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Abstract

CD2K^ transgenic mice express the major histocompatibility complex class I (MHC I)
gene, H-2K^, under the control of regulatory elements from the human CD2 gene. As a
result, H-2K^ is expressed on lymphoid and some myeloid cell lineages. The precise
pattern of H-2K^ expression varies between CD2K^ lineages. In addition, CD2K^
lineages differ in terms of the number of H-2K^ molecules present on cell surfaces. These
two factors, pattern and level of antigen expression, have profound effects on the induction
of immunological tolerance towards the antigen. CD2K^ transgenic mouse lineages can be
divided into two groups on the basis of their response to antigen in vivo . Mice from one
line, CD2K^-3, tolerate skin grafts from mice bearing H-2K^ molecules, but CD2K^-3 T
cells respond to H-2K^ in vitro.

Mice from three other lines, CD2K^-4, -7 and -11,

rejected H-2K^-bearing skin grafts. T cells from mice that had rejected grafts did not
respond to in vitro H-2K^ stimulation by lysing H-2Kb-bearing target cells. Instead H2K^-reactive cells expressed CD4 and recognised processed peptides from H-2K^
presented on host MHC class II (MHC II) molecules. The capacity of these CD2K^ mice
to reject skin grafts correlates with absence of detectable H-2K^ expression on myeloid cell
lineages. This implies that peptides derived from self antigens not expressed by MHC 11+
cells in vivo are not presented to thymocytes, allowing potentially self-reactive CD4+8- T
cells to reach maturity. These studies demonstrate the importance of assessing the effect of
altered self MHC expression on the entire T cell repertoire. From these studies we have
discovered two completely distinct, apparently paradoxical situations. In one case tolerance
of H-2K^-bearing grafts coincides with in vitro responsiveness of CD8+ T cells. In the
other case grafts are rejected due to recognition of a cryptic self antigen presented on MHC
II as a result of processing endogenous peptides.
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Chapter One

Immunological Tolerance
1 .1

Introduction

Immunological tolerance is the failure to respond to antigen. Tolerance is desirable when
the antigen is self-antigen, but dangerous when the antigen derives from a pathogenic
organism. The plasticity of the immune system ensures that it can respond to danger from
an immunological challenge and maintain tolerance to self - but it is a delicate balance - a
swing towards vigorous response to antigen, or toward an inability to respond to danger
causes illness: autoimmunity or pathogenic infection respectively. This chapter will
provide a background to successive chapters by reviewing the cellular interactions and
mechanisms vital to maintain both self-tolerance, henceforth referred to simply as tolerance,
and a functioning immune system.

1.1.1

Definitions o f immunological tolerance

Four mechanisms of tolerance towards self-antigen have been described, but a variety of
terms exist for each. At this point it is useful to define each term that I will be using
throughout this thesis, to avoid confusion. Firstly: deletion (also referred to as elimination
or negative selection) - the death of cells bearing self-specific receptors, as a result of
encountering self-antigen in the context of self-MHC. Secondly: anergy, the state whereby
a cell is refractory to various stimuli both in vivo and in vitro as a result of contact with
antigen. Thirdly: unresponsiveness - cells are tolerant of antigen in one situation, in vivo,
for example, but are capable of response to antigen in a different environment. Other
workers refer to this phenomenon as 'split tolerance' (Sprent et al., 1995; Hoffmann et al.,
1993; Shimonkevitz and Bevan, 1988). Finally, and most controversially, self-ignorance a term coined to describe the situation in which antigen and antigen-reactive cells co-exist,
and yet autoimmunity does not occur until antigen is administered by another route (Ohashi
et al., 1991; Goverman et al., 1993).
15

1.1.2

Tolerance and Autoimmunity

Loss of tolerance to self-antigen causes autoimmunity - an immune response to self tissues.
Autoimmune diseases affect between 5 and 7% of the population of the developed world,
often causing disability. It is most often mediated by T cells, or characterized by a defect in
T cell function, hence the intense interest by the scientific community in T cell tolerance. It
develops in some genetically susceptible individuals, and may be triggered by
environmental agents - in some cases cross-reactive pathogens with structural homology to
self-antigen have been implicated in specific autoimmune disease (Tian etal., 1994). For
example, infection with Coxsackievirus has been linked to the onset of insulin-dependent
diabetes (Tian et al., 1994). Alternatively, inflammation as a result of infection triggers
self-specific T cells (reviewed in Sinha et al., 1990). Other theories on induction of
autoimmune disease include responses to release of sequestered antigen, for example, from
immunologically privileged sites (Theofilopoulos, 1995). The "cryptic s e lf theory
proposes that T cells specific for dominant epitopes of self-antigen are tolerized, but a
subset of T cells specific for subdominant or cryptic epitopes remain responsive, and are
capable of causing disease (Gammon et al., 1991). Self-ignorance, mentioned above, is
autoimmunity waiting to happen - contact with antigen from another source triggers
autoimmune disease (Ohashi et al., 1991; Goverman et al., 1993). However, this
phenomenon has been observed in transgenic systems, using manipulated and potentially
immunocompromised mice, and may not be supported by studies on non-transgenic
systems (Theofilopoulos, 1995). T cell responses to modified self-antigen have also been
proposed as a mechanism of autoimmunity. Drugs binding to self-antigen, or spontaneous
mutations, may alter the structure of the antigen - for example, procainamide has been
linked to the onset of systemic Lupus Erythromatosis (Beune et al., 1987). Studies on
mechanisms of immunological tolerance induction may eventually be useful in prevention
of autoimmune disease. However, the immune system has evolved to deal with danger,
and in the following section 1 will describe the development of lymphocyte repertoires
capable of responding to pathogens, yet, in the majority of cases, tolerant of self.
16

1 .2

Lymphocyte Development

Three main steps in lymphocyte development generate the mature lymphocyte repertoire.
First, the generation of a large number of unique antigen receptors, which will be covered
in this section. Second, the elimination or functional inactivation of lymphocytes bearing
self-specific receptors (sections 1.3 and 1.4), and finally, and only in T cells, the selection
for maturation of cells bearing receptors restricted to recognising antigen in the appropriate
context (1.5).

1.2.1

Lymphocytes must interact with cells in the bone marrow or thymus to mature

B and T cells have a common precursor, a bone marrow-derived stem cell, but as they
differentiate pro-T cells move to the thymus - the site of central T cell development, while
in mammals pro-B cells remain in the bone marrow, the site of central B cell development.
Sites outside the thymus or bone marrow, for example secondary lymphoid organs, are
referred to as 'the periphery'. T cell development is dependent on the thymus - nude mice
that lack a thymus also lack mature T cells (Pantelouris, 1968).
Thymocyte progenitors can differentiate into one of two distinct T cell lineages
expressing different antigen specific receptors: T cell receptor (TCR) a p or yÔ. yÔ T cells
are rare, and have a variety of functions - some home to the epidermis, becoming epidermal
dendritic cells, other move to the reproductive tract (Itohara et al., 1989) - but yô T cells do
not appear to be selected in the thymus like a p T cells. I will not consider yÔ T cells
further in this thesis. Thymocytes (immature T cells present in the thymus) that are
committed to the a p lineage silence genes encoding the yÔ receptor, and begin to rearrange
p genes. In the bone marrow pre-B cells that can interact with stromal cells by expressing
cell adhesion molecules mature further by rearranging H genes.

1.2.2

Lymphocyte receptors are generated by somatic gene rearrangement

The ability to rearrange DNA in the soma is unique to lymphocytes. The T cell (TCR) and
B cell receptors (BCR immunoglobulins) consist of variable (V), joining (J), diversity (D)
17

and constant (C) regions. Both receptors are heterodimers, a p chains on T cells and heavy
and light (H and L) chains on B cells. Cell-specific proteins activated in early pro-T cells
and B cell precursors open chromatin so that it is accessible to two proteins, encoded by
recombinase activating genes, (RAGl and RAG2), which facilitate somatic recombination,
initially in the TCRp and IgH genes. There are between 200 and 1000 V h regions, 15 D h
regions, and 4 J h regions available to produce the IgH chain. Recombination occurs by
the recognition of conserved heptamer and nonamer DNA motifs either side of the gene by
recombinase enzymes, which causes DNA between a V and a D region to loop out,
juxtaposing the genes (reviewed by Alt et al., 1987). The VD genes are then joined to a J
gene, followed by VDJ to C gene joining; in the BCR the C gene is always C|i.
Recombination of the TCRP chain is similar, except that there are two sets each with one
Dp, three jp and one Cp gene, and 30 Vp genes. Once a productive rearrangement of the
IgH or TCRp genes has taken place, (and in thymocytes, when the TCRp chain is
expressed on the cell surface), rearrangement of the IgL and TC Ra genes occurs. There
are two IgL genes: k and X. There are about 250 Vk segments, four functional Jk
segments, and one Ck segment. There are two VX, four A and two CX segments. The
T C R a gene has about 100 V a gene segments, 50 J a segments and one C a segment.
Thus the potential number of receptor molecules generated from DNA rearrangement alone
numbers approximately 6 x 10^ BCRs and 1.8 x 10^ TCRs, and receptors are clonally
distributed on immature lymphocytes. Productive rearrangement of both genes switches
off the RAG genes, preventing further recombination. This mechanism is the basis of
allelic exclusion. However, approximately a third of T cells express two V a chains
(Padovan et a i, 1993) suggesting that the mechanism of allelic exclusion is not fail-safe,
although Hardardottir et al. (1995) maintain that only one of the TCRs is restricted to self
MHC, and thus these T cells have only one functioning TCR on any one MHC
background.
Junctional diversity, generated by imprecise joining of gene segments,
generates additional receptor diversity. Endonulease action to enable joining to occur
removes random lengths of DNA, and combined with the insertion of N-nucleotides at
18

Vh /D h and D h /JH, V o/Ja, Vp/Jp and Jp/Dp joining sites, generates a receptor gene with
one of three characteristics. Firstly, the junction may change the translational reading
frame, causing a non-productive rearrangement of the gene. In TCRp genes rearrangement
at both Vp/Jp and Jp/Dp joining sites allows frame shifts to occur, some of which cause
non-productive rearrangement. This switches on rearrangement of the gene on the second
chromosome. Secondly, the junction retains the reading frame but encodes new amino
acids at that site, and thirdly, the change at the joining region is conservative, and the amino
acid sequence does not change. Junctional diversity in B cells is estimated to have the
potential to generate approximately 10^ ^ unique idiotypes, in T cells the total is closer to
10^^ (Janeway and Travers, 1994).

1 2 .3

Somatic hypermutation

DNA rearrangement in B cells is followed by somatic hypermutation (reviewed by
Tonegawa, 1983).

The latter is unique to B cells, and takes place after contact with

foreign antigens and helper T cells in peripheral lymphoid organs (Tonegawa, 1983;
Rajewsky et a l, 1987). Point mutations are introduced into the V region genes at a high
rate, changing the amino acid sequence only in the complementarity-determining regions
(CDRs), which directly contact antigen. Any mutations outside these areas tend to be
conservative, not affecting the amino acid sequence. They produce extremely high affinity
antibodies that bind foreign antigen from low affinity receptors; this process is referred to
as affinity maturation. The extra mutations are necessary because, unlike the TCR, which
recognises antigen in the context of another molecule already encountered in the thymus,
antibody molecules recognise native antigen, and must bind with high affinity in order to be
effective (Goodnow et a/., 1990).

12 A

Isotype switching selects antibody effector function

B cells govern the humoral response to pathogens (T cells control the cellular response).
There are five different constant region Ig genes, and B cells can secrete any one of the
19

five. The first produced is IgM, coded for by the Igp. chain, and is membrane bound.
When this molecule contacts antigen, and is not deleted, isotype switching occurs
(reviewed by Rajewsky et al., 1987; Shimizu and Honjo, 1984), so that an IgD molecule,
with the same variable region, is produced. This can be followed by IgG, IgE or IgA. The
constant regions used affect the response to antigen - recognition of antigen with an IgE
molecule triggers histamine release from eosinophils and an allergic reaction to antigen
ensues. IgG opsonizes pathogens so that they are recognised by phagocytes (reviewed by
Kehoe, 1976). IgA lines the mucosa, (reviewed by Lamm, 1978), in defence against
pathogens entering the body via nasal passages, for example, while the role of IgD, which
can be expressed simultaneously on the cell surface with IgM is unknown.

1.2.5

Co-receptor selection affects T cell effector function

Unlike the BCR and antibodies, the TCR molecule itself does not determine the effector
function of the mature T cell, and T cells have only one phenotype - that of helper or
cytotoxic cell. (A further effector cell type, suppressor T cells, have been reported but have
not been adequately identified, 1.4.1).

Although exceptions have been described

(Rahemtulla et al., 1994; Schilham et al., 1993), T cells that express CD4 molecules are
generally T helper (Ty) cells (Rahementulla et a i, 1991), and those expressing CD8
differentiate into cytotoxic T cells (Tc) (Fung-Leung et al., 1991). CD4-positive (CD4+8-)
T cells recognise antigen in the context of MHC II molecules, expressed on antigen
presenting cells (APCs), and CD8-positive (CD4-8+) T cells recognise antigen in the
context of MHC I molecules, which are ubiquitously expressed (reviewed by Swain,
1983).
Generally, antigen presented on MHC II molecules is derived from exogenous
antigen, processed from phagocytosed proteins, derived from pathogenic organisms for
example. T cells respond to antigen in the form of peptides held within the groove of the
MHC molecule (reviewed by Rothbard and Gefter, 1991). Recognition of exogenous
proteins in the context of MHC II by CD4+8- T cells leads to the production of a range of
cytokines with a variety of exocrine functions, activation of effector cells and B cells,
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upregulation of MHC II expression on neighbouring APCs and attraction of macrophages
into the immediate area, for example. Antigen detected by CD4-8+ T cells in the context of
MHC I usually derives from the cell itself, and may include viral peptides. If a non-self
peptide is recognised by a CD4-8+ T cell the infected cell is rapidly killed by a variety of
effector mechanisms mediated by T cells. The decision by the T cell to express either CD4
or CD8 appears to be random, and will be discussed in section 1.5.4.

1.2.6

Thymocyte development

Thymocyte development falls into distinct stages that are characterised by the expression of
certain key molecules. The exact expression patterns are extremely complex (Scollay,
1991), and for the purpose of this thesis a summary of the salient points will suffice.
Thymocyte stem cells entering the thymus lack the characteristic T cell marker
molecules, and TCR receptor genes are not rearranged. On contact with thymus stroma
they begin to express CD2 and Thy-1, which define them as T cell precursors. The TCR
p-chain is rearranged first (Kishi et al., 1991), and a few CD8 molecules may also be
expressed at this point. Signalling via the TCR p-chain causes CD4 and CD8 upregulation,
and the rearrangement of the TCR a-chain (Mombaerts et al., 1992b). The CD3 molecule,
which is the signal transducer for the TCR molecule is expressed at this point. These
CD4+8+ cells are also known as double positive cells. At this point they are large, cycling
cells, and make up approximately 80% of total thymocytes. Cells at the double positive
stage undergo positive (1.5) and negative (1.4) selection.

Thymocytes which are

negatively selected downregulate CD3 expression and shrink, before undergoing apoptosis
and phagocytosis by thymic macrophages (Surh and Sprent, 1994). Those that are
positively selected downregulate either CD4 or CD8 molecules, (the single positive stage:
CD4-8+ or CD4+8-), and emigrate to the periphery as T cells. (Scollay, 1991)

1 .3

B Cell Tolerance

B cells govern the humoral response to antigen, as opposed to the cellular response
controlled by T cells. As I have already described, occasionally B cell autoimmune
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diseases such as systemic lupus erythromatosis and myasthenia gravis arise, caused by
inappropriate antibody responses. This section will briefly review the mechanisms of
tolerance in B cells that prevent antibody mediated autoimmune diseases occurring
frequently, with reference to two elegant transgenic mouse systems.

1.3.1

Elimination o f self-reactive B cells

In order to examine the fate of B cells specific for ubiquitously expressed antigen Nemazee
and Biirki (1989) generated transgenic mice encoding a productively rearranged IgM
molecule specific for the H-2K^ and H-2D^^ MHC I molecules, on an H-2^ background
haplotype. Approximately 50% of peripheral B cells expressed transgenic IgM, and high
levels of anti-H-2^ antibodies were detected in the sera of these mice. However, when H2^ Ig-transgenic mice were mated to heterozygous H -2^^ mice, anti-H-2^ antibodies were
not detected, and B cells expressing the transgenic IgM were not detected by flow
cytometry, suggesting that H-2^-specific B cells were deleted as a result of encountering
antigen on cells in bone marrow.
Russell et al. (1991) demonstrated that deletion of self-reactive B cells occurs in
the periphery, as well as in bone marrow. They used two transgenic mouse lines, one
bearing H-2K^ under the control of the metallothionein promoter (MT-K^; Morahan et al.,
1989b), which directs transgene expression to the liver, and the other bearing H-2K^specific IgM. Double transgenic mice had no peripheral B cells, while staining with anti
idiotype and anti-IgM antibodies revealed H-2K^>-specific B cells in bone marrow. Thus
deletion of self-reactive B cells can occur as a result of encounter with antigen in both the
bone marrow and in the periphery.

1.3.2

Induction o f anergy in self-reactive B cells

The state of anergy (Nossal and Pike, 1980) was first described in B cells that had
encountered multivalent antigen in a non-transgenic system: a monoclonal rat antibody was
used to crosslink IgM on the surface of B cells in vitro, rendering them incapable of
responding to further stimuli (Pike et al., 1982). Further experiments using transgenic
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animals that expressed a soluble antigen, hen egg lysozyme (HEL) - ML3 and ML5 mice,
and surface IgM and IgD specific for HEL (MD3 mice) showed that there was a threshold
level of antigen expression required to tolerize double transgenic mice to HEL (Goodnow et
al,, 1989). ML5 x MD3 mice expressed on average 17.4 ng/ml HEL in their sera, and
46% of surface Ig was occupied with HEL molecules. These mice were tolerant - they
failed to produce antibodies against HEL, and although B cells could still be detected in
these mice they expressed 10 to 20 times less surface IgM than single Ig transgenic mice.
Even immature B cells in the bone marrow had downregulated IgM expression. ML3 x
MD3 mice, which express on average only 1.4 ng/ml HEL in their sera, had only 4.5%
membrane receptors occupied with HEL molecules, including immature B cell receptors.
Serum levels of anti-HEL antibody remained high - there was merely a two-fold decrease in
surface IgM expression. However, T helper cells were tolerant of HEL, indicating that a
lower threshold for tolerance exists in T cells than B cells. This demonstrates that selfreactive cells can be rendered anergic on contact with soluble antigen early in development
(Goodnow et al., 1989) - further experiments using the inducible metallothionein promoter
were used to determine the effect of increased antigen expression (Goodnow et al., 1989).
ML3 X MD3 mice were given zinc over 4 days, activating the metallothionein
promoter and resulting in serum HEL levels reaching 89 - 108 ng/ml. Surface IgM levels
had decreased after day 1, and by day 4 they had fallen to the level seen in ML5 x MD3
mice. There was no evidence for bimodal IgM expression, which would have suggested
deletion of IgM^i cells and their replacement with IgM^o cells. In contrast to uninduced
ML3 X MD3 mice, adoptive transfer of B cells from induced mice, alongside lysozyme
primed T helper cells and lysozyme linked to a foreign carrier, into a non-transgenic
recipient, did not induce a response to antigen - the cells were fully anergic, even after
contact with antigen in adulthood (Goodnow et al., 1989).

1.3.3

Receptor editing avoids deletion

There is evidence that B cells are able to manipulate receptor expression in order to avoid
deletion, shown in two transgenic systems (Gay et al., 1993; Tiegs et al., 1993). In one
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instance B cells from double-transgenic mice expressing both heavy and light chains
specific for double stranded DNA were shown to escape deletion by expressing a second
light chain (Gay et a l, 1993), and in the other, cells expressing

a n ti-H - Z K ^ /k

antibody

genes escaped deletion on an H-2k or H-2^ background by switching on RAG genes and
rearranging endogenous light chain genes (Tiegs et al., 1993). This implies an ability to
override allelic exclusion mechanisms in order to avoid autoreactivity.

1.3.4

Summary

The two steps that form a productively rearranges Ig gene, somatic recombination and
hypermutation, take place at two discrete stages in B cell development, and it is likely that
separate mechanisms of tolerance induction are used in order to prevent generation of self
specific antibodies at each stage. Immature B cells express receptors (surface IgM) with
low affinity for antigen and hypermutation increases antigen-specificity, but even in the
periphery there is evidence of clonal deletion, in the transgenic system described (Russell et
al., 1991). However, the situation in which an MHC molecule is encountered for the first
time in the periphery is artificial, since by their nature MHC molecules are encountered by
immature lymphocytes, and taken together with the experiments using soluble antigen,
supports the hypothesis that the mechanism of tolerance used depends less on the site of
antigen expression than on the type of antigen encountered. It is likely that self-reactive
immature B cells will undergo apoptosis if they encounter multivalent, surface-bound
antigen, such as MHC molecules, for which they have high affinity. This prevents
development of B cells that are strongly self-reactive at this stage, and as the experiments
described above indicate, mature B cells that encounter multivalent antigen in the periphery,
or which hypermutate to become reactive to multivalent self-antigen, are also eliminated.
Encounter with soluble antigen, on the other hand, renders B cells anergic,
either in the bone marrow or periphery, depending on the concentration of antigen available
- low levels of soluble antigen have little effect on B cell tolerance, but they do tolerize T
helper cells, effectively preventing B cells from responding to antigen. B cell tolerance is
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dependent on T cell tolerance, which will be discussed in greater depth in the rest of the
chapter.
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1 .4

T Cell Tolerance

Many aspects of T cell tolerance are intertwined with the development of the T cell itself,
since immature thymocytes are most likely to be tolerized and fully mature, antigenexperienced T cells do not undergo tolerization. This section will dwell on some aspects of
T cell development previously glossed over, in an attempt to review the mechanisms of
tolerance induction currently known to affect self-reactive T cells.

1.4.1

The need for tolerance toward self

In 1949 Burnet and Fenner described how administration of antigen to neonates prevented
response to antigen throughout later life. Billingham et al. (1953) found that cells from one
mouse strain injected into foetuses of another prevented rejection of subsequent skin grafts
from the donor strain. Niels Jerne (1955) was the first to consider tolerance to self a
natural prerequisite of a functional immune system, and not the result of manipulating the
immune system. His thinking shaped the work of Burnet, who published 'The Clonal
Selection Theory of Acquired Immunity' (1959), which set out the concept now referred to
as 'one T cell, one specificity' long before the T cell receptor had been discovered.
Lederburg (1959) published a series of postulates that pulled together work on antibody
formation and specificity and proposed that antibody-producing cells expressed small
amounts of one antibody early in development, and that early encounter with self antigen at
that point suppressed further secretion of that antibody.
The intervening period between the publication of the theory of clonal selection
and definitive experimental evidence that self-specific T cells are deleted in the thymus saw
a host of theories of tolerance induction. In 1962 Dresser and Mitchison described what is
now referred to as high and low zone tolerance to explain phenomena that had been
observed for decades in experiments where large or small doses of antigen were
administered. Bretscher and Cohn (1970) proposed that in order to respond to antigen
lymphocytes had to receive two signals from the presenting cell: one signal in the absence
of the other led to tolerance - an idea that has gained popularity recently (reviewed by
Matzinger, 1994). This restricted effective antigen presentation to those few cells capable
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of giving both signals. Lafferty and Cunningham (1975) also proposed a two-signal
system, in which lymphocytes had to receive both 'proliferation' and 'recognition' signals
from the presenting cell, one signal was insufficient and led to tolerance.
Gershon and Kondo (1971) proposed that tolerance to self antigen was
facilitated by the presence of suppressor T cells that prevented response to self. Green et
al. (1983) proposed that a series of complex immunological circuits regulated response to
antigen in a positive or negative (suppressive) fashion; at that point suppressor T cells were
seen as an essential part of a homeostatic mechanism controlling the size and course of the
immune response (Nossal, 1983). 'Veto cells', which prevented CTLs from responding to
the antigen which had activated them were also described (Miller, 1986). These theories
are controversial, since a suppressor cell has never been isolated, (but tolerant cells have
been put forward as suppressor cells, Lombardi et al., 1994 ). Immunology was ready for
a simple mechanism of tolerance induction that could be easily verified.

1.4.2

Central tolerance - the mechanism o f clonal deletion

The first breakthrough in showing that self-reactive T cells are deleted following contact
with antigen was the production of monoclonal antibodies (Kohler and Milstein, 1975)
against specific TCR Vp chains. Kappler et al. (1987a) used a monoclonal antibody
specific for V pl7a (Kappler et al., 1987b) to detect deletion of T cells bearing this Vp
region in mice that express H-2E MHC II molecules. They concluded that tolerance to selfMHC was due to elimination of immature self-reactive thymocytes, rather than
suppression. Two groups went on to examine deletion of T cells bearing v p regions that
conferred specificity for Mls^ antigens - unusual antigens capable of interaction with MHC
II molecules that eliminated all thymocytes bearing VP8.1 or VP 6 (Kappler et al., 1988;
MacDonald et al., 1988). This established the importance of clonal elimination in
establishing tolerance. Sha et al. (1988a) generated a transgenic mouse bearing the TCR
from a cytotoxic T cell clone to demonstrate that the TCR conferred specificity for antigen
and a requirement for CD 8 to select thymocytes restricted to MHC I. Kisielow et al.
(1988) extended clonal elimination as a mechanism of tolerance to cover MHC-restricted
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antigens, by generating a transgenic mouse bearing one TCR specificity which recognised
the male H-Y antigen in the context of H-2D^. Thymocytes bearing the TCR did not
achieve a mature phenotype in male mice - the few present expressed low numbers of CD 8
molecules - but were present, with normal CD 8 levels, in the periphery of female mice.
These experiments strongly suggested that TCRs recognised both MHC and MHCrestricted antigen, and that recognition of antigen during development led to elimination of
self-reactive thymocytes.

1 .4 3

Theories o f clonal deletion

The role of MHC molecules expressed in the thymus in defining the specificity of the T cell
repertoire had been known for several years (Zinkernagel and Doherty, 1974; Be van and
Hiinig, 1981; reviewed by Kronenberg et al., 1986), and will be discussed in detail below.
The apparently exclusive functions of thymic MHC molecules - positive and negative
selection - needed aligning, and von Boehmer et al. (1989) used the experiments of
Kisielow et al. (1988) and Sha et al. (1988) to explain the role of the thymus in shaping the
T cell repertoire. Briefly, H-Y-specific thymocytes were eliminated in the thymus of male
mice since they were potentially harmful to the organism. This occurs at the CD44-84- stage
of thymocyte development, since deletion appears to be dependent on the expression of co
receptors. At the same time positive selection of TCRs that contained the transgenic pchain gene but not the a-chain gene region populated the periphery of male animals, whilst
the transgenic TCR was positively selected in female H-2^ mice. Thymocytes that
expressed low levels of CD 8 were harmless, unable to recognise the H-2D^ MHC
molecule, and reached the periphery. This theory was later extended (von Boehmer and
Kisielow, 1990) to show that useful TCRs, those that bind MHC molecules using the
relevant co-receptor, and do not recognise self-antigen on self-MHC, are positively selected
in the thymus. Marrack et al. (1988) proposed that positive and negative selection occurred
as a result of encounter with self-MHC on different cell lineages in the thymus - positive
selection from TCR-MHC interactions on thymic epithelium, negative selection by
recognition of self molecules expressed on bone marrow-derived cells, assuming that
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epithelial cells expressed 'altered self peptides. This theory has received little support,
since thymic epithelial cells have been shown to express antigen capable of negative
selection (Bonomo and Matzinger, 1993), and antigen expressed on haematopoietic cells
can bring about positive selection (Bix and Raulet, 1992; see 5.4). However, the
'differential affinity' model of selection (below, and reviewed by MacDonald, 1992) has
gained most experimental support, and will be discussed in greater detail below.

1A A

The differential avidity model o f clonal selection

Sprent et al. (1988) described a mechanism of tolerization that allowed escape of useful
thymocytes, and simultaneous deletion of harmful ones. They proposed that TCR and
MHC interact with different affinities depending on the peptide contained in the MHC
groove, and that lower TCR-MHC affinity is required for positive selection than for
negative selection, thus high affinity interactions signal apoptosis and clonal deletion.
TCRs unable to recognise self MHC receive no signal and do not differentiate to a mature T
cell. There are some drawbacks with this theory - what is the role of the co-receptor, for
example - could a self-reactive T cell escape deletion because it expressed few CD 8
molecules (Kisielow et al., 1988, may be an example)? Could negative selection be
affected by the number of TCRs on one thymocyte that interact with MHC i.e. the avidity
of the interaction? These questions have been the source of some controversy. Some of
the transgenic systems examined require co-receptor interaction to achieve self tolerance
(Fung-Leung et al., 1993; Sherman et al., 1992; Aldrich etal., 1991; Robey et al., 1992;
Ingold et al., 1991; Auphan et al., 1994), whilst co-receptor-MHC interactions were
unnecessary for negative selection to occur in others (Knobloch et al., 1992; Robey et al.,
1992; Fung-Leung et al., 1993; Schonrich et al., 1993). Comparison of two TCR-tg mice
showed that co-receptor dependence is not characteristic of all TCRs (Auphan etal., 1994),
co-receptor independent TCRs may bind with such affinity to self MHC that they are
deleted without co-receptor-MHC interaction (see 5.2). TCRs that depend on co-receptors
for deletion may escape to the periphery if they are absent (Schilham et al., 1993) or scarce
(Schonrich et al., 1991). This theory is now referred to as the theory of differential
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avidity, and is supported by recent work by Ashton-Rickardt et al. (1994), who show that
the number of TCR molecules available for contact with MHC molecules in the thymus
determines whether positive or negative selection occurs as a result of contact with MHC in
the thymus.

1.4.5

Further mechanisms o f central tolerance

Clonal deletion is not the only mechanism of tolerance induction to occur in the thymus:
frequently anergic cells that have contacted antigen in the thymus have been detected in the
periphery. Ramsdell et al., (1989) and others (Roberts et al., 1990; Schonrich et al.,
1992a) showed that expression of antigen on thymic epithelial cells and other radioresistant
cell lineages in the thymus brought about anergy (see 1 . 1 . 1) in self-reactive thymocytes.
Further work with thymus graft chimeras showed that some self-reactive thymocytes were
rendered simply unresponsive after contact with antigen on thymic epithelium (Hoffmann et
al., 1993). Thus, even in highly manipulated systems, tolerance to self antigen occurs
through contact with antigen in the thymus, expressed on both epithelial and haematopoietic
cells. Induction of anergy and unresponsiveness in the thymus may be a result of contact
with antigen on inappropriate cells, unable to confer signals prompting negative selection
(signal one without signal two, Matzinger, 1994), the outcome of permanent co-receptor or
TCR downregulation as a means of escaping deletion (Schonrich et al., 1991), or the result
of low affinity interactions with antigen (Auphan et al., 1992; Kawai and Ohashi, 1995).
Nevertheless, the induction of tolerance in the thymus is 'leaky': some self-reactive T cells
escape to the periphery, with the potential for autoimmune responses, and these cells will
be the subject of the following sections.

1.4.6

Peripheral tolerance

Most workers accept that the thymus cannot present every possible gene product present in
the body as peptide to tolerize thymocytes, although endogenous pancreatic genes are
expressed in the thymus (Jolicouer et al., 1994), and soluble, circulating peptides may be
presented by thymic APCs on both MHC I (Mamalaki et al., 1992; ), and MHC II (von
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Boehmer and Kisielow, 1990; Zal et a i, 1994). Peptides from large, insoluble proteins,
such as collagen, may not be present in the thymus, and collagen-specific T cells escape to
the periphery as a result. It seems likely that mechanisms of tolerance operate in the
periphery as well as the thymus to avoid autoimmune disease. The following sections will
deal with observations on each mechanism of tolerance induction in turn, and conclude
with a theory that links mechanisms of peripheral tolerance by catagorizing each into levels
or 'steps' toward deletion of self-reactive thymocytes.

1.4.7

Clonal deletion in the periphery

Clonal deletion in the periphery is a controversial issue (reviewed by Hammerling et al.,
1991). According to the differential affinity hypothesis, interactions that should cause
deletion in the thymus would bring about T cell activation in the periphery, although a
recent version of the 'two signal' hypothesis allows deletion of both experienced and naive
T cells if only one signal is received, i.e., if antigen is encountered on inappropriate cell
types (Matzinger, 1994). Two studies using the atypical Mls^ antigens demonstrated the
loss of mature, self-reactive T cells from the periphery when antigen was administered to
neonates (Jones et al., 1990) or young thymectomised adult mice (Webb et al., 1990). In
these cases the absence of TCR+ cells in the periphery could be attributed to TCR
downregulation by self-reactive cells (Hammerling et al., 1991).

However, both

thymectomised and euthymie adult mice could be rendered tolerant to the Staphylococcus
aureus enterotoxin B, (SEB), also a superantigen, by clonal elimination (apoptotic cells
were detected in splenic T cell cultures established four days after superantigen injection;
Kawabe and Ochi, 1991). A transgenic system confirmed that peripheral clonal elimination
was not an artefact of tolerance to superantigen. Carlow et al. (1992) used TCR-tg mice
specific for the male H-Y antigen presented on H-2D^> to demonstrate that when self
reactive T cells encounter antigen in the periphery, in the context of H-2 antigens, apoptosis
occurs. Lymph nodes recovered from female TCR-tg mice injected with male lymphoid
cells were shown to contain apoptotic antigen reactive CD4-8+ T cells. In all these cases.
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however, antigen was not present throughout development, and was encountered by an
adult immune system.

