa in blue and TCRp in orange. 
The MHC is below, with the a chain in pink and p chain in yellow. The TCRa 
94E (red) and peptide residue 316K (blue) are shown in space filling mode. The 
peptide is shown in white, with the N terminus to the right, and the MHC 
DRl a chain a helix is in front.
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Figure 5.7 : Model of the ternary complex rotated through 90°. End view of 
the TCR/M H C/peptide complex obtained by rotating figure 5.6 through 
90°.The colour of the chains are as in figure 5.6. The CDR3 loops of the TCR 
chains can be seen to be located above the peptide.
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Figure 5.8 : An alternative model of the HAÏ.7 TCR/HA 307 - 319/DRl 
complex. In this case the TCR has been rotated 180° with respect to the 
M HC/peptide complex. The colours of the chains are as in figure 5.6 and 5.7.
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5.3.3 A model of the TCR/HA 307 - 319/DRl ternary complex

Two models of the ternary complexes were generated, with the TCR docked in 
alternative positions, differing by a rotation of 180° with respect to the MHC - 
peptide complex. These are illustrated in figures 5.6 - 5.8. Of these two models, 
only one, illustrated in figure 5.6 and 5.7, allowed acceptable contacts between 
the TCR and known peptide contact residues in the peptide. In this preferred 
orientation CDRl and 2 of the TCRa chain and CDR2 of the TCRp chain are in 
contact with the MHC helices while CDRl of the TCRp chain appears to have 
little or no contact with the MHC.

In this model, the peptide residue lysine 316 (316K) is seen to be in close 
contact w ith a TCRa-chain residue, 94E (see Fig 5.6 and 5.7). These two 
residues, bearing opposite charges, could create an im portant interaction 
between TCR and peptide. The 94E residue is part of the conserved motif 
demonstrated in the two T cell clones. Furthermore the T cell clones of related 
specificity in the laboratory of Dr D Eckels all contained an E or a D residue at a 
position of the TCRa chain which was close or equivalent to the 94E ofTIAl.7 
and Cl-1. Taken together, these data suggested that this interaction might be 
critical to the interaction of these TCR with their ligand. In the second model, 
with the TCR rotated 180° with respect to M H C/peptide, the 316K residue is 
not in close contact with any TCR residue (figure 5.8). This was therefore felt to 
be a less acceptable model for the complex.

5.4 D iscussion

Two hum an T cell clones with the same antigenic specificity have been shown 
to express very similar TCRa chains but very different TCRp chains. While both 
clones are specific for the HA 307 - 319/DRl complex, they have been shown to 
have different degrees of cross reactivity to the highly related HA 307 - 
319/DR4 complex. These two points will be dealt w ith separately in the 
discussion below.

5.4.1 A conserved TCRa CDR3 motif

The demonstration that the two T cell clones studied expressed highly related 
TCRa chains but different TCRp chains suggested that the former might play a 
critical role in the recognition of the HA 307 - 319/DRl complex. There are 
many examples of only one TCR chain being conserved between T cell clones 
of related fine specificity (Danska et al, 1990, Casanova et al, 1991, Boitel et al, 
1992) . Furthermore the two TCRa chains studied share a junctional motif, (V - 
S - E) which is at least in part coded for by N region nucleotides for each clone.
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Single amino acid residues within either of the TCR CDR3 regions have been 
shown to be critical to peptide recognition (Hedrick et al, 1988, Jorgensen et al, 
1992a, Nalefski et al, 1992). Several conserved CDR3 motifs which are critical to 
TCR specificity have also involved charged residues.

In the case of the murine TCR 5C.C7, the conserved 93E of the TCRa chain is 
seen in hybridomas from TCRp chain transgenic mice immunised with the wild 
type m oth cytochrome c peptide (MCC88 - 103) (Jorgensen et al, 1992b). As 
described in chapter 1, immunisation of these mice with a peptide altered at the 
99K position, (99E), produced hybridomas in which the TCRa residue 93 
showed a reciprocal alteration, with 93E altered to a lysine (93K) residue. 
Further evidence came from the TCRa chain hemitransgenic mice for this TCR, 
where the lOON residue in TCRp is thought to interact with 102T in the peptide. 
Similar conclusions were drawn from mice made hemitransgenic for a class 1 
restricted TCR specific for the LCMV peptide 32 - 42 in the context of H-2D^ 
(Brandie et al, 1991).

Another m utational study of molecules of the immunoglobulin superfamily 
which has implicated a charge - charge interaction involved the CD2 - CD48 
interaction (van der Merwe et al, 1995). This study used plasmon surface 
resonance technology to study affinities of CD2 m utants for various ligands, 
and also involved E - K and E - R pair interactions. In this system the loss of 
binding of CD48 to CD2 due to an E-K mutation was rescued by a reciprocal 
change (K to E) in the CD2 molecule.

The modelling studies presented in this thesis suggested that the conserved 
glutamic acid residue, 94E, of the TCRa chains studied could lie in close 
proximity to the lysine 316K of the HA peptide, a known TCR contact residue 
(see figure 5.6). At position 316 the replacement of the lysine residue with 
almost any amino acid leads to a non stimulatory peptide. The substituted 
peptide 316R can stim ulate the two clones, bu t requires m uch higher 
concentrations of peptide to do so (Alexander et al, 1993 and Prof J Lamb, 
personal communication). The substitution of lysine by the slightly more bulky 
arginine residue conserves charge but would alter the shape of the peptide 
epitope at this position, which might alter TCR affinity for its ligand.

The hypothesis draw n from the data presented in this chapter was that the 
interaction between TCRa residue 94E and 316K in the HA peptide may be 
critical for both these T cell clones. The model also suggests that the CDRl and 
CDR2 regions of the TCRa chain would interact with the DRl molecule in 
particular with the a  helix provided by the DRa chain. The orientation of the 
TCR proposed here has been predicted for other TCR by mutational analysis, 
for example for the conalbumin/I-A^ specific TCR DIO (Hong et al, 1992).
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However, the orientation of the 5C.C7 TCR (see above) has been suggested to 
be the reverse of this, with TCR Va lying over the class 11 Ep chain, and TCR Vp 
over Ea. For several human influenza nucleoprotein/HLA-B27 specific clones, 
data suggests that TCRa interacts with the N terminal, and TCRp with the C 
terminal residues of the peptide (Bowness et al, 1994).

It is theoretically possible that despite expressing such related TCRa chains 
these two T cell clones bind their peptide /M H C ligand in different ways. 
Another study has shown that very different TCR pairs can see the same 
peptide/M H C ligand, (Taylor et al, 1990) while in contrast highly related TCR 
can have very different cross reactivities on m utant MHC molecules bearing 
altered peptides (Ehrich et al, 1993). Furthermore, attempts to reconstitute T cell 
specificity by CDR3 'grafting' experiments between closely related TCR have 
been unsuccessful (Patten et al, 1993). This may be because changes in one 
region of the TCR may affect interactions of another, distant, part of the 
molecule, presumably due to subtle conformational changes. In the absence of 
a 3d structure for TCR it is difficult to predict how differences in 'framework' 
residues would alter the conformation of the CDRs. It is possible that there is 
no universal rule for how TCR dock onto their M H C/peptide ligands. Rather 
the interaction may be relatively fluid and involve an induced fit' between the 
TCR and its ligand, and each TCR (or minor variants of the same TCR) may 
contact the MHC in multiple ways.

5.4.2 Different fine specificities on two class 11 molecules

In order to understand the difference in cross reactivity of the two T cell clones 
on DR4 it is necessary to compare the DRl and DR4 molecules. The full 
structure of only the former of these is available. Since the two share the same a  
chain (product of the DRA locus) and differ in only 10 sites in their p chains, it 
can be assumed that their structures are broadly similar. When this work was 
commenced the precise allele type of the DR4 positive donor used as a source 
of PBMC was not known, since only serological typing had been performed. 
Subsequent MHC class typing by allele specific PGR showed that this donor 
was DRB 1*0404 (DR4Dwl4.1) rather than the more common DRB1*0401 
(DR4Dw4). The differences between these two alleles and the DRl molecule are 
listed and represented in figure 5.9. Both DRB1*0401 and DRB1*0404 differ 
from DRB1*0101 in 10 residues. The majority of these polymorphic residues 
(positions 9, 11, 13, 26, 28, 30, 31, 33 and 37) are identical in DRB1*0401 and 
DRB1*0404. These are all residues which contribute to the antiparallel p-sheet 
which makes the floor of the peptide binding groove (Brown et al, 1993). 
However, DRB1*0401 and DRB1*0404 also differ at positions 71 and 86.

Chapter Five : T cell recognition ofHA/DRl L. R. Wedderburn 1995



136

Position 71 (a lysine in DRB1*0401 but arginine in *0101 and *0404) contributes 
to the helix made from the p chain sequence and in DRl is known to form a 
hydrogen bond with the HA 307 - 319 peptide (Stem et al, 1994). The residue at 
position 86 is important since it contributes to the large deep pocket (~200A^ 
contact area) of DRl which accommodates the conserved anchor 1 residue, 
309Y in HA 307 - 319. The DRp chain residue 86 has been extensively studied 
since it is polymorphic, and several alleles, including DRB1*0404, have a valine 
instead of glycine at this position. This polymorphism has been shown to alter 
the peptides which can bind the DR molecule, presumably because the larger 
valine restricts the size of the peptide side chain which can be accommodated 
in this pocket (Busch et al, 1991, Newton-Nash and Eckels, 1993).

In the case of the HA1.7 T cell clone, previous data have shown that the 
proliferation to HA 307 - 319 plus DRB1*0404 is less efficient than in the 
context of DRB1*0401 or DRB1*0101 although the clone does still respond to all 
three of these alleles (Rothbard et al, 1989a). Furthermore mutations of position 
86 from glycine to valine in both DRl and DR7 have been shown to reduce 
binding of the HA 307 - 319 peptide, although several clones will still respond 
to the m utant complex (Krieger et al, 1991). It was therefore surprising that the 
HA1.7 clone responded as well to the DR4 (DRB1*0404) ARC as to the DRl 
AFC (see section 5.3.1) in this study. It is possible that the individual used as a 
source of DR4+ AFC carries a polymorphism at position 86 of the DRp chain 
allowing strong binding of the HA peptide and efficient presentation, but this 
has not yet been confirmed. However, since the DR4 AFC could present well to 
the HA1.7 clone in repeated experiments, the lack of response to the DR4/ HA 
307 - 319 complex by Cl-1 could not be explained simply by poor binding due 
to this DR4 allele.

Several of the other residues which differ between the DRl and DR4 alleles 
contribute to the binding of HA 307 - 319 to these class 11 molecules. The 
binding of the peptide involves every residue of the peptide except 319T, and 
39 DRl residues. There are 15 H bonds between main chain atoms of the 
peptide and the DRl molecule. As well as the deep pocket for anchor 1 of the 
peptide, there are 4 other pockets, in which 312Q, 314T, 315L and 317L are 
more than 90% sequestered (Stem et al, 1994). Of the differences between DRl 
and DR4 listed above, the majority lie in the base of the peptide binding groove 
and several contribute to the shape of these pockets. However in the HA 307 - 
319/DRl structure another shallow pocket was described, made up by several 
of the polymorphic residues, including W9, L ll , F13, F28, C30 and V38 in 
DRl p. This pocket did not bind a side chain from the HA peptide but was seen 
to be filled with two solvent molecules (Stern et al, 1994). All of these residues
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except for position 38, differ in DR4 compared to DRl. It is thus likely that the 
exposed shape of the HA peptide as it is presented to the TCR will be different 
when it is bound to DRl compared to DR4.

There are several possible explanations for the difference between the cross 
reactivity of these T cell clones. The first is that TCR residues make direct 
contact with the MHC and these contacts are different between DRl and DR4. 
From the model presented these contacts might be expected to be between 
residues of the TCRp CDR2 region since these lie close to the helix provided by 
the DRlp chain (see figure 5.6). Certainly the TCRp chains of the two clones, 
Vp3.1 (BV3S1) and Vpl3.1 (BV13S1) differ considerably in their protein 
sequences across both the CDRl and CDR2 regions. However, given the 
positions of the polymorphic residues in the DR molecules described above, 
this seems unlikely to explain the difference in cross reactivity.

A second possibility is that there are critical TCR - peptide contacts (perhaps in 
the CDR3 of the TCRp chain) which differ between these two clones. If so, these 
may be altered for Cl-1, but not HA1.7, on the HA/DR4 complex due to a 
different conformation adopted by the peptide in the DR4 molecule. A third 
explanation is that the HA1.7 clone has a low threshold for stimulation, and 
that despite altered interaction with the HA/DR4 complex it can still respond 
to this ligand, whereas Cl-1 cannot. It is difficult to distinguish between these 
alternatives at present. One approach to separate these would be to test the 
specificity of a hybrid TCR, consisting of the TCRa chain from one and the 
TCRp chain of the other clone. An alternative would be to use m utant DRp 
chains in which the polymorphic residues are replaced in order to locate those 
which lead to loss of specificity for the Cl-1 clone.

In conclusion, the work presented in this chapter led to a model which 
suggested a critical interaction between a conserved TCRa residue, 94E, and a 
residue of reciprocal charge, 316K in the HA 307 - 319 peptide. It also suggested 
that the difference in cross reactivity of the two T cell clones studied might be 
due to differences in the contacts between the TCRp chains and the MHC, or 
the composite M H C/peptide ligand. It was therefore decided to undertake a 
mutagenesis study of the HA1.7 TCR at the site of the conserved TCRa residue 
and to determine whether altered responses in m utant TCR could be 'rescued' 
by altered HA peptides. In order to answer these questions a system allowing 
efficient expression of transfected TCR, and rapid read out of TCR ligation, was 
required. The optimisation of several systems for this purpose is described in 
chapter 6.
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a)

b)

DRBl a l l e l e a m i n o a c i d  p o s i t i o n

9 1 0 1 1 1 2 1 3 . . 2 6 2 7 2 8 2 9 3 0 3 1 3 2 3 3  . . 3 7 . . 7 0 7 1 . . 8 6

DRB1*0101(Dwl) W Q L K F L L E R C I Y N S Q R G

D R B 1 * 0 4 0 1 (Dw4) E Q V K H F L D R Y F Y H Y Q K G

D R B 1 * 0 4 0 4 (Dwl4) E Q V K H F L D R Y F Y H Y Q R V

Figure 5.9 : Polymorphic residues of DR4 compared to DRl. Figure 5.9a) 
shows the peptide binding groove of DRl from above, with polymorphic 
residues picked out in black. These differences are tabulated in figure 5.9b), 
comparing the three DR alleles, with polymorphic residues in bold.
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CHAPTER 6

Strategies for T cell receptor expression and stim ulation

6.1 In troduction

The previous chapter detailed a model of the interaction between the HA1.7 
TCR and its ligand. In order to test this model it was necessary to develop two 
strategies : an efficient system for expression of TCR, and a sensitive cellular 
assay of T cell activation. The expression of cell surface proteins by stable 
transfection of either genomic or cDNA sequences into mammalian cells, is 
now a routine procedure. There are several T cell lines available which do not 
express surface TCR or CD3, due to the lack of one or both TCR mRNA. Such 
cells have been used in transfection studies to express both murine (Letoumeur 
and Malissen, 1989) and human (Ohashi et al, 1985) TCR, with the resultant re
expression of surface CD3. Some groups have also succeeded in expressing 
hum an TCR in murine T cells (Zumla et al, 1992).

However, many authors have noted difficulties when attempting these studies. 
In particular several groups have found that hum an TCRa chains are unstable 
after transfection, despite continued drug resistance in these cells (Devaux et al, 
1991, Chung et al, 1994). The reasons for this are as yet unclear. To circumvent 
such problems it is possible to use the murine TCRCa sequence fused to the VJ 
from the hum an TCR (Patten et al, 1993, Blank et al, 1993). This technique, in 
some cases combined with the use of genomic rather than cDNA sequences, 
can produce efficient TCR expression. Others have em ployed PI linked' 
constructs (Devaux et al, 1991), or have fused the TCR VJ sequences to another 
'tail' (such as CD3Q (Engel et al, 1992) to allow high levels of expression. A 
further problem with the TCR negative' cells is that pairing of the transfected 
TCR with an intact endogenous chain may occur, leading to two different TCR 
being expressed. The two different heterodimers may be difficult to detect if 
they differ only in the TCRa chains, for which few V specific antibodies are 
available.

In this thesis three different systems of TCR transfection and several assays of 
activation were tested. While two had the advantage of being in T cells, and 
thus more physiologically appropriate, the third system gave the most reliable 
expression of high levels of TCR, in the absence of any endogenous TCR 
chains. The latter, using the rat basophil line, was therefore used in the 
mutational analysis subsequently performed.
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6.2 Specific materials and methods

6.2.1 Cell lines

The culture conditions of cell lines used were as described in chapter 2. The 
murine cell line 58a"p" was obtained from Dr B. Malissen (INSERM, Marseille). 
58a"p' is a variant of the T cell hybridoma, DO 11.10.7, which is itself derived 
from DO 11.10, the product of a fusion between the AKR/J - derived thymoma 
BW5147 and an OVA/A^ reactive murine T cell blast (Yague et al, 1985). DO
11.10.7 has lost the TCR genes contributed by the norm al T cell parent and 
expresses only the BW5147 TCR chains. The TCR negative variant of DO
11.10.7 was selected by negative staining for CD3 followed by y - irradiation 
and probing for TCR transcripts (Letoumeur and Malissen, 1989). 58a"p" has no 
functional TCR transcripts while still expressing all of the CD3 chains within 
the cytoplasm, and has been shown to be a suitable recipient for TCR gene 
transfection and expression (Letoumeur and Malissen, 1989).

The cell line S13.2, a derivative of 58a"p”, was the kind gift of Dr N. 
Glaichenhaus, (CNRS, Nice). This cell line has been stably transfected with a 
construct carrying the E Coli p-galactosidase gene (lacZ) under a T cell specific 
sequence, the NF-AT binding site. The lacZ-NF-AT construct (Fiering et al,
1990) contains three copies of the NF-AT responsive sequence of the IL-2 gene 
prom oter (-286 to -257) inserted within the minimal IL-2 promoter (figure 6.1) 
(Ullman et al, 1990) as well as the hygromycin gene to allow selection of 
transfectants. As discussed in chapter 1, T cell stimulation leads to induction of 
NF-AT (Shaw et al, 1988), a T cell specific transcription factor which binds the 
IL-2 promoter as well as several other cytokine gene promoters. Thus, T cells 
transfected with this construct produce lacZ upon stimulation. This allows for a 
rapid and sensitive assay of TCR ligation (see below).

