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ABSTRACT
In this thesis the generation, analysis and immunocompetence of transgenic 

mice expressing MHC class II on their T cells is described. Murine T cells do not 
normally express MHC class II, whereas in other species such as man, MHC class II . 
molecules are present on activated T cells. From in vitro studies of human T cell clones 
it is established that MHC class II molecules on T cells are required for the induction of 
specific anergy, although in a few cases such antigen presentation has been found to 
induce T cell activation. Therefore to mimic the human situation and assess the 
regulatory role of T cell MHC class II in vivo transgenic mice expressing MHC class II 
of the I-Ab haplotype on their T cells were generated.

The molecular biology required for the preparation of these MHC class II 
constructs and their subsequent analysis is described. To obtain T cell specific 
expression a plasmid containing the human CD2 promoter and enhancer was used. Due 
to the presence of this enhancer expression is not dependent on the site of integration 
and the level of transgene expression is directly proportional to the number of copies 
integrated. Once the transgenic line had been derived the offspring were analysed for 
genomic integration of the transgene by Southern blotting and polymerase chain 
reaction. Protein expression was detected by cytofluorimetry.

Activated and resting T cells from various lymphoid tissues were analysed for 
expression of MHC class II and other cell surface molecules. The pattern of expression 
of cell surface molecules indicative of the presence of a population of T cells that were 
tolerised, or were more susceptible to tolerisation. The ability of the MHC class 11+ T 
cells to present antigen was examined using T cell hybridomas. Furthermore, antibody, 
CD4+ and CD8+ T cell responses elicited by transgenic and control mice were 
compared. The results of these experiments suggest that antibody and CD8+ T cell 
responses are similar in the transgenic and control mice, however, CD4+ T cell 
responses exhibit altered cytokine production. Preliminary experiments on peptide- 
mediated T cell unresponsiveness are also reported. Initial observations suggest that on 
administration of intranasally delivered peptide, the transgenic T cells are able to 
downregulate their responses more efficiently and effectively than their control 
counterparts.
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CHAPTER 1
General Introduction

1.1 Antigen processing and presentation
The first step in the generation of a T cell response is presentation of peptide 

antigen by MHC molecules to the T lymphocyte. Unlike B cells that are able, by virtue 
of their immunoglobulin (Ig) receptor, to recognise antigen in its native conformation,
T cells are only able to recognise short lengths of antigen (peptide) in conjunction with 
MHC expressed on the surface of another cell. The genetic loci of MHCs of different 
species vary in size from 2.5 to 4 megabases. Within this area, two families of genes; 
MHC classes I and II, have been shown to be involved in recognition of foreign 
antigen and subsequent activation of T lymphocytes. The MHC antigens were defined 
by Gorer and Snell in the 1930's and '40's, based on work looking at the success of 
transplanting tumours into inbred strains of mice (reviewed in (Klein J 1975)). It was 
not until 1974, however, that work by Zinkemagel et al. looking at the interactions 
between LCMV-infected macrophages and LCMV-immune T cells indicated that this 
association was specific and restricted (Zinkemagel RM and Doherty PC 1974).
Around the same time Shevach and Rosenthal discovered the phenomenon of MHC 
class II-restricted T cell responses whilst looking at guinea pig T cell responses to 
antigen presented by macrophages (Shevach EM and Rosenthal AS 1973).

Antigen derived from intracellular sources in the cytosol binds to MHC class I 
molecules whereas antigen acquired from a distinct compartment in the 
endocytic/lysosomal pathway binds MHC class II. MHC class I antigens are expressed 
on all nucleated cells, whereas MHC class II is normally only expressed on cells of the 
immune lineage. Due to universal expression and acquisition of antigen from the 
cytosol, MHC class I molecules make ideal tools for immune surveillance of 
intracellular pathogens such as viruses. CD8+ T cells recognise antigen in the context 
of MHC class I, and therefore constitute one of the main lines of defence against 
viruses and pathogens with a similar lifecycle. CD8+ T cells kill infected cells directly, 
whereas CD4+ T cells recruit other cells of the immune system via cytokines on 
encountering antigen in the context of MHC class II molecules.

Structural Studies
1.1a MHC class I

Crystallisation of the MHC class I molecule provided new insights into the 
process of MHC restriction and T cell recognition at a molecular level. In particular this 
work was able to dispell hypotheses such as the suggestion that viral proteins were to
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be found on APCs, adjacent to MHC class I molecules thereby allowing joint 
recognition. In 1987 when HLA-A2.1 was crystallised (Bjorkman PJ etal. 1987), it 
was shown that the peptide lay within a cleft formed at the surface of the molecule.

MHC class I molecules are made up of two polypeptide chains, termed alpha 
(a) or heavy and beta or beta-2 microglobulin (P or P2m). The a  chain is about 44kD 
and is encoded within the MHC locus. The p chain of about 12kD is non-MHC 
encoded. The a  chain has its carboxy terminal located in the cytoplasm, there is a short 
(25 amino acids) transmembrane section, with the remainder extending into the 
extracellular environment. Amino acid analysis reveals the extracellular part of the a  
chain to be made up of three domains a l ,  a2 and a3. a l  and a2 are each made up of a 
long a  helix and four strands of p-pleated sheet (Figure 1.1).

It is the a l  and a2 domains that combine to form the peptide binding groove. 
This groove is composed of an eight stranded antiparallel p-sheet flanked by two a  
helices. It is here that the polymorphic residues are located, with their side chains either 
pointing into the cleft (thus affecting peptide binding) or towards the top of the helices 
(affecting TcR binding). The TcR thus recognises the surface of the peptide in the 
context of the surrounding a-helices.

The a3 domain has an immunoglobulin (Ig)-like disulphide loop, composed of 
two antiparallel p-sheets. Residues of the a3 domain have been shown to interact with 
the TcR coreceptor CD8 (Rosenstein Y et al. 1989, Salter RD et al. 1989).

The p2m displays no polymorphism. Like the a3 domain it contains an Ig-like 
disulphide loop. These two domains interact with each other in a non-covalent fashion. 
The p2m also interacts with the p-pleated sheet of the peptide-binding platform. These 
interactions appear critical for maintaining the MHC class I in its native conformation. It 
is, therefore, not surprising that in vitro studies suggest that p2m is absolutely 
necessary for peptide binding (Jackson MR et al. 1992). However, in vivo studies 
looking at P2m deficient mice show peptide binding can take place in the absence of 
p2m (Lehman-Grube F et al. 1994).

Peptides that bind MHC class I are typically 8-10 amino acids long (Falk K et 
al. 1990, Jardetzky TS et al. 1991). Peptide elution studies have shown that one MHC 
haplotype is capable of binding many peptides displaying sequence and length 
heterogeneity (Hunt DF et al. 1992) and crystallographic studies have confirmed this 
observation (Figure 1.2). MHC class I molecules bind a subset of available peptides. 
Which bind depends on the length and sequence of the peptide. Elution studies have 
shown that the peptides obtained are enriched for certain amino acids at certain 
positions. Two positions that seem to be of particular importance are known as 
anchors. The amino acids at these positions bind in specificity pockets (polymorphic 
residues that determine peptide binding ability) in the binding cleft (Garrett TP et al. 
1989). Despite these observations, other groups have identified peptides that bind
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Figure 1.1 Ribbon diagram of the extracellular portion of MHC class I
The three domains of the heavy chain (a l , a3 and a3) are shown in gold, red and purple 
respectively. p2M is shown in brown.
Reproduced from: MHC Molecules. Expression, assembly andfunction by R.G Urban & 
R.M Chicz.

3



Figure 1.2 Peptide binding to MHC class I
Binding of the peptide EVAPPEYHRK to human class I histocompatibility 
antigen HLA-Aw68. Polymorphic residues are orange, conserved residues are 
blue.
Reproduced from: M H C  M o l e c u l e s .  E x p r e s s i o n ,  a s s e m b l y  a n d  f u n c t i o n  by R.G 
Urban & R.M Chicz.

4



MHC class I alleles but are missing the important motif elements (Huczko EL et al.
1993). However, other studies found peptides unable to bind despite the presence of 
the optimal motifs (Ruppert J et al. 1993). Taken together, these studies suggest 
sequence analysis predictions of binding give a general indication as to peptide binding 
ability but more subtle aspects of peptide selection are clearly involved. The study by 
Ruppert et al also reports the binding of over 400 peptides to purified HLA-A2. 
Peptides eluted from HLA-A2 were found to be derived from an HLA-A2-like protein 
(Shimizu Y and DeMars R 1989). The peptides bind the MHC class I molecule in such 
a way that a 'kink' or arch is found approximately one third of the way from the N- 
terminus. This lifts the main chain up away from the floor of the cleft (Madden DR 
1995).

1.1b MHC class II
It was not until 1993 that an MHC class II molecule was crystallised. Up to this 

point predictions regarding its structure and peptide binding capacity were made based 
on the MHC class I crystal. Once DR1 had been crystallised, it was apparent that its 
structure was indeed similar to that of MHC class I. The two a  chain domains, a l  and 
a2, of DR1 superimpose closely on the corresponding a l  domain and (32m subunit, 
respectively, of MHC class I. The two (3-chain domains, (31 and (32, of DR1 
superimpose on the a2 and less closely on the a3 domains, respectively (Brown JH et 
a l 1993).

As with MHC class I the two polypeptide chains are non-covalently associated. 
The a  chain (32 to 34kD) is slightly larger than the (3 chain (29 to 32kD), due to more 
extensive glycosylation and both chains have their carboxy termini located in the 
cytoplasm. Again, they possess a short transmembrane domain (25 amino acids), with 
the remaining portion located extracellularly (Figure 1.3). Both chains are encoded 
by genes within the MHC. Site-directed mutagenesis studies show that the residues at 
position 137 and 142 within the (32 domain are absolutely required for the interaction 
with the CD4 coreceptor (Konig R et al. 1992).

The peptide binding groove is formed by the a l  and pi domains. Like MHC 
class I, it is made up of eight strands of antiparallel p-sheet as a floor and two 
antiparallel a-helical regions as the sides. Similarities between the two structures are 
even evident in the characteristic 'bulges' in the p-sheet and 'kinks' in the a-helices 
found in the MHC class I molecule. These superimpose almost exactly onto the MHC 
class II molecule. Clusters of polymorphic residues are located here, and as for MHC 
class I, those with their side chains pointing into the cleft are involved in peptide 
binding, whereas those pointing towards the top of the helices are involved in TcR 
binding.
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Figure 1.3 Ribbon drawing of MHC class II
The a l  and a2 domains are shown in blue, pi and |32 domains in red.
Reproduced from: M H C  M o l e c u l e s .  E x p r e s s i o n ,  a s s e m b l y  a n d  f u n c t i o n  by R.G Urban & 
R M Chicz.
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DRl:HA (PKYVKQNTI.Kl AT

Figure 1.4 Peptide binding to MHC class II
Binding of the HA peptide PKY V KQNTLKLAT to the MHC class II antigen DR1 
(putative anchor residues are underlined and in bold). Conserved residues are 
numbered.
Reproduced from: M H C  M o l e c u l e s .  E x p r e s s i o n ,  a s s e m b l y  a n d  f u n c t i o n  by R.G Urban 
& R.M Chicz.
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One of the fundamental differences between the structures of MHC class I and 
MHC class II arises due to the MHC class II binding longer peptides (15-24 residues) 
(Figure 1.4). Whereas in the MHC class I molecule there is a helical region at the 
amino terminal end of the a l  domain, this is replaced by a stretch of extended chain in 
MHC class II. The carboxy terminal end of the a l  domain also bends more towards the 
floor of the peptide binding groove. Additionally, amino acid side chains present in the 
MHC class I molecule that have been noted to contribute to 'closing off the ends of the 
MHC class I site are not present in MHC class II. These differences are responsible for 
'opening out' the MHC class II molecule in order to accommodate longer peptides that 
extend out of the cleft at both ends (Brown JH et al. 1993).

Peptide elution studies show that, as is the case for MHC class I, MHC class II 
molecules are able to bind a large variety of peptides. For each allele of HLA-DR2, 
DR3, DR4, DR7 and DR8 more than 200 unique peptides have been identified. These 
peptides were found to be derived mainly from endogenous proteins, even though 
MHC class II is associated with presentation of exogenously derived foreign peptide 
(Chicz RM et al. 1993).

1.2 MHC class I processing pathways
MHC class I peptides are known to be derived mainly from cytosolic proteins. 

Over the past few years the importance of the proteasome and the transporter associated 
with antigen processing (TAP) in the process of peptide delivery to MHC class I has 
been elucidated.

1.2 a The Proteasome
The eucaryotic proteasome is made up of 14 different subunits, each derived 

from a separate gene. The outer rings are termed a  subunits, the inner rings (3 subunits. 
It is known that the peptidase activities of the mammalian proteasome reside in the (3 
subunits (Figure 1.5a). Access to the proteasome is by a channel, and only 
completely unfolded proteins are able to enter (Wenzel T and Baumeister W 1995). 
Site-directed mutagenesis studies show the importance of a threonine in the proteolytic 
activity of the proteasome. Use of peptide aldehyde inhibitors indicate sequestering of 
the proteolytic sites within the proteasome central channel, thus preventing 
indiscriminate hydrolysis of cytosolic peptides (Seemiiller E et al. 1995). These 
inhibitors were also used to show that the proteasome is the major protease responsible 
for the generation of MHC class I associated peptides. However, these preliminary 
studies were not conclusive as the inhibitors are not absolutely specific for the 
proteasome, inhibiting other proteases also (Rock KL et al. 1994). Recently,
Cerundolo et al. have used a proteasome specific inhibitor, lactacystin, to demonstrate a
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block in presentation of influenza antigens to influenza-specific CTL. In this study they 
also found that by expressing the viral protein in the lumen of the endoplasmic 
reticulum (ER) presentation to CTLs was observed, confirming the specificity of 
lactacystin for cytosolic proteases (Cerundolo V et al. 1997).

The role played by the MHC-encoded subunits LMP2 and LMP7 remains 
controversial. Upon induction with IFN-y the LMP2 and the LMP7 are incorporated 
into the 20s proteasome (Friih K et al. 1994). These conditions are reported to favour 
the generation of peptides with hydrophobic or basic carboxy-termini (Gaczynska M et 
al. 1993). Following translocation by the transporter associated with antigen processing 
(TAP) these peptides would be predicted to bind preferentially to the MHC class I. 
These findings have been disputed by other groups who maintain they do not find such 
preferential peptide generation (Boes B et al. 1994). More recently, further studies on 
LMP2 and LMP7 suggest either preferential production of peptides containing 
hydrophobic or basic carboxy-terminal residues (Gaczynska M et al. 1994), or reduced 
production of peptides acidic carboxy-terminal residues (Kuckelhorn U et al. 1995).

In vivo studies give the most direct evidence for a role of LMP2 and LMP7 in 
antigen processing. Deletions have been made of both LMP2 (Van Kaer L et al. 1994) 
and LMP7 (Fehling HJ et al. 1994). LMP2-/- mice showed no decrease in MHC class I 
expression, but a 60-80% reduction in CD8+ T cells. LMP7-/- mice had normal 
numbers of CD8+ T cells, but a 10-45% decrease in MHC class I expression. 
Concerning peptide generation, both sets of knockout mice displayed a deficiency in the 
generation of a subset of antigenic peptides. The LMP2-/- yielded five fold lower 
influenza vims specific CTL precursor frequencies. In the LMP7-/- gave a 50% 
reduction in response to the HY antigen.

Other IFN-y inducible genes have been identified as activators of the 20s 
proteasome. PA28 (11s regulator) is made up of two subunits which bind to the end of 
the 20s proteasome (Gray CW et al. 1994). Studies show that transfection of the 
PA28a subunit into a murine fibroblast line expressing the murine cytomegalovirus 
protein pp89, leads to enhancement of recognition by pp89-specific CTLs (Groettrup M 
et al. 1996). The 19s regulator also binds the 20s proteasome, forming the 26s 
proteasome. In vivo, the 20s proteasome exists in at least these two forms.

It is known that most proteins degraded by the 26s proteasome require covalent 
conjugation to ubiquitin. The requirement of protein ubiquitination in the generation of 
MHC class I epitopes remains controversial. Ubiquitin is bound by the action of the El 
ubiquitin-activating enzyme. Two groups, using an identical cell line with temperature- 
sensitive El ubiquitin-activating enzymes, have generated conflicting results. Michalek 
et al. found a reduction in presentation of cytosolically loaded ovalbumin at the non- 
permissive temperature (Michalek MT et al. 1993). Whereas Cox et al. using the same
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cell line, as well as a newly characterised one, found the capacity to ubiquitinate protein 
at non-permissive temperatures was maintained (Cox JH et a l 1995).

These studies therefore suggest that ubiqutination of proteins does seem to be 
important for degradation by the proteasome. Other approaches have involved looking 
at proteins modified by addition of destabilising amino-terminal residues. In this case 
not only was the rate of MHC class I presentation enhanced, but this enhancement 
could be blocked by proteasome inhibition or by blocking of potential ubiquitination 
sites on the protein (Grant EP et a l 1995).

1.2b Transporters associated with antigen processing (TAPS)
Once peptides are generated by the proteasome they must be translocated into 

the ER where they combine with the MHC class I complex. Endogenous antigens gain 
access to MHC class I molecules within the ER via a TAP-dependent pathway and from 
signal sequences by a TAP-independent mechanism (Wei ML and Cresswell P 1992). 
Studies have demonstrated that the proteasome is able to interact with the ER membrane 
(Rivett AJ et al. 1992) and may therefore interact, transiently, with the TAP molecules, 
thus allowing peptide delivery. In the absence of such an interaction, studies have 
suggested roles for chaperones such as the heat shock protein Gp96 (Suto R and 
Srivastava PK 1995), which has been reported to bind antigenic peptides.

TAP is a member of the superfamily of ATP binding cassette (ABC) 
transporters (Deverson EV et al. 1990) and is located in the ER/c/s-Golgi membrane 
(Kleijmeer MJ et al. 1992). TAP is made up of two non-covalently linked protein 
chains, TAPI and TAP2 both of which contain an ATP binding domain and a domain 
predicted to span the membrane 6 to 10 times (DeMars R and Spies T 1992). Peptide 
binding to TAP is ATP-independent, although ATP is required for peptide translocation 
(Shepherd JC et al. 1993). Use of photoactivatable peptide cross-linkers have revealed 
that only when the TAP exists as the heterodimer, TAP1/TAP2, are peptides able to 
bind (Androlewicz MJ et al. 1994).

TAP has been shown to bind preferentially to peptides of 8-13 amino acids in 
length (Androlewicz MJ et al. 1993), although it is able to translocate longer peptides, 
albeit at a lower efficiency (Momburg F et al. 1994). Translocation of these longer 
peptides has lent support to the idea, originally proposed by Rammensee et al that 
peptide trimming may occur in the ER (Falk K et a l 1990). Recently, it has been 
shown that peptides can be trimmed at both the amino and carboxyl termini within the 
ER (Snyder HL et a l 1994). The efficiency and physiological relevance of this 
process, however, remains unclear. Studies looking at the translocation rates of optimal 
length peptides have found varying efficiencies, depending on the peptide sequence. 
Schumacher et al found that the C-terminal amino acid of the peptide to be of critical 
importance in rat TAP2U and mouse TAP2 allelic products (Schumacher TNM et a l
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1994). They found that a hydrophobic C-terminal was required for efficient 
translocation. By contrast, translocation efficiencies were hardly affected by the nature 
of the C-terminal amino acid by transporters containing the human TAP2 or rat TAP2a 
allelic product (Momburg F et al. 1994). Various studies have continued to try to 
elucidate the determinants of peptide binding to the TAP complex. Recently, Nijenhuis 
et al identified a peptide binding site composed of both the human TAPI and TAP2 
domains. They provided experimental evidence indicating that the peptide was bound 
over most of its length, with the major contact site for the peptide found on TAPI 
(Nijenhuis M et al. 1996).

Once the peptide has gained access to the ER it binds to the heavy chain-p2m 
complex, which is able to interact with the TAP complex. Formation of these ternary 
complexes results in dissociation from the TAP complex, transit from the ER to the 
Golgi and finally egress to the cell surface (Ortmann B et al. 1994).

Prior to binding peptide, nascent MHC class I heavy chains associate with the 
ER resident chaperone calnexin. Calnexin mediates disulphide bond formation in MHC 
class I heavy chains (Tector M and Salter RD 1995), and may promote dimerisation of 
MHC class I with P2m (Sugita M and Brenner M 1994). It has been shown that p2m is 
required for binding to TAP, and is able to do so whether or not it is bound to MHC 
class I heavy chain (Carreno BM et al. 1995). During its progression through the ER 
the MHC class I heavy chains are modified by addition of N-linked high mannose 
oligosaccharides. As they exit the ER and enter the Golgi, these are converted to a more 
complex form (Abbas AK et al. 1991). An overview of peptide traffic and loading in 
the ER is shown in Figure 1.5b.

Recently, studies have demonstrated the ability of exogenously as well as 
endogenously derived antigens to generate MHC class I restricted cytotoxic responses. 
One study reports that following phagocytosis of ovalbumin-coated beads, 
macrophages were able to present ovalbumin to CD8+ T cells. The process was TAP- 
dependent, chloroquine-insensitive and proteasome inhibitor sensitive (Kovacsovics- 
Bankowski M and Rock KL 1995).

1 .3  MHC class II processing pathways
In contrast to MHC class I, MHC class II molecules bind mainly exogenously 

derived peptide. Factors such as mechanism of antigen uptake and degradation affect 
peptide availability and binding. Furthermore, two additional molecules, the invariant 
chain (Ii) and HLA-DM influence peptide availability by modulating ligand access to the 
binding groove during maturation of MHC class II molecules.
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Figure 1.5a Peptide traffic and loading in the ER
Peptides generated by cytosolic proteasomes are delivered to TAP molecules, possibly via a direct interaction between the proteasome and the TAP 
molecule. TAP and to a lesser extent signal peptide peptidase contribute peptides directly into the biosynthetic compartment where they load 
effectively into class I molecules that are physically tethered to TAP molecules. Calnexin associates transiently with newly formed class I molecules 
before they associate with TAP. Peptides generated or modified in the downstream ER degradative compartment are ignored because class I molecules 
passing near this compartment are already loaded with peptide. Reproduced from: Howard, 1995.
Figure 1.5b Longitudinal and transverse section through 20S proteasome
The 20S proteasome is composed of two outer and two inner rings. The two outer rings each comprise seven copies of the 25.9kDa a  subunit. The two 
inner rings each comprise seven copies of the 22.3kDa P subunit. The rings form three chambers; two antechambers flank a central chamber. The inner 
chamber contains the 14 catalytic cites (dark grey). The shortest distance between two active sites is 20A, which may be spanned by a 7-mer or 8-mer 
peptide in extended conformation. Access to the channel is controlled by four narrow gates, with an entrance of only 13 A, allowing only unfolded 
proteins access to the active sitres of the protease. Reproduced from: Lehner & Cresswell, 1996.



1.3 a Invariant Chain
Nascent MHC class II a  and p chains transiently bind an immunoglobulin 

heavy chain binding protein (BiP), forming high molecular weight aggregates, prior to 
binding to calnexin (Marks MS et al. 1995). Ii chain binds at this stage, and a 
nonameric (ap)3li3 complex is formed that is unable to bind peptide. Calnexin is 
released, and the nonamer is transported out of the ER, across the Golgi and trans- 
Golgi network to the endocytic compartments (Anderson KS and Cresswell P 1994). 
The inability of MHC class II molecules to bind peptides at this stage, has lent support 
to the idea of Ii preventing cytosolic peptides from binding whilst the MHC class II is 
still in the ER. In vitro studies show that in the absence of Ii, MHC class II is able to 
bind antigenic peptides in ER microsomes (Bijlmakers M-J et al. 1994), and that 
expression of Ii inhibits the presentation of a cytosolically expressed peptide (Long EO 
et al. 1994). Ii is also believed to play an important role in the maintenance of MHC 
class II conformation. The observation that in Ii-negative cells MHC class II ap  dimers 
aggregate in the ER (Marks MS et al. 1995) gives support to this idea. Studies using Ii 
knockout mice and Ii-negative transfectants show the presence of SDS-resistant ap 
dimers, that are able to bind a heterogeneous set of polypeptides (Bikoff EK et al.
1995, Busch R et al. 1996). These complexes are generated in the ER, and Bodmer et 
al. have reported that MHC class II molecules also bind antigens expressed in the 
secretory pathway in Ii knockout mice (Bodmer H et al. 1994). At this stage, Ii 
therefore acts to prevent formation of MHC class II ap dimer aggregates, and 
precludes binding of endogenously derived peptide in the ER.

MHC class II transit to the endosome is also regulated by Ii. Ii contains at least 
two motifs within its cytosolic tail that are involved in targeting to the endosome 
(Pieters J et al. 1993). These are leucine-based signals found within the a-helical 
structures (Motta A et al. 1995). On arrival in the endosome, the Ii of the (ap)3li3 
complex undergoes sequential proteolysis initiating from its lumenal carboxy terminus. 
This gives rise to 22kDa and subsequent lOkDa fragments that remain associated with 
the MHC class II (Amigorena S et al. 1995). Aspartic proteases have been implicated in 
the initial stages of proteolysis and thiol proteases in the latter (Marie MA et al. 1994, 
Xu M et al. 1994). The final product of Ii chain degradation is a nested set of class II- 
associated Ii peptides (CLIPs), which span residues 81-104 of Ii (Avva RR and 
Cresswell P 1994). CLIPs, like intact Ii, act to block the peptide binding groove of the 
ap dimer, and must be removed prior to antigenic peptide loading. Studies of CLIP 
associated and disassociated with the Ii, show that the CLIP region of Ii is disordered, 
whereas the remainder of the molecule consists of an a-helical coil (Jasanoff A et al. 
1995, Park S-J et al. 1995). CLIP could inactivate the groove either by binding directly 
to the groove itself, or by attaching itself to the outside resulting in a conformational 
change that would inhibit binding. Binding studies making use of substituted peptides
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reveal CLIP anchor residues interact with similar specificity pockets within the binding 
groove as do antigenic peptides (Geluk A et al. 1995, Malcharek G et al. 1995). The 
kinetics and structural requirements for CLIP binding have also been shown to be 
affected by MHC class II polymorphism, although to a lesser extent than for antigenic 
peptide binding (Geluk A et al. 1995, Sette A et al. 1995). In 1995, X-ray 
crystallography provided confirmation that CLIP occupies the peptide-binding groove 
when Ghosh et al demonstrated that CLIP bound within the groove of HLA-DR3 
(Ghosh P et al. 1995). Compared to the X-ray structure of influenza peptide HA307- 
319 binding HLA-DR1 (Stern LJ et al. 1994), the locations of the side-chains/pockets, 
hydrogen bonds and buried surface area are similar. The CLIP anchor residues, 
however, are methionines which would confer the greater flexibility needed in binding 
multiple MHC class II alleles. This work also identified a 'core' region of CLIP 
(residues 89-101) which was the region that contacted the groove. The remaining part 
of CLIP appeared to protrude from the groove. This region, together with some CLIP 
flanking Ii peptides bind to the outside of the MHC class II molecule and inhibit 
binding of certain anti-class II antibodies, as well as the superantigens staphylococcal 
enterotoxin B (SEB) and toxic shock syndrome toxin 1 (TSST1) (Ericson ML etal. 
1994, Romagnoli P and Germain RN 1994).

Despite the plethora of evidence pointing towards a role in MHC class II 
processing for Ii, there is also evidence for Ii-independent MHC class II transport. In 
one such study, the presentation of immunodominant epitopes from inactivated 
influenza virus and myelin basic protein were shown to correlate with recycling of 
surface HLA-DR molecules. Truncation of either a  or p cytoplasmic tails led to an 
almost total abrogation of peptide presentation. However, in cells transfected with the Ii 
no effect on peptide presentation was observed (Pinet V et al. 1995). This study 
therefore not only proposes that there is a second pathway by which exogenously 
derived peptide is able to bind MHC class II, but that this pathway is also Ii- 
independent.

1.3b HLA-DM
The involvement of another subsidiary molecule in MHC class II processing 

was proposed in 1990, when Mellins et al. made a mutant B cell line that had no defect 
in its MHC class II genes or Ii (Mellins E et al. 1990). This cell line failed to present 
native exogenous protein, but was able to present immunogenic peptides derived from 
these proteins. The mutation seemed to be affecting the conformation of mature MHC 
class II dimers. This defect was mapped to a region within the MHC locus (Mellins E et 
al. 1991) and was termed DM (Kelly AP et al. 1991).

HLA-DM (H2-M in the mouse), is a relatively non-polymorphic, heterodimeric 
glycoprotein with weak sequence similarity to MHC class II (Karlsson L et al. 1994).
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Expression of HLA-DM genes is coregulated with MHC class II genes (Kelly AP et al.
1991) although HLA-DM protein levels are much lower than MHC class II, possibly 
suggesting a catalytic role for DM (Denzin LK and Cresswell PA 1995). Further work 
on the mutant cells revealed that lack of DM resulted in the majority of MHC class II 
molecules remaining associated with CLIP, with a subsequent accumulation of the 
MHC class II-CLIP complexes observed. However, when DMA and DMB were 
transfected back into these lines, CLIP was exchanged for immunogenic peptides, 
thereby restoring the antigen presenting function of the cell (Denzin LK et al. 1994).

Studies using either DM expressed as a recombinant soluble molecule (sDM) 
(Sloan VS et al. 1995), purified from mammalian cells (Denzin LK and Cresswell PA
1995) or reconstituted in membranes (Sherman MA etal. 1995), have demonstrated 
that DM mediates the rapid release of CLIP from a variety of MHC class II molecules at 
endosomal pH. This results in accelerated binding of immunogenic peptides to MHC 
class II molecules. As well as enhancing the dissociation of CLIP, DM has been shown 
to induce dissociation of the 22kDa Ii species, but it has no effect on the full-length Ii 
(Denzin LK and Cresswell PA 1995). DM can also enhance dissociation of peptides, 
unrelated to CLIP, such as myelin basic protein (Sloan VS et al. 1995) and it also has 
the capacity to induce the formation of SDS-stable MHC class II-peptide complexes in 
the absence of Ii (Karlsson L et al. 1994). DM, however, is not able to cause 
dissociation of all peptides from MHC class II. One study showed that DM was capable 
of removing CLIP from DR3, but failed to remove the influenza derived peptide 
HA307-319 from DR1 (Sloan VS et al. 1995). The crystal structures of DR3-CLIP and 
DR1-HA307-319 are very similar however, the spontaneous dissociation rates are 
considerably different, that of DR3-CLIP being 11 hours, compared with 6 days for 
DR1-HA307-319. This implies that even in the absence of DM, the DR3-CLIP 
complex is more likely to exist as an open, exchange-prone stmcture. In the presence of 
DM, this conformation may be augmented and CLIP itself has been implicated in 
contributing to this open stmcture. Studies have shown that the amino-terminal CLIP 
segment Ii81-89 may interact with a site adjacent to the MHC class II groove to induce 
an open MHC class II conformation (Kropshofer H etal. 1995). Allelic variation has 
also been shown to be a decisive factor on DM dependence. I-Ak MHC class II 
molecules are able to present immunogenic peptides almost as well in DM-negative 
lines as in those containing DM (Brooks AG et al. 1994). In this case DM 
independence is suggested to result from the ability of CLIP to spontaneously release 
from the MHC class II molecule in less than 1 hour, well within the endosomal 
residence time of the MHC class II molecules. This explanation is not true in all cases, 
however. The I-Ad allele, which has a much higher affinity for CLIP, is also able to 
present a set of peptides via a DM-independent mechanism (Stebbins CC et al. 1995).
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In this case the stability of empty MHC class II heterodimers, due to allelic variation 
may influence dependence on DM (Bikoff EK et al. 1995).

DM appears to act in a catalytic capacity. This hypothesis is supported by the 
observations that the kinetics, but not the affinity of peptide binding is affected by DM 
(Sloan VS et al. 1995), and that small amounts of DM facilitate the removal of CLIP 
from MHC class II, thus suggesting that it is released from peptide-loaded cells and is 
subsequently re-used (Denzin LK and Cresswell PA 1995). DM dissociation from 
MHC class II has been attributed to a conformational change in the MHC class II 
molecule on peptide binding (Sadegh-Nasseri S et al. 1994). Alternatively DM binding 
to MHC class II may be pH sensitive, in which case DM would dissociate from MHC 
class II on export to the cell surface and would have to be transported back to the 
endosomal compartment. This mechanism for DM removal gains support from the 
observation that low levels of DM have been detected at the cell surface (Karlsson L et 
al. 1994), and the existence of a retrieval pathway for DM, dependent on the amino 
acids Tyr-Thr-Pro-Leu in the DMp chain cytoplasmic chain (Lindstedt R et al. 1995).

Recent studies have elucidated the cellular compartments where the various 
stages of MHC class II processing take place. The MHC class II a  and P chains are 
synthesised in the ER. Here they form high molecular weight aggregates, firstly 
binding BiP, and then calnexin (Marks MS et al. 1995). Ii also associates at this time, 
and calnexin is released on egress from the ER, the MHC class Il/Ii complexes then 
traverse the Golgi and trans-Golgi network and subsequently arrive at the endocytic 
compartments.

Peptide-MHC class II complexes form in endosomal/prelysosomal 
compartments known as a class II MHC-rich compartment (MIIC). These have a 
multivesicular morphology and are thought to be specialised for antigen presentation 
(Amigorena S et al. 1994, West MA et al. 1994). Ii chain proteolysis and CLIP release 
are also believed to take place here. HLA-DM has also been detected in this 
compartment, however, studies looking at murine B cells have observed HLA-DM and 
peptide-MHC class II complexes more broadly distributed throughout the endocytic 
pathway (Castellino F and Germain RN 1995). The characteristics of these 
compartments, therefore, appear to vary depending on the cell type used. Availability of 
antigenic peptides in these compartments is dependent on factors such as method of 
antigen uptake, selective delivery of antigen to the MIIC and action of proteolytic 
enzymes (Lanzavecchia A 1995). Once peptide loading has occurred, the complex is 
transported to the cell surface via an unknown mechanism. This could involve fusion of 
part of the MIIC directly with the cell surface or by making use of the vesicles utilised 
in the recycling pathway. Transferrin receptors that are known to recycle between the 
endosomes and cell surface, have been detected in the MIIC, thus raising the possibility
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Figure 1.6 Intracellular transport and maturation of MHC class II molecules
The fate of newly synthesized class II a, (3 and Ii chains (bottom right) is followed 
through the cell. Changes in non-covalent associations and processing steps are shown in 
continuous arrows; intracellular transport steps are shown in broken arrows. At branch 
points the thicker arrow denotes the more abundant pathway in normal EBV-transformed 
B cells. Shaded boxes indicate hypothetical intermediates in DM-catalyzed CLIP 
removal. The point at which DM dissociates from ocp-peptide complexes and the export 
pathway from peptide loading compartments to the plasma membrane are unknown. Ii 
has two trimerization domains: one amino-terminal to the CLIP region and the other 
close to the carboxyl terminus of Ii.
* For clarity, nonameric Ii processing intermediates in endosomes are drawn as 
heterodimers.
Reproduced from: Busch & Mellins, 1996,
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that the recycling pathway may be used (Mellman I et al. 1995). An overview of the 
transport and maturation of MHC class II is depicted in Figure 1.6.

Just as exogenously derived antigens are able to be presented by MHC class I, 
endogenous antigen can also be presented by MHC class II. One study, looking at 
processing of live influenza virus, shows presentation of matrix protein (Ml 17-31), in 
a chloroquine-insensitive, brefeldin A sensitive manner. This would suggest the antigen 
binding in the ER, due to absence of acidic endosomal compartments (Nuchtem JG et 
al. 1990). A second study looked at presentation of the influenza virus transmembrane 
antigen H3. Two pathways were identified, both chloroquine sensitive. One involved 
transport of short peptides in a TAP-dependent manner, the other pathway was TAP- 
independent, possibly involving the further processing of the H3 peptides in an 
endosomal compartment (Malnati MS et al. 1992).

1 .4  T lymphocyte development
T lymphocytes differentiate from hematopoietic stem cells into antigen-reactive 

T lymphocytes within the microenvironment of the thymus. Population of the murine 
thymus by these stem cells begins on day 11 of foetal life, with differentiation also 
beginning at this time (Zlotnik A and Moore TA 1995). During foetal life these stem 
cells derive from the yolk sac and liver, in the adult from the bone marrow. In the 
foetus thymic ontogeny proceeds in an ordered fashion, with stem cells maturing in 
waves. The first set of T cells to appear are those expressing the y8 T cell receptor 
(TcR). After a series of y8 waves, a p  TcR-i- cells appear. Studies looking at 
development of yS and a p  T cells by deleting a , p, or 8 TcR genes show that the yS T 
cell population develops independently of the a p  T cells, as ablation of one subset does 
not lead to disappearance of the other (Itohara S et al. 1993, Mombaerts P et al. 1992, 
Philpott KL et al. 1992).

1.5 y 8 T  cells
y8 T cells represent a set of T cells with specificity and function distinct from 

that of a p  T cells. Two subtypes of y8 T cells have been identified. Those present in 
lymphoid tissue appear to originate in the thymus, whereas yS T cells in epithelial tissue 
seem to be of a thymic-independent origin.

The earliest waves of y8 T cells display a complete absence of diversity due to 
lack of expression of the enzyme TdT, responsible for catalysing N-linked 
glycosylation patterns (Allison JP and Havran WL 1991). These precursor cells do, 
however, undergo intrathymic differentiation prior to emigration into the periphery, as 
measured by differential expression of TcR and heat stable antigen (HS A) (Kelly KA et 
al. 1993, Leclercq G et al. 1993). Subsequent y8 T cell waves exhibit restricted y  and 8
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gene segm en t u sage, but exten sive  junctional diversity due to initiation o f  TdT  
exp ression  is n ow  ach ieved  (A sam o w  D M  e t a l. 1993 , Itohara S e t a l. 1993). In 
contrast ep ithelia l yS T  ce lls  express a restricted set o f  tissu e-sp ecific  V -region  gen es  
with no junctional d iversity (Havran W L  and B o ism en u  R  1994).

S tudies u sin g  knockout m ice have been carried out to assess the factors required  
for norm al yS T  ce ll developm ent. C D 3£- and CjX[-deficient m ice established that £ w as  
critical for a(3 T ce ll developm ent, but w as not required for developm ent o f  y8 T cells  
present in either lym p hoid  or epithelial tissues (M alissen  M  e t al. 1993, O hno H e t al.
1993). E pithelia l y8 T ce lls  have subsequently b een  show n to use the F c receptor y 
chain as a com p onen t o f  the C D 3 com p lex  instead o f  ^ (O hno H e t al. 1994). Other 
work look in g at p56*c* -deficient m ice revealed a b lock  in the thym ic developm ent o f  yS 
T cells . A ppearance o f  thym ic-independent yS intestinal epithelial lym phocytes (IELs) 
w ou ld  su ggest a d ifferential requirem ent b etw een  these tw o yS T  cell populations for 
Tp56lc k , and therefore p ossib ly  for other, as yet undeterm ined, developm ental or signal 
transduction m o lecu les  (Penninger J e t  a l. 1993).

Studies o f  p2m mutant m ice report norm al y8 T cell developm ent, w ith no  
abnorm alities in their distribution or V gen e u sage (Correa I e t a l. 1992). Sim ilar  
studies look in g  at M H C  class E -knockout m ice, on ce again indicate there is no role for 
classica l M H C  m olecu les in yS T cell developm ent or expression  in either lym phoid  or 
epithelia l tissue (B ig b y  M  e t a l. 1993). yS T ce ll c lon es and hybridom as that do not 
require M H C  gen e products for antigen recognition  have also been  reported (Havran 
W L  e t  al. 1991, O 'Brien R L  and B o m  W  1991). A  notable exception  b ein g  som e Vy2+ 
T ce ll c lon es that appear to undergo a P -lik e  d evelopm ent and are selected  on M H C  
class I (Pereira P e t a l. 1992, W ells  FB e t a l. 1993).

yS T ce lls  appear to recogn ise a w id e sp ectm m  o f  antigens. Candidates m ost 
likely  to play such a role are keratinocyte antigens, found in the skin (Havran W L  e t al. 
1991), and m ycobacteria l heat shock  proteins (H aas W  e t a l. 1993). V y 3 /V S l, a 
dendritic epiderm al T  ce ll, has been show n to recogn ise se lf  antigens expressed  on  
stressed  neighbouring keratinocytes (Havran W L  e t al. 1991), m urine V y l /V 86 

hybridom a ce lls  recogn ise  m ycobacterially-derived  peptides (O'Brien R L  e t al. 1992). 
M olecular m od ellin g  o f  the com plem entary determ ining region 3 (C D R 3), suggests that 
the yS T cR s are m ore sim ilar to im m unoglobulin  than to  a p  T cR  (R ock  EP e t a l. 1994), 
leading to the hyp oth esis that a p  and y8 T  ce lls  recogn ise antigen in a different w ay. 
Further ev id en ce  supporting this theory cam e from  the observation that M H C  class I 
and cla ss E  antigen p rocessin g pathw ays w ere not needed  for antigen recognition  by  
som e M H C  class I and cla ss E  m olecu le  restricted yS T  ce ll c lon es. In this w ork it w as 
also reported that the yS T ce ll c lon es did not appear to be recogn ising a peptide bound  
w ithin the M H C , but that the T cR  m ay be contacting the M H C  in a region distinct from  
the p eptide-b ind ing groove (Sch ild  H  e t al. 1994).
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1.6 y 8 T cell function
yS T  ce lls  appear to collaborate w ith a p  T ce lls  to m ount effective  im m une  

responses in v ivo  against certain pathogens. M om baerts e t al. se lective ly  depleted m ice  
o f  either y8  or a p  T ce lls . T hey found that either population w as capable o f  e licitin g  a 
primary resp on se to L is te r ia  m on ocy togen es, but on ly  a P  cou ld  provide resistance to 
secondary in fection  (M om baerts P e t  al. 1993). S tudies look in g at m alaria responses  
found increased num bers o f  y8 T  cells , this expansion  appearing to require activated  
C D 4+  T ce lls . R eso lu tion  o f  b lood-stage m alaria also appeared to require the presence  
o f  both T ce ll populations (Van D er H eyde H C e t a l. 1993). T hese studies su ggest that 
yS T  ce lls  p lay a role in conventional T  cell functions, indeed studies have dem onstrated  
that the majority o f  y8 T  ce lls  display cytolytic  activity upon activation (Spaner D  e t al.
1993). D esp ite  the absence o f  C D 4 or C D 8 m olecu les, yS T ce lls  display a sim ilar  
p h enotype to a p  T ce lls  (L eclercq  G  e t a l. 1993, Zorbas M  and S co llay  R  1993). S om e  
y8  T ce lls  require co-stim ulation  through C D 2 8 -B 7  interactions (Sperling A l e t al. 
1993), and the lym p hok in es produced on stim ulation through the antigen-receptor 
appear to be sim ilar to those produced by a p  T  ce lls  (Y am am ota M  e t al. 1993). 
H ow ever, y8 T c e lls , such  as those found in the epiderm is have been  found to release  
unique cytok ines, upon activation these epiderm al y8 T ce lls  produce a keratinocyte- 
sp ecific  grow th factor (Havran W L  e t al. 1991).