1.4.8

Anergy in the periphery

Several groups have observed that inappropriate stimulation of self-reactive T cells in vitro,
with anti-CD3 antibodies, chemicals such as paraformaldehyde, or with a planar membrane
system containing MHC molecules, for example, results in anergy (reviewed by Schwartz,
1990; Williams et al., 1992). Ramensee et al. (1989) demonstrated that injection of Mls1^-positive lymphocytes into normal Vp6-i- Mls-negative recipients anergized vp 6 cells.
Transgenic systems have also been widely used to demonstrate peripheral tolerance to
antigen, since antigen expression can be targeted to one extrathymic tissue. The pancreas is
a very popular site for transgenic antigen expression, since response to antigen leads to
lymphocyte infiltration and IDDM, and thus a measurable readout in the form of diabetes
(quantified by measuring the glucose content in urine), but also has profound drawbacks.
Two promoters driving antigen expression in the pancreas are widely available, rat insulin
promoter (RIP), which targets antigen expression to the P-islet cells (Hanahan, 1985), and
the elastase promoter, which drives antigen expression on pancreatic acinar cells (Omitz et
al., 1987). Both cell types are secretory, but when antigen expression blocks insulin
production, diabetes occurs without lymphocyte involvement (Lo et al., 1988; Allison et
al., 1988). Despite driving antigen expression in the periphery the RIP promoter has also
been shown to cause antigen expression in the thymus (Miller and Heath, 1993; Jolicoeur
et al., 1994). This provides an alternative interpretation of early studies of extrathymic
tolerance which reported that extrathymic antigen expression caused anergy, when in fact
expression in the thymus anergized self-reactive T cells (Morahan et al, 1991). Burkly et
al. (1990) reviewed experiments in which self-reactive T cells may have been anergized as
a result of contact with antigen expressed in the pancreas (Lo et al., 1988; Burkly et al.,
1989), but the best example of anergy induced by peripheral expression of antigen is that of
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Schonrich et al. (1992b), where antigen (H-2K^) was expressed under the control of the
mouse albumin regulatory regions on hepatocytes alone (Alb-K^ transgenic mice). Double
transgenic offspring of Alb-K^ and DES (H-2Kb-specific TCR-tg mice) parents were
tolerant of H-2K^, due to down-regulation of both TCR and CDS molecules that was
irreversible in vitro. They did not examine response to antigen by T cells from single
transgenic Alb-K^ mice, however, and the effect of antigen on TCR-tg mice does not
represent the effect of antigen on an entire repertoire (Sponaas et al., 1994b). This
experiment does highlight the advantages of TCR-tg animals, however, since the effect of
contact with antigen on antigen-specific TCR+ T cells can be observed.
Thus good examples of anergy induced by contact with extrathymic antigen are
rare, perhaps because induction of anergy is unnecessary for tolerance to antigen
encountered in the periphery; other mechanisms, such as unresponsiveness, will prevent
autoimmune responses. On the other hand, anergy cannot be induced in T cells that do not
encounter antigen, and are therefore 'ignorant' of it, and this may be the case in many
reported examples of peripherally induced anergy.

1.4.9

Unresponsiveness towards antigen

Despite some setbacks (above) transgenic animals are ideal systems for studying sitespecific expression of antigen. It is a mystery, therefore, that so few systems induce
peripheral deletion or anergy. However, several systems that direct transgene expression
to extrathymic tissues induce unresponsiveness in self-reactive T cells. Two types of
transgenic system reveal unresponsive cells: firstly, single transgenics, where T cells from
mice expressing an extrathymic transgene respond to the transgenic antigen in vivo, or after
transfer into an antigen-negative mouse (Bohme et al., 1989; Murphy et al., 1989; Miller et
al., 1990; Simpson et al., 1993; Bachmann et al., 1994). Secondly, double transgenic
TCR-tg X antigen-tg FI mice are used to reveal the presence of unresponsive self-reactive
TCR+ T cells in the periphery (Morahan etal., 1991; Schonrich etal., 1991; Schonrich et
a l, 1992b). In many cases single antigen-transgenic mice are not tested for the presence of
self-reactive cells, and so it is possible that unresponsive cells from double transgenic mice
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are artefacts characteristic of the TCR, rather than an effect of antigen expression. While in
some cases unresponsiveness could be simply 'ignorance' of antigen, the antigen being
sequestered in an immunologically privileged site, such as the pancreas, examples of
unresponsiveness in mice expressing antigen on thymocytes and T cells (Simpson et al.,
1993), or liver (Bachmann et al., 1994), suggests that this is not always the case. Analysis
of double transgenic animals with anti-clonotypic antibodies, reveals that unresponsiveness
can be characterized by downregulation of CDS and TCR molecules (Schonrich et al.,
1991; Schonrich etal., 1992b), although TCR^^CDS^i T cells could still be detected in the
periphery of one double transgenic mouse, suggesting that unresponsiveness could work
alongside other tolerance states (Schonrich etal., 1991).
Inducing unresponsiveness in self-reactive T cells makes sense for the immune
system. Encounter with antigen on non-APC extrathymic tissues may simply signal
transient TCR and CDS downregulation as a mechanism for avoiding autoimmunity, rather
than induce apoptosis in an environment where phagocytic monocytes or macrophages are
rare and fragmenting T cells would be a problem. In single transgenic systems, in which
TCR levels cannot be compared, unresponsive T cells may express a TCR with low affinity
for antigen that would not respond to antigen levels present in vivo, but when in contact
with large numbers of APCs in vitro, are capable of measurable effector response.
Simpson et al. (1993) describe a possible example of this situation (1.6).

1.4.10

Ignorance o f self antigen

After much thought I include the phenomenon of ignorance under the T cell tolerance
heading. Ignorance is widely, and perhaps wrongly, used to describe situations, usually in
site-specific antigen-transgenic mice, where T cells appear tolerant of antigen - no
autoimmunity is detected - until antigen is administered by another route. Instead,
'ignorance' may simply be a lack of immune response to an antigen that cannot be detected
are
(due to sequestration), and the transgenic models of ignorance simply ideal examples of
I^

induction of autoimmune disease.
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Two good examples of ignorance towards transgenic antigen exist. Ohashi et
al. (1991) generated a transgenic mouse expressing lymphocytic choriomeningitis viral
(LCMV) glycoprotein (GP) in p-islet cells of the pancreas. LCMV-GP transgenic mice
were bred to TCR-tg mice expressing a TCR specific for LCMV-GP in the context of H2D^. Double transgenic mice did not develop diabetes, nor did they delete or anergize self
reactive T cells, nor downregulate TCR or CDS expression. Infection with LCMV led to
rapid TCR-tg T cell-mediated diabetes. The other example utilized a TCR specific for
myelin basic protein (MBP) to generate TCR-tg mice (Goverman et al., 1993). These mice
did not develop experimental allergic encephalomyelitis (EAE - a mouse model of multiple
sclerosis), until immunized with MBP, adjuvant and pertussis toxin.

However,

administration of pertussis toxin alone was capable of causing EAE (Goverman et al.,
1993).
Lymphocytes circulate about the body via the lymphatic system and blood
stream from lymphoid organ to lymphoid organ . Foreign antigen is presented to T cells in
spleen and lymph nodes by APCs, in healthy individuals few lymphocytes extravasate into
organs (reviewed by Picker, 1994). Trauma, such as grafting, or administration of
pertussis toxin, can cause release of activated self-reactive cells into the circulation (Mu et
al., 1994), and thus into contact with tissues and organs expressing antigen.
Ignorance is not the only outcome of antigen expression in a non-tolerant
system. Several examples of autoimmunity resulting from transgene expression have been
described. Geiger et al. (1992) described spontaneous autoimmunity arising in double
transgenic animals that expressed the large T antigen of SV40 on pancreatic acinar cells and
a transgenic TCR specific for this antigen in the context of H-2K^. Expression of SV40
large T antigen on p islet cells was sufficient to induce autoimmune response in single
transgenic lines described by Adams et al. (1987). In both cases timing of antigen
expression was delayed until after birth, so that transgenic antigen could not be
distinguished from foreign antigen. After birth the immune system is less plastic, since it
must avoid developing tolerance towards pathogens. These examples demonstrate the
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power of the mechanisms of tolerance described to ensure that autoimmune disease does
not occur - provided that antigen is encountered early in development.

1.4.11

Tolerizing signals may be cumulative

The tolerance states described above may not be independent of each other, indeed
peripheral tolerance may be a ’multistep' mechanism (reviewed by Arnold et al., 1993).
Some examples of both ignorance and unresponsiveness to antigen used the same promoter
to drive expression in the periphery, but with very different results (Ohashi et al., 1991; Lo
et al., 1992). This may have been due to the nature of the antigen, although Lo et al. used
another viral antigen, influenza haemagglutinin, under RIP control, and showed that naive
cells from a non-transgenic grafted thymus were tolerant of haemagglutinin. The level of
tolerance exhibited to antigen may depend on the level of antigen expression (Roman et al.,
1990). In all, it is unclear why expression of antigen on the same tissue should induce
tolerance in one system and not in another. Hammerling et al. (1993) proposed that
repeated contact with antigen may drive T cells towards more profound, less reversible,
states of tolerance to antigen, citing a transgenic mouse that expressed H-2K^ under the
control of part of the keratin-IV promoter (Ferber et al., 1994). H-2 Kt> was expressed on a
subset of epithelial cells in thymus as well as skin cells, and as a result double transgenic
H-2Kt>-specific TCR-tg x 0 .8 Ker.Kt> FI thymocytes were anergic (Schonrich et al.,
1992b), measured by the lack of response to cross-linking anti-TCR antibodies. However,
anergic cells could not be detected in the periphery, and Hammerling et al. concluded that
deletion had occurred when anergic cells contacted antigen in the periphery. The problem
with this theory is that if a cell is incapable of responding to crosslinked anti-TCR
antibodies, how can it respond to antigen with sufficient affinity to induce apoptosis?
Subsequently, Schonrich et al., (1994) demonstrated that unresponsive cells
subjected to further tolerizing signals lost the ability to respond in vitro in an elegant TCRtg experiment. T cells bearing H-2K^>-specific TCRs responded to a mutant of H-2K^ (H2 Kt>ml on B6.C-H2^"^^ mice) by becoming unresponsive towards H-2Kt»ni^. Injection

of cells bearing H-2K^ into the unresponsive mice caused loss of cytolytic activity from
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splénocytes bearing H-2K^-specific TCRs in vitro. A second encounter with intact H-2K^
molecules induced anergy or deletion in unresponsive cells.
Therefore, the confusing examples of peripheral tolerance to self antigen may
simply represent T cells that have encountered different amounts of antigen, or antigen
expressed on different cell types, and as a result have achieved different levels of tolerance.
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1 .5

Selection of the T Cell R epertoire

This section will take a step back in T cell development to briefly discuss the process by
which the T cell repertoire is selected. This process is known as 'positive selection', partly
to distinguish it from the process of negative selection, which also shapes the functional
repertoire, but also to indicate that the survival of a cell in the thymus is not a default event thymocytes require interaction with thymic stroma in order to survive. Experiments
described in this thesis examine the cell types capable of producing the positively selecting
signal, and this aspect of selection will be discussed below.

7.5.7

Does positive selection occur?

A visual demonstration of the effects of a selection mechanism that determined the
specificity of T cells emerged long after the evidence to suggest it appeared. In 1978 both
Fink and Bevan and Zinkernagel et al. showed that TCR specificity was strongly skewed
towards recognition of MHC molecules encountered in the thymus. However, at this stage
the source of selected T cells was still uncertain. The work of Scollay et al. (1980) showed
that large numbers of thymocytes entered the thymus (up to 10 ^ per day), and yet only 12% reached the periphery. 86 % of thymocytes have the CD4+8+ phenotype (Scollay et
al., 1984), and very few reach the periphery, but the relationship between single and
double positive thymocytes was still unknown. Several suggestions were made as to the
fates of immature thymocytes that died by apoptosis in the thymus, and why so few
thymocytes mature into T cells (reviewed by Sprent et al., 1988). There were several
possibilities: firstly, most thymocytes were self-reactive, and were negatively selected as a
result of contact with self-MHC and self-peptide. While negative selection accounts for
some cell death, it seems unlikely that the immature TCR repertoire should be skewed
towards specificity for self antigen, as opposed to randomly producing a range of
specificities. Secondly, unselected thymocytes generated non-productive rearrangements
of a - and p-chain genes. This is also a source of cell death (Kronenberg et al., 1986), but
not likely to account for the massive thymocyte suicide rate. Finally, the emergent T cell
population could represent a small population in the thymus that was destined to become T
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cells - the other cells were destined for apoptosis from ontogeny. This seems extremely
unlikely, since there would be no selection pressure to conserve the vast majority of TCR
genes, nor for most thymocytes to reach the CD4+8+ stage (Sprent et al., 1988).
In 1987 Smith demonstrated that treatment of thymocytes with anti-CD 8 mAh
eliminated CD4+8- T cells, suggesting a common precursor for both CD4+8- and CD4-8+
cells, and Teh et al. (1988), used TCR-tg mice to demonstrate that contact with MHC in the
thymus influenced the expression of the co-receptor. The debate over the exact mechanism
by which this occurs continues, and will be discussed below.
In the meantime, further evidence for selection occurring as a result of
interaction with MHC in the thymus accumulated.

Hiinig and Bevan (1981) used bone

marrow-chimeras to suggest that the T cell repertoire is shaped to respond to foreign
antigens that are slight variations on self-antigen, and that antigen-MHC interaction may be
sufficient to cause perturbations in MHC structure that enable recognition of foreign
antigens by TCRs (Hiinig and Bevan, 1982; Zinkernagel and Doherty, 1979). Thus
positive selection of the T cell repertoire depends on TCR-MHC interaction in the thymus.
Sprent et al. (1988) speculated that positive selection occurred as a result of a protective
signal: thymocytes that did not recognise self-MHC in the cortex of the thymus, and were
not positively selected as a result, died due to their sensitivity to cortico-steroids. This
theory is supported by the observations that early, cortical thymocytes are sensitive to
cortico-steroids, while medullary thymocytes are relatively resistant (Scollay etal., 1984).
Evidence for positive selection was obtained by two groups, one using
monoclonal antibodies specific for TCR V-regions (Benoist and Mathis, 1989), and the
other using TCR-tg animals (Berg et al., 1989). Benoist and Mathis (1989) examined
positive selection in three transgenic mouse lines that expressed the MHC II molecule H2 E ^ a on a genetic background in which a large proportion of thymocytes are positively

selected on H-2E^. They showed that positive selection of Vp 6 + cells occurred when H2 E^ was expressed on cortical epithelial cells, but that expression on medullary epithelial

cells could not rescue V p 6 + cells from apoptosis. They also observed that positive
selection of Vp 6 -i- thymocytes was not apparent until the CD4+8- stage, unlike Sha et al..
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(1988b), who showed that large numbers of TCR+CD 8 + thymocytes accumulated in 2C
TCR-tg mice (see 5.1). Berg et al. (1989) used mice that expressed a TCR specific for
pigeon cytochrome c in the context of H-2E^. They showed that when the TCR was
expressed on an H-2^ background the number of cytochrome c reactive T cells increased
10-fold in comparison to the same TCR on an H-2^ background haplotype. They also
demonstrated that T cell development was arrested at the CD4+8+ stage in H-2^ TCR-tg
mice, suggesting that encounter with MHC and antigen at this stage determines the fate of
thymocytes.

1.5.2

Mechanisms o f positive selection

One of the most attractive theories explaining the mechanism of positive selection was
proposed by Sprent et al. (1988), and is linked to the differential affinity model of
thymocyte selection discussed in 1.4.4. They postulate that thymocytes are positively
selected when they contact self-MHC molecules on cortical epithelial cells in the thymus,
and that this interaction is sufficient to protect against apoptosis. Their conclusion is
supported by the findings of Farr et al., (1985) who showed that some thymocytes come
into close contact with cortical epithelial cells, and appear to show clustering of TCR
molecules at the point of contact. Sprent et al. propose that the interaction between TCR
and MHC molecules is relatively weak - epithelial cells express low levels of MHC (Lo and
Sprent, 1986), and TCR density on thymocytes increases as cells move toward the
medulla, so that although the interactions that cause positive and negative selection are
essentially the same, the increase in affinity for self-MHC that may arise between the cortex
and the cortico-medullary junction, lined with DCs and macrophages with high numbers of
MHC molecules, leads to negative rather than positive selection. Thus strong TCR-MHC
interactions are bad for thymocyte survival. Further work by Poirier et al. (1994) which
compared the cell surface phenotypes of thymocytes exposed to thymic epithelial cells and
specific antigen, suggested that positive selection is the result of low affinity interactions
This model does not agree with the 'two signal hypothesis' (Matzinger, 1994) that appears
to explain tolerance in the periphery, however Matzinger does not include positive selection
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in her signalling scheme. The strength of TCR-MHC interactions may be affected by co
receptors binding to the MHC molecule, and the role of co-receptors in positive selection
will be discussed below.

1.5.3

The nature o f the positively selecting cell

Several groups have proposed an alternative theory: that cortical epithelium is nontolerogenic, and the only outcome of interaction with MHC on thymic cortical epithelium is
positive selection (Lo and Sprent, 1986; Benoist and Mathis, 1989). Marrack etal. (1988)
suggested that MHC molecules expressed on cortical epithelium contained unusual peptides
that would not be encountered elsewhere in the thymus, and thus selected cells escape to
the periphery, biased towards recognition of foreign peptides in the context of self-MHC.
The work of Vukmanovic et al. (1992) showed that thymus epithelium can process self
peptide, and thus must present at least some peptides common to both bone marrowderived and epithelial cells. While others have proposed that cells do indeed express
lineage-specific peptides (Bonomo and Matzinger, 1993), deletion of thymocytes bearing
TCRs specific for antigen encountered on thymic epithelium has been observed by several
groups (Bonomo and Matzinger, 1993; Speiser et al., 1992; Gao et al., 1990) using bone
marrow chimeras. Others have distinguished between the properties of cortical and
medullary epithelium (Husbands et al., 1992), and propose that only antigen encountered
on medullary epithelium is capable of tolerance induction.
This was contradicted by the work of Longo and Schwartz (1980) who claimed
that thymocytes were restricted to self-MHC molecules as a result of encounter with thymic
APCs, although this work was not supported by that of others (Fairchild and Austyn,
1990). Further evidence against cortical epithelium as the sole environment for positive
selection was obtained by Bix and Raulet (1992) who demonstrated inefficient positive
selection of MHC I-specific thymocytes as a result of encounter with MHC on
haematopoietic cells. Hugo et al., (1993) and Pawlowski et al. (1993) claimed that
fibroblasts are capable of positive selection. These results support the affinity hypothesis,
suggesting that a TCR-MHC interaction with low affinity could drive positive selection.
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They suggest that cortical thymocytes could be the haematopoietic cells that drive selection
(see 5.4). Markowitz et al. (1993) used a similar system to that of Bix and Raulet to show
that haematopoietic cells could not positively select MHC Il-specific thymocytes. They
suggested that CD4+8- and CD4-8+ thymocytes differentiate in subtly different ways,
which affect their requirements for positively selecting ligands. However, CD4+8thymocytes can be positively selected by TCR ligation in the absence of MHC molecules
(Takahama et a l, 1994), while TCR aggregation inhibits positive selection. These
experiments also support the differential affinity hypothesis of positive selection.

1.5.4

The role o f co-receptor molecules in positive selection

The selection of a co-receptor molecule determines the function of a T cell, since MHC co
receptor interaction is required for MHC recognition in the periphery. As I discussed
above, co-receptor dependence for negative selection may differ according to the nature of
the TCR (1.4.4). Co-receptor involvement in positive selection is more complex, since
both co-receptors are present on the cell surface. This prompted research into the following
question: does contact with a particular MHC molecule instruct the T cell to down-regulate
the unnecessary co-receptor, or is co-receptor down-regulation completely random ? These
two options form the 'instruction' and 'selection' models of thymocyte selection, and
evidence has been amassed to support each model.
Teh et al. (1988) proposed that interactions between thymic MHC and TCRs
determined the down-regulation of either CD4 or CD 8 molecules. Using a MHC I-specific
TCR-tg mouse, they observed that CD4-8+ thymocytes increased in number as a result of
positive selection. However, Huesmann et al. (1991) showed that despite expressing a
selectable TCR on most thymocytes, only 20% reached the periphery. They suggested that
this could be due to the lack of selecting 'niches', but it could also be attributed to TCRpositive cells down-regulating either CD4 or CD 8 molecules, and subsequent loss of TCRpositive cells that down-regulated the wrong receptor. Those thymocytes that express only
CD4 become 'useless', since they can no longer recognise antigen, and do not reach the
periphery. Transgenic mice that constitutively express CD4 have been shown to rescue a
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thymocyte population that mismatched MHC-specificity and co-receptor (Davis et al.,
1993), although constitutive expression of CDS leads to increased selection of a MHC Ispecific TCR, and does not affect selection of CD4+8- thymocytes (Robey et al., 1991),
suggesting an instructive model of thymocyte development.

This model has been

supported by evidence from transgenic models of positive selection (Ohashi etal., 1990;
Sha et al., 1988b) where CD4+8+ thymocytes express TCR high levels, and reinforced by
the work of Corbella et al., (1994), which demonstrated that commitment to an effector cell
lineage preceded positive selection. The selective model of positive selection, on the other
hand, is supported by experiments in which positive selection is not apparent until the
single positive thymocyte stage (Benoist and Mathis, 1989). Further supporting evidence
for a selective mechanism includes that of Chan et al., (1993), Bendelac et al. (1994) and
van Meerwijk and Germain (1993) who used MHC II- and MHC I-deficient mice
respectively to show that both CD4+8- and CD4-8+ thymocytes could develop without
interaction with appropriate MHC molecules. CD 8 is required for positive selection
(Aldrich et al., 1991; Fung-Leung et a l, 1993; Schonrich et al., 1993; Nakayama et al.,
1994), but van Meerwijk and Germain suggest that it is required simply to achieve full
maturation into functional T cells, and that commitment to a T cell lineage is a stochastic
event.

1.5.5

Summary

The processes of positive and negative selection occur in the thymus as a result of
interaction with MHC molecules. Positive selection biases the T cell population toward
recognition of antigen in the context of self-MHC, while negative selection eliminates those
thymocytes that respond strongly towards self-peptide in the context of self-MHC.
Positive selection occurs at the CD4+8+ stage of thymocyte development, and while it
appears to require co-receptor-MHC interactions these interactions may not influence the
resulting T cell phenotype. Negative selection of certain TCR molecules may require coreceptor-MHC interactions, although TCRs with high affinity for self antigen do not. The
outcome of a TCR-MHC interaction may depend on its strength - a weak interaction could
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be a positive selection signal, whilst a strong interaction causes apoptosis.

The

characteristics of positive and negative selection signals will not fully be known until the
cell signalling pathway has been traced.
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1 .6

The Thesis

In 1993 Simpson et al. described a classic example of unresponsiveness to self.
Transgenic mice expressing the MHC I molecule H-2K^ under the control of the human
CD2 regulatory regions, on an H-2^ MHC background, displayed two distinct phenotypes.
Both expressed H-2K^ on thymocytes and T cells, but one line, known as CD2K^-2, was
tolerant of H-2K^ both in vitro, measured by cytotoxic T lymphocyte assays (CTL assays),
and in vivo, assessed by skin grafts from a CBK mouse (Husbands et al., 1992), which
expresses H-2K^ under its own promoter, also on the H-2^ background. The other line,
CD2K^-3, tolerated CBK skin grafts, but responded to CBK splenocytes in vitro. They
were unable to give a satisfactory explanation for the occurrence of unresponsiveness in
one line and not the other, but suggested that the level of H-2K^ expression might affect
deletion of self-reactive thymocytes. Auphan et al. (1992) had shown that deletion of a
self-reactive transgenic TCR depended on antigen density, where antigen was an MHC I
molecule expressed on all cells.
The CD2K^ mice were one of a series of transgenics that expressed genomic H2K^> under the control of various promoters. K|3 mice express H-2K^ in erythroid and
myeloid cells under the control of human p-globin regulatory regions (Yeoman and Mellor,
1992; Sponaas et al., 1994a). No cytotoxic response to H-2K^ could be detected either in
vitro or in vivo, but proliferation by Kp lymph node cells in response to antigen was
comparable to response by CBA/Ca (H-2^) mice to H-2K^ on splenocytes.

This

suggested that a subset of self-reactive T cells were present and detectable in vitro, although
the phenotype of the cells is still unknown.
KAL mice express H-2K^ under the control of the guinea pig a-lactalbumin
promoter. This directs antigen expression to skin epithelial cells (Husbands et al., 1992)
and radioresistant cells of the thymus (Sponaas et a i, 1994a). Like Kp, KAL mice are
tolerant of H-2K^> on skin and in CTL assays, but can proliferate in response to antigen in
vitro in the presence of rat spleen ConA supernatant, containing IL-2. Husbands et a i,
(1992) suggested a that non-deletional mechanism maintains tolerance towards H-2K^.
Double-transgenic offspring of anti-H-2K^ TCR transgenic and KAL mice had reduced
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numbers of TCR+CD4+8- or TCR+CD4-8+ cells, though CD4+8+ cells were present in
normal numbers (Sponaas etal., 1994a)
These two transgenic lines reinforced the theory that contact with antigen on
inappropriate cell lineages facilitates tolerance by a non-deletional mechanism, CD2K^-2
mice, which express H-2K^ on thymocytes, did not respond to H-2K^ in a CTL assay,
although capable of proliferating in response to antigen (Simpson et al., 1993). CD2K^-3
mice responded to antigen by producing effector cells in vitro, suggesting that low levels of
antigen expression on thymocytes were capable of less effective tolerization than low levels
on erythroid or epithelial cells (Simpson et a i, 1993).
The experiments described in this thesis were designed to evaluate the effect that
increased level of antigen expression on thymocytes and T cells has on tolerance in CD2K^
mice. These studies are two-pronged: the bulk of this thesis will describe the pattern and
level of antigen expression in existing CD2K^-3 mice and the new CD 2 K^> lines, the effect
that antigen expression on thymocytes has on positive and negative selection in the thymus,
and on tolerance to self antigen. Finally, one chapter will describe investigations into the
nature of self-reactive cells and self-specific TCRs from CD2K^-3 mice.
In this thesis I will present experiments to support the hypothesis that peptides
derived from self-antigen, and presented on MHC II molecules, contribute toward skin
graft rejection in non-tolerant CD2K^ mice, and that the survival of T cells capable of
response to self-antigen in vitro is influenced by the level of self-antigen expression in the
thymus. Thus tolerance of self-antigen is influenced by the pattern and level of self-antigen
expression, and in particular, expression of self-antigen by myeloid cell lineages is a crucial
factor leading to immunological tolerance.
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Chapter Two

Materials and Methods
2 .1

In tro d u c tio n

This chapter is intended as a summary of those materials and techniques used in one or more of
the following chapters, or that are routinely employed in order to carry out the experiments
described. It is not an exhaustive collection of all techniques used throughout this thesis descriptions of specialized techniques can be found in the Materials and Methods section at the
beginning of each chapter.

2 .2

D isposable Plastics

Disposable plastic products were obtained from a number of sources, as outlined in Table i.

2 .3

M edia and Solutions

2.3.1

IMDM

Departmental stocks of IMDM were produced by the Media Division, National Institute for
Medical Research, according to the following recipe: 176g of IMDM powder (Gibco, Cat.
42200-048) was mixed with 21g NaCl, 30.25g NaHCOg, and 125mM NaOH, and made up to
101 with dH 20. In order to preserve the sterility of the solution 0.1 pg m l'l streptomycin
(Sigma, Cat. S9137) and 0.06pg m l'l penicillin (Sigma, Cat. P7794) were included. Prior to
use, 10% heat inactivated PCS (Globepharm, supplied by Media Division) was added, along
with 5 X lO""^ M 2-mercaptoethanol (2ME; Sigma, Cat. M7522), and L-glutamine supplements
(Sigma, Cat. G5763; 0.2M solutions supplied by the Media Division, as above) where
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necessary to restore L-glutamine concentrations to 2mM. Unless otherwise stated, all cell lines
and cultures were grown in this medium.

2.3.2

Air bujfered wash medium (AB wash medium)

For use in preparation of cells for culture, stock solutions were also produced by the Media
Division, as above. This solution resembles IMDM, but does not include NaHCOg, PCS or
antibiotics.

2.3.3

Lysis solution

Used for lysis of erythrocytes, 0.83% NH 4 CI in dH 20 was sterilized by means of 0.2pm
filters (Sartorius, Cat. SM17597), and warmed to 37°C before use. 5ml of solution was used
to resuspend pelleted cells, and incubated at 37®C for 5 minutes. Lysis was stopped by the
addition of 15mls AB wash medium.

2.3.4

Trypan blue

Trypan blue (Sigma, Cat. T6146) and used at a stock concentration of 0.2% in PBS. The
stock solution was filter sterilized and used to dilute cell suspensions 1:1. The viability of
samples was assessed by trypan blue exclusion. Samples were viewed on a haemocytometer
(Merck, Cat. 403/0040/03).

2 .3.5

Phosphate Buffered Saline (PBS)

Magnesium- and calcium-free PBS 'A' was produced by the Media Division, National Institute
for Medical Research.

8 g NaCl, 0.2g KCl, 1.15g N a2P 04, and 0.2g KH 2 P O 4 were

dissolved in 11 dH2 0 and autoclaved to sterilize.
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2.3.6

Wash solution (WS)

For use in flow cytometry, WS was prepared by the addition of 1% PCS and 0.02% NaNg
(BDH, Cat. 30112G) to PBS, to prevent capping and loss of antibody-ligand complexes from
the cell surface.

2.3.7

Lysis buffer

For digestion of tissue samples prior to DNA extraction: lOOmM Tris.HCl, 5mM EDTA,
0.2% SDS, 200mM NaCl in dH20. Samples can also be frozen in lysis buffer and stored at
-20°C.

2.3.8

lOXTaq buffer

For use in PCR: 50mM Tris pH 8.3 (at RT), 250mM KCl, lOmM MgCl2 , and 0.05% gelatin
(Sigma, Cat. G2500). The solution was filtered before adding gelatin.

2 .3.9

lOOX Denhardt's solution

This solution is a component of the hybridisation mix given below: 2% BSA (Sigma, Cat.
A9418), 2% Ficoll (Pharmacia, Cat. 17-0410-01), and 2% polyvinylpyrallidine (Sigma, Cat.
P5288) in dH20.

2.3.10

Hybridisation mix

This solution is used (with the addition of O.lmg ml“^ denatured calf thymus DNA, Sigma,
Cat. D1501), to pre-treat nitrocellulose filters (Anderman, Cat. 401191) before hybridisation
with a radioactive probe, in order to prevent non-specific binding of the probe to the filter. It
consists of 0.1% sodium pyrophosphate, 3X SSC, lOX Denhardt's solution, 01% SDS, and
10 % dextran sulphate in dH 2 0 .
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2.3.11

20X Saline sodium citrate (SSC)

Produced by the Media Division, as above, this is used at 2X to wet nitrocellulose filters prior
to Southern blotting, and as a component of numerous solutions. It comprises 0.15M NaCl
and 0.015M sodium citrate or 0.15M citric acid titrated to pH 7.0 with NaOH.

2.3.12

lOX TBE

Used at IX as a running buffer for gel electrophoresis, lOX stocks were made by the Media
Division, as above.

2.3.13

Alkaline blotting buffer

This solution is used to prepare agarose gels for Southern blotting: 0.5M NaOH with 1.5M
NaCl.

2.3.14

Neutral blotting buffer

This solution neutralizes agarose gels after treatment with alkaline blotting buffer: IM Tris,
1.5M NaCl.

2.3.15

lOX Nick mix

This is a buffer for the nick translation reaction: 500mM Tris pH 7.8, 50mM MgCl2 , lOOmM
2ME.

2.3.16

Tris.EDTA (TE)

TE is used to store DNA after extraction from tissues, among other things. It simply
comprises lOmM Tris pH 7.5 and ImM EDTA.
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2.3.17

Balanced saline solution (BSS)

Also known as Hank's BSS this solution was made up by the Media Division, as above: 8 g
NaCl, 0.4g KCl, 0.14g CaCl2.2H 20, O.lg M gS04.7H 20, O.lg M gCl2.6H 20, 0.121g
N a2H P 04.12H 20, 0.06g KH 2 PO 4 , Ig glucose, O.lg phenol red and dH 20 to 11. lOX
solutions were made up with ten times concentrations from the same recipe.

2.3.18

EU S A wash buffer

The ELISA wash buffer was produced by the Media Division, as above. It consists of 0.5%
Tween (BDH, Cat. 66369) in PBS (as above). It is used to remove proteins that have not
adsorbed to an ELISA plate (Table i), in order to prevent cross-reactions in the ELISA.

2.3.19

Substrate buffer

This buffer was used to dissolve ABTS (Sigma, Cat. A 1888) for use in an ELISA. 0.15M
solution A (KH 2 PO4 ) was added to 0.15M solution B (Na2HP04) according to the equation x
ml A 4-100 - X ml B where x=87.7.

2.3.20

Citrate buffer

For use in elution of antibodies from a Protein A column (Pharmacia, Cat. 170403-01), this
solution can be buffered between pH 3.0 and pH 7.0, depending on the requirements of the
antibody. For a solution at pH 5.0, O.IM citric acid was added at a ratio of 1:1 with O.IM
sodium phosphate, whereas, for a solution with a pH less than 5.0, the citrate was titrated
against O.IM sodium phosphate solution.