Two m utant Jurkat cell lines, JRT3T3.5 and JRT 3T3.1, were obtained from Prof 
A. Weiss, (University of Califomia, San Francisco). JRT3T3.5 lacks a full length 
TCRp mRNA while JRT3T3.1 has no functional TCRa chain (Ohashi et al, 1985). 
JRT3T3.5 was the recipient used to generate the clone CH7C17, obtained from 
Dr C. Hewitt (ICRF, London). CH7C17 expresses the HA1.7 TCR and responds 
specifically to HA 307 - 319/D Rl (Hewitt et al, 1992). This clone was 
m aintained in puromycin (Sigma), 4 jig/m l and hygromycin (Calbiochem) at 
400|ig/ml.

The rat basophil line RBL - 2H3 (hereafter called RBL) was obtained from Dr R. 
Klausner, (NIH, Bethesda). This cell line undergoes granule exocytosis after 
stim ulation, leading to the release of serotonin, histam ine and other

Chapter Six : strategies for TCR expression and stimulation L. R. Wedderburn 1995



141

NF-AT X 3 Pst BamH I

Cla

lacZIL-2 promoter

ampR
lacZ -N F-A T

8.50 Kb
Pst

BamH

Pst I
SV40 poly Ahygro

TK promoter

Figure 6.1 : lacZ - NF-AT construct.
The minimal IL-2 promoter has had 3 copies of the 30 bp NF-AT- 
responsive sequence, GGAGGAAAAACTGTTTCATACAGAAGGCGT, 
inserted where shown, and these sequences drive expression of the p - 
galactosidase gene.
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inflammatory mediators (M etzger et al, 1986). The physiological receptor 
through which these cells are stimulated is the high affinity Fc receptor for IgE, 
FceRl. This receptor consists of a, p and y chains of which the y chain is highly 
related to the CD3Ç chain (Keegan and Paul, 1992). The Fc y chain is also found 
in the FcyRIII receptor, and can also replace the Ç chain in CD3 (Qian et al, 
1993). These chains all contain imm unoreceptor tyrosine activation motifs 
(ITAMs) which are phosphorylated by protein tyrosine kinases on activation. 
This homology has allowed the use of RBL cells for transfection of chimeric 
constructs containing the cytoplasmic tail of CD3Ç and the extracellular 
sequences of other molecules, including IL-2R (Letoumeur and Klausner, 1991) 
and TCR (Engel et al, 1992). Stimulation of such transfectants can then be 
assayed by measurement of serotonin release since the CD3Ç tail can transduce 
a signal in these cells.

The murine fibroblast L cell transfectant, LDRl (DRA, DRB1*0101 positive) and 
the DRl expressing mastocytoma P815 line, R /R IH P, were gifts from Dr J. 
Bodmer's laboratory (ICRF, London). High expression was m aintained by 
appropriate selection media (see chapter 2 ) and confirmed by staining with the 
anti HLA-DR antibody, L243 (see 6.2.2). The EBV transformed hum an B cell 
line HOM2 (DRA, DRB1*0101 positive) was obtained from Prof. J. Lamb 
(Imperial College, London). The murine IL-2 dependent T cell line CTLL (Gillis 
et al, 1978) was obtained from Dr J. Viney, (ICRF, London) and was used to 
assay IL-2 from T cell proliferation assays. The monkey renal fibroblast line 
COS-1 was obtained from the cell production department, ICRF. This was used 
for transient expression and staining by immunofluorescence of TCR products.

6.2.2 Surface and intracellular staining of cells

The monoclonal antibodies used for the work in this and the subsequent 
chapter are listed in table 6.1. Routine staining for FACS analysis was as 
described previously. For in tracellu lar staining, cells w ere in itially  
permeabilised by incubation in FACS buffer containing 0.2% saponin for 15 
m in at RT. Staining was then performed with 0.2% saponin in the buffer 
throughout the procedure.

6.2.3 Stable transfection of mammalian cells

Transfection of mammalian cells was by electroporation. Cells were split at low 
density daily for 3 - 4 days before transfection to ensure logarithmic growth. 
DMA for transfection was produced by the maxiprep method described, with
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Specificity Name Source Reference

hum an CDS UCHTl Prof P. Beverley (Beverley and Callard, 
1981)

hum an TCR Cp JOVI-1 Dr J. Viney (Viney et al, 1992)

hum an TCR Vp3 JOVI-3 Dr J. Viney (Viney et al, 1992)

hum an TCR Vp 8 MX9 Prof A. Boylston (Carrel et al, 1986)

hum an TCRa aFl T Cell Diagnostics (Henry et a l , 1989)

HLA DRa L234 Prof P. Beverley (Lampson and Levy, 
1980)

HLA DRp TAL14.1 Dr J. Bodmer (Maddox and Bodmer, 
1989)

murine CDSe KT3 Dr J. Viney (Tomonari, 1988a)

1452C11 Pharmingen (Leo et a l , 1987)

murine thyl KT16 Prof E. Simpson (Tomonari, 1988b)

murine CD45 30F11.1 Pharmingen, UK (Ledbetter and 
Herzenberg, 1979)

rat ICAMl IA29 Dr T. Tamatani (Tamatani and 
Miyasaka, 1990)

rat LFAla(CDlla) WT.l (Tamatani et a l , 1991)

rat LFAlp(CDlS) WT.3

rat M a d  (CDllb) 0X42 Dr S. Joseph (Robinson et a l , 1986)

rat CD4 W 3/25 (Brideau et a l , 1980)

rat CDS 0X8

rat class I 0X18 (Fukumoto et a l , 1982)

rat CD5 0X19 (Dallman et a l , 1984)

Table 6.1 : Monoclonal antibodies used to analyse T cell lines, RBL cells and 
AFC.

Chapter Six : strategies for TCR expression and stimulation L. R. Wedderburn 1995



144

the following modification. After extraction with water saturated butanol, the 
DNA was extensively dialysed against deionised distilled water for 3 x 12 
hours, before proceeding to precipitation. This was to remove any remaining 
caesium or other impurities, since clean DNA has been shown to greatly 
enhance transfection efficiency (Ehlert et al, 1993). DNA for transfections was 
stored in dH 2 0  at +4°C, since repeated freeze thawing may cause nicking, 
lowering transfection efficiency. Where linearised DNA was used, DNA was 
digested for 4 - 6  hours with the appropriate enzyme before reprecipitation.

Before electroporation 1.5 - 2 x 10^ cells per condition were washed and 
resuspended in plain RMPI 1640 at a concentration of 10^ per 100|xl. The cells 
were mixed with DNA in a Biorad 0.4 cm cuvette. The total amount of DNA 
used was between 20 and 50 jig per transfection. The DNA /cell mix was 
incubated on ice for 10 min. Cells were electroporated on a Biorad Gene Puiser 
using 250V and 960jiF, and allowed to recover for 10 m in on ice. These 
conditions were found to give efficient transfection of m any different 
eucaryotic cells. Cells were then placed in plain culture medium for 24 hours 
before selection in appropriate drugs (see below). This was either in 96 well 
plates, for T cell lines, or in flasks, for RBL cells. 12 - 15 days post 
electroporation, surviving cells were analysed for TCR expression by cell 
surface staining as described. Those cells selected in wells were generally clonal 
at this stage. Cells selected in bulk culture were sorted for TCR expression and 
reexpanded.

6.2.4 Transient transfection of TCR constructs in COS cells

COS cells were used to verify that TCR constructs could produce protein 
products, since they express high levels of protein after transient transfection. 
COS cells were grown to 70% confluence and then transfected as above, using a 
pulse of 450V and 250|iF and a cuvette volume of 1ml. Cells were then plated 
into 6  well plates containing sterile poly - L - lysine coated 22mm coverslips, in 
2ml DMFM - CM per well. Medium was changed at 24 hrs, and 72 hr post 
transfection the cells were washed in PBS and fixed for 20 min in 3% (w /v) 
paraformaldehyde/O.lmM  CaCl2 / 0 .1 mM MgCl2  pH  7.4 in PBS. The fixative 
was quenched in 50mM NH 4 CI in PBS for 10 min. After washing with PBS, 
cells were permeabilised by incubation in 0.2% Triton XlOO/ PBS for 4 min.

COS cells were then stained by inversion of the coverslips onto 50|il drops of 
antibody (5|ig/m l in PBS/1% BSA). Fach antibody incubation was for 30 min at 
RT followed by 3 washes in PBS/1% BSA. The antibodies used for analysis of 
TCR construct expression in COS cells were JOVI-1, JOVI-3 and aF l (see table
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6.1). These were counterstained with anti mouse Ig-FITC. Coverslips were 
mounted and cells observed using a Zeiss Axioscop fluorescent microscope.

6.2.5 Vectors and constructs used in TCR transfections

Several different mammalian expression vectors were used for the expression 
of TCR in recipient cells. The initial constructs were obtained from Dr C. 
Hewitt, ICRF, and contained the HA1.7 TCRa and p chains in the pJ6 Q vector, 
(figure 6.2). In this vector the rat actin promoter, which should be ubiquitously 
active in mammalian cells, drives expression of the cloned gene. pJ6 Q contains 
no selection for eucaryotic cells, and is therefore cotransfected with pJ6 Dhygro 
or pJ6 Qpuro, containing the hygromycin or purom ycin resistance genes, 
respectively. These were gifts from Dr H. Land, ICRF. The original HA 1.7 TCR 
- pJ6 D constructs are shown in figures 6.3. Because of the multiple restriction 
sites in these constructs they proved difficult to use in subcloning. 
Furthermore, the original HA1.7TCRa construct contained an upstream  ATG 
which could theoretically have interfered w ith initiation, although it was in 
frame with the conventional ATG. Therefore, new cDNA clones of the HA1.7 
TCR sequences were generated using PCR, w ith the following prim ers 
(restriction sites are underlined) using an annealing temperature of 61 °C :

primer sequence 5 ' - 3 ' thec^etical

HA TCRp 5' Sal I AAGCTTCGATCGTCGACTCTAGACTATCCC 90°C

HA TCRp 3' BamHI TCCTCGAGGTCGGATCCATTGGGATGCAGA 94°C

HA TCRa 5' Sal I TATTAGTTGTCGACCGCTCTGCTCAGGGCCCTC 104°C

HA TCRa 3' BamHI TCAGTCAGGTGGATCCCCTCTGTTTGGAGAGGG 104°C

These reactions gave products of 960bp (TCRa) and 1.2Kb (TCRp). All new 
PCR products were fully sequenced on both strands before use. The HA1.7 
TCR PCR products were digested with BamH I and then Sal I for cloning into 
other vectors. Each of these was cloned into Sal I/Bam H I digested pHpAPr -1 
(figure 6.4) and pHpAPr -1-Neo expression vectors, (Gunning et al , 1987) 
which were obtained from Dr N. Glaichenhaus, (CNRS, Nice). These vectors 
drive the cloned gene by the hum an p actin prom oter and have been 
successfully used for TCR expression in m any cells including 58a"p" (N. 
Glaichenhaus, personal communication). The pHpAPr -1-Neo vector contains 
the neomycin resistance gene under the control of the SV40 early promoter, for 
use as a marker of resistance to neomycin (G418).
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pBR on Amp R

pJ6 omega 3.5 Kb

Xl̂ 1 Pst1

Rat P actin 
promoter

SV40 11 VS SV40T 
poly A

AAGCTTCGATCGTCGACTCTAGAGGATCCCCGGGCGAGCTCGAATTCATCGATGGTACCAGATCT 

Hind III Sail Xbal BamHI Smal SstI EcoRI Clal Kpnl Bgl II

cloning sites lOObp

Figure 6.2 : pJ6Q expression vector.
The pJ6 U hygro and pJ6 H puro selection constructs have the hygromycin 
(1.1Kb) and puromycin (630bp) resistance genes respectively, cloned into 
the Hind III/Cla I sites.
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Xho1

■o

Rat P actin 
prom ote^

SV40 t IVS SV40 T 
poly A

HA 1.7 TCRa

UTUT

X 3g Pst I Xho1
LU

Hind
LU

.hoi

Rat p actin 
promoter

SV40tIVS SV40T 
poly A

UT U1

Xhol X baI

Figure 6.3 : HA1.7 constructs in the p]6Ü. vector.
Figure 6.3a) TCRa constuct, 6.3b) TCRp constuct within the pJ6Q vector (see 
figure 6.2).
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6.60 EcoR
Pvu I

ampR
human p actin promoter

p H  p APr-1
7.00 Kb

poly A

site
Bam H I

IVSHind III

Sal I 4.30

Figure 6.4 : pHpAPr-1 mammalian expression vector.
The pHpAPr-l-Neo construct has the neomycin resistance gene (SV2neo) 
inserted at position 6600. TCR cDNA sequences were cloned in as Sal 
I/BamH I fragments at position 4300.
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Clal
Sali

SV40ori

HTLVl
Xhol

2B4VDJC
ampR

7.00 Kb    Bgl II
thrombin cleavage

CD3;

polyA
pBR322 ori 0

Sail

Figure 6.5 : pCDL-SRa296-TCR-CD3Ç construct.
The original construct contained a murine TCR sequence, (2B4 VDJC), 
which had been cloned into pCDL-SRo296 as a Xho I/Bgl II fragment as 
shown. This is fused to the thrombin cleavage site and the cytoplasmic 
tail ofCD3Ç.
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Chimeric constructs containing the extracellular domains of the HA1.7 TCR 
chains and the cytoplasmic sequence of CD3Ç were constructed in the pCDL- 
SRo296 vector (Engel et al, 1992). A construct containing an irrelevant murine 
TCR sequence (2B4) was obtained from Dr T. Ottenhoff, (NIH, Bethesda). The 
vector contains a thrombin cleavage site w ithin a linker sequence which is 
attached to the CD3Ç chain. This is illustrated in figure 6.5. The irrelevant TCR 
sequence (2B4VDJC) was removed by digestion with Xho I and Bgl II enzymes 
and purification of the vector. The hum an TCR sequences, terminating at the 
m em brane proximal cysteine residue, were generated by PCR using the 
following primers and an annealing temperature of 62°C :

primer sequence 5 ' - 3 ' the^etical

HA TCRVp -Sal I GGAAGGAAGGGTCGACCAAAGCAGCCATGG 112°C
GAATCA

HA TCRCp -BamHI AAGGATTAGAGGATCCCCACAGTCTGCTCT 108°C
ACCCC

HA TCRVa -Sal I GGAATTGGAAGTCGACGGCCACTGCTCAGC 108°C
CATG

HA TCRCa-BamHI GGAAGTTCGGATCCCCACAGGAACTTTCTG 110°C
GGCTG

The PCR products (700 bp) were digested w ith BamH I and Sal I and then 
cloned into the Xho I/Bgl II digested vector, thus destroying both cloning 
sites.The sequences of these constructs across the TCR - thrombin site - CD3Ç 
junctions are shown below :

TCRa - chimeric construct :
human TCR C a > <-------------------- linker with thrombin site----------------------------- > <—CD3^

GAA AGT TCC TGT GGG GAT CTG GTT CGC CGG GGA TCA TCA CGG CTG GAT CTC TG

E S S C G D L V P R G S S R L D L C

TCRp- chimeric construct :
human TCR Cp---------- > <--------------- linker with thrombin site > <~CD3^

AGA GGA GAG TGT GGG GAT GTG GTT GGG GGG GGA TGA TGA GGG GTG GAT GTG TG

R A D G G D L V P R G S S R L D L G
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6.2.6 Oligonucleotide-directed mutagenesis of DNA

Mutagenesis of the HA1.7 TCRa chain 94E residue was achieved using the 
oligonucleotide-directed in vitro m u tagenesis  system . S cu lp to r TM 
(Amersham, UK) using the suggested protocol. The wild type TCRa chain was 
cut from the TCRa-pHpAPr -1 construct as a Sal I/Bam H  I 960 bp fragment. 
This was cloned into Sal I/B am H  I digested bacteriophage M 13m pl9 
(Pharmacia). Single stranded DNA was made as a template for the mutagenesis 
reaction according to the m ethod described for single stranded DNA 
sequencing. Antisense oligonucleotides complementary to the template DNA, 
except for the incorporation of the required base changes (underlined below), 
were as follows :

oligo sequence 5' - 3'

MUT-A AAA TGG AGA CGC ACT CAC AGC

MUT-K AAA TGG AGA GTT ACT CAC AGC

The oligonucleotides for m utagenesis were 5' phosphorylated using T4 
polynucleotide kinase. To a microcentrifuge tube was added 30jxl of a stock 
1.6pmole/)Lil solution of oligonucleotide, 3|il of lOx kinase buffer (IM Tris-HCl, 
pH  8.0, lOOmM MgCl, 70mM DTT and lOmM ATP), and Ijxl of T4 
polynucleotide kinase. The reaction mix was incubated at 37°C for 15 minutes. 
The enzym e was inactivated by heating to 70°C for 10 m inutes. The 
oligonucleotide was used immediately or stored at -20°C.

A nnealing of the m utant oligonucleotide to the tem plate DNA w as 
accomplished by heating to 70°C for 3 minutes and cooling gradually to 37°C 
the following mixture; 2(xg of template ssDNA, 1.6pmole of phosphorylated 
m utant oligonucleotide and Ijil of buffer A (1.4M MOPS, pH  8.0 1.4M NaCl) in 
a total volume of lOpl. Synthesis and ligation of the m utant strand was 
achieved by adding the following constituents to the annealing reaction ; lOjil 
of dNTP mix A (ImM dATP, dCTPaS, dGTP, dTTP, 2mM ATP 20mM MgC^), 
0.8 units of T7 DNA polymerase and 2.5 units of T4 DNA ligase. DNA created 
using phosphorothioate nucleotides is resistant to nicking by a variety of 
restriction enzymes including Nci I. The reaction was incubated at RT for 10 
min followed by 30 min at 37°C and then inactivated at 70°C for 15 min.

Single stranded template DNA which was not filled in by the m utant strand 
was removed by digestion with T5 exonuclease. This was achieved by addition 
of 50|xl buffer B (70mM Tris pH  8.0, lOmM MgCl2 ,45mM NaCl) and 2000 units 
of enzyme and incubation for 30 min at 37°C followed by heat inactivation at
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70°C for 15 min. The non-m utant strand was nicked using the restriction 
enzyme Nci I (the m utant strand was protected from nicking by the presence of 
phosphorothioate nucleotides). The T5 digested DNA was added to 5|Li1 of 
buffer C (700mM Tris, pH  8.0, 350|uM EDTA 20mM DTT) and 5 units of Nci I. 
The digestion was continued for 90 minutes at 37°C. The 3' ends of the nicked 
non-mutant strand were a substrate for digestion by the enzyme exonuclease 
in. The following constituents were added: 20 pi of Buffer D (250 mM Tris, pH 
8.0,150mM NaCl 500pM EDTA) and 160 units of exonuclease IE. The digestion 
was for 30 min at 37°C. The exonuclease HI activity was killed by heating to 
70°C for 15 minutes.

The gapped DNA was repolymerized by prim ing from the 3' ends of the 
remnants of the non-mutant strand, and ligated. To the reaction mix was added 
20pl of nucleotide mix B (1.25 mM dATP, dCTP, dGTP, dTTP, 2.5 mM ATP 
25mM MgCl2), 3.5 units of DNA polymerase I and 2.5 units of T4 DNA ligase. 
This reaction ran for 1 hour at 37°C. The double stranded m utated DNA was 
used to transform competent E. Coli as previously described. The presence of 
the desired mutation was determined by picking several plaques to prepare 
DNA for sequencing. This method was highly efficient, with 11 or 12 out of 12 
plaques picked containing the desired mutation on each occasion.