In con clu sion , yS T ce lls  collaborate w ith a p  T cells  in the developm ent o f  
protective im m une responses. U nder these conditions they seem  to respond in a sim ilar  
w ay to a P  T  ce lls  regarding production o f  lym phokines or induction o f  cytolytic  
resp on ses. H ow ever , yS T c e lls , a lso  appear to  b e able to produce unique cytok ines, 
dependent on  their location , supporting the hypothesis that resident yS T ce lls  play a 
role in loca l im m une surveillance (Havran W L  and B oism enu R  1994).

1.7 Development of aP T cells
T he fate o f  a hem atopoietic stem  ce ll arriving in the thym us is dependent on its 

interactions w ith  the thym ic stroma. The earliest thym ic im m igrants are know n as 
thym ic lym p hoid  progenitors (TLPs). T h ese ce lls  express the thym ic h om ing receptor  
C D 44 and C D 1 17, w hich  together with the IL-7 receptor prom ote thym ocyte survival 
and grow th. L o w  lev e ls  o f  T h y -1 and heat stable antigen (H S A ) are also expressed  
(Z lotnik  A  and M oore T A  1995). TLPs lack  expression  o f  C D 4, C D 8 and C D 3 leading  
to Shortm an and co llea gu es term ing these ce lls  'triple negatives' (T N s) (W u L  e t al. 
1991). T hey fou n d  that these ce lls  gave rise to all the other thym ocyte subsets, 
su ggestin g  that these w ere the earliest progenitor cells. T hey a lso  observed  d ifferences  
b etw een  progenitors recovered  from  adults com pared w ith those from  a foetus. 
Progenitors from  adult m ice  w ere found to express lo w  lev e ls  o f  C D 4, w hereas those
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from  foetal m ice  did not. It w as also found that upon intravenous injection o f  adult 
progenitors T L Ps ga ve  rise not on ly to T ce lls , but to B ce lls  and C D 8a +  dendritic 
cells , additionally, TL Ps from  a foetal thym us gave rise to natural killer cells.

Induction o f  C D 25 expression  occurs after approxim ately one day in the 
thym us, d efin in g  entry o f  the thym ocytes into the pro-T cell stage (A m agai T  e t al.
1995, M oore T A  and Z lotnik  A  1995). A t this stage the thym ocytes begin  to proliferate, 
and the induction  o f  gen e products such as N F -kB , N F -A T  and A P-1 as w ell as the 
appearance o f  ce ll surface markers such as C D 54  and C D 59 occurs (Zuniga-Pflucker  
JC e t a l. 1993). D esp ite  the acquisition o f  this 'activated' phenotype, the T C R -p and 
T C R -y gen es rem ain in their germ line configurations (D udley EC e t al. 1994). 
C om m itm ent to the T  cell lineage occurs during the transition from  the TLP to the pro-T  
cell. Production o f  the cytok ines I L - la  and T N F -a  occurs at this stage, and these  
cytok ines are b e liev ed  to push the thym ocytes into their 'activated' state by causing  
induction o f  C D 2 5  (Z uniga-Pflucker JC e t a l. 1995).

T he next stage o f  thym ocyte differentiation is characterised by the lo ss  o f  C D 44  
and C D 1 17. T he th ym ocytes are n ow  know n as early pre-T ce lls , 60%  o f  T N  
thym ocytes are at this stage. Proliferation s lo w s dow n, and TC R -P gen e rearrangem ent 
begins. It is at this stage that thym ocyte maturation in m ice w ith severe com bined  
im m une d efic ien cy  (SC ID ) or with a m utated recom binase-activating gene (R A G ) stops 
(Penit C e t  a l. 1995). T he T C R -p protein is n ow  know n to form  a com p lex  (pre-TcR ) 
w ith a 3 3 k D  g lycop rotein  (gp 33) term ed 'pre-Ta'. P re-T a  is a transm em brane protein, 
with a sin g le  extracellular im m unoglobulin-like structural dom ain, and an intracellular 
portion that contains potential signalling m otifs (Saint-R uf C e t a l  1994). T he pre-T cR  
com p lex  transduces a se lective  signal through C D 3e and p56^c^, thereby a llow in g  
differentiation o f  the thym ocytes to the C D 4 + C D 8 +  or double p ositive  (D P ) stage. It is 
b elieved  this signal m ay act by inhibiting further V (D )J recom bination and establish  
alle lic  exc lu sion  at the T C R -p  locu s (A nderson SJ and Perlmutter R M  1995, L ev elt C N  
and E ichm ann K  1995).

D ifferentiation to the late pre-T ce ll stage is characterised by the lo ss o f  C D 25  
exp ression  and further proliferation. F ew  early pre-T ce lls  m ake it to this stage, 
probably due to aberrant rearrangement at the p chain locu s (Penit C e t a l. 1995). The  
T c R -a  locu s b egin s to rearrange at this stage (Z lotnik A  and M oore T A  1995), and  
these n ew ly  syn th esised  a  chains d isp lace the p re-T a  com p lex , w ith the a p  com p lex  
replacing the pre-T cR  com p lex . A t this point expression  o f  the p re-T a  gen e sw itch es  
o ff  and proliferation ceases, resulting in the large D P  thym ocytes ev o lv in g  into sm all, 
resting D P  thym ocytes (Saint-R uf C e t a l. 1994). A n overv iew  o f  the stages o f  
ly m p h o cyte  d evelop m en t described  so  far is d ep icted  in figure 1.7.

T he pre-T cR  com p lex  is thought to act as a checkpoint, ensuring survival on ly  
o f  those thym ocytes that are im m u n ologica lly  usefu l. Prior to the next stages o f  p ositive
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Figure 1.7 Early stages of murine a(3 T cell differentiation
S im p lified  sch em e o f  the stages o f  m ou se  a(3 T  ce ll d ifferentiation  that 
preced e the T C R + C D 4 + C D 8 +  (D P ) stage. T he relative s ize  o f  the th ym ocyte  
sym b o ls in d icate their relative proliferative status.

R ep rod uced  from : Z uniga-P fliicker & Lenardo, 1996.

22



and negative selection, thymocytes are reported to die by apoptosis if successful (3 or a  
chain rearrangements do not occur.

1.8 Positive and Negative selection.
T he T cR a p  com p lexes on the d evelop in g  D P  thym ocytes m ust be able to 

recogn ise  se lf  M H C -peptide com p lexes on the thym ic stroma. T his recognition event 
g ives the thym ocyte a survival signal, and a llow s it to differentiate into a T cR hl C D 4 or 
C D 8 s in g le  p ositive  (SP ) T  ce ll. T his stage is term ed p ositive selection . It has been  
sh ow n  that m ost D P  thym ocytes express T cR a p s  that are unable to recogn ise se lf  
M H C -peptide com p lexes, and these are destined  to d ie by apoptosis within 3 -4  days 
(R ob ey  E  and F ow lk es BJ 1994). T he D P  thym ocytes that are p ositiv e ly  selected  
exp ress on ly  lo w  d en sities o f  the s e lf  M H C -restricted  T cR a p . If, h ow ever, the T cR a p  
com p lex  ligates a higher density o f  s e lf  M H C -peptide com p lexes, or the signal is 
som eh o w  qualitatively different, these thym ocytes are then deleted in the thym us. This 
process is  term ed n egative  se lection  (Janew ay Jr. C A  1994).

1.8 a Positive selection.
P ositiv e  se lection  in v ivo  is associated  w ith a dow n regulation o f  R A G  

exp ression , although com p lete  lo ss does not occur until the mature SP  stage (K ou sk off  
V  e t a l. 1995). In v itro  studies look in g  at the earliest stages o f  p ositive  selection  show  
that cross-link in g  o f  T cR  on T cR 10 D P  thym ocytes causes upregulation o f  T c R a  as 
w ell as C D 5 and B c l-2  (K earse K  e t a l. 1995). Intrathym ic adoptive transfer studies 
su ggest continued en gagem en t o f  the T cR  is required for further maturation and 
differentiation o f  the resulting T cR int/hi D P  thym ocytes into mature SP ce lls  (K isie low  
P and M a izek  A  1995). U se  o f  a reaggregation culture system  lends support to this 
h yp oth esis, sh ow in g  that T cR int/hi D P  thym ocytes generated 10-20  fo ld  m ore SP  
thym ocytes w hen cultured in the presence o f  thym ic epithelial ce lls  than w hen cultured  
alone (W ilk inson  R W  e t  a l. 1995).

TcRint/hi D P  thym ocytes are thought to undergo lineage com m itm ent at this 
stage. T cR int/hi C D 4 + 8 10 and T cR int/hi C D 4 lo8 +  or coreceptor (C R ) transitional 
thym ocyte  populations w ere identified  several years ago (G uidos CJ e t a l. 1990).T w o  
theories have been  put forward to try to explain  the m echanism  o f  p ositive selection.
The first, the instructive m odel, su ggests that differential signalling by C D 4 and C D 8 

causes D P  thym ocytes to extinguish  expression  o f  the other irrelevant C R  (R obey E A  e t  
al. 1991). The stochastic m odel, proposes that T cR  engagem ent by the D P  thym ocytes  
leads to stochastic lo ss  o f  on e o f  the coreceptors (V on B oeh m er H  1986). Studies have  
show n that C D 4lo8 +  d evelop  independently o f  M H C  class I, w h ilst the C D 4 + C D 8 10 

d evelop  independently o f  M H C  class II (D avis C B et al. 1993). T his ev id en ce therefore
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supports the stochastic m od el o f  lineage com m itm ent. The results o f  experim ents  
reported by D yall and N ik o lic-Z u g ic  have caused  them  to question the concept o f  
C D 4+ C D 8 10 thym ocytes b eing com m itted  to the C D 4 lineage. U sin g  intrathymic 
transfer they g iv e  ev id en ce  that a sm all num ber o f  these thym ocytes are able to 
differentiate into C D 8+  T ce lls  (D ya ll R  and N ik olic-Z u g ic  J 1995). Further studies 
have dem onstrated that C D 4 + C D 8 10 phenotype does indeed represent a population that 
contains a m ixture o f  C D 4- and C D 8-com m itted  thym ocytes. H ow ever, the 
C D 4loC D 8 +  population seem s to b e m ade up o f  C D 8-com m itted ce lls  alone, thus 
su ggestin g  lineage com m itm ent at this stage for this set o f  thym ocytes (Lundberg K  e t  
al. 1995, Suzuki H  e t a l. 1995). Suzuki e t  a l  a lso  observed that the appearance o f  
C D 8-com m itted  ce lls  from  C D 4 + 8 10 or C D 4lo8+  w as dependent on prior T cR -M H C  
class I interactions, w hereas appearance o f  C D 4-com m itted  ce lls  from  C D 4 + 8 10 ce lls  
did not depend on interactions b etw een  T cR  and M H C  class II (Suzuki H e t  a l. 1995). 
T his observation led  to the hypothesis that developm ent o f  the C D 8 lineage is governed  
v ia  an instructional m echanism , whereas C D 4  lineage developm ent occurs v ia  a 
stochastic m echanism .

P ositive  selection  requires not on ly  recognition o f  the M H C  by the D P  
thym ocyte, but a lso  o f  s e lf  peptide contained  w ithin the binding groove. S tudies sh ow  
that m ice lacking TA P-1 positively  se lect a d iverse repertoire o f  functional C D 8+ T ce lls  
on ly  w hen  crossed  w ith a m ou se exp ressin g  the human transgene for p2m  (Van Santen  
H M  e t al. 1995). T h is m ay su ggest that se lection  is occurring either on em pty M H C  
class I m olecu les or that the peptides u tilised  are derived from  a T A P-independent  
source. A lternatively , it has been  show n that the non-classical M H C  class lb  m olecu le , 
C D 1, is dependent on p2m , but independent o f  T A P  for its exp ression  (B rutk iew icz  
R R  e t al. 1995). T h e P2m  transgene m ay therefore have restored exp ression  o f  C D 1, 
w hich  w as then u sed  as the se lec tiv e  m olecu le . It has, therefore, been h yp oth esised  that 
CD 1 and other M H C  class lb  m olecu les m ay have som e role to play in the selection  o f  
C D 8+  T ce lls .

E v id en ce is em erging that selection  o f  C D 4 SP T  ce lls  a lso  relies on peptide  
recognition. Ii chain  knockout m ice w ere crossed  with three different M H C  class II- 
sp ecific  T cR  transgenics. P ositive  se lection  did not occur in m ice  expressing tw o o f  the 
T cR  sp ecific ities, how ever, se lection  d id  take p lace in those expressing the third T cR  
(T ou m e S e t al. 1995). T h ese  results indicating peptide p laying a part in the se lection  o f  
these ce lls , although as seen  in the C D 8 selection  studies som e C D 4 ce lls  can be 
selected  by M H C  class II-peptide com p lexes generated independently o f  Ii. Another  
study inserted the transgenes for the Ii chain isoform s p31 and p41 into an Ii knockout 
m ouse. T hey w ere exp ressed  at lev e ls  too  low  to observe norm al peptide loading or ce ll 
surface exp ression  o f  M H C  class II, h ow ever, effic ien t se lection  o f  C D 4 +  T ce lls  w as  
observed  (N aujokas M F  e t a l. 1995). It has been  proposed that the M H C  class II-C LIP
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com p lex  m ay be responsib le for m ediating the efficien t positive selection  seen  in these  
m utant m ice  (G uidos CJ 1996).

T his w ork  therefore su ggests a direct role for Ii in C D 4+  T ce ll p ositive  
se lection , as op p osed  to its requirem ent m erely to restore M H C  class II and peptide 
load in g to norm al lev els .

1.8 b Negative Selection
A s m entioned  above, any D P  thym ocyte expressing a TcR a(3 com p lex  sp ecific  

for s e lf  M H C -peptide m ay be deleted  under certain circum stances w ithin the thym us. 
T his p rocess m ust occu r to enable the deletion  o f  T  cells  w ith receptors sp ecific  for se lf­
peptides and self-M H C , thus preventing self-reactive SP T ce lls  em igrating from  the 
thym us resulting in the potential for autoim m une disease. T w o m echanism s have been  
proposed  to explain  the phenom enon o f  n egative selection. The first, term ed the affinity  
m od el predicts that the ligation o f  a lo w  num ber o f  se lf  M H C -peptide com p lexes by the 
TcR a(3 on the D P  thym ocyte results in p ositive  selection  with ligation o f  a larger 
num ber o f  s e lf  M H C -peptide com p lexes resulting in negative selection . A lternatively, 
the differential signalling m od el su ggests that it is the nature o f  the peptide-M H C  
com p lex  that decides the fate o f  a sp ecific  T c R a p  D P  thym ocyte. In this case  ligation o f  
the T cR  w ith  a certain peptide-M H C  com p lex  w ould  result in a signal being generated  
resulting in p ositive  se lection , how ever, interaction with other peptide-M H C  com p lexes  
w ou ld  result in a qualitatively different signal leading to negative selection .

O ne requirem ent for thym ic deletion is for any autoantigenic peptide derived  
from  se lf  proteins to b e  presented at su ffic iently  high density to a llow  a threshold o f  
receptor occu p ancy to  be reached. For peptides w ith  low  affin ities for their M H C  
m olecu les, the density o f  peptide-M H C  com p lexes form ed m ay not be su fficiently  high  
to result in  deletion. Several groups have observed  this lack o f  deletion  resulting from  
lo w -affin ity  autoantigenic peptides interactions (Joosten I e t al. 1994, L iu  G Y  e t al. 
1995). Other groups h ave show n that T ce lls  w ith  low  affin ity /avid ity for M H C  
exp ressin g ce lls  in the thym us are also able to escape intrathymic deletion  (K aw ai K  
and O hashi PS 1995). T his study sh ow ed  that in the periphery these ce lls  cou ld  
function as im m unocom petent T  ce lls  i f  triggered by cross-reactive antigens through  
high-affin ity  interactions.

Increasing ev id en ce  has em erged  that the costim ulatory m olecu les responsible  
for determ ining the fate o f  a mature peripheral T  cell on ligation o f  its T cR , also play a 
role during thym ic developm ent. Punt e t a l. have show n that T ce ll apoptosis driven via  
the C D 3 m olecu le  requires costim ulation  through C D 28 (Punt JA  e t  a l. 1994). Studies 
look in g  at T cR  transgenic m ice  sh ow ed  that cross-linking C D 28 on D P  thym ocytes  
com p lem ented  peptide agonist-induced  deletion. I f  these thym ocytes w ere cultured  
together w ith  peptide presented on A P C s exp ressin g on ly B 7-1 or B 7 -2 , T  ce ll deletion
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cou ld  be b locked  on  addition o f  an ti-B 7-l or anti-B 7-2 antibodies (K ruisbeek A M  and 
A m sen  D  1996). A dditionally , the ligand for C D 40 , gp39 is  also purported to play a 
role in the T ce ll thym ic education. gp 39 d eficient m ice display a lack o f  B 7 -2  
exp ression  in the cortical m edullary region , w hich  correlates w ith their strongly reduced  
d eletion  o f  thym ocytes sp ecific  for en d ogen ou sly  expressed  self-antigens. W ithin the 
thym us gp 3 9  is exp ressed  on T ce lls , C D 4 0  on  thym ic epithelial and dendritic cells. 
L igation  o f  C D 4 0  by gp 39 is reported to increase expression  o f  B 7-1 and B 7 -2  on  
peripheral B  ce lls  (R oy M  e t al. 1995), and it is therefore hypothesised  that gp 39  m ay  
be affectin g B 7  exp ression  on thym ic A P C s (F oy T M  e t a l. 1995).

In sum m ary, these m echanism s are d esigned  to produce T ce lls  capable o f  
responding to pathogens and to prevent any potentially autoreactive ce lls  from  escaping  
into the periphery. In reality, the process o f  intra-thym ic negative selection  is not fa il­
safe and som e self-reactive T  cells  do evad e this checkpoint and escap e into the 
periphery. H ere, further m echanism s are em p lo yed , such as induction o f  antigen- 
sp ecific  n on resp on siven ess, im m une deviation  and elim ination to avoid  induction o f  
autoim m une d iseases.

1.9 The TcR complex
On leaving the thym us mature T  ce lls  enter the bloodstream  from  w hich  they 

m igrate through peripheral lym phoid  organs, returning to the bloodstream  to recirculate 
until they encounter antigen. A ntigen  is presented to T ce lls  b y three types o f  
professional antigen presenting ce ll (A P C ). There are the dendritic ce lls , w hich  capture 
antigen at peripheral sites and m igrate to secondary lym phoid organs w here they trigger 
naive T  ce lls  (Steinm an R M  1991). M acrophages, that are distributed throughout the 
lym ph node and are able to actively in gest particulate antigens, and B  ce lls , present in 
the lym phoid  fo llic le s  are particularly effic ien t at taking up soluble antigen. It has been  
reported that as few  as 100 peptide-M H C  com p lexes (D em otz S e t al. 1990) are needed  
to en gage and trigger as m any as 1800 T cR s (Valitutti S e t  a l. 1995).

T he T cR -M H C  interaction has been  studied exten sive ly  over the past few  years. 
T he T cR  has been  show n to recogn ise  on ly  M H C -peptide com p lexes, and fa ils to bind  
either in iso lation  (D av is  M M  and Bjorkm an PJ 1988). Jorgensen e t al. have show n  
that the first and secon d  com plem entarity determ ining regions (C D R 1 and C D R 2)  
recogn ise  the M H C  m olecu le , w hilst C D R 3 binds the peptide (Jorgensen JL e t al.
1992). S tudies o f  the rotational orientation o f  the M H C -T cR  interaction have resulted in 
tw o  op p osin g  m od els. T he first by Jorgensen e t a l  su ggests that the T c R -V a  dom ain  
binds to the M H C  class II P chain a -h e lix  (Jorgensen JL e t a l. 1992), w hereas H on g e t  
al. prop ose that the T c R -V a  dom ain binds to the M H C  class II a  chain (H on g S-C  e t  
a l. 1992). T h ese tw o  groups look ed  at d ifferent T cR s and M H C  m o lecu les , w hich  m ay  
exp lain  w h y the radical d ifferences in b inding w ere seen. A  third m od el su ggested  by
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Janew ay e t  a l. proposes that the T c R a  chain straddles the am ino terminal end o f  the 
M H C  cla ss II-bound peptide, w h ile  the T cR p chain covers the carboxy term inal end. 
T hey a lso  su ggest that the T cR -C D R 2 loop  m ay b e in volved  in peptide binding, along  
w ith C D R 3 (Janew ay Jr. C A  e t  al. 1995). It has been  argued that the top o logy  o f  the 
T cR -M H C  can indeed  vary, and that it is probably determ ined by such factors as the 
nature o f  the bound peptide and w hether the T cR  is interacting with an M H C  class I or 
M H C  c la ss  II m o lecu le  (figure 1.8) (C hein  Y -H  and D a v is  M M  1993 , G arcia K C  e t  
a l  1996).

A s m entioned  previously , as few  as 100 M H C -peptide com p lexes are needed  to 
trigger a T ce ll response. It has also been  reported only 0.8%  (out o f  - 4 0 0 0  m olecu les  
per ce ll) o f  H -2 A k m olecu les on B  ce lls  contain the im m unodom inant peptide from  a 
pulsed  antigen. T o ach ieve this sen sitiv ity  and sp ecificity , it w ould  be predicted that, 
like antibod ies, the T cR  has a high affin ity for its ligand. H ow ever, the affin ity o f  the  
T cR  for its ligand is extrem ely  broad, b etw een  10~4 and 10'7M , w hereas for an 
antibody that has undergone affinity maturation it is in the range o f  10"9 to 10_10M  
(D av is M M  1990, S yk u lev  Y  e t a l. 1994). A dditionally, the T cR  has also been  found to 
have a very rapid kinetic d issociation  rate o f  betw een  3 - 9 x l0 -2 secon d s ' 1 (Corr M  e t al.
1 9 94 ).

T h ese  fin d in gs therefore raise the intriguing question, h ow  can the T cR  bind its 
ligand w ith  such lo w  affin ity and short duration, and yet exh ibit such high sensitivity  
and sp ecific ity?  T w o  theories have been  suggested . The first, proposes that the 
signalling m echanism  o f  the T cR -M H C  com p lex  is extrem ely efficien t, such that even  
lo w  T cR  occupancy w ou ld  lead to  T ce ll activation. L igation o f  the T cR  com p lex  leads 
to phosphorylation o f  im m unoreceptor tyrosine-based activation m otifs (IT A M s), 
present in  the cytop lasm ic region o f  the T cR  com p lex chains, thereby initiating the 
signa llin g  cascade. IT A M  m ultim ers are in volved  in the signalling process, su ggestin g  
that they m ay p ossess the capacity to am plify the signal from  the T cR  (Irving B A  e t al.
1993). T h e secon d  theory, proposes that high receptor occupancy is ach ieved  by the 
serial ligation  o f  m any T cR s by relatively few  M H C -peptide com p lexes (Valitutti S et 
al. 1995). T his group found that w ithin  the first 2-3  hours o f  T  ce ll activation, large  
num bers o f  the T cR  com p lexes w ere dow nregulated, w ith  irrelevant receptors 
rem aining unaffected. T his e ffec t w as m ost dramatic w hen look in g  at lo w  densities o f  
M H C -peptide com p lexes. In such a situation it w as observed that - 1 0 0  M H C -peptide  
co m p lex es  cou ld  trigger up to 1800  TcR s.

W hat triggers the signa llin g cascade has, as yet, not been fu lly  elucidated . S om e  
groups prop ose that on T cR -M H C  dim erisation, provided a preset threshold  is 
ach ieved , signal transduction w ill be triggered (D avis M M  1995, Em m rich F  1988). 
Others b e liev e  this v iew  is too sim plistic, and that M H C -peptide com p lexes induce a

27



b

F ig u r e  1.8a T h r e e -d im e n s io n a l s tru c tu re  o f  a n  a p  T C R
2C TCR is a murine receptor of a cytotoxic T cell with specificity for MHC 
class I H-2Kb molecules. The a  chain is in pink (residues 1-213), with the p 
chain in blue (residues 3-247). The P strands are represented as arrows and 
labelled according to the standard convention used for Immunoglobulin folds. 
The disulphide bonds (yellow balls for sulphur atoms) are shown within each 
domain and for the COOH-terminal interchain disulphide. The CDRs are 
numerically labelled (1 to 4) for each chain.
F ig u r e  1 .8b  T h e  T C R -p e p tid e -M H C  in tera c tio n
Backbone tube representation of the orientated 2C-H-2Kb-peptide complex. The 
peptide-MHC is below with the octamer peptide (ova peptide EQYKFYSV) 
shown as a large tube in yellow. The 2C TCR is above with the a l  and a 2  

CDRs coloured pink; aHV4, white; CDRs pi and p2, blue; pHV4, orange; 
CDR3s, yellow.
Reproduced from: Garcia et al, 1997.
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conform ational change in the T cR  that results in T  ce ll activation (Karjalainen K  1994, 
V ign ali D A A  and Strom inger JL 1994). D im erisation and clustering o f  the T cR  
co m p lex  d oes occur under certain circum stances. Studies using T  ce lls  sp ecific  for 
haptens, w h ich  bind in the absence o f  M H C  m olecu les, sh ow  that activation on ly  
occurs w h en  m ultim erised  haptens are used  (Sym er D E  e ta l .  1992). Furthermore, the 
M H C  class II m olecu le  has been show n to ex ist in a dim eric form  w hen crystallised  
(B row n JH e t a l. 1993), these dim ers w ere also identified  by im m unoprecipitation from  
m urine B  ce lls  (Schafer PH  and P ierce S K  1994). D avis has proposed that cocapping  
o f  the surface m olecu les betw een  the T cell and the antigen presenting ce ll m ay occur 
(D av is  M M  1995). T h is w ou ld  provide a m echanism  by w hich M H C  class II 
dim erisation could  take p lace, bearing in m ind that a sm all number o f  M H C -peptide  
com p lexes m ust be able to d im erise from  w ithin a sea  o f  irrelevant ce ll surface 
m olecu les. A lternatively , Janew ay and others propose that m onovalent interactions 
result in the T cR  undergoing a conform ational change thereby triggering T cell 
activation  (Janew ay Jr. C A  e t al. 1995, V alitutti S e t  al. 1995). T his phenom enon  is  
w ell docum ented  for antibodies b inding short peptides. T hey have been  show n to alter 
their V h :Vl  alignm ent b y as m uch as 10A  (Stanfield  RL e t al. 1993). A ssem b ly  o f  the 
com p lem ent C l com p lex  is also accom panied by conform ational changes (Arlaud GJ e t  
al. 1993). Interestingly, on binding its receptor, the m onom eric ligand epiderm al 
grow th factor (EG F) induces a conform ational change, this subsequently leads to 
receptor dim erisation (Fantl W J e t  al. 1993).

1.10 Signal Transduction in T lymphocytes.
T he TcR a(3 and TcR yS chains are associated  with the non-polym orphic chains 

C D 3e, C D 3y, C D 3 8  as w e ll as w ith either the T c R ^  or TcR^rj d im ers. T h ese  non- 
polym orphic chains are required for signa llin g as w ell as for T cR  assem b ly  and  
exp ression  at the ce ll surface (A sh w ell JD and K lausner R D  1990). Each T cR  can  
contain  on e TcR ^ dim er and tw o C D 3 dim ers (e 8 and ey). A s m entioned  above, regions  
in  the cytop lasm ic dom ains o f  these chains contain IT A M s, three in the T cR £ chain and 
one in  each  o f  the C D 3 chains (Cam bier JC 1995). The T cR  can therefore contain a 
total o f  ten IT A M s. It is know n that these m otifs are necessary and su ffic ien t for  
cou p lin g o f  the T cR  to the intracellular signalling m achinery. On T cR  activation, the 
tyrosine residues w ithin  the IT A M s b ecom e phosphorylated by the Src fam ily  protein- 
tyrosine k in ases (PT K s) (V an Oers N S  e ta l .  1996). T his phosphorylation even t is 
ach ieved  in tw o w ays. F irstly, receptor cross-link in g  m ediated by L ck  and Fyn and 
secon d ly  interactions b etw een  the antigen receptors and PTK s associated  w ith c o ­
receptor or accessory m olecu les result in IT A M  phosphorylation. It has been proposed  
that IT A M  phosphorylation by kinases directly associated with the IT A M  m ay be
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distinct from  phosphorylation m ediated v ia  co-receptor m olecu les. Support for this 
hyp oth esis has co m e from  signa llin g studies in thym ocytes.

In C D 4 + C D 8 +  thym ocytes the T cR £ chains are constitutively phosphorylated, 
h ow ever , these th ym ocytes are poorly resp on sive to T cR  cross-link ing . Z A P -70  has 
b een  sh ow n  to be associated  w ith these phosphorylated £ chains, but in an inactive and 
unphosphorylated state (M adrenas J e t al. 1995). Studies by W iest e t al. have show n  
lo w  lev e ls  o f  L ck associated  with C D 4 in thym ocytes that are engaged  to M H C  class II 
m olecu les. T hey propose that upon d isengagem ent o f  the thym ocyte from  the M H C  
class II, assem bly o f  C D 4-L ck  com p lexes takes p lace, resulting in acquisition o f  
resp on siven ess to T cR  cross-link in g (W iest D L  e t a l. 1993). In this case  the C D 4-L ck  
com p lex  m ay not be acting by phosphorylating the IT A M  com p lex  itself, but rather the 
Z A P -70  m olecu le , constitutively  bound to the TcR ^ chain.

R egulation o f  the catalytic activity o f  the Src-fam ily PTK s is m ediated via  
tyrosine phosphorylation. A utophosphorylation o f  tyrosine at p osition  4 1 6  (Y 4 1 6 )  
w ithin the Src catalytic dom ain upregulates Src activity, w hereas phosphorylation o f  
Y 5 2 7  inhibits Src function . Y 5 2 7  phosphorylation is regulated by the protein tyrosine  
phosphatase C D 45. It is  proposed  that the balance betw een  kinases and phosphatases  
acts in this w ay to set the threshold for antigen receptor signalling (Chan A C  and Shaw  
A S  1996). Studies have dem onstrated that Src PTK s binding to IT A M s, leads to the 
com peting o f f  o f  the negative  regulatory tyrosine present in the SH 2 dom ain o f  the Src 
PTK . T his results in stim ulating the catalytic activity o f  the Src PTK  (F lasw inkel H  and  
R eth M  1994 , Johnson S A  e t a l. 1995).

P hosphorylation  o f  both tyrosine residues within the IT A M s b y the Src kinases  
m ediates Z A P -7 0  b ind ing v ia  its S H 2 dom ains to the phosphorylated sites. L ck  or Fyn  
subsequently phosphorylate the Y 4 93  residue, located w ithin  the kinase dom ain o f  
Z A P -70 , resulting in Z A P -7 0  activation (Chan A C  e t al. 1995, W ange R L  e t al. 1995). 
Z A P -70  activation has an absolute requirem ent for phosphorylation o f  the Y 493  
residue. S tud ies sh ow  that Z A P -70  is constitutively  associated  w ith  the phosphorylated  
T cR  in both resting thym ocytes and peripheral T  ce lls  (M adrenas J e t a l. 1995, Van  
Oers N  e t  a l. 1994). Furtherm ore, b inding o f  the Z A P -70  to the IT A M  alone has no  
effec t on its catalytic activity (N eum eister E N  e t al. 1995).

S yk , a PT K  b elo n g in g  to the sam e fam ily  as Z A P -70 , a lso  binds the doubly  
phosphorylated IT A M s. It is  unclear w hether Src k inases are n eeded  for Syk  activation  
as studies indicate that S y k  can be activated by binding to the phosphorylated IT A M s  
alone (Couture C e t  a l. 1994).

Substrates o f  Z A P -7 0  and S yk  have proved d ifficult to identify , and it now  
appears that they th em selves are on e o f  their m ost important substrates. S tudies sh ow  
that activation o f  Z A P -70  and S yk  results in the generation o f  m ultip le phosphorylation
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sites that probably act as binding sites for dow nstream  effector m olecu les (Chan A C  e t 
a l. 1995 , N eu m eister E N  e t a l. 1995). The auto-phosphorylated receptors are n ow  able 
to recruit S H 2-con ta in in g  sign a llin g  proteins, and Lck, Fyn, ras-G A P, abl, vav and cbl 
have all been  identified  associated  w ith  Z A P -70  (Foum el M  e t al. 1996 , K atzav S et al. 
1994 , N eu m eister  E N  e t a l. 1995). O ther proteins that have been found to undergo  
tyrosine phosphorylation  fo llo w in g  T cR  cross-link in g include L N K  and SL P -76.
T h ese  tw o  proteins associate  w ith Grb2 and phospholipase C (PL C ) after T cR  
stim ulation, and m ay be in volved  in Z A P -70  gain ing access to the Ras and calcium  
pathw ays (H uang X  e t a l. 1995, Jackm an JK  e t  a l. 1995).

A ctivation  o f  PLC  leads to the hydrolysis o f  phosphatidylinositol 4 ,5 -  
bisphosphate y ie ld in g  the secondary m essen gers inosito l 1,4 ,5-trisphosphate (IP 3) and 
d iacylg lycerol (D A G ). D A G  activates protein kinase C (PK C ), w hereas IP3 increases  
intracellular calcium  concentration (W eiss A  and Littman D R  1994). A ctivation o f  
calcineurin also leads to increase in intracellular calcium  levels. Ras is a 21k D  G TP- 
binding protein. On T cR  activation, R as is converted  from  the G D P  to G TP state 
(D ow n w ard  J e t a l. 1992 , M cC orm ick  F  1993). PTK s m ay m ediate this change v ia  
guanine n u cleotid e exch an ge proteins such as sos and vav (Cantrell D  1994). 
D ow n stream  effectors o f  R as include R af-1 , M E K  and M A P -kinase (C rew s C M  and 
E rikson R L  1993 , N e l A E  e t al. 1990).

D ow n stream  o f  R as, m itogen-activated  protein kinases (M A P K s), a group o f  
serine/threonine sp ecific  protein k inases are activated. Several M A P K s have been  
identified  and it has b ecom e clear that they are able to transduce the signals they receive  
in qualitatively different w ays. A t least three M A P K  cascades that result in gen e  
expression  have been  identified . T h ese cascades are the E R K 1/2 (extracellular signal 
regulated k inase) M A P K  cascade, the JN K  (Jun N -term inal k inase) M A P K  cascade and  
the p38 M A P K  cascade. A ctivation  o f  the E R K 1/2  and JN K  cascad es results in  
induction o f  c -fos  transcription (C av igelli M  e t al. 1995, Price M A  e t a l. 1995), in 
addition JN K  activation induces transcription o f  c -jun  (Price M A  e t a l. 1995). T he  
gen es affected  by activation o f  the p38 M A P K  cascade are as yet unknow n.

B oth  c -fo s  and c -jun  are know n as 'im m ediate-early' gen es, m eaning their  
transcription is rapidly induced fo llo w in g  ce ll activation, independently o f  de n ovo  
protein syn thesis. Transcription o f  c -fo s  and c -jun  v ia  the E R K  and JN K  pathw ays, 
results in the form ation o f  c -F os and c-Jun w hich  dim erise form ing A P-1 heterodim ers 
(Su  B  and Karin M  1996). A P-1 heterodim ers m ediate their effec t by binding the IL-2  
gen e, resulting in its transcription. A P-1 m ust bind to the EL-2 gen e in conjunction with  
N F A T -1 , a transcription factor b elo n g in g  to the NF-K B/rel fam ily , for IL -2 m R N A  
transcription to proceed  (Jain J e t a l. 1992). A  b rief schem atic diagram  o f  h ow  the 
signa l transduction p ath w ays in terconnect is  sh ow n  in f ig u r e  1.9.
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T he M A P K  cascades serve an important function in both T and B lym phocyte  
activation. L igation o f  the antigen receptors results in rapid activation o f  the 
R a s/R af/E R K l k inase cascade, and inhibition o f  these pathways using dom inant 
n egative R as or R af has been  show n to b lock  T  ce ll activation (Izquierdo M  e t ah
1994). H ow ever, stim ulation o f  the E R K 1/2  cascade alone is not su fficient to activate T 
ce lls , this observation therefore supporting the finding that T ce ll activation requires c o ­
stim ulatory signals, in addition to antigen receptor occupancy (Schw artz R H  1992). 
Studies sh ow  that the E R K 1/2 cascade is activated by ligation o f  the T cR /C D 3 com p lex  
alone. T h e JN K  cascad e, how ever, requires tw o stim uli, on e com in g from  antigen  
receptor occu p ancy , the other from  the C D 28 coreceptor (Su B e t al. 1994). JN K  
activation can be ach ieved  by sim ultaneous treatment o f  phorbol ester and Ca2+ 
ionophore. It has a lso  been  observed  that the JN K  cascade is inhibited on treatment 
w ith cyclosp orin  A  (C sA ) (Su B e t al. 1994). The target o f  C sA  is calcineurin , thus 
su ggestin g  its p ossib le  in vo lvem en t in JN K  activation. JN K  therefore seem s to act in 
concert w ith  signa llin g pathw ays other than Ras. T o  this end, cA M P  has been  sh ow n  to 
inhibit the JN K  pathw ay, w hilst not affecting the E R K 1/2 cascade (H sueh Y P  and Lai 
M Z  1995).

1.11 The role of costimulation.
A s m entioned  in the previous section  T  ce ll activation is dependent on tw o  

distinct signals; on e com in g  from  the T cR , the other from  the interaction o f  c e ll surface 
m o lecu les  provid ing costim ulatory signals. T his concept w as first put forward by  
Lafferty e t  al. w h o  sh ow ed  that foreign  tissu es depleted  o f  'passenger leukocytes' w ere  
unable to induce a productive im m une response (Lafferty KJ e t al. 1993). Further 
studies sh ow ed  that stim ulation o f  T  ce lls  w ith  anti-T-cell receptor antibodies, 
m itogen ic lectins in the absence o f  v iab le antigen-presenting ce lls  or fixed  antigen- 
presenting ce lls  resulted in neither clonal expansion  nor interleukin-2 (IL -2) production  
(M ueller D L  e t a l. 1989 , Schw artz R H  1992). C D 28 is expressed  con stitu tively  on both  
resting and activated C D 4 +  and C D 8 +  T ce lls  (Harding F A  e t a l. 1992, Schw artz R H
1992) and on  activation T ce lls  express a secon d  coreceptor, C T L A -4. C T L A -4  is 
prim arily found intracellularly, and its lim ited  ce ll surface expression is regulated by  
T cR  en gagem en t (L in sley  PS e t a l. 1996). W ork by K rum mel and A lliso n  has 
dem onstrated that by varying experim ental conditions anti-C TL A -4 m A b s cou ld  either 
inhibit or stim ulate T ce ll activation, suggesting that the outcom e o f  the T ce ll receptor 
en gagem en t is u ltim ately determ ined by integration o f  signals provided by both the 
C T L A -4 and C D 28 m olecu les (K rum m el M  and A llison  J 1995). B oth  receptors bind to 
the B 7  fam ily  o f  m o lecu les, w hich  includes at least tw o ligands, B 7-1 (C D 8 0) and B 7 -  
2 (C D 86) (June C H  e t ah  1994). B lo ck in g  C D 2 8 -B 7  interactions w ith m onovalent  
'Fab' fragm ents o f  an ti-C D 28 or B 7 -sp ec if ic  antibodies has a lso  been  sh ow n  to prevent
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activation o f  C D 4 +  T ce lls  (B ou ssio tis  V A  e t a l. 1994c, L insley PS and Ledbetter JA
1993). B 7 -1  and B 7 -2  both have lo w  affin ities for C D 28 and high affin ities for C T L A - 
4 , h ow ever  their b inding k inetics differ, w ith  B 7 -2  having faster d issociation  kinetics  
(L in sley  PS e t a l. 1994). On stim ulation o f  the antigen presenting ce ll, B 7 -2  expression  
is  induced  m ore rapidly than B 7-1  (L en sch ow  DJ e t al. 1994). H ow ever, B 7-1  
exp ression  predom inates fo llo w in g  antigen exposure or during inflam m atory conditions  
(L en sch ow  DJ e t a l. 1996). T h ese findings have led  to the hypothesis that the early  
expression  o f  B 7 -2  m ay be indicative o f  its role in initiating an im m une response, 
thereby p lay in g  a p ivotal role in the decision  b etw een  T cell activation and anergy. B 7 -  
1, on the other hand, being expressed  later, m ay function by am plify ing or regulating  
an on g o in g  im m une response (T ivol E A  e t  al. 1996).