2.3.21

Trypsin-versene

Used to remove adherent cells from culture dishes, 10ml aliquots of the following solution
were supplied by the Media Division: 8 g NaCl, 0.2g KCl, 1.15g N a2P04, 0.2g KH 2 PO 4 ,
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o .lg EDTA, 1.25g trypsin (Sigma, Cat. T8(X)3), O.Olg phenol red and dH%0 to 11. The
solution was brought up to pH 7.8.

Table i

Sources of Disposable Plastic Products

Item

Source

Catalogue No.

96-well U-bottom tissue culture plate

Falcon

4-3077-0

96-well flat bottom tissue culture plate

Costar

3596

24-well flat bottom tissue culture plate

Costar

3524

90mm tissue culture dish

Slaughter

PD100 40

50ml centrifuge tubes

ELKAY

000-2090-STR

15ml conical centrifuge tubes

Falcon

4-2095-5

Polystyrene FACS tubes

Falcon

4-2054-2

Polystyrene round-bottom capped tubes

Falcon

4-2025-2

50ml tissue culture flask

Gibco

1-63371A

260ml tissue culture flask

Gibco

1-47589A

225cm^ tissue culture flask

Costar

3000

70|im cell strainer

Falcon

2350

MicroELISA plates

Dynatech

001-010-2801

Microfuge tubes

Beckman

357448
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2 .4

Experim ental Animals

2 .4 .1

Supply and maintenance

CBA/Ca (Thy 1^), C57BL/10, and BALB/c mice were obtained from colonies maintained in an
SPF environment at the National Institute for Medical Research. Table ii gives a summary of
the phenotypic characteristics of these mice.
Transgenic mice were generated by microinjection of DNA (Gordon etaL, 1980) into
CBA/Ca oocytes obtained from superovulated mice injected with Folligon (Intervet) (Hogan et
aL, 1994) at the microinjection facility at the National Institute for Medical Research. All
injections were carried out by Dr. A. L. Mellor. Transgenic mice were bred and maintained in
a clean breeding environment, unless required for long-term experiments, in which case they
were transferred to an experimental area. Incoming mice were maintained in an isolator and
offspring rederived into the clean breeding area. Table iii summarises the transgenic mice used
in the course of these experiments.

T able ii

Phenotypic C h aracteristics of M ouse S trains

Strain_________ H-2

H-2A H-2E__________Thy-1_________ Œ 8_________

BALB/c

d

d

d

2

2

C57BL/10

b

b

-

2

2

CBA/Ca

k

k

k

2

1
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Table iii

Transgenic Mice

Transgene Code

Promoter

Structural Gene

Reference

CD2Kb

human CD2

H-2Kb

Simpson etal., 1993

CBK

mouse H-2

H-2Kb

Yeoman and Mellor, 1992

KAL

guinea-pig a-lactalbumin

H-2K^

Husbands et a l, 1992

BM3

TCRP

TCR a+p genes from BM3.3

Auphan et a l, 1994; Sponaas et

anti-H-2K^ CTL clone

aL, 1994a

DES

2C

TCRP

TCR

TCR a+p genes from KB5.C20

Schonricher al., 1991; Sponaas

anti-H-2K^ CTL clone

et at., 1994b

TCR a+p genes from 2C anti-

Sha et a i, 1988a

H-2L^ CTL clone

2 .5

DNA P rep aratio n from Tail Tissue

Tissue samples from transgenic mice were obtained by tail biopsy, and digested with
0.2mg/ml Proteinase K (Boehringer, Cat. 1000144)

inlysisbuffer at55°C ina shaking

waterbath (Kotterman) overnight. Remaining hair was removed by centrifugation and
DNA precipitated from the supernatant by with an equal volume of isopropanol. DNA was
removed with a glass capillary tube, washed in 70% ethanol, and air dried before
redissolving in TE.

2 .6

G enotype analysis

Every transgenic mouse used in the following experiments was tested for the presence of
the transgene with one of the following techniques.

2.6.7

Southern blots

This method is similar to that adapted by Maniatis et a i, (1982), from the method of
Southern (1975).
DNA samples were digested with an appropriate restriction enzyme (Table iv)
according to the method of Maniatis et a i, (1982). 30)il of digest mixture was loaded onto
a 0.7% agarose (Sigma, Cat. A6013) Ix TBE gel containing trace amounts of Ethidium
bromide (Sigma, Cat. E8751) with lOpl loading buffer. The gel was immersed in Ix TBE
and the DNA fragments separated with a weak electric current (25 - 40V) overnight. The
gel was subsequently washed in alkaline blotting buffer for 30 minutes on a G2 Gyrotary
shaker, followed by a further 30 minutes rotation in neutral blotting buffer. The gel was
placed on a glass plate covered by blotting paper soaked in 2x SSC, and a sheet of
nitrocellulose filter paper (Anderman, Cat. 401191), also wet with 2x SSC placed on the
gel. The filter was covered with blotting paper, then hand towels, weighted down and left
overnight. As liquid is drawn through the gel and into the layers of paper above, DNA is
transferred from the gel to the filter. The filter was baked at 80®C for Ihr to fix the DNA to
the filter, and pre-hybridized with hybridization mix for 1 hr at 65°C in a rôtisserie oven
(Hybaid). Radioactive probes (2.6.3) were added directly to the solution already in the
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rôtisserie bottle. The probe was left to hybridize to the filter at 65®C overnight in the
rôtisserie oven, then the hybridization solution was removed and the filter given 3 washes
of increasing stringency (3X SSC, IX SSC, then O.IX SSC all with 0.1% SDS), to
remove remaining radioactivity. The filter was incubated at -70^C in an autoradiography
cassette with an X-ray film (UVP) and developed using an automated developing
procedure. Exposed areas on the film indicated fragments of DNA to which the probe had
hybridized.

2.6.2

Slot blots

The slot blot is similar to dot blots (Kafatos et al., 1979) and are described by Greaves et
al., (1989). They are particularly useful for determining the numbers of copies of the
transgene present in the genome of transgenic mice, since the DNA is localized to one area
of the filter. Thus the intensity of the radioactive signal from the transgene can be
compared to the signal from the same DNA sample probed for an endogenous gene.
Slot blot apparatus (Schleicher and Schuell's Minifold II, Anderman, Cat. 447
8(X)) comprises 2 perspex blocks with a nitrocellulose filter and blotting paper sandwiched
between them and clamped together tightly. The upper block contains the slots, which
concentrate the DNA into a small band on the filter, and the lower block contains vents and
grooves and is attached to a vacuum line. As the denatured DNA is applied to the slots the
liquid is drawn out of the apparatus via the vacuum line, and the DNA remains on the filter.
DNA samples were denatured with 4M NaOH and incubated at RT for 10
minutes, then mixed with an equal volume of ammonium acetate on ice and placed into
slots on the slot blot apparatus. 5|J.g denatured DNA mixture was applied to each side of
the slot blot where applicable. The filter was baked as before, and if samples were to be
hybridized with 2 probes, the filter was cut in half before pre-hybridization in separate
rôtisserie bottles. The filters were treated as above.
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2 .6 J

Production o f radioactive probes

Nick translation is part of the proof-reading process in the nucleus that ensures that DNA
replication occurs with minimal errors. DNA polymerase I has the unique ability to extend
the 3' end of single DNA strands where they have been nicked, synthesising a new DNA
strand, and displacing the homologous stand in the duplex. We use nick translation to
produce DNA probes labelled with radioisotopes, using a method similar to that of Rigby et
al., (1977); the DNA probe is nicked with very low concentrations of DNAase I.
200ng probe DNA is added to 5|il water. In a separate tube 2|il lOx Nick mix,
l^il each of O.lmM dATP, dGTP and dTTP (Pharmacia, Cat. 27-2050-01, 27-2070-01
and 27-2080-01 respectively), 0.5|ig DNAase I (Sigma, Cat. D4531), and DNA Pol I
(Boehringer, Cat. 642 720) are mixed, followed by 3|il a^^P-dCTP (Amersham, Cat. AA
0085) and 5.5|il water, and this mixture is added to the probe DNA solution. Nick
translation occurs at 15®C over 1 hr. Unincorporated counts were removed from the
labelled probe using a Sephadex column (Pharmacia, Cat. 17-0855-02). The column was
equilibrated with TE, and the probe made up to 400|il with TE. The probe was placed on
the column, then eluted with up to 1ml TE, or until the number of counts from the eluant is
approximately one third of the counts from the column itself. The probe was denatured at
100°C for 1 minute, and added directly to the pre-hybridization mix.

2.6.4

Polymerase Chain Reactions

This is an adaptation of the method described by Sakai et al., (1988). It is a quick method
of amplifying a region of DNA in order to verify the presence of a particular DNA sequence
in a DNA sample. The method described below is not quantitative, and can only be used to
confirm the presence of the transgene in the sample. Oligonucleotide primers specific for
each transgene were synthesised at the NIMR.
For each reaction l|il of each oligonucleotide primer (Table iv) at OD 26O = 1
was mixed with 12|il water (Milli-Q water, Millipore, filtered and divided into separate
aliquots for single use), and l|il DNA extracted as described above. This solution was
overlaid with mineral oil (Sigma, Cat. M3516) to prevent evaporation during the reaction.
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The reaction began with a 'hot-start' - the primers and DNA were denatured together at
95®C, and left to cool down to 55®C, at which point the DNA annealed, fixing the primers
onto single strands of genomic DNA. At this point the reaction mix (3|il lOX Taq buffer,
0.6^1 each of lOmM dATP, dCTP, dGTP and dTTP (Pharmacia, dCTP Cat. 27-2060-01),
0.4|il Taq polymerase (Dynazyme; Finnzymes, Cat. F-500S) and 9.2|il water), was added
under the mineral oil. This allows the primers to extend along the genomic DNA, creating
new strands of DNA of a known length between the primers. The reaction proceeds for a
fixed number of cycles (Table iv). The product can be visualized by running the reaction
mixture on a 2% agarose IX TBE gel, and the size of the band corresponds to the distance
between the binding sites of the two primers in the gene.
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Table iv

Probes and Primers for G enotype Analysis of Transgenic Mice

Transgene

Southern / Slot Blots
Restriction Enzyme

CBK

Probe

BamH

5FKI

CD2Kb

BamH I

CD2E

KAL

BamH I

pB-AL

^ Boehringer Mannheim, Cat 220 612

PCR
Primers
Conditions
5' primer:
CTCGGGGAGCCC hot start, then 94®C 2
CGGTACATGGAA
3' primer:
min, 72°C 4 min, 30
GCCCTCCAGGTA
cycles
GGCCCTGAG
5' primer:
GTGCCTTGGGTCA hot start, then 95®C,
GGACATC
3' primer:
72°C, 550C 2 min
GCTGACAGGCTC
each, 30 cycles
GACACTGG
5' primer:
GGGGCTGAGTGT
GTTGGAGT
3' primer:
as above
GAGTAGGCACCT
ATGCAGCC

Product length

293bp

500bp

443bp

BM3.6

BamH I

Va

DES

Bgl IP

TP900

2C

-

-

2 Boehringer Mannheim, Cat 348 767

5’ (Va) primer:
CTGTGATGGAGA
AGACAACG
3' (Va) primer:
CTTGTTGCCACTG
CCCCCAT
5' (Lp2) primer:
TGCCTCTGTGTAC
TCATGGC
3’ (Jp2) primer:
ACAGCGTTTCTGC
ACTAGCC
5' primer:
TGACACAGCCCG
ATGCTCGC
3' primer:
GTCAGCGCACTTG
CAAAGCC

as above

290bp

as above

600bp

as above

300bp

2 .7

Phenotype Analysis - Flow cytom etry

Phenotypic analyses of cell populations from transgenic mice were routinely carried out by
flow cytometry, using monoclonal antibodies specific for cell surface molecules of interest.

2.7.1

Cell samples

Peripheral blood lymphocytes (PBLs) were obtained by bleeding mice from a small cut in
the tail vein, 1cm above the base of the tail. 100 - 200)11 blood was collected in an
Eppendorf containing 50|il Heparin (Sigma, Cat. 210 6). Erythrocytes were lysed by
water lysis: in a conical 15ml tube 4.5mls dH20 was added to the blood in heparin, mixed
by inversion, and 0.5ml lOX BSS added, followed by 5ml PBS to restore osmolarity. The
tube was centrifuged at 1200rpm for 7 minutes (Varifuge, Heraus), and supernatants
discarded - remaining cellswere predominantly leukocytes. Thymuses, spleens and lymph
nodes were obtained by dissection.They were teased in PBS to release leukocytes.

2.7.2

Cell staining

Cells were stained in a U-bottom 96-well plate, approximately 10^ leukocytes per well.
Cells were aliquoted into each well and washed with 200|il Wash Solution (WS) by
centrifugation at 4^C, 1200rpm for 5 minutes. The supernatant was discarded. The cold
and sodium azide in the WS prevents aggregation of molecules ('capping') on the cell
surface. The first antibody layer was added in 50|il WS at an appropriate concentration,
and incubated on ice for 30 minutes. The plate was spun again at 4°C and the supernatant
discarded.

Where applicable a second developing layer, usually a streptavidin-

fluorochrome conjugate or anti-mlg antibody, was applied, also in 50|il WS, and incubated
on ice for 20 minutes. Excess second layer was washed off with 200|il WS, the cells were
resuspended in WS and placed in a FACS tube with an equal volume of WS.
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2 .7 3

Sample collection

Flow cytometry was carried out on a FACScan™ (Becton-Dickinson) flow cytometer.
Viable lymphocytes were selected by means of their forward- and side-scatter properties,
and 5,000 to 40,000 events were collected. Compensation was set using single-stained cell
samples - one for each fluorochrome, and negative controls were set with cells treated with
the second layer alone. Analyses were carried out on Lysis II (Becton-Dickinson),
Cellquest (Apple Macintosh), or FACSplot (NIMR computing division) software.

2 .8

M onoclonal A ntibodies

Details of the specificities and sources of monoclonal antibodies (mAbs) used throughout
these experiments are listed in Table v. N418, AN 18 and R4-6A2 were the kind gift of Dr.
B. Stockinger. GK1.5, 145-2C11, H57.597 and 14.4.4 were the kind gift of Dr. R.
Zamoyska.

2.8.1

Purification o f monoclonal antibodies

Most of the antibodies used in the following experiments were obtained by growing the
hybridoma in bulk cultures, which were monitored and concentrated by the Media
Division, NIMR. Antibodies were removed from the culture liquid by separation over a
protein column.
MV3 monoclonal antibody (Eccles et al., 1989)was purified by separation over
a Protein A column (Pharmacia, Cat. 170403-01) according to a protocol adapted from that
of Campbell (1984). The column was maintained in PBS with azide at 40C. The column
was connected to a spectrophotometer with continuous printer, and washed through with
PBS alone to establish a base line. The antibody supernatant was equilibrated to pH 9 and
2M NaCl, and run through the column under Ig. The column was washed again by
passing PBS over it. The antibody adhered to the column and was eluted with O.IM citrate
buffer (2.3.20), first at pH 5.0, then at pH4.0 to ensure all antibody was removed.
Purified antibody was collected in approximately 5ml fractions as the OD of the eluted
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solution began to increase. The antibody titres of the fractions were calculated by their
optical density, and the concentrated fractions dialysed in PBS at 4°C overnight.

2.8.2

Biotinylation o f monoclonal antibodies

While some non-commercial antibodies were directly conjugated to FITC, (Table v) the
majority of mAbs were biotinylated for subsequent development with a streptavidinconjugated fluorochrome, such as Streptavidin-Phycoerythrin (strep-PE; Biogenesis, Cat.
8430 1454), strep-FITC (Amersham, Cat. RPN 1232), strep-Tricolor (Caltag, Cat.
SA 1006), or strep-Red670 (Gibco, Cat. 19543-016). Biotinylation was carried out by
dialysing the antibody against borate buffer pH8.5 (12.36g boric acid, 7.45g potassium
chloride dissolved and brought to pH8.5 with IN NaOH and made up to 11 with dH20).
Biotin (Sigma, Cat. B4501) was made up to 10mg/ml in DMSO. The antibody was
adjusted to Img/ml and 10|il biotin solution added for every 1ml antibody solution. The
reaction was allowed to take place at room temperature for 4 hr and the antibody dialysed at
4 0 c against multiple changes of PBS.

2 .9

Cell Culture Techniques and Assays

2.9.1

Mixed lymphocyte culture

Mixed lymphocyte cultures were used for both cytotoxic T cell and proliferation assays,
though with some modifications. Generally, cells were obtained from mice under sterile
conditions, and the organs teased into AB wash medium to release cells, then the solution
filtered through a 70|im cell strainer (2.1). Effector T cells were washed twice and
resuspended at the required concentration in IMDM with the additions described in 2.3. If
splenocytes were used as stimulators erythrocytes were lysed with lysis solution as
described (2.3.3), and all stimulator cells were irradiated with 20 Gy, before washing and
resuspension at the required concentration. Effectors and stimulators were cultured
together in cell culture plates under standard conditions - 37°C and 5% CO2 concentration
in 100% humidity.
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2.9.2

ConA blasts

Concanavalin A (ConA; Sigma, Cat. C5275) blasts were produced for use as targets in
some cytotoxic T cell assays. Splenocytes from mice with a target phenotype were
obtained as above, and erythrocytes lysed as before. Cells were washed and resuspended
in 4mls serum-free IMDM (SF IMDM), and 1ml of this suspension added to a 50ml flask
containing 9mls SF IMDM. 1% FCS and 2|ig/ml ConA was added to each flask and the
flasks were incubated under standard culture conditions for three days.

2.9.3

Cytotoxic T cell assay

This method is similar to that described by Simpson and Chandler (1986). Mixed
lymphocyte cultures were set up as described, with both effectors and stimulators at 4 x
106 cells/ml and 1ml of each placed into wells in a 24-well plate. Cells were cultured for

five days, and then harvested, washed, and resuspended at 3 x 10^ in complete IMDM.
Targets, either ConA blasts or EL4 (H-2^) and PIHTR (H-2^) cells, were washed twice
and the cell pellet resuspended in a small volume of IMDM. A drop of FCS was added,
followed by 25p.Ci ^IC r (Amersham, Cat. CIS 11; ImCi/ml). Target cells were incubated
for 90 minutes under standard culture conditions, then washed twice to remove excess
51Cr, and re suspended at 1 x 10^ cells/ml. The assay was set up in a flat-bottom 96-well
plate. 150|il effector cells were placed into wells in first three rows of the plate, and the
remaining wells filled with lOOpl IMDM. Serial dilutions of cells were carried out in
triplicate along the plate, and lOOpl target cells added to each well, so that effector: target
ratios of 30:1,10:1, 3:1 and 1:1 were achieved. The plate was incubated as normal for 3 hr
and 25|il supernatant harvested and placed on an absorbent Spot-On filter mat (Pharmacia,
Cat. 1205-402). The mat was air dried overnight, wet with scintillant (BetaScint; Wallac,
Cat. SC9200-21), and the S^Cr release from targets counted using a Betaplate counter
(Pharmacia). A regression analysis was performed as described by Simpson and Chandler
(1986), using the OM l analysis program written by Dr. B. Loveland. This program gives
the spontaneous release value for each target, specific release at each effector to target ratio,
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and the

value for each set of ratios. The

value of a line is its relationship to the best

fit regression, which has a value of 1.0. A high R^ value indicates a regression close to a
straight line, and hence an accurate indication that specific target lysis has taken place. The
y values - the point on the y axis (mean specific release) bisected by a line drawn from the
plot at the 10:1 effector to target ratio. This value gives a measurement of the extent to
which target lysis has taken place, but may be misleading where the spontaneous S^Cr
release from the target is abnormally high.

Where possible, experiments where

spontaneous lysis of targets makes up 30% or more of the total lysis have been excluded as
technical failure. Ideally, spontaneous release should be less than 15% of total 5 1 c r
release, although this depends on the stability of the targets - ConA blasts made from
BALB/c and C57BL/10 splenocytes usually had a very high rate of spontaneous lysis, and
were soon replaced by PIHTR (H-2^) and EL4 (H-2^) targets.

2.9.4

Differentiation o f bone marrow in vitro

Dendritic cells (DCs) and macrophages were cultured from bone marrow stem cells for use
in several different experiments using a method adapted from that of Inaba et al. (1992).
Femurs and tibias from young mice were dissected under sterile conditions and placed with
as little flesh as possible into AB IMDM. With a small bore needle and syringe AB IMDM
was pushed through the hollow bones and the marrow resuspended in fresh AB IMDM.
Cells were filtered through a 70}im filter, washed, and resuspended at 5 x 10^ cells/ml in
complete IMDM. 1ml of this suspension was added to 8mls of IMDM with 10% FCS and
1ml GM-CSF supernatant (2.9.5) in a tissue culture dish. Cells were incubated for 2 days
under standard conditions. At this point both DC and macrophage precursors adhere to the
plastic dish, and non-adherent cells, including granulocytes, mature leukocytes and
erythrocytes can be washed off. 9mls of complete media and 1ml GM-CSF supernatant
replaced the old medium, and the cells were cultured for a further 5 to 7 days. After this
time DCs and macrophages were almost fully mature, and could be harvested - DCs simply
by collecting medium from the dishes, washing the dishes gently and collecting the washes
- while macrophages were trypsinized off the dish. Trypsin versene (2.3.21) was warmed
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to 37®C and 3ml added to a dish that had been washed with AB IMDM and left at 37®C for
7 to 10 minutes with occasional shaking. The reaction is stopped by adding IMDM
containing FCS, and this is harvested to obtain macrophages which have detached from the
dish.

2.9.5

Production o f GM-CSF supernatant

X63-GM-CSF cells (a gift from Dr. B. Stockinger), are myeloma cells transfected with
granulocyte-macrophage colony stimulating factor (GM-CSF) cDNA, and are stable when
cultured in Img/ml G418 (Geneticin; GIBCO, Cat. 066-01811). GM-CSF-containing
supernatant is obtained by growing the cells to 6 x 10^ in IMDM with G418. The cells
were washed twice in AB IMDM to remove all G418 and resuspended in 200ml IMDM.
Cells were grown for 48 hr, the cells spun out and the supernatant retained in sterile
batches for use in bone marrow differentiation. Batches were tested before use and 1ml of
GM-CSF supernatant was found to have an activity approximately equivalent to 25OU of
commercial GM-CSF (DNAX).

2 .1 0

Skin Grafting

Skin grafting was performed using a similar method to that of Billingham and Medawar
(1951). Mice no more than ten weeks old were anaesthetized with l(X)|il/20g body weight
of a mixture of Hypnorm (Janssen) and Hyponovel (Roche) with water at a ratio of 1:1:2
intraperitoneally. Once the mice were anaesthetized the flank was shaved and sterilized and
a bed about 1cm square cut from the skin over the ribcage. Tail skin from donor animals
was washed in PBS, cut to fit the bed and positioned so that the skin did not overlap
recipient's skin. The graft was covered with sterile gauze impregnated with paraffin wax,
and held in place with plaster of Paris bandage (Smith and Nephew, Cat. 4801). The
mouse was held under a recovery lamp until the plaster dried, then transferred to a cage,
covered with tissue and kept under the heat lamp until conscious. Ten days after grafting
the plaster was removed and the graft scored for acceptance or rejection. The graft was
examined each day for thirty days, less frequently after this point. Grafts were scored as
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accepted if they remained intact for 100 days, although rejection after that time has been
observed.
Tail skin from female donors was used in each experiment, in order to avoid
female mice rejecting skin because it bears the male H-Y antigen. Skin was removed from
the tail in a sterile manner.
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Table v

Sources and Specificities of Monoclonal Antibodies

Name

Specificity

Species / Class

Conjugation

Source

T Cell Markers:
GK1.5

CD4

rat IgG2b

MV3

H-2Kb

mouse IgG

Biotin

Eccles 1989

AF3-12.1

H-2Kk

mouse IgGl

FITC

Pharmingen^

B.8.24.3

H-2Kb

Biotin

Kohler 1981

1B2

2C clonotype

Biotin

Kranz 1984

T198

BM3 clonotype

Biotin

Bufeme 1992

Désiré

DES clonotype

Biotin

Hua 1985

YTS 169.4

CD8

rat JgG2b

145-2C11

CD3

hamster IgG

FITC

Leo 1987

TS

Thy-1.2

mouse IgM

FITC

Sigma2

H129.19

CD4

rat IgG2a

PE

Boehringer ^

56-6.7

CD8

rat IgG2a

FITC

Boehringer^

H57.597

ap-TCR

hamster IgG

Biotin

Kubo 1989

Cychrome

Pharmingen^

mouse

TB207

Cobbold 1984

B Cell Markers:
RA3-6B2

CD45

rat IgG2a

Miscellanous Cell Markers
N418

C D llc

hamster

Biotin

Metlay 1990

14.4.4

H-2Ek

mouse IgG2a

FITC

Ozato 1980

Miscellaneous Monoclonal Antibodies
AN18

mouse IFNy

rat

R4-6A2

mouse IFNy

rat

1 Cat
2 Cat
3 Cat.
^ Cat.
5 Cat.

Biotin

Prat 1984
Spitalny 1984

060540
F3012
1303 490
1200 054
01128A
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Chapter Three

Transmission and Expression of the CD2Kb
Transgene
3 .1

Introduction

T cells begin to express CD2, also known as LFA-2, early during differentiation - it is
present on most thymocytes and on all peripheral T cells. It is also expressed on B cells in
mice, and on macrophages in rats and sheep. CD2 consists of a single 55 KD polypeptide
with a V region similar to that of the immunoglobulin superfamily, and a C region with
disulphide bonds between the p-sheets (Barclay etal., 1993). Its ligand is CD58 (LFA-3).
Through its binding to CD58, CD2 is implicated in cell adhesion, and ligand binding by
CD2 enhances T cell activation (reviewed by Dustin and Springer, 1991). The human CD2
gene comprises five exons spanning approximately 15 kb (Lang et al., 1988). When the
whole gene, with 4.5 kb 5'-flanking and 9 kb 3'-flanking sequences, was used to produce
hCD2 transgenic mice levels of human CD2 expression were found to correlate with the
number of gene copies integrated into the mouse genome. In addition the expression of the
transgene appeared to be independent of the site of insertion, implying that a Locus Control
Region (LCR; Grosveld et at., 1987) was present within the injected DNA (Greaves, et
al., 1989).
The first LCR described belonged to the p-globin - like locus and was found to be
located 50-60 kb 5' to the locus by DNAase I hypersensitivity mapping (Grosveld et al.,
1987). It was identified by mapping the DNA from a Dutch yP-thalassaemia patient with a
deletion 5' to the p-globin gene (Kioussis et al., 1983). It is defined as a region of DNA
that confers tissue-specific, position-independent expression of the transgene at a level
which is proportional to the number of copies integrated into the genome of the transgenic
animal. There are at least two mechanisms to explain the LCR's properties: firstly, that the
LCR is always positively activated, and this activation masks small position effects from
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neighbouring enhancers or silencers at the integration site, and secondly that the LCR
contains elements insulating it from neighbouring regions (Kollias and Grosveld, 1992).
Such regions, termed Locus Border Elements (LBE), have been described in Drosophila
(Gasser and Laemelli, 1986; Stief et al.y 1989) but no such regions have been described in
mammals. It is assumed that the LCR binds cw-acting transcription factors (Caterina et a/.,
1994), although LCR-specific transcription factors have not been isolated (Reitman etaL,
1993).
The CD2K^ construct was produced by the insertion of an H-2K^ structural gene
(Weiss et a l, 1983) lacking a promoter into the human CD2 'minigene' (Simpson et al.,
1993).

The minigene, (a gift from Dr. D. Kioussis), contains the CD2 promoter,

enhancers and LCR to ensure expression of H-2Kb in a position-independent and copy
number-dependent manner, on cells that express CD2 (Robey et al., 1991). The H-2K^
gene is genomic and contains all introns and exons.
The construct and two lines of CD2K^ mice, CD2K^>-3 and CD2K^-2 (no longer
available), have been described already (Simpson et al., 1993). These and other lines of
CD2K^ mice will be described in more detail in the following chapters. This chapter will
deal with the generation and initial characterisation of further lines of CD2K^ transgenic
mice.

3 .2

E stablishm ent of CD2K*^ Transgenic Mouse Lines

Characterisation of CD2K^-3 and CD2K^-2, a line which ceased to breed, had indicated
that the number of copies of the CD2K^ transgene integrated into the genome had profound
effects on the immune response to H-2K^ in these transgenic mice (Simpson et al., 1993;
1.6). One aim of generating further lines of CD2K^ mice was to establish whether this
response (tolerance of H-2K^ in vitro in the case of CD2K^-2, with about 10 copies, and
the generation of H-2K^-specific CTLs from CD2K^-3, with about 4 copies), was a
gradual one, and whether further lines of mice would pinpoint a cut-off point, after which
no CTLs could be detected in response to H-2K*^. The CD2K^ construct was micro
injected into CBA/Ca oocytes (Gordon et al., 1980; Hogan et al., 1994). 16 pseudo
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pregnant CBA/Ca x C57BL/10 Fi females had approximately 27 embryos introduced into
the fallopian tubes each, and 44 pups were bom as a result.

3.2.1

Identification o f transgenic founder mice

All first generation CD2K^ pups were typed for the presence of the transgene by Southern
blotting (TableIvi). Tail DNA was produced as described (2.5), digested with BamH I and
blotted (2.6.1). The filter was hybridized with a probe for the 3' end of the hCD2 mingene
(Robey et al., 1991). The probe was produced by Hind III digestion of the CD2K^
construct to give a 1 kb fragment (CD2E, Table iv) that hybridizes to the 3' end of the
injected fragment, close to the LCR. This identified 11 possible transgenic founders
(TGFs). TGF X CBA/Ca matings were set up and named CD2K^-0 to CD2K^-11 at
random. About 30% of founders can be expected to be mosaics in the germline (Wilkie et
al., 1986). Genotype analysis of the offspring of these matings revealed that not all TGFs
transmitted the transgene to their offspring: CD2Kb-0, CD2Kt>-6, -8 and -9 did not
transmit the transgene.

3.2.2

Southern blot analysis ofCD2K^ transgenic mice

Two mice from each of the second generation of CD2Kt> lines that contained the transgene
were analysed by Southern blot to give an estimate of the number of copies of the CD2K^
transgene integrated into the genome (Figure 1). The construct is 15 kb long and contains
two BamH I restriction sites. Head-to-tail integration of several copies of the transgene
would yield fragments of 12 kb and 3 kb. Head-to-head integration would produce
fragments 17 and 9 kb long, while incomplete integrations might produce a range of
fragments. Southern blot analysis showed that some copies of the gene were intact in these
mice, and with different numbers of copies in each line.
Copy numbers were estimated using a Phosphorlmager™ , (Molecular
Dynamics), on an equally loaded Southern blot co-hybridized with a probe for (î-actin as a
control (2 copies). The Phosphorlmager can detect the quantity of radioactive label
hybridizing to the blot by scanning a ^^P-sensitive plate that has been exposed to the filter
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and producing a high-resolution image of the blot. The quantity of

on each fragment

can be quantified using ImageQuant software (Molecular Dynamics), and copy numbers
estimated using internal and copy number controls in the experiment. The largest bands
were used to provide a reading for the quantity of radioactivity present. A background
reading was subtracted from the sample value, and the (3-actin band was used to obtain a
value for a known copy-number.
CD2K^-7 contained the most construct copies, approximately 30 intact copies.
A range of fragments: >12 kb, 12 kb, 9 kb, 7 kb, and 5.5 kb were detected in one CD2K^7 mouse, while the other only had the large bands and a 9 kb band. The CD2K^-1 mice
possessed about 20 copies; they both had the large bands and each had bands at 7 kb. The
CD2K^-5 mouse had two large bands (12 kb and >12 kb) and bands of 7 and 6 kb, with
about 10 intact copies.

CD2K^-11 mice contained between 12 and 15 copies of the

transgene, with 12 kb, 7, and 5.5 kb bands. The CD2K^-4 mice tested had slightly
different numbers of copies, one with 4 copies (CD2K^-4.4) and the other with 5 copies
(CD2K^-4.2; this nomenclature is used to distinguish mice numbers 2 and 4 from each
other since they have different^ genotypes). This is probably due to separate integrations
into two different parental chromosomes, one was inherited by each CD2K^-4 mouse.
They both had visible bands at 12, and 7 kb, but 4.4 may have an extra band at 10 kb.
CD2K^-10 and CD2K^-0 mice had about 2 copies of the transgene each, and those bands
visible included fragments of 12, 10 and 7 kb. This data is summarised in Table vi. The
3.5 kb band seen in each sample is also visible in CBA samples, and is probably caused by
the appearance of a BamH I restriction site in a sequence of repetitive DNA, such as
satellite DNA.