Eor use in transfections, the m utant TCRa chains were subcloned into the 
pHpAPr -1-Neo vector using the Sal I/Bam H I sites as above, or reamplified by 
PCR in order to clone into the pCDL-SRa vector for RBL transfections.

6.2.7 Transfection of murine T cells with TCR constructs

58a"p" and S13.2 T cells were transfected in multiple experiments with HA1.7 
TCR constructs. Initial experiments were with HA 1.7 TCR -pJ6D constructs, 
cotransfected w ith pJ6Qhygro or -puro constructs. Cells were selected in 
hygromycin (Calbiochem) at Im g /m l or purom ycin (Sigma) at Ip g /m l as 
appropriate. Experiments using both TCR chains together or single chains were 
performed.

These cells were also transfected with the HA1.7 TCR chains, (both wild type 
and m utant TCRa chains) in the pHpAPr -1 and pHpAPr -1-Neo vectors, using 
both the original constructs and those made from new PCR products of the 
TCR chains. As controls full length murine TCRa and TCRp chains (F-TCR, 
kindly given by Dr N. Glaichenhaus, CNRS, Nice) were transfected together or 
with one or other of the HA1.7 TCR chains. In this system cells were selected in 
neomycin (G418, Gibco, Life Technologies) at a concentration of Im g/m l. 12-14 
days after transfection, cells were analysed by flow cytom etry for TCR

Chapter Six : strategies for TCR expression and stimulation L. R. Wedderbum 1995



153

expression by staining with KT3, 1452C11 or JOVI-3 antibodies (see table 6.1) 
respectively, and positive clones were expanded.

6.2.8 p - galactosidase assay of T cells

For measurement of T cell activation by p - galactosidase (lacZ) activity, cells 
transfected with the LacZ-NF-AT construct were stimulated w ith the given 
stimuli for 4-6 hours prior to the assay. These stimuli included the phorbol 
ester PMA, (0 - 20 ng/m l), the calcium ionophore ionomycin ( 0 - 2  |Lig/ml) and 
the antibodies KT3 (anti - murine CD3) and KT16 (anti - murine thyl).

Two methods of measurement of lacZ activity were assessed. The first, detailed 
below uses a fluorescinated substrate of p-galactosidase, fluorescein di-p- 
galactoside, (FDG, Sigma), allowing measurement on the FACS apparatus 
(Nolan et a l , 1988). The second method used 4 - methylumbelliferone galactose 
(MUG), (Cambridge Biosciences) which is cleaved by p-galactosidase to a 
derivative which emits at a wavelength of 450nm. This m ethod has the 
advantage of being performed in 96 well plates which allows rapid screening of 
large numbers of samples (Bierer et a l , 1990). Results using the MUG assay 
represent p - galactosidase activity in the cell lysate, while those using the FDG 
assay show responding and non-responding cells separately. The two methods 
gave identical results in the preliminary optimisation of these techniques. 
However, since lacZ assays were not finally used to measure TCR ligation, only 
one method is described in detail here.

The staining medium was PBS/4%FCS/10mM HEPES. For the assay substrate, 
a 200 X stock -FDG 125mg/ml in 50% DMSO/dHiO was prepared and stored at 
-20°C. Just prior to use in the assay this was diluted to Ix in sterile dH20 and 
warm ed to 37°C. Cells were washed once in PBS and resuspended in Falcon 
2058 tubes at a concentration of 10^ cells in 50|il per tube. An equal volume of 
2mM FDG in dH20 was added and mixed well. The cells were incubated at 
37°C for exactly 70 sec, and the FDG loading stopped by the addition of 1ml of 
isotonic staining medium. The cells were kept on ice until FACS analysis was 
performed. Propidium iodide (50 |ig/m l) was added to all samples just before 
analysis in order to gate out dead cells.

For the analysis of lacZ activity in cells at different points of the cell cycle, cells 
were first stimulated as above in duplicate. Duplicate samples were then 
incubated for one hour at 37°C in either Hoechst medium 33342 (Sigma) at a 
final concentration of lO^g/m l, or in medium alone, prior to staining for lacZ 
activity as above. Hoechst reagent intercalates DNA by binding AT pairs, and
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is taken up by live cells. The difference between cells in GO/Gl and G 2/M  due 
to different DNA content can then be visualised by Hoechst staining.

In a functional assay of TCR transfected S13.2 cells, cells were preincubated 
with KT3 or KT16, (5)ig/ml) for Ihr at room temperature, and then plated into 
96 well plates. Cells were then stimulated with PMA (lOng/ml), ionomycin, 
(l|ig /m l), PMA plus ionomycin, or the second of the antibodies as above 
(5|ig/ml), for 4 hrs at 37°C. A lacZ assay was then performed as above.

6.2.9 Assessment of integration of transfected DNA

In order to investigate reasons for lack of expression of transfected constructs, 
T cell clones were analysed by Northern, Southern and PCR analysis. RNA, 
genomic DNA and cDNA were prepared from S13.2 transfectants as described. 
For probing of the Northern blots, a 480bp Xho I/Bgl II TCRa fragment was 
purified after digestion of the HA 1.7 TCRa-pJ6D construct (fig 6.3). For 
probing of Southern blots, a 1.3Kb Cla I fragment containing the whole HA1.7 
TCRa chain was isolated from HA 1.7 TCRa-pJ6Q. The S13.2 cells were also 
analysed for copy number of the lacZ gene by Southern blotting. A 1.1Kb Cla I 
fragment containing the lacZ gene was used for probing this blot (see figure 
6 .1).

For amplification of TCR constructs from cDNA made from TCR transfected 
cells, the following primers were used with standard PCR conditions and an 
annealing temperature of 54°C:

primer sequence 5' - 3' theoretical Tm

HATCRa 5'PCR ATTTTTACCCTGGGAGGAAC 58°C

HATCRa 3'PCR GATTTGTTGCTCCAGGCC 56°C

HATCRp 5'PCR ATCAGGCTCCTCTGTCG 54°C

HATCRp 3'PCR AGGCACACCAGTGTGGC 56°C

These reactions gave products of 550 (TCRa) and 405 (TCRp) bp, respectively. 
The parent cells, S13.2, served as a negative control and the Jurkat derived T 
cell clone CH7C17 as a positive control for these experiments.
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6.2.10 Expression of HA1.7 TCR chains in Jurkat lines

JRT3T3.5 and JRT3T3.1 cell lines were transfected with HA1.7 TCR constructs 
in the pJ6Q and pHpAPr -1-Neo vectors described above. Single TCR chains 
corresponding to the 'missing' chain for each line, or both chains, were 
transfected by electroporation as described. When using the constructs in pJ6Q 
the cells were cotransfected with the p]6Q. hygro construct. When using the 
pHpAPr -1 vectors the TCRa chains (wild type or mutant) were on the same 
construct as the neomycin resistance with the TCRp chain on the parent 
pHpAPr -1 vector. In each case the plasmid carrying drug resistance was used 
at 1/10 quantities of the other constructs. Cells were selected in hygromycin 
400|ig/m l or G418, Im g /m l in 96 well plates, and growing clones analysed by 
staining with UCHTl and JOVI-3 antibodies.

6.2.11 TCR stimulation of Jurkat transfectants

JRT3T3.5 transfectants, including the clone CH7C17, were tested for their 
responses to various stimuli by measurement of cytokine release using the IL-2 
dependent murine T cell line, CTLL. 2 or 5 x 10^ hum an T cells were cocultured 
with equal numbers of APC (DR expressing L cells or EBV transformed B cells) 
in the presence of HA307 - 319 peptide (0 - 100 |xg/ml), anti- TCR antibodies 
(0.5 - lOpg/m l) with or without PMA, the Staphylococcus aureus superantigen, 
staphylococcal enterotoxin SEB (Ip g /m l) or PMA (0.5 - 5 n g /m l ) and 
ionomycin (0.5 - 2 |ig/m l) as shown in individual experiments. Assays were 
performed in flat bottom 96 well plates for 48 hours in a total volume of 200|il 
w ith triplicate wells for each condition. Supernatants were harvested at 48 
hours, and frozen and then thawed to prevent carry over of cells.

CTLL cells were washed 3 times to remove IL-2 present in the culture medium 
before use in the bioassay. 100^1 of each supernatant was used to stimulate 10^ 
CTLL cells/well for 36 hours. Cells were pulsed with tritiated thymidine ([^H]- 
TdR; l|iC i/w ell; Amersham) for the last 6 hr of the assay, and proliferation as 
correlated w ith [^HJ-TdR incorporation measured as described in chapter 5. 
Results are expressed as mean cpm + sem for each triplicate. The addition of 
PMA plus ionomycin to CTLL cells alone routinely produced values of 10,000 - 
20,000 cpm. These have not been subtracted from values shown.

6.2.12 TCR - CD3Ç chimeric constructs and rat basophil line transfections

The HA 1.7TCR - CD3Ç chimeric constructs were used for expression of the 
HA1.7 TCR on RBL cells. 1.5 x 10^ RBL cells were co-transfected with lOpg
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H A Ï.7 TCRp-Ç construct, lOfig of H A Ï.7 TCRa-Ç construct (wild type or 
mutant), and 2)ig of the pHpAPr-l-Neo vector to confer neomycin resistance, 
w ith the electroporation conditions described above. Cells were selected in 
neomycin (G418) at 1 m g/m l and pools of transfectants were expanded. 12-14 
days after transfection, cells were analysed by flow cytometry for TCRa and 
TCRp expression by oFl and JOVI-3 respectively, and positive cells were sorted 
by JOVI-3 expression on the FACStar as described. The sorted cells were 
expanded in G418 and then resorted 10 - 12 days later.

RBL transfectants were not cloned at a single cell level, since unequivocal data 
was obtained on the pooled TCR positive lines, and since it is known that 
positive clones from RBL transfections may show very variable serotonin 
release despite having comparable TCR expression by FACS analysis (Dr T 
Ottenhoff, personal communication). RBL cells were also stained for a variety 
of rat adhesion molecules and coreceptors, using antibodies shown in table 6.1.

6.2.13 RBL-2H3 stimulation assays

The stimulation of RBL cells leading to granule exocytosis and release of 
serotonin was performed on RBL cell lines grown in tritium  (^H) labelled 
serotonin (5-hydroxytryptamine, 5HT). RBL-TCR transfectants were cultured 
for 18 hours at 3 x lO^/well in 96 well flat bottom plates in the presence of 
0.2|iC i/w ell of l,2-^H(N)-hydroxytryptam ine binoxalate, (NEN, Dupont). 
Initially the L cell or P815 DR+ transfectants were used as APC for RBL assays. 
These were peptide loaded by gentle shaking in HA peptide for 4 hours before 
addition to RBL. In later assays the EBV transformed B cells HOM2 and WSl 
were found to be more efficient as APC. This was partly because, being non - 
adherent, they could be peptide loaded for much longer periods. These cells 
were loaded by culturing in peptide at the given concentrations for 36 - 48 
hours, before use as APC.

Peptide-loaded APC were washed once, and resuspended at a concentration of 
3 xlO^/m l in RPMI/ 2mM glutam ine/ 2% ECS (assay medium). Labelled RBL 
transfectants were washed 3 times in warm assay medium, and then incubated 
for 1 hr in the presence of 3 x 10^ loaded APC, or other stimuli as shown, in 
lOOpl, in triplicate wells. The anti - TCR antibodies JOVI-1 and JOVI-3 were 
used at a final concentration of 5pg/m l. An aliquot of the supernatant was 
removed for estimation of released serotonin as a measure of RBL stimulation. 
Cells were also lysed in 0.5 % Triton X 100. Radioactivity released into the 
supernatants and in the cell lysates was m easured by liquid scintillation 
counting as described. The specific serotonin release was calculated as : (cpm
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released/total lysate cpm + cpm released) x 100, and results are expressed as % 
specific release ± sem for triplicate wells.

6.3 R esu lts

6.3.1 Activation of lacZ-NF-AT transfected cells, S13.2

Murine T cells which are stable transfectants of the lacZ-NF-AT construct 
(S13.2) were activated using the phorbol ester PMA (0 - 20 ng/m l), the calcium 
ionophore ionomycin ( 0 - 2  pg/m l) or both stimuli, for 4 - 6 hours, and then 
assayed for p - galactosidase activity by two methods, FDG and MUG assays. 
Since the dose response curves were identical for these two methods, only the 
FDG assays are illustrated here.

After stimulation and assay for lacZ activity, results were expressed as the 
number of responding cells, as demonstrated by positive FITC staining on the 
FACS apparatus. A typical assay is shown in figures 6.6 and 6.7. These dose 
responses closely mirror those of the hum an T cell line Jurkat as measured by a 
reporter gene in transient transfections (Wotton et al, 1993). Results of this assay 
were also compared to those after overnight stimulation , or leaving the FDG 
loaded cells on ice for various periods of time, (1 - 3hrs). These modifications 
gave equivalent results to those presented (data not shown).

With even maximal stimulation the percentage of S13.2 cells positive by FDG 
assay was between 60 - 80 %, but never 100%. The clonality of this line was 
therefore investigated by Southern analysis. Genomic DNA from S13.2, and as 
a control 58a"p" cells, was digested with BamH I or Cla I enzymes and analysed 
with a 1Kb Cla I lacZ probe as described. The results (figure 6.8) show that the 
parent 58a"p" cells have a 4Kb band due to cross reaction of the probe with the 
murine IL-2 promoter. However, in the S13.2 cells further bands are also seen 
in the BamH I (3Kb) and the Cla I (1.1Kb) digests. These results suggested that 
the S13.2 line was clonal and carried a single copy of the lacZ construct. In 
order to demonstrate whether the responding cells in the FDG assay were in a 
particular phase of the cell cycle, cells were stained with Hoechst medium prior 
to lacZ assay. As shown in figure 6.9, 70% of the cells in GO/Gl respond to 
maximal stimulus, while 85% of those in G 2/M  are positive to the same 
stimulus. This suggests that a subpopulation of cells in GO or G1 are relatively 
refractory to stimulation. However, even the G 2/M  cells do not show a 100% 
response to stimulation, suggesting that other factors also affect the threshold 
for this response : these results correlate well with the conclusion of another 
group (Fiering et al, 1990).
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Figure 6.6 : Demonstration of lacZ activity in S13.2 cells by FACS analysis.
SI3.2 cells (carrying the lacZ-NF-AT construct) were cultured for 4 hours in : a) 
PMA alone, lOng/ml, b) PMA lOng/ml plus Ionomycin Igg /m l or c) PMA 
In g /m l plus Ionomycin l |ig /m l. LacZ activity as by the FDG assay as 
described and analysed on the FACS. The number of responding cells as a 
proportion of total is shown in the top right hand of each FACS profile.
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Figure 6.7 : Responses of S13.2 cells by p-galactosidase assay. The responses 
of S13.2 cells to PMA and ionomycin as measured by FDG assay of p- 
galactosidase activity. Figure 6.7a) shows synergy between PMA (5ng/ml) and 
iononmycin (Ipg/ml); figure 6.7b) responses to varying doses of PMA in the 
presence of ionomycin at Ijig/m l; figure 6.7c) responses to varying doses of 
ionomycin in the presence of PMA at 5ng/ml.
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Figure 6.8 : Southern analysis of lacZ construct in S13.2 cells. Genomic DNA 
of 58a"p~ and SI3.2 cells was digested with the BamH 1 or Cla 1 enzyme, and a 
Southern blot analysed using a LacZ probe. Positive bands are indicated with 
arrows (left), and size of markers (1Kb M) shown in Kb (right). The 4Kb band 
in both cell lines is due to cross reaction with the murine IL-2 promoter.
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Figure 6.9 : Cell cycle analysis of cell responses in lacZ assay by Hoechst 
staining. Figure 6.9a) shows Hoechst profile of S13.2 cells: cells within the Ml 
marker are considered to be in S/G 2/M  of the cell cycle, and those to the left of 
M l, in GO or Gl. Figure 6.9b) shows two colour analysis with Hoechst staining 
on the horizontal axis and FITC (after FDG assay) on the vertical axis. The 
statistics of the 4 populations are shown below figure 6.9b).
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6.3.2 Expression of HA1.7 TCR in murine T cells

Multiple transfection experiments using S13.2 and 58a"p" cells, with a variety of 
HA1.7 TCR cDNA preparations were performed (see methods). From the large 
majority of these transfections, clones resistant to the selection medium were 
obtained at 12 - 14 days. These were analysed for TCR or CD3 expression by 
cell surface staining using several different antibodies. After transfection of 
HA1.7 TCR (either single chains in succession or cotransfection of 2 chains), the 
great majority of drug resistant clones were CDS/TCR negative. Occasional 
clones showed very weak staining with KT3, 1452C11 or JOVI-3 antibodies 
(figure 6.10). However repeat staining of such clones 1 - 2  weeks later always 
showed that TCR expression had been lost, ie that this was unstable.

Cells transfected with a murine TCR pair (here called F-TCRap), or a single 
chain from the murine TCR plus the appropriate second chain from the HA1.7 
TCR were also analysed. The F-TCRap pair and the combination of the F-TCRa 
w ith the HA1.7 TCRp chain produced weakly CDS positive clones at an 
average of 1 per 10 clones analysed (figure 6.10). However the opposite 
combination (F-TCRp with HA1.7TCRa) gave no positive clones. These results 
suggested that the source of the negative results for HA1.7 TCR expression was 
the TCRa chain constructs. A sample of those clones transfected with both 
HA1.7 TCR chains which were negative for TCR expression were expanded for 
further analysis. The possible reasons for lack of TCR expression were 
investigated as detailed below.

6.3.3 Analysis of HA1.7 TCR - transfected murine T cells

Intracellular staining of the HA1.7 TCR-transfected m urine T cells after 
permeabilisation of the cells showed that they expressed high levels of CD3e. In 
addition, some clones expressed low levels of the HA1.7 TCRp chain by this 
m ethod (figure 6.11). Amplification by PCR of cDNA from 17 S13.2 clones 
transfected with both HA1.7 TCR chains showed that the majority expressed 
mRNA for both chains (figure 6.12). At this point all the constructs in use were 
resequenced, and no errors were detected.