T h e d ifferences in binding affin ities that the B 7 ligands have for C D 28 and  
C T L A -4 m ay determ ine w hich interactions i.e. B 7 -C D 28  or B 7-C T L A -4 predom inate  
at d ifferent stages o f  the im m une response. In this scenario, low  lev e ls  o f  B 7  w ou ld  
en gage the h igh  affin ity inhibitory receptor C T L A -4. W hereas on B 7  upregulation, for 
exam p le after antigen encounter, the predom inant interaction w ould  be w ith the low  
affin ity C D 28 receptor and B 7 .1 , resulting in T  ce ll proliferation and differentiation. It 
w ou ld  b e en v isaged  that this im m une response w ou ld  in turn be regulated, as a result o f  
the upregulation o f  C T L A -4 fo llow in g  T ce ll activation. B 7  w ou ld  now , on ce  again, 
predom inantly bind the C T L A -4 receptor thereby terminating the T ce ll response (T ivol 
E A  e ta l .  1996).

T he first insight that stim ulation o f  the C T L A -4 m olecu le  resulted in a negative  
signal cam e from  in v itro  studies look in g at the effects o f  anti-C TL A -4 m onoclonal 
antibodies (m A b s) on T  ce ll stim ulation. It w as found that in the absence o f  anti-C D 28  
m A bs, anti-C T L A -4 m A bs w ere unable to provide a costim ulatory signal to purified T  
ce lls  activated w ith  anti-C D 3 m A bs. W hen C T L A -4 m onovalent Fab fragm ents w ere  
used  to b lo ck  B 7 -C T L A -4  interactions, proliferation o f  T  ce lls  that had been activated  
using anti-C D 3 m A b s and costim ulated w ith  anti-C D 28 m A bs w as augm ented. 
Furtherm ore, under conditions o f  Fc cross-link ing , C T L A -4 m A bs inhibited T  ce ll 
proliferation (K earney E R  e t  a l. 1995). D irect ev id ence for the role o f  C T L A -4 in 
negatively  regulating T cell activation cam e from  the phenotype o f  C T L A -4 gen e  
knockout m ice  (C T L A -4-/-). T hese m ice d evelop ed  a spontaneous lym phoproliferative  
d isease w ith  m ultiorgan lym phocytic infiltration and tissue destruction. The m ice  also  
disp layed  severe m yocarditis and pancreatitis and died by 3 -4  w eek s o f  age. T he  
peripheral T  ce lls  from  these m ice  w ere activated and proliferated spontaneously in v itro  
producing abundant cytok ines. It is hypothesised  that the lym phoproliferation observed  
in these m ice  m ay b e due to a failure to delete autoreactive cells in the thym us, a failure 
to term inate an tigen-sp ecific  responses or a failure o f  antigen-specific apoptosis o f  
activated T ce lls  (T ivol E A  e t al. 1995, W aterhouse P e t al. 1995).
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T h e phenotype o f  these m ice a lso  suggests, contrary to the hyp oth esis that T cR  
signa llin g in the absence o f  costim ulation results in peripheral tolerance, that 
costim ulation  plays an essential role in m aintaining tolerance to se lf  antigens, w ith  
n egative signalling v ia  C T L A -4 regulating autoreactive T  cells. A  recent study lends  
support to this h ypothesis. T ransgenic m ice  expressing solub le C T L A -4-Ig  w ere found  
to respond com parably to w ild  type m ice  on adm inistration o f  SE B . V(38+ T  ce lls  
expanded  and w ere subsequently deleted . H ow ever, w hereas the rem aining V(38+ T  
ce lls  in the w ild  type m ou se w ere tolerant on SEB stim ulation in v itro , the rem aining  
V p 8 +  T  ce lls  from  the transgenic m ice  w ere found to be responsive to the superantigen  
in v itro . A s the C T L A -4-Ig  w ill have bound any B 7  ligands, it w ill have prevented  
interactions o f  the B 7  fam ily m em bers with C D 28 and C T L A -4. T hese findings thereby  
su ggestin g  that a B 7-dependent m echanism  is n eeded  for tolerance induction (Lane P e t  
a l. 1996 ).

G en e knockout tech n o logy  has also provided insights into the roles p layed  by 
the C D 28 and B 7  m olecu les. D evelop m en t o f  T  and B  cells  in C D 28 d eficient m ice  
appeared norm al. H ow ever, T  ce ll proliferative responses to the lectin  concanavalin  A  
w ere sign ifican tly  reduced. A dditionally , reduced lev e ls  o f  IL -2 w ere secreted, IL-2  
receptor expression  w as decreased  and addition o f  exogen ou s IL-2 on ly  partially  
restored the proliferative response. B asal im m unoglobulin  lev e ls  w ere found to be  
about on e-fifth  o f  those found in w ild  type controls. A ctiv ity  o f  T  helper ce lls  w as  
sh ow n  to b e reduced, and im m unoglobulin  c lass sw itch ing im paired after vesicu lar  
stom atitis virus in fection . H ow ever, cy to tox ic  T  ce ll function cou ld  still be induced  as 
w ell as a d elayed-type hypersensitivity reaction (Shahanian A  e t a l. 1993). T his study 
therefore indicated that cell-m ediated  responses appear dependent on the C D 28  
costim ulation  pathw ay, w hereas hum oral responses m ay utilise an alternate 
costim ulatory pathway.

A t around the sam e tim e, w ith  the ex isten ce o f  the B 7 -2  m olecu le  still 
unknow n, a B 7-1  d efic ien t m ou se w as m ade. T he B 7 -1 -/-  m ice  p o ssessed  norm al 
num bers o f  thym ocytes w hich  appeared to mature norm ally. T hey also had norm al 
num bers o f  C D 3+ , B 2 2 0 + , C D 4 +  and C D 8 +  ce lls  in the lym ph n od e and sp leen . The  
concentrations o f  im m unoglobulins in their serum  w as sim ilar, and sp leen  ce lls  
responded sim ilarly to the B ce ll m itogen  lipopolysaccharide and the T  ce ll m itogen  
con can avalin  A . R esp on se to a lloantigens w as, how ever, decreased by 70%  com pared  
w ith w ild  type m ice, w ith  the residual response b ein g b locked  on adm inistration o f  
C T L A -4-Ig  (Freem an GJ e t a l. 1993b). T his lack o f  a dramatic phenotype as seen  for 
the C D 28 and C T L A -4 knockout m ice  w as explained  by the ex isten ce o f  additional 
C T L A -4 counter-receptors. Freem an e t al. and others, then go in g  on to c lo n e  the B 7 -2  
receptor (A zu m a M  e t a l. 1993, Freem an GJ e t  a l. 1993a, Freem an GJ e t a l. 1993).

35



M anipulation o f  the B 7 -C D 28 /C T L A -4  pathway in m odels o f  autoim m unity  
using m A b s have show n that the initiation o f  an autoim m une response as w ell as an 
on goin g  autoim m une p rocess can be prevented. C T L A -4-Ig protected against 
experim ental autoim m une encephalom yelitis (E A E ) induced by either im m unisation  
w ith activated m yelin  basic protein (M B P )- or proteolipid protein (P L P )-specific T  
cells . A n  e ffec tiv e  long-term  suppression o f  the clinical and h isto log ica l sym ptom s o f  
E A E  w as observed, even  after cessation  o f  C T L A -4-Ig treatment (C ross A H  e t al.
1995). Sim ilar observations have been m ade in fem ale n on ob ese diabetic (N O D ) m ice. 
H ere, C T L A -4-Ig  treatment o f  2 w eek  old  m ice led  to a greatly reduced incidence o f  
diabetes, w ith adm inistration o f  the C T L A -4-Ig  at the onset o f  d iabetes resulting in  
reduced insu litis (L en sch ow  DJ e t  al. 1995). In depth studies o f  the E A E  m odel, 
how ever, reveal the d ifficu lties in predicting d isease outcom e using m A b therapies. 
R acke e t al. found that a sin g le  injection o f  C T L A -4-Ig tw o days post im m unisation  
cou ld  reduce the d isease, w hereas m ultip le C T L A -4-Ig injections (from  day -1 to day 
17) led  to d isease  enhancem ent. T he tim ing o f  the treatment therefore appears critical. 
T his m ay be related to the distinct tem poral expression o f  the receptors and ligands in 
the pathw ay and their com p lex  interactions determining whether the T ce ll receives a 
p ositive  or n egative  signal (R acke M K  e t  al. 1995, T ivol E A  e t a l. 1996).

T he m echanism  by w hich C T L A -4-Ig m ediates protection in E A E  is still 
unknow n. S p len ocy tes derived from  C T L A -4-Ig  treated m ice w ere still able to 
proliferate in response to PLP in v itro , ruling out induction o f  tolerance to the antigen  
(C ross A H  e t a l. 1995). H ow ever, im m unohistological studies o f  the central nervous  
system  (C N S ) in C T L A -4-Ig  treated L ew is rats, indicated that there w as an inhibition  
o f  inflam m atory T h l cytok in es and an upregulation o f  T h2 cytok ines, su ggestin g  that 
C T L A -4-Ig  m ay m ediate protection by im m une deviation (K houry SJ e t  a l. 1995).

In v ivo  studies lo ok in g  at a n ti-B 7 -l and anti-B 7-2 m A bs su ggest they m ay play 
distinct roles in  autoim m une d iseases. Treatm ent o f  actively induced E A E  w ith anti-B7- 
1 m A bs w as found to am eliorate the d isease, w ith anti-B 7-2 treatment resulting in  
d isease exacerbation. O nce again the m echanism  appears to be one o f  im m une  
deviation. T  ce lls  w ere still found to be responsive to the im m unising antigen, but 
disp layed  an altered cytok ine profile. T h l activation seem s to be prevented by the anti- 
B 7-1  m A b, resulting in the predom inant generation o f  Th2 c lo n es (K uchroo V K  e t  al.
1 9 9 5 ).

U se  o f  C T L A -4-Ig  as a therapy for abrogation o f  d isease in autoim m une m odels  
has show n the d ifficu lty  in predicting the ou tcom e o f  d isease w h en  using m A bs.
Studies u tilising  the B 7-1  and B 7 -2  m A bs show  that they also d isplay anom alies in  
their responses. In the m urine m od el o f  lupus, both an ti-B 7-l and an ti-B 7-2  m A b s are 
n eeded  to prevent the develop m en t and progression o f  lupus, w ith  B 7 -2  p lay in g  a m ore  
critical role in inhibition o f  autoantibody production (N akajim a A  e t a l. 1995). In the
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N O D  m ou se, anti-B 7-2 m A bs w ere found to b lock  the developm ent o f  d iabetes, 
w hereas treatm ent with an ti-B 7-l m A bs w as found to exacerbate the d isease  
(L en sch o w  D J e ta l .  1995).

T he different outcom es o f  anti-B7 treatment seen in these m od els m ay relate to 
distinct strengths o f  signalling resulting from  differences in the manner o f  antigen  
exposure and/or from  in volvem en t and tim ing o f  expression  o f  B 7-1  and B 7 -2  on  
distinct c e ll types (T ivol E A  e t al. 1996). Further studies are therefore n eeded  to look  at 
the m echanism  o f  T ce ll activation v ia  the B 7 -C D 28  pathway, as w ell as the ability o f  
the C T L A -4-B 7  pathw ay to dow nregulate activated T cells.

Other m olecu les are know n to play key roles in determ ining the outcom e o f  an 
en cou n ter by a  T ce ll w ith  an A P C . T h ese  m olecu les are depicted  in figure 1.10. A s  
m en tion ed  in section 1.10 the C D 4/8  coreceptors play a p ivotal role in signal 
transduction in T ce lls . W aldm ann and co lleagu es exploited  this k n ow led ge to try to 
m anipulate the ou tcom e o f  tissue transplantation. D onor skin grafts ( B 1 0 .B R ) that 
varied at m ultip le m inor histocom patibility antigens were grafted onto a recipient m ouse  
(C B A /C a). A fter grafting, m ice  w ere treated w ith a short course o f  non-depleting m A bs  
to C D 4  and C D 8 on days 0 , 2  and 4 . F iv e  w eek s after transplantation, sp leen  ce lls  w ere  
rem oved from  the recipient C B A /C a m ouse and transferred to a secon d  C B A /C a  
m ou se. T h e transferred ce lls  behaved  as if  tolerant, in so far as all secondary recipients 
accepted  B 1 0 .B R  skin grafts, w h ile  rejecting third party grafts (S cu lly  R  e t a l. 1994). 
The m ech an ism  for this state o f  tolerance w as postulated to be either on e o f  im m une  
response d eviation , thereby selectin g  a T h2 response w hich w ou ld  b ecom e dom inant 
over tim e and thus suppress a T h l- lik e  graft rejection response, or on e o f  facilitating  
the induction o f  a state o f  anergy. The sam e group w ere also able to ach ieve tolerance to 
M H C -m ism atched  skin grafts by using a com bination o f  b locking and dep leting m A bs  
to C D 4  and C D 8 (C obbold  S e t a l. 1990).

S im ilar studies have been perform ed by Isobe e t al. T hey used  non-depleting  
m A bs to L F A -1 and IC A M -1 to establish  long-term  tolerance to cardiac allografts. An  
initial reduction in  L F A -l/IC A M -1  lev e ls  w as observed, although norm al expression  
w as restored after 4 0  days. T he m echanism  o f  tolerance induction w as not elucidated, 
but a lack  o f  alloreactive C TLs w as noted (Isobe M  e t al. 1992). Taking into account 
the m ore recent report by Scu lly  e t a l., it could  b e perceived that this observation m ay  
sig n ify  a m ech an ism  in vo lv in g  im m une deviation  from  a T h l to T h2 type response.

R ecently  the role o f  C D 2 in regulation o f  T  cell responses has co m e under 
scrutiny. B o u ssio tis  e t  a l  induced alloantigen-specific  anergy in D R 7 -sp ec ific  T  cell 
clo n es by b lockad e o f  the B 7  fam ily o f  m olecu les. T hey found that reversal o f  anergy  
cou ld  be ach ieved  by culturing the ce lls  in the presence o f  IL-2, fo llo w ed  by 
restim ulation w ith  the alloantigen in the presence o f  L F A -3. In this m od el o f  anergy it is 
know n that the C D 2 m olecu le  undergoes a conform ational change fo llo w in g  anergy
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Figure 1.10 Receptor ligand interactions for T cells and APCs/Targets
T h e  v iew  sh o w n  is s ty lis tic  an d  n o t re p re sen ta tiv e  o f  re ce p to r  s tru c tu re  o r  lig an d  d is tr ib u tio n  - no t all in te ra c tin g  ce lls  w ill su pp o rt all th e  lig an d - 
p a irin g s  d ep ic ted . T h e  C D 3  co m p lex  is  c o m p o sed  o f  th e  y , 8 ,  e, £ an d  r \  ch a in s. A u to c r in e  an d  p a ra c r in e  m e th o d s  o f  cy to k in e  s tim u la tio n  a re  show n .

Key: L F A , L y m p h o c y te  fu n c tio n a l an tig en ; IC A M , in trac e llu la r ad h esio n  m o lecu le ; C D , c lu s te r  o f  d iffe ren tia tio n ; T C R , T  cell recep to r; s lg , su rface
im m u n o g lob u lin .

A d ap ted  from : K eo g h , 1995



induction, resulting in the lo ss  o f  the ep itope required to transduce p ositive  signa ls to  
the T ce ll. T he observation that m A bs directed at other C D 2 epitopes are still able to  
bind C D 2 confirm s this hypothesis. T his change renders the C D 2 m olecu le  unable to 
d eliver stim ulatory signals. F o llow in g  exposure to IL -2, the epitope required for L F A -3  
binding and the d elivery o f  a p ositive  signal is re-expressed resulting in the reversal o f  
the anergic state (B ou ssio tis  V A  e t a l. 1994b).

1.12 CD4+ T helper cell responses.
In 1972, Parish and L iew  m ade the observation that cell-m ediated  and hum oral 

im m unity alternated in reciprocal dom inance over each other across a w id e d ose  
response o f  im m unisation  (Parish C R  and L iew  F Y  1972). In 1986, M osm ann e t al. 
found that long-term  cultured murine C D 4 +  T  helper (Th) ce ll c lon es produced tw o  
distinct patterns o f  cytok ines. T hese w ere found to provide help  for d ifferent arms o f  
the im m une response and d isp layed  profound counter-regulatory effects (M osm ann T R  
e t a l. 1986). In v ivo  ev id en ce  for the ex isten ce  o f  these subsets cam e from  the m ou se  
m odel o f  leishm an iasis (Scott P e t al. 1988) and in hum ans w ith leprosy (Y am am ura M  
e t al. 1991). A s d iscu ssed  in the p revious section , d isease m ay b e exacerbated or 
am eliorated depending on  w hich  arm o f  the im m une response is activated. Prior to 
terminal differentiation, T  ce lls  are described as ThO cells. T hese ce lls  secrete m ixtures  
o f  both typ es o f  cytok ines until they are signalled  into polarising their response and 
com m it to either the T h l or T h2 pathw ay. The T h l subset is defined as producing IL-2, 
IF N -y  and TNF-cx/p cytok ines. T his cy tok in e profile  being associated  w ith  the D T H  
response, m acrophage activation and lim itation o f  B  cell help resulting in production o f  
antibodies o f  the IgG 2a iso typ e alone. T h2 ce lls  produce IL-4, IL -5, IL -6, IL -1 0  and  
IL -13, resu lting in m acrophage, eosin op h il and basophil deactivation, m ast ce ll  
stim ulation and B -ce ll help. Ig production is sw itch ed  to produce the Ig G i and IgE  
iso ty p es  (summarised in Table 1.1) (Carter L L  and D utton  R W  1996).

T h e m ajor con tro llin g  factor in the d evelop m en t o f  T h l and T h2 p op u lation s  
from  n a iv e  T c e lls  in  m o d e l sy s te m s , is  the p resen ce  o f  e ith er  IL -1 2  or IL -4  
resp ective ly . IL -12  in d u ces IF N -y  production b y N K  cells , but the m ech an ism  o f  IL -12  
action  is unclear. In the IL -12  k nockout m ou se , T h l responses are d im in ish ed , but not 
ab olish ed , len d in g  support to the h yp oth esis that IL -12 is im portant in determ in ing the 
m agn itu d e o f  the T h l resp on se  but m ay , in so m e  ca ses , h ave a redundant ro le  in  
in itia tion  o f  a T h l resp on se (Carter L L  and D utton  R W  1996). D ep en d en ce  on  IL -12  
for  im m u n e  r e sp o n se  in itia tio n  is  o b serv ed  in stu d ies o f  to x o p la sm o s is . H ere, 
neutralisation  o f  IL -1 2  early in in fection  lead in g  to  ablation o f  IF N -y  p roduction  and  
d isease  exacerbation  (G azzin elli R T e t  a l. 1994). IL -12 m ay also  act directly on  T ce lls , 
as w e ll as m ed ia tin g  its e ffe c t  through IFN -y. T cR  transgenic T c e lls  cu ltured  in the  
p resen ce o f  rIL -12 w ere sh ow n  to d ifferentiate in to T h l ce lls , even  in the p resen ce  o f
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Table 1.1 A summary of the spectrum of cytokines produced 
by Type 1 and Type 2 T cells and their subsequent effects on 
immune responses.

T y p e  1 T y p e  2

Characteristic cytokines IL-2 IL-4
IF N -y IL-5

T N F -a /p IL-6
IL -10
IL-13

M ajor functions D T H B  cell help
M acrophage activation E osinophil stim ulation

C ytotoxicity M ast cell stimulation
Lim ited B cell help / M acrophage deactivation

B  cell inhibition

A ssocia ted  iso types IgG 2a Ig G i
IgE

B en efic ia l responses in Leishm aniasis Arthritis
L eprosy Autoim m unity

Virus H elm inths
A llergy Pregnancy

D etrim ental responses in Arthritis L eishm aniasis
Autoim m unity L eprosy

H elm inths Virus
A llergy

K e y :  D T H , delayed  type hypersensitivity.
R eproduced  from  Carter & D utton, 1996.
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EFN-y-neutralising antibodies, thereby supporting this h ypothesis (Seder R A  e t  al.
1 9 9 3 ) . H ow ever, IF N -y  gen e  knockout m ice  d isp lay a default to the Th2 phenotype  
w h en  ch a llen ged  w ith  L .m a jo r  (W ang Z -E  e t a l. 1994), su ggestin g  that IF N -y is 
required for induction o f  a T h l response in this case. In contrast to the ability o f  IL -12  
to m ediate its action on T  ce lls  directly in initiating a T h l response, its ability to inhibit 
in itiation o f  a T h2 response appears to be m ediated through IF N -y  (M orris SC  e t al.
1 9 9 4 )  .

IL -10  has been  d efined  as an inhibitor o f  T h l cytok ine production, and studies 
indicate that its m echanism  o f  action m ay be through regulation o f  IL -12 production  
(K ennedy M K  e t  a l. 1994). In m any in v ivo  system s rIL-12 has been  show n to induce  
IL -10 production (R om ani L  e t a l. 1994, W ang Z-E  e t al. 1994). T his m ay seem  
paradoxical, h ow ever, the com plem entary induction o f  IL -10  production m ay serve as a 
hom eostatic m ech an ism , controlling a T h l response, p ossib ly  by am eliorating pro- 
inflam m atory e ffects  that a prolonged response cou ld  otherw ise e lic it (Reiner SL  and 
Seder R A  1995). In contrast, IF N -y  has been  show n to provide a p ositive  feedback  
loop  for IL -12  induction , in v ivo  studies sh ow in g that there is a reduction in IL -12  
production w hen  m ice  are treated with antibodies to IF N -y (W ynn T A  e t al. 1994). A  
sum m ary o f  the role p layed  by the various cytok ines in directing Th d evelopm ent is 
d ep icted  in  figure 1.11.

A d optive transfer studies in IL -4 gen e knockout m ice indicate that C D 4 +  ce lls  
act as a prim ing source o f  IL -4 for T h2-m ediated  responses (Sch m itz J e t a l. 1994). 
N K 1.1  C D 4 +  ce lls , as w e ll as C D 4 +  a p  T ce lls  b ein g im plicated  as potential sources  
o f  EL-4 (Y osh im oto  T  and Paul W E  1994). y8 T ce lls  (Ferrick D A  e t a l. 1995) and 
C D 8+  T ce lls  (C roft M  e t a l. 1994) have also been found to b e  IL -4 producers. The  
predom inant source o f  EL-12 appears to com e from  m acrophages, although dendritic 
ce lls  w h ich  prim arily appear to be the actual initiators o f  an in v ivo  im m une response  
also produce IL -12  (M acatonia SE  e t a l. 1995). IL -10 is reported to be produced by an 
undefined  accessory  ce ll population. S tudies show  that on restim ulation o f  a purified  
C D 4+  T ce ll population no IL -10 transcripts are obtained (O sw ald  IP e t al. 1994). IL- 
10 production in the SCED m ou se has a lso  been  reported, su ggestin g  that IL -10  is 
unlikely  to be produced by T  ce lls  (W ang Z -E  e t al. 1994).

R ecently , a num ber o f  groups have show n that both hum an and m urine C D 8+  T  
ce lls  are able to produce T h l - or T h 2-like cytok ine profiles, necessitating a change in 
the nom enclature from  T h l/T h 2  to ty p e l/ty p e2  (T 1/T 2), thereby reflecting the cytokine  
profile generated, rather than the ce ll type that produced it. H orvat e t al. dem onstrated  
that m urine C D 8 +  T  ce lls  w ere able to produce IL-4 in an anti-tumour response (Horvat 
B  e t al. 1991). F on g and M osm ann dem onstrated that a panel o f  alloreactive C D 8+  
clon es secreted a T h l- lik e  cytok ine profile on rechallenge with C on A  (Fong T A  and

41



Figure 1.11 Relationship between key Cytokines during T helper development
IL -2 and IL -4 are the m ost potent factors for prim ing T h l and T h2 resp on ses by acting  
directly  on the T ce lls  to  induce IF N y and IL -4 production, resp ectively . IL -12  inhib ition  
o f  IL -4 production  appears, under m any circum stances, to be indirect (through induction  
o f  IFN y). In som e in stan ces, IL -12  is able to act d irectly on  a population o f  early IL-4  
producing c e lls  that m ay h ave a d istinct lin eage from  the n a ive  Th precursors (ThP). IL- 
10 is derived  from  accesso ry  c e lls  (and p ossib ly  Th ce lls); although it acts to 
dow nregulate IL -12  production  /  T h l augm entation. IL 12 has been  found to induce IL -10  
production  thus p rov id in g  a potentia l h om eostatic  feedb ack  loop .

R eproduced  from: R einer &  Seder, 1995
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M om ann T R  1990). Later studies sh ow ed  that w hen C D 8+ ce lls  w ere prim ed w ith anti- 
C D 3 in the presence o f  IL -4, they produced EL-4 at levels com parable to those seen  
w ith C D 4 +  T ce lls  (Seder R A  e t a l. 1992). Sim ilar observations w ere m ade on  treating 
C D 8 +  ce lls  w ith  EL-12 in  both hum an and m ou se system s (Croft M  e t al. 1994). A s  
w as seen  for C D 4 +  ce lls , polarisation o f  C D 8 +  ce lls  is not m erely an in v itro  
phenom enon , having a lso  been  iso lated  in various human and m urine d isease states and 
m od els. T 2 , IL -4 secreting C D 8+  c lo n es have been  isolated from  the b lood  o f  patients 
w ith leprom atous leprosy, w ith T1 clon es iso lated  from  patients with the tuberculoid  
form  producing IF N -y  (Sa lgam e P e t a l. 1991). In allergy, w here C D 4+  T h2 ce lls  have  
a clear role (A nderson G P and C o yle  AJ 1994), C D 8+  ce lls  iso lated  from  drug-allergic  
patients responded to drug stim ulation by proliferation and production o f  high lev els  o f  
IL -5, w ith  norm al IL -2, IL -4  and T N F -a  lev e ls  (M auri-H ellw eg D  e t al. 1995).

T he cytolytic  activity o f  C D 8+  T ce lls  is w ell docum ented as their major 
function, and their ability to produce cytok ines has resulted in studies investigating the 
cyto lytic  capacity o f  T1 and T 2 C D 8 cells . H orvat e t a l  reported that IL -4 producing  
C D 8 +  T ce lls  w ere a lso  cy to ly tic  (H orvat B  e t al. 1991). Sad e t al. sh ow ed  that both  
their a llo sp ecific  T1 and T 2 C D 8+  populations w ere highly effec tive  killers (Sad  S e t al.
1995). In contrast, Erard e ta l .  have described a non-cytolytic IL -4-secreting C D 8+  ce ll 
(Erard F e t al. 1993). S im ilarly a reduction in CTL activity by T 2 C D 8 +  ce lls  has been  
dem onstrated in  som e A ID S  patients, w hich  has been hypothesised  to be indicative o f  
d isease  progression  (M aggi E  e t a l. 1994).

Interestingly, C D 8 +  T  ce lls  are n ow  being im plicated as regulator ce lls . W einer  
e t  al. sh ow ed  that oral adm inistration o f  antigen to rats and m ice  induces T G F -p  and 
IL -4 production from  C D 8 +  T  ce lls  and prevents E A E  developm ent (W einer H L e t al.
1994). EL-4-secreting C D 8 +  T  ce lls  from  leprom atous leprosy patients have a lso  been  
sh ow n  to suppress the proliferation o f  lep rosy-sp ecific  C D 4 +  c lo n es in an IL -4-  
dependent m anner (Sa lgam e P e t a l. 1991). Sim ilarly, in a m urine m odel o f  graft- 
versus-host d isease  (G V H D ), injection o f  T 2  T  ce lls  (C D 4+  or C D 8+ ) together with  
allogen eic  b on e marrow d oes not result in G V H D , whereas injection w ith T1 ce lls  
does. M oreover, co -in jection  o f  both T1 and T 2 also prevents d isease  developm ent 
indicating that T 2 ce lls  are able to suppress the inflam m atory actions o f  the T 1 ce lls  
(K renger W  e t a l. 1995).

In sum m ary, a p C D 4 +  and a p C D 8 +  T  ce lls , as w e ll as y5  T ce lls , h ave been  
show n to b e  capable o f  secreting significant am ounts o f  cytok ines. T his cytok ine  
production can be polarised  into d istinct subsets, T1 and T 2. T he functions o f  these  
subsets, their role in d isease  and their interplay with each other remain to be fu lly  
elucidated.
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1.13 The role of MHC-peptide:T cell interactions in allergy.
A llerg ic  disorders affect b etw een  10-20%  o f  the population in the western  

w orld and are on  the increase. T he antigens (or allergens) responsib le for e licitin g  these  
inappropriate im m une responses are prevalent throughout the environm ent. C om m on  
sources include p ollen s, m ites and anim al danders. Patients suffering from  atopic  
allergic d iseases have high lev e ls  o f  a llergen-specific circulating IgE w hich occurs as a 
result o f  a previous encounter with a sp ecific  antigen. On subsequent encounters with  
this antigen, tissue m ast ce lls  and basophils are activated. The sp ecific  antigen cross­
links IgE  m olecu les bound to m ast ce lls  and basophils v ia  F ceR I m olecu les, resulting in 
a rapid release o f  inflam m atory m ediators such as histam ine. T his g ives rise to the 
clin ica l sym p tom s o f  allergy such as hayfever, asthm a and eczem a (O'Hehir R E e t al. 
19 9 1 c).

C D 4 +  T  ce lls  play an important role in the antigen-specific and nonspecific  
effector m ech an ism s o f  the allergic im m une response. T hey are in volved  in induction o f  
IgE syn thesis and tw o m echanism s have been  im plicated. Firstly by their production o f  
the cytok ine DL-4 and secon d ly  by their direct interaction (either through antigen  
recognition or b y  C D 40  ligation) w ith B  ce lls  (V ercelli D  e t a l. 1989). C D 4+  T ce lls  are 
also able to produce tw o defined  patterns o f  cytok ines (as d iscu ssed  in the previous  
section), IL -4 production inducing B ce ll proliferation and iso type sw itch  to IgE  
production, w h ilst IF N -y  acts by inhibiting B ce lls  as w ell as proliferation o f  any IL-4- 
secreting T c e lls  (Snapper C M  and Paul W E  1987, V ercelli D  e t al. 1989). Hum an  
allergen-reactive T ce ll c lo n es derived from  non-atopic individuals, have been  show n to 
secrete e lev a ted  lev e ls  o f  IF N -y  and IL -2, w hereas those derived from  atopic patients 
secreted e levated  lev e ls  o f  EL-4 and IL-5 on  in v itro  rechallenge (K apsenberg M L  e t al.
1991). In v ivo  observations a lso  provided ev id en ce  for the ex isten ce  o f  dom inant 
populations o f  p o lyclon a l hum an T h2 ce lls  in allergic patients (F ield  EH  e t a l. 1993).

E ffectiv e  treatment for som e allergic disorders has been achieved  using intact 
native allergens, w ith ev id en ce  that allergen desensitisation m ay be accom panied by the 
induction o f  T h l-d er iv ed  cytok in es (Jutel M P  e t a l. 1995). H ow ever, due to the risk o f  
anaphylaxis, w hich  m ay occur due to the presence o f  potential im m unoglobulin  binding  
sites, the u se  o f  allergen derivatives such as peptides is favoured (M uller U  e t  a l.
1995). N onstim ulatory peptides cou ld  be used  as antagonists to com p ete  w ith  allergen- 
derived peptides for M H C  occupancy . In v itro  studies sh ow  that a nonstim ulatory  
analogue o f  the in fluenza T  ce ll ep itope H A 3 0 7 -3 1 9  that binds M H C  class II w ith  high  
affinity, is  able to inhibit the proliferation o f  hou se dust m ite (H D M )-sp ecific  polyclonal 
and m on oclon a l T ce ll populations derived from  allergic patients by 65-90%  (O'Hehir 
R E  e t  al. 1991b). Furtherm ore, in the m urine m odel o f  m ultip le sc lerosis, E A E  
induction is prevented i f  the m ou se is first im m unised  w ith n on im m unogen ic peptides 
w ith a h igh  affin ity for M H C  class II (L am ont A G  e t al. 1990). T his approach,

44



h ow ever, m ay not prove feasib le  for a m yriad o f  reasons. Firstly, it w o u ld  in v o lv e  the 
identification o f  determinant T  cell ep itopes, and evidence suggests that m ultiple T cell 
ep itop es are present in a sin g le  allergenic protein. Furthermore, in v itro  studies and a 
lack o f  H L A  d isease association  dem onstrate that H D M  allergens can be presented by a 
w id e variety o f  M H C  alleles. F inally , exo gen o u s peptide w ould  have to com p ete  for 
M H C  occupancy w ith  a constant supply o f  H D M  allergens, the quantity o f  the 
nonstim ulatory peptide required m ay, therefore, exceed  p h ysio log ica lly  acceptable  
lev e ls  (H etzel C e t  al. 1996).

D ev ia tion  o f  T h l/T h 2  phenotype o f  the responder population in m ice  has show n  
to be dependent on con d ition s during prim ing such as type o f  A PC  encountered, 
presence and type o f  adjuvant used, nature o f  any costim ulatory action, cytok ine  
p resen ce and the nature o f  the T cR -M H C  interaction. A s d iscu ssed  in section 1.11 , 
costim ulatory signals m ay determ ine the cytok ine profile secreted by T ce ll populations. 
E v id en ce su ggests that B 7-1  and B 7 -2  do not d eliver identical signals, as ligation  o f  
B 7 -2  on  n aive T  ce lls  induces h igher lev e ls  o f  IL -4 (Freem an GJ e t a l. 1995). Further 
ev id en ce  supporting this h yp oth esis com in g  from  the w ork, d iscu ssed  p reviou sly , by 
K uchroo e t al. T hey sh ow  in their m od el o f  E A E  that treatment with an ti-B 7-l m A bs 
leads to am elioration o f  the d isease  w ith  generation o f  T h2 clon es predom inating, 
w hereas treatment w ith an ti-B 7-2 m A b s favours T h l developm ent and d isease  
exacerbation  (K uchroo V K  e t  al. 1995).

M odulating the T cR -M H C  interaction by using analogues o f  im m unogen ic  
peptides (term ed altered peptide ligands or A P L s) has also been look ed  at as a w ay o f  
deviating the im m une response, either by T h l/T h 2  deviation or by tolerance induction. 
In v itro  studies show  A P L s are able to prevent m urine T h2 proliferation w ithout 
affecting IL -4 production (E vavold  B D  and A llen  PM  1991). Treatm ent o f  h ou se dust 
m ite reactive T  ce lls  w ith  A P L s has been show n to deviate the response from  IL -4 to 
IF N -y  secretion  (T sitoura D  e t a l. 1996). Futherm ore, w hen som e A P L s w ere  
presented to T ce lls  on  liv e  A P C s a form  o f  anergy w as induced (Sloan-L ancaster J e t  
al. 1993). C om parison o f  anergy induction in T h l V s Th2 clon es o f  identical sp ecificity  
u sin g  A P L s, sh ow s that anergy seem s to b e induced  under sim ilar con d ition s, i.e ., on  
stim ulation with f ix ed  A P C s or w ith  liv e  A P C s together with A PL . T he state o f  anergy  
w as lon g  lasting, and unlike the T h l c lon es, the T h2 clones retained the ability to  
secrete IL -4 (Sloan-L ancaster J e t a l. 1994a). W indhagen e t al. have observed  that 
production o f  IL -2, EL-4, IL -10  and IF N -y  is  abrogated w hen hum an ThO c lo n es  are 
stim ulated w ith  A P L s, w ith  on ly  T G F -p l b eing secreted (W indhagen A  e t a l  1995).

In v ivo  stud ies len d  support to the in v itro  findings. S o lo w a y  e t al. h ave show n  
that changes in either the M H C  class II a llele  or the bound peptide can change the 
response from  on e that induces T h l proliferation, to one that results in IgE secretion  
(S o lo w ay  P e t a l. 1991). R en z e t al. analysed  V(3 restriction in m ice  responding to
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ragw eed allergen. T hey found that allergen-specific  V |38.2 T ce lls  stim ulated IgE and 
IgG i production, w hereas an tigen-sp ecific  T ce lls  expressing other V(3s induced IgG2a 
and IgG 3 production (R enz H e t al. 1993). Furthermore, m ice injected w ith human  
collagen  IV  se lec tiv e ly  induced  a T h l or a T h2 response depending on the M H C  
background o f  the im m unised  m ice  (M urray JS e t al. 1993).

It is, therefore, apparent that m any approaches are being studied, not on ly  to try 
to elucidate the m olecular m echanism s o f  allergy induction, but also to try to utilise this 
k n ow led ge to obtain su ccessfu l and long lasting im m unotherapies. O ne p ossib le  
approach that has been m entioned  briefly is that o f  anergising allergic T  ce lls , and in 
this w ay inducing a lon g  lasting nonresponsiveness to a particular allergen. M any  
m od els o f  T  ce ll anergy ex ist and this is d iscu ssed  in the next section .

1.14 The role of T cells in anergy
1.14a I n  v i t r o  models of T cell anergy

A n  anergised lym phocyte is a viab le cell that fails to d isplay certain functional 
responses w hen optim ally stim ulated through both its antigen-specific receptor and any 
other receptors norm ally required for full activation (Schw artz R H  1996). In v itro  
studies o f  anergy can generally  be cla ssed  as fa llin g into one o f  four types or m odels, 
w ith three o f  these four m od els seem in gly  sharing a com m on m olecular m echanism  o f  
induction  o f  the anergic state. Figure 1.12 d epicts the p ossib le  m ech an ism s b y w hich  
anergy m ay be ach ieved  in the m odels d iscu ssed  below .

Anergy induction due to an absence of costimulation
T he first m odel is that o f  m urine or hum an T cell anergy induced by T cR  

occupancy in the absence o f  costim ulation . T w o hypotheses have been  su ggested  to 
explain  these observations. O ne is that costim ulation  w ould norm ally d eliver a signal 
suppressing the production o f  m olecular inhibitors that are purported to cau se anergy, 
in the ab sen ce o f  costim ulation , therefore, the state o f  anergy en su es. S tud ies using  
hum an c lo n es have reported that B 7  engagem ent o f  C D 28 does indeed  b lock  the 
production o f  N il-2 a , a negative  regulatory factor that has been  sh ow n  to b lock  A P -1- 
induced transactivation o f  reporter constructs (B ecker JC e t a l. 1995, W illiam s TM  et 
al. 1991). IL -2 production on T  ce ll activation in the presence o f  costim ulation  (approx  
3 0 -1 0 0  fo ld  m ore than in its absence) provides the basis for the secon d  hypothesis. 
T his increase in IL -2 lev e ls  is thought to prevent the N il-2a  from  b ein g produced by  
signal transduction through the IL-2 receptor (IL -2R ), b lock  its action on ce it has been  
m ade, or dilute out any effec t it m ay have had by stim ulating m ultip le rounds o f  
d iv ision . S tudies have sh ow n  that signa llin g  through the y  chain o f  the IL -2R  prevents 
anergy in  hum an T ce ll c lo n es (B ou ssio tis  V A  e t al. 1994a). Induction o f  anergy in 
m urine c lo n es  w a s ob served  if  antibodies to IL -2 or IL -2R  w ere added on norm al
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stim ulation o f  the ce lls , or if  any IL -2 produced after 12 hours o f  stim ulation w as  
w ash ed  out (B everly  B  e t  a l. 1992, D eS ilv a  D R  e t al. 1991).

T his m od el o f  anergy has been w ell characterised and has been sh ow n  to be  
cau sed  b y a b lock  in IL -2 production. IL -2 gen e transcription is decreased  about 8-fo ld , 
its secretion  2 0 -fo ld  (K ang S -M  e t al. 1992). R ecently , this transcriptional inhibition  
has been  attributed to a failure in p 21ras activation fo llow in g  T cR  occupancy, resulting  
in inhib ition  o f  the E R K  and JN K  pathw ays and subsequent b lock  in A P-1  
transcription, w hich  itse lf  is critical for IL -2 gen e transcription (F ields PE e t al. 1996,
L i W  e ta l .  1996). A dditionally , increased am ounts o f  N il-2a , a negative regulatory  
factor have been  found in anergic hum an T ce lls  (B ecker JC e t al. 1995). N il-2a  has 
been sh ow n  to b lock  A P -1-in d u ced  transactivation in reporter constructs (W illiam s TM  
e t a l. 1991). A s w ell as a decrease in IL -2 production, IL-3 and G M -C S F  secretion  is 
reduced 10-fo ld . IF N -y  production has been  sh ow n  to be unaffected , as has IL -4 in 
m urine studies look in g  at ThO ce lls  (B everly  B  e t a l. 1992).