3.2.3

Slot blot analysis ofC D lK ^ transgenic mice
Slot blots were also used to ascertain the number of transgene copies possessed

by each transgenic mouse line, and one such slot blot is shown in Figure 2. Slot blots do
not allow a distinction between intact and disrupted transgenes, and so the copy number
estimates will be slightly higher using this method. They are easier to use with the
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ImageQuant software, since the probe hybridizes to one discrete area on the filter for each
sample, and a defined quantity of DNA (5|ig) is probed in each case. Southerns, which
have a larger surface area, can also give more variable background values and thus the
estimate from a slot blot may also be more accurate than that from a Southern blot. For
example, slot blots readily distinguish between CD2K^-4.4 and CD2Kb-4.2 mice.
Slot blot analysis was also carried out on CD2K^-3 mice, described previously
by Dr. S. Simpson, who estimated their copy number by eye at 4 copies per genome. Slot
blot analysis showed the copy number to be closer to 2 copies (Figure 2), and the
implications of this will be discussed later.
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Table vi

Southern Blot Analyses of CD2K^ Transgenic Mice
lin e Name

Transmission

Copy Number

Fragment Sizes
(estimated in kb)

CD2K*>-1

Yes

CD2Kb-0

No

CD2Kb-3i
CD2Kb-4

20

>12, 12, 9, 7, 5.5

Yes

2

12, 10, 7

Yes

4 (4.4)*

12,10, 7, (4.4)

and 5 (4.2)

and 12, 7, 5.5 (4.2)

10

>12, 12, 7, 6

30

>12, 12, 9, 7, 5.5

CD2Kb-5

Yes

CD2Kb-6

No

CD2Kb-7

Yes

and >12, 12, 9,
CD2Kb-8

No

CD2Kb-9

No

CD2Kb-10

Yes

2

12, 10, 7

CD2Kb-ll

Yes

12

12, 7, 5.5

1 Simpson et ai, 1993
Denotes mice from the CD2Kb-4 line: 4.4 is mouse number 4 and 4.2 is mouse number 2.

Figure 1
Southern Blot Analysis of CD2K^ Transgenic Mice

CD2K^ DNA was digested with 40U BamH I for 2 hr and 30pi digest mixture loaded onto
a 0.7% agarose gel with ethidium bromide alongside a Ikb ladder (ERL, Cat.
5615SA/SB). Fragments were separated overnight with 25V. The Southern blot was
carried out as usual, and the nitrocellulose filter hybridized with probes for the CD2K^
transgene (CD2E) and p-actin. The washed filter was used to expose the autoradiograph
shown here, at -70®C over 16 hr. The sizes of two of the Ikb ladder fragments are given.
CD2K^-3.10 and CD2K^-3.12 refers to two offspring from the new CD2K^
line named CD2K^-3. This line did not express H-2Kb on PBLs, and was not bred
further. The lane marked CD2K^-2 contained DNA from the line CD2K^-2 (Simpson et
al.y 1993) as an additional copy-number control.
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‘

Slot Blot Analysis of CD2K^ Transgenic Mice

5|ig DNA was denatured and transferred to nitrocellulose under vacuum pressure as
described. The filter was divided and one half of the blot hybridized with a radioactive
probe for hCD2 (a kind gift from Mr. M. Tolaini), and the other for mouse CD2 (mCD2,
also a gift from Mr. M. Tolaini). The human DNA control was human placental DNA
(Sigma, Cat. D3287). The photographs shown are of an autoradiograph exposed to
nitrocellulose strips probed for mCD2 or hCD2 for 12 hr. All blots were obtained in one
experiment.
CD2Kb-3 refers to a sample of DNA from a mouse from the original CD2K^-3
line (Simpson et al.^ 1993). All other CD2K^^ DNA was from mice from the latest set of
microinjections. Copy numbers were obtained by analysis of the radioactive content of the
nitrocellulose strips with the Phosphorlmager™ and ImageQuant™ software (Molecular
Dynamics).
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Figure 2:

Slot Blot Analysis of CD2Kb Mice
human CD2 probe

mouse CD2 probe

copy number
13

CD2Kb-l

CD2Kb-3
CD2Kb-4.2

CD2Kb_4.4

n

CD2Kb-5

16

CD2Kb-7

35

C D2Kb-ll

12

CBA/ca
human DNA control

3 .3

Phenotype Analysis of CD 2K^ T ransgenic Mice

Phenotype analysis of CD2K^ transgenic mice was carried out for two reasons: firstly,
experiments involving FACS analysis of CD2K^ mice would require a measurable level of
H-2K^ in order to gauge the success of the experiment; and secondly, the efficiency of the
CD2K^ construct, and its ability to express H-2K^ in a position-independent and copy
number dependent manner, was of interest. If the CD2 LCR is present the amount of H2K^ protein expressed on the cell surface should be proportional to the number of
transgene copies present in the genome of the transgenic mouse, since the function of the
LCR is defined by its ability to endow the transgene with position independent copynumber dependent expression. However, previous analysis of the function of the CD2
LCR has concentrated on transgene RNA production, and its relationship to transgene copy
number. This may not be the case for expression of the transgenic protein on the cell
surface, and possible reasons for this will be discussed below.
Flow cytometric analysis was carried out as described (2.7) on peripheral blood
lymphocytes from all mice tested by Southern blot. Cells were stained with biotinconjugated B8.24.3 (a gift from M. Millrain) and developed with Streptavidin-PE. PBLs
from a C57BL/10 x CBA/Ca FI mouse were used as a positive control, and cells from a
CBA/Ca mouse as a negative control. Samples were analysed on FACSplot (computing
department, NIMR), and the gate set using the CBA/Ca profile. A positive phenotype was
judged to be one where >80% of cells had a level of fluorescence within the gate. The
results are shown in Figure 3, and summarised in Table vii, including the Median Relative
Fluorescence Intensities (MRFIs) of cells within the gate marked. Copy numbers given are
those estimated by Southern blot, and endogenous H-2K^ from an C57BL/I0 x CBA/Ca
FI mouse has an MRFI of 521. Mice that typed positive by Southern blot, but which
failed to show signs of cell surface expression of H-2K^ may be able to produce H-2K^
protein, but may express the gene at too low a level for detection by the antibody.
Nevertheless, these CD2K^ lines were not bred further.
Figure 3 shows that expression of H-2K^ in CD2K^-4.4, with 3 copies, is
lower than that of the one-copy control. This may be because H-2K^ under autologous
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control is compared with

linked to CD2 regulatory elements - staining PBLs for

endogenous CD2, or using a hCD2 transgenic mouse with one transgene copy, would be a
more informative control.

Table vii

Phenotype Analyses of CD2K^ Transgenic Mice

__________Line________________ Copy Number_______________ MRFI_________
CD2Kb-l

27 (CD2Kb-1.5)
and 21 (CD2Kb-1.6)

3 .4

670 (1.5)
and 631 ( 1.6)

CD2Kb-0

2

417

CD2Kb-4

4(CD2Kb-4.4)

573 (4.4)

and 5 (CD2Kb-4.2)

and 624 (4.2)

CD2Kb-5

10

642

CD2Kb-7

30

642

CD2Kb-10

2

444

CD 2Kb-ll

12

442 (11.5) and 624 (11.1)

Analysis of Copy-number Dependency of H-2Rb Expression

In order to establish the relationship between copy number and the level of cell surface H2K ^ a graph showing copy number against MRFI was plotted (Figure 4). Unlike
experiments with mice expressing human CD2 under its own regulatory regions in
transgenic mice (Greaves et al.., 1989, Dr. R. Festenstein, personal communication), the
relationship between expression level and copy number is not clear cut. There are several
reasons for this: firstly, the whole CD2 gene was injected to produce hCD2 transgenic
mice, rather than simply the fifth exon, promoter, enhancer and LCR which comprises the
minigene used in the CD2K^ transgenic mice, and so regions exerting a subtle effect on the
expression of the transgene may have been omitted. Secondly, since the copy number was
estimated using figures from the slot blot the radioactive quantities given by the
Quantitation programme for the Phosphorlmager will have included partially integrated and
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interrupted genes.

The antibody used may not have been sufficiently sensitive to

distinguish between the effect of say, 8 copies and that of 12 copies on the number of H2K^ molecules present on the cell surface. In addition, the expression of H-2K^ was still
heterogeneous at this stage of breeding - CD2Kb-11.5 and CD2Kb-11.6 differ in the
number of construct copies integrated into their genomes, and hence the level of
expression, despite being offspring of the same transgenic parent. Finally, we did not
analyse transcription levels of the transgene, the most sensitive assay for copy number
dependent expression and the assay preferred by Greaves et a/., (1989). The lack of clear
correlation between copy number and expression levels may be due to a post-transcriptional
modification.
Figure 4 shows the relationship between MRFI and transgene copy number
from the second generation of CD2K^ mice. It is immediately obvious that, in the early
generations of CD2K^ mice, at least, copy number is not related to the level of H-2K^
expression identified by staining with B.8.24.3 mAh. In fact, mice with 16 copies of the
transgene have identical MRFIs as mice with 35 copies. There could be several technical
reasons for this - for example, the high copy line, CD2K^-7, may have copies of the
transgene that have integrated into an area of heterochromatin, adversely affecting the
ability of the LCR to open chromatin surrounding the transgene and enable expression (Dr.
R. Festenstein, personal communication). Not only would this decrease the overall MRFI
of cells stained with B.8.24.3, but it might explain the second, dimly stained peak to the
left of the plot observed in several high copy lines (Figure 3). Additional reasons for the
discrepancy between transgene copy number and level of H-2K^ expression will be
discussed below.

3 .5

Selection of CDZK^ lines for further Breeding

At this stage I had 9 lines of mice from which to breed, including phenotypically distinct
siblings from CD2Kb-l, CD2K^-4 and CD2Kt>-ll. CD2Kb-4.4 was selected to breed a
line with a very low level of expression, similar to that of CD2K^-3. The number of lines
was gradually pared down - both naturally, (CD2Kb-5, for example, did not produce
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enough offspring to allow breeding further), and by choice as the needs of the experiments
became clearer. CD2K^-7 and CD2K^-11 were chosen for breeding because they had high
and intermediate copy numbers and level of expression respectively, and the three mice
chosen could give further information about the threshold of antigen expression required to
achieve tolerance towards H-2Kb in vitro (1.6). Chapter 7 will describe experiments that
involved all available lines of mice. The remaining chapters, however, will concentrate on
the following lines: CD2K^-4, (from CD2K^>-4.4), CD2K^-11 (from CD2K^-11.1) and
CD2Kb-7 (from CD2Kb-7.1).

3 .6

D iscu ssion

This chapter has described the production and initial characterisation of several lines of
CD2K^ transgenic mice which express H-2K^ under the control of the CD2 transcriptional
regulatory elements. This produces high-level expression of H-2K^. The timing and
location of H-2K^ expression in CD2K^ mice will be discussed in the following chapter.
In comparison to the p-globin LCR the CD2 LCR has not been fully
characterised (Greaves et al., 1989; Lang et at., 1988), and there has been little
investigation into the effects of the LCR on expression when the gene linked to the LCR is
genomic. This work has shown that, in this case, the LCR does not cause copy number
dependent expression of H-2K^ protein insofar as it can be measured. More work could
be done to determine the precise relationship between copy number and expression level,
for example RNA analysis might indicate that the level of H-2K^ transcription was
proportional to copy number, and that a post-translation step inhibited expression. One
possibility was that expression of H-2K^ under CD2 control competed with endogenous
MHC I for expression on the cell surface or for P2-microglobulin availability. However,
expression of H-2K^ on thymocyte surfaces was unaffected by the expression of the
transgene, even when H-2K^> was expressed at high levels in CD2K^-7 mice (data not
shown). Further flow cytometric analysis of CD2K^ mice, using different antibodies,
indicated that variation in fluorescence intensity could be observed between siblings in
subsequent generations of CD2K^ mice stained for H-2Kb (data not shown), which
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became less apparent over generations of breeding, so that MRFIs appeared to become
more closely related to copy number (Figure 5, chapter 4).
Peripheral lymphocytes, with variable proportions of T and B cells, along with
other mononuclear cells that may be included in the lymphocyte gate during cytometric
analysis, are not ideal cells with which to determine copy number dependence of
expression, but since the object of the experiment was to select lines of CD2K^ mice for
breeding, this was unavoidable. The following chapter will describe expression of H-2K^
on other tissues from CD2K^ mice.
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Figure 3
Phenotype Analysis of CDIK^ Transgenic Mice

PBLs were obtained from CD2K^ mice as described (2.7.1), and stained for H-2K^ with
biotin-conjugated B.8.24.3 diluted to 1: 200 in WS as described (2.7.2). The antibody
was developed with strep-PE at 1:25 in WS, and samples analysed on the FACSscan™.
PBLs from a CBA/Ca mouse were used as a negative control. Analysis was carried out
using FACSplot. The gate was set by marking the area not occupied by CBA/Ca cells.
The figure in the top right of each plot is the MRFI of the cells within the gate.
CD2K^-3.10 and CD2K^-3.12 refer to offspring of a new line of CD2Kb
mice, labelled CD2Kt>-3. Like CD2Kt>-0.12 and CD2K^-10.3, these mice did not express
H-2K^ on PBLs and were not bred further. Less than 5% of PBLs from these mice
stained positive for H-2K^, and so the MRFI of gated cells is not given.
Mouse CD2K^-7.3 gave very little blood for staining, hence the low number of
stained cells. This was sufficient, however, to show that it did express H-2K^.
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Figure 4
Copy N um ber Dependence of Transgene Expression in C D IK ^ T ransgenic
M ice

This graph examines the relationship between level of H-2K^ expression on PBLs from
CD2K^ mice, and the number of copies of the CD2K^ transgene possessed by each
CD2K^ mouse. The copy numbers used for this graph are those obtained by analysis of
slot blots of CD2K^ DNA, and the MRFIs are those obtained from the flow cytometric
analysis shown in Figure 3.
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Chapter Four

The Pattern of H-2Kb Expression in CD2Kb
Transgenic Mice
4 .1

Introduction

The capacity of a T cell to respond to self-antigen is affected by pattern of self-antigen
expression, expression in the thymus, for example, invariably induces tolerance. In
experiments with transgenic animals establishing the pattern of transgene expression is vital
for interpretation of analyses of tolerance induction.
Almost any cell can present foreign or self antigens on MHC I, but the effect
that presentation has on the response to antigen by the immune system will depend on the
status of the presenting cell. Dendritic cells (DCs) and macrophages - professional APCs
(Lassila et al., 1988), are the most important presenters of foreign antigen, both in the
thymus, where they cause deletion of T cells that recognise antigen on the AFC surface,
and in the periphery, where recognition of antigen by mature T cells leads to activation
(reviewed by Matzinger, 1994). Non-professional APCs also play a role in the response to
antigen: Husbands etal.., (1992), speculated on the ability of medullary thymic epithelium
to cause tolerance by CD 8 and TCR down-regulation, and Speiser et aL, (1992), confirmed
that a radio-resistant cell type in the thymus was capable of deleting self-reactive T cells. In
fact, thymocytes can tolerize thymocytes to antigens on their cell surface in vitro (Pircher et
al., 1992); it is likely that expression of antigen on any cell in the thymus can establish
tolerance to the antigen.
When antigen is expressed in the periphery the cell lineage which expresses it
becomes more important.

Unfortunately promoters that drive cell-specific antigen

expression are scarce. One seemingly tight promoter, the rat insulin promoter (RIP) was
used by a number of groups to drive antigen expression as an example of a peripherally
restricted antigen (Morahan etal., 1989; Morahan etal., 1991; Ohashi etal., 1991; Heath et
al., 1992), but RIP was later found to cause antigen expression in the thymus (Miller and
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Heath, 1993; Jolicoeur et a i, 1994). In fact, when Jolicoeur et al. examined the thymus
carefully they detected transgenic antigen and insulin RNA, implying that expression in the
thymus is a valid property of the RIP promoter, and not a transgenic artefact. This showed
that unless the complete pattern of antigen expression was known, subsequent experiments
using transgenic mice could be wrongly interpreted.
Lang et al., (1988) had shown that human CD2 was expressed on the
thymocytes and T cells of hCD2 transgenic mice, and also on the surface of
megakaryocytes - precursors of platelets - and an unidentified myeloid cell subset. No
human CD2 was seen on B cells, although it may have been missed - immunohistology,
rather than flow cytometry was used to determine the pattern of hCD2 expression. Greaves
et al., (1989) identified the hCD2 LCR and used it to direct expression of the Thy-1 gene
which is expressed on thymocytes, T cells and nervous tissues. The gene was a hybrid
consisting of the 3' untranslated regions from the human Thy-1 gene and the mouse
translated regions, enabling distinction between transgenic and endogenous Thy-1 RNA.
Transgenic Thy-1 RNA was transcribed in a copy number dependent manner by cells in the
thymus and spleen, and no transcripts were found in the liver. However, transgenic Thy-1
was also transcribed in the brain, and at levels unrelated to the number of transgene copies.
When the human p-globin gene was linked to the hCD2 LCR P-globin RNA levels in the
thymus were related to the copy number, but transgenic x CBA/Ca FI foetuses transcribed
human p-globin in liver at levels no higher than endogenous p-globin. They concluded
that while the hCD2 LCR could drive copy-number dependent and position-independent
expression of a transgene in thymocytes and T cells, the transgene could be expressed in
other tissues since the hCD2 LCR does not have a negative effect on the transgene
promoter in a non-T cell environment.
The CD2K^ construct was designed to avoid these problems with 'ectopic'
expression. It has a promoter-less H-2 K^ gene ligated into the hCD2 minigene, which
includes all known hCD2 regulatory elements. Even so, thorough expression analyses
were carried out on several lines of CD2K^ mice, so that studies on tolerance could be
undertaken with a clear picture of the cell lineages expressing the antigen. This chapter
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describes the pattern and level of H-2K|b expression on various cell lineages from CD2K^
transgenic mice.

4 .2

Specialized M aterials and M ethods

4.2.1

Isolation o f dendritic cells using a Percoll gradient

Dendritic cells were isolated from CD2K^ thymuses by the following method, which is
relatively quick and kind to the cells, but the resulting cell preparation was found to be
heavily contaminated with thymocytes, and so the subsequent method (4.2.2) was used to
separate dendritic cells from thymocytes. Both methods were kindly supplied by Dr. B.
Stockinger.
Four lOX balanced saline solutions (BSS) were made up.

BSS 1: lOg

anhydrous dextrose, 0.4g potassium hydrogen phosphate, 2.6g sodium hydrogen
phosphate and 0.5% phenol red in 11 dH20; BSS 2: 1.41g anhydrous calcium chloride, 4g
potassium chloride, 80g sodium chloride, 1.04g anhydrous magnesium chloride and 1.74g
anhydrous magnesium sulphate in 11 dH 20; BSS 3 : lOg anhydrous dextrose, 0.4g
potassium hydrogen phosphate, 1.79g (H3 PO 4 ) and 0.5% phenol red in 11 dH20; BSS 4:
made up in the same way as BSS 2, but in 950mls dH 20 with the addition of 5Omis IM
HCl. Using these solutions two further solutions were concocted: lOOmls of stock Percoll
consisted of 80ml Percoll (Pharmacia, Cat. 17-0891-02), 8 mls BSS 2, lOmls BSS 3 and
2mls BSS 4 at pH 7 to 7.4. Working BSS comprised lOmls BSS 1 and lOmls BSS 2 with
80mls dH 20. Finally four gradient solutions were produced with densities of 1.109,
1.092, 1.079 and 1.06 kg/1, corresponding to 10:1, 5:1, 2.5:1, and 1.5:1 ratios of stock
Percoll to working BSS.
Thymic DCs were obtained by the following method, adapted from that of
Crowley et al. (1989). Six or seven thymuses were dissected under sterile conditions and
placed in a sterile petri dish containing 4mls of an 8 mg/ml collagenase (Sigma, Cat. C l639)
solution with 2mls of 1% DNAase I solution and 14mls serum-free IMDM. The solution
was injected into the thymuses using a fine gauge needle, and the thymuses cut up into
several pieces. The dishes were incubated at 37°C for Ihr. The resulting pulp could be
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gently resuspended with a wide-bore pipette, then was washed, and resuspended in 2 mls
of the 5:1 solution. 2mls of 10:1 solution was aliquoted into a polystyrene round-bottom
capped tube, onto which the cell suspension in 5:1 solution was carefully layered, followed
by 2mls 2.5:1, 1.5:1 and working BSS solutions. Each interface should be clearly visible.
The tubes were centrifuged at 2500 rpm for 20 minutes without braking (Heraus). The low
density layer, between the working BSS and 1.5:1 layers, was removed with a pasteur
pipette and washed twice in AB IMDM.
If few cells remained at this stage dendritic cells were isolated with the MACS™
column (4.2.2), but if the isolated cells included a large number of thymocytes then an
adherent stage was used to further purify DCs. The washed cells were resuspended in
5mls IMDM and incubated at 3?o c in a 90mm plastic dish. DCs transiently adhere to
plastic, and so non-adherent cells were washed off with warmed AB IMDM after 2hr
incubation. IMDM was replaced and the DCs left in standard tissue culture conditions
overnight, during which time they detach from the plastic, and can be harvested.

4 .2.2

Isolation o f dendritic cells using the MACS column

The Magnetic Cell Sorting (MACS™; Miltenyi Biotec, Eurogenetics, Cat. 431-02) column
consists of a column filled with wire wool, a three-way cock-stop and two magnets.
Detailed instructions for using the apparatus are supplied by the manufacturer. For the
purpose of these experiments a rare cell separator column was used, with a capacity of 10 ^
bound cells. Two buffers were required, staining buffer, (PBS with 5mM EDTA, pH
7.2), and running buffer, (PBS with 5mM EDTA, \% PCS) and were kept on ice
throughout.

Cells were incubated with N418 (an antibody to C D llc , which binds

specifically to dendritic cells; titrated for use with the MACS column by Dr. B.
Stockinger), for 15 minutes on ice in a small volume of staining buffer. The cells were
washed, resuspended in 90|il staining buffer and incubated with 10|il Streptavidin-coated
beads (Miltenyi Biotec; Eurogenetics, Cat. 481-01) for 15 minutes on ice. The bound cells
were resuspended in 500|il and loaded onto the column, which was prepared for use with
several changes of running buffer. The cells were washed down with lOmls running
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buffer, removed from the magnets and backflushed with running buffer to loosen any free
ceils stuck in the column, then returned to the magnets and washed again. The positively
selected cells were removed from the column by withdrawing the column from the magnet
and washing thoroughly in running buffer.

The resulting cells were counted and

resuspended in IMDM for use in an MLC.

4 .2 3

Preparation o f migratory Langerhans' cells

Langerhans' cells are tissue dendritic cells that can be triggered by infection to migrate into
the lymphatic system, and hence to the lymph node. Here they begin to resemble lymph
node dendritic cells by morphology and expression of cell-surface markers, and are capable
of activating mature T cells (Steinman, 1993). This method, kindly supplied by Dr. S.
Ewing, uses the migratory properties of Langerhans' cells to collect an epidermal dendritic
cell lineage.
Ears were removed from mice under sterile conditions, and placed in a small
amount of 70% ethanol in a universal. They were shaken vigorously in ethanol in order to
sterilize the surface of the ear, dipped in ethanol to remove loose hairs and left to dry in a
tissue culture hood. Once dry the dorsal and ventral layers of the ear were separated from
each other using fine, flat-tipped forceps, and floated hair side up on 2mls IMDM each in
the wells of a 24-well plate. The ear halves were incubated under standard tissue culture
conditions for between three and seven days, 1ml of medium was removed each day and
replaced with fresh IMDM. After three days migratory cells are visible in the wells, and
can be harvested. Cells were strained through a 70|iM cell strainer to remove hairs before
counting and use in an MLC.

4.2.4

ELISA detection o flF N y

This method and the antibodies for it were kindly supplied by Dr. B. Stockinger. An
ELISA plate is coated with the non-biotinylated anti-mouse IFNy antibody (AN 18) at
lOfig/ml in PBS, 50p.l per well, and incubated in a humidified box at 4^C overnight, or in
a tissue culture incubator for 2 hr. The plate was washed once with ELISA wash (2.3.19)
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and the uncoated plastic blocked with blocking buffer (PBS with 5% PCS and 5% horse
serum; Sigma, Cat. F7763) at RT for at least an hour. During this time supernatants from
the test MLC were serially diluted in PBS in a second plate. The coating buffer was tapped
off the ELISA plate and supernatants from the test MLC placed in the wells. They were left
to incubate at RT for 2 hr or more before being vigorously washed off the plate with
ELISA wash. The second, biotinylated, antibody, (anti-mouse IFNy, R4-6A2) was added
to the wells at 5pg/ml in PBS, 50|il per well and left for 1 hr. The plates were washed
vigorously as before, and streptavidin-conjugated horse radish peroxidase added in PBS at
1:500, incubated for an hour, washed off and the wells given a final wash in substrate
buffer (2.3.20) to reach the correct pH. ABTS (peroxidase substrate; Sigma Cat. A 1888)
was made up to 27.4mg/ml in substrate buffer with 25|il/ml 0.1% H 2 O 2 , 50|il aliquoted
into each well and the colour allowed to develop. Absorbance was read at 414 nm.

4 .3

Expression of H-2K^ on T Ceils, B Cells and Thymocytes

Expression of H-2K^ on thymocytes was measured by flow cytometry. Thymuses were
treated as described (2.7.1), and stained with antibodies against Thy-1.2 and H-2K^
(MV3-biotin).

Double stainings were analysed with FACSplot, the Thy-1-positive

population was used to produce a histogram of the H-2K^ staining profile of thymocytes
from CD2K^-3, -4, -7 and -11, with thymocytes from CBA/Ca and C57BL/10 as controls
(Figure 5).

Gates were set using C57BL/10 thymocytes, which show two clear

populations - Thy-1-positive and Thy-1-negative.
Expression of H-2 Kjt> on thymocytes from C57B1/10 and CD2M^ mice is noticeably different.
Staining endogenous MHC I molecules in the thymus gives a heterologous pattern of
expression: staining CD2K^ thymocytes for H-2Kk revealed a range of levels of MHC I (data
not shown). H-2IC^ is not expressed in the thymuses of CD2K]^mice under its own promoter,
but under CD2 promoter control, and as a result H-2 Kb is expressed at a high level on almost
all thymocytes, regardless of the transgene copy number. The exception is thymocytes from

92

CD2K^-7 mice, which bear more H-2K^ molecules, and have a higher level of H-2K^
expression than peripheral CD2K^-7 T cells. Greaves et al. (1989) showed that CD2,
Thy-1 and particularly p-globin RNA transcription in the thymus under the control of the
hCD2 LCR was copy-number dependent.
H-2K^ expression on T and B cells was also measured using flow cytometry.
Splenocytes and lymph node cells were stained with B220 (anti-CD45R) and MV3. The
B220-positive population from splenocytes was used to produce histograms of H-2K^
expression on B cells, the B220-negative population from lymph node cells was used to
produce histograms of H-2K^ staining on T cells (Figure 5). In the periphery H-2K^
staining is related to copy number, CD2K^-7 and -11 express at high levels on T and B
cells, whereas CD2K^-3 and -4 express H-2K^ at lower levels. With the exception of
CD2K^-7, which has B and T cells expressing at the same level, CD2K^ mice express less
H-2K^ on B cells than T cells. Endogenous H-2K^ is expressed at the same level on B
and T cells in C57BL/10 mice.
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Figure 5
Flow Cytom etric A nalysis of H-2K*^ Expression on CD2K^ T Cells, B
Cells and Thymocytes

Thymocytes were obtained as described (2.7.1) and stained with MV3, which was
developed with strep-PE. T cells were obtained from lymph nodes from CD2K^ and
control mice. Cells were stained with MV3 and Thy-1.2 (diluted 1:100), and histograms of
H-2K^ expression obtained from cells that express both MV3 and Thy-1.2. Histograms of
H-2K^ expression on B cells were obtained from spleen cells stained for both CD45
(cychrome-conjugated RA3-6B2, diluted 1:200) and H-2K^ expression - histograms were
generated from cells stained with both fluorochromes. Analyses were carried out using
FACSplot.
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4 .4

Expression of H-2K*^ on Bone Marrow-derived Dendritic Cells
and Macrophages

Dendritic cells (DCs) and macrophages were enriched from cultures of bone marrow cells
as described (2.9.4). The non-adherent fraction, which includes DCs, was harvested,
washed, and used either for staining or to set up an MLC. The adherent fraction, which
includes macrophages, was treated with trypsin-versene to remove cells from the plastic
dish, then washed thoroughly before counting or staining.

4.4.1

Staining Dendritic cells and macrophages fo r H-2K^

Bone marrow-derived non-adherent and adherent cells, which include DCs and
macrophages respectively after culture in GM-CSF, from CD2K^-3, -4, -7 and CD2K^-11
mice, were double-stained for identification, alongside cells cultured from CBA/Ca and
C57BL/10 bone marrow. Both the non-adherent and adherent populations were stained
with biotin-conjugated MV3, specific for H-2K^, and FITC-conjugated 14.4.4, an
antibody specific for the I-E a MHC II molecule. Cells staining positive for 14.4.4 were
assumed to be DCs or macrophages.

The staining regime identified DCs among the non

adherent cell populations, and macrophages (and any remaining DCs) among the adherent
populations, and indicated any expression of H-2 K^> by these cells. Ideally DCs and
macrophages would have been positively identified with lineage-specific markers, but bone
marrow-derived DCs do not express p2-integrin (the ligand for N418 antibodies; Metlay,
1990), and no macrophage-specific antibody was available at this point. C57BL/10 mice
do not express H-2E heterodimers, and so the positive control was simply adherent and
non-adherent fractions from C57BL/10 bone marrow-derived stem cells cultured in GMCSF and stained with MV3.
Staining adherent cells from C57BL/10 bone marrow with MV3 showed
expression at 10^ on the fluorescence scale, (Figure 6 ), indicating that endogenous MHC I
molecules are expressed at a high level on macrophages. H-2K^ expression on non
adherent cells was bi-modal - one subset also expressed H-2K^> at 10^, and another subset
expressed H-2K*^ over a range of fluorescence intensities. H-2K^ expression on CD2K^-
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3 adherent and non-adherent cells has been described elsewhere (Sponaas et al., 1994b).
Both populations express H-2K^ at levels that can be clearly distinguished above
background. Figure 6 shows the flow cytometric analysis of adherent and non-adherent
fractions from the remaining CDIK^ lines. With the exception of CD2K^-11 adherent
cells, which yielded very few cells, all CD2K*^ lines are clearly negative for MV3 staining.
15% of CD2K^-11 adherent cells fall into the gate marked, although this figure is skewed
by the very small number of cells present. 5% of CD2K*^-7 and 1.5% of CD2K^-4
adherent cells are MV3 positive, no more than 1.5% non-adherent cells from any CD2K^
lineage express H-2K^. Clearly, with the possible exception of CD2K^-11, bone marrowderived DCs and macrophages from CD2K^ lines other than CD2K^>-3 do not express H2K^. CD2K^-3 is a unique transgenic line since it expresses H-2 K^ on adherent and non
adherent bone marrow-derived cells at a level detectable by flow cytometry (Sponaas e ta l,
1994b).

4.4 2

IFNy release assays fo r H-2Kb expression

I was concerned that DCs and macrophages from some CD2K^ lines might express H2 K*^, but at a level too low for detection by flow cytometry, so a more sensitive assay was

carried out. Lymphocytes from an H-2K^-specific TCR-transgenic (TCR-tg) mouse line,
BM3.6 (Auphan et a l, 1994; Sponaas et a l, 1994a) were used in an MLC with adherent
and non-adherent cell populations from differentiated bone marrow, and their response to
H-2K^ was measured by detecting IFNy released into the supernatant as a result of T cell
activation. 2.5 x 10^ BM3.6 lymph node cells were stimulated with 2 x 10^ DC- or
macrophage-enriched cells in an MLC (the DCs and macrophages were not irradiated, but
supernatant from wells with DCs or macrophages only were tested for IFNy release,
though none was detected (data not shown). The MLC was incubated for three days under
standard culture conditions.
IFNy release from BM3.6 lymph node cells was measured by ELISA (4.2.4),
and the OD at 414 nm plotted against each dilution of the MLC supernatant (Figure 7), and
compared to IFNy release from BM3.6 T cells stimulated with CBA/Ca and C57BL/10
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splénocytes in the same experiment. This confirms the staining results described above adherent and non-adherent cell populations from CD2K^-3 bone marrow stimulate
production of IFNy from BM3.6 T cells, at a lower level than cells from C57BL/10 mice,
but at a considerably higher level than cells from CBA/Ca mice. However, DCs from the
other CD2K^ lines tested - CD2K^-4, -7, and -11 did not stimulate IFNy release from
BM3.6 cells, indicating that they do not express H-2K^. Macrophages from these lines
showed some evidence of H-2K^ expression, but with the exception of CD2K^-11, this is
little more than background. Staining CD 2Kb-ll macrophages is inconclusive due to the
small number of cells isolated.
Further experiments were carried out, varying the ratio of BM3.6 responders to
DCs or macrophages, the length of time in culture, and investigating the influence of any T
cells that do not express the BM3.6 TCR, by carrying out the same experiment using
BM3.6 X RAGl -/- mice (Mombaerts et al., 1992), which express the transgenic TCR
alone (data not shown). This had no effect on the response to H-2K^ by the BM3.6 T
cells, and confirmed the results shown in Figure 7.
The staining and IFNy release assays combined suggest that, with the exception
of CD2K^-3 mice, CD2K^ mice do not express H-2 K^> on bone marrow-derived DCs, and
only at a low level, if at all, on macrophages. CD2K^-3 is unique in that it expresses H2K^ on DCs and macrophages at levels detectable by flow cytometry.
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Figure 6
Flow C y to m etric A nalysis of H - 2 Kb E xpression on D endritic Cells and
M acrophages from CD2K^ Transgenic Mice

Dendritic cell- (DC) and macrophage-enriched cell suspensions were obtained by culturing
stem cells in GM-CSF as described (2.9.4). Cells were stained for H-2K^ with biotinconjugated MV3 diluted to 1:4(X), and M HCII with FITC-conjugated 14.4.4 at 1:10 in WS
as described (2.7.2). MV3 was developed with strep-PE at 1:25 in WS, and samples
analysed on the FACS scan™. PBLs from a CBA/Ca mouse were used as a negative
control. Analysis was carried out on FACSplot. The gate indicates the area of the graph
into which positive cells fall, and was set using DCs and macrophages from C57BL/10
stem cells.
Plots A and B show H-2K^ expression on CBA/Ca DCs and macrophages
respectively; C and D show H-2K^ expression on C57BL/10 DCs and macrophages.
Graphs E, G and I show H- 2 Kb expression on non-adherent cells from CD2K^>-4,
CD2K^-7 and CD2K^-11, while graphs F, H and J show H-2K^ expression on adherent
cells cultured from CD2K^-4, -7 and -11 stem cells respectively. Very few CD2K^-11
adherent cells were stained during this experiment due to a technical problem. However,
those cells that were isolated give no indication that CD2Kb-ll macrophages express H2 K^ at a level detectable by flow cytometry.
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F igure 7
IF N y

R elease Assays fo r H -2K b

E xpression

on D e n d ritic

C ells an d

M acrophages from CD2K*^ Transgenic Mice

This figure shows the results of assays for IFNy release from BM3.6 lymphocytes
stimulated with DCs and macrophages from CD2K^ mice (filled circles), compared to
release from BM3.6 lymphocytes stimulated with CBA/Ca (open squares) or C57BL/10
(filled squares) DCs or macrophages. IFNy release assays were carried out as described
(4.2.4), graphs show the optical density of substrate developed as a result of ELIS As using
serial dilutions of culture supernatant. High ODs indicate the presence of IFNy in MLC
supernatants.
Graphs A, C, E and G, show IFNy release by BM3.6 cells stimulated with DCs,
while graphs B, D, F and H show IFNy release in response to H-IK ^ on macrophages.
Stimulator cells in graphs A and B are from CD2K^-3 mice, C and D from CD2K^-4, E
and F from CD2K^-7 and G and H from CD2K^-11 mice.
Each point is the mean of three readings, but error bars have been omitted for the
sake of clarity.