Both Southern and Northern analyses were performed to detect the HA1.7 
TCRa chain in these cells, using stringency conditions which did not produce 
bands due to endogenous TCR genes of the parent cells. As shown in figures
6.13 and 6.14 respectively, HA1.7 TCRa DNA and mRNA were detected. 
Several representative clones which had been transfected with both HA1.7 TCR 
chains were also tested in a functional assay for responses to CD3 (KT3) and
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Figure 6.10 : FACS profiles of parent TCR transfected S13.2 cells.
Typical FACS profiles of staining with anti-murine CD3 antibody KT3 (bold 
line) or an irrelevant isotype matched control antibody (fine line), on S13.2 cells 
and cloned TCR transfectants as shown. Equivalent results were obtained with 
JOVI-1 and JOVI-3 staining for cells expressing HA1.7 TCRp chain. The positive 
cells in figure b.lOd) comprise a mixed population of cells, representing more 
than one clone.
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Figure 6.11 : Intracellular staining of S13.2 and TCR transfectant cells.
Cells were permeabilised using 0.2% saponin before staining with JOVI-3 (bold 
line), an isotype matched control (fine line) or KT3 (dotted line, top panel) 
followed by anti-mouse IgG-FITC. Figure 6.11a) shows the parent S13.2 cells, 
and figure 6.11b) a typical transfectant, expressing low levels of intracellular 
TCRp chain.
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Figure 6.12 : RT PCR analysis of HA1.7 TCR mRNA in transfected S13.2 
clones. 2% agarose gels to demonstrate amplification products of : a) and b) 
TCRa mRNA, and c) and d) TCRp mRNA, in cDNAs from transfected S13.2 
cells. For each reaction PCR products from 17 transfected clones (named abl - 
abl7) are shown, with clones 1 to 8 in a) and c), and clones 9 to 17 in b) and d). 
The products from cDNAs of control cells, S13.2 (negative), CH7C17 (positive), 
as well as HA 1.7 TCR - pJ6F2 construct (for panels a and b only) or no cDNA 
are as shown. M = 1Kb markers.
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Figure 6.13 : Southern analysis of the HAÏ.7 TCRa chain in transfected S13.2 
cells. Genomic DNA from S13.2 cells and 12 clones, (abl -12), each transfected 
with the HAl.ZTCRa and TCRp constructs, was digested with the Cla 1 
enzyme. The Southern blot was probed with a 1.3 Kb Cla fragment of the 
TCRa construct. Sizes of the 1Kb markers are shown on the left, and the 
positive band, (arrow), on the right. For clone ab9, less DNA had been loaded 
as assessed by ethidium bromide staining (data not shown) : however, on a 
long exposure of the blot, this clone also showed a weak band in the same 
position.
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Figure 6.14 : N orthern analysis of the H A Ï.7 TCRa chain mRNA in 
transfected S13.2 cells. Total RNA from CH7C17, S13.2, clones ab5, ab6, and 
ab7, (transfected with both HA1.7 TCR chains), and b26 (transfected with TCRp 
construct only) was analysed. The blot was probed with a fragment form the 
HA1.7 TCRa construct. Sizes of 1Kb markers are shown on the left, and 
positions of the 28S and 18S ribosomal RNA on the right.
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Figure 6.15 : Stimulation of S13.2 and TCR-transfected cells. Cells were 
preincubated with KT3 or KT16 antibodies (bpg/ml) or PBS for Ihr before 
stimulation, and then assayed for lacZ activity. For the final column (marked 
antibody in each graph), the second antibody was the reverse to that used in 
preincubation. Preincubation with PBS was followed by KT3 in this case.
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Thyl (KT16) antibodies as described. Transmission of a signal through Thyl 
has been shown to require the presence of the TCR/CD3 complex (Gunter et a l , 
1987). This assay is illustrated for S13.2 and a representative TCR transfected 
clone, ab6.12, in figure 6.15. There no response to KT3 or KT16, even with the 
addition of PMA, or to both antibodies, although all the clones gave a strong 
response to PMA plus ionomycin.

The conclusion draw n from these data was that the expression of the TCRa 
constructs in use was at best very low or unstable, thus not allowing for TCR 
expression at the cell surface. While in principle the S13.2 and 58a"p" cells 
w ould provide good read out assays for T cell stimulation, they were not 
readily transfected with the TCR constructs used in this work, and therefore 
could not be used further for the mutagenesis study proposed.

6.3.4 Expression of the HA1.7 TCR in COS cells

All of the HA1.7 TCRa and TCRp constructs in use, including those in the pJ6^2 
and pHpAPr -1-Neo vectors, and both the wild type and m utant TCRa 
constructs, were tested for the production of TCR protein in the COS system. 
About 10% of these cells express high levels of transfected genes at 48 hours 
post transfection. In all cases, bright staining was obtained for both chains, 
stained with aP l for TCRa and JOVI-3 for TCRp, as described. Typical staining 
is shown in figure 6.16. Therefore, all the constructs in use were able to direct 
the expression of TCR protein.

6.3.5 Expression of HA1.7 TCR in human T cells

Multiple transfections were performed using two TCR negative derivatives of 
the Jurkat T cell line, JRT3T3.5 and JRT3T3.1. Most of these experiments used 
JRT3T3.5. JRT3T3.5 has no functional TCRp chain but retains the Jurkat TCRa 
chain, encoded by the gene segments Val.2 and Jal6.1, as described in chapter
5. In contrast, the JRT3T3.1 line has only the Jurkat TCRp chain. Transfections 
of the latter were unsuccessful in that of many clones analysed 12 - 15 days post 
transfection, no clone expressed surface TCR.

In contrast, transfection of the JRT3T3.5 cells with HA1.7 TCR constructs in the 
pHpAPr -1 and pHpAPr -1-Neo vectors produced TCR positive clones at a rate 
of approximately 1 in 8 clones of the drug resistant clones analysed. Positive 
cells which appeared clonal by FACS analysis were expanded and restained on 
several occasions over the following 12 weeks. The majority of these showed
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Figure 6.16 : Immunofluorescence of COS cells transiently transfected with 
TCR constucts. Figures 6.16 a) and c) phase contrast, and figures 6.16 b) and d) 
indirect immunofluorescence images. Each pair of images (figures a and b, 
figures c and d), are of the same field of cells. Figures 6.16a and b): cells 
transfected with TCRoc contruct and stained with wFl; figures 6.16c and d): cells 
transfected with TCRp construct and stained with JOVl-3. Magnification : x 400.
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stable TCR expression, although a few developed mixed populations indicating 
that they had not been true clones initially. Typical staining of these clones is 
shown in figure 6.17. These cells were stained by UCHTl (CD3 specific), JOVI-1 
(Cp specific) and JOVT3 (Vp3 specific) but did not stain with MX9, which is 
specific for Vp8, the V gene segment used by the Jurkat TCRp chain (data not 
shown). Positive clones were also obtained from the transfections of these cells 
using only the HAl.TTCRp chain indicating that this polypeptide was able to 
pair efficiently with the Jurkat TCRa protein and thus lead to a reconstitution 
of CD3/TCR expression (figure 6.17d). The functional analysis of these clones 
is described in full in chapter 7.

6.3.6 Functional assays in Jurkat transfectants

Optimisation of the functional assay in these cells was initially carried out 
using a cloned JRT3T3.5 transfectant, CH7C17. After stimulation using peptide 
and DRl positive APCs, supernatants from CH7C17 cells were used in a 
bioassay to stimulate the IL-2 dependent murine T cell line, CTLL.

This assay provided a sensitive, specific and reproducible method to measure 
the stimulation of these cells (figure 6.18a). The L cell transfectant line, LDRl 
was more efficient as APC than the transformed B cell, HOM2 (figure 6.18b), 
although both expressed high levels of HLA-DR (data not shown). CH7C17 
also responded well to PMA in the presence of ionomycin, as well as to the 
superantigen SEB which binds the hum an TCRVp3 (figure 6.19a). The assay 
was specifically blocked by the anti - DR antibody TAL14.1 (figure 6.19b).

In order to establish an assay for TCR stimulation which was not antigen 
dependent, various conditions of stimulation with anti - TCR and anti - CD3 
antibodies were assessed. The use of UCHTl or JOVI-1 antibodies immobilised 
on plastic led to powerful stimulation of the CH7C17 clone, but also to a high 
background of stimulation of the JRT3T3.1 and JRT3T3.5 lines, (data not 
shown). This method was therefore not pursued. However, stimulation of 
CH7C17 by these antibodies in solution, in the presence of low levels of PMA, 
provided an assay which could discriminate between TCR positive and 
negative cells. As illustrated in figure 6.20, using a concentration of l |ig /m l of 
either JOVI-1 or UCHTl in the presence of only 0.5ng/m l of PMA produced 
strong responses from the TCR expressing CH7C17, while very low 
background responses were obtained from the parent cell line JRT3T3.5.

On the basis of the above results, this method was thought to have many of the 
features required of a screening system for the mutagenesis study. However, it
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Figure 6.17 : TCR expression on JRT3T3.5 cells.
Staining with JOVI-3 (bold line) and an isotype matched control (fine line) is 
shown for a) JRT3T3.5, b) CH7C17, and two representative TCR positive 
JRT3T3.5 clones transfected with c) HA1.7 TCRap (clone JK7) and d) TCRp 
(cloneH14), as shown.
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Figure 6.18 : Peptide responses of the CH7C17 clone. Figure 6.18a) dose 
response of CH7C17 to HA 307 - 319 and a control DRl binding peptide, MAT 
19 - 31, on LDRl APC. Figure 6.18b) responses of CH7C17 to two different 
HLA-DRl positive APC plus increasing doses of HA 307 - 319 peptide.
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Figure 6.19 : Responses of CH7C17 and JRT3T3.5 cells. Figure 6.19a) 
responses to culture medium (CM) superantigen (SEB), PMA, ionomycin, and 
APC (LDRl) plus HA 307 - 319 peptide (SOpg/ml). Figure 6.19b) the response 
to LDRl plus 20|ig/ml HA 307 - 319 peptide is inhibited by the anti HLA-DRl 
antibody, TAL14.1, and not by the isotype matched control antibody, 4U.
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Figure 6.20 : Titration of effects of anti - TCR and anti - CD3 antibodies on 
CH7C17 and JRT3T3.5 cells. The responses to various concentrations of a) 
UCHTl and b) JOVI-1 antibodies, in the presence of decreasing amounts of 
PMA (see key), are shown for CH7C17 (TCR+) and JRT3T3.5 (TCR -) cells in 
each graph.
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was also clear that the ability of the Jurkat TCRa chain to pair w ith the HA1.7 
TCRp protein could lead to two different heterodim ers on the surface of 
transfectants. It would be very difficult to distinguish such heterodimers since 
the a  chains are so closely related. In the later analysis of the clones described, 
this was indeed a problem (see chapter 7).

6.3.7 Expression of HA1.7 TCR - CD3Ç constructs in  RBL cells.

Expression of the HA1.7 TCR on RBL cells was achieved by using TCR-CD3Ç 
chimeric constructs. All RBL transfections were performed with cotransfection 
of both TCR chains and a neomycin resistance gene vector, and the resulting 
surviving cells were grown as pools. This method gave high levels of TCR 
expression in approximately 10% of cells at 12 - 14 days post transfection. In 
separate experiments, RBL cells were transfected with the wild type HA1.7 
TCR, and with m utant TCR, using the HA1.7 TCRa 94A and 94K m utant 
chains, respectively. TCR expressing cells were separated by sorting after 
staining with the JOVI-3 (anti TCRVp3) antibody. Each pool of sorted cells was 
then expanded and a second round of sorting was carried out 10-12 days later. 
These lines were nam ed RBL- WTS2, AS2 and KS2, representing RBL cells 
transfected w ith wild type HA1.7 TCR, TCRa 94A m utant and TCRa 94K 
mutant, respectively.

These cells were also stained by the anti - TCRa antibody aF l, indicating that 
both TCR chains were expressed at the cell surface. This antibody does not 
stain live T cells, since the epitope recognised is thought to be obscured by the 
CD3 chains (Henry et al, 1989). Typical RBL transfectant staining is shown in 
figure 6.21. In general these sorted lines showed stable TCR expression. 
However after 2 m onths of in vitro passage one line was found to have split 
into two populations, of which one was no longer expressing TCR. This is 
further discussed in chapter 7.

Initial results obtained from stimulation with APC and antigenic peptide were 
variable. RBL cells do not express CD4, which is usually involved in the 
physiological interaction of this TCR with its ligand : however, the hum an T 
cell transfectant CH7C17 (see above) is also CD4 negative and yet responds to 
HA 307 - 319/DRl efficiently. To investigate the presence of other molecules 
which might facilitate the interaction between RBL and APC cells, the parent 
RBL cells were stained with a variety of monoclonal antibodies to rat adhesion 
molecules and coreceptors. This work showed that RBL express class I (0X18) 
and low levels of ICAM1(IA29) (data not shown). However, they were negative 
for staining for the (32 integrins LFAl (both C D lla  and GDI8) and M a d
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Figure 6.21 : TCR expression on transfected RBL cell lines.
Staining with a) anti - mouse IgG-FITC alone, b) anti - TCRa, (aFl) and c) anti - 
TCRp, (JOVI-3) antibodies, on the RBL transfectant line WTS2 expressing the 
HA1.7 wild type TCR. The number of cells within the marker (Ml) is shown in 
each panel. Expression on the AS2 and KS2 lines was equivalent for all 
antibodies (data not shown).
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(CDllb), as well as for CD4, CDS and CD5. RBL cells have also been shown to 
be CD2 negative but CD48 positive by Dr P. Bowness, (IMM, Oxford, personal 
communication).

6.3.8 Assay of TCR stimulation of transfected RBL cells

Initial assay w ith parent RBL cells showed that as a positive control, 
stim ulation w ith PMA and ionomycin produced high levels of release of 
labelled serotonin, often as much as 80% of the labelled serotonin, as a 
proportion of total counts in cell lysates. The use of the physiological ligand 
(monoclonal anti-DNP IgE plus DNP- BSA) produced counts of approximately 
50% of total cpm released (data not shown). Crosslinking of the TCR by either 
JOVI-1 or JOVI-3 antibodies led to high levels of serotonin release in all of the 
TCR transfected RBL lines, while irrelevant antibodies gave no release. The 
parent RBL cells did not respond to antibody stimuli. A typical release assay 
using all three RBL lines (WTS2, AS2, KS2), as well as the parent RBL cells, is 
shown in figure 6.22.

Early attempts to show antigen specific recognition by the HA1.7 TCR on these 
cells gave only low levels of release, although this was antigen specific. This 
was considered to be in part due to problems with the peptide loading of APC. 
Both L cells and P815 cells are adherent and therefore had to be treated with 
trypsin or EDTA before loading, and shaken while loading occurred. Therefore, 
the assay was altered to use a DRl positive B cell line, HOM2. This allowed for 
loading to be carried out for 36 - 48 hours and using these cells results were 
similar to those obtained by stimulation with JOVI-3. The data shown in figure 
6.23 demonstrate that the HA1.7 WT TCR transfected line (WTS2) responded 
specifically to the HA 307 - 319/DRl complex, in a dose dependent manner, 
using the HOM2 cells. The parent RBL showed no response to APC or APC + 
peptide (data not shown). The concentrations of peptide used for loading are 
considerably higher than those used for T cell assays, with the same cells as 
APC. However this has been found to be required by several other groups 
using TCR - transfected RBL cells (Lone et al, 1994 and P. Bowness, personal 
communication).
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Figure 6.22 : Serotonin release assay in RBL and transfected RBL cells.
The responses of each cell line to culture medium (CM), anti - TCR 
antibodies JOVI-1 and JOVI-3, the isotype matched control 4U, (each at 
5pg/ml) and PMA (5ng/ml) plus ionomycin (Ijig/ml) are shown. The cpm 
of total cell lystaes were as follows : RBL = 16926 ±  201; WTS2 = 12320 + 
591; AS2 = 11664 ± 701; KS2 = 13280 ± 743.
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Figure 6.23 : Dose response of the HA1.7 TCR transfectant line WTS2 to 
HA peptide plus DRl positive APC, HOM2. Responses to the control 
peptide MAT 19 - 31 and JOVI-3 antibody (5pg/ml) are also shown. The 
cpm in the WTS2 total cell lysate were 10165 ± 169.
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6.4 Discussion

The work described in this chapter was performed in order to select an optimal 
system in which to perform  a mutagenesis study of the HA1.7 TCR. The 
requirements of such a system were several. The cells used needed to be easily 
transfected and selected with standard drugs and to express adequate levels of 
TCR in a stable fashion. If a T cell derivative were to be used, it needed to have 
a truly TCR negative phenotype at the outset, preferably at the level of mRNA 
for both TCR chains. The other major requirement was the ability to screen 
large num bers of transfectants for stimulation through the TCR, both with a 
general stim ulus such as anti - TCR antibody as well as w ith the specific 
antigenic peptide plus APC.

The first system assessed involved a m urine T cell line, 58a"p" which was 
known to be truly TCR negative at the RNA level. Furthermore, a transfectant 
of 58a"j3" carrying the lacZ-NF-AT construct was also available. The assay of T 
cell stimulation was rapid, sensitive and highly reproducible in these cells. 
They therefore appeared to provide an ideal system for the mutagenesis study. 
However, no stable TCR expressing clones were obtained from these cells. The 
cells were shown by intracellular staining to have CD3e protein, although 
staining was not performed for the other components of the CD3 complex, 
which may have been limiting. This however was unlikely since TCR positive 
clones were obtained using a murine TCRap pair, although these clones only 
expressed very low levels of TCR . Several different vector systems were used 
in the attem pt to obtain TCR expression. These vectors all have promoters 
which should be universally active in mammalian cells.

Analysis of 58a"p" cells transfected with the HA1.7 TCR showed that both 
TCRa and TCRp constructs were expressing mRNA as dem onstrated by RT 
PCR. In addition, the TCRa mRNA and integrated DNA were demonstrated by 
N orthern and Southern analysis. It therefore seemed likely that the TCR 
proteins were present but highly unstable in these cells. It is known that if the 
TCR chains do not associate with components of the CD3 complex they are 
rapidly degraded within the cell (Ashwell and Klausner, 1990, Manolios et a l , 
1991). The components of the TCR/CD3 complex all have conserved charged 
residues in the transmembrane regions which are im portant to assembly 
(Manolios et al, 1991). Three conserved cysteine residues of the TCR constant 
regions are also required for intra and inter chain disulphide bridges 
(Rosenberg et al, 1992). However, these features are conserved between murine 
and hum an sequences, and all of the TCR constructs were shown to have the 
correct sequences throughout.
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H um an TCR pairs have been expressed in other murine cells, showing that 
they can associate w ith m urine CDS (Zumla et al, 1992). However, many 
workers have experienced difficulties with this technique and have found that 
the use of chimeric constructs in which the constant region sequences are of 
m urine origin enhances TCR expression. This suggests that despite the high 
degree of homology between human and murine constant regions, those small 
differences that exist may affect the efficiency of assembly of the TCR complex. 
The use of mouse-human chimeric molecules was considered for the 58a"p" 
cells, but at this point other systems were already yielding data.

The use of the human Jurkat derivatives for transfection of TCR chains yielded 
high expressing TCR positive clones. The further characterisation of these 
clones is discussed in chapter 7. However, from the clones obtained by 
transfecting only the HA1.7 TCRp chain into JRT3T3.5 cells, it was clear that the 
Jurkat TCRa chain is able to pair efficiently with this TCRp chain. This is 
unsurprising since the Jurkat TCRa chain uses the same V gene segment as 
HA1.7 TCRa and would therefore be highly related structurally. The presence 
of the Jurkat TCRa chain was the limiting feature of this system.