T he in v itro  anergy m od el described above is able to reverse its anergic  
p h enotype i f  stim ulated in the presence o f  IL -2 (B everly  B e t al. 1992). T h is occurs as 
the anergised  ce lls  express very lo w  lev e ls  o f  the high affin ity EL-2R, and IL-2  
production has been dem onstrated at both the lev e l o f  cytokine production and 
transcriptional activation o f  the IL-2 gen e on anergy reversal (B everly  B e t a l. 1992, 
K ang S -M  e t a l. 1992). H ow ever, in on e study o f  anergised hum an T ce ll c lo n es, 
reversal o f  anergy on ly  occurred if  an additional stim ulus o f  anti-C D 2 antibodies w as 
g iven  (B ou ssio tis  V A  e t a l. 1994b).

T he in v itro  phenom enon  o f  anergy reversal raises questions regarding its 
p ossib le  p h ysio log ica l relevance. It cou ld  be argued that loca lised  pock ets o f  IL-2, 
produced by T  ce lls  responding to foreign  antigen, may reactivate anergised ce lls  
tolerant to se lf , resulting in autoim m unity. H ow ever, studies look in g  at superantigens 
and adoptive transfer o f  T  ce lls  from  TcR -transgenic m ice, have dem onstrated that 
anergy can be induced  in v ivo . Im m unisation o f  superantigens induced  exp an sion  and 
d eletion  phases in T c e lls  expressing certain V P s, h ow ever, a residual population  o f  
V p +  T c e lls  w as observed . In a subsequent proliferation assay, these rem aining T  ce lls  
w ere refractory to restim ulation, and w ere found to produce on ly sm all am ounts o f  IL-
2. It w as a lso  noted that tyrosine phosphorylation events, indicative o f  the anergic state 
also  occurred. Intriguingly, the proliferative b lock  was on ly partially reversed i f  IL -2  
w as added back into the restim ulation cultures, an event that has never been  seen  in in 
v itro  studies u sin g  m urine T cell c lo n es (B handoola  A  e t  a l. 1993, K earney E R  e t  al. 
1994, Sundstedt A  e t  a l. 1996). T he p ossib ility  o f  anergic T  ce lls  in the periphery being  
able to respond to IL -2 in v iv o , has led  to speculation that these autoreactive ce lls  m ay  
take p lace in norm al im m une responses, thereafter reverting to a qu iescent form  until 
b ein g  even tu ally  d eleted  (Janew ay Jr. C A  1992 , M atzinger P 1994).
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Anergy induction in the presence of I L -1 0
A s d iscu ssed  in section 1.12, IL -10  has been sh ow n  to exert m ajor e ffec ts  on  

m acrophages and dendritic cells. Studies sh ow  IL -10 is able to convert activated  
m acrophages to  a resting m on ocyte-lik e  state, in w hich cytokines such as IL -1, IL -12  
and T N F -a  as w e ll as any costim ulatory m olecu les are dow nregulated (D in g  L  and  
S h evach  E M  1992). E xposure o f  freshly iso lated  Langerhans ce lls  to IL -10  overnight 
can convert them  from  stim ulators o f  proliferation to inducers o f  anergy in m urine T 
cell c lo n es (M acatonia SE e t a l. 1993). G roux e t al. purified human C D 4+  T ce lls  and 
stim ulated them  w ith  anti-C D 3 m A bs coated  onto a plate in the presence o f  IL -10. 
A nergy induction ensued, characterised by a b lock  in IL-2 and G M -C SF  as seen  in the 
previous m od el, but u n exp ected ly  IF N -y  production w as also b locked  (G roux H e t al.
1996). A s  for the absence o f  costim ulation  m od el, signal transduction studies revealed  
an intact ca lc iu m  m obilisation  pathway, and the ability o f  phorbol esters and ion om ycin  
to b yp ass the anergic b lock . H ow ever, c e lls  in w h ich  anergy w as induced  u sin g  IL -10  
fa iled  to reexpress the high affinity IL-2R , and therefore could  not be stim ulated using  
ex o g en o u s IL -2, thus this anergic state appears not be reversible (F ields PE e t  a l. 1996, 
G roux H  e t  a l. 1996 , L i W  e t al. 1996).

A s a  con seq u en ce o f  this study the b e lie f  that anergy m ay ex ist at d ifferent 
lev e ls  has arisen. Studies by Sundstedt e t al. lend support to this idea. T hey repeatedly  
im m unised  m ice  w ith  superantigens to create an anergic T cell population, and found  
that on  restim ulation  in v itro , N F -A T , N F -kB p 65 /p 50  and A P-1 b inding to IL -2  
enhancer resp on se e lem en ts w as im paired (Sundstedt A  e t a l. 1996). T he in v ivo  
studies m en tion ed  earlier in volv in g  TcR -transgenic m ice, as w ith the IL -10  anergy  
m odel, found that the anergic T ce lls  fa iled  to reexpress the h igh  affinity IL -2R  
(B h an d oola  A  e ta l .  1993). T his observation suggesting that these anergic states m ay  
reflect a m ore profound b lock  in T ce ll responsiveness than that seen in the in v itro  
absence o f  costim ulation  m odel.

Altered peptide ligand anergy induction
A s d iscu ssed  in section 1.13, so m e A P L s have b een  sh ow n  to p o sse ss  the  

ability to  induce a state o f  u nresponsiveness in m urine T cell c lon es (S loan-L ancaster J 
e t a l. 1993). O n restim ulation, IL -2 production w as b locked , although upregulation o f  
the IL -2 R a  chain still occurred. In this case , h ow ever, anergy induction cou ld  still be  
ach ieved  in the presence o f  functional A P C s. Phosphorylation patterns com pared to 
stim ulation w ith  fu ll agonists revealed that Z ap-70 w as not phosphorylated and that 
there w as a m arked reduction in C D 3e chain phosphorylation and in 23k D  ^ chain  
phosphorylation (Sloan-L ancaster J e t a l. 1994b). Initial interpretation o f  th ese  findings  
su ggested  that the partial signalling pattern w as responsible for the anergic state.

48



H ow ever, m ore recent studies by M adrenas e t al. show  that this unusual 
phosphorylation  pattern is  not observed  w h en  fix ed  A PC  and fu ll agonist peptide are 
used  to induce anergy. T hey therefore su ggest that either the partial signalling is not 
ind icative o f  the anergic state or that the tw o unresponsive states are not equivalent 
(M adrenas J e t  al. 1996). T he observation that IL-2 can prevent anergy induction in this 
m od el, and that its addition d oes not alter the unusual tyrosine phosphorylation pattern, 
su ggests that this even t is indeed not indicative o f  anergy induction in this case.

T he ability o f  EL-2 to reverse the anergic state in this m odel leads to the 
con clu sion  that, as for the absence o f  costim ulation m odel, dow nstream  events directly  
con trollin g IL-2 production, such as inhibition o f  the Ras signal transduction pathway  
determ ine w hether T ce ll anergy or proliferation fo llow  stim ulation using A PL s.

Anergy induction in the presence of high concentrations of soluble 
peptides

Studies look in g  at the effects o f  h igh  d ose peptide antigens on hum an C D 4+  T  
ce ll c lo n es , led  to the first observation o f  proliferative nonresponsiveness in purified T  
ce lls  (L am b JR e t a l. 1983). Subsequent b lock in g studies sh ow ed  the in vo lvem en t o f  
M H C  cla ss II m olecu les exp ressed  on  T  ce lls , anergy induction being attributed to T  
ce lls  presenting peptide to each other (Lam b JR and Feldm an M  1984). A s seen  with  
the A P L  m od el, presence o f  A P C s d oes not inhibit the induction o f  anergy. Indeed, 
A P C  presence leads to a large proliferative response with significant am ounts o f  IL-2  
b ein g  produced. Thus desp ite the presence o f  large quantities o f  IL -2, anergy induction  
still en su es. A s  w ith the IL -10  m od el, the nonresponsive state is profound w ith  IL -2, 
IL -4 and IF N -y m R N A  and IL -2 cytok ine secretion undetectable (L aSalle JM e t al.
1992). D ow n m od u lation  o f  C D 28 and the T cR  also  occurs, further studies sh ow in g  the 
rapid d ecay o f  C D 28 m R N A  transcripts on anergy induction (Lake R A  e t a l. 1993). 
M olecular studies indicate im paired calcium  responses and dim inished  binding o f  N F - 
A T , but n ot A P -1 , to the IL -2 response elem en t (W otton D  e t a l. 1995). T his m od el o f  
anergy is reversib le on  addition o f  exo gen o u s IL-2 or on addition o f  both P M A  and 
ion om ycin  (E ssery G  e t  a l. 1988 , Lam b JR and Feldm an M  1984, L aSalle  JM e t a l.
1992). Prevention o f  anergy induction on addition o f  IL-2 to the tolerance-inducing  
culture has also been  reported (E ssery G  e t a l. 1988).

T his m od el therefore appears to differ from  the other three in that the 
m echanism  o f  anergy induction seem s to be v ia  a block in the calcium /calcineurin  
pathw ay. For the other m od els described the m echanism  has either been  sh ow n  to be 
due to a b lock  in the R as pathw ay (anergy in the absence o f  costim ulation) or is 
specu lated  to be induced  by such a b lock  (Schw artz RH  1996).
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Figure 1.12 Potential outcome of TCR occupancy
A  m ethod  o f  u n ify in g  anergy induced  by T C R  occu p an cy  in the ab sen ce o f  
costim u la tion  w ith  anergy induced  by altered p ep tide ligands (A P L s) through a 
com m o n  un derly ing  m olecu lar m ech an ism . A  sp ecu lative  m od el for h ow  IL -10  
m ay augm ent anergy induction is a lso  show n.a. T C R  occu p an cy  in ab sen ce o f  costim u lationb. anergy in d u ced  by A P L sc. optim al liga tion  lead in g to fu ll c e ll activationd. A n ergy  induction  in the presence o f  IL -10

R eproduced  from : Schw artz, 1996
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In general all these m odels o f  anergy can b e characterised as perform ing the 
function  o f  b lock in g  the cell's ability to produce or respond to proliferative signals. 
A n erg ic ThO ce lls  do not produce DL-2, they do secrete IL-4, but are unable to use it as 
a proliferative signal (C hiodetti L  and Schw artz R H  1992, M ueller D L  e t  al. 1991). Th2  
ce lls  h ave b een  show n to behave sim ilarly on anergy induction (Sloan-Lancaster J e t al. 
1994a). A n ergy  induction in T h l ce lls  has been  show n to lead to a lo ss in response to 
IL -12  and an inability to induce B cell proliferation due to a b lock  in C D 40  ligand  
exp ression  (B o w en  F  e t a l. 1995, Q uill H  e t a l. 1994). F inally , C D 8+  T ce lls  have been  
reported to d isp lay a b lock  in IL-2 secretion, but are able to continue to function  
e ffec tiv e ly  as C T L s (O tten G R  and G erm ain R N  1991).

1.14b In vivo systems of T cell anergy
T h e in v ivo  im m une response to an antigen is dependent on the d ose  and 

p h ysico ch em ica l nature o f  the antigen, as w ell as the route, duration and conditions o f  
its adm inistration (H etzel C e t al. 1996). Studies indicate that delivery o f  m oderate to  
high  d o ses o f  so lu b le  protein or peptide antigen v ia  m ucosal routes (H oyn e G F e t al.
1993), su b cutan eously  (SC ) (B rinerT J e t a l. 1993), intraperitoneally (IP) (B u m stein  
HJ e t a l. 1992 ) or intravenously (Peterson JD  e t a l. 1993) result in n on resp on siven ess  
to subsequent ch allen ge w ith  antigen in adjuvant. A lthough these studies report 
se lec tiv e  tolerance induction in the T h l subset, im m unisation using ch em ica lly  m odified  
antigen v ia  the SC , IP or intranasal (IN ) routes report a partial or substantial 
dow nregulation  o f  antigen-specific hum an IL -4 and IL-5, w ith a concom itant increase  
in IF N -y  production (Jutel M P  e t a l. 1995, Secrist H  et al. 1993). M urine studies by  
Briner e t a l. found  that SC  im m unisation o f  a peptide (IPC-2) from  the cat allergen F el 
d  I, resulted in decreased  T ce ll responses on subsequent ch allen ge w ith  IP C -2 in both  
naive and prim ed m ice. A dditionally , pretreatment using tw o dom inant peptides led to 
n on resp on siven ess against the w h o le  recom binant protein (know n as 'intram olecular 
ep itop e suppression '). P roduction  o f  IL -2, IL -4 and IF N -y  w as d im in ish ed , su gg estiv e  
o f  either n on resp on siven ess in both the T h l and T h 2 populations and/or p ossib ly  in the 
ThO population  (Briner TJ e t  al. 1993).

T oleran ce induction v ia  m u cosa l routes (i.e . respiratory and G .I. tracts) has 
been  docum ented  by several groups. W einer e t  al. attempted to tolerise M B P -sp ecific  
responses in m ultip le sclerosis (M S) patients by feed in g  spinal cord as a source o f  
M B P  antigens, som e patients experiencing lim ited  disease am elioration (W einer H L et 
a l. 1993). H ow ever, in the m urine m odel o f  M S n o significant im pact on  E A E  
in ciden ce, onset or severity w as seen  w hen  H -2U m ice w ere fed  en cep h alitogen ic  
peptide analogues. W hen the sam e peptide w as inhaled prior to E A E  induction, 
h ow ever, d isease  developm ent w as m arkedly reduced (M etzler B and W raith D C
1 9 9 3 ).
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W ork b y H olt and co lleagu es has begun to elucidate the m echanism  o f  tolerance 
to  inhaled antigen. T hey have show n that inhaled O V A  antigen w as poorly presented by 
lung dendritic ce lls  under the regulatory influence o f  alveolar m acrophages in the 
respiratory tract (H olt PG  e t  a l. 1993). Further studies indicated that acquired IgE  
h yp oresp on siven ess on peptide inhalation, m ay b e due to the stim ulation o f  C D 8+ , 
IF N -y  producing ce lls , w h ich  w ou ld  d eviate the response aw ay from  a T h2 type. 
Furtherm ore, th ese  ce lls  w ere reported to secrete, and be responsive to IL-2. Their IL-2  
production w as m easured as being in the range o f  6 -fo ld  m ore than that observed  for 
an tigen -sp ecific  C D 4+  T ce lls  (M cM enam in C and H olt PG  1993). T his IgE regulation  
has sin ce been  found to be m ediated by a population o f y8 T ce lls  (M cM enam in C e t  al.
1994). T his e ffec t o f  antigen inhalation is therefore more accurately described as 
im m une d eviation  as op p osed  to tolerance per se. A s d iscussed  previously , other 
groups h ave found  that in v ivo  tolerance can be induced by peptides adm inistered via  
the oral or intranasal routes.

H oyn e e t  a l  have u sed  lo w  concentrations o f  dom inant and subdom inant 
ep itopes from  the hou se dust m ite allergen D e r  p  I, and observed that after intranasal 
exposure to  either ep itope m ice  b ecam e profoundly unresponsive to subsequent SC  
ch allen ge w ith  w h o le  D e r  p  I in adjuvant. Lym ph node ce lls  from  these m ice  fa iled  both  
to secrete IL -2 upon stim ulation in v itro  w ith D e r  p  I, and to provide cognate help to 
prim ed B  ce lls . T he tolerised  ce lls  a lso  d isp layed  the ability to suppress the effector  
function  o f  prim ed C D 4+  T  ce lls  in the sp leen . Furthermore, peptide adm inistered  
intranasally w as reported to induce tolerance not on ly in naive m ice, but also in m ice  
that had been  p reviou sly  sen sitised  to D e r  p  I  v ia  an im m unogenic route (H oyn e G F et 
a l. 1993).

1.15 MHC Class II on T cells and its role in anergy induction
Studies, to date, indicate that a proportion o f  human (Lam b JR e t  a l. 1983), rat 

(R eiz is B  e t  a l. 1994), gu inea p ig  (Burger R e t  al. 1984) and ov in e (D utia B M  e t al. 
1993) peripheral T  c e lls  syn thesise  and express M H C  class II m olecu les. In hum ans 
and rats this proportion has been show n to b e about 10% o f  peripheral T  c e lls , w ith  an 
increased frequency observed  upon activation (R eizis B e t a l. 1994, Y u D T Y  e t al. 
1 9 8 0 ).

1.15a Human T cell studies
A ctivated  hum an T  ce lls  have b een  sh ow n  to express M H C  class I, IC A M -1, 

L F A -3 and B 7 .1 , although at low er lev e ls  than on a professional A P C  such  as a B  ce ll 
(P ich ler W J and W yss-C oray  T 1994). F ew  resting T ce lls  exp ress M H C  c la ss II, but 
the m ajority b eg in  to exp ress H L A -D R , D P  and D Q  m olecu les upon activation. In v ivo  
studies have revealed  that B 7.1  exp ression  varies betw een  M H C  class 11+ T ce lls .
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Further w ork has indicated that B 7.1 is preferentially found on activated T ce lls  
infiltrating tissu es, but not on  circulating T  ce lls  (B am aba V  e t a l. 1994). Furthermore, 
repetitive stim ulation o f  T ce lls  has been hypothesised  to be a requirement for induction  
o f  B 7 .1  exp ression . T his idea w as supported by studies o f  H IV -l-in fected -T  c e ll lines  
that w ere sh ow n  to express around 9 -fo ld  m ore B 7.1  than uninfected T ce ll lin es, as 
w ell as about 1.5 tim es m ore B 7 .1 than a representative B cell line (Haffar O K  e t al. 
1 9 9 3 ).

H um an T ce ll c lo n es have been show n to secrete the sam e pattern o f  cytok ines  
w hen stim ulated by either peptide presented on T ce lls  or peptide presented on B  cells, 
the cytok in e p rofiles produced being representative o f  their functional phenotype  
(W yss-C oray  T  e t a l. 1993). H ow ever, i f  these c lo n es are stim ulated w ith either  
superantigen or peptide presented on T ce lls  they becom e unresponsive to further 
antigenic stim uli, w hereas activation with B  cell-presented peptide does not alter their 
function. A s  d iscu ssed  in the previous section  the anergised T ce lls  fail both to respond  
to anti-C D 3- or anti-C D 2-m ediated signals and to secrete cytokines, but are able to 
proliferate in resp on se to exo gen o u s IL -2 (L aSalle  JM e t al. 1992, O'Hehir R E  e t al. 
1991). P ich ler e t  al. also investigated  the effec t o f  T  cell c lon es i f  used as stim ulators in 
an a lloresp on se, w ith  resting T  ce lls  as responders. T hey found that such a m ixed  
lym p hocyte reaction (M LR ) y ield ed  antigen-specific, C D 4+  cytotox ic  T lym phocytes, 
w hereas if  they used  B ce lls  as stim ulators C D 4+  T ce lls  w ith no cytotox ic  activ ity w ere 
induced  (P ich ler W J and W yss-C oray T 1994). In contrast, Satyaraj e t al. fou n d  that an 
M L R  set up u sin g  freshly iso lated  T ce lls  as responders w ere anergised in coculture  
w ith anti-C D 3-activated  T ce lls  (Satyaraj E  e t al. 1994).

B am ab a e t al. have reported that activated human T ce lls  can take up antigen and 
present it v ia  their M H C  class II m olecu les. It w as also observed that syn thesis o f  new  
M H C  class II m o lecu les on ly occurs on antigen-specific stim ulation v ia  a T cR /C D 3-  
m ediated signa l, su ggestin g  that the T  ce lls  m ay preferentially present the stim ulatory  
antigen (B am aba V  e t a l. 1994). In contrast, L aSalle  et al. found that their T  ce ll c lon es  
w ere on ly able to present and respond to peptide or degraded antigen, but w ere unable  
to p rocess intact protein (L aSalle JM e t a l. 1992). The reason for these d ifferent 
observations m ay lie  in d ifferences in the T ce ll c lon es them selves, or p ossib ly  in the 
nature o f  antigen  used.

1.15b Rat T cell studies
R eiz is  e t  al. have show n that around 10% T ce lls  found in the sp leen  and lym ph  

nod es w ere M H C  cla ss 11+. T hey found that in the thym us sm all, T cR 10 c e lls  and about 
20%  o f  the mature sin g le  p ositive  (SP) T  ce lls  a lso  expressed  M H C  class II, and at 
higher lev e ls  than seen  in the periphery. T hey w ere able to iso late m R N A  transcripts 
from  these ce lls , but w ere on ly  able to detect n ew ly  synthesised  M H C  polyp ep tides
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from  the mature population. Induction o f  an in v ivo  im m une response u sin g  M B P , led  
to an increase in the num ber o f  T ce lls  in the periphery expressing M H C  class II, to a 
m axim um  o f  about 20%  on day 5, before decreasing back to initial lev e ls  on day 9.
O nce again, im m unoprecipitation indicated that at least som e o f  this M H C  class II had 
b een  syn th esised  by the T ce lls . H ow ever, w hen  lon g term T  ce ll lines w ere set up, it 
w as observed  that i f  these T ce lls  w ere activated in the presence o f  bystander 
thym ocytes or A P C s p assive  acquisition  o f  M H C  class II occurred. T his observation  
w as confirm ed by the finding that m R N A  w as present at lo w  lev e ls  that increased only  
slightly on activation, and by im m unoprecipitation experim ents that detected the 
syn thesis o f  on ly  lo w  lev e ls  o f  M H C  cla ss II m olecu les (R eizis B  e t a l. 1994).

Short-term  rat T  ce ll lines grow n in the absence o f  additional A P C s, w ere able  
to present native M B P  as e ffec tive ly  as pepsin  digested M B P  to M B P -sp ecific  
responder lines. P u lsin g these T  ce lls  w ith the native M B P  protein in the presence o f  
chloroquine, resulted in a lo ss in ability to activate responder ce lls , thereby providing  
further ev id en ce  that p rocessin g is actually taking place. F inally , this group incubated  
their M B P -sp ecific  line  for 72  hours, together w ith  M B P  but in the absence o f  
additional A P C s. T hey then transferred these ce lls  to syngeneic recipients w hich  
resulted in induction o f  E A E  w ith such severe clin ical m anifestations that all the 
recipients had to be euthanised  (St. L ouis JM  e t a l. 1994).

F inally , M annie e t a l  look ed  at tw o  C D 4 +  T cell c lon es, both sp ecific  for M B P. 
O ne (G P2) recogn ised  M B P  as a partial agonist and m ediated m ild  E A E , w hereas the 
R 2 c lo n e  recogn ised  M B P  w ith full e ffica cy  and m ediated severe E A E . T hey found that 
addition o f  an anti-C D 4 antibody, together w ith LRTC1 (an antibody that neutralised an 
undefined  rat costim ulatory activity w ithout b locking antigen recognition), fu lly  
b locked  M B P -stim ulated  proliferation o f  G P2 ce lls , but on ly partially inhibited R 2  
responses. T h ey  a lso  ob served  a h igher susceptib ility  to anergy in the G P 2 clon es, 
w h ich  they suggested  w as due to the M B P  interacting with this T  ce ll in a partial 
agonistic/antagonistic capacity. D ata w as also presented sh ow in g the superior A P C  
activity o f  the anergic T  ce lls , com pared w ith  activated M H C  class 11+ T cells . M H C  
class II restricted presentation o f  M B P  by anergic G P2 ce lls  to R 2 ce lls , led  to anergy  
induction in the R 2 population. T his anergic state could  also be transferred to a separate 
population o f  R 2 ce lls . F inally , adoptive transfer experim ents sh ow ed  that 
im m unisation o f  anergic G P2 T  ce lls  led  to the establishm ent o f  tolerance, as m easured  
by acquired resistance to active induction o f  E A E  (M annie M D  e t a l. 1996).

1.15c Murine T cell studies
D esp ite  the fact that several groups have reported the expression  o f  M H C  class  

II both in v itro  and in v iv o  (G autam  SC  e t  a l. 1991, Kira J-I e t a l. 1989), others have  
m aintained, and it is n ow  generally  accepted that any M H C class II present on murine T
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ce lls  is p assiv e ly  absorbed from  antigen-presenting stim ulator cells  (Lorber M I e t al. 
1 9 82 ).

A n exception  to this rule seem s to be in the case o f  som e T cell c lon es. R eske- 
K unz and co llea gu es w ere able to establish an O V A -sp ecific  T  cell c lone that expresses  
the IL -2R  at lo w  density and syn thesises and expresses M H C  class II m olecu les  
con stitu tively . Furthermore, they sh ow ed  that this clon e w as able to present various 
protein antigens to antigen-specific C D 4+  T ce ll lines. Presentation o f  antigen to the T  
cell lines b y the c lo n e  resulted in production o f  lym phokines, including IL-2, although  
no upregulation o f  the IL -2R  occurred (R eske-K unz A B and D iam antstein T 1987, 
R esk e-K un z A B  e t al. 1986). C om pared w ith the m ore traditional A P C s, such as w h o le  
sp leen  or b on e m arrow -derived m acrophages, the T cell c lon es required 10-fold  higher  
antigen concentrations in order to activate the antigen-specific T cells. Further w ork by  
the group u sed  a system  o f  O V A  cou p led  to transferrin and sh ow ed  that w hen this 
conjugate w as u sed  in their presentation assays, 2 4 0 -fo ld  less  O V A  w as su fficient to  
induce a proliferative response equivalent to that seen  when normal O V A  w as used. A  
sim ilar sh ift in the d ose response curve w as seen  i f  B  lym phom a ce lls  w ere used  as 
A P C s, w hereas no sh ift w as seen  i f  b on e m arrow -derived m acrophages w ere used  
(T sch oetsch el U  e t a l. 1996). T h ese results w ere interpreted to su ggest that the T ce ll 
clon es norm ally take up antigen b y the m ethod o f  p in ocytosis, and that this m ethod is 
relatively in efficien t at targeting the antigen to the processing compartment. C oupling  
the antigen to transferrin, and thereby entering the cell v ia  the transferrin receptor 
allow s targeting m ain ly to the early en d osom es, in w hich  processing is reported to 
occur (D ick so n  R B  e t  a l. 1983 , M cC oy K L e t a l. 1993).

T he fin din gs that M H C  class II is  exp ressed  on both hum an and rat T  ce lls , and 
can play a role in the ce ll m ediated im m une response, has led to studies look in g  into the 
reasons for the absence o f  this m olecu le in m urine T  cells  at a m olecular level. S teim le  
e t al. described  the gen e C U T A  w hich  w as found to be responsib le for exp ression  o f  
the M H C  cla ss II gen es (S teim le V  e t a l. 1993). C ells derived from  patients w ith  bare 
lym p h ocyte  syndrom e w ere found to lack C U T A  expression , and C IITA  w as  
subsequently found  to c lo se ly  correlate w ith  both constitutive and inducib le expression  
o f  M H C  cla ss II m o lecu les (C hang C -H  e t a l. 1994 , S teim le V  e t a l. 1993). C hang e t  
al. transfected a m urine T  ce ll hybridom a w ith hum an CIITA cD N A , and found that 
high lev e ls  o f  I-A  and I-E M H C  class II m olecu les w ere expressed  on the ce ll surface. 
A ntigen  presentation experim ents show ed  that the transfectants w ere able to present 
peptide to each  other in an M H C  class II restricted manner, and secreted IL -2 as a 
con seq u en ce. T h ey w ere a lso  show n to be able to present peptide antigens to other 
responder T  c e lls , h ow ever, they w ere unable to respond to w h o le  protein antigen. T his 
m ay be due to in effic ien t uptake o f  the w h o le  antigen, or p ossib ly  som e additional 
m olecu les required for norm al antigen p rocessin g are m issin g  from  the ce ll (C hang C -H
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e t a l. 1995). It m ay also be, as su ggested  by T schoetschel e t a l., that the antigen m ay  
not be b ein g  targeted to the correct com partm ent for antigen processing (T schoetschel U  
e t al. 1996) and that the m olecu les that w ould  norm ally facilitate this process are absent 
in this m odel. O I T A  has been  show n to facilitate expression o f  invariant chain and 
H L A -D M  (C hang C -H  e t  a l  1995).

Taken together, these various studies strongly su ggest that the M H C  class II 
found on T  ce lls  in hum ans and rats does have an integral role to play in regulation o f  
the ce ll m ediated im m une response. The overall picture em erging from  these studies 
su ggests that these ce lls , on stim ulation, m ay act either by generating populations o f  
cy to tox ic  T  ce lls , or by inducing anergy in the responder ce ll population, thereby  
p ossib ly  contributing to h om eostasis in the im m une system . The d ifferences and  
sim ilarities observed  in the functionality and phenotype o f  M H C  class II expressing T  
c e lls  from  hum ans, rats and m ice  are sum m arised  in table 1.2.
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Table 1.2 Summary of the similarities and differences observed in human, rat and mouse MHC class II expression 
and its possible functions.

Human Rat Mouse

T cell M H C  class II + + clonal (+/-)

Peripheral
exp ression

10% resting  
100% activation

10% resting 
20%  activation

0% resting  
0% activation

T ce ll B 7  fam ily  
exp ression

+ N D N D

A g  presenting  
ability

con flictin g results: 
peptide + +  

N ative A g  + /-

peptide ++  
N ative A g  + +

P ositive  clones: 
peptide + +  

N ative A g  + /-

C ytok ine profile on  
T -T  presentation

IL-2
IF N -y
EL-4

TNF-oc

IL-2 EL-2
IL-3

R esult o f  T-T  
presentation

CTL developm ent 
(C D 4 and C D 8)  
D evelopm en t o f  

anergy

T ce ll response  
depends on peptide  

and presence o f  
costim ulatory  

m olecules: 
A ctivation or anergy

N D

Key: A g , A ntigen; T-T, T  ce ll to T  ce ll presentation; N D , not done.
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CHAPTER 2
Materials and Methods

2.1 Buffers and Solutions
T h e com p o sition  o f  all so lu tion s and reaction buffers is listed  in Appendix 1. 

A ll ch em ica ls used  w ere purchased from  B D H  u n less stated otherw ise.

2.2  Cell lines
C ell lines w ere obtained from  a variety o f  sources: The European C ollection  o f  

A nim al C ell Cultures (E C A C C ), the A m erican T ype Culture C ollection  (A T C C ), and as 
gifts from  other researchers. L ines w ere grow n in either R PM I 1640 m edium  (hum an  
lin es) or D u lb ecco ’s m od ified  eag le  m edium  (D M E M , m urine ce lls  and lines), 
supplem ented  w ith  10% fetal ca lf  serum  (FC S) (G ibco/B R L ), p en icillin  (1 0 0  IU /m l), 
streptom ycin  (lOOjxl/ml), glutam ine (2m M ) and 5x l0 " 5M  (3-mercaptoethanol (2-M E ) in 
a water saturated atm osphere o f  5% C O 2 in air at 37°C  u n less sp ecified  otherw ise. A ll 
steps in vo lv in g  the continued culture o f  ce lls  w ere perform ed aseptically in a laminar 
f lo w  h ood  u sin g  sterile equipm ent. C ells w ere m aintained in exponentia l phase by 
diluting the culture 1:10 w ith  com plete R PM I at periodic intervals ch osen  dependent on  
the grow th characteristics o f  the ce ll line. A ll ce ll lines w ere periodically tested for the 
p resen ce o f  m ycop lasm a, u sin g  a standard hybridisation assay (G enprobe).

2.2 .1  Cell lines used

Jurkat (J6)
EL4
H B 9 9
H T 2
P 81 5
M F 2 .2 D 9

human T ce ll leukaem ic line
m urine T ce ll lym phom a line, H -2b haplotype
murine B cell leukaem ic line
murine IL-2 dependent helper T -cell line
m urine m astocytom a line, H -2d haplotype
T -T  hybridom a, H -2 b haplotype (kind g ift o f  Dr. K .L . R ock)

2.3  Bacterial strain
X L - 1 b lu e - genotype: supEAA, hsdR. 17, r e c A l ,

e n d A l,  g y rA 4 6 , th i, r e lA l ,  lac~,
F [p ro A B +  lac°i /acZ A M 15, T n l0 (te tr)]

T he strain (a derivative o f  K 12 E .co li) carries /acZ A M 15 and la d \  on an F' 
ep iso m e a llow in g  for b lu e-w h ite colour selection  w hen transform ed w ith  p lasm ids
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carrying the (3-Gal gene. In addition, the strain contains an uncharacterised m utation  
w hich  enhances the a-com p lem entation  to g iv e  a m ore intense blue colour on plates 
con tain in g 5-brom o, 4-ch loro , 3-in d oly l, (3-D -galactoside (X -gal), a chrom ogen ic  
substrate, and Isop rop y lth io-p -D -ga lactosid e (IPTG ), an inducer o f  the p-G al 
prom oter.

2.4 Preparation of chemically competent E .co li
T h e protocol used  w as a m odification  o f  that previously described (Hanahan D  

1983). A n inoculum  o f  E .co li  X L  1-blue w as transferred aseptically from  a frozen  
glycero l stock  to 50m ls 2xY T /tetracycline (12 .5p g /m l) and grown overnight at 37°C  
w ith shaking. T he overnight culture w as sub-inoculated 1:50 into lOOOmls prewarm ed  
2xY T . T he O D ^ o o  w as assayed  (blanking on 2xY T ) (T0) and the flask  incubated at 
37 °C  w ith  shaking until the culture reached m id -log  (O D j^oo ~  0-45 - 0 .6 ). T he culture 
w as aseptically  transferred to pre-ch illed  sterile centrifuge flasks. T hese w ere incubated  
on ice  for 15 m inutes and spun at 4000rp m  for 15 m inutes in a pre-ch illed  rotor (all 
m anipulations from  this point w ere carried out on ice). T he supernatant w as rem oved  
and the bacterial p ellet resuspended in 40 m ls ice  co ld  T F B 1, incubated on ice  for 10 
m inutes and centrifuged  as above. The supernatant was rem oved by decanting and the 
p ellet drained thoroughly and resuspended in 4m ls ice-co ld  T F B 2. T he m ixture w as 
dispensed  in 2 0 0 p l aliquots into prechilled  m icrofuge tubes and snap-frozen in liquid  
N 2 . T he aliquots w ere stored at -70°C  until required. Typical com petent ce lls  obtained  
w ith this m ethod had a transform ation e ffic ien cy  o f  5 x l0 6"107 transformants per jig  
supercoiled  D N A .

2.5 Transformation of chemically competent E .co li
C om petent E .co li  w ere s lo w ly  thaw ed on ice  and 4 0 |il  added to 4 p l o f  a ligation  

reaction or ln g  supercoiled  plasm id  in a 1.5m l m icrofuge tube. Bacteria and D N A  w ere  
incubated on  ice  for 20  m inutes, heat sh ock ed  at 4 2 °C  for 9 0  seconds, returned to ice  
for 2  m inutes and added to 2 5 0 p l 2x Y T  m edium  in a flat bottom ed 5m l tube. 
Transform ations w ere incubated at 37 °C  for 45  m inutes w ith  shaking and ~ 1 5 0 p l 
spread onto an am picillin  treated (50p g /m l) 9cm  2xY T  agar plate. Plates w ere incubated  
overnight at 37°C  in an inverted position .

O ne o f  the vectors u sed  in this study, B S IIK S+ , contains part ( la c Z ) o f  the 
bacterial p-galactosidase gen e w hich can com plem ent the lac  deletion in the X L  1-blue  
strain. In the presence o f  a ch rom ogen ic substrate, X -G al (S igm a) and an inducer o f  the 
plasm id  P-galactosidase gen e (IPTG; S igm a) bacteria transformed w ith these p lasm ids 
w ill form  blue co lon ies. If a  fragm ent o f  D N A  is clon ed  into the poly linker o f  this
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plasm id , the la cZ  gen e  is disrupted and the resulting colon ies are w hite due to their 
inability to m ake (3-Gal and act on the chrom ogenic substrate. For colour selection  40 p l  
X -G al (20m g /m l in dim ethyl form am ide) and 3 2 jll1 IPTG (25m g/m l) w ere spread on the 
plate b efore the addition o f  the transform ed E .coli.

2.6 Isolation of plasmid DNA

2.6.1  Small scale preparation of plasmid DNA (mini-prep)
A  sin g le  bacterial co lon y  w as inoculated into 5m ls 2x Y T  m edium  (containing  

5 0 |ig /m l am picillin ) and incubated with shaking at 37°C  overnight. The overnight 
culture w as centrifuged at 3000rpm  for 10 m inutes and the supernatant discarded. The  
bacterial p e lle t w as resuspended by vigorous pipetting in  lOOjxl Solution  1, transferred  
to a 1.5m l m icrofu ge tube, and 2 0 0 p l Solution  2  (alkaline S D S ) w as added to ly se  the 
bacteria. F o llo w in g  gen tle  m ix in g  and a 5 m inute incubation on ice  150pl Solution  3 
w as added. T his step com p lexes the gen om ic D N A  and a high percentage o f  the 
bacterial proteins a llow in g  them  to be rem oved easily . The lysate w as vortexed  for 5 
secon d s and spun at 6000rp m  for 2 m inutes. T he supernatant w as transferred to a fresh  
tube contain ing 150|li1 o f  phenol:chloroform :propan-2-ol (PhO H /C H C l3/IPA )
(25:24 :1 ), vortexed  for 10 secon d s and spun at 12000rpm  for 5 m inutes to rem ove the 
rem aining protein. T he aqueous phase w as transferred to a fresh m icrofu ge tube and  
1/10 o f  a vo lu m e o f  3M  sodium  acetate (N aO A c) pH  5 .2  and 2 .5  vo lu m es o f  ethanol 
(-20°C ) w ere added to  precipitate the plasm id  D N A . The tube w as vortexed, incubated  
on ice  for 10 m inutes and spun at 12000rpm  for 5 m inutes. T he resulting D N A  p ellet 
w as drained and w ash ed  w ith  200(il 70%  ethanol. The liquid w as aspirated and the 
D N A  p ellet dried and resuspended in 50jll1 TER.

2 .6 .2  CsCl gradient preparation (maxi-prep)
A  sin g le  bacterial co lon y  w as inoculated into 500m l 2xY T  m edium  (am picillin  

50(ig /m l) and incubated, w ith  shaking, overnight at 37°C . T he overnight culture w as  
centrifuged at 4000rp m  for 2 0  m inutes in 50 0m l centrifuge tubes (D u Pont) in a Sorvall 
R C -28S  centrifuge. T he bacterial pellet w as drained, resuspended in 5m ls Solution  1 
by vortex ing and transferred to a 50m l fa lcon  tube on ice . lO m ls S olution  2 w as added  
and the bacterial lysate gently  m ixed  for 3 0  secon d s and incubated on ice for 10 
m inutes. 7 .5 m ls  S olu tion  3 w a s added, m ixed  v igorou sly  and the lysate  w as  
centrifuged  at 3000rpm  for 10 m inutes at 4 °C  in a benchtop centrifuge. T he supernatant 
w as transferred to a fresh 50m l tube containing lOmls P hO H /C H C l3/IP A  (25:24 :1 ), 
vortexed  for 3 0  secon d s and centrifuged  for 10 m inutes at 3000rpm . T he aqueous layer  
w as rem oved  to a fresh 50m l tube and the D N A  precipitated by the addition o f  15m ls o f
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propan-2-ol fo llo w ed  by vortexing and centrifugation at 3000rpm  for 10 m inutes. The  
supernatant w as discarded and the p ellet w ashed  in lOmls 70%  ethanol, drained and 
resu sp end ed  in 4m ls T E  pH  8.0. 8 .4 g  C sC l w as added and the solution  m ade to 14g  
w ith T E  pH 8.0 . 5 0 0 p l ethidium  brom ide (lO p g /m l) was added and the solution  
vortexed  and spun at 3000rp m  for 10 m inutes and 25°C  to rem ove any protein  
precipitate. T he clear solution  w as transferred to a 16mm x 75m m  heat-sealable  
ultracentrifuge tube (B eckm an). T he sam ple w as then overlaid w ith a C sC l solution  
(p = 1 .4 8 g /L ) and the tube heat-sealed  and spun in an ultracentrifuge rotor (70 iT i - 
B eck m an ) in a B eckm an L M -8 ultracentrifuge at 60000rpm  and 25°C  for 16 hours. 
F ollow in g  ultracentrifugation, the tube w as clam ped over a 600m l beaker and the top o f  
the tube p ierced  using an 18G  needle. A  secon d  need le (1 8G ) w as inserted into the tube 
just above the low er ethidium  brom ide stained D N A  band w hich  w as rem oved w ith a 
5m l syringe (the low er band contained the supercoiled  plasm id D N A , the upper band  
contained the circular and linearised p lasm id  D N A ). Ethidium  brom ide w as extracted  
from  the D N A  by m ix in g  w ith  three changes o f  5m ls o f water saturated b u ta n -l-o l 
w hich  w as rem oved  from  the aqueous (D N A -con ta in in g) layer after the tw o phases had 
separated. A fter the final extraction an equal volum e o f  1M  am m onium  acetate and six  
vo lu m es o f  room  temperature ethanol w as added, m ixed and centrifuged at 3000rpm  
for 2 0  m inutes. The D N A  p ellet w as rinsed w ith 70%  ethanol, drained, air-dried in a 
lam inar f lo w  h ood  and resuspended in 500jjl1 sterile TE pH 8.0 .