101

B

Ê
c

5 0. 5 -

^ 0 .5 *

d

d
0 0 ^ ^ Q £ }=7=0
, ■. -P
0 20 40 60 80 100
% supernatant

0.0 -r—O tO —r-Q-i—'—I—r-O
0 20 40 60 80 100

% supernatant

1.5

E
^ I.Oi
T-

d 0.50.0

-e n #
20 40 60 80 100

0.0

0

20 40 60 80 100

% supernatant

% supernatant
F
1.51

E
c

E
c

T-

T—

d
d

d
0.5d
0.0
0

20 40 60 80 100

% supernatant

1. 0 -

0.0

r # I ' I ,#
20 40 60 80 100
% supernatant

G

0.81
E
c
T-

d
d
0.0
0

20 40 60 80 100

% supernatant

20 40 60 80 100

% supernatant

4 .5

Expression of H-2K*^ on Thymie Dendritic Cells

Thymic DCs were isolated using a Percoll gradient (4.2.1), followed by positive selection
on a MACS™ column (4.2.2). A very small number of cells eluted from the column, so
they were used in an MLC, and the supernatant analysed for IFNy release from BM3.6
cells (4.4.4). Despite all precautions the samples still included small numbers of T cells,
since DCs bind T cells by a number of cell surface receptors, and 'clumps’ could be seen
under the light microscope. This should not affect the final readout since BM3.6 T cells are
'naive', and can only be activated by contact with a 'professional' APC, DCs for example
(Lassila gf a/., 1988; Ronchese and Hausmann, 1993).
Thymuses from six 9 week old CBA/Ca mice, six 12 week old C57BL/10 mice
and six CD2K^-7 mice, aged between 7 and 10 weeks, which were mainly heterozygotes
(see 7.3) were dissected under sterile conditions, digested and fractionated on a Percoll
gradient as described (4.2.1). The selected cells underwent a transient adhesion step in a
plastic dish for 2 hr, then were washed and left overnight to dissociate from the plastic.
The cells were harvested, washed, and treated as described to prepare for separation using
MACS™. Since the same column was used for each separation CBA cells were selected
first, followed by CD2K^-7, then C57BL/10 cells, so that H-2Kt>-bearing cells did not
overlap into the experimental or negative samples (although H-2K^-negative cells may have
been included in the experimental and positive control samples). Very few cells were
obtained from the column - 4.5 x 10^ CBA/Ca cells, 5 x 10^ C57BL/10 cells and 4 x 10^
CD2K^>-7 cells. These were washed, resuspended in 1ml IMDM each, and used to
stimulate 4 x 10^ BM3.6 cells in an MLC for 3 days.
The supernatant from each well was used in a IFNy release assay (4.4.4),
shown in Figure 8 . This clearly shows that thymic DCs from C57BL/10 mice express
MHC I, and are capable of stimulating responses from naive T cells. Thymic DCs from
CD2K^-7 do not stimulate IFNy release from BM3.6 cells, and this may be due to the
reduced number of cells used to stimulate the TCR-transgenic cells. This is unlikely, since
half as many bone-marrow derived DCs stimulated IFNy release (4.4.2), and considering
that DCs bind T cells very efficiently, several T cells in contact with one DC. MACS
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treatment of cells is quite harsh, and it is possible that the CD2K^-7 DCs were damaged or
dead as a result, but since the C57BL/10 DCs, which were passed over the column after the
CD2K^-7 cells, stimulated IFNy release efficiently, it is logical to assume that CD2K^-7
thymic DCs do not express H-2K^. The cells counted excluded trypan blue.

4 .6

Expression of H-2K^ on Migratory Langerhans' cells

Migratory Langerhans' cells were isolated from the ears of CBA/Ca, CD2K^-11, CD2K^7 and CD2K^-4 mice according to the protocol above (4.2.3). Where sufficient mice were
available, ears from three mice were incubated in standard IMDM, remaining ear halves
were incubated in IMDM containing approximately 250 U/ml GM-CSF (supernatant,
produced as described, 2.9.5). The ear halves were incubated as normal for five days,
fresh medium with or without GM-CSF was used to replace medium in relevant wells.
After five days, cells present in the medium were used to set up MLCs (2.9.1) with lymph
node cells from a BM3.6 mouse. Cells that had been incubated in GM-CSF were set up in
an MLC containing GM-CSF, and incubated for three days. IFNy release was assayed as
described (4.2.4), and the mean of triplicate readings plotted in Figure 9. Supernatant from
wells containing Langerhans' cells or BM3.6 cells alone contained no IFNy (data not
shown).
IFNy release was detected in wells containing cells that expressed H-2K^, since
BM3.6 cells respond to antigen by producing IFNy. Figure 9A shows the IFNy release
from BM3.6 cells stimulated with migratory Langerhans' cells that had been incubated in
ordinary IMDM. Cells from CD2K^-7 ears did not stimulate IFNy release, whereas cells
from CD2K^-4 ears stimulated more IFNy release than those from C57BL/10 mice.
CD2K^-11 migratory Langerhans' cells also express H-2K^, at lower levels than those
from CD2K^-4 or C57BL/10 mice.
Migratory Langerhans' cells acquire a mature dendritic cell phenotype similar to
'veiled' cells in the lymph under the influence of GM-CSF (Witmer-Pack et al., 1987;
Steinman, 1993). Ears were incubated in GM-CSF in order to produce more mature DCs.
An MLC was set up with BM3.6 cells as before, to assess the expression of H-2K^ on
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migratory Langerhans' cells cultured in GM-CSF, and Figures 9B and C compare the
IFNy release from migratory Langerhans' cells in the presence and absence of GM-CSF,
for CD2K^-4 (Figure 9B) and CD 2 Kt>-ll (Figure 9C). These graphs suggest that cells
cultured in GM-CSF provoke a weaker response to antigen than those cultured in standard
IMDM, and possible reasons for this will be discussed below.

4 .7

E xpression of H -IK ^ on Skin Cells

In order to confirm that H-2K^ is expressed on cells within the skin, including
Langerhans' cells, several skin grafting experiments were carried out, summarised in Table
viii. These were carried out to determine whether skin from CD2K^ mice was recognised
as foreign by CBA/Ca mice, that is, do CD2 K^ mice express H-2Kb on any cells in the
skin? As Table viii shows, all CBA/Ca mice grafted with skin from CD2K^ mice rejected
the graft: skin from CD2K^>-7 mice was rejected slightly more slowly than that of CBK
mice, whereas the two CBA/Ca mice grafted with CD2K^-11 skin rejected it slowly, taking
up to 73 days to do so. This clearly shows that at least one skin cell lineage expresses H2 Kb in all CD 2 Kb lineages.

105

Figure 8
E xpression o f H -IK ^ on Thym ie Dendritic Cells

This figure shows the results of assays for IFNy release from BM3.6 lymphocytes
stimulated with DCs from the thymuses of CD2Y^-1 mice (filled circles), compared to
release from BM3.6 lymphocytes stimulated with thymic DCs from CBA/Ca (open
squares) or C57BL/10 mice (filled squares). IFNy release assays were carried out as
described (4.2.4); graphs show the optical density of substrate developed as a result of
ELISAs using serial dilutions of culture supernatant. High substrate OD indicates the
presence of IFNy in MLC supernatants. Each point is the mean of three OD readings.
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Figure 9
Expression o f H-2K*^ on M igratory Langerhans' Cells from CD2K*^ M ice

Graph A shows the results of assays for IFNy release from BM3.6 lymphocytes stimulated
with migratory Langerhans' cells from CD2K^-7 mice (filled circles), compared to release
from BM3.6 lymphocytes stimulated with CD2K^-4 (open squares), C D IK ^-H (open
circles) or C57BL/10 (filled squares) migratory Langerhans' cells. IFNy release assays
were carried out as described (4.2.4); graphs show the optical density of substrate
developed as a result of ELISAs using serial dilutions of culture supernatant. High
substrate OD indicates the presence of IFNy in MLC supernatants.
Graph B compares the IFNy release from migratory Langerhans' cells from
C57BL/10 mice (filled squares) and migratory Langerhans' cells from CD2K^-4 mice
cultured with (filled circles) and without (open squares) GM-CSF supplements.
Graph C compares the IFNy release from migratory Langerhans' cells from
C57BL/10 mice (filled squares) and migratory Langerhans' cells from CD 2 Kb - 11 mice
cultured with (filled circles) and without (open squares) GM-CSF supplements.
Each point is the mean of three OD readings, but error bars were omitted for the
sake of clarity.
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Table viii

Sum m ary of Survival of Skin G rafts from CD 2 K*^ Mice on CBA/Ca Recipients

R ecipient

D onor

M ean Survival Time

R ange

___________________________ (d ay s)_______

(d ay s)

R ejected/T otal

CBA/Ca

CBK

4/4

16

14-20

CBA/Ca

CD2K^-3

4/4

29

17-45

CBA/Ca

CD2Kb-4

4/4

26

23-32

CBA/Ca

CD2Kb-7

4/4

20

17-23

CBA/Ca

CD2Kb-ll

2/2

62

50-73

4 .8

D iscu ssio n

This chapter gives a detailed picture of the expression of H-2K^ on several cell lineages in
CD2K^ transgenic mice, and shows that in later generations the level of H-2K^ expression
on T and B cells stabilized, and became more proportional to copy number than that of
early CD2K^ generations. However, expression of H-2K^ on thymocytes appeared to be
high on each lineage, regardless of the number of transgene copies present. The exception
is CD2K^-7 - the individual shown here (Figure 5) is expressing an abnormally high level
of H-2K^, and may be homozygous for the CD2K^ transgene (see 7.3). Previous
experiments using heterozygote CD2Kt>-7 mice had shown thymocytes to express H-2K^
at approximately the same level as those from the other lines (data not shown). This mouse
had an extremely small thymus for its age, suggesting that such high expression of the
transgene may have had a toxic effect on developing thymocytes (this also occurs when
hCD2 transgenic mice express high levels of CD2, Dr. E. Melton, personal
communication). The high expression of H-2K^ by thymocytes from the remaining
lineages does not resemble expression of hCD2 under the control of the hCD2 LCR, since
hCD2 is expressed on thymocytes in a copy-number dependent manner (Dr. E. Melton,
personal communication), nor endogenous MHC I expression (Figure 5). One explanation
is that the transgene has inserted into a region of DNA which causes expression at a high
level on thymocytes, but this seems unlikely to have happened in all transgenic lines.
Alternatively, cis -acting factors in thymocytes interact with regulatory regions remaining in
the H-2K^ gene to upregulate expression. The gene may lack sites for suppressive factors
to bind DNA, hence the abnormally high level of transgene expression, or the combined
effects of elements on the CD2 minigene and H-2K^ structural gene leads to constitutively
high expression of H-2K^.
Cells from CD2K^-7 mice have a bimodal pattern of H- 2 K^ expression, which is
particularly apparent in T and B cells. Studies with hCD2 transgenic mice have shown that
bimodal expression is a result of the loss of the third DNAase I hypersensitivity site from
the LCR (Dr. R. Festenstein, personal communication), which becomes apparent when the
transgene integrates into centromeric heterochromatin. This indicates that some copies of
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the CD2K^ transgene in CD2K^-7 mice have a 3' deletion, and that all the copies, which
usually insert as multimers (Palmiter and Brinster, 1986), have inserted into
heterochromatin.
Table ix summarises the known pattern of expression of H-2K^ on cells from
CD2K^ transgenic mice. CD2K^-3 mice are unique among the CD2K^ lines in that they
express levels of H-2K^ on myeloid cell lineages that can be measured by flow cytometry.
The remaining lineages express H-2K^ at extremely low levels on macrophages alone, and
since these cells are ’sticky' it is possible that other contaminating cells, such as B cells
(which are APCs and express H-2K^ at detectable levels), induce IFNy release by
stimulating experienced BM3.6 T cells, that is, those that have already encountered antigen.
Bone marrow-derived DCs and macrophages are argued by some to be immature in
comparison with tissue-derived DCs or macrophages (Porgador and Gilboa, 1995), not
expressing all cell surface molecules that a lymph node or thymic DC or macrophage would
express (Inaba et a/., 1992). To clarify the results obtained from bone marrow-derived
cells thymic DCs from CD2K^-7 mice were isolated with the MACS column and used in a
MLC with BM3.6 T cells as before. The great advantage of the thymus is that it can be
guaranteed free of B cells, unlike secondary lymphoid organs. This showed that thymic
DCs from CD2K^-7 mice do not express H-2K^, and the importance of this will be
discussed later. Ideally all CD2K^ lines would have been tested in this way, but the
experiment is costly in terms of time, equipment and animals, and the demands of other
experiments were more pressing. Another macrophage subset - peritoneal exudate cells
(PECs) from CD2K^ mice - did not express H-2K^ at a level detectable with MV3 staining
(data not shown). Thus, if CD2K^-4, -7 and -11 mice expressed H-2K^ on these cells it
was at levels too low for detection by flow cytometry. These cells were not used to
stimulate IFNy release from BM3.6 T cells because the numbers of cells obtained were too
few for reliable MLCs.
IFN y release assays for H-2K^ expression on migratory Langerhans’ cells
pinpointed another difference between individual lines of CD2K^ mice. I assumed that
since bone marrow-derived DCs from CD2K^-3 mice express H-2K^, other DC lineages
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would also, and did not test CD2K^-3 DCs further. I had also assumed that CD2K^-7
mice, which express the highest level of H-2K^ on T cell, B cells and thymocytes would
be the most likely mouse line to show traces of H-2K^ on other cell lineages. This
assumption was incorrect, since migratory Langerhans' cells isolated from CD2K^-4 and
CD2K^-11 were capable of stimulating BM3.6 cells to produce quantities of IFNy,
whereas CD2K^-7 cells induced no detectable IFNy release. One drawback with this
experiment is that cell types closely associated with Langerhans' cells have been shown to
migrate into culture medium, particularly cells carrying yô TCR molecules (Larsen et a/.,
1990). These cells have a range of functions but the same stem cell precursor as aP T cells
(Dudley et al., 1995), and may express H-2 Kt>. Lack of response to antigen by BM3.6
cells to cells migrated from CD2K^-7 skin suggests that y5 T cells are not responsible for
stimulating IFNy release, or that yÔ cells from CD2K^-7 mice do not express H-2K^.
Since neither thymic DCs or Langerhans' cells from CD2K^-7 mice express H2K^, by extrapolation these results might suggest that thymic DCs from CD2K^-4 and -11
also express H-2K^, but for three pieces of evidence: i) bone marrow-derived precursors
of thymic DCs do not express H-2K^; ii) the more mature DCs obtained by culture in GMCSF express detectably lower levels of H-2K^ than migratory Langerhans' cells obtained
by culture in ordinary IMDM (Figure 9B and C, and GM-CSF is apparently crucial for
Langerhans' cell survival, Witmer-Pack et a i, 1987); iii) CD2K^-4 and CD2K^-11 mice
are not tolerant of H-2K^ in vivo. The latter will be discussed in Chapter 7. Nevertheless,
isolation of thymic DCs from other CD2K^ lines would have been informative, especially
since there are other potential explanations for the decrease in IFNy release from MLCs
cultured with GM-CSF: GM-CSF may interfere with the function or development of
BM3.6 T cells.
Grafts of CD2K^ tail skin onto CBA/Ca mice showed that cells in skin presented
H-2K^ or peptides from H-2K^ for recognition by CBA/Ca T cells. The cell lineage which
expresses antigen is unknown: in CD2K^-3,-4 and -11, rejection of skin grafts could be
due to expression on migratory Langerhans' cells, but this does not apply to CD2K^-7.
Epithelial cells could express antigen, but experiments carried out with CD2K^-3 bone
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marrow chimeras suggested that epithelial cell lines in CD2K^-3 mice do not express H2K^ (Simpson et aL, 1993). Skin grafts between the CD2K^ lines, such as CD2K^-3 or
CD2K^-7 skin onto the remaining lines may be useful in determining which cells express
antigen.
It is clear, as the data above indicates, that several aspects of H-2K^ expression in
CD2K^ transgenic mice differ significantly from hCD2 expression in hCD2 transgenic
mice described by Lang et al. (1988). CD2K^ mice express H-2K^ on thymocytes, T cells
and B cells, whereas hCD2 is not expressed on mouse B cells. hCD2 is expressed on an
unidentified myeloid cell population (Lang et a i, 1988), and this could be DCs or
macrophages. This expression is ectopic for both human and mouse CD2, and so it is
interesting that myeloid cells express H-2K^ in at least one CD2K^ line. NK cells also
express CD2, and it may be interesting to check that they too express H-2K^. The patterns
of H-2K^ expression in CD2K^ mice are summarised in Table ix.
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Table ix

Summary of the Pattern o f H-2K^ expression in CD2K^ Transgenic M ice

bone marrow-derived
CD2K^ line

T cells

CD2Kb-3

4-

+

4 - 4 - 4 -

CD2K^-4

+

+

++

CD2K^-7

+++

+++

CD2Kb-ll

+++

++

thymic

migratory

B cells_____ thymocytes______ DCs______ macrophage______ DCs______ Langerhans'

+

NT

NT

-

-

NT

++

+++

-

+/-

++

-

+/-

NT

Chapter Five

Thymocyte Development in CD2Kb Mice
5 .1

Introduction

The previous chapter described the pattern and level of H-2 Kh expression in four lines of
CD2K^ transgenic mice. In this chapter I will discuss the relationship between level of
self-MHC expression and thymocyte deletion, and describe the tolerance status that prevails
in each CD2Ki) line. I will also discuss the role that MHC I, expressed solely on T cells,
plays in positively selecting thymocytes.
The mechanism of clonal deletion in the thymus has been discussed in depth in
Chapter 1. We used FI mice from intercrosses between CD2K^ mice and mice expressing
a transgenic T cell receptor (TCR-tg) specific for H- 2 Kh to study the mechanisms that
produce tolerance to H-2K^ in CD2K^ mice.

All experiments were carried out at least

twice, although the results given are from one experiment, since the results only varied
slightly. Two TCR-tg mouse lines were used - BM3.6 and DES, which both express
TCRs specific for H-2K^ derived from different CTL clones - DES from clone KB5-C20
(Albert et al., 1982), and BM3.6 from clone BM3.3 (Albert et al., 1984; Couez et al.,
1991). The TCRs differ in their co-receptor requirements for antigen recognition (Auphan
et al., 1994). The DES TCR requires CD 8 in order to recognise antigen (Gabert et al.,
1987). It is positively selected on H-2K^ (Auphan et al., 1992), negatively selected on H2K^, and H-2^ is a neutral, non-selecting haplotype for this TCR. BM3.6 mice were used
by Auphan et al. (1994) in experiments comparing the properties of DES and BM3.6 TCRtg mice. (They refer to this TCR-tg mouse line as BM3.3). In contrast to DES, the BM3.6
TCR does not need to engage the CD 8 co-receptor for deletion to occur - it is CD 8
independent.
Several groups have insisted that only when the positively selecting ligand is
encountered on thymic epithelium will selection occur, possibly because of the peptides
expressed on MHC molecules on the thymic epithelial cell surface (Benoist and Mathis,
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1989; Marrack et a l, 1988). There is mounting evidence, however, that this is not the
case, and that other cell types, including haematopoietic cells (Bix and Raulet, 1992) are
capable of positive selection. In this laboratory TCR-tg mice expressing a TCR which is
positively selected by H-2K^ (2C) were intercrossed with mice expressing H-2K^ under
the control of the P-globin promoter and LCR (KP; Yeoman and Mellor, 1992). 2C x Kp
FI mice had a large number of CD4-8+ cells in the periphery, which express high levels of
the transgenic TCR, and a TCR^^ peak appeared in the CD4-8+ population (P. Tomlinson,
unpublished results).

Although the possibility of expression of H- 2 Kb on thymic

epithelium in KP mice could not be excluded, this result prompted further investigation
using the 2C TCR to determine the ability of self-antigen expressed on thymocytes to cause
positive selection.
2C transgenic mice bear a TCR specific for H-2L^ from the 2C CTL clone.
The mice were described by Sha et al. (1988a and 1988b) and were generated on a H-2 b/s
background. 2C mice used in the experiments described below were a kind gift from Prof.
D. Loh, and were bred onto the H-2^ background by repeated backcrosses to CBA/Ca
mice. The 2C TCR is deleted on the H-2 d background, while high numbers of TCR+CD48 + T cells are detected when the background haplotype is H-2^, indicating that the TCR is

positively selected by H-2 ^>molecules. There is also a decrease in the numbers of CD4+8and CD4+8+ thymocytes detected, suggesting that the selecting background has selectively
amplified the TCR+CD4-8+ thymocytes.

H- 2 ^ and H-2^ haplotypes are neutral

backgrounds for the 2C TCR (Sha et al., 1988b).

5 .2

Negative Selection of the BM3.6 TCR in CD2K*^ Mice

The most useful mouse line for investigating the role of thymocytes in negative selection is
the one with a considerable level of expression on thymocytes, since it will have a
measurable effect on thymocyte selection, and so CD2K^-7 was an obvious choice for
these experiments. The other lines, however, express H-2K^ at similar densities on
thymocytes (4.3), and so CD2Kt>-3 (which also expresses H-2K^> on DCs and
macrophages) was the only other line used. Analysis of CD2Kt>-3 x BM3.6 FI mice was
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carried out by Dr. A-M. Sponaas (Sponaas et aL, 1994b), and is included here with
permission.

5.2.1

CD2K^ X BM3.6 FI mice have small thymuses

CD2k | ^ x BM3.6 thymuses were reduced in size, in comparison with CBA/Ca mice of
equivalent age. A CBA/Ca control thymus contained 8.5 x 10^ thymocytes, whereas the
CD2K^-3 X BM3.6 FI thymus contained 6 x 1 0 ^ thymocytes, and the CD2K^-7 x BM3.6
thymus contained 1.6 x 10^ thymocytes. All mice were 4 weeks old.
The reduction in thymus size shows that deletion of thymocytes bearing H2K^-specific TCRs has occurred, and that it has occurred at a point before thymocyte
numbers expand, at the CD4+8+ stage. Thus CD2K^ x BM3.6 FI mice undergo 'early'
deletion of self-reactive thymocytes.

5.2.2

Thymocytes bearing self-reactive TCRs are deleted in CD2K^ x BM3.6 F I

mice
In Figure 10 the pattern of CD4 and CD 8 expression on BM3.6 thymocytes and lymph
node cells is compared to that from CD2K^-7 x BM3.6 FI mice. The most obvious
difference is that CD4+8+ and CD4-8+ thymocytes have been deleted in both the thymus
and periphery of FI mice, and numbers of CD4-t-8- thymocytes are reduced. Thus
recognition of H-2K^ expressed on thymocytes, by thymocytes, is sufficient to cause early
deletion of self-reactive thymocytes and confirms the observations of Pircher etal. (1992)
and Shimonkevitz and Bevan (1988) who observed deletion of thymocytes on encounter
with antigen presented on thymocytes in vitro and in vivo respectively. Deletion of self
reactive thymocytes from the thymus of CD2K^-3 x BM3.6 FI mice also takes place early
in thymocyte development, before the CD4+8-I- stage. No CD4+8+ thymocytes are present
in the FI thymus, compared to the BM3.6 thymus, where 80% of thymocytes are
CD 44-8 +. 92% of thymocytes from F I mice are CD4-8-, and they include TCR+ and
TCR- cells. CD4-8- thymocytes from BM3.6 mice are all TCR+ (data not shown; Sponaas
et al., 1994b).

118

CD4-8- cells in the periphery of BM3.6 mice are probably a mixture of cell
types, including B cells, yÔ T cells and non-lymphocytes. However, CD4-8- cells from
CD2K^-7 X BM3.6 and CD2K^>-3 x BM3.6 FI mice continue to express the H-2K^specific TCR, even in the periphery. This suggests that some self-reactive cells have
downregulated CD4 or CD 8 co-receptors in order to escape deletion in the thymus
(Schonrich et aL, 1991), and reach the periphery, although the presence of mature
extrathymically-derived TCR+CD4-8- thymocytes (Makino et aL, 1993) could be an
alternative source of TCR+ CD4-8- T cells.
CD4-8+ thymocytes account for 1-2% of total CD2K^-3 x BM3.6 thymocytes,
but these cells are not present in the periphery - they may downregulate CD 8 expression to
escape deletion in the thymus. However, the proportion of CD4+8- cells increases - from
2% in the thymus to 5% in the periphery - unlike CD2K^-7 x BM3.6 FI mice, where less
than 1% of thymocytes and T cells express CD 8 . In addition, CD4+8- thymocytes from
CD2K^-7 X BM3.6 FI mice express high levels of the TCR (data not shown), which may
cause the deletion of some TCR+CD4+8- thymocytes..
The deletion of CD44-8- and CD 4 - 84- cells confirms that BM3.6 is CD 8 independent, since some TCR+CD4+8- cells are eliminated, even though they express a
MHC I-specific TCR. This is confirmed by comparing these analyses to those of DES
TCR transgenics (Figures 11,12 and 13), in which normal numbers of TCR+CD4+8- cells
reach the periphery.
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Figure 10
Flow C ytom etric A nalysis o f T hym ocytes and Lymph N ode C ells from
BM 3.6 and CD2K*^-7 x BM 3.6 Transgenic Mice

CBA/Ca, BM3.6 and CD2K^-7 x BM3.6 thymocytes and lymph node cells were dissected
and stained as described (2.7). PE conjugated anti-CD4 (1:50), FITC conjugated anti-CD 8
(1:50) and biotinylated Ti98 (anti-BM3.6 clonotype; diluted 1:100; Table v) were used to
stain 10^ cells, and strep-tricolour was used to stain Ti98. Lymphocytes were selected on
the FACSscan™ by eye using the forward- and side-scatter properties of unstained
CBA/Ca cells. Compensation for each fluorochrome was set using cells stained with one
fluorochrome alone. 40,000 cells were analysed.
Analysis was carried out using FACSplot (NIMR computing department). The
dot plots show the CD4 (FL-2, y axis) and CD 8 (FL-1,% axis) profiles of thymocytes and
lymph node cells from BM3.6 and CD2K^-7 x BM3.6 mice. Quadrants were set using
CD4 and CD 8 profiles from CBA/Ca mice, as were the gates used to obtain histograms of
TCR expression on CD4-8- and CD4-8-»- cell subsets.
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5 .3

Negative Selection of the DES TCR in CD2K^ Mice

DES mice differ from BM3.6 TCR-transgenics in that they are dependent on CDS for
antigen recognition, and so we predicted that several aspects of CD2K^ x DES analyses
would differ from the equivalent experiment with BM3.6 TCR-transgenic mice. In this set
of experiments I examined not only the effect of level of H-2K^ expression on the deletion
of H-2K^-reactive thymocytes, but also the effect that pattern of H-2K^ expression in the
thymus had on the deletion of self-reactive thymocytes, by comparing CD2K^-3 x DES FI
mice with CD2K^-4 x DES FI mice.

5.3.1

CD2K^ X DES FI mice have reduced thymus size

Thymus cellularity was assessed as before.

CBA/Ca mice have a thymus size of

approximately 1.2 x 10^ thymocytes. In comparison, DES mice have on average 8.6 x
10 ^ thymocytes, and the difference is probably due to expression of the transgene altering

thymocyte development, since the DES TCR is expressed on an H -2K ^-negative
background from the beginning of thymocyte development . The decrease in thymus
cellularity is unusual, since the DES TCR is positively selected on H-2K^ (Auphan et al.,
1992).
CD2K^-7 X DES FI mice possess 5.4 x 10^ thymocytes, and consequently
have a very small thymus. CD2K^-4 x DES FI mice also have a smaller thymus than DES
transgenic mice, and 9 x 1 0 ^ cells were obtained from the thymus of one double transgenic
mouse. CD2K^-3 x DES FI mice also followed this pattern: one FI mouse had only 2.5 x
10 ^ thymocytes and a rudimentary thymus.