The RBL cells gave high levels of expression of the TCR chains within chimeric 
constructs, as described. However, this system is far rem oved from the 
physiological origin of the molecules under study. It is now clear that the 
affinity of the TCR for its ligand is low compared to that of most antibodies for 
their antigen (Davis and Chien, 1993). It is probable that the interaction of TCR 
w ith peptide/M H C  also requires several other ligand pairs (CD4/M HC, 
ICAM /LFAl, CD28/B7 among others), to increase the overall avidity of the 
interaction between the two cells. None of these interactions are available in the 
RBL system. The serotonin release assay allowed the wild type TCR- 
peptide/M H C  interaction to be m easured, as dem onstrated above. It was 
considered possible that any small decrease in efficiency of this interaction, for 
example due to a mutation introduced into the TCR, could lead to a loss of 
signal in the RBL system, where a more sensitive assay would allow a weak 
positive to be measured. However, the demonstration of a dose response curve 
to peptide/M H C, in the cells transfected with wild type TCR (see figure 6.23), 
produced some confidence that this assay could quantitate small differences in 
cell stimulation. The data generated from both the Jurkat and the RBL cell line 
transfections are described in the following chapter.
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CHAPTER 7

A TCR residue w hich  is critical to the recognition of 
HA 307 - 319 / D R l

7.1 In tro d u c tio n

The work outlined in chapter 5 led to the identification of a conserved TCRa 
chain CDR3 motif in two T cell clones with closely related antigen specificities, 
and the generation of a model predicting a role for this TCRa CDR3 in the 
interaction with the HA 307 - 319 peptide. In chapter 6 several strategies with 
which to test this model were described. Due to considerable problems with 
the two different T cell systems tested, a third method, using the RBL cell line 
and chimeric TCR-CD3Ç constructs, was finally the most informative in the 
mutagenesis study undertaken.

Mutants of the HA1.7 TCRa were made at one position, 94E, as described. This 
position was chosen because it is conserved in both HA1.7 and Cl-1 clones 
despite being coded for by N region nucleotides, and because of supporting 
data from other, related TCR, as detailed in chapter 5. Furthermore, this 
residue was predicted by the model to lie in close contact with a known TCR 
contact residue of the HA 307 - 319 peptide, 316K. Mutations which led to a 
loss of charge (94A) and a reversal of charge (94K), were introduced at this site 
in the TCR. A mutational study of this kind inherently carries the theoretical 
problem  that an introduced m utation may alter not only the one residue 
changed, but also the whole shape or environment, either of the CDR3, or even 
of other more distant parts of the molecule, through subtle conformational 
effects. A further danger of such studies is the over reliance on models which, 
in the absence of known 3 dimensional structures for the whole ternary 
complex, are at best only speculative.

From the expression of the two TCR chains at the surface of RBL cells, it was 
clear that these mutations introduced into the TCRa chain did not prevent 
pairing of the two TCR chains. Furthermore these TCR complexes could 
transduce a signal w hen crosslinked by anti - TCR antibody, as shown in 
chapter 6. Therefore despite the caveats discussed above it was clear that the 
mutations chosen caused no gross functional differences in the HA1.7 TCR. The 
data presented in this chapter come in part from the hum an T cell system using 
clones from the Jurkat derived T cell line, JRT3T3.5, and in part from the RBL 
cell system.
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7.2 Specific materials and m ethods

7.2.1 Cell lines

The majority of cell lines used for the work in this chapter are described in 
chapter 6. In addition, the transfected L cells R3.2L, obtained from Dr J 
Bodmer's laboratory, were used as a source of DR4 (DRA, DRB1*0401) positive 
antigen presenting cells.

7.2.2 Peptides

HA 307 - 319 and MAT 19 - 31 were as described in chapter 5. A panel of HA 
307 - 319 peptides which had single substitutions at position 316 were also 
synthesised in the peptide synthesis laboratory, ICRF. These were named 
according to the residue replacing the lysine at 316 and were as follows : HA 
316E (glutamic acid replacing the lysine at position 316), HA 316D, HA 316Q, 
HA 316R, HA 316 C and HA 316F. All peptides were stored as lyophilised 
powder or at a concentration of 5m g/m l in sterile PBS, at -20°C.

7.2.3 Transfections and stimulation assays of JRT3T3.5 and RBL cells

Clones and cell lines carrying transfected HA1.7 TCR chains were produced as 
described in chapter 6. The clones from JRT3T3.5 cells were given the notation 
JWT (wild type HA1.7 TCR), JA (TCRa 94A) and JK (TCRa 94K) respectively. 
The RBL lines WTS2, AS2 and KS2 have been described in chapter 6. The 
assays of stimulation of these cells were performed as described.

7.3 Results

7.3.1 The fine specificity of the CH7C17 clone

A detailed characterisation of the HA1.7 TCR was carried out using the 
JRT3T3.5 - derived clone, CH7C17. This clone was the product of previous 
transfection studies using both chains of the HA1.7 TCR, and was available at 
the beginning of this work. As shown in section 6.3.6, CH7C17 responded 
specifically to the HA 307 - 319 peptide in the context of DRl. The responses of 
CH7C17 to altered MHC or peptide molecules were investigated using the 
same stimulation protocol and lL-2 assay using CTLL cells, as described in 
chapter 6.

The response of CH7C17 to the antigenic peptide in the context of DR4 was 
tested using the DR4 (DRA, DRBl’̂ 0401) positive L cell line, R3.2L. Figure 7.1
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Figure 7.1 : The response of CH7C17 to D R l and DR4 positive APC.
Proliferation of CTLL cells in response to supernatants from CH7C17 
stimulated as shown. The dose responses to HA 307 - 319 peptide in the 
context of DRl positive APC, LDRl (open symbols) and DR4 positive 
APC R3.2L, (closed symbols) are shown.
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shows a typical assay, comparing the responses to DRl and DR4 APC plus HA 
307 - 319. This result demonstrates that, like the original T cell clone, CH7C17 
responded equally well to DR4 as to D R l/peptide complex.

The responses of CH7C17 to HA 307 - 319 peptides which had single residue 
substitutions at position 316 were also tested. In order to compare a large panel 
of peptides, each was initially tested at one concentration, 40 |ig/m l, which 
gives maximal stimulation by the wild type HA 307 - 319. Again correlating 
with the HA1.7 T cell clone, CH7C17 showed weak responses to the 316R and 
316C altered peptides in the context of the DRl positive APC, LDRl. However, 
all other substitutions produced non-stimulatory peptides (figure 7.2a).The 
same panel of 316 - substituted peptides were also tested using the DR4 
positive APC, R3.2L. There was no response of CH7C17 to any of these peptide 
analogues in the context of DR4 including no response to the 316C and 316R 
analogues (figure 7.2b). As shown in figure 7.3 the dose response to the 316C 
analogue peptide plus DRl was shifted to the right by approximately 100-fold 
compared to the response to wild type peptide.

7.3.2 The Jurkat TCRa chain cannot replace that of HA1.7

The generation of a large number of TCR expressing clones after transfection of 
only the HA1.7 TCRp chain into JRT3T3.5 cells indicated that the Jurkat TCRa 
chain was able to pair efficiently with the p chain of HA1.7. As described in 
chapter 5 these two TCRa chains are highly related. Not only do they both use 
the V al.2 (AV1S2A1) gene segment, but the junctional sequences are also 
related (see figure 5.5). However, in the position of the conserved glutamic acid 
of the HA1.7 TCRa chain 94E, which was to be analysed in the mutagenesis 
study, the Jurkat protein has an aspartic acid, 94D. The two residues 
downstream of this position (95L, 96E in Jurkat) are also very different to those 
of the HA1.7 chain, (95S 96P). In order to take advantage of this natural' 
m utant, clones transfected with only the HA1.7 TCRp chain were analysed for 
their responses to HA 307 - 319.

In total 6 such clones (H9, H ll ,  H12, H14, H I7, HIS), all showing similar levels 
of TCR expression by FACS analysis, were analysed. None of these responded 
to the HA 307 - 319 peptide on either DRl or DR4 positive APC, although all 
responded well to TCR cross linking by UCHTl, JOVI-1 or JOVI-3 in the 
presence of PMA. A typical clone (H ll) is compared to CH7C17 in figure 7.4. 
Two of these clones (H ll and H12) were also tested on the panel of altered 
peptides bearing substitutions at position 316. There was no response to any of 
these peptides in the context of either DRl (figure 7.5) or DR4 (data not shown).
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Figure 7.2 : Responses of CH7C17 to 316-substituted HA peptides.
The recognition by the HA1.7 TCR, expressed on the CH7C17 clone, of a panel 
of HA 307 - 319 peptides (each at 40pg/ml) with single substitutions at position 
316, was tested using a) DRl (LDRl) and b) DR4 (R3.2L) positive APC.
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Figure 7.3 : Dose response curves to HA 307 - 319 and 316C analogue.
The responses of CH7C17 to the wild type peptide (HA WT) and the 
substituted HA 316C analogue, both in the context of DRl (LDRl cells), are 
shown over a dose range of 0 -100 jxg/ml peptide.

Chapter Seven : a critical TCR-peptide interaction L. R. Wedderburn 1995



189

300000'

200000

100000-

Clone :
1  CH7C17 

^  H ll

. /  - /  / T —/  /
HAWT CM PMA lono JOVI-1 JOVI-1

+PMA
stimulus

PMA 
+ lono

Figure 7.4 : The Jurkat cx/HA1.7p TCR does not recognise HA 307 - 319.
The responses of one clone (H ll) bearing the hybrid Jurkat a/HA1.7p 
TCR are compared to those of CH7C17. The HA 307 - 319 peptide (HA 
WT, 40|Tg/ml) was presented on DRl positive APC, LDRl. Other 
responses are to culture medium (CM), PMA (5ng/ml), ionomycin 
(Ijig/m l), anti - TCR antibody JOVI-1 (5pg/ml), or combinations as 
shown. The respones of H ll to the JOVI-3 and UCHTl antibodies plus 
PMA were also equivalent to those of CH7C17 (not shown).
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Figure 7.5 : The Jurkat o/HA1.7|3 TCR does not recognise 316-substituted 
HA analogue peptides. The responses of clone H ll ,  (expressing the 
hybrid Jurkat a/HA1.7p TCR), to a panel of HA 307 - 319 peptides (each at 
40|ig/ml), with single substitutions at position 316, or to other stimuli as 
shown. The APC were LDRl. Concentrations of the other stimuli were as 
for figure 7.4.
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Thus the highly related Jurkat TCRa chain could not replace the HA1.7 TCRa 
chain, and no recognition by the hybrid TCR of the 316 substituted peptides 
(316 E, D, Q, R, C, or F) was demonstrated.

7.3.3 Analysis of the JRT3T3.5 TCR transfectants.

The JRT3T3.5 cells were transfected with the HA1.7 TCR chains in several 
experiments, and groups of TCR expressing clones were expanded as described 
in chapter 6. As demonstrated above, the Jurkat TCRa chain can pair w ith the 
HA1.7 TCRp chain but the resulting TCR does not recognise HA 307 - 
319/D R l. It was considered possible that all of the clones selected also 
expressed this hybrid TCR.

Clones transfected with the wild type HA1.7 TCR as well as both m utants, 
(TCRa 94A and 94K) were analysed. Between six and ten clones from each 
transfection were selected. The responses of groups of clones from the JWT, JA 
and JK groups of transfectants, to culture medium alone, PMA plus ionomycin, 
or HA 307 - 319 peptide plus the DRl APC, LDRl are shown in figure 7.6. In 
figure 7.7 the responses of typical JWT, JA and JK clones to cross linking of the 
TCR by JOVI-1, in the presence of low levels of PMA, are shown. This assay 
was based on the titration of JOVI-1 plus PMA on CH7C17 and JRT3T3.5 cells, 
as previously illustrated in chapter 6 (see figure 6.20).

All of the TCR positive clones tested responded to anti - TCR antibody plus 
PMA, and all clones were able to produce IL-2 to PMA plus ionomycin 
although the responses were somewhat variable between clones. The responses 
to antibody cross linking were equivalent to the CH7C17 clone. However, none 
of the clones tested responded to peptide/M H C, even those transfected with 
the wild type TCR (for example, see clones JWT6, JWT7, JWT22 and JWT33 in 
figure 7.6). Given that the clones transfected with the wild type HA1.7 TCR did 
not respond to HA peptide/M H C, the lack of response of the m utant TCR 
transfectants was impossible to interpret. The assay was repeated using the 
HOM2 cells as APC and a range of peptide concentrations, bu t again there 
were no responses to HA peptide, (figure 7.8). Several different doses of 
peptide plus LDRl, with and without PMA present were also tested on selected 
JWT clones. In this experiment one clone (JWT7) showed a very small response 
to HA peptide when PMA was also present but not to HA 307 - 319 + APC 
alone (figure 7.9). This was difficult to interpret, but may represent a low level 
of HA1.7 TCR expression on this clone. If JWT7 also expresses the mixed TCR 
(Jurkat TC R a/ HA1.7 TCRp), this may contribute to a positive signal in the 
presence of PMA.

Chapter Seven : a critical TCR-peptide interaction L. R, Wedderburn 1995



2 .

§
î
S:

r
%i

150000-

100000

S
Dhu

50000-

□ CM

Stimulus : 0 PMA+I
■ HA + APC

L

00 On LOCN CM CO^  ^  ^

c lone

Figure 7.6 : Responses of TCR - expressing JRT3T3.5 transfectants. The responses of CH7C17, parent JRT3T3.5 cell line, and a total 
of 17 TCR positive clones (JWT, JA and JK) are shown to culture medium alone (CM), PMA (5ng/ml) plus ionomycin (Ipg/m l) and 
HA 307 - 319 peptide (20|ig/ml) plus DRl APC, LDRl. K)



I
Ia
3.

i
B
aV

300000“

250000“

200000“

150000“

100000“

50000 -

s CM

Stimulus : _
JOVI-1

■ PMA

JOVI-l+PMA L

N
( N

c lone

Figure 7.7 : Stimulation through the TCR complex of TCR positive JRT3T3.5 transfectants. Each clone was stimulated 
with culture medium (CM), JOVI-1 antibody (l)ig/ml), PMA (0.5 ng/ml) or JOVI-1 plus PMA as shown.



194

125000-

100000-

B
CHh 750001V

50000-

25000

Stimulus :

n  APC alone 

S  HA 307-319,10 |ag/ml 

■  HA 307-319,100 lag/ml 

H  MAT 19-31,100 jag/ml

I
«N

P <
00 o\

c lo n e

Figure 7.8 : Responses of TCR positive T cell transfectants to HA 
peptide/HOM 2 cells. The responses to HA 307 - 319 peptide at two 
concentrations, the control peptide MAT 19 - 31 , and the APC (HOM2) 
alone are shown for CH7C17, JRT3T3.5 and a selection of the TCR positive 
clones.
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Figure 7.9 : Responses of JWT clones to HA 307 - 319 plus LDRl APC with  
and without PMA. Figure 7.9a) no PMA, range of HA peptide concentrations 
as shown, figure 7.9b) the same conditions, with the addition of PMA (2ng/ml) 
to all wells.
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It was therefore necessary to conclude that the clones produced from these 
transfections may all have been expressing the Jurkat TCRa chain but that no 
clone could be proven to be expressing both the HA1.7 chains, except perhaps 
clone JWT7. A clonotypic anti - HA1.7 TCRa antibody would have resolved 
this issue, but unfortunately this was not available. An anti - TCRVal antibody 
would not have been useful since both the HA1.7 and Jurkat chains express 
V al. In order to prove formally which TCRa was at the cell surface of these 
transfectants, it would have been necessary to perform 2 dimensional protein 
electrophoreseis, comparing surface and internally labelled cells. However at 
this point it was decided to continue the mutagenesis study in the RBL system.

7.3.4 Recognition of the HA 307-319 peptide by wild type, but not mutant 
HA1.7 TCR, expressed on RBL cells.

RBL transfectants expressing the HA1.7 wild type and m utant TCR were tested 
for their ability to respond to the HA 307-319 peptide in the context of DRl, 
and to other stimuli. All three lines responded equally well to the physiological 
stimulus of specific IgE and antigen (mediated by the Feel IgE receptor) or the 
non-specific stimulus of phorbol ester plus ionomycin as described in chapter
6. All transfectants also showed equivalent responses to TCR stimulation by the 
JOVI-3 antibody, showing that TCR triggering, leading to granule exocytosis, 
was functional in all three lines. The wild type HA 1.7 TCR positive cells also 
responded specifically to HA 307-319 on DRl positive APC, in a dose- 
dependent manner, with no response to an irrelevant DRl binding peptide 
MAT 19 - 31 (see section 6.3.8). However, TCR expressing m utant TCRa chains 
(HA1.7 TCRa 94A or HA TCRa 94K) showed no responses to the HA 
peptide/D R l complex, even at maximal peptide doses, while still responding 
well to JOVI-3 and JOVI-1 antibodies. This was the case using both the DRl - 
positive P815 cells, R /R IH P , as APC (figure 7.10), and in subsequent 
experiments, the EBV transformed B cell line HOM2, (figure 7.11).

7.3.5 Use of altered peptides to stimulate HA1.7 wild type and mutant TCR.

HA 307 - 319 analogue peptides with one altered residue at position 316 were 
tested in stimulation assays of the WTS2, AS2 and KS2 RBL transfectants. The 
wild type HA1.7 TCR- CD3 chimera expressed in the RBL system showed the 
same fine specificity for HA 307 - 319 altered peptides as the original clone. 
Notably, a weak response was obtained to the altered peptide 316C by wild 
type TCR. However, other substitutions at position 316 created non-
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Figure 7.10 : Loss of recognition of HA 307 - 319/DRl by TCR mutants expressed on RBL cells. The specific responses to 
maximal HA 307 - 319 peptide (loading concentration 300pM) plus R/RIHP APC, APC alone, culture medium (CM), anti - 
TCRp antibody JOVI-3 (5|ig/ml) and PMA (5ng/ml) plus ionomycin (Ipg/m l) are shown for a) wild type HA1.7 TCR- 
transfectant, b) HA1.7 TCRa94A transfectant, and c) HA1.7 TCRa94K transfectant. The cpm in total lysates were as follows : for
a) 24344 ± 2178 b) 29856 ± 2134 c) 27498 ± 2418.
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stim ulatory peptides (figure 7.12). These results correlated well w ith the 
equivalent data for CH7C17.

The m utant TCR complexes were also tested for responses to altered peptides 
at this position. None of the altered peptides tested were able to rescue the 
response of the altered TCR to the HA peptide. Specifically, no response was 
obtained from the HA1.7 TCRa 94K mutant TCR to the peptide analogues 316E 
or 316D (figure 7.13). Given the predictions from the model of the ternary 
complex under investigation (see chapter 5), these two altered peptides might 
have been expected to be recognised by the HA1.7 TCRa 94K m utant TCR.