2.7 Determination of nucleic acid concentration
D N A  solutions w ere diluted in the appropriate buffer by a factor o f  5 0 -1 0 0  and 

placed in a quartz cuvette o f  100pl capacity. The optical density (O D ) o f  the solution  
w as m easured, relative to the diluent buffer at a w avelength  o f  260n m  (OD^26o) using a 
U V /v is  spectrophotom eter (Pharmacia). The original concentration in p g /m l o f  D N A  
w as determ ined b y m ultip lying the absorbance by the appropriate dilution factor and, 
for D N A  d iv id in g  by 2 0  or, for s in g le  stranded D N A  o ligon u cleotid es, d iv id in g  b y 30. 
Thus, an absorbance reading o f  1.0 corresponds to a concentration o f  50p,g/m l for 
D N A  or 33 jig /m l for an o ligon u cleotid e. T o  assay the purity o f  the sam ple the O D  at 
280n m  w as determ ined. A  ratio (O D 260/280) o f  betw een  1 .8-2 .0  indicates that the 
sam ple is free from  contam inating protein.

2.8 Restriction enzyme digests
P lasm id s and am p lified  P C R  fragm ents (Section 2.14) w ere tested  for  

authenticity by restriction en zym e d igestion . 4 p l o f  m iniprep D N A , 4jil o f  purified  
PC R  fragm ent (both ~  lj ig ) , or ljLLg o f  m axiprep D N A  w ere d igested  in a final vo lu m e  
o f  2 0 jll1 w ith  2 -1 0 U  restriction en zym e (B oehringer, N B L , P rom ega). For purification
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o f  restriction fragm ents, 1 0-20jll1 o f  the m iniprep or 5 -20 p g  o f  m axiprep D N A  w ere 
d igested  in a final vo lu m e o f  4 0 |il  w ith 2 0 -3 0 U  restriction enzym e. D igestion  w as 
carried out in the appropriate restriction buffer at the appropriate incubation temperature 
accord ing to  the m anufacturer's instructions for 1-3 hours. D ou ble d igests w ere carried  
out according to the manufacturer's tables o f  optim al enzym e perform ance in each  
buffer.

2.9 Agarose gel electrophoresis
T h e resolution o f  D N A  fragm ents for analytical or preparative purposes w as 

carried out by horizontal agarose g e l electrophoresis. H igh m elting temperature, 
electrop h oresis grade agarose (A p p ligen e), 0 .8  - 2.0%  (w /v ) in 0 .5 x T B E  w as  
d isso lv ed  in  a m icrow ave oven , coo led  to 50 °C  and ethidium  brom ide w as added to 
0 .1 |ig /m l. A garose w as poured into a horizontal ge l form ing tray w ith  the ends sealed  
w ith  m ask in g  tape. W ells  for sam ple load ing w ere form ed using a plastic com b.
O ne sixth  o f  a vo lu m e o f  sam ple load ing buffer (6xG L B ) w as added to the sam ple  
before load ing . 1Kb or 100 base pair markers (G ibco  B R L ) w ere electrophoresed , as 
appropriate, on all g e ls  as s iz e  standards. A garose ge ls  w ere run in 0 .5 x T B E  at a fixed  
vo ltage o f  l-5 V /cm . E thidium  brom ide stained D N A  fragm ents w ere v isua lised  on a 
U V  ligh t b ox  in a dark room  and g e ls  w ere photographed using polaroid  film . 
R eso lu tion  o f  sm all D N A  fragm ents (less than -1 K b ) w as achieved  by running D N A  
on agarose com p osed  o f  a m ixture o f  h igh m elting temperature agarose (1% ) com bined  
w ith 2% n u sieve  agarose g e l (A ppligene).

2.10 Purification of DNA fragments from agarose gels
D N A  w as electrophoresed  through 1 or 2% agarose in 0 .5xT B E  until clear  

separation o f  the desired fragm ent w as achieved . T he fragm ent w as v isu a lised  u sin g  a 
U V  light source and ex c ised  from  the gel u sin g  a scalpel. The gel slice  w as added to a 
m icrofu ge tube containing 3 0 0 |il extraction buffer (Biorad) and incubated at 55 °C  for 5 
m inutes until the gel d isso lved . 1ml o f  W izard PC R  resin (Prom ega) w as added and the 
D N A  sam ple treated according to the manufacturer's instructions. D N A  w as eluted  
from  the resin  u sin g  50jli1 T E  pH 8 at 65°C .

2.11 Wizard method of DNA purification (Promega)
C om m ercia lly  available D N A  affinity resins (Prom ega) w ere used  to purify  

p lasm id  D N A  from  agarose ge ls  (Section 2.10) or en zym e reactions prior to further 
treatm ents or ligations. T o a  5 0 -5 0 0 p l sam ple 1ml o f  the appropriate resin (PC R  or 
D N A  clean-up  resin) w as added. T he sam ple w as then transferred to a 3m l syringe  
barrel attached to a wizard m inicolum n (Prom ega). After a 3 m inute incubation at room
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tem perature, the syringe plunger w as inserted and the resin slo w ly  forced  through the 
m ini-colum n. T he syringe w as rem oved from  the m ini-colum n and the plunger  
rem oved. The barrel w as then reattached to the m ini-colum n (this prevents disruption o f  
the resin bed) and 2m ls o f  80%  IP A  w ere added. The plunger w as again inserted into 
the syringe and the solution  pushed through the m inicolum n. T he syringe barrel w as 
discarded and the m in i-colum n transferred to a 1.5m l m icrocentrifuge tube. T his w as  
centrifuged at 12000rpm  for 2 m inutes to dry the resin. T he m ini-colum n w as  
transferred to a n ew  m icrocentrifuge tube and 3 0 -5 0 |il o f  TE p H 8.0  (prew arm ed to 
65°C ) w as added. A fter a 2  m inute incubation, the m ini-colum n w as centrifuged at 
12000rpm  for 2 0  seconds to elute the D N A . T he m inicolum n w as then discarded and 
the D N A  used  or stored in the m icrocentrifuge tube.

2.12 Blunt-ending of purified restriction fragments
W hen attem pting to clon e fragm ents o f  D N A  in cases w here no en zym e sites  

w ere available w hich  w ere com patib le w ith the clon ing vector, the ends o f  the fragm ent 
w ere blunted. Purified  restriction fragm ents w ith 5' protruding ends w ere blunt-ended  
u sin g  the K len ow  fragm ent o f  E .co li  D N A  P olym erase (Prom ega). O .l-l.O jxg o f  D N A  
fragm ent w as resuspended in a total vo lu m e o f  3 0 p l containing 3jll1 o f  lOx K len ow  
buffer, l j i l  o f  d eox yn u cleo tid es (2m M  each  o f  dA T P, dCTP, dG TP and dTTP) and 4 U  
K len ow . T he reaction w as a llow ed  to proceed at 37°C  for 30  m inutes. T he reaction  
w as stopped by heating to 7 0 °C  for 15 m inutes to denature the polym erases and the 
D N A  w as purified through a W izard colum n (Prom ega) prior to b ein g  used  in a ligation  
reaction.

2.13 PCR amplification of DNA fragments
For the PC R  am plification  o f  D N A  fragm ents, l-2 n g  o f  target D N A  w as m ade 

up to a total vo lu m e o f  4 0 p l containing 5p l o f  lOx PCR buffer, 5 p l o f  nu cleotid es  
(2m M  each  dA T P , dTTP, dG TP, dC TP) and 5 |i l  o f  5' and 3' prim ers (2 .5 p M  each). A  
drop o f  m ineral o il w as then added to the sam ple to prevent evaporation during 
am plification. T he reaction m ixture w as heated to 95°C  for 10 m inutes and then ch illed  
on ice  for 2  m inutes. 1U  o f  Taq polym erase (Prom ega) w as added to this reaction in a 
vo lu m e o f  lOjil. The P C R  reaction then proceeded  using the fo llo w in g  reaction  
conditions: T l;  94 °C  for 1 m inute, T2; 5 0 -6 0 °C  for 1 m inute, T3; 72°C  for 2  m inutes 
for 35 c y c le s  w ith  a tw o  secon d  per cy c le  exten sion  on the exten sion  step, T 3 . The  
appropriate annealing temperature (A T ) (T2) w as chosen  based on the characteristics o f  
the prim ers ch osen  according to the form ula A T  =  [(4 x  (G  +  C )) +  (2  x (A  +  T )) - 3]. 
In all P C R  am plifications a tube containing no target D N A  w as included as a control. 
A m p lified  P C R  fragm ents w ere run on a 1-3% agarose gel, depending on  exp ected  
fragm ent s ize  prior to further treatment. T o  ensure that the fragm ent am plified  up w as
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in d eed  the correct p iece  o f  D N A , the PC R  gel cou ld  be blotted onto H ybond N +  and 
p robed  w ith  a c D N A  probe (section 2.21).

2 .14 Kinase treatment of purified PCR fragments
Prior to subclon ing, som e am plified  PC R  fragm ents or o ligon u cleotid es need to 

be kinased  in order to add on 5' phosphate groups since PCR prim ers b eing ch em ica lly  
syn th esized  do not b egin  w ith  5' phosphates. In this study, as the P C R  fragm ents that 
w ere syn th esised  for su b clon in g  incorporated restriction en zym e sites, on d igestion  5' 
phosphate groups w ere generated  and k inasing w as not n eeded  in this case  (section 
3.2.3). H ow ever , the o lig o n u cleo tid e  w h ich  w as subcloned  into the pT exIIL  vector  
lack ed  5' phosphate groups, thus kinasing w as required here. T he annealed  
o lig on u cleotid es (~ 10 0p g) w ere resuspended in a vo lum e o f  2 0 p l containing 2 p l o f  lOx 
T 4 K inase buffer, 1 p i o f  0.1 M  dA T P  and 2 U  T 4 kinase (Prom ega). T he reactions w ere  
incubated at 37°C  for 4 5  m inutes. R eactions w ere stopped by heating to 6 5 °C  for 10 
m inutes. T he o ligon u cleotid es w ere then purified with phenol:ch loroform  (1:1), 
fo llo w ed  by reprecipitation u sin g  1/10 3M  N aO A c and 2-3 vo lu m es ethanol.

2.15 Preparation of cloning vectors
5 p g  o f  p lasm id  vector w as d igested  w ith a restriction en zym e to lea ve  ends 

com patib le w ith those o f  the D N A  fragm ent to be ligated. F o llow in g  d igestion , 1ml o f  
w izard D N A  clean  up resin (Prom ega) w as added to the d igest and the sam ple purified  
according to  the m anufacturer's instructions and eluted in TE (pH  8 .0) in a vo lu m e o f  
50 p l. T he concentration o f  the D N A  w as assayed  by spectrophotom etry and m ade to 
lOOng/pl.

T o  m in im ize non-recom binant background when clon in g  fragm ents into a single  
restriction en zym e cut vector, the d igested  vector w as treated w ith  ca lf  intestinal 
alkaline phosphatase (C IA P, P rom ega) to rem ove the 5' phosphate groups and thereby  
prevent self-ligation . 5 p g  o f  sin g le  cut vector w as m ade up to 30 p l contain ing 3 p i o f  10 
x  C IA P  buffer and 1U  o f  C IA P. T he reaction w as incubated at 3 7 °C  for 30  m inutes. 
The C IA P w as inactivated by the addition o f  4 p l o f  0 .5M  E D T A  fo llo w ed  by heating to 
7 5 °C  for 15 m inutes. T he vector w as purified by the addition o f  1ml o f  w izard D N A  
clean-up resin and eluted  in 5 0 p l o f  TE pH 8.0 . The concentration o f  the D N A  w as  
assayed  by spectrophotom etry and m ade to lOOng/pl.

2.16 Ligation of DNA inserts into plasmid vectors
L igations w ere carried out in a final vo lu m e o f  lOpl containing lp l  plasm id  

vector (lOOng), 1-7jll1 o f  D N A  fragm ent, lp l  o f  lOx ligase buffer and 2 U  D N A  ligase  
(Prom ega). A n estim ated m olar ratio o f  D N A  fragm ent to p lasm id  o f  ~ 1 :1 w as usually  
used. T he ligation  reaction w as carried out from  15 m inutes to overnight at 22°C . 4 p l
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o f  the ligation  m ix  w as used  to transform 5 0 |ll1 o f  com petent E .coli. I f  p ossib le  D N A  
fragm ents w ere ligated into vectors cut w ith tw o restriction en zym es w hich  generate  
internally incom patible ends to prevent religation o f  the vector. I f  a sin g le  cut vector, or 
blunt ended  vector w as used, the vector w as first treated w ith alkaline phosphatase.

2.17 PCR screening of recombinant plasmids
R eligated  plasm ids w ere tested  for the presence o f  test insert by the u se  o f  PCR. 

F o llo w in g  ligation , transform ation and incubation test co lon ies w ere exam ined . If  
colou r se lection  w as em p loyed  w hite co lon ies, indicating a recom bination event, w ere  
tested  further. In the absence o f  colour selection  co lon ies w ere picked  at random. T est 
co lon ies w ere inoculated into a m ix o f  30 p l containing 3p l o f  nucleotides (2m M  each o f  
dA T P , dTTP, dC T P and dG TP), 3 p l o f  10 x  P C R  buffer, 3 p l o f  the appropriate primer 
pair (2 .5 p M  each), and 1U Taq polym erase (Prom ega), u sin g  a 10|nl pipette tip and  
then stabbed into an agar plate and num bered for further testing if  required. In all 
am plifications tw o  control sam ples w ere included - one containing no tem plate and the 
other con tain in g lOng o f  em pty plasm id  as a standard to assay non-recom binant events. 
A  drop o f  m ineral o il w as added to the reactions to prevent evaporation during 
am plification . A m p lification  conditions ch osen  w ere T l;  94°C  60  seconds, T2; 50°C  
6 0  secon d s, T3; 72 °C  9 0  seconds for 35 c y c le s  w ith  a one secon d  per c y c le  increase on  
the exten sion  step, T 3. F o llow in g  am plification , lO pl o f  each reaction w as m ixed  with  
2jil o f  6 x  sam p le loading buffer and reso lved  on  a 1% agarose gel in 0 .5 x T B E  at 
5 V /cm  for 1 hour. 1Kb marker fragm ents (G ibco  BR L) w ere electrophoresed  on all 
g e ls  as s iz e  standards.

P ositiv e  recom bination events w ere indicated by the size  o f  the PC R  fragm ent - 
i f  the appropriate recom bination even t occurred, the size o f  the PC R  fragm ent equalled  
the size  o f  the insert plus the size o f  the fragm ent am plified from  an em pty vector (for 
pT exIIIa p lus I -A a  ~ 1.4K b). C olon ies indicating a positive recom bination w ere m ini-  
prepped and restriction en zym e d igest analysed  to confirm  this result.

2.18 Preparation of radiolabelled probes
Probes w ere radiolabelled using the random  prime m ethod (Feinberg A P  and 

V o gelste in  B 1984). The M egaprim e labelling system  (A m ersham ) w as used  for 
radiolabelling. D N A  w as diluted to a concentration o f  5ng/m l in d istilled  water, 5 p i 
D N A  w as added to 5p i o f  a random  nonam er primer solution provided, and denatured  
by heating to 100°C  for 5 m inutes on a heat b lock. lOpl labelling buffer and 2p l 
K len ow  w ere added to the tube at room  temperature. 5 p l o f  a - 32P-dC TP, sp ecific  
activity 30 00 C i/m m ol, w as added and the reaction mixture w as incubated at 37 °C  for 
10-30  m inutes. L abelled  probe w as separated from  unincorporated radionuclide by spin
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colu m n  chrom atography through a 1ml resin bed o f  sephadex G -50. T he resin w as  
placed  in a 1m l syringe barrel packed w ith  a 0 . 1 m l volum e o f  g lass w o o l, w hich  
prevents the ge l leav in g  the syringe barrel but a llow s liquid to pass through. T his w as 
placed  in a 15m l fa lcon  tube and centrifuged at 1 lOOrpm for 1 m inute to pack the resin. 
T he spin co lu m n  w as w ash ed  once w ith T E N . 150|xl o f  T E N  w as added to the labelling  
reaction w hich  w as transferred to the spin colum n and centrifuged at 1500rpm  for 2 

m inutes. L abelled  probe w as co llected  in a m icrocentrifuge tube in the bottom  o f  the 15 
m l tube, and denatured by b oilin g  for 5 m inutes prior to use. In standard reactions it is 
reported that >70%  o f  the radionuclide is incorporated into the probe (A m ersham ).

2.19 Southern blotting
F o llo w in g  the resolution o f  D N A  fragm ents by agarose gel electrophoresis the 

gel w a s photographed, U V  treated for 9 0  secon d s to break the D N A  backbone thereby 
a llow in g  transfer to take p lace and pressure blotted onto H ybond N +  m em brane 
(A m ersham ) u sin g  0 .4M  N aO H  as the transfer buffer in a m odification  o f  the standard 
p rotocol (Southern E  1975). F o llo w in g  overnight transfer, the apparatus w as carefully  
d isassem b led , the m em brane w ashed  in 5x S S C  and air dried. A s the N aO H  acts to 
crosslin k  the D N A  to the m em brane, U V  crosslink ing w as not necessary.

2.20 Isolation of genomic DNA
G en om ic D N A  w as prepared u sin g Q iagen genom ic tips (Q iagen). C ells  w ere  

resuspended at a concentration o f  107/m l in 2 m ls. 2 m ls o f  ice-co ld  buffer C l (ce ll ly sis  
buffer) and 6m ls o f  ice -co ld  ddH 2 0  w ere added and the tube w as inverted several tim es  
to m ix . T h e m ixture w as then incubated for 10 m inutes on ice. T he ly sed  c e lls  w ere  
centrifuged at 4 °C  for 15 m inutes at 1300xg  and the supernatant discarded leaving  a 
sm all nuclear p ellet v isib le . 1ml ice-co ld  buffer C l and 3m ls ice-co ld  ddH 2 0  w ere  
added and the p elle t w as resuspended by vortexing. The m ixture w as then centrifuged, 
again at 4 °C  for 15 m inutes at 1300xg , after w hich  the supernatant w as discarded. 5m ls  
o f  buffer G 2 w as added to the pellet and the nuclear pellet w as resuspended by  
vigorou s vortex ing. 9 5 |il  o f  freshly prepared Proteinase K  (20m g/m l) w as added and 
the m ixture w as incubated at 50°C  for 1 hour.

A  Q iagen gen om ic-tip  w as equilibrated w ith 4m ls o f  buffer Q B T  and the 
colum n w a s a llo w ed  to em pty by gravity f lo w . F o llow in g  the 1 hour incubation, the  
sam ple w as vortexed, applied  to the equilibrated colum n and w as a llow ed  to pass  
through the resin b y  gravity f lo w . T he co lu m n  w as w ashed  tw ice  w ith 7 .5 m ls  o f  buffer  
QC. T he gen o m ic  D N A  w as then elu ted  w ith  5m ls buffer QF. 3 .5m ls isopropanol 
(equilibrated to room  temperature) w as added to the genom ic D N A  and the sam ple  
centrifuged  at 5 0 0 0 x g  at 4 °C  for 30  m inutes. T he supernatant w as carefu lly  poured o f f  
and the D N A  w as w ashed  in 2m ls ice -co ld  70%  ethanol, fo llo w in g  w h ich  it w as briefly
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air dried and resuspended in  2 0 0 -5 0 0 p l TE p H 8 depending on the size  o f  the pellet.
T he concentration  o f  the D N A  w as determ ined using a spectrophotom eter (section 
2 .7 )  and the sam p le w as stored at 4 °C .

2.21 Preparation of RNA
A ll m anipulations o f  R N A  w ere carried out with clean sterile pipettes, tubes and 

tips, and buffers and solutions w ere prepared w ith  double d istilled  sterile D E PC -treated  
water. Great care w as taken with all steps sin ce R N A  is a very labile m olecu le, easily  
degraded by R N ases and h eavy  m etals. Thus g lo v es  w ere used  w hen handling all 
equipm ent and d isposables. A ny surface like ly  to com e into contact w ith R N A  w as  
treated to rem ove contam inating R N ases by thorough cleaning, soaking in 3% H 2O 2 

and rinsing in D E PC -treated water.
T otal cellu lar R N A  w as prepared using R N A zo l B (B io tecx  laboratories Inc). 

2 x l0 7 c e lls  w ere w ash ed  tw ice  in D E P C -P B S  in a m icrofuge tube and resuspended in 
2 0 0 p l D E P C -P B S . 4 0 0 p l o f  R N A zo l B  w as added and the sam ple vortexed  and stored  
on ice  for 5 m inutes. 2 0 0 p l chloroform  (A p p ligen e) w as added and the sam ple vortexed  
and centrifuged  at 15000rpm  for 10 m inutes. T he aqueous top layer w as rem oved  and 
transferred to a fresh m icrofu ge tube containing 4 0 0 p l isoproponal and the sam ple w as  
stored at 4 °C  for 15 m inutes. The R N A  w as pelleted  by centrifugation at 15000rpm  for 
10 m inutes at 4 °C  and the R N A  p ellet w ash ed  in 20 0p l 75%  ethanol. R N A  w as  
resuspended  in 5 p is  D E P C -H 2O for further m anipulations.

2.22 Northern analysis of RNA
T otal R N A  iso lated  from  2 x l0 7 ce lls  w as electrophoresed through 1.2%  

agarose-form aldehyde g e ls . 2 .2 g  o f  electrophoresis grade agarose (K odak IBI) w as  
added to 140m ls o f  D E P C -H 2O and m elted  in a m icrow ave. The ge l w as co o led  to 
60 °C  and 4 4 m ls  5x  form aldehyde ge l running buffer and 40 m ls o f  form aldehyde  
(S igm a) w ere added and the gel poured into a thoroughly cleaned  sealed  horizontal gel 
casting tray w ith  a ge l com b  in p lace (R N ase treated by soaking in  3% H 2O 2 for 30  
m inutes fo llo w e d  by rinsing in D E PC  treated water). The set ge l w as p laced  into a 
horizontal g e l tank containing lx  form aldehyde gel m nning buffer.

T o  5 p l total R N A  iso lated  as above, a cocktail o f  15 .5p l containing lOpl 
form am ide, 3 .5 p l form aldehyde and 2 p l 5x  form aldehyde gel m nning buffer w as  
added and the R N A  denatured by heating to 65 °C  for 10 m inutes. 4 p l sam ple loading  
buffer w as added and the sam ples w ere loaded  onto the gel and run at 4 V /cm  for 4  
hours. A n  extra lane containing J6 R N A  w as run on the gel to use as a marker track. 
A fter m nning the ge l, the marker track w as cut o f f  and soaked in a solution  o f  lm g /m l  
ethidium  brom ine in water for 2 0  m inutes. The marker track w as then photographed  
under U V  onto polaroid  film  and the 18S and 28S  ribosom al R N A  bands u sed  as s ize
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controls. T he R N A  w as then transferred from  gel to m em brane by pressure-blotting  
overnight onto H ybond  N  u sin g  2 0 x S S C  as the transfer buffer using a m od ifica tion  o f  
the standard protocol (Southern E 1975). F o llo w in g  transfer, the m em brane w as air 
dried and the R N A  U V -crosslin k ed  onto the mem brane.

2.23 Filter hybridisation
H yb on d  N  or N +  m em branes w ere separated using nylon sheets, rolled  up and 

placed  in hybridisation bottles (H ybaid U K ) in 2 0 -4 0m ls o f  Church and G ilberts 
(C & G ) solution . For m em branes containing gen om ic D N A  the C & G  solution w as  
supplem ented  w ith  sheared salm on sperm  D N A , b oiled  for 5 m inutes on a hot b lock , at 
a final concentration  o f  lOOjig/ml. Filters w ere pre-hybridised for 1-3 hours at 65°C . 
F o llo w in g  prehybridisation, the buffer w as replaced with 4 -8m ls fresh pre-heated  
C & G , denatured probe w as added and the filters w ere hybridised overnight at 65°C . 
F o llo w in g  hybridisation, the probe w as rem oved  and the filters w ashed  for 2 0  m inutes  
at 65 °C  in  su ccess iv e  ch an ges o f  so lution s containing 0.1%  S D S  and, in order,
2 x S S C , lx S S C , 0 .5 x S S C  and O .lx S S C . F o llo w in g  the 0 .5 x S S C  /  0.1%  S D S  w ash , 
the m em brane w as m onitored and, if  the radioactive counts w ere low , the O .lx S S C  
w ash  w as om itted. A fter w ash in g, m em branes w ere sealed  in saran wrap and exp o sed  
to Fuji X R  film  and stored at -7 0 °C  for 1 hour to on e w eek  as necessary.

2.24 Restriction digestion of genomic DNA
2 0 jig  o f  gen o m ic  D N A  w as d ispensed  into a 1.5m l m icrofuge tube and m ade up 

to 2 0 0 |il  w ith  d eion ised  sterile water. Sperm idine (Sigm a) w as added to 4m M  and the 
tube incubated at 37 °C  for 3 0  m inutes. A  three-fold  ex cess  (60U ) o f  the restriction  
en zym e o f  ch o ice  and 2 2 p l o f  the appropriate lOx restriction buffer w ere then added. 
The D N A  w as incubated overnight at 37°C  fo llow in g  w hich  another 2 0 U  o f  the 
restriction en zym e w as added and the sam ple w as left for a further 3 hours. 200jal o f  
PI1O H /C H C I3/IP A  (25:24 :1 ) w as then added and the sam ple vortexed for 15 secon d s  
and spun for 10 m inutes at 15000rpm  in a m icrocentrifuge. The aqueous layer w as  
rem oved and transferred to a n ew  m icrocentrifuge tube and the D N A  w as precipitated  
by the addition o f  1/10 vo lu m e 3M  sodium  acetate (pH  5 .2) and 2.5 vo lu m es o f  100%  
ethanol fo llo w e d  by sp inning in a m icrocentrifuge at 15000rpm  for 10 m inutes at 4°C . 
The supernatant w as carefu lly  decanted and the pellets w ashed  in 200jll1 70%  ethanol. 
The p ellet w as air dried and resuspended in 30|iil TE  pH 8 . 6p,l sam ple load ing buffer  
(6x) w as then added. S am p les w ere loaded  onto a 0.8%  agarose gel and run at 100V  
for 1 hour and 3 0 V  overnight using 0 .5 x  T B E  as the running buffer. G els con tained  a 
marker track o f  1Kb ladder (G ibco B R L ) as a s ize  standard. F o llow in g  electrophoresis,
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the g e l w as photographed under U V  and transferred onto H ybond N +  using pressure 
blotting w ith  0 .4 M  N aO H  as the transfer buffer.

2.25 DNA sequencing of double stranded templates
A  m od ified  version o f  the standard d id eoxy  chain termination sequencing  

m ethod  (Sanger F e t a l. 1977) w as used  w ith  m od ified  T 7 Sequenase, v 2 .0  (U S B )  
according to the m anufacturer's instructions. lO pg m axiprep D N A  or lOpl m iniprep  
D N A  w as m ade up to 18pl in a m icrofuge tube w ith ddFUO. 2p l 2M  N aO H  w as added  
and the reaction incubated at room  temperature for 5 m inutes. The denaturation reaction  
w as neutralised by the addition o f  8pl o f  5M  am m onium  acetate pH 4.6 and the D N A  
precipitated by the addition o f  2 0 0 p l o f  ethanol at -20°C  for 15 m inutes. The tube w as 
centrifuged at 15000rpm  for 10 m inutes at 4 °C  and the D N A  pellet w ashed  w ith lOOpl 
70%  ethanol. The p elle t w as air dried and d isso lved  in 7 p l ddH 2 0  and lOng o f  the 
appropriate prim er w as then added to the sam ple.

Prim ers w ere annealed to the D N A  by heating the m ixture to 65°C  for 2 m inutes 
on a heat b lock , after w hich  the b lock  w as rem oved  from  the heat source, the sam ples  
co o led  s lo w ly  to 3 5 °C  and then stored on ice . 2 .5 p l o f  term ination m ix es  (ddA , ddT, 
ddG , ddC; each  at 8m M , and dA , dT, dG , dC at 80m M ) w ere added to four separate 
5 0 0 p l PC R  tubes. A  m ixture w as m ade containing (per sequencing reaction): lp l  o f  
lOOmM D T T , 2 p l o f  a fiv e  fo ld  dilution in water o f  labelling m ix  (7 .5m M  each  o f  
dG TP, dA T P  and dT T P), 0 .5 p l o f  35S -d A T P  and 2 p l o f  a fiv e -fo ld  d ilution  o f  
Seq uenase (T7 polym erase v2 .0 ) in en zym e d ilution buffer. 5.5jll1 o f  this m ixture w as  
added to each  prim er/tem plate sam ple and after 5 m inutes on ice, 3 .5p l o f  the m ix  w as  
transferred to the P C R  tubes containing the term ination m ixes. After 5 m inutes at room  
tem perature, 4pil stop solution  w as added to each  tube and the tubes w ere heated to  
100°C  for 2  m inutes im m ediately prior to loading onto the gel. Sequencing reactions 
w ere electrophoresed  through a 6 % poly-acrylam ide sequencing gel.

9 0 cm  x 7 5 0 cm  seq u encin g plates (K odak IBI) w ere w ashed  thoroughly w ith  
detergent, rinsed in  ddH 2 0  and w ip ed  clean  w ith  90%  ethanol. P lates, separated w ith  
0 .3m m  spacers, w ere c lip ped  together and the bottom  sea led  with pressure tape. 75m ls  
o f  g e l w as added to 7 5 0 p l 10% am m onium  persulphate (A P S ) and 21 p i T E M E D  
(S igm a) and the g e l poured b etw een  the plates. T he flat ed ge o f  a 32  w ell sharkstooth  
com b  (K odak IB I) w as inserted into the top o f  the gel to form  a w ell and the g e l w as  
left in a horizontal p osition  for at least 1 hour to polym erise. A fter polym erisation , the  
tape at the bottom  o f  the plates w as rem oved, the com b rem oved and the gel apparatus 
assem b led  according to the manufacturer's instructions. The w ell w as rinsed in running  
buffer and the sharkstooth com b inserted so that 32  w ells  w ere availab le for loading. 
T he gel w as prerun at 4 0 W  in lx T B E  m nning buffer for 1 hour until the gel
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tem perature reached 5 0 -5 5°C . Sam ples w ere electrophoresed for 2 -4  hours at 40W , the 
plates separated and the urea w as rem oved from  the gel by soaking in denaturing buffer 
for 10 m inutes. T he g e l w as transferred to 3M M  paper, vacuum  dried for 1 hour at 
80°C  and ex p o sed  overn ight at room  tem perature to K odak X -A R 5 film .

2.26 Transfection of eukaryotic cells by electroporation

2.26.1 Optimisation of conditions
O ptim al electroporation conditions for Jurkat (J6) and E L 4 ce lls  w ere obtained  

u sin g  an F D A /P I analysis assay. C ells w ere w ash ed  tw ice in T B S and resuspended at a 
concentration o f  107/m l. 500jxl o f  the resuspended cells  w ere electroporated over a 
w id e range o f  vo ltag es (2 0 0 -4 0 0 V ) at varying capacitancies (2 5 0 -9 6 0 |iF ). A fter  
addition o f  PI (4 jig /m l final) to a 2 0 0 |il aliquot the electroporated ce lls  w as incubated  
on ice  for 10 m inutes. The ce lls  w ere then m ade up to 1ml w ith culture m edium  and 
incubated at 37 °C  for 30  m inutes. F inally  the ce lls  w ere w ashed  in PB S and 
resuspended in 1ml o f  P B S containing ln g /m l F D A . C ells staining p ositiv e ly  for PI on  
subsequent F A C S  analysis indicated ce ll perm eabilisation, w hilst F D A  staining w as  
indicative o f  c e ll viab ility . Thus ce lls  dual staining for PI and F D A  w ere both  
perm eabilised  and viable. Therefore it w as this subset o f  ce lls  that needed  to be  
optim ised  to  ensure not on ly good  lev e ls  o f  transfection but also good  ce ll recovery  
rates.

2.26.2  Control transfections: |3-galactosidase assays
1 0 |ig  o f  p S V -p-G alactosid ase control vector (Prom ega) w as transfected into  

E L 4 and J6 ce lls  b y  electroporation. O ptim al conditions as assessed  by F D A /P I  
analysis w ere u sed , and 48  hours later a standard assay w as perform ed.

T he transfected  ce lls  w ere w ashed  tw ice  in P B S , and lOOpl o f  lx  reporter ly sis  
buffer (Prom ega) w a s added. The ce lls  w ere incubated at room  temperature for 15 
m inutes, vortexed  for 15 secon d s and spun in a m icrocentrifuge for 2  m inutes at 4°C . 
The supernatant w as transferred to a fresh tube. 50|xl o f  the supernatants w ere p laced  
into the w e lls  o f  a 9 6  w ell plate and 5 0 p l o f  2x  assay buffer (Prom ega) w as added. The  
sam ples w ere m ix ed  b y pipetting, the plate covered  and incubated at 37°C  for 30  
m inutes or until a y e llo w  colour appeared. T he reaction w as stopped by addition o f  
150|iil 1M sod iu m  carbonate and the absorbance w as read at 410n m . N eg ativ e  control 
w ells  contain ing m ock  transfected E L 4 and J6 ce lls  w ere also set up. A  further w ell 
containing on ly reporter ly s is  buffer and 2x  assay buffer to blank the spectrophotom eter  
w as also  included .

2.26.3 Transient transfections
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5 x l0 6 ce lls  per transfection w ere pelleted  by centrifuging at 1 lOOrpm for 5 
m inutes, w ash ed  tw ice  w ith  T B S , and resuspended in 5 0 0 p l T B S  in a transfection  
cuvette (H oefer) w ith  a 0 .4 cm  gap. 10-40(ig  D N A  w as added and the cuvette w as 
placed  on ice  for 5 m inutes. T he cuvette w as w iped  dry, p laced  in the electroporation  
cham ber (H oefer) and a s in g le  charge delivered. C ells w ere left on ice  for 5 m inutes, 
transferred to a 2 5 cm 2 flask  containing lOmls com plete R PM I (10%  FC S) and 
incubated at 4 0 -4 8  hours at 37°C . Electroporation conditions chosen  w ere based on  
experim ental determ ination o f  the optim al transfection conditions using the F D A /PI  
analysis assay:

Jurkat (J6) - 3 0 0 V , 5 0 0 |iF , 1 secon d  charge delivery
E L 4 - 2 8 0 V , 500jiF , 1 secon d  charge delivery

2.26.4 Stable transfection
Treatm ent o f  the ce lls  w as sim ilar to the above protocol except for the 

fo llow in g: the D N A  used  w as linearised to allow  for easier insertion into the gen om e. If 
no eukaryotic selection  marker w as present on the transfected D N A  a second  linearised  
plasm id  containing this marker w as co-transfected in at a 1/10 m olar ratio. F o llow in g  
electroporation and overnight incubation the selective agent at the appropriate 
concentration w as added and the ce lls  w ere incubated for a further 2 4  hours. T he  
culture w as split at periodic intervals over the fo llow in g  10 days and then tested for 
expression  o f  the transfected gen e. I f  appropriate expression  w as dem onstrated, ce ll 
stocks w ere frozen  d ow n and the derived ce ll line w as cultured as normal. Selection  
w as continued for a further w eek  and then applied at periodic intervals during long term  
culture. S e lec tiv e  agents w ere ch osen  from  the fo llow in g , dependent on the selection  
marker resistance gen e utilised:

H ygrom ycin  B - 200p g /m l final concentration
Purom ycin  - 2 |ig /m l final concentration
G eneticin  - lm g /m l final concentration

2.27 Freezing and storage of eukaryotic cell stocks
107 ce lls  o f  an exponentia l culture w ere pelleted  by centrifugation and w ashed  

w ith serum  free RPM I. T he ce lls  w ere resuspended in 1ml o f  0 .2 2 p M  filter sterilised  
15% D M S O  (S igm a) in FC S (G ibco B R L ) and placed in a cryovial (N unc). T he vial 
w as p laced  in a freezin g  b ox  (N unc) and s lo w ly  coo led  to -7 0 °C  overnight. The  
fo llo w in g  day the v ia l w as transferred to liquid  N 2 for lon g  term  storage. For thaw ing, 
frozen v ia ls w ere rem oved  from  liquid  N 2 and rapidly thaw ed  over 1-2 m inutes in a
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37°C  w ater bath. T he ce ll suspension  w as added dropw ise to a universal containing  
lOmls o f  com p lete  m edium  with gentle m ixing. The cells w ere pelleted by centrifuging  
at 1 lOOrpm for 5 m inutes and resuspended in lO m ls o f  com plete m edium  in a 2 5 cm 2 
culture flask  and cultured at 37°C .

2.28 Viability of eukaryotic cells by trypan blue exclusion
T he ability to exclu de trypan b lue (G ibco B R L ) w as used  to assay the viability  

o f  ce lls  in culture. C ells w ere either counted  directly, or w ashed  and resuspended in 
P B S. 20|li1 o f  the ce ll suspension  w as m ixed  w ith  20jil o f  the trypan b lue solution  and 
applied to a h aem ocytom eter (Im proved N eubauer, depth 0.1m m ; W eber) under a cover  
slip. The ce lls  w ere counted  under 4 0 x  m agnification and the viability determ ined as the 
percentage o f  ce lls  exclu d in g the dye (w hich  appear clear) com pared to the cell total.
The ce ll count w as calcu lated  by the fo llow in g  formula: num ber o f  ce lls  in 25 squares x  
2 x  104 =  num ber o f  ce lls /m l.

2.29 Cytofluormetric analysis
F lu orescen ce analysis o f  ce lls  for ce ll surface expression  o f  proteins w as 

carried out on  a F A C S can  (B ecton  D ick in son ). 106 cells  per analysis w ere w ashed  
tw ice  in P B S  /  0.5%  B S A , p elleted  b y centrifugation and resuspended in a solution  o f  
P B S contain ing 10% norm al m ouse serum  (S igm a) in a vo lu m e o f  5 0 |li1. F o llo w in g  a 
15 m inute incubation on ice , 50 p l o f  the desired antibody, at the appropriate 
concentration, w as added and labelling w as carried out on ice  for a further 15 m inutes. 
T he ce lls  w ere then w ash ed  tw ice  in 150p l o f  P B S /  0.5%  B S A  and either analysed  
directly, or an appropriate secon d  layer w as added and the labelling steps repeated as 
above. F o llo w in g  lab elling  the ce lls  w ere resuspended in a vo lu m e o f  5 0 0 jll1 and 
analysed  on  the F A C S can  according to the manufacturer's instructions w ith the 
appropriate gatings and colour com pensation. I f  ce lls  w ere to be stored and analysed  at 
a later stage they w ere f ix ed  by addition o f  paraform aldeyde at a 1% final concentration.

2.30 T cell purification
L ym ph nod es w ere co llected  from  m ice  and cells released from  the organ by  

crushing them  b etw een  the frosted ends o f  tw o  g lass slides. C ells w ere w ashed  on ce in 
culture m ed iu m  w ithout serum  and resuspended in a final vo lu m e o f  5m ls. Sheep  anti­
m ou se  IgG  dynabeads (D yn al) w ere w ashed  tw ice  in serum -free m edia, resuspended in  
lm l and left on ice  until required. T he resuspended ce lls  w ere added to the dynabeads 
and p laced  on  an en d-to-end  rotor at 4 °C  for 15 m inutes. The cell/b ead  m ixture w as  
then p laced  on  a m agnet for 5 m inutes and the ce lls  rem aining in suspension  w ere
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transferred to a n ew  tube. T he beads w ere w ashed  once with serum -free m ed ia  and 
after 5 m inutes on the m agnet any ce lls  rem aining in suspension w ere rem oved.

For optim al T ce ll purification a b ea d x e ll ratio o f  2:1 is required. T his m ethod  
depletes all B ce lls  and any other ce lls  exp ressin g F ey receptors such as m acrophages, 
and populations o f  T  ce lls  in the range o f  9 2 -9 5 %  purity are obtained.

2.31 Lymphocyte isolation from tail blood
lOOpl m ou se tail b lood  w as co llected  in a 1.5ml eppendorf tube containing 1ml 

o f  A lserver's solution . T his m ixture w as then layered onto 1ml o f  F ico ll (Sigm a: F ico ll 
1083) in a 5m l F A C S  tube and spun at 2200rpm  at room  tem perature for 45  m inutes. 
T he interface, com p risin g  lym p hocytes alone w as then rem oved, transferred to a 1.5m l 
eppendorf and w ash ed  w ith  P B S. A  sm all p ellet containing b etw een  105 and 5 x l0 5 
lym p hocytes w o u ld  b e v isib le  at the bottom  o f  the tube.

2.32 Proliferation assays
C ells w ere plated at varying ce ll densities and under varying conditions, as 

required, in a final vo lu m e o f  2 0 0 p l in 96  w ell flat-bottom ed tissue culture plates 
(N unc). Treatm ents w ere perform ed in triplicate and at the appropriate tim e point 
cultures w ere p u lsed  w ith lO pl ( lp C i)  o f  tritiated thym idine ([3H ]T dR ) (A m ersham ) 
per w e ll 6 hours prior to harvesting. Incubations w ere perform ed in 95%  hum idity and 
5% C O 2 at 37°C . C ells  w ere ly sed  and harvested onto g lass fibre filters (W allac) using  
a com m ercial harvesting apparatus (T om tec). Proliferation w as m easured by [3H ]TdR  
incorporation as assayed  by liquid scintillation spectroscopy in a 1205 betaplate counter 
(W allac). R esults w ere exp ressed  as m ean counts per m inute (+ /- SE M ) o f  the triplicate 
cultures.