This shows that the DES TCR, like the BM3.6 TCR, is deleted early in
thymocyte development, before cells reach the CD4+8+ stage. It also shows that CD 8 dependence may alter the proportion of thymocytes that are lost from CD2K^ x TCR-tg
thymuses, since CD2K^-7 x DES FI mice have five times as many thymocytes as CD2K^7 X BM3.6 FI mice.
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s .3.2

Thymocytes bearing self-reactive TCRs are deleted in CD2K^ x DES F I mice

Figures 11, 12 and 13 show the flow cytometric analyses of three lines of double
transgenic mice, CD2K^-7 x DES, CD2K^-4 x DES and CD2K^-3 x DES FI mice
respectively. Profiles of TCR expression on the CD4-8- and CD4-8+ populations are
shown as histograms, and gates were set using CBA/Ca cells stained with anti-CD4 and
anti-CD8 antibodies.
Flow cytometric analyses of CD2K^ x DES FI mice confirm that thymocytes
bearing the DES TCR are deleted early in thymocyte development, indicated by the absence
of CD4+8+ thymocytes. However, CD4 and CD 8 profiles from all three CD2K^ x DES
thymuses show two distinct populations - CD4-8- and CD 8 ^°. In CD2K^-7 x DES mice
(Figure 11), both appear in the left hand quadrants of the plot. These populations may
represent CD4+8+ and CD4-8+ thymocytes that have severely downregulated CD 8 in order
to escape deletion caused by contact with the high levels of H-2K^ on CD2K^-7
thymocytes. However, small populations of CD4+8+ and CD4-8- cells remain within the
quadrants marked. These populations amount to 1.4% of total thymocytes, and still
express the TCR.
Figure 13 shows that thymocytes from CD2K^-4 x DES mice also cluster to the
left of the plot, suggesting that all thymocytes expressing CD 8 , even the small number of
CD4+8+ cells, expressed low levels of CD 8 compared to CD 8 levels on DES cells.
However, staining CD2K^-3 x DES thymocytes with anti-CD4 and anti-CD 8 mAbs reveals
a small population of CD4+8+ cells, approximately 3% of total thymocytes (Figure 12).
The numbers of CD4+8- and CD4-8+ cells are reduced, although some CD4-84thymocytes can be seen, expressing lower levels of CD 8 than their counterparts in the DES
thymus: these cells may have escaped deletion by downregulating CD 8 , but still express
high levels of DES TCR (data not shown). In addition, some CD 4 - 84- thymocytes from
CD2K^-3 X DES FI mice do not express the transgenic TCR, suggesting that they may
have escaped deletion by downregulating the H-2K^-specific TCR (Husbands et al.,
1992), or by expressing a second TCR (Heath and Miller, 1993).
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Flow cytometric analyses of T cells from CD2K^ x DES FI mice also highlight
differences between the three double transgenic mice. CD2K^-7 x DES FI mice lose CD48 + cells between the thymus and the periphery, CDS may be downregulated or CD4-8+ are

deleted - a comparison between levels of TCR expression on CD4-CD8+ cells from
CD2K^-7 X DES FI thymus and lymph node suggests that the level of TCR expression is
also decreasing. In the periphery of CD2K^-3 x DES FI mice the majority of CD4-8- T
cells bear high levels of the transgenic TCR; the majority of the small number of CD4-8+
cells present are also TCR^^ (Sponaas etal., 1994b), but they express relatively low levels
of CDS. The CD4+8- population is also proportionately greater in the lymph nodes than in
the thymus of CD2K^-3 x DES FI mice, since these cells are not self-reactive, even with
high TCR expression levels. However, CD4+8- T cells remain at 4%, compared with 24%
in DES mice (Figure 12), perhaps because the CD4-8- population is swollen in CD2K^-3 x
DES FI mice, distorting the actual number of CD4+8- cells present. CD2K^-4 x DES FI
mice differ from CD2K^-3 x DES FI mice in that larger numbers of both CD4+8- and
CD4-8+ cells reach the periphery, constituting approximately 7% and 20% of peripheral T
cells respectively, suggesting that less CD4-8+ cells are deleted in CD2K^-4 x DES FI
mice, as a result of contact with H-2K^ on thymocytes, and that those that escape are
positively selected by MHC molecules of the background haplotype.
The enlarged CD4-8- population (93% of total CD2K^-7 x DES lymph node
cells) may include mature T cells that have escaped deletion by downregulating CD 8
expression. This is a feasible mechanism for escaping deletion, since DES TCR is CD 8
dependent - escape cells may express numbers of CD 8 molecules below the critical level
required to facilitate deletion. This theory is corroborated by the large numbers of CD4-8T cells expressing high levels of the TCR, compared to CD4-8- cells from DES mice which
do not express TCR.
CD2K^-4 X DES FI mice differ from CD2K^-3 x DES FI mice in that larger
numbers of both CD4+8- and CD4-8+ cells reach the periphery, constituting approximately
7% and 20% of peripheral T cells respectively, suggesting that less CD4-8+ cells are
deleted in CD2K^-4 x DES FI mice, as a result of contact with H-2K^ on thymocytes, and
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that those that escape are positively selected by MHC molecules of the background
haplotype. This implies that the difference between CD2K^-3 and CD2K^-4 mice, (the
failure of the latter to express H-2 Kb on DCs and macrophages), has a noticeable effect,
allowing the escape of more TCR+ thymocytes into the periphery. It also suggests that
some CDS expression is required for positive selection to occur (Aldrich et al., 1991;
Fung-Leung et al., 1993; Schonrich e ta i, 1993; Nakayama etal.y 1994), unlike negative
selection, which can be avoided by CDS downregulation (Schonrich et a/., 1991;
Husbands et a/., 1992).
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Figure 11
Flow Cytom etric Analysis of Thym ocytes and Lymph Node Cells from DES
and C D2K b-7 x DES Transgenic Mice

CBA/Ca, DES and CD2K^-7 x DES thymocytes and lymph node cells were dissected and
stained as described (2.7). PE conjugated anti-CD4, FITC conjugated anti-CD 8 and
biotinylated Désiré (diluted 1:400; anti-DES clonotype, the kind gift of Prof. H. Waldman;
Table v) were used to stain 10^ cells, and strep-tricolour was used to stain Désiré.
Lymphocytes were selected on the FACS scan™ by eye using the forward- and side-scatter
properties of unstained CBA/Ca cells. Compensation for each fluorochrome was set using
cells stained with one fluorochrome alone. 40,000 cells were analysed.
Analysis was carried out using FACSplot. The dot plots show the CD4 (FL-2,
y axis) and CD 8 (FL-1, x axis) profiles of thymocytes and lymph node cells from DES
and CD2K^-7 x DES mice. Quadrants were set using CD4 and CD 8 profiles from
CBA/Ca mice, as were the gates used to obtain histograms of TCR expression on CD4-8and CD4-8+ cell subsets.
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Figure 12
Flow C ytom etric A nalysis of T hym ocytes and Lymph Node Cells from DES
and C D 2K b-3 x DES Transgenic M ice

CBA/Ca, DES and CD2K^-3 x DES thymocytes and lymph node cells were dissected and
stained as described (2.7). PE conjugated anti-CD4, FITC conjugated anti-CD 8 and
biotinylated Désiré were used to stain 10^ cells, and strep-tricolour was used to stain
Désiré. Lymphocytes were selected on the FACS scan™ by eye using the forward- and
side-scatter properties of unstained CBA/Ca cells. Compensation for each fluorochrome
was set using cells stained with one fluorochrome alone. 40,000 cells were analysed.
Analysis was carried out using FACSplot. The dot plots show the CD4 (FL-2, y
axis) and CDS (FL-1,% axis) profiles of thymocytes and lymph node cells from DES and
CD2K^-3 X DES mice. Quadrants were set using CD4 and CDS profiles from CBA/Ca
mice, as were the gates used to obtain histograms of TCR expression on CD4-S- and CD4S+ cell subsets.
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Figure 13
Flow C ytom etric A nalysis of Thym ocytes and Lymph Node Cells from DES
and C D 2K b-4 x DES Transgenic Mice

CBA/Ca, DES and CD2K^-4 x DES thymocytes and lymph node cells were dissected and
stained as described (2.7). PE conjugated anti-CD4, FITC conjugated anti-CD 8 and
biotinylated Désiré were used to stain 10^ cells, and strep-tricolour was used to stain
Désiré. Lymphocytes were selected on the FACSscan™ by eye using the forward- and
side-scatter properties of unstained CBA/Ca cells. Compensation for each fluorochrome
was set using cells stained with one fluorochrome alone. 40,000 cells were analysed.
Analysis was carried out using FACSplot. Dot plots show the CD4 (FL-2, y axis)
and CD 8 (FL-1, x axis) profiles of thymocytes and lymph node cells from DES and
CD2K^-4 X DES mice. Quadrants were set using CD4 and CD 8 profiles from CBA/Ca
mice, as were the gates used to obtain histograms of TCR expression on CD4-8- and CD48 + cell subsets.
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5 .4

A re Thym ocytes C apable of Positive Selection ?

CD2K^ X 2C intercrosses were used to investigate the ability of H-2K^ expressed on
thymocytes to induce the positive selection of a TCR selected on H- 2 Kt>. The 2C TCR is
positively selected on H-2K^. In this section I will concentrate on CD2K^-7 x 2C FI and
CD2K^-4 X 2C FI mice, but I will also report on experiments with CD2K^-3 x 2C FI
mice carried out in this laboratory (P. Tomlinson, unpublished data).
To assess positive selection by flow cytometry two phenomena are taken as
indicators that positive selection by MHC I of TCR+CD4-8+ thymocytes has occurred.
First, skewing of the CD4+8- : CD4-8+ ratio in the thymus from 2 or 3:1, to 1:2 (Sha et
a i, 1988b); second, the appearance of a distinct population of TCR*'* cells in the CD4-84population in the thymus and periphery (Sha et a i, 1988b).

5.4.1

The 2C TCR is inefficiently selected in CD2K^ -7 x 2C FI mice

Figure 14 compares the cytometric analysis of thymocytes and lymph node cells from 2C
mice with those from CD2K*^-7 x 2C FI mice. Positive selection of clonotype bearing
cells is most apparent in thymocytes from FI mice. CD4-8- thymocytes from 2C mice
express levels of TCR expression ranging from low to intermediate (fluorescence
intensities range from 10^ to lO^), and TCR expression by the small number of CD4CD 84- cells (0.9%) in the thymus remains low. Peripheral T cells from 2C mice express
similar levels of 2C TCR - CD4-8- T cells express lower levels of TCR than their
counterpart thymocytes, and while the number of CD4 - 84- cells has increased between the
thymus and periphery to constitute 15.8% of lymph node cells, the level of TCR
expression has not changed.
CD2K*)-7 X 2C FI mice, on the other hand, show slightly increased levels of
2C TCR expression on CD4-8- thymocytes (approximately 50% CD4-8- thymocytes have
fluorescence intensities >10^). The number of CD4-8- thymocytes has expanded to 28.9%
of thymocytes from 4.2% in 2C mice. In total, 55% of thymocytes are TCR 4-CD84- cells
(data not shown). CD4 - 84- thymocytes also increased in number, so that the CD44-8- :
CD 4 - 84- ratio decreased from 2.7 : 1 to 0.5 : 1.
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Evidence for positive selection is not so clear in the periphery: the CD4+8- :
CD4-8+ ratio increased to 0.7 : 1, CD4-8- lymph node cells express primarily low levels of
the 2C TCR, and although a small peak of TCR^i cells are visible, only 5.9% T cells are
TCR+CD 8 +, similar to the number detected in 2C lymph node cells. The apparent loss of
2 0 TCR+ T cells in the periphery may be due to either peripheral amplification of another
clone, not expressing the TCR, or a negative effect in the periphery on the 2C TCR
(Benoist and Mathis, 1989).
2C X Kp FI mice express TCR^i on 85% (CD4-8+ thymocytes), and on 52%
(CD4-8+ lymph node cells) (P.Tomlinson, unpublished results). This suggests that the
level of H-2K^> expressed on thymocytes (higher than levels of endogenous MHC I
expression on C57BL/10 thymuses, 4.3) is sufficient for inefficient positive selection to
take place. However, since CD2K^-7 mice express extremely high levels of H-2K^ it is
clear that thymocytes are, at best, very poor stimuli for positive selection.

5.4.2

The 2C TCR is not selected in CD2K^-4 or CD2K^-3 x 2C FI mice

Unlike CD2K^-7 x 2C FI mice, the level of H-2K^ expression on thymocytes in CD2K^3 or CD2K^-4 x 2 C F l mice is too low to effect even inefficient positive selection of the
2C TCR. In the thymus of CD2K^-4 x 2C FI mice there are indications that positive
selection has taken place: the CD4+8- : CD4-8+ ratio decreased from 1:1 in the 2C mice
sampled for this experiment, to 0.35 : 1, but there was no increase in the level of 2C TCR
expression on these CD4-8+ thymocytes, nor on the CD4-8- population. In the periphery
the CD4+8- : CD4-8+ ratio increased: 46% of lymph node cells were CD4+8-. CD4-8+ T
cells expressed a range of TCR levels but there was no distinct TCR^^ peak, like that seen
in CD2K^-7 x 2C FI mice. Figure 15 shows that CD2K^-4 x 2C FI mice closely
resemble 2C TCR-tg mice, although PCR analysis confirmed that double transgenic
animals were used in these experiments.
The evidence against positive selection in CD2K^-3 x 2C FI mice is more
equivocal than that against CD2K^>-4 x 2 C F l mice. These mice express a lower level of
H-2K^ on thymocytes than CD2K^-7 mice, but they also express H-2K^> on DCs and
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macrophages. They do not express H-2K^ on thymic epithelium (Simpson et al., 1993),
unlike KP mice (P.Tomlinson and A-M. Sponaas, unpublished results).
Three colour staining (anti-CD4, anti-CD 8 and anti-clonotype) of thymocytes
from CD2K^-3 x 2C FI mice indicated that 49% of CD4-8+ thymocytes express high
levels of the 2C TCR, but the CD4+8- : CD4-8+ ratio remained 1:1 in these mice
(P.Tomlinson, unpublished results).

However, analysis of lymph node cells from

CD2K^-3 X 2C FI mice showed no significant differences between these mice and
CBA/Ca mice used as negative controls in this experiment. This suggests that while
thymocytes expressing high levels of the 2C TCR exist in the thymuses of CD2K^-3 x 2C
mice, they do not subsequently reach the periphery, and are not positively selected.
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Figure 14
Flow C ytom etric A nalysis of Thym ocytes and Lymph N ode C ells from 2C
and C D 2K b-7 x 2C Transgenic Mice

CBA/Ca, 2C and CD2K^-7 x 2C thymocytes and lymph node cells were dissected and
stained as described (2.7). PE conjugated anti-CD4, FITC conjugated anti-CD 8 and
biotinylated 1B2 (diluted 1:1(X); anti-2C clonotype, the kind gift of Prof. D. Loh; Table v)
were used to stain 10^ cells, and strep-tricolour was used to stain 1B2. Lymphocytes were
selected on the FACSscan™ by eye using the forward- and side-scatter properties of
unstained CBA/Ca cells. Compensation for each fluorochrome was set using cells stained
with one fluorochrome alone. 40,(X)0 cells were analysed.
Analysis was carried out using FACSplot (NIMR computing department). The dot
plots show the CD4 (FL-2, y axis) and CD 8 (FL-1, x axis) profiles of thymocytes and
lymph node cells from 2C and CD2K^-7 x 2C mice. Quadrants were set using CD4 and
CD 8 profiles from CBA/Ca mice, as were the gates used to obtain histograms of TCR
expression on CD4-8- and CD4-8+ cell subsets.
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Figure 15
Flow C ytom etric A nalysis o f Thym ocytes and Lymph Node C ells from 2C
and CD2K b-4 x 2C Transgenic Mice

CBA/Ca, 2C and CD2K^-4 x 2C thymocytes and lymph node cells were dissected and
stained as described (2.7). PE conjugated anti-CD4, FITC conjugated anti-CDS and
biotinylated 1B2 were used to stain 10^ cells, and strep-tricolour was used to stain 1B2.
Lymphocytes were selected on the FACSscan™ by eye using the forward- and side-scatter
properties of unstained CBA/Ca cells. Compensation for each fluorochrome was set using
cells stained with one fluorochrome alone. 40,000 cells were analysed.
Analysis was carried out using FACSplot. The dot plots show the CD4 (FL-2, y
axis) and CDS (FL-1, x axis) profiles of thymocytes and lymph node cells from 2C and
CD2K^-4 X 2C mice. Quadrants were set using CD4 and CDS profiles from CBA/Ca
mice, as were the gates used to obtain histograms of TCR expression on CD4-S- and CD4S+ cell subsets.
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5 .5

D iscu ssion

This chapter has described the use of CD2K^ x TCR-tg FI mice to investigate the role of
thymocytes and T cells in positive and negative selection, the latter using mice bearing
TCRs which exhibit different co-receptor requirements for antigen recognition in vitro.
Since the selection of the T cell repertoire and deletion of self-reactive thymocytes are
central to studies of tolerance, many other groups have carried out similar experiments in
order to elucidate mechanisms of tolerance in their own system using TCR-tg mice. In this
section I will discuss the above results in the light of some other systems.

5.5.1

Elimination o f self-reactive T cells in CD2K^ mice

It is vital to consider the distortion in T cell development that the expression of TCR-tg
mice can effect before interpreting results from them. In our two TCR-tg systems, and in
systems described by others (Ohashi et al., 1990; Kisielow et a/., 1988) deletion of
thymocytes bearing the TCR-tg takes place early in development, before the CD4+8+ stage
This contradicts the classical findings of Kappler et al., (1987), who used antibodies
against V(3 regions to trace elimination of self-reactive thymocytes to the later, single
positive stage of T cell development. Ohashi et al. explained this by proposing a
distinction between the induction of tolerance in T cells specific for a 'classical' MHCrestricted antigen (LCMV in their case), and Mls^-reactive T cells. While it seems unlikely
that two separate mechanisms of tolerance should exist to deal with self-reactive cells,
differences between MHC II molecules and superantigen, and peptides encountered in the
context of MHC I, may affect the mechanism of deletion of thymocytes bearing self
specific TCRs. It is also possible that the use of TCR-tgs, which express productively
rearranged TCRs at high levels from an early stage in T cell development, distorts the
timing of negative selection. This is particularly likely in double transgenic animals where
the antigen is expressed on thymocytes alongside the TCR: instead of progressing through
the cortex before reaching haematopoietic cells in the medulla and being deleted there,
immature thymocytes encounter relatively high levels of antigen on the surface of other
thymocytes and are immediately deleted. Kisielow etal. (1988) used transgenic animals
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expressing receptors specific for the H-Y antigen, expressed on all cells in male mice,
(including thymocytes), and saw early deletion of the self-reactive cells in male mice. They
did find peripheral T cells expressing low levels of CDS molecules, but they lacked an anticlonotypic antibody, and could not confirm that all peripheral T cells were positive for the
TCR-tg. Nevertheless, these results, and those described above, show that antigen
expressed on thymocytes is capable of causing elimination of self-reactive thymocytes.
The experiments described above show that all TCR+CD4-8+ thymocytes are
efficiently deleted in the thymuses of CD2K^^ x BM3.6 and DES mice, at the CD4+8+
stage or before.
CD2K^>-3 mice differ from the other CD2K^ lines in several respects: not only
in terms of the pattern of H-2 K^ expression, but also in that self-reactive T cells can be
detected in vitro (Simpson et a l, 1993). This suggests that despite antigen expression on
haematopoietic cells, self-reactive cells escape deletion in CD2K^-3 mice. Sponaas et al.
(1994b) carried out further experiments to determine the extent of tolerance induction in
CD2K^-3 X BM3.6 and CD2K^-3 x DES FI mice. When stimulated by crosslinking with
anti-clonotypic antibody peripheral T cells from both double transgenics were capable of
response (LFNy release), but failed to respond to H-2K^, implying that self-reactive T cells
escaped to the periphery, and had downregulated co-receptors in order to do so. The
downregulation appeared irreversible in this case, (where unresponsive T cells can be
moved to an environment which is free of antigen full function can be restored, Schonrich
et at., 1993; Hammerling et al., 1991; this is impossible where antigen is expressed on the
T cells themselves), but the cells were not anergic. T cells from CD2K^-3 x BM3.6 FI
mice, and to a lesser extent T cells from CD2K^-3 x DES FI mice, responded to H-2K^ by
upregulating CD4 expression (Sponaas et al., 1994b). These cells were not cytotoxic, and
so were not detected with routine assays for self-reactivity, but might respond to H-2K^ to
provide help to remaining CTLs: lysis of H-2K^-bearing targets was not shown in IL-2supplemented CTL assays (Sponaas et al, 1994b), suggesting that remaining TCR+ T cells
are unresponsive to all but mAb crosslinking, which may use a different signalling pathway
to that of signalling via the TCR.
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CD2¥^-1 and CD2K^-4 double transgenics were not treated in the same way,
despite the presence of CD4-8+ T cells in many FI mice, in particular CD2K^-4 x DES FI
mice, for reasons that will be discussed in the following chapter. I attempted to breed
CD2K^-4 X DES FI mice to RAG -/- mice, to confirm that the CD4-8+ T cells expressed
the TCR-tg alone, and had not escaped deletion by expressing a second TCR (Heath and
Miller, 1993), but the 16 offspring of CD2K^-4 x DES RAG-/- did not express both
transgenes, and the experiment was abandoned through lack of breeding space.
CD2K^-4 X BM3.6 matings were not set up due to restrictions on space in the
breeding area, and because FI mice were likely to resemble CD2K^-3 x BM3.6 and
CD2K^-7 X BM3.6 FI mice. CD2K^-11 mice were not used for any of the double
transgenic experiments, mainly due to restrictions on space and time for breeding, but also
because thymocytes and T cells from CD2K^-11 mice express H-2K^ at an intermediate
level between that of CD2K^-4 and CD2K^-7, and the pattern of H-2K^ expression is
identical to that of CD2K^-4 mice.

5.5.2

Positive selection o f H- 2 -restricted TCRs in CD2K^ mice

Positive selection of thymocytes by antigen expressed on thymocytes has not been detected
(Schonrich et al., 1993): it is widely held that just as positive selection requires co-receptorMHC interactions in order to take place (Sherman et al., 1992; Schonrich et al., 1993;
Fung-Leung et al., 1993), it also has stringent requirements for selecting cell type (Marrack
et al., 1988; Benoist and Mathis, 1989; Schonrich, 1993). Cortical epithelium is able to
select efficiently (Anderson et al., 1994); Bix and Raulet (1992) used foetal liver chimeras
to show that haematopoietic cells can direct inefficient positive selection. Their experiments
were a stricter test of positive selection than flow cytometry in double transgenic animals,
although they used a highly manipulated system. They suggested that cortical thymocytes
might be the selecting cell type (Bix and Raulet, 1992). However, the first experiments
with 2C TCR-tg mice (Sha et al., 1988a) were cytometric analyses carried out on mice with
different haplotypes carrying the TCR (Sha et al., 1988b). Even when all cells in the
thymus expressed H-2K^ only 31.5% of thymocytes were TCR-f-CD4-8+, compared to
141

76% of thymocytes on a neutral background. 32% peripheral T cells from an H-2^/^
animal were TCR+CD4-8+, although 41% T cells from an H-2^/^ mouse were TCR+CD48 +. Analyses of CD2K^ x 2C double transgenic mice show evidence for extremely

inefficient positive selection of the 2C TCR occurring in CD2K^-7 x 2 0 FI mice, there is
no indication of positive selection of 2 0 in OD2K^-3 or OD2K^-4 x 20 FI mice. I
propose that levels of H-2K^ expression on thymocytes in OD2K^-7 mice are sufficient to
bring about positive selection of the 20 transgene, and that the mice used by Schonrich et
al. (1993), who carried out similar experiments and failed to detect positive selection as a
result of antigen expression on thymocytes, expressed H-2K^ at levels closer to that of
OD2K^-4. They use the same 0D 2 minigene construct to direct H-2K^ expression, but do
not state the number of transgene copies in the transgenic mice used. In addition, the
0D2.K^ construct was injected into oocytes with H-2^/^ background MHC molecules, and
the offspring crossed directly with 2C mice with the H-2 ^ haplotype. This would give rise
to mice with any either H-2^/^ or H -2^^ background haplotype. If mice of the latter
haplotype were used, (and the exact haplotype of the mouse used is not given), their failure
to demonstrate positive selection of 2C-bearing thymocytes by thymocytes might be further
explained, since the 2C TCR is deleted on H-2^. Nevertheless, the experiments described
above can only show poor positive selection of H-2K^-restricted thymocytes, despite very
high levels of antigen.

5.5.3

Conclusions

The data set out in this chapter illustrates the fact that self-MHC I expressed on thymocytes
mediates thymocyte deletion, and that deletion occurs early in thymocyte development.
However, thymocytes are, at best, poor mediators of positive selection. In general these
data demonstrate that while the use of TCR-tg mice might distort the timing of negative
selection, they are very useful for elucidating mechanisms of tolerance induction. These
results will be discussed further in the next chapter, where evidence will be presented to
suggest that analysis of one TCR clonotype with TCR-tg mice can be misleading.
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Chapter Six

T cell responses to H-2Kb in vitro by CD2Kb
transgenic mice
6 .1

Introduction

Since the results presented in the previous chapter demonstrate that thymocytes bearing H2Kb-specific TCRs are deleted in CD2Ki^ x DES and CD2Ki^ x BM3.6 FI mice, it might
seem unnecessary to test T cells from CD2 Kh mice for their ability to respond to H-2Ki^ in
vitro. However, Sponaas et al. (1994b) showed that studies with TCR-tg mice expressing
one clonotype could not predict the fate of T cells bearing different clonotypes conferring a
particular MHC I specificity. Simpson et al. (1993) carried out cytotoxicity assays on T
cells from CD2Kh-3 and CD2Kh-2 mice and detected H-2Kh-reactive T cells from
CD2Rh-3 in vitro, but there was no sign of autoreactivity and no response to skin grafts
bearing H-2 Kh. H-2Kh-reactive T cells were not detected among CD2Kh-2 splenocytes,
and since detailed analyses of the pattern of H-2 Kh expression was not carried out on these
mice, the cause of this difference was attributed to the difference in transgene copy number
between the two mouse lines. At the time CD2K^-3 mice were estimated to have four
copies, and CD2Kh-2 ten copies (Simpson et al., 1993).

However, more accurate

measurement of copy number suggests that CD2K^-3 mice only carry two copies (3.2.3;
Figure 2). The other CD2K^ lines were generated to determine the number of copies
required to reach the threshold after which self-reactive T cells are not detected. This
chapter will describe experiments carried out on all available CD2K^ lines.

6 .2

Assays for Cytotoxicity Mediated by Splenocytes from CD2Kb

Mice
Cytotoxic T cell assays were carried out as described (2.9.3), in triplicate, at least twice on
each CD2K^ line. The CD2K^-4.2 and CD2K^-4.4 lines were treated separately, despite
having the same TGF, since they had different copy numbers and expression levels (3.2.3
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and 3.3). Other lines that had siblings with different phenotypes initially (CD2K^-1,
CD2K^-7 and CD2K^-11) now resembled each other closely enough for the CTL assay
results to be considered together.
The results from these CTL assays are summarised in Table x. The figures
shown were obtained from regression analyses carried out by the OM l regression analysis
program, underlining indicates values that have an
against effector to target ratio.

greater than 0.7, when plotted

values were average values from the triple experiment

carried out on each mouse line, y values measures the extent to which target lysis has taken
place. Where possible, experiments where spontaneous lysis of targets makes up 30% or
more of the total lysis have been excluded as technical failure. In some cases they have
been included in Table x: points indicated with an asterisk (*) have been distorted by
spontaneous release of ^^Cr, accounting for 30% or more of total release. A response by
splenocytes stimulated with antigen is indicated in table ix by a high y value (ideally >15),
with an R^ value greater than 0.7.
Table x shows that, with two notable exceptions, CD2K^ mice do not respond
to H-2K^ on CBK splenocytes by producing CTLs (column 2). One of the two exceptions
is the CD2K^-3 experiment, included to confirm the results of Simpson et al. (1993), and
the other is an experiment with a CD2K^-4.4 (CD2K^-4 line) mouse which, despite testing
positive for the transgene by PCR, produced CTLs in response to stimulation in vitro with
CBK splenocytes. Possible reasons for this will be discussed below. Two experiments on
CD2K^-4.4 mice had already been carried out, neither detected CTL precursors in the
CD2K^-4.4 mice. A further two experiments were carried out on CD2K^-4.4 mice,
neither of which responded to CBK stimulation by producing CTLs.
Figure 16A shows the ^^Cr release from CBA and a CD2K^-4.4 mouse at
effector to target ratios of 30:1,10:1. 3:1 and 1:1. A similar result was obtained from four
out of five CD2K^-4.4 mice. Figures 16B and 16C show graphs where effector to target
ratio is plotted against mean specific lysis for CD2K^-7 and CD2K^-11 cells stimulated
with CBK, compared to release from CBA/Ca effector cells stimulated with CBK.
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BALB/c or PIHTR (H-2^) targets were used to monitor any cross-reactive
killing by CD2K^ or CBA/Ca CTLs, to ensure that the lysis observed was antigen-specific
(Table x). Stimulation of CD2K^ and CBA/Ca splenocytes with BALB/c splenocytes
confirmed that the cells from the experimental mice were capable of responding to stimuli
and generating CTLs. CD2K^ cells stimulated with BALB/c cells appear to cross-react
with H-2^ targets with greater frequency than CD2K^ cells stimulated with CBK on H-2^
targets, though the reasons for this are unknown.

6 .3

Transgene Copy number Affects the Survival of Self-reactive T

C ells
Comparisons between the levels of H-2K^ expression on PBLs from CD2K^-3
heterozygotes and homozygotes (data not shown) had shown that the increase in transgene
copy number led to a corresponding increase in expression (MRFI). CTL assays on
splenocytes from CD2K^-3 heterozygotes and homozygotes were carried out, which
showed that the number of CTL precursors present among splenocytes from CD2K^-3
homozygotes, were considerably less than the number present in heterozygote spleens.
This is illustrated in Figure 17A, which compares the mean specific release from EL4
targets incubated with various numbers of CD2K^-3 heterozygote and homozygote effector
cells. At the effector to target ratio 10:1, CBA/Ca splenocytes stimulated with irradiated
CBK splenocytes, gave 25.6% mean specific lysis, with an

value of >0.7. CD2K^-3

heterozygotes had 13.5% lysis at effector to target ratio 10:1, with an R^ value >0.7. In
contrast, CD2K^-3 homozygote mice possessed splenocytes that lysed merely 6.4% at
10:1 effector to target ratio, with an R^ value less than 0.7. Thus, splenocytes from
CD2K^-3 heterozygote mice include cells capable of lysing labelled EL4 targets, while less
self-reactive cells are present in the periphery of CD2K^-3 homozygote mice.
This data was confirmed by ELISA assays for IFNy release from lymph node
cells from CBA/Ca, CD2K^-3 heterozygote and homozygote mice, stimulated with CBK
splenocytes (Figure 17B). Lymph node cells from all mice tested were capable of
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responding to H-2K^, but cells from CD2K^-3 homozygotes released less IFNy than those
from heterozygote or CBA/Ca mice.
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Table x

Suir imary of CTL Assays carried out on Splenocy es from CD2K1^ Mice
stimulated with CBK cells

Responders

H-2 ^ targets

stimulated with BALB/c cells

H-2 ^ targets

H-2 b targets

CD2K»-1
CD2 Kb-l

1.9
9.4

(29.3)1
( 2 0 . 1)

16.7
5.8

(11.4)

5.1
NT

CD2Kb-3

15,9

142,5.)

1L 2

(37.6)2

19,7

CD 2K M 2
CD2Kb-42
CD2Kb-42

2.7
4.7
8.5

(19.8)
(16.7)
(32.5)

2.7
3.6
5.4

(3.7)
(10.9)

CD2Kb-44
CD2Kb-44
CD2Kb-44
CD2Kb-44

3.4
28.6
9.6
6.4

(24,0)
(32,5)
(41,3)
(41.3)

3.1
13.2
NT
NT

CD2K*>-5

9.1

(42.1)

NT

CD2Kb-7
CD2Kb-7

12.1

(35.4)
(19.9)

NT
14.5

CD2Kb-ll
CD2Kb-ll
CT)2Kb-ll
CD2Kb-ll

5.8
4.9

(20,5)
(9.9)
(12.3)
(28.1)

9.4
7.1

3.9

8 .8
8 .2

8.1
6.1

H-2 ^ targets
23.2*
NT

(19.1)

( 12 .0 )

16.8

(19.7)

3.6
NT
NT

(Z3)

52.0*
NT
NT

(35.8)

30.9
NT
NT
NT

(16.0)

42.7*
NT
NT
NT

(23.2)

NT

21.3*

(35.3)*

NT
NT

( 10 . 1 )

(7.5)

21.5
NT

28.8
32.2
NT
NT

(27.1)
(33.9)

(2 2 . 6 )
(19-J)

24.3*
5.3
NT
NT

(16.6)
(10.9)

^Figures in parentheses denotes the y values of CBA responders, carried out as controls in parallel with the assays listed in that row.
^ Syngeneic controls (CBA ConA blast targets) were used in several experiments to confirm that cytotoxicity was specific for H-2K^ or H-2^ targets. No
lysis of syngeneic targets was observed.