After the lines WTS2, AS2 and KS2 had been maintained in culture for several 
weeks, it was noted that the maximal % serotonin release obtained from KS2 
after JOVI-1 or JOVI-3 stimulation was significantly lower than that obtained 
with stimulation by PMA plus ionomycin. All the transfectants were stained 
for TCR expression again using JOVI-1, JOVI-3 and aF l antibodies. This 
showed that KS2 had in fact split into two populations one of which no longer 
expressed TCR (figure 7.14). If time had permitted, this line would have been 
re-sorted to separate the TCR positive cells. However, given that all of the data 
described above is comparative, and that w ithin each assay results are 
compared to the maximal responses to anti - TCR antibodies, this was not felt 
to invalidate the data which had been obtained with the KS2 line.

7.4 D iscussion

The data described in this chapter address several questions concerning the 
molecular interaction between the human TCR HA1.7 and its natural ligand 
HA 307 - 319/DRl as well as other, closely related ligands. The stimulation of 
the HA1.7 TCR when expressed on the CH7C17 clone confirmed the fine 
specificity of this TCR. Thus, as exprected from the results obtained with the 
HA1.7 T cell clone (see chapter 5), the CH7C17 clone responded equally to 
HA307 - 319 peptide presented on DRl and DR4 APC. This clone also showed 
precise specificity for the residues at position 316 of the peptide, where most 
substitutions led to complete loss of the proliferative response. The response to 
the analogue HA 316R, though very much reduced compared to that to the 
wild type HA peptide (316K), can be explained by the hypothesis that the 
positive charge at this position is involved in an interaction with the TCR. The 
arginine would still provide this charge, but presumably its larger size would 
alter the shape of the epitope and therefore reduce the efficiency of the 
interaction with the HA1.7 TCR. The response of CH7C17, and that of the
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Figure 7.12 : HA 316 - substituted peptides are not recognised by the 
HA1.7 expressed on RBL cells. The responses of the RBL transfected 
line WTS2 to HA 307 - 319 (HA WT) and 316 substituted peptides (316E, 
etc), on DRl positive ARC, as well as to ARC alone, culture medium 
alone (CM), and the anti-TCR antibody JOVI-3 (5|Xg/ml), are shown for 
the wild type HA1.7 TCR line WTS2. The cpm in the total lysate were 
34701 + 3701.
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Figure 7.13 : Recognition by the mutant HA1.7 TCR is not rescued by 316 - 
analogue HA peptides. The responses of RBL transfected lines a) AS2 (TCRa 
94A mutant), and b) KS2 (TCRa 94K mutant) to stimuli as detailed in figure 
7.12. The cpm in total lysates were as follows : for a) 28415 ± 4778, b) 30572 ± 
2195.
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Figure 7.14 : FACS analysis of the TCR expressing RBL lines after several 
passages in culture. Figure 7.14a) WTS2, b) AS2, c) KS2 cells were stained with 
the anti - TCRVp antibody JOVT3 (green line) and a control antibody (black). 
The results using the anti - TCRa antibody aFl were equivalent. Compare to 
figure 6.21 for the original FACS profiles of these lines.
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original H A Ï.7 T cell clone, to the 316C analogue, is more difficult to explain, 
since a cysteine residue is not positively charged and is considerably smaller 
than the lysine or arginine residues. However, these data confirm previous 
findings that the 316K residue is a likely TCR contact residue of the HA 307 - 
319 peptide which is critical for specific recognition (Rothbard et al, 1989b).

It should be noted that the DR4 positive ARC used in the CH7C17 assays, 
R3.2L, have been transfected with the DRB1*0401 subtype. However, the donor 
used for the original clone data as a source of DR4 + PBMC carries the *0404 
allele, as discussed in chapter 5. Ideally both sets of experiments would have 
been repeated using both DR4 subtypes. The polymorphic differences between 
*0401 and *0404 are only at residues 71 and 86, while the other differences 
between DRl and DR4 are shared for *0401 and *0404, as detailed in figure 5.9.

While the HA1.7TCR was cross reactive for wild type HA 307 - 319 in the 
context of DRl and DR4, this cross reactivity is lost for 316 - substituted 
peptides. Thus, the response of CH7C17 to 40|Lig/ml HA 307 - 319 peptide gives 
maximal response on DRl and DR4 positie ARC. The response to the 316C 
analogue plus DRl is 10 - 100 fold lower than to wild type peptide, but there is 
no measurable response to this analogue plus DR4. This may indicate that the 
contacts between the peptides differ according to which DR molecule is 
contacted, such that the altered 316C peptide plus DR4 no longer makes a 
critical contact with the TCR. Alternatively, these differences could be due to 
affinity differences, such that the affinity of the HA1.7 TCR for 316C plus DR4 
is too low to trigger a response in CH7C17. This situation is very similar to the 
reactivity of the murine TCR 5C.C7. This responds to the m oth cytochrome c 
peptide when it is presented on either I-E^ or I-E^. However, to the highly 
related pigeon cytochrome c peptide there is a positive response in the context 
of I-E^ but none in the context of I-E^ (K atam aya et al, 1995). A further 
possibilty to explain the lack of response to the 316 substituted peptides in the 
context of DR4 is that these peptides may have lower binding affinities for the 
DR4 molecule than for DRl : this has not been tested in these studies.

Given the presence of a conserved CDR3 motif in the HA1.7 and Cl-1 clones, 
the role of the TCRa CDR3 and in particular of the 94E residue, was 
investigated in two systems. Clones of Jurkat - derived cells which had been 
transfected w ith only the HA1.7 TCRp chain, which were TCR positive, 
provided a m ethod to test whether a highly related TCRa chain could 
substitute for the HA1.7 TCRa chain. None of these clones recognised the HA 
307 - 319 peptide. This indicated that the CDR3 region of the HA1.7 TCRa 
chain was critical for recognition and that a related chain, carrying D in the 
place of the 94E residue could not replace this region.
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In the absence of full 3 dimensional structures for the Jurkat and HA1.7 TCRs, 
it is impossible to be sure of the conformational differences between these two 
CDR3 regions. However, it is likely that the presence of the hydrophobic L 
immediately following the D in the Jurkat protein would confer a different 
shape on this CDR3 compared to that of HA1.7. In addition, this motif in the 
Jurkat sequence has an additional E at the next position compared with either P 
or G in the HA1.7 and Cl-1 sequences respectively. The combination of these 
apparently small differences could have dramatic affects on the local CDR 
conformation and would be sufficient to explain the loss of specificity.

Further evidence for differences in the conformation of the CDR3 regions of the 
HA1.7 and Jurkat TCRa chains comes from the experiments designed to 
'rescue' recognition by the hybrid TCR using substituted peptides. If the TCRa 
residue at position 94 is critical to peptide recognition then the lack of response 
by a TCR using the Jurkat TCRa chain might be due to the smaller D residue in 
place of the 94E of HA1.7. However the clones expressing the hybrid TCR do 
not respond to the 316R analogue peptide, which would conserve charge but 
provide a larger side chain at this position. This suggests that the differences 
between the two TCRa chains are due to more than simply the residue at 
position 94.

Due to the efficient pairing of the Jurkat TCRa chain with the HA1.7 TCRp and 
the apparent lack of expression of the full HA1.7 TCR on the transfectants 
examined, it was not possible to dissect this interaction any further using the 
Jurkat derived cell lines. The reason for the apparent lack of expression of the 
HA1.7 TCRa constructs used remains unclear. All of the constructs could lead 
to protein production as tested by the COS cell transient transfectants. The 
JRT3T3.5 cell line clearly expressed both chains of the HA1.7 TCR in the 
CH7C17 clone, which was made using the p]6Q vectors. However, during the 
generation of this clone a very large number of TCR expressing clones had to 
be screened, and m ost were not antigen specific (C. H ew itt, personal 
communication). Presumably many of these were expressing the Jurkat TCRa 
chain in preference to the HA1.7 TCRa protein. Therefore, one strategy with 
the JWT clones expanded in this work would have been to select and screen a 
further 50 or more clones in order to obtain further HA 307 - 319/D R l specific 
clones. However, this strategy would not have overcome the problem for the 
cells transfected with m utant TCRa chains. With these clones, it is not possible 
to say whether a lack of response to peptide /M HC is due to the expression of 
solely the Jurkat chain, or because the m utant HA1.7 TCR can no longer 
respond to HA 307 -319/DRl. Therefore, this system was not able to test the 
recognition patterns of the m utant TCR.
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The data generated from the RBL cell line, transfected with chimeric TCR - 
CD3Ç constructs was more informative. In these cells, peptide specific 
recognition was reconstituted by transfection of the wild type HA1.7 TCR 
(WTS2 line). Two m utant TCRa chains, with residue 94 altered to A and K 
respectively, were also tested (AS2 and KS2 lines). Both TCR carrying m utant 
TCRa chains have good responses to TCR ligation by anti - TCRp antibody 
stimulation. However, as expected from the predictions made from the model 
of this ternary complex, the TCRa 94A and 94K mutants show loss of response 
to HA 307 - 319/D Rl, indicating the critical nature of the 94E residue in 
binding the peptide/M H C ligand.

The use of 316 - substituted HA peptides to stimulate the WTS2 line produced 
a weak response to the 316C analogue, correlating with the CH7C17 data and 
adding weight to the concept that the behaviour of this TCR in the RBL system 
mirrors responses of the true HA1.7 T cell clone . However, the response of the 
HA1.7 TCR expressing line, WTS2, to 316R is not significantly higher than 
background. This apparently negative result compares to a very weak response 
to 316R by CH7C17 (see figure 7.2). These data suggest that the signal to noise 
ratio of the RBL assay is poor, such that weak positive responses could be 
missed. It therefore remains theoretically possible that the TCR expressing the 
m utant TCRa chains could respond weakly to either wild type or m utant 
peptides, and that such responses would not have been detected in this system.

Despite this possible limitation, the data generated can still be usefully 
interpreted. Neither the TCRa 94A or 94K m utant TCR could be 'rescued' by 
HA peptides w ith single substitutions at position 316. In particular the 316E 
peptide was not recognised by the HA1.7 TCRa 94K mutant, which might have 
been predicted from the modelling data. However, this negative result does not 
refute the proposed model of this ternary complex. Some data from other 
mutagenesis studies have used complementary charge changes to demonstrate 
residues which interact, both between a TCR and its ligand (Jorgensen et al, 
1992a) and in the interaction between CD2 and CD48 (van der Merwe et al, 
1995). However, it is not always possible to introduce such reciprocal 
m utations w ithout some disruption of the surrounding polypeptide chain, 
since the structural context in which a charged residue is placed can be a 
critical determinant of local conformation. In fact it has been suggested that 
such ion-pair reversal, when artificially engineered in proteins, is "unlikely to 
succeed" (Hwang and Warshel, 1988).

To dissect the role of the interaction between the CDR3 of the HA1.7 TCRa 
chain and the HA 307 - 319 peptide further, several other experiments would 
have been informative. The two m utant TCR could be tested for responses to
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HA peptides with altered residues at 308K or 31 IK, since both of these have 
also been implicated as important TCR contact residues. Alternatively other 
m utants of the CDR3 could be tested, both at position 94 and at other positions.
A mouse which is transgenic for the HA1.7 TCRp chain has been generated, 
and this strain expresses HA1.7 TCRp in combination with a wide range of 
murine TCRVa segments. However, antigen specific responses to the HA 307 - 
319 peptide have been difficult to demonstrate in this mouse (Viney et al , 
1993). Therefore it would be difficult to employ the approach which was taken 
by Jorgensen and co-workers in the case of the 5C.C7 TCR.

In conclusion, these results demonstrate that both the HA1.7 TCRa 94E residue, 
and the HA 307 - 319 residue at position 316 of the peptide, are critical to the 
interaction between the HA1.7 TCR and its ligand. As such they add to the 
body of evidence that the CDR3 sequences of TCR chains play an im portant 
role in the specific recognition of antigenic peptide. Furthermore these results 
have suggested that the interaction between the HA1.7 TCR and the HA 307 - 
319/DRl complex may be topologically different from its interaction with the 
related HA 307 - 319/DR4 complex, since the cross reactivity to altered peptide 
ligands on these two MHC molecules is different.

The data have not provided direct evidence that the 94E residue of the TCR 
makes contact with the 316K residue of the peptide. Rather the results suggest 
that the 94E alone is not 'dominant' in defining the interaction between the 
TCRa chain and the HA peptide, but that the local context of the residue at 
position 94 is also critical. From other data of 'grafting' sequences between 
related TCR, it is clear that small differences in conformation introduced by 
mutagenesis may alter conformation, not only of the CDR involved, but of 
distant parts of the TCR molecule (Patten et al, 1993).

Taken together the data presented in this chapter support the concept that a 
single TCR may interact with altered ligands in subtly, but critically, different 
ways, and furthermore that there is no single 'rule' to describe how all TCR 
interact w ith their ligands. Such differences could have several consequences 
for the subsequent intracellular events in the T cell. Thus an altered interaction 
might have a concomitant altered affinity, for example due to differences in the 
dissociation rate of the ternary complex. Alternatively differences in how a 
TCR docks with two related ligands could alter the proposed conformational 
changes in the TCR/CD3 complex which may lead to critical signalling events 
within the cell, or allow recruitment of other molecules, themselves involved in 
signalling.

There is preliminary evidence to suggest that differences in the dissociation 
rates of one TCR in its interaction with two related peptides may be responsible
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for different T cell responses to these ligands. The 2B4 murine TCR, which is 
specific for m oth cytochrome c (MCC) 88 - 103 in the context of I-E^, also 
responds to the equivalent peptide of pigeon cytochrome c (PCC), but requires 
a 3 fold higher concentration of the latter to elicit the same IL-2 response. Using 
surface plasm on resonance technology, Matsui and workers have recently 
shown that the dissociation rate of the 2B4 TCR from the PCC peptide/M H C 
complex is almost twice that of the same TCR for the MCC peptide/M H C  
complex (Matsui et al, 1994).

It is now becoming clear that the affinity of the TCR for its peptide/M H C  
ligand is generally several orders of m agnitude lower than the affinity of 
antibodies for their antigen (Davis and Chien, 1993). Despite these low 
affinities, TCR are responsible for the high degree of specificity demonstrated 
by T cells, for both peptide and MHC molecules, which is critical for the 
efficient recognition of antigen and its discrimination from self. These low 
affinities may reflect constraints which are put upon developing thymocytes 
during thymic selection, when high affinity TCR are presumed to be removed 
through negative selection.

It is becoming increasingly clear that within the apparently narrow range of 
affinities of the TCR expressed on peripheral T cells, each T cell may still 
potentially bind several related ligands, perhaps with varying degrees of 'close 
fit'. These related ligands may be recognised by the TCR taking up different 
structural positions w ith respect to the peptide/M H C  complex, and these 
altered positions may have dramatic consequences in the subsequent functional 
outcome displayed by the T cell. A combination of affinity, structural and 
functional data will be needed to further elucidate the details of these 
interactions. If any generalised rules can be drawn to predict how a TCR sees 
its range of compound ligands, perhaps the use of altered peptides to control T 
cell responses in many disease situations will become a real possibility in the 
future.
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CHAPTER 8 

Conclusions and future directions

The work presented in this thesis considered the interaction of the hum an TCR 
with its ligand in two immune responses. The first of these, the T cell response 
to the house dust mite, is frequently involved in the pathogenesis of atopic 
disease. There are intrinsic problems in studying hum an T cell responses. In 
some situations, notably autoimmune disease, the antigens recognised by T 
cells involved in the disease are not known. Frequently the relevance of the T 
cells present at the disease site is unknown, and it is clear that certain 
populations, such as CD45RO positive T cells, can enter inflammatory sites in 
an antigen non specific manner (Pitzalis et a l , 1988).

In the case of the T cell response in atopic disease, the antigens are increasingly 
well characterised, and the role of Th2 like responses in the control of IgE 
production is established. The ten house dust mite specific T cell clones studied 
all have a Th2 like phenotype, as described. Although the peptide specificity of 
these clones was not known, their MHC restriction and specificity at the level 
of an tigen  had  been m apped  previously . These specificities w ere 
heterogeneous. It was, therefore, unsurprising that the TCR of the 10 clones 
analysed were also heterogeneous. The dem onstration of identical TCR 
sequences in several clones suggested that these were members of identical 
clones, which had been isolated on multiple occasions. Considering the six 
unique TCR sequences only, there was some restriction of TCR V gene usage, 
but no junctional conservation was observed in these 6 sequences.

The presence of identical TCR sequences in two groups of these T cell clones 
suggested that these clones might be dom inant in the in vivo response. 
Screening of amplified TCRp transcripts from PBL show ed that TCRp 
sequences identical to those of the 'dominant' clones were still present some six 
years later than the original cloning work. This finding suggests that, even if 
determinant spreading does occur in the T cell response to RDM, certain T cell 
clones, presum ably specific for im m unodom inant epitopes, persist at a 
relatively high frequency for many years in vivo. If these epitopes are shared by 
individuals of several MHC haplotypes, this result provides a real possibility 
for the design of T cell specific immunotherapy for RDM sensitivity. Such 
therapy could involve the use of antigenic peptides to alter the responses of 
RDM specific T cells, and would not require these to share identical TCR 
sequences.

Chapter Eight : conclusions L. R. Wedderbum 1995



209

In order to pursue this aim it w ould be necessary to m ap the peptide 
specificities of these clones. It would also be valuable to demonstrate that the 
long lived clones do indeed use an identical TCR pair. This could have been 
done by the generation of clonotype specific monoclonal antibodies, using the 
RBL expression system (Callan et a l, 1993). These could then have been used to 
expand the individual clones in vitro.

The T cell repertoire of this individual showed several interesting features. 
Certain V gene products were expressed by high numbers of PBL, in particular 
the Va2 and Vp3 products, and, to a lesser extent, the Vpl and 6 products. 
Double staining of the PBL with reagents specific for the Va2 and Vp3 gene 
products would have demonstrated whether these were coexpressed on the 
same cells. However, an antigen specific expansion within these populations 
seems unlikely in view of the different CDR3 sequences of each of the Va2 and 
Vp3 transcripts dem onstrated. The apparent expansion of a Vp3+, CD8+, 
CD45RA+ population within the PBL was interesting, although the functional 
significance of these cells in unclear. It would have been useful to characterise 
this population more carefully for markers of activation.

The latter part of the w ork presented in this thesis considered a well 
characterised interaction of TCR specific for the HA 307 - 319/DRl complex. 
The work was aided by the availability of the three dimensional structure of 
the DRl molecule complexed with this peptide. Two hum an T cell clones, 
isolated from different individuals, both specific for the HA 307 - 319/D Rl 
complex, were analysed. While the HA1.7 clone also cross reacted with the HA 
307 - 319/DR4 complex, the Cl-1 clone only showed a weak response to this 
complex. In this context the demonstration that the two clones shared highly 
related TCRa chains, yet expressed unrelated TCRp chains was interesting. The 
TCRa chains both included a conserved VJ junctional motif w ith a charged 
glutamic acid residue at position 94.