2.33 IL-2 production assays
The IL-2 dependent H T 2 indicator ce ll line was m aintained in culture in 

exponentia l grow th phase until needed. T his required splitting the ce lls  every 3 days 
and reculturing in the presence o f  IL -2 (20n g /m l final). For the assay the ce lls  w ere 
pelleted  by centrifugation at 1200rpm  for 5 m inutes and w ashed  tw ice  in com p lete  
m ed iu m  to ensure any residual IL -2 w as rem oved. C ells w ere counted  and resuspended  
at a concentration o f  105/m l. 50 p l o f  supernatants were co llected  in 9 6  w ell flat- 
bottom ed plates from  ce ll cultures to be assayed , typically after 2 4  hours culture, and 
50 p l o f  the H T 2 ce lls  w ere added. A  standard IL-2 titration w as added as a control 
starting at 20 n g /m l and titrating d ow n in 5-fo ld  dilutions. C ells w ere incubated at 95%  
hum idity, 5% C O 2 , 3 7 °C  for 18 hours at w h ich  point 1 0 |il ( lp C i)  [3H ]T dR  w as 
added per w ell and after a further 6 hours the ce lls  w ere harvested.
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2.34 The JAM assay for measuring T cell-mediated cytotoxicity
The JA M  assay (M atzinger P 1991) m easures D N A  degradation resulting from  

apoptosis. Proliferating target ce lls , labelled  w ith  [3H ]TdR  are incubated w ith cytotox ic  
T ce lls  (C T L s), harvested onto filters and counted in an identical m anner to proliferation  
assays. If target ce ll degradation has occurred the fragm ented D N A  w ill be w ashed  
through the filter, w hereas the intact labelled  D N A  from  undegraded ce lls  w ill remain  
bound to the filter.

14 days before the assay fem ale C 57B L 6/J m ice w ere im m unised  
intraperitoneally w ith 107 C 57B L 6/J m ale sp leen cells. 9  days later their sp leens w ere 
rem oved  and 4 x l0 6 w ere co-cultured w ith either 2 x l0 6 irradiated sp leen  ce lls  from  
C 57B L 6/J m ale to generate an anti-H Y  response or with B A L B /c  sp leens to generate an 
a llo gen eic  response. For each  m ouse 4  w ells  o f  a 2 4  w ell plate w ere set up.

T w o  days before the assay 3 0 x 1 0 6 sp leen  cells  from  m ale and fem ale  C 57B L 6/J  
m ice w ere stim ulated w ith  5 0 |ig /m l LPS in 30m ls com plete m edium  in 75cm 2 flasks.

On the day o f  the assay LPS blasts w ere labelled  w ith 5p C i/m l [3H ]T dR  for 6 
hours, fo llo w in g  w hich  the ce ll suspension  w as fico lled  (Sigm a: F ico ll 1083) and the 
blasts w ere harvested from  the interface and w ashed  tw ice. The tum our ce ll lines P 815  
(H -2d) and E L 4 (H -2b) w ere labelled  for 3 hours w ith 5p C i/m l [3H ]T dR , fo llow in g  
w h ich  they w ere w ashed  tw ice . A t this point the LPS blasts and tum our ce lls  w ere  
counted  and resuspended at 105/m l. The 4  w e lls  o f  effector ce lls  set up 5 days 
p reviou sly  w ere p oo led , w ash ed  tw ice  and resuspended in 1.6m ls. T hey w ere plated  
out in duplicate at 100(xl/w ell in doubling dilutions dow n a 96  w ell flat-bottom ed plate. 
T o each  w e ll lOOjxl o f  targets w as added and the assay w as incubated for 3 -4  hours in a 
37°C , 5% C O 2 hum id ified  incubator. Control w e lls  containing sp leen  ce lls  from  naive  
m ice and co-cultures o f  C 57B L 6/J sp leen with the EL4 ce ll line sh ow ed  non -sp ecific  
k illin g  at very lo w  lev e ls  (<3% ). A fter the 3 -4  hour incubation period the plates w ere  
harvested and counted and C T L  activity calculated as:

[(T -S)/T ] x 100 =  % cytotox icity  where T=targets alone
S=targets +  effectors

Targets alone w ere harvested at the beginn ing and end o f  the assay to assess  
spontaneous release. Spontaneous degradation o f  up to 25%  had no e ffec t on the assay.

2.35 Immunisations

2.35.1 Generation of a Th2 response
T he first im m unisation  w as adm inistered on day 0. M ice  w ere each  im m unised  

w ith 2 |ig  D e r  p  I in alum , subcutaneously at the base o f  the tail, in a total o f  200jil.
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2jig  D e r  p  I w as com bined  w ith 4m g  alum  and left for 20  m inutes at room  
tem perature on  a shaker. T he vo lu m e w as then m ade up to 200}il w ith  P B S and the 
m ice im m unised . A n y  e x ce ss  w as stored at -20°C . 2  w eeks later the im m unisations  
w ere repeated excep t this tim e they w ere adm inistered intraperitoneally. 10 days later a 
secon d  b oo st w as g iven , again v ia  the intraperitoneal route, fo llo w ed  by a third boost 
10 days after that. 10 days later tail b lood  w as rem oved and serum  analysed for T h2  
a n d T h l associated  antibodies.

2.35 .2  Generation of a Thl response
On day 0  m ice  w ere im m unised  w ith lO nm oles o f  the D e r  p  I peptide 110-131  

in com p lete  Freund's adjuvant (C FA ), subcutaneously at the base o f  the tail in a total o f  
2 0 0 |i l .

lO O p l o f  the D e r  p  I  peptide 110-131 w as m ixed  with IO O jllI C FA . A n em ulsion  
w as m ade b y forcin g  the tw o  solutions trough a tw o-w ay  stop cock  w hich  had a syringe  
attached at either ex it point. T his em ulsion  w as then im m unised. 2 w eeks later the 
im m unisation w as repeated excep t this tim e incom plete Freund's adjuvant (IFA ) w as  
used. 7 days later a 2nd b oo st w as g iven , fo llo w e d  by rem oval o f  tail b lood  10 days 
later and analysis o f  the serum  for T h l and T h2 associated  antibodies.

2.36 Measuring IgGi and IgG2a levels
M ice  w ere tail b led  in the absence o f  anti-coagulants and the b lood  stored at 4°C  

for 3 0  m inutes. T he tubes w ere spun at 1200rpm  at 4°C  for 15 m inutes after w hich  the 
serum  w as rem oved . T he serum  w as stored at -7 0 °C  until assayed  by E L ISA .

T he day before the E L IS A  assay w as perform ed, 96  w e ll E L ISA  plates 
(Sterilin) w ere coated  w ith 5p g /m l o f  either D e r  p  I or the D e r  p  I peptide 110-131 m ade 
up in an E L IS A  coatin g buffer (dw  scien tific), p reviou sly  diluted 1:10. 50 jil o f  this 
solution  w as added to each  w e ll and left at 4 °C  overnight. T he fo llo w in g  day the  
coatin g so lu tion  w as rem oved  and 2 0 0 |il  o f  a 10% FCS b lock in g  solution  in T B S  w as  
added to each  w ell and left for 1 hour at 37°C . T he plates w ere then w ashed  5 tim es 
u sin g  a T B S + 0 .0 5%  T w een  2 0  solution . T he serum  w as then diluted in T B S , for IgG i 
1/100 , 1 /10 00 , 1 /1 0 0 0 0  and 1 /1 0 0 0 0 0  d ilutions w ere m ade up, for IgG 2a the 1 /1 0 0 0 0 0  
dilution w as om itted. 150p l o f  each dilution w as added per w e ll and w as incubated  
overnight at 4 °C . T h e fo llo w in g  day the plates w ere w ashed  5 tim es, as before, and a 
1/1000  dilution o f  either the anti-IgG i or IgG 2a antibodies (Southern B iotech n o log ies)  
w as m ade up in T B S  and 50jxl w as added per w ell. The p lates w ere then incubated for 
2 hours at 37°C . F o llo w in g  this incubation ce lls  w ere again w ashed  5 tim es and 50 p l 
o f  a 1 /1000  dilution o f  streptavidin alkaline phosphatase conjugate (A m ersham ), m ade 
up in T B S  w as added to each  w ell. The plates w ere incubated at 37°C  for 1 hour, after
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w h ich  they w ere w ash ed  5 tim es, as before. T he substrate, nitrophenylphosphate  
(S igm a) w as diluted to a final concentration o f  lm g /m l in E L ISA  substrate buffer (dw  
scien tific) and 5 0 |il  w as added to each w ell. T he plates w ere placed in the dark and the 
O D 450 w as read u sin g  an E L IS A  plate reader on ce a colour change w as observed, this 
cou ld  take from  15 m inutes to 1 hour.
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CHAPTER 3

The generation and characterisation 
of a mouse expressing MHC class II on its T cells

3.1 Introduction
3.1 .1  A possible role for MHC class II on human and rat T cells

T h e hum an in  v itro  w ork  d iscu ssed  in section 1.15 together w ith the rat in 
vivo  studies point towards an im m unoregulatory role for M H C  class II m olecu les on T  
cells . In v itro  ev id en ce  suggests induction o f  anergy or cytotox icity  in T ce lls  that have  
been presented w ith antigen in the context o f  M H C  class II by other T cells . A  
com p reh en sive in v ivo  study look ing at rat responses undertaken by M annie e t a l., 
observed that o f  tw o rat M B P -sp ecific  T  ce ll lines one m ediated severe E A E  (term ed  
R 2), w h ilst the other m ediated  a m ild  form  o f  the d isease (term ed G P2). The authors 
su ggested  that this w as due to  the R 2 T  ce ll line recognising rat M B P  as a full agonist, 
w hereas the G P 2 T ce ll line recogn ised  it on ly  as a partial agonist. Experim ental m odels  
have proposed  that T  ce lls  recogn ise se lf  predom inantly as antagonistic ligands, w ith  
agonistic ligands largely representing n on self. T he basis o f  this m odel b eing that 
interaction o f  partial or antagonistic M H C /peptide com plexes w ith the T cR /C D 3  
com p lex  results in a partial or com plete inability o f  the T  cell to becom e activated. The 
result o f  such an interaction w ould  be anergy, and this form ed the basis o f  experim ents  
perform ed b y  M an n ie  e t  a l. T h ese exp erim ents have been  d iscu ssed  in section 1.15b. 
the m ain fin d in gs o f  this report can b e sum m arised as being:

1. T he observation that the G P2 T ce ll line exhibited a higher susceptibility to  
tolerance than the R 2  T ce ll line. A s d iscu ssed  above this w as attributed to G P2  
recogn isin g  rat M B P  as a partial agonist.

2. A n erg ic G P 2 T  ce lls  d isp layed  antigen presenting abilities v ia  M H C  class II 
superior to  those observed  in activated M H C  class n +  T  cells.

3. C o-culturing o f  the R 2 T ce lls  w ith  anergised G P2 T  ce lls  resulted in the 
transfer o f  anergy to the R 2 line.

4 . A d op tive  transfer o f  anergised G P 2 T  ce lls  into rats subsequently ch allen ged  
w ith gu in ea  p ig  M B P  in com p lete  Freund's adjuvant (C F A ), resulted in a decreased  
intensity o f  E A E . T he authors attributed this to in fectious tolerance, m ediated v ia  M H C  
class II restricted T -T  antigen presentation by the anergic G P2 T ce lls  (M annie M D  e t  
a l  1996).

T he induction  o f  n on resp on siven ess in T ce lls , in v itro , w as first ob served  in  
hum an C D 4 +  T  ce ll c lon es sp ecific  for the in fluenza haem agglutinin peptide 30 6 -32 9 . 
On pretreatm ent w ith  high d ose peptide (50|iig/m l), in the absence o f  A P C s, the T ce ll
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clo n e  (H A  1.7) w as rendered n onresponsive to antigenic restim ulation. Furthermore, 
the requirem ent for M H C  class II w as dem onstrated by addition o f  anti-M H C class II 
antibodies into the tolerance-inducing cultures, thereby inhibiting the developm ent o f  
anergy. T h is observation, therefore, su ggested  that anergy induction m ay occurr due to 
the T ce lls  presenting peptide antigen to each other in an M H C  class II restricted fashion  
(Lam b JR and F eldm an M  1984). In an exten sion  o f  this study, O'Hehir et al. 
dem onstrated that treatment o f  T  ce ll c lon es w ith high dose peptide in the presence o f  
p rofession a l A P C s still resulted in the induction o f  T  cell n onresponsiveness (O'Hehir 
R E et al. 1991). Further studies observed that on treatment o f  human T h 2-like ce ll 
clon es sp ecific  for the Der p  I peptide 101-119 w ith high d oses o f  a peptide analogue  
derived from  the in fluenza H A  peptide 3 0 7 -3 1 9  (100 )ig /m l), the T cells  w ere rendered  
unresponsive to  a subsequent im m unogen ic ch allen ge (H iggins JA  et al. 1992). T his 
study presented the p ossib ility  o f  such peptides being o f  therapeutic use in certain  
d iseases such  as lo ca lised  allergic responses. T his peptide-m ediated anergy w as  
associated  w ith  dow nm odulation  o f  C D 3 expression  and upregulation o f  C D 2 and  
C D 25 exp ression  (O ’H ehir R E  et al. 1991a, O 'H ehir RE and Lam b JR 1990). C o ­
m odulation o f  C D 4, C D 1 l a / 18 and C D 44 w as found to vary betw een  individual T ce ll 
clo n es (Y sse l H  et al. 1994). E xpression o f  C D 8 0  and C D 86 rem ained unchanged on  
anergy induction, w ith  C D 2 8  expression  b ein g  dow nregulated (Lake R A  et al. 1993, 
Y sse l H  et al. 19 94 ). A s  d iscu ssed  in section 1.14a this m odel o f  anergy is  
reversible on  addition o f  exo gen o u s IL-2 or P M A  and ionom ycin  to the restim ulatory  
cultures (Lam b JR and F eldm an M  1984, L aSalle  JM  et al. 1992).

From  the observations that T cell c lon es derived from  allergic patients cou ld  be 
tolerised in vitro , and that this anergy induction w as associated with peptide  
presentation in the con text o f  M H C  class II expressed  on T ce lls , the question arose as 
to w hether antigen presentation under such conditions cou ld  be used  as a therapy for 
allergic individuals. The lim ited  in vivo work carried out to date look in g at the p ossib le  
role o f  T  ce ll exp ressed  M H C  class II in the rat, suggests it m ay have a regulatory role, 
w ith anergy induction b ein g  observed in adoptive transfer experim ents under certain  
con d ition s (M annie M D  et al. 1996, St. L ouis JM et al. 1994). B ased  on the 
prelim inary studies d iscussed , the rat m ay seem  an ideal m odel in w hich  to d issect out 
an in vivo role o f  T  ce ll exp ressed  M H C  class II. H ow ever, the w ork by R eiz is  et al. 
dem onstrated that on  activation rat T ce lls  expressed  M H C  class II on ly in the region  o f  
20% , com pared w ith  100%  on activated hum an T ce lls  (R eizis B  et al. 1994). 
T herefore, a m ore appropriate in vivo m odel to address the question o f  T  ce ll exp ressed  
M H C  cla ss II b ein g  in v o lv ed  in som e form  im m une regulation, p ossib ly  by induction  
o f  anergy, w as by generation o f  a m ou se that expressed  M H C  class II as a transgene on  
its T  ce lls  alone.
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3 .1 .2  The human CD2 expression vector
T he I -A a b and I-A(3b cD N A  constructs w ere kindly supplied  by Drs. C.

B en o ist and D . M athis (Landais D  e t a l. 1986). In order to direct expression  to the T  
ce ll com partm ent alone, the I -A a b and I-A p b c D N A  w ere c loned  into pT ex II (kind gift 
o f  Dr. D . W otton), an exp ression  vector containing human C D 2 prom oter and enhancer  
regions know n to b e required for cop y  num ber-dependent and position-independent  
exp ression  o f  any h etero logou s gen es under its control (W otton D  1993). H um an C D 2  
is know n to  be exp ressed  on thym ocytes, peripheral T  ce lls  and the m ajority o f  N K  
ce lls , but is not exp ressed  on B ce lls  (D iam on d  D J e t al. 1988, Sayre PH e t al. 1987). 
T ransgenic m ou se studies have show n that a 5K b region at the 5 ’ end o f  the C D 2 gen e  
locu s and a 7 .5K b  region at its 3' end are su fficient to control correct tissu e-sp ecific  
and tem poral exp ression  (Lang G e t a l. 1988). W ithin  the 5' region, a w eak prom oter  
has been  id en tified  (W otton D  1993). Enhancers vary in their ability to up-regulate 
transcription, and additional D N A  core sequences that act as binding sites for  
transcription factors have been identified that lie  outside the enhancer core. T hese  
additional seq u en ces are know n as locus control regions (L C R s), and they act in 
conjunction  w ith  the prom oter and enhancer regions to confer position-independent, 
cop y-n u m b er dependent exp ression  on transgenes (Orkin SH  1990). T he 3' region  has 
been  found  to contain  an enhancer and an L C R  (W otton D  1993). W ithin  the 3' region, 
a 2K b H in d  III fragm ent w as found to d isp lay enhancer ability. T his site has been  
identified  in all T  ce ll lines, whether they express C D 2 or not, and thus indicates a 
region  o f  lin eage  sp ecific  transcription factor binding. W ithin this region an 'enhancer 
core' has b een  m apped. T his 531bp  region  has been  show n to contain full enhancer  
activity, and six  regions w ithin this core have been  identified  as containing con sen su s  
m otifs to w h ich  transcription factors can bind (Lake R A  e t al. 1990). T he L C R  w as  
also  found  to b e contained  w ithin this 2K b H in d  III fragm ent. A n alysis o f  this fragm ent 
sh ow ed  that d eletion s from  the 3' end resulting in a 1,5Kb fragm ent retained fu ll L C R  
activity. A  deletion  resulting in the generation a 1.1Kb fragm ent, retained all defined  
enhancer activ ities, but lo ss  o f  som e LC R  activity. A  study o f  transgenic m ice  carrying  
this 1 .1Kb fragm ent linked  to the hum an C D 2 gen e found that som e o f  the m ice  
retained tissu e-sp ecific  transgene expression  but did not dem onstrate copy-num ber  
dependence. A s  the L C R  is located w ithin the sam e region as the enhancer, this 2K b  
H in d  HI fragm ent can therefore, by itself, control the tissu e-sp ecific , cop y  num ber- 
dependent and position-independent expression  o f  either the C D 2 gene, or any other 
gen e under its control (G reaves D R  e t al. 1989).

T h e exp ression  vector pTexII is com prised  o f  a 5K b fragm ent o f  the 5' 
seq u ence that contains the prom oter region, term inating a few  base pairs upstream  from  
the A T G  site. A n  X h o  I c lon in g  site has been  incorporated, dow nstream  o f  w hich  is a 
2.5K b  fragm ent en com p assin g  the 3' untranslated flanking region  that contains a p oly
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A  seq u ence, fo llo w ed  by the 2K b H in d  III fragm ent that contains the enhancer and 
LC R  region s, as w ell as an additional p o ly  A  sequence located within the first H in d  III 
site  (Figure 3.1a). U se  o f  th is exp ression  vector  therefore ensured that gen e  
expression  w ou ld  be restricted to T  ce lls , and that due to the presence o f  the enhancer 
and L C R  regions the inserted hetero logous gen es w ould  be expressed  in a cop y  
num ber-dependent and position-independent manner.

3 .1 .3  Choice of MHC class II allele.
T h e decision  as to w h ich  H -2  haplotype w as to b e used  in the generation o f  

these m ice  w as based  on the epitope m apping studies o f  D e r  p  I carried out by H oyne et 
al. (H o yn e G F  e t a l. 1993). T his w ork  sh ow ed  that C 57B L /6J m ice (H -2b haplotype), 
w ere h igh  responders to the house dust m ite allergen D e r  p  I. T  ce lls  w ere found to 
recogn ise  three different ep itopes located  w ithin the fo llow in g  sequences: 110-131 , 78- 
100 and 2 1 -4 9 , w ith the im m unodom inant determinant identified  as ly in g  w ithin  110- 
131. M ice  o f  the H -2 k haplotype w ere c la ssed  as m edium  responders com pared w ith  
the H -2b m ice , w h ilst H -2d m ice  w ere found  to b e low  responders. It w as therefore  
d ecided  that the high responder strain (C 57B L /6J) w ould  be used  to generate the  
transgenic m ou se. Furtherm ore, the C 57B L /6J  strain only express the M H C  class I I I -  
A  m olecu les, therefore generation o f  the transgenic m ouse w as sim plified  to the extent 
that M H C  cla ss I II -E  m olecu le  transgenes w ere not needed.

O nce the I -A a b and I-A(3b cD N A  had been  cloned into the human C D 2  
exp ression  vector, the tw o constructs had to be analysed  to confirm  that c lon in g  had  
been su ccessfu l. S eq u en cin g  w as carried out to ensure appropriate religation and 
orientation o f  the inserts. In addition, both stable and transient transfections system s  
w ere set up, to determ ine expression  o f  M H C  class II at the ce ll surface, at the R N A  
lev e l and w ithin  the gen om e o f  stably transfected cells. The b io log ica l function  o f  any 
cell surface M H C  class II detected  w as tested in a m ixed  lym phocyte reaction (M LR ) 
system .

3 .1 .4  Practical applications of transgene technology.
T he m ethod o f  introducing additional genes into the genom e o f  a d evelop in g  

m ou se such  that a stable integration even t occurs, resulting in the transm ission o f  these  
extra gen es to any p rogen y, w as first described  by G ordon e t a l  in 1981 (G ordon JW  
and R u d d le F H  1981). T h is m ethod, k n ow n  as transgenesis, is n ow  u sed  routinely as 
one w ay o f  id entify ing p ossib le  functional and/or regulatory roles that a gene/protein  
m ay have. M any exam p les o f  the exten sive  use o f  transgenesis w ithin the fie ld  o f  
im m u n ology have already been  m entioned. The creation o f  the transgenic m ice  
described above, exp ressin g  hum an C D 2 under the control o f  a 1.1K b fragm ent 
derived from  the enhancer region but lack ing som e LC R  activity, provided defin itive in
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vivo  ev id en ce  o f  the im portance o f  this region w ith respect to retaining tissue  
sp ecific ity , copy-num ber-dependence and position-independent gen e expression .

Several groups have appreciated the need  for transgenic m ice expressing  
elem ents o f  the H L A  class II loci to facilitate the analysis o f  the human im m une system . 
T his appraisal in part com pensates for the inadequacies o f  in v itro  assay system s used  
to determ ine hum an T cell function. T h ese groups have all used  H L A -D R  or -D Q  
m olecu les under control o f  their ow n transcriptional control regions to create these  
transgenic m ice. In m any instances these anim als have been u sed  to study human  
d iseases such as autoim m unity and acquired im m une deficiency syndrom e (A ID S ). The  
problem  o f  the ability o f  m urine C D 4 to interact with human H L A  m olecu les w as 
addressed. S om e groups found that a transgene o f  human C D 4 gave equivalent 
responses to those generated in the presence o f  m urine C D 4 (A ltm ann D M  e t  al. 1995, 
Y am am oto K  e t a l. 1994), others circum vented  this possib le problem  by creating M H C  
class II ch im eras that p ossessed  the peptide-b inding dom ain o f  H L A -D R 4, but the 
a 2 p 2  dom ain  ((32 dom ain in v o lv ed  in C D 4-b in d in g) (K onig R  e t  al. 1992) o f  m urine 
origin (W ood s A  e t a l. 1994). M FIs, g iv in g  som e indication o f  H L A  class II 
exp ression  lev e ls , w here g iven , w ere in the range o f  30 -300 . A  com parison  o f  H L A  
exp ression  lev e ls  on  transgenic ce lls  w ith  ce lls  that norm ally express H L A  w as not 
m ade. Therefore it cou ld  not b e ascertained w hether the lev e ls  o f  H L A  exp ressed  on the 
transgenic ce lls  fe ll w ithin the p h ysio log ica l range. Y am am oto e t al. found that the 
transgenic m ouse they had created expressed  a m ixed  M H C iso type D R A -B 6  together  
w ith I-E(3b (Y am am oto K  e t a l. 1994). T he other groups d iscu ssed  either circum vented  
this problem  by using genetica lly  altered m ice  to m inim ise such m olecular interactions, 
or m ade n o  m ention  o f  this issu e (A ltm ann D M  e t  al. 1995, W oo d s A  e t al. 1994, 
Y eung R S M  e t  al. 1994). Y eu n g e t al. created a transgenic line  in w hich  they  
reconstituted a C D 4-/C D 8- gen e knockout m ou se  with hum an C D 4 and H L A -D Q w 6. 
T hey found that the hum an C D 4 w as able to rescue T lym phocyte developm ent and 
restore the C D 4 +  peripheral T  cell com partm ent. This T  cell population w as able to 
provide e ffec tiv e  help  to B  ce lls  on vesicu lar stom atitis v im s challenge, and H L A - 
D Q w 6  w as able to present the Streptococcus-derived peptide M 6C 2 (Y eu n g R S M  e t al.
1 9 9 4 ).

A  recent report by N een o  e t al. describes the responses observed  to w h o le  body  
extract o f  D e r  p  w hen im m unised  into I-A(3° knockout m ice expressing the transgenes 
for H L A -D Q 8. T hey dem onstrated that the in v itro  responses to the D e r  p  extract w ere  
H L A -D Q 8 restricted and m ediated by C D 4+  T cells. In v itro  rechallenge in the presence  
o f  D e r  p  2  overlapping synthetic peptides resulted in the identification o f  three 
im m unodom inant ep itop es (N een o  T  e t al. 1996). The aim  o f  this study w as to 
investigate the effica c ies  o f  peptide-based im m unotherapies for allergy. H aving created
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this 'humanised' m urine m od el they state that they are attempting to induce D e r  p  2- 
sp ecific  IgE  responses and airway hyper-responsiveness fo llow in g  allergen inhalation.

T h ese  transgenic lines therefore differ from  that w hich  I describe in m any w ays. 
The transgenic m ice  d iscu ssed  above been  reconstituted with transgenes encod ing  
human m olecu les in an attempt to directly study human disease m echanism s in an in 
vivo  system . Furtherm ore, the H L A  m olecu les are expressed  under the control o f  their 
en dogenous transcriptional elem ents, w ith the exception  o f  the chim eric H L A  m odel, 
w hich  w as under the control o f  the m urine M H C  class II transcriptional elem en ts. This 
m ay result in H L A  m olecu les b ein g expressed  on  T cells  (possib ly m ore noticeably  
upon activation) as w ell as on the professional antigen presenting ce lls  such as B  ce lls , 
dendritic c e lls  and m acrophages. From  the studies, to date, it w ou ld  be predicted that 
due to the lack  o f  the transcription factor C IITA  in the murine T  cells  H L A  w ou ld  not 
be exp ressed  (C hang C -H  e t  a l. 1995 , R igaud G  e t a l. 1996, S iegrist C -A  e t a l. 1995). 
H ow ever, as it is know n that m any factors contribute to H L A  expression , that the 
overall im portance o f  C IIT A  is not know n, and o f  the possib le role p layed  in im m une  
regulation b y T ce ll expressed  H L A , it w ou ld  seem  erudite to analyse these m ice  for its 
p resence.

3 .1 .5  Generation of a transgenic mouse.
The technique o f  transgenesis in vo lves the intricate task o f  m anipulating a 

n ew ly  fertilised  oo cy te  by introducing extra gen es into its nucleus in such a w ay that 
they b ecom e incorporated into the germ line o f  the resulting progeny. F 2 m ice  are 
typ ically  u sed  for m icroinjection  to circum vent problem s such as poor reproductive 
perform ance and poor maternal instinct that m ay be encountered in certain inbred m ouse  
strains (Brinster R L  e t  al. 1985). Superovulated fem ales are used  for the production o f  
fertilised  eg g s . T yp ica lly , s ix  w eek  old  fem ales are im m unised  with pregnant mare's 
serum, w h ich  m im ics the e ffec t o f  fo llic le  stim ulating horm one and hum an chorionic  
gonadotrophin, w h ich  m im ics the effec t o f  leu tin ising horm one. On average, this 
treatment y ie ld s  2 0 -3 0  eg g s , w hereas natural ovulation yield s m erely ~ 1 0  (H ogan  B  e t  
al. 1986). 4 8  hours after horm one im m unisation the fem ale is p laced in a cage  w ith  a 
m ale w h o is  know n to b e fertile. 4  days after m ating, the fem ale  is sacrificed  and the 
ovulated fertilised  oocytes are collected . A n y fertilised oocytes w ill be seen  to contain  
tw o pronuclei, on e from  the ovum , the other from  the sperm. The m ale pronucleus 
appears larger and clo ser  to the ce ll m em brane, and it is into this pronucleus that the 
D N A  construct(s) is m icroinjected  (G ordon JW  and R uddle FH  1981). T he fertilised  
oo cytes are then transferred into a pseudopregnant fem ale. Pseudopregnant m ice  are 
prepared by m ating fem ales in natural oestrus w ith sterile m ales (usually vasectom ised ). 
After m ating, the reproductive tract o f  the fem ale  becom es receptive for transferred  
em bryos, her ow n  unfertilised  eg g s  subsequently degenerating. Stable ch rom osom al
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integration of the microinjected DNA occurs in -10-40% of the surviving embryos, 
-10% of these being expected to develop to term (Constantini F and Lacy E 1981). The 
resulting pups are tested for successful integration of the transgene using methods such 
as Southern blotting or PCR analysis, any mice that develop from microinjected eggs 
being termed 'founder' mice. Mice determined to be positive for the transgene are 
mated to establish a transgenic line.

In most cases, prior to microinjection, the cDNA is linearised by restriction 
enzyme (RE) digest, multiple copies of the gene usually concatamerise by virtue of their 
RE-derived compatible ends, and would be expected to integrate at a single site in a 
tandem array (Jaenisch R 1988, Palmiter RD et al. 1982). Random chromosome 
breaks, possibly caused by DNA repair enzymes induced by the free ends of the 
microinjected DNA, serve as integration sites for the foreign DNA (Brinster RL et al. 
1985). Rearrangements, deletions, duplications and translocations of the host 
sequences have all been observed at the integration site (Mahon KA et al. 1988, Mark 
WH et al. 1985). Some instances of multiple insertion sites have also been recorded 
(Wagner EF et al. 1983).

3 .1 .6  Characterisation of the transgenic line.
Once the transgenic line was derived, the animals were characterised. The 

presence of the transgene within the genome was verified by Southern blotting and 
PCR, with an estimate of gene copy number derived from Southern blots. FACS 
analysis was routinely used to screen pups for T cell MHC class II expression, and 
cells were assayed to determine whether expression of MHC class II on T cells had any 
effect on other cell surface molecules. The functional ability of these T cells was also 
investigated. Their ability to present peptides to T cell hybridomas, to act as CTLs and 
to provide T cell help was examined and compared with non-transgenic littermates. 
Antibody responses on immunisation of antigen using standard protocols designed to 
skew responses either towards a Thl or Th2 profile (i.e. IgG2a or IgGi respectively), 
were examined and compared with those of non-transgenic littermates. The ability of 
intranasally delivered peptide to modulate ongoing immune responses in transgenic and 
non-transgenic littermates was examined. Intranasal peptide was also administered to 
transgenic and non-transgenic mice prior to an immunogenic antigenic challenge and the 
subsequent responses were compared.
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3.2 Making and testing the human CD2-I-Aa and CD2-I-AP 
constructs.

3 .2 .1  Modification of the pTexII expression vector:
Deletion of a 2.5Kb C l a  I- B g l  II fragment.

From the work previously discussed in section 3.1.2, it is evident that the 
transcriptional elements of the human CD2 gene that are essential for transcription 
initiation of heterologous genes under its control have been elucidated (Greaves DR e t  

a l .  1989, Lake RA e t  a l .  1990, Wotton D 1993). These studies indicate that a 2.5Kb 
C l a  I to B g l  II fragment, at the 5' end of the promoter has no discernible effect on 
expression vector function. For this reason it was decided to remove this fragment, and 
to clone in a polylinker at the X h o  I site, to create additional unique sites into which the 
I-Aa and I-Ap cDNAs could be cloned (Figure 3.1b).

For removal of the C l a  l - B g l  II fragment 2pg of the pTexII vector was digested 
with C l a  I and B g l  II under optimal conditions as derived from the manufacturers tables 
of appropriate buffer conditions (section 2.8). The digests were then resolved on a 
1 % horizontal agarose gel and photographed under UV transillumination (section 
2.9). The pTexII C l a  U B g l  II digest resolving into one 2.5Kb band (the C l a  I/ B g l  II 
fragment), and a larger 8-9Kb band, which comprised of the remainder of the 
expression vector that was to be religated (Figure 3.2). The 8-9Kb fragment was cut 
out of the gel, solubilised with perchlorate binding buffer (BioRad), and subsequently 
purified through a wizard minicolumn (Promega) (section 2.10). The linearised 
vector was flushed to blunt and a ligation reaction was set up (section 2.12 and 
2.16). Ligation success was determined by transforming the DNA into competent
E . c o l i , and assaying colonies that grew on the ampicillin treated plates (section 2.5). 
Restriction enzyme digest analysis shows the pattern observed in colonies containing 
DNA that has successfully religated (Figure 3.3). S a c  I digestion of the religated 
pTexII shows the complete absence of one band of ~2Kb, compared with the original 
pTexII (lanes 2 and 5 compared with lane 8). This arises due to the loss of a S a c  I site 
that lies within the C l a  I- B g l  II fragment that has been removed. The absence of any 
bands in the C l a  U B g l  II digests in the religated pTexII, other than the 8-9Kb band that 
constitutes undigested pTex II, gives clear evidence that the C l a  l - B g l  II fragment has 
been successfully removed (lanes 3 and 6), a 2.5Kb band clearly visible in the digest 
with the original vector (lane 9). This modified vector is termed pTexIIL.

Addition of a multiple cloning site.
2jig of the pTexIIL was digested under the appropriate conditions with X h o  I. 

A sample was run on a 1% agarose gel to verify linearisation of the vector and the
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1Kb

Figure 3.1 Vector maps of pTexII
Map indicates A. Cla I - Bgl II fragment deleted and B. polylinker incorporated 
into the Xho I cloning site giving the orientation as seen in the pTexIIIa construct.
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Figure 3.2 Restriction enzyme digestion of pTEXII expression vector 
Key: MW, Molecular weight markers - 1Kb ladder.
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3 Kb S a d  

2.5Kb C l a l  / B g l l l

S a d  fragment

Figure 3.3 Restriction enzyme digection showing successful religation 
of the pTEXII expression vector with 2.5kB Clal - Bglll 
fragment deleted

Lanes 1, 4, 7 - Uncut; Lanes 2, 5, 8 - S a d \  Lanes 3, 6, 9 - B g l l l  / C l a l  
Note the absence of the 3Kb S a d  fragment and the 2.5Kb C l a l  / B g l l l  
fragments in clones 2 & 7 relative to pTEXII.
Key: MW, Molecular weight markers - 1Kb ladder.
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linearised pTexIIL was treated with calf intestinal alkaline phosphatase (CIAP, 
Boeringer) (section 2.15). The complementary strands of the polylinker that was to 
be cloned in were annealed, treated with T4 kinase (Promega) and cleaned up using a 
standard phenol/chloroform method (section 2.14). A ligation reaction was set up, 
and the following day competent E.coli transformed. Mini preps were double digested 
with Xho I/Sac I, and run on a 3% agarose gel (Figure 3,4a). The gel shows that the 
poly linker was cloned in in both orientations. The DNA yielding two fragments, one of 
-260 base pairs, the other of -60 base pairs contains the polylinker in the orientation: 
Bgl II, Xba I, Cla I, Eco RV, Eco RI, Xho I (termed pTexIIIb). Only one fragment is 
seen in the preps containing the poly linker in the opposite orientation. This fragment 
runs at -310 base pairs, indicative of the polylinker being cloned in in the orientation: 
Xho I, Eco RI, Eco RV, Cla I, Xba I, Bgl II (termed pTexIIIa). Although a second 
fragment of 25 base pairs was generated, it was too small to be visible on the gel. To 
check that the information derived from the restriction enzyme digests of the vector was 
indeed correct, sequencing was also carried out (section 2.25) (Figure 3.4b).

3 .2 .2  Preparation of I-Aa and I-Ap for ligation into the pTexIIIa 
expression vector.

To increase the efficiency of cloning the I-Aa and I-Ap chains into pTexIIIa, 
PCR was used to amplify the DNA (section 2.13), and the primers were designed 
with restriction enzyme sites incorporated into either end:
I-Aa: 5'-GCCG ATCGAT CTC CCA GAG ACC AGG ATG-3'
(coding primer) Cla I Methionine
I-Aa: 5'-GGCC GGATCC GGG ACA GCC TCA GGG CC-3'
(non-coding primer) Bam HI
I-AP: 5'-GCCG ATCGAT ACC TGT GCC TTA GAG ATG-3'
(coding primer) Cla I Methionine
I-Ap: 5'-GGCC GGATCC CAA AAC ACT CTG AGT CAC TG-3’
(non-coding primer) Bam HI
The I-Aa coding primer incorporates bases 9-26; the non-coding primer bases 949- 
933. The I-Ap coding primer incorporates bases 1-18; the non-coding primer bases 
827-808. The PCR products were purified using a standard phenol/chloroform 
protocol, and then digested with Cla l/Bam HI under appropriate conditions. The 
digests were run on a 1% agarose gel and the bands cut out and purified through a 
wizard column (Figure 3.5).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 L

Figure 3.4 Successful incorporation of a polylinker into the Xhol site of 
the pTEXIIL vector

a. X h o l  / S a c l  restriction enzyme digests of a number of putative clones 
showing appropriate insertion, in both orientations, of the polylinker.
b. Sequencing of pTEXIIIa vector confirming polylinker orientation
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Figure 3.5 PCR amplified I-Aa and I-A(3 chains for cloning into 
pTEXIIIa expression vector

Key: MW, Molecular weight markers - 1Kb ladder.
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3 .2 .3  Cloning of I-Aa and I-Ap into the pTexIIIa expression vector.
2pg of pTexIIIa was double digested with Cla I/Bgl II under appropriate 

conditions, and a sample of the digest run on a 1 % agarose gel to ensure linearisation. 
The remainder was then purified through a wizard column, and ligation reactions were 
set up with either the I-Aa or I-Ap chain which had been previously digested with Cla 
AlBam HI. The restriction enzymes Bgl II and Bam HI cut at different sites but produce 
compatible ends explaining why these two enzymes could be used in this ligation 
reaction. The ligation products were transformed into competent E.coli and any 
colonies that grew on the ampicillin treated plates were assayed. Restriction enzyme 
digest with Xho l/Eco RV shows the appearance of a -770 base pair band in only one 
lane (32p), this band representing a probable P chain insert into the Cla I/Bgl II site. 
Hind III digestion of a successfully inserted a  chain, would yield a band of ~ 1.2Kb, as 
a Hind III site is found at position 260 of I-Aa. This band appears in the preps from 
8a, 16a and 41a. I-Aa also contains a Sac I site at position 41. A prep containing I- 
A a would therefore yield a band of ~ 1.2Kb. In addition to 8a, 16a and 41a, other 
preps also appear to give this band, this may indicate the incorporation of a piece of 
unrelated DNA into the Cla IIBgl II site in these preps. I-Ap chain incorporation into 
pTexIIIa results in the appearance of a -1 .2Kb band on Sac I digestion, which is seen 
in the 32p and 35P preps (Figure 3.6).

3 .2 .4  Sequencing of I-Aa and I-Ap.
Clones 8a  and 32p (termed IIIAa and IIIAP) were sequenced to ensure that 

there were no mutations within either of the chains due to PCR errors (section 2.25), 
and that the cloning event itself had not resulted in any deletions or additions of bases. 
Figure 3.7 shows the successful ligation of the a  and p chains, at their 5' and 3' 
ends, into the pTexIIIa expression vector. No restriction enzyme sites have been lost 
and no addition or deletion of bases observed. At the 3' end, a hybrid Bam HI/Bgl II 
(aGATCc) is seen, where ligation occurred.

3 .2 .5  Testing the IIIAa and IIIAp expression cassettes-Southern blots 
of stable transfectants.

IIIAa and IIIAP expression cassettes were linearised with Not I and stably 
transfected into Jurkat (J6) cells by electroporation (section 2.26.4). Pvu II 
linearised neomycin was simultaneously electroporated into the J6 cells as a selection 
marker. The transfected population was cloned by limiting dilution and to ensure gene 
cassette integration into the genome, southern blot analysis was performed. Genomic 
DNA was isolated using Qiagen genomic tips (Qiagen) (section 2.20). 20pg 
genomic DNA from untransfected J6 cells, a stable clone or HB99 (murine B cell line)
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Figure 3.6 Restriction enzyme digestion of putative I-Aa & I-Ap clones in 
pTEXIIIa

Clones 8a and 32p were used for derivation of transgenic mice.
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a. I-Aa; b. I-Ap;
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Figure 3.7b I-Aa and I-Ap in the pTEX Ilia  vector, 3' end 
a. I-Aa; b. I-Ap

94



was digested with Hind III. The untransfected J6 was used as a negative control, the 
HB99 line as a positive control. The digests were electrophoresed, blotted and probed 
with I-Aa cDNA (section 2.19). Figure 3.8 shows the bands observed on 
probing with the I-Aa probe. In the lane containing the stably transfected clone B12, 
the band corresponding to 1.2Kb represents an I-Aa Hind III fragment, also seen in 
the restriction enzyme digest analysis (Figure 3.6). The 2Kb fragment is 
representative of the 2Kb Hind HI fragment encompassing the enhancer region of 
human CD2 and appears due to the probe containing a partial CD2 sequence. This band 
is also seen in Figure 3.6. The heavier bands are probably representative of partial 
digests. Two bands appear in the HB99 lane, one band at ~ 1.2Kb, the other running 
slightly heavier at 1.3Kb. The 1.3Kb band arising due to the probable presence of a 
Hind III site within the intronic sequence of the murine endogenous I-Aa. The 900 
base pair band that appears in the empty J6 and B12 clone lanes is of unknown origin, 
but may possibly be representative of endogenous HLA-DQa. Hind III is a non cutter 
of I-Ap cDNA, therefore these blots were not probed for I-Ap cDNA presence.