F igure 16
E xam ples o f C TL A ssays c a rrie d out on Splenocytes from

CD2K*^-4,

C D 2K b-7 an d C D 2 K b -Il Mice

This figure shows three of the CTL assays carried out on CD 2 K^ mice: A, CD2K^-4, B,
CD2K^-7 and C, CD2K^-11. In each case the cytotoxic activity of T cells from the
CD2K^-3 mouse (squares) against EL4 cells after stimulation with H-2 Kb on CBK cells is
compared to cytotoxic activity of CBA/Ca cells (circles) after stimulation with H-2K^.
CTL assays were carried out as described (2.9.3), and these graphs were obtained by
regression analyses performed using the OMl program.
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Figure 17

T ransgene Copy N um ber D irectly Affects Survival of Self-Reactive T Cells

This figure shows the results of two different assays that compare the ability of CD2K^-3
heterozygotes and homozygotes to respond to H-2 Kt>. Graph A compares the cytotoxic
activity of CBA/Ca cells ( filled circles )) and cells from CD2K^-3 heterozygotes (square^
and homozygotes (open squares) against EL4 cells after stimulation with H-2K^> on CBK
cells. Graph B compares the IFNy release by cells ft’om CD2K^-3 heterozygotes (circles)
and homozygotes (open squares) to that of CBA/Ca (filled squares) cells stimulated with
H-2K^ on CBK cells. On graph B each point is the mean of three CD readings, and
serially diluted supernatant was added to the ELISA.
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D iscu ssio n

The experiments described in this chapter have demonstrated again the utility of MHC I
transgenic mice in assessing mechanisms of tolerance in vitro, because self-reactive effector
cells can be easily detected with cytotoxic T cell assays. CD4+8- effector mechanisms
must be detected by more complex assays.
The experiments described in this section are in agreement with the hypothesis
proposed by Simpson et aL, (1993), that self-reactive thymocytes are eliminated, or
functionally inactivated, once a certain level of antigen expression on the surface of
thymocytes was reached. This level is above that expressed by CD2K^-3 mice, and is
probably the level of H-2K^ expressed by most CD2K^-4 mice. The CTL response by
one CD2Kb-4 to H-2K^ could not be reproduced and is inconsistent with results from
other tests. The mouse which responded to antigen was five months old at the time of the
test, by no means too old to give an accurate assay, and was a heterozygote: some siblings
tested negative for the transgene by PGR analysis. The mouse which responded may have
expressed a little less H-2K^ than other CD2K^-4 mice, perhaps due to a mutation that
knocked out some copies of the transgene. Alternatively, due to confusion at the PGR
genotyping stage, a GBA/Ga sibling was used for the assay, instead of a GD2K^-4 mouse.
This seems unlikely, but would explain the similar responses by GD2K^-4 and GBA/Ga
mice to H-2K^ on EL4 target cells (y = 28.6 and 32.5% respectively, both with R^ values
>0.7) (In contrast, GD2K^-3, which respond to antigen by lysing H-2K^-bearing targets
have a y value of 15.9, compared to the GBA/Ga value of 42.5; both have R^ values
greater than 0.7). The response by GD2K^-4.4 and GBA/Ga cells to cross-reacting H-2^
targets (y values of 13.2 and 10.9) are also similar. Despite this, it is worth bearing in
mind that as many as 25% of GD2K^-4 mice may be capable of mounting a cytotoxic
response to self antigen. This sporadic response to H-2K^^ by GD2K^-4 mice resembles
responses to minor histocom patibilty antigens (Dr. A-M. Sponaas, personal
communication). However, GD2K^-4 mice that did not respond to H-2K^ in vitro did not
respond even after priming with GBK cells in vivo.
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Figure 17 shows that low levels of antigen expression on thymocytes from
CD2K^-3 heterozygotes permits self-reactive T cells to escape deletion in the thymus. This
result is in direct conflict with those of the previous chapter, which show that self-reactive
thymocytes are deleted in the thymuses of CD2K^ mice. Both BM3.6 and DES TCRs are
deleted upon contact with H-2K^ in CD2K^-3 thymuses. This clearly shows that
experiments with TCR-tg mice cannot predict the fate of all self-reactive thymocytes. Such
experiments can indicate the extent to which the deletion of a particular clonotype is
influenced by antigen density, but not the extent to which different TCRs, with the same
antigen specificity, are dependent on antigen expression levels for deletion (Sponaas et aL,
1994b).
The level of H-2K^ expression on thymocytes from CD2K^-3 homozygotes
appears to prevent the escape of self-reactive T cells. Auphan et al. (1992) had previously
observed that antigen density affects the degree of negative selection. Expression of H2K^ on dendritic cells in CD2K^-3 mice appears to be unrelated to the ability of self
reactive thymocytes to escape deletion, despite the crucial role they appear to play in
negative selection (Zoller, 1991), and their position at the cortico-medullary junction.
CD2K^-4 mice, which do not express H-2K^ on bone marrow-derived DCs do not have
self-reactive T cells in the periphery.
There may be several mechanisms by which self-reactive thymocytes escape
negative selection in the thymus of CD2K^-3 mice. They may down-regulate expression
of the CDS co-receptor, decreasing the TCR s avidity for antigen, and escaping signals that
trigger apoptosis. Expression of the self-specific TCR itself may decrease, or may be
abnormally low in a subset of CD2K^-3 thymocytes. Flow cytometric analysis of CDS
and aPTCR expression would have been informative. These mechanisms would also
occur in thymocytes from the other CD2K^ lines, and so the level of H-2K^ expression on
thymocytes from CD2K^-3 heterozygotes must be crucial. This is confirmed by the
experiments with CD2K^>-3 homozygotes, with twice the transgene copies, and almost no
self-reactive T cells.
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Self-reactive thymocytes may not be deleted in the thymus of the remaining
CD2K^ lines. Higher levels of transgene expression may merely lead to anergy - possibly
a complete loss of CDS or TCR expression, but the loss from the thymus of self-reactive
cells bearing the BM3.6 or DES TCR, suggests that the cells are probably deleted.
Thymuses from CD2K^ mice have not been examined for reduced size - the majority of
DES or BM3.6 x CD2K^ thymocytes only express one clonotype, and it's deletion from
the repertoire is easily observed. This would not be the case in CD2K^ mice; where small
thymuses have been seen in CD2K^-7 mice there is an alternative explanation for loss of
thymocytes (4.8).
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Chapter Seven

Response to H-2Kb in vivo by CD2Kb Transgenic
Mice
7 .1

Introduction

The acceptance of grafts is the classical measurement of immunological tolerance, and since
the pioneering work of Billingham and Medawar (1951), grafting skin explants has
remained one of the simplest methods of testing tolerance in vivo.
Skin is heterogeneous: it consists of kératinocytes (skin epithelial cells), and
Langerhans' cells, as well as specialized secretory and hair cells. When skin is grafted
onto a recipient the wound created to house the graft attracts leukocytes out of circulation,
and rapidly into contact with the grafted skin. Cells from the graft also respond to their
new environment: Langerhans' cells begin to migrate out of the skin, irrespective of
whether the recipient is syngeneic or allogenic (Larsen et aL, 1990), probably prompted by
T N F a produced by cells in the wound. This movement is T cell independent, and
although Langerhans' cells express high levels of MHC II and some FcR they are not
active APCs (Steinman, 1991). They are capable of phagocytosis (Inaba etal., 1993), but
this capacity is lost as the cell matures. Maturation takes place as cells move out of the
epidermis and into the dermis, until they reach the lymph and begin to resemble 'veiled'
dendritic cells observed in mouse lymph (Steinman, 1991). Much evidence has been
amassed to show that Langerhans' cells carry antigen to lymph nodes (Macatonia et aï.,
1987; Knight et a i, 1985), where they mature into strongly immunogenic dendritic cells,
capable of stimulating T cells (Larsen e ta i, 1994).
Kératinocytes can function as non-professional APCs, (they are capable of
activating mature, antigen-experienced T cells), although they express neither MHC II
constitutively, nor B7 co-stimulatory molecules: IFNy release by T cells prompts MHC II
expression, and other adhesion molecules, such as I-CAMl or CD44 can function as co
stimulatory molecules (Nickeloff and Turka, 1994). Human kératinocytes express very
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low levels of invariant chain (Claesson-Welsh et aL, 1986), which should prevent MHC II
molecules binding endogenously derived peptides. There is no evidence to suggest that
kératinocytes are phagocytic, and so antigens presented on keratinocyte MHC II molecules
are likely to be endogenously derived. T cells respond weakly to antigen presented on
MHC II on kératinocytes (Nickeloff and Turka, 1994).
Just as skin is a complex organ, so responses to foreignskin are likely to be
complex. Simpson et al. (1993) demonstrated that despite the presence of self-reactive
cells in the periphery of CD2Kb-3 mice, H-ZK^-bearing skin grafts were not rejected. The
following chapter will describe the effects that expression of H-2 Kt> in CD2K^-4, -7 and
-11 mice has on tolerance toward H-2K^ presented on skin, considering the very different
patterns of H-2K^ expression in these mice.

7 .2

Specialized M aterials and M ethods

7.2.1

In vivo priming

Anaesthetized mice were primed with irradiated (20 Gy) splenocytes from a female CBK
mouse. Splenocytes were resuspended at 1 x 10^ cells/ml in AB wash medium and 50jil
injected with a small gauge needle below the skin above each hind foot. Mice were left to
recover under a heat lamp. The mice were left for two weeks before splenocytes were
harvested.

7.2.2

Generation ofLPS blasts

Splenocytes from a CBK mouse were washed, counted and resuspended in IMDM at 2.5 x
10^ cells/ml. 2mls of cell suspension were placed in the wells of a 24-well plate, and
lipopolysaccharide (LPS; Sigma, Cat. L2880) added to 20p.l/ml concentration. Cells were
incubated under standard tissue culture conditions for 72 hours, then harvested and labelled
as normal.
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7 .3

Some CD2K*^ Mice Reject CBK Skin G rafts

Table xi summarises skin grafts carried out using tail skin from female CBK mice
(Yeoman and Mellor, 1992) transplanted onto CD2K^ mice. CBA/Ca mice were grafted
with CBK skin as controls. CBA/Ca mice quickly rejected CBK skin, which differs from
CBA/Ca skin in that H-2K^ is expressed on all cells alongside endogenous MHC
molecules. The grafts became necrotic and dry, and were rapidly shed (MST = 16 days)
by CBA/Ca mice, a typical cytotoxic response to antigen on the skin by antigen-specific T
cells. In addition to this control, I repeated grafting CBK skin onto CD2K^-3 mice, as
much a test of my technique as of the data of Simpson et al. (1993). The grafted skin
healed quickly and hair grew on the graft. No change was seen in the health of the graft
over 100 days.
CBK tail skin grafted onto CD2K^>-4 mice was not immediately rejected, unlike
the CBA/Ca response to CBK grafts. Instead the graft shrank slowly, losing any hair that
might have grown initially, until the site of the graft was invisible. Grafts were scored as
'rejected' when donor skin could not be seen.
Four sets of CD2K^-11 mice were grafted with CBK skin, a total of 20 mice.
Rejections occurred in all groups, only one group unanimously rejected CBK skin.
CD2K^-11 mice rejected CBK skin in two ways: either acutely, within three or four days
of removing the cast on day 10 after grafting, or chronically: one graft remained visible for
74 days. Rejection of CBK skin by the second group resembled that of the CD2K^-4
recipients: grafts were rejected slowly, shrinking away. Grafts that were retained shrank
slightly in size, but were not fully rejected 100 days after grafting.
Three groups of CD2K^-7 mice were grafted with CBK skin - four mice in the
first group of five grafted mice rejected the graft quite quickly, the graft on the remaining
mouse shrank considerably but was still visible even after 100 days. Mice from the
following two experiments did not reject their grafts within 100 days, although after that
time two mice appeared to have rejected their graft (data not shown).
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7 .4

CD2K*^ Mice Accept KAL Skin C rafts

Table xii summaries an experiment which involved grafting skin from KAL mice onto
CD 2K ^ recipients.

KAL mice express H-2K^ at low level in the skin and thymus

(Husbands et al., 1992), but not on dendritic cells cultured from bone marrow, nor on
dendritic cells from thymus (Sponaas et al., 1994a). This experiment tested whether
CD2K^ mice were tolerant of H-2K^ expressed on epithelial cells, the major cell lineage in
skin. All four CBA/Ca mice grafted with KAL skin rejected it within 35 days, while all
CD2Kb mice accepted KAL skin for more than 100 days. This suggests that CD2K^ mice
are tolerant of H-2K^ expressed on epithelial cells, and that rejection of CBK skin by
CD2K^ recipients involved recognition by T cells of H-2K^ in a form that was expressed
in CBK skin, but not in KAL skin.

7 .5

Prim ed Mice do not Respond to H-2K^ on M HC 11+ Cells in vitro

CBA/Ca and CD2K^ mice were primed by subcutaneous injection of irradiated CBK
splenocytes (a heterogeneous cell population), and after two weeks splenocytes from
primed mice were stimulated with CBK in vitro, and assayed for cytotoxicity with ^^Crlabelled EL4 cells and LPS-stimulated B cell blasts from CBK splenocytes. The results are
summarised in Figure 18. Graph A shows that even after priming CD2K^ mice do not
lyse targets expressing H-2K^ (EL4 cells). Figure 18B shows the response of primed
cells from CD2K^ and CBA/Ca mice to CBK B cell blasts, which express both H-2K^ and
MHC II. Only CBA/Ca cells were able to lyse LPS blast targets, indicating that there was
no cytotoxic response to any peptides carried on B cells from CBK mice by T cells from
CD2K^ mice.
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Table xi

Summary of the survival o f skin from CBK mice grafted onto CD2K^ M ice

R ecipient

D onor

R ejected/T otal

Mean Survival Tim e

R ange

___________________________ (d ay s)_______

(d ay s)

CBA/Ca

CBK

4/4

16

CD2Kb-3

CBK

0/8

>100

CD2Kb-4

CBK

6/7

43

23-84

CD2Kb-ll

CBK

10/20

35

13-74

CD2K^-7

CBK

4/19

18

12-27

14-20

Table xii

Summary of the Survival of Skin from KAL Mice Grafted onto CD2K^ R ecipients

R ecipient

D onor

R ejected/T otal

M ean Survival Time

R ange

___________________________ (d ay s)_______

(days)

CD2Kt>-4

KAL

0/2

>100

CD2Kb-7

KAL

0/4

>100

CD2Kb-ll

KAL

0/4

>100

CBA/Ca

KAL

4/4

27

24-35

F igure 18
Prim ed M ice do not Respond to H-ZK^ on M HC 11+ Cells in vitro

This figure shows cytotoxic responses by cells from CBA/Ca (filled squares), CD2Kt>-7
(filled circles), CD2K^-4 (open squares) and CD2 K b -ll mice (open circles). In (A) the
target was EL4 cells, and in (B) LPS blasts from CBK splenocytes. Cells were stimulated
with irradiated CBK splenocytes for five days and the CTL assay carried out as described
(2.9.3).
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7 .6

D iscussion

Grafting skin from a KAL mouse onto CDIK^ mice was intended to show that CD2K^
mice, despite expressing H-2K^ on some cells of the skin (4.7), are tolerant of H-2K^
expressed on epithelial cells of the skin. KAL mice do not express H- 2 Kt> on DCs or
macrophages, unlike CBK and CD2K^-3 mice.
The skin graft experiments involving CD2K^ recipients skin described here
appear to involve two phenotypically different mechanisms of graft rejection. The first,
characterised by necrosis of the graft, quickly followed by loss of the grafted skin, is a
typical response by antigen-specific CD4-8+ T cells to a foreign graft (for example BALB/c
skin; S. Husbands, PhD. Thesis). CD2K^-11 mice, simultaneously grafted with CBK and
BALB/c (H-2^) skin, rejected BALB/c skin in this way, whilst two CBK grafts remained
intact and the other had disappeared by day 74 after grafting. (In this set of grafts CBK
and BALB/c skin were grafted in the same graft bed, in order to check CD2K^-11
responses to third party antigens. All BALB/c grafts were rejected within 20 days, data not
shown. Subsequent sets of CD2K^ recipients received only CBK skin, but rejection
occurred as before). Thus CD2K^ mice are capable of classic rejection of third party
grafts, despite their unusual response to H-2K^ on CBK skin.
The second response is directed against H-2K^ on CBK skin and is typified by
the gradual 'eating away' of the graft. For several days after removal of the cast grafts
appears healthy, and even grew hair, but eventually they began to shrink, becoming small,
bald and shiny, before disappearing altogether.
The unusual appearance of the rejected graft, combined with the fact that no
cytotoxic T cells can be detected in the periphery of CD2K^-4, CD2K^-7 or CD2K^-11
mice (6.2), and H-2K^-specific CD4-8+ T cells are deleted in DES x CD2K^> FI mice
(5.3.2), suggests that the cells responsible for the rejection of CBK skin from CD2K^ mice
are not CD4-8+ T cells that reject CBK skin in CBA/Ca mice. The first problem, however,
is why the grafts are rejected at all - thymocytes encounter H-2 Kt> in the thymus, and on
the evidence of results from CD2K^ x BM3.6 or DBS FI mice (5.2, 5.3), are deleted. One
answer may be that cells expressing two TCRs allow a self-reactive TCR to escape
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deletion, since positive selection can, in principle, occur if only one TCR contacts relevant
MHC molecules. Alternatively cells may escape deletion despite bearing self-reactive
TCRs because they do not express the relevant co-receptor for the class of MHC molecule
they recognise. This is unlikely, according to van Meerwijk and Germain (1993) who
propose that co-receptors must engage MHC before the thymocyte can mature, but if a
CD4+8- thymocyte engaged H-2K^ with enough affinity to trigger maturation without the
interaction of the co-receptor, self-reactive T cells could escape to the periphery. These
cells would not be detected with a conventional cytotoxicity assay. To verify this an in
vivo priming experiment was carried out - the fact that only cells from a primed CBA/Ca
mouse were capable of lysing MHC 11+ H-2K^+ B cells suggested that H-2K^-reactive
cytotoxic CD4+8- T cells did not exist in CD2K^ mice.
The third possibility is that T cells from CD2K^ mice responded to H-2K^ in a
form that they had not encountered in the thymus, and that was present at low levels in the
graft, hence the borderline responses by CD2K^-11 mice - only half rejected the graft. The
fact that CD2K^>-4 mice clearly rejected the graft, and that very few CD2K^-7 mice rejected
CBK, also suggested that elevated levels of H- 2 Kt> on recipient cells could tolerize. When
we considered that CD 2 Kt>-3 mice, which express H-2K^ on bone marrow-derived
dendritic cells at levels detectable by flow cytometry, never reject CBK skin, it seemed
possible that CD2K^-4, -7 and -11 mice were rejecting an H-2K^ peptide (presented in the
context of self-MHC II) that they had not encountered in the thymus. H-2K^ and MHC II
are not co-expressed by cells in the thymus of CD2Kb-4, -7 or -11 mice (4.5), while
CD2K^-3 mice express H-2K^ on thymic DCs which express MHC II constitutively. As a
result, CD2K^-3 mice are probably tolerant of endogenously-derived H-2K^ peptides
presented on MHC II, and accept skin grafts, while the remaining lines reject the grafts
because they carry H-2K^ peptides that were not encountered in the thymus. As the level
of H-2K^ expression increases, so does the possibility of DCs taking up fragments of H2K ^ and presenting them on MHC II molecules, since they carry out efficient
macropinocytosis (Sallusto et aL, 1995). DCs do not phagocytose or process antigen, but
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are efficient presenters of antigen. Thus, less CD2K^-7 mice rejected skin than CD2K^-4
mice, despite the absence of H-2K^ on Langerhans' cells in CD2K^-7 mice.
I hypothesise that CBK graft rejection by CD2K^-4, -7 and -11 mice was due
to the presentation on CBK skin cells of a cryptic peptide derived from H-2K^ that had not
been encountered in the thymus of the CD2K^ mice. The following chapter will describe
the experiments undertaken to test the hypothesis.
Other skin grafting experiments will be informative. First, antibody-mediated
depletion of CD4+8- cells from CD2K^-4, -7 and -11 mice, followed by skin grafting, to
test whether removal of CD4+8- T cells prevents graft rejection. (Depleting CD4-8+ T
cells would be predicted to have no effect - grafts would still be rejected). Second, grafting
CD2K^-3 skin onto mice from the other CD2K^ lines, (my hypothesis predicts that these
grafts would be rejected slowly by CD2K^-4, -7 an d -11 mice), to test whether expression
of H-2K^ on DCs and macrophages by the donor is sufficient to cause the recipient to
reject a skin graft.
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Chapter Eight

CD2Kb

8 .1

T Cell Responses to an H - 2 K b Peptide
Presented on MHC II

Introduction

In the previous chapters I described the pattern of H-2 Kh expression in CD2 Kh mice, and
the effects of expression on particular cell lineages on tolerance toward H-2Kh. I observed
that despite tolerance toward H-2K^ in vitro, CD2Ki^-4, -7 and -11 mice reject skin bearing
H- 2 Kh under endogenous control. In chapter 7 I proposed the following hypothesis:
CD2Kh-4, -7 and -11 mice reject CBK grafts because CBK skin expresses a set of
peptides derived from H-2K^ that was not encountered by thymocytes in these mice. As
the data in chapters 5 and 6 show, CD2K^>-4, -7, and -11 x TCR-tg FI mice efficiently
eliminate or inactivate H-2K^-reactive thymocytes, especially when antigen expression is
high, so it is likely that the H-2 Kh reactive cells that reject grafts have not encountered
antigen before. Therefore it is also likely that they encounter antigen on DCs, the cell
lineage most capable of stimulating response to antigen from naive cells, (Guéry and
Andorini, 1995; Matzinger, 1994), and that they encounter H-2K^ peptides, since they are
already tolerant of native H-2Ki^ (6.2). The CD4+8- T cell subset is most likely to respond
to this peptide: firstly, because no response can be generated from the CD4-8+ subset;
secondly, because DCs express very high numbers of MHC II molecules; and thirdly,
because the difference between a CD2K^ line that is capable of accepting CBK grafts and
one capable of rejecting CBK grafts is high level of H-2K^ expression on DCs and
macrophages. This restricts the "foreign" antigen to a MHC Il-restricted peptide of
endogenous origin, firstly because thymocytes in all CD2K^ lines are likely to encounter
thymic macrophages bearing exogenously derived H-2K^ peptides (Lorenz and Allen,
1988), since apoptotic thymocytes are engulfed by macrophages (Surh and Sprent, 1994).
Thus, CD2K^> thymocytes may be exposed to some H-2K^-derived peptides. Secondly,
mature DCs are not phagocytic (Steinman, 1993), so H-2 k 6 peptides presented on MHC II
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on must be derived from H-2K^ synthesised by the DC. The repertoire of peptides
generated as a result of processing endogenous-derived protein varies from the repertoire
obtained as a result of processing exogenously derived protein (Quaratino et a/., in press).
These hypotheses will be discussed further below and in Chapter 10.
The role of DCs as ubiquitous and efficient professional APCs has only recently
come to light. They can present antigen efficiently on both MHC I and II (Inaba et aL,
1987; Inaba et aL, 1990), and express co-stimulatory molecules necessary for activating
both mature and naive T cells (Matzinger, 1994). The source of the MHC Il-restricted
peptides was a mystery, however, since mature DCs are not phagocytic (Steinman, 1991)
and do not present exogenous peptides as efficiently as developing DCs (Inaba et aL,
1993). There is increasing evidence that APCs can present endogenously derived self
peptides on MHC II, as well as on MHC I (McKisic et aL, 1991; Lin and Stockinger,
1989). Guéry et al. (1995) used T cell hybridomas from p2-microglobulin-deficient mice,
primed with peptides from p 2 -microglobulin, to show that self peptides were naturally
expressed on both H-2A^ and H-2E^ MHC II molecules. T cell hybridomas specific for
p2-microglobulin peptides presented on MHC II responded to APC from p2microglobulin-sufficient mice. When APCs from both BALB/c P2-microglobulin deficient
mice and an unrelated strain were used to stimulate peptide-specific hybridomas there was
no response, indicating that uptake of exogenous p 2 -microglobulin peptide generated
peptides that did not resemble those used to generate the hybridomas. They concluded that
proteothe peptides that their hybridomas recognised were derived from the lysis of self-P 2 microglobulin in an acidic endosomal compartment, and that presentation of p 2 microglobulin peptides on APC in thymus caused tolerance to self-antigen.
The CD2K^ autoantigen system has the potential to improve on the experiments
described above. In this case we have a visual readout of in vivo response to self-antigen
(skin graft rejection) and a clear difference in pattern of expression between tolerant and
non-tolerant mice. We decided to test our hypothesis by attempting to identify an H-2K^derived peptide to which CD2K^ T cells were not tolerized. The peptide had to satisfy two
requirements: i) it must be MHC Il-restricted, to either H-2A^ or H-2E^, and therefore
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between 12 and 15 amino acids in length, ii) it must differ from homologous sequences
from H-2K^^, since these will be presented on MHC II molecules in the thymuses of all
CD2Kb mice. cDNA sequences for both H-2K]^ and H-2K^ from Kuhner and Goodnow,
(1989), were aligned and compared using the MEGalign™ program from DNAstar Inc.
The two sequences could be aligned exactly; 60 bases differed between the 1105 base
sequences. These base differences between H-2K^ and H-2K^ translated into 33 amino
acid differences, most of them clustered at the N-terminal end of the molecule.
Altuvia et al. (1994) had published a list of attributes of amino acids that could
be used to identify MHC Il-restricted peptides. They distinguished between amino acids
on the terms of charge, polarity, hydrophobicity, bonding and chemical size and structure,
and then used those attributes to build up a picture of the sequence of attributes most
commonly found in MHC Il-restricted peptides. Using the DNAstar program EDITseq I
identified regions of the H-2K^ molecule which fitted each attribute string. The strings
ranged from three to seven residues long, and each attribute could apply to up to eleven
amino acids. For example, an H-2A-restricted peptide might include an amino acid with
acceptor properties, separated by any two amino acids from a medium-sized amino acid,
which was juxtaposed with another acceptor residue. There are 96 possible combinations
of this attribute string. I concentrated on the twelve interconnected strings that had been
identified in one or more H-2A restricted peptides, and the five amino acid motifs most
commonly found in H-2E restricted peptides. The sequences identified using attribute
strings included residues 1 through 15 (MVPCTLL...), although only the residues shown
contained relevant attributes. The remaining sequences, EELIQDMELVETR (residues
243-235) and YWERETQKAKGNE (residues 80-92), both contained attributes associated
with H-2A restriction, and differed from H-2K^ at sites likely to fall within the binding
groove.

The H-2E associated attributes identified four candidate sequences:

PR A R W M E Q E G PE

(resid u es

68-79),

V EW LR R Y LK N G A

TLLRTDSPKAHVTH (199-212) and SRPGLGEPRYME (34-45).

(186-1 9 8 ),
We chose to

synthesize YWERETQKAKGNE (residues 80-92), because the same peptide had been
shown to be restricted to H-2A^ (Singh et a l, 1986).
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The following chapter will describe experiments carried out with this peptide,
named K^[80-92], to test whether CD2K^ mice that reject CBK skin can also respond to
Kt>[80-92], and whether only the CD4+8- T cells from non-tolerant CD2K^ mice respond
to the peptide.

8 .2

Specialized Materials and Methods

8.2.1

K^[80-92]peptide synthesis

The peptide YWERETQKAKGNE (referred to as K^[80-92]) was synthesised by the
NIMR Peptide Synthesis division. The solid had a molecular weight of 1620.9, and was
>90% pure - microsequencing showed the first five sequences to be correct. Aliquots of
ImM were made up with sterile MilllQ water, and stored at -2CPC.

8.2.2

Mouse serum

Mouse serum was used in place of PCS in some experiments. Serum was obtained from
the blood of CBA/Ca mice, harvested without heparin. The samples were spun down at
13,000 rpm (Heraus), and the serum carefully removed. Serum was heat inactivated at
55°C before use.

8.2.3

Proliferation assay

Assaying for T cell proliferation measures response to antigen when effector functions are
hard to detect. The assay measures the uptake of tritiated thymidine (Amersham, Cat.
TRA.120) by lysing and harvesting pulsed cells and measuring the incorporation of isotope
into DNA.
Bone marrow-derived DCs (stimulators) were generated as described (2.9.4),
washed thoroughly to remove PCS, and resuspended at 1 x 10^ cells/ml. Lymph node
cells from experimental mice (responders) were teased, washed, and resuspended in IMDM
without PCS at 2.5 x 10^ cells/ml. 2% mouse serum was added to the responder cell
suspension, to give a final concentration of 1% when mixed with stimulators. 100 |il of
each cell suspension was placed in the wells of a flat-bottomed 96-well plate. Where
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applicable, DCs were pulsed with peptide by adding the required concentration of peptide
directly to each well, 20|il to each 200|il volume. The plates were incubated under
standard tissue culture conditions for three days, pulsed with (Ipl/well) tritiated thymidine,
and incubated for a further eight hours to allow incorporation. After this time cells were
harvested using an automated cell harvester (Pharmacia) to fix cell DNA to a harvest mat
(Skatron, Cat. 11740). Once dry the mats were treated with scintillant (Betascint), and
radioactive counts measured using a Betaplate counter. All experiments were carried out in
triplicate, more than once where possible. Control wells included lymph node cells in
IMDM and 1% mouse serum, with and without peptide, and DCs in IMDM and 1% mouse
serum, with and without peptide.

S.2.4

Antibody-blocked proliferation assays

Where antibodies were used to block T cell responses to peptide proliferation assays were
set up differently. DCs were resuspended at 2.5 x 10 ^ cells/ml, lymph node cells were
resuspended at 1 x 10 ^ cells/ml as before, and 2% mouse serum added to the suspension of
lymph node cells.
GK1.5 (anti-CD4, a gift from Dr. R. Zamoyska) was available in the form of
supernatant from GK1.5 hybridoma, and was added to the wells as a percentage of the total
medium. The supernatant was serially diluted down the plate to give final solutions of 50,
25 and 12.5% of 200pl total volume (Sponaas et al., 1994b). YTS 169.4 (anti-CD 8 ) was
available at 6 mg/ml, and was used to block responses by CD 8 + T cells at the following
concentrations: 200, and 50|ig/ml (Sponaas et al., 1994b).

lOOpl responder cell

suspension was added to the antibody and IMDM solution, and lOjil stimulators added to
relevant wells. Plates were incubated, harvested and analysed as before.

8 .3

C D 2 K b T Cells Recognise H -IK ^ Peptide in vitro

Proliferation assays were set up, without antibody blocking, as described above, using 1 x
10^ CBA/Ca DCs and 2.5 x 10^ lymph node cells per well. Lymph node cells from
CBA/Ca and naive CD2K^>-4, -7 and -11 mice were used. K^[80-92] peptide was added
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to each well, one concentration per row, from 10|iM to 0.000l|iM , in triplicate per
responder. The plates were incubated for three days as before, pulsed with tritiated
thymidine for eight hours and harvested as described above. The tritium incorporation for
each responder is shown in Figure 19. Background tritium incorporation by DCs alone
gave readings no greater than 10^.
This experiment gives two important pieces of information. Firstly, CBA/Ca
DCs pulsed with peptide generate a specific response to peptide from the naive mice indicated by the decrease in peptide-specific proliferation with decreased peptide
concentration. This confirms the hypothesis that CD2K^-4 and CD2K^-11 at least, are not
tolerant of

[80-92] despite it being a peptide of H- 2 Kb, and thus a self antigen in

CD2K^> mice. Secondly, it shows a strong correlation between the ability to respond to
K^[80-92] and the ability to reject grafts bearing H-2 Kt>.

8 .4

T Cells from Primed CD2K^-4 Mice Respond to H-2K*^ i/i vitro

The experiment described here was designed to show that mice that had rejected skin grafts
were primed to molecules expressed on the surface of CBK DCs. The proliferation assay
was set up as described above, using lymph node cells from a CD2K^-4 mouse that had
rejected skin grafts, a naive CD2K^-4 mouse housed in a clean breeding area, and a
CBA/Ca mouse. Figure 20 shows the extent of proliferation, measured by tritium
incorporation, by lymph node cells from each of these mice stimulated with CBK DCs.
Naive cells cannot respond to antigen presented on CBK DCs, whereas primed CD2K^-4
cells, and to a lesser extent CBA/Ca cells, proliferate rapidly in response to antigen on
CBK DCs. This shows that CD2K^-4 mice have been primed to an H-2K^-derived
antigen present on bone marrow-derived dendritic cells as a result of graft rejection.

8 .5

Proliferative

Responses to H-2K^ by Primed CD2K*^-4 Mice

Involve CD4+8- T Cells
Antibody-blocked proliferation assays were set up as described (8.2.4), with responder
lymph node cells from primed CD2K^-4 and CBA/Ca mice. Figure 21A shows the
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proliferation by these cells on stimulation with CBK DCs in the presence of anti-CD4
monoclonal antibodies. The graph shows the tritium readings with background values
(CBA/Ca stimulated with CBA/Ca) removed, clearly indicating that preventing CD4+8- T
cells from contacting MHC molecules on the surface of CBK DCs prevents much of the in
vitro response to antigen. Blocking with anti-CDS monoclonal antibodies lowered the
response to antigen by CBA/Ca cells to some extent, but had little effect on the response by
CD2K^-4 cells to antigen (Figure 2 IB). This indicates that response by primed CD2K^-4
lymph node cells to an MHC I antigen presented on DCs both intact and as a peptide, can
involve both CD4+8- and CD4-8+ T cells.
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F igure 19
N o n -to le ra n t

CD ZK ^ M ouse Lines Respond to CBA/Ca D en d ritic Cells

Pulsed w ith K*^[80-92]

The ability of naive cells to respond to peptide K^[80-92] was assessed as described (8.3).
This figure shows the tritium incorporation of lymph node cells from CBA/Ca (A) CD2 K^4 (B), CD2K^-11 (C) and CD2K^-7 (D) as a result of proliferation in response to CBA/Ca
DCs cultured in the presence of

[80-92]. The y axis gives the extent of tritum

incorporation in terms of counts per minute (cpm), and the x axis indicates the peptide
concentration in |iM.
The horizontal bar indicates the background response by responder cells cultured alone. An
irrelevant peptide control (from C5, a kind gift from Dr T Zal) which is restricted to H-2A^
was used as an additional control. Cells from CD2K^ mice stimulated with CBA DCs in the
presence of C5 peptides did not respond.
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Figure 20
Primed CD2K*^-4 Mice Respond Strongly to CBK Dendritic Cells in vitro

This graph shows the response to CBK (black bars) and CBA/Ca (white bars) bone
marrow-derived DCs by lymph node cells from CBA/Ca, naive CD2K^-4 and primed
CD2K^-4 mice. The primed mouse had rejected a CBK graft. Response was measured by
tritium incorporation by proliferating cells, given in counts per minute (cpm) on the x axis.
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Figure 21

P ro liferativ e Responses to CBK D endritic Cells can be Blocked with AntiCD4 M onoclonal A ntibody

This figure shows the effects of blocking proliferative responses by CBA/Ca lymph node
cells (white bars) and primed CD2K^-4 lymph node cells (black bars) to CBK DCs. In
graph A proliferation was blocked with various concentrations of anti-CD4 antibody
GK1.5, and in graph B increasing concentrations of anti-CD 8 antibody YTS 169.4 was
added (y axis). Proliferation of responding cells was measured by tritium incorporation,
given in A cpm, that is, the values shown are those obtained when the value for
background proliferation (CBA/Ca lymph node cells stimulated with CBA/Ca DCs) is
subtracted from the experimental value. The primed mouse had rejected a CBK skin graft.
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8 .6

D isc u ssio n

Experiments described in this chapter reveal, albeit indirectly, that CD4+8- T cells are
involved in the rejection of CBK skin grafts by CD2K^-4,-7 or-11 recipients. Direct
evidence that CD4+8- T cells mediate graft rejection would be obtained by depleting
C D 2K ^-4 mice of CD4+8- T cells with anti-CD4 antibodies.