The modelling studies presented earlier suggested that this residue could lie in 
close proximity to the oppositely charged 316K residue of the HA peptide. If 
the orientation adopted in this model is broadly correct, it m ight also explain 
the difference in cross reactivity of the two clones. The model predicted that the 
CDRl and 2 regions of the HA1.7 TCRp chain would lie over the helical part of 
the MHC p chain. The analysis of the polymorphic differences between the DRl 
and DR4 molecules suggested that the peptide w ould adopt a different 
conformation in the groove of these two class II molecules. Therefore, the 
difference in response of the two T cell clones to the HA 307 - 319/DR4 
complex could might involve differences in contacts with either the MHC or 
the peptide.
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The analysis of the HA1.7 TCR expressed on the CH7C17 clone confirmed that 
the nature of the residue at position 316 was critical to peptide recognition by 
the HA1.7 TCR. Most of the 316 substituted peptides were no longer antigenic 
for the HA1.7 TCR. Two of these altered peptides, 316R and 316C, were weak 
agonists for HA1.7 w hen presented in the context of the DRl molecule. 
However, in the context of DR4 these were no longer stimulatory, despite the 
fact that HA1.7 can respond to wild type HA 307 - 319 plus DR4. These results 
supported the hypothesis that the peptide takes up different conformations in 
these two class II molecules.

Stimulation of transfected T cell clones expressing the HA1.7 TCRp chain 
paired w ith the highly related Jurkat TCRa chain demonstrated the critical 
nature of the HA1.7 TCRa chain in this interaction. The Jurkat protein has an 
aspartic acid residue at position 94, a residue which is a conservative change 
from the 94E in the same position of the HA1.7 protein. However, the CDR3 
regions of the two TCRa chains also differ in length as well as at several other 
residues. The clones expressing this hybrid TCR did not respond to the HA 307 
- 319 peptide presented on either the DRl or DR4 molecule.

It is interesting to compare this finding with a recent report where two highly 
related cytochrome c specific TCR, 2B4 and 5C.C7, were analysed (Katamaya et 
al, 1995). These two TCR have highly related TCRa chains, expressing V a ll .l  
and 11.2, but w ith very different CDR3 regions. Cotransfection of the 5C.C7 
TCRp and 2B4 TCRa chains did not restore antigen recognition. After alteration 
of the 2B4 CDR3 region by adding 4 residues from the equivalent position of 
the 5C.C7 chain, the hybrid pair did respond to antigen : however the 
alloreactivity of 5C.C7 was not reconstituted.

Further evidence for the importance of the CDR3 region of the HA1.7 TCRa 
chain came from the TCR expressing RBL lines. In these lines, antigen 
specificity was reconstituted by cotransfection of the wild type HA1.7 TCRa 
and TCRp chains. The results of stimulation of this line with 316 substituted 
peptide analogues correlated well w ith those of the original T cell clone. 
However, in the two m utant lines generated, with the residue 94 altered to A 
and K respectively, antigen recognition was lost. No response to peptide could 
be 'rescued' in these lines by altering the peptide at position 316, such as with a 
reciprocal charge change (316E).

It w ould have been interesting to create further m utant TCRa chains of the 
HA1.7 TCR and analyse them in the RBL system. In particular a m utant 
carrying an aspartic acid at position 94 (TCRa 94D) would have been useful : 
w ith only this conservative change, the m utant TCR w ould be expected to 
respond to antigen, although it might require high concentrations of peptide to
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do so. It might also respond well to the 316R analogue, which is itself a partial 
agonist for the HA1.7 TCR. The use of analogue peptides w ith single 
alterations at position 308K, another residue thought to be contacted by the 
TCR, might have been informative. If the 94K m utant TCRa chain were able to 
interact w ith a 308E analogue, this would have suggested that the model 
generated was incorrect in its proposed orientation of the TCR over the 
peptide/M H C  complex. It would also have been interesting to perform  a 
'swap' analysis of the two TCRp chains, by cotransfecting one chain from each 
of the HA1.7 and Cl-1 TCR into RBL cells.

A further approach to the analysis of these two TCR would be to consider their 
differences in cross reactivity at the biochemical level. There are now a number 
of methods by which soluble TCR can be generated (Davis and Chien, 1993). 
The RBL cells allow for production of soluble TCR by digestion at the thrombin 
site within the TCR constructs (Engel et al, 1992). This TCR protein could then 
be used to measure association and dissociation rates of the two TCR, as well as 
the m utant TCR, for the HA 307 - 319 peptide complexed to DRl or DR4, using 
surface plasmon resonance. It is likely that the two TCRa m utant TCR will have 
very low affinities for the peptide/M H C, and these may not be measurable 
using the available technology, since the affinity measurements of known TCR 
made to date are mostly very low (approximately 5 x 10"^M), compared to, for 
example the affinity of antibodies for their antigen.

In conclusion, the central theme of this thesis has been the nature of the 
interaction between the antigen specific TCR and its compound ligand, the 
peptide/M H C  complex. While much evidence now suggests that this is an 
interaction of relatively low affinity, it is at the same time one of exquisite 
sensitivity. Sensitivity to subtle changes in the peptide/M H C ligand is central 
to T cell antigen recognition and discrimination from self. Such sensitivity is 
conferred by the variable sequences of the TCRa and TCRp chains, in particular 
the CDR3 regions. However, the interactions of the CDR3 regions with antigen 
are clearly affected by the other regions of the TCR variable domains. 
Furthermore, it seems that each TCR has a 'hierarchy' of possible ligands which 
are closely related to its wild type peptide /M HC ligand. Presumably there is a 
threshold for activation of peripheral T cells, to prevent them being continually ' 
partially stimulated by a 'sea' of partial agonists. Do these interactions with 
altered peptide involve different orientations of the same TCR over the 
different ligands? Alternatively, can these interactions be explained by 
differences in affinity, w hether due to slower or faster association or 
dissociation rates ? These questions remain unanswered, and present new 
challenges in the rapidly moving field of T cell biology.
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ABSTRACT Sensitivity to house dust mite antigens in 
atopic individuals is a major cause of allergic diseases, ranging 
from asthma to rhinitis and dermatitis. We have studied the 
T-cell receptor (TCR) usage of house-dust-mite-specifîc CD4+ 
T-cell clones isolated from an atopic individual, by using the 
anchored polymerase chain reaction, and have analyzed the 
peripheral TCR repertoire of the same individual. Several 
T-cell clones had identical TCRs at the sequence level, despite 
the fact that they had been independently isolated, in some 
cases, in different years. These data suggest the presence in vivo 
of long-lived T-cell clones. We have also shown that junctional 
sequences identical to these clones are present in peripheral 
blood T cells taken 6 years after the isolation of the T-cell 
clones. The analysis of TCR genes used by the panel of clones 
reveals oligoclonality, with the variable (V) region gene seg
ments V o$ and V/33 being dominant, although there is minimal 
conservation of junctional sequences. The results have impli
cations for understanding the TCR recognition of an environ
mental aeroallergen and the life span of T-cell clones in vivo 
during a chronic immune response.

The production o f specific IgE by atopic individuals after 
exposure to com m on environm ental aeroallergens represents 
an aberrant and potentially pathogenic immune response. 
One-third o f the population is atopic, w hereas allergic dis
eases affect —10% of the population. CD4+ T lym phocytes 
play a  central role in the regulation o f IgE production (1, 2). 
H um an house-dust-m ite (HDM )-specific CD4+ T-cell clones 
isolated from atopic individuals show an “ interleukin (IL) 
4-dom inant”  (Th2) functional phenotype (3, 4) and prom ote 
specific IgE synthesis in vitro from autologous B cells (3). In 
contrast, HDM -specific T-cell clones from nonatopic indi
viduals express an “ interferon y-dom inant” (T hl) phenotype 
and fail to support IgE production in vitro. The tw o major 
species o f R D M , D erm atophagoides pteronyssinus  and Der
m atophagoides fa rinae , produce ubiquitous allergens that 
are derived from  the fecal pellets and bodies of the mites. 
There are at least four m ajor groups of RDM  antigens (groups 
I-IV ). The cloning and sequencing o f some o f these allergens 
(5) have facilitated the study o f their major T-cell epitopes; 
how ever, to our know ledge, the T-cell receptor (TCR) gene 
segments that recognize these antigens have not been previ
ously investigated.

The TCR a/3 heterodim er confers antigen specificity 
through the use o f different variable [a chain V region (Va) 
and j8 chain V region (V/3)], diversity (D/3), and joining (Ja  
and J/3) gene segm ents that undergo somatic rearrangem ent 
during thym ocyte developm ent (6). The insertion or deletion 
of junctional nucleotides creates further diversity (for review, 
see ref. 7). Studies o f TCRs recognizing defined pep tide- 
major histocom patibility com plex (M RC) com plexes have

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked “advertisement” 
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

shown restriction o f V gene usage an d /o r conservation of 
junctional sequences (8-10). O ther groups have dem on
strated oligoclonality of V gene usage by T cells isolated 
directly from  a disease site, w here the antigen specificity is 
unknown (11, 12). There have been few detailed studies of 
TCR sequences from human T cells whose central role in a 
chronic immune response is well docum ented and, to our 
knowledge, no such previous studies in the field o f allergy.

We have analyzed the TCR sequences of a panel of 
RDM -specific T-cell clones from an individual w ith perennial 
rhinitis, using the anchored PCR.H These clones are hetero
geneous in both antigen and R L A  class II restriction speci
ficities, yet analysis of TCR gene usage indicates limited 
diversity. The unexpected finding o f identical TCR se
quences in clones isolated in different years led us to screen 
peripheral blood lym phocytes (PBLs) isolated 6 years later 
for the same junctional sequences.

M ATERIALS A ND  M ETH O D S

Antigens. Lyophilized unfractionated extracts o f D. p ter
onyssinus and D. farinae  RDM  w ere generously provided by 
Bencard (Brentford, M iddlesex, U .K .) and R . Lowenstein, 
(ALK Laboratories, Copenhagen).

PEL and T-Cell Clones. PB Ls were isolated by Ficoll 
density gradient centrifugation. RDM -specific T-cell clones 
were isolated from an atopic donor w ith perennial rhinitis as 
described (13). Serological typing showed the haplotype of 
this donor to be A 2 ,24(9); B50(21), 27; DR11(5), 7; D R 52,53; 
and DQ2, 7. Briefly, PBLs w ere stimulated for 7 days with 
unfractionated D. farinae  extract, and activated T  cells were 
then cloned by limiting dilution (0.3 cells per well) in the 
presence of specific antigen, irradiated autologous PBLs as 
accessory cells, and IL-2. To determ ine M R C  restriction 
specificity, T-cell clones (1 x  10^ cells per ml) w ere stimu
lated with RDM  (1-30 /ag/ml) in the presence o f an equal 
num ber o f irradiated (2500 rads; 1 rad =  0.01 Gy) autologous 
PBLs or mitomycin C -treated murine fibroblasts expressing 
RLA -D  region gene products as antigen-presenting cells. 
Murine fibroblasts (DAP3), transfected with the following 
RLA -D  region genes, w ere used: DRB7*0707 (from J. Trow s
dale, ICRF), D RBP1201  and DRB4*0101 (from S. Rosen- 
Bronson, G eorgetown U niversity, W ashington, DC), and 
DRB3*0101 and DRB3*0201 (from B. M ach, U niversity of 
Geneva, Geneva). After a 60-hr incubation, the cultures were 
pulse-labeled with pR jthym idine (1 pCi per well; 1 Ci =  37 
GBq; Amersham) and harvested 8-16 hr later. Proliferation

Abbreviations: TCR, T-cell receptor; V, variable; D, diversity; C, 
constant; J, joining; IL, interleukin; MHC, major histocompatibility 
complex; PEL, peripheral blood lymphocyte; V/3, Ca, etc., ]8 chain 
V region, a  chain C region, etc.; HDM, house dust mite.
^To whom reprint requests should be addressed.
llThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. Z22965-7 and Z23039-47).
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as correlated with [^HJthymidine incorporation was deter
mined by liquid scintillation spectroscopy.

Isolation of RNA, cDNA Synthesis, and PCR. Total RNA 
was isolated from  T-cell clones and PB Ls by the acid 
guanidinium th iocyanate/phenol m ethod (14). Total RNA  (5 
ixg) was used in first-strand cD NA  synthesis, using a dT(i2_i8) 
prim er and avian myeloblastosis virus reverse transcriptase. 
The products w ere precipitated three times using 2 M am
monium acetate and 3 vol o f ethanol and then tailed with 
dGTP by using term inal deoxynucleotidyltransferase. Five 
percent of the cD NA  product was used as tem plate in the 
PCR w ith a 5 ' polydeoxycytosine prim er (5'-CTATCTA- 
G A G A G CTC G C G G C C G C C CC C C CC C CC C C ) and a 3' 
prim er for the j8 chain constant region (Cj8) ( 5 -CGCGAAT- 
TC AG ATCTCTGCTTCTG ATG) , or the a  chain constant 
region (C a) ( 5 -TGACCGCAGTCGACAGACTTGTCAC- 
TGGATT). Reaction conditions were as follows: one cycle of 
94°C for 5 min, 55°C for 1 min, and 72°C for 5 min, followed 
by 29 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 
2 min, with a final extension period o f 10 min. These reactions 
produced specific products o f 600-650 bp.

Cloning and Sequencing of Amplified TCR Gene Products. 
A fter treatm ent w ith proteinase K , the amplified products 
w ere digested with N o t I and B gl II (TCRjS chain products) 
or N o t  I and Sal I (TC Ra chain products) and cloned into a 
modified form of the M 13m pl8 bacteriophage vector (kindly 
supplied by P. M oss and J. Bell, Oxford). D NA  sequencing 
was by the dideoxynucleotide chain-term ination method (15), 
using T7 D NA  polym erase. F or T-cell clones, betw een 10 and 
20 M13 clones from  each amplification were sequenced. 
From  the products o fP B L  cD NA  amplification, 50 T C R a and 
50 TCR/3 in-frame sequences were determ ined and assigned 
to previously published V gene families (7, 16-23). Out-of
frame or aberrant rearrangem ents were not included in the 50 
sequences bu t were noted.

Oligonucleotide Probing of PEL T ranscrip ts. F o r the 
screening o f PB Ls for TCR sequences that w ere identical to 
those o f the T-cell clones, venous blood was taken 6 years 
after the original cloning work, and cD NA  w as prepared. 
PCR was perform ed using the 3' Cj8 prim er as above and a 5' 
Vj3 prim er for V/321 ( 5 -TGCTGGGCGGCCGCCTGTC- 
TCCTGGGAG) or Vj86 (5 -GGATGTAGAGCTCAGGTGT- 
GATCCAATTTCAG) families with conditions as follows: 
94°C for 5 min, followed by 29 cycles o f 94°C for 1 min, 63°C 
for 1 min, and 12°C for 2 min. PCR products w ere digested, 
cloned into modified M 13m pl8, and transferred to Hy- 
bond-N  + nylon filters. Oligonucleotides were labeled using 
T4 polynucleotide kinase and [y-^^P]ATP (5000 Ci/m m ol, 
A mersham). Filters w ere probed with oligonucleotides com
plem entary to the N  region of the clones of interest, (DH15N, 
5'-CTCTCCTCGACTGCTCCCGCTAG; D D llN , 5'-GGC- 
TGGTTTCCCCCCCTATCTAA ), and internal Vj8-specific 
oligonucleotides (Vj86.7a, 5 -G A G C TCA GG TG TGA TC- 
C A A T T T C A ; Vj3 2 1 .5 , 5 '-T G T G G C T T T T T G G T G - 
CAATCCTAT). M em branes w ere prehybridized in 6 x  stan
dard saline citrate (S SC )/5x  D enhardt’s solution/0.1%  SDS 
and hybridized at 58°C for 16 hr. They w ere then w ashed at 
45°C in 3x  SSC /0.1%  SDS for 10 min before exposure to 
x-ray film for 4 hr at -70°C . Positive plaques were picked and 
the D NA  sequences o f their inserts were determ ined.

R ESU LTS

Recognition Patterns of T-Cell Clones. The antigen speci
ficity o f the panel o f 10 T-cell clones was examined using D. 
farinae, the inducing antigen, and a closely related HDM 
species, D. pteronyssinus. Six o f the clones were species 
specific to D. farinae, and the remaining T-cell clones were 
cross-reactive on D. farinae  an d D . pteronyssinus (Table 1). 
Further analysis o f these cross-reactive clones show ed that

Table 1. Antigen specificity and MHC restriction of 
HDM-induced T-cell clones

Proliferation to

Clone D. farinae D. pteronyssinus MHC restric

DE41 + - DR52
DE47 + - DR52
DE12 + - DR52
DDll + - DR52
DH15 -K 4- DR11(5)
DE9 -h + DR11(5)
DE5 - DR53
DE26 + DR52
DH12 + + DR1K5)
DE49 -h - ND

ND, not determined.

they were specific for the group I allergen (data not shown). 
The MHC class II restriction specificities of the T-cell clones, 
as determ ined using transfected murine fibroblasts express
ing HLA-D region gene products, are shown in Table 1.

T C R a and TCRjS Gene Rearrangem ents in T-Cell Clones. 
The V a and Vj3 regions used by the 10 T-cell clones analyzed 
are sum marized in Table 2. The nucleotide and predicted 
protein sequences spanning the junctional V(D)J regions of 
the T C R a and TCRj3 chains are shown in Fig. 1. Only one 
in-frame TCRjS rearrangem ent w as detected in each of the 
T-cell clones. H ow ever, in several T-cell clones, two distinct 
in-frame T C R a sequences were detected. In each case, one 
T C R a transcript was always found at a  much higher fre
quency than the other in the PCR amplification products. 
Therefore, it is most probable that the products of the major 
T C R a transcript are expressed in association w ith the TCRjS 
chain, at the cell surface. Six T-cell clones utilized unique 
TCR sequences, w hereas four clones w ere found to be 
identical at the sequence level (including the sequence across 
the VDJ or VJ junctions) to others within the panel. Thus, 
DE12, DE41, and DE47 were identical to D D ll, and DE9 was 
identical to DH15, although all clones had been isolated 
separately, and clones with different letters (DD, D E, or DH) 
originated from different blood sam ples. Specifically, clone 
D D ll was established in the year prior to the DE clones, 
w hereas DE9 and DH15 were isolated 10 months apart.