The Southern data therefore verifies that integration of the I-Aa chain has 
occurred, but the presence or absence of the I-Ap chain cannot be determined due to the 
absence of the Hind III site. However, from the studies discussed in section 3.1.5 it 
is possible that the I-Aa and I-Ap concatamarised due to linearisation of both using Not 
I, and subsequently integrated at a single site in a tandem array.

3 .2 .6  Transient transfection assays- optimisation of conditions.
To ascertain the ability of the pTexIIIa expression vector to drive I-Aa and I-Ap 

transcription transient transfection assays were performed. J6 and EL4 were used in 
these studies as representative human and murine T cell lines. FDA/PI analysis was 
carried out to obtain optimal electroporation conditions which were then used for 
subsequent studies (section 2.26.1) (Figure 3.9). FDA staining indicates cell 
viability, whilst PI is indicative of the cell having been permeabilised. The double 
stained cell population has therefore undergone permeabilisation, but is still viable. 
500pF and 300V were judged to be the optimal conditions to use for J6 cells, whilst 
500|liF and 280V were optimal in the case of EL4. Under these conditions 15% of EL4 
cells double stained for FDA and PI. In the case of J6, only ~7% of cells double stained 
at both 280V and 320V, but a distinct shift was observed for FDA staining, with almost 
50% cells being FDA+ at 280V, decreasing to only 25% FDA+ at 320V. 300V was 
therefore chosen as the optimal voltage for electroporation at 500|iF.
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Figure 3.8 Genomic Southern showing I-Aa in J6 Clone B12
Southern blot showing incorporation of I-Aa chain in J6 clone B12. The I-Aa runs 
at 1.2Kb and is present in both Clone B12 and HB99 (positive control), but not in 
non-transfected J6 (NT).
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140996.012
Quadrant Statisticsa)

! •

FL1-H

File: 140996.012 Total Events: 5000
Quad Location: 26, 7
Quad Events % Gated % Total

UL 401 8.02 8.02
UR 240 4.80 4.80
LL 90 1.80 1.80
LR 4269 85.38 85.38

b) 140996.013
Quadrant Statistics

File: 140996.013 Total Events: 5000
Quad Location: 26, 7
Quad Events % Gated % Total

UL 916 18.32 18.32
UR 542 10.84 10.84
LL 71 1.42 1.42
LR 3471 69.42 69.42

C) 140996.014
Quadrant Statistics

File: 140996.014 Total Events: 5000
Quad Location: 26, 7
Quad Events % Gated % Total

UL 2613 52.26 52.26
UR 800 16.00 16.00
LL 71 1.42 1.42
LR 1516 30.32 30.32

Figure 3.9: FDA/PI analysis of EL4 and J6 cells following electroporation
under various conditions

a) EL4: 500pF, 200V; b) EL4: 500pF, 240V; c) EL4: 500jiF, 280V
d) J6: 500jiF, 240V; e) J6: 500pF, 280V; f) J6: 500jiF, 320V
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140996.007
Quadrant Statisticsd )

FL1-H

File: 140996.007 Total Events: 5000
Quad Location: 26,13
Quad Events % Gated % Total

UL 686 13.72 13.72
UR 252 5.04 5.04
LL 139 2.78 2.78
LR 3923 78.46 78.46

e)
140996.008

Quadrant Statistics
File: 140996.008 Total Events: 5000
Quad Location: 26, 13
Quad Events % Gated % Total

UL 1724 34.48 34.48
UR 508 10.16 10.16
LL 475 9.50 9.50
LR 2293 45.86 45.86

140996.009

FL1-H

Quadrant Statistics
File: 140996.009 Total Events: 5000
Quad Location: 26,13
Quad Events % Gated % Total A

UL 2832 56.64 56.64
UR 395 7.90 7.90
LL 635 12.70 12.70
LR 1138 22.76 22.76

FDA *

Figure 3.9 Continued



3 .2 .7  Expression of transiently transfected MHC class II on J6 and EL4 
cell lines.

J6 and EL4 cell lines were transiently transfected with lOjLtg each of both the 
IIIAa and IIIAp constructs (section 2.26.2 and.3). After 48 hours cells were 
stained with M5/114-biotin (anti-MHC class II) antibody (appendix II), with 
strepavidin-FITC used as the second layer. Cells electroporated in the absence of DNA 
were used as negative controls. Figure 3.10a shows the staining pattern observed.
No MHC class II staining was seen in either the J6 or EL4 MHC class II-transfected 
cells. Control transfections using the reporter construct P-galactosidase were also 
performed to check that expression of plasmids in this transient transfection system is 
possible. Figure 3.10b gives the results of these studies, and confirms that in both 
the J6 and EL4 cell lines the P-galactosidase construct was successfully expressed.

3 .2 .8  Ability of stable transfectants to induce allo-responses.
Despite the absence of detectable MHC class II on the transiently transfected J6 

and EL4 cell lines, it was thought possible that there may be MHC class II on the cell 
surface, but at levels below the sensitivity of FACS analysis (sensitivity >10,000 
molecules/cell). It has been previously shown that low levels of transfected MHC class 
II, undetectable by FACS, are indeed functional (Higgins and Lamb, unpublished 
observations). Therefore the ability of 2, 4 and 8xl05 stably transfected J6 clones B2 
and B 12 to induce an alloresponse in 2 and 4xl05 H-2d spleen cells was examined. B2, 
B12, untransfected J6 (negative control) and the murine H-2b B cell line HB99 
(positive control), were Mitomycin C (Sigma) treated, to block DNA synthesis and cell 
division, and were co-cultured with spleen cells derived from BALB/c (H-2d) mice. 
Three days later proliferation levels were assayed. Figure 3.11 shows that 
proliferation of the H-2d spleen cells was only induced in the wells containing the 
HB99 cells, the B2 and B 12 clones giving proliferative responses equivalent to the 
untransfected J6 cells. This data suggests the absence of functional MHC class II on the 
cell surface of the clones B2 and B 12. Northern analysis was therefore performed to 
verify the presence of IIIAa and IIIAp transcripts.

3 .2 .9  Northern analysis of J6 clone B12.
mRNA from the clone B12, untransfected J6 and HB99 cell lines was isolated 

using the RNAzol B method (section 2.21). The mRNA was run on a formamide 
gel, blotted and subsequently probed with I-Aa and actin cDNA probes (section 
2.22). Figure 3.12 shows that only the HB99 cell line transcribed the I-Aa mRNA. 
These results suggest that despite the successful incorporation of the I-Aa and I-Ap 
chains into the genome, mRNA transcription is not occurring.
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Figure 3.10a MHC class II expression following transient transfection with I-Aa and I-Ap cDNA constructs
FACS analysis showing MHC class II staining of untransfected and transiently 
transfected EL4 and J6 cell lines .
a) & b) FSC/SSC profiles of transfected EL4 and J6 respectively
c) & d) MHC class II expression on transfected EL4 and J6 respectively
(filled lines represent transfected cells)
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Figure 3.10b. Expression of the p-galactosidase construct in a transient transfection study.
OD^41q = p-Galactosidase enzymatic activity of cell lysates derived from mock and 
transfected J6 and EL4 cells
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a) 4xl05 and b) 2xl05 H-2d responder cells.
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Figure 3.12 Northern analyses of J 6 Clone B12
Tested lines were non-transfected (NT) J6 (negative control), J6 Clone B12 and 
HB99 (positive control).

probed with I-Aa cDNA
probed with Actin showing equivalent loading in each lane
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3.3 Characterisation and functional responses of the IIIAa/IIIAp 
transgenic line.

3 .3 .1  Testing the IIIAa/IIIAp transgenic mice- Southern Blot analysis.
Genomic DNA was isolated from spleen cells taken from IIIAa/niAp 

transgenic and non-transgenic littermates using Qiagen genomic tips (Qiagen) (section 
2.20). The DNA was digested with Hind III, thereby only allowing probing for the I- 
Aa chain, as no Hind III site is present in the I-Ap cDNA. As it is probable that the a  
and p chains will have concatamerised, and thus inserted into the same site within the 
genome, as discussed in section 3.2.6, presence of I-Aa should be indicative of 
presence of I-Ap. Figure 3.13 shows the presence of two bands in the lane containing 
digested DNA from the transgenic mouse, but only one band in the lane containing 
DNA from the non-transgenic mouse. The bands correspond to DNA of ~ 1.2Kb and 
~ 1.3Kb, the ~ 1.3Kb band seen in both lanes representing endogenous I-Aa. The 
1.2Kb band was also seen in the stable J6 clone transfectant, with both the 1.2Kb and 
1.3Kb bands observed in the lane containing DNA from the HB99 cell line (section 
3.2.6), supporting the evidence that these two bands are indeed representative of the I- 
Aa transgene and endogenous I-Aa . Using the endogenous a  chain as an indicator of 
differences in DNA loading between the two lanes, an estimate of I-Aa transgene copy 
number can be made.

3 .3 .2  Detection of I-Aa and I-Ap cDNA in genomic DNA from 
IIIAa/IIIAp transgene positive and negative mice.

PCR was used to detect the presence of the I-Aa and I-AP transgenes within 
the genome of the transgenic mice (section 2.13). The primers used were as follows:
I-Aa: 5'-GAC CAC CAT GCT CAG CCT CTG-3' position 65-85
(coding primer)
I-Aa: 5-TGT GCC AGGTCA CCC AGC AC-3' position 863-844
(non-coding primer)
I-Ap: 5'-TGT ACC AGT TCA TGG GCG AGT G-3’ position 116-137
(coding primer)
I-Ap: 5'-TGA GCA GAC CAG AGT GTT GTG G-3’ position 450-429
(non-coding primer)

Figure 3.14a shows the presence of a PCR product of -800 base pairs in the lane in 
which genomic DNA from a transgenic mouse was used as a template together with the 
I-Aa primers. Figure 3.14b shows the appearance of a PCR product of -350 base
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Figure 3.13 Tg founder is I-Aa positive
Southern blot analysis of H i n d l l l  digested genomic DNA isolated from 
spleens of Tg+/- and Tg -/- mice probed with I-Aa cDNA.
Key: Tg, transgenic
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a MW T g - T g +  H 2O  MW b. Tg+ Tg' H2°  MW

Figure 3.14 PCR screening of Tg- and Tg+ mouse genomic tail DNA
a. MHC class II I-Ap primers; b. MHC class II I-Aa primers;
c. PCR gel probed with I-Ap cDNA; d. PCR gel probed with I-Aa cDNA
Key: MW, Molecular weight markers; Tg, transgenic
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pairs in the equivalent lane, in this case when using I-Ap primers. No bands are seen in 
the lanes in which non-transgenic DNA or water were added, except in figure 3.14a 
in which some bands appear in the non-transgenic DNA lane. Therefore, in order to 
verify that these bands represent non-specific priming events, both gels were blotted 
onto membranes, and probed with either I-Aa or I-Ap cDNA. Figures 3.14c and d 
indicate that no a- or p-specific bands appeared in either of the PCR reactions using 
non-transgenic DNA or water as a template, whether I-Aa or I-Ap, respectively, had 
been used as primers. These results indicate the presence of both I-Aa and I-Ap chains 
in the genome of the transgenic mice.

3 .3 .3  Screening F3 generation mice for expression of H-2b allele.
The IIIAa/IIIAp transgenic mice were derived from C57BL/6 x CBA (I-Ab x I- 

Ak) parents to maximise breeding efficiency (section 3.1.5). The founder mouse 
was therefore crossed with C57BL/6 females and the resulting pups termed the FI 
generation. After two further crosses with C57BL/6 mice, the third generation 
niAa/IILAP Tg-/+ mice were tested for the presence of the I-Ab allele, as well as 
absence of I-Ak. Figure 3.15 shows the staining pattern observed when mouse tail 
blood was analysed (section 2.31). The OX-6 (Sigma) antibody stains I-Ak- but not 
I-Ab-positive cells, whereas Y3P stains I-Ab- but not I-Ak-positive cells (appendix 
II). Figure 3.15c indicates a complete absence of the I-Ak allele in all the mice tested 
with exclusive expression of the I-Ab allele. These mice were subsequently used to set 
up breeding colonies to generate IIIAa/IIIAp homozygous mice.

3 .3 .4  Expression levels of MHC class II in IIIAa/IIIAp transgenic 
mice.

Tail blood from transgene negative (Tg-/-), heterozygous (Tg-/+) and 
homozygous (Tg+/+) IIIAa/IIIAp transgenic mice was separated on a Ficoll gradient, 
stained with M5/114-biotin and TcR-FITC (Sigma), with strepavidin-PE used as the 
second layer (section 2.31). Figure 3.16 shows typical histogram plots obtained. 
Figure 3.16a compares MHC class II expression levels on T cells from Tg-/-, Tg-/+ 
and Tg+/+ mice. No MHC class II is detectable on T cells from Tg-/- mice, T cells 
from Tg-/+ mice express MHC class II with a mean fluorescence intensity (MFI) of 23, 
Tg+/+ T cells display an MFI of 46 indicative that they do express two copies of the 
IIIAa/IIIAp transgenes. Figure 3.16b compares the levels of T cell expressed MHC 
class II in the transgenic mice with those found on B cells. As discussed in section
1.9 B cells, alongside macrophages and dendritic cells are collectively known as 
professional antigen presenting cells. These cell types expressing high levels of MHC 
class II at certain stages of their life cycle. The B cells expressed MHC class II at levels
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Figure 3.15 Histogram and dot plot analysis indicating the absence of I-Ak MHC class II in F3 generation MHC Class II transgenic mice
a. OX-6-FITC (I-Ak) staining - CBA control mouseb. Y3P-PE (I-Ab) staining - C57BL6 control mousec. Profile observed on double staining tail blood derived from transgene 
positive F3 generation mice
CBA mice did not stain for MHC class II when the Y3P antibody was used. 
Conversely, C57B16 mice did not stain with the OX-6 antibody (data not shown).
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a.

FL2-H

MFIs:Tg -/- = 7 Tg -/+ = 23 Tg +/+ = 46

b.

Figure 3.16 Relative Class II expression levels in:
a. Tg Tg -/+ and Tg+/+ T cells
b. Tg -/+ and Tg +/+ T cells relative to Tg -/- B cells
This analytical method was used routinely to screen for Tg Tg -Al­
and Tg+/+ mice
MFI = mean fluorescent intensity
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Figure 3.17 Transgene MHC class II expression on T cells of:
a. Tg -/- mice; b. Tg -/+ mice; c. Tg+/+ miced. Gate R1 indicates the cell population analysed, representative of all 
lymphocytes
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of approximately one log greater than that seen for the Tg+/+ mice (MFI=407). The 
transgenic T cells, therefore, do express membrane levels of MHC class II at relatively 
high levels, but at significantly lower levels than that seen on professional antigen 
presenting cells such as B cells. Figure 3.17 shows dot plot analysis of the tail blood 
lymphocytes. The differences in levels of T cell expressed MHC class II between Tg-/-, 
Tg-/+ and Tg+/+, as well as for B cell expressed MHC class II are clearly seen.

3 .3 .5  Effects of transgene expression on other T cell surface molecules.
12 and 4 week old mice were analysed to ascertain what effect, if any, 

expression of the IIIAa/IIIAp transgene had on the expression of other T cell surface 
molecules (section 2.29). Figure 3.18 shows the levels of various surface 
molecules on T cells from the lymph nodes of 4 week old mice. These graphs indicate 
that the majority of these molecules are expressed at equivalent levels on Tg-/-, Tg-/+ 
and Tg+/+ T cells. B7.1, B7.2, CD28, ICAM-1, CD2, IL-2R, LFA-1, Thy-1, HSA, 
CD69 and CD40L were all assayed and only IL-2R staining gave a subtly different 
profile. The 12 week old mice gave similar profiles, and a representative panel is 
shown in Figure 3.19. CD2 and LFA-1 levels are equivalent in transgene negative 
and positive mice, whereas IL-2R staining highlights distinct differences between the 
three mouse types. The 4 week old Tg+/+ mice showed weak positive staining for IL- 
2R (Figure 3.18f), whereas the Tg-/- and Tg-/+ were completely IL-2R negative. 
The Tg-/+ and Tg+/+ 12 week old mice, however, gave increased levels of staining 
compared with that seen for the Tg-/- mice.

3 .3 .6  Relative numbers of B- and T-cells in lymph nodes of IIIAa/IIIAp 
transgenic and non-transgenic mice.

Lymph node cells from 4 and 12 week old mice were stained with TcR-FITC 
and B220-PE antibodies. Figure 3.20 shows typical FACS profiles obtained. 4 week 
old mice give similar staining patterns, B cells accounting for -20% of the total cell 
compartment, T cells for -70%. The staining patterns observed in the 12 week old mice 
show distinct differences in B- and T-cell numbers when comparing the transgene 
positive and negative mice. B cell levels are reduced from 19% in the Tg-/- mice to 11% 
in the Tg-/+ mice with a further decrease to 8% in the Tg+/+ mice. The T cell 
compartment shows an equivalent rise in cell numbers with Tg-/- containing 64% T 
cells, Tg-/+ 76% and Tg+/+ 81%.

3 .3 .7  CD4:CD8 T cell ratios in lymph nodes of IIIAa/IIIAp transgenic 
and non-transgenic mice.

Lymph node T cells from transgene positive and negative mice were stained 
with the antibodies CD4-SAQR and CD8-PE to determine what effect expression of the
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a.

b.

Figure 3.18 Expression level of various T cell surface molecules isolated from lymph-nodes of 4 week old Tg Tg -/+ and Tg +/+ mice
a. B7.1; b. B7.2; c. CD28; d. ICAM-1; e. CD2; f. IL2R; g. LFA1; h. Thyl; i. HS A; j. CD69; k. CD40L
Note: Isotype matched antibodies were used as negative controls (filled lines)

112



d h. Thyl-FITC

n 1 p  ■ q ■ a  10 10 10 10 10 FL1-H

FL2-H

FL1-H

Figure 3.18 Continued
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Figure 3.19 12 week old mice lymph node T cell expression of:
a. CD2; b. IL2R; c. LFA-1; d. B7.2; e. ICAM-1
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Figure 3.20 Dot plots showing relative numbers of B- and T- cells in 
lymph nodes of:

a. Tg b. Tg -/+; c. Tg+/+ in 4 week old miced. Tg e. Tg -/+; f. Tg+/+ in 12 week old mice
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Figure 3.20 continued
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IIIAa/IIIAp transgene may have on the CD4:CD8 ratio. Figure 3.21 shows typical 
FACS profiles obtained. Despite an overall rise in T cell levels as discussed in section 
3.3.6, 4 and 12 week old mice whether transgene positive or negative exhibit 
CD4:CD8 ratios of approximately 2:1. These results, together with those presented in 
section 3.3.6 suggest that as the IIIAa/IIIAp transgenic mice get older increasing 
numbers of T cells appear in the periphery, but that the CD4:CD8 ratio remains 
unaffected. The development of the T cells in the thymus may, therefore, be altered due 
to the expression of MHC class II on the T cells, and this seems to be influencing the 
cellular composition of the lymph node cells only later in the life of the mouse.

3 .3 .8  CD4 and CD8 profiles in thymic T cells from 4, 8 and 12 week 
old mice.

Thymi from 4, 8 and 12 week old mice were stained with the antibodies CD4- 
SAQR and CD8-PE. FACS profiles obtained are presented in Figure 3.22. Once 
again the age of the mouse seemed to be a major determining factor in the profile 
obtained. CD4 and CD8 T cell levels in 4 week old mice were comparable in the 
transgene positive and negative mice (Figure 3.22a,b,c). The pattern observed in 8 
week old mice revealed differences emerging between the transgene negative and 
positive mice and was reflected in the appearance of a CD8intCD4hi population, which 
was more distinct in Tg+/+ than in the Tg-/+ mice. The double positive cell population 
was slightly reduced in the Tg-/+ mice from 80% to 66% as a result, with the 
CD4hiCD81° cell population together with the novel CD4hiCD8int population making 
up 27% of total thymocytes. The Tg+/+ mice showed a more dramatic shift with only 
49% DP cells observed, and a combined CD4hiCD8l0 and CD4hiCD8int compartment 
of 43% (Figure 3.22d,e,f). By the age of 12 weeks this population had become 
more distinct. The DP compartment in the Tg-/+ thymocytes makes up only 65% of the 
total cell population with 31% thymocytes found in the combined 
CD4hiCD8lo/CD4hiCD8int compartment. Again the Tg+/+ mice exhibited the most 
extreme phenotype with only 38% thymocytes found in the DP compartment and 58% 
observed to be of the CD4hiCD8lo/CD4hiCD8int phenotype (Figure 3.22g,h,i).

3 .3 .9  The effect of Concanavalin A treatment on IIIAa/IIIAp transgenic 
mice.

Spleen cells were cultured in the presence of concanavalin A (Con A) for 48 
hours at which point cells were examined for the presence of lymphoblasts, counted 
and stained with various cell surface markers. Microscopic examination revealed that 
whereas the Tg-/- appeared to be blasting, indicated by the presence of many large 
clumps of cells, the Tg-/+ and Tg+/+ showed little signs of blasting with the majority
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Figure 3.21 Dot plots showing relative numbers of CD4+ and CD8+ cells 
in lymph nodes of:

a. Tg b. Tg -/+; c. Tg+/+ in 4 week old mice
d. Tg e. Tg -/+; f. Tg+/+ in 12 week old mice
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Figure 3.21 continued
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Figure 3.22 Levels of CD4 and CD8 expressed in the thymi o f :
a. Tg b. Tg -/+; c. Tg+/+ in 4 week old mice
d. Tg e. Tg -/+; f. Tg+/+ in 8 week old mice
g. Tg h. Tg -/+; i. Tg+/+ in 12 week old mice
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of cells seen as small, single cells and few blasts observed. Furthermore Tg-/+ and 
Tg+/+ cell numbers were reduced by between 1/3 and 2/3 compared with Tg-/- (data 
not shown).

Staining of the Con A stimulated cells with the MHC class II antibody M5/114 
revealed that the level of T cell expressed MHC class II in the Tg-/+ and Tg+/+ mice 
was similar to that seen on unstimulated T cells isolated from tail blood (figures 
3.23, 3.16 and 3.17). The levels were slightly increased on the Con A treated T 
cells, but it is unlikely that this is due to an increase in transcription of the transgenes as 
it is known that CD2 is not regulated at the transcriptional level (Alberola-ila J et al. 
1991), therefore the pTexIIIa expression vector will not be able to modify the 
transcription rate of any heterologous genes under its control. The most likely 
explanation for this slight increase being the ability of murine T cells to passively 
absorb MHC class II molecules onto their cell surface after activation. This 
phenomenon has been observed by other groups, and initially led to the assumption that 
murine T cells were able to express MHC class II (Gautam SC et al. 1991, Kira J-I et 
al. 1989). It is now generally accepted, however, that murine T cells do not synthesise 
MHC class II molecules and its presence is due solely to passive absorption (Lorber MI 
et al. 1982). The ability to passively acquire MHC class II molecules is evident from 
the FACS profile of the activated Tg-/- mouse. In this case the level of M5/114 staining 
has increased dramatically giving an MFI of 74 (figure 3.23).

3 .3 .1 0  Evidence for loss of T cells in Concanavalin A stimulated 
spleen cultures.

As mentioned in section 3.3.9 Con A does not appear to induce the formation 
of T lymphoblasts in Tg-/+ and Tg+/+ spleen cell cultures as potently as observed for 
the Tg-/- cultures. Viable cell numbers are also decreased in the transgenic cultures. The 
Con A stimulated populations were therefore stained with antibodies directed at the 
B220 and TcR epitopes to establish the cellular distribution of the remaining cells. 
Figure 3.24.1 shows the FACS profiles obtained. The profile of the control Tg-/- 
Con A stimulated spleen cells indicates the presence of 72% T cells and 18% B cells 
(figure 3.24.1a). The profiles of both the Tg-/+ and Tg+/+ cultures show a 
reduction in the number of T cells present when compared with the Tg-/- mice, with 
68% and 53% T cells observed in the Tg-/+ and Tg+/+ mice, respectively (figures 
3.24.1b and c).

Staining of Con A stimulated spleens with other cell surface markers was also 
performed. EL2R profiles indicate a significant loss in membrane associated IL2R in 
Tg-/+ (MFI=65) and Tg+/+ (MFI=41) T cells compared with Tg-/- controls (MFI=140) 
(figure 3.24.2). CD69 (figure 3.24.3) and CD28 (figure 3.24.4) levels
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MFIs:
Tg -/- = 74 

Tg -/+ = 155 
Tg +/+ = 179

Figure 3.23 Relative T Class II expression levels following Concanavalin 
A stimulation of spleen cells

MFI = mean fluorescent intensity
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Figure 3.24.1 Relative levels o f T- and B- cells as seen in Concanavalin A
stimulated spleens:

a. Tg b. Tg -/+; c. Tg+/+
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Figure 3.24.2 IL-2R expression in Concanavalin A stimulated spleens
a. Tg b. Tg -/+; c. Tg+/+
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Figure 3.24.3 CD69 expression in Concanavalin A stimulated spleens
a. Tg b. Tg -/+; c. Tg+/+

127



061296.039

a.

b.

c

A  A HIM
102 103 FL2-H

061296.048

061296.057

FL2-H

File: 061296.039 Gated Events: 2454
Total Events: 15000

Histogram Statistics

Marker Events % Gated % Total Mean
All 2454 100.00 16.36 24.15

Histogram Statistics
File: 061296.048 
Total Events: 15000

Gated Events:

Marker Events % Gated % Total Mean
All 1842 100.00 12.28 26.48

Histogram Statistics
File: 061296.057 
Total Events: 15000

Gated Events:

Marker Events % Gated % Total Mean
All 638 100.00 4.25 14.69

Figure 3.24.4 CD28 expression in Concanavalin A stimulated spleens
a. Tg b. Tg -/+; c. Tg+/+
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Figure 3.24.5 B7.2 expression in Concanavalin A stimulated spleens
a. Tg b. Tg -/+; c. Tg+/+
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remain essentially similar, and a distinct increase in B7.2 expression levels is observed 
(figure 3.24.5).

This data indicates a loss in the T cell compartment on culturing transgenic 
spleen cells in the presence of Con A, as well as subsequent changes in the phenotype 
of the T cells. B7.2 expression levels in the Tg-/-, Tg-/+ and Tg+/+ vary, with a 
significant increase associated with transgene expression. Conversely, expression 
levels of IL2R decrease in Tg-/+ and Tg+/+ compared with the Tg-/- control.

3.3.11 Presentational ability of T cell localised MHC class II.
Lymph nodes from Tg-/-, Tg-/+ and Tg+/+ mice were isolated and purified in a 

one-step procedure using sheep anti-mouse IgG dynabeads (Dynal) (section 2.30). 
This isolation method typically yielded T cells of >92% purity, as determined by FACS 
analysis (figure 3.25b). A control Con A assay was also set up to ascertain the 
purity of the T cells with regard to their functionality. After 48 hours stimulation a 
proliferation assay was performed and figure 3.25c shows the results obtained. 
Unpurified lymph node cells gave equivalent counts, however, after the purification 
step all three groups showed increased proliferation in response to Con A with the Tg-/- 
cells giving the highest counts. This response increased further on addition of 
Mitomycin C (Sigma) treated spleen cells, indicating that the purification procedure has 
not affected the viability of the T cells. The Con A results suggest that despite the purity 
of the T cells being >92% enough viable APCs remain to elicit a strong proliferative 
response to mitogens.

For the assay itself, Mitomycin C treated, purified T cells were co-cultured with 
the T-T hybridoma MF2.2D9 (kind gift of Dr. Ken Rock) which recognises the 
ovalbumin peptide 258-276. T cell numbers were titrated against peptide concentration 
and co-cultured with 5xl04 MF2.2D9 hybridoma cells /well. After 24 hours an IL-2 
assay was performed on the supernatants (section 2.33). The results obtained are 
seen in figure 3.25a. Titration of cell number produced a very similar overall picture. 
As expected from the Con A control assay, (figure 3.25c) the background counts 
were relatively high which was due to the presence of <8% APCs in the purified T cell 
population. Control spleen cells consistently gave the highest read outs at -70000 cpm, 
with the Tg+/+ T cells giving only slightly lower counts. Tg-/+ T cells are also able to 
present the peptide efficiently, but again at a slightly lower level than that seen for 
Tg+/+.

3.3 .12  Comparative ability of Tg-/-, Tg-/+ and Tg+/+ CD4+ T 
cells to develop antigen-specific responses in vivo.

Tg-/-, Tg-/+ and Tg+/+ mice were immunised subcutaneously with 20 nmoles 
of the Der p I peptide 110-131 in CFA. After 7 days local lymph nodes were removed

130



90000

peptide concentration (pm)

peptide concentration (pm) u

.....O.....  -/+
—-O—- +/+ 
— A—  spleen

.....O.....  -/+
■—O—- +/+
— A—  spleen

.....O.....  -/+
—  O—  +/+
— A—  spleen

peptide concentration (pm)

Figure 3.25a. Dose response curves showing the ability of
a) 6xl05 b) 4xl05 c) 2xl05 transgenic and non-transgenic T cells 
to present D65 peptide to the hybridoma MF2 2D9.
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a 231196.015 Quadrant Statistics

FL1-H

File: 231196.015 Gate: No Gate
Gated Events: 10000 Total Events: 10000
Quad Location: 16,195
Quad Events % Gated % Total

UL 199 1.99 1.99
UR 129 1.29 1.29
LL 489 4.89 4.89
LR 9183 91.83 91.83

FL1-H

Quadrant Statistics
File: 231196.017 Gate: No Gate
Gated Events: 10000 Total Events: 10000
Quad Location: 16,195
Quad Events % Gated % Total

UL 145 1.45 1.45
UR 156 1.56 1.56
LL 481 4.81 4.81
LR 9218 92.18 92.18
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FL1-H

Quadrant Statistics
File: 231196.019 Gate: No Gate
Gated Events: 10000 Total Events: 10000
Quad Location: 16,195
Quad Events % Gated % Total

UL 122 1.22 1.22
UR 122 1.22 1.22
LL 494 4.94 4.94
LR 9262 92.62 92.62

£  TcR-FITC

Figure 3.25b FACS analysis indicating purity of dynabead isolated 
lymph-node derived T-cells

a. Tg b. Tg -/+; c. Tg+/+ (TcR and M5/114 stained)
d. Tg e. Tg -/+; f. Tg+/+ (B220 stained)
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Figure 3.25b continued
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Figure 3.25c. Concanavalin A stimulation of purified
lymph node derived T cells from Tg-/, Tg-/+ 
and Tg+/+ mice.

Key: Tg, transgenic mouse
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and standard proliferation and IL-2 assays were set up (sections 2.32 and 2.33). 
IL-2 production was measured after 24 hours and proliferative responses at 72 hours. 
The results obtained are seen in figure 3.26. Proliferative responses indicate that the 
Tg-/- mice give much higher responses compared with the transgenics except for one 
Tg+/+ mouse that gave responses equivalent to the Tg-/- mice. At the highest 
concentration of peptide (40pm) responses from the transgenic mice were 
approximately half that seen in the Tg-/- mice (~150,000cpm). By 0.4pm responses of 
the transgenic mice had reached almost background levels whereas the Tg-/- mice were 
still proliferating at relatively high levels of ~50,000cpm (figure 3.26a).

The results of the IL-2 production assay for these mice were inconclusive. 
Figure 3.26b shows that only one mouse (Tg-/-) produced significant levels of IL-2, 
with the Tg+/+ mouse that had displayed similar prolific activity to both the Tg-/- mice 
producing a small amount that fell to background levels very rapidly (at 0.13pm).

These results show that the transgenic T cells do not proliferate so vigorously to 
peptide in vitro compared with their non-transgenic littermates, and that the responses 
observed in the transgenic mice titrate down to background levels much more rapidly 
than is seen in the non-transgenics. IL-2 production is seen in only one mouse, a Tg-/-, 
although one Tg+/+ mouse produces some IL-2 but only at the highest peptide 
concentrations. Taking into account the work by Mannie et al. and Lamb et al. (Lamb 
JR and Feldman M 1984, Lamb JR et al. 1983, Mannie MD et al. 1996) this 
preliminary data may infer that the transgenic T cells are somehow acting to 
downregulate the response to the Der p I peptide. This downregulation manifests itself 
by way of a decreased proliferative response as well as an almost total abrogation in IL- 
2 production.

3.3 .13  Comparative ability of Tg-/- and Tg-/+ CD8+ T cells to 
develop cytolytic capacity.

Female responses against the male HY antigen were used as a measure of CD8+ 
T cells to act in a cytolytic capacity. On day 0 female Tg-/- and Tg-/+ mice were each 
given intraperitoneal immunisations of 107 male spleen cells. On day 17 a JAM assay 
was performed to assess CTL activity (section 2.34). The results obtained are seen 
in figure 3.27. Differences are observed between individual mice, but these 
differences appear to be random with both groups displaying equivalent cytolytic anti- 
FI Y activity (figure 3.27a). As a positive control alloantigenic responses were 
assayed using the P815 (I-Ad) T cell line as the target population (figure 3.27b). The 
results obtained suggest that once again the transgenic and non-transgenic mice give 
similar responses and that differences observed between individual mice represent only 
random fluctuation patterns with no distinct inter-group variations seen.
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a)

Figure 3.26. Lymph node recall responses in transgenic and 
non-transgenic mice to the Der pi peptide 110-131

a) proliferative responses; b) IL-2 production.
Each line is representative of one mouse, with different symbols indicating different transgenic status (see Key)
Tg, transgenic mouse
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a) 70

Figure 3.27. CTL responses in Tg-/- and Tg-/+ mice in response to
a) HY antigenb) BALB/c.

137



3.3 .14  Ability of Tg-/- and Tg-/+ mice to elicit antibody responses 
characteristic of a Thl or a Th2 response.

Mice were immunised according to protocols designed to generate either a Thl- 
or a Th2-type response (section 2.35). Tail blood was taken from the mice on day 0 
(preimmune antibody levels) and after different boosting regimes the mice were bled 
again and specific antibody levels to Der p I (Th2) and the Der p I peptide 110-131 
(Thl) were measured by ELISA. Figure 3.28 shows the results obtained. Both the 
transgenic and non-transgenic mice primed to elicit a Th2 response gave similar 
antibody profiles. Both groups gave high titers of the antibody associated with Th2 
responses IgGi, with IgG2a titers remaining at background levels. Mice immunised to 
elicit a Thl-like response also produced antibodies at similar levels. Unlike the Th2- 
priming protocol the Thl-priming method generates antibodies associated with both 
types of response. Therefore in addition to eliciting high titers of the Thl-associated 
antibody IgG2a, significant levels of IgGi were also observed.

Therefore it appears that the transgenic mice do not differ in their ability to 
generate antibody responses just as they were shown not to differ in their ability to elicit 
cytolytic responses compared with their non-transgenic littermates (section 3.3.13).

3 .3 .15 Modulation of an ongoing D er p  I specific immune response 
on administration of an immunodominant determinant derived from
D er p  I (residues 110-131) via the intranasal route.

The observation that inhalation of certain peptides can result in downregulation 
of ongoing immune responses (Hoyne GF et al. 1993) led to the continuation of the 
experiment set up in section 3.3.14. The Tg-/- and Tg-/+ mice were divided into two 
groups. One group was given 200|ig of the Der p  I peptide 110-131 in PBS via the 
intranasal (i.n.) route, the second group acted as a control receiving PBS alone i.n. 7 
days later the mice were tail bled and Der p I specific antibody levels determined by 
ELISA. The results obtained are seen in figure 3.29. As was observed in figure 
3.28b no IgG2a antibodies were detected in mice immunised via a Th2-priming 
protocol and subsequently given i.n. 110-131 peptide or PBS alone (figure 3.29b). 
IgGi titers indicate that modulation of the ongoing response is variable in the non- 
transgenic mice, with one mouse showing a downregulation on 110-131 treatment and 
another continuing to give relatively high IgGi titers. In contrast both the transgenic 
mice that received the 110-131 peptide downregulated their responses with regard to 
IgGi levels, with the immune sera still giving relatively high IgGi titers (figure 
3.29a).

The observation that IgG2a titers in Thl-primed Tg-/- mice are almost down to 
background levels indicates that the Thl response has not been sustained, therefore i.n. 
administration of the 110-131 peptide has had no effect with regard to shutting off the
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Figure 3.28. D er p  I specific antibody levels in Tg-/- and Tg-/+ mice after immunisation designed to elicit either a Th2- (a) and (b) or Thl-type (c) and (d) response:
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Figure 3.29. D er p  I specific antibody levels in Tg-/- and Tg-/+ mice
after immunisation designed to elicit either a Th2- (a) and 
(b) or Thl-type (c) and (d) response and subsequently 
receiving 200pg D e r p  I peptide 110-131 intranasally

(a) IgGl, (b) IgG2a, (c) IgG2a and (d) IgGl.
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response in these mice. However, the Tg-/+ mice are not only able to sustain a Thl 
antibody response but on inhalation of the 110-131 peptide they are able to shut down 
this response (figure 3.29c). IgGi levels in these mice are also affected. 
Interestingly only the Tg-/- mice seem able to partially downregulate IgGi levels on 
peptide inhalation, with Tg-/+ mice showing sustained high antibody titers (figure 
3.29d).

3 .3 .16 Responses of Tg-/- and Tg-/+ on intranasal immunisation 
with the D er p  I peptide 110-131 followed by subcutaneous 
immunisation of D er p  I 110-131.

Mice were given either 200|Hg of the Der p I peptide 110-131 in PBS or PBS 
alone intranasally. 14 days later the mice were given a subcutaneous immunisation of 
10 nmoles Der p  I I 10-131 in CFA. 7 days later the local lymph nodes (periaortic) were 
removed and recall responses were assayed. Figure 3.30 shows the results obtained. 
All the immunised mice elicited strong proliferative responses giving counts in the 
region of 80000cpm. Some variation was seen in the mice that had received the 110- 
131 peptide. One Tg-/- mouse out of three exhibited downregulated its responses, with 
two Tg-/+ showing a large decrease in responsiveness whilst a third was seen to 
downregulate its responses, but to a lesser extent (figure 3.30a).

IL-2 was only produced in the Tg-/- mice that had not received intranasal 
peptide. Of the Tg-/+ mice that had not received the peptide only one produced EL-2, 
and the amount was small compared with that seen for the Tg-/- mice. All mice, 
whether Tg-/- or Tg-/+, that were treated with intranasal peptide produced very little IL- 
2 (figure 3.30b).

These results suggest that immune responses from Tg-/- mice can be 
downregulated with regards to IL-2 production if the mice are initially treated with 
intranasal peptide. It does seem, however that the cells still maintain their ability to 
proliferate. The proliferative abilities of the Tg-/+ mice, however, are not conclusive. 
Of the five mice initially given intranasal peptide, two gave strong proliferative 
responses, two showed greatly downregulated responses with a fifth mouse showing 
some decrease in its response. All three mice treated with PBS showed strong 
proliferative responses. The IL-2 data, however, suggests that regardless of whether 
the mice were treated with intranasal peptide or not the transgene seems to confer these 
cells with the ability to inhibit EL-2 production.
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CHAPTER 4
D iscussion

The results presented in this thesis describe the generation and characterisation 
of a mouse that expresses the transgene for MHC class II on its T cells. The aim being 
to partially 'humanise' the mouse and, thereby, create a model to allow the potential 
roles of T cell expressed MHC class II in immune regulation to be determined. As 
discussed in section 3.1.4 several groups have generated similar mice using elements 
of HLA class II, under the control of their endogenous transcriptional elements 
(Altmann DM et al. 1995, Neeno T et al. 1996, Yeung RSM et al. 1994). Although 
these models also represent 'humanised' mice, they differ in one fundamental way. The 
aim of all these groups can be summarised as being to recreate elements of the human 
immune system within the mouse in order to study responses restricted by those 
particular HLA class II gene products that previously had only been possible in vitro. 
The aim of the mouse that I generated was to investigate specifically the in vivo role of 
T cell expressed MHC class II with regard to immune regulation.