According to our

hypothesis, CBK grafts would not be rejected, and depletion of CD4-8+ T cells would
have little or no effect on graft rejection. A model to explain the response by T cells from
CD2K^-4, -7 and -11 mice to CBK skin will be discussed in Chapter 10; this section will
mention some of the limitations of the experiments described above.
The main problem with my first proliferation assays was non-specific
proliferation, which could be retarded with both anti-CD4 and anti-CD 8 antibodies, and
presumably was the response by CD2K^ lymph node cells to PCS peptides presented on
self-MHC molecules. I used 1% mouse serum as a substitute, and found no non-specific
proliferation. Other workers use 0.5% mouse serum (Inaba et al., 1990), and it is possible
that CD2K^ cell proliferation was slowed by inhibitory levels of mouse serum.
I tried two methods of administering peptide to CBA/Ca DCs: firstly, pulsing
DCs with l|iM peptide for 2 hr under standard tissue culture conditions. The DCs were
washed and used as stimulators in an MLC. Proliferation by lymph node cells from
CD2K^ mice did not correlate with the number of DCs used as stimulators, so the second
method, described in section 8.2.3 was used. Though successful - response to peptide
diminished with peptide concentration - this method may be biased towards a response,
since every AFC present in the lymph node, such as lymph node DCs and B cells, could
take up and present antigen to responders. More mature DCs are not phagocytic, and B
cells are not efficient APCs, so this seems unlikely. The use of bone marrow-derived DCs,
which are potent APCs (Porgador and Gilboa, 1995), may also bias the experiment, but
large numbers of reasonably pure DCs were required, and bone marrow was the most
efficient source.
Antibody blocking with antibody supernatant may also have caused some
discrepancies. O K I.5 monoclonal antibody was available in hybridoma supernatant,
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probably containing FCS which may have distorted the final proliferation assay. The
distortion would be most obvious in the wells bearing 25% hybridoma supernatant, and
since it is likely to increase rather than decrease proliferation it appears that the effect was
minimal (Figure 21 A). This was not a problem with the anti-CD 8 antibody YTS 169.4,
which had been purified and was used in small volumes.
This is the final chapter describing experiments with CD2K^-4, -7 and -11
mice. The significance of the experiments described above will be discussed in greater
detail in chapter 10, while chapter 9 will discuss experiments involving self-reactive T cells
from CD2K^-3 mice.
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Chapter Nine

Generation of a Cytotoxic T Cell Hybridoma
Specific for H-2Kb
9 .1

Introduction

H-2Kh-reactive T cells were be detected in vitro amongst peripheral lymphocytes from
CD2K^-3 mice. They may escape negative selection due to the low level of H-2K^
expression in CD2Ki^-3 thymuses. The increase in level of H- 2 Kh expression between
CD2Kh-3 heterozygotes and homozygotes leads to decreased numbers of H-2Ki^-reactive
T cells reaching the periphery (6.3). Limiting dilution analysis of effector cell numbers
indicated that CTL precursors occur at a frequency between 1 in 10^ and 1 in 2.5 x 10^ in
CD2Kh-3 heterozygotes, whereas one T cell in 6.2 x 10^ is self-reactive in homozygotes
(data not shown).
We were interested in the possible reasons for such a large number of
thymocytes escaping deletion in the thymus. There may be several possible explanations.
Firstly, expression of two functional TCRs, both with the same p-chain but with two
different a-chains, may enable self-specific TCRs to escape deletion, if only the non-self
specific TCR encounters MHC in the thymus (Heath and Miller, 1993; Padovan et al.,
1993; Zal et al., 1994). Alternatively, the T cells may express a TCR with very low
affinity for H-2 Ki), and only in vitro do they encounter sufficient antigen to generate
effector cells. We decided to clone H-2Ki^-reactive T cells in order to answer the question how do self-reactive T cells escape deletion in the CD2Ki^-3 thymus? However, since we
do not know the peptide specificity of the H-2Ki^-specific T cells we had to stimulate T cell
clones with splenocytes from CBK mice, and this would complicate any attempt to isolate
an H-2K*^-specific TCR. I could have purified CBK APCs, but there was still the risk of
isolating CBK TCR mRNA, rather than mRNA encoding a CD2Ki^-3 T cell, despite the
short half-lives of most mRNA species. Instead I generated T cell hybridomas from H-
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2K^-reactive T cells, and identified the Va-chain and Vp-chain specificities. The various
drawbacks of hybridoma generation will be discussed below.
I have begun to clone TCRa and TCR p-chain genes with the eventual aim of
generating a TCR-tg mouse. This mouse could be used to examine the ability of H-2K^
expressed on different cell lineages, and at different concentrations, to eradicate self
reactive T cells. It would be unique, in that the TCR is already known to escape deletion in
an H-2K^-bearing mouse, unlike other TCR-tg mice, where CTL clones are generated by
allogeneic stimulation, or by stimulation with peptide, to select antigen-reactive TCRs.

9 .2

Specialized Materials and Methods

9.2.7

Hybridoma production

Hybridomas were produced from CD2K^-3 lymph node cells and splenocytes using a
protocol modified from that of Rock (1985). They were stimulated with irradiated (20 Gy)
CBK splenocytes in 24-well plates. Responder cells were stimulated three times, when
predominantly resting cells could be seen in the wells, approximately every seven days.
On the third stimulation irradiated CBK cells were added to responders in media containing
IX recombinant IL-2 (a gift from Dr. R. Zamoyska). After 3 to four days the stimulated
cells were prepared for fusion. The fusion partner (BW5147) is a TCR aP-negative
thymoma (Born et al., 1988). It is grown in ordinary culture medium until dividing at an
exponential rate, then washed twice in handling medium (HM; IMDM with 2% FCS) and
40 X 10^ cells used per fusion.
Dead stimulator cells were removed from the blasting cells by ficoll separation
(Lympho-prep, Seralab, Cat. SL-5030). 5mls of ficoll was layered underneath 5mls of
responder cells using a long pasteur pipette in a 15ml conical tube. The tubes were spun at
2000rpm for 15 minutes with maximum acceleration and no braking. Live cells at the
interface were removed, washed twice in HM, and added to the BW5147 cells. The cells
were spun down together in serum-free IMDM, the supernatant removed, and then spun
once more to remove all excess liquid. Meanwhile 40% polyethylene glycol (PEG; Sigma,
Cat. P7777) was prepared by melting solid PEG at 37®C and adding it directly to IMDM at
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37®C. The cells were placed at 37®C and 1 ml 40% PEG added drop by drop over the
course of a minute. The cells were allowed to stand for 45 seconds, then the PEG slowly
diluted out with 46ml IMDM at 37®C over 10 minutes, mixing occasionally. The cell
suspension was allowed to stand 5 min at 37°C, spun down and the supernatant removed.
The cells were resuspended in IMDM and 10% FCS, and dispensed into 24-well plates.
After 24 hr media was removed and replaced with IX HAT (Gibco, Cat. 320-1062) in
IMDM with 10% FCS. This medium was replaced every few days. When hybridomas
appeared they were transferred to 50ml flasks, passaged twice with medium containing IX
HT (Gibco, Cat. 320-1067), before being grown in standard IMDM.

9.2.2

Sterile fluorescence activated cell sorting (FACS)

Hybridomas were selected for cloning by FACS to select particular characteristics, for
example, expression of the CD3-TCR complex. All operations were carried out under
sterile conditions. Hybridomas were washed in sterile PBS containing 5% FCS, then
stained as described (2.7.2), using filter-sterilized monoclonal antibodies. Hybridomas
were aliquoted into sterile FACS tubes, with lids, containing standard IMDM, and sorted
on a FACS star"™ (Beckton Dickinson), with appropriate control samples.

Selected

hybridomas were grown in clonal cultures in 96-well plates. Sterile sorting was carried out
by Mr. C. Atkins.

9.2 3

Transfection o f hybridomas with DNA

2 X 10^ hybridomas were transfected with l()|ig DNA by electroporation using the
following protocol: a sterile 0.4cm cuvette (Biorad, Cat. 165-2088) was cooled at -20®C,
and the cells washed in 10ml cold PBS. The cells were resuspended in 750|xl PBS and
placed in the cuvette, with lOjig DNA sterilized by ethanol precipitation. The DNA and
cells were mixed, and the cuvette placed on ice for 5 min. The cells were subjected to
200V with 960|iF (capacitance), and left on ice a further 10 min. Meanwhile standard
IMDM was warmed to 37°C, and the cells suspended in 10 mis, counted to assess viability
after pulsing, and left 48 hr under standard tissue culture conditions, before being selected
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(in this case with G418) for transfection.

Hybridomas expressing high levels of

transfected protein were selected by sterile sorting as above.

9.2.4

RNA production

RNA was obtained from hybridoma cells with a protocol adapted from that of Rapolee et
al. (1989). Approximately 10^ cells were washed twice in PBS. 100|il 4M Guanidine
thiocyanate containing 10|J.g E. coli rRNA (Boehringer Mannheim, Cat. 206 938) was
added to the pellet and gently mixed by pipetting up and down. The cell suspension was
layered over 100|il 5.7M caesium chloride in an RNAase-free microfuge tube (Beckman,
Cat. 357448). The tubes were spun at 75,000rpm for 2 hr at 20°C in a Beckman TLIOO
centrifuge. The supernatant was removed and the pellet resuspended in 50|il RNAase-free
H 2 O (H 2 O with 1 in 1000 concentration of diethyl pyrocarbonate, DEPC; Sigma Cat.
D5758), followed by a second 50|il. The RNA suspension was placed in a new microfuge
tube, then precipitated with a further 260|il H2 0 ,40pl 3M sodium acetate and 1ml ethanol
at -70°C for two hours or more. The precipitated RNA was spun down, washed with 80%
ethanol, and resuspended in lOjil DEPC H 2 O. RNA was stored at -70^C.

9.2.5

cDNA synthesis by RT-PCR

This protocol was adapted from Rapolee et at. (1989). 7.3|il RNA produced as described
above was placed in a microfuge tube and heated to 70®C for 1 min, then immediately
quenched on ice. The following reaction mix was prepared: 4jil 5X reverse transcriptase
buffer (Gibco, Cat. 28025-013), l\x\ O.IM DTT (Gibco, Cat. YOO 122), 8 U placental
RNAase inhibitor (Boehringer Mannheim, Cat. 799 017), 5|il 2mM dNTPs (Pharmacia,
Cat. 27-2035-01) and 0.2fig oligo-DT (Gibco, Cat. 18418-012). The reaction mix was
added to the RNA, followed by 0.5jil reverse transcriptase (Gibco, Cat. 28025-013). This
was incubated at 37^C Ihr, and 80|il filter-sterilized H2 O added. The cDNA was stored at
-20°C.
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9.2.6

PCR analysis o f V region specificities

PCR analysis of the V region usage of the hybridoma TCR was carried out using the
primers described by Casanova et at. (1991). 5jii cDNA produced as described above,
was denatured in a hot start alongside l|il each of a V-region primer and a C-region primer,
with 3|il filtered dH20. The following reaction mix was added to the denatured DNA:
0.33|xl P/m

polymerase (Stratagene, Cat. 600154-81), 2 \i\P fu polymerase buffer

(Stratagene, Cat. 600153-82), 0.4|il of lOmM dNTP solution, and 7.27|il 6.75% glycerol
(Sigma, Cat. G5516). The PCR took place under the following conditions: 95°C for 2
min, 55°C for 2 min and 72°C for 2 min, for 30 cycles. PCR products were visualized on
a 2 % agarose gel impregnated with traces of ethidium bromide.

9.2.7

CTLL assay fo r IL-2 production

CTLL cells (a kind gift from Dr. B. Stockinger) rely on exogenous IL-2 for growth in
culture. They are maintained in standard IMDM supplemented with IX recombinant IL-2.
1 X 10^ hybridoma cells were stimulated in an MLR with 4 x 10^ CBK
splenocytes as described (2.9.1) in a 96-well plate. The plates were incubated under
standard conditions for between 20 and 24 hr. 100|il supernatant was harvested from each
well. CTLL cells, which were growing exponentially, were harvested, washed thoroughly
to remove exogenous IL-2, resuspended at 1 x 1 0 ^ cells/ml, and 50|il cell suspension
aliquoted into the wells of a 96-well plate. Supernatants from the stimulated hybridomas
were added and the plates incubated as before for approximately 36 hr, until CTLLs
incubated in IMDM alone were dead. The wells were pulsed with l|il tritiated thymidine in
50|il IMDM and incubated for a further 12 hr, before harvesting and counting as described
(8.2.3).

9 .3

Flow Cytometric Analysis of T Cell Hybridomas

Five T cell hybridomas were generated from the fusion of BW5147 and H-2K^-specific T
cells from CD2K^-3 responders. All were quite slow growing, and initial flow cytometry
with 145-2C11 anti-CD3 mAh suggested that two hybridoma lines, 1.A3 and B4,
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expressed low levels of CD3-TCR complex. However, sterile sorting five days later failed
to isolate CD3-positive cells from B4 cultures. Those hybridomas that failed to express
CD3 were assumed to have lost chromosomes containing TCR DNA as cells returned to
diploidy from a tetraploid state after fusion.
Cells from line 1.A3 did not lose expression of CD3, and were consequently
sorted for CD3-positive, CD4-negative cells, to maximise the chances that the TCR from a
cytotoxic T cell would be isolated, rather than the TCR of a T cell which responds to H2K^ peptides in the context of MHC II. T cell hybridomas often down-regulate or lose
CD 8 expression (Dr. G. Kwan Lim, personal communication), so the most reliable means
of isolating CD 8 -positive hybridomas is to select CD4-negative cells (however, later
staining for CD 8 indicated that 1.A3 cells still expressed low levels of CD 8 , data not
shown). All 1.A3 cells expressed CD3 but not CD4 (Figure 22), suggesting that the line
was already clonal. Then 1.A3 cells were stained for ap-TCR with H57.1 (Figure 23), to
check that they were not y5 T cells. Staining with MV3 showed that H-2K^ expression
was high, higher than might be expected if CD2K^-3 T cells were stained (Figure 23).
1.A3 may express higher than average levels of H-2K^ either as a result of the fusion
process, or because the T cell from which it was derived may have expressed higher than
average levels of H-2K^.
1.A3 is a T cell hybridoma generated by fusion of H-2Kt>-neactive T cells. It
expresses an a^-TCR and low levels of CD8 molecules. It expresses high numbers of H2K^ molecules. The following sections will describe further experiments using 1.A3
alone.
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Figure 22
Flow Cytom etric A nalysis of CD3 Expression on T Cell Hybridom as

These histograms compare CD3 expression on T cell hybridomas 1.A3 (............ ), A4 (—
— ), B4 (........ ) and C3-(------- ). The x axis is fluorescence intensity, increasing from
left to right, and the y axis number of cells.
Cells were stained with FITC-conjugated 145-2C11 (diluted to 1:100 in WS) as
described (2.7.2).

Flow cytometry was carried out using a FACSscan™, and data

analyzed using CellQuest™ software (Beckton Dickinson).
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1.A3
B4
C3
A4

Figure 23
Flow cytom etric A nalysis o f T Cell Hybridoma 1.A3

This figure shows histogram analyses of characteristics of T cell hybridoma 1.A3.
Hybridoma cells were stained as described (2.7.2) with 145-2C11 for CD3 expression
(diluted 1:100 in WS; a kind gift from Dr. R. Zamoyska), and with H57.597 for ap-TCR
expression (diluted 1:100 in WS; a kind gift from Dr. R. Zamoyska). 1.A3 was also
stained for CD4 and CDS expression (table v), and with MV3 for H-2K^ expression
(diluted to 1:400 in WS). Samples were collected on the FACS scan™ and analysed using
Cellquest™ (Becton Dickinson).
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9 .4

T Cell Hybridoma 1.A3 Responds Specifically to Antigen

Once I had established that hybridoma 1.A3 derived from a cytotoxic a(3-T cell by flow
cytometric analysis, I transfected 1.A3 cells with a cDNA construct containing the CD8-(3
gene and the neomycin gene (a gift from Mr T. Ong), which confers resistance to G418.
CD 8 -P is required for response to MHC I (Nakayama et a l, 1994), and since these cells
could have down-regulated CD 8 expression as a result of fusion transfectants were
required before their ability to respond to antigen could be ascertained.
1.A3 cells were transfected with 10|ig cDNA by electroporation as described,
and selected on 800|ig/ml G418.

(This concentration was selected by growing

untransfected 1.A3 cells in various concentrations of G418 and selecting the lowest
concentration at which all cells died). Transfected 1.A3 cells were stained for CD 8
expression, which was high (data not shown), and 1 x 10^ CD 8 -transfected 1.A3 cells
stimulated with serial dilutions of CBK cells in an MLR. Controls included the H-2K^responsive hybridoma A26 (Kwan-Lim et al., 1993; provided by Mr. T. Ong). Both A26
and test hybridomas were cultured with and without antigen, and supernatants used in a
CTLL assay as described (9.2.7).
Figure 24 shows the results of the proliferation assay carried out on CTLL cells
cultured in supernatants from A26 and 1.A3 cells stimulated with CBK cells. A26 cells
produce IL-2 in the absence of antigen stimulation, and this may be due to changes in the
hybridoma phenotype as a result of fusion which appear over time. 1.A3 cells respond
specifically to H-2 K^) on CBK cells, despite bearing H-2K^ themselves. Thus 1.A3 cells
bear an H-2K^-specific TCR, probably one that escapes deletion in the thymus of CD2K^3 mice.

9 .5

PCR analysis of 1.A3 V Region Usage

PCR analyses for V a and Vp region specificities were carried out on cDNA obtained by
RT-PCR from 1.A3 RNA, using the primers described by Casanova et aL (1991). Initial
reactions were carried out with Taq polymerase using the protocol described (2.6.4), but
this method generated several PCR products, and so Pfu polymerase, which can
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significantly reduce non-specific priming since it requires greater DNA homology for
annealing to occur, was used. Three PCR products were routinely obtained from PCR
analysis of 1.A3 cDNA: two V a products and a V(3 product. One V a product was
VaBWB, the non-functional V a region of the BW cell line (Letoumier and Malissen,
1989), the other was ValO, previously described by (Hue et aL, 1990). The Vp region
identified was Vpi3, which has been described by Chien et al. (1984) and Goverman et al.
(1985). A sample PCR reaction, showing the functional V a and Vp regions is shown in
Figure 25. Controls included E. coli cDNA incubated with V a and VP primers, but no
product was obtained (data not shown).

9 .6

D iscu ssio n

This chapter does not describe the completion of experiments on hybridoma 1.A3, but it
describes the experiments carried out in the time available. The 1.A3 a-chain gene has
since been cloned into Bluescript (Stratagene, Cat. 212206), and is awaiting sequencing.
The next stage of experiments on the 1.A3 TCR may answer many interesting questions on
the nature of unresponsive but potentially autoreactive CD4-8+ T cells and their TCRs.
One major problem with the experiments described above is the small number
of clones produced. Ideally at least five clones would be obtained and analysed - it seems
unlikely that only one TCR specificity escapes deletion in CD2K^-3 mice, particularly as
the CTL precursor frequency, given by limiting dilution, is so high in CD2K^-3
heterozygotes. It would have been useful to compare several TCRs obtained from CTL
hybridomas. CTL hybridomas are more difficult to obtained than their T h counterparts
because of their cytotoxic nature - fusion of H-2K^-reactive T cells three to four days after
activation (with IL-2, 9.2.1) may have caused un fused CTLs to respond to fused cells as
targets, killing a proportion of fusion products before cloning occurred. Unicellular
cultures from fusion onwards could have avoided this, although fused cells could be lost
during the washing process, and many cells do not grow well in unicellular culture.
The question of whether T cells from CD2K^-3 mice express two functional
TCRs, causing the escape of one self-reactive specificity, cannot be answered using the

192

1.A3 hybridoma. Although two V a transcripts were detected, one derived from the non
functional TCR of the fusion partner. The CTLL assay with supernatant from antigenstimulated 1.A3 cells indicate that the TCR present on the hybridoma is functional and
antigen specific, but a second rearranged a-chain gene may have been lost during fusion.
The 1.A3 hybridoma cannot be used to compare TCR affinity for H-2K^
between BM3.6 or DES TCRs and the 1.A3, since fusion may have altered aspects of cell
signalling. Alternatively TCR expression, like H-2K^ expression, may have increased
between stimulation and fusion, and the hybridoma may have an increased avidity for H2K^ as a result. Again, isolation of several hybridomas, and a comparison of their ability
to respond to antigen would have been useful. A26 is not a suitable comparison, firstly
because it constitutively expresses lL-2, and secondly because it was isolated from a TCRtg mouse carrying an H-2K^-specific TCR (BM3.6); the A26 TCR has not been subject to
selection pressure in the way TCRs derived from CD2 Kb-3 mice have.
The 1.A3 TCR-tg mouse may answer many questions on the nature of
'escapee' T cells, and their TCRs. Since mAbs to V pi3 exist, the TCR-positive T cells
could be traced through development in the thymus, and the means of escape, whether
TCR or CDS downregulation, or another as yet unknown mechanism, could be revealed.
Soluble H-2K*) could be used to compare 1.A3 TCR affinity for antigen with DES and
BM3.6 TCRs I anticipate that the 1.A3 TCR-tg mouse will be a useful tool in exploring
mechanisms of tolerance to MHC 1 molecules further.
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Figure 24

T Cell H ybridom a 1.A3 Responds Specifically to Antigen

This graph compares tritium incorporation of CTLL cells cultured in supernatant from a
variety of MLCs. CTLL cells rely on IL-2 to proliferate, and thus tritium incorporation is a
measure of the IL-2 content of the supernatants, and hence the activation status of cells in
the MLC.
Two responders were tested for their ability to respond to antigen by producing
IL-2, A26 and 1.A3, both hybridomas from H-2Kt>-reactive T cells. 1 x 1 0 ^ responder
cells were cultured with serial dilutions of stimulator cells (CBK splenocytes, irradiated
with 20 Gy) for 24 hr, then the supernatants used in a CTLL assay as described (9.2.7).
Open symbols show the tritium incorporation of CTLL cells grown in A26
supernatants, filled symbols indicate the effects of 1.A3 supernatants. Circles indicate
proliferation by CTLL cells cultured in supernatants from unstimulated responder cells,
whilst squares indicate supernatants harvested from responders cultured in the presence of
antigen.
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Figure 25
PCR Analysis of 1.A3 V Region Usage

This figure shows a highly magnified photograph of a 2% agarose gel containing the
products of Pfu PCR analysis of 1.A3 cDNA alongside a 123 bp ladder (Gibco, Cat.
5613SB). Sizes of two of the ladder fragments are given. Controls using E. Coli cDNA
as templates contained no products.

ValO was identified using the GCGAA-

TTCACAAGCACCATGAAGAGGC primer and with the GCGAATTCCAGACCTCAACTGGACCACAG primer for the C a constant region, and Vpl3 was identified with
AGGCCTAAAGGAACTAACTCCAC and GAAATGTG ACTCCACCCAAGGTCTCCT
primers for the V and CPb regions respectively.
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Chapter Ten

Discussion: Autoimmunity in CD2Kb Transgenic
Mice

1 0 .1

Graft Rejection by CD2K>>.4, CD2K*>-11 and CD2Kb-7 Mice

Chapter 8 described experiments designed to show, indirectly, that CD4+8- T cells are
involved in rejecting CBK skin grafts. The hypothesis, that CD2Kh-4, -7 and -11 mice
reject CBK grafts because CBK skin expresses a peptide derived from H-2K^ that was not
encountered by thymocytes, is backed by the following model which attempts to explain
how such a situation could arise. I propose that when CBK skin is grafted onto a CD 2 Kh
recipient Langerhans' cells begin to migrate from the transplant, as they would if the
recipient was another CBK mouse. As they mature they become increasingly similar to
DCs in morphology and expression of cell surface molecules, in particular MHC II, CD54
(ICAM-1), C D l l a (LFA-1), CD58 (LFA-3), and co-stimulatory molecules such as CD80
(B7.1) (Larsen et a i, 1990; Steinman, 1993). On reaching the draining lymph nodes CBK
DCs present endogenously-derived peptides of H-2K^ on MHC II to naive CD4+8- T
cells, which respond to cause the gradual rejection of CBK grafts. Primed CD2K^-4 mice
respond to K^[80-92] peptide or CBK stimulators by producing IL-2, but not IFNy (data
not shown - assays for IL-4 secretion would have been helpful), suggesting that the
response is not inflammatory, although the exact nature of the response, or the mechanism
by which grafts are rejected, is unknown.
This model for skin graft rejection is a step on from the theory of indirect
presentation, which posits that alloantigen in the form of peptides (Shoskes and Wood,
1994) is presented by host or recipient cells for presentation to recipient T cells.
Auchinloss et al. (1993) grafted skin from a MHC Il-deficient mouse onto CD 8 -depleted
recipients, which was rapidly rejected, even if the donor and recipient differed by only a
few minor antigens. Thus donor antigen must be presented on recipient MHC II molecules
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for rejection to occur. T cells can be primed with synthetic peptides to respond to antigen
presented on self-MHC II (Fangman et al., 1992). Indirect presentation has been observed
in adoptive transfer experiments (Sherwood et al., 1986; donor antigen transferred into
primary hosts was capable of priming to cause graft rejection when primary host cells were
transferred into a secondary host), and appears to be a common event in both skin grafting
and immunization with allogenic cells (Benichou et al., 1992). Wood and colleagues
(1993) suggested that peptides from H-2K^> may be presented on host cells causing
recognition of H-2K^-bearing grafts. However, I do not believe that a similar mechanism
causes some CD2K^ mice to reject CBK skin. The examples given above cite allogenic
grafts and priming - a response to alloantigen could be expected from both CD4+8- and
CD4-8+ T cell subsets. The responding cells are naive, and have not encountered antigen
in native or peptide form. The response by CD2K^-4, -7 a n d -11 to CBK grafts is unusual
because the cells are tolerant of native H-2Kb, and presumably tolerant of H-2K^> peptides
expressed on H-2^ MHC I molecules (or on H-2K^), and of some H-2K^^ peptides
expressed on H-2A^ and H-2E^, those obtained by phagocytosis of apoptotic thymocytes
by macrophages, for example.
The pivotal point of the model I have proposed to explain rejection of CBK
grafts by CD2K^-4, -7, and -11 mice is the nature of the peptide that CD2K^ T cells
recognise as foreign. The hypothetical peptide must be derived from the APC on which it
is recognised, for reasons given above (8.1).

Until recently dogma dictated that

endogenous peptides were expressed on MHC I molecules alone, while MHC II molecules
only encountered exogenously-derived peptides. However, ’recycling' of MHC II
molecules containing newly acquired exogenous peptides has been reported (Pinet et a i,
1995), which could easily include MHC I peptides, and evidence for assembly of
endogenous peptide-MHC II complexes intracellularly is mounting (Lin and Stockinger,
1989; McKisic et a i, 1991; Weiss and Bogen, 1991). MHC II molecules traffic through
much of the endoplasmic reticulum (ER; Castellino and Germain, 1995), and are isolated
from a variety of organelles with different pH and proteolytic levels - it seems possible that
encounter with H-2K^> molecules in one compartment of the ER could yield a range of

199

peptides not encountered in the thymus of CD2K*^-4, -7 or -11 mice. Mamula (1993)
reported a similar situation: in this case T cells were unable to respond to the whole pigeon
cytochrome c molecule - apparently APCs could not process or present it - but responded
strongly to the C-terminal peptide (residues 81-104) of the same molecule. Thus self
reactive T cells specific for peptides not presented on MHC II could escape tolerization in
the thymus. Such 'cryptic' peptides have been observed in theoretical systems (Rothbard
and Taylor, 1988; Stille et a l, 1987) and in autoimmune disease (Lanzavecchia, 1995;
Quaratino et al., in press).
CD2K^-4 and CD2K^-11 mice express H-2K^ on Langerhans' cells, the
progenitors of some lymph node DCs - so why are peripheral T cells from CD2K^-4 and
-11 tolerant of H-2K^ peptides presented on these cells? There could be several reasons:
firstly, Langerhans' cells are immature DCs, they do not express the necessary cell
adhesion molecules for efficient presentation to, and activation of, naive T cells (Guéry and
Adorini, 1995; Steinman, 1993). They do not have the dendritic morphology of mature
DCs, specialized for contact with the largest number of T cells possible (Steinman 1993),
and they express lower levels of MHC II than mature DCs.

Langerhans' cells are

phagocytic, and can present both exogenous and endogenous self-antigen, whereas the
mature DC can only present antigen that it has previously phagocytosed (in the skin, for
example; Macatonia et al., 1987), or that is endogenously derived. This may restrict the
availability of MHC II molecules for presentation of endogenous antigen. The most likely
explanation is that CD2K^ T cells are simply ignorant of H-2K^ peptides expressed in the
skin, and only encounter DCs in lymph nodes, unless damage to the skin, such as skin
grafting, causes an inflammatory response. (Cutting a graft bed into the skin of a CD2K^
mouse, but omitting the graft, would test this theory. T cells from the wounded animal
could be tested for their ability to respond to CBK DCs). They may not respond to H-2K^
on Langerhans' cells immediately, for the reasons given above, but respond after contact
with H-2K^-bearing MHC II molecules on DCs in the lymph node.

The lack of

autoimmune response to skin after the graft has disappeared suggests that the response is
specific for antigen present on the skin alone.

KAL mice appear to express native H-2K^
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on skin which CD2K^ mice have already encountered, so that KAL skin is accepted by
CD2K^ mice, which lack H-2K^-specific CD4-8+ T cells. CBA/Ca mice, on the other
hand, promptly reject KAL skin.
C D 2K ^ mice express H-2K^ on B cells, which also express MHC II
molecules, although they are not professional APCs. In fact, both resting B cells and B
cell blasts are inefficient APCs, probably due to the dearth of adhesion molecules, such as
CD54 and CD80, on the B cell surface (Guéry and Andorini, 1995). Expression of
endogenously-derived self-peptide on B cells will not tolerize, therefore, and it is unlikely
that after graft rejection autoimmune T cells would target B cells, since they present antigen
poorly.
Response to H-2K^ by CD4+8- T cells may not be unique to CD2K^ mice.
Experiments with K(3 transgenic mice had shown that, while CTLs could not be detected in
response to H-2K^ in vitro, specific proliferative responses to H-2K^ were detected
(Yeoman and Mellor, 1992). However, CBK skin grafts were tolerated by Kp recipients,
and CBA/Ca mice tolerated grafts from Kp mice, suggesting that antigen is not present on
Kp skin cells, and that antigen on CBK skin has already been encountered by Kp T cells.
(There may also be evidence for expression of H-2K^ in the thymus of KP mice; P.
Tomlinson, unpublished results). Nevertheless, Kp T cells may proliferate in response to
antigen presented on APCs from CBK spleen.
Graft rejection by means of recognition of a cryptic peptide of an MHC I
molecule has implications for grafting and donor-recipient matching on a clinical level,
since matching at MHC II loci is commonly practised for organ transplants. This work
sugests that MHC I mismatches may influence the acceptance of grafted organs.

1 0 .2

Tolerance in CD2K^-3 Mice

Skin or organ grafting is the classical method of testing tolerance to antigen (Billingham
and Medawar, 1953) and thus CD2K^-3 mice are tolerant of H-2K^ in vivo. However,
the response of CD2K^-3 mice to H-2K^ in vitro makes them an ideal example of
unresponsiveness in a single-transgenic system. As I mentioned above, unresponsiveness
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towards antigen is the most efficient form of tolerance towards extrathymic self (1.4.9),
and may be the primary extrathymic mechanism of tolerance toward self in an
unmanipulated system. Many people carry self-reactive T cells, capable of response to self
in vitro, without symptoms of autoimmune disease (Dr. A. Horusko, personal
communication), and are thus unresponsive toward self. CD2Kt>-3 mice, and cell lines
generated from CD2K^-3 T cells stimulated with antigen, could answer questions raised by
Arnold et at. (1993) - it would be interesting to observe whether self-reactive T cells could
be further tolerized by subsequent contact with antigen, using adoptive transfer experiments
in vivo, for example.
Several questions on the mechanism of tolerance in CD2Kt>-3 mice remain
unanswered. For example, how do self-reactive T cells escape deletion in the thymus
when H-2K^> is expressed, albeit at a lower level of expression than in C57BL/10 mice, on
DCs and macrophages? This is more confusing when one considers that CD2K^-4 mice,
which express only slightly more H-2K^ on thymocytes than CD2K^-3 mice, have no self
reactive CD4-CD8+ T cells, despite the absence of H-2K^> expression on DCs and
macrophages in the thymus. Evidently, mechanisms of tolerance in CD2K^-3 mice will
repay further examination.

1 0 .3

F u tu re W ork

While the presentation of a thesis usually indicates the end of one individual's involvement
in a series of experiments, some aspects of the project may be expanded upon by a second
worker. In the case of the project outlined above, some interesting work may is still to be
carried out. There are three main areas that would repay further attention: firstly, the nature
of the TCR isolated from hybridoma 1.A3, production of a transgenic mouse bearing this
TCR on the majority of its T cells might reveal aspects of T cell escape from tolerization
invisible amongst a complete repertoire. Secondly, the nature of the cell that facilitates
CBK skin graft rejection in CD2K^-4, -7 and -11 mice. One experiment in progress aims
to clarify this: CD2K^-4 mice have been grafted with CBK skin, then T cell depleted with
antibodies specific for CD4+8- cells, CD4-8+ T cells or both CD4+8- and CD4-8-»- T cells
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(these antibodies were a kind gift from Dr. S. Cobbold). One group was left untreated.
This experiment, though small at present, may indicate the T cell subsets required for
rejection of CBK skin grafts in CD2K^-4 mice. Finally, once the T cell subset responsible
for rejection is known, discovering the mechanism by which CD2K^-4 mice reject CBK
skin would be a rewarding project.
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Abbreviations

APC

Antigen presenting cell

BCR

B cell receptor

bp

Base pair

BSA

Bovine serum albumin

51Cr

Chromium-51 isotope

CTL

Cytotoxic T lymphocyte

DC

Dendritic cell

dH20

Distilled water

DTT

Dithiothreanol

DMSO

Dimethylsulphoxide

EDTA

Ethylene diamine tetraacetate

ELISA

Enzyme-linked Immunosorbent Assay

FACS

Fluorescence-activated cell sorting

PCS

Foetal calf serum

F

Farads

FITC

Fluoroscein isothiocyanate

GM-CSF

Granulocyte-macrophage colony stimul

Gy

Grays

3r

Tritium

HEL

Hen egg lysozyme

IFNy

Interferon gamma

XL

Interleukin

IMDM

Iscove's modified Dulbecco's medium

LCMV

Lymphocytic choriomeningitus virus

EPS

Lipopolysaccharide

kb

Kilobase

KD

Kilodaltons
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mAb

Monoclonal antibody

MHC I

Major histocompatibility complex c

MHC II

Major histocompatibility complex c

NK

Natural killer

CD

Optical density

32p

Phosphorous-32 isotope

PEL

Peripheral blood lymphocyte

PBS

Phosphate buffered saline

PCR

Polymerase chain reaction

PE

Phycoerythrin

RT

Room temperature

SDS

Sodium dodecyl sulphate

SPF

Specific pathogen free

SSC

Standard saline citrate

TCR

T cell receptor

TCR-tg

T cell receptor transgenic

Tris

Tris (hydroxymethyl) methylamine

V

Volts
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