Oligoclonality of V Gene Usage. A restricted  num ber of 
TCR V genes w ere used by the panel of T-cell clones. Three 
clones, DH12, DE26, and DE49, used Vj83.1, w hereas mem
bers of the V a8 family were used by three clones, D D ll (itself 
identical to three other clones), DH12, and DH15 fitself 
identical to one other clone) (Table 2). The V)3 sequence of 
D D ll (and DE12, DE41, and DE47) is identical at the protein 
level to the cD NA  clone VblW lO (22), where it is named 
Vj321.5, and differs by only 1 nt, which is silent at the protein 
level, from a sequence (cDNA clone IGRbOl) classified

Table 2. Summary of TCR V gene segments used by the panel 
of T-cell clones

TCR/3 TCRa

Clone(s) V D J C V J

DE49 3.1 1 1.2 1 15.1 AB19
DE26 3.1 2 2.5 2 1.2 JoG
DH12 3.1 1 1.1 1 8.2 IGRJa04
D D ll, DE12 21.5 1 1.5 1 8.1 AB22
DE41, DE47 
DH15, DE9 6.7a 2 2.7 2 8.1 JaC
DE5 9.1 1 1.4 1 V55 JaN

TCR a and j8 sequences were assigned according to previously 
described families, by using refs. 7, 16, 18, 21, and 22 for TCR^ 
chains and refs. 7, 17, 20, 24, and 25 for TCRa chains.
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a
C l o n e  V a N

DE49 TACTTCTGTGCA 
Y F C A

GAGAGAATCACGGGCAGGAGA 
E R I  T G R R

DE26 TACTTCTGT GTTGTGAGTGACCTTCATGGCTCTAGCAACACAGGC 
Y F C  V V S D L H G S S N T G

DH12 TACTTTTGTGCA 
Y F C A

GTTGGGGCTGGAGGCTTC 
V G A G G F

D D ll TACTTCTGTGCC 
Y F C A

TACAAGAACACAGGCTTTCAG 
Y K N T G F Q

DH15 TACTIC 
Y F

TCGCCCAGGGGTTCTGCAAGG 
S P R G S A R

DE5 TACTTCTGTGCA 
Y F C A

GCAAGCGCTAACGACTAC 
A S A N D Y

Ja

GCACTTACTTTTGGGAGTGGAACAA6ACTCCAAGTGCAACCA 
A L T F G S G T R L Q V Q  F

K L I F G Q G T T L Q V K P

WUUVCTATCTTTGGAGCAGGAACAAGACTATTTGTTAAAGCA
K T I F G A G T R L F V K A

AAACTTGTATTTGGAACTGGCACCCGACTTCTGGTCAGTCCA
K L V F G T G T R L L V S P

CAACTGACCTTTGGATCTGGGACACAATTGACTGTTTTACCT
Q L T F G S G T Q L T V L P

AAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCA
K L S F G A G T T V T V R A

Ca

AATATCCAGAAC 
N I  Q N

GATATCCAGAAC 
D I  Q N

AATATCCAGAAC 
N I  Q N

AATATCCAGAAC 
N I  Q N

GATATCCAGAAC
D I O N

AATATCCAGAAC 
N I  Q N

b

C l o n e v p N I  D M2 Jp cp
DE49 TGTGCCAGCAGT TTATAT22CGCGACC TATGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTA GAGGACCTGAAC

C A S S L Y G A T Y G Y T F G S G T R L T V V E D L N

D E2( TGTGCCAGCAGT TTATTCAATAGCGGCTAC CAAGAGACCCAGTACTTCGGGCCAGGCACGCGGCTCCTGGTGCTC GAGGACCTGAAA
C A S S L F M S G Y Q E T Q Y F G P G T R L L V L E D L K

DH12 TGTGCCAGCAGT TTAGTTGAACGfifiTC ACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTA GAGGACCTGAAC
C A S S L V E R V T E A F F G Q G T R L T V V E D L N

D D ll TGTGCCAGCACC TTAGATAGCGGGGGA AACCAGCCCCACCATTTTGGTGATGGGACTCGACTCTCCATCCTA GAGGACCTGAAC
C A S S L D R G G N Q P Q H F G D G T R L S I L E D L N

DH15 TGTGCCAGCAGC CCTCCTAGCGGCAfiCAfiTCCAGGA GACCAGTACTTCGGGCCfiCCTACrACflCTCACGGTCACA GAGGACCTGAAA
C A S S P P S G S S R G E Q Y F G P G T R L T V T E D L K

DES TGTGCCAGCAGC CAAGGTCCCACTGGT GAAAAACTGTTTTTTGGCAGTGGAACCCAGCTCTCTGTCTTG GAGGACCTGAAC
C A S S Q G P T G E K L F F G S G T Q L S V L E D L N

F ig .  1. Sequence analysis of HDM-reactive T-cell clones. DNA sequences encoding TCRa (a) and TCR/3 (b) chains spanning the junctional 
regions are shown. Predicted amino acid sequences are also given. Spaces have been introduced to allow alignment of conserved sequences. 
The nucleotides contributed by germ-line D/3 sequences are underlined. Those T-cell clones with identical junctional sequences (i.e., DE9, 
identical to DH15; DE12, DE41, and DE47, all identical to DDll) are not shown.

within the V/821 family (19). The Va segment o f DE5 is 
classified as a VÔ gene (17) but has rearranged to a Ja  and the 
Ca segment. This phenom enon is now well recognized (26, 
27) and has been estim ated to occur in ~1% of all productive 
TCRa rearrangem ents (23). H ow ever, we believe this to be 
the first dem onstration o f the use of VÔ5 in a TCRa chain of 
a w ell-characterized hum an T-cell clone. There was no 
detectable conserved m otif in the V(D)J junctional region of 
either the TCRa or TCR^ chains, although four of the six 
TCR/8 chains have a leucine residue at position 96 (28), the 
first coded for by N  region nucleotides.

Screening of PBLs for Persistent Clones. To study the 
possible in vivo life span of T-cell clones that appear to  persist 
in this chronic response, venous blood was taken 6 years after 
the original isolation of these clones. cDNA was prepared 
and screened for the TCR/8 sequences of interest by using a 
V/8-specific family PCR and oligonucleotide probing. In both 
cases, sequences identical to the VDJ region o f the clones 
were dem onstrated in full-length in-frame transcripts from 
unstim ulated PB Ls (Fig. 2).

Peripheral Repertoire Studies. The peripheral blood TCR 
V a and V/3 gene usage o f the individual from whom the T-cell 
clones were established was analyzed by anchored PCR. The 
repertoire of this individual is shown in Fig. 3. Each of the 50 
VaJ or V/8DJ in-frame productive sequences was unique. The 
frequency of Va and V/3 usage was in broad agreem ent with 
previously published repertoire studies, although there is 
considerable interindividual variation (29). Three TC R a 
chains used a  V ôgene segment. In addition to the productive 
TCR sequences, several sequences could not code for a 
functional TCR chain. Thus, 10% of Va and 5% of V/3 
rearrangem ents had no open reading frame for VDJ transla
tion. The changes in translational reading frame w ere always 
found within the junctional regions, consistent with out-of- 
frame rearrangem ents, rather than errors in the PCR ampli

fication. In addition, 5% of both T C R a and TCR/3 transcripts 
contained only D an d /o r J sequences 5' of C a  or C/3 or 
contained germ-line sequence ÿ  to the C gene segments. 
PBLs from  this individual were also stained with a panel of 
antibodies specific for V/3 gene products, within the CD3-, 
CD4-, and CD8-positive populations and analyzed by immu
nofluorescence. These data were in broad agreem ent with 
those obtained by PCR analysis (data not shown).

D ISCU SSIO N

In this study, designed to investigate the diversity of TCR 
usage by CD4^ T cells in atopic individuals sensitized with 
allergens of Derm atophagoides spp. (HDM ), we have ob
served dom inant expression of TCR V/33 and V a8 genes. 
Furtherm ore, the TCR sequence data  suggest the presence of 
dominant T-cell clones that are long lived in vivo, presum ably 
maintained by chronic allergen exposure. The analysis of the 
HDM -specific CD4+ T-cell response in atopic individuals has 
attracted considerable attention (13, 30). The results o f such 
studies have established that T cells expressing an IL-4- 
dominant phenotype are predom inantly activated. From  our 
investigation of the antigen and H LA  class II restriction 
specificity, it appears that even within one individual the 
HDM T-cell response is heterogeneous. Several epitopes 
derived from both the group I and II major allergens are 
known to be recognized by “ disease-associated” T  cells, 
namely, those that produce high levels of IL-4 and support 
the production o f HDM -specific IgE. It has also been dem
onstrated that H LA -D R B l, -3, -4, and -5 gene products and 
DP class II molecules may restrict recognition o f HDM- 
derived T-cell determ inants (31).

It is rem arkable, therefore, tha t a considerable degree of 
oligoclonality was observed in this panel of H DM -reactive 
clones. A further unexpected observation was that two
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G A T C

G A T C

F ig .  2. Autoradiographs from sequencing gels of PBL TCRj3 
transcripts showing sequences corresponding to the N-region nucle
otides of the DDll (Left) and DH15 (Right) T-cell clones (for 
comparison of these sequences with those in the T-cell clones, see 
Fig. 1).

groups of T-cell clones used identical TCRs. Each of these 
groups must represent cells that originated from one precur
sor because the TCR sequences were identical even across 
the N regions. We have also demonstrated sequences iden-

30 r

U j L I
1 2 3 4 5 6 7 8 9  10 11 1213 1415 16 17 18 19 2021 22 23 24 

Vp family
b 30

iL iji ■ ■ ■ I
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Va family

21 22 23 24 25 26 27 28 29 30 31 32 33 1 2  3 4 5 6 

Va family Vs fami ly

Fig. 3. V/3 and Va repertoire analysis. The percent usage of 
V/31-24 (a), Val-20 (b), and Va21-33 and V51-6 (where a VS has 
rearranged to the Ca gene) (c) in 50 PBL TCRa and 50 TCR/3 
sequences analyzed is shown.

tical to the TCR/3 N regions in unstimulated PBLs from 6 
years later. It is possible that different peripheral blood T 
cells possess TCR/8 sequences identical at the nucleotide 
level even across the CDR3 junctional region but use differ
ent TCRa chains. However, we believe that these data 
provide strong evidence for the existence of the same long- 
lived clone over 6 years. This is to our knowledge the first 
report of such long-lived T-cell clones in vivo. One explana
tion for the existence of long-lived clones in this individual is 
that disease-specific T cells are constantly stimulated to 
divide by chronic exposure to HDM antigens. In this context, 
it is interesting that the CD45RO “ memory” T-cell popula
tion has been shown to have a short intermitotic time in vivo 
(32).

The anchored PCR has now been used by several groups 
to study TCR use by T-cell clones and lines and PBLs. It has 
the theoretical advantage of being able to amplify all possible 
TCR sequences equally, since the two primers are the same 
for any transcript. The results of our repertoire study are in 
many ways comparable to other studies, although the high 
representation of V/33 in PBL transcripts from this individual 
was unusual. In other reports, V/83 usage is generally be
tween 1 and 6%  of TCR/3 in PBLs (ref. 29 and L.R.W., 
unpublished observations). Many factors could account for 
this, such as MHC or other genetic differences and environ
mental influences, all of which will have affected thymic 
selection.

The potential to inhibit allergic inflammation using com
ponents of specific antigen is the underlying goal of allergen- 
based desensitization. There is evidence to suggest the pres
ence of dominant antigenic regions in the major allergens of 
HDM, but overall both the array of epitopes recognized and 
the number of restriction elements used in the T-cell response 
of atopic individuals are diverse. Therefore, while it has been 
reported that the administration of immunodominant T-cell 
epitopes, as peptides, in vivo can induce antigen-specific 
nonresponsiveness (33), peptide-based hyposensitization 
may be difficult to achieve for allergic responses to HDM. 
Furthermore, in some of the autoimmune diseases, the spec
ificity of the “ disease-associated” T-cell repertoire may shift 
as illustrated in murine experimental allergic encephalomy
elitis (34). During the induction phase of disease, the T-cell 
response is directed toward an immunodominant NH]- 
terminal region of myelin basic protein, but as the disease 
becomes chronic, additional determinants that are cryptic 
after the initial immunization then become immunogenic (34).

From TCR sequence analysis of cloned T cells and PBLs, 
we suggest that the in vivo T-cell response to HDM is 
dominated by, and limited to, a small number of long-lived 
T-cell clones, which use a restricted number of TCR gene 
segments. Therefore, even if responses to minor T-cell de
terminants are retained, inactivation of the dominant HDM- 
reactive T cells might allow a decrease in clinical symptoms. 
In the experimental allergic encephalomyelitis model, it has 
been reported that the “ pathogenic” T cells predominantly 
express the V/38 ' TCR and immunization with CDR2 pep
tides derived from V/38 prevents disease (35). This would 
support the potential application of TCR-based therapy as an 
alternative approach for regulating HDM allergic immune 
responses.

We thank Drs. P. Moss and J. Bell for invaluable advice, discus
sions, and the gift of reagents, as well as for critical reading of the 
manuscript. We are grateful to Dr. P. Beverley for helpful comments 
on the manuscript and to Ms. V. Weller for preparing the manuscript. 
This work was supported by the Imperial Cancer Research Fund, the 
Medical Research Council, and the Wellcome Trust. R.E.O. is a 
Wellcome Senior Research Fellow.

1. Okumura, K. & Tada, T. (1971) J. Immunol. 106, 1019-1025.



8218 Immunology: Wedderburn et al. Proc. Natl. Acad. Set. USA 90 (1993)

2. Ishizaka, K. (1984) Anna. Rev. Immunol. 2 , 159-182.
3. O’Hehir, R. E., Bal, V., Quint, D., Moqbel, R., Kay, A. B., 

Zanders, E. D. & Lamb, J. R. (1989) Immunology 66,499-504.
4. Wierenga, E. A., Snoek, M., Jansen, H. M., Bos, J. D., Van 

Lier, R. A. W. & Kapsenberg, M. L. (1991) J. Immunol. 147, 
2942-2949.

5. Stewart, G. A., Ward, L. D., Simpson, R. J. & Thompson, 
P. J. (1992) Immunology 75, 29-35.

6. Davis, M. M. & Bjorkman, P. J. (1988) Nature (London) 334, 
395-402.

7. Wilson, R. K., Lai, E., Concannon, P., Barth, R. K. & Hood, 
L. E. (1988) Immunol. Rev. 101, 149-172.

8. Hedrick, S. M., Engel, I., McElligott, D. L., Fink, P. J., Hsu, 
M. L., Hansburg, D. & Matis, L. A. (1988) Science 239, 
1541-1544.

9. Acha-Orbea, H., Mitchell, D., Timmermann, L., Wraith, 
D. C.,Tausch,G. S., Waldor,M. K.,Zamvil,S. S.,McDevitt, 
H. O. & Steinman, L. (1988)  Cell 54, 263-273.

10. Moss, P. A. H., Moots, R. J., Rosenberg, W. M. C., Row- 
land-Jones, S. J., Bodmer, H. C., McMichael, A. & Bell, J. I.
(1991) Proc. Natl. Acad. ScL USA 88, 8987-8990.

11. Sottini, A., Imberti, L., Gorla, R., Cattaneo, R. & Primi, D.
(1991) Eur. J. Immunol. 21, 461-466.

12. Davies, T. P., Martin, A., Concepcion, E. S., Graves, P., 
Cohen, L. & Ben-Nun, A. (1991) N. Engl. J. Med. 325, 
238-244.

13. O’Hehir, R. E., Young, D. B., Kay, A. B. & Lamb, J. R. 
(1987) Immunology 62, 635-640.

14. Chomczynski, P. & Sacchi, N. (1987) Anal. Biochem. 162, 
156-159.

15. Sanger, P., Nicklen, S. & Coulsen, A. R. (1977) Proc. Natl. 
Acad. Set. USA 74, 5463-5467.

16. Toyonaga, B., Yoshikai, Y., Vadasz, V., Chin, B. & Mak, 
T. W. (1985) Proc. Natl. Acad. Sci. USA 82, 8624-8628.

17. Takihara, Y., Reimann, J., Michalopoulos, E., Ciccone, E., 
Moretta, L. & Mak, T. W. (1989) J. Exp. Med. 169, 393-405.

18. Li, X., Szabo, P., Robinson, M. A., Dong, B. & Posnett, D. N. 
(1990) J. Exp. Med. 171, 221-230.

19. Perradini, L., Roman-Roman, S., Azocar, J., Michalaki, H., 
Triebel, P. & Hercend, I . (1991) Eur. J. Immunol. 21, 935-942.

20. Roman-Roman, S., Perradini, L., Azocar, J., Genevee, C., 
Hercend, I .  & Triebel, P. (1991) Eur. J. Immunol. 21, 927-933.

21. Wilson, R. K., Lai, E., Kim, L. D. H. & Hood, L. (1990) 
Immunogenetics 32, 406-412.

22. Hansen, T., Qvigstsad, E., Lundin, K. & Thorsby, E. (1991) 
Tissue Antigens 38, 99-103.

23. Moss, P. A. H., Rosenberg, W. M. C., Zintzaras, E. & Bell, 
J. I. (1993) Eur. J. Immunol. 23, 1153-1159.

24. Klein, M. H., Concannon, P., Everett, M., Kim, L. D. H., 
Hunkapiller, T. & Hood, L. (1987) Proc. Natl. Acad. Sci. USA 
84, 6884-6888.

25. Kimura, N., Toyonaga, B., Yoshikai, Y., Du, R. P. & Mak, 
T. W. (1987) Eur. J. Immunol. 17, 375-383.

26. Miossec, C., Caignard, A., Perradini, L., Roman-Roman, S., 
Paure, P., Michalaki, H., Triebel, P. & Hercend, T. (1991) Eur, 
J. Immunol. 21, 1061-1064.

27. Sottini, A., Imberti, L., Piordalisi, G. & Primi, D. (1991) Eur. 
J. Immunol. 21, 2455-2459.

28. Kabat, E. A., Wu, T. T., Reid-Miller, M., Perry, H. M. & 
Gottesman, K. S. (1991) in Sequences o f  Proteins o flm m uno- 
logicak Interest (National Institutes of Health, Bethesda, MD), 
5th Ed.

29. Rosenberg, W. M. C., Moss, P. A. H. & Bell, J. I. (W 2 )E u r . 
J. Immunol. 22, 541-549.

30. Rawle, P. C., Mitchell, E. B. & Platts-Mills, T. A. (1984) J. 
Immunol. 133, 195-201.

31. O’Hehir, R. E., Mach, B., Berte, C., Greenlaw, R., Tiercy, 
J. M., Bal, V., Lechler, R. I., Trowsdale, J. & Lamb, J. R. 
(1990) Int. Immunol. 2, 885-892.

32. Michie, C. A., McLean, A., Alcock, C. & Beverley, P. C. L.
(1992) Nature (London) 360, 264-265.

33. Wraith, D. C., Smilek, D. E., Mitchell, D. J., Steinman, L. & 
McDevitt, H. 0 . (1989) Cell 59, 247-255.

34. Lehmann, P. V., Porsthuber, T., Miller, A. & Sercarz, E. E.
(1992) Nature (London) 358, 155-157.

35. Vandenbark, A. A., Hashim, G. & Offner, H. (1989) Nature 
(London) 341, 541-544.