In vitro human studies gave the first indication that T cell expressed HLA may 
play a role in immune responses. Lamb et al. demonstrated the ability of human T cell 
clones to present peptide antigen to each other and that this interaction was HLA 
restricted (Lamb JR and Feldman M 1984, Lamb JR et al. 1983). Since then the 
possible function of T cell expressed MHC class II has come under the scrutiny of 
many groups, but controversy concerning its role still remains. Most of the published 
studies argue that the function of T cell expressed MHC class II is one of negative 
immune regulation. These groups have shown that on restimulation of T cell clones in 
the presence or absence of professional APCs the T cells become anergised (LaSalle JM 
and Hafler DA 1994, O'Hehir RE et al. 1991). However, Lanzavecchia et al. 
demonstrated the ability of T cell clones derived from HIV+ individuals to present 
antigens such as gpl20 to each other in an MHC class II restricted manner resulting in a 
potent proliferative response (Lanzavecchia A et al. 1988). The majority of the studies 
looking at human T cell clones do suggest, however, that anergy induction is the most 
common outcome when peptide or superantigen is presented to T cells by T cell 
expressed MHC class II. One of the drawbacks of these studies is that they all use T 
cell clones. T cell clones, although useful, represent an unusual cell type more similar 
to a memory cell, than a naive T cell. Memory T cells have been reported to require less 
stringent stimuli to bring about activation compared with naive T cells. It is also 
questionable whether extrapolating data derived from long-term T cell clones to predict 
the behaviour of T cells in vivo is entirely erudite. A more physiological approach came
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from Satyaraj et al Freshly isolated CD4+ T cells from a healthy donor were stimulated 
using anti-CD3. They were then irradiated and used as stimulator APCs in an 
alloresponse in which purified CD4+ T cells from a second donor (who differed at 
multiple HLA loci) were used as responders. No proliferative responses were observed 
in cultures in which activated T cells were used as stimulators. This study therefore is 
more suggestive that T-T encounters in vivo result in the induction of 
nonresponsiveness compared with the studies looking at T cell clones (Satyaraj E et al. 
1994).

The discovery that a population of rat T cells express MHC class II on 
activation, presented the first opportunity to study its function in vivo. However, 
although the limited studies to date have provided useful information on the function of 
these T cells in a polyclonal situation (discussed in section 3.1.1), there remains one 
main drawback (Mannie MD et al. 1996, St. Louis JM et al. 1994). As mentioned 
earlier, only a small subset (-20%) of the activated T cells express MHC class II 
therefore its role in the rat may differ from that in the human where, upon activation, 
100% HLA expression is observed.

A progression in these studies can thus be seen. T cell clones providing the first 
glimpses of a role for T cell expressed MHC class II, with allogeneic studies using 
freshly isolated T cells backing up the observations that T-T presentation results in 
nonresponsiveness. In vivo studies looking at rat T cell expressed MHC class II giving 
further credence to this work. The reasons, and therefore the advantages, for creating 
the T cell expressing MHC class II transgenic mouse thus become clear. Not only does 
this provide an in vivo model, thereby enabling polyclonal responses to be studied, but 
all the T cells express MHC class II therefore it should reflect the human in vivo 
situation more accurately than the rat.

Derivation of the IIIAa/IHAp transgenic line initially involved cloning the I-Aa 
and I-Ap chains into the pTexIIIa expression vector. Once this had been achieved prior 
to microinjection of the DNA, the constructs were tested to determine that successful 
cloning had occurred. Initial restriction enzyme digest analysis of the constructs 
resulted in the appearance of bands of the size expected if cloning had occurred 
(section 3.2.3). Subsequent sequencing analysis revealed that the cloning had 
indeed been successful, no restriction enzyme sites having been lost, no addition or 
deletion of bases being seen and no PCR errors observed (section 3.2.4). However, 
the transfection studies, unexpectedly, yielded no positive results with the reasons for 
the failure to obtain transgene expression in this system remaining elusive. Southern 
blot analysis of the human T cell line J6, that had been stably transfected with both the 
HIAoc/niAP expression cassettes, verified that the IIIAa cassette had integrated into the 
genome and as both cassettes were linearised with the same restriction enzyme (Not I), 
it was highly likely that the IIIAp cassette had integrated in tandem (section 3.2.5).
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Staining of this stably transfected clone with the anti-MHC class II antibody M5/114 
gave the surprising result that no detectable membrane-associated MHC class II was 
observed (data not shown). Transient transfections of the IIIAa/IIIAp cassettes into J6 
or the murine T cell line EL4 also gave the same result (section 3.2.7), with 
subsequent Northern blot analysis of the B12 stable clone demonstrating that this was 
due to a lack of IIIAa/IIIAp mRNA transcription (section 3.2.9).

The reasons for this lack of expression of the IIIAa/IIIAp construct in these 
transfection systems are enigmatic. The pTexII vector has been used successfully by 
other groups in similar transfection systems to drive expression of other heterologous 
genes (Dr. M. Owen, personal communication). Control p-galactosidase transfections 
demonstrated that there was not an inherent failure in the transfection system employed 
itself (section 3.2.7), and lack of expression in both transient and stable transfection 
systems argues against such trivial reasons as linearisation of the DNA at an 
inappropriate place or degradation of the transfected DNA. The knowledge that 
transgenic mice expressing these constructs appropriately (i.e. expressing T cell 
localised MHC class II) have been derived adds further mystery to these results. Two 
possible explanations concerning the failure of these transfections remain. One 
concerns the nature of the cells involved. Both J6 and EL4 are transformed cell lines, 
they may therefore influence expression of transfected genes in a different way to genes 
introduced into fertilised oocytes by microinjection. As the pTexIIIa expression vector 
is known to contain all the regions required to drive tissue-specific, copy-number 
dependent and position-independent transgene expression, it could be conceived that 
the J6 and EL4 cell lines may in some way be inhibiting gene expression by some 
unknown mechanism. An alternative explanation being that the removal of the Cla l-Bgl 
II fragment from the pTexII vector is somehow affecting expression of the IIIAa/IIIAp 
in the transfection system, but has no discernible effect on transgenic expression 
(section 3.2.1).

Southern blotting and PCR screening of the IIIAa/IIIAp transgenic mice 
confirmed the presence of both the I-Aa and I-Ap chains integrated into the genome 
(sections 3.3.1 and .2). From the Southern blot it is apparent that many more 
copies of the I-Aa transgene are present within the genome compared to endogenous I- 
Aa (-100 copies of the transgene). Despite the presence of multiple copies of the gene, 
MHC class II levels on T cells derived from mouse tail blood are approximately one log 
lower than is observed on B cells (section 3.3.4). This could be due to the pTexIIIa 
expression vector being unable to drive I-Aa and I-AP gene expression as efficiently as 
endogenous MHC class II transcriptional elements would. It may also be due to an 
inability of the T cell to support the system of MHC class II molecule synthesis and 
progression through the cell as efficiently as a professional APC.
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Phenotypic studies of the IIIAa/IIIAp transgenic mice uncovered changes in 
expression levels of certain cell surface molecules in an age-related manner. Analysis of 
T cells derived from lymph nodes of 4 week old mice showed that levels of all cell 
surface markers assayed was broadly similar in transgenic mice compared with non- 
transgenic littermates, with the exception of IL2R expression which was slightly 
elevated in the transgenic mice (section 3.3.5). This elevation was more distinct in 
lymph node T cells derived from 12 week old mice, suggesting that as the mice get 
older there is a change in the phenotype of the peripheral T cells. Additionally a rise in 
the number of peripheral CD4+ and CD8+ T cells was observed in the lymph nodes of 
12 week old mice, with no change seen in the 4 week old mice compared with their 
non-transgenic littermates (section 3.3.6 and .7). These T cells expressed the 
apTcR. Whether y6 T cells contribute to this increase in T cell numbers has not been 
determined. These results therefore suggest that for some reason as the mouse ages an 
increase is observed in the total number of peripheral T cells and that these T cells are 
altered phenotypically compared with their non-transgenic littermates. Increase in IL2R 
expression is observed on both activation of T cells and on anergy induction, therefore 
the ability of these T cells to participate in an immune response was of particular 
interest.

Parallels can be drawn between the resting phenotype of these transgenic mice 
with the studies of superantigen-induced peripheral anergy performed by Rammensee et 
al. and Bhandoola et al. Rammensee et al. were the first to demonstrate that 
immunisation of Mls-la specific T cells into adult Mls-lb mice resulted in specific 
unresponsiveness to Mls-la (Rammensee H-G et al. 1989). It was also observed that 
these anergic T cells displayed levels of TcR and CD4 similar to normal T cells. On in 
vitro restimulation of these cells with Mls-la, IL2R was expressed but no IL-2 
produced. Despite this group claiming that the anergy they observed was exclusively 
due to induction of nonresponsiveness as opposed to clonal deletion, later studies 
demonstrated that this hypothesis did not represent the full picture. The in vivo 
response to superantigens, such as Mls-la involves an initial clonal expansion of the 
antigen-reactive CD4+ T cells, followed by peripheral deletion of some of these T cells. 
A cohort of Vp+ cells do however remain, and it is these cells that appear refractory to 
restimulation in subsequent in vitro proliferation assays (Bhandoola A et al. 1993).

The phenotypic observations made by Rammensee et al. therefore clearly mirror 
those seen in the resting lymph node T cells of the IIIAa/IIIAp transgenic mice. The 
inability of the restimulated T cells to produce IL-2 thus also reflects the studies looking 
at recall responses of the IIIAa/IIIAp mice to Der p I (sections 3.3.12 and .16). 
The Rammensee study also demonstrated that addition of exogenous IL-2 to the 
restimulation cultures only partially reversed the proliferative block in these T cells.
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T his observation  contrasting with the hum an in v itro  studies in w hich  anergy induced in 
T ce ll c lo n es  w as fu lly  reversible on  addition o f  exogen ou s IL-2 (E ssery G  e t a l. 1988). 
T his, again is o f  interest in our studies, as repeated attempts at deriving a T ce ll line  
from  the IIIAcx/IIIAp m ice  consistently fa iled , addition o f  exogen ou s IL -2 to try to  
'rescue' the u n respon sive c e lls  having no e ffec t (data not show n). T he w ork o f  
B h an d oola  e t  a l. also dem onstrated that on restim ulation o f  the superantigen-anergised  
T  ce lls , an altered tyrosine phosphorylation pattern was observed that has been  recently  
confirm ed  as b ein g  indicative o f  the anergic state (B handoola A  e t a l. 1993, Sundstedt 
A  e t a l. 1996). T his observation therefore evo k es the question as to w hether the  
IIIAcx/IIIAp m ice  a lso  d isp lay such an altered tyrosine phosphorylation pattern on  
restim ulation.

T he phenotype o f  the thym ocytes o f  the transgenic m ice a lso  sh ow ed  age- 
related d istinctions. A s the transgenic m ice  becam e older a population o f  C D 4hiC D 8int 
ce lls  appeared, this population first seen  in 8 w eek  old  m ice w ith 12  w eek  old  m ice  
exh ib itin g  a m ore dram atic shift (section 3.3.8). T his T ce ll population  co u ld  be  
representative o f  a set o f  thym ocytes that have escaped  negative selection , this 
observation im ply ing that they m ay exhibit autoreactivity. A lternatively, they m ay have  
interacted w ith  the M H C  cla ss II present on other T ce lls , as opposed  to M H C  class II 
on the thym ic ep ithelium  and this interaction m ay result in ce ll anergy as opposed  to 
ap op tosis.

Studies look in g  at the thym ic develop m en t o f  a P  T ce lls  have established  that 
the p rocess o f  p ositive  and negative selection  occur once the thym ocyte has reached the 
D P  stage, ind icative that it has su ccessfu lly  rearranged its a  and p T cR  chains (Zuniga- 
P fliicker JC and Lenardo M J 1996). In a norm al thym us, D P  thym ocytes are p ositiv e ly  
selected  by interacting w ith  M H C  class II expressed  on the thym ic epithelium . It is  
proposed  that on ly  thym ocytes expressing lo w  densities o f  self-restricted T cR  are 
p ositiv e ly  se lected . T h ose recogn isin g self-M H C  w ith too  great an affin ity , or p ossib ly  
in a qualitatively d ifferent w ay are deleted  (Janew ay Jr. C A  1994). R ecent studies have  
provided ev id en ce  that T  ce ll apoptosis in the thym us is influenced by interactions 
b etw een  en d ogenou s steroids and signalling v ia  the TcR . Zacharchuk e t a l  
dem onstrated that sim ultaneous signalling v ia  the T cR  and exposure to steroids resulted  
in ce ll survival (Zacharchuk CM  e t  a l. 1990). In this scenario thym ic deletion  is 
h yp oth esised  to b e a result o f  this steroid/T cR  antagonism . The gen e n u r7 7  has been  
im plicated in m ediating apoptosis resulting from  negative selection  (Calnan BJ e t a l.
1995). U n til recently it had been a com m on ly  held  b e lie f that the role o f  the thym us in 
term s o f  generation o f  the T ce ll repertoire w as purely to delete any ce lls  reactive to  self. 
A  report b y Saoudi e t a l  challen ges this theory. T hey have found that they are able to 
reverse induction o f  autoim m une diabetes in a rat m odel on im m unising lo w  num bers  
( 6 x l0 5) o f  C D 4+ C D 8 - thym ocytes into a thym ectom ised , lym phopenic anim al. T hey
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con clu d e that these thym ocytes had been shaped by intrathymic selection  events to act 
as a ce ll population that regulates the autoim m une potential o f  peripheral T  cells  that 
have either not undergone thym ic deletion or been rendered anergic in the periphery 
(Saoudi A  e t  al. 1996). It is know n that rat thym ocytes express h igh lev e ls  o f  M H C  
c la ss II, w ith  85%  o f  the sm all D P  ce lls  exp ressin g M H C class II (R eizis B  e t al.
1994). It is therefore p ossib le  that this regulatory population (w h ich  w as a lso  show n  
not to provide high lev e ls  o f  B  ce ll help , com pared with peripheral C D 4 +  T ce lls) is 
undergoing p ositive  selection  on T ce ll expressed  M H C class II and therefore 
represents an anergised population, as is hypothesised  for the IIIA a/IIIA p  thym ocytes. 
It w ou ld  therefore be interesting to see  w hether induction o f  autoim m unity in syngeneic  
recip ients cou ld  be prevented i f  the T cR int/hiC D 4+ C D 8 l0 thym ocyte population w as 
ad optively  transferred.

P ositive  selection  in the thym us is accom panied by C D 4/C D 8 lineage  
com m itm en t. A s d iscu ssed  in section 1.8a, lin eage-com m itted  interm ediates have  
been  identified . In the norm al thym us they are present at lo w  frequencies (1-5%  o f  total 
th ym ocytes) and d isplay activation and maturation markers sim ilar to that o f  T cR int/hi 
D P  ce lls , su ggestin g  they have begun the process o f  p ositive se lection  (G uidos CJ
1996). T h ese  ce lls  have been  phenotyp ically  identified  as T cR int/hiC D 4lG 8+  and 
T cR int/hiC D 4 + C D 8 l0. T his phenotype is therefore sim ilar to that seen  in the thym us o f  
the IIIA a /IIIA p , the IIIAoe/IIIAp thym ocytes sh ow in g an increased num ber in the 
T c R i n t / h i C D 4 + C D 8 l °  population. I f  the IIIA a/IIIA p  population did represent the 
T cR int/hiC D 4 + C D 8 l0 population it w ou ld  express markers such as C D 69 , C D 5 and 
B c l-2  as w e ll decreased  lev e ls  o f  R A G -1 and -2. It w ould  therefore be o f  interest to 
lo o k  at the ce ll surface markers expressed  by these cells.

In v itro  C on A  stim ulation o f  sp leen  ce lls  from  IIIA a/IIIA p  m ice  resulted in a 
drastic reduction in T ce ll num bers, w ith  rem aining T ce lls  sh ow in g  increased lev e ls  o f  
B 7 .2  ex p ress io n  and d ecreased  le v e ls  o f  IL 2R  exp ression  (section 3.3.9 and .10). 
A ll other m em brane-associated m olecu les looked  at w ere expressed  at lev e ls  sim ilar to 
those found  on non-transgenic litterm ates. The observation that not on ly  do T ce ll 
num bers decrease, but those rem aining exhibit altered lev els  o f  activation-associated  
m olecu les such as B 7 .2  and IL 2R  su ggests that a change in the resp on siven ess o f  the T  
ce lls  is taking p lace.

A  sim p le explanation m ay account for the decreased lev e ls  o f  IL 2R  expression. 
A lthough C D 4 +  T ce lls  have been show n not to produce IL-2 in in v itro  recall 
responses to the D e r  p  I peptide 110-131 , m itogen  stim ulation, w h ich  probably  
activates the ce lls  independently o f  the T cR  and m ay therefore bypass the anergic block, 
m ay induce IL -2 production. It cou ld  therefore be envisaged  that the IL -2 binds the
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EL2Rs resulting in their internalisation. T his m ay account for the few  lym phoblasts that 
w ere ob served  in the cultures.

T he observation that B 7.1 exp ression  lev e ls  rem ained at sim ilarly lo w  lev e ls  in  
the in v itro  C on A  activated transgenic m ou se T ce lls  com pared w ith non-transgenic  
litterm ates cou ld  have been  predicted (data not show n). A s the phenotype o f  these cells  
w as assessed  48  hours fo llo w in g  C on A  activation, it w ould  be un likely  that expression  
o f  the B 7 .1  m olecu le  w o u ld  be observed. N orm al ce lls  have been found to exp ress lo w  
lev e ls  o f  B 7 .1  4 8  hours after activation, w ith  m axim al lev e ls  observed  at 72  hours. 
Furtherm ore, B 7 .1  has b een  reported to be in vo lved  in the am plification o f  an on goin g  
im m une response, studies b y M iller e t al. dem onstrating that B 7.1 w as responsib le for  
the m aintenance and progression o f  m urine E A E  (M iller S D  e t al. 1995).

Increased lev e ls  o f  B 7 .2  on Con A  treatment o f  these ce lls  is esp ecia lly  
interesting in  the light o f  recent ev id en ce that T  ce lls  not on ly norm ally express B 7 .2 , 
but that it seem s to be in v o lv ed  in inhibition o f  T ce ll responses. A  report by G reenfield  
e t  a l. studied  E L 4 ce lls  transfected w ith  either B 7.1  and B 7 .2 . T hey dem onstrated that 
the B 7 .1  exp ressin g  ce lls  induced T ce ll costim ulation  as w ell as tum our regression , the 
B 7 .2  exp ressin g  ce lls  fa ilin g  to induce either response. W hen they look ed  at the 
binding capabilities o f  both m olecu les they found that w hereas the B 7.1 expressing  
ce lls  bound both C T L A 4-Ig  and C D 28 -Ig , the B 7 .2  transfectants preferentially bound  
the C T L A 4-Ig . Freshly iso lated  m urine T ce lls  w h ich  have been  sh ow n  to constitutively  
express B 7 .2  sh ow ed  sim ilar binding capabilities (G reenfield  E A  e t a l. 1997). I f  the 
prediction that a population o f  T ce lls  present in the periphery o f  the IIIA a/IIIA p  m ice  
b ein g  anergised  is indeed  correct, then the increased  lev els  o f  B 7 .2  exp ression  on these  
T ce lls  m ay reflect a m echanism  by w hich  this state o f  anergy is being m aintained.

D esp ite  the persistence o f  a population o f  T  ce lls  fo llow in g  in v itro  C on A  
stim ulation, it w as evid ent from  m icroscop ic exam ination that few er ce lls  w ere present 
in the transgenic cultures com pared w ith their non-transgenic litterm ates. F A C S  
analysis o f  the rem aining ce lls  sh ow in g a se lective  decrease in the T  ce ll com partm ent 
( s e c t io n  3 .3 .1 0 ) . It w a s h y p o th esised  that th ese  'disappearing' T  c e lls  w ere  
undergoing apoptosis. Induction o f  T  ce ll death in the periphery has been  dem onstrated  
to occur through the interaction o f  T  ce ll exp ressed  Fas with Fas ligand (FasL). 
A ctivated  T  ce lls  are induced to die in the periphery to prevent continued secretion  o f  
potentia lly  harm ful am ounts o f  cytok ines, thereby m aintaining cellu lar h om eostasis.
T he F as-F asL  pathw ay o f  apoptosis has been  dem onstrated in v itro  u sin g  T ce ll hybrids 
that d ie in response to T cR  ligation, as w ell as in v ivo  using Ipr/lpr  or g ld /g ld  m ice  that 
are d efectiv e  in Fas or Fas ligand, resp ectively  (O sborne B A  1996). T h ese m ice  exh ib it 
severe lym phoproliferative disorders due to their inability to delete activated T  cells . 
T his pathw ay o f  apoptosis together w ith  apoptosis induced by T N F  receptor b inding  
T N F , are reported to b e the tw o m echanism s o f  apoptosis u tilised  in the periphery for
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rem oval o f  activated T ce lls  (Schw artz R H  1996). W hether this m echanism  is also used  
on deletion  o f  the IIIA a/IIIA p  peripheral C on A  activated T cells  rem ains to be 
investigated . Initial studies w ill have to establish  that apoptosis is indeed taking p lace, if  
this is  the case  sta in ing o f  c e lls  look in g  for exp ression  o f  Fas and T N F  receptor w ou ld  
also  b e  u sefu l.

It is therefore p ossib le  that at least tw o populations o f  ce lls  are present in the 
n iA o e /n iA p  C on A  activated cell cultures. O ne ce ll cohort undergoing apoptosis on  
m itogen  activation, a secon d  cohort dow nregulating its IL2R  expression  and 
upregulating B 7 .2  p ossib ly  as a m echanism  o f  m aintaining anergy. T h ese tw o  
populations m ay therefore have also been at d iffering stages o f  anergy prior to m itogen  
stim ulation, w ith the cohort that underwent apoptosis representative o f  the deepest state 
o f  tolerance ach ievab le prior to deletion. Such a situation has been described by A rnold  
e t al. T hey propose that the lev el to w hich  a T ce ll is tolerised is dependent on such  
factors as the affin ity o f  the T cR , the presence o f  accessory m olecu les, the 
developm ental stage o f  the T  cell w hen  it encounters antigen, the properties o f  the tissue  
bearing the antigen and the frequency, length and intensity o f  the contacts b etw een  the 
T ce ll and the target antigen. T hey describe the distinct lev e ls  o f  anergy phenotypically , 
proposing that coreceptor expression  is lost at the initial step o f  tolerance induction, 
fo llo w ed  by lo ss  o f  T cR  expression  if  further to lerogen ic signals are received . T he final 
lev e l b ein g apoptosis o f  the T  cell. T hey also assessed  the resistance o f  these ce lls  to 
reactivation in v itro , thus finding that T  ce lls  that had dow nregulated their coreceptor  
w ere m ore easily  activated com pared w ith T ce lls  that had dow nregulated both their 
coreceptor and T cR  (A rnold  B  e t a l. 1993).

T his m odel m ay not reflect the situation in the IIIA a/H IA p m ice, phenotypic  
data sh ow in g  that T cR  exp ression  lev e ls  w ere not reduced. H ow ever, C D 4 and C D 8 

lev e ls  w ere not determ ined. Taking into account that the deepest state o f  anergy 
according to A rnold  e t  a l., prior to ce ll apoptosis, exhibits dow nregulated T cR  as w ell 
as coreceptor, it d oes seem  that this m odel m ay not explain the phenotypic observations  
in the IIIA a/IIIA p  transgenic m ouse. A  variation o f  this m odel has been  proposed  by  
Schw artz. H e su ggests that w hereas A rnold  e t a l  consider anergy as a sin g le  stage from  
w h ich  ce lls  can be rescued, w ith other stages characterised by T cR  dow nm odulation  
and d eletion , anergy itse lf  m ay have different lev e ls . H e proposes that this m ay be  
characterised by the degree to w hich  ras  activation is blocked. A  partial b lock  
preventing transactivation o f  AP-1 bound to phorbol ester response e lem en ts, w hereas 
a com plete b lock  m ay prevent AP-1 from  participating w ith  N F -A T  at other sites in the 
enhancer (Schw artz R H  1996). It w ou ld  be m ore difficult to test the possib ility  that this 
is occurring in the IIIA a/IIIA p  m ice  as no phenotypic d ifferences b etw een  these lev e ls  
o f  anergy have b een  described.
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E xperim ents perform ed to assay the presentational ability o f  the IIIA a/IIIA P  
tran sgen ic T c e lls  w ere describ ed  in section 3.3.11. Purified  transgenic T ce lls  w ere  
able to present peptide to the T-T hybridom a M F 2.2D 9 alm ost as effic ien tly  as the 
control sp leen  ce lls , w ith  the T ce lls  derived from  the h om ozygou s m ice b ein g  able to 
present peptide at higher lev e ls  than that seen for the heterozygous m ice. A lthough  
these studies g iv e  strong ev id en ce  for the T ce ll expressed  M H C  class II presenting  
peptide to the hybridom a, confirm ation o f  this w ou ld  be derived by perform ing these  
experim ents in the presence o f  anti-M H C class II b locking antibodies. The antigen  
p rocessin g  abilities o f  the transgenic T ce lls  could  also be tested w ithin this system , and 
in the light o f  con flictin g  reports o f  the ability o f  murine M H C  class 11+ T  ce lls  to 
process and present native antigen in various in v itro  system s m ore inform ation w ould  
be ga ined  by look in g  at these transgenic T ce lls  (Chang C -H  e t al. 1995, T sch oetsch el 
U  e t a l .  1996).

A n alysis o f  the functional activity o f  CD4+ and CD8+ T ce lls  in the transgenic 
m ice revealed  that the CD8+ T cell com partm ent o f  these m ice appeared to be unaffected  
by the presence o f  the transgene w ith regard to developm ent o f  cyto lytic  function  
(section 3.3.13). CD4+ T  c e ll resp on ses did, h ow ever, d iffer b etw een  transgen ic  
m ice and their non-transgenic littermates. Proliferation in a recall response to the D e r  p  I 
peptide 110-131 appeared to be slightly low er in the transgenic m ice, although  
com p arin g this resu lt w ith  the P B S  controls from  section 3.3.15, the s ig n ifica n ce  o f  
this result w ill on ly b ecom e apparent as m ore m ice  are investigated. W hat w as  
distinctive, how ever, w as the failure to detect IL-2 in the transgenic m ice. T h ese m ice  
m ay b e producing lev e ls  o f  IL-2 equivalent to their non-transgenic litterm ates, 
how ever, due to the e lev a ted  lev e ls  o f  IL-2R expression  on the transgenic T ce lls , IL-2 
lev e ls  m ay b ecom e undetectable. A lternatively, these T ce lls  m ay be producing other  
cytok in es, and if, as su ggested , these T  ce lls  are anergic they cou ld  b e producing  
factors such  as IFN-y and IL-4, both cytok ines that are reported to be unaffected  by  
anergy induction (M ueller DL e t a l. 1991).

The transgenic m ice  exhibited sim ilar abilities to e licit D e r  p  I specific antibody 
responses characteristic o f  either a T h l or a T h2 response com pared w ith  non- 
tran sgen ic litterm ates (section 3.3.14). H ow ever , the transgen ic m ice  did  d iffer in  
their capacity to sustain antibody lev e ls  and to actively dow nregulate these responses on  
adm inistration o f  peptide v ia  the intranasal (i.n .) route. S ix  w eek s fo llo w in g  the final 
b oost the non-transgenic m ice  that had not been  g iven  the D e r  p  I peptide i.n. d isp layed  
sligh tly  low er lev e ls  o f  Ig G l com pared to their transgenic litterm ates. O nly one out o f  
the tw o  non-transgenic m ice  g iven  the 110-131 peptide i.n. w as able to dow nregulate  
its responses, w hereas both the transgenic m ice  cou ld  do so . A  sim ilar situation w as  
observed  for the T h l prim ed m ice, w ith non-transgenics unable to sustain IgG 2a lev e ls
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4  w eek s after receiv in g  the final boost, and i.n. adm inistration resulting in transgenics 
dow nregulating their responses. T he h igh  lev e ls  o f  IgG i antibody that accom pany this 
prim ing protocol appeared to b e unaffected by peptide inhalation. T hese results suggest 
that the IIIA a/IIIA P  m ice  are able to sustain antibody levels for longer periods o f  tim e 
than conventional m ice. T hey are also able to dow nregulate them  on inhalation o f  
peptide antigen.

T he observations regarding the ability o f  the transgenic and non-transgenic m ice  
to e lic it  equivalent antibody responses is puzzling in the light o f  the hypothesis that the 
transgenic T  ce lls  exh ib it so m e form  o f  anergy. Indeed, if  the transgenic T cells  are 
determ ined to ex ist in an anergic state these findings w ould  b e in contrast to published  
studies w h ich  report the inability o f  tolerised T  ce lls  to provide help to B ce lls  regarding 
antibody production (H o lt PG  e t a l. 1993 , H oy n e G F e ta l .  1993 , Schw artz R H  1996). 
T he p ossib ility  that d istinct transgenic T ce ll populations m ay ex ist at different lev els  o f  
anergy m ay provide an answ er to these observations. D epending on the lev e l o f  
tolerance the transgenic T  ce lls  m ay exhibit differing abilities to provide B ce ll help, 
w ith  on ly  those populations ex istin g  in the deepest form (s) o f  anergy b ein g unable to  
provide such  help.

In contrast to the published  studies m entioned  above, a recent report by A kdis et 
al. found  that fo llo w in g  the treatment o f  patients w ith w h o le  b ee ven om  for tw o m onths 
a llergen-sp ecific  tolerance in T  cells , as indicated by suppression o f  T  ce ll proliferation  
together w ith  abolition o f  type 1 and type 2  cytok ine secretion, w as observed.
H ow ever, serum  lev e ls  o f  IgE  and IgG 4 w ere sligh tly  e levated  during im m unotherapy  
indicating that som eh ow  B  ce lls  w ere still receiv in g proliferative signals. T w o  
explanations w ere proposed. O ne su ggested  that tolerance w as restricted to C D 4+  T  
ce lls , thereby enabling C D 8+  T  ce lls  to provide cytok ine help to B cells . A lternatively, 
this group found  that b y culturing the tolerised  ce lls  in v itro  w ith  IL-2 or IL -15 type 1 
cytok ines w ere secreted, w ith  treatment using IL -4 inducing secretion o f  type 2 
cytok ines. T h ese  observations w ere proposed to b e indicative o f  the im portance o f  
m icroenvironm ental cytok ines in determ ining the success o f  im m unotherapy (A kdis C A  
e t a l. 1996). Either o f  these scenarios cou ld  be perceived  as occurring in the 
II IA a /n iA p  transgenic m ice . The data proposing that the functionality o f  the C D 8+  T 
cell population in the transgenic m ice w as unaffected  m ay su ggest a role for cytok ine  
production by these C D 8+  T  ce lls  in providing B ce ll help.

F inally  the ability o f  i.n. adm inistered peptide to prevent the induction o f  an 
im m u n e resp on se  w as a lso  addressed  (section 3.3.16). P roliferative  resp on ses o f  
the transgenic and non-transgenic anim als that had not received  i.n. peptide w ere  
sim ilar, w hereas both groups ga ve  m ixed  responses on im m unisation  w ith  i.n. peptide. 
IL -2 responses w ere m ore uniform , w ith on ly the non-transgenic m ice  that had not 
received  the i.n. peptide producing significant quantities o f  IL-2. T h ese results su ggest
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that the transgenic T  ce lls  are able to proliferate in a similar capacity to non-transgenic T 
ce lls , although their ability to rem ain unresponsive to a subsequent im m unogenic  
ch a llen ge is unclear. T he su ggestion  that these T ce lls  are producing cytokines other 
than IL -2 appears to be h igh ly  probable, and this w ill have to b e determ ined.

T h ese  results, ye t again, contrast w ith  published data. Studies carried out by  
other groups using an im m unodom inant F el d  I peptide or the D e r  p  I peptide 110-131  
propose that subcutaneous im m unisation o f  the F el d  I peptide in P B S or i.n. 
im m unisation  o f  the D e r  p  I peptide in PBS results in secretion o f  lo w  lev els  o f  IL-2, 
poor proliferation and the inability to provide cognate help to stim ulate sp ecific  antibody 
production (Briner TJ e t a l. 1993, H oyne G F e t a l. 1993). W h y the non-transgenic  
control m ice  have not sh ow n  sim ilar decreased responses as observed  in those m ice  
treated in  an identical fash ion  by H oyn e e t  a l  is unclear (H oyn e G F e t a l. 1993). 
H ow ever, i f  the observation that the IIIA a/IIIA p  m ice are m ore susceptible to 
dow nregulation  o f  their cytok ine responses com pared w ith their non-transgenic  
litterm ates is  borne out, it w ou ld  appear like ly  that M H C  class II restricted T-T  
presentation o f  the peptide is p laying a role. Further w ork look in g  at cytok ine and 
antibody production shou ld  provide som e answ ers to these questions.

In sum m ary the experim ents d iscussed  present ev id en ce  that a m ouse  
expressing T  ce ll lo ca lised  M H C  class II is able to present peptide effic ien tly  to T-T  
hybridom as. It is able to d evelop  cyto ly tic  responses equivalent to those observed  in 
non-transgenic litterm ates, and although C D 4 +  T ce ll proliferative responses also  
appear equ ivalent to those o f  non-transgenic m ice the cytok ines produced are altered. 
A ntibody production is equivalent to non-transgenic m ice, although their production is 
sustained over a longer tim e period. A ntibody production can also be dow nregulated by  
inhalation o f  peptide antigen in these transgenic m ice.

P henotyp ic data su ggest that as these m ice get older an unusual set o f  C D ^  
C D 8int T  ce lls  appears in the thym us. T his population m ay represent T ce lls  that have  
escaped  n egative se lection , instead b ecom ing anergised, due to their interaction with T  
ce ll exp ressed  M H C  cla ss II as op p osed  to M H C  class II present on the thym ic  
epithelium . O nce these T ce lls  enter the periphery they are m ore susceptible to m itogen- 
induced  apoptosis, as w as observed  on  activation w ith C on A . A n y ce lls  that rem ain  
after such treatm ent d isp layin g a phenotype p ossib ly  su ggestive  o f  anergy induction  
(upregulation o f  B 7 .2 , dow nregulation  o f  IL2R ). T his scenario b ein g likened  to the 
m ultiple lev e ls  o f  tolerance m odel described by Arnold e t  al. and Schwartz.

T h ese  m ice  therefore present a potentially useful n ew  m odel o f  the in fluence that 
T  ce ll lo ca lised  M H C  class II m ay have on  im m une m odulation, and as such should  
provide a m od el for hum an conditions in w hich  T ce ll exp ressed  M H C  class II is 
b elieved  to p lay a role, for exam p le in certain allergic d iseases. The preliminary data 
presented su ggests that these ce lls  m ay w ell be anergised, or m ay be m ore susceptib le
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to anergy in the periphery com pared w ith non-transgenic littermates. C om prehensive  
studies o f  the m olecular m echanism s in volved  in the induction o f  tolerance in this 
m odel w ou ld  clarify the function  o f  T  ce ll exp ressed  H LA  in vivo . T his m odel could  
also  be u sed  to test the effica c ies  o f  p ossib le  therapies for d iseases thought to in v o lv e  T 
ce ll exp ressed  H L A , such as certain allergic conditions and autoim m une d isease.
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APPENDIX I
Buffers and solutions used

2xY T  medium (per/L): bacto-yeast extract
bacto-tryptone
NaCl
pH adjusted to 7.0 with 10M NaOH

2xY T  Agar: 2xYT medium plus 15g/L bacto-agar 
Am picillin as required (50|ig/m l final)

Alserver's solution: G lucose 20 .5g
(Tri-sodium  citrate buffer) Citric acid 0.55g  

tri-sodiumcitrate-dehydrate 8g 
NaCl 4.2g
make up to 1L in ddH 20, adjust to pH 6.1, 
filter sterilise through 0 .22p,m filter

A ssay buffer, 2x: 
(Prom ega)

200m M  sodium phosphate buffer, pH7.3 
2mM M gC l2
lOOmM P-mercaptoethanol 
1.33m g/m l ONPG

C l buffer: 320m M  Saccharose
(Q iagen) 5mM M gC l2

lOmM Tris.HCl
1% Triton X -100, pH7.5

Church & Gilberts: 0.5M  N a2H P 0 4 

0.5M  NaH 2P 0 4 

7% SDS

Denaturing buffer: 10% methanol 
10% glacial acetic acid 
80% ddH2Q
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DEPC-treatment: Solutions: 1ml DEPC per litre. Incubate 
overnight with gentle shaking at 37°C. 
Autoclave and stored in a clean dry place. All 
solutions handled aseptically with clean gloves.

Enzym e dilution buffer 
(T7 Sequenase v2.0):

lOmM Tris.HCl pH7.5 
5mM DTT  
0.5m g/m l B SA

Formaldehyde gel 
m nning buffer, 5x:

lOOmM MOPS 
25mM  sodium acetate 
5mM EDTA, pH 8.0

G2 buffer: 800mM  GuHCl
(Q iagen) 30mM  EDTA, pH 8.0  

30mM Tris HC1, pH8.0 
5% Tw een-20  
0.5% Triton X -100, pH8.0

Klenow buffer, lOx: 500mM  Tris.HCL pH7.4
lOOmM M gC l2
lOmM dithiothreitol (DTT)

Ligase buffer, lOx: 500mM  Tris.HCL, pH 7.5 
lOOmM M gC l2 

lOmM dATP 
lOmM DTT

PCR buffer, lOx: 
(Promega formulation)

500mM  Tris.HCL pH9.0 
lOOmM M gC l2

PBS: 137mM NaCl 
2.7mM  KC1 
1.47mM  KH2P 0 4 

8mM N a2H P 0 4

pH adjusted to 7.4 with cone. HC1
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QBT:
(Q iagen)

750m M  NaCl 
50mM  MOPS 
15% ethanol
0.15% Triton X -100, pH7.0

QC:
(Q iagen)

1.0M NaCl 
50mM  MOPS 
15% ethanol, pH7.0

QF:
(Q iagen)

1.25M NaCl 
50mM Tris HC1 
15% ethanol, pH8.5

Sam ple loading buffer: 
(6xG LB )

30% glycerol
0 .1 % bromophenol blue
0.1% xylene cyanol FF

Sequencing gel mix: 210g urea (Analar grade)
100ml 30% acrylamide (Appligene)
100ml 5x TBE
Make to 500m l with ddH2 0

Filter through a 0.22|iM  filter and degas

Solution 1: lOmM Tris.HCl, pH 8.0 
ImM EDTA, pH 8.0

Solution 2: 0.1M  NaOH  
0.5% SDS

Solution 3: 60m ls 5M potassium acetate 
11.5mls glacial acetic acid 
28.5m ls H20
Final is 3M with respect to potassium and 5M  
with respect to acetate.

SSC, 20x: per litre;
175.3g NaCl
88.2g N a3C 6H 2O 5 .2H 20

pH adjusted to 7.0 with 10M NaOH

157



Sequencing stop 
solution:

95% formamide 
20mM  EDTA, pH 8.0  
0.05%  bromophenol blue 
0.05% xylene cyanol FF

T4 kinase buffer, lOx: 500mM  Tris.HCl pH 9.0 
lOOmM M gC l2 

lOOmM DTT  
500pg/m l BSA

TBE, 5X: per litre;
54g Tris base (0.89M )
27.5g Boric A cid (0.89M ) 
20ml 0.5M  EDTA, pH 8.0

TBS: 25mM Tris-HCl, pH 7.4 
137mM NaCl 
5mM KC1 
0.7mM  CaCl2 

0.5m M  M gC l2 

0.6m M  NaH 2P 0 4

TE: lOmM Tris.HCl (pH as required) 
ImM EDTA, pH 8.0

TEN: lOmM Tris HC1, pH 8.0 
ImM EDTA, pH 8.0 
lOOmM NaCl

TER: lOmM Tris.HCl, pH 8.0 
ImM EDTA, pH 8.0 
10p.g/ml RNase A
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T F B 1: 30mM  potassium acetate 
50mM  M gC l2 

lOOmM KC1 
lOmM CaCl2 

15% (v/v) glycerol

TFB2: lOmM MOPS, pH7.0  
75mM  CaCl2 

lOmM KC1 
15% (v/v) glycerol

1M Tris.HCl: 124.89g Tris base per litre 
pH adjusted as required with cone. HC1 
(pH Stocks; 7.4, 7.6, 8.0)

Tris /  NH 4C1 lysis 
solution:

lOmls 0.17M  Tris.HCl, pH 7.65  
90m ls 0 .16M  NH 4C1
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APPENDIX II
Origin and specificity of antibodies 

used in phenotypic studies.

Antibody Hybridoma Species/Isotype Supplier

B 7 .1 1G 10 Rat IgG 2a Pharm ingen
C D 28 3 7 .5 1 .1 Syrian H amster 

IgG
Serotec

T cR H 5 7 -5 9 7 Syrian H am ster 
IgG

Sigm a

Y 3 P H B -1 8 3 M ouse IgG 2a ATCC
M 5 /1 1 4 .1 5 .2 T IB -12 0 Rat IgG 2b ATCC

la 0 X 6 M ou se IgG S igm a
B 7 .2 GL1 Rat IgG 2a Pharm ingen
C D 4 H 1 2 9 .1 9 Rat IgG 2a Pharm ingen
C D 2 R M 2-5 Rat IgG 2b Pharm ingen
C D 8a 5 3 -6 .7 Rat IgG 2a Pharm ingen

C D 4 5 R /B 2 2 0 R A 3 -6 B 2 Rat IgG 2a Pharm ingen
C D 69 H 1 .2 F 3 Armenian H am ster 

IgG
Pharm ingen

C D 40L M R1 Armenian H am ster 
IgG

Pharm ingen

H S A /C D 2 4 J l l d Rat IgM Pharm ingen
EL-2R 7D 4 Rat IgM Dr. A . L iv in gston e

ICA M -1 Y 9 .1 /1 .7 .4 Rat IgG 2b Dr. A . L iv in gston e
L FA -1 M l 17/4 Rat IgG 2a Dr. A . L iv in gston e

IgG F 6 2 5 8 Goat S igm a

Antibodies used as negative controls:
A rm enian H am ster IgG  (Serotec)
R a t lg G l (Serotec)
Rat IgG 2a (Serotec)
M ou se IgM  (Sigm a)

(The sp ecific ity  o f  these antibodies w as not g iven  by the supplier).
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